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1 | INTRODUCTION

Canola (Brassica napus L.) is an economically important oilseed crop,
with 70.62 million metric tons (MMT) produced globally in 2021-
2022 (Statista, 2022). It is a healthy oil due to its low content of
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Abstract

Clubroot disease, caused by Plasmodiophora brassicae Woronin, results in severe yield
losses in Brassica crops, including canola. Silicon (Si) mitigates several stresses and
enhances plant resistance to phytopathogens. We investigated the effects of Si on
clubroot disease symptoms in canola at two concentrations of Si, Si: soil in 1:
100 w/w (Si1.0) and Si: soil in 1:200 w/w (Si0.5) under greenhouse conditions. In
addition, the effects of Si on P. brassicae-induced gene expression, endogenous levels
of phytohormones and metabolites were studied using “omics” approaches. Si appli-
cation reduced clubroot symptoms and improved plant growth parameters. Gene
expression analysis revealed increased transcript-level responses in Si1.0 compared
to Si0.5 plants at 7-, 14-, and 21-days post-inoculation (dpi). Pathogen-induced tran-
script-level changes were affected by Si treatment, with genes related to antioxidant
activity (e.g., POD, CAT), phytohormone biosynthesis and signalling (e.g., PDF1.2,
NPR1, JAZ, IPT, TAA), nitrogen metabolism (e.g., NRT, AAT), and secondary metabo-
lism (e.g., PAL, BCAT4) exhibiting differential expression. Endogenous levels of phyto-
hormones (e.g., auxin, cytokinin), a majority of the amino acids and secondary
metabolites (e.g., glucosinolates) were increased at 7 dpi, followed by a decrease at
14- and 21-dpi due to Si-treatment. Stress hormones such as abscisic acid (ABA), sal-
icylic acid (SA), and jasmonic acid (JA) also decreased at the later time points in Si0.5,
and Si1.0 treated plants. Si appears to improve clubroot symptoms while enhancing
plant growth and associated metabolic processes, including nitrogen metabolism and

secondary metabolite biosynthesis.

saturated (7%), high contents of monounsaturated (62%), and polyun-
saturated (32%) fatty acids (Lin et al., 2013). Canola production is,
however, threatened by several biotic stresses, among which the club-
root disease caused by the soil-borne obligate pathogen Plasmodio-
phora brassicae (Woronin, 1878) is the most important. This disease
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results in “club”-shaped roots, which restricts the transportation of
water and nutrients to the shoots and results in significant crop losses
(Kageyama & Asano, 2009). Clubroot disease affects cruciferous crops
in more than 60 countries resulting in 10-15% vyield loss globally
(Dixon, 2009a).

P. brassicae is a biotrophic protist under the phylum Plasmodio-
phoromycota (Barr, 1992), and it can survive in infested fields as
resting spores for over 17 years (Wallenhammar, 1996). These rest-
ing spores infect root hairs and epidermal cells at the root differenti-
ation zone, initiating primary infection (Liu et al., 2020). The
secondary infection occurs in the root cortex resulting in cellular
hypertrophy and visible gall formation in the susceptible hosts
(Kageyama & Asano, 2009; Liu et al., 2020). The use of clubroot-
resistant (CR) cultivars is considered an environmental-friendly strat-
egy for controlling this disease (Rahman et al., 2014). However,
growing the same CR cultivar for a few years can impose selection
pressure on P. brassicae populations resulting in the evolution of
novel pathotypes (Strelkov et al., 2016). To date, 36 pathotypes have
been identified in Canada, of which 19 can overcome the resistance
of the “first generation” CR cultivars (Askarian et al., 2021; Hollman
et al,, 2021).

P. brassicae is a soil-borne pathogen; therefore, the chemical and
physical conditions of the soil influence clubroot disease incidence;
for instance, acidic soils favour the germination of resting spores
(Dixon, 2009b). Therefore, soil amendments with calcium compounds
are used to neutralize the pH, which reduces disease severity (Fox
et al., 2022). Using bait crops (Ahmed et al., 2011), and rotation with
cereal and legume crops for more than 2 years can also reduce the soil
spore concentrations by ~90% (Peng et al., 2015). However, the lack
of adequate management practices and the evolution of novel patho-
types warrant additional research to mitigate this problem using other
approaches.

Silicon (Si) is the second most abundant element on earth (after
oxygen), accounting for 28.8% of the mass of the earth's crust. Plant
roots take up Si in the form of soluble monosilicic acid (Si(OH),) and
translocate it via the xylem to the above-ground parts, where they are
deposited as silica (SiO5) (Epstein, 2009). Si accumulation in plants
varies between 0.1% and 10% by dry weight, and cellular accumula-
tion occurs through the plasma membrane via the Lsil (Low silicon 1)
and Lsi2 (Low silicon 2) transporters, belonging to nodulin-26-like
major intrinsic protein family (NIPs) and anion transporter family,
respectively (Ma et al., 2006, 2007). Si is mainly found as soil mineral
silicates, some soluble Si sources include wollastonite and slag, and
can be applied as a soil-based fertilizer or foliar spray to improve crop
productivity (Zellner et al., 2021).

Si application in the presence of phytopathogens was initially
thought to result in the formation of a physical barrier by the deposi-
tion of phytoliths (SiO,), thereby reducing pathogen infection (Kim
et al., 2002). Subsequently, several studies revealed that Si application
induces local and systemic defence responses through elevated
defence-related enzymes (e.g., peroxidases), secondary metabolites/
phytoalexins as well as salicylic acid (SA) and jasmonic acid (JA)-medi-
ated systemic signalling (Fauteux et al., 2005, 2006). Rasoolizadeh

et al. (2018) reported that Si treatment increased resistance to Phy-
tophthora sojae in soybean through an incompatible host-pathogen
reaction, leading to reduced pathogen effector gene expression. Si
application has been reported to mitigate biotic stress in several crops
against a wide range of pathogens (reviewed in Wang et al., 2017, and
references therein).

Omics approaches have provided a molecular-level understand-
ing of plant-pathogen interactions and widened the prospects for
improving clubroot resistance in canola. Using these approaches, the
differential expression of genes, including those involved in the acti-
vation of reactive oxygen species (ROS), SA- and JA- mediated sig-
nalling, sugar transport, cell-wall modifications and phenylpropanoid
biosynthesis have been reported (Adhikary, Kisiala, et al., 2022a;
Galindo-Gonzélez et al., 2020; Summanwar et al., 2021). In addition,
metabolomics-based approaches have implicated the involvement of
metabolites like citric acid and glucosinolates (Wagner et al., 2019),
as well as the phytohormone SA (Lan et al., 2020) in mediating
resistance to clubroot. Multi-omics-based approaches involving
transcriptomics and metabolomics have revealed altered metabolites
as well as their associated transcripts in response to clubroot
in B. napus (Adhikary, Kisiala, et al., 2022a; Aigu et al., 2022).
Therefore, multiple omics approaches have significant potential in
investigating molecular changes that accompany clubroot disease
resistance.

In this study, we evaluated the potential role of Si in reducing
clubroot disease in canola under greenhouse conditions. We charac-
terized the P. brassicae-mediated changes in gene expression, phyto-
hormones, and metabolites in the presence or absence of Si. This is
the first report on the effects of Si on clubroot disease progression in
canola as well as Si-induced changes in gene expression, phytohor-
mone and metabolite profiles.

2 | MATERIALS AND METHODS

2.1 | Soil amendment with silicon and
experimental setup

Sodium silicate (Na,SiO3, Sigma-Aldrich) was mixed with 100 g Sun-
shine Professional Growing Mix (Sun Gro Horticulture), and the fol-
lowing mixtures (treatments) were produced: 0.0 g Si (control, PC),
0.1 g Si (Si: soil in 1:1000, w/w), 0.25 g (Si: soil in 1:400, w/w), 0.5 g
(Si: sail in 1:200, w/w), 0.75 g (Si: soil in 3:400, w/w), and 1.0 g (Si:
soil in 1:100, w/w). Hereafter, these treatments are reported as PC,
Si0.1, Si0.25, Si0.5, Si0.75, and Sil1.0, respectively. After mixing
thoroughly, the pH of the soil mix was determined prior to seeding.
A clubroot susceptible spring canola (Brassica napus L.) cultivar
Hi-Q, developed at the University of Alberta, was used in this study.
The plants were grown under greenhouse conditions (22/19°C and
16/8 h photoperiod, 30% relative humidity) on soil mixtures con-
taining varying concentrations of Si. A total of 30 plants from three
replications of each treatment (i.e., 10 plants per replication)

were used.

ASUDOIT SUOWIWOY) dANLAI)) d[qedrjdde oy £q pauIoA0S A1 SI[ANIE Y() oSN JO SA[NI 10 AIRIGIT SUIUQ AI[IAY UO (SUONIPUOI-PUL-SULIA)/WOY" KA[1M’ ATeIqIjauT[uo//:sdiy) SUONIpUuO) pue SULIdf, 3y 998 *[£Z07/H0/80] uo Areiqr aurjuQ LI ‘BlaqLy JO Ansioatun £q 006€ 1 1dd/1 1 11°01/10p/wod Kopim: Kreiqijourjuoy/:sdny woij papeojumo(] ‘g ‘€207 ‘+S0E66€ 1



SARKAR ET AL.

2.2 | Pathogen inoculation, assessment of disease
severity, and histology

A single spore suspension of P. brassicae pathotype 3, classified as
pathotype 3H (P3H) under the Canadian Clubroot Differential (CCD)
set (Strelkov et al., 2018), was prepared by homogenizing the clubroot
galls. The spore concentration was adjusted to 10’ CFU mL™%, and
1 mL of the spore suspension was used to inoculate the seedlings fol-
lowing the procedure described by Strelkov et al. (2007); the details
of this can be found in Adhikary, Mehta, et al. (2022b) and Adhikary,
Kisiala, et al. (2022a).

The plants were uprooted at 50 days post inoculation (dpi)
and the roots were washed thoroughly to assess disease severity.
Disease symptoms were rated on a scale of 0-3, where 0 =no
galls, normal roots; 1 =a few small galls on the lateral roots;
2 = moderate galling; and 3 = severe galls (Kuginuki et al., 1999).
The index of disease (ID%) was calculated using the formula
described in Horiruchi and Hori (1980), further modified by Strelkov
et al. (2006), as ID% = =[nw] x 100/3T, where n denotes the num-
ber of plants in each score, w is the disease score between O and
3, and T is the total number of plants tested in the experiment. Based
on these preliminary results, the Si0.5 and Si1.0 treatments were
selected for further studies. In addition to ID%, root length (cm) and
shoot height (cm) were also measured. Clubroot disease progression
was evaluated using histology at 7-, 14-, and 21-dpi, as described in
Summanwar et al. (2019). Briefly, fresh root tissues were fixed in
FAA (formalin, acetic acid, and alcohol) solution for 48 h at room
temperature. Root sections 2-5cm from the proximal end were
obtained and dehydrated in ethanol and toluene using a Leica
TP1020 tissue processor (Leica Biosystems). These root segments
were embedded in paraffin blocks, sectioned into 0.7 um longitudi-
nal sections using an AO Leica rotary microtome and fixed to glass
slides overnight at 37°C. These slides were deparaffinated using
ethanol-toluene washes, stained and counterstained using Hematox-
ylin and Eosin Y, respectively, and coverslipped using DPX mounting
media (Summanwar et al., 2019).

2.3 | Sample preparation for transcriptomics and
metabolomics

A total of 27 samples from the three treatments (PC, Si0.5, and Si1.0)
were used for transcriptomic and metabolomic analyses at 7-, 14-,
and 21-dpi. Hi-Q seedlings were grown in the soil mix previously
described with/without Si amendment, inoculated with P. brassicae,
washed thoroughly, flash-frozen in liquid nitrogen and stored at
—80°C until analysis. Each biological replicate comprised five individ-
ual plants per treatment, and three biological replicates were gener-
ated from three independent experiments. A total of 27 samples were
generated for transcriptomics and metabolomics analyses [3 treat-
ments (PC, Si0.5 and Si1.0) x 3 time points (7-, 14-, and 21-dpi) x 3

biological replicates].
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2.4 | RNA extraction, RNA-seq library preparation,
and data analysis

Frozen root samples were homogenized in liquid nitrogen using a ster-
ile, nuclease-free mortar and pestle. Total RNA was extracted using
RNeasy Plant Mini Kit (Qiagen) from approximately 0.1 g of homoge-
nized root tissue following the manufacturer's protocol. To improve the
RNA vyield from Si-treated root samples, the homogenized tissues were
pretreated with Polyethylene Glycol 8000 (PEG8000, Sigma Aldrich) to
remove secondary metabolites that interfere with the extraction
(Gehrig et al., 2000). In-column DNA digestion was performed using
RNAse-free DNAse | (Qiagen) following the manufacturer's instructions
to remove contaminating DNA. RNA concentration was determined
using A260/280 and A260/230 ratios obtained using a Nanodrop ND-
1000 spectrophotometer (ThermoFisher). RNA integrity was analyzed
using Agilent 4150 Tapestation System (Agilent), and samples with
RNA integrity number (RIN) greater than 9.0 were used for library prep-
aration and sequencing at LC Sciences.

Poly (A) RNA-seq library was prepared using lllumina's TruSeq
stranded-mRNA preparation protocol, where briefly, the poly (A) tail-
containing mRNA sequences were purified twice from total RNA using
Dynabeads oligo (dT) (ThermoFisher). Purified poly (A) mRNA fractions
were fragmented into small pieces using divalent cations at elevated tem-
peratures, and the cDNA was synthesized using SuperScriptTM Il Reverse
Transcriptase (Invitrogen), followed by U-labeled second strand synthesis
by the dUTP method. Adaptor-ligated cDNA libraries were amplified
using polymerase chain reaction (PCR), and the average 300 + 50 bps
insert size of the cDNA libraries were used for paired-end sequencing
(2 x 150 bp) on lllumina Novaseq 6000 system following the manufac-
turer's protocol. Reads containing adaptor sequence, low quality and
undetermined bases were removed by LC Sciences' in-house perl scripts
and Cutadapt (Martin, 2011), followed by verification of the sequence
quality using FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). HISAT2 (Kim et al., 2019) was used to align the reads to
the B. napus ZS11 genome based on Sun et al. (2017). The mapped reads
of each sample were assembled using StringTie (Pertea et al., 2015), and
all the transcriptomes were merged to create a comprehensive transcrip-
tome using gffcompare (https://github.com/gpertea/gffcompare/). After
this, fragment per kilobase of transcript per million fragments mapped
(FPKM) values were calculated using StringTie and ballgown (Pertea
et al, 2016). Differential expression analysis between two treatments
was performed using DESeq2 (Love et al., 2014), and between samples
using edgeR (Robinson et al, 2010). Finally, only the differentially
expressed genes (DEGs) that passed the threshold of |log, fold
change| 2 1.0, and g-value <0.05 were considered for further analysis.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases were used for enrichment analysis of the
DEGs at different time points and treatments. The DEGs were
mapped to the GO terms in the database (http://geneontology.org) as
well as the KEGG terms in the KEGG database (http://www.genome.
jp/kegg), to determine the gene numbers associated with each term.

Significant GO and KEGG terms were calculated by hypergeometric
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B) (1B=B
equation, P=1-71 (f)((T_;S)"'), where TB gene number = no. of total
genes with GO/KEGG anrﬁ)tation, TS gene number =no. of DEGs in
TB, B gene number=total no. of genes annotated to certain GO
terms/KEGG pathways, S gene number = no. of DEGs in S. Bonferroni
correction was applied to control the error due to multiple compari-
sons, and those with p-value <0.05 were defined as significant
GO/KEGG terms. The rich factor (RF) for each GO/KEGG term was

also calculated (RF =S gene number/B gene number).

2.5 | Quantitative real-time polymerase chain
reaction (QRT-PCR) assays

Expression levels of 16 DEGs identified through the RNA-seq were vali-
dated using gRT-PCR. gRT-PCR assays were performed using gene-
specific primers (Supporting Information File S3), using the reaction con-
ditions as described in Adhikary, Kisiala, et al. (2022a) and UBIQUITIN
CONJUGATING ENZYME 9 (UBC9) was used as the endogenous control
(Summanwar et al., 2019, 2021). The cycle threshold (C,) for each sam-
ple was determined based on three biological replicates, analyzed in two
technical replications, and the relative fold change of the DEGs were
calculated using the 2722t method (Schmittgen & Livak, 2008).

2.6 | Extraction and quantification of
phytohormones, secondary metabolites
(glucosinolates), and amino acids using high
performance liquid chromatography—(high resolution-
accurate mass)—tandem mass spectrometry
(HPLCMSMS)

Plant hormones and selected primary and secondary metabolites were
profiled in PC, Si0.5, and Si1.0 root samples, harvested at 7-, 14-, and
21-dpi using approximately 0.07 g of homogenized root tissue that
was flash frozen in liquid nitrogen and stored at —80°C. All profiled
metabolites were extracted using a previously published method
(Simura et al., 2018) with modifications to facilitate the extraction of
cytokinins (CKs), acidic hormones (abscisic acid [ABA], indole-3-acetic
acid [IAA], salicylic acid [SA] and jasmonic acid [JA], primary metabo-
lites [free AAs]), and secondary metabolites (glucosinolates) from a
single plant sample. Levels of phytohormones and AAs in canola root
samples were standardized to pmol g~ of plant fresh weight (FW).
The normalized relative levels of secondary metabolites and associ-
ated compounds were calculated based on the mean recoveries of the
deuterated CK internal standards in each sample. AAs and secondary
metabolites were identified by accurate mass, comparison of retention
times to authentic standards or by accurate mass and comparison of
fragmentation patterns to MS/MS databases (METLIN, PubChem,
KEGG) (Tables S21 and S22). Additional details on the extraction and
quantification of these compounds are provided in Supporting Infor-
mation File S1. All data have been deposited to the Metabolomics
Workbench (Sud et al., 2016) under Study ID ST002406, and can be
accessed using the DOI: https://doi.org/10.21228/M8M42M.

2.7 | Peroxidase and catalase enzyme assays

Enzyme activities were measured for the 21 dpi samples (PC, Si0.5, and
Si1.0) since there were clear differences in gall formation in the pres-
ence or absence of Si. Peroxidase (POD, EC 1.11.1.7) enzyme activity
in the supernatant was determined with Peroxidase Activity Assay Kit
per the manufacturer's instructions (Sigma Aldrich). Approximately
0.01 g of frozen homogenized root tissues were centrifuged thoroughly
with 400 pL of assay buffer using Microfuge 20R (Beckman Coulter) at
13,000 g, 10 min, 4°C, and stored on ice until use. The standard curve
was generated for 0, 1, 2, 3, 4, and 5 nmol well"* at 570 nm absor-
bance using SpectraMax M3 Multimode Plate Reader (Molecular
Devices). The POD activity of the sample was measured by the amount
of H,0, reduced between Tt and Tena for each sample (B), where
the reaction mixture contained 2 uL enzyme extract (V), 48 uL assay
buffer and 50 uL master reaction mix. The enzyme activity was calcu-
lated using (B x sample dilution factor)/(reaction time x V) for the
three biological replicates in two technical replications and reported in
nmol min~* mL™%, where one unit of peroxidase is the amount of
enzyme that reduces 1.0 pmol of H,O, per minute at 37°C.

Similarly, for catalase (CAT, EC 1.11.1.6), the enzyme activity was
determined by the depletion of H,O, by monitoring the decrease in
absorbance at 240 nm. The reaction mixture contained 10 pL enzyme
extract, 50 mM phosphate buffer (pH 7.0) and 10 mM H,O,, and the
enzyme activity was calculated using the extinction coefficient
€240 = 40 cm? pmol ™! (Aebi, 1974), reported in nmol min~* mL~? for

three biological replicates in two technical replications.

2.8 | Statistical analyses

Statistical analyses were conducted using the Microsoft Excel and the
R-studio software (v. 4.2.1, 2022-06-23). The root lengths and plant
height data from independent experiments were tested for normality by
a Shapiro-Wilk's test using the dplyr library R-package and homogeneity
of variance using Levene's test available under car R-package. Since they
exhibited homogeneity, the data from independent experiments were
combined and represented as mean + standard error (se). The heatmaps
were generated using pheatmap R-package and were scaled by rows. All
t-tests for the comparison of means were conducted between PC and
Si-treatment at respective timepoint using T.TEST() in Excel, where
p < 0.05 was considered statistically significant unless otherwise stated.

3 | RESULTS

3.1 | Clubroot disease severity in the presence/
absence of Si

We evaluated the effects of different concentrations of silicon (Si) on
clubroot disease severity (average disease index ID% + sg; Figure 1A).
Among the different concentrations, the highest amount of Si amend-

ment, Si1.0, resulted in partial resistance to clubroot with an ID% of

ASUDOIT SUOWIWOY) dANLAI)) d[qedrjdde oy £q pauIoA0S A1 SI[ANIE Y() oSN JO SA[NI 10 AIRIGIT SUIUQ AI[IAY UO (SUONIPUOI-PUL-SULIA)/WOY" KA[1M’ ATeIqIjauT[uo//:sdiy) SUONIpUuO) pue SULIdf, 3y 998 *[£Z07/H0/80] uo Areiqr aurjuQ LI ‘BlaqLy JO Ansioatun £q 006€ 1 1dd/1 1 11°01/10p/wod Kopim: Kreiqijourjuoy/:sdny woij papeojumo(] ‘g ‘€207 ‘+S0E66€ 1


https://doi.org/10.21228/M8M42M

SARKAR €T AL. (P e 50f 22
(A) Disease Index (ID%) (B) Shoot height
40 - * \
* ) * 35 * \
120 * 30 *
100 i = E 25 ns
S ns
n\_° 80 % 20
@ 60 S 15
10 - 10
20 5
0 0
PC(Si0.0) Si0.1  Si025  Si0.5  Si0.75  Sil0 PC(S0.0) S01 5025  S05  S075 SO
(©) Root length (D) oH
10 | - * | 10 R? = 0.9603
| . \
8 fﬁ—*\ ) 8 ~
3 * &
S6 1 c 6
= g
%"4 § 54
5 2
N :
A . A ) A A PC(5i0.0) Si0.1  Si0.25  Si0.5  Si0.75  Sil.0
PC(Si0.0) Si0.1  Si0.25  Si0.5  Si0.75  Sil.0

(E)

PC (Si0.0) Si0.1 Si0.25

FIGURE 1

Si0.5

Si1.0 Negative

Control

Si0.756

Evaluation of plant parameters due to Si treatment in presence of Plasmodiophora brassicae. The (A) disease index (ID)%, (B) shoot

height, (C) root length, (D) pH of the soil mixes, and (E) representative root images for all Si-treated plants measured 50 days post infection (dpi)
with P. brassicae. Error bars denote standard error of mean of parameters from three experimental replications, comprising of total 30 plants.

Statistical significance for each Si-treatment calculated in comparison to “pathogen control (PC)” using Student's t-test, denoted by the bar with
“* (p < 0.05), treatments PC (Si0.0)—0.0 g Si (control), Si0.1—0.1 g Si (Si:soil in 1:1000, w/w), Si0.25—0.25 g (Si:soil in 1:400, w/w), Si0.5—0.5 g
(Sizsoil in 1:200, w/w), Si0.75—0.75 g (Si:soil in 3:400, w/w), and Si1.0—1.0 g (Si:soil in 1:100, w/w), mixed with 100 g of soil-mix and inoculated

with P. brassicae.

54% (p < 0.01), while the moderate amounts, Si0.5 and Si0.75 caused
mild susceptibility with an 1D% of 83-80% (p < 0.05). The plants grown
in lower Si concentrations, Si.0.1 and Si0.25, were completely suscepti-
ble to clubroot disease with an ID% of 95-100%. Since we used a highly
susceptible variety (Hi-Q) in all experiments, the PC (Si0.0) exhibited
complete susceptibility to clubroot with an ID% of 100%.

The overall plant health was evaluated by measuring the shoot

height and root length at the end of the experiment, that is, 50 dpi. Si

treatment improved shoot height for all treatments (Figure 1B) and
was statistically significant (p < 0.05) for Si0.1, Si0.75, and Si1.0 treat-
ments, while the root lengths were significantly (p < 0.05) greater for
all Si treatments (Figure 1C). The average pH of the soil mix ranged
from 6.50 to 8.14; this demonstrated a trend of increasing pH with
the increase in Si concentration (Figure 1D). Representative root
images for all treatments (with/without Si amendment) are presented
in Figure 1E. Based on this, the treatments Si0.5 and Si1.0, with pH of
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7.39-8.14 were selected for subsequent studies since they exhibited

a reduction in clubroot disease symptoms.

3.2 | Microscopic examination of disease
progression in the presence/absence of Si

Microscopic examination of root sections from plants on day 7 in the
PC, Si0.5, and Si1.0 indicated no differences in pathogen developmen-
tal stages. The primary infection of P. brassicae was successful irre-
spective of Si application at 7 dpi, as indicated by the presence of
primary zoospores in all three treatments (Figure 2A-C). At 14 dpi, we
observed an overall progression of the infection where the zoospores
had invaded further into the cortical section of the roots. Specifically,
in the case of PC (Figure 2D), mature and sporulating secondary plas-
modia were observed in the cortical cells, whereas in Si0.5, a larger
number of resting spores and a few mature secondary plasmodia were
present in many cells, as indicated by the arrows (Figure 2E). In case
of Si1.0, mainly resting spores were present in some cortical cells at
14 dpi (Figure 2F).

At 21-dpi, a clear distinction in gall development stages could be
observed at the macroscopic level. The PC plants showed symptoms
of clubroot severity, while for Si0.5, the severity of galling was visibly
reduced and was lowest for Sil.0 treatment (Figure 2J-L). At the
microscopic level, clusters containing mature secondary plasmodia
stacked in the cortex region were present in PC plants (Figure 2G),
whereas a combination of smaller clusters of mature secondary plas-
modia and resting spores were observed in the cortical cells of Si0.5
plants (Figure 2H). Finally, only a few resting spores were observed in
the cortical cells of Si1.0 plants (Figure 2I). Based on these observa-
tions, 7-, 14-, and 21-dpi were selected for transcriptomics and

metabolomics.

3.3 | Effects of Sion P. brassicae-induced
transcriptome-level changes in B. napus roots

To elucidate the role of Si in mediating resistance against P. brassicae,
the transcriptomic responses of clubroot-infected roots with/without
Si were investigated. Transcripts were sequenced from 27 samples
comprising the three biological replicates of PC, Si0.5, and Si1.0 at 7-,
14-, and 21-dpi. This resulted in an average of 43,899,980 clean reads
per sample with a minimum of 37,573,196 reads and a maximum of
54,349,198 reads (Table S1). The Q20% and Q30% values of all sam-
ples were 295%, indicating that the data was accurate and reliable,
and 281% of the reads were mapped to the reference genome of
B. napus ZS11 as developed by Sun et al. (2017).

For differentially expressed genes (DEGs), the absolute log, fold
change (fc) >1.0, and false rate discovery (FDR) denoted by “g-value”
was at 95% confidence (g < 0.05) among the treatments. Between
Si0.5 and PC plants, we identified 805, 2085, and 3917 DEGs at 7-,
14-, and 21-dpi, respectively (Figure 3A, Tables S7-S9). When Si1.0
and PC root tissues were compared, 1535, 5721, and 6825 genes

were differentially expressed at the three respective time points
(Figure 3A, Tables S10-512), marking an increase in transcript-level
responses due to higher Si concentration.

A total of 19 DEGs were common among the two comparisons
(Si0.5 vs. PC and Si1.0 vs. PC) at all three time points. Among the
common DEGs exhibiting consistent expression patterns, there was
an elevated response (greater upregulation or downregulation) with
the higher Si treatment (Si1.0) as opposed to Si0.5 at any time point
with a maximum log, fc of 5.77 and minimum log, fc of —4.76
(Table S2). Additionally, a number of DEGs were upregulated due to Si
treatment alone (observed fragment per kilobase million (FPKM) value
in PC was 0.00), which were considered “unique” due to Si treat-
ments. There were 26, 50, and 108 DEGs between Si0.5 versus PC,
while between Si1.0 versus PC, 36, 105, and 224 DEGs were uniquely
upregulated at the three time points (Figure 3B, Table S13). These
results indicate that both Si0.5 and Sil.0 treatments elicit gene
expression changes in the presence of the pathogen, and these
changes may be involved in ameliorating the severity/progression of
the disease.

3.3.1 | GO and KEGG enrichment of the DEGs

To identify the metabolic pathways altered due to Si treatment during
B. napus-P. brassicae interactions, functional categorization of the
DEGs identified in the two comparisons were carried out using
both KEGG and GO databases. Enrichment of the DEGs in the
KEGG database exhibited a total of 66 unique metabolic process sig-
nificantly (p < 0.05) enriched at least at one time point and treatment.
Among them, “ko04626: Plant pathogen interactions,” “ko04075:
Plant hormone signal transduction” and “ko04016: MAPK signalling
pathway in plants” were the top common over-represented categories
for both treatments at all three time points (Figure 3C-H, Table S5).
We also observed “ko00940: Phenylpropanoid biosynthesis,”
“ko00500: Starch and sucrose metabolism,” “ko00960: Glucosinolate
biosynthesis,” and “ko00910: Nitrogen metabolism” to be some of
the highly enriched terms at least at two time points in both treat-
ments (Figure 3C-H, Table S5). In subsequent sections, we have
focused primarily on the DEGs and metabolites associated with the
aforementioned highly enriched biological processes. Additional
findings on GO and KEGG analysis are described in Supporting Infor-
mation File S2.

3.4 | Effects of Sion P. brassicae-induced
expression of specific genes involved in host-pathogen
interaction
3.4.1 | Antioxidant enzymes

We observed several DEGs related to antioxidant enzymes (POD,

CAT, SOD) summarized in Table 1. Their expression levels are pre-
sented in Figure 4A and Table S14.
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FIGURE 2 Microscopic appearance of P. brassicae-infected B. napus roots stained with Hematoxylin and Eosin, collected at 7-, 14-, and 21-days
post infection (dpi) and the appearance of seedling roots at 21-dpi in the presence or absence of silicon. Presence of primary infection at 7-dpi
(A-C), indicated by yellow arrows, denotes infection by P. brassicae in all treatments. The gradual advancement of infection at 14- and 21-dpi is
indicated by the presence of mature secondary plasmodia in several cortical tissues of PC (D,G), whereas Si1.0 and Si0.5 shows reduced progression
of infection (E, F, H, 1), observed at 20X and 40X magnification. Root phenotypes for PC, Si0.5, and Si1.0 seedling roots at 21 dpi are shown in J-L.

342 |
hormones

Systemic responses associated with defence

Several transcripts related to defence hormones signalling, such as SA
(NPR1, TGA, WRKY29), JA (JAZ), and ET (EIN3, EBF2) have been

identified and summarized in Table 1. In addition, two transcripts related
to defensins PDF1.2 (KO: K20727) were consistently upregulated. One
(BnC0290498540.1) was upregulated at both 14- and 21-dpi (Si0.5) and 7
dpi (Si1.0), while another transcript (BnC0190425010.1) was upregulated
at 21 dpi (Si0.5) and at both 7- and 21-dpi (Si1.0) (Figure 4B, Table S15).
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FIGURE 3 (A) Differentially expressed genes (DEGs), upregulated and downregulated, at 7-, 14-, and 21-days post infection (dpi) due to Si-
treatments during B. napus and P. brassicae interaction. (B) DEGs uniquely upregulated (fragments per kilobase million or FPKM = 0.00 for PC)
due to silicon treatments at the three time points during host-pathogen interactions. The top 20 Kyoto Encyclopedia of Genes and Genomes
(KEGG,) enriched terms for the DEGs in response to Si0.5 (C-E) and Si1.0 (F-H) treatment respectively, when compared to the control (PC) at the
three time points. All DEGs with g-value <0.05 and |log, fold change| > 1.000 were considered, treatments PC (Si0.0)—0.0 g Si (control); Si0.5—
0.5 g Si; and Si1.0—1.0 g Si in 100 g soil-mix, inoculated with clubroot pathogen.

3.4.3 | Metabolism and signal transduction of IAA in Si1.0 plants, while two (BnA0990343600.1 and BnC01g0445940.1)

and CKs were upregulated at 14- and 21- dpi in both Si treatments (Figure 4C,
Table S16).

Many DEGs related to IAA biosynthesis (TAA, YUCCA) and signalling Several transcripts associated with CK metabolism (IPT,

(AUX1, SAUR) mechanisms have been identified and highlighted in CYP735A, CKX), as well as signal transduction (HK1, ARR-B, and ARR-
Table 1. Additionally, we detected a total of 23 transcripts associated A), were identified (Figure 4C, Table S16) and summarized in Table 1.
with growth hormone (GH) (KO: K14487) related to IAA signalling Among the 36 DEGs related to ARR-Bs, one (BnC0330605470.1)
(Table S16). Among them, three GH-related genes (BnA02g0051360.1, showed downregulation at 7 dpi in both Si treatments, followed by
BnC0390540680.1, and BnC0930888070.1) were consistently down- upregulation at 14- and 21-dpi (Si0.5) and 21 dpi (Si1.0) (Figure 4C,
regulated in at least one time point for Si0.5 and all three time points Table S16).
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TABLE 1

Metabolic processes

Antioxidant related

Defence hormone signaling
related

Metabolism and signal
transduction of IAA
and CKs

ABA related

Nitrogen metabolism and
transport

Gene
symbol
POD
CAT

SOD
NPR1

NPR5/6
WRKY29

TGA

JAZ
EBF1/2
EIN3
TAA

YUCCA

PIN2

AUX1
SAUR

IPT

CYP735A

CKX
HK1

ARR-B

ARR-A
PYR/PYL

SnRK2
DHN

NRT

NRT

AAP8
AAP4
AAT
GDH

Identifier

EC:1.11.1.7

EC1.11.1.6

EC:1.15.1.11
KO:K14508

KO:K14508
KO:K13426

KO:K14431

KO:K13464
KO:K14515
KO:K14514
EC:2.6.1.99

EC:1.14.13.168

NA

KO:K13946
KO:K14488

EC:2.5.1.27;
EC:2.5.1.112

KO:K10717

EC:1.5.99.12
EC:2.7.13.3

KO:K14491

KO:K14492
KO:K14496

K14498
NA

K02575

NA

NA
NA
EC:2.6.1.1
EC:1.4.1.3

Total number of transcripts
identified
76

10

23

34

19

31

36

16
21

12

[o I L

Summary of specific genes modulated during host pathogen interactions due to Si treatment on P. brassicae-challenged B. napus
roots at 7-, 14-, and 21-days post infection.

DEGs with consistent expression (up/down)
(g < 0.05 and |log2 fold| > 1.0000)

Up
8

R, AN

w N

Down

1

Timepoints and treatments

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (7 dpi)

Si0.5 (14 dpi) and Si1.0
(14- and 21-dpi)

Si1.0 (21-dpi)

Si0.5 (21-dpi) and Si1.0
(7-, 14-, and 21-dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (21 dpi)
Si0.5 (21 dpi) and Si1.0 (7 dpi)
Si0.5 and Si1.0 (21 dpi)

$i0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (21 dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (21 dpi)

Si0.5 (21 dpi) and Si1.0
(14- and 21-dpi)

Si1.0 (7-, 14-, and 21-dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (21 dpi)

Si0.5 (21 dpi) and Si1.0
(7-, 14-, and 21-dpi)

Si0.5 and Si1.0 (21 dpi)

Si0.5 (14- and 21-dpi) and
Si1.0 (21 dpi)

Si0.5 and Si1.0 (7-, 14-, and
21-dpi)

Si0.5 and Si1.0 (14- and
21-dpi)

Si0.5 and Si1.0 (21 dpi)
Si1.0 (14- and 21-dpi)

Si0.5 and Si1.0 (21 dpi)
Si0.5 and Si1.0 (21 dpi)

(Continues)
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TABLE 1 (Continued)

DEGs with consistent expression (up/down)
(g < 0.05 and |log2 fold| > 1.0000)

Gene Total number of transcripts
Metabolic processes symbol Identifier identified Up Down Timepoints and treatments
Biosynthesis of secondary BCAT4 K21346 4 4 - Si0.5 (14- or 21-dpi) and
metabolites Si1.0 (14- and 21-dpi)
CYP79F1/2  EC:1.14.14.42 1 1 - Si0.5 and Si1.0
(14- and 21-dpi)
CYP79B1/2  K11812 2 - 2 Si0.5 and Si1.0 (21 dpi)
ST/SOT K22321 5 2 - Si0.5(21 dpi) and Si1.0
(14- and 21-dpi)
PAL EC:4.3.1.24 1 1 - Si1.0 (21 dpi)
CHS EC:2.3.1.74 1 1 - Si0.5 (21 dpi) and Si1.0
(7-, 14-, and 21-dpi)
HCT EC:2.3.1.133 4 1 - Si0.5 (21 dpi) and Si1.0
(14- and 21-dpi)
CCOAOMT EC:2.1.1.104 6 - 1 Si0.5 and Si1.0
(14- and 21-dpi)
FLS EC:1.14.20.6 14 4 5 Si0.5 and Si1.0 (21 dpi)
UDP-glu EC:24.1.111 1 1 - Si1.0 (14- and 21-dpi)

Note: The total number of transcripts detected for each gene are listed in column 4, the number of transcripts in columns 5 and 6 indicate those that are
consistently up or down regulated, respectively, and column 7 indicates the treatments and time points which resulted in that consistent regulation of

expression.

Abbreviations: POD, peroxidase; CAT, catalase; SOD, superoxide dismutase; NPR1, non-expressor of pathogenesis related-1; NPR5/NPR6, non-expressor of
pathogenesis related—5/6; WRKY29, WRKY transcription factor 29; TGA, transcription factor TGA; JAZ, jasmonate ZIM domain-containing protein;
EBF1/2, EIN3-binding F-box protein; EIN3, ethylene-insensitive protein 3; TAA, L-tryptophan, -pyruvate aminotransferase; YUCCA, indole-3-pyruvate
monooxygenase; PIN2, auxin efflux carrier component 2-like; AUX1, auxin influx carrier; SAUR, SAUR family protein; IPT, adenylate isopentenyl transferase;
CYP735A, cytokinin trans-hydroxylase; CKX, cytokinin dehydrogenase; HK1, histidine kinase; ARR-B, two-component response regulator ARR-B family;
ARR-A, two-component response regulator ARR-A family; PYR/PYL, abscisic acid receptor PYR/PYL family; SnRK2, serine/threonine-protein kinase SRK2;
DHN, dehydrin Rab-18 isoform; NRT, nitrate/nitrite transporter; AAP8, amino acid permease 8; AAP4, amino acid permease 4; AAT, aspartate
aminotransferase; GDH, glutamate dehydrogenase; BCAT4, branched chain aminotransferase 4 (methionine transaminase); CYP79F1/2, homomethionine
N-monooxygenase; CYP79B1/2, tryptophan N-monooxygenase; ST/SOT, aliphatic desulfoglucosinolate sulfotransferase; PAL, phenylalanine ammonia-
lyase; CHS, chalcone synthase; HCT, shikimate O-hydroxycinnamoyltransferase; CCOAOMT, caffeoyl-CoA O-methyltransferase; FLS, flavonol synthase;

UDP-glu, UDP-glucose coniferyl alcohol glucosyltransferase.

3.4.4 | Abscisic acid (ABA) related

Transcripts associated with ABA signalling (PYR/PYL, SnRK2) as well as
abiotic stress-responsive dehydrins were differentially expressed due
to Si-treatment and have been summarized in Table 1. Among them,
one dehydrin (BnC0290529880.1) was consistently upregulated for all
three time points for the Si0.5 treatment (Figure 4D, Table S16).

3.4.5 | Nitrogen metabolism and transport

We observed several DEGs associated with nitrogen transportation
(NRT, AAP) and assimilation (AAT, GDH), summarized in Table 1. In
addition, eight transcripts related to glutamine synthetase (GS)
(EC:6.1.3.2), which converts AA glutamate to glutamine during N-fixa-
tion, were identified, and one (BnA0290064060.1) was downregulated
at 7 dpi (Si0.5), followed by upregulation at 14- and 21-dpi for both Si
treatments (Figure 4E, Table S17).

3.4.6 | Biosynthesis of secondary metabolites

The phenylpropanoid and glucosinolate biosynthesis pathways were
enriched at 14- and 21-dpi in both Si treatments. We identified tran-
scripts related to the phenylpropanoid biosynthesis pathway (PAL,
HCT, FLS) and glucosinolate biosynthesis genes (BCAT4, CYP79F1/2,
and CYP79B1/2; Figure 4F, Table 518), and have been summarized in
Table 1.

3.5 | Validation of the NGS results using qRT-PCR

A total of 16 DEGs were selected for validation using gRT-PCR, some
of which have been highlighted in Figure 4. These include genes
related to SA-mediated signal transduction, JA-ET responsive signal-
ling, ABA signalling pathway, nitrogen metabolism and transport, and
genes related to the biosynthesis of secondary metabolites. The gene

expression, evaluated by gRT-PCR, was generally consistent with the
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results from NGS (Supporting Information File S3) and validated the

reliability of transcriptomics results.

3.6 | Effects of Sion P. brassicae-induced
metabolite profiles in canola roots

3.6.1 | Si-induced changes to endogenous
phytohormone profiles in pathogen-challenged root
tissues

Several phytohormones play vital roles in clubroot disease progres-
sion. In our study, we detected stress-related phytohormones such as
salicylic acid (SA), jasmonic acid (JA) and abscisic acid (ABA)
(Figure 5A-C). The endogenous levels of these stress hormones were
higher in PC compared to the Si-treated (Si0.5 and Si1.0), particularly
at 14- and 21-dpi (Table 2). We also identified growth-promoting hor-
mones such as auxin (IAA) and cytokinin (CKs) (Figure 5D,E). Their
levels in Si0.5 and Si1.0 were increased at 7-dpi, followed by a

decrease at the later time points compared to PC (Table 2).

3.62 |
profiles

Changes in AA and secondary metabolite

Amino acids

The transcriptome-level observations indicated that DEGs associated
with nitrogen metabolism were enriched in Si0.5- and Si1.0-treated
plants at 14- and 21-dpi; therefore, we analyzed the endogenous pro-
files of the free AA. Fifteen AAs were detected, exhibiting various
trends following the Si treatments in pathogen-challenged root tissues
(Table S19). Most AAs were increased at 7-dpi, after which their levels
decreased compared to PC. Specifically, seven AA (phenylalanine, leu-
cine, methionine, iso-leucine, tyrosine, threonine, and valine) were
consistently decreased for both Si0.5 and Si1.0 plants at 14- and 21-
dpi (Figure 6A-G). Glutamine levels were the highest in the analyzed

samples compared to other AAs and ranged between 140 and
4900 pmol g~ FW. In contrast to the trend above, endogenous gluta-
mine levels were significantly (p < 0.05) lower at 7-dpi in Si-treated
plants, while they were increased in Si-treated samples at 21-dpi

when compared to PC (Figure 6H).

Secondary metabolites

Plants defend themselves against phytopathogens through the bio-
synthesis of diverse secondary metabolites, including glucosinolates
(reviewed by Jan et al., 2021). Several DEGs related to phenylpropa-
noid and glucosinolate biosynthesis pathways were modulated due
to Si treatment based on transcriptomics. In this case, we detected
22 secondary metabolites and their intermediates altered in the
clubroot-infected roots due to Si application (Table S19). Like AAs,
most of these secondary metabolites were higher at 7 dpi, followed
by a decrease at 14- and 21-dpi in the Si-treated samples. Two
metabolites, syringin and coniferin biosynthesized via the phenylpro-
panoid pathway, showed a similar pattern of lower accumulation at
21-dpi (coniferin, not significant; Figure 6J,L). Similarly, Si-treated
plants had significantly (p < 0.05) higher levels of glucosinolate,
4-methoxyindole-3-carboxladehyde, at 7-dpi compared to PC plants.
A subsequent decline in endogenous levels at later time points was
observed for glucosinolates brassicanal, rutalexin, 4-methoxyindole-
3-carboxaldehyde, and indole-3-carboxaldehyde (Figure 6K,M-0). In
contrast, other glucosinolates, such as brassicanate A, were signifi-
cantly (p < 0.01) elevated in the 21-dpi Si-treated plants (Figure 6P).
Others, such as brassinin, gluconasturiin, dihydroneoascorbigen, and
indole-3-acetonitrile were also increased at 21-dpi, but the changes

were not significant (Table S19).

3.7 | Antioxidant enzyme activities

We observed differential expression of POD and CAT genes in the Si-
treated root samples; hence, we determined the total activities of
these two enzymes in the 21 dpi samples. The activity of POD in the

FIGURE 4 Heatmaps representing consistent expression profiles of differentially expressed genes (DEGs) related to different biological

processes altered due to Si-treatment during P. brassicae interaction with B. napus: (A) Antioxidant enzymes; (B) Salicylic Acid (SA), Jasmonic Acid (JA),
and Ethylene (ET) signalling; (C) Auxin (indole-3-acetic acid, IAA) and Cytokinin (CK)-biosynthesis and metabolism; (D) Abscisic acid (ABA)- related; (E)
Nitrogen metabolism and transport; (F) Biosynthesis of secondary metabolites, heatmaps scaled by rows. Symbol “#” denotes at least one transcript
related to the specific gene has been validated using qRT-PCR, treatments PC (Si0.0)—0.0 g Si (control), Si0.5—0.5 g Si, and Si1.0—1.0 g Siin 100 g
soil-mix, inoculated with clubroot pathogen. Gene names: AAP, amino acid permease; AAT, aspartate aminotransferase; ARR-A, two-component
response regulator ARR-A family; ARR-B, two-component 