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and in Response to Pore-Forming Drugs Is Promoted
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ABSTRACT Plasma membrane damage commonly occurs during cellular growth and development. To counteract these potentially
lethal injuries, membrane repair mechanisms have evolved, which promote the integrity of the lipid bilayer. Although the membrane of
fungi is the target of important clinical drugs and agricultural fungicides, the molecular mechanisms which mediate membrane repair in
these organisms remain elusive. Here we identify the penta-EF-hand protein PEF1 of the genetic model fungus Neurospora crassa as
part of a cellular response mechanism against different types of membrane injury. Deletion of the pef7 gene in the wild type and
different lysis-prone gene knockout mutants revealed a function of the protein in maintaining cell integrity during cell—cell fusion and in
the presence of pore-forming drugs, such as the plant defense compound tomatine. By fluorescence and live-cell imaging we show
that green fluorescent protein (GFP)-tagged PEF1 accumulates at the sites of membrane injury in a Ca?*-dependent manner. Site-
directed mutagenesis identified Ca2*-binding domains essential for the spatial dynamics and function of the protein. In addition, the
subcellular localization of PEF1 revealed that the syncytial fungal colony undergoes compartmentation in response to antifungal
treatment. We propose that plasma membrane repair in fungi constitutes an additional line of defense against membrane-disturbing

drugs, thereby expanding the current model of fungal drug resistance mechanisms.
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HE plasma membrane of any living cell constitutes the

prime barrier between the cytosol and the outer environ-
ment. It controls the import and export of ions and molecules,
thereby establishing chemical and electrical gradients re-
quired for normal physiological functioning. Membrane dis-
integration destroys this selective permeability, allows the
mixture of inner and outer constituents and ultimately results
in cell death. While membrane integrity is essential for cell
survival, damage of this outer barrier frequently occurs in all
organisms during physiological or pathophysiological condi-
tions (Horn and Jaiswal 2018; Nakamura et al. 2018). Most
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common causes of membrane rupture include mechanical
shear stress or exposure to pore-forming drugs. For example,
cells in mechanically active tissue, such as mammalian skel-
etal and cardiac muscle, frequently encounter membrane
rupture through physical force (McNeil and Khakee 1992;
Clarke et al. 1995). Similarly, cells undergoing sexual or so-
matic fusion are at risk of rupture during plasma membrane
merger as observed in yeast or filamentous fungi (Jin et al.
2004; Palma-Guerrero et al. 2014). Mounting evidence
also points to important roles of membrane damage during
various pathophysiological conditions including muscular
dystrophies, diabetes, or ischemia-reperfusion injuries asso-
ciated with strokes or heart attacks (Howard et al. 2011;
Tzeng et al. 2014; Barthélémy et al. 2018). Membrane dis-
ruption by pore-forming drugs is common in host—pathogen
interactions, where the cellular armory involves attack or de-
fense compounds, such as plant saponins, which target the
membrane and cause its disintegration (Dal Peraro and van
der Goot 2016; Mondal et al. 2018). The saponin tomatine,
for example, belongs to the group of steroidal glycoalkaloids
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and is produced by Solanum species, such as tomato
(Solanum lycopersicum), as a preformed defense compound
against fungal infections (Friedman 2002). In clinic and in
agriculture, pore-forming drugs also represent important
weapons for fighting pathogenic microbes. Examples in-
clude the polyene antibiotics for treating fungal infections
of human, animals and plants (Bolard 1986; Chandrasekar
2011).

To survive membrane damage, cells must quickly and
efficiently reseal the wounded area and restore the preinjury
state. Depending on the size and nature of the injury, differ-
ent repair mechanisms are employed, including the forma-
tion of membrane patches, removal of the injured area by
exo- and/or endocytosis, membrane blebbing, and closing of
the wound by clotting (Horn and Jaiswal 2018; Nakamura
et al. 2018). Membrane patches, which allow the repair of
larger wounds such as ruptures, are formed via the fusion of
vesicles which accumulate in masses at the injured side fol-
lowed by merger of the patch with the plasma membrane
(McNeil and Kirchhausen 2005; Davenport and Bement
2016). Endo- and exocytosis remove the damaged area by
internalization or detachment and efficiently repair pore-
like injuries (Idone et al. 2008a,b). The exocytosis of inter-
nal membrane structures also releases plasma membrane
tension, which promotes spontaneous sealing of small in-
juries. This process can be furthered by the disassembly of
the underlying cortical cytoskeleton, resulting in tension
relief (Togo et al. 2000). Membrane blebbing involves pro-
truding of the injured membrane from the cell body fol-
lowed by shedding of the damaged section (Babiychuk
et al. 2011). Clotting, finally, describes a colloidal reaction
of the protoplasm, in which similar to blood clotting, pro-
teins, organelles, and/or vesicles aggregate into three-di-
mensional structures, which can plug larger wounds and
prevent cytoplasmic loss even before the plasma membrane
has been reconstituted (Eddleman et al. 2000; Horn and
Jaiswal 2018).

While these different repair mechanisms vary in their
underlying principles, they all depend on factors and struc-
tures present in the cell before injury occurrence. Membrane
damage always threatens the survival of the cell and neces-
sitates responses faster than the de novo synthesis of pro-
teins. Immediate sensing and localization of an injury
therefore represents the first and foremost step of any mem-
brane repair system. A conserved trigger of plasma mem-
brane repair mechanisms is the influx of Ca2* ions through
the wound into the cell. Intact cells usually maintain a Ca?*
gradient across their plasma membrane, with the external
concentration exceeding the internal one. The rapidly in-
creasing internal Ca?* concentration after injury is detected
by Ca2*-responsive proteins, which function as sensors
within the repair machinery (Horn and Jaiswal 2018;
Nakamura et al. 2018). In animal cells, for example, the
Ca2?*-binding penta-EF-hand protein ALG-2 (apoptosis-
linked gene-2) initiates the accumulation of ALG-2-interacting
protein X (ALIX), and the ESCRT-III and Vps4 complex
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at the injured cell membrane, resulting in cell recovery by
shedding of the damaged site (Scheffer et al. 2014; la Cour
et al. 2018).

So far, membrane repair mechanisms have mostly been
studied in animal cells. Besides hints to conserved functions
of individual factors, such as synaptotagmins, in plants,
animals, and fungi (Aguilar et al. 2007; Schapire et al.
2009), it remains unclear if the broader repair machineries
are conserved throughout the different kingdoms. In re-
cent years, the filamentous fungus Neurospora crassa has
advanced as an attractive model organism for studying
general eukaryotic and specifically fungal cell biology.
Topics addressed in this experimental system include cell
polarity, directed growth, signal transduction, and cell-cell
fusion (Riquelme et al. 2011; Daskalov et al. 2016). Earlier
studies reported different types of membrane damage oc-
curring in this fungus. First, as many fungi, N. crassa is
inhibited by polyene antibiotics, such as nystatin, which
induce pore formation in the plasma membrane (Kinsky
1961). Second, during colony establishment of this fungus,
germinating vegetative spores, so-called conidia, undergo
fusion to form a supracellular unit, which further develops
into the mycelial colony. These fusion events bear the risk
of lysis, especially in strains exhibiting aberrant cell-cell
fusion, such as the APrm1 mutants of Saccharomyces cere-
visiae or N. crassa (Jin et al. 2004; Palma-Guerrero et al.
2014). The PRM1 protein possesses a conserved function
in fungal cell-cell fusion, and its absence results in fusion
failure of ~50% of fusion pairs and increased cell lysis
(Heiman and Walter 2000; Fleissner et al. 2009; Palma-
Guerrero et al. 2014). Time-lapse microscopy of mating
between APrm1 mutant cells of baker’s yeast revealed a
strong correlation between membrane merger and cell ly-
sis, suggesting that lysis was the consequence of membrane
rupture during engagement of the cell fusion machinery
(Jin et al. 2004; Aguilar et al. 2007). A third type of mem-
brane injury occurs in mature colonies of N. crassa. The
fungus grows as a syncytial network of filament-like hy-
phae, which are compartmentalized by cross-walls contain-
ing a central pore. Injury of the syncytium, for example by the
transsection of hyphae, results in clogging of the septal pore
next to the injured compartment, followed by membrane
sealing (Tenney et al. 2000; Yuan et al. 2003; Fleissner and
Glass 2007).

In this study, we identify the ALG-2 homologous penta-
EF-hand protein PEF1 as part of the cellular response to the
above-described various types of membrane injury. In con-
trast to animal cells, this function seems to be independent of
the ESCRT-III complex, suggesting a so far undescribed
membrane repair mechanism involving PEF1. Interestingly,
lack of the pef1 gene results in an increased sensitivity to the
pore-forming plant defense compound tomatine. We hy-
pothesize that membrane repair might constitute a fungal
defense response against membrane-disturbing drugs and
might therefore also contribute to pathogenic growth and
development.



Materials and Methods
N. crassa strains and growth media

Fungal strains employed in this study are listed in Table 1.
Strains were cultivated on Vogel’s minimal medium (MM)
(Vogel 1956) supplemented with 2% sucrose as the carbon
source and with 1.5% agar for solid media. For auxotrophic
strains, the required supplements were added to MM (http://
www.fgsc.net/neurospora/neurosporaprotocolguide.htm).
For media lacking Ca?*, CaCl, was omitted from MM, and
agarose was used instead of agar for solidifying the medium.
If not indicated otherwise, cultures were incubated at 30°.

Gene deletion mutants used in this study were obtained
from the Neurospora gene knockout collection (Dunlap et al.
2007), provided by the Fungal Genetics Stock Center
(FGSQ).

To generate double mutants, crosses were performed on
Westergaard’s medium as described earlier (Westergaard
and Mitchell 1947). To test the mating type of progeny,
strains were crossed with the reference strains FGSC 2489
and FGSC 988.

Plasmid construction

To tag PEF1 with the green fluorescent protein (GFP),
the pefl open reading frame was amplified by PCR using
primers 356 and 357 (Supplemental Material, Table S1). The
obtained fragment was cloned into the expression plasmid
PMF272, which contains the overexpression promoter Pccg-1
(Freitag et al. 2004), through the restriction sites Xbal and
Pacl. The resulting plasmid was integrated into the his-3 lo-
cus of strain GN2-50 (Apef1, his-37). To express the pefl-gfp
construct under control of the native promoter, the pef1 open
reading frame plus a 1-kb fragment upstream of the start
codon was amplified by PCR with primers 633 and 357.
The obtained fragment was cloned through the Notl and
Pacl restriction sites into pMF272, resulting in replacement
of the Pccg-1 promoter by the PpefI-pef fragment. The result-
ing construct was also integrated at the his-3 locus of strain
GN2-50.

To tag the ESCRT-III complex proteins CHMP1 and SEC-31
with GFP, the chmp1 open reading frame was PCR amplified
using primers 1106 and 1107, and the sec-31 open reading
frame by primers 1110 and 1111. Both fragments were
cloned individually into plasmid pMF272 via the Xbal and
Pacl restriction sites. The resulting plasmids were integrated
at the his-3 locus of strain FGSC 6103 (his-37).

To obtain pef1 expression constructs carrying point muta-
tions in the EF-1 or EF-3 domain encoding regions, the pef1
open reading frame was amplified as two fragments to in-
troduce the point mutations through the primers. For the
EF-1 construct primer pairs 944/598 and 597/945 were
used, and for the EF-3 construct pairs 595/598 and 597/
596. The fragments were assembled by yeast recombina-
tional cloning using the yeast vector pRS426 as described
in Colot et al. (2006). The resulting constructs were cloned
into pMF272 via the Xbal and Pacl restriction sites. The final

plasmids were transformed into strain GN7-50 (APrml,
Apefl, his-37).

Transformation of N. crassa

N. crassa strains were transformed by electroporation of
macroconidia according to an earlier described protocol
(Margolin et al. 1997).

Phenotypical analysis of aerial hyphal growth, growth
rate, and sporulation

The growth rate of aerial hyphae was determined by inocu-
lating 2 ml of liquid MM with 3 X 10° conidia. The culture
tubes were incubated for 5 days in complete darkness at 30°.
For each strain four replicates were measured.

To address linear hyphal growth, race tubes containing
12 ml of solid MM were inoculated with 3 X 10° conidia. The
linear growth was measured from 24 to 72 hr at 25° in con-
stant light. For each strain, four replicates were tested.

For determining macroconidia production, slant tubes with
3 ml solid MM were inoculated with 3 X 10¢ conidia. The
cultures were incubated for 3 days at 30° in the dark and for
4 more days at room temperature in daylight conditions. The
conidia were harvested by vortexing the slant tube with 2 ml
ddH,0, and hyphal fragments were removed by filtering
through cheesecloth. The number of conidia from four inde-
pendent replicates was counted for each strain.

Sample preparation for microscopy and quantitative
germling fusion assay

To quantify fusion and lysis rates, 3 X 10° spores were plated
on solid MM in 9-cm Petri dishes. Cultures were incubated for
4 hr at 30°. Squares of agar measuring 1 cm? were excised
and observed on a Zeiss Observer 2.1 microscope using
Nomarski optics with a Plan-Neofluar 100X/1.30 oil immer-
sion objective (420493-9900). Cell lysis was apparent
by strong vacuolization of the germlings (Palma-Guerrero
et al. 2014). For microscopy of hyphae, cultures were grown
overnight at 30°. One square centimeter agar squares were
cut from the edge of the colony where hyphal density was low
and analyzed by microscopy as described above.

Live-cell imaging and fluorescence microscopy were con-
ducted as described earlier (Serrano et al. 2018).

To analyze PEF1-GFP recruitment in response to the anti-
fungal drugs nystatin and tomatine, germlings were incubated
as mentioned above. Five microliters of 0.1 mg/ml nystatin
(CAS-Nr. [1400-61-9]) and 2 mg/ml tomatine (CAS-Nr.
[17406-45-0]) solutions (diluted in DMSO) were added di-
rectly on top of the agar slides and incubated for up to 5 min
before analysis by Nomarski and fluorescent microscopy. For
quantitative assays, 100 lysed germlings were tested for PEF1-
GFP recruitment. Each test was independently repeated two
more times.

For time-lapse microscopy of PEF1 recruitment in response
to nystatin, 5 X 10° spores were incubated in 200 pl of liquid
MM in ibidi eight-well w-slides (www.ibidi.com, ordering
number 80826) for 3 hr at 30°. After imaging of the untreated

PEF1 Promotes Membrane Repair 197


http://www.fgsc.net/neurospora/neurosporaprotocolguide.htm
http://www.fgsc.net/neurospora/neurosporaprotocolguide.htm
http://www.ibidi.com

Table. 1 Strains used in this study.

Strain Genotype Origin of reference
A29 matA, Prm1::hph Fleissner et al., 2009
A32 mata, Prm1::hph Fleissner et al., 2009
C9-15 matA, het-c2 pin-c2 thr2 Xiang and Glass, 2002
CR73-1 mata, his-3::Pccg1-h1-dsRed Rasmussen et al., 2008
FGSC 988 mata FGSC

FGSC 2489 matA FGSC

FGSC 6103 matA, his- FGSC

FGSC15890 mata, pefl::hph FGSC

FGSC17273 mata, fig-1::hph FGSC

FGSC19267 mata, Ifd-2::hph FGSC

GN2-50 mata ,pefl::hph, his- This study

GN2-78 matA, his-3::dsRed-hex1 This study

GN3-9 matA, Prm1::hph, his-3::Pccg-1-pefl-gfp This study

GN3-17 mata, pefl::hph, his-3::Pccg1 pefl-gfp This study

GN3-36 matA, het-cl, pin-c1, his-3::Pccg-1-pefi1-gfp, pyrd This study

GN6-42 mata, Prm1.::hph syt-1::hph This study

GN6-47 matA, pefl::hph syt-1::hph This study

GN6-48 matA, Prm1::hph pefl::hph syt-1::hph This study

GN6-62 matA, his-3.::Pccg-1-syt-1-mcherry This study

GN7-50 mata, Prm1.::hph, pefi::hph, his- This study

GN7-54 mata, Prm1::hph, pef1::hph, his-3:Pccg-1 pef1-gfp This study

GN8-76 matA, pefl.:hph fig-1::hph This study

GN8-80 matA, pefl.:hph Ifd-2::hph This study

GN9-1 mata, Prm1.:hph pef1::hph his-3::Pccg-1-pef1 E233A- gfp This study

GN9-3 mata, pefl::hph his-3::Ppefl-pef1-gfp This study

GN9-22 matA, pefl.:hph his-3::Ptef-1-pef1-gfp This study

GN9-34 mata, Prm1::hph pef1::hph his-3::Pccg-1-pefl E164A, E166A-gfp This study

GN9-48 matA, his-3.:Pccg-1 sec-31-gfp This study

GN9-50 matA, his-3::Pccg1 chmp-1-gfp This study

GN10-10 mata, pefl::hph Ifd-1::hph This study

JPG6 mata, Ifd-1::hph Palma-Guerrero et al., 2015
N5-20 mata Prm1::hph pefl::hph This study

S10 matA, trp-1 his-3::Pccg-1-pef1-gfp This study

S20 matA, nic-3 his-3:Pccg1-dsRed-hex-1 This study

S48 matA, hex-1::hph his-3.::Pccg1-pefi-gfp This study

FGSC, Fungal Genetics Stock Center.

cells, 30 pl of a 0.1 mg/ml nystatin solution was carefully added
to the side of the chamber to avoid movement of the germlings.
Cells were further imaged by fluorescence microscopy.

Analysis of septal pore plugging

To analyze PEF1 recruitment to the septal plug and to quantify
septal plugging, the fungus was cultivated as described above
for the microscopy of hyphae. To cut the hyphae, a laser
microdissection system (CellCut Plus System, Molecular Ma-
chines and Industries) equipped with a UV laser (355 nm) and
combined with an Olympus IX81 microscope was used. In
quantitative assays, which did not require the direct observa-
tion of the injury occurrence, hyphae were cut with a razor
blade and imaged with the above-described Zeiss Observer 2.1
microscope set up.

Analysis of PEF1 localization during
vegetative incompatibility

Incompatible heterokaryons between strains GN3-36 and C9-
15 were formed and analyzed as described earlier (Fleissner
and Glass 2007). In brief, spores of the two auxotrophic
strains were mixed and plated on MM, allowing only the
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growth of heterokaryotic colonies. The culture medium con-
tained 0.003% methylene blue to stain dead hyphal compart-
ments indicating the activation of programmed cell death.
Septa delimiting dead compartments were analyzed for
PEF1 accumulation by fluorescence microscopy.

Stress tests

To test the sensitivity of N. crassa strains to EGTA, SDS,
nystatin, and tomatine, spore serial dilution assays were
conducted. To restrict hyphal growth and promote the for-
mation of individual, distinct colonies, BDES medium was
used (Brockman and De Serres 1963). A serial dilution of
10°-10" spores were spotted in 5-ul droplets on BDES plates.
Cultures were incubated for 2-3 days at 30°, and growth of
the reference strain and the mutants was compared.

Data availability

All strains and plasmids are available on request. We confirm
that all data and information necessary to confirm the con-
clusions of this study are present in the article, figures, tables,
and supplemental material. Supplemental material available
at Figshare: https://doi.org/10.25386/genetics.8239490.
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Results

The N. crassa penta EF-Hand protein PEF1 is dispensable
for vegetative growth and cell-cell fusion

The original motivation of this study was not to identify
membrane repair mechanisms in N. crassa, but to find
Ca?*-responsive proteins potentially involved in signaling
processes mediating vegetative cell-cell fusion, since earlier
studies revealed that Ca2* is essential for this process
(Palma-Guerrero et al. 2013). As one candidate, the penta
EF-Hand protein PEF1 (NCU02738) was chosen. An earlier
study described PEF1 as the only homolog of animal ALG-2.
Its role and function in fungal growth and development
remained, however, unknown (Cano-Dominguez et al.
2008).

The predicted N. crassa pef1 encoding open reading frame
consists of 1266 bp and contains three introns, whose posi-
tions were confirmed by complementary DNA (cDNA) se-
quencing. The gene encodes a protein of 311 amino acid
residues, with a predicted molecular weight of 35,581 Da
(http://fungidb.org). Sequence comparison by BLAST anal-
ysis revealed that the N-terminal third of the protein (aa
1-111) is not conserved outside the taxon fungi, while the
N-terminal two-thirds (aa 112-311), including the five puta-
tive calcium-binding EF domains, show high conservation
(e.g., 44% identity to ALG-2 of Mus musculus).

To test the role of PEF1 for the growth and development
and specifically vegetative cell-cell fusion of N. crassa, we
obtained the Apefl gene deletion strain FGSC 15890 from
the N. crassa gene knockout collection (Dunlap et al. 2007)
and verified the integration of the gene replacement cas-
sette at the pefl locus by PCR analysis using primers
317 and 374 (data not shown). Compared to the wild-type
reference strain, the mutant shows normal hyphal growth
and formation of aerial hyphae (Figure S1, A and B), indi-
cating that PEF1 is dispensable for general vegetative
growth. It produces, however, significantly higher numbers
of vegetative spores (Figure S1C), confirming the observa-
tions made for an independently constructed ApefI mutant
analyzed in an earlier study (Cano-Dominguez et al. 2008).
The only macroscopically discernable difference between
the wild type and Apef1 is a dark pigmentation occurring
robustly between the mycelia and the glass surface of the
culture tubes (Figure S1D). This phenotype is reminiscent of
the Ahex-1 mutant of N. crassa, which is unable to seal the
cross-walls of its syncytial hyphae after injury, resulting in
cytoplasmic leakage indicated by the brown pigmentation of
mutant cultures (Jedd and Chua 2000). The extent of cyto-
plasmic leakage can be measured by the amount of extra-
cellular protein, which can be recovered from the culture.
When tested, however, the amount of protein obtained from
wild-type and Apefl cultures was comparable, indicating
that the observed pigmentation is not caused by cytoplasmic
leakage (Figure S1D).

Consistent with the overall lack of growth defects, the
absence of PEF1 did not affect the tropic interaction of

germinating spores resulting in cell-cell fusion, indicating
that PEF1 is dispensable for this process (Figure S1E).

PEF1 accumulates at the fusion point of lysing cell-cell
fusion pairs

To test a potential nonessential contribution of PEF1 to the
process of germling fusion during colony establishment, we
tagged the protein with GFP to determine its subcellular
localization. The gfp-encoding DNA sequence was fused to
the 3’ end of the pefl open reading frame. This fusion con-
struct was expressed under control of the native pefl pro-
moter and alternatively under control of the overexpression
promoters Pccg-1 and Ptef-1, which are routinely used in pro-
tein localization studies in N. crassa (Freitag et al. 2004;
Berepiki et al. 2010). All constructs were transformed into
the Apef1 mutant strain, resulting in the isolates GN9-3, GN3-
17, and GN9-22, respectively. Expression controlled by the
native promoter yielded no discernable fluorescence above
the level of autofluorescence of the cells, suggesting that pef1
is expressed at low levels. In contrast, germlings and growing
mature hyphae of the two overexpressing strains exhibited
comparable cytoplasmic fluorescence with sometimes in-
creased signal intensity around nuclei (Figure 1 and Figure
S2). The presence of GFP at the C-terminus of PEF1 did not
affect the function of the protein, indicated by the comple-
mentation of the above-described hyper-sporulation pheno-
type of the Apef] mutant (Figure S1C). To test the dynamics
of PEF1-GFP during germling fusion, spores of strains GN3-
17 (Pccg-1-pef-1-gfp) and GN9-22 (Ptef-1-pef-1-gfp) were
plated on MM agar plates, incubated for 3 to 4 hr at 30°,
and analyzed by fluorescence microscopy. At this time point,
the majority of spore germlings were undergoing pairwise
interactions, indicated by the mutual attraction of germ
tubes, or cell pairs were already merged. Also, networks of
more than two cells formed by successive fusion events were
readily observed. In the vast majority of growing, fusing, and
fused cells no altered or specific localization pattern of PEF1
was observed, supporting the notion that PEF1 seems not to
be involved in these processes (Figure 2 and data not shown).
In rare cases, however, the PEF1-GFP signal clearly and
strongly accumulated at the contact point of cell pairs (Figure
2). Interestingly, DIC imaging revealed that in these pairings
the cells appeared highly vacuolized, which earlier studies
identified as an indication of cell lysis (Palma-Guerrero
et al. 2014, 2015). Live-cell imaging supported this finding,
showing rapid vacuolization of some fusion pairs minutes
after cell-cell contact, consistent with fusion-induced cell ly-
sis (Figure 2). To corroborate the potential correlation be-
tween fusion pair lysis and PEF1 recruitment to the contact
zone, the lysed cell pairs within the cell population were
quantified and tested for PEF1-GFP presence at the fusion
point. As a result, ~1% of all formed cell pairs exhibited lysis,
and ca. 90% of these lysed fusion pairings showed PEF1 re-
cruitment to the cell-cell contact zone (Figure 2). Based
on this strong correlation, we hypothesized that PEF1 is
recruited to the cell—cell fusion point in response to aberrant
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plasma membrane merger resulting in cell rupture. Since in
the observed PEF1-GFP aggregates the protein is concen-
trated, we revisited the isolate expressing pef1-gfp under con-
trol of the native promoter. However, still no discernable GFP
signal was detected.

To further corroborate the correlation between cell lysis
and PEF1 aggregation, we expressed PEF1-GFP (from con-
struct Pccg-1-pef-1-gfp) in the APrm1 mutant, which is prone
to fusion-induced cell lysis. In this mutant ca. 50% of germ-
ling pairs fail to fuse their plasma membranes, and ~10% of
cell pairs undergo cell lysis (Fleissner et al. 2009; Palma-
Guerrero et al. 2014). We hypothesized that the majority of
these lysed cell pairs would also exhibit PEF1-GFP accumu-
lation at the fusion point. This expectation was fully met with
~90% of lysed cell pairs exhibiting an increased GFP signal at
the cell contact zone. Although the overall number of lysed
pairs was significantly higher in APrm1 than in the wild-type
background, the correlation between lysis and PEF1-GFP re-
cruitment was comparable (Figure 2D).

The lack of PEF1 results in increased lysis rates in
lysis-prone mutants

To test if the observed accumulation of PEF1 at the contact
point of lysing fusion pairs represents a functional response to
cell injury, we compared the lysis rates of the wild type and the
APrm1 mutant to those of the Apef1 strain and the APrm1/
Apef1 double mutant. While the frequency of fusion-induced
lysis was comparable between wild type and ApefI, the lysis
rate of APrm1/Apef1 doubled compared to the APrm1 single
mutant. This increase could be reversed by the expression of
Pccg-1-pef-1-gfp in the double mutant (Figure 3). Together,
these data indicate that PEF1 is dispensable in the wild type
but significantly promotes cell survival in the lysis-prone
APrm1 mutant. Earlier studies revealed that a reduction of
Ca2* in the growth medium increases the lysis rates of fusion
pairs in N. crassa and S. cerevisiae, leading to the hypothesis
that Ca?"-mediated membrane repair mechanisms counter-
act the effect of a lack of PRM1 (Palma-Guerrero et al. 2014)
(Aguilar et al. 2007). We therefore hypothesized that PEF1 is
part of this proposed membrane repair mechanism. To test
this idea, we compared the lysis rates of the different isolates
on standard growth medium and on medium containing only
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Figure 1 PEF1-GFP is a cytoplas-
mic protein. Subcellular localiza-
tion of PEF1-GFP in germlings
(A) and hyphae (B) of strain
GNO9-22 (Ptef-1-pef-1-gfp). Left:
DIC image; right: GFP fluores-
cence image. (C) Heterokaryon
of strains GN9-22 expressing
pefl-gfp and CR73-1 expressing
the nuclear marker H1-dsRed.
From the left: (1) DIC, (2) GFP
fluorescence, (3) dsREd fluores-
cence, and (4) merged image of
2 and 3. Bar, 5 um (A and C) and
10 pm (B).

50% of the usual Ca2* [on medium with zero Ca2*, cell—cell
interactions and fusion are not observed and fusion-induced
lysis cannot be tested (Palma-Guerrero et al. 2013)]. While in
the wild type and the Apef1 mutant the reduced Ca®* had no
significant effect, the lysis rate of APrm1 increased to the
level observed in the APrm1/Apef]l double mutant on stan-
dard medium, indicating that either deleting pef1 or reducing
the extracellular Ca2* amount had similar effects. However,
the APrm1/Apef1 double mutant also exhibited a further sig-
nificant increase in lysis on Ca?*-reduced medium compared
to standard growth conditions, suggesting that additional
PEF1-independent Ca?*-mediated repair mechanisms exist
(Figure 3).

In addition to PRM1, earlier studies identified three addi-
tional factors, whose absence results in aberrant fusion and
increased lysis rates during germling fusion, LFD-1, LFD-2,
and FIG1 (Palma-Guerrero et al. 2014, 2015). To test if the
observed role of PEF1 is specific for APrm1-caused defects or
if it is of broader significance, we introduced the Apefl gene
knockout into the Alfd-1, Alfd-2 and Afig]l mutants and com-
pared the lysis rates of the single and the respective double
mutants on standard and Ca?*-reduced growth medium. The
lack of PEF1 resulted in increased lysis rates in all double
mutants compared to the single mutants (Figure 4A). Inter-
estingly, similar to the observation made for the APrm1 and
APrm1/Apefl mutants, the Alfd-1/Apefl and Alfd-2/Apef1
double mutants exhibited similar lysis rates on standard me-
dium to the single mutants under Ca?*-reduced conditions.
Again, the reduction of Ca?* also further increased the fre-
quency of lysis in the double mutants. In contrast, while de-
letion of pef1 in Afig1 significantly increased the occurrence
of lysis on standard medium, the reduction of Ca%* did not
further increase lysis of the double mutant (Figure 4A).

The earlier study describing the role of LFD-1 also identi-
fied the synaptotagmin SYT1 as a potential mediator of plasma
membrane repair. Deletion of sytl in APrml resulted in a
significant increase in lysed cell pairs, similar to our observa-
tion for pef1 (Palma-Guerrero et al. 2014). To testif SYT1 and
PEF1 function in a common pathway or have independent
functions, we constructed a Apefl/Asytl double and a
APrm1/Apefl/Asyt] triple mutant and compared the fusion
pair lysis rates to those of the AsytI single and the APrm1/
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Figure 2 PEF1-GFP accumulates at the contact point of fusing cells undergoing lysis. (A) Time course of two germlings undergoing mutual attraction
and fusion. At time point 6 min, note the formation of a membrane protuberance (arrow) followed by rapid vacuolization of both fusion partners
indicating lysis. Time = min. (B) PEF1-GFP localization during successful cell fusion (strain GN9-22, Ptef-1-pef-1-gfp). (C) PEF1-GFP accumulation at the
contact point of a fusion pair undergoing lysis (arrow) (strain GN9-22, Ptef-1-pef-1-gfp). (B and C) Top images: DIC; bottom images: GFP fluorescence.
(D) Quantification of PEF1-GFP recruitment in healthy and lysed cell pairs of strains GN9-22 (Apef1, Ptef-1-pef1-gfp) and GN3-9 (APrm1, Pccg-1-pefi-
gfp). Error bars indicate the SD calculated from three independent experiments (n = 100 each). Note that while the percentage of lysed cell pairs
showing PEF1-GFP accumulation at the fusion point is comparable for both strains, the overall number of lysed cell pairs is significantly higher in APrm-1

compared to the wild-type background strain (33 lysed pairs out of 300 total, compared to 8 out of 300 total, respectively). Bar, 5 pm.

Asytl double mutant. In our hands, however, the APrm1/
Asyt]l mutant did not exhibit increased lysis compared to
APrm1. Consistent with this finding, the triple mutant also
behaved comparably to the APrmi/Apefl double mutant
(Figure 4B). Thus, under our test conditions, SYT1 seems
to make no contribution to plasma membrane integrity dur-
ing germling fusion.

PEF1 is recruited to the plasma membrane in response
to the action of pore-forming drugs

Cell lysis observed during aberrant plasma membrane fusion
events is likely caused by membrane rupture. To investigate if
PEF1 is also involved in the response to other types of mem-
brane injuries, we sought different ways of harming the fungal
plasma membrane. Most fungi, including N. crassa, are sen-
sitive to polyene antibiotics, which bind to ergosterol in the
plasma membrane, resulting in pore formation. The polyene
nystatin is an important antifungal drug, which is commonly
used to treat human fungal infections caused by Candida or
Aspergillus species (Semis et al. 2010). One consequence of
the exposure to nystatin is an increased Ca?* influx into the
cell (Eilam and Grossowicz 1982). To test the effect of nys-
tatin, 3-hr-old spore germlings of the PEF1-GFP expressing
strain GN9-22 (Ptef-1-pefl-gfp) were analyzed by light and
fluorescence microscopy. Before the addition of nystatin,
germlings had a healthy appearance and exhibited the typical
cytoplasmic PEF1-GFP signal (Figure 5A). Within 40 sec after
the addition of nystatin, cells became vacuolized, indicating

lysis, and PEF1-GFP accumulated in puncta at the plasma
membrane. Consistent with an enrichment of the nystatin
target ergosterol at the growing cell tips, the GFP signal
was also most apparent at this cellular region, where its in-
tensity increased over time (Figure 5B). Quantification exper-
iments revealed that this recruitment occurred in basically
every germling. In growth medium, containing no Ca?*, this
number was reduced by ~30%, suggesting that extracellular
Ca?* is required for efficient PEF1 recruitment to the plasma
membrane (Figure 5C).

To corroborate the observed response of PEF1 to pore-
inducing drugs, we also tested the subcellular protein dynam-
ics during treatment with the plant defense compound toma-
tine. Similar to the polyenes, tomatine binds ergosterol
resulting in pore formation. Administering tomatine to
3-hr-old germlings of strain GN9-22 (Ptef-1-pef-1-gfp)
resulted in cell lysis and accumulation of PEF1 at the plasma
membrane, similar to the observations made for nystatin
(Figure 6A). The signal intensity observed at the cell tips
was, however, even more intense. Quantifications revealed
PEF1 recruitment in the large majority of cells. In the absence
of extracellular Ca*, this number was significantly reduced
(Figure 6B). Taken together these observations indicate that
PEF1 is also recruited to the plasma membrane in response to
the action of pore-forming drugs.

To test if this recruitment is also observed in mature
hyphae, strain GN9-22 (Ptef-1-pefl-gfp) was inoculated on
solid MM and cultivated overnight, resulting in the formation
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Figure 3 Lack of PEF1 increases the lysis rate during germling fusion in
the lysis-prone APrm7 mutant. Quantification of the lysis rate during
germling fusion of the wild-type strain (FGSC 988) compared to Apef7
and APrm1 deletion and double mutants (FGSC 15890, A32, N5-20,
respectively) and the complemented isolate GN7-54 (APrm1/ApefT,
Pccg-1-pef1-gfp). Strains were incubated on MM or MM with 50% Ca?*.
Error bars indicate the SD calculated from three independent experiments
(n = 100 each). The asterisks represent statistically significant differences
determined by the Student’s t-test (*P = 0.05; ***P = 0.001).

of mature mycelial colonies. Treatment of these cultures with
tomatine also resulted in a rapid accumulation of PEF1-GFP
at the majority of tips of smaller branch hyphae in the inner
parts of the colony (70%, n = 30) (Figure 6C). Surprisingly,
no recruitment was observed at the tips of big leading hyphae
(0%, n = 30). Studies on liposomes revealed that the con-
centration of sterols in the membrane must exceed a certain
threshold before the interaction with saponins results in com-
plex formation (Elias et al. 1979). To test for the presence of
sterols, we stained the different hyphal types with filipin. The
results indicated that only small branch hyphae but not lead-
ing hyphae carry a sterol-rich domain at their tip (data not
shown). This observation suggests that the sterol-mediated
membrane disturbing action of tomatine mostly affects the
smaller hyphae in the inner parts of the colony, consistent
with the recruitment pattern of PEF1. Interestingly, we also
observed PEF1 accumulation at the septal pores in all hyphal
types (PEF1-GFP at 94% of all septa, n = 100), suggesting
their closure by clogging (Figure 6, D and E). To corroborate
this finding, we also analyzed PEF1 dynamics at septal pores
after addition of nystatin. As a result, comparable recruit-
ment to the septal pores was observed (PEF1-GFP at 95%
of all septa, n = 100).

PEF1 is involved in septal pore sealing in response to
injury and during induced cell death

In young and healthy growing hyphae, septal pores are
typically open and allow the rapid exchange of cytoplasm
and organelles between the hyphal compartments. In re-
sponse to injury or during aging and apoptotic-like reactions
the pores are closed by a clogging mechanism (Fleissner and
Glass 2007). During injury, this reaction involves a specific
organelle, the Woronin body, which translocates into the sep-
tal pore and becomes surrounded by aggregating proteins
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(Jedd and Chua 2000; Tenney et al. 2000; Lai et al. 2012).
In contrast, the developmental compartmentation is Woronin
body independent (Markham 1994; Fleissner and Glass
2007). To test the role of PEF1 in these different processes,
we tested the PEF1-GFP localization during hyphal injury and
during programmed cell death. For the former, mature hy-
phae of strain GN3-17 (Pccg-1-pef1-gfp) were cut with a UV
pulse laser at a laser microdissection microscope, and the
septa next to the injury were observed by fluorescence mi-
croscopy. The injured hyphae showed the typical plugging
reaction, and PEF1 accumulated at the majority of closed
septal pores. Chelating of Ca?* by the addition of EGTA
resulted in a reduced number of septa exhibiting the PEF1-
GFP signal, suggesting that Ca®* promotes aggregation of the
protein (Figure 7, A and E). To corroborate the position of the
PEF1 aggregate at the septal plug, we co-localized PEF1-GFP
with the Woronin body, which was visualized by tagging its
main constituent, the HEX-1 protein, with the red fluorescent
protein dsRED. Co-localization of both proteins was detected
(Figure 7B). To test if the PEF1-GFP accumulation at the
septal plug is Woronin body dependent, the GFP fusion pro-
tein was expressed in a Ahex-1 mutant strain. Ahex-1 hyphae
lack Woronin bodies, resulting in an inability to quickly seal
the septal pore after injury and significant cytoplasmic leak-
age. However, eventually Ahex-1 pores also become plugged
by a clogging mechanism. PEF1 was also present at these
sealed septa, indicating that the PEF1 recruitment to the sep-
tal pore is Woronin body independent (Figure 7C). To test if
PEF1 is required for septal sealing, the plugging efficiency of
wild-type and Apef1 hyphae was compared by measuring the
time required for complete sealing after hyphal transsection.
No differences were found indicating that PEF1 is dispens-
able for septal sealing. Interestingly, however, chelating of
Ca2* resulted in delayed plugging of septal pores in both
strains, suggesting that Ca®* also promotes clogging as a
wound response (Figure 7F).

Hyphae of different N. crassa colonies are able to fuse;
however, this fusion between different individuals is subject
to a genetically encoded control system. Fusion between hy-
phae that differ in their allelic specificity of at least one of
11 heterokaryon incompatibility (het) loci results in septal
pore plugging in the fused compartments and subsequent
programmed cell death (Glass and Kaneko 2003). To test if
PEF1 is also involved in these Woronin body-independent
clogging processes, PEF1-GFP (expressed from Pccg-1-pef1-gfp)
was localized in an incompatible heterokaryon of two strains
carrying different het-c alleles. In these cultures, two incom-
patible strains with different auxotropic markers are forced
into a heterokaryon. Because of their auxotrophic require-
ments, the strains can only grow on MM when fused, but at
the same time the permanent induction of the incompatibility
reaction results in high numbers of hyphal compartments
undergoing programmed cell death. The obtained hetero-
karyons exhibited a typical incompatibility phenotype, in-
cluding slow growth, complete absence of sporulation, and
high numbers of dying compartments, which were visualized
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Figure 4 Lack of PEF1 increases the lysis rate in mutants with membrane merger defects. (A) Quantification of the lysis rate during germling fusion of
the wild-type strain (FGSC 988) compared to Apef1 (FGSC 15890), Afig-1 (FGSC 17273), Alfd-1 (JPG6), Alfd-2 (FGSC 19267), and double mutants
(GN8-76, GN10-10, GN8-80, respectively). (B) Quantification of the lysis rate during germling fusion of the wild-type strain (FGSC 988) compared to
Apef1 (FGSC 15890), the double mutants Apef1/Asyt-1 (GN6-47) and APrm1/Asyt-1 (GN6-42), and the triple mutant APrm1/Apef1/Asyt-1 (GN6-48).
Strains were grown on MM or MM with 50% Ca?*. Error bars indicate the SD calculated from three independent experiments (n = 100 each). The
asterisks represent statistically significant differences determined by the Student’s t-test (*P = 0.05; ***P = 0.001).

by methylene blue staining. PEF1-GFP was readily observed
at the plugged septa of compartments undergoing cell death,
indicating that it is also involved in this clogging mechanism
(Figure 7D).

PEF1 promotes resistance against the
phytoanticipine tomatine

Based on the observed translocation of PEF1 to the plasma
membrane in response to pore-forming drugs, we hypothe-
sized that PEF1 promotes resistance against these substances.
In addition, an earlier study described that mutants of S.
cerevisiae lacking the pefl homologous gene exhibit growth
defects on medium containing SDS or EGTA (Vernarecci et al.
2007). We therefore compared growth of the wild type, the
Apefl mutant, and the Apefl mutant expressing the func-
tional PEF1-GFP fusion protein (expressed from Ptef-1-pefl-
gfp) on medium containing nystatin, tomatin, SDS, and
EGTA. While no growth differences between the tested
strains were detected on nystatin, SDS, and EGTA, growth
of the Apefl mutant was significantly reduced on the plant
saponin tomatine, suggesting that PEF1 contributes to the
stress response against this pore-forming drug (Figure 6F
and Figure S3).

The EF-hand domains are essential for PEF1 function

The reduced PEF1 plasma membrane recruitment in re-
sponse to lysis on medium with reduced amounts of Ca?*
suggested a role of binding to Ca?* in the protein dynamics.
We therefore hypothesized that the mutation of Ca?*-binding
domains would also result in reduced or absent mem-
brane recruitment of the protein. Members of the PEF
protein family contain five conserved EF-hand domains
comprising helix-loop-helix Ca?*-binding motifs, which ex-
hibit different Ca2?*-binding affinities. In S. cerevisiae the
EF-1-hand and EF-3-hand domains of the PEF1 homologous

Peflp possess the highest affinity to Ca2?* (Vernarecci
et al. 2007). To test the role of these conserved domains
for PEF1 of N. crassa, we introduced E164A, E166A muta-
tions into EF-1 and in an independent construct an E233A
change into EF-3 (Figure 8A). Both mutated gene constructs
were fused with gfp and were expressed in the APrm1,/Apef1
double mutant under control of the ccg-1 promoter. The
subcellular dynamics of both variants were compared to
wild-type PEF1-GFP in healthy spore germlings and during
drug-induced and fusion-induced cell lysis. The overall sig-
nal intensity was comparable in all strains indicating that
the mutations had no negative effect on transcription, trans-
lation, or protein stability. In the absence of the pore-forming
drugs and in healthy fusing germlings, no differences
were observed for the three protein variants, and all showed
the typical cytoplasmic localization (Figure 8). In contrast,
after treatment with nystatin, wild-type PEF1 accumulated
at the plasma membrane in the above-described manner,
while no membrane recruitment was observed for the mu-
tated variant. Similarly, the mutated proteins did not accu-
mulate at the contact point of lysing fusion pairs (Figure 8).
Consistent with these findings, the mutated variants did not
complement the increased lysis rates of fusing APrm1/Apef1
germlings (Figure 8B). Taken together, these data indicate
that the EF-1- and the EF-3-hand domains are essential for
normal PEF1 functioning, suggesting that Ca?* binding is
mediating the dynamics of this protein during drug- and
fusion-induced lysis.

PEF1 appears to function independently of the ESCRT
complex during fusion-induced lysis

A recent study describing a role of the mammalian PEF1
homolog ALG-2 in membrane repair linked its function to
the ESCRT-III complex. After laser-induced injury of the
plasma membrane of myoblasts, the ESCRT complex and
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Figure 5 PEF1-GFP is recruited in response to nystatin-induced cell lysis. (A and B) Subcellular localization of PEF1-GFP in germlings of strain GN9-22
(Ptef-1-pef-1-gfp). (A) Control, without the addition of nystatin. (B) Nystatin was added directly after the photo for time point 0" was taken. (A and B)
DIC image on the left: 0 sec; DIC image on the right: 120 sec. Bar, 5 wm. Arrows in B indicate punctate PEF1-GFP aggregates. (C) Quantification of cells
exhibiting PEF1-GFP recruitment to the plasma membrane after treatment with nystatin on MM and MM without Ca?*. Error bars indicate the SD
calculated from three independent experiments (n = 100 each). The asterisks represent statistically significant differences determined by the Student’s

t-test (*P = 0.05; ***P = 0.001).

accessory proteins accumulated at the wound site in an ALG-2-
dependent manner, resulting in membrane repair (Scheffer
et al. 2014). To test if PEF1 mediates a similar process in N.
crassa, we localized the conserved and essential ESCRT-III
constituents CHMP1 and SEC31 via GFP tagging. Spores of
the resulting strains, GN9-50 and GN9-48, respectively, were
incubated on solid medium for 3 hr at 30°. The spore germ-
lings showed cytoplasmic fluorescence with some increased
signal intensity in dot-like structures. No accumulation of the
signal at the fusion point or the plasma membrane was ob-
served in lysed fusion pairs or after treatment with nystatin
(Figure 9). Together these data suggest that unlike in mam-
malian cells, PEF1 is not mediating the assembly of the
ESCRT complex at wound sites and might therefore mediate
a different so far unknown mechanism of fungal plasma
membrane repair.

Discussion
PEF1 dynamics depend on Ca?*

Plasma membrane injury commonly occurs during growth
and development of all organisms, posing the risk of rapid
cell death. To counteract the life-threatening membrane
disintegration, efficient membrane repair mechanisms
have evolved, which commonly include the activity of Ca2+
-responsive proteins. In this study we identified the penta-
EF-hand protein PEF1 as a response mediator for different
types of membrane injury, including fusion-induced mem-
brane rupture and drug-induced pore formation. Fungal
PEF1 homologs consist of a conserved C-terminal part with
homology to plant and animal proteins, including the
mammalian ALG-2. The N-terminal third of the protein is
specific for the taxon fungi, suggesting some fungal-spe-
cific function. Similar to ALG-2 in mammals, PEF1 rapidly
translocates to the plasma membrane after injury in a Ca?*
-dependent manner, suggesting a conserved reaction to
binding of the EF-hand domains to Ca2*. Translocation
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of repair-mediating factors to the wound site in response
to a local increase of Ca2* is common in different plasma
membrane repair models. For example, in injured human
myotubes, calpain, a Ca?*-dependent cysteine protease,
which acts as a primary mediator of membrane repair, rap-
idly accumulates at the site of injury (Redpath et al. 2014).
Similarly, membrane-binding annexins, which mediate
wound sealing through vesicle fusion, aggregate at wound
sites in different types of mammalian cells (Carmeille et al.
2016; Koerdt and Gerke 2017). This quick activation and
translocation of preformed proteins allows a very rapid
response independent of time-consuming gene transcrip-
tion or protein biosynthesis, which an injured cell cannot
afford. Our data demonstrate that in fungi PEF1 belongs to
these preformed response factors.

The rapidly increasing intracellular Ca2* concentration at
the wound site has mostly been attributed to the influx of
extracellular Ca?*. Similar to other eukaryotic organisms,
fungi maintain a low cytosolic Ca2* concentration and higher
concentrations of this ion in the extracellular space or within
organelles [reviewed in Cyert and Philpott (2013)]. Disinte-
gration of the plasma membrane therefore quickly results in
collapsing of this gradient and local cytoplasmic Ca?* in-
crease. When in our study calcium was reduced or depleted
in the growth medium, recruitment of PEF1 to the plasma
membrane in response to injury was significantly reduced,
fully consistent with these current models of membrane re-
pair. A recent study investigating sarcolemma repair in mu-
rine muscle fibers also identified lysosomal Ca?* as an
essential intracellular source during Ca?*-mediated mem-
brane injury responses (Cheng et al. 2014). Since a lack of
Ca?* in the growth medium can also result in depletion of
intracellular Ca* storages, we cannot exclude the possibility
that also the cytoplasmic increase in Ca2* through influx
from organelles, such as vacuoles, might control PEF1 dy-
namics. A more detailed understanding of the Ca2" fluxes
throughout healthy and injured fungal cells will be a vital
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Figure 6 PEF1-GFP is recruited in response to tomatine-induced cell lyses and contributes to the survival in presence of this pore-forming drug. (A)
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0.01). (C) Recruitment of PEF1-GFP to a tip of a mature hypha in response to tomatine-induced cell lysis (arrow). Left: DIC; right: GFP fluorescence. (D)
PEF1-GFP recruitment to the septal pore (arrow) after treatment with tomatine in mature hypha. The plasma membrane was stained in red with the
lipophilic dye FM4-64. Top image: DIC; second image from top: GFP; third image from the top: FM4-64; bottom image: merger of GFP and FM4-64
images. (E) Overview of a group of hyphae exhibiting PEF1-GFP at septal pores after tomatine treatment (aggregates indicated by asterisks). (A-E) Strain
GN9-22 (Ptef-1-pef-1-gfp). Bars in (A-E), 10 wm. (F) Fivefold serial spore dilutions (10°-102) of wild type (I) (FGSC 988), ApefT (ll) (FGSC 15890), and the
complemented strain Apef1 Ptef-1-pef1-gfp (Ill) (GN9-22) were spotted on BDES medium and on BDES medium containing 75 pg/ml tomatine. Growth
was documented after 3 dpi.

prerequisite for fully understanding membrane repair in this
group of organisms.

rupture. Cell lysis is strongly correlated to the moment of cyto-
plasmic mixing, suggesting that lysis is caused by the engage-
ment of the cell fusion machinery. So far the molecular
functions of PRM1 and LFD-1 remain unknown. They appear
to ensure fusion fidelity, probably by organizing or spatially
restricting the fusion machinery (Fleissner et al. 2009; Palma-
Guerrero et al. 2014). The lack of LFD-2 or FIG1 also causes

PEF1 mediates protection against membrane
fusion-induced cell lysis

The loss of pef1 results in increased fusion-induced lysis only in
lysis-prone mutants but not in a wild-type background. This

observation suggests that in the wild type, cell fusion is robust
and repair mechanisms are dispensable. In the APrm1 and Alfd-1
mutants, however, the onset of plasma membrane fusion has
three different outcomes. First, cell pairs fuse in a wild-type like
manner. Second, the fusion process arrests after cell wall de-
construction, and third, the cells lyse because of membrane

increased lysis rates, but no adhering membranes are observed,
indicating distinct functions from PRM1 and LFD-1 (Palma-
Guerrero et al. 2015). Interestingly, the lysis rates in Afigl do
not further increase in the absence of pef1. FIG1 is a low affinity
Ca2" uptake system, facilitating Ca?* influx, which is mediat-
ing mating fusion in S. cerevisiae and C. albicans (Muller et al.
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Figure 7 PEF1-GFP localizes to the septal plug after injury and during programmed cell death. (A) PEF1-GFP recruitment to the septal pore after cutting of
the hypha with a laser (strain GN3-17, Pccg-1-pef-1-gfp). Arrow: injured, empty compartment. Asterisk indicates the septal plug. The cell wall was stained
with the chitin-binding dye calcofluor white (CFW, 100 wg/ml) (false colored in blue). Images from the left: (1) DIC; (2) GFP fluorescence; (3) CFW; (4)
merged image of GFP and CFW; (5) merged image of 1-3. (B) Co-localization of PEF1-GFP and the Woronin body, which is visualized by dsRED-HEX-1, in a
heterokaryon of strains S10 (Pccg-1-pef-1-gfp) and S20 (Pccg-1-dsred-hex-1). The asterisk indicates the septal plug, the arrow the injured compartment.
Images from the left: (1) DIC; (2) GFP fluorescence; (3) dsRED fluorescence; (4) merged image of GFP and dsRED; (5) merged image of 1-3. (C) Recruitment
of PEF1-GFP to the septal pore in the Ahex-1 strain (S48, Pccg-1-pef-1-gfp), which does not possess Woronin bodies, after cutting the hypha with a laser.
The asterisk indicates the septal plug. Left: DIC; center: GFP; right: merged image of DIC and GFP. (D) PEF1-GFP recruitment to septal plugs in hyphae
undergoing programmed cell death induced by heterokaryon incompatibility [forced heterokaryon of C9-15 and GN3-36 (Pccg-1-pef-1-gfp)]. Arrows
indicate compartments undergoing cell death. Asterisks indicate septal plugs. Note the absence of GFP fluorescence in the dead compartments. Left:
DIC; right: GFP. Bar, 10 wm (A-D). (E) Quantification of PEF1-GFP recruitment to the septal plug after cutting with a laser on MM and MM + 200 mM EGTA
(strain GN3-17, Pccg-1-pef-1-gfp). Error bars indicate the SD calculated from three independent experiments (n = 100 each). (F) Comparison of the time
required for complete sealing of the septal pore in the wild type (FGSC 988) and the Apef7 strain (FGSC 15890) on MM and MM + 200 mM EGTA. Two
hundred hyphae of each strain were cut with a laser and the time until cytoplasmic leakage through the septal pore ceased was measured.

2003; Yang et al. 2011). While PRM1, LFD-1, and LFD-2 are
involved in fusion pore formation, FIG1 might play a role in an
earlier step of the fusion process, before engagement of the
fusion machinery. The observed cell lysis in Afigl might not
be caused by fusion-induced membrane rupture and might
therefore not activate the PEF1-mediated response. Studying
the interplay of the different fusion factors and also the related
membrane repair mechanisms in N. crassa represents one very
promising strategy to further illuminate the molecular mecha-
nisms mediating eukaryotic cell-cell fusion.

PEF1 appears to function independently of the
ESCRT-IlIl complex

While our data strongly support a role of PEF1 in mediating
the response to different types of membrane injuries in fungi,
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the exact molecular repair mechanisms remain unknown. In
mammalian muscle cells, the PEF1 homologous ALG-2 ac-
cumulates at membrane injury sites in a Ca?*-dependent
manner and acts as an initiator of ALIX recruitment and
ESCRT-III-Vps4 complex formation. As a consequence, the
injured membrane region undergoes shedding and repair
(Scheffer et al. 2014). While the involved proteins are con-
served in fungi, our data suggest that in N. crassa, PEF1
functions in an ESCRT-III-independent way. No recruit-
ment of the ESCRT proteins to the plasma membrane or
co-localization with PEF1 was observed. In addition to its
interaction with the ESCRT complex, ALG-2 and homolo-
gous proteins are involved in various different cellular
processes, including ER-to-Golgi vesicular transport or sig-
nal transduction from the membrane to downstream
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to the fusion point and the asterisk indicates PEF1 aggregates at the plasma membrane. Left images: DIC; right images: GFP. Bar, 5 um.

factors [reviewed in Maki et al. (2016)]. It is therefore con-
ceivable that an ESCRT-III independent membrane repair
mechanism is controlled by PEF1. Fungal PEF1 shares only
homology with ALG-2 in the C-terminal two-thirds of the
protein. The N-terminal third is specific for fungi. This part
might mediate the interaction with other, probably fungal-
specific, proteins. An attractive hypothesis is that PEF1 might
serve as a conserved upstream sensor of membrane injury
mediating divergent downstream molecular processes. The
potential existence of fungal-specific membrane repair mech-
anisms calls for further investigation, since they might pro-
vide highly interesting targets for controlling fungi. An earlier
study identified the synaptotagmin SYT1 as part of a fungal
membrane repair mechanism (Palma-Guerrero et al. 2014).
Similar to our observations for pefl, the introduction of the
sytl knockout mutation in lysis-prone fusion mutants signif-
icantly increased the number of lysing cell fusion pairs. In our
hands, however, the sytl double mutants did not show this
defect, suggesting that this phenotype is not robust. We hy-
pothesize that different culture conditions, which could not
be controlled for, resulted in the contradictory observations
in the two studies.

Membrane repair could contribute to antifungal
resistance

PEF1 accumulates at the plasma membrane during exposure
to pore-forming drugs, and the lack of PEF1 results in an
increased sensitivity to the plant defense compound tomatine.
Plants possess two lines of chemical antimicrobial defense.
First, numerous species accumulate preformed antifungals or
phytoanticipines, such as the glycoalkaloids of nightshades
including tomatine. Second, many plants produce defense
compounds in response to an infection, so called phytoalexins.
Both phytoanticipins and phytoalexins include pore-forming
substances (Osbourn 1999). The current model of fungal re-
sistance against plant defense compounds and antifungals
includes two different mechanisms, which function in a
step-wise manner: first, the activation of efflux pumps, which
reduce the intracellular concentration of the toxic chemicals;
and second, the enzymatic degradation of these compounds
(Denny and VanEtten 1981, 1983; Fleissner et al. 2002). The
gene expression of efflux pumps is induced within minutes
after toxin exposure, allowing rapid protection and providing
time for activation of the detoxification response (Del Sorbo
et al. 2000; Fleissner et al. 2002). The main caveat of this
model is, however, still a “time conundrum”: although the
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CHMP1-GFP

activation of efflux pumps is rapid, it might not be fast
enough. Once a pore-forming drug is interacting with mem-
brane lipids, the lipid bilayer is disintegrating, and the cell
would quickly die. Based on our data, we suggest adding a
third line of defense into the current model. We hypothesize
that membrane repair mechanisms provide instant protection
against pore-forming drugs, even before efflux pumps are
activated. The model therefore comprises three successive
steps: (1) Membrane repair, (2) Efflux, and (3) Detoxifica-
tion. Since important clinical antifungals also target the
plasma membrane, this model might also apply to the fungal
cellular response against these drugs. It will be of great in-
terest to test this hypothesis in clinically and agriculturally
relevant fungal species.

Interestingly, we did not observe an increased sensitivity of
the Apef1 mutant to the polyene nystatin. Nystatin and toma-
tine are both pore-forming drugs and PEF1-GFP accumulated
at the membrane after treatment with both substances, albeit
to a lesser extent during nystatin application. So far, this
difference is inconceivable. Our data support the notion that
other membrane repair mechanisms exist in N. crassa, with
partially overlapping functions with the PEF1 pathway. If the
spatial and/or temporal dynamics of the membrane injuries
caused by tomatine and nystatin differ, the different repair
mechanisms might have different contributions, which could
explain the observed differences. Also, if the nystatin treat-
ment results in a significantly lower Ca?* influx than the
tomatine treatment, repair mechanisms might not be suffi-
ciently activated to prevent cell death. This hypothesis is
supported by the marked weaker PEF1 recruitment to the
plasma membrane in response to nystatin compared to toma-
tine. In human cells, two annexins with different Ca2* sen-
sitivities mediate specific responses to different types of
injuries (Potez et al. 2011). Similarly, PEF1 might be more
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SEC31-GFP

Figure 9 The ESCRT-IIl complex
proteins CHMP1-GFP and SEC31-
GFP do not accumulate at the
plasma membrane during fusion-in-
duced lysis or after nystatin treat-
ment. Subcellular localization of
CHMP1-GFP (GN9-50) and SEC31-
GFP (GN9-48) in untreated healthy
germlings (A), during fusion failure
(B), and during nystatin-induced cell
lysis (C). Fusion points are indicated
(arrows). Left images: DIC; right im-
ages: GFP. Bar, 5 pm.

sensitive to Ca2* than the so far unknown repair mechanism
required to cope with nystatin-induced injuries. This could
explain why a recruitment of PEF1 to the plasma membrane
in response to nystatin was observed but no changes in the
nystatin sensitivity of the Apef1 mutant were detected. There-
fore, identifying the complete set of repair machineries, their
interplay, and their activation modes will be of high relevance
for fully understanding and controlling the cellular response
to membrane-targeting antifungal drugs.

PEF1 is involved in the clogging of septal pores

PEF1 accumulates at septal pores in response to tomatine
exposure. Similarly, the protein is part of the pore plug formed
after hyphal transsection. While the occlusion of septal pores
by Woronin bodies has already been described in the early
days of mycology (Buller 1933), recent years have seen
the identification of numerous proteins accumulating not
only around the Woronin body, but also in Woronin body-
independent pore occlusions (Fleissner and Glass 2007; Lai
et al. 2012). The first protein identified to take place in these
processes was the SO protein of N. crassa, which shows com-
parable dynamics to PEF1 (Fleissner and Glass 2007). A com-
mon characteristic of pore-occluding proteins is stretches of
disordered structure (Lai et al. 2012). The fungal-specific
N-terminal first third of PEF1 is meeting this requirement.
It is likely that pore occlusion has evolved as a secondary role
of proteins with different primary functions. The SO protein,
for example, is involved in the signaling of fungal germlings
and hyphae undergoing vegetative cell fusion (Fleissner et al.
2005). The aggregation of proteins at the septal pore pro-
motes its closure through the Woronin body by a sealing
mechanism. In Woronin body-independent septal pore seal-
ing, e.g., during vegetative incompatibility or hyphal aging,
the proteinous aggregates even seem to serve as the main



plug for hyphal compartmentation (Fleissner et al. 2005; Lai
et al. 2012). The recruitment of PEF1 to basically all septa
within a hyphal network after exposure to tomatine might
hint to an important mechanism employed by fungi to control
their multicellular state. Fungal multicellularity has evolved
independently of plant and animal tissues. So far, the func-
tioning and adaptation of multicellular fungal colonies is only
very poorly understood. Healthy hyphae of N. crassa are a
syncytium, growing by tip extension and branching. While
hyphal differentiation includes permanent compartmenta-
tion by septal pore plugging, there is evidence that pores
can also be closed temporarily (Markham 1994; Bleichrodt
et al. 2012). PEF1 might provide a suitable marker for further
investigation of the still poorly understood functioning of
multicellular fungal colonies.
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