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Abstract: The clubroot disease (Plasmodiophora brassicae) is one of the most damaging diseases
worldwide among brassica crops. Its control often relies on resistant cultivars, since the manipulation
of the disease hormones, such as salicylic acid (SA) alters plant growth negatively. Alternatively, the
SA pathway can be increased by the addition of beneficial microorganisms for biocontrol. However,
this potential has not been exhaustively used. In this study, a recently characterized protein Oxidation
Resistant 2 (OXR2) from Arabidopsis thaliana is shown to increase the constitutive pathway of SA
defense without decreasing plant growth. Plants overexpressing AtOXR2 (OXR2-OE) show strongly
reduced clubroot symptoms with improved plant growth performance, in comparison to wild type
plants during the course of infection. Consequently, oxr2 mutants are more susceptible to clubroot
disease. P. brassicae itself was reduced in these galls as determined by quantitative real-time PCR.
Furthermore, we provide evidence for the transcriptional downregulation of the gene encoding a
SA-methyltransferase from the pathogen in OXR2-OE plants that could contribute to the phenotype.

Keywords: Arabidopsis thaliana; clubroot disease; defense induction; oxidation resistant 2;
Plasmodiophora brassicae; PBSMT; salicylic acid

1. Introduction

The clubroot disease belongs to the most harmful diseases among brassica crops,
including oilseed rape, cabbages, broccoli, cauliflower, etc. and is caused by the obligate
biotrophic protist Plasmodiophora brassicae [1]. The symptoms rely on the strong deformation
of the roots mediated by plant hormones, including auxins, cytokinins, and brassinos-
teroids [2–4]. The clubbed roots have a strongly reduced capacity to transport nutrients
into the shoot [5,6], thus causing secondary symptoms of wilting and reduced yield [7]. In
addition, the pathogen is highly resistant in the soil and can reside there for more than 12
years and is still, after a long time, capable of causing infection with host plants present [8].
The infected roots produce millions of resting spores [9] after the complex life cycle is
completed [10]. Moreover, the development of many pathotypes after the selection in
fields have been observed worldwide [9,11–14], as well as the modulation of disease by
soil microbiota [15]. Therefore, and due to the obligate biotrophic nature of P. brassicae, the
disease is difficult to control and relies often on the cultivation of resistant varieties [7,9].

Several experiments have tried to increase the plant defense pathway via salicylic
acid (SA), known to be induced after the infection with biotrophic and hemibiotrophic
pathogens [16,17], to combat the clubroot since some transcriptome studies indicate the
involvement of the SA pathway also during the clubroot disease [18–22]. For example, the
comparison between resistant and susceptible brassica cultivars indicated the upregulation
of SA-related genes [23].
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In the case of the clubroot disease, the capacity to reduce disease symptoms by the
application of SA seems to be dependent on the specific time point. While a pre-treatment
resulted in the control of the disease [24,25], the application of SA seems to depend on a
specific time point to result in a reduction of symptoms [26]. Nevertheless, plants that have
been treated with high concentrations of SA show an induction of PR genes [19,20,22,27] and
enzymes involved in presumable defense reactions, such as peroxidase and chitinase [27,28].
This phenomenon was at least partially attributed to an effector of P. brassicae with homology
to plant SABATH-type methyltransferases that can methylate SA in vitro [29]. In addition,
it was shown to be secreted into the plant cell by an indirect method [30]. Transgenic plants
overexpressing this gene, coined PbBSMT, were more susceptible to the protist [31] and
produced more methylated SA, indicating that the enzyme is functioning also in planta [30].
The methylated SA was transported faster to the infected leaves compared to controls,
indicating that the role of PbBSMT might be to take away the active SA from the roots
to the shoots, at least as shown for Arabidopsis thaliana [29]. Further evidence for the
importance of PbBSMT is its high occurrence as a transcript already during the early stages
of infection [29]. Moreover, it was found as one of the major transcripts in a resistant part of
the plant compared to controls [22]. The transcript localized within cells that are harboring
plasmodia up to the resting spore formation [32]. Interestingly, in the partial resistant
interaction of P. brassicae with the A. thaliana ecotype Bur-0, which had a slight elevation of
SA after pathogen infection, an additional treatment of SA resulted in a stronger reduction
of clubroot symptoms [18].

Consequently, A. thaliana plants that have constitutively elevated SA levels were more
resistant to P. brassicae infection, whereas mutants in the SA biosynthetic pathway were
more susceptible [26,33]. Constitutive high SA levels usually cause dwarfism of the plants,
as seen, for example, in the A. thaliana mutants dnd and cpr [34–36] (Figure 1). This decrease
in weight cannot only be observed after the SA treatments or elevated constitutive SA
levels in plants, but also after the treatments with analogs for the SA-induced defense, such
as benzothiadiazole (BTH) [37], since the SA and analogs are also in the crossroads between
defense and growth [38]. Recently, a gene was identified from A. thaliana that encodes a
mitochondrial protein with as yet an unknown function [39,40]. Overexpression of this
OXR2 gene resulted in a phenotype with constitutively activated SA defense response in
A. thaliana that caused the plant to be more resistant to Pseudomonas syringae infection [40].
Despite its high SA levels [40], the plant growth was enhanced compared to the wild type
(WT) (Figure 1). To the best of our knowledge, this is the first report regarding the fact that a
plant was showing high SA levels and at the same time was not compromised in its growth.
The oxr2 mutant plants were actually smaller and showed a higher susceptibility. Therefore,
it was assumed that the OXR2 protein somehow regulates the SA-dependent defense
mechanisms. As a first mechanism, it was indicated that in OXR2-OE lines the increase
of SA resulted in a stronger location of the SA receptor NPR1 [41], in the nucleus [40].
Furthermore, both OXR2 overexpressor lines showed an increased expression in genes for
the SA biosynthesis and PR1, a marker for the SA-dependent pathway [40].

In this study, the effect of OXR2 overexpression was investigated on the clubroot
development. While in various transcriptome assays the OXR2 gene was not induced, the
constitutive overexpression resulted in more tolerant plants to P. brassicae infection, while
the mutant was more susceptible. Therefore, the OXR2 protein could be a novel target for
independent breeding on resistance proteins.
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Figure 1. Three different mutants that show constitutively increased SA levels. The comparison with previously published 
data was made to further illustrate the differences between dwarfed growth phenotypes of plant lines with high SA and 
the OXR2 overexpressor lines that exhibit an elevated growth from this study. (A) Comparison of WT and cpr1 mutant; 
pictures are with permission from [34] (copyright 1994, Oxford University Press). (B) Comparison of WT and dnd1 mutant; 
pictures are with permission from [36] (copyright 2000, National Academy of Sciences, USA). (C) Comparison of WT and 
constitutive OXR2 overexpressor plants; pictures from R. Mencia, this manuscript. All data panels were redrawn with 
editorial or author permissions [34,35,40]. 
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otherwise specified. Transgenic plants overexpressing the OXR2 gene (OXR2-OE lines) 
and homozygous T-DNA mutants (oxr2) were described in [39,40]. For P. brassicae, the 
single spore isolate e3 was used [42]. The original spore isolate was propagated by an 
infection of Brassica rapa ssp. pekinensis (Chinese cabbage) as described below, and galls 
were stored at −20 °C. Resting spores were extracted by homogenizing mature clubroot 
galls of Chinese cabbage, followed by filtering through gauze (25 µm pore width) and two 
centrifugation steps (2500× g, 10 min; [43]). Spore solutions resuspended in tap water were 
stored until use at −20 °C. 

2.2. Plant Growth and Infection Procedure 
Plants were grown on soil in a greenhouse at 22–24 °C under long-day conditions (16 

h light) at a light intensity of 100 µmol m−2 s−1. For P. brassicae infection experiments, 14-
day-old plants were inoculated with a 2 mL spore suspension (107 spores mL−1 in 50 mM 
KH2PO4, pH 5.5) per plant or with a 2 mL control solution (50 mM KH2PO4, pH 5.5) by 
slowly pipetting the solution on the soil next to each plant. For each plant line and inde-
pendent experiment, 30 plants were inoculated of which 20 were used for the phytopatho-
logical analyses and 10 randomly selected roots for RNA extraction where appropriate. 

For disease rating, plants were removed from the soil and the progression of the 
clubroot disease was assessed by rating the roots of the infected plants according to refer-
ence [44]; see the description below. The resulting time points after inoculation are given 
as days after inoculation (dai) in the respective experimental descriptions (Figure legends 

Figure 1. Three different mutants that show constitutively increased SA levels. The comparison
with previously published data was made to further illustrate the differences between dwarfed
growth phenotypes of plant lines with high SA and the OXR2 overexpressor lines that exhibit
an elevated growth from this study. (A) Comparison of WT and cpr1 mutant; pictures are with
permission from [34] (copyright 1994, Oxford University Press). (B) Comparison of WT and dnd1
mutant; pictures are with permission from [36] (copyright 2000, National Academy of Sciences, USA).
(C) Comparison of WT and constitutive OXR2 overexpressor plants; pictures from R. Mencia, this
manuscript. All data panels were redrawn with editorial or author permissions [34,35,40].

2. Materials and Methods
2.1. Plant and Pathogen Materials

Arabidopsis thaliana (ecotype Columbia, Col-0) was used throughout this study unless
otherwise specified. Transgenic plants overexpressing the OXR2 gene (OXR2-OE lines) and
homozygous T-DNA mutants (oxr2) were described in [39,40]. For P. brassicae, the single
spore isolate e3 was used [42]. The original spore isolate was propagated by an infection of
Brassica rapa ssp. pekinensis (Chinese cabbage) as described below, and galls were stored at
−20 ◦C. Resting spores were extracted by homogenizing mature clubroot galls of Chinese
cabbage, followed by filtering through gauze (25 µm pore width) and two centrifugation
steps (2500× g, 10 min; [43]). Spore solutions resuspended in tap water were stored until
use at −20 ◦C.

2.2. Plant Growth and Infection Procedure

Plants were grown on soil in a greenhouse at 22–24 ◦C under long-day conditions
(16 h light) at a light intensity of 100 µmol m−2 s−1. For P. brassicae infection experiments,
14-day-old plants were inoculated with a 2 mL spore suspension (107 spores mL−1 in 50 mM
KH2PO4, pH 5.5) per plant or with a 2 mL control solution (50 mM KH2PO4, pH 5.5) by
slowly pipetting the solution on the soil next to each plant. For each plant line and indepen-
dent experiment, 30 plants were inoculated of which 20 were used for the phytopathological
analyses and 10 randomly selected roots for RNA extraction where appropriate.

For disease rating, plants were removed from the soil and the progression of the
clubroot disease was assessed by rating the roots of the infected plants according to refer-
ence [44]; see the description below. The resulting time points after inoculation are given as
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days after inoculation (dai) in the respective experimental descriptions (Figure legends and
text). The disease index (DI) was calculated according to [44] using the following equation:

DI = (1n1 + 2n2 + 3n3 + 4n4) × 100/4 Ntotal

where n1 to n4 denotes the number of plants in the indicated disease class and Ntotal is the
total number of plants tested. These classes refer to: 0—no symptoms; 1—very small clubs
on lateral roots, 2—small clubs covering the main root and few lateral roots; 3—medium to
bigger sized clubs including the main roots, plant growth can be impaired; 4—severe clubs
in lateral, main root or rosette, fine roots destroyed, plant roots impaired. Moreover, the
shoot index (SI) was quantified by dividing the dry weight (DW) of the infected plants by
the control plants DW of the same genotype and time point [43].

2.3. RNA Isolation and Analysis

RNA samples of 10 plants per treatment were prepared with the TRIZOL RNA Iso-
lation Reagent (Life Technologies, Carlsbad, CA, USA). Thereafter, 10 µg were digested
with DNAse I (New England Biolabs, Ipswitch, MA, USA) and the quality of the RNA
was inspected on agarose gels. Samples were transcribed to cDNA using 1 µg RNA with
the Protoscript II FirstStrand cDNA synthesis kit and random primer mix (New England
Biolabs, Hitchin, UK). Quantitative real-time PCR (qRT-PCR) was performed on an aliquot
of cDNA with specific primers (Table 1) using a qTower 2.2 with the qPCRsoft software
(version 3.2, Analytik Jena AG, Jena, Germany). PCRs were carried out in 20 µL volume
with a 10 pmol primer and 2 µL of a 1:10 dilution of cDNA per reaction. The 2× qPCRBIO
SyGreen Mix (PCR Biosystems Ltd., London, UK) was used in a two-step PCR. The reaction
conditions were 2 min at 95 ◦C followed by 40 cycles with 15 s at 95 ◦C and 30 s at 60 ◦C
followed by melt. The PCRs were run in triplicates and repeated three times with an inde-
pendently cultivated plant material. For gene expression calculation, the ∆∆Ct method [45]
was used with AtACTIN8 in most of the experiments as a reference gene and additionally
AtYLS8, AtEF2, and PbActin for the analysis of PbBSMT expression. The primers used in
this study were already verified in previous studies [26,29,31,40] or according to the MIQE
guidelines for qPCR.

Table 1. Primer sequences used for qPCR in this study.

Gene Name 5′ Sequence 3′ Sequence References

AtActin8 GTATGTTGCCATTCAAGCTGTTCTA GAGCTTGGTTTTCGAGGTCTCC [26,29,31]

AtYLS8 TTACTGTTTCGGTTGTTCTCCATTT CACTGAATCATGTTCGAAGCAAGT [26]

AtEF2 TACTCTTATGGTATGACGGATTGTG ATATGAATGATCGGAAGAGAAAAGA S. Auer, this manuscript

AtSID2 CTTGGCTAGCACAGTTACAGC ACTGCAGACACCTAATTGAGTC [40]

PbActin ATGTCCAACTCGGAGCAGTC GGACTCGTTGCCGATCAT [26,29,31]

PbBSMT GACCTTGCAGAACACGGATT TGGTGACGTGCTCGGGGAAC [29]

2.4. Sequence Alignment and Phylogenetic Tree Analysis

Brassica TLDc containing proteins were identified using the Arabidopsis family mem-
ber AtOXR2 as query using the Brassica database (http://brassicadb.cn/#/, accessed
on 17 October 2021) and the Blastp tool [46,47]. Sixty six homologous sequences from
B. oleracea (taxid:3712), B. napus (taxid:3708), B. rapa (taxid:3711), B. cretica (taxid:69181), and
B. carinata (taxid:52824) were used for the analysis. The protein sequence alignment and
the phylogenetic tree were built using the Seaview 4.5.0 software and the PhyML-aLRT-SH-
LIKE algorithm [48] with maximum likelihood tree reconstruction.

2.5. Transcriptional Expression Analysis Using Publicly Available Datasets and Bioinformatics
Online Tools

For the expression and GO analysis, data from representative publicly available
transcriptome datasets were analyzed in Virtual Plant 1.3 (http://virtualplant.bio.nyu.edu/

http://brassicadb.cn/#/
http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/
http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/
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cgi-bin/vpweb/, accessed on 10 November 2021) [49]. Venn diagrams were plotted in
Interactive Venn (http://www.interactivenn.net/, accessed on 10 November 2011) [50]
and the p-values were calculated with the exact Fisher test. The cutoff considered for the
analysis was p < 0.05, using the algorithms included in the Virtual Plant 1.3 database,
according to Katari et al. (2010) [49].

2.6. Statistical Analysis

Data were analyzed by the ordinary one-way ANOVA and the means were com-
pared by Tukey or Fisher’s least significant difference (LSD) tests. Statistical analysis
was performed using the default parameters of the InfoStat, version 2013 for Windows
(http://www.infostat.com.ar/, accessed on 12 November 2021).

3. Results
3.1. OXR2 Overexpressing Arabidopsis Thaliana Plants Are More Resistant to Clubroot

Recently, we shown that the overexpression of the A. thaliana gene OXR2, encoding
a mitochondrial protein, alters a constitutive defense via the SA pathway, but without
compromising plant growth [40]. Inoculation of OXR2 overexpressing A. thaliana with
P. brassicae resulted in a decrease of clubroot symptoms, while the fresh weight of the
upper plant parts was actually increased (Figure 2). On the contrary and as expected, the
oxr2 mutant plants showed increased susceptibility to P. brassicae infection, resulting in
less upper plant part fresh weight. The disease incidence as determined by the disease
index (DI), the infection rate, and the shoot index all show better performance of the two
OXR2 overexpressing lines A and B compared to WT, while the mutants were again more
susceptible (Figure 3 and Figure S1). For all assays, the infection rate was 100% for all lines,
but despite this high infection, the performance of the overexpressors was better than the
controls (Figure 3 and Figure S1). Data are shown for plants 28 days after inoculation (dai)
with P. brassicae.
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Figure 3. Inoculation of Col-0, oxr2, and two independent OXR2-OE (OXR2 A, OXR2 B) plants with
106 spores mL−1 of P. brassicae. The controls were inoculated only with the buffer that had been used
to resuspend the resting spores of the pathogen (see methods). In each experiment, one tray with
30 plants per condition in total was investigated. The data were evaluated 28 dai as a measure for
disease severity. (A) The disease index (DI) (B), the percentage of plants in individual disease classes,
and (C) the shoot index (shoot dry weight of infected vs. control plants) are given. Disease class
2 = small galls, class 3 = large galls, but the roots are still present, 4 = large galls, no roots are present.
Results are expressed as mean ± SD (n = 20). Asterisks indicate significant differences between
genotypes at p < 0.01 (*) (ANOVA, LSD Fisher test).

In general, a low disease index and high shoot index stands for more tolerant plants.
The disease index (DI) gives an estimate of the severity of the disease. Plants with a DI of
≥90 were termed as highly susceptible, a DI between 90 and 70 as susceptible, between 40
and 70 indicates moderately resistant/tolerant plants, and a DI of ≤40 stands for resistant
populations. The experiments were carried out as three completely independent sets of
plants grown at two different seasons and therefore, were presented in this way (Figure 3
and Figure S1). No clear significant differences could be found between the WT and
overexpressor lines or mutant plants for the DI (Figure 3, upper panel). However, when
the data are expressed as a percent in individual disease classes, the better performance
of the overexpressor lines becomes obvious (Figure 3, middle panel). Only the OXR2-OE
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lines showed the plants in the disease class 2 indicating small galls, while WT and oxr2 had
only galls in class 3 and 4. The apparent phenotype (Figure 2) can also be measured and
displayed as the infected shoot weight vs. control. This shoot index is a measure for the
performance of the green plant parts and overall health of the plants. In both independent
experiments, the two independent OXR2-OE lines performed significantly better than
WT and the oxr2 mutant, the latter had a lower shoot index (Figure 3, lower panel). A
higher shoot index is the indicator of better plant growth despite the disease progression.
Therefore, it was determined at a later time point in the disease development (28 dai).

Another measure for the performance of the plants is the amount of pathogen that was
able to develop in the inoculated roots. To determine the amount of P. brassicae present in
the galls, a quantitative real-time qRT-PCR was carried out using the expression of PbActin
vs. AtActin as reference genes (Figure 4). The lower number of actin transcripts from
P. brassicae indicates that there is less pathogen in the tissue compared to the host plant
transcripts. The PbActin:AtActin relation was much lower in the OXR2-OE lines compared
to WT and oxr2 mutants, indicating that the reduction in disease severity is accompanied
by a reduction of the pathogen load. The time point of analysis was 20 dai, which is earlier
than the time points of disease evaluation. However, during that earlier time point, a more
active plasmodia of P. brassicae should be present. Therefore, the evaluation of an earlier
time point will represent what is happening in the more active tissue (Figure 4).
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3.2. Some Molecular Characteristics of OXR2-OE Plants

AtOXR2 overexpressor lines contain, even without infection, high levels of SA ([40],
Figure 1). Since the effect of OXR2 overexpression is very striking on the reduction of the
clubroot disease, it was investigated whether the SA biosynthesis from the plant might be
altered or whether an alteration of transcripts from P. brassicae were found. The expression
of SID2, a gene encoding a protein in the SA biosynthetic pathway, was monitored for
overexpressors, mutants, and WT (Figure 5). The expression of AtSID2 relative to AtActin
as expressed in clubroots vs. controls was not significantly altered (Figure 5) at the same
time point where P. brassicae was reduced in the host cells (Figure 4). This corroborates
the previous finding that the initial constitutive upregulation is responsible for the more
tolerant phenotype and not a later upregulation of the SA pathway.
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pathway as a marker for its possible regulation. Relative transcription determined based on AtActin
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A gene from P. brassicae that encodes a SABATH-type methyltransferase had been
previously characterized and suggested to play a role in the downregulation of the SA-
dependent defense pathway in host plants [21,29]. The methyltransferase has high affinity
for SA. Therefore, using qPCR, we tested how its expression was regulated in OXR2-OE
and oxr2 mutants compared to WT galls. The expression of PbBSMT was calculated based
on a reference gene PbActin. The transcription of PbBSMT was consistently downregulated
in OXR2-OE plants and upregulated compared to WT in the oxr2 mutant line (Figure 6).
The same results were found when the PbBSMT transcript was normalized to three different
plant reference genes (Figure S2).
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3.3. Homologs of the AtOXR2 Protein Are Also Present in Other Brassica Species

The clubroot disease is a problem for economically important Brassica crop species,
including B. napus, B. rapa, and B. oleracea, which are also severely affected by the clubroot.
In a recent analysis where AtOXR2 was first published, a homolog of OXR2 was present in
a plethora of plants, but only one from a Brassica species (B. rapa) was included [39].
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To determine if the OXR2 member is present in this species, we have carried out a
search using AtOXR2 as a query in the public genome Brassica database (http://brassicadb.
cn/#/, accessed on 17 October 2021) for B. oleracea (taxid:3712), B. napus (taxid:3708), B. rapa
(taxid:3711), B. cretica (taxid:69181), and B. carinata (taxid:52824) using the BlastP tool at
NCBI. Sixty six potential AtOXR2 homologs with a significant E-value were found in all
of the analyzed species. The highest number of genes was found in B. napus followed by
B. rapa and B. cretica (Figure 7A). The three former constitute important economical crops
that are known to be highly affected by the clubroot [6,7,11,14,20]. As expected, the higher
percentage of sequence identity was observed at the C-terminal portion of the protein
corresponding to the TLDc family domain (Figure S3). A phylogenetic tree was built using
the Seaview 4.5.0 software and the PhyML-aLRTSH-LIKE algorithm with 100 replicates
for the bootstrap analysis [48]. There was no clear cluster containing one species, rather
the phylogenetic tree contained several clusters where the species from different genera
were found in a scattered manner (Figure 7B). A more detailed analysis of OXR protein
sequences could help in identifying them for targeted breeding inducing clubroot tolerance
in this species.

3.4. Interaction between the AtOXR2 Pathway and Publicly Available Clubroot
Transcriptome Datasets

Since the effect of OXR2 overexpression is very striking on the reduction of the
clubroot disease, we wanted to know whether the available transcriptional data obtained
from AtOXR2-OE plants [39] is comparable with the available public datasets (Table 2).

The data are from different time points (hours to weeks), as well as ecotypes (Col-0,
Bur-0, and Tsu-0). Therefore, the dataset can be assumed to be representative [18,24,51,52].
At least in the partially resistant interaction of Bur-0 with P. brassicae an indication for the SA
pathway was described [18], while the resistant interaction of Tsu-0 with P. brassicae leads
to a hypersensitive response [53]. In none of the abovementioned datasets, a differential
regulation of AtOXR2 was found. This indicates that the protein OXR2 is normally neither
a target for the susceptible nor for a (partially) resistant interaction. Moreover, the different
time points covered in these datasets (hours to weeks) exclude the fact that one would miss
the expression.

The analysis of GO enrichment terms from opposite genes regulated in AtOXR2-OE
plants and susceptible A. thaliana (Col-0) after 10 and 23 days after P. brassicae inocula-
tion [50] shows genes coding proteins that are involved in lipid binding, as well as the
transport and response to the jasmonic acid stimulus (Table S1A). Agarwal et al. [24]
analyzed differentially expressed genes (DEGs) after 4, 7, and 10 days of infection (dai).
Genes shared (p < 0.001) with AtOXR2 overexpressing plants are implicated in sulfur-
compound metabolic processes (Table S1B). DEGs in the experimental design contributed
by Jubault et al. [54] and those genes overexpressed in AtOXR2-OE plants are implicated in
response to the temperature stimulus and stress (Table S1C). Finally, AtOXR2 plants exhibit
a basal lower expression of genes coding for proteins involved in secondary metabolism
and anthocyanin synthesis, those that are upregulated after the P. brassicae inoculation
(Table S1E) [55]. In terms of total overlap between transcriptomes, there was a strikingly
high number of similarly regulated genes, both up and downregulated, between the
AtOXR2-OE transcriptome and the transcriptome of the incompatible interaction with the
A. thaliana ecotype Tsu-0 [52,53]. Several defense-related genes were present among the
genes, but these did not constitute the majority of functions.

http://brassicadb.cn/#/
http://brassicadb.cn/#/
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Figure 7. (A) Analysis of the AtOXR2 (AT2G05590) homologs in Brassica species. The number of
AtOXR2-related proteins distributed in the different species identified from the Brassica database
(http://brassicadb.cn/#/, accessed on 17 October 2021) and the Blastp tool [46,47]. Sixty six homol-
ogous sequences from B. oleracea (taxid:3712), B. napus (taxid:3708), B. rapa (taxid:3711), B. cretica
(taxid:69181), and B. carinata (taxid:52824) were used for the analysis. (B) Phylogenetic tree showing
the relationship of AtOXR2 to the other Brassica species, obtained using the Seaview 4.5.0 software
and the PhyML-aLRT-SH-LIKE algorithm [48] with maximum likelihood tree reconstruction. See
Figure S3 for the sequence alignment of proteins used to build this comparison tree.
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Table 2. Analysis of publicly available transcriptomic datasets for the expression of OXR2 in
P. brassicae/A. thaliana interactions.

AtOXR2-OE Downregulated [39] AtOXR2-OE Upregulated [39]

Siemens et al. [51]
Key outcome: Role of cytokinins

Microarray: 10, 23 dai 1

10 dai downregulated n.s. 2 12 < 0.001
23 dai downregulated n.s. 18 < 0.001

23 dai upregulated 12 < 0.001 12 (0.001)

Agarwal et al. [24]
Key outcome: Role of defense genes

Microarray: 4, 7, 10 dai

4 dai downregulated 14 < 0.001 n.s.
10 dai downregulated 4 (0.003) n.s.

4 dai upregulated n.s. 23 (0.008)
7 dai upregulated 23 (0.002) n.s.

Jubault et al. [54]
Key outcome: Ecotype Bur-0 (partially resistant phenotype) -> activation of SA pathway

Microarray: 24, 48 h, 7 dai

1 dai upregulated n.s. 12 < 0.001

2 dai upregulated n.s. 7 < 0.001
7 dai upregulated n.s. 14 < 0.001

7 dai eH/e2 downregulated n.s. 9 < 0.001
e2 specific repression n.s. 8 < 0.001

Siemens [52]
Key outcome: Ecotype Tsu-0 (resistant phenotype) that shows HR reactions

Microarray: 10, 14, 23 dai

10 dai downregulated 54 < 0.001 59 < 0.001
10 dai upregulated 89 < 0.001 n.s.

14 dai downregulated 85 < 0.001 74 < 0.001
14 dai upregulated n.s. 104 (0.002)

Irani et al. [55]
Key outcome: Role of phenylpropanoid metabolism

RNAseq: 17, 20, 24 dai

17, 20, 24 dai downregulated n.s. 6 (0.003)

17, 20, 24 dai upregulated 16 < 0.001 n.s.
1 dai: Days after inoculation/infection; 2 n.s.: No significant interaction.

In a recent work, Chen et al. [56] postulated that SnRK1.1 has a biological function
in the plant-mediated resistance of A. thaliana plants to clubroot disease. The SnRK1.1
activity is inhibited by the P. brassicae effector PBZF1, facilitating the infection. To explore
a possible connection between the defense pathway mediated by SnRK1.1 and AtOXR2,
we analyzed transcriptional data obtained from AtOXR2-OE plants [39] and a list of
SnRK1 (=KIN10) target genes previously described [57]. A statistically significant overlap
(p < 0.001) between the upregulated genes in A. thaliana plants overexpressing AtOXR2
and protoplast transiently overexpressing KIN10 was identified (Figure 8A) (Table S2A).
Gene ontology (GO) enrichment analysis of the list of co-regulated genes correspond
to those related to respond to the stimulus and stress (Table S2B). Remarkably, relevant
genetic markers of the KIN10 pathway [57] are similarly up and downregulated in the
AtOXR2-OE plants (p < 0.001), as we expected in KIN10-regulated pathways (Figure 8B).
From the list, ASN1, SEN5, AXP, MYB75, and JMT are SnrK1.1 gene markers that become
mis-regulated in A. thaliana plants overexpressing the P. brassicae effector gene PBZF1 [56].
Five of the six genes from Figure 8B were also found to be reversely regulated in the
transcriptome of mature clubroots [51], i.e., those downregulated were upregulated and
those upregulated were repressed (the exception was At3g21500; data not shown). Here, we
obtained the same results for clubroots as shown by overexpressing the P. brassicae effector
gene PBZR1 [56]. Therefore, P. brassicae targets the KIN10 pathway to avoid detection. The
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same pathway could be the target in AtOXR2-OE plants. This assumption needs of course
further experimental evidence.
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(=SnRF1) regulated genes [57]. The interaction was plotted using the Interactivenn tool (http://
www.interactivenn.net/, accessed on 10 November 2021) [50]. See Table S2 for the list of 29 genes
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Genesect interaction is a bioinformatic tool at the Virtual Plant system database (http://virtualplant.
bio.nyu.edu/ 10 November 2021) [49].

4. Discussion

Plants with elevated SA levels normally show a reduction in growth, in order that this
strategy cannot be used to control the clubroot (Figure 1A,B). Recently, we have shown that
the overexpression of the A. thaliana gene OXR2, encoding a mitochondrial protein, alters
the constitutive defense via the SA pathway, but actually concomitantly increases plant
growth [40]. This is ideal for disease control (Figure 1C). The clubroot disease is a challenge
to control due to its complex and intracellular life cycle [1,6,8,10]. Furthermore, the protist
alters the host metabolism and hormone balance [2–5], ultimately leading to reduced
growth and the development of upper plant parts [5]. Not many chemical treatment
options are available. Therefore, the control in the field often relies on the availability
and growth of resistant cultivars [58–60], but is complicated by the evolution of novel,
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more aggressive pathotypes in the field [9,11,14,60]. As a result, finding novel targets for
breeding is of high economical interest, excluding genes that encode receptor proteins,
which are usually quickly overcome by more virulent populations [9,11,60]. The existence
of a plethora of pathotypes worldwide [61] makes these tasks difficult and therefore,
additional targets not involving the classical R-genes are needed. However, pyramiding
genes encoding proteins that contribute to tolerance are time consuming, but there are
examples for QTLs that accompany clubroot resistance/tolerance [62,63]. The comparison
of susceptible and resistant cultivars in terms of their hormone or defense gene profile
had been an approach to identify additional factors that are involved in the resistant
phenotype [20,22,64]. Apart from the classical resistance gene—receptor interactions that
control clubroot disease resistance, the majority of reports point to an involvement of SA in
the response [20,22,23]. This observation is supported by some biocontrol studies, in which
SA-related genes were also upregulated (reviewed in [65]).

The treatment of A. thaliana with SA before inoculation resulted in a reduction of a
disease index to 20 (control ca 80) [24]. Moreover, this strategy works for Brassica species in
the greenhouse [25], but is too complicated for routine procedures in the field. Whether
this treatment could be integrated in a sowing procedure has to be evaluated. Furthermore,
the increased SA-related gene expression caused a reduction of clubroots, but also in
growth [26]. The mutants cpr1 and dnd1 had a reduction in disease incidence of 4.3- and
3-fold, respectively, compared to WT [26]. The SA-dependent defense pathway was also
upregulated in a partially resistant interaction with the A. thaliana ecotype Bur-0 and
P. brassicae in comparison to Col-0 as a host [18]. The treatment of this partially resistant
A. thaliana ecotype after P. brassicae inoculation additionally with SA resulted in a further
reduction of the disease severity. Consequently, Bur-0 had a disease index of 61 before and
45 after the SA treatment, whereas Col-0 had 85 and 78, respectively [18]. Recently, we have
shown that the overexpression of the A. thaliana gene OXR2, encoding a mitochondrial
protein, alters the constitutive defense via the SA pathway, and concomitantly increases
plant growth [39,40]. This is ideal for disease control. In addition, we could show that
A. thaliana constitutively overexpressing OXR2 (OXR2-OE) showed an increased resistance
to Pseudomonas syringae infection, while mutant oxr2 was more susceptible [40].

OXR proteins in plants have only recently been discovered to play a role in develop-
ment and pathogen responses, specifically for A. thaliana. The OXR2 protein seems to evolve
later and constitutes a plant specific branch [39]. Recently, it was shown that A. thaliana
plants with altered OXR2 transcript levels were more tolerant to the hemibiotrophic bac-
terium Pseudomonas syringae [40]. This basal tolerance was dependent on the induction of
the NPR1-dependent signaling pathway leading to constitutively induced SA levels [40].
While there are many reports that elevated SA increases pathogen resistance, the plants
with constitutively increased SA contents are usually dwarfed (Figure 1) [34–36], in order
that they cannot be used as a breeding target. Marker-assisted resistance breeding has been
applied for the clubroot [59]. While the overexpression of AtOXR2 led to the higher SA,
the growth of the plants was not compromised [40], making OXR2 a promising target to
investigate other plant diseases where the SA-dependent defense is upregulated [66].

During the course of clubroot development in A. thaliana, there is evidence for a role
of SA. Ecotypes that show partial tolerance to the clubroot, for example, have an increased
SA level [18]. Other mutants with increased SA levels showed a drastic reduction of symp-
toms, albeit at the expense of dwarfism [34–36]. Treating A. thaliana plants with SA before
inoculation with P. brassicae led to a decrease in symptoms [24,26]. One interpretation for
the SA-dependent response was found with a putative P. brassicae effector that is capable
of methylating the defense hormone [29–31]. Its expression was already detected early
during the pathogenesis [29]. Furthermore, its expression was highly upregulated in a sus-
ceptible vs. resistant interaction in healthy vs. diseased root parts of a Brassica species [21].
Overexpression resulted in more susceptible plants and higher Me-SA levels [30,31]. In
addition, at least in an artificial yeast system, the potential of this effector to be secreted
from the intracellular pathogen into the host cell has been demonstrated [30]. The PbBSMT
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transcript was localized in cells harboring developmental stages from plasmodia to resting
spore formation [32]. For the first time, these experiments have linked a potential effector
of P. brassicae to defense suppression.

Moreover, other plant pathogenic organisms secrete effectors that have been connected
to the SA response of the respective host plant [67]. This review discussed three possibilities
for all plant pathogens to interfere with the SA-dependent host defense: The first strategy
is to reduce SA accumulation directly by converting SA into its inactive derivatives. The
second strategy is to interrupt SA biosynthesis by targeting the ICS1 pathway. In the third
strategy, an interference with SA downstream signaling is observed [68]. P. brassicae seems
to exploit at least one of them, namely the interference with the SA levels of the host by
secreting a SA-specific methyltransferase [29]. In the overexpressor lines, the amount of
PbBSMT transcript was reduced (Figure 6 and Figure S2). Whether this is the direct result
of the OXR2 gene overexpression or whether a downstream component is involved in
this transcriptional misregulation of PbBSMT is currently unknown. The most prominent
example for a microbial effector involved in the SA response of the host plant is a bacterial
SA hydroxylase (NahG gene from the soil bacterium Pseudomonas putida) that is also used to
genetically modify SA [68]. In addition, NahG transgenic plants were more susceptible to the
clubroot disease [26]. Other SA modifying genes were identified in the biotrophic fungus
Ustilago maydis, of which one has been shown to be functional [69]. Therefore, U. maydis
also employs the strategy to reduce the SA dependent host defense by degrading SA, albeit
using a different enzymatic mechanism in comparison to P. brassicae. Additionally, U. maydis
secretes a functional chorismate mutase that competes with the plant’s pathway for SA
biosynthesis and thus, also reduces SA levels [67]. In a similar manner, Verticillium dahlia
secretes an isochorimatase as an effector into the host, which interferes basically with the
same pathway [70]. The strategy is not restricted to the oomycete or fungal pathogens, since
a root pathogenic nematode, Meloidogyne incognita, uses the same enzymes, chorismate
mutase, to interfere with the plant immunity [71]. Other effectors target various members
of the signal transduction chain [67].

While PbBSMT targets the SA pathway, other (putative) P. brassicae effectors have
been identified by bioinformatic methods only [72] and possible functions only for a few
suggested [73–76]. Among these were a kinase [73], a putative E3 ubiquitin ligase [74], an
apoplastic protein able to directly interact with and inhibit cruciferous papain-like cysteine
proteases [75], as well as endomembrane-localized effectors that modulate PAMP triggered
immunity [76]. Other proteins, for which a function has been implicated, do not seem
to fall under the category “effector”, e.g., the protease PRO1 that possibly helps in spore
germination [77]. The identification of a P. brassicae effector interacting with a kinase [56]
from a pathway known to be involved in abiotic and biotic stress interactions [57,78] led
us to investigate whether the target pathway in A. thaliana could also be a target for the
tolerance of AtOXR2-OE plants. Although we have not identified an increase of AtOXR2
transcription during P. brassicae infection, according to the data analyzed from previous
studies [24,51,52,54,55] (Table 2), the increased levels of SA [39,40] obtained in AtOXR2-OE
plants modify the basal defenses and the cellular redox environment, allowing for the plant
to be better prepared to avoid the entry of the pathogen and the infection. The comparison
of gene expression in the course of different assays with P. brassicae infected roots with
the transcriptional profile of AtOXR2-OE plants, grown under normal conditions, show a
common regulation of genes involved in lipid metabolism, in the synthesis of anthocyanin,
in the response to stimuli and stress (Table S1). They are all general responses, characteristic
of plants with increased basal defense responses. Moreover, we observed an increase in
the expression of KIN10 gene targets (Figure 8A). KIN10 or SnRK1.1 is involved in the
trade-off between energy use from growth-associated processes to survival and defense
in response to biotic stresses [78,79]. SnRK1.1 confers broad-spectrum disease resistance
in wheat, barley, and rice [80]. Recently, it was demonstrated that SnRK1.1 enhances the
resistance of Arabidopsis to the clubroot disease and is counteracted by the P. brassicae
effector PBZF1, producing a disequilibrium of the expression levels of SnRK1.1-regulated
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genes [56]. Several of these genes are regulated in our OXR2-OE plants, in the same way
as in Arabidopsis protoplasts overexpressing KIN10 (Figure 8B). A further experimental
analysis must be conducted to decipher the mechanism by which plants are better prepared
to deal with the clubroot disease.

The OXR2-OE lines do not show a tremendous reduction of galls tissue, but have an
increased biomass that could be of interest to practical applications in the field. Moreover,
since the amount of P. brassicae is significantly reduced in these galls, the overall effect on
the reduction of disease severity could be a good argument for the field. Therefore, we
have analyzed other Brassica species for the occurrence of AtOXR2 homologs, which were
found in several brassica crops (Figure 7). In this case, we found homologous proteins with
an high level of sequence identity, especially at the level of the carboxy-terminal portion
of the proteins. This is where the TLDc domain is located, which is characteristic of the
OXR family, in all of the analyzed Brassica species, including those with a commercial
value. Therefore, these could be interesting targets for additional breeding in these crops
increasing the SA levels together with a better overall growth of leaves, as described for
A. thaliana [39,40]. Overall, the constitutive SA phenotype of the OXR2-OE lines might
contribute to the observed tolerance, rather than an additional increase in SA during the
clubroot, since the transcription of SID2 as a marker gene for the SA biosynthetic pathway
was not upregulated in the infected roots (Figure 5).

5. Conclusions

A. thaliana plants overexpressing a gene encoding the mitochondrial protein OXR2,
that have been shown to constitutively express SA defense-related pathways, were more
tolerant to the causal agent of the clubroot disease in brassica crops P. brassicae. The
function was confirmed in mutant oxr2 plants, which were more susceptible. In these
plants, the putative effector of P. brassicae, PbBSMT, was downregulated on the transcript
level. PbBSMT is involved in the methylation and concomitantly reduction of SA in the
infected roots. Therefore, OXR2 could be able to circumvent the effector action. As a result,
the OXR2 protein might be a novel target that needs to be considered in the generation of
clubroot tolerant plants, especially since its regulation of the upper plant parts performance
is promising. With less pathogen present in the root galls, lower spore numbers are formed
that can ultimately be released to the soil. This reduction of pathogen load is important
since it can contribute to the clubroot control in the field. The findings from A. thaliana
might help in elucidating the role of OXR2 for the clubroot disease in many economically
important Brassica species.
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(=SnRK1) [56].
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