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Abstract

Trichoderma reesei and Trichoderma atroviride are filamentous fungi with established
industrial uses. T. reesei is known for its high production and secretion rate of cellulose
degrading enzyme, whereas T. atroviride is mainly used as a biocontrol agent protecting plants
from other fungal pathogens. Having access to a wide variety of genetic methods is the
necessary basis for all research concerning these microorganisms and their applications. The
research and further applications of these two fungi however requires additional tools,
especially concerning selection.

During this diploma thesis two different auxotrophic marker strains, Ahis1 and Apyr4, were
created and evaluated using two different transformation approaches in T. reesei and T.
atroviride respectively. The gene his1 encodes for ATP phosphoribosyl transferase, a protein
essential in the biosynthesis of histidine. The gene pyr4, on the other hand, encodes for
orotidine 5’-phosphate decarboxylase, which is essential in uridine synthesis. Strains that have
deficiencies in either of these gene must be supplemented with the respective biomolecule
for the organism to survive. Reestablishment of the auxotrophic marker gene leads to the
regaining of prototrophy, which is commonly used as a selection tool during transformation.

The T. reesei Ahis1 strain was generated using homologous recombination (HR) allowing for
efficient gene targeting. This strain developed a histidine auxotrophy due to the deleted gene,
allowing it to be used as platform for further transformations. The regaining of prototrophy
during this step can be used as selection tool if the genetic manipulation applied also restores
his1 functionality. Additionally, the auxotrophic marker generated in T. reesei (Ahis1) was
evaluated for its epigenetic influence on integrate gene expression by comparing this marker,
to two already established auxotrophic markers systems (Apyr4 and Aasll). A significant
epigenetic effect was observed between the three markers, resulting in different gene
expressions for an eyfp gen that was integrated near the auxotrophic marker loci. This
observation also highlights the need for a multitude of auxotrophic markers to be available as
it allows researchers to additionally finetune integrate gene expression at an epigenetic level.

The T. atroviride Apyr4 strains were generated using the more error prone non-homologous
end joining (NHEJ) repair mechanisms instead of HR. The NHEJ repair could be successfully
induced by introducing targeted double strand breaks (DSB) using the CRISPR/Cas9 system.
Additionally, to this uridine auxotrophic strain another with an additional NHEJ-deficiency was
generated, by deleting a portion of the tmus53 gene, which encodes for a DNA ligase that
facilitates NHEJ repair. NHEJ-deficient strains are also an important tool in genetic research as
they allow for a more efficient gene targeting when HR mediated transformation is performed.

While various strains useful for further studies could be created and partially evaluated there
is still a need for more genetic tools. Further evaluations of the T. atroviride strains generated,
similarly to how it was done for the T. reesei Ahisl, is also recommended before their
application is ultimately established.
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Kurzfassung

Trichoderma reesei und Trichoderma atroviride sind filamentése und in der Industrie
etablierte Pilze. T. reesei ist vorallem bekannt durch seine hohe Produktions- und
Sekretionsrate an Zellulose verdauenden Enzymen, wahrend T. atroviride meist als
biologischer Schadlingsbekampfer Verwendung findet und Pflanzen vor anderen pathogenen
Pilzen schiitzt. Der Zugang zu einer Vielzahl an unterschiedlichen genetischen Methoden ist
eine wichtige Grundlage in der Erforschung von Mikroorganismen und ihrer Anwendung. Fir
die Forschung und weitere Anwendungen dieser zwei Stamme bendtigt es allerding mehr
genetischer Werkzeuge, insbesondere bei der Selektion.

In dieser Diplomarbeit wurden zwei auxotrophe Marker, Ahisl und Apyr4, in T. reesei und T.
atroviride auf zwei unterschiedliche Arten entwickelt und evaluiert. Das his1 Gen kodiert fur
die ATP phosphoribosyltransferase, ein wichtiges Enzym in der Biosynthese von Histidin. Das
pyr4 Gen hingegen kodiert fiir Orotidine 5'-phosphate decarboxylase, welches notwendig ist
fir die Uridin Synthese. Stamme mit einem Mangel an einem der zwei Gene missen mit den
entsprechenden Biomolekilen supplementiert werden, damit der Organismus
Uberlebensfahig ist. Die Wiederherstellung von auxotrophen Marker-Genen fiihrt zu einer
Wiedergewinnung der Prototrophie, nach welcher wahrend einer Transformation
selektioniert werden kann.

Der T. reesei Ahisl Stamm wurde durch Ausnutzen des homologen Rekombinations (HR)
Reparaturmechanismus gebildet, welcher fir eine hohe Gen-Targeting Effizienz sorgt.
Aufgrund der Deletion entwickelt dieser Stamm eine Histidin-Auxotrophie und kann als
Plattform flir weitere Transformationen genutzt werden. Es kann hierbei nach der
Wiedererstellung der Prototrophie selektioniert werden, wenn bei der Transformation die
his1 Funktion wiederhergestellt wird. Der epigenetische Effekt, den der auxotrophe marker
locus auf ein Insert hat wurde evaluiert, indem der Marker his1 mit zwei bereits etablierten
Marker Systemen (Apyr4 und Aasl1) verglichen wurde. Es konnte ein signifikanter Unterschied
in der Gen Expression eines eyfp Inserts, dass sich in der Nahe der auxotrophen Marker
befand, beobachtet werden. Diese Beobachtung zeigt auch, dass es maoglich ist, spezielle
auxotrophe Marker zu verwenden mit dem Ziel einen bestimmten epigenetischen Effekt auf
die Gen Expression erzielen zu kénnen.

Ebenfalls wurden zwei T. atroviride Apyr4d Stamme mittel des fehleranfalligen nichthomologen
End-zu-End-Verknlpfungs (NHEJ) Reparaturmechanismus generiert. Einer diese Stamme
beinhaltet auch einen NHEJ-Mangel, durch eine partielle Deletion des tmus53 Gens, welches
fiir eine DNA-Ligase kodiert, die in der NHEJ-Reparatur von wichtiger Bedeutung ist. Solche
Stamme sind von besonderer Bedeutung da sie eine hohere Gen-Targeting Effizienz bei HR
unterstitzen Transformation liefern. Die NHEJ Reparatur wahrend der Transformation wurde
durch das gezielte Einfihren von Doppelstrangbriichen (DSB) induziert, welche mithilfe des
CRISPR/Cas9 Systems durchgefiihrt werden konnten.

Obwohl mehrere nitzliche Stamme erfolgreich generiert und evaluiert werden konnten
bendtigt es dennoch weiterer genetischer Werkzeuge. Eine weitere Untersuchung der
generierten T. atroviride Stamme, dhnlich wie es fir T. reesei Ahis1 durchgefiihrt wurde, ist
ebenso anzuraten.
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Introduction

Trichoderma reesei and Trichoderma atroviride

The genus Trichoderma belongs to the phylum Ascomycota and consist of many
rhizocompetent soil-dwelling molds'. They can be found in soil, wood and one variant
Trichoderma longibrachiatum can even be found in one’s own home, as it is a common house
mold. Teleomorphs, that represent the sexual reproductive stage are species of the genus
Hypocrea?.

Trichoderma reesei is a mesophilic filamentous fungus first discovered during World War 1I,
when it degraded the American soldiers’ tents on the Solomon Islands. Interested in its
cellulolytic capabilities the organism was isolated and researched at U. S. Army Natick
Development Center3. Trichoderma sp. QM6a showed incredible potential in the degradation
of crystalline cellulose. It is also widely regarded as the reference strain for T. reesei and as
such the parental strain of subsequent mutants used in the industry today*.

T. reesei’s extraordinary cellulase production has found an important place in the industry.
Not only can the enzymes produced by this fungus be used in the textile >~ and food industry?,
but can also assist in the generation of bioethanol from plant biomass®'°. There it can be used
in conjunction with an ethanologenic species, like Saccharomyces cerevisiae, to generate the
fermentable monomeric sugars needed for fermentation. This allows the use of cheap and
renewable biomass as an energy and carbon source to produce bioethanol®.

Considering protein production, another major advantage this organism displays is its high
secretion rate of up to 100 g/I'!. This combined with the fact that T. reesei is also considered
to be a safe organism holding GRAS status'? makes it an excellent candidate for recombinant
protein production. Combining heterologous protein product with the inherent strong
promotors systems often used by the fungi to produce cellulolytic enzyme, eg cellobioydrolase
promotors®>14, allows for high production as well as secretion rates. Examples for successful
recombinant applications include calf chymosin!4, cellulases from Melanocarpus albomyces*>
and human erythropoietin'® production and secretion.

Both Trichoderma reesei and atroviride also have uses as biocontrol agents due to their
mycoparasitic naturel’. They are prominently used against fungal plant pathogens®®

As a close relative of T. reesei, T. atroviride display similar qualities regarding cellulolytic
enzyme production and secretion. The focus of T. atroviride usage has however always been
the use as a mycoparasite and plant protection agent'®?° with studies aimed to improve its
effectiveness?!. This however does not prevent T. atroviride from being a capable candidate
for enzyme production. In one study performed by Kovacs et. al. for example a mutant of T.
atroviride was able to produce higher amounts of cellulolytic enzymes, especially B-
glucosidase, than the T. reesei Rut C30 strain?2.

Ultimately both species show great promise for heterologous protein production which
require established and stable tools and platforms for genetic manipulation.
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Genetic manipulation

Genetic engineering in biological systems is of much interest for analytical and applied science.
Being able to generate different strains of organisms holds multiple possibilities, e.g. creating
knockout strains for analytical purposes?? or generating overexpressed systems for industrial
application??,

To generate recombinant deoxyribonucleic acid (DNA) within the genome of filamentous fungi
the most common approach is to use homologous recombination (HR). This method relies on
the integration of a provided exogenous DNA fragment with homologous flanking regions to
the genome. HR is a repair mechanism commonly used by filamentous fungi and is also often
often accompanied by another repair mechanism, called non-homologous end joining (NHEJ).
Both of these mechanisms are naturally occurring in T. reesei and are necessary in sustaining
the organisms genetic stability over many generations. NHEJ combines the two strands of a
double strand breaks (DSB) through ligation. It is a robust, fast yet error-prone method of
repair. HR on the other hand is faithful repair mechanism requiring homologous DNA
sequences. During this form of repair an intermediate D-loop structure is formed that
connects the homologous DNA template and the genomic DNA requiring repair. Through a
multistep process including extension, ligation and resolution through a resolvase the DSB is
repaired through strand replacement. While both NHEJ and HR allow for the integration of
exogenous DNA fragments, NHEJ can also integrate provided DNA fragments at random
locations, as it does not require any homologous areas and integrates non-specifically leading
to ectopic integration. HR however, will almost exclusively integrate a provided DNA template
at the desired locus as the homologous flanking areas are necessary to initiate the strand
exchange?>?®, The effect of these two mechanisms is visualized in Figure 1.

In contrast to certain yeasts like S. cerevisiae?’, Trichoderma strains prefer NHEJ over HR as
the repair mechanism which has always been an obstacle in these organisms. Since only the
HR-mechanism provides a correctly targeted and reliable form of integration, it is the desired
pathway used to integrate foreign DNA. During this process, additional integration can usually
be minimized, and the process is less error-prone whereas NHEJ can lead to multiple
integrations of provided DNA template at ectopic sites?2.

exogenous DNA
template @ e :\'“\*\:
genomic DNA
i Targeted locus o
Recombinant gDNA .
NN R = Recombinant gDNA
= o — L = =
— RS Targeted locus Y/ /1 RS Insert N
Excision fragment :
S Targeted locus [

Figure 1. Effect of homologous recombination (HR) and non-homologous end joining (NHEJ) repair mechanism
during gene targeted transformation. The striped boxes mark homologous areas that exist in the genomic DNA
(gDNA) and in the provided DNA template respectively.
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To counter this, most of the genetic manipulations performed in filamentous fungi, especially
in Trichoderma, are performed in NHEJ-deficient strain. Genes that encode important
enzymes necessary in the NHEJ-process, (e.g. tmus53, ku70 or ku80), are rendered non-
functioning to ensure HR is the established repair mechanism. The auxiliary proteins Ku70/80
for example recognize and bind to the blunted DSB and are essential in the recruitment of
additional proteins involved in the repair process?>2¢. Tmus53 on the other hand is a protein
homolog to the human DNA ligase LIG4 that is directly involved in the repair process?>. This
however also can procure adverse effects as the organism is missing a vital part of its DNA
repair toolkit. A ku70 deficient Penicillium digitatum strain for example was found to be more
sensitive to temperatire3l. The full extent NHEJ-deficiencies have on longevity and genetic
stability is however not thoroughly investigated yet.

While the NHEJ is non-specific it however can still be applied to introduce mutations through
its error-prone repair. Coupling this with a very specific way to create double strand breaks
(DSB), like for example the CRISPR/Cas9 system is capable of?®32, In the second part of this
diploma thesis this exact mechanism is exploited to ligate the genomic DNA fragments
incorrectly after DSB are introduced through CRISPR/Cas9.

Auxotrophic markers

Like the name suggests auxotrophic markers are based on auxotrophs, which are nutritional
mutant. These mutants have certain deficiencies affecting their growth rate. They cannot
grow on the same minimal media as the wildtype strain and must be supplemented with
certain additives to survive. The reason for this is that genes, necessary in the production of
vital biomolecules or the utilization process of certain nutrient sources, are either missing or
rendered non-functional. As such these mutants must be provided with either the
biomolecules they cannot produce, or a different nutrient source they can metabolize.
Nutritional mutants like auxotrophs have been used for long periods, to for example proof a
link between genes and their respective protein and can be divided in a couple of major groups
according to their mutation33.

Another major group of nutritional mutations includes mutation that affect biosynthetic
pathways in the production of aminoacids, lipids, nucleotides, and cofactors. Auxotrophic
strains missing vital genes in these pathways are unable to produce these biomolecules, which
must be supplemented?3. This group of nutritional mutants include pyr43*, ade2, asl134,
his13® and more. While a small amount of them have turned out to have adverse side effects
in various organism, like ade2-deficiency in Saccharomyces cerevisiae for example3>, the vast
majority has shown their potential as valuable selection tool. Uridine auxotrophic strains with
pyr43” or pyr238 deletions have shown to be invaluable, due to their ability to be bidirectionally
selectable. Not only can one select for the prototrophic strain on minimal media but also for
the auxotrophic strain with the addition of the pyrimidine analogue 5-Fluoroorotic Acid (5-
FOA)343°, These genes encode for Orotidine 5'-phosphate decarboxylase (OMP decarboxylase)
nd Orotate phosphoribosyl transferase (OPRTase) respectively and are vital components of
the biosynthesis of Uridine38. They both can however also metabolize 5-FOA releasing toxic
compounds, with OMP decarboxylase creating 5-fluorouracil (5-FU) and OPRTase generating
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5-fluorouridine 5-monophosphate (5-FUMP)3’. Both substances inhibit thymidylate synthase
activity leading to a thymine nucleotide depletion and ultimately cell death3”:38,

An auxotrophic marker uses the same principle allowing for selection through a change in
prototrophy. Usually prior to the actual genetic manipulation an auxotrophic strain is created.

exogenous DNA

Y hph N

genomic DNA

RN

Recombinant gDNA:

Apyrd strain
N T

Figure 2. Schematic representation of the generation of an auxotrophic marker. The upstream element of the
pyrd gene is removed through the integration of a provided DNA template containing the hph gen, encoding for
hygromycin-B-phosphotransferase, and allowing selection on Hygromycin B. The striped boxes mark homologous
areas that exist in the genomic DNA and in the provided DNA template respectively. HR = homologous
recombination

An example of how such a strain is generated is shown in Figure 2. In this example the
successful transformed pyr4-deficient and Uridin auxotrophic strain can be selected for using
the mycotoxin hygromycin B (hygB). Since the deletion cassette contains hph, encoding for
hygromycin-B-phosphotransferase, the organism should be able to metabolize hygB and
render it nontoxic.

The auxotrophic strain is then used as the platform for the transformation of interest. By
reestablishing or a newly integrating the missing gene creating the auxotrophy, prototrophy
is regained allowing a selection for positive candidates on minimal media. Integrating the full
gene on the exogenous DNA template allows for integration anywhere in the genome allowing
to use the selection principle for deletions of other genes*°. The reestablishment of partially
deleted auxotrophic marker during targeted gene integration, however, allows for a much
more accurate selection. Since the exogenous DNA fragment and the genomic DNA only
contain incomplete fragment only correct insertion restores the marker3*. This minimizes the
risk of ectopic integration in positive candidates. The downside of reestablishing the
auxotrophic marker gene lies in the fact that the area of genetic manipulation is limited to the
locus site of the maker. As such ectopic effects of auxotrophic markers could play a major role
and genetic manipulation at different locations of the genome are not possible. An example
of these two different strategies using auxotrophic markers as selection is shown in Figure 3
with pyr4 as an example.

Both strategies are equally viable with previously mentioned advantages and disadvantages.
Both were also used at some point to generate the strains used in this diploma thesis. The
most interest aspect analysis in Part 1 of this thesis is the ectopic effect the integration of
genes near the auxotrophic marker has on gene expression.
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Figure 3. Schematic representation of the two different main strategies when using auxotrophic markers. The
previously generated auxotrophic marker from Figure 2 is used as the basis of a targeted gen integration of a
gene of interest (GOI) marked in green. On the left: Re-integration of a complete pyr4 gene and the GOI at a
different locus. On the right: Re-establishment of the original pyr4 locus and integration of the GOl upstream of
the auxotrophic marker gene location. The striped boxes mark homologous areas that exist in the genomic DNA
and in the provided DNA template respectively. hph = hygromycin-B-phosphotransferase

Gene expression and regulation

Genes contain the necessary information for building proteins, which dictate most of the cells
function. The amount of proteins expressed from a single gene is as such an important
parameter. In the transformative process leading from genes to proteins many of the
incorporated steps can be regulated in one way or another. The information is first processed
into ribonucleic acid (RNA) by a process called transcription. During the translation the RNA is
then converted into proteins. Afterward many proteins also undergo extensive
posttranslational modification that are detrimental to their function*!. A detailed schematic
of the entire gene expression process is depicted in Figure 4.
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modification:
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Figure 4. Depiction of all steps in the gene expression that can be regulated. (In blue: Regulation of DNA; In
red/orange: Transcription and regulation of RNA; In purple: Translation and regulation of proteins); Source:
Adapted from Campbell Biology 10th edition®
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Gene regulation allows for proper expression at the right levels and at the appropriate times.
It also plays a larger role allowing for cell differentiation necessary in any eucaryotic organism.
A further use of gene regulation is environmental response, allowing the organism to “sense”
its surrounding and act accordingly. As such the regulation of gene expression is an important
and necessary tool for any living cell. Gene regulation can be performed at various major
stages, which include not only the transformative processes (translation and transcription) but
also all forms of transportation and processing (see Figure 4Fehler! Verweisquelle konnte
nicht gefunden werden.). Additionally the stability of mRNA as well as of the final protein also
indirectly effect gene expression. The three major targets of gene regulation are either DNA,
RNA, or proteins, including additional auxiliary proteins necessary in the generation and
modification of all the previously named targets*%43,

Chromatin accessibility is tightly linked to epigenetics and chromatin modification. Certain
DNA and histone modifications (, e.g. methylation, phosphorylation, acetylation etc.) affect
DNA-histone affinity ultimately leading to an either tighter or looser packaging of the
chromatin. Gene’s situation in the looser packaged form of chromatin, also called
euchromatin, are more accessible to other proteins and as such easier to be transcribed.
Genes located in tightly condensed chromatin (heterochromatin) are often harder to access
resulting in a lower expression. This mechanism can also be used by the cell to silence gene
activity and turning off unwanted gene expression by hiding the respective locus within
difficult-to-access heterochromatin structure. Chromatin accessibility is also the only method
of regulation that depends on the gene’s locus and its surrounding area 43,

Gene regulation at a transcription level is by various transcription factors (TF) that exist in wide
varieties. These TFs can bind to specific DNA sequences, usually the promotor or an enhancer
site, and induce or repress the transcription rate of surrounding genes. The regulation can
sometimes be as straight-forward as recruiting the necessary proteins to form the
transcription-initiation complex. Transcript regulation is often considered the most common
form of regulation. It also allows for finely tuned activities as some of the TFs are also
regulated in their activity by other ligands, modifications, or inhibitors*344,

Expression regulation on an RNA basis can be separated into two groups. One form of
regulation is the RNA processing, which consist of splicing and further modifications. In
eukaryotic cells for example a 7-methylguanylate cap is attached at the 5’ end (five-prime-
cap) and the 3’ end is extended with approximately up to 200 adenosine units (poly(A)-tail)*.
The exact form the mature mRNA takes on, depends on the organism, however. Splicing,
especially alternative splicing can also produce different versions of adult mRNA each time,
resulting in different expression rates of these proteins. However, arguably the most
important form of RNA-based gene regulation concerns RNA stability. RNA is a degraded
rather easily and has a very short lifespan. It’s lifespan also directly influences how much
protein can be generated through translation. Regulatory elements that influence mRNA half-
life are usually directly encoded into a non-translating area at the 3’ end of the molecule.
Forms of protein degradation also have regulatory effects with proteasomes, that primarily
digest ubiquitin-tagged proteins generating a sort of equilibrium between newly produced
proteins and degraded ones*3.

10
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After translation many proteins must undergo further processing for them to become fully
functional. The initial insulin peptide, proinsulin, for example must undergo cleavage after
folding and formation of three sulfide bonds before becoming functional. Preproinsulin and
many other unmatured proteins also contain signal recognition particles (SRP) that are
important in the transport of said peptides, but ultimately will be cleaved of afterwards®®.
Apart from proteolysis possible post-translational modifications to peptides also include
phosphorylation, S-nitrosylation, glycosylation, methylation, N-acetylation and lipidation.
These protein modifications can either directly affect protein activity like most
phosphorylations do or indirectly through protein stability as is the case with most
glycosylation and ubiquitination modifications*’. As explained earlier these modifications also
play a major role in histon-DNA affinity and chromatin accessibility, highlighting the complex
and extensive interactions between proteins and nucleic acids that regulate gene expression.

CRISPR/Cas9 system

CRISPR-Cas9-complex with crRNA and tracrRNA

tracrRNA

CRISPR-Cas9-complex with gRNA

R o e
pUENNESN NN

Figure 5. Schematic view of how the CRISPR-Cas9-complex interacts with the DNA. On the top: Ribonucleotide
complex made of crRNA, containing the complementary motive to the protospacer corresponding with the
target location and complementary motive that binds the tracrRNA. On the bottom: Ribonucleotides combined
into a single guide RNA. Source: https://www.mpg.de/11032932/crispr-cas9-mechanismus (has been adjusted
to match English language)

The CRISPR/Cas9 system has quickly become one of the most important tools for genetic
engineering. It is originally part of the defensive mechanism of certain bacteria and archaea
against invading viruses and plasmids®. A schematic representation of the molecular process

leading to the cutting of DNA can be seen in Figure 5 above.
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The original defense system consists of cas operons and clustered regularly interspaced short
palindromic repeats (CRISPR), that contain specific motives called spacers. These spacers
match with known foreign DNA fragments and are located within direct repeats. In the event
of plasmid or viral invasion the system produces polycistronic pre-crRNA made from all the
spacers and repeats that are subsequently cleaved into mature crRNA fragment. crRNA
fragment can then in conjunction with the so called trans activating crRNA (tracrRNA) active
the Cas9 enzyme. The Cas9 enzyme is an endonuclease that is only active after successful
annealing of protospacer to the crRNA and interaction of the crRNA-tracrRNA complex with
the protospacer adjacent motive (PAM) site. The PAM site consists of three base pairs that in
case of the Cas9 endonuclease always consists of an NGG sequence. This complex prerequisite
for the Cas9 enzyme to induce a DSB is also the reason for the CRISPR/cas9-systems high
sequence specificity and can be seen in Figure 5%%4°,

Instead of using two separate RNA molecules in conjunction, it is also possible to use a single
guide RNA (sgRNA) that contains both the crRNA and the tracrRNA (see bottom part of Figure
5)%49 Combining these molecules in-situ makes for a more stable approach using the CRISPR-
system having less components to handle and being less prone to fluctuation in
crRNA:tracrRNA content.

With only sgRNA and Cas9 enzyme researcher are now able to introduce DSB at specific sites
for various reason that include the introduction of mutations®, deleting larger areas by
introducing two DSB* or stimulating HR-directed repair°®>! as well as gene targeting
efficiency>°. With the CRISPR/Cas9 it is also possible to aid HR-directed genetic manipulation
that allows the use of shorter homologous flanks of 200 bp in T. reesei>?.

The CRISPR/Cas9-system holds many advantageous over other genome editing technologies
such as zinc-finger nucleases (ZFNs)>® and transcription activator—like effector nucleases
(TALENSs)>* such as easy design, high specificity, and the possibility to apply high throughput
and multiplex approaches*>>1,

Limitations of the CRISPR/Cas9 system include the necessity of PAM site nearby. Because the
cut is always performed 3 base pairs upstream of the PAM site the application range is
somewhat limited. Additionally, although CRISPR/Cas9 is highly specific it is not impervious to
off target mutagenesis. There exist however strategies to minimize off-target modifications
such as double nicking*®, proper sgRNA design and carefully titrating Cas9 and sgRNA
concentrations®. The necessity for a PAM site is also manageable as the motives are usually
quite common, with NGG for example being found every 8-12 bp in the human genome®.
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Motivation

While there are existing options for drug resistance markers, e.g. hygB resistance®®, usable in
filamentous fungal transformation many of them have significant disadvantageous like
displaying toxicity and being costly3®. Additionally, successfully transformed candidates have
resistance-giving DNA incorporated whereas strains generated through auxotrophic markers
do not. There are closer to the wildtype strain in their genetic makeup and as such less prone
to genetic instability and overall, more stable. Auxotrophic markers also allow the use of a
split-marker system. The use of partially deleted auxotrophic markers that are re-established
during transformation has a significant advantage over drug resistance markers. A split-
marker system then allows for an incomplete marker gene on the DNA integrate that is only
functional when it is combined with the partially deleted genomic fragment. This form of re-
establishment can also be seen in Figure 3 on the right side. It ensures that protrophy is
regained only when the integrate is inserted correctly leading to a significantly higher gene
targeting efficiency. Split marker systems in this form cannot be used with drug resistance
markers.

The need for more selection tools in filamentous fungi, especially Trichoderma sp., and the
advantageous of auxotrophic markers is apparent. As such it was attempted to create and
new auxotrophic marker for T. reesei and atroviride using different transformation strategies.

Additionally, the re-establishment of the auxotrophic marker gene during genetic insertion,
as previously described, always results in the integration near the auxotrophic marker locus.
This means that epigenetic effects around the locus could play an important role in the
evaluation of auxotrophic markers. Comparing three different T. reesei strains with eyfp
integrated at different auxotrophic marker loci could show the importance of proper marker
selection before the transformation.

While the T. atroviride P1 strain holds promise it is missing vital tools allowing for routine
genetic manipulation. As such the goal was to establish two strains with pyr4-deficiencies, one
of which is also NHEJ-deficient. These two auxotrophic strains would be able to serve as
platforms for further genetic manipulations and research in this organism.
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Abstract

Background: The filamentous ascomycete Trichoderma reesei is used for the industrial production of cellulases and
holds the promise for heterologous gene expression due to its outstandingly high protein secretion rates and its long-
term application in industry and science. A prerequisite for successful heterologous gene expression is the ability to
insert a corresponding expression cassette at suitable loci in the genome of T. reese.

Results: In this study, we test and demonstrate the applicability of the hisT gene [encoding for the ATP phospheribo-
syltransferase (EC 2.4.2.17), part of the histidine biosynthesis pathway] and locus for targeted gene insertion. Deletion
of the his1 promoter and a part of the coding region leads to histidine auxotrophy. Reestablishment of the hisi locus

expression.

targeting, Heterologous expressicn

restores prototrophy. We designed a matching plasmid that allows integration of an expression cassette at the his?
locus. This is demonstrated by the usage of the reporter EYFP (enhanced yellow fluorescence protein). Further, we
describe a minimal effort and seamless marker recycling methaod. Finally, we test the influence of the integration site
on the gene expression by comparing three strains bearing the same EYFP expression construct at different loci.

Conclusion: With the establishment of his7 as integration locus and auxotrophic marker, we could expand the
toolbox for strain design in T. reesei. This facilitates future strain constructions with the aim of heterologous gene

Keywords: Trichoderma reesei, Histidine auxotrophy, ATP phasphoribosyltransferase, Marker recycling, Gene

Background

The filamentous ascomycete Trichoderma reesei (tele-
omorph Hypocrea jecorina [1]) is used for the industrial
production of cellulases and xylanases and has estab-
lished itself as model organism for several aspects of
fungal biology including regulation of gene expression,
protein secretion, sexual development, and light response
[2-7]. Trichoderma reesei has been in the focus of basic
and applied research for several decades [8, 9] and holds
a great promise for heterologous protein expression and

*Correspondence: christian.derntl@tuwien.ac.at
Institute of Chemical, Environmental and Bioscience Engineering, TU
Wien, Gumpendorfer Strasse Ta, 1060 Wien, Austria

B BMC

secretion due to its outstandingly high protein secretion
rate [2, 5]. A fundamental prerequisite for controlled het-
erologous protein expression is the ability to insert genes
at defined loci. In a previous study, we developed a strat-
egy for targeted gene insertions using auxotrophic mark-
ers in T. reesei [10]. In that study, we demonstrate that the
upstream regions of the pyr4 gene [encoding for the oro-
tidine 5’-phosphate decarboxylase (EC 4.1.1.23)] and the
asll gene [encoding for the argininosuccinate lyase (EC
4.3.2.1)] as target sites for gene insertions. In a first step
the promoters and the complete or partial coding regions
of the genes are deleted, leading to uridine and arginine
auxotrophy, respectively. The resulting strains can be
used as recipient strains for gene integrations; a gene of

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 Intemational License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commans licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line

to the material, If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly frorm the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication walver (http//creativeco
mmons.org/publicdomnain/zero/ 1.0/} applies to the data made available In this article, unless otherwise stated in a credit line to the data
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interest is inserted upstream of the promoter regions
together with the previously deleted genomic sequences.
Please refer to our previous study for a detailed descrip-
tion of this strategy [10]. This yields strains that are iso-
genic to the original parent strain except for the inserted
gene. Prototrophy is simultaneously re-established and
can be used for selection of the gene insertion.

In this study, we describe the applicability of the hisi
gene [TRIREDRAFT_80820, encoding for the ATP phos-
phoribosyltransferase (EC 2.4.2.17)] as a suitable inser-
tion locus and auxotrophic marker for gene integrations
in T reesei. Additionally, we test if and how the choice of
the integration site effects the expression of the inserted
gene. To this end, we determine the expression of the
reporter EYFP (enhanced yellow fluorescence protein) in
strains carrying the eyfp gene at the pyrd, the asli, or the
hisI locus by comparative transcript analysis and fluores-
cence measurements. Additionally, we describe a mini-
mal effort and seamless marker recycling strategy, and we
construct a triple auxotrophic strain, which can be used
for future multiple gene insertions.

Results

Deletion of his1 leads to histidine auxotrophy in T. reesei
First, we deleted a part of the his! coding region and
the native promoter using a homologous recombination
strategy and the pyrG marker (from Aspergillus fumiga-
tus) (Fig. 1A). To this end, the plasmid pCD-Ahisl was
linearized and transformed into T. reesei QM6a Apyrd.
The correct integration was verified by PCR analyses
(Additional file 1: Figure S1). The resulting strain, T. ree-
sei QM6a Ahisl(pyrG +) was histidine auxotroph and
prototroph for uridine because the A. fumigatus pyrG
complemented the pyr4 deletion (Fig. 2). Notably, the
deletion of hisI also lead to a reduced growth rate on sup-
plemented minimal and malt extract medium, delayed
the onset of conidiation, and reduced the total amount of
spores (not shown).

The deletion cassette contained a partial, direct
repeat of the 5'flank in front of the 3/flank (Fig. 1A). The
duplication of this approx. 400 bp long sequence may
lead to an internal homologous recombination event,
which results in a loss of the previously integrated pyrG
gene (Fig. 1B). This event may occur randomly without
an external stimulus. We selected for cells in which this
internal homologous recombination event happened
by cultivation the T. reesei QM6a Ahisl(pyrG +) strain
on a plate containing 5-FOA (Additional File 2). This
strategy enables seamless marker recycling because no
genetic traces of the initially integrated pyrG remain at
the locus (Fig. 1B). The loss of the pyrG gene was veri-
fied by a PCR assay (Additional File 1: Figure S1). As
expected, the resulting strain, 7. reesei QM6a Apyrd
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Ahis1 was auxotrophic for histidine and uridine (Fig. 2)
and grew slower and exhibited delayed and reduced
conidiation compared to the T, reesei QM6a Apyr4 (not
shown).

Targeted gene insertion at the his7 locus

Next, we tested, whether we can use the hisl locus as
insertion site for a targeted gene integration, and whether
we could use the hisl genes as selection marker for the
transformation. To this end, we transformed the lin-
earized plasmid pCD-ReHisl-eyfp into T. reesei QM6a
Apyr4d Ahisl (Fig. 1C) and selected for the reestablish-
ment of histidine prototrophy. The correct integration
was verified by PCR analyses (Additional file 1: Figure
S2). The resulting strain T reesei QM6a Apyr4 eyfp(hisl)
was still auxotrophic for uridine but had regained pro-
totrophy for histidine (Fig. 2) and was expressing EYFP
(Fig. 3). The reinsertion of hisl also restored normal
growth rate and conidiation behavior like in the parent
strain T, reesei QM6a Apyr4 on minimal and malt extract
medium (not shown).

Effects of integration site on gene expression

In a previous study, we constructed two other EYFP
expression strains analogously to T reesei QM6a
Apyrd eyfp(hisl), namely QMé6a eyfp(pyr4) and QM6a
eyfp(asll). These three strains carry the very same eyfp
expression cassette at the hisl, the pyr4 and the asii
locus, respectively [10]. Notably, each strain bears only
a single copy of the eyfp gene (Additional File 3; [10]).
Next, we tested if and how of the insertion locus effects
the gene expression of the EYFP marker. To this end, we
cultivated the three latter strains together with T ree-
sei QM6a Apyr4d on different carbon sources and meas-
ured the transcript levels of eyfp (Fig. 3A) and the EYFP
fluorescence (Fig. 3B). As the experimental setup does
not allow determining the biomass, the fluorescence
units could not be normalized to the acquired biomass.
However, the strains grew equally fast on the used car-
bon sources in a parallel cultivation in clear well plates
(Additional File 4). Consequently, the fluorescence val-
ues of the different strains grown on the same carbon
sources can be compared. We observed approx. two-fold
higher eyfp transcript levels (Fig. 3A) and significantly
higher fluorescence (Fig. 3B) in the strain carrying the
EYFP expression cassette at the pyr4 locus compared to
the other two strains, which were similar to each other
(Fig. 3B; Additional File 5). This demonstrates that all
three loci can be used for heterologous gene expression
and that the choice of the integration locus influences the
gene expression.
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Fig. 1 Modification of the hisi locus during strain generations, A In the uridine auxotrophic recipient strain T. reesei QM6a Apyré4, the hisi gene
{blue arrow) is located in close vicinity to two other genes (grey arrows; TRIREDRAFT_67534 is a predicted protein kinase, TRIREDRAFT_23028 s a
hypothetical Ca2 + permeable channel). After transformation of the plasmid pCD-4his1, homelogous recombination may occur at the two flanks
{orange and yellow boxes) resulting in the replacement of the hisT promoter and a part of the coding sequence with the A, fumigatus pyrG marker
(green arrow), which restores uridine prototrophy. This yields the strain T. reesei QM6a Ahis1 (pyrG +). B Due to the direct repeat of a part of the
5'flank (dark orange box) in front of the 3/flank (yellow box) in the strain T. reesei QM6a Ahis1 (pyrG +) an internal homologous recombination may
occur spontaneously, which leads to the loss of the pyrG gene. This results in uridine auxotrophy and the generation of the double-auxotrophic
strain T. reesel QM6a Apyr4 Ahis 1. C Transformation of the plasmid pCD-ReHis-eyfp into the strain T reesef QM6a Apyr4 Ahis1 may lead to a
homologous recombination at the 5" and 3'flanks (orange and yellow boxes). As the plasmid contains the previously deleted his! promoter and
partial coding region, the native his7 locus is restored and additionally an EYFP expression cassette integrated upstream of the his? promoter,
yielding the strain QM6a Apyr4 eyfp(his1)
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Apyrd

Ahis1 (pyrG+)

Apyrd Ahis1

Apyr4 eyfp(his1)

Apyrd Ahis1 Aasl1

on minimal plates without any supplernents (MM-)

Fig. 2 Phenotype characterization of the auxotrophic strains. The indicated strains were cultivated on minimal medium plates supplemented with
5 mM uridine, 2.5 mM arginine, and 4 mM histidine (MM +), and on comparable plates lacking one of the three supplements (-Uri, -His, -Arg), and

Construction of a triple auxotrophic recipient strain

Next, we decided to construct a recipient strain for mul-
tiple gene insertions for future studies and applications.
To this end, we transformed the linearized plasmid pCD-
Aasll [10] into T reesei QM6a Apyr4 Ahisl and selected
for hygromycin resistance, because the deletion cassette
contains the corresponding resistance gene (Additional
File 1: Figure S3). Please refer also to [10] for a detailed
description and depiction of the asli deletion strategy.
The deletion of the as/I promoter and part of the coding
region, was confirmed by a suitable PCR analysis (Addi-
tional File 1: Figure S3). The resulting strain 7. reesei
QM6a Apyrd Ahisl Aasll was auxotrophic for uridine,

histidine, and arginine (Fig. 2) and may be used as recipi-
ent strain in the future.

Discussion

In this study, we demonstrated that the kisl locus can
be used as integration site for gene expression cas-
settes and that the hisI gene can be used as auxotrophic
marker in T. reesei. We observed that the deletion of
the his1 promoter and a part of the coding region leads
to histidine auxotrophy, but also negatively affected
the growth rate and conidiation. We speculate that this
might be a result of the connection of the histidine and
purine biosynthesis pathways [11]. During one reaction
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Fig.3 Expression analysis of EYFP on transcript and enzyme level. A The EYFP reporter strains (Table 1) carrying the expression cassette at either
the pyrd, the asl], or the hist locus were cultivated in a 12-well plate in 1.5 ml MAM containing glucose, lactose, glycerol, or xylan as carbon source.
After incubation at 30 °C for 48 h, RNA was extracted, and cDNA was synthesized. The relative transcript levels of the eyfp were determined in a
RT-gPCR assay using act! and sari for normalization and the Pfaffl method [15] for calculation. QM6a eyip(pyr) on glucose was used as reference
sample. The arithmetic average of all samples from all carbon sources are depicted in the bar chart. Error bars represent standard deviation. B

The strains T. reesei QM6a Apyrd, and the EYFP reporter strains carrying the expression cassette at either the pyrd, the asl1, or the his1 locus were
cultivated in a fluorescence 96-well plate in MAM containing glucose, lactose, glycerol, or xylan as carbon sources. After incubation at 30 °C without
aglitation for 72 h, the total fluorescence (ex 490, em 510-570) was measured. Bars represent the arithmetic average of three independent replicates.

glucose lactose glycerol xylan

eyfp(his1)

of the histidine biosynthesis pathway, AICAR (5-Ami-
noimidazole-4-carboxamide-1-beta-D-ribofuranosyl
5-Monophosphate) is formed as co-product (https://
www.genome.jp/entry/R04558). AICAR is an impor-
tant intermediate for the biosynthesis of purines and is
involved in other biological processes [11]. It appears,
that AICAR cannot be provided in sufficient amounts
through other metabolic pathways in the his! deletion
strains. However, the re-establishment of the hisI locus
re-instates prototrophy and normal growth and sporu-
lation behavior. This needs to be considered for the
design of a strain construction strategy; the final strain
must contain a functional kis! locus.

In a previous study, we described the applicabil-
ity of two other genes, pyr4 and asll for targeted gene
insertions [10]. We routinely use the therein described
strains and the markers in our research group, because
no expensive or toxic antibiotics are needed, and the
resulting strain do not carry additional marker genes,
which might interfere with the planned gene expres-
sion. In this study, we demonstrated that the choice
of the integration locus has a strong influence on the
gene expression. This should also be considered for the
strain design. The combination of differently strong
promoters with different integration sites may facilitate
fine-tuning of the final gene expression rate. This is of
course highly speculative and should be tested in fur-
ther studies.

When comparing the EYFP expression in the three eyfp
bearing strains, we observed a strong influence of the
different carbon sources on the fluorescence, but not on
transcript levels (small standard deviation in the tran-
script analysis). This seems contradictory at first glance
but can be explained by the different growth rates of T.
reesei on the tested carbon sources. We speculate that
eyfp is transcribed at a constant rate regardless of the car-
bon source, but the different growth rates on the different
carbon sources lead to different amounts of acquired bio-
mass which in turn produces and accumulates more or
less EYFP. A normalization to the biomass would proba-
bly solve this problem, but the performed experiment did
not allow determining the biomass in the fluorescence
well plates.

Further, we described a minimal effort and seam-
less marker recycling method, that relies on an internal
homologous recombination between two direct repeats
of a natural genomic sequence (Fig. 1B). This is a random
and spontaneous process that may occur during the nor-
mal cell cycle of T reesei. It is also interesting to specu-
late how and if CRISPR-mediated genome editing may
be combined with the here presented minimal effort and
seamless marker recycling method. If a suitable recogni-
tion site for the Cas9 enzymes is generated by the inter-
nal homologous recombination, CRISPR may be used
to open the target site for enhanced transformation and
integration efficiency.
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Conclusions

We could demonstrate the applicability of the his! gene
for targeted gene integration and as an auxotrophic
marker in T. reesei, which expands the toolbox for future
applications of this fungus as host for heterologous gene
expression. We further demonstrated the applicability of
a minimal effort and seamless marker recycling system,
which will facilitate future strain construction efforts,
because several genomic manipulations may be per-
formed without the need of several marker genes and/or
expensive and toxic compounds.

Methods

Fungal strains and cultivation conditions

All T. reesei strains (Table 1) used in this study were
maintained on malt extract agar at 30 °C. Uridine, Argi-
nine, Histidine, 5-FOA, and Hygromycin B were added
when applicable to a final concentration of 5 mM,
2.5 mM, 4 mM, 1 mg/ml, and 113 U/ml, respectively.

For cultivations, T. reesei was grown in Mandels-
Andreotti medium (MAM) (8.9 g/L Na,HPO42 H,0,
14 g/L (NH,),50, 2 g/L KH,PO, 0.3 g/L MgSO,,
0.4 g/L CaCl,, 0.3 g/L urea, 1 g/L peptone, 20 mL/L trace
elements (5 mg/L FeSO,-7 H,0, 1.6 mg/L MnSO,H,0,
1.4 mg/L ZnSO,H,0 and 2 mg/L CoCl,2 H,0), pH
adjusted to 5 with citric acid) [12] containing 1% (w/v) of
the respective carbon source. Culture were either grown
in 20 ml in Erlenmeyer flasks in a rotary shaker at 30 °C
and 180 rpm, or in 100 pl in fluorescence 96-well plates
(sterile, flat bottom, black) at 30 °C without agitation.
A total of 10° conidia per liter (final concentration) was
used as the inoculum in both cases.

Auxotrophy testing

For auxotrophy testing, 5 pl of a 107 spores/ml suspen-
sion were applied to the middle of a minimal medium
plate with or without supplements. As minimal medium,

Table 1 T reesei strains used in this study

Designation Description

OM6a Apyrd

QMe6a Ahis1 (pwrG +)
fumigatus pyrG gene

QMéa Apyrd Ahis1

Uridine and histidine auxotrophic strain, obtained through pyrG excision in QMéa Ahis1 (pyrG +)
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MAM without peptone and glucose as carbon source was
used. Plates were incubated at 30 °C for 1 week.

Plasmid constructions

PCRs for cloning purposes were performed with Q5
High-Fidelity DNA Polymerase (New England Biolabs
(NEB), Ipswich, MA, USA) according to the manufac-
turer’s instructions. All used primers are listed in Table 2.
PCR products were cloned into EcoRV-digested pJET1.2
(‘Thermo Fisher Scientific Inc., Waltham, MA, USA) and
verified by sequencing (at Microsynth, Balgach, Swit-
zerland). The fragments were released for subsequent
cloning purposes by digestion with suitable restriction
endonucleases (NEB).

For the construction of pCD-Ahisl, the 5’ flank was
amplified by PCR using the primers 80820_5fwd-BspEI
and 80820_5rev-EcoRI and chromosomal DNA of T. ree-
sei QM6a Apyr4 and inserted into pJET-pyrG [13]. Next,
the partial direct repeat of the 5'flank was fused to the
3/flank by a splicing by overlap extension PCR. The frag-
ments were amplified using the primers 80820_5fwd2-
AflIl and 80820 5rev-SOE or 80820 3fwd-SOE and
80820_3rev-Nsil. The fusion PCR fragment was inserted
into the latter plasmid yielding pCD-Ahisl (Fig. 1A;
Additional File 6).

For the construction of pCD-ReHisl, the 5'flank of Aisi
was amplified with the primers 80820_5fwd-BspEl and
80820_5rev-MCS and inserted into pJET1.2 (Thermo
Fisher Scientific) in the opposite direction of the eco47IR
gene, Next the promoter and the coding region of /is!
was amplified with the primers P80820_fwd-MCS and
80820_3rev-Clal and inserted into the latter plasmid via
Nhel and Clal. The resulting plasmid pCD-ReHisl (Addi-
tional File 7) contains a multiple cloning site (BamHI,
EcoRl, Nhel, Ndel, Pstl) between the 5'flank and the pro-
moter of hisl to facilitate insertion of further genes.

For the construction of pCD-ReHisl-eyfp (Additional
File 8), the expression cassette for EYFP, containing the

Source

Wild-type-like strain with deficiency of the non-homologous end joining repair pathway, and uridine auxotrophy  [10]
Histidine auxotrophic strain, obtained through transformation of QM6a Apyr4 with pCD-Ahis1, carries the A.

This study

This study

OM6a Apyrd eyfp (his1)  EYFP-reporter strain, expression cassette integrated at this hisT locus, obtained through transformation of OM6a  This study

Apyrd Ahis1 with pCD-ReHis-eyfp
OMB6a eyfp (pyrd)
OM6a eyfp (asl)

QM6a Apyrd Ahis] Aasl1 - Uridine, histidine, and arginine auxotrophic strain, obtained through transformation of QM6a Apyr4 Ahis1 with

EYFP-reporter strain, expression cassette integrated at this pyr4 locus ol
EYFP-reporter strain, expression cassette integrated at this as!T locus [0l

This study

pCD-Aasht, recipient strain for multiple gene integrations
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Table 2 Primers used in this study

Number Name Sequence (5'-3')

A70 80820_5fwd-BspEl TCCGGACTCTCAACCATGGCTTCAGAC

A71 80820_5rev-EcoRl GAATTCTTATGGTTTGGTACTAGGTACTG

A72 80820_5fwd2-Aflll CTTAAGAGATGAAGTACTGCTATAAGCGC

A73 80820_5rev-SOE CTTGACCTGATCCTTATGGTTTGGTACTAGGTACTG

A74 80820_3fwd-SOE CCAAACCATAAGGATCAGGTCAAGGAGCACGATG

A75 80820_3rev-Nsil ATGCATCTTTTCAGCACGGCACTTAC

A272 B0B20_5rev-MCS GCTAGCTACCTTAGGCTGGAATTCCTGGGATCCTTATGGT TTGGT
ACTAGGTACTG

A273 P80820_fwd-MCS GCTAGCCGTCATATGGGTCTGCAGTAGCACTGGACTTGATCACAG

A274 80820_3rev-Clal ATCGATCTTTTCAGCACGGCACTTAC

A294 Ppki_fwd-BamHI GGATCCGACGGCCAGTGAATTCTCG

220 Tcbh2_rev_Nhel GCTAGCGCTATTAACGTTTGGAAAGC

AQQ 80820_5fwd?2 GTTCTAAAGCCTCGTCGAGAG

A100 80820_3rev2 CCTTCAGCGTGAACGGACTAG

A63 pyrG_3fwd ACATTGTGCCTGTCATTAAACG

A62 pyrG_5rev AATGGGGTAGACAGGCAGAAC

233 Ppki_5rev CAGCAGCCACGACAAAGC

45 cbh2terMF CATCACAACCTCGTCTCCCTC

336 Ppki_Mrev ATTAGGTGATGCTGCGLG

A772 sarTfw TGGATCGTCAACTGGTTCTACGA

A773 sarlrev GCATGTGTAGCAACGTGGTCTTT

A774 act1f TGAGAGCGGTGGTATCCALCG

A775 actlr GGTACCACCAGACATGACAATGTTG

BO62 eYFP_fwd_qPCR TACAACTACAACAGCCACAACG

BO70 eYFP_rev_qPCR TTACTTGTACAGCTCGTCCATG

Ci12 cbh1_fwd_gPCR GGCTAAAAGTACATAAGTTAATGCC

c13 cbh1_rev_gPCR GACTTACATTTCAATATGGACCACT

212 Ppki_fwd-Kpn2| TCCGGACGGLCAGTGAATTCTCGAG

214 Tcbh2_rev_Pstl CTGCAGGCCATCCAAAGAGCTCAACC

constitutive pki promoter, a codon-optimized eyfp gene,
and the chbh2 terminator, was amplified with the prim-
ers Ppki_fwd-BamHI and Tcbh2_rev_Nhel using pCD-
EYFP [10] as template and inserted into pCD-ReHisl via
BamHI and Nhel.

For the construction of the standard plasmids for the
qPCR assay to determine the copy number of eyfp, a part
of the cbhi coding region and the eyfp expression cas-
sette were amplified using the primers cbhl_fwd_gPCR
and cbhl_rev_gPCR, and Ppki_fwd-Kpn2I and Tcbh2_
rev_Pstl, and chromosomal DNA of QMé6a Apyrd and
pCD-EYFP [10] as template, respectively, and inserted
into pJET1.2 (Thermo Fisher Scientific).

Fungal transformations

The protoplast generation and polyethylene glycol
mediated transformation of 7. reesei was performed as
described previously [14]. Typically, 15 pg of linearized
plasmid DNA (digested with Notl, precipitated with

ethanol, resuspended in 15 pl sterile ddH,O) was used for
the transformation of 107 protoplasts (in 100 pl). Selec-
tion was described previously [10]. Resulting candidates
were subjected to homokaryon purification by streak-
ing conidia on plates with selection medium containing
0.1% (w/v) Igepal CA-630 (Sigma-Aldrich, part of Merck
KGaA, Darmstadt, Germany).

Marker recycling

For the minimal effort marker recycling, the strain T.
reesei QM6a Ahisl(pyrG +) was incubated on MAM
plates without peptone containing uridine, histidine,
and 5-FOA. The plate was incubated at 30 °C for up to
4 weeks, until the pyrG marker was lost due to a random
internal homologous recombination (Fig. 1B) and the
fungus gained 5-FOA tolerance (Additional File 2).
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Isolation of chromosomal DNA

Chromosomal DNA was isolated from mycelium by
grinding in liquid nitrogen followed by a phenol/chloro-
form extraction [14]. RNA was degraded using RNaseA
(Thermo Fisher Scientific). DNA was precipitated with
isopropanol, washed with 70% ethanol, and dissolved in
ddH,0.

Genotype testing by PCR

For testing the genotype, 10 ng of chromosomal DNA
were used as template in a 25-pl-PCR using OneTaq pol-
ymerase (NEB) according to the manufacturer’s instruc-
tions. All used primers are listed in Table 2. For the
agarose gel electrophoresis of the amplification products
the 1 kb Plus DNA Ladder (NEB) was used as standard.

Determination of the eyfp copy number

Dilutions of the chromosomal DNA of the EYFP-express-
ing strains were used as template in a qPCR assay target-
ing the eyfp and the cbhhl gene. For comparison, plasmids
carrying the target size were used. The relative copy
number of eyfp in relation to cbhl was calculated (Addi-
tional File 3) using the Pfaffl method [15].

RNA extraction

Fungal strains were cultivated in Erlenmeyer flasks for
48 h, mycelia and supernatants were separated by filtra-
tion through Miracloth (Merck Millipore, part of Merck
KGaA, Darmstadt, Germany). Approx. 0.05 g of har-
vested mycelia were resuspended in 1 ml RNAzol RT
(Sigma-Aldrich) and lyzed using a Fast-Prep-24 (MP Bio-
medicals, Santa Ana, CA, USA) with 0.37 g of small glass
beads (0.1 mm diameter), 0.24 g of medium glass beads
(1 mm diameter), and a single large glass bead (5 mm
diameter) at 6 m/s for 30 s. Samples were incubated at
room temperature for 5 min and then centrifuged at
12,000¢ for 5 min. 750 pl of the supernatant were mixed
with 750 pl ethanol and RNA isolated using the Direct-
zol RNA Miniprep Kit (Zymo Research, Irvine, CA,
USA) according to the manufacturer’s instructions. This
Kit includes a DNAse treatment step. The concentration
and purity were measured using the NanoDrop ONE
(Thermo Scientific).

Transcript analysis by RT-qPCR

500 ng of isolated total RNA was reverse transcribed
using the LunaScript RT SuperMix (NEB) according to
the manufacturer’s instructions. The resulting ¢cDNA
was diluted 1:50 and 2 pl were used as template in a 20 pl
reaction using the Luna Universal qPCR Master Mix
(NEB) according to the manufacturer’s instructions. All
reactions were performed in technical duplicates on a
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Rotor-Gene Q system (Qiagen, Hilden, Germany). Cal-
culations of the relative transcript levels were performed
according to the Pfaffl method [15] using the reference
genes sarl and actl for normalization according to [16].

Fluorescence measurements

The strains were cultivated in fluorescence 96 well
plates in technical triplicates in two independent
experiments, and in parallel in technical triplicates in a
transparent 96 well plates to determine the optical den-
sity. After 72 h cultivation the total fluorescence or the
optical density of the cultures was measured in a Glo-
max Multi Detection System (Promega, Madison, WI,
USA) using the blue filter kit (excitation peak wave-
length at 490 nm, emission wavelengths between 510
and 570 nm) or absorbance at 600 nm.

Abbreviations

5-FOA: 5-Fluororotic acid; AICAR: 5-Amincimidazole-4-carboxamide-1-beta-
D-ribofuranosyl 5-Menophosphate; EYFP: Enhanced yellow fluorescence
protein; MAM: Mandels-Andreotti medium; PCR: Polymerase chain reaction;
RT-gPCR: Quantitative reverse transcription PCR.
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Discussion

Not only could the hisG-auxotrophic strain be created but also applied successfully. The
findings of the short report show that hisG works as an auxotrophic marker. The successful
incorporation of an eyfp gene, using a reestablishment approach, demonstrates the markers
viability as a selection tool. The conformation of successful integration was verified
phenotypically and genotypically. Prototrophy was thus regained in the Apyr4d eyfp(hisG)
strain. The genotypical verification by selective PCR amplification of Apyr4 eyfp(hisG) and all
other strains used in this part of the study, showed proper genetic modification. The short
report also demonstrates integrate functionality with a fluorescence assay and a RT-gPCR.
These two methods showcase fluorescence of successful transformed strains and found eyfp-
transcripts in their RNA isolates. In conjunction these two methods verify successful
integration and subsequently validate the auxotrophic marker hisG.

While the auxotrophic marker developed showed promising results it also showed a decrease
in growth rate and conidiation, which should be considered when working with hisG-deficient
strains. This is most likely the result of the connection between Histidin production in purine
synthesis pathway around AICAR®’ (5-Aminoimidazole-4-carboxamide ribonucleotide) and is
discussed in more detail within the short report. Such secondary deficiency resulting from
auxotrophies, albeit very minor in this case, could be important factors when deciding what
auxotrophic system to use.

Similarly, the experiments comparing eyfp-integrates at different auxotrophic marker loci also
highlight ectopic difference in protein expression that is visible not only in the fluorescence
assay but also with the RT-gPCR. The pyr4 locus seems to be most accessible of the three
strains compared, showing increased eyfp-transcript and fluorescence levels. The eyfp-
integrate at the newly established hisG locus has a similar expression rate than the one at the
asl1 locus. These two auxotrophic markers generate equivalently accessible integrates after
transformation using a re-establishment approach. This method has the advantage of being
less prone to ectopic integration but clearly shows that the auxotrophic marker used affects
expressions-levels of the final strain obtained.
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Outlook

After highlighting the differences auxotrophic markers can have on expression of integrates,
auxotrophic markers should not only be tested for their viability as a selection tool. Their
complete performance should be evaluated comparing them to other established auxotrophic
marker strains. This would give a better understanding and a more transparent number of
options regarding auxotrophic markers. One could choose specific markers depending on the
genetic manipulation intended and finetune expression levels on an ectopic level in this way.

Further development of auxotrophic markers in T. reesei are recommended as results shown
in this part of the diploma thesis demonstrate the expression level dependency of integrates
on the auxotrophic marker used, when a re-establishment approach is applied. The more
auxotrophic markers, that are properly investigated in their complete range of performance,
are available the more options exist for individually curated transformation systems.

Another aspect where auxotrophic markers could show differences is regarding their
transformation efficiency. This applied to re-integration strategies as well as to re-
establishment one but is more applicable to the latter. Differences in ectopic surrounding
might have unknown consequences to successful transformation rate. This might allow the
use of certain markers with higher efficiencies in case of for example complex integration
cassettes. The advantageous of this area of auxotrophic markers are however untested and
will most likely remain so as subpar transformation efficiency can also be remedied with the
integration of CRISPR/Cas9 system®C. Ultimately the genetic manipulation is also successful if
only one candidate turns out viable eliminating the need for very high transformation
efficiencies.

The general establishment of more auxotrophic markers not only for T. reesei but filamentous
fungi in general is recommended. Auxotrophic markers are superior to standard mycotoxin
resistance based approached with different nuances connected to each marker that range
from growth rate, expression rate and potentially transformation efficiency. The performance
of auxotrophic markers is as such varied and can be applied to one’s advantage if multiple
marker options are available to researchers.
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Part 2: CRISPR/Cas9 — mediated transformation in
Trichoderma atroviride
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Material and Methods

Materials

The transformations were performed exclusively in a T. atroviride P1 strain. Standard
cultivation for this strain was performed on Potato-dextrose-agar (PDA) at room temperature.
Cultivations in liquid form, for example prior to DNA isolation, where done in a malt extract
(MEX) media at room temperature, containing the necessary supplements for the auxotrophic
strains (see DNA Isolation for more details).

Additional material and buffers used are shown below in Table 1. All media and buffer were
prepared using double-distilled water (ddH20) except for the PDA-media, which includes the
selection media and all subsequent derivatives of it — their constitution is explained when
mentioned in the

Methods part and was prepared using tap water.

Table 1. Materials and Buffers used in T. atroviride transformation

Name Composition Comment
Protoplasting solution 60 mg R-Glucanase Dissolved in 15 ml
150 mg lysing enzyme (t.harzinium) buffer A
Buffer A 100 mM K2HPO4 Final pH=5.6
1.2 M Sorbitol
Buffer B 1 M Sorbitol
10 mM TrisHCI (pH = 7.5)
25 mM CaCl2
Buffer C 1 M Sorbitol
10 mM TrisHCI (pH = 7.5)
1.2M Sorbitol 1.2 M Sorbitol
10x Cas9 Buffer 20 mM HEPES FinalpH=7.5
150 mM KCl
8 mM MgS0O4
0.1 mM EDTA
0.5 mM DTT
Cas9 Enzyme 20 uM Cas9 enzyme (3.22 mg/ml) see Table 2
60% PEG =PEG 4000
20% PEG 60% PEG:Buffer B (1:3)
Selection media 39 g/I PDA =PDA-media + 5-FOA,
5 mM Uridine sugar and Uridine
1 mg/ml 5-FOA (5-FOA added after
1 M Sucrose autoclave)
CTAB buffer 1.4 M NaCl
100 mM TrisHCI (pH = 8)
10 mM EDTA

2% Cetyltrimethylammoniumbromid
1% Polyvinylpyrollidine
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Additionally, several Kits were used for several methods applied during this part of the
diploma thesis. On overview of the used Kits as well as externally acquired enzymes can seen
in Table 2. These kits and enzymes were used and prepared according to the providers
instructions. Any deviations from protocols are noted in the respective section in the

Methods part.

Table 2. Acquired Kits and enzymes used

Name Acquired from

NEB HiScribeTM Quick T7 High Yield RNA Synthesis Kit New England BiolLabs
NEB RNA Cleanup Kit New England BiolLabs
NEB T4 DNA polymerase New England BiolLabs
Thermo PCR Purification Kit Thermo Scientific™
Q5 High-Fidelity Polymerase New England BiolLabs
ClonelET PCR Cloning Kit Thermo Scientific™
Genelet plasmid Mini-prep Kit Thermo Scientific™
EnGen® Spy Cas9 NLS New England Biolabs
Genelet Gel extraction Kit Thermo Scientific™

Methods

Generating Protoplasts

A spore suspension of T. atroviride P1 was prepared and 100 pul applied to PDA plates with
sterile Cellophane sheets laid on top of the media. For each transformation attempt 5-6 of
these inoculation plates were prepared and incubated for approximately 24 h at room
temperature (RT). Grown mycelium was scraped of and transferred into a protoplasting
solution. The solution was then incubated at 30°C and 60 rpm for at least 3 hours. During these
three hours the solution was regularly dispersed to avoid lumping of the mycelium. Afterwards
a sample of the solution was taken and observed under a microscope to ensure successful
protoplast formation. After verification the whole solution was filtrated over a sterile
Miracloth filter into a 50 ml Falcon tube on ice. The solution containing protoplasts was kept
on ice as much as possible. The filtrate was left on ice for 5 minutes before being topped off
to 40 ml with ice-cold 1.2 M Sorbitol and centrifuged at 2500 x g for 10 minutes. The
supernatant was then removed, and the protoplast pellet again carefully resuspended in 30 ml
ice-cold 1.2M Sorbitol. After another centrifugation step at 5500 x g for another 10 minutes
the supernatant was removed for the last time, and the pellet redissolved in the necessary
amount of Buffer B (see Table 4).

Generating sgRNA

To generate functional sgRNA for CRISPR/Cas9 application respective sites adjacent to PAM
sites in the genomic DNA were identified. The sites chosen can be seen in Table 3 and Figure
6. The location of these sites in correspondence to the respective gene can also be seen in
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Figure 6. The sgRNA B243 was only used in the transformation of single deletion strains. The
double deletion strain generated (Apyr4Atmus53) was only subjected to B242 at the pyrd
locus with the intended goal of introducing a single-point mutation as the result of error-prone
NHEJ repair.

Table 3. Cas9 targets and Primers used

Code Name Sequence (not containing PAM-site)
B242 5’ pyrd sgRNA GGATAAAGATCGATTGGTGC
B243 3’ pyrd sgRNA GGCAGAACGTTACCGGTCAG
B260 5" tmus53 sgRNA GGAGGAATTGGCTGCAAAGT
B998 3’ tmus53 sgRNA GGGGATGATCCGATGGAGGT
B235 pyr4 forward Primer CTCAGAGCAGTCCTATTGATC
B236 pyr4 reverse Primer TATCGCAGCAACCTCTCTGTG
€002 tmus53 forward Primer ATTTAAGCCTTGCCGAGTCGC
coo3 tmus53 reverse Primer AACATCTCGGGCTCTCCAAGG

B242 8243

pyvrd locus ‘ﬁ
| pyrd
—)
B236
B260 B9%6

tmus locus €002

| tmus53 I

Ccoo3

Figure 6. Primer and sgRNA cutting location in pyrd and tmus53 gene loci. sgRNA cutting region B243 marked in
grey = only used in Apyr4 single deletion strain generation.

These sequences were annealed in silico with a T7 Promotor region at the 5 end and an
overlapping region that is complementary to the remaining 3’ part DNA of any sgRNA. This 3’-
region was dubbed cas9-handle and contains the tracrRNA motive as well as some of the
remaining crRNA necessary. The name cas9-handle was used as it corresponds with handle-
like secondary structure formed (see bottom of Figure 5). The recognition motive DNA
sequence was then ordered at and produced by Sigma Aldrich. These oligonucleotides were
then annealed and amplified with the cas9-handle by using a standard NEB T4 DNA
polymerase protocol. To guarantee no contaminations of RNAse, that could be problematic
later, the protocol was performed with RNAse-free materials under appropriate conditions.

Proper formation of the now 120 bp long DNA Product was checked using agarose gel
electrophoresis and then purified using a Thermo PCR Purification Kit. The concentration of
the purified sgDNA template was measured on a Thermo Scientific Nanodrop and 75-200 ng
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used for RNA transcription. In vitro transcription was performed using the NEB HiScribe™
Quick T7 High Yield RNA Synthesis Kit with an additional DNAse treatment. The resulting
synthesized sgRNA was then purified using the NEB RNA Cleanup Kit. An in-depth protocol for
sgRNA synthesis can also be found at the New England BioLab homepage>2.

Transformation and isolation of candidates

For the genetic manipulations PEG-mediated transformation of protoplasts was applied.
Additionally, Cas9 enzyme and previously prepared sgRNA was added during the process. To
incorporate sgRNA and Cas9 enzyme efficiently with the standard PEG-mediated
transformation process the enzyme and the sgRNA were bound separately beforehand. 15 pl
10x Cas9 Buffer were combined with 4.25 pul Cas9 Enzyme and 1.35 pg of the sgRNAs (for the
single cut transformations in the pyr4 locus of the double deletion 2.7 ug sgRNA of B242 were
used) and filled up to 150 ul with Buffer B. The Cas9-sgRNA-mixture was then incubated at
37°C for 10 minutes before application. In the case of the double deletion transformation the
sgRNAs at the tmus53 locus (B260 and B998) were added in 10x surplus, which resulted in
13,5 ug sgRNA added respectively.

Transformation mixture was performed in 50 ml Falcons on ice as shown in Table 4.

Table 4. Content of transformation mixture

15 pl DNA template

+ 150 pl Cas9 Mixture

+ 100 pl Protoplast solution

+ 100 pl ice-cold 20 % PEG
=365 ul Transformation mixture

The transformation mixture was kept on ice for 30 minutes until 60% PEG solution was added
in three steps (50 pl — 200 ul — 500 ul added). Afterwards the mixture was taken off the ice
and incubated at room temperature. The next step consisted of stepwise Buffer C addition
(200 pl —400 pl =1 ml—2.5 ml added). After Buffer C addition 100 ul, 300 pl and 1 ml aliquots
of the solution were prepared. Together with the remaining solution these four samples were
then submerged in selection medium and plated. For the plating it was crucial that the media
was not too hot. Higher temperature can destroy the protoplast before successful
transformation, resulting in a failed transformation attempt. To cool down the plates quicker
and reduce exposure of the protoplast to high temperature, only warm media was used, and
plates were not stacked on top of each other. After the agar solidified the plates the
transformants were incubated at room temperature with light for approximately a week.

Promising growing colonies were then picked from the agar and four of each placed on a single
selection plate containing the selection media without any sugar. By comparing these
candidates’ growth rates, slowly and irregularly growing strains could be eliminated.
Promising strains were isolated by striking on selection media plates containing 1 ul/ml IGEPAL
and no sugar. A single well separated colony was then picked and transferred to a final PDA
plate containing necessary supplements to support the growth of auxotrophic strains. In some
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cases, more than one candidate was picked from the streaked IGEPAL-plates, especially when
major differences in mycelium formation were noticed.

DNA Isolation

Spores of successfully isolated candidates were inoculated in 24 well plates containing MEX-
media and 5 mM Uridine. All candidates and the wildtype strain were left to grow at RT for
approx. 2 days. The resulting fungal growth on the liquid surface was removed, put on
Whatmann filter paper and dried. Approximately 50 mg of the mycelium were then
transferred to 2 ml screw cap reaction tubes appropriate for homogenization. Additionally,
each reaction tube also contained 0.37 g, 0.25 g and a single glass bead of diameters of 0,01 -
0,1 mm, 1 mm and 5 mm respectively. The glass beads and mycelium were submerged in 1 ml
CTAB buffer, and the reaction tube disrupted at a FastPrep-24™ 5G bead beating grinder and
lysis system for 30 seconds at 6 m/s. The lysed supernatant was then transferred into a new
2 ml Eppendorf tube, combined with 400 pl chloroform and carefully shaken. After a 5-minute
incubation period at RT the tubes were centrifuged using a tabletop centrifuge at 12000 g at
4°C for 5 minutes. The aqueous top phase was then transferred and once again extracted with
650 pl chloroform. After another centrifugation step the top aqueous phase was removed and
incubated with 1.5 ul RNAse A [10 mg/ml] at 37 °C for 30 minutes. The DNA was then
precipitated using 350 ul isopropanol. Afterwards a centrifugation step at 21000 g at 4 °C was
performed for 30 minutes. The supernatant was removed, and the pellet resuspended in 1 ml
70 % ethanol. After another centrifugation for 10 minutes the supernatant was once removed
and the pellet dried. The DNA was then dissolved in 100 pl elution buffer commonly used in
Thermo Fisher Scientific kits. The integrity of the extracted DNA was tested by performing gel
electrophoresis on agarose gel and the concentration and purity was measured with a Thermo
Scientific Nanodrop device.

Q5 PCR

To determine the genotype of the candidates PCR was performed using a Q5 High-Fidelity
Polymerase. Using this polymerase instead of a standard OneTaq allows to discern possible
point mutations later one in the sequencing of PCR amplicons. A standard protocol provided
from New England BiolLab was used for the procedure. The contents of each reaction can be
seen below in Table 5.

Table 5. Reaction components for standard Q5-PCR as suggested by New England Biolabs. ) Amounts for 25 pul
reaction size.

Components Amount/reaction ”  Final concentration
5x Q5 Reaction Buffer 5 ul 1x
10 mM dNTPs 0.5 ul 200 uM
10 uM forward Primer 1.25 ul 0.5 uM
10 uM reverse Primer 1.25 ul 0.5 uM
Template DNA [5 ng/ pl] 2 ul 0.4 ng/ul
Q5 Polymerase 0.25 pl 0.02 U/l
Nuclease free Water 17.75 ul
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The polymerase and most of the necessary materials used excluding nuclease free water and
dNTP solutions were also acquired from the same company. For the amplification 5 - 10 ng
DNA template were used. A typical thermocycling procedure for routine Q5-PCR (see Table 6).

Table 6. Standard thermocycling conditions for routine Q5-PCR by New England Biolab

Step Temperature Time

1%t denaturation 98°C 30 sec

PCR Cycling (25-30x) 98°C 5-10sec
50-72°C 10 -30 sec
72°C 20— 30 sec/kb

Final extension 72°C 2 min

Hold 4-10°C

The forward and reverse primers necessary for amplification of the pyr4 and tmus locus were
placed outside of the sgRNA cutting region as shown in Figure 6. In the case of pyr4 the primers
were placed inside noncoding areas of the gene. This was done mainly because they were the
closest available and most promising locations. For the tmus53 amplicon however, the two
primers had to be placed outside of the annotated gen for the same reason. Important in the
placement of primers was a close location to the cutting region of the Cas9 enzyme up and
downstream of the respective gene. This would result in amplicons that have the area of
interest, e.g. introduced point mutations at the flanking regions. This guarantees that once
the amplicon is sequenced from either side, sequencing results include the Cas9 cutting
regions, especially in the case of the tmus53 locus, where the amplicon region is vastly greater
with an estimated length of 3025 bp.

Agarose gel electrophoresis

For all Agarose gel pictures (see Results and Discussion) Quick-Load® Purple 1 kb Plus DNA
Ladder was used as a marker to determine approximate fragment size. DNA staining and
visualization was achieved with SYBR Safe staining. Both the ladder and staining solution were
acquired from New England BioLabs. An agarose content of 0.8 % was used and diluted in Tris-
borate-EDTA (TBE) buffer for most of the electrophoresis runs, except for the control of proper
sgRNA template annealing where 2.5 % agarose content was used for the gel.

Template amplification and sequencing

The Q5-PCR products were extracted after separation by agarose gel electrophoresis and
purified by using a Thermo Scientific Gel extraction kit. The obtained and purified DNA
templates were integrated into pJET 1.2 plasmids using the CloneJET PCR Cloning Kit and then
transformed into competent E. coli TOP10 cells. Transformants were first grown in 200 ul LB-
media containing ampicillin as a selection tool for 40 minutes at 37°C. 100 pl of this inoculum
was then plated on LB plates containing ampicillin and incubated at 37°C overnight. One
successfully transformed colony was then picked and used to inoculate 5 ml of LB-media
containing ampicillin. After growing at 37°C and 180 rpm overnight the E.coli was harvested
and its plasmid DNA extracted. Plasmid Extraction was performed with a Genelet plasmid
Mini-prep Kit from Thermo Scientific™. The obtained plasmid solution was then diluted to
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80 ng/ul and sent to Mycrosynth Austria for Sequencing. Their results were obtained using
Sanger Sequencing. The Sequencing results obtained from Mycrosynth Austria were then
analyzed using NCBI Blast and the Generunner software.
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Results and Discussion

Candidates and their DNA isolates

The PEG-mediated transformation using the CRISPR/Cas9 system to induce DSB and error-
prone NHEJ repair yielded several colonies. The selection principle behind it relied on the fact
that all successfully transformed strains had to be pyr4-deficient, allowing them to grow on
selection media containing 5’-FOA. Four colonies each were then cultivated on PDA plates
containing Uridine, and their growth rate and pattern compared. Of these preliminary
candidates only those with satisfactory qualities were isolated by streaking on PDA media
containing IGEPAL and Uridine. Ultimately, five single deletion strains (Apyr4) and six double
deletion strain (Apyr4Atmus) in T. atroviride P1 could be isolated successfully. Their names
and expected genotype are depicted in Figure 7 below.

Table 7. Names of the successfully isolated candidates

Candidate name Expected strain Comment

A13 Apyréd

A 15 Apyréd

A 16 Apyréd

A17 Apyréd

A 20 Apyréd

AA 2.1 ApyrdAtmus slow growth rate
AA 2.2 ApyrdAtmus slow growth rate
AA3 ApyrdAtmus slow growth rate
AA 9.1 Apyr4Atmus slow growth rate
AA 9.1% Apyr4Atmus slow growth rate
AA 9.2 Apyr4Atmus slow growth rate

Even though both transformation attempts produced seemingly similar amounts of
candidates a difference in transformation efficiency was noticed, with the double deletion
strain candidates obtained growing slower and more irregularly. Both the single deletion
transformation of pyr4 and the double deletion one of pyr4 and tmus53 produces 5 - 6 viable
candidates - some of which are biological replicates.

All strains depicted in Table 7, with an additional number after a dot (e.g. AA2.1 and AA2.2)
are colonies picked from the same parental candidate during isolation on IGEPAL-containing
media. They should contain a similar if not identical genomic makeup and were picked due to
different growth rates on IGEPAL-media. The AA9.1* candidate is a biological replicate of
AA9.1. The AA9.1 candidate displayed poor growth rate after isolation from the IGEPAL-
containing plates and was transferred to a new plate assuming a problem in media
composition. Spores had however transferred from AA9.1 to the previously used plate and
grown after the transfer. Both strains were kept and analysed further because they displayed
different growth and conidiation patterns. AA9.1* was growth and conidiation was less
irregular than that of AA9.1. Ultimately, both 9.1 strains as well as all double deletion strains
displayed a reduction in growth rate, which lead to this mistakenly created additional
biological replicate.
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This difference in growth rate and the higher number of candidates not including replicates
shows that the single deletion worked better. This could be the result of the different amount
of sgRNA used while still maintaining equal amounts of Cas9 enzymes in the two approaches.
Additionally the sgRNA designated for the tmus53 locus was 10x more abundant than the one
for the pyr4 locus, which could also have had an unforeseen effect.

The agarose gel picture of chromosomal DNA isolates is shown in Figure 7. It shows that
chromosomal DNA could be extracted successfully. All the signals are above the marker with
minimal smearing suggesting mostly intact and abundant DNA. Signal strength varies from
isolate to isolate which is not uncommon because concentration levels of the isolates vary
significantly.
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Figure 7. Agarose gel for chromosomal DNA isolates of transformation candidates and the wildtype strain (P1 WT). Double
deletion strain candidates have a AA-prefix whereas strains that only have a pyr4 deletion are marked as A. (Unmarked lanes
in crossed-out are

The DNA isolates behind crossed out areas are irrelevant to this thesis as they are candidates
of T. atroviride IMI strains which were not analysed further as P1 transformants appeared
significantly more promising.

The growth rate of all double deletion strains was significantly lower than the ones observed
in the single deletion strains (data not shown). While exact growth rates were not calculated
the difference was apparent and is most likely due to the deletion of the NHEJ repair
mechanism. While many NHEJ-deficient strains show no difference in growth rate, like the
equivalent in the T. reesei strain, QM6aAtmus53 developed e.g. Steiger et. al*°, NHEJ-deficient
strains could have unknown side-effects including increased temperature sensitivity as
observed by Gandia et. al.3! in Penicillium digitatum. A similar effect, maybe even the same
could have slowed down initial growth rate indirectly resulting from and increased sensitivity
to environmental changes in the double deletion strain.

Another potential explanation could also be that the increased amounts of sgRNA used,
especially of B260 and B998, had unknown effects on the organism with the increased stress
on the fungal cell having led to the detrimental effects on growth rate observed.
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Figure 8. Agarose gel of Q5-PCR amplicons using B235 and B236 Primers (= pyr4d amplicon). On the left: Results
from the single deletion strains. (Unmarked lane containing a negative control with water instead of DNA
template). On the left: Results from the double deletion strain candidates generated.

In Figure 8 the agarose gel results from the Q5-PCR pyr4 amplicons can be seen. In both the
case of the single deletion strain (Apyr4) and the double deletion strains (Apyr4Atmus53) the
wildtype amplicon is consistent with the expected length of 1273 bp. This together with the
strong signal generated lets us safely conclude that the amplification process worked, and a
specific amplification was achieved. However, the PCR of the pyr4 locus of the double deletion
strains 3, 9.1, 9.1* and 9.2 led to unspecific amplifications (see right side of Figure 8). The
reason for this could be abundant mutagenic decay around the primer location. In the cases
of the amplicons of A15 an A16 no band was found. The problem regarding these bands is
that it could have been possible that a simple cut-out had taken place leading the expected
amplicon of only 124 bp to vanish in the background at the end of the lanes. At the time the
amplification was deemed unsuccessful and as such the small bands were not extracted and
sequenced. Bands from WT P1, A13, A17, A20 and AA2.1 were chosen and prepared for
Sequencing (see page 32).

The results for the amplification of the tmus53 locus using the primer pair C002 and C003 can
be seen in Figure 9. Since only the double deletion strains should have experienced genetic
changes in this area the Apyr4 strains were not amplified using this primer pair. The expected
band length of 3468 bp could be observed in the WT P1 strain. Additionally, a weaker
unspecific band at approximately 2000 bp could also be observed. The amplicons of the strains
AA3, AA9.1, AA9.1* and AA9.2 also show stronger bands at this height. The amplicons from
AA2.1 and AA2.2 are both located at lower position, somewhere in between 600 and 700 bp.
The dominant bands from the wildtype strain, AA2.1, AA3, AA9.1 and AA9.2 were extracted
and prepared for Sequencing (see page 32). Especially the AA2.1 amplicon is of interest here
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because it corresponds with the expected length of 678 bp in a strain where the fragment
between the sgRNA cutting sites B260 and B998 has been removed. Furthermore, the excision
fragment is rather large (approximately 2790 bp) and could have been integrated in the pyr4
locus where the amplicon in this strain showed an increase in amplicon length to well above
3000 bp (see right side of Figure 8).
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Figure 9. Agarose gel of Q5-PCR amplicons using C002 and C003 Primers (= tmus53 amplicon). All amplicons
depicted are from the double deletion strains. (Unmarked lane containing control with H20 instead of DNA
template)

Sequencing

The Sequencing results obtained were analysed using GeneRunner and NCBIs BLAST. They
were not only compared to the database but also to the sequence obtained from the wildtype
strain. The comparison to the database could easily verify if the amplicon sequenced was
specific to the target intended or an unspecific amplicon. Comparing the wildtype strain to the
transformant would also allow a proper analysis should the wildtype strain deviate from the
one on the database. An overview of all matches found can be seen below in Table 8.

Table 8. Sequencing matches found in the amplicons

Strain Amplicon Match found Comment

WT P1 pyrd pyrd

Al3 pyréd pyrd Cutout + reverse reintegration
A17 pyréd pyrd Cutout + reverse reintegration
A20 pyrd pyrd Cutout + reverse reintegration
AA2.1 pyrd pyrd + tmus53 tmus fragment integration
WT P1 tmus53 tmus53

AA2.1 tmus53 tmus53 Cutout

AA3 tmus53 unspecific

AA9.1 tmus53 unspecific

AA9.2 tmus53 unspecific
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The Sequencing results confirmed a successful amplification of the pyr4 and tmus locus in the
wildtype strain. In all Apyr4 strains the amplicon could also be matched to the pyr4 locus. The
three strains however all have the cut-out reverse reintegrated as shown in Figure 10. Because
the Primers were placed outside of the sgRNA cutting sites the resulting amplicon not only
holds the reverse integrated fragment but also the flanking regions unchanged in their
orientation. Because the whole sequence could be found it lets us very safely conclude a
successful reverse reintegration has taken place after the Cas9 enzyme cut out the fragment
in between the sgRNA-specific sites B242 and B243. A detailed visualisation of the pyr4 locus
in these strains is shown in Figure 10 below.
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Figure 10. Proposed mechanism shown in the generation of the three Apyr4 strains A13, A17 and 420 showing a
NHEJ-mediated reverse reinsertion of the excision fragment after successful cut-out procedure. The area marked
by the red box represents the are found in the sequence data.

In the case of AA2.1 the amplicon could be successfully matched with the tmus53 locus of the
wildtype. The problem encountered in this segment is that the tmus53 amplicon is so long
that the sequence reads from either sides do not overlap leaving an unknown window in
between. However, the sequences found in the wildtype (see upper part of Figure 11) are
located in such a way that they include the sgRNA-specific sites B242 and B243 providing a
sufficiently informative result.

The third interesting finding obtained from the sequencing data concerns the pyr4 amplicon
in the double deletion strain AA2.1. As previously shown in Figure 11 the DNA segment in
between the sgRNA cutting sites was removed. A part of this excision fragment could be found
in the pyr4 amplicon and is shown in Figure 12. A reinsertion of this fragment in the pyr4 locus
also corresponds with the data received from the agarose gel electrophoresis, where the
amplicon was significantly bigger than the wildtype control (see Figure 8).
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Figure 11. Proposed mechanism for the generation of the strain AA2.1 (tmus53 locus). On the top: tmus53 locus
in the wildtype strain WT P1. On the bottom: tmus53 locus in the double deletion strain. The areas marked by the
red boxes mark the areas found in the sequence data.
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Figure 12. Proposed mechanism for the generation of the AA2.1 strain (pyr4 locus). On the top: pyr4 locus in the
wildtype strain WT P1. On the bottom: pyr4 locus in the double deletion strain. The areas marked by the red boxes
mark the areas found in the sequence data.

Considering the sequences found in the double deletion strain AA2.1 it suggests that the
tmus53 excision fragment was reintegrated through NHEJ repair at the pyr4 locus. Because
only one sgRNA (B242) was used at the pyr4 locus the insert was integrated exclusively at the
upstream portion of the pyr4 gene. Due to the sequence data showing the 5’end of the gen it
could also be established that the fragment was reversely integrated. The integration of one
fragment would elevate the estimated size of the amplicon to 4063 bp. This corresponds with
the band visible in Figure 8. It is however still noteworthy that the middle region in between
the sequences found (see Figure 12) could not be sequenced because of the amplicon size.
Even though the expected amplicon size overlaps with the one seen on the agarose gel it is
still possible that another DNA fragment or mutations exist in this un-sequenced area,
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especially around the connection between the tmus53 fragment and the downstream
element of the pyr4 gene.

In the end auxotrophic strains were able to be created successfully. From the single deletion
strains, A13 was chosen as the most promising candidate because the Q5 PCR product looks
more abundantly generated and consistent with expectations (see Figure 8). In the case of the
double deletion strain only the strain AA2.1 was able to be analysed fully. This strain however
also turned out to be a successfully transformed candidate. In both strains the pyr4 genes was
successfully rendered non-functioning. For further usage as an auxotrophic marker, one
should be aware that a tmus53 fragment is incorporated in the pyr4 locus. Both strains hold
value as platforms for genetic manipulations in T. atroviride. Using the Apyr4Atmus53 strain
would allow for efficient homologous recombination while also having the ability to select for
uridine prototrophy after genetic manipulation. The Apyrd strain on the other hand can
achieve the same results, albeit with a lower transformation efficiency since the NHEJ-repair
mechanism is fully intact. This however means that the strain is much more genetically stable
and possibly more resilient.
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Outlook

While both auxotrophic strains were able to be created successfully, their practical application
has not been tested. In order to determine if both of these strains can fulfil their intended
roles as auxotrophic markers testing akin to the methods applied in Part 1 of this diploma
thesis have to be performed. The strains need to be used in a transformation attempt and the
resulting strains analysed. Verifying the successful application of these strains would fully
validate them as important tools in the study and usage of T. atroviride strains. This is
especially important regarding the Apyrd Atmus53 strain. Although the strain’s pyr4 locus is
most likely set up as proposed in Figure 12, a certain degree of uncertainty remains as the
middle portion of the amplicon could not be sequenced due to size limitations.

Another Q5-PCR amplification with newly designed primers closer together (e.g. forward
primer inside the tmus53 Fragment and reverse primer in the downstream element of the
pyr4 locus) could create a shorter amplicon that could be fully sequenced and shed light on
the previously un-sequenced area.

Having created a possibly viable auxotrophic marker opens the implementation of further
markers and combinations of such, similarly to how it is done in T. reesei (see Part 1: A new
auxotrophic marker in Trichoderma reesei). The usage of the CRISPR/Cas9 system that was
used solely for the genetic manipulation in the second part of this diploma thesis also highlight
the strength of this tool that will see further application in this area of genetic manipulation.
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