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that was used as the lead structure for the development 
of β-methoxyacrylate agri-fungicides [2, 3] as well as the 
fungistatic drug griseofulvin commonly used for treat-
ment of onychomycosis [4, 5]. Most fungal polyketides 
are synthesized by type I iterative polyketide synthases 
(PKS), multidomain enzymes that catalyze repeated 
decarboxylative Claisen condensation to produce 
polyketides of varying modifications and chain length 
[6–8].

PKS are divided into reducing and non-reducing types 
based on their inherent set of domains. All PKS share 
essential ketosynthase (KS), acyltransferase (AT) and 
acyl-carrier protein (ACP) domains and can include addi-
tional optional C-methyltransferase (CMeT), reductase 

Introduction
Fungal polyketides have been extensively studied for 
their structural diversity and promising biological activi-
ties exploitable for medicinal and agricultural appli-
cations. Notable examples include the blockbuster 
cholesterol-lowering drug lovastatin [1], the antifungal 
agent strobilurin A produced by Strobilurus tenacellus 
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Abstract
Paecilomyces marquandii IBWF 003–21 produces vibrant purple pigmented conidia, the color of which can be 
attributed to the naphthacenedione natural product saintopin (1). The target compound was previously reported 
to exhibit potent topoisomerase-inhibitory activity, yet has not been extensively studied nor has the biosynthesis 
been elucidated. In an effort to elucidate the biosynthesis of 1, we mined the genome of Paecilomyces marquandii 
for non-reducing polyketide synthases (nrPKS), introduced them into the heterologous host Aspergillus oryzae 
OP12 and identified a prime candidate for the biosynthesis of 1 we termed stpA. Deletion of stpA in the native 
producer P. marquandii abolished production of 1, rendering conidia hyaline in color. stpA phylogenetically clusters 
with clade V nrPKS, canonically requiring trans-acting metallo-β-lactamase-like thioesterases (MβL) for product 
offloading, however, no MβL is encoded in the vicinity of stpA. Instead, a BLAST-search revealed a single MβL, stpB, 
encoded elsewhere in the P. marquandii genome, accompanied by a flavin-dependent monooxygenase (FMO), 
stpC, and an O-methyltransferase, stpD. Heterologous coexpression of stpA and stpC sufficed for reconstituting 1 
biosynthesis in A. oryzae OP12 even without additional coexpression of stpB. Coexpression of stpC alongside the 
decaketide-synthase adaA involved in TAN-1612 biosynthesis also resulted in the production of 1, which implies 
that the formation of 1 proceeds via a decaketide precursor that is subsequently shortened. While the structure 
and biosynthesis of 1 are unique compared to other fungal naphthacenediones, further research is necessary to 
elucidate the elusive mechanism underlying the formation of 1.
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(R) or thioesterase (TE) domains. Non-reducing PKS 
additionally canonically harbor a starter acyltransfer-
ase (SAT) [9] and product template (PT) [10] domain 
responsible for initial substrate loading and product 
cyclization, respectively, but lack reductive domains 
found in reducing PKS. The function of the SAT domain 
is essential in some cases, particularly when loading 
unusual starter units such as hexanoyl-CoA [9] or in hr/
nrPKS hybrid pathways [11], but has been shown to be 
dispensable without compromising function in recently 
described basidiomycete nrPKS [12]. The product tem-
plate domain has been suggested to act as a substrate 
tunnel that prefolds the nascent polyketide to facilitate 
aldol-condensation mediated cyclization [13], therefore 
being responsible for the (poly-)cyclic structure of non-
reduced polyketide products.

Phylogenetically, nrPKS cluster into 12 distinct clades, 
each clade sharing characteristic features in domain 
architecture, polyketide length and cyclization pattern 
[12–15]. In contrast to most other nrPKS, clade V nrPKS 
lack a terminal R- or TE-domain for product offloading, 
the function of which is commonly complemented by a 
metallo-β-lactamase-like TE (MβL) protein encoded in 
the genomic vicinity of clade V nrPKS, firstly described 
in atrochrysone carboxylic acid biosynthesis [16]. Fur-
thermore, clade V has recently been subdivided into 
three subclades (V-I, V-II and V-III) [12, 15]. While clade 
V-I and clade V-III PKS produce octaketides such as 

atrochrysone/endocrocin [16] and unusual heptaketides 
such as alternariol [17] and the benzophenone precur-
sor of griseofulvin [18], clade V-II PKS produce nona- 
and decacetides such as asperthecin [19, 20], TAN-1612 
[20], viridicatumtoxin [21], fumicycline [22], neosartori-
cin [23] and hancockinone A [24] (Fig. 1). Besides MβL, 
clade V-II nrPKS additionally cluster with flavin-depen-
dent monooxygenases (FMOs). These FMOs catalyze 
C2-hydroxylation, which is indispensable for cyclization 
of the fourth ring in the case of naphthacenediones like 
TAN-1612, as their absence alternatively results in hydro-
lytic release of a tricyclic product [20].

The fungal naphthacenedione saintopin (Fig.  1), iso-
lated for the first time in 1990 from Paecilomyces sp., has 
previously been shown to exhibit potent topoisomerase I 
& II inhibitory activity, making it a promising candidate 
for development as an anti-tumor agent [25]. Indeed, 
the structurally related bacterial anthracyclines such as 
doxorubicin (marketed as Adriamycin®, Fig. 1) are already 
being used to treat various cancers, albeit at the high risk 
of cardiotoxicity [26]. Despite the promising activity orig-
inally reported, only few studies on saintopin have been 
conducted since. While saintopin is structurally related 
to other fungal naphthacenediones it does harbor unique 
structural features, such as the lack of side chains and 
the resulting planarity (Fig. 1), implying an alternative or 
extended biosynthetic route. Here we report the isola-
tion of saintopin from Paecilomyes marquandii, which is 
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responsible for the conidial pigmentation in the produc-
ing organism, as well as identification and heterologous 
reconstitution of saintopin biosynthetic genes in Asper-
gillus oryzae. Saintopin biosynthesis only requires two 
enzymes and features an elusive mechanism of polyketide 
cyclization diverging from other characterized fungal 
naphthacenedione pathways.

Results
Isolation of the Paecilomyces marquandii conidial pigment 
saintopin
A fungus with vibrant purple conidial pigmentation was 
isolated from a contaminated agar plate in Mainz, Ger-
many. Sequencing of the barcode ITS region (Table S4) 
identified the isolate as Paecilomyces marquandii (syn-
onym: Marquandomyces marquandii) and the strain was 
deposited at the Institut für Biotechnologie und Wirk-
stoff-Forschung gGmbH (IBWF, Mainz, Germany) with 
reference number IBWF 003–21. The major metabo-
lite produced in conidia of P. marquandii was identified 
to be compound 1, the UV/Vis spectrum of which did 
align with the purple color of the conidia (Fig. 2). Fortu-
nately, compound 1 was also produced in liquid culture 
and preparative amounts were obtained from the extrac-
tion of the mycelia of P. marquandii from a 10 L scale-up 
fermentation. The purple pigment was isolated from the 
crude extract using chromatographic techniques and the 
metabolite identified as saintopin (1) by NMR spectros-
copy and HRESIMS analysis (Fig. 2).

Heterologous expression of nrPKS genes identifies a prime 
candidate for saintopin biosynthesis
To identify the biosynthetic origin of saintopin (1), the 
genome of P. marquandii IBWF 003–21 was sequenced 

and assembled into 42.3 Mb, distributed across 406 con-
tigs, with an N50 of 0.7 Mb and a GC content of 51.6%. 
The length of the largest contig was 2.6 Mb. The results 
indicated a high-quality genome assembly. A total of 
6,617,776 clean reads were obtained from Illumina 
sequencing, enabling the prediction of 12,761 protein-
coding genes, 8,987 of which had functional annotations. 
AntiSMASH analysis supplemented by manual curation 
using FunBGCeX results revealed the presence of 81 
secondary metabolite (SM) biosynthetic gene clusters 
(BGCs), comprising 23 nonribosomal peptide synthe-
tases (NRPSs), 16 polyketide synthases (PKSs), 14 ter-
pene synthases (TPSs), 5 hybrid and 23 other BGCs (e.g., 
ribosomally synthesized and post-translationally-modi-
fied peptides (RiPPs), isocyanide synthases (ICS)).

Given the aromatic structure of saintopin (1), we 
hypothesized that its biosynthesis is mediated by a 
nrPKS. Compound 1 shares structural similarity with 
other fungal naphthacenediones, such as TAN-1612 and 
viridicatumtoxin (Fig. 1), however differs in function-
alization and substitution, suggesting a different bio-
synthetic pathway. Among the PKSs identified, seven 
were categorized as non-reducing. One of these was 
excluded from further analysis due to high similarity 
with the sorbicillin BGC of Acremonium chrysogenum. 
The six remaining nrPKS genes were cloned into expres-
sion plasmids and introduced into the heterologous host 
Aspergillus oryzae OP12 pyrG– [27] to investigate prod-
uct formation. This strain features a coupled promoter 
system, which amplifies gene expression and therefore 
results in higher SM production.

Five out of the six nrPKSs produced detectable prod-
ucts in the heterologous host, as evident from the com-
parison with the empty plasmid control strain (Fig.  3). 

Fig. 1  Selected structures of fungal naphthacenediones and related polyketides
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Most products were purified from scale-up fermenta-
tion of the mutant A. oryzae strains and their structures 
were elucidated by NMR and HRESIMS analysis. While 
PmPKS1 and PmPKS2 are strictly orsellinic acid (2) and 
nor-toralactone (3) synthases, respectively, PmPKS4 
and PmPKS6 produced multiple products of different 
chain lengths. OP12_PmPKS4 predominantly produced 
6,8-dihydroxy-3-(2-oxopropyl)-1H-2-benzopyran-1-one 
(4), orthosporin (5), minor amounts of citreoisocouma-
rin (6) and saccharonol A (7). OP12_PmPKS6 produced 
compounds 2 and 7. No products were produced by 
OP12_PmPKS5.

OP12_stpA produced only traces of several com-
pounds, the major one being 8 (379 Da [M–H+]) and 
even smaller amounts of 9 (381 Da [M–H+]), 10 (337 
Da [M–H+]) and 11 (355 Da [M–H+]) (Fig.  3, Figure 
S2). Unfortunately, we were not able to obtain sufficient 
amounts of the compounds produced by OP12_stpA for 
structure elucidation, as yields were too low and produc-
tion was not scalable. Compounds 8, 9 and 10 shared the 

same UV/Vis spectra, suggesting similar molecular struc-
tures (Figure S1). The UV/Vis and identified masses of 8 
and 10 align with compounds that were previously iden-
tified when the clade V nrPKS AdaA was assayed in vitro 
[20]. Based on this congruence, we propose the struc-
tures of 8 and 10 as the previously reported deca- and 
nonaketide anthrapyrones (Fig.  3). As compound 9 also 
shares the same UV/Vis and differs from 8 by only + 2 
Da, we propose 9 to be the reduced congener of 8. The 
structure of compound 11 remains ambiguous. Interest-
ingly, upon reinvestigation of P. marquandii extracts for 
compounds 2–11, compound 10 could also be detected 
in the conidia extract of P. marquandii (Fig.  2). In con-
clusion, stpA seems to be the only nrPKS encoded in the 
genome of P. marquandii producing polyketides of suf-
ficient chain length required for 1 production, making it 
the prime candidate for the biosynthesis of 1.

Fig. 2  Saintopin (1) is produced in Paecilomyces marquandii conidia and mycelia. Chromatograms (250 nm) of P. marquandii conidia extract, mycelia 
extract and purified 1. Structure, UV/Vis- and neg. ionization mass spectrum of 1. * corresponds to compound 10. # unrelated (non-purple colored) 
compound
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Deletion of stpA abolishes saintopin production in P. 
marquandii
To assess the involvement of stpA in saintopin (1) biosyn-
thesis, we first sought to establish a transformation proto-
col for P. marquandii. Fortunately, employing previously 
established protocols frequently used for protoplasting 
aspergilli did also successfully yield protoplasts from P. 
marquandii mycelia, albeit after prolonged incubation. 
However, P. marquandii seems highly insensitive to the 
most commonly used selection agents (as apparent by 
pre-tests, data not shown, e.g., hygromycin, phleomycin, 

BASTA, nourseothricin). Despite background growth of 
untransformed colonies on the transformation plates we 
eventually succeeded in obtaining a single ΔstpA mutant 
by using geneticin (G418) as a selection agent at 1000 µg/
mL (Figure S3). ΔstpA exhibits an albino phenotype, lack-
ing conidial pigmentation, which is due to the abolish-
ment of the production of 1 (Fig. 4).

Heterologous reconstitution of saintopin biosynthesis
With stpA identified as the core gene involved in the bio-
synthesis of 1, we next sought to reconstitute additional 
accessory genes in A. oryzae to elucidate the biosynthetic 
pathway. StpA has a SAT-KS-AT-PT-ACP domain archi-
tecture and phylogenetically clusters with clade V nrPKS, 
which lack an intrinsic offloading domain and therefore 
require trans-acting MβL for product offloading. More 
specifically, StpA belongs to clade V-II enzymes such 
as AdaA and VrtA, that are involved in the biosynthesis 
of the fungal naphthacenediones TAN-1612 and viridi-
catumtoxin, and the respective biosynthetic pathways 
require action of an FMO for cyclization of the fourth 
ring. However, neither a MβL nor a FMO are encoded in 
the vicinity of stpA. A BLAST search of the MβL-coding 
gene adaB identified a single homolog in the genome of 
P. marquandii we termed stpB. Interestingly, homologs 
of the FMO adaC and the O-methyltransferase adaD 
are encoded next to stpB, which we consequently termed 
stpC and stpD, respectively (Fig. 5; Table 1).

We next performed sqRT-PCR analysis (Figure S4) of 
all genes surrounding stpA and the trans-cluster encod-
ing stpBCD with cDNA derived from cultures produc-
ing or not producing 1. Unfortunately, the results did not 
show any correlation between gene expression and pro-
duction of 1, implying an alternative regulatory mecha-
nism, making it difficult to assess genes involved in the 
biosynthesis of 1. To experimentally probe accessory 
genes involved in the biosynthesis of 1, we co-introduced 
the homologs necessary for the production of naph-
thacenediones in other biosynthetic pathways, namely 
stpABC, into the triple auxotrophic A. oryzae OP12 3Δ 
[28] and performed metabolite analysis as previously.

Coexpression of stpA and stpB did not yield any new 
compounds, other than those already produced by 
solely stpA, namely trace amounts of 8, 9, 10 and 11 
(Fig.  6). Intriguingly, the coexpression of stpABC but 
also stpAC resulted in the production of 1 (Fig.  6) and 
various other, presumably shunt products (13–18, Fig-
ure S5). Compounds 10 and 11 were still produced in 
OP12_stpAC and OP12_stpABC, whereas compounds 8 
and 9 could not be detected. An additional compound 
12 (323 Da [M–H+]) was detected predominantly in cul-
ture filtrate extracts of OP12_stpAC and OP12_stpABC. 
Attempts towards purifying 12 were unsuccessful, since 
all fractions purified by preparative HPLC additionally 

Fig. 3  Heterologous expression of P. marquandii nrPKS genes in A. oryzae 
OP12 results in production of different chain length aromatic polyketides. 
Chromatograms (250 nm) of mutant culture filtrate extracts and purified 
metabolites. Structures of 2–7 were elucidated by NMR and HRESIMS. * 
Structures of 8–10 are proposed. Ø, empty plasmid control strain
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contained 1. The mass difference of 14 Da between 12 
and 1 might indicate spontaneous oxidation of a non-
quinone precursor we termed presaintopin (12) in the 
presence of oxygen to afford the quinone moiety in sain-
topin (1). This would explain the presence of 1 in purified 
fractions of 12. During preparation of mycelia extracts, 
compounds are exposed to atmospheric oxygen for a 
longer period of time as compared to culture filtrate 

extracts, resulting in complete oxidation of 12 to 1, and 
non-detection of 12 in mycelia extracts. Indeed, during 
the preparation of mycelia extracts of P. marquandii, 
OP12_stpAC or OP12_stpABC, the extracts are initially 
orange-colored and will only turn increasingly purple 
with prolonged incubation, indicative of conversion of 12 
to 1.

The mechanism underlying the formation of sain-
topin (1) is elusive as the reaction catalyzed by StpC is 
not readily apparent from the structure of 1. To gain 
first mechanistic insights into the formation of 1, stpC 
was introduced alongside either the decaketide synthase 
adaA or the nonaketide synthase aptA into A. oryzae 
OP12 3Δ (Fig.  6). Expression of aptA and aptA/stpC 
resulted in the production of only 11, with no apparent 
differences between the two mutants, whereas formation 
of 1 was not observed (Fig. 6). In contrast, expression of 
adaA and adaA/stpC resulted in the production of the 
same compounds observed for stpA and stpAC, respec-
tively, with adaA/stpC producing 1 (Fig.  6, Figure S6). 

Table 1  Proposed function of stp genes
Gene Size 

(aa)
BlastP hit* Iden-

tity 
(%)

E-value Proposed protein 
function

stpA 1824 D7PHZ2.1 69.01 0.0 nrPKS 
(SAT-KS-AT-PT-ACP)

stpB 319 Q4WA58.1 60.00 1e-141 metallo-β-lactamase-
like thioesterase

stpC 421 D7PHZ9.1 59.40 0.0 FAD-dependent 
monooxygenase

stpD 244 D7PHZ7.1 60.99 3e-100 O-methyltransferase
*Uniprot as reference database

Fig. 5  Scheme of the stp BGC

 

Fig. 4  Deletion of stpA results in the loss of conidial pigmentation and abolishment of 1 production. Morphology of P. marquandii and ΔstpA cultures 
with their respective mycelia extracts and chromatograms (250 nm). * Presumably trichodimerol by comparison to an internal standard. # Unidentified 
compound
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This implies the necessity of a decaketide precursor for 
the production of 1. Based on these findings we propose 
a biosynthetic scheme for the production of 1 (Fig. 7).

Discussion
In the present study, we successfully linked the purple 
color of P. marquandii conidia to the production of the 
naphthacenedione polyketide pigment saintopin (1). 
While most fungi produce pigmented conidia, the pig-
ments differ between species. Many fungi produce 
melanins for conidial pigmentation, oligo-/polymers 
derived through oxidative polymerization from vari-
ous monomeric precursors, such as dihydroxynaphtha-
lene (DHN), L-dioxyphenylalanine (DOPA) or the more 
recently described aspulvinone E [29, 30]. Amongst 
others, melanins have been associated with photopro-
tection, they have shown antioxidant properties, they 
contribute to temperature- and osmo-tolerance and they 
are vital for cell development and virulence in patho-
genic fungi [29, 31, 32]. Irrespective of the type of pig-
ment produced, conidial pigmentation plays a vital role 

in protection against UV-induced DNA damage [33]. It 
was previously shown for another Paecilomyces species 
that production of the conidial pigment YWA1 increases 
tolerance towards UV irradiation [34]. Furthermore, 
bis-naphthopyrone pigments produced by Fusarium 
species display non-toxic antifeedant activity against fun-
givorous animal predators [35]. While the exact biologi-
cal and ecological function of 1 in P. marquandii remains 
unclear, it likely plays a similar protective role described 
for other conidial pigments.

To elucidate the biosynthesis of saintopin (1), we first 
performed heterologous expression of nearly all nrPKS 
encoded in the genome of P. marquandii in the heter-
ologous host A. oryzae OP12 [27, 28]. Whereas five of 
six nrPKS produced different polyketide products of 
varying chain lengths (2–11), expression of PmPKS5 
did not lead to the production of a polyketide product. 
This might be due to the involvement in a hybrid/coop-
erative biosynthetic pathway, where the nrPKS is primed 
by e.g., hrPKS- or FAS-derived precursors [11, 36]. 
Production of polyketides of different chain lengths in 

Fig. 7  Proposed biosynthesis of saintopin (1). * Structure of 12 is proposed

 

Fig. 6  Heterologous coexpression of stpAC suffices to reconstitute saintopin (1) biosynthesis in A. oryzae. Chromatograms (250 nm) of mutant mycelia 
and culture filtrate extracts and purified 1. my, mycelia extract. cf, culture filtrate extract
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varying abundancies from a single nrPKS, as is the case 
for PmPKS4 and PmPKS6, is frequently observed [37–
39]. The reduced polyketides 5, 6 and 9 are shunt prod-
ucts that likely derive from the action of an endogenous, 
promiscuous reductive enzyme of A. oryzae such as e.g., 
AoiI, involved in the reduction of 4 to 5 in the A. oryzae 
8-methyldiaporthin biosynthetic pathway [40]. Moreover, 
compounds 8–10 are proposedly quinones that derived 
from their respective non-quinone precursors through 
spontaneous oxidation in the presence of oxygen, similar 
to the proposed conversion of 12 to 1. Spontaneous qui-
none formation has previously been observed for other 
aromatic polyketides such as e.g., endocrocin [16] and 
flaviolin [41].

Heterologous expression of PmPKS2, PmPKS3, 
PmPKS4 and PmPKS6 yielded large amounts of their 
respective polyketide products, more than sufficient 
for isolation and structure elucidation. In contrast, het-
erologous expression of stpA only led to production of 
trace amounts of the nona-/decaketides 8–11. Since 
clade V nrPKS do not harbor an intrinsic offloading 
domain, product release from StpA likely only occurs 
via slow spontaneous hydrolysis or α-pyrone formation 
in the absence of a trans-acting offloading enzyme. The 
low yield of 8–11 hindered the production of sufficient 
amounts for isolation and structure elucidation. While 
the structures of 8–10 were proposed based on previ-
ously reported products produced by AdaA in vitro [20], 
the structure of 11 remains ambiguous. Nevertheless, 11 
is assumed to be a nonaketide, as it was also produced 
by OP12 expressing aptA, which reportedly is a nona-
ketide synthase [20]. As the compounds produced by 
OP12_stpA are the only polyketides sufficiently similar 
in size to 1, we deleted stpA in the native producer. This 
resulted in the loss of conidial pigmentation and abol-
ished the production of 1, which unequivocally linked the 
biosynthesis of saintopin (1) to the nrPKS stpA.

As stpA does not suffice for 1 production, we aimed to 
investigate the accessory genes required for biosynthesis. 
Homologs of the MβL adaB, FMO adaC and O-meth-
yltransferase adaD involved in TAN-1612 biosynthe-
sis [20] were found located elsewhere in the genome 
of P. marquandii instead of clustered alongside stpA. 
While encountered only infrequently in fungi, there are 
reports on BGCs that are split across multiple loci in 
the genome, such as e.g., the austinol biosynthetic genes 
in Aspergillus nidulans [42]. As no correlation between 
1 production and expression of stpABCD and any of 
the genes encoded in the vicinity of stpA was observed 
in sqRT-PCR analysis, stpBC were coexpressed along-
side stpA in an effort to identify biosynthetic intermedi-
ates. Unexpectedly, coexpression of stpAC did already 
suffice to reconstitute the production of 1 in A. oryzae, 
whereas additional coexpression of stpB did not result 

in any apparent differences. Apart from 1, OP12_stpAC 
and OP12_stpABC produced various, presumedly shunt 
products (13–18) that might arise from 12 or 1 via the 
action of endogenous A. oryzae enzymes, which might 
serve as a strategy to cope with the reported toxicity of 1 
[25]. The biosynthesis of 1 is proposed to proceed via the 
non-quinone intermediate 12 that spontaneously under-
goes quinone-oxidation in the presence of oxygen.

To gain first insights into the rationale underlying the 
formation of 1, the nona- and decaketide synthases aptA 
and adaA were heterologously expressed in A. oryzae 
OP12 with and without additional coexpression of stpC. 
Expression of aptA and aptA/stpC resulted in the pro-
duction of only 11, which was contrary to our expecta-
tions, as AptA was previously reported to produce 10 in 
vitro [20]. Heterologous expression of adaA resulted in 
the production of the same nona- and decaketide prod-
ucts that were also produced by stpA, and coexpression 
of adaA/stpC similarly resulted in the production of 
the same compounds produced by stpAC and stpABC, 
including 1. This implies the formation of 1 to proceed 
via a decaketide (C20) precursor, although the structure 
of 1 contrary suggests a nonaketide (C18) origin. There-
fore, the decaketide precursor seems to be deactetylated 
during the StpC-mediated formation of 1.

Intriguingly, 1 does not contain a methyl- (e.g., 
atrochrysone carboxylic acid), acetyl- (e.g., ATHN) or 
longer chain poly-β-ketone (e.g., YWA1) side chain usu-
ally present in non-reduced polyketide scaffolds that 
arises from the mechanism of terminal cyclization. The 
only other fungal-derived polyketide sharing this struc-
tural feature is the melanin precursor THN. It is usu-
ally synthesized from the precursors ATHN [43] or 
YWA1 [44–46] through enzymatic polyketide shortening 
(deacetylation or deacetoacetylation) by hydrolases such 
as Ayg1p [45] (Fig.  8B). However one enzyme, ClPKS1, 
was described to synthesize THN directly. It was previ-
ously assumed that THN is synthesized by ClPKS1 from 
solely malonyl-CoA [41], facilitating the late decarbox-
ylation of the starter malonate-unit and therefore elimi-
nation of the sidechain during second ring cyclization, 
this hypothesis was however later proven incorrect. 
Even though ClPKS1 is indeed a true THN synthase, it 
was shown that ATHN emerges as a bound intermedi-
ate, which however is deacetylated by ClPKS1 unique 
TE domain during Dieckmann cyclization [47] (Fig. 8C). 
While it was recently shown that basidiomycete nrPKS 
are capable of synthesizing polyketides solely from mal-
onyl-CoA [12], no enzyme has been reported to date 
that catalyzes decarboxylation-facilitated terminal cycli-
zation as initially proposed for ClPKS1 [41]. Recently, 
another intriguing polyketide shortening mechanism has 
been reported to occur in dichlodiaporthin biosynthesis 
[50]. The flavin-dependent halogenase (FDH) domain 
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of the bifunctional enzyme AoiQ gem-dichlorinates the 
1,3-diketone moiety of a polyketide substrate, resulting 
in deacetylation facilitated by spontaneous nucleophilic 
addition of water at the terminal carbonyl moiety and 
subsequent cleavage [50] (Fig. 8D).

The fungal naphthacenediones reported so far, namely 
TAN-1612, viridicatumtoxin [21], hypomycetin [48] and 
anthrotainin [49], all share the same basic scaffold imply-
ing a common biosynthetic rationale. While viridicatum-
toxin biosynthesis has only been proposed based on the 
deletion of a few biosynthetic enzymes [21], TAN-1612 
biosynthesis has been investigated in detail [20], offer-
ing insights into the canonical mechanism for fungal 

naphthacenedione formation. The nrPKS involved in 
TAN-1612 biosynthesis, AdaA, belongs to clade V-II 
nrPKSs. Therefore, AdaA lacks a terminal offloading 
domain and is dependent on the trans-acting MβL AdaB 
for product release [16]. First and second ring cyclization 
in TAN-1612 biosynthesis are catalyzed via PT domain 
mediated aldol condensation whereas the third ring 
cyclization occurs via spontaneous aldol cycloaddition, 
resulting in the conservation of a hydroxyl moiety at posi-
tion C15. The cyclization of the fourth ring is in turn cat-
alyzed by the MβL AdaB but requires C2-hydroxylation 
introduced by the FMO AdaC (Fig. 8A). The other related 
fungal naphthacenediones also share this structural 

Fig. 8  Cyclization and polyketide shortening mechanisms in polyketide biosynthetic pathways [20, 45, 47, 50]
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feature of C2- and C15- hydroxylation, whereas 1 lacks 
both hydroxylations. While AdaB is dispensable for 
TAN-1612 formation, as fourth ring cyclization can also 
occur spontaneously after C2-hydroxylation, coexpres-
sion did substantially improve productivity in the heter-
ologous host S. cerevisiae [20]. In contrast, no apparent 
differences in productivity were observed between 
stpABC and stpAC. Although cross-complementation of 
AdaA with AptB was reported to be unsuccessful [20], it 
cannot be ruled out that StpA could potentially be cross-
complemented by the A. oryzae intrinsic (solely encoded) 
MβL DiaB (AO090701000529), canonically involved in 
dichlorodiaporthin biosynthesis [50]. Alternatively, StpB 
might be entirely dispensable for the production of 1.

The two related fungal decaketides fumicycline and 
neosatoricin are proposed to be released prior to FMO-
catalyzed C2-hydroxylation [22, 23], resulting in the 
formation of non-naphthacenedione products, which 
suggests a diverging interaction between the FMOs and 
nrPKSs (on-line vs. post-synthesis modification). As 
saintopin (1) lacks C2-hydroxylation but formation of 
1 is dependent on StpC, the function of StpC might be 
entirely different from other reported naphthacenedione 
FMOs. StpC seems to somehow facilitate both polyketide 
shortening and cyclization of the fourth ring in 1 biosyn-
thesis. Although compound 8 is only produced in traces 
when only stpA is expressed, it cannot yet be ruled out, 
that oxidative transformation of 8 to 1 (or the non-qui-
none precursor of 8 to 12) occurs post-synthesis. While 
heterologous reconstitution of saintopin (1) biosynthesis 
provides first evidence for a unique biosynthetic pathway 
(Fig. 8E), further research will be necessary in the future 
to elucidate the function of StpC and the elusive mecha-
nism underlying saintopin (1) formation.

In summary, we identified the conidial pigment pro-
duced by P. marquandii as saintopin (1) via purifica-
tion and structure elucidation. In an effort to unravel 
the biosynthesis of the unusual naphthacenedione 1, 
we performed genome sequencing, genome mining and 
heterologous expression of nrPKS genes in A. oryzae, 
identifying a candidate nona-/decaketide nrPKS, stpA, 
involved in the biosynthesis of 1. Establishing the trans-
formation of P. marquandii enabled the deletion of stpA 
in the native producer, which led to the loss of conidial 
pigmentation and the abolishment of the production of 1, 
unequivocally linking the biosynthesis of 1 to stpA. As no 
correlation was found between gene expression and the 
production of 1, we reverted to heterologous coexpres-
sion of candidate accessory genes in A. oryzae to iden-
tify additional genes involved in the biosynthesis of 1. 
Intriguingly, the coexpression of solely stpA and the FMO 
stpC led to the production of 1 in the heterologous host. 
As coexpression of the decaketide synthase adaA, but 
not the nonaketide synthase aptA, alongside stpC also led 

to the production of 1, formation of 1 is proposed to pro-
ceed via a decaketide intermediate that is subsequently 
shortened. Although StpC seems to facilitate polyketide 
shortening and fourth ring cyclization in the biosynthesis 
of 1, the underlying mechanism remains elusive as of yet.

Methods
Strains & cultivation
Paecilomyces marquandii strain IBWF 003–21 was iso-
lated from a contaminated agar plate in Mainz, Germany 
in 2020 and is deposited at the Institut für Biotechnologie 
und Wirkstoff-Forschung gGmbH (IBWF, Mainz, Ger-
many). P. marquandii was routinely cultivated on solid 
YMG (2% malt extract, 1% glucose, 0.4% yeast extract) 
agar plates at room temperature. Aspergillus oryzae OP12 
pyrG– and OP12 3Δ were routinely cultivated on GG10 
(1% glucose, 10 mM glutamine, 0.152% KH2PO4, 0.052% 
KCl, 0.052% MgSO4∙ 7 H2O, 1 mL/L Hutners trace ele-
ments) supplemented with 10 mM uridine (OP12 pyrG–) 
or 10 mM uridine, 0.0001% PABA and 0.05% arginine 
(OP12 3Δ) at 30 °C. Spore suspensions of fungi were pre-
pared in PBS supplemented with 0.01% Tween 80 and 
filtered through miracloth. E. coli strain NEB DH5α was 
used for plasmid propagation. All mutant strains used in 
this study are listed in Table S1.

Bioinformatic analysis
The genomic DNA was sequenced using paired-end Illu-
mina HiSeq 2500 with 2 × 150  bp reads. Initial quality 
assessment of the raw sequencing data was performed 
using FastQC (version 0.11.9) to ensure high data integ-
rity. Following quality assessment, the reads were fil-
tered for quality, and the assembly was carried out using 
SPAdes (version: 3.15.2). The filtered reads were assem-
bled using SPAdes, with the following command:

/opt/anaconda3/envs/de_novo_assembly/bin/
spades.py -1 BGC/1.fastq.gz -2 BGC/2.fastq.gz -o 
BGC/spades_kmers_set_careful_assembly1 -t 4 -k 
77,99,121 --careful --only-assembler.

The SPAdes assembler was used with k-mer sizes of 77, 
99, and 121, along with the --careful flag to minimize 
mismatches. The quality of the assembled contigs was 
evaluated using QUAST (version: 5.0.2), and the assem-
bly with the highest N50 and largest contigs was selected 
for further analyses.

For gene prediction, the best assembly was pro-
cessed using pretrained fungal models in Augustus, as 
implemented in Blast2GO. Functional annotation was 
performed by executing BLAST searches against the 
following databases: NR (NCBI non-redundant protein 
sequences), InterPro and Swiss-Prot.
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IGV (version: 2.14.0) was used to visualize the assem-
bled genome. The resulting GFF file, along with the 
scaffolds from the best assembly, was then utilized in 
antiSMASH (version: 7.1.0) analysis by leveraging spe-
cific profile hidden Markov models to identify fungal 
biosynthetic gene clusters (BGCs) encoded within the 
genome. The results were further compared and supple-
mented by FunBGCeX (Fungal Biosynthetic Gene Clus-
ter eXtractor), a genome mining tool designed for fungal 
natural product discovery. FunBGCeX detects biosyn-
thetic proteins by referencing a manually curated data-
base of fungal natural product biosynthetic gene clusters 
(FunBGCs). Identified secondary metabolite (SM) BGCs 
were further investigated and characterized through 
manual curation of gene annotations using NCBI 
BLASTp analysis.

Plasmid construction
Genomic DNA of fungi was prepared using the GeneJET 
Plant Genomic DNA Purification Kit (Thermo Fisher). 
PmPKS1, PmPKS2, stpA, PmPKS4, PmPKS5, PmPKS6, 
stpB, stpC, aptA and adaA were amplified from genomic 
DNA of P. marquandii IBWF 003–21, Aspergillus nidu-
lans FGSC A4 or Aspergillus niger FGSC A1144 using 
the Q5-HotStart DNA-Polymerase (NEB) and assembled 
into NcoI restricted plasmids his_SM-Xpress_URA [27], 
SMX-Xpress_Ura [27], SM-Xpress_pabA [51] or SM-
Xpress_argB(mut) [28] using the NEBuilder® HiFi DNA 
Assembly 2 × Master Mix (NEB). For deletion of stpA, 
flanking regions (795  bp and 856  bp, respectively) were 
amplified from genomic DNA, the G418 resistance cas-
sette was amplified from pC-G418-YR (Addgene plas-
mid No. 61767) [52] and assembled into SmaI-restricted 
pUC19 to make pKO_stpA_G418. The KO-cassette was 
retrieved from the plasmid using NotI prior to transfor-
mation. Expression plasmids were linearized prior to 
transformation using appropriate restriction enzymes. 
All oligonucleotides used for cloning are listed in Table 
S2.

sqRT-PCR
RNA of P. marquandii was isolated using the RNeasy 
Plant Mini Kit (Qiagen). DNA was removed from RNA 
samples using DNaseI, RNAse-free (Thermo Fisher) 
prior to reverse transcription into cDNA using the Rever-
tAid First Strand cDNA Synthesis Kit (Thermo Fisher). 
DreamTaq HotStart MM (Thermo Fisher) was used for 
all sqRT-PCRs according to the manufacturer’s instruc-
tions. cDNA concentrations were normalized to the sig-
nal intensity of the bTub amplicon. All sqRT-PCRs were 
carried out using the same reaction conditions. All oligo-
nucleotides used for sqRT-PCR are listed in Table S3.

Fungal transformation
Protoplast transformation of A. oryzae has been car-
ried out as previously described [27]. P. marquandii 
was transformed analogously however took longer for 
protoplast formation (~ 6  h). Transformed P. marquan-
dii protoplasts were regenerated on GG10S1.2 (GG10 
supplemented with 1.2  M sorbitol) supplemented with 
1000  µg/mL geneticin (G418) at room temperature for 
10–14 days until single transformant colonies appeared.

Fermentation, metabolite extraction, analysis & 
purification
After fermentation (see below), cultures were separated 
into mycelia and culture filtrate through vacuum filtra-
tion or filtering over miracloth. Culture filtrates were 
acidified with a few drops of 6  N HCl (improved sol-
vent solubility of most aromatic polyketides), extracted 
with an equal amount of ethyl acetate and extracts 
were dried under vacuum at 45  °C. Mycelia and conidia 
were extracted with methanol: acetone (1:1) shaking at 
120 rpm for one hour before filtration and drying under 
vacuum at 45 °C. Extracts were redissolved in MeOH and 
applied to HPLC-MS analysis using a LiChrospher 100 
RP-18 (125 mm × 2 mm, 4 μm, Merck KGaA).

For secondary metabolite screening of OP12 mutants, 
spores were routinely inoculated into 50 mL 2% starch 
medium (2% soluble starch, 20 mM glutamine, 0.152% 
KH2PO4, 0.052% KCl, 0.052% MgSO4∙ 7H2O, 1 mL/L 
Hutners trace elements) and incubated shaking at 
150 rpm and 30 °C for 2 days.

For isolation of RNA, P. marquandii was cultured in 
500 mL of YMG, PDB (Difco) and CZ media (3% Sucrose, 
0.3% NaNO3, 0.1% K2PO4, 0.05% MgSO4∙ 7 H2O, 0.05% 
KCl, 0.01% Fe2(SO4)3) shaking at 120 rpm at room tem-
perature for 96  h. Samples of each culture were taken 
after 48  h, 72  h and 96  h, respectively, the mycelia was 
washed with H2O and snap-frozen in LN2. The mycelia 
was lyophilized and subsequently used for RNA extrac-
tion and metabolite extraction.

For comparison of metabolite production, P. mar-
quandii WT and ΔstpA strain were cultured in 500 mL 
of YMG media for 4 days shaking at 120  rpm at room 
temperature.

For the isolation of 1, P. marquandii was cultivated 
in 5 × 2  L YMG-medium shaking at 120  rpm for 6 days 
at room temperature. The mycelia was lyophilized and 
extracted with MeOH: acetone (1:1) overnight twice. The 
extract was dried in vacuo and pre-fractioned via SPE 
on a Bond Elut C18 column (Agilent) before subsequent 
purification using preparative HPLC.

For the isolation of 2 and 7, the mycelia of an overnight 
250 mL YEPD preculture of OP12 PmPKS6 was trans-
ferred into 2.5 L of 2% starch media and incubated shak-
ing at 120  rpm at 28  °C for 3 days. For the isolation of 
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compound 3 the mycelia of overnight 250 mL YEPD pre-
cultures of OP12 PmPKS2 was transferred into 2 × 2.5 L 
of 2% starch media and incubated shaking at 120 rpm at 
28 °C for 3 days. For the isolation of compounds 4–6 an 
overnight 250 mL YEPD preculture of OP12 PmPKS4 
was inoculated into 2.5 L of 2% starch media and incu-
bated shaking at 120 rpm at 28 °C for 3 days. The culture 
filtrates were extracted with an equal amount of ethyl 
acetate and the crude extracts applied to preparative 
HPLC.

Compounds were purified by preparative HPLC on 
a Sunfire C18 column (100Å, 5  μm, 19  mm × 250  mm, 
Waters GmbH) running isocratic flows of ACN and 0.1% 
formic acid in H2O at 17 mL/min flow (eluent compo-
sition and yields are listed in Table  2). Crude extracts 
applied to preparative HPLC were dissolved in DMSO.

Analytical chemistry and structure elucidation
Thin layer chromatography
Analytical thin-layer chromatography (TLC), 0.25  mm 
silica plates (60 F254) from Merck were used, and the 
detection was reached by fluorescence quenching under 
UV light (λ = 254 nm) or by staining with potassium per-
manganate reagent (solution of KMnO4 (3  g), K2CO3 
(20 g), 5% NaOH (5 mL), and H2O (300 mL)) followed by 
heating to 400 °C.

NMR spectra
Measured NMR spectra were, unless otherwise men-
tioned, recorded at 296 K on a 600 MHz Bruker Avance-
III 600 spectrometer with a 5 mm TCI cryoprobe. After 
prior referencing to the residual solvent signal (CDCl3: 
7.26 ppm & 77.16 ppm; DMSO-d6: 2.50 ppm & 39.52 
ppm; DMF-d7: 2.75 ppm & 29.76 ppm for 1H NMR 
and 13C NMR, respectively), all chemical shifts (δ) are 
reported relative to residual solvent [53]. Coupling 
constants were reported in Hz and the signal multi-
plicities were abbreviated as follows: s (singlet), d (dou-
blet), t (triplet), q (quartet), qd (quartet of doublet), m 
(multiplet).

Infrared spectra
Infrared spectroscopy was performed on a Bruker Tensor 
27 FTIR spectrometer including a diamond ATR unit and 
are reported in terms of absorption frequency 𝜈 ̅[cm–1].

Mass spectra
HRMS was conducted on an Agilent G6545A Q-ToF 
with ESI, APCI or APPI source coupled with an Agilent 
1260 Infinity II HPLC system. If not described otherwise, 
spectra were recorded using positive ionization mode.

Optical rotations
Optical rotation measurements were accomplished with 
a Perkin-Elmer 241MC polarimeter at λ = 589 nm. A sol-
vent-filled cuvette was used for instrument calibration 
[54].
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