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ABSTRACT   

The aetiology 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 Parastogonospora nodorum during its infection on wheat. 

Activation of the phm gene cluster by overexpression of the transcription factor phmR resulted in 

the production of two leucine-derived cytochalasans, phomacins D-E (1-2), and an acetonyl 

adduct phomacin F (3). 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 (4). Reverse genetics and wheat seedling infection assays 

showed that phmA 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 base on the biosynthesis and biological roles of 

cytochalasans, the latter of which could have significant implications for our understanding of 

the molecular mechanisms of fungal-plant interactions.  
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Fungi, 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 fungal-plant interactions.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 fungal-host interactions. They are polyketide-amino acid hybrid compounds 

structurally characterized by a macrocycle fused to an isoindolone core and are most well-known 

for their ability to binds to the barbed end of actin, thus interfering with various cellular 

processes that involved actin polymerization.4-6 In addition, cytochalasans have been shown to 

exhibit potent anti-angiogenic activity7 (cytochalasin E) while cytochalasin B has been observed 

to have a synergistic antitumor 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 inhibition 

of glucose transport by cytochalasin B,9, 10 and HIV-1 protease by 18-dehydroxy cytochalasin 

H.11 

Many cytochalasans have been isolated from plant-associated fungi, including both 

pathogenic and endophytic,12, 13 however, their biological roles are unclear. In fungal plant 

pathogens, a number of phytotoxic cytochalasins have been found, such as the cytochalasins B, F, 

Z2 and Z3.14 Interestingly, cytochalasans have been shown to suppress cytoplasmic aggregation 
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involved in non-host defence via inhibition of actin polymerization. For example, cytochalasin A 

treatment allowed non-pathogens to penetrate into the non-host 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 is 

yet to be identified.17 All of these observations suggest that cytochalasans could play an 

important role in fungal-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 biosynthetic gene cluster (SNOG_00306-00314, herein named phm cluster) in the 

genome of the damaging wheat pathogenic fungus Parastagonospora nodorum SN15.19, 22 

Mining of the previous transcriptomics data of P. nodorum23 uncovered that the genes within the 

phm cluster increased significantly during infection on wheat suggesting that 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 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 showed that encoded for the biosynthesis of 
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leucine-derived cytochalasans, metabolites which have not been isolated from the well-

characterized wheat pathogen previously. The phytotoxicity of the cytochalasans, their actin 

polymerization-inhibiting properties, and their roles 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 also axenic growth.23 Detailed analysis of the expression of biosynthetic genes 

within this transcriptomics dataset 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 post-inoculation (dpi) when the plant 

tissue was heavily necrotic and P. nodorum was undergoing asexual sporulation. The in-planta 

expression of phmA has been previously validated by reverse transcription qPCR.27 The lack of 

coordinated expression of the flanking genes (SNOG_00305 and SNOG_00315) and the genes 

further up- and downstream provided an indication as to the tentative boundaries of this 

biosynthetic gene cluster (named phm cluster, ~31kb).    

The phm cluster was previously used as one of the example orphan gene clusters that share 

multiple homologs 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 C. globosum CHGG_01239 (41%)20 and 

M. 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, 
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analysis of the enzymes encoded by the genes within the phm cluster revealed several homologs 

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 / 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 for the production of cytochalasan-like compound(s). 

 

Figure 1. (A) The phm gene cluster in comparison to ccsA, CHGG_01239, pyi and ACE1 clusters 

(homologues are in same colours, see Table 1). (B) The structures of cytochalasin E (encoded by ccs cluster), 

chaetoglobosin A (encoded by CHGG cluster) and pyrichalasin H (encoded by pyi cluster). 

 

Table 1. Comparative analysis of the phm, ccs, CHGG_01239, pyi and ACE1 gene clusters. 

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%) 

PyiG (36%) 
CYP1 (38%) P450 

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 
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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%) / Hydrolase 

PhmH (SNOG_00314) n/a n/a PyiT (45%) MFS1 (38%) MFS transporter 

Note: n/a means no corresponding homologues. % id* indicates protein identity in comparison to homologues. 

 

Despite a number of previous studies on P. nodorum secondary metabolites28-30 and more 

recent studies, including metabolite profiling of a sch1 mutant,31 the use of epigenetic 

modifiers,32 and growth on rice substrates,33 which resulted in new compounds discovered from 

P. nodorum, no cytochalasan-like compound has been reported.34 Our previous work on 

elsinochrome C24 and stemphyloxin II26 have shown that overexpression of pathway-specific 

transcription factor can be an effective mean 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, herein named as 

phmR). Thus, we introduced multiple ectopic copies of phmR under the regulation of the strong 

gpdA promoter into the P. nodorum genome.35, 36 LC-DAD-MS analysis of the acetone extracts 

from the resulting mutants T2, T6 and T7 grown in minimal media 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 reproduce 1 and 2 on a larger scale for isolation of the compounds, 

the T2 mutant was grown in 6 L of stationary liquid culture under prolonged incubation at room 

temperature in the dark. The culture was harvested for extraction after three weeks when the 

production was detected to be at its peak, based on LC-MS sampling. In addition to 1 and 2, a 
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third compound (3, m/z [M+H]+ 472) (Figure S2) were purified using a combination of flash 

chromatography, Sephadex LH-20 and reverse-phase semi-prep HPLC. NMR analyses revealed 

that the structure of 1 was identical to the recently described cytochalasan, 18-oxo-19,20-

dihydrophomacin C (Table S3), isolated from a marine sediment-derived fungus Westerdykella 

dispersa.37 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).38 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, which was further confirmed by the key HMBC correlations 

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 (H 3.31)/H2-27 (H 3.91 and 2.22) and the HMBC correlation from H-

20 (H 3.31) to C-28 (C 207.1) in 3, here named phomacin F. The structure of 3 and the absolute 

configuration were further confirmed by the Cu K X-ray single-crystal diffraction with a Flack 

parameter39 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, 

aspochalasins N and O,40 with similar acetonyl side chain on the macrocycle. It was suggested 

that the acetonyl adducts are the product of reaction with acetone during the extraction step.40 

Similarly, this postulation was supported by treatment of 1 with acetone, MeOH and H2O at 

room temperature, which successfully converted 1 to 3 (Figure S3). However, the possibility of 3 

as a result of the reaction of 1 with endogenous methyl ketone metabolites cannot be completely 
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ruled out, and the observation suggests that the C-20 of 1 is highly reactive and could have 

biological significance (e.g. forming covalent bond with cellular macromolecules). 

 

 

Figure 2. The Phm gene cluster encodes the production of 1-2. (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. 

 

To further corroborate the relationship between the phm cluster and the biosynthesis of 

compounds 1-2, the backbone PKS-NRPS gene phmA and its trans-ER partner phmE were 

heterologously expressed in A. nidulans LO7890,41 under the regulation of the A. nidulans alcA 

promoter on a hybrid yeast−fungal artificial chromosome (pYFAC) expression system.25, 42 Upon 

cyclopentanone induction, the A. nidulans transformants expressing phmA and phmE showed 

clear accumulation of a new peak (max 276 nm, m/z 384 [M+H]+) (Figure 3). Subsequent scale-

up culture (4.0 L) and semi-prep HPLC purification yielded purified 4. Detailed NMR structural 

characterization revealed that 4 is an acyclic polyolefinic compound containing a 4-pyrrolin-2-

one moiety that is conjugated with the C-2 enol via C-3, here named prephomacin (Figure 3).  
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Previous work has suggested a putative biosynthetic pathway for cytochalasans.4, 18 Briefly, 

the aldehyde intermediate released by the C-terminal reductase domain undergoes a 

Knoevenagel condensation to form a 2-pyrrolidone. The pyrrolidone functions as a dienophile, 

and could undergo an intramolecular Diels–Alder cyclization with the polyketide terminal diene 

to generate the characteristic isoindolone-fused macrocycle core, which can be further modified 

by post-assembly enzymes to form structurally diverse cytochalasans. Prephomacin (4) is likely 

the enolized form of the proposed 2-pyrrolidone intermediate 5, which contains eight 

differentially  and -functionalized ketide units aminoacylated with leucine and has undergone 

Knoevenagel condensation to form the 2-pyrrolidone (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 Previous efforts 

have only demonstrated the production of linear shunt precursors at the alcohol oxidation state 

via heterologous expression of the PKS-NRPS and trans-ER in the cytochalasan pathways.17, 43, 

44 Interestingly, the pyrrolidone 4 is remarkably similar to the pyrrolidone intermediate obtained 

in the heterologous reconstruction of pathway to the decalin compound myceliothermophin, 

which was also in the incorrect tautomeric form.45 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 for the regio- and stereo-selective Diels-

Alder cycloaddition catalyzed by the Diels-Alderase MycB to form the decalin system.45 
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Nonetheless, for 4, this is the first time that a 2-pyrrolidone intermediate that has been proposed 

for cytochalasan biosynthetic pathway has been successfully observed, albeit in the incorrect 

tautomeric form. Based on this and the published PKS-NRPS biosynthetic paradigm,46 the 

biosynthetic pathway of 1-3 was proposed (Figure S8). 

 

Figure 3. Heterologous production of prephoamcin (4) and the biogenesis of phoamcin D (1). (A) Metabolite 

profile analysis of A. nidulans expressing phmA and phmE comparing with control strain carrying empty 

plasmid and the structure of compound 4. (B) The proposed biosynthetic pathway of phomacin D (1) from 

prephomacin (4). 

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 

treated with up to 200 ppm (1 ppm = 1 g/ml) of 1-3. The capacity of phomacins to affect wheat 

seed germination was also assessed. Complete inhibition of wheat seed germination was 

observed for 1 and 2 at 100 ppm (Figure 4 and S9), while 3 exhibited only moderate 

antigerminative activity even at 200 ppm (Figure S9). Furthermore, we found that 1 at 100 ppm 
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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 Arabidopsis thaliana tested above (Figure S10). 

 

Figure 4. Seed germination results of phomacin D (1) at 100 ppm and 5 days against different plants. 

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, 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 failed to inhibit 

actin polymerization 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 

acetonylation at C-20 inactivated the bioactivities. It also suggests that the actin polymerization-

inhibitory properties of the phomacins tested are potentially co-related to the antigerminative 
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activity. However, the monocot-specific nature of 1 remains an enigma and warrants further in-

depth investigation. 

 

Figure 5. The effect of the phomacins on actin polymerization. Error bars shown represent standard errors. 

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 phmA strains to infect wheat were compared with WT. Two of these phmA disrupted 

mutants, phmA-1 and phmA-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 seven 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 though were significantly reduced for both of the phmA mutants (50% 

lower than WT) implying that phmA, and therefore the phomacins, are required by P. nodorum to 

successfully colonise and infect wheat.  
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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. 

 

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 alternapyrones25 and stemphyloxin II26, and further advanced 

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 

fungal-host interactions.3  Reports to date for cytochalasans have shown that the amino acids 
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incorporated in the compounds are mainly tryptophan, tyrosine, phenylalanine, leucine and 

alanine.4, 18 The phm gene cluster here represents the first example encoding a leucine-derived 

cytochalasan biosynthetic pathway and expand our knowledge on the diversity of cytochalasan 

biosynthetic gene clusters, which is currently limited to the few that encode aromatic amino acid-

derived cytochalasans (Figure 1).19-21 Heterologous expression 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.47 Therefore, 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 1-2. 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 non-phomacin-producing mutant, would be required to corroborate the 
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hypothesis. Given the wide-spread 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 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 

towards into development of monocot-specific herbicides. 

 

EXPERIMENTAL SECTION 

Strain 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 22C under a 12h dark/near-UV light regime. Saccharomyces cerevisiae BJ5464 was 

used for in vivo homologous recombination to construct the heterologous expression plasmids. A. nidulans 

LO7890 was used for heterologous expression of phm genes.  

Construction of P. nodorum overexpression and disruption mutants. The plasmid, pBAR-phmR, for 

overexpressing the phmR transcription factor gene in the phm cluster was constructed by cloning the gene 

(amplified from P. nodorum genomic DNA using LIC-phmR-F/R, Table S1) into the pBARGPE1-LIC 

expression plasmid by ligation-independent cloning as described previously.36 The original plasmid 

pBARGPE1 was obtained from the Fungal Genetics Stock Centre (FGSC) and contains an A. nidulans gpdA 

promoter and trpC terminator for consecutive expression, and a Streptomyces hygroscopicus bar gene for 

glufosinate resistance. The disruption cassette for the PKS-NRPS gene phmA was constructed by using a 

fusion PCR approach as described.48 Regions flanking the upstream and downstream of phmA were amplified 
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with the primer sets phmA-KO-P1/KO-P3 and phmA-KO-P4/KO-P6 (Table S1), and the hygromycin 

resistance (hyg) cassette was amplified with the primers hyg-F/R from the pAN7-1 plasmid.48 Nested primer 

pairs phmA-KO-P2/P5 (Table S1) were used to generate the phmA disruption cassette containing the hyg 

marker by fusion PCR. Transformation of P. nodorum was achieved by polyethylene-glycol-mediated 

protoplast transformation as described previously.24 For constructing the phmR-OE strains, P. nodorum SN15 

was transformed with the plasmid pBAR-phmR and the transformants were selected on glufosinate 

ammonium-containing medium.49 For phmA disruption, P. nodorum was transformed with phmA disruption 

cassette generated above and the transformants were selected 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. 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 by polyethylene glycol protoplast transformation as described previously.  

Metabolite profile LC-MS analysis. The mycelia of P. nodorum and A. nidulans from liquid culture were 

extracted with acetone. For liquid cultures, the metabolites were 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 re-dissolved in methanol for LC-MS analysis. 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 

40C using a Kinetex C18 column (2.6 m, 2.1 mm i.d. 3 100 mm; Phenomenex) with 5-95% MeCN-H2O (0.1% 

(v/v) formic acid) gradient in 10 minutes followed by isocratic 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 amu at positive and negative mode. 

Extraction and Isolation. For isolation of 1-3, the P. nodorum phmR-OE2 strain was grown in 6 L liquid 

defined minimal medium at 22C for 48 h with shaking followed by stationary incubation at 24C for another 
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3 weeks in the dark. 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 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) followed by semi-prep HPLC 

with a C18 column (Grace, 5 m, 10 × 250 mm) (isocratic, MeCN–H2O, 55:45, flow rate at 4.3 mL min−1) to 

afford compounds 1 (8.5 mg), 2 (1.0 mg) and 3 (7.5 mg). For isolation of 4, an A. nidulans phmAE-expressing 

strain was grown in 4 litres shake-flask culture in glucose minimal medium (10 g glucose, 50 ml 20  nitrate 

salts, 1 ml trace elements in 1L) supplemented with pyridoxine at 37C 180 rpm for 18 h. To induce the 

expression of phmAE under PalcA regulation, 2.5 mL of cyclopentanone was added per litre culture. The 

cultures were incubated for another 2 days after induction at 25C 180 rpm before the cells was extracted using 

acetone and the extract was dried in vacuo. The crude extract was then fractionated on a Sephadex LH-20 CC. 

Fractions 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 m, 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), b = 11.0571(1), c = 13.3265(1) Å, = 102.649(1)°, V = 

1269.36(2) Å3, 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 F2), ||max= 0.53(4) 

e Å-3, 319 parameters, 1 restraint. Lp and absorption corrections applied. The Flack parameter39 value was -

0.05(5).  

Phytotoxicity, virulence and actin polymerization inhibition assays. The phytotoxicity and antigermination 

were performed as previously described.25 To determine the virulence of the P. nodorum mutants, the attached 

leaf pathogenicity assay was performed as previously described with minor modifications.49.The effect on 
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actin polymerization was assessed using the Actin Polymerization Biochem assay (Cytoskeleton Inc, Denver, 

CO). Further experimental details of the biologial assays are provided in Supporting Information. 

 

ASSOCIATED CONTENT 

Supporting Information.  

The following files are available free of charge on the ACS Publications website. 

All experimental and characterization details, NMR data and spectra of 1-4 (PDF) 

CCDC contains 1942077 the X-ray crystallographic data of 3 (CIF) 

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: peter.solomon@anu.edu.au; yitheng.chooi@uwa.edu.au 

Author Contributions 

⊥H.L. and H.W. contributed equally.  

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGEMENT 

This study was supported by an Australian Research Council (ARC) Discovery Project grant 

(DP170100228). Y-HC is supported by an ARC Future Fellowship (FT160100233). HL and JH 

are supported by an Australian Government International Postgraduate Research Scholarship. 

NMR, HR-MS and X-ray diffraction data were collected at the Centre for Microscopy, 

Characterisation and Analysis (CMCA), UWA.  



20 

 

 

REFERENCES 

(1) Collemare, J., O'Connell, R., and Lebrun, M. H. (2019) Nonproteinaceous effectors: the terra incognita of  
plant-fungal interactions, New Phytol. 223, 590-596. 

(2) Möbius, N., and Hertweck, C. (2009) Fungal phytotoxins as mediators of virulence, Curr. Opin. Plant  
Biol. 12, 390-398. 

(3) Chooi, Y.-H., and Solomon, P. S. (2014) A chemical ecogenomics approach to understand the roles of  
secondary metabolites in fungal cereal pathogens, Front. Microbiol. 5, 640. 

(4) Scherlach, K., Boettger, D., Remme, N., and Hertweck, C. (2010) The chemistry and biology of  
cytochalasans, Nat. Prod. Rep. 27, 869-886. 

(5) Nair, U. B., Joel, P. B., Wan, Q., Lowey, S., Rould, M. A., and Trybus, K. M. (2008) Crystal Structures of  
Monomeric Actin Bound to Cytochalasin D, J. Mol. Biol. 384, 848-864. 

(6) MacLean-Fletcher, S., and Pollard, T. D. (1980) Mechanism of action of cytochalasin B on actin, Cell 20,  
329-341. 

(7) Udagawa, T., Yuan, J., Panigrahy, D., Chang, Y.-H., Shah, J., and D'Amato, R. J. (2000) Cytochalasin E,  
an Epoxide Containing Aspergillus-Derived Fungal Metabolite, Inhibits Angiogenesis and Tumor Growth, J. 
Pharmacol. Exp. Ther. 294, 421-427. 
(8) Kolber, M. A., and Hill, P. (1992) Vincristine potentiates cytochalasin B-induced DNA fragmentation in  

vitro, Cancer Chemother. Pharmacol. 30, 286-290. 
(9) Rampal, A. L., Pinkofsky, H. B., and Jung, C. Y. (1980) Structure of cytochalasins and cytochalasin B  

binding sites in human erythrocyte membranes, Biochemistry 19, 679-683. 
(10) Kapoor, K., Finer-Moore, J. S., Pedersen, B. P., Caboni, L., Waight, A., Hillig, R. C., Bringmann, P.,  

Heisler, I., Müller, T., Siebeneicher, H., and Stroud, R. M. (2016) Mechanism of inhibition of human glucose 
transporter GLUT1 is conserved between cytochalasin B and phenylalanine amides, Proc. Natl. Acad. Sci. U. 
S. A. 113, 4711-4716. 
(11) Lingham, R. B., Hsu, A., Silverman, K. C., Bills, G. F., Dombrowski, A., Goldman, M. E., Darke, P. L.,  

Huang, L., Koch, G., Ondeyka, J. G., and Goetz, M. A. (1992) L-696,474, A Novel Cytochalasin as an 
Inhibitor of HIV-1 Protease. III. Biological-activity, J. Antibiot. 45, 686-691. 
(12) Cimmino, A., Masi, M., Evidente, M., Superchi, S., and Evidente, A. (2015) Fungal phytotoxins with  

potential herbicidal activity: chemical and biological characterization, Nat. Prod. Rep. 32, 1629-1653. 
(13) Cimmino, A., Andolfi, A., Berestetskiy, A., and Evidente, A. (2008) Production of Phytotoxins by  

Phoma exigua var. exigua, a Potential Mycoherbicide against Perennial Thistles, J. Agric. Food Chem. 56, 
6304-6309. 
(14) Evidente, A., Andolfi, A., Vurro, M., Zonno, M. C., and Motta, A. (2002) Cytochalasins Z1, Z2 and Z3,  

three 24-oxa[14]cytochalasans produced by Pyrenophora semeniperda, Phytochemistry 60, 45-53. 
(15) Kobayashi, Y., Kobayashi, I., Funaki, Y., Fujimoto, S., Takemoto, T., and Kunoh, H. (1997) Dynamic  

reorganization of microfilaments and microtubules is necessary for the expression of non-host resistance in 
barley coleoptile cells, Plant J. 11, 525-537. 
(16) Collemare, J., Pianfetti, M., Houlle, A.-E., Morin, D., Camborde, L., Gagey, M.-J., Barbisan, C., Fudal,  

I., Lebrun, M.-H., 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. 
(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 

 

(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 -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) Krill, C. (2012) Polyketide synthesis in Stagonospora nodorum, Murdoch University, Doctoral  

Dissertation. 
(28) 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. 
(29) 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. 
(30) Devys, M., Bousquet, J. F., Kollmann, A., and Barbier, M. (1980) Dihydroisocumarins and  

Mycophenolic acid of Culture-medium of a Phytopathogenic Fungus, Septoria-nodorum, Phytochemistry 19, 
2221-2222. 
(31) 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. 
(32) 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. 
(33) El-Demerdash, A., Genta-Jouve, G., Bärenstrauch, M., Kunz, C., Baudouin, E., and Prado, S. (2019)  

Highly oxygenated isoprenylated cyclohexanoids from the fungus Parastagonospora nodorum SN15, 
Phytochemistry 166, 112056. 
(34) 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. 
(35) 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. 
(36) 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. 
(37) 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. 
(38) Alvi, K. A., Nair, B., Pu, H., Ursino, R., Gallo, C., and Mocek, U. (1997) Phomacins:  Three Novel  

Antitumor Cytochalasan Constituents Produced by a Phoma sp, J. Org. Chem. 62, 2148-2151. 
(39) 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. 
(40) 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. 
(41) 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. 



22 

 

(42) Hu, J., Sarrami, F., Li, H., Zhang, G., Stubbs, K. A., Lacey, E., Stewart, S. G., Karton, A., Piggott,  
Andrew 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. 
(43) Fujii, R., Minami, A., Gomi, K., and Oikawa, H. (2013) Biosynthetic assembly of cytochalasin 

backbone,  
Tetrahedron Lett. 54, 2999-3002. 

(44) 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, e0161199. 
(45) 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. 
(46) 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. 
(47) Takemoto, D., and Hardham, A. R. (2004) The Cytoskeleton as a Regulator and Target of Biotic  

Interactions in Plants, Plant Physiol. 136, 3864-3876. 
(48) 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. 
(49) Solomon, P. S., Tan, K.-C., Sanchez, P., Cooper, R. M., and Oliver, R. P. (2004) The Disruption of a G 

Subunit Sheds New Light on the Pathogenicity of Stagonospora nodorum on Wheat, Mol. Plant. 
Microbe Interact. 17, 456-466. 

 

 


