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I DEUTSCHE KURZFASSUNG DER DISSERTATION

N-Acetyl-D-Neuraminsäure (NeuNAc) gehört zur funktionellen Klasse der Sialinsäuren und ist der 

biochemische Vorläufer für alle bekannten natürlich vorkommenden Sialinsäurederivate. Diese Karbonsäuren 

treten vor allem als terminale Reste an Glykokonjugaten in Proteinen auf. An dieser Stelle sind sie an diversen 

Interaktiosmechanismen beteiligt. Besondere Aufmerksamkeit haben künstliche Derivate von NeuNAc als 

Neuraminidaseinhibitoren erlangt, die zur Bekämpfung von viralen Krankheiten wie Influenza eingesetzt 

werden.

Die Herstellung von NeuNAc selbst ist teuer und kann einerseits durch Isolation aus natürlichen Rohstoffen 

(Eier, Milch), aber auch auf biochemischen Weg erfolgen. Dazu wurden enzymatische Verfahren entwickelt, die 

aber den Nachteil haben, dass der Schritt von N-Acetyl-D-Mannosamin hin zu NeuNAc mithilfe einer Aldolase 

und dem Kosubstrat Phosphoenolpyruvat zu bewerkstelligen ist. Diese Reaktion ist eine Gleichgewichtsrektion, 

die nur mit einem Überschuss an Pyruvat zu ausreichenden Mengen an NeuNAc führt. Zudem wurden 

bakterielle Ganzzellfermentationen entwickelt, die aber auf dem teuren Rohstoff N-Acetyl-D-Glukosamin 

angewiesen sind.

In dieser Arbeit wird daher eine neuer biochemischer Syntheseweg vorgestellt, der auf dem filamentösen Pilz 

Hypocrea jecorina (anamorph: Trichoderma reesei) basiert. Aufgrund der massiven Sekretion von 

hydrolytischen Enzymen besitzt dieser Pilz die Fähigkeit Biopolymere wie Cellulose aber auch Chitin in ihre 

Monomere abzubauen und zu metabolisieren. Da das Monomer von Chitin, N-Acetyl-D-Glukosamin, ein 

Substrat für die Synthese von NeuNAc darstellt und Chitin ein günstiger erneuerbarer Rohstoff ist, soll dieser 

Pilz zur Produktion von NeuNAc eingesetzt werden. H. jecorina weist aber keinen bekannten Stoffwechselweg 

zur Herstellung von NeuNAc auf. Deswegen soll ein künstlicher Stoffwechselweg durch heterologe 

Proteinexpression eingeführt werden. Zwei bakterielle Gene kodierend für eine N-Acetylglukosamin-2-

epimerase und eine NeuNAc-Synthase werden in das Genom von H. jecorina eingeführt. Um die methodischen

Voraussetzungen für diese Arbeit zu schaffen, wird in dieser Arbeit eine Transformationsstrategie für H. 

jecorina vorgestellt, die das zielgerichtete Einbringen oder Deletieren von Genen im Pilzgenom erlaubt und 

zudem Selektionsmarker rückgewinnt. Ein weiterer Aspekt behandelt die Messung von mRNA mittels 

quantitativer PCR, die ein unerlässliches Werkzeug zur genetischen Analyse darstellt. Für die Messung ist eine 

Normalisierung auf ein stabil transkribiertes Gen notwendig. In dieser Arbeit wird die Evaluation stabiler Gene 

für H. jecorina durchgeführt. Diese Dissertation belegt, dass ein künstlicher Stoffwechselweg zur Herstellung 

von NeuNAc in H. jecorina eingefügt werden kann und in vivo funktionstüchtig ist.
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II SCIENTIFIC BACKGROUND OF THE PHD

1. Sialic Acids, N-Acetylneuraminic Acid (NeuNAc)

-keto acids which play a wide variety of 

roles in nature (5). Most are derivatives of the common core structures N-acetylneuraminic acid (NeuNAc) or 2-

keto-3-deoxy-D-glycero-D-galacto-nonulosonic acid (KDN) (Fig. 1).

Figure 1: NeuNAc and 2-keto-3-deoxy-D-glycero-D-galacto-nonulosonic acid

NeuNAc is the most prevalent exponent of sialic acids (78). Currently, more than 50 derivatives of sialic acids 

are known to exist in nature. NeuNAc is believed to serve as a precursor of all these derivatives, since all 

biochemical pathways proceed via this substance (5). Commonly found modifications include the decoration of 

the hydroxyl groups with acetates, sulphates, phosphates, and methyl ethers. In addition, lactonization of the 

carboxylic acid and hydroxylation of the acetamido group of NeuNAc are observed (5).

2. Sialic Acids and their Function in Nature

In mammals, the sialic acids are usually found as terminal residues on the outermost cell surface as glycol-

conjugates. As a result of their location, and their negative carboxylate functionality, sialic acids play important 

roles in mediating cellular recognition and adhesion processes (93). Some notable examples include the 

sialylation of neural cell adhesion molecules, which is responsible for the proper establishment of the vertebrate 

embryonic nervous system (16), and the necessity for recognition of sialic acids by the lectins of the 

inflammatory and immune response pathways (94). In addition, the extent of cell surface sialylation correlates 

with tumorigenesis and metastasis in certain cancers (28, 30). Although most bacteria do not produce sialic 

acids, several pathogenic strains can biosynthesize them and display them on their cell surface to mimic 

mammalian cells and evade the host’s immune system (71). These include the neuroinvasive organisms 

Escherichia coli K1 and Neisseria meningitidis that cause meningitis (6, 22, 29), and Campylobacter jejuni that 

causes food-borne gastroenteritis (53).

3. Pharmaceutical Properties of NeuNAc

As mentioned vide supra, in biological systems sialic acids are mostly terminal components of glycoproteins 

presented at the respective cell surface. In such cases, sialic acids serve as recognition sites for respective 

endogenous and exogenous proteins, all of them belonging to the class of lectins (12, 90). Because of this 

paramount position of sialic acids in the cellular systems, they play a major role in infection cycles of important 

viral diseases, such as influenza viruses A and B (38). In such a case, de novo synthesized virus particles attach 

to respective sialic acids presented at the cell surface. For a propagation of the virus in the host, a neuraminidase 

(sialidase) activity is needed, which cleaves the linkage between the sialic acid and the glycoprotein. Therefore, 

sialic acid derivatives are nowadays successfully applied in the therapy of such virus related diseases. In 



2

particular, they are used as neuraminidase inhibitors to prevent a further propagation of the virus. To date the 

best known preparations on the market are „Tamiflu“ (active pharmaceutical ingredient: “Oseltamivir”) by

Hoffmann la Roche and „Relenza“ (active pharmaceutical ingredient: “Zanamivir”) by GlaxoSmithKline, both 

functioning as neuraminidase inhibitors, the latter one being a derivate of the precursor NeuNAc 

(http://www.gsk.com, (89)).

4. Biosynthesis of NeuNAc in Bacteria and Mammals

The biosynthesis of the most common sialic acid, NeuNAc, begins with the formation of N-acetylmannosamine 

(ManNAc) from UDP-N-acetylglucosamine (UDP-GlcNAc) (Fig. 2 from (86)).

Figure 2: Biosynthesis of CMP-NeuNAc in bacteria and mammals (86)

In mammals, the ManNAc is then phosphorylated to give ManNAc-6-phosphate (ManNAc-6P). The second step 

involves the condensation of either ManNAc (in bacteria) or MacNAc-6P (in mammals) with 

phosphoenolpyruvate (PEP) to give NeuNAc or NeuNAc-9P, respectively. In mammals, NeuNAc-9P is then de-

phosphorylated to generate NeuNAc. Finally, the activated form of the sialic acid, CMP-NeuNAc, is generated 

with the use of cytosine triphosphate (CTP). CMP-sialic acid is the activated substrate for all the 

sialyltransferases that incorporate the keto acid into glycoproteins and glycolipids.

In detail, biosynthesis of NeuNAc in mammalian cells is initiated and regulated by the synthesis of its precursor 

ManNAc (39, 47). Two enzymes have been identified to participate in the balance of the ManNAc pool. One is 

UDP-N-acetylglucosamine 2-epimerase (UDP-GlcNAc 2-epimerase, EC 5.1.3.14) that catalyzes the formation of 

ManNAc from UDP-GlcNAc (39, 86). The other is the N-acetylglucosamine 2-epimerase (GlcNAc 2-epimerase, 

EC 5.1.3.8) that catalyzes reversible the interconversion of N-acetylglucosamine (GlcNAc) and ManNAc (17). 

The GlcNAc 2-epimerase was previously known as a renin-binding protein. The tight GlcNAc 2-epimerase-renin 

complex is found when purified from porcine kidney (85), and the binding causes the block of renin activity. 

However, the studies of GlcNAc 2-epimerase gene knockout mice have proven that the GlcNAc 2-epimerase is 

not involved in renin-angiotensin system (79). Recently, the GlcNAc 2-epimerase has been found to catalyze the 

conversion of ManNAc to GlcNAc in human cells to serve as catabolic role in NeuNAc metabolism (55).

Several enzymatic steps involved in the pathway for the biosynthesis of NeuNAc in bacteria have been 

identified. In Neisseria meningitidis, NeuNAc is formed directly from ManNAc and PEP in the presence of Mn2+

(9). In E. coli K1, two pathways have been proposed for the formation of NeuNAc: i) condensation of ManNAc 

http://(http://www.gsk.com
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and pyruvate by a NeuNAc lyase. Usually, the NeuNAc lyases are involved in the catabolism of sialic acids by 

catalyzing the cleavage of NeuNAc into ManNAc and pyruvate in a reversible reaction. However, at high 

concentrations of ManNAc and pyruvate, the equilibrium can be shifted to the synthesis of NeuNAc (59). ii) 

Condensation of ManNAc and PEP by a NeuNAc synthase, which directly is involved in NeuNAc synthesis (74, 

92). 

The first cloning of a prokaryotic GlcNAc 2-epimerase from the phototrophic cyanobacterium Synechocystis sp. 

PCC6803 was reported by (84). More recently, Lee and co-workers (52) found that whole-cell extracts of several 

photobacteria can convert GlcNAc to ManNAc. Among them, Anabaena sp. CH1 exhibited the highest GlcNAc 

2-epimerase activity; consequently the authors cloned and characterised a gene encoding GlcNAc 2-epimerase 

from Anabaena sp. CH1.

5. NeuNAc in Filamentous Fungi

As described vide supra, NeuNAc is synthesized in higher eukaryotes and in gram-negative bacteria from the 

precursor GlcNAc. To the current knowledge in the kingdom of fungi such a pathway does not exist. This 

conclusion is based on in silico analyses of numerous fungal genomes (e.g. reported by (5), but also carried out 

in this PhD thesis), as these analyses did not reveal any sequences significantly similar to the enzymes known to 

be involved in the biosynthesis, activation, or transfer of sialic acids in bacteria and mammals. Nevertheless, 

there are reports on the presence of sialic acids in some pathogenic fungal cells (reviewed in (3)), such as 

Candida albicans (81), Cryptococcus neoformans (73), Aspergillus fumigatus (95), and Sporothrix schenckii (2). 

Although some of these claims are based only on binding of lectins, which can recognize sialic acids, others 

include more solid evidence, such as mass spectrometry (73, 95). 

6. Biocatalyzed Production Strategies of NeuNAc

NeuNAc is traditionally prepared by extraction from natural sources, such as bird nest, milk or eggs (48), by the 

hydrolysis of colominic acid (a homopolymer of NeuNAc) in the culture broth of E. coli K1 (60), or by chemical 

synthesis (18). A chemo-enzymatic process for the production of NeuNAc from GlcNAc and pyruvate has also 

been reported (10, 58). An alkaline-catalyzed epimerization is performed for a conversion of GlcNAc to 

ManNAc. The ManNAc is then condensed with pyruvate by E. coli NeuNAc lyase to yield NeuNAc. 

Since it has been known that epimerization of GlcNAc and ManNAc can be catalyzed by porcine kidney 

GlcNAc 2-epimerase (pGlcNAc 2-epimerase) (17), a two-enzyme reaction process has also been developed for 

the enzymatic production of NeuNAc (49, 59). In this process, the formation of ManNAc from GlcNAc is 

catalyzed by pGlcNAc 2-epimerase. Condensation of ManNAc with pyruvate to generate NeuNAc is similar to 

the one in the chemo-enzymatic process. The pGlcNAc 2-epimerase/NeuNAc lyase process has been proposed to 

be simpler and more efficient compared with the chemo-enzymatic method (Maru et al., 1998). However, the 

requirement of ATP for the activation of pGlcNAc 2-epimerase activity leads to high costs of the process. 

Tabata and co-workers (84) described a biotransformation for the synthesis of NeuNAc using bacterial cells (E. 

coli) expressing GlcNAc 2-epimerase from Synechocystis and NeuNAc synthase from E. coli K1 without the 

isolation of the enzymes and/or ManNAc. The NeuNAc synthase irreversibly condenses ManNAc and PEP to 

NeuNAc; if PEP has to be bought and added, high costs will arise and moreover, it is not readily available as a 

substrate. In the microbial reaction, the authors could confirm the accumulation of NeuNAc without the addition 

of PEP, indicating that PEP could be supplied by the glycolytic activities of the involved bacterial expression 
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hosts. Recently, a whole-cell system based on the separate expression of GlcNAc 2-epimerase from Anabaena

sp. CH1 and NeuNAc lyase from E. coli was reported (52). This system allowed the production of NeuNAc from 

GlcNAc and pyruvate by omitting the additional supplementation with ATP, such as needed in the enzymatic 

processes. Another system, which is similar to the process of Lee et al., reports the production of NeuNAc also 

with an optimized coupled cell system based on a temperature-induced expression rather based on IPTG as 

inducer (97). Recently, a review focusing on the biotechnological production of NeuNAc was published (87). 

7. Engineering of the NeuNAc Pathway in different Eukaryotic Hosts

Recently, two remarkable reports on the engineering of a NeuNAc pathway in respective eukaryotic expression 

hosts, namely Pichia pastoris (36) and two plant models i) Bright Yellow 2 tobacco cells, and ii) Medicago 

sativa (64) were published. It is noteworthy that in both cases NeuNAc synthesis could be achieved, however, 

none of these studies focused on the production of NeuNAc or CMP-NeuNAc itself, but on the secretion of 

recombinant human glycoproteins with complex, fully, terminally sialylated N-glycans. Nonetheless, these 

studies impressively demonstrate that a NeuNAc - respectively CMP-NeuNAc - pathway can be engineered into 

none-producing hosts, such as fungi and plants.

Engineering the Yeast Pichia pastoris to Secrete Human Glycoproteins with fully, terminally Sialylated N-

glycans

In order to improve the half-life and the therapeutic potency of human glycoproteins that are heterologously 

produced in P. pastoris, Hamilton and co-workers substantially reengineered its secretory pathway (36). In 

addition to several other steps leading to the construction of a human glycosylation pathway into a respective 

yeast strain (11, 15, 35), sialylation, the final step of human glycosylation, was accomplished. In particular the 

following steps were engineered: i) production of the N-glycosylated precursors t -1,4-galactose, 

ii) the biosynthetic capability to produce CMP-NeuNAc, iii) the introduction of a transporter to shuttle CMP–

NeuNAc into the Golgi, and iv) the expression of a sialyltransferase to transfer sialic acid to terminal galactose 

on the nascent glycoprotein (36). It should be noted that the whole pathway was engineered based on 

mammalian genes. As a final proof of succeeding in the concept, the authors reported on cell lines secreting a 

terminally sialylated, complex, bi-antennary glycoprotein as exemplified by recombinant Erythropoietin (EPO).

Engineering of a Sialic Acid Synthesis Pathway in Transgenic Plants by Expression of Bacterial NeuNAc-

synthesizing Enzymes

Paccalet and co-workers investigated the NeuNAc synthesis in plants by expressing a recombinant NeuNAc 

lyase and a NeuNAc synthase. Both the NeuNAc lyase from E. coli K1 and NeuB2 (encoding for a NeuNAc 

synthase) from Campylobacter jejuni (reviewed by (86)) were expressed in the cytosol of tobacco BY2 cells or 

M. sativa (alfalfa) plants. The NeuNAc lyase expressed in BY2 cells was able to cleave NeuNAc into ManNAc 

and pyruvate in a reversible reaction, but also formed NeuNAc in the presence of pyruvate and ManNAc. 

Furthermore, feeding experiments carried out in the presence of exogenous NeuNAc demonstrated that the 

enzyme was functional in planta (64). NeuB2 from C. jejuni expressed in tobacco BY2 cells was also 

demonstrated to be able to synthesize NeuNAc in the presence of ManNAc and PEP and expression of the same 

sequence in M. sativa (alfalfa) plants resulted in an accumulation of a functional enzyme (64). However, the 

activity of NeuB2 expressed in plants was relatively low, probably due to the fact that NeuB2 of C. jejuni was 
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recently shown to have a much lower capacity for NeuNAc synthesis than NeuB1, an isoform of the NeuNAc 

synthase (83). Furthermore, the expression of a functional CMP-NeuNAc synthase and CMP-NeuNAc 

transporter (45) in tobacco BY2 cells has also recently been described. Transportation of the CMP activated form 

of NeuNAc from the cytoplasm into Golgi vesicles could be demonstrated (61).

A combination of these data, strongly indicates that the introduction of the whole sialylation machinery in plants 

is feasible and may only be limited by the capacity to stably transform plants with multiple gene sequences (64), 

which in filamentous fungi - such Trichoderma spp. and Aspergillus spp. - will not be a restraining factor.

8. Trichoderma and its Chitinolytic Activity

The Biopolymer Chitin

After cellulose, chitin is the second most abundant renewable organic source in nature (8), with an estimated 

annual biosynthesis of 109 to 1011 tons. The major natural resources are the exoskeletons of arthropods, such as 

crustaceans (like crab, lobster, and shrimp), and insects (including ants, beetles), cell walls of fungi, the radula of 

mollusks, and the beaks of the cephalopods (including squid and octopi). The polymer is composed of ß-(1,4)-

linked units of the amino sugar GlcNAc. For industrial applications this renewable resource is mainly extracted 

from crustacean shells, and can be processed into many derivatives. These derivatives are used for a number of 

commercial products, such as medical applications including the therapeutic potential for the treatment of a 

variety of diseases, [e.g. arthritis, (40, 62), inflammatory bowel disease, (76), and general inflammatory damage 

(46)], cosmetics, dietary supplements, agriculture, and water treatment (8, 20, 63). However, thitherto only a 

minute amount of this renewable natural resource is used in industrial and agricultural applications.

Biotechnological GlcNAc production, Microbial Chitinases

Commercial production of GlcNAc currently relies upon acid hydrolysis of de-proteinized and de-mineralized 

crustacean shells (24) Acid hydrolysis is relatively efficient, but involves strong acids (4 to/8 M HCl) at high 

temperatures and results in production of toxic wastes. Moreover, the extreme conditions used in the process 

may result in unwanted modifications of the hydrolysis products. Conversely, enzymatic degradation of e.g. 

crustacean shells is environmentally friendly, but it is more complex, since it involves both production of the 

enzyme and the digestion of the substrate. More importantly, enzymatic processes have been plagued by low 

yields and have resulted in incomplete conversion of chitin into its monomer (14, 70). However, there has been 

substantial, recent progress in studies of chitinases from both prokaryotic and eukaryotic sources. (23, 75, 96)

Among these, the most widely examined enzyme sources for commercial chitin degradation are strains of 

Serratia marcescens (96). Nevertheless, its enzyme preparations do not completely convert chitin to GlcNAc, 

but instead accumulate a blend of both, monomers and chito-oligomers (mainly chitobiose) (1). The 

phenomenon is particularly evident when high concentrations of chitin (5 to 10 % (w/v)) are digested. 

Chitinolytic enzymes from fungi in the genus Trichoderma have also been extensively studied (54). Unlike their 

bacterial counterparts, Trichoderma chitinolytic preparations have a high ratio of exochitinase to endochitinase 

activity and release almost exclusively monomeric GlcNAc from chitin. Recently, the chitinolytic enzyme 

system of T. reesei has extensively been studied by genome-wide analysis (80). The authors identified 18 genes 

encoding proteins belonging to glycoside hydrolase family 18 (41, 67, 72, 88), and two members of glycoside 

hydrolase family 20 (51) in the respective genome, whereas no members of family 19 (27, 34, 37), primarily 

found in plants, could be detected. Such an amount of enzymes indicate for a high chitinolytic potential of 
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Trichoderma, which has also been proven for various species, such as T. harzianum (teleomorph Hypocrea lixii), 

T. virens (teleomorph H. virens), T. asperellum, and T. atroviride (teleomorph H. atroviridis), all known as 

potent mycoparasites. Nonetheless, Donzelli and co-workers (21) reported on the enhanced efficacy and the 

synergy of mixtures of enzymes from T. atroviride, S. marcescens and Streptomyces albidoflavus in hydrolyzing 

several forms of chitin (e.g. native chitin from langostino crab shells, colloidal chitin, and chitosan). Such 

findings warrant for a high potential of improvement of the chitinolytic abilities of Trichoderma strains applying 

respective genetic engineering strategies (i.e. heterologous expression of bacterial chitinases in Trichoderma spp.

under chitin-inducible promoters such as pnag1 (13, 56)).
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III AIM OF THE PHD THESIS

1. Engineering an N-Acetylneuraminic acid synthesis pathway into Hypocrea jecorina

The synthesis of NeuNAc is costly. It is currently, if a biotechnological process is followed, carried out by a two-

step enzyme catalyzed procedure (49, 59). The production costs are especially detrimentally influenced by the 

second step of biosynthesis, in which ManNAc is metabolized to NeuNAc via an equilibrium reaction. In this 

reaction step an excess of pyruvate has to be added to drive the equilibrium towards NeuNAc. Anyway, the 

removal of pyruvate from the reaction is a cost-intensive downstream processing step (98).

The aim of this PhD thesis is to optimise the synthesis of NeuNAc by the introduction of a whole-cell catalyzed 

process. In particular, it is planned to genetically engineer the filamentous ascomycete Trichoderma in such a 

way that it can synthesize NeuNAc using chitin (a cheap renewable biopolymer) as a carbon source. In 

comparison to the currently applied enzyme catalyzed process, one major advantage has to be mentioned. In 

contrast to the application of a lyase for the second synthesis step, which requires the use of an excess of 

pyruvate (vide supra), the newly designed in vivo synthesis would allow the application of NeuNAc synthase in 

the process. This enzymatic step implies the use of PEP instead of pyruvate (which in the intended in vivo 

process would be supplied by the organism), thereby leading to an irreversible process (64). Consequently, the 

insertion of an excess of pyruvate becomes obsolete and the resulting downstream process is significantly 

simplified. 

Figure 3: NeuNAc synthesis pathway to be engineered in Trichoderma

In addition, the application of Trichoderma as a whole-cell catalyst offers the advantage of using cheap 

renewable raw materials, such as chitin. 

2. A transformation system for Hypocrea (Trichoderma) that favours homologous integration and that 

uses reusable bi-directionally selectable markers

In order to engineer a NeuNAc synthesis pathway into Hypocrea jecorina, it is necessary to have a versatile 

transformation system in hand. In particular, it could become necessary to perform serial transformations of the 

respective Hypocrea strains. Such a system should meet certain requirements: i) a high rate of homologous 

integration (gene replacement) events; ii) a recyclable marker for unrestricted rounds of knock-outs; and iii) a bi-

directional positive selection system. Transformation systems which are known to work in Hypocrea, based on 

the markers hph (57), amdS(66), and pyr4 (31), shall be combined to a new system. The advantage of the amdS

marker is that it was reported to work as a bi-directional marker in Aspergillus (43). The recycling of the marker 

genes will be achieved by using the Cre/loxP system from bacteriophage P1 (7, 82). This strategy involves the 
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removal of pyruvate from the reaction is a cost-intensive downstream processing step (98).

The aim of this PhD thesis is to optimise the synthesis of NeuNAc by the introduction of a whole-cell catalyzed 

process. In particular, it is planned to genetically engineer the filamentous ascomycete Trichoderma in such a 

way that it can synthesize NeuNAc using chitin (a cheap renewable biopolymer) as a carbon source. In 

comparison to the currently applied enzyme catalyzed process, one major advantage has to be mentioned. In 

contrast to the application of a lyase for the second synthesis step, which requires the use of an excess of 

pyruvate (vide supra), the newly designed in vivo synthesis would allow the application of NeuNAc synthase in 

the process. This enzymatic step implies the use of PEP instead of pyruvate (which in the intended in vivo 

process would be supplied by the organism), thereby leading to an irreversible process (64). Consequently, the 

insertion of an excess of pyruvate becomes obsolete and the resulting downstream process is significantly 

simplified. 

Figure 3: NeuNAc synthesis pathway to be engineered in Trichoderma

In addition, the application of Trichoderma as a whole-cell catalyst offers the advantage of using cheap 

renewable raw materials, such as chitin. 

2. A transformation system for Hypocrea (Trichoderma) that favours homologous integration and that 

uses reusable bi-directionally selectable markers

In order to engineer a NeuNAc synthesis pathway into Hypocrea jecorina, it is necessary to have a versatile 

transformation system in hand. In particular, it could become necessary to perform serial transformations of the 

respective Hypocrea strains. Such a system should meet certain requirements: i) a high rate of homologous 

integration (gene replacement) events; ii) a recyclable marker for unrestricted rounds of knock-outs; and iii) a bi-

directional positive selection system. Transformation systems which are known to work in Hypocrea, based on 

the markers hph (57), amdS(66), and pyr4 (31), shall be combined to a new system. The advantage of the amdS

marker is that it was reported to work as a bi-directional marker in Aspergillus (43). The recycling of the marker 

genes will be achieved by using the Cre/loxP system from bacteriophage P1 (7, 82). This strategy involves the 
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excision of DNA fragments flanked by loxP-sites catalysed by the expression of Cre recombinase. Although the 

use of the Cre/loxP system in an eukaryote (Saccharomyces cerevisiae) was described for the first time in 1987 

(77), it was not used as a gene disruption tool in yeast until 1996 (33). Since then, the Cre/loxP system has also 

been used in filamentous fungi such as Candida albicans, Aspergillus sp., Epichloë festucae, Neotyphodium sp., 

and Cryptococcus neoformans (19, 25, 26, 50, 65).

To increase the rate of homologous integration, a non homologous end-joining deficient (NHEJ) strain shall be 

constructed. Such a NHEJ deficient strain was previously reported for Hypocrea jecorina based on a gene 

deletion of tku70 (YKU70) (32). Nevertheless, this system was constructed in a UV-mutant strain of Hypocrea 

jecorina TU6 (31), which cannot be used as a universally applicable recipient strain. Furthermore, it was shown 

for Neurospora that MUS-53 (a homolog of human Lig4) is required for NHEJ. The authors demonstrated that in 

contrast to mus-51 and mus-52 mutants, a mus-53 mutant had a gene targeting efficiency of 100% even if the 

homologous DNA sequence was very short. mus-53 was proposed as a highly efficient alternative to mus-51

(YKU70) and mus-52 (YKU80) (44). Therefore, a tmus53 deletion mutant shall be constructed for Hypocrea 

jecorina and tested on its ability to confer NHEJ deficiency.

3. An accurate normalization strategy for RT-qPCR in Hypocrea jecorina (Trichoderma reesei)

Measuring the mRNA level of a certain gene is one important tool for the characterisation of recombinant strains 

expressing heterologous proteins. The transcription of the corresponding genes is the first necessary step for the 

production of heterologous proteins and by quantification of the mRNA level it is possible to analyze the 

different expression patterns in different strains. To some extend the mRNA level correlates with the protein 

level and is therefore of special interest. 

One efficient tool to measure the mRNA content is reverse transcription-quantitative PCR (RT-qPCR). Major 

advantages of this method are its high sensitivity, large dynamic range, and accurate quantification (42). 

However, an accurate and robust normalization system is needed when performing relative quantification of 

qPCR data. Normalizing to a stably expressed gene of the target organism, often called reference or 

housekeeping gene, is a powerful method for internal error prevention. In general, when applying mRNA 

quantification techniques, an error is caused by the multistage process required to extract, process (i.e. in vitro 

reverse transcription) and detect mRNA. A major challenge is to find a suitable reference gene. An important 

requirement for such a reference gene is its robust expression under all conditions applied in a certain 

experiment. Therefore, a careful evaluation is necessary to obtain one or even more suitable genes for 

normalization. Vandesompele and co-workers suggest the use of multiple reference genes rather than relying on 

a single one (91). However, it depends on the experimental setup how many reference genes have to be included 

in order to obtain consistent and reliable results. Especially for the setup of new experimental conditions, it has 

to be evaluated if a certain set of reference genes is suitable or not. Different approaches have been published, 

which allow the evaluation of multiple reference genes (4, 69, 91). The software geNorm ranks the genes 

according to the similarity of their expression profiles by a pairwise comparison (91). The authors calculated the 

average pairwise variation of a particular gene with all other control genes and denominated it M, the internal 

control gene-stability measure. Within this system, genes with the lowest M values have the most stable 

expression. Another calculation method is used by the program NormFinder (4), which uses a model-based 

approach for the estimation of expression variation. The advantage of this algorithm compared to geNorm is that 

it can deal with systematic differences in the data set like different tissues or strains.
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The relative expression software tool (REST; version: 2008) developed by Pfaffl and co-workers allows the 

estimation of gene expression using qPCR amplification data (i.e. the threshold cycle values). This software 

enables the measurement of uncertainty in expression ratios by introducing randomization and bootstrapping 

techniques. Confidence intervals for expression levels allow measurement of not only the statistical significance 

of deviations but also of their likely magnitude even in the presence of outliers (68).

Therefore, potential reference genes shall be evaluated with the software tools GeNorm and NormFinder. The 

suitability of the reference genes shall then be evaluated in a correlation experiment between mRNA level and 

enzyme activity. 

4. Structure of the PhD thesis

The above mentioned aims of the PhD thesis are elaborated in three autonomous manuscripts following this 

introduction (section IV, V and VI). The first paper, “Engineering an N-Acetylneuraminic acid synthesis 

pathway into Hypocrea jecorina”, deals with the metabolic engineering of H. jecorina and how an intracellular 

pathway is engineered into this fungus leading to NeuNAc. The two other papers present methods which are 

needed for the realization of the first paper. Thus, the second paper, “A transformation system for Hypocrea

(Trichoderma) that favours homologous integration and that uses reusable bi-directionally selectable markers”, 

presents a transformation strategy for H. jecorina and the third paper, “An accurate normalization strategy for 

RT-qPCR in Hypocrea jecorina (Trichoderma reesei)”, describes how quantitative PCR data shall be treated in 

order to obtain meaningful results.
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ABSTRACT

N-acetylneuraminic acid (NeuNAc) belongs to the structural class of sialic acids. Derivatives of NeuNAc are 
used as neuraminidase inhibitors to treat viral infections like influenza. Therefore, the pharmaceutical industry 
is interested in a cheap source for NeuNAc, but its synthesis is costly (current market price: ~1000 €/kg). 
Currently, NeuNAc can be produced either by an E. coli process or enzymatic conversion. In both cases the 
substrate used is N-acetyl-D-glucosamine (GlcNAc), which itself is costly. We developed a whole-cell bio-
catalysis process based on the fungus Hypocrea. Hypocrea is known for its high secretory capacity of hydrolytic 
enzymes and is able to utilize renewable polysaccharides, like cellulose or chitin, which commonly occur in 
nature. A metabolic pathway, consisting of two bacterial enzymes, is engineered into Hypocrea for the synthesis 
of NeuNAc. We will illustrate the properties of such recombinant Hypocrea strains to form NeuNAc using the 
renewable biopolymer chitin.

1. INTRODUCTION

NeuNAc is the most prevalent exponent of sialic 
acids and is an -keto sugar with a C9 
backbone (28). In mammals, sialic acids are usually 
found as terminal residues of glycol-conjugates on 
the outermost cell surface. As a result of their 
location, and their negative carboxylate 
functionality, sialic acids play an important role in 
mediating cellular recognition and adhesion 
processes (34). Such a process can be found in the 
infectious cycle of influenza. Influenza is a highly 
infectious disease, which is caused by RNA viruses. 
For a propagation of the virus in the host, a 
neuraminidase (sialidase) activity is needed, which 
cleaves the linkage between a terminal sialic acid 
residue and the glycoprotein to release the virus 
from the host receptor (23). Therefore, sialic acid 
derivatives are nowadays successfully applied as 
neuraminidase inhibitors in the therapy of such 
virus related diseases. Currently, the best known 
products on the market are „Tamiflu“ (active 
pharmaceutical ingredient: “Oseltamivir”) by 
Hoffmann la Roche and „Relenza“ (active 
pharmaceutical ingredient: “Zanamivir”) by 
GlaxoSmithKline, both are neuraminidase 
inhibitors, and Zanamivir represents a direct 
derivate of the precursor NeuNAc (18, 32).
NeuNAc is traditionally prepared by extraction 
from natural sources, such as bird nest, milk or eggs 
(8), by the hydrolysis of colominic acid (a 
homopolymer of NeuNAc) in the culture broth of 
E. coli K1 (22), or by chemical synthesis (3). A 
chemoenzymatic process for the production of 
NeuNAc from GlcNAc and pyruvate has also been 
reported (1, 19). An alkaline-catalyzed 

epimerization is performed for a conversion of 
GlcNAc to N-acetyl-D-mannosamine (ManNAc). 
ManNAc is then condensed with pyruvate by E. 
coli NeuNAc lyase to yield NeuNAc. Two step 
enzymatic conversions were also reported 
converting GlcNAc to ManNAc with a GlcNAc-2-
epimerase and further on two NeuNAc using 
NeuNAc aldolase (10, 15, 21, 36, 41). The 
drawback of this technology is the second step 
where an excess of pyruvate is needed to drive the 
reaction equilibrium towards NeuNAc. Moreover, 
the substrate GlcNAc is expensive (~1700 €/ kg 
GlcNAc suitable for cell culture, Sigma-Aldrich) 
and thus is not an optimal industrial precursor.
In this manuscript, we introduce a strategy, in 
which the renewable and highly abundant bio-
polymer chitin is used as a substrate for the 
production of NeuNAc. As a production host, 
Hypocrea jecorina (anamorph: Trichoderma reesei 
(12)) was selected, because this filamentous fungus 
expresses a broad variety of chitinases (29) and is 
able to depolymerize chitin (7). H. jecorina is a 
saprophyte known for its high secretory capacity of
hydrolytic enzymes. The enzymes are used in 
different industrial applications like pulp and paper 
production (2, 24, 38), food and feed industry (4, 
14, 35), textile industry (9, 13, 25) and biofuels 
production (6). 
H. jecorina is unable to produce NeuNAc. We 
insert a two step enzyme-catalytic pathway into this 
fungus, which consist of a GlcNAc-2-epimerase 
and a NeuNAc-synthase. GlcNAc-2-epimerase 
requires ATP as a cofactor and catalyzes the 
conversion of GlcNAc to ManNAc. ManNAc is 
further converted to NeuNAc using 
phosphoenolpyruvate (PEP) as co-substrate by 
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NeuNAc-synthase. Both substances, ATP and PEP, 
are supplied by the cellular metabolism of the 
fungus in the whole-cell catalytic process. 
Therefore, no excess of pyruvate is needed for this 
process facilitating the downstream processing. In 
addition, the application of H. jecorina offers the 
advantage of using the cheap and renewable raw 
material chitin.

2. MATERIALS AND METHODS

2.1. Strains and cultivation conditions

H. jecorina QM9414 (ATCC 26921) was used as 
parental strain throughout this study and maintained 
on malt extract agar (MEX).
Mycelia for the enzyme assay were obtained by 
cultivation of the strains in 1000-mL Erlenmeyer 
flasks with 200 mL 3% (w/v) MEX media. The 
flasks were inoculated with 108 conidia per liter. 
Incubation was performed for 40 h at 30 °C and 250 
rpm. Cultivation of H. jecorina on colloidal chitin 
was done in 1000-mL Erlenmeyer flasks with 200 
mL Mandels-Andreotti (MA) (20) media without 
the phosphate-citrate buffer containing 1% (w/v), 
but colloidal chitin, 0.1% (w/v) bacto peptone 
(Difco, Detroit, US) and inoculated with 108

conidia per liter. Incubation was performed for 90 h 
at 30 °C and 250 rpm. Colloidal chitin was prepared 
after a protocol previously published (27) using 
conc. HCl. instead of washing with water, the pH 
was adjusted with NaOH until neutral and the chitin 
suspension, containing NaCl, was dialyzed against 
water.
For the in vivo production of NeuNAc, direct 
cultivations of the fungi were performed in 1000-ml 
Erlenmeyer flasks with 250 ml MA medium 
containing 1% (w/v) GlcNAc and inoculated with 
108 conidia per liter. Incubation was performed for 
66 h at 30°C and 250 rpm.

2.2. Synthetic genes and plasmid construction

The synthetic gene tbage (supplementary data 2) 
was designed by using the protein sequence of 
Anabaena sp. CH1 GlcNAc-2-epimerase 
(GenBank: ABG57042) and by translating it into a 
DNA sequence with the software GeneOptimizer® 
(Geneart, Regensburg, Germany). Hereby, the 
codon usage was optimized for H. jecorina 
(http://www.kazusa.or.jp/codon). The synthetic 
gene tneub (supplementary data 2) was obtained in 
the same way, but the protein sequence was from 
Campylobacter jejuni NCTC11168 NeuNAc-
synthase 
(http://old.genedb.org/genedb/cjejuni/index.jsp, 
Cj1141). 
For the construction of plasmids pMS-PEC and 
pMS-PSC, the synthetic genes tbage and tneub
were released from the production plasmid via 
XbaI/NsiI digestion and inserted into pRLMex30 
(17) replacing the hph cassette between XbaI and 
NsiI sites. 

For the construction of pGEX-epi and pGEX-syn, 
the plasmid pGEX4T-2 (GE Healthcare, Chalfont 
St Giles, UK) was digested with EcoRI and XhoI. A 
double strand linker, consisting of oligonucleotide 
GEXfw and GEXrev (Table 1), containing an XbaI 
and NsiI site was ligated into the open pGEX4T-2 
resulting in pGEX-MS. tbage and tneub were 
inserted into pGEX-MS via XbaI/NsiI resulting in 
plasmids pGEX-epi and pGEX-syn.

Table 1 Oligonucleotide sequences

Name Sequence (5´ Usage

NANASfw
GTGGTGTGCAGGA
GGACGAA

qPCR tneub

NANASrev
CAAGCACATCGCC
CAGTTCAAG

qPCR tneub

ManEfw
GCGATCTTGAGCC
AGTTCTC

qPCR tbage

ManErev
GCTACTTCACCTG
CCTCGAC

qPCR tbage

GEX-MSfw
AATTCCTTCTAGA
GATATGCATC

Construction 
pGEX-MS

GEX-
MSrev

TCGAGATGCATAT
CTCTAGAAGG

Construction 
pGEX-MS

pkifw R
CTGCGACACTCAG
AACATGTACGT

qPCR pki cDNA

pkifw D
GCTCTGCTTGGAA
CCTGATTGA

qPCR pki DNA

pkirev
GGTCTGGTCGTCC
TTGATGCT

qPCR pki

sar1fw
TGGATCGTCAA
CTGGTTCTACGA

qPCR sar1

sar1rev
GCATGTGTAGCAA
CGTGGTCTTT

qPCR sar1

2.3. Protoplast transformation of H. jecorina

The protoplast transformation of H. jecorina was 
carried out as described earlier (5). A total amount 
10 µg of DNA was used in a transformation. In a 
co-transformation the plasmids pMS-PEC (4 µg) 
and pMS-PSC (4 µg) were transformed into the 
fungal genome together with the plasmid pHylox2 
(2 µg) (paper in preparation, M.G.S., M. Vitikainen, 
K. Brunner, G. Adam, M. Saloheimo, R.L.M and 
A. R. M.) conferring hygromycin B resistance. 
Recombinant strains were selected for hygromycin 
B resistance (17).

2.4. RNA analysis

RNA extraction, reverse transcription and qPCR 
were carried out as described earlier (30). 
Oligonucleotide sequences are listed in Table 1. 
sar1 was used as reference gene for RT-qPCR 
normalization. For tbage qPCR primers ManEfw 
and ManErev were used at an elongation 
temperature of 64 °C and 2 mM MgCl2 were added 
to the qPCR amplification mixture. For tneub qPCR 
primers NANAfw and NANArev were used at an 
elongation temperature of 64 °C. For pki qPCR 
primers pkifwR and pkirev were used at an 
elongation temperature of 64 °C. Data analysis of 
qPCR data was carried out using REST 2008 (26).
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2.5. DNA analysis 

Fungal genomic DNA was isolated as described 
previously (5). Southern hybridization and 
detection was carried out with the DIG High Prime 
DNA Labeling and Detection Starter Kit II using 
the standard procedure (Roche, Basel, Switzerland). 
qPCR of genomic DNA for quantification of gene 
copies was done using ~50 ng genomic DNA as 
template. The same primers were used for tbage
and tneub as metioned for RNA analysis. As 
reference, the gene pki was used with the primers 
pkifwD and pkirev at an elongation temperature of 
64 °C. Data analysis of qPCR data was carried out 
using REST 2008 (26). 

2.6. Gluthathione S-transferase (GST) fusion 
proteins

GST-fusion proteins of GlcNAc-2-epimerase 
(GST:epi) and NeuNAc-synthase (GST:syn) were 
obtained by expression of the plasmids pGEX-epi 
and pGEX-syn in E.coli BL21 (DE3). Purification 
of the proteins was performed with GSTrap™FF 
(GE Healthcare) according to standard procedures.

2.7. Enzyme assay using cell free extracts

Harvested mycelia were ground to a fine powder 
under liquid nitrogen and resuspended in a 0.1 M 
bicine buffer (pH 8) containing protease inhibitors 
(2 µM leupeptin, 1 µM pepstatin A, 10 µM PMSF) 
(0.3 g mycelia/1 mL buffer). The suspension was 
sonicated on a Sonifier® 250 Cell Disruptor 
(Branson, Danbury, US) (power 40%, duty cycle 
50%, power for 20 sec, 40 sec pause, 10 cycles) and 
the insoluble compounds separated via 
centrifugation (10 min, 13000 x g, 4 °C). 
Enzymatic analysis was carried out following a 
modified protocol reported earlier (33). The assay 
for GlcNAc-2-epimerase contained 10 mM 
GlcNAc, 0.2 mM ATP, 100 mM bicine buffer (pH 
8) and 10-40 µL cell free extract in a total volume 
of 100 µL. The assay for NeuNAc-synthase
contained 10 mM ManNAc, 10 mM PEP, 12.5 mM 
MnCl2, 100 mM bicine buffer (pH 8) and 10-40 µL 
cell free extract in a total volume of 100 µL. The 
combination assay for GlcNAc-2-epimerase and 
NeuNAc-synthase contained 10 mM GlcNAc, 10 
mM PEP, 12.5 mM MnCl2, 100 mM bicine buffer 
(pH 8) and 40 µL cell free extract in a total volume 
of 100 µL. All reactions were incubated for 60 min 
at 37 °C, terminated via heat inactivation at 85 °C 
for 10 min and then analyzed by HPLC. As a 
positive control 5 µL of the GST-fusion proteins, 
GST-epi or GST-syn, were applied instead of the 
cell free extracts.

2.8. Chitinase assay

The assay measuring the release of GlcNAc from 
chitin contained 3.5% (w/v) colloidal crab-shell 
chitin or crude crab-shell chitin in a 30 mM 
phosphate buffer (pH 4.7) and 5, 10 or 50 µL of 

culture supernatant (from a 90 h cultivation of 
recombinant H. jecorina strain PEC/PSC1 on 
colloidal chitin). The total volume was adjusted to 
1.5 mL. The reaction was incubated at 37 °C for 20 
h and stopped via heat inactivation at 90 °C for 10 
min. GlcNAc formation was measured via HPLC 
using pure standards for the calibration. 

2.9. NeuNAc detection in cell free extracts

Harvested H. jecorina mycelia were ground to a 
fine powder under liquid nitrogen and resuspended 
water (0.3 g mycelia/1 mL H2O). The suspension 
was sonicated on a Sonifier® 250 Cell Disruptor 
(Branson) (power 70%, duty cycle 50%, power for 
1 min, 1 min pause, 3 cycles) and the insoluble 
compounds were separated via centrifugation (10 
min, 13000 x g, 4 °C). The supernatant was filtered 
through a 0.45 µm filter and further analyzed via 
HPLC-MS/MS.

2.10 HPLC-MS/MS analysis

The formation of NeuNAc and ManNAc in the 
enzyme assay and in the cell free extracts was 
measured by means of LC-MS (IT-TOF-MS) 
(Shimadzu, Kyoto, Japan) with a RezexTM RHM-
Monosaccharide H+-column (8%, 300 x 7.8 mm) 
(Phenomenex, Torrance, USA). The mobile phase 
consisted of water with 0.1% (v/v) trifluoroacetic 
acid and the flow was set to 0.6 mL/min. The 
column temperature was 80 °C and the injected 
volume 10 µL. MS detection was carried out in 
ESI+ mode covering a scan range of 60-600 amu.

3. RESULTS

3.1 In silico analysis of the NeuNAc pathway in 
H. jecorina

Until now, no evidence in literature can be found 
about the formation of sialic acids in Hypocrea. 
First, we had a look on the known metabolic 
pathways in silico, which lead to NeuNAc and 
whether those pathways exist in eukaryotes like 
filamentous fungi (www.expasy.ch/cgi-bin/search-
biochem-index, Biochemical Pathways, Roche). 
Figure 1 depicts the currently known enzyme-
catalyzed pathways starting from the polymer 
chitin. 
Comparing those pathways with H. jecorina
genome, we found several genes annotated in the 
genome which are necessary for the catabolisation 
of chitin. The first step from the polymer chitin to 
its monomer GlcNAc is catalyzed by chitinases 
(3.2.1.14) (29). Table 2 lists the protein candidates 
annotated in H. jecorina for this pathway. 
Furthermore, the activity of a hexokinase (EC 
2.7.1.1), GlcNAc-6-phosphate deacetylase (EC 
3.5.1.25) and glucosamine-6-phosphate deaminase 
(EC 3.5.99.6) are necessary till fructose-6-
phosphate can enter glycolysis. For all those 
enzymatic steps at least one candidate gene can be 
found in the annotated H. jecorina genome. Genes 

http://www.expasy.ch/cgi-bin/search-
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necessary for the synthesis of chitin can also be 
found including phosphoacetylglucosamine mutase 
(EC 5.4.2.3), UDP-N-GlcNAc diphosphorylase (EC 
2.7.7.23) and chitin synthase (EC 2.4.1.16). But no 
genes are annotated for the synthesis of ManNAc 
(EC 5.1.3.8 in bacteria, EC 5.1.3.4 in mammals) 
nor for the synthesis of NeuNAc in H. jecorina (EC 
2.5.1.6. in bacteria, EC 2.7.1.60, EC 2.5.1.57, EC 
3.1.3.29 in mammals). 

Figure 1 Flow chart of the metabolic pathways leading to the 
formation of NeuNAc starting from the polymer chitin. 
Intermediate metabolites are presented in boxes. Arrows indicate 
enzyme-catalyzed reactions. Next to the arrow the EC number of 
the catalyzing enzyme is presented. Circled + (plus) indicate that 
annotated candidate genes for this enzyme activity can be found 
in H. jecorina genome annotation (Table 2) (http://genome.jgi-
psf.org/Trire2/Trire2.home.html). Circled – (minus) indicate that 
no genes for this enzyme activity can be found in H. jecorina
genome annotation.

3.2 Gene cluster for the catabolisation of 
GlcNAc in H. jecorina

During the in silico analysis of the catabolic 
pathways of GlcNAc, it was found, that three 
candidate genes (estExt_GeneWisePlus.C_140427, 
estExt_GeneWisePlus.C_140421, 
estExt_Genewise1.C_140432) encoding for a 
hexokinase, GlcNAc-6-phosphate deacetylase and 
glucosamine-6-phosphate deaminase are located in 
close vicinity in the genome of H. jecorina
(scaffold 14: 714385-729984). For Candida 
albicans it was shown by Yamada and co-workers, 
that six genes necessary for the catabolisation of 
GlcNAc are organized in a cluster (39, 40). Three 
of the genes (nag1, nag2, nag5) encode for the 
same activity as mentioned above in H. jecorina. 
The other three (nag3, nag4, nag6) were found to 
be required for the uptake of extracellular hexoses 
not only GlcNAc, but also glucose and galactose 
(40). With a tblastn alignment search it was not 
possible to find homologs of those genes in vicinity 
to the cluster in H. jecorina. A similar cluster was 
also found in Fusarium graminearum (F. 
graminearum genome: supercontig 5: 1999956-
2009033, Broad Institute), Neurospora crassa (N. 
crassa genome: supercontig6: 553870-570540, 

Broad Institute), and Aspergillus fumigatus (A. 
fumigatus genome: chromosome 8: 878656-
892484, Broad Institute). Therefore, it seems to be 
a conserved cluster among filamentous fungi,
which is involved in the catabolisation of GlcNAc. 
The hexokinase (EC 2.7.1.1) annotated in the 
genome of H. jecorina with the protein ID 79677 
could be further specified as a GlcNAc-kinase (EC 
2.7.1.59) as it is annotated and characterized for C. 
albicans (39). Furthermore, a gene 
(estExt_GeneWisePlus.C_140419), next to the 
GlcNAc-6-phosphate deacetylase
(estExt_GeneWisePlus.C_140421), could also 
belong to the cluster, because in N. crassa it is 
annotated as a -N-acetylglucosaminidase (N. 
crassa OR74A (NC10): Supercontig 6: 560844-
564980). This gene cluster outlines interesting 
targets for further genetic engineering of a NeuNAc 
production strain.

3.3 Construction of expression vectors

We chose a two enzyme strategy for the production 
of NeuNAc in Hypocrea using a GlcNAc 2-
epimerase (EC 5.1.3.8) and a NeuNAc synthase 
(EC 2.5.1.99). For the GlcNAc 2-epimerase, we 
took the protein sequence of Anabaena sp. CH1 
(GenBank: ABG57042) and for the NeuNAc-
synthase the sequence of Campylobacter jejuni
NCTC11168 
(http://old.genedb.org/genedb/cjejuni/index.jsp, 
Cj1141). The protein sequences were translated into 
DNA sequences using the software 
GeneOptimizer® (Geneart) and the codon usage of 
H. jecorina (http://www.kazusa.or.jp/codon). The 
two synthetic genes were named tbage and tneub 
(sequences are given in the supplementary data). 
The coding sequences were synthesized by Geneart 
and inserted into the plasmid pRLMex30 replacing 
the hph gene. Thus, both genes are under the 
control of the constitutive pki promotor of H. 
jecorina and its cbh2 terminator.

3.4 Insertion of the GlcNAc 2-Epimerase and 
the NeuNAc synthase into H. jecorina

In order to generate H. jecorina strains, which have 
the ability to produce NeuNAc, we transformed the 
parental strain QM9414 with the plasmids pMS-
PEC (carrying the tbage gene), pMS-PSC (carrying
the tneub gene) and pMS-Hylox2 (carrying the 
marker gene hph between two loxP-sites) in a co-
transformation experiment. Fifteen hygromycin B 
resistant strains where screened on DNA level 
(PCR) for the integration of tbage and tneub. Two 
strains PEC/PSC1 and PEC/PSC10 contained both 
genes. In both strains, the transcription of the genes 
were analyzed by RT-qPCR after cultivation on 
glycerol for 20 h. sar1 was used as reference gene, 
because this gene exhibits a stable transcription 
profile (30). The ratio of the transcription levels are 
presented in Table 3. The PEC/PSC1 strain shows a 
higher transcription (~2 fold) of tbage than 
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Table 2 Candidate genes annotated in the H. jecorina genome involved in the metabolic pathway of chitin and GlcNAc

Table 3 Comparison of gene transcription and gene copy 
numbers between two recombinant H. jecorina strains

Gene 
name

Transcript ratio
PEC/PSC1 / 
PEC/PSC10

median [95% C.I.]

Copy number ratio
PEC/PSC1 /
PEC/PSC10

median [95% C.I.]

tbage 2.021 [1.589-2.836] 1.810 [1.376-2.585]

tneub 0.479 [0.385-0.622] 0.400 [0.320-0.492]

Table 4 Chitinase activity formed during cultivation of 
H. jecorina PEC/PSC1 strain on 1% chitin 

Substrate Chitinase activity a

[mU/mL]

crab-shell chitin 2,7 ± 0,5

colloidal crab-shell chitin 25,0 ± 0,9

a 1U: release of 1µmol GlcNac/min at 37 °C

PEC/PSC10. In return, PEC/PSC10 has a higher 
transcription level (~2 fold) of tneub than 
PEC/PSC1. These different transcription ratios can 
be explained by different copy numbers of tneub
and tbage integrated into the genome. The ratio of 
the copy numbers was measured by qPCR of 
genomic DNA using pki as reference because only 
one copy of pki is present in the H. jecorina
genome. The same ratios between PEC/PSC1 and 
PEC/PSC10 can be measured for the genomic DNA 
of tneub and tbage (Table 3) compared to the 
transcript formation. The same ratio of transcripts 
and gene dose indicates that every gene copy is 
transcribed with the same efficiency (Table 3).
Gene copy numbers can also be estimated from a 
southern blot analysis, for which a restriction 
enzyme was used that cut only once in the tbage or 
tneub gene (supplementary data 1). In case of 
PEC/PSC1 strain, 4 different sized bands can be 
found for a tbage and a tneub southern blot 
(supplementary data 1). This indicates that 2 copies 
of each gene are present in the genome. In case of 
PEC/PSC10 strain, the southern for tbage shows 3 
bands and 4 bands for tneub (supplementary data
1). In case of tbage, 1 to 2 copies could have 
integrated into the genome. In case of tneub, one 
band has the size of the plasmid (5445 bp) and the 
signal is more intense. This indicates that the 
plasmid has integrated in tandem and the copy 
number can be estimated from the intensity of the 
plasmid-sized band. Another way to determine the 
copy numbers in PEC/PSC 10 is to use the copy 

number ratios of PEC/PSC1 to PEC/PSC10 (Table 
3) measured by qPCR. Assuming that PEC/PSC1 
has 2 copies of tneub it results in 4 copy numbers 
for PEC/PSC10 strain.

3.5 Heterologous protein expression of GlcNAc-
2-epimerase and NeuNAc synthase in H. 
jecorina

Because the recombinant strain PEC/PSC1 has 2 
copies of each heterologous gene, this strain was 
further analyzed. After cultivation of H. jecorina
strain PEC/PSC1 on malt extract agar, the cell free 
extract was tested for the presence of GlcNAc-2-
epimerase and NeuNAc-synthase with an enzyme 
assay. The conversion of the substrates PEP and 
GlcNAc towards ManNAc and NeuNAc was 
measured applying the cell free extract as 
biocatalyst. The corresponding chromatograms 
obtained after HPLC analysis of the enzyme assays 
are presented in Figure 2. As a positive control, 
GST-fusion proteins of GlcNAc-2-epimerase 
(tbage) and NeuNAc-synthase (tneub) were 
expressed in E. coli and used in the enzyme assay. 
Using them, the formation of ManNAc and 
NeuNAc demonstrates that the synthetic genes 
tbage and tneub are expressed as functional proteins 
(Fig. 2a1 and Fig. 2b1). Applying the cell-free 
extracts of the recombinant strain PEC/PSC1, the 
formation of ManNAc (Fig. 2a2) and NeuNAc can 
be detected (Fig. 2b2). Those results demonstrate 
that both heterologous proteins are expressed in the 
strain PEC/PSC1 and are fully functional.

EC No. Name Protein identities

EC 3.2.1.14 chitinase
2735, 43873, 53949, 62645, 62704, 66041, 68347, 
72339, 80833, 81598, 104401, 110317, 119859, 
123354, 124043

EC 2.7.1.1 hexokinase 56129, 73665, 79677

EC 3.5.1.25 GlcNAc-6-phosphate deacetylase 79671

EC 3.5.99.6 glucosamine-6-phosphate deaminase 49898

EC 5.4.2.3 phosphoacetylglucosamine mutase 80994

EC 2.7.7.23 UDP-N-GlcNAc diphosphorylase 79568

EC 2.4.1.16 chitin synthase 51492, 55341, 58188, 71563, 112271, 122172
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Figure 2 Formation of NeuNAc in vitro with heterologously expressed H. jecorina proteins of strain PEC/PSC1 in the presence of GlcNAc, 
ATP and PEP. (a) The extracted ion chromatograms (EIC) of the HPLC-MS analysis at a mass of 222.098 atomic mass units (amu) are 
shown. This mass corresponds to the mass of the ions of [GlcNAc+H]+ as well as [ManNAc +H]+ formed in the ESI ionisation. The retention 
time (RT) of GlcNAc (12.988 min) and ManNAc (12.288) were determined with pure standards of both substances and indicated as vertical 
lines in the chromatograms. (1) Chromatogram of the in vitro assay using GST fusion proteins of GlcNAc-2-epimerase and NeuNAc 
synthase expressed in E. coli. (2) Chromatogram of the in vitro assay with the cell free extract of the PEC/PSC1 strain. (3) Chromatogram of 
the in vitro assay with the cell free extract of the QM9414 strain. (b) The EICs at a mass of 310.1134 amu are shown, which corresponds to 
the mass of the ion of [NeuNAc+H]+. The retention time (RT) of NeuNAc (8.348 min) was determined with a pure standard and is shown as 
vertical line in the chromatograms. (1) Chromatogram of the in vitro assay using GST fusion proteins of GlcNAc-2-epimerase and NeuNAc 
synthase expressed in E. coli. (2) Chromatogram of the in vitro assay with the cell free extract of the PEC/PSC1 strain. This chromatogram is 
amplified 10 times compared to chromatogram 1. (3) Chromatogram of the in vitro assay with the cell free extract of the QM9414 strain. 
This chromatogram is amplified 1000 times compared to chromatogram 1. (ad 1) MS spectrum of chromatogram 1 at RT of 8.348 min. (ad 
2) MS spectrum of chromatogram 2 at RT of 8.348 min.

Neither NeuNAc nor ManNAc is formed using the 
cell free extract of the parental strain QM9414 (Fig. 
2a3 and Fig. 2b3). This indicates that no GlcNAc-2-
epimerase activity is present in H. jecorina. To test 
whether a NeuNAc-synthase activity is present in 
H. jecorina, ManNAc and PEP were used as 
substrates in an additional enzyme assay. Also in 
this assay, no NeuNAc was detectable using the cell 
free extract of QM9414 (data not shown). 

3.6 Growth of H. jecorina on colloidal chitin and 
GlcNAc production

We cultivated H. jecorina PEC/PSC1 on colloidal 
chitin as sole carbon source in order to hydrolyze 
chitin into its monomer GlcNAc. The cultivation 
was monitored by measuring the chitinase activity 
with a p-nitrophenyl- -N,N-diacetylchitobiose
substrate (data not shown). After 90 h of cultivation 
the chitinase activity reached a maximum and the
supernatant was tested for GlcNAc formation on 
crude and colloidal chitin. Table 4 presents the data. 
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Figure 3 Formation of NeuNAc in vivo in H. jecorina recombinant strain PEC/PSC1 after cultivation on GlcNAc for 66 h. (a) EICs of the 
HPLC-MS analysis at a mass of 222.098 atomic mass units (amu) are shown. This mass corresponds to the mass of the ions of [GlcNAc+H]+

as well as [ManNAc +H]+ formed in the ESI ionisation. The RT of GlcNAc (12.988 min) and ManNAc (12.288) were determined with pure 
standards of both substances and indicated as vertical lines in the chromatograms. (1) Chromatogram of the in vitro assay using GST fusion 
proteins of GlcNAc-2-epimerase and NeuNAc synthase expressed in E.coli (positive control). (2) Chromatogram of the cell free extract of 
the PEC/PSC1 strain. (3) Chromatogram of the cell free extract of the QM9414 strain (negative control). (b) The EICs at a mass of 310.1134 
amu are shown, which corresponds to the mass of the ion of [NeuNAc+H]+. The retention time (RT) of NeuNAc (8.348 min) was determined 
with a pure standard and is shown as vertical line in the chromatograms. (1) Chromatogram of the in vitro assay using GST fusion proteins of 
GlcNAc-2-epimerase and NeuNAc synthase expressed in E. coli. (2) Chromatogram of the cell free extract of the PEC/PSC1 strain. This 
chromatogram is amplified 100 times compared to chromatogram 1. (3) Chromatogram of the cell free extract of the QM9414 strain. This 
chromatogram is amplified 1000 times compared to chromatogram 1. (ad 1) MS spectrum of chromatogram 1 at RT of 8.348 min. (ad 2) MS 
spectrum of chromatogram 2 at RT of 8.348 min.

Ten times more GlcNAc can be released from 
colloidal crab-shell chitin than from crude crab-
shell chitin. The released GlcNAc can be used as a 
carbon source for the cultivation of the recombinant 
PEC/PSC1 strain to produce NeuNAc.

3.7 In vivo formation of NeuNAc in H. jecorina

The next experiment shall elucidate whether the 
two heterologously expressed enzymes are 
functional in vivo and are able to process their 
substrates to form NeuNAc. Therefore, the 
recombinant strain PEC/PSC1 was cultivated on 
GlcNAc for 66 h. As a negative control, the 

parental strain QM9414 was co-cultivated. The 
harvested mycelia were decomposed and
investigated for the formation of NeuNAc. The 
corresponding chromatograms are depicted in 
Figure 3. GST fusion proteins of GlcNAc-2-
epimerase and NeuNAc synthase expressed in E.
coli were used as positive control for ManNAc and 
NeuNAc formation (Fig. 3a1 and Fig. 3b1). The 
recombinant strain PEC/PSC1 forms ManNAc and 
NeuNAc (1 µg NeuNAc per g mycelia) (Fig. 3a2
and Fig. 3b2). These results demonstrate that 
NeuNAc can be produced in H. jecorina co-
expressing two bacterial enzymes GlcNAc-2-
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epimerase and NeuNAc-synthase. The parental 
strain QM9414 shows no formation of NeuNAc or 
ManNAc (Fig. 3a3 and Fig. 3b3). 

4. DISCUSSION

In this paper, the engineering of an intracellular 
metabolic pathway into H. jecorina is presented. To 
the best of our knowledge, this is the first work 
where an intracellular two-step enzym cascade is 
introduced into a filamentous fungus. H. jecorina
itself is not able to synthesize NeuNAc (Fig. 3b3), 
but the essential intermediate metabolite GlcNAc is 
formed by H. jecorina. This substance is obtained 
by depolymerization of the renewable resource 
chitin (Table 4). H. jecorina expresses a high 
variety of chitinases (reviewed by Seidl et al.(29)) 
and is able to metabolize and to grow on the 
monomer GlcNAc. The polymer chitin can also be 
synthesized by H. jecorina, because it is an 
essential component of the fungal cell wall (11). 
Therefore, candidate genes encoding pathways for 
the biosynthesis and the catabolisation of chitin can 
be found in H. jecorina (Table 2). The biosynthesis 
of NeuNAc starts from intermediates (GlcNAc, 
UDP-GlcNAc) of the chitin pathways (Fig. 1), 
which are readily available in H. jecorina. But, no 
candidate genes can be found in the H. jecorina
genome, which have a similarity to genes encoding 
UDP-GlcNAc-2-epimerase, ManNAc kinase, 
NeuNAc-9-phosphate synthase or NeuNAc-9-
phosphatase (Fig. 1). The pathway consisting of 
those four enzyme steps is found in mammals. An 
alternative pathway, found in bacteria, requires the 
enzyme activity of a GlcNAc-2- epimerase and a
NeuNAc-synthase (Fig. 1). Also in this case, no 
candidate genes can be found in the genome of H. 
jecorina. In A. fumigates, NeuNAc is present on the 
surface of the conidia (37), but no formation of 
NeuNAc was detectable on the conidia of the H. 
jecorina parental strain QM9414 (M.G.S., A.R.M., 
R.L.M. unpublished data). Furthermore, cell free 
extracts of QM9414 were investigated for the 
detection of NeuNAc and ManNAc (Fig. 3a3 and 
Fig. 3b3) or enzymatic activity of GlcNAc-2-
epimerase and NeuNAc-synthase activity (Fig. 2a3 
and Fig. 2b3). Neither any enzyme activity nor 
traces of NeuNAc and ManNAc were detectable. 
Thus, we conclude that H. jecorina is natively not 
able to form ManNAc or NeuNAc.
Therefore, the necessary enzyme activities had to 
be engineered into H. jecorina in order to produce 
NeuNAc. The first enzyme in the cascade, a 
GlcNAc-2-epimerase, was taken from Anabaena sp. 
CH1. This enzyme is well characterized and 
requires a low concentration of ATP (20 µM) as 
cofactor for its maximal activity (15). The second 
enzyme, a NeuNAc-synthase, was chosen from C.
jejuni, which is also well described in literature (16, 
31). The codon-usage of both genes was adapted to 
the one of H. jecorina in order to optimize the 
expression of the bacterial genes in the fungal host. 

For the expression system, the strong and 
constitutive promotor of pki was chosen, which was 
already successfully applied for the expression of 
another bacterial gene (hph) (17) in H. jecorina. 
The obtained H. jecorina recombinant strain 
PEC/PSC1, carrying both genes, showed GlcNAc-
2-epimerase activity and NeuNAc-synthase activity 
(Fig. 2a2 and 2b2). In a further experiment, we 
tested the ability of the fungus to produce NeuNAc 
also in vivo. Therefore, we cultivated the fungus on 
the renewable biopolymer chitin, which cause the 
degradation to its monomer GlcNAc (Table 4). By 
cultivating the recombinant strain PEC/PSC1 on 
GlcNAc, we were able to show that NeuNAc is 
formed in the fungal cell (Fig. 3b2). Although the 
total amount of NeuNAc formed in the strain 
PEC/PSC1 is low (1 µg NeuNAc per g mycelia), 
this work presents for the first time a strategy, how 
an intracellular enzyme-cascade consisting of 
heterologously expressed genes can be realized in a 
filamentous fungus. Further engineering of the 
strains might help to increase the yields of 
NeuNAc. Especially, the metabolic pathways of 
GlcNAc catabolisation can be a promising target for 
its further engineering, because reducing the flux of 
GlcNAc towards glycolysis might increase the flux 
towards NeuNAc production. As the genes of the 
GlcNAc pathway seem to be organized in a gene 
cluster as it was found for C. albicans (39, 40), 
targeted engineering of this cluster is conceivable. 
The genes could be put under the control of weaker 
promoters or partially silenced. Further analysis of 
this gene cluster could also reveal the function of 
unknown genes located in the vicinity and their 
possible involvement in the metabolization of 
GlcNAc.
By introducing a two step enzyme cascade into H. 
jecorina, the fungus gains the ability to form 
NeuNAc. This work demonstrates such a high-
value fine chemical can be produced from a 
renewable feedstock, like chitin, using the whole-
cell catalyst H. jecorina. Not only chitin but a 
plethora of other renewable carbon sources like 
cellulose and hemicelluloses can be used by this 
organism. This highlights the potential of a
saprophytic organism, like H. jecorina, to be used 
as a production host for chemicals. 
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Supplementary data 1

Southern blot of H. jecorina strains QM9414, PEC/PSC1, PEC/PSC10. 

Genomic DNA was digested with SalI and separated on a 0.9% agarose gel. (a) Detection of tbage was achieved 
with a DIG-labeled probe released from plasmid pMS-PEC by a SacI digestion. The probe has a size of 1457 bp 
and contains a part of the cbh2 terminator. (b) Detection of tneub was achieved with a DIG-labeled probe 
released from plasmid pMS-PSC by a BssHII digestion. The probe has a size of 1298 bp and contains a part of 
the pki promotor.
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Coding sequences of the synthetic genes tbage and tneub. 

The sequences are given in FASTA format. The XbaI-NsiI fragment introduced into pRLMex30 resulting in the 
plasmids pMS-PEC and pMS-PSC is shown. XbaI-site is highlighted by underlined letters and NsiI-site by
double-underlined letters. The start codon ATG and the stop codon TAA are given in bold letters.

>tbage

TCTAGAATGGGCAAGAACCTCCAGGCCCTGGCCCAGCTCTACAAGAACGCCCTCCTCAACGACGTC
CTGCCCTTCTGGGAGAACCACAGCCTCGACAGCGAGGGCGGCTACTTCACCTGCCTCGACCGCCAG
GGCAAGGTCTACGACACCGACAAGTTCATCTGGCTCCAGAACCGCCAGGTCTGGACCTTCAGCATG
CTCTGCAACCAGCTGGAGAAGCGCGAGAACTGGCTCAAGATCGCCCGCAACGGCGCCAAGTTCCT
CGCCCAGCACGGCCGCGACGACGAGGGCAACTGGTACTTTGCCCTGACCCGCGGCGGCGAGCCTCT
GGTCCAGCCCTACAACATCTTCAGCGACTGCTTCGCCGCCATGGCCTTCAGCCAGTACGCCCTCGCC
AGCGGCGAGGAGTGGGCCAAGGACGTCGCCATGCAGGCCTACAACAACGTCCTCCGCCGCAAGGA
CAACCCCAAGGGCAAGTACACCAAGACCTACCCCGGCACCCGCCCCATGAAGGCCCTGGCTGTCCC
CATGATCCTCGCCAACCTCACCCTGGAGATGGAGTGGCTCCTCCCCCAGGAGACCCTGGAGAACGT
CCTCGCCGCCACCGTCCAGGAGGTCATGGGCGACTTCCTCGACCAGGAGCAGGGCCTCATGTACGA
GAACGTCGCCCCCGACGGCAGCCACATCGACTGCTTCGAGGGCCGCCTCATCAACCCCGGCCACGG
CATCGAGGCCATGTGGTTCATCATGGACATCGCCCGCCGCAAGAACGACAGCAAGACCATCAACC
AGGCCGTCGACGTCGTCCTCAACATCCTCAACTTCGCCTGGGACAACGAGTACGGCGGCCTCTACT
ACTTCATGGACGCCGCCGGCCACCCCCCCCAGCAGCTGGAGTGGGACCAGAAGCTCTGGTGGGTCC
ACCTGGAGAGCCTCGTCGCCCTCGCCATGGGCTACCGCCTCACCGGCCGCGACGCCTGCTGGGCCT
GGTATCAGAAGATGCACGACTACAGCTGGCAGCACTTCGCCGACCCTGAGTACGGCGAGTGGTTCG
GCTACCTCAACCGCCGAGGCGAGGTCCTCCTCAACCTCAAGGGCGGCAAGTGGAAGGGCTGCTTCC
ACGTCCCCCGCGCCATGTACCTCTGCTGGCAGCAGTTCGAGGCCCTCAGCTAATGCAT

>tneub

TCTAGAATGCAGATCAAGATCGACAAGCTCACCATCAGCCAGAAGAACCCCCTCATCATCCCCGA
GATCGGCATCAACCACAACGGCAGCCTGGAGATCGCCAAGCTCATGGTCGACGCCGCCAAGCGAG
CCGGCGCCAAGATCATCAAGCACCAGACCCACATCGTCGAGGACGAGATGAGCCAGGAGGCCAAG
AACGTCATCCCCGGCAACGCCAACATCAGCATCTACGAGATCATGGAGCAGTGCGCCCTCAACTAC
AAGGACGAGCTGGCCCTCAAGGAGTACGTCGAGAAGCAGGGCCTCGTCTACCTCAGCACCCCCTTC
AGCCGCGCCGCCGCCAACCGCCTGGAGGACATGGGCGTCAGCGCCTACAAGATCGGCAGCGGCGA
GTGCAACAACTACCCCCTGATCAAGCACATCGCCCAGTTCAAGAAGCCCATGATCATCAGCACCGG
CATGAACAGCATCGAGAGCATCAAGCCCACCGTCAAGATCCTCCGCGACTACGAGATCCCCTTCGT
CCTCCTGCACACCACCAACCTCTACCCCACCCCCAGCCACCTCGTCCGCCTCCAGGCCATGCTGGA
GCTGTACAAGGAGTTCAACTGCCTCTACGGCCTCAGCGACCACACGACGAACAACCTCGCCTGCAT
CGGCGCCATCGCCCTCGGCGCCAGCGTCCTGGAGCGCCACTTCACCGACACCATGGACCGCAAGGG
CCCCGACATCGTCTGCAGCATGGACGAGAGCACCCTCAAGGACCTCATCAACCAGACCCAGGAGA
TGGTCCTCCTCCGCGGCGACAACAACAAGAACCCCCTGAAGGAGGAGCAGGTCACCATCGACTTC
GCCTTCGCCAGCGTCGTCAGCATCAAGGACATCAAGAAGGGCGAGATCCTCAGCATGGACAACAT
CTGGGTCAAGCGCCCCAGCAAGGGCGGCATCAGCGCCAAGGACTTCGAGGCCATCCTCGGCAAGC
GCGCCAAGAAGGACATCAAGAACAACATCCAGCTCACCTGGGACGACTTCGAGTAATGCAT
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ABSTRACT

Hypocrea jecorina is an industrially important filamentous fungus due to its effective production of hydrolytic 
enzymes. Recently, it has received increasing interest because of its ability to convert lignocellulosic biomass to 
monomeric sugars, which can be converted to biofuels or platform chemicals. Genetic engineering of strains is a 
highly important means of meeting the requirements of tailor-made applications. Therefore, we report the 
development of a transformation system that combines highly efficient gene targeting (by using a tmus53
(human LIG4-homolog) deletion strain), marker recycling (with a Cre/loxP-based excision system), and bi-
directional positive selection (by combining resistance to hygromycin B and loss of sensitivity to 
fluoroacetamide). Furthermore, the bi-directional marker pyr4 is exploited to remove the cre gene again. 
Implementation of components of this system in H. atroviridis and Fusarium has highlighted it as a universal 
tool for filamentous fungi.

1. INTRODUCTION

Hypocrea jecorina (anamorph: Trichoderma reesei 
(22)) is a saprophyte noted for its ability to 
abundantly secrete native hydrolytic enzymes. 
These enzymes are used in various industrial 
applications, such as pulp and paper production (2, 
29, 40), the food and feed industries (8, 24, 39), and 
the textile industry (19, 23, 31). Recently, these 
enzymes have garnered attention because of their 
ability to turn lignocellulosic biomass into biofuel 
(13, 15, 34). Polymeric biomass compounds can be 
degraded into readily fermentable sugar monomers 
such as glucose and xylose. Strain improvement is 
an important focus of research because it can 
increase productivity and broaden the operating 
range. Optimal strain design by genetic engineering 
requires a potent transformation system, and such a 
system must meet certain requirements: i) a high 
rate of homologous integration (gene replacement) 
events; ii) a recyclable marker for unrestricted 
rounds of knock-outs; and iii) a bi-directional 
positive selection system.
Until now, no transformation system existed that 
fulfilled all the criteria mentioned above. 
Nevertheless, in the past, efforts have been made to 
meet some of these requirements. In Neurospora,
mus-51 and mus-52 (homologous to human KU70
and KU80) have been deleted to block 
nonhomologous end-joining (NHEJ), and this led to 
100% of transformants exhibiting integration at the 
homologous site (Ninomiya et al 2004). In other 
filamentous fungi, highly efficient gene targeting 
has been achieved by following the same strategy 

(reviewed by (21)). More recently, MUS-53 (a 
homolog of human Lig4) was shown to be required 
for NHEJ in Neurospora. The authors demonstrated 
that in contrast to mus-51 and mus-52 mutants, a 
mus-53 mutant had a gene targeting efficiency of 
100% even if the homologous DNA sequence was 
very short. Therefore, mus-53 was proposed as a 
highly efficient alternative to mus-51 and mus-52
(17).
In addition to gene targeting, an efficient marker 
recycling system is also very important for a 
powerful transformation system. One proposed 
strategy is the use of the Cre/loxP recombination 
system adapted from bacteriophage P1 (1, 37). This
strategy involves the excision of DNA fragments 
flanked by loxP-sites catalysed by the expression of 
Cre recombinase. Although the use of the Cre/loxP 
system in a eukaryote (Saccharomyces cerevisiae) 
was described for the first time in 1987 (35), it was 
not used as a gene disruption tool in yeast until 
1996 (12). Since then, the Cre/loxP system has also 
been used in filamentous fungi such as Candida 
albicans, Aspergillus sp., Epichloë festucae, 
Neotyphodium sp., and Cryptococcus neoformans
(5-7, 20, 30).
In this study, we report the deletion of the 
Hypocrea LIG4 homolog tmus53 to create a NHEJ-
deficient Hypocrea strain. Furthermore, we 
developed a marker recycling system for Hypocrea 
based on the Cre/loxP system. The genomically 
integrated Cre recombinase can be induced in a 
controlled way, which makes the excision of the 
marker regulatable. An additional advantage of the 
marker system is that it offers the possibility of bi-
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directional positive selection (resistance to 
hygromycin B (marker insertion) or loss of 
sensitivity to fluoroacetamide (marker removal)). 
Moreover, we constructed expression cassettes 
using a donor and an acceptor vector in conjunction 
with a Cre recombinase assay, and this allows a 
completely restriction enzyme-free cloning 
procedure. Altogether, this transformation system 
offers the possibility of serial targeted genome 
manipulation with absolute marker recycling in 
Hypocrea as well as in other filamentous fungi.

2. MATERIALS AND METHODS

2.1 Strains and cultivation conditions

Hypocrea jecorina QM6a (ATCC 13631) was used 
as a parental strain throughout this study and 
maintained on malt extract agar. The recombinant 
strains tmus53(P+), 

tmus53(H+,A+,loxP), 
tmus53 pyr4(loxP), and 
tmus53(loxP) were maintained on malt 

extract agar, which was supplemented with 5 mM 
uridine in the case of pyr4 deletion strains. 

tmus53 pyr4(H+,A+,loxP) and 
tmus53 pyr4env1PAS-(H+) were maintained 

on Mandels-Andreotti (MA) medium (28)
containing 1% glucose and 5 mM uridine. An 
overview of all strains used in this study and their 
cultivation/selection media is given in Table 1.

2.2 PCR

Unless noted otherwise, 50 µL PCRs contained 
1.25 U GoTaq® Flexi DNA Polymerase (Promega, 
Wisconsin, US), 2 mM MgCl2, 1x Green GoTaq®

Flexi Buffer, 0.2 mM dNTPs, 0.1 µM forward and 
reverse primer, 1 µl template DNA (10 ng of 
plasmid DNA, 300 ng of genomic DNA) and 
nuclease-free water. For PCR screening 
experiments, the PCR volume was scaled down to 
15 µL. The standard PCR consisted of an initial 
denaturation of 2 min at 95 °C followed by 35 
cycles of 30 sec at 95 °C, 30 sec at 60 °C and 1 
min/kb at 73 °C. All PCRs were performed in a 
UNO II (Biometra GmbH, Göttingen, Germany). 
All primers used in this work are listed in Table 2.

2.3 Plasmid construction

To delete the tmus53 gene, a deletion cassette 
(pRS426-dmus) was constructed in the pRS426 
plasmid (3) by yeast recombination cloning (4). The 
deletion cassette contained the phosphinothricin 
resistance (bar) marker flanked by 1.5-kb 
fragments from up- and downstream of tmus53. The 
flanking region fragments were amplified by PCR 
with the primers 5forwardmus and 5reversemus or 
3forwardmus and 3reversemus. The bar marker 
gene was amplified with the primers barforward 
and barreverse. The template for the flanking region 
fragments was QM6a genomic DNA and pTJK1 
(18) for the bar gene. 

For the construction of pMS-HALS, pUG6 (12)
was digested with BglII and blunt ends were 
generated with Klenow polymerase. Subsequently, 
the linearised plasmid was cut with SacI. The 
plasmid pRLMex30 (26) was digested with XhoI, 
blunt-ended by Klenow polymerase and then cut 
with SacI. The 2.6-kb fragment containing the hph
gene (hygromycin B phosphotransferase-encoding) 
under control of the pki promoter and the cbh2
terminator thereby obtained was cloned in between 
two loxP sites of the pUG6 backbone resulting in 
the plasmid pHylox2. With the primers 
amdSXbaDAMf and amdSXbaXhor, a 2.7-kb 
fragment containing the amdS gene was amplified 
from the plasmid pamdS (33). The resulting PCR 
product was XbaI-digested and ligated into the 
pHylox2 plasmid, which was opened by partial 
digestion using XbaI. The obtained plasmids were 
screened for the amdS integration upstream of the 
pki promoter and named pMS-HAL. With the 
primers sacBSalfw and sacBSalrev, the sacB gene 
(encoding the Bacillus subtilis levansucrase) was 
amplified using the plasmid pDNR-Dual (Clontech, 
Mountain View, CA) as a template, thereby 
creating SalI restriction sites flanking the amplicon. 
The obtained PCR product was inserted into the 
plasmid pMS-HAL via the SalI restriction site, 
resulting in the final plasmid pMS-HALS. 
For the construction of the plasmid pMS-5loxP3-
mus, a splicing by overlapping extension (SOE) 
PCR approach was used to connect the 5´flanking 
region and the 3´flanking region of the target gene. 
With a primer, a loxP site was inserted in between 
the two flanking regions. In the first PCR, the 
primers 5flmusfw and 5flmusrev were used for the 
first fragment, and the primers 3flmusfw and 
3flmusrev were used for the second fragment. 
Genomic DNA of QM6a was used as the template. 
In the second PCR, both fragments were combined 
using the primers 5flmusfw and 3flmusrev. The 
template for the second PCR consisted of 300 ng of 
fragment 1 and 2 from the first PCR. The resulting 
PCR product was ligated into the pGEM®-T Vector 
(Promega) using the standard protocol resulting in 
plasmid pMS-5loxP3-tmus.
Plasmid pMS- -
mediated recombination of plasmid pMS-HALS 
and pMS-5loxP3-tmus. The Cre recombinase assay 
from the Creator™ DNA cloning kit (Clontech) 
was carried out according to the manufacturer’s 
instructions. pMS–HALS was used as the donor 
vector and pMS-5loxP3-tmus as the acceptor 
vector. A 0.5-µL aliquot of the Cre recombinase 
assay was transformed into E. coli Supercharge 
EZ10 Electrocompetent Cells (Clontech) and 
selected on plates containing LB medium 
supplemented with 100 µg/mL hygromycin B, 100 
µg/mL ampicillin, and 70 mg/mL sucrose. Of the 
screened colonies, 98% contained the correct pMS-

plasmid (11.123 kb). 
For the construction of plasmid pMS-
fragment of the H. jecorina xyn1 promoter was 



Marker recycling system for Hypocrea based on the cre/loxP system 3

Table 1 Overview on the phenotype of H. jecorina 
mutant strains

strain/genotype

Media containing
[X indicates growth]
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QM6a (ATCC 13631) X X

tmus53(P+) X X X

tmus53(H+,A+,lo
xP)

X X X

tmus53 pyr4(H+,
A+,loxP)

X X X X

tmus53 pyr4(lox
P)

X X X

tmus53 pyr4env
1PAS-(H+)

X

tmus53(loxP) X X

Figure 1 Construction of the vector bearing the loxP-sites and 
the bi-directional marker system. (A) Amplification of the 
tmus53 5’-flank (light grey) and 3’-flank (dark grey) introducing 
a loxP site (black triangle) in between. The first PCRs yielded 
1.4- and 1.3-kb products of the 5’ and 3’-flanks including a loxP 
site on their 3’-end or 5’-end, respectively (PCR1). A second 
PCR using the outer primers yielded an amplicon consisting of 
the 5’-flank of tmus53, a loxP site, and the 3’-flank of tmus53
(PCR2). Primer sequences are given in Table 2. Thin black 
arrows indicate primers; thin black arrows with a black box 
indicate primers introducing a loxP site; sc means scaffold and 
indicates genomic position. (B) Subcloning and Cre recombinase 
reaction. The obtained PCR product was subcloned into pGEM®-
T to obtain pMS-5loxP3-tmus, which was used as the acceptor 
vector in the subsequent Cre recombinase reaction. pMS-HALS, 
bearing two loxP sites flanking the amdS and hph genes as 
markers for fungal transformation and sacB as a killer gene 
(black segment), was used as the donor vector. The Cre-
recombinase reaction yielded pMS-loxP , bearing the 
tmus53 5’-flank, a loxP site, amdS, hph, a loxP site, and the 
tmus53 3’-flank. Short black lines indicate NotI-sites; white 
arrows indicate enzymatic reactions.

amplified from genomic DNA by PCR with the 
primers pxyn1fw and pxyn1rev. The fragment was 
subcloned into the pGEM®-T vector (Promega). 
The Cre recombinase of bacteriophage P1 was 
amplified with the primers crefw and crerev and 
cloned into pGEM®-T (Promega). Both plasmids 
were digested with SacI and XhoI and both 
fragments were ligated into alkaline phosphatase 
treated, SacI-digested pGEM®-5Zf(+) (Promega) 
resulting in plasmid pKBxyn1-cre. With a SOE 
PCR strategy, the plasmid pMS-
constructed using the plasmid pKBxyn1-cre as the 
template. In the first PCR, the 5’- and 3’-flanking 
regions of the pyr4 gene were amplified. For the 5’-
flanking region, primers 5’FLANKdpyrfw and 
5’Flankdpyrrev were used, and primers 
3’FLANKdpyrfw and 3’FLANKdpyrrev were used 
for the respective 3’-flanking region. In both cases, 

genomic DNA of QM6a was used as the template. 
The 5’-flanking region is 1.5 kb and the 3’-flanking 
region is 1.4 kb. In the second PCR, those flanking 
regions were attached to the pxyn1::cre construct. 
Thereafter, pKBxyn1-cre was digested with PstI 
and MluI, and the resulting 1.601-kb PstI/MluI-
fragment was purified via gel electrophoresis. In the 
second PCR, the amplified 5’-flanking region and 
the PstI/MluI-fragment were used as templates 
together with the primers 5’FLANKdpyrfw and 
pxyn5’Flankdpyrrev to generate a 1.977-kb 
fragment. This was subcloned into the pGEM®-T 
vector (Promega) resulting in the plasmid pWD1. A 
further PCR fused the second part of the pxyn1::cre
cassette to the pyr4 3’-flanking region, using the 3’-
flanking region and the PstI/MluI-fragment as 
templates and the primers cre3´FLANKdpyrfw and 
3´FLANKdpyrrev in a PCR. This PCR product was 
digested with EcoRI and MluI and ligated into the 
plasmid pWD1, which was previously cut with 
EcoRI and MluI. The resulting plasmid was named 
pMS- r4. 
All the primers used in plasmid construction are 
listed in Table 2.

2.4 Protoplast transformation of Hypocrea

The protoplast transformation of Hypocrea was 
carried out as described earlier ((32) for the 

tmus53(P+) transformation and (10) for all 
other transformations). The amount of DNA used 
was normally in the range of 1 to 5 µg. The 
selection medium used depended on the 
transformation system. QM6a was used as the 
recipient strain for the generation of 

tmus53(P+). In the case of 
tmus53(P+), the transformation medium 

described in (32) was supplemented with 200 µg/ml 
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Table 2 Primer used during this study

Name Sequence (5´ Usage
amdSXbaDAMf ATTTCTAGATCTACGCCAGGACCG construction pMS-HAL
amdSxbaXhor ATTATCTAGACTCGAGCTGGAAACGCAACCCTGAAGG construction pMS-HAL
SacBSal fw ATAGTCGACGACGTCCACATATACCTGCCGTT construction pMS-HALS
SacBSal rev TATGTCGACGACGTCAATGCCAATAGGATATCGG construction pMS-HALS
5forwardmus GTAACGCCAGGGTTTTCCCAGTCACGACGAAGCTTCCGTATTTC

AGCAGTAACCC
construction pRS426-dmus

5reversemus ATCCACTTAACGTTACTGAAATCTCCAACTCGCGCTAGACTGAA
GATTG

construction pRS426-dmus

3forwardmus CTCCTTCAATATCATCTTCTGTCTCCGACTTTGCCTGAGAATGAG
GAGG

construction pRS426-dmus

3reversemus GCGGATAACAATTTCACACAGGAAACAGCAAGCTTGCCTTCCA
TACTGATTTGCC

construction pRS426-dmus

barforward GTCGGAGACAGAAGATGATATTGAAGGAGC construction pRS426-dmus
barreverse GATTTCAGTAACGTTAAGTGGATCCCGGTGACGGATCAGATCTC

GGTGACG
construction pRS426-dmus

5flmusfw TATGCGGCCGCAAGCTTCCGTATTTCAGCAGTAACC construction pMS-5loxP3-tmus
5flmusrev ATAACTTCGTATAGCATACATTATACGAAGTTATAAAGGACCTT

GACAGAACGGAGTA
construction pMS-5loxP3-tmus

3flmusfw ATAACTTCGTATAATGTATGCTATACGAAGTTATCAAGGAGCAT
ATGCAAGGGTATCTC

construction pMS-5loxP3-tmus

3flmusrev TATGCGGCCGCTCATTGTCATGACGCTACAGAAGCT construction pMS-5loxP3-tmus
pxyn1fw GCAAATGAGCTCAAGCAACTACG construction pKBxyn1-cre
pxyn1rev CCTCGAGGATGTTATTTGTGCGTGTTTTCCTTG construction pKBxyn1-cre
crefw CCTCGAGATGTCCAATTTACTGACCGTACACC construction pKBxyn1-cre
crerev CCTGAGCTCCTAATCGCCATCTTCCAGCAG construction pKBxyn1-cre
5´FLANKdpyrfw TATAGCGGCCGCGTTCTCCAAGGCGTCAAGCAT construction pMS-
5`FLANKdpyrrev GGTCGACCTGCAGGCGGCCGTGAATGATACACACAAGTCTGCC

AGAT
construction pMS-

3´FLANKdpyrfw GATGGCGATTAGGAGCTCCCAATTCGAGGACCGCAAGTTTGG construction pMS-
3´FLANKdpyrrev ATATACGCGTGCTCTGAAGATGTTACGCTGCATAC construction pMS-
pxyn5´Flankdpyrre
v

GCAGAATTCTTCCACATTCAAAACCTCTT construction pMS-

cre3´FLANKdpyrf
w

GAAGAATTCTGCATATATAAAGCCATGGAAGAAG construction pMS-

5amdsrev TTCAGGATGCTCTCCAGCGGG control PCR loxP cassette 
integration/sequencing

Cbh2term fw TAGATCAAGCTGGTAGATTCCAATTACTCC control PCR loxP cassette/integration
3cre fw ATGCAAGCTGGTGGCTGGACC control PCR cre integration/sequencing
3 loc pyr fw GTAGGTAGGTTAGGTAGGTAGTTTAGGTA control PCR pyr4 locus/sequencing
3loc pyr rev TTGCTTCCTTCGATGGCACTCG control PCR pyr4 locus 
fwxyncre AAACTCCATGAGATTGCAGATGCG control PCR cre integration
revxyncre CTAATCGCCATCTTCCAGCAGG control PCR cre integration/sequencing
5loc pyr fw GTAGGTAGGTTAGGTAGGTAGTTTAGGTA control PCR pyr4 locus sequencing
5-loc mus fw AATGGTCCTGCTTTGAGATGCTGG control PCR tmus53 locus sequencing
3 loc mus rev TGTGATTCAGGCGATCGGTGC control PCR tmus53 locus sequencing
In 5 Fl mus fw ACTAATCCCAAAAAGGTGGCGTGC control PCR tmus53 locus sequencing
In 3Fl mus rev GTTTGTGAGGGTCATACAGAGGAAGC control PCR tmus53 locus sequencing
In 5Fl cre fw CTTATCCCCATCTTTTCTCTCTCTCTCTGC control PCR pyr4 locus sequencing
In 3Fl cre rev TTGACAATGTGCGCCCAGTCG control PCR pyr4 locus
5loc env fw GCTGGACTTTGCCGCTAACACG control PCR env1 locus sequencing
3loc env rev AAATCAAGCGGCTGCACGAGG control PCR env1 locus
phospho fw GTGACGGATCAGATCTCGGTGACG probe southern bar
phospho rev TTTAGTCGTCCAGGCGGTGAGC probe southern bar
hph(delta)f GCCTCACCTGCTGATTTCTC probe southern hph.
hph(delta)r GATGTTGGCGACCTCGTATT probe southern hph
amdsfw CCGGGATCAATGAGGAGAATGAGG probe southern amdS
amdsrev ACGAATCCCAACGATCGCACC probe southern amdS

phosphinothricin prepared from Basta herbicide. 
Phosphinothricin concentrations up to 800 µg/ml 
were tested on transformation medium plates. The 
DNA used for the transformation was the deletion 
cassette from plasmid pRS426-dmus. 

tmus53(P+) served as a recipient strain to 
tmus53(H+,A+,loxP) and 

tmus53 pyr4(H+,A+,loxP). To generate 
strain tmus53 (H+,A+,loxP), selection was 
carried out on selection medium for amdS as 
previously described (32), and this was additionally 
supplemented with 100 µg/mL hygromycin B. The 

8.114-kb NotI-fragment from pMS-
was used for the transformation. In the case of 

tmus53 pyr4(H+,A+,loxP), the same 
medium as for tmus53(H+,A+,loxP) was 
used and was additionally supplemented with 5 mM 
uridine. Again, tmus53(P+) served as the 
recipient strain. The DNA used for this 
transformation consisted of an 8.114-kb NotI-
fragment from pMS- mus53 and a 4.516-kb 
NotI/MluI-fragment from pMS-
fragments from pMS- -
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tmus53 pyr4(loxP) was used as the 
recipient strain for generating 

tmus53 pyr4env1PAS-(H+). This strain was
selected on the same medium as 

tmus53 pyr4(H+,A+,loxP). The DNA used 
was a linear Acc65I/BamHI-fragment from vector 
pDELENV (36) containing the hph gene under 
control of the pki promoter. 

2.5 Excision of the loxP-marker cassette

To excise the loxP cassette containing the amdS and 
hph genes, the strain 

tmus53 pyr4(H+,A+,loxP) was cultivated 
on an MA plate containing 1% (w/v) oat spelt xylan 
(Sigma Aldrich, St. Louise, MO) as the carbon 
source and 5 mM uridine. Conidia were harvested 
after four days and plated on an MA agar plate 
containing 0.5 µL/ml Igepal CA-360 (Sigma 
Aldrich), 1.5 mg/mL fluoroacetamide, 5 mM 
uridine, and 1 % (w/v) D-xylose. The phenotype of 
the fungal isolates was checked by plating them on 
a malt extract agar plate containing 100 µg/mL 
hygromycin B and 5 mM uridine. No growth 
indicated a successful excision of the loxP-marker 
cassette. If the fungus still had the ability to grow 
on hygromycin B-containing media, the single-
spore purification was repeated. 

2.6 DNA analysis by Southern blot

Fungal genomic DNA was isolated as described 
previously (9). Southern hybridisation and detection 
was carried out with the DIG High Prime DNA 
Labeling and Detection Starter Kit II using the 
standard procedure (Roche, Switzerland). To 
integrate the bar gene at the tmus53 locus, the 
genomic DNA of QM6a and tmus53(P+) 
was digested with SalI. The probe for the bar gene 
was amplified with the primers phosphofw and 
phosphorev using pRS426-dmus as the template. 
To test the homologous integration of cre at the 
pyr4 locus, genomic DNA from QM6a,

tmus53(P+), tmus53(loxP), 
tmus53 pyr4(H+,A+,loxP), and 
tmus53 pyr4(loxP) was digested with 

HindIII and NarI. A 1.409-kb NsiI-fragment from 
pKBxyn1-cre was used as a specific probe for cre
and the xyn1 promoter. The integration of the loxP-
marker cassette into the tmus53 locus was checked 
with an amdS-specific probe amplified with the 
primers amdsfw and amdsrev from pMS-HALS. 
The same blot used for cre (digested with 
HindIII/NarI) was used for this Southern.

3. RESULTS

3.1 Construction of deletion cassettes by an 
acceptor/donor cloning technique

For efficient knock-out and gene replacement 
events in Hypocrea, it is necessary to produce 
cassettes with long (~ 500 bp – 1500 bp) 5’ and 3’ 
regions flanking the desired integration locus (11). 

Because of the considerable length of the flanking 
regions, it is difficult to find suitable restriction 
enzymes for the subcloning procedure. In this 
study, we modified the commercially available 
Creator™ DNA Cloning system (Clontech) to 
create an efficient system for the generation of 
deletion cassettes. As an example, the strategy used 
to create the deletion cassette for tmus53 is pictured 
in Fig. 1. In the first step (Fig. 1A), a fragment 
containing the 5’- and 3’-flanking region was 
obtained via SOE PCR. With the inner primer pair, 
a loxP-site was introduced between the 5’- and 3’-
flanking regions. This amplicon was subcloned into 
a vector system for PCR products such as the 
pGEM®-T system. The next step (Fig. 1B) was an 
in vitro Cre recombinase reaction, in which the 
acceptor vector recombined at the loxP-site with the 
donor vector. The recombination reaction was 
transformed into E. coli and the transformants were 
selected on hygromycin B and sucrose, because the 
loxP-marker cassette contains the hph gene and the 
donor vector carries the killer gene sacB, which is 
activated on sucrose. It is noteworthy that the 
pki::hph-construct is fully functional in E. coli, 
allowing the use of such vectors as shuttle systems 
between E. coli and filamentous fungi.
With this system, gene replacement cassettes can be 
obtained without using restriction enzymes. The 
donor vector, pMS-HALS, can be universally used 
for the construction of any other knock-out cassette.

3.2 Deletion of the tmus53 gene and generating 
an NHEJ-deficient Hypocrea strain

A BLAST search of the genome sequence of H. 
jecorina QM6a available at DOE Joint Genome 
Institute (http://genome.jgi-
psf.org/Trire2/Trire2.home.html) identified a gene 
(protein id 58509) similar to human DNA ligase IV, 
and this gene was named tmus53. To delete tmus53, 
a deletion cassette containing the phosphinothricin 
resistance (bar) marker was used (Fig. 2A). This 
marker was used for the first time to screen 
Hypocrea transformants. The correct 
transformation of both loci was confirmed by 
means of Southern blot (data not shown) and PCR. 
The positions of the primers for the control PCR are 
given in Fig. 3 (C, D). The corresponding PCR 
amplicons were sequenced, and the results are 
given in Supplemental Material (see Sup. 1D). The 

tmus53(P+) strain showed no alteration in 
growth rate, conidiation or cellulase activity 
compared to the parental strain QM6a (data not 
shown).
In order to study the effect of the tmus53 deletion 
on the efficiency of homologous recombination in 
Hypocrea, we used tmus53(P+) as a host 
strain to delete several genes. Table 3 lists the 
frequencies of homologous integration events 
obtained using nine deletion constructs. The 
deletion cassettes contained the hph gene as a 
marker flanked by 1 kb-fragments up- and 
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Figure 2 Schematic drawing of strain construction and marker reuse. (A) Construction of the H. jecorina tmus53 deletion strain. The 
tmus53 gene was replaced by the bar gene conferring phosphinothricin resistance (P+ tmus53. The boxes containing squares 
or crosses indicate 5’-flanks or 3’-flanks of the tmus53 gene, respectively; sc means scaffold and indicates genomic position; white arrows 
indicate a fungal transformation step. (B) Deletion of the pyr4 gene and replacement of phosphinothricin resistance by a bi-directional 
marker system. In a co-transformation, the bar gene was replaced by the loxP-amdS-hph-cassette conferring hygromycin B resistance (H+) 
and the ability to use acetamide as nitrogen source (A+), and the pyr4 gene was replaced by the cre gene encoding Cre-recombinase to yield 

tmus53 pyr4. The boxes containing a grid pattern or points indicate the 5’-flank or the 3’-flank of the pyr4 gene, respectively. (C) 
tmus53 pyr4 strains on xylan (1% w/v) for three days promoted excision of the marker genes (amdS, 

hph) via the flanking loxP-sites. (D) Two options for further manipulations: First, back-transformation of the pyr4 gene replacing the cre
gene to obtain a marker- tmus53; second, another round of any gene (xxx) deletion (in the present study the PAS domain of env1) 

tmus53 pyr4 xxx, which is hygromycin B resistant (H+) and able to use acetamide as a nitrogen source (A+). The boxes 
containing a brick pattern or circles indicate 5’-flanks or 3’-flanks of the env1 PAS domain, respectively; black arrows indicate the two 
options.

downstream of the intended deletion site. In 
general, the frequency of homologous integration 
was high (70 - 90%), and 100% efficiency was 
obtained in two transformations. However, in two 
cases the frequency was below 50%. We have not 
observed any correlation between the frequency of 
homologous integration and the size of the region to 
be replaced (Tab. 3).

Table 3 Frequencies of homologous integration events in the 
tmus53(P+) strain

Knock-
out

construct

Size of deleted 
DNA region (bp)

Homologous 
integration /

No. of 
transformants 

screened

Homologous
Integration 

rate (%)

KO1 934 8/9 88.9

KO2 1948 8/11 72.7

KO3 1075 4/15 26.7

KO4 1973 7/15 46.7

KO5 1716 15/15 100

KO6 5134 14/14 100

KO7 2227 12/13 92.3

KO8 2268 16/18 88.9

KO9 2202 12/13 92.3

3.3 Introducing a Cre/loxP-mediated marker 
recycling system into the tmus53 deletion 
strain

To use a tmus53(P+) strain efficiently, for 
instance for multiple sequential gene deletions, it is 
necessary to have enough markers available. 
Unfortunately, the markers available for Hypocrea
are limited. Furthermore, the interference of 
markers with cellular processes points to the need 
for marker recycling. Therefore, we implemented a 
marker recycling system based on the Cre/loxP 
system. In a co-transformation, two loci of 

tmus53(P+) were changed (Fig. 2B). First, 
at the tmus53-site, a loxP-marker cassette was used 
to replace the bar gene, which confers 
phosphinothricin resistance. The cassette consists of 
two loxP-sites flanking the amdS and hph genes, 
the latter under control of the Hypocrea pki
promoter. Both genes can be used as markers in H. 
jecorina (26, 32). Second, the pyr4 gene was 
replaced with a cassette containing Cre 
recombinase under control of the xyn1 promoter 
(Fig. 2B).
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Figure 3 Schematic drawing of the primer positions for 
analytic PCR of the loci. Small black arrows indicate the 
locations of primers that were used for analyses of transformants 
and parental strains. The size of the expected amplicon is given 
between the dashed lines in kb. The boxes containing a grid 
pattern or points indicate the 5’-flank or the 3’-flank of the pyr4 
gene, respectively (A, B). The boxes containing squares or 
crosses indicate the 5’-flank or the 3’-flank of the tmus53 gene, 
respectively (C – F). The boxes containing a brick pattern or 
circles indicate the 5’-flank or the 3’-flank of the env1 PAS 
domain, respectively (G). The corresponding sequences are 
given in the Supplemental data (Sup. 1A – G).

The resulting strain 
tmus53 pyr4(H+,A+,loxP) has two 

functional deletions, tmus53 and pyr4. The pyr4
deletion causes uridine auxotrophy, which itself can 
be used as a transformation marker (9). 
Furthermore, this strain is able to express a Cre 
recombinase in a controlled way, because the 
driving xyn1 promoter can be induced by D-xylose 
and xylan. On glucose, this promoter is shut off due 
to a double double-lock mechanism (25, 27). The 
correct transformation of both loci was confirmed 
by means of Southern blot (data not shown) and 
PCR. The positions of the primers for the control 
PCR are given in Fig. 3 (A, B, C, E). The 
corresponding PCR amplicons were sequenced, and 
the results are given in Supplemental Materials (see 
Sup. 1 A, B, C, E).

3.4 Marker recycling by induction of Cre 
recombinase expression

The loxP-marker cassette containing the marker 
genes amdS and hph can be looped out of the 
chromosomal DNA by the action of Cre 
recombinase. By cultivating the strain 

tmus53 pyr4(H+,A+,loxP) on medium 
containing xylan, the xyn1 promoter is induced, 

which leads to Cre recombinase expression. The 
resulting strain contains only one copy of the loxP-
site at the tmus53 locus, is sensitive to hygromycin 
B and is acetamidase-negative. Thus, screening for 
the excision event is performed in a 
fluoroacetamide background because 
fluoroacetamide has a slight toxic effect on strains 
containing the amdS gene and reduces their growth. 
This situation is depicted in Fig 2C. The strain 
obtained after the excision was named 

tmus53 pyr4(loxP). The phenotype can be 
checked on plates containing hygromycin B. After 
two subsequent single-spore purification steps, 
approximately 70% of the transformed strains had 
successfully excised the loxP-marker cassette and 
did not show growth on hygromycin B-containing 
plates. For further verification, the excision was 
examined with PCR for the tmus53 locus (Fig. 3E, 
F). The sequence results showed one remaining 
loxP-site at the locus (Sup. 1E, F). To test whether 
the excision was due to Cre recombinase activity, a 

tmus53(H+,A+,loxP) strain containing no 
cre gene was used as a control in the excision 
experiment. In this case, it was not possible to 
obtain a strain that had lost its hygromycin B 
resistance. Therefore, we propose that H. jecorina
has no native Cre recombinase activity and the 
activity is due to the heterologously expressed Cre 

tmus53 pyr4(loxP) 
can be used as a recipient strain for multiple 
sequential gene deletions, because it still contains 
the cre gene and is free of marker genes.

3.5 Demonstration of marker reuse by deletion 
of the PAS domain of env1 from the 

tmus53 pyr4(loxP) genome

We used the strain tmus53 pyr4(loxP) as a 
recipient strain for the deletion of the PAS domain 
of env1 (36) to demonstrate successful reuse of the 
hygromycin B marker (following the second option 
proposed in Fig. 2D). The deletion cassette for the 
PAS domain contains the hph gene under control of 
the pki promoter. The resulting deletion strains 
were characterised by means of PCR. The 
corresponding primer positions are indicated in Fig. 
3G, and the sequences can be found in the 
Supplementary data (Sup. 1G). The transformants 
showed poor sporulation, as described earlier (36). 

3.6 Demonstration of genotype recovery by pyr4
re-transformation into the 

tmus53 pyr4(loxP) genome

The Cre recombinase is a heterologously expressed 
gene, and we already demonstrated in this paper 
that it is functional in H. jecorina. In order to 
construct a genetically stable recombinant strain, it 
is necessary to remove the cre gene from the 
genome. Therefore, we initially directed the cre 
gene to the pyr4 locus. In a final re-transformation 
step with the pyr4 gene, it was now possible to 
replace the cre gene and use the pyr4 gene as a 
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Figure 4Flow chart of fungal transformation steps and the corresponding strains obtained from H. jecorina QM6a. Strain genotypes are 
given in boxes and their respective properties are given in brackets. H+, hygromycin B resistance; A+, ability to use acetamide as a nitrogen 
source; loxP, loxP-site(s); xxx, any gene to be deleted from the genome.

marker. This we demonstrated with the successful 
re- tmus53 pyr4(loxP) 
with pyr4 (following the first option proposed in 
Fig. 2D). The correct transformation was confirmed 
by means of Southern blot (data not shown) and 
PCR. The positions of the primers for the control 
PCR are given in Fig. 3A. The resulting strain 
( tmus53(loxP)) has lost its uridine 
auxotrophy and does not contain the Cre 
recombinase. Thus, it can be assumed that this 
strain is genetically stable with respect to its loxP 
sites. 

4. DISCUSSION

In this paper, we have presented a Cre/loxP-based 
donor/acceptor cloning system that is a promising 
strategy for the creation of deletion cassettes. This 
system permits the construction of cassettes without 
the need for restriction digests. 
Furthermore, we describe the deletion of tmus53
from the H. jecorina genome. As previously 
described for N. crassa, the disruption of the lig4
homologue mus53 leads to an NHEJ-deficient strain 
(17). We demonstrated that an H. jecorina deletion 
strain has an elevated level of homologous 
integration events, in some cases up to 100% (Table 
3), during the transformation procedure. Recently, 
the construction of another NHEJ-deficient strain of 
H. jecorina was reported (11), where they deleted 
the N.crassa ortholog tmus51. Although, they 
described an elevated level of homologous 
recombination events (63-96%), this system cannot
be directly compared to the results presented in this 
paper, because they used a Hypocrea jecorina UV-
mutant strain (TU-6, (9)) as recipient strain and not 
the commonly used isolate QM6a. 

Using the tmus53 deletion strain, we developed a 
marker recycling system for Hypocrea. The whole 
strategy is summarised in Fig. 4. With the strain 

tmus53 pyr4(loxP), it is possible to 
perform sequential gene replacements without 
running out of available markers. We integrated the 
cre gene into the genome of Hypocrea and thereby 
replaced the pyr4 gene. The cre gene was expressed 
under the tightly controllable xyn1 promoter. This 
system has several advantages: for the excision of 
the loxP-marker cassette, it is not necessary to 
perform another transformation. Simple cultivation 
on xylan induces the excision and leads to the 
removal of the marker genes. This is timesaving 
when performing multiple sequential gene 
deletions. Furthermore, the xyn1 promoter provides 
good control over this system, because on glucose 
this promoter is shut off via a double double-lock 
mechanism (25, 27). This xyn1 regulated Cre/loxP-
system also works in H. atroviridis (38), and it was 
successfully transferred into Fusarium and led to 
the excision of the loxP-maker cassette in this host 
as well (K. Brunner, G. Adam, unpublished data). 
These findings point to the universal applicability 
of this system in filamentous fungi.
The cre gene can be easily removed from the 
genome by re-transformation with the pyr4 gene. 
Hereby, the pyr4 gene itself can be used as a 
marker, because uridine auxotrophy is generated in 
a pyr4 deletion strain. The elimination of the Cre 
recombinase is necessary because otherwise 
undesired recombination events could genetically 
destabilise the fungus. For the transformation and 
excision, we used a two marker-system based on 
the hph and amdS genes. Hygromycin B is a potent 
marker for filamentous fungi that is often used in 
Hypocrea. amdS has the advantage that it can be 
used as a bi-directional marker (16), which 
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facilitates screening in a loxP excision experiment. 
Growth on fluoroacetamide is reduced in amdS-
positive Hypocrea strains but is not completely 
eliminated (M. G. Steiger, A. R. Mach-Aigner, 
unpublished data). However, medium optimisation 
might help to increase the effect of fluoroacetamide 
selection in the transformation procedure. In 
addition to gene deletions, targeted gene integration 
can also be performed with this system; this can be 
achieved by integration of the desired gene between 
flanking regions and loxP sites in the acceptor 
vector. Then, it will be stably integrated into the 
locus but not excised by Cre recombinase. The 
advantages of this system over a previously 
reported transformation system based on a pyr4
blaster cassette (14) are its universal applicability. It 
can also be used in other Trichoderma species and 
even other filamentous fungi. Additionally, the 
excision of the marker cassette can be easily 
controlled and is very efficient.
In sum, we present a strategy to genetically 
engineer Hypocrea in a targeted way and to recycle 
the markers used during the transformation process. 
This strategy enables the creation of recombinant 
strains without the disturbing effects of markers on 
their physiology. Furthermore, it is possible to 
perform sequential engineering steps without a 
shortage of markers. 
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Sequences of the loci according to Fig. 3
The PCR product that was verified by size by gel electrophoresis is given in bold letters, forward primer are 
given in underlined letters, reverse primer are given in double underlined letters, sequenced fragments of the 
PCR products are given in capitals. sc means scaffold position in H. jecorina QM6a genome, sc* means relative 
positions of loci in mutant strains compared to the native H. jecorina QM6a genome.

A) native pyr4 locus
sc1:1674000_acgccacggcaaaaggctcgagcattttagcgcgctcatcagggccctgtccctttcttctgcttacagtactttggacgcatcgcgacgaacg
gcaatgcagggttcagttgctgcatactgtatcaaggtagtagttatcatcaaggagagaaacgctcgacatataagcttgtacgtgcatgtgttagcatcggacctttt
ttgacgcaaggccagccaggttgggtaagacaacgacaagaggcaggtcagcacttgattcatacggttaccaccagacggtgattcacatatacggggtaagga
gaagcgctcgtcccgcggctggctcgcgcatttgcagcggaagatctcgagatagtatctcattcagtaataatactcgtacgagtttgagggggcgcgaggctaa
gctgcaagcgggcgcggcaacactacctgtatgtattaataaagcagcagagagagagagagccctggactgccggcaatcctgagaaggggggatcgaccg
gaccatctgcacgcagcagggctgctgctgccaacatggagagactaaagatgggattggtggtacatagcaagacgcttggatgcttgttgacgggctgctccaa
taagcaagctcacaagcagtgctttgggggtccgcacggacggtcgagagggctcggacggctgatattgcagacctggacgagtcagttgtgcaggtaggcac
tcgtatgtgtgtctttgtgcttgatcaaccttgagtaagtattattagggtgatggcttaggtaggtaggttaggtaggtagtttaggtacagggaggtgaggaggggag
acgtccagctgccatatgcgccacttgcagcctcaactctgcaaaagccagccccgatcacggcatgtcgtacatactgtaaggtagtacctagtagtagaacgaat
gctaaaggtgcagagcaactaacttgagcaaaaccccccctccccccatcgagattgattgccctctacgctgaaaatagtctcgccagccggcgacgcttagccg
tggcgctaccgcgacatggcgcttgttagcctgcggtccaggttgatgcgaagcatgtcgcagggcgggtctcgtgcgtgccgacagccagcagagagacagaa
gagagcgagagagcgagagagcgagagagagagagagagagaaagacgcctcgggggtttggctggtggcttcgatgcttgtccgtgtcaagggttcacgaa
agacgggacggctgagttggtgactggcggcggtggcatcgaggctggagtccaggcacatgcatggcgcaaggcatgtcaggccatgtcgtgtcatgccccg
gcacagctgaagggaatactactattgagagctgttctccaaggcgtcaagcatgtgagcaaaaactcgagttgtctagactcgactcgacttgcggctgcagtaca
acaatacagtactactcgtacacgtatgtacagcaaggagcaggtggatcagcaaagttgcatgataatggactggaccggcaacgctcaaagttcgccttgcagct
ccggcatgaagggcagacccccgccattattagcgatgactagccgtggaggccactttggctttagtgatttaaaccccgagattcatgctcgatgctctacaggta
tgtatgtactagctcagctcagccttagtaggtaggtattgaagtctggtggtgcgaggaggacctgcaggtgggagttttgggggaaaaagatgatgctcaccaac
taaaataaatagtcaggccacacacacaacctactgagcagaaccaccacaaccagtgaagagctactagtagtagaaatggagggtaaactgaacatcagtcaa
aagacgtcgagacgcagatactactagatacctatcccagcgacggaaaatggacaaggtgtcgccgccgccaagctctcagatgcgctatcgtgcatgatgcct
ctcatcaacaaacggcgccagtgacgggctagccgtgggattgactcgagctcgcctcttctttgtgcttttctcctgtcgacatcccggcttgcgcttggacctcgcc
gggacgtgcaaacgaacacatcactttcaaagagagtgtttgatgctcacgctcggatgctccagcccccccttgcttgcttgtccatcattgaggctcgaaggggca
gttgctccccattccctctgctccaacaggaactgtaaccgaaaaaaaagccatcctccttcttcctcttcctcttccgcctcctcctcttcctcctcctactaatacctact
cctcctctcctcatcgactagactgacccccccggttgggcccctcgtcccgtctccaacagagcaccaccagacaaagacccctgcccgcgcgaatccagaccc
ccccagcaattccgggcctcgttgatcctcctctactgtagttgtacatacatacctaccgactgcattgcattggtacagctgcaggcacttccaggcacggccacca
aattgcagcggcccttgcttgcttgcttggttcgagaactaggatctgtgtcttttgccttgccttgtcttgtctgggttcctgctcgtctgcggcaatcggaacgccgcca
gtgcggtgccaagcaaaccagccaaggtaggtacctaccactaggcttcttttctcgttgtctcactctctcttttcctctttgtcctctcttatccccatcttttctctctct
ctctgctcctttcctaaccacttccctacctttctctttttccttttcttgtcatctccatcttggctgacgaaaaaggtctgactgggtaggtattatctggcagac
ttgtgtgtatcattcaccctatttctgcttcatagtacatgtactgtacctgaacggctcaaccgctatttacgactcttatttttttgtggcgttggtcacgtttgc
cagctgttgtccgtctttctagggctcctcaaacttgacctgaccgagctccctttctggacccggtgggcttcacttccagctgctgagcgacctgagccga
acatcctcagtccttgtccagcgcaattcattttctttccttttctttttttttattcctttctttacttttattctctctttttctcctcttcctcttcttcttctttctcctcc
tcctccatatcctcactctcgtctccctcattactaccctctcggctcctcaggtccaccaaccctcccgcacccaaacctctgccgctgaaacccattcggtg
gtcgccgtttttttttttttttttttctcacccccaaagtcgcaatatcgggtatcgccgccggcattgaatcgccttctccgctagcatcgactactgctgctctg
ctctcgttgccagcgctgctccctagaattttgaccaggggacgagcccgacattaaagcaactccctcgcctcgagacgactcggatcgcacgaaattct
cccaatcgccgacagttcctactcctcttcctcccgcacggctgtcgcgcttccaacgtcattcgcacagcagaattgtgccatctctctcttttttttccccccc
tctaaaccgccacaacggcaccctaagggttaaactatccaaccagccgcagcctcagcctctctcagcctcatcagccatggcaccacacccgacgctc
aaggccaccttcgcggccaggagcgagacggcgacgcacccgctgacggcttacctgttcaagctcatggacctcaaggcgtccaacctgtgcctgagc
gccgacgtgccgacagcgcgcgagctgctgtacctggccgacaagattggcccgtcgattgtcgtgctcaagacgcactacgacatggtctcgggctggg
acttccacccggagacgggcacgggagcccagctggcgtcgctggcgcgcaagcacggcttcctcatcttcgaggaccgcaagtttggcgacattggcc
acaccgtcgagctgcagtacacgggcgggtcggcgcgcatcatcgactgggcgcacattgtcaacgtcaacatggtgcccggcaaggcgtcggtggcctc
gctggcccagggcgccaagcgctggctcgagcgctacccctgcgaggtcaagacgtccgtcaccgtcggcacgcccaccatggactcgtttgacgacgacgcc
gactccagggacgccgagcccgccggcgccgtcaacggcatgggctccattggcgtcctggacaagcccatctactcgaaccggtccggcgacggccgcaag
ggcagcatcgtctccatcaccaccgtcacccagcagtacgagtccgtctcctcgccccggttaacaaaggccatcgccgagggcgacgagtcgctcttcccgggc
atcgaggaggcgccgctgagccgcggcctcctgatcctcgcccaaatgtccagccagggcaacttcatgaacaaggagtacacgcaggcctgcgtcgaggccg
cccgggagcacaaggactttgtcatgggcttcatctcgcaggagacgctcaacaccgagcccgacgatgcctttatccacatgacgcccggctgccagctgcccc
ccgaagacgaggaccagcagaccaacggatcggtcggtggagacggccagggccagcagtacaacacgccgcacaagctgattggcatcgccggcagcga
cattgccattgtgggccggggcatcctcaaggcctcagaccccgtagaggaggcagagcggtaccgatcagcagcgtggaaagcctacaccgagaggctgctg
cgataggggagggaagggaagaaagaagtaaagaaaggcatttagcaagaagggggaaaagggagggaggacaaacggagctgagaaagagctcttgtcc
aaagcccggcatcatagaatgcagctgtatttaggcgacctctttttccatcttgtcgatttttgttatgacgtaccagttgggatgatggatgattgtaccccagctgcga
ttgatgtgtatctttgcatgcaacaacacgcgatggcggaggcgaactgcacattggaaggttcatatatggtcctgacatatctggtggatctggaagcatggaattg
tatttttgatttggcatttgcttttgcgcgtggagggaacatatcaccctcgggcatttttcatttggtaggatggtttggatgcagttgtcgacgatatcagcttccatatat
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acggaattgttcaattgagtattacctgatggctatttgtgtcgatcctttgtgacattgacatgtgatggcgcctgtacctctaaatgtatgcagcgtaacatcttcagagc
acggcggcatgttctcccctctacaatattcagataagcagtacttgtgctgtgagaaacccattgatcgctggtggcaaccaaggcgatatgtctccaggagaggaa
attgcacgatcattgatcgtttgtgctactcgtttcgtgtccaagcgaacagagtattaatatataccattatatcatatgcatcgtggagtcgttactatgcagcctaacct
aaggtacctacaaatcggcatcccggagttaacgcggaggctctcatcgccgggcgtctccaccaattcgacatatcaatgctaatcgggcgcaaaggctccaacg
cggatgctggtcgcattgaggttccgcattccttttcctccttccgaccctctttcttacatctcactctcacatcccgtttgccggcccgctccccaccgagacacgaaa
cggacggcaacaatcaaccgtccccccggaacagcgacctgacctcccctccccccatatacgattacgagctgaacgagacgagagagagagagagagaga
agaagaagacagagaagaggcatggccgacattgaggtggcagtcaacgtacgggccgagcggggcccgactaagaagcggagacggatcgtcatctcgtg
caccgagtgccatcgaaggaagcaaaaggtcaggcttctttcctaccaagaaacaaagtgaagcttcacgatgctgcatgggcattcgcacaacagccctcgcctc
cgcctcaaggtggatgggaaataacatgaagatgatcacaccagcatgctgacaccttactgttcatatccgcaaatcagtgcgatcgcgagctcccctgcggcaa
ctgccggtcgagaaacaaggaagcccactgcgcctacgaggccggcgcgcccaccgcccgcgagcacaacgagacgcacgccggcctctacaactcctcctc
ctcctcctcctccgccgccgcccgcaatgaccgccacggctacggcagcaacagcggcagcggcaccccgacgtccagggccgagccgctctcgtccatggc
gccgtcgtgggggtacgcccagacaggcgccgcctcgacgctgagcttcctgcagaagattgagcgggcgagcacctcggacggcgacgacgggctaggcg
caggacacgaaggggacgaagcggccgcgggggcggcgtcgtcgtcgcactacc_sc1:1667400

B) cre at the pyr4 locus
sc*1:1674000_acgccacggcaaaaggctcgagcattttagcgcgctcatcagggccctgtccctttcttctgcttacagtactttggacgcatcgcgacgaac
ggcaatgcagggttcagttgctgcatactgtatcaaggtagtagttatcatcaaggagagaaacgctcgacatataagcttgtacgtgcatgtgttagcatcggaccttt
tttgacgcaaggccagccaggttgggtaagacaacgacaagaggcaggtcagcacttgattcatacggttaccaccagacggtgattcacatatacggggtaagg
agaagcgctcgtcccgcggctggctcgcgcatttgcagcggaagatctcgagatagtatctcattcagtaataatactcgtacgagtttgagggggcgcgaggcta
agctgcaagcgggcgcggcaacactacctgtatgtattaataaagcagcagagagagagagagccctggactgccggcaatcctgagaaggggggatcgaccg
gaccatctgcacgcagcagggctgctgctgccaacatggagagactaaagatgggattggtggtacatagcaagacgcttggatgcttgttgacgggctgctccaa
taagcaagctcacaagcagtgctttgggggtccgcacggacggtcgagagggctcggacggctgatattgcagacctggacgagtcagttgtgcaggtaggcac
tcgtatgtgtgtctttgtgcttgatcaaccttgagtaagtattattagggtgatggcttaggtaggtaggttaggtaggtagtttaggtacagggaGGTGAGG
AGGGGAGACGTCCAGCTGCCATATGCGCCACTTGCAGCCTCAACTCTGCAAAAGCCAGCCCC
GATCACGGCATGTCGTACATACTGTAAGGTAGTACCTAGTAGTAGAACGAATGCTAAAGGTG
CAGAGCAACTAACTTGAGCAAAACCCCCCCTCCCCCCATCGAGATTGATTGCCCTCTACGCT
GAAAATAGTCTCGCCAGCCGGCGACGCTTAGCCGTGGCGCTACCGCGACATGGCGCTTGTTA
GCCTGCGGTCCAGGTTGATGCGAAGCATGTCGCAGGGCGGGTCTCGTGCGTGCCGACAGCC
AGCAGAGAGACAGAAGAGAGCGAGAGAGCGAGAGAGCGAGAGAGAGAGAGAGAGAGAAAG
ACGCCTCGGGGGTTTGGCTGGTGGCTTCGATGCTTGTCCGTGTCAAGGGTTCACGAAAGACG
GGACGGCTGAGTTGGTGACTGGCGGCGGTGGCATCGAGGCTGGAGTCCAGGCACATGCATG
GCGCAAGGCATGTCAGGCCATGTCGTGTCATGCCCCGGCACAGCTGAAGGGAATACTACTAT
TGAGAGCTGTTCTCCAAGGCGTCAAGCATGTGAGCAAAAACTCGAGTTGTCTAGACTCGACT
CGACTTGCGGCTGCAGTACAACAATACAGTACTACTCGTACACGTATGTACAGCAAGGAGCA
GGTGGATCAGCAAAGTTGCATGATAATGGACTGGACCGGCAACGCTCAAAGTTCGCCTTGCA
GCTCCGGCATGAAGGGCAGACCCCCGCCATTATTAGCGATGACTAGCCGTGGAGGCCACTTT
GGCTTTAGTGATTTAAACCCCGAGATTCATGCTCGATGCTCTACAGGTATGTATGTACTAGCT
CAGCTCAGCCTTAGTAGGTAGGTATTGAAGTCTGGTGGTGCGAGGAGGACCTGCAGGTGGG
AGTTTTGGGGGAAAAAGATGATGCTCACCAACTAAAATAAATAGTCAGGCCACACACACAAC
CTACTGAGCAGAACCACCACAACCAGTGAAGAGCTACTAGTAGTAGAAATGGAGGGTAAACT
GAACATCAGTCAAAAGACGTCGAGACGCAGATACTACTAGATACCTATCCCAGCGACGGAAA
ATGGACAAGGTGTCGCCGCCGCCAAGCTCTCAGATGCGCTATCGTGCATGATGCCTCTCATC
AACAAACGGCGCCAGTGACGGGCTAGCCGTGGGATTGACTCGAGCTCGCCTCTTCTTTGTGC
TTTTCTCCTGTCGACATCCCGGCTTGCGCTTGGACCTCGCCGGGACGTGcaaacgaacacatcactttcaa
agagagtgtttgatgctcacgctcggatgctccagcccccccttgcttgcttgtccatcattgaggctcgaaggggcagttgctccccattccctctgctccaa
caggaactgtaaccgaaaaaaaagccatcctccttcttcctcttcctcttccgcctcctcctcttcctcctcctactaatacctactcctcctctcctcatcgact
agactgacccccccggttgggcccctcgtcccgtctccaacagagcaccaccagacaaagacccctgcccgcgcgaatccagacccccccagcaattcc
gggcctcgttgatcctcctctactgtagttgtacatacatacctaccgactgcattgcattggtacagctgcaggcacttccaggcacggccaccaaattgc
agcggcccttgcttgcttgcttggttcgagaactaggatctgtgtcttttgccttgccttgtcttgtctgggttcctgctcgtctgcggcaatcggaacgccgcc
agtgcggtgccaagcaaaccagccaaggtaggtacctaccactaggcttcttttctcgttgtctcactctctcttttcctctttgtcctctcttatccccatctttt
ctctctctctctgctcctttcctaacCACTTCCCTACCTTTCTCTTTTTCCTTTTCTTGTCATCTCCATCTTGGC
TGACGAAAAAGGTCTGACTGGGTAGGTATTATCTGGCAGACTTGTGTGTATCATTCACGGCC
GCCTGCAGGTCGACCATATGGGAGAGCTCAAGCAACTACGTAAAACTCCATGAGATTGCAGA
TGCGGCCCACTGGAATACAACATCCTCCGCAAGTCCGACATGAAGCCCCTTGACTTGATTGG
CAGGCTAAATGCGACATCTTAGCCGGATGCACCCCAGATCTGGGGAACGCGCCGCTTGAGGC
CCGAAGCGCCGGGTTCGATGCATTACTGCCATATTTCAGCAGTTAACTAGGACCGGCTTGTG
TCGATATTGCGGGTGGCGTTCAATCTATTCCGGCACTCCTATGCCGTTTGATCCGATACCTGG
AGGGCGTGCTTTAGGCAAAATGCCAAGCTTCGAGGATACTGTACGAGCCGCTTTCAACCTCA
CTTGATGATGTCTGAGTTTCATCAAGAGAATTGAAGTCAAAGCTCAAATCATGATGTGAAGAG
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GTTTTGAATGTGGAAGAATTCTGCATATATAAAGCCATGGAAGAAGACGTAAAACTGAGACA
GCAAGCTCAACTGCATAGTATCGACTTCAAGGAAAACACGCACAAATAACATCTCGAGATGT
CCAATTTACTGACCGTACACCAAAATTTGCCTGCATTACCGGTCGATGCAACGAGTGATGAG
GTTCGCAAGAACCTGATGGACATGTTCAGGGATCGCCAGGCGTTTTCTGAGCATACCTGGAA
AATGCTTCTGTCCGTTTGCCGGTCGTGGGCGGCATGGTGCAAGTTGAATAACCGGAAATGGT
TTCCCGCAGAACCTGAAGATGTTCGCGATTATCTTCTATATCTTCAGGCGCGCGGTCTGGCA
GTAAAAACTATCCAGCAACATTTGGGCCAGCTAAACATGCTTCATCGTCGGTCCGGGCTGCC
ACGACCAAGTGACAGCAATGCTGTTTCACTGGTTATGCGGCGGATCCGAAAAGAAAACGTTG
ATGCCGGTGAACGTGCAAAACAGGCTCTAGCGTTCGAACGCACTGATTTCGACCAGGTTCGT
TCACTCATGGAAAATAGCGATCGCTGCCAGGATATACGTAATCTGGCATTTCTGGGGATTGC
TTATAACACCCTGTTACGTATAGCCGAAATTGCCAGGATCAGGgttaaagatatctcacgtactgacggtgggag
aatgttaatccatattggcagaacgaaaacgctggttagcaccgcaggtgtagagaaggcacttagcctgggggtaactaaactggtcgagcgatggatt
tccgtctctggtgtagctgatgatccgaataactacctgttttgccgggtcagaaaaaatggtgttgccgcgccatctgccaccagccagctatcaactcgc
gccctggaagggatttttgaagcaactcatcgattgatttacggcgctaaggatgactctggtcagagatacctggcctggtctggacacagtgcccgtgtc
ggagccgcgcgagatatggcccgcgctggagtttcaataccggagatcatgcaagctggtggctggaccaatgtaaatattgtcatgaACTATAT
CCGTAACCTGGATAGTGAAACAGGGGCAATGGTGCGCCTGCTGGAAGATGGCGATTAGGAG
CTCCCAATTCGAGGACCGCAAGTTTGGCGACATTGGCCACACCGTCGAGCTGCAGTACACGG
GCGGGTCGGCGCGCATCATCGACTGGGCGCACATTGTCAACGTCAACATGGTGCCCGGCAA
GGCGTCGGTGGCCTCGCTGGCCCAGGGCGCCAAGCGCTGGCTCGAGCGCTACCCCTGCGAG
GTCAAGACGTCCGTCACCGTCGGCACGCCCACCATGGACTCGTTTGACGACGACGCCGACTC
CAGGGACGCCGAGCCCGCCGGCGCCGTCAACGGCATGGGCTCCATTGGCGTCCTGGACAAG
CCCATCTACTCGAACCGGTCCGGCGACGGCCGCAAGGGCAGCATCGTCTCCATCACCACCGT
CACCCAGCAGTACGAGTCCGTCTCCTCGCCCCGGTTAACAAAGGCCATCGCCGAGGGCGACG
AGTCGCTCTTCCCGGGCATCGAGGAGGCGCCGCTGAGCCGCGGCCTCCTGATCCTCGCCCAA
ATGTCCAGCCAGGGCAACTTCATGAACAAGGAGTACACGCAGGCCTGCGTCGAGGCCGCCC
GGGAGCACAAGGACTTTGTCATGGGCTTCATCTCGCAGGAGACGCTCAACACCGAGCCCGAC
GATGCCTTTATCCACATGACGCCCGGCTGCCAGCTGCCCCCCGAAGACGAGGACCAGCAGAC
CAACGGATCGGTCGGTGGAGACGGCCAGGGCCAGCAGTACAACACGCCGCACAAGCTGATT
GGCATCGCCGGCAGCGACATTGCCATTGTGGGCCGGGGCATCCTCAAGGCCTCAGACCCCGT
AGAGGAGGCAGAGCGGTACCGATCAGCAGCGTGGAAAGCCTACACCGAGAGGCTGCTGCGA
TAGGGGAGGGAAGGGAAGAAAGAAGTAAAGAAAGGCATTTAGCAAGAAGGGGGAAAAGGGA
GGGAGGACAAACGGAGCTGAGAAAGAGCTCTTGTCCAAAGCCCGGCATCATAGAATGCAGCT
GTATTTAGGCGACCTCTTTTTCCATCTTGTCGATTTTTGTTATGACGTACCAGTTGGGATGAT
GGATGATTGTACCCCAGCTGCGATTGATGTGTATCTTTGCATGCAACAACACGCGATGGCGG
AGGCGAACTGCACATTGGAAGGTTCATATATGGTCCTGACATATCTGGTGGATCTGGAAGCA
TGGAATTGTATTTTTGATTTGGCATTTGCTTTTGCGCGTGGAGGGAACATATCACCCTCGGGCATT
TTTCATTTGGTAGGATGGTTTGGATGCAGTTGTCGACGATATCAGCTTCCATATATACGGAATTGTT
CAATTGAGTATTACCTGATGGCTATTTGTGTCGATCCTTTGTGACATTGACATGTGATGGCGCCTGT
ACCTCTAAATGTATGCAGCGTAACATCTTCAGAGCACGGCGGCATGTTCTCCCCTCTACAATATTCA
GATAAGCAGTACTTGTGCTGTGAGAAACCCATTGATCGCTGGTGGCAACCAAGGCGATATGTCTCC
AGGAGAGGAAATTGCACGATCATTGATCGTTTGTGCTACTCGTTTCGTGTCCAAGCGAACAGAGTA
TTAATATATACCATTATATCATATGCATCGTGGAGTCGTTACTATGCAGCCTAACCTAAGGTACCTA
CAAATCGGCATCCCGGAGTTAACGCGGAGGCTCTCATCGCCGGGCGTCTCCACCAATTCGACATAT
CAATGCTAATCGGGCGCAAAGGCTCCAACGCGGATGCTGGTCGCATTGAGGTTCCGCATTCCTTTT
CCTCCTTCCGACCCTCTTTCTTACATCTCACTCTCACATCCCGTTTGCCGGCCCGCTCCCCACCGAGA
CACGAAACGGACGGCAACAATCAACCGTCCCCCCGGAACAGCGACCTGACCTCCCCTCCCCCCATA
TACGATTACGAGCTGAACGAGACGAGAGAGAGAGAGAGAGAGAAGAAGAAGACAGAGAAGAGG
CATGGCCGACATTGAGGTGGCAGTCAACGTACGGGCCGAGCGGGGCCCGACTAAGAAGCGGAGAC
GGATCGtcatctcgtgcaccgagtgccatcgaaggaagcaaaaggtcaggcttctttcctaccaagaaacaaagtgaagcttcacgatgctgcatgggcat
tcgcacaacagccctcgcctccgcctcaaggtggatgggaaataacatgaagatgatcacaccagcatgctgacaccttactgttcatatccgcaaatcagtgcgat
cgcgagctcccctgcggcaactgccggtcgagaaacaaggaagcccactgcgcctacgaggccggcgcgcccaccgcccgcgagcacaacgagacgcacg
ccggcctctacaactcctcctcctcctcctcctccgccgccgcccgcaatgaccgccacggctacggcagcaacagcggcagcggcaccccgacgtccagggc
cgagccgctctcgtccatggcgccgtcgtgggggtacgcccagacaggcgccgcctcgacgctgagcttcctgcagaagattgagcgggcgagcacctcggac
ggcgacgacgggctaggcgcaggacacgaaggggacgaagcggccgcgggggcggcgtcgtcgtcgcactacc_sc*1:1667400

C) native tmus53 locus

sc5:927000_caaaacctccttgttgtgcagttggggcagatgaagcgtcgtgacgactgagcccagggggtcattcggcggtgatttttctccagagccgtgcc
agatgtgactcgcgacccgggaatgcgccgacagcgttcgaacgtgaggatgaggccgcccgtaggaactggaacagagacgctcaagcagctccctttcgag
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aacccagaccagtgtgaccaacttcttgacgtgaactggagaaatgtcttcagacaagggccgaacccggacgttgaatctgcatgttgagttgagatgcatgacga
ggccctttgtcaaaacgccgaggatccagtctgtcggtgactctatttcgttgtccacaatggtcctgctttgagatgctggactgcgaacccgtacgccaaaccattc
atacatctgcgggctgtctctctttgcatatgtagtgactgaaggctcaacatgccaccattcgtcatccgcagtgaggtactgacgagccttccgcgggtcatatgct
gctgcatatggttgctgatcagaggagtcttcacagattgccacaggttgtccgtatttcagcagtaaccccctgacctcattcagtatggtctcgtacggatcctttgca
tcggcgggacatgcccacggcagctcttcacgacgtccatggtattcgttgaaggtagagtcgtaattgaatcccggcagctcctgtgccacgagaaattcaacctc
gaaactgtaggtagtttgcgggagacggtcgtcatattctggacgcatggtgatgtgttgttacgcgcgggaatacttggacgagatgctgtcaagtcgaggtctttaa
cgattgtgagagctaaacgattgtagagtatacgtctgcggtcggagagtcgtcgcctttcctggtgactgtagtaaaatatgcctgcggggaacgatgtctgtgctg
agtcgaagggagaacggtagaatatagagaaaagtctctagagcctatcaatcgtctcggggtgctccctttacaaaagaatgactgttgatggttgtgtggaagga
acacgttgcctgctgttcacctggcagatgaactccttcctcttgactgcatgttgacactggcgacctgtttctttgagaaggccagtctcggaatctgggacaagga
ctgagtctggttacagccagtgacaggttaccttgcgttgccttgacgggcgagttgcactgaccccgagcgtcatgatgccacgagcaactttgtcgcggcctccat
cctcaccatatcaagccgcgggtgtgctgagatggcaacatactgtacgtcctcggatgagccaggcaaagaagtgacacgtatcatggaattgaaattcagctgct
gaatggtcaacgtcgacaaccttctaggtcagcttctgatggccaaaaaagcacgagcagctgaagcggcatctcccctctgataccaacagcgcggcgtgtatcg
ggcattcatgctgtgccatgtatcatgtagcatccggtatgtggcattgattttacccgtgcgattgtctcaagcagagctcttgagcccccagagatgcccgatggag
caatgaatgcgaaagacgaagctcaagttgcttggctttggagatccgcaggtaacagcaaacaagtcgaggctggccgcggttacataagcagatgcaagctag
gcagattgctttgtagactaatcccaaaaaggtggcgtgcaggcagcagctccgggcccacaatttctggatagctgtacctacctactactagtaaggcaa
tgacttcacggcaactttggccttgacccttgaatcagcagtacttaaagctgcatcatcacagcagcgacgcgattccttcaccgtctcgttcattcaattg
ctttgtctggtcctgtcacatttcccgtacaattcgagcccttctggaagaattgacagtgccaatctcctcagcggcgatactccgttctgtcaaggtcctttc
gttcactggaccatcatcaccactaacaaacaagccaatcttcagtctagcgcgacatgagcagatggacgcccaaggaagaaaaagcccccgacgaa
gacgcgctgagggaggatgacctgcaatatggcacaagtggcatgacggaggctgaaatcgctgaaaagtaagaaatctatctctaccttatatctcaa
aacatcagcagcaggcgttaacccagcagccaaggtatcccaataagccgaggaaccactccaagacgctcaagttcgcagagctgttcaaggagctg
ttcaaccccctcaacgacaacaagaagcagccttctggcccatcaattcccgcaagcaaaaggggccctcatggactgacaaagctatcgcctcaggag
cagaggcggcacatcatcgagaggttcatcaccagatggagaaaggaagtcggcaatgacttttaccctgctttgcgactcatcctgccggacaaggatc
gagatcgcggcgtctacggcctgaaggagaatgccatcgggaagcttttggtgaaattgatgaagattgacaagaactcggaagatggctacaatctctt
gcactggaagctgccaggccaaacaaccggcgcgcgtctggcgggtgactttgcgggccggtgcttcgaggtcatctcgaaacggcccatgcgcaccca
agtcggagacatgaccattgcagaggtcaatcatcaactggataagctggctgcctcgagcggagaagctgaaaacctccgcatctttgaaaccttttac
aatcgcatgaatgcggaagagcttatgtggctcatccgcatcattctgaagcagatgaaggtgggcgctaccgagaagacgttcctatacctgtggcacc
ccgatgccgaggctcttttcagcgtgtcatccagtctcaggcgcgtatgctgggagctttacgaccccgagtttcgactcgaacaggatgaggcgggcatt
gcagttatgcagtgcttccagccacagcttgcccagttccagatgccggcctcgttccaaaagatgattgagctgctacggccgacggaagatgacgccg
agttttggatcgaggagaagctcgacggcgagcgcatgcagatgcacatgatggaggaccctaaccaccccgggggtcggagattccgctggtggtcga
gaaaggccaaggactacacctatctctatggcgacggcttactggatgagaactccagcttgacgaggcatctcaagaacgcctttgcacccggcgtgcg
taacctgattctcgatggcgagatgatcacctgggacatgggcgtggacaagattgtcccctttggtactctcaagtcggctgccatcgcagaacaaagca
acaagtccgaatccaacgcggccggccaccgcccgctgtttcgcgtgttcgacatactgtatctcaacgacaagcagctgacgcagtacaccctgcgcga
tcgccgaaatgcactgcaaaaggcaatcaggccggtccatcgccgactggaaatccacgaatacacgcccgccacctcagccgatgccatcgagcccct
tctgcgcgaggtcgtcgccaacgcgtcagaaggcctcgtgttgaagaacccacggtccatgtatcgcctcaacagccgcaacgacgactggcttaaggta
aagcccgagtacatgtccgagttcggcgagtcgctcgactgcgtcatcatcggcggctactatggctcgggacgacgaggagggatgctgtcgagcttcc
tgtgcggcctccgcgtcagcccgaaccacatccaggccggcgccaacccagaaaagtgcttcagcttcttcaaagtcggcggcggcttccgcacagagg
actacgccgagatcaggcaccgaacagacggcaagtggatggagtgggatcccaaaaacccgccgtccgagtacattgagctgggcggcggcgaggc
caagcagtacgaacggcccgacatgtggattcggccaaaggactccgtcgtggtctctgtcaaggcggccagcgtcggtccgtcggatcagttcgcccgg
ggcttcaccctgcgattccctcggtttcgaagactacgactcgaccgcagctgggacacggccctgtctctagaggagtttcaagagctcaagcagagggt
agaatcggaactcaaagcgaccgagatgacagtcgaagaccgcaggaggcgaaacccaaagcgaatcaagaaagagctcgtcatcgcgggcgacga
cacagctcctcccctattcgaaggcaacaagacgaagctcttcgaaggtctcgaattctgcgtcctatccgaatcgctcaagccctacaaaaagaccaaa
ccacagctcgaagccatcatcaaagaaaacggaggctcaatatcgcaaagagccgccgcaggcacgagaatgatcctcatagccgacaaaagagtcg
tcaaagtcgccagcctcatcaaagacggcaacgcagacattatccggccccgctggatcagggactgtctggagcagcccgacggcggattcttgctccc
gtacgagccggggcggcatatattccacgcgacggacgccctggcagaagtcgctgcgcagaacacggatcggtacggggatagctacgcgcgcgatg
tggatgttgaggagttgcgcgagttgatgagggacatgccgaagctcgaggacaggcagacgtttgacaagatgctgtttctggaacaactggagcagc
atggcaaggacgtcggttccctgcgaaactttatgttttcgcgctgcagggtgctgctttacctcgtcgacggcgcaaaggagagcgcacgggataaatgg
gagaggtacgtccgctacgggggcggttccgtcagccgagatgcagacgacgactcggtgacgcatattgttgtgctgggagacgatgtgatggaggtt
ggcgacgtgggggacaagttgcggtcgaagctgagttcgaggaggaagatgccgaggttggtgagcgaggggtgggtggaagagagttggcgggag
aggacgcttttggacgaggagcggtatgctgtctgatttgcctgagaatgaggaggattctgaactggacaggatccggtcggtctagttccgacttcaatt
gagaggtctttgtaatgcaaaatagtcattttgataggagcatctatatttctaaacaaggagcatatgcaagggtatctcgacaagccttcaccaacccca
cgcctcaaagtatgcagagttaccgcatcatcaccgaccatcgtcagcccagtcaccgcgtcttcctcttggccttgttctttttccggatattcagcacccgc
ttcctctgtatgaccctcacaaaccaggcgtaaatcatttcgcgcatgaggatgagcaccgtagcaacagccgtcggaacagcacaagcccagctatgacgaatt
cgtgttagcattcgtccttttgctttctctgcaaatagttcagaaaacacttacaagtaccatatcccgttgttaatctcgggaaagccctccggcggaaagttttgcccaa
agaaacccgtgataaacgtcaggggcaggaagatgatggtcaccgttgtcagttgcttcatgctctcattctggtacgccgagattgtgttgaaaatcaggttgatcaa
gttctcgctcgactgcttggactgctgcagcgcctccgtaatgatgatgcagtggtccagcacgtcgccgaggtacgtgtgtgtcatgggcgtgacgatgacgccg
ctggccgggttctccagctcgttcatggcctggtcgtgcgtcaggttcgtgcggtggtcgcgcagcacgttgaccaggttgtcgatggggttgaggaagcgcagca
tcttgttgatttcgctgatgcagatgtacagggtcttgcactgcttgatgttgggcgatgtcagcacgtccagctccaggtcgccgagcacgtcgttgtacgcggccgt
caggggcacggccaggtcgacgatggcgtcgatgatggcctgcaccagcagtgaggcgtcgcacgactcgcgcagcaccgtgcccgggttgctcaggcgcgt
cacaatcggacgctccacgtcgccggcagacacctcaaagaaggagatgacggtattgtcggacgttaggaaaatggacacctgctcggccgacactgccaggt
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tgagcggcgtcagaatcgagttggcctccatgtactcggtgcggatctcgttgcccgaggcgtggtatcgctgcagcgagcgcatcatggacgtctcctgaagccc
cagcgtctcggacagctccgtcatgcacttggtgggcgcacgcttctcggggtcgagcggggtgttgttggtggccttgtctgcggctttgctaccaaagctgcgga
accagctcttgaacttggaggacgactttcccgagaggatgctgctcgtgtccgatgaggaatcgtcgtcgtccacgagatggaccagcttctgtagcgtcatgaca
atgaaggcatggctcggatacctttgacagaggcaaatcagtatggaaggcataaccaaagaattggccgtgtgttaacccaccagtcagccttggtcctgtttctaa
tgttcatgatgtcctccaacgccagcttatgcagccccttgtgcgcaccgatcgcctgaatcacatcccaactgagcccattgacgttgatccaccgacactttgccca
ctcctccttgggctccgtcagaaacgacacaaacgagtcgttgtcaaagtgcttcttcaccatattatcttttgaaaaatctacgaccgtgatttggcaatccgcactcag
cgtcggcatcgaagcgtggccgccatcagggagatggggatcaaagcccggctcagaccccggttgccagcctggcctctccgtgtgcgtggcatcgaagtcga
agtcgtcgttgtcatcaatggtgaggaaagtctggacgcgagcgctcttgcgacggcgcagcggcgaaaagggctcgcgatggacggccgtgtcggagcgcga
gaggcgccgtacgtcggcctggggaggcgtattgttgttggcgttctcagtgtcgacgctgagatcgtagcggactcggttcagggatggccgtgcgtcggtagg
agagacggcgctgttcccttcttcgtggacgggatccatggtgtctgtgaggcctgtcgagacgagatcgagcgaggagatggcttcgagccagcgcaatcacgc
taacagttgcgctctgctttgcgcgtcgctctcgacagccgcggcgaagatgctggtgagcaatgacagccaatgctggagccgtcggttggttgagcttccgaac
cagcagtcgccagatttcgatctcacaatggtaacagatacgtcacctcgtcagattcaacggcttcggtcgtcttccatccaagtcgtgtcaggtcccaagagagttt
ccgtcgccaagaatcaaagataatatgatcgcattcacggcatcgtcatccaaaacatttcgccatgtttcttgaaacagagcatgagagagggaggagagaaaaaa
gattgatagataagcccatggtataattagaattggaggagcgtcttattgcatgttcgcttcagaacggatcgcagctgccgcccccttagcctgggccttagccgca
gctgttagggaacaggttccctgaaatacattcccgtcagcatgacgtgatacatggcgatgatcaccgcgacccggccaatcacgccgcaaatcagaacatgatg
ggtcaattggctggagttgctccacgctggactgatatcgtcttttctacagtatgtactgtatgtgctcgtgataccagacatgcatctgatcgtcaagaatggatagtat
gtacttgtctcgtcatgatcaacgtctagac_sc5:919000

D) bar cassette at the tmus53 locus 

sc*5:927000_caaaacctccttgttgtgcagttggggcagatgaagcgtcgtgacgactgagcccagggggtcattcggcggtgatttttctccagagccgtgc
cagatgtgactcgcgacccgggaatgcgccgacagcgttcgaacgtgaggatgaggccgcccgtaggaactggaacagagacgctcaagcagctccctttcga
gaacccagaccagtgtgaccaacttcttgacgtgaactggagaaatgtcttcagacaagggccgaacccggacgttgaatctgcatgttgagttgagatgcatgacg
aggccctttgtcaaaacgccgaggatccagtctgtcggtgactctatttcgttgtccacaatggtcctgctttgagatgctggactgcgaacccgtacgccaaaccatt
catacatctgcgggctgtctctctttgcatatgtagtgactgaaggctcaacatgccaccattcgtcatccgcagtgaggtactgacgagccttccgcgggtcatatgct
gctgcatatggttgctgatcagaggagtcttcacagattgccacaggttgtccgtatttcagcagtaaccccctgacctcattcagtatggtctcgtacggatcctttgca
tcggcgggacatgcccacggcagctcttcacgacgtccatggtattcgttgaaggtagagtcgtaattgaatcccggcagctcctgtgccacgagaaattcaacctc
gaaactgtaggtagtttgcgggagacggtcgtcatattctggacgcatggtgatgtgttgttacgcgcgggaatacttggacgagatgctgtcaagtcgaggtctttaa
cgattgtgagagctaaacgattgtagagtatacgtctgcggtcggagagtcgtcgcctttcctggtgactgtagtaaaatatgcctgcggggaacgatgtctgtgctg
agtcgaagggagaacggtagaatatagagaaaagtctctagagcctatcaatcgtctcggggtgctccctttacaaaagaatgactgttgatggttgtgtggaagga
acacgttgcctgctgttcacctggcagatgaactccttcctcttgactgcatgttgacactggcgacctgtttctttgagaaggccagtctcggaatctgggacaagga
ctgagtctggttacagccagtgacaggttaccttgcgttgccttgacgggcgagttgcactgaccccgagcgtcatgatgccacgagcaactttgtcgcggcctccat
cctcaccatatcaagccgcgggtgtgctgagatggcaacatactgtacgtcctcggatgagccaggcaaagaagtgacacgtatcatggaattgaaattcagctgct
gaatggtcaacgtcgacaaccttctaggtcagcttctgatggccaaaaaagcacgagcagctgaagcggcatctcccctctgataccaacagcgcggcgtgtatcg
ggcattcatgctgtgccatgtatcatgtagcatccggtatgtggcattgattttacccgtgcgattgtctcaagcagagctcttgagcccccagagatgcccgatggag
caatgaatgcgaaagacgaagctcaagttgcttggctttggagatccgcaggtaacagcaaacaagtcgaggctggccgcggttacataagcagatgcaagctag
gcagattgctttgtagactaatcccaaaaaggtggcgtgcagGCAGCAGCTCCGGGCCCACAATTTCTGGATAGCTGTA
CCTACCTACTACTAGTAAGGCAATGACTTCACGGCAACTTTGGCCTTGACCCTTGAATCAGCA
GTACTTAAAGCTGCATCATCACAGCAGCGACGCGATTCCTTCACCGTCTCGTTCATTCAATTG
CTTTGTCTGGTCCTGTCACATTTCCCGTACAATTCGAGCCCTTCTGGAAGAATTGACAGTGCC
AATCTCCTCAGCGGCGATACTCCGTTCTGTCAAGGTCCTTTCGTTCACTGGACCATCATCACC
ACTAACAAACAAGCCAATCTTCAGTCTAGCGCGAGTTGGAGATTTCAGTAACGTTAAGTGGA
TCCCGGTGACGGATCAGATCTCGGTGACGGGCAGGACCGGACGGGGCGGTACCGGCAGGCT
GAAGTCCAGCTGCCAGAAACCCACGTCATGCCAGTTCCCGTGCTTGAAGCCGGCCGCCCGCA
GCATGCCGCGGGGGGCATATCCGAGCGCCTCGTGCATGCGCACGCTCGGGTCGTTGGGCAG
CCCGATGACAGCGACCACGCTCTTGAAGCCCTGTGCCTCCAGGGACTTCAGCAGGTGGGTGT
AGAGCGTGGAGCCCAGTCCCGTCCGCTGGTGGCGGGGGGAGACGTACACGGTCGACTCGGC
CGTCCAGTCGTAGGCGTTGCGTGCCTTCCAGGGGCCCGCGTAGGCGATGCCGGCGACCTCG
CCGTCCACCTCGGCGACGAGCCAGGGATAGCGCTCCCGCAGACGGACGAGGTCGTCCGTCC
ACTCCTGCGGTTCCTGCGGCTCGGTACGGAAGTTGACCGTGCTTGTCTCGATGTAGTGGTTG
ACGATGGTGCAGACCGCCGGCATGTCCGCCTCGGTGGCACGGCGGATGTCGGCCGGGCGTC
GTTCTGGGCTCATGGTTACTTCCTAATCGAAGCTTTGCTTGGGTAGAATAGGTAAGTCAGATT
GAATCTGAAATAAAGGGAGGAAGGGCGAACTTAAGAAGGTATGACCGGGTCGTTCACTTACC
TTGCTTGACAAACGCACCAAGTTATCGTGCACCAAGCAGCAGATGATAATAATGTCCTCGTTC
CTGTCTGCTAATAAGAGTCACACTTCGAGCGCCGCCGCTACTGCTACAAGTGGGGCTGATCT
GACCAGTTGCCTAAATGAACCATCTTGTCAAACGACACAAATTTTGTGCTCACCGCCTGGACG
ACTAAACCAAAATAGGCATTCATTGTTGACCTCCACTAGCTCCAGCCAAGCCCAAAAAGTGCT
CCTTCAATATCATCTTCTGTCTCCGACTTTGCCTGAGAATGAGGAGGATTCTGAACTGGACAG
GATCCGGTCGGTCTAGTTCCGACTTCAATTGAGAGGTCTTTGTAATGCAAAATAGTCATTTTG
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ATAGGAGCATCTATATTTCTAAACAAGGAGCATATGCAAGGGTATCTCGACAAGCCTTCACCA
ACCCCACGCCTCAAAGTATGCAGAGTTACCGCATCATCACCGACCATCGTCAGCCCAGTCAC
CGCGTCTTCCTCTTGGCCTtgttctttttccggatattcagcacccgcttcctctgtatgaccctcacaaaccaggcgtaaatcatttcgcgca
tgaggatgagcaccgtagcaacagccgtcggaacagcacaagcccagctatgacgaattcgtgttagcattcgtccttttgctttctctgcaaatagttcagaaaaca
cttacaagtaccatatcccgttgttaatctcgggaaagccctccggcggaaagttttgcccaaagaaacccgtgataaacgtcaggggcaggaagatgatggtcacc
gttgtcagttgcttcatgctctcattctggtacgccgagattgtgttgaaaatcaggttgatcaagttctcgctcgactgcttggactgctgcagcgcctccgtaatgatg
atgcagtggtccagcacgtcgccgaggtacgtgtgtgtcatgggcgtgacgatgacgccgctggccgggttctccagctcgttcatggcctggtcgtgcgtcaggt
tcgtgcggtggtcgcgcagcacgttgaccaggttgtcgatggggttgaggaagcgcagcatcttgttgatttcgctgatgcagatgtacagggtcttgcactgcttga
tgttgggcgatgtcagcacgtccagctccaggtcgccgagcacgtcgttgtacgcggccgtcaggggcacggccaggtcgacgatggcgtcgatgatggcctgc
accagcagtgaggcgtcgcacgactcgcgcagcaccgtgcccgggttgctcaggcgcgtcacaatcggacgctccacgtcgccggcagacacctcaaagaag
gagatgacggtattgtcggacgttaggaaaatggacacctgctcggccgacactgccaggttgagcggcgtcagaatcgagttggcctccatgtactcggtgcgg
atctcgttgcccgaggcgtggtatcgctgcagcgagcgcatcatggacgtctcctgaagccccagcgtctcggacagctccgtcatgcacttggtgggcgcacgct
tctcggggtcgagcggggtgttgttggtggccttgtctgcggctttgctaccaaagctgcggaaccagctcttgaacttggaggacgactttcccgagaggatgctg
ctcgtgtccgatgaggaatcgtcgtcgtccacgagatggaccagcttctgtagcgtcatgacaatgaaggcatggctcggatacctttgacagaggcaaatcagtat
ggaaggcataaccaaagaattggccgtgtgttaacccaccagtcagccttggtcctgtttctaatgttcatgatgtcctccaacgccagcttatgcagccccttgtgcg
caccgatcgcctgaatcacatcccaactgagcccattgacgttgatccaccgacactttgcccactcctccttgggctccgtcagaaacgacacaaacgagtcgttgt
caaagtgcttcttcaccatattatcttttgaaaaatctacgaccgtgatttggcaatccgcactcagcgtcggcatcgaagcgtggccgccatcagggagatggggat
caaagcccggctcagaccccggttgccagcctggcctctccgtgtgcgtggcatcgaagtcgaagtcgtcgttgtcatcaatggtgaggaaagtctggacgcgag
cgctcttgcgacggcgcagcggcgaaaagggctcgcgatggacggccgtgtcggagcgcgagaggcgccgtacgtcggcctggggaggcgtattgttgttgg
cgttctcagtgtcgacgctgagatcgtagcggactcggttcagggatggccgtgcgtcggtaggagagacggcgctgttcccttcttcgtggacgggatccatggt
gtctgtgaggcctgtcgagacgagatcgagcgaggagatggcttcgagccagcgcaatcacgctaacagttgcgctctgctttgcgcgtcgctctcgacagccgc
ggcgaagatgctggtgagcaatgacagccaatgctggagccgtcggttggttgagcttccgaaccagcagtcgccagatttcgatctcacaatggtaacagatacg
tcacctcgtcagattcaacggcttcggtcgtcttccatccaagtcgtgtcaggtcccaagagagtttccgtcgccaagaatcaaagataatatgatcgcattcacggca
tcgtcatccaaaacatttcgccatgtttcttgaaacagagcatgagagagggaggagagaaaaaagattgatagataagcccatggtataattagaattggaggagc
gtcttattgcatgttcgcttcagaacggatcgcagctgccgcccccttagcctgggccttagccgcagctgttagggaacaggttccctgaaatacattcccgtcagc
atgacgtgatacatggcgatgatcaccgcgacccggccaatcacgccgcaaatcagaacatgatgggtcaattggctggagttgctccacgctggactgatatcgt
cttttctacagtatgtactgtatgtgctcgtgataccagacatgcatctgatcgtcaagaatggatagtatgtacttgtctcgtcatgatcaacgtctagac_sc*5:919
000

E) loxP-marker cassette at the tmus53 locus 

sc*5:927000_caaaacctccttgttgtgcagttggggcagatgaagcgtcgtgacgactgagcccagggggtcattcggcggtgatttttctccagagccgtgc
cagatgtgactcgcgacccgggaatgcgccgacagcgttcgaacgtgaggatgaggccgcccgtaggaactggaacagagacgctcaagcagctccctttcga
gaacccagaccagtgtgaccaacttcttgacgtgaactggagaaatgtcttcagacaagggccgaacccggacgttgaatctgcatgttgagttgagatgcatgacg
aggccctttgtcaaaacgccgaggatccagtctgtcggtgactctatttcgttgtccacaatggtcctgctttgagatgctggactgcgaaccCGTACGCC
AAACCATTCATACATCTGCGGGCTGTCTCTCTTTGCATATGTAGTGACTGAAGGCTCAACATG
CCACCATTCGTCATCCGCAGTGAGGTACTGACGAGCCTTCCGCGGGTCATATGCTGCTGCAT
ATGGTTGCTGATCAGAGGAGTCTTCACAGATTGCCACAGGTTGTCCGTATTTCAGCAGTAAC
CCCCTGACCTCATTCAGTATGGTCTCGTACGGATCCTTTGCATCGGCGGGACATGCCCACGG
CAGCTCTTCACGACGTCCATGGTATTCGTTGAAGGTAGAGTCGTAATTGAATCCCGGCAGCT
CCTGTGCCACGAGAAATTCAACCTCGAAACTGTAGGTAGTTTGCGGGAGACGGTCGTCATAT
TCTGGACGCATGGTGATGTGTTGTTACGCGCGGGAATACTTGGACGAGATGCTGTCAAGTCG
AGGTCTTTAACGATTGTGAGAGCTAAACGATTGTAGAGTATACGTCTGCGGTCGGAGAGTCG
TCGCCTTTCCTGGTGACTGTAGTAAAATATGCCTGCGGGGAACGATGTCTGTGCTGAGTCGA
AGGGAGAACGGTAGAATATAGAGAAAAGTCTCTAGAGCCTATCAATCGTCTCGGGGTGCTCC
CTTTACAAAAGAATGACTGTTGATGGTTGTGTGGAAGGAACACGTTGCCTGCTGTTCACCTG
GCAGATGAACTCCTTCCTCTTGACTGCATGTTGACACTGGCGACCTGTTTCTTTGAGAAGGCC
AGTCTCGGAATCTGGGACAAGGACTGAGTCTGGTTACAGCCAGTGACAGGTTACCTTGCGTT
GCCTTGACGGGCGAGTTGCACTGACCCCGAGCGTCATGATGCCACGAGCAACTTTGTCGCGG
CCTCCATCCTCACCATATCAAGCCGCGGGTGTGCTGAGATGGCAACATACTGTACGTCCTCG
GATGAGCCAGGCAAAGAAGTGACACGTATCATGGAATTGAAATTCAGCTGCTGAATGGTCAA
CGTCGACAACCTTCTAGGTCAGCTTCTGATGGCCAAAAAAGCACGAGCAGCTGAAGCGGCAT
CTCCCCTCTGATACCAACAGCGCGGCGTGTATCGGGCATTCATGCTGTGCCATGTATCATGT
AGCATCCGGTATGTGGCATTGATTTTACCCGTGCGATTGTCTCAAGCAGAGCTCTTGAGCCC
CCAGAGATGCCCGATGGAGCAATGAATGCGAAAGACGAAGCTCAAGTTGCTTGGCTTTGGAG
ATCCGCAGGTAACAGCAAACAAGTCGAGGCTGGCCGCGGTTACATAAGCAGATGcaagctaggcag
attgctttgtagactaatcccaaaaaggtggcgtgcaggcagcagctccgggccCACAATTTCTGGATAGCTGTACCTACCTA
CTACTAGTAAGGCAATGACTTCACGGCAACTTTGGCCTTGACCCTTGAATCAGCAGTACTTAA
AGCTGCATCATCACAGCAGCGACGCGATTCCTTCACCGTCTCGTTCATTCAATTGCTTTGTCT
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GGTCCTGTCACATTTCCCGTACAATTCGAGCCCTTCTGGAAGAATTGACAGTGCCAATCTCCT
CAGCGGCGATACTCCGTTCTGTCAAGGTCCTTTATAACTTCGTATAATGTATGCTATACGAAG
TTATTAGGTCTAGATCTACGCCAGGACCGAGCAAGCCCAGATGAGAACCGACGCAGATTTCC
TTGGCACCTGTTGCTTCAGCTGAATCCTGGCAATACGAGATACCTGCTTTGAATATTTTGAAT
AGCTCGCCCGCTGGAGAGCATCCTGAAtgcaagtaacaaccgtagaggctgacacggcaggtgttgctagggagcgtcgtgttctac
aaggccagacgtcttcgcggttgatatatatgtatgtttgactgcaggctgctcagcgacgacagtcaagttcgccctcgctgcttgtgcaataatcgcagtggggaa
gccacaccgtgactcccatctttcagtaaagctctgttggtgtttatcagcaatacacgtaatttaaactcgttagcatggggctgatagcttaattaccgtttaccagtgc
cgcggttctgcagctttccttggcccgtaaaattcggcgaagccagccaatcaccagctaggcaccagctaaaccctataattagtctcttatcaacaccatccgctcc
cccgggatcaatgaggagaatgagggggatgcggggctaaagaagcctacataaccctcatgccaactcccagtttacactcgtcgagccaacatcctgactataa
gctaacacagaatgcctcaatcctgggaagaactggccgctgataagcgcgcccgcctcgcaaaaaccatccctgatgaatggaaagtccagacgctgcctgcg
gaagacagcgttattgatttcccaaagaaatcggggatcctttcagaggccgaactgaagatcacagaggcctccgctgcagatcttgtgtccaagctggcggccg
gagagttgacctcggtggaagttacgctagcattctgtaaacgggcagcaatcgcccagcagttagtagggtcccctctacctctcagggagatgtaacaacgcca
ccttatgggactatcaagctgacgctggcttctgtgcagacaaactgcgcccacgagttcttccctgacgccgctctcgcgcaggcaagggaactcgatgaatacta
cgcaaagcacaagagacccgttggtccactccatggcctccccatctctctcaaagaccagcttcgagtcaaggtacaccgttgcccctaagtcgttagatgtccctt
tttgtcagctaacatatgccaccagggctacgaaacatcaatgggctacatctcatggctaaacaagtacgacgaaggggactcggttctgacaaccatgctccgca
aagccggtgccgtcttctacgtcaagacctctgtcccgcagaccctgatggtctgcgagacagtcaacaacatcatcgggcgcaccgtcaacccacgcaacaaga
actggtcgtgcggcggcagttctggtggtgagggtgcgatcgttgggattcgtggtggcgtcatcggtgtaggaacggatatcggtggctcgattcgagtgccggc
cgcgttcaacttcctgtacggtctaaggccgagtcatgggcggctgccgtatgcaaagatggcgaacagcatggagggtcaggagacggtgcacagcgttgtcg
ggccgattacgcactctgttgagggtgagtccttcgcctcttccttcttttcctgctctataccaggcctccactgtcctcctttcttgctttttatactatatacgagaccgg
cagtcactgatgaagtatgttagacctccgcctcttcaccaaatccgtcctcggtcaggagccatggaaatacgactccaaggtcatccccatgccctggcgccagt
ccgagtcggacattattgcctccaagatcaagaacggcgggctcaatatcggctactacaacttcgacggcaatgtccttccacaccctcctatcctgcgcggcgtg
gaaaccaccgtcgccgcactcgccaaagccggtcacaccgtgaccccgtggacgccatacaagcacgatttcggccacgatctcatctcccatatctacgcggct
gacggcagcgccgacgtaatgcgcgatatcagtgcatccggcgagccggcgattccaaatatcaaagacctactgaacccgaacatcaaagctgttaacatgaac
gagctctgggacacgcatctccagaagtggaattaccagatggagtaccttgagaaatggcgggaggctgaagaaaaggccgggaaggaactggacgccatca
tcgcgccgattacgcctaccgctgcggtacggcatgaccagttccggtactatgggtatgcctctgtgatcaacctgctggatttcacgagcgtggttgttccggttac
ctttgcggataagaacatcgataagaagaatgagagtttcaaggcggttagtgagcttgatgccctcgtgcaggaagagtatgatccggaggcgtaccatggggca
ccggttgcagtgcaggttatcggacggagactcagtgaagagaggacgttggcgattgcagaggaagtggggaagttgctgggaaatgtggtgactccatagcta
ataagtgtcagatagcaatttgcacaagaaatcaataccagcaactgtaaataagcgctgaagtgaccatgccatgctacgaaagagcagaaaaaaacctgccgta
gaaccgaagagatatgacacgcttccatctctcaaaggaagaatcccttcagggttgcgtttccagctcgagtctagagatctcgagataacggtgagactagcggc
cggtcccttatccagctgtccacgttggcctgccctcagttagcgctcaactcatgccctcactggcgaggcgagggcaaggatggaggggcagcatcgcctgag
ttggagcaaagcgccgccatgggagcagcgaaccaacggagggatgccgtgctttgtcgtggctgctgtggccaatccgggcccttggttggctcacagagcgtt
gctgtgagaccatgagctattattgctaggtacagtatagagagaggagagagagagagagagtgtgagagggaaaaggtgaggttgaagtgaggtagtaagtg
aaaaaaaaaaaaaaatcaacactgacggctgccgtctgccaccctcctccacccagccacctgcacactcagcgcgcagcatcacctaatcttggctcgccttccg
cagctcaggttgttttttttttttctctctcctcgtcgaagccgcccttgttcccttatttatttccctctcctaccttgtctgcctttggtccatctgcccctttgtctgcatctctttt
gcacgcatcgccttatcgtcgtctcttttttcactcacgggagcttgacgaagacctgactcgtgagcctcacctgctgatttctctccccccctcccGACCGG
CTTGACTTTTGTTTCTCCTCCAGTACCTTATCGCGAAGCCGGAAGAACCCTCTTAACCTCTAG
AATGAAAAAGCCTGAACTCACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACA
GCGTCTCCGACCTGATGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTA
GGAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTA
TGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACATTGGGGAAT
TCAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCACGTTGCAAGACCTG
CCTGAAACCGAACTGCCCGCTGTTCTGCAGCCGGTCGCGGAGGCCATGGATGCGATCGCTGC
GGCCGATCTTAGCCAGACGAGCGGGTTCGGCCCATTCGGACCGCAAGGAATCGGTCAATACA
CTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTATCACTGGCAAACTGTGA
TGGACGACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGAGCTGATGCTTTGGGCCGAG
GACTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGA
CAATGGCCGCATAACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATACG
AGGTCGCCAACATCTTCTTCTGGAGGCCGTGGTTGGCTTGTATGGAGCAGCAGACGCGCTAC
TTCGAGCGGAGGCATCCGGAGCTTGCAGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCAT
TGGTCTTGACCAACTCTATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGC
AGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGC
CCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGTGGAAAC
CGACGCCCCAGCACTCGTCCGAGGGCAAAGGAATAATGCATGGCTTTCGTGACCGGGCTTCA
AACAATGATGTGCGATGGTGTGGTTCCCGGTTGGCGGAGTCTTTGTCTACTTTGGTTGTCTGT
CGCAGGTCGGTAGACCGCAAATGAGCAACTGATGGATTGTTGCCAGCGATACTATAATTCAC
ATGGATGGTCTTTGCGATCAGTAGCTAGTGAGAGAGAGAGAACATCTATCCACAATGTCGAG
TGTCTATTAGACATACTCCGAGAATAAAGTCAACTGTGTCTGTGATCTAAAGATCGATTCGGC
AGTCGAGTAGCGTATAACAACTCCGAGTACCAGCAAAAGCACGTCGTGACAGGAGCAGGCTT
TGCCAACTGCGCAACCTTGCTTGAATGAGGATACACGGGGTGCAACATGGCTGTACTGATCC
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ATCGCAACCAAAATTTCTGTTTATAGATCAAGCTGGTAGATTCCAATTACTCCACCTCTTGCG
CTTCTCCATGACATGTAAGTGCACGTAGGAAACCATACCCAAATTGCCTACAGCTGCGGAGC
ATGAGCCTATGGCGATCAGTCTGGTCATGTTAACCAGCCTGTGCTCTGACGTTAATGCAGAA
TAGAAAGCCGCGGTTGCAATGCAAATGATGATGCCTTTGCAGAAATGGCTTGCTCGCTGACT
GATACCAGTAACACCTTTGCTTGGCCGTCTAGCGCTGTTGATTGTATTCATCACAACCTCGTC
TCCCTCCTTTGGGTTGAGCTCTCGAGAACCCTTAATATAACTTCGTATAATGTATGCTATACG
AAGTTATCAAGGAGCATATGCAAGGGTATCTCGACAAGCCTTCACCAACCCCACGCCTCAAA
GTATGCAGAGTTACCGCATCATCACCGACCATCGTCAGCCCAGTCACCGCGTCTTCCTCTTG
GCCTTGTTCTTTttccggatattcagcacccgcttcctctgtatgaccctcacaaaccaggcgtaaatcatttcgcgcatgaggatgagcaccgt
agcaacagccgtcggaacagcacaagcccagctatgacgaattcgtgttagcattcgtccttttgctttctctgcaaatagttCAGAAAACACTT
ACAAGTACCATATCCCGTTGTTAATCTCGGGAAAGCCCTCCGGCGGAAAGTTTTGCCCAAAG
AAACCCGTGATAAACGTCAGGGGCAGGAAGATGATGGTCACCGTTGTCAGTTGCTTCATGCT
CTCATTCTGGTACGCCGAGATTGTGTTGAAAATCAGGTTGATCAAGTTCTCGCTCGACTGCTT
GGACTGCTGCAGCGCCTCCGTAATGATGATGCAGTGGTCCAGCACGTCGCCGAGGTACGTGT
GTGTCATGGGCGTGACGATGACGCCGCTGGCCGGGTTCTCCAGCTCGTTCATGGCCTGGTCG
TGCGTCAGGTTCGTGCGGTGGTCGCGCAGCACGTTGACCAGGTTGTCGATGGGGTTGAGGA
AGCGCAGCATCTTGTTGATTTCGCTGATGCAGATGTACAGGGTCTTGCACTGCTTGATGTTG
GGCGATGTCAGCACGTCCAGCTCCAGGTCGCCGAGCACGTCGTTGTACGCGGCCGTCAGGG
GCACGGCCAGGTCGACGATGGCGTCGATGATGGCCTGCACCAGCAGTGAGGCGTCGCACGA
CTCGCGCAGCACCGTGCCCGGGTTGCTCAGGCGCGTCACAATCGGACGCTCCACGTCGCCG
GCAGACACCTCAAAGAAGGAGATGACGGTATTGTCGGACGTTAGGAAAATGGACACCTGCTC
GGCCGACACTGCCAGGTTGAGCGGCGTCAGAATCGAGTTGGCCTCCATGTACTCGGTGCGGA
TCTCGTTGCCCGAGGCGTGGTATCGCTGCAGCGAGCGCATCATGGACGTCTCCTGAAGCCCC
AGCGTCTCGGACAGCTCCGTCATGCACTTGGTGGGCGCACGCTTCTCGGGGTCGAGCGGGG
TGTTGTTGGTGGCCTTGTCTGCGGCTTTGCTACCAAAGCTGCGGAACCAGCTCTTGAACTTG
GAGGACGACTTTCCCGAGAGGATGCTGCTCGTGTCCGATGAGGAATCGTCGTCGTCCACGAG
ATGGACCAGCTTCTGTAGCGTCATGACAATGAAGGCATGGCTCGGATACCTTTGACAGAGGC
AAATCAgtatggaaggcataaccaaagaattggccgtgtgttaacccaccagtcagccttggtcctgtttctaatgttcatgatgtcctccaacgccag
cttatgcagccccttgtgcgcaccgatcgcctgaatcacatcccaactgagcccattgacgttgatccaccgacactttgcccactcctccttgggctccgtcaga
aacgacacaaacgagtcgttgtcaaagtgcttcttcaccatattatcttttgaaaaatctacgaccgtgatttggcaatccgcactcagcgtcggcatcgaagcgtggc
cgccatcagggagatggggatcaaagcccggctcagaccccggttgccagcctggcctctccgtgtgcgtggcatcgaagtcgaagtcgtcgttgtcatcaatggt
gaggaaagtctggacgcgagcgctcttgcgacggcgcagcggcgaaaagggctcgcgatggacggccgtgtcggagcgcgagaggcgccgtacgtcggcct
ggggaggcgtattgttgttggcgttctcagtgtcgacgctgagatcgtagcggactcggttcagggatggccgtgcgtcggtaggagagacggcgctgttcccttct
tcgtggacgggatccatggtgtctgtgaggcctgtcgagacgagatcgagcgaggagatggcttcgagccagcgcaatcacgctaacagttgcgctctgctttgcg
cgtcgctctcgacagccgcggcgaagatgctggtgagcaatgacagccaatgctggagccgtcggttggttgagcttccgaaccagcagtcgccagatttcgatct
cacaatggtaacagatacgtcacctcgtcagattcaacggcttcggtcgtcttccatccaagtcgtgtcaggtcccaagagagtttccgtcgccaagaatcaaagata
atatgatcgcattcacggcatcgtcatccaaaacatttcgccatgtttcttgaaacagagcatgagagagggaggagagaaaaaagattgatagataagcccatggt
ataattagaattggaggagcgtcttattgcatgttcgcttcagaacggatcgcagctgccgcccccttagcctgggccttagccgcagctgttagggaacaggttccc
tgaaatacattcccgtcagcatgacgtgatacatggcgatgatcaccgcgacccggccaatcacgccgcaaatcagaacatgatgggtcaattggctggagttgctc
cacgctggactgatatcgtcttttctacagtatgtactgtatgtgctcgtgataccagacatgcatctgatcgtcaagaatggatagtatgtacttgtctcgtcatgatcaac
gtctagac_sc*5:919000

F) loxP-site at the tmus53 locus 

sc*5:927000_caaaacctccttgttgtgcagttggggcagatgaagcgtcgtgacgactgagcccagggggtcattcggcggtgatttttctccagagccgtgc
cagatgtgactcgcgacccgggaatgcgccgacagcgttcgaacgtgaggatgaggccgcccgtaggaactggaacagagacgctcaagcagctccctttcga
gaacccagaccagtgtgaccaacttcttgacgtgaactggagaaatgtcttcagacaagggccgaacccggacgttgaatctgcatgttgagttgagatgcatgacg
aggccctttgtcaaaacgccgaggatccagtctgtcggtgactctatttcgttgtccacaatggtcctgctttgagatgctggactgcgaacccgtacgccaaaccatt
catacatctgcgggctgtctctctttgcatatgtagtgactgaaggctcaacatgccaccattcgtcatccgcagtgaggtactgacgagccttccgcgggtcatatgct
gctgcatatggttgctgatcagaggagtcttcacagattgccacaggttgtccgtatttcagcagtaaccccctgacctcattcagtatggtctcgtacggatcctttgca
tcggcgggacatgcccacggcagctcttcacgacgtccatggtattcgttgaaggtagagtcgtaattgaatcccggcagctcctgtgccacgagaaattcaacctc
gaaactgtaggtagtttgcgggagacggtcgtcatattctggacgcatggtgatgtgttgttacgcgcgggaatacttggacgagatgctgtcaagtcgaggtctttaa
cgattgtgagagctaaacgattgtagagtatacgtctgcggtcggagagtcgtcgcctttcctggtgactgtagtaaaatatgcctgcggggaacgatgtctgtgctg
agtcgaagggagaacggtagaatatagagaaaagtctctagagcctatcaatcgtctcggggtgctccctttacaaaagaatgactgttgatggttgtgtggaagga
acacgttgcctgctgttcacctggcagatgaactccttcctcttgactgcatgttgacactggcgacctgtttctttgagaaggccagtctcggaatctgggacaagga
ctgagtctggttacagccagtgacaggttaccttgcgttgccttgacgggcgagttgcactgaccccgagcgtcatgatgccacgagcaactttgtcgcggcctccat
cctcaccatatcaagccgcgggtgtgctgagatggcaacatactgtacgtcctcggatgagccaggcaaagaagtgacacgtatcatggaattgaaattcagctgct
gaatggtcaacgtcgacaaccttctaggtcagcttctgatggccaaaaaagcacgagcagctgaagcggcatctcccctctgataccaacagcgcggcgtgtatcg
ggcattcatgctgtgccatgtatcatgtagcatccggtatgtggcattgattttacccgtgcgattgtctcaagcagagctcttgagcccccagagatgcccgatggag
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caatgaatgcgaaagacgaagctcaagttgcttggctttggagatccgcaggtaacagcaaacaagtcgaggctggccgcggttacataagcagatgcaagctag
gcagattgctttgtagACTAATCCCAAAAAGGTGGCGTGCAGGCAGCAGCTCCGGGCCCACAATTTCTG
GATAGCTGTACCTACCTACTACTAGTAAGGCAATGACTTCACGGCAACTTTGGCCTTGACCCT
TGAATCAGCAGTACTTAAAGCTGCATCATCACAGCAGCGACGCGATTCCTTCACCGTCTCGTT
CATTCAATTGCTTTGTCTGGTCCTGTCACATTTCCCGTACAATTCGAGCCCTTCTGGAAGAAT
TGACAGTGCCAATCTCCTCAGCGGCGATACTCCGTTCTGTCAAGGTCCTTTATAACTTCGTAT
AATGTATGCTATACGAAGTTACAAGGAGCATATGCAAGGGTATCTCGACAAGCCTTCACCAA
CCCCACGCCTCAAAGTATGCAGAGTTACCGCATCATCACCGACCATCGTCAGCCCAGTCACC
GCGTCTTCCTCTTGGCCTTGTTCTTTTTCCGGATATTCAGCACCCGCTTCCTCTGTATGACCC
TCACAAACcaggcgtaaatcatttcgcgcatgaggatgagcaccgtagcaacagccgtcggaacagcacaagcccagctatgacgaattcgtgttagcatt
cgtccttttgctttctctgcaaatagttcagaaaacacttacaagtaccatatcccgttgttaatctcgggaaagccctccggcggaaagttttgcccaaagaaacccgt
gataaacgtcaggggcaggaagatgatggtcaccgttgtcagttgcttcatgctctcattctggtacgccgagattgtgttgaaaatcaggttgatcaagttctcgctcg
actgcttggactgctgcagcgcctccgtaatgatgatgcagtggtccagcacgtcgccgaggtacgtgtgtgtcatgggcgtgacgatgacgccgctggccgggtt
ctccagctcgttcatggcctggtcgtgcgtcaggttcgtgcggtggtcgcgcagcacgttgaccaggttgtcgatggggttgaggaagcgcagcatcttgttgatttc
gctgatgcagatgtacagggtcttgcactgcttgatgttgggcgatgtcagcacgtccagctccaggtcgccgagcacgtcgttgtacgcggccgtcaggggcacg
gccaggtcgacgatggcgtcgatgatggcctgcaccagcagtgaggcgtcgcacgactcgcgcagcaccgtgcccgggttgctcaggcgcgtcacaatcggac
gctccacgtcgccggcagacacctcaaagaaggagatgacggtattgtcggacgttaggaaaatggacacctgctcggccgacactgccaggttgagcggcgtc
agaatcgagttggcctccatgtactcggtgcggatctcgttgcccgaggcgtggtatcgctgcagcgagcgcatcatggacgtctcctgaagccccagcgtctcgg
acagctccgtcatgcacttggtgggcgcacgcttctcggggtcgagcggggtgttgttggtggccttgtctgcggctttgctaccaaagctgcggaaccagctcttg
aacttggaggacgactttcccgagaggatgctgctcgtgtccgatgaggaatcgtcgtcgtccacgagatggaccagcttctgtagcgtcatgacaatgaaggcat
ggctcggatacctttgacagaggcaaatcagtatggaaggcataaccaaagaattggccgtgtgttaacccaccagtcagccttggtcctgtttctaatgttcatgatgt
cctccaacgccagcttatgcagccccttgtgcgcaccgatcgcctgaatcacatcccaactgagcccattgacgttgatccaccgacactttgcccactcctccttgg
gctccgtcagaaacgacacaaacgagtcgttgtcaaagtgcttcttcaccatattatcttttgaaaaatctacgaccgtgatttggcaatccgcactcagcgtcggcatc
gaagcgtggccgccatcagggagatggggatcaaagcccggctcagaccccggttgccagcctggcctctccgtgtgcgtggcatcgaagtcgaagtcgtcgtt
gtcatcaatggtgaggaaagtctggacgcgagcgctcttgcgacggcgcagcggcgaaaagggctcgcgatggacggccgtgtcggagcgcgagaggcgcc
gtacgtcggcctggggaggcgtattgttgttggcgttctcagtgtcgacgctgagatcgtagcggactcggttcagggatggccgtgcgtcggtaggagagacgg
cgctgttcccttcttcgtggacgggatccatggtgtctgtgaggcctgtcgagacgagatcgagcgaggagatggcttcgagccagcgcaatcacgctaacagttg
cgctctgctttgcgcgtcgctctcgacagccgcggcgaagatgctggtgagcaatgacagccaatgctggagccgtcggttggttgagcttccgaaccagcagtc
gccagatttcgatctcacaatggtaacagatacgtcacctcgtcagattcaacggcttcggtcgtcttccatccaagtcgtgtcaggtcccaagagagtttccgtcgcc
aagaatcaaagataatatgatcgcattcacggcatcgtcatccaaaacatttcgccatgtttcttgaaacagagcatgagagagggaggagagaaaaaagattgata
gataagcccatggtataattagaattggaggagcgtcttattgcatgttcgcttcagaacggatcgcagctgccgcccccttagcctgggccttagccgcagctgtta
gggaacaggttccctgaaatacattcccgtcagcatgacgtgatacatggcgatgatcaccgcgacccggccaatcacgccgcaaatcagaacatgatgggtcaat
tggctggagttgctccacgctggactgatatcgtcttttctacagtatgtactgtatgtgctcgtgataccagacatgcatctgatcgtcaagaatggatagtatgtacttg
tctcgtcatgatcaacgtctagac_sc*5:919000

F) hph-marker cassette at the env1 locus deleting the PAS domain

sc*26:99000_cttcagctcttgatccggcacgacaagcgtcgagtacggagatggtgcacaaaggacgccggcagctgagaccagcttgaagctatcaatct
acaggtatattacctgacgcagaggtgcagcatccgaattggctacccacctatgcaaaatgtaaaagatccggatggcttcgattcattccgatggtcccatacagc
aggtagagtaccatgagtgatctgaatcatctgagatgcccgatccacgagactcacacacgagttccacccaaggcacggcgcttcccgaaccccttgctgcaat
ctcactctgcatcatctccgtccacgacagaggcacaactcgatggccgtacttgcatactagtcatagcgccgaccttttgtgctacactatgaccatggacaaaaac
cagatgcttgtgcctaggtagttgtacagcactgcgtgttaccaaatgtacttccggctgagacatgcagaggcagctgacgttgctcaggccaggccgaggtgac
aggagatgcatcggagccccagatgctgcaagcctccgtcagccatcatgctgctactactactactactactacatgtgcttggcaagcctcagcgacgatgcctta
tcccaggccctggacggagttgtttgtccgccacggcgccaactcgacgctctgttgccagtcggacccctgcgagctggctggcctcggacaattgcacagacg
ctggaagggggaagaccacgaaaggtagtagtagtggcactctgtgtgctccgcggcatagcacgccttgtctcgaccaggtacgtggatcccgatgctgcgagc
tgcctttgctattttcaattgtagctgctcatggcttgagatgcagcccatcaccacagggagcgtgcgggaggtctttcgaaggcttcagcatcacacaagcagtcaa
agcctagtcgctgcaaacagcctgatacaaagctactactatgtacgatgattgctgcccagcaaacgcctctttctgctctgctgtgtgtctgttccgggtcagcctga
gacagatcgacgaatcatgactattactactgggttgatgctggccaagaagactgccttattattgctccgtgcggatcagtagcacaaatcgacaatactagcagct
gtcttttcaagatgagtgctgcgtgggcaatcaggcaatgttgcccaagccggatcccggcttgcaaactgcggccaacatacgattattggcattgcccacggcgc
aacgccgcattcctgcgccctcgtccgcgactcaccatcgcgtgtccacaagtctagaaccacgaggtccccttctctcccgtgctgcgggtttccaacacactgact
gaggcgtcatggccgtcgggacaccagctgcccgaagcagtcaaagacatggacatggacatggacccagctaatgtacagtcctggatgtatgtacctgccgg
gctgcatgtgggcattgaccgaccggcatcagaagagactgggattctcggatcgcctttcatcagctccagcaatccagccgatcgtcgtccggtcccaatctgcc
gccatcgggccaatcagcagggtccgcgtcgacccctggggctggactttgccgctaacacgatctGGCGTGTGTCTGTCGCCGCCCG
CGATAGTGCGCTAACACGCGACTAACACCATGTTCGCCCTCGATGACGGCCAGAGCCTCCCG
CGGCTTCGATCTGAGATCGCTGCCCTGTATCGATGATGTCCAGCCTTCTGCCAGCCTTTCCAG
CCCTCTTGCCCGGCCTCCGCTCTGCTGCCCCTGCCTGGAATCTGCACCTGCTAGAGCCCTTTT
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CTGCCAACTCAAATCGCGCCATGGCTTGCGTCAGAATCAAACGCCCCCCCCTCGTGTCCATG
TGTCGTGTCCGAAAGGCCCAGAGAAAAGGCCCCGTTGAGATCCTATCCGGCGCCAGCAAGGA
GCAGGAGCAAACAGCAGGGAGCTGCTATCTGGGACAGTCAAGTTCTTTGCCTCTGCTTATGC
TTGCTTACCTAGGTATCCTTTTGCACGCAGCCGCTCAGATTCGTCCCGAGTAACCGCCTTTCC
ATGTCTTGTGCTCTGCTGCTCTCACCCTCCCCCCCAAAATTGAACTCTGGGTCTGCAATATCC
ACTTTGTTTGCTTCCGCATATCTCCAGTTTCTATCCCTGGATCTGGATACGGGCTTGATCACC
TTGACCATGGCTGCTATTTAGTACCTCTTGTCCCTTTACTCTGTACTCTCTCTACCTGCCTCGT
CCTCTCTATCCTTTGAGCTTTTCTCAACGTCCTGGCTGTGACCTCTTCTTTACATAGAGTGGC
CCAACCCTTGCCGCTTGGCCCCAAGAGATTGCCACCCAGCCGGCGTTGACATTAACCCCCCC
AATGCTCGAAGCACCAATCATGGTATCTTCGGGTTCTTCAGACCTGCCACTGCAGCTGAATCC
CTGGGAAGCCCAAGCTCTAAACGTAAGTCACCCGGTCCTCAGCCGCGTTGCCTTGGTTTTGA
ATGCAGACGGAACCCGAGATTAACTCATCATGCCATCAGTACGGGTTTCCACAAGAACCTTC
TACCAATGGCCATGCGGGAAGCAACAGCAACAACAACAACAATACCCCGGCTTGGATACAGC
TTCCCGACCCCATCATATATCCTGGCATATATTCAGCTAGCGGCATCGATGTGATGGGTATAC
TGGTAAGCATAACATCTCTCTCGCTCTTGCTTAACCGTTGCTCGATCTTAAGCCATGCTAGAC
ATTGCAACGCTAACAGTTCTATGCCTAGTTACGACTCGAGATAACGGTGAGACTAGCGGCCG
GTCCCTTATCCAGCTGTCCACGTTGgcctgccctcagttagcgctcaactcatgccctcactggcgaggcgagggcaaggatgga
ggggcagcatcgcctgagttggagcaaagcgccgccatgggagcagcgaaccaacggagggatgccgtgctttgtcgtggctgctgtggccaatccgg
gcccttggttggctcacagagcgttgctgtgagaccatgagctattattgctaggtacagtatagagagaggagagagagagagagagtgtgagaggga
aaaggtgaggttgaagtgaggtagtaagtgAAAAAAAAAAAAAAATCAACACTGACGGCTGCCGTCTGCCACC
CTCCTCCACCCAGCCACCTGCACACTCAGCGCGCAGCATCACCTAATCTTGGCTCGCCTTCC
GCAGCTCAGGTTGTTTTTTTTTTTTCTCTCTCCTCGTCGAAGCCGCCCTTGTTCCCTTATTTAT
TTCCCTCTCCTACCTTGTCTGCCTTTGGTCCATCTGCCCCTTTGTCTGCATCTCTTTTGCACGC
ATCGCCTTATCGTCGTCTCTTTTTTCACTCACGGGAGCTTGACGAAGACCTGACTCGTGAGCC
TCACCTGCTGATTTCTCTCCCCCCCTCCCGACCGGCTTGACTTTTGTTTCTCCTCCAGTACCT
TATCGCGAAGCCGGAAGAACCCTCTTAACCTCTAGAATGAAAAAGCCTGAACTCACCGCGAC
GTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCTCGG
AGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATATGTCCTGCGGGTA
AATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATGTTTATCGGCACTTTGCATCGGCCGCG
CTCCCGATTCCGGAAGTGCTTGACATTGGGGAATTCAGCGAGAGCCTGACCTATTGCATCTC
CCGCCGTGCACAGGGTGTCACGTTGCAAGACCTGCCTGAAACCGAACTGCCCGCTGTTCTGC
AGCCGGTCGCGGAGGCCATGGATGCGATCGCTGCGGCCGATCTTAGCCAGACGAGCGGGTT
CGGCCCATTCGGACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTTCATATGCGCGA
TTGCTGATCCCCATGTGTATCACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTC
GCGCAGGCTCTCGATGAGCTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACCTCGT
GCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGCATAACAGCGGTCATTG
ACTGGAGCGAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAGG
CCGTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTGC
AGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATCAGAGCT
TGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGCAGGGTCGATGCGACGCAATCGTCCGA
TCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCCCGCAGAAGCGCGGCCGTCTGGACCG
ATGGCTGTGTAGAAGTACTCGCCGATAGTGGAAACCGACGCCCCAGCACTCGTCCGAGGGCA
AAGGAATAATGCATGGCTTTCGTGACCGGGCTTCAAACAATGATGTGCGATGGTGTGGTTCC
CGGTTGGCGGAGTCTTTGTCTACTTTGGTTGTCTGTCGCAGGTCGGTAGACCGCAAATGAGC
AACTGATGGATTGTTGCCAGCGatactataattcacatggatggtctttgcgatcagtagctagtgagagagagagaacatctatcca
caatgtcgagtgtctattagacatactccgagaataaagtcaactgtgtctgtgatctaaagatcgattcggcagtcgagtagcgtataacaactccgagt
accagcaaaagcacgtcgtgacaggagcaggctttgccaactgcgcaaccttgcttgaatgaggatacacggggtgcaacatggctgtactgatccatc
gcaaccaaaatttctgtttatagatcaagctggtagattccaattactccaccTCTTGCGCTTCTCCATGACATGTAAGTGCAC
GTAGGAAACCATACCCAAATTGCCTACAGCTGCGGAGCATGAGCCTATGGCGATCAGTCTGG
TCATGTTAACCAGCCTGTGCTCTGACGTTAATGCAGAATAGAAAGCCGCGGTTGCAATGCAA
ATGATGATGCCTTTGCAGAAATGGCTTGCTCGCTGACTGATACCAGTAACACCTTTGCTTGGC
CGTCTAGCGCTGTTGATTGTATTCATCACAACCTCGTCTCCCTCCTTTGGGTTGAGCTCTTTG
GATGGCTTTCCAAACGTTAATAGCGCGTTTTTCTCCACAAAGTATTCGTATGGACGCGCTTTT
GGCTGTATTGCGTGAGCTACCAGCAGCCCAATTGGCGAAGTCTTGAGCCGCACTCGCATAGA
ATAATTGATTGCGCATTTGATGCGATTTTTGAGCGGCTGTTTCAGGCGACATTTCGCCCGCCC
TTATTTGCTCCATTATATCATCGACGGCATGTCCAATAGCCCGGTGATAGTCTTGTCGAATAT
GGCTGTCGTGAATAACCCATCGGCAGCAGATGATAATGATTCCGCAGCACAAGCTTGATGGG
ATAGATGCTAGGCGTACCTCGAAGGCCTCCGAGGGAACCCTTCTTCTCATTCTGCATTTTAAC
ATCTGCATCCGCTTCCCTGGCAACCACTGTCAGAGAAATACCACGCCAGCTCGACGCTGTTT
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GCTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGACAGCCAGCACTCTGCCACTCTACCCTGGACA
TAACATTTGTATTCGGTGCACTCGAGATTTCATCAAGGATCGTACATACAGTCACACATGAGG
TCTGTAGTTCGTTTTCCCCATCGAGATGCCGTGTCGGCACCGGCATCCCGACAACTGACGGT
CAACCCTGGAGCTCGATACCACAGACTTTGATTTTCTTGCAGCAGCCAGGAGAAGAGGGCGG
CGCACACGATTATGATTTGCATGATATTCTAGCATGGTTTTTGTTTCCCCTTCCAGCGATTTA
GCCTAGCTGCGCGGTTTTACATTGGAGTTCTTTCAAACAATTCTACGGGTGGTACACGAAAA
GGGTTTTGGGAGATATCCAATAGATGCGTACACGATAGTTGTGTGGAAAGACCAATATTTGC
AATCAGTTTGCCAAGTAGATGAGCCATACATATGCCACGCTCTGCGAAACACAATATACGAA
AAAAAGCTTGCTCTGTACAGGGGAACCTTCATCATCAGACGCTTGTGCCAACAGTACGTGCC
ATCACTTCCTCAGCCGAGTAGATCGACGCCGTCCTTCTTCCACCACCTCCTCTTTCACAAGAG
CAGCTTTTGGTTTCTCCGTCGCTCCTTTGCCCCGTCTCTTTTTAGCAGGCGGACTCACGTCAT
CCGGCTCATCAGCCTCTTCCCTGATTGCCACCTTTCGCGCTCTCTTGGGCTTCTTCTCCTCAA
CCACCTCTTCTTCCTCTCCCTCATTGTCCTCTTGCTTCAACTCGTTCTTCACGGCCTTGCTCTT
CTTCCCTGATCCGCCCTTTTCAACAAGGGGCTCCTCCTTTGCGCCAGAAACAACCGCGCCAG
TCTTCTTCTGCACGCCCGGCGCATAACAGCTCGTTCTCCCGCCCACCGTAATGAATGCAATCT
TCTCTCCGTTTGGCAGCTTCGTCGCCGCGCCCTTGTCGCCCTTTCCCCAGCGGTGCTTGAAG
AGCCAGTGATCCGGGAACTGGTCCGAGTCGCCCAGCTTGTCGACggccagctggcagacgtaccgaatggcc
tcgtgcagccgcttgatttccgcagcggagaatgtatccgagtactgctcgggatggagcttggcctggtagagcgtctcgtcggcgacccagttgccgatgccg
ctgatcatggcctggtcgagcaggaacgccttgacggggacgtggcggttcttcatcttgtcccgcaggtaggtttccgtgaagatgtccttgtcgacgacggggtc
ggggccgttctccacgaggggggagtgctggcggatggcgtcgccgggacagtcgacgaggcggacgcggccgaagcggcgggcgtcggtgaaggcgact
tggacggggtcgccgtctttggcgtcggtggtgaggtggaacttccagaacttggggggccactgggcgatgtcgctttctttcattttcttgtagtagtttgtgtaggc
ggttcgttcgccgttgatgtggacccagcctggacgttgaggggtgaggatggttggcctagaggcttccaggttcatgttgtctgagtgtggacttacccgtcatgc
caaagtgcattaccagatgtggcggtttgtcaaatgttatcctttgaaag_sc*26:94000
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a b s t r a c t

Hypocrea jecorina is an important, filamentous fungus due to its effective production of hydrolytic
enzymes. Gene expression studies provide deeper insight into environment sensing and cellular response
mechanisms. Reverse transcription-quantitative PCR is a gene-specific and powerful tool to measure
even minor changes in mRNA composition. An accurate normalization strategy is absolutely necessary
for appropriate interpretation of reverse transcription-quantitative PCR results. One frequently applied
strategy is the usage of a reference gene. Adequate reference genes for Hypocrea have not been published
eference gene
T-qPCR
ene expression
ranscript analysis
ormalization

so far. By using the NormFinder and geNorm softwares, we evaluated the most stable genes amongst six
potential reference genes in 34 samples from diverse cultivation conditions. Under those experimental
conditions, sar1 encoding for a small GTPase was found to be the most stable gene, whereas act encoding
for actin was not amongst the best validated ones. The influence of the reference system on the expres-
sion data is demonstrated by analysis of two target genes, encoding for the Xylanase regulator 1 and for
Xylanase II. We further validated obtained xylanase 2 transcription rates with the corresponding enzyme
activity.
. Introduction

Hypocrea jecorina (anamorph: Trichoderma reesei (Kuhls et al.,
996)) is a filamentous ascomycete widely used because of its high
ecretory capacity for hydrolyzing enzymes. Hydrolases secreted
y this fungus are used in a broad range of industrial applications
overing, for instance pulp and paper industry (Buchert et al., 1998;

elt and Dinus, 1995; Noé et al., 1986), food and feed industry
Galante et al., 1993; Walsh et al., 1993; Lanzarini and Pifferi, 1989),
nd textile industries (Koo et al., 1994; Kumar et al., 1994; Pedersen
t al., 1992) as well as biofuels and bioenergy (Himmel et al., 2007;
ahn-Hägerdal et al., 2006; Ragauskas et al., 2006).

Detailed information on the regulatory mechanisms of hydro-
ase expression in Hypocrea, will enable the systematically
ngineering of existing production strains in order to increase their
xpression efficiency. Transcription analysis is the basis for the
nderstanding of regulatory mechanisms governing gene expres-
ion. One powerful tool to measure the mRNA content is reverse

ranscription-quantitative PCR (RT-qPCR). Major advantages of this

ethod are its high sensitivity, large dynamic range, and accu-
ate quantification (Huggett et al., 2005). However, an accurate and
obust normalization system is needed when performing relative

∗ Corresponding author. Tel.: +43 664 60588 7253; fax: +43 1 58801 17299.
E-mail address: aaigner@mail.tuwien.ac.at (A.R. Mach-Aigner).

168-1656/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jbiotec.2009.10.012
© 2009 Elsevier B.V. All rights reserved.

quantification of qPCR data. Normalizing to a stably expressed gene
of the target organism, often called reference or housekeeping gene,
is a powerful method for internal error prevention. In general, when
applying mRNA quantification techniques, an error is caused by the
multistage process required to extract, process (i.e. in vitro reverse
transcription) and detect mRNA.

A major challenge is to find a suitable reference gene. Even
genes like �-actin, believed to be stable, turned out to be inap-
plicable under certain conditions (e.g. comparing different mouse
tissues) (Barbu and Dautry, 1989). In Hypocrea, as in other fila-
mentous fungi, only a single gene encoding for actin is described
(Matheucci et al., 1995). So far, only less is known about its suitabil-
ity as a reference gene in fungi. A study performed in Saccharomyces
reveals that actin scores at the third best position when tested
with NormFinder and geNorm (Stahlberg et al., 2008). In Aspergillus
niger an investigation done by means of geNorm demonstrated that
under the tested conditions the actin encoding gene belongs to
the most stable ones (Bohle et al., 2007). An important require-
ment for such a reference gene is its robust expression under all
conditions applied in a certain experiment. Therefore, a careful
evaluation is necessary to obtain one or even more suitable genes

for normalization. Vandesompele and co-workers suggest the use
of multiple reference genes rather than relying on a single one
(Vandesompele et al., 2002). However, it depends on the experi-
mental setup how many reference genes have to be included in
order to obtain consistent and reliable results. Especially for the

http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:aaigner@mail.tuwien.ac.at
dx.doi.org/10.1016/j.jbiotec.2009.10.012
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etup of new experimental conditions, it has to be evaluated if a cer-
ain set of reference genes is suitable or not. Different approaches
ave been published, which allow the evaluation of multiple refer-
nce genes (Andersen et al., 2004; Pfaffl et al., 2004; Vandesompele
t al., 2002). The software geNorm ranks the genes according to
he similarity of their expression profiles by a pairwise comparison
Vandesompele et al., 2002). The authors calculated the average
airwise variation of a particular gene with all other control genes
nd denominated it M, the internal control gene-stability mea-
ure. Within this system, genes with the lowest M values have
he most stable expression. Another calculation method is used
y the program NormFinder (Andersen et al., 2004), which uses a
odel-based approach for the estimation of expression variation.

he advantage of this algorithm compared to geNorm is that it can
eal with systematic differences in the data set like different tissues
r strains.

The relative expression software tool (REST; version: 2008)
eveloped by Pfaffl and co-workers allows the estimation of gene
xpression using qPCR amplification data (i.e. the threshold cycle
alues). This software enables the measurement of uncertainty in
xpression ratios by introducing randomization and bootstrapping
echniques. Confidence intervals for expression levels allow mea-
urement of not only the statistical significance of deviations but
lso of their likely magnitude even in the presence of outliers (Pfaffl
t al., 2002).

In this study we analyzed six potential reference genes with
eNorm and NormFinder in order to find suitable normaliza-
ion conditions for H. jecorina. With REST software we calculated
he expression profiles of two target genes (xyn2, xyr1) apply-
ng different combinations of reference systems. xyr1 encodes for
he Xylanase regulator 1 (Xyr1), which is the main activator of
ydrolase expression in H. jecorina (Stricker et al., 2006, 2007).
yr1 itself is regulated at the transcriptional level by a repres-
ion/derepression mechanism. The constitutive expression of xyr1
eads to a significant elevation/deregulation of hydrolytic enzymes
ncoding genes transcription in comparison to what is observed
n the parental strain (Mach-Aigner et al., 2008). xyn2 encodes
or Xylanase II (XYNII) and this enzyme is responsible for >50%
f xylanolytic activity in the culture filtrate of H. jecorina grown
n xylan (Törrönen et al., 1992, 1993, 1994). In this study, we
llustrate the normalization strategy choice impact upon the rela-
ive gene expression output. Examples of results obtained by using
table and unstable reference genes for transcript analysis are high-
ighted. Furthermore, we evaluated the normalization system by

correlation analysis of transcription rates with enzyme activ-
ty.

. Materials and methods

.1. Strains

The following H. jecorina (T. reesei) strains were used through-
ut this study: QM9414 (ATCC 26921, a cellulase hyperproducing
utant derived from wild-type strain QM6a (Mäntylä et al., 1992)),

x7 strain (a QM9414 recombinant strain constitutively expressing
yr1 under the nag1 promoter control) (Mach-Aigner et al., 2008),
ace2 strain (a QM9414 ace2 deletion strain) and Reace2 strain (an

ce2 retransformation strain of the �ace2 strain) (Stricker et al.,
008). All strains were maintained on malt agar.
.2. Growth conditions

For replacement experiments mycelia of the strains QM9414
nd nx7 were pre-cultured in 1-liter Erlenmeyer flasks on a rotary
haker at 30 ◦C for 18 h in 250 mL of Mandels–Andreotti (MA)
chnology 145 (2010) 30–37 31

medium (Mandels, 1985) containing 1% (w/v) glycerol as the sole
carbon source. Conidia (final concentration, 108 per liter) were used
as the inoculum. Pre-grown mycelia were washed and thereafter
equal amounts were resuspended in 50 mL MA medium contain-
ing 1% (w/v) glucose or d-xylose, or 1.5 mM xylobiose, or a medium
without a carbon source. Incubation was continued at 30 ◦C and
shaking (250 rpm). 15-mL samples were taken after 3, 5, and 8 h
(Mach-Aigner et al., 2008).

Cultivation of �ace2 and Reace2 strain in a bench top bioreac-
tor (Applikon Biotechnology, Schiedam, Netherlands) was carried
out using 1 L medium adjusted to pH 4.5 comprising 20 g beech
wood xylan (Lenzing AG, Lenzing, Austria), 2.8 g (NH4)2SO4, 1 g
MgSO4·7H2O, 4 g KH2PO4, 0.5 g NaCl, 0.5 g Tween 80, 0.1 g peptone,
5 mg FeSO4·7H2O, 1.7 mg MnSO4·H2O, 1.4 mg ZnSO4·7H2O, and
2 mg CaCl2·2H2O in distilled water. Some drops glanapon (Becker,
Vienna, Austria) were added to the medium to avoid excessive
foam formation. For 1 L, 108 conidia were used as inoculum. Culti-
vation was performed at 30 ◦C, pH 4.5, 0.3 l−1 min−1 aeration rate
and 500 rpm agitation rate. Timing of sample drawing was planned
according to the expected time points of xyn2 transcript formation.
Each sample drawing was followed by a microscopic analysis for
infection control. Culture supernatant and mycelia were separated
by filtration through GF/F glass microfiber filters (Whatman, Brent-
ford, UK). Computer-aided process control and monitoring was
performed using the LIME Process Control software (ATS, Vienna,
Austria) (Stricker et al., 2008).

All mycelia samples were harvested using a textile filter
(Miracloth, Calbiochem, USA), washed and flash-frozen in liquid
nitrogen.

2.3. Xylanase enzyme assay

Endo-xylanase activity was measured applying Xylazyme AX
Tablets (Megazyme, Wicklow, Ireland) according to the manufac-
turer’s instructions at a pH of 4.7 which is within the range of the pH
optimum of Xylanase II (pH optimum 4.5–5.5) but not of Xylanase I
(pH optimum 3.5–4.0) (Tenkanen et al., 1992). One Unit of activity
is defined as the amount of enzyme required to release one micro-
mole of xylose reducing-sugar-equivalents per minute under the
defined assay conditions (Stricker et al., 2008).

2.4. RNA-extraction and reverse transcription

Harvested mycelia were homogenized in 1 mL peqGOLD TriFast
DNA/RNA/protein purification system (PEQLAB Biotechnologie,
Erlangen, Germany) using a FastPrep FP120 BIO101 ThermoSa-
vant cell disrupter (Qbiogene, Carlsbad, USA). DNA and RNA were
simultaneously isolated in a two-step-process according to the
manufacturer’s instructions. Total RNA quantity was determined
by means of UV-VIS-spectrophotometry. Quality of extracted RNA
was determined as the 260 nm/280 nm ratio. Samples with a
ratio between 1.8 and 2.2 were further processed immediately
(Pfaffl et al., 2004). Synthesis of cDNA from mRNA was carried
out applying RevertAidTM H Minus First Strand cDNA synthesis
Kit (Fermentas, Burlington, Canada) according to the manufac-
turer’s instructions. 0.5 �g of each mRNA sample was used for
reverse transcription. cDNA samples were diluted 1:100 prior to
qPCR.

2.5. Selection of reference genes and primer design
Candidate reference genes were selected according to previ-
ously published reference gene analysis performed in Aspergillus
niger (Bohle et al., 2007) and Hypocrea atroviride (Pucher, 2006).
Corresponding genes in H. jecorina were found by means of a tblastn
analysis (standard settings) using the published genome sequence
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Table 1
Genes of reference (RG) and target genes (TG) in H. jecorina.

Gene Location (H. jecorina genome) Predicted/known function Usage

zwf1 Trire2/scaffold 4:393661-395884 Glucose-6-phosphate 1-dehydrogenase RG
tef1a Trire2/scaffold 6:764788-767286 Translation elongation factor 1a RG
sar1 Trire2/scaffold 9:389249-390386 SAR/ARF type small GTPase RG
glk1 Trire2/scaffold 17:541672-543636 Glucokinase RG
cox4 Trire2/scaffold 17:758104-759394 Cytochrome c oxidase subunit IV RG
act Trire2/scaffold 1:3249300-3251565 Actin RG
xyr1 Trire2/scaffold 11:201774-204723 Xylanase Regulator 1 TG
xyn2 Trire2/scaffold 27:125447-126445 Xylanase II, Glycoside Hydrolase Family 11 TG

Table 2
Primer sequences and amplification properties of genes used throughout this study.

Gene Forward primer (5′ → 3′) Reverse primer (5′ → 3′) Amplicon size (bp) Primer optimized elongation
temperature (◦C)

Usage

zwf1 CCACACCCAGCCCCAAAC TTGACCCGTCGCAGGAACT 198 62 RG
tef1a TCGACAAGCGTACCATTGAGAAG GCCGGGAGCGTCAATGA 182 64 RG
sar1 TGGATCGTCAACTGGTTCTACGA GCATGTGTAGCAACGTGGTCTTT 115 64 RG
glk1 AAGCCAACGCGGGATTAAAG GTGCCGCCCAGGTCTACAG 118 63 RG
cox4 CGCCAGTCTCGCCCTCTT TCGGCGTTTTGTTGCTTGAG 114 60 RG
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act TGAGAGCGGTGGTATCCACG GGTACCACCAGACATGACAA
xyr1 CCCATTCGGCGGAGGATCAG CGAATTCTATACAATGGGCAC
xyn2 GGTCCAACTCGGGCAACTTT CCGAGAAGTTGATGACCTTGT

ersion 2.0 at the U.S. Department of Energy Joint Genome Institute
omepage (http://www.jgi.doe.gov). Table 1 lists all selected refer-
nce genes and the two target genes and their putative or known
hysiological function.

Either the forward or reverse primer was placed across an
xon–exon junction. The primer pairs presented in Table 2
roduced a single amplification product. This was checked by dis-
ociation (or melting) curve analysis and gel electrophoresis. Raw

xpression data of the six selected reference genes were measured
n 34 samples. Two different experimental setups were used: a
eplacement experiment (24 samples) and a bioreactor cultivation
pproach (10 samples). These different conditions were chosen to
nsure a wide range in sample spectrum.

ig. 1. Identification of reference genes in H. jecorina. Analysis of the stability of six diff
) and geNorm (B and D). Two experimental setups were analyzed: 10 samples of a bior
he lower the variability (NormFinder) or the M-value (geNorm) is for a certain gene, the
eNorm).
103 64 RG
G 97 64 TG

75 64 TG

2.6. Quantitative PCR

All PCRs were performed in a Mastercycler® ep realplex 2.2
system (Eppendorf, Hamburg, Germany). The Mastercycler® ep
realplex 2.2 software was used to compile PCR protocols and to
define plate set-ups. All reactions were performed in triplicates.
qPCR amplification mixture (final volume 15 �L) contained 7.5 �L 2
x iQ SYBR Green Mix (Bio-Rad Laboratories, Hercules, USA), 100 nM

forward and reverse primer and 2 �L cDNA (diluted 1:100). Primers
sequences are given in Table 2. Each run included a no-template
control and a no-amplification control (0.015% SDS added to the
reaction mixture). The cycling conditions comprised 3 min ini-
tial denaturation and polymerase activation at 95 ◦C, followed by

erent reference genes in 34 different samples calculated with NormFinder (A and
eactor approach (A and B) and 24 samples of a replacement experiment (C and D).

more stable it is when evaluated by the corresponding algorithm (NormFinder or

http://www.jgi.doe.gov/
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Fig. 2. Comparative transcript ratio analyses of samples from a bioreactor cultivation using different normalization strategies. Transcript ratios of xyn2 (A, C, E, G, I, K) (triangle)
and xyr1 (B, D, F, H, J, L) (diamonds) from a bioreactor experiment on beech wood xylan, comparing a H. jecorina Reace2 strain (control) with a �ace2 strain (sample), were
calculated with REST 2008. The dashed line (ratio of 1) indicates equal transcript amounts in both strains. Values above 1 indicate more transcripts in the Reace2 strain
compared to �ace2 strain and values beneath 1 indicate fewer transcripts. Five cultivation time points (22, 36, 48, 56, 68 h) were analyzed. Different (combinations) of
reference genes were applied: sar1/glk1/cox4/act/tef1a (A and B); sar1/cox4 (C and D); sar1 (E and F); cox4/glk1 (G and H); glk1 (I and J); zwf1 (K and L). Error bars indicate a
95% confidence interval and stress the semantic significance of the data.
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as the most stable genes (Fig. 1B). The trend observed in this data
set differs substantially from the first three reference systems pre-
sented. In case of xyn2 transcription ratios, only at one measuring
point (36 h) they are significantly down-regulated in the Reace2

Fig. 3. Correlation of xyn2 transcript ratio with xylanase enzymatic activity ratio
4 M.G. Steiger et al. / Journal o

0 cycles of 15 s at 95 ◦C and 120 s at the optimized elongation
emperature for each primer pair (Table 2). PCR efficiencies were
alculated by linear regression of efficiency (LRE) analysis (Rutledge
nd Stewart, 2008a; Rutledge and Stewart, 2008b). All qPCR effi-
iencies were above 90%.

.7. Data analysis

The two experimental setups, a bioreactor cultivation and a
eplacement experiment, were separately calculated. Threshold
ycle (Ct) values were determined by Mastercycler® ep realplex 2.2
oftware (settings: threshold 100, automatic baseline). For geNorm
nd NormFinder analysis, Ct values were transformed to quantities
ia the comparative Ct method. For NormFinder analysis the data
ets were divided into two subgroups. Each strain is defined as a
ubgroup. Applying the softwaretool REST 2008, Ct values and PCR
fficiencies were used to calculate relative expression quantities
number of randomization: 10,000) of xyr1 and xyn2 by different
ormalization systems. Bootstrapping techniques applied by REST
008 were used to provide 95% confidence intervals for expression
atios. The confidence interval provides a range that can be checked
or semantic significance.

. Results and discussion

.1. Identification of stable reference genes

We applied in parallel two different gene-ranking algorithms to
alculate the most stable reference gene. One is used by geNorm,
he other implemented in NormFinder software.

We compared two experimental setups: a replacement and a
ioreactor cultivation approach. Under bioreactor growth condi-
ions, NormFinder ranked sar1, cox4 and glk1 as the most stable
enes (Fig. 1A) and geNorm indicated glk1/cox4 and sar1 (Fig. 1B).
lthough both calculation methods resulted in the same best

hree genes, the order is not the same. sar1 scores better when
pplying NormFinder algorithm. As the best combination of genes,
ormFinder proposes sar1 and cox4 (Fig. 1A).

Under replacement cultivation conditions sar1, glk1 and tef1a
erformed best using NormFinder (Fig. 1C), whereas geNorm ascer-
ained act/sar1 and glk1 (Fig. 1D). Generally, NormFinder and
eNorm produce similar results. Only act scores notably better
hen applying the geNorm calculation (Fig. 1D). As the best com-

ination of genes, NormFinder suggests the use of sar1 and glk1
Fig. 1C).

sar1 seems to be highly stable under all conditions tested
Fig. 1A, C, and D). This is in good accordance with a previous
eference gene analysis from Aspergillus niger (Bohle et al., 2007).
nly when the geNorm algorithm is applied to the samples of the
ioreactor cultivation experiment, it is not ranked at the first posi-
ion (Fig. 1B). Exactly in this case we will later on demonstrate
hat the NormFinder rating is more accurate. Evidence for this
s given in the next section. In our study zwf1 is always classi-
ed as the least reliable reference gene (Fig. 1A–D). Remarkably
ct, which is widely used as a reference gene, both in Northern
lot and RT-qPCR, is not always among the most stable genes
Fig. 1A–C).

.2. Evaluation of reference genes

With NormFinder and geNorm we have ranked the candidate

eference genes. In order to demonstrate the suitability of those
ankings we measured the transcription of two target genes. xyr1
Xylanase regulator 1-encoding) and xyn2 (Xylanase II-encoding)
ere selected because their transcription profile under the applied

ultivation conditions is well known and characterized (Stricker et
chnology 145 (2010) 30–37

al., 2008). Thus they serve as a perfect model for the evaluation of
the reference genes.

In the first example, the reference system is based on the five
most stable genes (Fig. 2A and B). zwf1 is excluded because it is
too unstable (compare Fig. 1 A–D). The idea of using multiple refer-
ence genes for normalization is based on the assumption that the
variation in a single gene is higher than the variation in the aver-
age of multiple genes. The next reference systems used are sar1
and cox4, because NormFinder classifies them as the best combi-
nation of genes (Fig. 2C and D). In the third set, the normalization
is based on sar1 only (Fig. 2E and F). This gene was found to be
the most stable one when using NormFinder. These first three data
sets show the same trend for xyn2 transcript formation (Fig. 2A, C,
and E) and for xyr1 transcript formation (Fig. 2B, D, and F). At early
cultivation time points, less xyn2 transcript is found in the Reace2
strain compared to the �ace2 strain. At late sampling time points
a trend reversal is observed: the Reace2 strain has more xyn2 tran-
script than the �ace2 strain. These results are in good accordance
with the previously published transcription levels for xyn2 and xyr1
(Stricker et al., 2008).

In the next experiment, cox4 and glk1 were studied as reference
system (Fig. 2G and H) because they were classified by geNorm
comparing a H. jecorina Reace2 strain with a �ace2 strain. (A) xyn2 transcript ratios
of the bioreactor experiment on xylan are normalized either with sar1 (triangle) or
with glk1 (cycles) and are presented together with the volumetric activity ratios of
xylanase (diamonds). (B) Linear correlation of relative xyn2 transcript ratios with
xylanase enzymatic activity ratio. Normalization was performed against sar1 (trian-
gles; R2 = 0.97) or glk1 (cycles; R2 = 0.06).
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train compared to the �ace2 strain. All other measuring points
ndicate no significant difference between the compared strains.
hese results are mainly caused by the influence of glk1 when used
or normalization. This fact is illustrated when using glk1 as single
eference gene (Fig. 2I and J). Careful analysis of NormFinder results

eveals that in the �ace2 strain-subgroup the intragroup variation
or glk1 is much higher than in the Reace2 strain-subgroup (data
ot shown). Assuming that both strains have the same expres-
ion profile for a certain gene, the gene variation would be the

ig. 4. Comparative transcript ratio analyses of samples from a replacement experimen
triangles) and xyr1 (B, D, F, and H) (diamonds) from a replacement experiment on xyl
ith REST 2008. Data of three different cultivation times are given (3, 5, 8 h). The dashed

ndicate more transcripts in the nx7 strain compared to QM9414 and values beneath 1 in
ar1/glk1/cox4/act/tef1a (A and B); sar1/glk1 (C and D); sar1 (E and F); zwf1 (G and H). Erro
ata.
chnology 145 (2010) 30–37 35

same in both strains. It seems that glk1 is differentially regulated
in the �ace2 strain compared to the Reace2 strain. Thus, glk1
is not suitable as a reference gene. Further evidence is provided
below.

The last two graphs depict the results using the most unstable

gene zwf1 as reference (Fig. 2K and L). This clearly demonstrates the
importance of choosing a stable reference gene. Otherwise incon-
clusive data like the results for the first time points might occur,
leading to misinterpretation of data (Fig. 2K and L).

t using different normalization strategies. Transcript ratios of xyn2 (A, C, E, and G)
ose, comparing a nx7 strain (sample) with a QM9414 strain (control), calculated
line (ratio of 1) indicates equal transcript amounts in both strains. Values above 1
dicate fewer transcripts. Different combinations of reference genes were applied:

r bars indicate a 95% confidence interval and stress the semantic significance of the
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.3. High correlation between xyn2 transcript formation and
ylanase II activity is obtained using sar1 as reference system

For further evaluation of the obtained results, we compared the
ranscription data with the xylanase enzymatic activity. We mea-
ured this xylanase activity in a pH range which is optimal for
ylanase II, but not for Xylanase I (Tenkanen et al., 1992). Addition-
lly, Xylanase II is responsible for over 50% of the xylanolytic activity
n Hypocrea (Törrönen et al., 1994). Thus, we measured predomi-
antly Xylanase II in the applied enzyme assay. Again, the transcript
atios of xyn2 transcription either with sar1 or glk1 as reference sys-
em are depicted. Additionally, the measured xylanase activity ratio
s given (Reace2 strain compared to �ace2 strain), which perfectly
ts to the xyn2 transcript ratio normalized with sar1 (Fig. 3A). In
he second graph, a linear correlation analysis of xylanase activ-
ty ratio versus xyn2 transcript formation ratio either normalized
n sar1 or glk1 is presented (Fig. 3B). A high correlation (R2 = 0.97)
s found with sar1 as the reference gene, whereas glk1 as refer-
nce does not correlate (R2 = 0.06) with the xylanase activity ratio
Fig. 3B). A causal correlation between xyn2 mRNA formation and
ylanase enzymatic activity is very likely. Accordingly, in this case
ar1 turned out to be an appropriate reference gene. Using glk1 as
reference gene would lead to a misinterpretation of transcription
ata.

The observed correlation between xyn2 transcript ratio and
ylanase enzymatic activity ratio allows the assumption that xyn2
ranscript stability does not interfere with the transcript analy-
is. Although xyr1 transcript stability cannot be evaluated by an
nzymatic approach reflecting its transcript level, it should be con-
idered that all mRNA samples were immediately processed into
DNA and all were treated in the same way. Consequently, the
ranscript profile obtained by RT-qPCR should not be affected by
transcript instability effect.

.4. Under certain experimental conditions sar1 can be used as
ingle reference gene

In the other experimental setup, the replacement experiment,
ar1 was also found to be the most stable gene, this time with both
lgorithms (compare Fig. 1C and D). Fig. 4 presents the transcript
atios of xyn2 and xyr1 from the replacement experiment using
-xylose. This time two other strains, nx7 strain (constitutively
xpressing xyr1) and QM9414 (parental strain), were investigated.
gain, different normalization systems (reference genes) were
pplied. The first one comprised the five best performing genes
Fig. 4A and B), the second one uses sar1/glk1 found by NormFinder
s the best combination of genes (Fig. 4C and D). In the third one,
he best scoring gene sar1 was used for normalization (Fig. 4E and
). The first three data sets perfectly fit together, showing the same
rend. This time glk1 (Fig. 4C and D) could be used as reference gene
ogether with sar1, because the intragroup variation calculated by
ormFinder for glk1 is comparable in both strain subgroups (data
ot shown). This example demonstrates that this time sar1 could
e even used as single reference gene (Fig. 4E and F). The biological

nformation is not altered or improved by introducing more refer-
nce genes into the normalization calculation (compare Fig. 4A and
and E and F). sar1 as a stable housekeeping gene coincides with the

esults published by Saloheimo et al. (2004). They did not observe
lear differences in sar1 expression levels between different car-
on sources. However, in the case of induction of the unfolded
rotein response (UPR) with dithiothreitol (DTT), they reported an
ncreased mRNA level of sar1 (Saloheimo et al., 2004). This fact once
ore highlights the necessity of a careful reference gene validation.
Therefore, it is generally advisable to include at least a second

eference gene into the normalization. This strengthens the robust-
ess of the calculation and prevents the occurrence of inconclusive
chnology 145 (2010) 30–37

data. Especially, when looking at minor changes in transcription
rates, this leads to more precise results. Moreover, it is indispens-
able that the used reference genes are not co-regulated. A method to
estimate the number of reference genes which should be included
into the normalization is provided in the geNorm software with the
pairwise variation value, and in the NormFinder software with the
accumulated standard deviation. For instance, in the replacement
experiment, it is sufficient to take another reference gene besides
sar1, like glk1, because the pairwise variation V2/3 calculated by
geNorm has a value of 0.11. This value is beyond the cut-off value
of 0.15 suggested by Vandesompele et al. (2002). With NormFinder
a similar result is found. The minimum accumulated standard devi-
ation (0.095) is calculated using two genes. Here, the inclusion of a
third gene into the normalization system is not necessary.

The last two graphs were generated using zwf1 as the least stable
reference gene (Fig. 4G and H). Once more, this example demon-
strates that results and drawn conclusions can be substantially
altered by using the wrong reference gene. Obviously, xyn2 as well
as xyr1 transcript formation would be systematically overestimated
in the nx7 strain compared to the QM9414 parental strain, if one
would solely rely on this normalization strategy (Fig. 4G and H).

4. Conclusion

RT-qPCR is a powerful tool to analyze transcription profiles in
H. jecorina. Like in other organisms, it is essential to use a stabile
and robust reference system. Since comparison of different strains
is often a focus of gene expression studies, we suggest the use of
NormFinder for the evaluation of reference genes. The algorithm
of geNorm has substantial problems when using more than one H.
jecorina strain. We found that sar1 can be used as a robust reference
gene applying different experimental setups and different H. jeco-
rina strains. In addition to sar1, at least another reference gene like
glk1, cox4, tef1a or act should be used to increase the reliability of
the results of transcript analysis. In any case, it has to be evaluated
whether the transcription profile of a reference gene is altered or
affected by the experimental conditions.
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VII CONCLUSIONS

The work presented in this PhD can be divided into three different sections and is therefore presented in three 

autonomous manuscripts (section IV, V and VI). Nevertheless, these manuscripts form an entity to fulfil the aims 

defined in section III. The two papers of section V and VI present methodologies, which are essential 

prerequisites to fulfil the scientific questions addressed in the first paper in section IV. This paper (section IV) is 

also the work which resembles the central part of the PhD and therefore bears the same name as the overall PhD 

thesis namely “Engineering an N-acetylneuraminic acid synthesis pathway into Hypocrea (Trichoderma)”.

In this work, we demonstrate that the saprophytic fungus H. jecorina can be used, not only for the production of 

enzymes, but also as a whole-cell biocatalyst to produce fine chemicals like NeuNAc. The native H. jecorina

strains are not able to form NeuNAc and thus we had to engineer two bacterial enzymes into H. jecorina. Until 

now, the engineering of such an enzyme cascade was not reported for a filamentous fungus and therefore certain 

requirements had to be fulfilled until such a system could be put into practice. 

First of all, it was necessary to have a potent transformation system at hand. Such a system must meet certain 

requirements: i) a high rate of homologous integration (gene replacement) events; ii) a recyclable marker system

for unrestricted rounds of knock-outs; and iii) a bi-directional positive selection system. The realisation of all 

those requirements is fulfilled in the transformation system presented in section V. The high rate of homologous 

integration can be achieved by a gene deletion of tmus53 leading to a non homologous end-joining deficient 

strain. A Cre/loxP based system is adapted to Hypocrea and allows full marker recycling by exploiting the two 

genes amdS and pyr4 as bi-directional positive markers. This strategy enables the creation of recombinant strains 

without the disturbing effects of markers on their physiology. Furthermore, it is possible to perform sequential 

engineering steps without a shortage of markers and it is possible to generate a tailor made H. jecorina strain.

After generation of recombinant strains, it is necessary to characterize them at various levels including DNA, 

RNA and protein analysis. One powerful tool for quantitative RNA analysis is RT-qPCR. With this method

transcription levels can be studied and compared in the organism. Using this methodology, it is essential to use a 

stabile and robust reference system. The development of such a reference system is described in section VI. 

Using two different algorithms, geNorm and NormFinder, it was possible to determine stable and reliable 

reference genes in H. jecorina. We found that sar1 can be used as a robust reference gene applying different 

experimental setups and different H. jecorina strains. In addition to sar1, at least another reference gene like

glk1, cox4, tef1a or act should be used to increase the reliability of the results of transcript analysis. 

With the knowledge of those two studies (section V and VI), it was possible to construct recombinant H. 

jecorina strains and to characterize transcription levels of the recombinant genes (section IV). With a H. jecorina

strain expressing a GlcNAc-2-epimerase and a NeuNAc synthase, we were able to show that such a strain gained 

the ability to form NeuNAc. Although the total amount of NeuNAc formed in the recombinant strain is low (1 

µg NeuNAc per g mycelia), this PhD thesis presents for the first time a strategy, how an intracellular enzymatic-

cascade of heterologously expressed proteins can be realized in a filamentous fungus. Beside the mere 

production of NeuNAc, this work can pave the way towards the production of recombinant sialylated

glycoproteins in H. jecorina. This is especially important for therapeutic protein production which requires a 

humanized glycosylation pattern.
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