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Abstract

Plasmodiophora brassicae is an important biotrophic eukaryotic plant pathogen and a member of the rhizarian protists.
This biotrophic pathogen causes clubroot in cruciferous plants via novel intracellular mechanisms that are markedly
different from those of other biotrophic organisms. To date, genomes from six single spore isolates of P. brassicae have
been sequenced. An accurate description of the evolutionary status of this biotrophic protist, however, remains lacking.
Here, we determined the draft genome of the P. brassicae ZJ-1 strain. A total of 10,951 protein-coding genes
were identified from a 24.1 Mb genome sequence. We applied a comparative genomics approach to prove the
Rhizaria supergroup is an independent branch in the eukaryotic evolutionary tree. We also found that the GPCR
signaling pathway, the versatile signal transduction to multiple intracellular signaling cascades in response to
extracellular signals in eukaryotes, is significantly enriched in P. brassicae-expanded and P. brassicae-specific gene
sets. Additionally, treatment with a GPCR inhibitor relieved the symptoms of clubroot and significantly suppressed
the development of plasmodia. Our findings suggest that GPCR signal transduction pathways play important roles in
the growth, development, and pathogenicity of P. brassicae.
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Background

Plasmodiophora brassicae is a member of the protist
supergroup Rhizaria (Burki et al. 2010), a group of bio-
trophic eukaryotic plant pathogen that causes clubroot
in cruciferous plants. Clubroot accounts for a 10%—15%
loss in cruciferous crop production and poses a major
threat to the production of several cruciferous crops
(Dixon 2009; Hwang et al. 2012). Two distinct infection
stages, a primary phase in root hairs followed by a sec-
ondary phase in root cortex and adjacent tissues, were
defined during the disease cycle of P. brassicae. The pri-
mary phase only lasts for a few days after P. brassicae
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invasion of the plant root hairs via primary zoospores re-
leased from the germinated resting spores. P. brassicae
forms primary plasmodia and then secondary zoospores
in the root hairs. The secondary zoospores are ultimately
released by broken root hairs and then trigger the sec-
ondary phase of infection and the development of intra-
cellular secondary plasmodia in root cortical cells
(Ingram and Tommerup 1972; Mcdonald et al. 2014).
The most characteristic symptom of clubroot is the for-
mation of large galls on the plant roots that result from
alterations to plant cell hypertrophy and hyperplasia
during cortical infection. Although infected host cells
are rapidly filled with cleaving secondary plasmodia or
resting spores, there is no apparent host defense re-
sponse and the plant cells themselves remain alive until
late in the infection process (Kageyama and Asano 2009;
Schwelm et al. 2015).
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There are six to eight major branches in the eukaryotic
tree of life (Adl et al. 2012). One of these, the Rhizaria
supergroup, encompasses the majority of skeleton-building
protists (Burki et al. 2010). Unlike the other branches, how-
ever, where the entire genomes have been sequenced for
numerous species to allow for comparative analysis, only a
few genomes of the Rhizaria branch are currently available.
These include genomes for Bigelowiella natans (Curtis et
al. 2012), Reticulomyxa filosa (Glockner et al. 2014), P.
brassicae (Schwelm et al. 2015; Rolfe et al. 2016), and
Spongospora subterranean (Ciaghi et al. 2018). Given
this, it is clear that the Rhizaria supergroup is the least
studied of the major eukaryotic branches (Campo et al.
2014). A previous study found a clade grouping of
Foraminifera and Acantharea in the evolution of Rhizaria
using evidence from phylogenomic analyses of ESTs of
three protist groups (Burki et al. 2010). Comparisons
among the various genomes of the Rhizaria supergroup
have been conducted for P. brassicae (strain e3), S. sub-
terranean, and the non-pathogenic Rhizarian B. natans
and R. filosa (Schwelm et al. 2015). The relationship be-
tween the Rhizaria supergroup and other eukaryotic
species, however, has not been fully investigated and re-
mains poorly understood.

Unlike other obligate biotrophic pathogens with di-
verse infection structures, P. brassicae is an intracellular
parasite that spends most of its lifecycle in the intracel-
lular environment of the host, similar to the lifecycle of
endophytic microbes (Kageyama and Asano 2009). An
effective molecular mechanism is therefore required for
P. brassicae to adapt to the intracellular environment of
its plant hosts. To date, draft genome sequences from
single spore isolates of Pbe3 (Europe strain), Pb3, and
Pb6 (Canadian strain) of P. brassicae have been ob-
tained, and the genomes of three other pathotypes (Pb2,
Pb5, and Pb8) have been resequenced (Schwelm et al.
2015; Rolfe et al. 2016). Although the genomes of these
strains of P. brassicae have been sequenced and ana-
lyzed, the evolutionary status of Plasmodiophora and
their relatives have not yet been investigated in detail.

The ability to sense and transduce extracellular signals
into intracellular responses using a sophisticated mo-
lecular signaling system is crucial for living organisms.
G-protein-coupled receptors (GPCRs), characterized by
a seven transmembrane domain structure, are involved
in a wide variety of physiological processes. Signals from
a diverse range of extracellular signaling molecules, includ-
ing hormones, neurotransmitters, ions, photons, and odor-
ants, can be relayed by GPCRs to intracellular downstream
signaling pathways to ultimately elicit cellular responses
(Hilger et al. 2018). Based on their sequence homology and
functional similarity, the superfamily of GPCRs can be gen-
erally divided into 6 classes (A, B, C, D, E, and F) (Qiu et al.
2009; Alexander et al. 2017). The signal transduction of
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GPCRs is dependent upon receptor-mediated activation of
heterotrimeric G proteins consisting of three subunits, Ga,
Gp and Gy (Kamp et al. 2016). As one of the main signaling
pathways in eukaryotes, the signaling system of GPCRs is
involved in numerous processes including developmental
control, cell growth, migration, density sensing, and neuro-
transmission (Rosenbaum et al. 2009; de Mendoza et al.
2014). As important central sensors that activate eukaryotic
signaling, GPCRs are the primary targets of human
drugs (van den Hoogen et al. 2018). Despite this, the
specific roles of these receptors and their downstream
signaling pathways in protists remain poorly understood. In
the current study, we conducted a comparative genomics
analysis to determine the role of the GPCR signaling path-
way in P. brassicae.

Results

Genome sequencing, assembly, and gene annotation of ZJ-1
For genomic analyses, we employed a whole-genome shot-
gun (WGS) sequencing strategy using the Illumina Genome
Analyzer (GA) sequencing technology for genome sequen-
cing. The draft genome sequence was assembled using
high-quality sequenced clean reads. The final assembly was
24.1 Mb, and the N50 size of the assembly scaffolds was
510.27 kb. The overall GC-content of the genome was
59.4% (Table 1). Both the size and GC-content of the as-
sembled ZJ-1 genome were similar to those of P. brassicae
isolates Pbe3, Pb3, and Pb6 (Schwelm et al. 2015; Rolfe et
al. 2016). Based on the conservative gene database for eu-
karyotes, we used CEGMA software to predict the core
genes of P. brassicae. The assembly captured 94.35% of the
total 248 ultra-conserved CEGs (core eukaryotic genes), en-
suring the reliability of the genome structures (Table 1). A
combination of gene prediction methods was used to pre-
dict gene models in the P. brassicae genome, which resulted
in the identification of 10,951 genes with an average length

Table 1 Comparison of the genome assembling of
Plasmodiophora brassicae strains ZJ-1 and Pbe3®

Z)-1 Pbe3
Assembly size (Mb) 24.1 242
Scaffold N50 (kb) 51027 472.89
GC (%) 594 585
Total gene length (kb) 19,1019 15,869.6
Gene percentage of genome (%) 7693 66
Predicted protein-coding genes 10,951 9730
Average gene length (bp) 1744 1631
Total CDSs length (kb) 14,9422 13,670.7
Average CDSs length (bp) 1364 1405
CDSs percentage of genome (%) 60.17 56.84
Completeness (CEGMA) (%) 9435 93.95

®Genome data of Pbe3 from Schwelm et al. 2015
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of 1744 bp, a coding sequence size of 1364 bp per gene,
and a total length of genes and CDS of 19,101.9 kb and
14,942.2 kb, respectively, comprising 76.93% and
60.17% of the assembly genome (Table 1). Evidence--
based annotations using transcriptome sequencing (RNA--
seq) data ensured high integrity and continuity of genome
assembly. After discarding low-quality raw reads, we ob-
tained 210 million clean reads from each of the three sam-
ples, and we then aligned these reads against the reference
genome (Additional file 1: Table S1). The results of ZJ-1
genome assembly and gene annotation are consistent with
those of Pbe3 and Pb3, where the total number of predicted
genes from Pbe3 and Pb3 was 9730 and 10,851, respectively
(Schwelm et al. 2015; Rolfe et al. 2016).

Low rate of repetitive regions and extensive

rearrangements in the P. brassicae genome

The overall features of the ZJ-1 genome reported here,
including genome size and GC-content, are similar to
those of the recently published genomes of P. brassicae
strains e3 and Pb3 (Table 2). The genomes among mem-
bers of the representative Stramenopiles-Alveolata-Rhizaria
(SAR) supergroup were compared. The P. brassicae
genome (~24 Mb) is smaller than that of the free-living
Rhizaria B. natans (~100Mb), R. filosa (~320Mb), or
Stramenopiles Phytophthora infestans (~ 240 Mb), and is
similar to the Alveolata P. falciparum genome (~22.8
Mb). The GC-content (58.5%) and gene density (genes
per Mb) of P. brassicae are significantly higher than
those of the other species within the SAR supergroup
(Table 2). Additionally, the genome of P. brassicae shows
a higher gene density compared to that of other represen-
tative plant pathogens (Additional file 2: Table S2). We
used a combination of de novo repeat identification and
homology analysis to identify repetitive DNA. The P. bras-
sicae genome includes 1.917% repeated transposable ele-
ments (TEs), 0.086% simple repeats, and 0.004% satellite
sequences (Table 3). Characterization of the observed
transposable elements demonstrates that the majority of
the repetitive sequences exist as retrotransposons
(21.23%), while 3.64% of the transposable elements were
DNA transposons (Table 3). The reported repeat content
for Pb3 and Pb6 was less than 2% (Rolfe et al. 2016),
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demonstrating that P. brassicae species possess a
small genome with few repetitive elements.

A comparative analysis of the entire genome reveals a
high level of synteny, with 104 LCBs (locally collinear
blocks) between the single spore isolates of ZJ-1 and Pbe3.
Significant genome rearrangements (transposition and
inversion) were identified (Fig. 1a). A total of 139,388 SNP
sites were found upon comparison of the two sequenced
genomes. These findings indicate that there was most
likely a period of extensive rearrangement caused by re-
combination (Fig. 1b, c).

Comparative genomics reveals the unique evolutionary
status of Rhizaria, including P. brassicae, in the eukaryotic
evolutionary tree

The exact status of P. brassicae within the eukaryotic
evolutionary tree has yet to be fully elucidated. To better
understand the phylogenetic relationship of P. brassicae
with other eukaryotic species, the genomes of 18 eukaryotic
model species were analyzed using OrthoMCL to build
gene families. The maximum likelihood phylogenetic tree
derived from the concatenated sequence alignment of 90
single-copy orthologs shared by P. brassicae and the 18
other model species showed that P. brassicae has a closer
evolutionary relationship with other Rhizaria species (R
filosa and B. natans) as opposed to the other model species.
Our phylogenomics analysis revealed that Rhizaria super-
group forms an independent branch in the phylogenetic
tree, and our findings demonstrated that P. brassicae shares
common ancestors with the other sequenced Rhizaria spe-
cies (Fig. 2a). This is the first evidence obtained from com-
parative genome-wide analysis to demonstrate the
important evolutionary status of the Rhizaria supergroup.
A better understanding of P. brassicae may help us improve
our understanding of eukaryotic evolution as a whole, as
this species is a representative of the most poorly under-
stood branch in the eukaryotic evolutionary tree.

We defined 123,509 orthologous gene families, of these,
878 were shared by all tested species and 7960 can be
found only in the P. brassicae genome. Additionally, 2984
families were unique to P. brassicae, and 2434 of these
were single gene families (Additional file 3: Table S3). Of
the 10,951 P. brassicae genes, 10.2% (1112) were included

Table 2 Genome comparison of Plasmodiophora brassicae and the other representative SAR supergroup

Feature Stramenopiles Alveolata Rhizaria
Phytophthora Plasmodium Plasmodiophora brassicae Bigelowiella Reticulomyxa
infestans falciparum 7 o3 Pb3 natans filosa
Genome size (Mb) 228.54 22.8 24.1 24 24.2 100 320
Gene number 18,179 5268 10,951 9730 10,851 21,708 40,433
G/C content (%) 5097 194 594 585 59 45 35
Gene density® 79.54 231.05 45440 40542 44839 217.08 126.35

“The unit of gene density is genes/Mb
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Table 3 Statistic summary of repeat sequence of Plasmodiophora brassicae strain ZJ-1 genome
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Length (bp)

Percentage of sequence (%)

Elements Number of elements
Interspersed repeats 2656

Retroelements 707

DNA transposons 191

Unclassified 1758

Satellites 1

Simple repeats 176

Summary 2843

473,183 1.917
100,458 0407
17,228 0.070
355,497 1.440
1062 0.004
21,326 0.086
495,571 2.008

in clusters present in all species, 51.5% (5642) were absent
in at least one species, and 38.3% (4197) were present
only in P. brassicae (Fig. 2b). The species-specific set
of P. brassicae contained a large number of proteins
with no orthologues in other test species. Using the
KOG-term annotation, it was found that a high

proportion of the proteins within the Plasmodiophorids
were poorly characterized, and the majority of the P.
brassicae-specific genes possessed no assigned functional
annotation (Schwelm et al. 2015). These findings
demonstrate the unique evolutionary status of P. brassicae
among eukaryotic organisms.
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Comparative genomics reveals a significantly emphasized
GPCR signaling pathway in P. brassicae

Cluster analysis of orthologous gene families containing
at least 5 genes demonstrated that a group of gene fam-
ilies (shown as orange strips) were significantly ex-
panded in P. brassicae (Fig. 3a). In total, 117 gene
families (611 genes) were enriched in P. brassicae. For
these specifically expanded gene families, we conducted
Gene Ontology (GO) enrichment analysis and found
specific enrichment for the downstream targets of the
G-protein coupled receptor signaling pathway (GPCR)
(69 genes), G-protein coupled glutamate receptor signal-
ing pathway (26 genes), DNA integration, and chitin bio-
synthetic process (6 genes) at the level of Biological
Process ontology. When analyzing Molecular Function
ontology, we identified enrichment in G-protein coupled
GABA receptor activity (26 genes), G-protein beta/gam-
ma-subunit complex binding (13 genes), hydrolase activ-
ity, reactivity toward carbon-nitrogen (but not peptide)
bonds, chitin binding, and chitin synthase activity,
highlighting the importance of GPCRs and chitin-related

pathways in P. brassicae (Additional file 3: Table S3 and
Fig. 3b, c).

We identified all significantly enriched GO terms
(with a corrected P <0.05) for the gene set of 4197 P.
brassicae-specific genes. For the Biological Process
ontology, we found enrichment in single organism
signaling, signal transduction, cell communication, the
G-protein coupled receptor signaling pathway, and
the cell surface receptor signaling pathway. Molecular
Function ontology analysis revealed enrichment in
G-protein beta/gamma-subunit complex binding, pro-
tein complex binding, protein binding, carbohydrate
binding, GTPase activity, signal transducer activity,
and molecular transducer activity (Additional file 3:
Table S3).

GO enrichment analysis of the set of P. brassicae-ex-
panded and P. brassicae-specific genes revealed several
functional groups of particular interest for their possible
role in growth, development, and pathogenesis in P.
brassicae. For example, the enrichment of GPCR signal-
ing pathway-associated genes was emphasized.
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Fig. 3 Orthologus families clustering analyses of Plasmodiophora brassicae-expanded genes and the enrichment of GO terms of the expanded
orthologous genes. a Orthologus families clustering analysis of P. brassicae-expanded genes (at least 5 copies of orthologs in each family). The
number of genes of every orthologus family was normalized by Z-Score. The orange strip represents the cluster of expanded orthologs in P.
brassicae (mv: Mortierella verticillata, rd: Rhizopus delemar, plasb: Plasmodiophora brassicae, dd: Dictyostelium discoideum, bd: Batrachochytrium
dendrobatidis, ri: Rhizophagus irreqularis, fg: Fusarium graminearum, co: Capsaspora owczarzaki, sp.: Spizellomyces punctatus, ac: Acanthamoeba
castellanii, pp.: Physcomitrella patens, at: Arabidopsis thaliana, phy: Phytophthora parasitica, sd: Saprolegnia declina, gt: Guillardia theta, cg:
Crassostrea gigas, bd: Batrachochytrium dendrobatidis, rf: Reticulomyxa filosa, es: Ectocarpus siliculosus). b, € The enrichment of biology process
ontology and molecular function ontology of expanded orthologs

GPCR inhibitor treatment relieves the severity of clubroot
A comparative genomics analysis of P. brassicae indi-
cated that the GPCR signaling pathway was significantly
emphasized in the set of P. brassicae-expanded and P.
brassicae-specific genes. Based on these findings, we
focused on the genes involved in the GPCR signaling
pathway of P. brassicae. As a result, 115 GPCR signaling
pathway related genes were identified from the genome
of P. brassicae strain ZJ-1, of which 30 encoded GPCRs,
38 encoded G proteins, and 47 encoded RGS (regulators
of G protein signaling) (Additional file 4: Table S4). The
transcripts of these genes involved in the GPCR signal-
ing pathway were detected throughout growth and de-
velopment, and the majority of them exhibited increased
expression during the germinating resting spore stage
(GS) and cortical infection stage (IN), suggesting that
these genes may play a key role in plant-pathogen
interactions (Fig. 4). Most of the GPCRs belong to class
C in the P. brassicae Z]-1 genome. Three class C-group
II metabotropic glutamate receptors (PlasB_04548,

PlasB_04549, and PlasB_09545) that are highly expressed
during infection exhibited a 46.05%, 45.95%, and 46.25%
similarity with their homologs in mammals, respectively
(Additional file 4: Table S4). LY341495, the first known
highly potent systemically active group II mGlu recep-
tor antagonist in mammals, has been widely used to en-
able both in vitro and in vivo preclinical target
validation studies (Kingston et al. 1998). We hypothe-
sized that LY341495 affected the same potential target
in both P. brassicae and mammals. Therefore, we ap-
plied LY341495 to evaluate the involvement of the GPCR
signaling pathway in the interaction between P. brassicae
and the host. Inhibitor treatment had no influence on the
growth or development of rape plants. Upon comparison
between mock and the inhibitor-treated group, the expres-
sion levels of the GPCR signaling pathway-related genes
GPA1, AGBI, and AGGI in B. napus exhibited no statisti-
cally significant differences (Fig. 5a, b). During the early in-
fection stage, the application of inhibitor reduced the
resting spore germination rate and the root hair infection
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Fig. 4 Expression pattern of expanded and species-specific GPCR
pathway related genes from Plasmodiophora brassicae. The
expanded and species-specific GPCR pathway related genes show a
specific expression pattern throughout growth and development of
P. brassicae. For the expression values (Log2 (RPKM+ 1)), ranging
from green (- 1.0) to red (1.0), a Pearson correlation was used for
distance calculations. The red rectangles indicating expression
pattern of these GPCR pathway related genes show a high level
during germinating resting spore stage (GS) and cortical infection
stage (IN) compared to the resting spore stage (RS)

rate of P. brassicae (Fig. 5c, d). At 21 and 28days
post-inoculation (dpi), the inhibitor-treated plants had a
lower disease incidence (DI) than the mock-treated
group, and suffered less severe symptoms (Fig. 6a, c).
The transverse sections of root tissues were observed
by scanning electron microscopy, and the results
indicated that the cortical infection process of
inhibitor-treated plants was blocked at the initial de-
velopment stage of secondary plasmodia, while the
mature resting spore had already been formed in the
mock-treated plants, suggesting that inhibitor treat-
ment relieved clubroot symptoms by reducing the
secondary infection and delaying the cortical infection
process of the pathogen (Fig. 6b). The relative accu-
mulated amount of pathogens in the roots was
evaluated using quantitative PCR (qPCR). An 8-fold
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increase in the amount of pathogens was detected in the
mock-treated group compared to the inhibitor-treated
group (Fig. 6d). The expression levels of PKA2 and Gp,
the primary downstream genes of GPCRs, were signifi-
cantly reduced in the inhibitor-treated group (Fig. 6e).
Our results indicated that GPCR inhibitor treatment re-
duced pathogen density and relieved the symptoms of in-
fected roots by reducing the rates of resting spore
germination and root hair infection during the early infec-
tion stage. Additionally, the development of secondary
plasmodia was blocked during cortical infection.

Discussion

The unique evolutionary status of Rhizaria: An
independent branch in the eukaryotic phylogenetic
tree

Divided into five kingdoms, eukaryotes contain most of
phagotrophic Protozoa, which are the ancestors of four
distinct clades, including osmotrophic Fungi, epithelial
phagotrophic Animalia, photosynthetic Plantae, and
Chromista (Cavalier-Smith et al. 2018). Rhizaria, the
main heterotrophic infrakingdom in the protist groups,
are markedly different from those of animals, fungi or
plants. The eukaryotic supergroup Rhizaria also contains
important plant pathogens, including the obligate bio-
trophic Plasmodiophorida, which belongs to the Phyto-
myxea of Rhizaria (Schwelm et al. 2018). Based on the
partial transcriptome sequencing of eight Rhizaria ge-
nomes, a recent study revealed that Rhizaria is a sister of
the Halvaria infrakingdom within the Harosa chromist
subkingdom (Cavalier-Smith et al. 2018). Therefore,
comparative genomics analyses may prove useful in
determining the evolutionary status of the Rhizaria clade
within the eukaryotic tree. In our study, comparative
genomics analysis was performed among P. brassicae
and 18 other available eukaryotic model species. Ninety
genes were selected for phylogenetic analysis based on
the conservation of these single-copy orthologs across
species. The phylogenomic analysis of this large dataset
strongly supported the unique evolutionary status of the
Rhizaria. This comprehensive study of the most poorly
understood eukaryotic branch will undoubtedly fill an
important gap in our understanding of the eukaryotic
tree of life. Though sharing an independent branch of
the phylogenetic tree with common ancestors, the genome
sizes of the species in Rhizaria group vary dramatically (2.
brassicae ~ 24 Mb, B. natans ~100Mb, and R. filose ~
320 Mb). This may be a result of evolutionary genomic
events (expansion or contraction). The genomes of P.
brassicae exhibit a low level of similarity to known se-
quences from the other eukaryotic species (Pérez-Lopez et
al. 2018). Although it is extremely difficult to annotate P.
brassicae genes, determining the key proteins involved in
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rate of Plasmodiophora brassicae. a Growth and development status of rape plants treated with GPCR inhibitor (right). Mock (DMSO) treatment
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treated groups was compared, and the same letter in the graph indicates no significant differences at the level of P < 0.05. ¢, d Resting spore germination
rate and root hair infection rate of P. brassicae were compared between H,O mock and inhibitor treated groups. After 4 days, the treated spores were
stained with orcein (Sigma-Aldrich Canada). The germination rate of spore was counted under microscope. At 7 dpi, the roots of rapeseed plant were
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standard deviations from three biological replicates. At the level of P < 0.05, statistically significant differences of data between H,O mock and inhibitor
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the interactions between this pathogen and its host will
improve our understanding of eukaryotic plant pathogens,
which we get so far predominantly from fungi, nematodes,
and oomycetes.

P. brassicae maintains high genetic diversity despite low
repetitive content and a smaller genome

Certain biotrophs, including obligate biotrophic powdery
mildew and rust fungi, display marked increases in over-
all genome size compared to that of their close relatives
either non-pathogenic or non-biotrophic. One possible
explanation for this is that any increase is invariably the
result of increased proliferation of transposable elements

detectable as repetitive DNA (Spanu 2012); however, this
is not the case with biotrophic P. brassicae. The genome
size of P. brassicae (e3, Pb3, and ZJ-1) is small (24.1—
25.5Mb) (Schwelm et al. 2015; Rolfe et al. 2016), and
smaller than that of most other members in the SAR
supergroup, whereas the genome of P. brassicae has a
higher gene density. Some of the predicted ORFs from
the P. brassicae genome revealed a reduction in the
length of the intergenic region. The overlapping of un-
translated regions (UTRs) is one of the reasons for the
compact genome structure of P. brassicae (Rolfe et al.
2016). The recently sequenced genome of S. subterra-
nea, another Plasmodiophorida (Phytomyxea, Rhizaria)
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that causes potato powdery scab, also exhibits a similarly
small size (28.08 Mb) (Ciaghi et al. 2018). The ZJ-1 gen-
ome only consists of approximately 2% repeated content.
Transposable elements (TEs) are stretches of DNA that
move throughout the genome and have significant influ-
ences on the organization and evolution of the genome
(Medstrand et al. 2005). Inserting TEs into genes or gene
regulatory regions can potentially disrupt the gene’s
function and trigger chromosome rearrangements.
Additionally, the mutational activities of TEs contribute
to genetic diversity and innovation among organisms
(Biémont and Vieira 2006). Despite of a low rate of TEs,
the key players in evolution, P. brassicae strains possess
a marked genetic diversity. This could be reflected in
single-nucleotide polymorphisms (SNPs). SNP cluster

analyses of the available P. brassicae genomes revealed
a high degree of correlation between SNPs, host
ranges, and regional origins, and 48,578 SNPs were
identified within the genomes of the Pbe3 and Pb3
strains of P. brassicae (Rolfe et al. 2016). Our study
also revealed that significant rearrangement events
occurred in both the ZJ-1 and Pbe3 strains, suggest-
ing that a rapid adaptation via dynamic regions
within the genomes is not a universal phenomenon.
Certain species, such as P. brassicae, have developed
alternative strategies for maintaining genetic diversity
and evolution that are independent of transposable
elements. This confirms that different organisms
possess diverse mechanisms for creating genetic
diversity.
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GPCR signal transduction pathways play important roles
in P. brassicae

Our comparative genomics analysis demonstrated the pres-
ence of a set of significantly expanded and species-specific
genes within the P. brassicae genome. GO enrichment ana-
lysis in this set of genes revealed that several functional
groups, including GPCR signaling pathways, were signifi-
cantly enriched in the P. brassicae.

Recent experimental data have shown that GPCRs, a
large family of extremely versatile cell-surface receptors,
are able to sense signaling molecules (such as biogenic
amines, purines, odorants, ions, and pheromones) out-
side the cells, then activate signal transduction pathways
inside the cells and, ultimately, elicit cellular responses
(Prabhu et al. 2007). GPCRs play a central role in
eukaryotic signal transduction and are involved in the
regulation of many cell functions, including cell prolifer-
ation, survival, and motility (Dorsam and Gutkind 2007;
Krishnan et al. 2014). The function of the GPCR signal-
ing pathway in protists, however, remains largely un-
known. Our transcriptome analysis revealed that these
GPCR pathway-related genes are highly expressed dur-
ing the infection process, including the germinating rest-
ing spore stage and the cortical infection stage. Our
research also demonstrated that treatment with a GPCR
inhibitor relieves the symptoms of clubroot disease, sug-
gesting that a significantly enriched GPCR signaling
pathway plays an important role in plant-P. brassicae
interaction. Inhibitor treatment suppressed both the root
hair and cortical infection, indicating that the GPCR sig-
naling pathway of P. brassicae is involved in the percep-
tion and recognition of external signals, including
chemical molecules (from host root exudate or soil en-
vironment) and signal stimulation from the intracellular
space of the host. As a soil-borne obligate parasite, P.
brassicae survives in soil in the form of resting spores.
Precise sensing of signal molecules (such as calcium ions
or other signals from the host plant) is important for
resting spores to exit dormancy and begin germination,
as initiation of the initial step of the life cycle must take
place under suitable conditions. During the root hair in-
fection stage and the cortical infection stage, P. brassicae
acts as an intracellular parasite that takes up nutrients
from the host and is able to sense the intracellular envir-
onment of the host cells (Kageyama and Asano 2009;
Pérez-Lépez et al. 2018). For P. brassicae, a close inter-
action with its host may be the driving force behind the
evolution of enriched GPCR signaling pathways, as these
are key molecular mechanisms for adapting to the intra-
cellular environment. Given this, we propose that the
GPCR signaling pathways are important regulators of
growth, development, and pathogenicity of P. brassicae.

In summary, our findings indicate that the genome of
P. brassicae is compact with a low rate of repetitive
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elements; however, this genome does exhibit extensive rear-
rangements. Our comparative genomics analysis highlighted
the important evolutionary status of the Rhizaria group
within the eukaryotic evolutionary tree. We also demon-
strated the molecular basis by which P. brassicae adopts
intracellular parasitic characteristics. We propose that the
significantly emphasized GPCR signaling pathways in the
genome of P. brassicae are important for the growth, devel-
opment, and pathogenicity of this organism.

Conclusions

In this study, the draft genome of the P. brassicae Z]-1
strain was analyzed using a comparative genomics ap-
proach. As a result, GPCR signal transduction pathways
were found to play key roles in the growth, development,
and pathogenicity of P. brassicae.

Methods

Collection of field populations and isolation of single
spores

The clubroot galls of P. brassicae on oilseed rape (Bras-
sica napus) were collected from an experimental field in
Zhijiang City (ZJ) (Hubei province, N3025'42.54",
E111'45'17.09") in 2011 and then frozen at — 20 °C until
use. The resting spores were extracted and purified ac-
cording to the method described by Asano et al. (1999).
For extraction of resting spores, the mature clubroot
galls were surface-sterilized with 70% ethanol for 2 min
and 10% hydrogen peroxide for 1h, and then rinsed five
times with sterile distilled water. The clubroot tissues were
cut into small pieces, homogenized, filtered through a
gauze (25 um pore width), and centrifuged twice (2500xg,
10 min). After spore extraction, the spore suspension was
further purified by centrifugation for 15 min at 2000xg in
50% (w/v) sucrose solution. The clean spores were har-
vested by centrifuging for 15min at 2000xg, and then
washed five times with sterile distilled water. Resting spores
were suspended in a freshly prepared 2% chloramine-T
solution (wt/vol) (Sigma-Aldrich) at room temperature for
20 min and then washed twice with sterile water by centri-
fugation, as described above. The resulting pellet was sus-
pended in an antibiotic solution containing 1000 pg/mL
colistin sulfate (Sigma-Aldrich), 1000 ug/mL vancomycin
hydrochloride (Sigma-Aldrich), and 6000 pg/mL cefotaxime
sodium (Sigma-Aldrich). After incubated at 25°C under
dark for 24 h, the suspension was washed five times with
sterile water. The clean spore suspension was counted and
diluted to 5.0x 10’ spores/mL, then suspended in 1/
10-strength modified Hoagland’s solution (5 mM Ca(NOs),,
5mM KNOj3, 2mM MgSO,, and 2mM KH,PO,; pH 5.8)
with 100 pg/mL cefotaxime sodium. Single spore produc-
tion was performed according to Fahling et al. (2004). The
virulence of the single-spore isolate ZJ-1 was tested on the
differential hosts of the Williams system. It was shown that
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the isolate was derived from the pathotype 1 of Williams’
clubroot differential set (Williams 1966). According to the
method described above, the resting spore materials were
extracted from plant clubroots (single spore isolate ZJ-1).

DNA and RNA extraction

DNA was extracted from resting spores of strain ZJ-1 using
a modified CTAB method (Russell and Bulman 2004) and
stored at —20°C. For transcriptome expression analysis,
samples from three specific infection stages were collected.
Resting spore stage sample (RS) was prepared from plant
clubroots (single spore isolate ZJ-1). For germinating rest-
ing spore stage sample (GS), the purified resting spores
were thawed at 4°C for 48 h followed by 24 h at room
temperature in root exudates solution for germinating
under a dark environment. Then the root tissue was
immersed in 20mL EP tubes with treated germinating
spores (10 spores/mL). Samples were harvested after 24 h
when the germinating resting spores aggregated to and
were adsorbed in root tissues under microscope. To pre-
pare the early cortical infection stage sample (IN), seeds of
oilseed rape (Brassica napus) were surface sterilized in 1%
NaClO for 5min, washed with distilled water and germi-
nated on moistened filter paper for 6days in a growth
chamber maintained at 22 °C/20 °C (day/night) with a 14 h
photoperiod and 80% relative humidity. Parts of the seeds
were transplanted to autoclaved potting mix in 60-cell
(4cm x 3.5cm x 6 cm) plastic pot trays in a controlled
environment growth chamber (HP300GS-C; Ruihua
Instrument, Wuhan, China) at a constant 20 °C with 14 h
photoperiod and 80% relative humidity and watered once
daily. Nineteen days after sowing, the plants were inocu-
lated with resting spore suspension (10" spores/mL). After
inoculation, the plants grew under glasshouse conditions
as described above. Root masses were collected from at
least 50 plants at 21 dpi, when signs of secondary infection
were visible. Roots were extensively washed in tap water
and then inspected with microscope to ensure the absence
of successful infection of pathogen and trimmed away fine
roots tissues. The total RNA samples of three biological
replicates for each stage were prepared. Total RNA was
extracted with RNAiso Plus (TaKaRa, Dalian, China)
according to the manufacturer’s protocols and stored at —
80°C. RNA quantity and quality was assessed using a
Nanodrop (NanoDrop Technologies, Inc. Wilmington, DE
USA) and checked by running a gel electrophoresis in
1.5% (w/v) agarose gels.

Genome sequencing and assembly

The entire genome of the P. brassicae Z]J-1 strain was de
novo sequenced using the Illumina MiSeq, a next gener-
ation sequencing technology. DNA libraries PE400 bp,
PE700 bp, and MP 8 kb insert fragments were constructed
and paired-end sequenced using the Illumina Genome
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Analyzer at Shanghai Personal Biotechnology Co., Ltd.
(Shanghai, China). Low-quality data with q-values below
20 consisting of short reads (length <35bp) were dis-
carded. High-quality data were then subjected to assem-
bly. The genome sequence was assembled using Newbler
v2.8 and GapCloser. Finally, using Blastn search, scaffolds
with high hits against the B. napus genome sequence were
removed from the assembly.

Transcriptome expression analysis

A RNA-seq library was prepared according to manufac-
turer’s instructions (Illumina, San Diego, CA), and then
sequenced using an Illumina NextSeq 500 (paired-end
2 x 150 bp) at the Shanghai Personal Biotechnology Co.,
Ltd. (Shanghai, China). Firstly, the raw reads of the
RNA-Seq library were processed to obtain high quality
reads by removing the adapter sequences and low-quality
bases at the 3" end and then trimming any low-quality
bases (Q<20) from the 3" to 5" ends of the remaining
reads. Reads filtering out the poor quality and with a length
greater than 50 bp were considered for further analysis. The
filtered reads were mapped to the P. brassicae genome
using Tophat v2.0.9 (http://ccbjhu.edu/software/tophat/
index.shtml) (Trapnell et al. 2009). HTSeq (http://htseq.
readthedocs.io/) (Anders et al. 2015), and DESeq (http://
www-huber.embl.de/users/anders/DESeq) (Anders and
Huber 2010) for the transcriptome differential expres-
sion analysis.

Gene prediction and annotation

To obtain a more accurate gene set, we performed an inte-
grated prediction method that included de novo gene pre-
diction programs, homology-based methods, and RNA-Seq
data. CEGMA software was used to predict the core genes
of the P. brassicae ZJ-1 strain based on the eukaryotes con-
servative gene database (Parra et al. 2007). The core gene
set was used as the training set to predict genes using a de
novo prediction software, Augustus (Stanke et al. 2004).
We aligned the predictions to the nr database to obtain the
conserved sequences. These sequences were then used as
the training set of Augustus, GlimmerHMM (Majoros et al.
2004), and SNAP (Korf 2004). This constructed model
was used for gene prediction. Additionally, we used the
homolog-based software Exonerate (version 2.2.0) for
gene prediction, with B. natans and R. filosa as the ref-
erence sequences. BLAST (E<le” %) was also used,
where matches with a length coverage of >30% to the
homologous proteins were considered gene-model can-
didates. Clean RNA-Seq reads were obtained by match-
ing to the sequence of the B. napus genome, where any
high hit reads were removed. Then, the RNA-Seq data were
de novo assembled using Trinity (version r20140717) (Haas
et al. 2013), and aligned assembled against the P. brassicae
genome using PASA (version r2014-04-17). Finally,
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EvidenceModeler (version r2012-06-25) software was
employed to integrate the above results to generate a
weighted consensus gene set (Haas et al. 2008). Partial
genes and small genes (< 100 bp) were filtered. The result
of the RNA-Seq de novo assembly was used for boundary
correction of the predicted gene set model with PASA (ver-
sion r20140417), which is able to identify splice junctions
between exons. Cufflinks v2.1.1 (Trapnell et al. 2010) was
used to determine the transcript structures. To eliminate
false positives (genes only supported by de novo methods),
novel genes with reads per kilobase of gene model per mil-
lion mapped reads (RPKM) < 1 were removed.

Gene functions were predicted by comparing the
NCBI NR protein database with the GO (Ashburner et
al. 2000), KEGG (Kanehisa and Goto 2000), and eggnog
(Powell et al. 2013) databases. The protein domain was
predicted using the InterPro and Pfam databases. The
criteria used to assign a function to CDSs consisted of a
minimum cut off of 30% identity and 70% coverage of
the protein length, as well as at least two high hits in the
NCBI, GO, KEGG, and eggNOG databases (Blake and
Cohen 2001). We annotated the predicted genes by
searching against the NCBI NR database using blastall
(Altschul et al. 1990) with an E-value cut-off of le”°.
Using BLAST2GO (Conesa and Gotz 2008), the descrip-
tions of the gene products were presented by Gene
Ontology (with a blast E-value of 1e” ©). We also mapped
the reference genes to KEGG pathway maps using KAAS
(the KEGG Automatic Annotation Server) (http://www.
genome.jp/tools/kaas/) with the non-organism specific op-
tion (Moriya et al. 2007). The reference genes were egg-
NOG annotated by searching against eggNOG (V4) using
blast (E < 1e”©). For the repetitive sequences of the P. bras-
sicae ZJ-1 genome, a combination of several prediction pro-
grams was used. We identified known repeat sequences
using RepeatMasker (v3.3.0). The database version and the
search engine were 20,140,418 and rmblastn 2,2,27+,
respectively (Tempel 2012). We constructed a de novo
repeat library using RepeatMolder. We ran RepeatMasker
on the genome sequences, using the RepeatMolder consen-
sus sequence as the library.

Genomic data collection for comparative genomic analysis
Genome sequence of P. brassicae strain e3 was down-
loaded from ENA (European Nucleotide Archive)
database under the projects PRJEB8376 (Accessions
CDSF01000001-CDSF01000165). We selected genomes
of 18 other available representative eukaryotic model
species for comparative analysis. Capsaspora owczar-
zaki (Opisthokonta unicellular amoeba), Crassostrea
gigas (Opisthokonta animal), Batrachochytrium den-
drobatidis (Opisthokonta fungi), Spizellomyces puncta-
tus  (Opisthokonta fungi), Mortierella verticillata
(Opisthokonta early diverging fungal lineages), Rhizopus
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delemar (Opisthokonta fungi, Mucorales), Rhizophagus
irregularis (Opisthokonta Glomeromycota, mycorrhizal
fungus), Fusarium graminearum (Opisthokonta fungi),
Physcomitrella patens (Plantae, Streptophyta, mosses),
Arabidopsis thaliana (Plantae, plant), Phytophthora parasi-
tica (Chromalveolata oomycetes), Saprolegnia declina
(Chromalveolata oomycetes), Ectocarpus siliculosus (Chro-
malveolata Stramenopiles, brown algae), Guillardia theta
(Chromalveolata Cryptophyta), Acanthamoeba castella-
nii (Amoebozoa), Dictyostelium discoideum (Amoebo-
zoa), Reticulomyxa filosa (Rhizaria), Bigelowiella natans
(Rhizaria). The predicted proteomes of these model
species were downloaded from Broad Institute (http://
www.broadinstitute.org/science/projects/projects.)  and
DOE Joint Genome Institute (JGI) site (http://genome.j-
gi-psforg/). Fungi with different trophic types were
chosen for comparative analysis with P. brassicae. Sapro-
phytic fungi Saccharomyces cerevisiae, Trichoderma reesei
and Neurospora crassa, hemibiotrophic fungi Magna-
porthe oryzae and Fusarium graminearum, necrotrophic
fungi Verticillium dahliae, Botrytis cinerea, Sclerotinia
sclerotiorum and Colletotrichum graminicola; bio-
trophic fungi Blumeria graminis, Sphacelotheca reilia-
num, Melampsora larici-populina, Sphacelotheca
reilianum and Ustilago maydis were selected. Genome
sequences of these fungi used in this study were down-
loaded from Broad Institute and JGI database.

Evolutionary and comparative analysis

Gene families (ortholog, co-ortholog, and inparalog pairs)
for P. brassicae and 18 other species were built using
OrthoMCL (http://orthomcl.org/orthomcl/) with a Mar-
kov inflation of 1.5 and a maximum e-value of 1le™° (Fi-
scher et al. 2011). The 90 single-copy genes from the gene
family analysis were aligned using MUSCLE (Edgar 2004),
and the alignments were concatenated as a single data set.
To determine the gene evolution rates, we calculated the
tree branch lengths for 90 clusters of 1:1 orthologs for all
the species. Phylogeny was inferred using PhyML 3.0 with
100 bootstrap replicates (LG model of amino acids substi-
tution) (Guindon et al. 2010). The tree branch lengths in-
dicated different evolutionary rates for these ortholog
groups. Scaffolds larger than 10kb from the P. brassicae
ZJ-1 strain and Pbe3 genomes were compared. Whole
genome alignment was analyzed using Mauve version
2.4.0 (Darling et al. 2010). Whole-genome dot-plot com-
parison between two genomes was conducted using r2cat
(related reference contig arrangement tool) (Husemann
and Stoye 2009).

Enrichment analysis of gene function and hierarchical
clustering analysis

By using Gene Ontology (GO) term enrichment analysis,
all genes for testing were initially mapped against GO terms
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in the GO database (http://www.geneontology.org/), the
number of genes was calculated for each term, and then
hypergeometric testing was used to identify significantly
enriched GO terms in the testing group by comparing
them to the genome background. Significantly enriched
pathways of testing genes were identified using KEGG
pathway enrichment analysis. The calculation formula is
the same as that for the GO analysis. To analyze gene
expression data and genes possessing similar functional
cluster groups, hierarchical clustering methods have been
widely applied based on transcriptome expression data. To
compare the expression patterns of each gene among the
different samples, the abundance of each transcript was
normalized by RPKM (Mortazavi et al. 2008). The heat
map of the clustered genes and samples was generated
using the clustering affinity search technique (CAST) assay
with the MultiExperiment Viewer v4.9 software package
(Saeed et al. 2003; Lombard et al. 2014). An average linkage
hierarchical clustering method was used, and Pearson’s
correlation coefficient (the distance metric is the default)
was employed to measure the similarity between expressed
genes.

Quantitative RT-PCR (qRT-PCR) validation

qRT-PCR primers were designed to generate amplicons
for validating the RNA-seq data (Additional file 5:
Table S5). For RT-PCR and qRT-PCR, 5pg of total
RNA was reverse transcribed into first-strand ¢cDNA
using oligo (dT) primer and M-MLV Reverse Transcript-
ase according to the manufacturer’s instructions (Trans-
Script, Beijing, China). All qRT-PCR experiments were
run in a SYBR Green Real-Time PCR Master Mix
(Bio-Rad, California, USA) in 20 uL reactions with the
CFX96™ real-time PCR detection system (Bio-Rad). The
actin gene of P. brassicae was used as an internal control
to normalize the expression data. Data were acquisited
and analyzed by using the Bio-Rad CFX Manager™ Soft-
ware (version 2.0). The relative expression level of each
target gene was quantified by the comparative CT
method (2 Y of quantification (Livak and Schmitt-
gen 2001). Similar results were obtained from two bio-
logical replicates, each with three technical repeats. The
relative expression levels of each gene were then vali-
dated for the RNA-seq data.

Symptom quantification of the treatment of GPCR
antagonist LY341495

Twenty-eight days after GPCR inhibitor treatment, the
growth and development status of B. napus was verified.
A DMSO treated group was used as the control. The
root-tissues of treated plants were harvested, and the ex-
pression levels of the downstream genes of GPCRs (Ga
GPAI-XM_013808529.1; G AGBI1-XM_013795701.1; Gy
AGGI-XM_013833980.1) from B. napus were quantified
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using qRT-PCR according to method described above. The
effect of GPCR inhibitor treatment on the germination rate
of the resting spores and the infection rate of the root hairs
were analyzed according to the method described by
Feng et al. (2010) and Chen et al. (2016). Ten days after
germination, the prepared plants were inoculated with
the pretreated resting spores (diluted to 10” spores/mL
with modified 1/2 Hoagland nutrient solution and
inhibitor solution) (LY341495: 2000 nM, MedChemEx-
press) in 10mL EP tubes. As a parallel control, 1/2
Hoagland nutrient solution and equivalent DMSO
treatment was administered to the mock group under
the same condition. The CK group (not inoculated) was
placed in EP tubes with equal parts 1/2 Hoagland nutri-
ent solution and inhibitor solution. The solution of the
EP tubes was refreshed every 7 days. The DI was calcu-
lated according to Klewer et al. (2001). At 28 dpi, all
seedlings were harvested for investigation of clubroot
symptoms via phytopathological analysis or scanning
electron microscope (SEM). For each biological experi-
ment, at least 20 plants were analyzed. Results were ob-
tained from three independent biological experiments.
The plants were cut at the top of the hypocotyl towards
the roots. For quantitative estimations, genomic DNA
was prepared from a pool of root samples (severe and
less severe groups). In the mock group, the A-severe
group consists of the roots belonging to classes 3 and 4,
and the B-less severe group consists of the roots belonging
to classes 1 and 2. In the inhibitor-treated group, the
A-severe group consists of the roots belonging to classes 2
and 4, and the B-less severe group consists of the roots be-
longing to classes 0 and 1. The expression levels of the
actin gene of P. brassicae, which represents the amount of
the pathogen accumulated in the roots, were normalized
to the actin gene of B. napus. Results were obtained from
three biological replicates, with three technical repeats
each.
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