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Abstract: Plasmodiophora brassicae Wor. is a soilborne parasite causing clubroot of canola (Brassica
napus L.), a serious disease managed mostly by planting clubroot-resistant (CR) cultivars. Recently,
new pathotypes of P. brassicae have emerged that overcome resistance, highlighting the need for a
greater understanding of resistance stewardship and an integrated approach to clubroot management.
Replicated field experiments were conducted in Edmonton, AB, in 2018 and 2019, to evaluate the
effect of lime application and weed management on clubroot severity, crop yield and various growth
parameters in clubroot-susceptible (CS) and CR canola cultivars. P. brassicae resting spore densities
were also monitored by quantitative PCR for each treatment. When hydrated lime was applied to
increase the soil pH from initial values of 5.2–5.5 to 7.2, clubroot severity decreased by 34–36% in
the CS canola cultivar, while seed yield increased by 70–98%. The application of hydrated lime also
resulted in resting spore densities that were 48–80% lower, relative to untreated controls, in plots
where the CS cultivar was grown. Lime application or management of weeds did not significantly
affect spore densities in plots with the CR cultivar. The results from the field trial suggest that the
application of hydrated lime may be a useful strategy to manage clubroot, when used in combination
with genetic resistance to reduce disease pressure.

Keywords: canola; clubroot; clubroot resistance; lime; management; Plasmodiophora brassicae; soil;
weed control

1. Introduction

Clubroot, caused by the obligate parasite Plasmodiophora brassicae Woronin, is a soil-
borne disease of the Brassicaceae family. All species within this family are potential hosts
of P. brassicae [1], which causes estimated losses of 10–15% worldwide [2]. Clubroot is an
increasing threat to the production of cultivated brassica vegetables and non-vegetable
oilseeds around the world. The severity of symptoms and crop losses from this disease
are related in large part to the frequency of cultivation of susceptible crops, and therefore,
clubroot is a ‘disease of cultivation’ [1]. The predominant visual symptom of clubroot is
a swelling of the host roots, resulting in distinct galls or clubs on susceptible hosts. This
swelling reflects hypertrophy and hyperplasia of the root tissues, which can in turn restrict
nutrient and water movement within the host. Aboveground symptoms such as stunting,
wilting, leaf discoloration, and premature ripening develop as a result [1].

Clubroot is not a new disease to Canada, with symptoms on cabbage, cauliflower,
Chinese cabbage, and turnip documented in the Canadian Plant Disease Survey by the 1920s.
Throughout the 20th century, clubroot was a familiar disease affecting cultivated vegetables
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across British Columbia, Ontario, Quebec, and the Maritimes [3]. However, although
there were isolated reports of clubroot on Brassica oilseed crops in Newfoundland [4] and
Quebec [5], clubroot was not confirmed on canola (Brassica napus L.) in western Canada
until 2003 [6], when a dozen infected crops were found in central Alberta. Since 2003,
clubroot has spread across most canola producing regions in the province, and now is also
found with increasing frequency in Saskatchewan and Manitoba [7–10]. Canola yields can
decline significantly due to P. brassicae infection, with the potential for complete yield losses
in severe cases [11,12]. The effective management of clubroot in canola is essential, as this
crop contributes approximately $26.7 billion CAD annually to the Canadian economy [13].

When clubroot was first identified on canola in Alberta [6], few disease management
strategies were available to growers until the first CR cultivar (‘45H29’) was registered in
2009. Additional resistant cultivars became available soon afterwards, and as P. brassicae
spread and inoculum levels rose in infested fields, growers relied heavily on the planting
of CR canola for effective clubroot control. Most of the resistant cultivars released, at least
initially, appeared to carry single-gene resistance [14,15]. Unfortunately, since 2013, clubroot
resistance has been broken in an increasing number of fields, reflecting the emergence of
new, highly virulent pathotypes of P. brassicae as a result of the selection pressure imposed
by CR canola [16–18]. This loss in the effectiveness of resistance has increased interest in
other management strategies, including the application of lime to increase soil pH [19].
Liming, which is one of the oldest and most common practices for clubroot management,
makes conditions less favorable for disease development, since P. brassicae is known to
favor acidic soils [20]. A recent study in Alberta indicated some potential for hydrated lime
as a tool for clubroot control [19]. Effective weed management, particularly of cruciferous
weeds and volunteer canola that could serve as alternative hosts, may also be important in
mitigating clubroot [21].

As resistance-breaking pathotypes of P. brassicae become more widespread, the adop-
tion of multiple approaches for clubroot control will become critical for the sustainable
management of this disease. The general aim of this study was to evaluate the effect of
various management practices and approaches on P. brassicae inoculum levels and clubroot
incidence and severity. The specific objective was to compare the effectiveness of the
application of hydrated lime, weed management and the deployment of CR genetics on
clubroot severity, incidence, and yield.

2. Materials and Methods
2.1. Field Analysis

Replicated field trials were conducted in 2018 (site 1) and 2019 (sites 2 and 3) to
study the effect of various combinations of clubroot management strategies (resistance, soil
liming and weed control) on disease severity, yield, and P. brassicae spore density. The trials
were located in a naturally infested clubroot nursery at the Crop Diversification Centre
North (CDCN; 53◦38′ N, 113◦21′ W), Alberta Agriculture, Forestry and Rural Economic
Development, Edmonton, Alberta. The soil at this site consists of a Black Chernozem. Each
trial included four replicates arranged in a randomized complete block design. There were
eight different combinations of the management strategies, creating a block-split-split plot
design. Each plot had an area of 9 m2 (1.5 m × 6 m), with 4 rows per plot and a 2 m buffer
between replicates.

The pre-treatment pH of the soil at site 1 (2018) was 5.3, while at sites 2 and 3 (2019),
the soil pH values were 5.23 and 5.48, respectively. The amount of lime needed to reach
the target pH of 7.2 was calculated based on recommendations from the Government of
Alberta [22] at site 1 in 2018, or following Penney [23] at sites 2 and 3 in 2019. Hydrated
lime (Ca(OH)2, Graymont) was applied evenly, by hand, on May 28th, 2018 (14.09 T ha−1,
site 1) and 31 May 2019 (11.49 T ha−1, site 2; and 8.60 T ha−1, site 3). The seedbed was
prepped with a rototiller, which was used for a second time to incorporate the lime to a
depth of 10 cm. Due to a lack of moisture in 2019 at the time of seeding, 30 L of water was
applied per plot immediately following the lime application.
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In 2018, a CR canola cultivar ‘45H29’ (Dupont Pioneer, Mississauga, ON, Canada) and
a CS cultivar ‘45H31’ (Dupont Pioneer) were seeded at site 1. The development of clubroot
galls was observed on the resistant variety during the growing season. Pathotyping of
some of these galls indicated a virulence shift in this nursery from pathotype 3H to 3D, as
defined on the Canadian Clubroot Differential set, the latter of which can overcome the
resistance in ‘45H29’ [17]. Therefore, in 2019, ‘45H29’ was replaced with ‘45CM39’ (Dupont
Pioneer), a canola cultivar with ‘second generation’ resistance effective against pathotypes
2B, 3A, 3D and 5X. The trials were seeded on 5 June 2018 and 2019, using a Fabro gravity
seeder with double disk openers (Swift Current, SK, Canada) at a depth of 2.5 cm.

Plots that required weed control were hand-weeded every two weeks after the canola
emerged until the end of July (2018 and 2019). Hand weeding ensured that no galls
developed on any susceptible weeds, which could have affected the P. brassicae spore
densities. Both susceptible and non-susceptible weeds were counted in non-weeded plots,
but the proportion of susceptible weeds was strongly correlated with overall weed density
(r = 0.86, n = 64, p < 0.0001), and model results using overall weed density or proportion of
susceptible weeds as continuous variables were not substantially different from models
with weed presence/absence, so we excluded this from further analysis. No herbicides
were applied in either year at any site.

Shoot height, shoot weight, and clubroot symptoms were evaluated on 10 plants per
plot on 31 July 2018 (site 1) and 30 July 2019 (sites 2 and 3). Each root was rated on a
0 to 3 scale, where: 0 = no galling, 1 = small galling, 2 = moderate galling, and 3 = severe
galling [24]. Root and gall weights were also measured after the ratings were complete.
The ratings were then used to calculate the index of disease (ID) for each plot, according to
the equation of Horiuchi and Hori [25] as modified by Strelkov et al. [26]:

ID(%) =
∑(n× 0 + n× 1 + n× 2 + n× 3)

N× 3
× 100

where n = number of plants in a class; N = is the total number of plants; and 0, 1, 2, 3 = symptom
severity classes.

Reglone Ion (Syngenta, Guelph, ON, Canada) was applied as a desiccant to the plots
on 24 September 2018 and 26 September 2019, at a rate of 6.10 L/ha, to ensure proper dry
down of the canola crop and weeds for harvest. The harvested seeds were cleaned and
dried at air temperature before they were weighed to obtain yield estimates. In the spring of
2020, 10 soil samples per plot were collected from sites 2 and 3 with a 10 cm Dutch auger. To
maintain consistency throughout sampling, five samples were taken within rows and five
samples were taken between rows. The Dutch auger was washed with 80% ethanol between
samples to prevent cross-contamination. The samples were stored at room temperature
until used for quantitative PCR analysis of soil inoculum density. Unfortunately, at site 1,
the plots were cultivated with a tractor shortly following the growth season, precluding
the collection of soil samples in the following spring.

2.2. PCR Analysis

Soil samples collected from the field plots were air-dried at room temperature and
homogenized with an electric grinder (Waring Commercial, Stamford, CT, USA) that was
washed with an 80% ethanol solution between samples. Total genomic DNA was extracted
from 0.25 g of each sample with a DNeasy® PowerSoil® Kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s instructions. The concentration and quality of the
DNA was estimated with a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) and then stored at −20 ◦C until preparation for PCR analysis.

The DNA samples were prepared for conventional PCR by dilution with nuclease-
free water (Thermo Fisher Scientific Inc.) to a concentration of 2 ng µL−1. Conventional
PCR analysis was conducted following Cao et al. [27] with the primers TC1F and TC1R.
Negative controls included 5 µL nuclease-free water instead of a DNA template, while the
positive controls included 10 ng of P. brassicae DNA. Reaction products were visualized on



Horticulturae 2022, 8, 215 4 of 11

2% agarose gels stained with 1X SYBR Safe (Invitrogen, Carlsbad, CA, USA). Samples that
tested positive for the presence of P. brassicae DNA by conventional PCR were analyzed
further by quantitative PCR (qPCR). Briefly, the DNA samples were diluted 10-fold with
nuclease-free water and subjected to qPCR analysis with the primers DR1F and DR1R
as per Rennie et al. [28] in a StepOnePlus Real Time PCR System (Applied Biosystems,
Foster City, CA, USA). The resting spore density in each sample was estimated relative to a
standard curve generated with known amounts of P. brassicae inoculum (1 × 102, 1 × 103,
1 × 104, 1 × 105, and 1 × 106 resting spores g−1 soil; [28]).

2.3. Statistical Analysis

Data were analyzed with R v. 4.1.2 [29]. Plant response variables analyzed included
P. brassicae gall weight, shoot weight, shoot height, resting spore density, index of disease,
and yield, and predictors included a three-way interaction of genetics (susceptible/not
susceptible), hydrated lime (lime/no lime), and weeds (weeds/no weeds). Site:year combi-
nations and greenhouse blocks were added as random intercepts to account for between-
site:year and between-block differences (variance components for random intercepts are
shown in Table A1). We did not test for interactions between management factors and year,
as there was not enough replication. Residual plots were used to visualize the normality
and homoscedasticity of the model residuals and random intercept distributions. The spore
density and gall disease data were log transformed to meet assumptions of residual, and
disease index was logit-transformed. A type-II (“sequential”) ANOVA was carried out on
fitted models in order to properly account for interactions, and a post-hoc test of between-
group differences was performed, correcting for multiple comparisons. Differences were
considered statistically significant if p < 0.05. nlme was used to fit mixed-effects models,
emmeans and multcomp were used for post-hoc comparisons, and ggplot2, ggeffects, and
ggpubr were used to display model results [30–35]. The data and the R code required for
analysis can be found in the Supplementary Material.

3. Results
3.1. Resting Spore Densities

The effect of canola cultivar and hydrated lime on P. brassicae resting spore density
was significant (p < 0.0001 and p = 0.03, respectively; Table 1), and the three-way interaction
between the cultivar, hydrated lime, and weed management was close to significance
(p = 0.0825; Table 1; Figure 1A). Spore densities in the treatments that included the CR
cultivar ‘45CM39’ and the application of hydrated lime or weed management were all lower
than the treatments that included the susceptible cultivar ‘45H31’ without the application of
hydrated lime (Figure 1A). Hydrated lime plots had 48–80% lower resting spore densities,
relative to untreated controls, in plots where the CS cultivar was grown (Figure 1A, note
log-scale).

Table 1. Three-way ANOVA with REML mixed-model analysis for field trials evaluating the effects
of clubroot resistance, soil liming and weed control for the management of Plasmodiophora brassi-
cae on canola at three naturally infested field sites in Edmonton, AB, Canada, in 2018 and 2019;
p-values < 0.05 are in bold.

Gall Weight Shoot Weight Shoot Height

DF F-Value p-Value DF F-Value p-Value DF F-Value p-Value

Genetics a 1,77 162.77 <0.0001 1,77 43.49 <0.0001 1,77 66.72 <0.0001
Lime b 1,77 17.65 0.0001 1,77 35.68 <0.0001 1,77 6.47 0.0130

Weeds c 1,77 0.54 0.4654 1,77 20.10 <0.0001 1,77 0.07 0.7863
Genetics:Lime 1,77 0.31 0.5772 1,77 0.08 0.7838 1,77 12.98 0.0006

Genetics:Weeds 1,77 0.15 0.6971 1,77 2.31 0.1323 1,77 0.31 0.5766
Lime:Weeds 1,77 0.04 0.8409 1,77 0.43 0.5144 1,77 3.58 0.0623

Genetics:Lime:Weeds 1,77 0.19 0.6632 1,77 0.30 0.5882 1,77 0.27 0.6024
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Table 1. Cont.

Index of Disease Rating Yield Spore Density (Sites 2 & 3 only)

DF F-value p-value DF F-value p-value DF F-value p-value

Genetics a 1,77 167.96 <0.0001 1,77 82.90 <0.0001 1,49 124.27 <0.0001
Lime b 1,77 31.28 <0.0001 1,77 15.00 0.0002 1,49 4.98 0.0302

Weeds c 1,77 1.13 0.2916 1,77 29.70 <0.0001 1,49 0.66 0.4202
Genetics:Lime 1,77 2.49 0.1187 1,77 23.12 <0.0001 1,49 0.80 0.3743

Genetics:Weeds 1,77 0.01 0.9432 1,77 3.33 0.0718 1,49 0.84 0.3642
Lime:Weeds 1,77 0.04 0.8417 1,77 <0.01 0.9847 1,49 1.09 0.3011

Genetics:Lime:Weeds 1,77 0.30 0.5874 1,77 0.01 0.9408 1,49 3.14 0.0825
a ‘Genetics’ refers to the canola cultivar grown (clubroot-susceptible ‘45H31’ or clubroot-resistant ‘45H29’ at
site 1 & ‘45CM39’ at sites 2 and 3). b ‘Lime’ refers to either the application of hydrated lime or no application.
c ‘Weeds’ refers to either the management or non-management of weeds.
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Figure 1. (A) Amount (spores) of Plasmodiophora brassicae in the soil, (B) canola yield, (C) index of
disease, (D) shoot weight, (E) gall weight, and (F) shoot height in field plot experiments conducted at
three field sites in Edmonton, AB, in 2018 and 2019. Differences in means are denoted by different
letters at p < 0.05. The whiskers represent the standard errors of prediction × 1.96.

3.2. Clubroot Severity

The effect of canola cultivar and hydrated lime on clubroot disease severity was signif-
icant (p < 0.0001; Table 1). Within the treatments that included the CR cultivar ‘45CM39’,
there was no difference in clubroot severity between treatments using no hydrated lime with
and without weed management (Figure 1C). Within the treatments using the susceptible
cultivar ‘45H31’, clubroot severity in plots with hydrated lime decreased by 34–36% relative
to those without hydrated lime (Figure 1C).
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3.3. Yield

The effect of canola cultivar, the application of hydrated lime, and management of
weeds, as well as the interaction between cultivar and the application of hydrated lime on
yield, were all significant (all p = 0.0002 Table 1; Figure 1B), and the interaction between
cultivar and weed management was close to significance (p = 0.07). The treatments that
included the CR cultivar ‘45CM39’ with weed management showed the largest difference
from the treatments that included the susceptible cultivar ‘45H31’without the application
of hydrated lime (Figure 1). Yields in the treatments using the CR cultivar ‘45CM39’
with unmanaged weeds were not significantly different from treatments that included the
susceptible cultivar ‘45H31’ with the application of hydrated lime (Figure 1C). Hydrated
lime increased seed yield by 70–98% in the CS canola cultivar (Figure 1C).

3.4. Growth Parameters

The effect of canola cultivar and the application of hydrated lime on gall weight was
significant (p < 0.0001; Table 1). The greatest difference was observed between treatments
that included a CR cultivar and treatments that used a susceptible cultivar without the
application of hydrated lime (Figure 1E). Gall weight was lower when hydrated lime was
applied to treatments using a susceptible cultivar (Figure 1E).

Canola cultivar, the application of hydrated lime, and the management of weeds all
had significant effects on shoot weight (all p < 0.0001; Table 1). Treatments using a CR canola
cultivar with the application of hydrated lime and/or managed weeds were similar, and
had significantly greater shoot weights relative to all other treatments. In contrast, when
the CR cultivar was grown in the absence of hydrated lime or weed management, shoot
weight was not significantly different from treatments with a susceptible canola cultivar
when either no hydrated lime was applied or the weeds were not managed (Figure 1D).

The effects of canola cultivar, application of hydrated lime, and the interaction between
canola cultivar and lime on shoot height were significant (p < 0.0001, 0.013, and 0.0006,
respectively), and the interaction between lime and weed management also approached
significance (p = 0.06; Table 1). There was no significant difference between treatments
when using a CR cultivar, although they were mostly greater than treatments with a
susceptible cultivar and no application of hydrated lime (Figure 1F). Finally, the treatments
that included the CR cultivar with no application of hydrated lime and managed weeds had
significantly taller plants than all treatments with a susceptible canola cultivar (Figure 1F).

4. Discussion

Based on the results, it appears that genetic resistance in the host remains the most
effective tool for managing clubroot of canola in P. brassicae-infested soil. The clubroot
index of disease (ID) was reduced by an average of 41%, relative to the CS cultivar, when
the CR cultivar was grown. This is consistent with previous studies, which have shown
that resistance significantly reduced clubroot development in canola [36,37]. Nonetheless,
the efficacy of genetic resistance will depend on the predominant pathotypes of P. brassicae
present in the field [38]. Many ‘novel’ pathotypes of P. brassicae have emerged in recent
years, about half of which can overcome the resistance in most CR canola cultivars [17,18,39].
While the genetic basis of the resistance in commercial cultivars is not generally in the
public domain, it appears to be similar in most varieties introduced after the initial identifi-
cation of clubroot [40], and is now often referred to as ‘first generation’ resistance [18]. The
CR cultivar ‘45CM39’ included in this study, however, is among a select group of newer
genotypes carrying ‘second generation’ resistance. The resistance in these cultivars is re-
portedly distinct from first generation resistance and was developed to manage pathotypes
of P. brassicae that can overcome the latter [41]. The presence of pathotype 3D, which is one
of the main pathotypes able to break first generation resistance [17], has been confirmed in
the disease nursery where these trials were conducted (see Section 2). Thus, the significant
reduction in clubroot severity on ‘45CM39’ is likely to reflect appropriate cultivar selection
and the efficacy of its clubroot resistance. The reduced clubroot symptom development
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in ‘45CM39’ was reflected in improved overall plant health and yield; the resistant variety
showed significant increases in shoot height, shoot weight, and amount of harvested seed
relative to the CS cultivar. The selection of an appropriate CR cultivar allows the canola
plant to establish, grow, and produce seed with minimal impact from P. brassicae.

Cropping of the CS cultivar resulted, on average, in 2.1 × 107 more resting spores per
gram of soil relative to a CR cultivar in the spring following cultivation. Similar results
were reported in earlier comparisons of the resting spore contributions from CS and CR
canola [36,42]. This highlights the positive impact of growing a CR cultivar with respect
to P. brassicae inoculum management. Gall development is greatly reduced on resistant
hosts, and as such the production of new resting spores that can be released back into the
soil also is reduced [21,43]. Nonetheless, the spores that are produced on CR canola, while
less in number, may be enriched for pathotypes able to overcome the resistance, and may
contribute to virulence shifts [43].

While there was no significant interaction between lime treatment and cultivar, the
most notable differences in clubroot severity were observed for the CS cultivar, where
treatment with lime resulted in a decline in clubroot severity of about 35%, while the
yield almost doubled. This is consistent with the results of earlier studies, which showed
some potential for the application of lime to mitigate clubroot [19,20,44]. Lime could
be a particularly useful tool to manage clubroot in patches where resistance-breaking
pathotypes are predominant and resistance is no longer effective. It could also serve as a
tool to supplement genetic resistance before it is lost or eroded, since the application of
lime resulted in a decrease in clubroot severity even on the CR cultivar. This suggests that
combining genetic resistance with lime could slow increases in P. brassicae inoculum in the
soil, and hence extend the durability of resistant varieties. Hydrated lime, however, did
not have a significant effect on yield in the CR cultivar, but some numerical decreases were
observed in the yield of the CR variety following lime treatment. This could reflect changes
in soil nutrient availability for the host because of increased pH [45,46]. Tremblay et al. [44]
also observed reduced clubroot severity on cauliflower (Brassica oleracea L. var. botrytis)
without a concomitant yield increase following spring application of calcium hydroxide.
Collectively, the results from this study suggest that the application of hydrated lime should
target a soil pH of 7.2.

The management of weeds resulted in significantly higher yield for the CR canola
cultivar, but the effect of weed management on yield of the CS cultivar was not significant.
Weeds compete with crops for nutrients, water, and space [47]. As such, weed control is
part of a good crop management plan and can result in higher yields. In the case of the CS
canola cultivar, weed control did not affect clubroot severity among treatments with similar
cultivar and lime regimes. The negative effects associated with severe clubroot development
may have prevented the CS cultivar from taking full advantage of the increased resources
available with weed control.

The CR cultivar treatments without weed management had yields that were similar to
the treatments that included a CS cultivar with hydrated lime. While the cropping of a CS
cultivar in a P. brassicae-infested soil is not recommended, since variation in environmental
conditions or timing of the lime treatment can still result in development of disease [19],
these results do highlight the potential effectiveness of combining strategies for clubroot
management. By reducing disease pressure, control measures such as the application
of lime may help to prolong the effectiveness of resistance, thereby contributing to the
stewardship of this important resource.

Resting spore densities were numerically highest when the CS cultivar was grown
without hydrated lime and with weed management, although these differences were not
significantly different. This suggests that a more acidic soil may increase the number of rest-
ing spores produced in the more severely infected host tissues. Additionally, it is possible
that the absence of weeds increased access to the canola roots by the resting spores, promot-
ing more secondary infections, since no weed roots would have been present. A challenge
associated with measuring the effects of weeds in the field can be the uneven distribution
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of weed species and quantity. Clubroot-susceptible weeds were found across sites 2 and 3,
including shepherd’s purse (Capsella bursa-pastoris L.), stinkweed (Thlaspi arvense L.), and
flixweed (Descurainia sophia L.). However, there were 15.75% more clubroot-susceptible
weeds across site 3 than site 2 (Table A2). Furthermore, across site 3, the proportion of
susceptible weeds in the plots varied from as low as 15% to as high as 82%. At site 2, the
highest proportion of clubroot-susceptible weeds in any plot was 57%. As the linear mixed-
effects model used presence/absence of weeds rather than proportion of susceptible weeds,
no conclusions can be made on the effects of clubroot-susceptible weeds on inoculum lev-
els. However, we hypothesize that the hydrated lime inhibited spore germination, which
suppressed clubroot severity on susceptible weeds, affecting the spore density [48]. In the
plots where weeds were managed, frequent hand-weeding was completed as necessary
to prevent an increase in inoculum levels resulting from the proliferation of P. brassicae in
these hosts [21].

As more growers face the challenges posed by clubroot and resistance-breaking patho-
types of P. brassicae, there has been an increased interest in liming as a clubroot management
tool. However, limited research exists on which lime product to select for different soil
types and inoculum levels, as well as on the optimal rate of lime to apply. In this research,
hydrated lime was evaluated as a treatment because a previous study had confirmed its
effectiveness in the same clubroot nursery [19]. Future studies will need to determine
which lime products are best suited for the various soil types found across the Canadian
prairies, and how to assess appropriately the optimal amount of lime required. As liming
can be costly, growers need more regional and applied research to ensure their efforts at
clubroot management are successful, without negatively affecting their canola crops. More
research is also needed to understand the longevity of various liming products in the soil.
Due to different quality standards and associated costs of lime products, knowledge of the
differences with respect to the frequency of application is important to encourage their use
as another clubroot management tool.

The influence of cruciferous weeds on P. brassicae also requires more research. Weeds
grow continuously throughout the cropping season. Therefore, it would be beneficial
to determine when the weed is most susceptible to infection and if P. brassicae spores
are equally virulent throughout the growing season. Additionally, studying whether
cruciferous weeds are susceptible to all pathotypes equally will enhance our knowledge of
pathotype spread and proliferation. If there are weed species that are naturally resistant
to specific pathotypes, the basis for resistance in these weeds could be investigated for
potential integration into canola for more durable clubroot resistance. Non-host weeds
should also be studied to understand their contribution to P. brassicae inoculum levels.
Ultimately, a comprehensive research approach, taking into consideration the needs of
growers and making use of all available tools, will help to move forward our understanding
of the clubroot pathosystem and its management.

5. Conclusions

The necessity and importance of a proactive and integrated clubroot management plan
is well established [3,37,49–51]. Results from this research reinforce why CR cultivars have
been the first line of defence against clubroot across the prairies. When the appropriate
CR cultivar is selected for the predominant pathotype in a field, clubroot may seem to be
‘completely controlled’. However, this can provide growers with a false sense of security.
Given the rapid emergence of novel pathotypes able to overcome resistance [16–18], the
control afforded by CR canola may soon be lost, along with the most used and effective
clubroot management tool. Proper stewardship will prolong the longevity of CR canola
cultivars. Stewardship measures include early identification of clubroot in a field, the
deployment of CR genetics before the disease becomes established and reducing the number
of times the pathogen is exposed to the same sources of resistance. Individually, hydrated
lime or weed management will not provide the same short-term benefits as CR cultivars.
However, using these strategies collectively to limit infection and to create an unfavourable
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environment for the pathogen could help to protect resistance. Such an integrated approach
will reduce clubroot disease incidence and severity, help to control P. brassicae inoculum
levels, and ultimately increase canola yield for growers.
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Appendix A

Table A1. Variance components (standard deviations) for Site-Year and Block terms (random inter-
cepts) and residuals, showing the relative variance accounted within each term.

Gall Weight Shoot Weight Shoot Height

Site-Year <0.0001 201.2408 6.1035
Block <0.0001 131.4553 2.5843
Residual 1.1263 284.3762 4.8779

Index of Disease Rating Yield Spore Density

Site-Year 0.4544 268.1289 0.3719
Block 0.0001 121.6343 0.4428
Residual 1.2064 391.4471 1.5088

Table A2. Average total weed count per m2 and proportion of clubroot-susceptible weeds per m2

(± standard deviation) at two field sites in Edmonton, Alberta, 2019, treated with hydrated lime for
clubroot management.

Treatment Average Total Weeds per m2 Proportion of Susceptible
Weeds (%) per m2

Genetics a Lime b Weeds c Site 2 Site 3 Site 2 Site 3

Resistant Lime No Weeds 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Resistant Lime Weeds 90.0 ± 35.3 93.0 ± 21.1 29.4 ± 19.8 49.7 ± 27.3
Resistant No Lime No Weeds 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Resistant No Lime Weeds 111 ± 14.4 145 ± 13.5 36.4 ± 7.5 46.5 ± 11.0

https://www.mdpi.com/article/10.3390/horticulturae8030215/s1
https://www.mdpi.com/article/10.3390/horticulturae8030215/s1
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Table A2. Cont.

Treatment Average Total Weeds per m2 Proportion of Susceptible
Weeds (%) per m2

Genetics a Lime b Weeds c Site 2 Site 3 Site 2 Site 3

Susceptible Lime No Weeds 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Susceptible Lime Weeds 95.5 ± 36.7 119 ± 24.8 20.5 ± 8.2 33.8 ± 13.5
Susceptible No Lime No Weeds 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Susceptible No Lime Weeds 113 ± 27.8 109 ± 16.6 29.4 ± 15.9 46.7 ± 6.2

a ‘Genetics’ refers to the canola cultivar grown (clubroot-susceptible ‘45H31’ or clubroot-resistant ‘45CM39’).
b ‘Lime’ refers to either the application of hydrated lime (Lime) or no application (No Lime). c ‘Weeds’ refers to
either the management (No Weeds) or non-management (Weeds) of weeds.
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