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ABSTRACT 

Fungi are prolific producers of bioactive small molecules, termed secondary 

metabolites (SMs). Fungal SMs are an important source of drugs and agrochemicals, but 

at the same time, some act as harmful mycotoxins and virulence factors that enable 

fungal pathogens to cause disease in plants and animals, including human. Biosynthetic 

genes encoding the production of SMs in fungi often exist in clusters. Genome 

sequencing efforts revealed a large number of gene clusters predicted to encode the 

production of SMs in fungi, however, we may have only tapped into molecules encoded 

by a small fraction of biosynthetic gene clusters (BGCs) in fungal genomes. This is 

because the majority of the SM pathways in fungi are silent under normal laboratory 

culture conditions. This suggests that their potential for making diverse molecules is 

much higher than it was appreciated based on traditional natural product discovery 

studies and we have just explored the surface of the chemical arsenal that fungi have the 

ability to generate. Therefore, such untapped ‘biosynthetic dark matter’ in fungi 

presents significant opportunities for discovery of novel bioactive SMs. In terms of 

fungal pathogens, the study of SMs encoded by cryptic BGCs can advance our knowledge 

of fungal pathogen-host interactions. Meanwhile, understanding the biosynthesis of 

fungal SMs can expose how fungi generate chemically diverse SMs, which is useful for 

generating chimeric or artificial biosynthetic pathways and discovering novel enzymes 

that could carry out difficult chemical transformations as biocatalysts for 

chemoenzymatic synthesis.  

The first half of this thesis (section II) presents the work on the systematic genome 

mining of the damaging wheat pathogenic fungus Parastagonospora nodorum guided by 

transcriptomics data analysis during the different stage of wheat diseases. The genome 

sequence of the wheat pathogen P. nodorum revealed >40 BGCs for biosynthesis of SMs, 

however, only a few of the natural products had been characterized for P. nodorum and 

the contribution of SMs to this pathosystem is poorly understood. In this section, by 

pathway activation via pathway-specific transcriptional factor overexpression or 

heterologous expression in Aspergillus nidulans, three in planta expressed polyketide 

synthase (PKS) gene clusters have been characterized. In total, 16 SMs that previously 

had not been reported from P. nodorum have been discovered from these three BGCs 

using such ecogenomics-guided mining approach. Specifically, these three in planta 
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expressed pathways have been demonstrated to encode the biosynthesis of phomacins 

(Chapter 2), alternapyrones (Chapter 3) and stemphyloxins/betaenones (Chapter 4), 

respectively. Furthermore, the encoding SMs discovered in this thesis were either tested 

to be phytotoxic (phomacins and alternapyrones) or have been previously reported to 

be phytotoxic (stemphyloxins). In the case of phomacins, deletion of the PKS-NRPS gene 

in the gene clusters (in collaboration with Assoc. Prof. Peter S. Solomon at The 

Australian National University) led to a significant reduction in virulence of P. 

nodorum against wheat, suggesting that the encoding metabolites plays a key role in 

virulence. This work contributes to 1) a better appreciation of the chemical arsenal 

possessed by this important wheat pathogen, 2) the identification of a virulence-

related phm cluster, which has been demonstrated to encode the biosynthesis 

of leucine-derived cytochalasan phomacin DE, and 3) the discovery of a Berberine 

bridge enzyme (BBE)-like protein served as an aldolase in the biosynthesis of a 

phytotoxic polyketide, stemphyloxin II. The works resulted in three publications in 

ACS Chemical Biology (Li and Wei et al., 2020), Organic Letters (Li et al., 2018) and 

ChemistryA European Journal (Li et al., 2019), respectively.  

The second half of this thesis (section III) describes the elucidation of the 

biosynthetic pathways for two bioactive alkaloids burnettramic acid (Chapter 5) and 

nanangelenin A (Chapter 6) isolated from two novel Australian Aspergillus species, 

Aspergillus burnettii and Aspergillus nanangensis, respectively. Fungi from the genus of 

Aspergillus produce an abundant of bioactive metabolites and thus chemotaxonomy-

guided search of novel Aspergillus species for discovery of novel and bioactive SMs is a 

promising strategy. The bolaamphiphilic pyrrolizidinedione burnettramic acid A, which 

exhibit potent in vitro antifungal bioactivity, has been demonstrated to be 

biosynthesized from a polyketide synthase-nonribosomal peptide synthetase (PKS-

NRPS) hybrid pathway. The PKS-NRPS BuaA incorporates a 4-hydroxyproline as a 

building block to build the pyrrolizidinedione scaffold via a Dieckmann condensation. A 

glycosyltransferase (GT) was shown to activate and transfer a β-D-mannose which 

makes burnettramic acid bolaamphiphilic. The involvement of a GT in fungal SM 

biosynthesis is relatively rare than that in bacterial SM pathways. The work in this 

chapter was published in Organic Letters (Li at al., 2019). Nanangelenin A features a 

unique 3,4-dihydro-1-benzazepine-2,5-dione scaffold and contains a novel N-prenyl-N-
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acetoxy functional group. Genomic and retrobiosynthetic analyses identified a putative 

NRPS gene cluster. Biosynthetic pathway elucidation of nanangelenin A achieved by 

heterologous pathway reconstitution in A. nidulans reveals that NRPS NanA 

incorporates anthranilic acid (Ant) and L-kynurenine (L-Kyn), which is supplied by a 

dedicated indoleamine-2,3-dioxygenase NanC encoded in the gene cluster. This work 

also demonstrated that the C-terminal condensation (CT) and thiolation (T3) domains of 

the backbone NRPS NanA are involved in the regioselective cyclization of the tethered 

Ant-Kyn dipeptide to form the unusual benzazepine scaffold in nanangelenin A. The CT 

domain was further shown to catalyse the regioselective cyclization of a surrogate 

synthetic substrate, Ant-L-Kyn-N-acetylcysteamine, to give the benzazepine 

scaffold, while nonenzymatic cyclization of the peptide yielded the alternative 

kinetically-favoured benzodiazepine scaffold. This work has been published in 

Journal of the American Chemical Society (Li at al., 2020).

This thesis ends in Chapter 7 with i) a summary of results presented in the thesis, 

and ii) a brief discussion on future directions of related research in the field. The results 

in this thesis demonstrate that the potential of fungi for making diverse SMs are much 

higher than we previously appreciated and both ecogenomics-guided genome mining 

(section II) and chemotaxonomy-guided natural product discovery (section III) are 

promising approaches to uncover new chemical entities. Linking new natural product 

scaffolds to the BGCs would allow further discovery of related compounds via genome 

mining. Additionally, some of the biosynthetic enzymes reported in this thesis possess 

huge potential for applications in biocatalysis and serve as “parts” for building synthetic 

pathways, and thus warrants further investigations in the future. 

KEYWORDS: fungi; secondary metabolites; genome mining; biosynthesis; 

polyketide synthase; polyketide synthase-nonribosomal synthetase; nonribosomal 

synthetase; aldol reaction; lactamization  
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Chapter 1. Introduction 

1.1  Fungal Secondary Metabolites and Their Biosynthesis 

1.1.1 Background of fungal secondary metabolites 

Fungi are an important part of the nutrient cycle in the Earth ecosystem and they 

play important roles in many aspects of human life.1 In agriculture, some fungal 

pathogens cause the major yield loss in crop globally due to plant diseases.2 Some fungi 

are also known to cause human diseases especially in immunocompromised 

individuals.3 At the same time, fungi have been used for thousands of years in the 

production of food and beverage.  

Importantly, and in relation to the topic of the thesis, fungi are known to make a 

wide range of bioactive small molecules, known as secondary metabolites (SMs), which 

also termed natural products, are a family of low molecular weight organic compounds. 

Unlike primary metabolites, SMs are not directly involved in the normal fungi growth, 

development, or reproduction and not necessarily produced under all conditions.4-5  

Fungal SMs display remarkably wide range of biological properties. Some fungal SMs 

have afforded incredible benefits into human society. Many important clinic drugs have 

been discovered through studies of fungal SMs, representative examples including the 

first antibiotic penicillin, the cholesterol lowering drug lovastatin,6 the antifungal 

echinocandin,7 and the immunosuppressant drug mycophenolic acid8 and cyclosporin.9 

Fungal SMs have also been an important source of and inspiration for agrochemical 

discovery, such as the herbicides cornexistin10 and tentoxin11, and the fungicide 

strobilurins12 (Figure 1). On the negative side, fungal SMs are associated with severe 

problems, as some of them commonly acting as harmful mycotoxins, with the notable 

examples including aflatoxins, citrinins, trichothecenes and gliotoxin, that contaminate 

food and cause illness in human and animals.13 In addition, some SMs produced by plant 

pathogenic fungi as phytotoxins and small-molecule virulence factors are known to be 

involved in facilitating the development of fungal plant diseases, which have caused 

significant economic losses.14-16  

Generally, the genes encoding the biosynthesis of fungal SMs are located in clusters 

that can span over 20 kilobases.17 Many of the biosynthetic gene clusters (BGCs) for 

fungal SMs contain one or more backbone biosynthetic genes encoding large multi- 
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Figure 1. The main groups of fungal SMs and the representative structures. 

domain enzymes belonging to the polyketide synthases (PKSs) or non-ribosomal 

peptide synthetases (NRPSs), which serve as the backbone synth(et)ase, and several 

tailoring genes encoding post-modification enzymes, such as FAD-dependent oxidases, 

reductases, cytochrome P450s, and Diel-Alderaes.17 Despite the enormous chemical 

complexity and diversity, fungal SMs arise from a limited number of main precursors 

from primary metabolism. According to their biosynthetic origins, fungal SMs are 

usually classified into several major categories: polyketides, nonribosomal peptides, 

terpenoids, alkaloids, and ribosomally-synthesized and post-translationally modified 
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peptides (RIPPs) (Figure 1). The biosynthetic enzymology of fungal polyketides,18-19 

non-ribosomal peptides20-21, RIPPs,22-23 and alkaloids24 has been thoroughly reviewed 

elsewhere. 
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1.1.2 Fungal polyketide-nonribosomal peptide synthetases and their associated 

natural products 

Preface 

Fungi produce a number of polyketide-nonribosomal peptide (PK-NRP) hybrid 

metabolites with a wide range of chemical and biological diversities. Given a large 

portion of my research in the thesis involved characterization of PKS-NRPS biosynthetic 

pathways (Chapter 2 and 5), I have participated in the writing of a book chapter 

focusing on the fungal PKS-NRPS biosynthetic machineries as the main author (Li H. et 

al. 2020). Although fungal PKS-NRPSs have been reviewed before, previous reviews 

(Boettger et al., ChemBioChem, 2013, 14, 2842; Fisch et al., RSC Advances, 2013, 3, 

1822818247) mainly took a case study approach for individual fungal PKS-NRPS. In 

the following book chapter, we systematically reviewed the fungal PKS-NRPS 

biosynthetic logic, with emphasis on the strategies that how fungi utilize the PKS-NRPS 

metasynthetase and post-modification enzymes to generate the structural diversity and 

complexity of PK-NRP hybrid products. This book chapter classified the structural 

diversity of fungal PKS-NRPS metabolites mainly into four general strategies, i.e. 1) 

variations in polyketide branching and functional group modifications, 2) selection and 

incorporation of amino acids, 3) release mechanisms, and 4) post-assembly-line 

cyclization/rearrangement of the polyketide-amino acid backbone. This review is a 

useful source for researchers engaged in natural products to have a basic overview of 

fungal PK-NRPs. 

This work has resulted in the publication below: 

Li H., Booth T. J., Chooi Y.-H. Fungal Polyketide-Nonribosomal Peptide Synthetases 

and Their Associated Natural Products. In Comprehensive Natural Products III: 

Chemistry and Biology, Vol. 1. 2020. (In press) 

Author contribution: Li H. wrote the manuscript (60%); Booth T.J. participated in 

editing and improving the manuscript (5%); Chooi Y.-H. conceived the study (100%) 

and wrote the manuscript (35%).  

https://doi.org/10.1016/B978-0-12-409547-2.14677-3
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Abstract 

Fungal hybrid polyketide synthase-nonribosomal peptide synthetases (PKS-NRPSs) 

significantly expand the diversity and functionalities of polyketide metabolites by fusing 

diverse polyketide backbones with a range of amino acids of different chemical properties. 

This gives rise to a plethora of polyketide acyl-amino acyl chains that are further 

diversified by the mechanism of release and post-PKS-NRPS processing. Using selected 

examples from biosynthetic studies, this chapter provides an overview of the fungal 

PKS-NRPS biosynthetic logic, with emphasis on the strategies that introduce structural 

diversity and complexity to PKS-NRPS products. We have divided the common strategies 

into: 1) variations in polyketide branching and functional group modifications, 2) selection 

and incorporation of amino acids, 3) release mechanisms, and 4) post-PKS-NRPS 

cyclization/rearrangement of the polyketide-amino acid backbone. The prospects and 

challenges of engineering fungal PKS-NRPS hybrids are also discussed. 
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1. Introduction 

Gene fusion brings catalytic enzymes together and streamlines biosynthesis by 

enabling substrate channeling [1]. Occasionally, this leads to functional innovation and 

new structural diversity in secondary metabolite biosynthesis. The modular nature of 

polyketide synthases (PKSs) and nonribosomal peptide synthetases (NRPSs) and the 

fact that both utilize thiol-template mechanisms in their biosynthesis render them 

amenable to recombination and fusion [2]. The evolution of hybrid PKS-NRPS 

megasynth(et)ases is therefore unsurprising and leads to a plethora of polyketide-amino 

acid conjugates with diverse biological activities. In bacteria, where genomic 

rearrangement and recombination are more common than in fungi, PKS and NRPS 

modules have recombined to generate novel modular hybrid PKS-NRPSs of various 

lengths and combinations [2] (see relevant bacterial PKS-NRPS chapter). In fungi, this 

diversity is more limited as most PKS-NRPS hybrids are derived from a common lineage. 

These PKS-NRPS hybrids consist of a PKS module fused to a single module NRPS (see 

section 2) [3-5]. Unlike bacteria where PKSs are either modular or iterative [6], the 

majority of PKSs found in fungi function iteratively. In contrast, fungal NRPSs are mostly 

non-iterative (see relevant fungal NRPS chapter). As such, fungal PKS-NRPSs are 

bimodular assembly-lines capable of producing polyketide chains incorporating a single 

amino acid residue. The requirement for communication between an iterative PKS and a 

single-acting NRPS module distinguishes fungal PKS-NRPS hybrids from their bacterial 

modular counterparts (Figure 1).  

 

 

Figure 1. Architype of a fungal PKS-NRPS assembly line and common strategies for 

generating structural diversity. 

 

This chapter aims to provide a general overview of the fungal PKS-NRPSs 

biosynthetic logic, with emphasis on strategies that introduce structural diversity to 

PKS-NRPS products. Specifically, we have divided the common strategies into 1) 

variations in polyketide branching and functional group modifications, 2) selection and 

incorporation of amino acids, 3) release mechanisms, and 4) post-assembly-line 

cyclization/rearrangement of the polyketide-amino acid backbone (Figure 1). Tailoring 

modifications that further expand the structural diversity of PKS-NRPS products are 

beyond the scope of this chapter. There are previous reviews on fungal PKS-NRPSs [7-8], 

which take a case study approach for individual PKS-NRPS systems, and will be good 

supplements to this book chapter. 

8



 

4 
 

 

2. Basic PKS-NRPS biosynthetic logic and variation in module 

architecture 

2.1 Canonical PKS-NRPS architecture 

Fungal type I PKS–NRPSs build polyketide–amino acid (PK-AA) hybrid molecules by 

using a core set of catalytically active domains [9]. The canonical fungal PKS−NRPS 

consists of an iterative PKS fused to an NRPS module (Table 1). The polyketide portion of 

the product is biosynthesized by an iterative Type I PKS most closely related to the fungal 

highly-reducing PKSs (HR-PKSs) (see fungal PKS chapter). The minimal PKS contains 

three domains: ketosynthase (KS), malonyl-CoA acyl transferase (MAT) and acyl carrier 

protein (ACP) domains. Optional -keto processing domains dehydratase (DH), enoyl 

reductase (ER), and ketoreductase (KR) and C-methyltransferase (cMT) domains, are 

common among fungal PKS-NRPSs. A single NRPS module is fused to the C-terminal of 

the PKS and typically consists of a condensation (C), adenylation (A), peptidyl carrier 

protein or thiolation (T), and the reductase (R)/Dieckmann cyclase (R*) domains (see 

fungal NRPS chapter). The combination of the optional -keto processing domains in the 

PKS module varies (Table 1), however the NRPS module are always C-A-T-R/R* with the 

exception of the truncated PKS-NRPSs (section 2.2). 

In the course of biosynthesis, the KS domain iteratively elongates an acetyl-CoA 

starter unit by catalyzing a decarboxylative condensation of the growing chain with 

malonyl-CoA extender units that are loaded onto the ACP by the MAT domain. After each 

elongation, KR, DH, and ER domains mediate -keto processing steps. A common feature 

of fungal PKS–NRPS hybrids is the lack of a functional ER domain within the PKS module. 

Its catalytic function is either not essential for product formation, or is complemented by a 

trans-acting ER encoded in the biosynthetic gene cluster. One exception to this rule is 

PynA, involved in biosynthesis of related tetramic acid-fused γ-pyrone pyranonigrin E (11) 

(Table 1), which harbors a functional ER domain [10]. Chain branching is introduced by 

S-adenosylmethionine (SAM)-derived -methylation of the growing polyketide chain by 

designated C-methyltransferase (cMT) domains. The A domain of the NRPS module 

selects and activates a specific amino acid in an ATP dependent manner. The resulting 

aminoacyl residue is subsequently loaded onto the prosthetic phosphopantheteine arm of 

the T domain. After the maturation of the polyketide chain, the C domain catalyzes 

condensation of the polyketide chain to the activated amino acid to yield an 

acyl-aminoacyl chain tethered to the phosphopantheteine arm on the T domain (Figure 1). 

This is distinct from some bacterial modular PKS-NRPS hybrid systems, which can have 

multiple NRPS modules that are capable of producing polyketide-polypeptide products 

(see bacterial PKS-NRPS chapter). Finally, the R or R* domain catalyzes release of the 

acyl-aminoacyl chain (see Section 5). 
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Table 1. Variation in PKS-NRPS architecture illustrated with representative PKS-NRPSs 

and the associated secondary metabolites. 

 

 Metasynthease/Domain architecture Trans-ER Final product Ref. 

 
H

R
-P

K
S

 

 
- 

solanapyrone 

A (1) 
[10] 

  

betaenone B 

(2) 
[11] 

C
a
n

o
n

ic
a

l 
P

K
S

-N
R

P
S

 

 
- fusarin C (3) [12] 

  

cytochalasin 

E (4) /K (5) 
[13] 

  
leporin C (6) [14] 

  

aspyridone A 

(7) 
[15] 

 - 
cyclopiazonic 

acid (8) 
[16] 

 
- 

isoflavipucine 

(9) 
[17] 

 - 
pyranonigrin A 

(10) 
[18] 

 - 
pyranonigrin 

E (11) 
[9] 

P
K

S
-C

s
 

  
lovastatin (12) [19] 

  

mevastatin 

(13) 
[20] 

 
 

wortmanamid

e A (14) and B 

(15) 

[21] 

N
R

P
S

-P
K

S
  - 

tenuazonic 

acid (16) 
[22] 

 - 
swainsonine 

(17) 
[23] 

 - - [24] 

Note: the grey color indicates the domain lost the catalytic activity. 

 

Unlike in bacterial PKS-NRPS hybrid systems where recombination has been shown 

to be commonplace [2], the canonical fungal PKS-NRPSs are inferred to derive from a 

common ancestor, most likely an HR-PKS that has acquired a single NRPS module by 

gene fusion. This is supported by large-scale phylogenetic analysis of fungal KS domains 

from diverse taxa. PKS-NRPS hybrids clade together with fungal HR-PKSs, distinct from 
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fungal non-reducing PKSs that produce aromatic compounds [3, 26]. Large-scale 

phylogenetic analysis of NRPS A domains has also shown that fungal PKS-NRPSs (from 

diverse fungal taxa) form a single clade that is separate from other fungal NRPSs [4]. 

Hertweck and coworkers further noted that the PKS and NRPS domains of fungal 

PKS-NRPSs all share congruent phylogenetic distribution, suggesting that PKS-NRPS 

hybrid megasynth(et)ases have evolved as a single unit. Therefore, diversification of 

fungal PKS-NRPSs is primarily driven by mutations rather than module or domain 

recombination. This has important implications on our efforts to predict and to engineer 

fungal PKS-NRPSs to produce new chemical entities, which will be discussed in 

subsequent sections. 

  

2.2 PKS-NRPSs with a truncated NRPS module (PKS-Cs) 

Besides the canonical fungal PKS-NRPS architecture, there are a group of fungal 

PKS-NRPS hybrids with a truncated NRPS module, containing only a C-terminal 

condensation domain (also known as PKS-Cs) (Table 1) [20, 22]. It is likely that PKS-Cs 

evolved from the canonical PKS-NRPS by deletion of the A-T-R domains based on 

previous phylogenetic analysis [3].  

The most well-characterized fungal PKS-C is LovB, which is involved in the 

biosynthesis of lovastatin (12) [20]. LovB and the trans-acting ER LovC catalyze the 

production of ACP-bound dihydromonacolin L (DML), the nonaketide precursor to 12 [20].  

The C-domain of LovB is believed to catalyze a Diels−Alder reaction to form the decalin 

core of 12 [20, 27] (also see section 6.2.1). Interestingly, it has been observed that the 

second histidine of the HHxxxDG motif in the C domain of LovB is mutated to an arginine 

residue [7, 20]. Finally, a discrete thioesterase LovG is required to offload the matured 

polyketide chain on LovB to yield 18a [28]. 

    Recently, Tang and coworkers used a genome mining strategy to characterize the 

cryptic PKS-C TwmB from Talaromyces wortmanii. The products of TwmB, named 

wortmanamide A (14) and B (15), are reduced long chain polyketides that are amidated 

with a specific ω-amino acid: 5-aminopentanoic acid (5-PA) (Figure 2) [22]. TwmB-C was 

established to be a bona fide condensation domain that selects 5-PA and catalyzes 

amidation to release the polyketide chain by in vitro enzymatic reaction using purified 

TwmB-C. The authors also demonstrated that the protein-protein interactions between the 

C domain and the ACP provide molecular interactions that enhance catalysis, which has 

also been observed in other fungal NRPS systems [29-30]. In TwmB, the second histidine 

of the HHxxxDG motif is mutated to proline [31].  

 Phylogenetic analysis shows that C domains from PKS-C are grouped into two 

separate clades, distinct from the C domains within the canonical PKS-NRPSs. The 

analysis also suggested that TwmB-C is evolutionarily more closely related to C domains 

of canonical PKS-NRPSs. Thus, the truncation of the A-T-R domains from TwmB is likely 

to have occurred more recently, and independently from the PKS-Cs in the LovB clade 

[22]. The different functions of TwmB-C and LovB-C, and the structural differences 

between the final products suggest that there may be further structurally and functionally 

unique PKS-Cs waiting to be discovered and characterized. 
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Figure 2. Proposed biosynthetic programming of lovastatin (12) (A) and wortmanamide A 

(14) and B (15) (B). 

 

2.3 Unusual hybrid synthetases with N-terminal NRPS module 

Besides the canonical PKS–NRPSs, two classes of hybrid enzymes with an NRPS 

module at the N-terminal are also present in fungi. Firstly, tenuazonic acid (16) synthase 

(TAS1) contains an entire NRPS module (C-A-T) at its N-terminus (Table 1). In contrast to 

other PKS–NRPSs, the PKS portion of TAS1 contains only a single catalytic domain, a 

KS-like domain, which has been demonstrated to be indispensable for cyclization and 

product release [23]. Purified C-terminally His-tagged TAS1 can synthesize 16 in vitro 

from isoleucine and acetoacetyl-CoA, demonstrating that TAS1 uses acetoacetyl-CoA as 

a substrate and there is no chain extension function of this KS-like domain. Moreover, by 

using cell-free extract system with synthetic N-acetylcysteamine (SNAC) and 

N-acetoacetyl-L-Ile-SNAC, the authors demonstrated that the KS-like domain is 

responsible for the final Dieckmann condensation-like cyclization step in 16 production 

(Figure 3). Thus, functionally, the TAS1 KS-like domain appears to act more like a 

Dieckmann cyclase (see section 5.2). Phylogenetic analysis shows that the KS-like 

domain of TAS1 is most closely related to type I PKS. However, it does not belong clade 

with the KS domains of other fungal PKSs, including the fungal PKS-NRPSs, and is 

clearly distinct from KS domains of both bacterial and fungal type I PKSs. The conserved 
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catalytic triad residues of TAS1-KS domain is different from that of type I PKSs (Cys–His–

His) [32] and identical to that of type III PKSs (Cys–His–Asn) [33-34], however the 

residues surrounding the catalytic triad of TAS1-KS are more frequently conserved in the 

KS domains of type I PKSs than in those of type III PKSs, suggesting TAS1-KS can be 

classified into a new group different from KS domains of type I, II, and III PKSs. 

 

 

Figure 3. Proposed biosynthetic scheme of tenuazonic acid (16) (A) and swainsonine (17) 

(B). 

 

Besides TAS1, another group of NRPS-PKS hybrid with an NRPS module consists of 

an A-T didomain at the N-terminal (Table 1). The first member of this group was 

discovered in Cochliobolus heterostrophus (NPS7/PKS24) and additional members have 

also been discovered and are distributed among several genera include Aspergillus, 

Metarhizium, Trichophyton and Chaetomium [25]. Recently, one of the NRPS-PKSs that 

belongs to this group, SwnK, from the insect pathogen and plant symbiont Metarhizium 

robertsii was characterized by Schardl and coworkers [24]. SwnK was demonstrated to be 

involved in the biosynthesis of swainsonine (17), a potent inhibitor of Golgi 

alpha-mannosidase II that is being investigated as a potential cancer therapy drug. The 

role of swnK was confirmed by inactivating swnK in M. robertsii through native gene 

replacement to give a ΔswnK mutant that failed to produce any detectable 17. 

Complementation of the ΔswnK mutant with the wild-type gene restored 17 production 

[24]. The A-T domains of SwnK have been proposed to activate an unusual amino acid, 

pipecolic acid, derived from lysine (Figure 3). The PKS module was proposed to catalyze 

a single extension followed by a ketoreduction and eventual release of an aldehyde 
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intermediate. The aldehyde is proposed to spontaneously cyclize to form the indolizidine 

core of 17 [24]. The study also revealed that orthologous gene clusters containing a swnK 

homolog are found in other fungi, including Arthroderma otae, Trichophyton equinum, 

Pseudogymnoascus sp. and Alternatia oxytropis. It is unknown if all of these orthologous 

gene clusters produce the same metabolite. Further investigation into this class of 

NRPS-PKS hybrids is required. 

 

3. Diversity of the Polyketide Chains in PKS-NRPS products  

As mentioned above, several phylogenetic studies have pointed to a common origin for 

fungal PKS-NRPSs [3-4]. Considering this, it is amazing that the PKS modules of fungal 

PKS-NRPSs have evolved to produce such a large diversity of polyketide chains. The 

polyketide chain can be diversified by the introduction of branches (through methylation), 

alterations of the oxidation state (through changes in β-keto group processing), or 

variations in chain length. 

 

3.1 Variation in polyketide chain branching and functional group modification 

C-methyltransferase (cMT) domains are responsible for catalyzing methylation of the 

α-carbon during polyketide chain extension, which lead to complex branching patterns on 

the polyketide chain [35]. Using domain swapping between a PKS-NRPS (TenS) that 

synthesize pretenellin A (21) with a single methylation on the polyketide chain and the 

PKS-NRPS (DmbS) that synthesize a dimethylated analog predesmethylbassianin A (22), 

Cox and coworkers demonstrated that the methylation pattern is controlled solely by the 

cMT domain. When swapping the cMT domain of TenS with DmbS, the resulting chimeric 

PKS-NRPS synthesized the monomethylated desmethylpretenellin A (23) as major 

product (Figure 4).
 
In vitro study of preaspyridone (26) synthase ApdA by Tang and 

coworkers showed that methylation is important for processing by the downstream PKS 

domains, including the trans-ER. Shorter, derailed polyene products were produced in the 

absence of the methyl donor SAM [36] (Figure 5).  

An alternative strategy for adding a single carbon unit to the polyketide chain has been 

observed for the biosynthesis of the spirohexacyclic metabolite pseurotin (34) by PsoA, 

from by Pseudoeruotium ovalis and the human pathogen Aspergillus fumigatus [37]. From 

feeding of 
13

C-labeled substrate, it was shown that propionate was incorporated as the 

started unit in the biosynthesis of 34, resulting in an odd number (C11) polyketide chain 

length. The biochemical basis for loading the unique propionate starter unit by the 

PKS-NRPS PsoA remains unknown (see section 6.3 for more information). The 

biosynthesis of pseurotin also involves methylation. PsoF is a didomain enzyme that 

cosists of a methyltransferase and a flavin-dependent monooxygenase domain. PsoF has 

been shown to catalyze C-methylation to generate a branched polyketide chain [38-39]. 

PsoF is the only characteised example of a trans-acting C-methyltransferase domain in 

fungal PKS-NRPSs (also see section 6.3 on 34 biosynthesis). 

Another source of variation is via loss-of-function mutations in the catalytic sites of 

PKS domains. Many PKS-NRPSs have accumulated mutations that led to loss of function 

of the PKS domains (e.g. KR, DH, ER, and cMT). For example, some fungal PKS-NRPSs 

have lost cMT domain function, such as pyranonigrin A (10) synthase (PyrA) and 
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pyranonigrin E (11) synthase (PynA), resulting in non-methylated polyketide chains [10, 

19] (Table 1). There are also several PKS-NRPS hybrids that have lost the catalytic 

functions for the β-keto processing domains (KR and DH), such as cyclopiazonic acid (8) 

synthase (CpaS) and isoflavipucine (9) PKS−NRPS (ATEG00325), which only catalyze a 

single polyketide extension without ketoreduction and subsequent dehydration [17-18].  

Curiously, whenever the KR and DH domains are present, the polyketide chain is 

reduced and dehydrated at every elongation step with the exception of the final step. 

Therefore, the variability of β-keto modification is limited compared to HR-PKSs, where 

reduction and dehydration is not necessarily catalyzed at every elongation step. 

Almost all characterized fungal PKS-NRPSs have a non-functional pseudo-ER 

domain (ER
0
). To catalyze enoyl reduction, PKS-NRPSs interact with a trans-ER partner. 

For PKS-NRPS hybrid products that involve Diels-Alder (DA) cyclization, trans-ERs play 

an important role in generating suitable spacing of saturated C-C bond in between alkene 

groups. By omitting enoyl reduction at specific elongation steps, polyketide chains can be 

synthesized with specific diene and dienophile functional groups (see section 6.1). In the 

case of ApdA that synthesizes preaspyridone (26), omitting the trans-ER in the 

heterologous expression resulted in the production of derailed polyene pyrones that could 

not be accepted by the downstream NRPS module (Figure 5 and see section 3.2). 

Similarly, the PKS-C LovB produced derailed pyrone products in the absence of trans-ER 

partner [19]. PKS-NRPSs with non-functional ER
0 
but without trans-ER partner are known 

to produce polyene polyketide chain, e.g. fusarin C (3) synthase Fus1 [40] and 

curvupallide (25) synthase CpaA [41]. One exception for the non-functional nature of 

fungal PKS-NRPS ER domain is PynA, which is involved in biosynthesis of pyranonigrin E 

(11) [10]. 11 contains saturated C-C bonds, but PynA does not appear to have a trans-ER 

partner. Sequence analysis of the PKS-NRPS domains by Abe and coworkers suggested 

the ER domain of PynA is active [10].  

It is interesting to note that the above PKS-NRPS domains have lost catalytic function 

through loss of the active site. All retain structural remnants of the corresponding domains. 

These non-catalytic domains could be evolutionary artifacts or may serve structural 

functions or act as linkers, such as the pseudo-KR and pseudo-cMT in mammalian fatty 

acid synthase [42]. 
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Figure 4. Domain swaps between TenS and DmbS: (A) biosynthesis of 21 and 22 by 

TenS and DmbS, respectively; (B) minimal domain swaps constructs that significantly 

altered the product outcome. The product ratio and the polyketide chain of the most 

abundant product are shown. 

 

 
Figure 5. In vitro reconstitution of preaspyridone A (26) biosynthesis. Box: derailment 

products and analogues of 26 generated from using different amino acids in assays. 

 

3.2 Control of polyketide chain length by PKS and NRPS modules 

Besides variation in β-keto processing and methylation, polyketide chain length another 

major variation in PKS-NRPS products. In fungal PKSs, it has been hypothesized that the 

KS domain is primarily responsible for the control of chain-length. The fusion of an NRPS 
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module to the PKS-NRPSs however, adds an additional layer of complexity, as the C 

domain on the NRPS module is required to capture the growing polyketide chain during 

the correct catalytic cycle to ensure the formation of the product.  

Initial insights into chain length programming by PKS-NRPSs were obtained by Tang 

and coworkers from the in vitro reconstitution of the PKS−NRPS ApdA [36], involved in 

biosynthesis of preaspyridone (26), a tetramic acid intermediate of aspyridones pathway. 

ApdA and its trans-ER partner, ApdC, synthesized 26 in vitro. Tang and coworkers 

demonstrated that the NRPS module of ApdA (ApdA-NRPS) plays an important role in 

controlling chain length and the fidelity of the PKS module of ApdA (ApdA-PKS) using in 

vitro assays. The study showed that in the absence of the trans-ER, the ApdA NRPS 

module failed to accept the incorrectly processed methylated tetraketide polyene 

precursors. Instead, the tetraketide was recaptured by the ApdA-PKS module and further 

elongated to pentaketide and hexaketide intermediates that were released as -pyrones.  

The dimethylated pentaketide pyrone can still be synthesized in the absence of tyrosine 

(AdpA‟s amino acid substrate), or in the presence of the truncated ApdA-PKS, indicating 

that the ApdA-PKS can function as a stand-alone HR-PKS (Figure 5). This suggests the 

PKS module is capable of producing polyketide chain up to hexaketide length, but the 

NRPS module captures the saturated dimethylated tetraketide prior to further extension 

by the PKS module to avail the correct tetraketide acyl aminoacyl chain.  

On the other hand, using NRPS module swapping, Cox and coworkers demonstrated 

that the chain lengths of the polyketide portions of the tenellin A (19) and 

desmethylbrassianin A (20) are not affected by the NRPS module [43]. The chimeric 

PKS-NRPS with the TenS (pentaketide synthetase) PKS module and the DmbS 

(hexaketide synthetase) NRPS module, produced the same pentaketide product as the 

parent TenS, pretenellin A (21). The same was observed when the order is swapped. This 

suggests that the C domains of TenS and DmbS have the flexibility for accepting both 

pentaketide and hexaketide chain length. This could be due to the evolutionary 

relatedness of the two PKS-NRPSs.  

Cox and coworkers also demonstrated that swapping of the MT-ER
0
-KR domains or 

KR only from DmbS to TenS, the chimeric PKS-NRPSs synthesized products with 

hexaketide chain (Figure 4), which is longer than the parental TenS. This is surprising as 

KS domains have been generally assumed to be responsible for controlling chain length in 

fungal PKSs. These results however show that the KR domain is capable of controlling 

the chain length. However, when Schmidt and coworkers swapped the KR of equisetin 

synthase EqxS with the KR domain of LovB, it resulted in production of the polyketide with 

the same chain length as the native product equisetin, i.e. octaketide instead of the 

nonaketide in lovastatin (12), but with the β-keto group reduced to an alcohol. This 

indicates that the observation that KR domain control chain length is not universal for 

fungal PKS-NRPSs. 

Combining the observations above for TenS and DmbS, it is possible that the two 

PKS-NRPSs share a common hexaketide synthase ancestor. This would explain the 

inherent ability of the KS, MAT, and DH domain of TenS to process hexaketides. However, 

in the divergence to TenS, the KR domain lost the ability to reduce the β-keto group at the 

pentaketide stage. Due to the selectivity of TenS KS domain on β-enoyl group at the 
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pentaketide stage, the β-ketoacyl chain was amidated by the C domain and released as 

pretenellin (21). On the other hand, the DmbS-KR is able to reduce the β-keto pentaketide 

intermediate to β-enoyl, which is not a cognate substrate for the C domain and is returned 

to the KS domain for one additional elongation. The resulting β-keto hexaketide is then 

recognized by the C domain and amidated with tyrosine to form 22 

(predesmethylbassianin). The above findings unveiled that both the substrate specificities 

of PKS domains and the NRPS domains have the potential to control the length of the 

polyketide chain. 

 

4. Diversity of amino acids incorporated by fungal PKS-NPRS 

4.1 Diversity of amino acids incorporated 

Over two dozen fungal PK-AA hybrid molecules have been linked to the corresponding 

gene clusters [7-8]. In Figure 6, PK-AAs are grouped based on the amino acid 

incorporated by the PKS-NRPSs. So far, the amino acid substrates are limited to ten of 

the proteinogenic amino acids and three nonproteinogenic amino acids. 

 One of the first fungal PKS-NRPS to be characterized was fusarin C (3) synthetase, 

FusS, which incorporates the non-proteinogenic amino acid, homoserine (Figure 6) [13]. 

This led to subsequent characterization of the gene cluster regulation of 3 in Fusarium 

fujikuroi [40] and discovery of the PKS-NRPS responsible for biosynthesis of the related 

compound NG-391 (35) in Metarhizium robertsii [44]. In contrast to the limited examples 

for homoserine-incorporating PKS-NRPSs, more PKS-NRPSs incorporating the 

proteinogenic amino acid serine have been characterized, and are involved the 

production of diverse scaffolds. This includes tetramate-containing decalins (equisetin (36) 

[45], phomasetin (37) [46]), pyran-fused tetramate pyranonigins (e.g. 11) [10] and 

pyrrolidinone xyrrolin (38) [47].  

Leucine is also  incorporated into a range of PK-AA scaffolds, including the 

pyrrolidone-containing decalin myceliothemophins (e.g. 39) [48], pyridone isoflavipucine 

(9) [18] and a unique ɣ-pyrone himeic acid (42) [49] (see section 5 and 6 for further 

details). Although the biosynthetic genes are yet to be identified, phomacins (e.g. 40) and 

aspochalasins (e.g. 41) are two known cytochalasans that incorporate leucine (see 6.1 for 

cytochalasan biosynthesis). In contrast, the related isoleucine has only been reported as 

the amino acid incorporated into the tetramate-decalins varicidins (44-45), which are 

biosynthesized by PvhA [50].  

Two PKS-NRPSs with products containing glycine have been characterized, which 

produce related pyran-fused tetramate pyranonginins (e.g. 10 and 43) [19, 41] and the 

only characterized alanine-incorporating PKS-NRPS is TalA that synthesizes thermolides 

(48-50) (see section 5.4) [51]. Interestingly, the thermolide-producing fungus could also 

produce a valine derivative, thermolide E (52). Based on the gene deletion results and 

biosynthetic gene cluster analysis, it was proposed that TalA is capable of activating both 

alanine and valine. No other alanine- or valine-incorporating PKS-NRPS has been 

characterized to date, but other alanine containing PK-AAs are known, namely the 

alachalasins (46-47) [52].  

For acidic amino acids, only the CpaA, which incorporates aspartate has been 

characterized (responsible for the production of curvupallides e.g. 25) [41]. The related 
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spirostaphylotrichins (e.g. 51) are also proposed to be synthesized by homologous 

PKS-NRPS from aspartate [41, 53].  

Among the aromatic amino acids, phenylalanine is incorporated by PKS-NRPSs that 

synthesize three distinct type of compounds: cytochalasins (e g. 4) [14], pseurotins (e g. 

34) [38] and leporins (e.g. 6) [15] (see section 6). Tyrosine-incorporating PKS-NRPSs 

synthesize the tetramate-derived pyridone compounds: ilicicolins (e.g. 53) [54], tenellins 

(e.g. 19) [55], aspyridones (e g. 7) [16] and the tetramate fusaridione A (54) [45]. For 

aspyridone A, the PKS-NRPS ApdA was demonstrated to be able to incorporate other 

aromatic amino acids including phenylalanine, 4-fluoro-phenylalanine and tryptophan 

(Figure 5) [36]. This suggests that the C-A domains of ApdA has some amino acid 

substrate tolerance. The PKS-NRPS encoded by the Magnaporthe oryzae avirulence 

gene ACE1 has also been characterized to incorporate tyrosine, although the final product 

is still unknown [56]. The related nonproteinogenic amino acid O-methyl tyrosine has 

recently been shown to be incorporated by the Magnaporthe grisea PKS-NRPS PyiS, 

which synthesizes the cytochalasin, pyrichalasin H (55) [57]. PyiS is a homolog of ACE1. 

Finally, tryptophan is known to be incorporated by CHGG_01239 that biosynthesizes 

chaetoglobosin A (56) [58] and cyclopiazonic acid (8) synthetase, CpaS [17]. A cryptic 

PKS-NRPS Syn2 from Magnaporthe oryzae has also been heterologously expressed and 

was shown to produce a tryptophan-containing decalin 124 [59] (see section 7.1) 

An unusual 3-methyl-Pro-incorporating PKS-NRPS UscA that synthesizes 

USC-1025A (57) was characterized by Tang and coworkers (see section 5.3) [60]. Related 

compounds to 57 are CJ-16264 (58) and pyrrolizilactone (59). A proline-incorporating 

PKS-NRPS that synthesizes the novel bolaamphiphilic antifungal pyrrolizidinediones, 

named burnettramic acids (e.g. 60) [61], was also recently characterized by Chooi and 

coworkers (see section 5.3).  
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Figure 6. Amino acids incorporated by fungal PKS-NRPSs up to date and representative 

PK-AA hybrid molecules. Bracket shows the corresponding PKS-NRPS hybrid. * indicates 

that the PKS-NRPS still undiscovered.   

 

Besides incorporating non-proteinogenic amino acids such as homoserine and 

methylproline mentioned above, the cis-acting NRPS module of fungal PKS-NRPSs have 

been shown to incorporate more complex non-proteinogenic amino acids, the 

biosynthesis of which is encoded within the gene cluster. Fox example, in the biosynthetic 

pathway of the antiviral Sch210972 (63), the PKS-NRPS CghG can utilize 

-hydroxymethyl-L-glutamic acid (64). 64 has been proposed to be derived from the 

intermolecular aldol condensation of two molecules of pyruvic acid followed by a 

stereoselective transamination (Figure 7) [62]. Tang and coworkers also demonstrated a 

new mode of collaboration between an HRPKS and a PKS-NRPS, in which the HRPKS 

PoxF is responsible for the biosynthesis of a free, unnatural amino acid 

(S,E)-2-aminodec-4-enoic acid (65) that is subsequently incorporated by the PKS-NRPS 

PoxE to generate succinimide and maleimide containing natural products, including 

oxaleimide C (66) (Figure 7) [63].  
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Figure 7. The proposed biosynthetic scheme of Sch210972 (62) and oxaleimide C (66). 

 

4.2 Predicting the selectivity of amino acid 

The A domain of the NRPS module is responsible for the selection and activation of an 

amino acid substrate by generating aminoacyl-AMP. The condensation between the 

polyketide acyl and aminoacyl is catalyzed by the C domain. Therefore, as in bacterial 

NRPSs, the A domain has a major role in the selectivity of the amino acid, while the C 

domain binds both the polyketide acyl and the aminoacyl in its active site, thus playing the 

role of „gatekeeper‟ in the selectivity of the amino acid. In bacteria, ten amino acid 

residues in or near the active site can be used to effectively predict A-domain substrates 

in many cases [64]. However, attempts to use the same signature sequence for fungal 

PKS-NRPS A domains does not lead to clear outcomes. This is further complicated as the 

sampling size for the PKS-NRPSs that activate particular amino acids is still quite limited 

[5, 61, 65].  

The use of phylogenetic analysis to predict the PKS-NRPS amino acid selectivity has 

also been unsuccessful as the phylogenetic relatedness of the C or A domain does not 
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imply that they incorporate identical or similar amino acids. For example, PsoA of the 

pseurotin (34) biosynthetic pathway incorporates phenylalanine yet is more closely related 

to ATEG_00325 that incorporates a Leu than CcsA that also incorporates a Phe [5]. These 

complicated evolutionary relationships further frustrate abilities to predict A domain 

specificity from primary amino acid sequences. Currently, there is only one structure of a 

fungal NRPS A domain is available, which is the hydroxamate-activating A domain of the 

siderophore NRPS SidN [66]. There are no crystal structures of fungal PKS-NRPS A 

domains available. Characterization of more fungal PKS-NRPSs and structural elucidation 

of PKS-NRPS A domains are critical to improving our ability to predict amino-acid 

selectivity.  

 

5. Release mechanisms of PKS-NRPS 

Following chain elongation and amino acid incorporation, a releasing domain or enzyme is 

required to liberate the mature aminoacyl chain. Chain termination in NRPSs is typically 

catalyzed by a C-terminal thioesterase (TE), reductase (R) domain or a C-terminal 

C-domain, termed CT domain (see relevant bacterial and fungi NRPS chapters). In 

contrast, all the characterized canonical fungal PKS-NRPSs end with either a redox active 

R reductase domain or non-redox active R* domain, which result in two possible routes to 

release the thioester-lined PK-AA chain (Figure 8). 

 

5.1 Reductive release  

The R domains present in fungal PKS-NRPSs share conserved domains with short-chain 

dehydrogenases/reductases (SDR), which contain a NADPH-binding motif and a 

Ser-Tyr-Lys catalytic triad involved in catalyzing reductive reactions [67-68]. In bacteria, 

the R domains catalyze either a two-electron reductive release to yield an aldehyde (e.g., 

gramicidin synthetase LgrD) [69], or a four-electron reductive release to afford a peptidyl 

alcohol (e.g. lyngbyatoxin synthetase LtxA) [70]. In fungi, two-electron reductive release 

by the redox active R domain is more commonly observed compared to four-electron 

release (Figure 8). The resulting free aldehyde can readily undergo a Knoevenagel 

condensation with the β-keto acyl to form a 2-pyrrolidone, such as in fusarin C (3), 

myceliothermophin E (39) and pseurotin (34) (Figure 8) [13, 18, 40, 58]. The pyrrolidone 

formed also serves as the dienophile for Diels-Alder reaction to form the isoindolone 

scaffold in cytochalasans [14, 71] (see section 6.2.1).  

Initially assumed to be a spontaneous reaction, the Knoevenagel condensation step 

has been proposed to be catalyzed by an / hydrolase within the biosynthetic gene 

cluster. Gibberella fujikuroi deletion mutants of the / hydrolase Fus2 failed to produce 

fusarin C (3). Instead of the expected 2-pyrrolidone, an open chain alcohol derivative was 

accumulated, likely resulting from further reduction of the aldehyde by endogenous 

aldo-ketoreductases [40]. A similar result was also reported in the biosynthesis of 

oxaleimides. Deletion of the hydrolase PoxQ led to the accumulation of the corresponding 

alcohol derivative [63]. Furthermore, expression of the cytochalasin E/K backbone gene 

ccsA and the trans-ER gene ccsC in A. orazye led to production of the uncyclized alcohol 

derivative and not the expected pyrrolidone [72]. This was observed during the 

heterologous expression of ACE1 (PKS-NRPS) and RAP1 (trans-ER) [56]. Interestingly, 

24



 

20 
 

the PKS-NRPS R domain has been shown to be useful to form a wide range of 

thiopyrazines in the presence of amino acids and free thiols, due to the reactive nature of 

the aldehyde formed. This has been demonstrated for the NRPS module of the 

PKS-NRPS ATEG_00325, which is involved in the biosynthesis of 9 [73]. 

It is unclear if the R domain of fungal PKS-NRPSs can catalyze four-electron 

reduction to release the PK-AA product as an alcohol. The NRPSs Tex1 and Tex2 are 

responsible for the biosynthesis of the linear peptide alcohols, the peptaibols. Tex1 and 

Tex2 both contain a C-terminal R domain, providing evidence for a four-electron reduction 

[74-75]. However, the R domains of Tex1 and Tex2 have yet to be characterized in vitro. 

An alternative explanation is that the R domain catalyzes a two-electron reduction to yield 

an aldehyde that is further reduced by a separate aldo-ketoreductase to an alcohol. 

   

 

Figure 8. Reductive release catalyzed by the redox active R and representative fungal 

PKS-NRPS products. 

 

5.2 Dieckmann condensation release 

Although the R domain of fungal PKS-NRPSs was originally proposed to catalyze 

reductive release [13, 16], later studies discovered and characterized an alternative route 

to catalyze the release of amino acyl chain. Non-redox R (R*) domains catalyze the 

release of amino acyl chain as a tetramate (2,4-pyrrolidinedione) via Dieckmann 

cyclization [29, 76]. Examples include cyclopiazonic acid (8) [17], equisetin (36) [45], 

aspyridone A (7) [16] and leporin C (6) (Figure 9) [15]. The first biochemical evidence of a 

Dieckmann cyclization catalyzed by an R* domain comes from the in vitro enzymatic study 

of the EqiS by Schmidt and coworkers. In vitro assays with dissected R* domain and T-R* 

didomains demonstrated that the recombinant EqiS R* domain catalyzes the cyclization of 

a synthetic acetoacetyl-Ala thioester into a tetramic acid in an NADPH-independent 

manner [76]. Further insights into the biochemical basis of the tetramate-forming 

Dieckmann cyclization were provided by Walsh and Liu from the characterization of 

cyclopiazonic acid (8) synthetaase CpaS [29]. The CpaS R domain purified from E. coli 

was shown to cyclize the T-domain-bound acetoacetyl-Trp-thioester into the tetramic acid 

in an NADPH-independent manner. Sequence alignment showed that, in the catalytic triad 
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of R* domains, the tyrosine residue important for reductase activity is replaced with a 

leucine or phenylalanine. An aspartate residue important for the R*-mediated Dieckmann 

condensation has also been discovered by a series of mutagenesis experiments [29].  

Interestingly, in biosynthesis of pyranonigrin E (11), a stand-alone thioesterase PynI 

encoded in the gene cluster was shown to be required for the release of the product via 

Dieckmann cyclization to form the tetramic acid intermediate (see section 6.3.1) even 

though the PKS−NRPS hybrid enzyme PynA appears to have a terminal R* domain [10, 

77]. This represents a deviation from the more commonly observed R/R* 

domain-mediated release in fungal PKS-NRPS. 

 

 

Figure 9. Dieckmann condensation catalyzed by non-redox active R* and representative 

fungal PKS-NRPS products. 

 

 

5.3 Generation of bicyclic system by proline incorporation 

In addition to the formation of 2-pyrrolidone and tetramate, recent studies unveiled that 

fungal PKS-NRPSs can also form bicyclic products via incorporation of proline and its 

derivatives. The first example is the PKS-NRPS UcsA that incorporates 

2S,3S-methylproline, derived from L-isoleucine, in the biosynthesis of UCS-1025A (57) 

[48]. Following a Knoevenagel condensation, the PK-AA chain formed a bicyclic 

pyrrolizidine precursor, which subsequently undergoes a nonenzymatic oxa-Michael 

addition to form the unusual tricyclic furopyrrolizidine in 57 (Figure 10). 

Another PKS-NRPS BuaA, from a newly described Australian Aspergillus, has been 

shown to be involved in the biosynthesis of a bolaamphiphilic antifungal compound 

burnettramic acid A (60), which contains a bicyclic pyrrolizidinedione. BuaA and its 

trans-ER partner BuaC have been shown to be responsible for the synthesis of an 

unusually long polyketide chain. Incorporation of a 4-hydroxyproline by the NRPS module 

of BuaA followed by an R* domain release via a Dieckmann condensation afford a 

tetramate fused to the hydroxyproline (Figure 10) [61]. This forms a bicyclic 
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pyrrolizidinedione moiety, which has a higher oxidation state than 57. The two studies 

demonstrated how fungi can generate complex pyrrolidone systems by incorporating such 

proline-based amino acids.   

 

Figure 10. Proposed biosynthetic scheme of UCS1025A (57) (A) and burnettramic acid A 

(60) (B). 

 

5.4 Lactonization  

Besides the above reductive release and Dieckmann condensation routes, a lactonization 

mechanism, involving a possible initial reductive release, has been proposed for the 

biosynthesis hybrid macrolactones, which are commonly found in bacteria but rare among 

fungi. Thermolide A-F (48-50, 52 and 67), isolated from a thermophilic fungus 

Talaromyces thermophiles with potent nematocidal activity, contain a rare hybrid 

macrolactone [78]. A combination of chemical screening, genome analyses, and genetic 

manipulation identified a PKS–NRPS gene cluster involved in the biosynthesis of 

thermolides [51]. The proposed biosynthetic pathway of thermolides A-F (48-50, 52 and 

67) involves an unprecedented lactonization step following the formation of the aldehyde 

by the R domain of the PKS-NRPS TalA, instead of a typical Knoevenagel condensation 

(Figure 11). Interestingly, the amino acids utilized in the biosynthesis of thermolides A-D 

(48-50 and 67) and E (52) differ (alanine (in 48-50 and 67) and valine (in 52)). Based on 

gene deletion experiments and analysis of the biosynthetic gene cluster, the authors 

proposed that TalA could activate either substrate, although such flexibility is atypical for 

fungal NRPSs. The detailed biosynthetic pathway, especially the mechanism for 
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macrolactonization, warrants further investigation. 

 

 

Figure 11. Proposed biosynthetic pathway for thermolide A-F. 

 

 

6. Post-release backbone rearrangement and cyclization 

Upon releasing from PKS-NRPS, the PK-AA backbone can undergo cyclization and or 

ring expansion/rearrangement, which gives rise to distinct natural product subclasses, 

such as the pyridones, decalins, isoindolone-containing cytochalasans, as well as fused 

polycyclic and spirocyclic systems.  

 

6.1 Ring expansion and rearrangement  

As shown in Section 5, the two most common release mechanisms for fungal 

PKS-NRPSs are the tetramate-forming Dieckmann condensation and reductive release 

yielding an aldehyde that is often converted to 2-pyrrolidone via Knoevenagel 

condensation (Figure 8 and 9). These five-membered ring systems can undergo ring 

expansion or rearrangement to form distinct subclasses of PKS-NRPS pathway 

metabolites like the 2-pyridone and 2-pyrone metabolites. 

 

6.1.1 2-pyridone 

One of the major subclasses of fungal PKS-NRPS-derived metabolites is the 2-pyridones. 

All known fungal PKS-NRPS-derived 2-pyridones are derived from ring expansion of 
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tetramate precursors. A cytochrome P450 enzyme (TenA) was first shown to be 

responsible for the ring expansion to form the 2-pyridone core by Cox and coworkers in 

the biosynthesis of tenellin A (19) [79]. TenA was demonstrated to catalyze an unusual 

oxidative ring expansion of pretenellin A (21) to form pretenellin B (68) (Figure 12A) [55]. 

Ring rearrangement was proposed to be initiated by the abstraction of hydrogen from the 

benzylic CH2 group to yield the radical 69. Next, the benzylic radical induces 

rearrangements and resulted in ring expansion. Subsequent oxygen rebound and 

dehydration forms the α-pyridone moiety (Figure 12A). This mechanism can be 

generalized to other fungal PKS-NRPS-derived 2-pyridones, such as aspyridones [16, 80], 

bassianins [43], leporins [15] and ilicicolins [54] (Figure 12B). Indeed, a homolog of TenA 

is found in the biosynthetic gene clusters of these compounds. TenA homologues have 

been used, in tandem with PKS-NRPS and trans-ER encoding to genes, as a beacon for 

genome mining of other pyridone biosynthetic gene clusters and led to the discovery of 

the biosynthetic gene cluster encoding 53 [54]. 

 

 

Figure 12. (A) Proposed mechanism for a P450-catalysed ring expansion to for 

2-pyridones and (B) Representative fungal PKS-NRPS-derived 2-pyridone products 

(2-pyridone moiety highlighted in red).   

 

An alternative mechanism for pyridone formation has been observed for 

isoflavipucine (9). 9 was first isolated from A. flavipes in 1963 [81] and the structure was 

fully characterized in 1977 [82]. Decades later, 9 together with dihydroisoflavipucine (70) 

were discovered from A. terreus by activation of the silent PKS–NRPS ATEG_00325 gene 

cluster [18]. Labeling experiments demonstrated that 9 was constructed from a 

PKS-NRPS pathway and the side chain of 9 was derived from a leucine [18]. Unlike the 
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above tetramate-derived pyridines, based on the 
13

C-acetate labeling pattern, the 

biosynthesis of isoflavipucines 9, 107 and related flavipucine (71) are proposed to be 

derived from a 2-pyrrolidone precursor (73). In contrast to the previously described 

mechanism, the pyridone core of 9 (and related metabolites 70 and 71) consists of only 

polyketide-derived carbons. Oxidation of the 2-pyrrolidone core has been proposed to 

form 74, which could lead to ring opening by deamidation to form 75. 75 is subsequently 

cyclized to a 2,4-pyridione transamidation intermediate 76 that can be further oxidized to 

flavipucine (71). Alternative rearrangement reactions from 74 can also explain the 

biosynthesis of rubrobramide (77), representing branch point in the biosynthesis of 

flavipucine-type metabolites. Further genetic and biochemical investigations are required 

to identify the enzyme(s) responsible for the rearrangement. 

 

Figure 13. Proposed biosynthetic pathway of isoflavipucine (9) and related products. 

 

6.1.2 4-pyrone  

Recently, a unique 4-pyrone-containing alkaloid has been shown to be derived from a 

fungal PKS-NRPS. Himeic acid A (42), a specific inhibitor of the ubiquitin activating 

enzyme E1, was isolated from the marine fungus A. japonicus MF275 [83]. Fujii and 

coworkers performed extensive feeding experiments with isotope-labeled compounds to 

confirm the PKS-NRPS origin of 42 and that L-leucine was the direct precursor of the 

amide side chain [49]. The feeding experiments also showed that the carboxyl carbon of 

L-leucine migrated to the pyrone ring C-16. Whole genome sequencing of the producer 

strain and bioinformatic analysis identified a putative PKS-NRPS gene cluster (him) 

responsible for biosynthesis of 42. The PKS-NRPS gene himA was confirmed by a 

subsequent gene disruption experiment in which himA strain lost the ability to produce 

42. The gene cluster comprises himA and genes encoding two transcription factors (himB 

and himD), a cytochrome P450 (himC), a transporter (himE), an 

-ketoglutarate-dependent dioxygenase (himG), and a trans-ER (himH). Based on the 

content of the gene cluster, a putative pathway was proposed for 42 [49] (Figure 14). 

Unlike isoflavipucine (9) above, 42 was proposed to be derived from a tetramate (78), 
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synthesized by the PKS-NRPS HimA and trans-ER HimH via Dieckmann condensation 

catalyzed by the R* domain. HimG was proposed to catalyze an -oxidation of the 

tetramic acid ring to form 79, which could induce a C-C bond cleavage and subsequently 

form a pyrone intermediate (81). Oxidation of the two terminal methyl groups on the 

polyketide and amide side chains by HimC would yield 42. However, further investigation 

of the biosynthesis is still necessary to verify the function of individual enzymes.  

 

 

Figure 14. Proposed biosynthetic pathway of himeic acid (41). 

 

 

6.2 Diels-alder cyclization  

Diels−Alder (DA) reactions involve the cycloaddition of a 1,3-diene and a dienophile to 

form an unsaturated six-membered ring. They are among the most powerful synthetic 

transformations for the formation of carbon-carbon bonds. In fungi, DA reactions are 

commonly observed during the biosynthesis of fungal PKS-NRPS products and contribute 

to the formation of several subclasses of fungal natural products (see also Chapter on 

Enzymatic Pericyclic Reactions for more in depth discussion on DA reactions). 

 

6.2.1 Decalin 

Figure 15. Biosynthesis of lovastatin (12) involved an enzymatic Diels-Alder reaction. 

 

Decalin is the defining core structure in the cholesterol-lowering statins, which include 

lovastatin (12) and mevastatin (13). LovB, responsible for the biosynthesis of lovastatin 

(12), was the first decalin-forming PKS-NRPS (PKS-C) to be characterised [20]. LovB 

works iteratively in a complex with the trans-ER LovC to produce the ACP-bound 

intermediate, which is released via hydrolysis catalyzed by LovG to produce 
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dihydromanocolin L (18a). The observation that 18a possesses the trans-decalin ring 

system upon release from LovB strongly suggests that a biological intramolecular DA 

reaction takes place during the polyketide extension steps [20] (Figure 15). Previously, it 

has been speculated that the C domain of LovB was responsible for Diels−Alderase 

(DAase) activity [5, 20, 84]. Tang and coworkers successfully expressed intact LovB in 

Saccharomyces cerevisiae and reconstituted the enzymatic activity in vitro using the 

recombinant LovB and LovC to synthesize 18a. However, the truncated LovB-ΔC without 

the C domain failed to produce any detectable product [20]. Further evidence that 

supports the C domain is the region responsible for the DA reaction comes from a module 

swapping study by Schmidt and coworkers [35]. A polyketide chain resembling the 

uncyclized pre-DA precursor was observed as the product when the C domain of LovB 

was swapped with the NRPS module of equisetin (36) synthetase EqxS. When the C 

domain of LovB was left intact, but with fusion of A-T-R domain of EqxS, the chimeric 

PKS-NRPS was able to produce 18a (see also section 7.1). More recently, the structure of 

the LovB C domain has been solved [85]. It shows that the active site cavity has sufficient 

space to accommodate the cyclized decalin product. However further biochemical 

characterization is still necessary to corroborate its function. 
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Figure 16. Fsa2-family lipocalin-like enzymes catalyze stereoselective intramolecular DA 

reactions in the biosynthesis of decalin-containing equisetin-type PK-AA compounds. 

 

Tetramate-containing decalins, such as equisetin (36) [45], phomasetin (37) [46] and 

Sch210972 (62) [62], are another group of decalin-containing fungal secondary 

metabolites. Typically, the trans-decalin core of these compounds is biosynthesized by a 

PKS-NRPS hybrid pathway via an intramolecular DA reaction of a polyketide tetramate 

precursor, formed by Dieckmann condensation. Extensive biosynthetic studies have 

demonstrated that Fsa2-family proteins (Fsa2, Phm7 and CghA) encoded in these 

biosynthetic gene clusters control the stereoselective intramolecular DA reaction during 

trans-decalin formation. Deletion of genes encoding Fsa2, Phm7 and CghA in their 

corresponding biosynthetic pathways (36, 37 and 62, respectively) supported this 

hypothesis [62, 86-87]. The knockout mutants produced a mixture of decalin products of 

different stereochemistry, which include the expected endo adducts and the alternative 

exo adducts that are not found in the wild-type (Figure 16) [62, 86-87]. This suggests that 

the decalins were formed in a non-stereo controlled manner in the absence of Fsa2-family 

proteins. To further corroborate the function of these proteins, Kato and coworkers 

replaced phm7 in Pyrenochaetopsis sp. RK10-F058 that synthesizes 37 with fsa2 from 

the biosynthetic pathway of 36, which has a different decalin configuration to 37 (Figure 

16) [46]. This resulted in the production of a novel tetramate-decalin 85, which is an 

isomer of 37 with an alternative decalin configuration identical to 36. This confirmed the 

role of these proteins in controlling the stereochemistry of the DA reaction. 

The closest structural homologue of CghA and related Fsa2-family proteins is -barrel 

protein NE1406 [88], a calycin-like -barrel protein [62]. Another family of calycin like 

-barrel proteins, dirigent proteins, is known to sequester and orient phenoxy radicals to 

direct regio- and stereo-selective coupling to form dilignols, precursors to lignin and 

lignans [89-90]. Thus, in a similar fashion, Fsa2-family proteins might bind to the 

uncyclized polyketide tetramate substrates to direct the stereoselectivity of the DA 

reaction. The argument remained whether these Fsa2-family proteins could be 

considered a true „Diels-Alderase‟ (DAase) as the term implies that the protein accelerates 

the [4+2] cycloaddition reaction. However, chemoenzymatic synthesis of equisetin (36) by 

Gao and coworkers using Fsa2 has strongly argued that Fsa2 is indeed a DAse [91]. The 

authors demonstrated that in vitro, Fsa2 was able to stereoselectively transform a 

synthetic linear poly-enoyltetramate substrate to the decalin 36, while the DA reaction 

failed to occur in the absence of Fsa2.  

Meanwhile, during the biosynthesis of another trans-decalin-containing compound 

myceliothermophin E (39), it was demonstrated that MycB, another member of the 

Fsa2-family, also acted as a DAse [48]. Unlike the equisetin-like tetramate compounds 

above, 39 is a decalin containing, non-tetramate pyrrolidone. Using heterologous pathway 

reconstruction in A. nidulans, Tang and coworkers showed that, in the absence of MycB, 

the A. nidulans strain accumulated the open chain pyrrolidone diene intermediates. The 

authors showed that the purified recombinant MycB could catalyze intramolecular DA 

reaction to convert the acyclic intermediate 87 to the corresponding endo trans-decalin 

adduct in a stereoselective manner (Figure 17). It was proposed that related enzymes 
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PoxQ and UcsH from oxaleimide (66) and UCS-1025A (57) pathways could also promote 

a stereoselective DA reaction in a similar manner [60, 63].    

 

 

Figure 17. MycB catalyzes intramolecular DA reaction in the biosynthesis of 

myceliothermophin E (39). 

 

Tang and coworkers used the protein sequences of Fsa2-family lipocalin-like 

enzymes as a beacon to discover the DAse homolog PvhB in the genome of Penicillium 

variabile, which was shown to encode the biosynthesis of varicidin A (44). 44 is an 

antifungal natural product and contains a cis-decalin core, instead of the more common 

trans-decalin scaffold (Figure 18) [50]. The authors demonstrated that a P450 PvhE 

oxidizes the reactive poly-enolypyrrolidone intermediate 88 to yield a carboxylated 

intermediate 91. 91 contains a combination of an electron-deficient diene and an 

electron-deficient dienophile, which is innately unreactive. As 91 is expected to exist as a 

dianion, electrostatic repulsion increases the reaction barrier and suppresses the more 

favorable normal electron demand DA (NEDDA) reaction, which occurs spontaneously at 

room temperature. PvhB is able to catalyze the stereoselective DA reaction on the 

carboxyl 91 or the N-methylated derivative 92 to yield the cis-decalin 45 or 44, 

respectively. Depending on the protonation state of the tetramate in the enzyme active site, 

the reaction could proceed as a NEDDA if the tetramate is protonated or inverse-electron 

demand DA (IEDDA) if the tetramate exist as anion. Thus, it remains ambiguous which 

route takes place in PvhB. 

As shown above, a DA reaction can proceed via the normal- or inverse-electron 

demand Diels−Alder (NEDDA or IEDDA) pathways depending on substituents of diene 

and dienophile (Figure 18). CghA [62], MycB [48], Fsa2 and Phm7 [86-87] are all 

decalin-forming pericyclases that catalyze NEDDA reactions, while the mechanism of 

PvhB is still ambiguous. The first definitive example of an enzymatic IEDDA reaction was 

reported by Tang and coworkers during the biosynthesis of the antifungal agent ilicicolin H 

(53) (Figure 18) [54]. [54]. In contrast to the tetramate-containing decalins, 53 contains a 

pyridone core linked to the trans-decalin. The structure of 53 suggests that it is likely to be 

formed via an IEDDA reaction. A protein encoded in the gene cluster, initially annotated as 

a C-methyltransferase (lccD), was demonstrated in vivo and in vitro to catalyze an IEDDA 

cycloaddition to convert the bis-diene substrate (94) to 8-epi-ilicicolin H (95). The enzyme 

lccD is highly selective toward the IEDDA cycloaddition over a competing NEDDA reaction 

that yields a trans-decalin ilicicolin I (96). Although IccD contains a predicted SAM binding 

site, SAM is not required as a cofactor for the IEDDA reaction. A predicted flavoenzyme 

IccE then epimerizes the 94 to 53. 
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Figure 18. Different types of DA reactions and related biosynthetic pathways. (A) NEDDA 

and IEDDA reactions. (B) Proposed biosynthetic pathway of varicidin A (44). (C) Proposed 

biosynthetic pathway of ilcicolin H (53), in which involves an IEDDA reaction.  

 

6.2.2 Isoindolone (cytochalasans) 

Cytochalasans are an important group of fungal secondary metabolites from PKS-NRPS 

hybrid pathways that have garnered interest due to their distinctive ability to inhibit actin 

polymerization. Structurally, the cytochalasans are characterized by a macrocycle fused 

to an isoindolone core, which was formed via a DA reaction (Figure 19) [52, 71]. Despite 

there being over 300 reported cytochalasans, only a handful of cytochalasan gene 

clusters have been characterized to date [71]. The biosynthetic gene clusters of 

phenylalanine- (cytochalasin E (4)/K (5)), tryptophan- (chaetoglobosin A (56)) and 

O-methyltyrosine-derived (pyrichalasin H (55)) cytochalasans have been described [14, 

57-58]. The gene clusters responsible for the biosynthesis of cytochalasans containing 
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other amino acids (e.g. alanine- (46) and leucine-derived (40)) still remain to be 

discovered (Figure 19). The gene cluster encoding the Magnaporthe oryzae avirulence 

gene ACE1 has been proposed to encode a cytochalasan metabolite based on the 

structure of the open chain 2-pyrrolidone product from heterologous expression of 

PKS-NRPS ACE1 and the trans-ER RAP1 and the high degree of homology of the gene 

cluster to the pyi cluster for biosynthesis of 55 [57]. 

 

Figure 19. Cytochalasan biosynthetic scheme. (A) Representative cytochalasans 

incorporating different amino acids (characteristic isoindolone core highlighted in blue). (B) 

Proposed assembly line for cytochalasans involved in an intramolecular DA reaction. 

 

The biosynthesis of cytochalasans has been proposed to be derived from 

2-pyrrolidone precursors (Figure 19) [14, 52, 71]. Although yet to be verified in 

cytochalasan biosynthesis, the involvement of homologous /-hydrolases in the 

formation of the 2-pyrrolidone moiety has been demonstrated in the biosynthesis of 

fusarin C (3) [40] and oxaleimides [63] (see section 5.1). The 2-pyrrolidone functions as a 

dienophile for the subsequent intramolecular DA cycloaddition with the diene of the 

polyketide chain to generate the isoindolone-fused macrocycle core (Figure 19). A gene 

homologous to the lipocalin-like Fsa2-family protein involved in DA reactions was first 

discovered in the ccs gene cluster encoding cytochalasin E (4)/K (5) biosynthesis 
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mentioned in A. clavatus [14]. It was subsequently found in the gene clusters for 

chaetoglobosin A (56) and pyrichalasin H (55) gene clusters as well [14, 58]. However, 

their functions have yet to be proven experimentally.  

Interestingly, the acyl 2-pyrrolidone precursors of the cytochalasan pathway often 

contain two potential dienophiles and two potential dienes (Figure 20). Dienophile A can 

cyclize with the corresponding diene A to form decalin-type adduct (39), such as reported 

for the DAse MycB in the biosynthesis of the pyrrolidone-containing decalin, 

myceliothemophin E (39) [48] (Figure 20). Alternatively, the endocyclic olefin on the 

2-pyrrolidone could serve as the dienophile B and cyclize with the terminal diene B to form 

the isoindolone core (97) characteristic for cytochalasans (Figure 20).  

 

 

Figure 20. Two putative DA reaction routes catalyzed by Diels–Alderases. Route A for 

decalin-containing myceliothermophin-type adduct using dienophile A; route B for 

isoindolone-containing cytochalasan-type adduct using dienophile B. 

 

Among the cytochalasans, cytochalasins E (4) and K (5) are particularly interesting 

due to the unique vinyl carbonate moiety incorporated in the macrocyclic ring [52]. The 

exceptionally rare carbonate group has been demonstrated to be indispensable for the 

cytotoxic properties of 4 and 5, the corresponding ester exhibits ∼500-fold lower in activity 

[92]. The biosynthetic gene cluster ccs responsible for 4 and 5 production was first 

identified in A. clavatus by Tang and coworkers [14]. Subsequent work by the same group 

characterized the Baeyer–Villiger monooxygenase (BVMO) CcsB and demonstrated that 

CcsB catalyzes two successive oxygen insertion reactions in the biosynthesis of 4 and 5 

(Figure 24) [93] (see Chapter on Oxidative Modification Enzymes in Polyketide pathway 

for mechanism of BVMOs).  

 

6.2.3 Dihydropyran-fused pyridone 

Like ilicicolin H (53) above, leporins (e.g. 6) contain a pyridone derived from tetramate 

(see section 6.4.1). However, instead of being linked to decalin, leporins contain a bicyclic 

pyranocyclohexane fused to the pyridone. The biosynthetic gene cluster of leporin C (6) 

was initially discovered and genetically verified in A. flavus by Cary and workers [94]. 
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Later Tang and coworkers unveiled the unprecedented pericyclic reaction cascade 

involved in the biosynthesis of leporins. Using heterologous pathway reconstruction and in 

vitro enzymatic assays, it was shown that a SAM-dependent enzyme LepI, previously 

annotated as an O-methyltransferase, directs the stereoselectivity of a [4+2] cycloaddition 

towards a hetero-DA reaction outcome to give the dihydropyrano-fused pyridone scaffold 

in 6 (Figure 21). Firstly, LepI catalyzes the stereoselective dehydration of the pyridone 

substrate 98 to yield the exocyclic trienyl ketone 99. This dehydration reaction has also 

been shown to happen spontaneously in the absence of LepI in a non-stereoselective 

manner. Only a small quantities of the hetero-DA reaction product 6 was formed. In 

contrast, in the presence of LepI, the trienyl ketone substrate 99 was converted to 6 

exclusively. This shows that LepI can direct the ambimodal transition state of 99 towards 

hetero-DA pathway. Intriguingly, it was shown that the spirodecalin byproduct 100 from 

non-enzymatic intramolecular DA can be recycled and converted to 

dihydropyrano-pyridone scaffold via a retro-Claisen rearrangement catalyzed by the LepI 

(Figure 21) [15]. This is the first example of an enzyme-catalyzed retro-Claisen 

rearrangement. Interestingly, LepI requires the cofactor SAM, but not for its methylating 

capacity. Instead, based on the inactive nature of LepI when SAM was substituted with 

SAH, it was proposed that the positive charge of SAM may be required for the enzymatic 

activities [15]. This intramolecular hetero-DA reaction biosynthetic pathway could also be 

generalized to construct other similar fungal dihydropyran-fused pyridiones, such as 

epipyridone (101) [95], PF1140 (102) and fusaricide (103) [96-98] (Figure 21). 
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Figure 21. (A) Reactions catalyzed by LepI in leporin C (6) biosynthesis, including an 

intramolecular hetero-Diels−Alder route to 6, and a competing Diels−Alder cyclization, 

followed by retro-Claisen rearrangement to 6. (B) Other fungal dihydropyran-fused 

pyridones. 

6.3 Oxidative cyclization 

Besides pericyclic cyclization, oxidative cyclization is a common mechanism for 

annulation of PK-AA backbone (see also Chapter on Oxidative Modification Enzymes in 

Polyketide pathway).  

6.3.1 pentacyclic cyclopiazonic acid 

One well-characterized example of oxidative cyclization is the pentacyclic indole alkaloid 

cyclopiazonic acid (8), an important mycotoxin and a nanomolar inhibitor of Ca
2+

-ATPase. 

It is constructed from a polyketide chain, tryptophan, and isoprenoid building blocks in a 

short, three-enzyme pathway (Figure 22) [99-101]. As mentioned above (section 2.1), the 

PKS-NRPS CpaS has no functional KR, DH and ER domains and only catalyzes a single 

extension. The NRPS module incorporates tryptophan and the acyl amino-acyl chain is 

released via a Dieckmann cyclization catalyzed by the R* domain to generate the tetramic 
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acid cycloacetoacetyl-tryptophan (104) (Figure 22) [102]. CpaD, a prenyltransferase, 

regiospecifically installs the prenyl group at C4 of the indole ring to yield 105 [102]. 

Hydride removal is proposed to create an electrophilic center during oxidative 

cyclization [17]. This was shown to be catalyzed by CpaO, a berberine bridge enzyme-

family oxidase with a covalently bound FAD, which was proposed to utilize the indole 

NH as neighboring group to expel a hydride ion from the indicated methylene center 

to FAD (Figure 19) [103-105]. Upon oxidation, the conjugated indole iminium 106 

served as an electrophile for reaction with the olefin of the prenyl group. Participation of 

the amide nitrogen from the tetramic acid moiety would generate two rings and give rise 

to the pentacyclic scaffold of 8. 

Figure 22. Proposed biosynthetic pathway of cyclopiazonic acid (8) involved a crucial 

oxidative cyclization step. 

6.3.2 heterospirocyclic pseurotin 

Another PKS-NRPS pathway metabolite that involves an oxidative cyclization step is 

pseurotin A (34), which contains an unusual heterospirocyclic system [37-38]. The 

biosynthetic pathway for 34 was characterized by Watanabe and coworkers in detail 

[38-39]. As mentioned in section 5.1, 34 was derived from a 2-pyrrolidone formed via 

reductive release catalyzed by PsoA R domain followed by Knoevenagel condensation of 

the aldehyde 107. An unusual didomain enzyme PsoF, containing an N-terminal 

methyltransferase domain and a C-terminal FMO domain, was shown to be involved in the 

oxidative cyclization [38, 106]. As mentioned in section 3.1, the methyltransferase domain 

acts as a trans-C-methyltransferase by introducing the α-methyl group to the polyketide 

chain [39]. The FMO domain was shown to be required for the formation of the oxo-spiro 

structure of 110 [39]. The proposed mechanism states that an initial epoxidation of the 

2-pyrrolidone endocyclic olefin in 108 by the FMO domain of PsoF yields 109 allowing

subsequent epoxide opening and cyclization with the proximal enol to produce 110 

(Figure 23). PsoF was further shown to be responsible for an additional epoxidation step 

to introduce an epoxide that is hydrolyzed to yield the trans diol found in 110 and 34 [38].  
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Figure 23. Epoxidation-mediated oxo-spiro ring formation during the biosynthesis of 

pseurotin A (34). 

 

6.3.2 pyrano[2,3-c]pyrrole and spirocyclic--lactam systems  

Metabolites with pyrano[2,3-c]pyrrole bicyclic scaffold, such as the pyranonigrins, are also 

derived via oxidative cyclization of the PK-AA backbone [10, 19, 77, 107]. Pyranonigrin E 

(11) was discovered by Abe and coworkers by over-expressing the pathway-specific 

transcriptional regulator gene pynR [77]. The biosynthetic pathway of 11 was 

subsequently characterized by Watanabe and coworkers via gene knockout in A. niger 

and in vitro enzymatic experiments [10]. A flavin-dependent monooxygenase (FMO) PynG 

was shown to be involved in the oxidative cyclization (Figure 24). PynG was proposed to 

catalyze the epoxidation of 113 and subsequent ring closure to form the tetrahydropyran 

of 114. Homologous FMOs are also found in the pathways for other pyranonigrins and the 

structurally-related pyranopyrrole-containing curvupallides [19, 41, 107]. Watanabe and 

coworkers proposed that curvupallide C (25) and spirostaphylotrichin A (51) could arise 

from the same polyene tetramate precursor 115 [41]. Following the epoxidation of 115 to 

116 the pathway could either branch to produce the pyrano[2,3-c]pyrrole bicyclic scaffold 

in 25 or to the spirocyclic -lactam core to yield 51 (Figure 24). However, the hypothesis 

still needs further genetics and biochemical verification.    
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Figure 24. (A) Structures of the fungal natural products containing a pyrano[2,3-c]pyrrole 

core and (B) proposed biosynthetic pathway of pyranonigrin E (11) and (C) Proposed 

biosynthetic pathway for curvupallide C (25) (black box) and spirostaphylotrichin A (51) 

(blue box).   

 

 

7. Engineering of fungal PKS-NRPS hybrids 

Given that fungal PKS-NRPSs have been inferred to have evolved from a common single 

ancestor, their expansion in the fungal kingdom, independently from other fungal NRPSs 

is intriguing. The ability of these systems to introduce variation throughout different stages 

of the biosynthetic process makes these hybrid synthetases an attractive target for 

enzyme engineering. Studies to engineer fungal PKS-NRPS pathways are rudimentary 

compared to bacterial PKS-NRPS hybrids. Most attempts so far have focused on 

swapping the NRPS modules in order to alter amino acid specificity. Module swapping 
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requires an understanding of the communication between different modules. An excellent 

discussion about protein-protein interactions within bacterial and fungal PKS-NRPS 

systems can be found in a recent review by Tadashi et al [108]. The authors provided a 

classification of PKS-NRPS hybrid systems based on the organization of PKS/NRPS 

modules and whether they are tethered or separate. Based on that the fungal 

PKS-NRPSs have been classified as the “tethered hybrid modular type”. 

 

7.1 Swapping of NRPS module 

The ACP domain of the PKS module interacts soley with the PKS domains during the 

polyketide chain extension. When the polyketide chain reaches maturation, the ACP 

domain must then interact with the C domain of the PKS-NRPS for condensation to occur. 

During condensation, the C domain must also interact with the downstream T domain. 

Therefore, the C domain needs to recognize and accommodate both the polyketide acyl 

and the amino acyl tethered to the phosphopantethiene arms of the two carrier proteins 

(ACP and T) domains. Thus, to successfully engineer fungal PKS-NRPSs to incorporate 

different amino acids the protein-protein interactions between C domain and the two 

carrier proteins, as well as the substrate compatibility, will need to be considered [108]. 

The first successful demonstration of NRPS module swapping in a fungal PKS-NRPS 

was performed on ApdA, responsible for the biosynthesis of preaspyridone (26). Tang and 

coworkers were able to reconstitute the production of 26 with ApdA expressed from S. 

cerevisiae and the trans-ER partner ApdC in vitro [36]. It was shown the PKS-NRPS could 

produce 29 even as separately translated PKS and NRPS modules. When the NRPS 

module of ApdA was swapped with the NRPS module of CpaS in S. cerevisiae, a 

preaspyridone analog with a tryptophan (33) instead of tyrosine was produced, albeit at 

2.5% of the yield compared to with the cognate standalone NRPS module. This was 

surprising given of the structural differences between 26 and 8 (26 is a dimethylated 

tetraketide and 8 is a non-methylated diketide). This suggests that the C domain of CpaS 

is relatively promiscuous towards polyketide acyl substrates. The decreased yield could 

be due to perturbation of protein-protein interactions between the non-cognate modules.  

Cox and coworkers successfully swapped the NRPS module of two PKS-NRPSs that 

shared high similarity (87% identity), TenS and DmbS, which synthesize pretenellin A (21) 

and predesmethylbassianin A (22), respectively [43]. Both 21 and 22 contain tyrosine but 

vary in methylation pattern (di- vs mono-methylated) and chain length (pentaketide vs 

hexaketide). The chimeric PKS-NRPSs successfully produced the corresponding 

products (identical to the parents where the PKS module was from) when expressed in A. 

oryzae, showing that the NRPS modules of the two hybrid synthetases are 

interchangeable and that the NRPS modules can tolerate the differences in the polyketide 

chain. Interestingly, the chimeric TenS/DmbS PKS-NRPS was more productive than the 

native TenS in production of prototenellin C (119) [43]. 

Hertweck and coworkers attempted to fuse the NRPS module (A-T-R) of CheA to 

LovB or swap the C domain of LovB with CheA NRPS module (C-A-T-R) but were 

unsuccessful [5]. The authors attributed that to the more distant evolutionary relationship 

between LovB and CheA, and that the C domain of LovB (and other PKS-Cs) likely has 

evolved new function (potential involvement in DA reaction, see section 6.2.1).  
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Figure 25. Domain swap experiments from Schmidt and coworkers and the isolated 

compounds from the experiments [24]. 

 

    To shed light on the communication between the PKS and NRPS modules and the 

substrate selectivity, Schmidt and coworkers constructed 34 chimeric PKS–NRPSs by 

combining the five PKS modules of PsoA, CpaS, EqxS, FsdS, and LovB with two NRPS 

modules from EqxS and FsdS  [27]. The boundaries for effective swapping were 

explored: ACP-to-C, KR-to-ACP, hybrid ACP (middle of ACP), and two ACPs from 

different PKS-NRPSs in tandem (Figure 25). Most of the chimeric PKS-NRPSs were only 

capable of producing the polyketide chain and were unsuccessful at incorporating the 

amino acid. However, all the different versions of EqxS-FsdC chimera availed an equisetin 

analog that incorporated tyrosine instead of serine (126) (Figure 25). The different fusion 

boundaries tested had no significant effect on the yield of the chimeric product, suggesting 

that the domains from the two PKS-NRPSs could interact consistently. Interestingly, when 

the order of the fusion was switched, where the PKS module of FsdC was fused to the 

NRPS module of EqxS, only production the polyketide chain (125) of FsdC was observed. 

Therefore, it appears that the C domain of EqxS is more selective.  
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Figure 26. Decalins produced from heterologous expression of chimeric PKS-NRPSs 

(CcsA-Syn2 and CcsA-Rap2) with NRPS module swapping [59]. 

 

The importance of the intermodular linker between the PKS and NRPS modules when 

performing a module swap has also been explored. Larsen and coworkers used modules 

from CcsA and Syn2 to generate two chimeric PKS-NRPSs, CcsA-Syn2 and Syn2-CcsA, 

which resulted in successful production of corresponding chimeric decalin products in 

both cases (Figure 26) [59]. In contrast with the swapping above where the successful 

chimeric PKS-NRPSs have a C-terminal R* domain with Dieckman cyclase activity, both 

CCsA and Syn2 have a redox-active R domain. The formation of decalin and the 

2-pyrrolidone were attributed to spontaneous or endogeneous enzymatic reaction in the 

expression host. The authors also showed that the PKS-NRPSs have considerable 

flexibility in the intermodular linker, which varies from 70-150 amino acids for most fungal 

PKS-NRPSs (150 amino acids for CcsA). The linker could be designed to vary from 

simple three amino acids Gly-Ser-Gly to 373 amino acids (with an RFP inserted in the 

middle of the linker) and had no significant effect on the production, suggesting that the 

linker has no further function. Surprisingly, when the PKS and NRPS modules were 

expressed as separate dissected proteins, it resulted in no metabolite production even 

though both dissected proteins were shown to be co-localized in the cytoplasm. This is in 

contrast with the study on ApdA/CpaS chimera above where the two modules as 

dissected proteins could still interact to a small extent within the cells. 

Unsuccessful NRPS module swaps from above studies were often attributed to the 

polyketide substrate selectivity of C domain. The exception is the study on ApdA/CpaS 

where the C domain of CpaS could tolerate a significant larger polyketide acyl group 

compared to its native diketide substrate. One observation from the above five studies is 

that it appears that the successful swaps are from PKS-NRPSs that have the same 

release mechanism (reductive or Dieckmann release). On the other hand, unsuccessful 

chimeras often consist of modules with different releasing mechanisms (e.g. LovB-CheA, 

LovB-EqxS, PsoA-EqxS, PsoA-FsdS). Given that fungal PKS-NRPS evolved as a whole 

unit [7], PKS-NRPSs with the same releasing mechanism are more closely related and 

may therefore have higher chances of successful intermodular domain-domain 

interactions between non-cognate PKS and NRPS modules. Larger scale module 

swapping studies guided by phylogenetics will be required to test this hypothesis.  

 

7.2 Exchange of domains within PKS modules 

Besides NRPS module swapping, exchange of domains within PKS modules has also 

been attempted successfully. A study by Cox and coworkers involved swapping MT, 
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MT-ER
0
-KR and KR domains of TenS with those of DmbS, which provided insights into 

the function of these domains, was covered in section 3.1 and 3.2 [35]. The second study 

is by Schmidt and coworkers involved swapping of the KR domain of LovB into EqxS was 

also mentioned in section 3.2 [27]. The studies revealed that domain-domain 

communication of PKS-NRPSs is a complex interplay of substrate specificities, binding 

kinetics, and protein-protein interactions. Interestingly, successful swapping of trans-ER 

has not been reported. Further understanding, including structural insights into the 

multi-domain megasynthetases, will expedite engineering efforts of fungal PKS-NRPSs. 

8. Future outlook

Fungal PKS–NRPSs generate a highly diverse set of bioactive PK-AA hybrid compounds 

that are valuable as drugs and lead compounds. Given the conserved architecture of 

fungal PKS-NRPSs, the structural diversity they generate is remarkable. The structural 

diversity and complexity are further enriched by a range of ring rearrangement and 

cyclization reactions, and downstream tailoring reactions, which are not covered in this 

chapter. Some intriguing examples from isolation studies where the biosynthesis 

remained unsolved include the recently discovered dimeric and trimeric cytochalasins 

[109-112] and a benzene ring-containing pyrrolidone metabolite, berkeleyamide A (127) 

[49, 113]. 127 was proposed to incorporate a benzoyl starter unit, which is unprecedented 

for fungal PKS-NRPSs.  

Although the number of characterized fungal PKS-NRPSs has increased significantly 

in recent years, the overall picture is still relatively fragmented. Despite the large number 

and diversity of PK-AA structures reported, only around two dozen biosynthetic gene 

clusters have been characterized. Noticeably, out of the 20 proteinogenic amino acids, 

only ten amino acids have been demonstrated to be incorporated by fungal PKS-NRPSs 

(Figure 6) and only a few PKS-NRPSs incorporating non-proteinogenic amino acids have 

been described. The diversity of amino acids is thus much restricted compared to that of 

fungal NRPSs and bacterial PKS-NRPS hybrid/NRPS systems. This could be due the fact 

that amino acid selectivity of the fungal canonical PKS-NRPSs has expanded from the 

single NRPS module that initially fused to the ancestral iterative PKS in a more recent 

evolutionary event. Nonetheless, the discovery of PKS-NRPSs that incorporate more 

bulky non-proteinogenic amino acids [62-63], suggest that the A and C domains of fungal 

PKS-NRPSs have the potential for evolving to incorporate a broader range of amino acids. 

Thus, it is likely that further characterization of fungal PKS-NRPSs will shed more light into 

their true biosynthetic diversity and improve our ability to predict the substrate specificity 

of catalytic domains. 

As discussed in this chapter, PKS-NRPS genetic deletion, heterologous expression, 

in vitro enzyme reconstitutions (intact or dissected domains), and domain swapping and 

truncations/mutations have contributed significantly to our understanding of PKS-NRPS 

biosynthetic logic. It is evident however that we still have yet to fully decipher the 

mechanisms underlying these megasynthases, hindering our efforts to predict their 

substrate specificity and engineer these large hybrid enzymes efficiently. Understanding 

of the structural-functional relationships of these enzymes is likely to provide new insight. 
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Advances in crystallography, protein NMR and cryo-EM technologies will aid future 

advances [32]. 
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1.2  Genome Mining Strategies for the untapped fungal biosynthetic potential  

Due to the rapid advance in genome sequencing technologies such as next-

generation sequencing (NGS), more and more fungal genome sequences can be easily 

and economically achieved, which has facilitated the renaissance of natural product 

research and built a “new Golden Age of natural products drug discovery”.25 Recent 

whole genome sequencing efforts have revealed a large number of gene clusters 

predicted to encode the production of SMs in fungi (30-50 gene clusters in each 

fungus),26-27 however,  we may have only tapped into less than 5% of the molecules 

encoded by the predicted fungal biosynthetic pathways based on a recent estimate from 

581 fungal genomes.27-28 This is because the majority of the secondary metabolite 

pathways in fungi remain silent under normal laboratory culture conditions due to their 

conditional expression.29 This suggests that their potential for generating diverse 

molecules is much higher than previously appreciated in traditional natural product 

discovery studies and we have barely explored the surface of the chemical diversity of 

fungi.  

From the drug discovery perspective, this presents a vast opportunity for discovery 

of novel and bioactive molecules via accessing such untapped ‘biosynthetic dark matter’ 

in fungi. From a biology perspective, it shows that secondary metabolism plays a much 

more important role in the biology and ecology of fungi than we previously perceived 

and we still know very little about it. The fungal SM pathways have also been proven to 

be a rich source of novel enzymes that could carry out difficult chemical 

transformations, which are useful as biocatalysts for chemoenzymatic synthesis. For 

example, the fungal FAD-dependent monooxygenases TropB, AzaH and SorbC have been 

demonstrated to catalyse a site- and stereoselective oxidative dearomatization and to 

show useful applications in organic synthesis.30-31 Therefore, exploring these cryptic SM 

pathways is an immense need for discovery of new bioactive molecules and novel 

enzymatic machineries, and for a better understanding of the roles of SMs in the eco-

system. Over the last decades, a variety of analytical and genomic approaches (genome 

mining approaches) have been developed and employed to translate BGCs to tangible 

SMs in fungi.17, 29, 32-33 Generally, the genome mining strategies can be classified into four 

categories: a) alteration of the growth environment, b) epigenetic regulation, c) 

transcriptional regulation, and d) complete reconstitution in a heterologous host.  
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a) Alteration of the growth environment. Changing the growth environment can be 

easily accomplished by systematically altering the cultivation parameter, including 

media substrate, culture volume, aeration, supplement of specific enzyme inhibitors and 

so on. Notably, nutritional input has long been recognized to be useful as shown in the 

one strain many compounds (OSMAC) approach to SM mining.34 Moreover, considering 

that fungi naturally grow in microbial communities and secondary metabolites are 

produced as the chemical signals or defending factors, co-culture of different microbial 

species, be it or fungi–fungi  or bacteria-fungi, has been successful in activating the 

production of cryptic SMs. For example, co-culture of Streptomyces sp. 4231 and 

Trichoderma harzianum WC13 resulted in the production of a complex fungal 

metabolite homodimericin A with a novel skeleton.35  

b) Epigenetic regulation. The epigenetic regulation is also known as chromatin-

mediated regulation. The DNA wraps round a histone octamer, usually consisting of two 

molecules of each of the histone proteins. Histones are substrates for many 

modifications, including acetylation, phosphorylation, methylation, ubiquitylation and 

sumoylation.36 Chromatin-based regulation through histone methylation or acetylation 

has been shown to be particularly fruitful in the discovery of metabolites from cryptic 

clusters.37-38 In 2007, a pioneering study revealed the application of epigenetic 

modification in fungal SM discovery reported that deletion of a histone deacetylase gene 

hdaA in A. nidulans prompted the transcriptional activation and expression level 

increase of multiple cryptic pathways.39 Since then, a plethora of novel fungal SMs have 

been accessed using epigenetic modifications.40-42 For example, Tang and coworkers 

deleted hdaA which encodes the histone H3 lysine 14 (K14) deacetylase in a mushroom-

endophytic fungus Calcarisporium arbuscula resulted in pleiotropic activation and 

overexpression of over 75% of the biosynthetic genes.43  

c) Transcriptional regulation. Fungal SM biosynthetic genes are controlled by a 

complex regulatory network which generally involves multiple proteins and complexes 

that respond to diverse environmental stimuli.17 The regulation of secondary 

metabolism gene clusters occurs at several levels, some are specific for the respective 

pathway (pathway-specific regulator), while others display a more global regulation of 

secondary metabolism (global regulator). Global regulation is normally controlled by 

globally acting transcription factors, which are encoded by genes that do not belong to 
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any cluster and can regulate a number of pathways. For example, the overexpression of 

laeA in Chaetomium globosum up-regulated the expression of the chaetoglobosin gene 

cluster and led to the isolation of a new structure, chaetoglobosin Z, together with six 

other known analogues.44 Recently, the disruption of laeB in A. nidulans led to activate 

and isolate several novel SMs.45 On the other hand, many of the fungal SM biosynthetic 

gene clusters encode a single transcription factor. Pathway-specific transcription factors 

are normally co-clustered with other biosynthetic genes and thus easily annotated 

bioinformatically. Recent studies have demonstrated that overexpression of pathway-

specific transcription factors embedded in the corresponding gene clusters can 

successfully activate the silent SM pathways. The first successful activation of silent 

fungal SM pathway was reported in 2007 by Hertweck and coworkers.46 

Overexpression of a Zn(II)2Cys6 type pathway-specific regulator apdR within a PKS-

NRPS gene cluster apd led to activate the entire gene cluster and successfully identify 

two pyridone-containing alkaloids, aspyridones A and B.46 Since then, a large number of 

fungal SMs have been discovered by using the same strategy. For example, the 

overexpression of azaR within a dual PKS gene cluster in A. niger led to the production 

of azanigerones A–F.47 In Chapter 2 and 4, I have used such approach for the discovery 

of phomacins and stemphyloxins in the wheat damaging pathogen P. nodorum.  

However, in some cases overexpression of a pathway-specific regulator failed to 

activate the corresponding pathway for some unknown reasons. In these cases, some 

other genetic manipulations have been employed to activate the cryptic pathways, such 

as serial promoter exchange. For example, promoter replacements of biosynthetic genes 

have been shown to activate some silent PKS pathways in A. nidulans.48 More recently, 

Oakley and coworkers applied a new strategy to activate the antibiotic (+)-asperlin 

pathway in A. nidulans via fusion of the DNA-binding domain of the silent asperlin 

cluster with the activation domain of a robust asperfuranone transcription factor 

AfoA.49 Meanwhile, activation of some SM biosynthetic gene clusters can be achieved by 

eliminating the competing metabolic pathways. For example, the deletion of eight of the 

most highly expressed SM gene clusters in A. nidulans resulted in the discovery of a 

novel compound aspercryptin which was proposed to be synthesized by two separate 

gene clusters.50  
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d) Complete reconstitution in a heterologous host. Despite activation of some SM 

gene clusters has worked extremely well in some cases via overexpression of the 

pathway-specific regulation factors, some biosynthetic gene clusters does not process 

an in-cluster pathway transcriptional factor. In these situations, expression of target 

gene clusters in characterized heterologous host that is easy to achieve and became a 

reasonable solution. The heterologous expression workflow usually consists of three 

consecutive steps: identification of targeted BGC from the sequenced genomes using 

bioinformatic tools; pathway refactoring and expression in heterologous hosts; and 

product(s) characterization by metabolomics and chemical techniques.  

Escherichia coli is one of the most powerful heterologous platforms with 

established genetics. Many fungal PKSs and NRPSs have been successfully reconstituted 

in E. coli. Considering the advantages of the tractable genetic manipulation, quick 

growth, a longstanding laboratory workhorse and not a naturally gifted SM producer, 

the baker's yeast Sacchromyces cerevisiae has also been successfully used for expression 

of many biosynthetic genes and even gene clusters from fungi. Many fungal PKSs and 

NRPSs as well as some entire pathways have been successfully reconstituted in S. 

cerevisiae. Recently, HEx (Heterologous Expression) was established as a high-

throughput platform for expression of fungal biosynthetic genes in S. cerevisiae.51  

 

Figure 2. General workflow for heterologous expression of the BGCs in Aspergillus.52 

Despite many successes in heterologous expression of fungal biosynthetic genes in 

yeast, there are distinct differences between intron processing in yeast and filamentous 
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fungi. Although intron sequences can be removed by cloning from cDNA, this requires 

RNA isolation and also makes it more cumbersome to clone and express multi-gene 

pathways. Furthermore, many filamentous fungal proteins do not express well in E. coli 

or S. cerevisiae. Thus, filamentous fungal hosts have been constructed. Nowadays, well-

studied Aspergillus strains, like A. oryzae and A. nidulans, have been established as a 

successful platform for heterologous expression of fungal SM biosynthetic genes or even 

the whole gene cluster (Figure 2). A large number of fungal SM pathways have been 

heterologously reconstituted in A. nidulans or A. oryzae. For example, the engineered A. 

nidulans has been successfully used for the reconstitution of leporin pathway, which 

subsequently led to characterize a SAM-dependent pericyclase which can catalyses a 

hetero-Diels-Alder reaction and a retro-Claisen rearrangement.53 A. oryzae has been 

successfully used for heterologous reconstitution of the antibiotic pleuromutilin, a 

diterpene produced by the basidiomycete Clitopilus passeckerianus.54 Recently our lab 

has constructed a yeast-fungal artificial chromosome (YFAC) for allowing to 

heterologously express up to 12 genes in A. nidulans, which led to the successful 

heterologous expression of the BGC for elsinochrome A in A. nidulans.55 I have used such 

heterologous activation approach for the discovery of alternapyrones from P. nodorum 

(Chapter 3).  

The number of accessible fungal genomes are rapidly increasing. This is 

accompanying by an explosion of the number of fungal SM BGCs. Thus, innovative 

strategies for prioritising BGCs for discovery of novel bioactive SMs are urgently 

needed, besides refining the genome mining approaches for translating BGCs to small 

molecules. To this end, I have contributed in the writing of a perspective published in 

Organic & Biomolecular Chemistry (Gilchrist C. L. M., Li H., and Chooi Y.-H., Panning for 

gold in mould: can we increase the odds for fungal genome mining? Org. Biomol. Chem. 

2018, 16, 16201626), which outlined several common and emerging strategies for 

prioritisation of BGCs for genome mining, including the chemical ecogenomics approach 

used in Section I of this thesis.56 

1.3  Research outline in this thesis 

This thesis is presented as a series of publications, with six published works 

(including one book chapter and five original research articles). The research work in 

this thesis can be divided into two parts.  
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Part I (Chapters 24) describes the work on genome mining of a wheat fungal 

pathogen P. nodorum, which is a necrotrophic wheat damaging fungus which costs over 

$100 million losses annually in Australia. Its genome sequenced in 2007 encodes over 

40 BGCs. SMs encoded by these gene clusters are mostly unknown. My research aim of 

this part is to characterize the candidate BGCs that could be involved in the biosynthesis 

of phytotoxic or virulence-related SMs. Previous transcriptomics data has shown the up-

regulation of several SM BGCs during various stages of in planta growth (Figure 3), 

indicating a possible role of the cryptic SMs encoded by these BGCs on wheat disease 

development.  In this thesis, I took up a chemical ecogenomics approach to mine the 

cryptic biosynthetic pathways that likely to biosynthesize phytotoxins or small molecule 

virulence factors in P. nodorum. Chemical ecogenomics is a multi-pronged strategy 

which bridges the functional genomics and chemical ecology (Figure 4). Firstly, based on 

the hypothesis that the in planta up-regulated BGCs that conserved among plant 

pathogens are likely involved in biosynthesis of SMs important for the interaction of the 

fungus with the wheat, functional genomics tools, including comparative genomics and 

transcriptomics, are applied to analyse the genome for targeting the candidate gene 

clusters (Figure 3). SMs encoded by these functional gene clusters then have been 

accessed by genome mining approaches, such as overexpression of pathway-specific 

transcriptional regulator or pathway reconstruction in a heterologous host. 

Subsequently, isolation and structural characterization was performed to characterize 

the cryptic SMs. The encoding SMs are then used to test out the proposed ecological 

functions, such as phytotoxicity or virulence. Meanwhile, traditional reverse genetics 

and mutant phenotyping (i.e., virulence of mutants against the plant host) have been 

implemented to investigate the potential role of the target BGCs and the encoded SMs in 

mediating virulence (This part in this thesis was carried out by out collaborator Assoc. 

Prof. Peter S. Solomon’s lab at ANU). Using such research framework, I have 

characterized three in-planta expressed PKS gene clusters (phm, alp, and sth) in P. 

nodorum to encode phytotoxic phomacins (Chapter 2), alternapyrones (Chapter 3) and 

stemphyloxins/betaenones (Chater 4), demonstrated that phm cluster contributes the 

virulence of P. nodorum, and identified a Berberine bridge enzyme (BBE)-like protein 

SthB in sth pathway served as an aldolase in the biosynthesis of stemphyloxin II. 
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Figure 3. Transcriptomic profiles of PKS 

and NRPS genes in P. nodorum on 

detached leaf assays (in planta) and during 

growth on minimal medium (in vitro).57  

Note: Expression scores were normalized: <500 

essentially indicative of no expression, >50000 

indicates massive expression (out of dynamic 

range). Average fold difference is calculated by 

dividing the average expression score in planta 

over the average in vitro (highlighted in green 

indicates > two-fold difference).  

Genes studied in this thesis: phmA, 

SNOG_00308; alpA, SNOG_005791; sthA, 

SNOG_007866. 

Figure 4. The framework of an integrated chemical ecogenomic approach used in this 

thesis for understanding the functions of SMs and bioactive molecule discovery.57 The 

strategy incorporates the common tools in ecological genomics, genome mining and chemical 

ecology. 
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Part II (Chapters 56) is centred on the characterization of the cryptic biosynthetic 

pathways for two novel alkaloids isolated from two different Australian novel 

Aspergillus species and the further discovery of related biosynthetic pathways via 

genome mining. Fungi from the genus of Aspergillus produce an abundant of bioactive 

SMs, including some important clinic drugs. Recent genomic analyses of the BGCs of 

Aspergilli further demonstrate that Aspergillus species encodes a large number of BGCs 

and are particularly biosynthetically “talented”. Therefore, the discovery of novel 

bioactive compounds from the rare or novel Aspergillus species in a systematic manner 

is a promising strategy. The research strategy applied in this section is that 1) the 

isolation of novel metabolites from Australian fungi by our collaborators (Dr. Andrew M. 

Piggott from Macquarie University and Dr. Ernest Lacey from Microbial Screening 

Technologies Pty. Ltd.) who have been focusing on the chemotaxonomic exploration of 

Australian Aspergilli for many years, 2) we sequenced the fungi and targeted the 

putative BGC by comparative genomics and knowledge-based prediction strategies 

(Figure 5), 3) then the cryptic biosynthetic pathway can be characterized by in vivo 

knock-out or heterologous expression, and 4) once the gene cluster and biosynthetic 

mechanism being verified, genome mining efforts would allow further discovery of 

related biosynthetic pathways via homology-based searches.  

 
Figure 5. Visualization of comparative genomics and knowledge-based prediction 

strategies for targeted SM gene cluster discovery.58 New biosynthetic knowledge and insights 

into gene-to-molecular structure relationship would be useful for target SM gene cluster predictions 

and knowledge-based genome mining for discovery of novel SM compounds. 
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Using such research workflow, within this part in collaboration with Dr. Andrew M. 

Piggott and Dr. Ernest Lacey, I have characterized the biosynthetic pathways for two 

novel alkaloids named burnettramic acid A and nanangelenin A, and demonstrated that 

the bolaamphiphilic burnetrramic acid A is biosynthesized from PKS-NRPS pathway 

(Chapter 5) while nanangelenin A which contains a rare 1-benzazepine scaffold and a 

novel N-prenyl-N-acetoxy functional group is biosynthesized from a NRPS assembly line 

(Chapter 6). Moreover, via homology-based genome mining, I have identified 

orthologous gene clusters of bua encoding the biosynthesis of burnettramic acids in 

other Aspergillus species, and the production of burnettramic acid A was successfully 

detected from A. alliaceus strain (NRRL315). And using bimodular NRPS NanA and IDO 

NanC responsible for the backbone formation in nanangelenin A biosynthesis as query 

sequences against the public genome databases, we found homologs of nanA and nanC 

in several other Aspergillus species. Some of these gene clusters also encode other 

tailoring enzymes, such as methyltransferases and P450s. Thus, these homologous gene 

clusters provide a source of discovery for novel cyclo-(L-kynurenine)-based 1-

benzazepine-containing metabolites. 
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SECTION II. GENOMICS-DRIVEN DISCOVERY OF BIOACTIVE SMALL 

MOLECULES FROM A WHEAT FUNGAL PATHOGEN 

 

 

  

64



 

 

Chapter 2. Genomics-driven Discovery of Phytotoxic Cytochalasans 

Involved in the Virulence of the Wheat Pathogen Parastagonospora 

nodorum 

Preface 

In the following paper by Li H. et al. (2020) published in ACS Chemical Biology the 

authors investigated an in planta-expressed PKS-NRPS gene cluster (phm) from the 

cereal pathogenic fungus Parastagonospora nodorum SN15. Transcriptomic data 

showed that the expression of the PKS-NRPS gene phmA continually increased 

throughout the infection from 3 days post-inoculation (dpi) to 10 dpi at the latter stage 

of wheat infection when the plant tissue exhibited severe necrosis and the fungus was 

undergoing asexual sporulation. This suggests that the cryptic SMs encoded by phm 

cluster could play an important role in cereal disease development. Overexpression of 

the transcriptional regulator gene phmR resulted in the production of two leucine-

derived cytochalasans phomacin DE (12) and an acetonyl adduct phomacin F (3). 

Heterologous expression of the PKS-NRPS gene phmA and the partnering trans-enoyl 

reductase (ER) gene phmE in a characterized host Aspergillus nidulans resulted in the 

production of a novel 2-pyrrolidone precursor prephomacin (4). Reverse genetics and 

wheat seedling infection assays showed that the virulence of ΔphmA mutants was 

significantly reduced compared to the wild type (this part was carried out in the 

collaborator Associate Professor Peter S. Solomon and his postgraduate student 

Haochen Wei at The Australian University). 1 and 2 were further demonstrated to 

display potent actin polymerization-inhibitory activities (this part was performed by 

collaborator Associate Professor Peter S. Solomon and his postgraduate student 

Haochen Wei) and likely exhibited monocot-specific antigerminative activities. This 

study has advanced our understanding of the biosynthesis and biological roles of 

cytochalasans. 

 

This work has resulted in the publication below: 

Li H.,† Wei H.,† Hu J., Lacey E., Sobolev A. N., Stubbs K. A., Solomon P. S., Chooi Y.-H. 

Genomics-driven Discovery of Phytotoxic Cytochalasans Involved in the Virulence of the 

Wheat Pathogen Parastagonospora nodorum. ACS Chemical Biology, 2020, 15, 226233. 

(† authors assigned to share equal contribution) 
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Author contribution: Li H. performed the major experiments, including overexpression 

of phmR, isolation and structural characterization of phomacins, heterologous 

expression of phm genes, and phytotoxicity assays (60%), analysed the data (65%) and 

wrote the manuscript (65%); Wei H. performed on P. nodorum gene deletion, virulence 

assay and actin binding assay (30%), analysed the data (20%) and wrote the manuscript 

(5%);  Hu J. performed experiments on assisting with cloning and construct design 

(5%); Sobolev A. N. performed experiments on X-ray acquisition and interpretation 

(5%); Stubbs K. A. analysed the data (5%) and wrote the manuscript (5%); Solomon P. S. 

conceived the study (30%), analysed the data (5%) and wrote the manuscript (10%); 

Chooi Y.-H. conceived the study (70%), analysed the data (5%) and wrote the 

manuscript (15%). 
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ABSTRACT: The etiology of fungal pathogenesis of grains is
critical to global food security. The large number of orphan
biosynthetic gene clusters uncovered in fungal plant pathogen
genome sequencing projects suggests that we have a significant
knowledge gap about the secondary metabolite repertoires of
these pathogens and their roles in plant pathogenesis.
Cytochalasans are a family of natural products of significant
interest due to their ability to bind to actin and interfere with
cellular processes that involved actin polymerization; however,
our understanding of their biosynthesis and biological roles
remains incomplete. Here, we identified a putative polyketide
synthase-nonribosomal peptide synthetase (PKS-NRPS) gene cluster (phm) that was upregulated in the pathogen
Parastagonospora nodorum during its infection on wheat. Overexpression of the transcription factor gene phmR encoded in
the phm gene cluster resulted in the production of two leucine-derived cytochalasans, phomacins D and E (1 and 2,
respectively), and an acetonyl adduct phomacin F. Heterologous expression of the PKS-NRPS gene phmA and the trans-enoyl
reductase (ER) gene phmE in Aspergillus nidulans resulted in the production of a novel 2-pyrrolidone precursor prephomacin.
Reverse genetics and wheat seedling infection assays showed that ΔphmA mutants exhibited significantly reduced virulence
compared to the wild type. We further demonstrated that both 1 and 2 showed potent actin polymerization-inhibitory activities
and exhibited potentially monocot-specific antigerminative activities. The findings from this study have advanced our knowledge
based on the biosynthesis and biological roles of cytochalasans, the latter of which could have significant implications for our
understanding of the molecular mechanisms of fungus−plant interactions.

Fungi, while being a major source of natural products for
drug discovery, also include major plant pathogens that

threaten global food security. An increasing number of natural
metabolites (also known as secondary metabolites) produced
by plant-associating fungi are now known to play important
roles in plant pathogenesis and other fungus−plant inter-
actions.1,2 Thus, the discovery that the chemical diversity
observed in laboratory cultures only consists of a small fraction
of the biosynthetic potential encoded in fungal genomes
represents both an immense opportunity for bioactive
molecule discovery and a significant gap in our knowledge
on the roles of the cryptic metabolites in plant pathogenesis.3

Cytochalasans are one such group of natural products that is
of significant interest to both drug discovery and fungus−host
interactions. They are polyketide−amino acid hybrid com-
pounds structurally characterized by a macrocycle fused to an
isoindolone core and are most well-known for their ability to
bind to the barbed end of actin, thus interfering with various
cellular processes that involve actin polymerization.4−6 In

addition, cytochalasans have been shown to exhibit potent
antiangiogenic activity7 (cytochalasin E), while cytochalasin B
has been observed to have a synergistic anti-tumor effect when
co-used with the well-known microtubule-directed agent
vincristine, signifying the potential applications of these
compounds in cancer therapy.8 Cytochalasans have also been
reported to exhibit other biological activities, including the
inhibition of glucose transport by cytochalasin B9,10 and the
inhibition of HIV-1 protease by 18-dehydroxy cytochalasin
H.11

Many cytochalasans have been isolated from plant-
associated fungi, including those with both pathogenic and
endophytic activities;12,13 however, their biological roles are
unclear. In fungal plant pathogens, a number of phytotoxic
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cytochalasins have been found, such as the cytochalasins B, F,
Z2, and Z3.

14 Interestingly, cytochalasans have been shown to
suppress cytoplasmic aggregation involved in nonhost defense
via the inhibition of actin polymerization. For example,
cytochalasin A treatment allowed nonpathogens to penetrate
into the nonhost barley cells.15 However, no cytochalasan has
yet been shown to play a role in the virulence of plant
pathogens. Curiously, ACE1, the avirulence signaling gene of
the rice blast fungus Magnaporthe oryzae, has been proposed to
produce a metabolite recognized by rice resistance gene Pi33.16

Recently, it was shown that ACE1 encodes a hybrid polyketide
synthase-nonribosomal peptide synthetase (PKS-NRPS) likely
involved in the biosynthesis of a tyrosine-derived cytochalasan
compound that has yet to be identified.17 All of these
observations suggest that cytochalasans could play an
important role in fungus−plant interactions.
Despite there being over 300 reported cytochalasans,18 only

a handful of cytochalasan biosynthetic gene clusters have been
characterized. Among them, the biosynthetic gene clusters of
phenylalanine-derived cytochalasin E/K,19 tryptophan-derived

chaetoglobosin A,20 and O-methyltyrosine-derived pyrichalasin
H21 have been described. A previous comparative analysis
using the ccs cluster encoding cytochalasin E/K from
Aspergillus clavatus indicated a putative cytochalasan bio-
synthetic gene cluster (SNOG_00306−00314, herein named
the phm cluster) in the genome of the damaging wheat
pathogenic fungus Parastagonospora nodorum SN15.19,22 The
mining of the previous transcriptomics data of P. nodorum23

uncovered that the genes within the phm cluster increased
significantly during an infection on wheat, suggesting that the
encoded metabolite(s) could play important roles in wheat
disease development.3 As part of our ongoing efforts to
discover new bioactive metabolites and small molecule
virulence mediators from fungi using a chemical ecogenomics
approach,24−26 we focused on the phm gene cluster as a
candidate of interest. In this study, we used complementary
homologous and heterologous expression approaches to
characterize the phm cluster, and we showed that the phm
cluster encodes the biosynthesis of leucine-derived cytochala-
sans, metabolites that previously have not been isolated from

Figure 1. (A) The phm gene cluster compared to ccsA, CHGG_01239, pyi, and ACE1 clusters (homologues are in same colors, see Table 1). (B)
The structures of cytochalasin E (encoded by ccs cluster), chaetoglobosin A (encoded by CHGG_01239 cluster), and pyrichalasin H (encoded by
pyi cluster).

Table 1. Comparative Analysis of the phm, ccs, CHGG_01239, pyi, and ACE1 Gene Clustersa

phm cluster proteins
ccs cluster homologues

(% id*)
CHGG_01239 cluster
homologues (% id*)

pyi cluster homologues
(% id*)

ACE1 cluster homologues
(% id*) deduced function

PhmB
(SNOG_00306) CcsD (42%) CHGG_01243 (48%)

PyiD (37%)
CYP1 (38%) P450

PyiG (36%)
PhmR
(SNOG_00307)

CcsR (29%) CHGG_01237 (53%) PyiR (56%) n/a transcription factor

PhmA
(SNOG_00308)

CcsA (46%) CHGG_01239 (41%) PyiA (44%) ACE1 (43%) PKS-NRPS hybrid

PhmC
(SNOG_00309)

n/a CHGG_01242_2 (37%) n/a OXR2 (38%) FAD oxidase

PhmD
(SNOG_00310)

CcsF (52%) CHGG_01241 (52%) PyiF (45%) ORF3 (42%) putative
Diels−Alderase

PhmE
(SNOG_00311)

CcsC (50%) CHGG_01240 (44%) PyiC (47%) RAP1 (47%) enoyl reductase

PhmF
(SNOG_00312)

n/a CHGG_01245 (40%) n/a OXR1 (39%) dehydrogenase

PhmG
(SNOG_00313)

CcsE (52%) CHGG_01246 (51%) PyiE (46%) ORFZ (49%) α/β hydrolase

PhmH
(SNOG_00314)

n/a n/a PyiT (45%) MFS1 (38%) MFS transporter

aNote: n/a means no corresponding homologues, and % id* indicates protein identity in comparison to homologues.
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the wheat pathogen. The cytochalasans’ phytotoxicity, actin
polymerization-inhibiting properties, and involvement in the
virulence of P. nodorum against wheat were also investigated.

■ RESULTS AND DISCUSSION

A comprehensive study has previously characterized P.
nodorum gene expression during infection and axenic growth.23

A detailed analysis of the expression of the biosynthetic genes
within this transcriptomics data set revealed that the PKS-
NRPS hybrid gene SNOG_00308 (phmA) exhibited a distinct
transcriptional profile whereby transcription increased over
time in planta on wheat (Avena sativum) and peaked at 10 days
postinoculation (dpi) when the plant tissue was heavily
necrotic and P. nodorum was undergoing asexual sporulation.
The tentative boundaries of this biosynthetic gene cluster
(named phm cluster, ∼31 kb) were tentatively determined by
the lack of coordinated expression of the flanking genes further
up- and downstream.
The phm cluster was previously used as one of the example

orphan gene clusters that share multiple homologues with the
ccs cluster that encodes the biosynthesis for cytochalasin E/
K.19 We performed a more detailed comparative analysis and
revealed that PhmA shares significant protein identity with A.
clavatus NRL1 CcsA (46%),19 Chaetomium globosum
CHGG_01239 (41%),20 and Magnaporthe grisea N1980 PyiS
(44%),21 which are the PKS-NRPSs characterized to be
involved in the biosynthesis of different cytochalasans (Figure
1 and Table 1). PhmA also shares 43% protein identity with
the PKS-NRPS encoded by the M. oryzae avirulence gene
ACE1, which has been proposed to be involved in the
biosynthesis of a tyrosine-derived cytochalasan.17 Importantly,
an analysis of the enzymes encoded by the genes within the
phm cluster revealed several homologues in the ccs,
CHGG_01239, and pyi gene clusters that have been implicated
in cytochalasan biosynthesis,18 namely a trans-enoyl reductase
(ER) PhmE, an α/β hydrolase PhmG, and a putative Diels−
Alderase PhmD (Figure 1 and Table 1). The extensive overlap
between the phm cluster and the previously characterized
cytochalasan gene clusters suggests that the P. nodorum phm
cluster also likely encodes the production of a cytochalasan-like
compound(s).
Despite a number of previous studies on P. nodorum

secondary metabolites27−29 and more recent studies, including

metabolite profiling of a sch1 mutant,30 the use of epigenetic
modifiers,31 and growth on rice substrates,32 which resulted in
new compounds discovered from P. nodorum, no cytochalasan-
like compound has been reported.33 Our previous work on
elsinochrome C24 and stemphyloxin II26 has shown that
overexpression of pathway-specific transcription factors can be
an effective means to increase the targeted metabolite
production and link the targeted gene cluster to its metabolite
product(s) in P. nodorum. An analysis of the phm cluster
identified a Zn2Cys6-type transcription factor gene
(SNOG_00307, named phmR). Thus, we introduced multiple
ectopic copies of phmR under the regulation of the strong gpdA
promoter into the P. nodorum genome.34,35 An LC-DAD-MS
analysis of the acetone extracts from the resulting mutants T2,
T6, and T7 grown in a minimal medium liquid culture revealed
the accumulation of two compounds, 1 (m/z [M + H]+ 416)
and 2 (m/z [M + H]+ 430), that were absent in the wide-type
(WT) strain, and the production of compound 1 was more
abundant in all transformants (Figure 2). To isolate 1 and 2,
the T2 mutant was grown in 6 L of stationary liquid culture.
The culture was harvested for extraction after 3 weeks when
the production was detected to be at its peak, based on LC-MS
sampling. In addition to 1 and 2, a third compound, 3 (m/z
[M + H]+ 472) (Figure S2), was purified using a combination
of flash chromatography, Sephadex LH-20, and reverse-phase
semiprep HPLC. NMR analyses revealed that the structure of
1 was identical to the recently described cytochalasan, 18-oxo-
19,20-dihydrophomacin C (Table S3), which was isolated
from a marine fungus Westerdykella dispersa.36 Here we
renamed 1 as phomacin D for the ease of describing the
compound and subsequent analogues and their structural
relationship to previously identified phomacins (all leucine-
derived).37 The molecular formula of 2 was determined as
C25H35NO5 based on the HRESIMS experiment (observed m/
z 430.2673 [M + H]+). Its NMR spectroscopic data (Table
S4) closely resembled those of 1, except for the presence of a
carbonyl carbon (C-19) in 2, which replaced a methylene
carbon in 1 that was further confirmed by the key HMBC
correlation from H2-20 to C-19. Compound 2 is a novel
leucine-derived cytochalasan and here named phomacin E.
Compound 3 was shown to be the C-20 acetonyl derivative

of 1, which was supported by the 1H−1H correlation of H-20
(δH 3.31)/H2-27 (δH 3.91 and 2.22) and the HMBC

Figure 2. phm gene cluster encodes the production of 1 and 2. (A) Metabolite profile analysis of phmR-OE strains in comparison to WT. (B)
Structures of compounds 1−3 and the X-ray structure of 3.
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correlation from H-20 (δH 3.31) to C-28 (δC 207.1) in 3, here
named phomacin F. The structure of 3 and the absolute
configuration were further confirmed by the Cu Kα X-ray
single-crystal diffraction with a Flack parameter38 of −0.05 (5)
(Figure 2). Overall, the acetonyl group of 3 is unusual for
cytochalasans. A thorough literature search uncovered
previously reported leucine-derived cytochalasans, aspochala-
sins N and O,39 with a similar acetonyl side chain on the
macrocycle. It was suggested that the acetonyl adducts are the
product of a reaction with acetone during the extraction step.39

Similarly, this postulation was supported by treatment of 1
with acetone, MeOH, and H2O at room temperature (RT),
which successfully converted 1 to 3 (Figure S3). However, the
possibility of 3 from the reaction of 1 with endogenous methyl
ketone metabolites cannot be completely ruled out, and this
observation suggests that the C-20 of 1 is highly reactive and
could have biological significance (e.g., forming a covalent
bond with cellular macromolecules).
To further corroborate the link between the phm cluster and

the biosynthesis of compounds 1 and 2, the backbone PKS-
NRPS gene phmA and its trans-ER partner phmE were
heterologously expressed in Aspergillus nidulans LO789040

under the regulation of the A. nidulans alcA promoter on a
hybrid yeast−fungal artificial chromosome (pYFAC) expres-
sion system.25,41 Upon cyclopentanone induction, the A.
nidulans transformants expressing phmA and phmE showed
clear accumulation of a new peak (λmax = 276 nm, m/z 384 [M
+ H]+) (Figure 3). A subsequent scale-up culture (4.0 L) and
semiprep HPLC purification yielded purified 4. A detailed
NMR structural characterization revealed that 4 is a branched
polyene fused to a 2-pyrrolidone moiety that is conjugated
with the C-2 enol via C-3, here named prephomacin (Figure
3).
Previous work has suggested a putative biosynthetic pathway

for cytochalasans.4,18 Briefly, the aldehyde intermediate
released by the C-terminal reductase domain undergoes
Knoevenagel condensation to form a 2-pyrrolidone. The
pyrrolidone functions as a dienophile, which can undergo
intramolecular Diels−Alder cyclization with the terminal diene
on the polyketide chain to avail the characteristic isoindolone-
fused macrocycle core, which can be further modified by

postassembly enzymes to form structurally diverse cytochala-
sans. Prephomacin (4) is likely the enolized form of the
proposed 2-pyrrolidone intermediate 5, which was proposed to
be the polyketide-leucine product synthesized by PhmA/E and
has undergone Knoevenagel condensation (Figure 3).
However, when we expressed other phm biosynthetic genes
(phmB, C, D, F, G, and H) together with phmAE, the resulting
A. nidulans still produced 4 without any detectable cyclized
isoindolone (Figure S4). We propose that the incorrect
tautomeric state in 4 formed in the A. nidulans host hindered
the isoindolone core formation, as the desirable dienophile
required for the intramolecular Diels−Alder reaction is not
present in 4. These data are consistent with the previous
reports whereby no complete cytochalasan biosynthetic
pathway has been reconstructed heterologously.14,34,35 Pre-
vious efforts have only demonstrated the production of linear
shunt precursors at the alcohol oxidation state via the
heterologous expression of PKS-NRPS and trans-ER in the
cytochalasan pathways.17,42,43 Interestingly, the pyrrolidone 4
is remarkably similar to the pyrrolidone intermediate obtained
in the heterologous reconstruction of the pathway to the
decalin compound myceliothermophin, which was also in the
incorrect tautomeric form.44 In the case of myceliothermophin,
however, spontaneous oxidation of the intermediate resulted in
an oxidized product with the correct tautomeric form that
presents the diene and dienophile to the regio- and
stereoselective Diels−Alder cycloaddition catalyzed by the
Diels−Alderase MycB to form the decalin system.44 Nonethe-
less, for 4, this is the first time that a 2-pyrrolidone
intermediate that has been proposed for the cytochalasan
biosynthetic pathway has been successfully observed, albeit in
the incorrect tautomeric form. On the basis of this and the
published PKS-NRPS biosynthetic paradigm,45 the biosyn-
thetic pathway of 1−3 was proposed (Figure S8).
A number of cytochalasans from fungal plant pathogens have

been shown to exhibit phytotoxicity.12 Consequently, we
investigated whether phomacins 1−3 could show similar
phytotoxic activity against wheat. Leaf infiltration assays
showed no necrosis on wheat leaves at up to 200 parts per
million (ppm, 1 ppm = 1 μg/mL) of 1−3. The capacity of
phomacins to affect wheat seed germination was also assessed.

Figure 3. Heterologous production of prephoamcin (4) and the biogenesis of phoamcin D (1). (A) A metabolite profile analysis of A. nidulans
expressing phmA and phmE compared with the control strain carrying an empty plasmid and prephomacin (4) structure. (B) The proposed
biosynthetic pathway of phomacin D (1) from prephomacin (4).
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At 100 ppm of 1 and 2, wheat seed germination was
completely inhibited (Figures 4 and S9), while 3 only exhibited
moderate antigerminative activity at up to 200 ppm (Figure
S9). Furthermore, we found that 1 at 100 ppm was also able to
inhibit the seed germination of another monocot Eragrostis tef
(commonly known as teff or William’s lovegrass). Interestingly,
1 did not show any inhibition of seed germination against the
dicots Arabidopsis thaliana and Lepidium sativum (garden
cress) (Figure 4). This suggests that the antigerminative
activity of 1 could be specific to monocots. By comparison, and
as a control, cytochalasin D inhibited the germination of the
monocot wheat and the dicot A. thaliana tested above (Figure
S10).
Cytochalasans are also renowned for their capability to bind

to actin and inhibit its polymerization. As such, we sought to
determine if 1−3 also impaired the ability of actin to form
polymers. Using a commercial actin polymerization assay kit
(Cytoskeleton Inc., Denver, Colorado), 1 and 2 inhibited actin
polymerization at a level exceeding the positive control
cytochalasin D (Figure 5). Interestingly, phomacin F (3) was

not significantly different from the negative control pyrene,
inferring that it was unable to inhibit actin polymerization.
Notably, the actin polymerization-inhibitory activities of
phomacins 1 and 2 (and the positive control cytochalasin D)
correlated with their ability to inhibit monocot seed
germination, while 3, which failed to inhibit actin polymer-
ization, exhibited no antigerminative activity. This suggests
that the macrocycle portion of 1 and 2 is important for both
actin-binding and antigerminative activity and that acetonyla-

tion at C-20 inactivated the bioactivities. It also suggests that
the actin polymerization-inhibitory properties of the phoma-
cins tested are potentially correlated to the antigerminative
activity. However, the monocot-specific nature of 1 remains an
enigma and warrants further in-depth investigation.
Next, we sought to determine whether the biosynthesis of 1

and 2 facilitated the infection of wheat by P. nodorum. To this
end, phmA in P. nodorum was targeted for gene disruption, and
the ability of ΔphmA strains to infect wheat was compared
with the WT. Two of these ΔphmA disrupted mutants,
ΔphmA-1 and ΔphmA-2, were inoculated onto the leaves of
the wheat cultivar Emu Rock. The WT and an ectopic mutant
(Ec), where the knockout construct had randomly inserted
into the P. nodorum genome, were inoculated as positive
controls. After 7 days, the leaves were collected, imaged, and
scored for disease (Figure 6). Leaves infected with both P.
nodorum SN15 WT and Ec showed significant necrosis and
tissue damage, as expected at 7 dpi. The symptoms of disease,
however, were significantly reduced for both of the ΔphmA
mutants (50% lower than the WT), implying that phmA, and

Figure 4. Seed germination results of phomacin D (1) at 100 ppm and 5 days against different plants.

Figure 5. Effect of the phomacins on actin polymerization. Error bars
shown represent standard errors.

Figure 6. (A) Representative images of wheat leaves infected with
each of the four strains at 7 dpi. (B) Disease scores of the infected
leaves in (A) (0 being uninfected and 5 completely necrotic). Leaves
were scored at 7 dpi, and at least 10 leaves infected by each strain
were scored. The disease scores are an average from the scoring of
each leaf. Standard error bars are shown.
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therefore the phomacins, is required by P. nodorum to
successfully colonize and infect wheat.
In conclusion, we transcriptionally activated an in planta

expressed PKS-NRPS gene cluster phm in P. nodorum, and this
resulted in the isolation of three leucine-derived cytochalasans
1−3, which had never been previously reported from this
wheat pathogen. Compound 2 and the acetonyl derivative 3
are novel metabolites. This study thus expands the series of
cryptic phytotoxic metabolites that we have uncovered for this
important wheat pathogen P. nodorum, including elsinochrome
C,24 novel alternapyrones,25 and stemphyloxin II,26 and further
advances our understanding of the pathogenicity mechanism of
P. nodorum. It also once again highlights chemical ecogenomics
as a powerful approach for unravelling the hidden chemical
ecology of fungus−host interactions.3 The reports to date for
cytochalasans have shown that the amino acids incorporated in
the compounds are mainly tryptophan, tyrosine, phenylalanine,
leucine, and alanine.4,18 The phm gene cluster here represents
the first example of an encoded leucine-derived cytochalasan
biosynthetic pathway and expands our knowledge on the
diversity of cytochalasan biosynthetic gene clusters, which are
currently limited to the few that encode aromatic amino acid-
derived cytochalasans (Figure 1).19−21 Heterologous expres-
sion of phm backbone genes in A. nidulans led to the
production of a novel pathway 2-pyrrolidone precursor 4,
which provided new insights into the biosynthesis of
cytochalasans.
Importantly, our reverse genetics and wheat seedling assays

demonstrated that the phm cluster is important for the P.
nodorum virulence against wheat. Congruently, both 1 and 2
exhibited antigerminative phytotoxicity and were shown to
inhibit actin polymerization. It has been established that
cytoskeletal rearrangement is an important mechanism of plant
defense against fungal penetration by driving the formation of
cytoplasmic aggregation around the penetration site.46 There-
fore, it is logical to speculate that P. nodorum produces
phomacins to disrupt the cytoskeletal rearrangements via
binding to actin and leading to an inhibition of cytoplasmic
aggregation. However, we cannot rule out the involvement of
secondary mechanisms in the phytotoxicity observed for 1 and
2. For example, cytochalasin B was demonstrated to inhibit
glucose transport by binding to human glucose transporter
GLUT1.10 Similar secondary mechanisms could be involved,
especially given that there were significant differences in the
inhibition of germination of monocot versus dicot plants that
we tested.
To our knowledge, this is the first demonstration of the

involvement of cytochalasans in the virulence of fungal plant
pathogens. Further in-depth studies, including high-resolution
imaging of the cytoskeleton dynamics in the plants during the
interactions with P. nodorum in comparison with the
nonphomacin-producing mutant, would be required to
corroborate the hypothesis. Given the widespread nature of
cytochalasans among plant-associated fungi observed both in
chemical isolation studies and in searching the fungal genome
sequence databases (Figure S11), it is highly likely that the
production of cytochalasans to target actin polymerization in
plants is a commonly used strategy by fungi to facilitate plant-
host infection. The monocot-specific nature of 1 and 2 is
highly interesting and warrants further investigation to
untangle the structure−activity relationship of cytochalasan-
induced phytotoxicity as a strategy toward the development of
monocot-specific herbicides.

■ METHODS
Strain and Culturing Conditions. The P. nodorum strain SN15

(WT) was acquired from the Department of Agriculture and Food
Western Australia (DAFWA). All P. nodorum strains, including WT
and mutants, were grown on V8-supplemented potato dextrose agar
(PDA) plates at 22 °C under a 12 h dark/near-UV light regime, as
described previously.24 Saccharomyces cerevisiae BJ5464 was used for
in vivo homologous recombination to construct the heterologous
expression plasmids. A. nidulans strain LO7890,41 obtained from
Professor Berl Oakley (University of Kansas), was used for the
heterologous expression of phm genes.

Construction of P. nodorum Overexpression and Gene
Disruption Mutants. The sequences of the primers used for the
construction of an overexpression plasmid and a gene disruption
cassette are shown in Table S1. The plasmid for overexpressing the
phmR, pBAR-phmR, was constructed by amplifying the gene from P.
nodorum genomic DNA using LIC-phmR-F/R and cloning it into the
pBARGPE1-LIC plasmid, as described previously.35 The original
plasmid pBARGPE1, which contains an A. nidulans gpdA promoter
and trpC terminator, and a Streptomyces hygroscopicus bar gene for
glufosinate resistance, was obtained from the Fungal Genetics Stock
Centre (FGSC). The phmA disruption cassette was constructed using
a fusion PCR approach, as described previously.47 The primer sets
phmA-KO-P1/KO-P3 and phmA-KO-P4/KO-P6 were used to
amplify the regions flanking the upstream and downstream sections
of phmA, and the primers hyg-F/R were used to amplify the
hygromycin resistance (hyg) cassette from the pAN7−1 plasmid.47

Nested primer pairs phmA-KO-P2/P5 were used to generate the hyg-
containing phmA disruption cassette by fusion PCR. The polyethylene
glycol-mediated protoplast transformation of P. nodorum was
performed as described previously.24 The phmR-OE strain was
constructed by transforming P. nodorum SN15 with the plasmid
pBAR-phmR and selection on the glufosinate ammonium-containing
medium.48 The phmA disruption mutant was constructed by
transforming P. nodorum SN15 with the phmA disruption cassette
and selection on hygromycin.

Heterologous Expression of PhmA and PhmE in A. nidulans.
phm genes were cloned into the pYFAC episomal vectors by yeast
transformation-assisted recombination. The full length of phmA was
amplified by PCR with two sets of primers of PalcA-phmA-F/phmA-
mid-F and phmA-mid-R/pyrG-phmA-R (Table S1). The two
overlapping DNA fragments and PacI-digested pYFAC-pyrG were
introduced into yeast competent cells and generated pYFAC-CL25 by
yeast homologous recombination. PhmE was amplified with the
primers of PalcA-phmE-F/T1-phmE-R and ligated into linear
expression vector PacI-digested pYFAC-ribo to get pYFAC-CL26.
The resulting plasmids pYFAC-CL25 and pYFAC-CL26 were used to
transform A. nidulans LO7890 protoplasts using a previously
described protocol.24

Metabolite Profile LC-MS Analysis. The mycelia of P. nodorum
and A. nidulans from liquid culture were extracted with acetone, while
the aqueous culture media were extracted with an organic solvent
mixture containing ethyl acetate/methanol/acetic acid (89.5:10:0.5).
The crude extracts were dried in vacuo and were redissolved in
methanol for LC-MS analysis on an Agilent 1260 liquid chromatog-
raphy (LC) system coupled to a diode array detector (DAD) and an
Agilent 6130 Quadrupole mass spectrometer (MS) with an ESI
source, using a Kinetex C18 column (2.6 μm, 2.1 mm i.d. × 100 mm;
Phenomenex) with identical LC gradient and MS settings as
described previously.25

Extraction and Isolation. For the isolation of 1−3, the P.
nodorum phmR-OE2 strain was first grown in liquid defined minimal
medium (total 6 L) at 22 °C for 48 h with shaking to increase the
biomass. This was followed by incubation at a stationary condition of
24 °C for another 3 weeks in the dark.25 The mycelia were extracted
with acetone, and the extract was dried in vacuo. The crude extract
was then partitioned with ethyl acetate/H2O, and the organic layer
was then dried down and separated on a Reveleris flash
chromatography system (Grace) using a CH2Cl2/CH3OH gradient
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on a Reveleris HP silica flash cartridge for initial separation. Fractions
verified by LC-MS to contain the target compounds were combined
and then applied to a Sephadex LH-20 column chromatography (CC)
apparatus followed by semiprep HPLC with a C18 column (Grace, 5
μm, 10 × 250 mm) (isocratic, MeCN−H2O, 55:45, flow rate at 4.3
mL min−1) to obtain the purified compounds 1 (8.5 mg), 2 (1.0 mg),
and 3 (7.5 mg). For the isolation of 4, an A. nidulans strain expressing
phmAE was grown in 4 L of glucose minimal medium supplemented
with pyridoxine at 37 °C and induced by the addition of
cyclopentanone, as described previously.24 The cultures were grown
for another 2 days at 25 °C, and the mycelia were extracted using
acetone. The crude extract, after being dried in vacuo, was fractionated
on a Sephadex LH-20 CC. Fractions containing the target compound
identified by LC-MS were combined for further separation by
semiprep HPLC with a C18 column (Agilent, 5 μm, 21.2 × 150 mm)
(isocratic, MeCN−H2O, 5:95, flow rate at 6.0 mL min−1) to obtain 4
(30 mg).
X-ray Crystallographic Analysis of 3. C28H41NO5, M = 471.62,

colorless crystal, 0.32 × 0.24 × 0.18 mm3, monoclinic, space group
P21 (No. 4). a = 8.8287(1) Å, b = 11.0571(1) Å, c = 13.3265(1) Å, β
= 102.649(1)°, V = 1269.36(2) Å3, Z = 2, Dc = 1.234 g cm−3, μ =
0.668 mm−1. F000 = 512, Cu Kα radiation, λ = 1.54178 Å, T = 100(2)
K, 2θmax = 134.5°, 23588 reflections collected, 4513 unique (Rint =
0.0237). Final GooF = 1.004, R1 = 0.0378, wR2 = 0.0990, R indices
based on 4458 reflections with I > 2σ(I) (refinement on F2), |Δρ|max =
0.53(4) e Å−3, 319 parameters, 1 restraint. Lp and absorption
corrections applied. The Flack parameter38 value was −0.05(5).
Phytotoxicity, Virulence, and Actin Polymerization Inhib-

ition Assays. The phytotoxicity and antigermination methods were
performed as previously described.25 To determine the virulence of
the P. nodorum mutants, the leaf pathogenicity assay was performed as
previously described with minor modifications.48 The effect on actin
polymerization was assessed using the Actin Polymerization Biochem
assay (Cytoskeleton Inc.). Further experimental details of the
biological assays are provided in the Supporting Information.
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and Böhnert, H. U. (2008) Magnaporthe grisea avirulence gene ACE1
belongs to an infection-specific gene cluster involved in secondary
metabolism. New Phytol. 179, 196−208.
(17) Song, Z., Bakeer, W., Marshall, J. W., Yakasai, A. A., Khalid, R.
M., Collemare, J., Skellam, E., Tharreau, D., Lebrun, M.-H., Lazarus,
C. M., Bailey, A. M., Simpson, T. J., and Cox, R. J. (2015)
Heterologous expression of the avirulence gene ACE1 from the fungal
rice pathogen Magnaporthe oryzae. Chem. Sci. 6, 4837−4845.
(18) Skellam, E. (2017) The biosynthesis of cytochalasans. Nat.
Prod. Rep. 34, 1252−1263.
(19) Qiao, K., Chooi, Y.-H., and Tang, Y. (2011) Identification and
engineering of the cytochalasin gene cluster from Aspergillus clavatus
NRRL 1. Metab. Eng. 13, 723−732.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.9b00791
ACS Chem. Biol. 2020, 15, 226−233

232

73



(20) Ishiuchi, K. i., Nakazawa, T., Yagishita, F., Mino, T., Noguchi,
H., Hotta, K., and Watanabe, K. (2013) Combinatorial Generation of
Complexity by Redox Enzymes in the Chaetoglobosin A Biosynthesis.
J. Am. Chem. Soc. 135, 7371−7377.
(21) Wang, C., Hantke, V., Cox, R. J., and Skellam, E. (2019)
Targeted Gene Inactivations Expose Silent Cytochalasans in
Magnaporthe grisea NI980. Org. Lett. 21, 4163−4167.
(22) Oliver, R. P., Friesen, T. L., Faris, J. D., and Solomon, P. S.
(2012) Stagonospora nodorum: From Pathology to Genomics and
Host Resistance. Annu. Rev. Phytopathol. 50, 23−43.
(23) Ipcho, S. V. S., Hane, J. K., Antoni, E. A., Ahren, D. A. G.,
Henrissat, B., Friesen, T. L., Solomon, P. S., and Oliver, R. P. (2012)
Transcriptome analysis of Stagonospora nodorum: gene models,
effectors, metabolism and pantothenate dispensability. Mol. Plant
Pathol. 13, 531−545.
(24) Chooi, Y.-H., Zhang, G., Hu, J., Muria-Gonzalez, M. J., Tran, P.
N., Pettitt, A., Maier, A. G., Barrow, R. A., and Solomon, P. S. (2017)
Functional genomics-guided discovery of a light-activated phytotoxin
in the wheat pathogen Parastagonospora nodorum via pathway
activation. Environ. Microbiol. 19, 1975−1986.
(25) Li, H., Hu, J., Wei, H., Solomon, P. S., Vuong, D., Lacey, E.,
Stubbs, K. A., Piggott, A. M., and Chooi, Y.-H. (2018) Chemical
Ecogenomics-Guided Discovery of Phytotoxic α-Pyrones from the
Fungal Wheat Pathogen Parastagonospora nodorum. Org. Lett. 20,
6148−6152.
(26) Li, H., Hu, J., Wei, H., Solomon, P. S., Stubbs, K. A., and Chooi,
Y.-H. (2019) Biosynthesis of a Tricyclo[6.2.2.02,7]dodecane System
by a Berberine Bridge Enzyme-Like Aldolase. Chem. Eur. J. 25,
15062−15066.
(27) Devys, M., Barbier, M., Bousquet, J.-F., and Kollmann, A.
(1994) Isolation of the (−)-(3R)-5-hydroxymellein from the fungus
Septoria nodorum. Phytochemistry 35, 825−826.
(28) Devys, M., Barbier, M., Kollmann, A., and Bousquet, J.-F.
(1982) Septorine and N-methoxy septorine, substituted pyrazines
from the fungus Septoria nodorum berk. Tetrahedron Lett. 23, 5409−
5412.
(29) Devys, M., Bousquet, J. F., Kollmann, A., and Barbier, M.
(1980) Dihydroisocumarins and Mycophenolic acid of Culture-
medium of a Phytopathogenic Fungus. Phytochemistry 19, 2221−
2222.
(30) Tan, K.-C., Trengove, R. D., Maker, G. L., Oliver, R. P., and
Solomon, P. S. (2009) Metabolite profiling identifies the mycotoxin
alternariol in the pathogen Stagonospora nodorum. Metabolomics 5,
330−335.
(31) Yang, X.-L., Awakawa, T., Wakimoto, T., and Abe, I. (2013)
Induced biosyntheses of a novel butyrophenone and two aromatic
polyketides in the plant pathogen Stagonospora nodorum. Nat. Prod.
Bioprospect. 3, 141−144.
(32) El-Demerdash, A., Genta-Jouve, G., Bar̈enstrauch, M., Kunz, C.,
Baudouin, E., and Prado, S. (2019) Highly oxygenated isoprenylated
cyclohexanoids from the fungus Parastagonospora nodorum SN15.
Phytochemistry 166, 112056.
(33) Chooi, Y.-H., Muria-Gonzalez, M. J., and Solomon, P. S. (2014)
A genome-wide survey of the secondary metabolite biosynthesis genes
in the wheat pathogen Parastagonospora nodorum. Mycology 5, 192−
206.
(34) Bergmann, S., Schumann, J., Scherlach, K., Lange, C., Brakhage,
A. A., and Hertweck, C. (2007) Genomics-driven discovery of PKS-
NRPS hybrid metabolites from Aspergillus nidulans. Nat. Chem. Biol. 3,
213−217.
(35) Chooi, Y.-H., Fang, J., Liu, H., Filler, S. G., Wang, P., and Tang,
Y. (2013) Genome Mining of a Prenylated and Immunosuppressive
Polyketide from Pathogenic Fungi. Org. Lett. 15, 780−783.
(36) Xu, D., Luo, M., Liu, F., Wang, D., Pang, X., Zhao, T., Xu, L.,
Wu, X., Xia, M., and Yang, X. (2017) Cytochalasan and Tyrosine-
Derived Alkaloids from the Marine Sediment-Derived Fungus
Westerdykella dispersa and Their Bioactivities. Sci. Rep. 7, 11956.

(37) Alvi, K. A., Nair, B., Pu, H., Ursino, R., Gallo, C., and Mocek, U.
(1997) Phomacins: Three Novel Antitumor Cytochalasan Constitu-
ents Produced by a Phoma sp. J. Org. Chem. 62, 2148−2151.
(38) Parsons, S., Flack, H. D., and Wagner, T. (2013) Use of
intensity quotients and differences in absolute structure refinement.
Acta Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 69, 249−259.
(39) Lin, Z., Zhu, T., Wei, H., Zhang, G., Wang, H., and Gu, Q.
(2009) Spicochalasin A and New Aspochalasins from the Marine-
Derived Fungus Spicaria elegans. Eur. J. Org. Chem. 2009, 3045−3051.
(40) Chiang, Y.-M., Ahuja, M., Oakley, C. E., Entwistle, R., Asokan,
A., Zutz, C., Wang, C. C. C., and Oakley, B. R. (2016) Development
of Genetic Dereplication Strains in Aspergillus nidulans Results in the
Discovery of Aspercryptin. Angew. Chem., Int. Ed. 55, 1662−1665.
(41) Hu, J., Sarrami, F., Li, H., Zhang, G., Stubbs, K. A., Lacey, E.,
Stewart, S. G., Karton, A., Piggott, A. M., and Chooi, Y.-H. (2019)
Heterologous biosynthesis of elsinochrome A sheds light on the
formation of the photosensitive perylenequinone system. Chem. Sci.
10, 1457−1465.
(42) Fujii, R., Minami, A., Gomi, K., and Oikawa, H. (2013)
Biosynthetic assembly of cytochalasin backbone. Tetrahedron Lett. 54,
2999−3002.
(43) Nielsen, M. L., Isbrandt, T., Petersen, L. M., Mortensen, U. H.,
Andersen, M. R., Hoof, J. B., and Larsen, T. O. (2016) Linker
Flexibility Facilitates Module Exchange in Fungal Hybrid PKS-NRPS
Engineering. PLoS One 11, No. e0161199.
(44) Li, L., Yu, P., Tang, M.-C., Zou, Y., Gao, S.-S., Hung, Y.-S.,
Zhao, M., Watanabe, K., Houk, K. N., and Tang, Y. (2016)
Biochemical Characterization of a Eukaryotic Decalin-Forming
Diels-Alderase. J. Am. Chem. Soc. 138, 15837−15840.
(45) Boettger, D., Bergmann, H., Kuehn, B., Shelest, E., and
Hertweck, C. (2012) Evolutionary Imprint of Catalytic Domains in
Fungal PKS-NRPS Hybrids. ChemBioChem 13, 2363−2373.
(46) Takemoto, D., and Hardham, A. R. (2004) The Cytoskeleton
as a Regulator and Target of Biotic Interactions in Plants. Plant
Physiol. 136, 3864−3876.
(47) Punt, P. J., Oliver, R. P., Dingemanse, M. A., Pouwels, P. H.,
and van den Hondel, C. A. M. J. J. (1987) Transformation of
Aspergillus based on the hygromycin B resistance marker from
Escherichia coli. Gene 56, 117−124.
(48) Solomon, P. S., Tan, K.-C., Sanchez, P., Cooper, R. M., and
Oliver, R. P. (2004) The Disruption of a Gα Subunit Sheds New
Light on the Pathogenicity of Stagonospora nodorum on Wheat. Mol.
Plant-Microbe Interact. 17, 456−466.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.9b00791
ACS Chem. Biol. 2020, 15, 226−233

233

74



S1 
 

 
 
 

SUPPORTING INFORMATION 

 

 

Genomics-driven Discovery of Phytotoxic Cytochalasans 

Involved in the Virulence of the Wheat Pathogen 

Parastagonospora nodorum 

Hang Li,
†,⊥

 Haochen Wei,
‡,⊥

 Jinyu Hu,
†
 Ernest Lacey,

§
 Alexandre N. Sobolev,

 †,‖
,Keith 

A. Stubbs,
†
 Peter S. Solomon,*

,‡
 Yit-Heng Chooi*

,†
  

†
School of Molecular Sciences, 

‖
Centre for Microscopy, Characterisation and 

Analysis, The University of Western Australia, Perth, WA 6009, Australia 

‡
Division of Plant Science, Research School of Biology, The Australian National 

University, Canberra, ACT 2601, Australia. 
  

§
Microbial Screening Technologies Pty. Ltd., Smithfield, New South Wales 2164, 

Australia 

 

⊥
These authors have contributed equally. 

 

 

 

 

 

 

 

 

 

*Address correspondence to P. S. S.: peter.solomon@anu.edu.au  

Y.-H. C.: yitheng.chooi@uwa.edu.au 

75



S2 
 

 
 
 

Table of Contents 

SUPPLEMENTARY METHODS 4 

1. Crystal data for phomacin F (3) 4 

3. Phytotoxicity and antigerminative activity assays 5 

4. Actin polymerization inhibition assay 5 

SUPPLEMENTARY TABLES 7 

Table S1. Primers used in this study 7 

Table S2. Plasmids used in this study 9 

Table S3. Strains used in this study 9 

Table S4. 
1
H NMR (600 MHz) and 

13
C NMR (150 MHz) data of phomacin D (1) in CDCl3 10 

Table S5. 
1
H NMR (600 MHz) and 

13
C NMR (150 MHz) data of phomacin E (2) in CDCl3 11 

Table S6. 
1
H NMR (600 MHz) and 

13
C NMR (150 MHz) data of phomacin F (3) in CDCl3 12 

Table S7. 
1
H NMR (500 MHz) and 

13
C NMR (125 MHz) data of prephomacin (4) in CDCl3 13 

SUPPLEMENTARY FIGURES 14 

Figure S1. Transcriptional profile of the phm gene cluster (SNOG_00306-00314) during in 

planta growth - at 3, 5, 7, 10 days post-inoculation (dpi) 14 

Figure S2. LC-MS traces showing one of the fractions from large-scale extraction and 

purification containing compounds 1 and 3 15 

Figure S3. HPLC analysis of the Michael addition reaction of phomacin D (1) 16 

Figure S4. HPLC metabolite profile of A. nidulans expressing phm genes and substrate 

feeding 16 

Figure S5. Effects of phomacin D (1) with various concentrations on wheat seed germination 

at 7, 9 days 17 

Figure S6. Wheat leaves length of different concentration of phomacin D (1) at 5, 7, 9 days 17 

Figure S7. Structures of the representative cytochalasans 18 

Figure S8. Proposed biosynthetic pathway of the phomacins reported in this study 18 

Figure S9. Wheat seeds germination results of phomacin D-F (1-3) 19 

Figure S10. Cytochalasin B and D inhibited the seed germination of wheat and Arabidopsis 

thaliana at 100 ppm 20 

Figure S11. Comparison of the phm gene cluster and orthologous gene clusters identified in 

other fungi based on antiSMASH.
4
 M. phaseolina, C. orbiculare, C. gloeosporiodes, T. 

minima are plant pathogens, while T. viridens is known to be endophytic 21 

Figure S12. The UV and MS spectra of phomacin D (1) 22 

Figure S13. The UV and MS spectra of phomacin E (2) 23 

Figure S14. The UV and MS spectra of phomacin F (3) 24 

Figure S15. The UV and MS spectra of prephomacin (4) 25 

Figure S16. 
1
H NMR spectrum of phomacin D (1) in CDCl3 26 

Figure S17. 
13

C NMR spectrum of phomacin D (1) in CDCl3 26 

Figure S18. 
13

C and DEPT135 NMR spectrum of phomacin D (1) in CDCl3 27 

Figure S19. 
1
H-

1
H COSY NMR spectrum of phomacin D (1) in CDCl3 27 

Figure S20. HSQC NMR spectrum of phomacin D (1) in CDCl3 28 

76



S3 
 

 
 
 

Figure S21. HMBC NMR spectrum of phomacin D (1) in CDCl3 28 

Figure S22. 
1
H NMR spectrum of phomacin E (2) in CDCl3 29 

Figure S23. 
13

C NMR spectrum of phomacin E (2) in CDCl3 29 

Figure S24. 
13

C and DEPT135 NMR spectrum of phomacin E (2) in CDCl3 30 

Figure S25. 
1
H-

1
H COSY NMR spectrum of phomacin E (2) in CDCl3 30 

Figure S26. HSQC NMR spectrum of phomacin E (2) in CDCl3 31 

Figure S27. HMBC NMR spectrum of phomacin E (2) in CDCl3 31 

Figure S28. 
1
H NMR spectrum of phomacin F (3) in CDCl3 32 

Figure S29. 
13

C NMR spectrum of phomacin F (3) in CDCl3 32 

Figure S30. 
13

C and DEPT135 NMR spectrum of phomacin F (3) in CDCl3 33 

Figure S31. 
1
H-

1
H COSY NMR spectrum of phomacin F (3) in CDCl3 33 

Figure S32. HSQC NMR spectrum of phomacin F (3) in CDCl3 34 

Figure S33. HMBC NMR spectrum of phomacin F (3) in CDCl3 34 

Figure S34. NOESY NMR spectrum of phomacin F (3) in CDCl3 35 

Figure S35. 
1
H NMR spectrum of prephomacin F (4) in CDCl3 35 

Figure S36. 
13

C NMR spectrum of prephomacin F (4) in CDCl3 36 

Figure S37. 
13

C and DEPT NMR spectrum of prephomacin F (4) in CDCl3 36 

Figure S38. 
1
H-

1
H COSY NMR spectrum of prephomacin F (4) in CDCl3 37 

Figure S39. HSQC NMR spectrum of prephomacin F (4) in CDCl3 37 

Figure S40. HMBC NMR spectrum of prephomacin F (4) in CDCl3 38 

Figure S41. NOESY NMR spectrum of prephomacin F (4) in CDCl3 38 

SUPPLEMENTARY REFERENCES 39 

 

  

77



S4 
 

 
 
 

SUPPLEMENTARY METHODS 

1. Crystal data for phomacin F (3) 

 C28H41NO5, M = 471.62, colorless cyrstal, 0.32  0.24  0.18 mm
3
, monoclinic, 

space group P21 (No. 4), a = 8.8287(1), b = 11.0571(1), c = 13.3265(1) Å, = 

102.649(1)°, V = 1269.36(2) Å
3
, Z = 2, Dc = 1.234 g cm

-3
, = 0.668 mm

-1
. F000 = 512, 

Cu K radiation, = 1.54178 Å,  T = 100(2) K, 2max = 134.5º, 23588 reflections 

collected, 4513 unique (Rint = 0.0237). Final GooF = 1.004, R1 = 0.0378, wR2 = 

0.0990, R indices based on 4458 reflections with I > 2(I) (refinement on F
2
), 

||max= 0.53(4) e Å
-3

, 319 parameters, 1 restraint. Lp and absorption corrections 

applied. The Flack parameter value was -0.05(5).
1
 

 

X-Ray Crystallography 

Full sphere of low-temperature X-Ray data were recorded using an Oxford Diffraction 

Gemini diffractometer. The structures were solved by direct methods and refined 

against F2 with full-matrix least-squares using the programs of the SHELX software 

suite.
2
 Anisotropic displacement parameters were employed for the non-hydrogen 

atoms. All hydrogen atoms were localized from difference Fourier synthesis. The 

donor-H atoms were refined isotropically and all other H-atoms were refined by use 

of a riding model with isotropic displacement parameters based on those of the parent 

atom. Crystallographic data for the structure reported in this paper have been 

deposited at the Cambridge Crystallographic Data Centre. Copies of the data with 

CCDC number 1942077 can be obtained free of charge via 

https://www.ccdc.cam.ac.uk/structures/, or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, U.KCB21EZ, UK (fax 

+441223336033; email deposit@ccdc.cam.ac.uk). 
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2. Virulence assays of P. nodorum strains on wheat  

The attached leaf pathogenicity assay for P. nodorum was performed as previously 

described with minor modifications. The 2-week old P. nodorum spores were 

harvested and resuspended in 20 ml distilled water. Spores were counted and adjusted 

to a concentration of 10^
6
 spores/ml in 0.02% Tween 20. The solution was sprayed 

using a Paasche air sprayer in a fine mist onto 2-week old wheat cultivar the second 

leaf that was laid flat using double-sided tape. After spraying, the infected plants were 

placed in the plastic box with 5cm depth of water at the bottom and sealed with plastic 

for 2 days before moving back to the controlled environment chamber. Infected leaves 

were harvested after 7 days post-infection and disease symptoms were assessed 

visually following the 0-5 disease scale as previously described
30

, with minor 

modification, whereby a score of 0 being highly resistant and 5 as highly susceptible. 

Two knockout strains were compared to controls (ectopic integrated strain and wild 

type P. nodorum SN15 strain). Each experiment was repeated two times respectively 

on at least 10 individual leaves each time. 

 

3. Phytotoxicity and antigerminative activity assays 

The phytotoxicity was assayed on the leaves of 11 day-old wheat seedlings in 10 cm 

planting pots that were grown at 20C under a 12 h light/dark cycle regime. Briefly, 

50 L of each compound in 2% methanol solution was infiltrated on the adaxial face 

of leaves at various concentrations using a 1 mL volume syringe. Experiments were 

performed in triplicate and the infiltrated leaves were examined for the presence of 

necrosis or chlorosis after 24 and 48 h. To test the ability of the compounds to inhibit 

seed germination, plant seeds were firstly surface-disinfected briefly by 10% ethanol. 

The surface-disinfected wheat seed was then placed on agar slants consisting of 1.5 

ml of tap water agar supplemented with phomacins (agar containing 2% methanol was 

used as a control). The assays were performed in triplicate, and the progress of seed 

germinations was observed and recorded on a daily basis. 

 

4. Actin polymerization inhibition assay 

The effect of 1-3 on actin polymerization was assessed using the Actin Polymerization 

Biochem assay (Cytoskeleton Inc, Denver, CO). Briefly, 0.1 mg of pyrene-labelled 

muscle actin (Cytoskeleton, Inc) was dissolved in 225 µl of cold G-buffer (5 mM 

Tris-HCl, 0.2 mM CaCl2, 0.2 mM ATP, pH 8.0) (final actin concentration of 0.4 

mg/ml) and centrifuged at 17,000 g at 4 ºC for 30 min. The resulting supernatant was 

immediately mixed with the compounds being tested (final compound concentration 

of 100 mM) in a Costar 96 Flat Bottom Black Polystyrene assay plate. The assay was 

initiated by the addition of 20 µl of 10 x actin polymerization buffer (100 mM 

Tris-HCl, 20 mM MgCl2, 500 mM KCl, 10 mM ATP, 0.05 M guanidine carbonate, pH 

7.5) and the change in fluorescence was monitored for 120 cycles at 60 s interval 
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times in a Tecan Plate Reader M1000 PRO with an excitation wavelength of 350 nm 

and an emission wavelength of 407 nm and 40 µs integration time. The kinetics 

profile was imported from Tecan i-control software into a spreadsheet. For 

quantifying the relative inhibition/ promotion of actin polymerization, the 

fluorescence unit at (t ½ Max (s)) (Half-maximal saturated polymerization times) 

were calculated and the test buffer pyrene actin control was used as a reference to 

normalize all compound samples. Cytochalasin D was employed as the positive 

control in this experiment. Student’s t-test was used for calculating the p-value.  
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SUPPLEMENTARY TABLES 

Table S1. Primers used in this study. 

Primer Sequence 

LIC-phmR-F CTCGTCGTGTCGCCC-ATGGAAGGTCAGGCACAGCCT 

LIC-phmR -R CGTCGTCGTCGCCCA-TCAGTCCAGCATTTTGTTCACCT 

phmA-KO-P1 CTGTACAGCTGCGAATGGAT 

phmA-KO-P2 ATTCACTCGTCGTGTCGCCC-GCTGGTGGCTGACTGCAGCA 

phmA-KO-P3 ACTCCACATCTCCACTCGACC-TGCTGAGCCGACGATGGCGA 

phmA-KO-P4 GTCCGTCCGTCTCTCCGCATG-CGAGCACTGGTCGCGAGCTCA 

phmA-KO-P5 AATTCACGTCGTCGTCGCCC-GATCGTGCTGAGGCTCGCGA 

phmA-KO-P6 CTTCAAGGCAGATCACACTG 

PgpdA-F  CATGCGGAGAGACGGACGGAC  

TtrpC-R  GGTCGAGTGGAGATGTGGAGT  

hyg-F  AATTTCGATGATGCAGCTTG  

hyg-R  ATATCCACGCCCTCCTACAT  

hyg-qPCR-F  TAAATAGCTGCGCCGATGGT  

hyg-qPCR-R  GCGGGAGATGCAATAGGTCA  

PalcA-phmA-F 
AATTAGAACTCTTCCAATCCTATCACCTCGCCTTAATATGGGGTCAT

CAAGTAAAGATTA 

phmA-mid-F GGAAGACACGATGCGAAACG 

phmA-mid-R CGAGATCGGCCTCTGAGAAC 

pyrG-phmA-R 
AACACAGTGGAGGACATACCCGTAATTTTCTGGGCTTAATAGGAC

GCATAAGCTGACACT 

PalcA-phmE-F 
GTTAATTAGAACTCTTCCAATCCTATCACCTCGCCTTAATATGTCTC

GAGTCCGATACAA 

T1-phmE-R 
CGCGCTCCACGGGGACTCGCTTCAATTTGTTCCGCTTAATCTAGT

TATTACTACCCAACT 

PalcSM-phmG-F 
TTTGAGATACCAAAGCATTGAGCCCAGAAACAGCAGAAGCATGA

CAAATTCCTCTCCACC 

T1-phmG-R 
TTTAGTCTAAAGGTCTACAATCAATTCAGGCCGTATTCAGGGCTCA

GCTTTCGACCGTGA 

PalcSM-phmD-F 
TCCCTTTTCCTTATTAAACCATATATCTCCAGCAGAGCGATATGCGC

CTCTTCAGAGTATT 

T2-phmD-R 
AAGCCAACTTCGATCTCAACTAAATTATCTCCTCCCGCGATTCAGT

CCTCAGAATATTGA 

PaldA-phmH-F 
TACTCCAACTCTCCTCTCCCAAGATACCCATATTTCCCGCTCACCG

GATGGTTTCCGGAA 

T2-phmH -R 
TAGTTAGGGAGCGGCGGATGCCTACTTACTTCTGGGAACGAGGCT

ACTGGACAGTTGTGC 
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PalcA-phmB-F 
GTTAATTAGAACTCTTCCAATCCTATCACCTCGCCTTAATATGCTGG

AATCATTGATCGA 

T1-phmB -R 
CGCGCTCCACGGGGACTCGCTTCAATTTGTTCCGCTTAATCTAATC

TAAGCTCTGGAATA 

PalcSM-phmC-F 
AGATACCAAAGCATTGAGCCCAGAAACAGCAGAAGCATGTTGTCT

TCTATTCTGTTGACA 

T1-phmC-R 
GTCTAAAGGTCTACAATCAATTCAGGCCGTATTCAGGGCTCAAATT

AGCTTTCCCAAGCA 

PalcSM-phmF-F 
GAACGATCGGCCATGAAGTCGTGTCTTCTACAAAGCGATCAGCTT

CCCCCACACAGTCAT 

T2-phmF-R 
AACTTCGATCTCAACTAAATTATCTCCTCCCGCGATCCTGTAGCTC

CATTCCTTTAACCA 
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Table S2. Plasmids used in this study. 

Plasmids Backbone Description of Plasmids 

pBAR-phmR pBARGPE1 
Overexpression plasmid containing gene phmR 

under the gpdA promoter and trpC terminator. 

pYFAC-CL25 pYFAC-pyrG 
A. nidulans expression vector containing gene phmA 

under the alcA promoter. 

pYFAC-CL26 pYFAC-ribo 
A. nidulans expression vector containing gene phmE 

under the alcA promoter. 

pYFAC-CL27 pYFAC-ribo 

A. nidulans expression vector containing gene phmE 

under the alcA promoter, gene phmG under the alcS 

promoter, gene phmD under the alcM promoter and 

gene phmH under the aldA promoter. 

pYFAC-CL28 pYFAC-pyrO 

A. nidulans expression vector containing gene phmB 

under the alcA promoter, gene phmC under the alcS 

promoter and gene phmF under the alcM promoter. 

 

 

 

Table S3. Strains used in this study. 

Stains Organism Description of Strains 

P. nodorum-phmR-OE 
P. nodorum 

SN15 

P. nodorum expressing 

pBAR-phmR. 

P. nodorum-phmA 
P. nodorum 

SN15 

P. nodorum phmA disruption 

mutant 

A. nidulans-phmAE 
A. nidulans 

LO7890 

A. nidulans LO7890 expressing 

pYFAC-CL25 and pYFAC-CL26 

plasmids. 

A. nidulans-phmABCDEFGH 
A. nidulans 

LO7890 

A. nidulans LO7890 expressing 

pYFAC-CL25, pYFAC-CL27 and 

pYFAC-CL28 plasmids. 
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Table S4. 
1
H NMR (600 MHz) and 

13
C NMR (150 MHz) data of phomacin D (1) in 

CDCl3. 

   

 

 

Position δH (multi, J in Hz) δC Position δH (multi, J in Hz) δC 

1  175.8 14 
 

136.9 

2  
 

15 
2.18 (1H, m) 

1.83 (1H, t, 11.9) 
44.4 

3 3.15 (1H, m) 50.8 16 2.60 (1H, m) 35.3 

4 2.61 (1H, m) 52.5 17 
2.63 (1H, m) 

2.19 (1H, m) 
42.2 

5 2.59 (1H, m) 35.4 18 
 

207.8 

6 
 

139.8 19 2.77 (2H, m) 38.2 

7 5.38 (1H, s) 125.9 20 
3.87 (1H, ddd, 2.4, 11.3, 17.4) 

2.41 (1H, ddd, 2.4, 7.8, 17.4) 
37.6 

8 3.02 (1H, d, 10.7) 43.4 21  208.2 

9 
 

67.0 22 1.54 (1H, m) 25.2 

10 1.17 (2H, m) 48.7 23 0.90 (3H, d, 6.6) 21.6 

11 1.19 (3H, d, 7.1) 13.5 24 0.90 (3H, d, 6.6) 23.7 

12 1.73 (3H, s) 19.9 25 1.38 (3H, s) 15.5 

13 6.25 (1H, 10.7) 125.0 26 
3.60 (1H, dd, 5.3, 10.6) 

3.44 (1H, dd, 6.8, 10.6) 
67.7 
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Table S5. 
1
H NMR (600 MHz) and 

13
C NMR (150 MHz) data of phomacin E (2) in 

CDCl3. 

 

 
 

Position δH (multi, J in Hz) δC Position δH (multi, J in Hz) δC 

1  175.4 14 
 

135.0 

2  
 

15 
2.17 (1H, m) 

2.52 (1H, t, 11.9) 
50.7 

3 3.15 (1H, m) 50.7 16 2.44 (1H, m) 37.6 

4 2.58 (1H, m) 53.0 17 
2.87 (1H, m) 

2.80 (1H, m) 
38.3 

5 2.59 (1H, m) 35.5 18 
 

206.3 

6 
 

139.9 19 
 

206.1 

7 5.38 (1H, s) 126.2 20 
2.93 (1H, m) 

2.38 (1H, m) 
48.8 

8 3.02 (1H, d, 10.7) 43.3 21  208.5 

9 
 

67.0 22 1.53 (1H, m) 25.2 

10 1.17 (2H, m) 48.7 23 0.90 (3H, d, 6.6) 21.7 

11 1.17 (3H, d, 7.1) 13.5 24 0.90 (3H, d, 6.6) 23.6 

12 1.74 (3H, s) 19.9 25 1.38 (3H, s) 15.9 

13 6.31 (1H, 10.7) 125.6 26 
3.61 (1H, dd, 5.3, 10.6) 

3.47 (1H, dd, 6.8, 10.6) 
67.0 
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Table S6. 
1
H NMR (600 MHz) and 

13
C NMR (150 MHz) data of phomacin F (3) in 

CDCl3. 

  

 

 

Position δH (multi, J in Hz) δC Position δH (multi, J in Hz) δC 

1  176.3 16 2.54 (1H, m) 38.1 

2  
 

17  44.7 

3 3.03 (1H, m) 51.6 18 
 

209.6 

4 2.45 (1H, m) 55.4 19 
 

42.9 

5 2.60 (1H, m) 35.7 20 3.31 (1H, m) 42.6 

6 
 

139.8 21 
 

207.5 

7 5.36 (1H, s) 126.1 22 1.58 (1H, m) 25.6 

8 3.31 (1H, d, 10.7) 43.3 23 0.94 (3H, d, 6.6) 21.4 

9 
 

68.2 24 0.94 (3H, d, 6.6) 24.0 

10 
1.31 (1H, m) 

1.80 (1H, m) 
47.5 25 1.38 (3H, s) 15.5 

11 1.17 (3H, d, 6.7) 13.6 26 
3.54 (1H, dd, 5.9, 10.6) 

3.44 (1H, dd, 6.8, 10.6) 
67.6 

12 1.74 (3H, s) 20.3 27 
2.22 (1H, m) 

3.91 (1H, dd, 9.96, 18.5) 
44.5 

13 6.11 (1H, 10.9) 125.7 28 
 

207.1 

14  137.1 29 2.13 (3H, s) 30.0 

15 
1.82 (1H, m) 

2.41 (1H, m) 
44.8    

86



S13 
 

 
 
 

Table S7. 
1
H NMR (500 MHz) and 

13
C NMR (125 MHz) data of prephomacin (4) in 

CDCl3. 

 

       

  

 

Position δH (multi, J in Hz) δC Position δH (multi, J in Hz) δC 

1  172.9 13 6.17 (1H, d, 15.3) 121.6 

2  107.1 14  135.2 

3  162.5 15 5.53 (1H, d, 7.4) 126.5 

4 6.17 (1H, d, 15.3) 135.8 16 1.74 (3H, d, 6.6) 14.1 

5 6.80 (1H, dt, 7.3, 15.3) 143.5 17 0.86 (3H, d, 6.6) 19.6 

6 2.30 (2H, m) 30.8 18 1.78 (3H, s) 12.2 

7 1.50 (1H, m), 1.30 (1H, m) 35.6 19 1.75 (3H, s) 16.8 

8 1.68 (1H, m) 30.9 1  134.5 

9 2.07 (2H, dd, 7.4, 13.3) 48.2 2 5.53 (1H, m) 97.6 

10  136.6 3 2.23 (2H, m) 37.8 

11 5.86 (1H, d, 10.8) 127.2 4 1.84 (1H, m) 27.6 

12 6.32 (1H, dd, 10.8, 15.3) 122.4 5 0.93 (3H, d, 6.6) 22.5 

NH 8.39  6 0.93 (3H, d, 6.6) 22.5 
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SUPPLEMENTARY FIGURES 

 

Figure S1. Transcriptional profile of the phm gene cluster (SNOG_00306-00314) 

during in planta growth - at 3, 5, 7, 10 days post-inoculation (dpi). 

 

*Mean expression intensity data was obtained from the previous microarray experiments; 

the value is normalised as described previously.3  
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Figure S2. LC-MS traces showing one of the fractions from large-scale extraction 

and purification containing compounds 1 and 3. 
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Figure S3. HPLC analysis of the Michael addition reaction of phomacin D (1).  

1 (0.5 mg) was dissolved in acetone/MeOH/H2O (3/1/1). The mixture was stirred at 

room temperature for 72 h at room temperature. 

 

 

 

 

Figure S4. HPLC metabolite profile of A. nidulans expressing phm genes and 

substrate feeding.   
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Figure S5. Effects of phomacin D (1) with various concentrations on wheat seed 

germination at 7, 9 days. 

 

 

 

Figure S6. Wheat leaves length of different concentration of phomacin D (1) at 5, 7, 9 

days.  

7 days 

9 days 

7 days 
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Figure S7. Structures of the representative cytochalasans.  

 

 

 
Figure S8. Proposed biosynthetic pathway of the phomacins reported in this study.  
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Figure S9. Wheat seeds germination results of phomacin D-F (1-3).  
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Figure S10. Cytochalasin B and D inhibited the seed germination of wheat and 

Arabidopsis thaliana at 100 ppm. 
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Figure S11. Comparison of the phm gene cluster and orthologous gene clusters 

identified in other fungi based on antiSMASH.
4
 M. phaseolina, C. orbiculare, C. 

gloeosporiodes, T. minima are plant pathogens, while T. viridens is known to be 

endophytic.  
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Figure S12. The UV and MS spectra of phomacin D (1). 
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Figure S13. The UV and MS spectra of phomacin E (2). 
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Figure S14. The UV and MS spectra of phomacin F (3). 
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Figure S15. The UV and MS spectra of prephomacin (4). 
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Figure S16. 
1
H NMR spectrum of phomacin D (1) in CDCl3. 

 

 

 

Figure S17. 
13

C NMR spectrum of phomacin D (1) in CDCl3. 
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Figure S18. 
13

C and DEPT135 NMR spectrum of phomacin D (1) in CDCl3. 

 

Figure S19. 
1
H-

1
H COSY NMR spectrum of phomacin D (1) in CDCl3. 
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Figure S20. HSQC NMR spectrum of phomacin D (1) in CDCl3. 

 

 

 

Figure S21. HMBC NMR spectrum of phomacin D (1) in CDCl3. 
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Figure S22. 
1
H NMR spectrum of phomacin E (2) in CDCl3. 

 

 

 

Figure S23. 
13

C NMR spectrum of phomacin E (2) in CDCl3. 
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Figure S24. 
13

C and DEPT135 NMR spectrum of phomacin E (2) in CDCl3. 

 

 

Figure S25. 
1
H-

1
H COSY NMR spectrum of phomacin E (2) in CDCl3. 
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Figure S26. HSQC NMR spectrum of phomacin E (2) in CDCl3. 

 

 

Figure S27. HMBC NMR spectrum of phomacin E (2) in CDCl3. 
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Figure S28. 
1
H NMR spectrum of phomacin F (3) in CDCl3. 

 

 

Figure S29. 
13

C NMR spectrum of phomacin F (3) in CDCl3. 
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Figure S30. 
13

C and DEPT135 NMR spectrum of phomacin F (3) in CDCl3. 

 

 

Figure S31. 
1
H-

1
H COSY NMR spectrum of phomacin F (3) in CDCl3. 
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Figure S32. HSQC NMR spectrum of phomacin F (3) in CDCl3. 

 

 

 

Figure S33. HMBC NMR spectrum of phomacin F (3) in CDCl3. 
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Figure S34. NOESY NMR spectrum of phomacin F (3) in CDCl3. 

 

 

 

Figure S35. 
1
H NMR spectrum of prephomacin F (4) in CDCl3. 
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Figure S36. 
13

C NMR spectrum of prephomacin F (4) in CDCl3. 

 

 

 

Figure S37. 
13

C and DEPT NMR spectrum of prephomacin F (4) in CDCl3. 
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Figure S38. 
1
H-

1
H COSY NMR spectrum of prephomacin F (4) in CDCl3. 

 

 

 

Figure S39. HSQC NMR spectrum of prephomacin F (4) in CDCl3. 
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Figure S40. HMBC NMR spectrum of prephomacin F (4) in CDCl3. 

 

 

Figure S41. NOESY NMR spectrum of prephomacin F (4) in CDCl3. 
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Chapter 3. Chemical Ecogenomics-Guided Discovery of Phytotoxic α-

Pyrones from the Fungal Wheat Pathogen Parastagonospora nodorum 

 

Preface 

The following study reports the characterization of an in planta-expressed PKS 

gene cluster (alp) from the same wheat pathogen P. nodorum. Transcriptomic data 

showed that alp cluster was upregulated in expression during the early stage of wheat 

infection but expressed at very low levels or almost silent in in vitro cultures on agar 

plates. Comparative genomics showed that alp cluster shares several homologues to alt 

cluster from the tomato and potato pathogen Alternaria solani and other plant 

pathogens. A. solani pksN (alt5) was characterized to encode the biosynthesis of 

alternapyrone albeit the final metabolite(s) encoded by alt cluster has yet to be 

identified. Heterologous expression of the alp whole cluster in A. nidulans resulted in 

the production of five new alternapyrone derivatives named alternapyrone BF (26). 

The biosynthetic pathway of 26 were also investigated by a bottom-up pathway 

reconstruction approach in A. nidulans. Wheat seed germination assays showed that 

alternapyrone E (5) and F (6) containing a highly substituted dihydrofuran exhibited 

wheat seed germination at 100 ppm. In summary, this study characterized a cryptic PKS 

gene cluster that is upregulated in planta and highly conserved in plant fungal 

pathogens encodes the production of a group of phytotoxic -pyrones. 
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ABSTRACT: A biosynthetic gene cluster that is significantly
upregulated in the fungal wheat pathogen Parastagonospora
nodorum during plant infection was reconstructed hetero-
logously in Aspergillus nidulans. This led to the discovery of
five new α-pyrone polyketides, alternapyrones B−F (2−6).
Compounds 5 and 6, which contain a highly substituted
dihydrofuran, exhibited phytotoxicity on wheat seed germi-
nation. It is demonstrated that only three enzymes, one highly
reducing polyketide synthase and two multifunctional P450 oxygenases, are needed to synthesize the structurally complex
products.

α-Pyrone-containing polyketides are an interesting class of
natural products that exhibit a wide range of biological
activities.1,2 Notably, the fungal polyketides citreoviridin,
aurovertin, and asteltoxin, which all contain an α-pyrone
linked to highly oxidized heterocyclic systems via a 6-alkenyl
chain, are potent F1 ATPase inhibitors (Figure 1).3 Addition-
ally, the structurally related mycotoxin verrucosidin has been
reported to be an inhibitor of the mitochondrial electron
transport chain complex I.4 Aurovertins and verrucosidin have
also been implicated as potential anticancer therapeutics.5,6

Thus, genomics approaches that allow for the discovery of such
α-pyrone-linked polyketides are highly attractive.
A common feature in the biosynthesis of these α-pyrones is

that the 6-alkenyl chain with different functionalities
synthesized by highly reducing polyketide synthases (HR-
PKSs) is morphed into the various heterocycles by oxidative
enzymes. In the case of aurovertin, it has been demonstrated
that a single flavin-dependent monooxygenase is involved in
the construction of the unusual 2,6-dioxabicyclo[3.2.1]octane
ring.7 It is most likely also the case for citreoviridin and
asteltoxin as well.8 Alternapyrone (1) is one such 6-
alkenylpyrone polyketide, and its dimethylated α-pyrone
moiety is similar to verucosidin (Figure 1). It was discovered
by heterologous expression of a HR-PKS gene PKSN from the
tomato and potato pathogen Alternaria solani in Aspergillus
oryzae.9 However, it is most likely that 1 is not the final
product in A. solani as the gene cluster encodes an additional
three cytochrome P450s and one FAD oxidase gene, which
could allow for tailoring of the methylated 6-alkenyl chain to
generate more complex structures.
Interestingly, a gene cluster in the wheat pathogen

Parastagonospora nodorum (SNOG_5791−5797) with signifi-
cant homology to the A. solani PKSN cluster (Table S2) was
shown to be highly upregulated in expression during in planta
growth (Figure S1).10 Furthermore, homologous gene clusters
are also found in many plant pathogens across the
Dothideomycete and Sordariomycete classes, including

Received: August 15, 2018
Published: September 18, 2018

Figure 1. Structures of alternapyrone (1) and representative fungal α-
pyrone-linked metabolites (α-pyrone highlighted in red).
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Mycosphaerella populorum (hybrid poplar stem cankers),
Pyrenophora tritici-repentis (tan spot of wheat), Bipolaris oryzae
(brown spot disease in rice), Cochliobolus heterostrophus (corn
leaf brown blight), and Colletotrichum f ioriniae (bitter rot of
apple) (Figure 2A). Significantly, none of the homologous

gene clusters in these fungi have been associated with these
metabolite products. As part of our ongoing efforts to discover
new bioactive metabolites and small molecule virulence
mediators from fungi, we set out to characterize the metabolite
products from this SN5791−5797 cluster (herein named the
alp cluster) as it is expressed during ecological interactions and
is conserved across organisms in similar ecological niches,
fulfilling the selection criteria for our chemical ecogenomics
approach.11 Furthermore, the gene cluster holds promise for
the discovery of new α-pyrones.
The alp gene cluster was shown to be expressed at very low

levels or is almost silent in in vitro cultures,11 and no pathway-
specific transcription factor is embedded in this cluster that can
be used to activate the expression of silent genes.12 Hence, we
took a whole pathway reconstruction approach to uncover the
metabolite products using a hybrid yeast−fungal artificial
chromosome (pYFAC) expression system, which we have
derived from a similar episomal expression vector described in

previous work.12,13 The pYFAC system allows yeast trans-
formation-mediated homologous recombination cloning and
episomal expression in A. nidulans. Like the A. solani PKSN
cluster, the alp cluster encodes two P450 oxygenases (AlpB
and AlpC), a FAD-dependent oxidase (AlpD) and a hypo-
thetical protein (AlpE). We first cloned the backbone HR-PKS
gene alpA into pYFAC-pyrG under the control of the A.
nidulans PalcA alcohol-inducible promoter to generate the
plasmid pYFAC-CL1. Transformation of A. nidulans with
pYFAC-CL1 resulted in the production of a new peak, 1 (m/z
429 [M + H]+, 16 mg/L), under induced conditions.
Compound 1 was subsequently identified as alternapyrone
by NMR spectra,9 which is not unexpected given that AlpA
shares high protein sequence identity to PKSN. Next, we
cloned the four putative postmodification genes (alpB, alpC,
alpD, and alpE) and introduced these genes into pYFAC-ribo
under different alcohol-inducible promoters to construct
pYFAC-CL2. Then pYFAC-CL1 and pYFAC-CL2 plasmids
were cointroduced into the A. nidulans host. Under induced
culture conditions, A. nidulans expressing alpABCDE produced
five new compounds, 2 ([M + H]+ 459), 3 ([M + H]+ 461), 4
([M − H2O + H]+ 473), 5 ([M + H]+ 489), and 6 ([M + H]+

505), with 5 as the most abundant product. No trace of 1 was
observed, and a subsequent scaled-up culture (4 L) and HPLC
purification yielded 2 (10 mg), 3 (2.4 mg), 4 (15 mg), 5 (48
mg), and 6 (14 mg).
Based on HR-ESI-MS and extensive 1D and 2D NMR

analyses, we elucidated the structures of 2−6, which we named
alternapyrones B−F, respectively (Figure 2B). Compounds 2
and 3 were shown to be the 26-carboxy and 26,28-dihydroxy
derivatives of 1 respectively. Similarly, 4 was shown to be the
18,27-dihydroxy derivative of 2, possessing a tertiary alcohol at
C-18 (Tables S8 and S11). 2D NMR analysis of 5 revealed the
C-16/17 double bond had shifted to C-17/18 and that C-19
and C-27 were oxygenated, with a free hydroxy group on C-27
and C-19 connected to C-16 via an ether linkage, thus forming
a 2,5-dihydrofuran (Figure 3). This structure was supported by

a long-range HMBC correlation from H-19 to C-15. The
relative configuration of the dihydrofuran ring was determined
by 1D NOESY, which revealed a correlation between H-19
and H2-27 (Figure 3). Compound 6 differed from 5 only by
the presence of an additional hydroxy group on C-28. The
experimental 13C NMR shifts for 4−6 matched closely with
theoretical values calculated using density functional theory
(DFT; def-TZVP, B3-LYP) (Tables S11−S13).
To characterize the biosynthetic logic of alternapyrones 2−

6, different gene combinations were constructed using the
pYFAC expression system. A. nidulans coexpressing alpA and

Figure 2. (A) Comparison of gene clusters similar to the alp gene
cluster (top). (B) Structures of alternapyrones B−F (2−6) reported
in this study.

Figure 3. Key 2D NMR correlations of 5. Key 13C NMR chemical
shifts are shown in pink.

Organic Letters Letter
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alpD resulted in production of the carboxylic acid 2 instead of
1, while coexpression of any other tailoring genes with alpA
only resulted in production of 1 (Figure 4). This clearly

demonstrated that alpD oxidizes the C-26 methyl group of 1 to
a carboxyl group and suggests that this is likely to be the first
post-PKS tailoring step after the formation of 1. We next
focused on the subsequent catalytic steps by coexpressing
individual remaining tailoring genes with alpA/D. Interestingly,
only coexpression with alpC, another P450 oxygenase encoded
in the gene cluster, together with alpA/D, was sufficient to
produce 2−6 in the A. nidulans host (Figure 4). Introduction
of either alpB or alpE to the alpA/D constructs did not result
in strains that produced any further new metabolites,
suggesting that alpD and alpC are sufficient to convert 1 to
2−6.
The elucidated structures of 2−6 suggest that the

biosynthetic pathway toward these new alternapyrones is
highly branched (Scheme 1). Based on the genes that were
shown to be involved in the synthesis and the established
biosynthetic logic, we propose that the HR-PKS AlpA
synthesizes the alternapyrone polyketide backbone and releases
it via spontaneous lactonization when a tri-β-keto intermediate
is formed, as shown previously.14 Then, AlpD oxidizes the C-
26 methyl group via a triple oxidation to afford the carboxylic
acid 2. Such P450 oxygenases that catalyze the formation of a
carboxylate group from a methyl group via consecutive
oxidations are precedented in fungi.15 Interestingly in 3,
oxidation at C-26 stops at the intermediate primary alcohol
and another primary alcohol is installed on C-28, when alpC
was added to A. nidulans expressing alpA/D. This suggests that
AlpC oxidizes C-28 before AlpD completely converts 1 to 2,
and this oxidation of C-28 prohibits AlpD from oxidizing
further the primary alcohol on C-26. It is also possible that 3 is
a shunt intermediate in the culture.
From 2, AlpC hydroxylates C-27 and then the pathway

branches out to 4 by hydroxylation at C-18 (Scheme 1).
Notably, the 18-OH on 4 is a tertiary alcohol. Some P450
oxygenases are known to catalyze tertiary alcohol formation,

and they are valuable biocatalysts.16,17 Compounds 5 and 6
with a dihydrofuran moiety are noted to have a double bond
that is shifted from C-16/17 to C-17/18. We reasoned this
could be the result of dehydration of 27-OH, which is also
found in 4, resulting in the formation of a C-16/27 terminal
olefin and shifting of the existing double bond to C-17/18.
Epoxidation of the olefin by AlpC followed by hydroxylation at
C-19 sets the intermediate up for a 5-exo-tet cyclization to
afford 5. Finally, hydroxylation at C-28 results in 6. Epoxide-
opening cascades are well-known to be involved in the
formation of heterocycles. For example, in the case of
aurovertin, two consecutive epoxidations, ring openings, and
rearrangements result in a tetrahydrofuran intermediate, which
is followed by the formation of the 2,6-dioxabicyclo[3.2.1]-
octane ring.7 Even though multifunctional P450 oxygenases are
now well-known, e.g., in fumagillin18 and terretonin H19

biosynthesis in fungi, they continue to be a rich source of new
catalytic abilities. The combined results suggest that the P450
AlpC is most likely involved in the hydroxylation, terminal
olefin formation, epoxidation, and cyclization steps leading to
the formation of 5 as it is the major product of A. nidulans
alpACD. Nonetheless, we cannot completely rule out the
involvement of endogenous host enzymes until further in vitro
enzymatic study is performed.
Equipped with 1−6, we next tested if these compounds

exhibited any phytotoxic activity. No necrosis was observed on
wheat leaves infiltrated with up to 200 μg/mL of 1−6.
However, seed germination assays showed that alternapyrones
D−F (4−6) exhibited wheat antigermination activities, most

Figure 4. HPLC traces (280 nm) showing metabolite profile from A.
nidulans transformants.

Scheme 1. Proposed Biosynthetic Pathway for 2−6
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notably alternapyrone F (6), which completely inhibited wheat
germination at 100 μg/mL (Figure 5 and Figure S4).

Concurrently, we also tested 1−6 for other bioactivities
(antibacterial, antifungal, antiparasitic, and antitumor) (Table
1). Alternapyrone (1) displayed cytotoxic activity against

murine myeloma (MIC = 3.1 μg/mL) but was 8-fold less
active against neonatal foreskin fibroblasts nontumor cells
(MIC = 25 μg/mL), suggesting the cytotoxicity has some
specificity against tumor cells. Surprisingly, the highly oxidized
and heterocycle-containing 5 and 6, which exhibited higher
antigerminative activity, displayed no bioactivity at all in the
bioassays used, suggesting the mode of action of the
cytotoxicity and phytotoxicity is different.
Given that the alp cluster is highly upregulated during in

planta growth compared to in vitro and that 5 and 6 exhibited
phytotoxicity on wheat seed germination, we tested whether
they play any role in virulence. We constructed P. nodorum
ΔalpA mutants and performed whole wheat spray assays with
these mutants in comparison to wild-type as described
previously.12 However, no significant difference in disease
symptoms between wheat leaves inoculated with ΔalpA
mutants and controls (wild-type) was observed (Figure S3).
Together, these results suggest that the alp pathway products
play no important role in lesion development of wheat but may
interfere with other cellular or developmental pathways not be
fully captured via this simple seedling infection assay.
Furthermore, the effects of ΔalpA could be masked by other
virulence factors from P. nodorum.
In conclusion, we have identified a new group of bioactive α-

pyrones including 5 and 6, which are linked to highly oxidized
heterocyclic systems. This study, along with the previous
discovery of the mellein20 and elsinochrome12 pathways in P.
nodorum, demonstrates that such ecology-guided genome-
mining approaches are a promising strategy to undercover

bioactive metabolites relevant in an ecological context.
Homology to the previously characterized A. solani PKSN
provides a hint to the potential structures of the products of
the alp cluster. Compounds 2−6 differ from the structurally
related α-pyrones aurovertin, citreoviridin, and asteltoxin in
that the 6-alkenyl side chains are not polyene-like and have a
more complex methylation pattern. Bioinformatics analysis
revealed that the alp/alt gene cluster is conserved across many
plant pathogens, but there appears to be variation in the
number and type of tailoring oxidative enzymes (Figure 2A).
Thus, these homologous clusters provide a source of discovery
for novel α-pyrone compounds, which may be linked to
different heterocyclic systems. The successful heterologous
expression of the pathway using the A. nidulans host further
sets the foundation for combinatorial biosynthesis of this
subclass of 6-alkenylpyrone compounds.
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Experimental Procedures 

Strains and culturing conditions 

The wild-type P. nodorum strain SN15 was obtained from the Department of Agriculture 

and Food Western Australia (DAFWA). The wild-type and mutant strains generated in this 

study were maintained on V8-supplemented potato dextrose agar (PDA) plates or defined 

minimal medium (30 g sucrose, 2 g NaNO3, 1 g K2HPO4, 0.5 g KCl, 0.5 g MgSO4·7H2O, 

0.01 g ZnSO4·7H2O, 0.01 g FeSO4·7H2O, 2.5 mg CuSO4·5H2O in 1 L, adjusted to pH 6.0). 

The standard growth condition for P. nodorum strains was at 20 C under a 12 h 

dark/near-UV light regime. Saccharomyces cerevisiae BJ5464-NpgA (MATα ura3-52 

his3-Δ200 leu2-Δ1trp1 pep4::HIS3 prb1 Δ1.6R can1 GAL) was used for plasmid 

construction. A. nidulans LO70801 (a gift from Prof. Berl Oakley, University of Kansas) 

was used as the heterologous host for expression of alp cluster. 

 

Heterologous expression of alp cluster in A. nidulans 

All alp genes were cloned into the pYFAC episomal vector by yeast 

transformation-assisted recombination. Full length alpA gene including intron was 

amplified by PCR as three overlapping fragments using primers in Table S1 and were 

co-introduced with PacI-cut pYFAC-pyrG into yeast to generate pYFAC-CL1 by yeast 

homologous recombination. AlpE, alpB, alpD and alpC were amplified with the designed 

primers (Table S1) and inserted into the PacI, NotI, AsisI and AscI site of pYFAC-ribo, 

respectively, to get pYFAC-CL2 plasmid. pYFAC containing the A. nidulans plasmid 

replicator AMA1, and yeast CEN/ARS was modified from pKW20088 (a gift from Prof 

Kenji Watanabe, University of Shizuoka). The resulting plasmid pYFAC-CL1 and 

pYFAC-CL2 were co-introduced to A. nidulans LO7080 by polyethylene glycol protoplast 

transformation as described previously.2  

 

Bioassays3,4 

Purified metabolites were dissolved in DMSO to provide stock solutions (10,000 μg/mL or 

1,000 μg/mL depending on the amount of material available). An aliquot of each stock 

solution was transferred to the first lane of Rows B to G in a 96-well microtitre plate and 

two-fold serially diluted with DMSO across the 12 lanes of the plate to provide a 2,048-fold 

concentration gradient. Bioassay medium was added to an aliquot of each test solution to 

provide a 100-fold dilution into the final bioassay, thus yielding a test range of 100 to 0.05 

μg/mL in 1% DMSO. Row A contained no test compound (as a reference for no inhibition) 

and Row H was uninoculated (as a reference for complete inhibition). 

 

CyTOX is an indicative bioassay platform for discovery of antitumour actives. NS-1 (ATCC 

TIB-18) mouse myeloma cells and Neonatal Foreskin Fibroblast (NFF) cells were 

inoculated in 96-well microtitre plates (190 μL) at 50,000 cells/mL in DMEM (Dulbecco's 

Modified Eagle Medium + 10% fetal bovine serum (FBS) + 1% penicillin/streptomycin 

(10,000 U/mL / 10,000 µg/mL, Life Technologies Cat. No. 15140122) and incubated in 

37 °C (5% CO2) incubator. At 48 h, resazurin (250 μg/mL; 10 μL) was added to each well 

and the plates were incubated for a further 48 h. Finally, the absorbance of each well at 
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605 nm was measured using a Spectromax plate reader (Molecular Devices). 

 

ProTOX is a generic bioassay platform for antibiotic discovery. In the present study 

Bacillus subtilis (ATCC 6633) and Escherichia coli (ATCC 25922) were used as indicative 

species for Gram positive and negative antibacterial activity, respectively. A bacterial 

suspension (50 mL in 250 mL flask) was prepared in nutrient media by cultivation for 24 h 

at 250 rpm, 28 °C. The suspension was diluted to an absorbance of 0.01 absorbance 

units per mL, and 10 μL aliquots were added to the wells of a 96-well microtitre plate, 

which contained the test compounds dispersed in nutrient broth (Amyl) with resazurin 

(12.5 μg/mL). The plates were incubated at 28 °C for 48 h during which time the positive 

control wells change colour from a blue to light pink colour. MIC end points were 

determined visually. The absorbance was measured using Spectromax plate reader 

(Molecular Devices) at 605 nm and the IC50 values determined graphically. 

 

EuTOX is a generic bioassay platform for antifungal discovery. In the present study, the 

yeasts Candida albicans (ATCC 10231) and Saccharomyces cerevisiae (ATCC 9763) 

were used as indicative species for antifungal activity. A yeast suspension (50 mL in 250 

mL flask) was prepared in 1% malt extract broth by cultivation for 24 h at 250 rpm, 24 °C. 

The suspension was diluted to an absorbance of 0.005 and 0.03 absorbance units per mL 

for C. albicans and S. cerevisiae, respectively. Aliquots (20 μL and 30 μL) of C. albicans 

and S. cerevisiae, respectively were applied to the wells of a 96-well microtitre plate, 

which contained the test compounds dispersed in malt extract agar containing 

bromocresol green (50 μg/mL). The plates were incubated at 24 °C for 48 h during which 

time the positive control wells change colour from a blue to yellow colour. MIC end points 

were determined visually. The absorbance was measured using Spectromax plate reader 

(Molecular Devices) at 620 nm and the IC50 determined graphically. 

 

GiTOX is a bioassay focused on the discovery of inhibitors of the parasite, Giardia 

duodenalis. In the present bioassay G. duodenalis (strain 713) were inoculated in 96-well 

microtitre plates (200 µL) at 4×105 cells/mL in Giardia medium (0.2% tryptone, Oxoid; 0.1% 

yeast extract, Difco; 0.5% glucose; 0.106% L-Arginine; 0.1% l-cysteine; 0.2% NaCl; 0.1% 

K2HPO4; 0.06% KH2PO4 ; 0.02% ascorbic acid; 0.0023% Ferric ammonium citrate; 0.01% 

Bile (Sigma); 1% penicillin/streptomycin (10,000 U/mL/ 10,000 µg/mL, Life Technologies 

Cat. No. 15140122), 10% new born calf serum (NBCS), Life Technologies). The plates 

were incubated in anaerobic jars (Oxoid AG25) containing Anaerogen satchel (Oxoid 

AN25) in 37 °C (5% CO2) incubator. At 96 h, G. duodenalis proliferation was counted and % 

Inhibition graphed to determine the IC50 values.  

 

Phytotoxicity and antigerminative activity assays 

The phytotoxicity was assayed on the leaves of 11 day-old wheat seedlings in 10 cm 

planting pots that were grown at 20 C under a 12 h light/dark cycle regime. Briefly, 50 L 

of each compound in 2% methanol solution was infiltrated on the adaxial face of leaves at 

various concentrations (6.25, 12.5, 25, 50, 100, 200 ppm) using a 1 mL volume syringe. 

Experiments were performed in triplicate and the infiltrated leaves were examined for the 
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presence of necrosis or chlorosis after 24 and 48 h. 

 

To test the ability of the compounds to inhibit seed germination, grains of wheat seed 

(Triticum aestivum cv. Lincoln) were first surface sterilized briefly by 10% ethanol. A single 

grain of the surface-sterilized wheat seed was then placed on agar slants consisting of 1.5 

ml of tap water agar supplemented with alternapyrones (agar containing 2% methanol 

was used as a control). The assays were performed in triplicate, and the progress of seed 

germinations was observed and recorded on the 5th day and 7th day. 

 

We constructed P. nodorum ΔalpA mutants and performed whole wheat spray assays as 

previously described.5 

 

Metabolite profile LC-MS analysis 

For the A. nidulans alpABCDE expressing strains, the analyses of the metabolite profiles 

were performed on an Agilent 1260 liquid chromatography (LC) system coupled to a diode 

array detector (DAD) and an Agilent 6130 Quadrupole mass spectrometer (MS) with an 

ESI source. Chromatographic separation was performed at 40 C using a Kinetex C18 

column (2.6 m, 2.1 mm i.d. 3 100 mm; Phenomenex). The A. nidulans cells from liquid 

culture were extracted with acetone. For liquid cultures, the metabolites were extracted 

from the liquid culture with an organic solvent mixture containing ethyl 

acetate/methanol/acetic acid at 89.5:10:0.5 ratio. The crude extracts were dried down in 

vacuo and re-dissolved in methanol for LC-MS analysis. Chromatographic separation was 

achieved with a linear gradient of 5-95% MeCN-H2O (0.1% (v/v) formic acid) in 10 minutes 

followed by 95% MeCN for 3 minutes with a flow rate of 0.75 mL/min. The MS data were 

collected in the m/z range 100–1000 at positive mode. 

 

Isolation and structure elucidation of Compounds 1-6 

For isolation of alternapyrone, an A. nidulans alpA expressing strain was grown in 4 L 

shake-flask culture in Aspergillus glucose minimal medium supplemented with pyridoxine 

at 37 C 180 rpm for 18 h. To induce the expression of SN5791 under alcohol-inducible 

promoters regulation, 2.5 mL of cyclopentanone was added per litre culture (22). The 

cultures were incubated for another 2 days after induction at 25 C 180 rpm before the 

cells and media was harvested and separated by filtration. The cells were extracted with 

acetone and the extract was dried in vacuo. The crude extract was then fractionated on a 

Reveleris flash chromatography system (Grace) using a dichloromethane/methanol 

gradient on a Reveleris HP silica flash cartridge. Eluting compounds were monitored with 

a UV detector and an evaporative light scattering detector coupled to the flash system. 

Fractions identified to contain the target compound by LC-MS were combined and then 

further purified by a Sephedax LH-20 CC to obtain 1. For isolation of alternapyrone B-F, 

an A. nidulans alpABCDE expressing strain was grown in 4 L with the same conditions. 

The liquid culture was extracted with an organic solvent mixture containing ethyl 

acetate/methanol/acetic acid at 89.5:10:0.5 ratio. The crude extracts were dried down in 

vacuo and then fractionated on a Reveleris flash chromatography system (Grace) using a 

dichloromethane/methanol gradient on a Reveleris HP silica flash cartridge. Fractions 
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identified to contain the target compound by LC-MS were combined for further purification 

using a semi-prep HPLC with a C18 column (Agilent, 5 μm, 21.2 × 150 mm) to afford 2-6. 
1H, 13C and 2D NMR spectra were obtained on Bruker AV500 or AV 600 spectrometer at 

the University of Western Australia (UWA), Centre for Microscopy, Characterisation and 

Analysis (CMCA). HR-ESI-MS were measured on Thermo Fusion Orbitrap at UWA, 

CMCA. 

 

Theoretical calculation of NMR shielding tensors to support structure elucidation 

Structures were initially subjected to a LowModeMD conformational search using the 

Molecular Operating Environment 2016.08 package. The lowest energy geometry for 

each molecule was further optimized at the B3LYP-D3/def-TZVP level of theory using the 

Turbomole 7.1 package NMR shielding tensors for each carbon atom were calculated at 

the B3LYP/def-TZVP level of theory using the gauge-including atomic orbital (GIAO) 

method and were plotted against the corresponding experimentally-determined 13C NMR 

chemical shifts. The resulting data were analyzed by linear regression to determine the 

residuals for each nucleus and the overall goodness of fit.  
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Supplementary tables 

 

Table S1. Primers used in this study. 

Primer Sequence 

pKW-alpA-F TAATTAGAACTCTTCCAATCCTATCACCTCGCCTTAATATGCCTTCTA

CTATAGAACTGC 

alpA-fg1-R CAAAGGCTCTGCGTGAATT 

alpA-fg2-F CTCCTCGGTGACAGGCAATA 

alpA-fg2-R TGATCCACAATGCGCCTT 

alpA-fg3-F GCGGCCAGTATTGCTCAG 

pyrG-alpA-R ACAGTGGAGGACATACCCGTAATTTTCTGGGCTTAATCGCATAGGC

ACGTTAATAGTAGA 

PalcSM- alpB-R CTTTGAGATACCAAAGCATTGAGCCCAGAAACAGCAGAAATGTCTT

TACACGGTGAAGCC 

T1-alpB-F TTAGTCTAAAGGTCTACAATCAATTCAGGCCGTATTCAGGGCTCAT

GGCTGCACGATTGG 

PaldA-alpC-F CTCTCCTCTCCCAAGATACCCATATTTCCCGCTCACCGGATGGCA

GACATTTTATCGGAA  

T2-alpC-R  TTAGGGAGCGGCGGATGCCTACTTACTTCTGGGAACGAGGCTAA

TGCACGTTCTCGGATA  

PalcA-alpE-F GTTAATTAGAACTCTTCCAATCCTATCACCTCGCCTTAATATGTTG

GGATATCAAGGTGT 

T1-alpE-R CGCGCTCCACGGGGACTCGCTTCAATTTGTTCCGCTTAATCTATT

TTACGTGCAGATCCA 

PalcM-alpD-F TCCCTTTTCCTTATTAAACCATATATCTCCAGCAGAGCGATATGCA

GATCAAAGTCGTTA 

T2-alpD-R  ATAAAGCCAACTTCGATCTCAACTAAATTATCTCCTCCCGCGATAC

TAGTCAACCGCCAA 
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Table S2. P. nodorum alp gene cluster in comparison to A. solani alt gene cluster. 

 

Table S3. Plasmids used in this study. 

Plasmid Name 
Plasmid 

backbone 
Description of plasmid 

pYFAC-CL1 pYFAC-pyrG 
Aspergillus nidulans expression vector containing 

gene alpA under the alcA promoter. 

pYFAC-CL2 pYFAC-ribo 

Aspergillus nidulans expression vector containing 

genes alpE under the alcA promoter, alpB under the 

alcS promoter, alpD under the alcM promoter and 

alpC under the aldA promoter. 

pYFAC-CL3 pYFAC-ribo 

Aspergillus nidulans expression vector containing 

genes alpE under the alcA promoter, alpB under the 

alcS promoter, and alpC under the aldA promoter. 

pYFAC-CL4 pYFAC-ribo 
Aspergillus nidulans expression vector containing 

gene alpD under the alcM promoter. 

pYFAC-CL5 pYFAC-ribo 

Aspergillus nidulans expression vector containing 

genes alpD under the alcM promoter and alpC under 

the aldA promoter. 

pYFAC-CL6 pYFAC-ribo 

Aspergillus nidulans expression vector containing 

genes alpD under the alcM promoter and alpE under 

the alcA promoter. 

pYFAC-CL7 pYFAC-ribo 

Aspergillus nidulans expression vector containing 

genes alpC under the alcM promoter and alpB under 

the alcS promoter. 

pYFAC-CL8 pYFAC-ribo 

Aspergillus nidulans expression vector containing 

genes alpB under the alcS promoter, alpD under the 

alcM promoter and alpC under the aldA promoter. 

pYFAC-CL9 pYFAC-ribo 

A. nidulans expression vector containing genes alpE 

under the alcA promoter, alpD under the alcM 

promoter and alpC under the aldA promoter. 

  

alp gene cluster  alt gene cluster  

(% id*) 

Putative function 

alpA (SNOG_05791) alt5 (81%) 
HR-PKS 

(KS-AT-DH-CM-ER-KR-ACP) 

alpB (SNOG_057931) alt4 (83%) FAD-dependent oxygenase 

alpC (SNOG_05795) alt3 (84%) P450 

n/a alt1 (54%) P450 

alpD (SNOG_30413) alt2 (80%) P450 

alpE (SNOG_05797) n/a Hypothetical protein 
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Table S4. Expression strains used in this study. 

Strain Name Organism Description of plasmid 

A. nidulans-alpA A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1. 

A. nidulans-alpABCDE A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL2. 

A. nidulans-alpABCE A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL3. 

A. nidulans-alpAD A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL4. 

A. nidulans-alpACD A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL5. 

A. nidulans-alpADE A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL6. 

A. nidulans-alpABC A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL7. 

A. nidulans-alpABCD A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL8. 

A. nidulans-alpACDE A. nidulans LO7080 
Aspergillus nidulans expressing 

pYFAC-CL1 and pYFAC-CL9. 

 

 

  

130



Table S5. 1H NMR (500 MHz) and 13C NMR (125 MHz) data of alternapyrone (1) in CDCl3. 

 

 

No. H (multi, J in Hz) C No. H (multi, J in Hz) C 

1  167.1 15 1.90 (2H, m) 39.9 

2  98.2 16  133.7 

3  166.0 17 4.82 (1H, d, 9.4) 131.3 

4  107.1 18 2.16 (1H, m) 34.0 

5  161.6 19 1.27 (2H, m) 30.6 

6 3.06 (1H, dd, 14.5, 7.4) 33.5 20 0.79 (3H, t, 7.1) 12.1 

7 2.31 (1H, m), 2.15 (1H, m) 45.2 21 1.99 (3H, s) 8.8 

8  131.9 22 1.95 (3H, s) 9.8 

9 5.53 (1H, s) 131.8 23 1.15 (3H, d, 6.9) 17.8 

10  130.8 24 1.67 (3H, s) 17.7 

11 4.87 (1H, d, 9.6) 136.2 25 1.58 (3H, s) 17.2 

12 2.32 (1H, m) 32.5 26 0.90 (3H, d, 6.6) 21.2 

13 1.16 (2H, m) 37.1 27 1.53 (3H, s) 16.1 

14 1.31 (2H, m) 25.9 28 0.86 (3H, d, 6.6) 21.1 
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Table S6. 1H NMR (500 MHz) and 13C NMR (125 MHz) data of alternapyrone B (2) in 

CDCl3. 

 

 

No. H (multi, J in Hz) C No. H (multi, J in Hz) C 

1  167.2 15 1.95 (2H, m) 39.5 

2  98.3 16  133.7 

3  166.2 17 4.84 (1H, d, 9.2) 131.8 

4  107.5 18 2.17 (1H, m) 34.1 

5  161.3 19 1.27 (1H, m) 30.6 

6 3.08 (1H, dd, 14.5, 7.4) 33.5 20 0.79 (3H, t, 7.1) 12.1 

7 2.31 (1H, m), 2.15 (1H, m) 45.2 21 1.94 (3H, s) 8.7 

8  133.0 22 1.93 (3H, s) 9.9 

9 5.53 (1H, s) 130.7 23 1.16 (3H, d, 6.9) 17.9 

10  135.6 24 1.62 (3H, s) 17.8 

11 5.03 (1H, d, 9.6) 126.4 25 1.67 (3H, s) 17.5 

12 3.23 (1H, m) 44.9 26  180.0 

13 1.72 (2H, m) 32.2 27 1.53 (3H, s) 16.1 

14 1.39 (2H, m) 25.5 28 0.87 (3H, d, 6.6) 21.1 
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Table S7. 1H NMR (600 MHz) and 13C NMR (150 MHz) data of alternapyrone C (3) in 

CDCl3. 

 

 

 

 

No. H (multi, J in Hz) C No. H (multi, J in Hz) C 

1  167.0 15 2.00 (2H, m) 40.1 

2  98.0 16  139.5 

3  166.8 17 4.84 (1H, m) 126.0 

4  107.0 18 2.52 (1H, m) 41.2 

5  161.3 19 1.44 (1H, m), 1.16 (1H, m) 24.8 

6 3.10 (1H, dd, 7.4, 14.5) 33.7 20 0.85 (3H, t, 7.4) 11.8 

7 2.39 (1H, m), 2.18 (1H, m) 45.5 21 1.92 (3H, s) 8.6 

8  132.9 22 1.92 (3H, s) 9.9 

9 5.56 (1H, s) 131.3 23 1.21 (3H, d, 6.9) 18.1 

10  136.1 24 1.71 (3H, s) 18.2 

11 4.84 (1H, m) 130.8 25 1.68 (3H, s) 17.6 

12 2.42 (1H, m) 42.8 26 
3.58 (1H, dd, 5.1, 10.3)  

3.34 (1H, m) 
66.8 

13 1.41 (1H, m), 1.15 (1H, m) 31.3 27 1.62 (3H, s) 16.1 

14 1.37 (2H, m) 25.4 28 
3.52 (1H, dd, 5.5, 10.4) 

3.34 (1H, m) 
66.7 
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Table S8. 1H NMR (600 MHz) and 13C NMR (150 MHz) data of alternapyrone D (4) in 

CD3OD. 

 

 

 

No. H (multi, J in Hz) C No. H (multi, J in Hz) C 

1  168.6 15 2.09 (2H, m) 37.6 

2  98.6 16  140.3 

3  168.3 17 5.29 (1H, s) 134.8 

4  109.4 18  74.4 

5  162.3 19 1.57 (2H, m) 37.5 

6 3.23 (1H, m) 34.6 20 0.85 (3H, t, 7.4) 8.9 

7 2.36 (1H, m), 2.23 (1H, m) 46.2 21 1.91 (3H, s) 8.9 

8  135.0 22 1.94 (3H, s) 10.0 

9 5.54 (1H, s) 131.8 23 1.21 (3H, d, 6.8) 18.4 

10  136.3 24 1.72 (3H, s) 18.0 

11 5.06 (1H, d, 9.7) 128.3 25 1.65 (3H, s) 17.5 

12 3.23 (1H, m) 46.0 26  178.4 

13 1.74 (1H, m), 1.52 (1H, m) 33.5 27 4.24 (2H, dd, 12.9, 22.4) 61.0 

14 1.44 (2H, m) 27.0 28 1.28 (3H, s) 29.5 
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Table S9. 1H NMR (600 MHz) and 13C NMR (150 MHz) data of alternapyrone E (5) in 

CD3OD. 

 

 

 

 

No. H (multi, J in Hz) C No. H (multi, J in Hz) C 

1  168.5 15 1.50 (2H, m) 36.2 

2  98.6 16  93.3 

3  167.9 17 5.25 (1H, s) 124.7 

4  109.2 18  142.7 

5  162.3 19 4.73 (1H, m) 84.9 

6 3.22 (1H, m) 34.5 20 1.21 (3H, t, 6.4) 21.0 

7 
2.36 (1H, m) 

2.23 (1H, dd, 5.8, 13.0) 
46.1 21 1.91 (3H, s) 8.9 

8  135.0 22 1.94 (3H, s) 10.0 

9 5.54 (1H, s) 131.7 23 1.21 (3H, d, 6.4) 18.4 

10  136.2 24 1.71 (3H, s) 18.0 

11 5.09 (1H, d, 9.7) 128.2 25 1.63 (3H, s) 17.6 

12 3.23 (1H, m) 46.2 26  178.3 

13 1.75 (1H, m), 1.49 (1H, m) 34.4 27 3.40 (2H, s) 69.0 

14 1.31 (2H, m) 23.1 28 1.69 (3H, s) 12.4 
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Table S10. 1H NMR (600 MHz) and 13C NMR (150 MHz) data of alternapyrone F (6) in 

CD3OD. 

 

 

 

 

No. H (multi, J in Hz) C No. H (multi, J in Hz) C 

1  168.6 15 1.55 (2H, m) 36.3 

2  98.6 16  93.5 

3  168.3 17 5.51 (1H, s) 125.3 

4  109.3 18  147.3 

5  162.3 19 4.91 (1H, m) 82.7 

6 3.22 (1H, m) 34.5 20 1.24 (3H, t, 6.5) 21.4 

7 
2.36 (1H, dd, 9.4, 13.0) 

2.23 (1H, dd, 5.8, 13.0) 
46.1 21 1.90 (3H, s) 8.9 

8  135.0 22 1.94 (3H, s) 10.0 

9 5.53 (1H, s) 131.8 23 1.21 (3H, d, 6.8) 18.4 

10  136.2 24 1.71 (3H, s) 18.0 

11 5.06 (1H, d, 9.7) 128.2 25 1.63 (3H, s) 17.5 

12 3.23 (1H, m) 46.2 26  178.4 

13 1.72 (1H, m), 1.48 (1H, m) 34.4 27 3.40 (2H, s) 68.8 

14 1.38 (1H, m), 1.30 (1H, m) 23.1 28 4.12 (2H, dd, 14.8, 41.3) 58.7 
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Table S11. DFT calculations of shielding tensors for alternapyrone D (4) carbon chemical 

shift based on the truncated structure. 

No. 
Exp. Data 

in CD3OD  

Calculated 

Shielding 

Tensor 

Predicted 

Chemical 

Shift 

Residual 

10 136.41 41.96 135.30 –1.11 

11 128.44 48.94 128.60 0.16 

12 46.35 134.79 46.18 –0.17 

13 33.7 146.48 34.95 1.25 

14 27.1 155.33 26.45 –0.65 

15 37.7 141.75 39.50 1.80 

16 140.5 33.09 143.82 3.32 

17 135 42.09 135.18 0.18 

18 74.6 103.06 76.64 2.04 

19 37.7 145.34 36.05 –1.65 

20 9.0 174.31 8.23 –0.77 

25 17.7 165.48 16.71 –0.99 

26 178.6 0.69 174.92 –3.68 

27 61.2 116.26 63.97 2.77 

28 29.7 154.50 27.26 –2.44 

 

y = -0.9601x + 175.59
R² = 0.9988

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200

E
x
p

e
ri

m
e
n

ta
l 

1
3
C

 C
h

e
m

ic
a
l 

S
h

if
t 

(M
e
O

H
-d

4
)

Calculated Shielding Tensor

Calulated Shielding Tensor vs Experimental 13C Chemical Shift 

137



 
 

 

-15

-10

-5

0

5

10

15

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
5

2
6

2
7

2
8

E
rr

o
r 

(p
p

m
)

Residuals

138



Table S12. DFT calculations of shielding tensors for alternapyrone E (5) carbon chemical shift based on 

the truncated structure. 

No. 

Exp. 

Data 

 

C 

 

 

Calculated 

Shielding 

Tensor 

Predicted 

Chemical 

Shift 

Residual 

9 131.2    

10 136.34 41.46 136.70 0.36 

11 128.33 53.51 125.01 –3.32 

12 46.33 136.19 44.82 –1.51 

13 34.69 144.65 36.61 1.92 

14 23.23 157.77 23.89 0.66 

15 36.37 146.78 34.55 –1.82 

16 142.83 85.34 94.14 0.65 

17 124.87 52.68 125.82 0.95 

18 93.49 31.83 146.04 3.21 

19 85.01 93.37 86.35 1.34 

20 21.2 161.06 20.70 –0.50 

25 17.72 164.44 17.42 –0.30 

26 178.44 1.27 175.68 –2.76 

27 69.12 108.86 71.33 2.21 

28 12.58 170.56 11.48 –1.10 

 

 

 

y = -0.9699x + 176.91
R² = 0.9988

0

20

40

60

80

100

120

140

160

180

200

0 20 40 60 80 100 120 140 160 180E
x
p

e
ri

m
e
n

ta
l 

1
3
C

 C
h

e
m

ic
a
l 

S
h

if
t 

(M
e
O

H
-d

4
)

Calculated Shielding Tensor

Calulated Shielding Tensor vs Experimental 13C Chemical Shift

139



 

  

-15

-10

-5

0

5

10

15

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
5

2
6

2
7

2
8

E
rr

o
r 

(p
p

m
)

Residuals

140



Table S13. DFT calculations of shielding tensors for alternapyrone F (6) carbon chemical shift based on 

the truncated structure. 

No. 

Exp. 

Data 

C 

 

 

Calculated 

Shielding 

Tensor 

Predicted 

Chemical 

Shift 

Residual 

10 136.37 39.22 138.56 2.19 

11 128.36 52.11 126.21 –2.15 

12 46.33 135.75 46.12 –0.21 

13 34.69 148.58 33.83 –0.86 

14 23.24 157.50 25.28 2.04 

15 36.45 148.19 34.20 –2.25 

16 93.67 85.54 94.20 0.53 

17 125.41 50.56 127.69 2.28 

18 147.42 27.76 149.53 2.11 

19 82.82 97.53 82.72 –0.10 

20 21.5 163.85 19.20 –2.30 

25 17.7 165.27 17.85 0.15 

26 178.5 2.03 174.17 –4.33 

27 68.99 110.76 70.05 1.06 

28 58.82 120.54 60.68 1.86 
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Supplementary figures 

 

Figure S1. In-planta transcriptional profile of alp gene cluster.  

 

 

Figure S2. In vitro transcriptional profile of alp gene cluster. 
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Figure S3. Whole seedling spray assays of alpA compared with controls (WT and ectopic 

integration strains) at 7 dpi. 

 

Figure S4. Effects of alternapyrones on wheat seed germination at 100 ppm on day 5 and 7. 
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Figure S5. The UV and MS spectra of alternapyrone (1). 
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Figure S6. The UV and MS spectra of alternapyrone B (2). 
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Figure S7. The UV and MS spectra of alternapyrone C (3). 
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Figure S8. The UV and MS spectra of alternapyrone D (4). 
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Figure S9. The UV and MS spectra of alternapyrone E (5). 
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Figure S10. The UV and MS spectra of alternapyrone F (6). 
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Figure S11. 1H NMR spectrum of alternapyrone (1) in CDCl3. 

 

 

 

Figure S12. 13C NMR spectrum of alternapyrone (1) in CDCl3. 
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Figure S13. 13C and DEPT135 NMR spectrum of alternapyrone (1) in CDCl3.  

 

 

 

Figure S14. 1H NMR spectrum of alternapyrone B (2) in CDCl3. 
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Figure S15. 13C NMR spectrum of alternapyrone B (2) in CDCl3. 

 

 

 

Figure S16. 13C and DEPT135 NMR spectrum of alternapyrone B (2) in CDCl3. 
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Figure S17. COSY NMR spectrum of alternapyrone B (2) in CDCl3. 

 

 

 

Figure S18. 1H-1H HSQC NMR spectrum of alternapyrone B (2) in CDCl3. 
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Figure S19. HMBC NMR spectrum of alternapyrone B (2) in CDCl3. 

 

 

 

 

Figure S20. 1H NMR spectrum of alternapyrone C (3) in CDCl3. 
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Figure S21. 13C NMR spectrum of alternapyrone C (3) in CDCl3. 

 

 

 

Figure S22. 13C and DEPT135 NMR spectrum of alternapyrone C (3) in CDCl3. 
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Figure S23. 1H-1H COSY NMR spectrum of alternapyrone C (3) in CDCl3. 

 

 

 

Figure S24. HSQC NMR spectrum of alternapyrone C (3) in CDCl3. 
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Figure S25. HMBC NMR spectrum of alternapyrone C (3) in CDCl3. 

 

 

 

 

Figure S26. 1H NMR spectrum of alternapyrone D (4) in CD3OD. 
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Figure S27. 13C NMR spectrum of alternapyrone D (4) in CD3OD. 

 

 

 

Figure S28. 13C and DEPT135 NMR spectrum of alternapyrone D (4) in CD3OD. 
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Figure S29. 1H-1H COSY NMR spectrum of alternapyrone D (4) in CD3OD. 

 

 

 

Figure S30. HSQC NMR spectrum of alternapyrone D (4) in CD3OD. 
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Figure S31. HMBC NMR spectrum of alternapyrone D (4) in CD3OD. 

 

 

 

Figure S32. 1H NMR spectrum of alternapyrone E (5) in CD3OD. 
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Figure S33. 13C NMR spectrum of alternapyrone E (5) in CD3OD. 

 

 

 

Figure S34. 13C and DEPT135 NMR spectrum of alternapyrone E (5) in CD3OD. 
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Figure S35. 1H-1H COSY NMR spectrum of alternapyrone E (5) in CD3OD. 

 

 

 

Figure S36. HSQC NMR spectrum of alternapyrone E (5) in CD3OD. 
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Figure S37. HMBC NMR spectrum of alternapyrone E (5) in CD3OD.  

 

 

 

Figure S38. 1H NMR spectrum of alternapyrone E (5) in DMSO.  
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Figure S39. 13C NMR spectrum of alternapyrone E (5) in DMSO-d6.  

 

 

 

Figure S40. 13C and DEPT135 NMR spectrum of alternapyrone E (5) in DMSO-d6.  
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Figure S41. 1H-1H COSY NMR spectrum of alternapyrone E (5) in DMSO-d6. 

 

 

 

Figure S42. HSQC NMR spectrum of alternapyrone E (5) in DMSO-d6. 
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Figure S43. HMBC NMR spectrum of alternapyrone E (5) in DMSO-d6.  

 

 

 

Figure S44. 1D NOESY NMR spectrum of alternapyrone E (5) in DMSO-d6.  
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Figure S45. 1H NMR spectrum of alternapyrone F (6) in CD3OD. 

 

 

 

Figure S46. 13C NMR spectrum of alternapyrone F (6) in CD3OD. 
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Figure S47. 13C and DEPT135 NMR spectrum of alternapyrone F (6) in CD3OD. 

 

 

 

Figure S48. 1H-1H COSY NMR spectrum of alternapyrone F (6) in CD3OD. 
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Figure S49. HSQC NMR spectrum of alternapyrone F (6) in CD3OD. 

 

 

 

Figure S50. HMBC NMR spectrum of alternapyrone F (6) in CD3OD. 
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Chapter 4. Biosynthesis of a Tricyclo[6.2.2.02,7]dodecane System by a 

Berberine Bridge Enzyme-like Aldolase 

 

Preface 

The subsequent study was performed in a similar strategy as described in Chapter 

2 and 3. Transcriptomics data revealed that a highly reducing PKS gene cluster (sth) that 

significantly upregulated in planta was lack expression in in vitro cultures. Comparative 

genomics showed that sth cluster shares high homology to bet cluster previously 

identified from the sugar beets pathogen Phoma betae Fr to encode the production of 

phytotoxins betaenone B and C, except for the presence of an additional cytochrome 

P450 gene sthD in sth cluster. Like phomacins and alternapyrones mentioned in 

Chapter 2 and 3, such betaenones have never been detected from P. nodorum. 

Overexpression of the transcription factor sthR in sth cluster resulted in the 

biosynthesis of a phytotoxin stemphyloxin II (1), which features a rare 

tricyclo[6,2,2,02,7]dodecane skeleton previously assumed to be biosynthesized via an 

intramolecular aldol reaction. The detailed biosynthetic pathway of 1 has been unveiled 

by heterologous pathway reconstitution in A. nidulans. Via in vitro assay using cell-free 

lysate prepared from A. nidulans, a Berbeine-Bridge enzyme-like protein SthB was 

confirmed to catalyze an intramolecular aldol reaction to construct the polycyclic 

tricyclo[6,2,2,0]dodecane scaffold. 

 

This work has resulted in the publication below: 

Li H., Hu J., Wei H., Solomon, P. S., Stubbs K. A., Chooi Y.-H. Biosynthesis of a 

Tricyclo[6,2,2,02,7]dodecane System by a Berberine Bridge Enzyme-like Aldolase. 

Chemistry  A European Journal, 2019, 25, 1506215066. 

 

Author contribution: Li H. performed experiments on overexpression of sthR, 

heterologous expression of sth cluster, compounds isolation and structural elucidation, 

and phytotoxicity assays (85%), analysed the data (85%) and wrote the manuscript 

(80%); Hu J. performed experiments on assisting with construct design (5%); Wei H. 

performed experiments on P. nodorum sthA deletion and virulence assay (5%); Solomon 

P. S. analysed the data (5%), Stubbs K. A performed experiment on assisting with 

organic synthesis (5%), analysed the data (5%) and wrote the manuscript (5%); Chooi 

172



 

 

Y.-H. conceived the study (100%), analysed the data (10%) and wrote the manuscript 

(15%). 

  

173




