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Abstract  

Biotransformation of terpenes by Polyporus brumalis  

and investigation of related enzyme expression 

by transcriptome analysis 

 

Su-Yeon LEE 

Program in Environmental Materials Science 

Department of Forest Sciences 

The Graduate School 

Seoul National University 

 

In this study, the biotransformation of the monoterpenes, α-pinene and 

geraniol, was performed to synthesize valuable compounds. Polyporus 

brumalis, which is classified as a white rot fungus, was used as a biocatalyst. 

As the results, α-terpineol, borneol, and fenchol were transformed from α-

pinene by P. brumalis. Additionally, the biocatalyst transformed acyclic 

geraniol to cyclic compounds, such as isopulegol and p-menthane-3,8-diol. 

The main transformation products, α-terpineol and p-menthane-3,8-diol, are 

known to be bioactive monoterpenoids.  

In addition, P. brumalis catalyzed the de-novo synthesis of sesquiterpenoids 

such as β-eudesmol and elemol, in the absence of specific substrates. The β-

eudesmol produced from the P. brumalis has a eudesmane skeleton, which is a 

difficult target for chemical synthesis. These results indicated the presence of 

terpene metabolism on mycelium of P. brumalis. This hypothesis was 

demonstrated via next-generation sequencing of the transcriptome of P. 
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brumalis mycelium. NGS (next generation sequencing) technology provided 

evidence of catalytic function of P. brumalis in the biotransformation through 

the prediction of encoded enzymes based on the expressed transcriptomes. 

Through the Illumina HiSeq 
TM

 2000 sequencing platform, high-quality reads 

were assembled to yield 23,876 unigenes from P. brumalis. The unigenes 

were aligned using the NCBR NR database and automatically assigned gene 

functions based on the corresponding GO (Gene Ontology) and KEGG 

(Kyoto Encyclopedia of Genes and Genomes) pathway.  

Terpene metabolism such as monoterpene synthesis, pinene and limonene 

degradation, sesquiterpene and triterpene synthesis and terpene backbone 

biosynthesis are related in mycelium of P. brumalis. Especially, two different 

terpenoid synthesis pathways, the MEA (mevalonic acid) and MEP (2-methyl-

D-erythritol-4-phosphate) pathway were expressed in the terpene backbone 

biosynthesis. The expressions of the MEA and MEP pathways support the 

biosynthesis of the sesquiterpenoids from the P. brumalis. Thus, the 

investigation of the pathway of ‘terpene backbone biosynthesis’ may provide 

an important means to understand terpene biosynthesis in basidiomycetes.  

In conclusion, this study demonstrated the chemical modification of terpene 

compounds and their de novo synthesis by P. brumalis based on the genes 

identified through a transcriptome analysis. 

 

Keywords: biotransformation, terpene, Polyporus brumalis, 

transcriptome 

Student Number: 2010-30306 
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1. Backgrounds 

 

1.1.1. The genesis and role of terpene compounds in 

nature 

 

Living organisms such as plants, microorganisms and animals, generate 

diverse chemical compounds called natural products, which are made through 

by primary and secondary metabolisms. The ‘terpene’ compounds are one of 

the most widespread and chemically interesting groups of natural products 

(Gershenzon and Dudareva 2007). Structurally, terpenes compounds are an 

organic chemical group derived from a five-carbon isoprene unit (C5H8).  

The isoprene units are derived from two pathways in plants: the MEA 

(mevalonic acid) pathway and MEP (methylerythritol phosphate) pathway. In 

the MEA pathway, mevalonic acid is synthesized as an intermediate derived 

from three molecules of acetyl coenzyme (Goldstein and Brown 1990). The 

MVA pathway, which produces IPP for terpenoid and sterol biosynthesis, 

occurs in the cytosol. Beginning with phosphorylation of the primary alcohol 

group, the six-carbon compound, MEA, is changed into five-carbon 

phosphorylated isopentenyl pyrophosphate (IPP) units in continuous reactions 

(Figure 1-1). 

Many research groups have shown that IPP only be biosynthesized through 

the MEA pathway. However, the 2-C-methyl-D-erythritol 4-phosphate (MEP) 

pathway, also known as the 1-deoxy-D-xylulose 5-phosphate non-mevalonic 

acid pathway was only recently discovered (Lichtenthaler 1999). IPP 

biosynthesis starts from with glyceraldehyde 3-phosphate, an intermediate in 

the photosynthetic carbon reduction cycle, and pyruvate, which can be formed 
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from 3-phosphoglyceric acid (Lichtenthaler 1999) by glycolysis. The MEP 

pathway occurs in the plastid (Rodrı́guez-Concepción and Boronat 2002).  

According to their theory, IPP derived from MEA and MEP pathway is 

isomerized to dimethylallyl pyrophophate (DMAPP) by isomerase enzymes 

(IDI, isopentenyl diphosphate delta isomerase). Condensation of IPP and 

DMAPP occurs in a head to tail fashion and generates the C-10 molecule 

geranyl pyrophosphate (GPP). Farnesyl pyrophosphate (FPP), geranylgeranyl 

pyrophosphate (GGPP) and geranylfarnesyl pyrophosphates (GFPP) are 

synthesized as the terpene precursors (Figure 1-2). Precursors are rationally 

classified depending on the number of isoprene units as follows: sesquiterpene 

(C15), diterpene (C20), sesterterpene (C25) and tetraterpene (C40) (Davis and 

Croteau 2000).  

The synthesis of the terpene group by MEA and MEP is considered to be 

secondary to the primary pathways, photosynthesis and glycolysis, in plant 

cells. However, secondary metabolites are not always generated because the 

products may have no essential metabolic function depending on the cellular 

environments (Calvo et al. 2002).   

Despite their unclear functions, a great number of researchers have been 

investigated the ecological role of terpenes in nature and in pharmaceutical 

development. The diversity of terpene structures provides enormous potential 

for mediating significant ecological interactions in nature. According to 

Langenheim et al., terpenes are synthesized in various cellular organelles of 

higher plants protect the plant’s metabolic processes from toxic factors in their 

surroundings. The protective effect of terpenes has been demonstrated against 

microbes, insects and photo-oxidative stress through the mediation of thermo-

tolerance (Pichersky and Gershenzon 2002). Anti-oxidant, antimicrobial and 

anti-insect activities of terpenes have been reported (Greay and Hammer 

2011).  
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Figure 1-1. Mevalonic acid pathway from glycolysis  

 

 

 

Figure 1-2. Precursors (GPP, FPP and GGPP) of terpene groups  
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Particularly, the mono- and sesquiterpene compounds are known to have 

ecological roles. Monoterpenes (C10) are compounds derived from GPP. They 

have been used for hundreds of years as flavor and fragrance agents. 

Structurally, monoterpene compounds can be classified into acyclic and cyclic 

groups of p-menthane, bornane, pinane, thujane, carene, iridane and irregular 

type (Porter and Spurgeon 1981) (Figure 1-3). These compounds are valuable 

building blocks for the synthesis of flavors, fragrances and pharmaceuticals 

compounds (Stolle et al. 2008).  

The pinane monoterpene has a bicyclic form with a cyclobutane ring, which 

can readily undergo ring expansion or ring opening. Also, additionally, the 

unsaturated carbon bond of the pinane structure is amenable to easy 

conversion. α-Pinene, a representative compound of the pinane type, widely 

occurs in conifer species. Pinane-type monoterpenes of conifers are known to 

act as toxins to fungal pathogens and a variety of herbivores, including 

various species of bark beetles. 

In contrast, menthane-type monoterpene is an important monoterpene 

structure that has a significant bioactivity enhancing effect. The p-Menthane 

(based on the 1-methyl-4-isopropyl cyclohexane skeleton) structure is the 

largest family of monocyclic monoterpenes. There are six representative 

skeleton structures (limonene, terpinolene, α-terpinene, γ-terpinene, α-

phellandrene and β-phellandrene) in nature (Newman 1972). Monoterpenoids 

with a p-menthane skeleton are present in many types of mint oil which is 

used as a flavoring agent. Menthol (C10H22O) is one of the most important 

compounds of p-menthane and is used as an antiseptic and anesthetic medical 

compound (Galeotti et al. 2002). Because of its pleasant flavor characteristics, 

and its cooling-anesthetic effect, menthol is used in many pharmaceuticals, 

oral health care products and cosmetics (Eccles 1994).  
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Recently several new bioactivities of the monoterpenes of the p-menthane 

type have been reported. For example, menthol and limonene have 

demonstrated anticancer effects, and menthone and menthol have shown anti-

allergic effects (Miyazawa et al. 1997).  
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Figure 1-3. Representative monoterpene skeletons 
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Approximately 5,000 sesquiterpenes (C15) structures have been reported. 

Although sesquiterpenes are found and accumulated in most plants and 

microorganisms, the biosynthesis is not as well understood as that for 

monoterpenes. Farnesyl pyrophosphate (Figure 1-2) is likely the intermediate 

in the biosynthesis of almost all other sesquiterpenes (McGarvey and Croteau 

1995).  

Sesquiterpenes have been reported to have diverse cyclic sturctures. Because 

of the increase in chain length and the additional double bond in FPP as 

compared to GPP, the number of possible cyclization modes is increased into 

a huge range of mono, bi, and tri-cyclic skeletons. FPP also allows for 

different asymmetric forms for folding the carbon chain and cyclization by 

electrophilic attack onto the appropriate double bond. A number of biological 

activities of sesquiterpene compounds have been investigated as well as the 

structural diversity. The representative structural backbones of the 

sesquiterpenes are known as humulene, caryophyllene, germacrene, elemane, 

eudesmane and bisabolene (Figure 1-4). Detailed descriptions of each 

backbone structure are below.    

Humulene-structured sesquiterpenes, also known as α-humulene or α-

caryophyllene, are found in hops (King and Dickinson 2003), and are 

naturally occurring in plants, such as Humulus lupulus (hops). α-Humulene 

and β-caryophyllene are important sesquiterpenes found in various EOs, and 

their major oxidation product is a caryophyllene oxide. Caryophyllene oxide 

is a flavoring compound for the production of cosmetic and industrial goods 

(Yang et al. 1993). The Potentiating effect of β-caryophyllene as an anticancer 

activity with α-humulene and paclitaxel has been investigated. It has been 

suggested that β-caryophyllene helps paclitaxel pass through the membrane 

and potentiates it anticancer activity (Legault and Pichette 2007).  
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The formation of the elemane-type sesquiterpenoids has been explained in 

terms of a Cope rearrangement of a germacra-1(10), 4-diene precursor 

(Gunatilaka 2012). The elemene groups, consisting of a number of 

hydrocarbons and oxygenated derivatives including lactones, were generated 

in many EOs. Elemol, the elemene alcohol, has a sweet woody odour with an 

almost floral undertone, and the EO fractions rich in this alcohol are used to 

perfume soap (Luebke 2011).  

The eudesmanes represent a broad family of sesquiterpenoids natural 

products containing approximately 1000 members, many of which exhibit 

antifungal, antibacterial, and anticancer activity (Wu et al. 2006). β-eudesmol 

is known to have unique effects on the nervous system, including blocking the 

nerve-evoked contraction and markedly alleviating muscle fasciculation, 

tremor and convulsion (Benoit and Changeux 1993). Cadinene is one of the 

many terpenoids found in the juniper berries used for making gin, and this 

compound is derived from the 10-carbon ring-containing the cis-germacryl 

cation. An instructive example is gossypol, a sesquiterpene dimer found in 

cotton that is formed from two cadinene units. (-)-Gossypol inhibits the 

growth of human breast cancer cells more than its (+) enantiomer (Gilbert et 

al. 1995). The bisabolane group of sesquiterpenes occurs in many 

commercially important EOs. (-)-α-Bisabolol is an active sesquiterpene 

alcohol, which is found in plants such as Vanillosmopsis erythropappa and 

Matricaria chamomilla. The compound is known for its anti-septic and anti-

inflammatory activity (Rocha et al. 2011). As the result, sesquiterpenes and 

their derivatives are important compounds for the flavoring and 

pharmaceutical industries because, individual sesquiterpenes offer a wide 

spectrum of interesting biologically active compounds.  
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Figure 1-4. Representative sesquiterpene skeletons 
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1.1.2. Production of terpenes by biotechnology 
 

Direct extraction from a plant’s tissues such as leaves, roots and bark is the 

most common method producing the essential oils containing natural terpenes, 

which are used for many different purposes including as fragrances and 

pharmaceutical agents. However, there are limitations that control the 

production of compounds from plants including weather or seasonal variation, 

risk of plant diseases and instability of the supplying area (Dubal et al. 2008). 

Furthermore, terpenoids are recovered at complex mixture at low 

concentrations (often less than 5%) (Table 1-1). Therefore, most terpenes are 

manufactured via organic synthesis.  

Preparative separation and purification of terpenes from plant organisms are 

performed by traditional chromatographic methods, which are tedious and 

usually require multiple chromatographic steps.  
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Table 1-1. Essential oil contents of typical plant sources 

Oil Plant source Plant part 
Oil contents 

(%) 

Major 

constituents 
Uses 

Citronella Cymbopogon 
Fresh 

leave 
0.5~1.2 

(+)-

Citronellal 

Geraniol 

(+)-

Citronellol 

Geranyl 

acetate 

Aromatherapy 

Perfumery 

Insect repellent 

Lemon Citrus limon 
Dried fruit 

peel 
0.1~3 

(+)-

Limonene 

β-pinene 

γ -terpinene 

citral 

Flavor 

Aromatherapy 

Orange Citrus sinensis 
Dried fruit 

peel 
0.3 

(+)-limonene 

myrcene 

Flavor 

Aromatherapy 
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Biological technology can be applied as a supplemental method to improve 

separation and purification. In the US, biotechnology has been defined as the 

use of biological or living systems or specific compounds derived from these 

systems. The primary biotechnological techniques related to the production of 

terpenes are as follows; (1) plant cell and tissues culture, (2) microbial 

fermentation and (3) bioconversion of substrates using whole microbial or 

plant cells and enzymes. (van der Werf Mariët J et al. 1997b).  

In this study, biotransformation processing is introduced for the production 

of terpenes. Biotechnological process called biotransformation or 

bioconversion means that the chemical modification of substrate is performed 

using an organism as a biocatalyst. Biocatalysts are natural catalysts, such as 

protein enzymes employed to perform a chemical transformation on non-

natural organic compounds (Turner 2009). Biocatalysts are distinguished by 

their high selectivity and efficiency; a multi-step synthesis can be performed 

as a one-step reaction by a biocatalyst. Therefore, production by biocatalysts 

can be an alternative tool for producing intermediates for drug and raw 

material processes used in the food and cosmetic industries.  

Biotransformation by biocatalysts represents a useful tool for the production 

of various chemical compounds because of the following main advantages: (i) 

reactions can be used to functionalize specific positions in the molecules that 

are not normally accessible by chemical methods, (ii) oxygen or other 

substituents can be introduced sterospecifically or regiospecifically, (iii) 

several individual reactions can be combined under mild reactions, and (iv) in 

some cases, it is less expensive to use a microorganism than organic or 

inorganic catalysts for synthesis.  

Studies of biotransformation of terpenes using enzymes, cell extracts and 

whole bacteria, cyanobacteria, yeast, microalgae, fungi or plant cells have 

been previously researched. (De Carvalho Carla CCR and da Fonseca 2006a). 

It has been demonstrated that whole cell biocatalysts can be more easily 
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obtained for less cost than isolated enzymes (Davies et al. 2012).  

Active biocatalysts from a broad variety of microorganisms have been 

researched by screening. In nearly two-thirds of the manuscripts published on 

the production and biotransformation of terpenes in the last decade, the 

biocatalysts used were either bacteria or fungi (De Carvalho Carla CCR and 

da Fonseca 2006a). fungi have been one of the most studied whole cell 

systems for microbial natural product isolation as well as for 

biotransformation reactions (Borges et al. 2009).  

The incidence of fungi in plants occurs by natural infection in humid 

environments, and fungal isolation can be considered as a first step in the 

emergence of secondary metabolites in plants and the activation of specific 

enzymes in fungi. One of the largest fungal groups of in nature is 

basidiomycetes. The basidiomycetes are composed of approximately 30,000 

species which include mushrooms. The white rot fungi belong to 

basidiomycetes, which live on dead or living timber that can produce volatile 

compounds. Basidiomycetes include diverse secondary metabolites such as 

antimicrobial agents, antifungal, antiviral and cytotoxic agents, enzymes, 

plant growth regulators and flavors (Frisvad et al. 2008).  

Basidiomycetes provide a rich source of novel oxido-reductases and 

combine simple bioprocessing with complex metabolism. In particular, 

basidiomycetes are able to completely degrade lignin, a polymer of p-

hydroxy-cinnamyl alcohols, and to metabolize the resulting phenolic 

monomer into an aromatic compound by their ligninolytic enzyme system; 

lignin peroxidase (LiP, EC 1.11.1.14) and manganese-dependent peroxidase 

(MnP, EC 1.11.1.13) and a phenol oxidase of the laccase type (EC 1.10.3.2). 

(Kirk 1971). The potential application of ligninolytic enzymes in 

biotechnology has been investigated, it could also be useful for improving the 

technological process of medicinal mushroom productions (Maciel and 

Ribeiro 2010).     
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Although there is published research of their enzymatic systems, the 

basidiomycetes from the host eucharis are arguably still among the world’s 

greatest unexplored resources for chemical diversity. This study was 

motivated from the relationship of the secondary metabolism between plants 

and fungi. However, the biological transformation of terpenes is not well 

understood. White rot fungus, P. brumalis, was used as the biocatalyst in this 

study even though there was limited genomic analysis of this organism and 

the terpene transformation reactions and related enzyme were not know until 

recently.  
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1.2. Literature review 
 

1.2.1. Biotransformation of terpene by microorganism 

 

The majority of published research on the biotransformation of terpenes has 

focused on monoterpenes. Monoterpene hydrocarbons (MOH) which are 

often produced as “waste” in industrial processing were used as the starting 

components or substrates for other reactions. Annually, thousands of tons of 

MOH such as limonene and α-pinene are purified from plants and then 

discarded because of their low flavor impact and chemical instability (Berger 

2009). In contrast to MOH, the alcohol, ketone, ester, and epoxide 

monoterpenes were commonly classified as terpenoids. Among them, 

monoterpene alcohol (MOA) has been widely used in the flavor industry. 

Many MOAs have pleasant odors that have practical applications in the flavor 

and fragrance industries; additionally many terpenoids are highly valued 

compounds for pharmaceutical products. Therefore many researchers have 

studied the functionalization of MOH into MOA, that is, the oxidation or 

epoxidation of the respective double bond and rearrangement.   

As explained earlier, in nearly two-thirds of the literatures published in the 

last decade on the biotransformation of terpenes,the biocatalysts that were 

used were either bacteria or fungi (De Carvalho Carla CCR and da Fonseca 

2006a). As the most widely studied microorganisms, bacteria (Pseudomonas 

spp. and Bacillus spp.), yeast (Saccharomyces spp.) and fungi (Aspergillus spp. 

and Penicillium spp) were used as biocatalysts.  

Pseudomonas PX1 bacterium isolated from soil, transformed pure α-pinene 

into cis-thugone and trans-carveol at a yield of 0.4 g/L (Gibbon and Pirt 1971). 

Another Pseudomonas strain was capable of transforming α- or β-pinene at 

low concentration (3~6 mg/L) into L-carvone (Rhodes and Winskill 1985). A 

commercially interesting microbial transformation of α-pinene was reported 
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in which the double bond in the primary ring structure was oxidized to form 

α-pinene oxide by Pseudomonas fluorescens. Pseudomonas flava UQM 1742 

isolated from eucalyptus leaves was found to utilize 1,8-cineole in a mineral 

salts medium as a sole carbon source.  

Yeast cells have also been used in biotransformation of terpenes and 

terpenoids. Candida reukaufi AHU 3032 and Rhodotorula minuta are able to 

sterioselectively reduce racemic mixtures of β-citronellal to β-citronellol 

(Mikami 1988).  

Penicillium digitatum fungus isolated from overripe oranges converted 

limonene to cis- and tran-carveol, carvone, limonene-4-ol and trans-mentha-

2,8-dien-1-ol as major products (Bowen 1975). Limonene is the most 

abundant monocyclic monoterpene in nature as present as enantiomer L-

limonene and dl-limonene. Aspergillus spp. and Penicillium spp. are 

representative fungi. Jan C.R Demyttenaere et al., showed the bioconversions 

of geraniol, nerol and citral by A. niger which is known to be a representative 

filamentous fungi. The main bioconversion products obtained from geraniol 

and nerol by liquid cultures of A. niger were linalool and α-terpineol 

(Demyttenaere et al. 2000). Geraniol was also transformed into a single 

bioconversion product, namely methyl heptanone, by the fungus P. digitatum. 

Additionally, geraniol can be converted by bacteria. A soil bacteria of 

Rhodococcus sp. Strain GR3 converted geranic acid ((2E)-3,7-dimethyl-octa-

2,6-dienoic acid). The optimum temperature for this bioconversion was found 

to be 30˚C (Chatterjee Tanaya 2004).  

Linalool occurs in many EOs, 80~85% (-)-linalool in Cinnamomum 

camphora oil and 60~70% (+)-linalool in coriander oil, as representing a 

precursor that is abundantly available in nature. (+)-linalool and (-)-linalool 

were biotransformed into linalool oxide by Botrytis cinerea (Mirata et al. 

2008). Linalool oxide isomers are valuable aroma compounds constituting the 

flavor of tea and being used in the perfume industry. Another research group 
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found 8-hydroxylinalool as the main linalool derivative after bioconversion of 

linalyl acetae by A. niger (Schrader and Berger 2001).  

The microbial conversion of the sesquiterpene alcohol, (-)-α-bisabolol, was 

investigated by Miyazawa et al. (-)-α-Bisabolol oxide B was identified as 

major metabolite by A. niger grown in glucose-peptone broth a mycelia. The 

transformed products, (-)-α-bisabolol oxide A and B, are probably derived 

from cyclization reaction on an intermediate epoxide of substrate, (-)-α-

bisabolol. So far, the biotransformations of MOH by catalyzing from bacteria, 

yeast and fungi have been described. However, there has been little discussion 

about sesquiterpene compounds despite of pharmalogical activities of 

sesquiterpenes. The synthesis of sesquiterpene structure by organic method is 

also quit difficult (Grieco et al. 1977).  
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1.2.2. Enzymes related to terpene biotransformation  

 

Typically, the physical state of the biocatalyst can be as isolated or purified 

enzymes or as the whole cell. Isolated or purified enzymes can be handled like 

any other chemical catalyst. However, enzymes often have drawbacks such as 

sensitivity, high cost, substrate specific activity and cofactor requirements. 

Some research groups have reported that some enzymes induced 

transformation reaction. In accordance with the Nomenclature Committee of 

the International Union of Biochemistry and Molecular Biology 

(www.chem.qmul.ac.ukliubmb/enzyme), enzyme are grouped according to 

their function into six classes; oxido-reductases, hydrolases, lyases, 

transferases, isomerases and ligases.  

In the biotransformation of terpene compounds, the reactions by oxido-

reductases have generated the most interest. The reactions catalyzed by oxido-

reductases effect hydroxylation, epoxide formation, alcohol dehydrogenation 

and hydration (Figure 1-5).  

 

  

http://www.chem.qmul.ac.ukliubmb/enzyme
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Figure 1-5. Reactions by oxido-reductases  

  



21 

 

The primary oxido-reductase that promotes monoterpene biotransformation 

is cytochrome P450 (CYP 450). CYP450 is potent oxidant that is able to 

catalyze the hydroxylation of saturated carbon-hydrogen bonds, the 

epoxidation of double bonds, dealkylation reactions and oxidation of 

aromatics (Meunier et al. 2004). CYP 450 enzymes have a wide range of bio 

catalytic conversion mechanisms, and the general reaction equation is well 

understood.  

The complex formed from CYP 450 monooxyganase and NADPH-CYP 450 

reductase, is involved in biotransformation of tepenes. CYP 450 has been 

investigated as a mechanism for the oxidation of (+)-valencene to (+)-

nootkantone. The oxidation of (+)-valencene is an attractive synthetic route to 

the high-value compound (+)-nootkantone (Sowden et al. 2005). (+)-

Valencene is found in organe oil while its ketone derivative (+)-nootkatone is 

a sought after fragrance compound found in grapefruit juice. It should be 

noted that the CYP 450 used in this reaction was remodeled by designed 

mutagenesis from P450cam of Pseudomonas putida. P450cam (CYP101) is 

the most well characterized P450 enzymes from the soil bacterium 

Pseudomonas putida. P450cam (CYP101) catalyzes the oxidation of (+)-

camphor to 5-exo-hydroxycamphor. The P450cam system has been studied 

extensively, and the crystal structure of different forms of the enzyme with a 

variety of molecules bound within the active site has been determined (Poulos 

et al. 1986).  

Linalool monooxygenase from Pseudomonas putia catalyzed the conversion 

of linalool into 8-hydroxylinalool (van der Werf Mariët J et al. 1997b). α-

Terpineol monooxygenase from a Pseudomonas sp. catalyzed the 

transformation of α-terpineol into 7-dydroxy-α-terpineol. This 

biotransformation focused on catalytic function and purification of enzymes 

from whole cells rather than the use commercialized enzymes.   
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Also, Epoxide hydrolases are one of the most versatile biocatalysts. 

Steinreiber and Faber characterized a novel hydrolase (i.e., limonene-1,2-

epoxide hydrolase) from Rhodococcus erythropolis that catalyzed the 

hydrolysis of limonene-1,2-epoxide to limonene-1,2 diol; its activity in cell 

extracts was 795 nmol/min mg protein when the cells were grown in (+)-

limonene (Steinreiber and Faber 2001).  
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1.2.3. Oxido-reductase and terpene metabolism of 

basidiomycetes  

 

Basidiomycetes present a rich source of novel oxido-reductases and combine 

easy bioprocessing with complex metabolism. The most well-known oxido-

reductase enzyme is the ligninolytic enzyme system which includes lignin 

peroxidase (LiP, EC 1.11.1.14), manganese-dependent peroxidase (MnP, EC 

1.11.1.13) and a phenol oxidase of the laccase type (EC 1.10.3.2). (Kirk 1971). 

The potential application of ligninolytic enzymes in biotechnology has been 

investigated, and could be useful for improving the technological processes 

involved in medicinal mushroom productions (Maciel and Ribeiro 2010).     

The ligninolytic enzymes of white rot fungi are highly nonspecific, which is 

acceptable for a wide range of substrate. Laccase can catalyze the oxidation of 

a wide range of compounds including phenols, polyphenols, aromatic amines 

and non-phenolic substituents (Tzialla et al. 2009). The fungal laccase 

induced the allylic oxidation of the bicyclic sesquiterpene, converting 

valencene to nootkatone (Huang et al. 2001). Cell free enzymatic generation 

of sesquiterpene has been proposed using isolated fungal laccase (Rongmin et 

al. 2003), as well as lignin peroxidase (Haider 1996).  
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Although the transformation of terpenes as well as other applications of 

basidiomycetes is not well studied, the basidiomycetes of eucharis are 

arguably still among the world’s greatest unexplored resources for chemo-

diversity.  

Six sesquiterpene synthase (Cop1 to Cop 6) and two terpene oxidizing 

cytochrome P450 monooxygenases were reported to be present in Coprinus 

cinereus. Muurolene and cadinene were produced by expressing Cop1, Cop 2 

and Cop 3. However, relatively few microbial enzymes of terpene synthase 

have been characterized.  
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1.2.4. Molecular biological approach for identification of 

enzyme systems of whole cells    

 

Biotransformations by whole cells of microorganisms, which have the 

ability to regenerate their own respective cofactors and exhibit a range 

spectrum of enzymatic activity, are very useful tool in biosynthesis. 

It is becoming easier to acquire information about a particular enzyme due to 

the huge amount of data obtained through studies on genomes, transcriptomes 

and proteomes. However, there currently is little information in the data bases 

describing basidiomycetes.   

A transfer of genes that code for the key enzymes catalyzing the desired 

biosynthetic reactions has been performed as a fundamental approach (Giri et 

al. 2001). Over the past few decades, genetic work in the field of isoprenoid 

metabolism has resulted in the cloning of a number of geranyl and farnesyl 

diphosphate cyclases. However, the knowledge of terpene biosynthesis in 

fungi is still quite limited, despite the diversity of terpene compounds that are 

biosynthesized by fungi. Therefore, most research about basidiomycetes such 

as identification, cloning and characterization of terpene synthases are 

performed without sequence information. Peptide sequencing of resultant 

amino acid sequences which is used for DNA hybridization or for PCR 

amplification form either cDNA libraries or genomic DNA. These approaches, 

while effective, are laborious and time consuming, resulting in a significant 

delay between the discovery of a biological activity and the identification of 

the biosynthetic genes involved.   

Recent approaches have taken advantage of the fast-developing field of NGS 

(next generation sequencing) to examine cDNA (complementary DNA) 
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libraries and even full genomes for the presence of target gene. NGS 

technologies can obtain high-quality sequence data from a genome isolated 

from a single cell, which is a substantial breakthrough (Metzker 2010). NGS 

technology enables rapid sequencing of large stretches of DNA spanning 

entire genomes, and the latest instruments capable of producing hundreds of 

gigabases of data in a single sequencing run.  

Since the sequencing of the first white rot fungus genome, Phanerochaete 

chrysosporium, an increasing number of genomes and transcriptomes of wood 

decay basidiomycetes have been reported, including Postia placenta, 

Ganoderma lucidum, Heterobasidium irrelgulare, Fomitiporia mediterranea, 

Fomitopsis pinicola, Gloeophyllum trabeum, Trametes versicolor and Stereum 

hirsutum.  
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1.3. Objectives 

 

The general introduction of microbial transformation of terpene compounds 

was described in chapter 1. From this pre-view, several questions arise; (i) Is 

it possible to identify a biocatalyst from basidiomycetes that converts terpene 

compounds? (ii) How can terpene precursors be structurally converted? (iii) 

What types of enzymes can be induced for the conversion reaction?  

Thus, the primary purpose of this study is the production of valuable 

terpenoids using whole cells from basidiomycetes, as biocatalysts. Two other 

objectives are as follows; the chemical structure changes such as cyclization 

or oxidation steps of the simple skeleton and, profiling analysis of 

transcriptome of P. brumalis by high-through-put sequencing technology are 

approached to elucidate the mechanism of biotransformation of terpenes.  
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Chapter 2 

Biotransformation of α-pinene and 

geraniol by Polyporus brumalis 
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2.1. Introduction 

 

Monoterpenoids are important flavor and fragrance compounds that have 

pleasant odors (van der Werf M. et al. 1997a) and are produced by branched- 

chain C-10 hydrocarbons formed from geranyl pyrophosphate (GPP). In 

general, monoterpenoids are extracted from plants, such as herbs and higher 

plants, as major components. However, the isolation process is difficult and 

expensive due to their high purities in natural sources, and thus 

monoterpenoids are thus recovered at low concentrations. Although many 

synthetic monoterpene compounds are available at low prices, consumers still 

prefer compounds derived from natural sources. Therefore, using 

biotransformation to produce natural products is an attractive method to 

prepare chemical derivatives of natural compounds. The biotransformation of 

terpenes has been a topic of interest because it is possible to chemically 

transform terpenes using biocatalysts under mild reaction conditions, and the 

products of this type of reaction are defined as “natural” (De Carvalho 

C.C.C.R. and Da Fonseca 2006b). 

In this study, the microbial transformation of monoterpene compounds was 

performed using the whole cells of wood rot fungi. As described above, the 

biotransformation process refers to the structural transformation of a substrate, 

i.e., starting compounds, by a biocatalyst. α-Pinene (C10H16) and geraniol 

(C10H18O) are used as substrates. α-Pinene is classified as a monoterpene 

hydrocarbon (MOH), and MOHs are occasionally used as starting compounds 

for microbial transformations due to their simple structures and availability in 

large quantities as byproducts from the pulp industry, such as turpentine. The 

α-pinene is recovered in 60~70% yield from the crude sulfate turpentine 

refined from the Kraft processing of pinewood by fractional distillation 
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(Sathikge 2008). Structurally, α-pinene has a bicyclic, unsaturated alkene, 

which is highly reactive and amenable to modification via chemical synthesis.  

Geraniol is classified as a monoterpene alcohol (MOA) and is also an 

important substrate for biotransformation. It is the precursor of 

monoterpenoids with an acyclic structure that can be converted into diverse 

monoterpenoids by cyclization, rearrangement and oxidation. Its natural form 

occurs in geranium oil in which is widely used as a substitute for the floral 

rose scent in the perfumery and cosmetic industries (Gomes et al. 2007). In 

this study, the transformed products were quantitative and qualitative analyzed 

by GC MS and GC FID.  
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2.2. Materials and methods 

 

2.2.1. Fungi and fungal suspension  

 

Screening tests were conducted to identify a suitable biocatalyst. In this 

study, 11 white rot fungi and six brown rot fungi were used (Table 2-1). These 

were provided by the Korea Forest Research Institute, Korean Collection for 

Type Culture, Korea University and the American Type Culture Collection. 

The provided fungi were pre-inoculated in PDA (Potato Dextrose Agar) 

medium and maintained in a stationary incubator at 28˚C for seven days. 

After seven days, the mycelium had fully grown and reached the edge of the 

Petri dishes and the layer of mycelium covering the agar medium was directly 

separated from the medium using platinum wire. Then, the mycelium was put 

into the container of a homogenizer with 20 ml of distilled water on a clean 

bench. The contents of the container were ground in the homogenizer was 

grind for 2 min. Finally, the mycelium of the fungi was obtained as 

suspension (Figure 2-1). The dry weight of 1 Ml of fungal suspension was 

calculated after 3 h on a drying machine at 121℃.  
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Table 2-1. Basidiomycetes used in screening test on biotransformation of α-pinene 

Classification Scientific name 

White rot Heterobasidion annosum 

 Abortiporus biennis 

 Coriolus consors 

 Ganoderma applanatum 

 Ceriporiopsis subvermispora 

 Cystidiodoniia isabellina 

 Lentinus edodes 

 Polyporus brumalis 

 Stereum hirsutum 

 Trametes versicolor 

 Pleurotus eryngii 

Brown rot Fomitopsis pinicola 

 Laetiporus sulphureus 

 Postia placenta 

 Pholiota lubrica 

 Gloepgyllum sepiarium 

 Gloeophyllum trabeum 
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Figure 2-1. Preparation of fungal suspension 
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2.2.2. Substrates 

 

α-Pinene and geraniol were used as the substrates and were purchased from 

Sigma-Aldrich Korea. The characteristics of the substrates are listed in Table 

2-2. 

     

 

Table 2-2. Chemical structure of substrates 

Terpene Molecular 

formula 
Purchase Structure 

Monoterpene 

α-Pinene 

(C10H16) 
Sigma-Aldrich Korea 

 

Geraniol 

(C10H18O) 
Sigma-Aldrich Korea 

OH
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2.2.3. Biotransformation      

 

The biotransformation process was conducted in three steps; preparation of 

the substrates and biocatalyst, reaction upon substrate addition to the fungal 

culture and identification of the transformed metabolites. The reaction was 

carried out in a liquid culture reactor (500-mL Erlenmeyer flask) to obtain 

high recovery rates of the biocatalyst and transformed products. Synthetic 

medium (SM) was used for the liquid culture. The elements of SM are as 

follows; 1% glucose(C6H12O6), 0.02% ammonium tartrate (C4H4O6), 0.01% 

monopotassium phosphate (KH2PO4), 0.05% magnesium sulfate (MgSO4) and 

0.01% calcium chloride (CaCl2). SM medium was modified from SSC 

(Shallow Stationary Culture) medium which was proposed by Kirk et al. 

(1987) for the activation of specific enzymes, such as ligninolytic enzymes. 

After preparation of the culture, 1 mL of the fungal suspension (dry cell 

weight: 5 mg/ml) was inoculated into 500 ml of SM culture in a 1-L 

Erlenmeyer flask. The flasks were incubated in a stationary incubator at 28°C 

for 5 days, to avoid toxic effects generated from adding the substrates to the 

whole cells. During this culture time, the germination of spores and mycelial 

growth took place.  

After five days, 25 mg of each substrate, α-pinene and geraniol, were 

directly added to growing cells in separate SM cultures. Then, the flasks were 

sealed with a rubber stopper and placed in a shaking incubator at 26˚C and 80 

rpm.  
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2.2.4. Products analysis     
 

The transformed products were analyzed by gas chromatography for the 

identification of volatiles. Every five days, 5-mL aliquots of culture were 

removed from the reaction cultures and extracted 3 times with 5 mL of ethyl 

acetate using a shaking extractor with added sodium chloride (NaCl) to aid the 

extraction via the salting out effect.   

The transformed products were analyzed by gas chromatography (GC). 

Qualitative and quantitative analyses were performed using the FID and MS 

detectors. The stationary phase of the GC MS was a DB-5 column (dimension 

30 m × 0.25 mm, coating thickness of 0.25 um) and the carrier gas was He at 

a flow rate of 1 ml/min. The working conditions were injection and detector 

temperatures of 300˚C and 250˚C, respectively. The oven temperature was 

increased from 40 to 280˚C at 5˚C /min, with initial and final holding times of 

10 min. A split ratio of 5:1 was used, and the mass range was from 50 to 800 

m/z. Peak identification was based upon comparison of the mass spectra with 

the NIST 08 (National Institute of Standard and Technology) library and with 

the spectra of injected standards. The identification of the retention indices of 

individual compounds was based on comparison of their relative retention 

times with an n-alkane (C8-C30) mixture using a DB-5 column.   

Additionally, quantitative analysis of compounds was performed with an 

Agilent model 6890A gas chromatograph equipped with a split injector and 

FID detector.  
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2.3. Results and discussion 

 

2.3.1. Quantitative analysis of monoterpenes 

 

The quantitative analysis of the terpene compounds was by GC FID with 

external standards. α-Pinene, geraniol and α-terpineol were used as external 

standards for the analysis. The calibration range, calibration curve equation 

and correlation values for each compound are displayed in Table 2-3. The 

correlation values (R
2
) of α-pinene, geraniol and α-terpineol ranged from 

0.96~0.99. The concentrations of the substrate and the transformed products 

during biotransformation were being calculated based on these results. 
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Table 2-3. Calibration curve equation and correlation values (R2) of compounds by 

GC FID analysis  

Substrate 
Calibration level 

(ppm) 
Regression equation 

Correlation 

coefficient 

(R
2)

 

α-Pinene 3.12-50 y = 2.5548x + 0.9739 0.9944 

Geraniol 3.12-50 y = 15.087x + 0.9989 0.9603 

α-Terpineol 3.12-50 y = 30.672x+0.1917 0.9987 
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2.3.2. Screening of basidiomycetes as a biocatalyst  

 

Sixteen species of basidiomycetes were used for the selection of a suitable 

biocatalyst that could transform the terpene compounds. The 

biotransformation of (-)-α-pinene by fungi was carried out for 4 days after 

direct addition of the substrate to a 3 day-old culture. The Products were 

qualitatively identified by purge and trap GC-MS.  

The fungi that were used for the biotransformation of α-pinene exhibited 

different results after three days. Among the tested fungi, S. hirsutum and P. 

brumalis transformed the α-pinene into other products. S. hirsutum 

transformed (-)-α-pinene into verbenone (27.64%) as the major product, with 

relatively minor products including myrtenol (17.75%), camphor (8.49%) and 

isopinocarveol (3.10%). Verbenone, verbenol, myrtenol and isopinocarveol 

have previously been described as major products that are biotransformed by 

Hormaonema sp. (Van Dyk et al. 1998), a basidiomycetes fungi (Busmann 

and Berger 1994) and Aspergillus niger (Prema and Bhattacharyya 1962). In 

the P. brumalis experiment, α-terpineol (30.38%), fenchol (7.78%) and 

borneol (5.19%) were produced from α-pinene. However the other fungi did 

not transform the substrate.  
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Therefore, these results demonstrated the biotransformation of α-pinene by 

the biocatalyst, P. brumalis, which transformed it into specific products. The 

classification of P. bruamalis was proposed by Clements and Shear. Also, P. 

brumalis was separated from A. holophylla in South Korea (Lee et al. 2010). 

In previous studies, the laccase gene was isolated from P. brumalis, which 

exhibited a high capacity for survival under toxic conditions and has the 

ability to degrade recalcitrant chemicals.     

Although it has not been reported to possess the machinery required for 

terpene metabolism, P. brumalis was selected as the biocatalyst for the 

biotransformation in this study.
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Table 2-4. Transformed products from (-)-α-pinene by S. hirsutum and P. brumalis  

Fungi Compounds RI 
Relative 

amount, %
 a
 

Mass spectral data
b
 

S. hirsutum 

α-Pinene 937 0.99 93(BP),91,92,77,79,121,136,105,94,80 

Isopinocarveol 20.62 3.10 83(BP),69, 55, 95, 81, 97, 67, 91, 152, 92 

Camphor 1144 8.49 95(BP),41, 81, 69, 55, 108, 152 

Myrtenol 1198 17.75 79(BP),95, 91, 93, 108, 79 

Verbenone 1206 27.64 107(BP),91, 135, 79, 80, 39, 41, 150, 108, 49 

 Fenchol 1097 7.78 81(BP),80, 69, 94, 71, 82, 67, 111, 93 

P. brumalis Borneol 1150 5.19 95(BP),110, 93, 139, 96, 67, 121, 55, 136, 79 

 α-Terpineol 1189 30.38 59(BP),93, 121, 136, 81, 92, 67, 79, 68 

a
:
 
Percentage of peak area is the ratio of each peak area to total peak area on the basis of TIC values of  

GC-MS purge and trap analysis 
b
:Major fragmentation ions, base peak(BP) and other ions in decreasing order of relative abundance 
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2.3.3. Biotransformation of α-pinene by P. brumalis 

 

The biotransformation reaction was continued for 10 days after the direct 

injection of the substrate, α-pinene, into the 500 mL cultures of P. brumalis 

that were pre-grown for three days. Every two days, 5 mL of culture medium 

were removed from the cultures extracted with 5 mL of ethyl acetate and then 

analyzed by GC-MS.  

Figure 2-2 displays the transformed products from cultures of P. brumalis 

and control. In this study, parallel control experiments were performed using a 

substrate-free culture and a biocatalyst-free culture because monoterpene 

hydrocarbons could be transformed by reaction with themselves or the 

medium, and fungi are usually capable of producing a wide range of 

metabolites via their secondary metabolism. No transformation products were 

observed in the biocatalyst-free culture (Figure 2-2a).  

Figure 2-2b displays the transformed products from α-pinene after 5 days. 

Their relative proportions by GC MS analysis are displayed in Table 2-5. 

After 5 days, α-terpineol (35.85%), fenchol (5.54%), borneol (8.59%) were 

detected, relatively.  

In particular, the α-terpineol concentration (35.58-39.05%) was constantly at 

a high proportion from 5 days to 10 days, indicating that no further 

transformation occurred. α-Terpineol is an important monoterpenoid with a 

lilac odor (Tan and Day 1998). The α-terpineol is among the top 30 commonly 

used flavor compounds (Welsh et al. 1989). It is listed by the FDA (Food and 

Drug Administration) as a synthetic flavoring substance that is directly added  

to food for human consumption(Cording et al. 2000). It is typically used in 

soap, in both cosmetics and flavor preparations (Bauer et al. 2008). However, 

the relative proportion of α-terpineol in the essential oils is under 0.1~ 5.8% 
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of the natural compounds. Therefore, α-terpineol is commonly produced by 

acid-catalyzed chemical synthesis from α-pinene or turpentine oil. Borneol 

and fenchol were identified as minor compounds that are used in the fragrance 

industry. 

Structurally, α-terpineol, a major product, is defined monoterpene alcohol 

and classified to p-menthane (C10H20) skeleton. α-Pinene is defined NOH and 

classified to pinane skeleton as described above (Chapter 1, Figure 1-2). 

Figure 2-4 indicates the predicted synthesis mechanisms of α-terpineol from 

α-pinene based on the pathway by in plant’s cells (Dewick 2011). The 

important reaction is a chemical shift by oxidation of the double bond in the 

primary ring of α-pinene and the hydration of α-terpinolene to α-terpineol.  

The biotransformation of α-pinene into α-terpineol has been described in the 

literature (Rottava et al. 2011). Candida tropicalis which is a species of yeast 

in the genus Candida, induced the transformation of α-pinene into α-terpineol 

within 4 days and with a 0.5 g/L yield (Chatterjee T et al. 1999).  

The microbial oxidation of α-pinene Serratia marcescens has also been 

reported. A strain of the bacterium S. marcescens can oxidize the terpene 

hydrocarbon, α-pinene, to produce trans-verbenol as the major product. 

However, a change in the nitrogen source caused S. marcescens to produce α-

terpineol as the major oxidation product (Wright et al. 1986). Yoo et al, 

described the biotransformation of α- and β-pinene by Pseudomonas sp. As a 

result, α-terpineol, ρ-cymene, α-terpinolene, camphor, terpinene-4-ol, endo-

borneol, and cimene-8-ol were produced from limonene (Yoo et al. 2001) A 

fungus, Aspergillus niger, was also used as a catalyst for this 

biotransformation, and the compound obtained was α-terpineol with row 

conversion rate. Additionally, fenchol contains a 5-membered ring structure, 

which is synthesized from the pinyl cation (four membered ring) by 1, 2-alkyl 

shift rearrangements.  
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Figure 2-2. TIC (Total Ion Chromatogram) by GC MS analysis  

(a) non-substrate control after 5days,  

(b) biotransformed products by P. brumalis after 5days  
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Table 2-5. Transformed products from (-)-α-pinene by P. brumalis after 5 day  

Fungi Compounds RI 
Relative 

amount, %
 a
 

Mass spectral data
b
 

 Fenchol 1097 5.54 81(BP),80, 69, 94, 71, 82, 67, 111, 93 

P. brumalis Borneol 1150 8.59 95(BP),110, 93, 139, 96, 67, 121, 55, 136, 79 

 α-Terpineol 1189 35.85 59(BP),93, 121, 136, 81, 92, 67, 79, 68 

a
:
 
Percentage of peak area is the ratio of each peak area to total peak area on the basis of TIC values of  

GC-MS purge and trap analysis 
b
:Major fragmentation ions, base peak(BP) and other ions in decreasing order of relative abundance 
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As the results, P. brumalis catalyzed the oxidation of double bond of α-

pinene and hydration of α-terpinolene. As described in the above literature 

review, oxidoreductases can catalyze oxidation or hydration. In previous 

studies, oxidation was catalyzed by cytochrome P450 and laccase in fungi. 

However, no attempt to verify the existence of these enzymes in P. brumalis 

has been reported.   

As many characterized enzymes involved in monoterpene transformation 

appear to have broad substrate specificities, these systems might also be used 

for the production of closely related terpenoids. Therefore, additional 

biotransformations using other alkene structures, such as β-pinene and 

limonene were investigated. β-Pinene is an isomeric form of α-pinene that 

accompanies it in most sources of the hydrocarbon. Limonene is also the most 

abundant monoterpene hydrocarbon in nature. The reactions of β-pinene and 

limonene were carried out under the same conditions of the α-pinene 

experiment. After 4 days, α-terpineol was detected from β-pinene, and 

limonene oxide was identified from limonene. Thus, P. brumalis is capable of 

transforming similar monoterpene hydrocarbons.  

These results demonstrated that the use of whole cells of P. brumalis can 

transform monoterpene hydrocarbons into monoterpene alcohol compounds, 

such as α-terpineol and limonene oxide.  

However, α-pinene and α-terpineol are synthesized from geranyl 

pyrophosphate in plants. Additional transformations of monoterpene 

precursors were performed using P. brumalis for the biosynthesis of more 

diverse terpenoids. 
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Figure 2-3. Biotransformation of P. brumalis after 5 days 

  

 

 
 

Figure 2-4. Predicted synthesis mechanisms based on plant’s synthesis (Dewick 2011) 
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2.3.4. Biotransformation of geraniol by P. brumalis 

 

Geraniol (2-trans-3,7-dimethyloca-2,6-dien-1-ol) is one of the most 

important substrates in the biotransformation of monoterpenes. It is known to 

be a precursor of FPP and GGPP, which can be converted into diverse mono-, 

sesqui- and diterpenoids. 

The biotransformation of geraniol was performed under the same conditions 

as the α-pinene biotransformation. The transformed products, linalool and 

citronellol, were converted from geraniol in comparison to controls, after 5 

days (Figure 2-6). These two products are known to be monoterpene alcohols 

and are isomers of geraniol produced by ionization and reduction.  

These are not only widely used in flavor and fragrance industries but are also 

distributed widely in various plants. Linalool is present in the essential oils of 

rosewood, bergamot, rose, jasmine and lavender (Sköld et al. 2002). Linalool 

has also a sweet floral taste, and it is often used as an ingredient of perfumes, 

pesticides, and for the chemical synthesis of vitamins A and E (Sugawara et al. 

2000). Citronellol (3,7-dimethyl-2,6-octadien-1,ol) is a major component of 

lemon scented essential oils extracted from lemon grass, melissa and verbena, 

which are used as food additives and fragrance agents in cosmetic industry.        
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Figure 2-5. TIC of transformed products from geraniol by GC MS analysis after 10 

days. (a) Control without fungus, (b) biotransformed products by P. brumalis 
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Figure 2-6. Biotransformation of geraniol by P. brumalis after 5 days 
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Table 2-6. Transformed products from geraniol by P. brumalis after 5 day  

Fungi Compounds RI 
Relative 

amount, %
 a
 

Mass spectral data
b
 

P. brumalis 

Linalool 1081 8.54 93(BP),55, 71, 80, 83,93.105,121,136,154 

Citronellol 1208 3.86 93(BP),55,69,81,93,109,123,136,156 

Geraniol  1215 49.85 93(BP),53,69,79,93,11,123,136,154 

p-Menthane-3,8-diol 1301 5.57 59(BP),55,69,81,96,121,139,154 

Isopulegol  1350 2.45 59(BP),55,69,81,93,107,121,136,154 

a
:
 
Percentage of peak area is the ratio of each peak area to total peak area on the basis of TIC values of  

GC-MS purge and trap analysis 
b
:Major fragmentation ions, base peak(BP) and other ions in decreasing order of relative abundance 
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After 10 days, other transformed products, isopulegol and p-menthane-3,8-

diol (PMD), were also identified in the P. brumalis culture. Beside this, no 

further transformation was identified (Figure 2-5 b).  

Structurally, isopulegol (2-isopropenyl-5-methyl-cyclohexanol) and ρ-

menthane-3,8-diol are classified as having a ρ-menthane skeleton which 

contains one ring. Thus, P. brumalis catalyzed cyclization from the acyclic 

structure of geraniol to monocyclic forms with the ρ-menthane skeletons.  

A number of ρ-menthane monoterpenoids are used as flavor or 

pharmaceutical compounds. In particular, isopulegol (C10H20O) is an 

important intermediate in the manufacture of menthol (C10H20O), and has 

possesses the characteristic peppermint odor and cooling effect (Chuah et al. 

2001). Isopulegol has also been used in the synthesis of natural products, such 

as pheromones (Zardoost et al. 2012). PMD (ρ-menthane-3,8-diol), another 

transformed product, is used an active ingredient used in insect repellents. It 

has a smells that is similar to menthol and has a cooling feel. It was registered 

as an active ingredient by the US. PMD can be synthetically manufactured 

from citronellal. Sulfuric acid is used for the cyclization from an acyclic 

starting compound, citronellal, to monocyclic PMD. Despite the advantages of 

heterogeneous catalytic systems in  advantages of performing the cyclisation 

of citronellal, the methods described involve the use of hazardous solvents, 

heating, a high molar ration of the catalyst, expensive catalysts or the 

requirement of special treatment for its activation (Jacob et al. 2003). 

Furthermore, studies have found that repellents containing synthetic PMD 

mixtures are not as effective as naturally derived PMD (Carroll and Loye 

2006).  

Therefore, the synthesis of PMD by P. brumalis could be used to prepare 

‘natural PMD’. To clarify the mechanism of synthesis of isopulegol and PMD, 

the biotransformations of linalool and citronellal were also performed. 

The results indicated that the transformations of linalool and citronellal 



53 

 

proceeded differently. PMD was identified from the biotransformation of 

citronellal after 10 days. These results indicated that PMD was synthesized 

from citronellal via cyclization catalyzed by P. brumalis.   

  

 

  

  



54 

 

 

 

Figure 2-7. Biotransformation of geraniol by P. brumalis after 15 days 
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Figure 2-8. Biotransformation of citronella to PMD by P. brumalis 
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2.3.5. Effect of substrate concentration  

 

Each substrate, α-pinene and geraniol, were added to cultures at a 

concentration of 0.05 mg/ml. After 72 h, the main transformation products of 

α-terpineol, from α-pinene displayed a highest yield of 0.024 mg/ml (Figure 

2-9) by GC FID analysis (quantitative analysis with external standard), in 

which α-pinene completely disappeared after 72 h. In organic synthesis, the 

hydration of a-pinene catalyzed by zeolite leads mainly to monocyclic 

terpenes and alcohols with a-terpineol as the main product (up to 48%).  

The major product, α-terpineol, produced by P. brumalis exhibited a low 

concentration relative to the α-pinene substrate. These results might be 

affected by the high volatility of the substrate. In particular, a main property 

of MOHs, such as α-pinene, is their high volatility, which causes serious 

problems during large-scale bio-production. In this study, the reaction was 

performed in an Erlenmeyer flask with a rubber stopper in a shaking incubator 

because the most interesting biotransformation reactions are oxygen- 

dependent. However, conditions of the reaction such as vigorous aeration may 

result in substrate and product losses.   

To clarify the trends of the product yields, concentrations of the substrate 

were increased from 0.05 mg/ml to 0.10, 0.15 and 0.20 mg/ml. After 72 h, the 

yield of α-terpineol increased to 0.024, 0.39 and 0.057 mg/ml, respectively.  

However, at the 0.25 mg/ml of substrate concentration, the production of α-

terpineol was decreased (Figure 2-10).  

Thus, the transformation rate did not increase in a manner that was 

dependent upon the concentration of the substrate. At the certain 

concentration of 0.25 mg/ml, the reaction might be inhibited by substrate 

toxicity to the fungus.  
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Toxic effects of substrates and products have been correlated with low 

solubility and with volatility problems in the transformation process. The high 

concentrations of monoterpenoids could result in cell lysis of some bacteria 

and fungi (Andrews et al. 1980, Sikkema et al. 1995).   

In contrast, 0.05 mg/ml of geraniol was transformed to PMD at a 

concentration of 0.038 mg/ml after 20 days (Figure 2-11). The results 

indicated a higher conversion rate than in the α-pinene experiment.  

However, with increases in the substrate concentration to 0.10, 0.15 and 0.2 

mg/ml, the yield of PMD was rapidly decreased (Figure 2-12). Additionally, 

the mycelium in the culture containing higher concentrations of geraniol did 

not increase in comparison to the α-pinene and substrate-free controls. 

Therefore, although geraniol exhibits lower volatility, its toxic effects to P. 

brumalis resulted in a low concentration of products. Despite the production 

of α-terpineol and geraniol, substrate volatility and toxicity were challenges in 

the biotransformation process.  
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Figure 2-9. Concentration of α-pinene and α-terpineol during cultivation 

 

 

Figure 2-10. Concentration of α-terpineol by substrate addition after 5 days  
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Figure 2-11.Concentration of geraniol and PMD during cultivation 

 

 

      

Figure 2-12. Concentrations of PMD and geraniol by substrate addition after 20 days 
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2.3.6. Reversible conversions of α-pinene   

 

In the α-pinene transformation experiment, it is noteworthy that 

phenemonene was identified. To further identify transformation reactions, 

cultivation times were increased to 25 days. As a result of this increase, α-

pinene and α-terpinene were regenerated in the cultures with along with the 

new prodcuts of β-eudesmane, β-guaiene and r-muurolene. These results 

indicated that dehydration and bicyclic ring formation were reacted by 

reversible reaction (Figure 2-13 and Table 2-7). Reversible reactions by 

biocatalysts during biotransformation have been reported. However, the 

biotransformation scenario is more complicated. Reversible reactions can 

occur if the concentration of the nucleophile that attacks the acyl-enzyme 

intermediate is limited and not in excess. The easiest way to make the reaction  

irreversible is to use special substrates (Faber 2011).  

The additional identified products, β-eudesmane, β-guaiene and r-muurolene 

are known the sesquiterpene. These constituents may be derived from the 

fungus because fungus can synthesize sesquiterpenes as secondary 

metabolites. Further discussion of these results is described in Chapter 3. 

However, further reactions did not occur because the culture of the mycelium 

reached the death phase.  
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Figure 2-13. TIC of transformed product of α-pinene by P. brumalis after 25 days 

 

 

Table 2-7. Transformed products by GC MS analysis 

 
RT Compounds Relative area (%) 

1 11.24 α-Pinene 1.14 

2 13.12 α-Terpinolene 2.20 

3 32.261 β-Eudesmane 1.59 

4 35.68 β-Guaiene 2.32 

5 37.61 γ-Muurolene 1.12 
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2.4. Conclusions  

 

In conclusion, whole cells of P. brumalis catalyzed the transformation of 

monoterpene compounds, α-pinene and geraniol. α-Terpineol and ρ-

menthane-3,8-diol were identified by GC MS analysis as the main products of 

the transformation of a-pinene and geraniol, respectively. These products are 

useful compounds in the flavor and fragrance industries. P. brumalis catalyzed 

the hydration of α-pinene and cyclization of geraniol. 

However, α-terpineol and ρ-menthane-3,8-diol can be synthesized by acid 

catalysts in chemical synthesis. Using this method, α-terpineol is 

commercially available at a relatively inexpensive price. Thus, the 

implementation of a microbial process would require higher conversion rates 

to be competitive with the organic synthesis. The advantages of 

biotransformation by P. brumalis are the requirement of mild-reaction 

conditions neutral cultures and a moderate temperature of 28˚C.  

Biotransformation by non-toxic microorganism could be applied in response 

to the demand for ‘green chemistry’. The Catalytic functions of hydration and 

epoxide formation can be applied to similar monoterpene hydrocarbons, β-

pinene and limonene with short reaction times. However, volatility and 

toxicity were interfered with the transformation of monoterpene. Therefore 

optimum conditions for increasing the yields of the transformed products 

should be further investigated.  

It can be concluded that technology for the biotransformation of terpenoids 

using white rot fungi has the potential to be applied for producing valuable 

compounds in the flavor and fragrance industries. 
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Chapter 3 

Biotransformation of trans,trans farnesol 

and de novo biosynthesis of sesquiterpenes 

by Polyporus brumalis 
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3.1. Introduction 

 

Sesquiterpenoids are defined as the group of C15 compounds derived from 

farnesyl pyrophosphate (FPP) and their complex structures found in diverse 

plants. The long chain length and an additional double bond in FPP can enable 

to convert into a huge range of mono-, di- and tri-cyclic structures. A number 

of cyclic sesquiterpene and their alcohol, aldehyde and ketone derivatives are 

biologically active and have fragrance and medicinal properties (Fraga 1999). 

The represent sesquiterpenoids taxol (Rowinsky et al. 1992) and artemisinin 

(Dondorp et al. 2009) have been commercialized as medical products for the 

treatment of cancer and malaria.  

However, organic and inorganic synthesis of sesquiterpenoids is known to be 

inherently difficult and complicated because of the chemical synthesis of 

sesquiterpenoids with a high stereo purity (Wang et al. 2011). Transformation 

to specific skeletons via microorganisms is an attractive proposition, but few 

studies have been reported.  

The goal of this study is not only to demonstrate biotransformation of 

sesquiterpene precursors but also to show the results of biosynthesis by fungal 

secondary metabolism. Biotransformation is the specific modification of a 

structure from the starting substrate using a biological catalyst. In this chapter, 

trans,trans farnesol (C15H26O) and nerolidol (C15H26O) were used as the 

starting substrates for biotransformation. They are produced by 

dephosphorylation of FPP or NPP, which are intermediates of 

sesquiterpenoids (Bakkali et al. 2008) in plant cells. Both farnesol and 

nerolidol which have been isolated from many sources are key precursors in 

sesquiterpenoid biosynthesis.  
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Therefore, biotransformation of tran,trans farnesol are carried out by P. 

brumalis. Catalytic role of P. brumalis was already demonstrated on the 

biotransformation of monoterpene. The previous study was to establish 

whether the key chemical reaction, hydration or cyclization, would be applied 

on the sesquiterpene structure.  

In this study, a control substrate-free experiment was simultaneously 

performed to monitor the possible de novo production of sesquiterpenoids. 

De-novo biosynthesis refers to the production of complex compounds in a 

fungal cell as secondary metabolites. Fungi are known to be remarkable 

organisms that produce a wide range of natural products called secondary 

metabolites that include terpene compounds.  
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3.2. Materials and methods 

 

3.2.1. Substrates  

 

Trans,trans farnesol and nerolidol were used as substrates. They were 

purchased from the Sigma-Aldrich Korea. Their chemical structures are 

shown in Figure 3-1.  

 

 

Figure 3-1. Trans,trans farnesol (left) and nerolidol (right) 

 

3.2.2. Fungus  

 

Polyporus brumalis was provided from the Korea Forest Research Institute. 

The fungus was pre-inoculated in PDA (Potato Dextrose Agar) in sterile Petri 

dishes at 28˚C for 7 days. After fully growing to the edge of the Petri dishes 

over seven days, the mycelium was separated from the agar medium using 

platinum wire. It was mixed with distilled water and then homogenized into 

suspension by homogenizer. Five milliliters (cell dry weight 0.04 g/ml) of 

fungal suspension was used in the experiment.  
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3.2.3. Cultures  

 

Two types of media, PDB (Potato Dextrose Broth) and SM (synthetic 

medium) were used in this study. The nutrient elements of each medium are 

different (Table 3-1). PDB mainly contains carbon sources, 4 g potato infusion 

and 20 g dextrose. SM contains diverse nutrient sources such as 10 g C6H12O6, 

0.2 g C4H12N2O6, 2 g KH2PO4, 1 g MgSO4·7H2O and 0.1 g CaCl2·2H2O.  

 

Table 3-1. Nutrients of two cultures 

Source PDB  SM  

Carbon  
Potato starch 

Dextrose (C6H12O6) 
Glucose(C6H12O6) 

Nitrogen  none Ammonium tartrate (C4H12N2O6) 

Phosphate none Potassium phosphate(KH2PO4) 

Magnesium none Magnesium sulfate (MgSO4) 

Calcium none Calcium chloride (CaCl2) 
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3.2.4. Biotransformation   

 

The reaction was performed in three steps preparation of substrates and 

fungus (biocatalyst), reaction by substrate addition to the fungal culture and 

identification of the transformed products.  

The reaction was performed in an aqueous system in a reactor (500-mL 

Erlenmeyer flask) to obtain high recovery rates of the biocatalyst and 

transformed product. The SM culture in aqueous system was modified from 

SSC (Shallow Stationary Culture) as suggested by Kirk (Kirk et al. 1986).  

Four milliliters ml of homogenized fungal suspension (cell dry weight: 0.01 

mg/ mL) was inoculated in 200 ml SM culture in a 500 ml reactor. The reactor 

was pre-incubated in a shaking incubator at 28°C for seven days to avoid 

toxic effects of the substrate on the whole cell. After seven days, 10 ㎕ 

substrates were added into the culture directly. The flasks were sealed with a 

rubber stopper and placed on a shaking incubator at 26°C and 80 rpm. Every 

five days, the 200 mL of the culture was separated from mycelium, and the 

supernatant was collected by centrifugation. The supernatant was extracted by 

ethyl acetate using a shaking extractor with evaporation. The mycelium was 

immediately frozen for RNA extraction.   
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3.2.5. Chemical analysis    

 

Analysis of transformed products was analyzed by Gas Chromatography 

(GC). Qualitative and quantitative analysis were carried out using FID and 

MS detectors. The stationary phase of GC MS was DB-5 column (dimension 

30 m × 0.25 mm, coating thickness of 0.25 um) and carrier gas was He at 1 

ml/min. The working conditions were: injection 300˚C, detector 250˚C. The 

oven temperature was increased from 40 to 280˚C at 5˚C/min, with an initial 

holding time and a final holding time of 10 min respectively. A split ratio was 

5:1 and mass range was from 50 to 800 m/z. Peak identification was based 

upon mass spectra comparison with the NIST 08 (National Institute of 

Standard and Technology) library and with spectra of injected standards. The 

identification of retention index of individual compounds was based on 

comparison of their relative retention times with n-alkane (C8-C30) mixture in 

DB-5 column.   

Also, quantitative analysis of compounds was performed with a Agilent 

model 6890A gas chromatography equipped with a split injector and FID 

detector. The stationary phase was a DB-5 column dimension 30 m × 0.25 

mm, coating thickness of 0.25 um) and carrier gas was ultra-pure He at 1 

ml/min. The working condition carried out under the same condition of GC 

MS analysis. Calibration was carried out by using external standard of 

substrate and product. 
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3.3. Results and discussion 

 

3.3.1. Biotransformation of trans,trans farnesol by P. 

brumalis 

 

After the addition of the substrates, trans,trans farnesol and nerolidol, into 

seven-old fungal culture, biotransformation by P. brumalis was continued for 

30 days. Every five days, the 5 ml solution from culture was extracted with 5 

ml ethyl acetate, but there was no transformed product. Approximately 80% 

of the starting substrate, trans,trans farnesol, was still present through the 15th 
 

day. 

After 20 days, two major products, trans,trans-alpha-farnesene epoxide (2) 

and caryophyllene (3), were detected by GC MS analysis (Figure 3-2 and 3-4). 

These results showed the transformation of trans,trans farnesol by P. brumalis 

compared with the fungus-free control. Compared with the biocatalyst-free 

control, transformation products 2, 3 were generated by P. brumalis. No more 

transformed products were detected until the 30th day. There is no clear 

change in the nerolidol structure until the 30 day (GC MS data not shown). 

The results indicated that P. brumalis catalyzed only to the specific product, 

trans,trans farnesol.   

Structurally, product 2 has a molecular formula of (C13H24O) with epoxy 

functional group in 1, 2 carbon bond (Figure 3-3). The formation of an epoxy 

functional group in the farnesol by fungi (Fusarium culmorum, Botrytis 

Cinerea, Rhodotorula rubra and Rhodotorula marina) has been reported 

(Gliszczyńska and Wawrzeńczyk 2008) as part of biotransformation.  

Product 3 has the molecular formula (C15H24) with an unusual bicyclic 
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structure. As shown in Figure 3-2, in the case of 2, hydration of the double 

bond was the main pathway, while in the case of 3, cyclization the linear 

structures of trans,trans farnesol was the main pathway. Cyclic terpenoids 

generated form acyclic terpenoids have timportant roles in organic chemistry 

(Miyazawa et al. 1996). Organic chemists have challenged the control of 

synthesis of the biologically important cyclic terpenoids (Kuk et al. 2008). 

Caryophyllene is one of the most interesting cyclic skeletons because it has an 

unusual form with anti-inflammatory and anti-carcinogenic activities and its 

derivatives could play a role in plant defense (Cai et al. 2002). Especially, 

Caryophyllene oxide, an oxygenated derivative of caryophyllene, exhibits a 

wide variety of pharmacological effects including antibacterial, antifungal, 

immune modulatory, anti-inflammatory, antioxidant and anticancer properties 

(Park et al. 2011). P. brumalis catalyzed the hydration or cyclization of the 

substrates as shown by the monoterpene biotransformation.  
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Figure 3-2. TIC (Total Ion Chromatogram) of products. 

(a) Experiment of biocatalyst-free control (only substrate),  

(b) experiment of biotransformation of trans-trans farnesol by biocatalyst 

 (c) Experiment of substrate-free control (only fungus) 
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Figure 3-3. Biotransformation of trans,trans farnesol by P. brumalis 
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Figure 3-4. Mass pattern of transformed products with GC MS library data 
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3.3.2. Conversion rate and toxicity of trans,trans 

farnesol 

 

To clarify the transformation of the structure from the original substrate 

sturcute, 10 ㎕ of trans-trans farnesol was added to 0.04 g P. brumalis in a  

200 ml culture in a 500-ml Erlenmeyer flask. Figure 3-5 shows the 

concentration of the substrate and product. approximately 4 ㎕ 

caryophyllene was generated in the culture, after 20 days (Figure 3-5). Even if 

the concentration of the substrate was reduced to zero, the concentration of 

the transformed products was low. To improve the conversion yield, the 

concentration of substrate was increased to 20, 40 and 60 ㎕under the same 

conditions. However, the substrate peaks were not changed. However, the 

mycelium weight of P. brumalis decreased with increased substrate (Figure 3-

6).  

These results indicated that a high concentration of substrate may inhibit 

conversion and cause abnormal growth of P. brumalis. Farnesol was recently 

identified as a quorum-sensing molecule that inhibits the filamentation of 

Candida albicans (Shirtliff et al. 2009). The inhibitory effect of farnesol 

caused apoptosis in Sacharomyces cerevisae, Aspergillus nidulans, Fusarium 

graminearum and Penicillium expansum by generating reactive oxygen 

species (Liu et al. 2010).  
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Figure 3-5. Concentration of substrate and product by GC FID analysis 

 

 

 

 

 

 

 

     Figure 3-6. Mycelium weight of P. brumalis on substrate concentration 
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3.3.3. De novo biosynthesis of sesquiterpenoids from P. 

brumalis  

 

In this study, parallel substrate-free and fungus-free control experiments 

were conducted. In the fungus-free experiment, sesquiterpene compounds 

were identified despite the lack of trans,trans farnesol.  

These results indicated that de novo synthesis of sesquiterpene compounds 

by P. brumalis. De novo synthesis refers to the synthesis of complex 

molecules from simple molecules such as sugars or amino acids.  

Figure 3-2c shows the result from the control containing only P. brumalis 

without substrates. The peaks, 5, 6, 7, 8 and 9 were identified as β-elemene, 

caryophyllene, α-gurgunene, α-eudesmol and β-eudesmane, respectively, by 

GC MS analysis (Figure 3-7 and Table 3-2). Eudesmane and guaiene were 

already identified in the culture for monoterpene biotransformation (Chapter 2, 

Figure 2-17). Those compounds are known sesquiterpenes. This result proves 

the existence of terpene metabolism in P. brumalis. Although terpenoids have 

been predominantly studied as plant products, they are also synthesized as 

major secondary metabolites of fungi (Hopwood 2012). Basidiomycetes, 

including mushroom forming higher fungi, can synthesize diverse bioactive 

terpenoids that may have potential to be pharmaceuticals.  

De novo biosynthesis of sesquiterpene compounds by fungi has been 

reported. High nitrogen concentraion increased the accumulation of linalool 

and citronellol in the yeast, Saccharomyces cerevisiae. A few species of 

basidiomycetes (Piptoporus betulinus, Fomitopsis pinicola, Gloephyllum 

odoratum and Trametes suaveolens) are known to perform de novo synthesis 

of terpene compounds.   
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β-Eudesmol and β-eudesmane were idenfied in the metabolites from P. 

brumalis, both of which contain the eudemsmane skeleton and were found at  

relatively high proportions during the cultivation days (Table 3-2). The 

eudesmane skeleton can be biosynthesized from FPP, and approximately 

1,000 structures have been identified in plants. β-Eudesmol is well known as 

an important eudesmane alcohol with an anticholinergic effect (Tsuneki et al. 

2005) in the vascular endothelium. However, the complex skeleton of 

eudesmane makes this class of compounds difficult targets for chemical 

synthesis, especially if large quantities are desired (Chen Ke and Baran 2009). 

Therefore, the biosynthesis of eudesmane structures from P. brumalis may be 

important tool for the production of eudesmane, which is difficult to produce 

by organic synthesis. 
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Figure 3-7. Metabolites from P. brumalis by de novo biosynthesis  

on synthetic medium  
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Table 3-2. Compounds of figure 3(c) by GC MS analysis (DB-5 column) 

 
Rt Compounds Rp 

4 10.45 Propanoic acid 79.04 

5 31.62 β-Elemene 0.49 

6 34.27 Caryophyllene 1.20 

7 37.81 Guaiene  1.30 

8 38.25 β-Eudesmol 5.17 

9 41.81 β-Eudesmane 8.18 

Rt : Retention time 

Rp: relative portion  

 

 



81 

 

 

Figure3-8. Mass pattern from metabolites of P. brumalis 
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To clarify the secondary metabolite, P. brumalis culture was extracted based 

on the growth curve (Figure 3-9). At day 2 of the lag phase, higher alkanes 

such as octadecane, teradecane, pentadecane and hexadecane were detected 

with fatty acids such as palmitic acid and propanoic acid (Table 3-3). 

Propanoic acid was major product. It is a naturally occurring carboxylic acid 

(Haque et al. 2009). Higher alkane could be produced from fatty acids 

synthesized from the fungal cell membrane. Research has consistently  

shown that the environmental factors may influence the lipid content and fatty 

acid composition of fungi (Olennikov et al. 2014).  

The synthesis of terpene compounds began after four days, during the 

growth phase. Drimenol, farnesol and mevalonic lactone were identified. 

Drimenol compounds, bicyclic-sesquiterpene alcohols, can be synthesized 

from trans-trans farnesol via cyclization and rearrangement (Polovinka et al. 

1994). Such compounds were also identified from the basidiomycota Lentinus 

liepideus as secondary metabolites in the submerged culture.  

After none days of stationary phase, guaiene, eudesmane, caryohpyllene and 

elemene were identified the main metabolites. The data shows the synthesis of 

sesquiterpene hydrocarbons with a bi-cyclic structure. Cyclic terpenoids are 

synthesized through the formation of a carbon skeleton from linear precursors 

by terpene cyclases followed by chemical modification by oxidation, 

reduction and methylation etc. Sesquiterpene cyclase is a key branch-point 

enzyme that catalyzes the complex intermolecular cyclization of the linear 

prenyl diphosphate into cyclic hydrocarbons (Toyomasu et al. 2007). After 15 

days the oxygenated structures eudesmol, elemol and caryophyllene oxide 

were detected. Sesquiterpene hydrocarbons may be modified by oxidation as 

the culture time increases.   
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Polyporus sp. generated characteristic flavor components such as methyl 

2,4-dihydroxy-3,6-dimethyl benzoate, 2-hydroxy-4-methoxy-6-methyl 

benzoic acid, 3-hydroxy-5-methyl phenol and 3-methoxy-2,5-dimethyl phenol 

in the submerged cultures (Hoffmann and Esser 1978). Polyporus arcularius 

has been reported to synthesize sesquiterpene structures, such as drimanes, 

that have antimicrobial activity against Gram-positive bacteria such as  

Staphylococcus aureus (Fleck et al. 1996). However, the terpenoids 

metabolism of Polyporus sp. is not fully understood. 

Elemane and eudesmane skeletons were derived from the germacrene cation 

generated from trans,trans FPP in the plant cells. The germacrene cation 

ALSO affects further cyclization processes and is responsible for extending 

the variety of natural sesquiterpene derivatives. Further cyclization of THE 

germacrene cation results in the eudesmyl and guaiyl cations. The elemane 

skeletons can be synthesized from germacrene by Cop rearrangements (Figure 

3-10).  
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      Figure 3-9. Growth curve of P. brumalis on synthetic medium culture 
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Table 3-3. Metabolites from P. brumalis, on cultivation days by GC MS analysis  

 

 

 

 

 

 

 

 2 4 9 15 

Higher 

alkane 
Propanoic ester Propanoic acid, Propanoic acid, Propanoic acid, 

 Tricosane 
Ethanol, 2-

butoxy- 
dodecane Ethyl acetate 

 Tetradecane Tetradecane 
Phthalic 

andydride 
Tetradecane 

 Pentadecane 
10-methyl 

nonadecane 
Tetradecane  

 Hexadecane hexadecane Pentadecane  

 Palmitic acid Octadecane   

 Octadecane  Hexadecane  

 Eicosane    

Terpene  Drimenol Drimenol Elemol 

  Farnesol Caryophyllene β-eudesmol 

   β-Elemene Caryophyllene oxide 

   β-Eudesmane Aromadendrane 

   Guaiene Cadinene 
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Figure 3-10. Biosynthesis mechanisms of sesquiterpenoids in plants (Newman 1972)  
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3.3.4. Effect of cultures on sesquiterpenoids synthesis 

  

The experiment described in 3.3.3 was conducted in a specific culture media, 

SM(synthetic medium culture). SM cultures contain diverse nutrients such as 

carbon, nitrogen, phosphate, magnesium and calcium.  

Ana M. Calvo et al. described the effect of environment factors such as pH, 

carbon and nitrogen source on the effective synthesis of secondary 

metabolites. To determine the effect of culture nutrients, potato dextrose broth 

was used to cultivate the mycelium of P. brumalis. PDB is a suitable media 

for the growth of mycelium of the yeast or fungi. It contains the potato 

infusion and dextrose as the primary carbon sources. Carbon is the major 

nutrient for microorganisms. Before the beginning of the experiment, the pH 

of both cultures, PDB and SM, was equally adjusted using acetic acid. 

However, although some constituents were detected after six days of 

cultivation (Figure 3-11) in PDB culture, the peaks had low matching qualities 

with the GC-MS library (NIST 2011). A comparison of the SM and PDB 

cultures revealed that terpene compounds were not synthesized in all 

conditions. The major difference between two cultures is the components of 

the media. In the SM culture, more diverse nutrients such as nitrogen, 

phosphate magnesium and calcium were added. Only a carbon source is 

contained in the PDB culture. Clearly, de novo synthesis of sesquiterpene 

depends on not only on the carbon source but also on other nutrients (N, P, 

Mg and Ca).  

Nitrogen is another important element for microorganisms. An earlier work 

found that nitrogen availability affects secondary metabolisms of fungi. to 

evaluate the relationship between nitrogen content and terpene synthesis, the 
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ammonium tartrate content was varied from zero to 0.8 g/L. in the absence of 

nitrogen, β-eudesmol was identified. Therefore, nitrogen content did not 

influence sesquiterpene synthesis, so other specific conditions may be affect 

terpene synthesis. Minor elements may affect the de novo biosynthesis of 

sesquiterpenoids by P. brumalis.  
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Figure 3-11. TIC of metabolites from P. brumalis. (a),(b),(c) : on the synthetic culture 

at 3, 6 and 9 days. (d),(e),(f) : on the synthetic culture at 3, 6 and 9 days.  
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Figure 3-12. β-Eudesmol concentration on the 200 ml culture  

on nitrogen contents 

 

 

  



91 

 

 

3.4. Conclusions  

 

The purpose of this study was the production of valuable sesquiterpenoids by 

biotransformation. The sesquiterpene precursor, trans,trans farnesol, was 

transformed into epoxy farnesene and caryophyllene after 20 days. Hydration 

of the double bond and cyclization of trans,trans farnesol was the main 

pathway of the transformation. However, the conversion yield was low due to 

a toxic effect of the substrate on the biocatalyst, which showed an abnormal 

growth pattern. Therefore, a complementary method should be investigated.  

Although a clear conversion reaction from trans,trans farnesol was not 

identified, an important phenomenon was identified in chapter 3.  

 P. brumalis mycelium exhibited de novo biosynthesis of sesquiterpene 

compounds. Sesquiterpenoids were synthesized in the growth phase of P. 

brumalis mycelium. Sesquiterpene compounds such as eudesmane, guaiene, 

caryophyllene, eudesmol and elemol were biosynthesized in P. brumalis 

culture even without trans,trans farnesol.  

Sesquiterpenoids are synthesized by plants. However, the sesquiterpenoids 

contents are lower than those of monoterpenes in essential oils. Their complex 

structure makes them difficult to synthesize using organic catalysts. Therefore, 

production by fungi can be applied to generate pharmaceutical agents.  
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Chapter 4 
Transcriptome profiling during 

biotransformation of α-pinene and 

geraniol by P. brumalis 
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4.1. Introduction  

 

Biotransformation or biosynthesis of terpenoids could be considered as the 

potential technology for practical application in the fragrance and 

pharmaceutical industry. However, so far, research has been mainly 

investigated about the chemical aspect of transformed products by biocatalyst, 

while genetic engineering for mass production is rarely investigated.  

In this study, Polyporus brumalis showed possibility as a biocatalyst on 

biotransformation of terpene compounds (chapter 2 and 3). It showed not only 

transformation of monoterpenes but also de novo synthesis of sesquiterpene 

compounds. However, to improve the conversion rate, further development on 

the molecular-biological level should be performed to clarify the catalytic 

function of biocatalyst.  

As the approach of molecular-biology, genetic engineering techniques can 

provide modified strains catalyzing a single pathway to the desired product 

resulting in the production of terpene chemicals. Furthermore, by means of 

genetic engineering, the yields of the products can be improved by control of 

the biosynthetic pathways and the exploitation of regulatory mechanism. 

Transcripts of messenger RNA can be connected between the genetic code 

and the functional molecules of protein. However, the related enzyme on 

terpene metabolism was little known on basidiomycetes. Profiling of 

transcripts from P. brumalis was performed to understand catalytic function 

on biotransformation or biosynthesis process. 

To profile differently expressed genes of transcriptome of P. brumalis at 

different reaction stages, NGS (Next Generation Sequencing) technology was 

applied. In the recent years, NGS is called high-throughput sequencing 

techniques has helped to improve the efficiency of discovering novel genes 

and has provided a platform for further understanding differential gene 
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expression at the genomic and transcriptional level. Therefore, high-

throughput sequencing could accelerate the process of enzyme discovering. 

Since the sequencing of the first white rot fungus genome, Phanerochaete 

chrysosporium (Wymelenberg et al. 2010), an increasing number of genomes 

and transcriptomes of wood decay basidiomycetes, Postia placenta (Martinez 

et al. 2009), Ganoderma lucidum (Chen Shilin et al. 2012), Heterobasidium 

irrelgulare (Yakovlev et al. 2013) and Wolfiporia cocos (Yakovlev et al. 2013) 

have been reported. They are focused on enzymes related to biodegradation of 

cellulose or lignin and biofuel synthesis process.  

In this study, what kinds of genes are over expressed or down expressed on 

biotransformation and biosynthesis of terpenes can be evaluated.  
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4.2. Materials and methods 

 

4.2.1. Fungi and fungal suspension 

  

Fungal suspension (cell dry weight: 0.04 g/ml) of P. brumalis was cultured 

on the SM and PDB for 5 days at 28˚C in the dark shaking incubator with 80 

rpm. The components of media are showed in Table 4-1.  

To profile DEGs, samples of mycelium were divided into four groups. Group 

1 and 2 revealed the mycelium treated with monoterpene (α-pinene and 

geraniol) addition on SM culture. On the other hands, group 3 and 4 showed 

mycelium without substrates on the SM and PBD culture (Table 4-2).  
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Table 4-1. The components of media 

Source PDB  SM  

Carbon  
Potato starch 

Dextrose (C6H12O6) 
Glucose (C6H12O6) 

Nitrogen  none Ammonium tartrate (C4H12N2O6) 

Phosphate none Potassium phosphate (KH2PO4) 

Magnesium none Magnesium sulfate (MgSO4) 

Calcium none Calcium chloride (CaCl2) 

 

 

Table 4-2. Mycelium depending on culture conditions   

 Culture Substrate 

Group 1 SM α-Pinene 

Group 2 SM Geraniol 

Group 3 SM None 

Group 4 PDB None 
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4.2.2. Total RNA extraction  

 

Fungal mycelium of each sample was ground into powder using liquid 

nitrogen. Total RNA was extracted using the Hybrid-R
TM 

(geneall)
 
extraction 

kit. The quality of RNA was checked by bioanalyzer with RNA 6000 Pico 

chip. Qualitative analysis of extracted RNA was calculated by RNA integrity 

number (RIN).  

And quantity was estimated by Ribo green (Invitrogen
TM

) solution. Poly (A) 

RNA was purified from total RNA using poly T oligo-attached magnetic bead 

and m RNA was broken into fragments of 50 to 2000 nucleotides by treatment 

with RNA fragmentation buffer (0.1M Tris-HCl, pH 7.0 and 0.1M ZnCl2) and 

heating at 70˚C for 30 s. Fragmented mRNA quality was assessed by Agilent 

2100 Bioanalyzer (Agilent technologies, USA). Short RNA sequences were 

used for double strand cDNA synthesis using the cDNA synthesis system Kit 

and random primers, followed by purification by QIAQuick PCR Purification 

kit. The final cDNA library was constructed using the GS FLX titanium rapid 

library preparation Kit. Sequencing was carried out using the Illumina 

HiSeq
TM

 2500 platform. 
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4.2.3. Analysis of Differently Expressed Genes (DEGs) 

 

To identify the differentially expressed genes between the four development 

stages of group 1, 2, 3 and 4, the false discovery rate (FDR) method was used 

to determine the threshold of P-value in multi tests. A FDR < 0.001 and an 

absolute value of the log2 ratio >1 were used as threshold to determine 

significant differences in gene expression between the four developmental 

stage. Functional annotation was applied to obtain enriched genetic annotation 

before substrate and after addition. The p-values for significant 

overrepresentation of a particular GO (Gene Ontology International 

Consortium) and KEGG (Kyoto Encyclopedia of Genes and Genomes) 

category were calculated by using the hyper geometric distribution.  

 

4.2.3.1. GO annotation  

 

Based on sequence homology search against the NCBI NR database using an 

E-value cutoff of 10
-10

, unigenes were annotated across the GO subcategories. 

 

4.2.3.2. KEGG annotation  

 

KEGG metabolic pathways analysis was performed by initially aligning 

unigenes with sequences from the NCBI NR database and automatically 

assigning gene functions to corresponding KEGG terms.  
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4.3. Results and discussion  

 

4.3.1. Illumina sequencing and assembly 

 

To obtain an overview of the P. brumalis DEGs of transcriptome during 

different development stages, cDNA samples were prepared from mycelia and 

sequenced using Illumina HiSeq 
TM

 2000 sequencing platform (Figure 4-1). 

After filtering for adaptor sequences, duplication sequences, ambiguous reads 

and low-quality reads a total of over 18.6~ 29.8 million read from the group 

1-4 (Table 4-3). Then these high quality reads were assembled to produce 

23,000 unigenes on the mycelium.  

Assembly of the clean reads was performed using clc_ref_assemble6 

(Version: 4.06 beta.67189) program. Briefly, the overlap information from the 

clean reads was used to construct high coverage contigs without N (Table 4-2). 

To connect the contigs, N was applied to represent unknown sequences 

between each pair of contigs. Paired-end reads were used again for gap filling 

between scaffolds to obtain unigenes which have the least ‘N’s and cannot be 

extended at either end. Assembled unigenes from each sample were further 

processed by using sequence clustering software, TGI Clustering tools and 

Phrap. The length of the majority unigenes was 100-500 bp from samples of 

groups (Figure 4-1).  
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Figure 4-1. Length distribution of assembled unigenes of groups  
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Table 4-3. Raw data information of group  

 Raw Quality trim  Contig 

  Reads No   Reads Length   Clear No   Clear Length   % 
a
 

Group 1  22,290,002  2,251,290,202  13,089,518  1,305,028,031  57.97 1,403 

Group 2 23,542,066  2,377,748,666  14,465,470  1,443,312,477  60.70 1,462 

Group 3 18,653,666  1,884,020,266  11,720,728  1,169,505,464  62.07 1,403 

Group 4 22,756,130  2,298,369,130  9,408,614  939,970,164  40.98 1,427 
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4.3.2. GO annotation  

 

Based on a sequence homology search against the NR database using an E-

value cutoff, potential protein-coding transcripts were identified employing 

the BLAST algorithm with a cutoff E-value threshold 10
-5 

against to NCBI nr 

peptide database.  

Unigenes of each group were annotated across the Gene Ontology (GO) 

subcategories. The ontologies are developed for a generic eukaryotic cell; 

accordingly, specialized organs or body parts are not represented. These 

unigenes were grouped into 46 functional groups with 18 involved in 

biological process, 12 in cellular component and 16 molecular functions (data 

not shown). Biological process, molecular function and cellular component 

are all attributes of genes, gene products or gene-product groups.  
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Cellular component refers to the place in the cell where a gene product is 

active. These terms reflect our understanding of eukaryotic cell structure.  

In the cellular components, ‘cell’, ‘organelle’, ‘membrane and 

macromolecular complex’ are related to mycelium of P. brumalis (Figure 4-2). 

This result demonstrates that these metabolic activities are essential to 

mycelium. Molecular function is defined as the biochemical activity including 

specific binding to ligands or structures of a gene product. This definition also 

applies to the capability that a gene product carries as a potential. Genes of 

‘Catalytic activity’, ‘binding’, and ‘transporter activity’ are expressed (Figure 

4-3). Biological process refers to a biological objective to which the gene or 

gene product contributes. A process is accomplished via one or more ordered 

assemblies of molecular functions. Processes often involve a chemical or 

physical transformation, in the sense that something goes into a process.in the 

mycelium of P. brumalis, metabolic process and cellular process are expressed 

(Figure 4-4). 
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Figure 4-2. Cellular components of P. brumalis by GO annotation 
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Figure 4-3. Molecular function of P. brumalis by GO annotation  
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Figure 4-4. Biological process of P. brumalis by GO annotation 
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4.3.3. KEGG annotation  

 

Analysis of KEGG metabolic pathway was performed by initially aligning 

unigenes with sequences from the NCBR NR database and automatically 

assigning gene. 975, 992, 996 and 670 annotated unigenes from the group 1, 2, 

3 and 4 grouped into 126 pathways.  

Secondary metabolism relating to biosynthesis were over expressed at  

transcriptional level in the group 1 and group 2 which are containing α-pinene 

and geraniol at synthetic medium. For example, ‘citrate cycle’, ‘phenylalanine, 

tyrosine and tryptophan biosynthesis’, ‘steroid biosynthesis’, ‘sesquiterpenoid 

and triterpenoid biosynthesis’ and ‘terpenoid backbone biosynthesis’ are 

showed high transcriptional activity at group 1,2 and 3, whereas ‘fatty acid 

biosynthesis’, ‘chlorocyclohexene’ and ‘chlorobenzene degradation’ ‘pentose 

and glucuronate interconversions’ lysine biosynthesis’ ‘propanote metabolism’ 

‘beta-alanine metabolism’ were related to mycelium of group 4. In this study, 

pathways related to terpene metabolisms (monoterpene synthesis, pinene and 

limonene degradation, terpene backbone synthesis, sesquiterpene and 

triterpene synthesis) are discussed.  
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4.3.4. Pinene and limonene degradation  

 

After addition of α-pinene to mycelium, the transcriptome levels of genes 

related to ‘photo synthesis’, ‘biotin metabolism’, ‘monoterpenoids 

biosynthesis’, ‘valine, leucin and isoleucine degradation’ and ‘steroid 

degradation’ were expressed. 

In the results of chapter 2, P. brumalis catalyzed the hydration of α-pinene to 

α-terpineol. Among the up-regulated hydratase, ‘enoyl-CoA hydratase’ related 

to ‘pinene and limonene degradation’ metabolism was expressed. The KEGG 

pathway for limonene and pinene degradation is used to identify genes 

encoding enzymes putatively involved in monoterpene degradation. Five 

enzymes (aldehyde dehydrogenase, and oxidoreductase, an enoyl-CoA 

hydratase and hydratase/epimerase) are related. Especially, enoyl-CoA 

hydratase is an enzyme that hydrates the double bond between the second and 

third corbons on acyl-CoA (Figure 4-5). This enzyme, also known as 

crotonase, is essential to metabolizing fatty acids to produce both acetyl CoA 

and energy.  

The expression level of the hydratase (enoyl-CoA hydratase, ec. 4.2.1.17) 

were shown. The gene level of enoyl-CoA hydratase was increased in group 1 

and 2 than group 3 and 4 (Figure 4-6). Also, after addition of α-pinene, up 

regulation was shown in group 1(Figure 4-7).   

 

  

http://en.wikipedia.org/wiki/Metabolizing
http://en.wikipedia.org/wiki/Fatty_acids
http://en.wikipedia.org/wiki/Acetyl_CoA
http://en.wikipedia.org/wiki/Energy
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Figure 4-5. Enoyl CoA hydratase catalyze to hydrate the double bond  

between the second and third carbons on acyl-CoA 

 

 

 

 

 

 

 

 

 

Figure 4-6. Quantitative analysis of unigenes related to enoly CoA hydratase   

 

http://en.wikipedia.org/wiki/Carbons
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Figure 4-7. Gene levels of enoly CoA hydratase according to reaction time in groups 
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4.3.5. Monoterpene synthesis  

 

At the group 2, transcriptome levels of mycelium showed over-expression 

likewise group 1 (Figure 4-5). The group 2 revealed mycelium by adding of 

geraniol. . P. brumalis catalyzed the cyclization of geraniol to isopulegol, and 

PMD in the chapter 2. They are can be synthesized by cyclization and 

oxidation step from geraniol. The mechanistically simplest cyclization 

reactions can be catalyzed by monoterpene synthases. Many terpenoid 

synthase genes have been identified.  

Therefore, the geranyl pyrophosphate cyclase was searched, on the 

expressed KEGG pathway. There are monoterpene synthases (limonene 

synthase, α-pinene synthase, α-terpineol synthase, fenchol synthase etc.) in 

KEGG pathway.    

At the monoterpenoids biosynthesis pathway of the KEGG results, only 

+(R)-limonene synthase (EC: 4.2.3.20) was expressed on terpene synthesis 

metabolism. Limonene synthase is considered a model enzyme for terpenoid 

formation since it catalyzes the mechanistically simplest cyclization reaction. 

Limonene is also known an important intermediate for synthesis of pulegone 

and menthol of methane type like PMD and isopulegol. However, up-

regulation of limonene synthase was not shown (Figure 4-8).  

On the other hand, ‘drug metabolism-cytochrome P450’, ‘metabolism of 

xenobiotics by cytochrome P450’ and ‘biosynthesis of unsaturated fatty acid’ 

were activated. The most common reaction catalyzed by cytochrome p450 is a 

monooxygenase reaction. Enzymes of cytochrome P450 generally have 

important roles in primary and secondary metabolism.  
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Figure 4-8. Quantitative analysis of unigenes related to limonene synthase in groups 
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4.3.6. Terpenoid backbone biosynthesis  

 

Fungi are important sources of bioactive secondary metabolites including 

various sesquiterpenes and triterpenes. In previous study, sesquiterpenoids, 

elemol, eudesmol, caryophyllene, guaiene, cadinene and eudesmane were 

synthesized from P. brumalis despite of none addition of substrate. Especially, 

they were identified in the SM culture. In order to identify the encoding 

enzymes involved in sesquiterpene synthesis by P. brumalis, DEGs analysis of 

trasncriptome were performed.  

Two terpene backbone pathways, MEA (mevalonic acid) pathway and MEP 

pathway, were co-expressed in the P. brumalis. MEA pathway is known 

representative pathway of terpene biosynthesis. Most of organism has the 

MEA pathway. The MEP pathway has been identified in eubacteria, green 

algae, and higher plants, whereas the MVA pathway is found in animals, 

plants, fungi, and archaea (Lange et al. 2000).  

In the MEA pathway, six enzymes are related for synthesis of terpene 

precursor, isoprenyl pyrophosphate (Table 4-4 and figure 4-9).  
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Table 4-4. Enzymes related to MEA pathway (Endo 1992)  

Number EC  Name Enzymes 

1 2.3.1.9 Acetyl-CoA C-acetyltransferase Transferases 

2 2.3.3.10 Hydroxymethylglutaryl-CoA synthase Transferases 

3 1.1.1.88 Hydroxymethylglutaryl-CoA reductase Oxidoreductases 

4 2.7.4.2 Phosphomevalonate kinase Transferases 

5 4.1.1.33 Diphosphomevalonate decarboxylase Lyases 

6 5.3.3.2 Isopentenyl-diphosphate isomerase, IDI Isomerases 

7 2.5.1.10 (2E, 6E)-Farnesyl diphosphate synthase Transferases 

 

 

 

 
Figure 4-9. MEA pathway  
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According to the results, sixteen encoding enzymes were characterized in the 

group 3, SM culture. However, group 4 in the PDB culture, only six genes are 

expressed. These results supported the de novo biosynthesis of sesquiterpenes 

by mycelium of P. brumalis. Pathway of terpenoids backbone biosynthesis 

can be divided two pathways, MEA and MEP.   

In the mycelium of P. brumalis, acetyl-CoA acetyltransferase, 

hydromethylglutaryl-CoA synthase and hydroxymethylglutaryl-CoA reductase 

were expressed. Hydromethylglutaryl-CoA (HMG-CoA, ec 2.3.3.10) synthase 

is known key enzymes for synthesis of intermediate, mevalonic acid. After 

addition of α-pinene, the expression transcript level of the gene was increased 

(Figure 4-10).   
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Figure 4-10. Quantitative analysis of unigenes related to  

HMG-CoA, IDI and FPS synthase in groups  
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MEP (2-methyl-D-erythritol-4-phosphate) pathway is known the none 

mevalonic pathway because it was discovered in the 1990s (Rohmer et al. 

1993) (Table 5-4 and Figure 4-11) . There is a well-defined distribution of the 

MVA and MEP pathways among different kingdoms. The MEP pathway has 

been identified in eubacteria, green algae, and higher plants. However, they 

are not contained in higher fungi and animals. Investigators proposed that the 

MEP pathway enzymes could be excellent targets for developing new broad-

spectrum antibiotics and herbicides.  

In this study, genes (1-deoxy-D-xylulose-5-phosphate synthase, geranyl-

diphosphate synthase, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, 

1-deoxy-D-xylulose-5-phosphate reductoisomerase and (E)-4-hydroxy-3-

methlbut-2-enyl-diphosphate synthase) of MEP pathway were expressed on 

mycelium of group 3 which are inoculated under the synthetic medium 

(Figure 4-12).  

The unigenes related to pathway of terpenoid backbone synthesis were 

induced from mycelium of P. brumalis. In the MEP pathway, 1-deoxy-D-

xylulose-5-phosphate synthase and 1-deoxy-D-xylulose-5-phosphate 

reductoisomerase are known the enzymes for synthesis of intermediates, 

DOXP and MEP.  

Especially, gene of 1-deoxy-D-xylulose-5-phosphate synthase (ec. 2.2.1.7) 

was increased after α-pinene addition (Figure 4-13). In addition, gene related 

to MEP pathway doesn’t express in the group 4. Therefore, these results 

support the relation of MEP pathway to de novo synthesis of sesquiterpenes 

by P. brumalis.  
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Table 4-5. Enzymes related to MEP pathway (KEGG)  

Number  EC 

number 

Name Enzymes 

1 2.2.1.7 1-deoxy-D-xylulose-5-phosphate 

synthase 

Transferases 

2 1.1.1.267 1-deoxy-D-xylulose-5-phosphate 

reductoisomerase 

Oxidoreductases 

3 2.7.7.60 2-C-methyl-D-erythritol  

4-phosphate cytidylyltransferase 

Transferases 

4 2.7.1.148 4-(cytidine 5'-diphospho) 

-2-C-methyl-D-erythritol kinase 

Transferases 

5 4.6.1.12 2-C-methyl-D-erythritol 

2,4-cyclodiphosphate synthase 

Lyases 

6 1.17.7.1 4-hydroxy-3-methylbut-2-enyl-

diphosphate synthase 

Oxidoreductases 

7 1.17.1.2 4-hydroxy-3-methylbut-2-enyl 

diphosphate reductase 

Oxidoreductases 

 

 

 

Figure 4-11. MEP pathway.Couch Lab 

Homepage.<http://mason.gmu.edu/~rcouch>.2014.06.01 
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All of the enzymes involved in the terpenoid backbone biosynthesis via the 

MEA were previously identified in Ganoderma lucidum by NGS analysis. 

However, MEP pathway related to fungi is not reported. Plants and some 

bacteria are equipped with and employ both pathways, often concurrently.  

Therefore, the results showed that both pathways, MEA and MEP/DOXP, are 

encoded as the main terpenoid biosynthesis pathway of P. brumalis suggests 

an important means for terpene synthase.  
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Figure 4-12. Quantitative analysis of unigenes related to  

1-deoxy-D-xylulose-5-phosphate synthase in groups 

 

 

 

 

Figure 4-13. Gene levels of 1-deoxy-D-xylulose-5-phosphate synthase  

according to reaction time in groups 

  



121 

 

4.3.6. Sesquiterpene and diterpene biosynthesis  

 

On the other hand, sesquiterpene precursor, farnesyl pyorophosphate, 

synthesized by two pathways (MEA and MEP pathway) can be modified to 

diverse sesquiterpenes by oxidation, cyclization and rearrangements by 

sesqsuiterpene synthase. Although diverse sesquiterpene synthase are known, 

only cadinene synthase was expressed on the mycelium of P. brumalis. (+)-δ-

cadinene synthase (EC. 4.2.3.13), a sesquiterpene cyclase, is an enzyme 

expressed in plants that catalyze a cyclization reaction in terpenoid 

biosynthesis. Gene level of cadinene synthase was shown up regulation in the 

group 1, 2 and 3 (Figure 4-14). The biosynthesis of cadinene with other 

sesquiterpenoids on the SM culture from P. brumalis was already identified.  
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Figure 4-14. Heat map of genes related to sesquiterpene and diterpene synthesis  
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4.4. Conclusions  

 

In the present work, a transcriptome database of P. brumalis was constructed. 

NGS analysis showed the relation of numerous metabolic pathways in P. 

brumalis. Especially, the pathways of terpene metabolism are expressed.  

Pinene and limonene degradation pathways, enoyl CoA hydratase showed 

up-regulation after α-pinene addition to P. brumalis. Although correlation 

between enoyl CoA hydratase and hydration of α-pinene has not been reported, 

it might predict the possibility of enzyme relation on the biotransformation.   

In the group 2, limonene synthase gene was expressed on the culture by 

addition of geraniol. Limonene synthase has the function for cyclization of 

geranyl pyrophosphate to cyclic monoterpenes. However, up-regulation was 

not identified.  

Although the results of chapter 4 provided the prediction of enzymes in the 

biotransformation, further investigation for identify a key enzyme related to 

biotransformation will be performed.       

In conclusion, the availability of this first version of the transcriptome of P. 

brumalis can provide a characterization of enzymes of biotransformation or 

biosynthesis interest.  
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Chapter 5 
Conclusion remarks 
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 The purpose of the study was the production of valuable terpenes by 

microorganism, which therefore was called as biotransformation. As the 

results, valuable monoterpenoids and sesquiterpenoids were biosynthesized by 

P. brumalis. P. brumalis showed the potential possibility as biocatalyst on 

terpene metabolisms.  

 However, there are some problems. Chemical characteristic of terpenes 

interfered in the biotransformation. Volatility and non-solubility of the 

substrate in aqueous system interfered the biotransformation. These problems 

can affect to yield enhancement of transformed products. Therefore, the 

design of reactor should be applied to prevent of loss of substrates on the 

reactions. Also, the optimum condition of cultures must be setting for 

biocatalyst.  

 To understand the function of biocatalyst transcriptome analysis was more 

investigated. NGS analysis of transcriptome of P. brumalis can predict the 

enzyme mechanism of the reaction. NGS analysis of transcriptome provided 

the important information that putative terpene synthase genes were related to 

P. brumalis. Existence of terpene metabolism supported the biotransformation 

and biosynthesis of terpene compounds by P. brumalis. Among the terpene 

metabolism, MEA and MEP, direct pathway should be investigated. Blocking 

of acetyl CoA synthase which is known the precursor of MEA pathway can be 

explained on the relation of MEP pathway. However, NGS technology 

showed numerous genes related to mycelium of P. brumalis. The huge 

information of genes could not easily to explain the transformation 

mechanism.  

 In conclusion, further investigation such as PCR of putative synthase, 

blocking of genes, proteomics technology should be applied for the improving 

of yields and understanding the mechanism of biotransformation.  
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겨울우산 버섯에 의한 테르펜의 생물학적 변환 및  

전사체 분석을 통한 관련 효소 발현 구명 

 

 

이수연 

환경재료과학전공 

산림과학부 

서울대학교 대학원 

 

본 연구에서는 유용화합물 생산을 위해 모노테르펜인 알파피넨과 

게라니올의 생물학적 변환을 시도하였다. 생촉매로는 백색 부후균에 

속하는 겨울우산 버섯(Polyporus brumalis)을 사용하였다. 

실험 결과 겨울우산 버섯으로 인해 α-pinene으로부터 α-terpineol, 

borneol 및 fenchol이 생성되었다. 또한 겨울우산 버섯은 비선형 

구조인 geraniol을 선형구조인 isopulegol과 p-menta-3,8-diol로 

변환시켰다. 특히 주요 변환 산물인 α-terpineol과 p-menta-3,8-diol는 

생리활성을 지닌 유용 모노테르페노이드 물질로 알려져 있다. 

결과적으로 α-pinene으로부터 hydration 반응과 geraniol로부터 

cyclization 반응이 겨울우산 버섯에 의해 유도되었다.  

한편 겨울우산 버섯 세포는 특정 기질의 투입이 없어도 유용 

테르펜 물질로 알려진 유데스몰(eudesmol)과 엘레몰(elemol) 등의 

세스퀴테르펜 화합물을 스스로 생합성 하는 결과를 나타내었다.  
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특히 베타 유데스몰 화합물의 경우 인공적으로 합성이 어려운 

성분으로 알려져 있다. 이러한 결과는 겨울우산 버섯 내 테르펜 

대사 경로 존재 가능성을 보여주고 있다. 겨울우산 버섯의 생촉매적 

기능을 이해하기 위해 분자 생물학적 접근을 시도하였으며 그 

방법으로 차대세 염기 서열 분석 장치를 이용하여 수행하였다.  

결과적으로 Illumina HiSeq TM 2000 분석 장비에 의한 시퀀스 

mapping을 통해 23,000개에 해당하는 unigenes이 확인되었으며 

NCBR NR 데이터 베이스를 이용하여 KEGG (Kyoto Encyclopedia of 

Genes and Genomes) 분석을 실시하여 이차 대사 경로 관련성을 

확인하였다. 

그 결과 테르펜 대사 경로와 관련한 monoterpene synthesis, limonene 

and pinene degradation, sesquiterpene and triterpene synthesis, terpene 

backbone synthesis에 대사 경로가 관련되어 있었다. 특히 terpene 

backbone synthesis에는 MEA와 MEP 경로에 관련한 유전자들이 

발현되었다. 두 경로에 관련한 유전자의 발현은 겨울우산 버섯에 

의한 테르펜 화합물 생성 경로를 이해할 수 있는 중요한 결과라 

보여진다. 

결론적으로 본 연구는 겨울우산 버섯에 의해 테르펜 화합물의 

구조적 변화와 de novo 생합성 결과를 확인하였고 전사체 분석을 

통해 균사체 내 테르페 노이드 생합성에 관련한 효소 기작이 

존재한다는 사실을 증명되었다.  

 

키워드 : 생물변환, 테르펜, 겨울우산버섯, 전사체  

학번 : 2010-30306 

 


	Chapter 1 General introduction
	1.1. Backgrounds
	1.1.1. The genesis and role of terpene compounds in nature
	1.1.2. Production of terpenes by biotechnology

	1.2. Literature review
	1.2.1. Biotransformation of terpene by microorganism
	1.2.2. Enzymes related to terpene biotransformation
	1.2.3. Oxido-reductase and terpene metabolism of basidiomycetes
	1.2.4. Molecular biological approach for identification of enzyme systems of whole cells

	1.3. Objectives

	Chapter 2 Biotransformation of α-pinene and geraniol by Polyporus brumalis
	2.1. Introduction
	2.2. Materials and methods
	2.2.1. Fungi and fungal suspension
	2.2.2. Substrates
	2.2.3. Biotransformation
	2.2.4. Products analysis

	2.3. Results and discussion
	2.3.1. Quantitative analysis of monoterpenes
	2.3.2. Screening of basidiomycetes as a biocatalyst
	2.3.3. Biotransformation of α-pinene by P. brumalis
	2.3.4. Biotransformation of geraniol by P. brumalis
	2.3.5. Effect of substrate concentration
	2.3.6. Reversible conversions of α-pinene

	2.4. Conclusions

	Chapter 3 Biotransformation of trans,trans farnesol and de novo biosynthesis of sesquiterpenes by Polyporus brumalis
	3.1. Introduction
	3.2. Materials and methods
	3.2.1. Substrates
	3.2.2. Fungus
	3.2.3. Cultures
	3.2.4. Biotransformation
	3.2.5. Chemical analysis

	3.3. Results and discussion
	3.3.1. Biotransformation of trans,trans farnesol by P. brumalis
	3.3.2. Conversion rate and toxicity of trans,trans farnesol
	3.3.3. De novo biosynthesis of sesquiterpenoids from P. brumalis
	3.3.4. Effect of cultures on sesquiterpenoids synthesis

	3.4. Conclusions

	Chapter 4 Transcriptome profiling during biotransformation of α-pinene and geraniol by Polyporus brumalis
	4.1. Introduction
	4.2. Materials and methods
	4.2.1. Fungi and fungal suspension
	4.2.2. Total RNA extraction
	4.2.3. Analysis of Differently Expressed Genes (DEGs)

	4.3. Results and discussion
	4.3.1. Illumina sequencing and assembly
	4.3.2. GO annotation
	4.3.3. KEGG annotation
	4.3.4. Pinene and limonene degradation
	4.3.5. Monoterpene synthesis
	4.3.6. Terpenoid backbone biosynthesis
	4.3.7. Sesquiterpene and diterpene biosynthesis

	4.4. Conclusions



<startpage>16
Chapter 1 General introduction 1
 1.1. Backgrounds 2
  1.1.1. The genesis and role of terpene compounds in nature 2
  1.1.2. Production of terpenes by biotechnology 11
 1.2. Literature review 16
  1.2.1. Biotransformation of terpene by microorganism 16
  1.2.2. Enzymes related to terpene biotransformation 19
  1.2.3. Oxido-reductase and terpene metabolism of basidiomycetes 23
  1.2.4. Molecular biological approach for identification of enzyme systems of whole cells 25
 1.3. Objectives 27
Chapter 2 Biotransformation of ес-pinene and geraniol by Polyporus brumalis 28
 2.1. Introduction 29
 2.2. Materials and methods 31
  2.2.1. Fungi and fungal suspension 31
  2.2.2. Substrates 34
  2.2.3. Biotransformation 35
  2.2.4. Products analysis 36
 2.3. Results and discussion 37
  2.3.1. Quantitative analysis of monoterpenes 37
  2.3.2. Screening of basidiomycetes as a biocatalyst 39
  2.3.3. Biotransformation of ес-pinene by P. brumalis 42
  2.3.4. Biotransformation of geraniol by P. brumalis 48
  2.3.5. Effect of substrate concentration 56
  2.3.6. Reversible conversions of ес-pinene 60
 2.4. Conclusions 62
Chapter 3 Biotransformation of trans,trans farnesol and de novo biosynthesis of sesquiterpenes by Polyporus brumalis 63
 3.1. Introduction 64
 3.2. Materials and methods 66
  3.2.1. Substrates 66
  3.2.2. Fungus 66
  3.2.3. Cultures 67
  3.2.4. Biotransformation 68
  3.2.5. Chemical analysis 69
 3.3. Results and discussion 70
  3.3.1. Biotransformation of trans,trans farnesol by P. brumalis 70
  3.3.2. Conversion rate and toxicity of trans,trans farnesol 75
  3.3.3. De novo biosynthesis of sesquiterpenoids from P. brumalis 77
  3.3.4. Effect of cultures on sesquiterpenoids synthesis 87
 3.4. Conclusions 91?
Chapter 4 Transcriptome profiling during biotransformation of ес-pinene and geraniol by Polyporus brumalis 92
 4.1. Introduction 93
 4.2. Materials and methods 95
  4.2.1. Fungi and fungal suspension 95
  4.2.2. Total RNA extraction 97
  4.2.3. Analysis of Differently Expressed Genes (DEGs) 98
 4.3. Results and discussion 99
  4.3.1. Illumina sequencing and assembly 99
  4.3.2. GO annotation 102
  4.3.3. KEGG annotation 107
  4.3.4. Pinene and limonene degradation 108
  4.3.5. Monoterpene synthesis 111
  4.3.6. Terpenoid backbone biosynthesis 114
  4.3.7. Sesquiterpene and diterpene biosynthesis 122
 4.4. Conclusions 123
</body>

