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Abstract: Clubroot, caused by Plasmodiophora brassicae, is a major disease of cruciferous crops in
Colombia. Limited information is available, however, regarding its distribution or epidemiology in
this country. The objectives of this study were to determine the occurrence of clubroot in the main
regions of Colombia where cruciferous crops are grown, and to examine the relationship between
pathogen inoculum density and the likelihood of field infestation with crop management practices
and climatic information. In total, 127 fields were surveyed across eight departments, the pathogen
inoculum density was estimated, climatic information was obtained, and farmers were surveyed
on their crop management practices. More than half (53.7%) of the fields visited were found to
be clubroot-infested and pathogen DNA was detected in 91.3% of the surveyed fields. The only
department where clubroot symptoms were not observed was Narifio. In infested fields, P. brassicae
inoculum density varied between 3 x 10? and 1 x 10° resting spores per gram of soil, with the highest
inoculum density observed in Norte de Santander. All other departments had comparable spore
loads. Inoculum density positively affected the likelihood of infestation of a field, and both spore
loads and infestations were positively affected by the average temperature.

Keywords: clubroot; pathogen spread; Plasmodiophora brassicae; soilborne disease

1. Introduction

Clubroot is one of the most important diseases of cruciferous crops worldwide, causing
average yield losses of 10% to 15% [1]. The causal agent, Plasmodiophora brassicae Woronin,
is a soilborne pathogen that infects host roots, resulting in the development of galls that
impair the uptake of water and nutrients; as a result, infected plants may wilt and die when
symptoms are severe [2]. The clubroot disease cycle consists of three main stages. During
primary infection, resting spores in the soil germinate to produce primary zoospores that
infect the plant root hairs, forming primary plasmodia. The plasmodia later cleave into
zoosporangia that produce secondary zoospores, which are responsible for secondary
infection. During this stage, the root cortex is infected, and clubroot symptoms become
visible. In the last stage of the disease cycle, resting spores are produced and released
back into the soil as the root galls decompose, serving as primary inoculum for future
infections [2]. Previous studies have shown that between 1 x 107 and 1 x 10% resting
spores per plant can be produced in a single infection cycle [3-6]. The resting spores of
P. brassicae are very resilient and can remain viable in the soil for many years, with an
average half-life of about 4 years [4,7]. The durability of the resting spores represents a
major challenge for clubroot management, since it is very difficult to eradicate the pathogen
from a field once it has become established [8].

Clubroot incidence and severity are modulated by host genetics, environmental con-
ditions, pathogen genetics and inoculum potential [9,10]. Clubroot resistance in Bras-
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sica oleracea L. is genetically complex, mainly recessive, and difficult to use for hybrid
development [11]. For this reason, the availability of clubroot-resistant cultivars of veg-
etable Brassicas is limited. In Colombia, only the cauliflower (B. oleracea L. var. botrytis)
hybrids ‘Clapton” (resistant to P. brassicae pathotypes 0, 1 and 3 according to Williams
differential set (1966); [12]) and ‘Clarify’ (clubroot tolerant; [13], and the cabbage (B. oleracea
var. capitata) hybrids ‘Kilazol” and “Tekila’ (resistant to pathotypes 0, 1 and 3 according to
Williams differential set (1966)) [12] are available to farmers. These hybrids were obtained
by the introgression of a major clubroot resistance gene from B. rapa L. into B. oleracea [11].

Numerous environmental conditions affect clubroot development, the most widely
studied being temperature, soil moisture, and soil properties including pH and nutrient
content. Multiple studies have demonstrated that temperatures between 20 °C and 25 °C
are optimal for root hair and cortical infection and favor greater clubroot severity [14-20].
Soil moisture is one of the most important factors affecting clubroot development, with
disease incidence and severity increasing with higher moisture [21-24]. Soil pH can also
have an important influence on clubroot development, with the disease generally more
severe in acidic soils. Various studies have found that clubroot is favoured at pH values
between 5.0 and 6.0, reduced at pH > 7.0, and eliminated at pH > 8.0 [25-28]. Nevertheless,
severe clubroot symptoms can sometimes occur in alkaline soils, particularly under high
resting spore loads and favourable moisture and temperature [19,29-31].

On the pathogen side, the inoculum potential, defined as a function of the inoculum
density and the effects of the environment upon it, is one of the main factors determining
the occurrence and severity of clubroot [32-34]. Different authors have observed that
disease incidence and severity in various crops increase with increasing pathogen inoculum
density [33-35]. Inoculum densities between 1 x 10% and 1 x 10° resting spores plant~!
have been reported as the minimum required to cause disease in susceptible hosts [33,34,36].
Furthermore, an interconnected relationship between pathogen virulence, host resistance
and inoculum density has been observed [36].

Given the importance of P. brassicae inoculum density in clubroot development, its
quantification becomes important for disease management [37]. Multiple methods for the
detection and quantification of P. brassicae have been developed, allowing the implementa-
tion of management practices such as exclusion, where susceptible cruciferous crops are
avoided in infested fields [38]. Numerous PCR-based techniques have been developed for
the detection and quantification of P. brassicae, including conventional PCR, quantitative
PCR (qPCR), competitive positive internal control PCR (CPIC-PCR), propidium monoazide
PCR (PMA-PCR), droplet digital PCR (ddPCR), and loop-mediated isothermal DNA ampli-
fication (LAMP) [39-44]. Independently of the technique, the success and reliability of the
quantification methods depend on the sampling quality due to the patchy distribution of
the pathogen in most fields [39].

In Latin America, clubroot has been reported in Mexico, Costa Rica, Guatemala,
Bolivia, Venezuela, Brazil and Colombia. However, studies reporting the disease incidence,
severity and inoculum density in any of those countries are scarce [45]. In Colombia,
cruciferous vegetable crops, including broccoli, cabbage, and cauliflower, were grown
on over 2600 ha in 2017 [46]. While clubroot can cause yield losses between 42.5% and
74.5% in Colombia [47], to our knowledge, there are no reports either on the distribution
of the disease or on the P. brassicae inoculum density in the main regions of the country
where cruciferous crops are grown. The objectives of this study were to determine clubroot
prevalence and pathogen inoculum density in Colombia, and to evaluate their relationship
with crop management practices and environmental conditions.

2. Materials and Methods
2.1. Sampling
In total, 127 fields were surveyed for the occurrence of clubroot between January and

March of 2017. The survey included the departments of Cundinamarca, Antioquia, Narifio,
Boyaca, Norte de Santander, Valle del Cauca, and Cauca, representing the major regions



Horticulturae 2022, 8, 711

30f12

where cruciferous crops are grown in Colombia (Table 1). The department where clubroot
was first reported in Colombia in 1969, Caldas, was also included [48]. The number of
surveyed fields in each department was based on the area cropped to cabbage, broccoli
and cauliflower in 2016 [46]. A total of 42 municipalities were visited, 18 in Narifio, 7 in
Cundinamarca, 6 in Antioquia, 4 in Boyaca, 3 in Valle del Cauca, 2 in Norte de Santander,
1 each in Caldas and Cauca (Figure 1). The municipalities and sampling points were
selected based on information provided by local agronomists, who reported them as the
most productive areas within each department. All sampling locations and altitudes were
georeferenced with a smartphone Moto G (3" generation) (Motorolla Mobility, Chicago, IL,
USA) and the geocoordinates recorded using the mobile application Maplt Spatial [49].

Table 1. Area sown to cruciferous vegetable crops in Colombia in 2016 [46] and number of samples
collected from each department in this study.

Total Area

Department Cabbage Area % Broccoli Area % Cauliflower Area % Cruciferous o Number of Samples
(ha) National Area (ha) National Area (ha) National Area National Area
Vegetables (ha)
Antioquia 551.70 38 197.00 45 81.8 17 831.33 35 29
Cundinamarca 318.50 22 311.36 71 100.91 21 731.70 31 35
Narifio 218.70 15 100.80 23 202.5 42 522.38 22 28
Norte de Santander 90.20 6 73.00 17 70 15 233.43 10 9
Valle del Cauca 221.76 15 0 0 0 0 22191 9 10
Boyaca 87.49 6 27.10 6 25 1 117.21 5 10
Caldas 51.90 4 0.00 0 0 0 51.94 2 3
Cauca 4.00 0 23.00 5 10.5 2 37.56 2 3
Colombia total 14454 100 436.00 100 479.8 100 2363.16 100 127

Since Cundinamarca, Antioquia, and Narifio represented 88% of the area planted to
cruciferous crops in Colombia in 2016 [46], between 28 and 35 samples were collected from
each of those departments. The sampling points were located in the municipalities with the
most production, and the distribution of points was adjusted to a grid previously designed
using Google Earth to cover most of the cultivated area in each region. In Cundinamarca
and Antioquia, the average distance between the closest points in the grid was 5 km, while
in Narifio it was 10 km (Figure 2).

2.2. Clubroot Prevalence

If a cruciferous crop was growing in a field at the time of the survey, plants of that
crop were evaluated directly for the presence of clubroot symptoms. If a different crop
was being grown, cruciferous weeds found in the field were assessed for the presence of
symptoms. The presence of clubroot was evaluated following a “W” pattern in each field.
When cruciferous crops were grown, 20 plants were dug out from the soil and assessed for
the presence of root galls, with 10 plants evaluated near the field entrance, and 10 more
along the arms of the “W”. When a different crop was grown, nine points were assessed
along the arms of the “W” for the presence of cruciferous weeds; if they were found to
occur, the cruciferous weeds were dug out and evaluated for clubroot symptoms. In either
case, once the disease symptoms were observed, sampling was stopped, and the field was
designated as clubroot infested. In fields where the farmer confirmed previous observation
of the disease symptoms, plants were also evaluated at the patches where the disease had
been observed before.

2.3. Soil Samples

A composite soil sample (200 g) was collected from each field. Briefly, nine subsamples
were collected at a 20-cm depth along the arms of a “W” transect, placed in a bucket and
mixed thoroughly. Two-hundred g of soil, representing a composite field sample was
placed in a plastic bag, labelled, and transported to the National University of Colombia
for further processing. The remaining soil was placed back in the field. The shovel, boots
and implements used during the sampling process were cleaned with a 4% bleach solution
to avoid cross-contamination among fields.
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Figure 1. Location of fields surveyed for the presence of Plasmodiophora brassicae in Colombia in
2017. The departments where samples were collected are highlighted in light green with white dots
indicating the sampled fields each department.
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Figure 2. Sampling strategy in the departments of (A) Antioquia, (B) Cundinamarca, and
(C) Narifio, Colombia. Each of the white points represents a location where a soil sample was
collected for Plasmodiophora brassicae detection and quantification by conventional and quantitative
PCR, respectively. Cruciferous crops and weeds (if present) were also visually examined for the
presence of typical clubroot symptoms.

Once at the National University of Colombia, all soil samples were dried at room tem-
perature and stored at —20 °C until processing. All samples were ground in a mortar with
a pestle, which were washed with ethanol between samples, and one 250 mg subsample
from each homogenized soil sample was used for DNA extraction as described below.

2.4. Crop Management Information

Information regarding crop management practices and clubroot disease history was
obtained by interviewing the farmers in the fields visited. Farmers were asked if they were
familiar with clubroot disease, and if not, photographs of typical symptoms were shown,
and they were asked again if they had observed it before. On the management strategies
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side, farmers were asked how long they had been cultivating the field, the cropped area, the
rotation scheme, the cruciferous species and cultivars planted, the propagation strategy, the
machinery used and its provenance, the type and application frequency of liming materials
and compost, and harvest residue management. In total, 98 farmers were interviewed,
since in some cases it was not possible to contact the field owner or tenant.

2.5. Climatic Information

Climatic information was retrieved from the weather station closest to each sampled
field. The dataset obtained consisted of the historical normalized data from 1982 to 2010 [50].
Data included average temperature, maximum temperature, minimum temperature, annual
precipitation, and number of rainy days per year.

2.6. DNA Extraction and P. brassicae Quantification

Genomic DNA was extracted from 250 mg of each soil sample using a DNeasy Power-
Soil Kit (Qiagen, Germantown, MD, USA) following the manufacturer’s instructions, with
the only modification in the protocol being a reduction in the volume of the final elution
buffer from 100 pL to 50 pL. The concentration and purity of the DNA were evaluated with
a NanoDrop ONE (TermoFisher Scientific, Waltham, MA, USA).

For qPCR analysis, all DNA samples were diluted tenfold except for those where the
DNA concentration was <15 ng- uL~1, in which case undiluted DNA was used. All qPCR
samples were analyzed in triplicate. Quantification of P. brassicae DNA in the soil samples
was conducted by qPCR with the primers DR1F and DRIR as per Rennie et al. 2011 [40]
in a LightCycler 480 (Roche Diagnostics Corp, Indianapolis, IN, USA). Estimation of the
number of resting spores per sample was completed by comparison with a standard curve
generated with DNA extracted from known quantities of resting spores [40]. After each
gPCR run, a melting point analysis was conducted to identify the amplified product.

2.7. Statistical Analysis

All statistical analyses were conducted using R Studio [51]. Inoculum density was log-
transformed and a linear model was fitted to evaluate the differences among departments
using the package nlme [52]. Geographically weighted regression models were fitted using
the glm function to assess the effect of management practices on P. brassicae inoculum
density. Also, assuming a binomial distribution of the response variable, binary logistic
geographically weighted regression models were fitted to assess the effect of different
management practices and pathogen inoculum densities on the likelihood that clubroot
symptoms were observed in a field.

To assess the differences among departments in the climatic variables, linear models
were fitted using the Im function, and means separation was done by a Tukey’s test at
95% using the function cld from the package Ismeans [53].

3. Results
3.1. Clubroot Infestation

The prevalence of clubroot was established within the departments where most of
the cruciferous crops are grown in Colombia. Those fields where disease symptoms were
observed in any host plant or where the farmer reported its occurrence in previous cycles
of cruciferous crops were regarded as clubroot-infested. Clubroot was present in 53.6% of
the sampled fields where cruciferous crops were grown, including 48.8% where the disease
was observed directly by the researchers and 4.8% where the farmer reported the disease in
previous crop cycles. Clubroot was detected in all departments visited except for Narifio
(Table 2).
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Table 2. Number of surveyed fields for clubroot presence in Colombia by department.

Fields with Cruciferous Crops at the Fields Where Resistant Fields Where Clubroot Symptoms Fields Where Plasmodiophora brassicae
Department Number _"f Time of Visit Hybrid * Cultivars Were Grown Were Observed DNA Was Detected
Surveyed Fields
Number of Fields % Number of Fields % Number of Fields % ** Number of Fields %
Antioquia 29 17 58.6 10 34.5 6 20.7 25 86.2
Cundinamarca 35 19 54.3 1 29 10 286 31 91.9
Narifio 28 12 429 0 0.0 0 0.0 25 89.3
Norte de Santander 9 9 100.0 0 0.0 8 88.9 9 100.0
Valle del Cauca 10 10 100.0 0 0.0 7 70.0 10 100.0
Boyaca 10 9 90.0 0 0.0 5 50.0 10 100.0
Caldas 3 3 100.0 0 0.0 2 66.7 3 100.0
Cauca 3 3 100.0 0 0.0 2 66.7 3 100.0
Total 127 82 64.6 11 8.7 40 48.8 116 91.3

* Hybrid cabbage ‘Tekila’. ** Estimated percentage of infestation was based on the number of fields where
cruciferous crops were grown.

3.2. Inoculum Density and Relationship with Clubroot Infestation

Inoculum (DNA) of P. brassicae was detected in 116 of the 127 sampled fields (91.3%).
The only samples testing negative included four from Antioquia, four from Cundinamarca,
and three from Narifio. Those fields where the pathogen was detected had inoculum
densities between 3.08 x 102 and 1.12 x 10° resting spores per gram of soil. Inoculum
density was different among departments (p-value = 0.02). The lowest average inoculum
density was found in the department of Boyaca (3.4 x 103 resting spores g~! of soil),
followed by Caldas (4.0 x 10° resting spores g~ ! of soil), Antioquia (4.1 x 103 resting
spores g*1 of soil), Cundinamarca (4.9 x 103 resting spores g*1 of soil), Cauca (5.0 x 103,
resting spores g~ ! of soil), Narifio (7.0 x 103 resting spores g ! of soil) and Valle del Cauca
(7.3 x 10° resting spores g~ ! of soil) (Table 3). The highest inoculum density was found in
the department of Norte de Santander (1.1 x 10° resting spores g~ of soil).

Table 3. Average, minimum, and maximum inoculum densities in 127 soil samples collected from
the main regions producing cruciferous crops in Colombia in 2017.

Average (Resting Minin}u.m [noculum Dens'ity in Maxin}u.m Inoculum Den§ity in Number of Samples Negative for
Department Spores g1 of Soil) Positive Samples (Resting Positive Samples (Resting Plasmodiophora brassicae
Spores g~ of Soil) Spores g~ of Soil)
Boyaca 34 x 10° 8.4 x 102 1.0 x 10* 0
Caldas 4.0 x 10° 22 x 10° 5.8 x 10° 0
Antioquia 41 x 10° 1.5 x 10° 3.6 x 10 4
Cundinamarca 49 x 10° 3.0 x 10? 1.3 x 10° 4
Cauca 5.0 x 10° 2.9 x 10° 6.2 x 10° 0
Narifio 7.0 x 10° 2.0 x 10° 2.1 x 10* 3
Valle del Cauca 7.3 x 10° 4.0 x 10° 2.2 x 10 0
Norte de Santander 1.6 x 10° 1.6 x 10° 1.1 x 10° 0

The binary logistic regression model indicated that the inoculum density positively
and significantly predicted the probability of observing clubroot symptoms in an infested
field (p-value < 0.001). The model also showed differences among departments with respect
to the probability of identifying an infested field (p-value < 0.001); the departments with
the lowest odds of finding disease symptoms were Narifio and Antioquia.

3.3. Effect of Management Practices and Weather Conditions on Field Infestation and
Inoculum Density

Field infestation by clubroot was affected by P. brassicae inoculum density (p-value < 0.001),
and previous history of cruciferous cropping in the field (p-value < 0.001). In contrast,
pathogen inoculum density was affected only by field infestation (p-value = 0.0074), and
marginally affected by the cultivation of resistant cultivars (p-value = 0.05).

Disease symptoms were not observed in any of the 11 fields where resistant ‘Tekila’
cabbage was grown, Table 2; however, P. brassicae DNA was detected in all of the fields
with inoculum densities between 1 x 10% and 1 x 10* resting spores per gram of soil (data
no presented).
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Among the climatic factors, only the average temperature had a significant effect on
the likelihood of field infestation (p-value = 0.005) and inoculum density (p-value = 0.008).
Both of these variables were positively affected by an increase in the average temperature.

3.4. Climatic Information

Visited fields were located between 1754 and 3163 m above sea level (masl). Average
annual precipitation of the visited departments ranges between 765.7 mm and 2524 mm;
the departments with the highest precipitation include Norte de Santander and Valle del
Cauca, whereas the departments with the lowest precipitation are Antioquia and Boyaca.
Mean average temperature in the visited departments was between 13.2 °C and 20.4 °C,
statistical differences were found among departments, with Valle del Cauca being the
warmest and Antioquia and Narifio the coldest (Table 4).

Table 4. Climatic data for the Colombian departments included in this study. The table presents
historical normalized data from 1982 to 2010 [50], including annual precipitation, number of rainy
days per year, and average, minimum and maximum temperatures. Data were obtained from the
closest weather station to the sampled points in eight departments of Colombia.

Annual Precipitation (mm) Rainy Days per Year (Days) Average Temperature (°C) Teml\:;:‘al:‘x:en:o 0 Tem]\:ea:alx :_l::o 0
Department Mean Min Max Mean Min Max Mean Min  Max Mean Min  Max Mean Min  Max

Antioquia 775.5 567.5 880.9 a 151 115 174 ab 13.2 1.2 144 a 9.9 6.5 16.8 abc 20.7 16.0 252 b

Boyaca 793.2 548.6 972.4 a 146 92 176 ab 133 1.7 15.6 ab 74 6.8 8.9 a 19.1 16.1 221 ab

Cundinamarca 1394.0 728.0 2111.0 be 172 88 236 be 15.8 11.0 236 cb 11.2 5.8 191 be 205 16.0 294 b
Caldas 765.7 728.0 784.5 ab 116 88 130 a 14.2 14.2 14.2 abc 6.0 6.0 6.0 ab 21.3 21.3 21.3 abc
Cauca 807.7 784.5 819.3 ab 145 130 152 abc 15.1 14.2 15.6 abed 79 6.0 8.9 abc 21.8 21.3 221 abc

Narifio 1650.4 826.4 2699.6 c 206 154 279 d 13.6 11.0 17.0 a 10.0 7.1 135 abc 19.9 15.5 213 a

Norte de Santander 2273.0 2178.0 2606.0 d 204 194 238 od 182 182 182 od 12.9 12.9 129 od 233 233 233 be

Valle del Cauca 2524.0 1964.0 2606.0 d 239 238 241 d 20.4 17.0 24.1 d 15.2 125 18.8 d 257 222 29.5 c

Different letters are different according to Tukey’s test at p < 0.05.

3.5. Cruciferous Crops in Colombia and Management Practices

Our survey found that cruciferous crops in Colombia are mostly grown in small areas
with a national average of 3 ha. At the time of our survey, the most grown cruciferous crops
included green cabbage, red cabbage, broccoli, and cauliflower; most of the cultivated vari-
eties were clubroot susceptible, except for the clubroot resistant cabbage “Tekila’ that was
mostly grown in Antioquia. In terms of machinery use, 63.5% of the farmers used rented
equipment for soil preparation, but none of them washed or disinfected the machinery
before preparing the soil, increasing the risk of pathogen spread.

Our survey allowed the identification of four main rotation schemes: (i) fields where
cruciferous crops are continuously grown with two cycles per year (1% of the fields);
(ii) cruciferous crops are grown once a year (4% of the fields); (iii) cruciferous crops are
grown once every two years (32% of the fields), and (iv) cruciferous crops are grown every
two years or longer (63.3% of the fields).

4. Discussion

To our knowledge, this is the first clubroot survey ever conducted in Latin America.
The survey confirmed clubroot infestation in all departments where cruciferous crops
are grown in Colombia. These results expand on previous reports from Jaramillo and
Diaz (2006) [54] and Torres (1969) [48], who confirmed the presence of the disease in
Cundinamarca, Antioquia and Caldas, and documented for the first time the occurrence of
clubroot in Norte de Santander, Cauca, Valle del Cauca, Narifio, and Boyaca.

While no symptoms of clubroot were observed in any of the fields visited in Narifio,
P. brassicae DNA was detected in multiple soil samples from that department. The inocu-
lum density in samples collected from Narifio ranged from 2 x 103 up to 2 x 10* resting
spores per gram of soil. Nevertheless, those inoculum densities where low and towards
the lower end of the range required for symptom development, particularly under field
conditions [55]. Interestingly, these densities were not different from the levels observed
in Antioquia, Boyaca, Cundinamarca, Caldas, Cauca, and Valle del Cauca. These results
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suggest that environmental conditions in Narifio are not as conducive for clubroot develop-
ment; therefore, this department should be studied further because it shows promise for
the cultivation of cruciferous crops.

When the environmental conditions in Narifio were analyzed, it was observed that, in
addition to having the highest altitude, this department had the highest number of rainy
days per year (206 days), and the lowest average temperature (13.6 °C) and maximum
average temperature (19.9 °C) among those surveyed. Of these variables, only average
temperature was found to affect pathogen inoculum density and the likelihood of field
infestation. The low temperatures in Narifio may explain the absence of symptom de-
velopment under the observed inoculum densities, since studies have demonstrated that
temperatures <17 °C cause delays in the onset of symptoms [16-18].

Our study showed that the likelihood of field infestation increased at higher inoculum
densities and with a previous history of cruciferous crop cultivation. These results are
consistent with earlier research indicating that the continuous cropping of susceptible host
species increases disease severity as well as spore loads in the soil [56-59]. Furthermore,
despite the apparent longevity of P. brassicae resting spores, recent studies suggest that spore
numbers can decline by up to 90% following a 2-year break from a host crop; the spore
density then stabilizes [57,60], resulting in a Type III survivorship curve [61]. This result
confirms that to maintain and/or increase spore densities in the soil at levels sufficient to
cause disease, cruciferous crops should be grown regularly in infested fields. Otherwise,
spore loads will eventually fall below the level required to cause disease. Work with
canola indicates that the cropping of clubroot-resistant varieties will result in much smaller
contributions of new spores to the soil, relative to susceptible varieties [4], although these
may be enriched for resistance-breaking pathotypes [60].

Hwang et al. (2011) [55] reported that for consistent clubroot symptom develop-
ment under highly conducive conditions, a minimum inoculum density of 1 x 103 resting
spores per gram of soil is required. In our study, clubroot symptoms were observed in
fields with spore loads as low as 3 x 10 resting spores per gram of soil. In general, the
spore densities in the Colombian samples were lower than those reported from Canada
(103-108 resting spores per gram of soil) [44,62], China (10*~107 resting spore per gram of
soil) [42] and Poland (1 x 10%-7.7 x 10°® resting spores per gram of soil) [63]. These results
suggest that environmental conditions in Colombia are more conducive for clubroot devel-
opment, and thus lower spore loads are required to cause more severe disease symptoms,
or that an improved sampling strategy should be designed for future surveys to account for
the pathogen patchiness in the field. The ability to detect the clubroot pathogen in pooled
samples can diminish due to inoculum dilution effects, for example, if uninfested subsam-
ples are pooled with mildly infested ones [39]. Since ours were composite samples, it is
likely that inoculum densities in the infested patches are higher than what was estimated,
due to unaccounted variability among soil cores [64].

5. Conclusions

This research indicated a widespread presence of clubroot in the departments produc-
ing most of the cruciferous crops in Colombia and provided the first estimates of P. brassicae
soil resting spore densities in Colombia and Latin America.

Our results showed that at least half of the surveyed fields (53.7%) were clubroot
infested. Furthermore, the pathogen DNA was detected in 91.3% of fields, and the esti-
mated inoculum densities ranged between 3 x 10? and 1 x 10° resting spores per gram
of soil. Those inoculum densities appear to be lower compared with reports from other
countries, indicating either that environmental conditions in Colombia are more conducive
for clubroot development, or that an improved sampling strategy should be designed
for future surveys to account for the pathogen patchiness in the field. It is clear that
P. brassicae inoculum is well established in Colombia, and that farmers must consider this
when growing crucifers and selecting crop rotations.
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Additionally, it should be noted that the pathogen was also detected in some fields
where symptoms were not observed or reported. That was the case for the fields surveyed
in Narifio, where clubroot symptoms were not observed, suggesting that environmental
conditions in this department are not conducive for clubroot development, and therefore it
should be further studied for potential production of cruciferous crops.

Author Contributions: Conceptualization, A.B.-R. and C.G.-D.; formal analysis, A.B.-R.; funding
acquisition, A.B.-R. and C.G.-D,; investigation, A.B.-R. and FL.P.-H.; methodology, A.B.-R., EL.P.-H.
and C.G.-D.; project administration, A.B.-R. and EL.P-H.; supervision, A.B.-R., S.E.S. and C.G.-D.;
writing—original draft, A.B.-R.; writing—review & editing, S.E.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Colciencias grant number No 082-2016.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw data are available and can be provided upon reasonable request.

Acknowledgments: We acknowledge Camilo Rincén for his support during the sampling process,
Edgar Benitez Sastoque for technical assistance in design of the sampling strategy, and Diana Carolina
Martinez for administrative support. The support of all technicians and farmers during the survey
process is also acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Dixon, G.R. The Occurrence and Economic Impact of Plasmodiophora brassicae and Clubroot Disease. J. Plant Growth Regul.
2009, 28, 194-202. [CrossRef]

2. Kageyama, K.; Asano, T. Life Cycle of Plasmodiophora brassicae. J. Plant Growth Regul. 2009, 28, 203. [CrossRef]

3. Murakami, H.; Tsushima, S.; Akimoto, T.; Kuroyanagi, Y.; Shishido, Y. Quantitative studies on the relationship between plowing
into soil of clubbed roots of preceding crops caused by Plasmodiophora brassicae and disease severity in succeeding crops. Soil
Sci. Plant Nutr. 2004, 50, 1307-1311. [CrossRef]

4.  Hwang, S.F; Ahmed, H.U.; Zhou, Q.; Rashid, A.; Strelkov, S.E.; Gossen, B.D.; Peng, G.; Turnbull, G.D. Effect of susceptible
and resistant canola plants on Plasmodiophora brassicae resting spore populations in the soil. Plant Pathol. 2013, 62, 404—412.
[CrossRef]

5. Aigu, Y,; Laperche, A.; Mendes, J.; Lariagon, C.; Guichard, S.; Gravot, A.; Manzanares-Dauleux, M.]. Nitrogen supply exerts a
major/minor switch between two QTLs controlling Plasmodiophora brassicae spore content in rapeseed. Plant Pathol. 2018, 67,
1574-1581. [CrossRef]

6. Botero-Ramirez, A.; Laperche, A.; Guichard, S.; Jubault, M.; Gravot, A.; Strelkov, S.E.; Manzanares-Dauleux, M.]. Clubroot
Symptoms and Resting Spore Production in a Doubled Haploid Population of Oilseed Rape (Brassica napus) Are Controlled by
Four Main QTLs. Front. Plant Sci. 2020, 11, 604527. [CrossRef]

7. Wallenhammar, A.-C. Prevalence of Plasmodiophora brassicae in a spring oilseed rape growing area in central Sweden and
factors influencing soil infestation levels. Plant Pathol. 1996, 45, 710-719. [CrossRef]

8.  Strelkov, S.E.; Hwang, S.-F. Clubroot in the Canadian canola crop: 10 years into the outbreak. Can. J. Plant Pathol. 2014, 36, 27-36.
[CrossRef]

9.  Agrios, G. Plant Pathology, 5th ed.; Elsevier: Cambridge, MA, USA, 2005.

10.  Scholthof, K.-B.G. The disease triangle: Pathogens, the environment and society. Nat. Rev. Microbiol. 2007, 5, 152-156. [CrossRef]

11. Diederichsen, E.; Frauen, M.; Linders, E.G.A.; Hatakeyama, K.; Hirai, M. Status and Perspectives of Clubroot Resistance Breeding
in Crucifer Crops. J. Plant Growth Regul. 2009, 28, 265-281. [CrossRef]

12.  Syngenta Colombia Clapton. Available online: https://www.syngenta.com.co/clapton (accessed on 6 January 2022).

13. Syngenta Colombia Clarify. Available online: https://www.syngenta.com.co/clarify (accessed on 6 January 2022).

14. Ayers, G.W. Studies on the Life History of the Club Root Organism, Plasmodiophora Brassicae. Can. J. Res. 1944, 22, 143-149.
[CrossRef]

15. Thuma, B.A.; Rowe, R.C.; Madden, L.V. Relationships of Soil Temperature and Moisture to Clubroot (Plasmodiophora brassicae)
Severity on Radish in Organic Soil. Plant Dis. 1983, 67, 758-762. [CrossRef]

16. Sharma, K.; Gossen, B.D.; McDonald, M.R. Effect of temperature on primary infection by Plasmodiophora brassicae and initiation of
clubroot symptoms. Plant Pathol. 2011, 60, 830-838. [CrossRef]

17.  Sharma, K.; Gossen, B.D.; McDonald, M.R. Effect of temperature on cortical infection by Plasmodiophora brassicae and clubroot

severity. Phytopathology 2011, 101, 1424-1432. [CrossRef] [PubMed]


http://doi.org/10.1007/s00344-009-9090-y
http://doi.org/10.1007/s00344-009-9101-z
http://doi.org/10.1080/00380768.2004.10408609
http://doi.org/10.1111/j.1365-3059.2012.02636.x
http://doi.org/10.1111/ppa.12867
http://doi.org/10.3389/fpls.2020.604527
http://doi.org/10.1046/j.1365-3059.1996.d01-173.x
http://doi.org/10.1080/07060661.2013.863807
http://doi.org/10.1038/nrmicro1596
http://doi.org/10.1007/s00344-009-9100-0
https://www.syngenta.com.co/clapton
https://www.syngenta.com.co/clarify
http://doi.org/10.1139/cjr44c-012
http://doi.org/10.1094/PD-67-758
http://doi.org/10.1111/j.1365-3059.2011.02458.x
http://doi.org/10.1094/PHYTO-04-11-0124
http://www.ncbi.nlm.nih.gov/pubmed/21864086

Horticulturae 2022, 8, 711 11 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gossen, B.D.; Adhikari, K.K.C.; McDonald, M.R. Effects of temperature on infection and subsequent development of clubroot
under controlled conditions. Plant Pathol. 2012, 61, 593-599. [CrossRef]

Gossen, B.D.; Kasinathan, H.; Cao, T.; Manolii, V.P;; Strelkov, S.E.; Hwang, S.-F.; McDonald, M.R. Interaction of pH and
temperature affect infection and symptom development of Plasmodiophora brassicae in canola. Can. ]. Plant Pathol. 2013, 35,
294-303. [CrossRef]

Luo, H.; Chen, G; Liu, C.; Huang, Y.; Xiao, C. An improved culture solution technique for Plasmodiophora brassicae infection and
the dynamic infection in the root hair. Australas. Plant Pathol. 2014, 43, 53—60. [CrossRef]

Samuel, G.; Garrett, S.D. The infected root-hair count for estimating the activity of Plasmodiophora brassicae Woron. in the soil.
Ann. Appl. Biol. 1945, 32, 96-101. [CrossRef]

Hamilton, H.; Créte, R. Influence of soil moisture, soil pH, and liming sources on the incidence of clubroot, germination and
growth of cabbage produced in mineral and organic soils under controlled conditions. Can. J. Plant Sci. 1978, 58, 45-53. [CrossRef]
Dobson, R.; Gabrielson, R.L.; Baker, A.S. Soil Water Matric Potential Requirements for Root-Hair and Cortical Infection of Chinese
Cabbage by Plasmodiophora brassicae. Phytopathology 1982, 72, 1598-1600. [CrossRef]

Narisawa, K.; Shimura, M.; Usuki, F.; Fukuhara, S.; Hashiba, T. Effects of Pathogen Density, Soil Moisture, and Soil pH on
Biological Control of Clubroot in Chinese Cabbage by Heteroconium chaetospira. Plant Dis. 2005, 89, 285-290. [CrossRef]
[PubMed]

Myers, D.E; Campell, R.N.; Greathead, A.S. Thermal inactivation of Plasmodiophora brassicae Woron. and its attempted control by
solarization in the Salinas Valley of California. Crop Prot. 1983, 2, 325-333. [CrossRef]

Webster, M.A.; Dixon, G.R. Calcium, pH and inoculum concentration influencing colonization by Plasmodiophora brassicae. Mycol.
Res. 1991, 95, 64-73. [CrossRef]

Webster, M.A.; Dixon, G.R. Boron, pH and inoculum concentration influencing colonization by Plasmodiophora brassicae. Mycol.
Res. 1991, 95, 74-79. [CrossRef]

Donald, E.C.; Porter, I.]. A sand—Solution culture technique used to observe the effect of calcium and pH on root hair and cortical
stages of infection by Plasmodiophora brassicae. Australas. Plant Pathol. 2004, 33, 585-589. [CrossRef]

Colhoun, J. Observations on the Incidence of Club-Root Disease of Brassicae in Limed Soils in Relation to Temperature. Ann.
Appl. Biol. 1953, 40, 639—-644. [CrossRef]

Fletcher, J.T.; Hims, M.].; Archer, EC.; Brown, A. Effects of adding calcium and sodium salts to field soils on the incidence of
clubroot. Ann. Appl. Biol. 1982, 100, 245-251. [CrossRef]

Myers, D.E; Campbell, R.N. Lime and the Control of Clubroot of Crucifers: Effects of pH, Calcium, Magnesium, and Their
Interactions. Phytopathology 1985, 75, 670. [CrossRef]

Baker, R. Analyses Involving Inoculum Density of Soil-Borne Plant Pathogens in Epidemiology. Phytopathology 1971, 61, 1280.
[CrossRef]

Voorrips, R.E. Production, characterization and interaction of single-spore isolates of Plasmodiophora brassicae. Eur. ]. Plant Pathol.
1996, 102, 377-383. [CrossRef]

Murakami, H.; Tsushima, S.; Shishido, Y. Factors affecting the pattern of the dose response curve of clubroot disease caused by
Plasmodiophora brassicae. Soil Sci. Plant Nutr. 2002, 48, 421-427. [CrossRef]

Botero-Ramirez, A.; Hwang, S.-F.; Strelkov, S.E. Effect of clubroot (Plasmodiophora brassicae) on yield of canola (Brassica napus). Can.
J. Plant Pathol. 2022, 44, 372-385. [CrossRef]

Hwang, S.E; Strelkov, S.E.; Ahmed, H.U.; Manolii, V.P; Zhou, Q.; Fu, H.; Turnbull, G.; Fredua-Agyeman, R.; Feindel, D. Virulence
and inoculum density-dependent interactions between clubroot resistant canola (Brassica napus) and Plasmodiophora brassicae.
Plant Pathol. 2017, 66, 1318-1328. [CrossRef]

Faggian, R.; Strelkov, S.E. Detection and Measurement of Plasmodiophora brassicae. ]. Plant Growth Regul. 2009, 28, 282-288.
[CrossRef]

Howard, R.J.; Strelkov, S.E.; Harding, M.W. Clubroot of cruciferous crops—New perspectives on an old disease. Can. J. Plant
Pathol. 2010, 32, 43-57. [CrossRef]

Cao, T,; Tewari, J.; Strelkov, S.E. Molecular Detection of Plasmodiophora brassicae, Causal Agent of Clubroot of Crucifers, in Plant
and Soil. Plant Dis. 2007, 91, 80-87. [CrossRef]

Rennie, D.C.; Manolii, V.P; Cao, T.; Hwang, S.F.; Howard, R.J.; Strelkov, S.E. Direct evidence of surface infestation of seeds and
tubers by Plasmodiophora brassicae and quantification of spore loads. Plant Pathol. 2011, 60, 811-819. [CrossRef]
Wallenhammar, A.-C.; Almquist, C.; Soderstrom, M.; Jonsson, A. In-field distribution of Plasmodiophora brassicae measured
using quantitative real-time PCR. Plant Pathol. 2012, 61, 16-28. [CrossRef]

Li, J.; Li, Y,; Shi, Y,; Xie, X; A-li, C.; Li, B. Development of A Real-Time PCR Assay for Plasmodiophora brassicae and Its Detection
in Soil Samples. J. Integr. Agric. 2013, 12, 1799-1806. [CrossRef]

Deora, A.; Gossen, B.D.; Amirsadeghi, S.; McDonald, M.R. A Multiplex qPCR Assay for Detection and Quantification of
Plasmodiophora brassicae in Soil. Plant Dis. 2015, 99, 1002-1009. [CrossRef]

Gossen, B.D.; Al-Daoud, F.; Dumonceaux, T.; Dalton, J.A.; Peng, G.; Pageau, D.; McDonald, M.R. Comparison of techniques for
estimation of resting spores of Plasmodiophora brassicae in soil. Plant Pathol. 2019, 68, 954-961. [CrossRef]

Botero, A.; Garcia, C.; Gossen, B.D.; Strelkov, S.E.; Todd, C.D.; Bonham-Smith, P.C.; Pérez-Lépez, E. Clubroot disease in Latin
America: Distribution and management strategies. Plant Pathol. 2019, 68, 827-833. [CrossRef]


http://doi.org/10.1111/j.1365-3059.2011.02536.x
http://doi.org/10.1080/07060661.2013.804882
http://doi.org/10.1007/s13313-013-0240-0
http://doi.org/10.1111/j.1744-7348.1945.tb06767.x
http://doi.org/10.4141/cjps78-010
http://doi.org/10.1094/Phyto-72-1598
http://doi.org/10.1094/PD-89-0285
http://www.ncbi.nlm.nih.gov/pubmed/30795351
http://doi.org/10.1016/0261-2194(83)90006-6
http://doi.org/10.1016/S0953-7562(09)81362-2
http://doi.org/10.1016/S0953-7562(09)81363-4
http://doi.org/10.1071/AP04068
http://doi.org/10.1111/j.1744-7348.1953.tb01103.x
http://doi.org/10.1111/j.1744-7348.1982.tb01936.x
http://doi.org/10.1094/Phyto-75-670
http://doi.org/10.1094/Phyto-61-1280
http://doi.org/10.1007/BF01878132
http://doi.org/10.1080/00380768.2002.10409220
http://doi.org/10.1080/07060661.2021.1989801
http://doi.org/10.1111/ppa.12688
http://doi.org/10.1007/s00344-009-9092-9
http://doi.org/10.1080/07060661003621761
http://doi.org/10.1094/PD-91-0080
http://doi.org/10.1111/j.1365-3059.2011.02449.x
http://doi.org/10.1111/j.1365-3059.2011.02477.x
http://doi.org/10.1016/S2095-3119(13)60491-8
http://doi.org/10.1094/PDIS-06-14-0608-RE
http://doi.org/10.1111/ppa.13007
http://doi.org/10.1111/ppa.13013

Horticulturae 2022, 8, 711 12 of 12

46.
47.
48.
49.
50.

51.
52.

53.
54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

Ministerio de Agricultura y Desarrollo Rural Estadisticas Agricolas: Area, Produccién, Rendimiento y Participacién. Available
online: http://www.agronet.gov.co/estadistica/Paginas/default.aspx (accessed on 20 August 2018).

Goémez, C. Estimacion de las Pérdidas en Rendimiento Ocasionadas por Plasmodiophora brassicae Woron en Cultivos de Repollo, Brdcoli y
Coliflor; Universidad Nacional de Colombia: Bogota, Colombia, 2017.

Torres, E. Brote epidémico de la hernia del repollo. EI Espectador, 1969; 10D.

Mapit GIS Ltd. Map It Spatial; Android App; Mapit GIS Ltd.: Wishaw, UK, 2017.

IDEAM SERVICIOS—IDEAM. Available online: http:/ /www.ideam.gov.co/web /atencion-y-participacion-ciudadana/tramites-
servicios (accessed on 12 January 2022).

RStudio Team. RStudio: Integrated Development Rnvironment for R; RStudio Team: Boston, MA, USA, 2018.

Pinheiro, J.; Bates, D.; DebRoy, S.; Sarkar, D.; R Core Team. Nime: Linear and Nonlinear Mixed Effects Models; R Foundation for
Statistical Computing: Vienna, Austria, 2019.

Lenth, R.V. Least-Squares Means: The R Package Ismeans. J. Stat. Softw. 2016, 69, 1-33. [CrossRef]

Jaramillo, J.; Diaz, C. EI Cultivo de las Cruciferas: Brocoli, Coliflor, Repollo, Col China; Corporacién Colombiana de Investigacion
Agropecuaria, CORPOICA: Rionegro, Antioquia, Colombia, 2006.

Hwang, S.F.; Ahmed, H.U.; Zhou, Q.; Strelkov, S.E.; Gossen, B.D.; Peng, G.; Turnbull, G.D. Influence of cultivar resistance and
inoculum density on root hair infection of canola (Brassica napus) by Plasmodiophora brassicae. Plant Pathol. 2011, 60, 820-829.
[CrossRef]

Peng, G.; Lahlali, R.; Hwang, S.-F,; Pageau, D.; Hynes, R K.; McDonald, M.R.; Gossen, B.D.; Strelkov, S.E. Crop rotation, cultivar
resistance, and fungicides/biofungicides for managing clubroot (Plasmodiophora brassicae) on canola. Can. |. Plant Pathol. 2014, 36,
99-112. [CrossRef]

Peng, G.; Pageau, D.; Strelkov, S.E.; Gossen, B.D.; Hwang, S.-F,; Lahlali, R. A >2-year crop rotation reduces resting spores of
Plasmodiophora brassicae in soil and the impact of clubroot on canola. Eur. J. Agron. 2015, 70, 78-84. [CrossRef]

Hwang, S.F; Ahmed, H.U.; Zhou, Q.; Fu, H.; Turnbull, G.D.; Fredua-Agyeman, R.; Strelkov, S.E.; Gossen, B.D.; Peng, G. Influence
of resistant cultivars and crop intervals on clubroot of canola. Can. . Plant Sci. 2019, 99, 862-872. [CrossRef]

Yang, X.; Huang, X.; Wu, W,; Xiang, Y.; Du, L.; Zhang, L.; Liu, Y. Effects of different rotation patterns on the occurrence of clubroot
disease and diversity of rhizosphere microbes. . Integr. Agric. 2020, 19, 2265-2273. [CrossRef]

Ernst, TW.; Kher, S.; Stanton, D.; Rennie, D.C.; Hwang, S.E; Strelkov, S.E. Plasmodiophora brassicae resting spore dynamics in
clubroot resistant canola (Brassica napus) cropping systems. Plant Pathol. 2019, 68, 399-408. [CrossRef]

Rauschert, E. Survivorship Curves. Nat. Educ. Knowl. Proj. 2010, 3, 18.

Botero-Ramirez, A.; Hwang, S.-F.; Strelkov, S.E. Plasmodiophora brassicae Inoculum Density and Spatial Patterns at the Field
Level and Relation to Soil Characteristics. Pathogens 2021, 10, 499. [CrossRef] [PubMed]

Czubatka-Biertkowska, A.; Kaczmarek, J.; Marzec-Schmidt, K.; Nierdbca, A.; Czajka, A.; Jedryczka, M. Country-Wide qPCR Based
Assessment of Plasmodiophora brassicae Spread in Agricultural Soils and Recommendations for the Cultivation of Brassicaceae
Crops in Poland. Pathogens 2020, 9, 1070. [CrossRef] [PubMed]

Ophel-Keller, K.; McKay, A.; Hartley, D.; Herdina; Curran, J. Development of a routine DNA-based testing service for soilborne
diseases in Australia. Australas. Plant Pathol. 2008, 37, 243-253. [CrossRef]


http://www.agronet.gov.co/estadistica/Paginas/default.aspx
http://www.ideam.gov.co/web/atencion-y-participacion-ciudadana/tramites-servicios
http://www.ideam.gov.co/web/atencion-y-participacion-ciudadana/tramites-servicios
http://doi.org/10.18637/jss.v069.i01
http://doi.org/10.1111/j.1365-3059.2011.02457.x
http://doi.org/10.1080/07060661.2013.860398
http://doi.org/10.1016/j.eja.2015.07.007
http://doi.org/10.1139/cjps-2019-0018
http://doi.org/10.1016/S2095-3119(20)63186-0
http://doi.org/10.1111/ppa.12949
http://doi.org/10.3390/pathogens10050499
http://www.ncbi.nlm.nih.gov/pubmed/33919064
http://doi.org/10.3390/pathogens9121070
http://www.ncbi.nlm.nih.gov/pubmed/33419297
http://doi.org/10.1071/AP08029

	Introduction 
	Materials and Methods 
	Sampling 
	Clubroot Prevalence 
	Soil Samples 
	Crop Management Information 
	Climatic Information 
	DNA Extraction and P. brassicae Quantification 
	Statistical Analysis 

	Results 
	Clubroot Infestation 
	Inoculum Density and Relationship with Clubroot Infestation 
	Effect of Management Practices and Weather Conditions on Field Infestation and Inoculum Density 
	Climatic Information 
	Cruciferous Crops in Colombia and Management Practices 

	Discussion 
	Conclusions 
	References

