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Effective protection of soil fungi from predators is crucial for their survival in the niche. Thus, fungi have
developed efficient defence strategies. We discovered that soil beneficial Mortierella fungi employ
a potent cytotoxin (necroxime) against fungivorous nematodes. Interestingly, this anthelminthic agent is
produced by bacterial endosymbionts (Candidatus Mycoavidus necroximicus) residing within the fungus.
Analysis of the symbiont's genome indicated a rich biosynthetic potential, yet nothing has been known
about additional metabolites and their potential synergistic functions. Here we report that two distinct
Mortierella endosymbionts produce a novel cyclic lipodepsipeptide (symbiosin), that is clearly of bacterial
origin, but has striking similarities to various fungal specialized metabolites. The structure and absolute
configuration of symbiosin were fully elucidated. By comparative genomics of symbiosin-positive strains
and in silico analyses of the deduced non-ribosomal synthetases, we assigned the (sym) biosynthetic
gene cluster and proposed an assembly line model. Bioassays revealed that symbiosin is not only an
antibiotic, in particular against mycobacteria, but also exhibits marked synergistic effects with necroxime
in anti-nematode tests. By functional analyses and substitution experiments we found that symbiosin is
a potent biosurfactant and that this particular property confers a boost in the anthelmintic action, similar
to formulations of therapeutics in human medicine. Our findings illustrate that “combination therapies”
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the other partner may possess the genomic abilities to bio-
synthesize a selection of natural products, such as communi-
cation molecules, UV-protectants or antibiotics.”*" A

Introduction

Symbiotic associations are widespread among all kingdoms,

(cc)

shaping not only the lifestyle of the involved partners, but also
the surrounding environment and ecological systems.'™
Omnipresent in all of the world's habitats, in marine environ-
ments, flora and soil biotopes, symbioses can influence the
diversity and composition of species in an ecological commu-
nity and thus play a central role in the development and
maintenance of an ecological system.*®* In mutualistic associ-
ations, partnerships that are beneficial to all symbionts,
different organisms live together and combine their individual
skills to promote assertiveness or supply nutrients to the alli-
ance.>®'® While one partner may provide the food supply,****
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particularly important role is played by the diverse defense
molecules provided by symbionts against competing bacteria,
fungi or even higher organisms that can protect the host from
predators. Many studies have shown that symbioses are valu-
able sources of natural products with pharmaceutically relevant
activities such as antibiotics or anti-cancer compounds.*®'*>*
The molecules not only provide a rich source of new, efficient
drug candidates, but can teach us strategies which can be
adapted in agriculture or medicine.

Among the different symbiotic lifestyles are associations
between fungi and bacteria, with endosymbiotic interactions
being the most intimate examples.>*® In these partnerships the
bacteria live inside the fungal hyphae and benefit from a steady
environment and nutritional support. Meanwhile, the fungus
can be influenced in its reproduction,”** growth behavior,*
energy dynamics,*" and by host-supporting secondary metabo-
lites biosynthesized by the bacterium.***

Symbioses between fungi and endobacteria are most abun-
dant in the fungal phylum Mucoromycota, harboring Bur-
kholderia-related bacteria.”*** Beside the well-studied symbiosis
between Rhizopus microsporus and Mycetohabitans rhizoxinica,
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where the endosymbiont produces the highly cytotoxic macro-
lide rhizoxin,** a high prevalence of endosymbiotic bacteria
among the Mortierellomycotinan fungi was reported.* Previous
studies regarding the existence of endosymbionts in different
Mortierella strains revealed the presence of bacteria in 37% of
the tested species.*

Among the known endosymbiont harboring and soil bene-
ficial Mortierella strains is Mortierella verticillata NRRL 6337. We
recently discovered that the antihyperlipidaemic, but also
highly cytotoxic necroximes C and D (1 and 2; syn. CJ12.950 and
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Fig. 1 Natural products of Candidatus Mycoavidus endosymbionts
inhabiting M. verticillata strains. (A) Structure of necroxime C (1) and D
(2), produced by the endosymbiont of M. verticillata NRRL 6337 (Ca.
Mycoavidus necroximicus). (B) Symbiotic (left) and cured (right)
cultures of M. verticillata NRRL 6337 and SF9855. (C) Fluorescence
microscopy pictures and the corresponding brightfield pictures (of M.
verticillata SF9855 with its endosymbiont (left) and as a cured strain
without endosymbionts (right)). (D) Metabolic profiles of the two
symbiosin producer strains and their corresponding cured (cur.)
strains. (E) Phylogenetic relationships of symbiosin producer strains,
additional endosymbiotic bacteria from M. verticillata screened in this
work (Candidatus Mycoavidus spp.), and other fungi.

104 | Chem. Sci, 2023, 14, 103-112

View Article Online

Edge Article

CJ13.357)* (Fig. 1A), formerly believed to be fungal metabolites,
are not produced by the fungus but its endosymbiotic bacteria.**
Moreover, the necroximes exhibit anthelmintic activity and
function as potent protectants against nematodal
micropredators.*

Genome analysis of the necroxime-producing endobacte-
rium Candidatus Mycoavidus necroximicus revealed 18 addi-
tional biosynthetic gene clusters for secondary metabolites, for
which no corresponding metabolites have been identified.*
This high metabolic potential is unusual among Mycoavidus
endosymbionts,* and other symbiont metabolites that may
have additional or synergistic protective effects for the host
fungus are unknown.

Here we show that obligate endosymbiotic bacteria of two M.
verticillata strains produce a novel cyclic lipodepsipeptide,
symbiosin (3). We report that 3 not only acts as an anti-
mycobacterial agent, but also boosts the toxic effect of necrox-
ime D against nematodes and thereby enhances the protective
effect of the bacterial metabolites. Our findings illustrate that
“combination therapies”, known from human medicine, also
occur in an ecological context as a strategy to shield fungi from
predators.

Results and discussion

Discovery of a novel cyclic depsipeptide from a fungal-
bacterial symbiosis

To investigate the biosynthetic potential of bacterial endosym-
bionts of M. verticillata, we monitored the metabolic profiles of
seven fungal strains for which we have verified the presence of
Mycoavidus bacteria by PCR (16S rDNA).** We varied culture
conditions and media, and analyzed the culture extracts by
high-performance liquid chromatography (HPLC). In order to
assign specialized metabolites to the endosymbionts,
compared symbiotic M. verticillata strains with symbiont-free
(cured) M. verticillata strains (Fig. 1B and C). In the culture
broths of two strains, M. verticillata NRRL 6337 and M. verti-
cillata SF9855, we detected a previously unknown compound
(3), named symbiosin (Fig. 1D and S1, ESIf). Using high-
resolution electrospray ionization mass spectrometry (HRESI/
MS) we assigned a mass of 962.5 Da to 3 and deduced its
chemical formula of C,oH,(NgO;, (caled m/z 963.5186 [M + H|
and found m/z 963.5184 [M + H]'). The MS/MS fragmentation
pattern indicated a peptide backbone. Retention times, exact
masses and MS/MS fragmentation patterns of the metabolites
detected in the symbiotic M. verticillata NRRL 6337 and M.
verticillata SF9855 cultures proved to be identical.

Interestingly, a phylogenetic analysis of amplified 16S rDNA
of the endosymbionts shows that the symbionts associated with
a symbiosin-positive phenotype are more closely related to each
other than to the other fungal endosymbionts of M. verticillata
(Fig. 1E, adapted from previous findings).>* Notably, the new
compound could not be detected in cultures of the sterile fungal
strains lacking the endosymbiotic Ca. Mycoavidus strains
(Fig. 1D), suggesting that either symbiosin is produced by the
endobacteria or the presence of the endosymbionts triggers
symbiosin production in the fungal host.

we

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To characterize the new metabolite, we subjected the ethyl
acetate extract of a five week-old holobiont culture (4 L) to size-
exclusion chromatography with Sephadex LH-20, followed by
preparative HPLC, yielding 8.8 mg of pure 3. By a combination
of 1D- and 2D-NMR measurements, LC-HRESI/MS, hydrolysis
and LC-HRESI/MS/MS fragmentation, we elucidated the struc-
ture of 3 (Fig. 2A). The number of proton and carbon signals
measured in '"H and *C NMR experiments supports the
chemical formula deduced from HRESI/MS data. >*C NMR and
DEPT135 measurements identified 13 quaternary carbon
atoms, 16 methines, 18 methylenes, and two methyl groups.
Additional signals in the "H spectrum indicated the presence of
seven primary amide protons. "H-'"H COSY spectra in combi-
nation with HMBC couplings revealed the amino acid sequence
of Gln, Thr, B-Ala, Trp, Ser, and Tyr with an ester bond between
the carbonyl-group of Tyr and the hydroxy-group of Thr.
Furthermore, we found that 3-hydroxy-myristic acid is attached
to the N-terminus of Gln (Fig. 2A and Table S10, ESIt). By means
of Marfey's method we determined the absolute configurations
of the amino acids, p-Gln, 1-Thr, p-Trp, r-Ser and p-Tyr. Mosher
esterification followed by HPLC analysis revealed the 3R-
configuration of the hydroxy fatty acid (Fig. 2B, C and S4, ESI¥).
Taken together, symbiosin is a previously unknown compound
belonging to the family of cyclic lipodepsipeptides.

Bacteria-produced symbiosin resembles fungal metabolites

Interestingly, symbiosin is structurally similar to the known
natural products colisporifungin (4), ophiotine (5), verruculin
(6), and aselacin A (7) (Fig. 3A and B).>***° It is remarkable that
all of these compounds (4-7) have been isolated from fungi of
the phylum Ascomycota, which are not described to harbor
endosymbionts. Except for the terminal amino acids that are
involved in lactone ring formation, the peptide backbones of
lipopeptides 3-7 are almost identical. The main differences
between these lipopeptides are notable in the fatty acid side
chains. In contrast to 4-7, 3 has a B-hydroxy fatty acid attached
to the extracyclic glutamine residue (Fig. 3B). The presence of
a B-hydroxy fatty acid is a hallmark of lipopeptides from Gram-
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negative bacteria,* thus implicating endobacteria as the source
of 3. Validations of the biosynthetic assembly line of 4-7 are not
possible, as no genomic data of the fungi are available.

Genetic origin and model of symbiosin biosynthesis

To support the assumption that bacteria are the producers of 3,
and to rule out a fungal biosynthesis, we searched for the gene
cluster coding for the symbiosin assembly line. First, we used
fungal antiSMASH to search for a possible biosynthetic gene
cluster in the fungal genome of M. verticillata NRRL 6337.*
Although genes encoding NRPSs could be identified, the
deduced assembly lines do not fit the structure of 3 (Fig. S57).
Thus, we turned to the endobacterial genomes.

We reasoned that the discovery of the candidate gene clus-
ters would be facilitated by comparison of the endobacterial
genomes of both symbiosin-positive symbioses. Therefore, we
isolated and sequenced the genomic DNA of the Candidatus
Mycoavidus sp. of M. verticillata SF9855 (GenBank: CP102085)
in a similar way as previously performed for Ca. M. necrox-
imicus.*® The availability of two related genome sequences
proved to be helpful in the reassessment of the genome of
Ca. M. necroximicus (GenBank: CP076444) and the assembly of
related contigs by means of Sanger sequencing allowed us to
rectify the genome sequence. The average nucleotide identity of
both genomes is 96.91%, meaning that they can be considered
the same species.*” Mining of the endosymbiont genome
sequences revealed several putative NRPS gene clusters
(Fig. 4A). Among the deduced NRPS-type assembly lines, we
identified one in both genomes that is the best candidate for the
biosynthesis of 3 (Fig. 4B and S7, ESIt).

The deduced sym NRPS consists of seven modules. In silico
prediction of the adenylation (A) domain specificities* indi-
cated that the first six modules would produce a heptapeptide
composed of Gln, Thr, B-Ala, Trp, Ser, and Tyr, which is in full
agreement with the hexapeptide backbone of 3 (Tables S3-S6,
ESIt). The A domains of these modules have a similarity
between 64.5% and 82.8% in both strains (Table S4, ESIY).

H
N
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= L-Ser Wi\ rac-3-OH myr.
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12 15
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Fig. 2 Structure elucidation of symbiosin. (A) Structure of symbiosin (3) with key *H-H COSY and *H-*C HMBC couplings from 2D-NMR
experiments. (B) Absolute configuration of 3 and used analysis methods. (C) Chromatographic profiles of Mosher ester analysis for configuration
elucidation of the hydroxy myristic acid residue (myr.) in symbiosin (sym).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2023, 14,103-112 | 105


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04167g

Open Access Article. Published on 21 November 2022. Downloaded on 10/31/2025 5:33:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

- waR

- .,

- NH O o) OH
Symbiosin (3) NH HNI/@

ZT

Dode ! \)CL p-Gln
~ ) ~ W
) - R NH,

A
0] NH | -Thr
(¢) CH3
% B-Ala o-Phe
Colisporifungin (4)

NH O 0
NH HN

Ca. M. necroximicus H Colispora cavincola H
Bacterial symbiont of o-Trp N \/&O Ascomycota o-Trp N \/&O
Mortierella verticillata 4 H L-Ser 4 H -Ser
XN “SOoH A SoH
NH NH
A} N - ’
6 Q oG Decz H Q oG
N \\\\)J\ H. ) ) A ) N l‘\\\)k
Y NH, ~ ‘/ ;\ NH,
o NH -Thr o] NH (-Thr
(0] CH3 Ex (0] CH3
W B-Ala o-Tyr = B-Ala b-Phe
NH O_ _O OH * NH O_ _O
| ol . o
Verruculin (5) NH HN Ophiotine (6) NH HN
Verruculina enalia H Ophiosphaerella. sp. H
Ascomycota o-Trp N_vgo Ascomycota o-Trp N \_/go
o H -Ser z L-Ser
N SOH SoH
NH
- H Q oGin
[ _ N _‘\\\\)k
MN| ;\ N B
o NH 1y EEndobacteriaI e c
1
OWCHS 1Symbiosin (3): - p-GIn - L.-Thr - B-Ala - b-Trp - L-Ser - b-Tyr C
.
[ - N I 00000 eeeeEeEE000000000000000000000000000000003 ‘

(0] (0]

. 0:<\/ :/[/Gly
Aselacin A (7) NH HN
Acremonium sp. H
p-Trp [e)

o p-Ser

AN OH
NH

Ascomycota

Fungal (Ascomycota) % E = %
- p-GIn - L-Thr - B-Ala - p-Trp - L-Ser - b-Phe
-D-GIn - L-Thr - B-Ala - b-Trp - L-Ser - p-Tyr
- D-GlIn - L-Thr - B-Ala - p-Trp - L-Ser - b-Phe
- D-GIn - L-Thr - B-Ala - b-Trp - p-Ser - Gly

Colisporifun. (4):
Verruculin (5):
Ophiotine (6):
Aselacin A (7):

Fig. 3 Structural similarities between symbiosin and related fungal lipopeptides. (A) Structures of compounds similar to symbiosin (3) (col-
isporifungin (4), ophiotine (5), verruculin (6), and aselacin A (7)) produced by Ascomycota. Structural differences are colour-coded. (B)

Comparison of fatty acid and amino acid sequences of 3 and similar c

The presence of a seventh NRPS module is, however,
surprising. Scrutinizing the amino acid sequence of this
terminal module indicated several variations in conserved core
motifs (Table S4 and Fig. S8, ESIt) and the complete loss of
a flavodoxin-like A subdomain with catalytically important core
residues in one of the deduced NRPS sequences (Fig. S8 and S9,
ESIT).*** The identity between these extra modules is high at
96.36%, whereas the identities to all other domains are between
38.7% and 44.7% (Table S4, ESIT). Thus, we concluded that
module seven does not incorporate any additional amino acids.
There has been precedence that such catalytically non-
functional NRPS modules are skipped.*®*’

106 | Chem. Sci, 2023, 14, 103-112

ompounds.

A particularly valuable indicator for the identity of the sym
NRPS is the B-Ala specificity of module 3. We determined the
Stachelhaus-code sequence and active site residues proposed
for B-Ala specific domains (Fig. S10, ESIT).***® Specifically, the
position of the aspartate residue, which is usually conserved in
A domains in the A4 motif of a-amino acids (FDxS), differs in all
described B-Ala specific A domains (Fig. S10, ESI}).**** This
deviation is plausible because the negatively charged carboxy
group of this aspartate residue interacts with the amino group
of the incorporated amino acid,* and the spatial arrangements
of the a- and B-amino groups clearly differ in the active site.

In addition to the A domain specificities of the other six
modules, the condensation (C) domains of the deduced

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04167g

Open Access Article. Published on 21 November 2022. Downloaded on 10/31/2025 5:33:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

g friee Chemical Science
A 1.0 B
Ca. M. sp. = g s B e
SF9855 o2 adenylyl
' Ca. M. sp. = NRPS 2K
SF9855 transterase [ b

Ca. M.
necroximicus

ENRPS

l[[ : sym (MSF9855_01399) I : l I

Prctrcrctnctne T ®
sym (Mnec_01357)

Prctictnctn BN ®

Ca. M. O OPKs
necroximicus I NRPS/PKS hybrid
15 10 [Jother
C sym
Module 1 Module 2 Module 3 Module 4 Module 5 Module 6 Module 7 Off-
FA D-Gln L-Thr B-Ala D-Trp L-Ser D-Tyr skipped  loading
A A A ) A A @
Cs HJ/@ Dual }J{@ L T Dual | @ oh
S NH, S s S
OM Ho>_2:o 0
[¢]
HN H,C NH NH, — 3
o 0o HN o
0 HO o \—2: i
21OH HN NH \
R o) H,C NH NH, HN o o
(o] HO (o}
R HN H,C H NH, HN (0]
(e} O HO o)
R=(CH,),.CH, gz :Sﬂo }—2:
“1OH HN H,C NH NH, HN
R (o] (0] HO 0
X R
OH HN HsC NH NH,
R le} O
Mo
WOH HN
R o}
-11OH
R

Fig. 4 Secondary metabolites encoded in bacterial genomes and the model of symbiosin (3) biosynthesis. (A) Comparison between the
genomes of Ca. M. sp. SF9855 (GenBank: CP102085) and Ca. M. necroximicus (GenBank: CP076444). (B) Symbiosin biosynthesis gene cluster in
the genomes of Ca. M. sp. SF9855 and Ca. M. necroximicus; hypo: hypothetical protein. (C) Proposed assembly line for symbiosin. FA: fatty acid;
C: condensation domain (S: starter; dual: condensation/epimerization); A: adenylation domain; T: thiolation domain; E: epimerization domain;
TI: TIGR01720 domain, domain of unknown function; TE: thioesterase domain.

modules fit the experimentally determined structure and
absolute configuration of 3 (Fig. 4C). Specifically, the Cgerer
domain would load (R)-3-hydroxy-myristic acid, as these
domains are known to introduce fatty acids onto the C-terminus
of initiating NRPs.*® The dual condensation/epimerization C
domains (Cpyq) in modules 2 and 5 are responsible for the
epimerization of the prior amino acid, resulting in p-Gln and p-
Trp.** A third Cpy, domain is found in module 4, which would

© 2023 The Author(s). Published by the Royal Society of Chemistry

act on B-Ala. Since B-Ala has no stereocenter, no epimerization
can take place on this amino acid. In the case of p-Tyr, an
additional epimerization domain changes the configuration of
the introduced r-amino acid building block into the p-isomer.
The remaining “C -domains in modules 3 and 6 are in accor-
dance with the determined configurations of r-Ser and r-Thr.
Although it is impossible to rigorously verify the gene cluster
assignment by functional gene analysis in the as-yet

Chem. Sci., 2023, 14,103-112 | 107
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unculturable symbionts, the genomic and bioinformatic anal-
yses provide strong evidence for the identity of the sym gene
cluster encoded in the bacterial genome.

Symbiosin is an antimycobacterial agent

To identify potential biological functions of the symbiont-
derived lipopeptide, we subjected 3 to a panel of whole-cell
bioassays using representative bacterial and fungal strains, as
well as cancer cell lines. No cytotoxicity was observed on HeLa
cells or HUVEC cells and only a moderate antiproliferative effect
on K-562 (37.5 uM) was observed (Table S7, ESIT). In an initial
antimicrobial assay 3 showed moderate activity against several
bacterial strains, including Bacillus subtilis 6633B1, Staphylo-
coccus aureus 511B3 and vancomycin-resistant Enterococcus
faecalis 1528R10, and was found to be particularly active against
Mycobacterium vaccae (Table S8, ESIT). Thus, we tested a range of
mycobacteria and determined MIC values of 3 against M. vaccae
(6.49 uM), Mycobacterium smegmatis (6.49 uM), and Mycobacterium
aurum (12.98 pM). Interestingly, anti-mycobacterial activities,
which have been evaluated for 5 and 6, were only reported for 6,*
which shares tyrosine with 3 as the macrocyclic ring-forming
amino acid.

Synergistic effect of bacterial metabolites protects the fungal
host from nematodes

Since the structurally related 5 has moderate nematocidal
activities,*” and because Ca. M. necroximicus has been found to
protect the host from nematode attacks,*® we next tested the
anthelmintic activity of 3. Surprisingly, 3 alone showed no effect
on the model nematode Caenorhabditis elegans (concentrations
up to 100 pg mL™'). To evaluate a potential synergistic effect
with the necroximes, we evaluated the combined activity of
necroxime (2) on C. elegans in the presence of three different
concentrations of 3 (0.2 ug mL™", 2 ug mL~" and 20 ug mL™;
notably, 2.2 ug mL ™" corresponds to the amount of 3 isolated
from fungal holobiont cultures). Therefore, we incubated the
nematodes and their bacterial food source in liquid media with
increasing concentrations of 2, while keeping a steady concen-
tration of 3. Subsequently, we measured the ODgo, of the
bacterial suspension, which is an indirect measurement for
nematode viability.”* The ICs, of necroxime alone was deter-
mined to be 10.78 pug mL ™" (11.4 ug mL~",*® 95% confidence
interval 9.83-13.00 ug mL™'; Fig. 5A). If necroxime (2) was
combined with 3, the anthelmintic activity increased with ICs,
values of 6.22 pg mL™", 5.79 pg mL™~ " and 4.13 pg mL™" nec-
roxime, if 0.2 pg mL™", 2 pg mL™" or 20 pg mL™" of 3 was
present, respectively (Fig. 5A, B and S11, ESIf).

Considering that 3 alone has no effect on the nematodes, we
wondered how this synergistic effect is achieved. The structure
of 3, consisting of a lipophilic fatty acid residue and partially
hydrophilic amino acids, suggested that it acts as a bio-
surfactant, which might influence the permeability of
substances into the nematodes. We verified the predicted bio-
surfactant activity of 3 by means of drop collapse assays
(Fig. 5C). To test whether the synergistic effect of 3 is based on
its tenside activity, exchanged 3 with

we another
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Fig. 5 Biological activities. (A) Synergistic anthelmintic effect of
necroxime D (2) and symbiosin (3). Nematode viability measure-
ments in the presence of 3, different concentrations of 2 and of 2 in
combination with 0.2 pg mL™%, 2 pg mL™ or 20 pug mL™* 3. (B)
Differences in ICsg measured for necroxime alone (ICsq: 10.78 png
mL™L; 23.54 uM, 95% Cl 20.67-26.79 uM) and in combination with 3
in concentrations of 0.2 pg ML~ (ICs0: 6.22 pg mL™1; 13.58 uM, 95%
Cl111.80-15.57 pM), 2 pg ML (ICs0: 5.79 pg mLL; 12.64 uM, 95% CI
11.07-14.38 uM) and 20 pg mL~* (ICs0: 4.13 pg mL=%; 9.01 uM, 95% Cl
6.76-11.70 uM). Cl, confidence interval; * p < 0.05; *** p < 0.001. (C)
Biosurfactant activity of 3. 1% Tween (positive control); 1 mM 3. (D)
Activity of 3 alone (20 pg mL™Y and synergistic activity of 2 in
different concentrations in combination with 3 against the fungivo-
rous nematode Aphelenchus avenae. The numbers of harvested
nematodes are relative to the numbers of nematodes harvested from
cultures without 2 and 3. *, p < 0.05; ** p < 0.01; *** p < 0.001; ****,
p < 0.0001.
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lipodepsipeptide biosurfactant. Therefore, we selected surfactin
(8), as it is a strong biosurfactant with a similar size (1036.3 Da)
and a cyclic lipodepsipeptide with a structure similar to that of
3. Using a steady concentration of 2.0 pg mL~ ' 8 and
increasing concentrations of 2, we determined an IC5, of 6.13 pg
mL " for the combination of 2 and 2.0 pg mL™" 8 (5.92 uM),
which is comparable to the results of 2 and 2.0 pg mL ™" 3 (6.01
uM; Fig. 5B and S11, ESIt). Thus, the biosurfactant activity is
a plausible reason for the synergistic activity of 3.

Based on the synergistic anthelmintic effects demonstrated
with the model nematode C. elegans, it appeared feasible that
the increased anthelmintic effect could also play a role in the
fungal protection against fungivorous nematodes, especially as
2 was previously shown to be active against the fungivorous
nematode Aphelenchus avenae.*® Therefore, we next tested if the
presence of 3 affects the nematodes or enhances the protective
effect of 2 against A. avenae. We compared the number of har-
vested nematodes from nematode-fungus co-cultures of a nec-
roxime- and symbiosin-negative M. verticillata strain that was
treated with 3 or varying amounts of 2, to cultures that were
treated with a combination of 2 and 3. This experimental setup
enabled us to quantify the relative reduction of fungivorous
nematodes in cultures containing 2 , but even more clearly it
showed a significant reduction of nematodes in cultures con-
taining a combination of 2 and 3. Already low concentrations of
2 (5.7 ung mL ") were sufficient in the combination with physi-
ological amounts of 3 (2.0 ug mL™") to almost completely
eradicate the presence of nematodes (Fig. 5D), which is
comparable with reported numbers for M. verticillata NRRL
6337 wild-type cultures.*® In contrast, experiments with 3 alone
did not show any effect on nematode numbers, even when
tested with concentrations up to 20 pug mL ' (Fig. 5D). These
results show that 2 and 3 synergistically provide protection to
the fungus against fungivorous nematodes.

Conclusion

In competitive environments such as soil, elaborate protection
strategies are necessary for inhabitants to assert spatial claims
against predators and competitors. Particularly effective are
mixtures of metabolites, which exhibit synergistically acting
defensive activities.*** In this study, we report the discovery of
the endobacterially produced metabolite symbiosin (3) and
demonstrate how it is utilized in fungal host protection to
enhance the anthelminthic effect of necroxime (2), illustrating
how “combination therapies” are applied in an ecological
context. Our data show that the endosymbiont of M. verticillata
NRRL 6337 not only produces the toxin necroxime (2), but also
synthesises a cyclic lipodepsipeptide (3), which significantly
enhances the anthelmintic activity of the toxin 2. Our experi-
ments demonstrate that the protection of the fungal host, even
against fungivorous predators, works at physiological concen-
trations of the two compounds measured in fungal cultures.
The production of secondary metabolites by endofungal
bacteria instead of the host fungus has previously been
demonstrated for other fungal symbionts. One example is the
compound rhizoxin, a virulence factor employed by the plant-

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

pathogenic fungus Rhizopus microsporus.® The discovery of
endosymbionts (Mycetohabitans rhizoxinica syn. Burkholderia
rhizoxinica) as the true producers of this toxic metabolite was
unforeseen but illustrates the benefits of an endosymbiont for
fungi. The toxin is not only the major virulence factor, but
additionally plays a role in fungal protection.®* Notably, also
other Burkholderia-derived metabolites, such as the toxin rhi-
zonin or the antibiotic icosalide, were originally thought to be
fungal metabolites and later proven to be of bacterial origin.®>**

Although functions of these and other endobacterial
metabolites include symbiosis promoting activities,*>**%” host
reproduction control® and pathogenicity causing traits,***%
research on their role in host protection strategies against
predators was only conducted recently.**®* Specifically the
combination of protective metabolites in M. verticillata NRRL
6337 plays an extraordinary role, as they are the first metabolites
from one endofungal bacterium that synergistically provide
host protection.

Examples of effective symbiotic defense strategies are wide-
spread among the different kingdoms, including bacteria,
fungi, plants and animals.>*>**% They play important roles in
protecting plants,” guarding fungal gardens in termite or leaf-
cutter ant communities,*®* providing an antimicrobial shield
for egg clutches of solitary wasps® and beetles,* or protection
against grazing of marine sponges.”” In these ecological
contexts especially the combination of different complementary
substances provides enhanced protection against a range of
potential threats.

The synergistic activity of combined bioactive molecules is
a known effect in pharmaceutical research and especially useful
for the treatment of certain difficult to treat infections or viral
infections.””* It was shown that not only the therapeutic selec-
tivity and efficacy are improved by the combination of synergisti-
cally acting drugs,”” but also the side effects of a medication can
be reduced, if the concentration of therapeutics can be lowered.”
Similar combined effects are also likely to occur in ecological
settings.

While synthetic compounds have been screened for syner-
gistic biocontrol agents against nematodes,”*” to date little is
known about synergistic protection against parasites such as
nematodes in the soil. Several studies identified plant-derived
compound mixtures to have anthelmintic activities with syner-
gistic effects potentially protecting plants from nematodes,?***
yet synergistic effects of nematocidal small molecule protec-
tants from bacteria or fungi were previously unknown. This
study illustrates the first case of anthelmintic protection of
a fungal soil habitant using the combination of a bacterium-
derived toxin and biosurfactant. In particular the usage of bio-
surfactants as activity-enhancing or drug-delivery promoting
substances was discussed in recent studies as -effective
improvements of pharmaceutical formulations.

Our study demonstrates that the principle of combinatorial
therapies, common in medical contexts, is also already used in
natural contexts, and that further studies of the boosting effects
of biosurfactants might be useful in the future developments of
combinatorial biocontrol strategies.
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