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Abstract: The cultivation of cruciferous crops is threatened by extensive yield losses caused by the soil-borne pathogen
Plasmodiophora brassicae Woronin, 1877. The objective of the study was to assess the potential of the bacterial product
BactoMix 5 for the control of clubroot on a naturally infested soil in growth chamber trials using a P. brassicae-specific
qPCR methodology. The results did not show a significant decrease in the P. brassicae in the soil nor a reduction of the
disease symptoms on the plants. The native soil microbiota may have exhibited an antagonistic activity against the bac-
terial species from BactoMix 5 and evoked the poor effect of the product. Therefore, potential biological control agents
should be tested with native soil microbiota and the regional production should be advanced to increase the product

efficacy in the environment.
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The causalagentofclubrootdisease, Plasmodiopho-
ra brassicae (Woronin) is a serious soil-borne path-
ogen of cruciferous crops worldwide (Dixon 2009;
Hwang et al. 2012). It is especially dangerous due its
ability to survive in the soil for up to 20 years as rest-
ing spores (Wallenhammar 1996).

So far, only precautionary methods, such as ap-
plying a longer crop rotation, growing more resist-
ant cultivars, liming the field before planting and
disinfecting the equipment have been implemented
to control clubroot disease epidemics (reviewed
by Ri¢aiova et al. 2016). There are currently no syn-
thetic plant protection products in use to effectively
control the clubroot disease of brassica crops (CABI
2019). The fungicide Altima 500 SC (a.i. fluazinam,
Kurowski et al. 2009) and Ranman (a.i. cyazofamid,
Peng et al. 2014) have shown efficacy in controlling

clubroot when the pathogen inoculum level was low
(Peng et al. 2014). Also, due to the side effects on
non-target organisms and the environment, soil-
drench treatments with chemical fungicides are not
standardly used in European agricultural practice.
The biological control of the clubroot disease is
a more environmentally friendly and sustainable al-
ternative for the implementation in integrated pest
management (IPM) strategies, compared to using
synthetic fungicides (Kumar 2012). The biological
control includes the ability of microbiological antag-
onists to inhibit plant pathogens and pests, favour
the growth and development of the plant, enhance
the resilience, inactivate toxins and strengthen the
plants' ability to compete for nutrients (Pal & Mcs-
padden Gardener 2006). There are numerous biolog-
ical control agents (BCAs) used against pathogens,
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weeds, arthropods and nematodes, and most
of them are designed to suppress soil-borne patho-
gens (Vinale et al. 2008; Singh 2014). BCAs can in-
hibit the spread of a pathogen in vitro, but can also
survive and multiply in the field (O'Brien 2017). One
drawback of a biocontrol is the inconsistency in the
disease suppression by a BCA (O'Brien 2017). There-
fore, many manufacturers have simultaneously used
multiple BCAs in their products (Xu et al. 2011).

BactoMix 5 is a combination of different BCAs
that each serve a purpose for the benefit of the host
plant. For instance, Pseudomonas aurantiaca pri-
marily inhibits the pathogen development (Mehnaz
2013), Brevibacillus sp. produces antifungal com-
pounds, and favours plant growth (Walker etal.
1998; Panda et al. 2014), and some strains of Bacillus
subtilis have shown a positive impact on suppress-
ing the soil-borne pathogen Plasmodiophora brassi-
cae Woronin, 1877 (Lahlali et al. 2013).

To our knowledge, no studies have assessed
the effect of BCAs in a naturally infested soil un-
der a controlled environment. The objective of this
study was to assess the potential of the commercial-
ly available bacterial product BactoMix 5 against
the clubroot disease-causing pathogen P. brassicae
in a naturally infested soil. We hypothesised that the
bioproduct BactoMix 5 suppresses P. brassicae, and,
therefore, can be applied within a P brassicae bio-
control strategy.

MATERIAL AND METHODS

Pot experiment. Soil naturally infested with
P. brassicae was collected on the 23™ of October
2017 from the post-harvest organic cabbage and tur-
nip farming experimental plots at the Rohu research
station (58°21'58.4" N 26°39'55.1" E). Composite
bulk soil samples were collected, using a soil auger,
from the topsoil layer (0—20 cm) in each experimen-
tal plot (each soil sample consisted of 20 random
piercings from each experimental plot). The soil
type was Leptosol (IUSS WG WRB 2015) with
a pH of 5.83. The soil was maintained at 4 °C until
the beginning of the pot experiment, which was con-
ducted from the 19" of March 2018 until the 25%
of May 2018. The five treatments included a control
treatment (C), 1 mL of BactoMix 5 applied once
throughout the growing season (T1), 2 mL of Bacto-
Mix 5 applied once throughout the growing season
(T2), 1 mL of BactoMix 5 applied twice through-
out the growing season (T3), 2 mL of BactoMix 5

applied twice throughout the growing season (T4)
(Table 1), each with six replications. To determine
the inoculum level of the pathogen at the beginning
of the experiment, DNA was extracted from the ho-
mogenised soil before starting the pot experiment.
In each 2 L pot, two Brassica rapa var. pekinensis cv.
Granaat (Chinese cabbage) seeds were planted, and
one plant was left to grow after sprouting. For the
inoculation treatments, the bacterial product Bacto-
Mix 5 (which consists of the biologically active mi-
croorganism species Bacillus subtilis V-845 D and
V-843 D, B. megaterium, Pseudomonas aurantiaca
and Brevibacillus sp.) was used.

The plants were grown in a growth chamber with
a 16 h light period (22 °C) and 8 h of darkness (15 °C).
The relative humidity during germination was 70%,
whereas it was set to 60% during the plant growth
period. The plants were watered regularly with tap
water. At the end of the five-week growing period, all
Chinese cabbage plants were uprooted, and the clu-
broot infection was determined on a 0-3 scale ac-
cording to Kuginuki et al. (1999). The remaining soil
was dried and maintained at room temperature until
the DNA extraction.

Quantification of Plasmodiophora brassicae via
qPCR. Two 0.2 g soil samples were collected from
each replication and pooled together. The samples
were homogenised by bead beating with MixerMill
MM400 (Retsch, Germany) using three metal balls
added to the tubes. The DNA was extracted using
a DNeasy PowerSoil Kit (Qiagen, USA), following
the manufacturer’s protocol. The concentration
of the DNA was measured using a NanoDrop 2000
(Thermo Fisher Scientific, USA) spectrophotometer.
The acquired DNA was maintained at —20 °C until
further analysis.

The qPCR reactions were performed using the
P brassicae18SrRNA-specificprimers TC1F (5'TGG-
TCGAACTTCATTAAATTTGGGCTCTT- 3') and

Table 1. Applied treatments used in the study

Treatment Treatment timing

symbol Ireatment 1%t day 20" day
C untreated soil

T1 I* X

T2 I x

T3 I* X X
T4 1 x x

*1 mL of BactoMix 5 + 100 mL of distilled water; **2 mL of
BactoMix 5 + 100 mL of distilled water; x — applied treatment
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RTPcR1a (5" TCAGCACCGTTTCCGGCTGCTA-
AGGC- 3') (Cao etal. 2014). All the samples were
amplified in three technical replicates using a reac-
tion mix in a 20 puL volume consisting of 1 pL of the
sample DNA (at 10 ng/pL), each of the primers in a
final concentration of 0.3 pM, 4 uL of a 5x HOT
FIREPol EvaGreen qPCR Supermix (Solis BioDyne,
Estonia) and sterile distilled water. The amplifica-
tion was performed on a qPCR cycler Rotor Gene Q
(Qiagen, USA). The PCR setup for the amplification
was as follows: 50 °C for 2 min [with the UDG (Ura-
cil-DNA glycosylase) enzyme]; 95 °C for 12 min;
and 40 cycles of 95 °C for 15 s, 60 °C for 30 s and
72 °C for 30 seconds. Immediately after the ampli-
fication, a melting curve analysis was performed
by increasing the temperature from 70 to 95 °C
(0.35 °C every 3 s), with a continuous fluorescence
recording to confirm the specificity of the amplifica-
tion. A template control without the DNA was in-
cluded in every qPCR run. In each assay, a sterilised
field-collected soil (autoclaved at 121 °C for 20 min)
was used as the negative control, and the DNA ex-
tracted from the resting spores in the clubroot galls
(Castlebury et al. 1994) was used as the positive con-
trol, both originating from the experimental site.

A standard calibration curve was prepared to as-
sess the number of gene copies in the samples (Fig-
ure 1). The standard calibration curve prepared with
the sterile distilled water consisted of a 10-fold serial
dilution series of the genomic DNA of the P, brassi-
cae extracted from the resting spores in the clubroot
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25 -

20 A
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151
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0
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Figure 1. Standard calibration curve of the qPCR assays
with a tenfold serially diluted P. brassicae 18S rRNA gene
(106 to 102 copies/puL)

CT - the number of cycles required for the fluorescent
signal to cross the threshold
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galls (Castlebury et al. 1994), ranging from 1 x 10°
to 1 x 10? gene copies/pL.

qPCR data quality estimation and statistical
analyses. The qPCR analysing program LinRegPCR
(version 2013.0) was used to assess the efficacy
of the individual replications (Ruijter et al. 2009).
The mean efficacy of the amplification was calculat-
ed for each replication. The samples were analysed
using an outlier detection, where the technical rep-
licates with an individual efficacy aberration of > 5%
from the mean efficacy were excluded. Thus, two T1
and T3 replications, and one T2 replication, were
excluded from the further analysis. The 18S rRNA
gene copy numbers of the tested pathogen were de-
termined after quality control by comparing the re-
sults of the amplification with the standard curve.
The DNA quantification results were converted to
P rassicae 185 rRNA gene copies per 1 g of the orig-
inal soil sample.

The data analysis was performed with STATISTI-
CA (version 64), using Kruskal-Wallis ANOVA mul-
tiple comparisons between the independent groups
of the samples. The P-value was set to P < 0.05.

RESULTS

A reproducible linear standard curve of P. brassi-
cae DNA was generated from 1 x 10°to 1 x 10* gene
copies/pL (corresponding to 2.75 x 10* pgto 2.75 g
DNA). Thus, the detection limit of the qPCR as-
say was regarded as 100 gene copies/uL (Figure 1).
A good PCR amplification efficiency (E = 1.908)
of the standard curve was confirmed. The mean am-
plification efficacy of our qPCR assay was calculated
based on three technical replicates of each replica-
tion. In ideal conditions, the amount of DNA is du-
plicated after each qPCR amplification cycle (E = 2).
The mean amplification efficacies of P brassicae
DNA in the individual replications were between
1.826 and 1.945.

In the pot experiment, all the Chinese cabbage
plants from each treatment were visually assessed
as having severe symptoms of clubroot disease infec-
tion. The mean amount of the pathogen DNA in the
soil was calculated before starting the pot experiment
(O), for each treatment (T1, T2, T3, T4) and for the
untreated control (C) (Table 2). Before starting
the pot experiment (O), the mean amount of P. bra-
ssicae was 412 146.4 gene copies/g soil (SE = 65 989.8).
When taking the infestation level of the pathogen
at the beginning of the experiment into account,
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Table 2. Mean amount of Plasmodiophora brassicae genomic
DNA copies/g in the soil detected for each treatment

Mean P. brassicae DNA

Treatment gene copies SE

O 412 146.4 65 989.8
C 426 874.1 238 473.7
T1 98 822.4. 46 131.3
T2 65 321.3 21435.3
T3 301 465.9 204 319.7
T4 172 065.7 75 373.5

O - before starting the experiment; C — control; T1 — 1 mL
of BactoMix 5; T2 — 2 mL of BactoMix 5; T3 — 1 mL of Bac-
toMix 5 applied twice during the plant's growth; T4 — 2 mL
of BactoMix 5 applied twice during the plant's growth

the mean amount of the pathogen was reduced in all
of the treatments at the end of the experiment (76.0%
in T1; 84.2% in T2; 26.9% in T3; 58.3% in T4). Con-
versely, a slight increase (3.6%) in the mean pathogen
amount occurred in the untreated control.

Among the treatments, the highest pathogen con-
centration was detected in the T3 treatment, where
BactoMix 5 was applied twice; and the lowest con-
centration was detected in the T2 treatment, where
BactoMix 5 was applied once (Figure 2). However,
the four treatments (T1, T2, T3, T4) amended
with BactoMix 5 were not statistically different
from the untreated control (Kruskal-Wallis test:
H, s = 2.004, P = 0.735, Figure 2).
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Figure 2. The mean concentration of the Plasmodiophora
brassicae genomic DNA (DNA copies/g) detected in the
soil for each treatment

C — control; T1 — 1 mL of BactoMix 5; T2 — 2 mL of Bac-
toMix 5; T3 — 1 mL of BactoMix 5 applied twice during

the plant’s growth; T4 — 2 mL of BactoMix 5 applied twice
during the plant's growth

DISCUSSION

The aim of the study was to assess the efficacy of the
bacterial product BactoMix 5 against the clubroot
disease pathogen P. brassicae in a naturally infested
soil. Soil-borne pathogens are difficult to control
due to the dynamic and inconsistent environment
of the rhizosphere (Handelsman & Stabb 1996). Our
study showed no reduction in the amount of the clu-
broot disease pathogen P. brassicae in the soil, nor
any decrease in the disease symptoms on the treated
plants compared to those of the control treatment.

The quantitative detection of plant pathogens is
an innovative approach in controlling the patho-
gens of cruciferous plants. Several protocols have
been successfully designed to determine the quan-
tity of P. brassicae from the soil (Rennie et al. 2011;
Wallenhammar et al. 2012; Almquist 2016). The re-
sults can be implemented by growers to improve ag-
ronomic practices and to keep longer crop rotations
between cruciferous crops if necessary. Thus, mini-
mising the spread of the clubroot disease on cruci-
ferous crops.

A generally accepted infection rate to emerge
for clubroot symptoms is 1 000 resting spores per
1 g of dry soil (Faggian & Strelkov 2009). Howev-
er, the threshold could be even lower, depending
on the soil type and environmental conditions (Wal-
lenhammar et al. 2012). Growers can use this thresh-
old to decide on the suitability of a field for growing
cruciferous crops. Currently, there are no similar ex-
periments conducted in Estonia or the Baltic region
that would help to determine these thresholds and
develop guidelines for growing cruciferous crops.
This study provides the first step in establishing
these guidelines.

According to a comprehensive reasearch from
Sweden, 325 000 P brassicae DNA gene copies
per 1 g of soil is considered as the threshold where
even resistant oilseed rape cultivars are not recom-
mended for cultivation (Wallenhammar et al. 2016).
At the beginning of our experiment, the mean con-
centration of P. brassicae DNA was 412 000 gene
copies per 1 g of soil, a high infection rate. There-
fore, growing cruciferous crops in that field is not
recommended for several years due to the threat of
a P, brassicae infection.

According to information from the distributing
company, Scandagra (SCANDAGRA 2019), Bacto-
Mix 5 helps to promote the soil biological activity,
improve the plant health and inhibit plant pathogens.
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However, in this study, the inhibiting effect of the bi-
ological product BactoMix 5 on the soil-borne path-
ogen P. brassicae was not confirmed. Interestingly,
the amount of P. brassicae was found to be greater
in the treatments, where the soil was treated twice
with BactoMix 5 during the plant growth (T3 and 4)
compared to the treatments, where the soil was treat-
ed only once in the beginning of the experiment
(T1and T2). These results concur with Einhorn
etal (1991), who suggested that antagonistic bacte-
ria may have a stimulating effect on the germination
of P. brassicae resting spores. However, in several
studies, the reducing effect of Bacillus sp. on P. bras-
sicae has been confirmed (Lahlali etal. 2013;
Gao & Xu 2014; Peng et al. 2014; He et al. 2019).
The contradictory results may be explained
by the antagonistic effect of certain microorgan-
isms. The rhizosphere is a complex environment,
and, therefore, it is difficult to predict the effect
that biological products have on the plants, as well
as on the microorganisms. Furthermore, the efficacy
of a product not only depends on the active ingredi-
ents, but also the substrate that it is used on (Len-
gai & Muthomi 2018). Also, the adjuvants in the bio-
products may increase the efficacy in some specific
formulations (Todero et al. 2018).

The purpose of combining BCAs in one product
is either to confer the additive or synergistic ef-
fects on the target organisms (Guetsky et al. 2002).
However, Xu et al. (2011) studied the efficacy of bio-
control products having combined BCAs, and their
work indicated that the BCAs in these products are
more likely to antagonistically interact rather than
additively or synergistically.

Several BCA products are on the market, but in-
formation about the product efficacy is only avail-
able through brochures produced by the distributing
companies. The decisions made by farmers could be
financially costly if the products applied to the fields
do not deliver the desired service. Therefore, testing
potential BCAs in advance, in natural soil conditions
with native microbiota, should be a task of future
research studies to see if BCAs are able to survive
within the competitive rhizosphere. It is also impor-
tant to optimise the concentrations of the products,
in order to maximise the efficiency of the product
use. Moreover, it is necessary to study the effect
of BCA products on different commercial cultivars,
and in both conventional and organic cultivation
systems, while considering other factors like the soil
type and the climatic conditions (O'Brien 2017). Fur-
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thermore, several studies have shown the low effica-
cy of BCAs under high disease pressure, indicating
that they should be used rather as components of an
integrated disease management system (Donald
et al. 2004). Used in combination with agricultural
practices, such as longer crop rotation (Wallenham-
mar 1996), soil amendment (Dixon & Page 1998) and
growing disease-resistant cultivars (Donald & Por-
ter 2009), BCAs could help reduce the pathogen load
in the soil and allow the biological products to reach
their efficacy potential.

CONCLUSION

The biological control of clubroot disease is gain-
ing more attention, as current control measures
are satisfactory. This study did not confirm the in-
hibiting effect of the biological product BactoMix 5
on P, brassicae in a naturally infested soil. Assessing
the pathogen rate from the soil using highly sensi-
tive qPCR methods allows for more precise cultiva-
tion plans and the application of appropriate control
measures, as the pathogen P. brassicae is a long-term
resident in the soil.
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