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Fungi of the genus Mortierella occur ubiquitously in soils where
they play pivotal roles in carbon cycling, xenobiont degradation,
and promoting plant growth. These important fungi are, however,
threatened by micropredators such as fungivorous nematodes, and
yet little is known about their protective tactics. We report that Mor-
tierella verticillata NRRL 6337 harbors a bacterial endosymbiont that
efficiently shields its host from nematode attacks with anthelmintic
metabolites. Microscopic investigation and 16S ribosomal DNA analysis
revealed that a previously overlooked bacterial symbiont belong-
ing to the genus Mycoavidus dwells in M. verticillata hyphae. Met-
abolic profiling of the wild-type fungus and a symbiont-free strain
obtained by antibiotic treatment as well as genome analyses
revealed that highly cytotoxic macrolactones (CJ-12,950 and CJ-
13,357, syn. necroxime C and D), initially thought to be metabolites
of the soil-inhabiting fungus, are actually biosynthesized by the endo-
symbiont. According to comparative genomics, the symbiont belongs
to a new species (Candidatus Mycoavidus necroximicus) with 12% of its
2.2 Mb genome dedicated to natural product biosynthesis, including
the modular polyketide-nonribosomal peptide synthetase for necrox-
ime assembly. Using Caenorhabditis elegans and the fungivorous nem-
atode Aphelenchus avenae as test strains, we show that necroximes
exert highly potent anthelmintic activities. Effective host protection
was demonstrated in cocultures of nematodes with symbiotic and
chemically complemented aposymbiotic fungal strains. Image analysis
and mathematical quantification of nematode movement enabled eval-
uation of the potency. Our work describes a relevant role for endofun-
gal bacteria in protecting fungi against mycophagous nematodes.
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healthy soil nourishes plants and animals, purifies water and

air, and promotes sustainable agriculture. Characteristic for
highly complex and competitive soil ecosystems are the frequent
and direct interactions between all soil-dwelling microorganisms,
animals, and plants (1, 2), all of which need to be provided with
minerals and carbon sources. Thus, carbon cycling, mainly pro-
moted by fungal saprophytes and decomposers that release nu-
trients from decaying matter, plays a pivotal role for soil health
(3, 4). Fungi belonging to the genus Mortierella are the most
common soil-dwelling fungi, ubiquitously distributed in all parts of
the world, inhabiting highly diverse niches including the rhizo-
sphere and plant tissues (5-9). Owing to their ability to degrade
biopolymers as well as xenobiotics, they not only deliver energy-
rich carbon sources but also clear the environment from pollutants
(10, 11). Typically associated with healthy soils, Mortierella species
are recognized as valuable plant growth—promoting fungi in agri-
culture (9, 12).

Even so, all fungi, including Mortierella species, are threatened
by micropredators such as nematodes (13-15). In order to op-
pose these predators, fungi have developed a diverse set of de-
fense strategies. These include the production of toxic proteins
and nematocidal natural products, hyphal piercing, trapping, egg
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parasitism, and endoparasitism (13, 16). Information on defense
strategies employed by Mortierella species against nematodes is,
however, scarce. It is known that Mortierella globalpina traps
nematodes by means of its hyphae and penetrates the nematode’s
cuticula. In this way, M. globalpina may protect its host plants from
plant-parasitic nematodes (e.g., Meloidogyne chitwoodi) (17).
Antinematode activities have been implicated for some Mortierella
species (18, 19), including Mortierella alpina [against Meloidogyne
javanica or Heterodera sp. (20, 21)], but it is not a general trait of
Mortierella (21, 22). Apart from the hyphal trapping strategy, in-
sight into the molecular basis of the antinematode activities of
Mortierella is missing. Furthermore, on a more general note, it is
remarkable that thus far no Mortierella secondary metabolites have
been associated with potential protective roles against nematodes.

Here, we report a so far unknown strategy of a Mortierella
species to protect itself from nematode attack. We provide evi-
dence that cytotoxic benzolactones initially isolated from fungal
cultures are in fact produced by bacterial endosymbionts that
have been overlooked thus far. We also show that the bacteria
dwelling in the fungal hyphae protect their host from predatory
nematodes.

Significance

Soil is a complex and competitive environment, forcing its in-
habitants to develop strategies against competitors, predators,
and pathogens. Identifying and understanding the molecular
mechanisms has translational value for medicine, ecology, and
agriculture. In this study, we show that a member of important
soil-dwelling fungi (Mortierella) forms a tight alliance with
toxin-producing bacteria (Mycoavidus) that live within the
fungal hyphae and protect their host from nematode attack.
This discovery is relevant since Mortierella species correlate
with healthy soils and are used as plant growth-promoting
fungi in agriculture. Unraveling an ecological role for fungal
endosymbionts in Mortierella, our results contribute to the
understanding of a mainspring in fungal-endobacterial sym-
bioses and open the possibility for the development of new
biocontrol agents.

Author contributions: H.B., S.P.N., and C.H. designed research; H.B., S.P.N., K.V., Z.C,, B.D.,
I.R., R.G., and S.J.P. performed research; H.B., S.P.N., K.V., Z.C,, B.D,, .R., R.G,, M.T.F,, T.P.S,,
and S.J.P. analyzed data; and H.B., S.P.N., S.J.P., and C.H. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

"H.B. and S.P.N. contributed equally to this work.

2To whom correspondence may be addressed. Email: christian.hertweck@leibniz-hki.de or
sacha.pidot@unimelb.edu.au.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2110669118/-/DCSupplemental.

Published September 9, 2021.

https://doi.org/10.1073/pnas.2110669118 | 1 of 8

>
(L
o
-
]
@
[=]
13
5
=


https://orcid.org/0000-0002-0510-9086
https://orcid.org/0000-0002-2012-5949
https://orcid.org/0000-0001-8367-4083
https://orcid.org/0000-0002-6574-2588
https://orcid.org/0000-0001-7700-039X
https://orcid.org/0000-0002-0723-6038
https://orcid.org/0000-0002-4044-9166
https://orcid.org/0000-0003-0150-123X
https://orcid.org/0000-0003-1202-6614
https://orcid.org/0000-0002-0367-337X
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2110669118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:christian.hertweck@leibniz-hki.de
mailto:sacha.pidot@unimelb.edu.au
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110669118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110669118/-/DCSupplemental
https://doi.org/10.1073/pnas.2110669118
https://doi.org/10.1073/pnas.2110669118

Results and Discussion

Mortierella Fungus Harbors Bacterial Endosymbionts Producing Toxic
Macrolactones. We reasoned that benzolactones CJ-12,950 and
CJ-13,357 (Fig. 14) (23) from cultures of Mortierella verticillata
[synonym Podila verticillata (24)] could play a role as nematode
defense metabolites. Although the initial report on CJ-12,950 and
CJ-13,357 only stated that these compounds enhance the expres-
sion of the low-density lipoprotein receptor in human hepatocytes
(23), they share the benzolactone enamide architecture with
structurally related vATPase inhibitors (25, 26). Moreover, the
architectures of CJ-12,950 and CJ-13,357 specifically resemble
those of Burkholderia sp. strain B8 produced necroximes A to D (1
to 4), which proved to be cytotoxic (27). Since only the two-
dimensional structures of CJ-12,950 and CJ-13,357 had been
reported (23), we assigned their absolute configurations by ex-
amining the structural relationships with necroximes C and D.
Optical rotation comparison, high-performance liquid chroma-
tography (HPLC)-based coelution experiments and comparison
of tandem mass spectrometry (MS/MS) fragmentation indicated
that necroxime D (4) is identical to CJ-12,950, and necroxime C
(3) is identical to CJ-13,357 (Fig. 1B and SI Appendix, Table S4).
These assignments were corroborated by comparison of the NMR
spectra of purified metabolites (SI Appendix, Table S9).

Given the bacterial origin of the necroximes (27) and related
benzolactones (25, 28-30), we questioned the biosynthetic capa-
bility of M. verticillata and sought to identify the true producer.
Since several Mortierella spp. have been reported to live in sym-
biosis with bacteria (31, 32), we suspected an endosymbiont to be
the true source of 3 and 4. Yet, a 2018 report investigating the
prevalence of Burkholderiaceae-related bacteria within Mortierella
spp. stated that strain NRRL 6337 was devoid of endosymbionts
(32). Nonetheless, we re-examined the same strain for endosym-
bionts by staining fungal hyphae with the chitin-binding Calcofluor
White dye, and tentative endobacteria with the nucleic acid dye
Syto9 Green (Fig. 1C). Fluorescence microscopy revealed the
presence of endosymbiotic organisms in M. verticillata NRRL 6337
(SI Appendix, Fig. S1).

To identify the observed bacterial endosymbionts, we cut a
small piece of fungal mycelium and extracted holobiont DNA,
followed by PCR amplification of the 16S ribosomal DNA
(rDNA) region using universal primers. Sequencing of the 16S
rDNA region (SI Appendix, Table S1) and BLAST analysis in-
dicated that the symbiont of M. verticillata NRRL 6337 is a
Mycoavidus species. Notably, members of this genus have been
reported as symbionts of soil-dwelling fungi (32). So far, the full
genomes of only three Mycoavidus cysteinexigens strains from
Mortierella elongata and Mortierella parvispora have been sequenced
(31, 33-35). PCR-amplified bacterial 16S rDNA sequences from
other Mortierella fungi, however, revealed further Mycoavidus en-
dosymbionts with three phylogenetically distant clades (Mortierella-
associated Burkholderia-related endosymbiont [MorBRE] groups
A to C) (32). Through phylogenetic analysis, we found that the
Mycoavidus symbiont of M. verticillata NRRL 6337 falls into
MorBRE group A (Fig. 1D and SI Appendix, Fig. S3) comprising
symbionts of Mortierella humilis, Mortierella gamsii, Mortierella
basiparvispora, and M. elongata (M. cysteinexigens). To better un-
derstand the occurrence of Mycoavidus endosymbionts in M. ver-
ticillata strains, we investigated five additional M. verticillata strains
for the presence of endosymbionts. Amplification of the 16S rDNA
regions from gDNA of symbionts of these strains revealed a con-
served occurrence of Mycoavidus endosymbionts in M. verticillata
strains. Interestingly, these additional endosymbionts all fall into
another phylogenetic group together with Burkholderia sp. strain
B8. Furthermore, analysis of the metabolic profiles of the respec-
tive fungi did not show any production of necroximes (Fig. 1 D and
E). This finding shows that endosymbionts may frequently occur in
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Mortierella and other species of the order Mucorales, but they can
be phylogenetically different.

To clarify whether bacterial endosymbionts are the true pro-
ducers of 3 and 4, we aimed at curing M. verticillata NRRL 6337
of its symbiont through the addition of antibiotics (36). Over the
course of several months, we subcultivated the fungal strain on
agar plates containing kanamycin, ciprofloxacin, or chloram-
phenicol. During treatment, changes of the fungal growth were
noticeable (Fig. 1F). Finally, we confirmed the absence of the
symbionts by fluorescence staining, microscopic inspection, and
PCR analysis (SI Appendix, Figs. S2 and S4). The metabolic
profiling of the symbiont-free fungal strain by liquid chroma-
tography (LC) combined with high-resolution electrospray ioni-
zation revealed the complete absence of 3 and 4 (Fig. 1B). These
findings indicate that Candidatus Mycoavidus necroximicus is the
true producer of the benzolactones.

Ca. M. necroximicus Dedicates 12% of Its Genome to Secondary
Metabolism. To gain insight into the symbiont’s biosynthetic po-
tential, with particular focus on the molecular basis of necroxime
biosynthesis, we aimed at sequencing the genome of the endo-
symbiont. Attempts to isolate and cultivate the endosymbiont in
the absence of the fungal host, however, proved to be futile.
Methods previously used to axenically cultivate similar fungal
endobacteria did not enable growth of the endosymbionts (33,
37), indicating a strong dependence of the bacterial symbiont on
the host environment. Thus, we sought to enrich the symbiotic
bacteria for DNA isolation. Initially, physical disruption of the
host’s mycelium resulted in high levels of contamination with
fungal DNA, which complicated the assembly of the endosym-
biont’s genome. Eventually, we succeeded in retrieving a bacte-
rial cell pellet by filtration and centrifugation of the turbid
supernatant of shaking cultures in baffled flasks and isolated the
genomic DNA from resuspended bacteria.

The genome of the bacterial endosymbiont was sequenced
using a combination of Oxford Nanopore MinION and Illumina
NextSeq sequencing, and both data sets were used to generate a
hybrid genome assembly. Of the 118 contigs, a single 2.4 Mb
contig of putative bacterial origin was identified through ho-
mology searches using the Mycoavidus-like 16S rDNA sequence
previously amplified from M. verticillata NRRL 6337. Following
trimming of overlapping ends (suggesting a circular chromo-
some) the final 2.2 Mb contig was found to contain 1,768 CDS, 6
rRNAs, 42 tRNAs, and a GC content of 50.6% (genome ac-
cession number: PRINA733818). The 16S rDNA sequence of
the new strain has 98.82% nucleotide identity to M. cysteinexigens
B1-EBT (33). Even so, genomic comparisons showed an average
nucleotide identity of only 81.85% across the two genomes. By
current standards for molecular species discrimination, the newly
identified Mortierella endosymbiont should be considered a new
species (Ca. M. necroximicus) (38, 39).

By comparative genomic analyses, we noted that the genomes
of the two endofungal strains AG77 and B1-EB" isolated from
M. elongata (33, 35) are 400 to 500 kb larger than the genome of
Ca. M. necroximicus. Only the genome of strain B2-EB isolated
from M. parvispora (34) is smaller (~500 kb) than the genome of
Ca. M. necroximicus (2.2 Mb). When investigating shared protein
orthologs, we noted that a core genome encoding 1,164 proteins
exists among the four genomes at the 70% identity level (Fig. 24).
However, a further all-versus-all comparison showed B1-EB' and
AGT77 to be the most closely related as they share ~75% of their
deduced proteome. The B2-EB and Ca. M. necroximicus strains
are more distantly related to B1-EBT and AG77, as well as each
other, with only a small number of proteins shared exclusively with
either B1-EB" (20 and 17 proteins, respectively) or AG77 (17 and
22 proteins, respectively) (Fig. 2B).

Whereas biosynthetic gene clusters (BGCs) are present in the
genomes of all four studied Mortierella symbionts, antiSMASH
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Fig. 1. Bacterial origin of cytotoxic benzolactones from M. verticillata cultures. (A) Cytotoxic lactone compounds assigned to endofungal symbionts from the
fungus R. microsporus (1-4), M. verticillata (3—-4), Pseudomonas sp. (5), and a tunicate and the bacterium Gynuella sunshinyii (6). (B) Metabolic profiles of
extracts from Burkholderia sp. strain B8 and M. verticillata NRRL 6337 as symbiont or cured strain as total ion chromatograms in the negative mode. (C)
Fluorescence micrograph depicting endosymbionts living in the fungal hyphae; staining with Calcofluor White and Syto9 Green. (D) Phylogenetic relation-
ships of Mortierella symbionts, Burkholderia sp. strain B8, and other bacteria based on 16S rDNA. BRE, Burkholderia-related endosymbiont of Mortierella spp.
(E) Metabolic profiles of extracts from M. verticillata NRRL 6337 and other necroxime-negative M. verticillata strains analyzed for endosymbionts in this study

as total ion chromatograms in the negative mode. M, medium component. (F) Growth of symbiotic M. verticillata NRRL 6337 in comparison to the
cured strain.

analysis (40) revealed that the biosynthetic potential for sec-
ondary metabolites is by far the greatest in Ca. M. necroximicus
(Fig. 2C). Despite the relatively small genome for Mycoavidus
standards, ~12% of its protein-encoding capacity is dedicated to
natural product biosynthesis. We identified nine nonribosomal
peptide synthetase (NRPS) gene clusters, two polyketide syn-
thase (PKS) gene clusters, two hybrid PKS/NRPS gene clusters,
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and five other BGCs (Fig. 2D). Notably, several large PKS and
NRPS gene loci present in the Ca. M. necroximicus genome are
absent in the genomes of strains B1-EBY, B2-EB, and AG77
(Fig. 2B). This BGC list includes a cryptic BGC (Mcyst_0009-0017)
encoding a PKS/NRPS hybrid that shows high similarity to the
necroxime assembly line from Burkholderia sp. strain B8 (97%
coverage, ~70% amino acid identity), which has been unequivocally
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linked to necroxime biosynthesis by targeted gene knockouts
(Fig. 2E) (27). The only major difference between the two BGCs is
the NRPS gene necA, which is missing in the genome of Ca. M.
necroximicus. This finding is in full agreement with the current
biosynthetic model, since NecA is responsible for the attachment of
the peptide side chain in 1 (Fig. 14) (27), which is absent in 3 and 4.
Furthermore, the architecture of the encoded PKS/NRPS modules
is perfectly in line with the biosynthesis of the benzolactone
enamide backbone of 3 and 4. Based on these in silico predictions,
we inferred that this PKS/NRPS hybrid gene cluster codes for the
biosynthesis of 3 and 4 (SI Appendix, Figs. S6 and S8). Together
with the metabolic profiling of the cured fungal strain, these data
indicate that the bacterial endosymbionts, not the fungus, are the
true producers of the benzolactones 3 and 4. CJ-12,950 and CJ-
13,357 are thus important additions to the small group of natural
products that were believed to be fungal metabolites but are actually
produced by bacterial endosymbionts; rhizoxins (41) and rhizonins
(42) from symbionts of Rhizopus microsporus (43), and endolides
from Stachylidium bicolor (44). From an ecological viewpoint, it is
remarkabe that endosymbiotic bacteria were identified as the true
producers of the virulence factor of the rice-seedling blight fungus
R. microsporus (36, 37, 45). Given the different ecological context of
Mortierella, however, we assumed that the necroximes may have
another function in microbial interactions.

Necroximes Protect the Fungal Host from Nematode Attacks. To
learn more about the potential role of necroximes (3 and 4) in
the ecological context of the Mortierella—Mycoavidus symbiosis,
we investigated whether these toxins could impair the growth of, or
even kill, competitors. Therefore, we considered that the common
natural habitat of Mortierella species, including M. verticillata NRRL
6337, is soil, and that microbial survival in the soil environment is
not only determined by the capacity to grow under harsh conditions
but also by the ability to defend oneself from (micro)predators (46).
Among the most abundant fungal predators are nematodes, which
share the same soil habitat as Mortierella (47).

To determine if 3 and 4 or any other endobacteria-derived
substance have anthelmintic activity, we first performed a via-
bility assay against the model organism, Caenorhabditis elegans
(48). We cultivated both cured (Mycoavidus-free) and symbiotic
M. verticillata NRRL 6337 on potato dextrose agar (PDA agar).
Cultures were extracted, and each extract was fractionated by
preparative HPLC. The individual fractions (F1 to F9) were
subsequently tested against C. elegans. Anthelmintic activity in this
assay was determined by the ability of C. elegans to feed on a
supplied Escherichia coli food source in the presence of the dif-
ferent fractions. Consumption of bacteria indicates unimpeded
nematodes, whereas growth of E. coli indicates that the nematodes
are negatively affected by the added substances (Fig. 34). Notably,
all fractions of the extract obtained from the cured strain culture
were found to be inactive in the C. elegans assay. In contrast, we
observed a marked nematocidal activity of fraction 6 from the
extract of the symbiotic fungus. By LC/MS measurements we
confirmed the presence of 3 and 4 in the active fraction. In order
to determine the anthelmintic potency of the major metabolite 4,
we performed the viability assay against C. elegans using increasing
concentrations of the pure substance and determined an inhibitory
concentration at 50% (ICsq) value of 11.3 pg - mL™" (24.66 uM)
(Fig. 3B). Interestingly, the amount of isolated necroximes from
fungal cultures grown on agar plates is ~11 pg - mL™". Assuming
that the actual concentration in fungal hyphae is slightly higher
due to an uneven diffusion into the agar and some loss during the
purification steps, we conclude that the concentrations inside and
around the fungal mycelium are sufficiently high to fully protect it
from mycophagous nematodes.

In order to corroborate a potential host-protective role of the
symbiont-derived toxin, we next focused on a fungivorous nem-
atode. Therefore, we selected Aphelenchus avenae, a predator
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using a stylet to feed on fungi, which pierces the fungal cell wall
and allows the fungivore to ingest the fungal cytoplasm (49, 50).
Sharing the same soil habitat, 4. avenae represents a realistic
predator of Mortierella spp. (51). To investigate the effects of sym-
biotic and cured M. verticillata strains on the feeding behavior and
survival of A. avenae, we determined the number of animals that
were harvested from fungal-nematodal cocultures. In addition, we
compared the mobility ratios of the nematodes in correlation to the
presence or absence of the bacterial symbiont. As a control, we
employed the symbiont-bearing, but necroxime-negative, M. verti-
cillata strain CSB 22535 (Fig. 1E), thus ruling out an influence
solely based on the presence of bacterial symbionts.

To determine nematodal propagation rates, we inoculated
plate cultures of symbiotic and cured fungi with 4. avenae and
cocultivated both organisms for 17 to 24 d (three biological trip-
licates). Subsequently, nematodes were isolated from the coculti-
vation plates by Baermann funneling (52), transferred onto water-
agar plates, and counted by stereomicroscopic visualization. We
found that significantly fewer nematodes are able to grow in the
presence of the necroxime-producing endosymbionts (Fig. 3C and
SI Appendix, Fig. S9 and Tables S5 and S6).

To scrutinize the effect of the toxin on the fitness of the fun-
givorous nematodes, we harvested the animals from cocultures
and determined their movement—and thus the mobility ratios—
by image analysis and mathematical quantification (Fig. 3D).
Using stereoscopic time series to track their movement, we com-
pared the area covered by each moving nematode during the time
series to the area covered solely by its body without movement,
allowing us to differentiate active (living) from inactive (dead or
paralyzed) animals. Analyzing a minimum of 176 nematodes from
three independent experiments, we observed a significant de-
crease in the mobility ratio of nematodes grown on symbiotic M.
verticillata NRRL 6337 compared to cured NRRL 6337 cultures
and to necroxime-negative CSB 225.35 cultures (Fig. 3E and
SI Appendix, Fig. S10 and Tables S7 and S8).

HPLC analyses of the plate extracts detected necroximes only
in symbiotic cultures of NRRL 6337 but not in cured strains or
CBS 225.35, correlating once again the toxins with reduced
numbers and lower fitness of the nematodes. To unambiguously
assign the nematocidal activity in the propagation assay to the
necroximes, we repeated the A. avenae assay with the cured
Mortierella strain and chemically complemented the major toxin.
Specifically, we overlaid the cured strain NRRL 6337 with so-
lutions of 4 in increasing concentrations (25 pM [ICsg], 50 pM,
109 pM, and 219 puM). We then compared A. avenae propagation
in necroxime-complemented cultures to untreated cured as well
as symbiotic fungi by microscopic examination after two weeks of
coincubation. For cultures supplemented with 25 pM or 50 pM
of 4, we noted a moderate reduction of nematode propagation,
whereas in cultures supplemented with 109 uM or 219 uM of 4
the presence of nematodes in the fungus was abolished (Fig. 3F
and SI Appendix, Figs. S11 and S12). The elevated concentrations
compared to the ICsy value can be explained due to an uneven
distribution of 4 into deeper layers of the hydrophobic fungal
colony and the ongoing growth of fungal hyphae, which were not
wetted with toxin solution. Nonetheless, these experiments un-
ambiguously verified that the chemical complementation restores
the anthelmintic effect. Thus, we uncovered an important role of a
natural product in the complex tripartite interplay of symbiont,
host, and (micro)predator (Fig. 3G).

Conclusions

In this study, we uncovered a previously overlooked bacterial
endosymbiont that protects the important soil-dwelling fungus
M. verticillata from a fungivorous nematode. Comparative ge-
nomics indicate that the yet unculturable bacterial symbionts
belong to a new species that is endowed with a high biosynthetic
potential. Through metabolic profiling of the symbiotic wild type
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nematode growth is impaired by the fraction, E. coli cells are not consumed, and thus the ODgq is not altered (error bars represent mean of three biological
replicates). The red asterisk represents 4. (B) Toxicity screening of 4 against C. elegans. The red line marks ICso at 11.3 ug - mL™" (24.66 uM; 95% Cl, 21.45 to
28.37 pM; error bars as mean of five biological replicates). (C) Nematode counts from propagation assay of M. verticillata and A. avenae cocultures. Bars
represent relative nematode numbers compared to the mean of the nematode count from cured M. verticillata NRRL 6337 cultures. cur., cured; sym.,
symbiotic. *P < 0.02; ***P < 0.001; ****P < 0.0001. Data represent three biological replicates with three technical replicates each. (D) Workflow of image
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and cured aposymbiotic fungi, we provide evidence that the
endofungal bacteria are the true producers of highly toxic macro-
lides that were previously believed to be fungal metabolites. Im-
portantly, these compounds (necroximes) efficiently protect the
host from nematode attack, as demonstrated by coculture experi-
ments, chemical complementation, and image analyses. Thus, this
work not only reveals an ecological role of endofungal bacteria but
also introduces a strategy to ward off micropredators. Conse-
quently, the bacterial biosynthesis of necroximes provides an ad-
vantage of the fungal-bacterial alliance over other aposymbiotic or
necroxime-negative symbiotic M. verticillata strains in the soil niche.
Beyond inspiring the discovery of related tactics in symbioses, our
findings may set the basis for new biocontrol agents, with the
prospect of shielding plant hosts from plant-pathogenic nematodes.

Materials and Methods

Isolation of Natural Products. For 3 and 4 isolation, M. verticillata NRRL 6337
was cultivated on PDA plates (Bacto, BD) at 26 °C. The culture was extracted
twice with 1:1 volume of ethyl acetate overnight. The organic phase was
concentrated under reduced pressure and the residue was dissolved in
methanol. The extracts were prefractionated on an open Sephadex LH-20-
column with methanol as eluent. Necroxime-containing fractions were further
purified with a preparative HPLC under following conditions: A, H,O + 0.01%
TFA; B, methanol; and 15 to 100% B in 35 min, 15 mL - min~' [Phenomenex,
Luna, 10 pm, C18(2), 100 A, 250 x 21.2 mm]. NMR analysis was carried out on
a 600 MHz Avance Ill Ultra Shield (Bruker), and signals were referenced to
the residual solvent signal (DMSO-dg).

Identification of Endosymbionts in M. verticillata. For the preparation of cured
fungal strains, fungi were continuously subcultivated at 24 °C on PDA plates
containing 40 pg - mL™" ciprofloxacin or 50 pg - mL™" kanamycin for several
months. After phenotypic changes were observed by eye, an agar plate of
each fungal culture was extracted with 20 mL ethyl acetate and controlled
for the absence of 3 and 4 by LUMS. Final verification of the cured fungal
strains was performed by fluorescence staining (Calcofluor White Stain
[Sigma] and SYTO 9 Green [Invitrogen]).

Genome Assembly for Ca. M. necroximicus. M. verticillata NRRL 6337 was
grown in MM9 medium (53) and orbitally shaken at 160 rom and 26 °C. The
turbid supernatant, containing bacteria from disrupted hyphae, was twice
filtered through a membrane (pore diameter, 40 pm) and centrifuged
(12,000 x g, 25 °C, 10 min) until a stabile pellet occurred. The genomic DNA
was extracted with the MasterPure DNA Purification Kit (Epicentre). For
long-read sequencing on the MinlON platform, DNA quality was evaluated
by pulsed-field gel electrophoresis and prepared for sequencing according
to the protocol of the Ligation Sequencing kit (Oxford Nanopore). DNA was
loaded onto a single MinlON flow cell, and data were collected over a 72-h
period. DNA was prepared for sequencing on the Illumina NextSeq platform
using the Nextera XT DNA preparation kit (Illumina) with x150 bp paired
end chemistry and with a targeted sequencing depth of >50x. Combined
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