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Population genomics reveals meiotic recombination

in Fusarium oxysporum

Like Fokkens? and Martijn Rep”’

Because of Muller's rachet—the slow but inevitable accumu-
lation of mutations that reduce fitness—clonal evolution is
a hazardous strategy but one that seems to be commonly
adopted by fungal pathogens. Many pathogens appear to
arise through “epidemic clonality”: as rapidly spreading clonal
lineages from a background recombining population (1). In
these predominantly asexual populations, recombination is
limited due to structural variation and mutation accumula-
tion, or only occurs between highly similar individuals due
to niche formation and population structuring (restrained
recombination) (1). Over time, the ability to reproduce sex-
ually may be lost altogether. Extensive genome reshuffling,
horizontal gene transfer, and hybridization facilitate adapta-
tion in clonally evolving pathogens (2). Although these pro-
cesses may help delay extinction, they are probably not
enough to escape Muller's ratchet (3). For this reason, clonally
evolving lineages, also known as “imperfect fungi,” are gen-
erally considered evolutionary dead ends (4).

Given its impact on the evolutionary prospects of fungal
pathogens, it is important to know whether sexual recombi-
nation can occur in pathogen populations. However, recog-
nizing the sexual capacity of fungal species has been proven
difficult (5). Many fungal species produce sexual structures
only under specific circumstances, e.g., on special growth
media (e.g., ref. 6). If these circumstances are unknown, the
occurrence of recombination can only be inferred from pop-
ulation genetic analyses, including the distribution of the
mating type loci, phylogenetic clustering, and linkage dise-
quilibrium decay (LD decay). Fayyaz et al. have now applied
population genomics on a unique dataset of whole-genome
sequence data of around one hundred strains of the impor-
tant fungal pathogen Fusarium oxysporum, isolated from
chickpea in Ethiopia, and have found evidence for recent
recombination (7).

F. oxysporum has drawn much attention due to its poten-
tial to cause disease in many crops and ornamental plant
species (8). Importantly however, most strains do not seem
to be particularly pathogenic: F. oxysporum is commonly
found inside plants without causing symptoms and is also
isolated from soil (9). Disease-causing strains of this species
complex are grouped into so-called formae speciales based
on host-specificity, and most of these formae speciales consist
of more than one clonal line of polyphyletic origin (8). Like
many microbes, the genome of F. oxysporum can be divided
into conserved core and conditionally dispensable accessory
regions, which include entire chromosomes. New pathogenic
lineages seem to arise from horizontal transfer of particular
accessory chromosomes that contain a combination of genes
encoding effectors and other proteins that enable infection
of a particular host (10). This can be described with a varia-
tion on the epidemic clonality model, in which not clonal
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lineages but clonal pathogenicity chromosomes explore and
occupy new niches.

Because of the clonal nature of pathogenic strains and
because sexual reproduction has not been observed in
nature or in the lab, F. oxysporum has long been presumed
to be largely or completely asexual (11). Two different mating
type genes have been identified (12). Individual strains only
contain one of the two mating type genes, indicating that if
sexual reproduction does occur, F. oxysporum is heterothallic.
This may have important consequences: If, for example, hori-
zontal acquisition of a chromosome drives a lineage into a
specific niche, finding a mate in that niche may be problem-
atic. This could result in predominantly clonal evolution, even
when the capability of sexual recombination is maintained
(12). However, if F. oxysporum as a species would be generally
asexual, one would, due to genetic drift, expect a skewed
distribution toward one of the mating loci, while in fact sev-
eral studies, including the one by Fayyaz et al., report more
or less equal frequencies of the two mating type loci (7, 13,
14). No sexual structures have been observed for F. oxysporum
although Fourie et al. report protoperithecium-like structures
that were formed after coincubating banana-infecting strains
with different mating type loci (13).

In addition to reports on mating type genes, several studies
that involved multiple loci concluded that recombination
takes place in F. oxysporum populations. For example, in 1999,
more than a decade before the first £. oxysporum genome
became available, Taylor et al. suggested that at least some
F. oxysporum populations are recombining, based on an anal-
ysis of restriction fragment length polymorphism (RFLP) data
(4). Recombination leads to discordance between individual
gene genealogies, and Laurence et al. applied this principle
to 36 strains from uncultivated areas in Australia and
sequences of eight genes to delineate two phylogenetic spe-
cies in the F. oxysporum species complex, suggesting that
within these cryptic species, recombination takes place (9). A
similar approach revealed recombination within F. oxysporum
mitochondrial genomes (15).

Author affiliations: °Laboratory of Phytopathology, Plant Sciences Group, Wageningen
University and Research, Droevendaalsesteeg 1, 6708 PB Wageningen, the Netherlands;
and "Molecular Plant Pathology, Swammerdam Institute for Life Sciences, University of
Amsterdam, Science Park 904, 1098 XH Amsterdam, the Netherlands

Author contributions: L.F. and M.R. wrote the paper.
The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS. This article is distributed under
Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

See companion article, “Hiding in plain sight: Genome-wide recombination and a
dynamic accessory genome drive diversity in Fusarium oxysporum f.sp. ciceris,” 10.1073/
pnas.2220570120.

"To whom correspondence may be addressed. Email: M.Rep@uva.nl.
Published July 18, 2023.

https://doi.org/10.1073/pnas.2309677120 1 of 2


mailto:
https://orcid.org/0000-0003-3608-6283
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1073/pnas.2220570120
https://doi.org/10.1073/pnas.2220570120
mailto:M.Rep@uva.nl
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2309677120&domain=pdf&date_stamp=2023-7-18

Downloaded from https://www.pnas.org by "UNIVERSITEIT VAN AMSTERDAM (UVA) , 215" on May 13, 2024 from | P address 146.50.147.26.

Sampling bias may impact detection of recombination
(16). Recently, McTaggart et al. queried a global collection of
410 complete genomes of F. oxysporum with different host
preferences for a variety of signatures of recombination.
They concluded that sexual or parasexual reproduction has
frequently taken place within phylogenetic species, but that
most current lineages appear to evolve clonally (14). However,
the authors also note that recombination was easier to
detect in well-sampled clades. The observed clonality could
thus also be (partially) explained by biases in sampling and
in selecting isolates for whole-genome sequencing: skewed
toward pathogenic isolates and typically not including many
isolates from the same region (3). Fayyaz et al. zoom in on
genomes from isolates that have been sampled from the
same country—Ethiopia and from the same plant species—
chickpea (7). All isolates had been sampled from sympto-
matic chickpea plants, but pathogenicity tests on a subset of
21 isolates revealed that around half of the isolates tested
showed little or no virulence toward chickpea, and may thus
be considered endophytes.

Fayyaz et al. have now applied population

genomics on a unique dataset of whole-genome
sequence data of around one hundred strains

of the important fungal pathogen Fusarium
oxysporum, isolated from chickpea in Ethiopia,

and have found evidence for recent
recombination.

Most of the isolates used in the study of Fayyaz et al.
belong to a single phylogenetic species. To further differen-
tiate within this species, they identify 10 genotype clusters.
For all clusters except one, all members within a cluster
carry the same mating type gene. About one third of the
isolates that belong to this phylogenetic species are not
grouped into one of the clusters but appear to have a mixed
haplotype, suggesting that extensive recombination
occurred between clusters, which is confirmed by patterns
of LD decay in SNPs that are shared between groups.
Interestingly, four of the clusters show clear signatures of

recent recombination based on structure analyses and LD
decay of group-specific SNPs. Remaining questions are
where and when recombination happens in nature and
whether it takes place sexually or parasexually. Fayyaz et al.
observe that meiosis-related genes are present in F.
oxysporum and that recombination is more frequent toward
the telomeres, which suggests sexual recombination.
However, the same may hold for a type of parasexual
recombination called parameiosis, in which unstable diploid
nuclei in heterokaryotic mycelium undergo mitotic recom-
bination and haploidization (17). In Candida albicans, recom-
bination during parameiosis depends on at least two
meiosis-specific genes (18). A similar process may occur in
F. oxysporum, which would explain the recombination pat-
tern observed after protoplast fusion of strains from the
same clonal lineage and with the same mating type, in which
most markers showed 1:1 segregation (19).

Another interesting finding by Fayyaz et al. is that the core
genomes in the isolates investigated are genetically more iso-
lated than the accessory genomes. Moreover, core genome
diversity is not structured by geography, but the
diversity of the accessory genome is. Both obser-
vations can be explained by horizontal transfer of
accessory chromosomes. The final question we
have is whether core genome recombination and
horizontal chromosome transfer are two different
outcomes of one process or are entirely different
mechanistically. A similarity is the (likely) require-
ment for transient diploidy (20). A clear difference
is thatin all cases of experimental horizontal chro-
mosome transfer, no core genome recombination took place
between the parental strains (10) with one exception in which
a single core chromosome had recombined (20). Regardless
of exact underlying mechanisms, it is evident from the work
of Fayyaz et al. and others that (para)sexual recombination
should be considered as a factor influencing pathogen diver-
sity. More extensive sampling, including from soil and nonhost
plants in the same region or field as symptomatic hosts, will
help to further assess the relative contributions of the genetic
processes that underlie the emergence and spread of
Fusarium wilt.
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