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Abstract

Plasmodiophora brassicae is an obligate biotrophic pathogenic protist responsible for
clubroot, a root gall disease of Brassicaceae species. In addition to the reference genome of
the P. brassicae European e3 isolate and the draft genomes of Canadian or Chinese isolates,
we present the genome of eH, a second European isolate. Refinement of the annotation of the
eH genome led to the identification of the mitochondrial genome sequence, which was found
to be bigger than that of Spongospora subterranea, another plant parasitic Plasmodiophorid
phylogenetically related to P. brassicae. New pathways were also predicted, such as those for
the synthesis of spermidine, a polyamine up-regulated in clubbed regions of roots. A P.
brassicae pathway genome database was created to facilitate the functional study of metabolic
pathways in transcriptomics approaches. These available tools can help in our understanding
of the regulation of P. brassicae metabolism during infection and in response to diverse

constraints.



1. Introduction

Clubroot, caused by the obligate telluric biotroph protist Plasmodiophora brassicae
Wor., is one of the economically most important diseases affecting Brassica crops in the
world. The pathogen leads to severe yield losses worldwide (Dixon, 2009). Clubroot
development is characterized by the formation of galls on the roots of infected plants. Above-
ground symptoms include wilting, stunting, yellowing and premature senescence. Chemical
control of the disease is difficult and/or expensive. Agricultural practices, such as crop
rotation, and cultivation of resistant Brassica varieties are the main methods for disease
control (Diederichsen et al., 2009).

The pathogen has a complex life cycle comprising three stages: survival in soil as
spores, root hair infection, and cortical infection. First, resting spores can survive for a long
period (up to fifteen years) in the soil. Secondly, germination of haploid resting spores
releases primary zoospores which infect root hairs, leading to intracellular haploid primary
plasmodia. In the third stage, after nuclear division, secondary zoospores may be released into
the soil and penetrate the cortical tissues. The step of released zoospores in the soil before
invading the root cortex is not universally accepted among the research community. During
this last stage, the pathogen develops into secondary multinucleate diploid plasmodia which
cause the hypertrophy and hyperplasia of infected roots into characteristic clubs (Ingram and
Tommerup 1972; Bulman and Braselton 2014). Secondary plasmodia finally release a new set
of haploid resting spores.

P. brassicae is a member of the order Plasmodiophorid within the eukaryote
supergroup Rhizaria. This protist taxon includes other important plant pathogens such as
Spongospora subterranea, causal agent of powdery scab on potato, and Spongospora

nasturtii, the causal agent of crook root in watercress (Burki et al., 2010).



Several P. brassicae genomes are available, including one reference genome from a
European isolate (Schwelm et al., 2015), and additional re-sequencing of five Canadian (Rolfe
et al., 2016) and one Chinese isolates (Bi et al., 2016). The pathotype classification of these
isolates is difficult to compare because they have been characterized using different
differential hosts sets. In these previous studies, the main characteristics of the P. brassicae
genome were described, such as its small size (24.2 - 25.5 Mb) and high gene density.
Thirteen chitin synthases were described, suggesting an important role for this gene family in
resting spore formation (Schwelm et al., 2015). Secreted proteins, described to play a role in
plant pathogenic organisms in suppressing the plant defense responses and modifying the host
metabolism, were previously predicted in silico in P. brassicae, but for most of them, no
putative function could be assigned (Schwelm et al., 2015; Rolfe et al., 2016). The P.
brassicae genome also contains genes potentially involved in host hormone manipulation,
such as the auxin-responsive Gretchen Hagen 3, isopentenyl-transferases, methyltransferase
and cytokinin oxidase (Schwelm et al., 2015). The clubroot genome also appears to be lacking
several metabolic pathways, a characteristic of the eukaryotic biotrophic plant pathogens
(Spanu et al., 2010; Baxter et al., 2010; Kemen et al., 2011). The missing genes encode
proteins involved in sulfur and nitrogen uptake, as well as the arginine, lysine, thiamine and
fatty acid biosynthesis pathways. In addition, only a few carbohydrate active enzymes
(CAZymes), involved in the synthesis, metabolism and transport of carbohydrates, were
found. Characterization of the P. brassicae genome is, however, still incomplete as the above
data were from a limited number of genotypes and conditions.

Schwelm et al. (2016) recently summarized the current life stage-specific
transcriptomics data related to the molecular events in the life cycle of P. brassicae. During
spore germination and at the primary zoospore stage, enzymes involved in chitinous cell wall

digestion are highly expressed. Several metabolism pathways such as the starch, citrate cycle,



pentose phosphate pathway, as well as pyruvate and trehalose metabolism were also very
active (Schwelm et al., 2015). Although the molecular mechanisms involved in primary root
hair infection are unknown, the secondary phase has been better described. During re-
infection by the secondary zoospores in root hairs or the root cortex, genes involved in basal
and lipid metabolism were highly expressed (Bi et al., 2016). The plant clubroot symptoms
(hyperplasia and hypertrophy of the infected tissues leading to the gall phenotype) were found
to result from the deregulation of the host plant primary and secondary metabolism (Ludwig-
Miller 2009a; Gravot et al. 2011, 2012; Wagner et al. 2012) as well as from the modification
of plant hormone homeostasis (Devos et al., 2006; Siemens et al., 2006; Ludwig-Muller,
2009b; Malinowski et al., 2016) by the pathogen. The main plant hormone pathways modified
were cytokinin biosynthesis, auxin homeostasis (Siemens et al., 2006; Ludwig-Muller, 2009b;
Schuller et al., 2014), and salicylic acid and jasmonic acid metabolism (Lemarié et al., 2015).
However, the mechanisms by which the pathogen may drive plant hormone homeostasis are
still not completely deciphered. At the end of the P. brassicae life cycle, secondary plasmodia
transform into resting spores. In these structures, trehalose could play an important role for
their long-term survival capacity (Brodmann et al., 2002). This description of the current
transcriptomics data in P. brassicae shows that some important steps in P. brassicae
developmental stages are still not well-characterized at the molecular level.

More information is thus needed, in particular from other clubroot genotypes to
improve gene and protein descriptions, thus perhaps allowing the discovery of some of the
potentially missing pathways or some specific pathotype features. Therefore, to gain further
structural and functional knowledge of the P. brassicae genome, the first aim of this study
was to generate a de novo-sequence from a second European isolate. We report here the
genome sequence of the European eH P. brassicae isolate belonging to a pathotype

widespread in France but different to e3, the reference clubroot isolate. For the first time, the



mitochondrial genome of this clubroot pathogen was described. The second aim was to
improve genome annotation, to predict new metabolic pathways and to develop ClubrootCyc,
a metabolic pathway database for P. brassicae. This new tool gives researchers access to a
repertoire of P. brassicae metabolic and transport pathways as well as to an Omics Viewer to

analyze expression data, which can be updated with new data.

2. Materials and methods

2.1. Pathogen material and plant inoculation

The P. brassicae isolate used in this study was eH. The “selection” isolate eH (i.e., an
isolate displaying a phytopathological pattern similar to a single spore isolate) was kindly
provided by Dr. J. Siemens (University of Berlin) and was described by Fahling et al. (2003).
Isolate eH was characterized for pathogenicity on differential Brassica napus cultivars
according to the classification proposed by Somé et al. (1996) and corresponded to the
pathotype P1.

To ensure genetic homozygosity of the pathogen DNA material, resting P. brassicae
spores were used. The isolate was propagated on the universal susceptible host Chinese
cabbage (Brassica rapa ssp pekinensis cv. Granaat). Clubroots were collected, washed and
surface sterilized to avoid host and bacterial contamination. Galls were homogenized in a
blender with sterile water and separated by filtration through layers of cheesecloth. The
resting spores were then separated by filtration through 100 um then 55 pM sieves to remove
plant cell debris. After centrifugation at 2500 g for 5 min, the pellet was carefully treated with
DNase RQ1 for 10 min at 65°C and centrifuged at 2500 g for 5 min at 4°C (Manzanares-

Dauleux et al., 2000).



2.2. DNA and RNA extraction

Prior to nucleic acid extraction for genome sequencing, the purified resting spores
were ground in liquid nitrogen using a mortar and a pestle. DNA was purified using the
NucleoSpin Plant 11 Kit (Masherey-Nagel) following the manufacturer's instructions. The
DNA quality was verified on an agarose gel and the quantity was estimated with a Nanodrop
2000 (Thermoscientific). The absence of host DNA plant contamination was tested by PCR
using Brassica specific cruciferin primers (forward primer 5’-ggccagggtttccgtgat-3’ and
reverse primer 5’-ccgtcgttgtagaaccattgg-3’).

Total RNA was also obtained from purified, non-germinating, resting spores using
TRIzol reagent (Invitrogen) following the manufacturer's instructions. RNA purity and quality
were assessed with a Bioanalyser 2100 (Agilent) and quantified with a Nanodrop (Agilent).

The RNA Integrity Number (RIN) of the purified RNA was 7.0.



2.3. Genome sequencing and assembly

For de novo sequencing of the eH genome, different libraries were sequenced using 40
pHg DNA with Illumina HiSeq 2500 technology (Genoscreen, Lille, France). Three libraries
were sequenced: a paired-end shotgun library with an insert size of 430 bp, a 3 kb insert mate-
pair library, and a 5 kb insert mate-pair library. The DNA-shotgun library was prepared with
the TruSeq nano DNA kit (Illumina), and the mate-pair libraries were done with the Nextera
Mate Pair Sample Prep Kit (Illumina). The sequence quality was assessed with fastgc. Paired-
end reads were cleaned (N-trimming) and reads shorter than 50 bp were removed with home-
made scripts. The eH genome was de novo assembled (86 bases k-mer) using SOAPdenovo.
Gaps were trimmed and gap-closed using GapCloser, scaffolds were filtered (500 nt in size)
and redundancy was removed. The completeness of genome assembly data sets was analyzed
with Benchmarking Universal Single-Copy Orthologs (BUSCO, http://busco.ezlab.org) from
eH, e3 and ZJ-1 genome sequences with the EnsemblProtists database.

For scaffold #43, identified as the mitochondrial genome, assembly was performed
with appropriate software, such as MITObim (Hahn et al., 2013), NOVOPlasty (Dierckxsens

etal., 2017) and MindTheGap (Rizk et al., 2014).

2.4. Transcriptome sequencing and functional annotation

RNA from eH non-germinating resting spores was used for RNA sequencing in order
to obtain high quality P. brassicae RNA free of RNA from plants or microbes. Sequencing
was performed in 1x100 bp Illumina HiSeg2500 (Genoscreen, Lille, France). For this, an
oriented library was prepared with the TruSeq Stranded mRNA Sample Prep Kit (Illumina).

Briefly, after isolation of the mRNA using oligodT and removing of the rRNA, the mRNA



were purified and fragmented. The cDNA were synthesized and used for library’s construction
with the TrusSeq Stranded mRNA Kit (Illumina). The oriented single end reads were trimmed
and cleaned with home-made scripts. All non-redundant generated sequences were processed
using Velvet for an intermediate transcriptome assembling, and Gmap for alignment to the eH
genome sequence.

Genome annotation was conducted using EuGene prediction software (Foissac et al.,
2008) trained on P. brassicae data. The annotation pipeline included in EuGene integrates
various sources of evidence, such as high throughput strand-specific RNA-Seq data, intrinsic
information provided by coding potential (Interpolated Markov Models), stop and start codon
analysis (using a dedicated RBS alignment tool), similarities with known proteins
(SwissProt), high quality CDS predictions and ncRNA predictions (tRNAscan-SE, RNAmmer
and Rfam-scan softwares). Putative transcript function and Gene Ontology (GO) analyses
were performed using Blast2GO (Conesa et al., 2005) with default settings. For more detailed
genome annotation and to retrieve information (Enzyme Commission numbers (EC), GO
terms, InterPro and pathways), several external databases were interrogated: Reactome
(Fabregat et al., 2016), KEGG (Kanehisa et al., 2017), MetaCyc (Caspi et al., 2016),
EupathDB (Aurrecoechea et al., 2017), Uniprot (The UniProt Consortium, 2017), Gene
Ontology (Ashburner et al.,, 2000; The Gene Ontology Consortium, 2017), and
ECDomainMiner to link known Pfam domains to EC numbers (Alborzi et al., 2017).
Carbohydrate-active enzymes (CAZymes) were predicted using the dbCAN pipeline (Yin et
al., 2012). SignalP (Petersen et al., 2011) was used to detect secretion signals in protein
sequences. The protein sequences predicted to have a secretion signal by SignalP, were then
subjected to transmembrane helix prediction with TMHMM (Krogh et al., 2001). Blastn and
Blastp were used to search for already known sequences (Altschul et al., 1997). This was

done for the P. brassicae: i) serine protease (Feng et al., 2010), ii) methyltransferase



(Ludwig-Muller et al., 2015), iii) genes detected by dot plot and real time PCR in the Led09
isolate (Feng et al., 2013), iv) e3 genome (Schwelm et al., 2015), v) genes associated with
lipid droplets (Bi et al., 2016), and vi) the mitochondrial genome of S. subterranea (Gutiérrez
et al., 2014). To visualize the data, circular representations of scaffolds were created using
Circos (Krzywinski et al., 2009).

For the othology analyses, the proteomes of P. brassicae eH and e3 were compared
using Orthofinder version 2.2.7 (Emms and Kelly, 2015). The e3 proteome was downloaded

from the NCBI database (GCA_001049375). No proteome was found for the ZJ-1 isolate.

2.5. Analyses of the mitochondrial genome

Gene annotation of scaffold #43 was performed with the automated MFannot tool
(Burger et al., 2013) that predicts group I and group II introns, tRNAs, RNase P-RNA, and 5S
ribosomal RNA (rRNA). The annotation was verified with Blastn and Blastp by quering the
NCBI databases.

For synteny analyses, the five mitochondrial genomes of Spongospora subterranea
(NC_034004), Bigelowiella natans, (HQ840955), Lotharella oceanica (KT806043),
Paracercomonas marina, (NC_026310) and P. brassicae strain ZJ-1 (assembly
ASM209382v1) were downloaded from the NCBI database. The annotations came from the
downloaded files except for the ZJ-1 strain, for which an annotation by MFannot was
performed to obtain the list of genes. No mitochondrial genome was found in P. brassicae e3
(GCA _001049375) after running Blast against it with the mitochondrial genome found in the
eH isolate. The mitochondrial genome synteny figure was generated using the SimpleSynteny

alignment tool version 1.4 with default settings (Veltri et al., 2016).
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For the phylogeny, 20 COX1 protein sequences were used. When available, the
sequences were extracted from the mitochondrial genome resources. If not, the COX1
sequences of Assulina muscorum (HM641252), Assulina seminulum (HM641250),
Chlorarachnion reptans (AB009416), Chlorarachnion sp. CCMP238 (AB009396),
Cyphoderia amphoralis isolate Rila 4 (HM187647), Cyphoderia ampulla isolate Vitosha 2
(HM187673), Cyphoderia ampulla isolate Cape Breton 2 (HM187663), Cyphoderia cf.
compressa (ADK22128), Cyphoderia compressa isolate Rila 1 (HM187661), Cyphoderia
trochus palustris (HM187669), Euglypha rotunda (AB009417), and Pseudocorythion acutum
(HM187672) were obtained from the NCBI database. An outgroup composed of Plasmodium
falciparum (AAC63390) and Plasmodium fragile (AAW52538) was created. The 1Q-Tree
version 1.6.7 (Nguyen et al., 2015) software was used for the tree construction. The sequences
were aligned using MAFFT version 7.407 (Katoh and Standley, 2013). The selection of
model was made with ModelFinder (Kalyaanamoorthy et al., 2017) and the Bayesian
Information Criterion. The phylogeny used maximum likelihood and bootstrap with 100
replicates. For the creation and editing of tree picture, FigTree version 1.4.3

(http://tree.bio.ed.ac.uk/) and Inkscape version 0.92 (www.inkscape.org) were used.
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2.6. Analysis of codon usage in nuclear and mitochondrial genomes

For each particular codon, the Relative Synonymous Codon Usage (RSCU) was
measured in the nuclear genome on one hand and in the mitochondrial genome on the other

hand, with the DAMBE software (Xia, 2018).

2.7. Metabolic pathway database

Pathways were predicted with MetaCyc database version 20.5 (Caspi et al., 2016). A
GenBank file was created containing DNA sequences and functional annotations. This file
was used as an input of the software Pathway-Tools version 21 (Karp et al., 2011). Using
functional annotations (especially Enzyme Commission number), Pathway-Tools software ran
the PathoLogic program that compared the P. brassicae annotations to the database MetaCyc
version 20.5 (Caspi et al., 2016). The inferred reactions in the organism were then compared
to the pathways of the database. Pathways were then deduced and used to produce a genome-
scale metabolic network. At the end of the process by Pathway-Tools, a Pathway Genome
DataBase (PGDB) was created for P. brassicae: ClubrootCyc. PGDB functionalities were

validated using data from the transcriptomics analysis of lipid droplets by Bi et al. (2016).

2.8. Data Availability

The eH P. brassicae genome sequence has been deposited in the public domain in
GenBank Data Librairies under accessions SRR7819149, SRR6395507, SRR6395506 and
SRR6395505 for raw data sequences, and POCA00000000 for the genomic data. The genome

annotation is available at https://doi.org/10.15454/1.51904983296096e12. The Pathway
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Genome  DataBase  ClubrootCyc is available online at  https://pathway-

tools.toulouse.inra.fr/CLUBROOT

3. Results and discussion

3.1. Nuclear and mitochondrial genomes: general characteristics in structure and

composition

Main features of the nuclear genome

For a better understanding of the pathogenesis and metabolic potential of P. brassicae,
we generated a de novo assembled genome of the eH isolate (belonging to pathotype 1
according to Some et al., 1996). A paired-end shotgun library consisting of 73,082,688 reads
(read length of 101 bp and insert size of 430 bp) and approximately 225-fold genome
sequence coverage was obtained. Two additional paired-end libraries were also generated. A
3 kb insert mate-pair Illumina library resulted in 97,629,456 reads (read length of 101 bp and
insert size of 3200 bp) and a 5 kb insert mate-pair Illumina library resulted in 81,813,222
reads (read length of 101 bp and insert size of 5050 bp). Both libraries displayed also an
approximately 225-fold genome sequence coverage. The final assembly consisted of 136 gap-
filled scaffolds with a N50 of 741,293 bp and the total sequence length was 24,559,637 bp
with a 59.29% GC content. Basic information about the assembled genome and predicted
genes is shown in Table 1, in comparison with the assembly of e3 and ZJ-1 genomes. While
the ZJ-1 resources corresponded to draft data, the assemblies of eH and e3 shared the same
levels of quality. The main features of the eH genome were indeed similar to the reference e3
genome, particularly concerning GC content (Figure 1), but the eH genome displayed a less

fragmented assembly (Table 1) and a higher number of predicted genes (12,811 in eH and
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9,730 in e3). Figure 1 shows a visual representation of the eH genome’s first 43 scaffolds
(which represent 95% of the total genome sequence) compared to the other available P.
brassicae sequences (the sequences published by Rolfe et al. (2016) were not included
because data are not available). The gene density, calculated as the number of genes every 20
kb, was nine on average. This gene density is relatively high as previously described
(Schwelm et al., 2015; Rolfe et al., 2016), and contributes to the small genome size compared
to the two known genomes of free-living Rhizaria, Bigelowiella natans (~100 Mb) (Curtis et
al., 2012) and Reticulomyxa filosa (~320 Mb) (Glockner et al., 2014).

Gene similarity between the eH and e3 isolates was studied by comparing the gene
sequences of both genomes. Using a stringent query span of 80% (meaning that the
percentage of alignment coverage of the query sequence should be at least 80%, making sure
that we compared genes with common regions), 60% of the genes found in the eH genome
showed similarity with the e3 genes. Among the 6,654 alignments displaying the query span
of 80%, 4,702 were with 100% gene identity and only 52 were with <60% gene identity
(value often used to define genes as highly divergent). For the ZJ-1 isolate’s genome (Bi et
al., 2016), annotated regions are not available which made it unfeasible to carry out such
accurate comparisons between genes and only contigs were compared which include non-
coding regions.

The scaffolds #44 to #242 (corresponding to 5% of the total genome) and in particular
scaffolds #88 to #242 were more difficult to assemble (Figure S1) and thus few genes were

annotated in these regions.

Mitochondrial genome: structure and gene content
In the circular genome representation (Figure 1), scaffold #43 showed a low GC

content and one match with a P. brassicae mitochondrial gene (Siemens 2002, Unpublished,
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NCBI ID: AF537102). In addition, as a high AT content was found in some Plasmodiophorid
mitochondrial genomes, for example in S. subterranea (Gutiérrez et al., 2014), these
observations suggested that the scaffold #43 could correspond to the P. brassicae
mitochondrial genome. To ensure that no errors occurred in its assembly, a new assembly of
this scaffold #43 was performed using software specifically designed for organelle assembly
(NOVOPIlasty). Both assemblies were similar suggesting consistent results.

The newly assembled sequence of eH scaffold #43 is 102,962 bp, with a 24.67% GC
content (Figure 2) and was very similar (Max score = 91831, Total score = 1.728e+05, Query
cover = 90%, E-value =0.0, Identity = 99%) to scaffold #49 of the genome of the P.
brassicae isolate ZJ-1 (Bi et al., 2016). The size of the mitochondrial P. brassicae sequence
(102,962 bp) was larger than that of S. subterranea (37,699 bp) (Gutiérrez et al., 2014). Such
diversity in genome size was previously described in Chlorarachniophytes, a small group of
algae from the supergroup Rhizaria phylum Cercozoa, in which the mitochondrial genomes
ranged from 34 to 180 kbp (Tanifuji et al., 2016). Genome sizes vary considerably because of
variation in the intergenic regions and intron content, which both contribute to mitochondrial
genome plasticity. In P. brassicae, numerous long introns were found in mitochondrial genes
in contrast to the Lotharella oceanica (Rhizaria group) and B. natans mtDNAs (Tanifuji et al.,
2016).

To assess the extent of mitochondrial genome rearrangements more closely,
mitochondrial genomes of P. brassicae (eH and ZJ-1), S. subterranea, B. natans, L. oceanica
and Paracercomonas marina were aligned using the SimpleSynteny alignment tool and the
protein sequences. A genome synteny map is shown in Figure 3. Despite the significant
difference in total size, mitochondrial genomes of P. brassicae eH and ZJ-1, and S.
subterranea exhibited a similar architecture in which conservation of homologous genes and

gene order were identified, but some genes are missing in ZJ-1. The organization of the three
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other mitochondrial sequences was also in part conserved in the content of genes but in a
lesser extent concerning the gene order. The genome sizes varied considerably between these
species, mainly because of the variations of the intergenic regions and the intron content,
making impossible an accurate synteny’s analysis using gene sequences (data not shown).

Both mitochondrial sequences were also quite similar between P. brassicae and S.
subterranea: when the blast best-hit analyses of the P. brassicae mitochondrial genes were
displayed for the “protein sequences” (32 protein-coding genes (Table S1)) and for the
“complete gene sequences” (the 28 other types of genes (Table S2)), 60 genes were found
among which 56 were also found among the 59 described in S. subterranea (Gutiérrez et al.,
2014). Genes coding for proteins involved in respiration and oxidative phosphorylation (17
genes: ATP 1-7, 4L, 9, COB, COX 1-3, ATP 1, 6, 8, 9), and for ribosomal subunit proteins (10
for small subunit: RPS, 4, 7, 8, 10, 11, 12, 13, 14, 19 and 4 for large subunit: RPL 5, 6, 14, 16)
were identified. As in S. subterranea, 24 genes coding for tRNA were found in the P.
brassicae, but tRNH described in S. subterranea was not found in P. brassicae and tRNQ was
found only in P. brassicae (and not in S. subterranea). Interestingly, the protein-coding genes
in P. brassicae displayed a mosaic structure with small parts spread across the scaffold, as
described for mitochondrial sequences of the chlorarachniophyte B. natans (belonging to the
Rhizaria group) and the model cryptophyte protist Guillardia theta; both algal nuclear
genomes are mosaics of genes derived from the host and endosymbionts (Curtis et al., 2012).
No transposable elements were detected in the P. brassicae mitochondrial genome.

In order to shed further light on the P. brassicae taxonomic classification,
mitochondrial sequences of the COX1 gene were used in phylogenetic analyses. For this, 20
sequences of the COX1 gene from diverse taxa were retrieved from NCBI (not found for ZJ-1
isolate), aligned, and used to create a maximum likelihood phylogenetic tree (Figure 4),

knowing that analyses with the Bayesian method gave the same results (data not shown).The
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COX1 gene was chosen because it was retrieved from more species than the other
mitochondrial genes. Both P. brassicae and S. subterranea strains were clustered in a branch
with very high bootstrap and a posterior probability of 0.99, confirming that both were closely
related and belonged to the order of Plasmodiophoridae. The different known orders inside
the Rhizaria were also relatively well related since families of Cercozoa (Plasmodiophoridae,
Chlorarachniophyceae, Cercomonadidae, Euglyphidae and Cyphoderiidae) were clustered in a

clade supported by a posterior probability superior to 0.9.

3.2. In silico genome annotation’s improvement and functional prediction: metabolic

pathway database

Nuclear genome annotation

For annotation, the RNAseq of resting spores was used and resulted in 23,540,954
reads. Other transcriptomes obtained in planta from other studies did not improve the
annotation (data not shown), showing that the transcriptional machinery was operational in
resting spores. This allowed us to well compare our results to the e3 reference genome for
which seven transcriptomes were used, including those of resting and maturing spores
(Schwelm et al., 2015).

The genome annotation was improved compared to the e3 reference genome by
interrogating several external databases as described in the materials and methods. The
annotation data predicted 12,590 protein-coding genes in eH genome (Table 1). In total, 8,989
genes were associated with GO terms, 4,523 with EC numbers and 8,231 with InterPro
signatures. In rare cases of conflicting annotation, the results from manual annotation and

Blast2Go were favored.
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Carbohydrate-active enzyme sequences of both the e3 and eH genomes were
compared using dbCAN, a web server and DataBase for automated Carbohydrate-active
enzyme ANnotation. For the eH isolate, 287 enzymes were predicted (Figure S2; Table S3):
89 Glycoside Hydrolases (GH), 111 Glycosyltransferases, 47 Carbohydrate Esterases (CE), 7
Polysaccharide Lyases, 23 Carbohydrate-Binding Modules (CBM), and 10 Auxiliary
Activities. GH18, CE4 and CBM18 were the most abundant enzymes (respectively 19, 21, 7
were predicted) within some of these groups. Amongst these 287 eH genes with predicted
carbohydrate-active enzyme activity, 223 matched with e3 genes. The list of CAZymes was
similar in both the eH and e3 genomes.

Using SignalP and TMHMM to predict the secretome, 741 protein sequences were
found to harbor a secretion signal prediction without transmembrane helix. Furthermore, 543
sequences corresponded to small proteins (less than 450 amino acids). Schwelm et al. (2015)
analyzed the e3 genome and predicted 553 secreted proteins including 416 with a length
smaller than 450 amino acids. Among the proteins with a signal prediction, 355 were common
to e3 and eH genomes (Table S4). The higher number of predicted proteins found in the eH
genome could be due to the annotation using Eugene which probably created more gene
sequences compatible with secretome pattern detection. In addition, the use of updated
software versions may have also upgraded the secretome.

An additional annotation was carried out by blasting eH data against clubroot
published sequences. All available sequence data for concerning eH and other P. brassicae
isolates are summarized in Table S5. Ninety-nine percent and 100% identity matches were
observed for the P. brassicae methyltransferase gene (Ludwig-Miiller et al., 2015) and the
serine protease gene (Feng et al., 2010), respectively. Three hundred and eighty eight out of
the 426 genes described by Bi et al. (2016) involved in lipid metabolism were found in the eH

genome (Table S5B). From the 118 genes identified by Feng et al. (2013) in the Led09
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isolate’s genome, 23 matched the eH genome (Table S5C). Genes identified as being involved
in pathogenicity (i.e. with functions such as P-type ATPase activity, Mps1 binder-like protein)
were mapped to the eH genome. To complete the annotation, out of the 9,730 genes in the e3
genome, 6,626 were matched to the eH genome (Table S5A). To go further in the comparison
of eH and e3 genomes, a global comparison of orthologous gene clusters study was performed
(Table S6). Usually, orthology is the most accurate way of describing differences and
similarities in the composition of genomes from different species, but it can be also used to
compare strains intra-species. The number of orthologous gene clusters was 8168, among
which 7485 orthogroups were shared by e3 and eH isolates, and 683 clusters were specific to
one of the two isolates, showing a certain relatedness between both stains.

The annotations were added to the corresponding eH genes using python scripts
querying the Uniprot database. Using this updated annotation, the genes were classified into
subsystems whose main terms are described in Figure 5. Most of the annotated genes were
classed in the protein-binding (1,433) GO term category. This class, not accurately defined for
their function, still remained high because of the lack of functional data in Plasmodiophorid
genomics resources. Ninety-six genes encoding potential RNA-binding proteins having at
least one RNA-binding domain were identified. This protein family could play a role in P.
brassicae pathogenicity, as described in Ustilago maydis, the basidiomycete causative agent
of corn smut disease (Becht et al., 2005). From the InterPro (IP) database, the ankyrin repeat
(258 and 259) was found to be the major protein domain. The ankyrin repeat is the most
common protein-protein interaction motif in nature. It is predominantly found in eukaryotic
proteins, but also in many bacterial pathogens which employ various types of secretion
systems to deliver ankyrin-containing proteins into eukaryotic cells where they mimic or
manipulate various host functions (Al-Khodor et al., 2010). In eukaryotes, proteins with

ankyrin repeats are involved in many cellular functions, such as transcriptional regulation,
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signal transduction, cell cycle but also in virulence in Amoebae, suggesting an adaptation to
their intracellular localization (Molmeret et al., 2005). The high number of ankyrin repeats in
the P. brassicae genome could suggest a role in its capacity to invade host plant cortical cells.

To summarize the long list of GO terms by removing redundancy, a semantic
similarity-based graph was constructed with REVIGO (Supek et al., 2011) (Figure S3). This
allowed a representative subset of the terms to be found using a clustering algorithm that
relies on semantic similarity measures. The Revigo Treemap showed a high representation of
the GO terms linked to protein phosphorylation. Changes in the phosphorylation state have a
broad impact on cells because they affect many processes such as the subcellular protein
localization, protein-protein interactions or signaling cascades (Johnson, 2009). Moreover,
interference of the host phosphorylation machinery is a common strategy used by pathogens
to promote infection and development in host tissues (Albataineh and Kadosh, 2016),
particularly in plant-pathogenic fungi (Turra et al., 2014). A better understanding of the
regulation of protein phosphorylation could help in developing targets for regulation of P.
brassicae infection processes. Another GO term found frequently in the P. brassicae genome
annotation was related to lipid metabolism. This is consistent with Bi et al. (2016) who
reported proteins associated with lipid droplets in resting spores of P. brassicae and showed
that lipid conversion is high in this protist during cortex infection.

Finally, the codon usage, a pattern that describes the degeneracy of the genetic code
and illustrates differential usage of synonymous codons, was deciphered in nuclear genome
versus mitochondrial genome. Using the genetic invertebrate mitrochondrial code from NCBI,
the codon usage of the P. brassicae mitochondrial ORFs was determined. The Figure S4
presents the RSCU in both nuclear and mitochondrial genomes. This shows that, as usually
described in other species, the codon usage was not identical between nuclear and organelle in

P. brassicae (Sablok et al., 2017). As the major pattern in codon usage was a result of
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differences among the genes in the frequencies of G+C, our results are coherent with the

higher G+C content in mitochondrial sequence than in nuclear genome (Zhang et al., 2007).

Metabolic pathway database

Taking advantage of the improved annotation described here, a P. brassicae specific
database was created using Pathway Tools Software. New genome annotation and available
databases (Uniprot, Gene Ontology and ECdomainMiner) served to create a Genbank entry.
Using this file as input, the PathoLogic component of Pathway Tools could be used to create a
new Pathway Genome DataBase (PGDB) containing the predicted P. brassicae metabolic
pathways. The database is called ClubrootCyc (Figures 6 and S5) and predicts 115 pathways,
1,938 enzymatic reactions, 71 transport reactions, 4,468 enzymes, 123 transporters, and 1,567
compounds (https://pathway-tools.toulouse.inra.fr/CLUBROOT). It links genomic data to
additional information such as protein annotation, enzymatic reactions and pathways.

To validate the relevance and functionality of the ClubrootCyc database, the metabolic
reconstruction was tested with available published transcriptomics data described by Bi et al.
(2016). Visual analysis of omics gene-expression, highlighted in Figure S6, showed that the
major pathway was involved in fatty acid and lipid biosynthesis and degradation, consistent
with the results of Bi et al (2016) who showed that lipid metabolism is enriched in cortical
infection stage of gall development.

The development of this P. brassicae - specific database is thus a useful tool for
integrating transcriptomics data, gene and metabolic networks and to gain further information

than just a list of over- or under-expressed genes between experimental conditions.

Prediction of new pathways

21



Moreover, ClubrootCyc also allowed us to access new pathways and to complete
annotation data. For instance, a complete pathway for the spermidine biosynthesis was
predicted in eH P. brassicae (Figure S7). Particularly, the three enzymes (EC 2.7.2.11, EC
1.2.1.41, and EC 2.6.1.13) required for conversion of glutamate to ornithine, were present in
the eH genome although they were not found in the genomes described by Rolfe et al. (2016)
or by Schwelm et al. (2015). Ornithine is converted into putrescine, a precursor of the
polyamine spermidine. The roles of polyamines synthesised by plants are well documented.
They are involved in fundamental cellular processes, such as chromatin organization, cell
proliferation, differentiation, and programmed cell death (Thomas and Thomas, 2001; Bais
and Ravishankar, 2002), but also in adaptive responses to abiotic (Bouchereau et al., 1999;
Urano et al., 2003; Kuznetsov et al., 2006) and biotic stresses (Walters, 2003). Polyamines
have been found being accumulated in the galls caused by P. brassicae (Walters and
Shuttleton, 1985). In turnip (Brassica rapa var. rapa), the levels of putrescine, spermidine
and spermine were reported to be higher in the roots infected with clubroot than in the non-
infected normal roots (Walters 2003). In cabbage, broccoli and Komatsuna clubroot galls, the
levels of putrescine, spermidine and spermine also increased after infection with P. brassicae
(Hamana et al., 2015). The high level of polyamines measured in the roots may be contributed
by the host plant, as reported by Cao et al. (2008) who showed the up-regulation of the B.
napus polyamine biosynthetic enzyme spermidine synthase in response to P. brassicae
infection. However, it could also be due to P. brassicae since it is difficult to distinguish
between metabolites of plant or pathogen origin. Polyamine biosynthesis could be vital to the
survival and pathogenesis of P. brassicae as described in other pathogens, such as bacteria
(Shah et al., 2011), fungi (Valdes-Santiago et al., 2012) and protists (Rhee et al., 2007).

The chorismate/Shikimate pathway, which was predicted by Schwelm et al. (2015) but

lacking the chorismate mutase (EC 5.4.99.5), was found to be complete in the eH P. brassicae
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genome suggesting that this pathway is operational in P. brassicae. This pathway is known in
plants, bacteria, fungi, and apicomplexan parasites and is central for the biosynthesis of
carbocyclic aromatic compounds. Chorismate is the common branchpoint for the production
of these metabolites, and some intermediates in these pathways also have important
physiological relevance. For example, salicylate, which is derived from chorismate, is
involved in plant defense against P. brassicae (Lemarié et al., 2015). Anthranilate, another
derivative of chorismate, is the precursor of the Pseudomonas quinolone signal, which
regulates numerous virulence factors in Pseudomonas aeruginosa (Palmer et al., 2013).
Furthermore, the chorismate mutase enzyme of this pathway, newly identified in this study in
the eH genome, was described as being involved in gall formation in Meloidogyne javanica
(Doyle and Lambert, 2003) and in Ustilago maydis (Djamei et al., 2011). The potential role of
this enzyme in P. brassicae pathogenicity would require functional studies.

ClubrootCyc also predicted the L-Dopachrome biosynthesis pathway, which is
involved in melanin synthesis. Melanin is a broad term for a group of natural pigments found
in most organisms and localized in cell walls of different structures of fungi (Toledo et al.,
2017). They represent well-known virulence factors for several pathogenic fungi (Jacobson,
2000) and for bacteria (Nosanchuk and Casadevall, 2003).

So ClubrootCyc, a freely accessible tool that can be updated with newly published
results, provides a way to easily visualize omics data and represent metabolic pathways
potentially involved in particular experimental conditions of interest. Metabolic pathway
prediction in P. brassicae is still, however, incomplete and poorly annotated because there is
still not enough information in the reference databases. To make further progress in metabolic
network reconstruction and modelling, appropriate gap-filling methods are required. For this,

software is being developed to identify and add lacking pathways, such as Meneco, a tool
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dedicated to the topological gap-filling of genome-scale draft metabolic networks (Prigent et

al., 2017).

4. Conclusion

In this study, we investigated the genome sequence of an additional P. brassicae
isolate, providing new genomics resources for further diversity studies. Additional genome
sequencing of P. brassicae isolates may allow more precise diagnostic molecular tools than
the current pathotyping systems to be developed. A major result was also the description of P.
brassicae mitochondrial sequence, which can now be used for phylogenetic analyses in the
supergroup Rhizaria. We also improved the annotation of P. brassicae genome allowing a
better description of the metabolic pathway for this protist. This allowed the biosynthesis
pathways of some specific compounds that could play a role in infection to be clarified. By
combining genomic analyses with metabolic network reconstruction in P. brassicae, the
present study provides useful post-genomics tools devoted to this protist. This will help
improve our understanding of the infection processes involved in the diseases caused the
pathogens of this family by targeting experiments to assess the function of, as yet, unknown

enzymes or transporters.
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Table 1. Genome statistics of P. brassicae assemblies.

BUSCO analyses were done on genome sequences with the EnsemblProtists database.

Isolates eH e3 ZJ-1

(Schwelm et al., 2015)  (Bi et al., 2016)

Assembly accession POCAO00000000 GCA _001049375.1 GCA _002093825.

1 1

Assembly assessment

Genome assembly size 24,559,637 nt 24,050,826 nt 24,831,078 nt
Number of assembled scaffolds 136 165 667

Mean scaffold size 180,585 nt 145,762 nt 37,228 nt
Median scaffold size 11,351 nt 36,592 nt 2,588 nt
Minimal scaffold size 509 nt 1,868 nt 2,001 nt
Maximal scaffold size 1,480,576 nt 1,189,627 nt 1,479,440 nt
N50 741,293 nt 472,887 nt 510,270 nt
Genomic G + C content 59.29 % 59.37% 59.38%
Busco 3.0.2
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Complete and single-copy 192 191 184
Complete and duplicated 3 3 10
Fragmented 3 3 3
Missing 17 18 18
Annotation statistics
Number of protein coding 12,590
genes
1,398 nt
Average gene size
335 nt
Average exon size
3.65
Average exon number per gene
66 nt
Average intron size
2.65
Average intron number per
25%
gene
35%
Genes with 5" UTR
6736
Genes with 3' UTR
6065

Gene with transcript evidence

Gene without transcript

evidence
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Figure 1. Visual representation of the eH genome first 43 scaffolds.

In the first outer circle (A) are represented the first 43 scaffolds of the assembled eH genome

that correspond to 95% of the total genome sequence. In the second and third outer circles (B

and C), the percentage in GC and the gene density (calculated as the number of genes every

20kb) are indicated, respectively. In the two following inner circles, is represented the gene

similarity between the isolates eH and e3 (Schwelm et al., 2015): D circle pictures the relative

rate every 10kb of the eH genes number to the eH genes number that have similarity to €3

genes (80% threshold); E circle displays this similarity as lines when genes from eH and e3
have 80% similarity. The inner circle shows the gene similarity between the isolates eH and
7J-1 (E, purple lines; Bi et al., 2016), and eH and Led09 (E, green lines; Feng et al., 2013).

The grey scaffold 43 represented the mitochondrial genome.

Figure 2. Circular DNA map of the mitochondrial genome of Plasmodiophora brassicae.
The outer circle shows the position of protein coding genes with exons represented in green
and introns in grey, and the position of ribosomal potein coding genes in orange. The inner
rings depicts the position of structural RNAs: rRNA and one ncRNA (rpB) in blue, and

tRNA in red.

Figure 3. Syntenic comparison between mitochondrial genomes.
The names of the genes are indicated. Lines connecting regions of sequence similarity are

drawn. Dotted lines show missing sequences.

Figure 4. Maximum likelihood phylogenetic tree of the COX7 mitochondrial sequences.
The Alveolates cluster was used to root the tree. Bootstrap values are shown for each node.

The scale bar corresponds to 0.3 substitutions per site.

Figure 5. Assignment of genes in different annotation categories.
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GO, Gene Ontology term (Blast2GO); EC, Enzyme Commission number (Blast2GO and
ECDomainMiner); IP, Interpro term (Blast2GO and Gene Ontology Database). The terms in

which at least 80 genes were classified are represented.

Figure 6. A view of ClubrootCyc homepage.

Its mains features and functionalities, such as the structure of each scaffold , the gene local
context, the pathway genome database overview, and the toolbar for several searchs are
displayed in the Figure S4.

The complete pathway genome database is available at http://pathway-

tools.toulouse.inra.fr/organism-summary?object=CLUBROOT
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Sequence report of an additional genome of a P. brassicae isolate
Identification of the mitochondrial genome sequence

Refinement of the annotation

Prediction of new pathways

Creation of a P. brassicae pathway genome database
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