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Abstract

Plant pathogens adapt at speeds that challenge contemporary disease management strate-
gies like the deployment of disease resistance genes. The strong evolutionary pressure to
adapt, shapes pathogens’ genomes, and comparative genomics has been instrumental in
characterizing this process. With the aim to capture genomic variation at high resolution and
study the processes contributing to adaptation, we here leverage an innovative, multi-
genome method to construct and annotate the first pangenome graph of an oomycete plant
pathogen. We expand on this approach by analysing the graph and creating synteny based
single-copy orthogroups for all genes. We generated telomere-to-telomere genome assem-
blies of six genetically diverse isolates of the oomycete pathogen Peronospora effusa, the
economically most important disease in cultivated spinach worldwide. The pangenome
graph demonstrates that P. effusa genomes are highly conserved, both in chromosomal
structure and gene content, and revealed the continued activity of transposable elements
which are directly responsible for 80% of the observed variation between the isolates. While
most genes are generally conserved, virulence related genes are highly variable between
the isolates. Most of the variation is found in large gene clusters resulting from extensive
copy-number expansion. Pangenome graph-based discovery can thus be effectively used
to capture genomic variation at exceptional resolution, thereby providing a framework to
study the biology and evolution of plant pathogens.

Author summary

Plant pathogens are known to evolve rapidly and overcome disease resistance of newly
introduced crop varieties. This swift adaptation is visible in the genomes of these patho-
gens, which can be highly variable. Such genomic variation cannot be captured with con-
temporary comparative genomic methods that rely on a single reference genome or focus
solely on protein coding genes. To overcome these limitations and compare multiple
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genomes in a robust and scalable method, we constructed the first pangenome graph for
an oomycete filamentous plant pathogen with six telomere-to-telomere genome assem-
blies of Peronospora effusa. This high-resolution pangenomic framework enabled detailed
comparisons of the genomes at any level, from the nucleotide to the chromosome, and for
any subset of protein-coding genes or transposable elements, to discover novel biology
and potential mechanisms for the rapid evolution of this devastating pathogen.

Introduction

Filamentous plant pathogens, such as fungi and oomycetes, cause devastating diseases on crop
plants, resulting in severe damage in agriculture and natural ecosystems worldwide [1-3]. Dis-
ease management strategies mainly depend on chemical pesticides and host resistances [4-6].
However, filamentous plant pathogens can rapidly overcome plant resistances and develop
pesticide tolerances [4,7], especially since resistant crop cultivars have often been deployed in
large monocultures [8]. These agricultural practices exert strong selective pressure on patho-
gens, leading to rapid diversification of pathogen populations [9,10].

To establish a successful infection, pathogens need to create an environment that supports
host colonization, for instance by circumventing or suppressing host immune responses
[2,11]. To this end, pathogens secrete so-called ‘effector’ proteins that often play roles in dereg-
ulating the host immune system or in manipulating host physiology to release nutrients [12].
Effectors can, however, also be recognized by plant immune receptors [13]. Effector recogni-
tion often triggers hypersensitive defence responses, a process called effector-triggered immu-
nity [14]. In turn, this strong selection pressure imposed by the host immune system drives the
emergence of novel or the diversification of existing effector repertoires to re-establish success-
ful host colonization [2], leading to ongoing co-evolutionary arms races between pathogens
and their hosts [10].

Co-evolution between pathogens and their hosts shapes pathogens’ genomes, and genomic
research over the last decades has started to uncover genomic signatures of molecular pro-
cesses that fuel rapid effector diversification [15]. Comparative genomics of the oomycete
plant pathogen Phytophthora infestans and related sister species have revealed a genome orga-
nization characterized by gene-dense genomic compartments that are largely conserved and
by gene-sparse genomic compartments that are rich in transposable elements (TEs) and con-
tain effectors and other virulence-related genes [16]. These gene-sparse compartments are
often highly variable between species and strains of the same species with an overabundance of
structural variation as well as effectors and virulence-related genes that often evolve under pos-
itive selection [17]. While this structure is not universal to all filamentous plant pathogens, it
has been widely observed in many phylogenetically distant oomycete and fungal pathogens
plant pathogens [3,18-22]. This led to the emergence of the two-speed genome model, in
which genome organization is thought to facilitate the rapid diversification of virulence-related
genes [18,22-24], thereby enabling pathogens to quickly adapt to new or changing environ-
ments and to overcome host defences. However, this model does not offer a universal explana-
tion for the location of all effector genes, and it is yet unclear how this genome structure has
evolved [22].

Thus far, research into the genomic diversity of specific filamentous plant pathogens has
often focused on the direct comparison of genomes from multiple strains of a single species to
a common, single reference genome [25]. However, comparisons to single-reference genomes
can only capture a small fraction of the overall species-wide diversity, especially when genomes
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vary in chromosomal organization as well as gene and repeat content [26,27]. The fraction of
the genome that is common to all strains within a species has been termed the ‘core’ genome
and the variable fraction is often referred to the ‘accessory’ genome [28,29]. Filamentous plant
pathogens often show extensive presence/absence variation between strains, leading to consid-
erable diversity in their accessory regions and thus potential functions [29]. Importantly, effec-
tors and other virulence-related genes are often enriched in the accessory genome [29], and
single reference approaches therefore hamper the identification and subsequent characteriza-
tion of pathogen effector repertoires.

To overcome potential biases introduced by single reference genomes and to better repre-
sent and study the accessory genomes of filamentous plant pathogens, genomes from multiple
strains can be jointly analysed to create a pangenome [27]. A pangenome can be defined as the
total number of unique genes discovered among genomes of the same species [30-32]. How-
ever, this definition ignores the contribution of TEs and other non-coding sequences to
genome diversity and adaptation [29,33-35], which is particularly relevant for TE-rich acces-
sory regions in filamentous plant pathogens [36]. To include these regions, a pangenome
needs to be defined as the total genome content of a species, thus creating a sequence-resolved
pangenome. This pangenome can be represented by a variation graph where each node in the
graph corresponds to a nucleotide sequence and edges between nodes indicate the direction
and therefore the ‘path’ of sequences through the graph [31]. Consequently, genetic variation
such as single nucleotide and structural variation between strains appear as ‘bubbles’ of alter-
native paths through the graph [31].

The oomycete Peronospora effusa causes downy mildew, the economically most important
disease of cultivated spinach worldwide [37,38]. This pathogen has been traditionally managed
by the extensive deployment of genetic disease resistances [39,40]. However, P. effusa rapidly
breaks resistances of newly introduced varieties [38]. To date, 19 P. effusa races have been
denominated based on their capacity to break spinach resistances [37,41,42]. P. effusa can
reproduce both sexually and asexually and thus new races can emerge both from sexual and
asexual recombination [43,44]. P. effusa is one of few oomycetes with a publicly available chro-
mosome-level reference genome [36,45,46]. The P. effusa genome is relatively small compared
with other oomycetes and organised in 17 chromosomes [45]. The number of chromosomes
and their overall collinearity is largely conserved with closely related oomycetes, pointing to a
conserved genome organisation in Peronosporales [45,47]. The P. effusa genome is predicted
to be composed of about 53.7% TEs and around 9,000 protein-coding genes. Of these genes,
300 are predicted to encode for secreted effectors that are enriched in TE-rich genomic
regions, thus P. effusa seems to follow the two-speed genome model [45]. Two main families of
cytoplasmic effectors have been characterized in oomycetes thus far, the RXLR and Crinkler
(or CRN) effector families [16,48]. These families of effectors are characterized by the presence
of conserved motifs at the N-terminus downstream of the signal peptide, which has been
hypothesized to contribute to effector translocation into the host cell [20,49,50]. The C-termini
regions of these effectors vary significantly, and it is responsible for the effector function in the
plant cell [50-52]. Diversification of effector gene repertoires most likely drives the evolution
of P. effusa and the rapid breakdown of host resistances [53]. However, comparison of the
recently published chromosome-level genome assembly of P. effusa strain UA202013 with
closely related and likely clonally evolving isolates from races 12, 13, and 14 reported limited
genomic diversity [45]. To date, however, chromosome-level genome assemblies of multiple P.
effusa strains are still lacking and thus the evolutionary processes that might contribute to
emergence of novel races are largely unknown.

Here, we leveraged a pangenome graph-based approach to compare and reannotate
genomes and expanded on it by creating synteny based single-copy orthogroups for all genes.
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This approach enables a comprehensive, reference-free analysis of chromosome-level genome
assemblies of multiple genetically diverse P. effusa isolates. We show that the chromosome
structure and most protein-coding genes are largely conserved. In contrast, most genomic var-
iation is caused by TEs, but also effector and other virulence-related gene repertoires are highly
dynamic. These genes are often located in clusters of highly similar gene copies, which reveals
their recent copy-number changes and is the leading cause for their variation between the iso-
lates. Our pangenome approach provides a framework to compare isolates of microbial patho-
gens accurately and efficiently, which will be essential to understand how these are able to
rapidly break host resistances in the future.

Results

Chromosome-level genome assemblies of six Peronospora effusa isolates
reveal a highly conserved genome structure

To fully capture the genomic variation of spinach downy mildew P. effusa by constructing a
pangenome graph, we first sought to create gapless chromosome-level genome assemblies of a
suite of diverse P. effusa isolates by a combination of Nanopore long-reads and short Hi-C
paired-end reads. We selected P. effusa isolates that belong to six denominated races with the
aim to capture large parts of the genomic variation present between all thus far sequenced P.
effusa isolates [44]. We selected one isolate for each of the three phylogenetic clusters we have
previously identified (isolates classified as Pel, Pe5, and Pel4), and three that most likely
emerged via sexual reproduction between isolates of those phylogenetic clusters (isolates classi-
fied as Pe4, Pell, and Pel6) [44] (S1 Fig).

For all six isolates, we used Nanopore, Hi-C, and Illumina sequencing data to create gapless,
haploid assemblies with 17 chromosomes, either with or without an additional 18" chromo-
some, with overall genome sizes ranging between 57.8 and 60.5 Mb (Figs 1A, S2 and S3, S1
and S2 Tables, S1 Note). The 17 assembled chromosomes have telomeric repeats with the
repeat motif ‘TTTAGGG’ on both ends, suggesting that we successfully obtained complete and
chromosome-level genome assemblies for all six isolates. The assembly completeness, evalu-
ated by Benchmarking Universal Single-Copy Ortholog (BUSCO) analysis using the Strame-
nopiles database (v. 0db10), revealed a 99% BUSCO completeness score, indicating that we
successfully captured the protein-coding regions.

Hi-C data provides chromatin contact information, based on which, one can extract details
about the 3D organisation of chromosomes in the nucleus (Torres et al., 2023). The Hi-C heat-
maps of P. effusa show increased interaction frequencies between all chromosomes with a
characteristic pattern that matches the Rabl chromosome configuration [54,55]; all the telo-
meres co-localize within the nucleus, shown as dots in the heatmap, and similarly all centro-
meres co-localize, indicated by the characteristic X’ pattern in the Hi-C heatmap (Figs 1C and
S4). The Rabl configuration has thus far only been found in species without the Condensin II
complex, which organises the nucleus into chromosomal territories [54,55], and based on
sequence similarity searches, Condensin II subunits seem to be absent in P. effusa. By using
the centromeric interactions visible in the Hi-C heatmap, we identified the approximate loca-
tions of centromeres for each chromosome (S2 Table). These centromeric interactions are
approximately 250 to 300 kb long, which is in line with centromeric regions (211 to 356 kb in
size) measured in Phytophthora sojae [56]. Importantly, centromeric regions, except for chro-
mosomes 1 and 15, are enriched for copies of a Copia-like LTR transposon (Fig 1A), which has
been previously identified to occur at centromeres in different oomycetes [56].

The previously published genome assembly of the P. effusa isolate UA-202013 has 17 chro-
mosomes [45], and is comparable in total genome size as well as gene and repeat content to
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Fig 1. Chromosome-level genome assembly of Peronospora effusa race 1 (Pel). A. The genome assembly of Peronospora effusa race 1 (Pel) is
visualised in a circular plot, individual tracks, starting from the outside to the inside: i) 17 chromosomes are shown in different colours, a grey rectangle
points the location of the centromeres, grey lines underneath each chromosome show the location of the centromere-specific Copia-like element, which
has been previously observed to be enriched in centromeres [56], and dots at either side of the chromosomes highlight the presence of telomeric repeats.
ii) Stacked bar plot shows the genetic variation in the six P. effusa isolates, with blue representing conserved regions, green regions that are present in at
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least two isolates, and orange unique regions present only in Pel. iii) Line graph shows the coverage of repeat (orange) and gene (blue) content
summarized in non-overlapping 20 kb windows. iv) Lines indicate the position of RXLR (red), CRN (green), and tRNA (purple) genes. B. Hi-C heatmap
displays the spatial interactions between chromosomes in the nucleus. Genome-wide Hi-C data are aggregated over two chromosomes to highlight inter-
and intra-chromosomal telomeric interactions and inter-chromosomal centromeric interactions. These interaction patterns suggest that P. effusa
chromosomes are organized within the nucleus in a Rabl chromosome configuration [59,60] (S3 Fig). C. Transposable element (TE) content in the Pel
genome assembly is shown separated over different TE families as percentage of the total length of TEs annotated.

https://doi.org/10.1371/journal.pgen.1011452.g001

the here assembled P. effusa isolates. Since the overall chromosome organization of oomycetes
is thought to be highly conserved [36], we sought to investigate the co-linearity between our
Pel isolate, the UA-202013 isolate, and chromosome-level genome assemblies from Bremia
lactucae, Peronosclerospora sorghi, and Phytophthora infestans [45-47,57]. To this end, we per-
formed whole-genome alignments of these genomes based on sequence similarity and on rela-
tive position of protein-coding genes (S5A Fig). The Pel and UA-202013 P. effusa isolates are
completely collinear, and between species the chromosome structure remains largely con-
served apart from few chromosome fusions and inversions of large chromosomal regions. We
similarly observed that our six P. effusa isolates are nearly completely co-linear (S5B Fig).
Thus, the chromosomal organization between different oomycetes and especially between iso-
lates of the same species are highly conserved [58]. In P. effusa, although there are no cross
chromosomal rearrangements, we nevertheless observed two large structural rearrangements
(inversions), one in Pe5 at the beginning of chromosome 17 and one in Pel1 at the end of
chromosome 1 (S5B Fig), indicating that intrachromosomal rearrangements have nevertheless
occurred.

Pangenome graph-based comparison of six Peronospora effusa genomes
reveals overall high conservation but highly variable TE and effector genes

To enable the comparisons between the P. effusa chromosome-level genome assemblies and to
limit possible reference biases introduced by comparisons to a single reference genome, we
created pangenome graphs based on Minigraph-Cactus[31]. The conserved structure of the
chromosomes in P. effusa (S5B Fig) enabled us to generate a separate pangenome graph for
each chromosome and then merge them for further analysis. The final pangenome graph has
1,948,729 nodes and 2,635,318 edges, which is only a small fraction of all theoretically possible
connections between the nodes, indicating that these graphs are simple in structure. Most
nodes have two connections, indicating a mostly linear graph, while only 30 nodes have a
degree of eight or higher (S6A Fig). The total size of the graph is 76.6 Mb, 32% larger than the
average P. effusa genome assembly (58 Mb), suggesting that while most of the genome is con-
served, there are significant strain-specific genomic regions (Fig 2A).

To generate a homogenous framework to study the genetic differences between the six P.
effusa isolates, we created a common TE library, and we exploited the pangenome graph to
perform a joined structural annotation for the protein-coding genes on the six genome assem-
blies (Note S2). These methods ensure that the TE annotations are based on shared TE families
and that genes that are present in identical regions in the pangenome graph will be annotated
consistently between the isolates (e.g. identical intron-exon structure and ORF position) (Fig
2B steps 1-3). This resulted in the annotation of 9,916 to 10,364 protein-coding genes (on
average 67% being functionally annotated with interproscan v. 5.52-86.0) for each isolate, add-
ing between 18 to 459 genes that were missed by the individual gene annotation of each isolate.
These genes were then assigned into groups based on their position on the pangenome graph,
thus creating 12,739 single-copy gene orthogroups (Fig 2B step 4, S2 Note). To identify effector
candidates, we searched the predicted protein-coding genes and additional open reading
frames for those encoding proteins with a predicted signal peptide and for RXLR and CRN
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Fig 2. Reference-free genome annotation and whole-genome comparisons of six Peronospora effusa isolates with pangenome graphs. A. Pangenome
graphs of the 17 chromosomes present in all P. effusa isolates. As an example of the graph structure, a variable region of chromosome 10 is highlighted,
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annotated based on their alignment in the graph and associated gene annotation; 4. The overlap of genes on the graph is used to create orthologous gene groups
based on synteny.

https://doi.org/10.1371/journal.pgen.1011452.g002
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amino acid motifs. We identified 351 to 443 putative RXLR and 38 to 68 putative CRN effec-
tors per isolate (Fig 1A and S2 Table).

To uncover the genomic variation between the six P. effusa isolates, we parsed the 17 pan-
genome graphs and inferred that 60% (around 45.6 Mb) of the P. effusa pangenome is con-
served, 24% (18.6 Mb) is found in two or more isolates, and 16% (12.3 Mb) is unique for single
isolates (Figs 2A, 3A, and S6C). Most of the observed variation originates from variants longer
than 50 bp (87.7% of total variation size, 27.1 Mb), but single nucleotide variants (SNVs) are
most frequent (76.5% of total variation number, 1.15 million) (Figs 3A and S6B). As expected,
protein-coding regions are generally highly conserved (89.0%) compared with regions anno-
tated as TEs (48.7%). This variation in TEs in mostly caused by large sequence variants (>1
bp) that are more abundant in TE regions (42%, 277,151) than in protein-coding regions (5%,
31,786), suggesting that large variation most often occurs in TEs or directly caused by TE
activity.

Genetic variation in the pangenome graph can be specific to only a single isolate or shared
between multiple isolates (S6D Fig). We observed that 20.2% (329,387) of the variation in TE
regions is unique to only one isolate, while only 12.6% (30,948) of the variation in protein-cod-
ing regions is unique, suggesting that the addition of more diverse P. effusa isolates would dif-
ferentially impact the number of observed genes and transposons. We therefore sought to
visualize the variation discovered on the pangenome graph as a saturation plot for the whole
pangenome (Fig 3B). The pangenome is clearly open (not saturated) for TEs and explains 80%
of the observed variation between the P. effusa isolates. The TE content in P. effusa is highly
dynamic and shaped by continuous TE expansions and deletions. To investigate the timeline
of repeat expansion, we calculated the divergence of individual TE copies to their TE consen-
sus sequence (Kimura distance), which uncovered a recent expansion of LTR Gypsy and Copia
elements, as well as an older expansion of LTR Gypsy elements (Figs 3C and S7). The largest
LTR Gypsy family has around 250 copies per isolate and is found in all chromosomes. These
copies have a Kimura distance of only 0.002 and 60% occur within accessory or unique
regions, suggesting that this TE family remained highly active after the divergence of the differ-
ent P. effusa isolates. In contrast to the open TE pangenome, the pangenome for genes is nearly
closed, demonstrating that by analysing only six diverse P. effusa isolates we have successfully
captured most protein-coding genes in the population (Fig 3B). Effector genes though are
much more variable than the rest of the genes, due to extensive copy-number variation. Since
we have defined single copy orthogroups, copy-number variation is accounted for in satura-
tion plots, revealing an open pangenome for effector genes (Fig 3B and S2 Note).

Chromosomes do not only differ in size, but also in the proportion of conserved regions, as
well as repeat and gene content. We used these characteristics to study individual chromo-
somes with principal component analyses (PCA), which revealed four distinct groups of chro-
mosomes (Fig 3D). The first group consists of highly conserved chromosomes (69-87% core),
which includes the most repeat poor (52-62%) and smallest (1.7-2.3 Mb) chromosomes; chro-
mosome 4 is an outlier based on chromosome size (4.3 Mb) and repeat content (70%) because
it contains an older repeat expansion that affected its size but is shared between all isolates (S8
Fig; Panel Pe5_Chr4). The second group is characterized by a high repeat content (68-70%).
The third group consists of the least conserved chromosomes (45-60% core), with some of the
largest (3.2-4.6 Mb) chromosomes. Lastly, the fourth group consists of the two largest chro-
mosomes 1 (8.1 Mb) and 10 (6.3 Mb), which clearly grouped apart of the other chromosomes
even though these chromosomes are similarly conserved to most chromosomes, and they have
an average repeat content (chromosome 1: 54% core, 61% repeats; chromosome 10: 58% core,
59% repeats). Interestingly, while most P. effusa chromosomes are completely syntenic with
the chromosomes of Bremia lactucae, this is not the case for chromosome 10 [45], which
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suggests that chromosome 10 and most likely also chromosome 1 might be the result of a
fusion of two smaller ancestry chromosomes, similar to other chromosome fusion events that
have been observed in Peronosporaceae [45,47] (S5A Fig).

Peronospora effusa has a variable and highly repetitive accessory
chromosome

The genome assembly of P. effusa isolate UA-202013 as well as the here assembled isolates Pel
and Pel4 have 17 chromosomes (Fig 1) [45]. However, we also assembled an additional com-
plete chromosome in P. effusa isolate Pe5, named chromosome 18. This chromosome is similar
to other chromosomes as it is 2.1 Mb long, has full diploid coverage, has a centromere based
on the Hi-C data, and is flanked by telomeric repeats (S3 Fig). In contrast to other chromo-
somes, however, it is mostly composed of TEs of the LINE and LTR superfamily (87% TE con-
tent compared with 54% genome-wide average), has higher GC content (54% compared with
an average of 48%), and the two chromosomal arms are the reverse complement of each other
(Fig 4A). Moreover, unlike other chromosomes, this one shares almost no sequence similarity
with any other chromosome, since all the annotated LINE, satellite, and unknown repeats are
unique to chromosome 18. Only four significant matches were found with other chromosomes
(0.48, 0.80, 1.21, and 1.6 Mb), corresponding to copies of two LTR-Gypsy families, which had a
recent expansion and are among the most abundant TE families in P. effusa (Fig 4C). Near the
telomeres where the two LINE/LI clusters are located, we annotated 18 putative protein-cod-
ing genes, nine in each of the chromosome arms. These sequences lack similarity to any other
predicted proteins of P. effusa or any other known proteins from public databases. Since these
are also not expressed, we concluded that these are most likely non-functional. Notably, we
also assembled additional contigs in Pe4, Pell, and Pel6 that share sequence similarity with
chromosome 18 of Pe5. However, these are 30-36% shorter, have only a single telomeric
repeat, and miss half of a chromosomal arm that is unique for Pe5 as shown in the pangenome
graph (Fig 4B). We similarly observed protein-coding genes annotated in each of these contigs,
yet we could not identify sequence similarity between different isolates, further corroborating
that these predicted protein-coding genes are likely non-functional.

To better understand the occurrence and possible origin of this accessory chromosome, we
used publicly available short-read data from whole-genome resequencing experiments for in
total 32 P. effusa isolates [42,62,63]. Based on read mapping to the Pe5 chromosome 18, we
identified similar accessory chromosomes in nine P. effusa isolates, including sequencing data
of three independent isolates that are classified as race 13 (Pel3, R13, and Pfs13) [42,62,63]. In
eight P. effusa isolates, such as Pe4, Pell, and Pel6, chromosome 18 is partially present (40—
60% of the entire chromosome is covered), and in two isolates we could find only traces of the
genetic material assigned to Pe5 chromosome 18 (8-10% coverage) (Fig 4C). Interestingly,
based on the known relationship between the isolates [44] (Fig 4D), we could not identify any
traces of chromosome 18 in data from isolates of clusters i and iii as well as in Pel0, Pel7, and
NL-05, suggesting that chromosome 18 was likely present in isolates that form cluster ii and
that this chromosome was subsequently lost or degraded in a subset of isolates, possibly due to
recombination with isolates from cluster i and iii (Fig 4D). Our analysis shows that chromo-
some 18 is also present in the closely related beet downy mildew Peronospora farinosa £. sp.
betae (Fig 4C). The phylogeny suggests a closer relation of P. farinosa f.sp. betae to P. effusa
cluster i isolates, for which chromosome 18 is absent (Fig 4D). These obvervarions indicatethat
chromosome 18 was either present in their last common ancenstor and has been recently lost
in many of the P. effusa isolates, or gained from cluster ii after the differentiation of these P.
effusa isolates.
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of Pe5, while the remaining rows show coverage based on Illumina short-read data for each analysed P. effusa isolate. D. The Presence of chromosome 18,
as determined in C, is shown in the context of the P. effusa phylogeny. Similarity between P. effusa isolates and the outgroup P. farinosa f. sp. betae is
represented in a neighbor-net phylogenetic network; the branch lengths are proportional to the calculated number of substitutions per site, with the
exception of the outgroup where the branch is truncated.

https://doi.org/10.1371/journal.pgen.1011452.9004

Extensive variation in repeat-rich regions is caused by rapid repeat
expansion and contraction

The most extensive variation in the pangenome graph occurs at gene clusters formed by genes
annotated as tRNA genes (Fig 1A), which appear in the pangenome graph as large ‘bubbles’ of
unique and accessory regions (Figs 2A and 5A). These clusters are found in multiple locations
across all 17 core chromosomes (33-39 per isolate) and contain the vast majority of all tRNA
genes annotated within a genome (around 99.6% of the more than 6,000 annotated in each P.
effusa isolate). Individual clusters differ in size and can contain between ten to 970 tRNA
genes. Notably, the tRNA genes of each cluster are nearly identical (>99.99% identity), while
they share less similarity (<70% identity) with other tRNA genes identified outside the clus-
ters. In between the tRNA genes, we discovered conserved regions with a highly similar open
reading frames (ORFs; >98% identity), but single nucleotide deletions cause frame shifts
changing the size of the predicted encoded proteins (Fig 5B). Interestingly, some of these
ORFs are annotated as complete genes of around 300 nucleotides that potentially encode a
protein with a signal peptide and an RXLR amino acid motif that is also found in effector
candidates.

One of the biggest tRNA clusters can be found on chromosome 6, where a cluster of Argi-
nine tRNAs was initially annotated. In Pel, 570 tRNAs (72 bp in length) in intervals of 645 bp
were identified in a single 412 kb region (Pel_Chr6:3.2-3.6 Mb) (Fig 5B). The alignment of all
copies of this 717 bp repeated sequence revealed that the tRNA gene is 100% identical while
the remainder of the sequences is generally less conserved (94.9-98.9% identity). Within the
cluster, we observed multiple subgroups of repeats (50-200 repeats). While within each of
these groups individual copies are almost identical (>99% identity), indicating that these
expanded recently, we observed significant differences between copies of different subgroups
(94-98% identity) and these subgroups are seperated by even less conserved sequences (80—
90% identity) (Fig 5B). Moreover, in Pel, we identified two cases where the repeated sequence
is reversed (Fig 5B ii. and iii.). These inversions along with the changes in sequence identity
are indicative for multiple and separate expansions of this 717 bp sequence within this cluster,
which is unique to this location in chromosome 6.

In the other five isolates, the same repeated sequence as in Pel can also be found, and in the
pangenome graph we observed that the first 80 kb of this region is highly conserved between
all isolates. In contrast, however, the remaining region is highly variable with different expan-
sion patterns and large differences in the size of the cluster, ranging from 412 kb in Pel to only
129 kb in Pel4. According to the pangenome graph, isolates Pel6, Pell, and Pe4 follow a simi-
lar path through the graph as Pel, although Pel has additional unique regions (Fig 5A). These
three isolates have a similar but shorter path compared with Pel, including the two inversions
(Fig 5B). In contrast, Pe5 has a unique path, starting from point (v.), which is caused by an
expansion that is different compared with other isolates. Similarly, Pe4 appears as a much
shorter unique path, starting from the point of inversion (ii.), because the expansion in Pel4 is
much shorter and the inversions observed in other isolates are not present. These extensive dif-
ferences between the P. effusa isolates suggests that these repetitive elements are continuously
expanding and contracting.
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The repetitive tRNA sequences and the coupled ORFs that we uncovered in the P. effusa
genomes resemble short interspersed nuclear elements (SINEs) that have been characterised in
mammals, plants, insects, and in Phytophthora infestans were 15 families have been character-
ised with up to 2,000 copies [64,65]. Their activity and number of families varies greatly with
up to a million copies found in the human genome and from 22 families in Amaranthaceae to
200 families in Metazoa [65]. Notably, the rapid and continuous expansion that we observed
here resembles the activity of TEs rather than tRNAs and protein-coding genes. SINEs are
Class I TEs, propagating by copy-paste mechanism, although they do not encode any proteins
and thus are depedend on other TEs for their expansion [66]. Most SINEs are caracterised by
the presence of a tRNA-like sequence at the 5’ terminal region, by a central conserved region,
and by a relatively short sequence of 200-700 bp [66]. The taxonomic distribution of a specific
SINE family is often clade-specific and does not expand to more distantly related taxonomic
groups [65], thus we were not able to match the sequences found in P. effusa with any known
SINE sequences. Based on these observations, we therefore propose to classify these sequences
as SINE-like. To annotate them throughout the genomes, we extracted consensus sequences
from each cluster, in total 563 ranging from 284 to 1,070 bp in size, and added them to our P.
effusa common TE library. The TE annotation with these sequences revealed that 5.4 to 5.9%
of the genome assembly in each of the six P. effusa strains is composed by these SINE-like
sequences, which have undergone recent expansions (Fig 3C and S2 Table), thus explaining
the observed differences between the isolates. Although, SINEs have not yet been characterised
in thein oomycetes genome assemblies, a similarly large amount of tRNA genes was recently
reported in the chromosome-level genome of Phytophthora infestans [46], suggesting that
SINE-like elements are commonly present and particularly active in Peronosporaceae.

Variation in virulence-related genes originate from changes in gene copy-
number in gene clusters

By plotting all genes of each isolate in their chromosome position, we observed that most of
the gene variation between isolates is concentrated in few, highly variable genomic regions
(Fig 6A, clustering of green and yellow bars). To quantify this observation, we searched for
genes that share the same functional annotation and are located next to each other in the
genome. Of the 1,393 functional groups with at least two genes in Pel, 155 occur in at least one
cluster. Additionally, of the 59 functional groups with at least 20 genes, 13 have at least 15% of
their genes in a cluster. These observations suggest that physical clustering of functionally
related genes is a common phenomenon.

By using the synteny-based, single copy orthogroups on the pangenome graph, we calcu-
lated the ratio of substitution rates at non-synonymous and synonymous sites (dN/dS). Over-
all, genes are highly conserved with 73% being core and 72% having dN/dS values lower than
one, indicating that they evolve under negative selection (average dN/dS 0.83). In contrast,
genes encoding RXLR and CRN effector candidates show extensive variation with only 50.5%
found to be core and less than half (46%) evolve under negative selection and 54% show signs
of positive selection (average dN/dS 1.49) (Fig 6B). Interestingly, effectors that are not part of
physically co-localizing gene clusters show a distribution of dN/dS values that is comparable to
the rest of the genes, and 67% evolve under negative selection (average dN/dS 0.98). In con-
trast, the dN/dS values of effectors that are clustered in the genome have a bimodal distribution
and only 46% evolve under negative selection (average dN/dS 1.81). Thus, most of the varia-
tion observed in effectors originates from the presence-absence of genes located in distinct
gene clusters (Figs 6C and S9). For example, we observed an effector gene cluster at the begin-
ning of chromosome 6 where Pe5 has a unique expansion with 45 effectors, with most genes
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https://doi.org/10.1371/journal.pgen.1011452.9006
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having elevated dN/dS values (average dN/dS 2.15). We also observed two less variable effector
gene clusters in the middle of chromosome 13 where Pell and Pel4 share nine accessory effec-
tors and Pel4 has two unique effectors (average dN/dS 1.31 and 0.57) (Fig 6A).

Similar to effectors, other genes encoding proteins with functions commonly associated
with virulence show variation between isolates that is driven by gene presence-absence
changes specifically in gene clusters. Most notably, we identified 21 genes encoding necrosis-
inducing proteins (62% core), which are known to induce plant cell death or suppress plant
immune responses, but in oomycetes are known to be nontoxic [67-69]. Moreover, we discov-
ered 22 genes related to glycoside hydrolase family 12 in a single cluster in the genome (45%
core), known to be present in many bacteria and fungi [70], and 17 papain family cysteine pro-
tease genes (76% core) that are known to be involved in virulence or defence, amongst many
other functions [71]. When considering genes that share the same functional annotation, those
that are physically clustered in the genome are much more similar to each other than genes
outside clusters (68% vs 32% protein identity). Around half of the clustered genes are variable
between the isolates (52%), while most of the genes outside clusters are conserved (94%) (Figs
6C and S9B). These observations suggest that genes with the same function that are physically
clustered in the genome are the result of a gene copy number expansion. As a result, the pres-
ence-absence variation we observed in these clusters can be characterised as changes in gene
copy-number, which is the main driver of variation.

Changes in gene copy-number in effector clusters are associated with TE
activity

The largest group of genes associated with virulence, RXLR effectors, are highly variable between
the isolates, which is mostly caused by gene copy-number variation within physical gene clus-
ters. Of the total 601 RXLR orthogroups in the pangenome 47% (283) occur in clusters, but 66%
(192) of the 292 variable RXLR orthogroups are found in clusters of two or more effectors. For
each isolate, we observed 15 clusters with between three to five gene copies and three RXLR
effector clusters with 14 or more copies, one in the beginning of chromosome 6 (Pel_Chré: 71-
238 kb) with 30 (Pell) to 111 (Pe5) copies, and two more at the centre of chromosome 13
(Pel_Chr13: 908-1076 kb) that encompasses 24 (Pel) to 26 (Pel6) copies and 14 (Pe5) to 23
(Pel4) copies, respectively. These clusters consist of almost identical sequences (>96% protein
identity of genes within a cluster), indicating recent gene expansion within these clusters.

The two effector clusters in chromosome 13 are present in an otherwise highly conserved
region (Fig 7A). Variation between P. effusa isolates is primarily caused by single gene dele-
tions or insertions (Fig 7B and S10). In addition to copy-number variation, gene sequences
also differ due to small sequence changes, and we observed ten examples of pseudogenization
caused by single nucleotide deletions and subsequent frame shifts. Moreover, all the 114 effec-
tor genes found in the second RXRL cluster on chromosome 13 have non-synonymous substi-
tutions in 13 sites, seven that are shared (found in more than six genes), and six that are found
in only one or two genes. This variation creates 17 distinct variants of the RXLR protein
encoded by this cluster (Fig 7C). Most of this variation is found in the N-terminus and only
two are found in the C-terminus, which is assumed to be the functional domain that exerts its
activity inside of the plant cell [72]. Despite extensive copy-number differences, only two out
of the 23 RXLR effector orthogroups in this cluster have dN/dS values > 1 (average dN/
dS = 0.57). When we consider all effector genes in this cluster, only 14 out of the 114 effectors
show positive selection (dN/dS > 1) and the sequence of most orthologous effectors remains
conserved between the isolates. As a result, the expansion of effector copy-number is the lead-
ing cause of variation in this cluster.
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Fig 7. Insertions of transposable elements causes variation in effector clusters and are associated with changes in effector copy-numbers. A. Part
of chromosome 13, 0.2 Mb in size, is visualised by two pangenome graphs, with the start and end of the graph indicated with arrows. The first graph
shows the variation between P. effusa isolates with core (blue), accessory (green), and unique (orange) regions. For large accessory and unique regions,
the isolates that have these regions are indicated. The second graph visualises the effector genes belonging to the first (purple) and second (red)
effector clusters on the graph. The highlighted area is expanded in B. Alignment of corresponding chromosome 13 region for the six P. effusa isolates
containing the second effector cluster. Effector genes (red), pseudogenes (purple), and core genes (blue) are indicated as arrows, and LTR Gypsy
repeats (fam1: yellow, fam2: brown and, fam3: orange) are indicated as boxes. The pangenome variation for this region is visualised in a stacked bar
plot (top track; core blue, accessory green, and unique orange), and syntenic regions between P. effusa isolates are connected with grey ribbons
(bottom). C. Genotype network indicating the genetic variation between the RXLR effector proteins in the cluster. Each node is an effector genotype
present in the second cluster on chromosome 13 and each edge is the protein sequence distance between the nodes. The size of the nodes represents
the total number of effectors, which is indicated in each node, and the colours of the nodes represent how each genotype is divided between the
isolates. The colour and the width of the edges represent the distance between each node. The length of each edge is not informative and purely aids
visualization. D. Proposed sequence of events that generated the genetic variation observed in the effector cluster across the six P. effusa isolates.

https://doi.org/10.1371/journal.pgen.1011452.9g007
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Larger sequence variation in RXLR clusters is caused by the insertion of TEs, shown as
alternative paths in the pangenome graph (Fig 7A). In the first RXLR cluster, we discovered a
deletion of an LTR Gypsy element and an RXLR gene expansion that occurred specifically in
Ped4. The second RXLR cluster has extensive variation caused by insertion of LTR Gypsy ele-
ments in Pel6, Pell, and Pel4 that coincides with copy-number expansion of the RXLR genes.
To explain the evolution of this region, we propose the following sequence of events based on
the analyses of the pangenome graph. First, in the last common ancestor of isolates Pell, Pel4,
and Pel6 two LTR Gypsy families were inserted around an effector gene. Second, in the last
common ancestor of Pell and Pel4 the region of the two LTR Gypsies surrounding the effec-
tor gene were duplicated, thereby creating a new copy of the gene, unique for these two iso-
lates. Third, in the ancestor Pel6 two more LTR Gypsy copies were inserted upstream of the
previous event (Fig 7D). The new effector copies in Pell and Pel4 are identical in sequence
and share unique deletions of ten codons in centre of the gene sequence, and a unique nucleo-
tide deletion at the 3’ end that causes an early stop. The phylogeny of all the effector genes in
the cluster shows that the subgroup of effectors, with downstream effector genes in Pell and
Pel4, is the origin of these new effector copies (S11 Fig). These observations suggest that the
activity of two LTR Gypsy families in this region has created the conditions for the expansion
of the effectors in Pel4 and Pel6, possibly by homologous recombination. Although this event
explains only a part of the overall gene copy-number variation observed in this cluster, it repre-
sents a recent example of the TE insertion and gene duplication in these variable gene regions.

Discussion

Despite extensive efforts in disease management and control, filamentous plant pathogens are
rapidly evolving and continue to successfully infect their hosts [2]. Pathogen adaptation is
thought to be driven by few highly variable genomic regions that harbour most of the known
variation in a species [18,22-24]. Traditional comparative genomics methods, based on single
reference genome sequences and short-read sequencing data, cannot fully reconstruct these
regions, and thus fail to capture their variation and evolution [25]. Here we generated, to our
knowledge, the first pangenome graph for an oomycete by incorporating six genetically diverse
P. effusa isolates to improve structural annotation and to perform in-depth, genome-wide com-
parisons of their genes, TEs, and effectors. Our analysis revealed a highly conserved genome
structure, with 80% of the observed variation being associated with TEs. Genes are typically
conserved, but virulence-related genes are highly variable. This variation is mainly caused by
gene copy-number changes that occur inside large gene clusters, which appear to be the major
mode of genome evolution in P. effusa. By constructing a pangenome graph, we’ve gained
invaluable insights into the evolution of this important spinach pathogen. This approach can be
applied to many more filamentous plant pathogens and thus presents an exciting new route to
study the full extent of pathogen adaptation by precisely documenting genomic variation.

The use of pangenome graphs to compare multiple genomes has recently gained momen-
tum in multiple organisms, including bacteria, animals, fungi, and human [27,73-75]. The
alignment of multiple genomes of individuals or strains in a pangenome graph enables
researchers to construct a common structural annotation, thus consistently discovering genes
for each genome and reducing potential variation that could have been merely caused by dif-
ferent technical interpretations in the separate structural annotation of the individual genomes
[76]. For example, we identified in total 1,842 genes that would have been missed in the indi-
vidual annotations (Note S2). We also demonstrate that the pangenome graph can be used to
directly determine the synteny of genes and to create synteny-anchored single-copy
orthogroups. By utilising these pangenome based methods of structural annotation, the full
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extent of gene variation between the genomes can be discovered, including gene copy-number
variations.

Large-scale chromosomal rearrangements between isolates are commonly observed in fila-
mentous fungi such as in Verticillium dahliae and Magnaporthe oryzae, and these have been
proposed to be an important mechanism leading to genetic variation [3,35,77-82]. In contrast,
chromosome structure is highly conserved in P. effusa, even though we selected phylogeneti-
cally distant isolates for our analyses. The conserved chromosome structure is largely shared
with other species within the Peronosporaceae such as Bremia lactucae and Peronosclerospora
sorghi, with the exception of few chromosomal fusions [36]. Our analysis indicates that the
chromosomes 1 and 10 might also be the result of a fusion of two smaller chromosomes, show-
ing that chromosome fusions indeed do occur in Peronosporaceae. Nevertheless, they show a
remarkable chromosomal stability that could result from sexual reproduction that is an essen-
tial part of the yearly life cycle of most oomycetes [43,44].

In contrast to the overall conserved chromosome structure in Peronosporaceae (S5A Fig),
we discovered the presence of an accessory chromosome in 19 out of 32 P. effusa isolates that
does not correspond with any of the chromosomes in B. lactucae or P. sorghi [45,47]. The
accessory chromosome is highly repetitive, and the activity of LINEs and LTRs appears to
underlie the variation observed between P. effusa isolates (S8 Fig; Panel Pe5_Chr18). Despite
their activity, none of the TE families found on chromosome 18 can be found on any other
chromosome, except for four LTR elements located on the chromosomal arms from two LTR
families, which experienced recent expansion following the differentiation of the P. effusa iso-
lates. Consequently, it seems more likely that this chromosome was recently acquired from a
close relative, possibly with a horizontal transfer from P. farinosa f. sp. betae, rather than
deleted from multiple isolates. Accessory chromosomes in asexually reproducing filamentous
fungi, like Fusarium oxysporum, are often associated with virulence [2,3,77], but since we were
not able to identify protein-coding genes on chromosome 18, its physiological significance
remains uncertain. Additionally, we observed degradation of this chromosome in many iso-
lates that likely emerged from sexual reproduction between P. effusa isolates (Fig 4D) [44], sug-
gesting that sexual reproduction could be contributing to its degradation.

By creating chromosome-level genome assemblies based on long-read data, we were able to
discover the TE content and its variation in P. effusa. Incomplete genome assemblies typically
miss regions of recent TE activity [19], which for example explains the discrepancy in genome
sizes compared with previous P. effusa reference genomes (28 Mb larger) [42,63]. Our pange-
nomic comparison reveals that the TE expansion in P. effusa is, in many cases, more recent
than the differentiation of the here analysed isolates. Most notably, SINE-like sequences have
recently expanded and contribute to the extensive variation between the P. effusa isolates. We
additionally observed variation in nanopore coverage in SINE-like cluster in Pel and Pe5,
which indicates high heterozygous variation in contrast to the rest of the genome (drops and
peaks in coverage) or repeat collapse (peaks in coverage) (S3 Fig, Pel chr6 and chrll, Pe5 chr2,
chr3, and chré6). TE expansion in other oomycete genomes has been thought to play a similar
role in their genome expansion and variation [16,24,35]. Notably, while other TE families have
been expanding and recent copies can be found on multiple chromosomes, each SINE-like
family in P. effusa is specific to a single chromosomal location, and expansion creates large
repetitive regions of almost identical sequences. Since each of these elements are exclusive to a
specific region of a chromosome, it is likely that they are not able to mobilise. As a result, the
observed variation can be atributed to non-allelic homologous recombination. Additionally, it
is worth noting that these elements are commonly annotated as tRNA. For example, the recent
annotation of more than 7,000 tRNA genes in Phytophthora infestans suggests that these
SINE-like elements are active and play an important role in oomycete genome evolution [46].
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The pangenome graph uncovered extensive and recent changes in gene copy-number, espe-
cially for RXLR and CRN effectors as well as for other virulence-related genes. While the
molecular mechanism has yet to be discovered, recent TE activity is often observed close to
genes that display gene copy-number variation. This phenomenon has also been described in
Phytophthora, where effector gene copy-number variation was shown for RXLR genes Avrla
and Avr3a in Phytophthora ramorum [83] and RXLR and CRN genes in Phytophthora sojae
[84], and these copy-number changes are thought to impact pathogen fitness [83,84]. It is also
well established that NLP genes have recently expanded in oomycetes by gene duplications
and that these genes are organised in clusters [68]. In P. effusa 15/18 NLPs are organised in
two clusters in which all the variation between NLPs can be observed. Interestingly, when
comparing the orthologous genes, we observed that clustered effectors more often evolve
under positive selection than unclustered effectors, suggesting that locally copied effectors rap-
idly generate novel genotypes. Thus, dynamic gene clusters, embedded in otherwise highly
conserved chromosomes, evolve by extensive copy-number changes and serve as cradles for
genomic variation in oomycetes. Given the frequency and the emergence of novel P. effusa
races, copy-number variation of virulence genes and diversification of novel gene copies, likely
plays an important role in the adaptation of P. effusa. Adding more and more closely related P.
effusa isolates to the pangenome will therefore be essential to associate effector variation with
virulence and the capacity to break deployed spinach resistance traits.

Pangenome graphs will most likely transform the field of comparative genomics, resulting in
more accurate and in-depth analysis of the variation of a large collection of diverse genomes [25,29].
Especially chromosome-level genome assemblies will be essential to achieve the necessary resolution
to uncover and study highly variable regions that are enriched for virulence-related genes [3,36].
Beyond expanding the analysis by adding more isolates, a step further would be to create a pangen-
ome graph that incorporates fully phased diploid or polyploid genome assemblies, thus uncovering
possible variation and recombination between haplotypes [85]. For example, oomycetes are mostly
diploids, but there are various reports of whole-genome duplication in Phytophthora betacei, and
aneuploidy in Phytophthora capsici and in Phytophthora cinnamomi [86-90]. We therefore antici-
pate that pangenomic approaches will be instrumental to uncover the full extent of genomic varia-
tion in filamentous plant pathogens [27,91], which, in turn, will unveil new theories about their
emergence and evolution, impacting our ability to predict and manage plant diseases.

Materials and methods
Peronospora effusa infection on soil-grown spinach and spore isolation

Spinach plants were sown in potting soil (Primasta, the Netherlands) and kept under long-day
conditions (16-hour light, 21°C). Two to three weeks after germination, the spinach plants
were inoculated with P. effusa by spraying them with P. effusa spores suspended in water using
a spray gun. Following inoculation, we placed the plants under 9-hour light and 16°C, and the
lids of the plastic trays were sprayed with water and covered to keep the plants humid. After 24
hours, the vents on the lids were opened. The lids of the boxes were again sprayed with water
and the vents were closed 7-10 days after inoculation, creating a humid environment that pro-
motes the sporulation of P. effusa.

To harvest P. effusa spores for Oxford Nanopore sequencing, we collected leaves with spor-
ulating P. effusa from spinach plants and placed them in a glass bottle with tap water. The
spores were brought into suspension by shaking the bottle vigorously. Soil and other large con-
taminants were removed by filtering the spore suspension over a 50-um nylon mesh filter
(Merck Millipore, USA). To remove small biological contaminants, the remaining filtrate was
filtered 11-pum nylon mesh filter (Merck Millipore, USA) using the Merck™ All-Glass Filter
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Holder (47 mm) and a vacuum pump, resulting in the spores which remaining on top of the
filter and contaminants washing through the filter. The spores were washed several times,
scraped off the filter, and kept at -80°C.

High-molecular weight DNA extraction protocol

To isolate high-molecular weight (HMW) DNA, the collected P. effusa spores were ground to
a fine powder in liquid nitrogen together with 0.17-0.18mm glass beads. The ground spores
were washed in cold Sorbitol solution (100 mM Tris-HCI pH 8.0; 5 mM EDTA pH 8.0; 0.35 M
Sorbitol, 1% PVP-40, 1% B-mercaptoethanol, pH 8.0). The tissue was lysed by incubation in
extraction buffer (1.25 M NaCl, 200 mM Tris.HCI, pH 8.5, 25 mM EDTA, pH 8.0, 3% CTAB,
2% PVP-40, 1% B-mercaptoethanol) and incubated with proteinase K and RNase A for 60
minutes at 65°C, and throughout the incubation mixed by gentle inversion. The samples were
centrifuged to pellet and remove the debris. HMW DNA was further purified by phenol/chlo-
roform/IAA and chloroform/IAA extraction, another RNase treatment, extraction with phe-
nol/chloroform/IAA and chloroform/IAA and isopropanol precipitation. DNA concentration
and integrity were determined using Nanodrop, Qubit, and Tapestation.

Genome sequencing using Oxford Nanopore

We obtained long-read sequencing data for six P. effusa isolates (Pel, Pe4, Pe5, Pell, Pel4 and
Pe16) with Oxford Nanopore sequencing technology (Oxford Nanopore, UK) at the USEQ
sequencing facility (the Netherlands). The ligation-based sequencing kit from Oxford Nano-
pore was used for library preparation (ONT—SQK-LSK109; Oxford Nanopore, UK) following
the manufacturer’s protocol. We used a Nanopore MinION flowcell (R10) for real-time
sequencing and base-calling of the raw sequencing data was performed using Guppy (version
4.4.2; default settings). The raw long-read sequencing data were checked for contamination
using Kraken2 (version 2.0.9; default settings) [92].

Genome sequence using Hi-C

We obtained Hi-C sequencing data for six P. effusa isolates (Pel, Pe4, Pell, Pel4, and Pel6).
Spores were crosslinked in formaldehyde 1% and incubated at room temperature for 15 minutes
with periodic mixing. Glycine was added to a final concentration of 125 mM, followed by incuba-
tion for another 15 minutes. The spores were pelleted by centrifugation and washed with Milli-Q
water. Glass beads were added, and the samples were vortexed. Crosslinked samples were pelleted
by centrifugation, kept at minus 80 and send to Phase genomics (USA) for sequencing.

Transcriptome sequencing using RNAseq

RNA was extracted from spores or infected spinach leaves with a Kingfisher System using the
MaxMag Plant RNA isolation Kit. The sequencing was done at USEQ (the Netherlands), using
the Truseq RNA stranded polyA library prep and the samples were sequenced on the Next-
Seq500 platform with 2 x 75 bp mid output (210 M clusters).

Genome assembly

We used the long-read Oxford Nanopore sequencing data to produce chromosome-level
genome assemblies for six P. effusa isolates. The reads were corrected, trimmed, and assembled
using Canu (version 2.3) [93] with the following command:

canu -nanopore ${input_reads} genomeSize = 58M -d ${output_dir} -p ${sample_name}
corOutCoverage = 40 mhapMemory = 100g corMhapFilterThreshold = 0.0000000002
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mhapBlockSize = 500 ovlIMerThreshold = 500 corMhapOptions = "—threshold 0.80—num-
hashes 512—num-min-matches 3—ordered-sketch-size 1000—ordered-kmer-size 14—min-
olap-length 800—repeat-idf-scale 50"

To remove contigs that come from possible contaminants, uncollapsed haplotypes, and
other assembly artefacts, we run a pipeline of publicly available tools to filter and curate draft
genome assemblies. First, uncollapsed contigs were removed with Purge Haplotigs (version
1.1.1; -a 90) [94]. The taxonomy of the remaining contigs was determined with CAT contigs
(version 5.2; default settings) [95] and was visualised together with the Nanopore read cover-
age and QC content with Blobtools (version 2.3.3; default settings). The contigs classified as
contamination were removed, while contigs classified as oomycete, Peronosporaceae, Peronos-
pora, and the unclassified contigs were retained. The mitochondrial contigs were removed
based on their characteristically different GC content (22% GC of the mitochondrion vs 44-
52% of the nuclear genome for P. effusa). Finally, genome assembly metrics were measured
with QUAST (version 5.0.2) [96].

Scaffolding assemblies with Hi-C data and closing gaps

The curated assemblies were further scaffolded to full chromosomes by using Hi-C short-read
data that were aligned to the reference assemblies with Juicer (version 1.6; default settings)
[97]. Based on this alignment, the pairwise Hi-C contacts along the contigs were visualised on
a heatmap generated with 3D-dna (version 180922, -r 0 -e) [98]. Based on the heatmap, the
contigs were manually scaffolded to 17 or 18 chromosomes using Juicebox (Normalisation:
balanced, Resolution: 50Kb) [99].

Gaps of the scaffolded chromosomes were closed with FinisherSC (version 2.1; default set-
tings) [100]. The scaffolded assemblies were corrected for single nucleotide polymorphisms
using Illumina short-reads with four rounds of Pilon (version 1.23;—diploid,—fixbases) [101].

Transposable element annotation

To create a combined transposable element (TE) library for all P. effusa isolates, we used Ear-
1Grey (version 2.0) [102], with dependencies RepeatMasker (version 4.1.2) [103], RepeatMode-
ler (version 2.0.2) [104], and DFAM (version 3.6) [105]. First, the EarlGrey pipeline was run
on the genome of Pel with option ‘-r 2759’, specifying the subset of eukaryotic sequences in
the DFAM database as reference TE library. The TE library produced was then expanded by
using it as an input for the EarlGrey pipeline, rather than the DFAM library, and recursively
running it with additional P. effusa isolates (S13 Fig). The here identified SINE-like clusters
where initially inconsistently annotated by EarlGrey. To remove these consensus sequences,
TE consensus sequences with hits to tRNAs of 0.001 e-value or lower, at least 30 matching
positions and a coverage and identity of at least 80% were discarded. To ensure that duplicated
genes are not annotated as TEs, the final combined TE library was then filtered for TE families
that overlapped with gene annotations that have also RNAseq coverage on the P. effusa assem-
bly, thus removing 21 consensus sequences from the library. To complete the TE library, we
manually added 563 SINE-like consensus sequences from the Pel genome. This combined and
filtered TE library was then used to annotate and soft-mask the genomes using RepeatMasker
(version 4.1.2 -e rmblast -xsmall -s -nolow).

Genome annotation

The soft-masked genomes and the RNAseq short-read data were used for structural gene pre-
diction and functional annotation with the funannotate pipeline (version 1.8.7) [106] with the
following commands:
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funannotate train -i ${ref_fasta} -o ${output_dir}—cpus ${threads}—memory 150G -1
${R1} -r ${R2}—species "Peronospora effusa’—isolate ${sample}—stranded no—jaccard_clip
—max_intronlen 600

funannotate predict -1 ${ref_masked} -o ${output_annotate}—cpus ${threads} -d ${db}—
name ${sample}—species "Peronospora effusa”"—isolate ${sample}—max_intronlen 600—bus-
co_db stramenopiles_odbl0—organism other

funannotate update -i ${output_dir}—cpus ${threads}—max_intronlen 600—alt_tran-
scripts 0.3

funannotate iprscan -i ${output_dir} -m local—cpus ${threads}—iprscan_path ${iprscan}

funannotate annotate -i ${output_dir}—cpus ${threads} -d ${db}—busco_db
stramenopiles_odb10

The assembled and structurally annotated genomes were visualised with Circos (v. 0.69-8)
[107] (Fig 1A).

Secretome and effector prediction

In addition to genes annotated by funannotate, we also extracted all open reading frames lon-
ger than 70 amino acids encoded in the repeat-masked genome using ORFfinder (v. 0.4.3, -ml
210 -s 0). We filtered ORFs when they overlapped with the annotated genes using bedtools
intersect (version 2.30.0, default settings) [108].

For the prediction of the secretome of P. effusa races, we used the Predector pipeline (v. 1.2.6,
default settings) [109]. We extracted the list of all sequences predicted to contain a signal peptide
by at least one of the tools included in the pipeline (SignalP3.0, SignalP4.0, SignalP5.0, SignalP6.0,
Deepsig, and Phobius) [110-115]. From those, the ones containing multiple transmembrane
domains according to Phobious or TMHMM [116] were excluded from the secretome.

The secreted proteins were then screened to detect the presence of the conserved motifs
described in RXLR and Crinkler oomycete effectors [48]. To perform regular expression
searches, the EffectR package for R [117] was used to detect the following patterns in the first
100 amino acids after the signal peptide: i) a divergent version of the RXLR-EER complete
motif ((RQGH]XL[RQK]-[ED][ED][RK] [16], and ii) canonical and divergent versions of the
RXLR motif alone (RXLR or [RQGH]XL[RQK]). For the Crinklers, we used regular expres-
sions to detect the occurrence of canonical LFLAK, a degenerated version with maximum two
allowed changes in the motif (established as LIFYRL][LKF][ATVRK][KRN]) [118], and the
HVLV motif.

We also performed sequence profile searches using HMMER v3.3 [119]. To create the
sequence profile for the WY domain [120], the sequences described were aligned using
MAFFT v7.453 (ginsi) [121], and an HMM profile was built from the alignment using
hmmbuild [119]. This profile was used to screen the secreted proteins using hhmsearch (—
incE 10). A similar approach was followed to create profiles to search for the RXLR(-EER)
motifs using the 253 reviewed RXLR effectors deposited at the UniProt database (extracted
with the search string “family:"rxlr effector family" AND reviewed:yes” in January 2022) [122].
Three different profiles were built from the proteins annotated to contain a RXLR motif, an
EER motif, or both RXLR-EER. To search for Crinklers, we used an HMM profiles for the
LFLAK and the DWL domains described by Armitage et al. (2018).

The list of RXLR candidates includes all secreted proteins displaying a canonical or diver-
gent RXLR-EER motif, the canonical RXLR, the WY domain, or a divergent RXLR, in case the
protein was also found by least one of the Uniprot HMM profiles. For Crinklers, all proteins
identified with the LFLAK/DWL regular expressions or HMM profiles were included in the
list of candidate effectors.
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Pangenome graphs and common annotation

A pangenome graph was built per chromosome and then merged in a final pangenome graph
following the Minigraph-Cactus Pangenome Pipeline, HPRC Graph (step-by-step): Splitting
by Chromosome (version 2.6.4,—filter 0—vcf full—gfa full) [31]. This results in one, unfiltered
pangenome graph that was used in the downstream analysis. Pangenome graphs from mini-
graph were visualized with bandage (version 0.8.1) [123].

The hal output of the pangenome graph, the gene annotation, the annotated protein
sequence, and the RNAseq coverage for each P. effusa isolate were used as input to collectively
reannotate genes with the Comparative- Annotation-Toolkit (version 2.2.1,—augustus—
augustus-cgp—assembly-hub—filter-overlapping-genes) [76]. Genes that were not character-
ized as protein-coding or had no alternative source transcripts were removed from the annota-
tion (gene_biotype = protein_coding).

Synteny-based gene orthogroups

The pangenome graph was annotated with the genes of each isolate, by translating the gene
locations in each genome to their corresponding locations in the pangenome graph. To create
gene orthogroups based on their synteny on the pangenome graph, we computed the overlaps
between gene annotations in the pangenome per chromosome. This information was then
used to group genes into orthogroups using a 0.6 distance cutoff (this cutoff can be adjusted by
the user). In total, this resulted in 12,379 single-copy orthogroups, which we characterised as
core, accessory, or unique based on the number of isolates represented in each orthogroup.
The code for this computational pipeline is available on GitHub.

We then calculated the percentage of orthogroups with gene presence-absence variation for
each functional group as the sum of unique and accessory orthogroups. When gene presence-
absence variation is found in gene clusters of recently copied genes, we consider this as strong
evidence for gene copy-number variation between the isolates.

Saturation plots

Saturation plots are created to visualise the variation between the isolates on the nucleotide (to
compare the whole genome or TEs) or orthogroup level (to compare all genes or any subset of
genes). All possible comparisons between isolates are calculated for combination of one to all
six isolates. For each comparison, each nucleotide or single copy orthogroup was characterised
based on the number of isolates represented, as core (all isolates in the comparison), unique
(only one isolate for comparisons of two isolates or more), or accessory. The line for each cate-
gory (core, accessory, and the sum of accessory and unique) is drawn on the mean for each
combination (one to six) and the range of all calculations are shown by the shadow behind
each line. The code for creating these plots is part of the computational pipeline that is avail-
able on GitHub.

Gene evolution

The protein sequences of each single copy orthogroup was aligned with MAFFT (version
7.453,—auto—anysymbol) [121]. This alignment was used to guide the nucleotide sequence
alignment with PhyKIT thread_dna (version 1.11.7, default settings) [124]. To calculate the
dN/dS ratio, we used the python package dnds (version 2.1). The calculation was made pair-
wise for each orthogroup, excluding those that would result in a division by zero or with dN/
dS score higher than five to avoid saturation of substitutions [125].
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Splits tree

We performed variant calling, using the genome assembly of Pel as a reference, and the short-
read data of 32 P. effusa isolates. The short reads were aligned using bwa-mem?2 (version 2.2.1,
default settings) [126] and a joint VCF file was generated with both variant and invariant sites
with GATK (version 4.4.0.0, GenotypeGVCFs -all-sites) [127]. The single nucleotide variants
of were transformed into a distance matrix with PGDSpider (version 2.1.1.5) [128], which was
then was used to construct a decomposition network using the Neighbor-Net algorithm with
SplitsTree (version 4.17.0) [129]. We calculated the branch confidence of the network using
1,000 bootstrap replicates.

Effector genotype network

We collected from all six P. effusa isolates the effector protein sequences from the effector clus-
ter in chromosome 13 and we performed variant calling using GATK (version 4.4.0.0). The
variant sites were used to create a genotype network using to R package clusterPoppr (version
2.9.4, default settings) [130].

Visualisations

Using ModDotPlot (version 0.7.2) [131], we visualised the repeat in chromosome 18 (-id 75 -k
11 -r 3000) and the repetitive region in chromosome 6 (-id 85 -k 11 -r 500). Clinker (version
0.0.28) [132] was used to visualise the effector cluster on chromosome 13, by aligning the gene
protein sequences of six P. effusa isolates in that region. All other visualisations were created in
python using matplotlib and seaborn [133].

Supporting information

S1 Fig. Six isolates were selected to capture the genomic variation of Peronospora effusa.
Neighbor-net phylogenetic network of P. effusa isolates that cover all known isolates based on
a distance matrix of genome-wide nucleotide differences, containing 260,616 biallelic sites.
The branch lengths are proportional to the calculated number of substitutions per site. The
parallel edges connecting different isolates indicate conflicting phylogenetic signals. The six
selected isolates are from six distinct races and are indicated with red circles.

(TIF)

S2 Fig. Nanopore sequencing for Pel isolate resulted in high quality long-reads. A.
Weighted histogram of read lengths after log transformation. B. Phylogenetic classification of
reads based on Kraken2 (Wood et al., 2019) and plotted with MultiQC (Ewels et al., 2016). All
the reads classified as oomycote belong to P. effusa.

(TIF)

S3 Fig. The genome assemblies of Peronospora effusa race 1 (Pel) and race 5 (Pe5) are visu-
alised in a circular plot. Individual tracks, starting from the outside to the inside: i) 17/18
chromosomes are shown in different colours, a grey rectangle point the location of the centro-
meres. ii) Line graph shows the coverage of repeat (orange) and gene (blue) content summa-
rized in non-overlapping 20 kb windows. iii) Lines indicate the position of RXLR (red), CRN
(green), and tRNA (black) genes. iv) Inverted line graph shows the nanopore average coverage
of nanopore reads to the genome assembly. Coverage of 1 indicates a diploid coverage, 0.5 hap-
loid coverage, and coverage higher than one indicates an underrepresentation of a repetitive
region.

(TTF)
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S4 Fig. Genome-wide Hi-C contact map for the 18 chromosomes of the Pe5 assembly. Hi-C
heatmap displays the spatial interactions between chromosomes in the nucleus. Chromosome
boundaries are indicated with blue lines. The observed interactions indicate a Rabl chromatin
configuration with telomeric and centromeric regions inside the nucleus.

(TTF)

S5 Fig. Whole-genome alignments of genomes based on sequence similarity and on relative
position of protein-coding genes. A. Comparison of six oomycete chromosome-level genome
assemblies revealing conserved chromosome structure with a few chromosomal fusions. B.
Comparison of our six chromosome-level genome assemblies for P. effusa revealing highly
conserved chromosome structure with two rearrangements in chromosome in PelI and chro-
mosome 17 in Pe5.

(TIF)

S6 Fig. The structure and variation of the pangenome graph. A. Histogram of the node
degree, i.e. the number of connections, of each node of the pangenome graph. B. Histogram of
the sequence length of each node of the pangenome graph up to a max length of 5 kb. C. Bar
plot of the percentage of the genome size that is core, accessory, or unique for each isolate and
the pangenome. D. Bar plot of the total size of pangenome graph nodes that belong from one
to six isolates.

(TIF)

S7 Fig. The transposable element landscape based on Kimura distances for Pel and Pe5.
Kimura distance is the measure of divergence between individual TE copies and the corre-
sponding TE consensus sequence (Kimura, 1980), i.e., the lower the Kimura distance, the
more similar the copy is to the consensus and thus the more recent it was most likely copied.
(TIF)

S8 Fig. The transposable element landscape based on Kimura distances split up for each
chromosome of Pe5. Kimura distance is the measure of divergence between individual TE
copies and the corresponding TE consensus sequence (Kimura, 1980), i.e., the lower the
Kimura distance, the more similar the copy is to the consensus and thus the more recent it was
most likely copied.

(TIF)

S9 Fig. Virulence-related proteins are encoded by highly variable clusters of recently cop-
ied genes. A. Heatmap of the average protein identity for each cluster and the average protein
identity for all unclustered proteins. B. Heatmap of the percentage of proteins that are core or
variable for each protein cluster and for all unclustered proteins.

(TIF)

$10 Fig. Alignment of the corresponding chromosome 13 region for six P. effusa isolates
containing the first effector cluster. A. Part of chromosome 13, 0.2 Mb in size, is visualised
by two pangenome graphs, with the start and end of the graph indicated with arrows. The first
graph shows the variation between P. effusa isolates with core (blue), accessory (green), and
unique (orange) regions. For large accessory and unique regions, the isolates that have these
regions are indicated. The second graph visualises the effector genes belonging to the first
(purple) and second (red) effector clusters on the graph. The highlighted area is expanded in
B. Effector genes (red), pseudogenes (purple), and core genes (blue) are indicated as arrows,
and LTR Gypsy repeats (fam3: orange, fam2: brown) are indicated as boxes. The pangenome
variation for this region is visualised in a stacked bar plot (core blue, accessory green, and
unique orange) and syntenic regions between P. effusa isolates are connected with grey

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011452  October 25, 2024 26/35


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011452.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011452.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011452.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011452.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011452.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011452.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011452.s010
https://doi.org/10.1371/journal.pgen.1011452

PLOS GENETICS

Pangenome graphs of spinach downy mildew

ribbons.
(TIF)

S11 Fig. Effector gene phylogeny reveals the origin of the duplicated genes. Nucleotide phy-
logeny of the 114 RXLR effector genes and five pseudogenes for the six P. effusa isolates in the
second cluster of chromosome 13. The neighbour joining tree was built with IQ-TREE (v.
1.6.12) (Minh et al., 2020) and visualised with iTOL (v. 6.9) (Letunic & Bork, 2024). The loca-
tion on the tree of the two genes downstream of the duplicated genes is indicated with arrows.
(TIF)

$12 Fig. K-mer analysis confirms the completeness of the genome assembly in Peronospora
effusa race 1 (Pel). The short-read data of Pel were split into K-mers (size 27b) and their fre-
quency is plotted using KAT (v. 2.4.2) (Mapleson et al., 2017). The K-mers are mapped to the
genome assembly of Pel and the colour represents the number of copies that they are repre-
sented in the assembly.

(TIF)

$13 Fig. Pangenome graph based on the joint analyses of the whole genome assembly of all
six P. effusa isolates. The pangenome graph was produced using the full genome assemblies of
our six P. effusa isolates in a joint analysis, rather than generating separate pangenome graphs
for each chromosome individually, which were then merged. Nodes are randomly coloured.
(TIF)

S14 Fig. Sequence of publicly available tools used for the separate structural genome anno-
tation of the six Peronospora effusa isolates. These structural annotations were then over-
lapped with the pangenome graph for reference-free genome annotation and whole-genome
comparisons (Fig 2).

(TIF)

S1 Table. A. Nanopore sequencing data used to assemble the genomes of Peronospora effusa.
B. Hi-C sequencing data used to assemble the genomes of Peronospora effusa.
(XLSX)

S2 Table. A. Overview of the chromosome level genome assemblies of Peronospora effusa. B.
Overview of the genome annotation of Peronospora effusa. C. Overview of the repeat annota-
tion of Peronospora effusa. D. Overview of the tRNA annotation of Peronospora effusa.
(XLSX)

$3 Table. Details about the origin of the here sequenced Peronospora effusa isolates.
(XLSX)

S1 Note. Chromosome-level genome assemblies for six Peronospora effusa isolates.
(DOCX)

S$2 Note. Pangenome graph of six Peronospora effusa isolates enables comprehensive study
of genome variation.
(DOCX)
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