






its large size, at least in part, by accumulating nonrepetitive se-
quence from elsewhere within the genome. The accumulation
does not appear to have been a single event but was more likely
many individual events, as the genomic homologs are found on
all chromosomes (green links in Fig. 2).

The Enterprise

The gene annotation provided us with very few clues as to the
agent(s) responsible for the translocation of the Spok block, so we
turned to another approach. We hypothesize that the Spok block
was a much smaller element in the past and that such an element
could be still transposing in the genomes of Podospora species. The
closely related species P. comata possesses both bufo and schoutede-
nella repeats and appears to have large areas of homology to the
Spok block (Supplemental Fig. S2B). We discovered that the
P. comata strain Wa139 contains a 39-kb subtelomeric region on
Chromosome 5 (henceforth referred to as the Enterprise) that is

nearly completely composed of TEs and
sequence homologous to the Spok block
(Supplemental Fig. S4). The ends of the
Enterprise are consistent with the Spok
block (both bufo and schoutedenella are
present), and it possesses the RGGTAG
target site duplication (Fig. 3A; Supple-
mental Fig. S6A). Enterprise is absent at
the orthologous location in P. anserina
and P. pauciseta, is much smaller in the
other P. comata strain TD (5.5 kb), and un-
assembled inWa131. The other P. comata
strains possess bufo and schoutedenella at
this location, suggesting that this specific
Enterprise insertion is now polymorphic
for its state of degradation. However, it
is difficult to fully recapitulate the histo-
ry of the region due to the limited num-
ber of strains and the fact that Wa139
also has another schoutedenella copy at
the insertion site that is absent in the
other strains (Supplemental Fig. S6A).
Manual annotation revealed five puta-
tive genes within the Wa139 Enterprise,
most of which are homologous to the
genes within the Spok block and thus rep-
resent good candidates for involvement
in the transposition of Enterprise and
therefore the Spok block (Fig. 3A).

None of these genes have a known
function and none are Spok homologs.
We examined their predicted protein
domains, searched the P. anserina ge-
nomes for homologs, and scanned geno-
mic databases for similar sequences in
an attempt to discern whether they
may be integral to the movement of the
Enterprise (Supplemental Table S2). Only
one of the genes is a likely candidate
for enacting the transposition of the
Enterprise. We have named this gene
Kirc, for “spore killing related crypton”
(see below). Kirc is always present as the
first ORF in the Spok block but is degraded

and interrupted by multiple TEs in Wa139, suggesting that this
copy would no longer be active. The ORF possesses multiple
domains which may be characteristic of specific transposons, as
determined by bioinformatic analysis (see Supplemental Meth-
ods): a domain of unknown function calledDUF3435, a zinc finger
domain, and a predicted CHROMO domain (Fig. 4A). Zinc finger
domains are important for DNA binding, and CHROMO domains
are implicated in histone binding andmay allow TEs to be targeted
to specific regions of the genome (Kordiš 2005). There is strong
overlap between the DUF3435 domain and tyrosine recombinases
(YRs), a group of enzymes important for DNA integration of
other selfish genetic elements known as Cryptons, parasitic plas-
mids, and bacteria (Kojima and Jurka 2011). YRs are extremely
divergent, and there is little conserved sequence identity between
this gene and known YRs, but importantly, YRs are known to have
a catalytic pentad consisting of an R-K-H-R-Y motif (Esposito and
Scocca 1997; Ma et al. 2007), which is overlapping with the
DUF3435 domain (Fig. 4A,B).

Figure 2. A Circos plot of the genome of Wa137 (light gray track, size in Mb) aligned against its own
Spok block (dark gray, enlarged by 50×). The tracks on the Spok block, from outside inward, represent:
the conservation of regions among the different iterations of the Spok block where the height of the con-
servation track is equivalent to the number of blocks that have a given position (light blue); gene models
frommanual annotation of the Spok block, indicating genes with homologs within the reference genome
of P. anserina (orange) and those without homologs (purple); and annotated repeated elements (red).
The tracks on the chromosomal scaffolds show the coverage of genic regions (orange) and repeats
(red) calculated in sliding windows of 50 kb with steps of 10 kb. Green lines connect homologous seg-
ments based on MUMmer alignments. The unclassified repetitive elements bufo and schoutedenella are
connected in dark red and blue segments, respectively, based on BLASTN searches, highlighting poten-
tial past Spok block or closely related Enterprise element insertion points.
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Although we suspect that Kirc plays the primary role in the
transposition of the Enterprise and the Spok block, the other
genes found in Wa139 and conserved in the Spok block may have
accessory roles in the transposition
mechanism.We have named these genes
Scoty, Chekof, and Uhera. A fifth, un-
named ORF seems to be a fragment
of the gene Pa_6_8905 present in the
reference genome (see Espagne et al.
2008 for Podospora gene notation) but
otherwise absent from the Spok blocks.
The new gene Scoty is distantly related
to Pa_6_8905 (29% amino acid similari-
ty), and neither it nor its homologs in
other species have known protein do-
mains or obvious features indicative of a
putative TE. Chekof shows the highest
similarity to Pa_6_2440, but there are an-
other three additional divergent paralogs
in P. anserina. It possesses a kinase
domain but otherwise has no known
functionorputativeTE features. The final
gene in the block is named Uhera and is
unusual in a number of ways. It has very
fewhomologs among closely related fun-
gi, including none within the reference
genome for P. anserina, yet is present
within the Spok block multiple times
(Fig. 3). In the strain TG, up to four Uhera
copies can be found within its Spok block
due to a segmental duplication (Vogan
et al. 2019). In fact, wepreviously showed
that the Spok genes themselves are associ-
ated with segmental duplications within
the block (Vogan et al. 2019), and Uhera
is found within these duplications as
well. Uhera possesses a putative DEAD-
like helicase, which could implicate it in
either DNA repair or as a Helitron trans-
poson, but there are no other transposon
features. Additionally, it is difficult to

discern a proper gene model for the ORF as there is an apparent
stop codon near the beginning of the gene conserved in other
homologs even outside Podospora. RNA-seq data indicate RNA

BA

Figure 3. The Enterprise and the crew. (A) Cartoonmodels representing the structure and gene content of four Spok blocks and of Enterprise fromWa139.
Relevant genes and features are annotated. Not to scale. (B) Cartoon model of the hierarchical nomenclature of Enterprise-like elements, Enterprise, and the
Spok block. (TSD) Target site duplication.

B

A

Figure 4. Molecular characterization of Kirc. (A) Domain annotation of the Kirc protein obtained using
HHPred. Four domains were identified: an N-terminal tyrosine recombinase domain with the associated
core-binding domain, a central Zn-finger domain, and a C-terminal chromodomain. An alignment of
279 Kirc homologs generated by Gremlin with HHBlits was used to create sequence logo of relevant re-
gions of the Kirc sequences, including the active site regions of the tyrosine recombinase domain (i and ii),
the Zn-finger region (iii), and the chromodomain region (iv) using WebLogo. Residues corresponding to
the catalytic pentad of the tyrosine recombinase are highlighted in yellow. (B) Alignment of the Kirc se-
quence with an active site region of known tyrosine recombinases together with the sequence of a Kirc
homolog fromMelanconium sp. strain NRRL 54901. Alignment is based on the HHPred output. Active site
residues are marked with an asterisk. (Kirc) Kirc gene in the Spok block of strain Wa58 (sites 309–344),
(Kirc_Msp) CE55503_10527 (110–145), (lambda) lambda integrase PDB: 5J0N (308–342), (Cre) recom-
binase enterobacteriaphage P1, PDB: 1XO0 (270–305), (XerD) XerD site-specific recombinase E. coli,
PDB: 1A0P (242–277).
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editing of the stop codon and other bases, and hence transcripts of
this gene might still be intact (Supplemental Fig. S7).

From the evidence presented here, we propose that the Spok
block and the homologous region of Wa139 represent copies of a
previously unknown group of DNA transposons, which we name
Enterprise. Cryptons are a type of DNA transposon defined only by
the presence of a YR domain (Wicker et al. 2007) and may possess
a TSD or not (Kojima and Jurka 2011); thus, Enterprise can be clas-
sified as a novel group of Crypton. We define Enterprise as being

composed of a YR-encoding gene homologous to Kirc and possess-
ing a TSD (Fig. 3B). The Spok block therefore represents a specific
version of Enterprise that contains Spok genes.

To support our hypothesis that Enterprise is capable of trans-
position and selfish replication, we mined fungal genomes avail-
able on JGI MycoCosm for homologous proteins of Kirc that are
present in multiple copies within a single genome. We identified
such a case inMelanconium sp. NRRL 54901. In this genome, a ho-
molog of Kirc (∼60% amino acid similarity) (Fig. 5) is found at the

Figure 5. Unrooted maximum likelihood phylogenetic tree showing the relationship between Kirc, the homolog from Melanconium sp., and other ho-
mologs from fungi. Bootstrap support values are shown above branches. Branch lengths are proportional to the scale bar (amino acid substitution per site).
Taxonomic rank is indicated with colored highlights. The sequences present in Podospora anserina and in the basidiomycete Fomitopsis rosea are marked
with cartoons of the corresponding fruiting bodies. Nomenclature is formatted as species_strain_protein code.
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beginning of a ∼70-kb region that is present in four copies in the
genome (see Supplemental Fig. S8). Only one of the four copies
is well annotated for genes; the other three appear to be degraded
and have only ∼30% GC content, suggesting that they have been
the target of RIP. This region is flanked by the same TSD as the Spok
block, and the target site is in its full palindromic context
CTACCT||AGGTAG (Supplemental Fig. S6B). The only gene ho-
mologous with the Enterprise in Podospora is the Kirc homolog
(Supplemental Fig. S8B), thereby confirming that theminimal fea-
ture for transposition is the putative YR-encoding gene, Kirc, and
classifying this region of Melanconium sp. as an Enterprise.

Kirc is widespread in filamentous fungi

Given the fact that Enterprise is present in at least one species out-
side of Podospora, we queried the NCBI GenBank database (https
://www.ncbi.nlm.nih.gov/genbank/) with the sequence of Kirc us-
ing BLASTP to determine how widespread Enterprise is. We recov-
ered a total of 481 protein hits, with given strains possessing
between one and 21 copies (Supplemental Table S3). The hits
were mostly from genomes of Pezizomycotina, although putative
homologs were identified from 10 basidiomycete genomes as
well. A phylogeny of a representative set of sequences shows that
the relationships among the homologs do not follow the expected
species phylogeny (Fig. 5). Numerous species have multiple Kirc
homologs in the same genome, some of which are not closely rela-
ted. For example, within P. anserina, one homolog was recovered,
Pa_5_10116, which appears to be distantly related toKirc, yet high-
ly similar to homologs from Fusarium. Furthermore, Pa_5_10116
is pseudogenized and absent in the close relatives of P. anserina,
P. comata and P. pauciseta, which is more consistent with it being
a transposable element, as opposed to performing cellular func-
tions. The Melanconium sp. also has an additional homolog that
is not associated with its Enterprise element (Melsp1_19023).
Attempts to describe TSDs in other fungi were largely unsuccessful.
The CTACCT||AGGTAG motif can be found in some copies at the
beginning of the element, but we have not been able to find ones
with the RGGTAG motif preserved at the other terminus, suggest-
ing that either these are 3′ truncated copies or potentially that
the terminal RGGTAG motif in Podospora and Melanconium is
part of the elements instead of a TSD. In general, Cryptons appear
to vary in whether or not they produce TSDs upon insertion, so
this is not necessarily unexpected (Kojima and Jurka 2011).
Thus, in the absence of additional evidence from these fungal
species, we consider these as Enterprise-like elements. Regardless,
these results suggest that Enterprise is a YR-mobilized group of
DNA transposons, related to Cryptons, that is spread throughout
fungal genomes.

The Spok block can be deleterious

In P. anserina, wild strains withmore than one full copy of the Spok
block have never been found, although it is easy to generate them
in the laboratory via crosses (Vogan et al. 2019). As observed in
other meiotic drive systems (Lindholm et al. 2016), it is possible
that the Spok block imposes a fitness cost to strains which possess
it. To evaluate this hypothesis, we made use of backcrosses of two
of the Psk strains (Vogan et al. 2019). The backcrossed strains
Psk1xS14 and Psk7xS14 are isogenic with the reference strain S, ex-
cept that S has no Spok block. Psk1xS14 has the Spok block on
Chromosome 3 and induces killing in 90% of meioses, and
Psk7xS14 has the Spok block on the left arm of Chromosome 5
and induces spore killing in 50% of meioses. We crossed strains ei-

ther to themselves (no spore killing) or to strain S (spore killing)
(Fig. 6A) and evaluated three traits assumed to correlate to fitness
(Pringle and Taylor 2002). Radial growth and percentage of germi-
nated spores produced by the matings showed no variation be-
tween crosses (Supplemental Table S4); however, significant
differences were observed among the amount of spores produced
by a cross (Fig. 6B). Specifically, crosses from selfings of Psk1xS14
produced significantly fewer spores than from selfings of either S
or Psk7xS14, despite the fact that no spore killing occurs, indicating
that the Psk-1 Spok block inhibits spore production. This effect was
even greater in crosses between S and Psk1xS14, and was most
prominent when Psk1xS14 was used as the female, suggesting a
maternal effect. With both Psk1xS14 and Psk7xS14, more spores
were produced in the killing crosses than expected given the pro-
portion of killing per ascus (Vogan et al. 2019). As there were no
significant differences in the amount of spores produced by
Psk7xS14 than by S, this result suggests that the general presence
of the Spok block itself is not deleterious but rather that the nega-
tive effect is due to the specific content and/or to the genomic lo-
cation of a given Spok block.

Discussion

Here, we provide evidence that the Spok block is a variant of a new-
ly described TE, Enterprise, that likely moves throughout the ge-
nome of P. anserina by means of YR-mediated transposition. In

B

A

Figure 6. Fitness effects of the Spok block. (A) Diagram of the genotypes
and phenotypes of strains used for the fitness assay. Genotypes are illustrat-
ed with location of the Spok genes and Spok blocks on their respective
chromosomes. Within the Spok block, Spok3 is marked in green and
Spok4 is markedwith red. Spok2 (orange) is not locatedwithin a Spok block
but is present in all strains, so it does not cause spore killing. (B) Violin plots
showing the total amount of ascospores collected from crosses of the iso-
genic strains possessing various iterations of the Spok block, where Psk1
and Psk7 refer to strains Psk1xS14 and Psk7xS14, respectively. The mating
type is indicated by a + or− after the strain name. The mat+ parent was al-
ways used as the maternal strain in crosses. Yields obtained in crosses
where spore killing occurs are shown in red; crosses with no spore killing
are in blue. Letters mark the results of an ANOVA as analyzed with a
Tukey’s HSD test. Dots indicate replicate values (jittered).
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addition to this ability to move, the Spok block is also capable of
meiotic drive due to the presence of the Spok genes. Given the
union of these two selfish properties, it can be asked who is para-
sitizing whom. One possibility is that Enterprise has hijacked the
Spoks in order to increase its rate of transmission, thereby parasit-
izing a resident genomic parasite and becoming a genomic hyper-
parasite. Support for this commandeering can be found in the
distribution of the Spok genes. In both P. anserina and P. comata,
the Spok genes that arenot found in associationwith the Spok block
are at high frequency (Spok2 is found in 98% of strains isolated in
Wageningen [Vogan et al. 2019], and so far Spok1 has been found
in all analyzed strains of P. comata). The Spok block is comparative-
ly rare (∼18% of strains fromWageningen) (Vogan et al. 2019), in-
dicating that it may prevent the Spoks from reaching high
frequencies. Nevertheless, it is possible that this low percentage
still represents a higher frequency than Enterprise could have
achieved without the Spok genes. Alternatively, the Spok genes
may generally benefit from moving throughout the genome.
Spok1 and Spok2 are found at different locations in the genome
and are surrounded by TEs, suggesting that they may have moved
through other mechanisms like TE-mediated ectopic recombina-
tion (Vogan et al. 2019). It may thus be advantageous for the
Spoks tomobilizewithin TEs, like Enterprise, in order to change their
genomic position on a regular basis, due to the fact that this reloca-
tion will result in a novel spore killing phenotype. Additionally, as
the distance of the Spok genes to the centromere directly modifies
the percentage of spores killed (spore killing approaches 100% as
Spoks are located closer to centromeres) (Vogan et al. 2019), a given
Spok gene may be able to increase its transmission distortion by re-
locatingwith the help of Enterprise.Wehave no direct evidence that
this occurs, but Spok2 has a relatively low killing percentage (40%),
whereas all Spok blocks are located at positions which result in kill-
ing frequencies of 50%–90%.Presumably, the populationdynamics
of meiotic drive ultimately decide the fate of the Spoks (Nauta and
Hoekstra 1993), but the confederation of the Spoks and Enterprise
as the Spok block may fundamentally change how effective selec-
tion is at controlling either element.

Given that the results of the fitness experiments suggest that
the Spok block can be deleterious, there may be strong selection to
purge any copies of Enterprise, but this may ultimately be depen-
dent on genomic context as insinuated by the differences in
phenotypic effect of carrying the Psk-1 and Psk-7 Spok blocks.
The Psk-7 Spok block is larger by nearly 50 kb, some of which in-
cludes known retrotransposons. Yet, only Psk-1 showed a signifi-
cant decrease in the amount of spores produced. It thus seems
probable that the location of the block has a stronger deleterious
effect rather than its content or size. The Psk-1 Spok block is located
close to the centromere on the left arm of Chromosome 3. It is pos-
sible that the increased amount of killing in Psk-1 results in its
poorer performance regarding spore production, although this
cannot explain the observed maternal effect. The rDNA cluster re-
sides on the same chromosome arm as the Psk-1 block (Espagne
et al. 2008). Given that this arm is only∼700 kb and the block itself
is 113 kb, the Spok block insertionmight interfere with recombina-
tion, either through changes of 3D chromosome structure or epi-
genetic marks, which is necessary for proper segregation of rDNA
(Tomson et al. 2006) and could inhibit the ability of the strain to
produce viable spores. Moreover, the observation that there is
not a large decrease in spore production for Psk-1 or Pks-7 strains
when involved in spore killing suggests that strains are able to
compensate for the lost spores in some way. This latter result has
significant implications to our understanding of spore killing as

meiotic drive, as it shifts the system away from providing the killer
genotype a relative fitness advantage to an absolute fitness advan-
tage (Lyttle 1991; Nauta and Hoekstra 1993; Martinossi-Allibert
et al. 2021). Explicitly, in the naive expectation, a spore killer
that is 100% efficient would reduce the total amount of spores pro-
duced in a killing cross to half. Thus, it does not producemore total
offspring with its genotype than a non-spore killing gene (relative
advantage). However, if the strain carrying the spore killer is able to
compensate for the loss of spore production and produce the same
or similar number of spores as in a nonkilling cross (as observed
here), the spore killer observes an absolute advantage, as is the
case for other types of meiotic drive, like female meiotic drive.
Therefore, spore killers may be more successful at invading and
driving through populations than previously thought.

The Enterprise clearly has the ability to move large amounts
of genetic material around the genome, and TEs are known
to be agents of horizontal gene transfer (HGT) (Schaack et al.
2010; Gilbert and Feschotte 2018). As such, it is plausible that
Enterprise and related YR-mobilized DNA transposons may jump
between species and thereby transport any additional genes they
may carry. The phylogeny of the Kirc homologs is indicative of
HGT as it shows closely related Kirc homologs distributed among
unrelated fungi. In at least two cases, fungal TEs have been impli-
cated as the vehicles for gene mobility of adaptive genes. In the
first case, a hAT element is associated with the HGT of toxin genes
among cereal pathogens (McDonald et al. 2019). The second case
comes from a recent publication which described a TE named
HEPHAESTUS in the fungus Paecilomyces (Urquhart et al. 2020).
It carries multiple genes that provide resistance to at least five dif-
ferent heavymetals and shows evidence of transferwith a distantly
related species of Penicillium. In the latter example, the TE respon-
sible for enacting the transposition is unidentified, but a genewith
a DUF3435 domain is present at the start of HEPHAESTUS (anno-
tated as hhpA). We find little similarity between Kirc and hhpA at
the protein level, but our analyses here strongly suggest that
hhpA is also a YR and may be responsible for the reported transpo-
sition. Whether the Enterprise itself can also play a role in adaptive
HGT is unknown as of yet, but the potential certainly exists.
We note that most of the fungal genomes in which HGT has
been reported (Wisecaver and Rokas 2015) possess genes con-
taining DUF3435 domains which, together with the data from
HEPHAESTUS, suggests a convergent role in this type of TE as a vec-
tor for HGT of adaptive genes in fungi.

The constant “tug-of-war” between TEs linking themselves to
host genes and the actions of genome defense and selection to
purge them is of key importance to the evolution of genome archi-
tecture. It is likely that we are witnessing this fight play out to the
extreme in P. anserina, with the high effectiveness of both RIP and
the Spok block, making Podospora an ideal system in which to con-
tinue to study genomic conflict. This study not only changes the
perception of howTEs influence genome evolution but also broad-
ens the horizon in terms of what may be possible through genetic
manipulations in the laboratory. Understanding the molecular
mechanism of YR-mediated transposition and conducting labora-
tory assays to confirm that Kirc is indeed capable of transposing
with such a large amount of sequence should thus be of highest
priority for future research.

Methods

An extensive description of the methodology is available in the
Supplemental Methods.
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DNA extraction, genome sequencing, and assembly

Briefly, the DNA of the newly isolated strains Wa131, Wa137,
and Wa139 was extracted and sequenced with paired-end
Illumina HiSeq X technology (all), RNA-seq (Wa131), and
MinION Oxford Nanopore (Wa137 and Wa139). The MinION
reads were filtered and assembled with minimap2 v. 2.11 and
Miniasm v. 0.2 (Li, 2016, 2018). The resulting assemblies were
polished with Racon v.1.3.1 (Vaser et al. 2017) and Pilon v. 1.22
(Walker et al. 2014). We used SPAdes v. 3.12.0 (Bankevich et al.
2012) to assemble cleaned reads of Wa131. These new genome
assemblies were used in conjunction with previously published
assemblies of other strains (Espagne et al. 2008; Silar et al. 2019;
Vogan et al. 2019).

Comparative genomics and phylogenetics

For genome annotation, we produced amanually curated repeat li-
brary and ran an updated version of the pipeline in Vogan et al.
(2019) that relies on MAKER v. 3.01.2 and on the RNA-seq data.
We further performed manual curation of the annotation of the
Spok blocks and related elements. To assess the abundance of the
TSD motif typical of the Spok block, we used Jellyfish v. 2.2.10
(Marçais and Kingsford 2011). Genome comparisons were made
using the MUMmer package v. 4.0.0beta2 (Kurtz et al. 2004), the
BLAST suite 2.9.0 (Camacho et al. 2009), and Circos v. 0.69.6
(Krzywinski et al. 2009). Maximum likelihood analyses were per-
formed using IQ-TREE v. 1.6.8 (Nguyen et al. 2015;
Kalyaanamoorthy et al. 2017).

Fitness assays

To measure the spore yield as a proxy for fitness, we grew strains S
and backcrosses Psk1xS14 and Psk7xS14 (Vogan et al. 2019) in
35-mm Petri dishes with HPM medium (Vogan et al. 2019). After
7 d, these colonies acted as female recipients for fertilization
with amicroconidial suspension (King 2013) of different combina-
tions of the same strains, simulating selfing or outcrossing (with
subsequent spore killing). The fertilized mycelia were incubated
under standard conditions (27°C, 12/12 light/dark cycle) (Vogan
et al. 2019) andmonitored for the shooting of spores. At 12 d post-
fertilization, spores were harvested from the lids of each crossed
culture and used for estimating total spore yield. Ten replicate
crosses were conducted for each cross.

Data access

The short- and long-read sequencing data generated in this study,
aswell as the genome assemblies, have been submitted to theNCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/)
under accession number PRJNA523441 (Biosamples SAMN1521
4446, SAMN15214447, and SAMN15214448). Genome assem-
blies, annotation files, the TE library, and the spore yield data
generated in this study have been submitted to the Dryad
Digital Repository (https://datadryad.org/stash/dataset/doi:10
.5061/dryad.4tmpg4f8m). Reference sequences of Kirc, Scoty,
Chekof, and Uhera were submitted to the NCBI GenBank database
(https://www.ncbi.nlm.nih.gov/genbank/) (accession numbers
MW262968–MW262970 and MW591707). Main bioinformatic
pipelineswerewritten in Snakemake v. 5.4.4 (Köster andRahmann
2012) and are available in a GitHub repository (https://github
.com/johannessonlab/SpokBlockPaper) and as Supplemental
Code.
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