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Abstract 

I 

Abstract 

Key words: Alkyl citrates, biosynthesis, sporothriolides, sporochartines, polyene 

The project focused on understanding the biosynthesis of sporothriolides, sporochartines and 

trienylfuranol A. Gene cluster identification, gene knock out, heterologous expression and protein 

in vitro assays were used during the investigation. 

Alkyl citrate biosynthetic gene clusters of the antifungal metabolite sporothriolide 1 were 

identified from the genomes of the ascomycetes: Hypomontagnella monticulosa MUCL 54604, 

H. spongiphila CLL 205 and H. submonticulosa DAOMC 242471. A transformation protocol 

was established, and genes encoding a fatty acid synthase subunit and a citrate synthase were 

simultaneously knocked out which led to the loss of sporothriolide and sporochartine production. 

Heterologous expression of the spo genes in Aspergillus oryzae then led to the production of 

intermediates and shunts and delineation of a new fungal biosynthetic pathway originating in fatty 

acid biosynthesis. Finally, a hydrolase was revealed by in vitro studies likely contributing towards 

self-resistance of the producer organism. In vitro reactions showed that the sporochartines are 

derived from non-enzymatic Diels-Alder cycloaddition of 1 and trienylfuranol A 2 during the 

fermentation and extraction process. 

Several hrPKS gene clusters were identified as the potential polyene BGC for trienylfuranol A 2 

through multiple bioinformatic analysis, however metabolites produced from the PKS in 

heterologous expression belong to either different polyene type compounds or pyrone derivatives. 

Based on these results, a highly unusual epoxidation/decarboxylation mechanism was proposed 

to be involved during trienylfuranol A 2 biosynthesis, and a new pyrone BGC likely to encode 

the biosynthesis of a large class of bioactive compounds related to islandic acid 161 was 

identified. 
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Zusammenfassung 

Schlagwörter: Alkyl citrates, biosynthesis, sporothriolides, sporochartines, polyene 

Das Projekt fokusiert darauf, die Biosynthese der pilzlichen Sekundärmetabolite Sporothriolides, 

Sporochartines und Trienylfuranol A zu verstehen. Methoden zur Identifizierung von Genclustern, 

Gen-Knockout, heterologe Expression und in vitro Proteinassays wurden während der 

Untersuchung angewendet. 

Die Alkylcitrat-Biosynthesegencluster (spo) des antifungalen Metabolits Sporothriolide 1 wurden 

in den Genomen der Ascomyceten Hypomontagnella monticulosa MUCL 54604, H. spongiphila 

CLL 205 and H. submonticulosa DAOMC 242471 identifiziert. Ein Transformationsprotokoll 

wurde etabliert und Gene, die für eine Fettsäuresynthaseuntereinheit und Citratsynthase kodieren, 

wurden gleichzeitig ausgeschaltet. Dies führte zu einem Verlust der Sporothriolide- und 

Sporochartine-Produktion. Heterologe Expression der Gene aus dem spo Gencluster in 

Aspergillus orzyae führte dann zur Produktion von Intermediaten und Abzweigungsprodukten. 

Die Identifizierung dieser Produkte ermöglichte die Beschreibung eines neuen Biosyntheseweges 

in Pilzen, der von der Fettsäurebiosynthese abgeleitet ist. Darüberhinaus wurde die Funktion eines 

im Biosynthesegencluster kodierten Enzyms mit Hilfe von in vitro Untersuchungen als Hydrolase 

aufgeklärt, welche vermutlich zur Selbstresistenz des Produzenten beiträgt. In vitro Reaktionen 

von Sporothriolide 1 und Trienylfuranol A 2 zeigten, dass Sporochartine mittels nicht-

enzymatischer Diels-Alder-Reaktion während des Fermentationsprozesses entstehen. 

Im zweiten Teil der Arbeit wurde die Biosynthese von Trienyfuranol A 2 untersucht. Mehrere 

Kandidaten-Gencluster mit einer reduzierenden Polyketidsynthase als zentrales Gen wurden mit 

Hilfe von bioinformatischen Analysen identifiziert und mittels heterologer Expression untersucht. 

Jedoch besaß keine der produzierten Substanzen strukturelle Ähnlichkeit mit Trienyfuranol A 2. 

Stattdessen handelte es sich um andere Arten von Polyen-Strukturen oder Pyron-Derivate. 

Unabhängig von diesen Ergebnissen wurde eine Biosyntheseweg für Trienyfuranol A 

vorgeschlagen, der auf einem ungewöhnlichen Epoxidierungs-Decarboxylierungs-Mechanismus 

basiert, und ein neues Pyron-BGC wurde identifiziert, das wahrscheinlich die Biosynthese einer 

großen Klasse bioaktiver Verbindungen ähnlich zu Islandic acid 161 kodiert. 
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Abbreviations and Units 

ACP acyl carrier protein KI ketosteroid isomerase-like 

att site-specific attachment LCMS liquid chromatography mass spectrometry Spectrometry 

spectrometry antiSMASH antibiotics & Secondary Metabolite Analysis 

Shell 

MPT malonyl/palmitoyl transferase 

bf byssochlamic acid MS mass spectrometry 

BGC biosynthetic gene cluster mRNA messenger RNA 

BLAST basic local alignment search tool MeOD deuterated methanol 

AT acetyltransferase MeOH methanol 

bp base pair NAD(P)H nicotinamide adenine dinucleotide (phosphate) 

cDNA complementary DNA NEL normalised expression level 

C-MeT C-methyltransferase NMR nuclear magnetic resonance 

CoA coenzyme A NOESY nuclear overhauser effect spectroscopy 

COSY 

 

correlation spectroscopy nrPKS non-reducing PKS 

carb carbenicillin NRPS non-ribosomal peptide synthetase 

cam chloramphenicol ORF open reading frame 

CS citrate synthase ory oryzine 

CDCl3 deuterated chloroform PCR polymerase chain reaction 

DA(ase) Diels Alder(ase) PEG polyethylene glycol 

DAD diode array detector PKS polyketide synthase 

ddH2O double distilled H20 ppm parts per million 

DH dehydratase prPKS partially reducing PKS 

DESeq differential expression sequence PUFA polyunsaturated fatty acid 

DNA deoxyribonucleic acid PTM polycyclic tetramate macrolactam 

EDTA ethylenediaminetetraacetic acid plf piliformic acid 

ER enoyl reductase PamyB amyB promoter 

eGFP enhanced green fluorescent protein P450 cytochrome P450 

ESI electronspray ionization PEBP phosphatidylethanolamine-binding proteins PPPRPRPprotein 

EIC extracted ion chromatogram PPTase phosphopantetheinyltransferase 

ELSD evaporative light scattering detector PgpdA gpdA promoter 

FPLC fast protein liquid chromatography RT-PCR reverse transcription PCR 

FAS fatty acid synthase RT retention time 

FMO FAD-dependent monooxygenase RNA ribonucleic acid 

FAD flavin adenine dinucleotide rpm revolutions per minute 

gDNA genomic DNA SAM S-adenosyl methionine 

HMBC heteronuclear multiple bond correlation SM secondary metabolites 

HPLC high performance liquid chromatography SDR short chain dehydrogenase/reductase 

hrPKS highly reducing polyketide synthase SQHKS squalestatin hexaketide synthase 

1H NMR proton NMR SQTKS squalestatin tetraketide synthase 

HRMS high resolution mass spectrometry spo sporothriolide 

HSQC heteronuclear single quantum coherence TIC total ion current 

hph hygromycin B resistance TAE tris-acetate-EDTA 

IPTG isopropyl-β-D-thiogalactopyranoside TE thiolesterase 

ITS internal transcribed spacer TMS tetramethylsilane 

Kan kanamycin UV ultra violet 

kb kilo base pairs UPLC ultra-performance liquid chromatography 

KR ketoacyl reductase WT wild type 

KS ketoacyl synthase yFAS yeast FAS 

KO knockout YHR yeast homologous recombination 
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1 Introduction 

1.1 Natural Products from Fungi  

Fungi represent an incredibly rich and rather overlooked reservoir of natural products. Research 

on fungal metabolites dates back to the 1870s, when pigments synthesized in conspicuous 

mushroom fruiting bodies attracted the attention of organic chemists. The 20th century witnessed 

the discovery, isolation and chemical characterization of a vast diversity of natural products from 

fungi.1 At the same time, the variety of fungal species and the diversity of their habitats, allow the 

conclusion that fungi continue to be a rich source of new metabolites. 

Fungi produce a wide variety of molecules referred to as secondary metabolites (SM), e.g., 

polyketides, non-ribosomal peptides, terpenes and alkaloids.2 While not directly involved in 

fundamental metabolic processes of growth and energy generation, SM display an array of 

biological activities that contribute to the survival of the producing organism in an occupied 

ecological niche, such as mediating communication within one species or between different 

species defence against competitors, nutrient acquisition, and even symbiotic interactions.3 

 

Figure 1.1 Examples of fungal secondary metabolites. 

Not only does the role of SM make them interesting to study, but many SM, including penicillins, 

statins, and cyclosporins, have been found to have medical applications.4 Among fungal natural 

products, particular interest is given to antimicrobials, due to the reduction in effectiveness of 

existing antibiotics used to treat bacterial infections, which is seen as a major threat to global 
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health security.5 Penicillins 4 (Figure 1.1) and cephalosporins 5 are β-lactam antibiotics and 

represent the most widely used antimicrobials in the world: cephalosporins accounting for 28% 

and penicillins for 19% of the global market of antibiotics in 2009.6 Some antifungals are also 

produced by fungi, like griseofulvin 6 and echinocandin 7, which have been used as medicines.7 

Another critical medical application that fungal SM are known for is that of cholesterol-lowering 

agents, such as lovastatin 8 which is primarily produced by Aspergillus terreus, and mevastatin 9 

found in Penicillium citrinum.8,9 Fungi could also produce some other SM with 

immunosuppressant activity. A typical example is the non-ribosomal peptide (NRP) cyclosporin 

10 produced by Tolypocladium inflatum and widely used to avoid organ rejection in transplant 

surgery.10 

1.1.1 Fatty Acid Biosynthesis 

Fatty acid biosynthesis is a central metabolic pathway that entails the iterative elongation of fatty 

acid chains through a set of chemical reactions conserved in all kingdoms of life. Despite the 

fundamentally different FAS architectures of bacteria, plants, fungi and vertebrates, all of them 

integrate all necessary enzymatic activities together with acyl carrier protein (ACP) domains used 

for covalent substrate shuttling from one active site to the other.11,12 

The acetyl primer 11 and malonyl elongation substrates 12 are loaded from coenzyme A (CoA) 

to ACP by acetyltransferase (AT) and malonyl/palmitoyl transferase (MPT) and condensed to 

acetoacetyl-ACP in a decarboxylative reaction catalyzed by ketoacyl synthase (KS) (Scheme 1.1, 

steps I ‒ V, intermediates 13 ‒ 16). In three subsequent reaction steps VI ‒ VIII (intermediates 17 

‒ 19), the β-carbon groups are processed by ketoacyl reductase (KR), dehydratase (DH), and 

enoyl reductase (ER), which results in fully saturated acyl-ACP 19 that can serve directly as a 

primer (Step IX, intermediate 20) for the next condensation reaction. In each reaction cycle, the 

growing acyl-chain is elongated by two carbon units until it reaches a length of 16 to 18 carbon 

atoms 21. The fully saturated carbon backbone is then released as a free acid by a thiolesterase 

(TE) domain (Scheme 1.1, steps X ‒ XII, intermediates 21 ‒ 23).11  

Fatty acid synthases (FAS) are classified into two main groups: type I and type II systems. Type 

I FAS are multi-domain proteins in which catalytic domains are covalently linked, which 

represent independent biosynthetic factories because they integrate all necessary enzymatic 

activities in one megasynthase protein.11 Type I FAS are found in fungi and animals. In contrast, 

type II FAS are a complex of non-covalently linked mono-functional proteins, each enzymatic 

activity is catalyzed by a unique protein in the dissociated system. Type II FAS are found in 

bacteria, plants, and parasites. It is usually believed that type I FAS is a more efficient biosynthetic 
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machine because the enzymatic activities are fused into a single polypeptide and the intermediates 

do not diffuse from the complex.13 However type II systems offer other advantages because the 

dissociated acyl ACP intermediates can react with many other cellular catalytic systems. 

 

Scheme 1.1 The fatty acid biosynthetic pathway. 

Early fungal FAS was encoded by a single gene, but it split into two separate FAS genes (subunits 

α and β) during fungal evolution (Figure 1.2).11 In the linear domain organization of modern yeast 

FAS (yFAS), subunit β contains the AT, ER, DH and the majority of the split MPT domain. The 

α-chain comprises the ACP, KR, KS, PPTase (phosphopantetheinyltransferase) and smaller part 

of the MPT domain. The two chains assemble into a heterododecameric complex with a barrel 

shape. Three full sets of enzymatic domains for fatty acid biosynthesis are located in each of the 

two reaction chambers which are defined by the β-chain (Figure 1.2). Also, three mobile ACP 

domains are double tethered to the central hub and the reaction chamber walls (Figure 1.2). 

Functionally, ACP can be compared to a mobile arm, which supplies substrates to productive sites 

of an assembly line.11 

In the barrel-like architecture of yFAS, the enzymatic domains are architecturally arranged and 

concentrated to minimize diffusion distances of the consecutive step of a fatty acid synthesis cycle. 

Naturally occurring yFAS only efficiently produce a single type of product, saturated fatty acids.11 
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Figure 1.2 The barrel-like architecture of yeast FAS. A, a central wheel of six α-chains and two domes of three β-
chains on each side, which encoded by two genes (FASα and FASβ); B, the barrel (cut-open view) that contains two 

reaction chambers with three double tethered ACPs. Pictures are from literature.11 

1.1.2 Fungal Polyketide Biosynthesis 

Polyketides are assembled from the same building blocks as fatty acids. The chemical reactions 

and catalytic domains involved in polyketide and fatty acids biosynthesis are closely related to 

each other, but they do have some differences. For example, the programming of PKS leads to 

varied chain length as well as the extent of reduction and elimination during the β-processing 

process. In addition, PKS are capable of employing other unusual starter and extender units for 

the chain construction and elongation, such as benzoyl-CoA as the starter unit for squalestatin S1 

24 biosynthesis.14 Fungal PKS often have active C-methyltransferase (C-MeT) domain which can 

methylate the β-carbon before the KR, DH and ER tailoring cycle.15 What makes the polyketides 

more diverse is the post modifications after release. On the contrary, FAS always exclusively 

produce saturated fatty acids. 

Fungal PKS known to-date are type I systems. These are divided into 3 main classes: non-

reducing PKS (nrPKS) where there are no reductive steps during chain construction (Figure 1.3, 

e.g. 3-methylorcinaldehyde 25), partially reducing PKS (prPKS) where there is usually only one 

reduction (through KR domain) during chain extension (Figure 1.3, e.g. 6-methylsalicylic acid 

26), and highly reducing PKS (hrPKS) where the level of reduction is varied and subject to a high 

level of programming control (Figure 1.3, e.g. squalestatin tetraketide 27), they usually possess 

the full set of modifying C-MeT, KR, DH and ER domains.11,16 

Lovastatin 8 is a polyketide metabolite produced by the fungus Aspergillus terreus and its 

biosynthesis has been well-studied.17,18 The iterative fungal hrPKS (LovB) is responsible for the 

BA
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core nonaketide assembly. The ER domain in LovB is inactive, but a trans-acting ER (LovC) is 

functional and interacts with LovB. LovC accepts three intermediates (30, 31, and 33) and 

catalyses the reduction steps during the biosynthesis of lovastatin 8. Another PKS (LovF) 

produces a diketide intermediate 39, which is attached to 38 as the final step for lovastatin 

formation (Scheme 1.2). 

 

Figure 1.3 Fungal polyketides of nrPKS, prPKS and hrPKS. 

 

Scheme 1.2 The biosynthesis of lovastatin 8 as an example of iterative fungal hrPKS, adapted from Kennedy et al., 
1999.17,18 ER domain in brackets means inactivate. 

KS AT DH (ER) KR ACPC-MeTLovB C

ERLovC
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1.2 The Biosynthesis of Maleidrides and Alkyl Citrates 

1.2.1 Maleidrides 

Maleidrides are carbocyclic compounds with one or two maleic anhydride moieties. A well-

studied example is byssochlamic acid 46, which was first isolated from the fungus Byssochlamys 

fulva.19,20 The Cox group21 sequenced the genome of 46 producer B. fulva. Then bioinformatic 

analysis was performed to identify a likely maleidride BGC, which was validated by knockout 

(KO) and heterologous expression experiments. 

The putative byssochlamic acid BGC contains four core genes encoding: a hrPKS (Bfpks1), a 

hydrolase (BfL1), a citrate synthase (BfL2) and a methylcitrate dehydratase (BfL3). Then the 

transcriptomic analysis of the organism under byssochlamic acid producing and non-producing 

conditions confirmed the maleidride BGC boundary.21 

Various combinations of gene sets were constructed for heterologous expression experiments in 

Aspergillus oryzae NSAR1. Co-expression of the hrPKS bfpks1, citrate synthase bfL2, 

methylcitrate dehydratase bfL3 and hydrolase bfL1 led to the production of both 43 and 44 

(Scheme 1.3). 

Co-expression of the two ketosteroid isomerase (KI)-like genes (bfL6 and bfL10) with the four 

core genes (bfpks1, bfL1, bfL2, and bfL3) led to the production of byssochlamic acid 46 and the 

decarboxylated intermediate 44, as well as the low titre of agnestadride A 49 and the intermediate 

43 (Scheme 1.3). It indicated the two KI-like genes catalyze the dimerization of monomers (43 

and 45) to form more complicated scaffolds. However, heterologous expression studies showed 

that single use of either KI is not sufficient to catalyze any dimerization. More interestingly, 

experiments showed that the two PEBP (phosphatidylethanolamine-binding proteins) enzymes 

(BfL5 and BfL9) appear to be involved in the dimerization, because higher titres of byssochlamic 

acid 46 and heptadride 49 were observed when co-expression the PEBP genes with the four core 

genes and KI-like genes in A. oryzae. 
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Scheme 1.3 The proposed biosynthesis of maleidrides by Williams et al., 2016.21 

1.2.2 Squalestatin 

Squalestatin S1 24, isolated from Phoma sp., is a potent and selective inhibitor of squalene 

synthase.22 For the biosynthesis research of squalestatin S1 24 (Scheme 1.4), detailed molecular 

studies have revealed that a dedicated SQHKS (squalestatin hexaketide synthase) produces a 

carbon skeleton that is then condensed with oxaloacetate by citrate synthase (CS) to give an early 

alkyl citrate intermediate 50 that is further oxidatively processed to 51, then 51 is coupled with a 

tetraketide 52 that is assembled by SQTKS (squalestatin tetraketide synthase), to afford 

squalestatin S1 24.14 

Byssochlamic acid 46 and squalestatin S1 24 share similar early steps in the biosynthetic 

pathways, such as the condensation of polyketide and oxaloacetate that catalysed by the key 

enzyme CS to produce alkyl citrate intermediates (Scheme 1.3 ‒ 1.4). But the following tailoring 

steps are diverse. For instance, these reactions include dehydration, decarboxylation and 
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dimerization required for byssochlamic acid 46 formation, and multiple oxidations involved 

during squalestatin S1 24 biosynthesis. 

 

Scheme 1.4 The proposed biosynthesis of squalestatin S1 24, adapted from Lebe et al., 2019.14 

1.2.3 Oryzine 

Oryzines A 53 and B 54 (Figure 1.4) are two secondary metabolites that were isolated from 

Aspergillus oryzae.23 They belong to the alkyl citrate type compounds based on the combination 

of a C8 unit and a C3 unit. Therefore, at least a CS is required to perform the key alkyl citrate 

backbone construction. Similar early step genes also exist in the byssochlamic acid 46 and 

squalestatin S1 24 BGC (Scheme 1.3 ‒ 1.4). 

 

Figure 1.4 Structures of oryzine A 53 and oryzine B 54. 

A putative oryzine gene cluster was found by CS (BfL2) homology search of A. oryzae genome. 

In summary, the gene cluster (Figure 1.5) encodes two fungal FAS subunits (oryfasA and oryfasB); 

a citrate synthase (oryE); a methylcitrate dehydratase (oryR); a decarboxylase (oryM); an alpha-

ketoglutarate-dependent dioxygenase (oryG) and two lactonases (oryH and oryL). In addition, 

three transporters (oryC, oryF, oryN), a transcriptional regulator (oryO), a putative dehydrogenase 

(oryD), an acyl-CoA ligase (oryP) and a P450 (oryQ) can be found in this gene cluster. However, 
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no experimental evidence could be used to describe the oryzine biosynthetic pathway details 

before our work.23 

 

Figure 1.5 Putative oryzine BGC from A. oryzae RIB 40.23 

1.2.4 Hexylcitric Acid Derivatives 

Recently, another alkyl citrate gene cluster was identified from the filamentous fungus 

Aspergillus niger by bioinformatic analysis.24 This BGC encodes FAS subunit alpha (akcA), FAS 

subunit beta (akcD), citrate synthase (akcB), transcriptional regulator (akcR), 2-methylcitrate 

dehydratase (akcC) as well as other co-localized functional genes.24 Eleven hexylcitric acids were 

generated at g∙L‒1 level through the overexpression of the transcriptional regulator akcR and the 

hexylaconitic acid decarboxylase gene hadA (outside the alkyl citrate gene cluster), which are 

defined as artificial production (with genetic manipulation) compared with the previously 

reported titre (mg∙L‒1 level) of natural production. 

The early steps in the proposed pathway (Scheme 1.5) are similar to the early steps of 

byssochlamic acid 46 and squalestatin S1 24 biosynthesis (Scheme 1.3 ‒ 1.4). Hexylcitric acid 56 

is generated by the condensation of fatty acid unit 55 and oxaloacetate 41. Normally, a dedicated 

citrate synthase catalyses this reaction, the AkcB takes the role in this pathway. The next step is 

the dehydration by 2-methylcitrate dehydratase homolog (AkcC) to make 57, then 

decarboxylation by HadA to produce 58. However, the stereochemical courses of citrate synthase 

(AkcB) and 2-methylcitrate dehydratase (AkcC) are unknown in the proposed pathway due to the 

lack of NMR spectra evidence of these intermediates.24 

 

Scheme 1.5 Proposed biosynthetic pathway for the hexylcitric acid and hexylaconitic acid by Palys et al., 2020.24  
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Decarboxylase 
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1.2.5 Piliformic Acid 

Piliformic acid 59 was isolated as a secondary metabolite from several closely related fungi of 

xylariaceous genera.25,26 Piliformic acid 59 requires a C8 unit (octanoate chain) and a C3 moiety 

for the construction of the scaffold. 

The octanoate chain could be assembled from a FAS. Alternatively, a dedicated PKS may build 

a carbon chain for secondary metabolite biosynthesis. Extensive isotopic labelling investigations 

were carried out by the O’Hagan group.27 Through the observations of the stereochemical location 

of deuterium in the octanoate chain, the origin of the C8 unit was concluded to be from a FAS. 

This can be determined because the stereochemical course of ER in fungal FAS (pro-R labelled) 

and fungal PKS (pro-S labelled) are opposite.27 

However, whether the octanoate is biosynthesised de novo for secondary metabolism, which 

means from a specific short-chain FAS, or possibly octanoate is a result of β-oxidation of the 

higher fatty acids which are synthesised by a FAS of primary metabolism was not known. 

O’Hagan group designed the labelling experiment by supplementing isotopically labelled [3-13C] 

decanoate.28 Then, the incorporation patterns of the carbons from the C-1 acetate were observed, 

which could be well explained that the β-oxidation of the labelled material yields [1-13C] acetate 

and then incorporation de novo for piliformic acid 59 synthesis (Scheme 1.6). In the contrast, the 

only [1-13C] octanoate generated from the β-oxidation of [3-13C] decanoate was not observed. 

These results nicely proved the C8 unit of piliformic acid is derived from a FAS with a sole 

function of octanoate production for 59 biosynthesis. 

In addition, the C3 unit is indicated to be derived from the citric acid cycle intermediate 

oxaloacetate by the efficient incorporation of labelled succinate.27 In a word, the manner of natural 

products biosynthesis study before the genomic age was achieved predominately by utilizing 

isotopic labelling. 

 

Scheme 1.6 The labelling patterns for piliformic acid 59.27,28 

Based on the knowledge of byssochlamic acid 46 and squalestatin S1 24 biosynthesis, the 

condensation of the C8 and C3 moieties in piliformic acid 59 is probably also catalysed by a 
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dedicated CS. However, the dedicated BGC and biosynthetic pathway for piliformic acid were 

still unknown before our work. 

1.3 Techniques Used in Fungal Biosynthesis Investigations 

1.3.1 Isotopic Labelling 

The long and successful history of isotopic labelling experiments has tremendously changed and 

deepened our understanding of natural products biosynthesis. Even now, it continues to provide 

important insights into the biosynthetic pathways of secondary metabolites.29–31 

The 13C incorporations are useful for understanding fatty acids and polyketides biosynthesis. 

Incorporation of the double-labelled acetate ([1,2-13C2]) into the metabolites, a 13C-13C coupling 

will be observed in the 13C NMR if the labelled acetate bond remains intact throughout the 

biosynthetic pathway. And the 1JCC coupling value at C-1 and C-2 are identical (Figure 1.6B). 

However, the intensity of the carbon signal will be enhanced when incorporating the single-

labelled acetate ([1-13C], [2-13C]) into the metabolites, as well as when the incorporation of the 

double-labelled acetate bond break, because of an increase of the 13C content at a particular carbon 

(Figure 1.6C).32 

Moreover, elucidating the origins of hydrogen and oxygen are also vital to understand the 

mechanism of chemical steps involved in biosynthesis. When incorporation of 18O is achieved by 

using a precursor where the 18O is directly linked to a 13C ([1-13C, 18O2] acetate) or by growth in 

an 18O2 environment, the presence of the 18O alpha to 13C can be detected in the 13C NMR spectrum 

by an upfield shift of the signals (Figure 1.6D ‒ E). The substitution of a deuterium alpha or beta 

to 13C can also result in a similar upfield shit in 13C NMR, but additional with the multiplet from 

the spin-spin coupling (1JCD).32 
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Figure 1.6 Illustration of feeding labelled precursors and subsequent signal of incorporated atoms in 13C NMR 
spectra, adapted from Simpson, 1987.32 

A good example of isotopic labelling practice is in the study of squalestatin S1 24 

biosynthesis.14,33 First, 13C labelled acetate feeding experiment showed the origin of 1 polyketides, 

from a benzoate-primed hexaketide and a dimethylated tetraketide (Scheme 1.7).33 Then the 

incorporation of 18O ([1-13C, 18O2] acetate or 18O2 as a precursor) in squalestatin S1 24 revealed 

that oxygen atoms (red colour) at C-1, C-3, C-5, C-6, C-7 and C-12 are inserted by molecular 

oxygen not acetate, therefore a few oxidation steps are anticipated to be involved in the 

biosynthetic pathway. In contrast, the C-24 and C-34 carbonyl oxygen atoms are derived from 

acetate.33 

Precursor Metabolite 13C spectrum
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Scheme 1.7 The labelling studies of squalestatin S1 24, adapted from Jones et al., 1992.33 

1.3.2 Genome Sequencing 

The development of genome sequencing accelerates the biosynthetic study of microbial natural 

products. Especially, researchers realize the potential and capability of microorganisms to 

produce more amounts of SM than previously acknowledged.2,34 

For example, Galagan and co-workers35 reported a high-quality draft sequence (approximately 

40-megabases) of the Neurospora crassa genome in 2003. Notably, this is the first fungal genome 

that was sequenced. Since then, the ‘1000 Fungal Genome Project’ funded by the Joint Genome 

Institue (JGI) to sequence 1000 fungal genomes from across the Fungal Tree of Life.36 This 

project has significantly increased the amount of sequenced fungal genomes. 

Recently, the Cox group37 sequenced the genome of thirteen taxonomically well-defined fungi 

from Hypoxylaceae (Xylariales, Ascomycota) family and one Xylariaceae by using combinations 

of Illumina and Oxford nanopore technologies or PacBio sequencing. These high quality genome 

sequences not only satisfy the taxonomic purposes in mycology but also provide opportunities for 

the study of fungal evolution, host-fungus interactions, as well as the biosynthesis of secondary 



1 Introduction 

14 

metabolites. For instance, more than 750 biosynthesis gene clusters have been found from the 

thirteen sequenced genomes. These gene clusters include various types of secondary metabolic 

pathways, such as polyketides, terpenes, peptides, meroterpenoids and alkaloids. And the 

discovery and characterization of cytochalasan38 and azaphilone39 gene clusters resulted from 

these genome sequences. 

1.3.3 Gene Knockout 

Targeted knockout (KO) can result in two outcomes. Either the KO with the designed target, or 

ectopic intergration occurs elsewhere in the genome (Figure 1.7). Both possibilities result in 

incorporation of the selectable marker. Often ectopic intergration greatly exceeds targeted 

incorpation, meaning that tedious screnning is required to find the desired KO transformant.40 

 

Figure 1.7 Integration of a knockout cassette. 

Fairhead and co-workers41 developed a split-marker technology, also called the bipartite method, 

to overcome this problem for S. cerevisiae. This method has also been applied successfully to 

diverse filamentous fungi.  

Split-marker technology requires a mixture of two DNA fragments comprising overlapping 

sequences of a selectable marker gene. Only by homologous recombination of three crossing-over 

events can generate a functional marker gene, which allows producing an intact gene targeting 

cassettes for gene substitution in fungal transformation. These two fragments can be easily 

obtained from PCR amplification (Figure 1.8).42 

Nielsen and co-workers42 showed that bipartite knockout results in a higher frequency of correct 

targeting events compared to that classical transformation of a continuous gene targeting cassettes. 

The bipartite method is extremely flexible and can be easily applied in genome manipulations, 

like promoter replacements and GFP tagging. However, this technology also has a disadvantage. 

KO cassette

Target gene

Disrupt target gene Ectopically intergrated

Knockout cassetteTransformation

Target gene
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Compared with other traditional transformation methods, the split-marker systems (bipartite 

method) dramatically reduces the frequency of fungal transformation. For example in 

Magnaporthe grisea, Jeong and co-workers43 showed that the number of transformant obtained 

from the split marker was smaller than classical methods under the same transformation condition, 

which is ˃120 and five to 20 respectively. Although the frequency was reduced by about 85 – 

96%, they could get two positive transformants with target gene-substitution from bipartite 

knockout, but none from the traditional approach. 

 

Figure 1.8 Strategy of bipartite knockout, adapted from Nielsen et al., 2006.42 

Also in our group, there are successful examples of gene disruption by using the bipartite method, 

for example in the biosynthetic investigation of cytochalasan H 63 in Magnaporthe grisea 

(Scheme 1.8).38 Through the gene inactivation of the functional genes (O-methyltransferase, 

trans-enoyl reductase, O-acetyltransferase, oxidoreductase and P450, respectively), the late-stage 

biosynthetic pathway of 63 was fully elucidated and reveals that O-methyltyrosine 61 is the true 

precursor for 63. 

 

Scheme 1.8 The proposed biosynthesis of cytochalasan H 63 by Wang et al., 2019.38 
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1.3.4 Heterologous Expression 

Heterologous expression not only can be used to discover the secondary metabolite pathways but 

also enable the improvement of the yields of natural products. Also, this strategy provides the 

opportunity in synthetic biology study to produce novel compounds. A good heterologous host 

features two factors at least: easy cultivation and genetic manipulation. For example, both bacteria 

(E. coli and Streptomyces sp) and fungi (Aspergillus oryzae, Aspergillus nidulans, and 

Saccharomyces cerevisiae) are used as heterologous expression platforms.44 

For instance, the first successful heterologous expression of the polycyclic tetramate macrolactam 

(PTM) ikarugamycin BGC in E. coli opened one way to investigate cryptic iPKS/NRPS 

biosynthetic pathways found in other bacteria.45 However, it is not possible for bacteria to process 

eukaryotic introns and bacteria often possess a significant codon bias, therefore bacteria are not 

the ideal hosts for fungal gene expression. 

Yeast (S. cerevisiae) is a suitable host for some fungal BGC expression. Recently, the 

bostrycoidin (a red aza-anthraquinone pigment) gene cluster was successfully expressed in an 

engineered S. cerevisiae.46 Firstly, the primary metabolism of the S. cerevisiae was optimized for 

higher flux towards the acetyl- and malonyl-CoA pathways which render a higher concentration 

of precursor for the bostrycoidin polyketide construction. In addition, a PPTase native to the 

original producer was cloned into the expression host and co-expressed with the PKS to activate 

the ACP domain, required for polyketide backbone assembly. Finally, the maximum titer (2.2 

mg∙L‒1) of bostrycoidin production was achieved after 2 days of galactose induction. 

The filamentous fungus A. oryzae has been utilized to express fungal gene clusters for many years, 

and there are many successful examples in our group. For instance, the biosynthetic pathway 

elucidation of the maleidride byssochlamic acid, the meroterpenoid xenovulene A, the 

polyketides squalestatin S1 and sorbicillinoids.14,21,47,48 The well-established genetic manipulation 

approaches in A. oryzae make it a great success as a heterologous expression system to study 

secondary metabolite biosynthesis and production.49 

Heterologous expression can also be used to solve tricky biosynthetic problems. For example, 

heterologous expression in A. oryzae was used to characterise the function of two putative 

nonheme-iron-dependent enzymes (Mfr1 and Mfr2) involved in the post tailoring steps of 

squalestatin S1 24 biosynthesis (Scheme 1.9).14 Co-expression of the oxidase (Mfr1), PKS 

(Sqhks), hydrolase (Mfm8) and citrate synthase (Mfr3) led to the observation of several oxidised 

congeners (64 m/z 435 [M‒ H]‒1, 65 m/z 433 [M‒ H]‒1, 66 m/z 431 [M‒ H]‒1 and 67 m/z 447 [M‒ 

H]‒1) in LCMS chromatogram. 50 is a substrate for the stepwise oxidations by Mfr1, first make 
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alcohol 64, then ketone 65, unsaturated ketone 66, and further oxidise to give the epoxide 67. 

When additional expressed the oxidase Mfr2 to the system, Liquid Chromatography Mass 

Spectrometry (LCMS) results showed the oxidised metabolites of 68 m/z 463 [M‒ H]‒1 and 71 

m/z 479 [M‒ H]‒1. There is a proposed mechanism of acetal formation and epoxide opening during 

the conversion of 70 to 71. 

Subsequently, the copper-dependent oxygenase Mfm1 introduces a hydroxyl group (73) required 

for later acetylation to give 51 that servers as the substrate for the final acylation reaction catalysed 

by Mfm4 to afford squalestatin S1 24 (Scheme 1.9). 

 

Scheme 1.9 The proposed oxidative cascade during the biosynthesis of squalestatin S1 24 by Lebe et al., 2019.14 
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1.4 Overall Aims 

The overall aim of this project is to focus on understanding the biosynthesis of alkyl citrate 

compounds such as sporothriolide 1 and polyketide polyenes such as trienylfuranol A 2, as well 

as the adduct sporochartine 3. 

Extensive strategies of isotopic labelling, genome and transcriptome sequencing and 

bioinformatic analysis, gene knockout, heterologous expression and in vitro studies will be 

performed to delineate the biosynthetic pathway of sporothriolide and trienylfuranol A. In 

addition, the study will support the proposed biosynthesis of alkyl citrates of piliformic acid and 

oryzines. 

For sporochartine which is proposed to be a consequence of Diels-Alder cycloaddition of 

sporothriolide and trienylfuranol A, the particular aim is to answer the question of whether it’s an 

enzymatic (Diels-Alderase) catalysis result or a chemically spontaneous reaction.
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2 Biosynthetic Studies of Sporothriolides 

2.1 Introduction 

Sporothriolide 1 was first isolated and elucidated by Krohn and co-workers50 from Sporothrix sp. 

(strain No. 700). Lately, the Stadler51 group published their work about the secondary metabolites 

from Hypoxylon monticulosum MUCL 54604 (now referred to as Hypomontagnella 

monticulosa).37,52 They found that this organism mainly produces sporothriolide 1 together with 

other analogues (Figure 2.1). Shortly after, the Ouazzani53 group isolated sporothriolide and the 

structurally more complicated sporochartine from Hypoxylon monticulosum CLL 205 (now 

referred to as Hypomontagnella spongiphila) isolated from a marine sponge.37,52 The crystal 

structure of sporothriolide 1 was first reported by the Ye54 group, obtained from the endophyte 

Nodulisporium sp. A21. 

Bioactivity studies have shown that sporothriolide 1 is a potent antifungal agent with EC50 of 11.6 

± 0.8 μM against the phytopathogenic fungus Rhizoctonia solani,55 while the EC50 of positive 

control carbendazim was 9.6 ± 0.7 μM. 

 

Figure 2.1 Structures of sporothriolide 1, dihydrosporothriolide 74, sporothric acid 75, deoxysporothric acid 76, 
isosporothric acid 77 and dihydroisosporothric acid 78. 

Sporothriolides probably belong to the alkyl citrate family of metabolites, similar to piliformic 

acid and the oryzines (Section 1.2.3 ‒ 1.2.5). These compounds are generated from the 

condensation of fatty acids with a decarboxylated Krebs cycle intermediate, commonly 

oxaloacetate. Isotopic labelling experiments for deoxysporothric acid 76 using [1-13C] and [2-13C] 

acetate reported by the Ye54 group showed that the labelling pattern is consistent with the 

hypothesis of a fatty acid or polyketide origin. A speculative biosynthetic pathway is shown in 

Scheme 2.1. First, the C10 fatty acid chain 79 is condensed with C4 oxaloacetate 41, followed by 

decarboxylation and dehydration to result in intermediate 81, that undergoes lactonization to form 

deoxysporothric acid 76. 
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Although sporothriolide 1 has been known as potent antifungal agents for almost two decades, 

their detailed biosynthesis was still unknown before our work. 

 

Scheme 2.1 Labelling patterns and hypothetical biosynthetic pathways for deoxysporothric acid 76, adapted from 
Cao et al., 1999.54 

2.2 Project Aims 

Although the labelling patterns for deoxysporothric acid 76 have been reported, the labelling 

pattern of sporothriolide 1 was unknown. It will be interesting to compare the difference and 

similarity of these two metabolites. The biosynthetic gene cluster for sporothriolide is also 

unknown at the start of this project. 

Genome sequencing of the producing fungi, supported by transcriptomic studies will be 

performed to predict the putative biosynthetic gene cluster (BGC) of sporothriolide. 

Transcriptomic analysis of H. monticulosa under sporothriolide producing and non-producing 

conditions will be conducted. Results will be used to identify intron positions and translational 

start and stop positions. Gene knockout will be used to further confirm the correct BGC for 

sporothriolide. Heterologous expression will be used to reconstitute the biosynthesis of 

sporothriolide in A. oryzae. Meanwhile, the function of interesting enzymes will be investigated 

by expression and in vitro assay. 

2.3 Results 

2.3.1 Sporothriolide Production from H. monticulosa, H. spongiphila and H. 

submonticulosa 

H. monticulosa and H. spongiphila are known to produce sporothriolide.51,53 Here, we cultivated 

Hypoxylon submonticulosum (now referred to as Hypomontagnella submonticulosa) and found 

that it was able to produce sporothriolide metabolites as effectively as the other two fungi (Section 
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4.3.1). H. monticulosa, H. spongiphila, and H. submonticulosa were obtained as gifts from the 

Stadler,51 Ouazzani53 and Sumarah56 groups, respectively. 

2.3.1.1 Producing and Non-Producing Conditions 

In order to investigate the expression level of the biosynthetic gene cluster, producing and non-

producing fermentation conditions were studied. The cultivation condition of H. monticulosa was 

originally reported in YMG medium (Table 6.5),51 the H. spongiphila and H. submonticulosa 

were previously grown in PDB medium (Table 6.5).53,56 The organisms were grown in various 

liquid media in shake culture. At the end of the fermentation, the cultures were extracted into 

ethyl acetate. The concentrated organic extracts were examined by LCMS. The difference 

between PDB and YMG fermentation conditions of H. monticulosa was compared in our 

experiment, but the chemical profile of the secondary metabolites from two cultivation media 

showed no obvious variation. Finally, we chose ‘PDB medium, 130 rpm, 28 °C, 6 day’ as 

sporothriolide producing conditions for H. monticulosa and H. spongiphila (Figure 2.2). And the 

H. submonticulosa producing conditions are ‘PDB medium, 100 rpm, 25 °C, 6 day’ (see LCMS 

chromatograph in Section 4.3.1). 

 

Figure 2.2 Diode array detector (DAD) chromatograms of H. monticulosa MUCL 54604 extracts: A, under producing 
conditions (PDB medium, 130 rpm, 28 °C, 6 d); and B, under non-producing conditions (DPY medium, 130 rpm, 

28 °C, 6 d). 

We tested DPY, LB and MMK2 (Table 6.5) media as potential non-producing fermentation 

conditions. The results showed that no sporothriolide metabolites were produced in MMK2 and 

DPY media at least up to day 6 of the fermentation. Because more mycelia was harvested in DPY 

medium, ‘DPY medium, 130 rpm, 28 °C, 6 day’ was used as the non-producing conditions for H. 

monticulosa and H. spongiphila (Figure 2.2). 
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2.3.1.2 Time Course Study of Sporothriolide Production 

In order to quantify the production of compounds, the calibration curve for sporothriolide 1 was 

made based on a UV integration method. A dilution series of 1 (1.5, 1.0, 0.5, 0.25, 0.125, 0.0625, 

0.03175 mg∙mL‒1) was measured and the corresponding signals for the extracted wavelength at 

211 nm (λmax) were integrated (Figure 2.3A). Integrated values were then plotted against the 

sample concentration and fitted into a straight line (Figure 2.3B). The relationship is linear within 

the 0.03 – 1.5 mg∙mL‒1 concentration range. The equation was applied to quantify 1 across 

different samples. 

 

Figure 2.3 A, the integrated values of different dilutions of sporothriolide 1 solutions at 211 nm from LCMS analysis; 
B, calibration curve for sporothriolide 1 quantification. 

Timecourse experiments for the three Hypomontagnella wild type strains were conducted to 

monitor the production of 1. H. monticulosa and H. spongiphila were grown respectively in a 

flask containing 1 L PDB medium at 28 °C, 130 rpm for 14 days and 10 mL aliquots were taken 

daily. H. submonticulosa was grown in a flask containing 1 L PDB medium at 25 °C, 100 rpm 

for 9 days and 10 mL aliquots were taken daily. Aliquots were extracted with equal amounts of 

ethyl acetate and the organic phase was evaporated under vacuum (Section 6.2.1). Crude extracts 

were analysed by LCMS (Section 6.2.2) and compound titres were calculated using the previously 

described equation (Table 2.1). Production of 1 was visualized graphically (Figure 2.4). 

The data shows that all three fungi can produce high amounts of sporothriolide 1. The H. 

spongiphila and H. submonticulosa strains had the biggest production of 1 at the 6th day with 181 

mg∙L‒1 and 238 mg∙L‒1, respectively. However, the highest production amount of H. monticulosa 

was at the 4th day with 190 mg∙L‒1. All strains displayed a dramatic production decrease of 

sporothriolide at the 7th day, which indicated a fast degradation and a short life cycle of 1. 

Meanwhile, sporothriolide 1 and cometabolites 74 ‒ 78 were purified, characterised by NMR and 

compared to literature (Chapter 7). 
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Table 2.1 Temporal production of sporothriolide 1 from H. monticulosa MUCL 54604, H. spongiphila CLL 205, and H. 
submonticulosa DAOMC 242471 cultivated under producing conditions. 

 

Figure 2.4 Kinetic production curve of sporothriolide 1. 

2.3.2 The Identification of Multiforisin H  

During the investigation of metabolites from H. spongiphila CLL 205, we isolated a known 

compound multiforisin H 82 (Figure 2.5) which was initially found from Ascomycete 

Gelasinospora species.57 The previous bioactivity study revealed multiforisin H 82 is a potent 

immunosuppressive agent, with IC50 values of 1.8 ug∙mL‒1 and 0.9 ug∙mL‒1 against Con A- (T-

cells) and LPS-induced proliferations of mouse splenic lymphocytes, respectively.57 

 

H. monticulosa H. spongiphila H. submonticulosa

Day Conc. / mg∙L‒1 Conc. / mg∙L‒1 Conc. / mg∙L‒1

1 0 0 0

2 71.3 0 0

3 164.2 56.4 0

4 190.7 162.1 0

5 136.2 98.0 64.5

6 141.5 181.3 238.3

7 32.4 55.6 87.0

8 38.7 39.6 15.6

9 22.2 8.6 0

10 7.7 0 -

11 0 0 -

12 7.4 2.4 -

13 0 0 -

14 0 0 -
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Figure 2.5 UV and mass spectra (ES+) of compounds 82. 

By analysing the 1H and 13C NMR spectra, we observed the mix signals of sporothriolide 1 and 

multiforisin H 82. Then, manually omitted the sporothriolide 1 NMR chemical shifts, the rest 

signals on the NMR spectra (Figure 2.6 ‒ 2.7) were well assigned to multiforisin H 82. And the 

NMR, UV and mass data of multiforisin H 82 obtained from our experiments were fit well with 

the literature (Table 2.2, Figure 2.5).57 Although it has been almost 20 years since multiforisin 

metabolites have been discovered from fungi, no biosynthetic information was known before our 

study. 

 

Table 2.2 1H NMR (400 MHz) data and 13C NMR (100 MHz) data for 82 in CDCl3. Literature57 data were measured in 
CDCl3. 

82
Multiforisn H
C13H16O6; M = 268 g/mol

A
U

pos. δC / ppm δH / ppm (J / Hz)
δC / ppm 

literature57

δH / ppm (J / Hz) 
literature57

2 164.9 - 164.7 -

3 110.9 - 110.8 -

4 168.9 - 168.8 -

5 108.0 - 107.9 -

6 158.1 - 158.0 -

7 119.4 6.39, 1H, dq (15.3, 1.7) 119.3 6.39, 1H, dq (15.1, 1.7)

8 138.4 6.86, 1H, dq (15.3, 7.1) 138.2 6.86, 1H, dq (15.1, 7.0)

9 19.1 1.96, 3H, dd (7.1, 1.7) 18.9 1.97, 3H, dd (7.0, 1.7)

10 56.0 4.58, 2H, s 55.9 4.59, 2H, s

11 56.3 4.96, 2H, s 56.2 4.97, 2H, s

12 170.9 - 170.8 -

13 21.0 2.07, 3H, s 20.9 2.08, 3H, s

14 63.3 4.07, 3H, s 63.2 4.07, 3H, s



2 Biosynthetic Studies of Sporothriolide 

25 

 

Figure 2.6 1H NMR of compound 82 (mix with sporothriolide 1). 

 

Figure 2.7 13C NMR of compound 82 (mix with sporothriolide 1). 
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2.3.3 Acetate Feeding Experiments of Sporothriolide 

Piliformic acid 59 is an alkyl citrate derivative, its biosynthesis was proposed to be derived from 

the condensation of a fatty acid and oxaloacetate 41 by extensive isotopic labelling studies.27,28 

Sporothriolide appears to follow this alkyl citrate biosynthetic pathway from the labelling pattern 

of deoxysporothric acid 76 (Scheme 2.1). Other well-known examples like the maleidrides 

byssochlamic acid 46 also share these similar core early steps (Section 1.2.1), but a highly reduced 

polyketide was used to condense with oxaloacetate. 

To study the labelling pattern of 1, feeding experiments with labelled sodium acetate were 

conducted based on the previously calculated production kinetics. Therefore, 415 mg of [1-13C] 

and [2-13C] sodium acetate dissolved in 3 mL ddH2O were separately supplemented to 3 days old 

H. spongiphila cultures grown in 500 mL PDB medium (five 500 mL flasks each contain 100 mL 

medium) at 28 °C and 130 rpm. Feeding was repeated on day 4 and 5 to reach a final concentration 

of labelled acetate of 10 mM. Cultures were harvested on day 6. Extraction, purification and 

structure elucidation of compounds were achieved as described in Section 6.2. 13C NMR spectra 

were recorded for labelled sporothriolide 1. Peak enhancement was estimated by calculating the 

ratio between the normalised peak intensity of each signal of the labelled compound and the 

normalised signal intensity of each carbon at natural abundance. C-12 was used as a reference for 

[1-13C] sodium acetate feeding experiments, C-11 was used as a reference for [2-13C] sodium 

acetate feeding experiments. (Table 2.3, Figure 2.8). 

 

Table 2.3 NMR signal peak enhancement of labelled sporothriolide 1. A significant incorporation threshold fold is set 
≥ 2. 

Position
1-13C-Sodium Acetate
Incorporation / Fold

2-13C-Sodium Acetate
Incorporation / Fold

1 6.5 1

2 1 3.5

3 1.5 2.5

4 4.5 0.5

5 2.5 0.5

6 0.5 3

7 3 1

8 0.5 3

9 3.5 0.5

10 1 4

11 (reference) 5 1

12 (reference) 1 8

13 0.5 2
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Figure 2.8 13C NMR spectra of sporothriolide 1. A, Natural abundance; B, [1-13C] sodium acetate feeding 
experiment; C, [2-13C] sodium acetate feeding experiment. The enhanced peaks are marked with asterisk. 

2.3.4 Genome and Transcriptome Analysis 

2.3.4.1 Whole Genome Sequencing and antiSMASH Analysis 

Genomic DNA from Hypomontagnella monticulosa MUCL 54604, H. spongiphila CLL 205 and 

H. submonticulosa DAOMC 242471 was extracted and submitted to the CeBiTec (Center for 

Biotechnology) University of Bielefeld for Oxford nanopore/Illumina sequencing (Section 6.1.1). 

Three high-quality draft genomes were obtained (Table 2.4). Gene prediction and annotation were 

performed by Augustus58 and GeneMark.59 

 

Table 2.4 Oxford Nanopore/Illumina-Sequencing results for H. spongiphila, H. monticulosa and H. submonticulosa. 

1 4
3

13 6

5

2 10

9 7

8
11 12DCM

MeOH

1*
4*

5*

11*
9* 7*

5

5*

3*

13*

2*

5

6*
10*

8*

12*

Natural abundance 

[1-13C] Sodium acetate feed

[2-13C] Sodium acetate feed

Acetone

A

B

C

Strain H. monticulosa MUCL 54604 H. spongiphila CLL 205 H. submonticulosa DAOMC 242471

Estimated 
Genome size / bp

42,889,121
(Oxford nanopore/Illumina)

42,321,440
(Oxford nanopore/Illumina)

41,374,079
(Illumina)

Scaffolds/contigs 30 16 123

N50 value / bp 3,439,634 5,056,634 657,615

Annotated genes 11,204 12,622 10,988
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Figure 2.9 Bar chart of predicted number of biosynthetic gene clusters found in the genomes of H. spongiphila 
genome (green), H. monticulosa genome (blue) and H. submonticulosa genome (yellow) using antiSMASH fungal v 

5.1.2.60 

The complete genome sequence of H. monticulosa MUCL 54604, H. spongiphila CLL 205 and 

H. submonticulosa DAOMC 242471 were submitted to the antibiotics & Secondary Metabolite 

Analysis Shell (antiSMASH)60 fungal version 5.1.2 for the prediction of putative gene clusters. A 

total of 72, 69 and 53 secondary metabolite BGC were predicted in the H. spongiphila, H. 

monticulosa and H. submonticulosa genomes, respectively. These BGC are matched with several 

encoding genes, such as PKS (polyketides synthase), NRPS (nonribosomal peptide synthetase), 

terpenes and alkaloids (Figure 2.9). The antiSMASH prediction showed that PKS gene clusters 

are the most common in all three genomes, and the second most common are NRPSs (Figure 2.9). 

However, secondary metabolites gene clusters with fatty acid synthases were not predicted by 

antiSMASH. 

2.3.4.2 Sporothriolide BGC Analysis 

Sporothriolide 1 is proposed to share similar early steps with byssochlamic acid 46 biosynthesis 

(Section 1.2.1, Scheme 1.3). Their backbones are constructed by condensation of polyketide or 

fatty acid chain with oxaloacetate moiety through a citrate synthase-like enzyme. 

Manual homology searches against the genome using citrate synthase gene bfL2 (GenBank 

ANF07286.1) from the byssochlamic acid BGC, rapidly identified a target BGC based around 

fungal FAS (fatty acid synthase) genes co-located with CS (citrate synthase) genes in all three 

organisms (Figure 2.10 ‒ 2.11). This BGC also encodes the expected oxygenase and 

decarboxylase catalysts (Figure 2.10A, Table 2.5). BLASTp61 and PHYRE262 platforms were 

used to annotate and predict the putative function of all proteins encoded by the BGC (Table 2.5). 

In addition to the expected citrate synthase spoE, and two fungal FAS subunits (FASα and FASβ) 

spofasA and spofasB, the BGC encodes: a methylcitrate dehydratase (spoL); a decarboxylase 

(spoK) similar to cis-aconitate decarboxylase;63 a dioxygenase (spoG); and two putative 
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lactonases (spoH and spoJ). In addition, the BGC also encodes two transporters (spoC and spoF), 

along with a transcriptional regulator (spoD) and spoI with unknown function (GenBank 

MT889334, Table 7.1). The three clusters are highly homologous, containing the same genes in 

the same order and orientations (Figure 2.11). 

There exist two more FAS gene clusters in the genome. One is most likely specific for the 

production of primary metabolite fatty acids as it is not clustered with functional tailoring genes. 

The second is a secondary metabolite FAS gene cluster, but with only a citrate synthase and an 

oxidase nearby (Figure 2.10B). Obviously, these two are not the complex BGCs expected for 

sporothriolide 1 biosynthesis. 

 

Figure 2.10 Two gene clusters from H. monticulosa MUCL 54604 which contain fatty acid synthases and citrate 
synthase. A, the spo BGC; B, BGC with unknown function. 

Clinker & clustermap,64 a Python based tool, which was recently developed to generate accurate, 

interactive, publication-quality gene cluster comparison figures were used to illustrate the clusters 

(Figure 2.11). We processed this software for the comparison of spo (sporothriolide) cluster from 

H. monticulosa, H. spongiphila and H. submonticulosa organisms, and they showed a high 

similarity level indicating a conserved relationship (Figure 2.11A ‒ 2.11C). Also, similarities of 

FAS and CS genes were displayed between two fatty acid synthase gene clusters (Figure 2.11C ‒ 

2.11D).  
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Table 2.5 Annotation of sporothriolide BGC and surrounding genes from H. monticulosa MUCL 54604 genome using 
BLASTp61 and PHYRE-2.62 

 

Figure 2.11 Clinker & clustermap64 comparison of putative sporothriolide BGC and the unknown function BGC 
(contains FAS and CS): A, spo cluster from H. submonticulosa DAOMC 242471; B, spo cluster from H. spongiphila CLL 
205; C, spo cluster from H. monticulosa MUCL 54604; D, unknown function BGC from H. monticulosa MUCL 54604. 

Homology searches were also manually conducted by Dr. Eric Kuhnert within the genomes of 

other Hypoxylaceae and Xylaria hypoxylon obtained from an associated study37 using the citrate 

synthase SpoE and the fatty acid synthase subunits (SpofasA, SpofasB) as templates. Results 

Gene (locus_tag) Gene AA Putative Function BLASTpa, PHYRE2b Predicted Cofactor

HmMg6350 - 319 Unknown Amino-acid permeasea, Membrane proteinb /

HmMg6351 spoC 508 Transporter Citrinin biosynthesis cluster MFS transportera /

HmMg6352 spoD 819 Transcription factor Transcriptional regulatory proteina /

HmMg6353 spofasA 1619 Fatty acid synthase subunit alpha Fatty acid synthase subunit alphaa /

HmMg6354 spoE 460 Citrate synthase Citrate synthasea /

HmMg6355 spoF 493 Transporter Efflux pumpa /

HmMg6356 spoG 373 Dioxygenase Sulfonate dioxygenasea, Oxidoreductaseb Alpha-ketoglutarate

HmMg6357 spoH 443 Lactonase Gluconolactonasea, Hydrolaseb /

HmMg6358 spoI 184 Putative hydrolase Unknowna, b /

HmMg6359 spoJ 441 Lactonase Gluconolactonasea, Hydrolaseb /

HmMg6360 spoK 508 Decarboxylase Aconitate decarboxylasea, Isomeraseb /

HmMg6361 spoL 491 Dehydratase 2-Methylcitrate dehydratasea /

HmMg6362 spofasB 2060 Fatty acid synthase subunit beta Fatty acid synthase subunit betaa /

HmMg6363 - 408 Unknown Cytosol aminopeptidasea, Ribosomal proteinb /

HmMg6364 - 238 Unknown Unknowna, Sulfotransferaseb /

HmMg6365 - 516 Unknown Methionyl-tRNA formyltransferasea /
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show that only X. hypoxylon contained a cluster with a similar organisation to the spo cluster, 

which however lacked dioxygenase and lactonase genes (Figure 2.12C).  

 

Figure 2.12 Clinker & clustermap64 comparison of alkyl citrates BGC and maleidrides BGC: A, putative oryzine BGC 
from A. oryzae RIB 40;23 B and D, spo cluster from H. monticulosa MUCL 54604; C, putative piliformic acid BGC of 

Xylaria hypoxylon; E, byssochlamic acid BGC from Byssochlamys fulva IMI 40021.21 

The X. hypoxylon gene cluster encodes: a citrate synthase (plfE); two fungal FAS subunits (plffasA 

and plffasB); a methylcitrate dehydratase (plfG) and a decarboxylase (plfF) similar to the cis-

aconitate decarboxylase.63 As X. hypoxylon is a known producer of piliformic acid 59 (2-

hexylidene-3-methylsuccinic acid),25 we hypothesise that the compound is the most likely product 

of the plf cluster. 

In addition, a synteny analysis between the spo BGC, the oryzine (ory) BGC from Aspergillus 

oryzae, the byssochlamic acid (bf) BGC from Byssochlamys fulva and the putative piliformic acid 

(plf) BGC from Xylaria hypoxylon was also performed (Figure 2.12). The spo cluster, ory cluster 

and plf cluster share more homologous genes than with the bf cluster based on the clinker & 

clustermap results, which fit with the structural diversity between alkyl citrates and maleidrides.  

2.3.4.3 Transcriptomic Analysis  

In order to get further insight into the proposed sporothriolide BGC and elaborate on the gene 

cluster boundary, H. monticulosa MUCL 54604 was cultivated under producing (PDB medium) 

and non-producing (DPY medium) conditions (Section 2.3.1.1). Mycelia were collected and used 

to prepare total RNA using the Quick-RNA Fungal/Bacterial Miniprep Kit (Zymo Research, 

Germany), see details in Section 6.1.1. Genomic DNA (gDNA) contamination of the extracted 

RNA was checked by PCR amplification of “Polymerase II subunit” (housekeeping gene) with 
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forward primer P1 and reverse primer P2 (Table 6.2) binding to intron region, cDNA was used as 

a template which was obtained from reverse transcription of mRNA. The PCR amplification with 

gDNA template was used as a positive control with a length of 2081 bp (Figure 2.13). 

 

Figure 2.13 RNA extraction from producing and non-producing conditions of H. monticulosa MUCL 54604. 

Three replicates of ideal quality RNA samples (gDNA free) for each condition were submitted to 

CeBiTec for cDNA sequencing (Section 6.1.1). Data was used to perform a differential expression 

sequence (DESeq) analysis.65 Mean normalized expression levels (NEL) from producing 

conditions (A) and non-producing conditions (B) were used to calculate the log2-fold change (B/A) 

to visualize differences in expression levels for each gene in the BGC. 

If a log2-fold change of > 2 was observed, genes are regarded as differentially expressed. 

Expression levels of the spo genes and surrounding genes are listed in Table 2.6, Figure 2.14. 

Differential gene expression analysis of the predicted functional genes from spoC to spofasB show 

a strong upregulation under producing conditions (Figure 2.14), while genes outside this region 

show either low expression (Table 2.6, Figure 2.14) or no change in transcription level. Based on 

this analysis, the sporothriolide 1 gene cluster boundary is set which including 12 genes from 

spoC to spofasB. 
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Table 2.6 Normalized expression level (NEL, BaseMean) for genes of the spo cluster and adjacent genes from H. 
monticulosa MUCL 54604 strain. Data calculated with DESeq. 

 

Figure 2.14 Transcriptomic analysis of the sporothriolide BGC from H. monticulosa MUCL 54604. Log2-fold changes 
are calculated between producing and non-producing conditions. NE, no expression. 

Gene
(locus_tag)

Gene
NEL A

(non-producing)
NEL B

(producing)
Log2-fold change

(B/A)

HmMg6349 - 40.42 54.97 0.44

HmMg6350 - 92.24 246.13 1.42

HmMg6351 spoC 1176.34 11594.43 3.30

HmMg6352 spoD 35.24 174.58 2.31

HmMg6353 spofasA 9.33 771.14 6.37

HmMg6354 spoE 18.66 3936.16 7.72

HmMg6355 spoF 153.39 1263.85 3.04

HmMg6356 spoG 32.13 18022.20 9.13

HmMg6357 spoH 66.33 528.71 2.99

HmMg6358 spoI 5350.01 55269.24 3.37

HmMg6359 spoJ 69.44 2463.48 5.15

HmMg6360 spoK 2.07 1441.91 9.44

HmMg6361 spoL 3.11 820.59 8.04

HmMg6362 spofasB 21.76 2108.77 6.60

HmMg6363 - 0 3.72 -

HmMg6364 -
- - -

HmMg6365 - 3.11 0.88 -1.82
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Other very useful information obtained from the transcriptomic analysis includes the exact 

intron and exon positions of the expressed genes, as well correcting the genome 

sequencing errors and re-annotating genes function. By using the transcriptome data we 

re-annotated the spo gene cluster, and the final corrected amino acid sequences of protein 

(GenBank MT889334) are shown in Chapter 7, Table 7.1. 

2.3.4.4 MultiGeneBlast 

In order to identify homologous spo clusters in other fungal genomes, a MultiGeneBlast66 analysis 

was conducted (http://multigeneblast.sourceforge.net/), using templates SpofasA (FAS α), 

SpofasB (FAS β), SpoE (Citrate synthase), SpoF (Transporter), SpoG (Dioxygenase), SpoH 

(Lactonase), SpoJ (Lactonase), SpoK (Decarboxylase) and SpoL (2-Methyl citrate dehydratase) 

on the genome H. monticulosa MUCL 54604 as MultiGeneBlast architecture search. Due to an 

outdated version, only genomes released in NCBI GenBank until November 2015 were 

considered.  

The results showed that such FAS-based pathways are relatively common in fungi but 

have remained unrecognised to date: modern bioinformatic tools such as antiSMASH60 do 

not yet recognize such BGCs, probably because of the high number of 'primary-

metabolism' related steps. At least five homologous clusters encoding fungal FAS α and β 

components, and citrate synthase (spoE), dehydratase (spoL), decarboxylase (spoK), 

dioxygenase (spoG) and one or more lactonases (spoHJ) were detected. The best hits of 

the search revealed the presence of various similar clusters in Pestalotiopsis fici and others 

predominantly in Aspergillus species (Figure 2.15), and similar pathways will likely 

appear elsewhere. The genus Aspergillus includes the previously published oryzine cluster 

(ory) from A. oryzae (Figure 2.12 and Figure 2.15). 
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Figure 2.15 MultiGeneBlast (architecture search) of the sporothriolide biosynthetic enzymes of H. monticulosa 
MUCL 54604. There are six hits with 'Total score 9.0', and the putative biosynthetic gene cluster of the oryzines was 

included (red frame). 

2.3.5 Gene Knockout in H. spongiphila CLL 205 

Gene knockout is an ideal methodology not only to verify the correct cluster of natural products 

biosynthesis but also to reveal the function of each gene through individual inactivation. Among 

them, the bipartite knockout (Figure 1.8) is one of the most useful strategies in fungi. This involves 

co-transformation with two overlapping fragments, creating a functional fungal selection marker 

by homologous recombination of two split pieces (Section 1.3.3). 

2.3.5.1 Fungal Transformation of H. spongiphila CLL 205 

Because the hypoxylon species had never been genetically transformed before our work, the 

development of an efficient fungal transformation protocol was an early aim. This was done by 

trialling and testing various protoplast preparation conditions, different concentrations and 

constituents of transformation solutions, as well as several plate-spreading methods. Finally, we 

established an effective fungal transformation protocol (Section 6.1.2) for H. spongiphila. In 

addition, this protocol is suitable for H. monticulosa and H. submonticulosa transformations. 

FAS FASCSTPDOLLDCDH
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2.3.5.1a Antibiotics Screening and Protoplast Preparation 

A wide range of genes have been used as selectable markers for fungi, especially the hph gene 

(hygromycin B resistance) which is widely used as a fungal selection system.38 To test the 

sensitivity of H. spongiphila to hygromycin, this fungus was subcultured on DPY agar containing 

different concentrations (5, 10, 25, 50, 100, 150, 200 µg∙mL‒1) of hygromycin. Observation of the 

colonies at 28 °C for 10 days showed that H. spongiphila was able to grow at a concentration of 

5, 10, 25, 50 and 100 µg∙mL‒1 hygromycin B, but is inhibited at concentrations of 150 and 200 

µg∙mL‒1 (Figure 2.16A). Therefore, we selected 150 µg∙mL‒1 of hygromycin as the selection 

method in the H. spongiphila transformation. 

Protoplast preparation is a vital first step for fungal transformation. Protoplasts quality and 

quantity dominantly determine the efficiency of transformation and hence knockout efficiency. 

From the developed protocol (Section 6.1.2), a decent amount of protoplasts (1.22 × 109 ∙mL‒1) 

of H. spongiphila was obtained (Figure 2.16B). 

 

Figure 2.16 A, hygromycin sensitive assay; B, protoplasts of H. spongiphila CLL 205. 

2.3.5.1b Transformation with pTH-GS-eGFP 

The pTH-GS-eGFP38 vector contains an hph gene (resistance cassette) for selection with 

hygromycin B, and the eGFP gene encoding an enhanced green fluorescent protein (eGFP) that 

exhibits a visible green fluorescence when exposed under inducing light. The eGFP gene is 

expressed under the control of the PamyB promoter which is induced by starch or maltose (Figure 

2.17B), while hph is expressed from the PgpdA promoter, a strong constitutive promoter from 

Aspergillus nidulans. 

A B

150 ug∙mL-1
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The established fungal transformation method (Section 6.1.2) for H. spongiphila was tested with 

the pTH-GS-eGFP vector, this was conducted by the master student Haoxuan Zeng. Nine colonies 

were obtained from three rounds of hygromycin selection plates and then cultivated in DPY liquid 

medium (Table 6.5). DPY medium contains starch as the carbon source for the induction of PamyB 

promoter. Microscopic analysis of three transformants showed that they displayed green 

fluorescence (Figure 2.17A). In addition, PCR (P82 + P83, Table 6.2) amplified the eGFP gene 

of three transformants, in contrast, the wild type (WT) did not show a PCR product (Figure 2.17B). 

 

Figure 2.17 A, cell image of H. spongiphila wild type and transformant (supported by Haoxuan Zeng); B, agarose gel 
electrophoresis of eGFP gene from wild type and transformant. WT: wild type; T: transformant; VT, vector. 

2.3.5.2 Knockout of spofasA/spoE 

2.3.5.2a Vector Construction for spofasA/spoE Knockout 

As homologues of both genes were located in the genomes (Figure 2.10) potentially 

complementing gene loss, the spoE (CS) and spofasA genes in H. spongiphila were then deleted 

simultaneously. 

A vector based on the pE-YA plasmid including a 500 bp upstream fragment of spofasA and a 

500 bp downstream fragment of spoE separated by a hygromycin resistance gene (hph) as 

selection marker was constructed (Figure 2.18). Homologous flanking arm-1 (500 bp upstream 

fragment of spofasA) and arm-2 (500 bp downstream fragment of spoE) were amplified by PCR 

from gDNA of H. spongiphila CLL205 using the primer sets P7 + P8 and P9 + P10 (Table 6.2). 

The pTH-GS-eGFP vector was used as the template to amplify the hygromycin resistance cassette 

(hph) with the primer sets P11 + P12 (Table 6.2). The pE-YA empty vector was linearized with 

the restriction enzymes AscI and NotI (New England BioLabs). Recombination of the fragments 

was achieved by Yeast Homologous Recombination (Section 6.1.2.2). Plasmids were purified 

from yeast using the ZymoprepTM Yeast Plasmid Miniprep II kit (Zymo Research), transformed 

into Top10 E. coli cells for amplification, screened by colony PCR (Table 6.2) and purified using 

the NucleoSpinTM Plasmid kit (Machery-Nagel). 
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Two overlapping fragments of the constructed KO cassette (1916 bp and 3280 bp) were PCR 

amplified by OneTaq® 2X Master Mix (New England BioLabs, USA) using the primer sets P7 + 

P14 and P13 + P10 (Table 6.2). Fragments were purified with the GenEluteTM PCR Clean-Up Kit 

(Sigma-Aldrich) and used for the transformation of H. spongiphila protoplasts. 

 

Figure 2.18 A, gene cluster for sporothriolide 1; B, the bipartite knockout (Figure 1.8) method to replace the 
targeted genes with a hygromycin resistance cassette via homologous recombination. Red: Target gene sequence 
(spofasA and spoE from H. spongiphila); Blue: Hygromycin resistance cassette, containing the PgdpA promotor, the 

hygromycin resistance gene (hph) and the TtrpC terminator. 

2.3.5.2b spofasA/spoE Knockout Workflow 

The protocol details of H. spongiphila transformation is in Section 6.1.2. The first selection plates 

with hygromycin B were incubated at 28 °C for 8 to 10 days until colonies were observed. Fifty 

colonies (collected from 3 rounds of fungal transformation) were transferred to new DPY plates 

with hygromycin B for another 3 to 4 days growing, this is the second-round selection. Forty-six 
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well-growing colonies were then again transferred to new DPY plates with hygromycin B for the 

third-round selection. Finally, 46 viable transformants were placed on normal DPY agar and 

incubated for 5 to 6 days, followed by cultivating in producing conditions for chemical metabolite 

analysis (Figure 2.19). In general, one whole round of knockout procedures will take one month. 

However, each round efficiency is impossible to estimate in advance. Therefore the fungal 

transformation was performed consecutively for 3 to 5 rounds, with an aim to isolate ca 50 

transformants after the 3rd selection round. 

 

Figure 2.19 Working flow of the bipartite knockout of H. spongiphila CLL 205. 

2.3.5.2c spofasA/spoE Knockout Transformant Analysis 

Forty-six transformants with hygromycin resistance were generated after three rounds of 

fungal transformation. All 46 transformants were cultivated under sporothriolide 1 

producing conditions and compared to the wild type (WT) strain (Figure 2.20). One of 

these produced neither sporothriolide 1 nor the related sporochartine or congeners 75 – 78. 

 

Figure 2.20 High Performance Liquid Chromatography (HPLC) analysis of crude extracts from H. spongiphila CLL 205 
grown under producing conditions of 1: A, Diode Array Detector (DAD) chromatogram of wild type (WT); B, DAD 

chromatogram of ΔspoE/spofasA. 

PCR analysis of this specific transformant was performed. The transformant and WT were 

used for the extraction of gDNA. Amplification of the first fragment (Figure 2.21) with 
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primers P15 + P14 (Table 6.2), P15 binging to outside region of target gene while P14 

binding to the hph gene. Meanwhile, the second insertion fragment (Figure 2.21) was 

amplified by using primers P13 + P16, as in the previous case P16 binding to the outside 

region of the target gene while P13 binding to the hph gene. As shown in gel results, the 

incorporation of the hygromycin resistance gene at the target position was confirmed. The 

spoE and spofasA were successful disrupted (Figure 2.21). 

 

Figure 2.21 Verification of positive H. spongiphila ΔspoE/spofasA transformant using PCR. 

2.3.5.3 Attempted Knockout of Other Genes 

The correct gene cluster for sporothriolide biosynthesis was proved through gene knockout of 

spofasA/spoE abolishing target metabolite production. In addition, the cluster also includes spoG, 

spoH, and spoK encoding dioxygenase, lactonase and decarboxylase, respectively. We designated 

the following individual knockout experiments targeting tailoring genes spoG, spoH, and spoK in 

sporothriolide 1 biosynthesis, in order to observe their functions by analysing metabolic 

intermediates after gene deactivation. 

2.3.5.3a spoG, spoH and spoK Knockout Vector Constructions and 

Transformation 

KO vectors were constructed as previously described for the spofasA/spoE knockout experiment 

(Figure 2.18). The bipartite fragments for the knockout experiment were amplified by using 

primers P68 + P14 and P13 + P69 for spoG (Figure 2.22, Table 6.2), P70 + P14 and P13 + P71 

for spoH, as well as P72 + P14 and P13 + P73 for spoK. 

target geneArm-2 Arm-1

hyg cassetteArm-2 Arm-1

P14

P15

3.0Kb

2.0

1.5

WTK.O

P15 P14 1986bp

WT

KO

3.0Kb

2.0

1.5

WTK.O

P13 P16 3311bp

P13

P16

√ √



2 Biosynthetic Studies of Sporothriolide 

41 

 

Figure 2.22 A, Gene cluster of sporothriolide; B, constructed plasmids for bipartite knockout of spoG, spoH and 
spoK, respectively. 

Then fragments were purified and used directly for CaCl2/PEG mediated protoplast 

transformation of H. spongiphila. Finally, 36 transformants from spoG KO, 33 transformants 

targeting spoK KO, and 50 transformants targeting spoH KO were obtained after three rounds of 

fungal transformation (Table 2.7).  

 

Table 2.7 Transformants obtained from three rounds fungal transformation of spoG, spoH and spoK knockout, 
respectively. 
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All transformants generated from KO were cultivated under sporothriolide 1 producing conditions, 
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compared with an extract of the WT strain (Figure 2.23). Unfortunately, sporothriolide 

metabolites 75 ‒ 78 were observed in all transformants extracts. 
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Figure 2.23 HPLC analysis of crude extracts from H. spongiphila grown under producing conditions of 1: A, Diode 
Array Detector (DAD) chromatogram of wild-type (WT); B, DAD chromatogram of spoG KO transformant; C DAD 

chromatogram of spoH KO transformant; D, DAD chromatogram of spoK KO transformant. 

Genomic DNA of transformant from KO spoG, spoK, and spoH (Figure 2.24) were extracted 

for genetic testing. Forward primers P74 for spoG, P75 for spoH, and P76 for spoK binding to the 

upstream of flanking arm-2 and reverse primer P14 binding to the inside of the hygromycin 

cassette were employed for the first fragment amplification (Figure 2.24). In the same manner, 

forward primer P13 binding to inside of the hygromycin cassette and reverse primers P77 for 

spoG, P78 for spoH, and P79 for spoK binding to the downstream of flanking arm-1 were applied 

for the second fragment insertion verification (Figure 2.24). However, no PCR products were 

observed on the gel. This suggested that bipartite substrates were ectopically integrated within the 

genome somewhere else, not in the corresponding position of target spoG, spoH, and spoK genes. 

From the first KO it is clear that the efficiency of the bipartite KO is low in H. spongiphila (1/46). 

It is therefore not surprising that KO in the other case was not successful. 

 

Figure 2.24 Genetic analysis of spoG, spoH, spoK KO transformant. No positive knockout results from the gel. 
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2.3.6 Heterologous Expression in A. oryzae NSAR1 

The first knockout experiment (Section 2.3.5.2) supported the correct BGC for sporothriolide 1. 

Although the employment of gene knockout in Hypomontagnella species is deficient for enzyme 

function investigation, heterologous expression (Section 1.4.4) of the sporothriolide BGC in 

quadruply auxotrophic A. oryzae NSAR1 may open ways to study the biosynthetic steps of 

sporothriolide 1. 

2.3.6.1 Expression Vectors and Cloning Strategies 

A. oryzae NSAR1 is auxotrophic in arginine (ΔargB), sulfate assimilation (sC‒), adenine (adeA‒) 

and ammonium (niaD‒) metabolism. In addition, the natural sensitivity towards the antibiotics 

bleomycin (bleR) and glufosinate-ammonium (Basta; barR) enables the use of two more dominant 

selectable markers.49 Two fungal transformation vectors were used in this work (Figure 2.25), 

each using single complementation with one of two different selection markers (argB and adeA). 

Each expression vector has four gene cloning sites in total with promoter/terminator P/TamyB, 

P/Tadh, P/TgpdA and P/Teno in the pTAYAGS series of fungal expression vectors (Figure 2.25).49,67 

 

Figure 2.25 pTAYAGS vectors used in this heterologous expression work. 

Promoter/terminator P/Tadh, P/TgpdA and P/Teno sequences flanking AscI sites are designed for gene 

insertion by homologous recombination in Saccharomyces cerevisiae (Section 6.1.2.2). The 

desired vector is cut in three pieces by the AscI restriction endonuclease and co-transformed with 

up to three DNA fragments (Figure 2.26A). Each DNA fragment includes a homologous overlap 

sequence (at least 30 bp) introduced by PCR amplification. The 2µ origin of replication (ori) and 

ura3 gene (encoding an orotidine 5’-phosphate decarboxylase) are used to select uracil auxotroph 

S. cerevisiae. Origin of replication (colE1) and ampR gene (resistance to ampicillin) are utilised 

for propagation in E. coli. 

The fourth cloning site is located between promoter/terminator P/TamyB which flank the 

recombination sequences attR1 and attR2 to constitute a Gateway in vitro recombination 

cassette.49,67 This is composed of the ccdB gene encoding the CcdB killer protein, and the camR 

gene encoding chloramphenicol resistance (Figure 2.26A). The interchange of DNA fragments 
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flanked with attR sites and attL sites are achieved in vitro by a Gateway cloning kit (LR 

recombinase, Invitrogen). Normally, large genes are assembled from multiple parts through 

homologous recombination in S. cerevisiae in the entry vector pE-YA67 (with attL sites). This 

gene is then cloned into the target pTAYAGS destination vectors by Gateway cloning (Figure 

2.26B).49 

 

Figure 2.26 A, in vivo homologous recombination in pTAYAGS vector; B, Gateway cloning by LR recombination 
between pE-YA vector (with GOI) and pTAYAGS vector leading to expression pTAYAGS plasmids. HR, homologous 

recombination. 

2.3.6.2 Gene Combinations and Plasmid Constructions 

2.3.6.2a Overview of Constructed Plasmids 

Based on the transcriptomic analysis in Section 2.3.4.3, we could define the spo cotranscribed 

region as running from spoC to spofasB, including 12 genes in total (Figure 2.14). These include 

genes encoding: two fungal FAS subunits (spofasA and spofasB); two transporters (spoC and 

spoF); a transcriptional regulator (spoD); a citrate synthase (spoE); a dioxygenase (spoG); two 

lactonases (spoH and spoJ); a decarboxylase (spoK); a methylcitrate dehydratase (spoL), and spoI 

with unknown function (GenBank MT889334, Table 7.1). For heterologous expression, the 

transcription factor (spoD) and transporters (spoC and spoF) were omitted since they are supposed 

to be only useful for the gene cluster expression regulation within the original host H. monticulosa, 

thus they are insignificant for the secondary metabolites biosynthetic pathway. In addition, the 

functional unknown spoI was not considered in our heterologous expression work. Finally, eight 

functional genes from the spo BGC were selected for expression in A. oryzae NSAR1. These are 

spofasA, spofasB, spoE, spoG, spoH, spoJ, spoK, and spoL.  

Genomic DNA from H. monticulosa was isolated from 5 days old liquid cultures using the 

GeneEluteTM Plant Genomic DNA Miniprep Kit (Sigma Life Science, USA) following the 
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manufacturer’s instructions. For RNA extraction, H. spongiphila and H. monticulosa were grown 

under sporothriolide producing conditions for 3 days in PDB medium. RNA was obtained by 

using the method in Section 6.1.1 and transcribed into cDNA using the High Capacity RNA-to-

cDNATM kit (Applied Biosystems by Thermo Fisher Scientific, USA).  

The transcriptomic analysis made solid supports for the determination of gene borders, as well as 

intron and exon positions (Table 7.1). Genes of interest were either amplified from H. monticulosa 

cDNA or gDNA using the primer sets listed in Table 2.8 depending on the investigated 

combination of genes (for primer details see Chapter 6, Table 6.2). 

Two destination vectors (pTAYAGSarg and pTAYAGSade) were employed as a basis for 

plasmid construction. Genes were either inserted via yeast homologous recombination (YHR) or 

Gateway cloning (Figure 2.26 ‒ 2.27). Before vector assembly, the pTAYAGS and pE-YA 

plasmids were digested with restriction endonucleases (AscI for pTAYAGS; AscI and NotI for 

pE-YA). Targeted genes and digested destination vectors were then together transformed into 

yeast cells for YHR (see Section 6.1.2.2 for details). To transfer genes from the pE-YA to the 

pTAYAGS vectors, a Gateway cloning kit (LR Clonase II Enzym-Mix, Invitrogen, USA) was 

applied following the manufacturer's guidelines. A detailed list of the constructed vectors used in 

this work can be found in Figure 2.27. 
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Figure 2.27 A, gene cluster of sporothriolide; B, constructed plasmids for A. oryzae heterologous expression studies. 
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Table 2.8 Primer sets used in constructed plasmids for heterologous expression. * Deviating PCR annealing 
temperatures (standard is 60 °C) are stated under PCR condition. Primers sequence see Table 6.2. 

  

Primer no. Template Target vector Purpose PCR condition* 
P17+P18 gDNA of H. monticulosa pDTHE1 FASβ (spofasB), 

fragment 1 
Q5, 65°C 

P19+P20 cDNA of H. monticulosa pDTHE1 FASβ (spofasB), 
fragment 2 

Q5, 55°C 

P19+P6 E.coli transformants with pDTHE1 pDTHE1 Colony PCR OneTaq 

P43+P44 cDNA of H. monticulosa pDTHE14 Decarboxylase (spoK) Q5, 65°C 

P5+P6 E.coli transformants with pDTHE14 pDTHE14 Colony PCR OneTaq 

P23+P24 gDNA of H. monticulosa pDTHE2 FASα (spofasA), 
fragment 1 

Q5, 65°C 

P21+P22 cDNA of H. monticulosa pDTHE2 FASα (spofasA), 
fragment 2 

Q5, 65°C 

P25+P26 cDNA of H. monticulosa pDTHE2 Citrate synthase (spoE) Q5 

P50+P22 E.coli transformants with pDTHE2 pDTHE2 Colony PCR OneTaq 

P60+P61 E.coli transformants with pDTHE2 pDTHE2 Colony PCR OneTaq 

P21+P22 cDNA of H. monticulosa pDTHE3 FASα (spofasA) 
fragment 1 

Q5, 65°C 

P23+P27 gDNA of H. monticulosa pDTHE3 FASα (spofasA) 
fragment 2 

Q5, 65°C 

P50+P22 E.coli transformants with pDTHE3 pDTHE3 Colony PCR OneTaq 

P21+P28 pDTHE2 pDTHE10 FASα (spofasA) Q5, 65°C 

P25+P26 cDNA of H. monticulosa pDTHE10 Citrate synthase (spoE) Q5 

P29+P30 gDNA of H. monticulosa pDTHE10 Dehydratase (spoL) 
fragment 1 

Q5 

P31+P32 gDNA of H. monticulosa pDTHE10 Dehydratase (spoL) 
fragment 2 

Q5 

P19+P49 E.coli transformants with pDTHE10 pDTHE10 Colony PCR OneTaq 

P52+P22 E.coli transformants with pDTHE10 pDTHE10 Colony PCR OneTaq 

P56+P57 E.coli transformants with pDTHE10 pDTHE10 Colony PCR OneTaq 

P60+P61 E.coli transformants with pDTHE10 pDTHE10 Colony PCR OneTaq 

P33+P34 gDNA of H. monticulosa pDTHE15 Lactonase (spoH) 
fragment 1 

Q5, 65°C 

P35+P36 gDNA of H. monticulosa pDTHE15 Lactonase (spoH) 
fragment 2 

Q5 

P37+P38 gDNA of H. monticulosa pDTHE15 Lactonase (spoH) 
fragment 3 

Q5 

P39+P40 cDNA of H. monticulosa pDTHE15 Lactonase (spoJ) Q5 

P41+P42 cDNA of H. monticulosa pDTHE15 Dioxygenase (spoG) Q5 

P52+P53 E.coli transformants with pDTHE15 pDTHE15 Colony PCR OneTaq 

P56+P57 E.coli transformants with pDTHE15 pDTHE15 Colony PCR OneTaq 

P60+P61 E.coli transformants with pDTHE15 pDTHE15 Colony PCR OneTaq 

P41+P42 pDTHE15 pDTHE25 Dioxygenase (spoG) Q5 

P33+P45 pDTHE15 pDTHE25 Lactonase (spoH) Q5 

P50+P53 E.coli transformants with pDTHE25 pDTHE25 Colony PCR OneTaq 

P56+P61 E.coli transformants with pDTHE25 pDTHE25 Colony PCR OneTaq 

P41+P46 pDTHE15 pDTHE26 Dioxygenase (spoG) Q5 

P39+P40 pDTHE15 pDTHE26 Lactonase (spoJ) Q5 

P50+P57 E.coli transformants with pDTHE26 pDTHE26 Colony PCR OneTaq 

P60+P61 E.coli transformants with pDTHE26 pDTHE26 Colony PCR OneTaq 

P41+P47 pDTHE15 pDTHE27 Dioxygenase (spoG) Q5 

P50+P61 E.coli transformants with pDTHE27 pDTHE27 Colony PCR OneTaq 

pDTHE4 (LR clone of pDTHE1 + pDTHE2) 

pDTHE5 (LR clone of pDTHE1 + pDTHE3) 

pDTHE1 + Arg (LR clone of pDTHE1 + pTAYAGSarg) 

pDTHE16 (LR clone of pDTHE14 + pDTHE15) 

pDTHE17 (LR clone of pDTHE14 + pTAYAGSade) 

pDTHE18A (LR clone of pDTHE14 + pDTHE25) 

pDTHE19A (LR clone of pDTHE14 + pDTHE26) 

pDTHE21 (LR clone of pDTHE14 + pDTHE27) 
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2.3.6.2b Gene Combinations and A. oryzae NSAR1 Transformation 

In total, eight different (Table 2.9) gene-expression combinations were designed, and the 

corresponding vectors were co-transformed in A. oryzae NSAR1 by using a CaCl2/PEG mediated 

protoplast protocol (Section 6.1.2.3). 

The obtained transformants (exact numbers see Table 2.9) were genetically checked by PCR 

reaction (Figure 2.28) with appropriate primers (Chapter 6, Table 6.2). For the large piece of 

spofasA and spofasB, parts of the head and tail were amplified by using primers binding to the 

promoter and terminator regions (EXP1 ‒ 3), and for the short piece of genes, the full length was 

examined. Agarose gel electrophoresis showed that all genes from the positive transformants were 

successfully integrated into the A. oryzae (Figure 2.28). All transformants from each individual 

experiment were cultured in PamyB induction medium DPY at 28 °C for 5 ‒ 7 days and 110 rpm, 

mycelia and culture media were extracted separately and analysed by LCMS (Section 6.2). 

 

Table 2.9 Combinations of spo genes expressed in A. oryzae NSAR1. Trans: Transformants. The number 3/9 means 
that there were nine transformants obtained in EXP1 in total, and three of them are positive. 

EXP spo Trans. Products

fasA E G H J K L fasB

FASA CS DO Lact Lact DC DH FASB

1  - - - - - -  3/9 -
2   - - - - -  3/10 -
3   - - - -   2/10 -
4   - - -    2/5 83
5    - -    2/7 75 ‒ 76, 83, 88 ‒ 91
6     -    2/9 75 ‒ 76, 83, 88 ‒ 89
7    -     2/8 75 ‒ 76, 83, 88 ‒ 89
8         1/6 1, 76, 90 ‒ 92
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Figure 2.28 Genetic analysis of A. oryzae NSAR1 transformant: EXP1 (spofasA + spofasB); EXP2 (spofasA + spofasB + 
spoE); EXP3 (spofasA + spofasB + spoE + spoL); EXP4 (spofasA + spofasB + spoE + spoL + spoK); EXP5 (spofasA + 

spofasB + spoE + spoL + spoK + spoG); EXP6 (spofasA + spofasB + spoE + spoL + spoK + spoG + spoH); EXP7 (spofasA + 
spofasB + spoE + spoL + spoK + spoG + spoJ); EXP8 (spofasA + spofasB + spoE + spoL + spoK + spoG + spoH + spoJ). 
EXP ID see Table 2.9. fA: spofasA; fB: spofasB; sE: spoE; sG: spoG; sH: spoH; sJ: spoJ; sK: spoK; sL: spoL. NSB: Non-

specific binding. 

2.3.6.3 Expression of the spo Genes for Early Steps 

The fatty acid biosynthetic pathway is an attractive target for the production of chemicals and 

transportation fuels with different chain lengths.68 The fatty acid synthase in sporothriolide BGC 

is expected to assemble a C10 alkyl chain which potentially contains an alkene for later oxidation. 

Citrate synthase SpoE is proposed to be responsible for the condensation of the alkyl chain with 

oxaloacetate to form alkyl citrates and 2-methylcitrate dehydratase SpoL is proposed to eliminate 

one molecule of water. These steps are similar to the early steps of byssochlamic acid 46 

biosynthesis (Scheme 1.3). 

Three plasmids (pDTHE5_EXP1, pDTHE4_EXP2 and pDTHE10_EXP3; Figure 2.29) were 

individually transformed into A. oryzae, then all transformants were cultured and extracted for 

LCMS analysis. The LCMS results showed that no related new metabolites were observed except 

the C16/C18 fatty acids produced from host A. oryzae (EXP1 ‒ 3, Figure 2.30). 
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Figure 2.29 Plasmids used in expression work of EXP1, EXP2 and EXP3. EXP ID see Table 2.9. 

 

Figure 2.30 HPLC analysis of crude extracts (from cell) from A. oryzae transformant. A, ELSD chromatogram of 
untransformed A. oryzae NSAR1; B, ELSD chromatogram of EXP1 (spofasA + spofasB) transformant; C, ELSD 

chromatogram of EXP2 (spofasA + spofasB + spoE) transformant; D, ELSD chromatogram of EXP3 (spofasA + spofasB 
+ spoE + spoL) transformant. EXP ID see Table 2.9. 

2.3.6.4 Co-expression of Early Step Genes with Later Tailoring Genes 

2.3.6.4a Co-expression of spofasA, spofasB, spoE, spoL and spoK 

SpoK is predicted as a decarboxylase. There is also a decarboxylation step after dehydration in 

the byssochlamic acid 46 pathway (Scheme 1.3), but in this case, it is spontaneous.21 In order to 

investigate the function of the SpoK decarboxylase in sporothriolide 1 biosynthesis, we cloned 

spoK into the pTAYAGSade vector pDTHE17 and co-transformed it with vector pDTHE10 

containing spofasA, spofasB, spoE and spoL (EXP4, Figure 2.31). 

 

Figure 2.31 Plasmids used in expression work of EXP4. EXP ID see Table 2.9. 
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All transformants from EXP4 were cultivated and extracted for LCMS analysis. From the results, 

a new peak with a molecular weight of 242 (ESI-MS m/z 241 [M – H]–, 243 [M + H]+) was 

observed in transformant but not in untransformed A. oryzae extracts (Figure 2.32 ‒ 2.33). 

 

Figure 2.32 HPLC analysis of crude extracts (from media) from A. oryzae transformant. A, Diode Array Detector 
(DAD) chromatogram of EXP4 (spofasA + spofasB + spoE + spoL + spoK) transformant; B, DAD chromatogram of 

untransformed A. oryzae NSAR1. EXP ID see Table 2.9. 

A scale-up fermentation (1L DPY liquid medium) of the producing transformant was carried out 

and extracts were subsequently employed for preparative LCMS (Section 6.2). The purification 

of 83 was achieved (4 mg∙L‒1; Table 7.4). The structure of 83 (Figure 2.33) was determined as the 

known compound 2R-2-(2-acrylic)-decanoic acid54
 by extensive 1D and 2D NMR analysis (see 

Chapter 7 for details). The R absolute configuration at C-2 was confirmed by comparing the 

optical rotation with literature.54 

 

Figure 2.33 UV and mass spectra (ES+ and ES‒) of 83. 

2.3.6.4b Co-expression of spofasA, spofasB, spoE, spoL, spoK and spoG 

Oxidation of 83 obtained from EXP4 is necessary for sporothriolide 1 construction. Thus the 

dioxygenase SpoG was assumed to catalyse the oxidation step(s) during sporothriolide 1 

biosynthesis. We cloned spoG in the pTAYAGSade plasmid (pDTHE21) containing spoK, and it 

was co-transformed to A. oryzae with pDTHE10 containing spofasA, spofasB, spoE and spoL 

(EXP5, Figure 2.34). 
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Figure 2.34 Plasmids used in expression work of EXP5. EXP ID see Table 2.9. 

Cultivation of all obtained transformants in DPY induction medium was then performed. Organic 

extracts of the cells and culture media were examined by LCMS (Figure 2.35). The addition of 

the putative dioxygenase spoG to the previous set of genes in A. oryzae results in the formation 

of a broad range of new compounds in addition to 83 (EXP5, Figure 2.35, Table 2.10). Four of 

the observed products (75, 76, 88, 90) were purified and their structures were deduced by NMR 

(see Chapter 7 for spectra details).  

Compound 83 (Figure 2.33) was observed in EXP5 as same as in EXP4. Compound 76 (Table 

2.10) was characterised as deoxysporothric acid,53 a known compound reported from H. 

spongiphila CLL 205. Compound 75 (Table 2.10) was shown to be a known compound sporothric 

acid51 which was first found in H. monticulosa MUCL 54604, it was characterized by a lactone 

ring established between C-6 and the carboxylic acid group of the fatty acid chain. 

 

Figure 2.35 HPLC analysis of crude extracts (from meida) from A. oryzae transformant. A, Diode Array Detector 
(DAD) chromatogram of EXP4 (spofasA + spofasB + spoE + spoL + spoK) transformant; B, Diode Array Detector (DAD) 

chromatogram of EXP5 (spofasA + spofasB + spoE + spoL + spoK + spoG) transformant; C, DAD chromatogram of 
untransformed A. oryzae NSAR1. EXP ID see Table 2.9. 
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Table 2.10 UV and mass spectra (ES+ and ES‒) of compounds from EXP5. See Figure 2.33 for compound 83. 

Compounds 88, 89, 90 and 91 were all new (Table 2.10). Compound 90 (Table 2.10) was 

designated as sporodride A to serve as the first sporothriolide anhydride structure, the details of 

structure elucidation and NMR, HR-ESI-MS spectra for 90 are given in Chapter 7. 

Compound 88 (Table 2.10) was identified as the C-5 hydroxylated product of 83. It was 

interesting that 88 always cyclized spontaneously to 93 in a short time (Figure 2.36), although the 

NMR measuring was operated right away. We could obtain the clean 1H NMR of 88 (Chapter 7), 

but the 13C NMR of 88 was a mixture of 88 and 93 (Figure 2.38), the later-measured 2D NMR 

measurement resulted in pure 93 (Chapter 7), which suggested a full conversion from 88 to 93. 

Compounds UV Spectrum Mass Spectrum (ES‒) Mass Spectrum (ES+)

 

93
Epideoxyisosporothric acid 
C13H20O4; M = 240 g/mol

88
Hydroxyalkylitaconic acid A

C13H22O5; M = 258 g/mol

75
Sporothric acid

C13H20O5; M = 256 g/mol

89
C13H22O6; M = 274 g/mol

91
C13H20O5; M = 256 g/mol

90
Sporodride A 

C13H20O4; M = 240 g/mol

76
Deoxysporothric acid

C13H20O4; M = 240 g/mol
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Figure 2.36 A, HPLC chromatogram (DAD) of compound 88 transformed to compound 93 spontaneously; B, 
the proposed mechanism. 

 

Figure 2.37 Key HMBC, 1H-1H COSY and NOESY correlations of 93. 

Compound 88 was isolated as a white powder with molecular formula C13H22O5 (calc. [M ‒ H]‒ 

HRMS 257.1389, measured 257.1386), indicating 3 degrees of unsaturation. Compound 93 is a 

white powder with molecular formula C13H20O4 (calc. [M ‒ H]‒ HRMS 239.1283, measured 

239.1282), indicating 93 is a dehydration product from 88. Extensive analysis by 1D and 2D 

NMR (Table 2.11) of 93 showed that the structure is quite similar with deoxyisosporothric acid,54 

the difference is a loss of one methyl and one aromatic methine, but the addition of one aromatic 

quaternary carbon and one aromatic methylene. The molecular weight of 93 is also identical with 

deoxyisosporothric acid, indicating the C-2/C-3 alkene shifted outside the lactone ring led to the 

C-3/C-13 alkene 93. HMBC correlations from H-13 to C-2, C-3, and C-4, from H-2 to C-1, C-3, 

C-5, C-6, and C-13, as well correlations from H-2, H-5 and H-13 to C-3 support this speculation 

(Figure 2.37). The 1H-1H COSY correlations of H-5, H-6, and H-7 make a further confirmation 
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(Figure 2.37). The relative configuration of 93 was assigned by NOESY correlations of H-2 and 

H-5, suggesting these two protons are located on the same face (Figure 2.37). 

 

Table 2.11 1H NMR (400 MHz) data and 13C NMR (100 MHz) data for 88 in CDCl3. 1H NMR (500 MHz) data and 13C 
NMR (125 MHz) data for 93 in CDCl3. 

 

Figure 2.38 13C NMR of compound 88 and 93. 

pos. 88 93

δC /ppm δH / ppm (J / Hz) δC / ppm δH / ppm (J / Hz) HMBC 1H-1H COSY

1 177.6 - 170.8 - - -

2 53.5 3.54, 1H, d (6.8) 48.9 4.00, 1H, dt (2.2, 7.7) 1, 3, 5, 6, 13 5

3 135.4 - 133.7 - - -

4 169.1 - 169.0 - - -

5 73.8 4.13, 1H, m 78.2 4.65, 1H, m 1, 2, 3, 6, 7 2, 6

6 34.7 1.43-1.51, 2H, m 31.6 1.71, 2H, m 2, 5, 7, 8 5, 7

7 25.5 1.21-1.35, 2H, m 25.7
1.41, 1H, m
1.55, 1H, m

5, 6, 8, 9 6, 8

8 29.4 1.21-1.35, 2H, m 29.2 1.29, 2H, m 6, 7, 10 7, 9

9 29.5 1.21-1.35, 2H, m 29.3 1.32, 2H, m 7, 8 8, 10

10 31.9 1.21-1.35, 2H, m 31.8 1.26, 2H, m 8, 9, 11 9, 11

11 22.8 1.21-1.35, 2H, m 22.7 1.28, 2H, m 10, 12 10, 12

12 14.2 0.87, 3H, t (6.5) 14.2 0.88, 3H, t (7.2) 10, 11 11

13 132.0
6.56, 1H, s
5.98, 1H, s

125.4
6.43, 1H, d (2.1)
5.87, 1H, d (2.1)

2, 3, 4
-
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Compound 88 was the precursor of lactone 93, thus a reasonable scaffold for 88 was proposed. 

The carbon and proton signals for 88 could be easily assigned based on 93 (Table 2.11). Also, the 

relative configuration of 93 should keep consistent with 88. Lactone 93 was designated as 

epideoxyisosporothric acid as it’s a double bond isomer of deoxyisosporothric acid. Linear diacid 

88 was defined as hydroxyoctaylitaconic acid A. 

2.3.6.4c Co-expression of spofasA, spofasB, spoE, spoL, spoK, spoG and spoH 

Two enzymes predicted as lactonases are encoded by the spo BGC (Figure 2.27A), and their roles 

played in sporothriolide 1 biosynthesis were still not clear. Since there are two furan rings in the 

sporothriolide 1 structure, we speculated about the function of these lactonases. For example, each 

enzyme could be responsible for one lactone ring closure, or one lactonase catalyses two ring 

formations and the another lactonase performs hydrolysis of the product. Because sporothriolide 

is a potent antifungal agent,55 the existence of a self-resistance gene in spo BGC is possible. 

 

Figure 2.39 Plasmids used in expression work of EXP6. EXP ID see Table 2.9. 

To test the ability of lactonase SpoH, we cloned spoH into the plasmid pDTHE18A containing 

spoK and spoG. It was co-transformed with plasmid pDTHE10 (spofasA, spofasB, spoE, spoL) 

into A. oryzae. After three rounds of fungal transformation (EXP6, Figure 2.39), the obtained 

transformants were cultivated in DPY medium at 28 °C for 6 days and 110 rpm. The cells and 

culture media were extracted separately and extracts were submitted for LCMS analysis. Several 

intermediates were observed in LCMS chromatograms, such as 76, 83, 88, 89 and the 

predominant product 75, whereas sporothriolide 1 could not be detected (Figure 2.40). Therefore, 

the function of SpoH was unable to be deduced from this EXP6, at least it cannot convert 89 or 

75 to sporothriolide. 
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Figure 2.40 HPLC analysis of crude extracts (from media) from A. oryzae transformant. A, Diode Array Detector 
(DAD) chromatogram of EXP5 (spofasA + spofasB + spoE + spoL + spoK + spoG) transformant; B, Diode Array 

Detector (DAD) chromatogram of EXP6 (spofasA + spofasB + spoE + spoL + spoK + spoG + spoH) transformant; C, 
DAD chromatogram of untransformed A. oryzae NSAR1. EXP ID see Table 2.9. 

2.3.6.4d Co-expression of spofasA, spofasB, spoE, spoL, spoK, spoG and spoJ 

Another lactonase, encoded by spoJ is also found in the spo BGC. To test the function of spoJ, it 

was cloned into the plasmid pDTHE19A containing spoK and spoG. It was co-transformed to A. 

oryzae with plasmid pDTHE10 containing spofasA, spofasB, spoE and spoL. After three rounds 

of fungal transformation (EXP7, Figure 2.41), the obtained transformants were cultured in DPY 

medium and then extracted for LCMS analysis (Figure 2.42). 

 

Figure 2.41 Plasmids used in expression work of EXP7. EXP ID see Table 2.9. 

The metabolic profile (Figure 2.42) in EXP7 was almost identical to that observed in EXP6 

(Figure 2.40). Intermediates 76, 83, 88, 89 and predominant product 75 were observed, however 

sporothriolide 1 was not observed (Figure 2.42). Similar to SpoH (EXP6), lactonase SpoJ (EXP7) 

appears not to accept 89 or 75 as a substrate to catalyse ring closure to sporothriolide 1. 
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Figure 2.42 HPLC analysis of crude extracts (from media) from A. oryzae transformant. A, DAD chromatogram of 
untransformed A. oryzae NSAR1; B, Diode Array Detector (DAD) chromatogram of EXP6 (spofasA + spofasB + spoE + 
spoL + spoK + spoG + spoH) transformant;. C, Diode Array Detector (DAD) chromatogram of EXP7 (spofasA + spofasB 

+ spoE + spoL + spoK + spoG + spoJ) transformant. EXP ID see Table 2.9. 

2.3.6.4e Co-expression of spofasA, spofasB, spoE, spoL, spoK, spoG, spoH and 

spoJ 

All eight genes (spofasA, spofasB, spoE, spoL, spoK, spoG, spoH and spoJ) from spo BGC 

(Figure 2.27A) were co-expressed in A. oryzae, and plasmids pDTHE10 and pDTHE16 

were used for three repeated fungal transformation experiment (EXP8, Figure 2.43). 

Obtained transformants were cultured in DPY medium under the same conditions used 

previously. The extracts of the media were then analysed by LCMS. However, 

heterologous expression of all eight genes led to the observation of a range of new 

metabolites in A. oryzae including sporothriolide 1 after 4 days (Figure 2.44C). 

 

Figure 2.43 Plasmids used in expression work of EXP8. EXP ID see Table 2.9. 
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Figure 2.44 HPLC analysis of crude extracts (from media) from A. oryzae transformant. A, Diode Array Detector 
(DAD) chromatogram of EXP5 (spofasA + spofasB + spoE + spoL + spoK + spoG) transformant; B, Diode Array 

Detector (DAD) chromatogram of EXP7 (spofasA + spofasB + spoE + spoL + spoK + spoG + spoJ) transformant; C-E, 
Diode Array Detector (DAD) chromatogram of EXP8 (spofasA + spofasB + spoE + spoL + spoK + spoG + spoH + spoJ) 
transformant at 4d, 5d, and 7d, respectively; F, DAD chromatogram of untransformed A. oryzae NSAR1. EXP ID see 

Table 2.9. *Unrelated compounds. 

After longer fermentation up to 7 days, these were converted to 92 (Figure 2.44E) which 

has the same molecular formula (Table 2.12) as sporothriolide (C13H18O4; M = 238 g/mol), 

but a slightly different retention time (See Table 7.4 for compounds details). 
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Table 2.12 UV and mass spectra (ES+ and ES‒) of compounds from EXP8. See Table 2.9 for other compounds. 

Purification of 92 (ca 8 mg∙L‒1) was achieved and full 1D and 2D NMR analysis was 

performed (Table 2.13; See full spectra in Chapter 7). Compound 92 was isolated as a 

white powder. The molecular formula C13H18O4 is in accordance with its HRMS data, 

indicating 5 degrees of unsaturation. The 1D and 2D NMR data (Table 2.13) revealed that 

the scaffold of compound 92 shares a high similarity with deoxysporothric acid 76, except 

the absence of one aliphatic methylene group and one aliphatic methine group, but the 

presence of two sp2-hybridized carbons. Together with the molecular weight of 92 is 2 Da 

less than 76, which suggests dehydrogenation. The 1H-1H COSY correlations of H-5, H-6 

and H-7, as well as the HMBC correlations from H-5 to C-1, C-2, C-3, C-6, and C-7, and 

the correlations from H-6 and H-13 to C-2 indicate the double bond located at C-2 and C-

5 (Figure 2.45). Thus the planar structure of 92 was solved. 

 

Figure 2.45 Key HMBC and 1H-1H COSY correlations of 92. 

Compounds UV Spectrum Mass Spectrum (ES‒) Mass Spectrum (ES+)

1
Sporothriolide

C13H18O4; M = 238 g/mol

92
Dehydrodeoxysporothric acid

C13H18O4; M = 238 g/mol
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Table 2.13 1H NMR (500 MHz) data and 13C NMR (125 MHz) data for 1 in CDCl3. 1H NMR (600 MHz) data and 13C NMR 
(150 MHz) data for 92 in CDCl3. 

The absolute configuration of 92 was determined to be 6R by chemical conversion. Under 

LiOH (1 M) base condition, 92 was chemically transformed to isosporothric acid 77 

rapidly (Figure 2.46). Lactone 92 was a new compound until our work, thus we designated 

92 as dehydrodeoxysporothric acid. 

 

Figure 2.46 Structure transformation of 92. A and C, ESI‒ spectra (BPC, Base Peak Chromatograms) of standard 92 
and 77; B, Extracted Ion Chromatograms (255.1 [M‒H]‒) of 1 mg 92 dissolved in 2 mL methanol then treated with 

0.3 mL LiOH (1 M) to pH 12, RT for 0.5 h; D, proposed mechanism from 92 to 77. R = nC6H13. 

The structure of 92 showed it to be the monocyclic analogue of 1, presumably either resulting 

from an eliminative ring-opening of 1 itself or being a biosynthetic precursor for sporothriolide 

1. Therefore we designed an experiment to test the stability of sporothriolide 1 (Figure 2.47). 

pos. 1 92

δC /ppm δH / ppm (J / Hz) δC / ppm δH / ppm (J / Hz) HMBC 1H-1H COSY

1 167.6 - 171.7 - - -

2 46.3 4.01, 1H, dt (6.8, 2.0) 124.9 - - -

3 130.0 - 128.6 - - -

4 172.2 - 170.4 - - -

5 77.3 5.15, 1H, dd (6.8, 4.7) 153.4 7.95, 1H, d (1.7) 1, 2, 3, 6, 7 6

6 82.9 4.65, 1H, ddd (7.9, 6.3, 4.7) 80.8 4.99, 1H, m 1, 2, 5, 7, 8, 5, 7

7 29.0 1.88, 2H, m 33.4
1.79, 1H, m
1.69, 1H, m

5, 6, 8, 9 6, 8

8 25.5 1.49, 2H, m 25.1 1.46, 2H, m 6, 7, 9, 10 7, 9

9 29.1 1.38, 2H, m 29.1 1.34, 2H, m 7, 8, 10, 11 8, 10
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11 22.6 1.30, 2H, m 22.6 1.29, 2H, m 9, 10, 12 10, 12
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Sporothriolide 1 (0.5 mg) was fed to A. oryzae NSAR1 grown in 20 mL DPY culture, or incubated 

with 20 mL of various media (DPY, PDB, CMP, water) under normal fermentation conditions 

(28 °C, 110 rpm) for 24 h. Mixtures were extracted with equal amounts of ethyl acetate and 

analysed by LCMS. Degradation of 1 to 92 was observed under all conditions except in water 

(Figure 2.47). Additionally, the pH value of each mixture was measured to investigate the 

possibility of pH-dependent elimination. Values between 5.65 and 6.50 indicate that the pH of 

the solutions has likely no influence on the degradation and that medium-specific ingredients are 

likely responsible for the conversion of 1 to 92. 

 

Figure 2.47 Extracted Ion Chromatograms (237.1 [M‒H]‒) from the sporothriolide 1 stability assay with 1 being 
incubated under different conditions. A, with A. oryzae NSAR1 DPY culture, pH 6.40, 24 hrs; B, with DPY media, pH 

5.65, 24 hrs; C, with PDB media, pH 6.30, 24 hrs; D, with CMP media, pH 6.46, 24 hrs; E, with water, pH 6.50, 24 hrs; 
F, proposed mechanism from 1 to 92. R = nC6H13. 

2.3.7 In Vitro Activity Assay with SpoG and SpoI 

2.3.7.1 Expression, Purification and Activity Assay of SpoG 

As neither the presence of 87 nor 89 could be unambiguously proved in the extracts of the A. 
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For expression of SpoG in Escherichia coli BL21 (DE3),48 the expression plasmid pET-28a (+) 

(Novagen) was digested with BamHI and XhoI (New England BioLabs) restriction enzymes. H. 

monticulosa MUCL 54604 cDNA was used as the DNA template to amplify the SpoG coding 

sequence with the primer pair P64 + P65 (Table 6.2). T4 ligase (New England BioLabs) was 

utilized for ligation of the restriction digested vector and PCR fragments. Transformation of 

competent cells was performed based on a standard E. coli transformation protocol (Section 

6.1.2.1).  

A pre-culture was grown overnight in 10 mL LB medium containing 50 µg∙mL‒1 kanamycin at 

37 °C 200 rpm. 900 µL of the pre-culture was used to inoculate three flasks containing 50 mL LB 

medium with 50 µg∙mL‒1 kanamycin. Cells were grown at 37 °C and 200 rpm until an OD600 

value between 0.4-0.6 was reached. Isopropyl-β-D-thiogalactopyranoside (IPTG, 0.25 M stock) 

was added to a final concentration of 0.3 mM, and cells were incubated for another 16 h at 25 °C 

and 160 rpm. Cells were harvested by centrifugation (8000 × g, 3 min) at 4 °C and resuspended 

in loading buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM imidazole, 10% glycerol (v/v)) 

and lysed by sonication for 10 min (Pulse 10 s / 10 s). Cell debris was removed from the total 

lysate by centrifugation (10.000 × g, 20 min, 4 °C). 

SpoG containing a his6-tag (44.7 KDa) was purified by FPLC (Fast protein liquid chromatography) 

as a soluble protein. The loaded Ni–NTA column with bound protein was eluted with elution 

buffer (loading buffer + 500 mM imidazole). The buffer was exchanged to storage buffer (50 mM 

Tris-HCl pH 7.5, 20% glycerol (v/v)) by ultrafiltration with a molecular weight cut-off of 30 KDa. 

The purity of the protein was assessed by SDS-PAGE (Figure 2.48). 

 

Figure 2.48 2.45 A, plasmid used in SpoG expression; B, SDS-PAGE of SpoG after purification. 12% SDS gel run at 180 
V for 1h. Sn, centrifuge supernatant of the lysed E. coli cells. 

Sequence analysis indicated that SpoG requires α-ketoglutarate as a cofactor. In vitro assays were 

conducted by incubating SpoG (50 µM) with intermediate 83 (2.5 mM), tris buffer (50 mM, pH 
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7.5; Table 6.3), ascorbate (4 mM), α-ketoglutarate (4 mM), and FeSO4 (0.2 mM) at 30 °C for 2 h, 

the total volume of reaction mixture is 50 µL. After that, 100 µL of chloroform was added into 

the reaction mixture to precipitate the protein, The mixture was then vortexed for 1 min and 

centrifuged at 15,000 x g for 3 min, then the top layer of supernatant (aqueous phase) was directly 

subjected for analytical LCMS. The negative control was conducted by using deactivated SpoG 

(boiled at 95 °C, 20 min) under the same conditions as above. LCMS (Figure 2.49) showed the 

formation of three products, the main compound of which was identical with 89 (by mass, UV 

and retention time) from the heterologous expression experiments (Table 2.10). In addition, 88 

was formed as a minor product alongside another compound with identical mass likely 

representing its proposed regioisomer 87 (Figure 2.49B). Extended incubation time up to 16 h 

resulted in a complete conversion of 87 and 88 into 89 indicating that 87 and 88 are precursors of 

89 and that SpoG catalyses two consecutive rounds of hydroxylation (Figure 2.49C). 

 

Figure 2.49 In vitro assay of SpoG using purified proteins. A, ESI− trace of boiled SpoG (50 µm) incubated with 83 
(2.5 mM), tris buffer (50 mM, pH 7.5), ascorbate (4 mM), α-ketoglutarate (4 mM), and FeSO4 (0.2 mM) at 30 °C, 16 

h; B, ESI− trace of SpoG incubated with 83 under the same conditions for 2 h; C, ESI− trace of SpoG incubated with 83 
under the same conditions for 16 h; D, proposed chemical steps catalysed by SpoG. 

Compound 75, which occurred in the heterologous host (EXP5, Figure 2.35), was not 

observed in the in vitro experiments, suggesting that A. oryzae can catalyse this 

transformation. As previous reports demonstrated that lactonization is pH-dependent,69 in 

vitro generated 89 was acidified to pH 2 leading to the partial conversion of 89 into 75 and 

minor quantities of 91 after 2 h of incubation (Figure 2.50A). In addition to 75 and 91, 

very small amounts of 92 (derived from 1) could be found after increased incubation 

periods (Figure 2.50B). 
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Figure 2.50 Lactonization under acidic conditions. A, ESI− spectrum of 89 (obtained directly via incubation of 83 with 
SpoG) acidified with formic acid to pH 2, at 30 °C for 2 h; B, as A, 30 °C for 16 h; C, proposed chemical steps during 

the acidification. *Unknown degradation compounds with the same mass data (ESI-MS m/z 661 [M–H]–, 663 
[M+H]+). R = nC6H13. 

The cofactor dependence of SpoG was also studied by excluding ascorbate, α-ketoglutarate, and 

FeSO4 individually. The reaction conditions and extraction method are the same as described 

above. Results (Figure 2.51) showed that α-ketoglutarate is essential for turnover in vitro, but iron 

and ascorbate can be omitted. 

 

Figure 2.51 The cofactor dependence of SpoG (50 µm) incubated with 83 (2.5 mM), tris buffer (50 mM, pH 7.5), 
ascorbate (4 mM), α-ketoglutarate (4 mM), and FeSO4 (0.2 mM) at 30 °C 2 hrs. DAD chromatograms of extracts from 

assays: A, including Fe (II), α-ketoglutarate and ascorbate; B, excluding ascorbate; C, excluding Fe (II); D, excluding 
α-ketoglutarate. 
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Additionally, the alternative monocarboxylic acid substrates trans-2-hexenoic acid 95 and 2-

methylhexanoic acid 96 were tested with SpoG. Reaction composition, conditions and extraction 

were as previously described. Results showed that SpoG does not accept these alternative 

substrates (Figure 2.52). 

 

Figure 2.52 The substrate promiscuity study of SpoG. A, DAD chromatograms of boiled SpoG (50 µm) incubated 
with trans-2-hexenoic acid 95 (2.5 mM), tris buffer (50 mM, pH 7.5), ascorbate (4 mM), α-ketoglutarate (4 mM), and 

FeSO4 (0.2 mM) at 30 °C, 2 h; B, DAD chromatograms of SpoG (50 µm) incubated with with 95, condition as 
previous; C, DAD chromatograms of boiled SpoG (50 µm) incubated with with 2-Methylhexanoic acid 96, condition 

as previous; D, DAD chromatograms of SpoG (50 µm) incubated with with 96, condition as previous. 

2.3.7.2 Expression, Purification and Activity Assay of SpoI 

As the biosynthesis of 1 can be fully explained by the activity of the investigated proteins, 

the role of the unknown protein SpoI remained obscure. The function of spoI was 

especially intriguing as it shows high expression levels under both producing and non-

producing conditions for 1 (Section 2.3.4.3, Table 2.6). BLASTp61 analysis of SpoI 

showed it is a member of the cupin-domain-containing proteins. It is 35.7% identical to 

VirC which is involved in the fungal trichoxide biosynthetic pathway,70 although VirC is 

also of unknown function. Structural analysis using PHYRE-262 also showed no 

relationship to known functionally characterized enzymes. 

Thus we planned to express the SpoI protein and test its function in vitro. For expression 

of SpoI in E. coli BL21 (DE3), the expression plasmid pET-28a (+) was digested with 

BamHI and EcoRI (New England BioLabs) restriction enzymes. H. monticulosa MUCL 
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primer pair P66 + P77 (Table 6.2). T4 ligase (New England BioLabs) was utilized for 

ligation of the restriction digested vector and PCR fragments. Transformation of 

competent cells was performed based on a standard E. coli transformation protocol. 

Expression of SpoI was achieved as described in Section 2.3.7.1 (same as SpoG), Purification of 

the protein in soluble form was achieved by FPLC, except the molecular weight cut-off used is 

10 KDa (SpoI with his6-tag: 24.1 kDa). The purity of the protein was assessed by SDS-PAGE 

(Figure 2.53). 

 

Figure 2.53 A, plasmid used in SpoI expression; B, SDS-PAGE of SpoI after FPLC purification. 12% SDS gel run at 180 
V for 50 min. Sn, centrifuge supernatant of the lysed E. coli cells. 

In vitro assays were conducted by incubating SpoI (50 µM) with sporothriolide 1 (2.5 mM) in 

PBS buffer (50 µL, pH 7.5; Table 6.3) at 30 °C for 1 h. After that, 50 µL of acetonitrile was added 

into the reaction mixture to precipitate the protein. The mixture was then vortexed for 1 min and 

centrifuged at 15,000 x g for 3 min, then the supernatant was directly subjected for analytical 

LCMS. The negative control was conducted by using deactivated SpoI (boiled at 95 °C, 20 min) 

under the same condition as above (Figure 2.54). 

 

Figure 2.54 In vitro assay of SpoI using purified proteins. A, ELSD chromatogram of boiled SpoI (50 µM) incubated 
with 1 (2.5 mM) in PBS buffer (pH 7.5) at 30 °C for 1 h; B, ELSD chromatogram of SpoI (50 µM) incubated with 1 (2.5 

mM) in PBS buffer (pH 7.5) at 30 °C for 1 h; C, ELSD chromatogram of SpoI (50 µM) incubated with 92 (2.5 mM) in 
PBS buffer (pH 7.5) at 30 °C for 1 h; D, proposed chemical steps catalysed by SpoI. R = nC6H13. 
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Incubation of SpoI with 1 resulted in the formation of small amounts of 75 and a new compound 

94 (Figure 2.54B) which share the same molecular formula (HRMS m/z 255.1217 [M ‒ H]‒; calc. 

for C13H19O5, 255.1232). As the formation of 92 could be observed during the experiment it was 

not clear if 92 was used as substrate instead of 1. To test this, 92 was incubated with SpoI which 

did not lead to product formation demonstrating that 1 is indeed the substrate of SpoI (Figure 

2.54C). Isolation of 94 by upscaling the in vitro reaction proved unsuccessful, thus the structure 

could not be elucidated by NMR. As 94 and 75 share the same molecular formula C13H20O5, it 

was initially assumed the SpoI catalyses hydrolysis, which leads in the case of 75 to a ring opening 

of one of the lactones. However, the lack of 91 and 77 allows only one possible structure for 94 

(See HR-ESI-MS and UV spectra in Chapter 7), where the exomethylene group was hydroxylated 

(Figure 2.54D). As 94 was never observed in the wild type, it is likely to be quickly degraded in 

vivo.  

2.4 Discussion 

2.4.1 Production and Labelling Experiment 

Based on a combination of morphological and chemotaxonomic studies,52 

Hypomontagnella is regarded as a new genus segregated from Hypoxylon, with 

Hypomontagnella monticulosa as type species.37,52 Sporothriolide-related compounds can 

presently only be obtained from the genus Hypomontagnella as a major component of their 

secondary metabolites. 

The acetate labelling patterns in sporothriolide 1 are consistent with the hypothesis of fatty acid 

or polyketide origin. Carbons C-3, C-4, and C-13 are derived from a decarboxylated Krebs cycle 

intermediate, probably oxaloacetate (Table 2.3) hinting at the existence of a decarboxylase. 

Generally, citrate synthase is responsible for the condensation of polyketides or fatty acids with 

oxaloacetate to construct the alkyl citrates, such as during the biosynthesis of maleidrides 

byssochlamic acid 46.21 Carbon C-6, derived from C-2 of acetate, is oxygenated indicating the 

involvement of an oxygenase during biosynthesis (Table 2.3). The alkyl chain in sporothriolide 

is most probably assembled from fatty acid biosynthesis because it was not highly modified or 

methylated, similar to the case of piliformic acid 59.27,28 Moreover, sporothriolide 1 and 

deoxysporothric acid 76 have identical labelling patterns as well as similar structures,54 which 

indicates a close relationship in their biosynthetic pathways meaning that they should have the 

same core early steps, and likely very similar BGCs. 
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2.4.2 Bioinformatic Analysis 

Genome and RNA sequencing of the producing fungi were performed (Section 2.3.4). Based on 

manual searches using the citrate synthase bfL2 (ANF07286.1) and 2-methylcitrate dehydratase 

bfL3 (ANF07285.1) involved in byssochlamic acid 46 biosynthesis, a highly conserved alkyl 

citrate gene cluster (Figure 2.10 ‒ 2.11) was rapidly identified which we regarded as the candidate 

BGC for sporothriolide 1. Gene expression levels under producing and non-producing conditions 

were analysed from transcriptome data. Hence, the gene cluster boundary was defined, as well as 

the intron and exon positions (Table 7.1). There are 12 genes contained in the gene cluster, which 

are the expected citrate synthase (CS) spoE, and two fungal FAS subunits (FASα and FASβ) 

spofasA and spofasB. In addition, the BGC encodes: a methylcitrate dehydratase (spoL); a 

decarboxylase (spoK); a dioxygenase (spoG); and two putative lactonases (spoH and spoJ). 

Moreover, the cluster encodes two transporters (spoC and spoF), along with a transcriptional 

regulator (spoD) and spoI with unknown function (Figure 2.14). 

2.4.3 Bipartite Knockout 

Gene knockout is a very useful tool to investigate the biosynthetic steps of natural products. 

Bipartite fragments targeting genes spofasA/spoE were transformed in H. spongiphila with a 

specifically developed protocol (Section 6.1.2.4). Finally, 46 transformants with hygromycin 

resistance were obtained after three rounds, however only one colony was proved to be a true 

knockout by checking its metabolites and genetic analysis (Figure 2.20 ‒ 2.21). This was the first 

time to apply the genetic manipulation tools in H. spongiphila. However, utilizing this strategy to 

achieve knockout of other tailoring genes including spoG, spoH, and spoK was unsuccessful 

because of the low efficiency of K.O in H. spongiphila (Figure 2.23 ‒ 2.24). In total, 119 

transformants were obtained from attempted spoG, spoH, and spoK knockout but all proved to be 

false positive, resulting from ectopic integration. 

2.4.4 Heterologous Expression and Protein In Vitro Assay 

Heterologous expression of the spo BGC in A. oryzae NSAR1 and protein in vitro assay were 

employed to study the biosynthetic pathway of sporothriolide 1. The results of EXP4 (expression 

of spofasA + spofasB + spoE + spoL + spoK; Figure 2.32) indicated a biosynthetic pathway 

(Scheme 2.2) in which the fungal FAS proteins produce a dedicated decanoic acid 84, probably 

as a CoA thiolester. Fungal FAS possess a bifunctional malonyl-palmitoyl transferase (MPT) 

domain which loads malonyl CoA and off-loads an acyl CoA product.12 Decanoyl CoA 84 is 

likely to be reacted with oxaloacetate by citrate synthase SpoE, in analogy to other known 

pathways,14, 21 to give an octanyl citrate 85 which is then dehydrated to give octanyl aconitate 86, 
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and decarboxylated to the first observable intermediate, octanyl itaconic acid 83, a known 

compound found from the endophytic fungus Pestalotiopsis theae.54 

From EXP5 (expression of spofasA + spofasB + spoE + spoL + spoK + spoG; Figure 2.35), 

we proposed that intermediate 83 is the substrate of dioxygenase SpoG (Scheme 2.2). Due 

to the presence of a hydroxyl group at C-5, we assumed that 75 is derived from a double 

hydroxylated intermediate 89 (Table 2.10), which undergoes spontaneous lactonization 

and thus putatively represents a pathway intermediate. The main peak corresponding with 

the molecular formula C13H22O6 (calcd. for C13H21O6, 273.1338, measured 273.1339) for 

89 (see Chapter 7 for HR-ESI-MS spectrum) was observed in the crude extract, but could 

not be purified to support its identity as the proposed intermediate. Compound 76 is 

structurally related to 75, but lacks the hydroxyl group at C-5. It is most likely a shunt 

metabolite derived from the putative monohydroxylated intermediate 87. Compound 90 is 

also monohydroxylated at C-6, but instead of the lactone ring, it contains a maleic 

anhydride. Likewise, 90 is probably also derived from the putative intermediate 87 through 

a spontaneous reaction of the carboxylic acid moieties. Another monohydroxylated 

intermediate is 88, hydroxylated at C-5. Isolation of 91 was not successful, and LCMS 

chromatograms showed that 91 was partially converted to isosporothric acid 77 in a short 

time (see Chapter 7). As 91 shares the same molecular formula and very similar retention 

time with 77, its structure was deduced as the isomeric form of 77, which itself is likely 

formed by spontaneous lactonization between C-5 and the carboxylic acid moiety derived 

from oxaloacetate of the putative intermediate 89. 

The results in EXP6 (expression of spofasA + spofasB + spoE + spoL + spoK + spoG + spoH; 

Figure 2.40) and EXP7 (expression of spofasA + spofasB + spoE + spoL + spoK + spoG + spoJ; 

Figure 2.42) indicate that separate usage of either lactonase SpoH or SpoJ is insufficient to drive 

the pathway for sporothriolide formation. The results from EXP8 (expression of spofasA + 

spofasB + spoE + spoL + spoK + spoG + spoH + spoJ; Figure 2.44) showed that only when both 

lactonases are expressed together is the final pathway product 1 observed, which quickly converts 

into 92 when exposed to longer fermentation periods. Besides, small titers of 91 (Figure 2.44) 

were observed at early fermentation time points, which disappeared at the end of the fermentation 

period, indicating that 91 may also be a pathway intermediate that is converted into 1. Either 75 

or 91, or both could be intermediates during the conversion of 89 to 1. However, our in vivo 

experiments were unable to resolve this question. We propose that the lactonases SpoH and SpoJ 

form a bifunctional heterodimer to lactonize 89 into the final pathway product 1 as neither appears 

to catalyse the formation of 1 in isolation (Scheme 2.2). 
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The result of SpoG in vitro assay (Figure 2.49) showed that SpoG catalyses hydroxylation 

at C-5 and C-6 of the saturated carbon chain,71 and that the pathway is conducted via 87 

and 88 (Scheme 2.2). The presence of 87 and the lack of its putative shunts 90 and 76 

(Figure 2.49) in the in vitro setup indicated that 87 was stabilized in the buffer solution. In 

addition, the occurrence of 90 and 76 in relatively high titres in the A. oryzae transformant 

(EXP5; Figure 2.35) compared to the significant lower titers of 88 (Figure 2.49), raises the 

question about regio-selectivity and -specifity of SpoG. Due to the relative instability of 

87 and 88 this question cannot be answered in this context.  

 

Scheme 2.2 Proposed biosynthesis of sporothriolide 1. Orange compounds result from shunt steps. Compounds in 
solid square brackets were not experimentally observed and those in dashed brackets were observed during 

experiments but structures could not be confirmed by NMR. Abbreviations: AT, acyl transferase; ER, enoyl 
reductase; MPT, malonyl palmitoyl transferase; ACP, acyl carrier protein; KR, ketoreductase; KS, ketosynthase; 

PPTase, phosphopantetheinyl transferase. 

The acidification of intermediate 89 (Figure 2.50) showed that lactone ring formation 

during sporothriolide biosynthesis can also occur spontaneously under acidic conditions, 

but is not enough to generate 1 in significant titers, indicating that further lactonase (SpoH 

and SpoJ) are required to form 1 in the natural producer. It is thought that ionised 

carboxylates which occur at higher pH values become less reactive due to being poor 

electrophiles,69 therefore explaining the observed in vitro results. As a side note, 
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spontaneous lactonization between C-6 hydroxyl functionality and the carboxyl group of 

the fatty acid derived chain seems to be favoured in this case. Also, results of in vitro 

assays with functional unknown SpoI showed it performs effective hydrolysis of 

sporothriolide 1, indicating spoI serves as a potential self-resistance gene in spo BGC. 

The sporothriolide pathway shows several points of novelty. First, a dedicated fungal FAS system 

produces decanoate rather than the usual octadecanoate. This differs from other known pathways 

such as those involved in maleidride21 and squalestatin14 biosynthesis which begin with a 

dedicated PKS (Scheme 1.3 ‒ 1.4). FAS systems that selectively form short chains should find 

utility in the production of biofuels, for example, where C8 and C10 lipids are advantageous, and 

extensive efforts are underway to engineer short-chain synthases for this outcome.72 Fungal FAS 

appear to have already evolved the ability to selectively produce these valuable shorter 

compounds, such as decanoate in sporothriolide 1 and octanoate in piliformic acid 59 and oryzines 

53 ‒ 54 (Figure 2.55), for example. 

 

Figure 2.55 Structures of lactone and maleic anhydride metabolites from fungi. Bold bonds show oxaloacetate-
derived carbons where known. 

The early steps (Scheme 2.2) of the spo pathway then follow the well-known primary 

metabolic steps from acetyl CoA to itaconic acid, but modified to accept a longer alkyl 

unit. The first four steps of the pathway thus closely mirror primary metabolic steps. The 

presence of the decarboxylase encoded by spoK differentiates the pathway from those 

proceeding towards the maleidrides where a different mode of decarboxylation appears to 

be coupled with multimerization catalysed by dedicated KI and PEBP enzymes (Scheme 

1.3),21 and from the squalestatins14 where no dehydration or decarboxylation reactions take 

place, but where much more extensive backbone oxygenation leads to more complex 

cyclisation modes (Scheme 1.4). 

The oxygenase SpoG catalyses the hydroxylations required to form the bis-lactone, and 

this moves the pathway more conclusively towards secondary metabolism. These 

hydroxylated intermediates are clearly able to undergo many spontaneous cyclizations, but 
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the presence of both lactonases SpoH and SpoJ directs the pathway to sporothriolide 1. 

The presence and selectivity of the SpoG hydroxylase presumably controls the formation 

of related classes of metabolites in this family. For example in the case of the 

furofurandiones such as 1 double hydroxylation is required.  

Attempts to express SpoH and SpoJ and study them in vitro in analogy to SpoG were not 

successful, leading to insoluble and inactive proteins in E. coli and non-viable colonies in 

S. cerevisiae. Either 75 or 91, or both could be intermediates during the conversion of 89 

to 1 (Scheme 2.2). However, our in vivo experiments were unable to resolve this question 

and lack of soluble protein obviated in vitro experiments. We propose that the lactonases 

SpoH and SpoJ form a bifunctional heterodimer to lactonize 89 into the final pathway 

product 1 as neither appears to catalyse the formation of 1 in isolation (Scheme 2.2). It 

also appears that the selectivity of the lactonase components (SpoHJ) may be able to 

control the formation of γ-lactones (e.g. 1) vs δ-lactones (e.g. 53 and 54; Figure 2.55). 

The identification of SpoI as a hydrolase involved in the putative self-resistance 

mechanism of the producer organism against 1 adds to the increasing knowledge about 

self-resistance genes in fungi73 and will enable the identification of similar enzymes in 

other biosynthetic pathways. Knowledge of the overall pathway may also help to elucidate 

the BGC of more elusive compounds such as maleic anhydride compounds tyromycin74 97 

(Figure 2.55) where no biosynthetic information currently exists. 

2.4.5 Biosynthesis of Other Alkyl Citrates  

Based on the delineated spo pathway, a hypothetical biosynthesis for piliformic acid 59 was 

suggested in Scheme 2.3. The plf BGC is the only alkyl citrate BGC present in the piliformic acid 

producer X. hypoxylon, so while no physical evidence links the BGC to piliformic acid 59, it is 

the only likely possibility. The fungal FAS subunits PlffasA and PlffasB probably assemble the 

octanoate chain 55, following the condensation with oxaloacetate 41 by CS (PlfE), then 

dehydration by PlfG and decarboxylation by PlfF are very likely to synthesize the alkene 58. The 

last step is the isomerisation of 58 to 59. 
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Scheme 2.3 The proposed biosynthesis of piliformic acid 59. 

In addition, a biosynthetic pathway for oryzine could be speculated from the research of 

sporothriolide 1 (Scheme 2.4). The oryzine pathway shares identical early steps with piliformic 

acid 59, but the presence and selectivity of the dioxygenase (OryG) most likely drives the pathway 

to the oryzine formation. Compounds such as oryzine A 53 (Scheme 2.4) require only a single 

hydroxylation to yield intermediate 98, then lactonization (by OryH / OryL) to afford 53. 

However, oryzine B 54 may arise from the double hydroxylated intermediate 99, then underwent 

lactonization (by OryH / OryL) and dehydration to yield the final product.  

 

Scheme 2.4 The proposed biosynthesis of oryzine. 

Finally, the similarities and differences of biosynthetic pathways of maleidrides (exemplified by 

byssochlamic acid) and alkyl citrates (exemplified by sporothriolide, oryzine and piliformic acid) 

could be concluded here. The early steps of sporothriolide 1 biosynthesis should be similar with 
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byssochlamic acid 46 and oryzines 53 ‒ 54 (Scheme 2.2 ‒ 2.4). Byssochlamic acid 46 requires a 

triketide from highly reducing polyketide synthase bfpks1 (Scheme 1.3), but the octanoate for 

oryzines 53 ‒ 54, piliformic acid 59 and decanoate for sporothriolide 1 are derived from fatty acid 

synthases. For byssochlamic acid 46 biosynthesis, a hydrolase encoded by bfL1 is required to 

release the polyketide from the PKS. While it is not necessary in the case of fungal FAS which 

release CoA thiolesters directly, and no genes in the oryzines 53 ‒ 54 and sporothriolide 1 clusters 

are homologous to bfL1. 

The citrate synthase (SpoE) is proposed to catalyse the condensation of decanoate and 

oxaloacetate, then dehydration by the methylcitrate dehydratase (SpoL), which are similar to the 

early steps proposed during oryzines 53 ‒ 54, piliformic acid 59 and byssochlamic acid 46 

biosynthesis (Scheme 2.5). For byssochlamic acid 46, the subsequent reaction is the synthesis of 

maleic anhydride then spontaneous decarboxylation to give monomers 43, 44, and 45 for various 

dimerization.21 However, sporothriolide 1 may lose a carboxyl functionality earlier, which could 

be catalysed by a decarboxylase (SpoK), to prevent anhydride formation like oryzines 53 ‒ 54  

(OryM in ory BGC; Figure 2.12) and piliformic acid 59 (PlfF in plf BGC; Figure 2.12). 

Compounds such as oryzine A 53 (Scheme 2.5) requires only a single hydroxylation at C-5 

performed by OryG (68% identity, 77% similarity),23 while oryzine B 54 (Scheme 2.5) may arise 

from double hydroxylation and 3,4-dehydration. Piliformic acid 59 requires no hydroxylation. Its 

2,5 unsaturation most likely arises by isomerisation of 104, for example, consistent with the lack 

of a spoG homolog in its BGC. 
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Scheme 2.5 The proposed pathway for sporothriolide 1 and compared with other alkyl citrates biosynthesis. 

2.5 Conclusion and Prospect 

This project aimed to investigate the biosynthesis of sporothriolide 1. Isotopic labelling 

experiments of sporothriolide were performed by using [1-13C], [2-13C] and [1,2-13C2] acetate. 

The observed labelling patterns of 1 are consistent with deoxysporothric acid 76.54 

Genomic DNA from all three organisms H. monticulosa MUCL 54604, H. spongiphila CLL 205 

and H. submonticulosa DAOMC 242471 were sequenced and assembled to afford high-quality 

draft genomes. Searching for fungal fatty acid synthase (FAS) genes co-located with CS genes, 

as found for example in the BGC for the oryzines,23 rapidly identified closely related target alkyl 

citrates BGC in all three organisms. 

RNA from H. monticulosa MUCL 54604 was isolated separately under 1 producing and 

non-producing conditions and subjected to transcriptome sequencing. Gene cluster 

boundary, as well as intron and exon positions, were determined based on transcriptome 

and gene expression level analysis. 
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Bipartite knockout of spoE and spofasA simultaneously in H. spongiphila CLL 205 abolished the 

production of 1, thus verified the correct BGC. Then, the sporothriolide biosynthetic pathway was 

reconstituted in A. oryzae NSAR1 by heterologous expression and several new intermediates were 

obtained. SpoG, a non-heme iron-dependent dioxygenase was studied in vitro and in vivo, it 

moves the pathway more conclusively towards secondary metabolism. Lactonases SpoH and SpoJ 

were proposed to form a bifunctional heterodimer to lactonize 89 into the final pathway product 

1 as neither could separately catalyse the formation of 1. In addition, a self-resistance gene spoI 

was proved to efficiently convert the antifungal sporothriolide 1 to 75 and 94, protecting the 

producer organism from its toxic product when it accumulates in the cells. These results provide 

a full biosynthetic pathway for 1 production, and the order of enzymes encoded by the 

sporothriolide BGC is delineated. 

In the future, sporothriolide 1 as the first fully elucidated biosynthetic example of alkyl citrate 

will shed light on the biosynthetic investigation of other alkyl citrates, such as piliformic acid 59 

and oryzines 53 ‒ 54. More meaningfully, understanding the selectivity of the lactonases 

controlling the formation of γ-lactones (e.g. sporothriolide 1) and δ-lactones (e.g. oryzines 53 ‒ 

54) would provide opportunities to engineer these biocatalysts to expand novel natural products’ 

discovery.
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3 Biosynthetic Studies of Sporochartine 

3.1 Introduction 

The sporochartines 3a ‒ 3d (Figure 3.1) are a family of compounds with a spiro cyclohexane-

furan scaffold which were first found in H. monticulosa CLL 205.53,75 Sporochartine is proposed 

to be derived from a Diels-Alder cycloaddition of sporothriolide 1 and trienylfuranol A 2.53,75 

Trienylfuranol A 2 (Figure 3.1), is a polyene polyketide, first reported by the Sumarah group56 

from an endophytic fungus Hypoxylon submonticulosum DAOMC 242471 (now referred to as 

Hypomontagnella submonticulosa).37,52  

 

Figure 3.1 Sturctures of sporochartines 3a ‒ 3d, sporothriolide 1 and trienylfuranol A 2. 

3.1.1 Examples of Diels-Alder [4+2] Cycloaddition in Natural Products 

Biosynthesis 

The Cox group has previously investigated Diels-Alder (DA) reactions involved in natural 

products biosynthesis, such as xenovulene A (Scheme 3.1),47 sorbicillinoids48 (Scheme 3.2) and 

cytochalasans.76 

During xenovulene A 114 biosynthesis (Scheme 3.1), AsR5 catalyses the intermolecular hetero 

Diels-Alder [4+2] cycloaddition of tropolone 110 and humulene 112 to form 113, and then AsL4 

and AsL6 function as oxidative-ring-contracting enzymes to achieve the final xenovulene A 114. 

AsR5 appears to be a multifunctional enzyme that works in the production of the required enone 

110 by the elimination of water of 109.47 
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Scheme 3.1 The proposed biosynthetic pathway to xenovulene A 114.47 

 

Scheme 3.2 Biosynthesis of the sorbicillinoid in Trichoderma reesei QM6a.48 
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Another example is the FAD-dependent monooxygenase (FMO) SorD which acts during 

sorbicillinoid biosynthesis (Scheme 3.2). The multifunctional SorD can execute different types of 

dimerization reactions including ‘symmetrical’ Diels-Alder reaction of two moieties 117a/b to 

give 118a/b/c, and the ‘asymmetrical’ Diels-Alder reaction between 117a and scytolide 119 to 

form 120a/b. In addition, the studies showed that SorD plays a role in the ‘symmetrical’ Michael-

addition dimerization to make other complicated scaffolds.48 

3.1.2 Enzymatic and Non-enzymatic Diels-Alder [4+2] Reactions 

Although there are over 400 natural products proposed to use the [4+2] DA cycloaddition 

reactions during their biosynthetic pathways, the biologically characterised Diels-Alderases 

(DAases) are few until now.77–80 On the one hand, the identification of DAases by bioinformatic 

is difficult because of the poor sequence homology and the absence of specific catalytic motifs or 

cofactors. Most DA cycloadditions are capable of performing at sufficient rates spontaneously 

without enzyme catalysis, but non-enzymatic DA products are often produced with low 

stereoselectivity. 

For example, the intramolecular DA reactions operating during solanapyrone biosynthesis can be 

either enzymatic or non-enzymatic (Scheme 3.3). The product ratio of 122 (solanapyrone A; exo) : 

123 (solanapyrone D; endo) resulting from the Sol5 (flavin-dependent oxidase) catalysis is 87 : 

13. However, under non-enzymatic conditions, the reaction gives the exo 122 and the endo 123 

products in a 3 : 97 ratio. The result showed that Sol5 processes in an exo-selective manner in the 

conversion of 121 to solanapyrones 122 and 123.81,82 In addition, the reaction rates of DA [4+2] 

cycloadditions with the Sol5 enzyme is 4.1 times as fast as the non-enzymatic. 

 

Scheme 3.3 Diels-Alder [4+2] reactions in solanapyrones biosynthesis.81,82 
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3.2 Project Aims 

This project aims to answer whether sporochartine is formed through DA [4+2] cycloaddition of 

sporothriolide 1 and trienylfuranol A 2, and, if so, whether the DA reactions are enzymatic or 

spontaneous. 

3.3 Results 

3.3.1 Sporochartine Production 

In our work, sporochartine is identified from extracts of all three fungi compared with the 

retention time and mass fragmentation of standard compounds which were supplied by the 

Ouazzani group.53,75 However, the production of sporochartine is poorly reproducible and in low 

titre, and only sporochartine B 3b can be observed in extracted ion chromatograms (Figure 3.2). 

Multiple liquid media and solid agar (PDB/PDA, LB, DPY, YMG, MMK2, MOF), as well as 

various fermentation conditions, were tested for sporochartine production and optimisation but 

no efficient conditions were found. 

Through large-scale fermentation (1 L) of H. spongiphila CLL 205 in PDB medium (130 rpm, 

28 °C, 6 days), we isolated 1.2 mg sporochartine B 3b from the extracts (Figure 3.3) and then 

performed 1D and 2D NMR experiments to verify the  structure of 3b (see Chapter 7 for spectra 

details). The NMR data (Table 3.1) was also compared with the literature.53,75 

 

Figure 3.2 A, Diode Array Detector (DAD) chromatogram of H. spongiphila CLL 205 WT grown under producing 
conditions of 1; B, extracted ion chromatogram (EIC of 3b, ESI−, 463.2, M + HCOO−) of WT extract. 
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Table 3.1 1H NMR (500 MHz) data and 13C NMR (125 MHz) data for sporochartine B 3b in CDCl3. Literature53,75 data 
was measured at 500 MHz in CDCl3. 

 

Figure 3.3 UV and mass spectra (ES+ and ES‒) of sporochartine B 3b. 

3.3.2 Time Course Study of Sporochartine Production 

To quantify the production of compounds, the calibration curve (Figure 3.4) for sporochartine B 

3b was made based on a UV integration method (Section 2.3.1.2). Timecourse experiments for 

the three Hypomontagnella wild type strains were conducted to monitor the production of 3b, the 

procedure details are listed in Section 2.3.1.2. Compound titres were calculated using the equation 

C = (UVint ‒ 135.81)/125336 (Table 3.2). Production kinetics of 3b were visualized graphically 

(Figure 3.5). 

pos. δC / ppm δH / ppm (J / Hz) δC / ppm Literature53, 75 δH / ppm (J / Hz) literature53, 75

1 173.0 - 173.1 -

2 47.2 3.31, 1H, d (5.9) 47.2 3.30, 1H, d (5.8)

3 50.8 - 51.0 -

4 178.7 - 178.7 -

5 78.7 5.14, 1H, dd (4.1, 6.0) 78.7 5.13, 1H, dd (4.3, 5.9)

6 81.1 4.40, 1H, m 81.7 4.39, 1H, m

7 28.9
1.76, 1H, m
1.85, 1H, m

28.9
1.76, 1H, m
1.85, 1H, m

8 25.3 1.45, 2H, m 25.3 1.45, 2H, m

9 29.1 1.34, 2H, m 29.1 1.34, 2H, m

10 31.7 1.28, 2H, m 31.7 1.29, 2H, m

11 22.8 1.29, 2H, m 22.9 1.29, 2H, m

12 14.2 0.88, 3H, m 14.3 0.88, 3H, t (6.9)

13 26.9
2.03, 1H, m
2.12, 1H, m

26.9
2.04, 1H, m
2.13, 1H, m

1’ 82.8 4.19, 1H, m 82.8 4.19, 1H, m

2’ 73.8 4.28, 1H, m 73.9 4.27, 1H, m

3’ 42.4
1.59, 1H, m
2.40, 1H, m

42.4
1.59, 1H, m
2.39, 1H, m

4’ 74.1 4.06, 1H, m 74.2 4.07, 1H, m

5’ 22.4 1.33, 3H, d (6.2) 22.5 1.34, 3H, d (6.1)

6’ 130.1 5.75, 1H, dd (4.0, 15.5) 130.1 5.76, 1H, dd (3.9, 15.4)

7’ 130.8 5.84, 1H, ddd (1.6, 9.0, 15.5) 130.9 5.82, 1H, ddd (1.5, 8.8, 15.4)

8’ 46.9 3.23, 1H, m 47.0 3.23, 1H, brm

9’ 124.7 5.54, 1H, m 124.8 5.54, 1H, brd (10.9)

10’ 129.9 5.95, 1H, m 130.0 5.95, 1H, brd (10.9)

11’ 22.6
2.25, 1H, m
2.80, 1H, m

22.7
2.25, 1H, m
2.79, 1H, m

Sporochartine B 3b
C24H34O6; M = 418 g/mol

UV ES‒ ES+
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Figure 3.4 A, the integrated values of different dilutions of sporochartine B 3b solutions at 211 nm from LCMS 
analysis; B, calibration curve for sporochartine B 3b quantification. 

 

Table 3.2 Temporal production of sporochartine B 3b from H. monticulosa MUCL 54604, H. spongiphila CLL 205, and 
H. submonticulosa DAOMC 242471 cultivated under producing conditions. 

 

Figure 3.5 Kinetic production curve of sporochartine B 3b. 

3.3.3 Acetate Feeding Experiment 

Sporochartine B 3b is hypothesised to be constructed through the Diels-Alder cycloaddition of 

sporothriolide 1 and trienylfuranol A 2.53,75 Trienylfuranol A 2 is proposed to be of polyketide 

origin, thus 3b should be constructed from the same acetate building blocks as 1 and 2. 
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To study the labelling pattern of 3b, [1-13C] and [2-13C] labelled sodium acetates were utilized in 

separate feeding experiments (Section 2.3.3). 13C NMR spectra were recorded for labelled 

sporochartine B 3b. Peak enhancement was estimated by calculating the ratio between the 

normalised peak intensity of each signal of the labelled compound and the normalised signal 

intensity of each carbon at natural abundance. C-12 and C-11 were used as references for [1-13C] 

and [2-13C] sodium acetate feeding experiments, respectively (Figure 3.6, Table 3.3). 

 

Table 3.3 NMR signal peak enhancement of labelled sporochartine B 3b. A significant incorporation threshold fold is 
set ≥ 1.5 fold. 

 

Figure 3.6 13C NMR spectra of sporochartine B 3b. A, Natural abundance; B, [1-13C] sodium acetate feeding 
experiment; C, [2-13C] sodium acetate feeding experiment. The enhanced peaks are marked with an 

asterisk. 

Position
1-13C-Sodium Acetate
Incorporation / Fold

2-13C-Sodium Acetate
Incorporation / Fold

1 2.9 1.2

2 0.4 3.5

3 0.6 4.5

4 1.3 2

5 1.7 0.7

6 0.6 5

7 2 0.8

8 0.4 4.6

9 3 1.1

10 0.6 5.9

11 (reference) 2.9 1

12 (reference) 1 9.5

13 0.4 2.5

1' 0.5 4.3

2' 2.8 1.2

3' 0.5 5.4

4' 2.3 1.1

5' 0.5 4.6

6' 2 1

7' 0.5 4.7

8' 2.5 1

9' 0.5 4.8

10' 2.6 0.8

11' 0.4 4.3
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3.3.4 In Vitro Spontaneous Diels-Alder Cycloaddition for Sporochartine 

From our previous bioinformatic analysis of the spo BGC, no gene encoding a likely DAase is 

present in the BGC. Thus, we speculated the Diels-Alder reaction of 1 and 2 to form sporochartine 

is probably non-enzymatic. In addition, sporochartines 3a ‒ 3d occur as a mixture of various 

stereoisomers which fit with the non-enzymatic Diels-Alder reaction outcomes.75 Therefore, 

various in vitro conditions were investigated to mimic the putative reaction between 1 and 2. 

In the H. spongiphila spofasA/spoE KO mutant, the titre of trienylfuranol A 2 is slightly increased 

(e.g. 40 mg∙L‒1 at day 6; Figure 2.20, Table 4.1). To test if sporochartine can be formed 

spontaneously under fermentation conditions in the medium (Figure 3.7), the H. spongiphila 

ΔspoE/spofasA KO mutant was grown under producing conditions for four days to accumulate 2. 

The cells were then filtered off and the supernatant was supplemented with 10 mg of 1. Control 

was conducted in parallel, in which the filtered supernatant was not supplied with 1. Afterwards, 

the supernatant was incubated under fermentation conditions for 24 h before being lyophilized. 

The lyophilisates were partially dissolved in methanol and directly subjected to LCMS analysis. 

Extracted ion chromatogram searches with m/z 463.2 [M + HCOO−]‒ showed that sporochartine 

A 3a and sporochartine B 3b were detected when 1 was fed to the medium (Figure 3.8), but lacked 

in the control, consistent with the hypothesis that 1 can spontaneously react with 2  in the medium. 

 

Figure 3.7 The mimic reaction between sporothriolide 1 and trienylfuranol A 2 under in vitro fermentation 
conditions. 
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Figure 3.8 In vitro assay for spontaneous sporochartines (3a and 3b) production. A, Extracted ion chromatogram 
(EIC of 3a/3b, ESI−, 463.2, M + HCOO−) of crude extract from H. spongiphila CLL 205 ΔspoE/spofasA; B, EIC of 3a/3b 

from H. spongiphila CLL 205 ΔspoE/spofasA fed with 1; C,D UV/vis spectrum and EIC (3a/3b) of in vitro reaction 
between 2 and 1 in ethyl acetate at RT, 2h; E, EIC (3a/3b) of in vitro reaction between 1 and 2 in ethyl acetate at 

40 °C, 2 h. *Unrelated peak. 

We then tested if the standard extraction conditions (ethyl acetate and evaporation of the 

organic phase at 40 °C) can influence the formation of sporochartine. Sporothriolide 1 (1.5 

mg) and trienylfuranol A 2 (1 mg) were dissolved together in 1 mL ethyl acetate and 

incubated under nitrogen in the dark at either room temperature or 40 °C. LCMS was used 

to monitor the in vitro reaction. After 2 hours at room temperature, sporochartine A 3a 

(minor) and sporochartine B 3b (major) were observed by LCMS (Figure 3.8). The 

reaction was continued overnight but did not result in increased concentrations of 3a/3b. 

The reaction was then heated to 40 °C for two hours, under these conditions the reaction 

accelerated to give the same compounds in higher titre (Figure 3.8). 

Although the previous in vitro experiments of SpoI showed it serves as a self-resistance 

gene in spo BGC (Figure 2.54), we also assayed SpoI in vitro to test whether it can be a 

possible DAase. Therefore, we mixed the purified SpoI protein, sporothriolide 1 and 

trienylfuranol A 2 in PBS buffer. However, the result (Figure 3.9) was consistent with our 

previous finding (Figure 2.54), that SpoI efficiently hydrolyzes sporothriolide 1 and 

doesn’t accept the substrate trienylfuranol A 2. 
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Figure 3.9 In vitro assay of SpoI using trienylfuranol A 2 and sporothriolide 1: A, DAD chromatogram of deactivated 
SpoI (50 µM) incubated with 1 (2.5 mM) and 2 (2.5 mM) in PBS buffer (pH 7.5) at 30 °C for 1 h; B, DAD 

chromatogram of SpoI (50 µM) incubated with 1 (2.5 mM) and 2 (2.5 mM) in PBS buffer (pH 7.5) at 30 °C for 1 h. 

3.4 Discussion 

Repeating the literature53,75 production of sporochartines 3a ‒ 3d in H. spongiphila, we only 

obtained a small amount of sporochartine B 3b, verified by NMR (Chapter 7). The time course 

study showed that H. spongiphila and H. submonticulosa can produce ca 4 – 6 mg sporochartine 

B 3b in 1 L fermentation media (Table 3.2). But the 3b titre in H. monticulosa is pretty low, less 

than 0.5 mg∙L‒1. Thus, the Stadler group’s previous research51 that failed to detect sporochartine 

metabolites from H. monticulosa does make sense. 

The acetate labelling patterns of sporochartine B 3b (Table 3.3) are consistent with the 

incorporation of sporothriolide 1 (Table 2.3). In addition, the labelling patterns at the right part of 

3b fit with the hypothesis of polyketide origin of trienylfuranol A 2. The labelling experiment 

results indicate that sporochartine formation is a consequence of 1 and 2 cycloaddition. 

Sporochartines 3a ‒ 3b are formed as mixtures of diastereomers75 at the cyclohexene moiety and 

our in vitro experiment (Figure 3.8) showed that the endo DA product 3b always occurs in higher 

amounts than exo adduct 3a. This can be explained by the preference of DA reactions for endo 

product formation over exo (Scheme 3.4). In addition, bioinformatic analysis of the spo BGC 

showed no gene encoding a DAase likely to be involved in the DA cycloaddition of 1 and 2. 

Hence, it can be concluded that the observed sporochartine is probably formed during the 

organism fermentation process through non-enzymatic DA cycloaddition of sporothriolide 1 and 

trienylfuranol A 2, and that this effect is enhanced through the extraction procedure (Figure 3.8).  

However, besides the discovery of enzymatic (SorD, Section 3.1.1) DA reactions during 

the sorbicillinoid biosynthesis,48 the non-enzymatic DA reactions are also observed.83 
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Scheme 3.4 Diels-Alder [4+2] reactions to form sporochartine, adapted from Ouazzani et al., 2017.75 

3.5 Conclusion and Prospect 

Results of acetate labelling experiments (Table 3.3) indicate that sporochartine originates 

from the DA [4+2] cycloaddition of sporothriolide 1 and trienylfuranol A 2. Additionally, 

our further experiments (Figure 3.8) showed that unlike in many other fungal natural 

products,47,48,76 the DA reaction required to form the sporochartine A 3a and sporochartine 

B 3b is non-enzymatic. Furthermore, no genes encoding proteins likely to be involved in 

the biosynthesis of trienylfuranol A 2, such as a PKS, or other oxidative proteins, were 

found within or near the spo gene cluster. Therefore, the biosynthesis of 2 remains cryptic 

for now, but experiments in this area will form part of our future investigations.
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4. Biosynthetic Studies of Trienylfuranol A 

4.1 Introduction 

As the previous biosynthetic studies of sporochartine 3 (Figure 4.1) showed in Chapter 3, 

sporochartine 3 is formed through the DA cycloaddition of trienylfuranol A 2 and sporothriolide 

1. The investigation of sporothriolide biosynthesis was described in Chapter 2. However, no 

biosynthetic information about trienylfuranol A 2 was known before our study except the report 

of compound isolation and characterization. 

Trienylfuranol A 2 and polyene analogues trienylfuranone A 124 and trienylfuranone B 125 

(Figure 4.1) were found by the Sumarah56 group from the plant endophytic fungus Hypoxylon 

submonticulosum (now referred to as Hypomontagnella submonticulosa).37,52 There exist some 

structurally similar fungal compounds such as depudecin 126 and aureonitol 127. In addition, 

polyenes are known precursors of the bacterial enediynes for which biosynthetic information is 

well known. 

 

Figure 4.1 Structures of trienylfuranol A 2 and trienylfuranone A 124 and trienylfuranone B 125. 

4.1.1 Depudecin 

Depudecin 126 was first identified from the pathogenic fungus Alternaria brassicicola as an 

eleven carbon linear polyketide.84 Isotopic labelling experiments (Scheme 4.1) indicated the 

backbone is built from six acetates, with a decarboxylation at C-2.85 The acetate C-2 originated 

C-4, C-6 and C-10 positions in depudecin 126 are linked with oxygen, meaning oxygenases must 

be involved during biosynthesis.  

The gene cluster (Figure 4.2) for depudecin 126 biosynthesis was confirmed by employing a gene 

KO strategy.86 The depudecin BGC encodes a PKS (DEP5), two FAD-dependent 
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monooxygenases (FMO; DEP2 and DEP4), a transporter (DEP3), a transcriptional regulator 

(DEP6) and a protein of unknown function (DEP1). Although KO experiments showed that the 

DEP2, DEP4, DEP5 and DEP6 genes are essential for depudecin formation, no intermediates 

were obtained so that the pathway is still unknown. A good explanation may be the lability of 

these polyene compounds that leads to degradation. 

 

Scheme 4.1 The labelling pattern of depudecin 126 by using [1-13C], [2-13C] and [1,2-13C2] acetate, adapted from 
Tanaka et al., 2000.85 

Bioinformatic analysis of the PKS (DEP5) identified KS, AT, DH, ER0, KR and ACP domains 

(Figure 4.2). The domain architecture of DEP5 fits with the normal fungal hrPKS,11,87 and the ER 

domain is non-functional which corresponds to the polyene polyketide metabolite. In other cases 

where an ER0 domain is present, the BGC often encodes trans-acting ER proteins such as 

LovC17,18 and TenC88 involved during lovastatin and tenellin biosynthesis, respectively. However, 

the depudecin BGC does not encode a trans-acting ER consistent with the intermediacy of a 

polyene. 

Trienylfuranol A 2 and depudecin 126 are both C11 chains that contain several double bonds 

oxygenated carbon atoms. Therefore, their biosynthesis may share similarities to some extent. 

 

Figure 4.2 Depudecin 126 biosynthetic gene cluster in Alternaria brassicicola, adapted from Wight et al., 2009.86 
ER0, non-functional ER domain. 

Gene Amino acids Proposed protein function 

DEP1 580 Unknown

DEP2 646 FAD-dependent monooxygenase

DEP3 699 Major facilitator superfamily transporter

DEP4 708 FAD-dependent monooxygenase

DEP5 2451 Polyketide synthetase

DEP6 695 Transcription factor

KS AT DH KR ACPER0

DEP5 (PKS)
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4.1.2 Aureonitol 

Aureonitol 127 was first isolated and elucidated from Chaetomium coarctatum.89 Extensive 

isotopic labelling experiments showed the polyketide chain is built from seven acetates (Scheme 

4.2), the loss of one carbon at C-2 is consistent with a decarboxylation. In addition, the bond break 

of the intact acetate at C-9/C-10 indicates that there is a carbon-carbon rearrangement during 

biosynthesis. Moreover, the oxygenated C-6 and C-8 carbons which are derived from the C-2 of 

acetate, suggest the involvement of at least two oxygenation reactions during the biosynthesis.90 

 

Scheme 4.2 The labelling pattern of aureonitol 127 by using [1-13C], [2-13C] and [1,2-13C2] acetate, adapted from 
Seto et al., 1979.90 

Through genome sequencing and gene cluster mining of the producer Chaetomium globosum, a 

hrPKS gene cluster was identified (Figure 4.3).91 In addition to the PKS (CHGG_00246), the gene 

cluster encodes two FMO (CHGG_00243 and CHGG_00245), a P450 monooxygenase 

(CHGG_00240), a dehydrogenase (CHGG_00239), an oxidoreductase (CHGG_00241) and a 

transporter (CHGG_00244). Later, gene KO experiments were performed to confirm this gene 

cluster and supported the essential role of CHGG_00241, CHGG_00243 and CHGG_00245 

during aureonitol 127 biosynthesis.91 

The domain structure of the PKS (CHGG_00246) is highly similar to polyene PKS (DEP5). It 

consists of KS, AT, DH, ER0, KR and ACP domains (Figure 4.3). Like the depudecin PKS (DEP5), 

the aureonitol PKS (CHGG_00246) belongs to the normal fungal hrPKS type.11,87 Once again, 

the lack of a trans-ER is consistent with a polyene intermediate. 

Nakazawa and co-workers91 hypothesized a biosynthetic pathway for the C13 polyketide 

aureonitol 127. The polyketide polyene backbone 128 (Scheme 4.3) is probably assembled by an 

hrPKS (CHGG_00246). Then, an FMO (CHGG_00243 or CHGG_00245) is assumed to execute 

the epoxidation to yield 129. A following epoxide rearrangement likely occurs to make aldehyde 

130. During strobilurin biosynthesis, there is a similar oxidative rearrangement step which is 

catalyzed by the FMO (Str9).92 The intermediate 130 could be oxidized by an FMO 

(CHGG_00243 or CHGG_00245) at positions C-6 and C-7 to form 131. Subsequently, an 

oxidoreductase (CHGG_00241) possibly reduces aldehyde 131 to alcohol 132. Finally, furan ring 
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formation yields aureonitol 127. However, the mechanism of how the polyene precursor 128 is 

produced cannot be propsed before our study. 

 

Figure 4.3 Aureonitol 127 biosynthetic gene cluster in Chaetomium globosum, adapted from Nakazawa et al., 
2013.91 ER0, non-functional ER domain. 

 

Scheme 4.3 Proposed biosynthetic pathway for aureonitol 127, adapted from Nakazawa et al., 2013.91 

Structures of aureonitol 127 and trienylfuranol A 2 all have the furan rings with polyene 

substituents, therefore their biosynthesis should reasonably share some similarities. But, whether 

there exists a similar oxidative rearrangement as in the aureonitol 127 case during trienylfuranol 

A 2 biosynthesis, is not known. 

4.1.3 Polyenoic Acid 

Recently, a unique polyene PKS (PPS1) was identified by the Hoffmeister group from a 

taxonomically yet unidentified agaricomycete fungus (BY1).93 Heterologous expression of PPS1 

in Aspergillus niger obtained two polyene compounds, nonaenoic acid 133 and octaenoic acid 

Gene Amino acids Proposed protein function Cofactor

CHGG_00241 345 FAD-dependent oxidoreductase FAD

CHGG_00242 363 unknown -

CHGG_00243 485 FAD-dependent monooxygenase FAD

CHGG_00244 561 Major facilitator superfamily -

CHGG_00245 621 FAD-dependent monooxygenase FAD

CHGG_00246 2260 Polyketide synthetase -

KS AT DH ER0 KR ACP

CHGG_00246 (PKS)

Chaetomium globosum
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134 (Scheme 4.4). The 13C labelling studies confirmed the polyketide origin for these two 

polyenes.94  

The domain architecture of PPS1 is shown in Scheme 4.4, in which the KS, AT, DH, KR, C-MeT, 

ACP and TE domains are identified. The TE domain located at the C-terminus of PPS1 makes it 

different to the normal fungal hrPKS, such as the DEP5 (depudecin 126 in Figure 4.2) and 

CHGG_00246 (aureonitol 127 in Figure 4.3). In addition, the C-MeT domain in PPS1 is 

functional and there are methylations in polyketide 133 and 134. In contrast, the C-MeT domains 

in PKS DEP5 and CHGG_00246 are not present, and no methylations are observed in the 

structures of depudecin 126, aureonitol 127 and trienylfuranol A 2.  

In addition, no decarboxylation or oxidation is observed in 133 and 134. However, during 

depudecin 126, aureonitol 127 and trienylfuranol A 2 biosynthesis, decarboxylation and oxidation 

reactions are all required. Although polyenoic acids 133 and 134 are produced by a fungus, their 

PKS domain architecture and biosynthesis differ from those that make depudecin 126, aureonitol 

127 and trienylfuranol A 2. 

Interestingly, Hoffmeister and co-workers found that the expression of PPS1 is significantly 

upregulated when the fungal mycelium is injured. The injury-induced de novo synthesis of the 

toxic polyene pigments 133 and 134 is regarded as a fungal response strategy.95 

 

Scheme 4.4 The hrPKS (PPS1) derived from agaricomycete fungus (BY1) produces two polyene compounds, adapted 
from Brandt et al., 2017.93 The bold bonds represent the intact acetate units. 

4.1.4 Bacterial Enediynes 

The enediynes are a family of natural products isolated from bacteria. The molecular architecture 

is a 9- or 10-membered ring containing two acetylenic groups conjugated to a double bond. These 

structures are exemplified by dynemicin 135, calicheamicin 136 and C-1027 137 (Figure 4.4).96 

KS AT DH KR ACP

PPS1 (PKS)

MeT TE
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Bioactivity studies show that enediynes are potent antibiotics and they also possess strong 

cytotoxicity against tumour cells.97 Because of their unprecedented scaffolds, enediynes have 

generated high interest to decipher their biosynthesis. Early studies employing isotopic labelling 

experiments proved acetate as the carbon source for backbone construction.98 Entering the 

genomic age, the gene clusters responsible for enediyne biosynthesis have been increasingly 

found. These BGC encode an iterative type I PKS.99–101 

 

Figure 4.4 Enediynes antibiotics: dynemicin 135, calicheamicin 136, C-1027 137. 

A gene KO strategy was applied to verify the role of the PKS during enediyne biosynthesis.100 

Heterologous expression of pks and a thiolesterase gene (exemplified by sgcE/sgcE10 and 

ncsE/ncsE10) in Escherichia coli by the Shen group96 produced the first isolable and characterized 

intermediate, the polyene 1,3,5,7,9,11,13-pentadecaheptaene 140. The mechanism was proposed 

to include a decarboxylation/dehydration of the β-hydroxy octaketide 139 to make 140 (Scheme 

4.5). The polyketide polyene 140 was regarded as a highly significant core precursor for 9- or 10-

membered enediynes construction at the early biosynthesis investigations. 

However, the Townsend group’s research indicated that heptaene 140 is just a shunt product of 

the enzyme-bound octaketide 65 (Scheme 4.5).102,103 Although heptaene 140 is a common product 

of enediyne PKS/TE pairs from all subfamilies, it is not a precursor of the enediynes natural 

products. Subsequently, the Townsend group102,103 observed the PKS-bound 138 in vitro, and their 

research indicated that the release of the free β-hydroxy acid 139 from the corresponding PKS-

bound 138 is host assisted (in vivo hydrolysed by E. coli) rather than programmed. Therefore, 

they concluded that enzyme-bound polyene octaketide 138 is the true biosynthetic intermediate 

to enediynes as well as the branch point for a divergence to different enediynes subclasses 

(Scheme 4.5).102,103 
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Scheme 4.5 Proposed biosynthesis of enediynes by Belecki et al., 2013.102,103 

A proposed mechanism is shown in Scheme 4.5. The abstraction of a hydrogen atom at the 

terminal C-16 methyl of 138 yields the resonance equivalent 141, which can direct to two 

divergent pathways A and B by an accessory enzyme catalysing regiospecific cyclization. The 

assumed pathway A is adapted to describe the buildup of the core architecture of 9-membered 

enediyne (e.g. C-1027 137). However, the hypothesized cyclization manner in pathway B could 

be used to form 10-membered enediyne (e.g. calicheamicin 136).102,103 

Bioinformatic analysis of the PKS (CalE8) identified KS, AT, ACP, KR, DH and PPTase domains 

(Scheme 4.5). However, the domain architecture of enediyne PKS (CalE8) is very unusual. For 

example, the ACP domain is located between the AT and KR domains that are similar to the 

domain structure of polyunsaturated fatty acid (PUFA) synthases.104 In addition, a PPTase domain 

is positioned at the C-terminal region. And the self-phosphopantetheinylation makes the enediyne 

PKS extremely unique.96  

Thus, although the polyketide polyene 138 was proved to be the key precursor for enediyne 

biosynthesis, the domain architecture of bacterial enediyne PKS is quite different from that of the 

fungal hrPKS, such as DEP5 (depudecin 126 in Figure 4.2) and CHGG_00246 (aureonitol 127 in 

Figure 4.3). Therefore, the polyene biosynthesis in enediyne is probably not similar to the logic 

of depudecin 126 and aureonitol 127. 

4.2 Project Aims 

This project will focus on the delineation of trienylfuranol A 2 biosynthesis. Isotopic labelling 

experiments will be utilized to get the first insight about trienylfuranol A 2 scaffold construction. 

In particular, we want to know if there has been any rearrangement during biosynthesis and from 
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which end of the chain decarboxylation has occurred. Blast searches of the three 

Hypomontagnella genomes, utilizing the protein sequences of DEP5 (depudecin PKS) and 

CHGG_00246 (aureonitol PKS) as queries, will be done to obtain the hits reservoir of hrPKS. 

The C-MeT and ER domain alignments will be performed to pick out the potential polyene hrPKS. 

Linking the genome data with transcriptomic analysis will also be done. Then, detailed gene 

annotation will be made to the top hits gene clusters. Gene knockout in H. spongiphila and 

heterologous expression in A. oryzae will be performed for the potential polyene hrPKS gene 

clusters. Isolation and characterization of the compounds will be done if possible. Then we will 

try to uncover the BGC and biosynthetic pathway of trienylfuranol A 2. 

4.3 Results 

4.3.1 Trienylfuranol A Production 

The literature56 production conditions for trienylfuranol A 2 are cultivation of H. submonticulosa 

in PDB medium at 25 °C, in static conditions, for 6 weeks. To decrease the fermentation time, we 

developed producing conditions in which static or shaken (100 rpm) fermentation for only 6 days 

(Figure 4.5) can yield a reasonable amount of 2. Sporothriolide 1 and analogues 76 and 77 are 

also observed from H. submonticulosa, however, the previous study from the Sumarah group did 

not report this. 

 

Figure 4.5 The production of trienylfuranol A 2. A, DAD chromatogram of H. submonticulosa DAOMC 242471 WT 
grown under PDB medium, 6 d, 25 °C, still; B, DAD chromatogram of H. submonticulosa DAOMC 242471 WT under 

PDB medium, 6 d, 25 °C, 100 rpm. 

The H. submonticulosa growth in shaken conditions (Figure 4.6A) after 6 days resulted in a 

homogeneous culture, which is similar to the morphology of H. monticulosa and H. spongiphila 

under producing conditions (28 °C, 130 rpm, 6 days). Under static fermentation conditions 

(Figure 4.6B), the fungus forms a mat that floats on the top of the liquid media. In addition, the 

morphological characters of three fungi grown on PDA solid agar show some differences, on 

which the H. monticulosa and H. submonticulosa formed sporulating regions after 14 days while 

marine-derived H. spongiphila remained sterile.37 
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Figure 4.6 Culture morphology of Hypomontagnella submonticulosa. A, after 6 days of growth at 25 °C in shaken 
(100 rpm) conditions; B, after 6 days of growth at 25 °C in static conditions. 

Through large-scale fermentation (1 L) of H. submonticulosa DAOMC 242471 in PDB medium 

(static conditions, 25 °C, 6 days), we isolated 23 mg of trienylfuranol A 2 (Figure 4.7) from the 

extracts and then performed 1D and 2D NMR experiments to confirm its structure (see Chapter 7 

for details). The shaken conditions are used as the producing conditions in the time course study 

of H. submonticulosa (Section 2.3.1.2, Section 3.3.2, Section 4.3.1), because of the higher titre of 

sporothriolide 1, and its analogues are also produced under these conditions (Figure 4.5B). 

 

Figure 4.7 UV and mass spectra (ES+ and ES‒) of trienylfuranol A 2. 

To quantify the production of compounds, a calibration curve for trienylfuranol A 2 was made 

based on a UV integration method. A dilution series of 2 (2.0, 1.0, 0.25, 0.125 mg∙mL‒1) was 

measured and the corresponding signals for the extracted wavelength at 262 nm (λmax) were 

integrated (Figure 4.8A). Integrated values were then plotted against the sample concentration 

and fitted into a straight line (Figure 4.8B). The relationship is linear within the 0.125 – 2.0 

mg∙mL‒1 concentration range. The equation was applied to quantify 2 across different samples. 

 

Figure 4.8 A, the integrated values of different dilutions of trienylfuranol A 2 solutions at 262 nm from LCMS 
analysis; B, calibration curve for trienylfuranol A 2 quantification. 

Timecourse experiments for the three Hypomontagnella wild type strains were conducted to 

monitor the production of 2, the procedure details refer to Section 2.3.1.2. Compound titres were 
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calculated using the equation C = (UVint ‒ 2609.6)/26089 (Table 4.1). Production kinetics of 2 

were visualized graphically (Figure 4.9). 

 

Table 4.1 Temporal production of trienylfuranol A 2 from H. monticulosa MUCL 54604, H. spongiphila CLL 205, and 
H. submonticulosa DAOMC 242471 cultivated under producing conditions. 

 

Figure 4.9 Kinetic production curve of trienylfuranol A 2. 

4.3.2 Acetate Feeding Experiment 

During the sporochartine biosynthetic studies (Chapter 3), the labelling patterns of 3b (Table 3.3, 

Figure 4.10A) fit with the hypothesis of a polyketide origin for trienylfuranol A 2. In addition, 

carbon C-8 derived from C-2 acetate is oxygenated indicating the involvement of oxidation during 

biosynthesis. The results also showed that the trienylfuranol A 2 backbone is built in an order of 

one C-1 acetate carbon linked with one C-2 acetate carbon, which means the carbon-carbon 

rearrangement steps observed during aureonitol 127 biosynthesis91 do not occur in 2. However, 

the loss of C-1 acetate-derived carbon at C-2 or at C-12 opens the question of which side is the 

‘head’ or ‘tail’ during the polyketide chain construction (Figure 4.10A). 

H. monticulosa H. spongiphila H. submonticulosa

Day Conc. / mg∙L‒1 Conc. / mg∙L‒1 Conc. / mg∙L‒1

1 0 0 0

2 0 0 0

3 0 0 13.7
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Figure 4.10 A, the labelling patterns of 2 from [1-13C] and [2-13C] sodium acetate feeding experiments (Table 3.3); B, 
the labelling patterns and one bond 13C-13C spin-spin couplings constants observed in trienylfuranol A 2 derived 

from [1,2-13C2] acetate feeding experiment. 

If the [1,2-13C2] acetates are used as the carbon source, a 13C-13C spin-spin coupling (1JCC) could 

be observed in 13C NMR when the double labelled acetates remain intact during the construction 

of the scaffold. Alternately, if the acetate unit is broken, then the peak intensity of the broken 

carbon will be enriched without showing 1JCC coupling.32 

To investigate the polyketide chain extension direction during trienylfuranol A 2 biosynthesis, 

[1,2-13C2] sodium acetates were utilized in the feeding experiment, the procedures refer to the 

previous description in Section 2.3.3. Labelled 2 was extracted and purified (Section 6.2.1). 13C 

NMR spectra revealed all carbons from C-3 to C-12 display a doublet with coupling constants 

from 37 and 55 Hz, except the overlap signals of C-5 and C-6, which are characteristics for intact 

acetate units (Figure 4.10 – 4.12). However, the resonance for C-2 is enriched but uncoupled (the 

extra 1JCC coupling of C-2/C-3 was observed), showing it is a C-2 carbon from a cleaved acetate 

unit. In summary, the 13C incorporation patterns of trienylfuranol A 2 reveal it assembled from a 

polyene hrPKS, and there are several oxidative reactions involved during the biosynthesis. 

Atom numbers JCC (Hz)

C-3 / C-4 55

C-5 / C-6 overlap

C-7 / C-8 51

C-9 / C-10 37

C-11 / C-12 40

A

B
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Figure 4.11 Natural abundance 13C NMR spectrum (chemical shift between 113 and 142 ppm, 100 MHz in C6D6) of 
trienylfuranol A 2 compared to 13C NMR spectrum of the feeding experiment ([1,2-13C2] sodium acetate). Asterisk: 

the 1JCC coupling of C-2/C-3. 

 

Figure 4.12 Natural abundance 13C NMR spectrum (chemical shift between 20 and 90 ppm, 100 MHz in C6D6) of 
trienylfuranol A 2 compared to 13C NMR spectrum of the feeding experiment ([1,2-13C2] sodium acetate). 
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4.3.3 Mining of Polyketide Polyene hrPKS 

4.3.3.1 Genome Screening for hrPKS 

Based on the 13C isotopic labelling study, trienylfuranol A 2 is probably built by a polyene hrPKS. 

Therefore, the first step is to screen the Hypomontagnella genomes and find all the potential 

polyene hrPKS gene clusters. The sequences of DEP5 (depudecin 126 PKS), CHGG_00246 

(aureonitol 127 PKS) and CalE8 (enediyne calicheamicin 136 PKS) were utilized as queries to 

blast the H. submonticulosa genome (Figure 4.13). Because the domain architecture of the 

bacterial enediyne PKS (CalE8) is distinct from that of fungal hrPKS, there was no significant 

similarity found from the H. submonticulosa genome. The PKS hits lists created by the blast 

searches of DEP5 and CHGG_00246 were combined, and the nrPKS and PKS-NRPS (polyketide 

synthase-nonribosomal peptide synthetase) were manually excluded. In addition, the PKS that 

only exist in H. submonticulosa but not in H. monticulosa or H. spongiphila, were also excluded. 

A total of eighteen hrPKS gene clusters was obtained (Table 4.2). 

 

Figure 4.13 Genome screening of potential polyene hrPKS in H. submonticulosa. AT, acyltransferase; KS, 
ketosynthase; DH, dehydratase; ER, enoyl reductase; KR, ketoreductase; ACP, acyl carrier protein; ER0, non-

functional ER domain. 

4.3.3.2 hrPKS Domain Analysis and Transcriptomic Analysis 

From the structural point of view (depudecin 126, aureonitol 127 and trienylfuranol A 2), the C-

MeT and ER domains in polyene hrPKS should be non-functional or missing. This was found to 

be the case for both the depudecin 126 and aureonitol 127 PKS. For instance, DEP5 (depudecin 

hrPKS hits reservoir

KS AT DH ER0 KR ACP

H. submonticulosa genome

A B

Depudecin 126Aureonitol 127 Calicheamicin 136
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PKS) and CHGG_00246 (aureonitol PKS) lack C-MeT domains (Figure 4.2 ‒ 4.3; Table 4.2). 

And the ER domains in the two PKS are inactive because the NADPH cofactor binding sites 

(LxHx(G/A)xGGVG) are incomplete based on the ER sequence alignments (Figure 7.86). 

To evaluate the status of the C-MeT and ER domain in the obtained eighteen hrPKS and to pick 

out the potential polyene hrPKS from the Hypomontagnella genomes, detailed domain analysis 

was performed. For example, the prediction of PKS domain architecture by Interpro105 and 

SMART106 (Table 4.2), as well as the C-MeT and ER domain sequence alignments (Figure 7.86 

– 7.87). In the ER domain alignments (Clustal Omega (1.2.4)107), the intact NADPH cofactor 

binding sites (LxHx(G/A)xGGVG)108 were regarded as the basis of function. While the ‘GAGTG’ 

conserved cofactor motif and His-Glu dyad109 were used to predict the C-MeT domain function. 

In Table 4.2, seventeen PKSs have the ER domain (PKS12 is exceptional), as determined via PKS 

domain architecture analysis. And the ER domains in 16 PKS (PKS1 ‒ 11, and PKS14 ‒18) are 

probably inactive based on the sequence alignments shown in Figure 7.86. In addition, the C-MeT 

domain is present in 13 PKS (Table 4.2) by PKS architecture analysis. The C-MeT domain is 

missing in PKS4 ‒ 5, PKS9 ‒ 10, and PKS13 (Table 4.2). The sequence alignments of these 

thirteen C-MeT domains revealed that seven of them (from PKS1 ‒ 3, PKS6 ‒ 8, and PKS11) are 

possibly non-functional since their conserved cofactor motif are incomplete (Figure 7.87). 

 

Table 4.2 The overview of hits PKS from H. monticulosa. The domain structure (Green colour: active; Red colour: 
inactive; Black colour: function not analysed), transcriptome data (no expression and downregulation are 

highlighted in grey boxes; upregulation is highlighted in pink boxes), and identity/similarity (Calculation by using 
Blosum62 with threshold 1) to known polyene PKS are shown in this table. ER0, non-functional ER domain; C-MeT0, 

non-functional C-MeT domain; NEL: normalized expression level; NE: no expression. 

PKS Cluster
Gene

H. monticulosa
Domain Structure

NEL A
(non-producing)

NEL B
(producing)

Log2-fold change
(B/A)

Identity / Similarity 
(%), to DEP5 

Identity / Similarity 
(%), to CHGG_00246 

1 Cluster A HmMg6165 0.10 1488.35 13.86 60.8 / 73.9 41.8 / 55.3

2 Cluster B HmMg10163 60.11 86.35 0.52 27.9 / 42.4 23.4 / 37.0

3 Cluster B HmMg10159 101.57 290.21 1.51 22.2 / 37.0 18.6 / 31.9

4 Cluster C HmMg3162 0.10 2.16 4.43 29.3 / 44.9 25.1 / 38.8

5 Cluster D HmMg1580 0.10 3.11 4.96 27.6 / 44.0 23.1 / 37.5

6 Cluster E HmMg5986 99.51 1445.88 3.86 24.5 / 40.0 20.3 / 33.8

7 Cluster F HmMg1069 2.07 11.40 2.46 21.3 / 36.2 18.5 / 28.1

8 Cluster G HmMg3307 19.69 47.37 1.27 19.4 / 33.4 16.3 / 27.6

9 Cluster H HmMg1003 NE NE NE 25.2 / 40.0 21.0 / 33.1

10 Cluster I HmMg6736 20.73 1.07 -4.27 25.6 / 40.5 21.9 / 33.7

11 Cluster J HmMg7628 67.37 116.57 0.79 26.9 / 43.3 21.4 / 34.5

12 Cluster J HmMg7624 NE NE NE 22.4 / 36.2 17.2 / 30.9

13 Cluster K HmMg8513 NE NE NE 26.4 / 42.3 20.4 / 34.2

14 Cluster L HmMg4170 49.75 99.82 1.00 25.5 / 40.9 21.6 / 34.1

15 Cluster M HmMg1180 123.33 172.28 0.48 22.4 / 36.4 19.0 / 30.5

16 Cluster N HmMg1129 NE NE NE 22.7 / 39.5 19.2 / 33.1

17 Cluster O HmMg4795 NE NE NE 23.3 / 39.1 20.3 / 34.6

18 Cluster P HmMg3964 NE NE NE 24.9 / 38.8 20.7 / 33.3

- Depudecin DEP5 - - - - 40.3 / 53.5

- Aureonitol CHGG_00246 - - - 40.3 / 53.5 -

KS AT DH ER0C-MeT0 KR ACP

KS AT DH ER0C-MeT0 KR ACP

KS AT DH ER0C-MeT0 KR ACP

KS AT DH ER0C-MeT0 KR ACP

KS AT DH ER0C-MeT0 KR ACP

KS AT DH ER0 KR ACP

KS AT DH ER0 KR ACP

KS AT DH ER0 KR ACP

KS AT DH ER0 KR ACP

KS AT DH ER0 KR ACP

KS AT DH ER0 KR ACP

KS AT DH ER0C-MeT0 KR ACP

KS AT DH ER0C-MeT ER0 KR ACP

KS AT DH ER0C-MeT ER0 KR ACP

KS AT DH ER0C-MeT ER0 KR ACP

KS AT DH ER KR ACP

KS AT DH ER0 KR ACP C-MeT0

KS AT DH ER0C-MeT KR ACP

KS AT DH ER0C-MeT ER0 KR ACP

KS AT DH ER0C-MeT ER0 KR ACP
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Finally, eleven potential polyene hrPKS (PKS1 ‒ 11 in Table 4.2) with missing or likely non-

functional ER and C-MeT domains were selected from the Hypomontagnella genomes. The PKS 

genes from H. monticulosa were exemplified in Table 4.2. 

During the spo BGC prediction (Section 2.3.4), transcriptome data from H. monticulosa MUCL 

played a role to reveal the gene expression levels under producing and non-producing conditions. 

Genes located inside the spo BGC show a strong upregulation under producing conditions (Figure 

2.14), while genes outside this region show either low expression (Table 2.6, Figure 2.14) or no 

changes in transcription level. By analysing the LCMS chromatograms of H. monticulosa MUCL 

54604 extracts (Figure 2.2), we found that the production of trienylfuranol A 2 adapts to the 

producing and non-producing conditions of sporothriolide 1. Therefore, the transcriptome data 

that we obtained from sporothriolide producing and non-producing conditions should be also 

useful for analysis of the expression of potential trienylfuranol A biosynthetic genes. 

We made a comprehensive expression level comparison of the top 11 potential polyene hrPKS 

by analysing the transcriptome data from H. monticulosa MUCL (Table 4.2, Figure 4.14). Results 

showed that PKS1 from ‘Cluster A’ (Table 4.2) not only has the largest NEL (normalised 

expression level; BaseMean) value but also has the most significant log2-fold change between 

producing and non-producing conditions. In a word, the PKS1 in ‘Cluster A’ is highly upregulated 

under producing conditions, as compared to non-producing conditions. In addition, compared to 

the other 11 hrPKS (PKS1 ‒ 11; Table 4.2) with depudecin 126 and aureonitol 127 PKS, PKS1 

in ‘Cluster A’ (Table 4.2) shows the highest identity and similarity among the hrPKS lists, 

respectively (60.8% / 73.9% to DEP5, and 41.8% / 55.3% to CHGG_00246). 

‘Cluster B’ harbours two hrPKS (PKS2 and PKS3; Table 4.2), and the NEL values (Table 4.2, 

Figure 4.14) of these two hrPKS are both relatively high and the identity/similarity of PKS3 to 

polyene PKS DEP5 and CHGG_00246 are 27.9% / 42.4% and 23.4% / 37.0%, respectively. The 

hrPKS expression levels (NEL values) of ‘Cluster C’ (PKS4; Table 4.2) and ‘Cluster D’ (PKS5; 

Table 4.2, Figure 4.14) are very low, but these two PKS are relatively closer to the polyene PKS 

of depudecin 126 and aureonitol 127, as compared with PKS2 and PKS3 in ‘Cluster B’ (see 

detailed values in Table 4.2). The PKS6 in ‘Cluster E’ (Table 4.2, Figure 4.14) was highly 

expressed and strongly upregulated (Log2 fold change is 3.86) from non-producing to producing 

conditions, but it seems not as close to DEP5 and CHGG_00246 as compared to PKS2, PKS4 and 

PKS5, the details were shown in Table 4.2.  

In summary, results of the extensive bioinformatic analysis suggested ‘Cluster A’ encodes a 

possible trienylfuranol A 2 PKS. However this data is not conclusive, we need more detailed gene 

annotation and analysis of these gene clusters. 
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Figure 4.14 The transcriptomic analysis of 11 potential polyene hrPKS in H. monticulosa MUCL (Data based on Table 
4.2). A, bar chat of the normalised expression level of the hrPKS, non-visible bar means either no expression or very 

low NEL BaseMeans (Table 4.2); B, bar chat of Log2-fold changes of the hrPKS. NE, no expression. 

4.3.4 Potential Polyene hrPKS BGC Analysis 

4.3.4.1 ‘Cluster A’ Analysis 

Comprehensive gene cluster annotation serves as the first step for understanding the function of 

a BGC. BLASTp, PHYRE2 and InterPro platforms were used to annotate and predict the function 

of all proteins encoded by ‘Cluster A’ from H. monticulosa MUCL 54604 (Table 4.3). In addition 

to the expected hrPKS (hmPKS1), the genes of the BGC were found to encode: four SDR (short-

chain dehydrogenase/reductase) hmCAL6, hmCAR2, hmCAR5 and hmCAR8; a 

glucosyltransferase (hmCAL5); two putative hydrolases (hmCAL2 and hmCAR4); a 

transcriptional regulator (hmCAL1); and two transporters (hmCAR1 and hmCAR6). In addition, 

the cluster encodes six proteins of unknown function (hmCAL8, hmCAL7, hmCAL4, hmCAL3, 

hmCAR3 and hmCAR7). 

By analysing the transcriptome data, the gene’s borders, as well as intron and exon positions from 

‘Cluster A’, were corrected and putative gene functions were re-annotated (Table 7.2, Table 4.3). 

Additionally, each gene’s expression level under trienylfuranol A 2 non-producing and producing 

conditions were assessed. Expression level analysis showed that genes from hmCAL3 to hmCAR5 

exhibit a strong upregulation under producing conditions except for hmCAL2 and hmCAR3 

(Figure 4.15), while genes outside this region show either down-regulation or low expression in 

transcription level. Based on the analysis, the ‘Cluster A’ boundary was initially set from hmCAL3 

to hmCAR5. Genes highlighted in the grey boxes in Table 4.3 are therefore probably not involved 

in the gene cluster. In addition, similar to the expression level of hmPKS1, the expression level of 

hmCAR5 (SDR) also shows a big NEL value as well as log2-fold change (Table 4.3, Figure 4.15). 
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Table 4.3 Annotation of potential polyene hrPKS BGC ‘Cluster A’ from H. monticulosa MUCL 54604. Normalized 
expression level (NEL, BaseMean) for genes in ‘Cluster A’, data calculated with DESeq. Note: The Gene locus tag 

shown here is varied from Table 4.2, ‘HmMg6165’ in Table 4.2 correspond to ‘HmM_Brakerg10440’ here. 

 

Figure 4.15 Transcriptome data of the potential polyene hrPKS BGC ‘Cluster A’ from H. monticulosa MUCL 54604. 
Bar chat of Log2-fold change of the genes from ‘Cluster A’. NE, no expression. 

‘Cluster A’ is also found in the H. spongiphila and H. submonticulosa genomes, and we 

performed a clinker & clustermap64 comparison among the three clusters as well as with the 

depudecin 126 BGC and with the aureonitol 127 BGC. From the results (Figure 4.16), the ‘Cluster 

A’ in three organisms show high similarity levels except for the insertion of four additional genes 

hsmCAR2, hsmCAR3, hsmCAR4 and hsmCAR5 (Figure 4.16A) in H. submonticulosa. The gene 

annotation through BLASTp, PHYRE2 and InterPro showed that hsmCAR4 encodes a transporter, 

but the other three are function unknown (Table 4.4). In addition, depudecin 126 BGC and the 

Gene (locus_tag) Gene AA Putative Function BLASTpa, PHYRE2b, InterProc Predicted Cofactor
NEL A

(non-producing)
NEL B

(producing)
Log2-fold change

(B/A)

HmM_Brakerg10432 hmCAL8 342 Unknown RNA polymerase subunita, b / 60.11 49.27 -0.29

HmM_Brakerg10433 hmCAL7 90 Unknown Cytochrome subunita, b / 26.95 19.61 -0.46

HmM_Brakerg10434 hmCAL6 514 SDR
Dihydroorotate dehydrogenasea, 

FMN-linked oxidoreductaseb
FMN 139.92 115.78 -0.27

HmM_Brakerg10435 hmCAL5 646 Glucosyltransferase Glucosyltransferasea, transferaseb / 3.11 19.26 2.63

HmM_Brakerg10436 hmCAL4 152 Unknown Unknowna, b, c / 72.55 56.63 -0.36

HmM_Brakerg10437 hmCAL3 156 Unknown Allergen homolog,a protease inhibitorb / 0.1 367.75 11.84

HmM_Brakerg10438 hmCAL2 842 Putative hydrolase Glycosidase,a hydrolaseb / 53.89 35.29 -0.61

HmM_Brakerg10439 hmCAL1 638
Transcriptional

regulator

Transcription activator DEP6,a

transcription activatorb
/ 7.25 156.53 4.43

HmM_Brakerg10440 hmPKS1 2375 Polyketide synthase Polyketide synthasea, b, c / 0.1 1488.35 13.86

HmM_Brakerg10441 hmCAR1 513 Transporter Transportera, b / 0.1 6.26 5.97

HmM_Brakerg10442 hmCAR2 273 SDR Short-chain dehydrogenase,a oxidoreductaseb NAD(P) 3.11 110.09 5.15

HmM_Brakerg10443 hmCAR3 267 Unknown Unknowna, b, c / 6.22 3.32 -0.90

HmM_Brakerg10444 hmCAR4 734 Putative hydrolase Unknown,a, c hydrolaseb / 61.15 245.20 2.00

HmM_Brakerg10445 hmCAR5 347 SDR Dehydrogenase,a oxidoreductaseb NAD(P) 4.15 1419.11 8.42

HmM_Brakerg10446 hmCAR6 585 Transporter Transportera, b / 43.53 33.28 -0.39

HmM_Brakerg10447 hmCAR7 1872 Unknown Vacuolar membrane,a signaling proteinb / 13.47 21.40 0.67

HmM_Brakerg10448 hmCAR8 252 SDR Short-chain dehydrogenase,a oxidoreductaseb NAD(P) - - -
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aureonitol 127 BGC show homologies at the PKS, transporter, transcriptional regulator and 

monooxygenase (Figure 4.16D ‒ 4.16E). It is noteworthy that there is no oxygenase encoded by 

‘Cluster A’, however oxidation is regarded as an indispensable step for the formation of 

trienylfuranol A 2 which based on the 13C labelling study (Section 4.3.2).  

 

Figure 4.16 Clinker & clustermap comparison of potential polyene BGC ‘Cluster A’ and other polyenes BGC. A, 
‘Cluster A’ (hsmCA) in H. submonticulosa; B, ‘Cluster A’ (hspCA) in H. spongiphila; C, ‘Cluster A’ (hmCA) in H. 

monticulosa; D, the depudecin86 BGC in Alternaria brassicicola; E, the aureonitol91 BGC in Chaetomium globosum. 

 

Table 4.4 The function annotation of the hsmCAR2, hsmCAR3, hsmCAR4 and hsmCAR5 from H. submonticulosa 
‘Cluster A’ (hsmCA). 

4.3.4.2 ‘Cluster B’ Analysis 

Based on the online platform of BLASTp, PHYRE2 and InterPro analysis, the hrPKS BGC 

‘Cluster B’ (Table 4.5) was found to encode: an epimerase (hmCBL5); two transcriptional 

regulators (hmCBL4 and hmCBR4); three SDR (hmCBL3, hmCBR5 and hmCBR7); a putative 

hydrolase (hmCBL1); two PKS (hmPKS2 and hmPKS3); an O-methyltransferase (hmCBR3); an 

O-acetyltransferase (hmCBR1); two P450 monooxygenases (hmCBR2 and hmCBR6); and four 

A

B

C

D

E

Transcription regulator

Transporter 

Monooxygenase

SDR

Hydrolase

PKS

Unknown

Gene (locus_tag) Gene AA Putative Function BLASTpa, PHYRE2b, InterProc Predicted Cofactor

HsMg_8438_t hsmCAR2 63 Unknown Unknowna, b, c /

HsMg9082 hsmCAR3 132 Unknown Unknowna, b, c /

HsMg9083 hsmCAR4 561 Transporter Transporter,a, b major facilitator superfamilyc /

HsMg_8441_t hsmCAR5 382 Unknown Unknowna, b, c /
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function unknown genes (hmCBL6, hmCBL2, hmCBR8 and hmCBR9). Transcriptome data was 

used to correct each gene’s border, as well as intron and exon positions (Table 7.3). 

 

Table 4.5 Annotation of potential polyene BGC ‘Cluster B’ from H. monticulosa MUCL 54604. Normalized expression 
level (NEL, BaseMean) for genes in ‘Cluster B’, data calculated with DESeq. Note: The Gene locus tag shown here is 

varied from Table 4.2, ‘HmMg10159’ and ‘HmMg10163’ in Table 4.2 correspond to ‘HmM_Brakerg3651’ and 
‘HmM_Brakerg3655’ here, respectively. 

To understand the expression level of functional genes in ‘Cluster B’ and set the BGC boundaries, 

we analyzed the transcriptome data from H. monticulosa. Results showed that genes from 

hmPKS3 to hmCBR7 are upregulated under producing conditions except for hmCBR1 and 

hmCBR4 (Table 4.5, Figure 4.17). In contrast, genes outside this region showed either down-

regulation or no expression. Genes highlighted in the grey boxes in Table 4.5 are therefore 

probably not involved in ‘Cluster B’ 

A clinker & clustermap comparison of ‘Cluster B’ from three Hypomontagnella organisms was 

performed (Figure 4.18). Results showed that these three BGC are highly conserved. In addition, 

the depudecin 126 BGC and aureonitol 127 BGC were compared with ‘Cluster B’ (Figure 4.18D 

‒ 4.18E), but the homologies only display at the hrPKS (HmPKS2, DEP5 and CHGG_00246). 

Although there are monooxygenases (HmCBR2 and HmCBR6) encoded by ‘Cluster B’, no 

significant similarity is observed with the oxygenases from the depudecin 126 BGC or aureonitol 

127 BGC (Figure 4.18).  

Notably, ‘Cluster B’ contains two hrPKSs (HmPKS2 and HmPKS3; Table 4.5), however just one 

hrPKS (DEP5 and CHGG_00246, respectively) is used during the backbone construction of 

depudecin 126 and aureonitol 127. 

 

Gene (locus_tag) Gene AA Putative Function BLASTp,a PHYRE2b Predicted Cofactor
NEL A

(non-producing)
NEL B

(producing)
Log2-fold change

(B/A)

HmM_Brakerg3645 hmCBL6 906 Unknown DNA ligase,a ligaseb / - - -

HmM_Brakerg3646 hmCBL5 343 Epimerase Glucose epimerase,a isomeraseb / 462.24 286.16 -0.69

HmM_Brakerg3647 hmCBL4 364 Transcriptional regulator Unknown,a transcription regulatorb / 32.13 26.61 -0.27

HmM_Brakerg3648 hmCBL3 186 SDR
Cytochrome oxidase assembly protein,a

oxidoreductaseb
/ - - -

HmM_Brakerg3649 hmCBL2 2248 Unknown DNA polymerasea, b / - - -

HmM_Brakerg3650 hmCBL1 163 Putative hydrolase Unknown,a hydrolaseb / 1.04 0.40 -1.39

HmM_Brakerg3651 hmPKS3 2504 HRPKS Highly reducing PKSa / 101.57 290.21 1.51

HmM_Brakerg3652 hmCBR1 487 O-acetyltransferase O-acetyltransferasea, b / - - -

HmM_Brakerg3653 hmCBR2 537 P450 Cytochrome P450 monooxygenasea, b / 100.53 147.30 0.55

HmM_Brakerg3654 hmCBR3 427 O-methyltransferase O-methyltransferase,a transferaseb / 169.97 307.35 0.85

HmM_Brakerg3655 hmPKS2 2591 HRPKS Solanapyrone / Prosolanapyrone PKSa / 60.11 86.35 0.52

HmM_Brakerg3656 hmCBR4 654 Transcriptional regulator Solanapyrone Sol4,a transcription activatorb / - - -

HmM_Brakerg3657 hmCBR5 526 SDR Oxidoreductasea, b FAD 203.14 703.65 1.79

HmM_Brakerg3658 hmCBR6 680 P450 Cytochrome P450 monooxygenasea, b / 23.84 50.29 1.08

HmM_Brakerg3659 hmCBR7 274 SDR Oxidoreductasea, b / 386.59 529.38 0.45

HmM_Brakerg3660 hmCBR8 279 Unknown Unknowna, b / - - -

HmM_Brakerg3661 hmCBR9 333 Unknown Unknown,a membrane proteinb / 9.33 5.68 -0.72
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Figure 4.17 Transcriptome data of the potential polyene BGC ‘Cluster B’ from H. monticulosa MUCL 54604. Bar chat 
of Log2-fold changes of genes from ‘Cluster B’. NE, no expression. 

 
Figure 4.18 Clinker & clustermap comparison of potential polyene BGC ‘Cluster B’. A, ‘Cluster B’ (hsmCB) in H. 

submonticulosa; B, ‘Cluster B’ (hspCB) in H. spongiphila; C, ‘Cluster B’ (hmCB) in H. monticulosa; D, the depudecin86 
BGC in Alternaria brassicicola; E, the aureonitol91 BGC in Chaetomium globosum. 

4.3.5 Gene Knockout and Heterologous Expression of ‘Cluster A’ 

4.3.5.1 Gene Knockout of hspPKS1 

In order to verify whether ‘Cluster A’ is the correct BGC for trienylfuranol A 2 or not, we 

designed the KO experiment. Similar to the spoE/spofasA knockout performed in H. spongiphila 

(Section 2.3.5), the KO vector targeting hspPKS1 in ‘Cluster A’ from H. spongiphila was 
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constructed as shown in Figure 4.19. The vector construction details are the same as those 

previously described in Section 2.3.5.2a and the primers are listed in Table 6.2. Two overlapping 

fragments were amplified and co-transformed into H. spongiphila protoplasts. For the fungal 

transformation workflow details, see Section 2.3.5.2b. The vector construction, fungal 

transformation as well as transformant analysis were conducted by the project collaborator Dr. 

Tian Cheng. Before this thesis submission, the transformant analysis work is still ongoing. 

However, our previous experiment (Section 2.3.5) taught us that KO experiments are rarely 

successful in this organism. 

Figure 4.19 A, potential polyene BGC ‘Cluster A’ in H. spongiphila; B, the bipartite knockout method to replace the 
targeted genes with a hygromycin resistance cassette via homologous recombination. Red: Target gene sequence 

(hspPKS1 from H. spongiphila); Blue: Hygromycin resistance cassette, containing the PgdpA promotor and the 
hygromycin resistance gene (hph). 

4.3.5.2 Heterologous Expression of hmPKS1 and hmCAR5 in A. oryzae 

The heterologous expression (Section 1.4.4) strategy plays an important role in studying the 

biosynthesis of natural products, especially the role in the investigation of specific enzyme 

functions. The elucidation of the sporothriolide 1 biosynthesis pathway is a good example 

(Section 2.3.6). 
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Based on the transcriptome analysis, ‘Cluster A’ from H. monticulosa MUCL 54604 (Table 4.3) 

encodes two putative hydrolases (hmCAL2 and hmCAR4), a transcriptional regulator (hmCAL1), 

a hrPKS (hmPKS1), a transporter (hmCAR1), two SDR (hmCAR2 and hmCAR5) and two proteins 

of unknown function (hmCAL3 and hmCAR3). Because the PKS (hmPKS1) and the SDR 

(hmCAR5) are the two most strongly expressed genes from ‘Cluster A’ (Figure 4.15), we firstly 

selected them for heterologous expression in A. oryzae NSAR1. 

4.3.5.2a Gene Combinations, Vector Constructions and A. oryzae NSAR1 

Transformation 

Genes of interest (intron-free) were amplified from H. monticulosa gDNA using the primer sets 

listed in Table 4.6 depending on the investigated combination of genes (primer details see Table 

6.2). The pTAYAGS-met vector was employed as a basis for plasmid construction (Figure 4.20). 

For the strategies of gene cloning and vector constructions refer to ‘Section 2.3.6.1 ‒ 2.3.6.2’. 

 

Figure 4.20 A, hrPKS ‘Cluster A’ (hmCA) in H. monticulosa; B, constructed plasmids for A. oryzae heterologous 
expression studies. 

 

Table 4.6 Primer sets used in constructed plasmids for heterologous expression. * Deviating PCR annealing 
temperatures (standard is 60 °C) are stated under PCR condition. Primers sequence see Table 6.2. 

Two different gene-expression combinations were designed (Figure 4.21), and the corresponding 

vectors were transformed in A. oryzae NSAR1. The obtained transformants (exact number see 

Figure 4.21A) were genetically checked by PCR. Results showed that the genes were successfully 

hmPKS1PamyB TamyB

hmCAR5

sC pHSHE6

PamyB TamyB

hmCAR5

sC pHSHE5

hmCAPKS

pHSHE4

Padh

Tadh

PgpdA

TgpdA

Peno

Teno

pHSHE7

Entry vector
pE-YA

PTAYAGS-met

A

B

hmPKS1

sC

PamyB TamyB

Transcription regulator

Transporter SDR

Hydrolase

PKS

Unknown

Primer no. Template Target vector Purpose PCR condition*
P94+P95 gDNA of H. monticulosa pHSHE4 hmPKS1, fragment 1 Q5
P96+P97 gDNA of H. monticulosa pHSHE4 hmPKS1, fragment 2 Q5, 69°C
P98+P99 gDNA of H. monticulosa pHSHE4 hmPKS1, fragment 2 Q5
P94+P99 E.coli transformants with pHSHE4 pHSHE4 Colony PCR OneTaq

P100+P101 gDNA of H. monticulosa pHSHE5 hmCAR5 Q5
P100+P101 E.coli transformants with pHSHE5 pHSHE5 Colony PCR OneTaq

pHSHE6 (LR clone of pHSHE4 + pHSHE5)
pHSHE7 (LR clone of pHSHE4 + pTAYAGS-met)
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integrated into the A. oryzae positive transformant (Figure 4.21B). All transformants were 

cultured in DPY medium at 28 °C for 5 ‒ 7 days and 110 rpm, mycelia and culture media were 

extracted separately and submitted for LCMS analysis. 

 

Figure 4.21 A, combinations of genes expressed in A. oryzae NSAR1; B, genetic analysis of A. oryzae NSAR1 
transformant: EXPt1 (hmPKS1), EXPt2 (hmPKS1 + hmCAR5). Primers sequence see Table 6.2. 

4.3.5.2b Expression of hmPKS1 in A. oryzae 

The plasmid pHSHE7 containing hmPKS1 gene was transformed in A. oryzae, and the 

transformants obtained from EXPt1 (Figure 4.21A) were cultured and extracted for LCMS 

analysis. From the results, a new peak with a molecular weight of 162 (ESI-MS m/z 161 [M – H]–, 

163 [M + H]+) was observed in transformant but not in untransformed A. oryzae extracts (EXPt1; 

Figure 4.22, Table 4.7), and the retention time of this new peak is close to that of trienylfuranol 

A 2 (Table 7.4). The UV absorption of 142 is characteristic of a tetraene (λmax: 284 nm, 296 nm, 

309 nm) compared with the 2 as a triene (λmax: 252 nm, 264 nm, 275 nm).  

A scale-up fermentation in 1 L DPY liquid medium of the producing transformant was carried 

out and extracts were subsequently employed for preparative LCMS. The purification of 142 was 

achieved (2 mg∙L‒1; Table 7.4), and the NMR and HRMS experiments were performed (spectra 

details see Chapter 7). 

R5 PKS1PKS1

1kb
 



EXPt2

EXPt1

EXPt hm Trans. Products

PKS1 CAR5

PKS SDR

1  - 4/10 142
2   5/10 142

hmPKS1

P99

P94

hmCAR5

P101

P100

1kb

PKS1

A.O
EXPt1

R5 PKS1
A.O
EXPt2

A

B



4 Biosynthetic Studies of Trienylfuranol A 

112 

 

Figure 4.22 HPLC analysis of crude extracts (from media) from A. oryzae transformant. A, DAD chromatogram of 
trienylfuranol A 2; B, DAD chromatogram of EXPt1 (hmPKS1) transformant; C, DAD chromatogram of untransformed 

A. oryzae NSAR1. 

 

Table 4.7 UV and mass spectra (ES+ and ES‒) of compounds 2 and 142. 

Compound 142 was isolated as a yellow oil with the molecular formula C11H14O (calc. [M + H]+ 

HRMS 163.1123, measured 163.1123), indicating 5 degrees of unsaturation. Extensive analysis 

by 1D and 2D NMR (Table 4.8, Figure 4.23) of 142 showed that the structure belongs to the 

polyene type. From the 13C NMR and 13C (DEPT 135) NMR data analysis, seven olefinic 

methines and one olefinic methylene with carbon chemical shifts from δC 117.5 to 137.5 ppm 

were observed. The 1H-1H COSY correlations of H-2 and H-3, H-3 and H-4, H-4 and H-5, H-5 

and H-6, H-6 and H-7, H-7 and H-8, as well as correlations of H-8 and H-9 suggested a polyene 

backbone of 142. In addition, the intensive HMBC correlations from H-2 to C-3 and C-4, from 

H-3 to C-4, from H-4 to C-3 and C-5, from H-5 to C-4, C-6 and C-7, from H-6 to C-5 and C-7, 

from H-7 to C-5 and C-6, from H-8 to C-6, C-7 and C-10, as well as correlations from H-9 to C-

7 and C-10 further afforded the tetra-ene structures. Additionally, the C-10 and C-11 have 

chemical shifts of δC 70.4 ppm and 76.3 ppm respectively, which indicate connection of oxygen 

atoms. The 1H-1H COSY correlations of H-9 to H-10, H-10 to H-11 and H-9, combined with the 
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HRMS data further proved that an epoxide group is located at the C-10/C-11 position. C-12 is a 

terminal methyl group that was assigned by the HMBC correlations of H-12 to C-10 and C-11, as 

well as 1H-1H COSY correlations of H-11 and H-12. Therefore, the planar structure of 142 was 

established (Figure 4.23). 

 

Figure 4.23 Key HMBC, 1H-1H COSY and NOESY correlations of 142. 

The protons of H-8 and H-9 are configured anti which is supported by the coupling constant (15.4 

Hz). However, other alkene configurations were not distinguishable because of signal overlap. 

Based on the geometry of trienylfuranol A 2, we assumed all of the other double bonds possess E 

configuration. Furthermore, the NOESY correlations of H-10 and H-11 suggests these two 

protons are located on the same face (Figure 4.23). Thus, the relative configuration was solved. 

The 142 has not been reported before our work, and we designated 142 as tetraenylmethoxriane 

A. 

 

Table 4.8 1H NMR (600 MHz) data and 13C NMR (150 MHz) data for 142 in C6D6. 

pos. 142

δC / ppm δH / ppm (J / Hz) HMBC 1H-1H COSY

2 117.5
5.13, 1H, dd (16.9, 1.5)
5.00, 1H, dd (10.1, 1.5)

3, 4 3

3 137.5 6.31, 1H, m 4 2, 4

4 134.1 6.14, 1H, m 3, 5 3, 5

5 133.2 6.11, 1H, m 4, 6, 7 4, 6

6 133.6 6.14, 1H, m 5, 7 5, 7

7 133.2 6.11, 1H, m 5, 6 6, 8

8 132.6 6.20, 1H, ddd (15.4, 10.1, 1.3) 6, 7, 10 7, 9

9 132.6 5.56, 1H, dd (15.4, 6.7) 7, 10 8, 10

10 76.3 3.81, 1H, ddd (6.7, 3.9, 1.2) 8 9, 11

11 70.4 3.58, 1H, qd (6.4, 3.9) - 10, 12

12 17.7 0.99, 3H, d (6.4) 10, 11 11

142



4 Biosynthetic Studies of Trienylfuranol A 

114 

4.3.5.2c Co-expression of hmPKS1 with hmCAR5 

To test the function of the highly expressed SDR (hmCAR5) in ‘Cluster A’, the plasmid pHSHE6 

containing hmPKS1 and hmCAR5 was transformed in A. oryzae (EXPt2; Figure 4.21). The 

obtained transformants were cultivated and extracted for LCMS analysis. However, except 142, 

no new peaks were observed in the chromatograms (Figure 4.24). 

 

Figure 4.24 HPLC analysis of crude extracts (from media) from A. oryzae transformant. A, DAD chromatogram of 
EXPt2 (hmPKS1 + hmCAR5) transformant; C, DAD chromatogram of untransformed A. oryzae NSAR1. 

4.3.6 Heterologous Expression of ‘Cluster B’ 

‘Cluster B’ from H. monticulosa encodes two PKS (hmPKS2 and hmPKS3; Table 4.2 and Table 

4.5) and also contains several tailoring genes such as P450 monooxygenase (hmCBR2 and 

hmCBR6), O-methyltransferase (hmCBR3) and O-acetyltransferase (hmCBR1). It would be 

interesting to investigate which natural products are produced by heterologous expressing 

‘Cluster B’ in A. oryzae. 

4.3.6.1 Gene Cloning and Vector Constructions 

Two PKS genes (hmPKS2 and hmPKS3) were amplified from the H. monticulosa gDNA using 

the primers skipping over the predicted intron positions (Table 4.9, primers details see Chapter 6, 

Table 6.2). The pTAYAGS-met vector was employed as a basis for plasmid construction (Figure 

4.25), the strategies of gene cloning and vector construction refer to Section 2.3.6.1 ‒ 2.3.6.2. 
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Figure 4.25 A, the hrPKS ‘Cluster B’ (hmCB) in H. monticulosa; B, constructed plasmids for A. oryzae heterologous 
expression studies. 

 

Table 4.9 Primer sets used in constructed plasmids for heterologous expression. * Deviating PCR annealing 
temperatures (standard is 60 °C) are stated under PCR condition. Primers sequence see Table 6.2. 

Two different expression vectors were designed (Figure 4.25), each harbouring one PKS gene. 

The corresponding vectors were transformed in A. oryzae NSAR1. The obtained transformants 

(exact number see Figure 4.26A) were genetically checked by PCR (Figure 4.26B). All 

transformants were then cultured in DPY medium at 28 °C for 5 ‒ 7 days and 110 rpm, mycelia 

and culture media were extracted separately and submitted for LCMS analysis. 

sC

hmPKS3

pHSHE13

Padh

Tadh

PgpdA

TgpdA

Peno

Teno

pHSHE14

Entry vector
pE-YA

PTAYAGS-met

B

hmPKS3

A

hmPKS2

pHSHE15

sC

Padh

Tadh

PgpdA

TgpdA

Peno

Teno

pHSHE16

hmPKS2

Transcription regulator

P450

SDR

Hydrolase

PKS

O-Acyltransferase

O-Methyltransferase

Primer no. Template Target vector Purpose PCR condition*
P102+P103 gDNA of H. monticulosa pHSHE13 hmPKS3, fragment 1 Q5
P104+P105 Order sequence_10159 use pHSHE13 hmPKS3, fragment 2 Q5
P106+P107 gDNA of H. monticulosa pHSHE13 hmPKS3, fragment 3 Q5
P108+P109 gDNA of H. monticulosa pHSHE13 hmPKS3, fragment 4 Q5
P110+P111 gDNA of H. monticulosa pHSHE13 hmPKS3, fragment 5 Q5
P112+P113 gDNA of H. monticulosa pHSHE13 hmPKS3, fragment 6 Q5
P114+P115 gDNA of H. monticulosa pHSHE13 hmPKS3, fragment 7 Q5
P110+P111 E.coli transformants with pHSHE13 pHSHE13 Colony PCR Q5
P116+P117 Order sequence_10163 use pHSHE15 hmPKS2, fragment 1 Q5
P118+P119 gDNA of H. monticulosa pHSHE15 hmPKS2, fragment 2 Q5
P120+P121 gDNA of H. monticulosa pHSHE15 hmPKS2, fragment 3 Q5
P116+P117 E.coli transformants with pHSHE15 pHSHE15 Colony PCR OneTaq

pHSHE14 (LR clone of pHSHE13 + pTAYAGS-met)
pHSHE16 (LR clone of pHSHE15 + pTAYAGS-met)
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Figure 4.26 A, combinations of genes expressed in A. oryzae NSAR1; B, genetic analysis of A. oryzae NSAR1 
transformant: EXPt3 (hmPKS3); EXPt4 (hmPKS2). 

4.3.6.2 Expression of hmPKS2 and hmPKS3 in A. oryzae 

The plasmids pHSHE14 (containing hmPKS3; Table 4.2 and Table 4.5) and pHSHE16 

(containing hmPKS2; Table 4.2 and Table 4.5) were separately transformed in A. oryzae. The 

transformants from EXPt3 (hmPKS3; Figure 4.26) and EXPt4 (hmPKS2; Figure 4.26) were 

cultured and extracted for LCMS analysis, respectively. Only in LCMS results from EXPt4 

transformant, a new peak 143 with a molecular weight of 180 (ESI-MS m/z 179 [M – H]–, 181 

[M + H]+) was observed (Figure 4.27 ‒ 4.28). Although 143 shares the same molecular weight 

with trienylfuranol A 2 and their retention time is close to each other (Table 7.4), the UV 

absorption of 143 (λmax: 225 nm, 326 nm; Figure 4.28) does not exhibit a character of polyenes 

compared with 2 and 142 (Table 4.7). The purification of 143 (50 mg∙L‒1; Table 7.4) was 

performed by preparative LCMS and the structure was elucidated by extensive NMR and HRMS 

spectra (see Chapter 7 for details). 
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Figure 4.27 HPLC analysis of crude extracts (from media) from A. oryzae transformant. A, DAD chromatogram of 
EXPt3 (hmPKS3) transformant; B, DAD chromatogram of EXPt4 (hmPKS2) transformant; C, DAD chromatogram of 

untransformed A. oryzae NSAR1. 

 

Figure 4.28 UV and mass spectra (ES+ and ES‒) of compounds 143. 

Compound 143 was isolated as a colourless powder with molecular formula C10H12O3 (calc. [M 

+ H]+ HRMS 181.0865, measured 181.0875), indicating 5 degrees of unsaturation. The HSQC 

correlations (Figure 4.29) assigned all the protons to the corresponding carbons. The 

comprehensive analysis of the HSQC, 1H and 13C NMR spectra (Figure 4.29, Table 4.10) 

suggested the existence of one carbonyl group, six olefinic carbons and two of them are olefinic 

methines, as well as three methyl groups. The HMBC correlations from H-9 (δH 1.93, s) to C-1 

(δC 167.6), C-2 (δC 99.9) and C-3 (δC 167.8), and from H-10 (δH 2.00, s) to C-3 (δC 167.8), C-4 

(δC 108.6) and C-5 (δC 153.6), suggested a 2,4-dimethyl-3-hydroxypyranone nucleus. The COSY 

relationships of H-6 (δH 6.42, dq, J = 15.4, 1.7 Hz) and H-7 (δH 6.61, dq, J = 15.4, 6.9 Hz) and H-

8 (δH 1.92, m) provided a propene side chain. The HMBC correlations of the olefinic protons H-

6 and H-7 to C-5 indicated the side chain to be linked to the C-5 position. The 6E geometry was 

identified by the H-6/H-7 coupling (15.4 Hz).  

Compound 143 has not been reported before our work. We designated 143 as islandic acid A, 

because of its structural similarity to the known metabolite islandic acid 161 (Section 4.4.4). 
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Figure 4.29 Key HMBC and 1H-1H COSY correlations of 143. 

 

Table 4.10 1H NMR (400 MHz) data and 13C NMR (100 MHz) data for 143 in CD3OD. 

4.4 Discussion 

4.4.1 Isotopic Labelling Study 

The time course study showed that H. submonticulosa can produce ca. 700 mg trienylfuranol A 

2 in 1 L fermentation media (Table 4.1) under shaking conditions. The production titres of 2 in 

H. spongiphila and H. monticulosa are also considerable, which is ca 400 mg∙L‒1 and 50 mg∙L‒1, 

respectively. 

Results from the [1,2-13C2] acetate labelling experiment revealed that trienylfuranol A 2 is 

composed of five intact acetate units and a C-2 atom from a cleaved acetate. And only the peak 

intensity of C-2 (Figure 4.10) is increased compared to unlabelled 2 from [1,2-13C2] labelling 

experiment, indicating the carboxyl group at C-2 is decarboxylated during 2 formation. 

pos. 143

δC / ppm δH / ppm (J / Hz) HMBC 1H-1H COSY

1 167.6 - 9 -

2 99.9 - 9 -

3 167.8 - 9, 10 -

4 108.6 - 10 -

5 153.6 - 6, 7, 10 -

6 121.3 6.42, 1H, dq (15.4, 1.7) 7, 8 7

7 134.3 6.61, 1H, dq (15.4, 6.9) 6, 8 6, 8

8 18.7 1.92, 3H, m 6, 7 7

9 9.0 1.93, 3H, m - -

10 9.4 2.00, 3H, s - -

143
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In summary, trienylfuranol A 2 is shown to be assembled from at least six intact acetates, but the 

loss of a C-1 acetate-derived carbon at C-2, and oxygenation at C-8 suggest the involvement of 

decarboxylation and oxidation during biosynthesis. Interestingly, the 13C incorporation patterns 

of the C11 trienylfuranol A 2 are quite similar to that of the C11 depudecin 126 (Scheme 4.1) and 

the C13 aureonitol 127 (Scheme 4.2), but no carbon-carbon rearrangement was observed as during 

aureonitol 127 biosynthesis. These three compounds (126, 127 and 2) all belong to polyketide 

polyene derivatives, and their biosynthesis may share similarities to some extent based on 13C 

incorporation patterns. 

4.4.2 Genome Mining and Transcriptomic Analysis  

By utilizing multiple bioinformatic analysis, two top hits potential polyene hrPKS BGC ‘Cluster 

A’ and ‘Cluster B’ were identified from the Hypomontagnella genomes (Table 4.2). ‘Cluster A’ 

(Table 4.3) was found to encode some functional enzymes such as hrPKS (PKS1), SDR, 

glucosyltransferase. Through transcriptomic analysis, the expression level of PKS1 in ‘Cluster A’ 

reveals a significant upregulation from non-producing to producing conditions (Table 4.2, Figure 

4.14). However, the lack of the essential oxygenase makes ‘Cluster A’ a less likely possibility for 

the biosynthesis of trienylfuranol A 2. 

In contrast, there are a few oxygenases encoded by ‘Cluster B’ (Table 4.5), for instance, P450 

monooxygenases (HmCBR2 and HmCBR6). But the presence of two PKS (hmPKS2 and hmPKS3; 

Table 4.2, Table 4.5, and Figure 4.18) in this gene cluster makes ‘Cluster B’ mysterious. 

4.4.3 Biosynthetic Study of The hrPKS BGC ‘Cluster A’ 

To confirm whether polyene hrPKS BGC ‘Cluster A’ is responsible for trienylfuranol A 2 

biosynthesis, a specific KO experiment targeting hspPKS1 is still ongoing. The heterologous 

expression is also a very useful strategy in the natural products biosynthesis study (Section 1.4.4). 

When hmPKS1 alone was expressed (EXPt1; Figure 4.21 ‒ 4.22) in A. oryzae, a C11 polyene 142 

(Table 4.7, Figure 4.22 and Figure 4.23) was obtained as an oxidised outcome of the EEEEE 

polyene hexaketide 144 which derived from the hrPKS assembling pipeline (Scheme 4.6). In this 

experiment (EXPt1) we expressed PKS1 (Table 4.2) only. Although a polyene product was 

observed it was epoxidized, indicating the involvement of an A. oryzae oxygenase. In addition, 

the structure of 142 indicates the ER domain and C-MeT domain in PKS1 are inactive, which fits 

with our previous PKS1 domain analysis results (Table 4.2, Figure 7.86 ‒ 7.87). 

Here, we proposed a unique epoxidation/decarboxylation catalysed by the A. oryzae host to 

explain the conversion of 144 to 142 with the cis H-10/H-11 geometry (Scheme 4.6). An FMO or 

P450 iron peroxide species could execute the key epoxidation/decarboxylation during the 
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biosynthesis.110 For 142, it is supposed that an as-yet unidentified native oxygenase in A. oryzae 

is responsible for the oxidation of the intermediate 144. There have been observed previous 

examples of the unexpected oxidations of biosynthetic intermediates by expression host A. 

oryzae.111  

 

Scheme 4.6 The proposed pathway to 142. X = Flavin species, or Fe-heme. 

Inspired by the proposed biosynthetic pathway for the C11 polyene 142, the biosynthesis of the 

C11 trienylfuranol A 2 was also reasonably suggested. The plausible biosynthetic pathway 

(Scheme 4.7) of trienylfuranol A 2 probably starts with an EEEE polyene hexaketide 146 with a 

hydroxyl group at C-11,112–117 then following an epoxidation/decarboxylation mechanism reaction 

which could convert 146 to 147 with the H-8/H-9 in a cis geometry, which are similar to 142 

biosynthetic steps (Scheme 4.6). Finally, the hydroxyl nucleophilically (SN2) may attack the 

epoxide to form the furan ring of trienylfuranol A 2. While the epoxidation positions in 142 (C-

10 and C-11) are distinct from that of in 2 (C-8 and C-9). Certainly, it’s an output from two 

different enzymes catalysis (Scheme 4.6 ‒ 4.7). 

 

Scheme 4.7 The proposed biosynthetic pathway of trienylfuranol A 2. X = Flavin species, or Fe-heme. 
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Additionally, because of the similarities between the 13C labelling patterns of depudecin 126, 

aureonitol 127 and trienylfuranol A 2, we also proposed depudecin 126 and aureonitol 127 

biosynthetic pathways based on Scheme 4.6 and Scheme 4.7. 

For depudecin 126, the pathway (Scheme 4.8) could start with a hexaketide 149. Then 

epoxidation/decarboxylation could yield the intermediate polyketide polyene 151, the FMO 

(DEP2 or DEP4) is assumed to catalyze the reaction. Afterwards, the FMO (DEP2 or DEP4) may 

further catalyze the intermediate 151 to form the final depudecin 126, and the shift of double 

bonds, as well as alkene epoxidation are observed during this process. 

 

Scheme 4.8 The proposed biosynthesis of depudecin 126. 

Nakazawa and co-workers91 proposed a biosynthetic pathway (Scheme 4.3) for the C13 polyketide 

aureonitol 127. But the mechanism of how the polyene precursor 129 is formed was not shown 

in their pathway. Based on the hypothetical biosynthesis of 142, depudecin 126 and trienylfuranol 

A 2, we proposed that the unique epoxidation/decarboxylation process could also be involved 

during aureonitol 127 biosynthesis, to form the polyketide polyene intermediate 129 as shown in 

Scheme 4.9. However, no evidence for the identification of such a catalyst yet exists and more 

work will be required to verify these ideas. 

 

Scheme 4.9 The proposed biosynthesis of aureonitol 127. 
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4.4.4 Biosynthetic Study of The hrPKS BGC ‘Cluster B’  

Through the heterologous expression of PKS hmPKS2 (Figure 4.27 ‒ 4.28) in A. oryzae NSAR1, 

we isolated a new compound, 2-pyrone 143, from the positive transformant with a production 

titre of 50 mg∙L‒1. 

The biosynthetic pathway (Scheme 4.10) of 143 is likely to start with the tetraketide 154 which 

is assembled by PKS2 (Table 4.2, Figure 4.27), following a possible tautomerisation that affords 

155. And then it probably undergoes a lactone formation to be released from the PKS, which 

yields the pyrone 156. As shown in Table 4.2, PKS2 has no TE domain for polyketide chain 

release. The final step could be the tautomerisation of 156 to the pyrone 143. 

 

Scheme 4.10 The proposed pathway to 143. 

The methylated pyrone scaffold of 143 reveals that PKS2 (Table 4.2) must have a functional C-

MeT domain and a defective ER domain. The ER domain in PKS2 was predicted to be inactive 

during the previous PKS architecture analysis (Table 4.2, Figure 7.86), which fits with the 

structure of 143. However, the C-MeT domain was also predicted to be non-functional during the 

previous sequence alignments (Figure 7.87), because the C-MeT cofactor motif (‘GGGTG’) of 

PKS2 is not as conserved as the sequence (‘GAGTG’) in the functional C-MeT of TENS (PKS 

of tenellin),118 SQTKS (PKS of squalestatin)119 and CitS (PKS of citrinin).120 But the fact is, that 

minor sequence mutation (from ‘GAGTG’ to ‘GGGTG’) of the cofactor motif does not appear to 

deactivate the C-MeT domain of the PKS in this case. 

Interestingly, 143 is quite similar to the known compound multiforisin H 82.57,121,122 And 

multiforisin H 82 was also found by us from the H. spongiphila (Section 2.3.2), thus it is 

reasonable to make a biogenetic relationship between 143 and 82. 

A biosynthetic pathway for multiforisin H 82 is proposed in Scheme 4.11. Three chemical 

reactions are probably needed to convert pyrone 143 to multiforisin H 82, they are oxidation of 

the C-2 and C-4 methyl groups, methylation of the C-3 hydroxyl, and acetylation at O-4, 
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respectively. In total, three pathways were assumed based on the various reaction orders. In 

‘pathway A’, the methylation processes could firstly give 157, then the followed oxidation may 

yield 158, and afterwards acetylation could obtain 82. However, distinct from ‘pathway A’, the 

order of oxidation and methylation in ‘pathway B’ are inverted. Therefore 159 could be formed 

firstly through the oxidation of 143, then methylation and following acetylation may afford 82. 

In ‘pathway C’, 159 obtained from the oxidation is likely to serve as the acetylation precursor for 

160. Finally, the hydroxyl methylation of 160 could yield 82 (Scheme 4.11). 

The required enzymes which could catalyse the reactions are all encoded in ‘Cluster B’ (Table 

4.5). Therefore, ‘Cluster B’ is probably responsible for multiforisin H 82 biosynthesis. Even 

though multiforisin compounds have been discovered over 20 years,57 the biosynthetic pathway 

and the related gene cluster was still unknown before our finding. 

 

Scheme 4.11 The proposed biosynthetic pathway to multiforisin H 82. Blue colour: Pathway A; Pink colour: Pathway 
B; Green colour: Pathway C. 

The known compound islandic acid 161 has a similar core scaffold as multiforisin H 82.122–124 

Islandic acid was the first member of this class of compounds to have been reported.124 It was first 

isolated from the fungus Talaromyces islandicus in 1982. But no information about islandic acid 

161 biosynthesis was known before our work. A putative PKS BGC for islandic acid 161 was 

found by performing similarity searches of ‘Cluster B’ in the genome of T. islandicus.123,124 

Pathway A

Pathway B

Pathway C
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Several proteins encoded by the putative multiforisin H 82 BGC (‘Cluster B’; Figure 4. 30B) and 

putative islandic acid 161 BGC (Figure 4. 30C) share homologies through comparisons, such as 

PKS, P450, SDR and O-methyltransferase. 

  

Figure 4.30 Clinker & clustermap comparison of hrPKS ‘Cluster B’ (hmCB) with other pyrones BGC. A, the 
solanapyrones BGC82 from Alternaria solani; B, the hrPKS Cluste B from H. monticulosa; C, the putative islandic acid 

161 BGC from Talaromyces islandicus. 

Several similarities were observed between the chemical structures of multiforisin H 82 and 

islandic acid 161, as well as between their putative BGC (Figure 4.30). Therefore, there should 

also exist several similarities between their biosynthetic pathways. For example, similar oxidation, 

methylation and acetylation in Scheme 4.11 are probably also involved during islandic acid 161 

biosynthesis (Scheme 4.12). In a word, the proposed islandic acid pathway in Scheme 4.12 may 

closely resemble the proposed biosynthesis of multiforisin H 82 (Scheme 4.11). 

 

Scheme 4.12 The proposed biosynthetic pathway for islandic acid 161. 

Transcription regulator

monooxygenase

SDR

Hydrolase

PKS

O-Acyltransferase

O-Methyltransferase

Transporter 

Unknown

A

B

C



4 Biosynthetic Studies of Trienylfuranol A 

125 

But it's worth noting that the acetylation position (C-2) of islandic acid 161 is different from that 

(C-4) of multiforisin H 82 (Scheme 4.11 ‒ 4.12). In addition, the second PKS (IslPKS1) may be 

responsible for the assembly of triketide polyene 163 with a Z-configured double bond, which is 

similar to strobilurin PKS.92 Moreover, one more oxidation than multiforisin H 82 at position C-

8 was observed during islandic acid 161 biosynthesis. 

There is a second PKS (hmPKS3; Table 4.2, Figure 4.30) contained in the putative multiforisin H 

82 BGC (‘Cluster B’; Table 4.2, Figure 4.30), but no homology is found between the IslPKS1 

and HmPKS3 in Figure 4.30. NCBI BLASTp61 analysis of HmPKS3 showed that the top hits are 

SQTKS119 (squalestatin tetraketide synthase; with similarity / identity: 52.4% / 34.5%) and 

AzaB125 (azanigerones hrPKS; with similarity / identity: 52.7% / 35.1%).  

SQTKS is known to assemble a dimethyl tetraketide chain (blue colour shown in Figure 4.31), 

and there exists an O-acyltransferase Mfm4 in the squalestatin S1 24 BGC which is responsible 

for the addition of the tetraketide acyl group onto the squalestatin core. In addition, AzaB was 

reported to construct a dimethylated triketide (highlighted by blue colour; Figure 4.31). And the 

O-acyltransferase AzaD in azanigerone A 166 BGC could catalyze the transfer of the acyl-CoA 

substrate onto the azaphilone backbone. Based on these known examples, we proposed that 

HmPKS3 (Figure 4.30) is likely to produce a similar short-chain acyl group. In addition, 

HmCBR3 (O-acyltransferase) in ‘Cluster B’ could load the acyl substrate to the pyrone core 

scaffold, which may yield metabolites resembling islandic acid 161 and multiforisin H 82. 

However, our results suggest that PKS2 may be inactive as no new compound was observed when 

it was expressed. 

 

Figure 4.31 Structures of squalestain S1 24, azanigerone A 166 (the configurations of the chiral centers are yet to be 
determined), multiforisin H 82 and islandic acid 161. 
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We also compared the solanapyrones 167 ‒ 170 BGC81,82 with the putative BGC of multiforisin 

H 82 and islandic acid 161 (Figure 4.30). Results showed certain homologies between the encoded 

proteins such as PKS and O-methyltransferase. In addition, the solanapyrones 167 ‒ 170 

biosynthetic pathway (Scheme 4.13) and the proposed multiforisin H 82 and islandic acid 161 

pathways (Scheme 4.11 ‒ 4.12) share similar hydroxyl methylation and methyl oxidation tailoring 

steps. However, the Diels-Alder reaction involved during solanapyrones 167 ‒ 170 biosynthesis 

makes the structure more complicated. 

 

Scheme 4.13 The proposed biosynthetic pathway for solanapyrones by Kasahara et al., 2010.82 

4.5 Conclusion and Prospect 

This project aimed to investigate the biosynthesis of trienylfuranol A 2. Isotopic labelling 

experiments by using [1-13C], [2-13C] and [1,2-13C2] acetate revealed trienylfuranol A 2 is derived 

from a polyene hrPKS (Figure 4.10). Genome mining, PKS domain alignments and 

transcriptomic analysis led to the identification of 11 potential polyene hrPKS from 

Hypomontagnella genome (Table 4.2). The top two polyene hrPKS BGC (‘Cluster A’ and 

‘Cluster B’) were analyzed and annotated in detail.  

Heterologous expression of the hmPKS1 from ‘Cluster A’ yielded a new polyene compound 142 

with no hydroxyl at C-11 (Table 4.7), but the C-11 hydroxyl is probably required for 

trienylfuranol A 2 formation. Moreover, no FMO or P450 monooxygenases are encoded by 

‘Cluster A’ (Table 4.3), but the oxidation is indispensable for trienylfuranol A 2 production based 

on the isotopic labelling experimental results (Figure 4.10). Therefore, ‘Cluster A’ may be not the 

correct gene cluster for trienylfuranol A 2 biosynthesis. 

However, the proposed pathway for the observed polyene 142 may give a clue to the actual and 

still unknown process involved during depudecin 126, aureonitol 127 and trienylfuranol A 2 

biosynthesis (Scheme 4.6 ‒ 4.9). Particularly, the proposed unique epoxidation/decarboxylation 
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catalysed by FMO or P450 monooxygenase (via iron peroxide) species could occur during the 

biosynthesis of these four polyene compounds. 

For ‘Cluster B’ (Table 4.5), we isolated a new pyrone compound 143 through the heterologous 

expression of hmPKS2 in A. oryzae. Based on the structural similarity, we propose ‘Cluster B’ is 

the putative BGC for multiforisin H 82, a pyrone metabolite found from H. spongiphila WT. 

Heterologous expression to reconstitute the pathway and enzyme in vitro studies to fully delineate 

the multiforisin H 82 biosynthesis will be our next goal. Also, it will shed light on the biosynthesis 

investigation of a large family of bioactive pyrones related to islandic acid 161.
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5 Overall Conclusion and Outlook 

The project focused on a detailed investigation of the biosynthesis of sporothriolide 1, 

trienylfuranol A 2 and the sporochartines 3a ‒ 3d. Firstly, isotope labelling experiments using 

different types of labelled acetate ([1-13C], [2-13C] and [1,2-13C2]) support the origin of 

sporothriolide as a polyketide or fatty acid and reveal the oxidative tailoring involved during the 

biosynthesis.  

Genome sequencing of three producers (H. monticulosa MUCL 54604, H. spongiphila CLL 205 

and H. submonticulosa DAOMC 242471), transcriptome sequencing of RNA from sporothriolide 

producing and non-producing conditions, and subsequent gene expression analysis identified the 

spo alkyl citrate BGC as likely to be responsible for sporothriolide biosynthesis. Knockout of 

spoE/spofasA in H. spongiphila removed its ability to produce sporothriolide. By employing the 

strategies of heterologous expression and in vitro assay, we revealed the function of enzymes 

during sporothriolide formation. In summary, we delineated the biosynthetic pathway for 

sporothriolide for the first time.  

The pathway (Scheme 5.1) begins with the assembly of decanoyl CoA 101 by a dedicated FAS. 

This is then condensed with oxaloacetate by SpoE (CS) which affords the octylcitric acid 102, 

followed by dehydrated by SpoL to give octylaconitic acid 103. This is decarboxylated by SpoK 

to yield octylitaconic acid 104. The next enzyme, SpoG (non-heme iron-dependent dioxygenase) 

performs mono- and double-hydroxylation of 104. The double hydroxylated intermediate 105 

then serves as the substrate for the heterodimeric functional lactonases SpoH and SpoJ to achieve 

the formation of the γ-lactone sporothriolide 1. Also, a self-resistance gene SpoI was found to 

efficiently hydrolyse the antifungal sporothriolide 1. 

Based on the evidence of sporothriolide pathway, the assumed piliformic acid 59 and oryzines 53 

‒ 54 biosynthesis are well supported. Piliformic acid 59 (Scheme 5.1) may arise from the 

isomerization of alkylitaconic acid 104 (hexylitaconic acid), therefore no oxygenase is required 

which fits with the lack of a spoG homolog in its BGC.  

For oryzines (Scheme 5.1), the intermediate hexylitaconic acid 104 can be mono-hydroxylated to 

98 by OryG (SpoG homolog), also double-hydroxylated to 105. Then lactonases OryH/OryL in 

oryzines BGC could catalyse the ring closure of 98 and 105 to form the δ-lactone oryzines 53 ‒ 

54, respectively. The final dehydration of 100 yields oryzine B 54.  

Understanding the selectivity of the lactonases controlling the formation of γ-lactones (e.g. 

sporothriolide 1) and δ-lactones (e.g. oryzines 53 ‒ 54) would provide opportunities for 

engineering and producing new compounds in the future. 
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Scheme 5.1 The proposed pathway for sporothriolide 1, piliformic acid 59 and oryzines 53 ‒ 54. 

The polyketide polyene trienylfuranol A 2 has a high titre in H. spongiphila CLL 205 and 

H. submonticulosa DAOMC 242471. The 13C labelling experiments indicated that 2 is 

derived from a PKS assembled hexaketide, and with decarboxylation and oxidative 

modifications. Bioinformatic analysis identified several polyene hrPKS gene clusters, the 

top hit is ‘Cluster A’ (Table 4.3 ‒ 4.4). 

Heterologous expression of the hmPKS1 in A. oryzae yields a new compound 142 which 

lacks the terminal hydroxyl required for trienylfuranol A 2 biosynthesis. And ‘Cluster A’ 

does not encode oxygenase. Therefore, ‘Cluster A’ is probably not the correct BGC for 

trienylfuranol A 2. However, the structure showed unexpected oxidative tailoring by A. 

oryzae, which hints at a unique epoxidation/decarboxylation mechanism during 142 

formation. In addition, we proposed the key epoxidation/decarboxylation catalysed by the 

FMO or P450 also exists during the trienylfuranol A 2, depudecin 126 and aureonitol 127 

biosynthesis. 

Sporochartines are derived from the DA cycloaddition of trienylfuranol A and 

sporothriolide, our acetate labelling experiments provide solid supports for this hypothesis. 

The sporochartines were obtained through our designed in vitro experiments, including 

mimicing the reaction environments of the fermentation and extraction process. Also, there 

are no predicted DAases in spo gene cluster and we therefore concluded that 

sporochartines are formed non-enzymatically. 

Overall these results show how an approach combining modern sequencing and 

heterologous expression methods, combined with traditional isotopic labelling and natural 

products chemistry can elucidate and engineer new biosynthetic pathway in fungi. In this 

particular case, the pathway could not be predicted bioinformatically because of their close 
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relationship to primary metabolic pathways. The results also hint at how secondary 

metabolic pathways can evolve from primary metabolism, and how structural diversity can 

be programmed by relatively simple genetic changes.
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6 Experimental 

6.1 Biology 

6.1.1 DNA and RNA Extraction and Sequencing 

Hypomontagnella monticulosa MUCL 54604, H. spongiphila UP-CLL-205 (MUCL 57903) and 

H. submonticulosa DAOMC 242471 were grown in 250 ml Erlenmeyer flasks containing 50 ml 

YMG media (Table 6.5) for 5 to 10 days (depending on growth speed) at 150 rpm and 25 °C in a 

shaking incubator. Afterwards, mycelia were harvested by vacuum filtration using a Büchner 

funnel with filter paper (MN 640 w, Macherey-Nagel, Germany). The biomass was then frozen 

with liquid nitrogen and ground to a fine powder in a mortar. The DNA extraction and purification 

were performed with the GenElute® Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, USA) 

according to manufacturer’s instructions. 

MinION sequencing library with genomic DNA from the different fungal strains was prepared 

using the Nanopore Rapid DNA Sequencing kit (SQK-RAD04, Oxford Nanopore Technologies, 

Oxford, UK) according to the manufacturer's instructions. Sequencing was performed on an 

Oxford Nanopore MinION Mk1b sequencer using a R9.5 flow cell, which was prepared according 

to the manufacturer's instructions. MinKNOW (v1.13.1, Oxford Nanopore Technologies) was 

used to control the run using the 48h sequencing run protocol; base calling was performed offline 

using albacore (v2.3.1, https://github.com/Albacore/albacore). 

Whole-genome-shotgun PCR-free libraries were constructed from 5 µg of gDNA with the 

Nextera XT DNA Sample Preparation Kit (Illumina, USA) according to the manufacturer’s 

protocol. The libraries were quality controlled by analysis on an Agilent 2000 Bioanalyzer with 

Agilent High Sensitivity DNA Kit (Agilent Technologies, USA) for fragment sizes of 500 – 1000 

bp. Sequencing was performed on the MiSeq platform (Illumina; 2x300 bp paired-end sequencing, 

v3 chemistry). Adapters and low-quality reads were removed by an in-house software pipeline 

prior to polishing as recently described.126  

The assembly was performed using canu v1.6 and v1.7,127 resulting in a few contigs representing 

the corresponding genome. These contigs were then polished with Illumina short read data using 

Pilon,128 run for eight iterative cycles. BWA-MEM129 was used for read mapping in the first four 

iterations and Bowtie2 v2.3.2130 in the second set of four iterations. The respective sequences are 

stored on the ENA (European Nucleotide Archive) portal of the EMBL-EBI 

(https://www.ebi.ac.uk/) under the bioproject numbers PRJEB36647 (H. monticulosa), 

PRJEB37480 (H. spongiphila), and PRJEB36653 (H. submonticulosa). 
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Gene prediction was performed by applying Augustus version 3.258 and GeneMark-ES 4.3.659 

using default settings. For Augustus, species parameter sets were established based on GeneMark-

ES fungal version predictions. Predicted genes were functionally annotated using a modified 

version of the genome annotation platform GenDB 2.0131 for eukaryotic genomes as previously 

described.132 For automatic annotation within the platform, similarity searches against different 

databases including COG133 KEGG134 and SWISS-PROT135 were performed.  

Hypomontagnella monticulosa MUCL 54604 was grown in two 250 ml flasks each containing 50 

ml of a different medium (DPY and PDB, Table 6.5) for 3 days at 25 °C and 150 rpm. Small 

quantities of mycelia (>100 µl) were removed with a sterile inoculating loop and RNA was 

extracted from the samples using the Quick-RNA Fungal/Bacterial Miniprep Kit (Zymo Research, 

Germany). Samples were treated with DNase I (Zymo Research) according to the manufacturer’s 

recommendations. The High Capacity RNA-to-cDNATM kit (Applied Biosystems by Thermo 

Fisher Scientific, USA) was used to obtain cDNA. The gDNA contamination of the extracted 

RNA was checked by PCR amplification of “Polymerase II subunit” (house-keeping gene) gene, 

the primers binding to the introns was used and cDNA as a template. PCR was conducted by using 

OneTaq® 2X Master Mix (New England BioLabs, USA), the manufacturer’s protocol was 

followed and the annealing temperature was 60 °C. In total, 2 μg of RNA per sample was used 

for library preparation with the TruSeq mRNA Sample Preparation Kit (stranded, Illumina). 

Sequencing of the prepared cDNA libraries was carried out on the Illumina HiSeq 1500 platform 

(2 x 75 bp) using the ‘Rapid Mode’. Data analysis and base calling were accomplished with in-

house software.126 The sequencing raw data for all libraries have been stored on the EBI 

ArrayExpress server, accession E-MTAB-8948. 

6.1.2 Strains and Transformation 

 

Table 6.1 Strains and origin.  

Strain Genotype Phylum Origin

Hypomontagnella monticulosa MUCL 54604 Wildtype Ascomycetes Ref.37, 52

Hypomontagnella spongiphila CLL 205 Wildtype Ascomycetes Ref. 37, 52

Hypomontagnella submonticulosa DAOMC 242471 Wildtype Ascomycetes Ref. 37, 52

Saccharomyces cerevisiae CEN.PK

MATa/α ura3-52/ura3-52 trp1-
289/trp1-289 leu2-3_112/leu2-3_112 
his3 Δ1/his3 Δ1 MAL2-8C /MAL2-8C 

SUC2/SUC2

Ascomycetes Lazarus group Bristol

Aspergillus oryzae NSAR1 ΔargB, sC‒, adeA‒, niaD‒ Ascomycetes Lazarus group Bristol

Escherichia coli OneShot TOP10

F-mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15Δ lacX74 recA1 araD139 

Δ( araleu)7697 galU galK rpsL (StrR) 
endA1 nupG

Proteobacteria Thermo Fisher Scientific

Escherichia coli OneShot ccdB survival 2T1R

F-mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15ΔlacX74 recA1 araΔ139 
Δ(ara-leu)7697 galU galK rpsL (StrR) 

endA1 nupG fhuA::IS2

Proteobacteria Thermo Fisher Scientific

E. coli BL21 (DE3) F˘ompT hsdSB (r˘B m˘B) gal dcm (DE3) Proteobacteria Thermo Fisher Scientific
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6.1.2.1 E. coli Transformation 

To 50 µL of competent E. coli cells (Top10 or ccdB Survival ccdB Survival TM 2 T1R, Thermo 

Fisher Scientific, USA), either 1 µl of purified plasmid or 10 µl of a ligation mixture was added 

and incubated on ice for up to 20 min. After a 1 min heat shock at 42 °C, the cells were placed on 

ice for 3 min and 500 µL of LB medium (Table 6.5) was added. Cells were incubated at 37 °C, 

350 rpm for 1 h and then distributed on LB agar (Table 6.4) supplemented with antibiotics for 12 

h at 37 °C. 

6.1.2.2 S. cerevisiae Transformation (Yeast Homologous Recombination) 

A fresh (3 – 5 days old ) single colony of S. cerevisiae was used to inoculate a 5 mL YPAD pre-

culture and incubated at 30 °C, 200 rpm. After 18 h 20 mL of YPAD medium (Table 6.5) was 

added and incubated for 4 h at 30 °C, 200 rpm. Cells were collected by centrifugation (3000 x g, 

5 min), washed with 25 mL ddH2O and centrifuged (3000 x g, 5 min). The supernatant was 

discarded and the cells were suspended in ddH2O before being transferred to a 1.5 mL microfuge 

tube. The mixture was centrifuged (21000 rpm, 15 s) and cells were resuspended in 400 µL 0.1 

M lithium acetate. 50 µL aliquots were prepared, centrifuged (21000 rpm, 15 s) and the 

supernatant discarded. 240 µL of a 50% PEG 3350 solution, 36 µL 1 M lithium acetate, 50 µL 

carrier DNA (denatured salmon sperm DNA, 2 mg / mL in TE buffer or ddH2O), and up to 34 µL 

DNA were added to the cell pellet. The concentration of each linear DNA fragment was 

approximately 0.5 ‒ 1 µg. Cells were suspended in the transformation mixture and incubated at 

42 °C for 40 min. Cells were collected by centrifugation (21000 rpm, 15 s), the supernatant was 

discarded and the pellet was suspended in 500 µL ddH2O. 250 µL were spread on SM-URA plates 

(Table 6.4) and incubated at 30 °C for 4 ‒ 5 d. 

6.1.2.3 A. oryzae Transformation 

1 mL spore suspension (1/10) from a fresh A. oryzae NSAR1 DPY plate was used to inoculate 50 

mL (250 mL flask) of GN liquid medium (Table 6.5). The culture was incubated for 24 h at 28 °C, 

110 rpm. Cells were collected by filtration over sterile miracloth, washed with 0.8 M NaCl (50 ‒ 

100 mL) and suspended in 10 mL filter sterilised AO protoplast solution (10 mg/mL, Table 6.3) 

by inversion. The suspension was incubated at 30 °C and 50 rpm for 3.5 h. Protoplasts were 

released by repeated pipetting with a cut tip and gravity filtration through sterile miracloth 

removed remaining mycelia. Protoplasts were collected by centrifugation (3000 x g, 5 min) and 

the supernatant was discarded. The pellet was then directly suspended in the required amount of 

fungal transformation solution I (100 µl per transformation, Table 6.3). After addition of the 

transformation vectors (≥ 1μg, in 10 μL ddH2O) the mixture was incubated on ice for 5 min. 

Afterwards, 1 mL of fungal transformation solution II (Table 6.3) was added dropwise and the 
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mixture was incubated at 25 °C for 20 min. 14 mL molten CZD+S 0.8% agar (Table 6.4, 50 °C) 

was added and the mixture was distributed over two plates containing CZD+S 1.5% agar (Table 

6.4). Plates were incubated at 28 °C for 4 ‒ 5 days until colonies became visible. These were 

transferred to new plates containing CZD 1.5% agar (without sorbitol, Table 6.4). For further 

selection well growing colonies were transferred onto a new CZD plate. Viable transformants 

were placed on DPY agar and incubated for 5 ‒ 7 days before being used for subsequent 

experiments. 

6.1.2.4 Hypomontagnella spongiphila Transformation 

200 µL mycelia from a cryo stock was used to inoculate 100 mL (500 mL flask) of DPY liquid 

culture and incubated for 24 ‒ 48 h at 28 °C and 120 rpm. Cells were collected by filtration over 

sterile miracloth, washed with 0.7 M NaCl (50 ‒ 100 mL) and resuspended in 11 mL filter-

sterilised HYP (Table 6.3) protoplast solution (10 mg/mL) by inversion. The suspension was 

incubated at 28 °C and 110 rpm for 3 h. Protoplasts were released by repeated pipetting with a 

cut tip and gravity filtration through sterile miracloth removed remaining mycelia. Protoplasts 

were collected by centrifugation (4000 x g, 5 min) and directly resuspended in the required 

amount of HYP transformation solution I (100 µl per transformation, Table 6.3). Transformation 

vectors (≥ 1μg, in 10 μL ddH2O) were added to the solution and incubated on ice for 50 min. 1.25 

mL of HYP transformation solution II was added dropwise and the mixture was incubated at 

25 °C for 30 min. Subsequently, 5 mL fungal transformation solution I was added to the mixture 

and a 1 mL aliquot was distributed on a DPY/S (1.2M sorbitol, Table 6.4) agar plate containing 

150 µg/mL hygromycin B. The plates were then air dried and thereafter incubated at 28 °C for 12 

h. Each plate was overlaid with 5 mL DPY/S (Table 6.4) soft agar (0.8 %) containing 75 µg/mL 

hygromycin B. Plates were incubated at 28 °C for 8-10 days until colonies were observed. 

Colonies were transferred to new DPY plates (no sorbitol) containing 150 µg/mL hygromycin B. 

Well growing colonies were then again transferred to new DPY plates (no sorbitol) containing 

150 µg/mL hygromycin B. Viable transformants were placed on DPY agar and incubated for 5-7 

days before being used for subsequent experiments. 
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6.1.3 Primer Sets and Cloning 

 

Table 6.2 All oligonucleotides used in this work. 

  

Primer no. Sequence (5’ to 3’)
P1 GGAACTGGGTCAGCAGCTG
P2 CATACGCCGCTCCGATCTAC
P3 CTTGGTCATTTAGAGGAAGTAA
P4 TCCTCCGCTTATTGATATGC
P5 TGTAAAACGACGGCCAGT
P6 CAGGAAACAGCTATGACC
P7 GCCAACTTTGTACAAAAAAGCAGGCTCCGCTTAAATACGGGCCGTGGGGT
P8 TCTCCACTCGACCTGCAGGCATGCAAGCTTCAACAGATGACGCACCTCGG
P9 ACGTATTTCAGTGTCGAAAGATCCACTAGAAAGGAACGTCTATACGGATA

P10 TGCCAACTTTGTACAAGAAAGCTGGGTCGGTTATTCCTTTCGGTTCAGCT
P11 AGACGTGCGTCCGAGGTGCGTCATCTGTTGAAGCTTGCATGCCTGCAGGT
P12 GCGGTGTCCATATCCGTATAGACGTTCCTTTCTAGTGGATCTTTCGACAC
P13 TCAGGACATTGTTGGAGCCG
P14 AGGAATCGGTCAATACACTA
P15 ACCCCATTGCTAGACGTTCC
P16 ATTCCGAGAGAGCCTCTCCC
P17 GCCAACTTTGTACAAAAAAGCAGGCTCCGCATGGAGAGCTCAGGAGGAAG
P18 CTAATGCTCTTAGGGCACTGTCGTCGAAGTGTTTTCCCACTCTACCCGGA
P19 TGGCGGCAAATCCGGGTAGAGTGGGAAAACACTTCGACGACAGTGCCCTA
P20 TGCCAACTTTGTACAAGAAAGCTGGGTCGGTTAACATACAAGATTCTCTA
P21 TTTCTTTCAACACAAGATCCCAAAGTCAAAATGACTGCCACCAACAGCAA
P22 CGATGAGCTCATTTTGGAGCGTGGATTTACCGCCGGAGAGATTTTGGATC
P23 TAAGCGAGTCGATCCAAAATCTCTCCGGCGGTAAATCCACGCTCCAAAAT
P24 ACGACAATGTCCATATCATCAATCATGACCTTAAATACGGGCCGTGGGGT
P25 GTCGACTGACCAATTCCGCAGCTCGTCAAAATGCCTTCTGCTACAGTCCC
P26 GGTTGGCTGGTAGACGTCATATAATCATACCTATTCCTTTCGGTTCAGCT
P27 GGTTGGCTGGTAGACGTCATATAATCATACTTAAATACGGGCCGTGGGGT
P28 TTCATTCTATGCGTTATGAACATGTTCCCTTTAAATACGGGCCGTGGGGT
P29 AACAGCTACCCCGCTTGAGCAGACATCACCATGCATGTCCCACAGCCAGA
P30 CTGCGGTCACCAAAATAGCTCCGAGGTTATCGGATGGATGGCCCCATTCT
P31 TCCCTGGTGCAGAATGGGGCCATCCATCCGATAACCTCGGAGCTATTTTG
P32 ACGACAATGTCCATATCATCAATCATGACCTTATTTTTGAAATAGGTCTA
P33 AACAGCTACCCCGCTTGAGCAGACATCACCATGCGTTCGCTATCGCCCAT
P34 ATCCAGAGCTCATTCGTGTCAGGGACATAAACAGGTGCCTCGG3GTGCGGC
P35 CCTCGATAGCGCCGCACCCGAGGCACCTGTTTATGTCCCTGACACGAATG
P36 CGGTGTTGACGCCCATGTTGCGGCTGTACAAGGGATCTGTGAACCATACC
P37 CAAGTGGACGGGTATGGTTCACAGATCCCTTGTACAGCCGCAACATGGGC
P38 ACGACAATGTCCATATCATCAATCATGACCTCATTCTGTAATAGATTGGG
P39 GTCGACTGACCAATTCCGCAGCTCGTCAAAATGTGTTCTCGACGACCGAT
P40 GGTTGGCTGGTAGACGTCATATAATCATACCTACTCCACAATAGGACCCC
P41 TTTCTTTCAACACAAGATCCCAAAGTCAAAATGAGCGCTACCAACGGAAC
P42 TTCATTCTATGCGTTATGAACATGTTCCCTCTAAGCCTGCGCGCTAACAG
P43 GCCAACTTTGTACAAAAAAGCAGGCTCCGCATGGGGAAACACGGCGCCAA
P44 TGCCAACTTTGTACAAGAAAGCTGGGTCGGCTATCCCAACACATTCCTTG
P45 GGTTGGCTGGTAGACGTCATATAATCATACTCATTCTGTAATAGATTGGG
P46 ACGACAATGTCCATATCATCAATCATGACCCTAAGCCTGCGCGCTAACAG
P47 GGTTGGCTGGTAGACGTCATATAATCATACCTAAGCCTGCGCGCTAACAG
P48 TGCTTGGAGGATAGCAACCG
P49 GGGGATGACAGCAGTAACGA
P50 ATTCACCACTATTATTCCCACCCTATAATA
P51 GAGACGAAACAGACTTTTTCATCGCTAAAA
P52 GAACTGTCCAGCGTCTCACC
P53 TCGTATCTTCTGTATCGGCG
P54 CTTTTCTTTTCTCTTTCTTTTCCCATCTTC
P55 TGACCTCCTAAAACCCCAGTG
P56 ACTTCATCGCAGCTTGACTA
P57 TCTTTCATTATCTTGCGAAC
P58 CTTCTTAAATATCGTTGTAACTGTTCCTGA
P59 CGAAGTATATTGGGAGACTATAGCTACTAG
P60 CTTCCGTCCTCCAAGTTAGT
P61 ACCATCTTTCGATAATGTGT

Primer no. Sequence (5’ to 3’)
P62 TAATACGACTCACTATAGGG
P63 CTAGTTATTGCTCAGCGGT
P64 CGCGGATCCATGAGCGCTACCAACGGAACC
P65 CCGCTCGAGCTAAGCCTGCGCGCTAACAGC
P66 CGCGGATCCATGGCCGACCAACAGAAGGAA
P67 CCGGAATTCTTAGTGAGAGACAACACCCAA
P68 GCCAACTTTGTACAAAAAAGCAGGCTCCGCCGAATAAGACTCGGAGATAA
P69 TGCCAACTTTGTACAAGAAAGCTGGGTCGGCGTAATGGATGGTTTGATTA
P70 GCCAACTTTGTACAAAAAAGCAGGCTCCGCGCTGCTTACACAAGCTACTA
P71 TGCCAACTTTGTACAAGAAAGCTGGGTCGGTTGAAGCTGTCATTCTATTC
P72 GCCAACTTTGTACAAAAAAGCAGGCTCCGCCATCTTCCACCACCGAGAAA
P73 TGCCAACTTTGTACAAGAAAGCTGGGTCGGTACTTGCTCAATACCACGCG
P74 GGTTGACGAAAAGCTTGGGT
P75 TCGCTTACCATGCTTTCGCT
P76 GGCACCCGAACCAATTAGTG
P77 GAAGACCTTTCGGACCGGAC
P78 ACCCCTGAGATACAGTGTGG
P79 CTTCCCGTGTCTAGCGATGG
P80 GACACCCGCACCGACCGTGA
P81 GGGCATCGAAAACCTCGGCG
P82 TAAACGGCCACAAGTTCAGC
P83 GTCCATGCCGAGAGTGATCC
P84 GCCAACTTTGTACAAAAAAGCAGGCTCCGCCTCCGTAGTTGACTTTGAAA
P85 ACGTATTTCAGTGTCGAAAGATCCACTAGAAGCAACAGCGTTGACTTCTA
P86 CCCAGCACTCGTCCGAGGGCAAAGGAATAGCGGCACTATCACTCTCGTCC
P87 TGCCAACTTTGTACAAGAAAGCTGGGTCGGTCCTGGACGGCGTCGATGGC
P88 GGTGACCCTCTAGAAGTCAACGCTGTTGCTTCTAGTGGATCTTTCGACAC
P89 GGACGAGATGGGACGAGAGTGATAGTGCCGCTATTCCTTTGCCCTCGGAC
P90 GCTTTCAGCTTCGATGTAGG
P91 CGTCAGGACATTGTTGGAG
P92 Tian
P93 Tian
P94 GCCAACTTTGTACAAAAAAGCAGGCTCCGCATGCCTCACTTCAAAGAAAG
P95 CGGATTTGACATCTCCAGGGAGACGGCAGCCCATTCCAATAACAGCGATA
P96 AACTCGAGCCTATCGCTGTTATTGGAATGGGCTGCCGTCTCCCTGGAGAT
P97 ATCGAAAGTCATGTTATGGAACATTCCATCCCTAAGAACCATGGCAGCGT
P98 GGTGTTATTAACGCTGCCATGGTTCTTAGGGATGGAATGTTCCATAACAT
P99 TGCCAACTTTGTACAAGAAAGCTGGGTCGGCTACTCAATCTGGATGCCTT

P100 TTTCTTTCAACACAAGATCCCAAAGTCAAAATGGTTGCCAACAAAAGTGT
P101 GGTTGGCTGGTAGACGTCATATAATCATACTTAATCCTTGACCTTCAACA
P102 GCCAACTTTGTACAAAAAAGCAGGCTCCGCATGGCGCGCATCTCAAGGCC
P103 CTTTAGGAAATGGCCGCTATGTGTGTGATTTCTCTCTGTGCTCTCCTCTT
P104 GTAGATGGGCAAGAGGAGAGCACAGAGAGAAATCACACACATAGCGGCCA
P105 GCATCGGTGCTATTGTATTGCTGGTCATAGCCTCCCAGGAAAACAGCGGT
P106 GGATTCGAATACCGCTGTTTTCCTGGGAGGCTATGACCAGCAATACAATA
P107 TCGTGGCCAAGGAATTAACTTGTTCGGCACCTTAACGTGCCATTGGCTTG
P108 AATATCCCCACAAGCCAATGGCACGTTAAGGTGCCGAACAAGTTAATTCC
P109 GGCTTGAGGACTCATCCCTTAGTAGTTCGTCATATAGGGACCATGTTGCA
P110 ATGGGTACGGTGCAACATGGTCCCTATATGACGAACTACTAAGGGATGAG
P111 CAAAGAAAGTAGAGATGATCGGGGGATGACATTGACTTGATCATCCTCAG
P112 ATTGTTCCAACTGAGGATGATCAAGTCAATGTCATCCCCCGATCATCTCT
P113 TGCGGAGGATACGTGTTCGGATGCGGTGGCATTTAGAACCAGATCCGTGT
P114 GGGGTTATCAACACGGATCTGGTTCTAAATGCCACCGCATCCGAACACGT
P115 TGCCAACTTTGTACAAGAAAGCTGGGTCGGCTATGCAGCAGCCTCTTTGC
P116 GCCAACTTTGTACAAAAAAGCAGGCTCCGCATGGCGCCTCGAGACGAACA
P117 CTCGCATCTCCATCTGCGAGAAATGCGCCGCGCATCGCCATGGTTCCCGG
P118 CTCTAACCGCCCGGGAACCATGGCGATGCGCGGCGCATTTCTCGCAGATG
P119 GATGACGAGCAAGCTGTGTCGACCGTGAGACTCGGCCCTTGAAGGTTGAA
P120 AAGCTACATATTCAACCTTCAAGGGCCGAGTCTCACGGTCGACACAGCTT
P121 TGCCAACTTTGTACAAGAAAGCTGGGTCGGTCACGAACTCTCAGCTGGAG
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6.1.4 Components of Buffers, Solutions, Liquid Medium and Agar 

 

Table 6.3 Components of buffers and solutions used in this work. 

Buffer Conc. Components
1x TAE buffer 40 mM Tris–HCl

20 mM Acetic acid
1 mM EDTA

HYP protoplasting solution 0.7 M NaCl
10 mg/mL lysing enzyme from Trichoderma harzianum (Sigma-Aldrich)

HYP transformation solution I 1.2 M Sorbitol
50 mM CaCl2
10 mM Tris–HCl, pH 7.5

HYP transformation solution II 60% PEG 6000 (w/v)
50 mM CaCl2
10 mM Tris–HCl, pH 7.5

A. oryzae NSAR1 protoplasting solution 0.8 M NaCl
10 mg/mL lysing enzyme from Trichoderma harzianum (Sigma-Aldrich)

A. oryzae NSAR1 transformation solution I 10 mM CaCl2
0.8 M NaCl
50 mM Tris–HCl, pH 7.5

A. oryzae NSAR1 transformation solution II 60% PEG 3350 (w/v)
10 mM CaCl2
0.8 M NaCl
50 mM Tris–HCl, pH 7.5

Protein loading buffer 50 mM Tris–HCl, pH 8.0
150 mM NaCl
20 mM Imidazole
10 % Glycerol (v/v)

Protein elution buffer 50 mM Tris–HCl, pH 8.0
150 mM NaCl
500 mM Imidazole
10 % Glycerol (v/v)

Protein storage buffer 50 mM Tris–HCl, pH 7.5
20 % Glycerol (v/v)

Tris buffer (SpoG in vitro assay use) 50 mM Tris–HCl, pH 7.5

PBS buffer (SpoI in vitro assay use) 0.80 % NaCl (w/v)
0.02% KCl (w/v)
0.27% Na2HPO4·7H2O (w/v)
0.027% KH2PO4 (w/v)
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Table 6.4 Agar used in this work. 

Agar Conc. [% (w/v)] Ingredient
LB agar 0.50 Yeast extract

1.00 Tryptone
0.50 NaCl
1.50 Agar

YPAD agar 1.00 Yeast extract
2.00 Tryptone
2.00 D(+)-glucose monohydrate
0.03 Adenine
1.50 Agar

SM–URA agar 0.17 Yeast nitrogen base
0.50 Ammonium sulfate
2.00 D(+)-glucose monohydrate
0.077 Complete supplement mixture minus uracil
1.50 Agar

DPY agar 2.00 Dextrin from potato starch
1.00 Polypeptone
0.50 Yeast extract
0.50 KH2PO4

0.05 MgSO4

2.50 Agar

PD agar 2.40 Potato dextrose broth
1.50 Agar

DPY/S agar 2.00 Dextrin from potato starch
1.00 Polypeptone
0.50 Yeast extract
0.50 KH2PO4

0.05 MgSO4

21.86 Sorbitol (1.2 M)
1.50 Agar

DPY/S soft agar 2.00 Dextrin from potato starch
1.00 Polypeptone
0.50 Yeast extract
0.50 KH2PO4

0.05 MgSO4

21.86 Sorbitol (1.2 M)
0.80 Agar

CZD/S agar
3.50 Czapek Dox broth

Used in transform pTAYAGSarg vector 18.22 Sorbitol (1.0 M)
0.10 Ammonium sulphate
0.05 Adenine
0.15 L–methionine
1.50 Agar

CZD/S soft agar
3.50 Czapek Dox broth

Used in transform pTAYAGSarg vector 18.22 Sorbitol (1.0 M)
0.10 Ammonium sulphate
0.05 Adenine
0.15 L–methionine
0.80 Agar

CZD/S1 agar (CZD/S agar w/o adenine)
3.50 Czapek Dox broth

Used in co-transform pTAYAGSarg and pTAYAGSade vectors 18.22 Sorbitol (1.0 M)
0.10 Ammonium sulphate
0.15 L–methionine
1.50 Agar

CZD/S1 soft agar (CZD/S soft agar w/o adenine)
3.50 Czapek Dox broth

Used in co-transform pTAYAGSarg and pTAYAGSade vectors 18.22 Sorbitol (1.0 M)
0.10 Ammonium sulphate
0.15 L–methionine

0.80 Agar
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Table 6.5 Liquid medium used in this work. 

6.2 Chemistry 

6.2.1 Fermentation and Extraction of Compounds 

6.2.1.1 Small Scale 

For product analysis of Hypomontagnella strains (wild type and transformant), fungi were grown 

in 100 mL of DPY or PDB medium in 500 mL flasks for 6 to 7 days at 28 °C and 130 rpm. 

Aspergillus oryzae transformants were grown in 100 mL of DPY medium in 500 mL flasks for 5 

to 7 days at 28 °C and 110 rpm. Culture broths were separated by Büchner filtration into 

supernatant and biomass. Cells were disrupted with a hand blender and stirred in 100 ml acetone 

for 1 h. The organic phase was filtered by vacuum filtration and the solvent was removed under 

reduced pressure in a rotary evaporator until a water phase remained. 100 ml H2O was added to 

the aqueous phase and extracted twice with an equal amount of ethyl acetate. Combined organic 

layers were dried over MgSO4 and solvent was removed under vacuum. Extracts were dissolved 

Media Conc. [% (w/v)] Ingredient

LB 0.50 Yeast extract

1.00 Tryptone

0.50 NaCl

YPAD 1.00 Yeast extract

2.00 Tryptone

2.00 D(+)-glucose monohydrate

0.03 Adenine

GN 2.00 D(+)-glucose Monohydrate

3.00 Nutrient broth Nr.2 from Oxoid (Fisher Scientific)

DPY 2.00 Dextrin from potato starch

1.00 Polypeptone

0.50 Yeast extract

0.50 KH2PO4

0.05 MgSO4

MMK2 4.00 D(-)-Mannitol
0.50 Yeast extract
0.43 Murashige & Skoog salt

PDB 2.40 Potato dextrose broth

YMG 0.40 D(+)-glucose Monohydrate

0.40 Yeast extract

1.00 Malt extract
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in methanol and adjusted to a concentration of 10 mg/ml, filtered over glass wool and analysed 

by LCMS. 

The supernatant was extracted twice with an equal amount of ethyl acetate. Combined organic 

layers were dried over MgSO4 and solvent was removed under vacuum. Extracts were dissolved 

in methanol to a concentration of 10 mg/ml, filtered over glass wool and analysed by LCMS. 

6.2.1.2 Large Scale 

For compound isolation fungi were grown in up to 1 L total volume of DPY or PDB medium (up 

to 10 flasks, each containing 100 mL medium) and grown for 6 to 7 days at 28 °C and 130 rpm 

in case of the Hypomontagnella strains and for 5 to 7 days at 28 °C and 110 rpm in case of A. 

oryzae transformants. Culture broths were separated by Büchner filtration into supernatant and 

biomass. The supernatant was extracted twice with an equal amount of ethyl acetate. Combined 

organic layers were dried over MgSO4 and solvent was removed under vacuum. Extracts were 

dissolved in methanol to a concentration of 20 ‒ 30 mg/ml, filtered over glass wool and processed 

by preparative LCMS. 

6.2.2 Analytical LCMS 

A Waters 2545 binary gradient module with a Waters 515 HPLC pump coupled to a Waters 2767 

autosampler, a Waters 2998 DAD, a Waters 2420 evaporative light scattering detector (ELSD) 

and a Waters single quadrupole mass detector 2 (SQ detector 2) were used for analytical LCMS. 

The DAD measured wavelengths from 210 to 600 nm and the mass detector was adjusted 

depending on the sample to measure in a range of 100 ‒ 1000 m/z. A Phenomenex Kinetex column 

(2.6 μm, C18, 100 Å, 4.6 x 100 mm) equipped with a Phenomenex Security Guard precolumn 

(Luna, C5, 300 Å) served as stationary phase. The mobile phase was composed of HPLC-grade 

water mixed with 0.05 % formic acid (solvent A) and HPLC-grade acetonitrile mixed with 0.045 % 

formic acid (solvent B). A solvent gradient was run at a flow rate of 1 ml/min over 15 min starting 

at 10 % B and ramping up to 90 % B (Table 6.6). 

6.2.3 Preparative LCMS 

Samples were dissolved in methanol or acetonitrile/water (9:1) mixture, adjusted to a 

concentration of 50 mg/mL and filtered over glass wool. For compound purification the same 

LCMS setup as above was used, but the stationary phase was replaced by a Phenomenex Kinetex 

Axia column (5 μm, C18, 100 Å, 21.2 x 250 mm) equipped with a Phenomenex Security Guard 

precolumn (Luna, C5, 300 Å). The gradient was selected depending on the samples (Table 7.4) 

and run with a flow rate of 20 mL/min. Between 50 and 600 µL of the crude extracts were injected 

for each run. Fractions were collected with the Waters Sample Manager 2767 by either mass 
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directed or time-dependent trigger. Combined fractions were firstly evaporated under vacuum to 

remove the organic solvents, then the remaining aqueous phases were dried in a Freeze Dryers 

Rotational-Vacuum-Concentrators ALPHA 1-4 LDplus (Martin Christ Gefriertrocknungsanlagen 

GmbH, Germany), weighted, dissolved and analysed by HPLC and NMR. 

 

Table 6.6 LCMS gradient details. 

6.2.4 HRMS 

High-resolution mass spectra were acquired on a Waters Acquity ultra-performance liquid 

chromatography (UPLC) system coupled to a quadrupole time-of-flight mass spectrometer (Q-

TOF). 

6.2.5 Nuclear Magnetic Resonance (NMR) Analysis 

NMR data were recorded using either a Bruker Ascend 400, a Bruker Ultrashield 500 or a Bruker 

Ascend 600 instrument each equipped with a cryo-cooled probe at 400/ 500/ 600 MHz (1H) and 

100, 125 and 150 MHz (13C). Chemical shifts are shown in parts per million (ppm) in comparison 

to the TMS (tetramethylsilane) standard. The coupling constants J are given in Hz. The software 

MestReNova 10.0 was used for the analysis of the data. For known compounds only 1D NMR 

spectra were recorded and compared to literature to confirm the structure. For new compounds 

complete structural elucidation was carried out by conducting 2D experiments in addition 

including Correlation Spectroscopy (COSY), Heteronuclear Single Quantum Coherence (HSQC), 

Time / min Flow / mL/min
%A

(Water)
%B

(Acetonitrile)

10-60-90%, 15 min Prep.

Initial 20 90 10
9 20 40 60

13 20 40 60
14 20 10 90
15 20 90 10

10-30-80%, 15 min Prep.

Initial 20 90 10
2 20 70 30

13 20 20 80
14 20 90 10
15 20 90 10

10-90%, 15 min Prep.

Initial 20 90 10
10 20 10 90
12 20 10 90
13 20 90 10
15 20 90 10

10-90%, 15 min Ana.

Initial 1 90 10
10 1 10 90
12 1 10 90
13 1 90 10
15 1 90 10
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and Heteronuclear MultipleBond Correlation (HMBC) as well as Nuclear Overhauser Effect 

spectroscopy (NOESY).
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Protein Name Protein sequence 

SpoC MSNDSDRTSVASNKDVDVEAATPPPEVVQEEKSKVEEEKDPNLVVWDGPDDPGNPQNFSNGYKVFITLIWVYG
NLTTTIASSIWSSGAGAIAVEFDKSTIVVTLGVSLFLLGYAVGPPVWGPVSERFGRKYPMLAGMFLFTIFCIPAAVGH
NMETLLIARFFQGAFGSAPLSLAGGGIVDIWSPAHRGVAIAACIGTIFGSPILAPIMGNFIAASYLGWRWTQWISCI
MGGSCSILVLFGLPETLAPKILQGRAAALRKSGANPDAKTAFDGRKLAGPMDIVRIYLMRPFELLATEPILVLITIYQS
FIYGILYLVFVSYPIAFREIRHWALGVSALPFLGLMVGVVLGAGAVIWHTKTKFMATIKANGGKIIPEQRLPMMIIG
GCLLPVGLFIFAWTSHPETHWSGMVIGSIPTGMGMYMVFVQCFNYLVDVYAPIANSAIGGNTFIRSFFGAGFPLF
APYMYHNLGVDWATSTLGFISIAMIPIPILFYKFGHRIRSWSKNSVNTN 

SpoD MYASAQTSPRRDAQPSQPDPDSDSASATRADGMRKRPRSGNDEPPTAACDQCRLRKVRCDRRQPECSNCRKA
GVECNSSNTLKRVNHTKQLRDDFSVVLKHLNDVDHALGTLTELTRQIAARPCPHTVNPHAVCAPNNEIAPLPTPGS
LDFMLPSAGDEDRVLNDPLALNGPLFETIEFDQGGERLYGYPAPLVLIKSLLRQATGALLESDKQGESHENGDSYIA
RALQDMSARATLRQKLDDFPFNLPCRESVAVSDANPVTTPPRLMVNLFVDGYLHNINTRTPIFDDAGLRRAIDAH
YGDEQPQESRAWALIINNIVLLELGLEIQAARASHSNSRGMNDDILPSFLRNCDRAIGNLEAFMGPSLVNVQALM
TLTLAAREFYNNATAEKVCHAACQVGRAIGLHRSGARYPNEKGTLSQEPEQERERLFRVLYTMDKQRVFMTGQP
CDLHMFDSDHRIGPDRNHEQAEPPISDAFDHMMTIWEEIYLNLYSLRAASSGGETRMRQIRLVTSSVEKFSQKHA
GLMSPSCANGAADVDPLQIELLYGYRVSQVLILRCERGNEQSQEKMRELARSSLRLILEVCKTPLTTPRLALLASMFR
NYPMVAFVELIAFHLASLFRRGECDPTAQADVSLLRAICDQLHILQHDNLTHIFYARLKLGLVWALETLEALGEILIRS
SPQPRGMAGFSPQPQRDSRRSTESSRNPTNAPSPMAPDISTACGLHPSRGNQSLSSISSSRNGEEDFVQSGLAELT
NFGFFTPGTDRMDLASRPLSAACQFNTSSSNSQSQSDLNSGPLTGSSNWGDFNMDFFQGVSA 

SpofasA MTATNSNGRVSEDRRASEQQIAYNLLIELLTYQFAFPVQWIDTQRELLTSECNVQRIIEIGPAKVLASMAKKSAKRL
VGEQDLARSIEREFLNITDPEDARKIYYEYDENSSTAETISAKDGPAPPPVAPVNVVAAPIQAPVAAPIAVVSAPIAA
ASTVDKDFTPTDVILSLVAQKLRRAFDEVSLSESIQNLSGGKSTLQNELIGDLAAEFGDLPDGSESTAMDALGEKLAS
GFSGKLGKSSKKLVERFLSSKMPGGFGQTEMVAYLGSRWGLGSNSQTAVQCFCITIEPAARLSDVGQVHEFLDSA
VARYAKHAGVSLPTQSAGGASQGASGAVMQVDKAGLDALKNEQNSVLRKQLEVLAQHLGVDITPNTASGVEGG
DKLQEQLDRFYAELDEEFLSGVQGMFDPEKARSYSSWWNWVREDAARLLRHQDGTPASPQRLQALTNRWTAE
LEEMLRYCAKAGPAKEAAESLLKLKPSTQGASPVFRFTEPAMAPHTSVDEEGQIHYTEKARQDDSGSSRTTTYYDV
VSSTRRDGPSKSFVHCLHRRGGSWQYDGELTNTYLDALFAGNTSGISYAGKTALVTGAGTGSIGIEVVRGLLAGGA
RVIVTTSRTAANAGAIMSQLYKEFGARGSELILLPFNAASKKDVENLVAHIYDSSKGIGADVDFVIPFAAIPEPGREID
GIDARSEVAHRAMLTNVLRMLGCIKQEKEKRSYVGRPTTVVLPLSPNHGDFGGDGLYSESKIGLETLFNRYSSERW
SGYLSIIGAVIGWTRGTGLMSANNIVAEGIENLGVMTFTAGEMAFNILALLYPSIIRKSDMEPIYADLSGGLMGFQN
LKEEIMAIRTNITGKRRERQAIVAERQRHEEVLKGSKAASAQSQKKSSPQKKRSNIRQGFPRLSSHQEMTAGLESLT
GMVDLSRTVVVVGFSELGPWGSSRTRWQMESQGKLAQDGLTEMAWMMGLVKHHDGLVDGKPYVGWLDVE
SKKPVQEDEFSARYGEHIMNHSGIRIVEPEALDGFDPAKKELLHEVVLDDDLPAFDTSEALAQSFKLRHGDKVTIFQ
KGSDADTWTVIVKRGATFIIPKSSTGHQTVAAQIPKGWNAATYGIPEDIISQVDPITLYVLCCVCEAMFSAGIEDPFE
LYKYIHVSELENCIGSGAGGLKSMRDMYRHRYRDEPVQGDILQETFLNSMAAWTNMLLFGATGPIKTPTGTCATS
VESLDNACEGIRSRRVKVALVGGTDDIQEEVAHEFSNMKATMVAEKELAKGYLPSQMSRPTATSRAGFVESAGC
GVQIVMSAELAIQMGLPIYAVVAYTQMAGDSVGRSVPAPGQGVLTAARETPAASRSPLLDLRYRRSRLEQEIAEIE
GWRLSQLASTSSHVGTHEAAHSQMIESAASRRKSDAQWMWNGDIRQLDPSIAPMRAALAVWGLSIDDIGIASF
HGTSTKANDKNESSVINQQMTHLGRTSGNPLLVICQKFLTGHPKGAAGAWMLNGCMQVLESGLVPGNRNADD
VDGALRAFPHLLYPSESLQVANIKAFMLTSFGFGQKGGIVIGVTPRALFAALAAPKFEAYREQVERRRRRADRAFQL
AMMTNSVFKAKDQSAWIEAGRAAGAVFLDPTARI 

SpoE MPSATVPKANGTNGTNGTNGVHKPVGDVLHVIDSRTGEYHAVKIHHNAINATDLKAIKAPKDLEHPEYQNEQGI
RVYDPGFSNTVVSESKVTYIDGLEGTIQYRGYSIHDVIGKKKFVDLSYLLIWGEWPSAEEAQKYQERLNNVPLIDESV
FNVIRSFPKNGSIVGMMVAGLSALQSCDMAAVPAHAAKNLYLGQPQNVDEQIIRVMSSLSMITAAAYCHHTGRT
FTPPRKDFSYIENFLLMTGHVDESTGLPNPRYVNALERLWAVVADHEMTCSTAALLQTASALPDVISSLISAFSAGY
GPLHGGAIEVAYKNIEEIGTVDDVPAKLARVKAGKERLYGYGHRVYRVTDPRFTYISEILGELTEEVNKDPLLQVAFA
LDRAAAQDEYFISRKLRPNADLFAAFAYKALGFPPNFILPISMISRTQGFMAHWKEAMEGGPRIWRPGQIYTGKL
NRKE 

SpoF MVSTTNNAEERSSLLPASNSSLNTFVLPENEKPRNWSRSYRWLCVGVISLYGLMSPVMAAAIVPALPAISDDLSISD
EKTLGALVSIYLLSWSVTPVFLGPLSEVYGRVGLLQIGHGLFMVFNFLSVFAQTGPQLLVLRFLAGGVGSGPLSIGAG
IIGDLWAPEERGVSISLYTLGPLLGPAIGPIAAAYISANFSWRWIFGFSSIYILITLILGLFVLQETLLPVITERKRAAFLSK
FPQQGLVSDYGTVPVPEIPETEHKKDFKAVRQSLMRPFILLWTQPIIQVLAIFTGYQFGLNHLTITTFQSLWRDVYQ
QDMLGASWNYIFIAVGFVFGSQATGMLNDRIYKRLDKKNSRSNPELRTYMMLPASLLVPLGLLLYGWSAERHMH
WLIPDVGVCIYATGLIMSYQCTQAYIIDCYTSHAASSMSALMIVRSITGFTFPIFAPVLFSVWGYGLGSTWLAGCATI
MGLGIPIMLKVYGPALRARSTYAVGE 

SpoG MSATNGTVQPLELSGALSAYEAIDMTPCIGTEFPTLDLAEALRAPNSDEIIRDLAITICRRGVVAFRSQTNMTNELQ
KELTHRLGELSGKPAGHRLSKHPLHLIRKDDPEMGILDAGRQQALHGGDTTDKRQKASVEWHSDGSYEVCPPDFT
SLRMTDIPRTGGDTLFASGYELYDRLSEPYQRFFESLTATHEVPALRKAAETMEGIYTGPRGAPANTDMLFKQSHP
MVRTHPVTGWKTMFAGGLHCRRVNGVTEWESQELLEKILRLVADNHDLQVRIRWNTPCDMVIWDNRCVLHCP
TQDHYGLGKRMGYRTMSVAEKPFLNLSSPSRLEANAVVGEKAGKKVSEVPVAAPVKIPAVAAPAAAPAVSAQA 

SpoH MRSLSPISDVTPSWGSSLVHLAGLLLLTQATTAAQVAKKCGNLDFPTVVCLDRYGTLLPGKFSRGALDVYSASSVD
DTSFSNIKSASFLVFDQDKGLDVLGTAPVVEEMFDLDSAAPEAPVYVPDTNELWIGGLQTGVTSQTVVDLSQNPP
KPVKRTLNPPIYAANGMRYRDGRVWVSAAGGNDTLAGGPYHPGIYSFDPKTGDSRVEANNYYGWFINSANDLD
LDPSGRVWFTDPLYSRNMGVNTEAPLLQAAVYRYDPVSGQIQVMDDTLEFPNGIAFSPDGKILYLTNTAAGVGNI
DPGTPWQNAGPLKYVSTNKRTLYAFDVGTDGLLRNRRPLYTAMDYVADCVKVASNGYLVTAAGHGVDILDPTG
VHLMRIQLSFLAVSIEFAGPKRDSLWIIGHGKAARATINLTGQGASTASSRLRRHARTHAKRHVAPQSITE 
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SpoI MADQQKEVPEKTLPVVHRFITTHNAEGKPTFETGIKEEIDFERSPLGGDMFLAYSGVEFPVALGHDSDLNQYKAHL
EKKPESFMIPGGFLSRYIDYHPGCLPLWHRTITLDFGIVVEGQIQLELESGEKRILKKGDVAIQRGTNHAWSNPSKTE
FARVFYVAMDAKPPVVNGQELGESLGVVSH 

SpoJ MCSRRPIRRFLPYLLISSQLSSALSFLGNDGLQIPLTVDADEVDEVAGEQSKLAAPCLGYEFPHVICIHRYGSLIHGDF
ERKVRNVLGDTETYPSTHAPGESTFTHISDADFLIWDTDVGGQILGSNPSIDFMFEVAPVSHEAPVYSPTTNELYFS
RLQQGFLPQIVVDLNQDPPVLTEKLASPPIYAAAGGRFYKGLIYFSTIGGNESLGGYTFRPGIYTLDPKTGESKTLLNN
YYGWYFNAADDLDVDDQGQLWFTDNNYGRPVHVNTYAPQMGVATYRYNISSGLVAIVEDTLKEPNGVAFSPD
RNTLYLSDTGAGSSIIDGRVNPAPSIHVNSTGPRLIYAYDVSKSRKGLSNKRPIYRAIDYAPDGVKISREGYIVTATGH
GVDILSADGEPLVRVQTNFTVINIGWAGKESDELWVVGKGGVARVRWALRGPIVE 

SpoK MGKHGANVVFDETNDENSGVTAALCNWIAGLKKEDIPTPVLERAKHLILDGIACGLVGAHVRWSEKAADAVLDY
EPEGQCSVIGYEEKLGPLAAAVLNGTFIQATELDDYHSVAPLHSASVVLPALLAAAQVKNKTRKSAQNGNGHSAN
GSTRTVSGLDFLIAAVVGFETGPRSGSAMHGADLLLRGWHSGPVFGCPAAAAASSKLLGLSADDTESAIGIACTQA
GGLMAAQYEGMIKRVQHAFAARNGLFGALLSRNGYVGIKKVYERNYGGFLNMFSQGNGKTPPYDVRKVTEGLG
EVWQTTNIRVKLHACVGGCHGQIEAIEKLQKAHPERFAIGNLGHIKSIKVGLSGPIFAHDGWEPQERPLTETGAQ
MNAAYIGAIQLVDGQVLIAEFANHKMDRDIVWDLVYKTKCHHDTQFDKPNHGCGAHIVVEFDDGFTVEETIQM
PRGFDPPITDEEIRTKYRKLALSAIDQQRMEKIEELILGIDKLDDISEIFEVLAQPTRNVLG 

SpoL MHVPQPDDNSQRPYDEVINLIVDYAFDYEVKSEAAWARSKMALIDSFGVAIESLVKSKECESLIKPLLPGATNVTG
GFRLPGTSYSLDVLQGAFNMGAMIRYLDHNDAFPGAEWGHPSDNLGAILVTADVLTRDALARGKPEEAITMKQV
LIGLIKTYEIQGVFQIKNAFNRVGLDHTILVKIASTAMVSWMMGLSREQARAAVSHAWVDGHPLRIFRQAPNAGP
RKGWAAGDACMRAVHLATLARSGQPGIRTPLTATRWGFYQVLNKDQEFQLPRPFGTWAVENVIFKVLTAEGHG
LTTVEATMAASKELQARGLDPLKDIKNIHVRTQEAAMIIINKKGPLHNPADRDHCLRYMMGVILLKNGVEVEAED
YQDDSPFATDPRVEALRSIISMEEDVQFTQDYHNPTIRSCGSSIEIFLKDGTTINVRQDFPLGHVVRDAETIPLVRKK
AIHNLGLKFSQDEVTRIMETLEQPDFDTLPASKFIDLFQK 

SpofasB MESSGGSTSSFDEVNPTPGIADTPGIFTPGIPVTFTLNYEEVEVEFSLAPSDATHLDEHRRTFLTSLARSEGDNEEKK
PMSAAALTFKFLEHLLRRSVSPGTLARFFYAVQSDLMEQKDIHDFISELPDGASTRKSALRTYMTLSSKLSCPLPSGP
SALLTAARRERSSILVAFGGQSSSNPACVDDLAELYSLYRPLVEPLVSSLGAALLSLSRHPDTKAFFLGREIDLSAWLA
DPSTRPAKNFIAGAAVSFPIIGLTGLLHYAIICKMLGKTPAELGQLLSGITGHSQGIVVAAAVAKSHSWESFFVEAR
WAVELLFWMGYESQMAAPQSPISPAMVNDSVESGVGVPSHMLLVRGMRRQQLEAIVAASNKHLPKNERLYLSL
INSARNYVIAGPPRSLRGLSLRLREICARDGLDQSRVPYSKRKPVILFQFLPVNAPFHSPYLNGAAERISARISGSWPE
VTTISSLHVPVFYTENGADMTKSYKADVDVTQLLIDAVTTRVVDWPKTLQVGREKRLSHIITLGAGRFSSMIHENV
DGYGVRVIDGARIDPVDSTIMGAKAEIFAQFLSRSTMSPSTWKDQFKPRLVQSSEGTFNIETRLNRILRAPPVITAG
MTPTTVPWDFVSAVINAGYHIELAGGGYHNAEAMTTAIEKVAASIPTGRGITCNVIYVDPKAIGYQIPLIRQLIRKG
VPIEGLTVGAGVPSPDVAAEYIQTTGIKHISFKPGSIAAIKEVIEIAKRHPTFPVILQWTGGRGGGHHSCEDFHEPLLE
TYSEIRRCQNLYLVVGSGFGDGAGMFPYLTGSWSLQFGKPAMPCDGILLGSRMMIATDAHTSPGAKKLLLKAPG
VDDAEWEKSYLKADAAGGVLTVTSEMGQPIHKLATRGVRLWKDMDDTIFSLPKPERKAALLKRKDEIIRRLNADY
AKPWFGQDAAGQAVDVEDMTYADVLSRLVQLMYVKHQRRWVDQSYRELISEFAIQSLERLGSGDFEPSWLNSP
ESFVDQVKEACPDVTEQLLHPEDVRFFIQCCKKRGRKPVNFVVALDDDFEHWFKKDSLWQSEDLDAVFDQDPER
VCILQSPVSVRYATRDDQSSKEILDEIHRDLVVLMHAVEKPNGHVATRTNVTSRSRPMSENIMVDSMGDRIVFRP
VPGEDLPSQEKWMECLDPYASSAILGLIREESLFEAASKRCRPNPFCRIFGPRHGYSLVLCRDYHEALLRDDSTGQTI
VRVEARSAKDLRVEFTHRDSVPSGAATLVFQWEYDEHTRQLIDTTENRDKVIQDFYAHLWLPQNGTNRTGRLTD
RFFADSFELTQQLQGALHSVVAHAFPSASPVGQTAVLPLESAVIAAWDVLMRPLLISDLDGDILRLVHQSIGVEYVP
GVSPMQIGESVTTESSIRSITIEPSGKSVAVEARLIREGLHVATVTSEFFIKGKFSDYQNTFRHKEELPIELKIESSIDEAV
LRDRSWLKLDDPSTPLVGKTIVFKVHTRSQWTNQTSAANLEILGTVEQKLWNDSKRRLGSVAFDASETHGNPVIEF
LQRKGKTVDDKVPLKNPGWEGNSEVSIVAPPHTHLYAQVSGDCNPIHASPVFAELAELPGPIMHGMYTAAVCRK
VVEDLAVPGEPERMRRFNASFVGMVRPGDKLTVGLSHVAMKNGRMILEVIARQEESGEEVLRGEAEVEQPSTAY
LFTGQGSQSIGMGTALYESSPIAKALYDEMDKHLRDLFGWSILKIIRESPKELTVHFRGREGQRILENYLNMKTEIIG
EDGIRRPAPIIPGLSRDSTSYTFSEARGLLHATQFAQPAIILLEKATLEHMRANGLIKEGAVFAGHSLGEYGALSSMA
GFVDFKDMLSIGFYRGLLMQFAIPRDADGQTGYAMMAANPGRVGKHFDDSALRALVRHIAQESEELLEIVNFNIE
GDQYVCAGHVRNLHCLTEILNAAAARKVHPESITEFVTASEPKTTTLGAIIAHSIAQSKTLPLSMQLQRGKATIPLNG
IDVPFHSARLRSGVPTFRKFFHERVKAEDIRPERLVGSFIPNVVGKPFSIEKSFIQEVSKVTESPVLENLVC 

Table 7.1 Protein sequence of spo (GenBank MT889334) gene cluster.  
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Gene 
(H. monticulosa) Predicted nucleotide sequence Predicted protein sequence 

HmCAL3 
 

ATGTTAGGAAGGAATAATGATCAAGTGAGTGAGAAGAAAACTATATAAACCTATGAGTATT
CCCTAAATTTCTATTCCCAAGCATCATCACCAAAGCACACATATCGAAGACACATTGCAACTA
TTTATCACTCTCTACGCCCTCAACGTTTTCAAACTACAACATTCTCTTCAACGAAAAGTCTACT
CATTCAAAATGTACTCCATCACCAAGATCATCATCGCTGTGGGTGCCCTTGTTGCCCCTACCC
TCGCCTTCTCGGGAGACATGACCTACTACTACCCCGGCCTTGGCGCCTGTGGCCGCACTAAC
AGCGATGCTGACGCTGTCGTCGCTATGTCCCCCAACCAATACGGACACTGCGGCCAGAAGA
TCAACATCCACTACAACGGCAAGACCGCCAGCGCCACTGTCGTCGATAAGTGCCCTGGCTGT
GCCGGCGATAGCATCGATGTCTCTCCCTCTGTTTTCCAGAAGCTTTCTCCTCTCTCTGCGGGA
CGCGTCAAGGTCACCTGGTCTTACGCATAG 

MLGRNNDQHHHQSTHIEDTLQLFITLYALNVFKLQHSLQRKVYSFKMYSITKIIIAVG
ALVAPTLAFSGDMTYYYPGLGACGRTNSDADAVVAMSPNQYGHCGQKINIHYNG
KTASATVVDKCPGCAGDSIDVSPSVFQKLSPLSAGRVKVTWSYA 

HmCAL2 
 

ATGCATTCTGTGATTGGGGTTCTGATGATGGGCTTGATAGCCCGGCTTGCCTTAGCCTATCC
TAGCTCGGCCGGTAAATCGGAAAAGAAGCTGCATTCTCGGGGCAGCAACACACCGGATTAC
CACGCTAACATAGGTGTTCTCCGATATGTGAATCCAAAAGTCGGCACGTACGGGATCTCGCC
TAATGATAACGGCGGTATGATCCCGTCAGTGTCGGTTCCATTTGGCATGACACGGTGGACA
CCGCAATCGCGGGAAAATTTTATCTCACAGGTGCCGTACCATGATGCTGACAATTTCATCCA
CGGCTTTCAAGCCACCCACCAACCAGCGATCTGGATGGGAGAGCTGGGCCAAGTGGTGTTG
ACTCCAGGGTGGACTCCGGTGGTGAAACCCCTCTTTGAGCAGCGCGGCCTAGCATTTCGCA
AGGAAGATGAGGTCAGCACACCATATGTCTATGAAGTACTCCTAGATGCGGATACGGAAGG
GGAACACGATTGGGATCTGACAGAAGACGCCGCAGGAGAAGGGCCAGTGCCCGGAGGTG
CAGGTTCAGCACCGGACGACGTGCGCAATGGAGCCAACGGACGTGTTAGAAAACGAGATG
AGACCTCTGCGAACCATATACGCCAAATCCAAGTTGCAATGAGTGCGACCGCGCACACTGG
TCATCTGCGATTCGATTTCAAAAATCGCCGCAAATGCTCTACTACCAAAGAGCTAGTCCAGC
CTTACGTCTCTATCCAAGTAACTCGCCAGAATTGGACTGGACAAGTCCAGATCGACCCCGAG
AGGCGTGAGGTTTCTGGCAGCAATCCACAACGACAAGACTACCGACTGGGACCAGATAAGC
CCGTGTCTTTTAACGGCTATTTCGTTTCTCGATTTTCTGAGCCGTTCATATCATACGCGACCTC
GCTAGGCACTAATATCTCAGAAGGGCTCCAAAGCGCCTCAGGAGAACTACTCAGTGCCCAT
GTAAGATTTCACGAGGACGCTACACGGATCGAGGTGCGGACTGCGGTATCTTTCGTTAGCA
TTGAACAAGCACGAAAAAATCTGGACATCGAAAGCCCCGACGGCAGCACCTTCGAAGACAC
AATTGAAAACGCGAAGTCATCCTGGCTCGAAAAGCTCGGCCGGGTGACCATTGAGGGTGTC
AATTCCACCGATAAGGGACATGACCCTCGCACCATCTGGTATACCGGTCTTTATCACGCTCTC
CAGTATCCAAACGATTTCTCCGAGCCTACAGACCAGAGCAATATCCGCACCTTTTATAGCGG
ATATACAGATAGCATTCACAAATCCAACGATTCATACTACCAATCTTGGTCTATCTGGGATAC
TTACCGAGCGGAGCACTCGCTTCTGACCATATTTGCCCCCGAACGGGTCAACGGCATGATGC
GCACTCTACTGAAGATCTTCGACTGGACCGGGCGGCTACCAATGTGGGCCAATATGGTCGA
GACGAATATTATGATAGCCACAAACGCCGACGCCGTGCTAGCAAACGCTATCTCGCGTGGTT
TCCGATCCTTTGACCTCCAAAAGACATGGCGAGCTGTTCAGAAAGATGCGTATGAACCCCCA
GAGAAGGATACAGAGCTTCTATACTATGACCGTGAGCCGAACACCCCTTACGAGGCGCGAG
CGGGCTTGACGAGCTACATGGAACATGGGTGGGTCGACAACGATAGATGGTCGGAATCGG
CATCGCGAACGCTAGACTACGCGTTCAACGACGCGGCTTGTGCCATTGTTGCGCGCGCAGC
CGGTGAGACCGTCGAGGCCACGGCCCTCGAAAAGAGGGCCAAGAACTACGCAAAGATCTG
GGATCCTGAAACCCAATTCATGCGGGCACGCAACTCGAACGGAACATGGGCGAATGAGACC
TGGGGCTGGACTGAGGGGGACAAATGGGTATACACCTTTGATGTGATGCACGACATAGAT
GGGCTAGCGGCATTATTCGCAGGTGGCCGTACGGGTATGAAAGCAAAGCTGGACGAGCAT
TTCGACGGCGGGCACAACATGCACAGCAATGAGCCATCCCATCACGTGCCGTACATATACTC
CATGATCGGCTACCCAAGTGTAGCCGCCGATCGTATCCGTAGCATCGCGTGGGGCAATTAT
AACGCTACTAGCGCCGGGCTCAGCGGCAACGAAGACCTCGGTCAGATGAGTGCCTGGTAC
GTCTTCTCAGCACTAGGATTTTACCCTGTTAACCCGGCTGGCGACGAGTATGTGGTCGGCTC
GCCGTTCTTCGAGAAAGTTACCCTAAGGCTTCCCGCTGGAGCAGCGACCGGGGGCGAAACC
GGCTACACCGGCGACAGGGAGAAGACCCTGGTTATTGAAGCACCAGGCGCAACGACTAAA
CCATATGTGAAGGGGTTAAGCATTGACGGGAAGCCGATAATCCAGCCGGTTCTTCGACACG
GCCAAATTGTTACTGCAAGTTTGATTCGGTTCGAAATGAGCGAGACGCCGACAGGGTGGGG
TGGAGATGGAGAGCTATGA 

MHSVIGVLMMGLIARLALAYPSSAGKSEKKLHSRGSNTPDYHANIGVLRYVNPKVG
TYGISPNDNGGMIPSVSVPFGMTRWTPQSRENFISQVPYHDADNFIHGFQATHQP
AIWMGELGQVVLTPGWTPVVKPLFEQRGLAFRKEDEVSTPYVYEVLLDADTEGEH
DWDLTEDAAGEGPVPGGAGSAPDDVRNGANGRVRKRDETSANHIRQIQVAMSA
TAHTGHLRFDFKNRRKCSTTKELVQPYVSIQVTRQNWTGQVQIDPERREVSGSNP
QRQDYRLGPDKPVSFNGYFVSRFSEPFISYATSLGTNISEGLQSASGELLSAHVRFHE
DATRIEVRTAVSFVSIEQARKNLDIESPDGSTFEDTIENAKSSWLEKLGRVTIEGVNST
DKGHDPRTIWYTGLYHALQYPNDFSEPTDQSNIRTFYSGYTDSIHKSNDSYYQSWSI
WDTYRAEHSLLTIFAPERVNGMMRTLLKIFDWTGRLPMWANMVETNIMIATNAD
AVLANAISRGFRSFDLQKTWRAVQKDAYEPPEKDTELLYYDREPNTPYEARAGLTSY
MEHGWVDNDRWSESASRTLDYAFNDAACAIVARAAGETVEATALEKRAKNYAKI
WDPETQFMRARNSNGTWANETWGWTEGDKWVYTFDVMHDIDGLAALFAGGR
TGMKAKLDEHFDGGHNMHSNEPSHHVPYIYSMIGYPSVAADRIRSIAWGNYNATS
AGLSGNEDLGQMSAWYVFSALGFYPVNPAGDEYVVGSPFFEKVTLRLPAGAATGG
ETGYTGDREKTLVIEAPGATTKPYVKGLSIDGKPIIQPVLRHGQIVTASLIRFEMSETP
TGWGGDGEL 

HmCAL1 
 

ATGGCTAACTTGGCACGAAGGGGTTCCATGACACCTCAACAATGGAACAAAGAAGGGGGG
ACGCAGTCTGGTCGTCAAGCATGTGAGATTTGTAGAGAACGTAAAGTTCGCTGCGATCGAG
CTGAGCCTAGGTGTGGACGATGCACACGCCTGGGCTTACGGTGCGGTTATGATAACAAACG
TCGGTCCACGAGAGATGATCTGCCAGCACAGCTTTCCCAACTTGAGGATAGACTCGCTAAG
GCCGAAGCTCTCCTCTCCATGCCTAGAAACAACACGATTCCCACTCCTCCGCATACCGAGAA
GCCTCCATCGCCAATCACCACGATAGATCCCGTCGTCACTGACATATCACATCCTTCCAACCA
CCCCAATAATGCTATGGAGGTAGACATGAATCTCCCATGCGATAATGGTTTGGGGATGGAT
GCGGCCGAGATGGAACTTTTCACTAATTGCAATGACTATCCCGAAAGCACATCTGGGATATC
TATAGACTGGTCAACATTACAATTCCCCCTCCTTGAGCCTACCGTCAGCCCTATATCTCACAC
ACCACCATCAATACCCTATCCATCACATACGTTATCATCTAGCAGTCCAGAAGGAGACGTCCC
CGCGTGGGATCTGGCCGCGTTGCACCAAAATTACTTCGATTTTGTTTATTATTATCTACCCTT
CCTGAGCAAAGAACGTTTCAACGCGGAGCTTTCTAACAATGGAAATTCGCCCGCTGTTCGCG
CTCTCAGCTATTCTGTAGCTCTGATGGGTTGTACGATATCGGTACAATATTCACATTTACAAA
ATGCATATTACACCATGGCTCGAAATTATGCCGAGCAATGTGAAAGGGAAGCCGGAGAGG
GTGGTACAGCCAATCTCAACTTATTCCAGGCCTTGCTTTTCATTATCAGGTTCGAGATCATGG
ATCACAAACTGAGCAGGGCTTGGATGACCCTGGGTCGGGCAGTGAGAATGTCAAAGTTGAT
GGGCCTTCACCAGATAGACCAAAACGTCAAATCGCCTATGCCAGGGCCGGATATGGGATTA
TACCTACCGCCGACACAAGACCCCATGCTTCTAGAGGAACGAAGACGCTCATTTTGGTGTCT
TTATATATTCGAGGGTTTCGTCCGCATTCGCACAGGGATGGAATGTGACTTGGGTCCTGGTG
ATGTATGCGAAACCACACAATAACAATCTCGAGTCACGATTGCTAACACTGTAGAATAGTCA
TTCGGGGTCTATCTGCCGTCACCTAGCTTACTAACGCCGGACTTCAATCCTGCGAAGATGCC
CTACTTAGGCAATGTAACCTCCGAGTCGTGTACCGAAATCTCATCCTACGCGGGATGCGTCT
TAATGGTGGAGCTTGCCGTCAAATGCTTCGACCACGGGCGACAATTGGAATTCGGTACATC
GAAAAATGGCTTTGTATGTGATGTTCTAATTTACCATTTCTGTCCAGGTCACGAAGAATAAG
TACTAATTGTTTCTACCTGTAGTGGGATAGCCATTATAACCTAGTGCGAATAACGGACGAAC
GATTTGCCATGCTACATATGCACCTAAATGCCAAGTCTGTTCGGGAAGATCCTATAGCGTTC
AGCCTTTACATGAACCTTCGCGGCACAGAGATCTTTTTCCATGAAGCTGCCGTCAAACATGT
GGAGCGGCAGGGATTTCCCCTCTTAGTAGCAGCTGAAAGCCAGAAGCGCTCTATAGCTGCC
GCTTACAAGGTTGCTAGCACCGTGCGTCTGAATTGGCCGTGTCAACAGCTTGACCGCGATAT
ATTTAGCCTTCAAGCTACATTTATCGCTTGGCCAATCGTTATGGCTATGAAGTCTTTAAGTCG
CGACGTGAAGCACTCAACCCAACCTAAGAGCGAGGCAACCGTTAGCGCGTTAGCCTCTCTA
AGACTACTACGGGGGGCTCTAGACTATATTGAGGAGGCGGACGGATACTGGCACAGCTGT
ACAACCGACATAGTGGCAGCATTGCAGGAGTGGGACGAGGCCAACAGGTTTGACGGCGTG
GATATATGA 

MANLARRGSMTPQQWNKEGGTQSGRQACEICRERKVRCDRAEPRCGRCTRLGLR
CGYDNKRRSTRDDLPAQLSQLEDRLAKAEALLSMPRNNTIPTPPHTEKPPSPITTIDP
VVTDISHPSNHPNNAMEVDMNLPCDNGLGMDAAEMELFTNCNDYPESTSGISID
WSTLQFPLLEPTVSPISHTPPSIPYPSHTLSSSSPEGDVPAWDLAALHQNYFDFVYYY
LPFLSKERFNAELSNNGNSPAVRALSYSVALMGCTISVQYSHLQNAYYTMARNYAE
QCEREAGEGGTANLNLFQALLFIIRFEIMDHKLSRAWMTLGRAVRMSKLMGLHQI
DQNVKSPMPGPDMGLYLPPTQDPMLLEERRRSFWCLYIFEGFVRIRTGMECDLGP
GDSFGVYLPSPSLLTPDFNPAKMPYLGNVTSESCTEISSYAGCVLMVELAVKCFDHG
RQLEFGTSKNGFWDSHYNLVRITDERFAMLHMHLNAKSVREDPIAFSLYMNLRGT
EIFFHEAAVKHVERQGFPLLVAAESQKRSIAAAYKVASTVRLNWPCQQLDRDIFSLQ
ATFIAWPIVMAMKSLSRDVKHSTQPKSEATVSALASLRLLRGALDYIEEADGYWHS
CTTDIVAALQEWDEANRFDGVDI 

HmPKS1 
 

ATGCCTCACTTCAAAGAAAGTTCCTCGTCCAGCGCGTCTGATGTCGAGCTCGAGTTCGAGGT
CGGCTTCAACGCCCAAGGCACTAATGCGCAAGGCATCGTTTCCGATGAGGCGTACGTAGCT
GCTGGATTTGGAACCGAGGCGCCGTTAAGCCAGCAACTCGAGCCTATCGCTGTTATTGGAA
TGGGTAGGTTTGGTTTCTCCCTAGTTGACTTTGAAAGTCTATGCTAACTCTTCACAGGCTGCC
GTCTCCCTGGAGATGTCAAATCCGCGTCCGAGTTTTGGGATATGATGATGAACAAGAAGAC
TGGACAGACCCCTCAAGTCCCAGAATCGAGATTCAACATTGGCGCCCATTTCCACGAGAACA
ATGACCGACCTGGAAGTTTTGGTGTTCTTGGTGGTTACTTCTTGCAAGAGACTCTTCAAGAA
TTCGACCCTAACTTCTTTGGTATCACCCCTGTTGAAGCTATGTGGATGGACCCTCAACAACGA
AAACTTCTGGAAGTCGTTTACGAGGCGTTCGAGTCCGCTGGTGCTACCCTAGAGCAGCTGTC
TGGCTCCGACACTGCCTGTTTCATGGCCACTTTCACAGCCGATTTCCAACAAATGTCCTTCAA
GGAGCACTCTTTCCGCCACAGTCTTGCTGCTACGGGCGTCGACCCCGGCCTCCTCAGCAACC
GAGTCAGCCACGTTTTTAACCTTCGAGGTCCCTCTATCGTCGTCAACACTGCTTGCTCGTCAT
CAGTGTACGCTATCCACAACGCATGTAACGCACTACGAAGCAAGGAGTGCGGTGCCGCTGT
TGTCGGAGGCAGCAACTTGGTTCTTACTGTTGATCAGCACATGAACACTGCCAAGCTCGGTG
TCTTATCCCCCACGTCGACTTGCCACACATTTAACAGTTATGCCAACGGCTATGGCCGTGCG
GAAGGTGTTGGAGCCGTTTACCTTAAGCGATTGTCAGATGCTATCCGGGACGGCGACCCGA
TCCGAGGTGTCATCCGATCTAGCGCCACCAACAGCAACGGCAAGGCTCCTGGTGTCGGTAT
TACTTACCCCGGTTTCGATGGCCAGCGAGCCGTCATGAAGCACGCTTACAGGCGATGTGGT
ACCTTGGATCCTCGTCTTACCGGTTACTTCGAGTGCCACGGTACCGGTACCGCTATCGGTGA
CCCTCTAGAAGTCAACGCTGTTGCTGACAGCATGAACTACTCGCGTACCGCTGCGGATGGTC
CTCTGCACATCGGTGCCGTTAAGACTAATATTGGCCACAGTGAAGCAGCTAGCGGGCTATCT
GCTGTAATTAAGGCCGTCCTGGCCGTGGAGCGAGGAATCATTCCCCCTACCCGTGGGGTAA
CCGATCTTAACCCCAAAATCGACTGGGAGGGCTGGCAAGTGAAGGTCGTCACCGACCCCAT
GGCTTTCCCCGCCCATCTACCTGTCCATCGTGTCAGTGTCAACTCCTTCGGATACGGTGGCAC
CAACGCGCACGTCATTGTCGAGAGCCCCAAGTCTCTGCTCACCCAGCCCCAATCTTACAAGT
TTAATTCCGGTGAGAAGAAGCACAAGGGCAAGTCCGCCCGGGGCCGATTCAACCGAAACC
GACCTCATCTACTTGTCTTCTCCGCCCATGAGAAGTCCGCCTTGAAGAGGAACATCGCCGCT

MPHFKESSSSSASDVELEFEVGFNAQGTNAQGIVSDEAYVAAGFGTEAPLSQQLEPI
AVIGMGCRLPGDVKSASEFWDMMMNKKTGQTPQVPESRFNIGAHFHENNDRP
GSFGVLGGYFLQETLQEFDPNFFGITPVEAMWMDPQQRKLLEVVYEAFESAGATL
EQLSGSDTACFMATFTADFQQMSFKEHSFRHSLAATGVDPGLLSNRVSHVFNLRG
PSIVVNTACSSSVYAIHNACNALRSKECGAAVVGGSNLVLTVDQHMNTAKLGVLSP
TSTCHTFNSYANGYGRAEGVGAVYLKRLSDAIRDGDPIRGVIRSSATNSNGKAPGV
GITYPGFDGQRAVMKHAYRRCGTLDPRLTGYFECHGTGTAIGDPLEVNAVADSMN
YSRTAADGPLHIGAVKTNIGHSEAASGLSAVIKAVLAVERGIIPPTRGVTDLNPKIDW
EGWQVKVVTDPMAFPAHLPVHRVSVNSFGYGGTNAHVIVESPKSLLTQPQSYKFN
SGEKKHKGKSARGRFNRNRPHLLVFSAHEKSALKRNIAAHGQVAANYDLLDLSYTL
ANRRTHFSSRGMVVSSLANLSKAFSSEEDWKSAEKKAGSSNESNLIGMAFTGQGA
QWARMGAGLMAYYPTFLKTIQQLDMALDDLDDAPNWTIEDVLLEPEATSRVSEA
EFSQPLCTAVQIGLVQLLRLWGIKPAVTCGHSSGEIGAAYAAGYLTATEAIVLAYYRG
KTVRDINTNGAMMAVGLGAEAVSPYLESYDDITIACHNSPSGVTLSGDAESLKKLQ
ETFNDKAIFARIVKTGGKAYHSYHMKPAAETYESYVRSAGLNIGAKNRPVLEKAKM
VSSVTNAVLPEDAVLDEKYWSANLLNPVLFNQAVQTIANTPELADITMIEVGPHSAL
SGPIKQIKAEFKFEKLKYLPTLLRGADCATSMLKLAGELWLAGYPLDLARATSIEEMS
PSGKIRARGGNFIVDLPPYQWDKTKKFWAESRESREHRNPKYARHDVLGELIVGCS
LAEPTWRNIFRIRDMPWLKDHSLGGEAVFPAAGYFSMAIEAITQINELSENPVSPEC
YVLRDVSIQQALVTPDDDNGVEVLLNMRPSLHGAGEGQNKWWEFNVSSITEDGF
KKNHMSGRVGINMRKERPAIKPVPNLPQTASGKAWNHALKRVGFDYGPTFQDM
DNITFDAKTYAAHSTTVVKQKVDSMVGESRYVLHPAALDSCLQLMIVAIWGGRTN
AMKFGAVPVQADEIALWVPTEAQLENSAAKAFSWIDPRGARSFNAFNQLIASDGQ
LLMEINAMRCSAYEAALPPLSEEPAKPAPYARTQSKPDVALLSGAQKLSVADFVELV
EFKKPGLKVLSVDGAYAESLVGKIPALSLTATYDVPDEEYEMSAELSGSKNVKAVKFD
IGADLEGQAVAAKSFELVVSRIASPATLAKIQNLVAEGGRAIIESAAPLSEADLKTSGF
SGAVTIEAPAGKHVTVVSAGSDAETKAAAGTKVQLIYRNNVTPAFSGVEKSLKGEGF
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CACGGACAAGTTGCCGCCAACTACGACCTCCTCGACCTCTCTTACACTCTAGCCAACCGCCGC
ACTCACTTCTCCAGCAGGGGTATGGTTGTCTCCAGTCTCGCCAACCTGTCCAAGGCTTTCTCT
TCCGAGGAGGATTGGAAGTCCGCCGAGAAGAAGGCCGGATCTAGCAATGAGAGCAACCTT
ATTGGTATGGCTTTCACTGGCCAGGGTGCCCAATGGGCAAGAATGGGTGCTGGTCTCATGG
CCTACTACCCTACCTTCCTGAAGACCATCCAGCAGCTCGACATGGCTCTGGATGACCTTGAT
GATGCTCCTAACTGGACCATTGAGGATGTTCTGCTCGAGCCCGAGGCCACCTCGCGGGTGA
GCGAGGCCGAGTTCTCTCAGCCCCTCTGTACCGCCGTCCAAATTGGTCTTGTCCAGCTTCTCC
GCCTCTGGGGAATCAAGCCTGCGGTCACCTGTGGTCACTCGTCTGGTGAGATCGGCGCCGC
CTACGCCGCCGGATACCTCACTGCTACCGAAGCCATCGTCCTTGCCTACTACCGTGGTAAGA
CGGTGCGCGACATCAACACTAACGGTGCTATGATGGCTGTCGGTCTCGGTGCTGAGGCCGT
ATCTCCTTACCTTGAGAGCTACGATGACATCACAATTGCCTGCCACAACTCCCCGTCTGGTGT
TACTTTGTCTGGTGATGCCGAGTCACTGAAGAAGCTCCAGGAGACCTTCAATGACAAGGCT
ATCTTCGCCCGCATCGTGAAAACCGGTGGTAAGGCCTACCACTCCTACCACATGAAGCCTGC
TGCCGAGACATATGAGTCATACGTGAGGAGTGCTGGCCTCAACATCGGGGCCAAGAACCGC
CCTGTCCTGGAGAAGGCTAAGATGGTTTCGTCCGTGACCAACGCCGTCCTCCCTGAGGATGC
CGTTCTGGACGAGAAGTACTGGAGCGCTAACCTGCTCAACCCTGTGCTCTTCAACCAGGCCG
TCCAGACTATTGCCAACACCCCCGAGTTGGCTGACATCACCATGATCGAGGTCGGCCCTCAC
TCCGCCCTCTCCGGCCCGATCAAGCAGATCAAGGCTGAGTTTAAATTCGAGAAGCTAAAGTA
CCTTCCCACCCTTCTTCGTGGTGCTGACTGCGCTACCTCCATGCTCAAGCTTGCTGGTGAGCT
CTGGTTGGCTGGCTACCCGCTTGACCTTGCTAGGGCTACCTCCATTGAGGAGATGAGCCCTA
GTGGCAAGATTCGTGCTCGCGGTGGCAACTTCATTGTCGACTTGCCTCCCTACCAGTGGGAC
AAGACCAAGAAATTCTGGGCTGAGTCTCGTGAAAGCCGAGAGCACCGTAACCCCAAGTACG
CTCGCCACGATGTTCTTGGTGAACTCATTGTCGGTTGCTCCCTCGCCGAGCCTACCTGGAGG
AACATCTTCCGTATCCGTGACATGCCATGGCTCAAGGACCACAGCCTTGGTGGTGAGGCAG
TGTTCCCTGCCGCCGGTTACTTCTCCATGGCCATCGAAGCCATCACCCAGATCAACGAGCTCT
CGGAGAACCCCGTTTCCCCTGAATGCTACGTTCTCCGCGATGTATCCATTCAACAGGCACTT
GTGACTCCTGACGATGACAATGGAGTTGAGGTCCTTCTGAACATGCGCCCTTCGCTCCACGG
CGCTGGCGAAGGCCAGAACAAGTGGTGGGAGTTCAACGTGTCCTCCATCACCGAAGACGG
TTTCAAGAAGAACCACATGTCGGGACGCGTTGGCATCAACATGCGCAAGGAGAGGCCCGCC
ATCAAGCCAGTGCCGAACCTACCACAGACCGCTTCTGGTAAGGCCTGGAACCATGCCCTAAA
GCGTGTCGGCTTCGACTATGGCCCGACTTTCCAGGATATGGACAACATCACCTTCGATGCTA
AGACCTATGCCGCGCACTCGACTACTGTTGTTAAGCAGAAGGTCGACAGCATGGTTGGCGA
GTCCCGCTATGTACTCCACCCCGCCGCTCTCGACTCCTGCCTGCAGCTCATGATTGTCGCCAT
TTGGGGTGGTCGCACCAATGCCATGAAGTTCGGTGCTGTTCCTGTCCAGGCTGACGAGATC
GCCCTCTGGGTCCCGACCGAAGCCCAGCTCGAGAACAGTGCGGCTAAAGCTTTCTCTTGGAT
CGACCCCCGTGGTGCTCGCTCCTTTAACGCTTTCAACCAGCTGATCGCCAGCGATGGCCAGC
TCTTGATGGAGATCAATGCCATGCGTTGTTCTGCCTACGAAGCCGCTCTCCCGCCCCTATCCG
AGGAGCCGGCCAAGCCTGCACCATATGCCCGTACCCAATCTAAGCCTGACGTGGCCCTTCTC
AGCGGAGCACAGAAGCTCTCGGTCGCCGACTTCGTCGAGCTAGTTGAATTCAAGAAGCCTG
GTCTGAAGGTCCTATCGGTCGATGGCGCCTATGCCGAGTCGCTCGTCGGCAAGATTCCTGCC
CTAAGCCTTACCGCTACCTACGATGTACCCGACGAGGAGTATGAGATGTCCGCCGAACTTTC
CGGATCTAAGAACGTGAAGGCCGTCAAATTCGATATTGGTGCGGATCTTGAAGGCCAGGCT
GTTGCTGCTAAGTCTTTCGAGCTCGTTGTCTCCCGTATTGCTAGCCCTGCCACTCTCGCCAAG
ATCCAGAACCTGGTTGCTGAGGGCGGTCGAGCCATCATTGAGTCTGCCGCCCCCCTCAGTG
AAGCTGACCTGAAGACCTCCGGATTCTCCGGTGCCGTTACCATCGAGGCTCCTGCTGGCAAG
CATGTGACGGTGGTCTCCGCCGGCTCCGACGCCGAGACTAAGGCCGCTGCCGGCACCAAGG
TCCAACTTATCTACCGCAACAACGTCACGCCTGCCTTCTCCGGTGTGGAGAAGAGCCTCAAG
GGTGAGGGCTTCGAGGTTGAGGCTGTGAAATTCGGCACCTCGACCCCTGTTGCCTCCAACG
TTGTTATGCTTGTCGACCTTGAGGGTCCATTCCTTGCCAGTATCTCCGAGAAGGAGTTCCTTG
ACATGCAGGCTTTGCTCGCTGCTGCTAACAACCTTCTCTGGGTTACTCGCGGCGGTCTTGTCA
CCAGCGAGAGTCCTGAGTACGCTATGACCAGTGGTCTTCTCCGTGTGCTCCGATCCGAGCAG
GCTTCTCTGAACGCCACCCTCATTGACTTCGAGAGCGAGGCCCCTCTCAGCCAGTTCGTCGA
CTTAACCTCCACTCTAGCCACCAAGAAGGCCAATGGCGAGGAACTCGAGACTGAGTACTTC
GTCTCCAAGGGTCAGGTCCACATCACCCGTCTGATTTCCGATGAGCGCATCAACGACGTCTA
TGCTCACGATGAGGAGGATGTTTACTCTGCGCCATTTGACCCCGCCAAACGCCTTGTAGGCA
AGGCCCGCACCCACGAGGTCGTCTTCGAATCCGACAACGGATCGGAGACTGACTTGGAAGC
TGAGGAAATCGAGATTCAAGTGGTGGCCACCGGTCTCAACAAGGAGGACATCGCCGTTATC
TCCGGTACCGAATTCGCAACCGATTTCAGCCACGAAATTGCCGGCATCGTGACCCGCGTTGG
CTCCAGCGTCAAGGACTTCGCCCCCAGCGACCGCGTCGTCAGCTTCAGCGCCAACAAGTTCG
CCACCTTCCAGCGCGTCAACCAGAGTCTCGTTCAAAAGCTTAACGCTGATGAGTCATTCACC
ACCATGGCTAGTCTCCCCATCTCCTACGGCGCCGCCCTCTACGGTATCGAGAACTTAGCCCAT
CTCCAGCAGGGCGAGTCGGTCCTCGTCCTCCCTGGTGTCGGTATCCTCTCCGCTGCAATCAT
AAAGGTCGCCAAGGCCCTGGGTGCTACTCCCATCGTCGCCGCCCGCGGTGCCGCTGAGGCC
GAAATCCTAGCCAAGCTTGGTCTCGGTTCTGACCAGATCATCCAGTGGTCCACTGCCGCATT
GACTAAGTACCAGCCCGATGTTGTGTTCTCGACTGGATCCGTCGACTCCTCGGTCGCCCGTG
AAGCCTGGCGTCACCTGCCAGCTTTCTCCCGCTTCGTCAGCTGCTCCGGTAAGGAAGCCTCG
TCGTCCAACGTCCTCGACATTGTCCCCGCCACCCGTGGTGCTAGCTATCTCTCCTTCGACGTC
ATCAACCTATTCAAGAAGCCCAAGATCCTGACTCAGCTACTTAACCGTATCGTCACCCTCTTC
CGACAGGGAACTATTTCTCCTCTCCCTGTCGCCGTCAAGAACATCGCCGAGCTCAACGAGAC
CATTGCTTCCTTCTCCGACGATCTCCAGAGCGCTAAGACCGTCATTCTGAACGAGGCTTCCA
GCGGCACTATCACTCTCGTCCCATCTCGTCCCCACGCCCGCCTCGACCCTAACGCTACTTACT
TCCTGGTCGGCTGTCTCGGTGGTCTCGGCCGAAGCTTGACATCATGGATGTTGAAGCGTGG
TGCCCGAAACTTCGCATTCCTGTCCCGATCCGGTACCGATTCCAAGCAGGCCGCTATCCTAG
TCGAAAACCTTCGCGCTGCCGGTGCCAACGTCCAGGTCTTCCGAGGCGATGCGAGCAAGAA
GGAAGATGTCGAGAAGGCTGTCAAGGAAGTTCCTGCCGACCGCCCGATCAAGGGTGTTATT
AACGCTGCCATGGTTCTTAGGGTAAATCCCATCCAGATCAGTTCTGCTTTATTAATGCTAACA
CCTAACGTAGGATGGAATGTTCCATAACATGACTTTCGATAGCTGGGTCACCTCAACTAACC
CCAAGGTTCACGGAAGCGCCAACCTCCACGAAGTAATGAAGGATCTTGACCTTGATTTCTTC
GTCATGACCTCTTCCGTCTCCGGTACCCTCGGAACCCCTGGCCAGAGCAACTACGCCGCCGG
TAATGCCTACATGGACGCTCTCGCTCGCCTCCGCCACACTCAGGGCAAGCGCGCTGCCGCCA
TCGTCCTACCTATGATTTTGGGTATTGGTGTCGTTGCTGAGAATGCCTCTATCGAGGAGGCC
CTCAAGCGCAAGGGTATGTATGGTGTTGACGAGTACGGAGTCCTCGACTCGTTCGAGGTTG
CCATCCTGGAGCAGACCAACCCTGACGCAAAGGACTTCGACCACTTGGTTGTCGGTCTTGAT
CCCTCGCTCCTGCGCAAGGCCAAGTCGGAAGCTGAGGGAGACGTGGATGTCTTCTGGGCG
GTTGACCCTCGATTCTCGTCTCTTCTCCACGCTATGGAGACTGGCAGTGGTGATGAGGTTGG
TGGCGGTGCTGACTCTGTCCTTTCCCGAGTCAAGGCTGCGGCCACTGCTGCTGAGGCTATCG
ACGCTGTCCAGGAGCACTTCATTGGCAAGCTATCGCGTCTTCTCATGCTTGATGTGGAGGAA
TTCGAAGGCGAAGGCCGATCGGTTGCCAGTTTTGGTATTGACAGCATGATTGGTGCTGAGT
TGAGGAACTGGATCTTCAAGGAGCTGGGTCTTGACATTGCCTTCCAGCAACTGCTTGGACCT
TCACTCACCATCAGGAAGTTCTCTGAGCTCGTCGTGGCCAACCAAGGCATCCAGATTGAGTA
G 

EVEAVKFGTSTPVASNVVMLVDLEGPFLASISEKEFLDMQALLAAANNLLWVTRGG
LVTSESPEYAMTSGLLRVLRSEQASLNATLIDFESEAPLSQFVDLTSTLATKKANGEEL
ETEYFVSKGQVHITRLISDERINDVYAHDEEDVYSAPFDPAKRLVGKARTHEVVFESD
NGSETDLEAEEIEIQVVATGLNKEDIAVISGTEFATDFSHEIAGIVTRVGSSVKDFAPS
DRVVSFSANKFATFQRVNQSLVQKLNADESFTTMASLPISYGAALYGIENLAHLQQ
GESVLVLPGVGILSAAIIKVAKALGATPIVAARGAAEAEILAKLGLGSDQIIQWSTAAL
TKYQPDVVFSTGSVDSSVAREAWRHLPAFSRFVSCSGKEASSSNVLDIVPATRGASY
LSFDVINLFKKPKILTQLLNRIVTLFRQGTISPLPVAVKNIAELNETIASFSDDLQSAKTV
ILNEASSGTITLVPSRPHARLDPNATYFLVGCLGGLGRSLTSWMLKRGARNFAFLSRS
GTDSKQAAILVENLRAAGANVQVFRGDASKKEDVEKAVKEVPADRPIKGVINAAM
VLRDGMFHNMTFDSWVTSTNPKVHGSANLHEVMKDLDLDFFVMTSSVSGTLGTP
GQSNYAAGNAYMDALARLRHTQGKRAAAIVLPMILGIGVVAENASIEEALKRKGM
YGVDEYGVLDSFEVAILEQTNPDAKDFDHLVVGLDPSLLRKAKSEAEGDVDVFWAV
DPRFSSLLHAMETGSGDEVGGGADSVLSRVKAAATAAEAIDAVQEHFIGKLSRLLM
LDVEEFEGEGRSVASFGIDSMIGAELRNWIFKELGLDIAFQQLLGPSLTIRKFSELVVA
NQGIQIE 

HmCAR1 ATGGGGGCCGGGCCCGAGATGGATGGCGATGCTATGACGCCGGGGGCGGTCGAAGGCGT
AGCTAGAGACAAGCCGGGTCTAGACGAGCCTGCGATGCAGTCGATTTCGGTGGTCCAACG
GAGTTCCGGTATTGGCGCTGATGCCGCCCTTCAACTCCTTCAGGATACGGGTGGCTTGCGTC
GACCTTTGGATCCCGAAGTTAACCGAAGACTGGTTCGGCGCATCGACAAACACGTAATGCCT
CTAATCTGCATCATCTGGTCAGTATTACAAGTAACCCCCCCAAAAGAGCATAAGGAATAAGT
GGATGCTAACGTTCCGGTAGTACGTCGTGACTCCCAACGCAGCCCCTTTTCGATGGCGGTAT
CTTAGGAATTAAAGTAGTATTAACCTGCCGCAGACTTTCTCCAGTATATTGATAAGACCGCC
ATCTCCTATGCTAGCGTAACTGGCATAACAGAGTCTACTGGACTTAAGGGAAACGAGTTTAA
CTGGGTAGCGTCGATTTTCTTCTTTGGGCAACTGGCATTTGAATTTCCAACAATCCGCCTAAT
ACAGTTGTTTCCTCTAGCCAAGTATGCCTCTGTCAATGTTACTCTCTGGGGTGCCACTCTAGC
CTGCCTCGCCGCCTGTACGAACTACGCCGGGTTGTTAGCATGTCGTTTCTTTCTCGGGGTATT
AGAAGCAGCTGTTGTGCCAGCATGGGTACTATTCACATCCCAGTGGTATACGAAAGAGGAA
CAGGCATTTCGAGTTGGCATATGGTTTTCTACCTGCGGGGCAGCGCAAATGTTTGGAGGCTT
TTTTGCCTACGGCGTAGCGACGCACGTGGGGAAAGACCCAAACGCTACTTTAAGGGGTTGG
CAGGTCATCTTCTTATTTTTGGGTTTACTTACGGTGGTGATGGGAATTGCTTTCTGGTTTATA
ATGCCGGACTCTCCCGCTGTTGCGGGATTCCTCCATAAGGAGCAGAAAGGACTTCACCTTGA
GCGTATCAGACACAATGAGCAAGGTATTGGATCACAGACATTCAAATGGGGTCAGGTTAGG
GAGGCGCTGACTGACACGATGACCTGGCTTTACGCTTTCTGGGTCTTTGCTGCTAACATCCC
GAACTCTATCGCAACATCCTTCGGAAATATTTTGGTGAAAGGGATGGGCTATTCGAATGAG
GAGTCTTTGCTCCTGGTCACTCCGCTGGGCGCTTGGGAGATCGTGGCCTTGATCGGACTGAC
GTATGGGGCGATGAAGACAAGGCAAAGACTATACTTTTGCATCGCTGGTCACATCCCCGCT
ATAGTAGGCGCCATTCTGATGGCAACAACTGAGCGGGTTCCTGCTCTGATTGGATACTACAC
AAGCGGTGGTATCCCAATTGGCTGGACGACAATTCTTGGCCTGCAGAGTTCCAACGTGGCT
GGATCAACGAAGAAAGTGACGGTAGCTTGCATAGGAACGATCGCCTATACTGTCGGCAATA

MGAGPEMDGDAMTPGAVEGVARDKPGLDEPAMQSISVVQRSSGIGADAALQLL
QDTGGLRRPLDPEVNRRLVRRIDKHVMPLICIICVTGITESTGLKGNEFNWVASIFFF
GQLAFEFPTIRLIQLFPLAKYASVNVTLWGATLACLAACTNYAGLLACRFFLGVLEAA
VVPAWVLFTSQWYTKEEQAFRVGIWFSTCGAAQMFGGFFAYGVATHVGKDPNA
TLRGWQVIFLFLGLLTVVMGIAFWFIMPDSPAVAGFLHKEQKGLHLERIRHNEQGI
GSQTFKWGQVREALTDTMTWLYAFWVFAANIPNSIATSFGNILVKGMGYSNEESL
LLVTPLGAWEIVALIGLTYGAMKTRQRLYFCIAGHIPAIVGAILMATTERVPALIGYYT
SGGIPIGWTTILGLQSSNVAGSTKKVTVACIGTIAYTVGNIISPQTFQARDAPRYLPAK
ISICIIYVLITLDLVVMRWVLDKRNKQREREKEALGNTYSPEDNHEFLDLTDLQNKEF
RYEV 
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TCATCTCGCCACAGACCTTCCAAGCACGAGATGCGCCCCGTTACCTCCCCGCCAAAATATCCA
TCTGCATCATATACGTTCTCATCACGCTTGATCTGGTCGTGATGCGATGGGTGTTGGACAAG
CGAAACAAGCAGAGGGAACGAGAGAAAGAGGCACTAGGGAATACGTATAGTCCAGAAGA
CAACCACGAGTTTTTGGACCTCACAGACCTCCAGAATAAGGAGTTCCGCTATGAAGTTTGA 

HmCAR2 ATGGACATTACTGGATATGCTTTGGTCACTGGAGGAGGTAAGTGGCTTGCCTTGTTCGCCAA
GTTATGTGTTGCGTGCTGATGGTTCGTACTCGTTAAGCTAGCGGCATCGGCAGTGCTTGCTG
CAAAGCTCTTGCAAAAGCCGGCGCTCGCGGCATCCTCATAGCAGACATCAATCTCCCGGCCG
CGGAGAAGATGGCCACCGACTTAAAGACAACCGCTGCCAATCCCGAGTTCCGAGTCTTGGC
CGTTCACCTAGATGTGACGGTGGAGGACTCAGTAAAGAGCACGGTAACTTATATGGCGGAG
TCCTTCGGACGAATCGACTATTGTATTCATTGCGCTGCTGTGAGTATATTGAGATGACTGCA
ACCTCGACCATTTCCCATGAACCCAAGCTCTCAACTCGTTCCAACGGTCCTGGCAATATCTCA
CGCTGACTTGTTTTGACGTGTCGATAGATCCCGGCTGGATCCCCTGGCGAAGTTTCAAGCGC
TAGCTTCGCAGATTTCAAACGTCTGCTCGAGGTGAACGTCCAGGGGACATTCCTCATTACGA
GCCATGTCTTGGCTAAGATGAGGTCGCAGGAAGAGAAGCAGTTGCATCCCGAATCGCCCAA
GCGTGGGTTAACTCGGGGAACGCTTGTCAACATGGCGTCGCTCATGTCGTATATCCCGTTGC
CTAATATGGTCCAATATGTGACTTCAAAGCACGCTGTTATAGGGATCAGCAAGACCGCAGGT
AACCGACCCCGATAGTGTATCAAGATGGTTGCACACTCACTAACGTGAGTTTAACAGCTCTC
GAGAATGTCACCTATGGTATCCGGGTCAACTGTGTTTGCCCGTCGTATACTGATACTCCAAT
GATGCAAAAGGCGCTTGATGTTACGCCCGGGTTGGAGGAGAGTATCGTGTCCGGGATACC
AATGGGACGCTTGGCGACTGCAGAAGAAGTCGCAGACACTGTCCTGTTTCTTTGCAGCCCA
ATGTCTAGCTATATCACAGGGTGTGGACTAATTGTTGATGGAGGGATGAGTCTAAGCACCA
AGACCTAG 

MDITGYALVTGGASGIGSACCKALAKAGARGILIADINLPAAEKMATDLKTTAANPE
FRVLAVHLDVTVEDSVKSTVTYMAESFGRIDYCIHCAAIPAGSPGEVSSASFADFKRL
LEVNVQGTFLITSHVLAKMRSQEEKQLHPESPKRGLTRGTLVNMASLMSYIPLPNM
VQYVTSKHAVIGISKTAALENVTYGIRVNCVCPSYTDTPMMQKALDVTPGLEESIVS
GIPMGRLATAEEVADTVLFLCSPMSSYITGCGLIVDGGMSLSTKT 

HmCAR3 ATGGGAACTCGAAATTTGATTTGCATTCGAATGAATCGACAGTGGCAAGTCTTCTTTTCTTCC
TAGTATGATTTGTACGTACTAATTACTCATTTTCAAGGGTTGTTGCCAAGTATTGCCAATACG
ATGGCTACGCGACGGGCCAAGGTGTCACTTTGTTCAAATTCCTGCACGTCGAAGAGAATATT
GCCCGACTACGGGCCGGCCTGGCTCATATTTACGAGCCAACGGAAGACGAAATGGAAAAG
ATCGGTGATGATCCACGGGAACTGGGACCGAACAAGGAATTCCCCTCCGTATCGCGGGCTG
TTGGCGCTCAAGTTCTTGAGTTAATCGCCAACGCAACCACCGACCGCAAGTTGCCAATCCAG
TCGGAGCTGGAATTCGCTGCCGGTAGGTTTCATACAATACTCTCGGGTATTTTGCTACCACTT
GCTAGGCACATAGGTGATTAAATTATGCTAACAATACGGCACCATAGACACCATATACTGTG
AATGGTATGCAAATCAGGATAGTCCATAACTCAATATTTCAATTCTTACCTACTGTAGGGCTT
ATATTGTCGACTTGGATGAGGAGCAGTTAAAGGTCTTTGGAGGTAGAGACCTCAACCGTGA
GGGTAACCCTTTTGAAGAAGTTTGTTGTAATGCGGTCGATGTCCCTAAGTTGGTGGCGAGCC
TCAAATTCACGGACCTTCGAAACTTAGATGAAGAAAGCTTCAAGGAACGTGCAGAAGACAT
GGAGAAATCGTGTAATTCTAGTGCTAGGGAGCACAATGTACGCGTCAGGGGGATGTTGGC
GGAGAATGGGATATTTTTTTGCAGCGGTATCCAAGGCGACGATGCTGATGAAGATGATAAC
GGTGGGGCCAATCTTCATGGGGACACAGAGGATATTAATGACCATGAAAACGTTGGGGTT
GACGTCAATGGACACAACGCAAATCAAGGCGGTGCTGATGTTGTCTCGTCCCAAGTAGATC
AACTTCACTTGGACTGA 

MGTRNLICIRMNRQWVVAKYCQYDGYATGQGVTLFKFLHVEENIARLRAGLAHIY
EPTEDEMEKIGDDPRELGPNKEFPSVSRAVGAQVLELIANATTDRKLPIQSELEFAAD
TIYCEWAYIVDLDEEQLKVFGGRDLNREGNPFEEVCCNAVDVPKLVASLKFTDLRNL
DEESFKERAEDMEKSCNSSAREHNVRVRGMLAENGIFFCSGIQGDDADEDDNGG
ANLHGDTEDINDHENVGVDVNGHNANQGGADVVSSQVDQLHLD 

HmCAR4 ATGGATATTGCTTCTTCATGTTGGAGGTATATACGGGTAAATATTGCTTATTGGTGCGGGCT
GCCACGTCTTGCTACTTTATATGAGGCAGCAGTCTATCGAGTACGCACCCGTAAGATGGTGG
TATGACACTCGCTGACATTGACGTCACAGGCTGGTGGTGAAGATAAACTCTGCGATAATTGT
AAGCCTCTGGTCCTCAGTTATGGCACAGTACTTGGCGTGGGAAAGGTTAGAAAACCTGGTG
GACCAAGCGACCCGACCGTTATGATTCTTCTCGTTGATGCGAAGGCAAAATCTGATACGTGT
TGGCACTGCGGGTGGCTGGTCTCTATCGCAAAGGAGACTTGGTATAACGAACGTGCGGACG
ATATCACGTCGCTAGATCCTACCACCAAGTTGTACGTCAATTGGCACAGAATATCTAAGTCC
GAGAAGGACCTCAGAGTTATCGAGGGCGCTCCGCAAACTAACAGACTGGTTGTCTCTTGTG
GCGTGGATTCGACGGCGGCCGAGAGCAAACAAATCGTGTTCTCTAAGTCCACCGAGATACC
TAGACATATCTCATCATTGATGGATCAGCACCAAGTACTTGACTGGTCCGTGGATACACCTT
ATTCAGGGCGAATAAGGCCAAGCGGAATAGATTATCGGCTTCTTGGCCGGTGGAAAGAATG
TTGTATCGCAAATCATGGCGGAACCTGCGACCAAACGTTTATGACAAATAGTACCCCGTCTC
TTCGGTTTGTAGATGTTTTCGAGCGATGTATAGTCGAACACTCGCCTGATACCGTCAGATGG
GTTGCTTTGAGTTATTGTTGGGGAGGCCCTCAGCTGCACGCACTTCAGACTGCGAGACTCCG
TGATTATCAGAAACTAGGTTCATTGACAGACGACATATTGCCGAAGGGCATATCTGATGCTA
TGAGTATCACTCGTGCCCTAGGGGAGCGTTTTATATGGATCGATAGTCTCTGCATCATCCAA
GATGACGAGGGGGATAAGTTGAAACTTATTGCCGCCATGGGCACGATCTATGCTCACGCTG
TAGTGACAATCGTCAATGCTGCAAACCCCCATGTCGATCTTGGAATGCCCGGAATACGTTCT
CCTCGACGGACTCAACAAGTCCACCATATGAAAGATTTCTGGCTTGTTGAATCACTGGACTT
GCCGCATGCGCAATGGCAGGGTTACCTCCACAATACGCAGTGGAATGTAAGAGGATGGAC
ATTTCAGGAAGGATTACTATCCCCCCGTTGTCTTATCATAGGCAAAGATCAAATTTATTGGCA
GTGCAAGAGCGCTTCCTGGTGCGAAGATAGTTATTGGGAAACCCTCAAAAGCGATAGCATC
TATCGTCACTACTCTGGATCAAATATTCTTGGTCGGCTTACTAACTCAAGAGAGGACGACTG
GATAGAGCTCTATAAAGACGTTCTCAACGCATATACAATACGAGAGCTCACGTCCGAAAGC
GACCGGCTCGGAGCTGTGCAGGCTATCCTTGAGGTGCTTCGACGAAGCGATGAGGCGGAC
TACTTCTGGGGAATGCCTCAAGGCCATATGGAAATGGCTCTTTCTTGGGCGTCTAGTCGTCG
GAATACTAGAAGGGAGTGTAATTCCAAACTTATGGGGCCAAACGGTGAGATCTTGTCGTCC
CCTTTCCCAAGTTGGTCTTGGCTTGGTTGGCATGGCAATGCCCCTATGCCTACGATGAACCG
AGCGCTTCTCGGAGGTAGACTTGGCCTGAAATTTTACCGCATAGAAAGAGATGGCACGCCT
CTTGTACTAAATGAGAACCCGTTCCGTGGACCTGAGCGTGACTTCACAAGTAAAGATTATAT
GAAATACGAGGATCTTCACGAACACTACGGATATCCTAGAGGCCTTGCTCACCCCTCGATCC
GGTACGATGAAATGGAAGTCAATACAGCCGACATTCCCCAGAGCGTGATTAGGAGCCAACG
CGCCCCCGCTATCCTGTGCTTTTGGACGAGTACTGCAATTCTCAATATGAAATACGAGGGTT
GGGGTCACTACCATAACTGCCCGAAGATTGCATTATCATGGGGTAACGTGTGTTTCTATGCT
GCGTGGGGGAGGGACGAAGACTTCCAACCAAATGGGCAAGGAAAGTTCATTGTTGTTGGG
ACCGAGAGATTGCGCATGTCGCGTGGAGGCTATATAACGATGAATCTCCTCCTAGTGGATC
AGGATGAAGAGGGCATATCGTTTCGGCACAAGCTAGTGACATCCGTGGAGGAGTCTGTATG
GGAAAAGCTAGGGAGTAGAAAATGGGAGTTGGTTTTCCTCGCTTAG 

MDIASSCWRYIRVNIAYWCGLPRLATLYEAAVYRAGGEDKLCDNCKPLVLSYGTVL
GVGKVRKPGGPSDPTVMILLVDAKAKSDTCWHCGWLVSIAKETWYNERADDITSL
DPTTKLYVNWHRISKSEKDLRVIEGAPQTNRLVVSCGVDSTAAESKQIVFSKSTEIPR
HISSLMDQHQVLDWSVDTPYSGRIRPSGIDYRLLGRWKECCIANHGGTCDQTFMT
NSTPSLRFVDVFERCIVEHSPDTVRWVALSYCWGGPQLHALQTARLRDYQKLGERF
IWIDSLCIIQDDEGDKLKLIAAMGTIYAHAVVTIVNAANPHVDLGMPGIRSPRRTQQ
VHHMKDFWLVESLDLPHAQWQGYLHNTQWNVRGWTFQEGLLSPRCLIIGKDQIY
WQCKSASWCEDSYWETLKSDSIYRHYSGSNILGRLTNSREDDWIELYKDVLNAYTIR
ELTSESDRLGAVQAILEVLRRSDEADYFWGMPQGHMEMALSWASSRRNTRRECN
SKLMGPNGEILSSPFPSWSWLGWHGNAPMPTMNRALLGGRLGLKFYRIERDGTP
LVLNENPFRGPERDFTSKDYMKYEDLHEHYGYPRGLAHPSIRYDEMEVNTADIPQS
VIRSQRAPAILCFWTSTAILNMKYEGWGHYHNCPKIALSWGNVCFYAAWGRDEDF
QPNGQGKFIVVGTERLRMSRGGYITMNLLLVDQDEEGISFRHKLVTSVEESVWEKL
GSRKWELVFLA 

HmCAR5 ATGGTTGCCAACAAAAGTGTTATATTCAAAAAGATTCCGACGGGCCTTCCGGTTCAGGGAG
AGCACCTCGTAATCGAGGACCGACCATTAGACCTTGACGCCGTACCTACCGGCGGCGTCGTT
GTGGAAGTGCTATCTATATCGTTTGACCCGTACCTGCGGGGCCGCATGCGTGACGCGACTAT
CGAGACGTACAGCAGGCCCTTCATCTTGGATCAACCCATTGACAATGTAGCCATTTCCCGCG
TGCTTAAATCCAACAGTGAGAAATTTCAGGTCGGGGATCTGATTTATGACTACGCGCCCTTC
GCTCAATATGCCGCCCTCACTCCGGAGGCGCTCCAGCGTGCGTACAAAATCAATAACCCCTA
CAACCTCAACACGGACTACTTCCTGGGGCCGCTCGGTCTTGCAGGCATCACCGCCTTCTCGT
CGCTGTACAAGATTGGCCAACCGAAGAAGGGCGAGATCATCTTTGTGAGCTCGGCTGCTGG
TGCTGTGGGCTCCGTCGTCGGGCAGCTCGCAAAGCGTGAGGGTCTGACAGTGATTGGATCT
GTTGGATCCGATGAGAAGTTGGACTTTATTATCAACGAACTAGGCTTCGATGCCGGATTCAA
TTACAAGAGGGAGCGGCCGTGGGACGCATTGGCTCGTTTAGCTCCCAACGGCTTCGATATC
TACTATGAGAATGTGGGGGGCGAGCATCTGGAGGCGGCGTTGGAGCATATCCGAGTGCGT
GGTCGGATCATCGTGTCGGGAATGATTGAGGGGTATAATAGCCCCCTTGAGGGACGCTATG
GCGTACGAAATCTTATGGACGTATTCGCTAAGAGGCTAACGATGGCTGGATTCATCGTCAG
CGACGAAGATTTTGGCCCCGCGTATCACCAGAGGCACCAGGAGACAGTCCAAAAGTGGATA
GCAGATGGTAGCTTCAAGGTCAAATTGCATGTCACACACGGCCTAGATAATGCTGTTCAGG
GCTTGCTTGGGTTATACACGGGGAAGAACTTTGGCAAAGCCTTGTTGAAGGTCAAGGATTA
A 

MVANKSVIFKKIPTGLPVQGEHLVIEDRPLDLDAVPTGGVVVEVLSISFDPYLRGRM
RDATIETYSRPFILDQPIDNVAISRVLKSNSEKFQVGDLIYDYAPFAQYAALTPEALQR
AYKINNPYNLNTDYFLGPLGLAGITAFSSLYKIGQPKKGEIIFVSSAAGAVGSVVGQLA
KREGLTVIGSVGSDEKLDFIINELGFDAGFNYKRERPWDALARLAPNGFDIYYENVG
GEHLEAALEHIRVRGRIIVSGMIEGYNSPLEGRYGVRNLMDVFAKRLTMAGFIVSDE
DFGPAYHQRHQETVQKWIADGSFKVKLHVTHGLDNAVQGLLGLYTGKNFGKALLK
VKD 

Table 7.2 The predicted genes and corresponding nucleotides as well as protein sequences (re-annotate based on 
RNA transcriptome data) of ‘Cluster A’ from H. monticulosa MUCL 54604. 
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Gene 
(H. monticulosa) Predicted nucleotide sequence Predicted protein sequence 

HmCBL1 ATGGCGACCCTCGAGGCAGCACCGGTTGCTGACCCAGATGCCTTCGCCGAAGGCCTCCGCCGAC
ACAATTCGTTGACCGAGAAGGCTAAGTTCATCACCGCTCATGTAGGTACCCAACATCACAACTAT
TCCCATACTTTAACTACATATGTACTCTATCTTTACTTATCCAGCTACCTACCTACCTACCTACCTA
CCTACCTACCTACCTACCTACCTACCTACCTACCTACCTACCTACCTACCTAAGCATACACTAACAC
GATGCTCTGCAGATGCAATGGGACGGCGTGCCAGGGTTCATGCAAACAGAATCGCGCAGCGGG
GAAGGATGCTCTGTCTCCTCGCCTCTCTTCGACGACTGCACGGTAGTGCTTCTCTACGGACGCAT
GCAGCTCGACGAGAAGGAGCCCATCTACGGGGGCACGAACAGCGTCGCGCGCGTGCGAGGCG
GGAAGACCCTGACTATCCTCGCCAACAGCGCCGCCGTCTGGTACCCCAGCGCCTGCTGCTGGGA
CGTCGATGATTGTCACCTGGCCCTCGGCGGACAGTGTAGACGCTTGGGCATTGGGGTTGTGAG
GGAGCCGAATAAGAGGGAGAGGAAGGTGGCGAAGAGGGAGAAGAGGAAGGGTTGGTGGAA
TAAGTTTTTTGGTCGGTCTTGA 

MATLEAAPVADPDAFAEGLRRHNSLTEKAKFITAHMQWDGVPGFMQTESRSGEG
CSVSSPLFDDCTVVLLYGRMQLDEKEPIYGGTNSVARVRGGKTLTILANSAAVWYPS
ACCWDVDDCHLALGGQCRRLGIGVVREPNKRERKVAKREKRKGWWNKFFGRS 

HmPKS3 ATGGCGCGCATCTCAAGGCCTACGCCACGGCCCAAGAACGGAGTTCCGTTTCCTTCTAAAGACT
ATACACATACTAATAATAATGGGGTTTCCTATTCCCGATCCCGGCCCGTAGCTATCGTCGGCATG
GCCTGTAGGTTTGCCGGTGATGCTACGAGCCCGTCAAATCTATGGGACCTTTGTGCAAACGGCC
AAGTTGGCCGGTCCCCGATACCCGAGGCAGTAGACTCACAAGTAGATGGGCAAGAGGAGAGC
ACAGAGAGAGTGAGTCTAACTCTCCACCAAGCCTTGGCCATATCCTCATCGCTAATGTCTCGTCT
TAGAATCACACACATAGCGGCCATTTCCTAAAGGACAACACAAGTTCATTTGATGTTGCCTTCTC
AAATCTTCCTGTTGACAAAACTGGCGTTAGTTTATCCGTTTCCCTAAATTGTCACTTACATCTACT
AACTCCACACAGGTCACCGATCCTCAAGCGAGACTATTACTCGAAAGTGTATATCAAGCTACCG
AGGATGGTATGTCTGTACCTTATCTCATGTGTGTCTAATAGTAACTAACCATTGACAGCCGGAAT
ACCAATCGAGAACCTGGCGGATTCGAATACCGCTGTTTTCCTGGGAGGCTATGACCAGCAATAC
AATAGCACCGATGCGGTATTGCCGTCATACCCCACAGGAAAATCCAGGACATCAGGCGCGAGC
CTAGTCTCAAACTTCTTCAACTTACAAGGCGCCAGTATGTCCATTGACACTGGAAGCTCTTCAGA
CCTAGCTGCCCTACACCAGGGTTGCCAAACTCTCCGTTTAGGTGAAGCGGATGTTTCTATTGTCG
GGGCTTGTACATTATTAAATCAGGAGTTCGACGACAGCTCAGAAGGGAGTGACCGGGGTGAAG
GCGTTGCAGTGTTGGTCATCAAATCACTCGACGCTGCTTTAAAGGATAAGGATCGAATCCATGC
TATCATTCGTAACACTGGTCTCAACCAAAGCGGAAAAAACACGGGAACCTCACCGTCCGCGGAA
GCACAAATCAAGCTTATCGAGGACTGCTACAGGCGCGCCGGGCTTGACATGGCAGACACTGCTT
ATGTTGAAGCCAGTATGGCGGGGAGTGAAGTAGCAAACGCTGCCGAGATCGAAGCACTCGACA
GGACCTTCGGCAAGAGCCGGGGTTCGGAAGAGCCTATCTTCGTGGGTTCGGTTAAGCAAAATA
TCGGCAACACGGAGCGCGTGAGTGGCTTAGCAGCTATCATCAAGGCCGCTCTAGCGATGCAGA
ACGGGCTTGTTGCACCGAGCTTGAACCCCAATATCCCCACAAGCCAATGGCACGTTAAGGTAAG
TTCTTACACTGCGCTTAGCCTTTACGAACATCTGCTAATGAAGTCCAAGGTGCCGAACAAGTTAA
TTCCTTGGCCACGAGACAGGAAACTTCGAGCTTCTATTAACAAATTTGGCCGCGACGGATCTAAC
GCCCACGTCATCATTGATGGTGCGCCTAACGCCGTGGCTAGGCGCTTAAGTGGAAATTCCCTCC
GAGAAAAAGCGGCACAGTCCCCGGACAAGTCCCGTGTTTTCGTTCTTAGTGCCAGAGATTCCAC
AACGGCGGAAGTGATGGCGAAGAACCTTAGTGCTCACCTGCGCCGACTATTGGAAAGTGGCCA
AGCACCTGGATCTAGTAGCCTCGCTTATACGCTTGCGACGCGACGATCGCGCTTCCCATGGACC
GTCACGATGAGAGCAAGCAACGTGCCGGAGCTTGCTACCGGCCTAGGGGAGCCGGTAAAGGC
AGTTCACTCCACAAAAGAGCCTCGAATCGGCTTCGTGTTTAATGGCCAAGGTGCGCAATGGTAT
GCTATGGGCCGAGAGCTCATCGCCGAGTATCCTGTATTCAGACGTGCCATTGAGGATGCCGACA
AGGTTTTAAATGGGTACGGTGCAACATGGTCCCTATATGGTAAGAATAAACGCTCTACACATAA
CTTTGGAGAAATACTAACCGGCGACAGACGAACTACTAAGGGATGAGTCCTCAAGCCGTGTTTC
TCAAGTAATCCTGGCACAGTCTGTCACTGTGGCGCTCCAGATTTGCTTGGTTCGACTGCTAGAGT
CTTGGGGAATCGTCCCCCACGCTGTTTCAAGCCACTCGAGTGGCGAAGTTGCAGCTGCTTACGC
CGCTGGCTTGCTATCCTTCAAAGAGGCACTCGGAGTGGTCTACTTCCGTGATGGACTGCTAGCG
AAGCTTGAATCACAAAGCGCGTCCCGACCCGGAGGTATGCTTGCGGCCGGTCTAGGACCGGAC
CAAGTTGAACCATACCTCGCCAATACGGAGGGAGGTCGTGCCGTCATTGCTTGTGTTAACAGCC
CTGAGAGCGTGACGCTAGCAGGCGACCTGGCAGCCATCAACGAAGTTCTCGCTCGACTGGAGA
AGGATGGGATATTCGCGAGGAAGCTCAAAGTCCCTCTGGCCTATCACTCCCACCACATGTTGGA
TATGGCTCAAGAATATGCTGGCGCTTTAACTGCGATCCTTCCTCGCCGCCCTAGTTGGCCTGCGA
AAGCGCTATACGCGTCACCGGTGACAGGCGATATTATTGAGTCGCCGGATATCTTGACCCCTGA
ATACTGGGTCCAAAATCTCACCGACCCCGTTCTATTCAGTCAGGCACTCGAAGCTATGTGCTTCG
ATACAGAAGTTTCCGCCGCTCAGGCTTCCAATGTCGATATGTTGGTAGAGATCGGGCCCCACAG
CACTCTGGCTGGCCCGATACGGCAAATTCTCAAGACTCGCATGATGCCCTACACATCGTGCCTGA
AGAGGTCAGAAAATGCCGTCCACACTATGCAGGCGCTTGCGGGCGAGCTTCTCAACCGCGGTTA
CCCTGTGTCTCTAAAGGAGGTCAACTTCCCGCTCGGCGATAATGACGGACCGCAGACTTTCGTG
CCCAATCTGCCCACTTACCCGTGGAGCCACGCGTCCACGACTGAGTCCAAGGCCACCAAGACCA
TCCGTCAGAGGAGGTTCGCACGCCATGAGCTACTTGGCACCCACCTAGCCAGCAGCAGTGGTTT
GGTACACGAGTGGAGAAACTCGCTCCGCCTTTCCGATATTGCATGGTTATCTGACCATAAGGTA
GACTCGAATGTCGTTCTACCCGGCGCCGGATATGTCGCAATGGCCGTGGAAGCCGTCAGACTCC
TGGCTGACCCAGCGGAGAAGTCTACCCGCGGATACCAGCTTAGGGACGTAGAGATCCTCAACG
CCCTGGTAATTCCGGATTCGCCGAGTAGCGTTGAGACCCATCTGCGACTCACCCCCTGCAGCGA
AAAGGAGCTTGATTACGAAGGTTGGTATGACTTCAATATCTCTTCAATGAACGCCGATGGAGAC
TGGGTTAGCAATTGTAAGGGAATGGTCTCCGCAGCAGTAAGCGAAGCAGCAGCCATAGCTGCT
CCCAAAGCCGCGGACTTCAATGAGGAGGCTTTCTTTCCAAGGGGCACTAAAGCGCGCCGTATTT
CCGTATCCTCGCTACAGAGCGATCTTCGGAAAATGGGAATCGAGTATGGGCCCGCTTTCCAGAA
CTTGATTGGAAGCCAAGCAGCAGCCAACAAATCTGCATCGAGCATGTTCATTCGGAATCCCATG
CCAAAGATCAAGAACCAGCTGAAGTATGTGCTTCACCCCACGACGCTTGATTCCATCATCCAGGC
TACCTATAGCGGCTTACCCGATGACGCTAAGCGAGATACGACACTATCCCTTAAGTCGTTCCGGA
ATCTGTATATCTCACGCGATCTTGGAAGGATCAGTGGCGCCAAATTGAAAGCCTTCGCCAATCG
GACCAAGACAGAGAAGAAAGGGCTTACTTCCAGCGTGACGGTGCTTAACAACGACGCAAACGA
AGGGTTCCTCCAGATCGATGGGCTCTTCTGCCAGTCAATTCCCCACATTCCCGAGGAGATCTCTG
AAGAGAGCGAACAGACTCTCTGCTACAAGACCCACTGGGAGCCGGACGTACGCTACCGAGTAC
CGGCGTCGGTCAAGGAGTCGATGAGAGTTATCCTCGGACGCGACGATGCCGAATTCGAGAAGA
AGATGGTCCGAGCCTCATACTACTTGATCCATGACGCGGTCGCAGAACTCGAAGGCCAAAACCC
TGAGAGCTTTGCGTCGTATCAGAAGGAATTGCACAAGTGGATGAAAACTGTCGTCGCCCAAGCC
AAGCGAGGAACCTTGGCACCTCTCAGTAGCACTTGGGAAAACGCCACCAGCGGCATCAAGCAG
CTCGTATACGACCAGCTCAATACCTCTGGCGTCGCTGGCCGGACTGTTGTCCGCGTCGGTTCTCA
ACTCGCTGGTATTGTCCGAGGGGAGGTTTCTCCCCAGGAATTGTTAAAGAACGGCAATCTTCTC
AGTCAGTATTTCGCGGAGCTACCAAGACTGAGAGACCGCACCTATAAGCAACTTTCCAAGGTCG
CGGAATTCTATGCGGTGACAAGTCCCGGCGCTAATGTGCTCGAAATCGGAGCTGGCACCGGAG
GTGTGGTTTCCCAGGTCATTCTTCAGGCTTTCGGGGCCAGGGGCAATGGATCCGGAACTCTTCTT
GGCAGCTACACATACACCGACCTTCAAGATGATGCCCTACATGGAGCCGCTCAACGACTTGCGC
CATGGGGAGATATGGTACAGTTCCAGAAGCTGGACATTGGTCAAGACCTGGCTAAGCAGTCGT
TCAAGGGGGGCGAATACGACTTAATCGTGGTACCTTTGGCGCTTTATTCCACTACTAGCGTCAA
GAATGCACTACATACCATCAGGAGCCTACTCAAGCTTGATGGAAAGCTTATCCTTATTGAGCCCA
CAAGCAATAAGCTGGACATGCAGCTCCTGTTCGGAACCTCACCCGAGTGGTGGGTCAATGACGA
GCCGGATAAGCTGAGCCCGATTCTATCCCTTCAAGGCTGGGATGATACCCTTAGGGAAACTGGC
TTCACTGGTGTCGATTTTGATATTGGCGACTGCGAGCAGCCAGAGTTCCAGGGTACCAGCATCA
TTCTTACCGGCCTACAGTTACAGTCACTGTACCTGGAGCCTGTTTCGATCGTGCACACCGCTGTT
CCTGACAAGCAATGGCTGAAGCATCTCTCTTCTGCCATTAGAGGGCAAACAGGCTTCGCTCCCGT
TGTGGAGAGCATAGAGAACGCCCAGCCCGAAGACAGGATCTGCATATTTACTGCCGAGATGCT
CGGACCGTATCTTGACAGCATGGGCGAAAAGGGATTCGAAACTCTACGGCGCCTATTCCGTAGC
AGCCGAGGTGTCCTATGGTTGAGCAGTGGCGGCGTTATTGACGCAGCGGCCCCCTCATTCTCCA
AGATCCAGGGACTGCTTCGAACGCTAAGAGTTGAGAACCCCAACAAGAGATACGCTCACCTCGA
CTTCGAGTATGGCAAGAACCCGTGGTCGAACGACAACATTATCCATATCATTCACGTGTTAAAGC
ATGTGTTTGACTTTGGCGCCAACCCGGCTGGCATCGATTGGGAATACTCCGTGAAGGGGTCGGT
GCTCTACGTCCCACGCATCTACGCGGACTTGGAGACAAGTGCCGTGGTCAGCAGCGACCGCGTT
GATCCGCCCCCAGAGCCTCAACCGTTCTTCCAATTGGAGCGTTCCTTAGTTTGGAAACCCTTGGC
TACAAACGATCCCCACAACTTCTGCTTCGTTGACAATGAGGAGTTGACGTCTGATATACCTGCCG
GTATGGTCGAGATCGAACCCAAAGCTTTTGGTCTCAACACGCGAGATATCCCCGTTGATGGTAT
CGAGGAGACCGCGTCGGCACATGATCTCTCCGGTATTGTTGTGCGACTGGGGCCAGATACTAAA
CAGAGCGGGCTGAAGGTCGGCGACCGGGTCTACGGACTTGCTAAGGGTCGCCTTGCAAATGTA
AGCCGTGCCCCGTGGACGAGCATCGCCAAGGTCCCGGCCGAAATGTCCTTCGAGACAGCCGCG
GCTCTCCCAACCGCCCATATTACTGCTTACTACTCGCTGCTTCATGTCGCAAGACTTCAAGCAGG
AGAATCCATCTTGATCCACAATGCGGCAAGCGATGTTGGCCAAGCAGCGACTACCCTTGCCCAA
TATATTGGAGCCAAGATCTTTGTTACGTGCGGTACGGAGGCCCAGAAGGGCCTACTAGTAGAG
AAGTACGGCATTGACCCCACAAGGGTCCTATCGAGCAAGAGTGCGAATTTCGCGCGAGATATCA
TGGCTCAGACCGGAGGTGTGGGTGTCGACGTGGCACTCAACTCGCTGTCGGGGTCCTTGCTTAA
GGCAACATGGGAATGTATCGCATCGTTCGGCCGCCTTGTGGATATCGGTAGGACCAATTCGAAC
AACTCGAAGCGCCTGGACATGACACCTTTCGGGCGCTCTGCCACATACACCAGTGTGGATATCC
TACAGCTATGTGAGTTTAGGCGAAGTCTTGTACAGGAAGCTTTGCAAGAGACTTTACGTATCTG

MARISRPTPRPKNGVPFPSKDYTHTNNNGVSYSRSRPVAIVGMACRFAGDATSPS
NLWDLCANGQVGRSPIPEAVDSQVDGQEESTERNHTHSGHFLKDNTSSFDVAFSN
LPVDKTGVTDPQARLLLESVYQATEDAGIPIENLADSNTAVFLGGYDQQYNSTDAVL
PSYPTGKSRTSGASLVSNFFNLQGASMSIDTGSSSDLAALHQGCQTLRLGEADVSIV
GACTLLNQEFDDSSEGSDRGEGVAVLVIKSLDAALKDKDRIHAIIRNTGLNQSGKNT
GTSPSAEAQIKLIEDCYRRAGLDMADTAYVEASMAGSEVANAAEIEALDRTFGKSR
GSEEPIFVGSVKQNIGNTERVSGLAAIIKAALAMQNGLVAPSLNPNIPTSQWHVKV
PNKLIPWPRDRKLRASINKFGRDGSNAHVIIDGAPNAVARRLSGNSLREKAAQSPD
KSRVFVLSARDSTTAEVMAKNLSAHLRRLLESGQAPGSSSLAYTLATRRSRFPWTVT
MRASNVPELATGLGEPVKAVHSTKEPRIGFVFNGQGAQWYAMGRELIAEYPVFRR
AIEDADKVLNGYGATWSLYDELLRDESSSRVSQVILAQSVTVALQICLVRLLESWGIV
PHAVSSHSSGEVAAAYAAGLLSFKEALGVVYFRDGLLAKLESQSASRPGGMLAAGL
GPDQVEPYLANTEGGRAVIACVNSPESVTLAGDLAAINEVLARLEKDGIFARKLKVPL
AYHSHHMLDMAQEYAGALTAILPRRPSWPAKALYASPVTGDIIESPDILTPEYWVQ
NLTDPVLFSQALEAMCFDTEVSAAQASNVDMLVEIGPHSTLAGPIRQILKTRMMPY
TSCLKRSENAVHTMQALAGELLNRGYPVSLKEVNFPLGDNDGPQTFVPNLPTYPW
SHASTTESKATKTIRQRRFARHELLGTHLASSSGLVHEWRNSLRLSDIAWLSDHKVD
SNVVLPGAGYVAMAVEAVRLLADPAEKSTRGYQLRDVEILNALVIPDSPSSVETHLR
LTPCSEKELDYEGWYDFNISSMNADGDWVSNCKGMVSAAVSEAAAIAAPKAADF
NEEAFFPRGTKARRISVSSLQSDLRKMGIEYGPAFQNLIGSQAAANKSASSMFIRNP
MPKIKNQLKYVLHPTTLDSIIQATYSGLPDDAKRDTTLSLKSFRNLYISRDLGRISGAKL
KAFANRTKTEKKGLTSSVTVLNNDANEGFLQIDGLFCQSIPHIPEEISEESEQTLCYKT
HWEPDVRYRVPASVKESMRVILGRDDAEFEKKMVRASYYLIHDAVAELEGQNPESF
ASYQKELHKWMKTVVAQAKRGTLAPLSSTWENATSGIKQLVYDQLNTSGVAGRTV
VRVGSQLAGIVRGEVSPQELLKNGNLLSQYFAELPRLRDRTYKQLSKVAEFYAVTSP
GANVLEIGAGTGGVVSQVILQAFGARGNGSGTLLGSYTYTDLQDDALHGAAQRLA
PWGDMVQFQKLDIGQDLAKQSFKGGEYDLIVVPLALYSTTSVKNALHTIRSLLKLDG
KLILIEPTSNKLDMQLLFGTSPEWWVNDEPDKLSPILSLQGWDDTLRETGFTGVDFD
IGDCEQPEFQGTSIILTGLQLQSLYLEPVSIVHTAVPDKQWLKHLSSAIRGQTGFAPV
VESIENAQPEDRICIFTAEMLGPYLDSMGEKGFETLRRLFRSSRGVLWLSSGGVIDAA
APSFSKIQGLLRTLRVENPNKRYAHLDFEYGKNPWSNDNIIHIIHVLKHVFDFGANP
AGIDWEYSVKGSVLYVPRIYADLETSAVVSSDRVDPPPEPQPFFQLERSLVWKPLAT
NDPHNFCFVDNEELTSDIPAGMVEIEPKAFGLNTRDIPVDGIEETASAHDLSGIVVRL
GPDTKQSGLKVGDRVYGLAKGRLANVSRAPWTSIAKVPAEMSFETAAALPTAHITA
YYSLLHVARLQAGESILIHNAASDVGQAATTLAQYIGAKIFVTCGTEAQKGLLVEKYG
IDPTRVLSSKSANFARDIMAQTGGVGVDVALNSLSGSLLKATWECIASFGRLVDIGR
TNSNNSKRLDMTPFGRSATYTSVDILQLCEFRRSLVQEALQETLRICFTANSGRTIHPI
RSYPISELEAAIGHVKEETHFGKSIIVPTEDDQVNVIPRSSLLSLNSQYETFMVAGSSG
EVNHAITSWLIEKKARNIVVVSHDAESNLSAAYLQQEAAGSGCNIHIRNCDIADEKSL
VKLLKELAGSLPPIRGVINTDLVLNATASEHVSSAGTWNLHKHLPDLSFFIMLSSIAG
VTGHPSQATYAADQAFRDALARHRIARGLPAVSLDLPAITSAIETAQANEMTTSLD
MDKVLRLVEAAVTHSLKHGPDDAQVIVGLQPWDQLSDATIARADPRFGTLQLAVP
RATSSSTATTPEGSVMGVTPTDLLQQALKLSSEDSIKLATEAVAARLAELLNVDAEGI
HRDASIMSHGVDSLSAVEIRNWLGTVAKAKVSIAEILRDTPLPEFSALVLSRSAEGKE
AAA 
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CTTCACGGCCAATAGCGGACGTACCATTCACCCTATTAGGTCGTACCCTATTTCCGAACTCGAGG
CTGCTATCGGCCATGTCAAGGAGGAAACACACTTTGGCAAGTCGATAATTGTTCCAACTGAGGA
TGATCAAGTCAATGTAAGCCACTCACCCTATTCCCCTTCTCGTTATTGCAGATCTAACACGAAATC
TAGGTCATCCCCCGATCATCTCTACTTTCTTTGAATAGTCAATATGAGACATTTATGGTCGCTGGA
AGCTCCGGCGAAGTCAACCACGCTATCACCTCGTGGTTAATTGAAAAGAAGGCTAGGAACATTG
TCGTGGTCTCTCACGATGCTGAATCTAACCTATCCGCCGCATACCTGCAGCAAGAAGCTGCAGG
AAGTGGCTGCAATATCCACATTCGAAACTGCGATATTGCAGACGAGAAGAGCCTTGTCAAGCTT
CTAAAGGAGTTGGCTGGCTCGTTGCCCCCTATTCGCGGGGTTATCAACACGGATCTGGTTCTAA
ATGTGAGTTTTGAAGACCTGGCGTTGAATATGCACTGTTTGCTGATAGAAATGTTGCAGGCCAC
CGCATCCGAACACGTATCCTCCGCAGGGACTTGGAACTTACACAAGCACCTGCCTGATCTCTCGT
TCTTTATCATGCTTTCCTCTATTGCTGGTGTAACGGGTCACCCCTCACAAGCCACTTACGCGGCG
GATCAGGCATTCCGGGACGCGCTGGCGCGCCACCGGATTGCTCGCGGTCTCCCCGCAGTTAGCT
TGGATCTCCCTGCTATTACATCTGCTATCGAAACTGCTCAAGCTAATGAGATGACGACTTCGCTC
GATATGGATAAGGTACTGAGACTTGTGGAGGCGGCCGTGACACACAGCTTGAAGCACGGTCCC
GATGATGCACAAGTCATCGTTGGCCTACAGCCATGGGACCAGCTATCGGACGCCACTATCGCTA
GGGCAGACCCACGGTTCGGCACGCTGCAGTTAGCGGTCCCGCGTGCGACGTCCTCATCTACAGC
TACTACCCCTGAAGGCAGTGTTATGGGTGTTACCCCAACAGACCTGCTACAACAGGCACTGAAG
TTGTCTTCTGAAGATTCAATCAAGCTGGCTACCGAAGCGGTAGCAGCACGGCTTGCAGAGCTTC
TGAATGTCGATGCAGAGGGCATTCATCGAGACGCGTCGATAATGTCTCACGGCGTGGACTCGCT
CTCTGCCGTTGAGATCCGCAATTGGCTTGGAACCGTGGCAAAAGCCAAGGTGTCCATAGCCGAA
ATTCTACGAGATACCCCCTTACCGGAATTTTCAGCGCTTGTCCTTAGCAGAAGCGCGGAGGGCA
AAGAGGCTGCTGCATAG 

HmCBR1 ATGGGATCAATGACGGAGACAACATGCATTCCCCTCACCCCGCTTGATCACTATCCGCCGGGAC
ATTACGCATTTTTCGGTTTCTTTTTACCTCTAAATGACGGCGTAACATTTCAAGATGCCTACAAGG
TCCTTCAAAAAGGGCTACTCTTGGCCTTCTCTCAATTGCCCTGGCTAGGTGGGAAGGTATTTTAT
CAGTCCCCCGACACTCCGGGCTGGAGACCGGGGCAGTTGGAAATGCGGTATGAACCGGTGGAC
CTTACCGTTCCCGGTCCATACCAGCTTAAGTACCGGGAACTTGAAACAGATGTGGGCTATGAAG
GACTCAAGGAGCGCGGCTTTCCGCTCGATACATGGGCCGATTCGTCGGTGATGTGGTCTTCTGG
GGTTACGGACGATGCGAAAGGGGCGGAGGTATTCGTTGCTCAGGCAAATTTCATTCCGGGAGG
ATGTTTCCTAACAGCTGGTTTACATCACTGTGTAGGCGACGGAACTAGTACTTTCGACGTATTGA
AAATCTGGGCGGACAACTGTCACGCTGTCCAATCTGAGAGTTGGGAACCCCAGCCAATTCCTCC
TGAGAGCTCGGACCGGAACATCATGGAGCGGATATGGGAAAAGGAGAACACCGGTCACTCTTT
CTCCGAAATGGCACCCGATGCGTTCCGGTTGCTCAATCTTCAGCCTCCGGGGGAAGAGTCGAAG
GTGGAGATGAAATCCGGCAAGATCAATGTACAAGATGAAGCTATGCAAGCTGGCATCTTCTACA
TATCGGCAGCAAATTTCAATAAGCTCAGACAGGACTGCACGCGAGATGCAGGCGATTCGATCTC
GATTTCCGGAGTGGATGCTCTATGTGCCCTTGTTTGGAGAACTCTGATAAAGGCGCGAAGAGCG
GCAGCAGTCCAACGGGGCCAAGAGACTGACAATTTTACCTCCACAATGTTCCTAACGTCTGACG
GAAGGCCAAACTTCTCGAATTCCATGCCCTCGCCATATTTTGGAAACGTGGTTCTGATGCAACAC
AATCAACTACCCCTTCCGAAACTCACAGGCTCCGAAGCCAGCGTCGGATCTGTCTCGCGGACTAT
CCGCACAGTAGCTAACCGAGTAACCGCCGAGACCGTGCTAGACGCATATGCCATAGCGCGAAG
CATGGATGATTACTCCAAGCTCACACTTCGGCTCTCGACTCTCCACGCTTTCGATATGCTTATGTC
GGTCATGGTCATGGTCCAAGAAGACCTGGTGTGCTTCAGGGGTGGTATATTCGCCAATGGAGG
CATGCCTGATACTATCCGGCCATTGATGGATGACTTGAATCGGTTTTCGCGAATTTGCTATTTGA
TGCCCAGAAAGAAAAGCGGTGGCGTGGAACTCGTGGTAAACCTATTTGCCGACGAGATGGAAT
TTCTGTTTAAGGACCCTGAATTTGGAGGATATGCCTCCTATGTATCTTCCTAA 

MGSMTETTCIPLTPLDHYPPGHYAFFGFFLPLNDGVTFQDAYKVLQKGLLLAFSQLP
WLGGKVFYQSPDTPGWRPGQLEMRYEPVDLTVPGPYQLKYRELETDVGYEGLKER
GFPLDTWADSSVMWSSGVTDDAKGAEVFVAQANFIPGGCFLTAGLHHCVGDGTS
TFDVLKIWADNCHAVQSESWEPQPIPPESSDRNIMERIWEKENTGHSFSEMAPDA
FRLLNLQPPGEESKVEMKSGKINVQDEAMQAGIFYISAANFNKLRQDCTRDAGDSI
SISGVDALCALVWRTLIKARRAAAVQRGQETDNFTSTMFLTSDGRPNFSNSMPSPY
FGNVVLMQHNQLPLPKLTGSEASVGSVSRTIRTVANRVTAETVLDAYAIARSMDDY
SKLTLRLSTLHAFDMLMSVMVMVQEDLVCFRGGIFANGGMPDTIRPLMDDLNRF
SRICYLMPRKKSGGVELVVNLFADEMEFLFKDPEFGGYASYVSS 

HmCBR2 ATGACAGTTCAGGACCCCATTCTAGTCGTGCCCATCATCCCCAGCAACTTGTCGTCGTTCCAGCC
AGTCTGGTACCTCGTGGTTGCTGGCAGCGTATTCCTCGCCTATCAACTTATCTTAGCGCTATGGA
ACATCTCTCCATTCCATCCCCTAAGTCACATACCCGGACCTAAGTTAGCTGCTGCGACGTATATTC
CTGAGTTCTACTATGACGCCGTATTGTTTGGTCGTTACACCAGACGGATTCAAGAGTTACATGAA
ATTTACGGTAAATACGCCTCTCTGGTAGCCGTTTAAGGCCGCCAAGCCTGACCACGTAAAGAGC
ACCGAATAGCGCTAACACGCGTTTCTTCACCCAGGACCAATTGTCCGTATTAGCCCGAATGAAGT
ACACTGCAATGACACGCGTTTTATCGATGAAATCTACGCTTTTGGTAACAGAAAGCGTGATAAG
CCTGCCCACCAGGTTAGAGGCAGCGGCTCGTAAGAACCCCCAATATTTTAGTTCATTAATGCGAC
GGTTTGCAAGTATTGCTGTAAACCCGCCAAAGAGTTAATCGGAGCTAATTTCTGTCAATTAAACA
GGGTAGCCCACGCGATCTTCTCAACAACCGACCACGATATCCACCGAATGCGACGTGGTGCCCT
CGCAAAATTCTTCGCTCGTAGTCAAGTCTCGAAGCTAGAACCCAAGATTCAAACGCTTGTACACC
GTCTCTGCGACAAGATCTTGCGAGCCGGGGAGAAGGCCCCGTTCGATATCACGTCCGCATATAG
TTGCTTTAGCACCGATGTCATTACCGACTACTGCTTCGGTGACAGCTTCGGCTTCCTCACGCAGG
AGTCCTGGGAGCCCAACTTCCGCGGACCTCTATATGCGCTGCTGAAGCCTATCTTCCTTTTCCGC
TTTTTCCCATTCCTGAGATATGTCGGTCTTGCGGCTAGTGTGTAAGTATTCTCTCCGCAGTGATAT
TATGTCAAATTGGAGCAAACTAGCTAACGGCGCATAAGTTTCACCAAGCACATGTCGGATGATA
TGGCGCTGCTGATCAAAACTCTCACCGTAAGTTATTGTGGCAATTCAACATGCCAATGAGGAAA
CGAAAACTAACTGCGAACACCATAGGTTGATATGCCGAATCAAATCGTGAAAACGAAAAACGAC
CTCGATGCGGGCATCACAGGCAAGCAACAGACAGTTTTCGGTTCCCTTCTCGAGTCCGACTTGC
CTATCGAGGAGAAATCGGTCGAGCGATTGACAGACGAAGCGACCGCGCTGCTCTCCGCCGCCA
CGGAAACCATCAGCTGGACGATGACCGTCATATCCTACCATCTCCTCACGAAGCCCGAACTACTC
AAGAAATTGACGGATGAAGTCAACCAGGCTGTTGACAGTTCGGGACAGCTACCGCAGTGGTCG
ACACTCGAGAAGCTGCCATACATGGGTGCTGTTATTTTCGAAGGTCTGCGATTAGCGTACGGCG
TTGGTAGCCGAACCGCCCGTATCGCGCCTGAGGAGGATTTGGTTTATCATGGCGAATGGACCCC
CAAGGGCAGCAAGAAGCCAGTCACCGTCGACTATGTGATCCCGCGGGGCTTCCCCATCGGCAT
GTCCTCCTACGTCACCCACCACGACGAGAGGATTTACCCGGATTCTCACTCCTTCATCCCCGAGC
GGTGGTTGGATGAGAAGATGCAGCGAAGGAAGGATTTGGAACGTAGTATGATCTCGTTTTCCA
AGGGAAGCCGATCTTGCCTTGGCATGAAGTAAGTTAATCATCATTCTTCGCAATTGTATATACTG
GATAGCTGACGCGTTCTCAGCTTGGCATTCTGTGAGCTGTATCTCTCACTCGCAGCCATGACAGT
CCGAGTATATCCTCGCATGAAGCTCTATGAGACCACAGAGGAGGACGTGGCATACGACCACGA
CATGTTCAACCCCATTCCCAAAGCCAGTAGCAAGGGGGTGCGGGCGATTATCGTATAA 

MTVQDPILVVPIIPSNLSSFQPVWYLVVAGSVFLAYQLILALWNISPFHPLSHIPGPKL
AAATYIPEFYYDAVLFGRYTRRIQELHEIYGPIVRISPNEVHCNDTRFIDEIYAFGNRKR
DKPAHQVRGSGSVAHAIFSTTDHDIHRMRRGALAKFFARSQVSKLEPKIQTLVHRLC
DKILRAGEKAPFDITSAYSCFSTDVITDYCFGDSFGFLTQESWEPNFRGPLYALLKPIFL
FRFFPFLRYVGLAASVFTKHMSDDMALLIKTLTVDMPNQIVKTKNDLDAGITGKQQ
TVFGSLLESDLPIEEKSVERLTDEATALLSAATETISWTMTVISYHLLTKPELLKKLTDE
VNQAVDSSGQLPQWSTLEKLPYMGAVIFEGLRLAYGVGSRTARIAPEEDLVYHGE
WTPKGSKKPVTVDYVIPRGFPIGMSSYVTHHDERIYPDSHSFIPERWLDEKMQRRK
DLERSMISFSKGSRSCLGMNLAFCELYLSLAAMTVRVYPRMKLYETTEEDVAYDHD
MFNPIPKASSKGVRAIIV 

HmCBR3 ATGTCCAGCCAAAACACCACGACGGTTCAGGGCCCGTCTATACTTGCCCTGGCTCAGAATATTCT
CGAGCTCACGCAAGATATGACCAAATATCTCCAGGTGAATGGAATCGCAGCACCTACATTTGCG
CTCGATGCCGGCGACCCACCCAACACCCCGGAGTACCGGAAGATTCACGCCAGCCTAAAAACAA
ATCTAGAGGATCTATCGCGACTCATCGATGGTCCCCGAAAATGGCTGCGAGAATTCTGCTGCTC
AGGTTACGATCTGGGTGCGCTTCAGATCGCGCTCGATTTTGAATTCTTCACCCTCATTCCAGCCG
ATGGCGGTCTTACTCTCAAAGAACTGGCCGAAAAGGCCGGATTGGATCTCGACCGTACTAGTCG
CGTCGTTCGTCAATTAATGACGTACAAATTCTTCCACGAACACACCCCTGGATTCATTACTCACAG
CTCTACATCGCTCGTTATGCGAGAAGATGAGAACCTGCGATCCGTTGTACACTACTCGTAAGCTT
CGATCGCTCTGCGCTATTCTCCTTTGGGATTCTAATCTTGGCGGCAGACTGGATGAGATGTTGAA
GGCGGCCGCAGACTCAAACATCAGTCTCAAGGCAAACCCGTTCGAAGCTGACCAGAACCACAA
CCCGTTTGTGACACGTCATGGCGTGGGCATCTTCGAATTCTACGCCAAAGATCCGGCCAAGGCC
CGCCGTTTTGCGAAGGCAATGGCTGGCTTACGGCAAAGTGAGTATTTCCACCAATTGCAAATTC
CGGATCCACGTACACTTCAATAGCAATACTAACATAGAAAATCAGTGGACTACCACTTGGACTAC
CTGCTCAAAGATGGCTTCGATTGGGCGGGTCTCAAGGGTACGGTAGTGGACTGTGGCGGTGGA
AACGGCCACATCTCCAGGTCTTTGGCCAAGGTAAGCCTCCCTAGCGAAGATCTAATCTTTCAGCT
GTAGCTAATCGGAAAAATAGCAATTCCCCGACCTGAACTTTGTTGTTCAAGACTCCAATGCCGAC
ATGCTTGCGGAAGGCAAGGAGCAGCTTACGGATGACATCCGAGACCGTGTAAGCTACCTCCAG
CACAGCTTCTTCGACCCGCAGCCATGCAAGGACGTGTCAGCATTCCTCATCCGGCAGTGCACGC
ACAACTGGGCGGACAAGGACGTCGTGCGCATCTTCAAGGGATTCGTGCCAGGCCTCGAGGGTT
CTAGCCCGGAAACCCCGCTTCTCATCAACGACATTATCATCCCCGAACCCGGGGTTTGGCCCGCC
CACCAAGAGCGGGTGGTCAGACAGGTCGACATGGTCATGTTGGTGAACTGCGGCGCTAAGCAG
CGCACCAAGGCCGAGTTCGACGCGCTGCTCAAAGAGGCGGACCCCAGATACGAGATCCGCAAG
GTGCATGATAACGGACCCCTTGGGCTCCTGGAGGTTTACCTGAAGCGAGCCTAA 

MSSQNTTTVQGPSILALAQNILELTQDMTKYLQVNGIAAPTFALDAGDPPNTPEYR
KIHASLKTNLEDLSRLIDGPRKWLREFCCSGYDLGALQIALDFEFFTLIPADGGLTLKEL
AEKAGLDLDRTSRVVRQLMTYKFFHEHTPGFITHSSTSLVMREDENLRSVVHYSLDE
MLKAAADSNISLKANPFEADQNHNPFVTRHGVGIFEFYAKDPAKARRFAKAMAGL
RQMDYHLDYLLKDGFDWAGLKGTVVDCGGGNGHISRSLAKQFPDLNFVVQDSNA
DMLAEGKEQLTDDIRDRVSYLQHSFFDPQPCKDVSAFLIRQCTHNWADKDVVRIFK
GFVPGLEGSSPETPLLINDIIIPEPGVWPAHQERVVRQVDMVMLVNCGAKQRTKAE
FDALLKEADPRYEIRKVHDNGPLGLLEVYLKRA 

HmPKS2 ATGGCGCCTCGAGACGAACATGAACCCGTTGCCATTGTGGGCATGGGTAAGATCCCCAACTTCT
CTAAGTTCAACCTTAGAAGTTCAAGATGCTAATAATGTTGTTATAGGATGCCGATGGCCTGGCG
GCGTCCGTAATGCCCCTGAGCTATGGGAGTTCTTACGGGATAGGACTGATGGCTGGCGGGAGT
TTGATGACCCGCGCTTCTCGGCGAAGGGTTTCCATCATCCCAACTCTAACCGCCCGGGAACCATG
GCGATGCGCGGCGCATTTCTCGCAGATGGAGATGCGAGGCTTTTCGATCATGCCTTCTTTGGCA
TGACGGGCCTTGAGGTGGAAACATTAGATCCGTCACAACGGAAGTTACTTGAGGTGACGTACG
AGGCCTTGGAGAATGCTGGAGAGACATGGGACAGTGTCTCGGGGTCTCGTACCGGTGTGTTCG
TTGGAAACTTTTGTCTGGATCACTGGATGATACAATCCCGAGACTGGGATAACCCAAGGCCGTA
TGCCTTCACAGGTGCTGGTACCAGTATTCTGGCCAACCGAATAAGCTACATATTCAACCTTCAAG
GGCCGAGGTATGTACCCCTATCTGTCTTTTGTGGTTGGTCTACCATACTAACTGACTTTCTAGTCT
CACGGTCGACACAGCTTGCTCGTCATCTATGTATGCCCTGCATTTAGCTATGAACTCCATCCGCG
CTGGAGACTGTGACTCAGCGATCGTGGCATCTTCCAACTGGATCGCGGATCCTGGTGTCACGAT
TGCGCTTGACAAGCTCGGAGCGTTATCTGCATCAGCCAGATGTCACACCTTCGATGCCAGGGCA
GAGGGTTACGCTCGTGGCGAAGGATTTGCGGCGATCTACCTCAAGAGACCCTCACTGGCTATTG
CCACCGGATCACCTATCCGAGCGATGATCAGGGGTACAGCCATCAACGCTAACGGCCGGACCG
GAGGCATCACGCGGCCCAGCGCCGCCGGACAGGAAGCCGTCATCCGCGAGGCTTACCGAAACG

MAPRDEHEPVAIVGMGCRWPGGVRNAPELWEFLRDRTDGWREFDDPRFSAKGF
HHPNSNRPGTMAMRGAFLADGDARLFDHAFFGMTGLEVETLDPSQRKLLEVTYE
ALENAGETWDSVSGSRTGVFVGNFCLDHWMIQSRDWDNPRPYAFTGAGTSILAN
RISYIFNLQGPSLTVDTACSSSMYALHLAMNSIRAGDCDSAIVASSNWIADPGVTIAL
DKLGALSASARCHTFDARAEGYARGEGFAAIYLKRPSLAIATGSPIRAMIRGTAINAN
GRTGGITRPSAAGQEAVIREAYRNAGNLPFSDTNYFECHGTGTYVGDPIEVAAVGR
VFAPERSSEDPMLVGSVKSNVGHSEGASALASIMKVVLSLENGAIPPLFNLQTLNPN
IDFDGAKVKPVTELTPWPKGRLWRASINSFGYGGANGHCILDHVNNVLPDYIKPGI
YRSLTNGSTNGTNGTNGDSKTHRVIVESPKLKSIENATIRKLVLLPLSAHNEPSLKLNV
EALSQAINKFPLADVAYTLSARRSRLPQRHFCIVDKDNVVEGLTIEKKPVRAPLNSSN
LGFVFTGQGAQWHAMGAELFEYRVFQTAIDHLDHVLSSLPTPPSWTLRDILSGNC
DADLIQTAEVSQTACTAVQVGLVDLLASWSVRPSGVAGHSSGEMAAAYASGRITA
AEAIVAAYFRGQAVSKNEQTGAMLAVGLGPEQVSKYLEGLEDQVKLAAINSQGSVT
LSGEVPAIDKLSEAMNADSVFNRKLKTGGNAYHSHHMLPLGRNYIEILTNGLEHIQK
QGLLDKSQRYALVPWASSVTPDKTIGELENHAAYWRSNLESPVRFSEAITNLVNLEE
TTINAIVEIGPHPALKSPIDQIVKAAGKTVAYASTLKRQEDARVSLLTLAGTLFGVNSEI
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CTGGAAATCTTCCATTCTCAGACACTAATTATTTTGAATGCCACGGTACCGGCACGTATGTCGGA
GATCCGATTGAAGTAGCAGCCGTGGGGAGGGTCTTCGCGCCCGAGAGATCTTCCGAGGACCCC
ATGCTTGTGGGGTCCGTCAAGAGTAACGTAGGGCACTCTGAAGGTGCGAGTGCCCTCGCTTCCA
TCATGAAAGTCGTTTTATCTCTAGAAAACGGAGCTATTCCCCCTCTGTTCAACCTCCAAACGCTAA
ATCCTAACATCGACTTCGACGGCGCCAAGGTCAAGCCTGTGACCGAACTGACGCCATGGCCGAA
GGGTAGGCTATGGCGAGCAAGTATCAACTCATTCGGTTACGGTGGTGCCAATGGTCACTGCATT
CTTGACCACGTCAACAATGTGCTTCCCGACTACATCAAGCCTGGTATCTACCGAAGCTTAACAAA
CGGTTCAACGAACGGCACAAACGGCACGAATGGGGATTCAAAGACACACCGCGTTATTGTGGA
ATCTCCGAAACTAAAGAGCATAGAGAATGCGACCATACGCAAACTCGTCTTATTGCCTCTTTCCG
CTCACAACGAGCCGTCACTCAAGCTAAATGTTGAAGCCTTATCCCAAGCTATCAACAAATTCCCT
CTAGCAGATGTTGCCTATACTCTGTCAGCTAGGCGCTCTAGATTACCCCAACGACATTTCTGCAT
CGTCGACAAAGACAACGTTGTCGAAGGCCTTACGATTGAAAAGAAGCCCGTTAGGGCCCCGTTA
AATTCCAGCAACCTCGGTTTCGTCTTTACGGGACAGGGAGCCCAGTGGCATGCCATGGGTGCTG
AACTCTTCGAGTATCGCGTATTCCAGACCGCCATCGACCACCTAGATCACGTTCTCAGCTCACTTC
CCACTCCTCCCTCTTGGACACTACGCGACATCCTGTCCGGAAACTGCGATGCCGACCTCATCCAG
ACTGCTGAGGTTTCGCAAACAGCATGCACAGCAGTACAGGTTGGTCTCGTCGACCTGCTCGCTT
CATGGTCCGTTCGACCTTCTGGTGTGGCTGGGCACTCTTCGGGTGAGATGGCGGCGGCGTATGC
CTCAGGCCGTATTACTGCCGCCGAAGCTATTGTCGCTGCGTATTTCCGTGGTCAAGCAGTGTCAA
AGAATGAACAGACTGGAGCCATGTTGGCTGTCGGTCTAGGTCCAGAGCAGGTATCTAAGTACCT
AGAAGGCCTAGAAGACCAAGTCAAGCTAGCAGCCATCAACTCTCAGGGCAGTGTCACGCTCTCT
GGAGAAGTTCCGGCCATCGACAAGCTTTCGGAAGCCATGAACGCGGACAGCGTGTTCAACCGA
AAACTGAAGACCGGAGGCAACGCTTACCACTCCCACCACATGCTTCCGCTCGGTCGCAATTACAT
CGAAATTCTCACCAACGGGCTTGAGCACATCCAAAAGCAGGGACTGCTCGACAAGTCGCAGCG
ATACGCTCTTGTACCATGGGCTTCGTCTGTCACGCCCGATAAAACCATTGGGGAGCTCGAGAAC
CACGCTGCGTACTGGAGATCTAACCTCGAGTCTCCTGTGCGATTTTCTGAGGCGATTACGAACCT
GGTTAACCTGGAGGAGACCACGATTAATGCGATTGTCGAAATCGGACCCCACCCCGCTCTAAAG
AGCCCCATCGACCAAATTGTTAAGGCTGCGGGCAAGACCGTCGCGTATGCTTCGACATTAAAGC
GACAAGAGGATGCTCGAGTTTCGCTGTTGACGCTTGCCGGAACTTTATTCGGTGTTAACTCGGA
AATCGACCTGGTTGCCGTCAACGCCGTTGACGGTGCCCATGGCAGCCTGGAACATGGTTGCACT
AGCATCGACCTTCCCCCCTACCAGTACACGTACGGAGCATTGAATTACCATGAGAGCCGGGCAA
GCAAAGAATATCGATACCGAAAGATTCCCCGACACGACCTGTTGGGCTCCAAGGTTGTCGGCAA
CGCGAAGCTGCGCCCTCAATGGCGTAACATTCTTCGCATGAAGGACGTGCCGTGGCTCGGTGAC
CATCGATTGATCCCCGATGCCGTTCTCCCAGCTGCCGGATACCTGGCCATGGCAGTTGAGGCTG
CTGGACGCATCTATAACGAATTCCCCGAGCCGGCGAAGATCACGGGCTTTTCGCTCCGCGACGT
GTCGATCAAGACCAGCTTGCCAATTCCCGAGGATGATTATGGCGTCGAGGTTCTGACGAGCATG
GAACTTGTGGATACAGCCACCGCCAAGTCGCCCGCATGGGCCACGTTTTCCATCAGCTCTGTTG
ACCGTGAGTCCAACGAGTGGTCCGAGCACTGCACGGGCCTCGTCAAGGTCGAAATCTCGGAGT
CCGAGGATTCGGAGAAGATTGCCTTCGCCGAGGATAGCTCCCGCGCCACTGATTCGAAGGCTTG
GTACAAGAAATTCGCTGCCATCGGTCTGGGCTATGGAGCGACTTTCCAGCCTCTGTCCGAAATTC
GCGCTGATGCCGATAAGAACCTGGCCACGGCCAAAGTAGCGCTGAATACGACGGCCGATCTCA
TCAAGGGCGGCGAATCCCCCTACCCCTTGCACCCTGCTTCCCTCGACGGTGCTATCCAGCTGGGT
CTTATTGCCAGCCATGGCGGCCGCATCGAAGAGGCCCACACGGCGTTCGTCCCGGTACAAGTCG
GACAGCTATATCTCAAGAACGGAATCGAGGGTGATTCATGCACCGCCGTCGTCCGCGGCGAGC
GCCGCGGCATTCGTGCCGCCTGGTTAGACCTACAAATGCTGGGTCCGAACGGCGAAGTGCTATT
GAACGTCGATAACCTCCGTTGCATCAGCTACTCTAGCGAGTCCAAGTCTTCAGACCACGCTTTCA
GCAGTCCTTTCACGCGTCTCGTGTGGAAGCCCGATATCCGCAGCCTGAGCAACCGACAATGCCG
TGCCATGTTCCCTCCGCCAAAGGAGAACGTTGAGAAGTCCCCGCTATGGGGTGTCATGAACAAG
CTGGCCTTCATGGTCGTATACGCCGTCTATGACAAGTTTGGCAGGACTGATGACGGGCCGAAGC
CAACAGCGGACGTGGGTCACTTTTTCGAATGGACCAAGAGGCGCTCCCAATTAGACATGTCCCC
AGAGATGGAGGAAGCCAGGTCGTTGACGACCGCAGAGCGTGAGGCGAAGATCAATGAGCTAG
TTAGCCAGGCACCCGACGTCATGGAGGTTAAGATCGCCAAGCTTCTTCACGACAACATGGCCGA
TATCCTCTACCAGCGCCGAACTGGTGTTGATGTCATCATCGCAGAGGGTCTCCTAACTCCTCTTT
ACCAGACCGGTCTGCTCATGACCGGCGTGTACCCTCAGCTCTACAACGTCTTGGACAGTCTCAGT
CACGCAAACCCCAACCTCCGTATTCTAGAAGTTGGTGGTGGAACTGGTGGTGCTACCCGCATTG
CCATGAAGGCATTCAGAGGCCCCAACGGCATTAAGAGGTACCGCGAATACACATTCACTGATAT
TTCAGCGGGTTTCCTGGGCGGAGCTCGCGAGTCCCTGGCAGAATTCAAGGACATGAACTTTTCC
GTGTTTGATGCCGAAGTCGACCCCATCGAGCAGGGATACGAGCCCGTATACGACCTTGTCATTG
CCTGCCAGGTCCTACACGCTACATCCAGCATGAAGAACACCCTAACAAACGTCCGAAAGCTTCTA
AAGCCTGGCGGACAACTGCTCTTGGTCGAGACCAACAAGAACTTCATGGTGCCTGGTGTCGTTG
TGGGTACCTTCACTGGATACTGGGCTGGTATCCCTGATGGCCGAGTCGATGCTCCTTTCCAAAGC
CTAGAGGCGTGGGACAAGGCTCTACAGAACGTTGGTTTCTCGGGACTTGATATCGTCCTGGACG
ACTTCCCGGAGCCCCATAATACCACTTCCGTTATCTTGTCTACATACAAGGGAGAGCCTACTACC
AAGAAGACTGCTAGCGTCAATTTGCTCTACAGCGCCGAGACCGCTCCCGCTCTTCTCGACCAGCT
CGCTAAGGAACTGGAAGGACGCGGAGTGTCAACCAAGGTAGGCCCTCTCAATGAGGCGCCAAC
TAGCGTGTCGCAAAGTTCGCGCGTCGTGGTTTTCCTCGATGACAAGCACTTGCTCCAAGATGCC
ACTGAACAGGACATCACGACTTTCCAGCATCTTGCGCGAAGCACTTCAAGCTTGGTGGTCATTAC
AAGCTGTGGCACGGCCAAGGGCCGCAACCCTGACGGTGCTTTAATCCCTGGTCTTCTCCGAGTC
CTGAGCACGGAGAACCCCGCGGGCCAGTACGTGTCTATCGACATTGACGCCGATAACTTTGCTG
TCAGCGCCGATGATGCTGAGGACCTTGTCCGCTCTATCGTGGACAAGGAATTCGAACTCCACCA
ACCCCCGTCCACCGATGACGAGGAGGGCAACCCTAAGGATCGCGAATTTGTCTGGCAGGATGG
TAGCCTGTGTGTGAGCCGACTTGTACCCGATGGCGGTTTCCACTCGCAACACGGCATTGACAGC
CAGAGCGTCAAGACTGAGCAGCTACCCCTAGATAGCCAGGGTGCTGTCCGCGCCGCTTTCGAAA
CCCCCGGTGTGCTCAGCTCCCTGTACTTCAAGGCATACCAGGAGCTATGGCAACCCCTACCGGC
GGACTACATCGACGTGAAGGTTGCCGCCGTGGGCCTGAATTCTAAAGACATCGAGCACTGGTCT
GGCCGCTCTGACGCCAACAATCTTTCTTCTGAGTACACCGGTACTATCACTGCTGTGGGCTCTGC
CGTGACCGATTTGAAGGTTGGAGACCGCGTCTACGGCCTTGGAAAGGGCCAATTTGGAAACTTT
ACACGCGTTCCGGCTTCTCTTGCTCAGAAGCTACAGCCGGATGATGATCTAGTACAAATGGCCA
CTCTTCCTCTCGTGTACGTGACCGCTATCTACGCCTTCGAACACGCCGCACACCTGAGGAAGGGC
CAGAATGTACTCGTACAGGCCGCCACCAGCGACCTTGGACTTGCGGCGCTTCGCTTCGCGCAGG
CTAAGGGTGCCAATGTCTTCGCTCTGGTTGATACCCCTGAGAAGGCTCGCTTCCTCTCTGACGAA
CTGAGCGTACCTGCCACCCACGTCATCCTGTCAAGCGACCCATCAAACCTCCGCCGCGCTGCGG
GTAAGACACGCAAGGGTGGATTCGATGTAATCATCAACACAGCTCAGAGCGAGAACCTGCATG
CTTCTCTCCAGGCCCTAGCGCCTCTGGGCCACTTCATCGACGTCGGCCAGGTAGACGCACAAAG
CGCTAAGGCGATTGGCTCTGAGTTATTCCAGAAGAACGCCAACTTCTCGTCTATTGATCCCTTCG
TTCTCCTCGACTCCGACCCCGAGCTTGGCGAAGAGCTTATCCAGGCTGTTGACAAGTACTACCGC
CAAGGTCTCATCCAGCCTATCCGCCCTGTCACCGCCACCGATGTTTCTCAGTTATCTCAGGTCCTG
ATGGATTTCTCTAAGGGTAACCTCATTGGAAAGCTTGTTGCGACTTTCAGCCCTGAGAGTGTGGT
CAGGATGCTTCCACCTTCTCCTACGGCTCGTTTCGACTCCGAGGCTGCTTATGTGGTTACTGGTG
GTCTGGGTGGTCTAGGTCTATCCTTAGTCCGATGGATGGCTGATCACGGAGCAAGGCACCTGGC
AGTCCTATCCAGGCGTTCAGTTGACGCTGTCCCCGAGGCCAAGAAACTCGTCGAAACACTAGCC
TCCCGTGGTGTTCAGGTCGAGCCGGTTGTCTGCGATGCTAGCAGCAAGGATCAGGTTACAAGC
GTGATCCAAAAGATTGCCTCCGCTCGCCCAATTAAGGGTGTTGTCCACGCCGCTGTATCATACCT
CGATCTCTCCTTTGACAAACTCGAAGTCGACCGATGGCGCCAGAGCTTGTCTGCCAAGGTGCAG
GGAACCAAGAACTTGCACGAGGCAACTCTTAACATGCCGCTTGACTTCTTTGTCATGACGACATC
TCTCCTATCCGTATATGCTCTTGCGACGCAAGGCGCGTACACGGCTGGAAACAACTTCCAAGATC
TCTTCGCGAGATACCGTCGAAACTTGGGCTTGCCCGCTTCGACAGCCTCGTTCAGTTTGATCAGT
GACGCCGGAAGTCCTTACATGGACCCGATCACTGTCGACACGTTCGAGCGTAACAAGACGTTGA
CGCTGAGCGAGCATCAATTCCTCACCCTCCTCGAGCCCGCCTTCCTGAACAACACTACCTCGGTC
GAGACCAAGCCATACCAATGGTTCGGCCAACAAGATGACCCGCTCTCCGTCGCCAACTTACTCA
CTTGCTTGGACCCAGCTGGAATGTTGGCCAAGAAGCGCGACGAGATCGAGGCCGGCGTCACAT
CTACAGCTGCTCTGCCTCGCTGGTACACTGATGGCCGTGTCTCCCTAATCATGCGTGCCTTCTCC
GATGCGCAACGACACGCCTTCGACGGCTCGCAGGACGCGGCCGAGGGTTCCAAATCCACGGTC
GCCCGACTCCGCCGTGAATTCGACGCGGCGATCCAAGCCGGAGCCGGAGAGCGAGCCAACACA
ATCACATTTGTGCAGAACGCCATCACAAACACAGTAGCGGAGATGCTGTTCGTAGACGCGGAG
GCCGTTGACCCGGCCAAGTCTGTGGCAGACCACGGTGTTGACAGTCTGATTGCAGCCGAACTGC
GAAATTGGTTCCACCAGGCCCTCGGAACCAATATTAGCATGTTAGACCTGCTAGACCCCAGCAT
GAAGATCAGTGCGTTGTCTGAGAAGATTACGGATGATTCGTTGAACCCTCCAGCTGAGAGTTCG
TGA 

DLVAVNAVDGAHGSLEHGCTSIDLPPYQYTYGALNYHESRASKEYRYRKIPRHDLLG
SKVVGNAKLRPQWRNILRMKDVPWLGDHRLIPDAVLPAAGYLAMAVEAAGRIYN
EFPEPAKITGFSLRDVSIKTSLPIPEDDYGVEVLTSMELVDTATAKSPAWATFSISSVD
RESNEWSEHCTGLVKVEISESEDSEKIAFAEDSSRATDSKAWYKKFAAIGLGYGATF
QPLSEIRADADKNLATAKVALNTTADLIKGGESPYPLHPASLDGAIQLGLIASHGGRI
EEAHTAFVPVQVGQLYLKNGIEGDSCTAVVRGERRGIRAAWLDLQMLGPNGEVLL
NVDNLRCISYSSESKSSDHAFSSPFTRLVWKPDIRSLSNRQCRAMFPPPKENVEKSPL
WGVMNKLAFMVVYAVYDKFGRTDDGPKPTADVGHFFEWTKRRSQLDMSPEME
EARSLTTAEREAKINELVSQAPDVMEVKIAKLLHDNMADILYQRRTGVDVIIAEGLLT
PLYQTGLLMTGVYPQLYNVLDSLSHANPNLRILEVGGGTGGATRIAMKAFRGPNGI
KRYREYTFTDISAGFLGGARESLAEFKDMNFSVFDAEVDPIEQGYEPVYDLVIACQVL
HATSSMKNTLTNVRKLLKPGGQLLLVETNKNFMVPGVVVGTFTGYWAGIPDGRV
DAPFQSLEAWDKALQNVGFSGLDIVLDDFPEPHNTTSVILSTYKGEPTTKKTASVNL
LYSAETAPALLDQLAKELEGRGVSTKVGPLNEAPTSVSQSSRVVVFLDDKHLLQDAT
EQDITTFQHLARSTSSLVVITSCGTAKGRNPDGALIPGLLRVLSTENPAGQYVSIDIDA
DNFAVSADDAEDLVRSIVDKEFELHQPPSTDDEEGNPKDREFVWQDGSLCVSRLVP
DGGFHSQHGIDSQSVKTEQLPLDSQGAVRAAFETPGVLSSLYFKAYQELWQPLPAD
YIDVKVAAVGLNSKDIEHWSGRSDANNLSSEYTGTITAVGSAVTDLKVGDRVYGLG
KGQFGNFTRVPASLAQKLQPDDDLVQMATLPLVYVTAIYAFEHAAHLRKGQNVLV
QAATSDLGLAALRFAQAKGANVFALVDTPEKARFLSDELSVPATHVILSSDPSNLRR
AAGKTRKGGFDVIINTAQSENLHASLQALAPLGHFIDVGQVDAQSAKAIGSELFQK
NANFSSIDPFVLLDSDPELGEELIQAVDKYYRQGLIQPIRPVTATDVSQLSQVLMDFS
KGNLIGKLVATFSPESVVRMLPPSPTARFDSEAAYVVTGGLGGLGLSLVRWMADH
GARHLAVLSRRSVDAVPEAKKLVETLASRGVQVEPVVCDASSKDQVTSVIQKIASAR
PIKGVVHAAVSYLDLSFDKLEVDRWRQSLSAKVQGTKNLHEATLNMPLDFFVMTTS
LLSVYALATQGAYTAGNNFQDLFARYRRNLGLPASTASFSLISDAGSPYMDPITVDT
FERNKTLTLSEHQFLTLLEPAFLNNTTSVETKPYQWFGQQDDPLSVANLLTCLDPAG
MLAKKRDEIEAGVTSTAALPRWYTDGRVSLIMRAFSDAQRHAFDGSQDAAEGSKS
TVARLRREFDAAIQAGAGERANTITFVQNAITNTVAEMLFVDAEAVDPAKSVADH
GVDSLIAAELRNWFHQALGTNISMLDLLDPSMKISALSEKITDDSLNPPAESS 

HmCBR4 ATGCAACCTACTGGCCGAAAGCGACTCATATCGTCCTGTATACCGTGTTATACGCGGAAGCAAA
AAGTAGGTGCATGGCGTATTCTAGTTGGACGAATTTGGTCGTAATTTACGAGCTTGCCCGCTAA
CGAAACGCCTCGTCCGCCACAGTGCAACCGCGAATACCCTTGCAGTCATTGCGCGCGACGTCGA
CGACCCGAGGAATGCGCCTACTACCCCTCGCCGGCGTCATCACATTCTGCCAACTCGCCCGAGTC
TCGAAAAGAAGATATTCGCAGCGACAATGAGAATATAACGAGTCGTCGATCTTCGGGCTCCGCG
CCCGACTGGAATGCGTATCCAGGTTGTACATCTAAGACGTCGCTGGTCGACCTATTCGGCTATCT
GGAGGATAGCGATTCCAATACGTTAGCTCTCGTCCGAAAGGTAAATATTTGTCATGGAGCAATT

MQPTGRKRLISSCIPCYTRKQKCNREYPCSHCARRRRPEECAYYPSPASSHSANSPES
RKEDIRSDNENITSRRSSGSAPDWNAYPGCTSKTSLVDLFGYLEDSDSNTLALVRKLG
LDEEDNHHGNGLPLPPDAADEVQRNIERMPDRQILDFLIRYFVSEVNWMDQAVH
LPWFLSQYQRWWTIGRPTRVSEVDFAVLILRICSYACLFLPSPSYTLDRIRGVLLADIR
STCDDVAETLSGICSRIDARGSLVRVLHLSFFGLKTRCEGRINDFWEALGRAIRVAQS
AGLHSGSATSRHGLDELDKEMRRRAFCNLYVWDSLLSRQLDRIPFLPGGLSPANWP
QMRLISGVGDETESEAVEGFTERILQARLSEFWSSTNPPPGVEYDMTVAEVRYEKF
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TATATTCATTGCAAATTACAAAGACAACAGTCGCAAAGGCAATACCGAAAACTGACAGGTCATA
GTTGGGATTGGACGAGGAAGATAACCATCATGGCAATGGTCTCCCATTACCACCAGATGCCGCC
GATGAGGTCCAGCGCAATATTGAGCGGATGCCAGATCGTCAGATCTTAGATTTCTTAATACGAT
ACTTCGTGTCAGAAGTAAACTGGTATGTTTGAGTTTGCCTACGTATACTCGTGTGTCGTCGGCTA
TTCGCTAATATTTTTATTCCCGGTATAGGATGGACCAAGCAGTACACCTGCCAGTATGTAGCATC
TCGAATCATTTCTTCAACCCGGCGGCGAGCTCAAAGAGCCCTGCTATATGTAATTGGGAGCTCAT
CCTCCTAACAAAATATTTGCAACTGCCTAAGTGCCGCTGGGTTATCCCGTAATGACTTGTCACTA
ACATAAATACTGCAGTGGTTCCTATCGCAGTACCAGCGGTGGTGGACTATAGGACGACCAACGC
GAGTATCAGAGGTGGACTTTGCGGTGCTCATCCTAAGGATTTGTTCATACGCTTGTCTATTCCTT
CCCTCGCCGTCCTATACCCTTGACAGAATACGCGGCGTGTTGCTGGCCGATATACGAAGCACGT
GTGATGATGTTGCGGAGACCCTATCAGGAATTTGTAGCCGCATTGACGCCCGGGGCTCCTTGGT
TCGTGTGTTGCACCTATCATTCTTTGGATTAAAGACGCGTTGTGAAGGGAGGATCAACGACTTTT
GGGAAGCACTTGGCCGCGCTATCCGAGTAGCACAAAGTGCGGGCCTCCATAGTGGCTCGGCGA
CGTCGAGGCATGGCCTAGACGAATTAGACAAGGAAATGCGACGTAGGGCATTTTGTAACCTCTA
CGTCTGGGATAGTCTTCTCTCTAGACAGTTGGACCGCATCCCTTTTCTACCCGGTGGTTTGAGCC
CCGCGAATTGGCCCCAGATGCGCCTTATATCCGGCGTGGGTGATGAGACTGAGTCGGAAGCCG
TCGAAGGGTTTACCGAACGTATACTCCAAGCCCGCCTATCTGAATTCTGGAGCAGTACAAACCC
GCCGCCGGGAGTCGAGTACGATATGACCGTGGCGGAGGTACGATATGAAAAGTTCTGTAGCGA
GTTTTTGGCAACATTACCGTCAGCATTCGCCTTGCAGCCGAATACAGCATGGGACAAGCGTCTTC
ACAAACTGCCTCTACAAAGGCAACTCCTACATATAGCTATCTTTGACTCACTGTGTTGGAATTTCC
GGCCAATGCTATTACGCGGGCCGAATGATATCCAAAGCTTACCCGCATACAAGCGAGTGCTTCT
ATCAACACAGAAAAAGGCACTAGCAGTGGCCGCTCTCCGCGTCCTCGATAACGTCACCACTTTA
CACGCGATGCTTGGGGGTTGCCATACTCGATTCCCTGGGCTTGTATTCTCGACCTTCGAGGCGG
CAGTACTATTAGCGTACCTATGTATGGATCCACGCTTTCCGGGGGACGGTAACGATGGGACTTT
AATAAAATCTAAAACAGATCCCCTTCGCGCTGGCATGGCCAGTCTGACGCGCACCGATTGCATA
CAGGGGGTACATGATGCTCTAAGCCGCCTTCGCATGCTAGCAGAGGTTAGCCACACAGCGGAA
GGAGGGGCAAATACGATAACACGACTATTGGAATATTTGAATAAGGTGGAGGTAAATAAGGAG
GCGGTGGAGATAGCAAATATCCAGCAGGCTTACAACAGTCCAGTAAGCCAGGTGAGCGAGGTG
ACTAACTGGCTTTGCCTTGAGCCAACGGATCCAAATTCGTTGAATGAATTTCTCTCTAGTACCAT
GTCCCAAGATTTACACCCAAACTGGGATACGATCATACCCGATTTCAGTCACTAA 

CSEFLATLPSAFALQPNTAWDKRLHKLPLQRQLLHIAIFDSLCWNFRPMLLRGPNDI
QSLPAYKRVLLSTQKKALAVAALRVLDNVTTLHAMLGGCHTRFPGLVFSTFEAAVLL
AYLCMDPRFPGDGNDGTLIKSKTDPLRAGMASLTRTDCIQGVHDALSRLRMLAEVS
HTAEGGANTITRLLEYLNKVEVNKEAVEIANIQQAYNSPVSQVSEVTNWLCLEPTDP
NSLNEFLSSTMSQDLHPNWDTIIPDFSH 

HmCBR5 ATGAAGTTCTCTGCTCAGCAAGCCGTGCTCGGCTTCTCATTCCTCCAGACCCTCGTGGCTGGTAG
CGCTATTCCTCGTGCTCCTGGCACGCCTCAATACTTCCGACCCCACGGCTTCACCCGTCGCGACTT
GTCTGTTACACAAGTTCAGCAGGAACTTGGTCCCCAGCTGTCTAACGGTTCACTCCTCTTTGGAC
CTTCAGACCCTCGCTGGTACGCCGCCATCGAGCGATACAGCACGCACGCTATCCCCGATGTCGA
GATCGTCGTGCAGCCCGCCACCGAGAAGGATGTTTCAACTATTGTATGTTTCATCTACAGCCTTA
CATCTTTACAGAGCTTAGCTAATTACATAATTAGGTCAAATACTGCAATGACAACAGCATTGAGT
TCCTGGCTGTCAACCGTGGCCACTCTAGGTCTTACAGCGTAGCAGCCTTCAAGGGTATGCAAAT
CGACATGGCCGGCCTATTGGACATCACCATCCAGCCCGATGGGAAGTCTGCATGGTTCCAGGGC
GGTACCTATGACGGCCAAGTTATGGAGTACCTCTGGGAGCGCGGCTACGTCGCGACCACTGGC
AGCTGCAGCTGTGTCGGTATGATGGGACCTGGTCTTGGCGGCGGTCACGGACGCCAAGAAGGT
TTCTATGGCATGATCAGCGATAACCTGCGCAACCTGAACGTTGTCTTGGCTGATGGCACTGCCGT
CCGAGTCAACTCGACCAGCCACGCCGATTTACTGTGGGGCATGAAGGGCGCTGGCCACAACTTC
GGTATCGTCACCAGCTTTGAGTTGAACATCTACCCTCGTGAGGTCGACTCATGGCACTACCACAC
CTACACCTGGAAGGGTGACAAGCTCGACACTGTCATCAACGCTCTTAACAAGCTTCACGGCAAT
GGCACCACCCCTGTTAACATGGCTGTTAACTTCGGCTCATTCCTTCTCAACACCAGCGTTTCTACC
ACTGAGGCCAGTCTGTGGTGGACTTTCGGTTACAAGGGAACTGCTGAAGAGGCTAACAAGGTC
CTGAAGCCCTTCAACGACATTGGTGCCGAGTATGAAGAGTTCGGCGATGTCCCCTACCCCCAAA
TCTCTGATATGCAGGGCACTGGTATTGGTGGCCCGCTTTGCGCCAAGAACGCTAGCCACACTAC
CTCCACCGTCAACCTGCTTACCTACAACCTGACTGCTGAGCGCCAAATCTACAACCGCTTCAGCG
ACTGGATTAAGGAATACCCCGAGCTGGGACCCACTGCTCAGATTGTCCACGAGGGTTACTCTAC
TGAGGCCGTCGACAAGTTCCCCGCTGACGACTCTGCCTTCCCCTTCCGTGCGGACCGTCATCTCA
TGTAAGTACCTACATTCTGCAGCAACATTCAAGTCCTAGCCAAGCTAACATACATGAACCAGGCT
CTTCGATGTCCAGATCCCCACTGAGAACCCTCGGGGAATTAACTTCACCACTGTTGCCCGAGAGT
GGGCCCAGGAAGTCCAGACCATGTGGAACGAAGGCCAGCCCACTCGCATCCCTGGTGCTTATGT
CAACTACGCCAACGGTCTCGAGGGTCCCAAGATGTGGTACGGTCACGAGCAGTGGCGCCAGGA
CCGTCTTCTCGCCCTCAAGAAGAAGTACGACCCCCAGAACCGCTTCCGCTTCTACAACCCCATCG
TCTCGGAAGCTACCACCGCGTAA 

MKFSAQQAVLGFSFLQTLVAGSAIPRAPGTPQYFRPHGFTRRDLSVTQVQQELGP
QLSNGSLLFGPSDPRWYAAIERYSTHAIPDVEIVVQPATEKDVSTIVKYCNDNSIEFL
AVNRGHSRSYSVAAFKGMQIDMAGLLDITIQPDGKSAWFQGGTYDGQVMEYLW
ERGYVATTGSCSCVGMMGPGLGGGHGRQEGFYGMISDNLRNLNVVLADGTAVR
VNSTSHADLLWGMKGAGHNFGIVTSFELNIYPREVDSWHYHTYTWKGDKLDTVIN
ALNKLHGNGTTPVNMAVNFGSFLLNTSVSTTEASLWWTFGYKGTAEEANKVLKPF
NDIGAEYEEFGDVPYPQISDMQGTGIGGPLCAKNASHTTSTVNLLTYNLTAERQIYN
RFSDWIKEYPELGPTAQIVHEGYSTEAVDKFPADDSAFPFRADRHLMLFDVQIPTEN
PRGINFTTVAREWAQEVQTMWNEGQPTRIPGAYVNYANGLEGPKMWYGHEQW
RQDRLLALKKKYDPQNRFRFYNPIVSEATTA 

HmCBR6 ATGAAAAGCAACTATTATCGTCTCGGGCATAGCAACGCTGATCAGGAAGTGGGCCTTACCTTTA
TAGTATACGAAGAACGGTGTATCAGATTTGCTTATCATAGTTCACCGAGATCTTTCGGCCGACCA
AATTCGGTCGAAGGTTTCTATTTAGGTGTGTCTTTTCGTGGCCCGAGTGTTCTTCGGCCGACTTC
CGCGGTAAAAGCCTCTAAACTCTTCGACCGGATGTAAGCAGAAGGATCATGAGGGTAACTGAA
TGCTGACGACCGAACGCCCGCCAGCCGTTTTCTGTCTACCAACGTCGACGATAATCCCGCTCCCA
ATGGATCCGACACTAGGGACAAGGCTAATGTCTCACCAAGTTAGCAGAATACGTCTGTGGCGTG
GTAATACGGTGGGCTATGACGGATATCCCGCCACGGAATACAGATATGCAGATATCTACATATG
TAGACATCTAGTGTAACTGGGCTAGCCAGTTTGCTTGCTTGCTTAATTAAATAACGTCCTCGTGC
TTCTCGTTCTTTAGAAGTCTTGATGATGTGTGTTTGTCTAAAGAGAATCTGACTTGAGCCTCCGTC
ATGTCAGTAAACGTACACGAAGTTCCCTTACCACAGGCCATTGGCCTTGTGTCACCACGGGTATT
TGGCATCTTCAGTATAGTTGCTGTATGTCTTTATGGCCTGTATCGATGGCTCCTCCCCAAGCCCAT
CCCGGGCATCCCATACAACCAGAAGGCCACGACGATGCTCTTCGGAGATGCCCCCGATATGGTC
CGCGAAGTGAGCGTTACGGGAGAGCTCCGAGTGTGGTGTGCCAAGCAGGTGAAGAAGTTGAA
CTCGCCTATTTGCCAAGTGTTCATCGTCCCTTTTTCGAAACCGTGGATTTTAATCGCCGATTTCCG
TGAGGCCCGAGATATCCTGACACGACGAAAGGAATTCGACAAATCCTCTTTCCTCATAAACGGC
ATGGCTCCTATGGGAGACTTCCACGGTATCTACAAGACGGGCGAGGCTTTCAAGGCCAACAGAC
AACTTATCCAGGATCTCATGACCTCTACGTTCCTCAACAACCTCGTCGGTCCCGCTGCTCACGCCA
AGGGGCTAGAGCTTATCAAGCTTTTCGAGACTAAGATGAAGTTGGCCAAGGGCCGGCCATTCA
GCGTCAAGAGCGATTTTGAATATGCATCACTCGACGTGATGTTAAGTTTTGCTTTTAGCAATAAC
TGGGTAAAGACTGCCATTGGACCTCAGCTGGAACTCTTAAGCCAGATGAACCCTTCTGAGATTC
CAGACGCAAGCCCCGATGAGCCGTTGACCCTCCCTAAGGCCCCCGTCGATGACTTCCTCATGGC
GATCTATGAGGCACCCGAGGTGGTGGAGAAGCTGATCAATGCCCCCGCGCCGAAAGTTACGCT
GTGGTGGTGGAAAAAGCAAGCCTGGTACAAGAAGATTTTCGACGTAAAGGATCGTGTCCTCCG
GGAACAAGTGGCTATAGCGATCGAGAACTATCGTGGCGGGCGGGTGGAATCGGGTATTGAGC
ACATGCTGATGCGCGAAGAGGCGAGGGCAGAAAAGCAAGGCCGACTACCTAATTTCCAGAGTA
ACGTTCTAGTCGATGAGGTGAGCTTCCATCCCACCCCTTGAAGCCGGCGAAGAAAGAAAATGTG
ACTAAATGATTTCGCCTCTTAGATCTTCGGCGATATAATTGGCGGTCACCATACCACTAGCGGCG
CTATGATGTGGCTCGTTAAATATCTCACCGATCACCCAGCCGTACAGACTAAGCTAAGAGCCAA
GTTACACGAAGCACTGCCCACAGCGCTCGAAGAGAATAGGCTCCCGACATTCGAAGAGCTCCG
ATGGGCGAAAATCCCCTATATGGAGGCTATTATCGAAGAGATGCTAAGACTGAATGCAGTCACC
GTGACACGGGAGGCACTTTGCGACACCCAAATCCTCGGCCACCACATCCCGAAGGGGACACAA
GTGTTCCTCGTGTCCAACGGCCCGGGATTCCTGTCGCCCTCGATGCCTATTGACGACTCATTGCG
CAGCGAGACCTCGCGTGCGGCCAAGATCCGCGCCACGTGGGATGAGACGCAGGACCTAACGGT
CTTCGACCCCGAGCGCTGGCTCGTCTACAAGACGGACGAGAACGGGGTGGAGACCGTAGAATT
CGACGGCGCGGCAGGTCCGCAACTCGTGTTCGGATTGGGCCCTCGCGCGTGCTGGGGCAGGAG
GCTAGCGCACATGGAGATGAGGACTATAATATCCATGCTAGTGTGGCACTTCGAGCTGCTACCG
ACGCCACAAGCGCTATCCAGCTACTCCGGTCTCGAGGGAATTGCGCGCGTGCCCCAGATGTGCT
ATATAAGACCGAAGAAACTATAA 

MKSNYYRLGHSNADQEVGLTFIVYEERCIRFAYHSSPRSFGRPNSVEGFYLGVSFRG
PSVLRPTSAVKASKLFDRIRFLSTNVDDNPAPNGSDTRDKANVSPINVHEVPLPQAI
GLVSPRVFGIFSIVAVCLYGLYRWLLPKPIPGIPYNQKATTMLFGDAPDMVREVSVT
GELRVWCAKQVKKLNSPICQVFIVPFSKPWILIADFREARDILTRRKEFDKSSFLING
MAPMGDFHGIYKTGEAFKANRQLIQDLMTSTFLNNLVGPAAHAKGLELIKLFETK
MKLAKGRPFSVKSDFEYASLDVMLSFAFSNNWVKTAIGPQLELLSQMNPSEIPDAS
PDEPLTLPKAPVDDFLMAIYEAPEVVEKLINAPAPKVTLWWWKKQAWYKKIFDVK
DRVLREQVAIAIENYRGGRVESGIEHMLMREEARAEKQGRLPNFQSNVLVDEIFGD
IIGGHHTTSGAMMWLVKYLTDHPAVQTKLRAKLHEALPTALEENRLPTFEELRWAK
IPYMEAIIEEMLRLNAVTVTREALCDTQILGHHIPKGTQVFLVSNGPGFLSPSMPIDD
SLRSETSRAAKIRATWDETQDLTVFDPERWLVYKTDENGVETVEFDGAAGPQLVFG
LGPRACWGRRLAHMEMRTIISMLVWHFELLPTPQALSSYSGLEGIARVPQMCYIRP
KKL 

HmCBR7 ATGGCTTCGAGAATCAACACCATTCTTATTATTGGTGCCACCACCGGCATTGGCGAGGGCCTCG
CCCGTCGTTTTCACGCCCTTGGCAAGAAGGTCATCATCACAGGACGAAGGCAGGACAGGCTGG
ATGCCTTGGCCGCTGAACTGAAGGGTGTTGAAACCCGGCAGGTAGGACTTTTATGAGGCGAAA
TCCAATCTTATGCTTTTGGCTAATGTCACGTTGTAACAGTTCGACATCGGCGACATTGCCGCTCTT
CCGGGTCACGTATCCGCTATCCTCAAGGACTACCCTAAGCTAGACACCGTCTATGTCAACGCCGG
TATCCAGCAATGCTACAACATTTTTGACAACTCCTCCATCACCAACGAGAAGGTCGCAAGCGAG
GTTGCCATCAACCTGACTGCCCCTAACCTTCTCGCCAACCTCTTCGCCCCCCACCTCCTCAACCTC
GCCAAGTCCGGCACCAAGACCACCATCTTCATCACCACCTCCTCCCTCGCCTACATCCCCTTCAGC
TTCTACCCGACATACTGCGCCACGAAGGCCGGTCTGCAGGCATTCTGCAAGATCTTCCGACAGC
AACTGGCGTTCGCCGGCGAGGGTGCTCAGAACATGAACGTTGTCGAGATCGTTCCCCCGTACGT
AGACACTGGCCTCGACGCCGCGCACCGTGACTACACGATCGCCGCGCAGGGTGGTAAGGACAA
AGCCTTCCCGCCCACGCCGCTGAAGGAGTTCCTCGACGCCGTGTTCGCCGGCATCGAGGACGTC
GGTCCGGACGGCTCCATCAAGAAGGAGATTGCCGTCGGCTTCGGCGAGCTGGGTGTCGGCACC
TGGAGAGGTGCCTTCGAGAAGGTCTACGAGTCTATCGGCATGACCATTTAA 

MASRINTILIIGATTGIGEGLARRFHALGKKVIITGRRQDRLDALAAELKGVETRQFDI
GDIAALPGHVSAILKDYPKLDTVYVNAGIQQCYNIFDNSSITNEKVASEVAINLTAPN
LLANLFAPHLLNLAKSGTKTTIFITTSSLAYIPFSFYPTYCATKAGLQAFCKIFRQQLAFA
GEGAQNMNVVEIVPPYVDTGLDAAHRDYTIAAQGGKDKAFPPTPLKEFLDAVFAGI
EDVGPDGSIKKEIAVGFGELGVGTWRGAFEKVYESIGMTI 

Table 7.3 The predicted genes and corresponding nucleotides as well as protein sequences (re-annotate based on 
RNA transcriptome data) of the ‘Cluster B’ from H. monticulosa MUCL 54604. 
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Table 7.4 Compounds LCMS purification details. Exp., indicates experimentally purified amounts. *Retention times 
slightly over time.  

Extract
Gradient

(Preparation LCMS)
Targeted 

compound
Retention time* (min)
10-90%, 15 min Ana.

Amount (exp.)
mg / L media

H. monticulosa 10-60-90%, 15 min Prep. 1 7.70 - 7.90 14

H. spongiphila 10-60-90%, 15 min Prep. 3b 8.85 - 8.95 1.2

H. submonticulosa
Flash Chromatogram

(Petroleum ether/Ethyl acetate: 9/1 – 8/1)
2 5.30 - 5.40 23

H. monticulosa 10-60-90%, 15 min Prep. 74 7.90 - 7.95 12

H. spongiphila 10-60-90%, 15 min Prep. 76 7.40 - 7.50 9

H. monticulosa 10-60-90%, 15 min Prep. 77 6.20 - 6.40 4

H. monticulosa 10-60-90%, 15 min Prep. 78 6.00 - 6.20 4

H. monticulosa 10-60-90%, 15 min Prep. 75 5.70 - 5.80 5.5

A. oryzae; EXP8 10-30-80%, 15 min Prep. 92 7.60 - 7.70 8

A. oryzae; EXP5 10-30-80%, 15 min Prep. 91 6.40 - 6.60 3

A. oryzae; EXP5 10-30-80%, 15 min Prep. 90 7.00 - 7.20 7.5

Originated from compound 88 - 93 7.40 - 7.60 7

A. oryzae; EXP4 10%-90%, 15 min Prep. 83 7.65 - 7.80 4

SpoG in vitro assay - 87 5.40 - 5.60 /

A. oryzae; EXP5 10-30-80%, 15 min Prep. 89 4.95 - 5.15 6

A. oryzae; EXP5 10-30-80%, 15 min Prep. 88 5.90 - 6.30 7

SpoI in vitro assay 10%-90%, 15 min Prep. 94 5.82 - 5.92 /

A. oryzae; EXPt1 10-60-90%, 15 min Prep. 142 5.38 - 5.48 2

A. oryzae; EXPt4 10%-90%, 15 min Prep. 143 5.10 - 5.30 50

H. spongiphila 10-90%, 15 min Prep. 82 4.50 - 4.60 5
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Compound 151
 

 

Sporothriolide 

Chemical Formula: C13H18O4 

Colorless oil; [α]
26

D  –104 (c = 0.5, CH3OH); Literature,51 [α]
25

D –144, (c = 3.3, CHCl3); UV (λmax): 

206 nm.13C NMR data (CDCl3, 125 MHz): δc 172.2 (C-4), 167.6 (C-1), 130.0 (C-3), 127.5 (C-

13), 82.9 (C-6), 77.3 (C-5), 46.3 (C-2), 31.7 (C-10), 29.1 (C–9), 29.0 (C-7), 25.5 (C-8), 22.6 (C-

11), 14.2 (C-12); 1H NMR data (CDCl3, 500 MHz ): δH 6.47 (1H, d, J = 2.1Hz, H-13a), 6.16 (1H, 

d, J = 2.1 Hz, H-13b), 5.15 (1H, dd, J = 6.8, 4.7 Hz, H-5), 4.65 (1H, ddd, J = 7.9, 6.3, 4.7 Hz, H-

6), 4.01 (1H, dt, J = 6.8, 2.0 Hz, H-2), 1.88 (2H, m, H-7), 1.49 (2H, m, H-8), 1.38 (2H, m, H-9), 

1.30 (2H, m, H-10), 1.30 (2H, m, H-11), 0.89 (3H, t, J = 7.0 Hz, H-12); NMR data (Table 2.13 

and Table 7.5) are consistent with those previously reported;51 ESI-MS m/z 237 [M – H]–, 239 [M 

+ H]+, 477 [2M + H]+; HR-ESI-MS m/z 237.1127 [M – H]– (calcd. for C13H17O4, 237.1127). 

 

Table 7.5 1H NMR (500 MHz) data and 13C NMR (125 MHz) data for 1 in CDCl3. Literature51 data were measured at 
700 MHz in CDCl3. 

 

 

pos. δC / ppm δH / ppm (J / Hz)
δC / ppm 

literature51

δH / ppm (J / Hz) 
literature51

1 167.6 - 167.5 -

2 46.3 4.01, 1H, dt (6.8, 2.0) 46.2 4.00, 1H, dt (6.7, 2.1)

3 130.0 - 129.9 -

4 172.2 - 172.1 -

5 77.3 5.15, 1H, dd (6.8, 4.7) 77.2 5.14, 1H, dd (6.7, 4.6)

6 82.9 4.65, 1H, ddd (7.9, 6.3, 4.7) 82.8 4.64, 1H, ddd (8.0, 6.3, 4.6)

7 29.0 1.88, 2H, m 28.9 1.86, 2H, m

8 25.5 1.49, 2H, m 25.4 1.50, 2H, m

9 29.1 1.38, 2H, m 29.0 1.37, 2H, m

10 31.7 1.30, 2H, m 31.6 1.30, 2H, m

11 22.6 1.30, 2H, m 22.5 1.31, 2H, m

12 14.2 0.89, 3H, t (7.0) 14.1 0.88, 3H, t (7.0)

13 127.5
6.47, 1H, d (2.1)
6.16, 1H, d (2.1)

127.4
6.46, 1H, d (2.1)
6.15, 1H, d (2.1)
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Figure 7.1 1H NMR of compound 1. 

 

Figure 7.2 13C NMR of compound 1. 

 



7 Appendix 

161 

 

Figure 7.3 HMBC of compound 1. 

 

Figure 7.4 HSQC of compound 1. 
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Figure 7.5 1H-1H COSY of compound 1. 

 

Figure 7.6 NOESY of compound 1. 
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Figure 7.7 HR-ESI-MS of compound 1. 

Compound 3b53,75
 

 

Sporochartine B 

Chemical formula: C24H34O6 

White powder; [α]
25

D + 57 (c = 0.8, CHCl3); Literature,53,75 [α]
25

D + 72 (c = 1.0, CHCl3); UV (λmax): 

211 nm. 13C NMR data (CDCl3, 125 MHz): δc 178.7 (C-4), 173.0 (C-1), 130.8 (C-7’), 130.1 (C-

6’), 129.9 (C-10’), 124.7 (C-9’), 82.8 (C-1’), 81.1 (C-6), 78.7 (C-5), 74.1 (C-4’), 73.8 (C-2’), 50.8 

(C-3), 47.2 (C-2), 46.9 (C-8’), 42.4 (C-3’), 31.7 (C-10), 29.1 (C–9), 28.9 (C-7), 26.9 (C-13), 25.3 

(C-8), 22.6 (C-11’), 22.8 (C-11), 22.4 (C-5’), 14.2 (C-12); 1H NMR data (CDCl3, 500 MHz ): δH 

5.95 (1H, m, H-10’), 5.84 (1H, ddd, J = 1.6, 9.0, 15.5 Hz, H-7’), 5.75 (1H, dd, J = 4.0, 15.5 Hz, 

H-6’), 5.54 (1H, m, H-9’), 5.14 (1H, dd, J = 6.0, 4.1 Hz, H-5), 4.40 (1H, m, H-6), 4.28 (1H, m, 

H-2’), 4.19 (1H, m, H-1’), 4.06 (1H, m, H-4’), 3.31 (1H, d, J = 5.9 Hz, H-2), 3.23 (1H, m, H-8’), 
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2.25 (1H, m, H-11’), 2.03 (1H, m, H-13), 1.76 (1H, m, H-7), 1.59 (1H, m, H-3’), 1.45 (2H, m, H-

8), 1.34 (2H, m, H-9), 1.33 (3H, d, J = 6.2 Hz, H-5’), 1.29 (2H, m, H-11), 1.28 (2H, m, H-10), 

0.88 (3H, m, H-12); NMR data (Table 3.1) are consistent with those previously reported;53,75 ESI-

MS m/z 463 [M + HCOOH – H]–, 419 [M + H]+, 436 [M + H2O]+; HR-ESI-MS m/z 417.2278 [M 

– H]– (calcd. for C24H33O6, 417.2277). 

 

Figure 7.8 1H NMR of compound 3b. 

 

Figure 7.9 13C NMR of compound 3b. 
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Figure 7.10 HMBC of compound 3b. 

 

Figure 7.11 HSQC of compound 3b. 
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Figure 7.12 1H-1H COSY of compound 3b. 

 

 

Figure 7.13 NOESY of compound 3b. 
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Figure 7.14 HR-ESI-MS of compound 3b. 

Compound 256
 

  

Trienylfuranol A 

Chemical formula: C11H16O2 

White powder; [α]
25

D + 3 (c = 0.1, MeCN); Literature,56 [α]
20

D + 1.9 (c = 1.10, MeCN); UV (λmax): 

252 nm, 264 nm, 275 nm. 13C NMR data (C6D6, 100 MHz): δc 137.4 (C-3), 133.9 (C-4), 133.1 

(C-6), 133.1 (C-5), 130.5 (C-7), 117.6 (C-2), 83.9 (C-8), 74.4 (C-9), 74.0 (C-11), 43.0 (C-10), 

22.2 (C-12); 1H NMR data (C6D6, 400 MHz ): δH 6.42 (1H, m, H-6), 6.27 (1H, m, H-3), 6.16 (1H, 

m, H-5), 6.13 (1H, m, H-4), 5.80 (1H, dd, J = 15.4, 6.1 Hz, H-7), 5.10 (1H, dd, J = 16.8, 1.7 Hz, 

H-2b), 4.99 (1H, dd, J = 10.0, 1.7 Hz, H-2a), 3.96 (1H, ddd, J = 5.9, 4.1, 1.3 Hz, H-8), 3.91 (1H, 

m, H-9), 3.78 (1H, m, H-11), 1.97 (1H, ddd, J = 13.3, 7.7, 6.3 Hz, H-10a), 1.44 (1H, ddd, J = 13.3, 

6.8, 2.8 Hz, H-10b), 1.29 (3H, d, J = 6.2 Hz, H-12); NMR data (Table 7.6) are consistent with 

those previously reported;56 ESI-MS m/z 225 [M + HCOOH ‒ H]–, 181 [M + H]+, 361 [2M + H]+; 

HR-ESI-MS m/z 203.1049 [M + Na]+ (calcd. for C11H16O2Na, 203.1048). 
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Table 7.6 1H NMR (400 MHz) data and 13C NMR (100 MHz) data for 2 in C6D6. Literature56 data was measured at 600 
MHz in C6D6. 

 

 

Figure 7.15 1H NMR of compound 2. 

 

pos. δC / ppm δH / ppm (J / Hz)
δC / ppm 

literature56

δH / ppm (J / Hz)
literature56

2 117.6
4.99, 1H, dd (10.0, 1.7)
5.10, 1H, dd (16.8, 1.7)

117.6
4.98, 1H, dd (10.1, 1.7)
5.09, 1H, dd (16.9, 1.7)

3 137.4 6.27, 1H, m 137.4 6.27, 1H, ddd (16.9, 10.1, 10.1)

4 133.9 6.13, 1H, m 133.9 6.12, 1H, dd (15.1, 10.3)

5 133.1 6.16, 1H, m 133.1 6.18, 1H, dd (15.4, 10.4)

6 133.1 6.42, 1H, m 133.1 6.43, 1H, ddd (15.4, 9.9, 1.5)

7 130.5 5.80, 1H, dd (15.4, 6.1) 130.3 5.75, 1H, dd (15.4, 6.0)

8 83.9 3.96, 1H, ddd (5.9, 4.1, 1.3) 83.8 3.95, 1H, ddd (5.7, 4.0, 1.4)

9 74.4 3.91, 1H, m 74.4 3.86, 1H, m

10 43.0
1.44, 1H, ddd (13.3, 6.8, 2.8)
1.97, 1H, ddd (13.3, 7.7, 6.3)

43.0
1.42, 1H, ddd (13.3, 6.6, 2.7)
1.93, 1H, ddd (13.3, 7.8, 6.3)

11 74.0 3.78, 1H, m 74.0 3.77, 1H, ddq (7.7, 6.3, 6.3)

12 22.2 1.29, 3H, d (6.2) 22.3 1.28, 3H, d (6.2)
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Figure 7.16 13C NMR of compound 2. 

 

Figure 7.17 HMBC of compound 2. 
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Figure 7.18 HSQC of compound 2. 

 

Figure 7.19 1H-1H COSY of compound 2. 
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Figure 7.20 HR-ESI-MS of compound 2. 

Compound 7451 

 

Dihydrosporothriolide 

Chemical formula: C13H20O4 

Colorless oil; [α]
25

D + 94 (c = 0.1, CHCl3); Literature,51 [α]
25

D + 116 (c = 0.1, CHCl3); UV (λmax): 

227 nm. 13C NMR data (CDCl3, 100 MHz): δc 176.3 (C-1), 172.2 (C-4), 81.8 (C-6), 78.1 (C-5), 

44.8 (C-2), 36.8 (C-3), 31.7 (C-10), 29.1 (C-9), 28.9 (C-7), 25.5 (C-8), 22.6 (C-11), 14.2 (C-12), 

11.1 (C-13); 1H NMR data (CDCl3, 400 MHz ): δH 5.02 (1H, dd, J = 6.0, 4.0 Hz, H-5), 4.51 (1H, 

ddd, J = 8.3, 6.1, 4.0 Hz, H-6), 3.45 (1H, dd, J = 10.1, 6.1 Hz, H-2), 3.06 (1H, dq, J = 10.2, 7.6 

Hz, H-3), 1.91 (1H, m, H-7a), 1.81 (1H, m, H-7b), 1.50 (2H, m, H-8), 1.47 (3H, d, J = 7.5 Hz, H-

13), 1.37 (2H, m, H-9), 1.31 (2H, m, H-11), 1.30 (2H, m, H-10), 0.89 (3H, t, J = 7.0 Hz, H-12); 

NMR data (Table 7.7) are consistent with those previously reported;51 ESI-MS m/z 239 [M – H]–, 

479 [2M – H]–, 241 [M + H]+. 
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Table 7.7 1H NMR (400 MHz) data and 13C NMR (100 MHz) data for 74 in CDCl3. Literature51 data was measured at 
700 MHz in CDCl3. 

 

 

Figure 7.21 1H NMR of compound 74. 

pos. δC / ppm δH / ppm (J / Hz)
δC / ppm 

literature51

δH / ppm (J / Hz)
literature51

1 176.3 - 176.2 -

2 44.8 3.45, 1H, dd (10.1, 6.1) 44.7 3.44, 1H, dd (10.1, 6.0)

3 36.8 3.06, 1H, dq (10.2, 7.6) 36.8 3.05, 1H, dq (10.1, 7.5)

4 172.2 - 172.1 -

5 78.1 5.02, 1H, dd (6.0, 4.0) 78.1 5.01, 1H, dd (6.0, 3.9)

6 81.8 4.51, 1H, ddd (8.3, 6.1, 4.0) 81.7 4.50, 1H, ddd (8.0, 6.2, 3.9)

7 28.9
1.91, 1H, m
1.81, 1H, m

28.9
1.92, 1H, m
1.81, 1H, m

8 25.5 1.50, 2H, m 25.3 1.50, 2H, m

9 29.1 1.37, 2H, m 29.0 1.37, 2H, m

10 31.7 1.30, 2H, m 31.6 1.30, 2H, m

11 22.6 1.31, 2H, m 22.6 1.31, 2H, m

12 14.2 0.89, 3H, t (7.0) 14.2 0.88, 3H, t (7.0)

13 11.1 1.47, 3H, d (7.5) 11.1 1.47, 3H, d (7.5)
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Figure 7.22 13C NMR of compound 74. 

 

Figure 7.23 UV and mass spectra of compound 74. 

Compound 7653
 

 

Deoxysporothric acid 

Chemical formula: C13H20O4 

White powder; [α]
25

D + 9 (c = 0.1, CHCl3); Literature,53 [α]
25

D + 18 (c = 0.37, CHCl3); UV (λmax): 

211 nm. 13C NMR data (CDCl3, 100 MHz): δc 176.0 (C-1), 169.8 (C-4), 135.5 (C-3), 131.8 (C-
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13), 79.3 (C-6), 44.8 (C-2), 35.7 (C-5), 35.5 (C-7), 31.8 (C-10), 29.1 (C-9), 25.3 (C-8), 22.7 (C-

11), 14.2 (C-12); 1H NMR data (CDCl3, 400 MHz ): δH 6.56 (1H, s, H-13a), 5.98 (1H, s, H-13b), 

4.44 (1H, m, H-6), 3.68 (1H, dd, J = 12.2, 8.9 Hz, H-2), 2.57 (1H, ddd, J = 11.5, 9.3, 5.7 Hz, H-

5a), 2.00 (1H, q, J = 10.3 Hz, H-5b), 1.82 (1H, m, H-7a), 1.65 (1H, m, H-7b), 1.47 (2H, m, H-8), 

1.33 (2H, m, H-9), 1.30 (2H, m, H-11), 1.28 (2H, m, H-10), 0.89 (3H, t, J = 6.8 Hz, H-12); NMR 

data (Table 7.8) are consistent with those previously reported;53 ESI-MS m/z 239 [M – H]–, 479 

[2M – H]–, 241 [M + H]+, 481 [2M + H]+. 

 

Table 7.8 1H NMR (400 MHz) data and 13C NMR (100 MHz) data for 76 in CDCl3. Literature53 data was measured at 
500 MHz in CDCl3. 

 

Figure 7.24 1H NMR of compound 76. 

pos. δC / ppm δH / ppm (J / Hz)
δC / ppm 

literature53

δH / ppm (J / Hz) 
literature53

1 176.0 - 176.1 -

2 44.8 3.68, 1H, dd (12.2, 8.9) 44.8 3.68, 1H, dd (12.0, 8.9)

3 135.5 - 135.8 -

4 169.8 - 169.8 -

5 35.7
2.57, 1H, ddd (11.5, 9.3, 5.7)

2.00, 1H, q (10.3)
35.7

2.56, 1H, m
2.01, 1H, q (10.5)

6 79.3 4.44, 1H, m 79.3 4.43, 1H, m

7 35.5
1.82, 1H, m
1.65, 1H, m

35.5
1.82, 1H, m
1.65, 1H, m

8 25.3 1.47, 2H, m 25.3 1.48, 2H, m

9 29.1 1.33, 2H, m 29.1 1.33, 2H, m

10 31.8 1.28, 2H, m 31.8 1.28, 2H, m

11 22.7 1.30, 2H, m 22.7 1.30, 2H, m

12 14.2 0.89, 3H, t (6.8) 14.2 0.89, 3H, t (6.9)

13 131.8
6.56, 1H, s
5.98, 1H, s

131.4
6.54, 1H, s
5.95, 1H, s
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Figure 7.25 13C NMR of compound 76. 

Compound 7751 

 

Isosporothric acid 

Chemical formula: C13H20O5 

Colorless oil; [α]
25

D  – 7 (c = 0.1, CHCl3); Literature,51 [α]
25

D – 18 (c = 0.5, CHCl3); UV (λmax): 236 

nm. 13C NMR data (CDCl3, 125 MHz): δc 173.2 (C-4), 165.0 (C-1), 144.8 (C-2), 140.4 (C-3), 83.1 

(C-5), 70.2 (C-6), 34.5 (C-7), 31.8 (C-10), 29.2 (C-9), 25.9 (C-8), 22.7 (C-11), 14.2 (C-12), 11.3 

(C-13); 1H NMR data (CDCl3, 500 MHz ): δH 5.08 (1H, m, H-5), 4.26 (1H, m, H-6), 2.24 (3H, d, 

J = 2.0 Hz, H-13), 1.74 (2H, m, H-7), 1.49 (2H, m, H-8), 1.36 (2H, m, H-9), 1.30 (2H, m, H-11), 

1.29 (2H, m, H-10), 0.89 (3H, t, J = 6.9 Hz, H-12); NMR data (Table 7.9) are consistent with 

those previously reported;51 ESI-MS m/z 255 [M – H]–, 511 [2M – H]–, 257 [M + H]+, 513 [2M + 

H]+. 
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Table 7.9 1H NMR (500 MHz) data and 13C NMR (125 MHz) data for 77 in CDCl3. Literature51 data was measured at 
700 MHz in CDCl3. 

 

Figure 7.26 1H NMR of compound 77. 

pos. δC / ppm δH / ppm (J / Hz) δC / ppm literature51 δH / ppm (J / Hz) literature51

1 165.0 - 164.8 -

2 144.8 - 144.7 -

3 140.4 - 140.2 -

4 173.2 - 173.1 -

5 83.1 5.08, 1H, m 83.1 5.06, 1H, qd (2.1, 1.5)

6 70.2 4.26, 1H, m 70.1 4.25, 1H, dt (7.0, 1.5)

7 34.5 1.74, 2H, m 34.4 1.73, 2H, m

8 25.9 1.49, 2H, m 25.8 1.50, 2H, m

9 29.2 1.36, 2H, m 29.1 1.34, 2H, m

10 31.8 1.29, 2H, m 31.7 1.28, 2H, m

11 22.7 1.30, 2H, m 22.6 1.29, 2H, m

12 14.2 0.89, 3H, t (6.9) 14.1 0.88, 3H, t (7.0)

13 11.3 2.24, 3H, d (2.0) 11.2 2.24, 3H, d (2.1)
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Figure 7.27 13C NMR of compound 77. 

 

Figure 7.28 UV and mass spectra of compound 77. 
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Compound 7851
 

 

Dihydroisosporothric acid 

Chemical formula: C13H22O5 

Colorless oil; [α]
25

D + 12 (c = 0.1, CHCl3); Literature,51 [α]
25

D + 16 (c = 0.04, CHCl3); UV (λmax): 

329 nm, 213 nm. 13C NMR data (CDCl3, 125 MHz): δc 176.8 (C-4), 174.1 (C-1), 80.6 (C-5), 71.1 

(C-6), 48.4 (C-2), 39.2 (C-3), 34.2 (C-7), 31.8 (C-10), 29.2 (C-9), 25.8 (C-8), 22.7 (C-11), 14.9 

(C-13), 14.2 (C-12); 1H NMR data (CDCl3, 500 MHz ): δH 4.48 (1H, dd, J = 9.0, 2.1 Hz, H-5), 

3.72 (1H, m, H-6), 3.25 (1H, dd, J = 11.0, 9.0 Hz, H-2), 2.99 (1H, dq, J = 11.0, 7.0 Hz, H-3), 1.65 

(2H, m, H-7), 1.64 (1H, m, H-8b), 1.50 (1H, m, H-8a), 1.41 (3H, d, J = 7.1 Hz, H-13), 1.32 (2H, 

m, H-9), 1.29 (2H, m, H-11), 1.28 (2H, m, H-10), 0.89 (3H, t, J = 6.9 Hz, H-12); NMR data (Table 

7.10) are consistent with those previously reported;51 ESI-MS m/z 257 [M – H]–, 515 [2M – H]–, 

259 [M + H]+, 281 [M + Na]+, 241 [M – H2O + H]+, 517 [2M + H]+. 

 

Table 7.10 1H NMR (500 MHz) data and 13C NMR (125 MHz) data for 78 in CDCl3. Literature51 data was measured at 
700 MHz in CDCl3. 

pos. δC / ppm δH / ppm (J / Hz)
δC / ppm 

literature51

δH / ppm (J / Hz) 
literature51

1 174.1 - 171.9 -

2 48.4 3.25, 1H, dd (11.0, 9.0) 48.2 3.23, 1H, dd (11.0, 9.0)

3 39.2 2.99, 1H, dq (11.0, 7.0) 39.2 2.99, 1H, dq (11.0, 7.1)

4 176.8 - 176.7 -

5 80.6 4.48, 1H, dd (9.0, 2.1) 80.6 4.47, 1H, dd (9.0, 2.2)

6 71.1 3.72, 1H, m 71.0 3.71, 1H, m

7 34.2 1.65, 2H, m 34.0 1.82, 2H, m

8 25.8
1.50, 1H, m
1.64, 1H, m

25.7 1.46, 2H, m

9 29.2 1.32, 2H, m 29.0 1.29, 2H, m

10 31.8 1.28, 2H, m 31.8 1.25, 2H, m

11 22.7 1.29, 2H, m 22.6 1.26, 2H, m

12 14.2 0.89, 3H, t (6.9) 14.2 0.88, 3H, t (7.0)

13 14.9 1.41, 3H, d (7.1) 14.8 -
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Figure 7.29 1H NMR of compound 78. 

 

Figure 7.30 13C NMR of compound 78. 
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Figure 7.31 UV and mass spectra of compound 78. 

Compound 7551
 

 

Sporothric acid 

Chemical formula: C13H20O5 

Colorless oil; [α]
25

D  + 5 (c = 0.1, CHCl3); Literature,51 [α]
25

D + 14 (c = 0.1, CHCl3); UV (λmax): 208 

nm. 13C NMR data (CDCl3, 100 MHz): δc 171.3 (C-4), 163.6 (C-1), 134.7 (C-13), 128.6 (C-3), 

79.2 (C-6), 66.5 (C-5), 50.1 (C-2), 31.7 (C-10), 31.0 (C-7), 29.1 (C-9), 25.2 (C-8), 22.6 (C-11), 

14.1 (C-12); 1H NMR data (CDCl3, 400 MHz ): δH 6.79 (1H, s, H-13a), 5.96 (1H, s, H-13b), 4.51 

(1H, m, H-6), 4.32 (1H, m, H-5), 3.83 (1H, m, H-2), 1.80 (1H, m, H-7a), 1.70 (1H, m, H-7a), 1.56 

(1H, m, H-8a), 1.40 (1H, m, H-8b), 1.27-1.34 (6H, m, H-9/H-10/H-11), 0.88 (3H, t, J = 6.5 Hz, 

H-12); NMR data (Table 7.11) are consistent with those previously reported;51 ESI-MS m/z 255 

[M – H]–, 511 [2M – H]–, 257 [M + H]+, 513 [2M + H]+; HR-ESI-MS m/z 255.1232 [M – H]– 

(calcd. for C13H19O5, 255.1232). 
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Table 7.11 1H NMR (400 MHz) and 13C NMR (100 MHz) data for 75 in CDCl3. Literature51 data was measured at 700 
MHz in CDCl3. 

 

Figure 7.32 1H NMR of compound 75. 

 

pos. δH / ppm (J / Hz) δC / ppm
δH / ppm (J / Hz) 

literature51

δC / ppm 
literature51

1 - 163.6 - 163.5

2 3.83, 1H, m 50.1 3.82, 1H, dd (3.9, 1.4) 50.0

3 - 128.6 - 128.5

4 - 171.3 - 171.3

5 4.32, 1H, m 66.5 4.30, 1H, dd (3.9, 1.3) 66.5

6 4.51, 1H, m 79.2 4.51, 1H, ddd (8.6, 5.2, 1.4) 79.1

7
1.80, 1H, m
1.70, 1H, m

31.0
1.80, 1H, m
1.69, 1H, m

31.0

8
1.56, 1H, m
1.40, 1H, m

25.2
1.54, 1H, m
1.38, 1H, m

25.1

9 1.27-1.34, 2H, m 29.1 1.32, 2H, m 29.0

10 1.27-1.34, 2H, m 31.7 1.27, 2H, m 31.6

11 1.27-1.34, 2H, m 22.6 1.28, 2H, m 22.6

12 0.88, 3H, t (6.5) 14.1 0.88, 3H, t (7.0) 14.1

13
6.79, 1H, s
5.96, 1H, s

134.7
6.78, 1H, s
5.95, 1H, s

134.6
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Figure 7.33 13C NMR of compound 75. 

 

Figure 7.34 HR-ESI-MS of compound 75.  
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Compound 92 

 

Dehydrodeoxysporothric acid 

Chemical formula: C13H18O4 

White powder; [α]
25

D – 25 (c = 0.83, MeOH); UV (λmax): 229 nm. 13C NMR data (CDCl3, 150 MHz): 

δc 171.7 (C-1), 170.4 (C-4), 153.4 (C-5), 133.7 (C-13), 128.6 (C-3), 124.9 (C-2), 80.8 (C-6), 33.4 

(C-7), 31.7 (C-10), 29.1 (C-9), 25.1 (C-8), 22.6 (C-11), 14.1 (C-12); 1H NMR data (CDCl3, 600 

MHz ): δH 7.95 (1H, d, J = 1.7 Hz, H-5), 7.19 (1H, s, H-13a), 6.81 (1H, s, H-13b), 4.99 (1H, m, 

H-6), 1.79 (1H, m, H-7a), 1.69 (1H, m, H-7b), 1.46 (2H, m, H-8), 1.34 (2H, m, H-9), 1.29 (2H, 

m, H-11), 1.28 (2H, m, H-10), 0.88 (3H, t, J = 7.0 Hz, H-12); NMR data see Table 2.13; ESI-MS 

m/z 237 [M – H]–, 475 [2M – H]–, 239 [M + H]+, 261 [M + Na]+. HR-ESI-MS m/z 237.1127 [M 

– H]– (calcd. for C13H17O4, 237.1127). 

 

Figure 7.35 1H NMR of compound 92. 
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Figure 7.36 13C NMR of compound 92. 

 

Figure 7.37 HMBC of compound 92. 
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Figure 7.38 HSQC of compound 92. 

 

Figure 7.39 1H-1H COSY of compound 92. 
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Figure 7.40 NOESY of compound 92. 

 

Figure 7.41 HR-ESI-MS of compound 92.  
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Compound 91 

  

Chemical formula: C13H20O5 

UV (λmax): 203 nm. ESI-MS m/z 237 [M – H2O – H]–, 255 [M – H]–, 511 [2M – H]–, 257 [M + 

H]+, 513 [2M + H]+. HR-ESI-MS m/z 255.1234 [M – H]– (calcd. for C13H19O5, 255.1232). 

 

Figure 7.42 A, ESI spectrum of standard 77; B, ESI spectrum of standard 91 dissolved in CHCl3 for 24 hrs. 

 

Figure 7.43 HR-ESI-MS of compound 91. 

4 5 6 7 8

10

10/14

ESI‒  (BPC)A

ESI‒  (BPC)B

standard 10

14 dissolved  in CHCl3
24 hrs

min

77

77/91
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Compound 90 

 

Sporodride A 

Chemical formula: C13H20O4 

White powder; [α]
21

D – 6 (c = 0.32, CHCl3); UV (λmax): 211 nm. 13C NMR data (CDCl3, 100 MHz): 

δc 175.9 (C-1), 164.6 (C-4), 132.5 (C-13), 130.9 (C-3), 77.4 (C-6), 42.3 (C-2), 35.7 (C-7), 31.8 

(C-10), 30.7 (C-5), 29.2 (C-9), 24.8 (C-8), 22.7 (C-11), 14.2 (C-12); 1H NMR data (CDCl3, 400 

MHz ): δH 6.59 (1H, s, H-13a), 5.87 (1H, s, H-13b), 4.55 (1H, m, H-6), 3.72 (1H, m, H-2), 2.31 

(1H, dt, J = 2.6, 14.4 Hz, H-5b), 1.90 (1H, ddd, J = 5.8, 11.1, 14.4 Hz, H-5a), 1.71 (1H, m, H-7b), 

1.60 (1H, m, H-7a), 1.50 (1H, m, H-8a), 1.39 (1H, m, H-8b), 1.29 (2H, m, H-11), 1.28 (2H, m, 

H-9), 1.27 (2H, m, H-10), 0.88 (3H, t, J = 6.8 Hz, H-12); NMR data see Table 7.12; ESI-MS m/z 

239 [M – H]–, 479 [2M – H]–, 241 [M + H]+, 263 [M + Na]+. HR-ESI-MS m/z 239.1282 [M – H]– 

(calcd. for C13H19O4, 239.1283). 

 

Table 7.12 1H NMR (400 MHz) data and 13C NMR (100 MHz) data for 90 in CDCl3. 

Compound 90 was isolated as a white powder, with molecular formula C13H20O4 (calc. [M ‒ H]‒ 

HRMS 239.1283, measured 239.1282) which is same as deoxysporothric acid 76, also indicating 

pos. δC / ppm δH / ppm (J / Hz) HMBC (H to C) 1H-1H COSY NOESY

1 175.9 - - - -

2 42.3 3.72, 1H, m 1, 3, 4, 5, 6, 13 5 6

3 130.9 - - - -

4 164.6 - - - -

5 30.7
1.90, 1H, ddd (5.8, 11.1, 14.4 )

2.31, 1H, dt (2.6, 14.4)
1, 2, 6, 7 2, 6 6, 13

6 77.4 4.55, 1H, m 2, 7, 8 5, 7 2, 5, 13

7 35.7
1.60, 1H, m
1.71, 1H, m

5, 6, 8, 9 6, 8 -

8 24.8
1.50, 1H, m
1.39, 1H, m

7, 9, 10 7, 9 -

9 29.2 1.28, 2H, m 8, 10, 11 8, 10 -

10 31.8 1.27, 2H, m 9, 11 9, 11 -

11 22.7 1.29, 2H, m 10, 12 10, 12 -

12 14.2 0.88, 3H, t (6.8) 10, 11 11 -

13 132.5
6.59, 1H, s
5.87, 1H, s

2, 4 - 5, 6
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4 degrees of unsaturation. Analysis the 1D and 2D NMR data (Table 7.12) revealed that 90 

contains the same number of methyl, methylene, methine, and quaternary carbons as 76, in 

addition the proton and carbon chemical shifts are just slightly shift compared with 76. This 

suggests 90 to be an isomer of 76. However, the key evidence of the lactone scaffold with HMBC 

correlations from H-6 to C-1 and C-4 was not shown in 90 (Figure 7.44). This information suggest 

the only possibility of an anhydride scaffold for 90. NOESY correlations of H-13 and H-5, as well 

H-13 and H-6 show the rotation of the five-membered anhydride ring. In addition the NOESY 

correlation of H-2 and H-6 establish the relative configuration of 90 (Figure 7.44). We designated 

90 as sporodride A, to serve as the first sporothriolides anhydride structure. 

 

Figure 7.44 Key HMBC, 1H-1H COSY and key NOESY correlations of 90. 

 

Figure 7.45 1H NMR of compound 90. 
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Figure 7.46 13C NMR of compound 90. 

 

Figure 7.47 HMBC of compound 90. 
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Figure 7.48 HSQC of compound 90. 

 

Figure 7.49 1H-1H COSY of compound 90. 
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Figure 7.50 NOESY of compound 90. 

 

Figure 7.51 HR-ESI-MS of compound 90.  
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Compounds 93 and 88 

 

Compound 88 

White powder; [α]
21

D – 55 (c = 0.12, CHCl3); UV (λmax): 203 nm; 13C NMR data (CDCl3, 100 MHz): 

δc 177.6 (C-1), 169.1 (C-4), 132.0 (C-13), 135.4 (C-3), 34.7 (C-6), 53.5 (C-2), 25.5 (C-7), 31.9 

(C-10), 73.8 (C-5), 29.5 (C-9), 29.4 (C-8), 22.8 (C-11), 14.2 (C-12); 1H NMR data (CDCl3, 400 

MHz ): δH 6.56 (1H, s, H-13a), 5.98 (1H, s, H-13b), 1.43-1.51 (2H, m, H-6), 3.54 (1H, d, J = 6.8 

Hz, H-2), 4.13 (1H, m, H-5), 1.21-1.35 (10H, m, H-7/H-8/H-9/H-10/H-11), 0.87 (3H, t, J = 6.5 

Hz, H-12); NMR data see Table 2.11; ESI-MS m/z 257 [M – H]–, 515 [2M – H]–, 259 [M + H]+, 

517 [2M + H]+. HR-ESI-MS m/z 257.1386 [M – H]– (calcd. for C13H21O5, 257.1389). 

Compound 93 

White powder; [α]
21

D – 91 (c = 0.35, CHCl3); UV (λmax): 211 nm; 13C NMR data (CDCl3, 125 MHz): 

δc 170.8 (C-1), 169.0 (C-4), 133.7 (C-3), 125.4 (C-13), 78.2 (C-5), 48.9 (C-2), 31.8 (C-10), 31.6 

(C-6), 29.3 (C-9), 29.2 (C-8), 25.7 (C-7), 22.7 (C-11), 14.2 (C-12); 1H NMR data (CDCl3, 500 

MHz ): δH 6.43 (1H, s, H-13a), 5.87 (1H, s, H-13b), 4.65 (1H, m, H-5), 4.00 (1H, dt, J = 2.2, 7.7 

Hz, H-2), 1.71 (2H, m, H-6), 1.55 (1H, m, H-7b), 1.41 (1H, m, H-7a), 1.32 (2H, m, H-9), 1.29 

(2H, m, H-8), 1.28 (2H, m, H-11), 1.26 (2H, m, H-10), 0.88 (3H, t, J = 7.2 Hz, H-12); NMR data 

see Table 2.11; ESI-MS m/z 239 [M – H]–, 479 [2M – H]–, 241 [M + H]+, 481 [2M + H]+, 503 

[2M + Na]+. HR-ESI-MS m/z 239.1282 [M – H]– (calcd. for C13H19O4, 239.1283). 
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Figure 7.52 1H NMR of compound 93 and 88. 

 

 

Figure 7.53 HMBC of compound 93. 
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Figure 7.54 HSQC of compound 93. 

 

Figure 7.55 1H-1H COSY of compound 93. 
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Figure 7.56 NOESY of compound 93. 

 

Figure 7.57 HR-ESI-MS of compound 88. 



7 Appendix 

197 

 

Figure 7.58 HR-ESI-MS of compound 93. 

Compound 8354, 141 

 

2R-2-(2-acrylic)-decanoic acid 

Chemical formula: C13H22O4 

Yellow oil; [α]
25

D – 9 (c = 0.27, MeOH); Literature,54, 141 [α]
25

D – 22.1 (c = 0.44, MeOH); UV (λmax): 

211 nm. 13C NMR data (CDCl3, 150 MHz): δc 179.7 (C-1), 171.8 (C-12), 137.5 (C-11), 129.8 (C-

13), 47.2 (C-2), 32.0 (C-8), 29.7 (C-3), 29.5 (C-5), 29.5 (C-6), 29.4 (C-7), 27.5 (C-4), 22.8 (C-9), 

14.2 (C-10); 1H NMR data (CDCl3, 600 MHz ): δH 6.53 (1H, s, H-13a), 5.83 (1H, s, H-13b), 3.41 

(1H, t, J = 7.3 Hz, H-2), 1.93 (1H, m, H-3b), 1.73 (1H, m, H-3a), 1.33 (2H, m, H-4), 1.28 (2H, m, 

H-9), 1.24-1.34 (6H, m, H-5/H-6/H-7), 1.25 (2H, m, H-8), 0.88 (3H, t, J = 6.9 Hz, H-10); NMR 

data (Table 7.13) are consistent with those previously reported;54, 141 ESI-MS m/z 241 [M – H]–, 

243 [M + H]+. HR-ESI-MS m/z 241.1441 [M – H]– (calcd. for C13H21O4, 241.1440). 
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Table 7.13 1H NMR (600 MHz) data and 13C NMR (150 MHz) data for 83 in CDCl3. Literature54, 141 data was measured 
at 500 MHz in CDCl3. 

 

 

Figure 7.59 1H NMR of compound 83. 

pos. δC / ppm δH / ppm (J / Hz)
δC / ppm 

literature54, 141

δH / ppm (J / Hz) 
literature54, 141

1 179.7 - 177.9 -

2 47.2 3.41, 1H, t (7.3) 48.0 3.39, 1H, t (7.4)

3 29.7
1.73, 1H, m
1.93, 1H, m

30.3
1.75, 1H, m
1.93, 1H, m

4 27.5 1.33, 2H, m 27.5 1.24-1.40, 2H, m

5 29.5 1.24-1.34, 2H, m 29.4 1.24-1.40, 2H, m

6 29.5 1.24-1.34, 2H, m 29.3 1.24-1.40, 2H, m

7 29.4 1.24-1.34, 2H, m 29.2 1.24-1.40, 2H, m

8 32.0 1.25, 2H, m 31.8 1.24-1.40, 2H, m

9 22.8 1.28, 2H, m 22.6 1.24-1.40, 2H, m

10 14.2 0.88, 3H, t (6.9) 14.1 0.86, 3H, t (6.7)

11 137.5 - 138.3 -

12 171.8 - 171.4 -

13 129.8
6.53, 1H, s
5.83, 1H, s

128.4
6.54, 1H, s
5.82, 1H, s
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Figure 7.60 13C NMR of compound 83. 

 

Figure 7.61 HMBC of compound 83. 
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Figure 7.62 HSQC of compound 83. 

 

Figure 7.63 1H-1H COSY of compound 83. 
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Figure 7.64 NOESY of compound 83. 

 

Figure 7.65 HR-ESI-MS of compound 83.  
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Compound 87 

 

Chemical formula: C13H22O5 

UV (λmax): 211 nm. ESI-MS m/z 257 [M – H]–, 515 [2M – H]–, 241 [M – H2O + H]+, 259 [M + 

H]+, 281 [M + Na]+, 539 [2M + Na]+. HR-ESI-MS m/z 257.1387 [M – H]– (calcd. for C13H21O5, 

257.1389). 

 

Figure 7.66 UV and mass spectra of compound 87. 

 

Figure 7.67 HR-ESI-MS of compound 87. 
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Compound 89 

 

Chemical formula: C13H22O6 

UV (λmax): 200 nm. ESI-MS m/z 273 [M – H]–, 547 [2M – H]–, 257 [M – H2O + H]+, 275 [M + 

H]+, 292 [M + H2O]+, 549 [2M + H]+. HR-ESI-MS m/z 273.1339 [M – H]– (calcd. for C13H21O6, 

273.1338). 

 

Figure 7.68 HR-ESI-MS of compound 89. 

Compound 94 

 

Chemical formula: C13H20O5 
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UV (λmax): 214 nm. ESI-MS m/z 255 [M – H]–, 511 [2M – H]–, 239 [M – H2O + H]+, 257 [M + 

H]+, 274 [M + H2O]+, 535 [2M + Na]+. HR-ESI-MS m/z 255.1217 [M – H]– (calcd. for C13H19O5, 

255.1232). 

 

Figure 7.69 UV and mass spectra of compound 94. 

 

Figure 7.70 HR-ESI-MS of compound 94. 
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Compound 142 

 

Tetraenylmethoxriane A 

Chemical formula: C11H14O 

Yellow oil; UV (λmax): 284 nm, 296 nm, 309 nm. 13C NMR data (C6D6, 150 MHz): δc 137.5 (C-

3), 134.1 (C-4), 133.6 (C-6), 133.2 (C-5), 133.2 (C-7), 132.6 (C-8), 132.6 (C-9), 117.5 (C-2), 76.3 

(C-10), 70.4 (C-11), 17.7 (C-12); 1H NMR data (C6D6, 600 MHz ): δH 6.31 (1H, m, H-3), 6.20 

(1H, ddd, J = 15.4, 10.1, 1.3 Hz, H-8), 6.14 (1H, m, H-4), 6.14 (1H, m, H-6), 6.11 (1H, m, H-5), 

6.11 (1H, m, H-7), 5.56 (1H, dd, J = 15.4, 6.7 Hz, H-9), 5.13 (1H, dd, J = 16.9, 1.5 Hz, H-2a), 

5.00 (1H, dd, J = 10.1, 1.5 Hz, H-2b), 3.81 (1H, ddd, J = 6.7, 3.9, 1.2 Hz, H-10), 3.58 (1H, qd, J 

= 6.4, 3.9 Hz, H-11), 0.99 (3H, d, J = 6.4 Hz, H-12); NMR data see Table 4.9; ESI-MS m/z 161 

[M ‒ H]–, 163 [M + H]+; HR-ESI-MS m/z 163.1123 [M + H]+ (calcd. for C11H15O, 163.1123). 

 

Figure 7.71 1H NMR of compound 142. 
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Figure 7.72 13C NMR of compound 142. 

 

Figure 7.73 13C NMR (DEPT) of compound 142. 
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Figure 7.74 HMBC of compound 142. 

 

Figure 7.75 HSQC of compound 142. 
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Figure 7.76 1H-1H COSY of compound 142. 

 

Figure 7.77 NOESY of compound 142. 
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Figure 7.78 HR-ESI-MS of compound 142. 

Compound 143 

 

Islandic acid A 

Chemical formula: C10H12O3 

White powder; UV (λmax): 225 nm, 326 nm. 13C NMR data (CD3OD, 100 MHz): δc 167.8 (C-3), 

167.6 (C-1), 153.6 (C-5), 134.3 (C-7), 121.3 (C-6), 108.6 (C-4), 99.9 (C-2), 18.7 (C-8), 9.4 (C-

10), 9.0 (C-9); 1H NMR data (CD3OD, 400 MHz ): δH 6.61 (1H, dq, J = 15.4, 6.9 Hz, H-7), 6.42 

(1H, dq, J = 15.4, 1.7 Hz, H-6), 2.00 (3H, s, H-10), 1.93 (3H, m, H-9), 1.92 (3H, m, H-8; NMR 

data see Table 4.11; ESI-MS m/z 179 [M ‒ H]–, 181 [M + H]+; HR-ESI-MS m/z 181.0875 [M + 

H]+ (calcd. for C10H13O2, 181.0865). 
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Figure 7.79 1H NMR of compound 143. 

 

 

Figure 7.80 13C NMR of compound 143. 
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Figure 7.81 HMBC of compound 143. 

 

 

Figure 7.82 HSQC of compound 143. 
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Figure 7.83 1H-1H COSY of compound 143. 

 

 

Figure 7.84 NOESY of compound 143. 
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Figure 7.85 HR-ESI-MS of compound 143.  
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Figure 7.86 Sequence alignment of the ER domain from PKS in H. monticulosa with other fungal ER domains. 
Functional ER: Alternapyrone,136 SQTKS (Squalestatin Tetraketide Synthase),137 and zearalenone;138,139 Non-

functional ER: Aureonitol91 and depudecin;86 C = NADPH cofactor binding sites;108 Green colours: Identical within 
functional ER domains; Yellow colour: Highly conserved within functional ER domains. The ER domain in red colour 

highlighted PKS are predicted inactive. 

 

SQTKS             --GLIDTLQFSKTDAP--DHLPADYIEIEPKAFGLNFRDVMVAMGQLEES-----IMGFECAGIVRRVGPSSAGHNIKVGDRVCALL--GGQWTNTVRVH   89 

Alternapyrone     ---------------------------IEVKAVGLNFKDVLVALGNLAEN-----KLGVDASGIVTRVGSAV--TNVQVGDRVMTAS--CDTFATYVRFP   64 

Zearalenone       ---------------------------IQVKATGLNFRDVMASMALVPVK-----GLGQEASGIVLRTGRDA--THLKPGDRVSTLD--MGTHATVMRAD   64 

Depudecin         GRIQAGKVVFETALLD-KPPLQQDEIEFRQLATGFNLEDQAAITGASFET-----DFSHETTGIVTKIGSAI--TKVSVGDKIVAFS--ASRFSTYQRVA   90 

Aurenitol         -----GRVIFHQEA-V-VEDVKPGHVEVRVEASGLTKEGVLVISGADYPT-----TFSHEIGGVVTRVGTGV--TAHKAGDKVVGFH--ADN--------   76 

PKS1              --ARTHEVVFESDNGS-ETDLEAEEIEIQVVATGLNKEDIAVISGTEFAT-----DFSHEIAGIVTRVGSSV--KDFAPSDRVVSFS--ANKFATFQRVN   88 

PKS2              --GVLSSLYFKAYQEL-WQPLPADYIDVKVAAVGLNSKDIEHWSGRSDAN-----NLSSEYTGTITAVGSAV--TDLKVGDRVYGLG--KGQFGNFTRVP   88 

PKS3              --NDPHNFCFVDNEEL-TSDIPAGMVEIEPKAFGLNTRDIPVD-GIEET------ASAHDLSGIVVRLGPDTKQSGLKVGDRVYGLA--KGRLANVSRAP   88 

PKS4              --GRTDTIFFQMLREH-PTEPPTGFVDISVKAVGLNAKDVYTLGGHVETR---LGTTSCEFSGIVTAVATDV--TNVQPGDRVVVML--PSHFRTVERVP   90 

PKS5              ---TLQSLMWCETEVGDAPALDDGNIEVEVMAVGVNFKDVAITMGIVPDN---EYNIGFECAGVVKRIAHGV--TKFKVGDRICMLK--AGSYANRVRVS   90 

PKS6              --GRLNTLHWIQQPR---EAVLSNEVEIEVHSAGLNFRDILVAMGIVELP---IRQFGLEAAGIVTRVGADV--KDIKIGDRVCCLK--KHAYSTYLVTP   88 

PKS7              --GRQSTPHFIEAAPLGPSEPEDDHVDVAVRAAS--------VMGRREDQ-----NLGKYYSGVVTKAGPNS---NLHPGDRVFAV---FPSFRSTLRLP   79 

PKS8              ----GGDAHYVESSPSSGRGPEGDDVDIAVKAVSLQVQDRVAASGSEEDP-----SLGKYCAGVVLQAGPGA---KYFPGDRVFVAQ--ARSFRSHVRVS   86 

PKS9              --GALDTLHFIDDVVA-DAPLNGEDIEIKVHAVGVNHRDLTAAHGKLATH-----DFGVEASGVVTAIGKDV--KKIAVGDRVAAIT--RGAFATTTRTK   88 

PKS10             --GDVESLYWGDDPEA-SLPVSPDDVKVRVLFAALSEFDNEVLHGRAQKV-----PLGTDVYGVVEEAGRNV--SNVAIGDRVVGIV--RGSLRDYVMCH   88 

PKS11             --GSLDSLTFVEVGDGTPPVLRPDEVEVEILASGCNFKDVAVSMGIVPED---QTRLGLDGAGIVVRLGGTV--KDRYVGQRVAVLR--NGCYANRITVS   91 

PKS13             --GIMDTLCFERDSVP-RTELKSDEIEIKVKATALNFREIMSVMGQIPDA-----LLGFDAAGIVIRVGSGV--TKFKIGDRVAMCG--HGAHRTVHRSK   88 

PKS14             --GSMETLHWIDEPL---PELPDDHVEIETRAVGLNFRDVVLARGIIQSSAPGRIPFGYELSGVVQRVGAAV--TDLAPGDRVMALC--NGCLGTRNIAP   91 

PKS15             --GELDSFYFSDDEDY-SQPLGDLEVEIEVKAVGLDRHDMAVAVGQLWDP-----DLGVECSGVVTRLGKNV--ADFSVGDRVMTCA--LGWYKTFIRNT   88 

PKS16             --GALDSLRFIQDNTY-ETEIKPHEVEVEAKAWGLKYQDIEPYTS----------HLEVDYAGIVNRVGPDCD-ASIQQGNRVCVAS--LGGIRKYSRAQ   84 

PKS17             --GMLDTLRFVEDTA---TDLAANEVEIQAAVWPISFRDVFIVLGRLGKE-----GLGFECAGTITRMGTACS-GKFEIGDRVLMIA--PGCMRSHPRAS   87 

PKS18             --GLLNTLRWVPRPT---KSLDPNQVRVKIMSVSMNFRELLVAMGVVPNI-EGQEMVGTDSAGIVTEIGSNV--TNVSVGDRVMALSVVDNSYTTELLIS   92 

 

                                        C    C                 C C C CCCC                 CCC   C               CC 

SQTKS             WHAVAPIP-QAMGW--ETAASIPIVFVTAYISLVKIAKLQAKETVLIHAASGGVGQAAIILAKYAGA-EIFATVGTEEKRELLIKE--YKIPDDHIFSSR  183 

Alternapyrone     AKGAIGVP-TGMSF--EEAASMPLIFLTAYYALVTAGGIVAGEKVLIHAAAGGVGQAAIMIAQAKGA-EIFATVGADTKKQLLIEQ--YGIPEDHIFSSR  158 

Zearalenone       HRVTVKIP-DAMSF--EEAAAVPVVHTTAYYALVRLAKLQRGQSVLIHAAAGGVGQAALQLANHLGL-VVYATVGSDDKRKLLTDT--YQVSEDHIFNSR  158 

Depudecin         ECLVQVLG-PEEPY--TTIAGLPMYYGAALYGLETLARLQYQESVFILPGSGLLGAAAIWIARALHC-LPYVVVRDSAEAEHVATT--FSLPSAQILTEY  184 

Aurenitol         ---------------------ALSAYASALHGLNTLGQIKANDNVLVLHGTGLSGVAAVKVALAKGA-VPYVVVETAAEAEFFQTQ--LGLDAEQTLFAG  152 

PKS1              QSLVQKLN-ADESF--TTMASLPISYGAALYGIENLAHLQQGESVLVLPGVGILSAAIIKVAKALGA-TPIVAARGAAEAEILA-K--LGLGSDQIIQW-  180 

PKS2              ASLAQKLQ-PDDDL--VQMATLPLVYVTAIYAFEHAAHLRKGQNVLVQAATSDLGLAALRFAQAKGA-NVFALVDTPEKARFLSDE--LSVPATHVILSS  182 

PKS3              WTSIAKVP-AEMSF--ETAAALPTAHITAYYSLLHVARLQAGESILIHNAASDVGQAATTLAQYIGA-KIFVTCGTEAQKGLLVEK--YGIDPTRVLSSK  182 

PKS4              SWTAHKLL-PDEEY--TTMATIPVAFSTAFYALHDRAHLQKGESILIHAASGALGIAAIGIAQSMGA-VVFATAGSQAKKDFLMEK--FGLPASHIFSSR  184 

PKS5              VDRCHVIP-DTMSF--EEAATIPSVYLCSLYAMYHLGNLKEGQSVLIHSATGGVGIACIELARHKKA-EIYVTVGTEEKRQFLESN--YGIPRSHMFSSR  184 

PKS6              DIFCTKIP-DRLSF--DEAASMLMPYVTAIHSLVNVGRLEEGQSVLIHSACGGVGLAAIQICQMLGA-DIYATVSNEEKVKFLMDN--YQIPRNKIFNSR  182 

PKS7              SQAVAKIPSPDISL--PDACWAAPPIAAAYTALVEVGRVRPGDSILVDAGISLVGLASLQMLIALGVKDVWTTAADESESAWITSQ--LGIPEERVLPKA  175 

PKS8              SRAIVRIA-PDTTF--SSACGIFPRVLTAYNALIEIGKVQQNDKILIHDGASPAGQAALHLLVNRGIPEVWATATNEEESTMIAMS--LKIPPGHILPKS  181 

PKS9              ATFAFKLP-SDMQF--EEGATLPLAYSTAYYSLVELGRLSEDETVLVHAAAGAVGQAAILLAQMIGA-KVFATVGSTEKKEFLIKE--YGLPEDRIFYSR  182 

PKS10             HQLLYKLP-DNNDDSQSHHPYLPTSFSVARYAL---RKLKAGDTILIHSGAGLFGQAAIQLAKAAGA-IVFASAETNHQRGILHHF--WSLPEDHVLDAR  181 

PKS11             SKATVPIP-DFMTF--EEAATLPVVFGTSMYGLYHLANLQQGQKVLIHSAAGGIGLASIQLCQRLNC-DIFVTVGNAEKREFLKHE--FGIPDDRIFSSR  185 

PKS13             AGFCQLIP-DDLTF--EQAASIPVVHGTAWYGLVYQARVKKGQSILIHTAAGGVGQAAIQIAQHFEM-DVYATVGSEAKRALLRDT--YGIADDHIFNSR  182 

PKS14             AEIVMKIP-ESLSF--EAAATIPVCFGTVIYGLMDIGRLEKGQSVLIHSACGGVGLAALQVSQMLGA-EIYATVGSEKKVEYLVKN--FGIPRSRIFNSR  185 

PKS15             QDMFQRLP-DTMSF--EEGATMMISYGTAVHSVFNVARLQAGETILIHSASDCLGQAAINAAQHVGA-EILATVPSEAEKQYLIEH--YNIPEDHIFSNK  182 

PKS16             DKSIIKIP-DYMSF--EAAVSTLLPSIMSYYALIDIGKLREGEKVLIHSAAGSVGQLAVQIAKAQSA-DIFVTVSSNQEKQLLINS--FGIPESRIFTNQ  178 

PKS17             ADVVFKIP-DDLSF--EDAVAGMNPGMTAYHALVNIARLQRGEKVLIHAAAGSTGQMAVKIAKIIGA-EIFATVGSEEKRELITDPNGLGISDSHVFYSR  183 

PKS18             SKCCTRIP-ADCSF--EDASTLPTVYLTVLRTLREKAHLRRGQSILIHSAAGGVGIAAIHYAKWVGA-TIYTTVSSPEKTAFLVEK--MGVKRENIFYSR  186 

 

                                                                        CC 

SQTKS             NAL--------FAKSIRQRTNGKGVDVVLNCLA--GGLLQESFD-CLADFGRFIEIGKRDIELNHCL-NMGM-FARSATFTAVDLIAIGR----DRSYMV  266 

Alternapyrone     DTS--------FVKGVLRATDGQGVDLVLNSLA--GEALRLSWTDCLAKFGRFLEIGKADLFANTGL-DMKP-LLDNKSYIGVNLLDFEN----NPTPRA  242 

Zearalenone       DAS--------FAKGIMRVTGGRGVDCVLNSLS--GELLRVSWS-CLATFGTFVEIGLRDITNNMLL-DMRP-FSKSTTFSFINMYTLFE----EDPSAL  241 

Depudecin         RPE---------------QLVDLDIDVVFSGSSVEPAVAREAWR-HTPAFSRFVNCTAAA--STSPL-DSIP-ASRGASYLSVNFPRLFQ-----KPRVL  259 

Aurenitol         HSEDAEAAASVLLDILNELTAGHGADIVFSAGNTDQATAREAWR-HIAPLGRFLDAGRKDVLHRRAL-DSVPTAQRGASYLSFDLVGLFD----SRPEVL  246 

PKS1              STA---------------ALTKYQPDVVFSTGSVDSSVAREAWR-HLPAFSRFVSCSGKEASSSNVL-DIVP-ATRGASYLSFDVINLFK-----KPKIL  257 

PKS2              DPS--------NLRRAAGKTRKGGFDVIINTAQ--SENLHASLQ-ALAPLGHFIDVGQVDAQSAKAI-GSEL-FQKNANFSSIDPFVLLD----SDPELG  265 

PKS3              SAN--------FARDIMAQTGGVGVDVALNSLS--GSLLKATWE-CIASFGRLVDIGRTNSNNSKRL-DMTP-FGRSATYTSVDILQLCE----FRRSLV  265 

PKS4              DMS--------FVDGVMVATEGRGVDVILNSLV--GDLMHASWS-CVANFGRFVEVGKRELVDAGAL-DMNG-FLRNATFTAFDMEEIIFSENQAHRDLV  271 

PKS5              NTK--------FAREIMKATGGRGVNVVINSLI--GELLDASWR-IMADGGNMVEIGKRDIVDRNSL-SMEP-FDRNCSFRAVDFSYTRD----IKDSLV  267 

PKS6              NDS--------FVEGIMRETGGQGADLVLNSLS--GELLHATWT-CVAEFGTMVEIGKRDLIGNGKL-DMNP-FLANRSYSCVDIDQLW-----KKPALM  264 

PKS7              WFT---------NPLISAPQWKEKFDIFFSADT--AELPVVSMN-SIKSGGRYITLRTTARSSKDTAEQRIHAPPSNISLSIIDLTERSP---------S  254 

PKS8              WFS---------SSSMLASKWKRTFDVVFSPCE---DKKTLRMD-CVRSGGRYIEVRTGLMSSDDTQ---VKHVPANVALSIIQPGSHII---------T  256 

PKS9              NLS--------FGNAVRQATNNVGVDVVLNCLA--GDGLRESWN-CVNKFGRLIDIGARDTNTSTRL-EMTQ-FEHNASFMTVDIMAIAA----ERPKLL  265 

PKS10             GGS---------MDTILRLTGNRGVDVIYDPAA--R-SRNVNVR-CIKGGGRIIYFANQPDRNSSTMTRRNS-IGKTYNCTMIDVADLIK----HQAYRL  263 

PKS11             SIS--------FGRGIRDATQGYGVDVVMNSLT--GDLLHESWR-ILAPGGTMIEIGKRDILARNWL-PMDP-FSHNRSFRSLDLSTLPL----S-VVGR  267 

PKS13             DLS--------FVNGVKRMTSGRGVDVVLNSLA--GEALRQTWY-CIAPFGTFIEIGLKDILGNTRL-DMRP-FIQDATFCFFNLNHIER----DRPELM  265 

PKS14             NAS--------FAEGVMRETGGQGVDLVLNSLS--GELLHESWR-CVAKFGIMVELGLRDSKGSGRL-DMLP-FAENRSYHGVNLSEFR-----ERPKWL  267 

PKS15             DDG--------FVQGVKRITDGLGVQVVLNTLT--GELLRQSWH-CIAPFGRFIELGMKDIRSNTGL-DMVP-FANNAIFAGVNILTMYR----TNRRMF  265 

PKS16             NTS--------YAKAVMRVTQGYGVNVVFNTLL--GEDKLQASGECLASFGRFLEVGRGNIDANVPL-PMAI-FARNATFSAIDLTR-------ADSKVM  259 

PKS17             NTS--------FAKGVMRVTDGYGVDVVLNSLS--GDGLQASFE-CVAPYGRFVDIGKSDIMANSSL-PMAG-FAKNISFASVDLHHIAL----TNSALT  266 

PKS18             DNT--------FLDAVMRATNGRGVDVVLNSLS--GELLHASWQ-CVAQGGSMIEIGKRDLLGHGQL-AMNP-FLANRSYIGVDVATLPL----IEPDWV  269 

 

 

SQTKS             AEALPKVMALLQ-QKAVR--PVTPISIYKIGDIETAFRLMQAGKHMGKIVI                                                   314 

Alternapyrone     VALWHDTAKMIH-DGAIK--PIAPLQVFTMAEVEKAFRHMQAGKHMGK---                                                   287 

Zearalenone       GDILEEVFKLLG-GGILQ--TPSPMTVYPINQVEDAFRIMQQGKHRGKIVL                                                   289 

Depudecin         GTLLERIMVLYR-QGSIP---APSITVRNITELNESIHSFVDSICDNKIVI                                                   306 

Aurenitol         ARLLPTIVSLVQ-QGAVV--APGPVKTVHLSGLDKAVAGFSDAFGAVKTVV                                                   294 

PKS1              TQLLNRIVTLFR-QGTIS---PLPVAVKNIAELNETIASFSDDLQSAKTVI                                                   304 

PKS2              EELIQAVDKYYR-QGLIQ--PIRPVTATDVSQLSQVLMDFSKGNLIGKLVA                                                   313 

PKS3              QEALQETLRICFTANSGR--TIHPIRSYPISELEAAIGHVKEETHFGKSII                                                   314 

PKS4              SRKMREALELYR-SGKIK---LPPITTFDIGDISQAYRFFSTKDRVGKVVI                                                   318 

PKS5              ASLFDELFVLID-GGHIK--PIHPITTFGFDEVVNALTYIRSGRHLGKIVI                                                   315 

PKS6              RKLILSTLEYYE-KGLTT--SIQPLKIFPASETADAFRYMQKGQHIGRIGI                                                   312 

PKS7              QEALSYAVSNIDALVTTV--SKERISQYPASSMEDALSSLRTSNDQKTVV-                                                   302 

PKS8              QDSLQYAASNSHNSTLDR--GRHHVTEFSASDLAGALSHLQGANDGDMVV-                                                   304 

PKS9              QRLLADVAKLIR-YGKIR--PISPVTVFPISEVESAFKTLHGAKAHGKLVV                                                   313 

PKS10             GDALAFVCPRLR-SGQFKVWHPDAHREFDSSDLAAAFSALSLNGA------                                                   307 

PKS11             LRVLCELSVLIR-GGHVK--AIAPRRIFSYREIPAALQLLRTGSQVGKLVI                                                   315 

PKS13             AEIIDGAFDFIR-RGITR--PITPLVTYPISEVESAFRLMQTGKHIGKIAL                                                   313 

PKS14             RRLLNTFVDLYK-QDLVR--PIDPVATFDAKQISRAFRHLEDGDHLGKIVV                                                   315 

PKS15             SQLMADAFRYHK-EGIVK--LVRPLHVFKFSEIANAFRLLQARKHRGKVVL                                                   313 

PKS16             TGLLEKAVQLLG-DGKIQ--NPEPVQNFSVSDIEQAFKQLQSSRDFGRVII                                                   307 

PKS17             GQLVEKVLTLVG-KD-GG--GPRPLHIYPVSKVEQAIRYMQGGKNTGRIIV                                                   313 

PKS18             QQQLALIVDLYE-QGVIH--PVRPITTFPASKIEDAFRHLQKGQHIGKLII                                                   317 
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Figure 7.87 Sequence alignment of the C-MeT domain from PKS genes in H. submonticulosa with other fungal C-
MeT domains. Functional C-MeT: Tenellin (TENS),118 SQTKS (Squalestatin Tetraketide Synthase),137,140 and citrinin;120 

Green colours: ‘GAGTG’ conserved cofactor motif, as well as the His-Glu dyad.109 The C-MeT domain in red colour 
highlighted PKS are predicted inactive. 

 

  

TENS      ---RLYTEDKGMHMANLFLANALEEITFKFPRCKILEIGAGTGATTWAA-LSAIG-------------------------   51 

SQTKS     -LYRYYTDAIKWDRSYQQIDQLVKLHAHKCPSAKIIEIGAGTGGCTRAV-LDALST------------------------   54 

Citrinin  ------INAVWIQQAEFFLEQLVKRLPNTGEPLRILEMGAGTGGTTVKM-LPLLE------------------------R   49 

PKS1      RTQSKPDVALLSGAQKLSVADFVELVEFKKPGLKVLSVDGAYAESLVGK-IPALS-------------------------   54 

PKS2      --TPLYQTGLLMTGVYPQLYNVLDSLSHANPNLRILEVGGGTGGATRIA-MKAFR------------------------G   53 

PKS3      --QYFAELPRLRDRTYKQLSKVAEFYAVTSPGANVLEIGAGTGGVVSQVILQAFGA--------------------R--G   56 

PKS6      ------LAALYEFMSQSDTSQLIQSLSHSRPNLQVLEIGTGRGSSVTSV-LKNLT------------------------R   49 

PKS7      -------------------------LAHQTPGMKILEVGGGTGSGTRNI-VSALCT--------------------RRGD   34 

PKS8      ------YDELTSYRCMAQCESYLDLLAHQTPGLNILEVGGGTASATRKF-IRALR----------------------AND   51 

PKS11     -----TREETLEEMQDNKMAVVCEKLAL-KEGETMLDIGCGWGTLAKFA-SVNYGAHVTGVTLARNQAAWGNDALRRAGV   73 

PKS12     -HNRFYHESSIINDTNHDLFILAGQLSHRYPHMRVLEVGAGTGGSTGGV-LAALD-------------------------   53 

PKS14     ------LTEI-YNGTSFGYGDFVRLLSNTRPNLRILEVGAGTGGTTELI-LRDLV------------------------D   48 

PKS15     SLNNMYRYGLSDERTPAIQCEYIRRLSHKR-PLRILEVGAGTGSATSRI-LSSLG-------------------------   53 

PKS16     -ADIFYADLFQSLCADGRLSSFLDLTAHENPTLRILEIGAGTGGVTGHV-LSILQE--------------------R-EK   57 

PKS17     -AQAFYNQNFSRHAEVGHVRVFLDLLSHEHPSLRILEVGAGTGAMSRLI-LETLQS--------------------F-EQ   57 

PKS18     -------------------KDFLQLLGHLRPHMNVLEIGAGTGGLTAKI-LDFLQ------------------------S   36 

 

 

TENS      ----EAFDTYTYTDLSVGFFENAVERFSAFR--HRMVFRALDIEKDPASQSFDL---NSYDIIIATNVLHATRNLGVTLG  122 

SQTKS     -HGAARCAQYDFTDVSSGFFEAAQQKFTAFA--DVIRFQKLDIEKDIETQGFEC---GSYDLVIASQVLHATGKIEDTMA  128 

Citrinin  ---LGVPVEYTMTDLSSSLIAAARKRFKKYP---FMKFKVVNIESPPDPQLVH-----SQHIILATNCVHATRNLEISTR  118 

PKS1      -----LTATYDVPDEEY----EMSAELSGSK---NVKAVKFDIGADLEGQAVAA---KSFELVVSRIASP------ATLA  113 

PKS2      PNGIKRYREYTFTDISAGFLGGARESLAEFK---DMNFSVFDAEVDPIEQGYE----PVYDLVIACQVLHATSSMKNTLT  126 

PKS3      NGSGTLLGSYTYTDLQDDALHGAAQRLAPWG--DMVQFQKLDIGQDLAKQSFKG---GEYDLIVVPLALYSTTSVKNALH  131 

PKS6      SDGQVLCSRYTFTSTG---FISGKDQQKPFP---NMEYATLNISKDLEEQEFEG---RQYDLIIASNAIHVTKNIQESLK  120 

PKS7      PEGFLRCSRYDFTDVSAAFLDRAREEFEHYH--SQMTFGVLDIDRDFAEQGFGA---GSYDVLLAVSVLHISSDLVGVVK  109 

PKS8      DTGSLRCSRYHFTDISASFLEKAREEFSSFH--SQMTFSTLDIERDLTEQGLEE---GAYDVIVADGVLHVTHNIAHTLR  126 

PKS11     PESQSNLLCMDYRDIPAKKFNKI---------------SQLEM-----------------------GEHVGIRRLTTFFR  115 

PKS12     ----SRMSSYTFTDISPSYFQKARKDFDKYS--DRMIFKTLDIEEDPSTQGYEL---GSYDLIIASNVLHATRRLSNTLR  124 

PKS14     DAGFPIYSIYTFTDVSSGFLVKARERFSYAP---NMEYKVLDISKSPLEQGFEGGERGSYDLILAANVVHATPFLKETLG  125 

PKS15     PNVAGRLQKYTYTDVSGVFFEAASEEFKDWK--SMMEFKVLDIEKDPLKQGLEE---GSYDLVVAFQVLHATSSIGTTLA  128 

PKS16     QTGAPSFAEYTYTDISPMFFEQATSRWSKLRDQGRMVFKTLDQDRTIESQGFVA---GSYDMIIAGSVLHATPYLEVTIR  134 

PKS17     ETGQTRFSEYIYTDISAAYFEDARALFDEYK--DRMLFKTLDLEVDPVQQGFQL---ESYDLIIAGGVLHVPSDLTSTLR  132 

PKS18     ESSEELYQEYMYTDISSGFFVSAKERFHDHP---RIRYDVLDISKDPVEQGFPD---RHYDLIIASNILHATPYLTETLK  110 

 

 

TENS      NVRALLKPGGYLLLNEKTGPE-SLRATFNFGGLEGWWLAEEKERQLSPLMSPDGWDAQLQKASFSGVDHIVHD----     194 

SQTKS     NVRRLLKPGGKLLLVETTRD--EMDLQLVFGLLPGWWLSSEEERKMSPSLSTSSWEKVLKKTGFNGLDVELRDCD--     201 

Citrinin  NIHRILRPDGFLLLLEMTEQV--PWVDFIFGLLEGWWLFEDGRRH--ALQPATHWKKILTS----------------     175 

PKS1      KIQNLVAEGGRAIIESAAPLS----------------------------------EADLKTSGFSGAVTIEAPAG-V     155 

PKS2      NVRKLLKPGGQLLLVETNKNF--MVPGVVVGTFTGYWAGIPDGRVDAPFQSLEAWDKALQNVGFSGLDIVLDDFPEL     201 

PKS3      TIRSLLKLDGKLILIEPTSNK--LDMQLLFGTSPEWWVND-EPDKLSPILSLQGWDDTLRETGFTGVD---------     196 

PKS6      NIKKLLHPGGRLLLQELCPSS--KWINTVFGLLPSWWYGSADGRLNEPYFDVNGWKSQLLAAGFDSIEGIVLDSDE-     194 

PKS7      RIRKALKPGGKLIMQESFTPS-GWTLGYIFGLFPGWWFGVDDGRVLSPSISIDDWDKLLKENGFSGVDIVRDLGRE-     184 

PKS8      NIRKALKPGGKLIMPEMLKAD-GWIPGFVFGLFPGWWLGTDDNRILSPNLSADSWDAVLKENGFSGAD---------     193 

PKS11     QCYDMLEDDGAMYVQLSGLRKAWQYEDFIWG-------------------------LFLNKYIFPGADASTPLANY-     166 

PKS12     QCRALLRPGGHLLLMEGTRM--TTAFQLLFGVLPGWFLGLDDNRVWAPSTTISEWNDVLKKAGFSGVDASVTPYCSE     199 

PKS14     NIKSLLKPDGMLVLTELLPTL--RTANYTFGHFAGWWLGEADARPSNPLIPVERWDTELKGAGFTGVDSFVSDDDEL     200 

PKS15     NCRKLLKPGGRLIVTELTNKI--ARRSVVFGVLSGWWLGEDDRRQWGPELTEEEWDSRLRAEGFSGVDWCFRDRED-     202 

PKS16     NVRKLLKPGGRLMLLEVINPA-DIAIN--------------------------------------------------     160 

PKS17     KVRKLLKPKGHLVFLEVTEPD-MACAKVGFGPIETWWSAKEEWRRYSPLVTEQRWDELLRQTGFSGVDASFRDYESL     208 

PKS18     HTKTLLKPDGRLLLQELCPVS--NWTNFIFGLFPGWWLGKDDGRIDEPYISPKEWDTRLRDAGFAGVDASALDADYL     185 
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