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Abstract

The tight association of the pathogenic fungus Rhizopus microsporus and its toxin-producing, bacterial endosymbionts (Mycetohabitans
spp.) is distributed worldwide and has significance for agriculture, food production, and human health. Intriguingly, the endofungal
bacteria are essential for the propagation of the fungal host. Yet, little is known about chemical mediators fostering the symbiosis,
and universal metabolites that support the mutualistic relationship have remained elusive. Here, we describe the discovery of a
complex of specialized metabolites produced by endofungal bacteria under symbiotic conditions. Through full genome sequencing
and comparative genomics of eight endofungal symbiont strains from geographically distant regions, we discovered a conserved gene
locus (hab) for a nonribosomal peptide synthetase as a unifying trait. Bioinformatics analyses, targeted gene deletions, and chemical
profiling uncovered unprecedented depsipeptides (habitasporins) whose structures were fully elucidated. Computational network
analysis and labeling experiments granted insight into the biosynthesis of their nonproteinogenic building blocks (pipecolic acid and
B-phenylalanine). Deletion of the hab gene locus was shown to impair the ability of the bacteria to enter their fungal host. Our study
unveils a common principle of the endosymbiotic lifestyle of Mycetohabitans species and expands the repertoire of characterized
chemical mediators of a globally occurring mutualistic association.
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Significance Statement:

Endosymbiosis is widespread in nature and has been a major driver of eukaryotic evolution. Yet, knowledge about factors that
enable the tight association of microorganisms is scarce. We used comparative genomics and chemical analytics to uncover a
group of metabolites that mediate the relationship of a globally occurring fungal pathogen and its endosymbiotic bacteria. We
show that bacteria dwelling inside Rhizopus microsporus universally produce a cyclopeptide complex, describe its biosynthesis,
and demonstrate that deletion of the encoding gene cluster impairs the ability of the endobacteria to engage in the mutualistic
relationship. Our work uncovers a unique trait of a bacterial-fungal alliance and sheds light on the complex interdependence of
microbial partners in endosymbiotic relationships.

Introduction frequently observed in Mucoromycota hosts (1, 6). An important

Endosymbiosis is a special type of symbiosis in which one or more
organism(s) dwell within the host’s body or cells (1, 2). Such sym-
bioses are the result of millions of years of evolution during which
strong and sometimes inseparable bonds have developed between
the partners (1, 3). The establishment of such stable symbiotic re-
lationships usually depends on several factors including physi-
cal as well as metabolic interactions of the symbiosis partners
(4, 5). A persistent association with bacterial endosymbionts is

example is the rice seedling blight fungus Rhizopus microsporus,
which was shown to host symbiotic bacteria, Mycetohabitans spp.
strains B1 to B8 (Figure 1A). These endofungal bacteria not only
produce virulence-conferring toxins, but also have become essen-
tial for the asexual reproduction of the fungus (7). We have identi-
fied eight mutualistic Rhizopus—-Mycetohabitans symbioses from en-
vironmental samples (8), food contaminants (8), clinical samples
(9), and plant pathogens (8). These eight endosymbiotic strains
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Fig. 1. Survey of the origin of the Rhizopus hosts, and orphan biosynthetic gene clusters in their endosymbionts. (A) Global distribution of
Rhizopus-Mycetohabitans symbioses. Isolation background: soil (F2, F4, and F7), necrotic human tissue (F8), nuts (F5), sufu starter culture (F3), rice
seedling blight (F1), and unknown (F6). (B) Compilation of genomic features of endosymbiotic strains B1 to B8. (C) Distribution of biosynthetic genes
among strains B1 to B8. (D) High biosynthetic potential of M. rhizoxinica strain B1. Abbreviations: Chr, chromosome; P1, megaplasmid; P2, plasmid;
PK(S), polyketide (synthase); NRP(S), nonribosomal peptide (synthetase); mhb, mycetohabin; burh, burhizin; rhi, rhizoxin; epy, endopyrrole; hol, holrhizin;
and hep, heptarhizin BGC. (E) Conserved NRPS genes habA and habB in the diverse genomic context in all phylogenetically distant branches of

endofungal Mycetohabitans spp. genomes.

form four geographically and phylogenetically distant clades but
appear to have a common ancestor (8) (Figure 1A).

Intriguingly, the fungus lost its ability to sporulate in the ab-
sence of the endosymbionts, which is a remarkable control mech-
anism for the persistence of the symbiosis (10). A number of
symbiosis factors were identified such as effectors released by

a type III secretion system (11), TAL effector proteins (12, 13),
chitin-degrading enzymes (14), viruses (15), and a specialized O-
antigen (16). The strong interdependence of the symbiotic part-
ners is also illustrated by their cooperation in producing the phy-
totoxic polyketide rhizoxin, the causative agent of rice seedling
blight (17-19). The bacterially produced toxin is modified by the
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fungus to increase phytotoxic potency (20). Even though the for-
mation of rhizoxin is conserved among all symbionts, the viru-
lence factor is not essential for the establishment of the mutual-
istic relationship (8).

Genome analyses indicated that the symbiotic bacteria possess
a number of gene clusters for specialized metabolism. Yet, besides
the rhizoxin complex, no other conserved secondary metabolite
has been identified that plays a critical role for the endofungal
lifestyle of the symbionts (21-26). The products of various encoded
nonribosomal peptide synthetases (NRPSs) have remained cryp-
tic despite extensive screening of Mycetohabitans spp. (22-27), thus
leaving a gap in our knowledge about chemical mediators at the
interface between fungi and bacteria (28).

Here, we report the systematic analysis of Mycetohabitans
strains by comparative genomics and metabolic profiling, which
led to the discovery of cyclic peptides that are conserved in all
endosymbionts of R. microsporus. We unveil their biosynthetic ori-
gin, propose a biosynthesis model and report their critical role in
maintaining the bacterial-fungal symbiosis.

Results and discussion

To gain insight into the conserved biosynthetic potential of
all eight characterized endofungal strains, we aimed at per-
forming comparative genomics. However, genome sequences of
only four Rhizopus endosymbionts have been publicly available.
These include Mycetohabitans rhizoxinica strain Bl (genome ac-
cession number: GCF_000198785.1), Mycetohabitans endofungorum
strain B5 (GCA_002927045.1), and Mycetohabitans sp. strains B4
and B7 (GCA_900155955.1 and GCA_900156195.1), of which only
the B1 genome sequence is gap-free. Thus, we (re)sequenced
the genomes of strains B2 to B8 using the Illumina NextSeq
platform.

Comparative genomics shows that all eight bacterial genomes
are highly related (Figure S1 and Tables S2-54). We noted reduced
genome sizes (3.3 to 3.8 Mb) characteristic for bacterial endosym-
bionts, and a reduced G + C content (61%) relative to free-living
species (62% to 68%; Figure 1B) (5). By means of antiSMASH v5 (29)
and the PKS/NRPS analysis program (30), we investigated the po-
tential for natural product biosynthesis and found that the end-
ofungal bacteria bear a high number of BGCs, mainly encoding
NRPSs. The largest number of NRPS genes was found in genomes
of members of the Pacific branch, strains B1, B2, and B6 (Figure 1C).
Even so, only one NRPS gene locus, likely encoding an octamod-
ular NRPS, (habA, 17 kb, accession number: MZ520316) is present
in all genome sequences (Figure 1D and E; Tables S6 and S7). This
gene locus is highly conserved among the Rhizopus endosymbionts
(no other orthologues were found in public genome databases)
suggesting a potential importance of the gene product for the
bacterial-fungal relationship.

To test whether habA or encoded products play a role in the
symbiotic bacterial-fungal interaction, we aimed at creating a tar-
geted deletion mutant. Since R. microsporus is unable to reproduce
asexually without the endobacteria (10), sporulation can serve as
an indicator of the successful reestablishment of the symbiosis.
Thus, the deletion mutant could be examined for its ability to
infect the host fungus using a previously described sporulation
bioassay (11). Therefore, we generated a knockout construct based
on the double-selection plasmid pGL42a (11) and introduced it
into M. rhizoxinica through electroporation. Gene habA was inac-
tivated by integration of a kanamycin resistance cassette in the
region that codes for the starter condensation domain (Cs) by a
double crossover (11). The successful incorporation of the resis-
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Fig. 2. Evaluation of the biological function of the hab gene locus. (A)
Schematic view of the reinfection assays. (B) Reinfection events of WT
vs. mutant strains for the cured R. microsporus (F1s). n, number of
biological replicates.

tance marker into the target region (AhabA) was verified by PCR
(Figure S8 and Table S10).

To assess the reinfection ability of the habA deletion strain,
we cured the fungal holobiont from its endosymbiotic bacteria
by antibiotic treatment and performed an established sporulation
bioassay (Figure 2A; Figure S6) (11). Briefly, the cured R. microsporus
strain (“F1s”) and either the wild-type strain B1 (WT) or the null
mutant AhabA were cocultured and the formation of spores was
examined by eye after 7 to 10 days. Whereas, the WT infection ex-
periments showed sporulation rates of 98% (n = 12), the mutant
was significantly impaired in its ability to induce sporulation of
the fungus (8% AhabA, n = 16; P < 0.0001; Figure 2B). This result
unequivocally demonstrates that the hab gene locus is critical for
the establishment of the symbiotic relationship.

To link the NRPS gene locus to the corresponding secondary
metabolite, we first performed computational analyses to pre-
dict the product of the encoded assembly line (29, 30). The de-
duced NRPS HabA consists out of eight modules for chain elon-
gation, and an off-loading thioesterase (TE) domain. We inferred
the amino acid sequence of the nonribosomal peptide backbone
from the Stachelhaus codes (31) of the adenylation (A) domains in
HabA, yet only four positions of the tentative octapeptide could
be predicted (X-Val-Thr-X-Ala-Val-X-X; Figure 3A; Figure S4 and
Table S5). The presence of three N-methyltransferase domains
in modules 1, 5, and 7 indicated that three amide groups would
be methylated, including the Ala residue (meX-Val-Thr-X-meAla-
Val-meX-X).

Directly downstream of habA we noted a conserved gene (habB)
coding for an aminomutase that might play a role in deliver-
ing a B-amino acid for the hab assembly line (accession number:
MZ520317; Figure 1E; Figures S2 and S3) (32). Thus, we scrutinized
tentative B-amino acid-activating A domains of the hab NRPS by
means of a multiple sequence alignment (Figure S3). Specifically,
we took into account that g-amino acid-activating A domains of-
ten contain bulky aromatic residues (Phe or Tyr in lieu of Ala or
Val) adjacent to the Asp that recognizes the -amino group of the
substrate (33). We spotted the conserved D-F/T-motif of 8-A do-
mains in HabA-A3. Module 3, however, is predicted to incorpo-
rate Thr, which is unlikely to be transformed by an aminomu-
tase (32, 34). Further investigation of the alignment revealed an
unusual amino acid sequence inserted upstream of the invari-
ant Asp residue in HabA-A4 and HabA-A8 (19 and 15 amino acids,
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Fig. 3. Identification and structure elucidation of the habitasporins. (A) Bioinformatics prediction of the putative product of the hab gene locus. It
should be noted that the starter C domain in module 1 is likely inactive as inferred from computational analyses (see Supporting Information). (B)
Metabolic profiles of extracts from fungal or bacterial cultures grown in two different media (VK medium, dark red; MGY medium, yellow) as extracted
ion chromatograms in positive mode for habitasporin A (1; m/z 851.5025 [M + H]*) and B/C (2 and 3; m/z 837.4871 [M + H]"). Asterisk, trace amounts. (C)
MS/MS fragmentation pattern of base-hydrolyzed 1. X, elusive amino acid fragment. (D) Structures of habitasporins 1 to 3 with 2D NMR couplings of 1.
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respectively). Based on these results, modules 4 or 8 appeared to
be the best candidates for a noncanonical substrate specificity like
a B-amino acid (33).

To discover the predicted octapeptide, we investigated and
compared the metabolic profiles of all eight axenic bacterial cul-
tures, those of the symbiotic cultures and a culture extract of
the AhabA deletion strain by HRESI-LC-MS/MS. We evaluated the
extracts based on two criteria: (a) specialized metabolites that are
produced by all eight WT strains, but not by the deletion mutant,
and (b) MS/MS fragmentation patterns that match the bioinfor-
matics prediction meX-Val-Thr-(8)X-meAla-Val-meX-(8)X. We de-
tected three compounds that match both criteria: compound 1
with m/z 851.5025 [M + H|* (C4aHs7NgOg, calculated 851.5026 Da),
and compounds 2 and 3, each with m/z 837.4871 [M + H|*
(Ca3HesNgOg, calculated 837.4869 Da; Figure 3B). MS/MS fragmen-
tation experiments of 1 to 3 confirmed that all three compounds
are octapeptides (Figure 3C; Figures S9-S12). These metabolites
could also be detected in culture extracts of R. microsporus strains
F1 to F8 containing the endosymbionts. (Figure 3B).

In order to obtain sufficient amounts of pure compounds 1 to
3 for structure elucidation, we optimized various parameters in-
cluding medium, duration of cultivation, and extraction (Table
S1). We screened for the highest production rate among the eight
endofungal strains under symbiotic and aposymbiotic conditions
through investigation of the resulting extracts by HR-ESI-LC/MS.
In this way, the holobiont Mycetohabitans-R. microsporus CBS 700.68
(strain F7; but not the axenic culture Mycetohabitans sp. strain
B7) was identified as the most prolific producer. The holobiont
was cultivated on TSB agar until complete coverage of the agar
plates. Size-exclusion chromatography of the agar extracts, fol-
lowed by preparative HPLC, yielded pure 1 (1.4 mg), 2 (0.14 mg),
and 3 (0.06 mg) per liter agar.

The structures of 1 and 2 were fully elucidated by 1D- and 2D-
NMR experiments. The structure of the less abundant derivative
3 was deduced from 1D-NMR data in comparison to 1 (Figure 3D;
Figure S15-S29, Tables S11 and S12). Based on '*C and DEPT-135
spectra of 1, we identified signals for nine carbonyls, 16 methines,
11 methylenes, and eight methyl groups. The 'H spectrum showed
three doublets of NH functionalities (§i5 7 to 9 ppm). Protons res-
onating at §y 4.0 to 5.6 ppm were assigned to CH,-groups of amino
acids. The majority of multiplets (§ 1.2 to 2.5 ppm) correspond
to methylenes of two proline and one pipecolic acid (Pip). In ad-
dition, 'H multiplets at 8y 7.1 to 7.2 ppm alongside with me-
thine carbon signals at §c 126 to 127 ppm pointed to a benzene
ring. This aromatic group was identified to be part of the non-
proteinogenic amino acid B-phenylalanine (8Phe). In conjunction
with MS fragmentations, we deduced the octapeptide backbone as
mePro-Val-Thr-gPhe-meAla-Val-Pro-Pip. This finding is surprising
because we initially identified a MT domain in module 7, thus ex-
pecting a methylated moiety rather than the observed nonmethy-
lated Pro (Figure 3A). 13C, 'H HMBC correlations revealed an ester
bond between the Pip and a threonine residue. Consequently, six
residues are contained in the cyclopeptide ring, and the remaining
two residues constitute a dipeptide tail. The absolute configura-
tion of 1 was determined by derivatization with Marfey’s reagent
(Table S8) (35).

The structures of 2 and 3 proved to be very similar to 1. In
the proton spectrum of 2, we observed an additional signal at §y
8.7 ppm, which was assigned to the NH-group of alanine. In agree-
ment with MS data, 2 represents a desmethyl congener of 1. The
TH NMR spectrum of 3, which lacks signals for Pip, and MS frag-
mentation data indicate that the Pip moiety is replaced with Pro.
We named the octapeptides habitasporins A (1), B (2), and C (3),

reflecting the symbiotic interaction of Mycetohabitans species and
R. microsporus (Figure 3D). With the pure compounds in hand, we
attempted to chemically complement the AhabA mutant. How-
ever, supplementation of the AhabA culture with 1 did not restore
WT traits under the current experimental setup (Supporting In-
formation). As it is not clear whether 1 (or derivatives) are taken
up from the culture broth and how habitasporins are exactly uti-
lized in the bacterial fungal interaction, further complementation
approaches did not seem feasible.

Habitasporins represent novel types of cyclopeptides. The NRPs
harbor the unusual amino acid residues Pip and gPhe. BPhe was
previously found in NRPs as well as macrolactam antibiotics and
other molecules (32) including the anticancer agent taxol (36)
from plants, the antibiotics andrimid (37, 38) and hitachimycin
(39) from Actinobacteria, and BTyr in the myxobacterial chon-
dramide C (40). B-Amino acids can enhance structural diversity
of a natural product and often confer particular bioactivities (32).
Yet, in the case of habitasporins, whole-cell bioactivity assays
showed no cytotoxic or antimicrobial properties of 1, whereas con-
gener 2 exhibited weak antifungal activity against Penicillium nota-
tum in an agar diffusion assay (Table S9). Furthermore, no phyto-
toxic effects against three common test strains were observed for
1 (Figure S7).

Besides habA, the only other conserved gene in the hab BGCs
across all eight genomes is habB (Figure 1E). A BLAST search
(41, 42) suggested that the deduced gene product, HabB, codes
for a phenylalanine aminomutase, an enzyme converting «Phe
into the B-form (43). To substantiate the function of HabB
we constructed a sequence similarity network and a genome
neighborhood network using the online tool EFI-EST (Figure 4A;
Figure S5) (44, 45). In the sequence similarity network, we noted
orthologues from assembly lines for hitachimycin (39), andrimid
(37), and chondramide C (40). The associated aminomutases were
reported to catalyze the isomerization of «Phe or a« Tyr into their 8-
counterpart. Accordingly, aminomutase HabB would provide the
BPhe unit of habitasporins A (1) and B (2).

To verify the involvement of HabB in the hab pathway, we con-
structed a second mutant (AhabB) using a selection-enhanced ver-
sion of the pheS-harboring plasmid (24). HPLC-HRMS analysis of
the verified AhabB mutant showed that its metabolic profile is de-
void of 1 to 3 (Figure 4B; Figure S30), thus confirming an essential
role of the aminomutase in habitasporin biosynthesis. Habitas-
porin production in AhabB cultures, however, could not be re-
stored by external gPhe supplementation. Mycetohabitans rhizox-
inica might be missing specific -amino acid transporters respon-
sible for uptake of gPhe from the medium (46). To further support
our observation that the hab gene locus plays an essential role in
the establishment of the symbiotic relationship, we tested the re-
infection ability of the AhabB mutant applying the sporulation as-
say. As observed for the AhabA mutant, the AhabB deletion strain
shows a significantly reduced ability to induce sporulation of the
fungus (3% AhabB, n = 12; P < 0.0001; Figure 2B).

Pip residues—as observed in habitasporins—are even less com-
mon than g-amino acids. Pip was shown to be part of only a
small number of secondary metabolites isolated from Actinobac-
teria, plants and fungi (Figure 4C) (47, 48). In total, three main
biosynthetic pathways have been described for Pip assembly: the
A'-piperideine-6-carboxylate (P6C), Al-piperideine-2-carboxylate
(P2C), and the cyclodeaminase routes (Figure 4C) (49). Bacteria
were shown to biosynthesize Pip through all three pathways. Cy-
clodeaminases are the most commonly observed Pip-forming en-
zymes in bacterial NRP formation (rapamycin, 4 (50) and vir-
ginamycin, 5 (51)). The P2C pathway was described for plants
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as well as for Pseudomonas spp. (49). In fungi, dedicated reduc-
tases in the P6C pathway were described for apicidin (6) forma-
tion (52). Pip moieties can also be produced by polyketide syn-
thases in combination with aminotransferases in a nonenzymatic

Hab. Nonfunctional domain in white.

cyclization reaction in plants, e.g. for coniine (7, 47). We mined the
genome sequence of Mycetohabitans spp. strains B1 to B8 for genes
coding for enzymes required for the P6C, P2C, and cyclodeami-
nase pathways (49). However, no homologues of genes coding for
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cyclodeaminases, dedicated reductases, dehydrogenases, and
aminotransferases could be identified.

As the Pip moiety is commonly derived from lysine, we per-
formed stable-isotope labeling experiments by adding '*C; -lysine
to the culture broth of M. rhizoxinica. LC-HR-MS analyses revealed
a mass shift (m/z +1 Da) in the isotopic pattern of 1 (Figure 4D).
By comparing the MS/MS spectra of labeled and unlabeled 1,
we observed exclusive *C labeling of the C, of the Pip residue
(Figures S13 and S14). The absence of a dedicated gene coding for
Pip formation has been reported for the BGC of the neuroprotec-
tive meridamycin (53). It was also shown that a cyclodeaminase
mutant of the rapamycin producer still generated minor amounts
of the Pip-bearing metabolite (50). Thus, it appears that the lack
of dedicated Pip genes in BGCs can be compensated by alternative
routes for Pip formation in bacteria (Figure 4C) (48, 49).

On the basis of the bioinformatic, genetic and isotope label-
ing experiments, we propose a model for habitasporin assembly
(Figure 4E). The nonproteinogenic amino acid Pip is formed by an
elusive protein, whereas the phenylalanine aminomutase HabB is
responsible for BPhe production. The NRPS architecture is largely
colinear with the octapeptide backbone. N-methyltransferase do-
mains in modules 1 and 5 catalyze the methylation of the first
proline and alanine residues. A third N-methyltransferase in mod-
ule 7 appears to be nonfunctional as N-methylation cannot take
place at the other proline amide. Eventually, the linear peptide is
cyclized by the TE domain, forming an ester bond between the hy-
droxy group of Thr (loaded by HabA-A3) and the carboxy moiety
of the last residue, Pip (Figure 4E). Based on the peptide structure
and the colinearity rule, HabA-A4 (but not HabA-A3) incorporates
the BPhe moiety. This finding is contrary to the D-F/T-motif pre-
diction (Figure S3). Other exceptions are known (e.g. Adm]J (54) and
CmdD (40)), yet the identified insertion of 19 amino acids in HabA-
A4mightindicate another mode of recognition in the -A domains
than previously proposed (33).

Besides the rhizoxin complex, habitasporins represent the only
identified specialized metabolites that are synthesized by all char-
acterized endofungal Mycetohabitans strains. The encoding gene
locus (hab) is the first characterized secondary metabolite biosyn-
thetic gene cluster that is critical for the establishment of the
bacterial-fungal symbiosis. The discovery of habitasporins as a
common metabolic principle of endosymbiotic bacteria of R. mi-
crosporus further extends the repertoire of identified chemical me-
diators of mutualistic microbial interaction and provides addi-
tional insight into the complex regulatory system of a unique, yet
globally occurring bacterial-fungal symbiosis.

Materials and Methods

A full materials and methods section is provided as supplemental
information.
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