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1 | INTRODUCTION

Abstract

Microbial pathogens can adapt rapidly to changing environments such as the appli-
cation of pesticides or host resistance. Copy number variations (CNVs) are a major
source of adaptive genetic variation for recent adaptation. Here, we analyse how a
major fungal pathogen of barley, Rhynchosporium commune, has adapted to the host
environment and fungicide applications. We screen the genomes of 125 isolates sam-
pled across a worldwide set of populations and identify a total of 7,879 gene du-
plications and 116 gene deletions. Most gene duplications result from segmental
chromosomal duplications. Although CNVs are generally under negative selection, we
find that genes affected by CNVs are enriched in functions related to host exploita-
tion (i.e., effectors and cell-wall-degrading enzymes). We perform genome-wide as-
sociation studies (GWAS) and identify a large segmental duplication of CYP51A that
has contributed to the emergence of azole resistance and a duplication encompassing
an effector gene affecting virulence. We show that the adaptive CNVs were prob-
ably created by recently active transposable element families. Moreover, we find that
specific transposable element families are important drivers of recent gene CNV.
Finally, we use a genome-wide single nucleotide polymorphism data set to replicate
the GWAS and contrast it with the CNV-focused analysis. Together, our findings show
how extensive segmental duplications create the raw material for recent adaptation

in global populations of a fungal pathogen.
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come from the ability of fungal pathogens to rapidly adapt to en-

The incidence of emerging pathogens has been increasing and pres-
ents a major threat to worldwide food security today (Brown et al.,
2012; Fisher et al., 2012, 2018; Fones et al., 2020). Among pests,
fungi cause the most crop devastation, accounting for ~30% of pe-

rennial yield losses worldwide (Fisher et al., 2018). Major challenges

vironmental changes such as the application of fungicides (Fisher
et al., 2018). Point mutations and structural variants, such as copy
number variants (CNVs), inversions or translocations provide ge-
netic raw material for selection to act upon. In particular, gene du-
plication or deletion variants show greater phenotypic effects than

point mutations and present a major source of phenotypic variation
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driving species adaptation (Mérot et al., 2020; Peter et al., 2018;
Wellenreuther et al., 2019). In the case of pathogens, the loss of

genes that are recognized by the immune system of the host can
be highly beneficial (Hartmann & Croll, 2017; Morris et al., 2012;
Olson, 1999). In contrast, duplications of genes targeted by fungi-
cides have been shown to confer resistance in several species (Coste
et al., 2007; Leroux & Walker, 2013; Ma et al., 2006; Morschhiuser,
2016; Sanchez-Torres, 2021; Sionov et al., 2010; Steenwyk & Rokas,
2018; Zhang et al., 2019). Yet, despite their high adaptive potential,
systematic population-wide analyses of adaptive CNVs have been
scarce (Mérot et al., 2020).

The high adaptive potential of CNVs comes from their high ge-
nomic abundance, as well as from their manyfold phenotypic ef-
fects (Tang & Amon, 2013). In adaptive evolution experiments with
nutrient-deprivation schemes, genes that facilitate the uptake and/
or metabolism of the limiting factor are upregulated often through
gene duplication (Tang & Amon, 2013). For example, glucose lim-
itation in Saccharomyces cerevisiae cultures resulted in gene dupli-
cations encoding glucose transporters, while sulphate limitation
resulted in a gene duplication encoding a high-affinity sulphate
transporter (Mishra & Whetstine, 2016). In line with these obser-
vations, CNVs of genes targeted by fungicides have been repeat-
edly associated with resistance (Coste et al., 2007; Leroux & Walker,
2013; Ma et al., 2006; Morschhauser, 2016; Sanchez-Torres, 2021,
Sionov et al., 2010; Steenwyk & Rokas, 2018; Zhang et al., 2019).
Azoles are the most widely used fungicides both in agricultural prac-
tices and in clinical settings to treat fungal infections (Azevedo et al.,
2015; Cools & Fraaije, 2013). The dominant mechanisms to gain
azole resistance are nonsynonymous mutations as well as CNVs of
the gene CYP51 (ERG11 in yeast), a member of the cytochrome P450
family and the direct molecular target of azoles. Human pathogenic
fungi including members of the genera Candida and Cryptococcus
have repeatedly acquired azole resistance (Coste et al., 2007;
Morschhauser, 2016; Sionov et al., 2010; Todd & Selmecki, 2020).
During infection, Candida species show loss of heterozygosity, al-
lowing for more efficient selection as quasihaploids (Selmecki et al.,
2006; Todd & Selmecki, 2020). Similarly, many crop pathogens have
rapidly gained azole resistance through mutations or duplications
of CYP51 (Lucas et al., 2015). A particularly interesting case is the
barley pathogen Rhynchosporium commune. In addition to adaptive
mutations in CYP51, the R. commune genome encodes three CYP51
paralogues including CYP51A, CYP51B and CYP51A-p (a loss of func-
tion copy of CYP51A) (Brunner et al., 2016; Hawkins et al., 2014). The
CYP51A presence/absence polymorphism in R. commune is strongly
correlated with azole resistance on a global scale (Brunner et al.,
2016). Populations from the UK had very low CYP51A frequencies
between 1890 and 1985 which then increased very rapidly, presum-
ably as a response to increased azole treatments (Hawkins et al.,
2014). CNVs in R. commune have also impacted genes contributing to
virulence, including the genes coding for the necrosis-inducing pro-
teins NIP1, NIP2 and NIP3 (Penselin et al., 2016). NIP1 is recognized
by the barley resistance gene Rrs1, impeding infection in a gene-for-
gene model (Kirsten et al., 2012; Rohe et al., 1995; Schiirch et al.,

2004). Consequently, the NIP1 gene has been undergoing several
gene duplication events with some pre-dating speciation (Mohd-
Assaad et al., 2019). In addition, adaptive deletion of the NIP1 gene
allows R. commune to infect barley cultivars carrying the cognate re-
sistance factor Rrs1 (Mohd-Assaad et al., 2019).

In eukaryotic microbial pathogens, adaptive CNVs are gener-
ated during both mitosis and meiosis (Hastings et al., 2009). During
meiosis, nonhomologous recombination between specific chromo-
somal regions can cause the duplication and deletion of sequences
among progeny (Hastings et al., 2009). In the absence of sexual re-
production, nonallelic homologous recombination during mitosis or
aneuploidy are critical to generate genetic variability. Importantly,
generation of CNVs is often driven by transposable elements (TEs),
ubiquitous repetitive DNA sequences that can move from one lo-
cation in the genome to another (Bourque et al., 2018; Feschotte,
2008; Wells & Feschotte, 2020). TEs can either passively facilitate
structural variation by increasing the likelihood of nonhomologous
recombination, or actively insert into new regions of the genome and
create CNVs in populations (Bourque et al., 2018; Feschotte, 2008;
Wells & Feschotte, 2020). The recent advent of genome analyses
has allowed the mechanisms giving rise to structural variation to be
to established (Mérot et al., 2020). However, how specific genomic
features in microbial pathogens influence the creation and how pop-
ulation structure influences the trajectory of adaptive CNVs remain
largely unknown (Mérot et al., 2020).

Here we investigated how the barley pathogen R. commune has
adapted to fungicide applications, host resistance and different
temperature regimes at a global scale. Using genome-wide asso-
ciation mapping, we identified CNV loci probably contributing to
variation in life-history traits, including large segmental duplica-
tions of the fungicide resistance locus encoding CYP51A. We show
that CNVs associated with phenotypic trait variation are close to
specific TE categories. We contrasted the findings on CNV asso-
ciations with mapping outcomes based on genome-wide single nu-
cleotide polymorphisms (SNPs). We found that CNVs are enriched
for gene functions related to host colonization and environmental
adaptation. Together, our findings highlight the population genetic
context and genomic environment of CNV-based adaptation in

populations.

2 | MATERIAL AND METHODS
2.1 | Field collection of R. commune

We analysed 125 isolates of Rhynchosporium commune collected
from naturally infected barley fields. Populations from nine differ-
ent countries and four different continents were obtained: New
Zealand (NZ), Australia (AU), Ethiopia (ET), Switzerland (CH), Spain
(SP), Norway (NO), Finland (Fl), Iceland (IS) and USA (US). We used
all publicly available whole-genome sequencing data covering 12-
14 isolates per population (Mohd-Assaad et al., 2016; Tryggvi S.
Stefansson et al., 2013; Tryggvi S. Stefansson et al., 2014). The
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sequencing data are available at the NCBI Sequence Read Archive
under the BioProject accession no. PRJINA327656.

2.2 | Fungicide sensitivity assay

Fungicide sensitivity was assessed as previously described (Mohd-
Assaad et al., 2016). Isolates were taken from -80°C storage by
plating on lima bean agar plates (LBA; 60 g L lima bean, 12 g L bac-
teriological agar, 50 mg L'? kanamycin). After 10 days at 18°C in the
dark, spores were harvested by flooding the plate with sterile water,
aided by scraping with a microscope slide and filtering through two
layers of sterile cheesecloth. The quantification of spore densities
was done using KOVATM Glasstic Slides that were adjusted to a con-
centration of 10° spores ml™. Cyproconazole (Syngenta) was seri-
ally diluted to achieve final concentrations of 375, 37.5, 3.75, 0.375,
0.0375, 0.00375 and 0.000375 mg LY. Synthetic Nutrient Broth
(150 ul, SNB; 0.2% [w/v] KH,PO,, 0.2% [w/v] KNO,, 0.1% [w/V]
MgSO,.7H,0, 0.1% [w/v] KCl and 0.2% [w/V] sucrose) together with
cyproconazole was prepared in each well and 50 pl of the spore sus-
pension or sterile water as a negative control was added. Each iso-
late was tested in four technical replicates. Parafilm-covered plates
were incubated in the dark at 18°C with 80% humidity for 7 days.
Then, 20 ul of filter-sterilized 550 um resazurin (RZ; Sigma-Aldrich)
dissolved in phosphate-buffered saline solution (PBS, pH 7.4) was
added to each well, followed by 24 hr of incubation. RZ measures
the metabolic activity of fungal growth, and hence the reduction in
RZ was used as a measure of fungal hyphal growth in the microtitre
plate assay (Vega et al., 2012). The reduction in RZ was measured
using a SpectraMax_i3 Multi-Mode Microplate Reader Platform with
the SpectraMax-MiniMax Imaging Cytometer (Molecular Devices) at
excitation and emission wavelengths of 565 and 590 nm, respec-
tively. The dose-response curve was fitted for each assay individu-
ally using R with the four-parameter log-logistic model implemented
in the DRC package (Ritz et al., 2015).

2.3 | Virulence assay

Virulence was assessed as previously described (T. S. Stefansson
et al., 2014). Spore solutions were prepared from -80°C storage
as described above. The quantification of spore density was done
using a haemocytometer and concentrations were adjusted to 10°
spores ml™L. Spore solution volume was adjusted to 5 ml and 5 ul
Tween 20 was added. Virulence was measured on the spring bar-
ley cultivar Beatrix (Viskosa 9 Pasadena, Saaten Union, breeders’
Reference NS01/2449). Pots with soil and four seeds each were
placed in a single greenhouse chamber, where plants were grown at
18°C during the day and 15°C during the night. Day length was set
to 14 hr and humidity was set at 60%. Watering occurred from the
bottom. After emergence of the second leaf (~12 days), each plant
was inoculated until run-off in a sterile chamber. A spore suspension
of 5 ml was used per isolate and each isolate was replicated three

times. Plants were dried for 15-20 min and then arranged randomly
in mobile humidity chambers that were placed in the growth cham-
ber. Relative humidity was kept at 100% for 48 hr with the tempera-
ture and day length conditions as described above. The plants were
then randomly arranged in a single greenhouse chamber and the
relative humidity was set to 60%. Scoring for symptoms was done
for 1 week beginning 9 days after inoculation. Fifteen days after
inoculation, the second leaf on all plants was cut at the leaf base
and mounted onto a light-blue paper sheet (size A4). Using a Canon
EOS 60D camera and a 50-mm lens, digital images were taking in a
darkroom. On each side of the mounted leaves, a fixed light source
(Philips PF 319 E/44, 150 W) was placed at a distance of 30 cm. The
percentage of leaf area covered by lesions was measured for each
leaf using the image analysis software aps assess (Lamari, 2002). The
total number of isolates included in the analysis was 114 (with 11
isolates lacking data). Analyses were conducted using the manual
panel and thresholds were set by hue in Aps assess. Virulence was
logit-transformed prior to analysis due to zero inflation.

2.4 | Growth rates and colony melanization at
different temperatures

Growth rates at 12, 18 and 22°C were assessed as previously de-
scribed (Tryggvi S. Stefansson et al., 2013). Temperature sensitivity
was calculated as the standard deviation of the growth rate at 12, 18
and 22°C. Hence, a lower standard deviation indicates higher growth
resilience to temperature variation. Melanization was measured at
12, 18 and 22°C in the same setting as described above. The digi-
tal images of fungal colonies were analysed for melanization using
automated image analysis based on mMaGes (Schneider et al., 2012).
The method was identical to the one described for Zymoseptoria
tritici, with the only difference that the greyscale (GS) used to meas-
ure melanization was inverted using the formula 255 - GS so that
255 equals black and O equals white (Lendenmann et al., 2015).
Hence, higher values indicate higher levels of melanization.

2.5 | SNPandCNYV calling

Single nucleotide polymorphisms calling was done as previ-
ously described (Mohd-Assaad, McDonald, & Croll, 2016). The
HaplotypeCaller and GenotypeGVCF tools of the catk 3.3-0 suite
were used (McKenna et al., 2010). SNPs with a phred-scaled quality
score <500 were removed and SNPs were retained if they satis-
fied the following conditions: -2 < BaseQualityRankSumTest <2,
-2 < ReadPosRankSumTest <2, RMSMappingQuality <30, -2
< MappingQualityRankSumTest <2, QualByDepth >20 and
FisherStrand <10. The SNP data set was filtered to retain only
SNPs with a genotyping rate >90% and a minor allele frequency
(MAF) >5%.

To call CNVs, the software cnvNaTorR was used (Abyzov et al.,
2011). Statistical analysis of short read coverage along the genome

85U80|7 SUOWWOD 3A 18I0 3(cedtjdde aup Aq peusenob ase e YO ‘88N JO s8Nl 10} ArIqiT8UIUO 8|1 UO (SUOTPUCD-pUR-SLUBIAL0D" A8 1M ATe1q 1 jBul [UO//SANY) SUOIPUOD pue swie | 8y 885 *[5Z0z/20/T2] Uo Afeiqiauljuo A8 (1M ‘PryoneN JO AISIBAIUN AQ SEFIT 98W/TTTT OT/I0pAL0D A8 |IM ArIq Ul UO//SANY WOlj pepeojumod ‘0T ‘€202 ‘X#62S9ET



STALDER T AL.

2446
—I—WI |l A& MOLECULAR ECOLOGY

was performed to identify CNVs in all 125 sequenced isolates com-
pared to the UK7 reference genome (Penselin et al., 2016). The ref-
erence genome is assembled into 163 scaffolds with a scaffold N50
of 800.5 kb (Penselin et al., 2016). For each isolate, CNV events were
assessed in 100-bp bins as recommended. CNVs were retained if
the CNV genotype p-value < .05 and g, < 0.5. Additionally, CNVs
were filtered for the normalized average read depth. Deletions with
a normalized average read depth of <0.4 and duplications with nor-
malized average read depth of >1.6 were retained.

Allele frequency of SNPs was calculated using pLiNk version 1.07
(Purcell et al., 2007). For CNVs, allele frequency was calculated on a
per-gene basis; that is, for each gene, the number of isolates affected
by CNV was divided by the total of number of isolates.

To characterize the genomic environment of CNV loci, we split
scaffolds into nonoverlapping 10-kb windows using splitter in the em-
Boss version 6.6.0.0 package (Rice et al., 2000). We used intersect in
BEDTOOLS version 2.27.1 to calculate the percentage of basepair over-
laps either with annotated genes or TEs (Quinlan & Hall, 2010). We
used circos version 0.69.9 to visualize gene and TE density, as well as
TE superfamilies for all scaffolds >0.5 Mbp (Krzywinski et al., 2009).

2.6 | RNA-seq-assisted gene model
prediction, functional annotation and differential
expression analyses

The transcription profiles of all genes were assessed using RNA-
sequencing (RNA-seq) data generated for the reference isolate UK7.
RNA-seq experiments were conducted for four conditions, two in
vitro and two in plantae. In vitro culture conditions included growth on
Luria-Bertani (LB) and Potato Dextrose Broth (PDB) media. For the
in planta experiments, plants of the barley cultivar Beatrix (Viskosa
9 Pasadena, Saaten Union, breeders’ Reference NS01/2449) were
infected, and leaves were collected at 9 and 13 days post-infection
(dpi). All experiments were conducted in triplicate. Total RNA was
extracted using TRIzol (Invitrogen) following the manufacturer's
recommendations. RNA integrity and quantity were assessed
on a Bioanalyzer 2100 (Agilent) and a Qubit fluorometer (Life
Technologies). Libraries were prepared using the TruSeq stranded
mMRNA sample prep kit (Illumina). Total RNA was ribosome-depleted
by using polyA selection and reverse-transcribed into double-
stranded cDNA. Raw reads are available at the NCBI Sequence Read
Archive under BioProject accession no. PRINA804666.

The software TopHAT version 2.0.14 was used to align short reads
to the reference genome (Stefansson, Willi, et al., 2014). To identify
high-quality gene models, the reference genome was newly anno-
tated. Intron splice site hints were generated using bam2hints, in-
cluded in the aucusTus version 3.2.1 software (Stanke et al., 2006).
Due to the very high RNA sequencing depth available, intron splice
hints were filtered for a minimum coverage of 20 reads to avoid
an impact of spurious splice signals on gene prediction. To pro-
duce ab initio gene models, the BrAker version 1.0 pipeline com-
bining GeneMark-ET ab initio gene model predictions and aucusTus

version 3.2.1 (Hoff et al., 2016). GeneMark-ET was trained using
the RNA-seq-based splice information as hints. aucusTus was auto-
matically trained using ab initio gene models that were fully sup-
ported by splice information. Finally, Aaucustus was used to predict
gene models using both RNA-seq splice information and coding
sequence hints based on exonerate protein alignments as extrinsic
evidence. The gene models are available at https://doi.org/10.5281/
zenodo.5730007. All newly annotated gene models for the UK7 ref-
erence genome were functionally characterized using INTERPROSCAN 5
version 79.0 (Jones et al., 2014). All proteins predicted to be secreted
using sIGNALP version 4.1 were also screened for carbohydrate-active
enzymes (CAZymes) using the carbohydrate-active enzyme annota-
tion (dbCAN) release 5.0 (Petersen et al., 2011; Yin et al., 2012). Only
protein hits that were predicted by biAMOND, HMMER and HOTPEP were
retained. Orthologues to virulence- and resistance-associated genes
were identified using BLAasTP against the pathogen-host interaction
database PHI-base (Urban et al., 2020). Proteins were extracted with
the search terms “effector” or “resist.” Mapped reads overlapping
gene models were counted using HTSEQ-cOUNT version 0.11.1, setting
the matching mode to “union” and filtering out reads with an align-
ment quality below 10 (Anders et al., 2015). Reads per kilobase of
transcript per million mapped reads (RPKM) was calculated using R
with the package edgeR version 3.30.0 (Robinson et al., 2009).

2.7 | Identification of conserved and orphan
CNV genes

To identify genes affected by CNV, the percentage of overlap be-
tween CNVs and genes were calculated using the BebtooLs version
2.27.1 “intersect” command (Quinlan & Hall, 2010). A gene was con-
servatively considered as affected by a CNV if the CNV was overlap-
ping >80% of the gene length. CNV overlap was defined as the sum
of the overlapping deletion or duplication events. Genes affected
by both deletions and duplications were excluded. To classify CNV
genes as conserved or orphan CNV genes, we inferred orthologues
of all R. commune genes using ORTHOFINDER version 2.1.2 with de-
fault parameters (Emms & Kelly, 2019). We used 68 Leotimycetes
genomes including four Rhynchosporium genomes and four
Sordariomycetes genomes for our analysis. We defined conserved
R. commune genes as genes with orthologues in all Rhynchosporium
species, >55 Leotimycetes and four Sordariomycetes. We defined R.
commune orphan genes as genes with no orthologues in other spe-

cies of the genus Rhynchosporium, Leotimycetes or Sordariomycetes.

2.8 | TE consensus identification,
classification and annotation

To obtain a consensus sequence for each TE family, REPEATMODELER
version open-4.0.7 (http://www.repeatmasker.org/RepeatMode
ler/) was run on the R. commune UK7 reference genome. The clas-
sification was based on the GIRI Repbase (version 2018) using
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REPEATMASKER version open-4.0.7. (Bao et al., 2015; Smit et al., 2015).
We used wickersorT to finalize the classification of TE consensus
sequences (Breen et al., 2010) including the following steps. (i)
Screening for copies of known consensus sequences from other
fungal species with BLasTN filtering for sequence identity >80%
and sequence length >80%. (Altschul et al., 1997). (ii) Flanks of
10,000 bp were added and visually inspected for sequence similar-
ity and terminal repeats with dot plots. Subsequent multiple se-
quence alignments were performed with 10-15 sequences using
cLustalw (Thompson et al., 1994). (iii) Alignment boundaries were
visually inspected and trimmed if necessary. (iv) Consensus se-
quences were classified according to the presence and type of ter-
minal repeats, as well as homology of the encoded proteins based
on BLASTX against the NCBI protein database. Consensus sequences
were named according to the three-letter classification system
(Wicker et al., 2007).

The reference genome was annotated with the curated consen-
Sus sequences using REPEATMASKER version open-4.0.7 with a cut-off
value of 250 (Smit et al., 2015). Simple repeats, low-complexity re-
gions and annotated elements shorter than 100 bp were filtered
out and adjacent identical TEs overlapping by more than 100 bp
were merged as belonging to the same TE family. Different TE fam-
ilies overlapping by more than 100 bp were considered as nested
insertions and were renamed accordingly. Identical elements sep-
arated by less than 200 bp are indicative of interrupted elements
and were grouped into a single element. TEs overlapping genes were
recovered using the BepTooLs version 2.27.1 suite and the “overlap”
function (Quinlan & Hall, 2010). In total, we classified 10,112 indi-
vidual TE sequences grouped into 68 TE families. The complete TE
annotation is available at https://doi.org/10.5281/zenodo.6010023.
We used calcDivergenceFromAlign in REPEATMASKER to calculate the

Kimura distances of each TE copy from the alignment.

2.9 | Population genetic analyses

Genetic structure among isolates was estimated using unsupervised
model-based Bayesian clustering implemented in sTRUCTURE version
2.34 as previously described (Mohd-Assaad et al., 2018; Pritchard
et al., 2008). For principal component analysis (PCA) the “prcomp”
function of the base R package stats was used. For estimatesof
linkage disequilibria decay, the previously described filtered SNP
data set was used. All calculations were made with vcrrooLs version
0.1.12a(Danecek et al., 2011). Scans for selection were performed as
described previously (Mohd-Assaad et al., 2018). We calculated inte-
grated haplotype scores (iHS) and cross-population extended haplo-
type homozygosity (XP-EHH) using the R package rehh version 2.02
(Gautier et al., 2017). The analysis was performed for each genetic
cluster separately. iHS estimates the decay of the EHH between an
ancestral and derived allele at each SNP position (Sabeti et al., 2002;
Voight et al., 2006). An extension to within-population EHH analyses
is XP-EHH, which compares haplotypes in a pair of populations and
is effective at detecting nearly fixed selective sweeps (Sabeti et al.,

2002). Analyses of EHH are particularly suited to detect incomplete
selective sweeps (Voight et al., 2006). We retrieved evidence from
both iHS and XP-EHH analyses to assess candidate loci underlying
recent local adaptation.

2.10 | Genome wide association studies (GWAS)

For the SNP GWAS analysis, we used the above described filtered
SNP dataset. Forthe CNV GWAS analyses, we used a gene presence-
absence table indicating whether the gene was affected by a CNV or
not (i.e., overlapping with a CNV > 80%). For both SNPs and CNVs,
nine traits were tested (azole resistance, virulence, growth rate at
12, 18 and 22°C, temperature sensitivity, and melanization at 12,
18 and 22°C). For both SNPs and CNVs, we performed GWAS with
TasseL 20211027 using a mixed linear model (MLM; Bradbury et al.,
2007). To correct for the relatedness among individuals, we calcu-
lated a kinship matrix using the centred identity-by-state method
(IBS) in TasseL (Endelman & Jannink, 2012). The p-values were cor-

rected using the base R “p.adjust” function.

3 | RESULTS

3.1 | Identification of recent large segmental
duplications and short deletions

To assess the impact of CNV dynamics in Rhynchosporium commune
populations across the worldwide geographical range of the patho-
gen, we first performed a thorough annotation of protein-coding
genes and repetitive sequences of the reference genome (Table S1).
To annotate coding sequences, we integrated RNA-seq evidence
both in culture medium and across the infection cycle. The im-
proved annotation includes 11,923 genes compared to 8,847 genes
in previous annotations, which were based primarily on expressed
sequence tags (ESTs; Tables S2 and S3; Penselin et al., 2016). We
functionally characterized all newly annotated gene models and ad-
ditionally screened for candidate effector proteins and CAZymes,
both of which are known to be critical for host colonization and ex-
ploitation. To analyse repetitive sequences surrounding CNVs, we
performed an exhaustive de novo annotation of TEs. In total, we clas-
sified 10,112 high-quality TE sequences grouped into 10 superfami-
lies (Table S4).

We detected CNVs in 125 haploid R. commune isolates compar-
ing read depth of Illumina sequencing data mapped to the reference
genome (average depth of 39x, Table S1; Abyzov et al., 2011). We
focused on polymorphic CNV events where both the gene presence
and absence alleles are still segregating within the species. After
quality filtering procedures, the total CNV count per isolate was not
correlated with read coverage (see Figure S1). We retained 12,867
CNVs affecting a total of 2,195 distinct genes (18.4% of all genes).
Even though we found more deletions than duplications (9191 vs.
3676), we found more duplications overlapping genes (2,160 genes
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overlapping with duplications vs. 58 genes overlapping with de-
letions; Figure 1a; Figure S2, Table S5). Almost half of the genes
deleted in some isolates were found duplicated in other isolates
(n = 23 genes). Duplications, but not deletions, often span scaffolds,
indicating large segmental duplications. In some isolates, multiple in-
dividual duplications amount to >200 kb each, suggesting that entire
chromosomes may have been duplicated. Our findings of few and
small deletions covering genes indicate purifying selection against

the deletion of essential genes.
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3.2 | Polymorphism frequency spectra across
genetic clusters

To characterize the genetic differentiation across the pathogen
distribution range, we performed an unsupervised Bayesian sTruc-
TURE analysis based on genome-wide SNPs. We identified three
well-supported clusters: a first cluster including isolates from
Scandinavia, Oceania and the USA, a second cluster separate from

the other Northern European countries with mostly isolates from
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FIGURE 1 Segmental duplications and deletions cosegregate with genetic structure of Rhynchosporium commune populations. (a)
Normalized read depth across genes and isolates. Read depth >1.6 is indicated in green, and read depth <0.4 is indicated in purple. Genes
affected by copy number variations (CNVs) are sorted by scaffolds (indicated as black and grey bars). Isolates are clustered based on single
nucleotide polymorphisms (SNPs). (b) Principal component analysis based on SNPs (left) and based on CNVs in genes (right). Colours
indicate country of origin: New Zealand (NZ), Australia (AU), Ethiopia (ET), Switzerland (CH), Spain (SP), Norway (NO), Finland (Fl), Iceland
(1S) and USA (US). (c) Decay of linkage disequilibrium and minor allele frequency spectra of CNVs within the three genetic clusters. Linkage
disequilibrium between pairs of SNPs, measured as r?, is plotted against distance in kb. Minor allele frequency spectra are contrasted with
the allele frequency of the derived allele at synonymous SNPs (n¢ and ngyp, Swiss cluster =780 and 71,842, Scandinavian, Oceanian and
American cluster = 2,061 and 219,357, Ethiopian cluster = 630 and 32,506)
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FIGURE 2 Evolutionary history and functions of genes affected by copy-number variation (CNV). (a) Phylogenetic tree representing the
relationships between Rhynchosporium commune, Leotimycetes and Sordariomycetes. Evidence for orthologues was used to infer whether a
CNV in R. commune is affecting a conserved or an orphan gene. (b) Frequency of CNVs in conserved and orphan genes for all isolates. (c-e)
Differences between all conserved genes and conserved CNV genes, as well as between all orphan genes and orphan CNV genes regarding
the coding sequence proportion (c), GC content (d) and transposable element proportion (e). All analyses were made in 10-kb bins with
two-sided t-test (*p < .05). (f) Gene expression ratio between in plantae (9 days post-infection) and in vitro conditions between conserved and
conserved CNV genes, and between orphan and orphan CNV genes. RPKM denotes reads per kilobase of exon per million mapped reads.

(g) Enrichment analysis of conserved and orphan CNV genes in sweep regions identified by XP-EHH and iHS. The proportion of conserved
CNV genes in sweep regions compared to the proportion of all conserved genes in sweep regions. Similarly, the proportion of orphan

CNV genes in sweep regions compared to the proportion of orphan genes in sweep regions (Fisher's test conserved CNV vs. conserved

p < .001, orphan CNV vs. orphan p < .001, number of sweeps in conserved genes =541, in recently lost genes = 72, in orphan genes = 9

and in recently gained genes = 90). (h) Enrichment analysis for effector genes in CNV genes. The proportion of effectors in conserved CNV
genes is compared to the proportion of effectors among all conserved genes. Similarly, the proportion of effectors in orphan CNV genes is
compared to orphan genes in general (Fisher's test conserved CNV vs. conserved p < .001, orphan CNV vs orphan p <.001, n in conserved
genes = 22, in conserved CNV genes =6, in orphan genes =73, in orphan CNV genes = 20). (i) Enrichment analysis for cell-wall-degrading
enzymes (CAZymes). Proportions are calculated as above (Fisher's test conserved CNV vs. conserved p < .001, orphan CNV vs. orphan

p <.001, n¢,, in conserved genes = 62, in conserved CNV genes = 16, in orphan genes = 0, in orphan CNV genes = 1; ***p <.001)
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FIGURE 3 Genomic landscape of CNVs, transposable element (TE) families and genes. (a) Circos plot showing all scaffolds with length
>500 kb. Indicated are the location of genes, CNVs, TEs and individual TE superfamilies: LTR retrotransposon superfamilies Copia (RLC),
Gypsy (RLG) and unclassified LTR (RLX), DNA-TE superfamilies MITES-TIR (DTX), PiggyBac (DTB), Tc1-Mariner (DTT), hAT (DTA), Mutator
(DTM) and Helitron (DHH). (b) Enrichment of TE superfamilies +200 bp near the breakpoint of CNVs compared to their frequency in

the genomic background. The fold change denotes the frequency of the TE family within the breakpoint point regions compared to the

frequency of the TE family in the background

Switzerland, and a third cluster with African isolates from Ethiopia.
The clustering is consistent with a PCA (Figure 1b, left panel). We
analysed linkage disequilibrium decay within each cluster. The three
clusters showed different rates of linkage disequilibrium (r?) decay,
indicating inbreeding among isolates or different degrees of clonality
and demographic histories (Figure 1c). The Scandinavian, Oceanian
and North American cluster showed a very rapid linkage disequi-
librium decay to r? = .25 at an average distance of 2 kb, whereas

the Swiss cluster showed the slowest decay to r? = .25 at an aver-
age distance of 580 kb. To elucidate the genetic structure of CNV
polymorphisms, we performed a PCA based on CNV genotypes. The
first principal component separated isolates primarily based on the
total number of CNVs, with isolate AU118 showing the highest num-
ber of CNVs compared to the reference genome (Figure S3a,b). The
PCA revealed no distinct clusters and shared little similarity with
the PCA based on genome-wide SNPs, indicating that the majority
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FIGURE 4 Transposable element (TE) families associated with CNV genes. (a) TE superfamily distribution in the Rhynchosporium
commune genome, specifically DNA transposons of the superfamilies hAT (DTA), PiggyBac (DTB), Tc1-Mariner (DTT), Helitron (DHH), Mutator
(DTM) and unclassified TIR (DTX), as well as LTR retrotransposon superfamilies Copia (RLC), Gypsy (RLG) and unclassified LTR (RLX), as

well as unclassified TEs (XXX). (b) TE superfamily distribution of TEs closest to genes and (c) TEs closest to CNV genes. Copia elements

are more often the closest CNV genes compared to other elements (Fisher's exact test p <.001). (d) The distance to genes of the different
TE superfamilies. (e) GC content of by TE superfamilies. (f) Differential regulation upon infection of genes overlapping with different TE
superfamilies. Differential regulation is shown as the difference in RPKM between 9 days post-infection in plantae and in vitro conditions.
(g) TE superfamily distribution in R. commune sweep regions identified by XP-EHH and iHS. Bar diagram indicates the proportion of TE

superfamilies in sweep regions compared to the whole genome

of the detected CNVs have been acquired recently (Figure 1b, right
panel). Next, we analysed how selection acted on gene duplica-
tions and gene deletions in the different clusters. For this, we con-
trasted the MAF spectrum of CNV alleles (i.e., gene duplication or

gene deletion) and synonymous SNPs. We found a strong excess of
low-frequency CNV alleles compared with synonymous SNPs in all
clusters (Figure 1c; Figure S3c, minor allele frequency <10%, Fisher's
exact test p-values < .001). In addition, we identified regions under
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positive selection using XP-EHH and iHS statistics and found that
genic CNVs were depleted in positively selected regions (Table S6).
This pattern suggests that both gene duplications and deletions are

under strong negative selection in all clusters.

3.3 | Conserved and orphan gene CNVs are
enriched in distinct adaptive functions

To investigate the evolutionary history of genes associated with
CNVs in R. commune, we systematically analysed the presence of
orthologues in other species. We defined orthogroups across sister
species, and 68 other Leotiomycetes species as well as four more
distantly related Sordariomycetes (Figure S4). Overall, 27.2% of R.
commune genes (n = 3,243) share an orthologue in all Leotiomycetes
and Sordariomycetes species, subsequently referred to as conserved
genes. In contrast, 5.2% of R. commune genes (n = 623) have no or-
thologue in any other of the analysed species, subsequently referred
to as orphan genes (Figure 2a; Figure S4). We found that 20.7% of
the conserved and 24.4% of the orphan genes are affected by CNVs
in R. commune (Figure 2a). CNV alleles in conserved genes are overall
at lower frequencies in the species compared to CNV alleles in or-
phan genes, suggesting stronger purifying selection against CNVs in
conserved regions (Figure 2b). To characterize the genomic context
of genic CNVs, we compared CNV genes against their respective
genomic background. We found that CNVs in conserved genes are
in regions with similar coding density, GC and TE content, and show
similar expression patterns as conserved genes (Figure 2c-f; Figure
S5). In contrast, we found that CNVs in orphan genes are located
in regions with lower coding density and GC content (Figure 2c-f;
Figure S5). Subsequently, we investigated whether CNVs affect-
ing conserved or orphan genes might impact host colonization. For
this, we tested whether conserved and orphan CNV genes are en-
riched in positively selected regions in general, and whether CNV
genes are enriched specifically in genes encoding candidate effec-
tor proteins and CAZymes. Effectors are small proteins secreted by
the pathogen that manipulate the immune system and metabolism
of the host to surmount plant resistance, whereas CAZymes are
involved in the degradation of plant cell walls and nutrient acqui-
sition (Esquerré-Tugayé et al., 2000; Fouché et al., 2018; Langner
& Gohre, 2016; Sanchez-Vallet et al., 2018). To analyse CAZymes

and effector candidates relevant for R. commune more comprehen-
sively, we defined orphan genes at the genus level. We found that
although conserved and orphan genes affected by CNV are depleted
in sweep regions, they are strongly enriched in effector candidates
and CAZymes, suggesting that CNVs contribute to host exploitation
(Figure 2g-i).

3.4 | Roles of transposable elements in
CNV generation

CNVs in genomes often arise through the presence of repeti-
tive sequences (Hastings et al., 2009; Wells & Feschotte, 2020).
In agreement with this, we found that CNVs heavily overlap with
TEs (Figure 3a). To investigate whether specific TE superfamilies
are associated with CNV loci, we analysed whether individual TE
superfamilies are enriched near CNV breakpoints compared to the
genomic background. We found that the superfamilies Piggy-Bag
(DTB) and Gipsy (RLG) are the most enriched, whereas the miniature
inverted-repeat transposable elements (MITEs) DNA transposons
(DTX) are the most depleted around CNV breakpoints (Figure 3b).
We then focused specifically on genic CNVs. We found that even
though the distance between genes and TEs is similar across TE su-
perfamilies, MITEs (DTX) tend to be the closest to genes and show
the highest GC content (Figure 4a-e). Interestingly, Copia elements
(RLC) are most often closest to genes affected by CNV (Figure 4c).
We found no meaningful in plantae upregulation of TEs overlapping
with genes that could have indicated stress-induced transcriptional
depression (Figure 4f). Additionally, we found that copies of MITEs,
but not Gypsy and Copia elements, are frequent in regions with sig-
natures of recent positive selection (Figure 4g; Figure S6). Together,
this suggests that the creation of recent CNVs in the species was

probably driven by a set of specific TE superfamilies.

3.5 | Large segmental duplications are associated
with azole resistance and virulence

Next, we investigated the association of CNVs with phenotypic trait
variation of R. commune isolates. For this, we performed a GWAS
of CNV gene loci. We identified an association of CNV genes with

FIGURE 5 Associations of segmental duplications with azole resistance and virulence. (a) Frequency of the trait-associated genic CNV or
genic SNP alleles identified with association analysis per genetic cluster. Alleles are associated with higher cypronazole resistance (measured
as EC50) and higher virulence (measured as percentage leaf area covered by lesions, PLACL). Reported CNV and SNP alleles have FDR-
corrected p < .06. (b) Duplications (green) and deletions (grey) on scaffold 51 encoding the azole target gene CYP51A/CYP51A-p (marked
with a rectangle). The CYP51A/CYP51A-p gene is spanned by multiple large segmental duplications. At the bottom, the positions of genes
and transposable element (TE) families are shown. The bar plots show cypronazole resistance depicted as log(EC50) of Rhynchosporium
commune isolates with and without duplication of the CYP51A/ CYP51A-p gene, grouped by genetic cluster (Np,ication 2N Mo puplication FO
the Swiss cluster = 4 and 10, Scandinavian, Oceanian and American cluster =10 and 84, Ethiopian cluster = 1 and 12, CYP51A/CYP51A-p
association overall p = .01). (c) Duplications (green) and deletions (grey) on scaffold 14 encoding the virulence-associated candidate effector
gene g4683 (marked with a rectangle). The barplots show the percentage leaf area covered by lesions (PLACL) of R. commune isolates
distinguished by the duplication of the candidate effector gene and genetic cluster (nDuplication and ny, Duplication for the Swiss cluster = 1 and
11, Scandinavian, Oceanian and American cluster =9 and 81, Ethiopian cluster = 1 and 11, association overall p = .06)
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both azole resistance and virulence (lesion coverage on leaves)
(Table S7). However, we found no significant associations with
pathogenesis-related colony melanization or with colony growth
rates at different temperatures (FDR-corrected p > .05, Table S7). To
provide a genomic context to the CNV-based association analyses,
we repeated the association mapping with genome-wide SNPs. The
GWAS with SNPs revealed significant genic associations for azole
resistance, but not for virulence (FDR-corrected p < .05, Table S8).
Among the significant associations for azole resistance, we found
no overlap between SNPs and CNVs. We found considerable varia-
tion in the frequencies of the positively selected alleles among the
three genetic clusters identified through CNV and SNP association
mapping for azole resistance (Figure 5a). SNP and CNV alleles under
positive selection for azole resistance are frequent in the Swiss and
the Scandinavian, Oceanian and North American cluster, but absent
in the Ethiopian cluster, which is consistent with the largely nonex-
istant use of azoles in Africa (“Food and Agriculture Organization of
the United Nations [FAQ] Pesticides Use Database” 2021).
Interestingly, the strongest CNV association with azole re-
sistance is the duplication of a sterol 14a-demethylase gene
CYP51A/CYP51A-p (g9954) and the adjacent gene encoding a cal-
cineurin phosphoesterase (g9953) (Figure 5b; Figure S7A). The pro-
tein encoded by CYP51A is the direct target of azole fungicides, and
overexpression and point mutations of CYP51A have been shown to
contribute to azole resistance in many crop pathogens (Lucas et al.,
2015). Here, we observed that a large duplication of the region (2-
200 kb) harbouring a CYP51A paralogue significantly contributes
to variation in azole resistance (Figure 5b). We found that the as-
sociation between resistance and CYP51A paralogue duplication is

(@)
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Kimura distance

strong in the Scandinavian, Oceanian and American cluster and the
Switzerland cluster but not in the Ethiopian cluster. Only a single
Ethiopian isolate carried a CYP51A duplication, preventing a direct
test for association. The low frequency in the Ethiopian cluster is
consistent with the lack of azole application in this region compared
to high azole usage in European or North American regions (“Food
and Agriculture Organization of the United Nations [FAQ] Pesticides
Use Database” 2021). CNV calling based on short read sequences
is not able to confidently distinguish between the CYP51A and
CYP51A-p pseudogene paralogues due to their sequence similarity.
Hence, the predicted duplication could indicate either a duplication
of CYP51A or the pseudogene. Alternatively, indications for a du-
plication of CYP51A could also stem from a genotype carrying one
copy of CYP51A and CYP51A-p each. We also identified a frequent
segmental duplication on scaffold 14 harbouring 13 genes, which is
associated with lower virulence (Figure 5c). Interestingly, the first
gene (g4683) of the duplication is a candidate effector putatively
interacting with the host immune system and the gene was upregu-
lated on the host compared to in vitro conditions (Figure 5c).
Analysing the genomic context of the virulence-associated
duplication showed that the Gypsy families Helios and Kratos
are located at the CNV breakpoints. In the flanking regions, we
found the Gypsy families Notus and Zelus, and the unclassified
Aix, Thisbe and Demeter elements (Figure 5c). To analyse whether
individual TE families were recently active, we calculated Kimura
distances for each TE family (Figure 6). Both the Helios and Kratos
family are within the third percentile of the Kimura distance dis-
tribution of all TE families. This shows that these TEs are among
the most recently active elements in the genome. Hence, the
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— RLG-Helios
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(]
)]
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FIGURE 6 Transposition history of CNV-associated TE families. (a) Kimura distance of different TE superfamilies, specifically DNA
transposons of the superfamilies hAT (DTA), PiggyBac (DTB), Tc1-Mariner (DTT), Helitron (DHH), Mutator (DTM) and unclassified TIR (DTX), as
well as LTR retrotransposon superfamilies Copia (RLC), Gypsy (RLG) and unclassified LTR (RLX), as well as unclassified TEs (XXX). (b) Kimura
distance of individual TE families. Highlighted families include RLG-Helios, RLG-Kratos, RLG-Notus, RLG-Zelus, RLX-Demeter, XXX-Aix and

XXX-Thisbe
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segmental duplications associated with major phenotypic trait
variation across environments probably originated through the

recent activity of specific TEs.

4 | DISCUSSION

Pathogens in agricultural environments are under strong selection
pressure to adapt to changing environments (Fisher et al., 2018).
CNVs have been increasingly recognized as important raw mate-
rial for adaptive evolution (Mérot et al., 2020; Peter et al., 2018;
Wellenreuther et al., 2019). We identified CNV loci associated with
azole resistance and virulence variation across genetically differen-
tiated global populations of the barley pathogen Rhynchosporium
commune. We showed that adaptation through CNVs was probably
facilitated by the action of a specific set of TE families.

We used a broad phylogenomic framework of Sordariomycetes
and Leotiomycetes fungi to distinguish conserved and orphan
genes affected by CNVs. We found that purifying selection acted
more strongly against CNVs in conserved genes than on CNVs in
orphan genes. This matches the expectation that conserved genes
tend to encode essential protein functions, whereas orphan genes
are selectively mostly neutral and lack essential functions at early
stages of gain-of-function processes (McLysaght & Guerzoni, 2015).
Interestingly, even though both conserved and orphan genes af-
fected by CNV were depleted in regions under positive selection,
both CNV gene categories are enriched in functions related to host
interactions including effector candidates, which may enable the
pathogen to manipulate the host physiology. Similar findings have
been made in the crop pathogen Zymoseptoria tritici, but not in the
castrating anther smut fungi Microbotryum, underpinning the diver-
sity in host adaptation strategies among pathogens (Beckerson et al.,
2019; Hartmann & Croll, 2017; Hartmann et al., 2018). In addition
to effector genes, CNV genes were also enriched in genes encod-
ing CAZymes involved in the degradation of plant cell walls and nu-
trient acquisition (Esquerré-Tugayé et al., 2000; Langner & Gohre,
2016). The increased genic CNV rates for functions related to host
exploitation may have been driven by strong selection on pathogen
populations to gain new functions and evade detection of proteins
exposed to the host immune system.

Consistent with the over-representation of host exploitation
functions at CNV loci, we found strong support for the role of in-
dividual CNV genes in association with pathogenesis-related trait
variation. The restriction to genic CNV events reduces the power
of the association mapping but focuses the analyses on the most
robustly called set of CNV events. We found that the CNVs under-
lying phenotypic trait variation are large segmental duplications
affecting multiple genes. The most striking duplication associated
with fungicide resistance included the CYP51A gene known to en-
code the target of azoles. Using targeted polymerase chain reaction
(PCR) assays, previous studies revealed a correlation between azole
sensitivity and the presence of the CYP51A paralogue in R. commune
(Brunner et al., 2016; Hawkins et al., 2014). Here, we found that

CNV variation at the CYP51A/CYP51A-p loci is relevant for azole re-
sistance in a global population genetic context. However, the short
read mapping approach for CNV calling cannot confidently distin-
guish between the close paralogues CYP51A and CYP51A-p due to
the high degree of sequence similarity. Hence, we could not pinpoint
which of the two paralogues is causal for the variation in resistance.
However, based on previous analyses, CYP51A-p contains premature
stop codons and mutations do not contribute to azole resistance,
and therefore at least part of the observed CNV variation is related
to CYP51A (Brunner et al., 2016; Hawkins et al., 2014). In human
pathogenic yeasts such as Cryptococcus neoformans and Candida al-
bicans, several chromosomal duplications have been associated with
ERG11, the CYP51 orthologue (Coste et al., 2007; Sionov et al., 2010).
Amplification of the locus is typically observed over the course of a
single infection under strong selection pressure. Chromosomal aber-
rations are often accompanied by significant fitness reductions and
are lost in the absence of fungicide use (Morschhauser, 2016; Zhang
etal., 2019). In plant pathogens, complete chromosomal duplications
of CYP51 have not been observed so far. However, many ascomyce-
tes show several deeply divergent CYP51 paralogues, whereas Ca.
albicans and Cr. neoformans have only a single copy of CYP51 (Zhang
et al., 2019). In R. commune, we found that the duplication affecting
CYP51A ranges from 2 to 200 kb in different isolates. Hence, it is
plausible that in some R. commune isolates, the CYP51A amplification
arose analogously as in human pathogens from partial chromosomal
duplications. As we lacked a chromosome-scale assembly of the R.
commune genome, we were unable to identify aneuploidy or near
chromosome-scale duplication events. However, the large observed
duplications share similarities with the process of intrahost anti-
fungal resistance evolution in human pathogens (Coste et al., 2007;
Selmecki et al., 2006; Sionov et al., 2010).

Our CNV association mapping detected no virulence associa-
tions at the NIP effector gene loci, but this can largely be explained
by the fact that the tested barley cultivar lacks the corresponding
receptor (Mohd-Assaad et al., 2019). We identified a previously un-
known virulence locus encoding an effector candidate gene upreg-
ulated in plantae compared to in vitro conditions. Isolates carrying
duplicated sequences showed reduced symptoms suggesting that
the duplication increases the risk of recognition by the host immune
system. Gene duplications can act on the dosage of a gene and
higher transcription may indeed underpin maladaptive expression
of the effector. Rapid sequence turnover at loci encoding effectors
is widely documented and often driven by rapid adaptation to host
resistance mechanisms (Fouché et al., 2018; Sadnchez-Vallet et al.,
2018; Rouxel & Balesdent, 2017). For example, the RXLR effector
reservoir in Phytophthora species probably evolved from a common
ancestor by rapid duplication and divergence (Jiang et al., 2008).
Here, we pinpointed the specific TE families constituting the break-
points of the duplication. Genome-wide analyses showed that the
TE families are among the most recently active families and belong
to the abundant Gypsy superfamily. The recent transpositions of the
TEs within the species suggest that the duplication was of recent
origin and generated during an episode of high TE activity.
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Complex sequence rearrangements have been repeatedly
associated with specific TEs inducing nonhomologues recombi-
nation events (Bourque et al., 2018; Wells & Feschotte, 2020).
Specifically in the absence of meiosis, TE-mediated recombina-
tion can provide an important source of adaptive variability. In the
partially clonal pathogen R. commune, we found that Gypsy retro-
transposons make up about half of the TE copies in the genome,
similar to many other fungal pathogens including Blumeria graminis
and Z. tritici, where retrotransposons contributed even to recent
genome expansions (Frantzeskakis et al., 2018; Oggenfuss et al.,
2021). We found that Piggy-Bag DNA-transposons and Gypsy ret-
rotransposons were particularly enriched at CNV break points,
strongly suggesting a causal link with the generation of CNVs. In
addition to Gypsy elements, the R. commune contains a large pro-
portion of DNA transposons with terminal inverted repeats (TIRs),
mostly from the MITEs and Tc1-Mariner families. As previously
observed, we found that MITEs and Copia elements are located
preferentially close to genes (Casacuberta et al., 1998; Castanera
et al., 2021; Oki et al., 2008; Santiago et al., 2002). Interestingly,
Copia elements were overrepresented near genes affected by
CNVs. In plants, adaptive Copia element insertions have fre-
quently been observed, and the elements often have regulatory
functions (Baduel et al., 2021; Kanazawa et al., 2009; White et al.,
1994). In plant pathogens, retrotransposon elements were found
to be de-repressed upon stress with consequences for virulence
on the host (Dubin et al., 2018; Fouché et al., 2020). For example,
in Z. tritici, Copia elements are upregulated during early infection,
whereas other TE elements are only upregulated during the less
stressful saprophytic stages of the pathogen life cycle (Fouché
et al., 2020). However, we found no indications for Copia related
gene de-repression. The retention of MITEs in proximity to genes
probably stems from the comparatively minor impact of short ele-
ment insertions near coding sequences under purifying selection.
However, the retention of some TEs near genes probably reflects
also positive selection favouring, for example, an adaptive regu-
latory variant triggered by the insertion event (Castanera et al,,
2021). MITEs are known to have expression patterns that facilitate
the infection process in several pathogens (Schmidt et al., 2013).
The presence of MITEs has even allowed the prediction of previ-
ously unknown virulence genes in Fusarium oxysporum (Schmidt
et al., 2013). In line with this, we found that MITEs are among the
most common elements in selective sweep regions. Together, our
results suggest an involvement of specific TE families in adaptive
CNV generation and pinpoint specific TE families at breakpoints of
trait-associated CNVs.

Adaptive genetic variation is typically mapped using genome-
wide SNPs because such markers can densely cover most chromo-
somal regions. At high marker density, SNPs tend to associate with
additional types of polymorphisms (e.g., insertions, deletions and
duplications) segregating in populations through linkage disequilib-
rium (Tam et al., 2019). Hence, association mapping performed on
SNPs is expected to reveal associated polymorphisms even if the
causal variant is not an SNP. Here, we identified no associated gene

both in SNP- and in CNV-based association mapping. Overall, our
comparison of SNP- and CNV-based association mapping showed
how including different types of polymorphisms improves the cov-
erage of genome-wide genetic variation relevant for phenotypic
trait variation. Our findings affirm that a comprehensive analysis of
polymorphisms is necessary to unravel the genetic architecture of
complex traits.

Our analyses of populations spanning the global distribution
range of a crop pathogen allowed us to track trait-associated CNV
genes across geographical regions. We found that trait-associated
CNVs are in close proximity to recently active TE families and
show high degrees of variation in adaptive allele frequencies. This
possibly reflects the recency of the onset of selection, the time
since the CNV first appeared in the cluster or local adaptation.
Understanding the population genetic context of microbial ad-
aptation in agricultural ecosystems at a global scale is a critical
foundation to address risks of pathogen spread. Locally adapted
pathogen populations may not benefit from gene flow to differ-
ent regions in the world and, hence, may be more easily contained
(Croll & McDonald, 2017). However, homogenization of global
agricultural ecosystems at the level of applied fungicides or de-
ployed host genotypes reduces the constraints on locally adapted
pathogen populations (Croll & McDonald, 2017). Under such cir-
cumstances, local adaptation may favour gene flow to locations
sharing similar host or abiotic environments. Furthermore, a mech-
anistic understanding of microbial adaptation improves our ability
to predict the speed at which pathogen populations can cope with
environmental challenges. Adaptation mediated by CNVs gener-
ated in repetitive regions of the genome can progress particularly
fast (Mérot et al., 2020). Deprioritizing easily surmountable abiotic
or biotic pressures on pathogen populations can improve the sus-

tainability of pathogen control.
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