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ORGANISMAL BIOLOGY

A carnivorous mushroom paralyzes and kills nematodes
via a volatile ketone

Ching-Han Leet, Yi-Yun Lee'2t, Yu-Chu Chang?, Wen-Li Pon', Sue-Ping Lee', Niaz Wali*>5,
Takehito Nakazawa’, Yoichi Honda’, Jiun-Jie Shie*>, Yen-Ping Hsueh'-2-8:9:10%

The carnivorous mushroom Pleurotus ostreatus uses an unknown toxin to rapidly paralyze and kill nematode
prey upon contact. We report that small lollipop-shaped structures (toxocysts) on fungal hyphae are nematicidal
and that a volatile ketone, 3-octanone, is detected in these fragile toxocysts. Treatment of Caenorhabditis
elegans with 3-octanone recapitulates the rapid paralysis, calcium influx, and neuronal cell death arising
from fungal contact. Moreover, 3-octanone disrupts cell membrane integrity, resulting in extracellular
calcium influx into cytosol and mitochondria, propagating cell death throughout the entire organism. Last,
we demonstrate that structurally related compounds are also biotoxic to C. elegans, with the length of the
ketone carbon chain being crucial. Our work reveals that the oyster mushroom has evolved a specialized struc-
ture containing a volatile ketone to disrupt the cell membrane integrity of its prey, leading to rapid cell and
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organismal death in nematodes.

INTRODUCTION

Chemical warfare is a common feature of predator-prey interac-
tions. Predators such as snakes and spiders adopt modified fangs
or radulae to release venom that targets prey. These neurotoxic
venoms primarily affect the peripheral nervous system, in particu-
lar, neuromuscular junctions, to paralyze prey, although some
elapid snake venoms also induce muscle necrosis mediated by en-
zymatically dependent plasma membrane damage (1-3). Some prey
species have evolved specialized structures, such as the fin spines of
fish or the glandular trichomes of plants, to store venom and sec-
ondary metabolites that are used to defend themselves from preda-
tion (4-6).

In the fungal kingdom, carnivorous fungi display diverse chem-
ical strategies to target their prey, i.e., nematodes, the most abun-
dant animals in soil (7-9). Among these nematophagous fungi,
nematode-trapping fungi of the Ascomycota and the oyster mush-
room of the Basidiomycota are the best-known examples. The nem-
atode-trapping fungi produce several volatile compounds that
mimic nematode food and sex cues to lure their nematode prey,
eavesdropping on nematode ascaroside pheromones, and they
develop various nematode-trapping devices such as adhesive net-
works, adhesive knobs, and constricting rings to capture the prey
(10-13). In contrast, the oyster mushroom, Pleurotus ostreatus,
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has evolved a distinct strategy. Instead of physically snaring the
nematode prey, its hyphae produce potent toxins that paralyze nem-
atodes within a few minutes of contact (14). These toxins elicit
massive calcium influx and systematic cell necrosis throughout
the neuromuscular system of the nematodes via their externally
exposed sensory cilia (15). A previous study reported that trans-2-
decenedioic acid purified from P. ostreatus exhibited nematocidal
activity (16), but this compound did not recapitulate the fast-
acting paralysis and cell necrosis triggered by P. ostreatus hyphae
(15), indicating that the key nematocidal compound produced by
P. ostreatus remained to be identified. Moreover, the molecular
mechanism by which systemic cell death is triggered in Caenorhab-
ditis elegans is also uncertain.

Naturally produced toxins that can kill nematodes have fre-
quently been isolated from microbes that occupy the same ecolog-
ical niche as nematodes. The most widely used antiparasitic drug in
human and veterinary medicine, ivermectin, is derived from aver-
mectins purified from Streptomyces avermitilis, which activates glu-
tamate-gated chloride channels in the nervous system to induce
persistent paralysis (17-19). Another bacterially derived nematicide
is the crystal proteins produced by Bacillus thuringiensis. Once in-
gested by a nematode, crystal proteins are proteolytically activated
in the intestine and bind to membrane receptors, leading to pore
formation and triggering the necrosis pathway mediated by aspartic
protease (20, 21).

In this study, we show through genetic screens that P. ostreatus
relies on a specialized structure, toxocysts, to paralyze the nematode
C. elegans. A volatile compound, 3-octanone, stored inside toxocysts
is a major component triggering rapid paralysis and cell death in
this nematode prey. Using in vivo and in vitro approaches, we dem-
onstrate that 3-octanone disrupts cell membrane integrity in multi-
ple C. elegans tissues, including sensory neurons, muscle cells, and
hypodermis, causing massive calcium influx into the mitochondria
and leading to cell death. Furthermore, we observed progressive
adenosine 5'-triphosphate (ATP) depletion and a wave of mito-
chondrial calcium influx in the hypodermis that contributed to
the propagation of cell death throughout the entire organism.
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This calcium wave is a dosage-dependent response that can be af-
fected by muscle contraction and cell membrane fluidity. Last, we
show that compounds structurally related to 3-octanone can also
induce nematode paralysis and cell necrosis and that the length of
the carbon chain is critical for nematocidal toxicity. Our work
reveals that natural metabolites may gain an additional biological
function via morphological evolution of the cell.

RESULTS

Toxocysts on P. ostreatus hyphae are essential for
paralyzing C. elegans

To gain insights into the mechanism by which the oyster mushroom
paralyzes its nematode prey, we conducted random ultraviolet (UV)
and ethyl methansulfonate (EMS) mutagenesis on wild-type P. os-
treatus using protoplasts generated from monokaryotic hyphae and
then screened for mutants that could not paralyze C. elegans.
Overall, we screened ~12,000 random mutagenized clones, and
we isolated 13 mutants displaying almost complete loss of toxicity
(Iot) to C. elegans (fig. S1 and movie S1). Upon examining the mor-
phology of these mutants, it was clear that the hyphae of nontoxic
mutants all lacked numerous spherical structures prominent on
wild-type hyphae (Fig. 1, A and B, and fig. S1B), which were
similar to what have been described previously as toxocysts in
other Pleurotus species (22), demonstrating that these toxocysts
are essential for P. ostreatus to paralyze C. elegans. We observed
that when C. elegans contacted toxocyts on wild-type fungal
hyphae, most of the animals exhibited immediate aversive behavior
and retreated (Fig. 1D and movie S2). The toxocysts are fragile, rup-
turing immediately upon contact by nematodes. To provide inde-
pendent evidence supporting that toxocysts are required to
paralyze C. elegans, we added glass beads onto the agar surface
where wild-type P. ostreatus hyphae were growing and shook
them for a few seconds to disrupt the toxocysts. After shaking, we
placed C. elegans immediately onto the P. ostreatus culture and ob-
served their locomotion. In contrast to the almost instantaneous pa-
ralysis response upon contacting intact toxocysts, we observed that
disrupting the toxocysts with glass beads enabled C. elegans to move
freely on the fungal culture (Fig. 1C and movie S3), demonstrating
that intact toxocysts are essential to nematode paralysis. Moreover,
this instantaneous loss of toxicity upon glass bead treatment
implied that the nematocidal toxin could be volatile in nature.

Gas chromatography—mass spectrometry analyses identify
3-octanone from glass bead-treated P. ostreatus culture

To test our hypothesis that the toxocysts contain a volatile nemati-
cidal toxin, we conducted gas chromatography—mass spectrometry
(GC-MS) using solid-phase microextraction under three different
conditions. Under the first condition, the vial only contained the
culture medium and glass beads. Under the second condition, the
vial contained P. ostreatus that had been cultured for 2 to 3 weeks.
Under the third condition, the vial contained P. ostreatus cultured
for 2 to 3 weeks, as well as some glass beads that had been shaken
vigorously just before sampling with the solid-phase microextrac-
tion (SPME) probe. The GC-MS profiles of these three conditions
were analyzed and compared (Fig. 2A), resulting in the identifica-
tion of 13 major compounds based on the total ion chromatogram
(TIC). Notably, a single compound, compound 6, was specifically
detected under the condition of toxocyst disruption (Fig. 2A).
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GC-MS spectra and library searching revealed the chemical identity
of compound 6 to be 3-octanone (fig. S2A). To confirm that volatile
3-octanone occurs in toxocysts, we treated wild-type and lot mutant
cultures with hydroxylamine and subjected the samples to solid-
phase extraction. When hydroxylamine reacts with 3-octanone,
an oxime bond forms, resulting in the corresponding 3-octanone
oxime (Fig. 2B). Therefore, we analyzed hydroxylamine-treated
wild-type and six lot mutants (lot1, lot2, lot5, lot6, lot9, and lot10)
by MS. We detected the presence of protonated ions of 3-octanone
oxime at expected mass-to-charge ratio (m/z) values of 144.1 in the
wild-type sample, but not in the lof mutants (Fig. 2B and fig. S2B).
Thus, 3-octanone is likely a key compound stored in the toxocysts of
P. ostreatus.

3-Octanone triggers paralysis, calcium influx, and cell
necrosis in C. elegans

Next, we assessed whether 3-octanone exhibits bioactivity in C.
elegans. To do so, we directly applied a gradient of 3-octanone con-
centrations to freely moving C. elegans to mimic contact with tox-
ocysts on the fungal hyphae. We observed that this 3-octanone
treatment paralyzed C. elegans at concentrations of >50%
(Fig. 3A). In addition, it also paralyzed three additional free-living
soil nematodes, Rhabditis rainai, Oscheius mtriophila, and Pelodera
teres (fig. S3A), suggesting that 3-octanone exerts broad toxicity on
diverse nematode species. Moreover, when we monitored calcium
levels in the pharyngeal muscle cells of nematodes via the calcium
indicator GCaMP6 (under the myo-2 promoter) in response to 3-
octanone contact, we found that they massively increased (AF/
Fy > 10) in the pharyngeal corpus region (movie S4), mimicking
the phenotype displayed by C. elegans upon contact with P. ostreatus
toxocysts (Fig. 3B). In contrast, our solvent control (mineral oil) or
P. ostreatus lot mutants did not elicit any increase in calcium levels
in the pharynx of prey, demonstrating that the prominent calcium
influx we observed was attributable to toxocysts and 3-octanone
(Fig. 3B and fig. S3B).

We also assessed whether 3-octanone triggers cell necrosis in the
ciliated sensory neurons of nematodes, representing another prom-
inent feature observed when C. elegans contacted P. ostreatus (15).
We applied 3-octanone to the C. elegans ciliated sensory neuron re-
porter line (Posm-6::GFP) and imaged the nematodes after 5 min.
As shown in Fig. 3C, we observed obvious fragmentation of the neu-
ronal processes and clearly swollen cell bodies of ciliated sensory
neurons, again resembling the phenotypes of nematodes that con-
tacted P. ostreatus. Together, these results demonstrate that 3-octa-
none triggers paralysis, calcium influx, and cell death in C. elegans,
recapitulating the key phenotypes that we described previously as
being triggered by P. ostreatus (15). Thus, 3-octanone likely repre-
sents a key nematocidal compound inside P. ostreatus toxocysts.

P. ostreatus triggers calcium influx in the mitochondrial
matrix of paralyzed nematodes

To further characterize subcellular features of the rapid cell death
triggered by P. ostreatus in multiple C. elegans tissues, we conducted
transmission electron microscopy (TEM) on cross sections of the
pharyngeal corpus in animals exposed to P. ostreatus or 3-octanone
for 5 min. We observed marked mitochondrial enlargement in both
pharyngeal and body wall muscle cells under both conditions
(Fig. 4A). To assess whether the mitochondrial enlargement trig-
gered by P. ostreatus and 3-octanone may occur in different
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Fig. 1. P. ostreatus mutants lacking toxocyst structures are nontoxic to C. elegans. (A and B) Scanning electron microscopy (SEM) imaging of wild-type P. ostreatus (P.
0.) (A), and lot mutant lines and a wild-type culture disrupted with glass beads (B). Arrows indicate the toxocysts. Scale bars, 50 and 10 um (indicated region). (C) Paralysis
ratio of adult N2 C. elegans in response to wild-type (WT) P. ostreatus, mutant lines, or wild-type P. ostreatus disrupted with glass beads (WT + glass beads). Each dot
represents 30 or 15 animals (means + SD; n is shown below the x axis). (****P < 0.0001). (D) Quantification of backward movement and paralysis in adult N2 contacting a P.

ostreatus toxocyst.

tissues, we monitored the morphology of mitochondria by targeting
green fluorescent protein (GFP) or GCaMP proteins to the mito-
chondrial matrix via the cytochrome ¢ oxidase subunit 8 (COX8)
mitochondrial signal sequence under the control of various pro-
moters. We found that mitochondria changed from tubular to
spherical in pharyngeal and body wall muscle cells upon P. ostreatus
or 3-octanone contact (fig. S4, A and B), which is consistent with
our TEM images. In ciliated sensory neurons and hypodermis,
the mitochondria became punctate and fragmented upon exposure
to P. ostreatus and 3-octanone (Fig. 4, B and C). Thus, contact with
P. ostreatus and 3-octanone can rapidly alter mitochondrial mor-
phology in C. elegans.
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Mitochondrial morphology is regulated by ion homeostasis in
the mitochondrial matrix, with calcium and potassium influxes
playing crucial roles in enhancing osmotic pressure and water accu-
mulation in the matrix (23). Our previous study showed that P. os-
treatus triggers massive calcium influx in muscular and neuronal
cytosols (15). To test whether excessive cytosolic calcium induces
mitochondrial calcium uptake, we assessed mitochondrial
calcium levels in pharyngeal and body wall muscle cells by targeting
the calcium indicator GCaMP5 in the mitochondrial matrix. We
observed an enhanced fluorescence signal (reflecting calcium
levels) in the pharyngeal corpus and head muscles upon nematodes
exposing to P. ostreatus hyphae (Fig. 4D and movie S5). This rapid
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Fig. 2. GC-MS analysis reveals 3-octanone as a major compound inside toxocysts. (A) TIC and extracted ion chromatogram (EIC) of medium and glass bead control,
medium inoculated with P. ostreatus, and medium inoculated with P. ostreatus and glass beads. Numbers 1 to 13 represent different compounds: (1) dimethylsilanediol,
(2) hexamethylcyclotrisiloxane, (3) methoxy-phenyl-oxime; (4) 4-nitrophthalamide; (5) octamethylcyclotetrasiloxane; (6) 3-octanone; (7) hexamethylcyclotrisiloxane; (8)
2,5-bis[(trimethylsilyl)oxy]-benzaldehyde; (9) decamethylcyclopentasiloxane; (10) 4,6'-dimethoxy-2'-(tert-butyldimethylsilyl)oxychalcone; (11) dodecamethyl cyclohexa-
siloxane; (12) tetradecamethylcycloheptasiloxane; and (13) hexadecamethylcyclooctasiloxane. (B) Reaction of 3-octanone with HO-NH,-HCl to generate 3-octanone
oxime. The mass spectra of P. ostreatus wild-type (left) or lot7 culture (right) treated with HO-NH,-HCl are shown.

calcium uptake in mitochondria was not simply due to contact with
fungal hyphae because the fluorescence signal did not increase upon
contact with another nematode-trapping fungus Arthrobotrys oligo-
spora or the P. ostreatus lot] mutant (Fig. 4D), indicating that direct
contact with toxocysts is required to induce massive calcium influx
in the pharynx.

Next, given the marked alteration in mitochondrial morphology
that we observed in the hypodermis (Fig. 4C), we monitored

Lee et al., Sci. Adv. 9, eade4809 (2023) 18 January 2023

mitochondrial calcium levels in that tissue after C. elegans contacted
toxocysts. Unexpectedly, not only did we observe calcium uptake
accompanying morphological changes in mitochondria but also a
prominent calcium wave propagating throughout the hypodermis
(Fig. 4, E and F, and movie S7). This calcium wave was initiated
at the head of C. elegans and propagated at an average of ~50 pum/
min through the hyp7 syncytium within 10 min, and the wave
markedly slowed down after 10 to 15 min of exposure (Fig. 4G).
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Fig. 3. 3-Octanone triggers paralysis and cell death in C. elegans. (A) Paralyzed ratio of adult N2 upon 3-octanone contact. Each dot represents 20 to 25 animals
(means + SEM; n is shown below the x axis). (B) GCaMP6 signals of the pharyngeal corpus of adult animals in response to 50% 3-octanone, P. ostreatus, or mineral oil as
control (means + SEM; n is shown above the x axis). (C) Fluorescence imaging of ciliated sensory neurons using cytosolic GFP reporter lines exposed to 3-octanone, P.

ostreatus, or mineral oil for 5 min. Scale bars, 15 pm.

Soon after contacting toxocysts, mitochondrial GCaMP signals in-
creased, and then the mitochondria adopted a spherical appearance
(movie S7), implying that mitochondrial calcium uptake enhances
osmolarity in the matrix, triggering water accumulation and causing
mitochondrial enlargement and spherification. To examine
whether propagation of the calcium wave in the hypodermis is
dosage dependent, i.e., regulated by the number of toxocysts that
a nematode contacts, we compared the distance a calcium wave trav-
eled for individuals that touched a single toxocyst with that in indi-
viduals that touched multiple (~10) toxocysts. The calcium wave
traveled on average of ~400 pm from the head after 10 min in C.
elegans that touched multiple toxocysts (Fig. 4F). In contrast, for
C. elegans that only touched a single toxocyst, the calcium wave
only traveled ~100 um from the head after 10 min, and it only trav-
eled another ~50 pm after 1 hour (fig. S4, C and D), indicating that
the calcium wave propagated much more slowly. These results
imply that the mitochondrial calcium wave triggered by P. ostreatus
is a dosage-dependent response.
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P. ostreatus and 3-octanone disrupt nematode cell
membrane integrity

How do toxocysts and 3-octanone trigger calcium influx in the
cytosol and mitochondria of nematodes? We hypothesized that tox-
ocysts and 3-octanone may disrupt cell membrane integrity, result-
ing in aberrant calcium influx into the cells. To test this hypothesis,
we expressed myristoylated GFP (myrGFP) to label cell membranes
and then examined their structure after the animals either contacted
toxocysts or were exposed to 3-octanone. First, we monitored the
plasma membranes of ciliated sensory neurons, representing the
first point of contact with toxocysts and that are required for initi-
ating the paralysis response in nematodes. We expressed myrGFP in
intereukin-2 (IL-2) neurons under the klp-6 promoter and observed
that the neuronal processes became fragmented and truncated
within a few minutes of exposure to either toxocysts or 3-octanone
(Fig. 5A). Next, we monitored the plasma membranes of body wall
muscle cells and observed that myrGFP signals along the plasma
membrane, which were continuous in nontreated nematodes,
became aggregated and fragmented in treated individuals
(Fig. 5B). Furthermore, we used a membrane-bound GFP tag
(memGFP) that contains the signal sequence and transmembrane
domain of the PAT-3 protein (24) to visualize the plasma
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Fig. 4. P. ostreatus induces mitochondrial calcium influx and triggers a calcium wave in nematode hypodermis tissue. (A) TEM imaging of the head region of adult
N2 exposed to P. ostreatus or 80% 3-octanone for 5 min. Control represents untreated nematodes. The indicated regions are magnified x2.6 (right). Scale bars, 1 um (left)
and 500 nm (right). (B and C) Fluorescence imaging of mitochondria in ciliated sensory neurons (B) and hypodermis (C) using mitochondrial GFP or GCaMP5 reporter lines
exposed to P. ostreatus or 80% 3-octanone for 5 min. Scale bars, 10 um. (D) Mitochondrial GCaMP5 signals of the pharyngeal corpus of adult N2 in response to P. ostreatus
or A. oligospora hyphae (means + SEM; n is shown above the x axis). (E) Fluorescence imaging of hypodermis expressing mitochondrial GCaMP5 in nematodes that have
been exposed to P. ostreatus over time. Scale bars, 25 um. (F) Quantification of the extent of mitochondrial GCaMP5 fluorescent signal in the hypodermis. (G) Average
speed of activated mitochondrial GCaMP5 fluorescent signal in the hypodermis upon fungal contact.

membrane of the hypodermis. Again, GFP signals became aberrant-
ly aggregated soon after P. ostreatus or 3-octanone exposure
(Fig. 5C). Accordingly, we speculate that 3-octanone rapidly dis-
rupts the integrity of cell membranes in various C. elegans tissues.

Next, we extracted total lipids from C. elegans and used them to
reconstitute liposomes in vitro to test whether 3-octanone affects

Lee et al., Sci. Adv. 9, eade4809 (2023) 18 January 2023

their properties. First, we assayed liposome aggregation based on
turbidity measurements. As shown in Fig. 5D, turbidity (absor-
bance of liposome samples at 400 nm) increased upon the addition
of 3-octanone, indicating that it triggered liposome aggregation and
fusion. In addition, we also used TEM to observe the morphology of
liposomes in the absence or presence of 3-octanone, which revealed
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Fig. 5. P. ostreatus and 3-octanone impair plasma membrane integrity. (A to C) Fluorescence imaging of plasma membranes in body wall muscles (A), IL-2 neurons
(B), and hypodermis (C) using myrGFP or memGFP reporter lines exposed to P. ostreatus or 80% 3-octanone for 10 min. The indicated regions are enlarged in the insets
displaying GFP alone (left), differential interference contrast (DIC) alone (middle), or GFP and DIC overlays (right). Scale bars, 10 and 2 pm (inset). (D) Time course of
turbidity measurements for liposomes prepared from C. elegans lipid extracts mixed with 50 or 80% 3-octanone. (E) TEM imaging of liposomes prepared from C.
elegans lipid extracts (control) or those mixed with 50 or 80% 3-octanone. Scale bars, 200 nm.

that liposomes became larger and their surfaces were rougher than  P. ostreatus and 3-octanone induce cell death throughout

controls in the presence of 3-octanone (Fig. 5E). These findings C. elegans

demonstrate that 3-octanone alters liposomes of nematode lipids ~ To validate that membrane disruption is associated with the rapid

in vitro and, thus, that 3-octanone may disrupt membrane integrity, cell necrosis observed in neurons and muscle cells of C. elegans (15),

causing extracellular calcium influx into cells in vivo. we performed propidium iodide (PI) staining on paralyzed nema-
todes. PI cannot permeabilize into live cells due to the intact cell
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membrane barrier, whereas nuclei of dead cells exhibit strong fluo-
rescence. We observed that the nuclei of healthy animals did not
present a fluorescence signal following 2 hours of PI treatment
(Fig. 6A). However, upon exposure to P. ostreatus, cells with fluo-
rescent nuclei were detected within 5 min, and the fluorescence
signal progressively became stronger in nuclei along the anteropos-
terior body axis (Fig. 6A), showing that cell death propagated from
the head of C. elegans. Similarly, we observed multiple PI-positive
nuclei from the head to the body in nematodes treated with 3-octa-
none (Fig. 6A). Dauers also displayed PI-positive nuclei in the head
upon treatment with P. ostreatus or 3-octanone (fig. S5), consistent
with our previous study showing that all nematode stages are sus-
ceptible to P. ostreatus—elicited paralysis (15). This form of cell death
is unlikely to represent a form of apoptosis because ced-3 and ced-4
mutants exhibit the same phenotype (fig. S5B).

Given that the calcium wave in the hypodermis was correlated
with the number of toxocysts that nematodes had contacted, we
tested whether the degree of cell death also correlated with the
number of toxocysts touched by nematodes. We counted more
dead cells in animals that had contacted multiple (~10) toxocysts
than in those that had contacted a single one (Fig. 6B and fig.
S5C), supporting that cell death propagation is also dosage
dependent.

Necrotic cell death is triggered by ATP depletion (25). To test
whether the propagated cell death triggered by P. ostreatus is accom-
panied by ATP depletion, we constructed transgenic nematodes
hosting the ATP indicator QUEEN-2m (26), which we expressed
in pharyngeal muscle cells and hypodermis using the myo-2 and
col-19 promoters, respectively. This sensor comprises a circularly
permuted enhanced GFP inserted in a bacterial ATP-binding
protein, and its signal intensity is measured by peak emission at
525 nm and excitation wavelengths of 405 and 488 nm. We observed
that upon exposing nematodes to P. ostreatus or 3-octanone for 10
min, the 405/488 excitation ratio in pharyngeal muscle was reduced
to 0.5 or 0.6, respectively (Fig. 6, C and D), evidencing rapid ATP
depletion in the pharynx of paralyzed nematodes. Moreover, ATP
levels became progressively depleted in the hypodermis upon P. os-
treatus and 3-octanone exposure, with the 405/488 excitation ratio
being reduced in hyp4, hyp3, and hyp6 cells after 10 min of expo-
sure and being reduced through hyp7 cells 30 min later (Fig. 6, E
and F), indicating that ATP depletion also propagates in an anteri-
or-to-posterior direction in C. elegans.
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Fig. 6. P. ostreatus triggers organismal death. (A) Fluorescence imaging over time of Pl staining in adult N2 exposed to P. ostreatus or 3-octanone for 20 min. The 0 time
point represents healthy nematodes stained with Pl solution for 2 hours. Scale bars, 25 um. (B) Fluorescence imaging of Pl staining in N2 after contact with single or
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The hypodermis calcium wave and cell death can be
regulated by cell membrane fluidity and muscle
contraction

Our observation of rapid membrane rupture after nematodes con-
tacted toxocysts and 3-octanone prompted us to consider if the lipid
composition of the cell membrane mediates susceptibility to the P.
ostreatus toxin. The PAQR -2IGLR-2 complex senses membrane ri-
gidity to enhance unsaturated fatty acid production, and the pagr-2
and iglr-2 mutants exhibit impaired membrane homeostasis under
cold conditions, whereby excess saturated fatty acids in their plasma
membranes reduce membrane fluidity (27-29). We examined how
these mutants responded to P. ostreatus and observed mitochondri-
al calcium uptake in their head hypodermis, but, notably, propaga-
tion of the calcium waves was substantially diminished, on average,
progressing only ~100 um from the head after 10 min and ~200 um
after 1 hour (Fig. 7, A and B, and fig. S6A). Upon contacting tox-
ocysts, these mutants also presented much fewer PI-positive cells
that were restricted to the anterior head region (Fig. 7C and fig.
S6B). Moreover, we found that when paqr-2 and iglr-2 were
grown on medium supplied with small amounts of detergents
(0.01% IGEPAL) to increase membrane fluidity (30, 31), the
calcium wave and cell death propagation phenotypes were partially
restored (Fig. 7, A to C). These results demonstrate that an excess of

saturated fatty acids may slow down toxin diffusion and propaga-
tion of the calcium wave and cell death in C. elegans.

P. ostreatus triggers rapid calcium influx in muscle cells, leading
to muscle hypercontraction. To explore whether muscle contraction
accelerates toxin diffusion in C. elegans, we tested mutant nematode
lines that are incapable of muscle contraction due to loss of struc-
tural components of the musculature, i.e., unc-54 (myosin heavy
chain) and unc-60 (cofilin). The unc-54 and unc-60 mutants dis-
played extremely slow propagation of the calcium wave and dimin-
ished cell death upon forced contact with multiple toxocysts (Fig. 7,
D to F). Furthermore, treatment of nematodes with ivermectin,
which inhibits muscle contraction (18), also restricted propagation
of both the calcium wave and consequent cell death (Fig. 7, D to F,
and fig. S6, C and D). These results indicate that the mechanical
force triggered by muscle contraction contributes to toxin diffusion,
promoting calcium wave propagation and cell death throughout the
nematode.

Ketone carbon number is crucial for biotoxicity

3-Octanone is a common volatile organic compound (VOC) that
has been identified in diverse organisms, including fungi. To
further examine which chemical properties of 3-octanone are
crucial for nematode toxicity, we tested a gradient of 2-octanone
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Fig. 7. Cell membrane fluidity and muscle contraction affect mitochondrial calcium-propagated waves and organismal death. (A and D) Fluorescence imaging of
N2 hypodermis expressing mitochondrial GCaMP5 in nematodes after exposure to P. ostreatus for 10 min. The animals were grown at 18°C on nematode growth medium
(NGM) or NGM and 0.01% IGEPAL plates (A and B). Adult N2 was treated with 10 uM ivermectin for 40 min and that then contacted multiple P. ostreatus toxocysts. (D and E)
Quantifications of the extent of mitochondrial GCaMP5 fluorescence in the hypodermis are shown in (B) and (E). Scale bars, 25 um. (C and F) Fluorescence imaging of PI-
stained nematodes after exposure to P. ostreatus for 20 min. Scale bars, 25 um. (****P < 0.0001).
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and 4-octanone concentrations in which the carbonyl group is on
different positions of the carbon chain, for their ability to paralyze
C. elegans. Both compounds paralyzed C. elegans at a similar range
of concentrations as observed for 3-octanone (Fig. 8A). Next, we
explored whether the length of the carbon chain affects nematode
toxicity. We observed that 3-decanone (10 carbons) is more toxic to
C. elegans than 3-octanone, with concentrations of >30% triggering
prominent paralysis. In contrast, 3-hexanone (six carbons) barely
elicited nematode paralysis (Fig. 8A), implying that the length of
the carbon chain is critical. Next, we examined whether 3-octanone
isomers and the small 3-ketones with different carbon chains trigger
cell necrosis in ciliated sensory neurons. Apart from 3-hexanone
treatment that displayed a limited effect, all other compounds
induced obvious fragmentation of neuronal processes after 5 min
of treatment (Fig. 8B). Together, these results indicate that the po-
sition of the carbonyl group does not regulate biotoxicity, but the
length of the carbon chain is critical for nematocidal activity.

DISCUSSION

Eight-carbon VOCs (Cg VOCs) are prevalent as communication
signals in fungi. For example, 1-octen-3-ol, 3-octanone, 3-octanol,
1-octanol, and 2-phenylethanol are conidial germination inhibitors
in Penicillium and Aspergillus (32). Similarly, 1-octen-3-ol enhances
mycotoxin production in Penicillium expansum, whereas 2-phenyl-
ethanol inhibits mycotoxin biosynthesis in Aspergillus flavus (33,
34). Apart from acting as fungal signals, fungal-derived Cg VOCs

can also regulate plant growth and development. Trichoderma
emits multiple Cg VOCs that reduce seed germination and induce
a defense response in Arabidopsis (35, 36). Moreover, the endophyte
Hypoxylon anthochroum produces 2-phenylethanol that inhibits
seed germination, root elongation, and seedling respiration of
plants (37). Here, we report that 3-octanone is present in the
fragile toxocysts on the hyphae of P. ostreatus, and it exerts promi-
nent paralyzing activity on C. elegans (Fig. 8C).

Although Cg VOCs are ubiquitously found in fungi, their bioac-
tive mechanisms remain largely uncharacterized. Previous studies
have shown that 1-octen-3-ol exerts mild effects on cell membrane
permeability to inhibit spore germination in Penicillium and Asper-
gillus (38, 39). Furthermore, Cg VOCs have been reported to disrupt
dopamine packaging and uptake in Drosophila melanogaster,
causing locomotory defects and dopaminergic neuron degeneration
(40, 41). We have shown that 3-octanone disrupts plasma mem-
brane integrity in the neurons, muscle cells, and hypodermis of C.
elegans, provoking a pronounced calcium influx that, in turn, initi-
ates muscular hypercontraction associated with mitochondrial
calcium overload and cell necrosis (Fig. 8C). These phenotypes
are reminiscent of the local and systemic skeletal muscle degenera-
tion caused by snakebite envenomation and mass bee attacks, with
the phospholipases A, in these venoms catalyzing phospholipid hy-
drolysis or inducing myonecrosis via a nonenzymatic membrane
permeabilization mechanism (2, 3). In addition, a variety of bacte-
rial pore-forming toxins—such as Panton-valentine leukocidin
from Staphylococcus aureus and P-toxin from Clostridium
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which causes mitochondrial swelling.
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perfringens—induce necrosis in muscles and intestinal epithelium
(42—44). We have shown that mushrooms, exemplified by P. ostrea-
tus, have independently commandeered a naturally occurring Cg
VOC (3-octanone) as a toxin to paralyze nematode prey by compro-
mising plasma membrane integrity in a strategy similar to other
venomous organisms.

The dosage of these VOCs is critical to their function. For
example, 3-octanone is repellent to slugs and snails at low doses
but is lethal at high doses (45). We observed that a high concentra-
tion (>50%) of 3-octanone is required to recapitulate the fast-acting
paralysis, neuronal necrosis, and cell membrane rupture triggered
by P. ostreatus toxocysts. Moreover, we demonstrate that the cell
death propagation and calcium wave induced by toxocysts are
dosage dependent, with C. elegans individuals that contacted a
single toxocyst exhibiting slower and weakened propagation.
Given the strong hydrophobic nature of 3-octanone, it is easily sol-
ubilized in lipid environments. Therefore, a high concentration of
3-octanone can be readily integrated into lipid bilayers, disrupting
lipid organization, as revealed by our in vivo and in vitro liposome
experiments (Fig. 5). We propose that the function of toxocysts is to
enable 3-octanone accumulation to a sufficiently high local concen-
tration in a system functionally analogous to how the glandular tri-
chomes of plants act as cellular factories for the biosynthesis and
storage of large amounts of secondary metabolites providing the
first line of defense against herbivores, insects, and pathogens (5,
46). 3-Octanone is also present in the volatiles of many plants
(47, 48), indicating that this natural ketone might protect plants
from herbivorous insects (49). In the future, we plan to investigate
the molecular mechanism underlying toxocyst development by first
identifying the causative mutations for lost paralytic capability in
our suite of lot mutants. Last, since 3-octanone alone elicited a
slower calcium influx response in the C. elegans pharyngeal
muscle than triggered by toxocysts, we believe that there might be
additional components inside toxocysts that might function synerg-
istically with 3-octanone.

Why has the genus Pleurotus evolved these toxocyst structures
that accumulate 3-octanone to kill nematodes? Pleurotus are
white-rot fungi that mostly live on dying/rotting hardwood trees
where nitrogen is extremely limited (50). One possible explanation
for their predatory activity on nematodes is to acquire nutrients to
survive in these nitrogen-poor environments. Furthermore, Pleuro-
tus shares the same ecological niche as some genera of frugivorous
nematodes, such as Bursaphelenchus and Paraphelenchus. These
frugivorous nematodes can pierce fungal hyphae with their strong
stylet to suck out the cytoplasm (51, 52). Thus, toxocysts might also
serve as a defensive structure against nematode predators. Future
studies that explore how toxocyst development is regulated by envi-
ronmental or physiological factors might reveal strategies for devel-
oping P. ostreatus as an effective biocontrol agent against parasitic
nematodes in agriculture. In summary, our work has revealed that
the carnivorous mushroom P. ostreatus has evolved a “nerve gas in a
lollipop” strategy to rapidly paralyze and kill nematodes. Toxocysts
enable the accumulation of a volatile ketone, 3-octanone, to a high
local concentration that disrupts cell membrane integrity and
causes rapid cell and organismal death in nematodes.

Lee et al., Sci. Adv. 9, eade4809 (2023) 18 January 2023

MATERIALS AND METHODS

Nematode and fungal strains

Nematodes were grown on nematode growth medium (NGM) agar
plates seeded with OP50 bacteria at room temperature. Mutant
strains were obtained from the Caenorhabditis Genetics Center or
were generated using a CRISPR-Cas9 approach (53). Transgenic
animals were generated using standard microinjection techniques
(54). P. ostreatus strain PC9 was used in this study (55-57).
Fungal cultures were maintained on potato dextrose agar (Difco),
yeast extract, malt extract, and glucose (YMG), or low-nutrient
mineral salt (LNM) (2% agar, 1.66 mM MgSOy, 5.4 uM ZnSO,,
2.6 pM MnSOy, 18.5 uM FeCl;, 13.4 mM KCl, 0.34 uM biotin,
and 0.75 uM thiamin) medium. The nematode and fungal strains
used in this study are listed in table 2.

Mutagenesis and forward genetic screening

Protoplasts of P. ostreatus were generated following a standard pro-
tocol (58, 59). The protoplasts were treated with EMS (6 pg/ml) or
treated for 3 or 6 s with 15 W of UV. Grown colonies were picked
onto 48-well YMG plates and then transferred to 48-well LNM
plates. To screen for the paralyzing ability of mutants, P. ostreatus
colonies were cultured on 48-well LNM plates for 5 days before
adding ~40 C. elegans into each well. After 24 hours, mutants defec-
tive in paralyzing nematodes were selected for rescreening.

C. elegans paralysis assay

To quantify the paralysis ratio of nematodes in response to P. ostrea-
tus, 15 adult N2-strain C. elegans were transferred to fungal cultures
for 5 min, before assessing paralysis phenotypes such as head
muscle hypercontraction, cessation of pharyngeal pumping, and
impaired locomotion. To test the bioactivity of 3-octanone and its
structurally related compounds in terms of paralyzing nematodes,
various concentrations of the compounds were added directly on
nematodes to reflect direct contact. Paralysis phenotypes were as-
sessed after 30 min.

Calcium imaging

To monitor cytosolic or mitochondrial calcium levels in pharyngeal
muscle cells, animals carrying yphls3(Pmyo-2::GCaMP6s) and
yphIs13(Pmyo-2:MTS:GCaMP5) were exposed to P. ostreatus, lot
mutants, 1 pl of 50% 3-octanone, or the solvent control, and then
calcium responses were recorded using a Zeiss SteREO V20 micro-
scope with an Andor Zyla 5.5 sCMOS camera. MetaXpress with a
customized module was used to calculate the fluorescence intensity
of GCaMP in the pharyngeal corpus as the region of interest (ROI).
F represents the signal intensity of the ROI-subtracted background
fluorescence. F is the average F of the first 10 to 20 s of each video.
To monitor the mitochondrial calcium response in the hypodermis,
animals that carried yphls17(Pcol-19:MTS::GCaMP5) were
exposed to P. ostreatus culture for the desired time intervals, and
the calcium level was analyzed via an Andor Revolution WD
system with a Nikon Ti-E automatic microscope and an XON
Ultra 888 EMCCD camera (Andor). The extent of fluorescence
was determined according to activated GCaMP signals in an ante-
rior-to-posterior direction and quantified in MetaMorph.
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Fluorescence imaging

To image the morphology of cells, mitochondria, and plasma
membranes in various cell types, nematodes hosting the
yphEx301(Posm-6:MTS::roGFP), yphEx302(Pmyo-2:MTS::roGFP),
zcIs14(Pmyo-3:MTS::GFP),  yphls17(Pcol-19:MTS::GCaMP5),
yphEx306(Pmyo-3::myrGFP), yphEx307(Pklp-6::myrGFP),
yphEx309(Pcol-19::memGFP), and yphEx216(Posm-6::GFP) plas-
mids were used. Animals were exposed to P. ostreatus or 1 ul of
80% 3-octanone for 5 or 10 min, then placed on 3% agar pads on
glass slides with 2 ul of 500 mM NaNj3, and imaged using an LSM
980 Airyscan 2 confocal microscope (Carl Zeiss) with a C-Apochro-
mat 63%/1.2 numerical aperture (NA) water immersion objective.
Images were acquired with Multiplex Mode (SR-4Y) and analyzed
in Zeiss ZEN blue software.

Pl staining and ATP measurement

To determine membrane integrity, adult nematodes were exposed
to P. ostreatus or 1 pl of 80% 3-octanone for 1 min, subjected to 5
ul of PI solution (final concentration, 0.1 mM; P3566, Invitrogen),
and imaged using an Andor Revolution WD camera with a Nikon
Ti-E automatic microscope. To measure ATP levels in pharyngeal
muscle and hypodermis, animals carrying yphEx304(Pmyo-
2:QUEEN-2m) or yphEx305(Pcol-19:QUEEN-2m) were exposed
to P. ostreatus or 1 pl of 50% 3-octanone and analyzed by the
same device described above with an Apo LWD 40x/1.15 NA
water immersion objective. Images were captured with an iXon
Ultra 888 EMCCD camera (Andor) and analyzed with MetaMorph.
QUEEN-2m was excited by 488- and 405-nm lasers (26), and the
405/488 excitation ratio was analyzed in Image].

Imaging of fungal morphology

P. ostreatus was cultured on LNM medium for 14 days at 25°C.
Fungal hyphae were imaged using a Zeiss SteREO V20 microscope
with an Andor Zyla 5.5 sSCMOS camera. To image the ultrastructure
of Pleurotus toxocysts, we performed scanning electron microscopy
(SEM). Fungal cultures were cryofixed with liquid nitrogen and
sputter-coated with a 3- to 5-nm platinum (Pt) coating at
—130°C. Images were acquired via an FEI Quanta 200 SEM with a
cryo system (Quorum PP2000TR FEI) at 20 kV.

Transmission electron microscopy

One-day-old adult nematodes were exposed to P. ostreatus or 1 pl of
80% 3-octanone for 5 min and placed into an E. coli-filled plan-
chette. Samples were immediately loaded into a freezing holder
and frozen in a high-pressure freezing machine (Leica HPM 100)
for cryofixation. Frozen samples in planchettes were transferred
to aliquid nitrogen bath containing the freeze-substitution solution.
Next, samples were transferred to a Spurr’s resin/acetone (1:9) sol-
ution and gradually infiltrated with resin. Ultrathin sections (75
nm) were poststained with 1% aqueous uranyl acetate and Reynolds'
lead citrate solution, and then images were acquired using a Thermo
Fisher Scientific Talos L120C transmission electron microscope at
120 kV equipped with a 4000 x 4000 Ceta CMOS camera.

N2 liposome morphology was also investigated by TEM (Tecnai
G2 Spirit TWIN, Thermo Fisher Scientific). Volumes of 4 pl of li-
posome solution [N2 lipids (2 mg/ml) in 20 mM tris-HCI buffer
(pH 7.5)] were treated with a 0, 50, or 80% final concentration of
3-octanone for 5 min. Negative staining was performed as described
previously (60). Samples were transferred to glow-discharged grids
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for 30 s and then stained with 1% uranyl acetate for 30 s. Electron
micrographs were recorded at a nominal magnification of x11,000
at 80 kV using a 3000 x 4000 GATAN CCD SC1000 camera.

GC-MS analysis

Profiling of P. ostreatus volatiles was conducted using a solid-phase
microextraction method coupled with a GC-MS system. First, P. os-
treatus was cultured in a 20-ml glass vial tightly capped with a poly-
tetrafluoroethylene/silicone magnetic headspace cap. To extract
volatile compounds from the samples, as well as a medium
control, a carboxen/polydimethylsiloxane fiber was used and pre-
conditioned at 300°C for 5 min. The fiber was inserted into the
sample vial through the septum and exposed to the headspace at
25°C for 90 min to extract the analytes. Next, the fiber was
removed from the vial and inserted into the injection port of the
GC-MS system to analyze volatile compounds. The injection tem-
perature was set at 250°C, and the injection type was operated in
splitless mode. The volatile compounds were analyzed using an
Agilent 7890B gas chromatography system coupled with a 7250
quadrupole time-of-flight mass spectrometer equipped with elec-
tron ionization (EI). Separation was performed via a Zorbax DB5-
MS + 10-m Duragard Capillary Column (30 m by 0.25 mm by 0.25
mm; Agilent). The GC temperature profile was held at 40°C for 1
min, then raised by 10°C/min to 300°C, and lastly held at 300°C
for 3 min. The transfer line and the ion source temperature were
set at 300° and 280°C, respectively. The mass range was monitored
from 50 to 600 Da. Mass spectra were compared against the NIST
2017 and Wiley Registry 11th Edition mass spectral libraries.

Hydroxylamine HCI analysis

P. ostreatus wild-type and lot mutants were cultured on a 9-cm LNM
plate for 15 days. P. ostreatus fungal culture was mixed with 1 mM
hydroxylamine solution. The salt and remaining impurities from
the sample were removed by solid-phase extraction using an Oasis
HLB cartridge (Waters, USA). The cartridge was first conditioned
with 600 pl of 100% acetonitrile and equilibrated with 600 pl of 50%
acetonitrile in 0.1% formic acid aqueous solution, followed by 600 pl
of double-distilled H,O (ddH,0). The sample (400 pl) was loaded
and desalted twice with 400 pl of ddH,0O. The eluent was collected
by adding 400 ul of 50% acetonitrile in 0.1% formic acid aqueous
solution to the same Eppendorf tube. Then, the final sample was
detected by in situ nanospray ionization in a mass spectrometer
equipped with a quadrupole mass filter/time-of-flight system
(High Definition Mass Spectrometry, HDMS; Waters, UK) operat-
ed in electrospray-positive mode.

Preparation of liposomes using total lipid extracts from

C. elegans

Total lipid extraction of C. elegans was carried out via the Bligh's
extraction approach (61). The dried lipid extracts were resuspended
in 20 mM tris-HCI (pH 7.5), with a stock concentration of 10 mg/ml
(w/v). The liposomes were then prepared by extrusion using an
Avanti Mini-Extruder (Avanti Polar Lipids, catalog no. 610000),
and the diameter of liposomes was controlled using a Nuclepore
Track-Etch Membrane with a 0.1-um pore size (Whatman,
catalog no. 800309) (62).
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Turbidity measurement of liposomes

To measure the turbidity of liposomes, liposomes (2 mg/ml) from
extracted C. elegans N2 lipids in 20 mM tris-HCI (pH 7.5) was
mixed with 3-octanone. The final concentrations of 3-octanone
were 0, 50, or 80% (v/v). The absorbance of each liposome and 3-
octanone mixture at 400 nm was measured using an EnSpire Mul-
timode Plate Reader (PerkinElmer) for a total of 12 min at 25°C.
During the measurement, solutions were remixed every 2.5 min
to maintain their homogeneity.

Statistics

An unpaired two-tailed Student's ¢ test was performed to determine
the statistical difference between control and experimental samples
in GraphPad Prism 9. P < 0.05 was considered significant; asterisks
demonstrate statistical significance, as calculated by Student's t test
(*P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001).

Supplementary Materials
This PDF file includes:
Figs. S1 to S6

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S7
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