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Gasdermins are a family of pore-forming proteins controlling an
inflammatory cell death reaction in the mammalian immune sys-
tem. The pore-forming ability of the gasdermin proteins is released
by proteolytic cleavage with the removal of their inhibitory
C-terminal domain. Recently, gasdermin-like proteins have been
discovered in fungi and characterized as cell death-inducing toxins
in the context of conspecific non-self-discrimination (allorecogni-
tion). Although functional analogies have been established
between mammalian and fungal gasdermins, the molecular path-
ways regulating gasdermin activity in fungi remain largely
unknown. Here, we characterize a gasdermin-based cell death reac-
tion controlled by the het-Q allorecognition genes in the filamen-
tous fungus Podospora anserina. We show that the cytotoxic
activity of the HET-Q1 gasdermin is controlled by proteolysis.
HET-Q1 loses a ~5-kDa C-terminal fragment during the cell death
reaction in the presence of a subtilisin-like serine protease termed
HET-Q2. Mutational analyses and successful reconstitution of the
cell death reaction in heterologous hosts (Saccharomyces cerevisiae
and human 293T cells) suggest that HET-Q2 directly cleaves HET-Q1
to induce cell death. By analyzing the genomic landscape of het-Q1
homologs in fungi, we uncovered that the vast majority of the gas-
dermin genes are clustered with protease-encoding genes. These
HET-Q2-like proteins carry either subtilisin-like or caspase-related
proteases, which, in some cases, correspond to the N-terminal
effector domain of nucleotide-binding and oligomerization-like
receptor proteins. This study thus reveals the proteolytic regulation
of gasdermins in fungi and establishes evolutionary parallels
between fungal and mammalian gasdermin-dependent cell death
pathways.
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patiotemporally localized, regulated cell death (RCD)

prevents cytoplasmic mixing and heterokaryon formation
between conspecific individuals in fungi (1, 2). The cell death
reaction limits the transmission of mycoviruses and other delete-
rious replicons, thus representing a defense reaction akin to an
immune response (3, 4). The molecular characterization of cell
death pathways, regulating conspecific non-self-discrimination
(allorecognition) in fungi, has revealed evolutionary relations to
cell death pathways operating in mammalian innate immunity,
notably necroptosis and pyroptosis (5, 6). The extent of the con-
servation of these pathways is gradually revealed as the character-
ization of fungal RCD pathways progresses.

Proteolytic cleavage is a general mechanism for regulation of
programmed cell death and RCD in metazoans and plants (7). In
mammals, a family of cysteine-aspartic proteases (caspases)
controls cellular suicide pathways like apoptosis and pyroptosis
(8, 9). The latter represents a highly inflammatory, lytic cell death
reaction playing a central role in mammalian innate immunity
(10, 11). Pyroptotic cell death is induced by proinflammatory
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caspases (caspase-1, -4, -5, and -11), which cleave a protein
termed gasdermin D (GSDMD) (12, 13). The cleavage of
GSDMD liberates the cytotoxic N-terminal domain of the pro-
tein (GSDMD-NT) from the inhibitory C-terminal domain, and
the processed GSDMD-NT disrupts the integrity of the plasma
membrane by pore formation (14-17). GSDMD belongs to a
protein family comprising six members in humans (gasdermin A
[GSDMA], gasdermin B [GSDMB], gasdermin C, gasdermin E
[GSDME, also DFNAS5], and PJVK [also DFNB59]) (18).
Proteolytic cleavage has been shown to regulate the cytotoxic
activity of other members of the gasdermin family, specifically
of GSDME (19) and GSDMB (20). While the regulation of
GSDME is caspase-3 dependent (19, 21), it has recently been
reported that GSDMB is proteolytically activated by a serine
protease termed granzyme A (GZMA) (20).

Gasdermin-like proteins are abundant and widespread in
fungi, with some species encoding more than 20 gasdermin
homologs in their genomes (22). It has recently been established
that a fungal gasdermin-like protein controls cell death in the
context of allorecognition. The coexpression of antagonistic
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alleles of the rcd-1 gene (regulator of cell death) triggers rapid,
lytic cell death in asexual spores and hyphae of the model asco-
mycete Neurospora crassa (22). RCD-1 is a distant homolog of
the cytotoxic pore-forming GSDMD-NT domain and, like gas-
dermin, induces cell death by targeting the plasma membrane
while forming oligomers (6). However, despite the uncovered
functional similarities between the mammalian gasdermins and
fungal RCD-1 gasdermin-like protein, in the latter case, cytotoxic
activity is not dependent on proteolytic activation but results
instead from the interaction of antagonistic RCD-1 variants.

Here, we characterized the fungal gasdermin HET-Q1 from
Podospora anserina and report that its cytotoxic activity is regu-
lated through proteolytic cleavage by a subtilisin-like serine
protease named HET-Q?2. het-Q1 and het-Q2 are idiomorphic
genes (they represent alternate alleles of the same het-Q locus
but are totally unrelated in sequence) and regulate cell death in
the context of heterokaryon formation (somatic fusions
between different strains). We demonstrated that a ~5-kDa
(kilodaltons) C-terminal fragment is cleaved from HET-Q1 in
the presence of HET-Q2. Expression of a truncated varian-
t—HET-Q1(1-238)—was sufficient to reduce cell viability, while
a point mutant—HET-Q1-F238A—preventing proteolytic
cleavage of the fungal gasdermin abolished its cytotoxicity. Cat-
alytically inactive mutants of the HET-Q2 protease were equally
unable to produce cell death when coexpressed with HET-Q1.
The het-Q1/het-Q2 RCD reaction can be reconstructed in the
distant heterologous yeast host Saccharomyces cerevisiae and
human 293T cells, which strongly suggests that HET-Q2
removes directly the C-terminal inhibitory end of the gasdermin
HET-Q1 to induce cell death. Importantly, in silico analyses of
the genomic landscape of het-QI homologs revealed that the
fungal gasdermin genes are, in the vast majority of cases, the
genomic neighbors of protease-encoding het-Q2-like genes. In
addition, ~20% of these protease-encoding neighbors carry a
predicted caspase-like domain. Our work indicating that mem-
bers of the gasdermin family in fungi are regulated through
proteolytic cleavage reveals a remarkable evolutionary conser-
vation of regulated cell death pathways in eukaryotes.

Results

RCD during het-Q Allorecognition Is Controlled by Idiomorphic Genes.
The het-Q locus is one of the last uncharacterized allorecogni-
tion loci in P anserina (23). P anserina strains either belong to
the het-Q1I or het-Q2 genotype. The cellular fusions between
strains from different het-Q genotypes are abortive and trigger
RCD, which translates with the appearance of a “barrage”
(demarcation line) between such strains (Fig. 14 and SI
Appendix, Fig. S1). The het-Q locus has been genetically located
on chromosome 7 (24). To identify the precise genetic determi-
nants controlling #et-Q RCD, we analyzed the genetic distance
between het-Q and the PaATG1 locus (Pa_7_10890) situated on
the same chromosome (25). We measured ~2.5% of recombi-
nation between het-Q and PaATGI1, which corresponds to
~60 kbp (kilobase pair) in estimated physical distance between
the two genes. We thus undertook a positional cloning
approach with a DNA library of cosmids and plasmids from a
het-Q1 strain, covering a region of ~100 kbp around the
PaATGI1 gene (SI Appendix, Fig. S2 and Tables S1-S3). The
cosmid and plasmid clones were transformed into protoplasts
of the incompatible het-Q2 genetic background. Since the coex-
pression of het-QI and het-Q2 is lethal, it is expected that
clones bearing het-Q1 show reduced transformation efficiency
in this background (SI Appendix, Fig. S2 and Tables S1 and S2).
Only constructs bearing the Pa_7_10775 gene showed reduced
transformation efficiencies specifically in the her-Q2 genetic
background (SI Appendix, Fig. S2 and Tables S3 and S4). These
experiments suggest that Pa_7 10775 is allelic to het-Q1. We
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replaced the Pa_7_10775 gene with a natl cassette (nourseo-
thricin resistance marker), producing a APa_7 10775 strain,
which showed wild-type growth and fertility. The APa_7 10775
strain no longer produced a barrage reaction with a het-Q2
strain, indicating that the RCD reaction is abolished (Fig. 14).
The ectopic reintroduction of Pa_7_10775 into the APa_7_
10775 background restored the barrage reaction to het-Q2 (Fig.
1 A and B). These results indicate that Pa_7_10775 is het-Q1I.
The APa_7 10775 strain was thus designated Ahet-Q.

Next, we amplified the same locus from a het-Q2 strain using
primers located in the ORFs (open reading frame) flanking het-
QI (Pa_7_10775), Pa_7 10770 and Pa_7 10780 (SI Appendix,
Fig. S2). The cloned corresponding PCR fragment showed
reduced transformation efficiency in the het-Q1 background,
while the transformation efficiencies into the het-Q2 or Ahet-Q
backgrounds were at levels similar to that with the empty vector
(SI Appendix, Fig. S2 and Table S4). Ahet-Q strains transformed
with this PCR fragment acquired the het-Q2 phenotype and trig-
gered RCD with a het-Q1 tester strain (Fig. 1). The het-Q locus
situated between the Pa_7 10770 and Pa_7 10780 ORFs is
totally dissimilar between the het-Q1 and het-Q2 strains and
varies in length in the two backgrounds with 1.6 kbp and 2.4 kbp,
respectively (Fig. 1C). The het-Q1 and het-Q2 genes are thus best
described as idiomorphs rather than classical alleles (26).

het-Q1 Encodes a Gasdermin Homolog and het-Q2 a Putative Serine
Protease. The het-Q1 gene encodes a 278-amino-acid-long pro-
tein, HET-Q1, which belongs to the same protein family as RCD-
1 from N. crassa (6) and thus is a fungal gasdermin-like protein
(SI Appendix, Fig. S3). We confirmed the homology between
HET-Q1 and mammalian gasdermins using the HHPred suite
(27). The in silico analyses uncovered two regions of higher
sequence conservation between HET-Q1, GSDMD-NT, and
GSDMAS3-NT, detected around residues 148 to 155 and 210 to
217 as previously reported for the RCD-1 protein (SI Appendix,
Fig. S3). The HET-Q1 protein was also modeled with Alpha-
Fold2 (28). The structural model showed a high-confidence
twisted B-sheet core, and structural comparisons using Dali (29)
identified Gasdermin-A3 (and other gasdermins) as the closest
structural relatives to the generated model (SI Appendix, Fig. S4
and Table S5). The analysis confirms further the evolutionary
relation between HET-Q1 and gasdermins.

The het-Q2 ORF (GenBank: MZ576188) encodes a 366-
amino-acid-long protein. HET-Q2 shows homology to subtilisin-
like serine proteases of the S8 family (SI Appendix, Fig. S3). No
signal peptide was detected in HET-Q2, which suggests that the
predicted protease is not secreted. Based on sequence alignments
and homology modeling, the amino acid residues D35, H105,
and S266 of HET-Q2 were identified as constituting the catalytic
triad of the putative protease. HET-Q2 lacks an N-terminal pro-
peptide inhibitor domain (i.e., I9 domain) typically found in S8
subtilisin proteases (30).

HET-Q2-Dependent Proteolytic Cleavage of HET-Q1 Triggers Cell
Death. Considering the homology with mammalian gasdermins
and the fact that these cell death-inducing proteins are acti-
vated by proteolytic cleavage, we reasoned that the HET-Q1/
HET-Q2 cell death reaction might result from the proteolytic
cleavage of the HET-Q1 gasdermin by the HET-Q2 serine pro-
tease. To test this hypothesis, we produced the N-terminally
V5-tagged HET-Q1 allelic variant (referred as V5-HET-Q1 or
V5-Q1), which was functional and induced cell death at
wild-type levels (SI Appendix, Fig. S5). We then explored the
proteolytic reaction by mixing crude cell extracts (cytoplasmic
content) of strains expressing V5-tagged HET-Q1 with extracts
from a het-Q2 strain or from the Aher-Q strain. Lysates mix-
tures (1:1 ratio) were incubated for up to 30 min (25°C).
At the initial time point (at 0 min) in both reaction mixtures
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Fig. 1. Gene idiomorphs het-Q7 (gasdermin homolog) and het-Q2 (S8 serine protease) define an RCD system in the context of heterokaryon incompati-

bility (allorecognition) in P. anserina. (A) Cell death between P. anserina strains of antagonistic het-Q7 and het-Q2 genotypes manifests with the appear-
ance of a “barrage” reaction between the fungal colonies (red arrows). The deletion of the het-Q7 gene (Pa_7_10775) produces a Ahet-Q strain (we term
it Ahet-Q because the het-Q7 and het-Q2 strains are isogenic with the exception of the het-Q locus) and abolishes the cell death reaction (barrage forma-
tion) with a het-Q2 strain (black arrow). Reintroduction of het-Q17 in a Ahet-Q strain restores the barrage reaction with a het-Q2 tester strain, while intro-
duction of het-Q2 in the Ahet-Q background procures the ability to the transformants to produce a barrage reaction with a het-Q7 tester strain. (B) The
quantification of het-Q1/het-Q2 cell death by testing transformants (from Ahet-Q genotype), obtained by introducing het-Q1, het-Q2, or an empty vector
for the ability to produce a barrage reaction with a het-Q7 or a het-Q2 tester strain. The experiments were performed in triplicate with 50 transformants
tested per experiment. Empty vector has been used as a negative control. (C) Graphic representation of the het-Q locus as found in strains from the het-
Q17 (Q1) and the het-Q2 genotypes (Q2). Shown is an alignment of the het-Q locus from a het-Q7 and het-Q2 strain. Sequence similarity at nucleotide
level is color-coded. Regions encoding the idiomorphic genes show low sequence similarity (in 40 to 60% range), while regions encoding the neighboring
genes (Pa_7_10770 and Pa_7_10780) show sequence similarity above 90% between the two genotypes.

(V5-Q1 + Q2 and V5-Q1 + AQ), the V5-tagged HET-Q1 pro-
tein was detected by Western blot at the expected molecular
weight (~32 kDa) (Fig. 24). The molecular weight of HET-Q1
remained unchanged in the mixture of crude lysates from the
v5-het-QI and Ahet-Q strains (V5-Q1 + AQ) (Fig. 24). How-
ever, in the presence of HET-Q2 (V5-Q1 + Q2 mixture), we
observed a progressive decrease in the amount of full-length
HET-Q1 with a correlated appearance of a fragment of lower
molecular weight (~28 kDa) corresponding to the N-terminal
part of the HET-Q1 protein (Fig. 24). We concluded that in
the presence of the HET-Q2 serine protease, HET-Q1 is pro-
teolytically processed, and a ~5-kDa C-terminal fragment (or
domain) is cleaved from the protein.

To investigate whether the proteolytic cleavage activates the
cytotoxicity of HET-Q1, we produced four truncated protein
variants, removing short fragments in ~15-amino-acid incre-
ments from the C-terminal end of the protein. The truncations
were introduced in the Ahet-Q strain, and the number of viable
transformants was quantified (Fig. 2B). Three of the tested
truncations [HET-Q1(1-261), HET-Q1(1-247), and HET-Q1(1-
218)] showed normal levels of transformation efficiency, while
the fourth truncation—HET-Q1(1-233)—resulted in a signifi-
cant decrease in the number of viable transformants (Fig. 2B).
Western blot analyses confirmed that the HET-Q1(1-233)
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truncation is of similar molecular weight to processed HET-Q1
(Fig. 2C). Noteworthy, among the truncation constructs, only
strains expressing HET-Q1(1-261) produce barrage with a
HET-Q2-expressing strain (SI Appendix, Fig. S5). These results
suggest that some of the truncations impact the N-terminal
cytotoxic domain of HET-Q1 and/or prevent the activation of
the toxin by the protease. We concluded that the removal of
the last 45 amino acid residues of HET-Ql—producing the
HET-Q1(1-233) fragment—Ileads to an increased cytotoxicity of
HET-Q1. In addition, we performed size-exclusion chromatog-
raphy with cellular extracts. While unprocessed HET-Q1 elutes
in low molecular weight fractions, we found that in mixtures
containing HET-Q1 and HET-Q2 (Q1+Q2), proteolytically
processed HET-Q1 elutes in the void fraction. This result
suggests that the proteolytic cleavage induces a transition
from the monomeric toward the multimeric state of the fungal
toxin, similar to members of the gasdermin family in mammals
(Fig. 2D) (18).

Next, we undertook to identify amino acid residues impor-
tant for the proteolytic cleavage of HET-Q1 and replaced indi-
vidual residues with alanines in the region where the cleavage
occurs. We generated a set of seven HET-Q1 mutants, encom-
passing the region from residues G234 to G241 of HET-Q1
(Fig. 2E), and tested the ability of the mutants to induce cell
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Fig. 2. HET-Q2-dependent proteolytic cleavage of the gasdermin-like protein HET-Q1 induces cell death in P. anserina. (A) Western blot showing accu-
mulation of processed V5-HET-Q1 (V5-Q1) in a het-Q2-dependent manner. Crude cell lysates from a V5-HET-Q1-expressing strain were mixed and incu-
bated (for up to 30 min) with cell extracts from a Ahet-Q strain (V5-Q1 + AQ) or from a het-Q2 strain (V5-Q1 + Q2). In the first reaction (V5-Q1 + AQ),
V5-HET-Q1 remained unprocessed and appeared as a single band at the expected size for the full-length protein (~32 kDa) (black arrow). However, when
mixed with extracts from a het-Q2 strain (V5-Q1 + Q2), a smaller V5-HET-Q1 fragment (27 to 30 kDa) (red arrow) appears and accumulates in time, while
the amount of full-length protein progressively decreases. (B) Quantification of transformation viability of Ahet-Q transformants with truncated het-Q1
alleles. Four truncations of het-Q17 were introduced into Ahet-Q protoplasts and number of viable transformants counted. Three of the truncations [het-
Q1(1-261), het-Q1(1-247), and het-Q1(1-218)] produced wild-type levels of viable transformants. Transformations with the fourth truncation—het-Q1(7-
233)—resulted in ~45% reduction of viable transformants. Experiments were performed in triplicate. P value (a # b) < 0.01, one-way ANOVA with Tukey's
multiple comparisons test. (C) Western blot of full-length and truncated V5-HET-Q1 variants. Cytotoxic V5-HET-Q1(1-233) is of similar molecular size to
processed V5-HET-Q1 in mixtures of cell extracts (V5-HET-Q1 + Q2). Protein bands corresponding to unspecific proteolysis because of high levels of protein
expression are shown with red asterisk. (D) Polyacrylamide gel electrophoresis and Western blot of fast protein liquid chromatography fractions of crude
cell extracts mixtures. Cell extracts containing V5-HET-Q1 were mixed with cell extracts from a Ahet-Q strain (V5-Q1 + AQ) (Top) or from a het-Q2 strain
(V5-Q1 + Q2) (Bottom). Processed V5-HET-Q1 in mixtures containing the HET-Q2 protease elutes in the void volume containing protein aggregates of
high molecular weight (above 1 MDa [megadalton]), while unprocessed V5-HET-Q1 elutes in fractions corresponding to proteins with lower molecular
weight, close to that of monomeric V5-HET-Q1 (~32 kDa). The mixtures at zero minutes of incubation were used as “input.” (E) Protein sequence of HET-
Q1(233-242). Amino acid residues substituted with alanine residues are marked with asterisks. Black asterisks indicate residues, which substitution did not
impact the cell death reaction. Red asterisk indicates that the substitution abolishes the cell death reaction, and yellow asterisk indicates that it impacts
partially cell death. (F) Quantification of barrage-inducing transformants expressing mutant V5-HET-Q1 variants. The experiments were performed in trip-
licate with 25 tested transformants per experiment. Mutant variants HET-Q1(L237A) and HET-Q1(F238A) are significantly affected in their cell
death-inducing ability (P value < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test). (G) Western blots of V5-HET-Q1 mutant variants in
cell extract mixtures containing HET-Q2 protease (Q2 +) or without (AQ +). Mutations affecting the cell death reaction (V5-Q1-L237A and V5-Q1-F238A)
prevent proteolytic cleavage of HET-Q1. Proteolytically processed mutants (V5-Q1-V236A and V5-Q1-G240A) are shown with red arrowheads.

death with a strain expressing HET-Q2 (Fig. 2F). The majority mixed in a 1:1 ratio with cellular extracts from a Ahet-Q strain
of HET-Q1 mutants were not affected in their ability to induce  or het-Q2 strain and incubated for up to 30 min. Mutations
cell death. Only strains expressing HET-Q1-L237A and HET-  affecting the cell death reaction (L237A and F238A) were
Q1-F238A were unable to produce barrage with the het-Q2  found to equally affect the proteolytic cleavage of HET-QI.
strain (Fig. 2F). However, after prolonged contact between The two mutant variants (HET-Q1-L237A and HET-Q1-
transformants expressing HET-Q1-L237A and the het-Q2  F238A) remained unprocessed even after 30 min in the pres-
strain, we observed the formation of attenuated barrages, sug-  ence of HET-Q2 (Fig. 2G). Mutant HET-Q1 variants that did
gesting that the mutation affects the cell death reaction only  not affect the cell death reaction (V236A and G240A) did not
partially. We then probed whether the proteolytic cleavage of  abolish the proteolytic cleavage of HET-Q1 and were processed
the HET-Q1-L237A and HET-Q1-F238A mutants occurs in the  after 30 min in the presence of HET-Q2 (Fig. 2G). We con-
presence of HET-Q2 (Fig. 2G). Crude cellular extracts from cluded from these experiments that the amino acid residues
transformants expressing the HET-Q1 mutant variants were L1237 and F238 are important for the proteolytic cleavage of
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HET-Q1 and could be integral to the cleavage site. To investi-
gate further the latter possibility, we generated three HET-Q1
truncations [HET-Q1(1-237), HET-Q1(1-238), and HET-Q1(1-
239)] and tested for their ability to reduce cell viability post-
transformation (SI Appendix, Fig. S6). The HET-Q1(1-238)
construct reduced strongly the number of viable transformants
resulting in a viability rate lower than 10% in comparison with
transformations with full-length HET-Q1 (SI Appendix, Fig.
S6). The transformation efficiencies with HET-Q1(1-239) were
only slightly decreased, while the HET-Q1(1-237) construct
produced a similar number of viable transformants to full-
length HET-Q1 (SI Appendix, Fig. S6). These results suggest
that the cleavage of HET-Q1 occurs after the residue F238
and confirm that proteolysis of HET-Q1 is necessary for the
induction of cytotoxicity.

Proteolytic Activity of the Subtilisin-Like Protease HET-Q2 Is Essen-
tial for Gasdermin Cytotoxicity. We reasoned that HET-Q2 might
be constitutively active (or alternatively be specifically activated
by the interaction with HET-Q1) and that its proteolytic activity
controls the cell death reaction, likely by direct cleavage of
HET-Q1. We therefore generated three het-Q2 mutants, replac-
ing each of the residues forming the catalytic triad of HET-Q2
(D35, H105, and S266) with an alanine amino acid residue. The
mutant alleles (het-Q2-D35A, het-Q2-HI05A, and het-Q2-
8§266A4) were introduced into the Ahet-Q background, and
transformants were tested for barrage formation with the het-
Q1 tester strain. While ~76% of transformants with wild-type
het-Q2 produced a barrage reaction with the het-QI strain,
transformants with mutant het-Q2 alleles showed reduced or
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abolished cell death—inducing activity (Fig. 34). The strains
transformed with two of the mutants—her-Q2-HI105A4 and het-
02-5266A—were unable to trigger cell death with a het-Q1
strain, while only ~37% of transformants with the het-Q2-D35A
allele produced a barrage reaction (Fig. 34). The decrease of
activity shown by het-02-D354 was statistically significant and
consistent with previously reported residual protease activity
for an equivalent mutation in a human subtilisin (31). These
results demonstrate that the proteolytic activity of HET-Q2 is
necessary for the control of the HET-Ql-dependent cell
death reaction.

Next, we decided to use S. cerevisiae as a heterologous sys-
tem in which to reconstitute the HET-Q1/HET-Q2 cell death
reaction. We reasoned that cell death signaling pathways
between the yeast and Podospora are unlikely to be conserved,
as the two fungal species are phylogenetically very distant and
differ in cellular organization (unicellular versus multicellular).
None of the known components of P anserina allorecognition
pathways has homologs in yeast. We coexpressed HET-Q1 and
HET-Q2 in yeast. The het-QI gene was under the control of a
constitutive promoter, while het-Q2 was under a galactose-
inducible gall promoter. The experiments were performed at
30°C, the optimal growth temperature for Saccharomyces. We
found that coexpression of HET-Q1 and HET-Q2 strongly
affected the growth of S. cerevisiae (Fig. 3B). Expression of
HET-Q1 alone or HET-Q2 alone did not alter the growth
of S. cerevisiae nor did the HET-Q2-D35A mutant when
coexpressed with HET-Q1 (Fig. 3B). The coexpression of the
protease and the gasdermin in liquid media also resulted in a
population of damaged or dead cells as revealed by the
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Il Control Gal Il Q1+ Q2-D35AGal I Q1+ Q2 Gal

Il Q1+Q2Glc

1.5x108
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= 1.0x10%
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Time after shift (hour)

Fig. 3. The proteolytic activity of the subtilisin-like protease HET-Q2 is essential for gasdermin cytotoxicity. (A) Quantification of cell death (barrage)
induction by transformants expressing HET-Q2 and mutant HET-Q2 variants. Alanine substitutions of residues forming the predicted catalytic triad of
HET-Q2 (D35A, H105A, and S266A) affect the cell death reaction. The experiments were performed in triplicate with 50 transformants per experiment.
P value (a # b # ¢) < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. (B) S. cerevisiae drop test on repressed (glucose) and inducible
(galactose) growth media. Coexpression of HET-Q1 with HET-Q2 leads to growth arrest of S. cerevisiae, while individual expression of both proteins or
coexpression of the gasdermin with a catalytically affected protease variant (HET-Q2-D35A) did not affect yeast growth. (C) Methylene blue vital dye col-
oration of yeast cells coexpressing HET-Q1 and HET-Q2 in inducible conditions (galactose) or repressive conditions (glucose). Damaged or dead cells are
colored blue (red arrowhead). (Scale bar, 10 pm.) (D) Quantification of cell death in yeast cultures. Cell death was measured by counting methylene
blue-positive cells at different time points after cultures were shifted to grow in galactose (Gal) inducible conditions. The population of dead cells
increased with time up to ~50% in cell cultures coexpressing HET-Q1 and HET-Q2 (Q1 + Q2 Gal), beginning at ~10 h post-shift. This time point corre-
sponded to the initiation of growth (inserted panel) in galactose-supplemented media. Methylene blue-positive cells remained below 10% in cultures
coexpressing HET-Q1 with a catalytically inactive mutant variant of HET-Q2 (Q1 + Q2-D35A Gal) or in cultures transformed by the empty vectors (Control
Gal). Similarly, the population of dead yeast cells remained low in repressive conditions (Q1 + Q2 Glc). The experiments were performed in triplicate.
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methylene blue—colored cells observed by microscopy (Fig. 3 C
and D). The percentage of methylene blue—positive cells
increased with time in cultures coexpressing HET-Q1 and
HET-Q2, peaking at ~50% after 20 h of growth in galactose-
supplemented media (inducible conditions) (Fig. 3D). The
coexpression of HET-Q1 and HET-Q2 in either noninducible
conditions (glucose containing medium) or with the mutant
variant HET-Q2-D35A did not affect growth in liquid media,
and the population of methylene blue cells remained below
10% at all time points (Fig. 3 C and D). Taken together, these
results suggest that het-QI1 and het-Q2 genes constitute an
autonomous cell death induction system and further support
the direct cleavage of the HET-Q1 gasdermin by the HET-Q2
serine protease.

After reconstituting the het-Q1/het-Q2 cell death reaction in
yeast, we used the heterologous setup to probe whether expres-
sion of HET-Q1 truncations alone—mimicking the proteolyti-
cally activated form of the fungal gasdermin—could trigger cell
death. We tested the three HET-Q1 truncations [HET-Q1(1-
237), HET-Q1(1-238), and HET-Q1(1-239)] and found that
only HET-Q1(1-238) strongly inhibited growth in inducible con-
ditions (galactose) (SI Appendix, Fig. S6C). Growth in inducible
conditions of strains expressing HET-Q1(1-239) appeared only
slightly affected, while the HET-Q1(1-237) construct did not
show cytotoxicity (SI Appendix, Fig. S6C). These results repro-
duce exactly our observations with the three HET-Q1 trunca-
tions in P anserina, support the identification of the precise
cleavage site (after residue F238), and establish the yeast as a
viable tool for studying the mechanism of cytotoxicity of fungal
gasdermin-like proteins.

HET-Q1 Induces Pyroptotic-Like Cell Death in a HET-Q2-Dependent
Manner in Human HEK 293T Cells. As previously demonstrated for
the RCD-1 gasdermin protein (6), we decided to investigate the
ability of HET-Q1 to trigger pyroptotic-like cell death in human
293T cells. We thus undertook to reconstitute the HET-Q1/
HET-Q2 system in a heterologous setup using 293T cells. The
cell cultures were cotransfected with vectors expressing HET-
Q1, HET-Q2, or a combination of both fungal proteins. In each
cotransfection, the vectors carrying the fungal genes were also

HET-Q1 eGFP
HET-Q1 mCherry

A HET-Q2 eGFP
HET-Q2 mCherry

HET-Q1 eGFP
HET-Q205%%* mCherry

HET-Q1 eGFP
HET-Q252%* mCherry

HET-Q1F%% eGFP
HET-Q2 mCherry

expressing the fluorescent proteins GFP (green fluorescent pro-
tein)and mCherry from an internal ribosomal entry site sequence
present downstream of the het-Q1 or het-Q2 genes. We quanti-
fied cell death in different cell cultures using flow cytometry by
measuring the population of double-positive (GFP+/mCherry+)
cells posttransfection (Fig. 4 and SI Appendix, Fig. S7). The cell
cultures transfected simultaneously with the HET-Q1 gasdermin,
and the HET-Q2 protease (in a 1:1 ratio) showed a significant
decrease of double-positive (GFP+/mCherry+) cells when com-
pared with cultures transfected only with the gasdermin or only
with the protease (Fig. 4B and SI Appendix, Fig. S7). We exam-
ined microscopically the HET-Q1/HET-Q2 cotransfected cell cul-
tures and observed balloon-shaped dead cells reminiscent of cells
undergoing pyroptosis (Fig. 44). The samples cotransfected with
the gasdermin, and a proteolytically inactive HET-Q2-D35A (or
HET-Q2-S266A) variant contained few pyroptotic-like dying
cells, and viability was restored to levels of cell cultures trans-
fected with the protease alone (Fig. 4B). Similarly, substituting
the phenylalanine (F238)—a key amino acid residue for the pro-
teolytic activation of HET-Q1—with an alanine abolished cell
death in cultures in which the mutant variant (HET-Q1-F238A)
was coexpressed with HET-Q2 (Fig. 4). These results indicate
that the HET-Q1/HET-Q2 cell death reaction can be reconsti-
tuted in human 293T cells, where the fungal gasdermin HET-Q1
induces pyroptotic-like cell death. Our findings are consistent
with the previously observed pyroptotic-like cell death induced in
human cells by the RCD-1 fungal gasdermin from the filamen-
tous ascomycete N. crassa (6).

Genomic Clustering of het-Q7 Homologs with Protease-Encoding
het-Q2-Like Genes in Fungi. Gasdermin-encoding het-Q1 homo-
logs are ubiquitous in Ascomycota and have been identified in
more than 180 fungal species (6, 22). The uncovered functional
relation between HET-Q1 and the HET-Q2 protease as well as
the previously reported genomic clustering of regulation and
cell death execution modules in fungal necroptosis-like path-
ways (5, 32) prompted us to analyze the local genomic land-
scape of het-QI homologs in fungi. We retrieved 1,884 het-Q1
homologs situated in the genomes of 401 fungal species using
P, anserina het-Q1 as a query sequence. We found that 80% of
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Fig. 4. Coexpression of HET-Q1 and HET-Q2 induces pyroptotic-like cell death in human cells. (A) Bright-field images of human 293T cells at 24 h post-
transfection with combinations of eGFP-tagged HET-Q1 and mCherry-tagged HET-Q2 wild-type and mutant plasmids. Pyroptotic-like cells are indicated
with red arrows. (B) Quantification of mCherry and eGFP double-positive cells at 48 h post-transfection analyzed by flow cytometry. The percent of
double-positive cells are calculated relative to the protease only, HET-Q2 mCherry + HET-Q2 eGFP, control.
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Fig. 5. Gasdermin het-Q7 homologs are genomically clustered with protease-encoding het-Q2-like genes in filamentous fungi. (4) A cartoon representa-
tion of het-Q1/het-Q2 gene idiomorphs, defining the allorecognition cell death reaction in P. anserina and of het-Q1/het-Q2-like gene clusters, distrib-
uted broadly in fungi. (B) The percentage of gasdermin homologs situated in the vicinity (10 kbp upstream and downstream) of protease-encoding het-
Q2-like genes. (C) Cartoons representing annotated HET-Q2-like protein architectures. Given are the numbers of proteins in each category and the per-
centage that each category represents from the total number of CHAT- or S8-containing HET-Q2-like proteins. (D) Maximum likelihood phylogenetic tree
of het-Q17 genes. Numbers of het-Q7 homologs in collapsed branches are shown for each branch. Branch support is color-coded: red—0.00, yellow—0.50,
grass-like green—0.75, green—1. Colored bars at tip of branches show the type of protease domain found on the clustered HET-Q2-like proteins
(blue—S8 family, yellow—caspase-like CHAT family, green—both) or the number of het-Q1 homologs not clustered with an het-Q2-like gene (gray).
(E) A cartoon showing the two-gene cluster from P. anserina, comprising the TRP-CHAT-encoding Q2-like-6 gene and the gasdermin-encoding Q7-6
gene. Arrows show the direction of transcription of the genes. (F) Western blot showing accumulation of processed V5-Q1-6 in a Q2L"™-6-dependent man-
ner. Cell lysates from V5-Q1-6—expressing strain were mixed and incubated (up to 60 min) with cell extracts from a AQ2L-6 strain or from a strain express-
ing the caspase-like CHAT domain of Q2L-6 (Q2L"-6). The V5-labeled gasdermin protein was proteolytically processed in a time-dependent manner only in
the presence of Q2L"™-6 (V5-Q1-6 + Q2L"-6 mixture), while V5-Q1-6 remained unprocessed and appeared as single band at the expected size for the full-
length protein (~35 kDa) in mixtures with a strain not expressing Q2L"™-6 (V5-Q1-6 + AQ2L-6 mixture). (G) Q2L"-6 transformants were able to produce a
barrage reaction (localized cell death) with transformants expressing the Q1-6 gasdermin (red arrowheads). Cartoons represent fusing fungal colonies

with a red dotted line representing the barrage reaction, which in some cases was partial (attenuated).

the het-Q1 genes had at least one gene encoding for a protein
with a protease domain as a close neighbor (within 10 kbp)
(Fig. 5 A and B and Dataset S1). Such genes were frequently
adjacent to the gasdermin-encoding het-Q1 homologs—forming
two-gene clusters—and were termed het-Q2-like (Fig. 54).
Approximately 63% (1,187) of the analyzed 1,884 fungal gas-
dermins were clustered with het-Q2-like genes encoding pro-
teins with a putative S8 serine protease domain as found in
HET-Q2 (Fig. 5B). Remarkably, another 19% (353) of the het-
QI homologs were in the vicinity of a het-Q2-like gene encod-
ing for a protein with a predicted protease domain of the
CHAT (caspase HetF associated with tetratricopeptide repeats
[TPRs]) clade, which belongs to the same protease family as
the mammalian caspases (33). We also found that 20% (373) of
the het-Q1 homologs were not situated near a het-Q2-like gene,
yet the vast majority of het-QI genes in this category (76%)
were from fungal genomes containing at least one het-Q1/het-
02-like two-gene cluster (Dataset S1). Overall, we identified

Clavé et al.
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1,617 het-Ql/het-Q2-like clusters (1,417 het-Q1/het-Q2-like
gene pairs and 88 het-Ql1/two het-Q2-like three-gene clusters)
from 366 fungal species, with a dozen of species carrying at
least 10 such clusters in their genomes (Dataset S1). Notewor-
thy, we also found two distant het-QI homologs [Pa_6_6615
(Q1-6) and Pa_5_3510 (Q1-5)] in the genome of P anserina,
clustered with het-Q2-like genes, one being of the S8 type, the
other of the CHAT type (SI Appendix, Fig. S8 and Dataset S1).
Neither Q1-6 nor Q1-5 were proteolytically processed by HET-
Q2 (SI Appendix, Fig. S9), indicating that the products of the
two het-QI homologs do not interfere in the het-Ql1/het-Q2
allorecognition reaction in P anserina and suggesting that dis-
tinct proteolytic specificities control the cytotoxicity of these
fungal gasdermins.

The fungal gasdermins show a considerable phylogenetic
diversity and formed more than 20 well-supported clades (sup-
port values above 0.9 for majority of nonsingleton branches)
comprising between 10 and 320 het-Q1 members (Fig. 5D).
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Although exceptions occurred, each clade or superclade was
predominantly associated with either the S8 or CHAT protease
type (Fig. 5D). This observation underscores further the func-
tional link between the clustered genes and suggests that
gasdermin and protease-encoding genes spend considerable
evolutionary time in association while the occasional reassocia-
tion with a distinct protease type can occur.

To gain insight into the functional role of these cell death path-
ways, we analyzed the domain architectures of the HET-Q2-like
proteins (Fig. 5C and Dataset S2). In the set of 1,601 HET-
Q2-like protein sequences, 1,499 (93%) carry N (1,374) or C ter-
mini (125) longer than 100 amino acids in addition to the S8/
CHAT protease. Using Pfam profiles, we annotated 493 of the
1,499 long N and C termini (33%). The vast majority of the
annotated sequences (above 95%) belonged to 16 Pfam clans
and resulted in 18 potential protein architectures of HET-
Q2-like proteins (Fig. 5C and Dataset S2). Several of the most
abundant HET-Q2-like protein architectures presented anno-
tated domains consisting of tandem-repeat motifs (TPR, ANK
[ankyrin], or WD40 repeats), which are known to mediate
protein—protein interactions and/or ligand-binding functions (34)
(Fig. 5C). Furthermore, we found that some of the her-Q2-like
genes encode for nucleotide-binding and oligomerization
(NOD)-like receptors (NLRs), exhibiting a typical tripartite
domain organization with a central P-loop containing the NOD
domain flanked by the protease domain and tandem-repeat
motifs (specifically S§/NACHT/WD40) (Fig. 5C). Overall, our
analyses indicate that the majority of fungal gasdermins are clus-
tered with genes encoding for putative CHAT or S8 protease
domain-containing, multidomain proteins, some of which belong
to a class of cell death—controlling innate immunity receptors.

To investigate the regulation of the fungal gasdermins by the
genomically clustered het-Q2-like protease-encoding genes, we
decided to work with a two-gene cluster from P anserina (Fig.
5E). The gene cluster, situated on chromosome six, comprises a
het-Q1 homolog (Pa_6_6615, named Q1-6) and a het-Q2-like
gene (Pa_6_6610, named Q2L-6), which encodes N-terminal
TPR repeats and a C-terminal caspase-like CHAT domain
(Fig. 5E). Reasoning that the Q2L-6 protein might be in an
inactive, repressed state, we decided to work only with the pro-
tease domain, encompassing residues 701 to 1,005 of Q2L-6,
and thus engineered a truncated Q2L™-6 allele. The Q2L'-6
construct and the Q1-6 gasdermin were introduced in a Ahet-Q
AQI-6 AQ2L-6 strain under the control of the het-Q2 and het-
Q1 promoters, respectively, to ensure expression in laboratory
conditions. Viable transformants were obtained with both con-
structs, although the transformation efficiencies were decreased
between 25 to 40% in comparison with the control (SI
Appendix, Fig. S10). Some Q1-6 transformants produced a bar-
rage reaction (localized cell death) with Q2L™-6 transformants
(Fig. 5G). Furthermore, V5-labeled Q1-6 was processed in a
time-dependent manner only in cell lysate mixtures containing
Q2L%6 (Fig. 5F). These results demonstrate the functional
unity of the uncovered het-Q1/het-Q2-like gene clusters.

Based on these findings, we postulate that fungal gasdermins
are, in general, regulated by proteolytic cleavage by HET-Q2-like
functional partners (encoded by a closely linked gene) and are an
essential part of broader, diverse, and widespread signaling path-
ways in fungi (Fig. 6). The genomic clustering of the gasdermin
genes and the gene encoding their putative cognate protease is
highly reminiscent of the clustering of HeLo domain cell death
execution proteins with their cognate regulatory amyloid signal-
ing NLR (32, 35). In this context, it is noteworthy that the num-
ber of gasdermin homologs and Helo domain pore-forming toxin
homologs in fungal genomes are correlated (Pearson’s r = 0.65,
P value < 1e-55, Spearman’s p = 0.49, and P value < le-27)
(Dataset S3), suggesting that the lifestyle of certain species calls
for a high number of parallel RCD pathways.
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Discussion

In this study, by molecularly characterizing a fungal allorecog-
nition system from P. anserina, we show that fungal gasdermin-
like proteins are controlled by proteolytic cleavage, similar to
their mammalian counterparts (13, 14). We uncovered that the
fungal gasdermin HET-Q1 is proteolytically processed in the
presence of the serine protease HET-Q2 during the allorecog-
nition process in P anserina. The proteolytic cleavage removes
a ~5-kDa C-terminal fragment, which unleashes the cytotoxic
activity of HET-Q1. We reconstituted the cell death reaction by
coexpressing HET-Q1 and HET-Q2 in the yeast S. cerevisiae
and human 293T cells. The latter finding strongly suggests that
the fungal gasdermin is directly processed by the serine prote-
ase and establishes the HET-Q1/HET-Q2 protein pair as an
autonomous RCD system. In this context, we uncovered by
genome mining that ~80% of the gasdermin-encoding genes in
fungi are clustered with het-Q2-like genes, encoding proteins
with a putative protease domain, which belongs in the majority
of cases to the subtilisin-like serine proteases (S8 family). Our
analyses also identified that a subset of the HET-Q2-like pro-
teins carry a caspase-related CHAT domain, while others
exhibit NLR-like protein architectures. These findings
prompted us to propose that, similar to HET-Q1, proteolytic
cleavage is the general mode of activation for the fungal gasder-
mins. Furthermore, we propose that, for the vast majority of
HET-Q1 homologs, the proteolysis occurs via an activated
HET-Q2-like protein encoded by the gene adjacent to the
gasdermin-encoding gene. The genomic clustering of genes
encoding pore-forming toxins and the receptors that activate
them has been previously reported in fungi in the case of the
HeLo domain pore-forming toxins and their cognate NLR
receptors (32, 35).

Gasdermin-Regulated Cell Death in the Context of Comparative
Immunology. This study extends the evolutionary parallels
between fungal and mammalian cell death pathways beyond the
previously uncovered conservation of cell death execution mod-
ules (gasdermin pore-forming domain). Our findings establish a
broader evolutionary framework for gasdermin-regulated cell
death by unveiling a common mode of activation (proteolysis) for
the gasdermin family in eukaryotes performed by similar types of
proteases, which can be associated—at least in some cases—with
homologous upstream receptors (NLR proteins) (Fig. 6).

During pyroptosis, the mammalian gasdermins are processed
either by caspases (11-13, 36) or, in the case of GSDMB, by a
serine protease (GZMA) (20). Serine proteases play a key role
in human immunity in which they can control inflammatory
and noninflammatory cell death pathways (37). Furthermore,
subtilisin-like serine proteases termed phytaspases (plant
aspartate-specific protease) have been shown to control cell
death in plants (38, 39). Phytaspases exhibit caspase-like specif-
icity and can induce immune-related cell death in response to
viral infections (40). Our findings now suggest that both types
of proteases (subtilisin like and caspase like) regulate
gasdermin-dependent cell death in fungi, likely in the context
of organismal defense. While metacaspases (41), distantly
related to caspases, have been previously shown to control fun-
gal cell death in various physiological and stress conditions (1),
our work proposes an unprecedented role for caspase-like
domains in fungal non-self-recognition processes.

Besides the significance for the evolution of the proteolytic
control of RCD, our work uncovers that, as described in mam-
mals, some gasdermin proteins are downstream of NOD-like
receptors or NLR-like proteins. Nevertheless, it appears that, in
fungi, the signaling pathways leading to the activation of gas-
dermin cytotoxicity are less complex with the NLR protein car-
rying directly the protease domain, while in mammals, the
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Fig. 6. Comparative models of cell death pathways in fungi and mam-
mals. Shown is an example of a CHAT domain containing fungal NLR-like
protein—a HET-Q2-like protein—hypothesized to activate through pro-
teolytic cleavage a downstream HET-Q1 protein. Such HET-Q2-like/HET-Q1
pathways appear analogous to pyroptotic-inducing cell death pathways in
mammals. Given example shows the downstream activation of GSDMD
(gasdermin D) by NLRC4 (NLR family CARD-containing protein), which can
directly activate caspase-1 (CASP1) or indirectly via the ASC protein (apo-
ptosis-associated speck-like protein containing a CARD) (42). PYD—Pyrin
domain. Unk—unknown.

NLRs use adapter domains (i.e., CARD—caspase activation
and recruitment domain) to activate downstream caspases
directly (in some cases) or through adaptor proteins like an
apoptosis-associated speck-like protein containing a CARD
(Fig. 6) (42).

Remarkably, gasdermin-dependent cell death has recently
been reported in bacteria, with several similarities emerging
between bacterial and fungal pathways (43). Both fungal and bac-
terial gasdermins are genomically clustered with genes encoding
multidomain proteins containing a protease domain, which regu-
lates the proteolytic cleavage of the gasdermins proteins. The
HET-Q2-like proteins in fungi and their bacterial counterparts
can carry evolutionarily related protease domains (subtilases or
caspase-like CHAT proteases) and, in some cases, belong to the
NLR protein family. In addition, similar to bacterial gasdermins,
fungal gasdermins carry relatively small inhibitory C-terminal
domains (compared with mammalian gasdermins). Although
structural details of the inhibited state of fungal gasdermins
remain unknown, it is conceivable that gasdermins in fungi and
bacteria share a similar molecular mechanism of inhibition.
Importantly, the discovery of gasdermin-dependent cell death in
bacteria further underscores the ancient origin of this type of cell
death, and considering that the bacterial gasdermin clusters are
frequently encoded in anti-phage defense islands, it appears that
gasdermin-related cell death has been a component of the molec-
ular non-self-discrimination toolkit from the earliest days of
natural history.

Allorecognition Systems in Fungi: Branching Out of Broader and
Unexplored Cell Death Pathways. Our findings suggest that the
het-Q1/het-Q2 allorecognition system found in P anserina has
emerged from an ancestral het-Q1/het-Q2-like two-gene cluster.
In this model, genomic rearrangements have resulted in the
het-Q2 gene, which encodes only the protease domain of a
HET-Q2-like protein and hence results in a constitutively
active protease, triggering cell death when coexpressed with
HET-Q1. In this hypothesis, the het-Q1/het-Q2 system would
represent an evolutionary exaptation by which a preexisting
immune pathway has been refurbished into an allorecognition
system (44). A similar evolutionary scenario has been proposed
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for a two-gene cluster involving an NLR and a different pore-
forming toxin (HET-S) in Podospora, where a point mutation
and a transposon insertion have generated an incompatibility sys-
tem (het-s/het-S allelic system) (45). In addition, several other
NLR-based allorecognition systems are considered to originate
from broader non-self-recognition-dedicated molecular path-
ways (46). The exaptation model could equally be proposed for
the red-1-1/red-1-2 allorecognition system in N. crassa in which
genomic rearrangements have been associated with the red-1
locus (22). Our study supports thus further the hypothesis that
allorecognition genes originate from preexisting broader signaling
pathways, likely involved in the xenorecognition and mediation of
interspecific biotic interactions (47).

Conclusion

The present results establish that, in filamentous fungi, in addi-
tion to necroptotic-like pathways regulated by amyloid signaling
(5), gasdermin-dependent pathways regulated by proteolytic
cleavage abound. Mammals and fungi thus share core compo-
nents and molecular mechanisms of RCD pathways. We hereby
critically expand the evolutionary parallels between RCD path-
ways in two of the major clades of Opisthokonta (fungi and
animals). While the extent of the molecular and functional sim-
ilarities (and differences) remains to be fully explored, our
study unveils a remarkable evolutionary conservation in cell
death signaling and execution in the context of eukaryotic
innate immunity and, as such, represents a further step toward
the molecular definition of the fungal immune system.

Materials and Methods

Strains and Plasmids. P. anserina strains used in this study were wild-type het-
Q1 and het-Q2 and the Ahet-Q1 (Ahet-Q) strain. All strains were cultivated at
26 °C using standard procedures. To produce the Ahet-Q strain, we replaced
the het-Q7 ORF (Pa_7_10775) with the nat1 gene, encoding a nourseothricin
acetyl transferase, procuring resistance to the nourseothricin antibiotic. The
het-Q1 deletion cassette consists of the nat1 gene flanked by the upstream and
downstream regions of the het-Q7 gene. To produce the deletion cassette, we
amplified 1,055 bp (base pair) upstream of het-Q7 ORF using primers 5'-
AATATTGGAGAAGCAAAATGAGGC-3' and 5-TTTAGGTTCTTCTGAAAAGAGA-
TAC-3' and cloned the PCR fragment upstream of the nat? gene. Downstream
of the nat7 gene, we cloned a PCR fragment corresponding to 894 bp down-
stream of Pa_7_10775, starting from the stop codon of the gene. The PCR frag-
ment was amplified with the primers 5‘GAGGAAGGTTATAATCGATGTGTG-3'
and 5-GCAGTGGCGTTTGTCTTCGC-3'. The het-Q7 deletion cassette was con-
structed into a pBlueScript II-derived vector (termed “p1”). To delete the het-
Q7 gene, we used 5 pg 2.76 kbp Ncol-linearized 10,775::nat1 (deletion cassette)
DNA fragment, which we introduced into a het-Q1 APaKu70 strain.
Nourseothricin-resistant transformants were selected, screened by PCR and
backcrossed with the wild-type reference strain to obtain Ahet-Q homokaryons.
The barrage phenotype segregated with the nourseothricin-resistance pheno-
type in the progeny with resistant transformants unable to produce a barrage
reaction with a het-Q2 strain.

The het-Q1 gene was amplified with primers 5'-GTGTTTCGCTTGTTCAATCCG-
3’ and 5-TTTTCACAATGGAAATCGGGATG-3, and the 1.85-kbp PCR fragment
was cloned with EcoRV into a pBlueScript-derived vector carrying the hygromycin-
resistance hph gene. Similarly, we amplified the het-Q2 gene using primers 5'-
AACATATATATATGCTGTCCCGAC-3' and 5-TTTTCACAATGGAAATCGGGATG-3,
and the PCR fragment (2.45 kbp) was cloned with the EcoRV restriction enzyme
into the SKhph vector. The final constructs were sequenced, and the vectors
(SKhph, SKhph-Q1, and SKhph-Q2) were used for viability reduction assays.

To construct the Ahet-Q7 AQ7-6 AQ2L-6 strain, we replaced the Q7-6 and
Q2L-6 two-gene cluster with the nat7-encoding cassette, procuring resistance to
nourseothricin. To produce the deletion cassette, we amplified the promoter
region (836 bp) of Q2L-6 using 5-CCAACCGTTAGATGAACGACG-3' and 5'-
CTCCTCTAATGGTTGGTTGGTG-3' and the promoter region (870-bp) of Q7-6
with primers 5-GTTGAACTTGTTGGGGGTTGC-3' and 5'-TTGGCGAGGGCGGTTTG-
GATG-3' and cloned these regions upstream and downstream of the nat7 resis-
tance gene, and the resulting cassette was then used to delete the two-gene
cluster.

For the heterologous expression of het-Q1 and het-Q2 in the yeast S. cere-
visiae, the coding sequences of the two genes were PCR amplified and cloned
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in the pRS413 (48) and pGal vectors, respectively. The het-Q7 sequence was
amplified with primers 5-TTGGATCCATGCCCACCAAAACCTCCCAAC-3' and 5'-
GGTCGACTCACGCCTTGGCAGCAACATC-3, carrying BamHI and Sall restriction
sites. The 853-bp PCR fragment was cloned in the pRS413 vector digested with
BamHI and Xhol to obtain the pRS413-het-Q1 plasmid. The het-Q1 sequence
was under the control of the strong constitutive promoter of the glyceralde-
hyde-3-phosphate dehydrogenase gene. The het-Q2 coding sequence was
cloned under the control of a galactose-inducible promoter (gal7), using “gap
repair” methods (49), to produce the pGal-het-Q2 plasmid.

Site-directed mutagenesis was performed with a QuikChange Il kit
(Agilent) using manufacturer recommended procedures.

Mapping and Positional Cloning of het-Q1 and het-Q2. To identify the het-Q
locus and clone the het-Q7 and het-Q2 genes, we first undertook a classical
genetics mapping to situate more precisely the locus on chromosome 7. For
this, we crossed a P. anserina het-Q2 strain with a het-Q7 APaATG]1 strain
(PaATG1::hph) in which the PaATGT1 is replaced with a hygromycin-resistance
cassette. The PaATG1 gene deletion has been previously described and charac-
terized (25). We isolated 112 uninucleated spores, from which 78 spores ger-
minated. The hygromycin-resistance screen showed that 35 (45%) spores are
resistant to the antibiotic, while 43 (55%) are sensitive. Barrage tests (with
het-Q1 and het-Q2 tester strains) further showed that only two recombinant
spores (het-Q2 APaATG1) have been obtained from the 78 germinated spores.
Based on the 2.5% of recombination between the PaATG1 and the het-Q1
loci and knowing that 1 cM equals ~25 kbp in P. anserina, we calculated that
the physical distance between the two loci is ~62.5 kbp.

To pinpoint the het-Q locus, we undertook a *“chromosomal walking”
approach (50) with cosmids and plasmids carrying DNA from the het-Q1 strain pre-
viously used to sequence P. anserina reference genome (S genotype) (51). We used
four cosmids [GAOAAD19ZF04 (CQ2), GAOAAD26ZD03 (CQ3), GAOAAD29ZA05
(CQ4), and GAOAAD50ZA08 (CQ5)] and five plasmids [GAOAB158BG07 (Q1), GAOA-
B263AH07 (Q2), GAOAB26BB11 (Q3), GAOAB218BA11 (Q4), and GAOAB91DC06
(Q5)] encompassing a 200-kbp region around the PaATG1 (Pa_7_10890) locus. The
cosmids were carrying the hph gene (hygromycin resistance) and were
transformed in a het-Q2 strain and viable transformants quantified. The transfor-
mations were performed with 10 ug cosmid DNA. The plasmids used for the identi-
fication of the het-Q locus were used in cotransformation with the hph-bearing
vector pCSN43 (GenBank: LT726869.1) (3:1 ratio for 12 pg total DNA). These viabil-
ity reduction assays identified the plasmid GAOAAD29ZA05 (CQ4), carrying an
11-kbp insert and containing five genes, as the region where het-Q1 is situated.
Five variables in size deletions were produced, and after viability reduction tests, it
was determined that vectors carrying DNA fragments containing the Pa_7_10775
(GenBank: CDP32598.1) gene reduced the number of hygromycin-resistant
transformants.

Viability Reduction and Vegetative Incompatibility Assays. The vegetative
incompatibility assays (barrage tests) were performed on standard corn meal
agar DO medium. Viability assays were performed by the transformation of
protoplasts (or spheroplasts) of P. anserina strains (52) (of the het-Q1, het-Q2,
or Ahet-Q genotypes), with the SKhph, SKhph-Q,1 and SKhph-Q2 vectors car-
rying the hph gene, which procures hygromycin resistance. The transforma-
tions were carried with 7.5 or 10 pg vector DNA. Transformants were counted
after 6 d of incubation at 26 °C.
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S. cerevisiae Drop Test Assay and Methylene Blue Coloration. The pGal-het-
Q2, pRS413-het-Q1, and the two vectors (pGal and pRS413) expressing free
GFP were cotransformed in S. cerevisiae (Y4722, Mat-a, his3A1, leu2A0,
ura3A0, trp1::LEU2) using the one-step transformation protocol (53). Trypto-
phan and histidine prototrophic transformants were selected and grown in
liquid media (10% glucose). Culture suspensions (1.5.10 cellules/mL) were
serially diluted (by a factor of 10), and 5 ul each suspension was spotted on
solid SC (synthetic complete) medium without histidine and tryptophan (SC
—H —W) with either galactose (2%) or glucose (2%) as a carbon source. The
plates were incubated at 30 °C from 3 to 5 d before imaging.

Yeast cells were grown in liquid SC —H —W (10% glucose). The cells were
then harvested by filtration (0.45-u filter), washed with preheated (30 °C) SC
—H —W 2% galactose, and then resuspended (6 x 10° cells mI~") and grown in
the same galactose medium at 30 °C under shaking (300 rpm). Methylene blue
coloration was done using standard procedures (54). Briefly, cell culture ali-
quots were mixed 4:1 (volivol) with 0.2% of methylene blue (dissolved in triba-
sic sodium citrate) in 2 mL Eppendorf tubes, repeatedly inverted manually for
30 s, and cells were harvested by centrifugation (45 s, 15,000 x g). Dead cells
are identified under a microscope and the percentage of methylene blue posi-
tive cells calculated.

Cell Culture and Reconstituted Cell Death Assay. Human 293T kidney cells
were grown in DMEM (Dulbecco's modified Eagle medium) supplemented
with 10% FBS (fetal bovine serum), 100 U/mL penicillin, 100 mg/mL streptomy-
cin, and 2 mM L-glutamine. To reconstitute HET-Q1/HET-Q2-mediated cell
death in 293T cells, constructs producing enhanced GFP (eGFP)- or mCherry-
tagged HET-Q1 or HET-Q2 were cotransfected using Lipofectamine 2000 (Invi-
trogen) following the manufacturer’s protocol. To quantify mCherry- and
eGFP-positive cells, the cells were harvested manually at 48 h post-
transfection, washed in PBS (phosphate-buffered saline), and analyzed
directly using standard flow cytometry protocols.

Crude Cell Extracts and In Vitro Proteolytic Cleavage of HET-Q1. Protoplasts
of different P. anserina strains were prepared using standard methods (55) at
a final concentration of 10° protoplasts/ul. The cell extracts were prepared
from 200 pl protoplasts, which were suspended in 10 mM phosphate buffer
(Na;HPO,4, NaH,PO,) pH 7.4 after centrifugation at 4°C, 5,000 rom for 10 min.
Protoplast suspensions were sonicated (at amplitude four with a Soniprep
150) twice for 10 s with 30 s on ice between sonication cycles. Sonicated sam-
ples were centrifuged at 4°C, 10,000 rpm for 10 min, and 160 ul supernatant
was transferred to a new Eppendorf tube and kept at 4 °C.

The experiments were carried by mixing 50 pl each crude extract and incu-
bating the reaction mixtures at 26 °C up to 1 h. To stop the reaction at a specific
time point, 15 pl crude cell extract mixtures were added to 15 pl 3x protein
loading dye (SDS [sodium dodecyl sulfate] 3.4%).

Data Availability. All data from this work are included in the main text and
the supporting information of the paper.
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