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Abstract

Salicylic acid (SA) is a key regulator of plant immunity and contributes to defence against
Plasmodiophora brassicae, the causal agent of clubroot disease in canola (Brassica napus)
and other crucifers. Exogenous SA applications have reduced clubroot severity in some
Brassica pathosystems, yet the effectiveness of foliar SA treatment against the predomi-
nant resistance-breaking pathotype 3A in western Canada remains unclear. This study
evaluated the effects of weekly foliar applications of 0, 1, 5, or 10 mM SA on clubroot
development in two B. napus var. napobrassica cultivars under greenhouse and growth
chamber conditions. Plants inoculated with pathotype 3A were assessed for disease sever-
ity, pathogen resting spore load, plant height, and transcript accumulation of SA-responsive
genes. Overall, SA treatments resulted in modest reductions in disease severity and resting
spore concentrations; however, treatment effects did not reach statistical significance in
most cases. Collectively, foliar SA applications provided limited suppression of clubroot
caused by pathotype 3A. Further optimization of SA concentration, timing, and delivery,
particularly when targeting the root zone, may be required before SA can be considered a
complementary tool in integrated clubroot management.

Keywords: clubroot; disease severity; induced defence responses; phytohormones

1. Introduction
Plants activate and regulate defence responses to biotic and abiotic stresses through

hormones such as jasmonic acid (JA), ethylene (ET), and salicylic acid (SA) [1]. SA, a phe-
nolic compound linked to immunity against biotrophic or hemi-biotrophic pathogens [2],
plays a key role in systemic acquired resistance (SAR) and functions as a signaling molecule
in both pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and
effector-triggered immunity (ETI) [3]. It also participates in crosstalk with other key phyto-
hormones, including JA, ET, abscisic acid (ABA), auxins, gibberellins (GA), brassinosteroids,
and cytokinins (CK) [4]. Exogenous SA application has been shown to enhance defence
responses under both biotic and abiotic stresses [5]. Its application has influenced root
responses when applied to aboveground tissues [6–8], suggesting a potential strategy for
managing root-infecting pathogens.

The soilborne microbe Plasmodiophora brassicae, a causal agent of clubroot disease,
is a major root-infecting pathogen of the Brassicaceae family. P. brassicae first infects
root hairs during the primary infection stage and later colonizes the cortical root tissue
in the secondary stage, where hypertrophy and hyperplasia lead to characteristic gall
formation [9–11]. In canola (Brassica napus), the primary tool for clubroot management is
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the use of clubroot-resistant (CR) cultivars, ideally complemented by sanitization of field
equipment, chemical treatments (e.g., lime, fungicides, and fumigants), and crop rotation
(reviewed in [12]). With the continued spread of clubroot, new management strategies
are being explored, including the identification of biocontrol agents [12–15] and advanced
technologies such as CRISPR/Cas9 and RNA interference [16–19]. Recent studies indicate
that SA plays a key role in host defence against P. brassicae [20], presenting a potential
avenue for disease control.

Multiple lines of evidence support an SA-mediated defence response against
P. brassicae infection. Transcript levels of genes associated with SA biosynthesis and signal-
ing are elevated following inoculation compared with non-inoculated controls [7,20–29].
Phytohormone analyses have also revealed increased levels of endogenous SA in both
susceptible and resistant host roots in response to P. brassicae infection [7,30–33]. Com-
parisons between susceptible and resistant interactions indicate that SA levels, as well
as the expression of SA-related genes, are typically sustained for a longer duration in
resistant hosts.

To counteract the SA-mediated defence response, P. brassicae secretes at least one
known effector that directly manipulates host SA levels to enhance susceptibility [34].
Specifically, the benzoic acid (BA)/SA methyltransferase (PbBSMT) effector methylates SA
to form an inactive derivative, MeSA [34]. Expression of PbBSMT is notably upregulated
during infection in A. thaliana, B. napus, and B. oleracea, and the gene appears to be conserved
amongst pathotypes [21,34–36].

Several studies have examined the effects of exogenous SA applications on P. brassicae
infection. Repeated SA treatments have been shown to reduce clubroot severity in sus-
ceptible A. thaliana [30,37], susceptible B. rapa (B. campestris) subsp. chinensis [38], partially
resistant B. napus [7], and both susceptible and resistant B. napus [33]. The timing and
method of SA application (root dip, soil drench, or foliar spray) varied among studies.
Exogenous SA was also readily metabolized in B. napus, indicating effective utilization
of the applied compound by the plant [7]. However, the plant’s ability to take up and
quickly metabolize SA to maintain homeostasis may explain why single pre-inoculation
applications were ineffective in reducing disease [31,39,40]. When applied optimally during
infection, however, exogenous SA may suppress clubroot symptoms by enhancing host
defence responses.

In western Canada, the resistance-breaking P. brassicae pathotype 3A is predominant
in annual field surveys [41]. Newly developed CR canola cultivars with resistance to
pathotype 3A and other virulent isolates have not fully controlled disease spread or sever-
ity [41,42]. Transcriptomic and proteomic analyses of resistant B. napus inoculated with
pathotype 3A indicate an SA-mediated defence response [28,32,33]. In susceptible B. napus,
clubroot severity was reduced when SA was applied near the root base [33]. However, the
effect of foliar SA application during infection by pathotype 3A remains unexplored and
may enhance the plant’s defences. Therefore, the objective of this study was to evaluate
the impact of foliar SA applications on disease development in two B. napus cultivars
inoculated with pathotype 3A under controlled conditions.

2. Materials and Methods
2.1. Plant Material

The rutabaga (B. napus var. napobrassica) cultivars ‘Laurentian’ and ‘Wilhelmsburger’
(European Clubroot Differential [ECD] 10) were used in this study, along with the Chinese
cabbage (B. rapa var. pekinensis) cultivar ‘Granaat’ (ECD 05), which was included as a
susceptible check.
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2.2. Resting Spore Extraction and Inoculation

Resting spores of a P. brassicae field isolate classified as pathotype 3A were extracted
from 5 g of frozen root galls following previously outlined methods [43]. The spore
suspension was passed through eight layers of cheesecloth to filter out soil and plant debris,
and the spore concentration was estimated using a haemocytometer (VWR, Mississauga,
ON, Canada). The suspension was then adjusted with sterile distilled water (dH2O) to final
concentrations of 1 × 105 (low inoculum) and 1 × 107 resting spores mL−1 (high inoculum).
Spore viability was not assessed.

Seeds of each host genotype were directly sown in plastic trays containing 72 cells
(3.75 × 3.75 × 5.7 cm) filled with Sunshine LA4 potting mixture (Sunshine Growers, Van-
couver, BC, Canada). Seedlings were planted at a density of one plant per cell. Seven-
day-old seedlings were inoculated with 1 mL of inoculum suspension pipetted directly
to the base of each plant. The potting mix was kept moist for the first week following
inoculation and subsequently watered as needed with tap water. Plants were fertilized
with 20 N:20 P:20 K fertilizer as required and grown for six weeks in either a greenhouse or
growth chamber at 20 ± 2 ◦C with a 16 h photoperiod. Greenhouse trials were replicated
twice under low inoculum conditions and three times under high inoculum conditions, with
each experimental unit comprising 12–18 plants per cultivar and SA treatment. Growth
chamber trials were also replicated three times, with each experimental unit compris-
ing eight plants per cultivar and SA treatment. The general methodology used for the
greenhouse and growth chamber trials is illustrated in Figure 1.

Figure 1. General experimental workflow used to assess the effect of salicylic acid (SA) on clubroot
disease severity index (DSI) and resting spore accumulation in Plasmodiophora brassicae-inoculated
plants. The study included B. rapa var. pekinensis ‘Granaat’ and B. napus var. napobrassica ‘Laurentian’
and ‘Wilhelmsburger’ in greenhouse and growth chamber trials. Created in BioRender. Storfie, E.
(2025) https://app.biorender.com/illustrations/69c844c1f9524d459bbca5e8?slideId=d8d42b48-b6
20-46c4-b0af-479b9e2818c1, accessed on 19 December 2025.

2.3. Application of Exogenous Salicylic Acid

Solutions of SA (Sigma Aldrich, St. Louis, MO, USA) were prepared in dH2O at final
concentrations of 1, 5, and 10 mM. One week after inoculation, plant leaves were sprayed
weekly with the respective SA treatments using a hand-held bottle sprayer, continuing
until harvest.

2.4. Disease Assessment

At six weeks post-inoculation, plants were harvested, and roots were washed and
rated for clubroot severity using a standardized 0 to 3 scale [44], where: 0 = no galling; 1 = a
few small galls (small galls on less than one-third of the primary root); 2 = moderate galling
(small to medium galls on one-third to two-thirds of the primary root); and 3 = severe
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galling (medium to large galls on more than two-thirds of the primary root). Disease rating
focused on gall severity on the primary root, as damage to this tissue can significantly
impair plant growth and serves as a major source of resting spore inoculum [9].

A disease severity index (DSI) was calculated according to [45], as modified in [43],
using the formula DSI (%) = {[∑ (n × 0) + (n × 1) + (n × 2) + (n × 3)]/N × 3} × 100, where
n is the number of plants in each symptom severity class (0–3) and N is the total number
of plants.

Prior to harvesting in each growth chamber trial, plant height was measured from
the base of the plant to the apex, and the mean height was calculated for each biological
replicate. Clubroot DSI and plant height data are presented in Tables S1 and S2.

2.5. DNA and RNA Isolation

After disease assessment, all roots within each experimental unit were pooled, frozen
in liquid nitrogen, and stored at −80 ◦C until processing. Root galls were ground to a fine
powder using a mortar and pestle. The NucleoSpin Plant II kit (Macherey-Nagel, Düren,
Germany) was used to extract genomic DNA from ~100 mg of ground tissue according to
the manufacturer’s instructions. Total RNA was extracted from ~100 mg of ground tissue
following a combined protocol using TRIzol reagent (Ambion-Life Technologies, Carlsbad,
CA, USA) and the RNeasy kit (QIAGEN, Hilden, Germany) [28]. The quantity and purity
of the genomic DNA and RNA were assessed using a NanoDrop 2000c spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA), and samples were stored at −20 ◦C and
−80 ◦C, respectively.

2.6. Resting Spore Quantification

The amount of P. brassicae resting spores was measured by quantitative PCR (qPCR)
analysis following the method in [46]. Genomic DNA was diluted to 1:10 with nuclease-free
water. A standard curve was generated using genomic DNA extracted from a suspension
containing 1 × 107 resting spores mL−1, which was serially diluted 10-fold with nuclease-
free water to a final concentration of 1 × 102 resting spores mL−1. Each qPCR contained
5 µL of an in-house SYBR Green reagent mix (Molecular Biology Services Unit [MBSU],
University of Alberta, Edmonton, AB, Canada), 2.5 µL of the mixed primers DR1F and
DR1R (3.2 µM; Table S3), and 2.5 µL of DNA template, for a total reaction volume of 10 µL.
Amplification was performed using a QuantStudio 3 Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA) under the following cycling conditions: 95 ◦C for 10 min;
40 cycles of 95 ◦C for 30 s, 60 ◦C for 1 min; followed by a melt curve analysis of 95 ◦C for
15 s, 60 ◦C for 1 min, 95 ◦C for 15 s. Technical replicates were run in triplicate. The standard
curves for each qPCR run had coefficients of determination (R2) between 0.99–1.0, with
PCR efficiency ranges of 90% to 99%. Data are presented in Table S4.

2.7. Transcript Analysis of SA-Related Genes

To remove residual genomic DNA contamination from the extracted RNA, 500 ng of
total RNA was treated with the RNase-Free DNase Set (ThermoFisher Scientific, Waltham,
MA, USA) for 30 min at 37 ◦C. To terminate the reaction, 1 µL of 50 mM EDTA was added,
followed by incubation at 65 ◦C for 10 min. Reverse transcription was performed using the
RevertAid H Minus First Strand cDNA Synthesis Kit with an Oligo(dT)18 primer (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The
resulting cDNA was diluted with nuclease-free water to a final volume of 80 µL.

To confirm successful cDNA synthesis and the absence of genomic DNA contamina-
tion, end-point PCR was performed using primer sets targeting BnCAC (B. napus clathrin
adaptor complex) and PbEFL (P. brassicae elongation factor-like) genes (Table S3). Each
reaction contained 4 µL of cDNA, 0.75 µL of 50 mM MgCl2, 0.5 µL of 10 mM dNTPs,
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2.5 µL of 10× PCR Buffer (without magnesium), 0.1 µL of Platinum Taq DNA polymerase
(500 U µL−1; Thermo Fisher Scientific), 0.5 µL of each 10 µM primer, and nuclease-free
water to a final volume of 25 µL. PCR amplification was carried out under the following
cycling conditions: 94◦C for 2 min; 35 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for
30 s; followed by a final hold at 4 ◦C. PCR products were resolved on a 1% agarose gel
(1× TAE) stained with SYBR Safe at 90 V for 1 h.

Quantitative PCR was conducted using the QuantStudio 3 Real-Time PCR system
(Applied Biosystems) under the same cycling conditions described above. Reactions
contained 5 µL of an in-house SYBR Green reagent mix (MBSU, University of Alberta),
2.5 µL of mixed primers (3.2 µM), and 2.5 µL of cDNA in a total volume of 10 µL. Primer
sequences are listed in Table S3. Relative quantification of gene expression was performed
using the 2−∆∆Ct method [47]. Expression levels of plant and pathogen target genes were
normalized to BnCAC and PbEFL, respectively, and mean fold changes were calculated
relative to transcript levels in the 0 mM SA treatment.

2.8. Statistical Analysis

Data analysis was conducted using GraphPad Prism version 10.5.0 (GraphPad Soft-
ware, Boston, MA, USA). Assumptions of normality and heteroscedasticity were assessed
based on model residuals using the Shapiro–Wilk Test (p > 0.05) and Spearman’s test
(p > 0.05), respectively. When assumptions were met, statistical significance was deter-
mined by two-way analysis of variance (ANOVA) followed by a multiple comparison test.
If assumptions were not met, a nonparametric multiple Mann–Whitney test was used.
Nonparametric Spearman correlations were calculated between the SA treatments and both
DSI and resting spore counts. Data points and error bars represent the means ± standard
errors of the biological replicates.

3. Results
3.1. Effect of SA Treatments on Clubroot Severity During Greenhouse Trials

Greenhouse trials were conducted to determine whether weekly exogenous foliar
applications of 0, 1, 5, or 10 mM SA affected clubroot development in seedlings inocu-
lated with P. brassicae pathotype 3A. Trials were replicated twice under low inoculum
conditions (1 × 105 resting spores mL−1) and three times under high inoculum conditions
(1 × 107 resting spores mL−1). Across all SA treatments following inoculation with the
pathogen, the universally susceptible Chinese cabbage cultivar ‘Granaat’ exhibited a DSI
of 100%.

In the susceptible B. napus var. napobrassica cultivar ‘Laurentian’, DSI values were
66.1%, 46.9%, 62.5%, and 66.4% under low inoculum conditions and 98.7%, 91.9%, 94.1%,
and 86.6% under high inoculum conditions following treatment with 0, 1, 5, or 10 mM SA,
respectively (Figures 2a, 3a and S1). Inoculated ‘Laurentian’ plants under high inoculum
conditions showed a negative correlation (r = −1, p = 0.083) between SA treatments and
DSI. Under the same treatments, the partially resistant B. napus var. napobrassica cultivar
‘Wilhelmsburger’ exhibited DSI values of 18.5%, 7.0%, 7.3%, and 0% under low inoculum
conditions and 24.0%, 25.0%, 13.4%, and 17.9% under high inoculum conditions. Although
some treatments appeared to reduce DSI, multiple Mann–Whitney tests revealed no sig-
nificant differences compared with the 0 mM SA control across both cultivars at either
inoculum concentration. No clubroot symptoms were observed in the mock-inoculated
control plants.
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Figure 2. Effect of salicylic acid (SA) on clubroot disease severity index (DSI) and Plasmodiophora
brassicae resting spore accumulation in Brassica napus var. napobrassica ‘Laurentian’ and ‘Wilhelms-
burger’ inoculated with a low inoculum of pathotype 3A under greenhouse conditions. B. rapa subsp.
pekinensis ‘Granaat’ served as a susceptible check. (a) Mean DSI across two independent experiments
at six weeks post-inoculation. (b) Mean resting spore quantification by qPCR using P. brassicae-specific
primers and genomic DNA extracted from root galls at six weeks post-inoculation. Error bars indicate
the standard error of the mean (n = 2). Compared with the 0 mM SA control, the 1 mM SA treatment
in ‘Laurentian’ differed significantly (p = 0.0429) based on Dunnett’s multiple comparison test.

Figure 3. Effect of salicylic acid (SA) on clubroot disease severity index (DSI) and Plasmodiophora bras-
sicae resting spore accumulation in Brassica napus var. napobrassica ‘Laurentian’ and ‘Wilhelmsburger’
inoculated with a high inoculum of pathotype 3A under greenhouse conditions. B. rapa var. pekinensis
‘Granaat’ served as a susceptibility check. (a) Mean DSI across three independent experiments at
six weeks post-inoculation. (b) Mean resting spore quantification by qPCR using P. brassicae-specific
primers and genomic DNA extracted from root galls at six weeks post-inoculation. Error bars indicate
the standard error of the mean (n = 3).

To evaluate the effect of SA treatments on in planta pathogen proliferation, resting
spores were quantified from ground root tissue. In ‘Laurentian’ plants inoculated with low
inoculum and treated with 0, 1, 5, or 10 mM SA, mean resting spore counts were 1.57 × 108,
5.91 × 107, 1.07 × 108, and 1.02 × 108 spores per 100 mg of root tissue, respectively
(Figure 2b). Under high inoculum conditions, mean resting spore counts were 1.23 × 108,
1.01 × 108, 9.35 × 107, and 1.38 × 108 spores per 100 mg of ‘Laurentian’ root tissue,
respectively (Figure 3b).

Under the same SA treatments, the partially resistant cultivar ‘Wilhelmsburger’ ex-
hibited mean resting spore counts of 2.75 × 107, 1.03 × 107, 4.31 × 106, and 1.46 × 106

spores per 100 mg of root tissue under low inoculum conditions, and 1.91 × 107, 1.39 × 107,
1.26 × 107, and 1.28 × 107 spores per 100 mg of root tissue under high inoculum conditions.
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Similar to the DSI results, multiple Mann–Whitney tests revealed no significant differences
among SA treatments relative to 0 mM SA under high inoculum conditions. However,
under low inoculum conditions, a significant difference was detected for the 1 mM SA
treatment of ‘Laurentian’ (p = 0.0429) when compared with the 0 mM SA control using
Dunnett’s multiple comparison test.

3.2. Effect of SA Treatments on Clubroot Severity During Growth Chamber Trials

Growth chamber trials were conducted using the same procedures as the high inocu-
lum greenhouse experiments and were replicated three times. The universally susceptible
cultivar ‘Granaat’ maintained a DSI of 100% following treatment with 0, 1, and 5 mM
SA, and a DSI of 95.2% with 10 mM SA (Figure 4a). In the inoculated susceptible cultivar
‘Laurentian’, mean DSI values were 100%, 98.6%, 96.1%, and 79.2% following application
of 0, 1, 5, and 10 mM SA, respectively (Figure 4a; Figure S2). Under the same treatments,
the partially resistant cultivar ‘Wilhelmsburger’ exhibited DSI values of 10.2%, 6.9%, 20.2%,
and 8.9%. Overall, ‘Wilhelmsburger’ exhibited stronger resistance to pathotype 3A under
growth chamber conditions compared with greenhouse trials. No clubroot symptoms were
detected in any of the mock-inoculated control plants under growth chamber conditions.

Figure 4. Effect of salicylic acid (SA) on clubroot disease severity index (DSI) and Plasmodiophora
brassicae resting spore accumulation in Brassica napus var. napobrassica ‘Laurentian’ and ‘Wilhelms-
burger’ inoculated with a high inoculum of pathotype 3A under growth chamber conditions. B. rapa
var. pekinensis ‘Granaat’ served as a susceptibility check. (a) Mean DSI across three experiments at
six weeks post-inoculation. (b) Mean resting spore quantification by qPCR with P. brassicae-specific
primers and genomic DNA extracted from root galls at six weeks post-inoculation. Error bars indicate
standard error of the mean (n = 3).

Resting spores were quantified in inoculated ‘Laurentian’ and ‘Wilhelmsburger’ plants
across the different SA treatments. In ‘Laurentian’, mean resting spore counts were
1.24 × 108, 1.31 × 108, 8.69 × 107, and 9.60 × 107 spores per 100 mg of root tissue fol-
lowing application of 0, 1, 5, and 10 mM SA, respectively (Figure 4b). In ‘Wilhelmsburger’,
mean resting spore counts were 5.03 × 106, 8.55 × 106, 2.86 × 106, and 3.15 × 106 spores per
100 mg of root tissue under the same SA treatments. Multiple Mann–Whitney tests revealed
no significant differences among SA treatments for either DSI or resting spore counts.

3.3. Effect of SA Treatments on Plant Height During Growth Chamber Trials

Plant height was measured across all SA treatments in both mock-inoculated and
inoculated plants to assess potential effects on growth. No significant differences in mean
plant height were observed between the 0 mM SA control and the other SA treatments.
In ‘Laurentian’, a reduction in height was observed in inoculated plants compared with
mock-inoculated controls at 10 mM (p = 0.0534) SA, based on Tukey’s multiple comparison
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test (Figure 5). Height differences between mock-inoculated and inoculated plants of
‘Wilhelmsburger’ were comparable across treatments. Foliar lesions developed, with
severity increasing proportionally with SA concentration, suggesting some phytotoxic
effects (Figure S3).

Figure 5. Effect of salicylic acid (SA) on plant height in Brassica napus var. napobrassica ‘Laurentian’ and
‘Wilhelmsburger’ mock-inoculated with water or inoculated with Plasmodiophora brassicae pathotype
3A (high inoculum) under growth chamber conditions. Mean plant height (cm) across all three
growth chamber experiments at six weeks post-inoculation. Error bars indicate the standard error
of the mean (n = 3). A significant difference between mock-inoculated and inoculated ‘Laurentian’
plants was observed at 10 mM (p = 0.0534) SA, based on Tukey’s multiple comparison test.

3.4. Effect of SA Treatments on Expression of Plant SA Markers and P. brassicae Effectors

To determine whether foliar SA treatments activated downstream SA responses in
B. napus roots, transcript levels of two well-characterized SA markers were measured.
Overall, BnNPR1 was not differentially expressed relative to 0 mM SA across all treatments
in either of the inoculated cultivars (Figure 6). In the inoculated ‘Laurentian’, BnPR1
transcript levels were reduced by 2.04 ± 0.36 and 1.79 ± 0.10-fold in the 5 and 10 mM SA
treatments, respectively, relative to 0 mM SA. However, Dunnett’s multiple comparison
test revealed no significant differences.

Figure 6. Effect of salicylic acid (SA) on gene expression in Brassica napus var. napobrassica ‘Laurentian’
and ‘Wilhelmsburger’ inoculated with Plasmodiophora brassicae pathotype 3A under growth chamber
conditions. Expression levels of plant SA marker genes (BnNPR1 and BnPR1) and the P. brassicae
secreted protein gene (PbBSMT) were measured. Mean gene expression across three growth chamber
experiments at six weeks post-inoculation is shown. Error bars represent the standard deviation of
the mean (n = 3). Dashed lines at 1.5 and −1.5 indicate the threshold for differential expression.
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To assess how P. brassicae responded to the SA treatments, the transcript levels of the
PbBSMT effector were measured and were not differentially expressed relative to the 0 mM
SA treatment (Figure 6).

4. Discussion
Transcriptome and proteome studies have shown that SA-mediated defence responses

are activated during P. brassicae infection [7,27,28,32,33,48]. During early infection, the
SA response is induced in both susceptible and resistant plants. However, as the disease
progresses, SA biosynthesis and/or signaling is typically sustained in resistant plants,
whereas it declines in susceptible plants.

Exogenous application of SA has shown some success in enhancing plant immunity
against P. brassicae, although the effect varies with cultivar, SA concentration, and the
timing and frequency of applications [7,30,33,38,39,49]. While P. brassicae is a soilborne
pathogen that infects the roots, we applied SA as a foliar spray. This approach was chosen
because foliar SA applications have previously reduced clubroot disease severity [7] and
are more feasible than a root dip method [31,39] or soil-applied treatment at the base of
the plant [33]. Repeated applications were used because SA is rapidly metabolized by
both plant and pathogen [7,35,49], and multiple treatments have been shown to be more
effective in reducing disease severity [7,30,33,38].

Although P. brassicae colonizes roots, foliar SA can still induce systemic defense
responses, as evidence suggests that SA-induced signals are translocated within the
plant [3,7,8,49]. We opted to spray one week after inoculation in an attempt to sustain the
SA-mediated defence response already known to be activated in both ‘Laurentian’ and
‘Wilhelmsburger’ during early secondary infection [28]. At this time, infection would have
been either late in the primary stage, early in the secondary stage, or both, as P. brassicae has
an asynchronous life cycle [10]. However, as suggested by our results, this delay in spray-
ing may have limited the plant’s ability to respond effectively to SA, and an application
immediately after inoculation might have elicited a stronger defence response.

In this study, exogenous foliar application of SA had a greater effect under green-
house conditions than under the more controlled growth chamber environment. Similarly,
stronger effects of SA on clubroot infection were observed under field vs. greenhouse con-
ditions in an earlier report [49]. In susceptible interactions under low inoculum pressure,
evaluated only in the greenhouse, 1 mM SA significantly reduced resting spore quantities
compared with the 0 mM SA control. Under high inoculum pressure, DSI and resting
spore quantities did not differ significantly following SA application in either greenhouse
or growth chamber conditions.

Growth reductions have been reported in other studies following high SA applica-
tions in both inoculated and mock-inoculated plants [38,39,49]. For example, treatment of
B. oleracea var. italica seedlings with high SA concentrations (10 and 25 mM) significantly
reduced survival, although surviving plants exhibited lower disease severity [49]. In the
present study, SA-induced leaf lesions were observed, which likely impaired photosynthe-
sis. Previous studies have reported phytotoxic effects of high SA concentrations, including
reduced seedling survival and plant growth [31,49]. Nevertheless, optimized SA applica-
tions can reduce clubroot severity while supporting plant growth. For instance, treating
clubroot-infested soil with 0.6 mM SA for four consecutive days after seedling emergence
reduced disease incidence and severity and enhanced plant growth in B. rapa (B. campestris)
compared with untreated controls [38].

To assess whether the plants responded transcriptionally to the SA treatments,
transcript levels of two well-characterized SA markers, NPR1 and PR1, were quanti-
fied. During P. brassicae infection, increased transcripts of NPR1 and PR1 have been
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reported in both resistant and susceptible interactions in A. thaliana, B. napus, B. rapa, and
B. oleracea [23,25,27,50–52], as well as in the B. napus ‘Laurentian’ and ‘Wilhelmsburger’
when inoculated with pathotype 3A [28].

In our study, PR1 showed nonsignificant differential expression only in ‘Laurentian’
treated with 1, 5, or 10 mM SA relative to 0 mM SA, whereas NPR1 did not exhibit differen-
tial expression in either inoculated cultivar. The downregulation of PR1 at 5 and 10 mM
SA may reflect the plant’s attempt to negatively regulate SA and downstream pathways in
response to high levels of SA [53]. The absence of differential expression of NPR1, an early
key SA receptor, and the subsequent downregulation of PR1 may be related to the timing
of sampling, one week after the final SA treatment, which could have missed transient
transcriptional responses as the plant attempted to maintain homeostasis [7,53]. Sampling
within the first 24–72 h after spraying would likely have captured any transcriptional
changes [49]. Alternatively, the SA treatments may not have been sufficient to elicit a
detectable transcriptional response in the roots.

The ability of P. brassicae to inactivate SA and suppress downstream plant responses
may also explain why DSI and resting spore quantities were not substantially reduced
by foliar SA treatment. One mechanism involves the secretion of the effector PbBSMT,
which methylates SA more efficiently than the plant’s own BSMT [35]. In our study,
however, PbBSMT transcripts were not differentially expressed, suggesting that either the
sampling time-point did not capture the pathogen’s response to SA, or the treatments were
insufficient to elicit activation of the pathogen’s effector repertoire.

In this study, foliar SA application did not result in a significant reduction in DSI or
resting spore quantity. These results suggest that further optimization of SA concentration
and application timing could improve its consistency and efficacy against clubroot. Deliv-
ering SA via soil application or directly to the base of the plant, closer to the root system,
may enhance effectiveness, although such approaches are less practical for large-scale crop
management. Future optimization of foliar SA application should also consider the use of
a surfactant, such as Tween 20, to improve uptake [54], as well as make adjustments to the
number and timing of applications.

Evaluation across a wider range of inoculum levels could reveal whether SA appli-
cation benefits the host more under mild or moderate disease pressure. In this study, we
focused on a concentration of 1 × 107 resting spores per mL, which may have been high
enough to overwhelm any potential treatment effect. Nonetheless, a preliminary analysis
with 1 × 105 resting spores per mL showed similar trends with respect to DSI in two
greenhouse trials, and previous studies have used inoculum concentrations in the 106 to
108 range [7,33,38–40,49]. Additionally, testing SA treatments against multiple pathotypes,
including non-resistance-breaking isolates in different cultivars, will help identify the
optimal SA concentration and application strategy.

5. Conclusions
Exogenous foliar application of SA resulted in mostly nonsignificant reductions in

clubroot severity and resting spore levels in B. napus. These findings, combined with
the limited transcriptional responses, suggest that treatment timing, intensity, and high
inoculum pressure may limit the efficacy of foliar SA applications. Despite these constraints,
optimized SA treatments, considering concentration, timing, and delivery method, may
still enhance systemic plant defence while minimizing growth trade-offs. Future work
should explore alternative application strategies, evaluate a range of inoculum levels and
pathotypes, and assess multiple cultivars and their traits to determine the practical potential
of SA as a complementary tool in integrated clubroot management.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/agrochemicals5020018/s1. Table S1. Disease assessment, including
symptom rating and disease severity index, of pathotype 3A-inoculated Brassica rapa ‘Granaat’ and
Brassica napus ‘Laurentian’ and ‘Wilhelmsburger’ following salicylic acid treatments under greenhouse
and growth chamber conditions. Table S2. Plant height of mock- and pathotype 3A-inoculated Brassica
napus ‘Laurentian’ and ‘Wilhelmsburger’ following salicylic acid treatments under growth chamber
conditions. Table S3. Primers used for resting spore quantification and transcript analysis in this
study. Table S4. Resting spore quantity in pathotype 3A-inoculated Brassica napus ‘Laurentian’
and ‘Wilhelmsburger’ following salicylic acid treatments under greenhouse and growth chamber
conditions. Figure S1. Effect of salicylic acid (SA) on clubroot symptoms caused by Plasmodiophora
brassicae in Brassica napus var. napobrassica ‘Laurentian’ and ‘Wilhelmsburger’ inoculated with a
high inoculum of pathotype 3A under greenhouse conditions. Figure S2. Effect of salicylic acid
(SA) on clubroot symptoms caused by Plasmodiophora brassicae in Brassica napus var. napobrassica
‘Laurentian’ and ‘Wilhelmsburger’ inoculated with a high inoculum pathotype 3A under growth
chamber conditions. Figure S3. Effect of salicylic acid (SA) on leaves of Brassica napus var. napobrassica
‘Laurentian’ and ‘Wilhelmsburger’ inoculated with a high inoculum of Plasmodiophora brassicae
pathotype 3A under growth chamber conditions.
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