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Abstract 
 

Secondary metabolites produced from organisms are compounds that are not directly connected to the 

growth of organisms but that serve many important purposes for them in nature. Terpenes and terpenoids 

form a section of the secondary metabolites, produced from terpene synthase (TPS) enzymes. Fungal 

species are highly dependent on secondary metabolites and especially the terpenoid compounds for 

numerous adaptive tasks, such as defense and formation of symbiotic relationships. Despite the 

importance of terpenes and terpenoids in fungi and the large number of fungal species compared to plant 

species, the corresponding TPS genes in fungal genomes are much less studied than those from plants. In 

this work, as part of a larger study at UCPH, unexplored TPSs from edible fungal species were studied, to 

contribute to the enzyme characterizations and product exploration. 31 TPSs enzymes from fungal 

genomes of shiitake mushroom Lentinula edodes, oyster mushroom Pleurotus ostreatus, porcini 

mushroom Boletus edulis, jelly fungus Auricularia subglabra and cheese fungi Penicillium roqueforti, 

Penicillium biforme, and Penicillium camemberti were expressed. The genes were introduced in yeast 

through multicopy plasmids, using the uracil-specific excision reagent (USER) cloning technique to 

construct the plasmids together with an inducible GAL1 promoter. The products were analyzed in vivo 

with headspace solid phase microextraction (HS-SPME) as well as in vitro with hexane extraction, using 

gas chromatography mass spectrometry (GC-MS). From the results it could be concluded that three TPSs 

produced mainly monoterpenes, nine TPSs mainly sesquiterpenes, and one TPS mainly diterpenes. One 

putative sesquiterpene without a provided name was detected as well as sesquiterpenes sinularene and 

myltayl-4(12)-ene which could not be found in fungal species. The monoterpene synthase (mono-TPSs) 

belonged in majority to the Ascomycota phylum and the sesquiterpene synthase (sesqui-TPSs) in majority 

to the Basidiomycota phylum. The catalytic activity of the TPS genes was traced back to the phylogenetic 

tree, where especially TPSs producing monoterpenes located in one cluster and TPSs producing 

sesquiterpenes of cadalane structures in another. An additional experiment with expression of 

Erg20p(N127W), a gene described to accumulate GPP in yeast cells, led to an unexpected increase in 

sesquiterpenes. Furthermore, a third of the transformants were induced into buffered medium (pH 6.5) to 

analyze the correlation between pH and enzymatic activity. The buffered induction led to an overall 

greater sesquiterpene production for all except the three tested inactive transformants that still showed no 

terpene peaks.  
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Popular science summary  
 

Fungal species exist everywhere on earth, highly important in various types of ecosystems. There are 

many sorts of fungi, including the toxic molds growing on bread, the yeast used for beer production, and 

mushrooms that can be picked in the forest. Fungal species can be utilized for many purposes, where a 

large aspect is their role in the food sector. They are included in dishes or used in food industries, such as 

for various meat substitutes and cheese production. Fungi produce a great array of small molecules, 

providing the species with specific bioactivities. One group of the small molecules are the terpene 

hydrocarbons and their modified structures termed terpenoids. The compounds have been less studied in 

fungi compared to plants, and the understanding of product formations is low. However, as terpenes and 

terpenoids can carry a variety of properties, such as antimicrobial, anti-inflammatory, and anticancer, and 

fungal species are highly consumed by humans, the interactions between the produced terpenes and 

terpenoids with the human microbiota is important. 

 

This thesis project was part of a larger study at University of Copenhagen, aiming to provide knowledge 

on the terpene production from edible fungi. Yeast cells were used to express the terpene-producing 

enzymes TPSs. GC-MS was used to analyze the formed products. TPSs from 4 edible mushrooms, 

specifically shiitake mushroom, oyster mushroom, porcini mushroom, and jelly fungi, as well as 3 cheese 

fungi were studied. Not all TPSs demonstrated activity, but the active presented either one or a few 

terpene products, or they were able to produce a greater range of terpenes. A large portion of the detected 

terpenes had been discovered in fungi before, some in edible species and some in the same species, but 

sesquiterpenes not described in fungi were also produced. The work studied how pH affected the activity 

of the TPSs hence the terpene production. This thesis work provided insights into terpenes formed from 

edible fungi, allowing continuous studies on potential terpenoid productions.  
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1. Introduction 

1.1 Project background 

Fungal species produce a large mixture of secondary metabolites, consisting of compounds with various 

functions. One type of secondary metabolites are the terpenes and terpenoids. Terpenes are hydrocarbons 

of a general (C5H8)n structure, with non-polar and usually rather volatile character, whereas terpenoids 

arise from modifications of the terpenes, with functional groups added to the terpene scaffolds (1). 

Terpenes are produced as TPSs cyclize linear isoprenyl diphosphate chain substrates. These hydrocarbon-

based compounds present a great variety of bioactivities, such as antimicrobial and cytotoxic activities, 

allowing fungi to adapt and survive in different environments (2). The fungal terpenome is unexplored, 

compared to the much more investigated plant terpenome, and terpenoids in terms of their bioactivities 

and biosynthesis pathways existing in fungal species need further exploration. Since a great part of fungal 

species are used for edible purposes, in foods, and for industrial purposes, and fungi further reside 

naturally in humans, the interactions of the bioactive terpenes and terpenoids with the human microbiome 

are of great interest. Fungi have previously been linked to several diseases due to the contribution to an 

imbalanced gut microbiome, known as dysbiosis, but the mechanisms of exactly how fungi affect the 

human microbiome and induce dysbiosis are not fully understood.  

 

A study performed at the Section for Plant Biochemistry at University of Copenhagen hypothesizes that 

the secondary metabolites from fungi, such as terpenoids, play a major role in affecting the microbiome. 

However, as the knowledge on the terpenoids formed by fungal species is limited, the TPSs and tailoring 

enzymes need to be characterized to be able to fully grip the terpenoids present in fungi. The study hence 

aims to screen for TPS genes and the clusters in which TPS usually locate in the fungal genome, to 

elucidate the terpenoid biosynthesis pathways and characterize the products related to the genes. 

Especially edible mushrooms, fungi used in food processes, and fungal species residing in the human gut 

will be in focus, where the terpenoid products will in a later stage in the study be tested on the human 

microbiome for an understanding on how these fungal metabolites influence this system. The knowledge 

how the metabolites affect will be highly valuable in preventions of dysbiosis related diseases. 

1.2 Aim and scope of the thesis work 

The work in this project is a part of the study at University of Copenhagen. The aim of the thesis work is 

to contribute to the exploration of the fungal terpenome, with a focus on edible fungal species. The 

exploration is reached by expressing selected TPS genes in yeast and analyzing the products with GC-

MS. The focus lies on the expression of putative TPS enzymes solely and not on genes coding tailoring 

enzymes. The TPS enzyme characterization will allow insights into the initial terpene scaffolds produced 

from the fungal species, and this knowledge can later be used for elucidating terpenoid pathways.  

 

The scope of the work included TPS gene cloning, expression, and analysis in S. cerevisiae. Plasmid 

constructs carrying an inducible promoter and selected TPS genes were created with USER cloning. The 

plasmids were firstly verified by colony polymerase chain reaction (PCR) and sequencing, and correct 

plasmids were transformed into a yeast host system. The yeast cells were either kept intact for product 

analysis in vivo or lysed for release of TPSs, which were tested in vitro for product formation. GC-MS 



8 

was used for both in vivo and in vitro analysis. Furthermore, production patterns were studied as the TPSs 

were co-expressed with a monoterpene-boosting gene as well as induced in buffered medium. 

2. Theory 

2.1 Fungi 

Fungi are eukaryotes that exist and grow everywhere, in the air, earth, and all animals (3). The number of 

fungal species on Earth varies greatly between sources, and has been described in ranges of 500,000 up to 

around 19 million species existing, but the formal number is much lower, with documentation of around 

155,000 (4). The fungi kingdom is classified on several levels, from a higher order of nine different phyla, 

such as Ascomycota and Basidiomycota that both come from the Dikarya subkingdom, with lineages 

down to a vast amount of specific species (5). The fungi are divided into groups, of the common mold, 

yeast, and mushroom. Molds are filamentous fungi composed of thin threads, known as hyphae, that grow 

into a mycelium. Enzymes are released from the mycelium that will allow digestion of compounds into 

food sources for the mold. Yeast is a unicellular fungus that usually grows in number through budding. A 

common yeast species is the baker’s yeast. Lastly, mushrooms are multicellular filamentous organisms 

that grow over and under ground, and have in general terms been defined as macro fungi (6). Recognized 

mushroom species are in the span of 16,000, but according to estimations this is only around 10 % of all 

mushroom species that exist. Out of this 16,000 described, 7,000 mushroom species are considered edible 

to various degrees and 3,000 are considered purely edible (7). 

 

The uses of fungi, both uni- and multicellular, for edible causes are plenty. In addition to using 

mushrooms in dishes, the fermentation industry to produce beverages and food rely greatly on the use of 

fungi. This includes the making of bread, beer, and wine by yeast, as well as the growth of mold species 

on cheese (8). Tempeh is made from inoculation with mold species that are allowed to ferment (9). 

Furthermore, the fungal protein mycoprotein is produced by fermenting fungi and it can be used to make 

high-protein food such as Quorn (10).  

 

All fungi species produce numerous natural products, also called secondary metabolites, to survive and to 

adapt to their environment. Unlike the primary metabolites, secondary metabolites are not directly 

connected to the normal growth of fungi but they serve great importance by allowing the fungi species to 

communicate and compete with neighbors for surrounding nutrients as well as survive various predators 

(11). They come from the numerous biosynthetic pathways that exist in fungi and can be organized into 

classes of compounds, such as polyketides, non-ribosomal peptides, hybrid non-ribosomal 

polyketides/peptides, and the terpenoids (12). The last class, also known as isoprenoids, constitutes a 

major part of the fungal secondary metabolites. Today more than 110,000 terpenoids have been 

discovered, mostly isolated from plants (11, 13). Terpenoids are nonetheless produced from organisms 

other than fungi and plants, including bacteria, insects, and animals (14).  

2.2 Terpenes and terpenoids 

Terpenes are compounds of a commonly cyclic structure with the general molecular formula (C5H8)n, 

which gives them a lipophilic character. Terpenoids are modified terpenes, with additional enzymes, such 
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as atom additions or altered number of methyl groups. All terpenes and further terpenoids are built from 

the 5-carbon molecule isoprene (C5H8) (Figure 1) and are classified based on the number of isoprene units 

(hemiterpenes) that make up the structure. Some terpene classes are, in an increasing number of isoprene 

units, monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes 

(C30), and tetraterpenes (C40) (Table 1). Sesquiterpenoids, diterpenoids, and triterpenoids are considered 

the three major classes of terpenoids in fungi. Furthermore, terpenoids can originate from other 

biosynthetic routes, such as meroterpenoids and indole terpenoids (2, 11). 

 

This report will focus on the common fungal terpenes as well as the monoterpenes, including insights into 

their derivatives.  

 

 
 

Figure 1. The structure of an isoprene molecule (15).  

 

Table 1. List of terpene carbon skeletons, with increasing number of carbon and isoprene units (2). From the listed 

terpene scaffolds, further chemically altered terpenoids are created.  

Class # carbon atoms # isoprene units 

Monoterpenes 10 2 

Sesquiterpenes 15 3 

Diterpenes 20 4 

Sesterterpenes 25 5 

Triterpenes 30 6 

Tetraterpenes 40 8 

Polyterpenes >40 >8 

 

Terpenes and derivatives help with electron transport in the fungus, as well as contribute to formation of 

cell walls and membranes. Furthermore, they act as chemical defense and promote formation of symbiotic 

relationships. Terpenoids are of interest for humans in many areas due to the various biological activities, 

e.g. the pharmaceutical departments have great interest in terpenoids as the compounds display 

antimicrobial, antiinflammatory and antiviral properties (2). The anticancer drug Taxol and antimalarial 

drug Artemisinin are two known terpenoids (16). The compounds are also highly valued as fragrance and 

flavor additives (17).  

 

The common fungal terpenes as well as the monoterpenes will now be discussed more in depth. 
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2.2.1 Monoterpenes 

Monoterpene scaffolds are composed of 10 carbon atoms, with an acyclic, monocyclic, or bicyclic 

structure. Monoterpenes and their derivatives are, due to their smaller size, usually volatile, making them 

well-suited for air signaling purposes. They have great potential for perfumery fragrance as well as 

pharmaceutical uses (18). 1,000 monoterpenoids have been described from 38 monoterpene scaffolds 

(19). 

 

Relatively few monoterpenes and derivatives have been identified from fungal species, compared to the 

15 to 30 carbon terpenes (11). Although production of monoterpenoids is less common than sesqui- and 

diterpenoids in fungi, research has revealed monoterpenes produced in species, such as linalool and 

terpineol from a variety of strains as well as limonene from e.g. the edible fungi species Lentinula edodes, 

known as shiitake mushroom (20). 

2.2.2 Sesquiterpenes 

The sesquiterpenes, despite being larger than monoterpenes with a 15-carbon skeleton, present volatile 

properties found in both Ascomycota and Basidiomycota (21). 300 sesquiterpene scaffolds have been 

described and more than 7,000 sesquiterpenoid compounds (19). These 15 carbon compounds can, 

similarly to monoterpenes, be a-, mono-, and bicyclic, even though the acyclic structure is not as common 

for sesquiterpenes. Furthermore, additional tricyclic formations can be found in sesquiterpene structures 

(20).  

 

As has been mentioned, sesquiterpenes and derivatives are a major part of the natural product formation 

in fungi, where cytotoxicity has been presented as the major activity by sesquiterpenoids (22). 

Mycotoxins, some being sesquiterpenoids, are produced from a variety of filamentous fungi carrying 

plant pathogenic effects, meaning they can infect plants, such as those used for feed and foods. These 

filamentous fungi are for instance Penicillium and Aspergillus (23).   

2.2.3 Diterpenes 

The 20 carbon diterpenes present even larger macrocyclic arrangements. Despite most diterpenoids being 

described from plants, in the span of the years 2010 to 2020 around 400 diterpenoids were identified in 

fungi. These are mainly tri and tetra ring structures. Diterpenes described from fungal species have a great 

variety of biological activities, but as for sesquiterpenoids, cytotoxicity has been described as the major 

activity. Diterpenes identified from fungal species are for instance from species of genus Penicillium that 

have been characterized to produce tetracyclic cyclopiane diterpenoids (24).  

2.2.4 Triterpenes 

Triterpenes are 30 carbon structures, mostly of multicyclic arrangements which can be built into 

triterpenoids as well as steroid and sterol compounds. A vital compound for fungi is ergosterol, a fungal 

cell membrane sterol (23). Ergosterol comes from the triterpene precursor lanosterol. Fungi can contain 

varying amounts of ergosterol, and for instance the edible fungi Pleurotus ostreatus and Lentinula edodes 

have been reported with high levels (25). Lanosterol is also a precursor to a defined group of tricyclic 

triterpenoids, called lanostanes (26). Triterpenoids are found especially in medicinal fungi, mostly of the 

lanostane skeleton (27). 
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2.3 Terpenoid biosynthetic pathway in fungi 

Terpenoids are produced through an overall four step process, including in a very broad manner the 

following reactions: 1) the two initial precursors for terpenoids are produced, the 5 carbon monomers 

isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). These compounds are of 

the same isoprene structure but in activated forms. 2) IPP and DMAPP polymerize to various degrees, 

forming the linear isoprenyl diphosphate precursors geranyl diphosphate (GPP), farnesyl diphosphate 

(FPP), geranylgeranyl diphosphate (GGPP), and geranylfarnesyl diphosphate (GFPP). 3) rearrangement 

and cyclization of the precursors produce various terpene scaffolds. 4) the terpene scaffolds are often 

modified to obtain the specific final terpenoids (17, 28). The steps will be discussed more thoroughly.  

2.3.1 Production of IPP and DMAPP  

IPP and DMAPP production in fungal species is through the mevalonate (MEV) pathway, which differs 

from e.g. plants where the methylerythritol-phosphate (MEP) pathway may also be utilized (29). The 

fungal MEV pathway starts in the cytoplasm with the primary metabolite acetyl-CoA (Figure 2). The last 

step produces IPP from mevalonate 5-pyrophosphate. With isopentenyl pyrophosphate isomerase (IDI) 

enzyme, IPP can isomerize into DMAPP (2). 

 
Figure 2. The mevalonate pathway is used for production of terpenoid precursors in fungi. The IPP precursor is 

isomerized into DMAPP, catalyzed by IDI. OPP - disphosphate group. The structures and figure are made by the 

author (2). 

2.3.2 Production of direct precursors and products 

Direct precursors GPP, FPP, GGPP, and GFPP that are used for terpenoid production are formed from 

IPP and DMAPP (Figure 3). The 10-carbon precursor GPP is produced through the fusion of DMAPP and 

IPP, further cyclized into a monoterpene scaffold. The sesquiterpene precursor FPP is produced by fusing 

GPP to IPP, and further addition of IPP to FPP forms GGPP, the precursor for diterpene scaffolds. Two 

FPP will fuse together to a squalene, then a 2,3-oxidosqualene, and start the pathway to triterpenes and 

similarly will two GGPP form phytoene, allowing formation of tetraterpenes. GFPP of 25 carbon atoms is 

formed by addition of IPP to GGPP and the compound produces sesterterpenes. The terpene scaffolds can 
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lastly be further modified into various terpenoids (12). The reaction steps are catalyzed with different 

types of enzymes, further discussed. 

 
Figure 3. Terpene scaffolds are formed from various direct precursors (red arrows). Monoterpenes are produced 

from GPP, sesquiterpenes from FPP, diterpenes from GGPP, and sesterterpenes from GFPP. Triterpenes are made 

from fusion of two FPP molecules and tetraterpenes are made from fusion of two GGPP molecules. OPP - 

disphosphate group. The figure and structures are made by the author (2).  

2.3.2.1 Prenyltransferases 

Prenyltransferases will catalyze the biosynthesis of direct precursors, both of solely DMAPP/IPP origin 

and a mixed origin where other pathway products enter the terpenoid biosynthesis. For the precursors of 

DMAPP/IPP origin, chains with varying numbers of isoprene units are produced. The required enzymes 

for production of GPP, FPP, GGPP, and GFPP are geranyl diphosphate synthases, farnesyl diphosphate 

synthases, geranylgeranyl diphosphate synthases, and geranylfarnesyl diphosphate synthases, respectively 

(30). 

 

The synthases catalyze the fusion of IPP with DMAPP or an existing direct precursor, through a 

condensation of head-to-tail form, where the disphophate group is positioned at the tail. The head-to-tail 

fusion allows one of the disphophate groups to stay attached to the molecule (30). More specifically, two 

conserved DDxxD motifs in the enzymes enable the removal of the diphosphate groups from IPP and 

DMAPP. This generates a carbon cation in the molecules, allowing the chain elongations. Naturally 

produced terpenoids identified in nature usually present to originate from E - precursors, meaning an all-

through trans formation of the isoprenyl diphosphate chains, however cis-prenyltransferases exist, 

forming Z - double bonds in the precursor (31). 
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The formation of squalene, initial precursor for triterpenoids, and phytoene, precursor for tetraterpenoids, 

is catalyzed with the prenyltransferases squalene synthase and phytoene synthase, respectively. Instead of 

the head-to-tail fusion, the fusion occurs tail-to-tail of two FPPs or two GGPPs. This results in loss of 

both diphosphate groups (Figure 3) (28).  

2.3.2.2 Terpene synthases 

The linear precursors will be cyclized by TPSs, or terpene cyclases, into terpene scaffolds. The specificity 

of the TPS reactions varies greatly, making some TPSs highly specific whereas other TPSs will be able to 

produce multiple products. Especially sesquiterpene synthases have shown to be catalytically 

promiscuous (2). Mono- and sesquiterpene synthases, perhaps due to their similar structure, have 

presented bifunctionality with both mono- and sesquiterpene productions (19).  

 

Based on their mechanism for the initial formation of a carbocation in the substrate, the TPSs are divided 

into enzymes of class I and class II (11). The two classes will be described, and the mono-TPS, ses-TPS, 

diterpene synthases (di-TPS), and triterpene synthases (tri-TPS) will be discussed in terms of activity and 

class belonging. 

2.3.2.2.1 Class I terpene synthases 

The class I TPSs are related to the prenyltransferases and promote an ionization-dependent reaction for 

the cyclization of the substrate (11). A hydrophobic active site is created in the enzyme by an ɑ-helix 

structure, or the so called ɑ-domain. In this site, two conserved parts, DDxxD and NSE/DTE, are located. 

These sequences bind the substrate at the diphosphate group. The reaction requires the presence of a 

magnesium ion. Diphosphate removal creates a carbocation from which numerous reactions can take 

place (Figure 4). A double bond in the molecule can react with the cation to form a cyclic structure (2). 

Further possible pathways are water quenching into a terpene alcohol, hydride shifts, or deprotonation 

(11). 

2.3.2.2.2 Class II terpene synthases 

Different from the strategy of class I TPSs, class II TPSs will perform a protonation-dependent reaction. 

The enzyme carries, similarly to class I, a hydrophobic active center, but instead this active site is located 

between two ɑ-helix barrel folds, typically referred to as γβ-domains. Class II catalyzes reactions by 

providing a proton from an aspartate motif, DxDD. This proton addition generates a carbocation (Figure 

4). The carbocation can create cyclization as it reacts with another double bond in the substrate structure. 

The reactions will not remove the diphosphate group, as is done in class I enzymes (23). 
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Figure 4. Example of how class I vs class II TPSs create an intermediate cation from GGPP.  OPP - disphosphate 

group. The structures and figure are made by the author (32).  

2.3.2.2.3 Monoterpene synthases 

Mono-TPS uses GPP as a substrate for monoterpene formation. A limited number of mono-TPS have 

been detected in fungal species, some of these discovered in recent years. The mono-TPS enzymes are of 

class I, as the diphosphate group is removed (28). As previously mentioned, acyclic or cyclic structures 

may be formed, depending on the pathway taken. The monoterpene formation explained is that GPP is 

converted into a geranyl cation and either formed into scaffolds or further produced into a linalyl cation. 

Acyclic structures are formed from the geranyl cation, whereas mono- and bicyclic are formed as the 

linalyl cation cyclize (Figure 5). Hydride shifts, deprotonation, and further modifications create the final 

scaffold (33). 
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Figure 5.  Example on formation of acyclic and monocyclic monoterpenes from GPP. OPP - disphosphate group. 

Compounds and the figure are made by the author (28). 

2.3.2.2.4 Sesquiterpene synthases 

Due to the active site being in a ɑ-helix bundle in the enzyme, ses-TPSs are like mono-TPSs classified as 

class I TPSs. However, as has been mentioned, due to the longer FPP substrate with one more double 

bond in the structure, the diversity of sesquiterpenes is much greater than monoterpenes. Ses-TPS start the 

terpene scaffold production by ionizing FPP into a farnesyl cation, or FPP is isomerized into nerolidyl 

diphosphate (NPP) and further into nerolidyl cation as intermediate. The two cations have been described 

with two common cyclization pathways each to specialize into two forms of the germacradienyl cation, 

humulyl cation, or β-bisabolyl cation (farnesyl C1,6 and C1,10; nerolidyl C1,10 and C1,11) (Figure 6). 

The enzyme will adjust the ring formations into final scaffolds (deprotonation, hydride shift, etc.) or 

continue cyclizing into tricyclic sesquiterpenes (28, 34). Acyclic sesquiterpenes may also be formed, such 

as protonation into β-farnesene (Figure 6) or through water quenching into farnesol or nerolidol.  
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Figure 6. Four cyclizations that are possible for either FPP or its isomer NPP as well as acyclic formations, with β-

farnesene as example. The four cations are further formed into the final terpenes. Four compounds are shown, 

described in sources as possible final products from the specific cyclization pathway. OPP - disphosphate group. 

Compounds and the figure are made by the author (28). 

2.3.2.2.5 Diterpene synthases 

Diterpenes can be produced in different ways, depending on if di-TPS class I or class II is involved 

(Figure 4). Class I enzymes serve as monofunctional enzymes and will perform a one-step reaction, like 

the route of sesquiterpene synthases. However, a two-step reaction may also occur when class II cyclizes 

GGPP, followed by class I that cleave the diphosphate group and further cyclize the compound. Fungal 

di-TPS can carry the class I ɑ-domain (N terminal) and the class II γβ-domains (C terminal) in the same 

so-called bifunctional di-TPS enzyme (23). 

 

Chimeric enzymes exist furthermore in another form in fungal species, as enzymes that carry either 

PT+class I TPS or PT+class II TPS functions, termed prenyltransferase terpene synthases (PTTSs). The 

PTTSs allows the polymerization of the direct precursor and further cyclization to form the terpene 

scaffolds. For di-TPS, this entails that activity from GGPPS is present to form GGPP, along with activity 

from TPS, either class I or II, to form diterpenes. The PT may play an important role in substrate 

specificity as the TPS may accept various linear prenyl chains, but the PT will provide the exact correct 

ones. This is important for organisms to avoid producing unnecessary products (31). 
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2.3.2.2.6 Triterpene synthases 

The biosynthesis of triterpenes is not very understood in fungal species, as the research has mostly 

focused on plant triterpenes (23). Tri-TPS, more commonly known in eukaryotes as oxidosqualene 

cyclases (OSC), will synthesize 2,3-oxidosqualene substrates into triterpene scaffolds, where 2,3-

oxidosqualene is formed from squalene by an enzyme called squalene monooxygenase (Figure 3). 2,3-

oxidosqualene is in fungi mainly further transformed into lanosterol or the related molecule 

protostadienol through the lanosteryl cation and protosteryl cation. The OSC for lanosterol formation is 

called lanosterol synthase, and it is the main OSC enzyme in fungi. Lanosterol is the precursor to several 

triterpenoids as well as to previously mentioned ergosterol that is essential for membrane formation. The 

tri-TPS carry class II enzyme function meaning they present a protonation-dependent reaction (2, 23). 

2.3.2.3 Tailoring enzymes 

The tailoring enzymes have the final job of modifying some terpenes to terpenoids. These modifications 

can be complicated, and if highly complex terpenoids are produced, several reactions by a variety of 

tailoring enzymes might be needed. The tailoring enzymes are a large group with various activities, such 

as cytochrome P450, transferases, and isomerases. Oxidation of the terpene skeleton is the most common 

method, where cytochrome P450 are the major tailoring enzymes for this. It has been estimated that 97 % 

of all terpenoids are modified by cytochrome P450 enzymes (35). However, dioxygenases or 

dehydrogenases can also perform the oxidation to alcohols, acids, or aldehydes. Furthermore, transferases 

can create esters and glycosides (2). 

 

Fungi have been understood to display a physical closeness of the enzymes required for production of 

final terpenoids, meaning that genes coding the enzymes can be found in clusters in the genome. This is 

highly important for the identification of terpenoid biosynthetic pathways, as the surrounding genome of 

an explored TPS can be studied to detect possible tailoring enzymes for further modifications of the 

produced terpene scaffold, such as the cytochrome P450s enzymes (11). 

2.4 The unexplored fungal TPSs 

Fungal TPS genes and terpenoid clusters are rather unexplored compared to plant TPS, even though fungi 

species have been estimated to reach up to several million while plants have been estimated to exist in 

numbers of 400,000. This opens great opportunities and needs for exploring fungal species to understand 

the biosynthesis pathways they exhibit for various terpene products and modified structures. Especially 

the terpenoid pathways and products from species in the mushroom-forming phylum Basidiomycota are 

unexplored compared to Ascomycota, despite the fact Basidiomycota constitutes 30 % of the documented 

fungal species and genome studies of Basidiomycota and Ascomycota suggest that Basidiomycota fungal 

strains carry an average of 12 ses-TPS genes in the genome, whereas Ascomycota presents 3.5 ses-TPS 

genes on average (23, 36).  

 

As of 2023, a bit more than 150 ses-TPSs from mushroom-forming fungal species had been characterized 

(37). Mono-TPSs in fungal species are less studied than sesqui-TPSs. Sesqui-TPSs have been shown to be 

able to produce monoterpenes from the GPP substrate, but few true mono-TPSs have been present in 

studies (23).  
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The fungal genome is becoming more available due to development in DNA sequencing methods and 

various databases such as JGI offer a large library of sequenced fungal genomes. Once interesting genes 

have been identified, such as TPS genes, they can be further studied by using heterologous expressions. 

There are plenty of hosts available for this. 

2.5 Host systems for terpene synthase expression 

The expression of terpenes and further terpenoids from fungi organisms in host systems is advantageous 

as it allows the isolation of the fungal genes of interest to study them one by one. This provides a better 

understanding of the specific biosynthetic pathway. Furthermore, as the production of secondary 

metabolites usually are triggered by environmental changes, it may be very difficult to map the complete 

terpene product formation by solely analyzing fungal samples in the laboratory and genome studies are 

therefore necessary (38). The process of implementing the pathways of interest includes first obtaining 

the single TPS gene or cluster of enzymes. Then, the gene(s) is inserted into the host genome or 

introduced through a non-integrative plasmid vector system. There are various factors to consider when 

choosing a host. Two host systems are highly used today for terpenoid production, namely the bacterium 

Escherichia coli or the yeast Saccharomyces cerevisiae. 

2.5.1 Escherichia coli 

E. coli is advantageous to use as the cells grow very fast, allowing fast paced laboratory work. 

Furthermore, this organism is well-known and a diversity of tools for engineering exist (39). The bacteria 

produce small amounts of terpenoids, allowing a low background (40). E. coli, being a prokaryote, uses 

the MEP pathway to produce terpenoid precursors. The MEP pathway starts with the two substrates 

pyruvate and glyceraldehyde-3-phosphate and produces IPP and DMAPP through several steps. Despite 

the higher theoretical yield compared to the MEV pathway, E. coli has been shown to suppress this 

pathway. Therefore, plenty of research has been put into engineering the MEV pathway into E. coli, to 

enable greater precursor production (41). Lastly, E. coli will as host system display production issues of 

eukaryotic cytochrome P450 due to folding issues, as E. coli lacks an endomembrane system for P450 

attachment (42).  

2.5.2 Saccharomyces cerevisiae 

S. cerevisiae is a well-established and commonly used host system, with a well-known genome, high 

robustness, and a rather fast growth. A reason to use yeast in production of final terpenoid structures, 

instead of for instance E. coli, is the organism’s ability to perform modifications on the terpene scaffolds 

due to its good production of the eukaryotic cytochrome P450 (42). Yeast has no natural production of 

terpenes and therefore provides low background signals in constructed production (43). 

 

Even though mono-, sesqui-, and diterpene products are not produced naturally in yeast, the possibility 

exists as yeast produce the precursors IPP, DMAPP, but also the direct ones such as GPP and FPP. The 

biosynthesis of precursors in S. cerevisiae is through the MEV pathway, in the cytosol (43). Previous 

works show that yeast strains expressing TPSs excrete terpenes into the culture medium where the 

volatile compounds (mainly mono- and sesquiterpenes) can be absorbed in the head-space or where 

overlay methods with for instance hexane can retain the volatile and lipophilic compounds (44, 45). 

However, larger terpenes have greater tendency to accumulate in the yeast cell than the smaller terpene 
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compounds (45). Excretion by microorganisms is especially important for cells when the metabolic 

pathways are unbalanced and the cell homeostasis compromised, as happens when modified strains are 

induced (46). 

 

IPP and DMAPP will naturally in yeast cells be mostly directed to production of FPP and further to the 

membrane compound ergosterol. FPP is therefore an important precursor in yeast. However, unlike FPP, 

GPP is not abundant in yeast, as no other metabolites arise from GPP for yeast function. The enzyme 

Erg20p in yeast carries bifunctionality of GPPS and FPPS activity and hence catalyzes the two steps, 

DMAPP and IPP to GPP and further GPP to FPP (Figure 7). The high activity of Erg20p seems to be the 

explanation for why GPP concentrations in yeast are low. This further seems to be the reason why yeast 

have presented low yields of monoterpenoids (47). Looking at other precursors, GGPP may also be 

produced but as GPP in lower concentrations. Based on this, yeast systems have been successful at 

producing various sesquiterpene compounds but less successful in mono- and diterpene production (48). 

 
Figure 7. The production of IPP and DMAPP to GPP and further to FPP is in yeast produced by the bifunctional 

enzyme Erg20p. Figure is created by the author (49).  

2.6 Methods for terpene synthase study 

Several factors can be considered when choosing a setup for the TPS expression in the chosen host 

system. Gene cloning method, transformation of the yeast cells, enzyme production, and product 

detection are four essential steps. 

2.6.1 Gene cloning 

The TPS genes can be introduced into the host system through chromosomal integration or episomal 

plasmids, specifically multicopy or centromeric plasmids. Chromosomal integration is a more controlled 

and uniform method as the final vector numbers may vary cell to cell. Integration is also a better method 

for creating more stable strains. However, gene introduction with episomal plasmids is advantageous over 

integration when considering its simple procedure (50). USER cloning is one way to construct plasmids.  

2.6.1.1 USER cloning 

Uracil-specific excision reagent cloning allows insertion of multiple gene sequences into a vector. The 

vector contains a total of three recognition sites, one for a restriction enzyme and two for nicking-

enzymes. Treatment with the enzymes will produce a vector with 3’ overhangs in each strand. The gene 
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sequences act as template for PCR, using specifically designed primers carrying an overhang at the 5’ 

end. The overhang is complementary to the vector overhang and has one thymine (T) replaced with an 

uracil (U). DNA polymerase will build the strands and the final product displays a slightly longer DNA 

sequence, with overhangs. Enzymes, such as uracil DNA glycosylase and DNA glycosylase-lyase, 

perform uracil excision and backbone breakage, allowing uracil overhang removal. The resulting 3’ 

overhang will allow the ligation of sequences to vectors. If multiple sequences, such as promoter and gene 

of interest, are to be inserted, the same method is applied where the overhangs in the middle complement 

each other (51). 

2.6.2 Transformation 

In the transformation step, the gene of interest is introduced into the host. The yeast often needs to be 

prepared into competent cells for the transformation. Methods used for plasmid transformation are for 

instance the electroporation method where voltage is applied to the cell solution, which creates pores for 

the DNA to enter. Sorbitol and other chemicals such as lithium acetate are included to create 

electrocompetent cells. The lithium method includes creating competent cells in lithium, such as lithium 

acetate, and polyethylene glycol (PEG), adding the DNA, and exposing the cells to a heat shock 

treatment. A third method can be using glass beads, however a rather low transformation efficiency has 

been obtained. After the transformation, the cells may be plated and grown for selection (52). 

2.6.3 Enzyme production 

Utilizing a constitutive or inducible promoter are two ways to produce the chosen enzymes in yeast. 

Constitutive promoters are not controlled by stimuli, but instead are continuously active in the cells. By 

including an inducible promoter in a vector system, the enzyme production may be controlled in the host. 

Common inducible promoters in yeast are the galactose-inducible promoters, such as GAL1 or GAL2, 

which are proven to be strong promoters with high expression levels (53). 

2.6.4 Compound detection 

When the host system has produced terpenes, an extraction step collects the products to run them in GC-

MS. As has been mentioned in Section 2.5.2, the formed terpenes can be extracted with different 

methods. Two common ones are the solid phase microextraction (SPME) or using an organic overlay, 

such as hexane. Overlay is a solvent-based approach, where the products are extracted into the top layer 

and the extracted phase can be injected into the GC column. As terpenes are rather non-polar, an organic 

phase can allow them to partition into this phase well. SPME instead uses a coated fiber to solvent-free 

extract the compounds, either from the liquid of a sample with direct-immersion SPME or from above the 

sample with headspace SPME (HS-SPME) (54). 

 

The extraction in SPME is either through adsorption or absorption whereas the desorption is thermal or 

solvent based. The fiber coating will affect the analysis, as how well the analyte is retained will depend on 

its interaction with the coating. The interaction depends for instance on polarity and size of the analyte 

(55). SPME is advantageous due to the great isolation and enrichment of the analytes. Furthermore, the 

method is solvent-free and especially HS-SPME is non-destructive to samples as the extraction occurs 

without physical contact (54). HS-SPME extracts analytes of good or semi-good volatility well. 
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Furthermore, less interference from extraction of unwanted cell compounds can be accomplished in HS-

SPME compared to direct-immersion SPME, where the fiber is in direct contact with the sample (56).  

3. Preparatory work 

3.1 Tree assembly 

Preparatory work for the master’s thesis included selection of species and construction of a phylogenetic 

tree that presented the TPS genes from selected species. Furthermore, TPS genes to be studied were 

selected from the tree. The preparatory work was performed by supervisor Chi Zhang.  

 

The phylogenetic tree was constructed by firstly identifying TPSs from genomes of edible mushrooms 

and fungi. This was done with the Hidden Markov Model (HMM), using several TPS domain profiles 

from InterPro (57, 58). TPS protein sequences in the fungal genomes were found, with an E-value of 10-5 

used as threshold for significance. TPS candidates were chosen based on a few requirements, E-value and 

sufficient protein sequence length being two. These candidates together with several characterized TPSs 

from previous works were aligned and FastTree was applied to build the phylogenetic tree (58).  

3.2 Selection of TPS genes 

TPS genes in the phylogenetic tree were selected in batches. Figure 8 presents the created phylogenetic 

tree as well as the selected TPS genes for this work. The TPS genes originated from the shiitake 

mushroom Lentinula edodes (Lenafn1, Lened1, LedB17, Lenedo1, Lentinedodes1, LedVB361, and 

LedTMI1633), the oyster mushroom Pleurotus ostreatus (PleosDSM11191 and PleosPC9), the porcini 

mushroom Boletus edulis (Boledp1 and Boled5), and the jelly fungi Auricularia subglabra (Aurde3), all 

from the phylum Basidiomycota. Additionally, genes were chosen from cheese fungi of phylum 

Ascomycota, Penicillium roqueforti (Proq16744 and Proq16728), Penicillium biforme (Pcas15300 and 

Pbif18567), and Penicillium camemberti (Pencam1).  
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Figure 8. Phylogenetic tree used in this work, created by Chi Zhang and modified by the author. Genes are labeled 

with fungi origin and code. The genes were selected at three times (batches) where green is from batch 1, red is 

from batch 2, and purple is from batch 3. See link attached for visualizing a high-resolution tree. All genes starting 

with CHA are characterized TPSs. The phylogenetic tree was obtained in UGENE where the 31 selected TPS genes 

were modified with larger font and color (58).  
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4. Material and Methods 

4.1 Material 

4.1.1 Gene sequences 

Throughout the project, a total of 31 TPS genes were expressed in the host system for product analysis 

(Table 2). The genes are divided into 3 batches, according to their time of selection. The gene and primer 

sequences were ordered from TAG Copenhagen A/S. The GAL1 promoter prepared for USER cloning 

was obtained from PBio lab. Gene sequences for TPS and primers are listed in Table S4 and S5. Primers 

for ADH1 and Cyc1 were obtained from the PBio lab.  

 

Table 2. Code for the selected gene as labeled in the phylogenetic tree, ID, and species (name, strain, and version) 

that it was obtained from. All fungal strains can be found at JGI (59).  

Gene code ID 
Origin  

Species strain version (v) 

Batch 1   

439646 A1 Lentinula edodes sp2 HRB7682 ss15 v1.0 

693863 B1 Pleurotus ostreatus DSM 11191 v1.0 

1118 C1 Lentinula edodes NBRC 111202 

87392 D1 Pleurotus ostreatus PC9 v1.0 

98513 E1 Lentinula edodes B17 v1.3 

8937 F1 Lentinula edodes NBRC 111202 

1309903 G1 Boletus edulis Prilba v1.0 

1136256 H1 Lentinula edodes Le(Bin) 0899 ss11 v1.0 

1317168 I1 Boletus edulis Prilba v1.0 

12250 J1 Lentinula edodes W1-26 v1.0 

1233026 K1 Auricularia subglabra v2.0 

15584 L1 Lentinula edodes W1-26 v1.0 

110826 M1 Lentinula edodes B17 v1.3 

116750 N1 Pleurotus ostreatus DSM 11191 v1.0 

1000593 O1 Lentinula edodes VB361 v1.0 

1277057 P1 Pleurotus ostreatus DSM 11191 v1.0 
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Gene code ID 
Origin  

Species strain version (v) 

Batch 2   

87916 A2 Pleurotus ostreatus PC9 v1.0 

52504 B2 Penicillium roqueforti ITEM 16744 v1.0 

275231 C2 Penicillium biforme ITEM 15300 v1.0 

78169 D2 Lentinula edodes TMI1633 v1.0 

1222295 E2 Auricularia subglabra v2.0 

Batch 3   

369867 A3 Penicillium biforme ITEM 18567 v1.0 

1249602 B3 Pleurotus ostreatus DSM 11191 v1.0 

7937 C3 Lentinula edodes NBRC 111202 

335196 D3 Penicillium biforme ITEM 15300 v1.0 

85296 E3 Lentinula edodes TMI1633 v1.0 

3508618 F3 Boletus edulis BED1 v4.0 

348993 G3 Penicillium roqueforti ITEM 16728 v1.0 

11954 H3 Lentinula edodes NBRC 111202 

514883 I3 Lentinula edodes sp2 HRB7682 ss15 v1.0 

9278 J3 Penicillium camemberti FM 013  

4.1.2 Vector system 

High-copy plasmid pWUS was used for all experiments, carrying an ampicillin resistance gene (AmpR) 

for bacterial selection as well as a tryptophan (Trp, W) marker to be able to select for transformed yeast 

cells. The vector consisted of 5,736 bp and was provided by PBio lab. In Figure 9, pWUS and its specific 

genes are shown. ADH1 and Cyc1 are backbone terminators in the pWUS vector. The vector was cut 

prior to the thesis work with AsiSI as well as Nb.BsmI at the restriction sites to create the correct 

destination for gene ligation, see the USER cassette in Figure 10.  
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Figure 9. The high-copy plasmid pWUS of 5,736 base pairs was utilized for plasmid construction, carrying ADH1 and Cyc1 

backbone terminators and Nb.BsmI restriction sites for gene insertion. The vector carried an ampicillin resistance gene 

(AmpR) for bacterial selection as well as a tryptophan gene (Trp) for yeast selection. The figure of pWUS was obtained from 

CLC Main Workbench 22 (QIAGEN), made prior to the thesis work. 
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Figure 10. The pWUS vector carried a USER cassette, consisting of 14 bp. The USER cassette was cut previously to 

the thesis work at AsiSI and Nb.BsmI to create the final cut pWUS vector, ready for gene ligation. The figure is 

made by the author.  

 

A pLUS vector with a gene for Erg20p(N127W) inserted was used for co-transformation. This vector 

consisted of 6,970 bp and carried instead a selection marker for leucine (Leu, L). The vector was provided 

by PBio lab. 

4.1.3 Strains 

For sub-cloning of the pWUS vector carrying promoter and TPS gene, the bacterium E. coli was utilized. 

For expression of terpene synthases and terpene production, yeast cells were transformed with the 

purified pWUS plasmid that had been subcloned in E. coli. For terpene synthase expression, S. cerevisiae 

AM158 was used, constructed for greater FPP and GGPP production, with deletion of non-essential genes 

for increased terpene production (60). AM158 was tryptophan (W), uracil (U), leucine (L), and histidine 

(H) auxotroph. 
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4.1.4 Media 

W, U, L, and H were essential for AM158 cell growth. W and L were provided through the pWUS vector 

and the pLUS vector, respectively. S. cerevisiae AM158 was cultivated in Yeast extract Peptone Dextrose 

(YPD) medium supplemented with 40 % glucose. E. coli was cultivated in Lysogeny broth (LB) medium. 

For transformation, Solution 1 and Solution 2 (lithium acetate and PEG3350) were both provided by PBio 

lab. The Glu-UHWL medium for growth of transformed S. cerevisiae cells contained H2O and equal parts 

glucose, OD, and YNB, prepared by PBio labs. The GalRaf-UHWL medium for induction of TPS genes 

was obtained from PBio lab and contained H2O and equal parts galactose+raffinose, DO, and YNB, 

where galactose induces the gene transcription. For verification on gel agarose, GelRed was used, 

provided by PBio labs. The 5X Assay buffer for in vitro assay consisted of 100 mM MgCl2, 2.5 mM 

MnCl2, 50 % (w/v) glycerol, and 250 mM HEPES-KOH (pH 8).  

4.2 Gene and primer preparation 

The genes and primers obtained from TAG Copenhagen A/S were obtained as powder and as 

concentrated solutions respectively. The genes were dissolved in 50 µL H2O and the primers diluted with 

H2O to final concentrations of 100 pmol/µL. The primers were diluted an additional 10X in H2O before 

further usage.  

4.3 Plasmid construction 

The selected genes with GAL1 promoter were introduced into the pWUS vector with USER cloning (51). 

All genes from batch 1, 2, and 3 were introduced with the same technique. For sequence preparation, 

Q5U PCR was performed by mixing 20 µL H2O with 2 µL each of gene specific forward and reverse 

USER primers that carried flanking uracil parts. 1 µL of the gene template was added followed by 25 of 

µL NEBNext® Q5U® Master Mix (NEB). The products were verified on gel, where 2 µL GelRed was 

mixed with 3 µL of the PCR product and 3 µL loaded. The gel ran for approximately 10 minutes. The 

PCR products were purified with MicroElute Cycle-Pure Kit (Omega Bio-Tek), according to given 

instructions. For ligation, 0.5 µL of cut vector was mixed with 0.5 µL purified gene and 0.5 µL USER 

prepared GAL1 promoter, followed by addition of 1 µL cutsmart buffer (NEB) and 2 µL water. Lastly, 

0.5 µL USER® Enzyme (NEB) was added and the solution ran in PCR. Figures 11 and 12 present the 

ligation procedure and final plasmid construct. Plasmid construction for batch 1 was performed prior to 

this thesis work. 
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Figure 11. Promoter and TPS gene were prepared through the USER cloning technique by PCR with uracil containing 

primers followed by treatment with USER® Enzyme, allowing the presented promoter and gene to ligate into the cut pWUs 

vector (Figure 10). The figure is made by the author. 
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Figure 12. The high-copy plasmid pWUS was utilized for plasmid construction, carrying ADH1 and Cyc1 backbone 

terminators and Nb.BsmI restriction sites for gene insertion. The vector carried an ampicillin resistance gene (AmpR) for 

bacterial selection as well as a tryptophan gene (Trp) for yeast selection. The GAL1 promoter and the studied TPS gene (blue 

labeled fragment) were inserted between Nb.BsmI restriction sites with USER cloning. The figure is modified from CLC Main 

Workbench 22 (QIAGEN).  

4.4 Verification of plasmid construct 

E. coli was transformed to culture the plasmid constructs. Competent E. coli cells were chemically 

prepared with Mix & Go E. coli Transformation Kit (T3001) (Zymo Research). The prepared pWUS 

plasmids carrying the gene of interest were added to frozen competent E. coli cells and the mixture spread 

on LB plates with carbenicillin selection. The plates were incubated in 37 oC for 1 day.  

 

Colony PCR was performed by mixing 5 µL 2x Master, 3 µL H2O, and 1 µL of each primer. The primer 

combination was either the forward with ADH1 or the reverse with Cyc1. 8 colonies from the incubated 

plates were picked individually and added to each tube. The PCR products were run in a gel 

electrophoresis, with 3 µL of GelRed added as ladder and to each PCR product. The gel was run for 

approximately 10-15 minutes.  
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For plasmid sequencing, 2-3 colonies that were correct in the gel analysis were picked and transferred to a 

LB + carbenicillin medium for cultivation. The liquid culture was then used for plasmid purification. The 

plasmid purification was performed with E.Z.N.A. Plasmid DNA Mini Kit I (Omega Bio-Tek), according 

to given instructions. The purified plasmids were mixed in two separate tubes with either the forward or 

the reverse primer, alternatively the backbone ADH1 or Cyc1 primers, and sent to Azenta for sequencing 

(Sanger sequencing). The obtained sequences were verified by assembling the gene sequence with the 

obtained sequences from forward and reverse primers to ensure that no mutations occurred and that an 

overlap between the two sequences existed. Plasmid construct verification for batch 1 was performed 

prior to this thesis work. 

4.5 Preparation and transformation of S. cerevisiae 

Yeast strain AM158 was inoculated overnight in YPD medium in a 30 oC shake incubator, changed into 

fresh medium with an inoculate concentration of 5 %, and finally incubated at 30 oC for an additional 3-4 

hours. The OD was measured when the cell concentration visually seemed to be too high. 5 mL yeast cell 

extract was spun down at 4200 rpm. The supernatant was removed, and pellet washed with 250 µL 

Solution 1. Solution 1 was spun down, and supernatant removed. Pellet was resuspended in 25 µL 

Solution 1 + 10 µL ssDNA (D9156, Sigma Aldrich) + 250 µL Solution 2. 5 µL DNA was added, mixed 

well, and the solution was heat shocked at 42 oC for 30 minutes, at 700 rpm. Solution was spun down at 

6,000 rpm, supernatant removed, and pellet resuspended in 1 mL water. The solution was spun down at 

the same speed, supernatant removed, and pellets resuspended in 50 µL H2O. The solution was spread on 

glucose agar plates, supplemented with U, L, and H (50X), and incubated at 30 oC for 2-3 days. For co-

transformations, the same protocol was used, with an additional 5 µL of pLUS+Erg20p(N127W) 

included, and solution spread on agar supplemented with U and H (50X). 

4.6 Induction of transformed yeast cells 

5 colonies were picked from the incubated plates and added to 5 mL Glu-W or Glu-LW medium (50X 

diluted amino acids). The solution was incubated overnight at 30 oC shaking. Either the cells were 

induced or changed into fresh glucose medium until induction could be performed. Induction was 

performed by transferring a volume of the culture to a new tube, corresponding to OD 0.5. The cells were 

spun down at 1500 rpm for 3 minutes and washed twice with 3 mL H2O. The clean pellet was 

resuspended in 2 mL of GalRaf-W or GalRaf-LW medium (50X diluted amino acids) and transferred to 

20 mL SPME vials.  

4.7 In vitro enzyme assay 

The induction for the in vitro assay was performed according to Section 4.6, however 25 mL GalRaf-W 

or GalRaf-LW was used. The induced yeast cells were spun down and washed with 5 mL H2O, then 

mixed with 500 µL 50 mM HEPES-KOH (pH 8) and 500 µL 0.5 mm glass beads. The solution was 

vortexed and cooled on ice 1 minute each in 10 cycles, followed by centrifugation at 9000 rpm for 5 

minutes. 95 µL supernatant was extracted and mixed with 50 µL 5X Assay buffer, 75 µL 100 mM DTT, 

20 µL H2O, and 10 µL isoprenyl diphosphate substrate in room temperature, followed by an immediate 

addition of 250 µL hexane layered on top. The solutions were added in vials and stored at 30 oC 
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overnight. The vials were shaken and centrifuged, followed by extraction of 80 µL hexane phase. To test 

class II activity and prenyltransferases, the GGPP vials were mixed with 250 µL 2M HCl/83% EtOH, 

incubated 10 minutes at 37 oC, shaken, and 175 µL 10% NaOH added. The vials were shaken, 

centrifuged, and another 80 µL hexane phase was extracted from the vials. GC-MS program B was used 

for analysis as described in Section 4.8.  

4.8 GC-MS analysis 

All terpene products were analyzed with GC-MS, a Nexis GC-2030 combined with a single quadrupole 

GCMS-QP2020 NX GC-MS spectrometer (Shimadzu), with an EI ionization method. Nitrogen was used 

as carrier gas. The terpenes produced in vivo were extracted from the headspace above the sample using a 

HS-SPME fiber, allowing the terpenes to accumulate in the coating on the HS-SPME fiber. The terpenes 

produced in the in vitro enzyme assay (Section 4.7) had been extracted to the hexane phase and were 

injected through a liquid injection tool. The coating on the HS-SPME fiber was 50/30 µm 

Divinylbenzene/Carboxen/Polydimethylsiloxane, which according to the provider was compatible with 

volatiles and semi volatiles of sizes MW 40-275 and carbon number between 3-20 (57348-U, Sigma 

Aldrich). The HS-SPME fiber and the liquid injection tool could both be mounted to the GC-MS. The 

column in GC (HP-5MS) had a length of 30.0 m, 0.25 mm inner diameter, and film thickness of 0.25 µm. 

The maximum temperature of the column was 345.0 oC.  

 

GC-MS programs are labeled A and B, both slightly adjusted throughout the project. Program A was used 

for the HS-SPME injection method. The program had an injection temperature of 250 oC and the analysis 

was performed with a starting column temperature of 50 or 60 oC. 3 oC/min rate was kept to 170 oC, 

followed by 40 oC/min up to 260 oC, with a holding time of 3 min. The ion source temperature was 250 
oC and the scan range was 40 m/z - 300 m/z. Program B was used for samples in hexane solvent, with an 

injection temperature of 250 oC and inlet column temperature of 60 oC. 10 oC/min was applied to reach 

300 oC, with a holding time of 6 min. The ion source temperature was 250 oC and the scan range was 

either 40 - 350 m/z or 50-350 m/z. Terpenes were verified by extracting m/z 93, a common ion in 

fragmentation of terpenes (61). Peak integration was performed using TIC chromatograms and selecting 

all likely terpene peaks. The abundance in percentage of each compound produced by the TPS was 

calculated. 

 

Two methods were used to study fragmentation patterns, the cutoff at 90% similarity to library patterns 

was used for a simple approach in combination with a more advanced approach where the fragmentation 

patterns were visually studied to conclude similarity, especially verifying the presence of the main ion 

peaks and somewhat the ratio between them. The GC-MS libraries NIST08 and Wiley Registry 8th were 

used for terpene compound identification, as well as the external library Identification of Essential Oil 

Components by Gas Chromatography/Mass Spectrometry, ed 4.1, providing fragmentation spectra (62-

64). Arithmetic Index (AI) with retention time (RT) were provided for compounds, where AI was 

calculated with an equation, listed in the book, as a function of the C4-34 paraffin RT values. To be able 

to use the external library a linear regression was made from the AIs and RTs of a sesquiterpene standard, 

containing longifolene, trans-caryophyllene, ɑ-humulene, allo-aromadendrene, valencene, and farnesol, 

that was run with the selected TPSs. AIs of the uncertain peaks were then calculated from the linear 

regression using their RTs, and fragmentation patterns with a variance of around AI±4 were visually 
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studied to identify probable compounds. The focus of the comparison lied on identifying the main ion 

peaks in the provided spectra that existed in the unknown compound.  

5. Results and Discussion 

The results from the in vivo analysis, using HS-SPME as extraction method, as well as the in vitro 

analysis, using hexane extraction, will be presented and discussed. All analyses were performed with a 

negative control (yeast carrying empty pWUS plasmid) to verify TPS product formation. The products 

were identified as described in Section 4.8 where the uncertain products (similarity < 90 % to GC-MS 

library fragmentation pattern) were manually studied to understand whether the suggested product seemed 

correct (further discussed in the report). In the case of several possible products with similar 

fragmentation similarity scores, the terpene product with the highest similarity score was chosen. 

5.1 In vivo analysis 

All 31 TPS genes, inserted individually in pWUS vector with the GAL1 promoter using USER cloning, 

were induced in GalRaf medium in closed 20 mL vials and the terpenes formed from the transformant 

were analyzed by running the samples in the 20 mL vials in GC-MS. A HS-SPME fiber was utilized for 

terpene extraction in the headspace above the sample. A negative control was run simultaneously in the 

GC-MS program. The negative control was yeast transformed with an empty pWUS vector.  

 

All 31 TPS genes in the pWUS vector were also transformed into yeast cells together with a pLUS-

Erg20p(N127W). This pLUS plasmid had been ligated with a GAL1 promoter and a mutated Erg20p gene 

(Erg20p(N127W)) prior to thesis work. The transformants carrying both pWUS and pLUS were induced 

in GalRaf medium in 20 mL vials and the terpenes formed in the headspace extracted with HS-SPME 

fiber. For transformants containing pWUS-TPS and pLUS-Erg20p(N127W), a negative control was run 

simultaneously in the GC-MS program. The negative control was yeast transformed with an empty pWUS 

vector and the pLUS-Erg20p(N127W) plasmid.  

 

The GC-MS analysis for transformants carrying pWUS-TPS (single transformation) or carrying both 

pWUS-TPS and pLUS-Erg20p(N127W) (co-transformation) were performed with Program A and 

identified as described in Section 4.8.  

5.1.1 Single transformations 

The genes listed in Table 2 were cloned individually into the pWUS vector with a GAL1 promoter and 

expressed in yeast cells. The products were analyzed with HS-SPME in GC-MS. Out of 31 transformants 

in total, 13 produced terpenes. Three strains showed mainly monoterpene production, nine showed mainly 

sesquiterpene production, and one showed diterpene production. The spectrum peaks are summarized in 

tables, divided based on the type of terpenes mainly produced. Products with at least 10% abundance out 

of total terpene production are included. 

5.1.1.1 Monoterpene production 

Products detected from TPS genes B2, C2, and J3 are presented in Table 3 (abundance out of total terpene 

production ≥10%). These three TPSs in Table 3 were analyzed for product formation once. B2 produced 
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the acyclic monoterpenes β-linalool (25.4 %), β-citronellol (36.6 %), and geraniol (14.0 %), eluting in 

accordance with their boiling points (65-67). Two other rather prominent peaks for B2 were geranyl 

acetate and citronellyl acetate (Figure S1). C2 produced ocimene (67.4 %) and the sesquiterpene 

farnesene (22.9 %), both acyclic, where farnesene is expected to elute later than ocimene as it carries 5 

additional carbons. J3 produced two ocimene peaks, albeit of lower intensities than the other two TPSs. 

B2 is slightly more promiscuous with 13 terpene peaks in the chromatogram (Figure S1). 

 

Table 3. Three TPSs, B2, C2, and J3, were identified to produce monoterpenes as  

major compounds. The products and their corresponding peak number labeled in Figure S1 are presented, with RT, 

abundance out of total terpene formations, and intensity. A combined percentage from remaining terpenes < 10% is 

included. 

Gene ID 
Total number of 

terpene peaks 
Products 

RT  

[min] 

Abundance 

[%] 

Intensity 

[x100,000] 

B2 13 

1 β-Linalool 

2 β-Citronellol 

3 Geraniol 

Remaining  

14.2 

19.7 

20.9 

 

25.4 

36.6 

14.0 

24.0 

8.2 

16.7 

7.1 

C2 9 

1 β-Ocimene 

2 ɑ-Farnesene (C15) 

Remaining 

12.1 

31.6 

67.4 

22.9 

9.7 

32.2 

28.1 

J3 2 

1 β-Ocimene 

2 Alloocimene 

Remaining 

11.7 

15.5 

 

66.4 

33.6 

0 

0.083 

0.045 

5.1.1.2 Sesquiterpene production 

Almost all TPSs in Table 4 produced a great variety of sesquiterpenes, with some uncertain and smaller 

peaks, providing the remaining unlisted peaks with rather high summed percentages. Especially B1 and I1 

presented a total of 19 and 24 terpene peaks respectively (Figure S3). The idea that especially ses-TPSs 

produce many products has been mentioned in Section 2.3.2.2. From batch 1, G1 and O1 were analyzed 

once for product formation with GC-MS program listed in Table S6. B1, I1, N1, and P1 were analyzed 

twice, aiming to obtain a clearer chromatogram where the second GC-MS was run with Program A 

described in Section 4.8. The results obtained from analysis with Program A are presented.  

 

The products are provided with RT, abundance, and intensity (Table 4). B1 presented three major 

products, β-cadinene, isoledene, and δ-cadinene. G1 produced bicyclic valencene as its major product 

(50.2 %) as well as an improperly separated peak next to valencene, not included in the results. This gives 

G1 a rather high remaining percentage. I1 and N1 produced a variety of peaks, but with very similar 

chromatograms and products, with ɑ-muurolene and δ-cadinene from both. I1 also generated tricyclic ɑ-

copaene at RT 〜26.3 min but <10% (Figure S3). O1 produced the acyclic β-farnesene (20.4 %) and 

nerolidol (46.8 %). P1 and D2 created peaks (>10 %) that presented poor similarity to the GC-MS 

libraries with main ion peaks not present (labeled Unknown). A2 showed β-himachalene (70.8 %) and 

cuparene (21.4 %) production. Lastly, A3 produced the bicyclic ɑ-bergamotene as sole terpene product. 
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Chromatograms for G1 and O1 were produced by Chi Zhang with a previous program (Table S6), hence 

G1 and O1 have in general a shorter RT.  

 

Table 4. The products with RT and peak percentage (abundance out of total terpene formations) are listed, as well 

as a combined percentage from remaining terpenes < 10%. The peak intensities are given for perspective. Peaks for 

G1 and O1 are produced in GC-MS by Chi Zhang (Table S6). 

Gene ID 
Total number of 

terpene peaks 
Products 

RT  

[min] 

Abundance  

[%] 

Intensity 

[x100,000] 

B1 19 

1 β-Cadinene 

2 Isoledene 

3 δ-Cadinene 

Remaining 

30.4 

31.4 

32.5 

12.6 

10.3 

50.1 

27.0 

41.0 

24.2 

104.3 

G1 10 
1 Valencene 

Remaining 

12.8 50.2 

49.8 

20.2 

I1 24 

1 ɑ-Amorphene 

2 ɑ-Muurolene 

3 δ-Cadinene 

Remaining 

30.4 

31.4 

32.3 

18.4 

19.1 

26.7 

35.8 

6.8 

8.7 

11.7 

N1 11 

1 ɑ-Copaene 

2 Sinularene 

3 ɑ-Muurolene 

4 δ-Cadinene 

Remaining 

26.3 

30.4 

31.4 

32.3 

17.1 

26.7 

18.2 

25.4 

12.6 

2.1 

0.68 

0.71 

0.78 

O1 14 

1 β-Farnesene 

2 Nerolidol 

Remaining 

12.3 

13.7 

20.4 

46.8 

32.8 

16.9 

27.3 

P1 6 

1 ɑ-Cubebene 

2 Unknown 

3 δ-Cadinene 

Remaining 

26.3 

28.3 

32.3 

30.9 

39.4 

14.8 

14.9 

1.4 

1.9 

0.61 

A2 10 

1 β-Himachalene 

2 Cuparene  

Remaining 

31.5 

31.7 

70.8 

21.4 

7.8 

36.6 

11.9 

D2 14 

1 Unknown A 

2 Unknown B 

Remaining 

27.9 

29.4 

26.3 

50.8 

22.9 

84.3 

113.5 

A3 1 
1 ɑ-Bergamotene 

Remaining 

32.0 

 

100 

0 

0.55 

 

A2 has two peaks that are slightly present in the negative control, especially the second peak where 

cuparene appears to be (Figure S4). The fragmentation patterns are quite similar for both peaks to the 

respective control peak and the 93 ion peaks typical for terpenes are visible in the control (data not 
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shown). The negative control should not produce the terpene compounds at all, and therefore there is an 

uncertainty whether these are true product peaks. It is necessary to investigate the in vitro analysis further. 

 

As for P1 and D2, the fragmentation patterns need to be further inspected. P1 has a low similarity score 

for peak 2 (Figure 13). However, by closely comparing the fragmentation of peak 2 to the provided 

library fragmentation pattern, the two patterns are rather similar. m/z 94 is a bit high compared to m/z 79 

and 107, and the ion peaks of higher m/z seem to not correlate very well. However, the higher m/z ion 

peaks are all very small and hard to make out, perhaps they are not the deciding factor. The compound is 

not provided with a common name but is potentially a terpene of bicyclic structure (Figure 14) with the 

chemical name 1,2,5,5,8A-pentamethyl-1,2,3,5,6,7,8A-octahydro-naphthalen-1-ol.  

 
Figure 13. The chromatogram of P1, with peaks listed in Table 4 labeled in the figure. The negative control (yeast 

transformed with empty pWUS plasmid) is added (black line).  

 
Figure 14. The fragmentation pattern of P1 peak 2, as shown in Figure 13, compared to the pattern for a structure 

provided by Wiley library. m/z 135 is the highest ion peak in both patterns.  

 

Peaks 1 and 2 were the major peaks of D2 (>10% each) (Figure 15). The GC-MS library proposed them 

both as ɑ-santalene, but of 81 and 82 % similarity, respectively. They are both missing the close 

appearance of ion peaks m/z 93 and 94, as well as m/z 79, 107, and 121 as main ion peaks (Figure 16). 

Hence, neither appear to be ɑ-santalene. This can to be further investigated in the in vitro analysis for an 

additional compound production and detection. 
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Figure 15. The chromatogram for D2, peaks listed in Table 4 (>10%) are labeled. The negative control (yeast 

transformed with empty pWUS plasmid) is added (black line). 

 
Figure 16. The fragmentation patterns for peak 1 and 2 for D2 as shown in Figure 15, as well as the provided 

fragmentation pattern by Wiley library. m/z 93 is highest in all patterns. 

5.1.1.3 Diterpene production 

D1 produced cembrene as the only product (Table 5). D1 product formation was analyzed twice, both 

times presenting cembrene as sole product. Cembrene has a higher RT than the sesquiterpenes run with 

the same GC-MS program A, which is reasonable as diterpenes are larger compounds than sesquiterpenes 

and should be retained by the column to a greater extent. The fragmentation pattern of this putative 

cembrene product will be discussed later in the in vitro analysis. 
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Table 5. One TPS showed to produce the diterpene cembrene. The product with RT and abundance in percentage 

are listed, as well as a combined percentage from the remaining terpene < 10%.  

Gene ID 
Total number of 

terpene peaks 
Product 

RT  

[min] 

Abundance 

[%] 

Intensity 

[x100,000] 

D1 1 Cembrene 

Remaining 

39.4 100 

0 

2.0 

5.1.2 Co-transformations 

pWUS-TPS was also co-transformed with pLUS-Erg20p(N127W). Based on the knowledge that the 

precursor for monoterpenes, GPP, has low abundance in yeast, an approach for increasing the GPP pool 

was performed. Ignea et al. introduced Erg20p(N127W), a mutated variant of Erg20p, that acted as a 

negative dominant component in the Erg20p dimer, inhibiting synthesis of FPP in the yeast cell. The idea 

was that by replacing N127 in the Erg20p dimer with a bulkier amino acid W, the activity of Erg20p 

towards FPP would decrease as the active site in the dimer complex is blocked. However, activity towards 

GPP would not decrease (47). Hence, in this project, TPSs from batch 1 and batch 2 were, besides from 

being singly expressed in yeast, co-introduced into yeast with pLUS-Erg20p(N127W).  

 

The correlation between the results from co-transformation and the expected outcomes from the co-

transformation varied between expressed TPSs. The expectations were that the GPP pool would increase, 

and monoterpenes produced to a greater extent, if the expressed TPS carried monoterpene activity. None 

of the TPSs co-transformed with pLUS-Erg20p(N127W) produced additional monoterpenes. Instead, the 

monoterpene production appeared to have decreased and the sesquiterpene production increased. 

 

In Figure 17, the chromatograms for single and co-transformation of B2 and C2 are shown. B2 initially 

produced monoterpenes (Table 3), but the co-transformation presents two sesquiterpene peaks, which was 

unexpected. At the same time, the monoterpene peaks are greater for the single transformations. The same 

is visible for C2, also unexpected. 
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Figure 17. Chromatograms for B2 and C2, presenting peaks from transformation without Erg20p(N127W) and with 

Erg20p(N127W). Note that the baselines are shifted to visualize each sample. Single transformation without 

Erg20p(N127W) suggests a greater monoterpene production as all monoterpene peaks presented in Table 3 are 

more intense for B2 and C2. Meanwhile, co-expression with Erg20p(N127W) shows two sesquiterpene peaks 

(labeled C15) for both B2 and C2, visible at RT 27.5 to 32 min.  

 

Due to time limitations as well as the fact that the co-transformations led to unpredicted and unexplained 

behaviors in the cells, TPSs from batch 3 were not co-transformed with pLUS-Erg20p(N127W). 

However, it is interesting to note that compounds are not just shifted in amount of production, but new 

compounds seem to have been produced. In addition to these TPSs that produced differently in single and 

co-transformation, several of the inactive genes in the single transformation produced sesquiterpene 

compounds in the co-transformation, of various intensities but especially present for E1, K1, and M1, 

however of some uncertainties (Figure S6). This suggests that the TPSs are active and functioning, but 

issues arise in the transformants. Retesting the co-transformation would be necessary to verify the 

occurrences. The products formed in co-transformations are not included as true products as the 

understanding of what occurred is low. 

5.2 In vitro analysis 

The in vitro analysis was performed by adding either GPP (monoterpene substrate), FPP (sesquiterpene 

substrate), or GGPP (diterpene substrate) to the cell extract after the cells had been induced and lysed. 

GC-MS program B was used for analysis. The aim of running in vitro as an additional analysis method 
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was to provide an extra analysis and hopefully more certainty regarding the product formations by the 

TPSs. 

 

In the in vitro analysis, fewer transformants were active compared to HS-SPME. Furthermore, less as well 

as smaller product peaks were in general detected from the in vitro analysis. This was probably because a 

small amount of hexane containing unknown, and perhaps low, amounts of extracted terpenes was 

injected into the GC column, whereas HS-SPME analysis allowed terpene accumulation in the fiber 

coating and is considered a sensitive method. However, some TPSs produced several peaks still, so peak 

areas of at least 10% are presented also for the in vitro analysis. The results from the in vitro correlated 

somewhat with the in vivo HS-SPME results. Note that in Table 6 and 7, products from GGPP addition 

are not presented.  

5.2.1 Cell hydrolysis reactions 

All transformants produced to various degrees the monoterpene geraniol from GPP, even though the 

product was not necessarily detected in HS-SPME. The control also produced geraniol, albeit generally of 

lower amounts compared to the TPS-producing strains but suggesting that geraniol was produced without 

TPSs present. Hence, geraniol is not included as a product for transformants but B2, discussed later. 

Geraniol may be hydrolyzed from GPP by phosphatases located in the yeast cells, when the GPP substrate 

is in excess (47). GPP is as has been discussed, a substrate of low concentrations in yeast, therefore it is 

believable that the cell wants to quickly eliminate the compound when detected in higher concentrations. 

Hence, transformants produced geraniol, but this was most likely cell stress and not a product formed by 

the enzyme. Geraniol was produced in very uneven amounts, some in the million magnitude and some 

barely detected. It is possible, as the mixture with substrate were made in larger batches, uneven 

distribution of the substrate to the various transformants occurred and some samples were given less GPP, 

meaning those cells did not exhibit stress.  

5.2.2 Mono-TPSs 

The three TPSs presented from HS-SPME analysis as potential mono-TPSs are listed in Table 6. Products 

from the in vivo HS-SPME analysis are listed in the last column for comparison. Note that geraniol is for 

B2 included as the only product. For C2, β-ocimene was 100 % of the monoterpene production from 

GPP, excluding geraniol, whereas FPP addition led to sesquiterpene production of 100 % farnesene. J3 

did not present any terpene peaks from GPP or FPP addition.  
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Table 6. Mono- and sesquiterpenes from GPP and FPP addition, respectively, in order of RT in the chromatogram. 

The terpenes present in Table 3 (in vivo HS-SPME results) are listed in the last column. All products from in vivo as 

well as in vitro are given abundance in rounded percentage for comparison. 

Gene ID 

In vitro products, [%] 

In vivo products, [%] 

Monoterpenes from GPP Sesquiterpenes from FPP 

B2 
Geraniol, 〜99  β-Linalool, 25 

β-Citronellol, 37 

Geraniol, 14 

C2 
β-Ocimene, 100 

 

ɑ-Farnesene, 100 β-Ocimene, 67 

ɑ-Farnesene, 23 

J3 
  β-Ocimene, 66 

Alloocimene, 34 

5.2.2.1 Comparison in vivo and in vitro mono-TPSs 

Geraniol is listed for B2 because it was detected with the HS-SPME method. β-Citronellol and β-linalool 

were also produced from B2 with HS-SPME, but not present in the in vitro analysis. The same handling 

of GPP by the cell as for geraniol production can occur for linalool production, meaning linalool might 

only be produced from the cell as it hydrolyses GPP (47). Linalool has also been shown to be produced 

from geraniol, by Steyer et al. (68). The same authors explained citronellol formation with cell function, 

where citronellol can be produced from a reduction step of geraniol. Further formations caused by cell 

activity are geranyl acetate and citronellyl acetate, both detected as smaller peaks in the HS-SPME 

analysis of B2 (Figure S1) (68). B2 also produced a nerol peak eluting slightly before geraniol, geraniol 

appeared to co-elute with other compounds and the abundances were hard to estimate. Nerol is typically 

produced from neryl diphosphate (NerPP), the cis form of GPP, but as NerPP is not present in yeast cells, 

it is most likely yeast cell reactions from geraniol, a described reaction (68, 69). Based on all information, 

it is possible that B2 produced geraniol as its sole product and is a geraniol synthase.  

 

The β-ocimene production was 3 times greater (〜60%) than ɑ-farnesene production (〜20%) in the HS-

SPME analysis for C2. Hence, C2 appeared to be a bifunctional ocimene synthase with potential to 

produce farnesene. In the in vitro, the ɑ-farnesene production was even lower, see Figure 18 for 

comparison between substrate additions. Note that GPP also produced farnesene. The idea behind the in 

vitro analysis is that the added substrate will be utilized by the enzyme, hence different substrate addition 

will allow production of the specific types of terpenes. As yeast cells contain endogenous FPP and since 

the method used in this work did not isolate the released enzyme, the enzyme may use endogenous FPP 

substrate as well. However, the GPP addition (no extra FPP added) allowed a sesquiterpene peak 

production of similar size as the FPP addition (extra FPP added), meaning either FPP was unevenly 

distributed in the larger pool for the in vitro analysis or not utilized by the enzyme.  
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Figure 18. The chromatogram for C2 (mono- and sesquiterpene peaks). GPP and FPP addition are presented, as 

well as the negative control with GPP addition due to lack of combined controls. Note that the baselines are shifted 

to visualize each sample. GPP addition produces a significant β-ocimene peak. FPP addition produces a slightly 

higher ɑ-farnesene peak than GPP addition. 

 

J3 produced two ocimene isomers in HS-SPME. These are not detected in the in vitro analysis, most 

likely because the peaks were rather small in HS-SPME (Figure S1), and a lower concentration of 

terpenes may have entered the GC column at hexane injection. It is therefore still possible that J3 is a 

mono-TPS that produces two ocimene isomers.  

5.2.3 Ses-TPSs 

As for C2, GPP addition allowed sesquiterpene production for B1, I1, N1, O1, A2, and D2. Again, 

probably due to endogenous FPP that was released as the yeast cells were lysed. The sesquiterpene peaks 

were for almost all TPSs greater at FPP addition than GPP addition, discussed later. 

 

B1, I1, and D2 produced peaks with the HS-SPME as well as in the in vitro analysis that presented under 

90% similarity to the GC-MS libraries. B1 in the in vitro presented a similar elution pattern as when using 

the HS-SPME method (Table 4), and due to the fragmentation pattern being most like the compounds 

identified in that analysis, they were assumed to be the same, i.e. germacrene D, isoledene, and δ-

cadinene (Table 7). However, I1 produced an uncertain peak not shown in the in vivo analysis and the 

fragmentation patterns provided by the GC-MS libraries for D2 were still not convincing. Identification of 

Essential Oil Components by Gas Chromatography/Mass Spectrometry, ed 4.1 was used as an external 

library to identify peaks (62). D2 and I1 were retested in GC-MS with program B together with a standard 

sample with six sesquiterpenes. The standard sample was labeled according to given instructions (Figure 

19). The sixth peak (farnesol) was not detected.  
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Figure 19. Sesquiterpene standard produced with GC-MS program B. Labels: 1 longifolene, 2 trans-caryophyllene, 

3 ɑ-humulene, 4 allo-aromadendrene, 5 valencene. 

 

With RTs in Figure 19, the method provided in Section 4.8 was used for product identification. The AIs 

of the compounds were taken from the book and plotted to each other. An equation could be obtained 

from the graph, used to calculate AIs of the unknown peaks (Figure 20).  

 
Figure 20. The products from Figure 19 are plotted RT to AI (shown as blue circles). AIs are given by the book. The 

equation for the linear regression is provided in the graph, with corresponding R2 value.  

 

The two uncertain peaks of D2 (Table 7) with RTs 12.45 and 13.03 generated with the equation in Figure 

20 AIs of 1404 and 1450 that could be utilized to search in the external library. Peak 1 in the in vitro 

analysis, that corresponded to Unknown A in Table 4 and 7, was less than 10 % as well as slightly outside 

the linear regression range (Figure 20), but still studied to identify compound Unknown A. Fragmentation 

patterns for peak 1 presented several small ion peaks in the higher m/z range but overall showed a high 

similarity to the fragmentation pattern of ɑ-barbatene with AI 1407 (Figure 21).  
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Figure 21. The most similar compound from the utilized book, referred to as ɑ-barbatene. m/z 41 and 51 in peak 1 

appear to be slightly lower than the library. Note that ion peak labels have been manually added to the unknown 

pattern for better comparison. m/z 93 is highest in both patterns. 

 

For Unknown B of D2 (peak 2), the visually most similar compound was myltayl-4(12)-ene with AI 1445 

(Figure 22). The ratio of m/z 93 and 108 is skewed as 93 appears too high. Furthermore, m/z 67 as well as 

81 is higher in the unknown compound, and 41 lower, but otherwise there is a possibility that the 

compound is myltayl-4(12)-ene. 

 
Figure 22. The most similar compound found from the utilized book, referred to as myltayl-4(12)-ene. m/z 67, 81, 

and 93 are higher in peak 2, and m/z 41 is lower, than the provided library. Note that ion peak labels have been 

manually added to the unknown pattern for better comparison. 

 

The retesting of I1 and D2 produced much smaller or not even visible peaks compared to the first in vitro 

analysis, most likely due to old colonies on the plates, and the uncertain peak of I1 was not detected hence 

could not be verified with the external library. The fragmentation pattern of I1 was further studied for 

peak 2 (Table 7) as it showed under 90 % similarity to the library compound pattern. The fragmentation 

pattern from peak 2 presented as ɑ-cadinol by the NIST library but had a skewed ratio of m/z 43 and 95, 
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as well as m/z 161 and 204. Otherwise, all main ion peaks are present (Figure 23), allowing the 

assumption that the peak is ɑ-cadinol.  

 
Figure 23. Fragmentation pattern for I1 from in vitro (peak 2) and the NIST GC-MS compound library for ɑ-cadinol 

fragmentation. 

 

The results from the in vitro analysis are summarized in Table 7 together with the nine TPSs producing 

sesquiterpenes as main products using the HS-SPME extraction. Several products identified in the in vitro 

were below 10 % in the in vivo testing using HS-SPME. B1 presented a rather high remaining percentage 

due to multiple unlisted products. D2 also had some remaining percentages, filled by peaks <10% such as 

ɑ-barbatene and a rather uncertain sesquichamene peak. B1 and O1 presented new monoterpene 

production other than geraniol, their chromatograms are included later for discussion.  
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Table 7. The product peaks from GPP and FPP addition, in order of RT in the chromatogram, for all TPS genes 

active in the HS-SPME analysis. The terpenes present in Table 4 (in vivo HS-SPME results) are listed in the last 

column. All products from in vivo and in vitro are given abundance in rounded percentages for comparison, as well 

as remaining percentages for the in vitro analysis. 

Gene ID 

In vitro products 

In vivo products 

Monoterpenes from GPP Sesquiterpenes from FPP 

B1 

1 Myrcene, 67 

2 Nerol, 24 

Remaining, 9 

1 Germacrene D, 19 

2 Isoledene, 12 

3 δ-Cadinene, 24 

4 δ-Cadinol 10 

Remaining, 35 

Germacrene D, <10 

β-Cadinene, 13 

Isoledene, 10 

δ-Cadinene, 50 

δ-Cadinol, <10 

G1 
 

 

1 Farnesol, 100 

 

Valencene, 50 

I1  

 1 δ-Cadinol, 70 

2 ɑ-Cadinol, 12 

3 Farnesol, 17 

Remaining, 1 

ɑ-Amorphene, 18 

ɑ-Muurolene, 19 

δ-Cadinene, 27 

δ-Cadinol, <10 

ɑ-Cadinol, <10 

N1 

 1 δ-Cadinol, 100 ɑ-Copaene, 17 

Sinularene, 27 

ɑ-Muurolene, 18 

δ-Cadinene, 25 

δ-Cadinol, <10 

O1 
1 β-Linalool, 100 1 Nerolidol, 100  β-Farnesene, 20 

Nerolidol, 47 

P1 

 1 Unknown, 53 

2 δ-Cadinene, 47 

ɑ-Cubebene, 31 

Unknown, 39 

δ-Cadinene, 15 

A2 
 1 β-Himachalene, 100 β-Himachalene, 71 

Cuparene, 21 

D2 

 1 *ɑ-Barbatene 

2 Myltayl-4(12)-ene, 68 

3 β-Himachalene, 15 

Remaining, 17 

Unknown A, 26 

Unknown B, 51 

β-Himachalene, <10 

A3   ɑ-Bergamotene, 100 

* in vitro product <10%  
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5.2.3.1 Comparison in vivo and in vitro sesqui-TPSs 

O1 and A2 correlated rather well in the two experiments. From the in vivo HS-SPME results, it was 

unclear whether A2 produced β-himachalene and cuparene as they were both present in the negative 

control, β-himachalene very minor but cuparene more present. From the in vitro analysis, cuparene was 

either not detected or not produced. Due to the presence in the control for the in vivo analysis as well as 

no production for in vitro, perhaps cuparene was not a true product, making A2 a potential β-himachalene 

synthase. 

 

O1 produces nerolidol that, like geraniol, may be produced through cell hydrolysis when FPP is in excess 

(47). However, nerolidol is produced in HS-SPME when FPP is not in excess. Furthermore, according to 

Figure 24, the nerolidol peak is greater when FPP is added as substrate compared to addition of GPP, with 

no visible nerolidol peak in the control. This means that the enzyme most likely uses both endogenous 

and added FPP to produce nerolidol. The β-linalool peak, formed at GPP addition, has uncertain origin. 

The linalool peak might be produced like the assumed production pathway for B2, by the cell handling 

excess GPP. However, the ratio of geraniol to linalool from the control and O1 differs greatly (Figure 24). 

O1 is the only TPS strain producing a great amount of linalool instead of just geraniol, like the other 

strains, such as I1 that produced geraniol with intensity of almost 107 but negligible amount of linalool. 

Lastly, β-farnesene was detected with HS-SPME, produced in a one-step reaction from FPP as nerolidol 

(34). It is possible that O1 is a nerolidol - linalool synthase that allows production of β-farnesene.  

 
Figure 24. The TIC chromatogram for O1, with products listed in Table 7 labeled. Note that the baselines are 

shifted to visualize each sample. The geraniol peak most likely co-elutes with something else, assumed as an extra 

peak is detected in the dragged-out peak. The negative control with GPP addition is included, due to the lack of a 

combined GPP and FPP negative control.  

 

For B1, I1, N1, P1, and D2 it was more difficult to conclude what the actual product formations were. B1, 

as for O1, allowed monoterpene production other than geraniol (Table 7) allowing the assumption that the 

B1 is also a bifunctional mono-and sesqui-TPS. Agrocybe aegerita has been presented with a very similar 

bifunctional and promiscuous TPS, producing, among other products, myrcene and δ-cadinene (70). 

Nerol is most likely yeast cell reactions from geraniol, as suggested for B2. The control produced a peak 

when δ-cadinene elutes (Figure 25), verified with fragmentation pattern analysis and extraction of m/z 93 

as a non-terpene. However, the peak most likely makes δ-cadinene too high in TIC and therefore of lower 

abundance. Two rather large peaks close to δ-cadinol are an uncertain ɑ-longipinene peak as well as ɑ-
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cadinol. As for C2, sesquiterpenes can be produced from endogenous FPP released from the cell. 

However, endogenous peaks are low for FPP addition compared to the control and GPP addition, so 

perhaps a less concentrated part of the released yeast solution, containing endogenous cell products and 

TPSs, was taken. As a conclusion, TPS B1 presents low catalytic specificity, allowing production of a 

great variety of both mono- and sesquiterpenes, but is most likely some sort of bifunctional δ-

cadinene/germacrene D/myrcene synthase. 

 
Figure 25. Chromatogram for B1. Note that the baselines are shifted to visualize each sample. The terpenes listed in 

Table 7 are labeled in the chromatogram. The negative control with GPP addition is included, due to the lack of a 

combined GPP and FPP negative control. 

 

The in vivo in comparison to the in vitro skewed abundance ratios for I1 and N1. With HS-SPME 

extraction, δ-cadinol is less than 10 % of the terpene production for both, but it is the major one/only one 

produced in the in vitro analysis. As different extraction methods were used, it is believable that the 

abundances would vary a bit between the methods. The interaction of the analyte to the coating on the 

SPME fiber has been described in Section 2.6.4 to be related to analyte polarity and size, perhaps the 

coating interacted and retained the less polar compounds better, which skewed the peak ratios. This would 

entail that the compounds other than δ-cadinol detected in HS-SPME for I1 and N1 were in fact of lower 

concentrations than the analysis indicated. This seems to have occurred also for B1, where the ratio of δ-

cadinol to the cadinene compounds is skewed. Another explanation is that the terpenes from in vivo 

analysis were not produced in the in vitro analysis, discussed later. For I1, as farnesol was not detected in 

HS-SPME for any of the transformants, the same hydrolysis reaction by the cell is likely the explanation 

for the production of the sesquiterpene farnesol by I1, as well as G1, and some transformants shown 

inactive in the in vivo analysis (data not shown) (47). In conclusion, I1 and N1 may both be δ-cadinol 

synthases of lower catalytic specificity.  

 

P1 is assumed to produce the same putative but nameless sesquiterpene in the in vitro analysis as was 

detected with the HS-SPME, as a similar fragmentation pattern and the same elution order to δ-cadinene 

is found. The peak for δ-cadinene seemed to co-elute with something else (data not shown) which is 

probably the reason for a higher percentage in the in vitro vs using the HS-SPME method in vivo. The 

unknown product could not be analyzed towards the external library as no production was detected when 

running with the standard solution. D2 produced two unknown peaks in vivo, now distinguished as 

possible myltayl-4(22)-ene as the main peak, and ɑ-barbatene. Whether β-himachalene or ɑ-barbatene is 

second most produced compound is hard to determine, perhaps the coating accumulated β-himachalene 

better. 
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G1 and A3 produced nothing in the in vitro. It appears as if the enzyme was either not active, low activity, 

or the products did not enter the organic overlay phase.  

 

As a conclusion from the FPP addition to analyze sesquiterpene production, more substrate needs to be 

added, or the compounds need to somehow be concentrated in the hexane phase as several sesqui-TPSs 

produced small sesquiterpene peaks, especially B1, N1, and P1.  

5.2.4 Di-TPSs 

5.2.4.1 Class I and class II di-TPSs 

The GGPP addition tested di-TPS activity, class I and potentially bifunctional, able to remove the 

diphosphate group as well as class II di-TPSs that are unable to remove the diphosphate group. Class II 

verification was performed with acid (Section 4.7) as the more polar diphosphate compound would not 

necessarily position in the organic phase hence the diphosphate group was first removed. As larger 

terpene products have a greater tendency to be trapped in the cells, previously discussed, the in vitro 

analysis was important to verify that no products were missed in vivo. However, no diterpenes were 

detected, except D1 that produced cembrene, albeit very small, in the acidified GGPP mixture (Table 8). 

The experiments allowed some sesquiterpene production like GPP addition. 

 

Table 8. The product peaks from GPP and FPP addition, for D1. The terpene present in Table 5 (in vivo HS-SPME 

results) is listed in the last column. All products from in vivo and in vitro are given abundance in percentage for 

comparison. 

 

Gene ID 

In vitro products 

In vivo products 
Monoterpenes 

from GPP 

Sesquiterpenes 

from FPP 

Diterpenes 

from GGPP 

Diterpenes from 

GGPP (acid) 

D1  Farnesol, 100  Cembrene, 100 Cembrene, 100 

 

The fragmentation patterns for the cembrene peak were compared to verify if the peaks produced in the in 

vivo and in vitro correspond to the library. One observation is that the molecular ion peak m/z 272 is 

undeniably smaller in both in vitro and in vivo than the library fragmentation pattern. All other peaks are 

of similar intensity between produced peaks and library, but perhaps the EI source led to an unusually 

small molecular ion (Figure 26). 
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Figure 26. The in vitro fragmentation presents m/z 81, 93, and 105 as the highest peaks. Note that ion peak labels 

have been manually added to the unknown pattern for better comparison. The fragmentation pattern for the in vivo 

peak as well as the cembrene fragmentation pattern and structure provided by Wiley library is shown. 

5.3 pH analysis 

Yeast metabolites secreted into the cultivation medium can cause pH drops, especially if the cells go into 

fermentation mode which occurs when oxygen runs out. Yeast cells are rather impermeable to protons 

and keep in general a constant pH, but a very low external pH can affect the intracellular pH as protons 

flux in when nutrients and such are taken up (71). Hence, it is possible that the accumulated external pH 

changes the intracellular yeast pH. Especially enzymes that are produced in the yeast cells can be 

affected.  

 

The TPS enzymes are produced as the yeast cells are diluted in the GalRaf induction medium. A pH 

measurement was performed on recovered GalRaf medium from 3 days of induction for later in vitro 

analysis. Another volume of GalRaf had been used for induction than used for in vivo and the pH of 

GalRaf for in vivo might not have been the same, but this was never tested. However, as the in vitro 

induction experienced a low pH of 3.09 (Table 9), the in vivo probably experienced a somewhat low pH 

too. It should be noted that the pH of the unbuffered GalRaf was not measured prior to induction, but 

either way is the pH on the GalRaf medium after induction low. As the in vivo analysis is performed in 

this low pH GalRaf medium but the in vitro is performed in a 5X Assay Buffer (GalRaf removed and 

enzymes resuspended), the pH conditions are not the same throughout the experiments. This can affect 

the terpene production, as an acidic environment can alter the enzyme as well as the substrate, allowing a 

changed interaction between them (72). 
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Table 9. pH of recovered GalRaf medium.  

Medium pH Temperature [oC] 

Recovered GalRaf 3.09 22 

 

To verify how the pH affected the TPS catalytic activity, some TPSs that were re-tested due to uncertain 

peak production for in vivo HS-SPME were induced in two vials, one using the normal GalRaf medium 

used in previous experiments, one using buffered GalRaf of pH 6.5. The exact same setup was performed 

otherwise. The pH of the buffered induction medium after 3 days induction was not tested for this specific 

experiment but in a later setup it was measured to pH 5.8.   

 

The control was first studied to verify that the endogenous cell production remained constant unbuffered 

vs buffered, which it did. This also suggested that the yeast grew with similar pace in the buffered vs 

unbuffered medium. The negative control in buffered medium is included for all. Figure 27 and 28 

presents four out of six tested sesquiterpene producing strains. The TPSs appeared affected to various 

degrees, although all sesquiterpene producing TPSs that were tested in buffered medium produced greater 

peaks in the buffered induction medium. D2 and A3 produced slightly higher peaks of the same ratio 

(data not shown), whereas B1 produced 5 either new or much greater peaks in the buffered medium 

(Figure 27). Note that peak 2 appears to be germacrene D, also possibly present in the peak before peak 3, 

in both buffered and unbuffered. Germacrene D was produced as a major compound in the in vitro 

analysis, perhaps the pH adjustment allowed the enzyme to go back to the right formation and produce 

more germacrene D than in lower pH. However, δ-cadinol, with 10% production in the in vitro, is close to 

undetected in the buffered medium. Hence, the varying ratio between δ-cadinol and the other terpene 

peaks between the two analysis methods is most likely not related to the pH but to the different extraction 

methods used, as discussed in Section 5.2.3.1. 

 
Figure 27. Chromatogram for buffered vs unbuffered B1. Note that the baselines are shifted to visualize each 

sample. B1 is labeled at peaks present in unbuffered HS-SPME as well as peaks highly present in the buffered 

medium, but almost or completely undetectable in the unbuffered. 1 - ɑ-cubebene, 2 - germacrene D, 3 - uncertain 

sesquiterpene peak, 4 - β-cubebene, 5 - uncertain sesquiterpene peak. 

 

It can be noted that the three TPSs in Figure 28 produced β-elemene, although β-elemene was not present 

in the unbuffered HS-SPME nor the in vitro analysis. Note that the buffered medium allowed generally 

more production of the products under 10 % in the in vitro, especially for I1, but not greater δ-cadinol 
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production (labeled), the main product in the in vitro. This suggests, as for B1, that the extraction methods 

gave different ratios between δ-cadinol and the rest.  

 

 
Figure 28. Chromatograms for buffered vs unbuffered I1, N1, and P1. The buffered medium produced higher peaks 

especially for I1 as well as a new β-elemene peak for the three TPSs. Note that the baselines are shifted to visualize 

each sample.  

 

Figure 29 presents D1 that produced diterpene. This is the only tested one that produced less product in 

the buffered induction. It is very difficult to say if this is certain, and it is not evidence that di-TPSs prefer 

more acidic environments.  
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Figure 29. The cembrene peaks from D1, unbuffered vs buffered, are slightly horizontally and vertically shifted to 

visualize them better.  

 

Adjusting the pH by buffering the induction medium did not appear to make the in vivo and in vitro more 

similar, except perhaps the germacrene D production by B1. However, even though the environments 

were different for in vivo and in vitro at production, they were both subjected to a potentially low pH at 

induction and enzymes or substrates may have changed structure, affecting their catalytic activity. Hence, 

the fact that the production changed in the buffered induction, such as β-elemene for three TPSs, might be 

reasonable. Enzymes may also denature if the pH changes much from the optimal one (72). Two different 

filamentous fungal species have been described with a intracellular pH 〜7.6 of the hyphae cells meaning 

the buffered medium is most likely closer to the true pH of fungal cells (73). Three inactive transformants 

were buffered in the induction but still showed no production. However, all inactive transformants would 

need to be tested with buffered induction medium to verify if low pH caused enzyme inactivation. Other 

reasons for inactivity are possible, further discussed.  

5.4 Inactive genes and further work 

The TPSs presented inactive in the in vivo single transformation analysis as well as in the in vitro analysis 

can be inactive due to misfolded enzymes, such as from described low pH or other reasons, or the gene 

sequences might be wrong. The TPS genes in the fungal genomes were predicted with developed 

algorithms, where this tool allowed gene annotations to avoid manual annotations. However, previous 

work has expressed issues regarding identifying TPS genes with algorithms, especially clusters from 

Basiomycota, partly because fungal species from Basiomycota are not greatly studied (11). Alternative 

splicing is common in eukaryotes, but it is not very well understood in fungi. The idea is that pre-mRNA 

formed from one gene can be spliced in numerous ways to create an array of final protein sequences, 

controlled by gene introns (74). A study by Grützmann et al presented that Basidiomycota 8.6% of the 

genes undergo alternative splicing with a slightly lower number of 7.2% in Ascomycota (75). The 

genomes with the prepared annotations were used when ordering the genes and hence the obtained 

sequences might not be the correct ones. A collaborator of this study ran the TPS gene sequences in a 

trained algorithm to determine the possibility that the genes were in fact terpene synthases (76). Seven 
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potential TPS genes were not tested, but all tested genes were in the span around 90 to >99%, except C1 

and J1, with values of 76% and 83 % respectively. They were inactive in the co-transformation, where 

also A1, H1, and L1 were inactive, two first ones not tested in the algorithm, however the third of 93 % 

score.  

 

Approaches to see alternative substrate utilizations or activities of the genes were performed in this work. 

As has been stated in Section 2.3.2.1, prenyltransferases can produce cis forms of the isoprenyl 

diphosphates which may be used as a substrate by TPSs. Tomato glands have been proven to produce and 

utilize NerPP, the cis form of GPP, for monoterpene production, verifying that monoterpenes can be 

produced this way (77). The in vitro method in Section 4.7 was hence run by adding NerPP as substrate. 

However, nothing indicated that it was utilized as a substrate. With the same in vitro method, 

prenyltransferase activity of the inactive transformants was tested, due to the similar DDxxD domain 

between prenyltransferases and class I TPSs. IPP was mixed with either DMAPP, GPP, NerPP, or FPP. 

The active enzymes were not tested as it is assumed that their gene sequences are too short to be able to 

include all domains required to be a chimeric PTTS enzyme. However, the results presented no new 

activity.  

 

Other possibilities are that the inactive genes are class I di-TPSs that need modification of the GGPP 

substrate by a class II di-TPS, as described in Section 2.3.2.2.5. Furthermore, it is possible that cis forms 

of the other isoprenyl diphosphate chains (FPP, GGPP) are produced by cis prenyltransferases (31). 

 

Note that the co-transformation with pLUS-Erg20p(N127W) has allowed sesquiterpene production, 

leading to the assumption that in fact three TPSs, E1, K1, and M1, are most likely active but need further 

investigations to find reasons to why they do not produce in the single transformation or when tested in 

vitro. Sesquiterpene productions in the co-transformation is interesting but not considered true products 

until how this occurred can be elucidated. 

5.5 TPS catalytic activity in phylogenetic tree 

A large portion of the active TPSs presented a variety of products, especially TPSs producing 

sesquiterpenes. This correlates with the previous discussion regarding the fact that TPSs often are 

promiscuous. The in vivo analysis in combination with the in vitro analysis could give some insights into 

what the main formations are by the TPSs. A convincing conclusion regarding the product formation for 

some TPSs was hard to form, as the in vitro most likely missed several terpenes due to lower sensitivity 

and the extraction methods presented with varying peak ratios, perhaps due to coating selectivity of the 

HS-SPME fiber. Both theories need verification, hence the products that have been detected as over 10 % 

for in vivo and/or in vitro are presented for TPSs producing mainly monoterpenes (Figure 30), 

sesquiterpenes (Figure 31, 32, and 33), and diterpene (Figure 34). Products formed by more than one TPS 

are highlighted.  
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Figure 30. The products formed by TPSs B2, C2, and J3. β-ocimene is produced by C2 and J3. Structures are made 

by the author.  

 

 
Figure 31. The products formed by TPSs B1, I1, N1, and P1. δ-Cadinene is produced from all four, δ-cadinol from 

B1, I1, and N1, and ɑ-muurolene from I1 and N1. Structures are made by the author. 
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Figure 32. The products formed by TPSs A2 and D2. Structures are made by the author.  

 

 
Figure 33. The products formed by sesqui-TPSs O1, G1, and A3. Structures are made by the author. 
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Figure 34. The structure of the diterpene cembrene, produced by D1. Structure is made by the author. 

 

Functional work on characterized ses-TPS products from mushroom-forming fungi, performed by Wang 

et al, showed that the ses-TPSs divided into clades in the phylogenetic tree based on the substrate 

cyclization pathway taken, specifically the four cyclization pathways in Figure 6 were located in four 

different clades (37). The TPS clade divisions in the phylogenetic tree of this work can be studied the 

same way to find patterns.  

 

Sesquiterpenes have been described to arise from either FPP or NPP (Figure 6). All four sesqui-TPSs in 

Figure 31 present, in various constellations, compounds of the common cadalene structure (Figure 35) 

that come from specifically C1,10 closure of FPP or NPP. Cadalane δ-cadinene from this work have been 

described in previous work arising from C1,10 closure of NPP and ɑ-muurolene as well as δ-cadinol from 

FPP (Figure 6) (37). Germacrene D production is a bit more unclear with explained pathways both of 

C1,10 NPP cyclization as well as C1,10 or C1,11 FPP cyclization (22, 37). 

 

  
Figure 35. The cadalane structure, made by the author. 

 

I1 and N1 present δ-cadinol as a likely main product (70% and 100% in vitro). They come from the same 

small clade in the phylogenetic tree, assuming this might represent the C1,10 ring closure from FPP. 

Furthermore, B1 and P1 produce germacrene D and/or δ-cadinene as products, although with an 

undiscovered pathway for the unknown product of P1. B1 and P1 are in a larger clade with I1 and N1, 

allowing the C1,10 from NPP or FPP but also rather promiscuous TPS enzymes to be in the lower right 

clade (pink in Figure 36). 
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The sesqui-TPSs A2 and D2 are found in the same small clade and are both relatively specific with β-

himachalene as a product (Figure 32), a compound of the himachalane structures. β-himachalene has been 

described to arise from the C1,11 cyclization of NPP, into the humulyl cation as intermediate (78). Even 

though the ɑ-barbatene structure resembles that of β-himachalene, ɑ-barbatene has been described from 

the bisabolyl cation (C1,6 NPP closure), hence D2 appear to utilize several cyclization methods (22). The 

pathway for the main product of D2, myltayl-4(12)-ene, cannot be found. A3 is part of a larger clade with 

A2 and D2. A3 produce ɑ-bergamotene that arise from the bisabolyl cation, same as ɑ-barbatene (22). 

Hence, C1,6 NPP and C1,11 FPP closure seem to be in the upper right clade (green in Figure 36).  

 

As for the three main mono-TPSs (Figure 30), B2, C2, and J3, all are in another clade, with specificity for 

GPP. O1 is included with the mono-TPSs in a larger clade, where O1 produce monoterpene β-linalool but 

also share production of the farnasane acyclic structure with C2 (nerolidol, β-farnesene, and ɑ-farnesene) 

(Figure 30 and 33) (yellow in Figure 36). 

 

The potentially inactive genes are located all throughout the tree. However, a group of 5 genes are in a 

clade to the middle right of the tree, perhaps they all are inactive due to the same issues that arose in 

evolutionary separation from other TPSs, such as other substrate preferences or being highly affected by 

pH (blue in Figure 36). Note that K1 and M1 in this clade showed production in the co-transformation. 

G1 is in this inactive clade and di-TPS D1 is in the larger clade, providing no found pattern for them.  
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Figure 36. Phylogenetic tree, with highlighted parts according to clade division described in Section 5.5.  

5.6 Terpene documentation in fungal species  

The terpenes in this work have been found described in literature to various extents. Some have already 

been detected in the species used for this work. If that is the case, no new product for that species has 

been found, depending naturally on further modifications that can occur with clustered enzymes. The 

terpenes may also appear to be undescribed from the specific species but detected in other fungal species 

or e.g. plant species. Lastly, the terpene can be assumed as entirely new without any documentation in 

organisms. To get a final overview of the products and their occurrences, this will be discussed.  

5.6.1 Documentation of monoterpenes 

The main monoterpene producing TPSs B2, C2, and J3 were obtained from genomes of the Penicillium 

species, specifically used in cheese production. The detected monoterpenes in this work have to a much 

greater extent been documented from plants, with little to find about Penicillium production. The 
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monoterpene β-ocimene might be undescribed in the studied Penicillium species, but have been detected 

as products in fungi before (37). Geraniol also from Penicillium, famous for exhibiting several 

bioactivities including antifungal, have been detected as a minor product in endophytic fungi that reside in 

plant tissues (79, 80). Myrcene, produced as one of the products by B1 from Pleurotus ostreatus, is not a 

new compound for fungi as it has been described from several edible Basidiomycota species (37). β-

Linalool, detected from Lentinula edodes, has been reported from the same mushroom species by 

analyzing freeze-dried samples (81).  

5.6.2 Documentation of sesqui- and diterpenes 

TPSs producing sesquiterpenes as well as diterpenes as products are obtained in this work mainly from 

the mushroom-forming species (Pleurotus ostreatus, Boletus edulis, and Lentinula edodes). 

Basidiomycota has, from genome analyses, been described as great producers of sesquiterpenes, as 

discussed in Section 2.4. Wang et al have performed a thorough study on mushrooms from 

Basidiomycota, where they gathered 174 ses-TPSs from 35 edible and non-edible species to which 

product formations have been described. The cadalane structures ɑ-muurolene, δ-cadinene, and δ-cadinol 

have been considerably described, especially δ-cadinene and ɑ-muurolene from Pleurotus ostreatus, from 

which they were produced also in this work. The cyclic terpenes germacrene D, ɑ-copaene, ɑ-cubebene, 

ɑ-cadinol, and β-cadinene as well as the acyclic structures β-farnesene, ɑ-farnesene, and nerolidol have 

with the same work been compiled from various Basidiomycota species, often edible ones (37). The 

sesquiterpenes ɑ-bergamotene (A3, Penicillium biforme), isoledene (B1, Pleurotus ostreatus), ɑ-

barbatene (D2, Lentinula edodes), valencene (G1, Boletus edulis), and β-himachalene (A2, Pleurotus 

ostreatus and D2, Lentinula edodes) as well as the diterpene cembrene (D1, Pleurotus ostreatus) cannot 

be found for their specific species but are described in various species of fungi by other works (11, 82-

84).  

 

Some less common sesquiterpenes have been produced from the edible mushrooms in this work. 

Lentinula edodes and Pleurotus ostreatus come second and third place respectively in world production 

volumes, hence obtaining a complete understanding of these edible mushroom product formations is of 

great interest (85). The minor product sinularene (N1, Pleurotus ostreatus) has been studied from a coral 

species and cannot be found in any fungal species (86). Furthermore, TPSs D2 and P1 obtained from 

Lentinula edodes produced myltayl-4(12)-ene as well as a putative sesquiterpene without a provided 

name. Myltayl-4(12)-ene is an uncommon structure, found only as a product in some oils such as 

oxidized olive oil, suggesting that it is a new product in fungi (87). 

6. Conclusion 

In this discovery-based work, uncharacterized TPSs from several edible fungal species were tested for 

product formation in yeast, by allowing in vivo production in combination with HS-SPME analysis as 

well as testing the enzymatic function in vitro and extracting the terpenes into a hexane phase. In 

summary, three TPSs were considered to produce mainly monoterpenes, nine mainly sesquiterpenes, and 

one produced a diterpene as sole product. However, the co-transformation with Erg20p(N127W) 

suggested that three more TPSs were active, as they presented sesquiterpene production. Three TPSs 

showed bifunctional activities, allowing both mono-and sesquiterpene production. The product pathways 

could to rather great extents be connected back to clades in the phylogenetic tree, one clade presenting 
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especially cyclization methods for cadalane production and another monoterpene production. Several 

sesquiterpene synthases formed multiple terpene products, while the monoterpene synthases and the 

diterpene synthase were rather specific. The sesquiterpene myltayl-4(12)-ene unknown to fungi were 

detected as a product, obtained from Lentinula edodes, as well as sinularene and one putative 

sesquiterpene without a provided name from Pleurotus ostreatus. The low pH of the induction medium 

seems to have affected the TPS catalytic activity, allowing the idea that the induction medium should be 

buffered for future work.  

7. Future work 

To fully understand the product formations, in terms of compounds and ratios, additional testing is 

required. To be more certain of the product formations, the analyses can be performed in duplicates or 

triplicates. Hexane extraction of the in vivo production in combination with a concentration step could 

handle issues regarding insensitivity and potentially ratio skewing. Furthermore, the clusters in which the 

studied TPSs can be located should be studied, to further elucidate the complete biosynthesis of terpenoid 

products from the unexplored terpenoid clusters. Several protein analysis experiments exist that can be 

performed to verify whether the inactive genes are expressed in the work. Possible reasons for inactivity 

or non-expression of putative TPSs have been described in this work, which may be utilized for future 

experiments.  
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Table S1. Temperature program for Q5U PCR. 

Step Temperature (oC) Time (hh:mm:ss) Loop back to 

step 

Passes 

1 98 30 - 1 

2 98 10 - 10 

3 60 20 - 10 

4 65 1:00 2 10 

5 65 4:00 - 1 

6 12 ∞ - 1 
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Table S2. Temperature program for ligation PCR. 

Step Temperature (oC) Time (hh:mm:ss) Loop back to 

step 

Passes 

1 37 25:00 - 1 

2 30 2:00 - 1 

3 25 2:00 - 1 

4 20 2:00 - 1 

5 15 2:00 - 1 

6 10 ∞ - 1 

 

Table S3. Temperature program for colony PCR. Step 4 used either 50 s or 1 min.  

Step Temperature (oC) Time (hh:mm:ss) Loop back to 

step 

Passes 

1 96 3:00 - 1 

2 96 30 - 30 

3 56 30 - 30 

4 72 50/1:00 - 30 

5 72 5:00 2 1 

6 12 ∞ - 1 

 

Table S4. Gene sequences. 

Gene 

code 

ID Sequence (5’-3’) 

439646 A1 ATGTCCTCTACCTCTCAGGATTCTGCACACCATTTCTTTGCTGAGGCACATCACCTAACATCTGAGGCTAAATTCACAATTACTGCTCTTCCTAATGCT

GAAATTCGGGCAGTCGAAGCACTGGTCCACAAGCTCTATGCTGTTCGTCGCATACTAAGTGATTTAGATGATCCTTATTCGGACCCAGTGGAGCTACA

GTCTTCCCACAATGTCCGCATTGAACGTCTTTGGCGTGATGTGCGTAAGGACAGCCTTGAGGCCTACCGCAAGATATTTGAATACCTCGAACAGAATA

ATTTACTTGACATGTCAAACTCTGTTCAGCGCCTGTGCTTATTTGTTGTATTCCAGCCTCGCATCCAGGAATCCCTCAATCATACTGCTGATGCCTGGA

ATCATCACCGGCTCCGTACCGAGGGCCATAAATCACCTCTTGCAATTTACGAGTTGAGCCGCGAGTATGCTAAAACCCGAGGATATTGGACTGGAGA

TCCAGGGGATGATATTCATACAGCACAACACCCTTCTTATGGTTTTGAGCAGGAGGAGACTCCTGGTGATTACCAGGTGCCAGAAGAGGATAGTGAT

AACATCAGGGTCAATGAGGATGGTGATGTTACTTTTGTACGTGAAGCCTTCGAGCACATGGATTTTGACTTCAGACGTGATGATGGGAATTGGGGGAT

TGAGGTGTACTGCGAGGCTGTACAGCGTCTTAAGGTATTTGTAGAGAGCTTATAG 

693863 B1 ATGTCTTCCCAGCCAACTCAAATCGTCCTCCCTGACCTCCTGGCCATGTGCCCTCTGAAGGGATACACGAACCCTCACTACAAAGAAGCAGCCGCAGA

ATCTGTCGCGTGGATCGACAGCTACAACGTCTTCACTGACAGGAAGCGTGCCTTCTTCGTCCAAGGGTGCAACGAGCTCCTTGTCTCCCACACATTCC

CATACGCACCCTACGAGCAATTCAGAACATGCTGCGACTTGGTCAACCTACTATTTGTCATCGACGAAGTGAGCGACGACCAGAGCGGGAAGGATGC

CCGTGCAACAGGCCAGGTATTCCTCAACGCTCTTGGCGACCCAGAATGGAACGATGGTTCTTTACTGTCCAGAATCACAAAAGACTTTAGGGCCAGGT

ATTTCCGCCTCGCCGGACCAAATTCTTCTCGTCGCTTCTTGAAGCACTGCGAGGACTATATCAACGCAGTGTCCACTGAGGCTGAGCTCCGTGAAAGG

GGCGAAGTCCTGGACATCGAGCCCTTCACTGCTCTTCGTCGCGAAAACAGCGCGATTCGCCTCTGCTTCGGTCTCTTCGAATACGCACTTGGCATCGA

TCTGCCCGATGAAATATTTCAAGACAAGACATTCCAGGATATGTACTTTGCTGCCGTCGACATGGTTAGCTGGAGCAACGATGTATACTCCTATAACA

TGGAGCAAGCCAAAGGACACAGCGGAAACAACATCGTCACCGTCCTCATGAAATCCAAGGGAATGGGAATTCAAGAAGCTGTGGACCACGTTGGCG

TTCACTTCCAACAGATTATGGACATTTATATGGAATCAAAGTCGCGTCTACCATCATGGGGGCCTGAAGTTGATGTTAACATCGCCCGCTACGTCGAG

GCACTTGGCCACTGGGCAAAAGGAAACCTTGACTGGAGTTTCGAAACTCAACGTTACTTCGGTGCTGAGCATCTCGAGGTGATGGCAACCAGAGTCG

TGACTCTAAGGCCCCACGGCTCGCCCGAGGATTTCGACGAATAG 
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Gene 

code 

ID Sequence (5’-3’) 

1118 C1 ATGGGTGCCCCTCAACTCGAAGTCTTCAGTCTTCCAGATACGCTATGTCGCTGGGCATGGAGCCGGAAGCTGAATCCAAACTACAAGAAGGTCAAAG

AAGAATCCAAGGCGTGGCTGGAAAGCTTTCACGCCTTCCCGCCCAAAGCACAGAACGCCTTCAATCGTTGCGATTTCAATTTGCTAGCCTCGCTCGCA

TACCCAGATGCGTCTGCTGAGCATTTGAGGACCGGTTGCGACCTTATGAACCTTTTCTTTGTGTTTGATGAGTACACCGATGTCTGCGATGCCGTAGAA

GCAAGAAAGCTAGCGGACATTGTTATGGATGCACTCAGAAACCCGGACCTCCCTCGCCCGCAGAATGAATCTATAGTGGGAGAGATTACCAGGCAGT

GA 

87392 D1 ATGGTCTTTGTCCAATATCGCCTCCCTGACGTCCTCTCTGTTATCTGTGGTCGGAATGTCCACGACCCTGTTGCCCTCAATCCTCACTATGCCGAACTCG

ACGCTTATTTCGTCGACTGGATCAATGCTCAGAAGCTGAGCCCTGCTACTCAGAAATCATGGATCGCAGTCCAAATGCCCTTGCTCGCCTCTCTCACA

AATCCTCATATGACGCTTGACCAGCTTCGGGTCTGTCTGGAGTACATGGTTCTGTCCTTGGGTATGGAGGACTTAACAGACACTGCGTCAAGTGAAGA

GTCCAAGAAGTGGGCTCACTTCTTCATGGATCTACTCCGAAGCCCCGGAAACACAGACGAACGGCTGTTGAAAGCTCACCCAATGATCGGTAACGTT

TGTGTCGTTAGCTTCTCCGTGCGGGTAATGAAGGACCTTGGACCTACCTACACCTTGCCGTTCATCCAGAGCAATGATGAACTAGTTCGCGGAATGGT

ACAAGAATCCTTGGACAGAGAGGCCGAAGAAACCGATGCCGATCAATCTACGTCTTCGGTCGAAGCTTACATCCATGCTAGAAGGACGACCATAGGC

ATTCAACCTGTTTTGGTTCTCGGCCGGTGGGCCAGAGGTTTAGACCTACCAGACGAAGTATTGTGTTCTGAACAAGTAACGGGAATGGTCGATGCTAC

TATCGACATGGTCTTCCTTGCAAACGATATATATTCCTACAAGAAGGAGCGCATCGCTGGTGCCGTTCAACACAACATTGTCACCGTTGCAATGAATG

ACGAATCCGCTCGAGTGGGAAGCTCCAACGTTCAGGGCGCTGTGGACTACGCCTACGAGTTGATCCACACGGCTCATGATCGCTTCCAACGGCTATTA

GCCGAGCTGTCTTCTACACCCATGTGGAACACTTACCAAGACGCCCTTGAAAAATACGCAGAGAACATGCACGACTGGGCCGTCGGGAATGTTGTTT

GGAGTTTGGCGAGCCCAAGATACTCCGTCTTCGACAACCCCTCTGCCAAGTCTACGATGATGATCGAATTTTATGCCCCATTGTGA 

98513 E1 ATGCCTTCATCTGCTCCTACAAAGTTTATTCTGCCAGATCTCGTATCTGACTGTCCCTTTCAACCACATGTTAGTCGTCACAGAAAACAGGTTACCACC

GAAACGAAGAAGTGGCTTTTCCAAGGCGATAATTTAGTGGGCAAGATACGCGATAGATACCACGGGCTGAATTGTGGCTTGCTAGCCGCGATGGTCT

ATCCTACTGCAGCTTATCCTCAATTAAGAGTCTGCAATGACTTCCTCACCTATCTATTCCACTTGGACAACCTTTCTGACGATATGGATAACCACGGAA

CCATGACCACAGCAGATGTGGTGATGAATACCTTGTATCATCCTGAAAACCACCAGTCTCCTCGTATTGCCAAAATGACCAGAGATTATTGGAAGCGG

CTCGTTAGCACTGCATCTCCCGGAGTCCAGCAACGCTTCATGGAGACGCTTGACTTCTTCTTCCAGAGCGTAACGGAACAAGCCAACGATCGGCAGGA

GGGCGCAATACCTGATCTTGAATCATACATTGCCCTTCGCAGAGATACGTCAGGATGCAAGACGTCTTTCGTATTAATCGAATACTCTAATAACCTCG

ACATACCGGATGAAGTGATGGAACACCCACTCATTCGTAGCTTGGGCGAGGCTGCCAACGATTTGGTTACGTGGTCTAACGACATCTTTTCCTACAAT

GTTGAACAATCGAAAGGAGACACTCATAACATGATCCCCGTCATCATGAACCATCACTCCCTCGATCTACAGCCCGCAGTTGATCTGGTTGGTCAACT

TTGCCAGCAGTCTATTGACCGCTTCATGAACGATCGAGCTCAGTTACCTTCTTGGGGTCCAGAGATAGATCGGCAGGTACAAATCTATGTCACTGGAC

TGGAGGATTGGATGGTCGGTTCACTGCATTGGTTTTTGAGTCGGAAAGGTATTTTGGCAAAGGGGGGAGGGAAGTCAAGAAGTCGAGGGTGGTGA 

8937 F1 ATGCGCAATTTCGAAAAGGTTTCGATCTTTGAGCTACCCTCTGAGGACTTGCAGCGTTGCGTGGCTGGGGGCGAACTTTCTCACAGGATACTATCCCG

ACCCGACGAGACCCTGACTGACCATATAAAAGCCTCAACATTTTACTCTTCCCGACCTATTTGTCAGTCCGCTGATTGGATCAACAATTATAATGTCTT

CACCGACCGAAAAAAAGCGTTCTTCATGCAAGGCTGCAACGAATTACTAGTGGCGCATACATACCCTTATGCTGGGTATGAGCAATTTAGAACTTGCT

GCGATTTTGTCAACCTGCTCTTCGTTGTTGATGAAGTTAGTGACGACCAGAATGGCAAAGATGCTCGCGCCACCGGACAGATCTATCTGAATACAATG

CAAGACCCAGATTTTGACGACGGATCGACATTATGCAAAATCACCAAAGATTTCAGAAAACGATACATGAGTTCAGCTGGTCCTAATACGGCGAGAA

GATTTTTAAAACACTGCGACGACTATATAGAATGCGTCTCAAGAGAAGCCGAGCTTCGTGAACAAGGGGAGGTCCTCGACCTCGCCTCATTTGTCGAC

CTTCGTCGAGAAAACAGTGCCATTCGACTATGCTTTGGGCTTTTTGAATATGTCCTCGGACTCGATCTGCCACAAGAAGTTTTTGACGATCCCACTTTC

ATGGAAGCATATTGGGCTGCCGCCGACATGGTTTGCTGGGCAAATGATGTGTACTCATACGACATGGAGCAAAGAAAAGGCCTAAGCGGCAACAAC

ATTGTAACAGTACTAATGAAAGACAGAAATATCGAACTGCAAGCAGCTTCCGACTATATCGGATTGTATTTCAAGGTGCTCATGGATCGTTATCTGGA

TGCTCGAAAGCGTATACCGTCGTGGGGGCCTGAGGTTGATGCCGCCGTTGCACGCTATATGGATGCCACAGCTCACTGGGTACGGGGCAATCTTGACT

GGAGTTTCGAAACGCAACGGTACTTTGGAGCTCGATTTTTGGAAGTCAAAGAAACTGGAATTGTCTATCTCAGCCCTCAGTCACCGGAAGAACTGATA

AGCGACTCTGGTTCTGAGAGCGACTAA 

1309903 G1 ATGGAAACTCTTGCTTTCATTTCACTCAGTGCACTCATAGCCCTTCTCATCCGTTTCGCCTTCTCTAACGCTCCTGGCGTGGTTTCCAGGAGGCGCAAG

GGAATTACCAGCGAATCTATCCTTCGGGAAGAGATGCTCCTCAGGCAGAGCGTCAATAAATGTGAGACACCCACCAGAATCTTCATCCCGAACGTGT

TTGCCAGATGGCCATGGCCTCGTCGGATCAACCCTAATTACGCCGTGGTCAAGGAAGAAGCTGACGCATGGATGACGAGCTTCAAAGCCTTCAGTCC

CAAAGCCCAGGATGTCTACAATCGCTGCAACTTCAACCTACTCGCATGTTTAGGGTGTCCTACAGCGAGTAAAGAGCATGTTAGATCCGCCTGTGATC

TCATGCATCTGTTCTTCATGTTCGACGAGCATTCTGATAGGGCCACGCCCTCCGAGGTTTGGAAGCAAAAGGAAGTGATCATGGACGCGCTGCGGAAT

CCTCACACGCCACGTCCAGAGAGGGAATGGATTGGTGGGGAAATAGCACGGCAATTCTGGGAACGAGCCATACAAAATGCCACTGCGGTCGCACAA

AAGAGGTTCGTCCGGTACCTGGATGAATATCTCGAGGCTGTCGTGCAGGAATCCATCGACAAAGAGAACAATCGCATTCTTGATGTCGAGAGCTATA

TCATCGCACGACGTCGTACCAGCGGAGTGAAGCCTTCAATTACTGTCGTTGAACTTGGCCTCGACATCCCTGATGAAGTTATGTCACACCCTGCCTTG

CAGGAAATGATTCAAGCAGCTGTTGACATGATCGCTCTGACTAATGACATCTATTCCTACAATCTAGAGCGGTTGCGTGGAGACGACTTCCACAATAT

CATAACGTGCGTCATGAAAGAATACCAGACAGACGTGAACGGCGCCATGCTGTGGACGGAAGGCTTTCTGCTCAAAGCCGAGGAAAGGTTCAGTATG

GCCATGGCGGCCCTTCCCCAATGGGAAGAGCCATTGAATTTTCAGGTCAAGGTGTATTGCGATGGCGTGGGTCAGTGGGTGCGGGCTAATGATGACT

GGTGCTTCGAGGGTGAGAGGTATTTTGGTAACAAGGGTCCTGAGATCAAGGAAAATAGATGGATGTCGCTCCTGCCGAAACAAAAGGCAACGGAGA

TTGGTCCTGTGCACATTGATAGTTCACTGTTGTAG 

1136256 H1 ATGCCACAATTGAGGGTGTATTTAGATTACTTTGTCTTGCTTCTTTTGGTTGAAGTCATGAGCGACGTTTCCAATGCCCAGGCAGGCCAATTTGATTTG

GATGACATGATCAACCTCTTGAATACTTGTTCCGACAATGAACCTTTCGACACATCTAAGCAAGAAGACCCCTTGGTACATCTCGCTGCAAAGTTTGC

AAGGAAATGCTTCCCTCCTCTTTCTGCCTTATATCGTTATGATGCAACTCAAGGTACCATTTTGTACCTTCAAGCAGCTGCACAGGAAAATCATGATCG

CATGAACACATCAACCTTCACAGTAGACTCGTACCTTGCTCACCGCCGCAAAGTAGTAGCCATACATCCTGTTATTGCTTTCAACCGGTGGATGTCCC

AAGTTAAGCTGAGCCCCGAGATCCTGCAAACACCGGCTTTTGAGGGCCTACTGGAGTCGACAATTGATCTGATTGCACTTCCCAATGATCTGATTTCC

TACAAAAAAGAGAAATCACAAGGAGAAGACATCCACAATCTTGTATCGGTAGCTATGGTTGATCCTGCCATTCCAGTGAAGTCAGGAGACATTCAGG

CTGCACTGGATTTTGCAGGTGTTAAAATATCAGAGGCTTATCTTCGCTTTCAACAATGCAAGCTCGATGCAATTGCACAGACCGCGCCTGGCGATTCT

GAAACGCGGTCAGAGATAATGCGCTATGTAGATATTTTACTGAAGACCATTGATGGGAACATTGTATGGCAAATTGATCCTAGGACGGTACGCTACC

AGGTCTTTGAGACCCCCGAAGAGCGCGCGCAATGGTTGGTATCAATTTGCATTTGA 

1317168 I1 ATGTCACCTATATCTTCCGCCTCCCGCTCACTTACGACCATTCAACTTCCTGACCTCGTCTCGCATTGCACGTTCGACCTCCATACGGACCGAAACCAC

AAACTCGTCTCAATCGAATCAAAGCGGTGGATTTTCAACGGTGACCCCAACCTCGATGAAGTTGCTCGTCGCGCCTTTCATGGTCTCAAGGCAGGAAA

GCTCGCTGCGATGTGTTATGCCAATGCCGGTTACCACCAGCTCCGGGTCTGCAGCGATTTCCTCAACTGGCTTTTCCATTTGGACAATCTCTCCGACGA

CATGGACGATCGTGGTATAGACAACGTCGCCAACGTTGTGATGAACTCCATCCATCACCCACACACGTACCGTTGTTCCGCACGTCTAAACCGGATGA

CAAGAGATTTTTACAAACGGATGATGCAAACGGCTTCCCCTGGTACTTGTCGACGATTCAAAGAGACGATGGGGCTCTTCTTCCAAGCGATCCAACAG

CAGGCCCTCGATCGTGCAAACGGCGCCATACCTGATCTCGAGTCGTACATATCCCTTCGCCGCGACACGAGCGGGTGCAAACCCAGCTGGGTACTCAT

TGAATACGCACACAACCTCGATATCCCGGATGACGTCATGAATCATCCTATCATCTGTAGCCTAGGTGAAGCCACAAACGATCTCGTCACATGGTCCA
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code 
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ATGACATCTTTTCGTACGACGTCGAACAGTCAAAAGGGCACACGCATAACATGATCGATGTTATCATGCAGGAGCAAGGGCTTGGTCTCCAAGATGC

TGTCAACGTCGTCGGTGAATATTGCAAGGGCGCTATCAACCGGTTTGTACGCGACCGAGCCAATTTGCCGTCTTGGGGACCCGCCATCGATGCAGAAG

TTCGCGTGTATGTCGACGGGCTTGCAGATTGGATCGTGGGCAGTCTGCATTGGTCGTTTGAGACGGAGAGATATTTCGGCAAGGCTGGGAAGCAGGT

CAAGGCGACCCGTCTCGTCACGCTACGGCCCAAGACTGTTCAGCCGCCACTCCGAACGGCATAG 

12250 J1 ATGTTCCTACAATTGCCTAGTGCACCTACACTATTCGCTCATGATTATCAAGGAGCGCAATTGATGAAATATACAGATTATCTGAGGTATACTGAGAA

CGAAGAAGTATCGTCCAGGATAAAAAGGAGTAAGGGTTCTACATGTAGTCGCCCTGCACTCACGAACTCAGTCCTGACTCACGCTACGCTCCTACCA

CCAACTAAACGAAACGCCCCTTCTTCTTCTTTGCACCACATGATGCAAGCCAAGACCAAGACCTTTGCTAGTTCCCGAAATCCCTCTCCAACTACTGC

GAACAATTTCATTCTTCCGGATTTGATATCACACTGCCGTTTTCCCCTCATTTACCATCCCAAGGGGGATGTCGTGGCCGCGGAGTCTATCCGTTGGCT

CGACACTAACTGTCCTGATTTGAGGGAAAAACGCAGGCGAGCTCTATATGGCCTACGAGCAGGAGAACTGACTGCATTCTGCTACAACACCGCGTCC

GATGAACGCCTCAGAATAATATCCGATTTCATGAATTATCTCTTCCACTTGGACAATATCAGCGATGGGATGATGACCAACGATACTGAGGCTCTATC

CGACGCTGTAATGAATGCCTTGCAGTTCACCGACTCGAAGGTTTATCGTCCTACCGTTGAGCTTAATTATGTGCAGCTCGAAGACGAACTGAACGCAG

CGAAATTGGCCAGAGACTTCTGGGGTCGTTGTATACGCGGAGCCGGTCCTGGCTGCCAATCCCGGTTCAAAGATAATCTTGGACTTTTCTTCCAGGCT

GTCAGCAATCAAACTAAATCTCGCGATGCTGGAGTTATCCCTGATCTAGAGTCATACATCGAGATACGAAGGGATACTTCTGGTTGTAAGCCTTGTTG

GGCTCTCATAGAATATGCTCTCGACATTGACCTTCCAGAGTTTGTGGTTGAAGACCCTATCATCATGGCTCTAAACCAAACGACTAATGATCTTGTTAC

TTGGTCTAACGACATCTTCTCTTACAATGTTGAGCAATCTCGAGGTGACACGCACAACATGATCGTCATCCTCATGAAGCATCATGGACACACCCTTC

AGGGTGCGGTTGATTACGTCGGGAATCTCTGCTACCAGACCATGGAATATTTCAACGCGAATAGGTCAAAGGTACCATTCTGGGGAGCTGAAATCGA

TGATATGGTGCAGCGCTACGTGCAAGGCTTGCAGGACTGGATAATTGGATCGCTTCATTGGAGCTTTTTGACTACTCGATACTTTGGAGAAGAGGGTC

AAGATGTCAAACAGCATAGATTTATTGAGCTTATGCCAATACGGGAGGAGAACAAATGGTAG 

1233026 K1 ATGGACTCGTGGCCATGGCCTCGCAAGCTGAACGTACACTACGAGGAAGTCAAACGGGAGTCGGACGAGTGGTTCTTCTCCTTCCACCCCTTCACGCC

CAAGTCTTTGGCTGCGTTCGAGCGGTGCGACTTCGCAAAACTCACTTGTCTTGGAGGCAACTCGGCGTCGAAAGAGGAAATCCGCGTCGGCTGCGAC

CTTATGAACCTCTTCTTCCTCATCGACGAGTACACCGACCGCCAGCCGCTGGATACCGTCAAGACCACGTGCGAGATCGTCCTTGACGCCCTGAACAA

CCCGGAGAAGCCTCGGCCGGAGGGAGAGATCCTTGTCGGTGTTGTCGCAAAGAGGTTCTGGCAAAATGCAATCCAGCACTCGACTCCGGAGGCTCGC

CGCTTCTTCTTGCACGTCTTCTCGTTGTACCTCGACTCGGTTATCGTGCAGGCGGACGATCGCGACAAGAAGTACATCCGCACCGTGCAGGAGTACAT

CGACATGCGCCGCGACAACATCGGGCTCCGTCCCTCGCTCTTCATCGGCACCATGAAGCTCGACATGCCTGCTCCGGTCTGGGATCACAGGTACCTTC

TCGACCTCGAGAACATCATCTCCGACTTCAACGCGTTCGACAATGACATGGTTTCCTTCAACAAGGAGCAGGCGTCGGATGATGCTGACTGCAACATC

GTCACGATTCTGATGCACCAGCTGCAGACAGATTATATCGGCGCGATCGAGTGGATCGTCAAGGAGCACAAGAAGCTTCAGCGCGAGTTCCTCGAGT

TGGCCGCTTCTCTCCCGCAGCGTCTGCGCGACGACGGTGTCGAGGTGACCCCCAAGGTCGGGGAGCAGCTCTGGCTCTACATCGAGCACATGGCGCA

ATGGCCGCGCGCCAACAAGCAGTGGTCGTTTGAGAGCGGGCGCTACTTTGGCAATAAGGGGTTGGAGATCCAGGAGACGCGTCTCGTGCGCAAGTTG

CCCAAGCGCGCCAACGATGACAACAAGCTCGGCCTGCCTCAGGCAAATGTAATCATCACGATCCCGACTGTAGAAGTCTGCTAG 

15584 L1 ATGCCGCCACCTAGCGCTGTTGGCAGCTATCAACTGCCCGATCTCTTGTCGCATTTTCAAGACTATCATGAATTGAGCATCAACGGCCATTGTCGTGCG

GCTAGTCTTGCTTCGGAGAAATGGGTTCTAGATATAGCTCAAGAAAATCTAGGCTCGCCTGCCTTGTCCTTGGCTCCCTTCATCGAGAGACTCCCCAA

CATGAAGCTCGGTTTACTTGGGGCATGCAGCTTCCCCAGCTGCGATTTGACCCAACTCATTCTCATGATAGATTTTTGTACTCTCGTTGTGCTCGATAC

CGAGAGCCTGCTAAGATCAAATTCTCCTATCGCATCGCATTGGAGCCTTGGGAATGACACGTCCAACTCCGGCTACGTTGAAATATTGCAAACACATC

CTGTTTTACAGCGACTTCTGACCCGGCTCTCCAGGCTCCAACATAGTACAACCGAATCATGGCAGCAGCGTTTCACGTCTTCTATAGTAGCCTTTTGGC

ATTCACGGCAGAAAGCTATAGATTATCGACGCGAAGGTACTGCGCTAGCGCATCTAGAAATAGAGGAGTACATTGGTTTTCGACGCGACTTGAGCGG

GATACCTTTCATACTTGACTTGCTGGAGGCTGTCGAAGGATTGGAACTTGCTATCTCACCGTACAATGATGATTTGCGTACGCTACGACGCCTCGTGG

GGGATATCATCGTGCTGACCTGGGATGTATTTTCGTACAACATCGACCAGTCTATTGATAATAAAATCAACATTGTGTCACTTTTACAATCCAAAAGA

GAGATTGCATTGGTGCACTCTATCAAAGAAGCGGGCGATCTTATTTTTCAAAGGATCGATGCTTTCAAATTTCTCGAAAAGTCTTTGCTTTCATCTATG

GGCGCTTCGCCTTCGGATCGTGCAAGTGATACTGATGCAACCGCCCTGAACTCATTATGGAACAACTTCGCTGGTCTATTTTCAGCAGCCCAAAAACC

AAATAACCCTGACCCGTCTGTTACCGAGTTCCAAGCGCATGACATAGCACTCTATATCCGTGCATTGAAAGACTGCATGGTAGGGTTCTTGCATTGGG

CGTACGAGACAGACATATTTTTCGGAACAAAAGGGGATACGGTCAAAGGTTTTGGATGGGTGTTTTTGTTACCGAACCCAAATCGTCGCGCAGAAAC

GACAGCCTAG 

110826 M1 ATGGATGGACTGCGAAACCCTCACAAATGCTGTAATGTAAAGGGAGGCTCAATATTGAGAAAAATGGCAGCTGAATTCTGGGCAAATACCATGTCAA

TAGCTACCCTATCTTGCCAAGCCCACTTTCTGCATGCATGTCATGAATATGTATTGTCAGTTGTGGAACAAGCCCGAGATCGATCCGGCAACAAAGTC

CGTTCGATTCAAGATTACCTTGAGGTCCGGCGACTGGCAGCTGGGGTCTACCCGTCACTTGCTCTTTTGGAACTGGATTTAGACCTTTCTGATCATGTT

ATATCCCACCCGGCAATGAAAACTTTGACTCGATGTGCTGTCGACATAATTGCTTTGGGAAACGACATATACTCCTTTAACGTCGAACAAGCTCGTGG

AGATGGATCTCACAACATCATCACTGTGGTGATGATGGAGCTCAAGTTGGATTTACATGAGGCATTGGAATGGGTAGGGCACTATCATCGCGAAAGA

GAGCTGGAGTTCTTGAGAGCAGTAAAGGAACTACCCATGTGGAGTCCAGAAATTGACAGACAGGTTGCACAATATGTCAATGGGATTGGAAACTGGG

TTCGAGCTAACGATTGCTGGAGCTTTGAAAGCGGACGATATTTTGGCCAGGATGGTTTGAGGGTCCAGGAAACTCGGATGGTTACATTGGCACCGAA

AGTTGCTTGA 

116750 N1 ATGAAGATTCTCTCGATTCAAGTGCATATTTACCAGCGTTGGCCCCCACTTGAAGAGTGCAAAACTTGCCCAGGAGTCAGCAAGAACGCTCTCCTATG

GCGTGTTACATACGCTGTCAACAGGGTCCCCTCTCGAAGCACAGATCTCCGTACAGATCTGTGCGGGTTCAATGCAATCGACAGGTGGGCCCGTCGCG

TCAGTATAAGAAGGCCAACGTCTCCCTCCATTCTGGAATCTCGAGCTTATCACTTCATACTTCCTGACCTCGTTTCCGACTGCACCTATCCTCTGCGCG

TCAACGACAACTGTGAAGAAGTGGCGCGCGTCTCGGAACAGTGGCTACTCGACATGGCGAATCACAGCGAGCGCAAACGTCGTGCTTTTCTTGGGCT

CAAGGCAGGCGAGTTGACGGCAGCTTGTTATCCCGACGCCGACGCCTTTCACCTCCGCGTATGCGTGGACTTCATGAACTATTTGTTCAACCTCGATG

ATTGGCTCGATGAATTCGATGTAGAGGGAACCCGTGGAATGCATGACTGCTGTATTGGTGCGATGCGCGACCCGCTAAATTTCGAGACGGATAAGCG

CGCGGGTATCATGACGAAGTCATTCTTCAGCCGATTTATCGAAACCGGCGGCCCTGGGTGTACAGAACGCTTCATTCACACTATGGATCTCTTTTTCA

AGGCTGTTGCCGTTCAAGCGGCTGATCGCGAGAAGGATGCCATTCCTGACTTCGAGTCTTACATCACCATTCGTCGAGATACGAGTGGCTGTAAACCT

TGCTTCGCCCTTATTGAATACGCCTCTCGAATCGACCTTCCTGATGAGGTAGCTGAGCATCCGTTGATTCGCTCCATGGAAGAAGCGACGAATGACCT

AGTGACATGGTCAAACGATTTGTTCTCTTACAACGTCGAGCAATCGAGAGGAGATACACACAACATGATTCCGGTCATCATGCACCAACGTGACCTG

AATCTCCAAGAAGCAGTAGAATATGTCGGAGCTCTATGTAAATCAAGCATCCAGAGGTTCGAAACCGATCGCAAGAACCTCCCAACATGGGGTCCCG

AAATTGATCGGGACGTGGCAGTTTATGTCGAAGGACTCCAAAACTGGATCGTCGGTTCTCTGCATTGGTCTTTCGATTCGGAGCGCTACTTTGGTACCT

CCGGTCTTGAAGTCAAGCAACAGCGCATAGTCAAACTCCTTCCAAAGGTTTCATCATGA 

1000593 O1 ATGGCACCATTCGCATCTCACCCTGTTGATACTACTAATGTTTCTTCGTACTTCAGTTCTTTCCCGGTCAAGAGCTGTGAGCTTGACGCTCTACCAGCC

ATCCAACAAGGCTTGAACGATACAATTTACGGCTGTACGACTCCCGGGTCAAAAGAACGGAAAAAAGCTGAATACCGGCATACCAACCCAGCAGGG

AACATTTTTGGCTTGAGCCTCGCGCTATGCGAAGCAGATCGGGTCGGTTATGTGGTAAAATTCATTGAGTTTCTCTGTATCGTCGATGATGTGATGGA

GGATCTTCCCTTTGGAGAAGCATGCACAGAACATACCATTCTACGACAAGCACTACACGACAGCTACGACGAGCACCAATACGGCGGGAGAGCAGTC
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AGTCTGATGAGGAACTTTCTCTACGAGCTCCGGATAGAGCTCGCTAGCATGGAAGACCCAAGCACTTCCCTGTTACTGAAGACTCTGGACACCAGTCT

CCGTGACAGAGACAGCAACGACTCAGAGTTTCTAACCCTCGCAGGATATATTCCCTATCGAAAAATGAATTTTGATTATGACTTTGTGTGCCAACTAC

TACGTTGGGCCATGTGCATCCCGCCAACGATCCAAGATGATCCGCTAGCAAGGAGCTACGAGCACATCATTGGGGTCATCGTCGGCCTGACAAACGA

TTATTTCTCTTGGGAGATGGAGCGCCTAGAGCCTACAGATAGAATTAGGAATGCAGTTCTTGTCTTGATGAAGGAACATTCAGTCAATGAGATGCAAG

CGAAGCCGATGCTGAAGGAAGTAATCATTGAGGAGGAGAGAAAGGCCAGGGAGTTGATGGGCGAAATCATGGACCTACCAGAGGAACATGAACCGT

TGAAGCGCTATGTGGCTGGGATGGAGCTTTTTGCAGCGGGATATAGCTTCTGGTGTGCAACTTGTCCTAGATACCACCGACCACAGAACGAGGAAAG

TTTTGTAGAGCAAGCTAAATTGTAA 

1277057 P1 ATGCCTTCCAGTGGAATAGCAACACCAGCACTCGATATACGGCTACCTAATCTCATGGGCTACTGTCCATTGCCAATCTTTATTAACCAGCGTTATCGT

TGGCTCAAGGAGCGCTCTACCCTCTGGATACTAGAGCATGGGTTCATGACTCTGCGGGATCAGGAATCCTGGGACGGGGAGCTACTGGCCAGTGTTG

CACACCCACACGCCGGCAAAGAAGAGCTCAAGATCGCCTGCGATTTCTTTAATCTCCTCATGGCCGCCGATGATTTAACGGATACGCAGGGTGCGCG

CAACGCGCAGATGACCTGTGATATATTTCTTGGTTCATTGCGCGACCCTTCAATGCCCTCCTCCTCGAATTTCTCCAGAGCGGTGGCTGACTTCGCCAA

GCGGTACGAACTACGGGCCTCTTCCAATGCTCACGCAAGATTTATGAAGCATATGGAGTCGTACTTGCAAACAGTCGCGTCCCAAGCCACGCTGCGC

GACAATCATGTCACACCGGCGCTTGAGCCATTCGTCATCCAGCGACGAGAGAACTGCTGCATGAAAGCGTGCTACGACCTAATAGAGCTCGAACTCG

GCATTGATTTACCCAACGAGATATACGGCGACCCAGAGTTTCTGGTAGCGTATGAAGCAGCGGTCGACCTCGCATGGTTGGGTAATGATATTTATTCG

TTCTTCAAAGAGATTGAGCACGGTCAAGGGGGTTACAATGTGATCACGGTGTACATGGTGCAATTGGGCATGGATATGCAAGCTGCATTCGACTACG

CCGGCGCAGAATTCCGAAGGATTTGGGATCGATTCCAAGCTGCGAAGGCTAGCATGCCTTCGTTCGGTGATGAACACGATGACGATGTCCGCCGCTTC

ATAGAAGGGCTAGAGATTTGGTGTATTGGGAATATATACTGGTCATTTGAGAGTCGACGTTATTTCGGGGAGCAGGGACGTCAGGTCATGGCAACAC

AAATATGTTCCGTACAGACCAAGGCATCAATTATTTGA 

87916 

 

 

A2 ATGCCTGTCAATATCCGTGACATTGTTGCCTTACATCTTCGCCGTTGCAACATACCTTATGAGGTACCTGTTCCCGATGTAAAGCTCCAGGCAGCATGC

CTCAATTACGCCAAGAGCCACGGGTACGAAATTGGCGGCCAGAAGACTCTAGGGCCATGCATACCTGGAGGAGTCGTGATGGCCTCGAACGCTTTCG

GCCATATTGCCGACCTCCCGACTCGCGTCATCATTGGCATATACACGGCGTTCATGATTTACTTGGACGATATCTCCTCCAGCGACATCGAGGCTGTTG

CACAGTTTAACCAAAGATTTTACCGTGCAGAGCCTCAGCTCGATAAAGTGCTTGACGACTTTGCGCAGCTTCTTCGAGAGTTTCCCGACTATTTTTGCA

CGGCTGGGTCGGATATGATCGTCACCTCAACACTGAATTTTGTCACGTCCCTTTTCATGGACGTCGAGACAGAAGGCATGGACGTTGATGGAAACGCG

AAGCGATACCCCAGGTTTGCACGGATTTTGAACGGGGCTGCCCTCGCGTACACTCTCCTAGCGTTCCCGAAGTCGCTGCCAATATCAAGTTATATTCA

AGCGGTCCCGGAGATAAACGTATATGTTGAGAACACTAACGACGTTCTCTCATTTTACAAAGAACAGATGGCGGGAGACGATATCAACTATGCCAGC

TTGCTTTCTCATTCTTACAGTGTAACGAAGTACGAAGCACTCATCCACCTCAGTAATGTCGCCGTTGATGCGAACGAACGAATTCTCCGCCTACTGGA

ACCGGTTCCCGAAGCCTTGGAGGCTTATACACGGTTCAGGAACGGCTACGTTAGATTCCATACTGGTCTCGGTGGTAGGTATAAACTAGCAGAACTGA

AGTTGACGAACATAAGTGATTACCAAGATAGACTTGGAGCCCATGTCAATCATACGGCATGTAAAGTTTGTCAACGTAACTTGTGTAATTAG 

52504 B2 ATGGCTACATGCGATTATACCTTCACACACCAGCATGGGATTGTTCCTTCTGCTCGGATTCCTACTGGTCGGGTTGACCTTCCAATCAATCCAGCCGGC

CATATACCCAATTATAAGCGTCTCAACGACCAACCTGTGATCAAGTCATGCGAAATCCCTCTAGGAATACACGGCGTATCCCTCAAGCTCAAGATCCC

TCATTACGACATAGTCCCTATCGATGCACCTCCCACATCGGCTGTCCTCTATTCACACGCTGATTTCAAAGCGACCATCCAGCCGGAGAAAGCCGGAG

ATACCAAAGACTTCTATGAGAGATGCTTTGCTGAAGCAGCTGCCATTAACCTGTTTTTCCCGGATGTACGATCGGAGAACATCCGCATATGCATGACT

GCGTGGCTGGCTGCGAACTGCGCGGCAGATGACACACTTGAGGCTATGCCACCTGCTGCGGCCACGCTTGCTTTGGAAGAGACCATATCGAAGCTCC

AAGGAAAGAAGGCAGACGTCTCCCCGACAAACAAAGTCGCATCGATTCTTTGCTTCTTTCAAGAATATTGCGTCCAGAAACTTGACCTCAGCGAAAG

CACCTCCCGCGAGCTGAGCAATGATATATGCGATATGTGCGAGGGCTTGCTTGACGAGCTCCGATTTCGACAGGGCATTCTGCCTGGGAACTTGGAAA

CTTACCTACAATTCCGCGGTAAAACAATGGGTATCCATCCATTCTTAACTCTGATTCGCACACTGCACAAACCAATCGAGGGCGACTATCTCTCCAGA

CTCCGAGATCTCCAACAGCGGGTTAGTTTGGTGCTCGGGCTGCAAAACGACCTTGTTGGCCTGGAGAAAGATCGTCGGAATGGCGAGCCTATGAATG

CAGTCTTGGTATCCTTGAAGGAACAAGCGGGGACGGATGTGGATCACATGAATGACATATTGCCGAGAACGATCGATGAGGTGTGCGGTATCCACAA

TCGTTGTCTTTCAGCTGCGGTGGAGATATACGAAGGACTCCACGTTTCATTGAATGGGGATATCCATGACCCGATTCTGGAGACTGCAGTCCTGGCCT

TTGCAGAAACCCATCTGAAATGGTGCGCATCGTCCAAAAGATATCAGGCAAAGGTAGAATAG 

275231 C2 ATGTTGCGGATTGATGGATGGCGTGAATATGAGAAAAGGGAAACCAACCCCGAAATTCAAAAACAAAATGTTACGCTAAAGAAGAAGAAGGATATA

TCACTTGGATTCGACATACCCTATCATGGCCTAGTCAGCATCCCCCTTGAGGAAGGTTCATTTGGTGGAAATAGATATCACTCAGAGTCCTTGAGGAA

TGTGCTGAGTATCCACGGAAGGTTCAGGATTGCAATGCAGGAATGGTCCAAAGGGCAAACCGAAGAGCTATTGGAGCAAGCGGTTGGCGAAGTAAA

AGCCATTGGCCTATTTTTCCCGGATGTTCGAGCTGAACATGTCCGGATATGTATGGCTGCATGGCTCGCAGTACTCTGCACTGTTGATGATTTACTCGA

GTTGATGAGTCCCCACGAAGCAGAGAATGCTATCCAGGTAACCATCGCTGCTTTGCAGGGTAACAAGGAAAATAATGACGGGATATGCGATGTTTCA

ACCAAAGGCGACGTTTGTTTCCTTATGTCATTGTTTCAGAAGCACTGTTGCCAGTATCTCTCGGATGCAGCTGTGAAAGATTTCTTTCGAGAAATCTGC

ACTGTTTTCCGCGGCTTTCTGCAGGAGAATCAAGTTCGACAGGGCTACTTGAAACGCGATTTGAAGAACTACATGGAGATTCGAACACGAACAATCG

GAGTTGCGCCCTTTTTTAGTCTTATCAAAAGCGATCTATTCCCCCCTGGCTATTGTTCAGACAATATCCTGGCCATGCAGAAGGTATTGAATGTTGCCG

TTGGCCTCCAAAACGATCTTGTTGGGCTAGAAAAAGACATCGATAAAAAAGAGTCCATGAATGCCGTACTTGTCAGTATGGAGGAGCCCTGGGGAAA

GGAGGAAGCGCAGGGGACAAAGCTTGCCGACACTATTGCAGCTGTTTGTGCATTTCATAACTCCAGTGTTGCGGAGGCGGTACGGATACACCAGAGA

ATTCTACAGGGAGCAGAGGAATCGGAAATAATTGTTGCAAACTCTCAGCTCCTTCTCACTGAGACCCACTTCAAATGGTGTACAACAGCCAAGAGGT

ATAGAACGAAGCTCGAATAA 

78169 

 

D2 ATGTCTCCTAGCAAGTCAGAAAAGTTGAACATGTCTACCCAGCCAAGTGAAATTCAAGGGATGAACGTCGCAAAAGAAGATATTTCCTCCGCTATAC

GGTCTTTCCTCTCGAGGTGCTCGATTCCATATCGAAAAGTGCCCATGGATCTACCGTTTCTGGAATTATGCTACAACGAGGCAGCCAAACGAGGGTAC

ACTGTGGAAGGCTCTGACCCACTGAAACCTTTCATTCCAGCAGGGGTCACCATAGCCATTACTGGTTATGCCCACCTGAGAGACACCTCTGTTCAAGT

CTGGATGGCCCTATTTACAGCCTGCGCAATTTACTGCGAAGACATTCACCAGAAGGACACTACTGCTATGGCTGTGTTCTTTGAACGACTCATACGTG

GTAAACCACAAGAGGATCGTGCGCTGGATGCCTTTGCAGATCTCATACTCGAGACTTCGCGCCATTTTCCTAGAATAACAGCCAATTTTATGGTGTCG

TCGACGCTGAATTTCGTCAATGCACTGCTGTTGGAAGACCAAACCCAAACCTTGAAGTTTTCTACTCACGCGAGTAATTATCCTGCATTCAGTAGAAC

TATGTCCGGTTTATCTGAGCTCTACGCTCTTGCTATATTTCCAAGCATGGAGACACCTCTAGAATCTTTTATACAAGCTCTTCCCACCTTAATGGTGTTT

ATCGTCAATGTCAATGACATTCTCTCATTTTATAAAGAAGAACTATACGGAGAAACTGTCAACCAAATATCCCTGTTGGCGCTCTGCCGTGACCGGAG

CAAAAGCCACGCATTTCATTCTCTTATCCACGAAACAGTTGAGGCTCATGAAAAAATTATACGCATTTTGGAACCAGACAGGGAAGCATTGGATGCTT

ATAAAGAGTTTGCTCGTGGTTATGTAGAGTTCCATGTTAGTCTGGACAGCAGGTATCGCCTGAATGAGCTTGAATTTCAACCGGTCTTGTCCATTCTTT

AG 

1222295 E2 ATGGCCGACAACGACTGGGCCGAGCGCGTACGAGGGGTGCTGAAGAAGAGTCTTCAGTCCCTCGATATGGCCACGCCCGTGCTTGAGGTAGATGCCC

ATTTTCATGGGCTATGCCACGATGTTGCGCTGGCCAAGGGCTACATGGCGGACGGCTGGCTGTCTCTGGCCCCATACTTGGATTTCGGTATCGCTATGT

GCCAACCCGCTTTCGCGCATCTGGACAGCATGGACGCGCGTGTGTGGTTGGCATTATTTACCGCCTTCGGCGGCTGCCTGGACGATACATACCTGCTG

GTGGAGGACACGGTCATCTCCTCGTTCGCTCTTCGCTTGACGTCCGGCCAGCGACAGCTACATCCAGACCTCGACCGCTTCGCCGCGCATCTCCGCGA
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ACTGCCGCAGCATATGGACGAGACCCGCTCGGGACTCGGCCTCGTCTCGATATTCAACTGGATCACGAGTCTCCACATTGATCGGTTCATGTCCGATA

AAGAGATTCCGCGCGCCTCTGGGCGGTTCGCAGCCTGGTACGGCCTCCTGAGCGGCGCCAACGAGCTGTACGCGATGTTCGCATTTCCTCCCGAGATC

CCATTCCACATACTCGCACCTGCGATCCCGGACATGATGGTCGTCATCAGGAACAATAACGATGTGTTCTCGTTTTATAAGGAGGAGCGGGCTGGAGA

GAAAGCCACCCAAGTGTGTATCCTCGCGGATACAACAGGGCTGACCAAACTCGATGCCCTGGACACAGTTGCCAGGGTAGCAGTCGATGCCCACGAG

AGCATATGTGACGCTCTCCGAGAGCACCCTGCTGCACGGACGGCCTGGCTGGCCTTCGCGAGAGGCTACGTAGAGTTCCACTTCGCTGCGAAGCGGT

ATCGCCTCGATGAATTGGGCGTGGATCGGGAAGTCATTTTGGACTAG 

369867 A3 ATGCTTTTATTCACTGCTAGGGACGCAGAGGACTGGGATTGGTCACCAAGAATCATTAATATACAGATAAACTACTTGCCACACAGCGCTCTGACATT

AATACTTGTTGTAATCTTGGTTGTCTTATTGAAGTGGCCTCGTAAGGACCCAACCTTTGTTATTGGAAATATATCGCCAGGGGATACCGTGTCAAAGA

CCAGTTATGAGGATATCGTTAATGGATTCTTATGTGACATTTCCTTCAAGCCGCCAAATTTGCAGTTAGACATGGGTCTAAAGACCAGGGTTGAAAAC

TCCCTTGAGTCCCACGGAATATCCCGTGGGTTAATAACTCAGATCGGTACATGTATAAATACAGCCACCAAGATTACTTCTTGTGCATACCCATTCGTC

AGCCACGAGGTTCAGGAAGCAATAGCTTTATACGCAAGCTACGTAATCGCGATAGACGACTTGACCTCTGACATATTGCCAGACTTGGAAGTCTATGT

AATTCAGCTAATTCTGGGCAGGTCTCACAAGCACGAGCTGTTGTGCGGATTTACAAAGTTCCTTGGTACTCAGCAGCAGTTATTCGGCCAGTTTGGTG

GAGATATGATCGTTAAGGGATCCATGGAGTTCATTTCTGCAGCAGTCATAGAACAGAAGCAAGACAATAGATTAAACCTGCCACCCGAGGCTAGTGA

CTATCTAGTCTTCTTCCGTGCAAAGACTGGGGTTGCCGAGCCCTTCGCATTCTTTTGCTTTCCCGAGGACATGAATCCAGAAGATAGAGACTTGGCCG

GTTACATTGCTGCAATTCCATCCATAATGCTTATTCTAGGTTACGTAAACGATTTACTATCCTTTTATAAAGAGGAGCACAAGGCAGGCGACTGTCCTG

GTTTCATACAAAGTCACGCTAAAGTGCACGGTTTAACAAGCCTGCAGTCTTTGCAGCAGTTAAGGATCGAGACTATGAAAGAGGTTAGAAAGGTCAG

GTCGATCTTGTCAAACGATGCTGTTCTGGCTGAGCAGATTACCCGTTTTATATATGGGTATATATTCTACCACTTATGTTCGGGTAGGTATAAGTTGGA

CGAGTTAAACATCCCCGCTGCGGTCCAAGCTAGGCGTCAATTCCACGAGATGCCAACAGTCAGAAGGTAA 

1249602 B3 ATGAAGGTCTTGCTAAACACTACCCCGGACCCACTTGGTGGATTGCCCATTAAACCGGAATTGCAAACACAGGATGTTGCTGTCAAAGAAATAGTAC

ATAAGTTCTTAACCGAGTGCGGGACACAGTATTTCACCGTGCCGTATTCCTATGATTTGCATGCACTATGCATACAGGACGCTATCCGTAGAGGTTGC

GTTATGGACGGAGAATTTGGAATGCAGCACTGCATCCCAGGTGGTGTTGTTATGGCGATGACTGCATTCGCCCATTTAGATAACCAAGCAACTAGGAT

CTTAATTGCGCTTTATACAGCTTTCTTAATCTTCCTGGATGACTCTTTCCCGGAAGCAATTGAATTAGTTGCGTCATTTAATTTGAGATTCATAAGGAA

AGAACTTCAGGGCCACGCCTCTCTGGATGCTTTCGCACAGATATTACGTGAGTTACCGCACCACTTCGGATCAGTTAGTGCTAATATTATGGTTTCCTC

TTCGTTAAACTTCGTTACAGCACTAAGTCTAGAGCATGAAGTTCCATCTATGACCATCAGCCCTTCTGCTGGATCATTTTCAACATTCAGTAGGGTGAT

GTCAGGTGCTAGCGAGTGCTATGCGTTATTCACTTTCCCACCGGAACTGCCACTAAATAGCTTTGTTCAGGCTCTTCCTGACATGATGACCTATATAAA

CAACGGAAATGATGTGCTTTCGTTCTACGGGGAAGAATTCGCTGGCGAGACCTCAAACAGGGTCTCCATCTTGGCCACTTGCGAAGAGGCGAGCAAA

CATGACATATTGTTAAGATTGGTTGCTGATGCTAGCGCATGTCACCACAGAGTTCTAGGAATTCTAGCGCTGCACCCCGCTTCCTTAGAGGCGTACGG

TAATTTTGCTAGAGGTTACATAGGGTTCCACACATCCACTCCGAGATACAAATTGAACGATTTATTTTGCTAA 

7937 C3 ATGGCCCCTTTCCCCTCTCAATTAGTCAACACAGCTAACATATCGAGCTACTTCTCTTCTTTTCCCGTCAGGAGTTGCGAACTAGACGCACTTCCAACT

ATTCAGCAGGCCTTAAACGACACAATCTATGGTTGCACTGCGCCAGGTAGCAAAGAACGTAAGAAGGCCGAGTACAGACACACCAACCCAGCGGGC

AACTTATTCGGTTTGTCGTTCGCATTGTGTGAAGCAGACCGTCTGGGCTATGTGGGTAAATTAATCGAATTCCTATGCATAGTGGACGACGTAATGGA

AGATTTACCGTTCGGCGAAGCCTGCATTGAGCACGCAATCTTACGTCAGGCATTGTACGAGTCCTATGATGACGATCAATATGGCGGAAGGGCTGTCG

GAAAGATGAAATCATACTTGAGAGAGTTGAGGATGGAGTTAGCATCTTTAAATGACCCTTGCACACCCCTGTTACTTAAAACTTTGGACACGTCTTTG

AGGGACAGGGACTCTGACGACGCAGAATTCCAAACTTTAGCAGAGTACATTCCTTATCGTAAGACCAACTTCGATTACGACTTCGTATGTCAGTTGGT

CAGATGGGCGATGAACATTTCGCCGAAAGTTCAAGAGAACTTGATTGTAAGAAGTTACGAACACACCGTTGGTGTGATAGTGGGCTTGACCAACGAC

TACTTCTCCTGGGAAATGGAGCGTCAACAGCCTACGGACCGTATCAGGAATGCAGTACCAGTTTTGATGAAAGAGCATAGTATATCCGAGGTTCAGG

CTAAGTCTATGCTGAAAGAGATCATAATTGGAGAAGAGTCAAAAGCTCGTGAGCTGAAGTCAGAAGTCATGAACCAGACTGAGGAAATCTTCGGAGT

TCAGTTAGTCCCGGACACGACAGTATGTAAAAGGAACATTTAG 

335196 D3 ATGATGTCGCAGGGATTCCCGACCGATTACTATTTCAACTGCGTCGCTCGTTTACTAGACACTATCCAGTACAACGATACCAACTACACCCCCGAGGA

AAGACTAGCTAAGCTACATTACGTATATACTAAGACAGCAAAGCACTTCGCGCGTCACGATCGTCAGAAACATATCAAGGTGAGTCCCTCAAACCTT

CAACCGCTACTTCAAGCCATGGTTACGATGGTTGTTTACTCCTGGGCTACTGCTGCTGAGATGGTAATGGTTGACCTGAGTATACACTACACATATAT

GTTGATTTTGGACGATTCTCACGACGAGGACCCTACCGAGTCAATGAAATCCTTGTATAATACAATGTTAGCTAGTTTACCGCAGGAACACCCTTGGT

GGCAGATGGTAAATTCGCATTTCCCCCAGGTCTTAAGGCATTACGGCCCCTACTGCGGTTTAAACATAGTACGTAGTACAACAGATTTCTTCGAAGGG

TGTTGGGTTGAGCAACATAATTTCATGGGACCGCCTCGTTCTCTGAACAGTCCCATCCCGCTGCGTCAGATGAACGCTTTGGGTCAATGCATCGGTGG

ATCTATATTCCCAAAGGAGCGTTTCGACGAGAATGAATTATTCGCGGAGATAACGGCTGCCATCACACAGATCGAGAACAGGATAGCATTTGTTAAC

GATCTATTGTTCTTTTATAGGGAGTTCGGTAAGCCTAGAGACCAAACCTCTCTTGTTAATAACTACGCACGTTGCAACGAGATAACCCCTGAGGAAGC

CCTTAAGAAACTGACCAATGACGCTATCGTCGGTTCTGAGCAACTTTTGGGTGTCTTTAGGGACAAGGATCTTTCAATTTTGCATACGTTAAGGACCTT

TTGTCAAGGCTATGTCACTTGGCATTTGTGCGACCCTAGGTACAGGCTACAGGAACTTCACAGCTTAACTAAAGAGTCCGCTGAGGTCTCTCCAAAGT

TCCATAGGTATCTTCAAAGTGCTAAGGAAGCGGGCTCCGTGAATCCAAAGTCATGGGCATATCCCAGTGTAGCATCTCTGGCCGCAGACGACCTGGCT

TATTGGAGTGATGGCCTATAA 

85296 E3 ATGGGTGCCCCGCAGTTAGAAGTATTCAGCCTACCAGACACCCTGTGTAGATGGGCTTGGAGCAGGAAGCTTAACCCGAATTATAAGAAAGTGAAAG

AGGAAAGCAAAGCTTGGTTAGAGAGCTTCCACGCGTTTCCACCAAAAGCTCAAAACGCTTTCAATAGATGCGACTTTTCCGAACTGCCACCGATAGCT

GTTGTGACACACCTAAGGACAGGTTGTGACCTAATGAACTTGTTCTTCGTGTTCGACGAGTACACTGATGTGTGCGACGCGGTTGAGGCACGTAAGTT

AGCTGACGTAGTGATGGACGCTTTGAGAAACCCGGACCTGCCAAGACCGCAAAACGAGTCCATAGTTGGTGAAATCACTAGACAGTTTTGGATGTTG

GCTCGTAAGACAAGCGTCAAGTCAGCTCAAGAGGTTTTCATCGAGACATTCGATACTTATACTACCAGTGTAGTGGAGCAGGCAGAGGATCGTGTAA

CTCATCACATTAGAGACGTAGAGTCTTACTTAAAAGTGCGTCGTGATACTATTGGAGCTAAACCTTCTTTCGCTCTGTTACACCTGGGCTCTGACTTGC

CAGAGGGTTTCCTTTTAAACCCATTGGTTGAGTGCATTTCAACCTTAACGATTGACTTGTTAATTATTGGCAATGACATTTGTTCATATAACGTGGAGC

AGGCTAGGGGTGATGACGCACATAATATGGTTACTATAGTGATGAATTCCATGTCGTTGAACCTGGACGAAGCACTATTATGGATATCTAATTTACAC

GACATTTTGGTAGATTGGTTCGTAGAGACATATGACACAATCCGTGCTGAGTTGCCCATGCTAAAAGAATCAGATGCTGCTGTGGCGTATATCAATGG

ATTGGGCAACTGGGTCAGAGCCAACGATTGCTGGTCGTTCGAGTCAGAGAGATATTTCGGTCAGAAAGGAGCGGGTATTCAATCTACCAGGACTGTA

GAGCTACTACCTCGTAAGCACACGATGATTACCTCAGACTTCAGGCTAGCTACCGGTGAGTTATGCTCCATGATTTTGGTGAAACCAATCCCGCCGAG

CTTGGCAGAGGTACACTAG 

3508618 F3 ATGGAAGCCTACACCCTTCTGTCTCTAGGCTTATTTATTGGACTTGCTACCTCTTACGCCATTTCGGTCTTGGCGACAAGAGGGCACAAACGTGTCGTA

GACGGCTTTAGAGTAGTTTCTGAAAAGTCCTCGGTTACGGAAAAGGGGACAGGCGAATGCAGGCCTAAAGTCTTTATCCCTCGTACTCTGGCAAGAT

GGCCTTGGCCAAGGCGTATCTCTCAACACTACTCAGTAGTTAAGGAAAGCGCAGACTGGGCTGCGTCATTTAGGGCTTTCTCGCCCAACGCACAGCAG

GCCTTTGACAGGGGTGCCTTCGGCCATTTAGCATGCATGGCCTACCCTAATGCAAAGAAAGTATTCGTGATTGATGAATACACCGATGTTAGTAATCC

TTTCGAGGTTCAGAAGCAGAAGGATATTATCATGGATGCCTTCCGTAACCCACACAAGCCAAGGCCCGAAGGCGAGTGGGTAGGTGGTGAGATGACT
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AGACAGTTTTGGGAGTTAACAATAAGAAACGCGAGCGAACAATCACAACGTAGATTTATAGCAGGTTTCGATGAATATCTAGAGGCGGTGGTTCAAC

AGGCTATTGACAGGTCCGGCTCTCACATCAGAGACATCCAGTCATATATCGATATTCGTAGGGACACGATAGGCGCAAAACCCGCCTTCGCCCTAATC

GAATTAGGGCTGGAGATTCCGGACGAAGTAATGTCTCACCCTGCAATTCAAGAGATGGTAGTGGCTGCAATAGACATGATCTGCATTAGTAACGACA

TTACCTCTTATAACATCGAGCAGTCTTGTGGGAATGATAGTCATAACGTTGTCACTATAGTCATGAAAGAATTGGGCACAAACGTCAACGGGGCAATG

TTGTGGGCACAGGACTGTCACACAGAGTTGGAGCAGAAATTTCACGCGGCAATGGCAGCTTTACCTGAGCTTGATGAGCCTCTTAACTCACAGGTTAA

AGAGTACTGCAACGGGTTGGCCCAGTGGGTGAGGGCCAATGACGACTGGGAGTTTGAGGGTGGCCGTTATTTCGGGGATAAAGGAAGAGAGATACG

TGAGAAAAGGTGGATGTTCCTGCTGCCAAAAGAGAGAAAGAATGGTGCGCAAGAAGTCGGACCTATTCTGGTTGATGGGTCGTTATTGTGA 

348993 G3 ATGCAGGTTGCTTCTAGTAGTTCCGCCGTTCCTGCTATACCAAGTGTCTATGAGACCGTTCAGGGTTACAAGGTCCCTGTATTCTTTTCATGTTACCCG

GCGGGCATTAGTATCGCTGCTCGTAAGGTGGAAGACGCACTAAGGAAAATTGACGAAGAGGCATCCGAAGAGGGGACCAGGGAGAGAAGACGTGC

AGTCATCCGTCACACAAATCCGTACGACGTTACAGAGGAAATGGACCATATCTCAGCCTGCAGAGAACATGACGAGTTGGCCAAGGTTTTGCAAATA

GACATAGACCCATCTATATTCGAAGCAGGGAACGTAAGACAGAAAGCGTTGGCAGTAGTTTTGAGGAAGGCGATCGATATCGATCCTAAACAGGCCC

CTGACATGATCGAGATGTTGAGAAAGTACTTGGCTACTTTTGACAACATTGGCGGAGATTTCACGAGGATGGAAGAGTACATGCCCTATAGAATCTC

AAACTGCGGCTACTGGATGAGTTCTTACTTTATTAGATGGGGAATGGACATGACCCTGTCAGAAGAGGATTACGCAAGTATCGAACAGTTTGATATTG

CAATGGGTAATGTCTTGGGTCTTACAAACGACTACTTCTCTTGGAATATAGAGAAGGACCAGGAGACGGATCGTGTTAGAAACGGTGTTGTTGTGTTA

ATGAAGGAGTATCATACCACCGCTGACGCAGCGAAAATGATATTGTTGGGTGTGATTGTTGAGCAGGAGTCATTGGCTGCCAAACTGAAAGAGGAAA

GACTGAAGAAGCCGGCTTCCAAGGAAATCTTGCAGTACTTCGAAGCCATCGAGCTTTACGTTGGTGGAAGTTGCTACTGGCATTCGACAGCTCCCAGA

TACCAAGTCTTTGAATAA 

11954 

 

H3 ATGGGTTTAGGAGTCAATGCACATCACCGTTTGCCGGACCTGGCGGTTAGGTCCTGTAGACACAGGAAACAGGTTACTACCGAGACGAAGAAATGGT

TGTTTCAGGGCGACAATCTAGTTGGAAAGATACGTGACAGGTATCATGGTTTAAACTGCGGTCTACTGGCAGCATATCCTCAGTTGCGTGTTTGCAAC

GACTTCTTGACCTACCTATTCCATCTTGACAACTTATCAGATGACATGGACAATCACGGTACAATGACTACGGCAGATGTGGTTATGAACACGCTATA

CCATCCCGAGAACCATCAGTCCCCAAGGATAGCGAAAATGACTAGGGACTATTGGAAGAGGCTAGTATCCACGGCCAGCCCTGGCGTACAGCAGCGT

TTCATGGAAACACTAGACTTCTTCTTTCAGTCGGTTACAGAGCAGGCGAACGATCGTCAAGAGGGAGCCATTCCAGACCTGGAAAGCTATATTGCCCT

GAGAAGGGACACATCGGGCTGCAAAACTTCATTCGTGTTGATAGAGTACAGTAACAATTTGGATATACCTGACGAGGTAATGGAACACCCGCTGATA

AGATCGCTTGGTGAGGCTGCTAACGACTTAGTTACATGGTCCAATGACATCTTCAGTTACAATGTTGAACAAAGCAAGGGCGATACACACAACATGA

TTCCTGTTATCATGAATCATCACTCGTTAGATCTACAGCCGGCGGTAGACCTGGTCGGGCAGTTGTGTCAGCAGAGTATTGACAGGTTTATGAACGAC

AGGGCCCAGCTTCCTTCTTGGGGCCCAGAAATTGATAGGCAGGTTCAGATTTATGTGACTGGACTAGAGGACTGGATGGTAGGTTCTCTTCACTGGTC

CTTCGAGTCAGAAAGATATTTCGGCAAGGGCGGTAGGGAAGTAAAGAAGTCAAGGGTTGTAAACCTATTGCCAAAGAGAGCTTAA 

514883 

 

I3 ATGCCTAGAATAGTGCAATACCAATTACCAAACATAGACTTGTTATTAGACCGTCAATCGAGGCCAAACTATAAGGTCAATCCGTACCATCCGGAGCT

AGAAACCGAATTTATTTCTTTCCTAGACAAAATCGACCACGCCATTAGTCCTTTTCAGAGGAAGGAAATTGAGGGAGCACAGTTACCGCTATGTGCAG

CCGCTTACGCACCCGACGCCGACATGCCCCAGCTGCGTGTATACTTAGACTACTTTGTTCTGCTATTACTAGTAGAGGTCATGAGCGATGTCTCGAAT

GCGCAGGCTGGACAGTTTGATCTAGACGACATGATAAATCTGTTAAATACATGCAGCGATAACGAGCCTTTCGACACAAGTAAGCAGAAGGATCCCT

TAGTTCACCTAGCCGCGAAGTTTGCAAGAAAGTGCTTCCCGCCGTTATCCGCGTTGTATAGATATGATGCCACCCAGGTAGATTCTTACCTTGCACAT

AGAAGAAAGGTAGTAGCCATTCATCCAGTAATCGCTTTCAACAGGTGGATGTCACAGGTAAAATTGAGTCCGGAGATACTTCAGACACCCGCTTTCG

AGGGGTTGTTGGAGAGTACTATTGATTTGATCGCCCTACCAAATGACCTTATATCTTATAAGAAAGAAAAGTCCCAGGGTGAAGATATACATAACCTA

GTATCGGTTGCAATGGTAGACCCAGCTATCCCTGTAAAGTCAGGCGACATACAGGCGGCTTTGGACTTTGCAGGAGTTAAGATATCTGAGGCATATCT

AAGATTTCAACAGTGTAAATTGGACGCTATAGCCCAGACCGCGCCTGGAGACTCTGAGACAAGATCAGAGATTATGCGTTACGTAGACATTCTTCTG

AAAACGATTGACGGTAACATTGTCTGGCAAATCGACCCCAGAACTGTTAGGTACCATGTATTCGAGACGCCTGAAGAGAGGGCACAGTGGCTAGTAT

CTATCTGCATATGA 

9278 J3 ATGCATAGGTTTCAAAGGGCATGTATCTGGAAGAGGCTGGCAAATGAACGTAGATTTGAGGTGAAATTGGCAGTGAATAGACCGATTTTCAGCTCTC

ACATTTACTCTATCAACAAACTGGCGAGACAGTATTCGACTCCTAGAAACGTTCCCTGCGAGATACCCGCTCGTCAGTTGGAATCCAAAACACATCCT

TTAGGGTGGAAACAAATTCAGGCCCAGGTTGAACCCTACTTTGGAAATAACTGGAACTTTGCTAGTGAAAAGGAGAAGAAGGGCTTCTTATGCATTG

GTTTTAGCAGAGCTTTCTCACATTTGTTCCCTTTAACACTGGACGACAGGATTAACCTAACTTGCAAAATGTTGTATCTTTCTTTGCTTATCGACGATCA

ATTGGAGAAGATGTCCTTTACACAGATGCTAAGCTACAGAGATCGTGTTATGACAATTGCATTGGGGACTGCTTCCCCCGACAGATCAATTTGCCTTG

AATGGATGCTACACGACACTGTGTTAGCGATGAGAAGTATGGACGAGGTTCTAGCAAATGACGTTGCACAAGGCTTTTGTCAGTTATTGCAGGCACA

GACATCTCAAGAAAGAAGTACCATCAAGACACTAGGATCATATCTTAAGTTTAGGGAGATCGATGTAGGTAGACCCTTCTACACTGCCCTAATACGTT

TCGGCGCCAAGTTATACTTAGCCACGCCGGAGTTGAAGAAAAGCGCGGCACTTGAGTCGACCGCCTTCAGGCACGTCAGTGTAATGAACGACATATA

CTCTTGGGAAAGAGAATGGAAAGTGTACCAAGCAAACCCTACCGATGGCGCTAGGCCCTTTTCCGCGATATACATACTAGCTAATGAAACAGGCTTG

CCTTACGCTGCGTGCAAAAGGCTAATGTATTCCTACTGTAGGGAGCTGGAGCTGGCATTGAAACAGTCTACCGACGAGATAAGACATAACTCGATGG

GCAGTTTAACATACGAATTGGAAATGTACATCAAGGGCCTGGAGTACTTCATGTGCGGTATCGAGCTATGGAGTCAGTGGACGCCGAGGTATAGGCA

ATAA 

 

Table S5. Primer sequences for colony PCR, sequencing, and Q5U PCR (USER). For some genes, two sets of 

primers were available (two forward and two reverse). Note that constructs for batch 1 were prepared before this 

thesis project, hence the primers are not listed. 

Gene code ID Primers  Primers (USER) 

87916 

 

 

A2 Forward (1) 

ATGCCTGTAAATATCAGAGACATTG 

Reverse (1) 

GTAGCGACTTGGGGAAGGCTAGCA 

Forward (2) 

TGTTACTTCACTATTCATGGACGTC 

Reverse (2) 

TCAATTACAAAGGTTCCTTTGACAT 

Forward 

ATCAACGGGUAAAATGCCTGTAAATATCAGAGACATTG 

Reverse 

CGTGCGAUTCAATTACAAAGGTTCCTTTGACAT 
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Gene code ID Primers  Primers (USER) 

52504 B2 Forward (1) 

ATGGCAACTTGTGACTACACATTTA 

Reverse (1) 

TTGAACACAGTACTCCTGGAAGAAG 

Forward (2) 

AAGCTGATGTTAGTCCAACTAATA 

Reverse (2) 

TCACTCCACTTTAGCTTGGTACCTC 

Forward 

ATCAACGGGUAAAATGGCAACTTGTGACTACACATTTA 

Reverse 

CGTGCGAUTCACTCCACTTTAGCTTGGTACCTC 

275231 C2 Forward (1) 

ATGTTAAGAATCGACGGTTGGAGAG 

Reverse (1) 

CTTAACCGCAGCGTCAGATAAGTAT 

Forward (2) 

GTGATGTATGCTTCTTAATGTCCT 

Reverse (2) 

CTACTCCAATTTTGTCCTGTATCT 

Forward 

ATCAACGGGUAAAATGTTAAGAATCGACGGTTGGAGAG 

Reverse 

CGTGCGAUCTACTCCAATTTTGTCCTGTATCTT 

78169 

 

D2 Forward (1) 

ATGAGCCCATCAAAGAGTGAGAAAC 

Reverse (1) 

TGTGGAAGATACCATGAAGTTTGC 

Forward (2) 

TTGGAAACATCTAGGCACTTCCCGC 

Reverse (2) 

TTACAGGATACTTAACACGGGCTG 

Forward 

ATCAACGGGUAAAATGAGCCCATCAAAGAGTGAGAAAC 

Reverse 

CGTGCGAUTTACAGGATACTTAACACGGGCTGG 

1222295 E2 Forward (1) 

ATGGCAGATAATGATTGGGCGGAAAG 

Reverse (1) 

CTTGGTATTTCCTTGTCCGACATA 

Forward (2) 

GGTTGGTATCTATCTTTAATTGGA 

Reverse (2) 

TTAATCAAGGATAACCTCTCTGTC 

Forward 

ATCAACGGGUAAAATGGCAGATAATGATTGGGCGGAAA 

Reverse 

CGTGCGAUTTAATCAAGGATAACCTCTCTGTCT 

369867 A3 Forward 

TCGGCCAGTTTGGTGGAGATATGA 

Reverse  

CACTAGCCTCGGGTGGCAGGTTTAAT 

Forward 

ATCAACGGGUAAAATGCTTTTATTCACTGCTAGGGAC 

Reverse 

CGTGCGAUTTACCTTCTGACTGTTGGCATCTC 

1249602 B3 Forward 

ACGTGAGTTACCGCACCACTTCGGAT 

Reverse  

ATGGTCATAGATGGAACTTCATGCTC 

Forward 

ATCAACGGGUAAAATGAAGGTCTTGCTAAACACTACC 

Reverse 

CGTGCGAUTTAGCAAAATAAATCGTTCAATTT 

7937 C3 Forward 

TGTCGGAAAGATGAAATCATACTTGA 

Reverse  

CAAAGTTTTAAGTAACAGGGGTGT 

Forward 

ATCAACGGGUAAAATGGCCCCTTTCCCCTCTCAATTA 

Reverse 

CGTGCGAUCTAAATGTTCCTTTTACATACTGT 

335196 D3 Forward 

CCTCGTTCTCTGAACAGTCCCATC 

Reverse  

TCGAAACGCTCCTTTGGGAATATAG 

Forward 

ATCAACGGGUAAAATGATGTCGCAGGGATTCCCGACC 

Reverse 

CGTGCGAUTTATAGGCCATCACTCCAATAAGC 

85296 E3 Forward 

TATACTACCAGTGTAGTGGAGCAGG 

Reverse  

AATAGTATCACGACGCACTTTTAAG 

Forward 

ATCAACGGGUAAAATGGGTGCCCCGCAGTTAGAAGTA 

Reverse 

CGTGCGAUCTAGTGTACCTCTGCCAAGCTCGG 

3508618 F3 Forward 

CGAGCGAACAATCACAACGTAGATT 

Reverse  

TGTGAGAGCCGGACCTGTCAATAGC 

Forward 

ATCAACGGGUAAAATGGAAGCCTACACCCTTCTGTCT 

Reverse 

CGTGCGAUTCACAATAACGACCCATCAACCAG 

348993 G3 Forward 

ACAGGCCCCTGACATGATCGAGATG 

Reverse  

GGCATGTACTCTTCCATCCTCGTGA 

Forward 

ATCAACGGGUAAAATGCAGGTTGCTTCTAGTAGTTCC 

Reverse 

CGTGCGAUTTATTCAAAGACTTGGTATCTGGG 

11954 H3 Forward Forward 
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 GAGCCATTCCAGACCTGGAAAGCT 

Reverse  

ATTGTTACTGTACTCTATCAACACG 

ATCAACGGGUAAAATGGGTTTAGGAGTCAATGCACAT 

Reverse 

CGTGCGAUTTAAGCTCTCTTTGGCAATAGGTT 

514883 

 

I3 Forward 

TGCCACCCAGGTAGATTCTTACCTT 

Reverse  

TTACCTGTGACATCCACCTGTTGA 

Forward 

ATCAACGGGUAAAATGCCTAGAATAGTGCAATACCAA 

Reverse 

CGTGCGAUTCATATGCAGATAGATACTAGCCA 

9278 J3 Forward 

GACTGCTTCCCCCGACAGATCAATTTG 

Reverse  

TCATTTGCTAGAACCTCGTCCATACT 

Forward 

ATCAACGGGUAAAATGCATAGGTTTCAAAGGGCATGT 

Reverse 

CGTGCGAUTTATTGCCTATACCTCGGCGTCCA 

 

 

Table S6. The GC-MS program used to produce chromatograms for G1 and O1, before this project work. Results 

are borrowed for this report.  

Step Rate [oC/min] Temperature [oC] Hold time [min] 

1 - 60 - 

2 10 300 3.5 
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Figure S1. Chromatogram (TIC) for the TPSs B2, C2, and J3 that produced mainly monoterpenes in the in vivo HS-

SPME analysis. Program A is used for all three. The peaks are labeled and listed in Section 5.1.1.1.  
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Figure S2. Chromatogram (TIC) for TPSs G1 and O1 that produced mainly sesquiterpenes in the in vivo HS-SPME 

analysis, produced by Chi Zhang. Program in Table S6 is used. The peaks are labeled and listed in Section 5.1.1.2.  
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Figure S3. Chromatogram (TIC) for TPSs B1, I1, and N1 that produced mainly sesquiterpenes in the in vivo HS-

SPME analysis (1). Program A is used for all three. The peaks are labeled and listed in Section 5.1.1.2. 
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Figure S4. Chromatogram (TIC) for TPSs P1, A2, D2, and A3 that produced mainly sesquiterpenes in the in vivo 

HS-SPME analysis (2). Program A is used for all three. The peaks are labeled and listed in Section 5.1.1.2. 
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Figure S5. Chromatogram (TIC) for the TPS D1 that produced diterpenes in the in vivo HS-SPME analysis. 

Program A is used. The peaks are labeled and listed in Section 5.1.1.3. 

 

 

 

 
Figure S6. Spectra for E1, K1, and M1, presenting peaks from transformation without Erg20p(N127W) and with 

Erg20p(N127W). Sesquiterpene peaks (labeled C15) are visible for all three at the co-transformation 

(+erg20p(N127W)).  
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