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Abstract

Spore killers are specific genetic elements in fungi that kill sexual spores
that do not contain them. A range of studies in the last few years have pro-
vided the long-awaited first insights into the molecular mechanistic aspects
of spore killing in different fungal models, including both yeast-forming and
filamentous Ascomycota. Here we describe these recent advances, focusing
on the wif system in the fission yeast Schizosaccharomyces pombe; the Sk spore
killers of Neurospora species; and two spore-killer systems in Podospora anse-
rina, Spok and [Het-s]. The spore killers appear thus far mechanistically un-
related. They can involve large genomic rearrangements but most often rely
on the action of just a single gene. Data gathered so far show that the pro-
tein domains involved in the killing and resistance processes differ among
the systems and are not homologous. The emerging picture sketched by
these studies is thus one of great mechanistic and evolutionary diversity of
elements that cheat during meiosis and are thereby preferentially inherited
over sexual generations.
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INTRODUCTION

In sexually reproducing organisms, fair transmission of alleles in meiosis is necessary for natural
selection to proceed efficiently. As a result, meiotic segregation of the alleles from both parents
most generally operates with Swiss-clockwork precision (9). However not all nuclear genes seg-
regate in a Mendelian fashion (29). Specific genetic elements are able to exert meiotic drive, that
is, to skew their transmission to meiotic progeny over the expected Mendelian 1:1 ratio (38, 52).
This phenomenon can thus uncouple allele frequency from organismal fitness because the drive
element possesses an agenda of its own. As a result, the element itself or linked genetic varia-
tions can subsist in the sexual population even if detrimental. The selfish behavior of the drive
element may thus instill a genomic conflict between the element and the rest of the genome, lead-
ing to emergence of resistance mechanisms. By causing genomic conflict, meiotic drive can have
a profound impact on genome evolution (7). The very machinery ensuring faithful Mendelian
segregation, the centromere/kinetochore ensemble, is itself shaped by an internal arms race be-
tween drive of centromeres in female meiosis and suppressors thereof (33). As the exception that
proves the rule, meiotic drive provides a flip side of the entire neo-Darwinian edifice and leaves
us marveling at how precisely allele transmission functions generally. Because it has the potential
to dramatically alter the genetic structure of a population in just a few meiotic generations, the
applied use of meiotic drive as a tool to control pests or improve crops is being considered (2,
19, 26, 69). However, major hazards and challenges must be overcome before drive systems can
be applied in the field. Thorough comprehension of naturally occurring drivers seems a desirable
preamble to future endeavors in that direction (46).

Meiotic drive has been described in various branches of the eukaryotic tree of life, in particular
in mammals, insects, vascular plants, and fungi (7). Historically important and classical examples
of meiotic drive are the sex-ratio bias observed as early as 1928 in Drosophila (20,41), the SD locus
also found in flies (34), the # haplotype in house mice (56), and chromosome knobs in maize (60).
New instances of gene drive continue to be discovered in nonmodel species, for instance in the
Alpine silver ant, Formica selysi (e.g., 1). For the classification of meiotic drive systems, two prop-
erties of the meiosis process in the considered species are to be taken into account (Figure 1).
The first is whether meiosis is symmetric, as in fungi or typically in male organs of animals and
plants, or asymmetric, as typical in female organs in which only one of four meiotic products is
selected to become the egg. This first distinction relates directly to the mechanism of drive (32).
In symmetric meiosis, drive relies on some form of interference, by which the meiotic products
not carrying the drive element are inviable or otherwise functionally compromised (Figure 14).
These are referred to as killer drivers. During asymmetric meiosis, on the other hand, so-called
true drive elements can cheat by favoring their own position such that they are preferentially se-
lected to end up in the egg (a process called gonotaxis) (7, 57). The second property is whether
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Figure 1

Properties of the meiotic process and their relation to meiotic drive phenomena. (#) Distinction of the drive
mechanisms in symmetric and asymmetric meiosis. Meiosis is represented by the letter M, and the drive
element by a red square. For symmetric meiosis in male animals, drive usually corresponds to the killing or
alteration of the gametes not carrying the drive element (killer drive). For asymmetric meiosis in female
animals, drive corresponds to the preferential accession of the nucleus or chromosome containing the drive
element to the egg cell (gonotaxis, true drive). In fungi, meiosis is symmetric and, as with male drive in
animals, leads to killing of the meiotic products not containing the drive element. (5) Gametic meiosis as
typically found in animals and zygotic meiosis as seen in fungi. For animals, meiosis occurs in the germ cells
of a diploid individual and results in the formation of gametes. During fertilization (fetzer f), two gametes
fuse to become a zygote, which develops into a diploid individual. In fungi, meiosis occurs in the zygote after
fertilization to produce haploid progeny (sexual spores) that germinate and develop into haploid individuals,
which in turn differentiate gametes.

meiosis produces gametes, which is typical for animals and vascular plants, or haploid progeny,
which is typical for fungi (Figure 15). This second distinction draws attention to the fact that
the detectable manifestations of meiotic drive differ between plant and animal models and fun-
gal models. Meiotic drive in animals and plants is generally hidden. Detection of drive requires
genetic or genomic analysis of segregation patterns unless a detectable phenotype is associated to
the drive element. In fungi, in contrast, killer drivers directly manifest by causing abortion of a
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Mechanistic models for meiotic drive. In the poison-antidote model, the drive element expresses two activities: poison (green) and
antidote (white). Genes encoding the poison (p) and the antidote (#) are linked, preventing recombination between the poison and the
antidote genes that would lead to self-killing. Similarly, the mobility or stability of the poison is different from that of the antidote, with
the antidote restricted to the resistant spore bearing the driving allele and the poison present in all spores. In the absence of the
antidote, the toxin exerts its deleterious effect, symbolized as a green halo. In the target-killer model, the sensitive allele (¢) expresses the
target of a killer product expressed by the driving allele (k). This killer product is deleterious only in the presence of the target. The
mobility or stability of the killer and target must be different, so that the target is restricted to the sensitive spores whereas the killer
product is present in both the sensitive and resistant spores. Interaction of the target and the killer leads to an adverse effect, symbolized
as a red halo.

fraction of the meiotic progeny. In Ascomycota, the meiotic spores are packaged into specialized
structures termed asci, usually by four, or multiples of four. Drive is detected when spore numbers
are abnormal and spore ghosts corresponding to the killed progeny are present (Figure 14). When
comparing meiotic drive occurring in systems where meiosis produces gametes and progeny, it is
also important to realize that the impact on fitness differs between these cases. As male gametes
are produced in excess, drive in gametic meiosis generally does not impact the final amount of
progeny, and as a result, the evolutionary dynamics of drive elements could differ between animal
and plant models and fungal models. Hence, specific models need to be developed to predict evo-
lutionary outcomes such as fixation, elimination of the driver, or emergence of suppressors (39,
42). Note that there are also additional meiotic drive phenomena in fungi that do not manifest
as spore killing. For instance, supernumerary chromosomes in Zysmoseptoria tritici exert meiotic
drive and are transmitted to all progeny when carried by the female parent (23), but these are not
covered in this review.

In fungi, spore killing occurs in crosses heterozygous for the drive element and corresponds
to the specific abortion of all meiotic progeny that do not carry the driver (62). A spore-killer
element thus has two activities, killing and resistance. Mechanistic studies on spore killers aim
to identify the molecular basis of the killing and resistance functions. Put simply, what needs
to be explained is how the naive spores die while the spores carrying the element survive. The
characterized fungal spore-killer systems can be subdivided into two functional categories that
have been referred to as poison-antidote and killer-target (or driver-responder) systems (32,
57) (Figure 2). In the poison-antidote model, the element expresses both a toxin and a product
that allows resistance to this toxin (antidote). In the killer-target model, the killing activity is
conditional and depends on the presence of a target present solely in the sensitive spore. The two
models differ genetically. In the poison-antidote model, the sensitive allele is a null allele simply
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defined by the absence of the element. In the killer-target model, the sensitive allele participates
in the killing process, as it provides the target entity. The poison and antidote genes are linked on
the same chromosome, whereas killer and target are located at allelic positions on homologous
chromosomes (Figure 2). While these two models may cover a range of different mechanistic
intricacies, both are based on a differential spatial distribution of the gene products between
naive and surviving spores. This differential distribution could take place either before or after
spore delineation. Differential distribution could, for instance, be achieved if the antidote is
selectively retained in the surviving spores. An alternate model would be that both killer product
and antidote diffuse freely in early development but not later on, and that the killer product has
a longer half-life than the antidote. In the killer-target model, the killer product is present in all
spores but the target is restricted to the sensitive spore. In analogous systems in animals, such as
the Segregation Distorter (SD) system in Drosophila, differential spatial distribution of the target
is readily accounted for since the target of the killer activity is the responder genomic locus itself.
Taken together, key aspects of the study of spore killer molecular function are focused on the
basis of the killing and resistance activities and of their differential spatial distribution.

Recent years have seen substantial progress in the genetic, genomic, and functional character-
ization of spore-killer elements in different ascomycete fungal species. This first bout of knowl-
edge acquisition now allows comparison of the systems. We review here the study of spore killers
in Schizosaccharomyces pombe, Neurospora species, and Podospora anserina with a particular focus on
mechanistic aspects before comparing the systems and defining some pressing open questions.

THE wtf SPORE KILLERS IN SCHIZOSACCHAROMYCES POMBE

The fission yeast S. pombe is a single-celled ascomycete that has been widely used as a model
system for genetics and cell cycle research alongside the relatively distantly related baker’s yeast,
Saccharomyces cerevisiae. Its natural habitat is not known, but most isolates have been recovered
from fermented beverages (30). S. pombe shows mating-type switching during growth, and cells
enter the sexual cycle upon starvation, conjugate, and form a zygote that generally immediately
undergoes meiosis to form a single ascus with four haploid spores (27). The description of spore
killers in S. pombe is relatively recent, which may be surprising considering the extensive use of this
species as a genetic model system. As noted by Lopez Hernandez & Zanders (37), the phenomenon
likely remained undetected for so long because development of S. pombe as a genetic model sys-
tem was based on the use of highly isogenic strains whereas meiotic drive requires heterozygosity
among mated strains. The discovery of spore killers in that species results from a strenuous effort
to tackle the problem of the high level of sterility usually detected in crosses between wild S. pomzbe
isolates (70). It was found that part of this hybrid sterility results from the presence of a family
of genes that exert spore-killing meiotic drive. In S. pombe, spore-killing drive is monitored by
measuring the biased transmission of genetic markers and by propidium iodine staining to detect
the dead spores (43). Using recombination mapping approaches combined with next-generation
sequencing in hybrid crosses, two distinct research groups at the same time reported genes of the
wif gene family as being responsible for meiotic drive (28, 43). This gene family of 25 members
frequently associated with transposons (wtf stands for with Tt transposons) had previously been
noted as the largest gene family specific to S. pombe. The gene family was poorly characterized,
but several members were known to be highly upregulated during meiosis. Furthermore, its re-
markable expansion and its nearly exclusive localization on chromosome 3 eluded explanation (4).
The two research groups demonstrated that specific members of the wtf gene family act as au-
tonomous spore-killing elements, independently from their genomic location or association with
transposable elements. They do not require specific responder sequences in the naive genome to
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drive (28, 43), pointing to a poison-antidote model for killing. In addition, the killing and resis-
tance functions were found to be genetically separable, raising the question as to how these two
functions could be carried out by a single gene (28). Due to its efficient killing, w#f4 was used as
model gene to investigate the mechanism of wif drive. It turns out that the w#f# gene generates
two alternate transcripts directing expression of two different proteins, a long product and a short
product that differ by an N-terminal ~45-amino acid residue extension specific to the long prod-
uct. After specifically mutating the start codons directing translation of the alternative constructs,
researchers were able to attribute the poison and antidote functions to the short and long products,
respectively (43). Consistent with the expectation of a poison-antidote killer, the short wtf4poison
product is found in the entire ascus while the longer wtf4**i4°®¢ protein appears to be restricted
to the surviving spores. Using both S. pombe and the heterologous host S. cerevisiae, it was shown
that both wtf4p°" and wtf4*"idete proteins are aggregation prone. The current mechanistic model
for poison and antidote functions poses that wtf4*"i4°®¢ coassembles with wtf4P°*" aggregates and
alleviates their toxicity by modifying their properties or cellular localization (44) (Figure 34). The
relation of wtf4Poson and wtf4atidete proteins could be recapitulated in vegetative cells of S. cere-
visiae, suggesting a rather general toxicity mechanism. Nevertheless, the cellular localization of
wtf4 aggregates differs between the species (vacuolar localization in S. pombe versus perivacuolar
in S. cerevisiae). Therefore the S. cerevisine model may not recapitulate all aspects of the process
occurring during S. pombe meiosis. Researchers using high-throughput systematic protein local-
ization approaches also report vacuole localization of wtf4 as well as the formation of cytoplasmic
dots (40). The wtf4 protein is very hydrophobic and contains six predicted transmembrane helices.
The N-terminal extension of wtf4*tidote in turn, is rich in charged residues. Hence, it might be
that this extension renders the aggregates less compact or reduces their overall hydrophobicity
and therefore somehow alleviates their toxicity (44).

A striking feature of the wif family, noted before its link to meiotic drive was discovered, is the
high number of gene copies in the S. pombe genome—25 to 38 copies depending on the isolate. At
the same time, the gene family is restricted to this genus (4, 18). Phylogenetic analyses indicate that
members of this gene family frequently undergo nonallelic gene conversion. These events could
be related to the fact that wif genes show preferential association with double-strand break hot
spots. wif genes were also found to display an excess of nonsynonymous substitutions and repeat-
number variation of a functionally important motif located within the coding sequence (18). witf
genes were classified based on gene architecture as predicted wtf4-like poison-antidote killers or
antidote-only copies and systematically tested for drive and resistance function. These functional
analyses indeed revealed that several other members of the gene family function as either bona
fide killer drivers or antidote-only suppressors (6). The sequence homology between the driver
and suppressor appears important to allow for suppression. Remarkably, at the same time, highly
divergent witf genes can similarly exert drive. The sequence identity between two separately ac-
tive drivers can be as low as 30%. This apparently paradoxical observation could be explained by
considering the current mechanistic model of wif function and that high hydrophobicity and a
related aggregative behavior, which can be achieved with a great variety of sequences, are central
determinants for wzf poison function. It is interesting to note that the number of predicted helices
varies in the different w#f homologs, and one could envision that the predicted transmembrane
helices of wif gene products are an ancestral remnant of a membrane-related function. In that
hypothesis, a key event in the conversion of the wif gene into a driver could be protein mislo-
calization. At any rate, the genomic landscape of the wif gene family is such that many distinct
(sometimes highly divergent) poison-antidote killer drivers coexist within the genome together
with antidote-only suppressors. The killer drivers and suppressors in the many possible pairwise
interactions may or may not display epistatic interactions leading to mutual killing or mutual
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Figure 3

Spore-killer systems in different fungal models. (#) In wzf# spore-killing in Schizosaccharomyces pombe, the wtf# gene produces two
different transcripts leading to the synthesis of two different proteins: a long product (black) and a short product (green), differing by an
N-terminal extension. The short product is wtf4P°s°" and the long product wtf4*tidete, Both proteins are aggregation prone and are
able to aggregate separately or together. wtf4Po5" aggregates are toxic, but mixed wtf4Poson fyf4antdote yooregates are not. wtf4Poison is
found in both sensitive and resistant spores, while wtf421tdote g restricted to resistant spores. (b)) The Sk-2 locus in Newurospora spans a
30-cM recombination block region on chromosome 3 and is over 2 Mb long. The killer (sfk-1) and resistance (rsk) genes are found
close to the borders of the recombination block. While an Sk-2° x Sk-2* cross and an Sk-2% x Sk-2* cross both yield normal eight-
spored asci, in an Sk-2% x Sk-2* cross all Sk-2* progeny are killed. The product of the resistance gene is proposed to act as an antidote
of the toxic 7fk-1 product. The distribution for the poison and antidote has to be different, with the antidote 75k product restricted to
the resistant spores. (¢) Outcome of first- and second-division segregation of a Spok gene in Podospora. When the driver undergoes
first-division segregation (no crossing over between the driver and the centromere), two-spored asci are produced. In the case of
second-division segregation, all spores contain the Spok gene and no killing occurs. (d) Female drive caused by the [Het-s] prion in
Podospora. In a cross performed at 18°, and when the maternal parent is [Het-s], a variable percentage of the asci (15-70%) are
two-spored and show specific killing of the bet-S progeny. The bet-s progeny from two-spored asci yield [Het-s] (prion-infected)
individuals. In the four-spored asci, the hez-s genotype of the progeny yields [Het-s*] (prion-free) individuals. Killing occurs because
expression of the HET-S protein in sensitive spores in the presence of [Het-s] prions leads to activation of the HeLo pore-forming
domain. Abbreviations: f, fertilization; M, meiosis.
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resistance, specific suppression of killing, or lack of suppression of killing. Within this exuberant
genetic context, an additional oddity that calls for an explanation is the specific expansion of the
wif family on chromosome 3 (23 of 25 wif copies in the reference strain are located on the small-
est of the three S. pombe chromosomes) (4). Lopez Hernandez & Zanders (37) proposed that the
burden of multiple drivers could be overcome specifically on that chromosome because it is the
only one for which aneuploidy is tolerated, allowing for occasional formation of aneuploids that
can escape the multiple-driver burden. An alternate explanation is that chromosome 3 has been
initially introgressed from an ancestral strain that was replete with w#f gene copies on all three
chromosomes (4).

One of the incentives to approach the study of meiotic drive in S. pombe was the perspective of
making rapid progress by leveraging the tractability of this genetic system with a small genome,
easy access to meiotic products, and very short generation time (37). This choice has paid off, with
just a few years separating the initial genetic observation of meiotic drive in that species (70) and
the characterization of an entire family of killers (5, 28, 43), description of some of its remarkable
evolutionary dynamics (6, 28), and a plausible mechanistic model explaining killing and resistance

(43, 44).

SPORE KILLERS IN NEUROSPORA SPECIES

Neurospora crassa is a filamentous ascomycete that has been extensively used as a genetic model
for nearly a century. It is sexually self-incompatible at the haploid stage (heterothallic), meaning
that two strains of opposite mating type must meet for the sexual cycle to be completed. Its com-
mon natural habitat is burnt vegetation, but some aspects of its life style in the wild remain to
be clarified. As early as 1968, extensive sampling of the genus was carried out, and with a large
collection of wild isolates available, Neurospora became a favorable system for population genetics
and genomics (21, 64). Three distinct spore killers have been identified in species closely related to
N. crassa, namely, Sk-1 in Neurospora sitophila and Sk-2 and Sk-3 in Neurospora intermedia (62, 63).
The title of the original paper reporting their existence synthesizes the essence of the drive process:
“Spore Killer, a Chromosomal Factor in Neurospora That Kills Meiotic Products Not Containing
It” (62). Sk-2 and Sk-3 are very rare and have been isolated in only four and one N. intermedia
isolate, respectively. Sk-1 is more prevalent and found in about 15% of the N. sitophila isolates.
Early on, Sk-2 and Sk-3 were introgressed into N. crassa, facilitating their genetic dissection, while
genetic analysis of Sk-1 somewhat lagged behind. Sk-2 and Sk-3 reside in the same genetic loca-
tion spanning a large, 30-cM recombination block surrounding the centromere of chromosome 3
(Figure 3b). Sk-2 and Sk-3 are thus large, complex meiotic drive elements that in this aspect re-
semble meiotic drive elements found in animals and plants. Sk-2 and Sk-3 show mutual killing
(an Sk-2 x Sk-3 cross produces no surviving spores) and have therefore been treated as separate
entities. In addition to sensitive and Sk-2 and Sk-3 killer strains, neutral strains (that neither kill
nor are killed) are found in the wild. While some display resistance to either Sk-2 or Sk-3, oth-
ers are resistant to both (62). Sk-2 and Sk-3 are thus distinct entities but show similarities such
as genetic location and a shared resistance locus residing at one end of the recombination block.
Molecular characterization of the Sk-2 and Sk-3 systems started with the identification of the rsk
(resistance to spore killing) resistance gene rather than identification of the killers (24). This was
made possible by the use of a resistant strain in which the 7sk locus is not associated with the
recombination block, allowing for its characterization using conventional mapping approaches.
rsk is a single gene existing as different alleles that have distinct indel patterns and that confer
either sensitivity or resistance. How the sequence difference in RSK proteins relates to resistance
or lack thereof is currently unknown, and the RSK proteins contain no known domains and show
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no homology to proteins of known function. Importantly, deletion of the 7sk allele in a sensitive
background does not suppress killing, indicating that sensitive 7s& alleles do not represent an Sk-2
(and Sk-3) killer target but rather that resistant 7sk alleles function as antidotes. As a result, a cross
between a sensitive Sk° strain and an Sk-2 Assk strain is completely barren and produces no as-
cospores. This phenotype was used to select for mutations in the Sk-2 killer element that restore
ascospore formation in this context (25, 50). This approach led to the genetic identification of six
alleles of the rfk-1I (required for spore killing 1) gene. In an experimental setup involving recurrent
three-point crosses and the assembly of short-read contigs from the Sk-2 region, 7fk-1 could be
mapped inside of the Sk-2 recombination block near the end of the block opposite to 7sk. A-to-I
editing during sexual reproduction has been described in different filamentous fungi including
N. crassa (35). The rfk-1 transcript undergoes functionally relevant A-to-I editing during the sex-
ual phase (50). A premature stop codon is edited in a fraction of the transcripts, and 7fk-1 is thus
predicted to lead to the production of two polypeptides: a short, 102—amino acid version termed
RFK-1* (translated from the unedited transcript) and a long, 130-amino acid version, RFK-1? (a
product of the edited transcript). RFK-18 (but not RFK-1%) is toxic to vegetative cells, and this
toxicity is suppressed by coexpression with RSK*-? (49). Although specific spore-killer activity of
RFK-18 is not yet demonstrated, the experiments performed in vegetative cells strongly suggest
that the long version, RFK-18, is responsible for spore killing. In this model, stage-specific editing
of the k-1 transcript could be a way to prevent self-killing during the vegetative stage. Remark-
ably, it was reported recently that A-to-1 editing of a transcript of the Sk spore-killer locus of
Fusarium verticillioides is also required for spore-killing activity, pointing to a more general role
of editing in fungal meiotic drive (36). Rfk-1 shows some homology to another gene of N. crussa
(gene ID NCUO07086), and it is proposed that 7fk-1 evolved from a partial duplication of this gene.
The two RFK-1 products share a hydrophobic N-terminal region homologous to the NCU07086
product. Sk-2 spore-killing conforms to the poison-antidote model (Figure 3b), but protein se-
quences of RSK and RFK-1 did not provide much of a hint on a possible killing/resistance mech-
anism. Both proteins seem to have a very narrow phylogenetic distribution and to be essentially
absent outside of the Neurospora genus, although some distant 75k homologs are found scattered
in a few additional Sordariomycetes, in particular in Trichoderma species.

The comparison of Sk-2 and Sk-3 required long-read sequencing approaches to allow for re-
construction and comparisons of the entire Sk regions. This approach revealed the existence of
large inversions in the ~2- to 3-Mb Sk regions, and importantly the set of inversions were totally
different in Sk-2 and Sk-3 (58). In fact, the two non-recombining regions do not share any inver-
sion or phylogenetic signal that would have suggested a common descent. In addition, inspection
of the Sk-3 region revealed that killing does not rely on an 7fk-1 homolog (which means that the
gene or genes responsible for killing in Sk-3 remain to be identified). So remarkably, although
they share a common resistance gene and a common genetic location, Sk-2 and Sk-3 meiotic
drive elements have evolved convergently. Knowledge about Sk-2 might aid in the identification
of the killer in Sk-3. The genomic location of 7fk-1 close to noninverted sequences capable of
pairing in meiosis appears critical. Indeed, it was reported that moving rfk-1 by as little as 1.4 kb
exposes it to meiotic silencing by unpaired DNA (MSUD) and suppresses meiotic drive. MSUD
occurs in several fungi and leads to RNA interference-based silencing of sequences that are un-
paired during meiosis (55). It might thus be expected that the killer element in Sk-3 should be lo-
cated relatively close to the introgression site unless some other mechanism allows for suppression
of MSUD (48). The convergent evolution of Sk-2 and Sk-3 in the same genomic region might be
explained if 75k is older than the killer elements, so that both killer elements might have relied on
an already existing resistance gene (58). Consistent with this model is the narrower phylogenetic
distribution of 7fk-1 as compared to rsk.
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Molecular characterization of Sk-I progressed recently in one big leap made possible by im-
plementation of next-generation sequencing approaches and the utilization of the large culture
collection of Neurospora carried out by the community of fungal biologists. Long-read sequencing
revealed that in contrast to Sk-2 and Sk-3, Sk-1 strains do not contain large chromosomal rear-
rangements when compared to sensitive strains (59). Genome-wide association studies combined
with deletion and knock-in approaches indicate that Sk-1 is a single-gene driver. At the locus in
which sensitive strains contain a gene termed NCU09865, Sk-I has a truncated version of this
gene and ~1 kb of a novel sequence showing a limited homology to another gene (NCU01957).
This gene, termed Spk-1 (spore killer 1), yields a 1,450-bp transcript displaying two open reading
frames (ORFs), of which only the first (ORF1) is responsible for killing and resistance. ORF1 en-
codes a 134—amino acid polypeptide with no known domains but two predicted transmembrane
regions. A role for the translation product of ORF2 was ruled out by showing that a mutant form
lacking the ORF2-initiation codon was affected for neither killing nor resistance. However, the
corresponding region in the transcript appears to play some functional role, as deleting this region
affects killing. Phylogenetic and population genomics approaches revealed that Sk-1 most likely
has been introgressed into N. sitophila from another species (Neurospora bispanioln). The population
structure of N. sitophila revealed three well-resolved clades in which Sk-1 is unevenly distributed.
While both Sk-1 and the sensitive allele are found in clade 1, clade 2 appears fixed for the sensi-
tive allele and clade 3 for Sk-1. Due to the described genomic structure of Sk-1, it is expected that
Spk-1 is exposed to silencing by MSUD, as the sequence difference between the killer and sensitive
allele should lead to unpairing. Nonetheless, killing operates at a high efficiency. Svedberg et al.
(59), however, noted that when backcrosses increased the overall relatedness between killer and
sensitive allele, Sk-1 killing efficiency receded. This decrease in killing efficiency is proposed to re-
sult from an increased efficacy of MSUD when strain relatedness increases. Consistent with this
hypothesis is the observation that Asad-2 mutants defective for MSUD restore killing in these
inbred crosses. It is tempting to put this observation in parallel with the introgressed origin of
Sk-1. It might be that some level of strain divergence is required to allow for Sk-1 driving to oc-
cur, which in turn would mean that population structure and the genetic distances between strains
from different clades play a role in the population dynamics of the driver.

Following their discovery by Turner & Perkins (62) as part of the effort to develop the pop-
ulation genetics of the Neurospora genus, the Sk-1, Sk-2, and Sk-3 spore killers were long the
prototypes for fungal spore killers. As such, they have intrigued and frustrated several generations
of Neurospora geneticists. Classical mapping approaches, more recently aided by next-generation
sequencing, have not only allowed for the identification of the molecular players at work but also
uncovered unexpected evolutionary peculiarities such as the convergent evolution of Sk-2 and
Sk-3 and the introgressed origin of Sk-1. The Sk-2/Sk-3 and Sk-1 systems appear in strong con-
trast to each other, with the former comprising a large, complex rearrangement region with sep-
arable killer and resistance components and the latter being a single-gene driver. Although the
Sk-3 killer element remains to be identified, in all three cases, a poison-antidote model is favored
since a driver-target model is not consistent with available genetic information.

Spok AND [HET-S] SPORE KILLERS IN PODOSPORA ANSERINA

Podospora anserina is a filamentous ascomycete inhabiting herbivore dung and was developed as
a genetic model mainly due to the work of Georges Rizet in the 1950s in France. Arguably, the
first reported observations of spore killers in fungi occurred in Podospora, although they were at
that time not designated so, nor conceptualized as meiotic drive elements (3, 45). P. anserina pro-
duces four-spored asci, and spore killing manifests typically as the formation of two-spored asci
(Figure 3c¢). This apparent simplicity conceals a more complex nuclear distribution process
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during meiosis that is relevant to comprehending the genetics of spore killers in this species. After
meiosis, a postmeiotic mitosis takes place and spindle orientation and nuclear packaging are such
that in each half-tetrad, two nonsister nuclei are enclosed in each spore. Spores are thus initially
binucleate and heterokaryotic for all markers showing second-division segregation in the cross
but homokaryotic for markers that show first-division segregation (i.e., are centromere-linked)
(Figure 3c¢). Due to interference, there is an obligate crossing-over between the centromere of
chromosome 1 and the mating-type locus. As a result, all ascospores are heterokaryotic for the
mating-type locus and lead upon germination to a self-fertile mycelium, making P. anserina a
secondary homothallic (or pseudohomothallic) species. If a spore-killer locus undergoes first-
division segregation, two spores of the same half-tetrad will be homokaryotic for the killer and
will survive while the two other spores containing only sensitive nuclei will succumb. If the drive
element undergoes second-division segregation, binucleate spores will be heterokaryotic and
carry a killer and a sensitive nucleus. In that case, the killer nucleus shields the sensitive nucleus
and all four spores survive (Figure 3c). Practically, this means that the frequency of first-division
segregation of the killer determines killing percentage, so that a killer closely linked to the
centromere will show close to 100% killing while killing percentage will decrease as the distance
to the centromere and hence the frequency of second-division segregation increase.

A survey of a collection of wild P. anserina isolates from the Wageningen region in the Nether-
lands revealed the presence of at least six distinct spore-killer types (designated Psks) that could
be distinguished based on genetic position and mutual killing (66). It was found that 23% of the
wild isolates contained at least one spore killer. This pioneering study thus revealed the frequent
occurrence and diversity of meiotic drive elements in this species. Grognet and coworkers (22)
took up molecular identification of spore killers in this species. Mirroring the initial observation
by Bernet and Padieu, they found that in a cross between Podospora strain T' (now described as a
different species, Podospora comata) and the S reference strain of P. anserina, a spore killer linked to
the centromere of chromosome 5 segregates (45). This drive element was backcrossed into S and
mapped, and the corresponding gene was identified and named Spokl. Gene disruption of SpokI
abolishes killing and renders the strains sensitive to killing. Spok! can function as a spore killer
when inserted ectopically (22). SpokI thus behaves as an autonomous single-gene killer. Again,
a poison-antidote model had to be favored over a target-killer model. Grognet et al. (22) were
careful to also analyze the effect of the inactivation of Spok! in the original T background, and in
a remarkable twist, this allowed for the identification of a second Spok gene. Indeed, as a complete
surprise, ina T  ASpokl x S cross,40% of asci were two-spored. This spore killing is in fact caused
by a Spok homolog termed Spok2 found in the S strain (P, anserina) but absent in T (P. comata). Spok1
confers resistance to Spok2, so that Spok2 killing could only be revealed in the absence of SpokI
(as explained above, the 40% killing percentage is determined by the chromosomal position of
Spok2). Informed by both the spore-killer type (Psk) population survey and the Spok gene charac-
terization, Vogan and coworkers (68) used next-generation sequencing approaches and extensive
crossing between wild isolates and single-gene knock-ins to provide a global view of the structure
and distribution of spore-killer types and their relation to Spok genes in Podospora. Two additional
Spok homologs behaving as autonomous single-gene killers (Spok3 and Spok4) exist in that species.
The three Spok genes found in P. anserina behave independently and show mutual killing domi-
nance, whereas the interactions with Spok! (found only in P. comata) are more complex, with Spok!
showing killing dominance over Spok2 and Spok3 but mutual resistance to Spok4. Spok3 and Spok4
should be considered the only actual drivers in P. anserina because Spokl is found only outside
of P, anserina and Spok2 is fixed in that species. Spok3 and Spok4 are found in a specific genome
architecture, and they are always associated with a large region of 110 to 247 kb termed the Spok
block. When present, the Spok block is found in only one of several locations on chromosome 3
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or on either arm of chromosome 5 (67, 68). In these different locations, the Spok block can carry
either Spok3 or Spok4 or both. It is the combinatorial association of Spok3 and Spok4 in different
chromosomal sites that accounts for the diversity of the spore-killer types (Psks) in natural popu-
lations. A 6-bp RGGTAG motif is present at the end of all known Spok blocks, and it is proposed
that the Spok block derives from a large transposable element termed Enterprise that is mobilized
by a specific tyrosine recombinase (encoded by a gene termed Kire residing in Enterprise) (67).
Mobile Enterprise-like elements are also found in other fungal species. The association between
Spok genes and Enterprise to form the Spok block could reflect that the capture of a driving Spok
gene confers an advantage to the transposable element or alternatively that Spok genes benefit
from the genomic mobility permitted by Enterprise. In particular, due to the peculiarities of spore
formation in P, anserina, the voyage of a Spok gene closer to a centromeric location would increase
killing percentage and thus driving. Similarly, regular mobility of the drive element could prevent
the accumulation of deleterious mutations hitchhiking with the driver. It is difficult at present to
decide whether Enterprise exploited Spok or if it is the other way around, and it is possible that
both elements benefited from their association. This amounts to suggesting that a selfish genetic
element has exploited the selfishness of another, or else—in a dialectic style—that two selfish el-
ements interacted for their common good.

Different protein domains could be annotated in the SPOK proteins, in particular, with a pre-
dicted nuclease domain in the N-terminal part and a predicted kinase domain in the C-terminal
region. Deletion constructs and point mutations allowed for a functional dissection of the protein
into a toxicity domain encompassing the N-terminal nuclease domain and a resistance domain
encompassing the C-terminal kinase domain (68). Specifically, a point mutation of the predicted
nuclease active site inactivates the killing activity while a point mutation of the kinase predicted
active site inactivates the resistance function. Thus, while the poison and antidote activities are ap-
parently carried out by the same protein, they are separable and attributable to distinct domains
and predicted enzymatic activities. A recent report supports the hypothesis that killing is related
to a nuclease activity. When expressed in E. coli or S. cerevisine, a Spok gene mutant affected for
the resistance domain enacts killing apparently by targeting DNA (65). How sequence differences
between the different Spok genes determine killing and resistance specificity is currently unknown.

[Het-s], the other (and first-described) spore-killing system in Podospora, results from the in-
teraction during the sexual cycle of genes whose function had already been studied in the veg-
etative phase (10). bet-s is the first heterokaryon incompatibility gene described in Podospora. bet
genes are polymorphic genes found in many filamentous fungi that lead to the regulated death
of heterokaryotic cells formed by vegetative fusion of unlike strains (14). One adaptive role of
these genes is to prevent the transmission of viruses between strains (mycoviruses are common
in the wild and transmitted between strains during cell-cell fusion events). The bez-s locus can
be occupied by two alternate incompatible alleles, hez-s and bet-S (51). The HET=s protein self-
assembles into an infectious amyloid form (in other words, it forms a prion). The soluble state of
the protein leads to a phenotype designated [Het-s*], whereas the prion state is designated [Het-s].
Importantly, only (prion-infected) [Het-s] strains are incompatible with HET-S. This is because
the amyloid-forming region of HET=-s interacts with the homologous region from the HET-S
protein and acts as a template to convert it to the amyloid fold. This amyloid conversion then
induces a conformational change in the N-terminal globular domain of HET-S, termed HeLo,
which expels an N-terminal hydrophobic transmembrane helix and turns into a pore-forming pro-
tein that relocates to the cell membrane and compromises membrane integrity (54). The HET-s
protein also displays a HeLLo domain, but a specific mutation in the N-terminal region forming
the transmembrane helix abolishes its toxic activity. Therefore amyloid conversion of HET=s is
innocuous. In this system, cell death is brought about because the [Het-s] prion acts as an inducer
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of the toxic activity of HET-S. HET-S is in fact involved in a second distinct cell death induc-
tion system involving a NOD-like receptor (NLR) termed NWD2, which is encoded by the gene
immediately adjacent to hez-S (13). NLRs are intracellular immune receptors found in animals,
plants, and fungi (17). A subclass of the fungal NLR genes occur as two-gene clusters associat-
ing a gene encoding an NLR (like NWD?2) and a gene encoding its cognate cell death effector
(like HET-S) (53). The signaling process between the NLR and the cell death execution protein
similarly involves amyloid templating. NWD?2 displays in its N-terminus a sequence homologous
to the amyloid-forming region of HET-S/s. This region can adopt a HET-s-like fold and induce
amyloid conversion and activation of HET-S (13).

While vegetative encounters between [Het-s] and [Het-S] are lethal, the strains are sexually
compatible and usually show normal fertility, with asci typically containing two bez-s and two bet-
S spores (because het-s is centromere-linked and shows high first-division segregation). However,
Bernet (3) observed that when the cross is performed at 18°C and when the maternal parent in
the cross is [Het-s], a variable fraction of the asci are two-spored, with the surviving spores in-
variably of the het-s genotype (Figure 3d). Importantly, in two-spored asci the bet-s spores are
prion-infected ([Het-s]), while in four-spored asci the bet-s spores are prion-free ([Het-s*]). The
specific properties of this killing system can readily be explained based on knowledge acquired
of [Het-s]/HET-S incompatibility in the vegetative phase to build a plausible model for [Het-s]
spore killing. In that model, maternally inherited [Het-s] prions present in the maturating as-
cus are enclosed in prespores of the bet-S genotype. When expression of HET-S occurs in these
spores, the pore-forming toxin activity of HET-S is induced, resulting in death of the bez-S spores
(10, 11) (Figure 3d). Consistent with this model, HET-s overexpression, which favors formation
and maintenance of the [Het-s] prion form, increases killing efficiency and abolishes temperature
dependence. [Het-s] aggregates can be detected in the ascus and spores being killed. A specific
truncated version of HET-s [HET-s(157-289)] very proficient for fibril formation can lead to
paternal transmission of [Het-s] prions, and in this case male [Het-s] drive is also observed (11).
The relation of prion stability and spore-killing efficiency was exploited to quantify the effect
of single—amino acid changes on the prion properties of [Het-s]. The effect on spore killing mir-
rored the effect on prion propagation in vegetative mycelium (12). The major differences between
[Het-s] spore killing and other spore-killing systems in fungi are that in the former, (#) killing has
a maternal effect and (§) in dikaryotic spores, nuclei containing the killer do not protect sensitive
nuclei. [Het-s] spore killing is best described as a driver-responder model where the driver is the
[Het-s] prion and the responder is the HET-S pore-forming toxin (the driver-responder desig-
nation seems better-suited here than killer-target). It should be noted that the situation in which
drive occurs (outcross to ber-S) also leads to [Het-s] loss (Figure 3d). [Het-s*] strains are formed
exclusively through outcrossing to hez-S. In other words, the drive situation partially inactivates
the driver. [Het-s*] strains resemble resistant strains in other drive systems (they neither kill nor
are killed), but their status is epigenetically determined.

A survey of a natural population of 112 individuals revealed a 2:1 ratio of hez-s to bet-S genotype
and a 92% [Het-s] infection rate among the het-s-isolates (15). The hez-s to het-S ratio thus devi-
ates from the equilibrium that is expected for alleles under balancing selection and documented
for other bet loci. Consistent with this higher representation, bez-s strains also show higher rates
of infection by a deleterious senescence plasmid. Based on the existence of the HET-S/NWD?2
pathway, it is expected that hez-s strains (deprived of that defense pathway) should suffer some
fitness cost. It is thus plausible that the excess of bet-s alleles in the population results from [Het-s]
meiotic drive but that fixation of bet-s is prevented because of the balancing selection acting on the
incompatibility function and because of a potential fitness advantage associated to the nwd2/bet-S
haplotype (15). The epigenetics of [Het-s] could add another level of complexity here because
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[Het-s] prevalence and het-s/bet-S allele frequencies are expected to be interdependent. [Het-s*]
strains (formed through outcrossing to het-S) can be reinfected by contact with other [Het-s]
strains. Therefore, the rate of prion loss and reinfection is expected to be partially dependent on
the prevalence of het-s and bet-S in the population (with high prevalence of her-S favoring the
[Het-s*] state). In turn, high prevalence of the [Het-s*] phenotype is expected to favors het-S be-
cause in the [Het-s*] state, drive and balancing selection are not operative.

Both initially described by Bernet, the Spok and [Het-s] meiotic drive systems in Podospora show
marked differences, in that sense mirroring the sharp contrast between complex Sk-2/Sk-3 drivers
and the genomically simple Sk-1 in Neurospora (3,45, 58, 59). Given the relatively common oc-
currence of Spok 3 and Spok4 genes and [Het-s] wild strains, meiotic drive is to be considered
common in that species. The high prevalence of drivers in Podospora is potentially connected with
the secondary homothallic lifestyle with infrequent outcrossing. Drivers might be frequent in that
species, but they might in fact rarely drive. The low measured prevalence of [Het-s*] in the wild
might reflect this infrequent outcrossing.

A DIVERSITY OF KILLERS, COMPARISON OF THE DIFFERENT
SYSTEMS

While the progress made in the characterization of spore killers in fungi these last few years is
undeniable, a number, if not all, of these systems retain part their inherent mystery—which un-
derpins the fascination they inspire in the fungal geneticist. Now that molecular details are at hand
for five systems (wif, Sk-2, Sk-3, Sk-1, Spok, and [Het-s]) from three genera (Schizosaccharomyces,
Neurospora, and Podospora), the systems can be compared in terms of mechanisms, genomic archi-
tecture, and mode of emergence. While some common features emerge, none seems to be shared
by all systems.

A first example of a commonality includes protein aggregation: At least two of the spore-killer
systems, [Het-s] and wtf, involve protein aggregation as part of their killing mechanism. This sim-
ilarity between the [Het-s] and wtf systems appears, however, only superficial. [Het-s] amyloid
aggregates do not represent the toxic entity but rather a trigger of the pore-forming activity of
HET-S, while in wtf killing, direct toxicity of protein aggregates is invoked. Considering this role
of protein aggregates in wif killing, it is of note that like wif proteins, the Spk-1 and rfk-1 prod-
ucts also display highly hydrophobic regions. This meager resemblance might, of course, be of no
relevance to the toxicity mechanism. Nevertheless, the wif system illustrates that toxicity and resis-
tance mechanisms based on modulation of protein aggregation can be achieved by a variety of pro-
tein sequences (a concept also underscored by the diversity of proteins or protein fragments caus-
ing proteinopathies in humans) (6, 8). One highly speculative model is that Spk-1 and k-1 toxicity
is also mediated by protein aggregates. In this hypothesis, gene portions encoding hydrophobic
segments, initially intended to be embedded in membranes, are a reservoir for aggregation-prone
sequences when gene truncations lead to protein mislocalization. This protein aggregate toxic-
ity model is, of course, not applicable to all systems. The Spok genes, for instance, appear to rely
on a different mechanism altogether that involves the activity of a predicted nuclease domain
(65, 68).

In several of the systems (wtf, rfk-1, [Het-s], and Spok), the killing activity can be transposed to
vegetative cells and sometimes heterologous hosts. This observation probably reflects the fact the
underlying toxicity mechanisms are rather general and apparently not directly connected with a
specific spore maturation pathway. Combined with the common occurrence of single-gene killers,
the existence of general killer toxicity mechanisms is probably good news regarding the prospect
of using natural fungal drive systems for pest control in a heterologous context (19). Yet, these two

Saupe « Johannesson



properties also call for caution in the development of such approaches, as the single-gene generalist
drivers might more easily drive across species boundaries (as illustrated by Sk-1’s evolutionary
history) (59).

With the caveat that there are a small number of examples at hand, it appears that poison-
antidote single-gene drivers are relatively common, as they occur in three of the six systems con-
sidered here (wtf, Spk-1, and Spok). These single-gene poison-antidote drivers pose two central
conundrums related to (#) the presence of two activities due to a single gene and (b) the differ-
ential spatial distribution of the antidote and poison. In this respect, the w#f model can serve as a
guide to the other systems. The separable poison and antidote functions are carried out by differ-
ent products of the same gene. The two products have different distributions in the ascus, with the
antidote being restricted to the surviving spores (43, 44). These differences in distribution could
be explained by differential stability or mobility of the two distinct wtfPo" and wtf *idote proteins.
However, the problem gets really thorny when we consider single-gene drivers for which only one
product is known (Spok and Spk-1I). A possible solution would be that these other poison-antidote
single-gene drivers also yield two different products by yet to be determined mechanisms that
are distinct from formation of alternative transcripts.

Regarding the genomic architecture of drivers, of the described systems, only Sk-2 and Sk-3
show the type of large recombination blocks that are often associated with meiotic drive elements
in animals and plants (58). In P, anserina, driving Spok3 and Spok4 genes are also embedded within
a large genomic insert (Spok block), but as the drive element itself consists of a single gene, the
presence of this block does not relate to the necessity of a suppressed recombination between a
killer and resistance element (68). The presence of Spok drivers in this block might rather reflect
their recruitment for the benefit of the Enterprise mobile element (67). In contrast, several other
spore-killing systems are determined by discrete genetic differences such as the presence or ab-
sence of a single gene in witf and Sk-1 or in the extreme case of [Het-s] drive by a single relevant
amino acid difference (16).

The phylogenetic distribution of the killers also varies greatly among systems. Homologs of
the killer have an extremely limited distribution, often restricted to a single or very closely related
species in the case of wtf, Sk-1, Sk-2, and Sk-3, while Spok and bet-s homologs have a patchy but
much wider representation in fungal genomes. The fact that the het-S/bet-s polymorphism has a
role outside of the sexual cycle raises the question of whether some of the other identified drivers
have or have had additional functions—especially considering that toxicity of the killer could also
be observed in the vegetative stage. Two contrasting hypotheses can be made here. The first relies
on a polymorphism conferring an advantage that is ancestral or conserved alongside the spore-
killing activity (as in [Het-s]), in which case the initial head start of the driver in the population
might be aided by a distinct selective pressure. Alternatively, a killer emerges totally de novo,
from scratch, which would explain cases in which the phylogenetic distribution of the element is
extremely narrow. This latter case could be applicable to wif (and possibly also 7fk-1 and Spk-1 if
the tentative protein mislocalization and aggregation model applies).

Finally, some emerging trends suggest that poison-antidote single-gene drivers might be the
more common structure of fungal spore killers, yet the idiosyncrasies of the different systems
make each one interesting in its own right. Many pressing basic mechanistic questions remain, for
instance the nature of the killer in Sk-3, the targets of the predicted nuclease and kinase activities
of the Spok gene products, and the mode of emergence of the killers. Clearly, similar to what has
been described in animal and plant models, meiotic drive is in no way a mechanistically uniform
phenomenon and can probably only be understood by comparative exploration of multiple sys-
tems. The differences between the fungal spore-killer systems might be taken as an indication
that exploration of spore killing in further genera would most certainly lead to the discovery of
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new drive mechanisms. The early description of spore killing in Fusarium and Bipolaris could be
an incentive to either tackle the molecular basis of drive in these species or look for additional
killers in established fungal models and economically and ecologically important species (31, 36,
47, 61).
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