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Summary 

The kingdom of fungi encompasses an enormous amount of species, each of which have a unique ability to 

produce enzymes and secondary metabolites. The secondary metabolites fill a variety of roles in the 

development and life of a fungus, and many secondary metabolites also possess various bioactivities or other 

properties of relevance to humans, such as antibacterial, antifungal, anticancer, neuroactive, and toxic 

properties. Additionally, some species produce compounds with industrial relevance, such as pigments, 

flavouring agents or other food additives. As a result of a great decrease in sequencing costs during the last 

decade, the doors to new bioinformatics approaches within natural product discovery have been opened. 

Similarly, advances in analytical equipment has made more in-depth and accurate analyses possible, further 

exposing the potential of the fungi which are being analysed. Combining these techniques with molecular 

biology have made it possible to more confidently link secondary metabolites to their responsible genes, 

suggest biosynthetic pathways, and undertake metabolic engineering with the goal of expanding the 

secondary metabolite catalogue. In this project natural product discovery has been approached from several 

different ways, including spectroscopy and spectrometry guided discovery, as well as genetics based discovery 

and engineering. 

Spectroscopy-guided analysis of the filamentous fungus Talaromyces atroroseus lead to the discovery of a 

novel red azaphilone pigment (Appendix 1 and 2). Further investigation of the chemical potential by 

dereplication revealed that in fact a whole range of red pigments were produced by the fungus, differing by 

the incorporation of various amino acids, all structurally elucidated with one- and two-dimensional nuclear 

magnetic resonance spectroscopy. These compounds were named atrorosins, and were found to be a new 

class of Monascus pigments. By cultivating the fungus under controlled conditions in bioreactors, it was 

possible to design a fermentation process in which the identity of the incorporated amino acid could be 

decided, while simultaneously achieving product yields in the ‘gram per liter’-scale. Furthermore, three novel 

yellow and violet azaphilones from A. neoglaber was characterised (Appendix 4), by nuclear magnetic 

resonance spectroscopy, and high resolution mass spectrometry in conjunction with deuterium labelling, 

could be used to further confirm the structure of one of these compounds. 

Several tools has been developed for genetic engineering of microorganisms, with CRISPR/cas9 being one of 

the most famous ones in the last few years. This technique can be used to alter the products or elucidate the 

route of a given biosynthetic pathway, or to increase the yields in a bioprocess (Appendix 6). 

Aspergillus brasiliensis is a filamentous fungus belonging to the black Aspergilli, section Nigri, also dealt with 

throughout this project (Appendix 5). Dereplication of the secondary metabolite profile of this relatively newly 

described species resulted in identification of a range of unknown and possibly novel compounds. Of particular 
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interest was one compound, produced in large amount and possessing a unique absorption spectra. Upon 

purification and structural elucidation the compound was found to indeed be a previously unknown 

polyketide-fatty acid hybrid, that was named brasenol A1. Bioactivity testing showed brasenol A1 to have mild 

antibacterial properties, and investigation of other fungi in the section Nigri revealed that also A. carbonarius 

was also a producer, of brasenol and several putative analogues. Using comparative bioinformatics and gene 

deletions, the responsible gene cluster was identified, and turned out to encode a highly reducing polyketide 

synthase, BrsA, a hydrolase, BrsB, and an esterase, BrsC. When heterologously expressing the genes brsA and 

brsB together in three different fungi (A. nidulans, A. sydowii and A. oryzae), brasenols were produced in vast 

amounts, and characterisation of three analogues was possible, brasenol B1, B2 and C1. However, even more 

interesting, sporulation was interrupted in all three hosts, possibly as a result of disruption of the fatty 

acid/oxylipin metabolism in the fungi.  

The potential of bioinformatics is by no means limited to elucidation of biosynthetic pathways. Engineering of 

gene clusters in order to make synthetic natural products is another approach which have been explored in 

this project (Appendix 7). With the aim of engineering novel cytochalasin analogues, the polyketide synthase-

non ribosomal synthetase (PKS-NRPS) responsible for biosynthesis of cytochalasin E in Aspergillus clavatus, 

CcsA, and its native trans-acting enoyl reductase, CcsC, was heterologously expressed in A. nidulans. This led 

to production of an unknown secondary metabolite, which was named niduclavin. Structural characterisation 

showed the compound to consist of an tri-methylated octaketide linked to a phenylalanine moiety through a 

five-membered lactam. The compound was furthermore found to contain a decalin system rather than the 

tricyclic isoindolone system normally observed for cytochalasins, and in fact be more similar to compounds 

such as talaroconvolutin A, myceliothermophin E, and equisetin. Bioinformatics led to identification of a 

homologue of the A. clavatus PKS-NRPS encoding gene, ccsA, in the rice blast fungus Magnaporthe oryzae, 

and this gene, syn2, along with its native trans-acting enoyl reductase, rap2, was similarly heterologously 

expressed in A. nidulans. The natural product from the syn2 gene had not previously been identified, but 

heterologous expression in A. nidulans led to production of a compound similar to niduclavin, consisting of an 

singly methylated octaketide linked to a tryptophan moiety through a lactam. The compound was named 

niduporthin. Common for both niduclavin and magnaporthin was addition of a double bond in the α/β-position 

of the amino acid, a modification most likely caused by native enzymes in A. nidulans. In order to obtain 

synthetic analogues of the compounds obtained from expression of the two PKS-NRPS genes, the PKS and 

NRPS modules were swapped between the two hybrid genes. This resulted in two chimeric analogues, 

niduchimaeralin A and B. Based on tandem MS experiments, niduchimaeralin A and B were determined to 

indeed be the expected swapped versions of niduclavin and niduporthin. 
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In a different approach to genetic engineering, the lovastatin producing PKS, LovB, was heterologously 

expressed in A. nidulans, along with the NRPS module of the PKS-NRPS CcsA, from A. clavatus  (Appendix 8). 

LovB is a well-studied PKS, also encoding a condensation domain, usually only found in NRPS or hybrid PKS-

NRPS genes. In order to investigate the PKS and the role of the C domain, two synthetic hybrid versions of a 

LovB/ccsA PKS-NRPS was made. Mutant 1 consisted of the LovB PKS and C domain linked to the CcsA NPRS 

module lacking the C domain, and Mutant 2 consisted of only the LovB PKS, without the C domain, linked to 

the whole CcsA NRPS module. Mutant 1 was found to produce dihydromonacolin L, a lovastatin precursor, 

whereas NMR structural elucidation revealed Mutant 2 to produce a novel PK-NRP hybrid, named terreclavin, 

constructed from phenylalanine and a linear octaketide linked via the same five membered lactam as seen in 

the CcsA and Syn2 compounds. Lovastatin is a nonaketide, and various reasons could be the cause of the 

shorter polyketide chain observed in terreclavin. Speculations about the exact role of the LovB C domain has 

previously been proposed, and while functions such as a Diels-Alderase-like activity has been proposed, this 

study strengthens the hypothesis that the C domain is indeed crucial for the biosynthesis of lovastatin in A. 

terreus. 

Altogether, this project has dealt with several aspects of natural product discovery, from spectroscopy guided 

discovery and dereplication, to bioinformatics and molecular biology-based approaches to uncover new 

compounds with potentially useful applications. Discovery of a new azaphilone, showed that using 

dereplication, it was possible to characterise a whole new class of Monascus pigments for potential use as 

natural food additives. Furthermore, the use of high resolution mass spectrometry during structural 

characterisation proved a useful tool for both structural elucidation and confirmation. Through collaborations 

with molecular biologists, characterisation of novel PKS-NRPS products and elucidation of the biosynthetic 

pathway of a novel biomarker was done. In conclusion, the possibilities within the field of natural product 

discovery are still great, and with the development of increasingly advanced analytical tools, and methods 

within bioinformatics and molecular biology, the prospects for discovering and engineering of novel and useful 

molecules are as promising as ever.  
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Dansk resumé 

Svamperiget omfatter en enorm mængde arter, som hver især er i stand til at producere unikke enzymer og 

sekundære metabolitter. De sekundære metabolitter er ansvarlige for et væld af funktioner i forbindelse med 

skimmelsvampes udvikling og livscyklus, og mange sekundære metabolitter er i besiddelse af diverse 

aktiviteter som kan udnyttes af mennesker, som for eksempel, antibakterielle, antifungale, anticancer, 

neruroaktive, og toksiske egenskaber. Derudover er nogle arter i stand til at lave stoffer med industriel 

relevans, så som pigmenter, aromastoffer eller andre tilsætningsstoffer til føde varer. Som følge af det 

markante fald i prisen for gensekventering i løbet af de sidste ti år, er dørene blevet åbnet til nye 

bioinformatiske fremgangsmåder inden for opdagelse af naturstoffer. Samtidig har udviklingen af 

instrumenter gjort kemiske analyser mere nøjagtige, hvorved det kemiske potentiale i svampe er blevet 

yderligere afsløret. Ved at kombinere disse teknikker med værktøjer indenfor molekylær biologi, er det blevet 

muligt at give gode bud på sammenhængen mellem sekundære metabolitter og de gener som er ansvarlige 

for deres produktion, og der er samtidig blevet lettere at arbejde med det genetiske materiale og derved 

yderligere udvide svampenes kemiske repertoire. I dette projekt er naturstofkemi blevet grebet an fra flere 

forskellige retninger, for eksempel med udgangspunkt i spektroskopi og spektrometri, men også på baggrund 

genetik. 

Spektroskopi-baseret analyse af skimmelsvampen Talaromyces atroroseus førte til opdagelsen af et nyt rødt 

azaphilon-afledt pigment (Appendix 1 og 2). Yderligere undersøgelse af det kemiske potentiale ved hjælp af 

dereplikering, vise at svampen rent faktisk var i stand til at producere en række forskellige røde farstoffer, som 

hver især varierede ved at indeholde forskellige aminosyrer, afsløret ved hjælp af en- og todimensionel 

kernemagnetisk resonans spektroskopi. Stofferne blev navngivet atrorosiner, og viste sig at høre til en 

stofklasse kaldet Monascus-pigmenter. Ved at dyrke svampen under kontrollerede betingelser i bioreaktorer, 

var det muligt af udforme en fermenteringsprocess hvori indbygningen af aminosyre kunne kontrolleres og 

samtidig give udbytter i størrelsesordenen ”gram per liter”. Derforuden blev yderligere tre azaphiloner fra 

skimmelsvampen Aspergillus neoglaber isoleret (Appendix 4), og karakteriseret ved hjælp af NMR 

spektroskopi, og ved brug af deuterium-mærkning sammen med højopløst massespektrometri var det muligt 

at yderligere bekræfte strukturen af det ene af stofferne. 

Der er udviklet mange værktøjer til genetisk manipulation af mikroorganismer, med CRISPR/cas9 værende et 

af de senere års mest berømte. Teknikken kan blandt andet bruges til at ændre produkterne af, eller afsløre 

hvorved en given biosyntetisk rute er sammensat, eller bruges til at optimere udbytterne ved en bioprocess 

(Appendix 6). 
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Den sorte aspergille Aspergillus brasiliensis er endnu en skimmelsvamp som er blevet arbejdet med i dette 

projekt (Appendix 5). Dereplikering af de sekundære metabolitter produceret at denne svamp resulterede i 

identifikation af flere ukendte og hidtil ubeskrevne stoffer. Særligt interessant var et stof, som blev produceret 

i særlig store mængder og havde et unikt absorptionsspektrum. Oprensning og strukturopklaring viste at 

stoffet var et hidtil ukendt polyketid og fedtsyre hybrid, som blev navngivet brasenol A1. Stoffet viste sig, til en 

vis grad, at have antibakterielle egenskaber, ved undersøgelse af andre nærtbeslægtede sorte aspergiller viste 

A. carbonarius sig også at producere stoffet samt flere formodede analoger. Ved brug af komparativ 

bioinformatik og gendeletioner, blev gen-clustret ansvarlig for brasenol-produktion identificeret, og det viste 

til at dette var sammensat af gener kodende for en reducerende polyketidsyntase, BrsA, en hydrolase, BrsB, 

og en esterase, BrsC. Heterolog udtryk af generne i tre forskellige svampe (A. nidulans, A. sydowii, og A. oryzae) 

resulterede til produktion af store mængder brasenol, hvorved karakterisering af yderligere tre analoge stoffer 

var mulig. Mere interessant var dog at sporedannelse i alle tre værter stoppede, muligvis som resultat af 

forstyrrelse af fedtsyremetabolismen i svampene. 

Potentialet i bioinformatik er langt fra begrænset til afklaring af biosynteseveje. Manipulation af genclustre 

med henblik på at fremstille syntetiske naturstoffer er en anden tilgang som er blevet udnyttet i dette projekt 

(Appendix 7). Med henblik på produktion af nye cytochalasin-afledte stoffer, blev polyketidsyntase-non-

ribosomal peptid syntetasen (PKS-NRPS) CcsA udtrykt sammen med enoyl reduktasen CcsC, i Aspergillus 

nidulans. Det førte til produktion af en ukendt sekundær matabolit, som blev navngivet niduclavin. 

Strukturopklaring viste at stoffet bestod af et trimethyleret oktaketid sammensat med aminosyren 

phenylalanin via en fem-leddet lactam. Stoffet viste sig yderligere at indeholde en decalin ring frem for det 

makrocykliske system som normal ses i cytochalasin, og det var således mere lig stoffer som talaroconvolutin 

A, myceliothermophin E og equisetin. Ved hjælp af bioinformatik lykkedes det at identificere en homolog til 

ccsA i den risinficerende svamp Magnaporthe oryzae, Syn2, som ligeledes blev heterologt udtrykt i A. nidulans 

sammen med den tilhørende enoyl reduktase Rap2. Det naturlige produkt fra syn2-genet var ikke tidligere 

beskrevet, men forsøgene i A. nidulans førte til produktion af et stof som mindede meget om niduclavin, med 

bestod af et enkelt-methyleret oktaketid sammensat med aminosyren tryptophan via samme fem-leddede 

lactam. Stoffet blev navngivet niduporthin. Fælles for både niduclavi og niduporthin, var at begge stoffer 

indeholdt en dobbeltbinding i α/β-positionen i aminosyredelen, en modifikation som sandsynligvis er et 

resultat af enzymer i A. nidulans. For at opnå produktion af syntetiske analoger af de to stoffer, blev PKS og 

NRPS modulerne i CcsA og Syn2 ombyttet. Det resulterede i produktion af to kimære stoffer, niduchimaeralin 

A og B og ved hjælp af tandem MS eksperimenter var det muligt af bekræfte identiteten af de to nye stoffer. 
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I et andet studie blev den lovastatin-producerende PKS LovB fra A. terreus udtrykt i A. nidulans sammen med 

NRPS modulet fra PKS-NRPS’en ccsA (Appendix 8). LovB er en velstuderet PKS som også indeholder et 

kondensationsdomæne (C domæne), typisk kun set i PKS-NRPS hybrider. For at undersøge PKS’en og hvilken 

rolle C domænet spiller, blev to udgaver af en LovB/CcsA hybrid designet. Mutant 1 bestod af LovB’s PKS og C 

domæne sat sammen med NRPS modulet fra ccsA, uden dennes C domæne, og Mutant 2 bestod af LovB’s PKS 

direkte sammensat med hele CcsA’s NRPS modul. Ved kemisk analyse viste Mutant 1 sig at producere stoffet 

dihydromonacolin L, en forløber til lovastatin, hvorimod Mutant 2 på baggrund af NMR studier viste sig at 

producere et nyt PKS-NRPS stof, terreclavin, bestående af en phenylalanin-del sammensat med et lineært 

oktaketid via den samme type lactam som også var observeret i CcsA og Syn2 produkterne. Lovastatin er 

normalt et nonaketid og flere årsager kan være årsag til den kortere PK-del konstateret i terreclavin. Der har 

være spekulationer om C domænets rolle i lovasatin biosyntese, og mens funktioner som Diels-Alderase-

lignende aktivitet har været blandt de foreslåede, styrker dette studie hypotesen om a C domænet uden tvivl 

er spiller en nøglerolle i lovastatin-biosyntese i A. terreus. 

Dette Ph.d.-projekt har håndteret adskillige aspekter indenfor naturstofkemi, fra spektroskopibaseret 

opdagelse og dereplikering, til bioinformatik og molekylærbiologi-baserede tilgange til opdagelse af nye 

forbindelser med potentielt brugbare egenskaber. Opdagelsen af en ny azaphilon, viste at brug af dereplikering 

gjorde opdagelsen af en ny type Monascus pigmenter til potentiel brug i fødevarer mulig. Derforuden viste 

højopløst massespektrometri sig at være et særdeles brugbart redskab i opklaring og bekræftelse af nye 

strukturer, hvis brugt parallelt med NMR spektroskopi. Gennem samarbejde med molekylærbiologer, blev 

flere nye PKS-NRPS hybridstoffer karakteriseret, og biosyntesevejen for en ny biomarkør blev klarlagt. For at 

opsummere er mulighederne indenfor opdagelse af nye naturstoffer stadig mange, og med udviklingen af 

stadig mere avancerede analytiske redskaber, samt nye metoder indenfor bioinformatik og molekylærbiologi, 

ser udsigten til opdagelse af endnu flere nye naturstoffer i fremtiden lovende ud. 
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EtOAc Ethyl acetate 
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R domain Reduction domain 

R/Arg Arginine 

RP Reverse phase  

S/Ser Serine 

SAM S-Adenosyl methionine 

T/Thr Threonine 

TE Thioesterase 

TIC Total Ion Current 

TOCSY Total Correlation Spectroscopy 

UHPLC Ultra-High Performance Liquid Chromatography 

USER Uracil-specific excusion reagent 

UV-VIS Ultraviolet-visual 

V/Val Valine 

W/Trp Tryptophan 

WT wildtype 

Y/Tyr Tyrosine 
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Introduction 

  





Fungi  

The biodiversity of the fungal kingdom is astonishing, and there is currently more than 80000 described 

species, and estimated to be in excess of 1.5 million species yet to be discovered.1 The phylum Ascomycota is 

just a small part of the whole fungal kingdom, and here the genera Aspergilli and Penicillia are found, of which 

there are more than 180 and 300 different species respectively.2,3 Thanks to millions of years of specialisation, 

each species possess a different array of secondary metabolites, used by the fungi to increase their survival 

chances in nature.4 

Fungi are ubiquitous eukaryotic organisms consisting of mushrooms, yeasts, and moulds, that take up a very 

important part of the ecosystem, as they are the main decomposers of organic material. In addition to their 

importance in the ecosystem, they have for centuries been used by humans for production of fermented foods 

such as bread, beer, wine, and cheese.5 

One type of fungi are moulds, or filamentous fungi, with some of the most famous genera being the Penicillia 

and Aspergilli (Figure 1). Filamentous fungi are often prolific producers of so called secondary metabolites, 

that are used by the organism as defence against competing species, as communication molecules, as 

attractants to help distributing spores, or as protection against the environment.6,7 

 

Figure 1. Microscope image of an Aspergillus terreus conidiophore.  

Humans have through time found some of these secondary metabolites useful, with the antibiotic penicillin, 

and the cholesterol lowering drug lovastatin, being some of the most famous. In addition to beneficial 

compounds, many fungi also produce mycotoxins, which can be either hepatotoxic, nephrotoxic, carcinogenic, 

or otherwise harmful. Aflatoxin B1, ochratoxin A, fumonisin B1, and citrinin are all examples of harmful fungal 

secondary metabolites.8 
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In recent years, genome sequencing have become an increasingly affordable technology9, and with the use of 

bioinformatics, the full metabolic potential of the various fungal species is gradually being uncovered. 

Secondary metabolites are produced by a range of different biosynthetic enzymes, usually found in so-called 

biosynthetic gene clusters (BGCs). These are all encoded in the genome of the organism and constructed via 

translation of messenger RNA (mRNA) into protein (Figure 2). From analysing large sets of data, it appears that 

many fungi have the potential to produce a range of so far undiscovered secondary metabolite, encoded in 

silent genes, not expressed under laboratory conditions.10 

 

Figure 2. Simplified illustration of the linkage between genes and secondary metabolites. Inspired by Smedsgaard & Nielsen (2003)11. 

Fungal Secondary Metabolites 

Microorganisms, such as fungi, are an important source for bioactive molecules, and have for decades been 

the principal component for discovery of new pharmaceuticals.12,13 From 1981 to 2014 half of all approved 

drugs, were either natural products, natural product derivatives, or contained pharmacophores inspired by or 

mimicking natural products. Figure 3 illustrates the distribution of approved pharmaceuticals based on their 

origin from 1981 to 201413.  

 

Figure 3. Distribution of approved drugs from 1981 to 2014 by source, based on Newman et al. (2016)13. 

One of the most successful natural products used in the pharmaceutical industry, is the cholesterol lowering 

drug lovastatin, marketed by Merck under the trade name Mevacor. Lovastatin is produced by a range of 
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different fungi, here among the filamentous fungus Aspergillus terreus, but also macro fungi such as Oyster 

mushrooms.14,15 

Aside from pharmaceutically relevant compounds, natural products can also be food ingredients such as 

flavouring ingredients or colourants. During the last decade or so, consumers have been requesting a higher 

amount of food additives to be natural, and especially colouring agent for use in food products, have been a 

concern.16,17 In Asia, the genus of Monascus has for centuries been used to produce red rice koji, or red yeast 

rice, a type of rice inoculated with the filamentous fungus Monascus purpureus, to give a distinct red colour 

to the food. However, the fungus is also able to produce the mycotoxin citrinin, and its use in Europe and 

North America is therefore limited. 

 

Biosynthesis of Fungal Secondary Metabolites 

The fungal metabolism is generally divided into two main branches: The primary and the secondary 

metabolism. The primary metabolism is the essential mechanisms for life, such as uptake and digestion of 

nutrients, cell growth, and reproduction, and are shared by virtually all fungi. The secondary metabolism and 

metabolites, are in contrast not vital for sustaining life, but a set of tools used to give a species an edge against 

competitors in the environment, and these are often unique to certain genera or species. 

Secondary metabolites can be divided into groups, depending on their biosynthetic origin, i.e. the enzymes 

used to make them. The major classes are: 

- Polyketides, 

- Non-ribosomal peptides, 

- Terpenes, and 

- Shikimic acid derivatives 

Compounds from each of the four  groups are also constructed from different types of building blocks, and 

can sometimes be combined into hybrid products resulting in an enormous chemical diversity. 

Polyketides 

The one of largest and most diverse classes of fungal secondary metabolites are the polyketides (PKs). These 

compounds are built from ketide units typically originating from acetic acid and malonic acid. Polyketides are 

sometimes classified based on the number of carbons in the backbone: Eight carbons is a tetraketide, ten 

carbons is a pentaketide, twelve is a hexaketide, and so forth. In order to understand the biosynthesis it is 

necessary to consider the enzymatic machinery involved, the polyketide synthases (PKSs).18 
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PKSs can be divided into three groups; type I, type II and type III. Type I PKSs are huge enzymes consisting of 

either several modules each responsible for one extension of the polyketide chain (modular PKSs), or a single 

module capable of iteratively extending the polyketide chain (iterative PKSs). Type II PKSs consist of multiple 

smaller enzymes interacting to form a functional complex working in an iterative fashion. Type III PKSs are 

made from a dimer of two ketosynthase (KS) domains and do not contain the normal acyl carrier protein (ACP) 

found in type I/II PKSs.19–21 Most PKSs found in fungi, are iterative type I and these are the ones that will be 

described in more detail.  

The core of an iterative type I PKS, consists of three domains: a ketosynthase (KS), an acyl transferase (AT), 

and an acyl carrier protein (ACP) domain. The KS domain is responsible for catalysing the C-C bond formation 

between the starter unit, typically acetyl-coenzyme A (CoA), or the growing polyketide chain, and the extender 

units (typically malonyl-CoA)) via Claisen condensations. The AT domain works as a loading unit, by accepting 

either starter or extender units, and feeding these to the polyketide chain attached to the APC domain. Finally, 

the ACP domain is where the polyketide chain is tethered, and is responsible for transporting it to the various 

catalytic domains within the enzyme. The extension of the polyketide happens via a Claisen condensation 

between the polyketide attached to the ACP and extender unit fed by the AT, and is driven by the loss of CO2. 
19–21 

The three domains responsible for the polyketide extension represents only the most simple of PKSs, and 

additional domains are often present, able to carry out attach methyl groups, or do reductions of the carbonyl 

groups, as the chain grows. These are methyltransferases (MT), ketoreductases (KR), dehydratases (DH), and 

enoyl reductases (ER). Depending on how many of these domains are active in a given iteration, a different 

number of methyl groups can be attached to the backbone, and the carbonyls can be reduced to either a 

hydroxyl groups, alkenes, or all the way to alkanes. Depending on the degree of reduction, a PKS is called either 

non-reducing, partially reducing, or highly reducing. After one iteration, the product can either undergo 

another round of extension, or be released by a thioesterase (TE) domain.19–21 

In iterative PKSs, prediction of the number of extensions and to what degree a molecule will be reduced or 

methylated, is not yet possible, and information about the domains in a PKS will only provide limited 

information about the final structure. Figure 4 shows a schematic representation of an iterative type I PKS. 
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Figure 4. Schematic representation of polyketide biosynthesis. Based on Staunton & Weissman (2001)19. 

In addition to the PKS itself, enzymes encoded by genes in the same biosynthetic gene cluster can further alter 

the final structure of the product. These are referred to as tailoring enzymes and can have various activities, 

such as additional reductions, oxidations, cyclysations, or transferases, to mention a few.22 

An example of a non-reduced polyketide is the pentaketide citrinin (Figure 5). The molecule is made from 

acetyl-CoA as the starter unit, and four malonyl-CoA as extender units, and has been heavily methylated. 

Positions three, five and seven are all methylated, and one of the methyl groups has been oxidised all the way 

to a carboxylic acid. In addition to the methylations, the molecule has cyclised to give a bicyclic heteroaromatic 

system.23 

 

Figure 5. Chemical structure of the mycotoxin citrinin and its non-cyclised polyketide backbone.  

20



Based on the genetic origin of polyketides, it is evident that there is almost unlimited possibilities as to the 

structures of this class of molecules, depending on the chain length, the reduction and methylation pattern, 

the cyclisation, and the tailoring. 

Non-ribosomal peptides 

Non-ribosomal peptides (NRPs) are small peptides made by large modular enzyme complexes called non-

ribosomal peptide synthetases (NRPSs) and include compounds such as penicillin G, meleagrin, and malformin 

C (Figure 6). Being made from amino acid, the potential diversity for these compounds is also remarkable. Each 

module, consists of several domains, each responsible for a specific task when assembling the product. The 

domains are adenylation (A) domians, peptidyl carrier protein (PCP) domains, condensation (C) domains, and 

thioesterase (TE) domains, and additional tailoring domains, such as epimerase, oxidation/reduction, or 

methyltransferase domains are often present in connection with the NRPS.18,24,25 

 

Figure 6. Three different NRPS products, displaying the diversity within the compound class. 

The A domain is responsible for selecting the amino acid to be incorporated and resembles the polyketide AT 

domain, by feeding amino acids to the PCP domain. Unlike AT domains in PKSs, which only recognise a select 

number of substrates, the NRPS A domains are able to recognise many different substrates, as all natural 

amino acids, as well as non-proteinogenic amino acids can be incorporated into NRPs. The PCP domain is the 

NPRS analogue of the ACP, and is where the growing peptide is tethered during biosynthesis. In order to extend 

the peptide, the C domain catalyses a condensation reaction to form the peptide bonds between the individual 

amino acids. Since the NPRS is modular, each extension is performed by separate A, PCP, and C domains, and 

the growing peptide is handed from one PCP domain to the next during the condensation steps. The final step 

in the biosynthesis is release of the product. This is usually done by a thioesterase (TE) domain, and can be 

either a simple hydrolysis to give a linear peptide, or a cyclisation resulting in a cyclic peptide. In addition to 

the domains responsible for constructing the backbone of the molecule, domains able to undertake reactions 

such as epimerisation, specific cyclisations, methylations, or different release mechanisms are also sometimes 

found in NRPSs, and tailoring enzymes able to further modify the NRPS product are also common.18,24 Figure 

7 is a schematic representation of the function of an NPRS. 
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Figure 7. Schematic representation of non-ribosomal peptide biosynthesis. Based on Winn et al. 201624.  

Terpenes 

The third major class of natural products is the terpenes. While these compounds might be less described, 

compared to polyketides and NRPs, there is still a significant amount of fungal-derived terpenes, such as 

volatile terpeniods, but most of the biosynthetic studies of these are from within the last decade.26,27 

Terpenes are built from isoprene units derived from either isopentenyl pyrophosphate (IPP) or dimethylallyl 

pyrophosphate (DMAPP) (Figure 8). The common feature of these two precursors is the five carbon atoms, 

and the backbone of terpenes therefore usually contain a number of carbons equal to a multiple of five. 

Naturally, various modifications can also be done to the molecules after biosynthesis, resulting in either loss 

or gain of one or more carbon atoms. Depending on the number of isoprene units used for the backbone, 

terpene are classified as either hemiterpenes (one isoprene unit), monoterpenes (two isoprene units), 

sesquiterpenes (three isoprene units), diterpenes (four isoprene units), and so on.26,27  

 
Figure 8. Isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). The building blocks for terpene biosynthesis. 
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Some of the most well-known terpenoids, are steroids, such as cholesterol or its fungal equivalent ergosterol, 

and pigments, such as the plant derived β-carotene. Other fungal derived terpenes include the mycotoxin T-2 

toxin produced by species within the genus Fusarium. 

Shikimic acid derivatives 

Fungal compounds originating from the shikimic acid pathway are not as common as PKS, NRPS, or terpenoid 

derived compounds, but are highly abundant in plants where they function as pigments, structural 

components or as signalling molecules.28 Shikimic acid is the precursor for many aromatic amino acids, and 

compounds such as anthocyanins originate from this compound. The starting unit, shikimic acid, is modified 

into 4-coumaroyl-CoA, via phenylalanine, cinnamic acid and coumaric acid, and then coupled to several 

malonyl- and acetyl-CoA units.28,29 Additional steps lead to the final anthocyanin product, which depending on 

the exact modifications and surrounding pH can have colours ranging from yellow to red and even blue. 

Compounds of mixed biosynthetic origin 

In addition to the “pure” polyketides, non-ribosomal peptides and terpenes, many secondary metabolites are 

derived from combinations of more than one of these three major groups, further expanding the biosynthetic 

repertoire of each species. 

When genes encoding PKSs and NRPSs are found in the same gene cluster, these are usually referred to as 

PKS-NRPS hybrids, and work by attaching one or more amino acid to the polyketide chain. Some PK-NPR 

hybrids such as the bacterial immunosuppressant compounds cyclosporine or rapamycin are built from PKs 

attached to small peptides.30,31 Examples of fungal PK-NRPs are cytochalasin E32, myceliothermophin E33, and 

talaroconvolutin A34, shown in Figure 9. 

 

Figure 9. Three structurally related PKS-NRPS products, each originating from different fungal species. 

Combinations of PKs or NRPs and terpenes are called meroterpenois and are also common as fungal secondary 

metabolites. Territrem B, Yanuthone D and meleagrin are examples of meroterpenoids originating from PK 

and terpene (territrem B and yanuthone D), and NRP and terpene (meleagrin). In addition, territrem B also 

contain a shikimic acid moiety, which is the precursor for aromatic amino acids in microorganisms and plants.  
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Bioinformatics and molecular biology in biosynthetic pathway elucidation 

The biosynthetic enzymes used the make secondary metabolites are encoded in genes within the genome. In 

fungi these genes are often found in clusters, that is groups of genes which are regulated and expressed 

together.35 With recent technological advances, it has become increasingly more affordable to sequence 

genomes9, and using various bioinformatics tools much more in-depth information can be obtained about 

secondary metabolite gene clusters (Figure 10).36 This information could be the number of a specific type of 

gene present in a given organism, the types of tailoring enzymes encoded in a gene cluster, or if certain genes 

are shared between species. Using bioinformatics, engineering of secondary metabolite genes can also be 

done more targeted, and using molecular biology and various cloning techniques, such as CRISPR-Cas9, genes 

can be precisely edited within a single organism or transferred between different ones.37 Additionally, a large 

amount of so-called silent genes have been identified in fungi, and molecular biology tools can also be used to 

activate these otherwise non-expressed genes.38 

 

Figure 10. A fungal biosynthetic gene cluster exemplified with the cytochalasin E cluster. 

Engineering of secondary metabolite genes can also be used to the elucidate biosynthetic pathway of a 

secondary metabolite. Once a gene cluster has been identified and confirmed, e.g. by deleting it from the 

producing organism, knocking out the individual genes and monitoring which secondary metabolites appear 

or disappear, can be used to determine the order in which the biosynthetic enzymes work together. A few 

examples of compounds which have had their biosynthetic origin elucidated are cytochalasins39,40, 

lovastatin14,41,42, and Monascus pigments43,44. These three compounds or compound classes are all polyketides 

derived, but originate from three different types of PKSs. Cytochalasins are PKS-NRPS hybrid compounds and 

are made by a highly reducing PKS linked to an NRPS and several tailoring steps; lovastatin is synthesised by a 

highly reducing PKS with an unusual condensation domain usually found in NRPSs, as well as a small four 

carbon moiety linked via an ester; and Monascus pigments are made by a non-reducing PKS linked to a 3-oxo-

fatty acid. In all of the three cases, gene deletion or heterologous expression of either one or more genes was 

used to suggest the mechanism of formation, and either the genes or the compounds itself have been part of 

the research described in this thesis.  
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Discovery of natural products 

When analysing extracts from microbial sources, with the goal of discovering novel secondary metabolites, 

ensuring that resources are not wasted isolating already known compounds is of great importance. One 

strategy, is dereplication, where various analytical techniques are used in combination to identify compounds 

based on their chemical properties, such as accurate mass, fragmentation pattern, absorption or emission 

spectrum, or retention time.45–48 The most commonly used techniques, are liquid chromatography (LC), UV-

VIS spectroscopy, mass spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR). 

Liquid chromatography 

Microbial extracts usually contain a plethora of different compounds, and separation of these are essential for 

efficient application of the various detection methods. 

In natural product discovery, liquid chromatography (LC) is the most widely used method for separation of the 

individual constituents in a sample.49,50 In a chromatographic column, a mobile and a stationary phase interact 

with the constituents in the sample, which are retained based on different chemical properties depending on 

the kind of phases used, e.g. normal phase (NP), reverse phase (RP), or ion exchange (IEX).49  

In NP chromatography the stationary is polar and is most often made of silica. The mobile phase can be an 

array of different organic solvents, like chloroform, ethyl acetate, hexane, heptane, toluene, and so on. This 

causes the more polar analytes to be retained the best, and the non-polar ones to be retained the least. 

Interactions, such as hydrogen bonding, between the analytes and the stationary phase is responsible for the 

primary separation in NP chromatography.  

Due to challenges with reproducibility, NP chromatography has been outcompeted by RP chromatography, 

but can still be a useful technique in certain cases, where RP techniques fall short. 

In contrast to NP chromatography, RP chromatography uses a non-polar stationary phase and polar mobile 

phase. The mobile phase is usually a mixture of either methanol or acetonitrile, and water, often buffered with 

an organic acid such as formic acid or trifluoroacetic acid, or with a base such as ammonium formate, in order 

to control the pH value. As for NP stationary phases, RP also uses silica as the column material. However the 

silica in RP columns is derivatised with non-polar groups. Some of the most used RP stationary phases are C18 

(octadecyl) and C6-Ph (phenyl-hexyl). These two stationary phase along with biphenyl, C8 (octyl), and PFP 

(pentafluorophenyl) are shown in Figure 11.51 
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Figure 11. Examples of five different stationary phases used in reverse phase liquid chromatography. 

As implied by the name, RP chromatography operates opposite NP, by retaining non-polar analytes more than 

polar ones. Additionally, selectivity towards different types of compounds can be achieved by using different 

stationary phases. Aromatic phases like C6-Ph will retain other aromatic compounds more due to π-π-

interactions, whereas linear non-polar compounds such as reduced polyketides will be retained better using 

aliphatic stationary phases, as a result of van der Waals forces. For compounds such as fatty acids, a C18 

column might retain the analytes to well, and a C8 could be a better choice, and selectivity towards 

halogenated compounds can be achieved with a PFP column. 

Various parameters will affect the performance of a RP column49,50, with the particle size of the derivatised 

silica beads being a main factor. By decreasing the particle size, the surface area with which the analytes can 

interact is increased, and better separation is accomplished. However, with smaller particles come greater 

pressure, and high performance LC deals with this, by using high pressure to force the mobile phase though 

the column. Increasing the length of the column will also provide better separation, but also at the cost of 

higher pressure. Depending on the task, columns of different sizes are used, and by increasing the diameter, 

the capacity is increased, allowing more sample to be loaded at a time. 

In cases where some analytes have specific properties, such as acidic or basic functionalities, IEX 

chromatography can provide selectivity towards these compounds, by either retaining acidic compounds 

(anion exchange, AX) or basic compounds (cation exchange, CX). Depending on the pKa value of the analytes, 

either weak or strong IEX materials can be used, and IEX materials with RP properties will give separation based 

on both RP and IEX properties. 
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UV-VIS detection 

Compounds containing systems of conjugated double bonds are able to absorb ultraviolet and visible light. 

Depending on the size of the conjugated system, the absorption will shift from the ultraviolet towards the 

visible region of the electromagnetic spectrum. Additionally, different heteroatoms like oxygen and nitrogen 

will also alter the way a molecule absorbs light.52 In Figure 12, three compounds and their absorption spectra 

are shown, illustrating how different conjugated systems give rise to different spectra. 

 

Figure 12. Absorption spectra of three compounds characterised during this project, illustrating the relationship between the size of 

the conjugated systems and the absorption and observed colour of the compounds. 

By exposing analytes to light consisting of wavelengths from ~200-700 nm the absorption spectrum will 

provide information about the amount of conjugation in the compound. Inversely, having information about 

the absorption properties of an analyte can help in identifying unknown peaks in a chromatogram. For 

example, a red pigment will absorb in the area around 500 nm, and monitoring of this area can be used to 

identify related compounds. Similarly, compounds within certain classes will exhibit related absorption 

spectra, which can be of help if screening for analogues.  

High resolution mass spectrometry and tandem MS 

In order to identify an unknown compound, information about the molecular formula is valuable. For 

unknowns, the number and ratio of carbon, hydrogen, oxygen, and nitrogen atoms, can provide hints towards 

which biosynthetic family a compound belongs to, and thereby help the structural elucidation. High resolution 

mass spectrometry (HRMS), is a technique used to measure the accurate mass of compounds, which can then 

be used to deduce the molecular formula.53,54  
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The formula of an analyte can be calculated using the mass defect. This is a property observed for all elements, 

and is a result of the different amounts of protons and neutrons in an atom. The carbon isotope 12C has been 

defined to weigh exactly 12.0000 Da and thus have zero mass defect. Hydrogen and nitrogen have a slight 

positive mass defect, and oxygen has a slight negative one. In cases where elements with more than one 

common isotope appear, HRMS can provide information about which and how many of these atoms are in a 

molecule.54 In natural product chemistry, the most commonly encountered such elements are chlorine and 

bromine, and are referred to as A+2 elements because of the mass difference of two Da between the two 

most abundant isotopes. Both chlorine and bromine exist as two relatively abundant isotopes (35Cl and 37Cl, 

and 79Br and 81Br), and as a result the isotope patterns for chlorinated and brominated compounds are very 

distinct and can be used determine which and how many of these atoms are in a molecule. 

In MS, the mass of a given molecular ion is measured as the mass-to-charge ratio (m/z). This means that before 

detection can take place, the molecule needs to be charged. One way of generating ions, is with an 

electrospray ionisation (ESI) source. ESI is referred to as a soft ionisation technique, meaning that only very 

little fragmentation takes place in the ion source itself, and that any additional fragmentation has to be done 

thereafter. The charge is obtained by applying a potential difference between the source and the mass 

spectrometer, which based on the polarity, can produce either positively or negatively charged ions. In positive 

mode, the ions are usually proton adducts of the analytes, but other cations such as sodium, potassium, 

ammonia, or combinations of these are also often observed and are referred to as e.g. [M+H]+ or [M+Na]+. In 

addition, multiply charged ions, and dimers or trimers can also be formed. Examples of multiply charged ions 

could be [M+2H]2+ or [M+H+Na]2+, and examples of dimers and trimers being [2M+H]+, [2M+Na]2+, or [3M+H]+. 

In negative mode, loss of a proton is by far the most commonly observed ion, but formate or chloride adducts 

sometimes occur. Common in-source fragmentations observed for both positive and negative ESI, is the loss 

of water or CO2. In order to assign the correct m/z to a compounds, the mass difference between different 

adducts are used.53 

In order to accurately measure the m/z of an ion, several types of MS instruments are available, with 

quadrupole time-of-flight (qTOF) MS being the one used throughout this project. A qTOF  is composed of a 

quadrupole ion guide which work as an ion selector, a collision cell used to induce fragmentation of the 

selected ions, and a flight tube used to determine the accurate mass. After ionisation, the ions are directed 

through a series of ion filters and funnels to the quadrupole. The quadrupole can either let all ions through 

(full scan) or select specific ions to be fragmented before advancing through the instrument (tandem MS). If 

an ion is selected for fragmentation, additional energy is applied as it enters the collision cell, and depending 

on the amount, a range of different fragments is produced by collision with gas molecules in the cell, typically 
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helium or nitrogen. After the collision cell, the ions, either fragmented or not, travels to the flight tube. The 

flight tube has a pusler and a detector in one end, and a reflectron in the other. As the ions enter the flight 

tube, the pulser accelerates the ions perpendicular to their trajectory towards the reflectron. The ions are 

then reflected back towards the detector where their mass is determined based on the time of the travel from 

the pusler. The velocity, v, of the ions is determined using Ekin = ½m∙v2, and since the supplied energy is 

constant, smaller ions gain a higher velocity and will reach the detector first. In addition to increasing the path 

and thereby the accuracy, the reflectron also increase the resolution, since ions of the same m/z, but with 

slightly different distance from the pulser will experience a different amount of energy, and the reflectron 

corrects for this as the ions with more energy will have an equally longer trajectory.53 Figure 13 shown a 

schematic representation of a qTOF. 

Tandem MS can be used when searching databases by comparing characteristic fragmentation patterns in 

order to identify compounds with identical elemental compositions.47 Furthermore, tandem MS can be used 

to gain additional structural information about a molecule and to strengthen the structural elucidation of a 

compound by examining of the fragments and matching these with the structure information obtained from 

for examples NMR analyses.55  

 

Figure 13. Schematic representation of a quadrupole time-of-flight mass spectrometer. 

Nuclear magnetic resonance spectroscopy 

Structural elucidation of natural products is not a trivial task, and natural product chemists have an array of 

tools that can assist when a novel compound is discovered. The most widely used technique is nuclear 

magnetic resonance (NMR) spectroscopy.56  

By subjecting a sample to a powerful magnetic field, the atoms in the sample will align their spin with the 

external field. For spin-½ nuclei such as hydrogen-1 (1H) and carbon-13 (13C), there will be an energy difference 

depending on the alignment of the spin relative to the external magnetic field and its strength. Depending on 
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the chemical environment, the individual atoms will be affected differently by the magnetic field, and by 

exposing them to a radio frequency pulse, each atom will give rise to a different chemical shifts in the NMR 

spectrum, due to the different frequencies needed to affect each atom. A proton in a CH3-group will be more 

shielded by the magnetic field than a lone proton in a CH-group, and even more so than one in a conjugated 

or aromatic system. This results in the CH3-proton having the lowest chemical shift, and the aromatic proton 

the highest. Figure 14 depicts the ranges for common chemical shifts in natural products.52 

 

Figure 14. Common chemical shift range for protons in natural products and their type. 

These rules also apply to carbon atoms, once again with CH3-carbons having the lowest chemical shift, CH-

carbons having slightly higher, and aromatic and carbonyl carbons giving rise to the highest chemical shifts, as 

illustrated in Figure 15. In carbon-NMR, the intensity is in most cases much lower than for proton-NMR. This 

is in part due to the quite low abundance (1.1%) of naturally occurring carbon-13, which is the only stable 

isotope with useful spin properties (i.e spin ≠ 0). Because of the low abundance of 13C, any experiments 

involving measurement of carbon requires significantly longer time, and will generate more noise compared 

to 1H-NMR. 

 

Figure 15. Common chemical shift range for carbons in natural products and their type. 

Each signal in an NMR spectrum will, in addition to a frequency, also have an integral corresponding to the 

amount of protons, as well as a multiplicity. The multiplicity will cause a signal in a spectrum will split up 
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depending on the number of neighbouring protons, according to the “n+1 rule”; i.e. the multiplicity of a peak 

is equal to the number of chemically equivalent neighbouring protons plus one. If a proton is situated next to 

a CH3-group, this will result in a quartet, a proton next to two magnetically different protons will result in a 

doublet of doublets, and a proton next to a CH2 and a CH3 group will result in a sextet. Figure 16 shows 

examples of these three different types of multiplets. The distance between the peaks in a multiplet is referred 

to as the coupling constant (J), and can for instance be used to determine if protons in an alkene are placed in 

a cis or a trans fashion, or if protons in a cyclohexane ring are placed axial or equatorial relative to each other.56 

 

Figure 16. Depiction of three different types of multiplets. A dublet of dublets, a quartet, and a sextet. 

Since protons are measured, and samples usually are in the milligram-scale, deuterated solvent are used to 

dissolve the measured compounds. As deuterium (2H) has a spin of one, this nuclei in inactive during standard 

NMR measurements. Depending on the choice of solvent the chemical shift of the signals in a spectrum might 

change. Furthermore, protic solvents like methanol (CD3OD) will exchange labile protons in alcohols, amines 

and carboxylic acids, causing these to not appear in the recorded spectra. This can be prevented by using a 

non-protic solvent such as acetonitrile (CD3CN). Other commonly used solvents are dimethylsulfoxide (DMSO-

d6), chloroform (CD3Cl) or acetone ((CD3)2CO). 

When working with natural products, the molecules are often too complex to be solved using only one-

dimensional (1D) 1H and 13C NMR, and 2D experiments are usually required in order to elucidate the structure 

of an unknown compound. 2D experiments can be divided into homonuclear or heteronuclear, according to 

which elements are measured.  

Some of the most used homonuclear experiments include COrrelation SpectroscopY (COSY)57,58 and Nuclear 

Overhauser Effect SpectroscopY (NOESY)59. In a COSY experiment, information about spin systems, i.e. a series 

of protons placed on adjacent carbons, can be deciphered. Each signal in a 1D proton experiments will result 

in a diagonal peak, and protons coupling to each other will share a cross peak, as illustrated in Figure 17. A 

variation of the COSY experiment is Total Correlation SpectroscopY (TOCSY), where all protons in a spin system 

will appear as cross peaks. 
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Figure 17. Correlations observed in a COSY experiment. 

Where a COSY shows couplings through bonds, a NOESY will show couplings through space. This can be used 

to determine the relative stereochemistry in molecules with multiple stereocentres. In general, only protons 

closer than 5 Å apart will give rise to a signal in a NOESY spectrum. 

In heteronuclear experiments, the relationship between carbon and proton atoms is measured. There are 

several different types of experiments, each giving different types of information. A Heteronuclear Single 

Quantum Correlation (HSQC)60 experiment measures protons and the carbon to which they are directly 

attached. This means that only protonated carbons will appear in this kind of experiment. However, a variety 

of the HSQC, is the multiplicity edited HSQC (edHSQC)61, in which cross peaks in the spectrum will appear as 

either positive or negative depending on the number of protons attached to a given carbon; CH2-groups will 

have opposite sign relative to CH and CH3-groups. In Figure 18, a single CH3-group is present along with four 

CH2-groups, of which one is diastereotropic, meaning that the two protons experience different electronic 

environments and therefore have different chemical shifts. 
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Figure 18. Correlations observed in an edHSQC experiment. The blue peak corresponds to a CH3-group, and the green ones 

corresponds to CH2-groups. The two peaks marked as diastereotropic are two protons attached to the same carbon. 

In order to get information about quaternary carbons in a molecule, a Heteronuclear Multiple Bond Correlation 

(HMBC)62 experiment can be used. In this experiment correlations from a proton to carbons three bonds away 

is determined, and in some situations, two, four, and sometimes five bond correlations can also be observed 

in HMBC spectra. Due to the longer correlations observed in a HMBC, it is also an important experiment for 

linking spin systems together. In Figure 19, a section of a HMBC spectrum is shown along with the correlations 

in the associated molecule. HMBC experiments can furthermore be optimised towards the longer range 

couplings (4-5 bond), however with a loss in sensitivity, and specific experiments have been developed to more 

efficiently and specifically detect four-, five-, and even six-bond correlation (e.g. the Long-Range Heteronuclear 

Single Quantum Multiple Bond Correlation (LR-HSQMBC) experiment63). 
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Figure 19. Correlations observed in a HMBC experiment. The green line and arrows shows correlations from several protons to one 

carbon, and the red line and arrows are correlations from a single proton to several carbons. 

In cases with overlap in the proton dimension, a COSY might be insufficient to correctly assign a certain part 

of a molecule. In these cases, a Heteronulear 2-Bond Correlation (H2BC)64 experiment can provide useful. In a 

H2BC spectrum, correlations between protons and protonated carbons two bonds away are shown, thereby 

making the experiment a very good supplement to the COSY, especially in cases where overlap of protons 

might interfere. Figure 20 shows part of a H2BC spectrum, and the belonging structure. 

 

Figure 20. Correlations observed in a H2BC experiment. Each colour represents correlations from different protons to carbons two 

bonds away. 
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Sometimes a molecule will contain protons situated in places where the number of correlations will make the 

HMBC too uncertain, as this experiment does not distinguish between two-, three-, and four bond correlations. 

Additionally, if the chemical shift of neighbouring carbons are too close, giving a confident assignment might 

not be possible. In these cases, more specific experiments can be employed, such as ADEQUATE experiments 

(Adequate sensitivity Double QUAntum spEctroscopy)65. The 1,1-ADEQUATE experiment can be especially 

useful, since it specifically shows the correlations two bonds away, via a 1J(H-C) and a 1J(C-C) coupling, between 

non-protonated, as well as protonated carbons. This provides specific information about which carbons are 

located next to each other, and can be of great help in cases where other experiments are lacking. However, 

one major disadvantage of ADEQUATE experiments is very low sensitivity, since a C-C coupling is used. 
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Identification of a new group of Monascus pigments from Talaromyces atroroseus (Appendix 
1-3) 
The pigment production of the filamentous fungus Talaromyces atroroseus was investigated through 

controlled cultivation in bioreactors. Chemical analysis using Ultra-High Performance Liquid Chromatography 

coupled to Diode Array Detection and High Resolution Tandem Mass Spectrometry (UHPLC-DAD-HRMS/MS), 

led to the identification of a range of known yellow, orange and red compounds, as well as the discovery of 

several unknown compounds with chromophores absorbing light in the red area of the electromagnetic 

spectrum (~520 nm). The fermentation broth was extracted using acidic ethyl acetate (EtOAc), and the extract 

was fractionated with flash chromatography, and using semi-preparative HPLC, a red compound with a mass-

to-charge ratio of 500.1912 (C26H29N2O9) was purified. Structural elucidation using nuclear magnetic resonance 

(NMR) spectroscopy was used to elucidate the structure shown in Figure 21 (full description of the structural 

elucidation can be found in Appendix 1). The compound was named atrorosin S, with the S denoting the 

identity of the amino acid. 

 

Figure 21. Structure of atrorosin S isolated from T. atroroseus. 

Atrorosin S was found to be an azaphilone belonging to the class of Monascus pigments, structurally similar to 

the two known pigments PP-O and PP-V, but differing from these by incorporation of a serine moiety in the 

isochromene/isoquinoline ring system. Based on the new structure, the extract was reanalysed for similar 

compounds with incorporation of each of the 20 proteinogenic amino acids. This analysis was able to 

tentatively identify 14 of the remaining 19 amino acid derivatives in additions to atrorosin S. In order to 

structurally characterise each of the remaining pigments, shake flask cultivations using each of the amino acids 

as the sole nitrogen source was carried out. Surprisingly, this resulted in very clean production of single 

atrorosins, with incorporation of each of the fed amino acid for most of the experiments1, as shown in Figure 

22. From the shake flask cultivations, an additional seven atrorosins were isolated. 

1 No production of the proline analogue was expected or observed, likely due to the lack of a primary amine in the amino 
acid, needed for incorporation in the azaphilone core. 
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Figure 22. UV-VIS chromatograms (520±10nm) of each of the shake flask cultivations using single amino acids as the sole nitrogen 
source. 

The remaining 11 atrorosins were semi-synthesised from the orange precursor PP-O. For isolation of PP-O, a 

bioreactor cultivation was performed. This resulted in production of two isomers of PP-O, cis- and trans-PP-O, 

differing by the configuration of the double bond between C2 and C3, as shown in Figure 23. By reacting 

aliquots of cis-PP-O with excess of amino acids, it was possible to obtain nature identical versions of each of 

the remaining atrorosins. 

 

Figure 23. Structure of the two PP-O isomers, cis- and trans-PP-O. 

By transferring the knowledge learned from the shake flask cultivations to fermentation in bioreactors, yields 

of 0.9 g/L of the pigments could to obtained by different cultivation strategies and feeding with single amino 

acids (Appendix 2). 

During the fermentation process, PP-O was observed to be produced as two isomers. However, when fed with 

amino acids, either as the sole nitrogen source (one-step fermentation), or during the fermentation process 

(two-step fermentation), the atrorosins were primarily observed as the cis isomer. More specifically, the two 

PP-O isomers were produced in a 3:2 cis:trans ratio, whereas 99.5% of the atrorosins where very surprisingly 

produced as the cis isomers (Figure 24). 
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Figure 24. UV-VIS chromatograms showing the change in isomer ratio between PP-O before, and atrorosin S after addition of serine to 
the bioreactor. 

The name azaphilone means “nitrogen loving”, and it is well known that compounds within this class is able to 

react with primary amines.1 Whether the incorporation of amino acids happens spontaneously or is enzyme 

catalysed is therefore an intriguing question. Semi-synthesis of atrorosins was possible under acidic (appendix 

1) as well as basic conditions (appendix 2), and other studies also report modification of azaphilones such as 

conversion of the yellow PP-Y into its amino acid derivatives2. Several studies have been performed on the 

effect of nitrogen sources on pigment production in both Penicillium purpurogenum3,4 (=T. atroroseus) and 

Monascus species5,6, but the mechanism by which the incorporation happens remains elusive. Based on the 

work done during this project, there is still no clear answer, but certain observations seems to suggest that 

enzymes might play a role. First of all, when cultivated in shake flasks with single amino acids as nitrogen 

source, not all amino acids performed equally well. From bioreactor studies however, it became apparent that 

the pH during cultivation plays a huge factor with regard to the amount of pigment produced (appendix 2), 

and that the non-controlled environment in the shake flasks likely was a factor causing the observed 

differences. Upon reaction of several amino acids with a mixture of cis- and trans-PP-O, all experiments 

resulted in the same ratio of atrorosins and their trans-versions, while reaction with a single PP-O isomer only 

gave the expected atrorosin isomer. When cultivating the fungus in a two-step manner as described in 

Appendix 2, PP-O was first produced as two isomers, but upon addition of an amino acid, unexpectedly only a 

single atrorosin was detected. This observation could indicate that the products are either converted into the 

cis form during the transamination reaction, or at some point after the conversion, but with no further 

investigations the exact reason for the observation of only a single product remains speculative. 

Novel azaphilones from Aspergillus neoglaber (Appendix 4) 
In addition to the atrorosins isolated from T. atroroseus, azaphilones from another fungus, A. neoglaber, was 

also investigated in this project (appendix 4). Initially, the fungus was expected to produce a novel arisugacin 

analogue based on dereplication. However, isolation and NMR studies of the compound quickly showed that 
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the compound was in fact an azaphilone, related to a group of known compounds called sassafrins7, and that 

additional analogues was also produced by the fungus. In total, three compounds were isolated from A. 

neoglaber, two novel sassafrin analogues (sassafrin E and F), and a nitrogen containing derivative named 

sassafrinamine A. Sassafrin E and F, were composed of the same hexaketide azaphilone core, attached to a 

second linear hexaketide as the known sassafrins A-C, but differed by an alternate reduction pattern of the 

linear carbon chain. Sassafrinamine A resembled the sassafrin-like berkchaetorubramine8, with incorporation 

of an aminoethanol molecule, but was constructed from the same two twelve-carbon units as the sassafrins, 

with an additional oxidation forming a double bond between the two conjugated systems in the molecule. This 

resulted in a violet appearance of the pure compound and a quite unique absorption spectrum. Figure 25 

shows the three compounds isolated from A. neoglaber, as well as examples of the already known analogues. 

 

Figure 25. Chemical structures of the three compounds isolated from A. neoglaber in this project (top row), and three known 
analogues (bottom row). 

Structural elucidation of the central part (specifically correct placement of carbons C-6 and C11) of sassafrin E 

was not trivial, and advanced NMR experiments was necessary for unambiguous assignment of the structure. 

Using the 1,1-ADEQUATE experiment9 it was possible to assign the immediate neighbours to the protons, H-

5, H-7, H-10, and H-12, in the central part of the molecule, thereby establishing the azaphilone core. 

Additionally, tandem mass spectrometry and deuterium labelling experiments were used to further confirm 

the structure. Figure 26 shows the proposed fragmentation pathways of sassafrin E based on the deuterium 

labelling experiments. 
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Figure 26. Suggested fragmentation pathways for deuterium labelled sassafrin E. 

 

Spectroscopy guided discovery of a novel class of Aspergillus biomarkers (Appendix 5) 
The compounds from T. atroroseus and A. neoglaber were isolated based on dereplication that revealed 

compounds of interest on the grounds of either recognisable absorption spectra (Monascus pigment-like) or 

molecular formula (a possible arisugacin analogue). Another approach is investigation of unfamiliar features, 

in search of novel chemistry (Appendix 5). A strain of the black aspergilli Aspergillus brasiliensis was found to 

produce large amounts of a late eluting compound with a unique absorption spectrum (Figure 27B). 
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Figure 27.  Structure of brasenol A1 (A) and its absorption spectrum (B). 

Based on NMR studies, the compound (brasenol A1) was determined to be of polyketide/fatty acid origin, 

speculated to be made from a twelve-carbon PK unit fused to an eight-carbon 3-hydroxy-fatty acid via a central 

lactone ring (Figure 27A). Initial bioactivity assays showed mild activity against methicillin-resistant 

Staphylococcus aureus (MRSA) MB5393 (MIC = 28.44 µg/mL), and from searching our in-house database the 

compound, along with several tentative analogues, was determined to also be produced by two other black 

Aspergilli, A. carbonarius and A. ellipticus. Based on these findings, bioinformatics comparison of A. brasiliensis 

and A. carbonarius was undertaken with the aim of uncovering the biosynthesis of the compound. By 

conducting a BLAST search with using ketide synthase (KS) sequence against the protein sequences of A. 

brasiliensis, A. carbonarius and the non-producing strain A. tubingensis, and comparing the resulting protein 

sequences, several candidate genes were identified. Figure 28 shows a cladogram of the three strains used for 

the BLAST analysis, highlighting the candidates with highest similarity between A. brasiliensis and A. 

carbonarius. 

 

Figure 28. Cladogram of the filtered results from the bioinformatics search for the brasenol PKS gene. The four candidate genes that 
were selected for deletion have been highlighted. 
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The candidates identified in A. brasiliensis were deleted, resulting in abolishment of brasenol production in 

only one strain, Abra1_145702Δ (brsA). Further analysis of the genes surrounding brsA identified putative 

hydrolase and esterase-like genes, possibly also involved in the biosynthesis. This was confirmed as deletion 

of the hydrolase, brsB, also resulted in cessation of brasenol production and deletion of the esterase, brsC, 

lead to a severe decrease in production. UV chromatograms of the wildtype and the brsAΔ, brsBΔ and brsCΔ 

strains are shown in Figure 29. 

 

Figure 29. UV-VIS chromatograms at 350±5nm for the A. brasiliensis wildtype (ref) and the BrsA, BrsB and BrsC deletion strains, 
showing loss of brasenol production in the brsAΔ and brsBΔ mutants, and significantly lower production in the ΔbrsC strain. The peak 

corresponding to brasenol A1 has been marked with *. 

Based on the hypothesis that brasenol A1 was made of two individual carbon chains, brsA and brsB were 

heterologously expressed in three different fungi, A. nidulans, A. sydowii and A. oryzae. Expression of either of 

genes by themselves did not show any change in the secondary metabolite profile of the heterologous hosts. 

However, when brsA and brsB were expressed together, significant production of brasenol A1, as well as the 

analogues also seen in A. brasiliensis, was observed (Figure 30. Heterologous expression of the two genes brsA 

and brsB in the three hosts, A. nidulans, A. sydowii, and A. oryzae.Figure 30). 
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Figure 30. Heterologous expression of the two genes brsA and brsB in the three hosts, A. nidulans, A. sydowii, and A. oryzae. A1, B1, 
B2 and C1 indicates the isolated brasenol species, and A2* indicates a putative brasenol species similar to brasenol A1, but lacking the 

double bond between C2’ and C3’. 

By heterologously expressing the two brs genes, it was possible to isolate an additional three analogues (Figure 

31). From NMR analysis, the three analogues were found to be constructed from the same twelve-carbon PK 

chain as brasenol A1, but differ by varying length and saturation of the 3-hydroxy-fatty acid part, further 

strengthening our hypothesis that the fatty acid part of the molecule was supplied by the primary metabolism 

of the host. 

 

Figure 31. Chemical structures of the four brasenol analogues characterised in this project. 

Based on the results from the deletions, heterologous expressions, and NMR studies, a biosynthetic pathway 

could be suggested (Figure 32): First, the twelve-carbon PK is synthesised by BrsA, most likely from one acetyl-

CoA and five malonyl-CoA units. Next, the PK is fused to a 3-hydroxy fatty acid, catalysed by the hydrolase 
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BrsB, and finally the lactone is formed by esterification between the hydroxyl group and the thioester. This is 

believed to be catalysed by the esterase BrsC, and also act as a release mechanism. BLAST analysis of BrsC, 

revealed this gene to have homologues in A. nidulans, A. sydowii, and A. oryzae, explaining why brasenols are 

still produced in in the three hosts when only BrsA and BrsB are present. 

Figure 32. Suggested brasenol biosynthesis based on the deletion the three genes BrsA, BrsB and BrsC, and 

heterologous expression of BrsA and BrsB, exemplified with brasenol A1. 

When BrsA and BrsB were heterologously expressed, sporulation in all three hosts was severely hindered, as 

depicted in Figure 33. Based on the hypothesis that the 3-hydroxy fatty acids in the brasenol biosynthesis 

originates from the primary metabolism, lack of regulation when heterologously expressed could be one 

reason for the observed phenotypes.  

 

Figure 33. Picture of the three heterologous hosts showing loss of sporulation. Bottom row: Wildtypes of A. nidulans, A. sydowii and A. 
oryzae (left to right). Top row: brsA/brsB overexpression mutants of A. nidulans, A. sydowii and A. oryzae (left to right). 

A certain group of lipids found in most organisms, called oxylipins, have been shown to play a vital part in 

various stages of regulation and development10–14, and if the foreign genes work without any regulation, they 

might interfere with the normal oxylipin metabolism in the hosts. Whether this is the exact cause of the 

observed effects on sporulation in the three heterologous hosts, is not clear based on this study, why more 

research into the field is necessary to get a more thorough understanding of the underlying mechanisms.  
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Genetic engineering for production of synthetic natural products (Appendix 6+7) 

Implementation of new microbiological techniques, such as CRISPR-Cas9, have been an important factor for 

the possibility of manipulation of the genetic material in species where such endeavours were previously very 

difficult or not possible with the tools available at the time. In this project genetic engineering of 

microorganisms was undertaken with various goals in mind. The pigment producing fungus Talaromyces 

atroroseus, described in Chapter 2 (Appendix 1 and 2), was investigated for the potential for genetic 

modification with the prospect of increasing the pigment yields (Appendix 6). Using the newly described 

genome editing technique CRISPR-Cas91 adapted for use in filamentous fungi2, it was possible to genetically 

engineer the strain and disrupt the production of the polyketide-non-ribosomal peptide (PK-NPR) hybrid 

compounds talaroconvolutin A and B. By establishing a protocol for engineering of T. atroroseus, the doors 

were opened for future manipulation of the strain in order to engineer the pigment production pathways. 

Techniques such as CRISPR-Cas9 or USER cloning3 can also be used to alter the type of product obtained from 

an organism, rather than the amount. The compound cytochalasin E, produced by Aspergillus clavatus, is a PK-

NRP hybrid with angiogenic2 properties4. The gene cluster responsible for cytochalasin production was 

determined in 20115 and has in this project been used as a model cluster for biocombinatorial engineering of 

PK-NRP hybrids (Appendix 7). The cytochalasin gene cluster (Figure 34) consists of a total of eight genes, with 

a polyketide synthase-non-ribosomal peptide synthetase (PKS-NRPS) and a trans acting enoyl reductase (ccsA 

and ccsC), responsible for synthesising the backbone of the compound. In addition, a transcription factor and 

several tailoring enzymes, such as oxidases and a hydrolase are encoded in the gene cluster. 

 

Figure 34. The cytochalasin E gene cluster. 

By heterologous expression of the PKS-NRPS gene (ccsA) along with the trans acting enoyl reductase (ccsC) in 

A. nidulans, HPLC-MS analysis revealed the appearance of a new secondary metabolite. The mass of the 

compound matched the expected PK-NRP, however with an additional double bond. By purification and NMR 

2 Angiogenesis is the formation of new blood vessels from existing ones, and can be used as a therapeutic target in certain 
vascular diseases or to prevent proliferation of tumours.14 
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analysis the structure was determined to indeed be a PK-NRP hybrid, albeit not with the structure expected 

for a cytochalasin derived compound. The compound, named niduclavin, was determined to be composed of 

the same 16-carbon polyketide chain as the cytochalasins and also linked to a phenylalanine via a tetramic 

acid (Figure 35). However, the cyclisation of the polyketide, which is normally a tricyclic isoindolone system, 

was determined to instead have formed a decalin ring system. Furthermore, the α/β-positions in the 

phenylalanine had been transformed into a double bond. 

 

Figure 35. Chemical structures of cytochalasin E and niduclavin.  

Even though the compound obtained from the ccsA/ccsC expressing strain was not the expected, it served as 

a good starting point for further investigations into biocombinatorial approaches. Using bioinformatics, a ccsA 

homologue, syn2, was identified in the rice blast fungus Magnaporthe oryzae, of which the product was not 

known but had been suggested to be cytochalasin-like based on gene similarities6. The same strategy as for 

ccsA was used, and syn2 was heterologously expressed along with the trans acting enoyl reductase, also found 

in the syn2 gene cluster, rap2. Once again a metabolite not normally produced by A. nidulans was detected in 

the extract of the mutant strain. Upon isolation and NMR structural elucidation of the new compound, named 

niduporthin (Figure 36), it was determined to be structurally similar to niduclavin, but differing in the amino 

acid part and the methylation pattern of the polyketide. Instead of phenylalanine, the amino acid in 

niduporthin was a tryptophan, and the compound only had a single methylation in the PK part, rather than the 

observed three for niduclavin. 

 

Figure 36. Chemical structure of niduporthin. 

Based on the successful results with expression the ccsA/ccsC and syn2/rap2 gene combinations, as well as 

additional studies of the variability of the linker between the PKS and NRPS modules in ccsA, module swapping 

54



of the PKS-NRPS parts was attempted. Several constructs of the ccsA PK and syn2 NRPS modules were created 

in order to investigate the optimal location for fusing of the two. This ultimately lead to production of a 

compound with a mass matching the tri-methylated octaketide part from niduclavin linked to the tryptophan 

moiety in niduporthin. The structure was confirmed by MS/MS and MS/MS/MS experiments, by comparison 

with the fragmentation patterns of niduclavin and niduporthin. To test the inverse module swap, the PK part 

of syn2 was fused with the NRP part of ccsA, once again resulting in a compound matching the expected 

combination of PK and NRP. The two compounds were named niduchimaeralin A and B and are shown in 

Figure 37. 

 

Figure 37. Chemical structures of niduchinaeralin A and B. 

The observed structures of the four compounds did not match the expected, as a different cyclisation pattern 

resulted in compounds more similar to PKS-NRPS products such as talaroconvolutin A7, myceliotermophin E8 

and equisitin9. One possible explanation could be the double bond introduced in the amino acid part of the 

compounds, altering the reactivity of the dienophile undergoing a [4+2] cycloaddition. The origin of the double 

bond is not clear, but it is speculated to be a result of endogenous activities in A. nidulans. A gene encoding a 

dioxygenase which was thought to be involved in the unwanted double bond formation was deleted, but this 

did not result in any changes to the products, and heterologous expression of ccsA and ccsC in A. niger resulted 

in the same products as in A. nidulans. From a chemical perspective, adding an additional conjugation is 

expected to shift the activation to the double bond next to the ketone, thereby promoting ring formation at 

this position (Figure 38B) rather than at the double bond of the lactam/tetramic acid part, as illustrated in 

Figure 38A. 
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Figure 38. Proposed cyclisation patterns for A) a cytochalasin E precursor and B) for niduclavin. The red bond corresponds to the 

double bond taking part in the [4+2] cycloaddition in cytochalasin biosynthesis, and the green bond corresponds to the one double 

bond undergoing the cyclisation in in niduclavin and related compounds. 

Transforming the lovastatin producing PKS, LovB, into a PKS-NRPS hybrid (Appendix 8) 

The polyketide synthase LovB is responsible for production of the cholesterol-lowering compound lovastatin 

and its precursor dihydromonacolin L acid in A. terreus (Figure 39). This well-studied PKS holds an inactive 

condensation (C) domain of which the function have been speculated upon by several researchers.10–12 Usually 

C domains are not found in PKS’s but rather in NRPS’s and PKS-NRPS hybrids, and it has therefore been 

suggested that LovB has evolved from a PKS-NRPS hybrid, but has lost its NPRS activity. In this project, attempts 

at engineering LovB with the aim of obtaining a functional PKS-NPRS was done using the NPRS module from 

the PKS-NRPS ccsA from A. clavatus (Appendix 8).  

 

Figure 39. Structures of lovastatin and dihydromonacolin L acid. 

Engineering of two versions of LovB/CcsA hybrids and heterologous expression of these in A. nidulans, along 

with the trans-acting enoyl reductase LovC resulted in two mutants, Mutant 1 and Mutant 2 (Figure 40).  
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Figure 40. A) The LovB PKS from A. terreus, and the CcsA PKS-NRPS from A. clavatus. B) Mutant 1 was constructed by extending the 
existing LovB PKS with the A, PCP, and R domains from CcsA. C) Mutant 2 was constructed by replacing the C domain of LovB with the 

entire NRPS module from CcsA. Arrows indicate points of fusion. 

Analysis by LC-MS of the secondary metabolite profile of Mutant 1 revealed production of the lovastatin 

precursor dihydromonacolin L acid (Figure 39), a result also reported by other research groups13, but no 

production of any new nitrogen-containing products. Similarly, analysis of Mutant 2, however, excitingly 

revealed the production of a new possible PKS-NRPS product with a m/z of 388.2278, corresponding to a 

molecular formula of C26H30NO2. 

Structural analysis by NMR revealed the compound to indeed be a PK-NRP hybrid compound similar to the 

compounds obtained from the ccsA and syn2 PKS-NRPSs (see Appendix 7), but consisting of a linear octaketide 

part attached to phenylalanine via a tetramic acid moiety. The compound was named terreclavin and is 

depicted in Figure 41.  

 

Figure 41. Structure of terreclavin. 

Several features, aside from the addition of phenylalanine, separates terreclavin from the normal LovB product 

lovatstain. First of all the PK chain is constructed from only 16 carbons, and is therefore a single extension 

shorter than the lovastatin PK. Secondly, the product is linear, despite the fact that the amount and location 

of double bonds in the PK could allow for a [4+2] cycloaddition between C-2, C-5, C-10, and C-11. 

Conformational and structural obstacles, however, are expected to prevent the cyclisation from happening, 

as the shorter and less reduced PK chain is expected to not be able to undergo the same folding as easily as 

during normal lovastatin biosynthesis. Furthermore, the amount of reductions of the octaketide chain are 

significantly fewer than in the native products (see Figure 39), with double bonds between C-10 and C-11, and 
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C-12 and C-13, and no reduction at all at C-14. In comparison, both lovastatin and dihydromonacolin L acid are 

fully reduced at C-10, and reduced to the hydroxy group at C-14. A common feature for the three compounds, 

however, is the methylation at C-7. Error! Reference source not found. shows the proposed biosynthesis of 

terreclavin, including formation of the PK-NRP backbone as well as cyclisation and formation of the central 

tetramic acid part. 

 

Figure 42. Proposed biosynthesis of terreclavin. A) Construction of the PK-NRP backbone by LovB/LovC. B) Cyclisation and additional 
tailoring needed to obtain the final product. 

Based on the obtained product and previous studies on the LovB PKS and the function of the C domain, the 

question of its exact role is still not clearly answered. Our results seem to agree with the hypothesis that the 

C domain play a role in both the cyclisation of the product and possibly in deciding the length of the PK chain. 

More specifically, our results suggest that the length of the PK chain in affected by the absence or presence of 

the C domain and that this play a supporting role during lovastatin biosynthesis, as PKSs are normally stringent 

with regard to the length of their product, and the absence in this study resulted in a PK chain which was one 

extension shorter than what was expected. 
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Outlook and Concluding Remarks 
 

  





This PhD project has dealt with discovery and characterisation of the natural products from microbial sources, 

more specifically fungal secondary metabolites. Various species have been investigated, both for their 

usefulness as producers of beneficial compounds, but also for their use as basis for genetic engineering of 

novel synthetic natural products. 

In one study, the filamentous fungus Talaromyces atroroseus was found to be the producer of a class of new 

azaphilones belonging to the class of red Monascus pigments. Similarly, Aspergillus neoglaber was found to 

also produce several azaphilone derived compounds, of which two novel yellow and a novel violet pigment 

was characterised. 

A range of different tools have been utilised for obtaining and analysing the compounds of interest, and high-

resolution tandem mass spectrometry proved to be a valuable tool for dereplication in conjunction with diode 

array detection and high-performance liquid chromatography. Additionally, nuclear magnetic resonance 

spectrometry was essential for structural elucidation of all of the compounds characterised.  

With society and the research community entering the genomic era, the use of bioinformatics approaches is 

becoming increasingly available, and the approach was implemented during this project for identifying the 

biosynthetic genes responsible for production of a novel A. brasiliensis biomarker using comparative genomics. 

Furthermore, the use of molecular biology tools enabled expression of the biosynthetic genes in several 

heterologous hosts, revealing an intriguing interaction between the foreign genes and the primary 

metabolism, by disruption of sporulation in the hosts. 

Genetic engineering was moreover used for construction of synthetic natural products, by expression of the 

cytochalasin-producing PKS-NRPS, CcsA, from A. clavatus and the CcsA-homologue Syn2 from the rice blast 

fungus Magnaporthe oryzae, in A. nidulans. This resulted in production of two novel PK-NRP products, and by 

swapping the PKS and NRPS modules between CcsA and Syn2, production of another two novel chimeric 

products was facilitated, thereby contributing to the future development of synthetic natural products. 

Lastly, the lovastatin producing PKS LovB was investigated with the goal of constructing a functional PKS-NRPS. 

The LovB PKS contains a non-functional condensation domain, and by replacing this with an entire NRPS 

module, a novel PK-NRP hydrid product was obtained. Based on the structure of the compound the hypothesis 

that the C domain supports cyclisation in lovastatin biosynthesis was strengthened, and we further 

hypothesised that it is also influencing the PK chain length in the lovastatin biosynthetic pathway was made. 

In summary this thesis has described the characterisation of a range of novel compounds, in addition to a 

variety of strategies for discovery of natural products, based on classical analytical techniques as well as new 

bioinformatics and biocombinatorial driven methods. 

61





 

 

 

 

 

 

 

 

 

Appendices 

 





Atrorosins: a new subgroup of Monascus pigments from Talaromyces 1 

atroroseus 2 

Thomas Isbrandt1, Gerit Tolborg1, Mhairi Workman2, Thomas Ostenfeld Larsen1* 3 

1 Department of Biotechnology and Biomedicine, Søltofts Plads, building 221, 2800 Kongens Lyngby, Denmark 4 

2 Novo Nordisk A/S, Smørmosevej 10-12, 2880 Bagsværd, Denmark 5 

*Corresponding author 6 

7 

 8 

Abstract 9 

A new series of azaphilone pigments named atrorosins have been isolated from the filamentous fungus 10 

Talaromyces atroroseus. Atrorosins have a similar azaphilone scaffold as the orange Monascus pigment PP-O, 11 

and are unique by their incorporation of amino acids into the isochromene system. Despite that the atrorosin 12 

precursor PP-O, during fermentation was initially produced as two isomers (3:2, cis:trans ratio), the atrorosins 13 

were surprisingly almost exclusively (99.5%) produced as the cis form, indicating that amino acid incorporation 14 

into the core polyketide is enzyme catalysed. When grown on complex media a whole range of atrorosins are 15 

produced, whereas individual atrorosins can be produced selectively during fermentation by supplementing 16 

with the desired amino acid. 17 

Keywords: Talaromyces, azaphilone, Monascus pigments, structural elucidation 18 
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Introduction 19 

Colouring agents, pigments, or dyes, and their use as food additives is a matter that has gained increasing 20 

attention during the past 10-15 years. Concerns about the safety of synthetic colorants have made people turn 21 

their attention towards natural pigments, such as anthocyanines, carmine and β-carotene.  There are however 22 

also some challenges regarding these compounds. This includes properties such as stability and solubility of 23 

anthocyanines and β-carotene, and allergic reactions to carmine products.1 24 

Monascus pigments are a class of natural fungal pigments originally identified in filamentous fungi belonging 25 

to the genus Monascus, however these compounds have also have been found in species belonging to the 26 

genera Penicillium and Talaromyces. Species within the Monascus genus have been used as food preservatives 27 

and colouring for several hundred years and are still used in Asia for production of red rice koji2. However, 28 

since production of mycotoxins such as citrinin, and other compounds with undesired effects for food 29 

ingredients such as lovastatin (monacolin K), have been associated with Monascus,3 fungi from this genus are 30 

not accepted for use on the European and North American market.4  31 

Structurally, the Monascus pigments represent a subgroup belonging to the class of compounds known as 32 

azaphilones, a hugely diverse family of fungal secondary metabolites.5 Six pigments, first described by Blanc et 33 

al2, are the prototypes for the family of Monascus pigments: the yellow monascin and ankaflavin, the orange 34 

rubropunctatin and monascorubrin, and the red rubropunctamine and monascorubramine (Figure 1). 35 
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Figure 1. The six original Monascus pigments, with colours spanning from yellow to red. 37 
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The filamentous fungus Talaromyces atroroseus (previously Penicillium purpurgenum), has recently been 38 

shown to secrete large amounts of coloured compounds belonging to the Monascus pigments, without 39 

production of mycotoxins.6–10 Some of the pigments are known, such as PP-O, PP-V, PP-Y/monascorubrin, and 40 

monascorubramine,10–13 but a majority of the produced pigments have not been structurally characterised. 41 

This study presents the structures of a novel class of Monascus pigment, atrorosins, produced by T. atroroseus. 42 

Materials and Methods 43 

Strain, Reagents and Instruments 44 

The strain used throughout this study was Talaromyces atroroseus IBT 11181 (DTU strain collection). Spores 45 

were propagated on CYA agar plates and incubated at 30 °C for 7 days. Spores were harvested with 0.9% 46 

sodium chloride solution (NaCl), filtered through mira-cloth, centrifuged and then re-suspended in 0.9% NaCl 47 

solution. The spore concentration was determined by using a Burker-Turk counting chamber. All cultivations 48 

were inoculated to give an initial spore concentration of 106 spores/ml. 49 

All purchased solvents and reagents were acquired from Sigma-Aldrich (St. Louis, Missouri, USA), ultra-pure 50 

water was made with a Milli-Q system (Millipore, Burlington, Massachusetts, USA). 51 

Measuring of optical rotation was done on a Perkin-Elmer 341 Polarimeter (Perkin Elmer, Waltham, 52 

Massachusetts, USA) using a 10 cm cell. 53 

Ultra-high Performance Liquid Chromatography-High Resolution Mass Spectrometry (UHPLC-HRMS) was 54 

performed on an Agilent Infinity 1290 UHPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped 55 

with a diode array detector. Separation was obtained on an Agilent Poroshell 120 phenyl-hexyl column (2.1 × 56 

250 mm, 2.7 μm) with a linear gradient consisting of water (A) and acetonitrile (B) both buffered with 20 mM 57 

formic acid, starting at 10% B and increased to 100% in 15 min where it was held for 2 min, returned to 10% 58 

in 0.1 min and remaining for 3 min (0.35 mL/min, 60 °C). An injection volume of 1 μL was used. MS detection 59 

was performed in positive detection mode on an Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream 60 

electrospray ion source with a drying gas temperature of 250 °C, gas flow of 8 L/min, sheath gas temperature 61 
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of 300 °C and flow of 12 L/min. Capillary voltage was set to 4000 V and nozzle voltage to 500 V. Mass spectra 62 

were recorded at 10, 20 and 40 eV as centroid data for m/z 85–1700 in MS mode and m/z 30–1700 in MS/MS 63 

mode, with an acquisition rate of 10 spectra/s. Lock mass solution in 70:30 methanol:water  was infused in 64 

the second sprayer using an extra LC pump at a flow of 15 μL/min using a 1:100 splitter. The solution contained 65 

1 μM tributylamine (Sigma-Aldrich) and 10 μM Hexakis(2,2,3,3-tetrafluoropropoxy)phosphazene (Apollo 66 

Scientific Ltd., Cheshire, UK) as lock masses. The [M + H]+ ions (m/z 186.2216 and 922.0098 respectively) of 67 

both compounds were used. 68 

1D and 2D NMR spectra were recorded on a Bruker Avance 800 MHz spectrometer (Bruker, Billerica, MA, USA) 69 

located at the Department of Chemistry at the Technical University of Denmark. NMR spectra were acquired 70 

using standard pulse sequences. The solvent used was either DMSO-d6 or MeOD, which were also used as 71 

references with signals at δH = 2.50 ppm and δC = 39.5 ppm for DMSO-d6 and δH = 3.31 ppm and δC = 49.0 ppm 72 

for CD3OD. Data processing and analysis was done using TopSpin 3.5pl7 (Bruker). J-couplings are reported in 73 

hertz (Hz) and chemical shifts in ppm (δ). For all natural pigments, 1D proton, edHSQC, and HMBC were 74 

recorded, and for atrorosin S, LR-HSQMBC, 1,n-ADEQUATE, and 1,1-ADEQUATE were also measured. 75 

Compounds were measured in MeOD, except atrorosin Q which was measured in DMSO-d6. For the semi-76 

synthesised nature identical pigments, only 1D proton and edHSQC were recorded. 77 

Cultivation 78 

The medium for shake flask cultivations was composed of sucrose (7.5 g/L), glucose (0.375 g/L), KH2PO4 (10 79 

g/L), NaCl (1 g/L), MgSO4∙7 H2O (2 g/L), KCl (0.5 g/L), CaCl2∙H2O (0.1 g/L) and trace metal solution (2 mL/L). The 80 

trace metal solution consisted of CuSO4∙5 H2O (0.4 g/L), Na2B4O7∙10 H2O (0.04 g/L), FeSO4∙7 H2O (0.8 g/L), 81 

MnSO4∙H2O (0.8 g/L), Na2MoO4∙2 H2O (0.8 g/L), ZnSO4∙7 H2O (8 g/L). The nitrogen source was 0.1 M each of an 82 

L-amino acid. Controls were done using 0.1 M of KNO3. The pH of the medium was adjusted to pH 5 with 83 

aqueous NaOH and HCl. Cultivations were carried out in non-baffled shake flasks at 30 oC and 150 rpm in rotary 84 

shaking incubators (Forma orbital shaker, Thermo Fisher Scientific, US) with a volume of 100 ml. Samples were 85 
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taken after 96 hrs. Shake flask experiments were carried out in triplicates. And extractions were done on 86 

pooled samples after analysis. 87 

Bioreactor cultivation of PP-O was carried out in duplicates in 1 L bioreactors. The medium for contained 88 

sucrose (20 g/L), glucose (1 g/L), KH2PO4 (10 g/L), NaCl (1 g/L), MgSO4∙7 H2O (2 g/L), KCl (0.5 g/L), CaCl2∙H2O 89 

(0.1 g/L) and trace metal solution (2 mL/L). 2 g/L of KNO3 were used as nitrogen source. The cultivation was 90 

stopped after 53 h at which point it was harvested. The cultivation was performed at 30 °C, 800 RPM, 1 VMM 91 

and a pH of 4.5. 92 

The bioreactors were Sartorius 1 L bioreactors (Satorius, Stedim Biotech, Goettingen, Germany) with 93 

equivalent working volumes, equipped with 2 Rushton six-blade disc turbines. The pH electrode (Mettler 94 

Toledo, OH/USA) was calibrated according to manufacturer’s standard procedures.  The bioreactor was 95 

sparged with sterile atmospheric air and off-gas concentrations of oxygen and carbon dioxide were measured 96 

with a Prima Pro Process Mass Spectrometer (Thermo-Fischer Scientific, Waltham, MA/USA), calibrated 97 

monthly with gas mixtures containing 5 % (v/v) CO2, 0.04 % (v/v) ethanol and methanol, 1 % (v/v) argon, 5 % 98 

(v/v) and 15 % (v/v) oxygen all with nitrogen as carrier gas (Linde Gas, AGA, Enköping, Sweden). The pH was 99 

controlled by automatic addition of 2 M NaOH and H2SO4. 100 

Purification of PP-O isomers 101 

For purification of PP-O, fermentation liquid was extracted two times with EtOAc to give 1.2 grams of crude 102 

extract which was loaded onto an Isolera One (Biotage, Uppsala, Sweden) automated flash system equipped 103 

with a diol column and eluted stepwise with dichloromethane (DCM), DCM:EtOAc (1:1), EtOAc, EtOAc:MeOH 104 

(1:1), and MeOH. The enriched orange fraction (0.9 g) was subjected to solid phase extraction (SPE) to remove 105 

co-eluting impurities. The diol fraction was dissolved in MeOH and loaded onto an equilibrated Oasis WAX 106 

solid phase extraction (SPE) column (Waters, Milford, Massachusetts, USA) and washed with 3 column volumes 107 

(CVs) of MeOH followed by elution of the orange pigment with 3 CVs of 2% TFA in MeOH. The orange fraction 108 

was purified on the same Gilson semi-prep HPLC system as the atrorosins, but using a water/MeOH gradient 109 
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with 50 ppm TFA and a Kinetex Core-Shell C18 column (250 mm x 10 mm, 5 µm), in order to separate the two 110 

isomers. 111 

Purification of atrorosins 112 

Filtered and centrifuged fermentation broth was extracted three times, with 1/3 volume of EtOAc, at pH 3 113 

(adjusted with formic acid). The combined EtOAc phases were evaporated to 100 mL and extracted twice with 114 

water (1:1) at pH 8 (adjusted with ammonium hydroxide). The water phase was readjusted to pH 3 with FA 115 

and extracted two time with EtOAc, followed by evaporation, to yield >95% pure pigment (a mixture of 116 

atrorosins and N-amino acid monascorubramine, ratio>10:1 by LC-DAD-MS). The final purification was 117 

performed on a Gilson 332 semi-prep HPLC system equipped with a Gilson 172 diode array detector, using a 118 

LUNA II C18 column (250 mm x 10 mm, 5 µm, Phenomenex), with a water/acetonitrile gradient with 50 ppm 119 

trifluoroacetic acid (TFA). 120 

Derivatisation of PP-O 121 

For the chemical derivatisation of PP-O to form nature identical atrorosins, PP-O and a 10-15-times molar 122 

excess of the amino acid was dissolved in a 1:1 mixture of MeOH and water with 100 ppm TFA (v/v). The 123 

solution was heated to 40 °C for 15 min with stirring, and the excess amino acid and unreacted PP-O was 124 

removed on an Evolute Express WAX SPE column (Biotage). For lysine, the two isomers were separated by 125 

semi-preparative HPLC using a Waters 600 Controller with a 996 photodiode array detector (Waters, Milford, 126 

MA, USA) equipped with a Luna II C18 column (250 × 10 mm, 5 μm, Phenomenex), using a H2O/acetonitrile 127 

gradient with 50 ppm TFA. 128 

Results and discussion 129 

Cultivation of T. atroroseus leads to isolation of trans-PP-O and a novel azaphilone class, atrorosins. 130 

Liquid culture fermentation of the filamentous fungus Talaromyces atroroseus6 (IBT11181, DTU strain 131 

collection) gave a culture liquid with an intense red colour. Upon analysis of the ethyl acetate extract of the 132 

fermentation liquid by Ultra High Performance Liquid Chromatography coupled to Diode Array Detection and 133 
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High-Resolution tandem Mass Spectrometry (UHPLC-DAD-MS/HRMS), a plethora of different pigmentss were 134 

observed. Among them, several known Monascus pigments (e.g. PP-R, PP-V, PP-Y/monascorubrin, and 135 

monascorubramine) were identified, along with numerous unknown pigment species.  136 

137 Careful analysis of the data also showed the presence of what appeared to be a 3:2 ration of two distinct 

138 isomers of the orange azaphilone PP-O, based on integration of their identical UV spectra. The two isomers 

139 were isolated and separated using reverse phase HPLC to generate enough material for structural analysis. 

140 From NMR experiments, we were able to identify the two PP-O isomers to be identical, except for having either 

141 a cis- or a trans- form of the double bond between C-2 and C-3. H-2 and H-3 had a coupling constant of J=12.8 

142 Hz, establishing the alkene to be in a Z-configuration.12,17 NMR spectra for the PP-O isomers can be found in 

143 Supporting Information S1, and Supporting Information S2 shows NMR shifts (Table S1) and structures (Figure 

144 S1). Since the trans form of PP-O has not been reported before, we have named this new compound trans-PP- 

145 O, and will refer to the known isomer as cis-PP-O. 

146 Next we turned our interest towards one of the major unknown red compounds with a mass-to-charge ratio 

147 (m/z) of 500.1912, and a UV-VIS absorption spectrum similar to that of known red Monascus pigments, i.e. 

148 with strong absorption at 430 and 520 nm. Figure 2 shows an example of the UV-VIS profile at 520 nm of a 

149       shake flask fermentation using KNO3 as nitrogen source. 

150 

Figure 2. A) UV-VIS chromatogram (520±10nm) of the EtOAc extract from shake flask cultivation of T. atroroseus using KNO3 as 151 
nitrogen source. The m/z or identity of the major peaks has been assigned according to the LC-DAD-MS data. B) UV-VIS spectrum of 152 

m/z=500. 153 
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The unknown red pigment was purified by reverse phase chromatography to give a dark red amorphous solid. 154 

From HRMS, a molecular formula of C26H29N2O9 (DBE=13) was determined (calc. 500.1915, mass accuracy = 155 

0.6 ppm). 1D and 2D NMR was used to determine the structure of the compound. NMR spectra can be found 156 

in Supporting Information S1, and chemical shift values are listed in Table S2. 1H-NMR and HSQC revealed five 157 

alkene CH-groups, two methyl groups, seven CH2-groups, and one alkane CH-group. 13C-NMR and HMBC 158 

revealed an additional 11 quaternary carbons of which five were carbonyls, five alkene carbons, and one 159 

quaternary alkane. Additionally, two carboxylic acids and an amide were present in the molecule (H and C 160 

shifts are listed in table 1). 161 

Tabel 1. Proton and carbon shifts for atrorosin S in CD3OD. 162 

# δH δC 
1 - 166.8 
2 6.43 (d, 11.8) 130.9 
3 6.94 (d, 11.7) 133.8 
4 - 149.7 
5 6.81 (s) 119.6 
6 - 151.8 
7 6.72 (s) 117.7 
8 - 168.0 
9 - 86.8 

9-CH3 1.67 (s) 30.1 
10 - 195.4 
11 - 98.8 
12 8.57 (s) 142.8 
13 - 174.7 
14 - 125.4 
15 - 198.5 
16 2.82 (m) 40.9 
17 1.59 (quin, 7) 25.8 
18 1.31 (m) 23.3/30.0/32.5 
19 1.31 (m) 23.3/30.0/32.5 
20 1.31 (m) 23.3/30.0/32.5 
21 1.31 (m) 23.3/30.0/32.5 
22 0.89 (t, 6.2) 13.9 
1' - 169.1 
2' 5.12 (s) 67.3 
3' 4.28 (dd, 12.2, 5.6) / 4.09 (d, 12.2) 62.5 

 163 
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DQF-COSY showed 3J-couplings between H-2’ and H-3’, as well as between H-2 and H-3. H-2 and H-3 had a 164 

coupling constant of J=11.8 Hz, suggesting the alkene to be in a Z-configuration. Furthermore, an aliphatic 165 

chain consisting of H-16 to H-22 could be identified.  166 

HMBC provided long-range H-C-couplings and could link H-16 and H-17 to the carbonyl C-15. H-7 also showed 167 

a coupling to C-15, in addition to couplings to C-6, C-8, C-9, C-11, C13, C14 and C-15, while H-12 had couplings 168 

to C-6, C-10 and C-11. H-2 and H-5 both exhibited couplings to C-4. Correlations from H-‘2  to C-4 and C-12 169 

was also observed in both HMBC and LR-HSQMBC. Correlations between H-7 and C-8 was determined from 170 

1,1-ADEQUATE. 171 

Based on the structural information obtained from the NMR data, an isoquinoline system could be assembled 172 

as the core of the molecule, consisting of C-4 to C-12, with C-13 and C-14 forming a five-membered lactone 173 

with C-8 and C-9. Attached to the central ring structure, an α,β-unsaturated carboxylic acid and a methyl group 174 

could be linked to C-4 and C9, respectively. A heptanyl chain could be linked to C-14 via the ketone C-15. 175 

Finally, a serine moiety was determined to be attached through the isoquinoline nitrogen. 176 
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 177 

Figure 3. Numbered structure of atrorosin S with key HMBC correlations. 178 

In summary, the compound (Figure 3) is structurally very similar to the Monascus pigments PP-O and PP-V12, 179 

but with the incorporation of a serine moiety into the isochromene/isoquinoline system. We have named the 180 
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compound atrorosin S, using the one-letter amino acid abbreviation to denote which nitrogen-containing 181 

compound has been incorporated.  182 

Amino acid feeding expands and focuses the atrorosin catalogue 183 

The discovery of this new azaphilone, stirred our curiosity as to whether T. atroroseus was also able to 184 

incorporate other amino acids or nitrogen containing compounds into the azaphilone core, as this had 185 

previously been described for monascorubrin14–16. The LC-MS data from the crude extract was re-examined 186 

and several compounds, matching tentative atrorosins were identified. All amino acid derived atrorosins 187 

except arginine, histidine, lysine, methionine and proline could be tentatively identified in the extract. 188 

In order to confirm the identities of the pigments, the fungus was cultivated in shake flasks using each of the 189 

remaining 19 amino acids as the sole nitrogen source. The ethyl acetate extract of the filtered culture liquid 190 

was analysed by UHPLC-DAD-MS/HRMS for each of the 19 cultivations. For proline, no production of the 191 

corresponding atrorosins was neither expected nor detected, as the nitrogen atom in the amino acid is a 192 

secondary amine. For each of the remaining amino acids, with the exception of tryptophan, the expected 193 

atrorosin was to some degree detected in the extract, as illustrated in Figure 4. 194 

Interestingly, upon cultivation with a single amino acid as the sole nitrogen source, the secondary metabolite 195 

profile for nearly all experiments changed to contain primarily a single red compound, namely the atrorosin 196 

corresponding to the fed amino acid. For a few of the experiments (glycine, cysteine, threonine and tyrosine) 197 

other coloured compounds were also detected, as shown in Figure 4, but still far less when compared to shake 198 

flask experiments using KNO3 as nitrogen source (Figure 2). 199 

For glycine and tryptophan, the pigment production was either very low or almost completely absent. In the 200 

chromatogram from the glycine extract, some peaks corresponding to unknown red compounds were present, 201 

but the one belonging to the tentative atrorosin G was found only in very small amounts, while no red pigments 202 

were found in the tryptophan extract. When grown with tyrosine as nitrogen source, in addition to the 203 

expected atrorosin Y, significant amounts of both PP-Y and PP-O were also found in the extract.  204 
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The lack of pH-control in the shake flasks was most likely the reason why not all of them were equally 205 

successful. Growth experiments in bioreactors with well-defined growth conditions has shown that the optimal 206 

pH for pigment production was in the quite narrow range of 4-5 (Tolborg et al., in preparation). 207 

 208 

Figure 4. UV-VIS chromatograms (520±10 nm) of EtOAc extracts from shake flask cultivations of T. atroroseus using 18 different 209 
amino acids as sole nitrogen source. * indicates the expected atrorosins, confirmed by HRMS. 210 

Because of the poorly controlled conditions in the shake flask cultivations, we were only capable of isolating 211 

atrorosins from seven of these (D, E, H, L, M, Q and T) in addition to the original atrorosin S. Rather than 212 

carrying out bioreactor cultivations with each of the remaining amino acids, a single four litre fermentation, 213 

was done and harvested at the time where the PP-O concentration was at its highest, with the aim of 214 

derivatising PP-O to produce all nature identical atrorosins. 215 

Semi-synthesis of nature identical atrorosins from cis-PP-O 216 

During the bioreactor cultivation, L-amino acids were added in order to produce single atrorosins, and it was 217 

therefore expected that these would also contain the L-amino acid upon excretion. However, to ensure that 218 

no isomerisation had taken place, we synthesised nature identical atrorosins from cis-PP-O and both L- and D-219 

amino acids to compare these against natural pigments isolated from the fermentation broth. 220 

The chemical incorporation of amine containing compounds into the backbone of the Monascus pigment 221 

monascorubrin/PP-Y has previously been reported15 and we have shown that the same is possible with PP-O 222 
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under basic conditions, however with poor selectivity as several isomers were formed (Tolborg et al., in 223 

preparation). 224 

In the present study, we learned that though slower, the acid catalysed reaction provides better 225 

stereoselectivity during the in vitro incorporation of e.g. amino acids, compared to the base catalysed reaction 226 

(data not shown). By reacting cis-PP-O with amino acids in a 1:1 mixture of water and methanol acidified with 227 

100 ppm triflouroacetic acid we could almost quantitatively obtain each of the desired atrorosins (HPLC data 228 

in Supporting Information S4, Figure S2). 1H-NMR and HSQC were recorded for each of the synthesised 229 

compounds, and could together with accurate mass and fragmentation patterns from HR-MS/MS confirm 230 

formation of the expected products (NMR spectra and chemical shifts for each of the semi-synthesised 231 

atrorsins can be found in the Supporting Information S1 and S3). For atrorosin E and S we also incorporated 232 

the D-amino acid into cis-PP-O to compare the optical rotation with the natural compound in order to confirm 233 

whether the amino acid is modified before being excreted by the fungus (values listed in Supporting 234 

Information S5). These experiments confirmed our hypothesis, that the amino acids in the natural atrorosins 235 

are indeed the more naturally abundant L-amino acids and that the natural atrorosins all contain L-amino 236 

acids, when these are added during cultivation. 237 

The remaining atrorosins not isolated from the shake flask cultivations were also made from cis-PP-O, and 1H-238 

NMR and HSQC spectra were obtained for these. NMR spectra, and proton and carbon shifts for all 239 

characterised atrorosins as well as both isomers of PP-V can be found in Supporting Information S1 and S3, 240 

and their structures (except atrorosin S) are shown in Figure 5. 241 
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Tyr: Atrorosin Y

R=

 242 

Figure 5. Chemical structure of 18 atrorosins. 243 

In summary, the filamentous fungus T. atroroseus has been found to excrete high amount of a new class of 244 

red azaphilone pigments, atrorosins. These are all derivatives of the orange pigment cis-PP-O, differing only 245 

by their incorporation of L-amino acids, which can either be naturally incorporated during standard growth 246 

conditions to give a range of different compounds, or be selectively incorporated by feeding single amino acids 247 

during cultivation to give only one version of the pigment. On the contrary to PP-O, that was showed to be 248 

naturally produced in both a cis- and trans form, we find it highly surprising that the atrorosins were almost 249 

exclusively (>99.5%) produced as the cis isomer. We therefore propose that amino acid incorporation into the 250 

core polyketide skeleton in T. atroroseus might be enzyme assisted, something that to the best of our 251 

knowledge has not previously been suggested, and could even involve transformation of the C-2/C-3 alkene 252 

in trans-PP-O into the cis form seen in atrorosins, since neither trans-PP-O nor “trans-atrorosins” could be 253 

detected after incorporation of amino acids.   254 
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S1. NMR spectra  for all atrorosins and cis- and trans-PP-O
 The following pages contains NMR spectra for the following compounds: 

Atrorosin A 

Atrorosin C 

Atrorosin D 

Atrorosin E 

Atrorosin F 

Atrorosin G 

Atrorosin H 

Atrorosin I 

Atrorosin K1 

Atrorosin K2 

Atrorosin L 

Atrorosin M 

Atrorosin N 

Atrorosin Q 

Atrorosin R 

Atrorosin S 

Atrorosin T 

Atrorosin V 

Atrorosin W 

Atrorosin Y 

cis-PP-O 

trans-PP-O 
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Atrorosin A
edHSQC
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Atrorosin C
1H
MeOD
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Atrorosin C
edHSQC
MeOD
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Atrorosin D
edHSQC
MeOD
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Atrorosin D
HMBC
MeOD
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Atrorosin E
1H
MeOD
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Atrorosin E
edHSQC
MeOD
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Atrorosin F
1H
MeOD
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Atrorosin F
edHSQC
MeOD
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Atrorosin G
1H
MeOD

13 of 63A27



Atrorosin G
edHSQC
MeOD
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S2. NMR data for PP-O isomers 

Table S1. Proton and carbon shifts for cis-PP-O and trans-PP-O measured in CD3OD. 

cis-PP-O   trans-PP-O 
# δH δC δH δC 
1 - 169.3 - 168.3 
2 6.27 (d, J=12.8 Hz) 128.6 6.5 (d J=15.7 Hz) 124.7 
3 6.42 (d, J=12.8 Hz) 127.6 7.25 (d J=15.7 Hz) 135.5 
4 - 155.7 - 155.3 
5 6.95 (s) 115.8 6.93 (s) 117.6 
6 - 142.8 - 142.3 
7 6.69 (s) 104.8 6.75 (s) 105.8 
8 - Not observed - Not observed 
9 - 86.4 - 86.4 

9-CH3 1.69 (s) 28.2 1.71 (s) 28.1 
10 - 191.8 - 191.4 
11 - 117.2 - 117.1 
12 8.03 (s) 154.6 8.11 (s) 154.8 
13 - 173.5 - 173.4 
14 - 119.7 - 119.5 
15 - 198.9 - 198.7 
16 2.88 (m) 42.1 2.88 (m) 42.1 
17 1.59 (q, J=7 Hz) 24.8 1.59 (q, J=7 Hz) 24.8 
18 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.1/32.7 
19 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.1/32.7 
20 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.1/32.7 
21 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.1/32.7 
22 0.9 (m) 14.2 0.9 (m) 14.1 

OO

O

O

O

O OH
OO

O

O

O O

OH

cis-PP-O trans-PP-O
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Figure S1. Structures of cis- and trans-PP-O. 
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# δH δC δH δC δH δC δH δC δH δC δH δC δH δC

1-OH - - - - - - - - - - - - - -
1 - -* - -* - 167.1 - -* - -* - -* - 167.6
2 6.45 (d, 11.7) 131.4 6.72 (s) 99.0 6.43 (d, 11.7) 131.0 6.42 (d, 11.6) 131.2 6.37 (d, 11.8) 131.2 6.42 (d, 11.9) 131.1 6.46 (d, 11.7) 131.7
3 6.93 (d, 11.7) 133.6 7.00 (s) 119.7 7.07 (d, 11.7) 133.9 6.94 (d, 11.6) 134.1 6.59 (d, 11.6) 133.4 6.84 (d, 11.9) 133.2 6.89 (d, 11.7) 133.4
4 - -* - -* - 150.4 - -* - -* - -* - 149.2
5 6.81 (s) 119.9 6.92 (s) 117.9 6.82 (s) 120.1 6.80 (s) 119.9 6.71 (s) 120.1 6.88 (s) 120.2 6.78 (s) 120.6
6 - -* - -* - 152.1 - -* - -* - -* - 151.4
7 6.68 (s) 117.7 6.83 (s) 116.6 6.69 (s) 117.9 6.67 (s) 117.8 6.55 (s) 118.1 6.75 (s) 118.1 6.63 (s) 118.0
8 - -* - -* - Not observed - -* - -* - -* - Not observed
9 - -* - -* - 87.2 - -* - -* - -* - 86.9

9-CH3 1.67 (s) 30.2 1.69 (s) 30.2 1.66 (s) 30.1 1.69 (s) 30.2 1.61 (s) 30.3 1.68 (s) 30.2 1.66 (s) 30.1
10 - -* - -* - 195.4 - -* - -* - -* - 195.3
11 - -* - -* - 98.8 - -* - -* - -* - 98.9
12 8.31 (s) 140.9 8.21 (s) 145.6 8.38 (s) 142.3 8.3 (s) 141.2 8.08 (s) 142.4 8.28 (s) 144.3 8.13 (s) 141.5
13 - -* - -* - 174.6 - -* - -* - -* - 174.6
14 - -* - -* - 126.1 - -* - -* - -* - 125.3
15 - -* - -* - 198.9 - -* - -* - -* - 198.6
16 2.82 (m) 41.1 2.82 (m) 41.1 2.82 (m) 41.0 2.83 (m) 41.3 2.81 (m) 41.1 2.82 (m) 41.2 2.82 (m) 41.2
17 1.59 (quin, 7) 25.9 1.59 (quin, 7.2) 26.1 1.59 (quin, 6.8) 25.9 1.59 (quin, 6.8) 25.8 1.57 (quin, 7.3) 25.9 1.59 (quin, 7.2) 25.9 1.58 (quin, 6.9) 25.8
18 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/26.9/30.3/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.2/32.7
19 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/26.9/30.3/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.2/32.7
20 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/26.9/30.3/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.2/32.7
21 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/26.9/30.3/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.4/30.2/32.7 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.2/32.7
22 0.89 (t, 7) 14.1 0.89 (t, 7) 14.2 0.89 (t, 7) 14.0 0.89 (t, 7) 14.1 0.89 (t, 7.1) 14.0 0.89 (t, 7) 140.2 0.89 (t, 7) 14.1

1'-OH - - - - - - - - - - - - - -
1' - -* - -* - 173.1 - -* - -* - -* - 170.7
2' 5.02 (quar, 7.2) 63.1 5.36 (m) 66.8 5.29 (broad t, n/a) Not observed 5.15 (dd, 5.8, 9.5) 65.3 5.21 (dd, 8.5, 5.5) 68.2 4.77 (s) 57.4 5.15 (broad t, n/a) 66.3
3' 1.76 (d, 7.2) 18.2 3.62 (d, 13.4) / 3.49 (13.3, 5) 25.8 3.31 (m) / 3.14 (dd, 8, 17.6) 37.5 2.56/2.37 (m) 28.1 3.53/3.45 38.9 / /  3.67 (dd, 6.3, 15.8) / 3.59 (dd, 15.8, 9) 28.1
4' / / / / - 170.9 2.45 (td, 6.6, 2.3) 30.2 - - / / - 130.1
5' / / / / / / - -* 7.18 (m) 130.3 / / 6.63 (s) 118.7
6' / / / / / / / / 7.25 (m) 129.7 / / 8.72 (s) 135.4
7' / / / / / / / / 7.22 (m) 128.4 / / - -
8' / / / / / / / / / / / / / /
9' / / / / / / / / / / / / / /
10' / / / / / / / / / / / / / /
11' / / / / / / / / / / / / / /
12' / / / / / / / / / / / / / /

5'-NH2 / / / / / / / / / / / / / /

* Quaternary carbons not measured for semi-synthetic compounds

Atrorosin A Atrorosin C Atrorosin D Atrorosin E Atrorosin F Atrorosin G Atrorosin H

S3. NMR tables for all atrorosins

Table S2, part 1
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# δH δC δH δC δH δC δH δC δH δC δH δC δH δC

1-OH - - - - - - - - - - - - 12.5-14 -
1 - -* - -* - -* - 167.1 - 166.8 - -* - 165.6
2 6.43 (d, 11.8) 131.2 6.46 (d, 11.7) 131.3 6.46 (11.8) 130.8 6.46 (d, 11.6) 131.1 6.46 (d, 11.7) 131.2 6.43 (d, 11.7) 131.2 6.37 (d, 11.8) 130.0
3 6.97 (d, 11.8) 133.8 6.93 (d, 11.7) 133.8 7.1 (d, 11.9) 133.9 6.97 (d, 11.6) 134.0 7.01 (d, 11.6) 134.2 7.05 (d, 11.8) 133.6 6.94 (d, 11.8) 132.2
4 - -* - -* - -* - 149.5 - 149.8 - -* - 147.7
5 6.84 (s) 120.4 6.82 (s) 120.2 6.86 (s) 120.9 6.81 (s) 120.1 6.81 (s) 120.0 6.83 (s) 120.3 6.89 (s) 118.6
6 - -* - -* - -* - 151.6 - 151.8 - -* - 149.4
7 6.71 (s) 118.2 6.69 (s) 117.9 6.77 (s) 119.0 6.69 (s) 117.9 6.7 (s) 117.9 6.69 (s) 118.1 6.59 (s) 96.4
8 - -* - -* - -* - Not observed - Not observed - -* - 172.6
9 - -* - -* - -* - 87.2 - 87.0 - -* - 84.9

9-CH3 1.67 (s) 30.2 1.67 (s) 30.1 1.67 (s) 30.3 1.68 (s) 30.2 1.68 (s) 30.2 1.65 (s) 30.2 1.59 (s) 29.6
10 - -* - -* - -* - 195.5 - 195.1 - -* - 194.0
11 - -* - -* - -* - 98.8 - 98.1 - -* - 117.2
12 8.54 (s) 140.9 8.27 (s) 141.1 8.31 (s) 143.2 8.29 (s) 141.0 8.31 (s) 141.4 8.37 (s) Not observed 8.22 (s) 140.5
13 - -* - -* - -* - 174.8 - 175.0 - -* - 169.3
14 - -* - -* - -* - 125.9 - 126.1 - -* - 103.2
15 - -* - -* - -* - 198.9 - 198.6 - -* - 194.6
16 2.82 (m) 41.2 2.82 (m) 41.2 2.82 (m) 41.1 2.83 (m) 41.1 2.83 (m) 41.2 2.82 (m) 41.2 2.72 (t, 7.3) 39.6
17 1.59 (quin, 7.3) 25.8 1.59 (quin, 7.1) 25.8 1.59 (quin, 7.2) 25.9 1.59 (quin, 6.7) 25.7 1.59 (quin, 7.2) 25.9 1.59 (quin, 7.1) 25.9 1.48 (quin, 6.7) 24.0
18 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.1/32.6 1.32 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.3/30.1/32.7 1.23 (m) 22.1/28.6/31.2
19 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.1/32.6 1.32 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.3/30.1/32.7 1.23 (m) 22.1/28.6/31.2
20 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.1/32.6 1.32 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.3/30.1/32.7 1.23 (m) 22.1/28.6/31.2
21 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.1/32.6 1.32 (m) 23.3/30.1/32.7 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.3/30.1/32.7 1.23 (m) 22.1/28.6/31.2
22 0.89 (t, 7.1) 14.2 0.89 (t, 7.1) 14.1 0.89 (t, 7) 14.2 0.89 (t, 6.2) 14.0 0.9 (t, 7.2) 14.1 0.89 (t, 7) 14.1 0.85 (t, 7) 13.9

1'-OH - - - - - - - - - - - - 7.31 (s) -
1' - -* - -* 4.09 (m) 55.9 - 171.4 - 170.7 - -* - 172.9
2' 4.46 (d, 9.8) 72.4 4.94 (dd, 9.3, 5.9) 66.3 1.85 (quin, 7.5) 30.2 4.94 (m) 64.9 5.21 (dd, 8.9, 5.2) 64.6 3.94 (m) 51.9 4.93 (bs) 47.8
3' 2.24 (m) 38.8 2.33/2.18 (m) 32.2 1.53/1.47 (m) 22.5 2.11/2.05 (m) 41.7 2.65/2.52 (m) 30.7 3.21 (dd, 16.3, 4.6) / 3.05 (dd, 16.4, 9.3) 38.6 2.33 (m) 26.9
4' 1.43/1.11 (m) 25.9 1.48/1.44 (m) 23.8 1.95/1.88 (m) 30.8 1.65 (m) 25.7 2.56/2.43 (m) 31.8 - -* 2.13 (m) 30.6
5' 0.87 (t, 7.4) 10.8 1.68 (m) 27.7 3.94 (t, 6.3) 53.4 0.94 (d, 6.4) 22.3 2.06 (s) 14.5 / / - 170.3
6' 1.09 (d, 6.8) 15.6 2.91 (t, 7.6) 40.1 - -* / / / / / / - /
7' / / - / - - / / / / / / / /
8' / / / / / / / / / / / / / /
9' / / / / / / / / / / / / / /
10' / / / / / / / / / / / / / /
11' / / / / / / / / / / / / / /
12' / / / / / / / / / / / / / /

5'-NH2 / / / / / / / / / / / / 6.84 (s) -

† Measured in DMSO-d6
* Quaternary carbons not measured for semi-synthetic compounds

Atrorosin MAtrorosin I Atrorosin K1 Atrorosin K2 Atrorosin L Atrorosin N Atrorosin Q†

Table S2, part 2
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# δH δC δH δC δH δC δH δC δH δC δH δC

1-OH - - - - - - - - - - - -
1 - -* - 166.8 - 167.2 - -* - -* - -*
2 6.74 (d, 11.6) 130.3 6.43 (d, 11.8) 130.9 6.41 (d, 11.7) 131.2 6.43 (d, 11.7) 131.4 6.34 (d, 11.8) 131.3 6.38 (d, 11.6) 131.3
3 6.45 (d, 11.7) 134.2 6.94 (d, 11.7) 133.8 6.89 (d, 11.7) 133.2 6.96 (d, 11.7) 133.5 6.56 (d, 11.7) 132.9 6.61 (m) 133.2
4 - -* - 149.7 - 150.2 - -* - -* - -*
5 6.87 (s) 120.7 6.81 (s) 119.6 6.86 (s) 120.2 6.84 (s) 120.3 6.67 (s) 119.9 6.73 (s) 120.1
6 - -* - 151.8 - 152.2 - -* - -* - -*
7 6.68 (s) 98.7 6.72 (s) 117.7 6.83 (s) 118.1 6.72 (s) 118.2 6.53 (s) Not observed 6.58 (s) 118.2
8 - -* - 168.0 - Not observed - -* - -* - -*
9 - -* - 86.8 - 86.9 - -* - -* - -*

9-CH3 1.67 (s) 30.3 1.67 (s) 30.1 1.68 (s) 30.2 1.68 (s) 30.3 1.35 (s) 30.5 1.62 (s) 30.3
10 - -* - 195.4 - 196.0 - -* - -* - -*
11 - -* - 98.8 - 98.6 - -* - -* - -*
12 8.34 (s) 141.6 8.57 (s) 142.8 8.75 (s) 143.5 8.56 (s) 140.9 7.97 (s) 142.8 8.02 (s) 142.6
13 - -* - 174.7 - 174.4 - -* - -* - -*
14 - -* - 125.4 - 125.2 - -* - -* - -*
15 - -* - 198.5 - 198.5 - -* - -* - -*
16 2.81 (m) 41.1 2.82 (m) 40.9 2.83 (m) 41.0 2.82 (m) 41.1 2.77 (m) 41.0 2.80 (m) 41.0
17 1.59 (quin, 7) 26 1.59 (quin, 7) 25.8 1.59 (quin, 6.5) 25.9 1.59 (quin, 7.1) 25.9 1.56 (quin, 7.2) 26.0 1.58 (quin, 7.2) 25.8
18 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.2/32.8
19 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.2/32.8
20 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.2/32.8
21 1.31 (m) 23.3/30.1/32.7 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.3/30.1/32.6 1.31 (m) 23.3/30.0/32.5 1.31 (m) 23.4/30.1/32.7 1.31 (m) 23.4/30.2/32.8
22 0.89 (t, 7) 14.1 0.89 (t, 6.2) 13.9 0.89 (t, 6.7) 14.0 0.89 (t, 7.3) 14.2 0.88 (t, 7.2) 14.1 0.89 (t, 7.1) 14.1

1'-OH - - - - - - - - - - - -
1' - -* - 169.1 - 170.4 - -* - -* - -*
2' 4.8 (dd, 8.8, 6.2) 68.4 5.12 (s) 67.3 4.59 (m) 68.3 4.35 (d, 10.2) 74.4 5.23 (m) 68.7 3.87 (dd, 8.4, 4.6) 56.6
3' 2.29/2.11 (m) 30.4 4.28 (dd, 12.2, 5.6) / 4.09 (d, 12.2) 62.5 4.79 (m) 71.8 2.42 (m) 33.0 3.52 (dd, 15.3, 4.3)) / 3.19 (dd, 15.3, 9.2) 27.9 3.22 (dd, 14.8, 4.6) / 2.96 (dd, 14.8, 8.5) 36.8
4' 1.68/1.61 (m) 26.5 / / 1.2 (d, 6.3) 20.3 0.9 (m) 19.1 - -* - -*
5' 3.18 (td, 6.8, 2) 41.4 / / / / 1.12 (m) 19.6 7.12 (s) 125.1 6.99 (d, 8.5) 131.5
6' / / / / / / / / - - 6.65 (d, 8.5) 116.4
7' / / / / / / / / - -* - -*
8' / / / / / / / / 7.30 (d, 8.2) 112.2 / /
9' / / / / / / / / 7.04 (m) / 6.94 (d, 7.4) 122.4 / 120.1 / /
10' / / / / / / / / 6.94 (d, 7.4) / 7.04 (m) 120.1 / 122.4 / /
11' / / / / / / / / 7.47 (d, 7.9) 118.7 / /
12' / / / / / / / / - -* / /

5'-NH2 / / / / / / / / / / / /

* Quaternary carbons not measured for semi-synthetic compounds

Atrorosin W Atrorosin YAtrorosin R Atrorosin S Atrorosin T Atrorosin V

Table S2, part 3
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S5. Optical rotation values 

Table S3. Measured optical rotation values for natural atrorosin E and S, as well as semi-synthetic versions with L- and D-
amino acids incorporated. 

Atrorosin E Atrorosin S 
Natural 40 ± 11 56 ± 9 
L-amino acid 29 ± 28 60 ± 7 
D-amino acid -32 ± 11 -49 ± 2 

S4. Chemical derivatisation of PP-O 

Figure S2. UV-VIS chromatograms at 520nm showing the amount of PP-O left after reaction with amino acids used for semi-
synthesis of atrorosins 
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Abstract 1 

Azaphilones are a class of fungal pigments, reported mostly in association with Monascus species. In Asian countries they 2 

are used as food colorants under the name of "red rice" and their production process is well described. One major limitation 3 

of current production techniques of azaphilones is that they always occur in a mixture of yellow, orange and red pigments. 4 

These mixtures are difficult to control and to quantify. This study has established a controlled and reproducible cultivation 5 

protocol to selectively tailor production of individual pigments during a submerged fermentation using another fungal 6 

species capable of producing azaphilone pigments, Talaromyces atroroseus, using single amino acids as the sole nitrogen 7 

source. The produced azaphilone pigments are called atrorosins and are amino acid derivatives of the known azaphilone 8 

pigment Penicilium purpurogenum- orange (PP-O), with the amino acid used as nitrogen source incorporated into the core 9 

skeleton of the azaphilone. This strategy was successfully demonstrated using 18 natural amino acids and the non-10 

proteinogenic amino acid ornithine. Two cultivation methods for production of the pure serine derivative (atrorosin-S) have 11 

been further developed, with yields of 0.9 g/L being obtained. In vitro synthesis of atrorosins was demonstrated by 12 

incorporation of an amino acid precursor into PP-O. Chemical in vitro synthesis suggested the importance of the pH for 13 

amino acid incorporation. Yielding pure atrorosins through switching from potassium nitrate to single amino acids as 14 

nitrogen source allows for considerably easier downstream processing and thus further enhances the commercial relevance 15 

of azaphilone producing fungal cell factories. 16 

17 

Keywords: filamentous fungi, azaphilone pigments, natural colorants, amino acid derivative, submerged cultivation, in vitro 18 
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Background  1 

Natural food colorants are at the focal point of interest due to the growing consumer awareness of possible harmful effects 2 

of synthetic colorants [1,2]. With the increasing importance of diet and health, the food additive industry faces new 3 

challenges in providing natural colour alternatives. Currently, most industrially applied natural colorants are extracted 4 

directly from natural sources e.g. betanins (beet root Beta vulgaris), carminic acid (extracted from the female insect 5 

Dactylopius coccus [3]) or lycopene (tomato Solanum lycopersicum). Their production is  highly dependent on the supply of 6 

raw ingredients and are subject to seasonal variation both in regards to quantity and quality [4]. These limitations can 7 

potentially be overcome by exploring new sources for natural pigments such as microorganisms [5]. Fungi have an excellent 8 

potential in this regard, as they are known to naturally biosynthesize and excrete diverse classes of secondary metabolites 9 

including pigments within a broad range of colours [6].  10 

One  well- studied pigment producing fungal genus is Monascus, which has been used for many years in the manufacturing 11 

of traditional foods in Asian countries [7]. Pigments from Monascus are referred to as “Monascus pigments” and describe a 12 

mixture of chemical compounds called azaphilones including yellow, orange, and red constituents. Monascus pigments have 13 

been associated with production of the mycotoxin citrinin, excluding their use as food colorants in western countries [8]. 14 

Monascus pigment biosynthesis is highly dependent on the medium conditions, and different colour shades can be produced 15 

through nitrogen source selection [9]. The pyranoquinone bicyclic core of the azaphilones is often highly oxygenated and 16 

can react with amines by exchanging the pyran oxygen with nitrogen [10]. This exchange leads to a colour shift from 17 

yellow/orange to red. It has been demonstrated in Monascus that supplementing ammonium nitrate with a specific amino 18 

acid leads to the incorporation of the amino acid into the pigment core structure resulting in the formation of new pigment 19 

derivatives in the pigment cocktail [11]. 20 

Large scale Monascus pigment production, therefore results in a mixture of different Monascus pigments [12].  The 21 

disadvantage is that the exact pigment composition is difficult to control and has high batch to batch variation. For 22 

standardised and controlled production, needed to obtain regulatory approval for food applications, it would be preferable to 23 

obtain a single pigment.  24 

Monascus pigments were first described in association with Monascus species, but have henceforth been identified in 25 

numerous other species [13]. One promising Monascus-like pigment producer was identified by Mapari et al. under the 26 
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name Penicillium purpurogenum and was later reclassified by Frisvad et al. as a Talaromyces atroroseus IBT 11181 1 

[14,15]. When cultivated on plates, T. atroroseus excreted a bright red colour and in submerged cultivation T. atroroseus 2 

demonstrated promising pigment profile and, most importantly absence of mycotoxins [15]. T. atroroseus has been studied 3 

previously [15–23] and so far six Monascus- like pigments  have been structurally presented [14–16,19,24]. Four of these 4 

pigments are illustrated in Fig 1. A novel class of pigments has recently been identified in T. atroroseus. They are referred 5 

to as atrorosins and are derivatives of the known pigment  Penicilium purpurogenum- violet (PP-V) (Isbrandt et al. in 6 

progress). 7 

 8 

Figure 1. Chemical structures of Monascus pigments which have been identified in T. atroroseus. A) Penicillium 9 

Purpurogenum –Yellow (PP-Y)[18], B) Penicillium Purpurogenum –Orange (PP-O)[18], C) Penicillium Purpurogenum –10 

Red (PP-R)[24], D) Penicillium Purpurogenum –Violet (PP-V)[16]. 11 

To tailor pigment production in submerged cultivations, both the physiological conditions for optimal fungal growth as well 12 

as the conditions for product bio-synthesis need to be considered [25]. Media constituents including carbon and nitrogen 13 

sources as well as process parameters such as pH have shown to significantly affect pigment production in Monascus [26–14 

29]. However, optimal conditions for pigment production are not always in accordance with optimal conditions for growth.  15 

As with Monascus species, the pigment profile from T. atroroseus is strongly influenced by the choice of nitrogen source 16 

[30]. In T. atroroseus, ammonium nitrate together with yeast extract promotes production of violet/red pigments Penicillium 17 

purpurogenum- violet (PP-V) and  Penicilium purpurogenum- red (PP-R)), but when yeast extract is used as sole nitrogen 18 
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source PP-V and PP-R production is replaced by production of Penicillium purpurogenum- orange (PP-O) and Penicilium 1 

purpurogenum- yellow (PP-Y) giving a yellow/orange colour profile [18]. 2 

The aim of this study was to investigate the effect of using amino acids as the sole nitrogen source on the pigment 3 

biosynthesis in the promising T. atroroseus IBT 11181. Amino acids were screened in submerged shake flask cultivations as 4 

the sole nitrogen source to assess the differences in biomass accumulation and pigment production. Based on these results, 5 

two cultivation methods to produce single atrorosins, instead of a cocktail of pigments as seen in Monascus, has been 6 

developed. Finally, to further investigate the atrorosin biosynthesis and mechanism of amino acid incorporation, in vitro 7 

synthesis of atrorosins was demonstrated using PP-O and an amino acid as precursors, yielding pure atrorosins. 8 

M E T H O D S  9 

RE A G E N T S  10 

All reactants and media ingredients were purchased from Sigma-Aldrich GmbH, Steinheim, Germany. 11 

S T R A I N  A N D  P R O P A G A T I O N   12 

The strain used in this study was Talaromyces atroroseus IBT 11181 (DTU strain collection). T. atroroseus spores were propagated on 13 

CYA agar plates and incubated at 30 °C for 7 days. Spores were harvested with 0.9% sodium chloride solution (NaCl), filtered through 14 

mira-cloth, centrifuged and then re-suspended in 0.9% NaCl solution. The spore concentration was determined by using a Burker-Turk 15 

counting chamber. All cultivations were inoculated to give an initial spore concentration of 106 spores/ ml.  16 

SU B M E R G E D  C U L T I V A T I O N  17 

The medium for cultivation in shake flasks was composed of sucrose (7.5 g/L), glucose (0.375 g/L), KH2PO4 (10 g/L), NaCl (1 g/L), 18 

MgSO4∙7 H2O (2 g/L), KCl (0.5 g/L), CaCl2 ∙H2O (0.1 g/L) and trace metal solution (2 mL/L). The trace metal solution consisted of 19 

CuSO4∙5 H2O (0.4 g/L), Na2B4O7∙10 H2O (0.04 g/L), FeSO4∙7 H2O (0.8 g/L), MnSO4∙H2O (0.8 g/L), Na2MoO4∙2 H2O (0.8 g/L), ZnSO4∙7 20 

H2O (8 g/L). The nitrogen source was 0.1 M each of L-amino acid. 0.1 M of KNO3 was used as the control. The pH of the medium was 21 

adjusted to pH 5 with aqueous NaOH and HCl. Cultivations were carried out in non-baffled shake flasks at 30 oC and 150 rpm in rotary 22 

shaking incubators (Forma orbital shaker, Thermo Fisher Scientific, US) with a volume of 100 ml. Samples were taken after 96 hrs. 23 

Shake flask experiments were carried out in triplicates. 24 
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Submerged cultivation with serine as the sole nitrogen source was carried out in a 1 L bioreactor. For cultivation in bioreactors, 20 g/L 1 

sucrose was used, but the other constituents were kept at the concentrations used in shake flasks. The cultivation was run at 30 °C, 800 2 

RPM, 1 VVM and a pH of 4.5. The bioreactor experiments were carried out in duplicates. 3 

Two-step cultivations were carried out in 1 L bioreactors. The medium for two-step cultivation contained sucrose (20 g/L), glucose (1 4 

g/L), KH2PO4 (10 g/L), NaCl (1 g/L), MgSO4∙7 H2O (2 g/L), KCl (0.5 g/L), CaCl2∙H2O (0.1 g/L) and trace metal solution (2 mL/L). For 5 

the first step, 2 g/L of KNO3 were used as nitrogen source. After 53 h of cultivation the concentration of PP-O in the medium was 6 

measured and a 10-fold concentration of serine was added (1 g/L) to induce formation of the amino acid derivative and to ensure optimal 7 

conversion. The cultivation was performed at 30 °C, 800 RPM, 1 VMM and a pH of 4.5. 8 

All reactor based cultivations were carried out in duplicates using Sartorius 1 L bioreactors (Satorius, Stedim Biotech, Goettingen, 9 

Germany) with equivalent working volumes and equipped with 2 Rushton six-blade disc turbines. The pH electrode (Mettler Toledo, 10 

OH/USA) was calibrated according to manufacturer’s standard procedures.  The bioreactor was sparged with sterile atmospheric air and 11 

off-gas concentrations of oxygen and carbon dioxide were measured with a Prima Pro Process Mass Spectrometer (Thermo-Fischer 12 

Scientific, Waltham, MA/USA), calibrated monthly with gas mixtures containing 5 % (v/v) CO2, 0.04 % (v/v) ethanol and methanol, 1 % 13 

(v/v) argon, 5 % (v/v) and 15 % (v/v) oxygen all with nitrogen as carrier gas (Linde Gas, AGA, Enköping, Sweden). The pH was 14 

controlled by automatic addition of 2 M NaOH and H2SO4. 15 

S AM P L I N G   16 

Samples for dry weight (DW) analysis, HPLC, absorbance analysis and LC-MS analysis were taken regularly throughout the cultivations. 17 

Samples intended for HPLC, absorbance and LC-MS were filtered through a sterile Statorius Stedim filter (BRAND) with a pore size of 18 

0.45 μm in order to separate biomass from the filtrate.  19 

DR Y  WE I G H T  A N A L Y S I S  20 

DW was assessed on filters which were pre-dried in a microwave for 20 min, kept in a desiccator for a minimum of 10 min and weighed. 21 

For DW analysis, the filters were placed in a vacuum filtration pump and ca. 10 ml of culture broth was added. Subsequently the filters 22 

with the biomass were dried in a microwave for 20 min and kept in a desiccator for a minimum of 10 min before being re-weighed. The 23 

weight of the biomass was determined as the difference of the filter weight before and after sample application. 24 

AN A L Y S I S  O F E X T R A C E L L U L A R  M E T A B O L I T E S  B Y  HP LC 25 

Culture samples were filtered through a 0.45 μm cellulose acetate filter (Frisenette, Knebel, Denmark). The samples were frozen and kept 26 

at -20°C until analysis. Glucose, glycerol, pyruvate, succinate, acetate and ethanol were detected and quantified using an Agilent 1100 27 

HPLC system equipped with a refractive index and Diode array detector (Agilent Technologies, Waldbronn, Germany) and with an 28 
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Aminex HPX-87H cation-exchange column (BioRad, Hercules, Ca, USA). Compounds were separated by isocratic elution at 30°C, with 1 

5 mM H2SO4 at a flow rate of 0.8 mL min-1. Quantification was performed using a six-level external calibration curve with glucose and 2 

pyruvate detected at a wavelength of 210 nm and sucrose, fructose, succinate, glycerol, acetate and ethanol by refractive index 3 

measurements. 4 

EX T R A C T I O N  A N D  P U R I F I C A T I O N  O F  P I G M E N T S  5 

Filtered and centrifuged fermentation broth was extracted three times, with 1/3 volume of EtOAc, at pH 3 adjusted with formic acid (FA). 6 

The combined EtOAc phases were evaporated to 100 mL and extracted twice with milli-Q water (1:1) at pH 8 adjusted with ammonium 7 

hydroxide (NaOH). The water phase was readjusted to pH 3 with FA and extracted two times with EtOAc, followed by evaporation, to 8 

yield >95% pure pigment (a mixture of atrorosins and N-amino acid monascorubramine, ratio>10:1). The two pigments were separated on 9 

a Gilson 332 semi-prep HPLC system equipped with a Gilson 172 diode array detector, using a LUNA II C18 column (250 mm x 10 mm, 10 

5 µm, Phenomenex), with a water/acetonitrile gradient. 11 

LC-MS  A N A L Y S E S  12 

Ultra-high Performance Liquid Chromatography-High Resolution Mass Spectrometry (UHPLC-HRMS) was performed on an Agilent 13 

Infinity 1290 UHPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a diode array detector. Separation was 14 

obtained on an Agilent Poroshell 120 phenyl-hexyl column (2.1 × 250 mm, 2.7 μm) with a linear gradient consisting of water and 15 

acetonitrile both buffered with 20 mM FA, starting at 10% B and increased to 100% in 15 min where it was held for 2 min, returned to 16 

10% in 0.1 min and remaining for 3 min (0.35 mL/min, 60 °C). An injection volume of 1 μL was used. MS detection was performed in 17 

positive detection mode on an Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream electrospray ion source with a drying gas 18 

temperature of 250 °C, gas flow of 8 L/min, sheath gas temperature of 300 °C and flow of 12 L/min. Capillary voltage was set to 4000 V 19 

and nozzle voltage to 500 V. Mass spectra were recorded at 10, 20 and 40 eV as centroid data for m/z 85–1700 in MS mode and m/z 30–20 

1700 in MS/MS mode, with an acquisition rate of 10 spectra/s. Lock mass solution in 70:30 methanol:water was infused in the second 21 

sprayer using an extra LC pump at a flow of 15 μL/min using a 1:100 splitter. The solution contained 1 μM tributylamine (Sigma-22 

Aldrich) and 10 μM Hexakis (2,2,3,3-tetrafluoropropoxy)phosphazene (Apollo Scientific Ltd., Cheshire, UK) as lock masses. The [M + 23 

H]+ ions (m/z 186.2216 and 922.0098 respectively) of both compounds was used. 24 

QU A N T I T A T I V E  AN A L Y S I S  O F  T H E  P I G M E N T  25 

The absorbance values of the individual pigment solutions were determined using a Synergy 2 photo spectrum (BioTek, Germany) and a 26 

96 well microtiter plate. 150 µL of sample broth of each amino-acid-pigment-solution were scanned in the range of 200-700 nm and 27 

maximum absorbance values were determined. Absorbance at 500 nm indicated presence of red pigments. A standard curve of an orange 28 
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and red pigment was used to calculate the concentration in the medium. For the amino acids, where no standard curve was available the 1 

absorbance is given in AU/150µL. 2 

C H E M I C A L  D E R I V A T I Z A T I O N  O F PP-O T O  F O R M  A T R O R O S I N S  3 

300 µL of a 0.05 M solution of different amino-group containing reactants were added to 300 µL of a 0.003 M solution of PP-O. The 4 

tested reactants were L-glutamine (pH 2 and pH 9), L- glutamic Acid (pH 2 and pH 9), L- ornithine (pH 2 and pH 9), L- tryptophan (pH 2 5 

and pH 9), L- serine (pH 2), and D- serine (pH 2). The pH was adjusted to pH 9 with formic acid. The samples were vortexed and 6 

analysed by LC-MS.  7 

RES U LTS 8 

IN FLU ENCE O F AM IN O AC ID  S UP P LEM EN TS ON B IO M ASS ACCUM U LAT IO N  AN D P IGM EN T PROD UC TIO N 9 

To assess the potential of the canonical amino acids as sole nitrogen source for biomass and pigment production, all 20 10 

natural amino acids and ornithine were tested in shake flask experiments in duplicates. A control containing KNO3 as 11 

nitrogen source was also cultivated to benchmark biomass and pigment production. Accumulated biomass values and the 12 

absorbance intensities for all tested 21 amino acids and the control are shown in Fig 2.  13 

 14 

Figure 2. Maximum Biomass accumulation (bar diagram) after 96 hrs and absorbance intensity of fermentation broth (▪) of 15 

T. atroroseus cultures in Shake Flasks with single amino Acids as sole nitrogen source. * indicates absorbance data for 120 16 

hrs is plotted, where the maximum value was obtained. 17 
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Biomass accumulation was highest with glutamine (6.55 ± 0.3 g/L), followed by proline (6.05± 0.3 g/L), alanine (5.48 ± 1 

0.01 g/L) and ornithine (4.83 ± 0.07 g/L). The use of arginine (4.45 ± 0.02 g/L), asparagine (4.4 ± 0.03 g/L), aspartic acid 2 

(4.26 ± 0.5 g/L) and glutamic acid (4.49 +0.24 g/L) gave similar results. The control with KNO3 as nitrogen source yielded 3 

only 2.77 +0.06 g/L biomass. Histidine, isoleucine, leucine, lysine, methionine, phenylalanine, serine, threonine, tryptophan 4 

and tyrosine had low biomass accumulation below 2 g/L.  5 

Regarding pigment production, amino acids which yielded high biomass concentrations did not necessarily produce high 6 

amounts of pigment. There was no pigment production with proline and tryptophan, and very low absorbance intensities 7 

were measured when adding alanine and ornithine. Other low absorbance intensity (below 1) yielding amino acids were 8 

arginine, asparagine, cysteine, glutamic acid, glycine, isoleucine, lysine, methionine, phenylalanine, tyrosine and valine. 9 

The control with potassium nitrate had an absorbance intensity of 0.68 AU/150µl. The highest absorbance intensity was 10 

obtained with glutamic acid (3.9 AU/150µl), followed by aspartic acid, histidine, and serine. In contrast to glutamic acid, 11 

glutamine did not lead to high pigment concentration.  12 

Biomass accumulation peaked at around 96 hrs, thereafter a stationary growth phase and decline was observed. For some 13 

amino acids, pigment production was ongoing throughout the stationary phase and peaked at around 120 hrs. This indicated 14 

that the biosynthesis of the pigments continued after the exponential growth phase. Data for absorbance intensity/ biomass 15 

are shown in table 1 for the 4 amino acids with the most favourable ratios (histidine, serine, threonine, glutamic acid and the 16 

control KNO3; other data not shown).  17 

  18 
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 1 

TABLE 1 ABSORBANCE INTENSITY/ BIOMASS, NAME AND [M/Z] OF THE CORRESPONDING ATROROSIN OF THE 2 

4 HIGHEST YIELDING NITROGEN SOURCES AND THE CONTROL 3 

Nitrogen source Yield Yxp 

(Intensity (AU/150µl) 

/ biomass g/L ) 

Name of atrorosin(s) detected [m/z] 

(Da) 

His 3.43 Atrorosin- H m/z= 550.2184 

Ser 3.13 Atrorosin- S m/z= 500.1915 

Thr 1.63 Atrorosin- T m/z= 514.2072 

Glu 0.88 Atrorosin- E m/z= 542.2021 

KNO3 0.25 PP-V 

Atrorosin- T 

Atrorosin- Q 

Atrorosin- S 

Atrorosin- E 

m/z= 412.1755 

m/z= 514.2072 

m/z= 541.2181 

m/z= 500.1915 

m/z= 542.2021 

 4 

LC-MS AN A LY S IS  O F FER M ENTAT IO N BRO TH FR OM  SH AKE FLAS KS 5 

When T. atroroseus was cultivated with potassium nitrate as nitrogen source, a plethora of different azaphilone pigments 6 

was produced (Fig. 3 A). This cocktail of pigments contained not only the novel group of pigments called atrorosins but 7 

also known monascorubramine derivatives.  The most abundant pigments from T. atroroseus on potassium nitrate were PP-8 

V and atrorosin derivatives from threonine, glutamine, serine and glutamate. Apart from glutamine, these amino acids were 9 

the same high yielding amino acids from the one step cultivation presented in table 1. Atrorosin- H (histidine derivative) 10 

was, however, not detected in the pigment mixture. On the contrary, when a single amino acid was used as the sole nitrogen 11 

source, only one single type of azaphilone pigment was produced, namely the respective atrorosin with the fed amino acid. 12 

UV-VIS- chromatograms at 520 nm from the cultivations on histidine, serine, threonine, glutamate and KNO3 are shown in 13 

Fig. 3 A). In these chromatograms compounds that absorb light at 520 nm and therefore appear red were detected. As only 14 

one or two peaks were present in the chromatograms for the single amino acid cultivation, the purity of the fermentation 15 

broth with regard to azaphilone was greatly increased compared to the KNO3 control. The highest peak corresponded to the 16 

produced atrorosin. The smaller peak in the cultivation with histidine, serine and threonine corresponded to an amino-acid 17 
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derivative without the carboxylic acid. All atrorosins, regardless of their amino acid incorporation, had absorbance maxima 1 

at 245 nm, 275nm, 420 nm and 520 nm.  As an example, the absorbance spectrum from atrorosin-E is shown in Fig. 3 B). 2 

 3 

Figure 3. A) UV-VIS-Chromatograms (at 520±10 nm) of fermentation broth from cultivation with KNO3 or amino acids as 4 

nitrogen source. B) Absorbance spectrum of Atrorosin-E. 5 

LAB-SC ALE AM IN O AC ID-DER IV AT IV E PR OD UC TIO N IN  THE B IO RE AC TOR 6 

The superior pigment purity with serine as the sole nitrogen source was the basis for bioreactor cultivations. Cultivation in 7 

bioreactors allows for pH control, controlled aeration and sparging which should lead to both higher biomass and pigment 8 

production. Two cultivation methods were developed, one using only serine as the nitrogen source similar to the shake flask 9 

and secondly a two-step process with an initial concentration of potassium nitrate to allow for biomass accumulation before 10 

a nitrogen switch to serine. Previous experiments indicated that under nitrogen limiting conditions, synthesis of PP-O was 11 
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favoured and no nitrogen was incorporated in the pigment core structure. This knowledge was applied in the two-step 1 

cultivation. First, PP-O production was promoted in the first step by inducing nitrogen-limited conditions and then, in a 2 

second step, with the addition of serine, PP-O was converted into atrorosin-S. Cultivation with KNO3 as nitrogen source 3 

served as a control. 4 

Fig. 4 shows the cultivation and pigment profiles. The cultivation shown in Fig. 4 A) had 0.1 M KNO3 as nitrogen source, 5 

the cultivation profile as shown in Fig. 4 B) used 0.1 M serine as sole nitrogen source and cultivation shown in Fig. 4 C) 6 

started with an initial concentration of 0.02 M KNO3 and after depletion approx. 55 hours, 0.01 M of sterile serine was 7 

added to the bioreactor.  8 

The cultivation with KNO3 as sole nitrogen source reached carbon depletion approx. 75h, however CO2 production 9 

continued until 120h before a sudden drop in CO2 was observed. DW accumulation and pigment production reached its 10 

maximum after 130h, after CO2 production had dropped. The cultivation yielded around 5 g/L of DW and 0.35 g/L of red 11 

pigment mixture. During the cultivation pigment changed colour from orange (PP-O) to red (atrorosins) as carbon was 12 

depleted as seen in Fig. 4 D). Just as observed in the shake flask cultivation, a mixture of red pigments was produced (Fig. 4 13 

G). 14 

Cultivation with serine as the sole nitrogen source reached carbon depletion at 180 h, yielding 0.9 g/L of atrorosin-S and 6.5 15 

g/L of biomass (Fig. 4B). While cultivation duration was much longer compared to KNO3, most of this can be attributed to 16 

a very long lag phase of almost 80 hours. Atrorosin-S production increased with fungal growth during the entire time course 17 

of the fermentation and no PP-O was observed as seen in Fig. 4E), and it is noteworthy to state that there was minimal 18 

atrorosin impurity as seen in Fig. 4 H). 19 

Initial conditions of the two-step cultivation process included low amounts of potassium nitrate (2 g/L), which allowed the 20 

fungus to propagate. In this process, the start of the cultivation is similar to the control with a short lag phase of 30 hours 21 

before growth. The cultivation propagated for 55 hours producing the orange pigment PP-O shown in Fig. 4I). As indicated 22 

from the CO2 trace a limitation was reached at around 55 hours, and growth entered stationary phase. Based on the low 23 

amounts of potassium nitrate compared to the control, it was assumed that the nitrogen was depleted. At this time point, 24 

serine was added to the cultivation at a concentration of 1 g/L serving as new sole nitrogen source. Growth of the fungus 25 

continued and serine was incorporated into the PP-O azaphilone core structure, making atrorosin-S as seen in Fig. 4F & 4I). 26 
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At the end of the cultivation, all PP-O was converted into atrorosin-S as can be seen on the UV-chromatogram in Fig. 4I). 1 

The two-step cultivation yielded 0.9 g/L of atrorosin-S, and 7.4 g/L biomass. Both, biomass accumulation and pigment 2 

production peaked at the time of carbon depletion at approx. 100h.  3 

During the first phase of the cultivation on KNO3 two isomers of PP-O were produced seen in Fig. 4I). After the cultivation 4 

was switched to serine as nitrogen source, both isomers of PP-O were converted into only one isomer of atrorosin-S. This 5 

suggested a stereospecific conversion of PP-O to atrorosin-S by an enzyme. The peak at 8 minutes in the chromatogram 6 

corresponded to atrorosin-S confirmed by mass spectrometry ((Isbrandt et al. in progress) and the two peaks at 11 minutes 7 

corresponded to two isomers of PP-O confirmed by mass spectrometry ((Isbrandt et al. in progress). 8 

 9 

 10 

Figure 4. A) Time course of cultivation with KNO3. B) Time course of cultivation with serine C) Time course of cultivation 11 

with nitrogen source shift (two-step cultivation) D) Colour profile of fermentation supernatant from cultivation with KNO3 12 

E) Colour profile of fermentation supernatant cultivation with serine F) ) Colour profile of two-step cultivation G) UV 13 

chromatogram (520±10nm) from  fermentation supernatant from cultivation with KNO3 at the end of the cultivation  H) UV 14 

chromatogram (520±10nm) from  fermentation supernatant from cultivation with serine at the end of the cultivation I) UV 15 

chromatogram (520±10nm) from  fermentation supernatant from two-step cultivation before and after the addition of serine 16 
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CARBO N TO P IGM EN T CO NVERS IO N 1 

Industrially it is relevant to evaluate the performance of processes based on the level of carbon converted to pigment. 2 

Carbon to pigment ratio was calculated for the three bioreactor cultivations performed along with additional cultivation data 3 

from NH4NO3 and (NH4)2SO4 from previous cultivations at pH 5 in 1L bioreactors. Table 2 summarizes carbon conversion 4 

and evaluates pigment purity . The media composition was the same except that 0.1 M of NH4NO3 and (NH4)2SO4 was used 5 

as respective nitrogen sources.  6 

 7 

TABLE 2 PERCENTAGE OF CARBON CONVERTED TO PIGMENT ON THE DIFFERENT NITROGEN SOURCES 8 

 

Nitrogen Source KNO3 NH4NO3 (NH4)2SO4 

One-step 

cultivation 

Serine 

Two-step 

cultivation 

KNO3 &Serine 

Carbon conversion 

to pigment 

1.2 % 

Pigment mixture 

0.5% 

Pigment mixture 

0.8% 

Pigment mixture 

5% 

Atrororosin-S 

6% 

Atrororosin-S 

 9 

Cultivations with inorganic nitrogen sources (potassium nitrate, ammonium sulfate, and ammonium nitrate) all produced a 10 

mixture of pigments. The total yield of pigment was estimated using a standard curve of atrorosin-S for quantification. It is 11 

clear that introduction of amino acids either as the initial nitrogen source or as added at depletion of inorganic nitrogen 12 

source gives much higher yields almost 4-fold higher, while at the same time yielding highly pure pigment profiles.  13 

IN  VITRO  SY N THE S IS  O F ATROR OS INS 14 

Atrorosins as amino acid derivatives of PP-O was demonstrated to be chemically prepared by addition of PP-O with an 15 

amino containing molecule under basic conditions. Derivatisation of oxygen containing Monascus pigments by reaction 16 

with nitrogen containing molecules such as amino acids, amino sugars or other primary amines has previously been 17 

speculated [31]. In this study we successfully demonstrate synthesis of six atrorosins by addition of PP-with amino acids in 18 

a basic environment pH 9 as seen in Fig. 5). The amino acids selected for synthesis were L-glutamate, L-glutamine, L-19 

ornithine, L-tryptophan, L-serine and D-serine. Fig. 5 shows UV chromatograms (520 nm± 10) of the 6 atrorosins 20 

synthesized in vitro, as well as a control containing only the precursor PP-O. 21 
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 1 

Figure 5. UV-VIS- chromatograms (520 nm ± 10) and corresponding masses of the 6 synthesized analogues and the 2 

precursor PP-O at basic conditions. Elemental composition calculated from LC-HRMS (data not shown). 3 

In vitro synthesis was not affected by the L- or D-form of the amino acid, as both enantiomers from serine were successfully 4 

incorporated and both resulted in two isomers of atrorosin-S. Glutamine and tryptophan, which did not lead to high 5 

atrorosin production in shake flask experiments, could however be used as precursors for atrorosin synthesis in vitro. 6 

Similarly, these results demonstrate that the non-proteinogenic amino acid ornithine could be incorporated in vitro. PP-O 7 

was under basic conditions instantly converted fully to the corresponding atrorosin, with the exception of glutamine where a 8 

small amount remained. Both isomers of PP-O were equally well converted and resulted in two isomers of the atrorosin. 9 

The two isomers of tryptophan co-eluted. Ornithine, which contains two primary amines, led to 4 isomers, of which two 10 

were also co-eluting.   11 

T EST FOR PRESE NCE O F CITR IN IN AN D O THER M YC O TO X IN S 12 

Other azaphilone producers such as various Monascus species are known to also produce the mycotoxin citrinin, making 13 

them unsuitable for use in European and American food products. Citrinin was not detected in any of the pigment extracts 14 
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from T. atroroseus. Fig. 6 shows extracted ion chromatograms (EIC’s) of citrinin (m/z = 251.0290) of the one- and two-step 1 

production procedures with serine, as well as of the control process using potassium nitrate as the nitrogen source. It clearly 2 

demonstrates that citrinin is not produced under any of the three cultivation conditions. 3 

 4 

Figure 6. Extracted ion chromatograms of citrinin (m/z = 251.0290) for an authentic standard versus the one- and two-step 5 

cultivation, as well as a for a standard procedure using potassium nitrate as the nitrogen source. 6 

DISCUSSION 7 

The aim of this study was to investigate the effects of nitrogen sources on pigment biosynthesis in submerged cultivation of 8 

T.atroroseus and to design a process where specific pure pigments could be produced. Finally the mechanism of 9 

incorporation of amino acid into the core structure of atrorosins was investigated. 10 

IN FLU ENCE O F N ITRO GEN  SOURCE ON P IGM E N T B IOSY N THE S IS  11 

Submerged cultivation of T. atroroseus in shake flasks with different amino acids as sole nitrogen source, clearly shows that 12 

biomass accumulation and pigment production are not correlated (Fig. 2). While all but two amino acids could be used for 13 

propagation of the fungus but only five amino acids promoted high amounts pigment. Individual use of proline, lysine, 14 

asparagine and tryptophan as the sole nitrogen source, did not result in pigment biosynthesis. We speculate that proline 15 

could not be incorporated into the pigment core structure because it is a secondary amine, as primary amines have been 16 

reported necessary for incorporation.  17 
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The differences in pigment yields across the amino acids could be affected by the dynamic environment in shake flasks 1 

which have no pH control, suboptimal mixing and limited oxygen saturation throughout cultivation. The final pH of the 2 

cultures varied greatly, likely due to the different nature of amino acids and the way they are metabolized and their charge 3 

(Data not shown). As reported in previous studies [32–34],  it was already hypothesized from the shake flask studies in this 4 

work, that pH is an important parameter for pigment biosynthesis but the optimal pH for pigment production does not 5 

necessarily correspond to the optimal pH for fungal growth [35]. To assure reproducible pigment production on different 6 

nitrogen sources, cultivation of T.atroroseus in controlled bioreactors with pH control was essential. 7 

Analysis of the produced pigments, regardless of the amino acid as nitrogen source, demonstrates that cultivations with 8 

individual nitrogen sources produced their respective amino acid derivatives of PP-O. Interestingly, absorbance spectra of 9 

all amino acid derivatives were identical, with absorbance optimum of 510 nm. This is in contrast to Jung et al. 2003, who 10 

reported that amino acids like serine and glutamine would promote red colour while phenylalanine, isoleucine, leucine and 11 

valine would promote orange and yellow colour hues[11]. We suspect that the orange colour of their supernatant was due to 12 

incomplete incorporation of the respective amino acids, and were in fact due to the presence of PP-O, monascorubramine, 13 

and other orange and yellow pigments in their samples. In their experiments, Jung et al. used a Monascus sp., which was 14 

cultivated with both, amino acids and low amounts of ammonium nitrate. Depletion of ammonium nitrate was not reported, 15 

suggesting that the orange colour was caused by ammonium and not by the amino acid derivative. Several studies 16 

demonstrated that the use of ammonium nitrate resulted in the formation of orange pigments by Monascus sp [36]. By 17 

cultivation with amino acids as sole nitrogen source we have successfully avoided this phenomenon of cocktail pigments 18 

yielding pure atrorosins which all have a red chromophore. 19 

P ROCESS PRO TOCO L FOR H IGH P UR ITY  Y IE LD IN G AZAPH ILO NE PR OD UC TIO N 20 

Building on the ability to produce pure atrorosins in shake flasks, two experimental procedures were hypothesized and 21 

tested in 1L bioreactors. First, a one-step cultivation using only serine as nitrogen source was tested, and secondly a two-22 

step process, where an initial amount of potassium nitrate was used for biomass formation was followed by addition of 23 

serine to induce production of atrorosin-S. Both of these two novel methods successfully tailor the production to make pure 24 

atrorosin-S. Both, the one- and the two-step cultivation methods were conducted at a pH of 4.5 and resulted in significantly 25 

improved yields in regard to purity and quantity of atrorosin- S compared to other inorganic nitrogen sources. Comparison 26 
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to control cultivations with potassium nitrate as nitrogen source, HPLC analysis demonstrate a mixture of different red 1 

atrorosins and PP-V (table 1), whereas cultivations with serine as sole nitrogen source or induced at potassium nitrate 2 

depletion, only atrorosin-S was detected in the fermentation broth. All previously reported cultivation protocols in the 3 

literature on both, Monascus or Talaromyces, resulted in the production of a pigment cocktail probably incorporating any 4 

molecules containing amino-groups. When providing only one amino-containing molecule in excess, this was preferred in 5 

the incorporation of PP-O. 6 

MECH AN ISM  O F AM IN O AC ID IN CORP OR AT IO N 7 

It is highly intriguing that only a subset of amino acids was incorporated into the core of PP-O when cultivated in shake 8 

flaks. Besides proline not having a primary amine, we expected amino acids such as asparagine, glutamine, tryptophan and 9 

lysine to be incorporated into the core structure. To address this, the precursor PP-O was purified for in vitro synthesis of 10 

atrorosins by addition of amino acids.  11 

Glutamate, L-serine, and ornithine were used as positive controls, whereas glutamine, tryptophan, and D-serine were tested 12 

to evaluate incorporation. PP-O was reacted with the respective amino acid in a basic aqueous solution at pH 9. As 13 

demonstrated in Fig. 5, addition of amino acids successfully incorporated into PP-O producing the respective atrorosins. It 14 

has been reported in other studies that in vitro conversion from orange into red Monascus pigments can be done [11,37,38], 15 

however in vitro synthesis of PP-V by addition of PP-O with glutamine in water has so far not been successfully conducted 16 

[21]. Xiong et al. report that a pH above 4 is critical for incorporation of amino acid both in vitro and in vivo [37]. Our 17 

results support that transamination is favoured at pH conditions above 4 and in vitro synthesis was successfully 18 

demonstrated at pH 9.  19 

The results of this study are the first step in understanding the mechanism of amino acid incorporation into PP-O. PP-O as 20 

produced in the bioreactor exists as two isomers but subsequent addition of amino acid to the cultivation as seen in 21 

bioreactor converts PP-O to the respective atrorosin but only in one isomer form. Similar, in all one-step cultivation, both in 22 

bioreactors and shake flasks, only one atrorosin isomer was detected. These results suggest an enzymatic conversion of PP-23 

O into the specific atrorosins under presence of the fungus. This hypothesis is in accordance with the literature [21]. 24 

However, in vitro incorporation of amino acids in PP-O into atrorosins, the two isomers of PP-O were converted into two 25 

entiomers of the respective atrorosins at pH 9, with the exception of tryptophan. The resulting two isomers of atrorosins in 26 
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vitro and the only one isomer in vivo, further suggests that in vivo incorporation of amino acid into PP-O is enzymatic. We 1 

speculate that amino acids which were not incorporated or minimally incorporated in the shake flask experiment as seen in 2 

Fig. 2, is due to poor metabolisation of the respective amino acids leaving little free amino acid available for incorporation 3 

into atrorosins, or the respective amino acids alter the environment significantly, such as pH, as not to allow for precursor 4 

production.  5 

CO NC LU D IN G REM AR KS 6 

Talaromyces atroroseus is a promising candidate for the production of novel natural pigments for industrial applications, as 7 

it excretes large amounts of water-soluble pigment into the medium. Current cultivation protocols with T. atroroseus use 8 

potassium nitrate, ammonium sulphate, or complex nitrogen sources and result in a mixture of different azaphilone 9 

pigments. We have in this study successfully demonstrated that by using a single amino acid as the sole nitrogen source, 10 

only one type of pigment is produced, namely the atrorosin amino acid derivative. This process allows for the desired amino 11 

acids derivative to be tailor-made by choice of amino acid. The high degree of purity of the atrorosin in the fermentation 12 

broth greatly eases downstream processing and purification, which are a necessity if this is to be industrially relevant for the 13 

food ingredient industry [39].  14 

Another important matter for the production of azaphilone pigments is safety, and citrinin has been widely associated with 15 

Monascus pigments. As seen in this study T. atroroseus does not produce citrinin under the cultivation processes described 16 

here, which greatly benefits T. atroroseus as an industrial fungal cell factory for pigment production. Production of pure 17 

products has priority for approaching regulatory path for approval of novel natural colorants for foods. In this study, two 18 

cultivation methods for production of a class of new compounds, atrorosins, in high purity was presented. For industrial 19 

relevance, the two-step cultivation method is to be preferred as it is cheaper in terms of nitrogen source, because only 2 g/L 20 

of amino acid compared was used compared to 10g/L from the one-step cultivation. Furthermore, the two-step cultivation is 21 

shorter by 80 h. To further increase the industrial potential, a pre-culture could be implemented into the process potentially 22 

further reducing cultivation time [11,19,20].  23 

  24 
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List of abbreviations: 1 

PP-O Penicillium purpurogenum- orange 2 

PP-V Penicillium purpurogenum- violet 3 

PP-R Penicillium purpurogenum- red 4 

PP-Y Penicillium purpurogenum- yellow 5 

LCMS Liquid chromatography mass spectrometry 6 

DW Dry weight 7 
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1. INTRODUCTION

One of the most distinctive features of manufactured food is its colorful visual perception, thus the purchase behavior of 
modern consumers is driven frequently by appearance. In the supermarket, a particular color can be associated with 
freshness and quality of the product. But as consumer awareness increases regarding the link between diet and health, 
the eventual harmful effects of synthetic colorants are increasingly problematic.  The food additive industry thus faces 
new challenges in providing natural color alternatives and the replacement of chemically synthesized dyes with bio-
derived ones.  

The market research company marketsandmarkets estimated the global natural food color market to be worth 1.1 billion 
US$ in 2014 and predicted to reach 1.7 billion US$ by 20201. In 2014 the market of natural colorants drew level with the 
market share of synthetic colorants as both represented 34% of the overall food color market (Figure 1). The key 
applications of food colors are confectionary and bakery, beverages, packaged foods, dairy products and others such as 
frozen foods, condiments and dressings, functional food and pet food. Beverages are the second largest category 
occupying around 20% of the total market share1.  

The controversial topic of synthetic dyes in food has been the subject of debate for many years2 and it seems that natural 
or nature-identical colorants have a more healthy image in the eye of the consumer3. A recent nationally representative 
“Consumer Reports” survey in the US of 1005 adults found that 62% of consumers usually seek out products with a 
"natural" food label4. 

It is clear that consumer demand for natural food colorants and transparent labelling will be major drivers for facilitating 
growth of the natural food color sector. 

FIGURE 1. PERCENTAGE MARKET SHARE OF FOOD COLORANTS IN 20145 

Currently, most natural colorants are extracted from fruit skins, roots or seeds, which make their production dependent 
on the supply of raw ingredients which can have large variations in quantity and quality6. These limitations could be 
overcome by employing the techniques of industrial biotechnology to meet the production demand for quantity and 
variety of natural pigments as food colorants. With this approach suitable, robust microbial hosts (as “cell-factories”) 
would be cultivated in industrial scale fermenters in order to satisfy the demand for consistency in quality and color hues 
and generate versatile pigments tailored for the food industry. 
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Fungi are known to naturally biosynthesize and excrete diverse classes of secondary metabolites (SMs) including pigments 
with an extraordinary range of colors and chemical classes. Among the SMs produced are carotenoids, melanins, flavins 
and quinones7. Fungi, particularly ascomycetes and basidiomycetes, are known to biosynthesize and secrete SMs with 
bioactivity giving them an advantage in natural ecological niches8. So far, this potential has remained more or less 
untapped as a source of pigments in the food industry. Furthermore, production costs of these pigments should be 
competitive with those of synthetic pigments or those extracted from a natural source. The successful use of fermentation 
physiology together with metabolic engineering could allow the efficient production of pigments synthesized by 
filamentous fungi9. So far, there are only limited reports on fungal pigment producing bioprocesses which are known to 
operate on an industrial scale10. One example is the application of species within the fungal genus Monascus.  
 
Solid state fermentation of rice by Monascus has a long tradition in East Asian countries which dates back at least to the 
first century A.D. Monascus fermented rice products are called “ang-kak” and they are used as a food colorants for yellow, 
orange and red color hues11. Monascus pigment manufacturing companies include Tianyi Biotech, Shandong Zhonghui, 
Wuhan Jiacheng, Henan Zhongda, Kiriya Chemical and Yiyuan Food Chemical12. In 2007, Tiyani Biotech reported an annual 
productivity of 1500 tons of powdered Monascus red rice employing both solid-state and submerged fermentaion13. 
Monascus pigment production is however associated with the harmful mycotoxin citrinin and as a result, these pigments 
are not approved for human consumption in Europe and the USA14.  
 
Blakeslea trispora was presented as a new natural source of β-carotene in 19957 and has been reported to produce up to 
44.5 mg per g biomass15,16. The fungus is used in submerged fermentation processes by the company DSM as a cell factory 
for food colorants14,17, however most of carotenoids on the market are still produced by chemical synthesis. Furthermore, 
the Czech company Ascolor described a process for the production of an anthraquinone type molecule using Penicillium 
oxalicum in 2004, which was called “Arpink Red”18. However, this process is no longer in production. 
 
Clearly, the implementation of new fungal microbial cell factories for safe and reliable color production is important for 
the advancement of safe, biobased alternatives to chemically synthesized pigments for the European market. There is a 
strong interest in systematically investigating novel pigment producing cell factories. The challenge here will be to define 
standardized and reproducible submerged cultivation processes which will support obtaining the detailed quantitative 
data on physiological properties needed to both understand and improve novel fungal cell factories.  
 
This chapter will evaluate the potential of new red pigment producers and review the current status for production of 
biobased pigments focusing on those resembling the Monascus derived pigments used in Asia. Several candidates which 
already have been found will be presented and main achievements will be summarized and put in context relative to the 
well-studied Monascus species.  
 

2. COLORANTS 
2.1 CLASSIFICATION OF COLORANTS 
Both pigments and dyes are colorants. These terms are, however, often used interchangeably for substances responsible 
for coloration of the medium within which they are applied. The difference between the two is that dyes are soluble in the 
applied medium and pigments are not. Hence a colorant can change from being a dye to being a pigment. For example 
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carotenoids are dyes in oil but pigments in water. For biological pigments this distinction is normally not used and all 
colorants are referred to as pigments.  

Pigments are compounds capable of absorbing visual light and thereby changing the color of the reflected light. The 
reflected light is then observed by the human eye as the color of the light not absorbed e.g. a pigment absorbing light in 
the low wavelengths of the visual light (480-540 nm) will appear red.  

The ability for pigments to absorb light and thereby appear colorful is linked to the chemical structure of the compound, 
more specifically to the system of conjugated double bonds, known as the chromophore. When double bonds appear in a 
conjugated system, electrons can delocalize across the system of overlapping p-orbitals. When irradiated by light, the 
electrons can absorb photons of specific wavelengths depending on the size of the conjugated system. As a result, only 
some wavelengths are reflected leading to the colored appearance of the molecule.  

Food colorants can be categorized as natural, nature-identical and synthetic colorants. Natural colorants are pigments that 
are found in nature because they are biosynthesized by a living organism. Naturally derived colorants are mainly plant 
extracts or pigments from plants, e.g. red from paprika or beetroots; yellow from saffron; orange from annatto; green 
from leafy vegetables9. 

Nature-identical colorants are chemically synthesized pigments, with identical chemical structures to colorants found in 
nature. Examples include β-carotene and riboflavin. This group of colorants also includes pigments resulting from chemical 
modifications of natural colorants. Synthetic colorants are purely man-made and do not occur in nature. Synthetic colors 
such as Red 40 (Allura red AC), Red 3 (Erythrosine), Blue 1 (Brilliant blue FCF), Blue 2 (Indigotine), Green 3 (Fast green FCF), 
Yellow 6 (Sunset yellow FCF) and Yellow 5 (Tartrazine) are used widely in the industry as coloring agents for in cosmetics, 
drugs, candies, beverages and many other foods.  

Colorants to be applied in the Western food industry need to comply with standards and regulations. Legislation ensures 
that only certain pigments are permitted as food colorants and compound-specific purity standards are subject to strict 
regulation. Furthermore quality control is an important factor. This is mainly related to color strength, hue and intensity 
where certain criteria also have to be met. As the pigments are produced by microorganisms, the proof of absence of 
pathogens and mycotoxins must be rigorously verified. Food pigments are additionally required to be tasteless, odorless 
and unreactive with other constituents of the food. They should be stable over a wide range of pH, temperature and not 
sensitive to light or oxygen19.  

2.2 MONASCUS PIGMENTS 
The term “Monascus pigments” refers to a mixture of azaphilones including yellow, orange, and red constituents. This 
group of pigments has first been described in association with Monascus species, but nowadays numerous other species 
have been linked with their production (see Table 1)20. Azaphilones are characterized by their pyranoquinone bicyclic core, 
often highly oxygenated. They are known for their ability to react with amines by exchanging the pyran oxygen with 
nitrogen21. This exchange leads to a color shift from yellow/orange to red. Up until 1973, six Monascus pigment 
compounds including two yellow ones, monascin 22 and ankaflavin 23; two orange ones, rubropunctatin 24 and 
monascorubrin 25,26; and two red ones, rubropunctamin and monascorubramin26 were identified (Figure 2). But 
additionally to these six major azaphilone pigments, more than 50 related pigments exist27,28,20. Well- studied examples 
include N-glutarylmonascorubramine and N-glucosylrubropunctamin29. Other pigments such as the two 
furanoisophthalides xanthomonasin A and B30,31 or industrially useful polyketides, such as cholesterol-lowering 
compounds referred to as monacolins, are also produced by this genus32. 
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Many studies have been conducted on Monascus pigments in regard to their structure as well as to their biosynthetic 
pathway, optimized production strategies, detection methods,27,33 and their biological activity28. Monascus pigment 
biosynthesis is considered to generally follow a polyketide pathway, but the exact mechanisms are still unclear.27 Species 
used for Monascus pigment production include M. pilosus, M. purpureus, M. ruber, and M. anka 27.  

Annual consumption of Monascus pigments in Japan has increased significantly over the last 30 years and new food 
applications like the coloration of processed meats (sausage, ham), marine products like fish paste and tomato ketchup 
have been reported7. However despite the enormous economic potential of Monascus pigments, they have not yet found 
their way into the European market, due to their association with the nephrotoxic metabolite citrinin34. It has been shown, 
that several species of Monascus produce citrinin35. Citrinin production seems to be related to pigment production and 
can be influenced by both media and cultivation conditions 36–38. In order to use Monascus species for food colorant 
production for the European market, non-citrinin producing species or culture conditions unfavorable to citrinin 
production need to be discovered. So far, several attempts have been successful in defining the conditions for citrinin-free 
Monascus pigment production39,40. However, once a microorganism has been associated with mycotoxin production, the 
quest for FDA or EFSA approval can be a complex and elaborate process.  

Instead, it seems more promising to screen for species, other than those from the Monascus genus, which produce 
Monascus pigments, providing a safe and viable alternative for the European market19. 
 

2.3 BIOSYNTHESIS OF MONASCUS PIGMENTS 
Monascus azaphilone pigments are constructed from integration of two larger biosynthetic building blocks; a non-reduced 
polyketide and a 3-oxo fatty acid. Lableling experiments using 1-13C-acetate and 2-13C-acetate have shown that the 
biosynthetic origin of both the polyketide, , as well as of the 3-oxo fatty acid are biosynthesised from one acetyl-CoA unit, 
and additional malonyl-CoA units41. The literature on monascus pigment biosynthesis is relatively limited, and what is 
known about the mechanism of the pathway is therefore only speculative. However, two hypotheses  predominate in the 
literature. 

In 2014, Woo et al.42 proposed a biosynthetic pathway after the construction of several knock-out mutants in Penicillium 
marneffei. Their work elucidated that one specific polyketide synthase (PKS) gene, namely pks3, was responsible for most 
of the biosynthesis. The proposed pathway, was based on findings by Hajjaj et al. (1999) when investigating the 
biosynthetic origin of citrinin in M. ruber43. As citrinin is derived from a tetraketide rather than a hexaketide, it should be 
noted that the pathways and modification routes might actually differ from that of monascus pigments.  
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The second pathway, depicted in Figure 3, is based on work done by Balakrishnan et al. in 2013 involving a gene similar to 
pks3 from P.marneffei, namely the gene, mpPKS5 found in M. purpureus.44 The gene encodes the PKS catalyzing the 
formation of the backbone polyketide structure in Monascus azaphilone biosynthesis. Furthermore the same research 
group discovered a gene named mpp7 responsible for the regioselective attachment of the 3-oxo-fatty acid.45 

The biosynthetic pathway based on Balakrishnan et al. (2013) (illustrated in Figure 3) is proposed to start with an aldol 
condensation of the polyketide backbone structure, to form a cyclic structure by linking carbons 2 and 7. Next, the 
molecule undergoes a second condensation reaction between the oxygen atom at C-1 and C-9 to form a heterocyclic 
isochromene system. 

During the biosynthesis several double bonds are formed by losses of water – these steps are expected to be activities of 
the PKS, and thus the exact order of reactions is uncertain. The oxidation at carbon 4 has been shown to be a result of 
tailoring enzymatic activity by the monooxygenase mppF in M. purpureus46.  

The final step in the biosynthesis is the attachment of the 3-oxo fatty acid to the core bicyclic pyranoquinone, expected to 
be synthesised by the fatty acid synthase (FAS) MpFAS2 in M. purpureus46. The fatty acid is attached to the alcohol 
introduced by mppF by esterification, followed by an aldol condensation assisted by the protein Mpp7 in order to control 
regioselectivity.45 

The conversion from yellow and orange pigments by introduction of nitrogen is proposed to happen via a Schiff base. The 
conversion has been done chemically using various amino acids47, but the biological conversion is expected to be enzyme 
mediated as the biological pH values are too low to favour Schiff base formation48.  
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FIGURE 3. MONASCUS PIGMENT BIOSYNTHESIS BASED ON THE PROPOSAL BY BALAKRISHNAN ET AL. (2013) 

2.4 DERIVATIVES OF MONASCUS PIGMENTS 
Several derivatives of the six original Monascus pigments have been described so far. Blanc et al. (1994) reported the 
production of N-glutarylmonascorubramine and N-glutarylrubropunctamine by M. purpureus and M. ruber when using 
glutamtate as sole nitrogen source49. Amino acid containing derivatives originate by the substitution of the oxygen in 
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monascorubrine or rubropunctatine by the nitrogen of the amino group of various compounds such as aminoacids, 
peptides and proteins. The most widely accepted way for nitrogen incoorporation to happen is via the formation of a 
Schiff base in order to exchange the oxygen with nitrogen.47,50 This substitution leads to a color change from orange to 
purple. Based on this principle, Monascus pigment derivatives containing for example glutamate47, aspartic acid and 
alanine51 have been identified and characterized. Jung et al. produced Monascus pigment derivatives using 20 individual 
amino acids in submerged cultivation as side chain precursors52. The pigment derivatives containing amino acids were 
found to be more robust towards both temperature and pH changes than the orignal pigments and showed increased 
photostability53. Moreover, various red color hues were exhibited by these pigment derivatives47,52,53. These properties 
make amino acid derivatives of Monascus pigments particular interesting for further exploration as food colorants. The 
amino acid derivatives can be obtained by either adding the amino acids into the medium47,52 or by chemical synthesis. For 
the latter, the orange pigments, amino acids, and amines are dissolved in ethanol and derivatives were synthesized by 
mixing the orange pigment solution with either an amino acid or amine solution.54,55. But not only amino group-containing 
compounds can be used to alter the pigments. Application of a high glucose concentration to the culture medium has 
been shown to induce the formation of glucosyl derivatives of the pigments, such as N-glucosylrubropunctamine and N-
glucosylmonascorubramine29. 

3. SCREENING FOR A MONASCUS-PIGMENT PRODUCING CELL FACTORIES 
FOR THE EUROPEAN MARKET 

3.1 CELL FACTORY SELECTION AND IDENTIFICATION 
In order to find a safe and promising cell factory for pigment production a chemotaxonomic screening should to be carried 
out. Such a screen should focus on the preselection of potential fungal pigment producers combined with the deselection 
of toxin producers. For many years genomic screening for pigment producers was not feasible, however with the rapidly 
increasing numbers of available fungal genomes, bioinformatics driven discovery of pigment producing species is now 
possible. The use of classical tools such as taxonomy, biochemistry and microbial physiology have so far been the methods 
of choice for preselecting interesting candidates19. These first screenings are usually performed on agar plates as they 
guaranteed a high throughput of various species under different media conditions. The interplay between physical and 
chemical parameters of a production process and the biological properties of the cell complicate cell-factory selection and 
promising candidates should therefore not only synthesize the product of interest but also fulfill other criteria. Desirable 
cell-factory characteristics include efficient substrate utilization as well as conversion of a wide substrate range, a high 
degree of product secretion and product stability, high yield and productivity, a minimized by-product-formation, 
applicability of the process in bioreactors and amenability of the organism to genetic modifications.56  

Several species among the genus of Penicillia have been shown to produce Monascus-like azaphilone pigments without 
co-producing citrinin. An international patent has been filed on production of these Monascus-like pigments, by 
potentially safe strains of Penicillium species through the use of a combination of liquid and solid cultivation techniques57. 
Furthermore, Talaromyces species, e.g. T. flavus secretes a red pigment called mitorubrin58. The recently newly classified 
species T. purpurogenus, T. atroroseus, T. albobiverticillius, T. minioluteus, and T. marneffei have been linked in the 
literature previously under Penicillium species names59. This means that some species previously referred to Penicillium 
purpurogenum are now classified as either Talaromyces atroroseus or Talaromyces purpureus. Thus, the species P. 
purpurogenum no longer exists59. Confusion regarding species name can therefore still arise, because not all P. 
purpurugenum from the literature have been reclassified yet. Nonetheless, P. purpurogenum IBT 11181, described by 
Mapari et al. and the strains used by Arai and Ogihara41,48,60–64 have been reclassified as T. atroroseus by Frisvard et al. 59. 
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Table 1 summarizes potential pigment producing Penicillium species and groups them according to their chemotaxonomic 
classification.  

 

TABLE 1. POTENTIAL PIGMENT PRODUCERS FOR THE EUROPEAN MARKET 

Published fungal name  Reported pigment Ref 
T.atroroseus, classified by Frisvad et al.59 

T. atroroseus mitorubrins and several Monascus pigments [59] 
Strain reclassified as T. atroroseus by Frisvard et al.59 

P. purpurogenum IBT 
11181 

Monascorubramine  
N- glutarylmonascorubramine 
N- glutarylrubropunctamine 
PP-R 

[65] 
[65] 
[65] 
[66] 

P. purpurogenum IAM 
15392 

 
 
PP-R (P. purpurogenum- red, 2-hydroxyethyl-
monascorubramine) 
PP-V (P. purpurogenum- violet, 12-carboxyl-
monascorubramine) 
PP-O (P. purpurogenum- orange) 
PP-Y (P. purpurogenum- yellow) 
(for structures see Figure 4) 

 
 

[63] 
[48,60–62] 

 
[48] 
[48] 

P. purporogenum Stoll Purpuride [67] 
Strains potentially belonging to T.atroroseus, but not examined by Frisvad et al.59 

P. purpurogenum DPUA 
1275 

Yellow, orange, red* [68–71] 
 

P. purpurogenum GH2 Red pigment production* [72] 
 

Penicillium spp. extracellular pigment-production * [73] 
 

Other pigment producing strains 
P. aculeatum IBT 14263 Monascorubrin (orange) 

Xanthomonasin A (yellow) 
Threonin derivative of rubropunctatin (purple red) 

[74] 

 
P. marneffei 

 
Monascorubrin, Rubropunctatin 

 
[42,75] 

 
P. pinophilum IBT 13104 

 
Monascorubrin 

 
[74] 

 
T. purpurogenus 

 
N-glutarylrubropunctamine 
Rubropunctatin 

 
[59] 

* no chemical structure of the pigments is reported and due to the new classification the exact species is uncertain 

So far, T. atroroseus seems to be the most promising candidate for Monascus pigment production, due to its capacity to 
secrete various different pigments in high yields and its lack of citrinin production41,59,63–65. Figure 4 shows the chemical 
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structures of monascus pigment derivatives associated with T. atroroseus. All strains reclassified as T. atroroseus will be 
addressed as T.atroroseus for the remainder of this chapter; those which have not been reclassified will be referred to 
using the species name used in the respective publications.  
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FIGURE 4. CHEMICAL STRUCTURES OF MONASCUS PIGMENT DERIVATIVES ASSOCIATED WITH T. ATROROSEUS 
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3.2 FROM SINGLE PIGMENT PRODUCERS TO HIGH PERFORMANCE CELL FACTORIES 
 

For more than 50 years, filamentous fungi have served as industrial cell factories and large-scale processes based on these 
organisms are therefore well established. One common feature of high performance cell factories is the fact that the 
strains have been carefully selected and were then either highly adapted or engineered to the specific conditions of the 
process application or the process conditions were tailored to optimize the production. The performance of filamentous 
fungi in lab-scale submerged cultivation determines their suitability for large-scale industrial application and is the result 
of complex interplay between the physical and chemical parameters of the process and the cellular biology of the fungus. 

 
When considering pigment production from fungal hosts, several challenges exist (outlined in Figure 6). Firstly, non-
domesticated species must be tested and validated as culturable in stirred tank reactors, and with natural isolates, where 
growth rates and morphology in submerged cultures is not known, this step is not trivial. Secondly, when color is 
produced by fungal species is it typically based on a number of chemical compounds, which must be separated, identified 
and quantified if meaningful data is to be extracted which can be further used for process and strain optimization. 
Preferably, single, or few, pigment compounds would be produced allowing validation and approval of bioprocesses based 
on one target product or product class. These challenges can be realized through integrated approaches for assessing 
cellular performance (quantitative physiology), genetic modification of strains (metabolic engineering), -omics analyses 
and modeling.  
 

 
FIGURE 5. MAJOR STEPS FOR ESTABLISHMENT OF A SUCCESSFUL CELL FACTORY 

Classic quantitative physiology based techniques can help designing an optimal process. The challenge is to balance 
cellular potential, process design, and economic feasibility56. So far genetic engineering approaches using T. atroroseus are 
still in their infancy, but as tools for genetic modification are constantly being developed, it is only a matter of time before 
direct pathway engineering is likely to be possible. 
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4. ASSESSMENT OF THE COLOR YIELD  
The term “monascus pigments” usually refers not only to one pure pigment but rather to a cocktail of different monascus 
pigments including yellow, orange and red constituents42. The disadvantage of mixtures is that they are difficult to control 
and monitor because the individual compositions might vary slightly from batch to batch. From an industrial point of view 
and in order to facilitate commercialization of a product it is preferable to obtain a pure pigment. Therefore some 
purification strategies are required to separate individual pigments from the mixture. Recovering a pure pigment allows 
for structural analysis and the set-up of quantification tools, such as HPLC methods. Furthermore, efficient downstream 
processing of the product of interest is of outmost importance for high performance cell factories. A future goal, of course, 
would be to design a process or organism where production of single or few pigment compounds would be guaranteed, 
and thus simplify validation and recovery. 

 

FIGURE 6. STEPS FOR PRODUCT IDENTIFICATION WHEN ESTABLISHING A NOVEL CELL FACTORY 

Figure 6 here 
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4.1 PIGMENT PURIFICATIONAND QUANTIFICATION 
The six original Monascus pigments (see Figure 2) are mostly cell bound and hydrophobic. However, they possess an 
aminophilic moiety that can react with amino group-containing compounds in the medium, such as proteins, amino acids, 
and nucleic acids to form water-soluble pigments47. Depending on whether the pigments are water soluble or insoluble, 
different extraction procedures are utilised. In order to assess the intracelullar pigments  the cells need to be separated 
from the liquid media and extracted.76,77 Monascus pigments can be extracted with methanol78, ethyl acetate34,49–52,55 or 
ethanol at various concentrations37. Monascus pigments from solid state fermentation and monascus pigments still bound 
to the mycelium from a submerged cultivation can be extracted through solid-liquid extraction79–81 or microextraction 74,82. 
Monascus pigments in the supernatant from submerged fermentation can be extracted through liquid-liquid 
extraction76,79,83. 

The solubility of pigments, and thereby the probability of finding them extracellularly, is generally inceased when nitrogen 
is incorporated, and even more so when nitrogen containing molecules, such as amino acids or glucosamines are 
incorporated. In contrast, pigments such as rubropunctatin and monascorubrin are less hydrophillic and therefore more 
often found intracellularly. 

The purification of Monascus pigments can be done in a number of ways. The most widely applied method is using 
chromatography, such as thin layer chromatography which is now being gradually replaced by liquid chromatography 
(LC).47,52,84,85 Additionally, capillary electrophoresis31,86 and high-speed counter-current chromatography, have been 
reported as methods for analysing  Monascus pigments. 

4.1.1 THIN  LA Y ER  CHR OMATO GR AP HY 
Thin layer chromatography (TLC) is an inexpensive and widely used method for initial screening or even purification 
(preparative TLC) of compounds. Since the method only requires visual inspection, pigments are easily analysed. However, 
due to the lack of a detector, correct identification of the individual compounds is impossible. This limitation can be 
overcome by transferring the developed TLC spots to a suitable instrument, such as a UV-VIS spectrophotometer, mass 
spectrometer or NMR spectrometer. TLC can be done using both normal (e.g. silica gel) or reversed (e.g. C18) phase 
stationary phases, depending on the desired type of separation52,62,85. Furthermore a variety of developing agents can be 
used. Different mixtures of water, chloroform, acetonitrile, methanol, tetrahydrofuran, toluene, hexane, ethyl acetate, 
and acetone have been reported52,61–63,85,87.  

4.1.2 LIQUI D  CH RO MA TOG RAP H Y  

Liquid chromatography (LC) covers a wide range of techniques, from column chromatography (CC) to high performance LC 
(HPLC). CC is often used as an initial fractionation of crude extracts for instance using a silica gel column64,88,89, typically 
followed by either TLC or HPLC84. 

For separation of more complicated mixtures of compounds, HPLC is the method of choice. As for TLC and CC both normal 
phase (NP) and reverse phase (RP) HPLC can be applied for analytical as well as preparative purposes. RP HPLC systems 
typically utilise either a water/methanol or a water/acetonitrile solvent system combined with an apolar stationary phase, 
such as C18, C8, phenyl-hexyl or equivalent. NP HPLC have been reported to use silica or amino columns in combination 
with hexane/chloroform or isopropanol/hexane, respectively.82,85,90,91  

4.2 DETECTION AND IDENTIFICATION 
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Ultraviolet-visible (UV-VIS) spectrophotometry is the most widely used method for detection of pigments, and by using a 
diode array detector (DAD), the entire absorption spectra can easily be recorded at once. Monascus pigments of different 
colours can be detected at different wavelengths with absorption maxima in the range between 390 and 530 nm 
depending on solvent and pH, representing pigments with color hues from yellow, through orange, to red/purple, as 
illustrated in Figure 7.66,70,74,82 

 

FIGURE 7. YELLOW, ORANGE AND RED UV SPECTRA FROM THREE MONASCUS PIGMENTS: MONASCINE (YELLOW), MONASCORUBRINE (ORANGE), 

AND RUBROPUNCTAMINE (RED) 

 

Spectrophotometers typically give the intensity of a colour at a certain wavelenghth as absorbance (A), a unitless number 
that can be expressed though Lambert-Beers Law: 

A = log(I0/I) = ε*l*c 

Lambert-Beers law states the the absorbance is equal to the logarithm of the ratio between I0, the intensity of an 
unaffected beam of light and I, the intensity of the light after passing through the sample of interest. These values are 
more frequently expressed as the product of the sample concentration, c, the distance though the sample, l, and the 
compound specific constant ε, known as the extinction coefficitent. Since the absorption is dependent on concentration, 
quantification of the pigment is often based on UV-VIS measurements. 

Despite the usefulness of UV-VIS detection, the method has some limitations, as several monascus pigments possess 
comparable absorption spectra52. In these cases other detection techniques, such as mass spectrometry (MS), high 
resolution mass spectrometry (HRMS), or infrared (IR) spectrophotometry need to be applied in order to distinguish 
similar compounds. 

By combining several detection methods with separation strategies like HPLC, powerful means of detection can be 
achieved, such as HPLC-DAD-HRMS, giving information about retention time, chromophore and molecular composition 
simultaneously.66,92 

4.3 QUANTIFICATION 
Some of the above mentioned detection techniques can also be used for pigment quantification. A requirement for 
quantification of individual pigments is however their availability in pure form, otherwise only the overall quantity of 
pigment cocktails can be determined.  Based on the UV-VIS spectrum of the pigments- in mixture or pure-, standard 
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curves can be used for pigment qualification using Lambert-Beers Law93–95. Crucial for this method is a powerful 
purification strategy which guarantees that only certain pigments remain in the extract. The use of MS and UV-VIS coupled 
to HPLC has also been reported for quantification96. As illustrated in Table 4.2, so far no common quantification strategy is 
available and the published results in terms of pigment yield are hardly comparable across research groups. In the 
majority of cases, the absorbance spectrum of the supernatant is detected and values measured at specific wavelengths, 
e.g. at 400nm, 470nm or 490nm are reported71. Often, there is only limited information regarding the size of the sample 
volume, the depth of the well or the dilution factor applied in many of the previous studies. Straight forward standard 
procedures for quantifying individual pigments from the fermentation broth would therefore be desirable to enable 
comparison of different processes across research studies.  

TABLE 2. REPORTED OPTIMAL PROCESS CONDITIONS FOR T.ATROROSEUS AND OTHER RELATED SPECIES 

Fungus Optimal process 
parameters 

Assessment of color Max Color yield Ref. 

P. purpurogenum 
 GH2 

pH5, 24oC, 260h 

incubation time, 
200rpm,  
15 g/L Xylose, 3 g/L 
NaNO3  

Absorbance measurement of 
supernatant (SN) at 500 nm. The 
yield of product per unit biomass 
(YP/X) was calculated as the ratio of 
the amount of pigment produced 
(Pt−P0) at a certain time (t) to the 
biomass generated in the same time 
(Xt−X0). 

2.4 g/L [72] 

Penicillium spp pH9, 30oC, 4 days 
incubation time, 
200rpm, soluble starch, 
peptone 

Absorbance measurement of SN at 
530 nm with spectrophotometer 

UA530=1238 [73] 

P. purpurogenum  
DPUA 1275 

pH6.5, 30oC, 360h 
incubation time,  
150rpm,  
30g/L Sucrose, 5g/L 
Yeast extract, 
5 mycelia discs 

Absorbance measurement of SN at 
400, 470, and 490 nm with 
spectrophotometer. Results were 
expressed in terms of Units of 
Absorbance (UA).  

UA400=3.08 
UA470=1.44 
UA490=2.27 

[69] 

P. purpurogenum  
DPUA 1275 

pH4.5, 30oC, 336h 
incubation time,  
150rpm,  
50g/L sucrose, 10g/L 
Yeast extract  

Same as [69] UA400=3.10 
UA470=2.50 
UA490=2.04 

[71] 

T. atroroseus pH5, 30oC, 2 days 
incubation time,  
20g soluble starch, 3g 
NH4NO3, 2g Yeast extract 

Detection by thin layer 
chromatography,  identification of 
PP-V and PP-R by H1 NMR and C13 
NMR 

 [48,64] 

T. atroroseus pH5, 30oC, 4 days 
incubation time,  
200rpm, 
20g soluble starch, 2g 
Yeast extract 

Detection by thin layer 
chromatography,  identification of 
PP-Y and PP-O by H1 NMR and C13 
NMR 

 [48] 
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T. atroroseus Plates: pH 6.5, 25oC, 7d 
incubation time (CYA/YE) 
Shake flasks: pH 6.5, 
25oC, 7d incubation 
time, 150 rpm  (CZ) 
 

Absorbance measurement of SN, 
prior adjustment to 0.40 ± 0.04 at 
their respective absorption maxima 
with purified water. Determination 
of CIELAB color coordinates of the 
same extracts using Chromameter. 

(L/a*/b*/hue 
angle/chroma) 

CYA= 
(87.8/10.7/22.6/64

.8/25.0) 
YE= 

(85.8/15.9/16.5/46
.2/22.9) 

CZ= 
(85.0/19.7/22.4/46

.6/29.8) 

[66] 

 

Table 4.2 here. 

 

4.4 CIELAB 
CIE L*a*b* is the name of a color space specified by the International Commission of Illumination (CIE) and it includes all 
perceivable colors. The coordinate L* represents the lightness of the color (L*=0, yields black and L*=100 indicates diffuse 
white) and a* and b* represent the color-opponent dimensions. The system is based on the fact that light reflected from 
any colored surface can be visually matched by an additive mixture of the three primary colors: red, green, and blue. Since 
the L*a*b* model is a three-dimensional model, it can only be represented properly in a three-dimensional space. Two-
dimensional depictions include chromaticity diagrams which have a fixed lightness. The CIELAB color space is used to 
describe fungal pigments produced under specific conditions52,53,66,80,82 and might even give indications regarding the 
concentration of the pigment97. The extracted pigments in solution or as crude pigment extract are measured with a 
colorimeter to obtain L*a*b* values, which can then be used to calculate chroma (C*) and hue angle (hab) values52. 
Chroma values indicate the saturation or purity of the color. Values close to the center at the same L* value indicate dull 
or gray colors, whereas values near the circumference represent vivid or bright colors. This model represents a good tool 
to describe and assess color hue variations of pigments produced by different species or by the same species but under 
different culture conditions52,53,66,80. Its limitation is that neither structural information about the pigment, nor 
characteristic properties such as UV/Vis spectra about the pigment mixture nor quantitative information obtained. Its 
character is purely descriptive and it is therefore useful for analyzing results from initial screening experiments, but not for 
properly evaluating a pigment producing process. 

5. OPTIMIZING CELLULAR PERFORMANCE: GROWTH AND PIGMENT 
PRODUCTION 

The optimization of cellular performance of a fungal cell factory can be tackled from many different angles. It is an 
interplay between media constituents, such as carbon sources, nitrogen sources and mineral salts, and culture conditions, 
e.g. pH, temperature and aeration rate98–102. Many studies on optimizing pigment production have been carried out using 
the one-factor-at-a-time method69,73,103. However this method is unable to show possible interaction effects between the 
selected parameters and therefore could miss promising parameter combinations. Design-of-experiment based 
approaches such as Plackett-Burman design104 or fractorial factorial designs70–72 seem more promising in finding optimal 
cultivation conditions, especially for novel cell factories, where little quantitative data exists in the literature. 
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5.1 ASSESSMENT OF CLASSICAL PHYSIOLOGICAL PARAMETERS 
A cell factory can be evaluated by key cellular performance indicators, most importantly growth rate, utilization of the 
substrate and yield of biosynthesized products. Different cultivation modes and conditions can be used to produce and 
study various physiological states. For a reliable quantitative physiological characterization, it is paramount that the 
cultivations are performed in a controlled environment and the reproducibility can be demonstrated. Such studies provide 
data on which process optimization can be based, but also give an insight into the active metabolic pathways based on the 
nutritional requirements and measured products56.  

Growth rate is often the key parameter used when screening potential call factories. A fast growing fungus is better suited 
for industrial processes because it lowers the production length and thereby production costs and the risk of 
contamination. Data on biomass accumulation in pigment producing Penicillium species or Talaromyces species is 
incomplete and so far no growth rates in bioreactors have been reported for any of the strains. Whereas pigment 
production in Monascus ruber is growth associated95, it appears that biomass accumulation and red pigment production 
are not directly linked in the pigment producing P. purpurogenum GH272. It is possible in this case that red pigment 
production occurs at the expense of biomass production, as in T. atroroseus105. However, this is only speculation at 
present as titers rather than yields have typically been reported in the literature. Mendez et al. stated 6 g/L biomass72, 
Gunasekaran et al. reported 5.5 g/L biomass73 and Santos-Ebinuma et al. reported up to 25 g/L of biomass71. However, 
these values were not related to medium composition and are thus difficult to compare. Growth rates for Monascus 
species are reported to vary from 0.02h-1 for Monascus sp 106 to 0.04-1 for Monascus ruber29,95,107. 

 

5.2 MEDIA COMPOSITION  
Pigment synthesis is highly dependent on the medium conditions. In Monascus, extensive studies have been performed in 
order to find the optimal media conditions95,108,109. Some conditions favor growth, whereas others trigger pigment 
production. High glucose concentrations have been shown to induce formation of glucosyl derivatives of Monascus 
pigments, such as N-glucosylrubropunctamine and N-glucosylmonascorubramine29 . Furthermore supplementing the 
media with a specific amino acid leads to the incorporation of the amino acids into the pigment core structure resulting in 
a new pigment derivative52,103, e.g. N-glycinemonascorubramine52 or N-glutarylrubropunctamine49. Media conditions of 
Monascus species serve as an excellent starting point to investigate promising carbon- and nitrogen sources for T. 
atroroseus based cell factories. 

5.2.1 CAR BON  SO UR CE 
Carbon sources for submerged cultivation of T. atroroseus and related species include soluble starch64, potato starch65, 
sucrose71 glucose64, fructose64, galactose64, mannose64,arabinose64 and xylose72. Gunasekaran et al. screened the effect of 
11 carbon sources on pigment production and concluded that starch promoted the highest pigment yields, followed by 
maltose and glucose73. However, other studies reported that sucrose was the most promising carbon source in terms of 
pigment production69. Moreover, P. purpurogenum has been shown to  grow on cellulose, wheat straw and wheat bran, 
but by using these carbon sources no pigment production was documented110. More systematic and quantitative studies 
need to be conducted to assess the influence of the carbon source on both, biomass accumulation and pigment 
production. Because pigment production in Monascus appears to be subject to strict glucose repression, which results in 
ethanol production if the glucose concentration in a medium exceeds 30 g/l107, different carbon concentrations need to be 
tested with T.atrororeus to investigate this phenomenon. For Monascus, comparative transcriptome analysis revealed that 
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carbon starvation stress, resulting from the use of relatively low-quality carbon sources, contributed to the high yield of 
pigments by repressing central carbon metabolism and augmenting the acetyl-CoA pool111. Here, non-conventional carbon 
sources, such as ethanol may be worth investigation, as they have shown promising results for Monascus112. Since the 
production of secondary metabolites usually takes place in the stationary phase of growth, it may be possible to split 
fungal growth and secondary metabolite formation into two distinct phases. Indeed, a two-stage cultivation with maltose 
and ethanol was conducted successively112increasing efficiency of ethanol utilization for pigment production. So far 
sucrose seems to be the carbon source of choice for submerged processes for pigment production using T.atroroseus. 

 

5.2.2 NIT RO GEN SO U R CE 
Inorganic compounds such as ammonium chloride or ammonium nitrate and organic nitrogen like yeast extract, 
monosodium glutamate (MSG) and other amino acids, are good nitrogen sources for both growth and pigment production 
of submerged grown Monascus spp27. Furthermore, different color components (yellow, orange or red pigments) can be 
selectively produced through nitrogen source selection87. Some studies report that the presence of organic nitrogen is 
optimal for growth but unfavorable for pigment production. If they are used, free amino acids should be added additional 
to the culture medium, which then can react with the orange pigments to form red-colored complexes. However not all 
amino acids seem to promote pigment production equally well113.  

Reduced growth and optimized pigment formation occurs with inorganic nitrogen sources, such as ammonium chloride, 
sodium nitrate and ammonium nitrate114. Nitrates limit growth but stimulate spore and pigment formation and the use of 
ammonium nitrate as the nitrogen source has been found to result in the formation of mainly cell-bound orange pigments 
by Monascus sp115.  

Ammonium is the preferred nitrogen source over nitrate because nitrate must be reduced in an energy requiring process 
before it can be used for anabolic processes107. Use of monosodium glutamate obviates the need for its synthesis from 
ammonium, or nitrate via ammonium. Glutamate directly, or after conversion to glutamine, can be used for the 
biosynthesis of the various other metabolites and amino acids95. During nitrate consumption, the pH rises as nitrate is 
reduced to ammonium to facilitate incorporation into proteins. Therefore nitrogen sources should always be studied 
together with the pH87,107,116. Overall, monosodium glutamate seems to be the best nitrogen source for Monascus spp. 
promoting both growth and pigment production108,115. 

T. atroroseus and other related species show the same tendencies in regard to nitrogen utilization. Pigment production 
with T.atroroseus is reported on complex sources such as yeast extract48,65 and ammonium nitrate48,60,61,64. Ammonium 
nitrate together with yeast extract promotes PP-V and PP-R production, but when yeast extract is used as sole nitrogen 
source PP-V and PP-R production is replaced by production of PP-O and PP-Y48. Ammonium and nitrate nitrogen can both 
be used for PP-V production, but ammonium nitrogen results in higher yields than nitrate60.  

5.2.3 OTH ER MEDIU M CO MPON EN TS 
Minerals such as magnesium sulfate, potassium chloride or phosphate can also affect pigment production with Monascus. 
Lin et al. showed that high concentrations of phosphate (above 70 mM) and magnesium sulfate (above 16 mM) have an 
inhibitory effect on cell growth and pigment production. In contrast, potassium chloride concentration was found not to 
affect cell growth or pigment production significantly108. The negative effects of high concentrations of phosphate and 
magnesium are due to inhibition of pigment synthase action117. The positive effects of trace metals, especially Zn++ have 
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been shown to be due to stimulation of growth and enzyme action. So far no studies on the effect of minerals on 
T.atroroseus or related species have been performed.  

5.3 CULTIVATION PARAMETERS  
In addition to the media composition, different cultivation parameters can be used to assess cellular performance. 
Cultivation parameters include  incubation time and  size and type of inoculum69, or can involve physical parameters such 
as pH, temperature, oxygen supply, light or simply the cultivation mode. The reactor and impeller design can also 
influence product formation81. Many of these parameters have already been studied for Monascus species and from these 
results conclusions could be drawn to optimal cultivation conditions for Talaromyces related species. 

5.3.1 PH 
It was reported that utilization of different nitrogen sources in submerged cultivation resulted in different pH pattern 
affecting growth and pigment production116. Generally, the suitable pH for growth and pigment production of Monascus 
spp. is 5.5–6.527. However, different pH values in the media may affect single Monascus pigment constituents, for example 
was ankaflavin synthesis by M. purpureus favored at pH 4.0, while the other pigments were independent of pH107. pH 
might also affect formation of conidia, sporulation and thereby influencing growth and pigment production116. By 
increasing the pH, the reaction between orange pigments and amino-group containing compounds to form red-colored 
complexes is stimulated. Conversely, a low pH prevents the nucleophilic addition of amino groups to the oxygen atoms of 
orange pigments and consequently red pigment formation is limited28. A two-stage cultivation conducted at different pH 
(5.5 and 8.5) resulted in increased pigment production in Monascus purpureus118. When grown in submerged conditions, 
P. purpurogenum GH2 optimum for pigment production was found to be pH 572 and also studies with P. Purpurogenum 
DPUA 1275  demonstrated that a lower pH is favorable for pigment production71. 

 

5.3.2 TEMP ERA TU R E 
For most microorganisms temperature is a critical environmental factor for regulating develop- mental and physiological 
processes. Monascus spp. are typically cultured at 25–30°C119. Nonetheless it has been reported that low temperatures 
(25 °C) can promote a ten-fold greater yield than higher temperatures (30°C)120. This could be explained by slower cell 
growth and improved homogeneity in the fermenter, better oxygen transfer and lower viscosity. Using solid state 
fermentation, optimal pigment producing conditions were reported to be 30°C indicating a thermoprotective role of the 
pigments101. T. atroroseus, P. Purpurogenum DPUA 1275  and other related species are typically cultivated at 30°C48,71,73. 

 

5.3.3 OXY G EN  S UP P LY  BY  A ER ATION  RAT E AN D OR BIT A L STI RRIN G 
Levels of oxygen and carbon dioxide in the gas environment were found to influence pigment production significantly in 
Monascus species. Oxygen acts primarily as the final electron acceptor in oxidative phosphorylation and also as a 
substrate for oxygenases in fungal metabolism121. Hajjaj et al. reported that the concentration of biomass and secondary 
metabolites including monascus pigments and citrinin were increased by improving oxygen supply, especially by increasing 
the dissolved oxygen concentration in media through application of higher orbital stirring rates36. However, pigment 
production was increased to a lesser degree than citrinin production suggesting that a more moderate oxygen transfer 
coefficient would be required to improve the proportion of red pigment/citrinin production122.  
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One challenge to efficient mixing and mass transfer in fungal cultivations, is the nature of the morphology in submerged 
cultivation. Changes in morphology can alter the viscosity of filamentous fermentation broths, with additional effects on 
mixing and mass transfer. Santos-Ebinuma et al. tested the significance of orbital stirring in a fractorial factorial design and 
concluded that while as main variable it did not have a significant effect, its interaction with other independent variables 
was significant71. Shake flask cultivation with Talaromyces related species are usually run at 200 rpm72. However, it would 
be recommended to conduct investigations of oxygen transfer using a bioreactor set-up because where other parameters 
can be controlled and dissolved oxygen concentrations as well as off-gas composition could be measured. This type of 
information would be essential to elucidate the relationship between oxygen, agitation and pigment production in T. 
atroroseus. 

 

5.3.4 LIG HT 
Pigment production in Monascus is greatly influenced by various light sources including white, red, blue, yellow, and green 
light27. Monascus species generally score a maximal pigment yield in darkness and minimum one in white light123. M. 
purpureus and P. purpurogenum both yield the highest extracellular pigment yield with no light exposure76. Even total 
suppression of pigment production in direct illumination was reported124. It is suspected that Monascus species possesses 
a system for differential light response and regulation125. The responses are mediated by light photoreceptors capable of 
initiating the signal transmission that result in changes in the gene expression encoding enzymes responsible for mycelial 
growth and secondary metabolite productions in fungi123.  

Light exposure could be a relevant factor for upscaling an industrial process for pigment production in terms of production 
site and choice of bioreactors. So far not data is available on Talaromyces related species regarding light dependency. 

 

5.4 TYPE OF CULTIVATION 
5.4.1 SU B MER G ED  V S.  SOLI D  ST AT E 
Monascus pigments can be produced by solid-state fermentation (SSF)126,127 or submerged fermentation (SF)39,103 in shake 
flasks or bioreactors. Whereas the products of SSF can be directly used as food colorants128 as the fungus together with its 
substrate is ground to a fine powder, products of SF need to be extracted before being used.  

SSF is a classical process to produce Monascus pigments in Asia, in which the fungus is inoculated into steamed rice or rice 
kernels spread on wooden trays and cultured for about 20 days in an air-, moisture-, and temperature-controlled room7. 
Other  agro-industrial materials, such as potato-dextrose can be used as substrates129. Substrate humidity should be rather 
low in order to prevent bacterial contamination, circumvent the sticking together of rice grains and to keep a low 
glucoamylase activity33,130. To secure sufficient aeration of the mycelium it is advisable to separate grains from 
agglomerates formed during sterilization or cultivation. As the pigments produced by SSF are unpurified products their 
application is limited. Utilization of submerged cultivation can help to overcome the problem of process control131.  

When grown in a submerged cultivation, the fungus can be cultivated in shake flasks or bioreactors using a wide array of 
defined or complex media. Pigment production processes performed in bioreactors outcompete processes performed in 
shake flasks in terms of information level due to the higher degree of control. Improved growth and pigment production 
may be due to better hydrodynamics and oxygen transfer81. When comparing solid state with submerged fermentation, 
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SSF possesses many advantages including simpler technique, less capital investment, lower levels of end-product 
inhibition and catabolite repression, lower amount of waste output, better product recovery, and higher yield27. However, 
with respect to productivity, cultivation in a stirred tank reactor is more economically viable because it is controllable; it 
has shorter cultivation times, lower production costs in the long run and higher product quality. It is the only cultivation 
mode that assures a completely controlled process. It allows upscaling of the parameters and offers several possibilities 
such as continuous cultivation or fed batch cultivation106 for studying the metabolism, fine-tuning the process and 
optimizing the production yield. Continuous cultivations are very attractive from an academic point of view, since the 
concept of steady state offers an excellent opportunity to measure the rate of metabolic reactions or characterize the 
morphology of the fungus at a set of well-defined operating conditions132, however, in-depth physiological 
characterization would be required before continuous processes could be designed and implemented for pigment 
production. T. atroroseus and other related species have so far mainly been studied on agar plates59,66 or in submerged 
cultivation using shake flasks68,71,72 . No bioreactor data is available yet, so there are still great unexplored opportunities 
for studying these potential cell factories by using different submerged cultivation strategies in a bioreactor based set-ups.  

 

5.4.2 EXT RA CTIV E FER MENT ATION 
Extractive fermentation offers a way to extract orange, cell bound Monascus pigments into the extracellular broth during 
cultivation by using a nonionic surfactant micelle aqueous solution55,79,89. A surfactant micelle aqueous solution is able to 
solubilize various species with a very broad polar spectrum and is so helping to overcome the reagent incompatibility- the 
lipophilic nature of orange Monascus pigments and the solubility of the hydrophilic amino acids in aqueous solution- and 
thereby yielding a higher red pigment formation rate. 

It can be concluded that many parameters should be considered when setting up a process with a fungal cell factory 
(Figure 8). This requires the careful selection of potential producers followed by the identification of the product of 
interest. A detection, identification and purification strategy for the new product is necessary to ensure reliable 
quantification and qualification. The optimised process will not only be dependent on the media composition, but also on 
the cultivation mode and physical cultivation conditions. In order to find the best combination of these parameters 
statistical designs of experiment should be employed. If available, genetic engineering techniques can be used to further 
optimize production yields by directing the metabolism towards higher product formation or by elimination of by-
products.  When using a bioreactor based set-up for pigment production, investigations regarding scale-up should be 
undertaken in order to gain industrial attractiveness. Assessing yield coefficients of the process offers the possibility to 
quantitatively compare different process-designs. They can be evaluated based on product formation, substrate 
consumption or turn-over.  
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FIGURE 8. INTERACTING PARAMETERS TO BE CONSIDERED WHEN IMPLEMENTING NOVEL CELL FACTORIES FOR PIGMENT PRODUCTION 

5.5 METABOLIC ENGINEERING 
In the past decade, great progress has been made studying and manipulating Monascus spp. at the genetic level using 
molecular biology techniques to restrain the citrinin production or increase the yields of pigments and other beneficial 
products such as monacolin K. Up to now, hundreds of papers about Monascus molecular biology have been published133. 
For example, the polyketide syntheses genes responsible for the biosynthesis of monacolins and citrinin have been 
identified and cloned in Monascus spp.134,135. Furthermore, in 2013, the azaphilone pigment biosynthetic gene cluster was 
identified through T-DNA random mutagenesis in Monascus purpureus confirming a crucial role of mppR1 and MpPKS544. 
The complete genome of Monascus purpureus YY-1 was provided in 2015111. It consists of eight chromosomes and 7491 
genes. The genome from Monascus ruber is also publicly available136.  

Among Talaromyces genomes Talaromyces stipitatus137,138 and T. marneffei139 are publicly available, however T. stipitatus 
has never been reported to produce Monascus pigments, and T. marneffei is an opportunistic human pathogen. 
Therefore, these two are not suitable choices for Monascus pigment gene cluster studies. In a study in 2013, 454 
sequences of T. atroroseus IAM15392 (Published as P. purpurogenum) were used as basis for qPCR expression comparison 
of genes (glnA: glutamine synthetase; gdhA: glutamate dehydrogenase) involved in the ammonia assimilation pathway in 
response to media concentration of L-glutamate and L-glutamine61. However, the draft sequence data has not been made 
publicly available. In the absence of a genome sequence for pigment producing Talaromyces related species, genetic 
engineering of these strains will be severely hampered. But even if the genomes are known, genetic tools are poorly 
developed for most filamentous fungi. However, accessibility of the genome of Talaromyces atroroseus could pave the 
way for omics-driven analyses which are an essential approach to evaluation of genetic regulation and offer a holistic view 
of cellular functions. 
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One potential tool for genetic engineering of filamentous fungi was presented recently. The CRISPR-Cas9 based system is 
now adapted for use in filamentous fungi. The system is simple and versatile, as RNA guided mutagenesis can be achieved 
by transforming a target fungus with a single plasmid. The system currently contains four CRISPR-Cas9 vectors, which are 
equipped with commonly used fungal markers allowing for selection in a broad range of fungi140.  

Gene targeting (knockout), which can be used to delete genes, replace allele, and tag genes with epitope tags or 
fluorescent proteins is a useful technique to study gene function in living organisms. Normally, gene replacement 
frequencies of filamentous fungi are very low, due to the competition with non-homologous end-joining (NHEJ)141. NHEJ is 
the dominant pathway in many eukaryotes, and its critically related genes include ku70, ku80. ku70 and ku80 proteins 
recruit other NHEJ proteins, therefor deletion of ku70 or/and ku80 can efficiently improve the gene replacement 
frequencies s of filamentous fungi133.  

Access to the genome sequence of T. atroroseus could greatly extend the possibilities of physiological characterization and 
analysis with all omics-derived technologies. Furthermore it would allow the development of metabolic engineering 
strategies in order to manipulate T. atroroseus to improve pigment secretion. Studies of the genome could also answer 
relevant questions, such as how many genes directly are responsible for the biosynthesis of Monascus pigments in 
Talaromyces, and if these are the same as in Monascus spp.  

 

6. PIGMENT PROPERTIES 
With the purpose of being used as a food colorant, Monascus pigments and their derivatives need to fulfill certain 
requirements. Heat, light and pH stability are desirable characteristics as well as good solubility in water. A potential 
toxicity has to be ruled out. Only few reports on toxicity of Monascus pigments can be found, probably due to his 
extensive historical use. However, the yellow pigment ankaflavin has shown selective cytotoxicity to cancer cell lines by an 
apoptosis-related mechanism but the structural analogue monascin has shown no cytotoxicity to all cell lines tested142. 
These results indicate however that both monascin and ankaflavin are safe for consumption in moderate concentrations. 
Furthermore potential bioactivity needs to be investigated and evaluated carefully in order to properly declare potential 
additional features of the pigment. As there are so many derivatives of the Monascus pigments, every modification of the 
molecule, meaning the incorporation of an amino acid, a carboxylic acid or a glycosyl-group might lead to slightly changed 
biological and chemical properties143. 

The beneficial  properties of the Monascus product “red rice” have been demonstrated in Asia for centuries and also more 
recent studies demonstrate their useful biological activities for medical purposes28,144–148. Special health beneficial 
properties of Monascus pigments include antimicrobial, antifungal, antiviral, antioxidant, cytotoxic and anti-inflammatory 
activities as well as anti-mutagenic and anticancer properties or even potential anti-obesity characteristics 27,149–151.  These 
qualities should be further investigated in order to assess their potential impact for functional food or drug discovery. 

More specific examples of pigment bioactivity are, among others, the antimicrobial effect of the two classical orange 
pigments rubropunctatin and monascorubrin 152,153 or of the Monascus pigment derivatives of hydrophobic amino acids84. 
Moreover the yellow pigments ankaflavin and monascin were found to exhibit similar anticholesterolemic effects as 
another secondary metabolite of Monascus, monacolin K154 and experiments with rats indicated anti-obesity effects of 
monascus pigment amino acid derivatives with tryptophan and leucine155. 
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The rather non-selective bioactivity of azaphilones is due to the formation of vinylogous γ-pyridones149; a reaction, in 
which the oxygen atom in the pyrane ring is exchanged for nitrogen from amino group-containing compounds. This 
explains also while when comparing the 6 classical pigments, most of the bioactive properties are associated with orange 
and yellow pigments, and not with red ones. 

Since T. atroroseus and other related species produce the same group of pigments, similar properties should be associated 
with them. But so far, no bioactivity tests have been performed on the pigments exclusively linked to T. atroroseus PP-O, 
PP-R, PP-V and PP-Y. Unfortunately most of the pigment analysis in the literature is so far still only based on absorbance 
measurements, and therefore the exact composition of the pigments remains unknown.  Identification of the individual 
pigments needs to be undertaken in order to determine detailed properties of the pigments produced. 

7. CONCLUSION AND OUTLOOK 
 

In this chapter the novel producer of Monascus pigments -T. atroroseus- was presented as a potential cell factory for the 
production of natural pigments, and a safe alternative to established processes for bioproduction of red pigments. A solid 
Increased knowledge of cellular performance will allow pigment production in T.atroroseus to be optimized and 
implemented on industrial scale. Firstly, standardized cultivation protocols are required to establish reproducible 
processes which can lead to tailored pigment production, for specific chemical compounds which can beapplied as 
colorants in a variety of industries. Analytical methods to analyze and confirm known molecular pigment structures and 
tools to elucidate novel pigments are critical for this process. Genomic data on Talaromyces atroroseus is necessary to 
fully understand the production pathway and to enable genetic engineering strain- improvement approaches. 
Talaromyces atroroseus represents an excellent candidate for satisfying the demand of society for natural derived 
harmless food colorants.  
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Abstract 5 

Three new azaphilones, sassafrin E, sassafrin F, and sassafrinamine A, were isolated from the filamentous 6 

fungus Aspergillus neoglaber. The structure of the compounds were determined by nuclear magnetic 7 

resonance spectroscopy, and were found to be novel analogues of two already known classes, sassfrins and 8 

berkchaetoazaphilones. Sassafrin E and F were both oxygen containing, while sassafrinamine contained a 9 

nitrogen atom, originating from an ethanolamine moiety, as well as extensive conjugation resulting in an 10 

intense purple colour of the pure compound. The structrure of sassafrin E was further confirmed using 11 

deuterium exchange experiments coupled with high resolution tandem mass spectrometry. 12 

Introduction 13 

Discovery of novel microbial secondary metabolites with bioactive properties has for decades been an 14 

important research field since a large proportion of new pharmaceutical are derived from natural products.1 15 

One strategy for finding new compounds is by looking into the secondary metabolites of newly described 16 

species. The secondary metabolites of the filamentous fungus Aspergillus neoglaber (= Neosartorya glabra) 17 

has not been well described, and only little research has been done to gain a better understanding of which 18 

compounds are produced by this species.2–4. Some of the known secondary metabolites include the bioactive 19 

glabramycins3,5 and satoryglabrins4, and various diketopiperazines and tetracyclopeptides2. Investigation of 20 

the secondary metabolite profile by HPLC-MS tentatively suggested the presence of additional already known 21 

bioactive secondary metabolite, among these the acetylcholineesterase inhibitor, arisugacin C, previously 22 

identified in Penicillium echinulatum.6 The prospect of identifying novel analouges belonging to this 23 

compounds class incited us to further study the secondary metabolite capabilities of A. neoglaber. 24 

Results and Discussion 25 

Ultra-high performance liquid chromatography coupled to diode array detection and high resolution tandem 26 

mass spectrometry (UHPLC-DAD-HRMS/MS) analysis of the ethyl acetate extract (Figure 1) from the 27 

filamentous fungus Aspergillus neoglaber IBT3020 led to the identification of a compound (1) with the same 28 

accurate mass and molecular formula (m/z 453.2277, [M+H]+, C27H32O6) as the acetylcholineesterase inhibitor 29 
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arisugacin C.6,7 Further investigation by comparison of retention time, UV-VIS spectrum, and fragmentation 30 

pattern, with an extract from Penicillium echinulatum, a known producer of arisugacin C, indicated that the 31 

compound in A. neoglaber was not arisugacin C, but rather an analogue or an entirely different secondary 32 

metabolite (see supplementary material S1). In addition to 1, a second compound (2) with a mass and 33 

molecular formula corresponding to addition of two protons was tentatively identified as a likely analogue 34 

(m/z 455.2428, [M+H]+, C27H34O6). The two compounds were purified along with a third compound (3) 35 

absorbing at 550 nm with a m/z of 494.2541 (molecular formula C29H36NO6).  36 

 37 

Figure 1. Base peak chromatogram of the ethyl acetate extract from A. neoglaber grown on YES medium. 38 

In order to purify the three compounds, A. neoglaber IBT 3020 was cultivated on 6x500mL semi liquid YES 39 

media. The biomass was extracted with ethyl acetate, and purification was done using normal phase flash 40 

chromatography followed by semi-preparative RP-HPLC. One- and two-dimensional NMR experiments were 41 

used in order to elucidate the structure of the compounds. 42 

In compound 1, a total of 27 protons could be identified from the 1H-spectrum, matching the expected 43 

formula. In combination with edHSQC, 12 CH-groups, two CH2-groups, and five CH3-groups could be 44 

identified. Eight of the CH groups had carbon shifts matching alkenes, and one was identified to be attached 45 

to a hydroxyl group. Both CH2-groups appeared as diastereotropic.  3J H-H couplings obtained from DQF-46 

COSY, identified four spin systems consisting of H-1 to H-3, H-13 to H-16 and H-15-CH3, H-18 to H-21, and H-47 

10 and H-23, as well as five singlets. Correlations in the DQF-COSY, were all confirmed in H2BC. HMBC 48 

correlations linked H-15, H-17-CH3 and H-18 to C-17, and H-10 and H-20 to C-22. Additionally, H-1, H-2 and 49 

H-3, along with H-5 was linked to C-4. Ambiguity in the HMBC around C-6 and C-11 meant that additional, 50 

more specific experiments were needed, and 1,n- and 1,1-ADEQUATE were able to connect H-5 and H-7 to 51 

C-6, H-10 to C-11, as well as H-9-CH3 to C-24 (Figure 2). NOESY correlations around the lactone could assign 52 

relative stereochemistry to the methyl group on C-9 and the two protons H-10 and H-23. In summary, 53 
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compound 1 turned out to be a novel azaphilone, with high structural similarities with groups of compounds 54 

such as sassafrins8 and berkchaetoazaphilones9, and have been named sassafrin E.  55 
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Figure 2. Structure and key HMBC and ADEQUATE correlations for sassafrin E (1). 57 

The NMR data for compounds 2 and 3, was highly similar to that of 1, with only few variations. Compound 2 58 

was determined to only differ from 1, by having the ketone at C-22 being reduced to a hydroxyl group and 59 

has been named sassafrin F.  60 

Table 1. 1H and 13C NMR shifts for compounds 1, 2, and 3. 61 

 Sassafrin E (1)  Sassafrin F (2)  Sassafrinamine A (3) 
# δH δC  δH δC  δH δC 
1 1.22 23.4  1.23 22.1  1.33 23.6 
2 4.06 66.2  40.01 65.3  4.15 67.9 
3 2.52/2.59 43.7  2.55 42.3  2.95/3.01 41.5 
4 - 162.9  - 161.3  - 154.7 
5 6.34 109.9  6.34 108.5  7.08 122.4 
6 - 148.2  - 147.3  - ? 
7 5.41 105.7  5.38 104  6.86 99.1 
8 - 194.1  - 193.3  - 196 
9 - 84.3  - 82.7  - 86.5 

9-CH3 1.55 23.5  1.55 21.5  1.69 30.1 
10 4.03 44.6  3.63 42.1  - ? 
11 - 116.4  - 114.8  - 119.9 
12 7.53 149.8  7.42 150  8.35 144.4 
13 0.86 12.3  0.87 10.9  0.87 12 
14 1.30/1.42 31.2  1.29/1.42 30.1  1.31/1.43 31 
15 2.48 36.1  2.45 34.3  2.48 35.6 

15-CH3 0.99 20.6  0.99 19.6  0.99 20.5 
16 5.60 147.4  5.32 139.7  5.51 144.9 
17 - 134.4  - 138.1  - 134.2 

17-CH3 1.82 12.6  1.78 11.4  1.85 12.4 
18 6.77 150.4  6.3 138.1  6.68 146.9 
19 6.40 125.7  6.15 125  6.45 126.4 
20 7.41 148.4  6.4 131.1  7.36 142.4 
21 6.46 128.2  5.65 132.4  7.55 127.9 
22 - 192.4  4.83 68.1  - 185.8 
23 4.41 55.7  3.01 48.7  - ? 
24 - 171.3  - 174.4  - 173.6 
1'       4.32/4.51 57.7 
2'       3.89 61.3 

 62 
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Compound 3 (m/z 494.2541, [M+H]+, C29H36NO6) included three additional hydrogen atoms, two more carbon 63 

atoms, as well as a nitrogen, relative to 1. From HSQC, the additional carbon atoms were determined to be 64 

two CH2-groups (C-1’ and C-2’). HMBC correlations from H-12 to C-1’ determined the two-carbon moiety to 65 

be N-linked to the isoquinoline ring. Furthermore, no signals were observed for protons H-10 and H-23, and 66 

it is therefore assumed that these are connected via a double bond. Similarly, no correlations to C-6 were 67 

observed. The UV-VIS spectrum for 3 was quite unique, with slight absorption all the way from 270 nm to  68 

580nm, with maximum at 545 nm (SUPP), and the extensive conjugation agrees well with the violet/purple 69 

colour of the pure compound. Compound 3 has been named sassarinamine A1, based on the incorporation 70 

of nitrogen. Structures of compounds 1, 2, and 3 are shown in Figure 3 and chemical shifts are listed in Table 71 

1. Recorded NMR spectra for each compounds can be found in supplementary material S2 and UV-VIS spectra 72 

can be found in S3. 73 
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Figure 3. Numbered structures of sassafrin E (1), sassafrin F (2), and sassafrinamine A (3).Figure 2 75 

In addition to the NMR experiments, we were able to further confirm the structure of sassafrin E, by 76 

exchanging H-23 with deuterium, and using the isotope labelled fragments in tandem MS experiments. In 77 

this way a proposed fragmentation pathways for the molecule could be suggested (spectra in supplementary 78 

material S4). What appears to be three separate fragmentation pathways is proposed based on the observed 79 

fragments (Figure 3). 80 

1 Correlations to C-6, C-10 and C-23 were not observed for 3, and the tricyclic part of the structure was determined 
based on similarities with the remaining signals, compared to compound 1 and 2. 
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Figure 4. Proposed MS/MS fragmentation pathways for sassafrin E (1), based on deuteration in position H-23. 82 

In summary, the isolated compounds are members of the compound class azaphilones, a diverse group of 83 

compounds, such as the ones obtained from various Monascus species, the so-called Monascus pigments.10 84 

The exact biosynthetic pathway of these compounds of have not been elucidated, though several proposals 85 

have been made, and it is expected that the compounds described in this study are synthesised in a similar 86 

fashion, as outlined in Figure 5.11–16 However, in contrast to most other azaphilone pigments which are made 87 

from a hexaketide and a 3-oxo-fatty acid, sassafrin E and F, and sassafrinamine A are expected to be 88 

constructed from two polyketides, due to the relatively low level reduction of the second polyketide chain 89 

(C-13 to C-24). For Sassafrin F, we further expect the reduction at the ketone at C-22 to happen after 90 

construction of the compound backbone, as PKSs are usually stringent with regard to the reduction pattern 91 
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of their products, and it is unlikely that two different PKs would be incorporated into the same biosynthetic 92 

pathway. The fusion of the lactone ring also differ from Monascus pigments and is more similar to compounds 93 

such as chaetoviridins.17 As we have recently discovered for the compound class atrorosins, the incorporation 94 

of nitrogen into the isochromene system can be done using various primary amine containing 95 

compounds.18,19 We speculate that the nitrogen, and additional carbons and oxygen in sassafrinamine A 96 

originates from a decarboxylated serine, i.e. ethanolamine which is abundant in cells as constituents in 97 

phospholipids in cell membranes20. 98 
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Figure 5. Proposed biosynthetic pathway, for compounds 1, 2 and 3. 100 

Experimental 101 

Solvents and instrumentation 102 

All solvents were acquired from Sigma-Aldrich (St. Louis, Missouri, USA), ultra-pure water was made with a 103 

Milli-Q system (Millipore, Burlington, Massachusetts, USA). 104 

Ultra-high Performance Liquid Chromatography-High Resolution Tandem Mass Spectrometry (UHPLC-105 

HRMS/MS) was performed on an Agilent Infinity 1290 UHPLC system (Agilent Technologies, Santa Clara, CA, 106 

USA) equipped with a diode array detector. Separation was obtained on an Agilent Poroshell 120 phenyl-107 

hexyl column (2.1 × 250 mm, 2.7 μm) with a linear gradient consisting of water (A) and acetonitrile (B) both 108 
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buffered with 20 mM formic acid, starting at 10% B and increased to 100% in 15 min where it was held for 2 109 

min, returned to 10% in 0.1 min and remaining for 3 min (0.35 mL/min, 60 °C). MS detection was performed 110 

in positive detection mode on an Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream electrospray 111 

ion source with a drying gas temperature of 250 °C, gas flow of 8 L/min, sheath gas temperature of 300 °C 112 

and flow of 12 L/min. Capillary voltage was set to 4000 V and nozzle voltage to 500 V. Mass spectra were 113 

recorded at 10, 20 and 40 eV as centroid data for m/z 85–1700 in MS mode and m/z 30–1700 in MS/MS 114 

mode, with an acquisition rate of 10 spectra/s. Lock mass solution in 70:30 methanol:water  was infused in 115 

the second sprayer using an extra LC pump at a flow of 15 μL/min using a 1:100 splitter. The solution 116 

contained 1 μM tributylamine (Sigma-Aldrich) and 10 μM Hexakis(2,2,3,3-tetrafluoropropoxy)phosphazene 117 

(Apollo Scientific Ltd., Cheshire, UK) as lock masses. The [M + H]+ ions (m/z 186.2216 and 922.0098 118 

respectively) of both compounds were used. 119 

1D and 2D NMR spectra were recorded on a Bruker Avance 600 MHz or Bruker Avance 800 MHz spectrometer 120 

(Bruker, Billerica, MA, USA) located at the Department of Chemistry at the Technical University of Denmark. 121 

NMR spectra were acquired using standard pulse sequences. The solvent used was MeOD, which was also 122 

used as references with signals at δH = 3.31 ppm and δC = 49.0 ppm. Data processing and analysis was done 123 

using TopSpin 3.5pl7 (Bruker). J-couplings are reported in hertz (Hz) and chemical shifts in ppm (δ). Atrorosin 124 

Q was measured in DMSO-d6, and the remaining compounds were measured in MeOD. 125 

Strain and purification 126 

The strain used for this study was Aspergillus neoglaber IBT3020, obtained from the DTU strain collection. 127 

For large scale extractions, the fungus was grown in six 2L conical flasks each with 500 mL of semi-liquid YES 128 

medium. 129 

Extraction was done twice on the biomass using ethyl acetate acidified with 1% formic acid. Initial 130 

fractionation of the extract was done on an Isolera One (Biotage) flash system using a diol column eluted 131 

stepwise with dichloromethane (DCM), DCM:EtOAc (1:1), EtOAc, EtOAc:MeOH (1:1), and MeOH. Final 132 

isolation of the pure compounds was done using a semi-preparative Waters 600 Controller with a 996 133 

photodiode array detector (Waters, Milford, MA, USA) equipped with a Luna II C18 column (250 × 10 mm, 5 134 

μm, Phenomenex), using a H2O/acetonitrile gradient with 50 ppm TFA. 135 
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S1. Dereplication of mz453 compound in Aspergillus neoglaber compared to Penicillium echinulatum. 

Figure S1. A) Extracted ion chromatogram (m/z 453.2277) for extracts from P. echinulatum and A. neoglaber. B) UV-VIS spectra for 
the mz453 compounds in P. echinulatum (top) and A. neoglaber (bottom). C) Tandem mass spectra (20 eV) for the mz453 

compounds in P. echinulatum (top) and A. neoglaber (bottom).  
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S2. NMR spectra for sasasfrin E (1), sassafrin F (2), and sassafrinamine A (3).
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S3. UV-VIS spectra for A) sassafrin E, B) sassafrin F, and C) sassafrinamine A. 

Figure S 4. UV-VIS spectra for A) Sassafrin E, B) Sassafrin F, C) Sassafrinamine A. All spectra were recorded during UHPLC analysis in 
acetonitrile and H2O, acidified with 20mM fromic acid. 
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S4. Tandem mass spectra for deuterated sassafrin E (1). 

Figure S2. Tandem mass spectrum for deuterated sassafrin E (1) at 20 eV colission energy. 
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Figure S3. Tandem mass spectrum for deuterated sassafrin E (1) at 40 eV colission energy 
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 Abstract 8 

The black aspergillus, Aspergillus brasiliensis, a black aspergillus known to produce compounds such as 9 

naphto-γ-pyrones and cyclic peptides. From analysis by ultra-high performance liquid chromatography 10 

coupled to diode array detection and high-resolution mass spectrometry (UHPLC-DAD-HRMS), one strain of 11 

A. brasiliensis was found to be a prolific producer of a novel compound with strong absorption at 350 nm. In 12 

this paper, we present the structuras well as the genetic origin of a novel class of compounds, brasenols. The 13 

compounds are reduced polyketides linked to 3-hydroxy fatty acids of varying length and saturation via a core 14 

lactone. During initial bioactivity tests of one of the analogues, brasenol A1 demonstrated antibacterial 15 

properties. Furthermore upon heterologous expression of the gene cluster in A. nidulans sporulation was 16 

greatly inhibited, likely due to interference of the primary fatty acid metabolism. 17 

Keywords: Aspergillus brasiliensis, secondary metabolites, NMR, comparative genomics 18 

Introduction 19 

Fungal secondary metabolites (SM) are a well-known source for interesting compounds; e.g. bioactives for 20 

use as pharmaceuticals or pesticides, or pigments for use in the food industry. However, even though many 21 

compounds have been discovered based on bioactivity guided approaches, many fungal species have not been 22 

thoroughly investigated, thus leaving a great amount of novel compounds still to be found. Additionally, 23 

advancements in genome sequencing technologies has made bioinformatics approaches to natural products 24 

discovery and pathway elucidation a much more attractive strategy. 25 

Chemical investigation of an extract from the filamentous fungus A. brasiliensis, resulted in discovery of a 26 

class of polyketide derived compounds not previously described, brasenols. When searching our in-house 27 

database, we discovered that these compounds were also produced by other black aspergilli, namely A. 28 

carbonarius and A. ellipticus. This encouraged us to identify the gene cluster responsible for production of the 29 

compounds. BLAST analysis of two of the producing fungi, A. brasiliensis and A. carbonaius, as well as the 30 
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non-brasenol producing A. tubingensis, was used to identify the responsible polyketide synthase (PKS), 31 

allowing identification of the gene cluster. The brs gene cluster was determined to encode the PKS, BrsA, a 32 

hydrolase, BrsB, an esterase, BrsC, and a transporter, BrsD, and a proposed biosynthetic pathway could be 33 

suggested. 34 

Results and Discussion 35 

Isolation and identification of novel metabolite from A. brasiliensis 36 

Aspergillus brasiliensis is a producer of known compounds such as aurasperones, pyroranonigrins, aflavinine, 37 

tensidols, and malformins1,2, as well as several compounds that appear to be unique to A. brasiliensis. By 38 

dereplication of HPLC-DAD-MS data obtained from analysis of plug extracts of A. brasiliensis strain type 39 

culture (CBS 101740/IBT 21946) cultivated on YES (Yeast Extract Sucrose) growth medium, we detected the 40 

presence of a relatively large peak having a mass-to-charge ratio (m/z) of 331.1909 (corresponding to a 41 

molecular formula of C20H26O4, DBE = 8, calculated m/z = 331.1904, 1.51 ppm mass accuracy). Moreover, 42 

the compound showed a non-familiar UV spectrum with strong absorption at 350 nm, suggesting the presence 43 

of a conjugated double bond system (Supplementary Material S1). Adding these observations to the ratio of 44 

protons to carbons and of oxygens in the formula, indicated that the compound could be a reduced polyketide, 45 

or potentially derived from fatty acids, and we speculated that it was an unknown secondary metabolite.  46 

In order to elucidate the structure of the main compound having the m/z = 331.1904, we cultivated the strain 47 

on 200 solid agar plates of YES medium and harvested all biomass and media with ethyl acetate (EtOAc). 48 

Using flash chromatography and semi-preparative reversed phase chromatography, we isolated approximately 49 

3 mg of the compound. The pure compound was subjected to one- and two-dimensional NMR spectroscopy 50 

and from the 13C spectrum a total of 20 carbon atoms distributed along 19 signals were identified. The 1H 51 

spectrum along with the multiplicity edited HSQC could detect all 26 protons, listed in Table 1 (NMR spectra 52 

can be found in Supplementary Material S3). DQF-COSY provided correlations for two spin systems; one 53 

consisting of atoms 1 through 9, and one consisting of 1’ through 7’ (Figure 1). From HMBC experiments 54 

carbons 8’, 10, 11, and 12 could be linked to the two spin systems, placing them on each side of a central 55 

lactone ring. An unusually high chemical shift of 17.6 ppm was determined to originate from an enol, with the 56 

proton situated on one of the oxygen atoms of carbons 8’ or 10. The placement of the enol-proton on the 57 

oxygen bonded to 10 rather than 8’ was determined by a W-coupling in the DQF-COSY spectrum from the 58 

enol-proton to carbon 9. It is, however, worth noting that the spectra were recorded in deuterated chloroform, 59 

and that in a biological environment, both tautomers are believed to exist in equilibrium. To further confirm 60 

the placement of carbons 8’ and 10, a 1,1-ADEQUATE experiment was recorded, confirming the 7’-8’ and 9-61 

10 linkages. The structure of the compound, which we have named brasenol A1, is shown in Figure 1. 62 
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Figure 1. Numbered structure of brasenol A1. 64 

Based on the structural elucidation, we expected the compound to originate from a hexaketide (1-12) and a 65 

fatty acid (1’-8’), and in addition to brasenol A1, several putative analogues were identified with similar 66 

absorption spectra. These included m/z’s 333.2060, 357.2060, 359.2217, 361.2373, 383.2217 and 385.2373, 67 

and we speculated these to contain fatty acid moieties of varying lengths and degrees saturation. The literature 68 

only contains a few examples of compounds similar to brasenol A1: The fungal compounds alternaric acid3, 69 

fujikurins A-D4, lachnelluloic acid5, and CR3776, and the plant metabolites podoblastin A-C7 are compounds 70 

a with a similar lactone ring structure. Several of these compounds have been reported to be bioactive3,6,7, 71 

Initial bioactivity tests showed brasenol A1 to possess mild antibacterial properties against methicillin-resistant 72 

Staphylococcus aureus (MRSA) MB5393, with a minimum inhibitory concentration (MIC) of 28.44 µg/mL.  73 

However, none of the five mentioned compounds also having the lactone ring structure appeared to display 74 

antibacterial activity. 75 

Table 1. 1H and 13C NMR-shifts for brasenol A1. 76 

  Brasenol A1 

# δH δC 

1 1.63 (m) 17.6 

2 5.45 (m) 126.1 

3 5.36 (m) 129.1 

4 2.1 (m) 31.3 

5 2.25 (q, J = 7.2 Hz) 33.1 

6 6.27 (m) 147.6 

7 6.34 (dd, J = 11/14.8 Hz) 129.8 

8 7.54 (dd, J = 10.8/15 Hz 147.3 

9 7.38 (d, J = 15 Hz) 122.0 

10 - 186.3 

10-OH 17.59 (s) - 

11 - 101.7 

12 - 164.7 

1' 1.63 (m) 17.6 
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2' 5.45 (m) 126.1 

3' 5.36 (m) 129.1 

4' 2.15 (m) 27.5 

5' 1.64/1.84 (m) 34.2 

6' 4.35 (m) 72.9 

7' 2.55/2.59 (m) 39.5 

8' - 198.3 

 77 

Identifying backbone biosynthetic machinery for production of brasenols 78 

We hypothesized brasenol A1 to be of polyketide origin, and therefore set out to investigate which genes were 79 

responsible for production of the compound. To facilitate the genome mining by using comparative genomics 80 

across related species, we examined a handful of the species representing the section Nigri in Aspergillus for 81 

production of brasenol A1, including A. niger, A. carbonarius, A. tubingensis, and A. aculeatus. Interestingly, 82 

A. carbonarius was also found to be a producer of brasenol A1, as well as the same putative analogues 83 

identified in A. brasiliensis. In order to identify gene candidates, we performed BlastP analyses using a generic 84 

ketide synthase (KS) domain (see Supplementary materials S2) representing the polyketide synthase, against 85 

the full set protein sequences of the brasenol producers A. brasiliensis and A. carbonarius as well as A. 86 

tubingensis, a closely related non-producer. 87 

The results from the BLAST analysis allowed us to rank and select candidate proteins according to the display 88 

of high homology. The limit was set to more than 50 % identity between PKS candidates in A. brasiliensis and 89 

A. carbonarius, and the candidate should not be encoded by A. tubingensis. For this strategy to be valid, we 90 

anticipated that the gene cluster was not present in the non-producer, and not just silent. Moreover, the 91 

candidate PKS should contain DH, KR and ER domains as well, for full reduction of the growing polyketide 92 

chain. Using these criteria as a genome mining approach, only one PKS (ABRA_145702) did not contain any 93 

extracurricular activity besides the three reductive domains DH, KR and ER. Other candidates contained either 94 

condensation (C) domains, which is characteristic for PKS-nonribosomal peptide synthetase (NRPS) hybrids, 95 

or methyl transferase (MT) domains – no methylation was expected in brasenol A1. 96 

Delineating the gene cluster for brasenol production 97 

The PKS candidate was deleted in our A. brasiliensis akuAΔ strain and validated by diagnostic PCR (data not 98 

shown) following the scheme depicted in Supplementary Material S5. Verified homokaryotic deletion strains 99 

were cultivated on YES media at 30 °C for one week followed by plug extraction. The metabolite profile for 100 

the mutant was analysed by UHPLC-DAD-HRMS and compared to a reference strain still expressing the gene 101 

(Figure 2). In the extracts of the Abra_145702 (named brsA) deletion strain, no brasenol was detected, strongly 102 
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suggesting the gene to encode a PKS involved in brasenol production. Reintroducing the PKS into the brsA 103 

deletion strain completely restored production of brasenols, confirming that this gene indeed could be linked 104 

to brasenol production. Upon reintroduction of the PKS, the ratio of brasenols was slightly changed, resulting 105 

in a mutant producing elevated amount of tentative analogues containing a proposed twelve-carbon fatty acid. 106 

We expect this to be a result of the altered regulation of the reintroduced gene, as it was constitutively 107 

expressed.  108 

 109 

Figure 2. Extracted ion chromatograms of brasenol A1 (m/z=331.1904±0.01) in the A. brasiliensis wildtype and the brsA deletion 110 
mutant. 111 

After the successful abolishment of brasenol production, we re-examined the genome sequence in search for 112 

nearby genes encoding enzymes predicted to perform aldolase- or esterase-, or hydrolase-like functions in hope 113 

of further clarifying the biosynthetic route to brasenols. We reasoned that a synteny analysis for the brs locus 114 

would give a strong clue to the genes that were involved in the gene cluster. Moreover, if we could find more 115 

putative producers of brasenols, we would strengthen this hypothesis. Searching our extracts of Section Nigri 116 

species cultivated on solid YES medium revealed that A. ellipticus also had the ability to produce brasenol. 117 

Subsequently, BlastP analysis for BrsA homologues revealed as expected that the two black Aspergilli, A. 118 

carbonarius (Protein 209589, 86.3 % Identity) and A. ellipticus (Protein 368299, 68.8 % Id.) had candidate 119 

PKSs with strong homology to BrsA, as well as Talaromyces verruculosus (entry ZTR_03817, 87 % Id.) which 120 

also had the genetic material needed to produce a protein highly similar to BrsA.  The respective loci sequences 121 

for A. brasiliensis, A. carbonarius, A. ellipticus and T. verruculosus were retrieved and genes surrounding the 122 

PKS annotated. The sequence stretches for both A. carbonarius and A. ellipticus were relatively short and 123 

containing only five and four predicted genes, respectively. However, all four loci were analysed for synteny 124 

in EasyFig, and they all shared four core genes (Figure 3). 125 
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 126 

Figure 3. Synteny plot of the loci responsible for brasenol production. Three species showed an identical organization of the gene 127 
cluster, and in A. ellipticus the order of brsC and brsD is flipped. Morever, from the plot it is apparent that the gene model of brsD in 128 

A. brasiliensis appears to be incorrect and too short. 129 

Deleting these three additional genes individually in A. brasiliensis enabled us to study the chemical profiles 130 

of these mutants. In the Abra_170790Δ strain, brsBΔ, brasenol was completely abolished. The predicted 131 

function of the produced protein is an α/β-hydrolase, which we speculate could be responsible for the carbon-132 

carbon bond formation between the PK chain and 3-hydroxy fatty acids. Analysis of the Abra_39116Δ mutant, 133 

brsCΔ, turned out to also have impaired brasenol production, however with minor quantities of brasenol still 134 

produced. This gene product is predicted to be an acyl esterase, and we speculate that it could be responsible 135 

for the ring formation of the lactone. The last gene deletion of the four candidates Abra_39117, brsD, an MFS 136 

transporter, showed colonies that appeared much smaller when compared to the other three candidates.  The 137 

resulting deletion mutant was affected in colony diameter and delayed in sporulation on MM and production 138 

of brasenol was still detected, but reduced (data not shown). 139 
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 140 

Figure 4. Deletion of brsA, brsB and brsC in A. brasiliensis resulted in either termination or heavy downregulation of brasenol 141 
production. 142 

Heterologous production of brasenol 143 

We decided to examine the minimum genetic requirement for brasenol production by heterologous expression 144 

of the two genes, brsA and brsB, which showed to be necessary for production in A. brasiliensis. The 145 

expression of either brsA or brsB did not result in any changes in the resulting A. nidulans mutant strains 146 

compared to the reference strain, as neither brasenol or any potential precursors (aliphatic hexaketide or fatty 147 

acid) were identified upon chemical analysis. 148 

However, co-expression of brsA and brsB under the control of the H3/H4 dual promoter from the same locus 149 

now resulted in dramatic changes to A. nidulans. Firstly, massive production of brasenol A1 was observed as 150 

shown in Figure 5, indicating that the hydrolase, BrsB, is necessary for production of brasenols. Secondly, the 151 

mutant displayed a significantly altered morphology, strikingly with no production of spores and hampered 152 

growth. In addition to brasenol A1, the same analogues as observed in the A. brasiliensis wildtype were also 153 

detected in the A. nidulans overexpression mutant. Furthermore when BrnA and BrnB were heterologously 154 

expressed in both A. sydowii and A. oryzae, both experiments resulted in similar production of brasenols (data 155 

not shown). In addition to the high production levels of brasenols  in A. nidulans, it also had an impact on some 156 

of the prominent endogenous compounds, most significantly austinol, dehydroaustinol, and sterigmatocystin, 157 

which based on LC-MS analysis were determined to be downregulated. Similarly, arugosin A was upregulated, 158 

along with a few unknown compounds which were not further investigated. 159 
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 160 

Figure 5. Base peak chromatograms showing production of brasenols in A. brasilisensis and in the A. nidulans BrsA/BrsB 161 
overexpression mutant. * indicates a putative analogue (m/z=333.2060) not purified. 162 

In order to verify the structure of the proposed brasenol analogues, the A. nidulans mutant expressing BrsA 163 

and BrsB was inoculated on minimal medium for seven days. From 30 plates, 26.7 mg of brasenol A1 was 164 

obtained, as well as 1.2 mg of mz357 and 0.5 mg of a 1:1 mixture of mz359 and mz383. NMR spectra were 165 

recorded and the structures of the four compounds were elucidated and are shown in Figure 6. Chemical shifts 166 

of analogues B1, B2 and C1 can be found in Supporting Information S4 along with the recorded DQF-COSY 167 

and HSQC spectra (Supporting Information S3). 168 
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Figure 6. Structures of the four brasenol species characterised in this study. 170 

Following successful expression of the brasenol gene cluster in several different hosts, and the isolation of four 171 

analogues, we were able to suggest a biosynthetic pathway for the brasenols, as shown in Figure 7. The 172 

compounds are made of two distinct carbon chains; a constant, twelve carbon reduced polyketide, and a 3-173 

hydroxy fatty acid of varying chain length. This hypothesis was supported by the characterisation of the three 174 

analogues containing respectively two and four carbons more than brasenol A1. The PKS BrsA is responsible 175 

for biosynthesis of the constant twelve-carbon PK chain present in all the isolated brasenol species. The 176 

hydrolase BrsB acts by fusing the PK to various types of 3-hydroxy fatty acids via Claisen-like condensations 177 

with mainly C8, but also C10 and C12 fatty acids. Release and simultaneous ring formation of the lactone is 178 
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proposed to be catalysed by the esterase BrsC. The esterase has homologues in A. nidulans (54 % aa ID, 67,5 179 

% positives), A. sydowii and A oryzae, and we speculate that this is why BrsC is not required for heterologous 180 

production of brasenols in these species.  181 
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Figure 7. Proposed biosynthetic pathway of brasenols, exemplified with brasenol A1. 183 

It is well known that fatty acids are extremely important in metabolic regulation in nearly all organisms, 184 

including fungi. Oxylipins are a type of lipids that play an essential role in various stages of regulation, 185 

development and communication, and by interfering with these signalling molecules, adverse effects have 186 

been reported to occur.8–10 Oxylipins are quite diverse with regard to size and structure, with one group, the 3-187 

hydroxy oxylipins, seemingly being involved during ascospore production.11 Furthermore, 3-hydroxy 188 

derivatives of both octanoic acid and decanoic acid were found to be involved in flocculation in Saccharomyces 189 

cerevisiae, possibly by assisting the adhesion between the cells.12 The observed effects on sporulation in this 190 

study, in conjunction with reported research on fatty acid involvement in fungal reproduction shows a clear 191 

link between the two. The exact mechanism by which the brasenol genes are affecting the heterologous hosts 192 

can so far only be speculated upon. However, the excessive production of brasenols, could indicate that the 193 

foreign gene leech on products usually used for other parts of  metabolism, thereby disturbing the ability to 194 

grow and sporulate. Future work is needed to get a better understanding of the exact interactions causing these 195 

effects, since this and several other studies have shown a clear correlation between the fatty acid metabolism 196 

and a whole range of metabolic functions in filamentous fungi as well as other organisms. 197 

Experimental section 198 

Chemical analysis. For metabolite profile analysis of A. brasiliensis (IBT21946), the fungus was inoculated 199 

by three point stab, and grown on YES medium for 5 days. Plug extractions were performed by taking 5 plugs 200 

of 6 mm diameter across a colony. The plugs were transferred to Eppendorf tubes and extracted with 800µL 201 

of a 3:1 mixture of ethyl acetate and iso-propanol, with 1% (v/v) formic acid (FA), for one hour with sonication. 202 

Following sonication, the extraction liquid was decanted to new Eppendorf tubes, and the solvent was 203 
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evaporated under a gentle stream of nitrogen gas at 30°C. The dried extracts were re-dissolved in 400µL 204 

methanol (MeOH) with sonication, and centrifuged for 3 min at 13500 rpm to avoid any spores or other 205 

particles in the sample. For A. nidulans plug extractions the same procedure was used with the exception of 206 

the growth medium which was minimal medium. 207 

Samples, including fractions from purification, were analysed by UHPLC-DAD-MS on an Agilent Infinity 208 

1290 UHPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a diode array detector. 209 

Separation was obtained on an Agilent Poroshell 120 phenyl-hexyl column (2.1 × 250 mm, 2.7 μm) with a 210 

linear gradient consisting of water (A) and acetonitrile (B) both buffered with 20 mM formic acid, starting at 211 

10% B and increased to 100% in 15 min where it was held for 2 min, returned to 10% in 0.1 min and remaining 212 

for 3 min (0.35 mL/min, 60 °C). An injection volume of 1 μL was used. MS detection was performed in 213 

positive detection mode on an Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream electrospray 214 

ion source with a drying gas temperature of 250 °C, gas flow of 8 L/min, sheath gas temperature of 300 °C 215 

and flow of 12 L/min. Capillary voltage was set to 4000 V and nozzle voltage to 500 V. Mass spectra were 216 

recorded at 10, 20 and 40 eV as centroid data for m/z 85–1700 in MS mode and m/z 30–1700 in MS/MS mode, 217 

with an acquisition rate of 10 spectra/s. Lock mass solution in 70:30 methanol:water  was infused in the second 218 

sprayer using an extra LC pump at a flow of 15 μL/min using a 1:100 splitter. The solution contained 1 μM 219 

tributylamine (Sigma-Aldrich) and 10 μM Hexakis(2,2,3,3-tetrafluoropropoxy)phosphazene (Apollo 220 

Scientific Ltd., Cheshire, UK) as lock masses. The [M + H]+ ions (m/z 186.2216 and 922.0098 respectively) 221 

of both compounds was used.  222 

Purification of compounds. Purification of brasenol A1 was done by cultivating A. brasiliensis (IBT21946) 223 

on 200 plates of YES medium for 7 days. The mycelia and agar was extracted two times with 1% FA in EtOAc, 224 

first for one hour with sonication, followed by extraction overnight. 225 

The crude extract was subjected to degreasing and –sugaring, by dissolving in a minimum of 90% 226 

MeOH:Milli-Q H2O and extracting with an equal amount of n-heptane. MQ H2O was added to the MeOH 227 

phase to give a 1:1 mixture of MeOH and water and the phase was extracted with dichloromethane (DCM). 228 

Each of the three phases (aqueous, n-heptane, and DCM) was analysed by LC-MS. 229 

The brasenol containing DCM phase was fractioned by stepwise reversed phase (RP) chromatography (C18) 230 

on an Isolera One flash chromatography system from Biotage. MeOH and MQ H2O was used as mobile phase 231 

and the elution was achieved in steps 10% MeOH (10-100% MeOH), followed by a 100% acetone fraction 232 

containing the compound of interest.  233 

For final purification, a semi-preparative automated Gilson 322 pump module with a  Gilson 172 DAD was 234 

used. Separation was achieved on a Phenomenex Luna Gemini C6-Ph column using an acetonitrile:H2O 235 
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gradient starting at 70% going to 87% in 17 minutes. Fractions were automatically collected based on 236 

absorption at 350 nm. 237 

Brasenol analogues (B1, B2 and C1) were purified from the BrnA/BrnB overexpressing A. nidulans strain 238 

grown on 30 plates of YES media. The plates containing both media and biomass were extracted with EtOAc 239 

and the extract was subjected to semi-preparative HPLC on a Waters 600 Controller with a 996 PDA detector, 240 

using a Luna II C18 column (250 x 10 mm, 5 µm, Phenomenex) and a gradient of acetonitrile and water, 241 

acidified with 50 ppm TFA as mobile phase. 242 

NMR. NMR spectra were recorded on a Bruker Avance 800 MHz spectrometer located at the Danish 243 

Instrument Centre for NMR Spectroscopy of Biological Macromolecules at Carlsberg Laboratory (Now 244 

located at the Department of Chemistry at The Technical University of Denmark). Spectra were acquired using 245 

standard pulse sequences. The deuterated solvent was CDCl3 and signals were referenced by solvent signals 246 

for CDCl3 at δH = 7.26 ppm and δC = 77.16 ppm. The NMR data was processed in MestReNova V.10.0.2–247 

15465. Chemical shifts are reported in ppm (δ) and scalar couplings are reported in hertz (Hz). The sizes of 248 

the J coupling constants in the tables are the experimentally measured values from the 1D 1H and DQF-COSY 249 

spectra. There are minor variations in the measurements, which may be explained by the uncertainty of J and 250 

the spectral digital resolution.  251 

Strains and media. An akuAΔ deletion strain was used for all gene-targeting experiments in A. brasiliensis 252 

[Theobald et al., Submitted for publication], and this strain is based on the type culture (WT) A. brasiliensis 253 

(CBS 101740/IBT 21946)1. Genomic DNA (gDNA) from WT A. brasiliensis and A. nidulans IBT 2953913 254 

was isolated via FastDNA SPIN Kit for Soil DNA extraction kit (MP Biomedicals, USA). Sequence 255 

information was obtained from v1.0 A. brasiliensis assembly from Joint Genome Institute, JGI14. BlastP 256 

analysis was performed at JGI genome portal as well as at NCBI and the Aspergillus Genome Database 257 

(AspGD).   258 

All A. brasiliensis strains were cultivated at 30oC on minimal medium (MM), supplemented with 10 mM 259 

uridine if required for growth. The minimal medium (MM), transformation media (TM) and media for pyrG 260 

counter-selection (MM+5-FOA) were as described by Nødvig et al., 201515. Yeast extract sucrose (YES, 261 

Frisvad and Samson 2004) growth media was used for chemical analysis. Chemical competent Escherichia 262 

coli DH5α were applied for vector assembly and plasmid propagation at 37oC, and E. coli cultivations were 263 

carried out in Lumia Broth (LB) media (1% Bacto tryptone, 0.5% Bacto yeast extract, 1% NaCl, pH 7.0) 264 

supplemented with 0.1% ampicillin. All solid media were supplied with 2% agar.  265 

Construction of mutant strains. PCR conditions for cloning-fragment amplification and USER-cloning 266 

procedure were as described in Hansen et al., 201116. All USER cassettes were based on PacI/Nt.BbvCI sites. 267 

All primers were synthesized by Integrated DNA technologies and listed in Supporting Information S6, Table 268 
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S2. DNA fragments for USER cloning and plasmids were purified using illustra GFX PCR DNA and Gel Band 269 

Purification Kit (GE Healthcare Life Sciences) and GenElute Plasmid Miniprep Kit (Sigma-Aldrich), 270 

respectively, according to manufacturer’s instructions. For deleting all genes in the brs locus, see Figure 3, up- 271 

and downstream sequences flanking the coding sequences of the genes were amplified by PCR (Figure S2) 272 

and USER cloned into the gene-targeting vector pU2002 (pAC3) that harbours pyrG from A. fumigatus flanked 273 

by a direct repeat sequence (vector backbone described by Hansen et al., 2011). Gene-targeting plasmids were 274 

linearized and verified by enzymatic digestion with SwaI, according to manufacturer’s instructions (NEB). All 275 

gene-targeting construct were added to protoplasts of the akuAΔ pyrG1 strain selecting for only pyrG as 276 

described by Nødvig et al., 201515. Homokaryosis and deletion of geneswas verified by diagnostic tissue-PCR 277 

as described in Nødvig et al, 201515 and Figure S5. Protoplastation and transformation of the akuAΔ pyrG1 278 

strain (BRA10) were and conducted as described in Nielsen et al., 200617 and Nødvig et al., 201515, 279 

respectively. 280 
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S1. Brasenol A1 absorbtion spectrum: 

Figure S1. UV spectrum of brasenol A1 

S2. KS sequence used for identification of BrsA gene candidates: 

IAIIGSACRFPGDSSSPSKLWDLLKAPRDLLTEVPSNRYNADAFYHADSKHHGTTNVRHSYFLSEDPASFDNNFFNIQPGEAE
AIDPQQRLLMEVVYQGLCASGQTIEGLRGSSTSVYVGVCDDWNGILTRDLEVFPQYGATGMARSIMSNRISYFFDWHGPS
MTIDTACSSSLVAVHQAIQTLRSGESQVAIAAGANLILTPGMYVAESKLSMLSPSGRSKMWDQDVNGYARGEGIAAVVLK
PLSAAIRDNDHIDCIIRATGVNQDGRTPGLTMPSAAAQADLIRSTYARAGLDINKPEDRPQFFHAHGTGTPAGDPRTKA 
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S3. NMR spectra for all brasenols. All spectra were recorded in CD3Cl at 800 MHz for 1H and 200 MHz for 13C: 

Brasenol A1 

1H-NMR (full range) 
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1H-NMR (0-8 ppm) 
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DQF-COSY 
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edHSQC 
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HMBC 
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1,1-ADEQUATE 

8 of 20A191



Brasenol B1 

1H-NMR (full range) 
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1H-NMR (0-8 Hz) 
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DQF-COSY 
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edHSQC 
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Brasenol B2 + C1 mix 

1H-NMR (full range) 
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1H-NMR (0-8 Hz) 
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DQF-COSY 
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edHSQC 
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S4. NMR table for brasenol A1, B1, B2 and C1 

Table S1. Proton and carbon shifts for brasenol A1, B1, B2, and C1 

  Brasenol A1   Brasenol B1   Brasenol B2   Brasenol C1 
# δH δC   δH δC   δH δC   δH δC 
1 1.63 (m) 17.6   1.64 (m) 17.6   1.64 (m) 17.6   1.64 (m) 17.9 
2 5.45 (m) 126.1   5.46 (m) 125.7   5.46 (m) 126.0   5.46 (m) 126.0 
3 5.36 (m) 129.1   5.39 (m) 129.7   5.40 (m) 129.9   5.40 (m) 129.9 
4 2.1 (m) 31.3   2.13 (m) 31.7   2.14 (m) 31.6   2.14 (m) 31.6 
5 2.25 (q, J = 7.2 Hz) 33.1   2.29 (q, J = 7 Hz) 33.1   2.29 (q, J = 7.3 Hz) 33.1   2.29 (q, J = 7.3 Hz) 33.4 
6 6.27 (m) 147.6   6.31 (m) 147.8   6.31 (m) 147.6   6.31 (m) 148.1 
7 6.34 (dd, J = 11/14.8 Hz) 129.8   6.37 (dd, J = 11/14.8 Hz) 130.0   6.37 (m) 130.0   6.37 (m) 130.2 

8 7.54 (dd, J = 10.8/15 Hz 147.3   
7.58 (dd, J = 10.9/15.1 

Hz) 147.6   7.58 (m) 147.6   7.58 (m) 147.8 
9 7.38 (d, J = 15 Hz) 122.0   7.42 (d, J = 15 Hz) 122.1   7.42 (d, J = 11 Hz) 122.1   7.43 (d, J = 11 Hz) 122.35 
10 - 186.3   - -*   - -*   - -* 

10-OH 17.59 (s) -   17.59 (s) -   17.60 (s) -   17.60 (s) - 
11 - 101.7   - -*   - -*   - -* 
12 - 164.7   - -*   - -*   - -* 
1' 1.63 (m) 17.6   1.64 (m) 17.6   1.64 (m) 17.6   1.64 (m) 17.9 
2' 5.45 (m) 126.1   5.46 (m) 125.7   5.46 (m) 126.0   5.46 (m) 126 
3' 5.36 (m) 129.1   5.39 (m) 129.7   5.4 (m) 129.9   5.40 (m) 129.9 
4' 2.15 (m) 27.5   2.07 (m) 31.6   1.99 (q, J = 6.6 Hz) 32.4   2.07 (q, J = 7.3 Hz) 32.1 
5' 1.64/1.84 (m) 34.2   2.12 (m) 31.7   1.38 (m) 29.2   2.15 (m) 32.7 
6' 4.35 (m) 72.9   5.83 (m) 135.5   1.40/1.50 (m) 24.2   5.79 (m) 137.7 

7' 2.55/2.59 (m) 39.5   5.56 (J = 15.4/6.5 Hz) 126.1   1.63/1.79 (m) 34.6   
6.03 (dd, J = 10.5/15.2 

Hz) 128.8 
8' - 198.3   4.85 (m) 74.1   4.93 (m) 73.9   6.31 (m) 134.4 
9' / /   2.72 (m) 39.9   2.63 (m) 39.9   5.61 (dd, 6.4/15.2 Hz) 125.7 

10' / /   - -*   - -*   4.91 (m) 74.1 
11' / /   / /   / /   2.75 (m) 40.1 
12' / /   / /   / /   - -* 

                        
* Quaternary carbons not detected in HSQC.               
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S5. PCR scheme 

 

Figure S2. Diagnostic PCR scheme. Reactions with primer type I and II are intended to show any wild-type (WT) locus bands (brsX = brsA-D). In cases, no 
bands corresponding to WT locus size appear, but only the one of the marker, there is strong indication that the strain is not WT for the locus analysed. 

This is supported by the reaction with primer types III and II, where one of the primers is unique to the specific locus of integration and not binding 
within the targeting substrate. The WT locus product may be hard to amplify, when the gene targeted is large, for example in the case of a gene 

encoding a PKS. Therefore, an internal primer type IV is used together with type I for amplifying a short and simple product revealing any nuclei WT for 
this locus.  
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S6. Primer list 

Table S2.Primers used in the study and the reactions 

CodeA Primer name Sequence Purpose & reaction 

dUp1 ABRA145702-Dl-Up-FU GGGTTTAAUGCATGGATCTGTATGCAGTAG Upstream targeting fragment for deletion of brsA – dUp1+dUp2 

dUp2 ABRA145702-Dl-Up-RU GGACTTAAUGGTTGGTGTGGATGGATTGG Upstream targeting fragment for deletion of brsA – dUp1+dUp2 

dDw1 ABRA145702-Dl-Dw-FU GGCATTAAUGGTGTGTACTTCTGTAGTAATGG Downstream targeting fragment for deletion of brsA – dDw1+dDw2 

dDw2 ABRA145702-Dl-Dw-RU GGTCTTAAUCTGTAGGAGTGAGTATAGGGTG Downstream targeting fragment for deletion of brsA – dDw1+dDw2 

dUp3 ABRA170790-Up-Dl-FU GGGTTTAAUGCATGTAGAGAGTGTACAGGG Upstream targeting fragment for deletion of brsB – dUp3+dUp4 

dUp4 ABRA170790-Up-Dl-RU GGACTTAAUCTGGGTGTCGAGTCGATG Upstream targeting fragment for deletion of brsB – dUp3+dUp4 

dDw3 ABRA170790-Dl-Dw-FU GGCATTAAUGGGACCTGATGAGTGATTGAG Downstream targeting fragment for deletion of brsB – dDw3+dDw4 

dDw4 ABRA170790-Dl-Dw-RU GGTCTTAAUGAGTATTCGCTGTGGAGGATG Downstream targeting fragment for deletion of brsB – dDw3+dDw4 

dUp5 ABRA39116-Dl-Up-FU GGGTTTAAUGAGTTGATGTGAACGCAAGAG Upstream targeting fragment for deletion of brsC – dUp5+dUp6 

dUp6 ABRA39116-Dl-Up-RU GGACTTAAUGATGGTTTAGCGATGATATAAGTAGG Upstream targeting fragment for deletion of brsC – dUp5+dUp6 

dDw5 ABRA39116-Dl-Dw-FU GGCATTAAUGGCTATATGGATTTCCTGGGATAG Downstream targeting fragment for deletion of brsC – dDw5+dDw6 

dDw6 ABRA39116-Dl-Dw-RU GGTCTTAAUGAAATCTGAACCGGGTGAAAGG Downstream targeting fragment for deletion of brsC – dDw5+dDw6 

dUp7 ABRA39117-Dl-Up-FU GGGTTTAAUCTCTCGTCCACTCTCAAGAC Upstream targeting fragment for deletion of brsD – dUp7+dUp8 

dUp8 ABRA39117-Dl-Up-RU GGACTTAAUCATCTATTCTACAACCACAACCTC Upstream targeting fragment for deletion of brsD – dUp7+dUp8 

dDw7 ABRA39117-Dl-Dw-FU GGCATTAAUGATGGTCGAGTTGCTCGTTTC Downstream targeting fragment for deletion of brsD – dDw7+dDw8 

dDw8 ABRA39117-Dl-Dw-RU GGTCTTAAUGACGTGACTAACAGATCGTGG Downstream targeting fragment for deletion of brsD – dDw7+dDw8 

OexI1 ABRA145702-Oex-FU-Pac GGGTTTAAUATGGCTGAACCAATCGCG 5´fragment for overexpression of brsA – OexI1+ OexI4 

OexI2 ABRA145702-Oex-RU-Pac GGTCTTAAUCTACTGCTTACGCGCGGC 5´fragment for overexpression of brsA – OexI1+ OexI4 

OexI3 ABRA145702-Oex-int-FU ATGCTGACCGUGGTCTGG 3´fragment for overexpression of brsA – OexI2+ OexI3 

OexI4 ABRA145702-Oex-int-RU ACGGTCAGCAUGCACTGC 3´fragment for overexpression of brsA – OexI2+ OexI3 

OexII1 ABRA170790-Oex-FU GGGTTTAAUATGTCTAGCAAGCAGAGAGTCG Overexpression of brsB – OexII1+ OexII2 

OexII2 ABRA170790-Oex-RU GGTCTTAAUTCAAGGCTTCGGCCCAAAGATTTC Overexpression of brsB – OexII1+ OexII2 

OexIII1 ABRA145702-Oex1dual-FU ATCAACAUGGCTGAACCAATCGCG Overexpression of brsA for Pdual– OexIII1+ OexIII2 

OexIII2 ABRA145702-Oex1dual-RU GGGTTTAAUCTGAGCATGATTGATATGTTGGGC Overexpression of brsA for Pdual– OexIII1+ OexIII2 

OexIII3 ABRA170790-Oex2dual-FU ATCGTCAATAAUGTCTAGCAAGCAGAGAGTCG Overexpression of brsB for Pdual– OexIII3+ OexIII4 

OexIII4 ABRA170790-Oex2dual-RU GGTCTTAAUCAGCTAAGCATCGCAGCTG Overexpression of brsB for Pdual– OexIII3+ OexIII4 

OexIII5 Pdual-F ATGTTGAUGTGTGAAGAGATTTAAGGT Overexpression of PH3/H4 from A. nidulans – OexIII5+ OexIII6 
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OexIII6 Pdual-R ATTATTGACGAUGAGTTTTGATGGAATTAG Overexpression of PH3/H4 from A. nidulans – OexIII5+ OexIII6 

I1 ABRA145702-Chk-Gap-F GGAGTTGAGAGGGATGAGGATG Check PCR for wild-type brsA nuclei - I1+II1 

II1 ABRA145702-Chk-Gap-R GAGCATGATTGATATGTTGGGC Check PCR for wild-type brsA nuclei - I1+II1 

V1 ABRA145702-Chk-Int5'-R GACGGTGATTGTAGAGGGGATTG Check PCR for wild-type brsA nuclei - I1+V1 

III1 ABRA145702-Chk-Up-F GAGGCTGGGTGTCGAGTC Check PCR for brsA replacement with marker and correct mutant - III1+II1 

I2 ABRA170790-Gap-Chk-F GACTCTCCTGTCACAATAACTCC Check PCR for brsB replacement with marker and correct mutant – I2+II2 

III2 ABRA170790-Chk-Up-F CATCCTCATCCCTCTCAACTC Check PCR for brsB replacement with marker and correct mutant – III2+II2 

II2 ABRA170790-Chk-Dw-R CACCTCTTAACATCTGCTCGC Check PCR for brsB replacement with marker and correct mutant – I2+II2 

I3 ABRA39116-ChkGap-F GAGATCTAGGGTTCGGAGTAGAG Check PCR for wild-type brsC nuclei – I3+II3 

IV1 ABRA39116-ChkDw-R GGAGACTAGTGAACTGTGTGTG Check PCR for brsC replacement with marker and correct mutant – I3+IV1 

II3 ABRA39116-ChkGap-R GTAGATGTAGTGAGTCTGTTAGGG Check PCR for wild-type brsC nuclei – I3+II3 

I4 ABRA39117-ChkGap-F GGGATTAGAGTGAAACAGGGTTG Check PCR for wild-type brsD nuclei – I4+II4 

II4 ABRA39117-ChkGap-R GCGATAGATAGATGTATGTTTGGG Check PCR for wild-type brsD nuclei – I4+II4 
A Code for use. dUp = for upstream targeting fragment, dDw = for downstream targeting fragment. OexI = for single overexpression of brsA. OexII = for 
single overexpression of brsB. OexIII = Overexpression of brsA and brsB unde the control of a dual promoter. I to V, see Supplementary figure XX for 
explanation of reactions. 
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Abstract

The full potential of fungal secondary metabolism has until recently been impeded by the

lack of universal genetic tools for most species. However, the emergence of several

CRISPR-Cas9-based genome editing systems adapted for several genera of filamentous

fungi have now opened the doors for future efforts in discovery of novel natural products and

elucidation and engineering of their biosynthetic pathways in fungi where no genetic tools

are in place. So far, most studies have focused on demonstrating the performance of

CRISPR-Cas9 in various fungal model species, and recently we presented a versatile

CRISPR-Cas9 system that can be successfully applied in several diverse Aspergillus spe-

cies. Here we take it one step further and show that our system can be used also in a phylo-

genetically distinct and largely unexplored species from the genus of Talaromyces.

Specifically, we exploit CRISPR-Cas9-based genome editing to identify a new gene in T.

atroroseus responsible for production of polyketide-nonribosomal peptide hybrid products,

hence, linking fungal secondary metabolites to their genetic origin in a species where no

genetic engineering has previously been performed.

Introduction

Filamentous fungi are known as prolific producers of numerous industrially important

enzymes as well as a diverse spectrum of natural products. The latter constitutes an immense

reservoir of compounds of biological and medical interest, and many products originating

from fungal secondary metabolism are used today in the pharmaceutical industry as e.g. antibi-

otics, anticancer drugs, cholesterol-lowering agents, and immunosuppressive drugs [1]. In

addition, some natural products are used commercially as pigments in cosmetics, textiles,

paints, and as natural food colorants [2].

The lack of genetic tools available for most fungal species has for many years been the

major obstacle for exploring the molecular biology and biochemistry of all but a few model

fungi. The enormous increase in sequencing projects over the past years has revealed the
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existence of an abundance of uncharacterized and often silent secondary metabolite gene clus-

ters that still awaits investigation [3]. Genetic engineering of the largely unexplored fungal spe-

cies would thus allow the full study of such gene clusters and could lead to the discovery and

characterization of new bioactive compounds.

CRISPR-Cas9-based genetic engineering has recently been implemented in Aspergillus
nidulans by us [4], and by others in several other species of filamentous fungi such as Tricho-
derma reesei [5], Neurospora crassa [6],Magnaporta oryzae [7], and Penicillium chrysogenum
[8]. Our system for A. nidulans is based on an AMA1 based vector carrying genes encoding

Cas9 and the sgRNA necessary for guiding the Cas9 endonuclease to the desired target

sequence and can potentially be used in many fungi with little or no adaptation. In fact, the

versatility of this system is demonstrated by the fact that RNA guided mutation was achieved

in six different Aspergillus species of which one was genetically engineered for the first time

[4]. Our CRISPR-Cas9 system may therefore be functional in a wide array of filamentous

fungi.

In a recent publication we reported a case of synthetic biology using A. nidulans as a host

for heterologous gene expression [9]. In this study we successfully exchanged PKS- and NRPS

modules between two related PKS-NRPS hybrids to produce the predicted combinations of

backbone polyketide-nonribosomal peptide (PK-NRP) products [9]. However, as a surprise

the synthetic polyketide-nonribosomal products contained a decalin ring system in the polyke-

tide moiety as well as an unexpected double bond in the amino acid residue side chain, instead

of the expected classical cytochalasin structure (Fig 1A and 1B). The structures of these novel

derivatives are very similar to ZG-1494α (Fig 1C), an inhibitor of platelet-activating factor

acetyltransferase isolated from two species of Talaromyces, that is T. convolutes and T. atroro-
seus [10,11].

For future synthetic biology efforts, we were therefore interested in identifying the genes

and enzymes that are required for production of this scaffold. In A. nidulans, we speculate that

the unexpected structural features in the synthetic PK-NRPs are a consequence of cross-chem-

ical reactions catalyzed by unknown endogenous enzymes provided by the host. Hence, identi-

fication of the genes in A. nidulans is not straight forward as the origin of the chemistry is

unclear. T. atroroseus, which besides ZG-1494α also produces its stereoisomer talaroconvolu-

tin A, and the analogue talaroconvolutin B (Fig 1D), has recently been sequenced [12]. Despite

that no genetic tools were available for this species prior to our work, we took advantage of this

sequence and set out to identify the genetic basis of ZG-1494α and the related compound talar-

oconvolutin A in T. atroroseus using a bioinformatics approach and our fungal CRISPR-Cas9

technology.

Fig 1. Four structurally similar polyketide-nonribosomal peptide products. Niduclavin (A) and niduporthin (B) are two novel hybrid products

produced by heterologous expression of two related PKS-NRPSs in Aspergillus nidulans [9], while ZG-1494α/talaroconvolutin B (C) and talaroconvolutin

A (D) are produced in Talaromyces atroroseus.

doi:10.1371/journal.pone.0169712.g001

CRISPR-Cas9 Gene Editing in Talaromyces atroroseus
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Results and Discussion

First we tested whether the CRISPR-Cas9 system that we have previously developed for

Aspergillus could be used directly in T. atroroseus. As a simple test case for Cas9 mediated gene

targeting we decided to delete the gene responsible for the green conidia pigment in T. atroro-
seus, which we hypothesized was formed from naphtha-γ-pyrone. To identify this gene we

blasted the A. nidulans- and A. niger naphtha-γ-pyrone synthase genes (wA and albA, respec-

tively) against the genome sequence of T. atroroseus. Amongst the homologous sequences

identified in this manner, UA08_00425 was the best match as judged by the size of the ORF

and by the high sequence similarities to the corresponding enzymes encoded by wA from A.

nidulans (ID: 62%; 99% query coverage) and albA from A. niger (ID: 63%; 99% query cover-

age). UA08_00425 was therefore selected for deletion.

Using our genetic tool box for fungal CRISPR-Cas9 gene editing [4], we constructed a plas-

mid containing a hph selection marker-based gene-targeting substrate designed for deleting

UA08_00425, see Fig 2A. Since the efficiency of different protospacers are known to vary sub-

stantially [13], three AMA1 based CRISPR-Cas9 vectors encoding Cas9 and one of three dif-

ferent UA08_00425 specific sgRNAs were also constructed (Fig 2A and 2B).

Unlike classical gene targeting where the ends of linear gene-targeting substrates stimulate

integration into the target site as they attract the homologous recombination (HR) repair

machinery [14]; we exploit that a specific Cas9 induced DNA double strand break (DSB) at the

target locus attracts the HR machinery [4]. As a consequence, efficient gene targeting can be

achieved by using circular gene-targeting substrates as template for repair of this DNA DSB,

hence, minimizing undesirable random integrations mediated by the non-homologous end-

joining pathway. Using this strategy for deleting UA08_00425 (Fig 2A and 2C), we investigated

Fig 2. Strategy for CRISPR-Cas9 mediated deletions in Talaromyces atroroseus. A) T. atroroseus protoplasts were co-transformed with a

circular gene-targeting substrate and an AMA1 based CRISPR-Cas9 vector containing Cas9- and sgRNA encoding genes. The transformed

protoplasts were plated on medium containing hygromycin, hence, selecting for the gene-targeting substrate only. B) Three different protospacers

were individually used to target the Cas9 endonuclease to UA08_00425. The positions are indicated by small vertical arrows. C) Depending on the

protospacer contained by Cas9, a specific DNA DSB was produced at either position 1, 2, or 3. Repair of any of these specific DNA DSBs by

homologous recombination using the circular gene-targeting substrate as repair template mediate replacement of UA08_00425 with hph.

doi:10.1371/journal.pone.0169712.g002

CRISPR-Cas9 Gene Editing in Talaromyces atroroseus
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the Cas9 mediated gene targeting efficiency in T. atroroseus by co-transforming the circular

vector containing the UA08_00425 gene deletion sequence with each of the three UA08_00425

specific CRISPR-Cas9 vectors. AMA1 based plasmids are readily lost in the absence of selec-

tion pressure [15] and this is also the case for our AMA1 based CRISPR plasmids (see S1 Fig).

To reduce the risk of undesired off-target effects, we therefore selected for the gene-targeting

substrate only, and not for the cas9 expressing AMA1 based plasmid, hence, confining cas9
expression to the early stages of colony development.

In two independent trials, two of the three co-transformation experiments generated

numerous colonies on solid selective medium after approximately one week, whereas the

remaining co-transformation produced only a few colonies (Fig 3A–3C and S2 Fig). Impor-

tantly, on all three transformation plates, close to all colonies formed white conidia spores in

agreement with UA08_00425 encoding the naphtha-γ-pyrone PKS. In contrast, in the absence

of Cas9, either no colonies or only green colonies were observed (Fig 3D and S2 Fig). More

importantly, the results strongly indicate that Cas9 has efficiently stimulated gene deletion

of UA08_00425 in these experiments. This conclusion is substantiated by the results of two

Fig 3. Deletion of the green pigment gene UA08_00425 in Talaromyces atroroseus using CRISPR-Cas9. A-C) Plates resulting from co-transformation

of pD-hyg-UA08_00425 and CRISPR-Cas9 vectors carrying three different protospacers, protospacer 1–3, respectively. D) T. atroroseus transformed with

gene-targeting plasmid pD-hyg-UA08_00425 (pFC574) in the absence of a CRISPR-Cas9 vector. E) T. atroroseus transformed with an AMA1-based plasmid

containing the hygromycin resistance marker hph. F) Three-point inoculation of UA08_00425Δ T. atroroseus growing on CYA.

doi:10.1371/journal.pone.0169712.g003

CRISPR-Cas9 Gene Editing in Talaromyces atroroseus
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control experiments. Firstly, no transformants were obtained when the circular gene-targeting

substrate was transformed alone into T. atroroseus (Fig 3D) indicating that the specific Cas9

induced DNA DSB is required for integrating information from the circular gene-targeting

substrate into the UA08_00425 locus. Secondly, no white transformants were obtained with

pFC574 carrying only the hph gene. This control experiment shows that white conidia spores

are not due to the presence of hygromycin per se (Fig 3E). Finally, we note that integration effi-

ciencies are approximately 10-fold more efficient with protospacer 1 and 2 as compared to the

efficiency obtained with protospacer 3.

Next, we streak purified six white transformants on solid medium without hygromycin

selection. In all cases, colonies remained solid white showing that the white phenotype of

transformants could be stably propagated as expected from a strain containing a permanent

gene deletion (Fig 3F). In agreement with this conclusion, we confirmed that UA08_00425

was eliminated in all six purified strains by tissue-PCR (S3 Fig and S5 Fig). Since deletion of

UA08_00425 results in white conidia spores, we have named this gene albA (S1 Appendix).

The efficient CRISPR-Cas9 mediated deletion of albA in T. atroroseus prompted us to iden-

tify the genetic origin of ZG-1494α and its derivative talaroconvolutin A (Fig 1).The structures

of these compounds appear to be fusions of highly reduced polyketide moieties to tyrosine res-

idues, similar to what is seen for example in cytochalasins and chaetoglobosins [16]. Therefore,

we suspected that a homolog of ccsA, the PKS-NRPS-encoding gene linked to cytochalasin

production in A. clavatus [17], is responsible for the biosynthesis of a common backbone for

these compounds. In support of this view, the nitrogen-containing tetramic acid moiety pres-

ent in both compounds is a common structural feature for several known PKS-NRPS products

such as preaspyridone, pretenellin A, prepseurotin, as well as niduclavin, and niduporthin

[9,18–20]. Due to the structural resemblance between the niduclavin backbone and the back-

bone of the talaroconvolutins/ZG1494α, we blasted the ccsA gene against the T. atroroseus
genome, to identify PKS-NRPS-encoding genes in T. atroroseus. Based on this analysis we

selected the gene with the highest sequence identity, UA08_04451 (ID: 46.0%, 96% query cov-

erage) for deletion.

A gene-targeting substrate for deletion of UA08_04451 was constructed and co-trans-

formed with a CRISPR-Cas9 plasmid carrying a sgRNA targeting UA08_04451. After approxi-

mately one week, green colonies appeared on solid hygromycin selection medium (Fig 4A).

Importantly, no transformants appeared when the gene-targeting substrate was transformed

Fig 4. Deletion of UA08_04451 (talA), encoding a hybrid PKS-NRPS, in Talaromyces atroroseus using CRISPR-Cas9. A) Co-transformation of gene-

targeting plasmid pD-hyg-talA with a CRISPR-Cas9 vector. B) T. atroroseus transformed with pD-hyg-talA in the absence of a CRISPR-Cas9 vector. C)

UHPLC-HRMS analysis of the extracts of wild type (WT) T. atroroseus along with a T. atroroseus talA deletion strain. Shown are EIC @ 528.3084 (±0.0100)

for ZG-1494α (i), and EIC @ 510.2979 (±0.0100) for talaroconvolutin A (ii). We suspect the two peaks in (i) to represent both ZG-1494α and talaroconvolutin

B. Note that EICs are based on [M+Na]+ adducts.

doi:10.1371/journal.pone.0169712.g004
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without a CRISPR-Cas9 plasmid strongly indicating that formation of the transformants

required Cas9 activity (Fig 4B). Eight colonies were streak purified on solid CYA medium

supplemented with hygromycin and were subsequently analyzed by tissue PCR. The PCR

results confirmed the deletion of UA08_04451 for at least seven out of the eight streak purified

candidates (S4 Fig and S5 Fig). The seven UA08_04451 deletion strains were analyzed by

UHPLC-HRMS and in all cases production of both talaroconvolutin A and ZG-1494α was

abolished (Fig 4C). Together these results strongly indicate that talaroconvolutin A and ZG-

1494α are formed from a common PK-NRP backbone synthesized by a PKS-NRPS fusion

enzyme encoded by UA08_04451, and we have therefore named this gene talA (S2 Appendix).

Conclusions

In this study we have used CRISPR-Cas9 technology to genetically engineer T. atroroseus and

used it to explore the secondary metabolism of this fungus. Specifically, we have identified a

novel gene encoding a hybrid PKS-NRPS, which is responsible for production of medically rel-

evant ZG-1494α. To the best of our knowledge, this represents the first example of reverse

genetic engineering of a Talaromyces species. Importantly, the fact that our CRISPR-Cas9 sys-

tem, which we have originally developed for gene editing of Aspergillus species, can be used

without any modifications to engineer a phylogenetically distinct species, raises the possibility

that it can also be used directly in a wide range of other fungal species.

Materials and Methods

Strains, genomic DNA, and media

T. atroroseus strain IBT 11181 was obtained from the IBT Culture Collection at Department

of Biotechnology and Biomedicine at Technical University of Denmark. It is also deposited

in the CBS collection at CBS-KNAW, the Netherlands, as CBS 123796 and CBS 238.95. The

T. atroroseus genome sequence has been deposited at DDBJ/ENA/GenBank under the acces-

sion LFMY00000000. The version described in this paper is version LFMY01000000. DNA

sequences of T. atroroseus genes albA and talA are presented in S1 Appendix and S2 Appendix,

respectively. Genomic DNA (gDNA) from T. atroroseus was extracted using the FastDNATM

SPIN Kit for Soil DNA extraction (MP Biomedicals, USA), and T. atroroseus gDNA was used

as PCR template for amplification of the up- and downstream fragments for deletion of talA
(UA08_04451) and the green pigment gene (UA08_00425). T. atroroseus was cultivated in liq-

uid- and on solid CYA medium (Czapek yeast autolysate) supplemented with 300 μg/ml

hygromycin B (Hygrogold, Invivogen) when needed. Escherichia coli strain DH5α was used

for plasmid propagation.

Vector construction

PCR fragments were amplified using the PfuX7 polymerase [21] with primers purchased from

Integrated DNA Technology, Belgium (S1 Table). Construction of vectors was carried out by

Uracil-Specific Excision Reagent (USER) fusion of PCR fragment into compatible plasmids

[22]. The deletion plasmids pD-hyg-talA and pD-hyg-albA were constructed by amplification

of approximately 2-kb up- and downstream fragments followed by cloning into two distinct

PacI/Nt.BbvCI USER cassettes located on each side of the hygromycin resistance gene. The

sgRNA was introduced into the CRISPR-Cas9 vector pFC330 via the tails of two primers as

described by Nødvig et al. [4]. Plasmids were purified using the GenEluteTM Plasmid Miniprep

Kit (Sigma-Aldrich), and verified by restriction analysis. A list of all plasmids from this study

is presented in S2 Table. Deletions were achieved using the CRISPR-Cas9 system described by

CRISPR-Cas9 Gene Editing in Talaromyces atroroseus
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Nødvig et al. [4]. A circular deletion plasmid (gene-targeting substrate) was co-transformed

with an AMA1-based CRISPR-Cas9 vector containing the guide RNA and the Streptococcus
pyogenes cas9 gene codon optimized for A. niger. The CRISPR-Cas9 vector also contained the

pyrG auxotrophic marker; however, only the deletion plasmid, containing the hygromycin

resistance gene, was selected for during transformation.

Protoplastation and transformation

Protoplastation of T. atroroseus was achieved using protocols described previously for A. nidu-
lans [23,24]. For transformation, 2.5–3 μg DNA of the deletion plasmid and 2.5–3 μg DNA of

the CRISPR-Cas9 vector were mixed with 100 μl protoplasts. 100 μl of a solution of 40% PEG

in 1 M sorbitol, 50 mM Tris, 10 mM CaCl2, pH 7.5 was added and the sample was incubated

on ice for 15 min. Another 500 μl of the PEG solution was added followed by incubation at

room temperature for another 15 min. The mixture was then added to 8 ml molten soft (0.8%

agar) CYA medium supplemented with 1 M sorbitol and spread on solid CYA plates supple-

mented with 1 M sorbitol (2% agar). The plates were incubated O/N at 30˚C, and the next day

overlaid with 8 ml soft CYA medium supplemented with 300 μg/ml hygromycin. The plates

were incubated at 30˚C until transformants appeared on the transformation plates (approxi-

mately 1 week). Transformants were re-streaked on CYA plates containing the same antibiotic

concentration. Tissue-PCR as described by Nødvig et al. [4] was used for strain validation

(see S3 Fig and S4 Fig). Two sets of primers were used to validate the deletions of talA and

the green pigment gene. In one reaction the reverse primer would bind in the promoter of

the marker (PgpdA) while the forward primer would bind outside the upstream targeting

sequence. In another reaction designed to check for negatives or possible heterokaryons the

forward primer would bind in the upstream targeting sequence while the reverse primer

would bind inside the gene.

Chemical analysis of T. atroroseus strains

Validated T. atroroseus strains were grown for 7 days on CYA plates and plug extractions were

performed as described by Smedsgaard [25] with the exception that secondary metabolites

were extracted with 3:1 ethylacetate:isopropanol containing 1% formic acid. Ultra-high Perfor-

mance Liquid Chromatography-High Resolution Mass Spectrometry (UHPLC-HRMS) was

performed on an Agilent Infinity 1290 UHPLC system (Agilent Technologies, Santa Clara,

CA, USA) equipped with a diode array detector. Separation was obtained on an Agilent Poro-

shell 120 phenyl-hexyl column (2.1 × 250 mm, 2.7 μm) with a linear gradient consisting of

water (A) and acetonitrile (B) both buffered with 20 mM formic acid, starting at 10% B and

increased to 100% in 15 min where it was held for 2 min, returned to 10% in 0.1 min and

remaining for 3 min (0.35 mL/min, 60˚C). An injection volume of 1 μL was used. MS detection

was performed in positive detection on an Agilent 6545 QTOF MS equipped with Agilent

Dual Jet Stream electrospray ion source with a drying gas temperature of 250˚C, gas flow of 8

L/min, sheath gas temperature of 300˚C and flow of 12 L/min. Capillary voltage was set to

4000 V and nozzle voltage to 500 V. Mass spectra were recorded at 10, 20 and 40 eV as centroid

data form/z 85–1700 in MS mode andm/z 30–1700 in MS/MS mode, with an acquisition rate

of 10 spectra/s. Lock mass solution in 70:30 methanol:water was infused in the second sprayer

using an extra LC pump at a flow of 15 μL/min using a 1:100 splitter. The solution contained

1 μM tributylamine (Sigma-Aldrich) and 10 μM Hexakis(2,2,3,3-tetrafluoropropoxy)phospha-

zene (Apollo Scientific Ltd., Cheshire, UK) as lock masses. The [M + H]+ ions (m/z 186.2216

and 922.0098 respectively) of both compounds was used. Extracted ion chromatograms were

used to evaluate the production of ZG-1494α and talaroconvolutin A.

CRISPR-Cas9 Gene Editing in Talaromyces atroroseus
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S1 Appendix. DNA sequence of albA including 3 kb up- and downstream sequences. The coding sequence 
is highlighted in yellow, while predicted introns are marked in green. 

 

CATCCTCTTATCGCGGAACAAGCGTCCCATCCACCATGACCCGTCGCCAGCGTTCAGGCATTCTATAAGATCCCCCTCCACAAACCCCAGATCTCTTTTCGATTCCCCTCCCCATGAATATACTGC
TCGACACCAGCATGGAAATTTGGTTGGCAGCGACGGCGGACCGGGCGCCATGGCGAGCGCTTTAAAAGACTCTTGTGAAACGATATGAAGAAAACCCGGCGCTGCAGTGCCAGCTTGAATT
GGCACTGCTCCAAAATTCGAGTATCTGCGACCCAGATTACAGGTCACTAAAGGTAATTGGAAACGAGAGTAAGCGTTCGTTGCTGTCGTGGTTTGGGTACAAGTGAGCGACGGAGCGGATG
TGATAGCTGAGGAAGGGCGGGAATACAATAACAAAGATAATAATGAGCGACCTTCTAGGAGAAAATGACAGTCCGCACACAGTTCATCTGCTGTTCTGTAAGCGACCAGCAGACAGACCAG
AAATAAAACGTTGAGGCCAGACTCATGCGCCAGGCCTTGGTTAGGTAGCGATGCGAAGTCGGTGAGGAGGAGAGCGAACGAGCGTTGCCGTGTTTGGCTGGATGTTTGTGCCCGGTGTTTA
CGCTGCACCTGTTTGGGTTTAGCGCGAGCTGTCTATCGATAAGCTTAACCTCGACGTAGCTACCTGCACTTCCTTTCTCACAGCATGTTTTTTCGAACTCTAGTACTGATGTCGAGCTTCTCTACG
AGCAATTAATAGTAGTCAGGTTTTGTCAATCTGCGCTGCCCTGAATACATCTTGTCTGTACCTTGGGAGTAGGCTGCGGTCAATCAAGTCACTCTACACTGACCACAGTTTCCAACAAGTAAAG
GATTGGGGAAAGCGAGCATCGAATTGGACAGCAACTGGACCAGTATCTTCGTATCTTTCGCGGCACAACTCCTATTTGCACGACAAAAAGGTTGTCGCTCCATTGTTGGTCGTGGTTGTCGAC
GGATATTACTGAGCTCGGATTCACGTCGAAACCAGTCACTACGTTCCGATTTTCGCTATTAATGAGCTTTTAGGATCCGTTCCAAGCGCTCTCGGGCGCATTAGGCTGTTTGTTTGCATTTAAGA
GATGAGTTGGAACGCGACTTACTGCTCGGAGAGAGAGAGAGTGCAAAGGCATGTCTGCTGTAGATGGAAGTCTCGCATTCTTTGGAATGGTTAGTTAAGCTTGCAGTGGTGACAAATCAAG
GCGGCCTGCTTTGGCGCTACGCATGCCCAATATAGTGATAGTTGCTCCATCTATGAATGGCAATAATGCACTTGGCATTAACCCCTTTAGAACATAAATTTCTTGAAATGCAACGTACCATCCTT
AATGAAACCGTTTCAGGAACTTTGTTAGCACCCGATATTTTGTTGATGCACCTATATTTATTCTGACGTCTTCGGATTTAGTACTCCCGGTTGCAGAAGTACATTTCCAAATGCGGAAATAGCAC
CACATTCCAGAGGACGTGTTTCGCCAATTGTTTCGCGAAATCTATTTATATCACTGCAAGTGGAGGACAGCCCTTTGAGGGATATGACAGAGCCTTACGTCGAGATGTATGCATAGTTTTATGT
CGTAAGACCGAAATCACACCTTCAATCGGGGTTTCTCATACTGTTTTCCATCCCCTGCTAGAATGTTTGCATCCCAGGACTCGAATACCAAACCCGTGTCCGTAATAGAGGATAGTTGGTCTGC
TTCCGAGTGATTTAAGTTCGATGCAGTTGTCCATGAAAGCCAACGAACCCTTTGATCGAAGACTTGCGAAGCTGTGGCAAGTTTTCAAAGATTGGGTGTTAGCCCATATATATATACTCTTCCA
TTTGAGAAACACATGCTTCCAAATATTGACAAATATGTTAGCTGTAGCAGTATTGCATTTTGTTCGTTTCTAGGCTCGACATCTGTACAGAGGAAGTTCTGGGGATCGCTCTAAATATTTATCCA
TGCTCGAATGCTCGGTAGCATTAAAGTACAAGTCTTATTATTGAAGGAGTCAATCATCGACGTCATATAAGCTACTATATACTTGCAGCTATTCGGCCAAGAACAAGTGTAAATAGCATTTGGC
TGTTGTCAGTAATGGGTAAATAGGGCACCGGAACAGCACGTGACACTAGCGCGGGCTCGTCGTCTTCGTTTTCTCCGTACGACGACATTCTCTCGCTGGCCGCTTGCGGACGATCAGTTCCAC
AACAATTGAACATCAACTTCCAATGCACTATCTCCTACCGTTTTCCTCGACTAGCTCTGCTTATCACTTTGAGTAGGCAGGCAAATTAACCGGATCCTCCGAGACCATGCAAGATCCAGGCCCAT
GTGGCCGGCCGATTATGCAGCACGGCTGTGGCTGCATTTATCAACACGCTCTTATAGGCTAGAAGACTTTGCCAAATATGGGCATTTTGATCCGTATGGATTCGGATCTGTGGATCGGCGGTT
GGTGGTCCTAGTCCGCTGTCTTCCATCGTAACGGTGGCATCTAGCAGCTCGAGGTTATCCACATTGCCGTAAATCGGAGGCGAGTTATGTATTGTTTTCCACCGAGCCTCCTGTCACTAACTTC
CTAATTCAGCATCTTGCCGTCTCTCCCGTACCCCAATCAGGAAACTTCACAATTCTAGAATCTGTAAATGCTCTTCAAGTGTCTTTCTCACGTTGCCGCTTGCAACGTCGCCTCACCAACGTCATC
GATGCCTTGACATAATTTGTAACCATGTTTGCGCATATGTTCTGGACATAAAGACCTAACTTGACTAAAGTTAAACCAAGGAATATCTTCCCTTTTTATACAACCTGGCGTCCTTTTGTTGCAAA
ACGTCTCCCAAAGTTCTACGTTGACAATCTTCGGCAACATTAACCACTGCCTATCAACAAGCCAGCTTTCAACCAAGCAAACTAAAAAGAAAAGACATTCATCCAACTGCTATAATCACTTTGGT
CCTAGCCAGCAATTAGAAAAAGAGCCGTTATGGGCTCGGCGACTTGGGCCTATGTCTTTGGTGACCAAACTAGCGAGTTTGACTCTGGGCTCCGACGCCTCATCCAGGCAAAAAGCAACAGC
CTTGTCACTTCTTTCCTAGAAAGATGCTTCTATGCTTTGCGCCACGAGGTCACCCAGCTTCCGCCATCTGACCGTCGGAAGTTCCCTCGCTTCACCAGCATTGTTAGTTTACTCTCGAGATATCGC
GAATCAGGCCCAAATCCTGCACTTGAGAGTGCTTTGACTACTATTTACCAACTGGCCTCTTTTATCAGGTGAGATACCCGTCATCATAGTAGTCTGATCTATATTCCTCTAATCGGTACCAGTCA
CTATGGAGATGGAGGCCAAGTCTACCCAGTAGGGTCAGAGAGCTATGTTATTGGACTGTGCACTGGTCTTCTTGCATCTGCAGCCATTGCCTCATCAAGGACAATTGGCGAGCTTATTCCAGT
TGCCGTCGAGGCAGTGGTCGTTGCCCTTAGGCTTGGGCTGTGTACCTTCAAAGTCCGTGAATATGTCGGCCAGTATGACGGCAAATCCCAAAGCTGGTCTGCTGTAATCTCAGGCATAAGCG
AGGACAAGGCTCTCGAAATTATTGAACAATTTTCTGTCAAGAACGTATGTTATGATCCTAGCCTGAATATTAGGATTTCATGCTAAACTTGCTCAGGGACTCTCCCCTTCATCTCGCCCTTACGT
TAGCGCCGTCAGCTACAACGGTCTGACCATCAGTGCACCACCTCTTGTACTTGAAGAGCTCATTAACTCTCAGTTGGAAAAGATCGCCAAGCCACTCAGAGTACCAGTTCACGCACCTTTCCAT
GCACCTCACCTCTATGGGCAGGATGACGTAGAATGGGCACTGAAAACCTCAACAAGCGGTACTTACAAGGGCTATACTTGCCGTATACCAATCCTCTCGAGCAATAGCGGTCGTGAAATTGTT
GCTGAAAACTTCGAGGGCTTGCTGAAAGTTGCAGTAGAAGAGATTCTCTTGAAACAGCTTTGCTGGGACAAAGTTCTCGATGGCTACACTTCGGTTATCAAATGTTCCTCGGTTTCTAAGTGT
ACCATTGTTCCCGTGGCGACCTCCGCTTCTTCTGGAATTATGTCTGCTTTGAAGCGCGCTGGAATTTCAGAAGTCGTGTTGGAAAACGCTCTTGTGAGCTCGTCAAATACTGAAAATCACAAGA
GCACCACTGGAAGGGCCGAACAGTCAAAAATTGCCATCATCGGTCTTTCGGGAAGATTTCCAGAATCAGACAGCCCAGAAAAGTTTTGGGATGTCCTATACCAAGGCCTTGATGTTCACAGA
GAAGTTCCCCCTGATCGGTGGAATTGGAAGACTCATGTCGATGTGACTGGGAAGAAGCGAAACACCAGTCAAGTTCCCTATGGCTGTTGGATCAACGAGCCTGGCCTCTTCGACCCGCGATT
CTTCAACATGTCGCCAAGAGAGGCACTTCAGGCAGACCCAGGCCAGCGACTGGCATTGGTGACCGCCTATGAAGCATTGGAAATGGCAGGTTTTGTACCCGACTCCACCCCTTCGACACAAC
GGGACCGCGTCGGCATCTTCTACGGCATGACTAGTGATGATTATCGTGAGATAAATAGCGGTCAGGATATTGACACCTATTTCATCCCCGGCGGAAATCGAGCTTTTACTCCTGGTCGAATTA
ACTACCATTTTAAGTTCAGTGGACCTAGTGTGAGCGTGGACACTGCTTGCTCATCCAGTTTGGCGGCCATCCATATGGCGTGCAATTCATTATGGAAAAATGACTGTGATACTGCCATTGCCGG
AGGCACGAACGTCCTCACAAACCCTGACAACCATGCTGGTCTCGACCGAGGTCACTTCCTTTCTCGTACTGGTAACTGCAATACTTTCGACGATGGAGCTGATGGCTACTGTCGTGCGGATGG
TGTAGGTACCGTTGTACTCAAGCGGCTCGAAGATGCCATCGCCGACAACGATCCCATTCAGGCTGTAATTGCAGGAGCTTATACCAATCACTCTGCCGAGGCAGTTTCAATGACTCGTCCCCAT
GCTGGAGCCCAGGCTTTCATCTTTGACAAACTTCTCAATGAAGCCAATGTCCACCCTCACGATGTTAGCTACATTGAGATGCACGGAACGGGCACACAAGCTGGAGATGCAGTAGAGATGAA
ATCAGTGCTTGACACCTTTGCTTCTGATTATGGTCGCAAGCCCGAACAAACACTTTATCTTGGATCAGCAAAGTCGAACATTGGCCACGGGGAATCAGCATCTGGTGTTTCTGCTTTGGTTAAA
GTATTGCTAATGATGCGCAAGAACACTATTCCTCCACACTGTGGTATCAAAACAAAGATTAACCACAACTTCCCCACGGACTTTAAGGAACGAAACGTCCACATCGCTTTCAAACCTACTCCAT
GGGTTAAGCCAGCGTCGGGATTGCGCAGATGCTTTCTAAACAACTTTTCGGCTGCTGGCGGAAATACTGCATTGCTTTTGGAAGATGGGCCAGCTGCTCAAGCCCAAGATGCTATCAAGGAT
CCACGCTCGACGCACCTAATTGCTGTTTCCGCCAGATGTCAGAATTCGCTCAAAACTAATATAAATAACCTGGTGGAGTACATCAGCAAGAACGCGCCAAACATGAGCGAGGATGGATTTCTG
GCCAAGCTGTCTTACACTACTACCGCTCGACGCATTCATCACCCTTTCCGGGTTATGGTGTCTGGTGCAAAGATTTCCGATATCCAAGATTCTCTCCGTGCAGCAGCTAGTAGAGAGACCATCA
GCCCTGCGCCAGCTGTCGCCCCAGGTATCGGTTTCGTTTTCACCGGACAGGGAGCTCAGTATGCCGGCATGAGTCAGCAATTTTTCGAGAGCTTCTCAGAATTCCGCTCTGATATTCTTCGTTT
CAATGGAATTGCCCAGAGTCAGGGATTCCCATCCTTCCTCTCCTTGATCGATGGGAGTTCGCCAATCGAAGAGTTGAGCCCAGTTATTACACAGCTTGGAACAACGTGCATGCAAATGGCATT
GGCAAATCTTTGGATGTCCTGGGAAGCTCGTCCCACTTTAGTAATGGGCCACAGTCTTGGCGAGTATGCTGCTCTATATGTCTCCGGAGCCTTGACGGCGGTTGACACCATTTACTTGTGTGGC
CGCCGTGCTCAGCTTTTAGAAGAGAAATGCAAAATTGGAACTCATGCCATGTTGGCAGTGCGGTCTGCCTTGGGTGAAGTGACTCCTTTCCTTAACCCAGGAGTACATGAAGTGGCTTGCATT
AATGCTCCAGGAGAGACTGTCATCAGTGCCACAAACCAGAATATTGATGCTCTTTCTGAGCAGCTTGTTGCTGCGGGAATCAAAGCAACGAAACTGAAAGTTCCTTTTGCATTCCACTCTGCTC
AGGTTGAGCCAATTCTAGAGAAGCTCACCGACGCTGCTAACGGGGTGAAGTTCCGCAAACCTTCTATTCCCCTCGTATCTCCTCTTCTGGGGGAAGTTATCAATGAGGCCAACTATGAGCAAC
TTGGTGGCAAGTACCTCAGTCGTCACTGTCGGGAGACAGTCAACTTTCTCGCAGCTATCGAGGCTTCTCGACATGCCAAGCTCACGACGGACAAGACCGTTTGGATTGAAATCGGTTCTCATA
CTATATGTTCTGGTATGATCAAATCTACTCTTGGCCCGCAGACAAACACCGTGGCTTCACTTCGCCGGAATGAAGATTCATGGAAGGTGCTATCTCAAAGCCTTACATCTGTGTACTTGGCTGG
AATTGAAGTTCAATGGAAAGAATATCACCAGGACTTCAAAAATGGCCACGAGGTTCTTCACTTGCCTTCCTACAGCTGGGACAACAAGAACTACTGGCTGTATTACAAGAATGACTTCTGTCT
AACCAAGGGCGACAACTCAGTACCTCAAAATTCAAACACTCCTCGTTCCAACCTCACAATTTCAGTGCAGAAGATTATTGAAAGTACTGGCGATGCGACAAAAGCAAGTGTCATCGCCGAAAC
TGACATTTCCGATCCCCTTTTGTGCCCTGTTATTCAGGGCCACAAAGTGAACGGGACACCTCTTTGCCCCTCATCTTTATATGCCGATATTGCCCAGACATTGGGAGAGTATCTCGTTGACAACT
ATAAGCCCGAGCTTAAGGGTATCGGATTAGATGTTGCCAACATGGCTGTCCCCAAACCTTTGATCTATAAGAATGCAGGGCCACAGCTTTTCCGTGCAGCTGCCACTGCAGATTGGGATGCGC
GCCAGGTGTCAATGCAGATATACTCTGTCACTCCGGAGGGAAAGAAGATCACAGATCACGCAAGTTGCGTTATCAAGCTATTTGACACTGAAGCGGCGCAAGAGGAATGGAAGCGCTACAC
ATACCTTATTCGCAGAAGTCTTGATCAGCTGTTCGAAAGCGCTTCCAAGGGCGACAGCAATAAGCTTGGTCCTGGAATGGTATACAAGCTATTCGGGGCTCTAGTCGAGTATGACAACAATTA
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CAAATCAATGCGAGAGGTCATTTTGGACAGTGAACAATATGAAGCCACTGCTTTGGTAAAATTCCAAGCCGAGGCAGCCAACTTCCACCGAAACCCATTCTGGATTGACAGCATAGGGCATAT
TACTGGGTTTACTATGAACGCAAACGACGCAACTGACTCGGCCAATTATGTCTATGTTAACCATGGCTGGGATTCGATGCGCTGTGCAAAGAAGTTCTCTGCTGATGCATCGTACCGCACCTAC
GTGAAAATGCAACCCTGGCAAGGGACTATCTATTCCGGAGACGTCTATGTCTTCGAAGGAGACGAAATAATAGCTGTATACGGCGGTGTCAAGGTACGTACCATCTAGTTTGATAGTATAACT
AGAAGATGCTAACTGGCGATTATCTAGTTCCAAGGAGTACCGCGCAAGATCCTCAACACTGTCCTTCCACCACCAAGCGGTGCACAGGCAGCTTCAAGGCCATCAGCAAAGGCCCCTGTTCCT
GCTCCTGTCAATGTGTCAAAGGCGAAGCCCATTGCCAAGGCAGTCAAGCCAAAGACATCTGCTCCGAGTGTCCTCGTACAAGCTTTCAAGATACTGGCCGAGGAAGTTGGATTGTCCGAGGC
AGAACTTTCGGACGACCTTGTTTTCGCCGACTATGGCGTTGACTCCCTGCTTTCCTTGACTATCACCGGCAAATTCCGCGAAGAGCTCAGCATTGACCTTGAATCTAGCGTGTTCATGGATTGTC
CCACTGTCAAAGACTTCAAGCAAATGTTGTTGCAGACTGCAGCTCCCACCGATAGCAGTGAATCCTCTTCGGACTCCTCCGTATTCGATGACACTGGATCGGCTTCGGAGCCACCTACTCCGGG
AACTCCTGGAGACTTTTCTACACAAATGAAGACTACTCCATCCCAGGGAGAGGACAAAACGCTATCTGCTATCCGCCAAATTTTGCTTGAGGAGATCGGTATTTCCGCTGACGAACTGACTGA
GGAGGCCAATCTCAATGAGATGGGCATGGATTCATTGCTTTCTTTGACGGTACTTGGAAGACTACGTGAATCACTTGGTCTAGATCTACCATCGGAATTCTTTATTGAAAATCCAACCATGGGC
CATGTCGAAGTCGCGCTTGACTTGAAGCCAAAAGCTCCCGCTCCACAGCCGCCTGCAGCAGTGTTGCCTTCGGCGCCAGAATTGAAACCTGAGGTGTTGTCTTCTAAGCTCAGCCACCCTCCG
GCCACGTCTATTCTCCTGCAGGGTAGCCCTAAAACAGCTAGACACACGCTGTTTCTCTTCCCCGATGGTTCTGGCTCGGCTACATCATATGCGACGATTCCCAAGATCTCATCAGACGTCTGTGT
CTATGGGTTGAACTGTCCGTATATGAAGACTCCAGAGAAGCTGAACTGCGCCCTTCAGGATCTTACAGCCTCTTATGTGGCCGAGATGCGACGTCGTCAGCCCAATGGCCCGTATAACGTTGG
CGGATGGTCTGCAGGAGGTATCTGCGCTTACGATGCAGCTCGCCAGCTTGTTATCGAGCAGGGTGAAACTGTAGAGAAACTCTTCCTTCTAGACTCGCCATTCCCCATCGGCCTCGAAAAGCT
CCCTCCACGCCTGTACAAATTCTTCGACGACATGAAGATTTTCGGCGATGGCGAGAAGCCTCCACCGAAGTGGCTGCTACCGCATTTCCTCGCTTTTATAGACGCACTCGACATGTACAAAGCG
ATCCCATTCCCAAGCACTGACCCGCAATACGAAAGTCGTCTCCCCAAGACCTATGTCATCTGGGCCAAGGATGGTGTTTGTGGTAAACCAGGAGATCCACGTCCTGCACCACCTAAAGATGGC
AGTCGGGATCCCAGGGAAATGCTTTGGTTGCTTAACGACCGTACAGACTTTGGCCCCAATGGCTGGGACACGTTGGTTGGCAAAAACAAGGTCGCTGTCATTGAGTCCATATCGAATGCCAA
TCATTTCACAATGATGGATGGTGCTGGAGCACGGGGATTGTCTGATTTCATCAAGAATGCTTTTTAATTGTTTAGTTTTTGTTTTTCTCTTTCTCTCATTTTGGGTGTGTGGGAGTTATTGTTCTT
TTGGTTTTTTTGTTCTCCTTCAGGCTCAACATGTTGTCGTTCCTTACCACCAAAAGTGATACGCGTACTTGATACTATGACTACTACCTAGGTGTGTTTCCGTGGTGCTCTTATGGTATATATTTC
GGGTATTCATAATATGTTTTATAGTGATATGGGTATGGGATAGATAATAATTTCACTTAATAAAACAGTTGCCATGGTAATTTTCAGGAAACCTTCATGTAGGTATTCAATAAATCTTACCTAGG
TAACTACGAGGATAAACGTTATAGTCATCTGTGTCTCCATTTTCGACCATCTTTTGAAATTCTAGGTATTCTTGCATAAGATTAAGCCGAAAATCCATGCCAATTAGGGTATGTGATACTGTCAC
TGTCTCTATGCATAAGAATAGCTTCTACCGAAAAGTTGAACATATGTATAACAGGAAGGACATACGAGGTATAAGAGATGAAAATCGAAAACAATATTTCAAATGCTCAAACACTCAATTGAG
GAACCATGATTACTGAAACAAACACCTTCACGCCCTCGTATTCTTTGCACGGGGAAGAGGAAACAAGAAAGGAAAAGGACAAAAGCAATACAAATGACACGCTAACATGGATCCAACCAAG
AATCATTCTTGATATCATCCCAAACATCGTAGCCATCCAACAGCACCAAGCCCATGCCAGACATCAAGTGGGTTTCCATGTGGCAATGGAGCAAAAATGGACCAGGGTTCTGCACGAAGTACC
TTATTGCTAACCACGACTCTCCTCTAGGCGACGTAACGACAGTGTCTCTATACACAGGCTTTTCAAAGAAATCTTGTGGACTTTCAACGATTCCCTGTTCGATGGAAGACCAGTTAAAGGTCCC
CTGCCCGGCACCCATCACGAACATCTTGTTTGAATGTTTGTGAATTGGATGAGGAGGCTGAACGGGGGTGACCGATGGATCTCCTAGGCGTAGTTGGTAGACGATGTCGACCCAGGTGTTAT
TCCTGGTAGTGATTTTGAGAGCGTTGTCGAGTCCTGGAGATTCCTTGTTGAACAGGACGGGTTCCATGCTATCCAGATCGGCTGGAAGGAACGTGGTGCCGCCAAGAGACCATTCCCAGGAA
GAGTTGATGCGCGATAAATTCAAGATATGGAAATCGTCTGCCTGAGGCGCAGGGAGTATTGCTGGGAAGGGAGGTAGGTTGGTGACATTCAACGCAGTAACGTCTGGTGAGGTAGGTTGG
CCGCCGTAATTGAGGTAGGGCACGGATGGCCGTGTGCTATTCTCTCCACCAGCATACTGCAAAGTCGCATAGCCCGCAATTATCTGGTTACCGCCGGTGTCCGTGATGGTTATATTGTAATTG
GCTGGTTCCTTGTCGAGTTTAATGAGCGCAGAGTAACGCTCGCCATTGTAGAACTCGAATGTATCAACGTATTGAGGCTCTATGTATCGGCCATCGACCTCATAAATCCACATTGGATGTTCAT
CGACGGAGACAACCAAGGCTTTCTCGCTGGCTGCGCCGATGAAATTGAGACTAGCCCATCCATGAGCTGGGTCAACTTCTATGACCGCCTTGTACCCATTGCTAGGGATGCAGCCATCGTTAA
GATAAGCAGGAAGCTTTTCTGGGTGGTGTTCCCAGAGACCCTGAGTGCCGGTTACAAAAGGGAGGCATCCCTTGTCCGTTACGTTTGCCTGAAGAACATTCTGAACGGACTCTGGCATCAGA
GAGATTAATTCCGACTGTGGAGGGCAATAGACGGCGCCCTTGCCTTGGATCAACACACTGTCCATACAGCTGCAGGTAACATTGTTAGTATCGATGGACTGGAACAATCGCACAGAGAATGC
CACTTGGAGCGCGAGGGGAATTAAAGCAATAAAGGTAGAATGCAAGGGATGGAGATTCCGTACAAGATGTCATAGCCTGTTTGCTTCAGTGCATCCATATAGTCAACAGAGGTGTATCGACT
CCAATCAGAAACGACGATAAGTTCGGCATCATGCTCCGCTTGCTTTATTGCTCTAAGTTCGTTCTCGTCTGTTGTAATCATCGAAAAGGGATCTTCTCTTTCTGGCGATGGCCTGCATTGCTTCA
GTTAGCTAGAACAAGCAAAATTCTCTAGTGGCACCGCCAAATTTTCTTCTGGCATAACAGGCTTTTTTGAAACTAGGGATGCGGTACGAGAATAGAAATGGGACCGAGGATGGGTGTTCCAA
ACACTTTTCTGATATGAACTGAAATGAACTAAGATACTCACCGGACACGGACTGCCCCATATAGGCCGTCTTGCAGGGTTGCCATATCGTGCGAATGATACCAGTAAGTCCCATAGATATTATT
GGCATGCCACTGGTAGGTGAACGACTCTTCGGGTTTAATGGCCCACTGGGTCAAGCCAGGTACACCATCTGCCCACGCCGTATTCTTCTGCCTATATGAGGAATAATGAGTATTGGAAGGTCT
TCAGCAAGTGAAGGGAAAAAAAGGGCGTCAATCACATACTCGATTCCGTGGAAATGCACTGTCGTATTGAACGGTAAATTGTTTTTCACCTTCACTGTAACATCGTCGCCCTCATCCACAATCA
ATGGAGGTCCCGGAAACTGTCCATTGATAAAGACCATATCTCTCTCCTGTCCATTGGGCGCTCCGAGCCCCCATGTAAGTTCGAGATCGAAATGGACATGGGCACTTTGTGCCAGATTCGCCA
TAGCGGCCAAGGGCAACATCAATCGGCTGGAAAGAGCCATGATGTGTCTTTGGGCTGGTTACTAAACTGATCAAATCGACAAAGAAGGTGACTATCAAGCAACGAGTCAAGGGAAAAAAAG
TCACTGGCAGGAACTCGAAGTAAAATGGAATGAATTCCAAACACTCGACTTAAAAAGAGTTTCTGCATCGAAATGCAAGTTTGATATACTACGCCTACGGCCAATCCCTTGC 
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S1 Fig. The stability of AMA1 plasmids in Talaromyces atroroseus. To follow progressional loss of the 
AMA1 plasmid as the fungus grows in the presence and absence of hygromycin selection, we used the 
following experimental setup presented in (A). Step 1, T. atroroseus was transformed with a CRISPR plasmid 
(pFC332) containing the hygromycin resistance gene, but no sgRNA gene insert, and plated on solid CYA 
medium containing hygromycin. Step 2, Spores from the resulting transformation plate (CYA+hyg) were 
transferred via a single-point inoculation to a CYA plate as well as a CYA+hyg plate, and allowed to grow for 
four days at 30°C, forming colonies with diameters of approximately two cm. Step 3, from these colonies, 
spores were collected from an area of approximately a mm2 from positions with increasing distance from 
the centers of the two colonies and transferred to solid CYA medium with and without hygromycin. 
Specifically spores were recovered from the following distances from the center of the colony: 0, 0.5 and 
1.0 cm. (B) Solid CYA medium with and without hygromycin from step 3. Reduced growth on the CYA+hyg 
plate as compared to growth on the CYA plate indicates loss of the AMA1 plasmid. 

 

A 

 

 

B 
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S1 Table. List of primers 

 

UA08_00425-up-FU ML571 GGGTTTAAUTCACTACGTTCCGATTTTCGC UA08_00425 deletion in T. atroroseus 

UA08_00425-up-RU ML572 GGACTTAAUAACGGCTCTTTTTCTAATTGCTG UA08_00425 deletion in T. atroroseus 

UA08_00425-dw-FU ML573 GGCATTAAUCTCATTTTGGGTGTGTGGGAG UA08_00425 deletion in T. atroroseus 

UA08_00425-dw-RU ML574 GGTCTTAAUACTTATCGTCGTTTCTGATTGGAG UA08_00425 deletion in T. atroroseus 

gRNA-Tatro00425-1FU ML559 AGTAAGCUCGTCAACTTCCGACGGTCAGATGGGTTTTAGAGCTAGAAATAGCAAGTTAAA UA08_00425 deletion in T. atroroseus (protospacer 3) 

gRNA-Tatro00425-1RU ML560 AGCTTACUCGTTTCGTCCTCACGGACTCATCAGAACTTCCGGTGATGTCTGCTCAAGCG UA08_00425 deletion in T. atroroseus (protospacer 3) 

gRNA-Tatro00425-2FU ML561 AGTAAGCUCGTCAGCTCTTCAAGTACAAGAGGGTTTTAGAGCTAGAAATAGCAAGTTAAA UA08_00425 deletion in T. atroroseus (protospacer 2) 

gRNA-Tatro00425-2RU ML562 AGCTTACUCGTTTCGTCCTCACGGACTCATCAGAGCTCTCGGTGATGTCTGCTCAAGCG UA08_00425 deletion in T. atroroseus (protospacer 2) 

gRNA-Tatro00425-3FU ML563 AGTAAGCUCGTCGAGAAGTTCCCCCTGATCGGGTTTTAGAGCTAGAAATAGCAAGTTAAA UA08_00425 deletion in T. atroroseus (protospacer 1) 

gRNA-Tatro00425-3RU ML564 AGCTTACUCGTTTCGTCCTCACGGACTCATCAGGAGAAGCGGTGATGTCTGCTCAAGCG UA08_00425 deletion in T. atroroseus (protospacer 1) 

talA-up-FU ML457 GGGTTTAAUCTCACATTACTTTCATCTGGTCTCG UA08_04451 deletion in T. atroroseus 

talA-up-RU ML458 GGACTTAAUGACAGAATATATAAAATCAGAAAAGTCAAATAC UA08_04451 deletion in T. atroroseus 

talA-dw-FU ML459 GGCATTAAUTCGTAGATCGGGGCAGAGC UA08_04451 deletion in T. atroroseus 

talA-dw-RU ML460 GGTCTTAAUTGCATAGTTTGTCATTTTATCCCA UA08_04451 deletion in T. atroroseus 

gRNA-talA-FU ML461 AGTAAGCUCGTCAACTAAGCTAGAAGAACAGGGTTTTAGAGCTAGAAATAGCAAGTTAAA UA08_04451 deletion in T. atroroseus 

gRNA-talA-RU ML462 AGCTTACUCGTTTCGTCCTCACGGACTCATCAGAACTAACGGTGATGTCTGCTCAAGCG UA08_04451 deletion in T. atroroseus 

UA08_00425-upchk-F ML581 GACCAGTATCTTCGTATCTTTCGC UA08_00425 deletion in T. atroroseus - check primer 

UA08_00425-hkchk-F ML582 GATGCCTTGACATAATTTGTAACCA UA08_00425 deletion in T. atroroseus - check primer 

UA08_00425-hkchk-R ML583 CCTCCATCTCCATAGTGACTGGTA UA08_00425 deletion in T. atroroseus - check primer 

gpdA-p-int-rv CSN105 TTGGACGCCCTACAGATGC Deletion up check primer (hph promoter) 

talA-upchk-F ML472 ACCAACGAGCATAGTATCTCCGA UA08_04451 deletion in T. atroroseus - check primer 

talA-hkchk-F ML515 TGACCCTCTGGTGGTAGTTGG UA08_04451 deletion in T. atroroseus - check primer 

talA-hkchk-R ML516 GTCACCGCACATCAAGCCTAC UA08_04451 deletion in T. atroroseus - check primer 

TATR-albA-Dw-Chk-R B409 CTATTCTCGTACCGCATCCC UA08_00425 deletion in T. atroroseus - check primer 

TATR-talA-Dw-Chk-R B410 CCATTCCATGCAACACCTACGATC UA08_04451 deletion in T. atroroseus - check primer 
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S2 Appendix. DNA sequence of talA including 3 kb up- and downstream sequences. The coding sequence 
is highlighted in yellow, while predicted introns are marked in green. 

 

CCAGCGTTCGAAATATAGTCAATCCCACTGTGCCAACGACGCACCATCCAATGGCAGCAGCTTCGTCCCAGGCCATATCATCCGGTACTCTCCACAGTTGGTCTGCCCACACTGCGATGTATTC
TGCAAACGCGCCAGACTGAGGATCTAGACGGTTCGACGCATGCACGGCTCCTGCTACCCGGTCGCCTATCTTAAGAAAAGACCTGTCTACGCTGTCGCCCAAGGCAATGACGGTGCCTGCAT
AGTCCGAACCAACACCTGCACCAGGACATGGGAAATTGGTGGGCATTTTCCAGTCACATGGGTTTAGAGCCACTGCTGCTGTCTTGACGAGCACTTGGCCTGGCAGAACGCTAGGAAGACCT
CGATTGTGACATAGGGTAAGTGAGCCTGGTTCTTCAGCTTGTATGACTGCTCGCTGGATTGTTGGAACATCTAATTTAGCCGCCATGATTGATCGGGGGTTGGAAGGTAATAAAAGCGTATTG
TGCACGGCGGTAGGGATACTTCAATCAATGAACTCCCACTGAATATCTTTTGAAGCGTGACCGACTAGTTTATCAACGTCAAACTGACTTGGCACCTTTCTGTATATCTATCCTATCTCTACGGT
CCCGAATATACTTGCGAACATACACTAAAGAGGAGGCTGTATTACTTTCTTATTTGTCTTCATGTTTTTTTTTTTTTTTTTTTTTTTTTTTTCAACTCTTTTGATCCACTTCCCAACCAACGAGCATA
GTATCTCCGAATATCAGCTGCAAGAGGCTTGCTCCGAATATGAAATTCGGACCAGGGAAACGCTCCGAACTGAATATTGTCAGAACTGATTTCCTATCTGGACAATAATTACAGGGCAATTCT
AATTTCTGATGAGGCAGCCTATTGCAGAGGTAACCAAGTTGCTGTTTGATAACATTTTTCTTTCTTTTCACTTTCTGTTTCTTTCTTTCCGGTCATTTGTCTCACAAATTGTCCTTGCAAAGTCCTG
TCGATAGTATGTATTACTTTCCGGTCCTTCTCACATTACTTTCATCTGGTCTCGCGGAGCAATGGCGGCAACAGCCCCTAGGAGATCTATTTTCAGGGCACTGGGAGAGTCCGTTGGGGGGATT
TGGGCTCTCTCTATCAGAATGCAAAACCAGCCATACAACAGCATATCAGCAAGGGTATGGGCCGGTAGAATTCTCTCTCTCAACGACAGAGCATCTAGAGGTACCAAAACTATCGTCCATCAA
CGCCACAGCATGGGAACAATGGGAATTTGACGGTGTGTCCGAGTCTGGCAACGCCGGATTGATTGTGGGGTTCTCGCGTGATGCCTCCTACGCCTTCTTTGGTCAAGGCAATCTCCGCGTTGA
GTTTTTCATGATTTTGGAGGATGGAACTGTCATTCAAGAACTTGACTACCTACAAGAATCGACCATTATTGTCTGTGATGACACCGTAACGGGCATCTGGAATAGTACCGGCCGCAGTTATTCC
TTCCAGATCTCCAAGGACATGTCTCAGGCGAAAGTATGGTGGGATACTCCTCAGGCACAAGGAAGCCTGTCTCTACTGTCCCAATCGCCCCCGCATCTTGCAGATGGGTCGCTGTGGCCTGCT
GCTGACAAGAATGCAACAACTGAACTCGGGCCTGGGTTACACTTCAATCAACCCATCGCTGGCGGCCGTATAGAGGCTGATGTCACGATAAGAGAGCAGCGGATCCTTGTCTCGGGAACCG
GTGGACATGGCCGCCTCTGGGCCAAAGATGGTTGGTTCCAGATATGCAGTGGATGGTTCATTGTTCGTGCCTCTGCAGGGCCATATGTCCTTTCCTACTGGGAGATCGTATCCCGAATCAATC
CAGGTGTCTCATACTATTCTGCACAATTGTTCAAAGAAGGTGAATTGCTAGTCGCAACGCAGATTGGAGAGCGATCTGATGCTCAGGACCACGTTCTCTATACACAGGAGCTCGGAGGCAAT
GTGACCGGACTCCTCAGAGACCGCTCCACCGGCCATGTGGTCGAGTTTGTATCTCCAGTGCAAAGAAAGAGGTGGCGCTTCCTTGTTCGAAATAAAAGAAAGAAGTTCGAGATGGGCATGG
GTGGCGGCTCTGGCCTCACAGGATTCACAAATATTGTGACGGGAGGAGAAGTCTGGGAGAAACCATACGAAGGACGCGGATTCTCAGAGCAAGTGACCTTGCCGGACAAAATCAAACAATG
GCAAATTTGGCTTGTCTACGGTATTGGCTTCCTCAACAAGGGGAAAACGTCTTTGATCAAGATGATTGGATATATAATTTGATGCGGGTTTGGTTCAATTTTGGATCGTAGAACGCGAATGGT
AACTGTAGTTAAGTCGAATGATATGCTGGTTACGTAAATGAATCATGCTACTCGGTAGAATGATTCTGTGGGTTGATGAAGCTTTATATCTCTAAGCTATTCTCATATGGTGTTGTCACAATGG
TTTCAGGATGACCACGCTTTTTGACACTTAAAATCAACCAGCTCTGATACTTCTGTACTTTATGATACCCAAGGTTATCGCCATCTACCCCAAATGACTGGAATCCTGTTACCCCTGGCAAAGGA
AACAGACAAAAGAGAAATTTTAGCCTATATTCAATCATCCATCTCAGCTCTATGGTACGACATCGGAGATTCTCCATCATTCGGAGCCCCTTCATGATTCGGAGAGTTTGAAGAATGGCAGAAT
ATCGGTCCGAAACTGCGGGATGATTAGTATTTGTATGTAATAGAAATATCGGAGAAGGTTGGTGTTGACCCTCTGGTGGTAGTTGGATCTTAGAATAGTACATTATGGTCAGATTAGATGCTA
TAAACCTGGACCTTCTTAATTTCAACTCAAGTGATCTTTATAGTGGCCTTACTCCTTAAATTGATCTACGGTTATACCTAGGTGTATTTGACTTTTCTGATTTTATATATTCTGTCATTAAATAATCT
ATAAAAAAAAAAAGGCCTTCCAAGAGCATCCAACATGGGCACCATCCATACGCCTATTAAAGAGGCCAATGAGCCAATTGCCGTTGTTGGTAGTGCCTGTCGATTCCCGGGATCATTGAATAC
TCCATCCATGCTTTGGGATTTTCTGTGCAAACCTCATGATCTCCTTACCAAAATTTCCAACGAAAGATTCAACCCAGACGCATTCTACCATCCAGATGGAATGCATCACGGTACCTCTAACGTGA
AGGAGTCATATCTCCTTCGTGAAGATCACCGCGCCTTTGACGCCGGCTTCTTCAACATTAAGCCTGTCGAAGCTCATTCAATTGACCCACAACAAAGGTTGCTGATGGAGACAGTCTATGAGTC
TCTCGAGGCTGCCGGAATGTCTATAGAATCACTAGCTGGCTCACAGACGGGAGTATACGTAGGCTTGATGTGCGGTGACTTCAGTGAACATCTCCAACGTGACCCTCAGTCATTGCCTACATA
TATGCCCACAGGAACGGCTCGCAGTATCATATCCAACAGGGTGTCTTACTTCTTCGACTGGCATGGACCATCAATGACTATTGATACCGCCTGTTCTTCTAGCTTAGTTGCTGTCCACCAGGCA
GTGCAGCAGCTGCGAAGCGGCGAGTCAGATGTTGTTATTGCAGCTGGTGCCAACCTTATTCTTGGACCTGAGCTGTACATTGGGGAGGCCAAATTGAAAATGTTATCTGCCGATAGCCGGTC
GCGAATGTGGGACGTCGATGCTGATGGATATGCACGAGGGGAAGGAATTGCCTCGGTAGTTCTGAAAAGGCTCAGTGCTGCTCTTCAGGATGGTGATCACATCGAGTGTGTGATCCGCGAA
ATTGGAGTCAATCAAGATGGCAGAACAAAAGGGATCACAATGCCAAATGAATTGGCTCAAGCTGACCTGATAGAAAGAACTTACTTGAAGGCAGGCTTGAATCCTAAAGACAAGAACCAGC
GCTGTCAGTTTTTTGAAGCCCACGGGACTGGCACTTCAGCAGGCGATGCTCGTGTAAGTCTTGAGTTCCCTCTCTCCCCCCGCCCATTTTACAGTTCCATATATCAAAGCATGATAGCTGAGAC
AATAATAGGAGGCAGAGGGTATTAGTAGGGCATTTTTTGGCCATGAATTTGGCAATTCTGACGTAGAAAATGTGCTGTATGTGGGCTCGATCAAGACAGTGATAGGTCATACCGAAGGCACT
GCAGGCTTAGCAGGGCTCTTGAAAGCCTCCCTCGCCGTTCAGCATGGAATCATCCCACCAAATATGCTCTTTAATTCTCTCAACCCAACAGTCAGCCAGTTTTATAATAACCTAGAAATTGTGAC
AACCGCTAAACAATGGCCCAAAGTCGAAGGACCTCGCCGAGCCAGTGTCAATAGTTTCGGCTTTGGGGGCACAAATTGTCACGTGATCGTTGAGAGTTTTGAAGATTCAAGCAGCGAACACG
AGCAGGTGAAAGAAGTGCAAGTGCCTTTCACTCCTTTTGTGTTTTCTGCTGCATCTGAAAAAGCGCTAGAGGCAAATTTAATGGCCTATTCATCTCACCTTCGATTGAATCCCGATCTCAATCTC
GGTGACTTTGCTTTCACGCTACACTCAAGAAGATCAGCGCTCGGGGTACGAGCAGCCTTTGCAGCTAGGTCTTCTGATAGCCTCTGTGCGGCTATAGATGAACGCATTCAGCTCCATAAGACG
GACACGAGCACGCCACTCGGTGTCAGACCTAACACCGCTGCTCCATCTATCTTGGTTGTCTTCACTGGACAAGGAGCGCAATGGCCAGAAATGGGACGTCAACTGATATTATCATCGGCCTTT
GTTCGTAAATCCCTAGAAGAACTGGATCAAACGCTTCAAGATTTGCCAGATGCAGATAGACCTTCATGGTCTCTGGTGGAGCAGCTACTTGCTGATCGCTCTCACTCGCGCGTTGGAGAGGCT
GCCATCTCACAACCCTTATGCACTGCTCTTCAAATTGTTCTAGTAGAACTCTTAAGAGCTGCTGGGATTAGTTTCAAGGCTGTTGTAGGTCATTCATCAGGTGAGATTGCCGCGGCATATGCAG
CTGCGTTCATTTCTCGCGAGGATGCGATCAAGATTGCATTCTATCGAGGTCTAGTCGCGAAATACGCGGGACAAGATCGACCAGGCGCGATGATGGCAGTGGGGACATCATTTGACGACGCC
AATGACCTCTGCGCTTTGGACACCTTTGAAGGTCGTCTTTCTGTTGCGGCGTGCAATTCCTCATCCAGTGTGACTTTGTCTGGAGATGCGGATGCCATTGAGGAGGCTAGGTTCATTCTTGCTG
AAGAAAAGAAATTTGTCAGAACCATAAAAGTGGACAAGGCCTACCACTCTCATCATATGCTTCCTTGTGCGGAGCCCTACGTTAGTGCGCTTCTTGAGTGTAATATTGAGCCGAAACAGCCAA
AGACTGGCAGTTGTCACTGGTACTCGAGTACTTACCAGGGAATTAAGATGGAGGCTCAAGACGAGCTCAAAGGAGTGTACTGGAAAGATAACATGGTGAACCCCGTGCTCTTTTCACAGGCT
ATAGAGGCCGCAGCATCCAATGAGGATCCTTTCAATCTTGTTATTGAGGTTGGTCCACATCACGCCTTAAAAGGACCTGTTCTTCAAACATTGCAAGATACTTATGGCCAATCTATCCTTTATAC
GGGCCTCCTCAGTCGGGATAAACATGATGTGGAGAGCTATGCCAATGCACTAGGTTATTTTTGGAGCCACTTCAGTCCGACTGGTGTCGAACTTGGCCAGTACGACGATTGTCTCTCTGGAGG
TCAAAAGAGACAAATTATACCCTCATTGCCGTCCTATCAATGGGATCATGACCGGACCTTCTGGCACGAAACCCGCTTATCAAGAGCTCATCGTAACCGCAAGGATCCATACCATCCTTTACTG
GGTTCGAGAACACTAGAAGGGACAGAATCAGAAATGCGCTGGAGAAATATACTTCGGCCTAGCGAACTTCCTTGGGTTCATGGACACCAACTACAAGGCCAGATGGTGTTTCCAGCGACAG
GATATATTGCCACAGCTATAGAAGCTGCAAAATACATGGTCAAAAACATCCCTATATGTCTAATTGAAGTGTGTGACTTTGTTATTGGAAAGCCCTTAACGTTTGATGACGACCAGTCCGGCGT
TGAGATGTTGTTCACATTGTCCGATATTTCTAAGAACAGTTCGGGGTTGTATTCAGCCTCATTCAGGTACCACGCATGGACAAATCAGGAGTCAGATACATTGTCATTGTTAGCCTCTGGCTGC
ATTGTGGTAACTATAGATGAGACATCATCTTCGAATGATGTGCTTCCACCACGAAGTCCTGAACAACCGAATATGGCATCTGTGAGGGAGGATCAATTCTACGCTTCTCTTGACGACCTTGGTT
ATGGCTATTCTGGGGATTTCAGATGTCTTTCATCAATGAAGAGGAAGCTTAACTACGGTTCCGCCTACGTATCTGTGCCACAGCAGGAAGCCGTTGACGCTGTTCTTGTACATCCCGCCTTCCT
AGATGTCGGCTTCCAGTCCATATTCCTGGCCTACGGGTGGCCCAACGATGGAAGCCTTGATCAACTACATGTCCCTAGAAGCATCTCAAGGATCCGGATCAACTTTGCTCTCTGCCAGAAGGA
CTTAGTTCCTGGGACACAGCTACAATTGGACTCTCACCTGACAGATAATCCGTTGACCGCGGGCGCTATACGTGGGGACGTTGATATATTTGGAGCTGATGGACAATCCACCCTTATTCAGGT
TCAGGGTATACAAGTGGTTGGACTTTCAGATGGAAGCCCTCAGTTAGACCGGCAATTGTACTCAGAACACATTTGGGGCCTGGCAATCCCTGACGCTCAATGCGCAGCAGATAATCGCGCAA
CACCGGAGGATTACGAGCTTGCATGGAGTCTGGAACGTGTATCAATCTTCTACATGAAGAAATTACAGGCTGATATCAAGCCAGAGGAAAGAATAAACCTGGAATGGTATCACCATGCACTT
TTCGATTTCGTTTCTCATATTCTTTCCAAGACAGAGAAAGGCAAACAACGTTTTGCAAAGAGAGAATGGCTTGACGATACTTGGGAACAAATATTAGAGATCATGACACGGTAAGTACCACTC
CATATTTCTCCATGACCTTATAGGTACCTATGCATGTGCCAATTTCTCATACCTTGCACTAGATACCCTGATAGCATAGAAATGAAACTTACTCGTACGGTTGGCGAGAATCTCGCAGCTGCTGT
TCGAGGCGAGACAAACATTTTACAGCATTTACTCGCCGACGGTCTCTTAAACAAGTATTATACGGACGCGATGGGTCTCAAAGAAACAACAGAGTTCCTAGCCAAGTCTGTTGCCCAGGTTGT
GCATCGCTATCCACATATGAAGATACTTGAGATTGGTAAGAAAATATATATATATCAAATAATTCTATTTGTTAATACCTTTGTGTTCTAACTTTGCATCTTAGGCGCCGGTACTGGTGGAGCCA
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CGAAATCCATCATGAGAGACATCGGCCGGTCCTTCTCTTCTTATACATACACGGACATTTCAACTGGTTTCTTTGAAACTGCCAAAGGAATCTTCGCTCAGAATCTGGACAGAATGATTTTCAAA
GCTTTGGATATAGAGAAGGATATACTTGAACAGGGCTATGCAGAGCATTCTTATGACCTTATCATAGGATCCTTGGTTCTACATGCTACTTCTAGCCTGCGGAAAACGATGGAAAATACACGT
CGACTGCTGAAGCCAGGAGGCTATCTCATAATACTTGAGATAATCAGCAATGATGTGATCAGAACAGGATTTGCTATGAGCGGCCTGCCTGGTTGGTGGTTGGGTAGAAATGATGGCCGTCG
TTTCTCTCCGTGTGTATCTTCCGCTGAGTGGCATAACCTGCTTGTAGAGACCGGGTTTTCAGGAATAGACTCACTCAGCCCTGAAACTGACATCTTACCACGTCCTTTGTCTGTGATCATATCTC
AAGCTGTGGATGATCAGGTCAATCTTCTCAGGGAACCTCTTCAATATCCAGGCCAGACACTAGGGAACACACAAGATTGGGATCTTGTAATCATTGGTGGAGAGACGCTCCGAACGATAAAA
CTAATAGATGAAGTAATCCGCCTGCTTCAGCCCTGGTACTTGCCAGTTACACGAATCCGCTCTCTGCACGATACCGAACGCTTGTCCAATATATCAGCCAAGAGTGTCGTGCTAAGTGTTACAG
AGCTCGACCAACCCATATTCCTGGATTTCAGCCCTGAGACTATGGAAGGTCTCAAAAGGCTACTTGGCTATCAGCGAACCATTCTCTGGGTCACCCAAGGTTGCAGAGTTGATGAACCTTACAT
GAATATGACCGTTGGGTTTTGCCGAACCCTGGCCCTTGAAGCTCCAGATACCCAGCTGCAGCTCCTAGATCTAGACATATCACGTAGGCCTGATGCTCGACTGCTTGCCGAGTCACTCTTGAG
ATTAAACTTCACACAGGTTCCCGAGGTCTTGTGGTCCGTTGAGCAGGAGATAGTCCAAGAGGCTGGGAAACTGTTAATTCCGCGTCTTATTTTGAATCAAGAGCAAAATAATCGCTACAATGC
CGCAAGAAGGACCATATTCGACACCAAGGATGTGCGCCAAACTCCTGTTATTCTACAACCCACACCCGTCGGTTATAGTCTTGTCAAGCACGAGCTGGATTTGTGCCCGAATGACGTTCAGGT
CGCAGTTAGTCACTCAACGTTGGTACCGATTGCAAATTCAATGTACGGTATTGCTGGGATAAATATATCCACTGGCAAGAGCGTTTTGGGCTTCTCCACTATCAATGGTTCCCAGCTTGCTATA
AATACTGACAGGCTTATTGAATACAATTCATCCAAAATAGGGGAGAGCAGTCGCCTGATCTCTCTTCTGTTGGTTGAGATGGAGGTGGACAACATCCTTTCAGTTTGTACATCCGATGAGCAT
ATTCTGCTCCATCAAGCATCTGCAGAATTAGCGGAAAGACTTGGAGAGCGGGCCCATGAGAAAGGGCTCAGAATATCCTTTACTACGTCTCATGGAAAGCCTCTGGACAAGACCTGGATTAC
CGTCCATCCATGCTCTCCACTACGTACTATTAAGGCAACTGTGCCTCTAGAAGTTTCGATTTTCATTGATTATTCAACCAACGACGATGGCGTTGGTGAGTTAATATCGTCCTGCCTTCCTGATA
CGTGTTGGCGAATTACATCTACGGACGACAGATTTCGTACCAGAATATCGGGGCAAAAACTTTTTGAGAAGCTCAAAGATTTCATTAAACGCGTAGGGACGGTAGACATTGATTCTTCCAGCC
ACTCGTCCCCGGTTCAAATGAGTCCAATGGATATTGCAGGGAACGGTAAAACTGCAAGCTCCACGATTGTCAATTGGAGTGGCACCACTGAGGTCTCAGTGAAGTTGTCATCTATCGATAGCC
AAATCAACTTTGCACCTGACAAGACATATGTGTTATTTGGGTTGACAAGCGATCTGGGACAGTCACTGTGTGACTGGATGGCTGCTCATGGAGCCCGGAATATTGTCCTAACTAGTAGAAACC
CGAAGATCGATCAAAGGTGGTTGGACCAAATGAAACGCACGGGTGTGAGGTTGCAAGTCTTCTGCAAGTAAGTGAGCCTCTCTTTCCTGGGGAAAAAAAAATGTACGCTGTCAAGAAGCTA
ACTTACGTTTTACAGTGATATAACCGATAAAGTGGCAGTCCAAGCAATTGTTTCAGAAATACGTGCCACATTCCCACCAATTGGGGGTATTGCCCAAGGAGCAATGGTATTGGAAGACGCTTC
ATTCTTTGACATGTCATTTGAAACTATGGACAAGGTCTTGAAACCGAAAGTACTAGGTAGTATTCACCTTGATGAGCTATTCCAAAACGATGACCTTGACTTCTTCATCTTCTTCTCATCACTAG
CATCGGTAAGCGGAAATCGCGGTCAATCCAACTACAGTGCTGCGAACATGTTCATGACCGCCTTGGCTTTTCAACGTCGACGAAAGGGGCTCGCCGCGTCTGTTCTCCATATCGGTGCCATTA
TGGGTGTTGGCTACGTTATGAGAGAAGTGAGCGAAACCGTCTTTCCTGCGATCCGTCGTGCCGGGTTCACGTGGATGCCTGAGCGTGGCTTCCACCAATGTTTCGCTGAAGCTATTGTTTCTG
GACGGCCACAATCTGGTCGCAGTCCGGAGATTGTCACTGGACTCCGACTAATCAATGCTAACGAGGAAGAACCTGCTCCTTGGATGAATATCCCCAGATTCCAACATTGCATTGACCGCAGTG
GTACGGCGGGACTTAGGGAGGGTCATGGAAATGCAGTCGTAGCAGTTAAGACGCGGCTGCTAGTGGCATCAACTCGGGAAGAAGCCCTGGAGATGATTCAATGTGAGGCAGTGTCAGTAC
ATCTCGTCAACAAACAGCTAACAAGCGTCAGATGCATTCTTCGCAAAGCTGCAGGCAGCTTTGCAGCTTCACATCGACGATCCTGCCGTTCAAAGGCAGGTTCTGAGTTCTGGGGCGGATGAA
TTGGGCTTTGACTCTCTGGTTGCTGTTGAAATTCGGTCATGGTTCCTCAAAGAACTTGAAGTCGACATGCCTGTGCTTAAGATCCTTGGCGGGGCCTCTGTCTCAGACCTTCTTATTTTCGCCCT
TGATAAGCTGCCTGATGAACTAATCCCAAAAGTTGCGGCGATCCCTGAAGCTGTAGTAAACACGAGCAAAATCAAGAAAGATACGGTGACACCGCATTTCTCGCCATCAAGCGTTATTAGCTC
AAAAGCAACCAGTGATGGGGAAAGCCTCTTCTCGCCAGTCAATGGCTCTTCCCCTCCACAGAACTCTGTTGTCTCCCTTGTGTCTTCGTCGTCCTCTACGTATGACAAGGAAGAGCATTTCACC
CCGAATTATGAGCCTAAGTTTGAAAAGGTAGTGCCATTATCTTTTGGACAGTCACGATTTTGGTTCTTAAAGCATTATCATGAAGACCAGACAACGTTCAACATTACATTCTCGACTCGACTTAA
AGGTCCAGTGCGAATTCGTGACCTGGAAAACGCGGTGAGAACGATGGGCTATCGTCATGAGGCACTGCGAACGTGCTTTTTTGTACAGGATTCCAACCAGCAGCCGATGCAGGGAATTCTAG
AGAAATCTTCCCTGTGTCTGGAGAAAATGAACATTCAGAATTCAAGTCAAGTCGCGGAAGAGTTTGAAGCAATGAAGAATCATGTTTTCGACATAGAGAATGGAGAAATTATGAGGGTTATT
CTCCTGTCCCTTAACCCGTTAAATAGCTTCCTCATTATCGGTTACCACCACATCAATATGGACGGTGCAAGCCTGGAAGTATTCCTGAGGGACCTTGAGTTGGTCTACTGTCGTAAACCACTGA
GTCAACCAGTATACCAGTATTCCGCTTTCTCGCTATGGCAAAGAAAGGAAATCGAATCCGGCAAAATGAAAGACGAGCTTCAGTACTGGAAGTCCGAATTTGCAGATCCTCCTACTCCATTGC
CATTGCTCCCTTTCTCCTCTACGAACAGACGCGAGGCAGTTTCAACATACAGTCATTATCGTGCCGATGTTCGAATTAATTCTCAGTTGGCAGAACAGATAAAGAATATGTGTTCGAAAAGGAA
AACCAGTATTTACCATTTTTATCTCTCCGTATATGAGGCAATGCTCTTCCGGCTCTTGGACACGAACGATCTCTGCATCGGCATGGCAGATGCCAACCGCAGCGAAGATACCTTTGTCAATAGT
ATGGGGATGTACTTGAACCTGCTTCCACTACGATTTCATCTTCGCTCGAATATGCAATTCATAGATGTGCTGAAAGAAACGCGCCGTAAAGCCTACAGTGCGATGGCTCATTCTCGTCTACCTT
TTGACGTTCTTCTTGACGAGCTGAAAGTACCACGCTCCACGTTGTATAGCCCATTGTTTCAAGCTTTTATCAACTACCGCCTGGGAGTCCAAGAAAAGAGAGCCTTCGGAGATCTCGAGTGTGA
GGGTGAGGAATACTCGTTAGGCAGAACTGCCTACGATATCAGTCTGGATATTCTTGATAACCAAAACAGCAATACCCTGCTTATGTTCATCGTACAAACGCAGTTATATTCGGCAGAGGATGC
AAGGCTTATGTGTAACATCTACGTAAGCCTTCTTGAACAGTTTTCCAAGGATCCAACCCTTCGTCTAGATGAGCCATCTCTCTTTGCAAAGGAGGATATTGCAGAGAATATTCAACTTGGAATG
GGTATAGTTTCCTATCTTCTAACGATAGAATGTGGCATTCACTAAAACAATCCTAATACCTTCTAGGACCGAATCACAACTCAGAATGGCCAGAGACCATGGTACACCGCGTCTACCAAATCAT
AGAGACATTCCCTGACAGTATTGCTCTTAAAGATACGGAGCACAACGAGTTGACATATCGACAGCTGGCTAATCGTATAGGCTGCATAGTATCATCTCTTCTTGAAGCAAATCTAGAAGAACA
TGCTCCTGTCGGTGTATTTCAAGAACCTTCACCTGATTGGGTCTGTTCAATTCTTGCTGTGATGGCTATTGGAGCCATCTACGTGCCATTTGACGCGAAATCGCCTACATCTCGTCTAGTGTCGA
TGATGGAAGATTGCCAGCCCACTGCTGTTCTCATCCATGATGCCACGGCCTCGAAGTTTGGAGGCTTGAGGTTGTCCTCTCGGGCAACTGTGATTAATCTTGCTAACATTCCATTAGACATCTC
GCACGAGAGTCGTAGTGTCGCAGCCAAAGCATGTGATCCTGCGGTGATACTGTACACCAGCGGTACGACAGGGGTACCGAAAGGGGTCATCTTGTCCCATGAGAGCCTAAGGAATGAGAAT
GAATTCGAGGTAGTCTCAGGTCCCGAAATTGTCCTTCAACAGAGTGCAATCAGTTTTGATCTCTCACTGAATCAAGTTTTCACGGCTCTGGCACATGGTGGAACACTTGTTATCATTCCAAGAT
CTATGCGGGGCGATGCAGTCGCAATAGCAAATATAATAGCCAAGGAAAAAGTCACCTATACTGGAGCAACGCCGTCAGAATATCTCAGTTGGCTTCAGTATGGGCGATCTGAGCTTTTGCAA
AACAAGGCTTGGAAGTTCGCCATGTCATGCGGAGAGCAGTACCCACAACAACTCGCTAATGAATTCAAACGCCTTGAACTTCCCCATCTAAGCCTGTGGAATGCATATGGACCAACCGAAGCC
ACTCTTTCGTCGAACAGAATCCAGTTATTCCTGAAAGATGATGATTCAAACCCACAGCATATTCCCGTTGGTTATACACTGACCAATTGTTCGGTATATATCGTAGACCGAGACCTCAATCCGTT
GCCTGCTGGAGTACCTGGGGAGGTCTGTATTGGGGGCGCCGGGGTCGCAATAGGCTACTTGAACAACAAGGAGCTTACCACAGAAAAGTTCGTGCCAAACCGGTTTGCAAATCCACATTTCC
TGTCGCGTGGGTGGCAACGAATGTATCGAACTGGCGACAGAGGAGTTCTCCAAGATGATGGAGCTCTGAAGATTCTGGGTCGCATTGACGGTGATACACAAATCAAGCTGCGTGGTATTCG
GATTGAAATGCAAGACATTGAGAATACCATTCTTCGTGAGGCAAACGGAGCGATATCGGATGTTGTCGTGGTGCCTCGTGGAGATCCTCCAGTCCTTATGGCTCATGCTGTCCTGTCATCCGT
CTCTCCGAAGGACCAGACCGGCTTTCTCCAGCATCTAAATACATCTCTTTCTTTACCACAATATATGCGGCCAGCAGCCATTATCCCTATCGATAAAATGCCTCTGACTACTCATGGCAAGATTG
ACAGAAGTGCGGTGCAGATCCTTTCGATAGCCCATCCCTCCCAAAAGCCATCTCCTGTCACTGAAATCACGCCAATGGAAAATCAACTTTGGCAGATCTGGGAGAATGTCATTTCAAAGGAAG
TTTTACAGTTGCACGCCATTGATGGTGATACAGACTTTTTCCATGTCGGAGGCAACTCGATGCTTCTCATCAAACTGCAAGAATTGATCAAACAGAAGTTTGGCACTTCGTTGGGTATCATGCG
TCTTTTTGAATGCAGCACGCTGCGTACGATGGCAGCAGCGATTCAAGACGCGTCCGTCACCAGGTCTCCTGATATTGTTCACTGGGAAGAAGAAATAGCTTTTCCCGAAGAGCTGTCAGTCAT
GGCCTCGTCCCAGTCTACTAACCTTACAAGAAAGCATGCTACTAGTCCTCTAGTAATCATCCTCACTGGTTCTACAGGCTTCCTGGGGAAAGAAATACTCCAACAGTTAATTGCATTGCCAAGT
GTCCAGGAAATTCACTGTGTTGCAGTCAGGGATGAGAAAAAGCTTGAGGACATGGTGACCTCCTCAGGCAAGGTAGTAATCCATCAAGGAGACTTGAGCCTTCCACAATGCGGGCTCTCCGA
TCAATCTGCCTCTGAAATTTTCAGCAAAGCAGACGCAATCATCCACAATGGCGCCGACGTGTCTTTCTTGAAGAGTTATCGATCCTTGAGCCCATCCAATGTCGAATCGACGAAAGAGCTGGTT
CGTCTGTCACTACGCCAACGGCAACTTATCCCATTTCACTTTATCTCAACCGTCACTACAGGACGACTGAATAAGAGCGAAACTTTTGGAGAAGTCTCGTTATCATCGACTCCTCCTCCTCCAGG
GTTCCCAGATGGTTACGTTGCCAGTAAATGGGCCAGCGAGGCCTTTTTGGAACGGGCAAGTACGAGTTTTAGTCTTCCGGTATACATTCACCGCCCATCGAGCATTACAGGCGAAGGAGCAA
GCGATCTCGATGTAATGCACAACATGCTAAAGTATGCACGCCTTACAAAATCCGTGCCTGAATCATCCCGCTGGAAAGGATATATCGACTTTATCAGTGTAGAGAATGTCGCTCGCGGGATCA
TCCAGGAAGTCCTCCACAGGGAAAACGAAAGTAGTACTCCCGCAAGCAATACCGCTCATGTGAGATACATTCATCATTCCGGAGATATCGTTACCACAGTCGAGTCGTTTAAAGACTACTTGA
CAAATGAAAGTGGAGAAACCTTTATAGGATTGCCGCTAAGAGAGTGGGTGGAAAGGGCAAAGGAACACGGCCTGAATGTCCTAGTCGCGGGTTACTTGACAGCAAGTGATGAGAGACAGG
TGGATGTGGTATTCCAGAGGTTGATTAAATTGAAAGTGGCATAAGGAATTCGTAGATCGGGGCAGAGCGGTTTCTTGAATTTGCTTATTCTCAATGGAGATTGAACATTGATATGACGAGCTT
TACTATTTCCATCATCTTGAAAAAATGCAAGGTCAGAAAGAATAAGTTTATTTTTCTGTGCCAAAGGATATCCGGGCCTGCTACTTACGGCCAATTCTACAGTAGAGACCGGCCAATTCTGGCG
CCCATGAAATGTAAATATGTGATATTGGTTGCAGATCTTGCCATATCTGTTATCAAAATATCAGGGCGGACTTTATATTTTTATTTTAAATATAGCTATCACCCAAATTCCATGTAATTATGTAAT
ATACTGGACATCTCTGGCTTAAAAGAGCTAGTATTAATACCTAAAACTCTAAGCTCTGGTTCTTGAGTCCTGCCTCTCTCTAGGTTTTGTAATTCCAAAATCACCTTTCGTGCCCAGTCAAGGTCT
ATTATTTTGTACTGGGTTGGATCACTGGGGATAACCTCACGGAGTCTGTTCCAGACAGAAAGAGGCCAGGCACGCTTTTGCATATTCGAGAGACCATGGAACCAAGATTTCCAAGAGCTTTCT
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CTCCGGGAAAATAGAAATTAAGAGCGGCCATAGCGATTCTGGTAGGATGATATTATCGTTTTTCTCCAACAGAAGTCTCAATTTGACGGCGGGCTCGGGTAAAGATAGTGGCCTCGTTATTGG
CCGGGAGATAGCCACAGAGGATCTGGATCCGGAAGACTCGCTGATGAATGAGCTTGCGAGAAGTGTCATGGGCGAGATAGAGGGGTTTGGGTGCTAATTCAAATCTCGTAGATTGGGTACT
TGTTCCAGGATATCAAGTGGGATACGGGAGTGCACTTTGTACCAATCACACCGACTGTGGAAGGAGATGATATAACAACTTTAGGTGACGGGCCTAGGCTGCAAAGCATTTGCTCCGTACCT
AATTAAAAAAAATGTAGCAAGTTTGATATTATACTATGTATTGTAAGATTGTGCGCGCTAAGAAAAGTGAGGAGGTTTGTATACTATCGACTAAAGCTCGCTATCCAACAAGAGCACATGAGT
GGATTTATGCGCTGCAATCGCCATATTGGGATAGCCGTCAGGTAATCTGGTCTCTAAGCTAAGTTATTCCAAAACTAATATCATTTTGCCAAGTCAATCCTTCTTGAATCGACTTGGGTCCATGC
ATATAATGATTGGTTCCCATGTCTGACCCCACAGGCTGATGCAAATGTAACGACGCGTTAACCAAGCGACAAAACATCGGAACAACGTACTAGGTAGCTGGGAATGTACCTGCCACAGAATTT
TGCGCAATCTCAGGTAAGGTCGGAATGCACTGGGATGCCCTCAGTTAGTTAATGCCCCGGGTATATTAGGGCCGAAATGCAGACAACGGTGGACGATGAACAAACTGTAGGCGCTCACAAG
TTTCTTGTCTTTGTGGAACGAAATCGACACTCACTTCACTTGCTTGATCGCGACCGGGCCTATTTGATCGCTCAATTGGATCAAATGTCAGCCAACCAATTATCTTGGCCAAAGAGTGCCGCAG
ACGTGTCAGACATGTTCGTTTTCATGCTGCAAGCACAGTGGATATCCGCCCAATACCATGGCCGGCACCCAGACTCAGATTTTGCAGATAAAGAATTGTGGAGAATACGGGAGAATCGAGGA
GTCAATTCTCAGGGAAAGCTTCGAGAGTATGCAAAGGAGCGTAACATGGATTATAATAGGCTTCGGGATACGGTTCAAGTTAACCAGAAAGCGGGAGCCATAGAGGCGGAGTTGGGAGTTC
CCGGCTTGGGAAAGACCTTATACTCTGCCTTCAAACGACTAAGAGATCTGAAGCAAAATGAAATTGAGTCATTCTGCAGGCTATTTCGTGCTAGTGATTCGTTTGCAGATTACAAGAGCTATG
CAGCTATAGCGCTGGCATTATTGGACGATTATTTGACTCTGATGCAGCGGCATGATTTAGATCAATAGATAGTGGGATAAAATGACAAACTATGCATGCTTATCGAGAAGTTCTCACCCCTTTT
CCAGGTTTCTGATCGTAGGTGTTGCATGGAATGGCGCTACTTTGACGGGGACATCATCCCTCTGAATCATAATCCGTTGCCGTTCAAGAGAAAAGGTCTGGAGAACAAATAGACCATCACTTT
CACTCGGCCAATTGAAGCACATATCTGATAGTATATAGGCTACCACTTTCTGAGATAACTCTAGCGGTACCAGGCATAGAGGACCTTCTAATCTCTTCCGATCGAGAGTTGTCCGGTCGAGCGT
ATGCGACTTATCGTATAGCTGAAACCGAACGTTTCCCCGCACAAGCCGCAGCAAGCAGATTGCTTTGTTTCGATGGTATCCGTAGGGTCCTAGCCTATAGATTGAGGGCGGTTCTGTGGCTTG
GGCGCAGTTCACTAGAATGGGTTCTCCACGAACGACATCCTTTATGTCATTTCCACCAAGAAGGGAAAGAATGTAGTGCATCTATCAGCTCGGCGCGTAAGCTTGTGGAGTATATGTTTTTCA
CGAATAACGTACCCTTGCTTCCAATAGGTCATGCTCTACGAAGTTAACGAGAGCTTTCGATAATTGAGTCCCGTATCTGCCCCGGACACAAAGTGTGGTTGTCGAGTTCTGTTCGAGAACATCA
TCCAGCCACTTCAGTGCCTGGCCCGACGGAGGGTCCCAAGGCAAAACAGCATAACCTTCGTAGTTGAAAGTCATCTCCTCATCTTGTGCGTCATCCTCGGGAGCGCTCACAACGGCCCCGCGA
TATTTCCTCGTTGCATTCTACAGTAGTGTATGATGATTAGGTAATCATCCTTTGGCCGTGGGTTCTGAAATCAAGGCGTAGATAGGCCGCATGCGCAAGTGATGAGAGATGTGATAGTCACAG
AACGTGTTTATTCTCGAATCAAAGTTTGGGACTGAGTGGAAATTGACTTAATCTCTCTCATAGGTGCTCAAGGCTAGAATATATGAA 
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S2 Fig. Deletion of the green pigment UA08_00425 (albA) in T. atroroseus. Second independent trial. A-C) 
Plates resulting from co-transformation of pD-hyg-UA08_00425 and CRISPR-Cas9 vectors carrying three 
different protospacers, protospacer 1-3, respectively. D) T. atroroseus transformed with gene-targeting 
plasmid pD-hyg-UA08_00425 (pFC574) in the absence of a CRISPR-Cas9 vector. 
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S2 Table. List of plasmids 

 

pFC330 pCas9-pyrG Empty CRISPR vector 
pFC332 pCas9-hph Empty CRISPR vector 
pFC476 pD-hyg Deletion vector with hph marker 
pFC574 pAMA1-hph AMA1 hph vector 
pFC683 pCas9-pyrG-talA CRISPR plasmid for deletion of talA 
pFC687 pD-hyg-talA talA deletion plasmid 
pFC784 pCas9-pyrG-UA08_00425-PS1 CRISPR plasmid for deletion of albA 
pFC785 pCas9-pyrG-UA08_00425-PS2 CRISPR plasmid for deletion of albA 
pFC786 pCas9-pyrG-UA08_00425-PS3 CRISPR plasmid for deletion of albA 
pFC789 pD-hyg-UA08_00425 albA deletion plasmid 
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S3 Fig. Tissue PCR analysis for verification of albA deletion.  

The protocol for tissue PCR is described by Nødvig et al. For each PCR reaction, a dilution series of T. 
atroroseus mycelium was done to achieve optimal DNA template concentrations in one or more reactions. 
For each transformant, three PCR reactions were performed by adding approximately 1 mm2 mycelium 
template to three tubes by sequentially dipping the pipette tip with the biomass in each tube. Hence, the 
concentration of biomass was highest in the first tube and lower in the following two tubes. The resulting 
PCR reactions were loaded on an 1% agarose gel as sample 1, 2 and 3, respectively, as indicated on the gel 
picture. Lane labeled M includes the 1 kb ladder from New England Biolabs. 

Three setups were performed for analysis of transformants to check for deletions of the green conidia 
pigment gene albA (UA08_00425). In the first PCR setup (A), the forward primer (ML581), which binds 
outside of the upstream albA targeting sequence, and the reverse primer (CSN105), which binds to the 
PgpdA promoter of the hph marker, are used for PCR. A successful gene replacement of albA with hph 
results in a PCR band of ∼2.2 kb. Analyses of six randomly selected white transformants (corresponding gel 
lanes are indicated as colonies 1-6) using the first PCR setup are shown in (B) and (C). The number of 
transformants is indicated above each gel. (A) and (B) depict the same gel, but with different exposure 
times, hence allowing very weak bands to be visualized. Arrows point to successful PCR reactions. 

 

 

 

In the second PCR setup (D), the upstream primer (ML582) binds immediately upstream of the albA start 
codon, while the reverse primer (ML583) binds inside the albA ORF. The presence of a wild-type albA locus 
results in a band of ∼0.65 kb. Analyses of six randomly selected white transformants using the second PCR 
setup are shown in (E) and (F). The number of transformants is indicated above each gel. (E) and (F) show 
the same gel, but with different exposure times. No visible bands can be detected indicating complete 
deletion of albA. 
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In the third PCR setup (G), the forward primer ML581 and the reverse primer B409 are used to amplify the 
albA locus. Both primers are situated outside the regions used as homology sequences of the albA gene-
targeting substrate). The wild-type albA locus (upper cartoon) produces a band of 10.9 kb (upper cartoon) 
whereas a successful gene replacement of albA with hph (lower cartoon) results in a band of 6.6 kb.  
Analyses of a randomly selected white transformant and a wild-type strain (indicated as albAΔ-1 and WT, 
respectively) using the third PCR setup are shown in (H). Arrows indicate the positions of the bands 
expected from wild-type albA (6.6 kb) and albAΔ::hph (10.7 kb). The position of an unknown unspecific PCR 
band of unknown origin is also indicated.  
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S4 Fig. Tissue PCR analysis for verification of talA deletion.  

The protocol for tissue PCR is described by Nødvig et al. For each PCR reaction, a dilution series of T. 
atroroseus mycelium was done to achieve optimal DNA template concentrations in one or more reactions. 
For each transformant, three PCR reactions were performed by adding approximately 1 mm2 mycelium 
template to three tubes by sequentially dipping the pipette tip with the biomass in each tube. Hence, the 
concentration of biomass was highest in the first tube and lower in the following two tubes. The resulting 
PCR reactions were loaded on an 1% agarose gel as sample 1, 2 and 3, respectively, as indicated on the gel 
picture. Lane labeled M includes the 1 kb ladder from New England Biolabs. 

Three setups were performed for analysis of transformants to check for deletions of talA (UA08_04452). In 
the first PCR setup (A), the forward primer (ML472), which binds outside of the upstream talA targeting 
sequence, and the reverse primer (CSN105), which binds to the PgpdA promoter of the hph marker, are 
used for PCR. A successful gene replacement of talA with hph results in a PCR band of ∼2.3 kb. Analyses of 
eight randomly selected transformants (corresponding gel lanes are indicated as colonies 1-8) using the 
first PCR setup are shown in (B). The number of transformants is indicated above each gel. Arrows point to 
successful PCR reactions. 

 

 

 

 

In the second PCR setup (C), the upstream primer (ML515) binds immediately upstream of the talA start 
codon, while the reverse primer (ML516) binds inside the talA ORF. The presence of a wild-type talA locus 
results in a band of ∼0.65 kb. Analyses of eight randomly selected transformants using the second PCR 
setup are shown in (D). The number of transformants is indicated above each gel. No visible bands can be 
detected indicating complete deletion of talA. 
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In the third PCR setup (E), the forward primer ML472 and the reverse primer B410 are used to amplify the 
talA locus. Both primers are situated outside the regions used as homology sequences of the talA gene-
targeting substrate). The wild-type talA locus (upper cartoon) produces a band of 16.7 kb (upper cartoon) 
whereas a successful gene replacement of talA with hph (lower cartoon) results in a band of 6.6 kb.  
Analyses of a randomly selected transformant and a wild-type strain (indicated as talAΔ-1 and WT, 
respectively) using the third PCR setup are shown in (F). Arrows indicate the positions of the bands 
expected from wild-type talA (6.6 kb) and talAΔ::hph (16.7 kb). Note, that while the talAΔ-1 allele can be 
detected by PCR; amplification of the entire talA locus in the wild-type strain was unsuccessful likely due to 
the size of the PCR fragment. 
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S5 Fig. Tissue PCR analysis for verification of primer functionality.  

The protocol for tissue PCR is described by Nødvig et al. For each PCR reaction, a dilution series of T. 
atroroseus mycelium was done to achieve optimal DNA template concentrations in one or more reactions. 
For each transformant, three PCR reactions were performed by adding approximately 1 mm2 mycelium 
template to three tubes by sequentially dipping the pipette tip with the biomass in each tube. Hence, the 
concentration of biomass was highest in the first tube and lower in the following two tubes. The resulting 
PCR reactions were loaded on an 1% agarose gel as sample 1, 2 and 3, respectively, as indicated on the gel 
picture. A PCR reaction using purified genomic DNA as template was also included in the setup. Lane 
labeled M includes the 1 kb ladder from New England Biolabs. 

The functionality of the primers used in S3 Fig (D-F) and S4 Fig (C-D) were tested using wild-type (WT) T. 
atroroseus tissue and gDNA. Using the primer sets for the albA locus (ML582+ML583) and the talA locus 
(ML515+ML516) results in a PCR band of ∼0.65 kb in the WT strain in both loci. (A) shows positioning of 
primers at the alba and talA loci. (B) Agarose gel electrophoresis (1 %) of PCR samples obtained from WT T. 
atroroseus as well as from a single transformant of each of albA∆ and talA∆ are shown in (B).  
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Abstract
Polyketide synthases (PKSs) and nonribosomal peptide synthetases (NRPSs) each give

rise to a vast array of complex bioactive molecules with further complexity added by the

existence of natural PKS-NRPS fusions. Rational genetic engineering for the production of

natural product derivatives is desirable for the purpose of incorporating new functionalities

into pre-existing molecules, or for optimization of known bioactivities. We sought to expand

the range of natural product diversity by combining modules of PKS-NRPS hybrids from dif-

ferent hosts, hereby producing novel synthetic natural products. We succeeded in the con-

struction of a functional cross-species chimeric PKS-NRPS expressed in Aspergillus
nidulans. Module swapping of the two PKS-NRPS natural hybrids CcsA from Aspergillus
clavatus involved in the biosynthesis of cytochalasin E and related Syn2 from rice plant

pathogenMagnaporthe oryzae lead to production of novel hybrid products, demonstrating

that the rational re-design of these fungal natural product enzymes is feasible. We also

report the structure of four novel pseudo pre-cytochalasin intermediates, niduclavin and

niduporthin along with the chimeric compounds niduchimaeralin A and B, all indicating that

PKS-NRPS activity alone is insufficient for proper assembly of the cytochalasin core struc-

ture. Future success in the field of biocombinatorial synthesis of hybrid polyketide-nonribo-

somal peptides relies on the understanding of the fundamental mechanisms of inter-

modular polyketide chain transfer. Therefore, we expressed several PKS-NRPS linker-

modified variants. Intriguingly, the linker anatomy is less complex than expected, as these

variants displayed great tolerance with regards to content and length, showing a hitherto

unreported flexibility in PKS-NRPS hybrids, with great potential for synthetic biology-driven

biocombinatorial chemistry.

Introduction
Polyketide synthases (PKSs) and nonribosomal synthetases (NRPSs) are among the major biosyn-
thetic enzymes for fungal secondary metabolites, and are responsible for the biosynthesis of
numerous medically relevant compounds including statins, mycophenolic acid, cyclosporine, and
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penicillin [1,2], and within the last ten years, natural fusions of PKSs and NRPSs (PKS-NRPSs)
have been described [3,4]. These large modular enzymes consist of a type I iterative highly reduc-
ing PKS fused to a single NRPS module. Characteristic of fungal PKS-NRPSs is the lack of a func-
tional enoyl reductase (ER) domain, and most of these enzymes therefore rely on a trans-acting
ER for production of polyketide-amino acid compounds [4]. Most commonly, the PKS-NRPS
hybrid and its cognate ERs are encoded in the same cluster. From several studies, the products of
PKS-NRPS hybrids co-expressed with their cognate ER have been revealed (Fig 1).

Fungal PKS-NRPSs have been reported to produce highly bioactive compounds, with some
of the most prominent examples being pseurotin, cyclopiazonic acid, fusarin C, and cytochala-
sins [10–13]. For many years, the most common approach to discover new natural drug leads
has relied on screening of a large number of organisms often followed by semi-synthetic modi-
fications for final drug structure optimization [14]. For a more sustainable and economical pro-
duction of natural product derivatives, synthetic biology offers new alternatives, and recent
discoveries have sparked the interest for producing analogs of polyketides, nonribosomal pep-
tides, as well as hybrid compounds using combinatorial biosynthetic approaches. By exploiting
the modularity of enzymes involved in secondary metabolism, it has been proved feasible to
produce novel synthetic compounds by identifying genetic modules, and combine them as
building blocks at the genetic level, the goal being the rational design of novel chimeric proteins
with desired catalytic properties [15].

The limited structural information on fungal iterative PKSs is the biggest obstacle towards
understanding enzyme programming, and thus, product formation. Several studies have been
conducted on natural hybrid-, chimeric- and dissected PKS-NRPSs and successful construction
of functional chimeric PKS-NRPSs has been achieved in a few studies. One example is the ele-
gant domain and module swapping involving several PKS-NRPS variants, where Cox and co-
workers were able to resurrect the extinct metabolite bassianin, as well as reveal some of the
underlying mechanisms for product formation [5,16]. The two enzymes used for these experi-
ments, TenS and DmbS, are involved in the production of tenellin and desmethylbassianin,
respectively, and the genes encoding TenS and DmbS (87% sequence identity) both originate
from the insect pathogen Beauveria bassiana. In another study [8], the PKS module of the
aspyridone producing PKS-NRPS (ApdA) and the NRPS module of the PKS-NRPS involved in
production of cyclopiazonic acid (CpaS) were expressed as individual proteins in Saccharomy-
ces cerevisiae, which led to the incorporation of a tryptophan residue into the aspyridone poly-
ketide backbone. Most of the studies have considered only single module swaps and it has

Fig 1. Structures of known PKS-NRPS products [5–9].

doi:10.1371/journal.pone.0161199.g001
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therefore been difficult to determine general mechanistic similarities. Recently, a comprehen-
sive study of PKS-to-NRPS compatibility was conducted by Schmidt and co-workers [9]. They
constructed 34 distinct module swaps, and in addition to revealing compelling new informa-
tion on the programming rules of hybrid PKS-NRPSs, they succeeded in the production of a
chimeric PKS-NRPS product. Fusion of the equisetin PKS module (EqiS) with the fusaridione
A NRPS module (FsdS), both from Fusarium heterosporum, resulted in production of the pre-
dicted chimeric compound.

So far, no studies have investigated the importance of the PKS-NRPS inter-modular linker.
From the existence of many diverse modular proteins in nature, it has long been known that gene
duplications as well as the modular assembly of existing genes is a major source of evolutionary
novelty [17]. Multidomain proteins are thought to have evolved by gene duplications or by shuf-
fling of sequences encoding different protein domains. From studying the sequence, it is evident
that protein domains and modules are often separated by linker sequences that vary greatly in
size, and it is well-known that the properties of these linkers are highly sequence-dependent.
Changes in the length and flexibility of the linker can have several implications for protein stabil-
ity- and folding rates, domain-domain interactions, and enzyme activity [18]. Despite the interest
in engineering of compounds of mixed biosynthetic origin in fungi, no studies have thoroughly
looked into the role of the inter-modular linker of fungal PKS-NRPS hybrids.

In this work, we chose to apply synthetic biology to cytochalasans due to their wide range of
distinctive biological functions [19]. We report successful module swapping between the two
PKS-NRPS hybrids CcsA from A. clavatus, which has been shown to be involved in the biosyn-
thesis of cytochalasin E [20], and the related previously uncharacterized Syn2 from the rice
plant pathogenMagnaporthe oryzae leading to novel hybrid products heterologously expressed
in A. nidulans. For the first time, we have methodically tested the inter-modular PKS-NRPS
linker for its role in the transfer of biosynthetic intermediates. By expression of several linker-
modified variants, we demonstrate that these linkers display great tolerance with regards to
content and length, showing a hitherto unreported flexibility in PKS-NRPS hybrids, with great
potential for synthetic biology-driven biocombinatorial chemistry.

Results and Discussion

Co-expression of ccsA and ccsC in A. nidulans leads to production of a
modified cytochalasin intermediate
To investigate if the A. clavatus hybrid PKS-NRPS (ACLA_078660) could be functionally
expressed in A. nidulans, ccsA along with the trans-acting ER ccsC (ACLA_078700) encoded in
the same gene cluster, were transformed in a two-step approach into A. nidulans. The strain was
analyzed by ultra-high performance liquid chromatography (UHPLC) coupled with diode array
detection (DAD) and high-resolution mass spectrometry (HRMS), and the metabolite profile
revealed the appearance of a new major compound with a mass of 415.2585 Da ([M+H]+ =
416.2584) corresponding to the elemental composition C28H33NO2. It was found that detection
of this product was completely dependent on co-expression with the ER as no products were
detected in its absence. We successfully purified the heterologous product of the CcsA/CcsC
expressing strain, and NMR structural elucidation (see S1 Dataset) revealed a hybrid polyketide-
nonribosomal peptide, consisting of the expected phenylalanine moiety joined to a decalin scaf-
fold, originating from a highly reduced polyketide chain, via a tetramic acid derived lactam (Fig
2). We named this new heterologously expressed hybrid product niduclavin.

Considering the general structure of cytochalasins such as cytochalasin E (Fig 3), two ele-
ments of the structure of niduclavin were unexpected. A double bond was found between the
C-2’ and C-3’ position of the phenylalanine side chain, which is a feature that to our knowledge
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has only been found in talaroconvolutin A, from Talaromyces convolutes [21] and myceliother-
mophin E, fromMyceliophthora thermophile [22] (Fig 3). Even more interesting, the [4+2]-
cyclisation normally encountered in cytochalasin biosynthesis is absent. Instead, a decalin ring
system was found, rather than the normally observed 11 membered macrocycle fused to a bicy-
clic lactam (isoindolone).

We speculate that cross-chemical reactions with endogenous A. nidulans activities are
responsible for the introduction of the double bond. By introducing the additional double
bond, additional activation of the dienophile in the α/β-position of the ketone (C-3) would
occur, thereby possibly favoring the decalin formation in this position rather than at the tetra-
mic acid moiety present in the A. clavatusmolecule (see S1 Fig). Whether this reaction requires
an enzymatic activity is unclear, however the formation of a couple of earlier eluting likely iso-
meric niduclavin analogues (Fig 2B), suggests that the reaction is non-enzymatic. In nature,
there are numerous examples of PKS- and PKS-NRPS products containing decalin ring sys-
tems, e.g. lovastatin, equisetin, talaroconvolutin, and codinaeopsin [21,23–25]. Since the deca-
lin ring system is not present in the cytochalasins, it seems likely that formation of the
isoindolone moiety in A. clavatus is enzyme catalyzed.

We searched the literature for possible candidate enzymes in A. nidulans that could be
responsible for the introduction of the double bond between the C-2’ and C-3’ position of the
phenylalanine side chain. The dioxygenase AsqJ (ANID_09227) from A. nidulans has previ-
ously been shown to introduce a double bond in the same position of a phenylalanine moiety
of an intermediate in the cyclopenin/4’-methoxycyclopenin biosynthetic pathway [26]. How-
ever, deletion of asqJ did not result in any changes of the final product of CcsA and CcsC. As
an alternative approach to create a proper cytochalasin intermediate, the two genes were also

Fig 2. Overexpression of ccsA and ccsC in A. nidulans leads to production of niduclavin. A) The structure of
niduclavin, elucidated by NMR spectrocopy, B) Base peak chromatogram (BPC) of A. nidulans extracts, showing
production of niduclavin (extracted ion chromatogram (EIC)@m/z 416.2584 highlighted in blue), and c) BPC of reference
strain, which displayed no production of niduclavin.

doi:10.1371/journal.pone.0161199.g002

Fig 3. Structures of cytochalasin E, myceliothermophin E, and talaroconvolutin A.

doi:10.1371/journal.pone.0161199.g003
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expressed in A. niger. Yet, expression of ccsA and ccsC in A. niger also lead to production of
niduclavin (data not shown). The results point to the potential problems with heterologous
expression, meaning we cannot by default assume that a product or intermediate produced in a
non-native host is identical to the compound produced in the native organism.

In addition to niduclavin, the extract of the CcsA/CcsC expressing strain contained four
additional compounds, including one with the mass 440.3188 Da. This mass is identical to the
mass of the cytochalasin precursor product that was described by Fujii el al. [27] in A. oryzae,
and we speculate that our compound is identical to theirs. Our results and the results of Fujii
et al. suggest that formation of the characteristic cytochalasin isoindolone and macrocycle moi-
eties in A. clavatus requires a chemoselective functionality in order to direct the rearrangement
reaction towards the macrocyclic pre-cytochalasin product. The existence of this type of activ-
ity is supported by a study by Kasahara et al. where the biosynthesis of solanapyrone from
Alternaria solani was investigated [28]. They identified a flavin-dependent oxidase catalyzing
an oxidation and mediating a cycloaddition. To our knowledge, no equivalent activities have
been found in the A. clavatus genome. Recently, Klas et al. [29] called into question the exis-
tence of true Diels Alderases, and it appears that enzymes catalyzing [4+2]-cycloadditions in
most cases serve as multifunctional enzymes, e.g. oxidations as seen in the case of solanapyrone
biosynthesis. If the [4+2]-cycloaddition in cytochalasin E is a secondary activity of another
enzyme, it is conceivable that the formation of the cytochalasin isoindolone moiety is mediated
by one of the tailoring enzymes encoded in the ccs cluster. However, cytochalasin biosynthesis
in A. nidulans is believed to be hampered by the formation of the decalin ring system, hereby
preventing the formation of the expected isoindolone moiety.

The Syn2 PKS-NRPS hybrid produces a novel polyketide-nonribosomal
peptide intermediate
Based on previous studies, we hypothesized that construction of active chimeric PKS-NRPSs
would be dependent on the degree of sequence identity between the recombined modules
[5,9,16]. A BLAST search identified a putative PKS-NRPS fromMagnaporthe oryzae
(CAG_28798) with 68% amino acid sequence similarity as the closest homolog to A. clavatus
CcsA (52% identity). The gene, known as syn2, is encoded in a previously described gene clus-
ter where another PKS-NRPS hybrid (ace1) is also found [30]. Associated genes encoding ERs
are predicted for both ace1 and syn2 (rap1 and rap2, respectively). Special attention has previ-
ously been devoted to this gene cluster because it was shown that the product of the Ace1 path-
way is an avirulence factor and is recognized in Pi33 rice cultivars making them resistant to
fungal infection [31]. It was later demonstrated that genes of the Ace1 gene cluster were
expressed exclusively in the appressorium during infection of the host plant, although, deletion
of syn2 did not affect avirulence [30].

The onlyM. oryzae strain having a publically available genome sequence is the laboratory
strain 70–15 [32], which is derived from the wild-type strain Guy-11 through several back-
crossings [33]. However, it has been reported that the syn2 allele in strain 70–15 is inactive, due
to an early stop codon from an insertion of a single base pair [30]. The sequence of syn2 from
the wild-type strain Guy-11 has been published (CAG28798) [31], and this allele does not con-
tain this stop codon [30]. To analyze the function of Syn2, we purchased the coding sequences
of the Guy-11 syn2 and its corresponding ER rap2 (MGG_08380). Seven introns are annotated
in the publicly available sequence of Guy-11 syn2 although only five are predicted using the
Augustus gene prediction software (http://bioinf.uni-greifswald.de/augustus/). By including
the two putative introns (nucleotides 7962 to 8082 and 8145 to 8323) as part of the coding
sequence, a complete amino acid alignment of syn2 and ccsA was possible. To support both
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scenarios we therefore chose to include these two sequences as part of the coding sequence in
the purchased gene.

Analogous to the integration and expression of ccsA and ccsC, syn2 and rap2 were trans-
formed in two steps into A. nidulans and the metabolite profile of the strain was analyzed by
UHPLC-DAD-HRMS. Expression of the two genes resulted in the production of a compound
with a mass of 426.2307 Da ([M+H]+ = 427.2380]) corresponding to the formula C28H30N2O2.
Again, it was found that co-expression with the ER was required for detection of a product.
The Syn2/Rap2 product was purified and a structure with high resemblance to niduclavin was
determined by NMR (Fig 4; S1 Dataset). The Syn2/Rap2 product expressed in A. nidulans was
named niduporthin. The compound also contained a highly reduced polyketide chain, decalin
rings and a nitrogen-containing tetramic acid unit. In conclusion, we wanted to establish
whether the two annotated introns that were included in the purchased gene of syn2 do in fact
constitute part of the coding sequence. Therefore, RNA was purified from the syn2/rap2 strain
followed by cDNA synthesis. Sequencing of syn2 cDNA in the regions of the annotated introns
confirmed that A. nidulans does not splice these two sequences suggesting that they do indeed
constitute part of the coding sequence.

The polyketide backbone moiety of niduporthin revealed that the two PKS modules of CcsA
and Syn2 perform the same number of iterative elongation steps (seven). However, the methyl-
transferase (MT) domain of Syn2 attaches only one methyl group to the niduporthin backbone
in contrast to the three methyl groups added by the MT domain in CcsA. Furthermore, the
polyketide is connected to a tryptophan residue instead of phenylalanine demonstrating differ-
ent adenylation (A) domain specificities. As for niduclavin, a double bond is found between C-
2’ and C-3’ of niduporthin, which again supports our hypothesis of cross-chemical interactions
by endogenous enzyme(s) in A. nidulans.

Recently, a product of the Ace1 gene cluster was identified by co-expression of Ace1 with its
cognate ER Rap1 in A. oryzae [34]. This experiment revealed a highly reduced nonaketide
backbone conjugated to a tyrosine moiety, but in contrast to niduclavin, niduporthin, and
many other previously described PKS-NRPS products, the compound did not contain a tetra-
mic acid moiety and was instead identified as a linear polyketide where the terminal carboxylic
acid group was reduced to an alcohol. It was suggested that this compound was unlikely to be
the direct precursor of the final product, but interestingly, the compound was similar to the
CcsA/CcsC product described by Oikawa and co-workers [27,35]. In both studies, A. oryzae
was used as expression hosts. Thus, it seems that A. oryzae as well as A. nidulansmodifies the
PKS-NRPS products, albeit in different manners.

Hence, niduporthin is the second purified product of the Ace1 gene cluster, and although
deletion of syn2 was shown to have no significant effect on avirulence or plant host infection,

Fig 4. Overexpression of syn2 and rap2 in A. nidulans leads to production of niduporthin. A) The structure of
niduporthin, elucidated by NMR spectrocopy, B) BPC of A. nidulans extracts, showing production of niduporthin (EIC@
m/z 427.2380 highlighted in blue), and C) BPC of reference strain, which displayed no production of niduporthin.

doi:10.1371/journal.pone.0161199.g004
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the final product of the syn2 pathway could still play an accessory function during the infection
process. Khaldi et al. [36] has proposed that the Ace1/Syn2 gene cluster arose through a partial
tandem duplication, and that subsequently, five of the genes, including Syn2, were transferred
to an ancestor of A. clavatus by horizontal gene transfer. Due to structural similarities to the
CcsA/CcsC product presented by Fujii et al., Cox and co-workers proposed that the Ace1 path-
way constitute a “cytochalasan-like” biosynthetic pathway [34]. As shown by Khaldi et al [36]
the Syn2-associated part of the cluster is even more closely related to the ccs gene cluster, thus
suggesting that the product of the syn2 pathway inM. oryzae is also likely to be a cytochalasan-
type of compound. The structure of niduporthin presented in this work, with its close resem-
blance to the structure of niduclavin, further corroborates this hypothesis.

Investigating NRPS A domain substrate specificity
Exchange of amino acids in fungal polyketide-nonribosomal peptide products have been attempted
a number of times by swapping entire NRPS modules [9,16,37]. An alternative and perhaps easier
approach when working with these large genes, could be to simply change the A domain specificity
by introduction of point mutations. Several models for prediction of the specificity-conferring
amino acids of bacterial and fungal NRPS A domains have been published [37–41]. The specificity
of bacterial NRPS A domains is well-established; however, the identity of the specificity-conferring
amino acids of fungal A domains is much less characterized, which is perhaps due to a more com-
plex mechanism of amino acid selectivity compared to bacterial A domains.

To investigate the specificities of the A domains of CcsA and Syn2, we used the “NRPSpre-
dictor2” web server (http://nrps.informatik.uni-tuebingen.de/) [41,42] to define the signature
amino acid residues that are predicted to determine the identity of the amino acid incorporated
by the NRPS module. Despite the two A domains sharing only around 48% sequence identity,
the ten amino acids predicted to line the active-site binding pocket of CcsA (DMSEVGCFCK)
and Syn2 (DMSSVGGFCK) vary only in two positions between the enzymes, suggesting that
these two residues would explain the observed difference in amino acid specificity. This obser-
vation therefore made CcsA and Syn2 an ideal case for studying the quality of the prediction,
and of the A domain specificity at the primary structure level. The CcsA A domain uses phe-
nylalanine as substrate while Syn2 uses the larger tryptophan. We attempted to switch the A
domain substrate specificities by interchanging the amino acids at these two positions. For
each of the enzymes, three strains were constructed; two carrying a single point mutations and
one carrying the double mutation.

For CcsA, no significant effect of any point mutations was observed on the production of
niduclavin, and we were unable to detect any tryptophan-incorporation in niduclavin in the
extract (Fig 5A). In contrast, Syn2-(G3435C) produced only trace amounts of niduporthin,
whereas the serine-to-glycine mutation in syn2 had no effect on niduporthin production. Inter-
estingly, the two mutations combined in Syn2 resulted in a complete loss of product (Fig 5B).
In order to facilitate comparisons across strains containing different point mutations, we per-
formed a Southern blot analysis of all these strains to investigate whether the gene copy num-
ber could account for the observed differences in the level of product formation. Southern blot
analysis indicated that the strain containing Syn2-(G3435C) carried an extra copy of the gene
(see S2 Fig). Despite this extra copy, the production of niduporthin was very low compared to
unmodified Syn2.

The decrease in product formation observed for Syn2 could perhaps be explained by substi-
tution of smaller amino acids (Ser and Gly) for more bulky amino acids (Glu and Cys), thereby
causing a steric clash in the active site, and rendering the enzyme unable to accommodate the
more bulky tryptophan substrate. In this scenario, the opposite mutations introduced in CcsA
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would result in a more spacious binding pocket. It was shown that this change has no effect on
niduclavin production but also did not lead to incorporation of tryptophan in place of phenyl-
alanine. The results seem to indicate that the two amino acids are indeed located in the active
site binding pocket. However, switching specificities was not achieved, which could suggest
that amino acid substrate selection does not solely or directly involve the 10 amino acids pre-
dicted by NRPSpredicter2, and that other mechanisms control A domain substrate selectivity.
Overall, the rules governing amino acid substrate specificity in fungal NRPSs are likely more
complex than for bacterial systems, and it appears that the 10 amino acids predicted for fungal
A domains are either not valid, or not sufficient to explain amino acid selectivity.

The CcsA intermodular region shows high tolerance for length and
content
One crucial feature for construction of functional chimeric PKS-NRPSs is to understand the
transfer mechanisms of polyketide intermediates to the NRPS module. These mechanisms may

Fig 5. The effects of point mutations in the CcsA- and Syn2 A domains on product formation. The
chromatograms show BPCs of A. nidulans extracts expressing various single- and double mutations in the NRPS A
domain as specified above the traces. EICs for niduclavin and niduporthin are highlighted in blue. A) Expression of
CcsA containing single- and double point mutations (E3334S and C3388G). B) Expression of Syn2 containing
single- and double point mutations (S3381E and G3435C). Only niduporthin-production by Syn2 was affected by
introduction of the mutations.

doi:10.1371/journal.pone.0161199.g005
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include protein-protein interactions i.e. compatibility of non-cognate modules along with the
mechanism of NRPS substrate selectivity. We considered another mechanism involving linker-
mediated polyketide transfer. When examining the domain architecture of CcsA, we observed
a region between the acetyl carrier protein (ACP) domain of the PKS module and the conden-
sation (C) domain of the NRPS module containing a stretch of approximately 150 amino acid
residues. A BLAST search of the primary sequence of CcsA indicated the presence of an inter-
modular region with no homology to other PKS-NRPSs, predicted to display no intrinsic enzy-
matic activity. We considered an influence of this linker in controlling polyketide chain trans-
fer between the PKS- and NRPS modules, and transfer efficiency would thus be dependent on
the length- and amino acid sequence of the linker.

Consequently, we investigated the potential influence of linker composition on products
formation by constructing several linker-modified variants of CcsA and Syn2. For linker-swap-
ping, three linkers from different PKS-NRPS homologues were selected (Table 1). The linkers
were defined by a combination of alignments and domain predictions, varying in length and
sharing no significant sequence similarity to CcsA in the linker region. The linker sequences
were PCR amplified and fused to the PKS- and NRPS sequences of ccsA, thereby replacing the
native linker sequence. The resulting plasmids were transformed into an A. nidulans ccsC back-
ground strain, and the verified strains were analyzed by UHPLC-DAD-HRMS. The results
showed that all linker variants displayed niduclavin production comparable to unmodified
CcsA, and the BPCs of all linker-modified variants were comparable to Fig 2B. Thus, no effects
of the linker exchange were detected (see S3 Fig). Additionally, four linker-truncated variants
of CcsA were constructed (Table 1), however, no effects were observed for any truncations and
niduclavin production was retained for all variants. Surprisingly, even the complete removal of
the linker, replaced only by a short flexible GSG linker, had no observable effect on product for-
mation. This apparent redundancy of the linker was also tested for Syn2, in which the 163
amino acid linker was replaced with a GSG linker, also showing no significant influence on
niduporthin production (see S3 Fig). Finally, a globular protein in the form of red fluorescent
protein (RFP) was placed in between the two modules; in one construct situated within the
linker, while replacing the linker in another construct. The functionality of the RFP

Table 1. Linker-modified variants of CcsA and Syn2a.

Strain Linker modificationb Linker length (amino acid)

CcsAWT None 150

CcsA-CAC Linker swap–A. nidulans AN8412 105

CcsA-CEC Linker swap–A. clavatus ACLA_023380 69

CcsA-CMC Linker swap–M. oryzae CAG28798 163

CcsA-LΔ150 Deletion in the central part of the linker 100

CcsA-LΔ225up Deletion of the N-terminal end of the linker 75

CcsALΔ225dw Deletion of the C-terminal end of the linker 75

CcsA-L-GSG Substitution of the linker for Gly-Ser-Gly 3

Syn2-L-GSG Substitution of the linker for Gly-Ser-Gly 3

CcsA-RFPlink1 Insertion of RFP in the linker 373

CcsA-RFPlink2 Substitution of the linker for RFP 235

a See also S3 Fig.
b PKS- and NRPS domains were predicted using the NCBI Conserved Domain Database [43] and the linker

was defined between the ACP domain and the condensation domain at positions 2487–2636 (amino acid

sequence).

doi:10.1371/journal.pone.0161199.t001
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fluorophore was confirmed by fluorescence microscopy (data not shown), and the strains were
analyzed by UHPLC-DAD-HRMS. Again, niduclavin production was fully retained. In sum-
mary, the results imply that no selection for the linker content exists.

The apparent tolerance for the length of the linker prompted us to test whether niduclavin
production could be retained when the two modules were expressed as individual proteins.
The dissected PKS- and NRPS modules were co-expressed with the ER CcsC in A. nidulans
and analyzed by UHPLC-DAD-HRMS. The strain did not yield any niduclavin. Compartmen-
talization of one of the modules could account for the lack of niduclavin production. Therefore,
the localizations of the PKS- and NRPS modules were investigated by a C-terminal tagging
with RFP and mCitrine, respectively. Both proteins, however, appeared to localize to the cyto-
plasm (see S4 Fig). This result was surprising since it was previously shown that the activity of
the aspyridone PKS-NRPS ApdA could be reconstituted in vitro when the two modules were
expressed as stand-alone enzymes [8]. However, our results suggest that the primary function
of the linker simply is to keep the two modules in close proximity. Furthermore, if PKS-NRPS
module-module interactions play a significant role in chain transfer, it seems likely that intro-
duction of a globular protein between the two modules would hamper these interactions.
Unexpectedly though, when the linker was replaced by RFP no observable effect on niduclavin
production was detected. This could suggest that protein-protein interactions, in fact, do not
play an essential role in chain transfer–a conclusion that is in line with the results of Schmidt
and co-workers, who showed that the criteria for successful amidation of polyketides are
beyond simple ACP-to-C domain interactions [9]. Our results therefore suggest that polyketide
substrate recognition by the NRPS module could be the key factor to be considered in con-
struction of chimeric PKS-NRPSs. It also suggests that recombination of PKS-NRPS hybrids in
vivo and between species may be very flexible, facilitating formation of new spontaneous
PKS-NRPSs.

Module swapping of CcsA and Syn2 results in functional chimeric
PKS-NRPSs
The linker analysis showed high flexibility and it showed that our definition of PKS and NRPS
modules’ respective start and ending appeared correct. This allowed us systematically to fuse
PKS and NRPS modules from different species to investigate formation of new chimeric hybrid
products. We set out to fuse the PKS module of the A. clavatus ccsA with the NRPS module of
theM. oryzae syn2. To ensure functionality and to provide information on the optimal site for
linkage of the two heterologous modules, six variants of the ccsA-syn2 combination were con-
structed (see S5 Fig). Among the six ccsA-syn2 variants, one was joined in the center of the
ACP domain to form a hybrid ccsA-syn2 ACP domain, while another was joined immediately
downstream of the ketoreductase (KR) domain. The latter construct was designed to eliminate
effects of protein-protein interactions, a strategy also applied by Schmidt and co-workers [9].
All variants were expressed in A. nidulans along with the ER ccsC, and the resulting strains
were analyzed by UHPLC-DAD-HRMS. Strikingly, all six variants produced a compound of
the mass 454.2620 Da ([M+H]+ = 455.2693) corresponding to an elementary composition of
C30H34N2O2. Indeed, this corresponded exactly to a compound with the polyketide moiety of
niduclavin and the tryptophan residue found in niduporthin. Similar to niduclavin and nidu-
porthin, several isomeric compounds were detected in the extracts. The structure of this chime-
ric compound (named niduchimaeralin A) could be tentatively identified based on tandemMS
analysis (see S1 Dataset), since it had a very similar fragmentation pattern to that of niduclavin,
including detections of major fragment ions atm/z 203 andm/z 109, strongly indicating that
the two compounds have identical decalin-containing polyketide backbones (Fig 6A). The
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finding that all six variants are active further supports our previous finding that the linker is
highly flexible with regards to length and composition. This also applies to linking heterolo-
gous PKS-NRPS fusions, since joining of non-cognate modules lead to the introduction of a
non-cognate linker for one of the modules, which in this case lead to a functional enzyme.

To address whether any of the CcsA-Syn2 chimeras were particularly efficient in product
formation and to ensure proper comparison of the strains, integration in the intended locus
was investigated by Southern blot analysis. This confirmed that all strains had only a single
copy of the chimeric gene in the genome and that it had been integrated in the intended inte-
gration locus (S2 Fig). This allowed a rough comparison of niduchimaeralin A production for
the six CcsA-Syn2 variants based on the relative peak intensities in the base peak chromato-
grams (S5 Fig). The chimera joined in the center of the linker appeared to display the highest
production suggesting that this linkage was the least disruptive of the six. Comparably, produc-
tion was only slightly lower when the two modules were joined in the middle of the ACP
domain, or in the early part of the condensation domain. This is perhaps not surprising since
CcsA and Syn2 display conservancy in these regions. On the other hand, linking the two mod-
ules immediately downstream of the linker had a substantial negative effect on niduchimaera-
lin A production. Similarly, joining the two modules downstream of the KR domain led to a
loss of product formation (S5 Fig). Effects of protein-protein interactions between non-cognate
ACP- and condensation domains were eliminated, and hence, the loss of niduchimaeralin A
production must be attributed to unfavorable interactions between the Syn2 ACP domain and
the remaining CcsA PKS domains.

The reciprocal chimeric swap where the PKS module of Syn2 was fused to the NRPS module
of CcsA was also constructed. The syn2-ccsA chimeric gene was transformed into A. nidulans
and co-expressed with theM. oryzae ER Rap2. Since fusion in the middle of the linker appeared
the least disruptive for the CcsA-Syn2 fusion, the Syn2-CcsA chimera was fused in this man-
ner. The product of a functional Syn2-CcsA PKA-NRPS chimera would be expected to contain
the PK moiety of Syn2 and the NRP moiety of CcsA. The constructed strain was analyzed by
UHPLC-DAD-HRMS, and indeed the presence of at least three isomeric compounds with the
expected mass of 387.2198 Da ([M+H]+ = 388.2271) was detected in the extract. Again, this
indicates that the decalin ring formation is non-enzymatic. Similar to niduchimeraelin A, tan-
demMS fragmentation analysis clearly indicated that the structure of the Syn2-CcsA chimeric
product, named niduchimaeralin B, contained the polyketide backbone of niduporthin that
had likely formed a decalin ring system, fused to a phenylalanine residue of niduclavin (Fig
6B). This was evident from detection of major fragment ions atm/z 175 andm/z 95 (see S1
Dataset).

The lack of selectivity for the length and content of the linker suggests that protein-protein
interactions are not essential for successful amino acid incorporation. This is also in accor-
dance with the findings of Kakule et al [9], who constructed a chimeric LovB-EqxS PKS-NRPS
where the ACP domain of EqxS was retained. Despite the expected compatibility at the inter-
face between the two modules, the combination did not yield a hybrid polyketide-nonriboso-
mal peptide compound. Consequently, they also hypothesized that C domain substrate
selectivity overrules protein-protein interaction.

We speculate that the successful swapping of CcsA and Syn2 modules obtained in this study
was achieved, not because of protein structure compatibility, but rather because the products
of the two polyketide intermediates are structurally similar. Structural similarity would increase
the likelihood that PKS intermediates will be recognized by non-cognate condensation
domains and in the case of CcsA and Syn2 will lead to amidation of the polyketide backbone.
Our hypothesis is supported by the fact that Syn2 and CcsA do not share overwhelming
sequence identity (52%), and yet the polyketide intermediates vary only with two methylations
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of the backbone. If polyketide chain transfer is indeed determined primarily by substrate recog-
nition by the NRPS C domain, and by proximity provided by the inter-modular linker, recom-
bination of even more distantly related PKS-NRPSs should be achievable given that their
respective polyketide intermediates are structurally similar.

Materials and Methods

Strains, genomic DNA and media
A list of all the strains used and produced in this study is provided in S1 Table. Aspergillus
nidulans strain IBT 29539 (argB2, pyrG89, veA1, nkuAΔ)—referred to as NID1—was used for
heterologous production of niduclavin and niduporthin. A. clavatus genomic DNA was
obtained from strain IBT 12364 (NRRL 1) and was extracted using the FastDNATM SPIN Kit
for Soil DNA extraction (MP Biomedicals, USA). Coding sequence ofM. oryzae genes syn2
and rap2 were purchased from GenScript USA. Escherichia coli strain DH5α was used for plas-
mid propagation.

Aspergillus solid and liquid minimal medium (MM) and transformation medium (TM) was
supplemented when necessary and according to strain genotypes with 4 mM L-arginine, 10
mM uridine, 10 mM uracil, and 1.3 mg/ml 5-fluoroorotic acid (5-FOA), and was prepared as
described by Nødvig et al. [44]. E. coliDH5α was cultivated in Luria-Bertani (LB) medium

Fig 6. Analysis of chimeric variants of PKS-NRPSs CcsA and Syn2. The chromatograms show BPCs of A.
nidulans extracts expressing PKS-NRPS hybrid compounds. EICs of the products are highlighted in blue along with
structures of the predicted compounds: A) Expression of chimeric ccsA-syn2 leads to production of
niduchimaeralin A (m/z 455.2693). B) Expression of chimeric syn2-ccsA leads to production of niduchimaeralin B
(m/z 388.2271). c) Reference strain.

doi:10.1371/journal.pone.0161199.g006
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consisting of 10 g/l tryptone (Bacto), 5 g/l yeast extract (Bacto), and 10 g/l NaCl (pH 7.0). LB
medium was supplemented with 100 µg/ml ampicillin. All solvent used was of HPLC grade,
and H2O was purified and deionized by a Millipore system through a 0.22 µm membrane filter
(MQ H2O).

Vector- and strain construction
All primers (Integrated DNA Technology, Belgium) used in this study are listed in S2 Table.
All PCR fragments were generated using the PfuX7 polymerase [45]. All vectors were con-
structed by Uracil-Specific Excision Reagent (USER) fusion of PCR fragments into compatible
vectors [46]. Genes encoding PKS-NRPS hybrids and ERs were cloned into plasmids (pU2115)
designed for overexpression by integration into specific targeting sites in the A. nidulans
genome [47]. The plasmids contain a PacI/Nt.BbvCI USER cassette, the constitutive promoter
PgpdA, the TtrpC terminator, A. nidulans gene targeting sequences and A. fumigatus pyrG
flanked by direct repeats for selection and counter selection in A. nidulans. For plasmid propa-
gation in E. coli the plasmids also contained the E. coli ampicillin resistance gene and the origin
of replication. The plasmid for deletion of asqJ was constructed by introduction of the up- and
downstream sequences on each side of the pyrGmarker. All plasmids were purified using the
GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich), and subsequently verified by restriction
analysis. For all strains not producing any metabolites, the sequence of the transformed genes
were confirmed by sequencing (StarSEQ, Germany) to exclude simple coding errors as reason
for not functioning. RNA was purified using the RNeasy Plus Mini Kit from Qiagen, and
cDNA was prepared using the Maxima HMinus First Strand cDNA Synthesis Kit from
Thermo ScientificTM. All vectors were linearized with SwaI (New England Biolabs) prior to
transformation according to manufacturer’s instructions. A. nidulans protoplastation, transfor-
mation and rigorous strain validation was performed as described by Nødvig et al. [44]. For
successive integration of genes, strains were plated on MM supplemented with uridine, uracil,
and 5-FOA for counter selection of the pyrGmarker. The Southern blot protocol is provided in
S1 Protocol and the fluorescence microscopy protocol is provided in S2 Protocol.

Chemical analysis
Strains of A. nidulans were cultivated at 37°C for 6 days on solid MM with the necessary sup-
plements. Plug extractions were performed as described in Smedsgaard, 1997 [48]. The samples
were analyzed on a maXis 3G orthogonal acceleration quadrupole time-of-flight mass spec-
trometer (Bruker Daltonics) equipped with an electrospray ionization (ESI) source and con-
nected to an Ultimate 3000 UHPLC system (Dionex), equipped with a Kinetex 2.6 µm C18,
100mm x 2.1 mm column (Phenomenex). The method applied was described by Holm et al.
[49].

TandemMS experiments were done on an Agilent Infinity 1290 UHPLC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a diode array detector. Separation was
obtained on an Agilent Poroshell 120 phenyl-hexyl column (2.1 × 250 mm, 2.7 μm) with a lin-
ear gradient consisting of water (A) and acetonitrile (B) both buffered with 20 mM formic acid,
starting at 10% B and increased to 100% in 15 min where it was held for 2 min, returned to
10% in 0.1 min and remaining for 3 min (0.35 mL/min, 60°C). MS detection was performed in
positive mode on an Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream electro-
spray ion source with a drying gas temperature of 250°C, gas flow of 8 L/min, sheath gas tem-
perature of 300°C and flow of 12 L/min. Capillary voltage was set to 4000 V and nozzle voltage
to 500 V. Mass spectra were recorded at 10, 20 and 40 eV as centroid data form/z 85–1700 in
MS mode andm/z 30–1700 in MS/MS mode, with an acquisition rate of 10 spectra/s. For MS3,
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the fragmentor voltage was increased from 120 V to 200 V, and the desired m/z’s (175 and
203) were selected for auto MS/MS. Lock mass solution in 70:30 methanol:water was infused in
the second sprayer using an extra LC pump at a flow of 15 μL/min using a 1:100 splitter. The
solution contained 1 μM tributylamine (Sigma-Aldrich) and 10 μMHexakis(2,2,3,3-tetrafluor-
opropoxy)phosphazene (Apollo Scientific Ltd., Cheshire, UK) as lock masses. The [M + H]+

ions (m/z 186.2216 and 922.0098 respectively) of both compounds was used. Descriptions of
the MS/MS fragmentation patterns of niduclavin, niduporthin, and niduchimaeralin A and B
are provided in S1 Text, and for MS/MS data see S1 Dataset.

Purification of Metabolites
For large-scale extracts, strains were cultivated on 6 x 500 mL semi-liquid MM (0.2% agar) at
37°C for 7 days. Extractions were done by separating the mycelium from the media and extract-
ing two times with ethyl acetate (EtOAc); first for one hour with sonication, and second for 12
hrs without sonication. The combined EtOAc phases were dried using a rotary evaporator.

Niduclavin: The extract from the large scale extraction consisting of 0.12 g was adsorbed
onto Diol material and dried before packing on a 10 g (~16 mL) SNAP column (Biotage, Upp-
sala, Sweden) with Diol material. The extract was then fractionated on an Isolera One flash
purification system (Biotage) using seven steps of heptane-dichloromethane (DCM)-EtOAc-
methanol (MeOH). Fractions were automatically collected one CV at a time. The DCM frac-
tions were subjected to further purification on a semi-preparative HPLC, a Waters 600 Con-
troller with a 996 photodiode array detector (Waters, Milford, MA, USA). This was achieved
using a Luna II C18 column (250 × 10 mm, 5 μm, Phenomenex) and 50:50% ACN/H2O iso-
cratic elution for 5 minutes before increasing to 100% ACN in 15 minutes. The flowrate used
was 5 mL/min and 50 ppm TFA of HPLC grade was added to ACN and MQ H2O. HRMS anal-
ysis of the pure compound gave a mass-to-charge ratio of 416.2584, corresponding to a molec-
ular formula of C28H33NO2 (DBE = 13) (calculated for 416.2584, Δ 0 ppm). The yellow
amorphous solid displayed UV absorbance at 242 nm and 373 nm (H2O/MeCN).

Niduporthin: The crude extract (1.2 g) was adsorbed onto C18 material and dried, followed
by packing on a 50 g (~66 mL) SNAP column (Biotage) with C18 material. Fractionation was
done on an Isolera One flash purification system (Biotage) using a linear MeOH/H2O-gradient
from 0 to 100%MeOH over 32 column volumes. Collection was done automatically using the
UV signals at 254 nm and 400 nm with a threshold of 20 mAU. The fractions were analysed by
UHPLC-DAD-QTOFMS and the ones containing the desired compound were purified further
using the same semi-preparative HPLC system (Waters) and column (Phenomenex) as for
niduclavin. The method used was an ACN/H2O (50 ppm TFA) gradient starting at 65% ACN,
increasing to 88% ACN over 8 minutes. Isocratic elution at 88% ACN was done for 8 minutes
followed by increasing to 100% ACN over 4 minutes. Analysis by HRMS gave a mass-to-charge
of 427.2386, corresponding to a molecular formula of C28H30N2O2 (DBE = 15) (calculated for
427.2385, Δ -0.2 ppm). The pure compound was a dark red amorphous solid with UV absorp-
tion at 228 nm, 270 nm, 286 nm, and 455 nm.

The total yield of niduclavin was 1.1 mg whereas the yield of niduporthin was 23.5 mg.
However, it must be noted that niduclavin was purified from a strain carrying the ccsA hybrid
gene in a different expression site, and we assume a similar yield had niduclavin been purified
from the strain carrying ccsA in the same expression site as syn2.

NMR
All spectra were recorded on a Bruker Avance 800 MHz spectrometer located at the Danish
Instrument Centre for NMR Spectroscopy of Biological Macromolecules at Carlsberg
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Laboratory. Spectra were acquired using standard pulse sequences. The deuterated solvent was
DMSO-d6 and signals were referenced by solvent signals for DMSO-d6 at δH = 2.50 ppm and
δC = 39.5 ppm. The NMR data was processed in MestReNova V.10.0.2–15465. Chemical shifts
are reported in ppm (δ) and scalar couplings are reported in hertz (Hz). The sizes of the J cou-
pling constants in the tables are the experimentally measured values from the 1D 1H and
DQF-COSY spectra. There are minor variations in the measurements, which may be explained
by the uncertainty of J and the spectral digital resolution. Descriptions of NMR structural eluci-
dations of niduclavin and niduporthin are provided in S2 Text and NMR data are provided in
S1 Dataset.

Supporting Information
S1 Dataset. TandemMS and NMR structural elucidation data.
(XLSX)

S1 Fig. Proposed mechanism for [4+2]-cycloaddition of niduclavin. A) Formation of the
cytochalasin core structure through a [4+2]-cycloadition as proposed by Qiao et al. [1]. B) Pro-
posed mechanism for the [4+2]-cycloaddition-mediated formation of niduclavin.
(DOCX)

S2 Fig. Southern blot for strains carrying various PKS-NRPS variants. A) The probe hybrid-
izes to the pyrGmarker and the downstream region. A band of 3.1 kb indicates correct integra-
tion of the gene. B) Southern blot of PKS-NRPS variants. Lane1: NID3 reference strain
carrying a copy of pyrG in the nkuA locus, lane 2: ccsAWT, lane 3: syn2WT, lane 4–9: ccsA-
syn2 chimeric genes, lane 10: syn2-ccsA chimeric gene, lane 11–16: various adenylation domain
point mutations of ccsA. Unspecific binding (UB) of the probe is observable for samples of
high DNA concentration. Since extra copies would be integrated ectopically it is unlikely that
two extra bands of identical size for several independent transformants would be seen. Addi-
tionally, in the case of extra copies, the intensities of the bands are expected to be equal. There-
fore, it was concluded that the bands seen for samples with high DNA concentration represent
unspecific binding of the probe. As shown, the syn2-(GC) strain carries two copies of the trans-
formed gene. See also Supplemental Experimental Procedures.
(DOCX)

S3 Fig. Base peak chromatograms of A. nidulans extracts expressing various linker modi-
fied variants. Base peak chromatograms of A) ccsA and B) syn2. Highlighted areas represent
EICs for A) niduclavin (m/z 416.2584), and B) niduporthin (m/z 427.2380).
(DOCX)

S4 Fig. Fluorescence tagging of individually expressed CcsA PKS- and NRPS modules. The
RFP-tagged PKS module and the mCitrine-tagged NRPS module both appear to be localized to
the cytoplasm. C-terminal RFP-tagging of the PKS module and C-terminal mCitrine-tagging
of the NRPS module indicate cytoplasmic localization for both modules. N-terminal tagging of
the modules revealed the same localization as seen for the C-terminal tagging (results not
shown). Scale bar 10 µm. See also Supplemental Experimental Procedures.
(DOCX)

S5 Fig. Constructed fusions between CcsA and Syn2 PKS- and NRPS modules. A) Sche-
matic illustration of the fusions between CccA and Syn2 PKS- and NRPS modules. Arrows
indicate the point of fusion. B) Base peak chromatograms of A. nidulans extracts expressing
CcsA-Syn2 chimeric PKS-NRPSs. Niduchimaeralin A elutes as several isomeric structures and
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are highlighted in blue (EIC @ m/z 455.2693).
(DOCX)

S1 Protocol. Southern blot.
(DOCX)

S2 Protocol. Microscopy.
(DOCX)

S1 Table. List of fungal strains.
(DOCX)

S2 Table. List of primers.
(DOCX)

S1 Text. Fragmentation patterns of niduclavin, niduporthin, and niduchimaeralin A and
B.
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S2 Text. NMR structural elucidations of niduclavin and niduporthin.
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S1. Tandem MS and NMR structural elucidation data 

Niduclavin 

C28H33NO2, m/z = 416.2584 [M+H]+  
 

# 1H 13C (HSQC) Int. (mult) J COSY HMBC NOESY 
1 - 170.8 Cq - - - - 
2 - 131.8 Cq - - - - 
3 - 197.1 Cq - - - - 
4 3.84 50.7 1H, dd 11.7; 6.7 5, 13 3, 5, 10, 13, 14 10 
5 1.75b 39.6 1H, m - 4, 6, 10 4, 6, 10, 8-CH3 10 

6 2.08 28.7 1H, m - 5, 7a, 7b, 6-
CH3 - 7 

6-CH3 0.67 14.1 3H, d 7.3 6 5, 6, 7 - 
7a 1.49 43 1H, m - 6, 7b, 8 14-CH3 6 

7b 1.16 43 1H, td 12.4; 4.7 6, 7a, 8 6, 8, 6-CH3, 8-
CH3 5 

8 1.68 27.3 1H, m - 7, 9, 8-CH3 - - 
8-CH3 0.85 23.6 3H, d 6.35 8 7, 8, 9 - 

9a 1.75a 43.2 1H, m - 8, 9b, 10 - 9b, 10 

9b 0.7 43.2 1H, m 12.5 8, 9a, 10 5, 8, 10, 11, 8-
CH3 9a 

10 2.02 33.9 1H, m - 5, 9a, 9b, 12 - 4, 5/9a 
11 5.58 133.8 1H, m 9.5 12, 13 (W) 5, 9, 10, 13 12 
12 5.34 128.6 1H, ddd 9.7; 4.2; 2.6 10, 11, 13 - 11 
13 3.31 47.7 1H, m - 4, 11 (W), 12 - - 
14 - 136.6 Cq - - - - 

14-CH3 1.43 14 3H, d 6.5 15 (W) 4, 14, 15 - 

15 5.02 123.4 1H, 
quartet 6.5 16, 14-CH3 

(W) 13, 16, 14-CH3 16 

16 1.41 16.8 3H, s - 15 13, 14, 15 15 
1' 7.93 147.1 1H, d 1.8 NH (W) 1, 2, 3, 2', 3' 3' 
2' - 135.9 Cq - - - - 
3' 6.56 120.9 1H, s - 5' 1', 5' 1', 5' 
4' - 134.9 Cq - - - - 
5' 7.66 131.3 2x 1H, d 7.5 3', 6', 7' 3', 5', 6', 7' 3', 6', NH 
6' 7.43 130.1 2x 1H, t 7.7 5', 7' 4', 5', 6', 7' 5' 
7' 7.38 130.1 1H, t 7.3 5', 6' 5' - 

NH 10.67 - NH - 1' (W) 2, 1', 2' 5' 
W = W-coupling         

 

2 of 26A247



 

  

3 of 26A248



MS/MS fragmentation - Suggested fragmentation patterns for niduclavin. Fragments corresponding to peaks 
of major intensities are framed. 

 

 

4 of 26A249



MS/MS spectra of niduclavin at different collision energies. a) 10 eV, b) 20 eV, and c) 40 eV. 
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Niduporthin 

C28H30N2O2, m/z = 427.2380 [M+H]+  

# 1H 13C (HSQC) Int. 
(mult) J COSY HMBC NOESY 

1 - 169.2 Cq - - - - 
2 - 128.47 Cq - - - - 
3 - 197.46 Cq - - - - 

4 4.08 50.21 1H, dd 10; 7.5 13, 5 3, 5, 12, 13, 
14 6, 10 

5 1.45 45.31 1H, m - 4, 6, 10 4, 6, 9, 10 - 
6 1.3 38.84 1H, m - 5, 7b - 4, 7a 

6-CH3 0.67 22.7 3H, d 6.6 6 5, 6, 7 7b 
7a 1.61 36.45 1H, m - 7b, 8, 9a (W) 8, 9 6 

7b 1.08 36.45 1H, m - 6, 7a, 8 5, 6, 8, 9, 6-
CH3 

6-CH3 

8a 1.7 26.01 1H, m - 7, 8b, 9 - 8b 
8b 1.4 26.01 1H, m - 7, 8a, 9 - 8a 

9a 1.84 32.93 1H, m - 7 (W), 8, 9b, 
10 5, 7, 8 9b 

9b 1.16 32.93 1H, m - 8, 9a, 10 5, 8, 10, 11 9a 
10 1.76 40.68 1H, m - 9, 5 5, 9 4 
11 5.55 132.68 1H, m - - 5, 9, 13 - 
12 5.5 128.61 1H, m - - 4, 13 - 
13 2.99 40.1 1H, m - 4 12, 14, 15 - 
14 5.2 131.93 1H, m - 13 12, 13, 16 - 
15 5.23 124.45 1H, m - 16 13, 14, 16 - 
16 1.48 17.67 3H, d 5.5 15 14, 15 - 
1' 7.81 144.06 1H, m - - 1, 3, 2', 3' 3' 
2' - 130.49 Cq - - - - 
3' 7.01 114.15 1H, s - - 1', 5', 11' 1' 
4' - 110.76 Cq - - - - 
5' - 127.1 Cq - - - - 
6' 7.8 118.14 1H, m - 7' 8', 10' 7' 
7' 7.18 120.77 1H, m - 6' 5', 9' 6' 
8' 7.22 122.83 1H, m - 9' 6', 10' 9' 
9' 7.45 112.18 1H, m - 8' 5', 7' 8' 

10' - 135.93 Cq - - - - 

11' 8.38 129.09 1H, d 2.8 NH-2 4', 5', 10' NH-1, 
NH-2 

NH-1 10.33 - 1H, m - - 2, 1', 2', 10' 11' 

NH-2 12.15 - 1H, d 2 11' 4', 5', 10', 
11' 9', 11' 

W = W-coupling         
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MS/MS fragmentation - Suggested fragmentation patterns for niduporthin. Fragments corresponding to 
peaks of major intensities are framed. 
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MS/MS spectra of niduporthin. a) 10 eV, b) 20 eV, and c) 40 eV. 
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Niduchimaeralin A 

MS/MS fragmentation - Suggested fragmentation patterns for niduchimaeralin A. Fragments corresponding 
to peaks of major intensities are framed. 
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MS/MS spectra of niduchimaeralin A. a) 10 eV, b) 20 eV, and c) 40 eV. 
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Niduchimaeralin B 

MS/MS fragmentation - Suggested fragmentation patterns for niduchimaeralin B. Fragments corresponding 
to peaks of major intensities are framed. 
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MS/MS spectra of niduchimaeralin B. a) 10 eV, b) 20 eV, and c) 40 eV. 
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S1 Fig. Proposed mechanism for [4+2]-cycloaddition of niduclavin. A) Formation of the 
cytochalasin core structure through a [4+2]-cycloadition as proposed by Qiao et al. [1]. B) Proposed 
mechanism for the [4+2]-cycloaddition-mediated formation of niduclavin. 
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1.  Qiao K, Tang Y, Chooi Y-H. Identification and engineering of the cytochalasin gene cluster 
from Aspergillus clavatus NRRL 1. Metab Eng. Elsevier; 2011;13: 723–732. 
doi:10.1016/j.ymben.2011.09.008 
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S1 Protocol. Southern blot 

DNA for southern blot was extracted as follows: Spores were harvested from plates of MM 
supplemented with arginine and grown for 2 days in shake flasks at 37°C. The biomass was filtered 
and freeze-dried overnight, and the freeze-dried mycelium was grinded in a mortar. For each strain, 
10 ml lysis buffer was added consisting of 3.75 ml of buffer A (0.35 M sorbitol, 0.1 M Tris-HCl pH 
9, 5 mM EDTA pH 8), 3.75 ml of pre-heated (65°C) buffer B (0.2 M Tris-HCl pH 9, 50 mM EDTA 
pH 8, 2 M NaCl, 2 % CTAB), 1.5 ml 5 % Sarkosyl, 1 ml 1 % PVP and 100 µl Proteinase K. The 
samples were vortexed and incubated at 65°C for 30 minutes followed by the addition of 3.35 ml of 
5 M potassium acetate, and subsequent incubation on ice for 30 minutes. The lysates were 
centrifuged for 30 minutes at 5000 g at 4°C and 5 ml of phenol:chloroform:iso-amylalchohol 
(25:24:1) was added to the supernatant. The samples were centrifuged for 20 minutes at 4°C and the 
aqueous phase was transferred to new tubes and 1/10 volume of 3 M sodium acetate, and 1 volume 
of isopropanol was added followed by centrifugation for 30 minutes at 4°C. The pellet was washed 
with 2 ml 70 % ethanol and finally re-dissolved in 600 µl TE buffer. 

For each southern blot sample, 2 µg of DNA was digested with PstI, and the blot was performed as 
described by Sambrook and Russell [1]. For generation of the probe, a 692 bp DNA fragment was 
PCR amplified using the primers AFpyrG-F and AFpyrG-R and the Biotin DecaLabel DNA 
Labelling Kit (Thermo Scientific) was used for incorporation of biotin. Detection was achieved 
using the Biotin Chromogenic detection kit (ThermoFisher Scientific) using streptavidin conjugated 
to alkaline phosphatase.  

 

1.  Sambrook, J., Russell DW. Molecular cloning a laboratory manual. Cold Spring Habor, NY.: Cold 
Spring Harbor Laboratory Press; 2001.  
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S1 Table. List of fungal strains 
 

# Strain identifier Genotype  

1 nkuA∆ argB2, pyrG89, veA1, nkuA∆  

2 nkuA-trS argB2, pyrG89, veA1, nkuA-trS::pyrG  

3 ccsA prepop argB2, pyrG89, veA1, nkuA∆, IS1::PgpdA-ccsA-TtrpC::AFpyrG  

4 syn2 prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-syn2-TtrpC::AFpyrG  

5 ccsC prepop argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-ccsC-TtrpC::AFpyrG  

6 ccsC pop argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-ccsC-TtrpC  

7 rap2 prepop argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-rap2-TtrpC::AFpyrG  

8 rap2 pop argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-rap2-TtrpC  

9 ccsA, ccsC prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

10 syn2, rap2 prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-syn2-TtrpC::AFpyrG, IS2::PgpdA-rap2-TtrpC  

11 ccsA-syn2-1, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CM1-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

12 ccsA-syn2-2, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CM2-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

13 ccsA-syn2-3, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CM3-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

14 ccsA-syn2-4, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CM4-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

15 ccsA-syn2-5, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CM5-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

16 ccsA-syn2-6, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CM6-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

17 syn2-ccsA, rap2 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-MC6-TtrpC::AFpyrG, IS2::PgpdA-rap2-TtrpC  

18 ∆asqJ, ccsA, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, AN9227∆::AFpyrG, IS1::PgpdA-ccsA-TtrpC, IS2::PgpdA-ccsC-TtrpC  

19 CAC, ccsC prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CAC-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

20 CEC, ccsC prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CEC-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

21 CMC, ccsC prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-CMC-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

22 ccsA(L∆150), ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA(LD150)-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

23 ccsA(L∆225up), ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA(LD225up)-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

24 ccsA(L∆225dw), ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA(LD225dw)-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

25 ccsA(L-GSG), ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA(L-GSG)-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

26 syn2(L-GSG), rap2 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-syn2(L-GSG)-TtrpC::AFpyrG, IS2::PgpdA-rap2-TtrpC  

27 ccsA-RFPlink1, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA-RFPlink1-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

28 ccsA-RFPlink2, ccsC 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA-RFPlink2-TtrpC::AFpyrG, IS2::PgpdA-ccsC-TtrpC  

29 ccsA(PKS)-RFP 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-ccsA(PKS)-RFP-TtrpC::AFpyrG  

30 ccsA(NRPS)-mCitrine 
prepop 

argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-ccsA(NRPS)-mCitrine-TtrpC::AFpyrG  

 
 
 
 
 
 
 
 
 
 
 
 
 

16 of 26A261



# Strain notes 
1 Permanent nku deletion strain (background strain) 
2 Transient small repeat in nkuA (reference strain for chemical analysis) 
3 Oex of A. clavatus ccsA (ACLA_078660) from the ccs gene cluster 
4 Oex of M. oryzae PKS-NRPS syn2 (CAG_28798) 
5 Oex of A. clavatus enoyl reductase ccsC (ACLA_078700) from the ccs gene cluster 
6 Oex of A. clavatus enoyl reductase ccsC (ACLA_078700) from the ccs gene cluster 
7 Oex of M. oryzae enoyl reductase rap2 (MGG_08380) 
8 Oex of M. oryzae enoyl reductase rap2 (MGG_08380) 
9 Oex of A. clavatus ccsA (ACLA_078660) and ccsC (ACLA_078700) 

10 Oex of M. oryzae syn2 (CAG_28798) and rap2 (MGG_08380) 
11 Oex of chimeric PKS-NRPS, ccsA PKS fused with syn2 NRPS moiety 
12 Oex of chimeric PKS-NRPS, ccsA PKS fused with syn2 NRPS moiety 
13 Oex of chimeric PKS-NRPS, ccsA PKS fused with syn2 NRPS moiety 
14 Oex of chimeric PKS-NRPS, ccsA PKS fused with syn2 NRPS moiety 
15 Oex of chimeric PKS-NRPS, ccsA PKS fused with syn2 NRPS moiety 
16 Oex of chimeric PKS-NRPS, ccsA PKS fused with syn2 NRPS moiety 
17 Oex of chimeric PKS-NRPS, syn2 PKS fused with ccsA NRPS moiety 
18 Deletion of AN9227 in ccsA, ccsC background strain 
19 Oex of ccsA with linker swapped for A. nidulans apdA (AN8412), co-expressed with enoyl reductase ccsC 
20 Oex of ccsA with linker swapped for A. clavatus eqiS (ACLA_023380) linker, co-expressed with enoyl reductase ccsC 
21 Oex of ccsA with linker swapped for M. oryzae syn2, co-expressed with enoyl reductase ccsC 
22 Oex of ccsA with truncated linker, co-expressed with enoyl reductase ccsC 
23 Oex of ccsA with truncated linker, co-expressed with enoyl reductase ccsC 
24 Oex of ccsA with truncated linker, co-expressed with enoyl reductase ccsC 
25 Oex of ccsA without linker (only GSG linker), co-expressed with enoyl reductase ccsC 
26 Oex of syn2 without linker (only GSG linker), co-expressed with enoyl reductase rap2  
27 Oex of A. clavatus ccsA with RFP in the linker, co-expressed with enoyl reductase ccsC  
28 Oex of A. clavatus ccsA with RFP as the linker, co-expressed with enoyl reductase ccsC  
29 Oex of RFP-tagged PKS module from ccsA  
30 Oex of mCitrine-tagged NRPS module from ccsA 
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S1 Text. Fragmentation patterns of niduclavin, niduporthin, and niduchimaeralin A and B. 
 

Based on high resolution tandem MS experiments it was possible to give tentative structures for the 
two hybrid products niduchimaeralin A and B, when compared to those for niduclavin and 
niduporthin. MS2 was done on all four products to help verify the fragmentation patterns observed. 
In addition, MS3 experiments were performed on the ions m/z 175 and m/z 203, to further verify the 
fragmentation patterns of these ions (data not shown). 

As niduclavin and niduporthin are proposed to be formed via [4+2] cycloadditions, retro-Diels 
Alder derived fragments were expected. This, however, was not the case. Rather it would seem that 
a McLafferty rearrangement provided the basis for most fragments as have also been showing for 
the structurally related chaetoglobosins (Xu et al., 2012).  

Both niduclavin and niduporthin show fragments in line with an initial McLafferty rearrangement, 
followed by a variety of fragmentation pathways. The most predominant fragments for niduclavin 
are water loss, and water loss followed by loss of a butenyl group, both of which would be possible 
with or without a preceding McLafferty rearrangement. Furthermore, an ion with a mass-to-charge 
ratio of 203 is expected to correspond to part of the polyketide after a McLafferty rearrangement, 
with additional fragments matching consecutive CH2 losses (m/z = 189, 175, 161, 147, 133, and 
119), also confirmed by MS3-experiments. 

The major fragments in the niduporthin spectra are water loss, and a peak corresponding to water 
loss followed by propene loss, similar to what was observed for niduclavin. Moreover, a fragment 
with an m/z of 175 matches fragmentation following a McLafferty rearrangement, followed by ion 
matching succeeding CH2 losses (m/z = 147 (2x CH2), 133, 119, 105), also confirmed by MS3-
experiments. 

Niduchimaeralin A was expected to share PK backbone with niduclavin, and differ by the 
incorporation of tryptophan instead of phenylalanine. Both compounds share a fragment ion with an 
m/z of 203 as the most predominant peak, and both followed by similar CH2 losses (m/z = 14). 
Additionally, a single water loss ion (m/z = 437), along with additional loss of butenyl is observed 
(m/z = 367).  

Niduchimaeralin B was expected to be the reverse construction of niduchimaeralin A, i.e. the 
niduporthin PK backbone with phenylalanine incorporated. When comparing the fragmentation 
pattern to that of niduporthin similar fragments are observed. The major fragment is a peak with an 
m/z of 175, followed by fragments matching losses of CH2. Similarly to niduchimaeralin A water 
loss is also observed as a major fragment.  

 

18 of 26A263



S2 Fig. Southern blot for strains carrying various PKS-NRPS variants. A) The probe 
hybridizes to the pyrG marker and the downstream region. A band of 3.1 kb indicates correct 
integration of the gene. B) Southern blot of PKS-NRPS variants. Lane1: NID3 reference strain 
carrying a copy of pyrG in the nkuA locus, lane 2: ccsA WT, lane 3: syn2 WT, lane 4-9: ccsA-syn2 
chimeric genes, lane 10: syn2-ccsA chimeric gene, lane 11-16: various adenylation domain point 
mutations of ccsA. Unspecific binding (UB) of the probe is observable for samples of high DNA 
concentration. Since extra copies would be integrated ectopically it is unlikely that two extra bands 
of identical size for several independent transformants would be seen. Additionally, in the case of 
extra copies, the intensities of the bands are expected to be equal. Therefore, it was concluded that 
the bands seen for samples with high DNA concentration represent unspecific binding of the probe. 
As shown, the syn2-(GC) strain carries two copies of the transformed gene. See also Supplemental 
Experimental Procedures. 
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S2 Protocol. Microscopy 

MM agar slides were prepared by covering with 1 ml MM agar (with necessary supplements), then 
inoculated with spores and incubated at 30°C in petri dishes overnight. A cooled Evolution QEi 
monochrome digital camera (Media Cybernetics Inc.) mounted on a Nikon Eclipse E1000 
microscope (Nikon) captured live-cell images using a Plan-Fluor x100, 1.30 numerical aperture 
objective lens.  The illumination source was a 103-watt mercury arc lamp (Osram).  The 
fluorophores RFP and mCitrine were visualized using a band pass RFP (EX545/30, EM620/60; 
Nikon) and YFP filter (EX500/20, EM535/30; Nikon), respectively. Exposure time for images was 
500 msec. Red and yellow colors were added to the corresponding fluorescence signals using image 
processing in ImageJ. 
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S2 Table. List of Primers 

Name Sequence Purpose 
   

ACLAccsA-eOex-1FU_2 GGGTTTAAUATGGGGTCATTTCAGAACTCCTC ccsA into pU2115-5 
  

ACLAccsA-eOex-2FU AGAGAGGAAUGGACTGGAATGGCATCACAAAC ccsA into pU2115-5 
  

ACLAccsA-eOex-2RU ATTCCTCTCUCTCTCGGGAACCGCTTCAC ccsA into pU2115-5 
  

ACLAccsA-eOex-3FU AAGGATTUGGCCGCAGAGGAGAAGCA ccsA into pU2115-5 
  

ACLAccsA-eOex-3RU AAATCCTUAGCCACAACAATGTTCCGTGA ccsA into pU2115-5 
  

ccsA-Pac-RU GGTCTTAAUTGCTGTGTCCCAATCAGACGT ccsA into pU2115-5 
  

ACLA-ccsC-FU AGAGCGAUATGACCGTACCAACCACTATCCG ccsC into pU2111-2 (p60) 
 

ACLA-ccsC-RU TCTGCGAUTTACATGCCGATGCTCACAACC ccsC into pU2111-2 (p60) 
 

SYN2-Pac-FU GGGTTTAAUATGGAAGCCCAGAATGAGCC syn2 into pU2115-5 
  

SYN2-RU ACCGAGACTCUTGCCAGAGCGTTCGGCT syn2 into pU2115-5 
  

SYN2-2FU AGAGTCTCGGUTGTCAAAAGCCTTCAGGACGA syn2 into pU2115-5 
  

SYN2-2RU AAACAAAAGUCCGAACCTCATCTGCTCGTT syn2 into pU2115-5 
  

SYN2-3FU ACTTTTGTTUGGCGGTCTTCCTGGAGC syn2 into pU2115-5 
  

SYN2-3RU ATGAGTTCCUTGGGCAGCAGCTTCTGAG syn2 into pU2115-5 
  

SYN2-4FU AGGAACTCAUACCCAAATTCGATGAGAAGG syn2 into pU2115-5 
  

SYN2-4RU ACCAAAGUGGCGGGCCATTGTGG syn2 into pU2115-5 
  

SYN2-5FU ACTTTGGUGCATCGCATCGACGACAT syn2 into pU2115-5 
  

SYN2-Pac-5RU GGTCTTAAUTCAATGCCAAGCCTCTCCC syn2 into pU2115-5 
  

RAP2-Pac-FU GGGTTTAAUATGTATATTCCTTCGGCGAGGA rap2 into pU2115-2 
  

RAP2-Pac-RU GGTCTTAAUCTATTCAAGTGATACAACCAGCTTCTG rap2 into pU2115-2 
  

ACLAccsA-eOex-1FU_2 GGGTTTAAUATGGGGTCATTTCAGAACTCCTC CM chimeras into pU2115-5 
 

ACLAccsA-eOex-2FU AGAGAGGAAUGGACTGGAATGGCATCACAAAC CM chimeras into pU2115-5 
 

ACLAccsA-eOex-2RU ATTCCTCTCUCTCTCGGGAACCGCTTCAC CM chimeras into pU2115-5 
 

SYN2-Pac-5RU GGTCTTAAUTCAATGCCAAGCCTCTCCC CM chimeras into pU2115-5 
 

CM1-mid-RU AGCGTTGGGAUCCAGGTTCGGG CM chimeras into pU2115-5 
 

CM1-end-FU ATCCCAACGCUACTGGCCTCAGCAAGC CM chimeras into pU2115-5 
 

CM2-mid-RU  ACCGGTTTGGUCTTTGTAATGATTTGGCTGGCA CM chimeras into pU2115-5 
 

CM2-end-FU ACCAAACCGGUGGAGATCACCAAGAGCGGG CM chimeras into pU2115-5 
 

CM3-mid-RU ATGGCACCAAUATGCACAGC CM chimeras into pU2115-5 
 

CM3-end-FU ATTGGTGCCAUCTTTGGCAACGGCTACGTCA CM chimeras into pU2115-5 
 

CM4-mid-RU ACCAGCGAGUCAATTCCCAA CM chimeras into pU2115-5 
 

CM4-end-FU ACTCGCTGGUGGCCGTTGACATCCGATCCT CM chimeras into pU2115-5 
 

CM5-mid-RU AGGGCCTCGUGACGCTGTCCGACGACTTGAA CM chimeras into pU2115-5 
 

CM5-end-FU ACGAGGCCCUCCGCACC CM chimeras into pU2115-5 
 

CM6-mid-RU ATCTTGCTAUCCTTTGGTGCAGCCT CM chimeras into pU2115-5 
 

CM6-end-FU ATAGCAAGAUCTCCAGCCCCAAATCC CM chimeras into pU2115-5 
 

CM7-mid-RU AGCTTCGGGGUCAACTCCTTGGG CM chimeras into pU2115-5 
 

CM7-end-FU ACCCCGAAGCUGCAGGAGGCTTTGC CM chimeras into pU2115-5 
 

SYN2-Pac-FU GGGTTTAAUATGGAAGCCCAGAATGAGCC MC6 chimera into pU2115-5 
 

SYN2-2RU AAACAAAAGUCCGAACCTCATCTGCTCGTT MC6 chimera into pU2115-5 
 

SYN2-3FU ACTTTTGTTUGGCGGTCTTCCTGGAGC MC6 chimera into pU2115-5 
 

ccsA-Pac-RU GGTCTTAAUTGCTGTGTCCCAATCAGACGT MC6 chimera into pU2115-5 
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SYN2-6RU ATATTGGTCAUCAGCTGGTATCAACACTGAC MC6 chimera into pU2115-5 
 

ccsA-10FU ATGACCAATAUCCAACAGCACTTGAGACTC MC6 chimera into pU2115-5 
 

ccsA-7RU ATTGGGAUCCAGGTTCGGG Linker swap/modification in ccsA 

ccsA_NRPS-2FU AAGAAGAGTGUTCCTATGGCGTTT Linker swap/modification in ccsA 

SYN2_linker-FU ATCCCAAUGCTACTGGCCTCAGCAAGC Linker swap/modification in ccsA 

SYN2_linker-RU ACACTCTTCTUGACCTCGAAGCCGGCGCTGGC Linker swap/modification in ccsA 

EqiS_linker-FU ATCCCAAUGCGCTAACAAACACCAAGATTG Linker swap/modification in ccsA 

EqiS_linker-RU ACACTCTTCTUGACCTCCTTAGCTGCCTGTGAGACTTTAATATT Linker swap/modification in ccsA 

ApdA_linker-FU ATCCCAAUCAGCTGGAGAAGCAAGACACG Linker swap/modification in ccsA 

ApdA_linker-RU ACACTCTTCTUGACCTCGGAGGCAGGCTCAGCG Linker swap/modification in ccsA 

CNC_linker-FU ATCCCAAUTCCCCTGCGACAGTGTCG Linker swap/modification in ccsA 

CNC_linker-RU ACACTCTTCTUGACCTCCGCGGGAGAATCGGGTT Linker swap/modification in ccsA 

ccsA-8RU ATGCTTCTCAUTGGTCTTGATCATGTTCTGCAC Linker swap/modification in ccsA 

ccsA-3FU ATGAGAAGCAUCTCACCGATCAGGAACCCG Linker swap/modification in ccsA 

ccsA-9RU AAGTGCTGUGTTGGGATCCAGGTTCGGG Linker swap/modification in ccsA 

ccsA-4FU ACAGCACTUGAGACTCCATCAAAG Linker swap/modification in ccsA 

ccsA-10RU ACCTCTGGAUATTGGCTATCCTTTGGTG Linker swap/modification in ccsA 

ccsA-5FU ATCCAGAGGUCAAGAAGAGTGTTCCTATGG Linker swap/modification in ccsA 

ccsA-11RU ACCTCGCCUGAGCCGTTGGGATCCAGGTTCGGG Linker swap/modification in ccsA 

ccsA-6FU AGGCGAGGUCAAGAAGAGTGTTCCTATGG Linker swap/modification in ccsA 

asqJup-FU GGGTTTAAUGTTTTGGTAGAGAAGAATGGATGG asqJ deletion in A. nidulans 
 

asqJup-RU GGACTTAAUTGTTGCCTGAGAAGATGGGC asqJ deletion in A. nidulans 
 

asqJdw-FU GGCATTAAUTTCTTTAGAGATCTTCCTCCTAATACAG asqJ deletion in A. nidulans 
 

asqJdw-RU GGTCTTAAUCGATAGATATTGTCGTTGATGGG asqJ deletion in A. nidulans 
 

AFpyrG-F GGCATCGTCGAGGCTCTG Construction of probe for southern blot 

AFpyrG-R GCTCGGTCGTTCGGCTG Construction of probe for southern blot 
 

Primers marked in blue are repeated. 
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S2 Text. NMR structural elucidations of niduclavin and niduporthin  
 

The structures of niduclavin and niduporthin were established based on interpretations of 1D and 
2D NMR data (1H-NMR, 13C-NMR, DQF-COSY, edHSQC, HMBC, H2BC, and NOESY). 

 

Niduclavin 
The DQF-COSY revealed five aromatic protons (H-5’ to H-7’), expected to originate from 
phenylalanine (C-1’ to C7’ and NH), and a methyl substituted cyclic octaketide (C1 to C-16, 6-
CH3, 8-CH3, and 14-CH3). HMBC and DQF-COSY revealed a double bond between the α and β 
positions (C-2’ and C-3’) in the amino acid part of the molecule. The polyketide part of the 
molecule, was found to contain two diastereotopic CH2-groups (C-7 and C-9), once again 
indicating a cyclic molecule. Four CH3-groups (6-CH3, 8-CH3, 14-CH3, and 16) and five CH-
groups (C-4 to C-6, C8, C-10 to C-13, and C-15) were also identified. Analysis of the DQF-COSY 
and HMBC data established a decalin ring system including the linking of all four CH3-groups to 
this part of the molecule. Furthermore, a W-coupling between H-15 and 14-CH3 indicated the 
double bond between C-14 and C-15 to be in an E-configuration. 
Assignment of relative stereochemistry of niduclavin was hindered by two protons with the same 
chemical shift (H-5 and H-9a, both at δ 1.75 ppm). As a result, it was not possible to assign the 
relative stereo chemistry to the two methyl groups (6-CH3 and 8-CH3).  

 

Niduporthin 
Downfield proton signals at 7-8 ppm were confirmed to belong to an indole heterocycle consisting 
of atoms C1’-C11’ as well as NH-1 and NH-2, confirming the expected incorporation of a 
tryptophan moiety. However, HMBC and DQF-COSY also revealed that the link between the α and 
β positions (C-2’ and C-3’) had been converted into a double bond, a modification speculated to be 
the result of endogenous A. nidulans enzymes. Secondly, DQF-COSY and HMBC could be used to 
identify an octaketide (C-1 to C-16), containing two CH3-groups (C-6 and C-16), three 
diastereotopic CH2-groups (C-7, C-8 and C-9) and five CH-groups (C-4 to C-6 and C-10 to C-15). 
Considering the size of the spin system, as well as the placement of the two olefinic protons, H-11 
and H-12, a decalin ring system formed via a [4+2] cycloaddition was proposed, also confirmed by 
the H2BC data. Two carbonyls were identified; one belonging to a ketone (C-3), and one to a 
tetramic acid derived lactam (C-1), both originating from the polyketide part of the molecule. 
HMBC showed correlations to the ketone (C-3) from both the decalin ring (H-4) and from the 
tetramic acid (H-1’), thereby linking the two parts of the molecule together.  
The relative stereochemistry could be assigned based on the NOESY experiments, as well as 
biosynthetic/mechanistic considerations. NOESY correlations were observed between protons H-6 
and H-13, and H-4 and H-10. This fits with the hypothesis that the decalin ring is expected to be 
formed via a [4+2] cycloaddition, leading to location of protons H-10 and H-13 on the same face, 
and the protons H-5 and H-10 placed on opposite face of the decalin ring respectively, due to the 
cycloaddition being intramolecular.  
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S3 Fig. Base peak chromatograms of A. nidulans extracts expressing various linker modified 
variants. Base peak chromatograms of A) ccsA and B) syn2. Highlighted areas represent EICs for 
A) niduclavin (m/z 416.2584), and B) niduporthin (m/z 427.2380). 
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S4 Fig. Fluorescence tagging of individually expressed CcsA PKS- and NRPS modules. The 
RFP-tagged PKS module and the mCitrine-tagged NRPS module both appear to be localized to the 
cytoplasm. C-terminal RFP-tagging of the PKS module and C-terminal mCitrine-tagging of the 
NRPS module indicate cytoplasmic localization for both modules. N-terminal tagging of the 
modules revealed the same localization as seen for the C-terminal tagging (results not shown). Scale 
bar 10 µm. See also Supplemental Experimental Procedures.  
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S5 Fig. Constructed fusions between CcsA and Syn2 PKS- and NRPS modules. A) Schematic 
illustration of the fusions between CccA and Syn2 PKS- and NRPS modules. Arrows indicate the 
point of fusion. B) Base peak chromatograms of A. nidulans extracts expressing CcsA-Syn2 
chimeric PKS-NRPSs. Niduchimaeralin A elutes as several isomeric structures and are highlighted 
in blue (EIC @ m/z 455.2693). 
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Transforming the lovastatin producing PKS, LovB, into a PKS-1 

NRPS hybrid 2 

Maria Lund Nielsen1,2, Thomas Isbrandt1,2, Uffe Hasbro Mortensen1, Jakob Blæsbjerg Hoof1, Mikael Rørdam 3 

Andersen1,∗ , and Thomas Ostenfeld Larsen1,3,∗ 4 

5 

Summary 6 

The lovastatin nonaketide synthase LovB from Aspergillus terreus is a key enzyme in the biosynthesis of the 7 

blockbuster drug lovastatin. It is also one of the most well studied fungal polyketide synthases (PKSs).  The 8 

presence of a C-terminal condensation (C) domain has raised the question as to whether LovB and fungal PKS-9 

nonribosomal peptide synthetase (NRPS) hybrids share a common ancestor. However, the exact role of the C 10 

domain has remained uncertain since the domain does not serve the function of standard C domains, though 11 

some speculations have been about a possible Diels-Alderase-like activity. Here, we demonstrate engineering 12 

of the LovB PKS by fusing it to the NRPS module of the A. clavatus PKS-NRPS hybrid CcsA in order to obtain a 13 

novel PKS-NRPS hybrid product. The compatibility of the two modules suggests not only a common ancestor 14 

of LovB-type PKSs and PKS-NRPS hybrids, it also shows that the mechanisms for PKS-NRPS diversification are 15 

based on highly flexible synth(et)ases, which can produce compounds despite major modifications.  16 
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Introduction 19 

Bioengineering of synthetic natural products is an attractive approach for producing novel bioactive 20 

compounds, which can be achieved by combining modules of enzymes involved in secondary metabolism. 21 

Polyketide synthases (PKSs) are major contributors to natural product diversity and this group of very complex 22 

enzymes has been the subject of extensive research to uncover the mechanisms for product formation 23 

(reviewed by several groups1–3). Best understood are the bacterial type I PKSs that work in an assembly-line 24 

fashion where the degree of polyketide reduction can often be predicted from the domain architecture of 25 

each module. However, the mechanisms of product formation in iterative type I highly reducing PKSs (hrPKSs), 26 

most typically found in fungi, are much less understood. For this type of PKS, polyketide synthesis proceeds 27 

through the repeated use of several catalytic domains, while exerting an intricate control of polyketide 28 

elongation, reduction, and methylation.1  29 

The lovastatin nonaketide synthase LovB is one of the most extensively studied iterative hrPKSs. The product 30 

of LovB, dihydromonacolin L, is a precursor of lovastatin; a widely used cholesterol-lowering drug produced 31 

by Aspergillus terreus.4,5 LovB stands out from many other fungal PKSs in that it contains a C-terminal 32 

condensation (C) domain homologous to domains found in nonribosomal peptide synthetases (NRPSs) and 33 

natural hybrids of PKSs and NRPSs (PKS-NRPSs), with the difference being the lack of a catalytically important 34 

His residue possibly being the reason for the lack of true C domain activity.6 In fact, the presence of the C-35 

terminal C domain in LovB has led to the speculation that LovB and PKS-NRPS hybrids share a common 36 

ancestor.6,7 In support of this hypothesis is also the fact that the activity of LovB, like for many PKS-NRPSs, is 37 

dependent on the presence of a separate trans-acting enoyl reductase, LovC, for proper synthesis of 38 

dihydromonacolin L (Figure 1).7,8 Boettger et al. conducted a phylogenetic analysis of the LovB C-terminal C 39 

domain and concluded that the domain is evolutionary divergent from the C domain of PKS-NRPSs and 40 

proposed a ‘noncanonical’ function for the LovB C domain.6 Smith and co-workers9 has suggested that the 41 

LovB C domain has adopted an alternative function, by catalyzing formation of the decalin ring through a [4+2] 42 

cycloaddition.10,11 Removal of the C-terminal C domain has been shown to alter the programming of the 43 

enzyme, and instead of dihydromonacolin L, several truncated pyrones are produced.7,9 This finding led to the 44 

suggestion that the C domain also catalyzed release of dihydromonacolin L from the enzyme, but this was later 45 

attributed to LovG, a thioesterase encoded in the lovastatin gene cluster.12 46 
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 47 
Figure 1. Biosynthesis of the lovastatin intermediate dihydromonacolin L. Synthesis proceeds through condensation of one acetyl-CoA 48 
starter unit and eight extender units of malonyl-CoA and is catalyzed by the nonaketide synthase LovB, the enoyl reductase LovC, and 49 

the thioesterase release factor LovG. Dihydromonacolin L acid is released from LovB and can undergo lactonization to yield 50 
dihydromonacolin L. 51 

Boettger et al. previously investigated whether the supposedly lost PKS-NRPS activity of LovB could be 52 

restored.6 Fusion of the LovB PKS with the NRPS module of the chaetoglobosin PKS-NRPS-encoding gene 53 

identified from Penicillium expansum (CAO91861)13 did however not lead to synthesis of an amidated 54 

polyketide product. Following a number of bioinformatic analyses comparing LovB-type PKSs with hybrid PKS-55 

NRPSs, they claimed an inherent incompatibility of the LovB C domain with the NRPS modules of hybrid PKS-56 

NRPSs, and additionally that the C domain of LovB is required for the proper synthesis of dihydromonacolin L. 57 

Also Smith and co-workers attempted the construction of functional chimeric LovB variants by fusion of the 58 

LovB PKS module (without the C domain) to the NRPS module of the equisetin PKS-NRPS EqxS from Fusarium 59 

heterosporum. They were however also unsuccessful and did not yield any novel hybrid products.  60 

In a previous study, we demonstrated that the modules of two PKS-NRPSs, sharing only 52 % sequence identity, 61 

could be successfully combined to produce the expected hybrid metabolites.14 Our results led us to believe 62 

that structural similarity of the polyketide intermediate is a critical factor for construction of chimeric PKS-63 

NRPS products, and that combining even more distantly related hybrids should be possible if their polyketide 64 

intermediates are structurally similar. Encouraged by these results we set out to attempt to revive the PKS-65 

NRPS activity of LovB by fusing the PKS with the NRPS module from the cytochalasin E PKS-NRPS hybrid CcsA 66 

from A. clavatus.15 Here, contrary to previous reports, we show that using an alternate strategy, LovB can 67 

indeed be combined with NRPS modules originating from PKS-NRPS hybrids to form a functional enzyme and 68 

thereby alter the activity of LovB to instead function as part of a PKS-NRPS hybrid. These findings support our 69 

earlier hypothesis that even distantly related PKS-NRPSs can be combined to form functional chimeric 70 
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enzymes, providing that a suitable substrate is produced by the PKS, suggesting that the mechanisms for PKS-71 

NRPS diversification are based on substrate flexible synth(et)ases, able to produce new compounds from 72 

hybrid synthetases despite major modifications.  73 

Results 74 

Production of dihydromonacolin L acid in A. nidulans 75 

As a reference, the activity of A. terreus LovB (ATEG_09961) in A. nidulans was tested by cloning the full LovB 76 

PKS with its C domain into an overexpression plasmid and transformed into the background strain NID1. 77 

Analysis by ultra-high performance liquid chromatography (UHPLC) coupled with diode array detection (DAD) 78 

and high-resolution mass spectrometry (HRMS) confirmed that expression of LovB alone is insufficient for 79 

synthesis of the lovastatin intermediate dihydromonacolin L, similar to what has previously been reported.5 80 

Furthermore, when co-expressing LovB with the trans-acting enoyl reductase LovC (ATEG_09963), UHPLC-81 

DAD-HRMS revealed production of a compound with mass-to-charge ratio matching dihydromonacolin L acid 82 

(supporting information, figure S1). This result has also previously been reported in multiple studies.7,10,16 The 83 

release factor LovG was not necessary for release of the PKS-NRPS product, indicating that A. nidulans holds a 84 

yet unidentified endogenous thioesterase activity capable of releasing the polyketide intermediate.  85 

Design of LovB-CcsA chimeras 86 

We next constructed two fusions of LovB and A. clavatus CcsA (ACLA_078660) and expressed them 87 

heterologously in A. nidulans (Figure 2A). For mutant 1 (Figure 2B), the compatibility of the LovB C domain 88 

with the remaining domains of the CcsA NRPS module was tested by extending the full-length LovB with the 89 

remaining downstream NRPS domains, i.e. the adenylation (A) domain, the peptide carrier protein (PCP) 90 

domain, and the reductase (R) domain. For mutant 2 (Figure 2C), the LovB C domain was replaced with the 91 

full-length NRPS module of CcsA. If the LovB C domain has indeed diverged and lost its condensation activity, 92 

we hypothesized that this could be bypassed by instead replacing the C domain with a full-length NRPS module, 93 

thus creating a PKS-NRPS fusion. 94 
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 95 

Figure 2. Construction of chimeric PKS-NRPS hybrids by fusion of LovB and CcsA modules. A) The lovastatin nonaketide synthase LovB 96 
from A. terreus comprise the typical domains found in iterative hrPKSs but includes also a C-terminal C domain. CcsA encodes a hybrid 97 
PKS-NRPS that is involved in the biosynthesis of cytochalasin E in A. clavatus. Two LovB-CcsA chimeric hybrids were constructed. B) In 98 
mutant 1 LovB was extended with the remaining domains of the CcsA NRPS module – the A, PCP, and R domains. C) In mutant 2 the 99 
LovB C domain was replaced with the full-length NRPS module of CcsA. The long linker of the CcsA PKS-NRPS hybrid was preserved in 100 

this construct to prevent possible restraints of the shorter LovB linker. ER0 denotes an inactive enoyl reductase domain. Arrows 101 
indicate transition points between the two PKS-NRPSs.  See also Figure S1 and Table S3. 102 

In our efforts to induce a PKS-NRPS activity of LovB we selected the NRPS module of the A. clavatus 103 

cytochalasin PKS-NRPS for a number of reasons: In a previous study, we have shown that the A. clavatus PKS-104 

NRPS CcsA can be functionally expressed in A. nidulans, resulting in production of a highly reduced octaketide 105 

product.14 In the same study, we also successfully swapped the PKS- and NRPS modules of CcsA and 106 

investigated how modules can be combined without disrupting enzyme activity. Furthermore, since it has been 107 

shown that the removal of the native LovB C domain results in production of truncated pyrones that do not 108 

contain the decalin ring,7,9 we assumed that the most compatible NRPS module would be one that normally 109 

accepts shorter polyketide intermediates, e.g. heptaketides or octaketides.  110 

The LovB C domain demonstrates incompatibility with the A-PCP-R domains of CcsA  111 

Mutant 1 was constructed by fusion of the A. terreus lovB with the A. clavatus ccsA fragment encoding the A-112 

PCP-R domains (Figure 2B). The exact transition point of the two sequences was decided based on a sequence 113 

alignment of lovB and ccsA using Clustal Omega (Figure S2). Since the expression of LovC is necessary for the 114 

activity of LovB, we transformed the lovB-ccsA fusion into an A. nidulans lovC overexpression strain. The 115 

resulting strain was analyzed by UHPLC-DAD-HRMS, and the metabolite profile of mutant 1 revealed the 116 

production of dihydromonacolin L acid, suggesting that LovB activity was not affected by the presence of the 117 

three NRPS domains of CcsA. We were furthermore unable to identify any new nitrogen-containing polyketide 118 

products in the extracts of mutant 1. In fact, the metabolite profile of mutant 1 was identical to the lovB/lovC 119 

expressing strain. Hence, these results are comparable to the results of Hertweck and co-workers who were 120 

also unable to restore the condensation activity of the native C domain of LovB when they fused it to the NRPS 121 

module of the chaetoglobosin PKS-NRPS from P. expansum.6 The native C domain thus seems to be robust in 122 

conferring incompatibility to downstream NRPS domains. 123 
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The PKS-NRPS activity of LovB can be restored by fusion to the CcsA NRPS module 124 

The expression construct for mutant 2 was assembled by fusing the lovB PKS-encoding fragment with the 125 

NRPS-encoding fragment of ccsA. The presence of a long highly variable intermodular region of approximately 126 

150 amino acids between the PKS- and NRPS modules of CcsA was identified after prediction of the ACP- and 127 

C domains of CcsA using CDD from NCBI,17 based on our previous work.14 An equivalent but shorter region 128 

(approximately 60 amino acids) was predicted in LovB. To ensure that sufficient distance was put between the 129 

two modules, and to prevent possible restraints by the intermodular linker, the long CcsA linker was preserved 130 

for construction of mutant 2 (see Figure 2C and Figure S2).  131 

Interestingly, the metabolite profile of mutant 2 revealed the presence of two major isomeric compounds with 132 

a mass of 387.2205 Da ([M+H]+ = 388.2278), corresponding to the elemental compositions C26H30NO2 (Figure 133 

3). The predicted elemental composition revealed the presence of a nitrogen atom, indicating that mutant 2 134 

did in fact express a functional chimeric PKS-NRPS presumably by incorporating a phenylalanine residue into 135 

a LovB derived polyketide intermediate. Assuming incorporation of phenylalanine, our results also indicated 136 

that the polyketide elongation by LovB had arrested one cycle short of normal nonaketide biosynthesis, to 137 

instead yield an octaketide. 138 

 139 
Figure 3. Investigating the compatibility of LovB with the NRPS module of CcsA in A. nidulans. Trace i: Overlaid BPC (black line) and EIC 140 
(red line) of the A. nidulans background strain .Trace ii: Overlaid BPC (black line) and EIC (red line) of mutant 2 showing production of 141 

isomers of the novel compound ([M+H]+ = 388.2271±0.001 Da), terreclavin. 142 

The structure of the major isomer of the novel hybrid compound (m/z = 388.2278, C26H30NO2) was determined 143 

by use of one and two-dimensional NMR spectroscopy (Table S1 and Table S2). The data revealed a compound 144 

containing five aromatic protons, nine alkenes, and two CH3 groups. From the multiplicity edited HSQC, three 145 

diastereotropic CH2 groups could be identified, along with the two CH3 groups and 15 CH groups of which five 146 

were aromatic. HMBC correlations linked the aromatic ring to a tetramic acid moiety, similar to what has 147 

previously been observed in other PKS-NRPS hybrid products.14 Using DQF-COSY, H2BC, and HMBC the 148 
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polyketide was confirmed to be a linear highly reduced octaketide with a single methylation at C-7, as also 149 

seen in natural LovB products. HMBC couplings to C-14 from H-1’, H-11, and H-12 linked the tetramic acid and 150 

the polyketide. NOESY correlations between H-1’ and H-3’ determined the configuration of the double bond 151 

between C-1’ and C-2’. Similarly, NOESY correlations between H-2 and H-4, H-3 and H-5, H-10 and H-12, and 152 

between H-11 and H-13 indicated the polyketide alkenes for the major isolated isomer to all be in trans 153 

configurations, whereas we speculate the other isomer to contain one or several cis double bonds. The 154 

structure of the compound, which we have name terreclavin, is shown in Figure 4. 155 

 156 
Figure 4. Structure of the major novel hybrid product terreclavin produced by mutant 2 (exact mass 387.2198 Da). The polyketide is an 157 

octaketide, and thus one extension shorter than the native LovB products found in A. terreus. See also Table S1. 158 

In summary, the structure suggests that terreclavin is biosynthesized by the LovB-CcsA chimeric enzyme 159 

(mutant 2) through seven elongation cycles using malonyl-CoA extender units to achieve production of the 160 

octaketide. The polyketide is subsequently transferred to the NRPS module that attaches the phenylalanine 161 

residue and is finally released in a reductive manner yielding the tetramic acid moiety (Figure 5).  162 

 163 

Figure 5. Proposed biosynthesis of terreclavin by the LovB-CcsA chimeric enzyme (mutant 2). A) Synthesis of the terreclavin polyketide 164 
backbone proceeds through condensation of an acetyl starter unit and seven malonyl-CoA extender units. These reactions are 165 

catalyzed by the LovB type I hrPKS and the enoyl reductase LovC. Attachment of the phenylalanine residue and subsequent release of 166 
the polyketide-nonribosomal peptide product are mediated by the CcsA NRPS module, which is C-terminally fused to LovB. B) Proposed 167 
mechanism for the cyclisation (as also suggested by Fujii et al., 2013) and oxidation/desaturation of terreclavin. The desaturation step 168 

is likely the result of an endogenous A. nidulans activity.  169 
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Discussion 170 

In the extracts of mutant 1 we were unable to detect any novel hybrid products, indicating that the LovB C 171 

domain as expected was unable to form functional interactions with the downstream NRPS domain of CcsA. 172 

Boettger et al. conducted a similar experiment where LovB was fused to the A-PCP-R domains of the 173 

chaetoglobosin PKS-NRPS CheA from P. expansum, and they were equally unsuccessful in establishing a 174 

functional interaction between the two non-cognate modules in this LovB-CheA fusion.6 From the structure of 175 

the Bacillus subtilis terminal NRPS module SrfA-C, it has been shown that the C domain and the major part of 176 

the A domain together constitute a catalytic platform onto which the PCP and an A subdomain rearrange to 177 

facilitate catalysis.19 Recently, two additional crystal structures of holo-NRPS modules were described.20 These 178 

structures confirmed that the C- and A- domains share a large interface, and work in a concerted fashion 179 

simultaneously adopting their catalytic conformations. The critical partnership of the C- and A domains was 180 

also recently substantiated when it was shown that the monospecificity of an NRPS module required the 181 

presence of cognate C- and A domains, and hence that the C domain also exhibits a specificity-regulatory 182 

role.21 We speculate that variation of the LovB C domain, i.e. the lack of the catalytically crucial His residue, 183 

prevents a functional association between the C domain of LovB and the A domain of CcsA in mutant 1.  184 

The exact catalytic activity and mechanism of the native C domain of LovB is still not fully understood. It has 185 

previously been shown that the presence of the LovB C domain is critical for correct assembly of the polyketide 186 

backbone and that this domain is involved in controlling proper chain length.7,9 It is however unlikely that the 187 

“conventional” C domains found in PKS-NRPSs serve this function. In two previous cases the PKS- and NRPS 188 

modules of hybrids have successfully been swapped despite the fact that the polyketide products were of 189 

different sizes. In one study, the PKS module of the equisetin PKS-NRPS (EqxS) was combined with the NRPS 190 

module of the fusaridione A PKS-NRPS (FsdS), both from F. heterosporum.9 In another study, the dissected PKS 191 

modules of the cyclopiazonic acid PKS-NRPS (CpaS) of A. flavus was expressed in Saccharomyces cerevisiae 192 

with the equally dissected NRPS module of the aspyridone NRPS module (ApdA) from A. nidulans. In both 193 

studies, the successful swaps yielded the expected hybrid product, which showed that the programming of 194 

the PKS module in regard to the polyketide chain length is not affected by fusion to a non-cognate module. 195 

Thus, the C domains of PKS-NRPS hybrids does not appear to be involved in chain length determination; a 196 

conclusion, which is also in agreement with a study by Lazarus and co-workers.22 All in all, it appears that the 197 

LovB C domain has adopted an alternative function different from the function of conventional NRPS C 198 

domains, but a function that is nonetheless essential for proper synthesis of dihydromonacolin L.  199 
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Mutant 2 represents the first successful example of a functional chimeric PKS-NRPS that has been constructed 200 

by adding an entire NRPS module to a PKS. In a previous study we demonstrated the flexibility in the length 201 

and sequence of the intermodular linker of PKS-NRPSs.14 Our results, as well as the successful module 202 

swapping in previous reports.9,23,24 have also shown a flexibility in NRPS modules, i.e. that NRPS modules are 203 

able to catalyze condensation of amino acids to more than one polyketide substrate. Boettger et al. speculated 204 

that the evolutionary divergence of LovB from the CheA PKS-NRPS was to account for the lack of PKS-NRPS 205 

activity when fusing the LovB PKS moiety with the NRPS module of CheA.6,25  However, our results clearly 206 

demonstrate that the lack of function was not due to a general incompatibility of LovB with NRPS modules 207 

from PKS-NRPSs, which underlines the evolutionary relationship between PKS-NRPS hybrids and the LovB-type 208 

PKSs.  209 

In light of the two previous unsuccessful attempts of inducing PKS-NRPS activity of LovB,6,9 our results also 210 

highlight the challenges still faced by the scientific community in predicting what is required to obtain 211 

functional chimeric PKS-NRPSs. The putative CcsA, CheA, and EqxS polyketide intermediates are structurally 212 

similar. CcsA, CheA, and EqxS are all distantly related to LovB with the CcsA PKS-C fragment displaying only 213 

slightly higher identity to LovB (39 %) as compared to CheA-C versus LovB (33 %), and EqxS-C versus LovB 214 

(36%). Hence, the exact reasons for their lack of success are not immediately obvious. However, it is not 215 

possible to rule out problems such as functional expression of heterologous genes, i.e. expression of the P. 216 

expansum cheA fragment in A. terreus, or the expression of lovB in F. heterosporum.  217 

Our finding that LovB and CcsA, two distantly related enzymes, can be combined to form functional chimeric 218 

enzymes does indeed seem to agree with our previous hypothesis that high sequence identity is not a critical 219 

factor for the design of functional PKS-NRPS hybrids. Instead, we hypothesize that the structures of the 220 

polyketide intermediate is the primary determining factor for production of “chimeric” metabolites. Also, in 221 

previous studies where successful PKS-NRPS module swaps have been accomplished, the length of the PKS 222 

intermediates of the two enzymes involved differ only by up to a single extension.9,14,22 Thus, despite the 223 

above-mentioned unsuccessful swaps, it appears that for construction of functional PKS-NRPS hybrids, it is 224 

appropriate to consider the polyketide structures of the compounds to be combined. However, it must be 225 

stresses that further combinatorial studies of PKS-NRPS hybrids are needed to corroborate this hypothesis. 226 

The presence of phenylalanine in terreclavin isolated from mutant 2 show the successful engineering of PKS-227 

NRPS activity of the expressed LovB-CcsA hybrid. The chain length of the polyketide moiety is shorter 228 

compared to what is seen for natural LovB products. Further, the PKS moiety also has a higher level of 229 

reduction compared to what in seen during lovastatin biosynthesis (Figure 6). A double bond is found between 230 
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C-12 and C-13, where normally a single bond would be, and C-14 and C-16 are both completely non-reduced, 231 

which could suggest a possible interaction of the LovB C domain under normal conditions. The position of the 232 

methylation, however, remains at carbon 7, which is also the case for natural LovB derived compounds like 233 

lovastatin and dihydromonacolin analogs. 234 

O

S

O

OHOH

S

O

1359111315

135911131517

Enz

Enz

Terreclavin polyketide

Lovastatin polyketide

 235 

Figure 6. Comparison of the terreclavin and lovastatin polyketide backbone, illustrating difference in length and reduction. 236 

Based on the structure of terreclavin, an unexpected octaketide has been fused with a phenylalanine moiety. 237 

We speculate that an additional function of the LovB C domain, could be influencing the chain elongation of 238 

the PK. By forcing an additional extension by keeping the product in the PKS machinery, the resulting product 239 

in the natural LovB PKS is a nonaketide. This raises the question whether the true product of the LovB PKS is 240 

in fact an octaketide, and that the C domain is somehow able to increase the chain length of the final product. 241 

Further experiments are needed to provide a more clear answer to this matter. 242 

It is noteworthy that terreclavin contains a linear polyketide chain and not the usual decalin ring structure seen 243 

in lovastatin, despite that the double bond pattern of the polyketide chain would allow for a [4+2] 244 

cycloaddition. We speculate that this could be due to conformational effects during biosynthesis, caused by 245 

the attached foreign NRPS module, or as a result of the double bond between C-12 and C-13. Furthermore, 246 

we note that a double bond is present between carbons C-2’ and C-3’ in terreclavin, a feature previously seen 247 

when expressing ccsA in A. nidulans 14. This further strengthens our earlier hypothesis that this modification is 248 

a result of an endogenous A. nidulans activity.  249 

Phylogenetic studies suggest a common origin of PKS-NRPSs.26 In fact, in an earlier study it was shown that the 250 

NRPS A domain of fungal PKS-NRPSs is phylogenetically distinct when compared to other fungal PKSs and 251 

NRPSs.27 If LovB has evolved from PKS-NRPS hybrids, this could explain the compatibility of LovB and CcsA. Yet 252 

the question then remains whether it is possible to combine NRPS modules from PKS-NRPSs to PKSs not 253 

evolutionary related to the LovB-type PKS.  254 

As we have demonstrated here, it is possible to increase chemodiversity by module swapping of PKS-NRPSs by 255 

genetic engineering, and thus, it seems also plausible that chemical diversification arise in nature by shuffling 256 

10 of 15A281



of PKS- and NRPS-encoding sequences both through genome shuffling and horizontal gene transfer. A possible 257 

model for the evolution of PKS-NRPS hybrids and the LovB-type PKSs, which is consistent with all available 258 

data, is presented in Figure 7. We propose that diversification can occur through several different events: 259 

Fusion of independent PKSs with NRPSs (Figure 7A). Whether this has happened more than the one event, is 260 

unknown. Other events include exchange of PKS- or NRPS modules in existing PKS-NRPS hybrids (Figure 7B), 261 

or separation of PKS-NRPS hybrids leading to PKSs and NRPSs that have become functional as individual 262 

enzymes (Figure 7C). Our present results support earlier hypotheses that LovB-type PKSs evolved from an early 263 

PKS-NRPS by truncation and loss of the C-terminal A-PCP-R domains, followed by C domain differentiation 264 

(Figure 7D). By fusion of the LovB PKS module with an NRPS module from a PKS-NRPS hybrid, thereby creating 265 

a novel chimeric enzyme, we have shown that it is possible to restore the PKS-NRPS activity of LovB (Figure 266 

7E).  267 

 268 

Figure 7. Model for the development and diversification of PKS-NRPS hybrids as well as the LovB type PKSs. PKS-NRPSs are believed to 269 
have arisen through fusion of single PKS- and NRPS modules (A). Subsequent diversification emerges either from PKS- and NRPS 270 
module exchange (B) or through splitting of existing PKS-NRPS hybrids (C). In the case of LovB-type PKSs, we believe the A-PCP-R 271 
domains were lost and that the C domain subsequently differentiated and adopted a new function (D). By fusion of the LovB PKS 272 

module with an NRPS from a PKS-NRPS hybrid the PKS-NRPS activity of LovB was restored (E). 273 

Significance 274 

This study demonstrates the successful fusion of two PKS/NRPS proteins with the generation of a previously 275 

unknown compound. Interestingly, the apparent flexibility of natural PKS-NRPS hybrids could provide a 276 

mechanistic insights to the remarkable chemical diversity observed for natural products of mixed biosynthetic 277 

origin. The construction of a functional LovB-NRPS fusion also indicates the evolutionary origin of the LovB 278 

synthase as a “malfunctioning” truncation. Thus, for all of the events described in Figure 7, we work from the 279 

hypothesis that if a given functional recombination is possible with our crude methods in the laboratory, it will 280 

also be possible through natural recombination events. This allows us both to build the model for PKS-NRPS 281 
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diversification as demonstrated above, but also it is an optimistic prospect for future synthetic biology effort 282 

in generating new biologically active hybrid compounds. 283 

Experimental procedures 284 

Strains and Media 285 

Heterologous expression was performed in A. nidulans strain NID1 (argB2, pyrG89, veA1, nkuA∆) strain IBT 286 

29539.28 Genes were amplified from genomic DNA of A. terreus NIH 2624 and A. clavatus NRRL1, which was 287 

extracted using the FastDNATM SPIN Kit for Soil DNA extraction (MP Biomedicals, USA). Plasmid construction- 288 

and propagation was achieved using Escherichia coli strain DH5α.  289 

A. nidulans was grown on solid and liquid minimal medium (MM), solid MM supplemented with 1.3 mg/ml 5-290 

fluoroorotic acid (5-FOA), and solid transformation medium as described by Nødvig et al..29 Media were 291 

supplemented with 4 mM arginine and when needed 10 mM uracil and 10 mM uridine. E. coli DH5α was grown 292 

in Luria-Bertani (LB) medium (10 g/l tryptone (Bacto), 5 g/l yeast extract (Bacto), 10 g/l NaCl (pH 7.0)) 293 

supplemented with 100 µg/ml ampicillin.  294 

Vector construction 295 

DNA fragments were generated using the PfuX7 polymerase30 and primers from Integrated DNA Technology, 296 

Belgium (Table S3). Vectors were constructed by Uracil-Specific Excision Reagent (USER) fusion of PCR 297 

fragment into compatible expression plasmids. All plasmids contained a PacI/Nt.BbvCI USER cassette, the 298 

constitutive promoter PgpdA, the TtrpC terminator, A. fumigatus pyrG for selection and 2 kb up- and 299 

downstream targeting sequences for integration into specific targeting sites in the A. nidulans genome31. pyrG 300 

is flanked by direct repeats for counter selection on 5-FOA. The plasmids also contain the ampicillin resistance 301 

gene for selection in E. coli. Plasmids were purified using the GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich), 302 

and verified by restriction analysis. Prior to transformation, plasmids were linearized with SwaI, and 303 

protoplastation, transformation and strain validation of A. nidulans strains was performed as described by 304 

Nødvig et al..29 A list of strains used in this study is provided in Table S4. 305 

Chemical analysis 306 

Strains of A. nidulans were grown for 6 days at 37°C on solid MM with all necessary supplements. The A. 307 

nidulans strain NID3 was used as a reference strain (Table S4). Plug extractions were performed as described 308 

by Smedsgaard32 with the exception that metabolites were extracted with 3:1 ethylacetate:isopropanol 309 

12 of 15A283



containing 1 % formic acid. The samples were analyzed on a maXis 3G orthogonal acceleration quadrupole 310 

time-of-flight mass spectrometer (Bruker Daltonics) equipped with an electrospray ionization (ESI) source and 311 

connected to an Ultimate 3000 UHPLC system (Dionex), equipped with a Kinetex 2.6 µm C18, 100mm x 2.1 312 

mm column (Phenomenex). The method applied was described by Holm et al..33 313 

Metabolite purification 314 

For purification of terreclavin, mutant 1 strain was inoculated in 10x200 ml semi-liquid CYA medium 315 

supplemented with 4 mM arginine. After 7 days, the media was separated from the biomass, and both were 316 

extracted two times with ethyl acetate (EtOAc). The crude extract was subjected to flash column 317 

chromatography on an Isolera One system (Biotage, Uppsala, Sweden), using a diol column and stepwise 318 

elution with 100 % heptane; 1:1 heptane/dichloromethane (DCM); 100 % DCM; 1:1 DCM/EtOAc; 100 % EtOAc; 319 

1:1 EtOac/MeOH; and 100 % MeOH. The fractions containing the compound of interest were further purified 320 

by semi-preparative reversed phase LC on a Waters 600 controller equipped with a 996 photodiode array 321 

detector using a Kinetex Core-Shell C18 column (Phenomenex, Torrance, California, USA). 322 

NMR analysis 323 

NMR spectra were recorded on a Bruker Avance 800 MHz spectrometer at the Department of Chemistry, at 324 

the Technical University of Denmark. Spectra were acquired using standard pulse sequences. The deuterated 325 

solvent was CD3OD and signals were referenced by solvent signals for CD3OD at δH = 3.31 ppm and δC = 49.00 326 

ppm. The NMR data was processed in TopSpin 3.5pl5 (Table S2). Chemical shifts are reported in ppm (δ) and 327 

scalar couplings are reported in hertz (Hz) (Table S1). The sizes of the J coupling constants in the table are the 328 

experimentally measured values from the 1D 1H and DQF-COSY spectra. There are minor variations in the 329 

measurements, which may be explained by the uncertainty of J and the spectral digital resolution. 330 
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Figure S1. Co-expression of LovB and LovC leads to production of dihydromonacolin L acid in A. nidulans. 

Extracted ion chromatograms (EICs) ([M+H]+ = 325.2373±0.001 Da) of extracts of A. nidulans expressing 

LovB (trace i), and LovB/LovC (trace ii). The NID3 reference strain displayed no production of 

dihydromonacolin L acid (trace iii). 
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C domain 

ACP domain 

Figure S2, related to Figure 2. Design and construction of LovB-CcsA fusions. An amino acid alignment of LovB and

CcsA in the regions of the transition points are shown, and the sequences of mutant 1 and 2 are indicated by a black 

box. A) Mutant 1 was constructed by fusing LovB to CcsA immediately downstream of the LovB endpoint. Thus, the 

full-length LovB including the C-terminal C domain was fused to the A-PCP-R domains of CcsA. B) Mutant 2 was 

constructed by replacing the native LovB C domain with the NRPS module from the CcsA PKS-NRPS hybrid. The 

regions between the ACP- and C domains of LovB and CcsA are highly variable, and to prevent any potential restraints 

of the shorter LovB linker, the linker of CcsA was preserved. The locations of the ACP- and C domain are highlighted 

in yellow while the predicted linker sequence of CcsA is highlighted in magenta. Amino acid alignments were 

constructed using Clustal Omega, while the locations of domains were predicted using CDD from NCBI.  

A) Mutant 1

CcsA      NELGAAR----SATHSPLFQVLVNYRAGVSERRSFCNCDSKVLTFEQGQTPYDLSLDVID 
LovB      DQLGLEVPVPTSNQPAPLLQAVFDYKQGQAESGTIGGAKITEVIATRERTPYDVVLEMSD 

 ::**  * :**:*.:.:*: * :*  ::  .. . :   : :****: *:: *

CcsA      NPGGDCHVIMAGQSVLYGAEHVAVLRGVYQNLLVAFSRNPALRLNVPPLYDTDEVKHAIK 
LovB      DPTKDPLLTAKLQSSRYEAHHPQAFLESYMSLLSMFSMNPALKLA--------------- 

 :*  *  :    **  * *.*  .:   * .**  ** ****:*  

CcsA      LGHGPAYNYQWPATIPERIDEIVERYPTHVALIDGDGRKMSYTEMARRVNTLAVVLLRQD 
LovB      ------------------------------------------------------------ 

B) Mutant 2

CcsA      VAVDIRSWFIKELQVEIPVLKILSGATVGEMVTQAQELLPKELTPNLDPNAEAKPSKPKN 
LovB      GAVTVGTWFSKQLYLDLPLLKVLGGASIADLADEAAARLPPSSIPLVAATDGGAEST-DN 

  ** : :** *:* :::*:**:*.**::.::. :*   ** .  * :  .  .  *. .* 

CcsA      TVQPKQQTKKTIQLQNVAKAPQPALSQQVSSGVQNMIKTNPPKEAEAKQPRPEVKQAAPK 
LovB      T------------------------------------------------SENEVSG--RE 

 *                                                 . **.    : 

CcsA      DSQYPTALETPSKLQDPSRNIVVAKDLAAEEKHLTDQEPVPSNMSSSSWSEIDESEGKVE 
LovB      DT----DLSAAATITEPSS-----------------------------ADEDDTEPG--- 

 *:     *.: :.: :**                               .* * . *  

CcsA      TSSSSSSTSASQIITKTKPVEVKKSVPMAFGQSRFWFLRHYLEDPSSFNITVSIQLDGPL 
LovB      -----------------DEDVPRSHHPLSLGQEYSWRIQQGAEDPTVFNNTIGMFMKGPI 

     .    :.  *:::**.  * :::  ***: ** *:.: :.**: 

+++ 
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Table S1, related to Figure 4. NMR shifts and correlations. Proton and carbon shifts, as well as DQF-COSY, H2BC,

HMBC and NOESY correlations for terreclavin. 

# 1H 
13C 

(HSQC) 
Mult. J [Hz] COSY H2BC HMBC NOESY 

1 1.71 17.6 d 6.5 2 2 2, 3 2, 3 

2 5.56 127.3 m - 1, 3 1, 3 1, 4 1, 4 

3 6.02 132.8 m - 2 2 1 1, 5 

4 5.99 133.0 m - 5 5 6, 2 1, 6a, 6b, 2 

5 5.51 130.5 m - 6a, 6b, 4 6, 4 7, 6, 3 1.55, 6a, 6b, 3 

6a 1.93 40.7 m - 7, 6b, 5 7, 5 7-Me, 7, 8, 5, 3 7-Me, 8b, 6b 

6b 2.09 40.7 m - 7, 6a, 5 5 7-Me, 7, 8, 5, 3 7-Me, 8b, 6a 

7 1.54 33.9 m - 7-Me, 8a 7-Me, 8, 6 7-Me, 9, 8, 6, 5 8a, 6a 

7-

Me 
0.91 19.6 m - 7 7 7, 8, 6 8a, 8b, 6a, 6b, 9a, 9b 

8a 1.29 36.3 m - 8b, 9a 9 7-Me, 9, 7, 6 7-Me, 8b, 9a, 9b 

8b 1.51 36.3 m - 8a, 9b 9 7-Me, 9, 7, 6 8a, 9a 

9a 2.24 31.6 m - 8a, 10 8 7, 8, 10 7-Me, 8a, 8b, 10 

9b 2.29 31.6 m - 8b, 10 8 7, 8, 10 7-Me, 8a, 8b, 10 

10 6.35 148.7 m - 9a, 9b 9 9, 12 9a, 9b, 12 

11 7.17 126.3 dd 26.2, 15.3 12 12 14 13, 12 

12 7.40 146.3 m - 13, 11 11 10, 14 10, 11 

13 6.38 129.1 m - 7.4 12 11w, 12 11.00 

14 - 186.7 - - - - - - 

15 - 132.1 - - - - - - 

16 - 171.6 - - - - - - 

1' 7.89 146.6 s - - - 3', 18, 16, 14 3' 

2' - 136.3 - - - - - - 

3' 6.57 121.9 s - - - 5', 2'w, 1' 5', 1' 

4' - 135.4 - - - - - - 

5' 7.61 130.7 d 7.6 6' 6' 3', 7' 3', 6' 

6' 7.46 129.9 quart 7.6 7', 5' 7' 6', 4' 5' 

7' 7.38 130.3 m - 6' 6' 5' - 

NH -* - s - - - - - 

* Shift measured in DMSO-d6: 10.68 ppm
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Table S2, NMR spectra for terreclavin 
 
1H NMR spectrum for terreclavin at 800 MHz, recorded in CD3OD 
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DQF-COSY spectrum for terreclavin recorded in CD3OD 
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HSQC spectrum for terreclavin recorded in CD3OD 
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edHSQC spectrum for terreclavin recorded in CD3OD 
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HMBC spectrum for terreclavin recorded in CD3OD 
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H2BC spectrum for terreclavin recorded in CD3OD 
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NOESY spectrum for terreclavin recorded in CD3OD 
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Table S3, related to Experimental Procedures. List of primers 

 

lovC overexpression: 

lovC-FU GGGTTTAAUATGGGCGACCAGCCATTC lovC into pU2115-2 

lovC-RU GGTCTTAAUTTTATCCCAATCCACGCAGC lovC into pU2115-2 

 

lovB overexpression: 

lovB-Pac-FU GGGTTTAAUATGGCTCAATCTATGTATCCTAATGAG lovB into pU2115-5 

lovB-Pac-RU GGTCTTAAUCTCTTCGTTCGGCTCACCATA lovB into pU2115-5 

lovB-2FU ACGGAGTTCUATACCAACACACTCA lovB into pU2115-5 

lovB-2RU AGAACTCCGUCAGGAGCCCA lovB into pU2115-5 

 

Mutant 1 overexpression: 

lovB-Pac-FU 

GGGTTTAAUATGGCTCAATCTATGTATCCTAATGA

G lovB into pU2115-5 

ccsA-Pac-RU GGTCTTAAUTGCTGTGTCCCAATCAGACGT Construction of Mutant 1 and 2 

lovB-4RU ACTGCCAGCTUCAGGGCG lovB-ccsA chimera overexpression 

ccsA-14FU AAGCTGGCAGUCCCGCCCCTATATGATACC lovB-ccsA chimera overexpression 

 

Mutant 2 overexpression: 

lovB-Pac-FU GGGTTTAAUATGGCTCAATCTATGTATCCTAATGAG lovB into pU2115-5 

ccsA-Pac-RU GGTCTTAAUTGCTGTGTCCCAATCAGACGT Construction of Mutant 1 and 2 

lovB-3RU AGCGGTGGCUGCGACGAGGG Construction of Mutant 2 

ccsA-13FU AGCCACCGCUGAGGCAAAGCCGTCG Construction of Mutant 2 
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Table S4, related to Figure 2. Lists of plasmids and strains 

Plasmids 

Plasmid # Plasmid name Purpose 

pAC286 pU2115-2 Cloning vector 

pAC290 pU2115-5 Cloning vector 

pAC507 pU2110-2-lovC Overexpression of lovC 

pAC501 pU2110-5-lovB Overexpression of lovB 

pAC505 pU2110-5-LC2 (mutant 1) Overexpression of mutant 1 

pAC503 pU2110-5-LC1 (mutant 2) Overexpression of mutant 2 

Strains 

Strain 

# Strain identifier Genotype 

1 nkuAΔ (NID1) argB2, pyrG89, veA1, nkuAΔ 

2 nkuA-trS argB2, pyrG89, veA1, nkuA-trS::AFpyrG 

3 lovC prepop argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-lovC-TtrpC::AFpyrG 

4 lovC pop argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-lovC-TtrpC 

5 lovB prepop argB2, pyrG89, veA1, nkuA∆, IS2::PgpdA-lovB-TtrpC::AFpyrG 

6 lovB, lovC prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-lovB-TtrpC::AFpyrG, IS2::PgpdA-lovC-TtrpC 

7 LC1, lovC prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-LC1-TtrpC::AFpyrG, IS2::PgpdA-lovC-TtrpC 

8 LC2, lovC prepop argB2, pyrG89, veA1, nkuA∆, IS5::PgpdA-LC2-TtrpC::AFpyrG, IS2::PgpdA-lovC-TtrpC 

Strain # Strain notes 

1 Permanent nku deletion strain (background strain) 

2 Transient small repeat in nkuA (reference strain for chemical analysis) 

3 Oex of A. terreus lovC 

4 Oex of A. terreus lovC 

5 Oex of A. terreus lovB 

6 Oex of A. terreus lovC and lovB 

7 Oex of A. terreus lovC and lovB-ccsA chimera (mutant 2) 

8 Oex of A. terreus lovC and lovB-ccsA chimera (mutant 1) 
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