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Zusammenfassung II 

Zusammenfassung 

Da eine globale Transformation in Richtung zirkulärer Bioökonomie auf nachhaltige 

Prozesse und umweltfreundliche Produkte angewiesen ist, werden in dieser Arbeit 

Alternativen für aktuell eingesetzte Farbstoffe untersucht. Die biotechnologische Produktion 

von Farbstoffen aus Pilzen wird als Lösungsstrategie vorgeschlagen. 

Zwei verschiedene Spezies wurden auf ihr Potential als Farbstoff-Produzenten untersucht: 

der Gemeine Schwefelporling (Laetiporus sulphureus) und der Zottige Schillerporling 

(Inonotus hispidus). Beide Arten sind bekannt dafür, sowohl im Fruchtkörper als auch im 

Myzel in flüssiger Nährkultur farbige Moleküle zu synthetisieren. L. sulphureus produziert 

die orangen Laetiporsäuren und I. hispidus bildet das gelbe Hispidin, ein bekanntes 

Antioxidant mit vielen weiteren Bioaktivitäten.  

Die Kultivierung beider Spezies wurde in dieser Arbeit vom Schüttelkolben bis zum 4 bzw. 

7 L Maßstab im Bioreaktor vergrößert und die Nährmedien optimiert. Durch den Vergleich 

vier verschiedener L. sulphureus Stämme wurde der potenteste Produktionsstamm 

ausgewählt und erzielte Ausbeuten von rund 1 g/L Laetiporsäure. Bei der Kultivierung von 

I. hispidus wurden verschiedene physikalische und chemische Einflussfaktoren zur 

Steigerung der Hispidin-Ausbeute getestet. Der Einsatz von Belichtung und oxidativem 

Stress stimulierte die Farbstoffsynthese, genau wie dem Nährmedium zugesetzte 

Präkursoren. Alle Effektoren wurden in parallelen Kultivierungen in Bioreaktoren zweier 

verschiedener Bauarten getestet und eine Ausbeute von 5,5 g/L Hispidin erzielt. 

Verschiedene Produktaufarbeitungs-Strategien wurden etabliert, von der klassischen 

Extraktion bis zum Zwei-Phasen-System. Die zuvor geringe Stabilität der Laetiporsäure-

Extrakte konnte durch Stickstoff und Lagerung bei niedrigen Temperaturen stabilisiert 

werden und das Potential für die Anwendung in Textilien, Kosmetika und Lebensmitteln 

wurde demonstriert.  

Zusammenfassend wurde in dieser Arbeit anhand von zwei Beispielen gezeigt, dass die 

biotechnologische Produktion von Pilzfarbstoffen möglich ist. Die Maßstabsvergrößerung 

vom Labor bis zur Pilotanlage wurde berichtet und die Kombination von chemischen und 

physikalischen Einflussfaktoren sorgten für Ausbeuten im g/L Bereich, die einen 

entsprechenden Bioprozess wettbewerbsfähig mit konventionellen Prozessen für natürliche 

Farbstoffe machen.  
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Abstract IV 

Abstract 

Since a global transformation towards circular bioeconomy relies on sustainable processes 

and environmentally friendly products, alternatives to currently used colorants and dyes are 

explored in this thesis. The proposed solutions are biotechnologically produced pigments 

from fungi.  

Two different species and their potential to produce colorants were investigated: the sulphur 

shelf (Laetiporus sulphureus) and shaggy bracket (Inonotus hispidus). Both species are 

known to synthesize colorful molecules in their fruiting bodies and in the mycelium grown 

in liquid culture. L. sulphureus synthesizes several orange laetiporic acids and I. hispidus 

produces the yellow hispidin, which is a known antioxidant with several other bioactivities. 

In this thesis, the cultivation of both species was scaled up from shake flask to a 4 and 7 L 

bioreactor and nutrition medium was optimized. By comparing four different L. sulphureus 

strains, the most potent pigment producer was identified and achieved yields of around 1 g/L 

laetiporic acid. Different physical and chemical influencing factors for improved hispidin 

yield were tested for the cultivation of I. hispidus. Irradiation and oxidative stress stimulated 

pigment synthesis, as well as supplemented precursors. The effects were combined in a 

comparison of two different types of bioreactors and a yield of 5.5 g/L hispidin was achieved.  

Different product recovery strategies were investigated, from conventional extraction to a 

biphasic system. The prior poor stability of laetiporic acid extracts was improved by addition 

of nitrogen and storage at low temperatures. The potential for application in textiles, 

cosmetics and food was demonstrated.  

In conclusion, the biotechnological production of fungal colorants was demonstrated using 

two examples in this thesis. Upscaling from laboratory to pilot scale was reported and 

optimization of chemical and physical parameters resulted in g/L-scale product titers, which 

render bioprocesses competitive to conventional production processes for natural colorants.  

Keywords: Basidiomycota; Bioprocess; Natural Colorants; Laetiporus sulphureus; 

Laetiporic acid; Inonotus hispidus; Hispidin; Bioeconomy 
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Introduction 1 

1 Introduction 

In this chapter, the theoretical background relevant for this thesis is summarized. An 

introduction into Basidiomycota and their characteristics is given, as well as their 

biotechnological challenges. Fungal colorants and their induction as secondary metabolites 

are presented briefly and put into context with the state of the art. 

 

1.1 Status Quo 

Colors are essential to our daily lives as they influence our emotions, moods, and behavior. 

They create psychological and physiological expectations and are therefore one of the most 

important factors in the decision-making process [1]. Facing the progressing climate change 

and an increasing world population, we need to reflect on the sustainability of colorants. After 

the industrialization, chemically synthesized colorants were produced in large quantities in 

Germany (e.g. Agfa and Farbwerke Hoechst). Even BASF, today’s largest chemical 

company, started its business with the production of colorants. The global colorants market 

is predicted to reach 79 billion $ in 2027 [2]. Among them are textile dyes, with a forecast 

market size of 10 billion $ by 2026 [3]. 

Most of our textiles are dyed with petrochemically synthesized colorants, mainly azo dyes 

that pollute the environment during and after their application. One of many examples is the 

report of Umbuzeiro et al., who found the mutagenic activity of a river in Brazil to be a direct 

consequence of the local textile processing plant that released azo dye containing wastewater 

[4]. Its treatment with chlorine in the drinking water plant led to colorless but even more 

harmful compounds, and a population of 60,000 was exposed to the contaminated water [5,6]. 

However, the uncontested stability, wide range of hues, availability and price of these 

synthetic dyes make them hard to replace in the textile industry. Nowadays, there is growing 

interest addressing the degradation of synthetic dyes with e.g. microbial enzymes, to reduce 

the environmental impact of the textile industry [7]. 

In the European food sector, the concerns regarding artificial colorants have almost 

eliminated them from the market. The food industry responded to people’s awareness after 

the “Southampton study” that was published in 2007 [8], accused artificial dyes to affect 

children’s attention. Azo dyes were widely replaced with plant-based colorants, although 

their field of application is often limited due to stability issues regarding light, heat and/or 

acidity. Those colorants, perceived as natural and sustainable alternatives, are heavily 
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dependent on the climate, can only be harvested seasonally, and their production competes 

directly with feed and food supply. Trying to overcome this dilemma, microbial pigment 

production has gained interest in recent years, resulting in several publications [9–12].  

While all kinds of microorganisms from algae to bacteria can be considered for fermentation 

purposes, fungi are a widely underestimated kingdom for the exploration of new colorants. 

Most of the literature on fungal pigments deals with filamentous fungi belonging to the 

division of Ascomycota [13–15], including Chlorociboria aeruginascens (cf. chapter 3). 

Some ascomycetous pigments have already made their way to the market with e.g. large-

scale fermentation of Blakeslea trispora for ß-carotene production. The production process 

was approved by the European Union and the product permitted as food colorant E 160 a (iii) 

or CI Food Orange 5 [16]. Another, more recent example for the commercialization efforts 

is Talaromyces atroroseus, which produces monascus-like pigments without the 

accompanying monascus-toxins [17]. The process is currently being scaled up by the Danish 

company Chromologics [18]. 

However, what about the mushroom-forming (and sometimes edible) fungi? Their colorful 

compounds have been subject to research for a long time and many reviews describe chemical 

structures and biosynthesis in fruiting bodies [19–22]. The palette includes various pigments 

that are not produced or used industrially yet. As neither the extensive harvest of naturally 

growing, nor the cultivation of fruiting bodies is conductive for a sustainable large-scale 

production of new colorants, this thesis focusses on the biotechnological perspective.  
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1.2 Basidiomycota 

The division of Basidiomycota is the second largest within the kingdom of fungi, next to the 

division of Ascomycota. Together with the Entorrhizomycetes, they represent the 

subkingdom of “higher fungi”, the Dikarya. The division of Basidiomycota can further be 

split into the subphyla Agaricomycotina, Pucciniomycotina, Ustilaginomycotina, 

Wallemiomycotina and Basidiomycota incertae sedis, with the latter not assigned yet [23–

25]. They all have in common that attributed families are ecologically and taxonomically 

diverse and colonize all terrestrial ecosystems. Their unique ability to decompose wood, 

degrading the xylem cell wall components including cellulose, hemicellulose and lignin, 

makes Basidiomycetes key players in the global carbon cycle [26]. Different estimations 

reckon that approx. 950 of the more than 30,000 representatives are edible mushrooms. 

Basidiomycota exhibit an average genome size of 47 Mb (Ascomycota 37 Mb) that comes 

with a vast metabolic diversity [27,28]. They are known to have a complex secretome and 

highly active secondary metabolic pathways that enable production of a wealth of bioactive 

compounds [21,29–31]. Exceptional (and distinguished from other taxonomic divisions) is 

their ability to form large subterrestrial networks of mycelium, which, under certain 

circumstances, break through the soil, or bark of a tree to form the sexually reproductive 

fruiting bodies (Figure 1). The life cycle of a generic basidiomycetous fungus begins with 

the germination of a spore, which gives rise to monokaryotic mycelium. The mycelium grows 

and eventually fuses with another compatible mycelium, forming a dikaryotic mycelium. The 

dikaryotic mycelium grows and differentiates into primordia, which are small, mushroom-

like structures that develop into the mature fruiting body. The mature fruiting body produces 

and releases spores from the basidia, which are dispersed by wind or other means, and can 

then germinate and give rise to new monokaryotic mycelia. 

For the biotechnological production of target compounds, the outlasting form of the fungus, 

the mycelium, is of most interest. Under sterile laboratory conditions, the mycelium of many 

basidiomycetous species can grow on solid or liquid substrates; meaning emerged on agar 

plates or in a solid-state fermentation [32] or submerged in nutrition medium in shake flasks 

or bioreactor cultivations (Figure 2).  
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Figure 1. Schematic life cycle of a generic basidiomycetous fungus and timeframe of different 

development stages.1  

 

 

 

     

(a) (b) (c) (d) (e) 

Figure 2. Pictures of Laetiporus sulphureus (a) fruiting body, (b) mycelium on agar plate, (c) 

mycelium in a 250 mL shake flask culture, (d) mycelium in a 4 L stirred-tank bioreactor and (e) 

mycelium in a 4 L cell-culture bag cultivation.  

  

                                                 
1 Modified after Soe, Z. (2023). Life Cycle of Mushroom, Biorender.com 
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1.2.1 Cultivation of Basidiomycota 

Serving as a freely available food source or being used as traditional medicine, the fruiting 

bodies of Basidiomycota have always been harvested from nature. By creating the ideal 

growing conditions in a solid-state fermentation, the fruiting bodies of many mushrooms can 

be harvested under artificial conditions as well [33]. As demonstrated in Figure 1, the 

lifespan of the fruiting body is relatively short, compared to the outlasting mycelium-form, 

making the production of target compounds or fungal-based materials on an industrial large-

scale suboptimal. 

The interest in fermentation of mycelium has grown in recent years, along with the awareness 

of the urgent and necessary transition towards a circular bioeconomy. As Meyer et al. (2020) 

pointed out, there are many potential fields of application for fungal biotechnology [34] and 

thus a new market for fungal products emerged. Start-ups like Mushlabs or Kynda are 

following the trend of investigating alternatives for animal-based products by producing 

basidiomycetous biomass as meat substitutes [35,36]; MycoWorks, Bolt Threads and Zvnder 

are producing leather-like material from mycelium [37–39]; NEFFA is producing a 

mycelium-based material for fashion, and Ecovative produces amongst others compostable 

packaging from hemp hurd and mycelium [40,41].  

For other aims than biomass production, the submerged cultivation of Basidiomycota as a 

whole-cell production organism is published in scientific literature for many target 

compounds (e.g. aroma molecules [42–45] and active pharmaceutical ingredients [46–48]) 

but is still considered as a niche in the industrial context. There are only a few companies 

specialized in the large-scale production, with one example being ASA Spezialenzyme, who 

are producing the enzyme Laccase from Agaricus bisporus and Trametes sp. [49] as a result 

of previous collaboration with the Institute of Food Chemistry, Leibniz University Hannover. 
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1.2.2 Biotechnological Challenges in the Cultivation of Basidiomycota 

There are many reasons why the vast metabolic potential of Basidiomycota remained or 

remains biotechnologically untouched. To name a few, their submerged cultivation can be 

difficult, as hyphae cling to built-in components of bioreactors. The growth of 

basidiomycetous strains is relatively slow, compared to bacterial growth. Furthermore, the 

desired secondary metabolites (like pigments) that are synthesized in the fruiting body are 

not necessarily synthesized in the non-differentiated mycelium in submerged culture. It is not 

astonishing that fungi cultivated in liquid nutrition media and samples from nature vary in 

their compound constitution. As Berger et al. pointed out, cell growth under different 

physical and chemical conditions results in differences in gene expression and hence 

morphological differences [50]. Transferring the strains into liquid media often results in 

different profiles of secondary metabolites or no growth at all.  

To obtain the desired compounds, the inducing factor for secondary metabolite synthesis 

needs to be identified (cf. chapter 1.3.2). Microorganisms can further be altered by traditional 

chemical or physical mutagenesis (e.g. radiation) or nowadays, genetic engineering. 

Kirchgaessner et al. recently reported a genetic tool to tap new basidiomycetous secondary 

metabolites, whose encoding genes are often too long for conventional heterologous 

expression [51]. In this thesis, only wild type strains were investigated, as GMOs (genetically 

modified organisms) are still a controversial topic in our society; however, strain engineering 

and heterologous expression might be necessary to achieve yields that are economically 

viable and therefore, competitive with petrochemical synthesis. Other strategies to improve 

growth and product yields include comparing the productivity of different strains as 

presented in chapter 4 or strain improvement by the creation of monokaryons, as reported by 

Krahe et al. [52]. 

For the implementation of a bioprocess as indicated in Figure 3 (see also Figure 2d and 

Figure 2e), the strain specific preferences for optimal growth and product formation need to 

be elucidated. Factors to be investigated include the pH and temperature optimum, agitation 

and aeration levels, and C/N sources and ratio. As mentioned, the construction of bioreactors 

needs to be considered, as built-in components can be overgrown by filamentous organisms. 

If the biosynthesis is light-dependent, the reactor needs to be transparent or lights need to be 

installed, which adds further challenges for the up-scaling of processes. If the cultivated 

microorganisms are agitation sensitive, they can be rocked instead of stirred. As Jonczyk et 

al. showed, different bioreactor types can deliver different results. They found the shear stress 
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sensitive basidiomycete Flammulina velutipes to grow better and exhibit a higher enzymatic 

activity in the rocking motion bioreactor [53]. For hispidin production with Inonotus 

hispidus, no difference was found, when cultivating the strain in a stirred tank or the rocking 

motion bioreactor [54]. 

 

 

 

Figure 3. Schematic overview of factors that need to be considered, when implementing a bioprocess. 

Replicated from [55]. 
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1.2.3 Sustainable Production Processes with Basidiomycota 

Regarding the sustainability of bioprocesses, the nutrition media used for cultivation is 

problematic. Sugars (C-source) and other components are mainly derived from agricultural 

products and thus compete with food production. Agro-industrial by-products or side-streams 

could be established as a green alternative [56]. Side-streams like peels, straws, press cakes, 

bagasse, whey and cooking oil occur in large volumes often ending up as waste and are partly 

already discussed for colorant production [50,56,57]. In contrast to chemically defined 

nutrition medium, the chemical composition of these substrates varies naturally. In addition, 

they normally need to be pretreated with alkali, acid and/or heat before fermentation, as most 

microorganisms cannot degrade them directly due to missing enzymes. In this regard, 

Basidiomycota are exceptionally suited, as they can grow on lignocellulose-rich waste 

without pretreatment by producing degradative enzymes for lignin and/or hemicellulose. The 

mild reaction conditions for a biocatalytic degradation come along with lower costs, which 

is advantageous for basidiomycetous bioprocesses [58,59].  

 

The term "downstream process" refers to the recovery and purification steps of the 

multicomponent fermentation broth, essential for achieving high product concentration and 

purity. It plays a crucial role in determining the overall production costs of the final product 

and can account for a significant portion of the total production costs, mainly due to low 

product concentration and high energy demands for recovery. Therefore, selecting an 

appropriate downstream process is of great economic interest [60]. Different strategies can 

be applied after the cultivation, to efficiently recover and purify the desired products, e.g. 

filtration, centrifugation or chromatography, depending on the specific application. 

In situ product recovery is a downstream process strategy that can be applied to integrate 

product recovery into the bioreactor itself by two or more phase partitions. This strategy aims 

to facilitate recovery by liquid-liquid extraction, and can, in some cases, overcome end-

product inhibition. Different techniques for in situ product recovery have been explored, 

including classical and hybrid techniques, which offer advantages such as improved process 

integration, reduced downstream operations, and cost savings [61].  
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1.3 Colorants 

Colorants are substances that are used to add color to various materials such as food, 

cosmetics, textiles, and plastics. They can be naturally derived from plants, animals or 

microorganisms, or synthesized chemically. 

In food, colorants are used to enhance the appearance of the product and make it more 

appealing to consumers. They are also used to compensate for color loss that occurs during 

processing and storage. As mentioned in chapter 1.1, the use of synthetic colorants in food 

has been a topic of debate due to their potential health risks. In cosmetics, colorants have a 

decorative focus and are used to add color to products such as eye shadows, lipsticks, and 

nail polishes. They are also used in hair dyes to change the color of hair. However, some 

synthetic colorants used in cosmetics have been found to cause skin irritation and allergic 

reactions. Textile colorants are used to dye fabrics and create a wide range of colors and 

patterns. Natural colorants such as indigo and madder have been used for centuries to dye 

fabrics. Synthetic colorants are also widely used in the textile industry due to their ease of 

use and availability. So, colorants are an important part of our daily lives, adding color and 

vibrancy to the products we use. 

The terms “pigment” and “colorant” are technically distinguished by their solubility, with 

pigments being insoluble and colorants or dyes being soluble. In the biological context, no 

such terminological difference is made and the words are used synonymous.  

Pigments appear colorful, as they absorb light from the electromagnetic spectrum between 

400 and 800 nm (Figure 4). The light that is not absorbed is reflected and visible for the 

human eye, resulting in the observing of the complementary color. Molecules that are able 

to absorb visible light exhibit a system of conjugated double bonds that result in delocalized 

π-electrons. 
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Figure 4. The electromagnetic spectrum of visible light, including the range of wavelengths absorbed 

by an object and the color of this object observed. Replicated from [55].  

 

 

 

1.3.1 Fungal Pigments  

Many fungi are able to synthesize compounds with large conjugated systems, chromophores 

that make them appear colorful (Figure 5). Their coloration is an essential characteristic used 

for identification of the species. Fungal pigments are mainly classified after their chemical 

structure and biosynthetic pathway. The working group around Wolfgang Steglich is to be 

mentioned here, who pioneered the structure determination for many basidiomycetous 

colorants [19,22].  

Pigments derived from the shikimate pathway (from aromatic amino acids like phenylalanine 

and tyrosine) include terphenylquinones like polyporic acid, atromentin and, as reported in 

this thesis, hispidin from Inonotus hispidus (Figure 6b). Pigments from the malonate 

pathway comprise the well-known anthraquinones from Cortinarius sp., polyketides like the 

laetiporic acids from Laetiporus sulphureus (Figure 6a) or the unique octaketide xylindein 

from Chlorociboria aeruginascens (cf. chapter 3). Other classes are pigments derived via the 

mevalonate/isoprenoid pathway (sesquiterpenoids and carotenoids) and pigments containing 

nitrogen like indole derivates (e.g. melanin). 

The fruiting bodies of many basidiomycetes have been used by mushroom-enthusiasts to dye 

fabrics on a small artisanal scale [62–64], but there have been no approaches to transfer this 

knowledge to an (impactful) industrial scale yet. 
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Figure 5. The variety of fungal pigments in fruiting bodies.1) Albatrellus flettii with the chemical 

structure of Albatrellin, 2) Boletus curtisii with Curtisin, 3) Boletus laetissimus with Boletocrocin A, 

4) Calvatia rubroflava with Rubroflavin, 5) Clavulinopsis fusiformis with Fusiformin-A-sulfat,  

6) Cortinarius odorifer with Phlegmacin A1, 7) Cortinarius violaceus with Cortiferrin, 8) Dermocybe 

sanguinea with Dermocybin, 9) Hygrocybe splendidissima with Alanin-Hygroaurin, 10) Lactarius 

indigo with 1-Stearoyloxymethylen-4-methyl-7-isopropenylazulen. Replicated from [22].  
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Figure 5 (continued). The variety of fungal pigments in fruiting bodies. 11) Lactarius lilacinus with 

the chemical structure of Lilacinon, 12) Lactarius necator with Necatoron, 13) Leccinum crocipodium 

with Crocipodin, 14) Leucocoprinus birnbaumii with Birnbaumin B, 15) Mycena haematopus with 

Haematopodin, 16) Russula flavida with Russulaflavidin, 17) Retiboletus ornatipes with Retipolid A, 

18) Stephanospora caroticolor with Stephanosporin, 19) Xerocomus badius with Badion A 

Kaliumkomplex, 20) Suillus tridentinus with Tridentochinon. Replicated from [22].  
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1.3.2 Induction of the Secondary Metabolite Synthesis 

Immobile organisms like fungi need another strategy than flight to counter enemies and 

competitors. Different compounds, among them also colorful ones, are synthesized as a 

chemical defense mechanism in the fruiting body [65,66]. These secondary metabolites are 

not necessarily produced by the mycelium in nature or in a completely different environment, 

under aquatic conditions. Nevertheless, the submerged production of pigments can be 

induced by different stressors.  

A well-known physical induction mechanism is light, as many pigments serve as photon 

scavengers and thus as UV protection [67,68]. A contribution to photo-activated defense has 

recently been discussed as well [69,70]. The influence of light of different wavelengths on 

mycelium and coloration has been investigated in different species, among them Inonotus sp. 

[71–73] and Terana caerulea [74]. Other physical elicitors comprise thermal and mechanical 

stress (wound-related pigment formation) [75–77]. Brandt et al., for instance, reported a 

polyketide synthase that was upregulated upon injury of the mycelium [78]. 

Chemical stressors have been discussed for ascomycetous pigment production (e.g. 

Monascus ruber and sodium octanoate [79]), however there are only a few reports on 

basidiomycetous pigment production. One of those examples is the addition of hydrogen 

peroxide, which has been investigated in submerged Inonotus cultures [54,80]. Moreover, 

color synthesis can be induced biologically as shown for Serpula lacrymans upon co-

cultivation. Certain metabolites of Bacillus subtilis were identified as inducers of pulvinic 

acid pigment formation in this strain [81–83]. Understanding the metabolic pathways and 

elicitors for gene expression is key for a biotechnological production of fungal colorants. 
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1.3.3 Biosynthesis of Laetiporic acid and Hispidin 

This thesis deals with the pigments produced in the fruiting bodies of Laetiporus sulphureus 

and Inonotus hispidus in particular (Figure 6). In the following chapters, the synthesis of the 

target compounds laetiporic acid and hispidin in submerged cultivated mycelium is reported 

and discussed. 

Hispidin is synthesized as secondary metabolite by certain fungi, including species of the 

genus Inonotus. The biosynthesis involves the phenylpropanoid pathway, which is a 

metabolic sequence starting from L-phenylalanine and leading to phenylpropanoid secondary 

products. The first step in this pathway is the enzyme phenylalanine ammonia-lyase (PAL), 

which catalyzes the deamination of phenylalanine to cinnamic acid [84]. 

The biosynthesis of laetiporic acid specifically involves a highly reducing polyketide 

synthase enzyme, identified and named LpaA by the working group around Dirk 

Hoffmeister. This enzyme consists of eight domains and produces different laetiporic acids 

(A, B, C, D) with a methylbranched C26-C32 main chain. The function of LpaA as a multi-

chain length polyene synthase has been verified through heterologous pathway reconstitution 

in Aspergillus nidulans and Aspergillus niger. The reconstitution experiments confirmed that 

LpaA is the sole enzyme necessary for laetiporic acid biosynthesis [85]. 

 

Hispidin, is a known precursor of luciferin in fungal bioluminescence. Different possible 

building mechanisms are described and illustrated in Figure 7. The biosynthesis of hispidin 

involves the conversion of caffeic acid through the styrylpyrone pathway. The hydrolysis of 

oxyluciferin in bioluminescence produces caffeic acid, which can be recycled in the 

biosynthesis of hispidin [86]. The discovery of the biosynthetic pathway for hispidin and 

luciferin in fungi is described to have significant implications for synthetic biology and the 

development of autonomously glowing organisms [87]. 

Light is an essential factor for hispidin biosynthesis in I. hispidus. It was shown to initiate a 

sequential increase in the activity of enzymes involved in production of styrylpyrones; 

including cinnamate and p-coumarate hydroxylase activity as well as tyrosine ammonia-lyase 

and aminotransferase activity for phenylalanine [73,88]. 
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L. sulphureus I. hispidus 

 2 3 

 
 

(a) (b) 

Figure 6. The fungal species dicussed in this thesis and their pigments. (a) Laetiporus sulphureus 

with its main pigment laetiporic acid A and (b) Inonotus hispidus with the yellow hispidin.  

Figure 7. Proposed biosynthesis of hispidin. Scheme replicated from [87], adapted from [89].  

                                                 
2 Lee Collins (2006), https://commons.wikimedia.org/wiki/File:Laetiporus_sulphureus_1.jpg  

(last accessed 22nd August 2023) 
3 Rob Hille (2008), https://commons.wikimedia.org/wiki/File:Afbeelding_187.jpg  

(last accessed 27th April 2023) 
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2 Aim of This Thesis 

The aim of this thesis was to gain a better understanding of the cultivation and secondary 

product formation of submerged cultivated Basidiomycota. As target compounds, the 

biosynthesis of colorants was investigated in two different species, Inonotus hispidus and 

Laetiporus sulphureus. Chlorociboria aeruginascens, an Ascomycete producing the blueish 

pigment xylindein is also included in chapter 3, however all the credit for this research 

belongs to my project partners at the Technical University Dresden.  

Different strategies were tested to improve productivity of the cultures to economically 

attractive levels: the induction of secondary metabolite synthesis was investigated by 

applying different elicitors and stressors like light and oxidative stress. Precursors of the 

desired substances were supplemented to exclude bottlenecks in the biosynthetic pathway 

and improve the yield. The species were cultivated in different bioreactors to investigate the 

influence of shear stress on growth and product formation. Different extraction procedures 

and product recovery strategies were tested to design a feasible bioprocess. Moreover, 

practical dyeing trials were conducted to assess color intensity, stability and applicability. 

Ultimately, the aim was to explore and exploit the merely untouched metabolic potential of 

Basidiomycota as microbial cell factories to extend the scope of industrial biotechnology. 
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3 Production of Natural Colorants by Liquid Fermentation with  

Chlorociboria aeruginascens and Laetiporus sulphureus and 

Prospective Applications 

 

3.1 Preamble to the Publication  

In this article, we shed light on Chlorociboria aeruginascens, a wood-decaying Ascomycete 

that is commonly known as the green-stain fungus. It is found in temperate regions worldwide 

and is commonly associated with hardwood trees, such as oak, beech and maple [90]. The 

fungus has been studied for its potential use in bioremediation and for its production of the 

blue-green pigment xylindein, which can be applied in veneer or in organic semiconductors 

[91]. The pigment has been found to have a superior stability compared to other pigments 

like indigo [92]. The growth and pigmentation of C. aeruginascens were influenced by 

various environmental factors, including temperature, pH value, oxygen level, light intensity 

and the availability of organic nitrogen sources [93]. This publication reports the upscaling 

of the bioprocess for xylindein production.  

Laetiporus sulphureus is a basidiomycetous fungus that is edible at a young stage and occurs 

worldwide [94]. It is a saprophyte and grows on deciduous trees [95]. The chemical 

composition of L. sulphureus fruiting bodies has been studied and compounds exhibiting 

antimicrobial, antifungal and anti-inflammatory properties have been found [85,95–97]. L. 

sulphureus forms linear polyene pigments that have been identified in both fruiting bodies 

and liquid cultures [85,98]. In this article, we report the first ever biotechnological upscaling 

approaches. 

This article is a joint work of the Institute of Natural Materials Technology, Technical 

University Dresden (Marlen Zschätzsch, Susanne Steudler, Olena Reinhardt, Stephanie 

Stange, André Wagenführ, Thomas Walther and Anett Werner) and the Institute of Food 

Chemistry, Leibniz University Hannover (Pia Bergmann, Franziska Ersoy and Ralf G. 

Berger). The reported data dealing with Chlorociboria aeruginascens (cf. chapters 3.5.1, 

3.5.2 and 3.5.3) originates solely from the colleagues at TU Dresden and is therefore not 

considered in further chapters of this thesis.  

I contributed to the article through identification of the strain of L. sulphureus with the highest 

pigment production (DSMZ 11211, cf. chapter 4). I investigated the pigment to biomass ratio 

in standard nutrient liquid and Moser b medium (cf. chapters 3.5.4 and 3.7.1) and confirmed 
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the extraction of different laetiporic acids via LC-MS (cf. chapters 3.5.5, 3.7.4 and 

Supporting Figure 4). 

The article was published in the peer-reviewed journal Engineering in Life Sciences on 26th 

of January 2021 as part of the special issue dedicated to Prof. Thomas Bley on the occasion 

of his 70th birthday and can be accessed online via https://doi.org/10.1002/elsc.202000079. 
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3.2 Abstract 

The replacement of potentially hazardous synthetic dyes with natural dyes and pigments are 

of great interest for a sustainable economy. To achieve cost-effective, environmentally 

friendly, and competitive products, improvements in cultivation, extraction and dyeing 

processes for pigment producing organisms are necessary. In our study, we were able to scale 

up the production of xylindein by Chlorociboria aeruginascens from 3 L to 70 L bioreactor 

cultivations. We have identified important bioprocess parameters like low shear stress 

(150 rpm, tip speed < 0.5 m/s) for optimal pigment yield (4.8 mg/L/d). Additionally, we have 

demonstrated the potential of laetiporic acid production by Laetiporus sulphureus in various 

cultivation systems and media, achieving dried biomass concentrations of almost 10 g/L with 

a 7 L bioreactor cultivation after 17 days. Extractions performed at 70 °C and 15 min 

incubation time showed optimal results. To the best of our knowledge, we have described for 

the first time the use of this pigment in silk dyeing, which results in a brilliant hue that cannot 

easily be produced by natural pigments. 

Keywords: Chlorociboria aeruginascens, xylindein, Laetiporus sulphureus, laetiporic acid, 

natural dye 

 

3.3 Introduction 

Colors play a special role in our everyday life. Already in the middle of the 19th century the 

synthetic dye industry emerged [99]. Further advances in chemical synthesis replaced 

previously used colors made from natural raw materials. Synthetic dyes have a petrochemical 

origin and certain azo dyes have been shown to pose harmful health effects. Even more 
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alarming is that their production and use often cause environmental hazards around the textile 

industry through the release of toxic substances, especially in developing countries. In order 

to improve environmental conditions and provide the prerequisites for a circular bio-

economy, research is needed to advance the industrial production of natural dyes [100].  

Various natural sources have been used for dyeing before the synthetic era. For example, 

inorganic mineral pigments like ultramarine and malachite exist next to dyes from biological 

origin. Main sources are plants, algae, microbes, and animals like cochineal. Well known 

examples are alizarin from madder plant, phycocyanin from cyanobacteria, and red pigments 

from Monascus species (Ascomycota) [14,101]. Although natural dyes have considerable 

ecological advantages over synthetic dyes, their industrial production has remained difficult 

until today, mainly due to low yields [102]. There are also disadvantages in the production 

of colors from plants, such as seasonal fluctuations or the conflict with the food industry, 

especially with regard to the growing area. 

The group of fungi holds great potential to exploit their natural dyes or pigments, which 

represent an interesting alternative to other natural sources [103]. These pigments exhibit 

several key properties, for example colorfastness [100] and ecological production using 

agricultural by-products, which contributes to a circular bioeconomy. Additionally, fungal 

dyes and pigments as secondary metabolites have an immense chemical variation. Besides 

the color appearance, they can exhibit antibacterial, anticarcinogenic, insecticidal, fungicidal 

(mycotoxins) or antioxidant properties [85,104]. However, the fungal potential as high value 

metabolite producer has hardly been used so far. 

Fungal species capable of producing pigments are divers and comprise Ascomycota and 

Basidiomycota. Two examples are xylindein producing Chlorociboria aeruginascens and the 

pigment family of laetiporic acids produced by Laetiporus sulphureus. Xylindein can be 

found in historical intarsia work. Since the 15th century wood colored by Chlorociboria sp. 

has been used for these artworks [105,106]. Recently, especially the group around Sara C. 

Robinson [107,108] investigated the production of xylindein by cultivating Chlorociboria 

sp. to produce biomass and thereby achieved high xylindein yields [109]. Next to solid state 

fermentation, addition of wood substrates to agar plates or liquid cultures using malt extract 

medium have been used for cultivation [110–112]. Our previous studies identified orange 

juice in liquid cultures as a suitable substrate for xylindein production [113]. Furthermore, 

we could show that xylindein formation is triggered by nitrogen limitation [113]. Organic 

solvents such as dichloromethane (DCM) or chloroform can be used for pigment extraction 



Production of Natural Colorants by Liquid Fermentation with  

Chlorociboria aeruginascens and Laetiporus sulphureus and Prospective Applications 21 

[93,114]. The optimization of xylindein extraction might allow to further advance the natural 

dyeing of textiles, which has already been shown for several materials, for example, cotton, 

wool, and polyamide [108,115]. Application of xylindein as paint color was accomplished 

using DCM extracts and native oils, especially raw linen oil, have been identified as suitable 

carriers for xylindein [116]. However, a successful transfer to paints was not yet possible 

[117]. Xylindein is not only promising for mycological wood discoloration and textile 

dyeing, but also as a fluorescent marker or an organic semiconductor [91,109,118]. Of 

particular interest are also the approaches of Maeda et al. [119] to use xylindein for medical 

and pharmacological applications. So far, xylindein can only be purchased in small quantities 

through the working group around Sara C. Robinson [120]. The production of xylindein by 

large-scale liquid cultivation is a prerequisite for the industrial use of the pigment. 

Laetiporic acid has been described in literature as a polyene for the first time in 2004 [121], 

with the identification of several variants one year later [98]. These laetiporic acids therefore 

form a whole family of non-carotenoid orange-yellow polyene pigments. Stirred bioreactor 

cultivations have been described, but the mentioned studies concentrated on pigment 

identification and the insulinogenic properties of the produced extracellular polysaccharides. 

Coloration of the fungal mycelium was not mentioned, but an optimal mycelium growth at a 

very acidic pH of around two was identified [122]. A recent study showed antifungal effects 

by Laetiporus polyenes [85]. To the best of our knowledge, these pigments have not been 

produced for subsequent use as natural colorants.  

In the present study, we investigated the cultivation of C. aeruginascens and L. sulphureus 

in bioreactors up to 70 L with respect to enhanced pigment production. Furthermore, we 

analyzed parameters for pigment extractions and the possible application of the pigments in 

wood coloring or fabric dyeing. 

 

3.4  Materials and Methods 

3.4.1 Microorganism and Cultivation 

C. aeruginascens (A 39 provided by IHI Zittau, Germany) was maintained on 50% (v/v) 

orange juice agar plates (50% orange juice from Sonniger®, 100% fruit content, 

manufactured for ALDI Nord, Germany; 30 g/L Agar-Agar, Roth, Germany). For submers 

cultivation, two 1 cm2 of a 14-day-old fungal agar culture were transferred to 150 mL 

5% (v/v) orange juice medium (orange juice from Sonniger®, ALDI Nord, Germany; 22 °C, 

120 rpm, 14 d) according to Stange et al. [93]. For the fermentation experiments, 200 mL of 
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submers culture (120 rpm, 14 days) was used to inoculate 2 L 5% (v/v) orange juice medium 

containing 1 mL/L silicone antifoam emulsion (Roth, Germany) in a 3 L bioreactor 

(Z611000310, Applikon, Netherland). These were cultivated at 22 °C and 150 rpm for 14 

days. Every 2 days a sample (5 mL) was taken. For the scale up experiments, 500 mL or 5 L 

of submers culture was used to inoculate 5 or 55 L 5% (v/v) orange juice medium containing 

1 mL/L antifoam in a 7 L (Z611000720, Applikon, Netherland) or 70 L bioreactor 

(Z620003070, Applikon, Netherland), respectively. The cultivations were carried out at 

22 °C with 150 rpm and an aeration rate of 0.5 vvm (7 L bioreactor) or 100 rpm and 0.27 vvm 

(70 L bioreactor). Samples were taken every 2 days (5 mL, 7 L bioreactor) or every day 

(50 mL, 70 L bioreactor). The equipment of the reactors is summarized in Table S1.  

L. sulphureus (DSMZ 11211, Germany) was maintained on 1.5% (w/v) agar plates with 

standard nutrient liquid (SNL) medium at 24 °C. Information on media composition see 

Section 3.4.2 and Supporting Information 3.7.1. For submerse cultivation, 1 cm2 of a 7-day-

old agar plate was transferred to 200 mL medium. Cultures were harvested after 14 days. For 

the fermentation experiments, 5% (v/v) submers culture was used to inoculate 4 L Moser b 

medium in a 7 L bioreactor (Z611000720, Applikon, Netherland). These were cultivated at 

26 °C with an agitation rate of n = 300 rpm and an aeration rate of pO2 = 1 or 2 L/min. A 

sample (10 mL) was taken every weekday. 

 

3.4.2 Media Optimization for L. sulphureus Cultivation  

Standard media like SNL and Moser b, both containing 30 g/L glucose and trace elements 

(content see supporting information 3.7.1) have been tested for mycelium cultivation in 

shaking flasks (170 rpm, 26 °C) and compared to simple media like PDB (potato dextrose 

broth, Roth, Germany) containing 13.25 g/L broth and PDB supplemented with 5 g/L ground 

beech (< 0.5 mm). 

 

3.4.3 Characterization of 3 L Bioreactor System Cultivating C. aeruginascens  

For the characterization in the 3 L bioreactor (Z611000310, Applikon, Netherland), the 

working volume (0.5 to 2 L), aeration rate (0.5 to 2 vvm) and stirrer speed (0 to 800 rpm) 

were varied. The experiments were performed for water, culture medium, and culture 

medium with antifoam (1 mL/L, Silicone antifoam emulsion, Roth, Germany). 
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The kLa value was determined using the dynamic method by alternating air and nitrogen in 

double determination. The calculation of the kLa (oxygen transfer coefficient [h-1]) was 

performed by integrating Equation (1) with 𝐶𝑂2,L (oxygen concentration [%]) and 𝐶𝑂2,L* 

(saturation concentration [%]) in the liquid. 

𝑑𝐶𝑂2,𝐿

𝑑𝑥
= 𝑘𝐿𝑎 ∙ (𝐶𝑂2,𝐿

∗ − 𝐶𝑂2,𝐿)    (1) 

The mixing time was determined using the decolorization method in triple determination. 

Water was stained blue using 2.5 mL/L starch and 0.5 mL/L iodine potassium iodide solution. 

Then, 1.25 mL/L sodium thiosulfate was added and the time measured until the solution was 

"completely" decolorized. 

The energy input was calculated according to Equation (2), neglecting the Newton number, 

with 𝑃𝑉 (volume-related energy input [W/m3], 𝑉reactor (working volume of the reactor [m3]), 

𝑃𝑒𝑧-𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (energy input [W]), 𝜌𝐹𝑙𝑢𝑖𝑑 (density of the medium [kg/m3]), N (stirrer speed [rpm]), 

D (stirrer diameter [m]), 𝑁𝑝 (stirrer factor 6 for Rushton turbine [-]) and n (number of stirring 

blades [-]). 

𝑃𝑉 =
𝑃𝑒𝑧−𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟
=

𝜌𝑓𝑙𝑢𝑖𝑑∙(
𝑁

60
)3∙𝐷5∙𝑁𝑝∙𝑛

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟
    (2) 

The calculation of the tip speed was based on stirrer diameter and speed according to 

Equation (3) with 𝑣𝑇𝑖𝑝 (tip speed [m/s]), 𝑁 (stirrer speed [1/min]) and 𝐷 (diameter of the 

stirring blade [m]). 

𝑣𝑇𝑖𝑝 =
𝑁

60
∙ 𝜋 ∙ 𝐷     (3) 

 

3.4.4 Process Analytics  

The C. aeruginascens biomass concentration was determined gravimetrically. For this 

purpose, biomass suspensions (2 mL using 3 or 7 L bioreactor, 40 mL using 70 L bioreactor) 

were separated via a 0.45 µm filter and dried at 103 °C. To determine the biomass dry weight 

of L. sulphureus, 5 mL sample was centrifuged (10 min, 5000 g, 25 °C), the pellet was 

washed once and then dried O/N. The reducing sugars were determined by the method of 

Miller [123]. In addition, the sugar composition was determined by HPLC (RezexTM RPM 

Monosaccharide Pb+2 column, Phenomenex, USA) at 85 °C and a flow rate of 0.6 mL/min. 

The total nitrogen (TN) was determined by disintegration with the Laton total nitrogen 

cuvette test (LCK338, Hach-Lange, Germany). The determination of the total organic carbon 
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(TOC) was determined by the difference method of the TOC cuvette test (LCK338, Hach-

Lange, Germany). Freeze-drying (Christ, Germany) was performed after centrifuged biomass 

was frozen at -80 °C O/N. 

 

3.4.5 Extraction Process for Xylindein  

Disruption of the fresh biomass was carried out using a high-pressure homogenizer at 

2.6 kbar in the French Press (Constant Cell Disruption System TS 6, Constant Systems LTD, 

UK). Alternatively, the harvested biomass was gently dried at 60 °C and then ground in an 

ultracentrifugal mill (ZM 200, Retsch GmbH, Germany). For solvent screening, 1 ml of 

pretreated fresh biomass was incubated with 3 mL solvent (30 min, overhead shaker; 1 h, still 

state). After centrifugation for 5 min at 2600 g (Heraeus Biofuge stratos, Thermo Fisher 

Scientific GmbH, Germany), the absorption spectrum (300 – 800 nm) of the supernatant was 

recorded with a spectrophotometer (Beckmann DU 640, Beckman, USA). The following 

solvents were examined: acetone, acetylacetone, benzyl alcohol, 2-butanone (methyl ethyl 

ketone, MEK), dichloromethane (DCM), 1,2-dichloroethane, dimethyl sulfoxide (DSMO), 

ethanol, ethyl acetate, glacial acetic acid, isopropanol, methoxypropanol, n-hexane, phenol, 

1,2-propanediol, toluene, and water. The following parameters for fresh biomass were 

examined: ratio of solvent (DCM) to extraction material of 1:1, 1:2, 1:3, 1:4; and extraction 

time of 5, 10, 30, and 60 min (overhead shaker, solvent ratio 1:1), both treated after extraction 

as described above. In comparison, 10 mg dried biomass was incubated with 3 mL of the 

solvents MEK and DCM. The contact time of solvent and extraction material was varied (0.5, 

1, 1.5, 2, 2.5, 3, 4, and 5 h). The extraction material was centrifuged (5 min at 2600 g) and 

the absorption spectrum of the supernatant determined. Analysis of extraction cycles is 

described in the supporting information.  

To determine the temperature stability, both the purified pigment and fresh biomass were 

dried at 40, 50, 60, 70, 80, and 103 °C. A photo documentation of the samples was made after 

30, 60, 120, 180 min, and 24 h. To assess the storage stability, both the xylindein powder and 

two extracts (xylindein solved in DCM or MEK) were examined. All materials were stored 

in a cold room (8 °C) and checked regularly over a period of 9 months and documented. 
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3.4.6 Extraction Process for Laetiporic Acids  

For bioreactor experiments, 1 mL sample was centrifuged (10 min, 5000 g, 25 °C), washed 

with dest. H2O and centrifugation was repeated. Biomass was ground and resolved in 10 mL 

absolute ethanol (99.8%, Roth, Germany). After centrifugation (5000 g, 10 min) the 

absorption spectrum of the supernatant was recorded with a spectrophotometer (Beckmann 

DU 640, Beckman, USA). For media optimization experiment, the culture was homogenized 

using an ultra-turrax (IKA, Germany). Then, 2.5 mL sample was incubated with 2.5 mL 

absolute ethanol and absorbance of extract was determined as described before. 

For extraction optimization several parameters were analysed. Pretreatment always involved 

homogenization of the sample. Extractions with 100% solvent were carried out with 7.2 g/L 

fresh biomass or 0.36 g/L freeze-dried biomass. Biomass was centrifuged (5000 g, 10 min), 

the pellet resuspended in solvent (ethanol, methanol, acetonitrile) and incubated for 30 min. 

After centrifugation (5000 g, 10 min) the absorption of the supernatant was determined. For 

extractions with 50% (v/v) ethanol biomass was diluted 1:2 with solvent to achieve a final 

concentration of 7.2 g/L (fresh) or 0.36 g/L (freeze-dried). Extraction temperatures of 25, 50, 

70, and 90 °C and extraction times of 15, 30, 45, and 60 min were tested with freeze-dried 

biomass (0.36 g/L). For stability experiments, extracted solutions (freeze-dried, 50% ethanol, 

30 min at 70 °C) were kept at room temperature and absorbance was determined after 1 h, 

2 h, 1 d, and 7 d. Extract stability was also assessed for 50% acetone and 50% acetonitrile 

after 3 days at room temperature. Color stability of laetiporic acid extracts at different pH 

values was determined according to Stange et al. [93]. The extract was diluted 1:10 in 

different pH buffers. Due to this dilution, an extract of 3.6 g/L freeze-dried biomass (10x 

higher concentrated) was used. After an incubation of 10 min the absorbance was measured. 

All extractions have been performed in duplicate and data points represent the mean ± SD. 

 

3.4.7 Application of Xylindein (Veneer Dyeing) and Laetiporic Acids (Silk Dyeing)  

Three samples each of birch veneer (Betula sp.) and beech veneer (Fagus sylvatica) with a 

diameter of 88 mm (veneer thickness 0.9 mm, tangential section) were cut and then soaked 

in tap water for 10 min and autoclaved at 103 °C for 30 min. Additionally, six cellulose filter 

papers were autoclaved. Under sterile conditions, 50 mL mycelium suspension (liquid culture 

as described before) was transferred to a filter paper and covered with a veneer (area-related 

dry biomass concentration 1.6 mg
BM

/cm2). These samples were then transferred to a petri 
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dish (Ø 92 mm) and incubated at 23 °C ± 2 °C for 12 weeks in the dark. Regular microscopic 

examination using a binocular (40 × magnification) were performed. 

For the application of laetiporic acids, 50 or 200 mg/mL biomass (fresh, centrifuged) diluted 

in 50% ethanol were treated with an ultra-turrax. Silk samples (2 cm2) were dyed individually 

in conical flasks (50 mL) at 70 or 90 °C for 60 min in a thermomixer (Eppendorf, Germany). 

 

3.5 Results and Discussion 

3.5.1 Fermentation of Chlorociboria aeruginascens in Bioreactors up to 70 L  

In our previous studies, we have identified optimal growth parameters using 12-well plates 

and shaking flask cultures. The following parameters were retained: liquid fermentation 

(bubble column or stirred reactor), batch process, 5% orange juice as medium, pH 3.5-5.0 

and temperature 20 ± 2 °C. 

For the scale-up, various bioprocess engineering parameters have been analyzed using a 3 L 

bioreactor screening. This included the consumption of nutrients (carbon source, nitrogen 

source, etc), mixing time, kLa value as a measure for oxygen input, as well as energy input 

and stirrer tip speed (measure for shear stress) calculated from stirrer speed, reactor and stirrer 

geometry.  

A fast mass transfer and a good oxygen supply are of elementary importance to avoid 

unwanted limitations and require rapid mixing and sufficient kLa values. However, the 

challenge is to find the right balance between mixing, aeration and fungal growth as well as 

product formation. The aim was therefore to identify an optimum between mycelium growth 

and the necessary bioprocess parameters. For this purpose, the bioreactor was first 

characterized in different modes. For shear-sensitive organisms, the use of bubble columns 

has proven successful. To simulate a bubble column, the 3 L reactor was operated without 

stirring. The kLa values were in the range of 7-20 h-1 depending on the aeration rate (0.5-

2.0 vvm) and the working volume (0.5-2 L). The mixing times were in the range between 5 

and 15 s. For the characterization of the 3 L bioreactor with installations and agitator, a 

moderate aeration rate of 1 NL/min was chosen. In Table 1 the different parameters are 

depicted. As expected, by increasing the stirrer speed (150-800 rpm), the kLa values increased 

and reached a maximum of more than 110 h-1. The mixing time played a rather minor role in 

the stirred version and was in the range between 1-6 s, which indicates short mixing times 
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and good mixing. Subsequently, the tip speed and the power input were determined on the 

basis of the selected parameters and the reactor geometry. 

In all experiments, we could exclude oxygen limitation based on the online measurement of 

the pO2 content. An increase of biomass and a decrease of the carbon and nitrogen source 

over time was detected. The most important parameter to determine optimal fermentation 

parameters was the production of pigment. Visual observations during cultivations in the 

bioreactor showed that the onset of pigment production coincides with a lowering of the pH-

value, which starts to increase again after only few hours (Supporting Figure 1, see also 

Figure 8). This temporal pH lowering could function as a primary indicator for successful 

pigment induction in industrial fermentations. Additionally, this online measurable parameter 

is independent of visual observations or pigment extraction.  

 

Table 1. Overview of the detected scale-up criteria as a function of the stirrer speed in the 3 L 

bioreactor for C. aeruginascens cultivation (performed with working volume 2 L, ring gasifier, 2 disc 

stirrer and 3 baffle). 

Scale-up criteria unit SmF1 SmF2 SmF3 SmF4 

Stirrer speed [rpm] 800 450 150 0 

Aeration rate [vvm] 0.5 0.5 0.5 0.5 

KLa value  [h-1] 114 25 4.5 3.6 

Mixing time [s] 1.4 2.4 6.1 8.9 

Tip-Speed [m/s] 2.01 1.13 0.38 0 

Energy input [kW/m3] 3.44 0.61 0.02 - 

Biomass yield [g/L] 1.04 1.2 1.66 1.3 

pH drop (= start of 

pigment formation) 
[d] 6 6 4 5 

 

Next to the already mentioned parameters pH and pO2, the time course of dry weight 

(biomass), nitrogen and carbon content were determined. The chronological progression of 

these parameters is presented in Figure 8 for the largest fermentation (70 L bioreactor), but 

similar results were obtained in the 3 L screening (compare also with Table 1). As described 
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in our previous work [113], pigment production is triggered by nitrogen limitation. Indeed, 

in these fermentations the total nitrogen content drops to a constant level at the time of the 

color change. Since the method detects total nitrogen, even if it is bound in certain molecules, 

the nitrogen content is not reduced to zero. Therefore, it is assumed that the nitrogen is no 

longer bioavailable for the organism. At this time between day 4 and 6, the carbon source is 

still sufficiently available. Of great importance is a suitable uptake of carbon and nitrogen by 

the fungal biomass and sufficient oxygen supply usually characterized by high kLa values. 

An insufficient oxygen supply inhibited the formation of the desired pigment [93]. In the case 

of C. aeruginascens, a high kLa value is not the crucial parameter for successful cultivation 

under the given conditions but rather the tip speed as a measure of shear stress, which needs 

to be moderate to prevent damage to the biomass.  

 

 

Figure 8. Comparison of the chronological progression of different cultivation parameters and their 

relationship with regard to the formation of xylindein in a 70 L bioreactor cultivation of 

C. aeruginascens. 

 

The results showed that at a low stirrer speed (150 rpm, tip speed < 0.5 m/s) C. aeruginascens 

had both the fastest pigment formation and the highest biomass concentration. Compared to 

the three other fermentations with 1.0-1.3 g/L biomass and pigment induction at day 5-6, we 

achieved the highest biomass concentration of about 1.7 g/L and the earliest start of pigment 

production at day 4 at 150 rpm (Table 1). Thus, with this screening we could show that too 

much energy input resulted in reduced biomass yield due to shear stress. This reduction also 

resulted in a lighter color of the biomass obtained. 
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Considering the similarity theory, the results of the experiments in the 3 L bioreactor were 

first transferred to a 7 L bioreactor (working volume 5 L) and then to a 70 L bioreactor 

(working volume 55 L) (Table 2, Supporting Table 1). KLa values between 4.5 and 

7.9 h-1and tip speeds of 0.38 to 0.52 m/s for the different bioreactor volumes were calculated. 

As shown in Supporting Figure 2 all cultivations show a similar pH-value curve and 

biomass concentration. A similar growth rate was also detected for all scales, which was also 

reflected in the biomass formed per liter of medium used (3 L bioreactor: µ = 0.206 d-1, 

ΔX = 1.14 g/L; 7 L bioreactor: µ = 0.151 d-1, ΔX = 0.9 g/L; 70 L bioreactor: µ = 0.233 d-1, 

ΔX = 1.34 g/L). Only minimal delays in pigment formation with increasing working volumes 

were observed. Therefore, we could show the successfully implemented scale-up and that the 

"tip speed", controlled by the stirrer speed and stirrer geometry, is one of the most important 

scale-up criteria in the cultivation of C. aeruginascens. Conditions like working volume, 

aeration rate, and stirrer speed influence the shear stress and have to be optimized to achieve 

as little damage to the biomass as possible for ideal pigment yield when transferred to 

industrial scale. 

 

Table 2. Overview of the set scale-up criteria of the different scales cultivating C. aeruginascens. 

Description unit 3 L bioreactor 7 L bioreactor 70 L bioreactor 

Working volume [L] 2 5.5 55 

Stirrer speed [rpm] 150 150 100 

Aeration rate [vvm] 0.5 0.5 0.27 

KLa value [h-1] 4.5 7.9 4.7 

Tip-Speed [m/s] 0.38 0.46 0.52 

Energy input [kW/m3] 0.02 0.04 0.02 

Biomass yield [g/L] 1.66 1.44 1.7 

pH drop (= start of pigment 

formation) 
[d] 4 4.5 5 

 

 

3.5.2 Analysis of Xylindein Extraction  

The pigment xylindein is primarily located in the hyphae and is only released into the 

environment in small quantities. Cell disruption is therefore of fundamental importance for 
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successful extraction. For this purpose, mechanical treatment, in particular disruption using 

a high-pressure homogenizer for fresh biomass and grinding when using dried biomass, has 

proven to be effective. If fermentation is not directly followed by pigment extraction, dry 

biomass is easier to handle, for example, for storage and transport. The currently most widely 

used solvent for xylindein is dichlormethan (DCM) [93,124]. The quantities required for 

industrial application, however, can only be used under very complex and expensive 

conditions due to the toxicity of the solvent. This also applies to other solvents suitable for 

xylindein extraction, for example, chloroform, acetonitrile, or glacial acetic acid [125]. To 

find an alternative solvent for DCM, an extensive screening was carried out. Solvents of 

different groups such as hydrocarbons, halogenated hydrocarbons, carboxylic acids, 

carboxylic acid esters, ketones and diketones, alcohols and alkanols, aromatic organic 

compounds, carbon-sulphur compounds, and water were examined. The extracts have a 

bluish or greenish color depending on the product concentration. Extracts exhibited a 

characteristic absorption spectrum with two peaks at approx. 610 and 650 nm (Figure 9a), 

which is identical to values reported in literature [105,119]. Solvents from the 

ketone/diketone range, especially acetone, acetylacetone, 2-butanone (MEK, methyl ethyl 

catone), proved to be suitable for extraction. Benzyl alcohol also showed a very good 

extraction capacity, which was even better than DCM. Due to the later separation of the 

solvents using rotary evaporation, acetone, ethyl acetate, and MEK, as well as DCM as 

reference were further investigated. We identified the following parameters as optimal: 30 

min extraction time per cycle, a 1:1 ratio of solvent to extraction material, and 3-6 extraction 

cycles. MEK was found to be the preferred solvent besides DCM. Rotary evaporation 

produced a dark green powder ready for various applications. For future industrial use, we 

identified that further processing of the culture supernatant by ultrafiltration (10 kDa or less) 

allows the recovery of pigment released during cultivation. The complete extraction process 

is summarized in Figure 9b. 
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Figure 9. Extraction of xylindein. (a) Absorption spectra of extracts with different solvents and (b) 

extraction scheme. 

 

Analysis of the extracts showed that it was free of fat, sugar, and protein. Furthermore, a 

temperature stability of up to approx. 100 °C has been proven. Harrison et al. [118] were 

even able to report a stability up to 190 °C. If the pigment is still bound to the biomass, 

irreversible damage to the dye (brown coloring) was observed above 60 °C. Therefore, if 

biomass needs to be dried before pigment extraction, it is advised to use low temperature 

conditions. The extracted pigment (green powder) was stored stably for months, while liquid 

extract stability depends on the solvent. The DCM extracts were stable for 9 months showing 

no loss of color, while the MEK extracts increasingly lost intensity, and showed a change in 

color (blue to pink) after more than five months. In general, solvent and product concentration 

affected color shade and intensity (solvatochromic, hyper-chromatic, and batho-chromatic 

effects). 

During the cultivation in the 70 L bioreactor of C. aeruginascens in 5% orange juice, 

approximately 1.3 g/L dry biomass was obtained within 2 weeks. The contained xylindein 

was extracted by the method developed and described above using MEK (Figure 9b). One 

gram of dry biomass contained approx. 50 mg xylindein. This in turn corresponds to a product 

yield of 5%. In comparison, natural dye precursors for indigo production, which can be 

obtained from dried woad leaves, only resulted in yields of 0.3% [126]. Comparing yields of 

xylindein, Boonloed et al. [109] achieved 62 mg xylindein from a liquid culture (working 

volume 250 mL). The biomass concentration was not specified, but the cultivation time was 

much longer with 10 weeks. Therefore, a productivity of 3.5 mg/L/d of xylindein was 

achieved. In our study, a productivity of 4.8 mg/L/d was obtained by optimizing the 

cultivation (medium, parameters) and through the transfer to a much larger scale (working 

a b 
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volume 55 L), as well as significant reduction of the cultivation time. The identification of 

xylindein production resulted in publishing of our patent [127]. 

 

3.5.3 Coloration of Veneer by Fungal Surface Growth 

The extracts can be applied to manufactured artwork as done previously by the group around 

Sara C. Robinson [114].  In our study, we analyzed the coloring of inconspicuous and light 

types of wood, such as birch or beech, by using of C. aeruginascens mycelium cultivation on 

veneer. We could show that solid wood and veneers were successfully stained by xylindein 

produced during a combination of solid and liquid cultivation (Figure 10). The most effective 

staining was achieved by placing wood samples in liquid cultures [128]. Within 12 weeks, 

surface-colored solid wood and veneers could thus be produced.  

 
Figure 10. Coloration of veneers with xylindein. Two types of wood have been used for liquid-solid 

cultivation of C. aeruginascens for a period of 12 weeks. 

 

3.5.4 Optimization Process for the Fermentation of Laetiporus sulphureus 

In a screening of 25 different Basidiomycota using submerged cultivation in shaking flasks, 

we identified Laetiporus sulphureus as a potent pigment producer. The pigments have been 

previously identified as a whole family of different laetiporic acids and have been 

characterized exhaustively [98]. Compared to other Basidiomycota, biomass growth and 

pigment production was achieved on a satisfactory level without specific elicitors or tedious 

media optimization. To optimize pigment generation, we compared the final biomass 

concentration of L. sulphureus cultures from two different media in shaking flasks and 

analyzed the extracted pigment, which can be identified by the absorbance peak at 445 nm 
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[98]. Compared to standard nutrient liquid (SNL) medium, we achieved a higher pigment to 

biomass ratio with Moser b medium containing solely glucose as sugar source (data not 

shown). In both media, most of the pigment is located in the biomass and therefore pigment 

yield depends on biomass growth. To obtain first insights into the scale up of the cultivation, 

we utilized Moser b and analyzed biomass growth in a 7 L bioreactor. The bioreactor samples 

were analyzed for dried biomass and pigment (extract from 1 mL sample), which is shown 

in Figure 11. 

After 7 days, a decrease of the determined biomass was observed, which was caused by an 

inhomogeneous distribution of the biomass in the bioreactor due to floating. At the end of 

the cultivation, a final probe was taken after harvesting the bioreactor culture. For this 

purpose, the biomass was mechanically removed from built-in components and walls and 

mixed into the liquid phase. Thereby, we achieved a final biomass of 9.54 g/L and an 

OD445nm = 55.8. Without pH regulation, strong acidification up to pH 2 occurs by the fungus 

itself, as described previously [122]. 

 

  

Figure 11. Cultivation of L. sulphureus (a) in a bioreactor showing dry weight, absorption of extract 

and pH and (b) media optimization in shaking flasks after 14 days of cultivation (Glu: glucose, PDB: 

potato dextrose broth). 

 

Bioeconomy depends on the identification of cost-effective processes to provide products 

from sustainable and renewable sources. Compared to complex media like SNL or Moser b, 

it is therefore advantageous to use cheap and sustainable substrates like agricultural residues 

or by-products. We have compared the previously used Moser b and simple media like PDB 
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(potato dextrose broth) with or without additives like ground beech wood. In addition, 

previous research work ([129], under revision) showed that metabolite pathways may be 

inhibited by an abundant amount of sugars. Therefore, we tested Moser b with a sugar content 

of 30 g/L (100%) and 7.5 g/L (25%) glucose and PDB with 10 g/L glucose. 

To obtain high nutrient exchange shaking was increased to 170 rpm, which resulted in higher 

aggregation of the biomass except for cultivations with solid material (Supporting Figure 

3). The latter induced higher shear forces, resulting in broadly dispersed mycelium and 

increased nutrient uptake (higher fungal surface). Accordingly, the sugar degradation rate 

increased with ground beech by 70-80% compared to PDB without beech (Figure 11b), with 

an almost complete consumption of sugar after 14 days of cultivation. Due to biomass 

aggregation, the complete culture was homogenized with an ultra-turrax before sample taking 

and 2.5 mL sample was extracted with 2.5 mL ethanol (f.c. 50% ethanol). Highest pigment 

yields were achieved with both Moser b (100% glucose) and PDB with beech. Further 

investigations, especially regarding optimal growth conditions in bioreactor systems could 

further improve time- and cost-optimized pigment production. This will focus in particular 

on the use of sustainable media, known to enhance certain metabolic pathways in 

Basidiomycota ([129], under revision). 

 

3.5.5 Analysis of Laetiporic Acids Extraction 

Various solvents were analyzed for their suitability to extract pigment from biomass of 

L. sulphureus. We identified an optimal biomass/solvent ratio of 7.2 g/L freshly harvested 

biomass in 5 mL solvent (data not shown). This corresponds to a concentration of 0.36 g/L 

freeze-dried biomass. Due to problems with dissolving freeze-dried biomass in the different 

solutions, we rehydrated the biomass before further treatment. The results for extractions 

with aqueous ethanol solution (50% (v/v)) and pure ethanol, methanol, and acetonitrile are 

shown in Figure 12a. Absorption peaked  around 445 nm for all solvents (Supporting 

Figure 4a), which is identical to laetiporic acids reported in literature [98]. The extracts 

contained different laetiporic acid pigments with absorption peaks around 460 nm, as the 

spectra shows a shoulder at this wavelength (most pronounced with acetonitrile). This was 

also confirmed by LC-MS (Supporting Figure 4b). Since we achieved very good extraction 

rates with aqueous ethanol (especially for freeze-dried samples), extraction temperature and 

time for this system was further optimized. Further advantages were the reduced solvent 

consumption and omission of the centrifugation step. We identified an optimal extraction 
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temperature of 70 °C (Figure 12b), an optimal extraction time of 15 min (Figure 12c) and 

determined the extracts’ stability at room temperature to be in the range of a few hours 

(Figure 12d). The stability increased when aqueous solutions (50% (v/v)) of acetone and 

acetonitrile were used (Supporting Figure 5). For further applications, it is important to 

determine the color stability at different pH values. According to Stange et al. [93] we 

performed experiments for the solvents ethanol, acetone, and acetonitrile in buffers at 

different pH (1:10 ratio). In the acidic and neutral range, no change of absorption was 

detected. In the alkaline buffer solutions (pH 9-13), an increase in absorption was observed, 

but this has no effect on the color stability itself (Supporting Figure 6). The absorbance 

peak did not shift, therefore no change in color was detected. 

 

 
 

 
 

 
Figure 12. Extraction parameters of laetiporic acid showing the absorption maximum of extracts at 

OD445nm. (a) Extracts with different solvents comparing fresh and freeze-dried biomass. (b) 

Comparison of extraction temperature. (c) Comparison of extraction time. (d) Time dependent 

stability of extract at room temperature. 
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3.5.6 In Situ Pigment Extraction for Textile Application 

Materials like wool and silk can be dyed sustainably using heat to fixate the colorant. Since 

fruiting bodies of mushrooms have been historically used for dyeing textiles [62], we 

combined in situ extraction with dyeing. In short, freshly harvested biomass was diluted with 

ethanol (f.c. 50% (v/v)) to achieve biomass concentrations of 50 or 200 g/L. This mixture 

was immediately used as a dyeing solution during the 60 min long dyeing process. The color 

intensity increased with increasing biomass (Figure 13a). Increased temperature (90 °C 

instead of 70 °C) resulted in an increase of the red value (a) for high biomass concentration. 

The color of the silk is very brilliant, which is not often seen with natural pigments (Figure 

13b). 

 

        

Figure 13. Application of laetiporic acid pigment. (a) CIE lab measurements with the values a, b and 

C of silk samples dyed with L. sulphureus biomass shown in (b). (CIE: International Commission on 

Illumination; a: color values from green (−) to red (+); b: color values from blue (−) to yellow (+); C: 

chroma, relative saturation). 

 

3.6 Concluding Remarks 

The blue-green xylindein is a very versatile pigment, which cannot be produced synthetically. 

So far, it can only be purchased in small quantities through the working group around Sara 

C. Robinson [120]. Effective biotechnological production is therefore of fundamental 

importance for industrial use. In our study we were able to successfully scale up our 

cultivation in the 70 L bioreactor and identify key process parameters, such as the “tip speed” 

(<0.5 m/s). We were able to reduce the cultivation time significantly to 2 weeks and increase 

productivity (4.8 mg/L/d). Until now, xylindein has been extracted using DCM. However, 

DCM can only be used under very complex and expensive conditions due to the toxicity of 

a                      b 
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the solvent. Our extraction optimization has enabled us to identify MEK as a suitable 

extraction agent for industrial use. Besides the extraction of the pure pigment, the 

mycological modification of wood by cultivation with C. aeruginascens is of great interest, 

but wood coloring is a long process. Cultivations on solid wood with deeper wood coloring 

took up to 2.5 years [90]. Additionally, the long-term cultivations were susceptible to 

contamination, ineffective coloring, or wood degradation. With our approach using a 

combination of liquid and solid C. aeruginascens cultivation, first results of surface colored 

wood and veneers were achieved within 3 months. Next to the blue-green color of xylindein 

by C. aeruginascens, we investigated the pigment family of laetiporic acids produced by 

L. sulphureus. In our study, upscaling of the pigment production through bioreactor 

cultivation was achieved. The successful extraction of laetiporic acids with simple and 

nontoxic solvents and the feasibility to dye silk samples provide a new possibility for natural 

textile dyeing. In contrast to other fungal pigments mainly produced by mold fungi [100] the 

toxicity is reduced because L. sulphureus is an edible mushroom, known as “chicken of the 

woods”. Further work will focus on the toxicity of the pigments, as well as evaluation of 

color fastness, UV resistance, and washing stability. It is also intended to study different 

materials to extend the application variety. This study provides more chances for eco-friendly 

natural dyes from sustainable resources and offers a solution to counter the hazardous effects 

of synthetic colorants on the environment and human health. 

 

3.7 Supporting Information 

3.7.1 Media Composition 

SNL: 30 g/L glucose monohydrate, 4.5 g/L L-asparagine monohydrate, 3 g/L yeast extract, 

1.5 g/L KH2PO4; 0.5 g/L MgSO4; 5 μg/L CuSO4∙5 H2O; 80 μg/L FeCl3∙6 H2O; 30 μg/mL 

MnSO4∙H2O; 90 μg/mL ZnSO4∙7 H2O; 400 μg/mL EDTA 

Moser b: 30 g/L D-glucose∙ H2O; 10 g/L malt extract; 2 g/L peptone; 0.15 g/L K2HPO4; 

0.35 g/L KH2PO4; 1 g/L NH4NO3; 0.3 g/L NaNO3; 0.5 g/L MgSO4∙7 H2O; 0.1 g/L CaCl2; 

0.001 g/L biotin; 0.05 g/L inositol; 0.0018 g/L ZnSO4∙7 H2O; 0.017 g/L FeCl3∙6 H2O; 0.0056 

MnSO4∙ H2O; 0.05 g/L thiamine. 
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3.7.2 Purification of Culture Supernatant 

The culture supernatant was filtered using different filter sizes to obtain the xylindein 

released in the medium. Syringe filter units (0.45 µm) and centrifuge tube filters (10 kDa, 

5 kDa) were tested. The tube filters were centrifuged for 10 min at 2600 g. The absorption 

spectra of the filtrates and starting solutions were recorded. 

 

3.7.3 Determination of Extraction Cycles 

To determine the number of cycles, pretreated fresh biomass was incubated in a ratio of 1:1 

with solvent (DCM) for 30 min an overhead shaker, centrifuged (5 min at 2600 g) and the 

supernatant separated. The pellet was again mixed with 3 mL solvent and incubated for 

30 minutes. This cycle was repeated up to 6 times. Afterwards, the absorption spectrum of 

the supernatants was recorded. For comparison, 10 mg ground dried biomass was mixed with 

3 mL each of MEK or DCM and incubated for 30 min in an overhead shaker. The biomass 

was then centrifuged and separated from the supernatant. For the second extraction cycle, 

3 mL of the respective solvent was added to the pellet. This protocol was repeated for up to 

7 extraction cycles. Afterwards, the absorption spectra of the supernatants were recorded. 

 

3.7.4 Chromatographic Measurement  

For LC-MS analysis, approx. 20 mg dried biomass of L. sulphureus was extracted with 

3·1,5 mL methanol and the extract shaken with 5 mL hexane for 5 min. The methanol phase 

was dried under nitrogen and the residue taken up using 2 mL acetonitrile. Measurements 

were performed using a Varian LC-MS/MS system (Pump 212, autosampler 460 and MS 320 

with APCI housing; Varian) equipped with a Nucleodur Pyramid RP column (150/2 mm, 

3 µm, Macherey-Nagel, Düren, Germany) at 30 °C. Elution was performed using (A) 

aqueous 0.1% formic acid (LC-MS grade, Carl Roth, Karlsruhe, Germany) and (B) 

acetonitrile with 0.1% formic acid (LC-MS grade, Carl Roth, Karlsruhe, Germany) with the 

following gradient: 0 - 5 min 50% B, 5 - 20 min 50 - 100% B, 20 - 48 min 100% B, 48 - 

50 min 100 - 50% B, 50 - 55 min 50% B at a flow rate of 500 µL /min. Detection occurred 

using APCI housing 50 °C, drying gas 200 °C, capillary 100 V, collision gas pressure 

200 mPa, and detector 1500 V at m/z: SIM: 403, 421, 447, and 473 and scan 300 - 500 in 

addition to detection at 445 and 460 nm. 
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3.7.5 Supporting Data 

Supporting Table 1. Detailed parameters for scale-up from 3 L to 70 L bioreactor. 

Description  3 L bioreactor 7 L bioreactor 70 L bioreactor 

  

   

Volume [L] 3 7 70 

Work volume [L] 2 5.5 55 

H/D ratio  1.5 1.8 2.2 

Stirrer type  Disc stirrer Disc stirrer Disc stirrer 

Number of stirrers  2 3 3 

Stirrer diameter [cm] 4.8 4.9 10 

Stirrer speed [rpm] 150 150 100 

Installations  3 baffle 3 baffle 4 baffle 

Aeration trype  Ring gasifier Ring gasifier Ring gasifier 

Aeration rate [vvm] 0.5 0.5 0.27 

Temperature 

control 
 

Heater / heating 

jacket 
Double Jacket Double Jacket 

KLa value [h-1] 4.5 7.9 4.7 

Tip-Speed [m/s] 0.38 0.46 0.52 

Energy input [kW/m3] 0.02 0.04 0.02 



Production of Natural Colorants by Liquid Fermentation with  

Chlorociboria aeruginascens and Laetiporus sulphureus and Prospective Applications 40 

 

Supporting Figure 1. Time course of pH values as a function of the stirrer speed of the 

C. aeruginascens cultivations in the 3 L bioreactor. 

 

 

 

Supporting Figure 2. Up scaling bioreactor experiments for C. aeruginascens. (a) Time course of 

pH-values and (b) correlating biomass development as a function of cultivation scale. 

 

a            b 
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Supporting Figure 3. Cultivation of L. sulphureus with different media in shaking flasks. Pictures 

of the cultures at day 3, 6, 10, and 14. 

 

 

  

Supporting Figure 4. Spectrophotometric and chromatographic analysis of pigment extracts. (a) 

Absorption spectra of extracts with various solvents from freeze-dried LSU biomass. (b) LC-MS 

analysis of the methanol extract of the dried biomass. Shown are the selected ion masses of the 

different laetiporic acids as described by Davoli et al. [20]. 
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Supporting Figure 5. Time dependent stability of extracts using various aqueous solvent solutions. 

Extract remained for three days at room temperature.  

 

 

 

 

 

Supporting Figure 6. Color stability of laetiporic acid at different pH values (1:10 dilution of extract 

in buffer with certain pH). 
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4 Pilot-Scale Production of the Natural Colorant Laetiporic Acid,  

Its Stability and Potential Applications 

4.1 Preamble to the Publication 

In the second publication of this thesis, our work on Laetiporus sulphureus was continued. 

As described in chapter 3, L. sulphureus forms orange polyene pigments both in fruiting 

bodies and submerged cultivated mycelium. In this article, we improved the 7 L bioprocess 

after identifying the most potent production strain. Nutrition media, product recovery and 

storage were optimized and application trials expanded. 

This article is a joint work of the Institute of Natural Materials Technology, Technical 

University Dresden (Olena Reinhardt, Anett Werner and Marlen Zschätzsch) and the Institute 

of Food Chemistry, Leibniz University Hannover (Pia Bergmann, Christina Frank, Meike 

Takenberg, Franziska Ersoy, and Ralf G. Berger). 

I conceptualized the study and all published data was generated and interpreted by me. Olena 

Reinhardt, Anett Werner and Marlen Zschätzsch performed the fermentation experiments 

and tested the stability of color extracts. They prepared silk samples for experiments on light 

and washing stability. Meike Takenberg and Christina Frank were involved in investigation 

and formal analysis of shake flask cultures. Franziska Ersoy and Ralf G. Berger were 

involved in writing the original draft of the manuscript that was reviewed and edited by 

Marlen Zschätzsch and Anett Werner. The resources and funding for the project were 

acquired by Ralf G. Berger and Anett Werner. 

The manuscript was published as part of the special issue “Pigment Production in Submerged 

Fermentation” in the journal Fermentation on the 28th of November 2022 and can be accessed 

online via https://doi.org/10.3390/fermentation8120684. After publication, the article was 

chosen as cover story for the December edition (Fermentation volume 8, issue 12), with the 

graphical abstract on the front page. The issue can be accessed via 

https://www.mdpi.com/2311-5637/8/12.  
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4.2 Abstract 

Laetiporus sulphureus, a wood-decaying basidiomycete, produces yellow-orange pigments 

in fruiting bodies and, as was recently shown, in submerged cultivated mycelia. Out of four 

strains, the most potent laetiporic acid producer was identified and its yield compared in 

different media. The complex Moser b medium was replaced by potato dextrose broth, 

achieving higher yields at a lower cost. Cultivation was then scaled up from shake flask to a 

7 L stirred tank bioreactor. Optimization of parameters led to increased product 

concentrations up to 1 g/L, the highest yield reported so far. An in situ product recovery 

strategy with a biphasic system was established, increasing the yield by 19% on the shake 

flask scale. A crude ethanolic extract of the biomass was examined for color stability and 

application trials. In contrast to what has been suggested in the past, the pigment showed 

limited long-term stability to oxygen and light, but was stable under storage in the dark at 

4 °C under nitrogen. The orange extract was successfully incorporated into different matrices 

like foods, cosmetics and textiles. Laetiporic acid can potentially replace petrochemical based 

synthetic dyes, and can thus support the development of a circular bioeconomy. 

Keywords: laetiporic acid; Laetiporus sulphureus; natural colorants; natural dye; 

basidiomycete; bioprocess; submerged fermentation; biotechnology  
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Figure 14. Graphical abstract of the publication [130]. 

 

4.3 Introduction 

Consumers’ demand for natural ingredients and “clean label” products remains high, fueling 

the search for alternative colorants. Regarding the range of possible hues and price, synthetic 

dyes are still hard to beat and are widely used in textiles, despite the well-known negative 

environmental and health effects [131]. Natural, plant-based colorants suffer from challenges 

like seasonal availability and dependency on climate. In addition, their production competes 

with food production due to the need for farmland. An alternative are microbial colorants, 

for example from fungi. Fruiting bodies have long been used for textile dyeing [62,63], but, 

like dye bearing plants, can be harvested only once. The biotechnological generation in 

submerged cultivated mycelium is a promising alternative for sustainable and natural 

colorants. 

The basidiomycete Laetiporus sulphureus is edible when young and is supposed to taste like 

chicken, as the common name “chicken of the woods” suggests. It is known for its use in 

Asian and European folk medicine and biologically active compounds, like antimicrobial 

triterpenes [132]. Some even discuss it as the next functional food promoting health and as a 

valuable source of antioxidants [133–135]. The potential application of L. sulphureus extracts 

as a preservative in food has also been reported [136,137]. 

The name sulphureus refers to the characteristic sulphur-like color. Responsible for this color 

are orange-yellowish polyenes, the laetiporic acids [98,121] that were long presumed to be a 
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carotenoid pigment named laetiporxanthin [138]. Interestingly, L. sulphureus synthesizes a 

group of colorants: the predominant laetiporic acid A, laetiporic acid B, C, and D, which 

differ in chain length, and their respective 2-dehydro-3-deoxy derivates. Their biosynthesis 

has been investigated and the responsible polyketide synthase was described by Seibold et 

al. [85]. 

Large-scale intensive cultivation of L. sulphureus fruiting bodies for commercial production 

was described [139], but submerged fermentation is more efficient for color production in 

general. Davoli and Weber et al. discovered that a L. sulphureus strain produced 15 times 

more laetiporic acid A in submerged culture than in its fruiting body (3.71 vs. 0.25 mg/g) 

[98,121]. As different sources discuss the high variability in compounds that occur in 

different L. sulphureus species [98,140], we investigated several strains to identify the most 

promising pigment producer. The media and process control in a 7 L stirred tank bioreactor 

(STR) were optimized to produce laetiporic acids for application and stability trials. A 

pigment extraction process using a second phase (biphasic system) during the cultivation was 

established. This in situ product recovery facilitates the downstream process by avoiding the 

post-harvest extraction step. In addition, the color fastness regarding light and washing, the 

stability of the laetiporic acid extract, and different matrices to explore possible applications 

were evaluated. 

 

4.4 Materials and Methods 

All chemicals were purchased in pro analysis grade (Sigma Aldrich, Seelze, Germany; 

Merck, Darmstadt, Germany; Carl Roth, Karlsruhe, Germany), if not stated otherwise. 

 

4.4.1 Species and Media Preparation 

Four strains of the basidiomycete Laetiporus sulphureus were investigated: (A) DSMZ 2785, 

purchased 2006 from the German Collection of Microorganisms and Cell Cultures GmbH 

(DSMZ, Braunschweig, Germany); (B) DSMZ 11211, purchased 2007; (C) a proprietary 

isolate obtained from a fruiting body growing on Populus tremula in the region of Hannover, 

Germany in 2010, and (D) DSMZ 2785, purchased in 2012. All of the strains were verified 

by internal transcribed spacer (ITS) sequencing [141]. Mycelia were grown and maintained 

on standard nutrient liquid agar (SNL, cf. 4.7.1 Media Composition) according to Sprecher 

[142]. The plates were incubated for 7 days at 24 °C, before transferring 1 cm3 of the 
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overgrown agar into 150 mL Moser b medium in a 300 mL Erlenmeyer shake flask as 

preparatory culture (cf. 4.7.1 Media Composition). The piece of agar was homogenized for 

5 s at 11,000 min−1 (MiniBatch D-9, Miccra GmbH, Heiterheim, Germany) and the culture 

incubated on an orbital shaker (Multitron, Infors AG, Bottmingen, Switzerland) for 7 days at 

24 °C and 150 rpm. It was homogenized again as described above and used to inoculate the 

main cultures (10% v/v). 

 

4.4.2 Cultivation Parameters 

For comparison of potential production strains, four L. sulphureus strains were cultivated for 

21 days at 24 °C and 150 rpm on an orbital shaker in 250 mL Moser b medium in 500 mL 

shake flasks. 10 mL sample were collected on cultivation day 5, 10, 15 and 20 and analyzed 

for dry matter, pH, reducing sugar and pigment content. The samples were centrifuged at 

4 °C and 5000× g for 15 min to separate biomass and supernatant. The biomass concentration 

was determined gravimetrically as dry matter, after washing the biomass with 5 mL demin. 

water and freeze drying (Alpha 1–4, Christ, Osterode am Harz, Germany). The pH was 

measured in the supernatant (pH 211, Hanna Instruments, Vöhringen, Germany), and the 

total reducing sugars determined after filtration with a 0.45 μm filter according to the method 

developed by Miller [123]. The shake flask cultivations were conducted in triplicates and 

data expressed as mean ± standard deviation. 

For bioreactor experiments, 5% (v/v) preparatory culture was used to inoculate 3.6 L medium 

in a 7 L bioreactor (Z611000720, Applikon, Netherlands). These were cultivated at 26 °C 

with an agitation rate of 300 rpm and an aeration rate of pO2 = 2 L/min. A sample (10 mL) 

was taken every weekday. Samples were analyzed as described in Section 4.4.2 and Section 

4.4.4. 

 

4.4.3 In Situ Product Recovery 

To test the in situ extraction of laetiporic acids during submerged cultivation, L. sulphureus 

strain B was cultivated in a biphasic system. Safflower oil, refined linseed oil, tung oil and a 

binder agent containing safflower oil, dehydrogenized castor oil, soy oil and tung oil were 

provided by Biopin Vertriebs GmbH, Germany. Lauryl alcohol, as well as cultures without 

addition of a second phase were used as references. The cultures containing lauryl alcohol 

were incubated at 26 °C due to its melting point, while the other cultures were incubated at 
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24 °C, as described in Section 4.4.2. Samples were taken every second or third day, and from 

day 5 on 10 mL oil was added to the cultures. During every sampling, the extractive phase 

was removed and freshly added. For the exchange, a 50 mL sample from the surface of the 

culture was centrifuged (15 min, 4 °C, 5000× g) to separate extractive phase and aqueous 

culture supernatant. The supernatant was returned to the cultures and the concentration of 

laetiporic acids in the lipophilic phase was determined photometrically after extraction with 

methanol (cf. Section 4.4.4). 

 

4.4.4 Analysis of Pigment Production 

For all shake flask experiments, the freeze-dried biomass was extracted exhaustively with 

methanol and the extract dried under nitrogen. The samples were stored at −20 °C until 

further use. The residue was taken up in a defined volume of 2–10 mL HPLC-grade methanol 

and filtered with a 0.45 μm syringe filter. Absorbance was measured in a photometer and 

pigment content calculated as laetiporic acid A, with the extinction coefficient reported by 

Weber et al. (λmax(MeOH) = 442 nm; ε = 26,669 L/mol∙cm) [10]. For verification, a 

methanolic extract of the dried biomass was measured via mass spectrometry, as described 

in Zschätzsch et al. [143]. The main pigment was laetiporic acid A with m/z 421 [M + H]+ 

and 419 [M − H]+ (Supporting Figure 7). 

For samples from the bioreactor experiments, 1 mL was centrifuged (10 min, 5000× g) and 

washed with demin. water. After repetition of the centrifugation and washing step, the 

biomass was ground and resolved in 10 mL ethanol (99.8%). It was centrifuged once more 

(5000× g, 10 min) and the absorption spectrum of the supernatant was recorded. Extraction 

and measurement of the pigment yield gave identical results for both methanol and ethanol. 

 

4.4.5 Stability Trials 

Accelerated light and washing stability tests were performed with dyed silk in triplicates. Silk 

samples (5 cm2, untreated, purchased at Schmusewolle, Celle, Germany) were dyed with 

L. sulphureus dry matter (samples a, b, c) or wet biomass (d). As references, silk dyed with 

madder (e) (WEJA Färbeset, Livos Pflanzenchemie, Germany) and commercially available 

textile dye (f) (Simplicol Textil expert-India-Orange, Brauns-Heitmann GmbH & Co. KG, 

Warburg, Germany) were prepared and tested against industrially dyed silk (g) (Pietro 

Baldini). For all self-prepared samples, silk was dyed at 90 °C for 1 h, with 1% (a, b, d) or 
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30% (c) ethanol in demin. water. Sample b was treated with vinegar essence (5%, Surig, 

Speyer & Grund GmbH & Co. KG, Mainz, Germany) for 2 h at room temperature after the 

dyeing process. 

Accelerated light stability tests were performed, as described previously [54]. In addition, the 

samples were tested for their color fastness during washing according to DIN EN ISO 105-

C06:2010-08 [144]. For washing stability trials, color was measured with LUCI 100 (Dr. 

Lange; light source D65, 10° observer) and analyzed with the software Spectral QC. The ΔE 

value is defined as the color difference of, in this case, a sample (tx) compared to its reference 

(t0). A ΔE value below 1 generally implies a color change unnoticeable to the human eye 

[145]. 

Pigment stability in freeze-dried biomass at different storage conditions was investigated. 

Aliquots (protected from light) of 500 mg freeze-dried biomass were stored at room 

temperature (RT, around 20 °C, n = 3), 4 °C (n = 3) and −20 °C (n = 1). At sampling points, 

10 mg biomass was extracted with 10 mL 100% ethanol for 15 min at 70 °C and the 

absorbance (λ = 445 nm) of the extract was measured. 

Finally, ethanolic extracts of submerged cultivated L. sulphureus mycelium (2 g wet biomass, 

twice extracted with 30 mL 100% ethanol, 15 min at 70 °C) were stored under different 

conditions to investigate extract stability. Extracts were adjusted to 0.15 g/L laetiporic acid 

and stored in 10 mL aliquots in glass vials. Samples from the aliquot were measured 

repeatedly for up to 1 year (λ = 445 nm, photometer DU 640, Beckman). Extracts were stored 

at RT in light, in the dark, at 4 °C and −20 °C and flushed with nitrogen for 1 min before 

storage and after taking samples. 

 

4.4.6 Application of Laetiporic Acids 

A crude ethanolic extract of the harvested biomass (hot extraction with 98% ethanol, 25 

cycles; Extraction System B-811, BÜCHI Labortechnik AG, Flawil, Switzerland) with 

746 mg/L and 479 mg/L laetiporic acid A was used for application tests in foods and 

cosmetics, respectively. Hard candy was prepared by boiling 300 g isomalt (Isomalt STM, 

BENEO-Palatinit GmbH, Mannheim, Germany) and 6 g 50% citric acid solution (S.A. 

Citrique Belge N.V., Tienen, Belgium) in 100 g tap water at 165 °C. The laetiporic acid 

extract was added at a concentration of 0.3 or 1.7% (w/w) to the cooling sugar mass at 130 °C 

and poured into metal molds. Jelly gum was prepared by boiling 1000 g sucrose (Nordzucker 
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AG, Braunschweig, Germany) and 1335 g glucose syrup (40 DE, Scandic Food A/S, Vejle, 

Denmark) in 500 g tap water at 117 °C. 200 g of porcine gelatin (225 bloom, PB Gelatins 

GmbH, Nienburg, Germany) was dissolved in 470 g tap water and added to the sugar mass 

at 90 °C. 3% (w/w) color extract was added to 70 g 50% citric acid solution, incorporated 

into the jelly gum mass, molded using stamped starch beds (C*Clean Set 03703, Cargill BV, 

Haven, The Netherlands) and dried for 3 days at room temperature. After removing the 

starch, the jelly gums were polished (Capol 4468 D, Capol GmbH, Elmshorn, Germany). 

As model matrices for cosmetics, product samples from the German market were obtained at 

a Rossmann drug store and colored with the laetiporic acid extract by incorporating it into 

the product. Soap (lavera Naturkosmetik Milde Pflegeseife) was dyed with 2% (w/w) color 

extract, transparent and opaque shampoo (Alterra Naturkosmetik everyday shampoo; Isana 

med Shampoo jeden Tag) with 7 and 4% (w/w), toothpaste (Blend a med classic) with 16.7% 

(w/w), body lotion (Nivea soft) with 6.7% (w/w). Powder (Alterra Naturkosmetik finish 

powder) was scraped out of the package and mixed 1:1 with the ethanolic color extract. It 

was dried at 50 °C and pressed back into the compact. 

 

4.5 Results 

4.5.1 Production Strain 

Four strains of L. sulphureus were compared concerning their potential for generation of 

laetiporic acids (Figure 15a). Strain B was found to produce both the highest amount of dry 

matter and pigment, with 10.1 g/L biomass (day 20) and 27.7 mg/g laetiporic acid (day 10), 

respectively. The combination of high productivity in both biomass and pigment synthesis 

generated the overall highest laetiporic acid yield with 242.7 mg/L (Figure 15b).  

Strain A was approximately equal to strain B in biomass production with a maximum of 

9.9 g/L, but produced significantly lower amounts of pigment. Strain C produced the second 

highest amount of pigment (55.1 mg/L), but yielded only about half the biomass. The lowest 

amount of pigment was produced by strain D with 1.0 mg/L. Thus, the difference between 

the best and the worst performing strain regarding laetiporic acid production amounted to a 

factor of about 240. The two strains with an identical strain number, that were obtained from 

the same strain collection at different time points (A, purchased in year 2006 and D, in 2012) 

also differed significantly in both biomass production (9.9 vs. 4.7 g/L, respectively) and 

pigment yield (30.8 vs. 1.0 mg/L, respectively). A picture of unprocessed L. sulphureus 



Pilot-Scale Production of the Natural Colorant Laetiporic Acid,  

Its Stability and Potential Applications 52 

culture samples on day 15 illustrates the high variation in pigment yields (insert in Figure 

15a). 

 

  

(a) (b) 

Figure 15. (a) Productivity of different L. sulphureus strains regarding biomass (bars, left ordinate) 

and pigment yield (squares, right ordinate) in shake flask culture. Insert on the top left side: A picture 

of the unprocessed cultures (biomass and supernatant) on cultivation day 15 with visible color 

differences. (b) Total pigment yield per culture volume over the course of cultivation. 

 

4.5.2 Fermentation Experiments 

L. sulphureus strain B, which was the most potent pigment producer, was cultivated in a 7 L 

STR with different media compositions. The use of potato dextrose broth (PDB) increased 

the pigment yield on cultivation day 12 by a factor of 3 compared to Moser b medium (1.03 

and 0.34 g/L, respectively; Figure 16a,b). In the latter, it took 21 days until the sugar was 

depleted completely, resulting in a final laetiporic acid concentration of 0.69 g/L and the 

overall highest biomass of 7.7 g/L (PDB: 4 g/L on day 12; Supporting Figure 8). The 

addition of 5 g/L beech sawdust to the PDB resulted in a slightly quicker pH drop on day 2, 

but otherwise led to no significant changes of growth parameters and product yields, with 

both reaching 1 g/L laetiporic acid concentration on day 12 (Figure 16c). Controlling the pH 

with sodium hydroxide to prevent a pH drop below 2 (Figure 16d, addition of 400 mL on 

cultivation day 7) inhibited laetiporic acid synthesis and yielded a maximum concentration 

of 0.5 g/L on day 7, which was only half of the yield of the other PDB fermentations. The 

biomass production was slightly elevated in comparison to the fermentation without pH 

regulation (Supporting Figure 8). 
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(a) (b) 

  

(c) (d) 

Figure 16. Influence of different media and pH regulation on laetiporic acid yield during cultivation 

in a 7 L STR.(a) Moser b, dashed line marks day 12; (b) PDB; (c) PDB + 5 g L−1 beech sawdust; (d) 

PDB + pH regulation. 

 

4.5.3 In Situ Product Recovery 

To test an in situ extraction of pigments for product recovery during the cultivation, a 

lipophilic phase of 10 mL was added to the shake flask cultures from day 5 on, and was 

renewed during each sampling. Oils traditionally used for glazing wood like safflower, 

refined linseed and tung oil were tested as a second phase. Lauryl alcohol and a cultivation 

without a second phase were used as controls. All yields, including those for the (smaller 

volume) extractive phase are given for one 250 mL culture. The addition of different oils 

resulted in a visible migration of laetiporic acid from the biomass to culture supernatant and 

extractive phase. Refined linseed oil had no significant effect on the pigment yield in the 

biomass compared to the control (78 and 83 mg on day 21, respectively). Nonetheless, it 

generated an additional 21 mg of pigment in the oil extraction phases over the duration of the 

cultivation (Figure 17), which increased the overall pigment yield by 19% in comparison to 

the control cultivation. Both tung and safflower oil generated similar amounts of pigment in 

the extractive phase but reduced the yield in the biomass, thus reducing the overall final yield 

(43 and 61 mg, respectively). Lauryl alcohol resulted in a significantly reduced pigment yield 

in the extractive phase due to an inhibitory effect on the biomass (Supporting Figure 9). 
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Figure 17. Laetiporic acid yields in biomass and lipophilic phase in 250 mL shake flask culture over 

the course of the cultivation during in situ extraction. White dots depict the measurements for the 

control without second phase. The yield for the 10 mL extractive phase on a certain day is the yield 

in the phase that was removed (and then renewed) on that day of sampling. 

 

4.5.4 Pigment Stability 

Pigment extraction from biomass can be successfully performed with ethanol, as reported 

previously [143]. To identify the best storage conditions for laetiporic acids, freeze-dried 

L. sulphureus biomass (containing pigments) and pigment extracts were tested in long-term 

experiments. Various parameters, such as light and temperature were tested. Preliminary 

stability trials of freeze-dried biomass, as well as extracts stored in light and at room 

temperature, showed a severe loss within a few weeks (Supporting Figure 10). Storing the 

freeze-dried biomass at room temperature but in the dark, resulted in a loss of 82% color 

within 6 months (Figure 18a). However, chilling the biomass stabilized the color, with 4 °C 

and −20 °C maintaining 32 and 77% of the original absorbance over the same time, 

respectively.  

Compared to low stability of the pigment in the biomass over time, storage of ethanolic 

pigment extracts at 4 °C in the dark and flushing the extract with nitrogen resulted in 100% 

pigment stability over 6 months. Nitrogen also showed a stabilizing effect on extracts stored 

at room temperature (Figure 18b). Additional experiments with ascorbic acid improved 



Pilot-Scale Production of the Natural Colorant Laetiporic Acid,  

Its Stability and Potential Applications 55 

pigment stability as well, but were less effective compared to N2 stabilization (data not 

shown). 

 

 
 

(a) (b) 

Figure 18. Stability of ethanolic L. sulphureus extracts and freeze-dried biomass over time, stored 

under different conditions. The difference in absorbance compared to t0 is displayed as the percentage 

of remaining absorbance. Stabilities of (a) freeze-dried biomass stored at different temperature 

conditions in the dark; (b) ethanolic extracts stabilized with nitrogen. 

 

4.5.5 Color Fastness of Dyed Silk 

As shown in our previous paper [143], silk can be dyed directly with Laetiporus sulphureus 

biomass. To assess the stability of the pigment after heat dependent fabric dyeing, an 

accelerated light stability test was performed with differently dyed samples (Table 3 and 

Supporting Table 2). Results showed that, independent of whether freeze-dried or wet 

biomass was utilized and of the dyeing conditions used, silk samples dyed with L. sulphureus 

biomass were not as light fast as the reference samples (Figure 19a). Changes in color 

appearance noticeable to the human eye occurred in all samples (ΔE ≥ 1), even the uncolored 

reference (data not shown). Control samples stayed below a ΔE of 5, while L. sulphureus 

samples faded faster. This resulted in higher ΔE values between 13 and 20, depending on the 

dyeing process used. 

A washing stability test was undertaken with identically prepared silk samples. Silk dyed 

with madder (e) lost a lot of color during washing, resulting in ΔE values of about 14, while 

all other samples stayed below 5. Samples dyed with L. sulphureus freeze-dried biomass gave 

slightly better results than the sample dyed with fresh biomass (ΔE ≈ 2.5 for samples a, b, c 

and ΔE = 4.5 for sample d). The staining of adjacent fabrics during washing was also 
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investigated. Industrial dyed silk (g) and Simplicol textile dye (f) perceptibly stained the 

adjacent samples, resulting in ΔE values of 9 and 4, respectively. The adjacent fabrics for all 

other silk samples remained undyed (ΔE ≈ 1). 

 

Table 3. Silk samples were dyed with either biomass from L. sulphureus or commercially available 

dyes for 1 h at 90 °C, with varying amounts of ethanol added and differing after treatments.The 

industrially dyed silk (g) was not dyed in-house and thus also not according to these specifications. 

Label Dye WOF 1 Ethanol Curing 

a L. sulphureus, freeze-dried biomass 20% 1% - 

b L. sulphureus, freeze-dried biomass 20% 1% vinegar 

c L. sulphureus, freeze-dried biomass 20% 30% - 

d L. sulphureus, wet biomass 20% 1% - 

e Dyer’s madder 50% - - 

f Simplicol textile dye 40% - - 

g Industrially dyed silk - - - 
1 Weight of Fiber (WOF): Amount of dyestuff used, given as the ratio of fiber. 

 

  

(a) (b) 

Figure 19. Comparison of the (a) light and (b) washing stability of silk samples dyed with L. 

sulphureus (a, b, c, d) and conventional textile dyes (e, f) against industrially dyed silk (g). 

 

4.5.6 Application in Various Matrices 

A crude ethanolic extract of L. sulphureus biomass was used to dye various products from 

the food and cosmetics category (Figure 20). Jelly gums and hard candies were chosen as 

examples for foods. Their successful coloration showed that laetiporic acids withstood 

production temperatures of up to 130 °C and retained their coloring abilities in low water 

activity matrices. A light and dark orange hard candy variant was obtained by incorporating 

0.3 or 1.7% laetiporic acid extract. For cosmetics, soap, shampoo, powder, body lotion and 

toothpaste were dyed. The obvious dependency of the final coloring on the amount of extract 
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used for the dyeing process becomes evident when comparing the three small bottles 

containing soap, opaque shampoo and transparent shampoo that were stained with 2, 4 and 

7% extract, respectively. To display the whole application spectrum tested so far, wool and 

silk dyed with unprocessed culture broth (biomass and supernatant; 90 °C for 1 h according 

to [62]) were added to the picture of samples (Figure 20, foreground). 

 

 

Figure 20. Ethanolic extract of submerged cultivated L. sulphureus (bottle in the middle) used for 

application trials. From left to right: Jelly gum, soap, transparent and opaque shampoo, wool and silk, 

powder, hard candy, body lotion, toothpaste. 

 

4.6 Discussion 

Out of four Laetiporus sulphureus strains, the most potent laetiporic acid producer (strain B, 

DSMZ 11211) was selected. The results underline the significant differences between strains 

of the same species, and stress the importance of choosing the most suitable one for the 

metabolite/activity of interest as has been reported before, for example, for antimicrobial and 

laccase activity [146–148]. The special case of two identical strains obtained from the same 

strain collection at different time points (A and D in Figure 15), points out the effect of the 

conditions and methods used for and during strain maintenance that are normally not 

addressed in the method sections of publications. High deviations in enzyme activity of 

daughter generation monokaryons was reported for the basidiomycete Pleurotus sapidus 

(DSMZ 2866), stressing the intraspecific variability of monokaryotic strains [52]. 

Davoli et al. reported a maximum laetiporic acid A content of 6.7 mg/g for L. sulphureus 

strain 79110, with a dry matter concentration of around 3 g/L after 17 days of cultivation in 

shake flasks using a peptone corn steep glucose medium [98]. Seibold et al. described a 

maximum polyene concentration of 7.5 mg/g [85]. The herein presented L. sulphureus 

strain B exceeded the reported yields in biomass and pigment production by a factor of 

around 3 and 4, respectively (10.1 g/L dry matter, 27.7 mg/g laetiporic acid; Figure 15a). 
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Up-scaling from shake flask to bioreactor often leads to an overall growth and product yield 

improvement. With L. sulphureus strain B and Moser b medium, we achieved a final 

laetiporic acid yield of 250 mg/L in the shake flask culture at day 20 (Figure 15b), and were 

able to increase the yield to 690 mg/L at day 21 with Moser b medium and up to 1000 mg/L 

at day 12 with potato dextrose broth in a 7 L stirred tank bioreactor. Without regulation, 

L. sulphureus acidifies the culture to a pH of 2 or lower (Figure 16). Optimal pH values for 

the growth have been discussed in literature. Luangharn et al. investigated optimal growth 

conditions on agar plates by comparing colony diameters, and found pH 6 to 8 optimal for 

emersed mycelial growth [149]. Hwang et al. found the highest dry matter and 

exopolysaccharide concentration for an initial pH of 2 for Laetiporus sulphureus var. 

miniatus in shake flask cultures and STR [122]. In the present work, regulation of the pH by 

addition of NaOH, when values below 2 were reached, drastically reduced pigment yield 

(Figure 16d). Likewise, excessive sugar concentrations negatively impacted color formation 

(Figure 16a, 40 g/L total concentration of reducing sugars in Moser b). PDB yielded the 

highest product concentration (Figure 16b) and is slightly cheaper than Moser b (0.1 € per 

liter, roughly 3%). More severe is the personnel cost needed to prepare Moser b medium with 

its 15 different ingredients, in contrast to the ready-to-use PDB. Additionally, PDB could 

potentially be produced from the side stream potato peels and glucose. Therefore, the most 

cost-effective process for laetiporic acids production concerning yield and cultivation time is 

a bioreactor cultivation with PDB (12 days, 1 g/L pigment). 

Downstream processing is often the most cost-intensive part in fermentative processes. 

Facilitating the product removal therefore leads to a more economic process that can compete 

better with petrochemical syntheses. During in situ extraction, the product (here laetiporic 

acid) was removed from the cells, hence shifting the balance towards product production, as 

described by the Law of Mass Action. A possible feedback inhibition by the product is 

avoided, resulting in higher product titers. The biotechnological production of vitamin A, for 

example, was improved by a factor of 2 in an engineered Saccharomyces cerevisiae by 

applying a biphasic in situ extraction [150]. The lipophilic product yield was improved by 

providing a lipophilic storage phase, as the intercellular storage capacity of the cells was 

limited. Inspired by the work of Große et al., who achieved a tenfold increase of the desired 

product α-ylangene by cultivation of Tyromyces floriformis in a biphasic system [151], 

different oils used for wood glazing were examined as a second, lipophilic phase during the 

submerged cultivation. Refined linseed oil use increased the final pigment yield by 19% in 
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comparison to the control culture, which could be used without cell disruption or solvent 

extraction of the biomass. The extractive phase could therefore be applied directly for dyeing 

purposes without additional downstream steps. Up-scaling of a biphasic system is difficult, 

but DAB, a Dutch biotechnology spin-off from TU Delft, is currently developing a suitable 

bioreactor concept (“Fermentation Accelerated by Separation Technology”) [152]. 

Davoli et al. (2005) described the laetiporic acids to be “surprisingly stable in the presence 

of oxygen and light” [98] (p. 821) and concluded that they might be good food dyes. Seibold 

et al. (2020) supported these results. They exposed the isolated laetiporic acids A and B to 

light for 24 h and found no photoisomerization [85]. The herein presented extract storage 

(Figure 18) and light stability trials with dyed silk (Figure 19a) do not support these 

assessments. The reference set for the evaluation of stability led to a different interpretation. 

While Davoli et al. compared the laetiporic acids to very sensitive carotenoids, we chose 

robust textile dyes as control samples. Nevertheless, the ethanolic color extracts can be 

stabilized by exclusion of oxygen when stored in the dark and in cold temperatures (Figure 

18). From visual observations, laetiporic acids seemed to be more stable when incorporated 

into a matrix, rather than applied on a surface. Thus, further studies were performed on the 

dyeing of different matrices. Keeping the ease of application, storage and transport for a 

potential industrial use in mind, all application trials were performed with the ethanolic 

extract instead of methanolic extracts or instead of the biomass, which had been used 

previously (Figure 19 [143]). All tested matrices were dyed successfully. To the best of our 

knowledge, this is the first application of laetiporic acid as a colorant in food and cosmetic 

matrices (Figure 20). Klaus et al. investigated different extracts of L. sulphureus fruiting 

body and concluded that it could be applied as a food colorant, as no cytotoxic effects were 

provable [133]. Even though L. sulphureus fruiting bodies are edible at a young stage, and 

different sources state that mycelial extracts should therefore be generally recognized as safe 

(GRAS), the natural origin of fungal dyes does not automatically imply food safety [153]. 

Further studies on the safety profile of the dyed goods appear mandatory. 
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4.7 Supplementary Materials 

4.7.1 Media Composition 

 SNL Agar: 1 L SNL contains 30 g D-glucose monohydrate, 4.5 g L-asparagine monohydrate, 

3 g yeast extract, 1.5 g KH2PO4, 0.5 g MgSO4, 5 μg CuSO4 ∙ 5 H2O, 80 μg FeCl3 ∙ 6 H2O, 

30 μg MnSO4 ∙ H2O, 90 μg ZnSO4 ∙ 7 H2O, 400 μg EDTA and 20 g agar-agar.  

pH is adjusted to 6.0  

 

Moser b Medium: 1 L Moser b contains 30 g D-glucose monohydrate, 10 g malt extract, 2 g 

peptone, 0.15 g K2HPO4, 0.35 g KH2PO4, 1 g NH4NO3, 0.3 g NaNO3, 0.5 g MgSO4 ∙ 7 H2O, 

0.1 g CaCl2, 1 mg biotin, 50 mg inositol, 18 mg ZnSO4 ∙ 7 H2O, 10 mg FeCl3, 5.6 mg 

MnSO4 ∙ H2O and 50 mg thiamine hydrochloride.  

pH is not adjusted 

 

4.7.2 Supporting Data 

 

 

Supporting Figure 7. Laetiporic acid A, the dominant pigment found in submerged cultures of 

Laetiporus sulphureus. 
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Supporting Figure 8. Influence of different media (Moser b and PDB) and pH regulation (PDB, pH) 

on biomass yield in a 7 L STR.The harvest of PDB cultures is marked with a dashed line. 

 

 
 

(a) (b) 

  

(c) (d) 

Supporting Figure 9. Laetiporic acid yields in biomass and lipophilic phase over the course of the 

cultivation during in situ extraction for (a) lauryl alcohol; (b) safflower oil; (c) tung oil and (d) binding 

agent. White dots depict the measurements for the control without second phase. The yield for the 

extractive phase on a certain day is the yield in the phase that was removed (and renewed) on that day 

of sampling. 
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Supporting Figure 10. Preliminary stability trials with ethanolic L. sulphureus extracts stored under 

different conditions (n = 1). 
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Supporting Table 2. Pictures of the silk samples over time.Samples were dyed with a) L. sulphureus 

dry matter and 1% EtOH; b) L. sulphureus dry matter, vinegar and 1% EtOH; c) L. sulphureus dry 

matter and 30% EtOH; d) wet biomass and 1% EtOH; e) dyer’s madder; f) commercially available 

textile dye; g) industrially dyed silk. 

time [h] 1 6 12 24 48 

Reference 
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5 Cultivation of Inonotus hispidus in Stirred Tank and Wave Bag 

Bioreactors to Produce the Natural Colorant Hispidin 

5.1 Preamble to the Publication  

Inonotus hispidus is a fungus belonging to the division of Basidiomycota that is used in 

traditional medicine and has been studied for its antimicrobial, anti-cancer and immuno-

modulatory properties [154,155]. I. hispidus is known to cause soft-rot decay in wood, and 

its mechanisms of growth have been studied on beech wood [156]. The fungus mainly grows 

on five different tree species: Morus alba, Ulmus macrocarpa, Fraxinus mandshurica, 

Ziziphus jujuba, and Malus pumila [157]. It is rich in phenolic compounds, which contribute 

to its antioxidant activity [158]. Most of the bioactivities are attributed to hispidin, a 

polyphenol synthesized in fruiting bodies and liquid cultures of I. hispidus. Hispidin has been 

found in various other fungi like Phellinus linteus and Phaeolus schweinitzii, also known as 

the dyer’s polypore [159,160]. In this article, we report the stimulation of hispidin synthesis 

in I. hispidus, upscaling of the bioprocess and application trials. 

This article is a joint work of the Institute of Natural Materials Technology, Technical 

University Dresden (Marlen Zschätzsch and Anett Werner) and the Institute of Food 

Chemistry, Leibniz University Hannover (Pia Bergmann, Meike Takenberg, Christina Frank, 

Franziska Ersoy, and Ralf G. Berger).  

I conceptualized the study and all published data was generated and interpreted by me. As 

part of her Bachelor thesis, Christina Frank investigated the influence of light and oxidative 

stress on hispidin yields of I. hispidus cultures under my supervision. Meike Takenberg was 

involved in the analysis of sugar consumption and experiments on the influence of precursors 

on pigment yields. Franziska Ersoy and Ralf G. Berger supervised the work scientifically and 

contributed to writing the original draft of this article. Marlen Zschätzsch and Anett Werner 

then reviewed and edited the manuscript. The resources and funding for the project were 

acquired by Ralf G. Berger and Anett Werner.  

The manuscript was published as part of the special issue “Pigment Production in Submerged 

Fermentation” in the journal Fermentation on the 14th of October 2022 and can be accessed 

online via https://doi.org/10.3390/fermentation8100541. 
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5.2 Abstract 

Hispidin (6-(3,4-dihydroxystyrl)-4-hydroxy-2-pyrone) production in submerged cultured 

mycelia of the basidiomycete Inonotus hispidus was doubled in shake flasks through 

irradiation with white light. The daily addition of 1 mM hydrogen peroxide as a chemical 

stressor and a repeated supplementation of the shake flask cultures with 2 mM caffeic acid, 

a biogenetic precursor, further increased the hispidin synthesis. These cultivation conditions 

were combined and applied to parallel fermentation trials on the 4 L scale using a classical 

stirred tank bioreactor and a wave bag bioreactor. No significant differences in biomass yield 

and colorant production were observed. The hispidin concentration in both bioreactors 

reached 5.5 g/L, the highest ever published. Textile dyeing with hispidin was successful, but 

impeded by its limited light stability in comparison to industrial dyes. However, following 

the idea of sustainability and the flawless toxicity profile, applications in natural cosmetics, 

other daily implements, or even therapeutics appear promising. 

Keywords: Inonotus hispidus; hispidin; bioprocess; induction; elicitation; precursor; stirred 

tank reactor; wave bag reactor; natural dye 
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Figure 21. Graphical abstract of the publication [54]. 

 

5.3 Introduction 

Inonotus hispidus, a basidiomycete from the class of Agaricomycetes, is popular in Asian 

folk medicine and supposed to cure many kinds of illnesses. Modern pharmacological studies 

have confirmed various bioactivities, which were frequently attributed to the occurrence of 

the yellow pigment hispidin [89,154,161–163]. While it is dominant in the metabolite 

spectrum, a number of other compounds seem to contribute to the observed antimicrobial, 

antiviral, antioxidant, anti-inflammatory, immunomodulatory, antiproliferative, and 

cytotoxic activities of extracts from this species [164–166]. Keto–enol tautomerism may 

result in an equilibrium between the lactone and the 4-pyrone form (isohispidin), a reaction 

giving rise to the formation of further, possibly bioactive oligomer compounds [164]. Much 

less work has been devoted to the use of hispidin as a natural colorant, with few sources 

reporting a potential application for dyeing [167]. The fruiting bodies of I. hispidus were 

recently used for textile dyeing, thus confirming earlier findings [64]. 

Natural dyes have been used since ancient times for the coloring of art and everyday objects 

of all kinds. The commencing industrialization in the 19th century changed the focus to the 

new synthetic dyes with an enormous potential for different hues combined with affordable 

prices. Currently, toxicity and environmental issues caused by synthetic dye production and 

the dyeing process, as well as a newfound appreciation for natural and sustainable products 

by consumers, have revived the search for natural dyes. Colorants extracted from plants or 

fruiting bodies of mushrooms provide alternatives, but suffer from numerous 

imponderabilities and can, with few exceptions, only be gained once per season [62,63]. 

Fruiting bodies from higher fungi (Basidiomycota) display a full color spectrum, but most 
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fungal cells stop to produce the colorants when transferred to submerged cultivation, where 

they form cell clusters. 

As hispidin is synthesized in both the fruit body and the mycelium, cultures of I. hispidus 

were chosen as a prototype to study its production more closely [165,168]. Hispidin is partly 

derived from acetate via the polyketide pathway [20,169] and, as I. hispidus decays wood, 

from lignin degradation products [89]. Perrin et al. suggested already 50 years ago that 

hispidin was synthesized from cinnamic, p-coumaric, or caffeic acid [170]. In the closely 

related Inonotus obliquus, the addition of hydrogen peroxide led to a higher yield of hispidin 

derivates [171]. It was further found that hispidin synthesis was light-dependent, with blue 

light and a 30 min light period per day stimulating biosynthesis best [73,88,170]. Various 

cell culture models convincingly demonstrated the protective effects of hispidin, acting as a 

scavenger of reactive oxygen species (ROS) [172–174]. 

The purpose of this study was to fuse the findings detailed above to set up a bioprocess 

producing high yields of hispidin using I. hispidus. A comparative, parallel fermentation in 

a stirred tank and wave bag reactor was explored, as our previous work on the shear stress 

sensitive basidiomycetes showed that cultivation in a wave bag reactor resulted in highly 

dispersed mycelia, followed by higher biomass production and a doubled formation of 

peptidases [53]. The established bioprocess would present a sustainable cell factory to be run 

anywhere, anytime, and, in contrast to solid-state fermentation, on any scale without using 

arable land or jeopardizing endangered wild specimens. 

 

5.4 Materials and Methods 

5.4.1 Cultivation Parameters and Media  

Inonotus hispidus (DSMZ 8658, verified by ITS sequencing after [175]) was incubated for 

10 days at 24 °C on standard nutrient liquid agar plates (SNL; 30 g of D-glucose 

monohydrate, 4.5 g of L-asparagine monohydrate, 3 g of yeast extract, 1.5 g of KH2PO4, 0.5 g 

of MgSO4, 5 μg of CuSO4∙5 H2O, 80 μg of FeCl3∙6 H2O, 30 μg of MnSO4∙H2O, 90 μg of 

ZnSO4∙7 H2O, 400 μg of EDTA, and 20 g of agar per liter, pH 6.0). All chemicals were 

purchased in pro analysis grade (Sigma Aldrich, Seelze, Germany; Merck, Darmstadt, 

Germany; Carl Roth, Karlsruhe, Germany), if not stated otherwise. Then, 1 cm3 of the 

overgrown agar plate was transferred into 150 mL of Moser b medium (30 g of D-glucose 

monohydrate, 10 g of malt extract, 2 g of peptone, 0.15 g of K2HPO4, 0.35 g of KH2PO4, 1 g 

of NH4NO3, 0.3 g of NaNO3, 0.5 g of MgSO4∙7 H2O, 0.1 g of CaCl2∙2 H2O, 1 mg of biotin, 
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50 mg of myo-inositol, 1.8 mg of ZnSO4∙7 H2O, 10 mg of FeCl3, 5.6 mg of MnSO4∙H2O, and 

50 mg of thiamine hydrochloride per liter) and homogenized (MiniBatch D-9 with DS-20/PF-

SMIR, Miccra GmbH, Heiterheim, Germany) at 11,000 min−1 for 5 s. The preparatory culture 

was incubated on an orbital shaker (Multitron, Infors AG, Bottmingen, Switzerland) for 10 

days at 24 °C and 150 rpm and used subsequently to inoculate the main cultures (10% v/v, 

250 mL culture volume in total) after homogenization. All fermentations were carried out in 

triplicates. Bioreactors were sampled in triplicate. 

 

5.4.2 Investigation of Different Influences on Pigment Yield 

To test the influence of different light conditions, the window of an orbital shaker was 

obscured and equipped with LED stripes (1 m long, 60 LEDs, 4 W/m, PUR-LED GmbH & 

Co. KG), emitting light of different wavelengths. Wavelengths given by the manufacturer 

(400 nm, 470 nm, white light/full visible spectrum) were verified with a spectrometer 

(OceanOptics HR4000, wavelength range 200–1100 nm, resolution ~240 pm). The LED 

stripe labeled as “400 nm” exhibited a sharp intensity maximum measured at 394 nm, that 

labeled as “470 nm” exhibited a maximum at 464 nm, and “white light” exhibited a broad 

range from 420 to 740 nm with a maximum at around 590 nm. The agar plate, pre-culture, 

and main culture were kept in the dark. The main cultures were irradiated every day for 

30 min, as described by Nambudiri et al. [73,168,175,175], for 6 days a week. The control 

culture was cultivated in an orbital shaker with windows, as were the cultures for the 

determination of the influence of hydrogen peroxide and the precursors. 

Hydrogen peroxide was added from a 30% stock bottle to the cultures as described by 

Kavitha and Chandra [176]. Briefly, 10 or 25 mM final concentration was added once on day 

4 of the cultivation. Alternatively, 1 mM hydrogen peroxide was added on days 4, 5, 7, 8, 9, 

10, 11, 13, and 14 of the cultivation (a total of 252 μL 30% H2O2). For supplementation of 

precursors, L-tyrosine, L-phenylalanine, cinnamic acid, p-coumaric acid, and caffeic acid 

were dissolved in 1 mL of 70% ethanol and added to the cultures on days 4, 7, 9, and 11 to 

give a final concentration of 2 mM. For all shake flask experiments, 10 mL samples were 

taken on days 1, 5, 10, and 15. 
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5.4.3 Fermentation Experiments 

For parallel fermentation experiments, I. hispidus was cultivated in a 6 L stirred tank 

bioreactor (STR) (Minifors 2, Infors AG, CH) and a 10 L single-use cultivation bag 

(ReadyToProcess Wave 25, Cytiva, Marlborough, MA, USA; utilized without lid) 

simultaneously, both filled with 4 L of Moser b medium and inoculated with 5% (v/v) starter 

culture (see Supporting Figure 5-1). For both systems, cultivation temperature was 24 °C 

with a constant air flow of 0.5 L/min and no specific light regulation. The agitation rate was 

set to 20–40 rpm at 9° platform angle for the bag cultivation and 150–500 rpm for the STR, 

controlled via the minimum dissolved oxygen value, which was set to 20% DO. For the bag 

cultivation, the DO was measured via optical sensors outside the bag; for STR cultivation, 

the reactor was equipped with an internal DO sensor (VisiFerm DO Sensor, Hamilton 

Bonaduz AG, Bonaduz, Switzerland). The pH value was measured externally for the bag 

cultivation; for STR, an Easyferm 325 pH electrode (Hamilton Bonaduz AG) was used. 

Moreover, the STR was equipped with a Rushton turbine. Then, 10 mL of rapeseed oil was 

added to both systems on day 2 of the cultivation as an antifoam agent. To dampen excessive 

foam formation, 30 mL of rapeseed oil was added to the STR on day 7. Caffeic acid and 

hydrogen peroxide (0.25 and 1 mM) were added on a daily basis after cultivation day 4, as 

the preceding shake flask experiments suggested a yield improvement. A sample was taken 

every day and measured in triplicate (3 × 5 mL). 

 

5.4.4 Analytics 

Samples taken in triplicate during the cultivation were centrifuged (15 min, 4 °C, 5000× g; 

Rotina 380 R, Hettich GmbH & Co KG. Tuttlingen, Germany) to separate biomass and 

supernatant. The supernatant was used for pH measurement (pH 211, Hanna Instruments, 

Vöhringen, Germany), and the total reducing sugars were determined after filtration with a 

0.45 μm filter according to the method developed by Miller [123]. The filtered supernatant 

was analyzed by HPLC, but only negligible hispidin concentrations, presumably from cell 

lysis, were found. The biomass was washed with 5 mL of demineralized water once and 

freeze-dried (Alpha 1–4, Christ, Osterode am Harz, Germany). The dried biomass was 

weighed, and the concentration was determined. The dry matter was then extracted 

exhaustively with methanol (Carl Roth, Karlsruhe, Germany), and the extract was 

concentrated. After filtration, it was measured via HPLC, equipped with a system control 

unit (Shimadzu CBM-20A, Kyoto, Japan), degasser (Shimadzu DGU-20A5R), autosampler 
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(Shimadzu SIL-20ACHT), column (Chromolith® Performance, RP-18 endcapped, 100–

4.6 mm), and DAD (Shimadzu Nexera X2 SPD-M30A) using the following conditions: flow 

1.5 mL/min, injection volume 10 μL, detector 220–450 nm, oven 35 °C. The eluent gradient 

consisted of A (acetonitrile) and B (water + 0.1% formic acid) according to the following 

scheme: 0 min 98% B, 8 min 80% B, 13 min 0% B, 15 min 0% B, 16 min 98% B, and 17 min 

98% B. Hispidin was measured at 9.4 min at λmax = 369 nm. Hispidin concentration was 

calculated via external calibration with a hispidin standard (≥98%, Sigma Aldrich Chemie 

GmbH, Germany) using eight concentrations between 4 and 240 mg/L (regression: 

y = 18564x − 83881, R2 = 0.9896). Cinnamic acid (Ret. 11.0 min, λmax = 277 nm), p-coumaric 

acid (Ret. 7.2 min, λmax = 309 nm), and caffeic acid (Ret. 5.7 min, λmax = 323 nm) were 

measured with the same method, using external standards for quantification. L-Tyrosine and 

L-phenylalanine concentrations were determined as described by Rottmann et al. [177], and 

the identity of hispidin was confirmed by mass spectrometry using conditions as previously 

detailed. 

 

5.4.5 Application of Cultivation Extracts 

An accelerated light stability test was performed in triplicate with dyed silk. Samples were 

dyed with I. hispidus culture broth and tested against silk samples dyed with Dyer’s madder 

(WEJA Färbeset Resedgelb, Livos Pflanzenchemie, Germany) and commercially available 

textile dyes (Simplicol Textilfarbe expert–Mais Gelb, Brauns-Heitmann GmbH & Co. KG; 

Marabu Easy Color gelb, Marabu GmbH & Co. KG; Dylon Sunflower Yellow, Henkel AG 

& Co. KGaA, Germany). Samples were prepared by heating 100 g of silk or wool at 90 °C 

for 1 h in the respective liquor. Samples were not treated with mordants or fixing agents other 

than those present in the commercial products. The samples were radiated for 48 h with 

400 W/m2 at 15 °C in an Atlas Suntest XLS+, equipped with a Xenon lamp and window glass 

filter (Atlas Material Testing Technology GmbH, Linsengericht-Altenhaßlau, Germany). The 

color was measured after 1, 6, 12, 24, and 48 h with a Konica Minolta CM-600d (Geometry 

8°, measurement area 8 mm, reflection mode, specular component excluded) and analyzed 

with the program Colibri, version 3.8.12. The given ΔE values, as defined by the International 

Commission on Illumination, reflect the color difference of a sample (tx) compared to a 

reference (t0). For documentation, pictures were taken with a Canon EOS 800D with an 18–

55 mm EF-S zoom lens, in a PackshotStart Mark II (Sysnext, Levallois-Perret, France) (see 

Supporting Table 3). 
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5.5 Results 

In an early stage of the research, it was observed that I. hispidus cultures grew 

morphologically different when cultivated in Moser b medium as compared to standard 

nutrient liquid (SNL). While both cultures yielded around 100 g of wet biomass per liter after 

11 days (SNL 110 ± 19 g/L, Moser b 91 ± 6 g/L), absorbance of the supernatant at λ = 365 nm 

differed significantly, indicating a much stronger color formation in Moser b medium. Thus, 

all subsequent experiments were performed using Moser b medium. 

 

5.5.1 Influence of Light 

I. hispidus was cultivated under different light conditions. Changes in irradiation slightly 

delayed biomass production compared to the control setup (incubator with windows, but 

without extra illumination), but had no effect on the final dry matter concentration of about 

9 g/L after 15 days of cultivation (Figure 22). Hispidin generation started around day 10, 

when biomass production ceased. Pigment yields were dramatically reduced in the dark. 

Illumination with λ = 400 nm restored them to roughly the same amount as under control 

conditions (49.1 and 60.2 mg/g, respectively). An increase of about 50% on day 15 was 

obtained by illumination with 470 nm (89.8 mg/g), and white light more than doubled the 

yield to a final 131.6 mg/g hispidin. 

 

 

Figure 22. Biomass (bars, left ordinate) and hispidin yields (squares, right ordinate) of differently 

irradiated cultures of I. hispidus. Cultures were either kept in the dark (−light, depicted in black/gray) 

or irradiated with LEDs, specified as 400 nm (purple), 470 nm (blue), and white light (+light, depicted 

in yellow). The reference culture (Ref., depicted in white) was cultivated in an incubator with a glass 

window, but without specific light regulation. 
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5.5.2 Influence of Oxidative Stress 

Different concentrations of hydrogen peroxide were added either daily (1 mM) or once on 

day 4 to determine the influence of oxidative stress. Both 10 and 25 mM slightly reduced 

biomass generation (Figure 23). As seen before (Figure 22), pigment generation started 

again on day 10. The single dosages of H2O2 decreased the hispidin yield on day 15, but daily 

addition of 1 mM H2O2 increased the yield by 45% up to 87.8 mg/g when compared to the 

control. 

 

Figure 23. Biomass (bars, left ordinate) and pigment yields (squares, right ordinate) of cultures of 

I. hispidus exposed to oxidative stress through addition of hydrogen peroxide. The indicated 

concentration of H2O2 was added either daily (1 mM) or once during the cultivation on day 4 (10 mM 

and 25 mM). As the cultivations evaluating the influences of light and oxidative stress were performed 

in parallel, the control in Figure 22 and Figure 23 was identical. 

 

5.5.3 Influence of Precursors 

Following earlier biogenetic work [89,168] (Figure 24), 2 mM L-tyrosine, L-phenylalanine, 

cinnamic (CiA), p-coumaric (CuA), or caffeic acid (CaA) was supplemented to I. hispidus 

cultures on cultivation day 4, 7, 9 and 11. All cultures developed equally until the precursors 

were added on day 4 (Figure 25). Both cinnamic and p-coumaric acid completely inhibited 

pigment formation, but also negatively affected both biomass generation and sugar 

consumption, with cinnamic acid having a more severe effect. This was also reflected by the 

pH of the cultures, which was slightly (2.7, p-coumaric acid) and significantly (3.6, cinnamic 

acid) increased compared to all other cultivations (pH~2.5). 

Cultures supplemented with L-tyrosine, L-phenylalanine, and caffeic acid showed no 

significant differences to the reference (Ref.) regarding biomass generation, pH, or 
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consumption of reducing sugars. All of them reached final dry matter concentrations of 

around 10 g/L. L-Phenylalanine slightly raised pigment yield to 25.2 mg/g on day 14 

compared to the control (19.4 mg/g). Caffeic acid enhanced pigment synthesis significantly, 

yielding 53.4 mg hispidin per gram dry matter on day 14. 

 

 

Figure 24. Proposed biogenesis of hispidin in I. hispidus after [89]. Caffeic acid is elongated by two 

molecules (malonyl-CoA) with the release of carbon dioxide. After cyclization, the target molecule 

hispidin is formed. A detailed portrayal of the proposed pathways can be found in Lee and Yun 

(2011). 
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(c) (d) 

 

Figure 25. Cultivation of I. hispidus with precursors (2 mM supplemented on days 4, 7, 9, and 11). 

The control (Ref.) is depicted in black, L-tyrosine (Tyr) in light green, L-phenylalanine (Phe) in dark 

green, cinnamic acid (CiA) in light blue, p-coumaric acid (CuA) in blue, and caffeic acid (CaA) in 

dark blue. Comparison of (a) biomass yield, (b) pH value, (c) total content of reducing sugars, and 

(d) hispidin concentration. 

 

5.5.4 Comparative Cultivation in Two Types of Bioreactors 

Full-spectrum white light and the addition of 1 mM H2O2 (daily) and 2 mM caffeic acid on 

days 4, 7, 9, and 11 increased hispidin biosynthesis when applied separately (see above). To 

verify if the effects could be combined to increase the overall pigment yield and to compare 

two different bioreactor types, parallel cultivations were set up in a stirred tank (STR) and a 

bag bioreactor (Wave). The same preculture was used, and every effort was made to operate 

the two bioreactors under identical biological and chemical conditions to filter out merely the 

effects of the different bioreactor constructions (Supporting Figure 11). 

Initially, the mycelium grew slightly better in the wave as indicated by the higher biomass 

and lower pH around day 4, but this was not reflected by the consumption of reducing sugars 

(Figure 26). From day 7 on and, thus, during the active synthesis of hispidin, the STR showed 
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slightly quicker biomass and hispidin generation. Both reactor types reached similar final 

concentrations of 12.8 and 12.6 g/L dry matter, and 5.5 and 5.2 g/L hispidin for the STR and 

wave, respectively (Figure 26a). The slightly better growth in the STR matched the more 

pronounced decrease in the content of reducing sugars (Figure 26b). In comparison to shake 

flask cultivations (9 to 10 g/L, Figure 22 and Figure 23), the cultivation in both bioreactors 

led to a slight increase of the final biomass (>12 g/L). The hispidin yields were significantly 

improved: The g/L data indicated in Figure 26a correspond to 428.5 (STR) and 410.9 mg 

hispidin per gram dry matter (wave), respectively, an increase by a factor of seven compared 

to the control (Figure 22 and Figure 23) and by a factor of three compared to the best single-

parameter change in shake flasks, with full illumination (Figure 22). Both biomass and 

hispidin generation kinetics were comparable to those observed in the shake flasks. 

  

(a) (b) 

Figure 26. Parallel cultivation of I. hispidus in a stirred tank (STR, depicted in black and dark blue) 

and cell-bag bioreactor (wave, depicted in gray and light blue). (a) Pigment and biomass yield, (b) 

consumption of reducing sugars, and pH over the course of cultivation. 

 

5.5.5 Application of Hispidin as a Colorant 

For a long time, extracted fruiting bodies of I. hispidus have been used for textile dyeing. 

Any large-scale application, however, would require a permanent and economical hispidin 

source. Submerged cultures serve this purpose. Wool and silk were dyed with I. hispidus 

culture broth (for silk samples see Supporting Table 3), and a preliminary stability test 

against commercial textile dyes was conducted with the silk samples. The initially obtained 

coloring on silk appeared easy on the eye, but accelerated light stability tests demonstrated 

that hispidin was not as lightfast as the plant-based or synthetic dyes. Changes in color 

appearance noticeable for the human eye occurred in all samples (even in the noncolored 

reference). Control samples stayed below a ΔE of 5 during the 48 h of illumination, while 
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I. hispidus samples faded more quickly. They reached ΔE values over 5 within 6 h and of 

about 17 after 48 h (Figure 27). 

 

 

Figure 27. Comparison of the light stability of silk samples dyed with I. hispidus (red) and 

commercially available plant-based (Dyer’s madder, depicted in orange) and synthetic textile dyes 

(Dylon, Simplicol, and Marabu depicted in gray, dark gray, and black, respectively). The noncolored 

reference (Ref.) is shown in white squares. 

 

5.6 Discussion 

In plants, the key step from L-phenylalanine to phenylpropenoid acids is catalyzed by the 

blue-light dependent phenylalanine/tyrosine ammonia-lyase (PAL). A maximum promotor 

activity in carrot was observed using UV-B light [178], which agreed with earlier findings 

for hispidin formation in I. rheades. This species accumulated hispidin in mycelium under 

blue light, yielding 8.1 mg styrylpyrones per gram dry matter [72]. In this work, a final 

concentration of 131.6 mg hispidin per gram dry matter was obtained under white light 

(Figure 22). Comparison of chromatographic and mass spectrometry data (ESI-MS: 

M + H+ = m/z 247, M − H+ = 245; a pair of signals indicating (E/Z)-isomers in similar 

concentration) with the reference compound confirmed the identity [72]. 

As the laboratory glass of the Erlenmeyer flasks and the stirred tank used for the submerged 

cultures in this study showed a blue-light cutoff at around 400 nm, only wavelengths >400 nm 

were examined. White light with an emission maximum at around 590 nm gave the best 

results (Figure 22). At the same time, the best biomass yields were recorded, indicating that 

the observed improvement was less attributable to PAL induction, but rather to a nonspecific 
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stimulation of the cell metabolism, perhaps to protect against ROS [172–174]. Illumination 

of the cell cultures with UV light would be possible by mounting waterproof UV lamps inside 

the bioreactor, but at the risk of promoting the mutation rate of the cultures. Nevertheless, 

such an experiment, perhaps with an intermittent illumination regime, seems appealing, 

especially to prepare for an upscaling of the bioprocess. 

Hispidin generation started around day 10, when biomass production was nearly finished, 

suggesting a shift to secondary metabolism in the stationary phase of the culture. This poses 

the question for the ecological role of hispidin. The discovery of luminous fungi could 

provide an answer. Fruiting bodies of Mycena chlorophos, Omphalotus japonicus, and 

Neonothopanus gardneri shared a common mechanism of bioluminescence using hispidin as 

a luciferin precursor [179]. Hydroxylation of hispidin to 3-hydroxyhispidin, the “fungal 

luciferin”, may also occur in I. hispidus and related hispidin-producing fungi [180].  

Inspired by the work of Zheng et al. on I. obliquus, hydrogen peroxide was applied as a 

chemical stressor (Figure 23) [171]. The use of this chemical was preferred over others not 

only because basidiomycetes, as is commonly known, generate this compound through 

secreted hexose and aryl oxidases and dispose a surplus of the oxidant via catalase activity, 

but also because heavy-metal ions or fungicidal compounds would not have fitted the idea of 

a sustainable and natural process. Furthermore, the phenolic structure of hispidin confers the 

known antioxidative capacity and, in turn, a defense mechanism against exogenous hydrogen 

peroxide [172–174,181]. Despite the small size of the dataset, it can be concluded that higher 

concentrations of the stressor (10 and 25 mM) exceeded the tolerance of the cells resulting 

in growth retardation. The subliminal stress exerted by the daily application of 1 mM 

hydrogen peroxide, however, gave a significantly higher hispidin yield, confirming the 

earlier results [171]. 

The hispidin molecule is built from a shikimate derived phenylpropenoid unit by a 

polyketide-type chain elongation [20,165,168,169], as proven by 14C-tracer studies [170] and 

the detection of hispolon, the intermediate after elongation by one malonate unit, in some 

extracts [163]. It was hypothesized that the acetate pool of well-growing cells should be filled 

up, while mycelia growing in vitro should lack the typical phenylpropenoid lignin 

degradation products liberated by a parasitizing fruiting body growing on wood. The parallel 

cultures thrived well until 2 mM L-tyrosine, L-phenylalanine, cinnamic (CiA), p-coumaric 

(CuA), or caffeic acid (CaA) was supplemented on day 4 (Figure 25). Both CiA and CuA 

immediately inhibited growth and hispidin formation. Although known as fungicides, it was 
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hypothesized that I. hispidus would possess enough hydroxylase activities to convert them to 

nontoxic caffeic acid, but this could not be confirmed as the mycelia did not recover until the 

end of cultivation. Both aromatic amino acids showed negligible effects compared to the 

control culture, another piece of evidence for the missing involvement of a PAL activity. 

Only caffeic acid, the phenylpropenoic acid structure closest to the product structure, had a 

pronounced effect, lifting the hispidin yield from around 19 mg/g (control) to 53 mg/g after 

2 weeks (Figure 25). With the principle of circular bioeconomy in mind, the residual caffeic 

acid present in coffee grounds could serve as a source of caffeic acid in the future. Our data 

showed that around 1.8 of the 7 g/kg of caffeic acid remained in spent grounds after a 

common hot-water extraction of coffee powder. The decrease in hispidin yield of the 

reference experiment in comparison to the reference in Figure 22 and Figure 23 (19.4 vs. 

60.2 mg/g, respectively) was most likely due to the addition of the precursors solved in 70% 

ethanol (final 0.28% ethanol in the culture on the day of addition). Further experiments with 

final 1.4% ethanol in the cultures strongly inhibited pigment production (data not shown). 

For future applications, care has to be taken to remove or minimize this effect by choosing 

another solvent. 

The combined effects of illumination and addition of 1 mM H2O2 and 2 mM caffeic acid 

were compared in parallel cultivations using a STR and a wave bioreactor (Figure 26). The 

wave was originally developed for the cultivation of shear sensitive animal cells. The thin 

cells of fungal mycelia could equally benefit from this cultivation mode as confirmed 

previously for the production of peptidases [53]. In contrast to expectations, this was not 

observed. Both bioreactors produced similar concentrations of biomass (STR vs. wave: 12.8 

vs. 12.6 g/L), and hispidin (STR vs. Wave: 5.5 vs. 5.2 g/L) (Figure 26a). For comparison, 

the overall highest yield was reported by Park et al. (2004), who achieved a maximum of 

2.5 g/L hispidin yield using Phellinus linteus cultivated in shake flasks [166]. The more 

controlled cultivation in the bioreactors resulted in a better biomass yield compared to the 

shake flask cultivations (12.8 vs. 9 g/L, Figure 22). The hispidin yields increased even more 

significantly when compared to shake flask cultures, from 131.6 to 428.5 mg/g dry matter. 

Earlier experiments with the wave bioreactor without addition of caffeic acid and H2O2 

reached 3.9 g/L hispidin on cultivation day 13 (data not shown). These values are not fully 

comparable to the data presented in this manuscript, as different precultures were used. 

Nonetheless, the addition of both inducers resulted in 4.3 g/L hispidin on day 13 (Figure 

26a), which amounts to an increase of 10%. 
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The successful cultivation of basidiomycetes in an STR goes along with numerous problems; 

inactivation of probes due to adherence of cells, excessive foaming, and subsequent plugging 

of waste air filters are among the worst. As a result, it took several attempts to operate the 

STR properly. On the other hand, the wave is a single-use device, and scale-up is currently 

limited to 300 L. In solid-state fermentation trials using Phellinus linteus, 1.107 mg hispidin 

per gram was achieved after 6 weeks [182]. This corresponds to a roughly 390-fold increased 

yield compared to the highest yield obtained in the STR after 2 weeks in this study 

(428.5 mg/g). In addition, obstacles of the solid-state approach are the lack of fermentation 

control and the problematic scale-up. A 20 ton submerged fermentation was reported, but the 

yield of 3 mg/g hispidin was low [183]. 

All colorants bleach when exposed to light (and oxygen) over time, because they absorb 

electromagnetic waves from the visible spectrum; otherwise, they would not appear colorful. 

The absorbed energy is usually converted into heat, but in part also responsible for the 

excitation of bonds to react with oxygen and, in the UV range, for the direct cleavage of 

covalent bonds, which results in colorless products. Natural colorants are well known to 

bleach faster, which was also the case for hispidin (Figure 27). However, it was stable for 

months in the refrigerator (data not shown). Neither the Ames test, in vitro chromosome 

aberration test, acute oral toxicity test, nor bone marrow micronucleus test detected 

toxicological properties of hispidin [183]. It may, thus, be favorably used to dye enclosed or 

opaque products, such as soap, shampoo, body lotion, or toothpaste with additional health 

benefits (see Section 5.3). Textile or wood dyeing [64,167] would require UV filters, perhaps 

mordants, or other fixing agents. 

In conclusion, a combination of physical and chemical parameters combined in an optimized 

bioprocess may yield hispidin in concentrations that would allow to substitute petrochemical-

based, toxicologically problematic synthetic dyes for a number of applications. In addition to 

its utilization for dyeing purposes, the reported bioprocess might also be used to generate 

hispidin to study or implement its plethora of previously reported bioactivities. 
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5.7 Supplementary Materials 

 

 

Supporting Figure 11. Overview of the experimental steps to inoculate the two bioreactor types with 

mycelia from the same pre-culture, and operating conditions for the comparison of the two bioreactors 

for hispidin production. 
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Supporting Table 3. Pictures of the silk samples over time. 

time [h] 0 1 6 12 24 48 

Reference 

      

I. hispidus 

      

Dyer’s  

madder 

      

Dylon 

      

Marabu 

      

Simplicol 

      

 

 

 

Supporting Figure 12. Left: undyed wool, right: wool dyed with I. hispidus submerged culture. 
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6 Outlook 

In this thesis, the biotechnological production of fungal colorants was presented in two 

examples. The biotechnology of Basidiomycota contributes another piece to the circular 

bioeconomy puzzle, with advantageous attributes like independency from fossil oils, cheap 

and sustainable substrates, synthesis at mild conditions and no toxic solvents needed. The 

extracted biomass could finally be deployed in biogas plants or processed further. 

Biotechnologically produced colorants will not be dependent of seasonal harvest and be 

operable at any scale at any time.  

As Basidiomycota thrive well on non-food side-streams of the agro-industry, such as straw, 

sawdust, flax, peels, press cakes, pomace, molasses and fibres; those substrates could be used 

in future. They occur in large volumes and typically end up as fertilizer, feed additives or in 

biogas plants. As the nutrition medium and the downstream process (product recovery) are 

the most cost-intensive parts of a bioprocess, the use of cheap substrates can make the 

production more cost-efficient. 

The fact that many other research institutions and companies are working on the replacement 

of petrochemically synthesized dyes demonstrates the urgency of this topic. Other 

approaches than presented in this thesis are being investigated: for example the heterologous 

production of plant colorants for food applications by Phytolon [184], aiming to spare the 

large scale extraction of high value edible resources. The fermentative production of textile 

dyes from (engineered) microorganisms is pursued by several start-ups [185–187]. Last but 

not least, the existing dyeing processes are being reviewed for improvement with new 

technologies like super critical CO2 [188] or incorporating the pigment into the fibre [189] 

for waterless textile dyeing.  

But before any of the reported colorants can be used in products for the European market, the 

safety needs to be examined thoroughly. The same restrictions apply for hispidin and 

laetiporic acid, as no toxicity tests were conducted in this thesis.  

 

  



 85 

   

7 References 

1. Singh, S. Impact of color on marketing. Management Decision 2006, 44, 783–789, 

doi:10.1108/00251740610673332. 

2. Reports and Data. Colorants Market To Reach USD 78.99 Billion By 2027. Available 

online: https://www.reportsanddata.com/press-release/global-colorants-market 

(accessed on 26 April 2023). 

3. Reports and Data. Textile Dye Market, By Type (Natural and Synthetic), By 

Application (Apparel, Home Textile, and Industrial Textile), and By Region Forecast 

to 2032. Available online: https://www.reportsanddata.com/report-detail/textile-dyes-

market (accessed on 26 April 2023). 

4. Aragão Umbuzeiro, G. de; Freeman, H.S.; Warren, S.H.; Oliveira, D.P. de; Terao, Y.; 

Watanabe, T.; Claxton, L.D. The contribution of azo dyes to the mutagenic activity of 

the Cristais River. Chemosphere 2005, 60, 55–64, 

doi:10.1016/j.chemosphere.2004.11.100. 

5. Vacchi, F.I.; Albuquerque, A.F.; Vendemiatti, J.A.; Morales, D.A.; Ormond, A.B.; 

Freeman, H.S.; Zocolo, G.J.; Zanoni, M.V.B.; Umbuzeiro, G. Chlorine disinfection of 

dye wastewater: implications for a commercial azo dye mixture. Sci. Total Environ. 

2013, 442, 302–309, doi:10.1016/j.scitotenv.2012.10.019. 

6. Alves de Lima, Rodrigo Otávio; Bazo, A.P.; Salvadori, D.M.F.; Rech, C.M.; Palma 

Oliveira, D. de; Aragão Umbuzeiro, G. de. Mutagenic and carcinogenic potential of a 

textile azo dye processing plant effluent that impacts a drinking water source. Mutat. 

Res. 2007, 626, 53–60, doi:10.1016/j.mrgentox.2006.08.002. 

7. Sarkar, S.; Banerjee, A.; Halder, U.; Biswas, R.; Bandopadhyay, R. Degradation of 

Synthetic Azo Dyes of Textile Industry: a Sustainable Approach Using Microbial 

Enzymes. Water Conserv Sci Eng 2017, 2, 121–131, doi:10.1007/s41101-017-0031-5. 

8. McCann, D.; Barrett, A.; Cooper, A.; Crumpler, D.; Dalen, L.; Grimshaw, K.; Kitchin, 

E.; Lok, K.; Porteous, L.; Prince, E.; et al. Food additives and hyperactive behaviour in 

3-year-old and 8/9-year-old children in the community: a randomised, double-blinded, 

placebo-controlled trial. Lancet 2007, 370, 1560–1567, doi:10.1016/S0140-

6736(07)61306-3. 



 86 

9. Lyu, X.; Lyu, Y.; Yu, H.; Chen, W.; Ye, L.; Yang, R. Biotechnological advances for 

improving natural pigment production: a state-of-the-art review. Bioresour. 

Bioprocess. 2022, 9, doi:10.1186/s40643-022-00497-4. 

10. Joshi, V.K.; Attri, D.; Bala, A.; Bhushan, S. Microbial Pigments. Indian Journal of 

Biotechnology 2003, 2, 362–369. 

11. Tuli, H.S.; Chaudhary, P.; Beniwal, V.; Sharma, A.K. Microbial pigments as natural 

color sources: current trends and future perspectives. J. Food Sci. Technol. 2015, 52, 

4669–4678, doi:10.1007/s13197-014-1601-6. 

12. Rather, L.J.; Mir, S.S.; Ganie, S.A.; Shahid-ul-Islam; Li, Q. Research progress, 

challenges, and perspectives in microbial pigment production for industrial 

applications - A review. Dyes and Pigments 2023, 210, 110989, 

doi:10.1016/j.dyepig.2022.110989. 

13. Akilandeswari, P.; Pradeep, B.V. Exploration of industrially important pigments from 

soil fungi. Appl. Microbiol. Biotechnol. 2016, 100, 1631–1643, doi:10.1007/s00253-

015-7231-8. 

14. Caro, Y.; Venkatachalam, M.; Lebeau, J.; Fouillaud, M.; Dufossé, L. Pigments and 

Colorants from Filamentous Fungi. In Fungal Metabolites; Mérillon, J.-M., Ramawat, 

K.G., Eds.; Springer International Publishing: Cham, 2017; pp 499–568, ISBN 978-3-

319-25000-7. 

15. Kalra, R.; Conlan, X.A.; Goel, M. Fungi as a Potential Source of Pigments: Harnessing 

Filamentous Fungi. Front. Chem. 2020, 1–23, doi:10.3389/fchem.2020.00369. 

16. Regulation (EC) No 1333/2008 of the European Parliament and of the Council of 16 

December 2008 on food additives. 

17. Tolborg, G.; Ødum, A.S.R.; Isbrandt, T.; Larsen, T.O.; Workman, M. Unique 

processes yielding pure azaphilones in Talaromyces atroroseus. Appl. Microbiol. 

Biotechnol. 2020, 104, 603–613, doi:10.1007/s00253-019-10112-w. 

18. Chromologics. Available online: https://www.chromologics.com/ (accessed on 30 May 

2023). 

19. Gill, M.; Steglich, W. Pigments of fungi (Macromycetes). Fortschr. Chem. Org. 

Naturst. 1987, 51, 1–317, doi:10.1007/978-3-7091-6971-1_1. 

20. Velíšek, J.; Cejpek, K. Pigments of higher fungi – a review. Czech J. Food Sci. 2011, 

29, 87–102, doi:10.17221/524/2010-CJFS. 

21. Chen, H.-P.; Liu, J.-K. Secondary Metabolites from Higher Fungi. Prog. Chem. Org. 

Nat. Prod. 2017, 106, 1–201, doi:10.1007/978-3-319-59542-9_1. 



 87 

22. Roth, K. Pilzragout nach Chemiker Art: Es kochen Maître Steglich und seine 

Küchenbrigade. Chemie in unserer Zeit 2015, 49, 196–212. 

23. Hibbett, D.S.; Blackwell, M.; James, T.Y.; Spatafora, J.W.; Taylor, J.W.; Vilgalys, R. 

Phylogenetic taxon definitions for Fungi, Dikarya, Ascomycota and Basidiomycota. 

IMA Fungus 2018, 9, 291–298, doi:10.5598/imafungus.2018.09.02.05. 

24. He, M.-Q.; Zhao, R.-L.; Hyde, K.D.; Begerow, D.; Kemler, M.; Yurkov, A.; 

McKenzie, E.H.C.; Raspé, O.; Kakishima, M.; Sánchez-Ramírez, S.; et al. Notes, 

outline and divergence times of Basidiomycota. Fungal Diversity 2019, 99, 105–367, 

doi:10.1007/s13225-019-00435-4. 

25. Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya, R.; 

Leipe, D.; Mcveigh, R.; O’Neill, K.; Robbertse, B.; et al. NCBI Taxonomy: a 

comprehensive update on curation, resources and tools. Database (Oxford) 2020, 

2020, doi:10.1093/database/baaa062. 

26. Sahu, N.; Merényi, Z.; Bálint, B.; Kiss, B.; Sipos, G.; Owens, R.A.; Nagy, L.G. 

Hallmarks of Basidiomycete Soft- and White-Rot in Wood-Decay -Omics Data of 

Two Armillaria Species. Microorganisms 2021, 9, 

doi:10.3390/microorganisms9010149. 

27. Mohanta, T.K.; Bae, H. The diversity of fungal genome. Biol. Proced. Online 2015, 

17, 8, doi:10.1186/s12575-015-0020-z. 

28. Berger, R.G.; Ersoy, F. Improved Foods Using Enzymes from Basidiomycetes. 

Processes 2022, 10, 726, doi:10.3390/pr10040726. 

29. Sandargo, B.; Chepkirui, C.; Cheng, T.; Chaverra-Muñoz, L.; Thongbai, B.; Stadler, 

M.; Hüttel, S. Biological and chemical diversity go hand in hand: Basidiomycota as 

source of new pharmaceuticals and agrochemicals. Biotechnology Advances 2019, 37, 

107344, doi:10.1016/j.biotechadv.2019.01.011. 

30. Spiteller, P. Chemical ecology of fungi. Nat. Prod. Rep. 2015, 32, 971–993, 

doi:10.1039/c4np00166d. 

31. Schmidt-Dannert, C. Biocatalytic portfolio of Basidiomycota. Curr. Opin. Chem. Biol. 

2016, 31, 40–49, doi:10.1016/j.cbpa.2016.01.002. 

32. Steudler, S.; Bley, T. Better One-Eyed than Blind - Challenges and Opportunities of 

Biomass Measurement During Solid-State Fermentation of Basidiomycetes. Adv. 

Biochem. Eng. Biotechnol. 2015, 149, 223–252, doi:10.1007/10_2014_300. 

33. Pardo-Gimnez, A. Edible and Medicinal Mushrooms: Technology and Applications; 

John Wiley & Sons Incorporated: Hoboken, 2018, ISBN 9781119149422. 



 88 

34. Meyer, V.; Basenko, E.Y.; Benz, J.P.; Braus, G.H.; Caddick, M.X.; Csukai, M.; Vries, 

R.P. de; Endy, D.; Frisvad, J.C.; Gunde-Cimerman, N.; et al. Growing a circular 

economy with fungal biotechnology: a white paper. Fungal Biol. Biotechnol. 2020, 7, 

5, doi:10.1186/s40694-020-00095-z. 

35. Mushlabs. Available online: https://www.mushlabs.com/ (accessed on 2 June 2023). 

36. Kynda Biotech GmbH. Available online: https://kyndatech.com/ (accessed on 2 June 

2023). 

37. MycoWorks. Available online: https://www.mycoworks.com/ (accessed on 5 June 

2023). 

38. Zvnder. Available online: https://www.zvnder.com/ (accessed on 5 June 2023). 

39. Bolt Threads. Available online: https://boltthreads.com/ (accessed on 5 June 2023). 

40. NEFFA. Available online: https://www.mycotex.nl/ (accessed on 5 June 2023). 

41. Ecovative. Available online: https://www.ecovative.com/pages/packaging (accessed on 

5 June 2023). 

42. Yalman, S.; Trapp, T.; Vetter, C.; Popa, F.; Fraatz, M.A.; Zorn, H. Formation of a 

Meat-Like Flavor by Submerged Cultivated Laetiporus montanus. J. Agric. Food 

Chem. 2023, doi:10.1021/acs.jafc.3c00542. 

43. Püth, N.; Ersoy, F.; Berger, R.G.; Krings, U. Impact of Agro-Industrial Side-Streams 

on Sesquiterpene Production by Submerged Cultured Cerrena unicolor. Foods 2023, 

12, doi:10.3390/foods12030668. 

44. Bürger, F.; Koch, M.; Fraatz, M.A.; Omarini, A.B.; Berger, R.G.; Zorn, H. Production 

of an Anise- and Woodruff-like Aroma by Monokaryotic Strains of Pleurotus sapidus 

Grown on Citrus Side Streams. Molecules 2022, 27, doi:10.3390/molecules27030651. 

45. Heuger, A.H.; Fraatz, M.A.; Zorn, H. Biotechnological Production of C8 Aroma 

Compounds by Submerged Cultures of Shiitake (Lentinula edodes). In Importance of 

chirality to flavor compounds; Engel, K.-H., Takeoka, G., Eds.; American Chemical 

Society; Distributed in print by Oxford University Press: Washington, DC, Oxford, 

2015; pp 85–96, ISBN 9780841231146. 

46. Chepkirui, C.; Cheng, T.; Matasyoh, J.; Decock, C.; Stadler, M. An unprecedented 

spiro [furan-2,1’-indene]-3-one derivative and other nematicidal and antimicrobial 

metabolites from Sanghuangporus sp. (Hymenochaetaceae, Basidiomycota) collected 

in Kenya. Phytochemistry Letters 2018, 25, 141–146, 

doi:10.1016/j.phytol.2018.04.022. 



 89 

47. Wawrzyn, G.T.; Quin, M.B.; Choudhary, S.; López-Gallego, F.; Schmidt-Dannert, C. 

Draft genome of Omphalotus olearius provides a predictive framework for 

sesquiterpenoid natural product biosynthesis in Basidiomycota. Chem. Biol. 2012, 19, 

772–783, doi:10.1016/j.chembiol.2012.05.012. 

48. Sum, W.C.; Mitschke, N.; Schrey, H.; Wittstein, K.; Kellner, H.; Stadler, M.; 

Matasyoh, J.C. Antimicrobial and Cytotoxic Cyathane-Xylosides from Cultures of the 

Basidiomycete Dentipellis fragilis. Antibiotics (Basel) 2022, 11, 

doi:10.3390/antibiotics11081072. 

49. ASA Spezialenzyme GmbH. Available online: https://www.asa-enzyme.de/ (accessed 

on 2 June 2023). 

50. Berger, R.G.; Bordewick, S.; Krahe, N.-K.; Ersoy, F. Mycelium vs. Fruiting Bodies of 

Edible Fungi-A Comparison of Metabolites. Microorganisms 2022, 10, 

doi:10.3390/microorganisms10071379. 

51. Kirchgaessner, L.; Wurlitzer, J.M.; Seibold, P.S.; Rakhmanov, M.; Gressler, M. A 

genetic tool to express long fungal biosynthetic genes. Fungal Biol. Biotechnol. 2023, 

10, 4, doi:10.1186/s40694-023-00152-3. 

52. Krahe, N.-K.; Berger, R.G.; Witt, M.; Zorn, H.; Omarini, A.B.; Ersoy, F. 

Monokaryotic Pleurotus sapidus Strains with Intraspecific Variability of an Alkene 

Cleaving DyP-Type Peroxidase Activity as a Result of Gene Mutation and Differential 

Gene Expression. Int. J. Mol. Sci. 2021, 22, doi:10.3390/ijms22031363. 

53. Jonczyk, P.; Takenberg, M.; Hartwig, S.; Beutel, S.; Berger, R.G.; Scheper, T. 

Cultivation of shear stress sensitive microorganisms in disposable bag reactor systems. 

Journal of Biotechnology 2013, 167, 370–376, doi:10.1016/j.jbiotec.2013.07.018. 

54. Bergmann, P.; Takenberg, M.; Frank, C.; Zschätzsch, M.; Werner, A.; Berger, R.G.; 

Ersoy, F. Cultivation of Inonotus hispidus in Stirred Tank and Wave Bag Bioreactors 

to Produce the Natural Colorant Hispidin. Fermentation 2022, 8, 541, 

doi:10.3390/fermentation8100541. 

55. Tolborg, G. Exploiting fungal cell factories for pigment production. Ph.D. thesis; 

Technical University of Denmark, Kgs. Lyngby, 2018. 

56. Mishra, B.; Varjani, S.; Karthikeya Srinivasa Varma, G. Agro-Industrial By-Products 

in the Synthesis of Food Grade Microbial Pigments: An Eco-Friendly Alternative. In 

Green Bio-processes: Enzymes in Industrial Food Processing; Parameswaran, B., 

Varjani, S., Raveendran, S., Eds.; Springer Singapore: Singapore, 2019; pp 245–265, 

ISBN 978-981-13-3262-3. 



 90 

57. Poonia, A.; Pandey, S. Production of microbial pigments from whey and their 

applications: a review. NFS 2023, 53, 265–284, doi:10.1108/NFS-02-2022-0055. 

58. Sun, Y.; Cheng, J. Hydrolysis of lignocellulosic materials for ethanol production: a 

review. Bioresour. Technol. 2002, 83, 1–11, doi:10.1016/S0960-8524(01)00212-7. 

59. Taherzadeh, M.J.; Karimi, K. Pretreatment of lignocellulosic wastes to improve 

ethanol and biogas production: a review. Int. J. Mol. Sci. 2008, 9, 1621–1651, 

doi:10.3390/ijms9091621. 

60. Groeger, C.; Sabra, W.; Zeng, A.-P. 4. Introduction to bioconversion and downstream 

processing: principles and process examples. In Biorefineries: An introduction; Aresta, 

M., Dibenedetto, A., Dumeignil, F., Eds.; DE GRUYTER: Berlin, Boston, 2015; pp 

81–108, ISBN 9783110331530. 

61. Salas‐Villalobos, U.A.; Gómez‐Acata, R.V.; Castillo‐Reyna, J.; Aguilar, O. In situ 

product recovery as a strategy for bioprocess integration and depletion of inhibitory 

products. J. Chem. Technol. Biotechnol. 2021, 96, 2735–2743, doi:10.1002/jctb.6797. 

62. Tegeler, K.; Deutsche Gesellschaft für Mykologie e. V. Leitfaden zum Färben mit 

Pilzen, 2nd ed.; Josef Maria Christan: München, 2016. 

63. Sundström, C.; Sundström, E. Mit Pilzen färben: Eine Fundgrube für Kunstgewerbler, 

Pilzsammler und Naturfreunde; Orell Füssli: Zürich, Schwäbisch Hall, 1984, ISBN 

3280014735. 

64. Friese, W.; Wähnert, V. Einfach färben mit Pilzen und Pflanzen; Freya Verlag GmbH: 

Engerwitzdorf, 2021, ISBN 9783990254141. 

65. Spiteller, P. Chemical defence strategies of higher fungi. Chemistry 2008, 14, 9100–

9110, doi:10.1002/chem.200800292. 

66. Künzler, M. How fungi defend themselves against microbial competitors and animal 

predators. PLoS Pathog. 2018, 14, e1007184, doi:10.1371/journal.ppat.1007184. 

67. Tisch, D.; Schmoll, M. Light regulation of metabolic pathways in fungi. Appl. 

Microbiol. Biotechnol. 2010, 85, 1259–1277, doi:10.1007/s00253-009-2320-1. 

68. Fuller, K.K.; Loros, J.J.; Dunlap, J.C. Fungal photobiology: visible light as a signal for 

stress, space and time. Curr. Genet. 2015, 61, 275–288, doi:10.1007/s00294-014-

0451-0. 

69. Siewert, B.; Vrabl, P.; Hammerle, F.; Bingger, I.; Stuppner, H. A convenient workflow 

to spot photosensitizers revealed photo-activity in basidiomycetes. RSC Adv. 2019, 9, 

4545–4552, doi:10.1039/c8ra10181g. 



 91 

70. Siewert, B. Does the chemistry of fungal pigments demand the existence of 

photoactivated defense strategies in basidiomycetes? Photochem. Photobiol. Sci. 2021, 

20, 475–488, doi:10.1007/s43630-021-00034-w. 

71. Poyedinok, N.; Mykhaylova, O.; Tugay, T.; Tugay, A.; Negriyko, A.; Dudka, I. Effect 

of Light Wavelengths and Coherence on Growth, Enzymes Activity, and Melanin 

Accumulation of Liquid-Cultured Inonotus obliquus (Ach.:Pers.) Pilát. Appl. Biochem. 

Biotechnol. 2015, 176, 333–343, doi:10.1007/s12010-015-1577-3. 

72. Gornostai, T.G.; Borovskii, G.G.; Kashchenko, N.I.; Olennikov, D.N. Phenolic 

Compounds of Inonotus rheades (Agaricomycetes) Mycelium: RP-UPLC-DAD-

ESI/MS Profile and Effect of Light Wavelength on Styrylpyrone Content. Int. J. Med. 

Mushrooms 2018, 20, 637–645, doi:10.1615/IntJMedMushrooms.2018026595. 

73. Nambudiri, A.M.D.; Vance, C.P.; Towers, G.H.N. Effect of light on enzymes of 

phenylpropanoid metabolism and hispidin biosynthesis in Polyporus hispidus. 

Biochem. J. 1973, 134, 891–897, doi:10.1042/bj1340891. 

74. Lawrinowitz, S.; Wurlitzer, J.M.; Weiss, D.; Arndt, H.-D.; Kothe, E.; Gressler, M.; 

Hoffmeister, D. Blue Light-Dependent Pre-mRNA Splicing Controls Pigment 

Biosynthesis in the Mushroom Terana caerulea. Microbiol. Spectr. 2022, e0106522, 

doi:10.1128/spectrum.01065-22. 

75. Schwenk, D.; Nett, M.; Dahse, H.-M.; Horn, U.; Blanchette, R.A.; Hoffmeister, D. 

Injury-induced biosynthesis of methyl-branched polyene pigments in a white-rotting 

basidiomycete. J. Nat. Prod. 2014, 77, 2658–2663, doi:10.1021/np500552a. 

76. Cordero, R.J.; Casadevall, A. Functions of fungal melanin beyond virulence. Fungal 

Biology Reviews 2017, 31, 99–112, doi:10.1016/j.fbr.2016.12.003. 

77. Cordero, R.J.B.; Robert, V.; Cardinali, G.; Arinze, E.S.; Thon, S.M.; Casadevall, A. 

Impact of Yeast Pigmentation on Heat Capture and Latitudinal Distribution. Curr. 

Biol. 2018, 28, 2657-2664.e3, doi:10.1016/j.cub.2018.06.034. 

78. Brandt, P.; García-Altares, M.; Nett, M.; Hertweck, C.; Hoffmeister, D. Induced 

Chemical Defense of a Mushroom by a Double-Bond-Shifting Polyene Synthase. 

Angew. Chem. Int. Ed. 2017, 56, 5937–5941, doi:10.1002/anie.201700767. 

79. Martins, T.Á.; Vendruscolo, F. Enhancement of microbial pigment production from 

Monascus ruber by sodium octanoate addition. Acta Sci. Pol. Technol. Aliment. 2020, 

19, 445–456, doi:10.17306/J.AFS.0870. 



 92 

80. Zheng, W.; Zhang, M.; Zhao, Y.; Wang, Y.; Miao, K.; Wei, Z. Accumulation of 

antioxidant phenolic constituents in submerged cultures of Inonotus obliquus. 

Bioresour. Technol. 2009, 1327–1335, doi:10.1016/j.biortech.2008.05.002. 

81. Tauber, J.P.; Schroeckh, V.; Shelest, E.; Brakhage, A.A.; Hoffmeister, D. Bacteria 

induce pigment formation in the basidiomycete Serpula lacrymans. Environ. 

Microbiol. 2016, 18, 5218–5227, doi:10.1111/1462-2920.13558. 

82. Tauber, J.P.; Gallegos-Monterrosa, R.; Kovács, Á.T.; Shelest, E.; Hoffmeister, D. 

Dissimilar pigment regulation in Serpula lacrymans and Paxillus involutus during 

inter-kingdom interactions. Microbiology (Reading, Engl. ) 2018, 164, 65–77, 

doi:10.1099/mic.0.000582. 

83. Herkersdorf, S.; Krüger, T.; Wein, P.; Löffler, S.; Fontaine, T.; Gressler, M.; 

Hertweck, C.; Brakhage, A.A.; Hoffmeister, D. Bacterial cell wall‐degrading enzymes 

induce basidiomycete natural product biosynthesis. Environ. Microbiol. 2021, 23, 

4360–4371, doi:10.1111/1462-2920.15621. 

84. Hyun, M.W.; Yun, Y.H.; Kim, J.Y.; Kim, S.H. Fungal and Plant Phenylalanine 

Ammonia-lyase. Mycobiology 2011, 39, 257–265, doi:10.5941/MYCO.2011.39.4.257. 

85. Seibold, P.S.; Lenz, C.; Gressler, M.; Hoffmeister, D. The Laetiporus polyketide 

synthase LpaA produces a series of antifungal polyenes. J. Antibiot. 2020, 

doi:10.1038/s41429-020-00362-6. 

86. Kaskova, Z.M.; Dörr, F.A.; Petushkov, V.N.; Purtov, K.V.; Tsarkova, A.S.; 

Rodionova, N.S.; Mineev, K.S.; Guglya, E.B.; Kotlobay, A.; Baleeva, N.S.; et al. 

Mechanism and color modulation of fungal bioluminescence. Sci. Adv. 2017, 3, 

e1602847, doi:10.1126/sciadv.1602847. 

87. Kotlobay, A.A.; Sarkisyan, K.S.; Mokrushina, Y.A.; Marcet-Houben, M.; 

Serebrovskaya, E.O.; Markina, N.M.; Gonzalez Somermeyer, L.; Gorokhovatsky, 

A.Y.; Vvedensky, A.; Purtov, K.V.; et al. Genetically encodable bioluminescent 

system from fungi. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 12728–12732, 

doi:10.1073/pnas.1803615115. 

88. Vance, C.P.; Tregunna, E.B.; Nambudiri, A.M.D.; Towers, G.H.N. Styrylpyrone 

biosynthesis in Polyporus hispidus: I. Action spectrum and photoregulation of pigment 

and enzyme formation. Biochimica et Biophysica Acta (BBA) - General Subjects 1974, 

343, 138–147, doi:10.1016/0304-4165(74)90245-1. 



 93 

89. Lee, I.-K.; Yun, B.-S. Styrylpyrone-class compounds from medicinal fungi Phellinus 

and Inonotus spp., and their medicinal importance. J. Antibiot. 2011, 64, 349–359, 

doi:10.1038/ja.2011.2. 

90. Richter, D.L.; Glaeser, J.A. Wood decay by Chlorociboria aeruginascens (Nyl.) 

Kanouse (Helotiales, Leotiaceae) and associated basidiomycete fungi. International 

Biodeterioration & Biodegradation 2015, 105, 239–244, 

doi:10.1016/j.ibiod.2015.09.008. 

91. Giesbers, G.; van Schenck, J.; Quinn, A.; van Court, R.; Vega Gutierrez, S.M.; 

Robinson, S.C.; Ostroverkhova, O. Xylindein: Naturally Produced Fungal Compound 

for Sustainable (Opto)electronics. ACS Omega 2019, 4, 13309–13318, 

doi:10.1021/acsomega.9b01490. 

92. Giesbers, G.; Krueger, T.D.; van Schenck, J.D.B.; Kim, R.; van Court, R.C.; Robinson, 

S.C.; Beaudry, C.M.; Fang, C.; Ostroverkhova, O. Role of Hydroxyl Groups in the 

Photophysics, Photostability, and (Opto)electronic Properties of the Fungi-Derived 

Pigment Xylindein. J. Phys. Chem. C 2021, 125, 6534–6545, 

doi:10.1021/acs.jpcc.0c09627. 

93. Stange, S.; Steudler, S.; Delenk, H.; Werner, A.; Walther, T.; Wagenführ, A. Influence 

of Environmental Growth Factors on the Biomass and Pigment Production of 

Chlorociboria aeruginascens. J. Fungi (Basel) 2019, 5, doi:10.3390/jof5020046. 

94. Li, Q.; Yang, M.; Chen, C.; Xiong, C.; Jin, X.; Pu, Z.; Huang, W. Characterization and 

phylogenetic analysis of the complete mitochondrial genome of the medicinal fungus 

Laetiporus sulphureus. Sci. Rep. 2018, 8, 9104, doi:10.1038/s41598-018-27489-9. 

95. Sinanoglou, V.J.; Zoumpoulakis, P.; Heropoulos, G.; Proestos, C.; Ćirić, A.; Petrovic, 

J.; Glamoclija, J.; Sokovic, M. Lipid and fatty acid profile of the edible fungus 

Laetiporus sulphurous. Antifungal and antibacterial properties. J. Food Sci. Technol. 

2015, 52, 3264–3272, doi:10.1007/s13197-014-1377-8. 

96. Kovács, D.; Vetter, J. Chemical composition of the mushroom Laetiporus sulphureus 

(Bull.) Murill. Acta Alimentaria 2015, 44, 104–110, doi:10.1556/AAlim.44.2015.1.10. 

97. Saba, E.; Son, Y.; Jeon, B.R.; Kim, S.-E.; Lee, I.-K.; Yun, B.-S.; Rhee, M.H. Acetyl 

Eburicoic Acid from Laetiporus sulphureus var. miniatus Suppresses Inflammation in 

Murine Macrophage RAW 264.7 Cells. Mycobiology 2015, 43, 131–136, 

doi:10.5941/MYCO.2015.43.2.131. 

98. Davoli, P.; Mucci, A.; Schenetti, L.; Weber, R.W.S. Laetiporic acids, a family of non-

carotenoid polyene pigments from fruit-bodies and liquid cultures of Laetiporus 



 94 

sulphureus (Polyporales, Fungi). Phytochemistry 2005, 66, 817–823, 

doi:10.1016/j.phytochem.2005.01.023. 

99. Murmann, J.P.; Homburg, E. Comparing evolutionary dynamics across different 

national settings: the case of the synthetic dye industry, 1857–1914. J Evol Econ 2001, 

11, 177–205, doi:10.1007/PL00003863. 

100. Venil, C.K.; Velmurugan, P.; Dufossé, L.; Devi, P.R.; Ravi, A.V. Fungal Pigments: 

Potential Coloring Compounds for Wide Ranging Applications in Textile Dyeing. J. 

Fungi (Basel) 2020, 6, doi:10.3390/jof6020068. 

101. Angelini, L.G.; Pistelli, L.; Belloni, P.; Bertoli, A.; Panconesi, S. Rubia tinctorum a 

source of natural dyes: agronomic evaluation, quantitative analysis of alizarin and 

industrial assays. Industrial Crops and Products 1997, 6, 303–311, 

doi:10.1016/S0926-6690(97)00021-6. 

102. Yusuf, M.; Shabbir, M.; Mohammad, F. Natural Colorants: Historical, Processing and 

Sustainable Prospects. Nat. Prod. Bioprospect. 2017, 7, 123–145, doi:10.1007/s13659-

017-0119-9. 

103. Durán, N.; Teixeira, M.F.S.; Conti, R. de; Esposito, E. Ecological-friendly pigments 

from fungi. Crit. Rev. Food Sci. Nutr. 2002, 42, 53–66, 

doi:10.1080/10408690290825457. 

104. Lagashetti, A.C.; Dufossé, L.; Singh, S.K.; Singh, P.N. Fungal Pigments and Their 

Prospects in Different Industries. Microorganisms 2019, 

doi:10.3390/microorganisms7120604. 

105. Michaelsen, H.; Unger, A.; Fischer, C.H. Blaugrüne Färbung an Intarsienhölzern des 

16. bis 18. Jahrhunderts: Wie kann sie identifiziert werden? Restauro 1992, 98, 17–25. 

106. Blanchette, R.A.; Wilmering, A.M.; Baumeister, M. The Use of Green-Stained Wood 

Caused by the Fungus Chlorociboria in Intarsia Masterpieces from the 15th Century. 

Holzforschung 1992, 46, 225–232, doi:10.1515/hfsg.1992.46.3.225. 

107. Robinson, S.C.; Michaelsen, H.; Robinson, J.C. Spalted Wood: The History, Science, 

and Art of A Unique Material 2016. 

108. Weber, G.; Chen, H.-L.; Hinsch, E.; Freitas, S.; Robinson, S. Pigments extracted from 

the wood-staining fungi Chlorociboria aeruginosa, Scytalidium cuboideum, and S. 

ganodermophthorum show potential for use as textile dyes. Coloration Technol 2014, 

130, 445–452, doi:10.1111/cote.12110. 

109. Boonloed, A.; Weber, G.L.; Ramzy, K.M.; Dias, V.R.; Remcho, V.T. Centrifugal 

partition chromatography: A preparative tool for isolation and purification of xylindein 



 95 

from Chlorociboria aeruginosa. J. Chromatogr. A 2016, 1478, 19–25, 

doi:10.1016/j.chroma.2016.11.026. 

110. Tudor, D.; Margaritescu, S.; Sánchez-Ramírez, S.; Robinson, S.C.; Cooper, P.A.; 

Moncalvo, J.M. Morphological and molecular characterization of the two known 

North American Chlorociboria species and their anamorphs. Fungal Biol. 2014, 118, 

732–742, doi:10.1016/j.funbio.2014.05.003. 

111. Robinson, S.C.; Tudor, D.; Snider, H.; Cooper, P.A. Stimulating growth and xylindein 

production of Chlorociboria aeruginascens in agar-based systems. AMB Express 2012, 

2, 15, doi:10.1186/2191-0855-2-15. 

112. van Court, R.C.; Robinson, S.C. Stimulating Production of Pigment-Type Secondary 

Metabolites from Soft Rotting Wood Decay Fungi (“Spalting” Fungi). Adv. Biochem. 

Eng. Biotechnol. 2019, 169, 109–124, doi:10.1007/10_2019_93. 

113. Stange, S.; Steudler, S.; Delenk, H.; Werner, A.; Walther, T.; Wagenführ, A. Influence 

of the Nutrients on the Biomass and Pigment Production of Chlorociboria 

aeruginascens. J. Fungi (Basel) 2019, 5, doi:10.3390/jof5020040. 

114. Robinson, S.C.; Hinsch, E.; Weber, G.; Leipus, K.; Cerney, D. Wood Colorization 

through Pressure Treating: The Potential of Extracted Colorants from Spalting Fungi 

as a Replacement for Woodworkers’ Aniline Dyes. Materials (Basel) 2014, 7, 5427–

5437, doi:10.3390/ma7085427. 

115. Kögl, F.; Taeuffenbach, G. von. Untersuchungen über Pilzfarbstoffe. IV. Über das 

Xylindein, den Farbstoff des grünfaulen Holzes (I). Eur J Org Chem 1925, 445, 170–

180, doi:10.1002/jlac.19254450112. 

116. Robinson, S.C.; Gutierrez, S.M.V.; Garcia, R.A.C.; Iroume, N.; Vorland, N.R.; 

McClelland, A.; Huber, M.; Stanton, S. Potential for carrying dyes derived from 

spalting fungi in natural oils. J Coat Technol Res 2017, 14, 1107–1113, 

doi:10.1007/s11998-017-9919-4. 

117. Robinson, S.C.; Vega Gutierrez, S.M.; Garcia, R.A.C.; Iroume, N.; Vorland, N.R.; 

Andersen, C.; Oliveira Xaxa, I.D. de; Kramer, O.E.; Huber, M.E. Potential for fungal 

dyes as colorants in oil and acrylic paints. J Coat Technol Res 2018, 15, 845–849, 

doi:10.1007/s11998-017-0032-5. 

118. Harrison, R.; Quinn, A.; Weber, G.; Johnson, B.; Rath, J.; Remcho, V.; Robinson, S.; 

Ostroverkhova, O. Fungi-derived pigments as sustainable organic (opto)electronic 

materials. In Organic Photonic Materials and Devices XIX. SPIE OPTO, San 



 96 

Francisco, California, United States, Saturday 28 January 2017; Tabor, C.E., Kajzar, 

F., Kaino, T., Koike, Y., Eds.; SPIE, 2017; 101010U. 

119. Maeda, M.; Yamauchi, T.; Oshima, K.; Shimomura, M.; Miyauchi, S.; Mukae, K.; 

Sakaki, T.; Shibata, M.; Wakamatsu, K. Extraction of xylindein from Chlorociboria 

aeruginosa complex and its biological characteristics. Bull. Nagaoka Univ. Technol 

2003, 25, 105–111. 

120. Northern Spalting. Available online: www.northernspalting.com (accessed on 

10.12.20). 

121. Weber, R.W.; Mucci, A.; Davoli, P. Laetiporic acid, a new polyene pigment from the 

wood-rotting basidiomycete Laetiporus sulphureus (Polyporales, Fungi). Tetrahedron 

Letters 2004, 45, 1075–1078, doi:10.1016/j.tetlet.2003.11.073. 

122. Hwang, H.S.; Lee, S.H.; Baek, Y.M.; Kim, S.W.; Jeong, Y.K.; Yun, J.W. Production 

of extracellular polysaccharides by submerged mycelial culture of Laetiporus 

sulphureus var. miniatus and their insulinotropic properties. Appl. Microbiol. 

Biotechnol. 2008, 78, 419–429, doi:10.1007/s00253-007-1329-6. 

123. Miller, G.L. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing 

Sugar. Anal. Chem. 1959, 31, 426–428, doi:10.1021/ac60147a030. 

124. Robinson, S.C.; Hinsch, E.; Weber, G.; Freitas, S. Method of extraction and 

resolubilisation of pigments from Chlorociboria aeruginosa and Scytalidium 

cuboideum, two prolific spalting fungi. Coloration Technol 2014, 130, 221–225, 

doi:10.1111/cote.12080. 

125. Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18 

December 2006 concerning the Registration, Evaluation, Authorisation and 

Restriction of Chemicals (REACH), establishing a European Chemicals Agency. 

126. Biertümpfel, A.; Stolte, H.; Wenig, B.; Adam, L. Färberpflanzen-Anbau, 

Farbstoffgewinnung und Färbeeignung. Fachagentur Nachwachsende Rohstoffe e. 

V.(FNR), 2013. 

127. Steudler, S.; Stange, S.; Delenk, H.; Wagenführ, A.; Zeeb, C.; Walther, T. Verfahren 

zur biotechnologischen Gewinnung des blaugrünen Pilzpigments Xylindein, 

November 8, 2018. 

128. Stange, S.; Steudler, S.; Delenk, H.; Werner, A.; Walther, T.; Bley, T.; Wagenführ, A. 

Optimierung der Pigmentbildung vom holzverfärbenden Pilz Chlorociboria 

aeruginascens—Teil 1: Biomasse-und Pigmentbildung auf Agar und in Flüssigmedien. 

Holztechnologie 2018, 59, 52–60. 



 97 

129. Steinmüller, M.; Zschätzsch, M.; Walther, T.; Werner, A. Production of laccase by C. 

unicolor; a critical examination and improvement of established methods including kcat 

measurements: manuscript in revision. Eng. Life Sci. 2020. 

130. Bergmann, P.; Frank, C.; Reinhardt, O.; Takenberg, M.; Werner, A.; Berger, R.G.; 

Ersoy, F.; Zschätzsch, M. Pilot-Scale Production of the Natural Colorant Laetiporic 

Acid, Its Stability and Potential Applications. Fermentation 2022, 8, 684, 

doi:10.3390/fermentation8120684. 

131. Fried, R.; Oprea, I.; Fleck, K.; Rudroff, F. Biogenic colourants in the textile industry – 

a promising and sustainable alternative to synthetic dyes. Green Chem. 2022, 24, 13–

35, doi:10.1039/D1GC02968A. 

132. Hassan, K.; Matio Kemkuignou, B.; Stadler, M. Two New Triterpenes from 

Basidiomata of the Medicinal and Edible Mushroom, Laetiporus sulphureus. 

Molecules 2021, 26, doi:10.3390/molecules26237090. 

133. Klaus, A.; Kozarski, M.; Niksic, M.; Jakovljevic, D.; Todorovic, N.; Stefanoska, I.; 

van Griensven, L.J.L.D. The edible mushroom Laetiporus sulphureus as potential 

source of natural antioxidants. Int. J. Food Sci. Nutr. 2013, 64, 599–610, 

doi:10.3109/09637486.2012.759190. 

134. Patocka, J. Will the sulphur polypore (laetiporus sulphureus) become a new functional 

food? Glob J Medical Clin Case Rep 2019, 6, 6–9, doi:10.17352/2455-5282.000068. 

135. Turkoglu, A.; Duru, M.E.; Mercan, N.; Kivrak, I.; Gezer, K. Antioxidant and 

antimicrobial activities of Laetiporus sulphureus (Bull.) Murrill. Food Chem. 2007, 

101, 267–273, doi:10.1016/j.foodchem.2006.01.025. 

136. Petrović, J.; Glamočlija, J.; Stojković, D.S.; Ćirić, A.; Nikolić, M.; Bukvički, D.; 

Guerzoni, M.E.; Soković, M.D. Laetiporus sulphureus, edible mushroom from Serbia: 

investigation on volatile compounds, in vitro antimicrobial activity and in situ control 

of Aspergillus flavus in tomato paste. Food Chem. Toxicol. 2013, 59, 297–302, 

doi:10.1016/j.fct.2013.06.021. 

137. Petrović, J.; Stojković, D.; Reis, F.S.; Barros, L.; Glamočlija, J.; Ćirić, A.; Ferreira, 

I.C.F.R.; Soković, M. Study on chemical, bioactive and food preserving properties of 

Laetiporus sulphureus (Bull.: Fr.) Murr. Food Funct. 2014, 5, 1441–1451, 

doi:10.1039/c4fo00113c. 

138. Valadon L. R. G.; Mummery, R.S. A New Carotenoid from Laetiporus sulphureus. 

Annals of Botany 1969, 33, 879–882, doi:10.1093/oxfordjournals.aob.a084333. 



 98 

139. Pleszczyńska, M.; Wiater, A.; Siwulski, M.; Szczodrak, J. Successful large-scale 

production of fruiting bodies of Laetiporus sulphureus (Bull.: Fr.) Murrill on an 

artificial substrate. World J. Microbiol. Biotechnol. 2013, 29, 753–758, 

doi:10.1007/s11274-012-1230-z. 

140. Wu, S.; Zorn, H.; Krings, U.; Berger, R.G. Characteristic volatiles from young and 

aged fruiting bodies of wild Polyporus sulfureus (Bull.:Fr.) Fr. J. Agric. Food Chem. 

2005, 53, 4524–4528, doi:10.1021/jf0478511. 

141. Methodensammlung der Bund/Länder-AG Gentechnik (LAG): Molekularbiologische 

Identifizierung von Pilzen mittels ITS-PCR und nachfolgender Sequenzierung. J. 

Verbr. Lebensm. 2012, 7, 71–76, doi:10.1007/s00003-011-0753-9. 

142. Sprecher, E. Über die Guttation bei Pilzen. Planta 1959, 53, 565–574, 

doi:10.1007/BF01937847. 

143. Zschätzsch, M.; Steudler, S.; Reinhardt, O.; Bergmann, P.; Ersoy, F.; Stange, S.; 

Wagenführ, A.; Walther, T.; Berger, R.G.; Werner, A. Production of natural colorants 

by liquid fermentation with Chlorociboria aeruginascens and Laetiporus sulphureus 

and prospective applications. Eng. Life Sci. 2021, 21, 270–282, 

doi:10.1002/elsc.202000079. 

144. Deutsches Institut für Normung e.V. Textilien - Farbechtheitsprüfungen - Teil C06: 

Farbechtheit bei der Haushaltswäsche und der gewerblichen Wäsche; Beuth Verlag 

GmbH: Berlin, 2010 (DIN EN ISO 105-C06:2010-08). 

145. Deutsches Institut für Normung e.V. Farbmetrik - Teil 4: CIE 1976 L*a*b* 

Farbraum; Beuth Verlag GmbH: Berlin, 2020 (DIN EN ISO/CIE 11664-4:2020-03). 

146. Dresch, P.; D Aguanno, M.N.; Rosam, K.; Grienke, U.; Rollinger, J.M.; Peintner, U. 

Fungal strain matters: colony growth and bioactivity of the European medicinal 

polypores Fomes fomentarius, Fomitopsis pinicola and Piptoporus betulinus. AMB 

Express 2015, 5, 4, doi:10.1186/s13568-014-0093-0. 

147. Suay, I.; Arenal, F.; Asensio, F.J.; Basilio, A.; Cabello, M.A.; Díez, M.T.; García, J.B.; 

del Val, A.G.; Gorrochategui, J.; Hernández, P.; et al. Screening of basidiomycetes for 

antimicrobial activities. Antonie Van Leeuwenhoek 2000, 78, 129–139, 

doi:10.1023/a:1026552024021. 

148. Janusz, G.; Czuryło, A.; Frąc, M.; Rola, B.; Sulej, J.; Pawlik, A.; Siwulski, M.; 

Rogalski, J. Laccase production and metabolic diversity among Flammulina velutipes 

strains. World J. Microbiol. Biotechnol. 2015, 31, 121–133, doi:10.1007/s11274-014-

1769-y. 



 99 

149. Luangharn, T.; Karunarathna, S.C.; Hyde, K.D.; Chukeatirote, E. Optimal conditions 

of mycelia growth of Laetiporus sulphureus sensu lato. Mycology 2014, 5, 221–227, 

doi:10.1080/21501203.2014.957361. 

150. Sun, L.; Kwak, S.; Jin, Y.-S. Vitamin A Production by Engineered Saccharomyces 

cerevisiae from Xylose via Two-Phase in Situ Extraction. ACS Synth. Biol. 2019, 8, 

2131–2140, doi:10.1021/acssynbio.9b00217. 

151. Grosse, M.; Strauss, E.; Krings, U.; Berger, R.G. Response of the sesquiterpene 

synthesis in submerged cultures of the Basidiomycete Tyromyces floriformis to the 

medium composition. Mycologia 2019, 111, 885–894, 

doi:10.1080/00275514.2019.1668740. 

152. Oudshoorn, A.; Steinbusch, K.J.J.; Kerste, R.W.H.; Woolner, D. Integrated System for 

Biocatalytically producing and recovering an organic substance. US 2022/0275323 

A1, 2022. 

153. Räisänen, R.; Primetta, A.; Nikunen, S.; Honkalampi, U.; Nygren, H.; Pihlava, J.-M.; 

Berghe, I.V.; Wright, A. von. Examining Safety of Biocolourants from Fungal and 

Plant Sources-Examples from Cortinarius and Tapinella, Salix and Tanacetum spp. 

and Dyed Woollen Fabrics. Antibiotics (Basel) 2020, 9, 

doi:10.3390/antibiotics9050266. 

154. Smolskaitė, L.; Venskutonis, P.R.; Talou, T. Comprehensive evaluation of antioxidant 

and antimicrobial properties of different mushroom species. LWT - Food Science and 

Technology 2015, 60, 462–471, doi:10.1016/j.lwt.2014.08.007. 

155. Zhang, R.-Q.; Feng, X.-L.; Wang, Z.-X.; Xie, T.-C.; Duan, Y.; Liu, C.; Gao, J.-M.; Qi, 

J. Genomic and Metabolomic Analyses of the Medicinal Fungus Inonotus hispidus for 

Its Metabolite’s Biosynthesis and Medicinal Application. J. Fungi (Basel) 2022, 8, 

doi:10.3390/jof8121245. 

156. Schwarze, F.W.M.R.; Baum, S. Mechanisms of reaction zone penetration by decay 

fungi in wood of beech (Fagus sylvatica). New Phytologist 2000, 146, 129–140, 

doi:10.1046/j.1469-8137.2000.00624.x. 

157. Li, Z.; Bao, H. Comparative Analysis of Metabolic Compositions and Trace Elements 

of Inonotus hispidus Mushroom Grown on Five Different Tree Species. ACS Omega 

2022, 7, 9343–9358, doi:10.1021/acsomega.1c06226. 

158. Yousfi, M.; Djeridane, A.; Bombarda, I.; Duhem, B.; Gaydou, E.M. Isolation and 

characterization of a new hispolone derivative from antioxidant extracts of Pistacia 

atlantica. Phytother. Res. 2009, 23, 1237–1242, doi:10.1002/ptr.2543. 



 100 

159. Han, J.-J.; Bao, L.; He, L.-W.; Zhang, X.-Q.; Yang, X.-L.; Li, S.-J.; Yao, Y.-J.; Liu, H. 

Phaeolschidins A-E, five hispidin derivatives with antioxidant activity from the 

fruiting body of Phaeolus schweinitzii collected in the Tibetan Plateau. J. Nat. Prod. 

2013, 76, 1448–1453, doi:10.1021/np400234u. 

160. Shao, H.J.; Jeong, J.B.; Kim, K.-J.; Lee, S.-H. Anti-inflammatory activity of 

mushroom-derived hispidin through blocking of NF-κB activation. J. Sci. Food Agric. 

2015, 95, 2482–2486, doi:10.1002/jsfa.6978. 

161. Palkina, K.A.; Ipatova, D.A.; Shakhova, E.S.; Balakireva, A.V.; Markina, N.M. 

Therapeutic Potential of Hispidin-Fungal and Plant Polyketide. J. Fungi (Basel) 2021, 

7, doi:10.3390/jof7050323. 

162. Angelini, P.; Girometta, C.; Tirillini, B.; Moretti, S.; Covino, S.; Cipriani, M.; 

D’Ellena, E.; Angeles, G.; Federici, E.; Savino, E.; et al. A comparative study of the 

antimicrobial and antioxidant activities of Inonotus hispidus fruit and their mycelia 

extracts. International Journal of Food Properties 2019, 22, 768–783, 

doi:10.1080/10942912.2019.1609497. 

163. Gründemann, C.; Arnhold, M.; Meier, S.; Bäcker, C.; Garcia-Käufer, M.; Grunewald, 

F.; Steinborn, C.; Klemd, A.M.; Wille, R.; Huber, R.; et al. Effects of Inonotus 

hispidus Extracts and Compounds on Human Immunocompetent Cells. Planta Med. 

2016, 82, 1359–1367, doi:10.1055/s-0042-111693. 

164. El Hassane, A.; Shah, S.A.A.; Hassan, N.B.; El Moussaoui, N.; Ahmad, R.; Zulkefeli, 

M.; Weber, J.-F.F. Antioxidant activity of hispidin oligomers from medicinal fungi: a 

DFT study. Molecules 2014, 19, 3489–3507, doi:10.3390/molecules19033489. 

165. Bu’Lock, J.D.; Leeming, P.R.; Smith, H.G. 400. Pyrones. Part II. Hispidin, a new 

pigment and precursor of a fungus “lignin”. J. Chem. Soc. 1962, 0, 2085–2089, 

doi:10.1039/JR9620002085. 

166. Park, I.-H.; Chung, S.-K.; Lee, K.-B.; Yoo, Y.-C.; Kim, S.-K.; Kim, G.-S.; Song, K.-S. 

An antioxidant hispidin from the mycelial cultures of Phellinus linteus. Arch. Pharm. 

Res. 2004, 27, 615–618, doi:10.1007/BF02980159. 

167. Robinson, S.C.; Tudor, D.; Zhang, W.R.; Ng, S.; Cooper, P.A. Ability of three yellow 

pigment producing fungi to colour wood under controlled conditions. International 

Wood Products Journal 2014, 5, 103–107, doi:10.1179/2042645313Y.0000000060. 

168. Nambudiri, A.M.D.; Vance, C.P.; Towers, G.H.N. Styrylpyrone biosynthesis in 

Polyporus hispidus: II. Enzymic hydroxylation of p-coumaric acid and bis-



 101 

noryangonin. Biochimica et Biophysica Acta (BBA) - General Subjects 1974, 343, 

148–155, doi:10.1016/0304-4165(74)90246-3. 

169. Zhou, Z.-Y.; Liu, J.-K. Pigments of fungi (macromycetes). Nat. Prod. Rep. 2010, 27, 

1531–1570, doi:10.1039/c004593d. 

170. Perrin, P.W.; Towers, G. Hispidin biosynthesis in cultures of Polyporus hispidus. 

Phytochemistry 1973, 12, 589–592, doi:10.1016/S0031-9422(00)84448-9. 

171. Zheng, W.; Zhao, Y.; Zhang, M.; Wei, Z.; Miao, K.; Sun, W. Oxidative stress response 

of Inonotus obliquus induced by hydrogen peroxide. Med. Mycol. 2009, 47, 814–823, 

doi:10.3109/13693780802653933. 

172. Huang, S.-Y.; Chang, S.-F.; Chau, S.-F.; Chiu, S.-C. The Protective Effect of Hispidin 

against Hydrogen Peroxide-Induced Oxidative Stress in ARPE-19 Cells via Nrf2 

Signaling Pathway. Biomolecules 2019, 9, doi:10.3390/biom9080380. 

173. Jang, J.S.; Lee, J.S.; Lee, J.H.; Kwon, D.S.; Lee, K.E.; Lee, S.Y.; Hong, E.K. Hispidin 

produced from Phellinus linteus protects pancreatic beta-cells from damage by 

hydrogen peroxide. Arch. Pharm. Res. 2010, 33, 853–861, doi:10.1007/s12272-010-

0607-5. 

174. Lee, J.H.; Lee, J.S.; Kim, Y.R.; Jung, W.C.; Lee, K.E.; Lee, S.Y.; Hong, E.K. Hispidin 

isolated from Phellinus linteus protects against hydrogen peroxide-induced oxidative 

stress in pancreatic MIN6N β-cells. J. Med. Food 2011, 14, 1431–1438, 

doi:10.1089/jmf.2010.1493. 

175. White, T.J.; Bruns, T.D.; Lee, S.B.; Taylor, J.W. Amplification and direct sequencing 

of fungal ribosomal RNA Genes for phylogenetics. PCR - Protocols and Applications 

- A Laboratory Manual. 

176. Kavitha, S.; Chandra, T.S. Oxidative stress protection and glutathione metabolism in 

response to hydrogen peroxide and menadione in riboflavinogenic fungus Ashbya 

gossypii. Appl. Biochem. Biotechnol. 2014, 174, 2307–2325, doi:10.1007/s12010-014-

1188-4. 

177. Rottmann, E.; Hauke, K.F.; Krings, U.; Berger, R.G. Enzymatic acrylamide mitigation 

in French fries – An industrial-scale case study. Food Control 2021, 123, 107739, 

doi:10.1016/j.foodcont.2020.107739. 

178. Takeda, J.; Ozeki, Y.; Yoshida, K. Action spectrum for induction of promoter activity 

of phenylalanine ammonia-lyase gene by UV in carrot suspension cells. Photochem. 

Photobiol. 1997, 66, 464–470, doi:10.1111/j.1751-1097.1997.tb03174.x. 



 102 

179. Oba, Y.; Suzuki, Y.; Martins, G.N.R.; Carvalho, R.P.; Pereira, T.A.; Waldenmaier, 

H.E.; Kanie, S.; Naito, M.; Oliveira, A.G.; Dörr, F.A.; et al. Identification of hispidin 

as a bioluminescent active compound and its recycling biosynthesis in the luminous 

fungal fruiting body. Photochem. Photobiol. Sci. 2017, 16, 1435–1440, 

doi:10.1039/c7pp00216e. 

180. Purtov, K.V.; Petushkov, V.N.; Baranov, M.S.; Mineev, K.S.; Rodionova, N.S.; 

Kaskova, Z.M.; Tsarkova, A.S.; Petunin, A.I.; Bondar, V.S.; Rodicheva, E.K.; et al. 

The Chemical Basis of Fungal Bioluminescence. Angew. Chem. Int. Ed Engl. 2015, 

54, 8124–8128, doi:10.1002/anie.201501779. 

181. Lim, J.-H.; Lee, Y.-M.; Park, S.R.; Da Kim, H.; Lim, B.O. Anticancer activity of 

hispidin via reactive oxygen species-mediated apoptosis in colon cancer cells. 

Anticancer Research 2014, 34, 4087–4093. 

182. Liang, C.-H.; Wu, C.-Y.; Li, P.-H.; Liang, Z.-C. Optimal Liquid Inoculum Conditions 

and Grain Medium Enhanced Hispidin Production by Species of Genus Phellinus 

(Agaricomycetes) in Solid-State Fermentation. Int J Med Mushrooms 2022, 24, 77–90, 

doi:10.1615/IntJMedMushrooms.2022042808. 

183. Li, I.-C.; Chen, C.C.; Sheu, S.-J.; Huang, I.-H.; Chen, C.-C. Optimized production and 

safety evaluation of hispidin-enriched Sanghuangporus sanghuang mycelia. Food Sci. 

Nutr. 2020, 8, 1864–1873, doi:10.1002/fsn3.1469. 

184. Phytolon. Available online: https://www.phytolon.com/ (accessed on 31 May 2023). 

185. Vienna Textile Lab. Available online: https://www.viennatextilelab.at/ (accessed on 31 

May 2023). 

186. PILI. Available online: https://www.pili.bio/ (accessed on 31 May 2023). 

187. Colorifix. Available online: https://colorifix.com/ (accessed on 31 May 2023). 

188. Applied Separations. Available online: 

https://supercritical.appliedseparations.com/waterless-textile-dyeing/ (accessed on 31 

May 2023). 

189. SpinDye. Available online: https://spindye.com/ (accessed on 31 May 2023). 

 

  



Curriculum Vitae 103 

8 Curriculum Vitae 

Personal Details  Pia Bergmann 

 

Education 

2019 – 2023   Doctoral Research Study 

Leibniz University Hannover, Institute of Food Chemistry 

Dissertation: Biotechnological Production of Fungal Colorants 

2017 – 2019    Master of Science  

Ostwestfalen-Lippe University of Applied Sciences 

    Life Science Technologies / Bioprocessing 

2013 – 2017   Bachelor of Engineering  

Bremerhaven University of Applied Sciences 

    Food Technology / Food Economics  

2005 – 2013   General Qualification for University Entrance  

Marion-Dönhoff Secondary School Nienburg 

 

Work Experience 

2023 –    Associate Lecturer 

Hochschule Hannover - University of Applied Sciences and 

Arts, Department of Bioprocess Engineering 

2019 – 2023   Research Associate  

Leibniz University Hannover, Institute of Food Chemistry 

(Prof. Dr. Ralf G. Berger) 

2019    Research Assistant 

Technical University Braunschweig, Institute of Food 

Chemistry (Prof. Dr. Peter Winterhalter) 

2018 – 2019   Research Assistant 

Ostwestfalen-Lippe University of Applied Sciences, Institute 

of Food Chemistry (Prof. Dr. Jürgen Zapp) 

2016 – 2017   Student Assistant 

Chr. Hansen GmbH, Nienburg/DE 



Curriculum Vitae 104 

2015    Internship Semester 

    Chr. Hansen A/S, Hørsholm/DK 

2014 – 2016   Student Assistant 

Bremerhaven University of Applied Sciences, Institute of 

Applied Microbiology and Biotechnology (Prof. Dr. Matthias 

Nagel) 

 

 

  



List of Publications 105 

9 List of Publications 

Bergmann, P.; Frank, C.; Reinhardt, O.; Takenberg, M.; Werner, A.; Berger, R.G.; Ersoy, F.; 

Zschätzsch, M. Pilot-Scale Production of the Natural Colorant Laetiporic Acid, Its 

Stability and Potential Applications. Fermentation 2022, 8, 684, 

doi:10.3390/fermentation8120684. 

Bergmann, P.; Takenberg, M.; Frank, C.; Zschätzsch, M.; Werner, A.; Berger, R.G.; Ersoy,  

F. Cultivation of Inonotus hispidus in Stirred Tank and Wave Bag Bioreactors to 

Produce the Natural Colorant Hispidin. Fermentation 2022, 8, 541, 

doi:10.3390/fermentation8100541. 

Januschewski, E.; Bischof, G.; Thanh, B.N.; Bergmann, P.; Jerz, G.; Winterhalter, P.; Heinz, 

V.; Juadjur, A. Rapid UV/Vis Spectroscopic Dye Authentication Assay for the 

Determination and Classification of Reactive Dyes, Monascus Pigments, and Natural 

Dyes in Coloring Foodstuff. J. Agric. Food Chem. 2020, 68, 11839–11845, 

doi:10.1021/acs.jafc.0c03676. 

Zschätzsch, M.; Steudler, S.; Reinhardt, O.; Bergmann, P.; Ersoy, F.; Stange, S.; Wagenführ, 

A.; Walther, T.; Berger, R.G.; Werner, A. Production of natural colorants by liquid 

fermentation with Chlorociboria aeruginascens and Laetiporus sulphureus and 

prospective applications. Eng. Life Sci. 2021, 21, 270–282, 

doi:10.1002/elsc.202000079.  



List of Publications 106 

Parts of this dissertation were presented at the following events:  

Regional Association Conference 2023 - North and Northeast, Hannover/DE, 20th – 21st 

March 2023 

Organized by GDCh e.V., Lebensmittelchemische Gesellschaft (German Chemical Society, 

Society of Food Chemistry) 

Contribution: P. Bergmann: „Biotechnologische Produktion von Farbstoffen aus 

Basidiomyceten“ (Lecture) 

 

Leibniz AnsprechBAR, Hannover/DE, 5th November 2022 

Organized by Leibniz University Hannover 

Contribution: P. Bergmann: „Farbstoffe – Das Auge isst mit! Färben wir zukünftig mit 

Naturfarben aus Speisepilzen?“ (Poster) 

 

(Bio)Process Engineering - a Key to Sustainable Development, Aachen/DE, 12th – 15th 

September 2022 

Organized by DECHEMA e.V. (Society for Chemical Engineering and Biotechnology) 

Contribution: P. Bergmann, M. Takenberg, C. Frank, F. Ersoy and Ralf G. Berger: 

“Biotechnological Production of Basidiomycetous Pigments for Textile Dyeing” (Poster) 

 

Leibniz University Chemistry Symposium, Hannover/DE, 20th July 2022 

Organized by GDCh e.V. (German Chemical Society), Local Section Hannover 

Contribution: P. Bergmann, M. Takenberg, C. Frank, F. Ersoy and Ralf G. Berger.: 

„Biotechnological Production of Natural Colorants from Basidiomycota for Industrial 

Application” (Poster) 

 

Himmelfahrtstagung on Bioprocess Engineering 2022 - Future Bioprocesses for a 

Sustainable Industry, Mainz/DE, 23rd – 25th May 2022 

Organized by DECHEMA e.V. (Society for Chemical Engineering and Biotechnology) 

Contribution: P. Bergmann, M. Takenberg, C. Frank, F. Ersoy and Ralf G. Berger.: 

„Biotechnological Production of Natural Colorants from Basidiomycota for Industrial 

Application” (Poster) 

 

 



List of Publications 107 

Bioeconomy Camp 2021, Berlin/DE and Online, 30th September – 1st October 2021 

Organized by the German Federal Ministry of Education and Research (BMBF) and 

University of Hohenheim 

Contribution: “FungiColor - Natural Colors from Basidiomycota” (Video)  

 

Global Bioeconomy Summit 2020, Berlin/DE and Online, 16th – 20th November 2020 

Organized by the Bioeconomy Council of the German Government 

Contribution: “FungiColor - Natural Colors from Basidiomycota” (Video)  

 


