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Genomic knowledge of the tree of life is biased to specific groups of organisms. For example, only six full ge-
nomes are currently available in the rhizaria clade. Here, we have applied metagenomic techniques enabling the
assembly of the genome of Polymyxa betae (Rhizaria, Plasmodiophorida) RES F41 isolate from unpurified
zoospore holobiont and comparison with the A26-41 isolate. Furthermore, the first P. betae mitochondrial
genome was assembled. The two P. betae nuclear genomes were highly similar, each with just ~10.2 k predicted
protein coding genes, ~3% of which were unique to each isolate. Extending genomic comparisons revealed a

greater overlap with Spongospora subterranea than with Plasmodiophora brassicae, including orthologs of the
mammalian cation channel sperm-associated proteins, raising some intriguing questions about zoospore physi-
ology. This work validates our metagenomics pipeline for eukaryote genome assembly from unpurified samples
and enriches plasmodiophorid genomics; providing the first full annotation of the P. betae genome.

1. Introduction

The Plasmodiophorida (plasmodiophorids), is an eukaryotic order of
mainly strict plant endoparasites, previously considered as fungi and
now classified in the Phytomyxea embedded within the Cercozoa in the
Rhizaria protist supergroup ([1]; [157]; [66]). They were discovered
early in the 19th century with the description of Plasmodiophora bras-
sicae in 1877 by Woronin [153] and, in spite of this early scientific in-
terest, this group remains poorly studied. Research on their interactions
with plants and on virus transmission under controlled conditions is
complicated by their strict biotrophic endoparasitic habit and continues

mainly in the context of agricultural plant hosts.

Four of the known plasmodiophorids species are considered to be of
economic significance in agriculture. P. brassicae is responsible for
clubroot disease in Brassica crops (e.g. canola, cabbage). Infected plants
develop root galls and are stunted, leading to significant economic losses
[123]. Spongospora subterranea infects potatoes causing powdery scab,
characterized by small circular lesions on the tuber filled with a powdery
mass of spores. S. subterranea also causes galls on roots and stolons and
transmits the Potato mop-top virus (PMTV), a damaging virus in potato
crops [103,143]. Polymyxa graminis symptomlessly invades roots of
numerous Poaceae species but becomes damaging as a virus vector,

Abbreviations: AAl, amino acid identity; ANI, average nucleotide identity; Anks, proteins containing ankyrin repeats; CatSper, cation channel sperm-associated
proteins; COG, clusters of orthologous groups; EC, enzyme codes; EST, Expressed Sequence Tags; ER, Endoplasmic reticulum; GO, Gene ontology; GPCR, G
protein-coupled receptor; GPI, Glycosylphosphatidylinositol; KO, KEGG Ortholog; LSU, large ribosomal subunit; MAG, metagenome-assembled genome; ncRNA, non-
coding RNA; PR, pathogenesis-related protein; QS, quality score; SAR, Stramenopiles, Alveolata and Rhizaria; SEA, Singular Enrichment Analyses; SP, signal peptide;
SSU, small ribosomal subunit; TF, transcription factors; TM, transmembrane domains.
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being capable of transmitting at least 14 plant viruses (Benyvirus,
Bymovirus, Furovirus, Pecluvirus) to major crops worldwide such as
rice, wheat, maize, barley, rye, oat, triticale, sugarcane and peanut
[48,134]. Polymyxa betae has been reported in all sugar beet (Beta vul-
garis subsp. vulgaris) production regions. Even though, like P. graminis, it
is widely accepted that P. betae is not pathogenic to its host, in sugar beet
crops it is responsible for the transmission of the Beet necrotic yellow vein
virus (BNYVV). This benyvirus is the causal agent of rhizomania syn-
drome, a devastating disease in susceptible sugar beet. P. betae also
transmit another benyvirus, the Beet soil-borne mosaic virus (BSBMV) and
two pomoviruses, the Beet soil-borne virus (BSBV) and the Beet virus Q
(BVQ) which are often associated with the rhizomania syndrome
[58,104]. P. brassicae and S. subterranea are both associated with cell
proliferation and the formation of hypertrophic cells in the host plants
[62,100] whereas roots of plants infected by non-viruliferous Polymyxa
spp. generally appear normal. P. betae and S. subterranea share the ability
to transmit plant viruses to their hosts while no virus transmission has
yet been reported for P. brassicae [122].

Until 2000, most research on plasmodiophorids consisted of ultra-
structural and karyological observations as well as rDNA-based and
immuno-based detection and co-occurrence with viruses [18,90,93]. In
the early 2000s, Mutasa-Gottgens et al. [108] generated 11 P. betae
Expressed Sequence Tags (EST) with phagemid library of cDNA clones
from infected sugar beet roots. A few years later, Bulman and colleagues
used a suppression subtractive hybridization strategy to identify 76 new
P. brassicae genes [20,21]. The same strategy was applied for P. graminis,
generating four EST [138] and for P. betae, generating 76 P. betae EST as
well as 120 sugar beet ESTs up-regulated during the different stages of
the infection process [44]. The rapid evolution of sequencing technol-
ogies brought new perspectives in plasmodiophorids research starting
with the release of the Arabidopsis thaliana annotated genome, which, as
a susceptible host plant, promoted P. brassicae-plant interactions studies
[46,99,101,130,131]. For example, Siemens et al. [131] used a tran-
scriptomics approach to study regulation of defense genes in A. thaliana
during compatible interaction with P. brassicae. Cao et al., [31] studied
reactive oxygen species metabolism in Brassica napus infected with
P. brassicae. Their findings suggest a fine-grained molecular interplay
between plasmodiophorids and their host, probably by means of direct
effector secretion from intracellular plasmodia to their host’s cytoplasm
but also by means of membrane proteins such as receptors and trans-
porters. Subsequently, Burki et al. [23] used 454 pyrosequencing tech-
nology to sequence cDNA from five rhizarian species including
P. brassicae and S. subterranea. In the last five years, the release of ge-
nomes of P. brassicae in 2015 [123,124] S. subterranea in 2018 [37] and
P. betae in 2019 [42] facilitated transcriptomic studies oriented towards
plant-plasmodiophorids  interactions, especially = P.  brassicae
[10,11,38,120,128]. Several P. brassicae isolates have now been (re)
sequenced [11,41,120,125,137]. Before 2015, the lack of enough plas-
modiophorid genomic information naturally led scientists to focus on
the plant side of the interaction [109].

The sequencing effort granted to the Rhizaria supergroup remains
small by comparison to other eukaryotic groups [22,129]. In addition to
plasmodiophorids only three genomes from other rhizaria protists are
available: the Chlorarachnea Bigelowiella natans [39], the Foraminifera
Reticulomyxa filosa [60] and the Imbricatea Paulinella micropora
(accession no.: PRJDB3528). More protist genomes are needed for
comparative analyses that fully encompass the eukaryotic diversity and
the microbial biosphere [129]. This would be expected to provide new
clues on evolution and adaptation of eukaryotes, and to improve
knowledge of the functional repertoire of eukaryotic genomes. The great
majority of sequenced eukaryotic genomes belong to animals, plants and
fungi, representing only two of the eight main eukaryotic groups sum-
marized by Burki et al. [24].

Although methods for purification of plasmodiophorid resting spores
have been developed, the sequencing and assembly of plasmodiophorid
genomes remain challenging because, whatever the technical approach
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chosen, the purified samples are never free of host and other contami-
nating microorganisms [16,43,115,138,150,151]. This is especially true
for Polymyxa spp. which, compared to P. brassicae and S. subterranea, do
not produce structures similar to galls filled with numerous resting
spores which help to bulk protist DNA for extraction. Moreover, isola-
tion and purification of Polymyxa spp. sporosori have proven to be
difficult due to the variation of their size and shape. Additional con-
founders include the possibility that some “contaminant” microorgan-
isms might be able to develop within hatched individual spores in
sporosori [34] or that DNA from the host could pass to the plasmodia
[16]. Despite the delays caused by these challenges, a first draft genome
of P. betae was recently recovered through a metagenomic approach
using DNA obtained from sporosori of the monosporosorus P. betae
A26-41 isolate grown in sugar beet in a soil-free hydroponic system
[421.

The objectives of this new study were to validate the metagenomics
approach for recovering a new P. betae genome from a geographically
distinct isolate (RES F41; DNA sequence generated from zoospores
contaminated with bacteria), and to carry out some comparative anal-
ysis with P. betae isolate A26-41 and exiting genomes from other plas-
modiophorids (P. brassicae and S. subterranea). To achieve this, a
bioinformatic pipeline including Metaspades, Metawrap and EukCC
softwares was applied to assemble and isolate two P. betae genomes from
the RES F41 unpurified zoospore holobiont and the A26-41partially
purified resting spores sample. The new genomes were used to carry out
some comparative sequence analysis. This study is the first to provide a
full nuclear genome annotation for P. betae, and to also present the first
P. betae mitochondrial genome.

2. Materials and methods
2.1. Construction of two Polymyxa betae draft genomes

2.1.1. P. betae isolates origin and DNA extraction

Two P. betae isolates were used as starting material: the Belgian
isolate A26-41 [91] and the UK isolate RES F41 [107]. The methodology
followed to obtain high-quality DNA extract from each isolate is as
described in the respective papers.

2.1.2. Libraries preparation and sequencing

The methodology used to prepare library and sequence A26-41
isolate is described in Decroés et al. [42]. For the RES F41 isolate,
paired-end libraries were prepared from fragmented dA-tailed DNA.
After addition of dT-tailed DNA adaptors, the ligated products were
purified and whole-genome sequencing was performed using the Illu-
mina paired-end HiSeq 2000 platform with a sequencing length of 2 x
150 bp (Novogene, Beijing, China).

2.1.3. Genome assembly and cleaning

The obligate nature of P. betae excludes the option of a large-scale
axenic culture [45]. Contaminating DNA from bacteria, protozoa,
algae, fungi is unavoidable even after extensive purification. Both
sample sequence datasets were independently processed using the same
bioinformatic workflow (see Fig. 1) aiming to assemble reads and filter
P. betae contigs from contaminating DNA sequences. Reads were
assembled with the metagenome assembler metaSPAdes v3.12.0 [111]
and assembled contigs were subsequently binned using the metaWRAP
software [144]. MetaWRAP produces consensus bins based on three
tools, namely MetaBAT 2.0, MaxBins 2.0 and CONCOCT, which are then
assessed for completeness and contamination using CheckM [112].
However, as CheckM is optimized for bacterial genomes, the bins were
assessed using a bespoke version of EukCC [121], a tool designed for
microbial eukaryote genome quality estimation. Briefly, a bespoke
single-copy marker gene reference set was constructed from five avail-
able Rhizaria genomes (GenBank accession no. GCA_000320545.1,
GCA_001049375.1, GCA_003833335.1, GCA_000512085.1,
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CheckM, EukCC

metaSPAdes Mash + dnadiff

metaWRAP

metaWRAP EukCC Braker2

P. betae A26-41

DNA-seq PE lllumina reads

Rhizaria HMM profiles
P. betae RES F41

RNA-seq PE lllumina reads

DNA-seq PE lllumina reads

P. brassicae e3’
RNA-seq PE lllumina reads™

S. subterranea SSUBK13*
RNA-seq PE lllumina reads*

#Ciaghi et al., 2018
* Stjelja et al., 2019
* Schwelm et al., 2015a

Fig. 1. Schematic representation of the workflow of metagenomics analysis. The softwares used in each step are visible in the boxes. Input data are given below

the boxes.

GCA_900404475.1), enabling the identification of 636 profile HMMs
from PANTHER (v14.1), which were utilized by EukCC to estimate the
completeness and contamination of the bins. Mitochondrial genome was
re-assembled for both P. betae isolates with the assemblers MITObim 1.8
using MIRA 4.0.2 [65] and NOVOPlasty [47].

For comprehensiveness, bins were compared to a set of complete
reference genomes of bacterial and unicellular eukaryotic genomes in
RefSeq as of January 2018 and bespoke references from other Rhizaria
species: B. natans (GenBank accession no. GCA_000320545.1),
P. brassicae (GenBank accession no. GCA_003833335.1), R. filosa
(GenBank accession no. GCA_000512085.1), S. subterranea (GenBank
accession no. GCA_900404475.1). This was performed using a two-
stage process, as described in [3]. First, Mash was used to find the
best matching reference genome, followed by a whole-genome align-
ment between the query metagenome-assembled genome (MAG) and
reference genome using dnadiff (part of the MUMmer package), to
evaluate the alignment fraction and average nucleotide identity (ANI).

Bins from each isolate with the highest completeness/lowest
contamination score based on the bespoke EukCC reference set were
determined to represent P. betae. These were then reassembled using the
reassemble bins module within metaWRAP, in order to produce the best
quality assembly. Reassembled bins were compared against the original
bins using the bespoke EukCC again, and the best assembly for each
isolate (completeness, contamination, genome size and N50) was
selected as the P. betae draft genome. Reads were mapped back to cor-
responding assemblies using Bowtie2 v2.3.4 [88] and per-contig
average coverage was computed.

Overall ANI value between both draft genomes, fragmented with a
window size of 1000 base pairs (bp) and a step size of 200 bp, were
computed with the “ani.rb” ANI calculator [118,119]. Thresholds to
consider alignments for ANI computation were a minimum length of
700 bp and identity of 0.7. Moreover, both draft genomes were
compared using ProgressiveMauve v2.4.0 [40] with default parameters.

Low complexity sequences from both P. betae genomes were masked
prior to any further analysis. De novo identification of novel repeat
families was performed with RepeatModeler v-open-1.0.11 and both
genomes were then softmasked using RepeatMasker with rmblastn
v2.2.27+. RepBase-20170127 and Dfam_Consensus-20170127 data-
bases were combined to the de novo identified repeats.

The remaining (non-P. betae) bins initially generated by metaWRAP
for each isolate represented bacteria found in association with P. betae.
These bins were assigned a quality score (QS) calculated as “complete-
ness” - (5% “contamination”). Bins with a QS > 50 are considered to be
medium/high quality, and were assigned a taxonomic classification
based on the Genome Taxonomy Database (GTDB) using GTDB-Tk [33].
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2.2. Polymyxa betae RNA preparation, sequencing and data processing

Three-week-old sugar beet seedlings monogerm DH line KWS2320
were inoculated with a zoospore suspension of the isolate A26-41 and
grown as previously described [91]. Heavily infected roots were har-
vested after four weeks, surface disinfected with 1 N NaOH and 0.1%
SDS and rinsed three times with sterile water. Total RNA was then iso-
lated using Trizol™ (Invitrogen, Carlsbad, CA) and DNAse treated with
RQ1 DNAse (Promega, Madison, Wi). Roots were first examined under
bright field microscopy to confirm that all P. betae life stages, i.e. un-
differentiated plasmodia, sporangia, sporogenous plasmodia, sporosori,
were present. mRNA was purified from total RNA through Poly(A)-tail
selection then fragmented, retro-transcribed with random primers and
one library was prepared using the TruSeq stranded mRNA kit (Illumina,
San Diego, CA). The library was paired-end sequenced using an Illumina
NextSeq instrument and the “NextSeq High kit”, with a sequencing
length of 2 x 150 bp. Raw reads were trimmed for adapters and low-
quality sequences with bbduk.sh [25] and quality checked with
FastQC v.0.72 [4]. They were then mapped against the sugar beet draft
genome KDHBv-1.0 [51] with Bowtie2 v2.3.4 [88] as a first filtering step
to remove plant sequences. Unaligned read pairs were then mapped
against the P. betae draft genomes with HISAT2 v2.1.0 [82].

2.3. Genome annotation

2.3.1. Gene predictions and annotation

The resulting HISAT2-created BAM-files and the softmasked P. betae
draft genomes were used as input for gene prediction with the BRAKER2
v2.4.1 pipeline [15,68]. This takes advantage of GeneMark-ET
v.4.48_3.60 [97,140] and AUGUSTUS v3.3.3 [136] for RNA-seq-based
genome annotation. The ProtHint pipeline v2.1.1 from Georgia Insti-
tute of Technology [14] was also used to generate genome-wide foot-
prints of homologous proteins to assist gene prediction with BRAKER2.
In our case, the reference protein set constituted 1,383,384 amino acid
(aa) sequences originated from UniProtKB/TrEMBL (all rhizarian pro-
teins, 20-01-2020) + UniProtKB/Swiss-Prot (all sequences, 20-01-
2020) + Stramenopiles, Alveolata and Rhizaria (SAR) orthologs
retrieved from the “protist” clusters node of OrthoDB protein database
[84] if the corresponding clusters were represented in at least 2 SAR
species. Gene prediction was performed for each P. betae draft genome,
with and without using protein hints. Both sets of predicted genes (with
and without protein hints), were compared with rhizarian proteins
present in UniProtKB/TrEMBL using OrthoVenn2 [154]. This, along
with visual inspection of gene models and aligned RNA-seq reads using
Integrated Genomic Viewer v9.1.2 [117], allowed us to identify the gene
set (generated with the protein hints) for further analysis. Protein
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products of genes predicted by BRAKER2 without protein hints, which
were absent from the dataset predicted with protein hints, were then
compared to NCBI nr database through BLASTP searches [28]. Se-
quences showing >30% identity with deposited proteins from other SAR
species were manually added to the gene set predicted with protein
hints. Predicted proteins were scanned for matches against the InterPro
v78.0 [105] protein signatures database using the InterProScan
v5.42-78.0 tool [76]. EggNOG-mapper v2 [70] with the EggNOG v5.0
clusters and phylogenies [71] was also used to assign predicted proteins
to clusters of orthologous groups (COG) categories. The dbCAN2 meta
server [155] allowed the annotation of carbohydrate active enzymes
(CAZymes) with DIAMOND (E-Value (10719%), HMMER (E-Value
<10713, coverage >0.35) and Hotpep (Frequency >2.6, Hits >6) using
CAZy, dbCAN and PPR database, respectively. The KEGG release 93.0
was searched for orthologies by HMMER/HMMSEARCH using Kofam-
KOALA (E-Value (10’2) [6]. Gene prediction and annotation from
P. brassicae and S. subterranea genomes [37,137] and transcriptomes
[123] were also performed for the purpose of proteome comparisons.

The P. betae draft genomes were analysed for non-coding RNA
(ncRNA) using cmsearch against the Rfam database v14.4 [78]. tRNA
matches were further categorised using tRNAscan-SE [98].

Proteins predicted from both draft genomes, ie. from isolates
A26-41 and RES F41, were compared with each other using BLASTP and
clustered with UniProtKB/TrEMBL rhizarian proteins using Ortho-
Venn2. Since both draft genomes were resolved from contaminated DNA
datasets, predicted proteins not found on the other draft genome or in
rhizarian proteins were then compared to the NCBI nr database with
BLASTP in order to evaluate if they had originated from foreign DNA.
Contigs containing only predictions found on one draft genome, and
matching bacterial proteins or bacterial RNA models were manually
removed as bacterial contamination.

Overall amino acid identity (AAI) between both P. betae predicted
proteomes was computed with the “aai.rb” AAI calculator [118,119].
Thresholds to consider alignments for AAI computation were a mini-
mum alignment of 50 aa and a minimum identity of 0.2.

The mitochondrial genome was annotated using AGORA [77], GeSeq
[142], MITOS2 [9,52] and tRNAscan-SE softwares with the support of
additional blast and Rfam searches. The synteny figure was produced
with the SimpleSynteny web-based tool [146].

2.3.2. Secretome, membranome and putative effector selection

Secreted and membrane protein predictions were investigated
following a computational pipeline developed for fungi, and adapted
from Vivek-Ananth et al. [148]. First, all predicted proteins were
searched for signal peptide (SP) with SignalP v5.0b [7], in “Eukarya”
organism group and Phobius [80], for Glycosylphosphatidylinositol
(GPI) anchor using big-PI with the “Protozoa” learning set [55] and for
transmembrane domains (TM) using Phobius and TMHMM v2.0 [85].
Proteins with a SP and/or a GPI and/or a TM were selected through an
inclusive rule and retained for the second step. Endoplasmic reticulum
(ER) retrieval signal was then searched using PS SCAN [59] for the
PROSITE [132] pattern PS00014. Proteins with an ER signal were dis-
carded. Next, proteins were separated into two groups, one containing
proteins with transmembrane domains and/or GPI anchors, and one
containing proteins without clues of membrane localization. TMHMM
tends to predict TM domain in the first 60 N-terminal amino acids (aa)
when SP are present. However, the presence of a SP is a suggestion of
extracellular localization rather than membrane localization. Therefore,
TM predicted by TMHMM in the first 60 aa were not considered at this
step. The last step was the subcellular localization of proteins classified
in these two groups using three tools: TargetP v2.0 [56] with the “Non-
plant” organism group, WoLF PSORT v0.0.1.1 [69] with the “Animal”
organism type, and ProtComp v9.0 (Animal & Fungi) [83]. Proteins
were considered as secreted or transmembrane if they are predicted as
such by at least two tools. Candidate secreted proteins were eventually
screened for effector using the EffectorP 2.0 machine learning classifier
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2.4. Comparison of plasmodiophorid predicted proteomes

Predicted proteins from P. betae isolates A26-41 and RES F41,
P. brassicae isolate €3, and S. subterranea isolate SSUBK13 were clustered
and compared with OrthoVenn2 [154] with E-value and inflation value
parameters set to 1e "2 and 1.5, respectively. This clustering analysis was
performed with S. subterranea data kindly provided by the S. subterranea
genome paper authors [37] and the P. brassicae proteome UP000039324
retrieved from the UniProtKB/TrEMBL database.

COG categories were parsed from the EggNOG mapping results ob-
tained for each isolate as well as for B. natans (Bignal), Phytophthora
infestans (ASM14294v1) and Plasmodium falciparum 3D7 (ASM276v2)
retrieved from EnsemblProtists. Comparisons of COG categories abun-
dances in full proteomes, secretomes and membranomes were then
performed and visualized with R software.

Gene ontology (GO) terms were assigned to the predicted proteins
according to the InterProScan analysis results and parsed to produce
customized GO-annotation files for each isolate. For B. natans, P. infes-
tans and P. falciparum, GO terms were retrieved from EnsemblProtists
with Biomart.

Different custom protein subsets were then generated for each
isolate: membrane proteins, secreted proteins, proteins containing
ankyrin repeats according to Pfam searches (Anks), and proteins with a
hit in PHI-base (Pathogen Host Interactions). Comparisons of GO terms
abundances in secretomes and membranomes were then performed with
WEGO v2.0 [158,159] and visualized with R software. Significant dif-
ferences between protein frequencies were assessed using Chi-square
tests. Singular Enrichment Analyses (SEA) were performed on those
subsets using the agriGO v2.0 [141] analysis toolkit with customized
GO-annotated reference sets for each isolate as background. A hyper-
geometric statistical test followed by the Hochberg adjustment method
was used to compute adjusted P-values, only GO terms with an adjusted
P-value <0.05 were considered.

Predicted proteins were also scanned for Pfam domain signatures
[57] with hmmscan v.3.2.1. Best non-overlapping Pfam matches were
parsed from hmmscan results for each protein dataset with an E-value of
10~*. Pfam enrichment analysis was calculated as described by Chan-
dran et al. [32]. Briefly, a hypergeometric distribution was used to
compute P-values which were then adjusted for multiple hypothesis
testing as explained by Benjamini and Hochberg [8] with an allowed
false discovery rate of less than 10%. Enrichment analyses were per-
formed for each species and species combination, with all domains
identified from all compared species as background. Moreover, enrich-
ments were also achieved from protein subsets corresponding to
orthologs and co-orthologs identified from each species combination
with the OrthoVenn2. Only matches with an adjusted P-value <0.05 and
mapped on at least three proteins were kept.

2.4.1. Sequence manipulation and phylogeny

Alignment of sequences was achieved with MAFFT [81,87] and
visualized either in Mview [13] or in MEGAX software [86]. A
maximum-likelihood (ML) concatenation-based species tree was infer-
red from MAFFT alignments of 31 single copy genes in IQ-TREE [110] in
combination with ModelFinder [79] and ultra-fast bootstrap with 1000
replicates [67]. The tree was rooted using Plasmodium falciparum and
visualized using ITOL v.5 [94]. Dotplots from mitogenomes were ob-
tained with LAST v1170.

3. Results
3.1. Assembly and annotation of two P. betae draft genomes

The sequencing run for the A26-41 and RES F41 isolates yielded 12.3
and 7.1 Gbps accounting for 24,584,570 and 23,751,328 paired reads
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after adaptor and quality trimming, respectively. After metaSPAdes as-
sembly, 235,649 and 1,115,426 contigs were generated, respectively.
Following binning with metaWRAP, and evaluation of the resulting bins
using the bespoke EukCC as described, one bin from each isolate was
selected as most likely to be P. betae, based on a genome completeness of
more than 92% and contamination of less than 3% (Supplementary
Table S1). Some medium to high quality bacterial genomes were also
recovered and assigned to a taxonomic classification. These are shown in
Supplementary Table S2, with bins common between the two isolates
highlighted. The contents of both predicted P. betae bins were reas-
sembled to achieve the best quality assembly for each draft genome. The
resulting draft genomes for A26-41 and RES F41 encompassed 1039 and
1476 contigs, respectively. The A26-41 average contig read coverage
was 266-fold whereas the average RES-F41 contig coverage was 37-fold.
The absence of significant Beta vulgaris (sugar beet host) DNA contam-
ination was confirmed by mapping raw reads from the fully sequenced
monogerm DH line KWS2320 (SRA accession no. SRR869626 and
SRR869627) to both P. betae draft genomes. The GC-content (45.0%) is
comparable to S. subterranea (45.7%) but lower than P. brassicae
(58.5-59.4%). Total assembly length (25.4 Mb for RES F41 and 26.5 Mb
for A26-41) is comparable to the assemblies of other available full ge-
nomes in plasmodiophorids (general genome statistics are detailed in
Supplementary Table S3). Similarity between both P. betae draft ge-
nomes was evaluated through ProgressiveMauve full length genome
alignment (Supplementary Fig. S1). From Mauve alignment, 49 A26-41
contigs did not find correspondence in RES F41 whereas 234 RES F41
contigs were absent from A26-41. A total of 26,717 SNP were identified
between the isolates as well as 3566 and 3695 gaps in A26-41 and RES
F41 respectively. To get a better idea of full-length similarity between
isolates, ANI value was computed. The “ani.rb” tool generated 127,606
and 120,483 fragments and discarded 936,345 bp (3.5%) and
1,320,853 bp (5.2%) from the A26-41 and the RES F41 isolates,
respectively. From the aligned portions, the average nucleotide identity
was 99.87% (Supplementary Fig. S2). These statistics demonstrate that
the two draft genomes, despite being from different isolates, had a high
degree of similarity. One contig, containing P. betae ribosomal DNA
genes (18S ribosomal RNA gene, internal transcribed spacer 1, 5.88S ri-
bosomal RNA gene, and internal transcribed spacer 2, and 28S ribo-
somal RNA gene) was not properly binned along with the other A26-41
contigs, possibly due to extremely high average read coverage
(17,237 %). It was manually added to the A26-41 draft genome.

We analysed both draft genomes (including the extra contig identi-
fied for A26-41) with cmsearch as described to determine the non-
coding RNA (ncRNA) content (Supplementary Table S12). For both
draft genomes we were able to recover all components of the splicosome
(U1-U6) and the ribosome (both the large ribosomal subunit (LSU) and
the small ribosomal subunit (SSU)), as well as signal recognition parti-
cles, ribonucleoproteins, a self-splicing ribozyme, and small nucleolar
RNAs common to both genomes. We used tRNAscan-SE to further
categorize the tRNA genes present (Supplementary Table S12). The re-
sults show that both draft genomes include tRNA genes for all 20 amino
acids, as well as an unusual stop codon (TCA) found in the mitochondria
of some green algae. This coverage of both rRNA and tRNA genes is
consistent with the MIMAG criteria for a “high-quality” genome.

MITObim reassembly resulted in the first sequence of P. betae mito-
chondrial genome from isolate A26-41. Reassembly was also performed
with the NOVOPlasty software with highly similar results, confirming
the accuracy of reassembly. The total length of the MITObim assembly is
33,862 bp, shorter than the mitogenomes of S. subterranea (37,699 bp;
[63]) and, from P. brassicae (102,962 - 114,663; [41] - [137]). Its GC
content is 29.0%, slightly higher than the percentage reported for
S. subterranea (26.8%) and P. brassicae (26.2%). The mitogenome
annotation using AGORA, GeSeq, MITOS2 and tRNAscan-SE softwares
as well as additional blast and Rfam searches identified 30 protein-
coding genes and 27 structural RNAs on the P. betae mitochondrion.
Sixteen proteins involved in the mitochondrial respiratory chain were
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found among protein-coding genes, namely ATP1,6,9, COX1-3, COB,
NAD1-7, NAD4], NAD9. Twelve ribosomal proteins were also identified:
RPL6,14,16, RPS3,4,7,8,11,12,13,14,19. Two ORF encoding hypothet-
ical proteins were also detected. The structural RNAs that were found
are rRNS, rRNL, rRN5 and 24 tRNA (Supplementary Table S12). A
comparison with P. brassicae and S. subterranea mitochondrial genomes
revealed that the three plasmodiophorid mitogenomes show a near
perfect synteny (Fig. 2). However, P. betae and S. subterranea mito-
chondrial genomes are closer in length and in gene content. This dif-
ference is explained by the high intron content, containing additional
ORFs, and larger intergenic spaces found within the P. brassicae mito-
chondrial genome.

Next, we investigated the proteome encoded by each P. betae nuclear
genome, aided by gene annotations predicted using sequence data
(31,798,532 paired reads) from poly(A)-RNA purified from sugar beet
roots infected with high levels of P. betae. After filtering steps, ~16% of
the RNAs-eq reads mapped against both P. betae draft genomes (this low
rate was expected due to the presence of sugar beet RNA). The RNA-seq
alignments on both draft genomes were used along with protein hints to
assist gene prediction using the BRAKER2 pipeline. In total 10,224
protein-coding genes accounting for 10,799 protein-coding mRNAs were
predicted for the A26-41 isolate while 10,222 protein-coding genes
accounting for 10,808 protein-coding mRNAs were predicted for the
RES-F41 isolate. These two mRNA datasets were then compared to each
other using BLASTP and showed that 3.04% (328 out of 10,799) of
predicted proteins in isolate A26-41 found no match in the predicted
protein set of isolate RES F41. Similarly, 3.22% (348 out of 10,808) of
isolate RES F41 predicted proteins found no match in the predicted
protein set of isolate A26-41. Overall amino acid identity between the
aligned portion of both P. betae predicted proteomes computed with the
“aai.rb” AAI calculator was again very high, reaching 99.18%.

The InterProScan analysis of the A26-41 predicted proteins found at
least one annotation in 9379 predicted proteins (86.8%) from which
4749 (44.0%) could be associated with at least one GO term. For the RES
F41 predicted proteins, annotations were found in 9363 predicted pro-
teins (86.6%) from which 4736 (43.8%) could be associated with at least
one GO term. EggNOG mapping found seed orthologs for a total of 5633
predictions (52.2%) from A26-41 among which 4247 (39.3%) were
assigned to a known Cluster of Orthologous Group (COG) category
(other than “S”). Similarly, 5591 predictions (51.7%) from RES F41 were
mapped to a seed ortholog from which 4220 (39.0%) were assigned to a
known COG category. Functional profiles generated from EggNOG COG
categories are presented in Fig. 3. Interestingly, these functional profiles
are remarkably similar across the compared plasmodiophorids, but
distinct from those of B. natans, Plasmodium falciparum and P. infestans,
the three other SAR species included in the comparison. The major
difference being the distribution of poorly characterized proteins. A
large proportion of predicted rhizaria proteins (including B. natans)
were unmapped, indicating that they are unrepresented in EggNOG,
whereas more poorly characterized proteins from P. falciparum and
P. infestans were matched but unassigned to a category or assigned to the
“unknown function” category, probably due to the inclusion of these two
species in EggNOG v5.0. Functional profiles have also been generated
from selected GO terms derived from the InterProScan analysis (Sup-
plementary Fig. S3). A comparison of genome metrics for A26-41, RES
41 and other plasmodiophorids is presented at Table 1.

CAZyme annotation (see methods) allowed the identification of 177
and 175 carbohydrate-utilizing protein candidates from the A26-41 and
RES F41 isolates respectively. To be stringent, we restricted the results to
CAZymes predicted with at least two methods on dbCAN2 meta server
which represent 64 and 62 proteins, respectively. Identification of
isolate A26-41 enzymes involved in known biosynthetic pathways with
KofamKOALA allowed us to assign 3001 predicted proteins to a KEGG
Ortholog (KO). From these, 1204 were associated with enzyme codes
(EC). Similarly, 3010 RES F41 proteins were assigned to a KO from
which 1204 were also linked to an EC.
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Fig. 2. Syntenic comparison between the mitochondrial genomes of P. betae, P. brassicae and S. subterranea. Homologous genes share the same colors and are
connected by curved lines. Gene names are indicated. To make the comparison easier, the P. brassicae genome (LS992577) was opened at position 43,000, then both
fragments were flipped and merged.
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3.2. Protein clustering with S. subterranea and P. brassicae from both P. betae nuclear genomes as well as from P. brassicae (GenBank
accession no. GCA_900303365.2) and S. subterranea (GenBank accession

A protein clustering analysis was performed on proteins predicted no. GCA_900404475.1). For a true comparison, the protein sets for
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Table 1

Genomics 114 (2022) 9-22

Comparison of P. betae (Pbet) draft genomes A26-41 and RES F41 with other fully sequenced plasmodiophorids: P. brassicae (Pbra) e3, eH, ZJ-1 and S. subterranea

(Ssub) SSUBK13.

Features Pbet A26-41 (this Pbet RES F41 (this Ssub SSUBK13 Pbra Pb3 Pbra e3 Pbra e3 Pbra eH Pbra ZJ-1
study) study) [37] [120] [124] [137] [41] [10]

N of contigs/ 1040 1476 2340 107 165 20 136 667

scaffolds

N50 (Kb) 49 57 28 723 473 1300 741 510

AS(S&‘;;’IY length 26.5 25.4 28.1 24.2 24.0 25.1 24.6 24.1

GC content (%) 45.0 45.0 457 59.0 58.5 59.0 59.3 59.4

Prggz:"dmg 10,224 10,222 9742 (this study) 10,851 9730 9231 12,590 10,951

CDSs percentage 52.4 54.3 47.9 (this study) ND 56.8 ND ND 60.2

Repeats percentage 7.9 5.7 10.7 (this study) <2% 5.4 11.5 ND 5.9

P. brassicae and S. subterranea were generated with the same bio-
informatic pipeline (BRAKER2 v2.1.4) as used for P. betae (further
analysis using “published” gene models for P. brassicae and S. subterranea
are presented in Supplementary notes 3.1, but show near identical re-
sults). Fig. 4 shows there was a high similarity between both P. betae
isolates, with 9270 shared clusters containing 9718 and 9673 proteins
from A26-41 and RES F41 respectively. Moreover, a closer relationship
between both P. betae and S. subterranea (5400 shared clusters) than
between both P. betae and P. brassicae (5300 shared clusters) is indi-
cated. Results from separate analyses for each P. betae isolate are
available in Supplementary Fig. S4. Fig. 4 also shows a closer relation-
ship between P. brassicae and S. subterranea than between P. betae and
P. brassicae, further illustrated by the maximum likelihood phylogenetic
tree (Fig. 4C). It should be noted that 767, 870, 3178 and 2564 proteins
have been classified as singletons (only clusters are shown in Fig. 4) in

A

P. betae A26-41, RES F41, P. brassicae and S. subterranea, respectively.
Taking singletons and species-specific clusters into account, 42.5%,
45%, and 37.6% of predicted proteins are specific to P. betae, P. brassicae
and S. subterranea, respectively. Lastly, 4585 protein clusters are shared
by the four organisms, and therefore taken to represent the plasmodio-
phorids core proteome.

3.3. A pipeline for secretome and membrane protein predictions

Proteins predicted from both P. betae isolate draft genomes as well as
from P. brassicae and S. subterranea genomes were screened for secreted
and membrane proteins using a four-step pipeline adapted from Vivek-
Ananth et al. [148]. As presented in Table 2, numbers of remaining
proteins at each step are very similar in both P. betae draft genomes and
closer to S. subterranea than to P. brassicae. The effectorP 2.0 machine

P. betae P. brassicae
RES F41 e3
Pbet_A2641 Pbet_RESF41
P. betae 36 703 S. subterranea Pbra 63 Ssub SSUBK13
SSUBK13 - -
Cluster count Protein count
4585 M 19989
478 614 1994
559 1902
61 210
70 70 269
425 30 90
3512 mmm 7224
40 108
8 23
30 478 1180
17 39
614 703 2296
36 136
69 170
425 1461
Size of each list C
. 9414
o451 6303 Plasmodium falciparum
Ares. — Phytophthora infestans
0 ‘ ‘ - Reticulomyxa filosa
Pbet A2641  Pbet RESFA1  Pbra_e3  Ssub_SSUBK13 100 Bigelowiella natans
% Plasmodiophora brassicae
Number of clusters: unique (1) or shared by 2, 3 or all genomes" T% Polymyxa betae
\ 4585 | 1304 || 4085 [ 1233] 10 Spongospora subterranea
4 3 2 1

Fig. 4. Protein clustering from P. betae (Pbet) draft genomes A26-41 and RES F41, P. brassicae (Pbra) e3 and S. subterranea (Ssub) SSUBK13 with OrthoVenn2. A:
Venn diagram of ortholog clusters. B: cluster and protein counts. C: Maximum likelihood phylogenetic tree of the fully sequenced rhizarias computed with the
A26-41 P. betae isolate with 31 single copy gene encoded aa sequences. Bootstrap support (in %) is shown on branches.
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Table 2
Secretome and membranome prediction pipeline results for P. betae (Pbet) draft genomes A26-41 and RES F41, P. brassicae (Pbra) e3 and S. subterranea (Ssub)
SSUBK13.
Pbet A26-41 Pbet RES F41 Pbra e3 Ssub SSUBK13
Proteome 10,799 10,808 12,163 10,700
Step 1 3423 3420 4332 3098
Step 2 3413 3409 4319 3092
Secreted Membr. Secreted Membr. Secreted Membrane Secreted Membr.
Step 3 991 2422 1010 2399 1283 3036 796 2296
Step 4 655 1525 670 1514 834 1942 526 1489

Step 1: proteins containing a signal peptide and/or a GPI anchor and/or a transmembrane domain. Step 2: step 1 proteins containing an ER retrieval signal were
discarded. Step 3: Membr. = step 2 proteins containing a GPI anchor and/or a transmembrane domain, Secreted = step 2 proteins lacking GPI anchor and trans-
membrane domain. Step 4: step3 proteins filtered according to their predicted localization. For details, see methods.

learning classifier was used to predict effector candidates among the
secretomes determined from the four genomes. Respectively 104
(15.9%), 104 (15,5%), 94 (17,9%) and 112 (13,4%) of these proteins
from P. betae A26-41, P. betae RES F41, S. subterranea and P. brassicae
are predicted to be effectors. No RXLR effector-like proteins were
detected.

Level 2 GO annotation of secretomes and membranomes predicted
from the four data sets is presented in Fig. 5. Globally, the same ten-
dencies are visible in each plasmodiophorid. Prevailing molecular
functions predicted in the plasmodiophorid secreted proteins are linked
to binding and catalytic activities and intervention in metabolic and
cellular processes. Other GO terms are poorly represented in all pre-
dicted secretomes with fewer than ten proteins mapped even for GO
related to cellular components, and of those that fall in this category,
some are annotated as part of the cell, organelles or protein complexes.
Prevailing molecular functions predicted in the membranomes are
linked to binding, catalytic and transporter activities and over-
represented biological processes include cellular and metabolic pro-
cesses as well as localization. Notably, membrane proteins involved in
response to stimulus, signaling and regulation of biological process have
been revealed.

A clustering analysis was performed with OrthoVenn2 and revealed

[l Pbet A2641

Signaling -
Response to stimulus -

Regulation of biological process -

that most secreted proteins are not shared in plasmodiophorids (Sup-
plementary Fig. S5). Functional profiles generated from EggNOG COG
categories showed that the majority of plasmodiophorid secreted pro-
teins remain poorly characterized (Supplementary Fig. S6).

3.4. Comparison of P. betae with gall-forming plasmodiophorids

GO terms and Pfam domains overrepresented in protein clusters
absent from P. betae but shared in P. brassicae and S. subterranea were
examined to detect potential molecular functions, biological processes
or domains associated with the gall-forming phenotype (Supplementary
Tables S5 and S10). Among GO biological processes enriched in over-
lapping clusters shared only by P. brassicae and S. subterranea, we noted
“cell differentiation” and “histidyl-tRNA aminoacylation”, “histone
acetylation”, “methylation”, as well as “dicarboxylic acid metabolic
process”. Moreover, the GO molecular functions “metal-
locarboxypeptidase activity”, “kinase regulator activity” and “FMN
binding” were also found remarkably enriched. Lastly, GO terms linked
to endosome cellular trafficking are also overrepresented in P. brassicae
and S. subterranea overlapping clusters.

Each predicted proteome and secretome was also searched for
enriched Pfam domains (Supplementary Tables S6 and S7).

Pbet RESF41 [ Pbra e3 [l Ssub SSUBK13
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Fig. 5. Assignments of proteins predicted as secreted (right) and as membrane proteins (left) to selected general GO terms (level 2). Results for P. betae (Pbet) drafts
genomes A26-41 and RES F41, P. brassicae (Pbra) e3 and S. subterranea (Ssub) SSUBK13 are presented as percentages of annotated proteins in membranome

or secretome.
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Substantially more proteins bearing ankyrin repeats (Anks) were
discovered in the gall-makers S. subterranea (245) and P. brassicae (243)
than in P. betae (54 in A26-41 and 56 in RES F41), even though based on
our clustering and phylogenetic analysis (Fig. 32), S. subterranea seems
globally closer to P. betae. To better characterize proteins containing
ankyrin repeats for potential involvement in interactions with the plant
host, GO terms were investigated from secreted Anks. Only the ubiqui-
tous “protein binding activity” term was associated with these proteins
in both P. betae and S. subterranea. Enrichment tests were also carried out
for subsets representing Anks from each plasmodiophorid proteome (not
only secretomes). The sole enriched GO term found was again “protein
binding activity” despite the presence of a few other domains. Anks were
then searched for pathogenicity relevant characteristics including for
the presence of a high confidence blastp hits in PHI database, for the
classification or not as a CAZyme and for their predicted secreted and
effector nature. Despite the lower number of Anks in P. betae, propor-
tionally less P. betae Anks (<10%) are considered as secreted than
S. subterranea Anks (11.8%) and P. brassicae Anks (30.5%). Only one
P. betae Ank from the A26-41 isolate is an effector candidate compared
with two in P. brassicae and six in S. subterranea. However, proportion-
ally more correspondence in the PHI database was found among P. betae
Anks (16.1% -18.5%) than in S. subterranea (13.9%) and P. brassicae
Anks (11.1%). Altogether, this suggests that the spectrum of Anks is
different between the compared plasmodiophorids and from references
available in databases.

The respective secretomes and membranomes of all the plasmodio-
phorids were also searched for enriched GO terms (Supplementary
Tables S8 and S9). A weaker representation of carbohydrate metabolism
related proteins, in particular “carbohydrate binding” was found in both
P. betae computational secretomes than in both gall-makers secretomes.
In the computational membranome, proportionally more proteins
involved in and transferase activities and carbohydrate binding are
found in P. betae than in P. brassicae and S. subterranea membranomes.

3.5. Plant defense related genes

We also searched the plasmodiophorid genomes for genes encoding
plant defense related proteins. Three P. betae secreted proteins con-
taining a Barwin domain were recovered in both P. betae isolates and
have no orthologs in P. brassicae and S. subterranea secretomes. The
proteins share the same general structure: a signal peptide followed by a
Barwin domain (barley wound-induced, RlpA-like domain superfamily)
or PR-4 in the pathogenesis-related (PR) protein nomenclature. The C-
terminal end is characterized by the presence of a long intrinsic disorder
region. As shown in the Supplementary Fig. S7, the N-terminal region of
those three proteins, after signal peptide cleavage, is conserved over a ~
120 bp region corresponding to the PR-4-like domain. Conversely, they
are greatly dissimilar through the C-terminal region. Another PR-like
protein from the Thaumatin family (PR5-like) was also recovered in
both P. betae and P. brassicae predicted secretomes. Proteins belonging to
the CAP superfamily with BLASTP hits to plant PR-1 proteins were also
found in the four secretomes.

Lastly, we identified other proteins which could interfere with plant
defense. One SOBER1-like immunity suppressor protein was found in
P. betae, as well as in both of the other compared plasmodiophorids.
Three isochorismatases were also found in both P. betae proteomes
against four in P. brassicae and one in S. subterranea. These also lack
signal peptide and are thus not predicted as secreted through the
“classical” secretion pathway. Nevertheless, these three proteins are
homologs of experimentally characterized fungal isochorismatases
which are known to be secreted through unconventional pathways.

3.6. Sperm-specific voltage-gated calcium channel (CatSper)

The clustering and comparative analysis revealed the presence of six
orthologs of the mammalian cation channel sperm-associated proteins
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(CatSper complex) in P. betae and S. subterranea proteomes and not in
P. brassicae proteome (Supplementary Table S5). These include proteins
annotated as CatSperl,2,4, CatSperf, CatSperd/e and CatSpery by
InterProScan. Since there is no InterPro entry for CatSper3, we identified
CatSper3 homologs in P. betae and S. subterranea proteomes through a
BLASTP search. The CatSper { subunit, specific to mammals, raised no
BLASTP hits in any plasmodiophorid. The recently identified CatSper
associated protein EF-hand calcium-binding domain-containing protein
9 (EFCAB9) also found homologous sequences in both P. betae and
S. subterranea but not in P. brassicae. Furthermore, we searched the
InterPro database for CatSper protein families and used identified se-
quences as BLASTP queries against NCBI nr. and as tBLASTn queries
against the P. brassicae genome sequence [137]. This confirmed the
absence of the CatSper complex from P. brassicae but also from se-
quences of any other SAR species except the stramenopile Hondaea
fermentalgiana, which also contains the CatSpera1,2,3,4 and CatSperf,5/
¢,y InterPro families. CatSper protein sequences are 100% conserved
between both P. betae isolates except CatSpery where one conserved aa
substitution is present and EFCAB9 in which a 2 aa deletion is present in
the gene model for isolate P. betae A26-41. P. betae and S. subterranea
CatSperl, 2, 3 and 4 share 51.73%, 63,11%, 57.35% and 50.65%
identity, respectively. Identities for CatSperf, 5, y are a bit lower at
37.08%, 39.84% and 38.29% (38.43%), respectively. The S. subterranea
EFCAB9 homolog was also found in both P. betae isolates (76.19%
identity). In P. betae the EFCAB9 protein is fused in the N-terminal
portion with a sequence stretching across a 394-396 aa region con-
taining a mitogen-activated protein kinase (MAPK) domain. The CatSper
genes are located on different contigs in both the P. betae and the
S. subterranea draft genomes. More generally, the “calcium activated
cation channel activity” molecular function was found overrepresented
in P. betae and S. subterranea membranomes but not in P. brassicae.

3.7. GPCR signal transduction pathway

Comparative analyses revealed a much lower level of annotations
associated with signal transduction, especially with the “G protein-
coupled receptor signaling pathway” (GPCR), in P. betae and
S. subterranea proteomes (with 17 and 14 proteins, respectively) than in
P. brassicae proteome (82 proteins) (Supplementary Table S4). Signifi-
cantly enriched Pfam domains were searched from each plasmodio-
phorid proteome against the entire plasmodiophorids (Supplementary
Tables S7 and S8). Several enriched Pfam domains potentially linked to
signaling process were identified: “GPCR proteolysis site”, “7 trans-
membrane sweet-taste receptor of 3 GPCR”, “Leucine rich repeat”, “NHL
repeat”, “receptor family ligand binding region”, “Regulator of G protein
signaling domain”. Membranome GO enrichments also confirmed the
overrepresentation of signal transduction related terms. In particular,
P. brassicae computational membranome contains 50 predicted proteins
belonging to the “G protein-coupled receptor signaling pathway™ against
six in P. betae and none in the S. subterranea membranome. This is partly
due to the high number of proteins (26) annotated as “G-protein coupled
GABA receptor activity” against none in S. subterranea and P. betae
membranomes.

4. Discussion

4.1. An efficient method to sequence and compare obligate endoparasites
eukaryotic genomes

The results presented in this study were generated with DNA
extracted from two distinct P. betae life stages, sporosori and zoospores,
and from two geographically distinct isolates (Belgium and UK). Despite
these differences, and the fact that both draft genomes were assembled
from samples including distinct levels of contaminating plant and mi-
crobial DNA sequences, the alignment of the “cleaned” draft genomes
showed a high degree of coverage and identity. Moreover, predicted
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protein comparisons from both also showed outstanding similarity.
These results endorse the use of the bioinformatic pipeline (Fig. 1) to
extract accurate eukaryotic assembled genomes from datasets highly
contaminated with prokaryotic sequences. Interestingly, this strategy
showed effectiveness with both datasets despite distinct P. betae mean
coverages and the fact that the RES F41 isolate dataset was substantially
more contaminated than the A26-41 isolate dataset (1,115,426 vs.
235,649 putative prokaryotic contigs, respectively). While it would have
been advantageous to generate long reads, this was unfortunately not an
option in this study because we were not able to produce enough good
quality DNA for long-read sequencing. Using such long reads to perform
hybrid assemblies is possible with metaSPAdes and would have been
useful for reducing the numbers of contigs and gaps in the final assem-
blies. However, the fact that two different samples provided comparable
assemblies with short reads assures the reliability of our results.

Pfam domain signatures were searched against the P. betae A26-41
and RES F41 predicted proteins as well as P. brassicae and S. subterranea
de novo and published sequence sets (Supplementary Table S11). It is
noteworthy that de novo gene prediction from published S. subterranea
and P. brassicae genomes noticeably increased the number of Pfam do-
mains returned by hmmscan. This could indicate either more sensitivity,
or more redundancy through gene prediction with the BRAKER2 pipe-
line. Similarly, P. betae protein clustering was carried out with de novo
and published sequence sets. Again, the number of P. betae proteins
clustered with proteins from P. brassicae and S. subterranea was higher if
all compared gene models had been predicted with the BRAKER2
pipeline. These results indicate a potential bias in comparative analyses
depending on the gene prediction method used. However, our analyses
show that use of de novo gene predictions in place of published gene data
is suitable for such comparative analyses. Indeed, it may be a better
approach in that it helps to normalise the gene predictions across the
different data sets, and gave us the confidence that we were comparing
like with like.

Successful plant pathogens have the ability to manipulate the de-
fense response of their host through the secretion of effector proteins
[50]. Plasmodiophorids have the particular character to develop plas-
modia inside plant root cells, in close contact with their host cytoplasm.
Thus, we might speculate that membrane and secreted proteins will
constitute, through a long co-evolution, a significant proportion of the
proteome co-ordinating the interaction between P. betae and its host.
Previously, various methods have been used to predict secreted proteins
in plasmodiophorid species including, using only SignalP to detect signal
peptide [37], following a two-step method relying on SignalP and
TMHMM to eliminate proteins with a TM domain [124], or using a four-
step pipeline involving SignalP, TMHMM in combination with PredGPI
to keep only proteins lacking GPI, and defined as secreted by TargetP
[120]. In this study, a four-step pipeline (adapted from Vivek-Ananth
et al. [148]) was used to concomitantly predict secreted and mem-
brane proteins. The results of the secretome and membranome GO
annotation classification support the predictions generated from this
pipeline, as applied to plasmodiophorid species. In fact, the number of
P. brassicae secreted proteins that were predicted with this pipeline
(834) is greater than in previous studies (553-741) [41,120,124] while
the methodology is at least as stringent. More recently, two studies
focused on P. brassicae effectors prediction, using RNA-seq data and
reducing the scope to small secreted proteins highly expressed in pri-
mary infection of Brassica napus [35] and secondary infection of
A. thaliana [114], resulting in the prediction of 33 (<300aa) and 32
(<400aa) effectors, respectively. The comparison of the expression of
predicted P. betae secreted proteins in zoospores, sporosori and at
different stages of the infection cycle would be useful to generate a short
list for experimental functional analysis.

More shared protein clusters were found between P. betae isolates
than had been previously reported for P. brassicae [41]. While the pro-
tein clustering results also suggest a similarity in proteomes across
plasmodiophorids, there were a significant number of differences which
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should be further investigated to better understand their biology.
Globally, the clustering results and phylogenomics support the idea that
P. betae is more phylogenetically related to S. subterranea than to
P. brassicae and that S. subterranea should be classified between P. betae
and P. brassicae. This contrasts with some previous studies based only on
ribosomal DNA sequence information which grouped P. brassicae and
S. subterranea in a poorly supported clade distinct from P. betae and
P. graminis [17,53,152] but agrees with a recent study revising the
taxonomy of phytomyxea [66]. The analysis of the mitochondrial ge-
nomes further supports this hypothesis, even if the three mitogenomes
showed a nearly perfect synteny. In comparison with the P. brassicae
mitochondrial genome, P. betae and S. subterranea mitogenomes are both
approximately three times smaller with a reduced number of introns and
intergenic sequences.

4.2. Host-plasmodiophorids interactions

In this comparative study, we noticed a lower enrichment in proteins
bearing ankyrin-repeat domains (Anks) in the predicted proteomes and
secretomes of the asymptomatic P. betae than in both gall-makers,
P. brassicae and S. subterranea. We also found that functional predic-
tion of Anks through homology researches raised poor results, especially
for secreted Anks. Ankyrin repeats consist of 30-34 aa repeats widely
spread in eukaryote proteins [12] and involved in various interactions,
primarily with proteins [95] but also with lipids and sugars [73]. The
versatile interaction potential of Anks suggests that they are involved in
a diverse range of functions enumerated in Voronin and Kiseleva [149]
and Islam et al. [73]. Interestingly, some Anks are considered as viru-
lence genes in bacteria, being used to hijack host cellular mechanisms
[2]. In particular, Anks genes could be key in establishing the intracel-
lular parasitic lifestyle of some bacteria such as Wolbachia [61,64,133]
as well as the symbiotic interaction between Shewanella sp. and sponges
[5]. More generally, Anks abundance seems to be correlated with the
microbe symbiotic lifestyle, being particularly enriched in the reduced
genomes of some obligate intracellular bacteria in comparison to free
living bacteria [74,75]. Plasmodiophorids also have compact genomes
[120]. Moreover, Schwelm et al. [124] observed that P. brassicae ef-
fectors highly expressed in plasmodia contained ankyrin repeats. The
expression of Anks putative effectors was further confirmed during
primary and secondary infection with P. brassicae ([35] [114]) and
Voronin and Kiseleva [149] suggested that Anks genes acquisition could
be a pathway used for Protozoa evolution and adaptation. Collectively,
current evidence indicates that it is possible that Anks could have played
an important role during the co-evolution of plasmodiophorids with
their hosts.

Genes harboring similarities with plant defense genes were also
uncovered. Three PR-4-like proteins containing a signal peptide were
detected in P. betae computational secretomes but not in other plasmo-
diophorids. Schwelm et al. (2015) already identified a PR-1-like secre-
tory protein in P. brassicae with no homologs in the non-plant
pathogenic Rhizarians as well as PR-5-like proteins in P. brassicae
secretome. Likewise, PR-1-like and PR-5-like proteins were also uncov-
ered in the P. betae secretome. Interestingly, a P. betae PR-1-like (Pbef2)
was previously identified by suppressive subtractive hybridization in the
P. betae-B. vulgaris pathosystem [44]. In plants, PR genes are generally
induced in response to an infection or an attack and are part of the plant
defense response [127,145]. However, PR protein recognition was also
shown to regulate plant defense response. For instance, PR4-LRR1
interaction in pepper resulted in suppression of cell death and defense
responses [72]. Therefore, the possible implication of secreted PR-like
effectors in plasmodiophorids pathogenicity is worth further investiga-
tion. Three isochorismatases-like proteins were also predicted in P. betae
as well as in other plasmodiophorids. Secreted isochorismatases effec-
tors encoded by the root fungal and oomycete pathogens Verticillium
dahliae and Phytophthora sojae have previously been experimentally
shown to suppress salicylate pathway through hydrolysation of its
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isochorismate precursor, notably in potato [96,156]. As for plasmodio-
phorid isochorismatases, these are lacking a signal peptide, suggesting
they would be secreted through an unconventional pathway. Moreover,
it was previously reported that the manipulation of the salicylic acid
pathway using a secreted effector is involved for P. brassicae virulence
[19,49,99]. Further research is needed to determine if secreted iso-
chorismatases are involved in the molecular interaction between the
plasmodiophorids and their respective hosts.

On the other hand, the P. brassicae genes encoding PbBSMT, a
methyltransferase acting on plant salicylic acid [99] and the auxin-
responsive Gretchen Hagen 3 (PbGH3), a protein involved in plant de-
fense hormone homeostasis (Schwelm et al., 2015), were not identified
in either P. betae or S. subterranea, suggesting that plasmodiophorids
have adopted different strategies to facilitate the infection and their
development within host tissues. In a similar vein, we report that GPCR
pathway genes are by far less represented in both P. betae and
S. subterranea than in P. brassicae e3. Bi et al. [10] highlighted the
importance of GPCR signaling pathway for P. brassicae development,
pathogenicity and induction of clubroot symptoms. They hypothesized
that it could be involved in the recognition of extracellular environment
signals (e.g. root exudates) and intracellular signals in the host cells
[10,113].

Our results showed that homologs of CatSper complex principal
(x1-4) and auxiliary subunits (f8y) were detected in P. betae and
S. subterranea proteomes but not in P. brassicae, and to the best of our
knowledge, this is peculiar within the protist world [27]). In mammals,
CatSper are sperm-specific Ca++ ion channel complex proteins initially
known for their role in sperm hyperactivation, motility, fertility and
chemotaxis to the egg [36,116,139]. This complex requires the presence
of the four subunits to work, controlling the cytoplasmic Ca++ con-
centrations in a pH-sensitive manner. Globally, an intracellular alka-
linization and high level of Ca++ inside the cell favors sperm activation
[139]. The remarkable conservation of the full CatSper complex as well
as the presence of other key elements of Ca++ signaling machinery lead
us to hypothesise that the Ca++ signaling could have a critical role in
P. betae and S. subterranea life cycles, putatively through zoospore
motility regulation and chemotaxis [27,102] where the CatSper complex
would conceivably play an important role. These results could also
explain a previous field observation that the infection potential of
P. betae is positively correlated with Ca++ content and pH in soils [92]
and it should be noted that liming to neutralise soil acidity was histor-
ically used to tackle clubroot of crucifers caused by P. brassicae [30,106]
and is still widely practiced as a soil conditioner in agriculture, including
for sugar beet crops [54]. Our results are in accordance with the hy-
pothesis that Ca++ signaling machineries appeared from early
eukaryotic lineages, before initial divergence, rather than from a sub-
sequent horizontal gene transfer event as previously suggested [27]. It is
interesting to note that no CatSper subunit signature was found in
P. brassicae, B. natans or R. filosa. If evolutionary origin is common, it
would mean that all three organisms have lost the four o as well as the
three auxiliary subunits during evolution as has been demonstrated for
numerous metazoa [26]. More generally, we should keep in mind that
calcium channels underwent rapid evolution leading to an impressive
diversity [147]. Further research should clearly be conducted to better
characterize these proteins.

5. Conclusions

In the last decade, most plasmodiophorid research focused on
P. brassicae. Taken together, our results suggest that though if P.betae,
P. brassicae and S. subterranea are classified in the Plasmodiophorida and
share a similar underground intracellular lifestyle, they probably have
different strategies, relying on distinct key molecular mechanisms, to
invade hosts root cells and multiply. For example, we pointed out
striking differences such as a lower enrichment of proteins with ankyrin-
repeat domains, the detection of CatSper complex proteins, different

19

Genomics 114 (2022) 9-22

enrichment of GPCR genes for signaling pathways that could be relevant
for development and pathogenicity. This emphasizes the need to enlarge
plasmodiophorids research focus to more species. Extending the com-
parison to new plasmodiophorid genome sequences such as Polymyxa
graminis could be of great help. In any case, the methods and analytical
strategy we have developed for eukaryote genome assembly from
unpurified samples will no doubt make some contribution towards
current efforts to sequence representatives of all living organisms as in
the newly established Earth BioGenome Project (https://www.eart
hbiogenome.org/).
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