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Abstract

Purpose The application of fungicides is one of the main strategies to prevent clubroot disease. Currently, numerous stud-
ies focus on changes in the soil microbial community at different levels of clubroot disease severity. However, the effects of
fungicides on the soil microbial community and causative pathogen, Plasmodiophora brassicae, while preventing clubroot
disease remain unclear.

Methods In this study, we evaluated the control efficacy of three fungicides (fluazinam, metalaxyl-mancozeb, and carben-
dazim) on clubroot disease of tumorous stem mustard in greenhouse experiment. Uninoculated and Water treatments after
inoculation were performed as controls. At three (3 W) and six weeks (6 W) post-inoculation of P. brassicae, soil properties,
bacterial composition (sequencing of 16S rRNA genes), and effector gene expression of the pathogen were analyzed. The
correlation of these factors with disease index (DI) was explored.

Results Fluazinam was the most effective in controlling clubroot disease of tumorous stem mustard with a controlled efficacy
of 59.81%, and the abundance of P. brassicae in the soil decreased 21.29% after 3 weeks of treatment. Compared with other
treatments, twelve out of twenty effector genes showed higher expression in fluazinam 3 W samples. Different fungicides
had different effects on soil properties. EC (electrical conductivity), the main factor that positively associated with DI, was
significantly lower in fluazinam treatment than the other two fungicide treatments. The application of fungicides, especially
carbendazim, significantly reduced bacterial a-diversity and the composition of soil bacteria. Pseudomonas, Microbacterium,
and Sphingobacterium (positively correlated with DI) were enriched in Water, metalaxyl-mancozeb, and carbendazim treat-
ments, but were less abundant in fluazinam treatment. Among the three fungicide treatments, DI was significantly negatively
correlated with Shannon and Chao 1 indices. Soil properties and the top bacterial genera that positively correlated with DI
were influenced to a lesser degree in the fluazinam treatment.

Conclusion Among three fungicides, fluazinam was the most effective agent with the highest control effects against clubroot
disease. The strong virulence of fluazinam against P. brassicae was one of the main reasons for the prevention of clubroot
disease, and in addition the alteration of rhizosphere bacterial community by fluazinam to the detriment of P. brassicae
infection. Based on our results, EC could be an indicator of the severity of clubroot disease.

Keywords Brassica juncea var. tumida - Plasmodiophora brassicae - Chemical prevention - Soil bacteria - Gene expression

1 Introduction

Communicated by Yuan Ge. Tumorous stem mustard (Brassica juncea var. tumida) is
the raw material of China’s famous pickle, Zhacai, which is
Jingjing Liao and Luyun Luo contributed equally to this work. mainly grown in the provinces of Chongging and Zhejiang,

and has important economic value. Clubroot disease is one
of the main factors affecting the yield and quality of this
crop. This disease, caused by Plasmodiophora brassicae, is
a devastating disease that threatens the production of cruci-
ferous crops worldwide (Dixon, 2009; Wang et al., 2020).
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As an obligate biotrophic soil-borne pathogen, P. brassicae
resides entirely inside root cells and may survive in the soil
for decades, resulting in several barriers to disease control
(Rolfe et al., 2016). Currently, chemical fungicides and the
selection of disease-resistant varieties are the key strategies
against P. brassicae infection in cruciferous crops (Peng
et al., 2014; Song et al., 2016; Niemann et al., 2017). In
China, a variety of fungicides have been reported to be effec-
tive in preventing clubroot disease, but only two, fluazinam
and cyazofamid, have been registered (Chai et al., 2014).

The application of fungicides can change soil physico-
chemical properties and alter the soil microbial community
structure (Zhang et al., 2020). In the vegetable-soil ecosys-
tem, with its high microbial abundance and diversity, bacte-
ria play important roles in soil nutrient cycling, regulating
the growth of vegetables, and inhibiting soil-borne patho-
gens (Zhang et al., 2020; Kong et al., 2018). The application
of fungicides may directly or indirectly change soil physico-
chemical properties and soil microbial communities, thus
disturbing the stability of the vegetable-soil ecosystem. The
effects of fungicide on soil structure and bacterial composi-
tion vary under different soil types (Zhang et al., 2020). So
far, research on the microbial toxicity of fluazinam to soil
is limited. Niemi et al. (2009) showed that fluazinam was
highly toxic in microcosms by the luminescent bacteria test;
however, further studies on the effects of fluazinam on soil
microbial diversity and composition are needed. Soil prop-
erties and microbial communities are significantly altered
during the infection process of P. brassicae (Lebreton et al.,
2019). It is unknown how the application of fungicides in
soil contaminated by P. brassicae changes soil properties
and microbial communities.

Effector genes, which encode small secreted proteins, are
the primary tools for the infection and reproduction of many
pathogenic microorganisms (Katagiri, 2018). These genes
can target microorganisms, regulating the highly conserved
physiological processes of rhizosphere microorganisms,
block communication between plants and beneficial micro-
organisms, or be used to recruit cooperative microorgan-
isms against competitors or for co-colonization of plants
(Snelders et al., 2018, 2020). During the infection process, P.
brassicae can also secrete a series of effectors to regulate the
production of plant hormones, such as cytokinin synthesis,
auxin homeostasis, and metabolism of salicylic acid and jas-
monic acid, which together stimulate the growth, extension,
and differentiation of plant root cells for the formation of
galls (Malinowski et al., 2012). However, how effector pro-
teins regulate the soil microbial community requires further
research. Whether they can help the pathogen to resist stress
and regulate its own growth of the pathogen is still unknown.

Therefore, in this study, three typical fungicides were
chosen to evaluate the control efficacy of clubroot disease on
tumorous stem mustard and the dynamic change of bacterial

communities in the rhizosphere and bulk soils. The analysis
of the correlation among soil bacterial communities, club-
root disease severity, soil properties, and expression of effec-
tor genes in P. brassicae will help to reveal the molecular
ecological mechanism of the clubroot disease development.

2 Materials and methods
2.1 Testing materials

Fluazinam (500 g/L, suspension concentrate, Jiangsu,
China), metalaxyl-mancozeb (53%, contains 5% metalaxyl
and 48% mancozeb, wettable powder, Shandong, China),
and carbendazim (50% wettable powder, Hebei, China)
were purchased from Syngenta, Qingdao KYX Chemical
Co., Ltd., and Hebei Guanlong Agrochemical Co., Ltd.,
respectively.

The soil used for greenhouse experiments was collected
from 0-20 cm surface soil of an agricultural field where
radishes were previously planted in Fuling, Chongqing
(29°44'17" N, 107°12"20" E). The soil was ground and
screened through a 3-mesh sieve, then placed into pots
(Iength X width X height was 12x 12X 10 cm).

The vegetable seeds, Fuza No. 2 (Brassica juncea var.
tumida Tsen et Lee), were purchased from Chongqing
Lvmanyuan Agricultural Science and Technology Co., Ltd.
The seeds were treated with 70% ethanol once and then
washed three times with sterilized water (1 min for each
time). Seeds were sown directly in each pot (in two holes,
with 2-3 seeds per hole), and the seedlings were thinned
until only two plants remained in each pot at 2 weeks after
sowing.

Resting spores of P. brassicae were separated from club-
root galls (stored at —20 °C) collected from tumorous stem
mustard in a field of Baisheng town in Fuling. Galls were
washed in tap water to remove soil and other impurities,
then washed in sterilized water three times. The inoculation
solution was prepared according to Peng et al. (2019), with
a slight modification. Galls were chopped up and placed into
a tissue crusher with a mass volume ratio of 1:1 to sterilized
water. After homogenization, the supernatant was collected
by filtering with eight layers of gauze and then centrifuging
at 100 X g for 5 min. The concentration of resting spores
in the supernatant was counted four times with a hemocy-
tometer, and five meshes were counted each time. Finally,
the resting spores were diluted with sterile water to a final
concentration of 1 x 10 mL™! as the inoculation solution.

2.2 Greenhouse experiment

The greenhouse experiment was conducted at Yangtze
Normal University (29°45'9" N, 107°15"24" E) from May
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3 to July 13, 2020 (Fig. 1). The temperature in the green-
house was kept constant at 24 °C with natural moisture. A
total of three fungicide treatments, an uninoculated nega-
tive control (Uninoculated), and a water treatment after
inoculation (Water) were set up for the study. Each treat-
ment was performed with six replicates containing ten to
twelve plants. Inoculation of resting spores and application
of fungicides were performed following the protocols of
Peng et al. (2019). Three weeks after sowing, plants were
inoculated with 2 mL resting spores (1 x 10> mL™!) by
pouring the solution around the base of each plant. Unin-
oculated treatment received 2 mL sterilized water. Twenty-
four hours post-inoculation (24 hpi), plants were treated
with their assigned fungicide treatments, F-1000, M-500,
and C-800, obtained separately by dissolving 1.6 mL flu-
azinam, 3.2 g metalaxyl-mancozeb, and 2 g carbendazim
into 1.6 L tap water (according to the recommended dos-
age). Ten milliliters of fungicide solution or tap water was
poured around the base of each plant as appropriate. Treat-
ment was performed three times at 1, 8, and 18 days post-
inoculation (the application times and intervals referred
to the instructions). At three weeks (3 W) and six weeks

Water

Uninoculated

length x width

x height was 12 m—)

R A K

2mL 1x 10® mL-! resting spore suspension of P. brassicae

(6 W) post-inoculation, soil samples including the rhizo-
sphere and bulk soil were collected.

Soil samples were collected as described by Kong et al.
(2018). Rhizosphere soils (RS) were collected by first shak-
ing off bulk soil. Roots were then agitated in 15 mL phos-
phate buffer saline (PBS). The suspension was poured into
a sterilized centrifuge tube (50 mL). This was repeated three
times to obtain a total of 45 mL suspension. The suspension
was centrifuged at 8000 X g for 5 min and the supernatant
discarded; the resulting sediment pellets were frozen with
liquid nitrogen and then stored at— 80 °C for sequencing.
Bulk soil (BS) was collected from 10-12 plants and pooled
together as a replicate, then divided into two parts. One part
was stored at — 80 °C for sequencing. The other part was
used to determine soil physicochemical properties.

Plants were harvested at the third and sixth weeks after
inoculation. After being washed with PBS solution, the
roots were dried with absorbent paper; then, the grade of
clubroot disease was determined based on disease grading
standards (grade O: no symptoms; grade 1: small clubs, few
galls, mainly on the fibrous root; grade 2: few galls, mainly
on the taproot and less on the fibrous roots; grade 3: sever

F-1000 M-500 (3.2g C-800 (2.0g
(1.6mL metalaxyl- carbendazim
fluazinam mancozeb dissolved in
dissolved dissolved in  1.6L tap

in 1.6L tap 1.6L tap water)
water) water)

10mL fungicide solution per plant

Treatment was perfomed 3 times at 1, 8 and 18 days post inoculation (dpi).

x 12 x 10 cm
Inoculation 2mL water
per plant per plant.
Treatment 10mL tap water per plant
Sampling

Fig. 1 Diagram of greenhouse experiment design
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3 and 6 weeks after inoculation, each treatment was performed with six
replicates which collected ten to twelve plants.
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galls on the taproot and the fibrous roots; grade 4: large galls
or decayed) (Agarwal et al., 2011). Disease index (DI) was
calculated for each treatment at each assessment date using
the following formula (Han et al., 2021): DI (%)=, (nX
0+nx1+nx2+nx3+nx4)x100/ (Nx4). Where n is
the number of plants in each grade, N is the total number
of plants, and 0, 1, 2, 3, and 4 are the symptom severity
classes. For each replicate, six roots were pooled together
and treated with liquid nitrogen, then stored at — 80 °C for
gene expression analysis.

2.3 Physicochemical property of soil samples

All soil sample physicochemical properties were measured
by Convinced-Test Company (Nanjing, China). Total nitro-
gen (TN) (Kjeldahl method, LY/T 1228-2015), total phos-
phorus (TP) (NaOH alkali fusion-Mo-Sb Anti spectropho-
tometric method, GB/T 9837-1988), total potassium (TK)
(NaOH fusion-flame photometric method, NY/T 87-1988),
pH (glass electrode method, NY/T 1121.2-2006), electric
conductivity (EC) (electrode method, HJ 802-2016), Ca
(HF-HNO;-H,0, digestion and ICP-AES method), and B
(NaOH fusion, ICP-MS method) were detected.

2.4 Amplification and sequencing of 16S rRNA
genes

Total soil DNA was extracted with Magnetic Soil and
Stool DNA Kit (DP712, TTANGEN BIOTECH CO., LTD,
Beijing). The bacterial 16S rRNA genes were amplified
with the primer pair 341F (5'-barcode-CCTAYGGGRB-
GCASCAG-3’) and 806R (5'-GGACTACNNGGGTAT
CTAAT-3') for the V3-V4 region. Amplicons with different
barcodes were mixed equally, and TruSeq® DNA PCR-Free
Sample Preparation Kit (FC-121-3001, Illumina) was used
to construct the DNA library. All 120 soil DNA samples
were sequenced by Illumina Novaseq 6000 of CapitalBio
Technology (Beijing, China). The sequencing process was
performed according to standard protocols, and raw data
analysis followed the protocols of Yuan et al. (2018).

After base calling of the original sequencing data, raw
data was quality-trimmed with Trimmomatic (Version 0.39).
Trailing sequences with quality below 20 were cut out, and
sequences with an average quality below 20 were removed
with a 15 bp sliding window. Then, fastq-join (Version 1.3.1)
and pear were used for joining forward and reverse sequences
(minimum overlap was 10 bases and maximum difference
was 2 bases). After joining, the primers at both ends were
trimmed using Cutadapt (Version 1.18). The sequences with-
out complete primers at both ends were removed. Chime-
ras were detected and removed by UPARSE-pipeline. Use-
arch (Version11.0.667) was used to cluster OTU sequences

according to 97% similarity. Representative OTU sequences
were obtained, and the species annotation conducted with
QIIME (RDP Classifier algorithm) based on Silva database.
Analysis of soil bacterial a- and p-diversity followed the
methods of Tian et al. (2019). Ace, Chao 1, Shannon index,
Inv_Simpson index, and rarefaction curves were calculated
to evaluate the a-diversity. The relative abundance of soil
bacteria was calculated at phylum, class, genus, and OTU
levels. For the evaluation of p-diversity, hierarchical clus-
ter dendrograms (Bray—Curtis distance dissimilarities) were
constructed according to the composition of the OTUs. Prin-
cipal coordinate analysis (PCoA), canonical correspondence
analysis (CCA), heatmap of relative abundance of the top 40
genera, and Venn diagram were performed using the Omic-
Share online platform (http://www.omicshare.com/tools).
LEfSe (Analysis Effect Size) was performed to identify dif-
ferentially abundant genera among different treatments (Feng
etal., 2017).

2.5 Quantitative PCR (qPCR) of P. brassicae and total
bacteria in soil samples

The abundance of bacterial 16S rRNA and P. brassicae in
120 soil samples was tested by qPCR on LightCycler®480
IT (Roche, Switzerland). Bacterial 16S rRNA genes were
amplified with Eub338F (5'-ACTCCTACGGGAGGCAGC
AG-3")/518R (5'-ATTACCGCGGCTGCTGG-3") (Fierer
et al., 2005), and P. brassicae genes (18S rRNA and ITS1,
partial sequence) were amplified with PbO5F (5'-GAACGG
GTTCACAGACTAGAT-3")/05R (5'-GCCCACTGTGTT
AATGATCC-3') (Li et al., 2016). The PCR products were
purified with a gel extraction kit (Beijing Suolaibao Technol-
ogy Co. LTD), cloned into the pMD18-T vector (TaKaRa,
Japan), and transformed into DH5a competent cell (TransSo
Chemically Competent Cell, Beijing, China). The positive
clones were selected by blue-white screening and sequenced
(BGI, Beijing, China). Plasmid DNA in a clone with the
correct sequence was extracted by the alkali extraction
method and then used for building a standard curve (Wei
et al., 2018; Wallenhammar et al., 2012). Copy numbers
were log10-transformed to normalized values (Wei et al.,
2018). The qPCR reaction mixture contained 5 pL of Master
Mix (Eva Green 2 X qPCR Mix-no Dye, ABM, Canada), 0.5
pL of each primer, 0.5 pL of template DNA, and 3.5pL of
nuclease-free water. The PCR cycling conditions were as
follows: 95 °C for 5 min, 45 cycles of 95 °C for 15 s, 60 °C
for 15 s, 72 °C for 35 s, the melting curve obtained by 95 °C
continuous. Each sample was amplified with three technical
replicates. Standard curve samples were obtained through
ten times gradient dilution and conducted with three techni-
cal replicates for each concentration.
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2.6 Gene expression of P. brassicae

Total RNA of galls was extracted with RNAsimple Total
RNA Kit following the manufacturer’s instructions (Tiangen
Biotech CO., LTD). The RNA concentration and purity were
determined by Nanodrop One and then stored at — 80 °C.
Genomic DNA was removed, and cDNA was synthesized
using 5 X All-In-One RT MasterMix (with AccuRT Genomic
DNA Removal Kit) (Applied Biological Materials Inc,
ABM). 2 pg RNA was reverse-transcribed according to
the reagent composition in the instructions. The obtained
cDNA was diluted ten times and used as a qPCR template.
The expression of 20 candidate effector genes was tested
(Table S1). Pbactin (AAR88383) was used as the reference
gene (Feng et al., 2013). All primers used in this protocol
are listed in Additional file 1. Gene expression data were
analyzed by the 272 method (Manini et al., 2011). A mini-
mum of six plants were pooled into one sample for each
treatment, and each sample was run with three technical
replicates.

2.7 Statistical analysis

IBM SPSS Statistics 22 was used for general statistical anal-
ysis. Data of disease severity, the abundance of P. brassicae
and soil bacteria, soil properties, and a-diversity indices
were analyzed by one-way analysis of variance (ANOVA,
P <0.05). The comparison of two sets of data (3 W and
6 W, RS and BS) was completed by Student’s 7-test. MRPP
(multi-response permutation procedure), ANOSIM (analysis
of similarities), and PERMANOVA (permutational analysis
of variance) were conducted to assess the significant differ-
ences in bacterial communities among different treatments
(Feng et al., 2017). The relationship between soil properties,
gene expression, and bacterial communities was analyzed
by Mantel tests (based on Bray—Curtis) (Feng et al., 2017).
Pearson’s correlation coefficient was employed to correlate
the soil properties with DI and a-diversity by SPSS 22. Net-
work analysis was based on MENA online platform (Deng
et al., 2012), and data visualization was performed with
Cytoscape software. General figures were drawn with Sig-
maPlot 10.0.

3 Results

3.1 Effects of fungicides on clubroot disease
of tumorous stem mustard

Compared with Water treatment, the three fungicides
inhibited the occurrence and severity of clubroot disease to
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a certain extent after 3 and 6 weeks of treatment (Fig. 2 A
and B). The F-1000 treatment showed the highest control
efficacy (59.81%), with the lowest disease incidence and
DI, significantly lower than the Water control and the other
two fungicide treatments after 6 weeks of treatment. There
were no significant differences between M-500 (15.95%)
and C-800 (29.80%) treatments in the control effect, but
the disease incidence and DI were significantly lower than
that of Water treatment (Fig. 2B). Three weeks after inocu-
lation, the abundance of P. brassicae in rhizosphere soil
(RS) was consistent with the severity of clubroot disease.
Six weeks after inoculation, the abundance of P. brassicae
increased in RS, and the Water and M-500 treatments were
significantly higher than C-800 and F-1000 treatments.
There was no significant difference in bulk soil between
the two sampling time points (Fig. 2C). Expression of can-
didate effector genes (Figure S1) showed that 3 W samples
of F-1000 formed a separate cluster, in which twelve of
the twenty genes displayed the highest expression level
among all samples.

3.2 Inoculation of P. brassicae and the application
of fungicides affect the physicochemical properties
of soils

The application of different fungicides resulted in various
differences in soil physicochemical properties (Fig. 3 and
Table S2). Three weeks after inoculation (3 W), compared
with the healthy soil (Uninoculated treatment), TN and
EC in the Water treatment significantly increased, while
Ca significantly decreased. Six weeks after inoculation
(6 W), TK, EC, and B were significantly increased in the
Water treatment compared with the Uninoculated treat-
ment. However, except for TN and pH, which significantly
increased in F-1000 treatment compared with Uninocu-
lated soil, the F-1000 treatment (with the lowest disease
index) offset the changes in soil properties altered by the
inoculation of P. brassicae, and soil properties tend to be
consistent with that of healthy soil, particularly EC. A
different trend of soil property changes was observed in
the M-500 and C-800 treatments, with EC significantly
increasing in those soil samples.

3.3 The application of fungicides led to a typical
reduction of a-diversity

In this study, a total of 8,624,010 raw bacterial sequences
were obtained from 120 soil samples through Illumina
Novaseq 6000, of which 8,602,592 high-quality sequences
were retained after quality control steps. These sequences
were clustered into 1657 to 4223 OTUs per sample. The
rarefaction curves demonstrated that the sequencing depths
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«Fig. 2 Clubroot disease severity and abundance of P. brassicae in soil
under different fungicide treatments. (A) Phenotype of clubroot in
different treatments. (B) Disease incidence and disease index in dif-
ferent treatments. (C) The abundance of P. brassicae in soil. All data
were calculated based on six replicates, and bars indicate standard
errors (SE). Different letters indicated significant differences among
the treatments by one-way ANOVA test at P<0.05 (LSD in B, and
Duncan in C). M-500, 500-fold dilution of metalaxyl-mancozeb;
C-800, 800-fold dilution of carbendazim; F-1000, 1000-fold dilution
of fluazinam; Water, water treatment after inoculation; Uninoculated,
uninoculated treatment. RS, rhizosphere soil; BS, bulk soil; 3 W,
three weeks after inoculation; 6 W, 6 weeks after inoculation

were appropriate (Figure S2). The a-diversity indices (Ace,
Chao 1, Shannon index, Inv_Simpson index) significantly
decreased in the 6 W rhizosphere soil samples, especially
in the fungicide treatment samples. C-800 samples showed
the lowest a-diversity among all treatments (Fig. 4) but had
the highest abundance of total bacteria in the 6 W RS sam-
ples (Figure S3). Uninoculated group samples showed little
change in a-diversity, and there were no significant differ-
ences between all samples in this group.

3.4 Effects of different treatments on bacterial
community composition

Principal coordinate analysis (PCoA) and dissimilarity
analysis (MRPP, ANOSIM, and PERMANOVA) dem-
onstrated that inoculation of P. brassicae and application
of fungicides significantly altered bacterial community
composition (Fig. 5, Additional file 2). The two axes
explained a total of 52.15% and 37.92% of the variation
in the RS and BS samples, respectively. The dominant
phyla were Proteobacteria (37.89-78.40%), Acidobacteria
(1.90-18.80%), Actinobacteria (4.75-18.11%), Chloroflexi
(0.77-9.20%), Bacteroidetes (1.84-9.28%), and Gemma-
timonadetes (0.52-5.27%) in all soil samples, accounting
for 80.96-94.71% of relative abundance (Table S3). The
changes in bacterial composition of BS samples were less
than that of RS samples (Figure S4). After inoculation
and application of fungicides, Proteobacteria and Bacte-
rioidetes were significantly enriched in 6 W RS samples,
while Acidobacteria, Chloroflexi, and Gemmatimonadetes
showed the opposite trend (Fig. 6).

The bacterial community composition at the genus level
changed markedly after inoculation, especially in the 6 W
samples, which showed clear differences with Uninocu-
lated soil (Fig. 7). Cluster analysis of the genera showed
that these bacteria could be divided into three groups
according to their relative abundance in different samples,
marked as B1 to B3. B1 genera (such as Enterobacter,
Comamonas, Brevundimonas, and Delftia) were greatly
enriched in the 6 W samples of inoculation and fungicide
treatments. B3 genera (such as Acidothermus, Bryobacter,
and Gaiella) were greatly decreased in the 6 W samples of
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inoculation and fungicide treatments. The change trends of
B2 genera were irregular, with some showing an increased
relative abundance in different treatments. After the appli-
cation of fungicides, the 6 W samples of C-800 treatment
showed the highest reduction in these genera.

Differentially abundant genera were found among the RS
bacteria communities (3 W and 6 W) based on discriminant
analysis effect size (LEfSe) (Figure S5). The Uninoculated,
F-1000, and C-800 treatments contained the greatest, the
second greatest, and the least number of genera, respectively.
The Uninoculated, Water, and F-1000 treatments showed
a greater number of these genera in the 6 W samples than
in the 3 W samples. The opposite was observed in M-500
and C-800. There were 9, 2, 0, 1, and 8 common differ-
entially abundant genera in the 3 W and 6 W samples of
Uninoculated, Water, M-500, C-800, and F-1000 treatments,
respectively.

3.5 Correlation between disease severity, gene
expression, soil properties, and bacterial
communities

Pearson correlation analysis (Table S4 and S5), Mantel test
(Table S6), and network analysis (Fig. 8) showed that the
soil properties correlated with bacterial communities were
different after application of the different fungicides. The
correlation among a-diversity, soil properties, and disease
index was the most complex in the C-800 treatment, fol-
lowed by F-1000 treatment, and the simplest in the M-500
treatment. Among the three fungicide treatments, DI was
significantly negatively correlated with the Shannon and
Chao 1 indices and significantly positively correlated with
EC and TK. Among the seven soil properties, only TP was
significantly negatively correlated with a-diversity. Canoni-
cal correspondence analysis (CCA) results showed that soil
physicochemical factors explained 64.87% and 62.56% of
variation in the RS and BS bacterial communities, respec-
tively (Figure S6).

Comamonas, Delftia, Enterobacter, Microbacterium, Pec-
tobacterium, Pseudomonas, and Sphingobacterium, which
belonged to group B1, were significantly positively correlated
with DI (Additional file 4), of which, three genera were dif-
ferentially abundant genera in Water (Comamonas, Delftia,
and Enterobacter) and C-800 treatments (Microbacterium,
Pseudomonas, and Sphingobacterium), respectively. A single
genus (Pectobacterium) was differentially abundant in the
M-500 treatment (Figure S6). Another twenty-five genera in
B2 and B3 were significantly negatively correlated with DI
(Additional file 4), among which nineteen and three genera
were differentially abundant genera in the Uninoculated and
F-1000 treatments, respectively (Figure S5). The correlation
analysis between the top 40 genera (Additional file 3) and the
expression of candidate effector genes (Figure S7) showed
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«Fig.3 Effects of different treatments on physicochemical proper-
ties of soils. All data are represented with mean + SE. Different let-
ters indicated significant differences among different treatments at
P<0.05 by one-way ANOVA test. Asterisks indicated significant
differences between 3 and 6 W samples at each treatment based on
Student’s t-test (*P<0.05, **P<0.01). M-500, 500-fold dilution
of metalaxyl-mancozeb; C-800, 800-fold dilution of carbendazim;
F-1000, 1000-fold dilution of fluazinam; Water, water treatment after
inoculation; Uninoculated, uninoculated treatment. 3 W, 3 weeks
after inoculation; 6 W, 6 weeks after inoculation. TN, total nitrogen;
TP, total phosphorus; TK, total potassium; pH, potential of hydrogen;
EC, electric conductivity; Ca, calcium; B, boron

that Pectobacterium was significantly positively correlated
with the expression of nine effector genes, indicating that
this genus may be greatly affected by the effectors. Pb9670
and Pb4539 were negatively correlated with seven and nine
genera, respectively, suggesting that these two effectors may
act on various bacteria and may be the core effectors for the
regulation of rhizosphere microorganisms.
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Fig.4 The a-diversity of soil bacterial communities. All data are
represented with mean + SE. Different lowercase letters indicated sig-
nificant differences among different treatments, and different capital
letters indicated significant differences in one treatment at P <0.05
(one-way ANOVA test). RS, rhizosphere soil; BS, bulk soil. M-500,
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4 Discussion

4.1 Fluazinam is the most effective fungicide
to control clubroot disease on tumorous stem
mustard in Fuling

In the present study, it was found that the control efficacy of
fluazinam was 59.81%, which was significantly higher than
the control effect of carbendazim and metalaxyl-mancozeb
(Fig. 2B). Suzuki et al. (1995) demonstrated that fluazinam
could inhibit the germination of resting spores and the root
hair infection stage, resulting in the inhibition of club for-
mation. However, our results proved that the application of
fluazinam could reduce the abundance of P. brassicae in
the soil. In addition, soil properties in fluazinam treatment
were influenced to a lesser degree when compared with the
healthy soils. Enterobacter, Microbacterium, and Pectobac-
terium etc. (significantly positive correlation with DI) were
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500-fold dilution of metalaxyl-mancozeb; C-800, 800-fold dilution of
carbendazim; F-1000, 1000-fold dilution of fluazinam; Water, water
treatment after inoculation; Uninoculated, uninoculated treatment.
3 W, 3 weeks after inoculation; 6 W, 6 weeks after inoculation
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less enriched in fluazinam treatment. Therefore, beyond its
direct influence on clubroot pathogens, fluazinam likely also
controls clubroot disease by changing the bacterial commu-
nity of the soil.

We further analyzed the effect of fluazinam on candidate
effector genes of P. brassicae. Effectors, as a group of secre-
tory proteins, are critical for the successful infection of many
fungi, oomycetes, bacteria, and nematodes (Chen et al.,
2019). Numerous studies have been conducted to explore
their functions in the infection process of pathogens, but

Fig.5 Principal coordinate A

little is known about their role during fungicide treatment.
Our data showed that twelve out of twenty candidate effector
genes were highly expressed in F-1000 3 W samples which
showed the lowest DI (Figure S1), indicating that these
effectors were potentially stimulated by fluazinam. Under
the stress of fluazinam, P. brassicae may regulate candidate
effector genes to complete the infection process. The correla-
tion analysis between the top 40 genera and the expression
of candidate effector genes (Figure S7) showed that Pecto-
bacterium was significantly positively correlated with the
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expression of nine effector genes, indicating that this genus
may be greatly affected by the effectors. F-1000 treatment
showed an increase of P. brassicae in the soil from 3 to
6 W (Fig. 2C), resulting in no significant difference between
F-1000 and Water treatment for the estimated amount of P.
brassicae biomass in 6 W RS samples. This may indicate
that there is a short cycle during the infection to increase
the amount of P. brassicae in the soil rapidly (Buczacki and
Clay, 1984), or secondary zoospores released from root hair
or cortex cells resulted in this phenomenon (Liu et al., 2020).
Whether these effectors were related to the increase of P.
brassicae in soil requires further exploration.

4.2 ECwas positively correlated with DI of clubroot
disease, and the correlation was the highest
among all soil properties

At present, there have been few reports on the variation of
EC in soil during the infection process of P. brassicae on
Cruciferae plants. In our study, EC was significantly posi-
tively related to DI, and had the highest correlation value
(Table S4, Fig. 8). Li et al. (2018) suggesting that EC could
be a new tool for monitoring soil-borne disease. Arif et al.
(2021) found that the relative electrical conductivity of roots
inoculated with P. brassicae was 2.85 times greater than that
of the control, which may be due to the increased membrane
permeability and cell membrane damage. In our study, the
F-1000 treatment (with the least disease) showed a lower EC
value than the other inoculated treatments (Table S2). These
results might indicate that EC could be an indicator of the
severity of clubroot disease.

Other factors affecting the occurrence of clubroot dis-
ease in soil, including soil pH, Ca, B, soil enzyme activity,
temperature, water, organic matter, soil type, soil fertility,

and abundance of P. brassicae, were also reported (Bhering
et al., 2020). In this study, the mean value of soil pH under
different treatments varied from 5.4 to 6.2 (Fig. 3). The pH
was significantly higher in the M-500 (with severe disease)
and F-1000 (with the least disease) treatments, indicating
that the correlation between pH (5.4—6.2) and the severity
of clubroot disease was weak, consistent with the report of
Gossen et al. (2013). Thus, the significant negative correla-
tion between pH and DI in the F-1000 treatment may be
caused by other factors. B and Ca are also important factors
influencing the infection of P. brassicae, and their applica-
tion to soil could inhibit infection to some extent (Dixon,
1996; Webster and Dixon, 2009). In the current study, the
contents of B and Ca in soil under different treatments were
detected, and it was determined that the content of B in the
soil at 6 W (water) after inoculation was significantly higher
than that in the Uninoculated group (Fig. 3). It was specu-
lated that the B might come from plants or soil organic mat-
ter (Parks and White, 1952; Yermiyahu et al., 1988; Hayes
and Reid, 2004). Additionally, the content of B in soil treated
with F-1000 at 3 W was significantly higher than that at 6 W
(Fig. 3). Whether these changes were related to plant defense
requires further study.

4.3 The variation of the main bacterial community
in soil treated with fungicides and the infection of P.
brassicae

Soil bacteria, as an important part of the soil microbial com-
munity, are of great significance in maintaining soil struc-
ture and function, and microbial diversity is positively cor-
related with the suppression of disease (Saraiva et al., 2020).
The development of clubroot disease is determined by the
soil environment, including its properties and biological
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Fig. 6 Differences in the relative abundance of dominant phyla in RS
samples. Different letters indicated significant differences of that phy-
lum in different treatments at the P <0.05 level (one-way ANOVA,
LSD). RS, rhizosphere soil; M-500, 500-fold dilution of metalaxyl-
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mancozeb; C-800, 800-fold dilution of carbendazim; F-1000, 1000-
fold dilution of fluazinam; Water, water treatment after inoculation;
Uninoculated, uninoculated treatment. RS, rhizosphere soil; BS, bulk
soil; 3 W, 3 weeks after inoculation; 6 W, 6 weeks after inoculation
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characteristics (Bhering et al., 2020). The interaction of soil ~ has been found (Bhering et al., 2020). Meanwhile, other
properties, soil microbial diversity, and clubroot develop-  studies have summarized the characteristics of bacterial
ment is complex and dynamic, but no cause-and-effect rela-  composition in soils with severe clubroot disease (Lebreton
tionship between bacterial composition and clubroot severity et al., 2019; Saraiva et al., 2020). In our study, we found that

Fig.7 Relative abundance of
top 40 genera in RS samples.
RS, rhizosphere soil; M-500,
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Fig.8 Correlation network of a-diversity, disease index (DI), and
soil properties. Green, purple, and red circles represented a-diversity
indices, soil properties, and DI, respectively. The green and red lines
indicated significant negative and positive correlations, respectively.
Correlation between DI and o-diversity, DI and soil properties,

Proteobacteria was the dominant phylum in all soil samples,
which is consistent with previous studies (Wang et al., 2020;
Lebreton et al., 2019). Numerous studies have indicated that
Proteobacteria and Acidobacteria may act as bioindicators
of soil suppression to phytopathogens (Lee et al., 2017;
Liu et al., 2016; Xiong et al., 2017; Shen et al., 2015). In
our study, we found that Proteobacteria and Bacteroidetes
were positively correlated with soil samples experiencing
severe clubroot disease. At the same time, Acidobacteria,
Actinobacteria, Chloroflexi, and Gemmatimonadetes were
positively correlated with soil samples with less clubroot
disease (3 W and Uninoculated samples) (Figure S8). There-
fore, the abundance of Proteobacteria may be stimulated by
pathogens in the soil, or that these bacteria are less sensitive
to fungicides. That Acidobacteria were positively correlated
with soil samples experiencing lower clubroot severity is
consistent with the results of Saraiva et al. (2020).
Nitrospira and Bradyrhizobium, as shown by Saraiva
et al. (2020) to be more abundant in the soils containing
plants with lower clubroot severity, were significantly nega-
tively correlated with DI in our study (Additional file 4).
Similar to Lebreton et al. (2019), the rhizosphere soil bac-
terial communities were disrupted to a greater degree by
the invasion of P. brassicae during the latter part of the
incubation (6 W) (Figs. 5, 7, S7, and S9). Flavisolibacter,
Streptomyces, and Bacillus showed low abundance in 6 W
RS soil samples with severe clubroot disease, consistent
with Lebreton et al. (2019). The application of fungicides
usually significantly affects bacterial community composi-
tion in soil. Sample cluster analysis of the top forty genera
showed that the 6 W samples of Water, M-500, and C-800
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a-diversity, and soil properties referred to Table S4 and S5. The net-
work was conducted with Cytoscape software. TP, total phosphorus;
TK, total potassium; pH, potential of hydrogen; EC, electric conduc-
tivity; Ca, calcium

formed a cluster. In contrast, all (3 W and 6 W) samples of
Uninoculated treatment, and 3 W samples of Water, and
M-500 were another cluster (Fig. 7). These results may
indicate that the dominant bacterial communities in M-500
treatment may be greatly affected by the infection of P.
brassicae. The influence of M-500 on these bacteria still
followed a changing trend during the infection process of
P. brassicae.

4.4 Sensitive bacteria are markedly altered
by the application of fungicides

According to our results (Fig. 4), fungicides significantly
altered bacterial diversity, especially the carbendazim
(C-800) treatment. The carbendazim treatment showed the
greatest influence on a-diversity, consistent with the research
of Wang et al. (2012). You et al. (2016) reported that the fun-
gicide metalaxyl-mancozeb only slightly decreased the bac-
terial community Shannon—Wiener index but substantially
decreased the Margalef richness index. In this study, some
bacterial species and genera were eliminated by the applica-
tion of fungicides (Figure S9). We screened for genera and
species present in Uninoculated and Water treatments but
absent in the different fungicide treatments. According to
the results, there were nine genera and ten species that were
not detected in all three fungicide treatments. The C-800
treatment contained the most (twenty-five) undetected spe-
cies, including Bacillus polymachus, which displays a broad
range of antibacterial activity (Nguyen and Kim, 2015). The
undetected species and genera in fungicide treatments are
listed in Additional file 5.
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5 Conclusions

The control efficacy, soil properties, bacterial community,
and effector gene expression were markedly different under
the different fungicide treatments. As the most effective
fungicide, fluazinam had the strongest effect upon P. bras-
sicae, significantly reducing the amount of P. brassicae in
the soil. Another reason for its intense control effect might
be the altered composition of rhizosphere soil bacterial
community. Genera that displayed a significant positive
correlation with DI were mainly differentially abundant
genera in C-800 (800-fold dilution of carbendazim) and
Water treatments. In contrast, the genera with significant
negative correlation with DI were mainly differentially
abundant genera in Uninoculated and F-1000 (1000-fold
dilution of fluazinam) treatments. Based on our results,
EC could be used as an indicator of the severity level of
clubroot disease, but the specific criteria need to be further
clarified. Whether the stimulation of fluazinam on effector
genes leads to the rapid reproduction in the later period
should be considered in future studies. In addition, future
work should also involve the effects of effector genes on
the soil bacterial community and the pathogenicity of P.
brassicae.
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