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Abstract
Differences in gene content are a signiÞcant source of variability within speciesand have an impact on phenotypic traits.
However, little is known about the mechanisms responsible for the most recent gene gains and losses. We screened the
genomes of 123 worldwide isolates of the major pathogen of wheatZymoseptoria triticifor robust evidence of gene copy
number variation. Based on orthology relationships in threeclosely related fungi, we identiÞed 599 gene gains and 1,024
gene losses that have not yet reached Þxation within the focalspecies. Our analyses of gene gains and losses segregating in
populations showed that gene copy number variation arose preferentially in subtelomeres and in proximity to trans-
posable elements. Recently lost genes were enriched in virulence factors and secondary metabolite gene clusters. In
contrast, recently gained genes encoded mostly secreted protein lacking a conserved domain. We analyzed the frequency
spectrum at loci segregating a gene presenceÐabsence polymorphism in four worldwide populations. Recent gene losses
showed a signiÞcant excess in low-frequency variants compared with genome-wide single nucleotide polymorphism,
which is indicative of strong negative selection against gene losses. Recent gene gains were either under weak negative
selection or neutral. We found evidence for strong divergent selection among populations at individual loci segregating a
gene presenceÐabsence polymorphism. Hence, gene gains and losses likely contributed to local adaptation. Our study
shows that microbial eukaryotes harbor extensive copy number variation within populations and that functional differ-
ences among recently gained and lost genes led to distinct evolutionary trajectories.

Key words:copy number variation, evolutionary genomics, fungi.

Introduction
Differences in gene content are an extensive source of poly-
morphism within species that can have significant pheno-
typic effects (Henrichsen et al. 2009; Conrad et al. 2010).
Gene gains after duplication or horizontal transfer generate
significant evolutionary novelty (Ohno 1970; Lynch and
Conery 2003). Large-scale gene losses following whole ge-
nome duplication events make extensive contributions to
differentiation among species (Blomme et al. 2006; Wolf
and Koonin 2013). Differences in gene content is also an
important source of adaptive differentiation within species
(Redon et al. 2006; Pezer et al. 2015; Cheeseman et al. 2016).
Gene gains and losses preferentially occur in specific chromo-
somal locations and tend to affect genes with specific func-
tions (Blomme et al. 2006; Albalat and Ca~nestro 2016).
However, little is known about the mechanisms leading to
gene gains and losses segregating within population and how
selection acts upon gene content changes.

Gene deletions are under negative selection due to dele-
terious effects of loss-of-function (Conrad et al. 2006;Emerson

et al. 2008;Sudmant et al. 2015). However, the degree of gene
dispensability (i.e., the impact on fitness) can vary substan-
tially among genes (Ohno 1985) and gene losses may also be
adaptive (Olson 1999; Morris et al. 2012). Most gene gains
originate through duplications and are assumed to be initially
selectively neutral and later fixed by genetic drift, although
positive selection can also lead to the fixation of a duplicated
gene (Innan and Kondrashov 2010; Cardoso-Moreira et al.
2016). Adaptive gene gains through horizontal transfer can
be under strong selection and spread among multiple species
(Ropars et al. 2015). Adaptive gene gains and losses were well-
described in pathogens of plants. In plants, the immune sys-
tem triggers defense responses after detection of specific
pathogen proteins, generally identified as effectors (Jones
and Dangl 2006). For pathogens, the loss of genes encoding
such detected proteins can be highly beneficial (Stukenbrock
and McDonald 2009;Presti et al. 2015;Hartmann et al. 2017).
Gene gains through expansionsof specific gene families or
horizontal gene transfers can contribute to host specialization
and virulence on new hosts (Friesen et al. 2006; Ohm et al.
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2012). The ability of pathogens to rapidly surmount host
resistance and adapt to new hosts is directly linked to major
economic losses in agriculture (Fisher et al. 2016). The strong
selection that potentially acts on individual gene presence-
absence polymorphisms makes plant pathogens excellent
models to investigate the evolutionary trajectory of gene
gains and losses. In addition, many plant pathogens have
haploid genomes, which exposes gene gains and losses
more directly to selection (Stukenbrock and Croll 2014).

Fungal plant pathogen genomes are often compartmen-
talized into rapidly evolving, repeat-rich and conserved, gene-
rich compartments. Repeat-rich and rapidly evolving com-
partments often segregate presence–absence polymorphism
within the species (Croll and McDonald 2012; Dong et al.
2015). Until now, analyses of within-species gene content
focused on a small number of genomes or targeted specific
gene categories (Yoshida et al. 2009; Syme et al. 2013;
Plissonneau et al. 2016). To understand the mechanisms re-
sponsible for gene gains and losses within species, an exten-
sive set of genomes from multiple populations needs to be
analyzed.Zymoseptoria triticiis the major pathogen of wheat
(Fones and Gurr 2015) with significant variation in gene con-
tent among strains. Genomic analyses showed that hundreds
of genes can be lacking in individual strains compared with
other strains of the species (McDonald et al. 2016;Plissonneau
et al. 2016). A chromosomal rearrangement led to a major
adaptation by deleting a gene that encoded for a protein
recognized by the host (Hartmann et al. 2017). Hence,Z. tritici
is an excellent model to investigate the evolutionary trajec-
tories of recent gene gains and losses. In addition, the path-
ogen undergoes high rates of sexual reproduction (Croll et al.
2015) exposing recent gene gains and losses individually to
selection. The genome ofZ. tritici was assembled from
telomere-to-telomere (Goodwin et al. 2011) and a compara-
tive genomics framework of three closely related species
(Grandaubert et al. 2015) enables precise characterizations
of individual gene gains and losses.

In this study, we analyzed recent gene gains and losses
across the genome in four worldwideZ. triticipopulations.
For this, we used whole genome sequences of 123 isolates to
identify high-confidence gene presence–absence variations.
We used orthology among three closely related species to as-
sign each presence-absence gene polymorphism to either a
recent gain or a loss event. We analyzed how recent gene gains
and losses were differentially affected by chromosomal loca-
tion, expression level, and gene function. Finally, we analyzed
signatures of selection acting on recent gene gains and losses.

Results
Identification of Recent Gene Gains and Losses inZ.
tritici Populations
We analyzed genome-wide recent gene gains and losses in
four Z. triticipopulations sampled from wheat fields across
the geographic range of the pathogen. We used Illumina se-
quencing data generated for 130 haploidZ. triticiisolates (8–
29� mean coverage; supplementary table S1, Supplementary
Material online). First, we detected presence–absence

polymorphisms of entire genes against the reference genome
using mapped read depth. We excluded seven isolates from
further analyses, because we found evidence of partial or
complete chromosomal aneuploidy. We manually curated
presence–absence polymorphisms of genes encoding small
secreted proteins. Genes encoding small secreted proteins are
often located in proximity to regions enriched in repeats and
complex sequence rearrangements that are error-prone for
deletion calls (Presti et al. 2015). We used both comparative
genomics analyses and direct amplification of loci (polymer-
ase chain reaction [PCR]) to validate gene presence–absence
polymorphism calls. As the genomes of two isolates are avail-
able as telomere-to-telomere assemblies (Plissonneau et al.
2016), we used the complete genomes to validate gene pres-
ence–absence polymorphism calls. For each gene predicted
to be deleted in isolate ST99CH_3D7, we performed a blast
search in the complete genome sequence of the same isolate.
Our analyses showed that 237 out of 251 genes predicted to
be deleted were indeed absent from the ST99CH_3D7 ge-
nome. Hence, 14 (3.5%) gene deletion calls were erroneous.
We performed also PCR amplification assays on 95 isolates to
validate gene deletion calls in 14 different genes including six
genes encoding small secreted proteins. The assay confirmed
100% of the 317 tested gene deletion calls (see supplementary
text S1, Supplementary Material online, for details).

We identified a total of 37,644 presence–absence polymor-
phism events affecting 1,623 distinct genes in the genome
(14.6% of all genes on chromosomes shared among all iso-
lates). Then, we classified gene presence–absence polymor-
phism events as recent gene losses or gains inZ. tritici
populations based on gene homology information in closely
related species.Grandaubert et al. (2015)identified a set of
coreZymoseptoriagenes, that is, genes having an ortholog in
at least one of the closely related species (Z. pseudotritici, Z.
ardabiliae, andZ. brevis). We defined incomplete (i.e., recent)
gene losses as any presence–absence polymorphism affecting
a coreZymoseptoriagene. Conversely, we referred to incom-
plete (i.e., recent) gene gains as any presence–absence poly-
morphism event affecting aZ. tritici orphan gene (genes
lacking an ortholog in any of the three other species). In
the 123Z. tritici isolates, we found that 1,024 genes were
affected by incomplete losses (i.e., 10.4% ofZymoseptoria
core genes) and 599 genes were affected by incomplete gains
(i.e., 49.1% ofZ. triticiorphan genes;fig. 1A). Incomplete gene
gain events were segregating at higher frequency than incom-
plete gene loss events in the 123 isolates. The median fre-
quency of the gene absence allele at gene loss loci was 3.3%,
whereas the median frequency of the gene absence allele at
gene gain loci was 16.3% among the 123 isolates (fig. 1B;
supplementary tables S2 and S3, Supplementary Material on-
line). Incomplete gene losses and gene gains were found on all
13 core chromosomes (chromosomes found in all members
of the species;fig. 1C). We found that the proportions of
genes affected by incomplete loss events and incomplete
gain events were significantly higher in subtelomeric regions,
defined here as regions within 300 kb of the telomeres, com-
pared with the chromosome genome-wide average
(Pearson’s chi-squared test; incomplete losses
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