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Heterologous expression of an in planta-
upregulated gene cluster in the wheat pathogen
Parastagonospora nodorum establishes the
biosynthesis of methylene-bridged depsides
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Depsides are polyphenolic natural products commonly found in lichens, but also produced by some free-
living fungi. Here, we report the discovery and functional characterisation of an in planta-upregulated
biosynthetic gene cluster (nds) in the wheat fungal pathogen Parastagonospora nodorum SN15,
comprising a non-reducing polyketide synthase (NR-PKS; NdsA), a non-ribosomal peptide synthetase
(NRPS; NdsB) and a cytochrome P450 oxygenase (NdsC). Heterologous expression of the nds cluster in
Aspergillus nidulans LO8030 yielded previously reported depsides, CJ-20,557 (1) and duricamidepside
(2), alongside two novel dimeric methylene-bridged depsides, nodoraside A (3) and B (4). Combinatorial
gene expression and precursor feeding experiments revealed that hydroxylation of CJ-20,557 by the
cytochrome P450 NdsC, followed by non-enzymatic dehydration, generates an ortho-quinone methide
intermediate, which reacts with a second depside unit to form methylene-bridged depsides. Notably, this
crosslinking occurs only in the presence of NdsA and NdsB in vivo, indicating a possible requirement for
protein—protein interactions or enzyme co-compartmentalisation. Methylene-bridged depside natural
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Introduction

Over the past 700 million years, fungi and plants have co-
evolved, giving rise to complex interactions mediated by
secondary metabolites. Depsides are a structurally diverse class
of such metabolites, predominantly produced by lichens and
some free-living fungi, and are known to exhibit phytotoxic and
plant-modulating activities."* Structurally, depsides consist of
two or more phenolic carboxylic acid units linked by ester
bonds, and are typically assembled by type I iterative non-
reducing polyketide synthases (NR-PKSs). A growing number
of depsides produced by non-lichenised fungi have been iden-
tified, many of which display useful bioactivities.>* Some of
their biosynthetic pathways, particularly the formation of the
depside linkage, have also begun to be deciphered.***** In
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products are rare, and this study provides the first insight into their biosynthetic origin.

addition to variations in methylation patterns on the phenolic
units introduced by NR-PKSs, further structural diversification
of depsides often involves tailoring enzymes that mediate
modifications such as amino acid incorporation (e.g., amida-
tion of amidepsine A with alanine), O-methylation (e.g., O-
methyl esterification of atranorin)" and glycosylation (e.g., O-
galactosylation of aquastatin A)* (Fig. 1). An uncommon struc-
tural feature observed in depsides is dimerisation via a methy-
lene bridge. To date, the only known methylene-bridged
dimeric depsides are thielocin B3 and its derivatives from
Thielavia terricola RF-143, which were reported to be phospho-
lipase A, inhibitors.® However, the molecular basis for their
biosynthesis remain unresolved.

Methylene bridge formation in dimeric fungal natural
products has been recently reviewed, highlighting that many
such linkages form non-enzymatically through reactions
involving an electrophilic C; unit, such as formaldehyde,
produced endogenously by the host organisms." For example,
Shao et al. hypothesised that the methylene bridge in aspergil-
one B, produced by a marine-derived Aspergillus sp., arises via
non-enzymatic nucleophilic addition of two molecules of
debenzylaspergilone A to endogenous formaldehyde.*
However, the mechanisms underlying the formation of such
linkages in dimeric depsides remain unresolved.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of depsides with diverse modifications, such as
amidation, methylation and glycosylation.

Building on our ongoing research into fungal natural prod-
ucts associated with plant pathogens,'”~** we have used a trans-
criptomics-guided strategy to identify bioactive metabolites
involved in pathogen-plant interactions in the important wheat
pathogen Parastagonospora nodorum SN15. Since many biosyn-
thetic gene clusters (BGCs) encoding secondary metabolite
production are conditionally expressed, an ecological genomics-
guided approach leveraging transcriptomics data from path-
ogen-host interactions can help identify BGCs potentially
involved in virulence or plant interactions.* Using this strategy,
previous studies have uncovered phytotoxic metabolites from P.
nodorum SN15, including perylenequinones (elsinochrome A
and C),"* dihydrofuran-linked a-pyrones,* and novel cyto-
chalasans,'® providing deeper insights into the ecological roles
of fungal secondary metabolites in plant interactions.

In this study, we have reanalysed previously acquired trans-
criptomics data comparing in planta infection with axenic
cultures of P. nodorum SN15,>** leading to the identification of
a candidate BGC (nds) that is potentially involved in host
interactions. Through heterologous expression of the nds BGC,
we discovered both previously reported depsides and novel
methylene-bridged dimeric depsides. Based on additional
insights gained from combinatorial gene expression, isolation
of pathway intermediates, precursor feeding studies and NR-
PKS domain mutagenesis experiments, we propose a hew
biosynthetic paradigm for methylene bridge formation between
depside units.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
The nds cluster is conserved in other fungal plant pathogens

Ipcho et al.** have previously performed transcriptome analysis
of P. nodorum SN15 during infection in planta on wheat (Tri-
ticum aestivum) and in axenic cultures (in vitro).*>** Analysis of
the biosynthetic genes in the microarray transcriptomics data-
set revealed an NR-PKS (SNOG_07020/]1435_070200) and a non-
ribosomal peptide synthetase (NRPS) (SNOG_07021/
J1435_070210) with increased expression levels in planta, peak-
ing at 3 days post-inoculation (dpi) (Fig. S1). The peak expres-
sion level coincided with the development of plant tissue
necrosis during P. nodorum infection.”** Similarly, these two
genes were also shown to be upregulated at 3 dpi in planta
compared to in vitro expression in a separate RNAseq study.*
The genomic co-localisation and co-regulation of both genes
suggests that they participate in the same biosynthetic pathway.

To determine the boundaries of the nds BGC, we queried the
NCBI GenBank database with protein sequences J1435_070170-
J1435_070230 using cblaster.”® This revealed that three genes—
NR-PKS (J1435_070200; ndsA), NRPS (J1435_070210; ndsB) and
cytochrome P450 (J1435_070190; ndsC)—have genomically co-
localised homologues in multiple fungal plant pathogens,
including Alternaria alternata, Stemphylium Iycopersici, Pyr-
enophora teres f. teres, Ascochyta lentis, and Clathrospora elynae
(Fig. S2). This suggests that ndsA, ndsB and ndsC constitute the
core biosynthetic genes of the nds BGC in P. nodorum, and that
metabolites encoded by this BGC may play a role in the plant
pathogenic lifestyle of these fungi.

To determine the domain architecture of NdsA and NdsB, we
queried their protein sequences using the NCBI conserved
domain search (CDS).*” The search revealed that the NdsA
protein domain architecture consists of a starter-unit acyl-
transferase (SAT), ketosynthase (KS), acyltransferase (AT),
product template (PT), two acyl carrier protein (ACP) domains,
C-methyltransferase (cMT), and thioesterase (TE) domains
(Fig. 2A), while the domain organisation of NdsB consists of
adenylation (A), thiolation (T), and condensation (C) domains.
Notably, the C domain of NdsB is followed by a ~100 amino acid
region lacking any identifiable conserved domain (Fig. S3).
Alphafold3 modelling®® revealed that this region likely forms
a long linker region and alpha-helical bundle that resemblesa T
domain, while FoldSeek* analysis confirmed it is structurally
similar to known T domains (Fig. S3 and S4). The canonical
GGXS motif, where the serine residue is normally post-
translationally modified by a phosphopantetheinyl transferase
(PPTase) to install a 4-phosphopantetheine (PPant) arm crucial
for substrate tethering,***' is mutated to WGNG in NdsB, likely
abolishing the catalytic function of the domain. Based on these
observations, we designated this region as an inactive thiolation
(T;) domain and revised the domain organisation of NdsB to A,
T, C, and T; (Fig. 2A). Interestingly, the T; domain is conserved
in orthologous NRPSs of S. lycopersici, P. teres f. teres, A. lentis,
and C. elynae (Fig. 2B). In these orthologues, the conserved
glycine residue is also substituted with tryptophan, while the
conserved serine residue is replaced by glycine or alanine

Chem. Sci., 2025, 16, 21852-21861 | 21853
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Fig. 2 (A) Schematic of the nds cluster and domain architectures of

NdsA and NdsB. (B) Clinker*® analysis showing conservation of the nds
cluster in the fungal plant pathogens Alternaria alternata, Ascochyta
lentis, Stemphylium lycopersici, Pyrenophora teres f. teres and Cla-
throspora elynae, and the low sequence identity of NdsA and NdsB to
the drc cluster in Aspergillus duricaulis.

(Fig. S4). In contrast, the NRPS orthologue found in A. alternata
retains the conserved serine but carries the glycine-to-
tryptophan substitution (WGNS), which may still compromise
the T domain activity (Fig. S4). The persistence of this T; domain
across species suggests a conserved, possibly structural or
regulatory role, despite its loss of canonical catalytic function.

Co-expression of ndsA and ndsB in Aspergillus nidulans
produces a suite of depsides

To investigate the metabolites produced by nds cluster, we
performed heterologous reconstruction of the BGC in the
engineered Aspergillus nidulans strain LO8030, which has low
metabolic background.’* The ndsA, B and C genes were cloned
into pYFAC series AMA1-based expression plasmids, replacing
the native promoters with alc promoters (PalcA, PalcS, and
PalcM), which are inducible with alcohols or ketones and
repressed by glucose.**

Heterologous expression of ndsA in A. nidulans produced
compounds 1, 5-8 based on LC-DAD-MS analysis (Fig. 3 and 4).
HR-LC-ESI-MS (m/z 359.1130 [M-H]; C;4H,,05; Fig. S12 and
S13) and NMR analyses of purified compound 1 revealed that its
structure matched the previously described depside, CJ-
20,557,"** which consists of 3-methylorsellinic acid (3-MOA)
and 3,5-dimethylorsellinic acid (DMOA) connected by a depside
ester linkage (Fig. S17, S18 and Table S6). Compound 1 was first
reported as a partial hydrolysis product of the tridepside, thie-
lavin A,** and had been previously observed when drc4, an NR-
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Fig. 3 Heterologous expression of the nds cluster in Aspergillus
nidulans strain LO8030 produced compounds 1-11 and 14. HPLC
traces of extracts from A. nidulans transformants were monitored at
210 nm. *Peak consists of two compounds, one of which is 11.

PKS from the Aspergillus duricaulis drc gene cluster, was heter-
ologously expressed in Aspergillus oryzae NSAR1."* Additionally,
we isolated compounds 5 (m/z 181.0504 [M-H] ; CoH;¢Oy;
Fig. S12, $31, S32 and Table S10) and 6 (m/z 195.0660 [M-H];
C10H1204; Fig. S12, S33, S34 and Table S11) and elucidated their
structures by NMR to be the monomeric units of 1, i.e. 3-MOA
and DMOA, respectively.

The structure of compound 7 (m/z 345.0974 [M-H]|;
C;13H,505; Fig. S12 and S13) was elucidated by detailed spec-
troscopic analysis, revealing a novel depside consisting of
orsellinic acid linked to DMOA via a depside ester bond (full
structure elucidation in the SI; Fig. S35-S39 and Table S12).
Compound 7 was named parastagonic acid. The structure of 8
(m/z 373.1289 [M-H]; C»0H,,05; Fig. S12 and S13) was eluci-
dated by detailed spectroscopic analysis and single crystal X-ray
diffraction (XRD) (Fig. S14, S40, S41 and Table S13), and was
deduced to be identical to CJ-20,558, which has been previously
generated through partial hydrolysis of thielavin A,** but has not
been reported from a natural source. The isolation of three
depsides with different methylation patterns (1, 7 and 8)
following expression of ndsA in A. nidulans demonstrates the
ability of this NR-PKS to generate a range of products through
depside coupling of different orsellinate monomers (orsellinic
acid, 5 and 6). This promiscuity was not observed by Chen et al.
following expression of the NR-PKS drcA in A. oryzae."*

To investigate the function of the NRPS NdsB, ndsB was co-
expressed with ndsA in A. nidulans, which in addition to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structures of 1-11 isolated from the heterologous expression of the nds cluster in A. nidulans LO8030. *Denotes novel compound

identified in this study.

compounds 1, 5-8, yielded compounds 2 and 11 (Fig. 3 and 4).
The structure of 2 (m/z 460.1610 [M-H]|; C,3H,,NOo; Fig. S12
and S13) was elucidated by detailed spectroscopic analysis to be
the previously reported depside, duricamidepside,” which
features r-threonine attached to the carbonyl group of the
DMOA subunit of 1 via an amide bond (Fig. S19, S20 and Table
S7). Compound 2 has also previously been obtained by co-
expression of A. duricaulis drcA and NRPS, drcB, in A. orzyae
NSAR1." Furthermore, we isolated compound 11 (m/z 446.1453
[M-H]; C,,H,5NOg; Fig. S12 and S13), which was elucidated by
detailed spectroscopic analysis to be a novel depside consisting
of orsellinic acid and DMOA, with 1-threonine attached to the
DMOA subunit (full structure elucidation in the SI; Fig. $52-S56
and Table S16). This is the first report of this amidated depside,
which we named parastagonamide. Compound 11 co-eluted
with another compound, which was observed in the ndsA-
expressing strain (m/z 389.1238 [M-H] ; C,,H,,0s), but we were

© 2025 The Author(s). Published by the Royal Society of Chemistry

unable to isolate this compound in sufficient quantities for
characterisation.

ndsC encoding a cytochrome P450 involved in hydroxylation
and methylene bridge cross-linking of depsides

Comparison of the nds and drc clusters revealed that ndsC
encodes a cytochrome P450 oxygenase not found in the drc
cluster, suggesting that the nds cluster may produce depsides
that undergo additional oxidative tailoring (Fig. 2B). Expression
of ndsABC in A. nidulans produced four new compounds, 3, 4, 9
and 10 (Fig. 3 and 4) in addition to all those previously isolated.

HR-LC-ESI-MS (m/z 476.1562 [M-H]; C,3H,NO, o; Fig. S12
and S13) and detailed spectroscopic analysis of compound 9
revealed the compound to be almost identical to 2, except for
hydroxylation of the 3-methyl group of the 3-MOA unit (full
structure elucidation in the SI; Fig. S42-S46 and Table S14).
Similarly, the structure of compound 10 (m/z 375.1084 [M-H];

Chem. Sci., 2025, 16, 21852-21861 | 21855
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C19H,(0g; Fig. S12 and S13) was elucidated with detailed spec-
troscopic and XRD analysis, revealing a compound almost
identical to 1, except for hydroxylation of the 3-methyl group of
the 3-MOA unit (full structure elucidation in the SI; Fig. S15,
S47-S51 and Table S15). Thus, we have named 9 as hydroxy-
duricamidepside and 10 as hydroxy-CJ20,557. The production
of 9 and 10 by the ndsABC-expressing strain suggests that NdsC
must be responsible for hydroxylation of the 3-methyl group of
3-MOA.

Intriguingly, we also isolated compounds 3 (m/z 717.2190
[M-H]™; C35H35044; Fig. S12 and S13) and 4 (m/z 818.2663 [M-
H]; C4,H,5NO;6; Fig. S12 and S13) from the ndsABC-expressing
strain, which were both predicted to be dimerised depsides
based on HR-LC-ESI-MS. Indeed, the NMR data for 3 revealed
that it is a novel asymmetric dimer of 1, crosslinked via
a methylene bridge between C-5 of ring A and 3-Me of ring A’
(full structure elucidation in the SI; Fig. $21-S25 and Table S8).
We named this new dimeric depside nodoraside A. Further-
more, the NMR data for compound 4 revealed that it was a novel
asymmetric dimer of 1 and 2 crosslinked via a methylene group
between C-5 of ring A and 3-Me of ring A’ (as seen in 3) and with
L-threonine attached to the carbonyl group of ring B’ (full
structure elucidation in the SI; Fig. S26-S30 and Table S9).
Subsequently, we named compound 4 as nodoraside B.

During our purification of 9 and 10, we observed that these
benzylic hydroxylated depsides were quite reactive, and in the
presence of methanol, readily undergo methoxylation. When
compound 9 was incubated overnight in methanol,
a compound with a mass corresponding to a methyl ether
analogue of 9 (compound 12) was formed (Fig. 5 and S7), which

0
o @ R
@ 0 OH
HO OH
o

Methoxy-duricamidepside (12): R = L-Thr-OH
Methoxy-CJ20,557 (13)*: R = OH

Nodoraside C (14)*

Fig. 5 Structures of conversion products 12-14 formed during the
purification of hydroxy-duricamidepside (9) and hydroxy-CJ20,557
(10). *Denotes novel compound identified in this study.
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we named methoxy-duricamidepside. Moreover, when purifying
10 with methanol, we isolated compound 13 (m/z 389.1235 [M-
H]; Cy0H,,0g; Fig. S12 and S13), where its NMR and XRD data
indicated it is a methyl ether 10, which we named methoxy-
CJ20,557 (Fig. 5; full structure elucidation in the SI; Fig. S16,
S57-S61 and Table S17). Furthermore, we isolated another
conversion product, compound 14 (m/z 640.2031 [M-H];
C3,H34NOq3; Fig. S12 and S13), during our purification of 9,
where compounds 5 and 9 co-eluted. Drying these fractions
from water containing 0.1% trifluoroacetic acid (TFA) and
acetonitrile resulted in the formation of 14. Detailed spectro-
scopic analysis of 14 revealed it to be compound 2 crosslinked
to compound 5 via a methylene bridge between C-5 of ring A
and 3-Me of ring A’ (as seen in 3 and 4) (Fig. 5; full structure
elucidation in the SI; Fig. S62-S66 and Table S18). Therefore, we
named compound 14 as nodoraside C. Significantly, the
production of 14 demonstrated that the methylene bridge
crosslinking reaction can occur non-enzymatically via a benzylic
hydroxylated intermediate produced by NdsC. On closer
inspection, 14 could also be detected in low concentrations
from A. nidulans expressing ndsABC but was absent in A. nidu-
lans expressing ndsA, ndsAC and ndsAB (Fig. 3 and S68). This
suggests that 14 can be biosynthesised in vivo but only in the
presence of NdsA, NdsB and NdsC.

Interestingly, expression of ndsAC (without ndsB) in A. nidu-
lans did not produce the depside dimer 3, with only trace
amounts of benzyl alcohol 10 being detected. Notably, when
ndsB was co-expressed (ndsABC), the production of 10 increased
13-fold (Fig. S8) and 9 was detected along with the methylene-
bridged depsides 3 and 4 (Fig. 3). This suggests that the
hydroxylation activity of NdsC and the production of methylene-
bridged depsides are partially dependent on the presence of the
NRPS NdsB.

Given the reactivities of 9 and 10, as supported by the
detection of the methoxylated compound 12 and isolation of the
methoxylated compound 13 and 3-MOA-linked compound 14,
we hypothesise that these hydroxylated depsides are precursors
for the formation of the methylene-bridged depsides 3 and 4. To
further investigate the potential dependency of the NdsC-
catalysed hydroxylation and methylene bridge formation on
the presence of NdsB, we fed 1 to A. nidulans strains expressing
ndsB only and ndsBC, and fed either 1 or 2 to ndsC-expressing A.
nidulans (Fig. S9). Feeding 1 to the ndsB-expressing trans-
formant resulted in the production of r-threonine-amidated
compound 2, confirming that 1 can cross the cell membrane
of A. nidulans and be used as a substrate by NdsB. However,
feeding either 1 or 2 to ndsC-expressing strains did not yield
hydroxylated compounds 9 and 10, nor did it yield methylene-
bridged compounds 3 and 4. Production of hydroxylated
compounds 9 and 10 was observed only when feeding 1 to
ndsBC-expressing strains, which strengthens our hypothesis
that NdsB is important for the function of NdsC. Unexpectedly,
the methylene-bridged compounds 3 and 4 were not observed
when 1 was fed to ndsBC-expressing strain, suggesting that
NdsA may also be required for the dimerisation of the depsides.

To complement the feeding experiments on ndsBC-express-
ing strains, we attempted to reconstitute the enzymatic steps of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydroxylation and methylene bridge formation in vitro using
cell-free lysate of A. nidulans expressing ndsB and ndsC
(Fig. S69). Consistent with the feeding assays, incubating 1 in
lysate containing NdsB, as well as in an equal mixture of lysates
containing NdsB and NdsC, resulted in the production of 2.
Similarly to the feeding assays, when 1 or both 1 and 2 were
incubated in lysate containing NdsC alone, neither the
hydroxylated compounds (9 and 10), nor the methylene-bridged
compounds (3 or 4), were detected. Surprisingly, neither the
methylene-bridged compounds 3 or 4, nor the hydroxylated
compounds 9 and 10, were detected when 1 was incubated in
a mixture of lysates containing NdsB and NdsC. It is possible
this may be due to NdsC being inactivated in the process of
preparing of the cell-free lysate.

As the feeding assays suggest cooperation of NdsB and NdsC
for hydroxylation, we hypothesise that the catalytically inactive
T; domain in NdsB may be involved in the interaction with
NdsC. To assess the role of the T; domain, we deleted the T;
domain of ndsB, including the preceding linker region, and co-
expressed the mutant with ndsA and ndsC in A. nidulans.
Surprisingly, removal of the T; domain abolished the produc-
tion of 2, 9 and 11 containing an r-threonine moiety and
methylene-bridged depsides 3 and 4, with only 1, 5-8, and trace
amount of 10 produced, similar to A. nidulans expressing ndsAC
only (Fig. S6). This suggests that the T; domain is important for
the amidation activity of NdsB and effective hydroxylation of 1
by NdsC.

Additionally, feeding assays with A. nidulans expressing
ndsBC also suggest that NdsA is important for methylene bridge
formation. We hypothesise that NdsA facilitates this step by
bringing 1 into proximity with hydroxylated-1 (10) tethered on
NdsB, perhaps via its ACP domains. To investigate this, we
inactivated the ACP domains by mutating the conserved serine
residues, where the PPTase installs the PPant arm, to alanine
(ACP-1 S1673A and/or ACP-2 S1796A), thereby abolishing
substrate tethering (Fig. S70 and S71). As expected, mutating
both ACP domains resulted in a non-functional NdsA and no
compounds from the nds cluster were detected. Intriguingly,
comparison of the ACP-1 mutant to the wildtype showed that
the production of 1 decreased by 15.8-fold, while the hydroxyl-
ated compounds 9 and 10 decreased by 3.2-fold and 9.9-fold,
respectively. Moreover, methylene-bridged compounds 3, 4, and
14 were not detected. However, in the ACP-2 mutant expression,
the overall production of the nds compounds was reduced
relative to the wildtype, but the methylene-bridged compounds
3 and 4, and trace amounts of 14 were still detected. These
results further corroborate our hypothesis that NdsA, specifi-
cally the ACP-1 domain, is involved in methylene bridge
formation, potentially through protein-protein interaction or
co-compartmentalisation with NdsB.

As the methylene bridge in 14 was formed non-enzymatically
during the purification of 9, we sought to replicate these
conditions to investigate the formation of the methylene-
bridged depside 4. To this end, we reacted 1 and 9 in 50%
aqueous acetonitrile, with and without 0.1% TFA, for 16 h at
room temperature and then dried the reaction mixtures in
vacuo. Compound 4 was detected under both conditions,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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although its yield was 6.5-fold higher in the presence of TFA
(Fig. S10), suggesting that acidic conditions facilitate the di-
merisation reaction, which may be facilitated in vivo by an
acidic residue within the enzyme active site.

Proposed biosynthetic pathway for methylene bridge
formation involves potential protein-protein interactions

In most of the fungal methylene-bridged dimeric natural
products with elucidated biosynthetic pathways, the methylene
bridge is formed non-enzymatically using a one-carbon donor,
such as formaldehyde.**'**>-*¥ In contrast, we describe here an
enzymatically initiated pathway for methylene bridge formation
between two depside units, highlighting a novel biosynthetic
strategy. We propose that methylene bridge formation is initi-
ated by the cytochrome P450 oxygenase NdsC, which hydroxyl-
ates the 3-methyl group of the 3-MOA unit in depsides (1 or 2),
yielding a benzyl alcohol. This intermediate undergoes non-
enzymatic dehydration to form a reactive ortho-quinone
methide (0-QM) intermediate, which then reacts with the
aromatic methine ortho to the phenol on another depside 1
molecule, resulting in the formation of the methylene bridge
observed in 3 and 4 (Fig. 6).

Methylene bridge formation via an 0-QM intermediate has
been previously reported in the non-dimeric natural products
penilactone and peniphenone from Penicillium crustosum PRB-
2.* Within this pathway, the 0-QM is derived from hydrox-
yclavatol, which is generated by hydroxylation of clavatol (2,4’
dihydroxy-3',5'-dimethyl-acetophenone). Similar to compounds
9 and 10, hydroxyclavatol contains a reactive benzyl alcohol,
which can dehydrate to form a corresponding 0-QM interme-
diate that reacts with tetronic acid intermediates to form the
final methylene-bridged products.*® Notably, in contrast to the
nodoraside pathway described here, this benzylic hydroxylation
is catalysed by a non-heme iron (Fe")/2-oxoglutarate-dependent
oxygenase rather than a cytochrome P450 oxygenase.

As proposed previously by Chen et al. for DrcB," our findings
suggest that NdsB activates 1 and incorporates r-threonine to
generate the amide 2. However, formation of 3 and 4—unique
to the nds cluster—was observed only when co-expressing ndsA4,
ndsB and ndsC, indicating that all three enzymes are required
for methylene bridge formation. Based on these results, we
propose that the cytochrome P450 oxygenase NdsC hydroxylates
the thioester form of 1 while it is tethered to the T domain of
NdsB, forming NdsB-10 (Fig. 6). The benzyl alcohol of NdsB-10
then undergoes non-enzymatic dehydration to yield a reactive o-
QM, which subsequently reacts with a second molecule of
depside 1-thioester tethered to ACP-1 of NdsA via conjugate
addition. Formation of the methylene bridge while 10 is teth-
ered on the NRPS is supported by the absence of an isomer of 4
with r-threonine attached to the carbonyl group of ring B rather
than ring B'. The role of NdsA in facilitating the dimerisation is
also supported by the absence of methylene-bridged depsides 3
and 4 when 1 is fed to A. nidulans expressing ndsBC (without
ndsA), even though the hydroxylated intermediates 9 and 10
were detected. Furthermore, production of 3 and 4 was abol-
ished in our heterologous expression of ndsBC with the ndsA
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Fig. 6 Proposed biosynthetic pathway to nodoraside A (3) and nodoraside B (4).

ACP-1 (S1673A) mutant. Following the o-QM-mediated C-C
bond formation, rearomatisation of ring A and hydrolysis of the
thioester by the TE domain releases the cross-linked product
from NdsA. The final step is determined by NdsB, which either
hydrolyses the product from the T domain to generate 3, or
condenses it with r-threonine to yield 4, catalysed by the C
domain (Fig. 6).

Interestingly, although DrcA and DrcB from A. duricalis
produce the same compounds 1 and 2, they share low protein
sequence identity with NdsA (39%) and NdsB (32%), respec-
tively (Fig. S5). This is in contrast with the other homologous
BGCs in dothideomycete plant pathogens identified by cblaster,
where the overall protein sequence identities with NdsA and

21858 | Chem. Sci., 2025, 16, 21852-21861

NdsB were >70% (Table S1). On close inspection, the T; domain
found in NdsB was also conserved in DrcB, except for the serine
residue, which has been replaced with leucine (WGDL) (Fig. S4).
We investigated whether the cytochrome P450 oxygenase NdsC
could functionally interact with the A. duricaulis enzymes DrcA
and DrcB in the A. nidulans host. Surprisingly, despite both the
low sequence homology between DrcAB and NdsAB, and the
absence of a ndsC orthologue in the drc cluster, production of
both 3 and 4 was observed in A. nidulans expressing drcA, drcB
and ndsC (Fig. S11). This suggests that NdsC may exhibit
promiscuity in its interactions with PKSs or NRPSs, potentially
via recognition of conserved features in carrier protein
domains. Supporting NdsC promiscuity to interact with carrier

© 2025 The Author(s). Published by the Royal Society of Chemistry
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proteins other than the NRPS, trace amounts of benzyl alcohol-
containing compound 10 were detected when ndsAC were co-
expressed, suggesting that NdsC may also hydroxylate 1-thio-
ester tethered to the ACP domains of NdsA to a small extent.
Alternatively, formation of the dimer may result from co-
compartmentalisation of DrcA and DrcB with NdsC in A. nidu-
lans, enabling proximity-based catalysis.

Bioactivity of the isolated compounds

Lastly, we investigated whether the isolated compounds derived
from the nds BGC exhibit herbicidal activity. Initially, we per-
formed a pre-emergence treatment on the model dicot, Arabi-
dopsis thaliana, grown on 0.1% agar with varying concentrations
of 1-4, 7-8, with glyphosate as a positive control. Compounds 1
and 7 showed weak herbicidal activities against A. thaliana at
200 pM and 400 uM, respectively (Fig. S67). We also assessed
herbicidal activity of 1-4 against the model monocot, Eragrostis
tef, with abscisic acid as the control. However, none of the
compounds displayed activity against E. tef (Table S2). Addi-
tionally, we performed detached leaf assays (DLA) of P. nodorum
infecting wheat leaves to determine if these metabolites are
produced during infection. However, at 5 dpi, we were unable to
detect these metabolites in our chemical extraction of the
infected leaves (results not shown). However, these compounds
could still have a role in modulating plant pathway, but further
experiments would be required to assess this. Finally, we
assessed the minimum inhibitory concentrations (MICs) of 1-4
against Bacillus subtilis and Staphylococcus aureus (antibacterial
activity), Candida albicans and Saccharomyces cerevisiae (anti-
fungal activity), and cytotoxicity against mouse myeloma NS-1
cells. Compound 1 displayed antibacterial activity against B.
subtilis (25 pg mL ") and antifungal activity against C. albicans
(25 pg mL™"), with no cytotoxicity (Table S2). These results
suggest that compound 1 may act on multiple molecular targets
that differ between bacterium and eukaryote.

Conclusions

To our knowledge, this is the first report describing the
biosynthetic mechanism for methylene bridge formation
between two depsides. Using a transcriptomics-guided genome
mining approach, heterologous expression and feeding assays,
we characterised the nds BGC from P. nodorum and isolated
depside metabolites for the first time from this important wheat
pathogen. In this study, we isolated eight novel depsides
(compounds 3, 4, 7, 9, 10, 11, 13, 14), one depside for the first
time as a natural product (compound 8), and two previously
reported depsides (compounds 1 and 2). Significantly, we have
shed light on the biosynthetic mechanism involved in the
formation of methylene-bridged depsides, where the mecha-
nism is initiated by hydroxylation of 1 by NdsC. Although
methylene-bridged depsides such as thielocin B3 have been
previously isolated from fungi, this study has provided the first
direct evidence linking a specific enzyme to methylene bridge
formation. While further studies are needed to determine
whether orthologues of NdsC could catalyse dimerisation in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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other methylene-bridged depsides, our results point towards
a conserved mechanistic paradigm. The knowledge gained here
reveals an alternative biosynthetic strategy for constructing
methylene-bridged dimeric fungal natural products, distinct
from previously described non-enzymatic mechanisms
involving host-derived formaldehyde'® and expands biosyn-
thetic strategies for diversification of natural product scaffolds.
Notably, Nature has evolved distinct enzymatic strategies to
exploit 0-QM intermediates in C-C bond formation, as seen in
penilactone and peniphenone biosynthesis via a non-heme Fe"'/
2-oxoglutarate-dependent oxygenase and in the P450-mediated
pathway described here. Furthermore, we identified the T;
domain in NdsB and suggested it may have a role for the
function of NdsB and in potentially mediating its interaction
with NdsC. Biochemical validation for the role of the T; domain
is currently in progress. Additionally, evidence from combina-
torial gene expression, ACP domain mutagenesis, and feeding
assays suggests that the methylene bridge formation requires
either protein-protein interaction of all three proteins or
enzyme co-compartmentalisation. Further work is also
underway to investigate this hypothesis.

Finally, although we could not detect the metabolites
produced by the nds cluster in planta, the weak herbicidal
activity observed for some depsides suggested potential
ecological relevance in plant-pathogen interactions. Further
studies assessing their biological role in P. nodorum could
provide important insights into fungal-host dynamics and the
functional significance of such depsides in fungal biology.
Additionally, our findings will facilitate the discovery of related
methylene-bridged depsides in other fungi, deepening our
understanding of their biosynthetic diversity and evolutionary
origins.
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