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Abstrakt

Houby z rodt Claviceps a Fusarium pattici do fiSe Hypocreales infikuji zejména rostliny v¢etné
ekonomicky vyznamnych plodin, jako jsou je¢men, pSenice a Zito. Tato prace je zaméfena na
namelovou houbu Claviceps purpurea, ktera v pozdéjSim stadiu infekce tvori sklerocia
obsahujici vysoké mnozstvi namelovych alkaloidd, sekundarnich metabolitt, které nasly
uplatnéni ve farmaceutickém primyslu. Krom¢ C. purpurea, tato prace pojednava také
0 houbach zrodu Fusarium, Fusarium graminearum, Fusarium pseudograminearum,
a Fusarium oxysporum f. sp. medicaginis které zptsobuji razovéni klast obilovin, korunni
hnilobu, hnilobu kofenti ¢i Fusariové vadnuti. Navic se v infikovanych ¢astech rostliny tvori
toxické sekundarni metabolity, naptiklad zearalenon, trichotheceny a fumonisiny.

Prvni ¢ast této prace je zaméiena na houbu C. purpurea a jeji transformaci s cilem ziskat
mutanty se zvySenou produkci namelovych alkaloidd. Za timto ucelem byly v houbé
C. purpurea P1, ktera produkuje alkaloidy v submerznich kulturach, exprimovany geny kodujici
WT formu a Trp-rezistentni formu o podjednotky anthranilat synthasy a gen kodujici
dimethylallyltryptofan synthasu fuzovany s gfp. Nasledn¢ byly v ziskanych mutantech méteny
primarni a sekundarni metabolity v€etné namelovych alkaloidd. Aby bylo potvrzeno, ze TrpE
opravdu koduje funkéni o podjednotku anthranilat synthasy, byl v houbé C. purpurea 20.1, jejiz
genom byl sekvenovan, tento gen deletovan; zaroven byl pfipraven komplementant. U obou
ziskanych mutant byla popsana Trp auxotrofie a jejich infek¢énost na rostlinach zita.

Druha ¢ast této prace je zaméfena na novy nastroj pro tpravu genomu CRISPR/Cas9. Pomoci
této metody byly v C. purpurea uspeé$sné mutovany geny pyrd kodujici orotidin 5°-fosfat
dekarboxylasu a TrpE kodujici a podjednotku anthranilat synthasy. Navic byla G¢innost
CRISPR/Cas9 metody porovnana s ucinnosti dvou dalsich metod, homologni delece
zprostiedkované CRISPR/Cas9 a delece zalozené na homologni rekombinaci. V ptipadé hub s
mutaci vV TrpE, byly u vSech ziskanych mutanti sledovany Trp auxotrofie a jejich infekénost na
rostlindch zita.

Treti ¢ast této prace pojednava o genetické transformaci hub z rodu Fusarium, F. graminearum,
F. pseudograminearum, aF. oxysporum f. sp. medicaginis. Vsechny tyto houby byly
transformovany zelenym (gfp) a ¢ervenym (dSRED nebo mCherry) markerovym genem. F.



oxysporum f. sp. medicaginis bylo geneticky transformovano poprvé. Ziskani mutanti budou
pouzity na mikroskopicke studie interakci téchto patogent s rostlinami.
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Abstract

Fungi from the genus Claviceps and Fusarium belonging to the order Hypocreales parasite
predominantly on plants including economically important crops such as barley, wheat, and rye.
This work is focused on ergot fungus Claviceps purpurea, that produces in the late stages of
infection sclerotia containing high amount of ergot alkaloids, secondary metabolites used in
pharmacy. In addition to C. purpurea, this work also deals with three fungi from the genus
Fusarium, Fusarium graminearum, Fusarium pseudograminearum, and Fusarium oxysporum
f. sp. medicaginis that cause Fusarium head blight, crown rot, root rot, and wilting. Moreover,
toxic secondary metabolites such as zearalenone, trichothecenes, and fumonisins are formed
during the infection.

The first part of this thesis is focused on C. purpurea and its transformation to obtain fungal
mutants with increased ergot alkaloid production. Thus, genes encoding WT form and Trp-
resistant form of a-subunit of anthranilate synthase, and dimethylallyltryptophan synthase fused
with gfp were expressed in C. purpurea strain P1 that produces ergot alkaloids in submerged
cultures. Later, primary and secondary metabolites including ergot alkaloids were measured in
all obtained C. purpurea P1 transformants. Moreover, to confirm that TrpE really encodes a
functional a-subunit of anthranilate synthase, knock-out mutant of this gene and complemented
strain were prepared in genome-sequenced C. purpurea strain 20.1. In both mutants, Trp
auxotrophy and pathogenicity on rye plants were described.

The second part of this thesis is focused on a new genome editing technology called
CRISPR/Cas9. Using this method, two genes pyr4 and TrpE encoding orotidine 5’ -phosphate
decarboxylase and a-subunit of anthranilate synthase, respectively were successfully targeted
in C. purpurea. Moreover, the transformation efficiency of this method was compared to those
obtained from CRISPR/Cas9-mediated HDR and the classical gene knock-out approach based
on HR. In the case of fungi with a mutation in TrpE Trp auxotrophy and pathogenicity on rye
plants were assessed.

The third part of this thesis deals with the transformation of three different fungi from the genus
Fusarium, F. graminearum, F. pseudograminearum, and F. oxysporum f. sp. medicaginis. All



fungi were transformed with green (gfp) and red (dSRED or mCherry) reporter marker genes.
Moreover, F. oxysporum f. sp. medicaginis infecting Medicago plants was genetically
transformed for the first time. Obtained fungi will be used for the microscopic study of plant-
pathogen interactions.
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1 Objectives

1. Genetic transformation of C. purpurea to obtain mutants with higher ergot

alkaloids production

o Obtain C. purpurea P1 expressing WT form of a-subunit of anthranilate
synthase (TrpE), Trp-resistant form of a-subunit of anthranilate synthase
(TrpES76L), and dimethylallyltryptophan synthase (DMATS) fused with
GFP; measure primary and secondary metabolites

o Prepare knock-out mutant of C. purpurea 20.1 lacking gene encoding
a-subunit of anthranilate synthase and its complemented strain; test Trp
auxotrophy and pathogenicity

2. Use of CRISPR/Cas9 tool for genetic transformation of C. purpurea

o Prepare C. purpurea 20.1 transformants with a mutation in pyr4 and TrpE
encoding uridine 5’-monophosphate decarboxylase and a-subunit of
anthranilate synthase, respectively using CRISPR/Cas9; check the
auxotrophy

= Remove AMAIl-based vector from CRISPR/Cas9 TrpE
C. purpurea 20.1

o Compare transformation efficiencies of CRISPR/Cas9 method with
CRISPR/Cas9-mediated gene knock-out and classical knock-out approach
based on HR

= Prepare C. purpurea 20.1 mutants lacking gene encoding a-subunit
of anthranilate synthase by CRISPR/Cas9-mediated gene
knock-out and classical knock-out approach based on HR,
calculate transformation efficiencies; check Trp auxotrophy and

pathogenicity on rye plants

3. Genetic transformation of F. graminearum, F. pseudograminearum, and

F. oxysporum f. sp. medicaginis with green and red reporter marker genes




2 The current state of knowledge

2.1 Genetic transformation of filamentous fungi

In general, the genetic transformation represents a method by which an exogenous DNA
is transferred into a host cell. The first successful transformation of a filamentous fungus,
specifically Neurospora crassa, has been described in 1973 (Mishra et al., 1973) and
since this time many different fungal species including Aspergillus sp. (Tiburn et al.,
1983; Christensen et al., 1988), Fusarium sp. (Kistler and Benny, 1988; Covert et al.,
2001), and Claviceps sp. (van Engelenburg et al., 1989; Kozak et al., 2018) have been

transformed.

2.1.1 Transformation methods

Although many different approaches such as protoplast-mediated transformation (PMT),
Agrobacterium-mediated transformation (AMT), electroporation, and biolistic
transformation have been applied to different filamentous fungi, there are still some
strains for which the transformation does not work or the transformation efficiency is very
low (Meyer, 2008).

2.1.1.1 Protoplast-mediated transformation

Protoplast-mediated transformation (PMT) is a method that is based on the preparation
of fungal protoplasts from young mycelia (Dooijewaard-Kloosterziel et al., 1973; Keller
et al., 1980) or germinating conidia (Moore and Peberdy, 1976; Bos and Slakhorst, 1981).
To generate fungal protoplasts, cell wall components have to be removed, usually,
enzymes such as lysing enzyme from Trichoderma harzianum (Oeser et al., 2002),
driselase (Ramamoorthy et al., 2015), lyticase (Brzezinska-Rodak et al., 2016),
or yatalase (Matsuzaki et al., 2017) are used. Because generated protoplasts are
osmotically sensitive, they have to be protected. For this reason, their incubation takes
place in solutions containing sodium chloride, magnesium sulphate, sorbitol, mannitol,
or sucrose. Once protoplasts are formed, they are incubated together with exogenous
DNA, calcium chloride, and polyethylene glycol (PEG). PEG induces fusion of
protoplasts, alters the membrane permeability, and thus facilitates the uptake of
exogenous DNA, calcium ions form channels or pores in the cell membrane allowing the
entry of DNA (Anne and Peberdy, 1975). After the incubation with DNA, calcium
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chloride, and PEG, protoplasts are transferred to regeneration media without a selection
pressure or containing a low concentration of antibiotics. A few days later, fungal mycelia
are transferred to selection agar plates.

2.1.1.2 Agrobacterium-mediated transformation
Recently, Agrobacterium-mediated transformation (AMT) that provides higher
transformation efficiency than commonly used PMT (de Groot et al., 1998; Amey et al.,
2002; Fitzgerald et al., 2003) has been successfully applied to various fungal species
including Aspergillus sp. (Sugui et al., 2005; Michielse et al., 2008), Fusarium sp.
(Mullins et al., 2001; Serensen et al., 2014), N. crassa, Trichoderma reesei (de Groot et
al., 1998), and C. paspali (Kozak et al., 2018). Compared to PMT, no protoplast
preparation and regeneration are required; moreover, by using this approach only a single
copy of the T-DNA is inserted into the fungal genome. In contrast to PMT, any material
including conidia (Mullins et al., 2001), hyphal tissue (Sharma and Kuhad, 2010), fruit
body tissue (Chen et al., 2000), or even protoplasts (de Groot et al., 1998) can be used.
In principle, AMT is based on Agrobacterium tumefaciens-mediated transfer of
DNA (T-DNA) that is located on bacterial tumor-inducing (Ti) plasmid. Except for
T-DNA that is surrounded by 25 bp repeat sequences (so-called left and right borders),
Ti plasmid contains vir region consisting of vir genes that are necessary for successful

cleavage, transfer, and integration of T-DNA into a host genome.

2.1.1.3 Electroporation

In addition to PTM and AMT, electroporation has also been used to transform various
filamentous fungi, for example, Aspergillus sp. (Ozeki et al., 1994; Sanchez and Aguirre,
1996; Meyer et al., 2003), Colletotrichum gloeosporioides (Robinson and Sharon, 1999),
and T. harzianum (Goldman et al., 1990). This relatively simple and rapid technique is
based on an electrical pulse that lasts only a few microseconds or milliseconds that is
applied to form temporary micropores that allow the uptake of exogenous DNA in the
cell membrane. Using this approach factors such as the intensity of the electric field, pulse
duration, frequency, capacitance, the composition of buffer solution and the amount of

DNA affect the transformation efficiency and usually have to be optimized.



2.1.1.4 Biolistics

Although a biolistic method was originally developed for plants (Klein et al., 1987), it
has been also used to transform different filamentous fungi (Lorito et al., 1993; Barcellos
et al., 1998). In this approach, an exogenous DNA covered by tungsten or gold particles
is delivered into a fungal cell by high pressure created by a gene gun or biolistic particle
delivery system. In general, there are many factors such as the type of fungal cells, size
of particles, or level of pressure that may influence the transformation efficiency.

2.1.2 Marker genes

As the transformation efficiency of fungal cells is usually quite low, it is necessary to
separate fungal transformants containing an exogenous DNA from non-transformed wild
type (WT) cells. In general, this selection is achieved by using a marker gene, usually

an auxotrophic or drug resistance gene.

2.1.2.1 Auxotrophic markers

Initially, the transformation of fungal strains was based on their reversion toward the WT
phenotype (so-called prototroph), thus fungal mutants auxotrophic to different
compounds such as uracil or uridine (Berges and Barreau, 1991), methionine (Anaya and
Roncero, 1991), or adenine (Alic et al., 1989) were complemented by the corresponding
WT gene.

Today, many different auxotrophic markers including argB, adeA, adeB, and trpC
genes are available (Buxton et al., 1985; Goosen et al., 1989; Jin et al., 2004). Briefly,
when argB encoding ornithine carbamoyltransferase involved in arginine biosynthesis is
transformed into the genome of argB™ fungal strain, arginine prototrophs are selected
(Buxton et al., 1985). Similarly, when a vector containing adeA or adeB that encode
phosphoribosylaminoimidazolesuccinocarboxamide synthase and phosphoribosyl-
aminoimidazole carboxylase, respectively, both involved in purine biosynthesis, is
transformed into adenine auxotrophs, adenine prototrophs are obtained (Jin et al., 2004).
Lastly, TrpC encoding a trifunctional enzyme involved in Trp biosynthesis is frequently
used for the selection of Trp prototrophs (Goosen et al., 1989).

Except for auxotrophic markers described above, a special group of markers
so-called two-way selection systems that allow both positive and negative selections

exist. The most popular two-way selection system pyr4/pyrG is based on resistance to



5-fluoroorotic acid (5-FOA), a fluorinated derivative of pyrimidine precursor orotic acid.
By using this compound, uracil and/or uridine auxotrophs resistant to 5-FOA that can be
further complemented with pyrd/pyrG gene encoding orotidine 5’-phosphate
decarboxylase (OMPD) can be prepared. Thus, by using this approach, pyrG/pyr4
mutants resistant to 5-FOA and exhibiting auxotrophy to uracil and/or uridine (negative
selection) and complemented pyrG/pyr4™ mutants sensitive to 5-FOA (positive selection)
can be obtained on media supplemented with uracil and/or uridine and 5-FOA, and media
deficient in uracil and/or uridine, respectively. As this selection is quite simple, it has
already been successfully applied to many different filamentous fungi including
Aspergillus sp. (Oakley et al., 1987; Van Hartingsveldt et al., 1987), Trichoderma sp.
(Cheng et al., 1990; Gruber et al., 1990), Penicillium sp. (Diez et al., 1987; Navarrete et
al., 2009), and C. purpurea (Smit and Tudzynski, 1992). Interestingly, a recyclable pyrG-
blaster system that is based on using pyrG flanked by two small direct repeat sequences
derived from the neomycin phosphotransferase gene (neo) and 5° and 3’flanking
sequences of the target gene has been developed and applied to A. fumigatus (d Enfert,
1996). Once an ura" strain is transformed with this cassette, pyrG becomes excised by
homologous recombination between neo sequences, returning the transformants to uracil
phototrophy. Thus, these transformants can be further selected in the presence of 5-FOA
and can be re-transformed with another vector carrying the blaster cassette.

Another example of a two-way selection that has been utilized in Aspergillus sp.
(Campbell et al., 1989; Horng et al., 1990), Penicillium sp. (Whitehead et al., 1989;
Navarrete et al., 2009), and Fusarium oxysporum (Diolez et al., 1993) is niaD system that
is based on resistance to chlorate. Mutants affected in nitrate reductase activity can be
then obtained on media supplemented with nitrate. Another two-way selection system
that is also frequently used in Aspergillus sp. (De Lucas et al., 2001; Varadarajalu et al.,
2005; Adachi et al., 2009) is based on resistance to selenate. In this approach, only
mutants lacking sC gene encoding ATP-sulphurylase that allows fungi to utilize sulphate
can grow on media supplemented with methionine. Except for pyr4/pyrG, niaD, and sC
selection systems, fluoroacetate selection of mutants impaired in acetyl CoA synthetase
(Garre et al., 1996) and fluoroacetamide selection of mutants affected in amdS gene
(Kelly and Hynes, 1985; Beri and Turner, 1987) are available.



2.1.2.2 Drug resistance markers
Although auxotrophic markers provide high transformation efficiency, their use is quite
limited especially when industrial fungal strains are transformed. For this reason,
dominant drug selection markers, genes that encode enzymes conferring resistance to
different antibiotics, herbicides, or fungicides, are very often used for fungal
transformation. In contrast to auxotrophic markers, these genes are usually heterologous,
thus they are codon-optimized and placed between a fungal promoter and terminator.
The most commonly used drug resistance markers include hph gene providing
resistance to aminoglycosidic antibiotic hygromycin B (Punt et al. 1987; Kistler and
Benny, 1988; Comino et al., 1989) and ble/sh-ble gene allowing the preparation of
mutants resistant to glycopeptide antibiotic bleomycin/phleomycin (van Engelenburg et
al., 1989; Austin et al., 1990). Additionally, natl gene conferring the resistance to
antibiotic nourseothricin (Kuck and Hoff, 2006) and neo gene that provides resistance to
neomycin (Noél et al., 1995) can be used for the selection of fungal transformants. Except
for these drug resistance markers, bar gene encoding resistance to herbicide Bialaphos
(Avalos et al., 1989; Ma et al., 2003), CbxR gene providing resistance to fungicide
carboxin (Honda et al., 2000), and tub2 gene allowing the selection of fungi resistant to

fungicide benomyl (Orbach et al., 1986; Panaccione et al., 1988) are quite often used.

2.1.2.3 Visual proteins
Besides auxotrophic and drug resistance markers, visual proteins such as B-glucuronidase
encoded by GUS genes, B-galactosidase encoded by lacZ gene, and fluorescent proteins
are frequently used in filamentous fungi. For GUS assay that has been successfully
applied to various fungal species including Aspergillus flavus (Flaherty et al., 1995),
T. harzianum (Bae et al., 2000), F. oxysporum (Counteaudier et al., 1993), and
C. purpurea (Smit and Tudzynski, 1992), three different substrates can be utilized. While
5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) allows histochemical staining
(Couteaudier et al., 1993), p-nitrophenyl-B-D-glucuronide (PNPG), and
4-methylumbelliferyl-p-D-glucuronide (MUG) are used for spectrophotometric (Fan et
al., 2001) and fluorimetric (Smit and Tudzynski, 1992) assays, respectively.

Numerous constructs containing lacZ gene have been prepared and successfully
transformed into filamentous fungi (Wernars et al, 1987; Kolar et al., 1988).

In colorimetric P-galactosidase assay (so-called blue-white screening), the enzyme



cleaves a glycosidic bond in a chromogenic substrate 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-gal) and produces galactose and 5-bromo-4-chloro-3-
hydroxyindole which dimerizes and oxidizes to a blue product 5,5"-dibromo-4,4'-
dichloro-indigo. Moreover, the production of this blue compound is induced by isopropyl
B-D-1-thiogalactopyranoside (IPTG) that binds to lac repressor and releases it from the
lac operator, thus allowing the transcription of lacZ gene. Except for X-gal, also MUG
can be used as a substrate for B-galactosidase. In this case, the production of the
fluorophore is monitored.

Furthermore, genes encoding fluorescent proteins can be used to study the plant-
pathogen interactions (Maor et al., 1998; Oren et al., 2003). Alternatively, these genes
can be fused to the C- or N- terminus of the target protein, thus allowing the protein
localization or specific organelle labelling (Cormack, 1998; Breakspear et al., 2007).
Today, many different fluorescent proteins including a monomeric green fluorescent
protein GFP (Shimomura et al., 1962), a tetrameric red fluorescent protein dsSRED (Matz
et al., 1999), mCherry, mOrange, dTomatoor mStrawberry (Shaner et al., 2004) are used.

Recently expression vectors containing GFP, mCherry, or dsRED under the
control of strong constitutive OliC promoter from A. nidulans have been prepared and
used to transform Botrytis cinerea (Schumacher, 2012). Although these vectors were
initially developed for this fungus, they have already been successfully transformed also
into F. fujikuroi (Studt et al., 2013a) and C. purpurea (Hinsch et al., 2016).

2.1.3 Fate of DNA

In fungal transformants exogenous DNA can be inserted into the chromosomes or it can

be delivered into a fungal cell as a plasmid containing its origin of replication.

2.1.3.1 Autonomously replicating plasmids

Autonomously replicating plasmids are usually unstable under nonselective conditions
and contain autonomously replicating sequences (ARSs). Although it has been
demonstrated that vectors containing ARSs provide high transformation efficiencies in
yeasts (Boretsky et al., 1999), only a few filamentous fungi have been successfully
transformed with these vectors (Wright and Philippsen, 1991). Thus, a sequence
homologous to ARS of S. cerevisiae has been isolated from U. maydis (Tsukuda et al.,

1988) and used for the transformation of this fungus. As expected, the transformation



efficiency was increased; however, almost 20 % of transformed fungal cells after
15 generations still contained this plasmid (Tsukuda et al., 1988). For this reason, ARSs
from other fungi, for example, Mucor circinelloides (van Heewijck, 1986; Roncero et al.,
1989) and A. nidulans (Gems et al., 1991) have been isolated. Interestingly, ARS from
A. nidulans named AMAL (autonomous maintenance in Aspergillus) with a size of 6 kb,
has been successfully used for transformation of various filamentous fungi including
Aspergillus sp. (Khalaj et al., 2007; Nedvig et al., 2015; Weyda et al., 2017; Katayama
etal., 2019), Giberella fujikuroi (Briicker et al., 1992), and P. chrysogenum (Fierro et al.,
1996).

2.1.3.2 Integration of exogenous DNA into a fungal genome

In general, two repair mechanisms of double-stranded DNA break (DBS) exist in
filamentous fungi, non-homologous end-joining (NHEJ) system, and homologous
recombination (HR) (Doherty and Jackson, 2001). As filamentous fungi have employed
a powerful NHEJ system, usually an ectopic insertion of exogenous DNA can be
observed; however, when exogenous DNA is flanked by regions homologous to the target
DNA, HR takes place.

Concerning NHEJ (Fig. 1), DNA-dependent protein kinase (DNA-PK), DNA
ligase 1V-XRCC4 complex, and Artemis nuclease are involved in this process. The main
component, DNA-PK, consists of the catalytic subunit DNA-PKcs and Ku70-Ku80
heterodimer, the first protein that binds the broken DNA ends, probably to prevent the
nuclease attack (Walker et al., 2001a; Spagnolo et al., 2006). Then DNA-PKcs is
recruited (Hammarsten and Chu, 1998), Ku70-Ku80 heterodimer is translocated into the
DNA (Yoo and Dynan, 1999) and DNA-PKcs phosphorylates many other proteins
including Artemis that is recruited to the damage site (Ma et al., 2002) and Xrcc4 that
stimulates the ligation activity of DNA ligase IV (Grawunder et al., 1997; Sibanda et al.,
2001). Finally, DNA ends are re-ligated and a single DNA molecule is formed.

To increase the transformation efficiency, NHEJ-deficient fungal strains lacking
Ku70 or Ku80 genes have been prepared and used for gene knock-out in filamentous
fungi. Interestingly, in Aspergillus fumigatus homologous integration frequency (HIF)
reached 96 % in Aku70 (Krappmann et al., 2006) and 80 % in A4ku80 (da Silva Ferreira
et al., 2006) compared to only 5-10 % in WT strain. Concerning other Aspergilli, HIF in
WT strains of A. nidulans, A. oryzae, and A. sojae reaches only 38 %, 11 %, and 1.4 %,



while it increased to 89 %, 63 %, and 75 %, respectively in 4ku70 mutants (Nayak et al.,
2006; Takahashi et al., 2006).

Except for Aspergillus sp., NHEJ-deficient strains have been prepared also in
N. crassa (Ninomiya et al., 2004) and C. purpurea (Haarmann et al., 2008). While HIF
reaches only 1-2 % in C. purpurea (Oeser et al., 2002), this frequency was increased up
to 50-60 % in Aku70 mutant (Haarmann et al., 2008). However, this mutant was found to
be affected in the growth and infection rate, thus it has never been used for further
transformation (Hinsch and Tudzynski, 2015).
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Fig. 1 Repair of double-stranded DNA break by using NHEJ mechanism (Ulaganathan et al., 2017).



2.1.3.3 Application of transformation

2.1.3.4 Gene expression

Vectors for gene expression usually contain a promoter, target gene, and terminator;
moreover, the marker gene is present. For localization study or purification of the
translated protein, a tag such as a gene encoding a fluorescent protein (Lorenz et al., 2010;
Albermann et al., 2013), His-tag (Matuschek et al., 2011) or FLAG-tag (Oka et al., 2014)
can be included. Concerning filamentous fungi, strong constitutive promoters for example
PgpdA (glyceraldehyde-3-phosphate dehydrogenase), PoliC (subunit 9 of mitochondrial
ATP synthase), and PtrpC (a trifunctional enzyme involved in Trp biosynthesis) are
frequently used (Lorenz et al., 2010; Studt et al., 2013b; Jergensen et al., 2014; Hinsch
et al., 2016). Except for constitutive promoters, inducible promoters Pben, Pxyll, and
PsorA/B that can be activated by benzoate, xylan/xylose, and sorbitol, respectively have
already been utilized to drive gene expression in filamentous fungi (Blatzer et al., 2014;
Antunes, 2003; Oda et al., 2016).

2.1.3.5 Gene deletion

2.1.3.5.1 Gene replacement mediated by HR

Gene replacement mediated by HR is one of the most used knock-out approaches in
filamentous fungi (Rolke and Tudzynski, 2008; Yang et al., 2016). In this method, a target
gene is replaced by a cassette containing a resistance marker gene together with its
promoter and terminator; moreover, this cassette is flanked by approximately 1 kb
sequences homologous to 5’and 3" regions of the target DNA. Although this approach is
very often used, HIF is in filamentous fungi usually quite low, thus hundreds of primary
transformants have to be screened.

Among the classical knock-out approach described above when many of primary
transformants including false-positive fungi containing an ectopic insertion of exogenous
DNA have to be screened, a split marker method has gained popularity (Goswami, 2012;
Chung and Lee, 2015). In this approach, initially developed for S. cerevisiae (Fairhead
et al., 1996), the resistance cassette is amplified by PCR in two parts, each containing
a part of the marker gene fused to one flanking region. After that, both PCR products are

transformed into fungal protoplasts, three HR events take place, and only transformants
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containing a functional marker gene grow under selection pressure. This approach has
already been applied to Aspergillus sp. (Gravelat et al., 2012; Arentshorst et al., 2015),
F. oxysporum (Liang et al., 2014), and C. purpurea. Unfortunately, in the case of
C. puepurea, positive results have been obtained only with hygromycin resistance
cassette (Oeser et al., 2017; Kind et al., 2018).

2.1.3.5.2 Gene editing by CRISPR/Cas9
Recently, new genome editing technology called CRISPR/Cas (Clustered Regularly
Interspaced Short Palindromic Repeat/CRISPR Activated System) (Doudna and
Charpentier, 2014) has been used for directed mutagenesis in filamentous fungi (Nielsen
et al., 2017; Nedvig et al., 2015; Schuster et al., 2016).

This approach uses only two components, Cas protein, usually Cas9, and guide
RNA (gRNA) that consists of two RNAs, crRNA (CRISPR RNA), and tracrRNA
(transactivating CRISPR RNA) (Nishimasu et al., 2014) (Fig. 2). Alternatively,
a chimeric single guide RNA (sgRNA) can be used (Jinek et al., 2012). Targeting of the
RNA-guided Cas9 is achieved by protospacer sequence (Gasiunas et al., 2012) and the
cleavage efficiency of double-stranded DNA depends on the presence of 3 bp PAM
(Protospacer Adjacent Motifs) sequence (Mojica et al., 2009). The double-stranded DNA
break can be repaired NHEJ repairing system leading to small insertions/deletions or HR
when a donor DNA template is used (Cui et al., 2018) (Fig. 3).

Cas9 ..
NGG
5 ' 3 [
3 =" 5
crBNA —=
tracrBEMNA L
S

Fig. 2 CRISPR/Cas9consisting of Cas9 and gRNA. This gRNA is composed of two RNAs, tracrRNA
and crRNA. The last-mentioned contains 20 bp protospacer that is homologous to the target DNA. Cas9
cleaves usually 3-4 bp before PAM sequence (Vanegas et al., 2019).
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Fig. 3 Repair of double-stranded DNA break caused by CRISPR/Cas9 using NHEJ and HR
mechanisms. In the case of NHEJ small insertions/deletions can occur, when the DNA template containing
homologous sequences to the broken DNA is used, HR takes place (Bassett and Liu, 2014).

2.1.3.5.2.1 CRISPR/Cas9 components

2.1.3.5.2.1.1 Cas9

Cas9 has been discovered in bacteria and Archea (Ishino et al., 1987; Mojica et al., 2000),
nevertheless human and fungal codon-optimized Cas9 proteins fused to a nuclear
localization signal (NLS) have been already used for CRISPR/Cas9 directed mutagenesis
in filamentous fungi (Nodvig et al., 2015; Fang and Tyler, 2016). Furthermore, GFP is
commonly added to the C- or N-terminus (or to both termini) of Cas9 to detect its
expression and localization (Liu et al., 2017).

In general, constitutive promoters, for example, PtrpC (Matsu-ura et al., 2015),
PgpdA (Zhang et al., 2016; Qin et al., 2017), and Ptefl of gene encoding translation
elongation factor 1o (Deng et al., 2017; Wenderoth et al., 2017), and inducible promoters
such as PxInA activated by xylose (Pohl et al., 2016), and PamyB activated by starch
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(Katayama et al., 2016) are used to drive the Cas9 expression in fungi. Terminators
utilized for Cas9 expression include the Ttefl, TCYC1, and Tnos.

For CRISPR/Cas9 gene editing, usually SpCas9 isolated from Streptococcus
pyogenes consisting of two domains, HH and RuvC, is used (Nishimasu et al., 2014).
Targeting of the RNA-guided SpCas9 is achieved by 20 bp protospacer (Gasiunas et al.,
2012) and the cleavage efficiency of double-stranded DNA depends on the presence of
NGG or less efficient NAG PAM sequences (Hsu et al., 2013).

2.1.3.5.2.1.2 Guide RNA

Different types of CRISPR/Cas9 systems in which the expression of gRNA is driven by
RNA polymerase type Il and Il promotors have been utilized in filamentous fungi.
Concerning RNA polymerase type 111 promoters, usually endogenous or exogenous U6
SnRNA promoters are used (Arazoe et al., 2015; Katayama et al., 2016; Deng et al., 2017).
When U6 promoters are not available or do not work, SNR52 promoter of S. cerevisiae,
and the T7 promoter of bacteriophage are used instead (Fuller et al., 2015; Qin et al.,
2017). Moreover, recently tRNA promoters that induced higher or comparable editing
efficiencies and 5SrRNA promoters have been used to drive the expression of gRNA
(Schuster et al. 2018; Zheng et al., 2018)

Although RNA polymerase type Il promoters are frequently used (Fang and
Tyler, 2016; Schuster et al., 2016), they have quite a lot of limitations, for example, the
presence of G or A directly upstream the protospacer sequence. However, few such
promoters have been identified and used in filamentous fungi (Fuller et al., 2015;
Matsu-Ura et al., 2015). Thus, a self-processing system, where the expression of sgRNA
is driven by RNA polymerase Il promoters has been developed (Nedvig et al., 2015).

One of the most promising self-processing systems seems to be non-integrating
AMAL1-based plasmids (Nedvig et al., 2015). These vectors (Fig. 4a) contain a Cas9 gene
from S. pyogenes codon-optimized for expression in A. niger fused with nuclear
localization signal from Simian virus 40 (SV40NLS) and placed under the control of
constitutive tefl promoter from A. nidulans, a fungal marker, and Pacl/Nt.BbvCI
restriction sites that allow the insertion of sgRNA (Nedvig et al., 2015). Together, four
different plasmids containing a hygromycin resistance gene (hph) under the control of
TrpC promoter from A. nidulans (pFC332), pyrG (pFC330), argB (pFC331), and ble
(pFC333) are available (Nedvig et al., 2015). As the result, a larger transcript is
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synthesized in nucleus by RNA polymerase 11 and by the action of two ribozymes (Fig.
4b), 5’-end hammerhead (HH) and 3°-end hepatitis delta virus (HDV) that flank the
sgRNA, sgRNA is excised (Nedvig et al., 2015). As the cloning of sgRNA into these
vectors can be performed in one single USER cloning step, this vector has already been
used for CRISPR/Cas9 directed mutagenesis in Aspergillus sp., Penicillium
subrubescens, Talaromyces atroroseus, and Alternatia alternata (Kuivanen et al., 2016;
Ngdvig et al., 2015; Nielsen et al., 2017; Wenderoth et al., 2017; van Leeuwe et al., 2019;
Kadooka et al., 2020; Salazar-Cerezo et al., 2020).

a vacl  NEBOVCI
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GCTGEAGGGETTTAAT TRRERCT 2,

CCACTECERRNTT 2. T X tefl
A A
Nt.BbvCl  Pacl

HH
ribozyme
5

C}ffﬁtospace:

Chimeric sgRNA

Fig. 4 CRISPR/Cas9 self-processing system that uses a non-integrating AMAL-based plasmid.

(a) AMA1-bhased plasmid containing Cas9 gene from S. pyogenes codon-optimized for expression in A.
niger driven by Ptefl from A. nidulans, Pacl and Nt.BbvCl restriction sites for cloning of sgRNA using
USER cloning method and a fungal marker.

(b) SgRNA is excised from a larger transcript synthesized in the nucleus by the action of two ribozymes,
HH and HDV (Nedvig et al., 2015).

Moreover, these plasmids contain autonomously replicating sequence AMAL,
which enhances the transformation efficiency and can be spontaneously lost without
a selection pressure (Aleksenko et al., 1995; Briickner et al., 1992; Gems et al., 1991).
As these vectors can be recycled (Katayama et al., 2018), they provide a good way how
to deal with a limited number of marker genes available for the selection of filamentous
fungi.

Alternatively, gRNA can be synthesized in vitro. Such gRNAs have been used for
the transformation of Aspergillus sp. (Zhang et al., 2016; Kuivanen et al., 2016),
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P. chrysogenum (Pohl et al., 2016), T. reesei (Liu et al., 2015a), and Beauveria bassiana
(Chenetal., 2017).

2.1.3.5.2.2 Screening of CRISPR/Cas9 mutants

The easiest approach for screening CRISPR/Cas9 mutations that is based on the
amplification of the target sequence around the PAM sequence followed by restriction is
so called PCR restriction length polymorphism (PCR-RFLP) analysis. This method is
very convenient especially when the gene inactivation does not lead to the obvious change
in growth, color, or resistance to compounds that are toxic to WT. This simple method
has already been performed in plants (Liu et al., 2015b; Osakabe et al., 2016; Ueta et al.,
2017), oomycete Phytophtora sojae (Fang and Tyler, 2016), and phytopathogenic fungus
Leptosphaeria maculans (Idnurm et al., 2017). Compared to other advanced methods
such as sequencing-based techniques (e.g. amplicon next-generation sequencing, NGS
(Bell et al., 2014); tracking indels by decomposition, TIDE (Etard et al., 2017); indel
detection by amplification analysis, IDEAA (Lonowski et al., 2017)) or denaturation-
based methods (e.g. high-resolution melting, HRM (Samarut et al., 2016); single-stranded
conformational polymorphism, SSCP (Zheng et al., 2016); mismatch-sensitive
endonucleases T7/Surveyor (Huang et al., 2012)), PCR-RFLP analysis is inexpensive and
does not require special equipment, cloning step before sequencing or additional
denaturation/renaturation steps. On the other hand, it is quite laborious when hundreds of
mutants have to be screened, and most importantly, it requires a suitable restriction site
within the target sequence.

To test the functionality of CRISPR/Cas9 system, genes that disruption leads to
easily recognized phenotypic change are usually targeted in filamentous fungi. For
example, yA and albA genes encoding p-diphenol oxidase and a polyketide synthase,
respectively have already been mutated in Aspergillus sp. and Alternaria alternata
(Nodvig et al., 2015; Katayama et al., 2016; Nielsen et al., 2017; Wenderoth et al., 2017;
Zheng et al., 2018). As the products of both genes catalyze the biosynthesis of green
conidial pigment, disruption of yA results in the yellow colour of conidia compared to
green WT conidia (Nedvig et al., 2015; Katayama et al., 2016) and a mutation in albA
gene yields an albino phenotype (Nielsen et al., 2017; Nedvig et al., 2015; Wenderoth
etal., 2017; Zheng et al., 2018). Except for yA and albA genes, ade2 gene encoding

phosphoribosylaminoimidazole carboxylase that catalyzes the sixth step in de novo
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biosynthesis of purine nucleotides has been targeted in Candida albicans and Candida
glabrata (Valmik et al., 2015; Shapiro et al., 2018). In this case, mutants showing red
phenotype have been selected. Moreover, Nagy et al. (2017) have prepared mutants of
Mucor circinelloides containing inactivated carB gene that encodes phytoene
dehydrogenase involved in the biosynthesis of B-carotene. As this enzyme is involved in
the biosynthesis of orange-red pigment, mutants were selected based on their albino
phenotype.

Concerning auxotrophic markers, genes encoding orotidine 5’-phosphate
decarboxylase and orotate phosphoribosyltransferase involved in pyrimidine biosynthesis
are frequently mutated by CRISPR/Cas9 in filamentous fungi (Nedvig et al., 2015; Chen
et al., 2017; Qin et al., 2017; Wang et al., 2018). By disrupting one of these two genes,
mutants showing uridine and/or uracil auxotrophy and resistance to 5-FOA can be
obtained. Similarly, Gardiner and Kazan (2018) have selected CRISPR/Cas9 fungal

mutants impaired in osmosensor histidine kinase resistant to fungicide fludioxonile.

2.1.3.5.3 CRISPR/Cas9-mediated HDR

In this approach, template DNA containing a selection marker is co-transformed together
with CRISPR/Cas9 vector, thus any gene regardless of its function can be targeted and
mutants can be easily screened by diagnostic PCR. As a selection marker inserted
between 5° and 3° flanking sequences of the target gene, gene encoding orotidine
5’-phosphate decarboxylase (Kuivanen et al., 2016; Chen et al., 2017; Nagy et al., 2017),
barR (Arazoe et al., 2015; Matsu-ura et al., 2015), hygR (Nedvig et al., 2015; Zhang
et al., 2016), amdSR (Pohl et al., 2016) and neoR (Zheng et al., 2017) have already been

used.

2.1.3.5.4 CRISPR/Cas9 and CRISPR/Cas9-mediated HDR application

in industrial fungi
Compared to the time-consuming classical gene knock-out approach mediated by HR that
provides usually low HIF, CRISPR/Cas9 together with CRISPR/Cas9-mediated HDR
represent simple, rapid, and usually efficient systems for genome editing in filamentous
fungi. By using these approaches, different novel secondary metabolite (SM) clusters
could be discovered; moreover, the role of genes in the regulation of SM biosynthesis or

pathogenesis can be studied more easily.
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CRISPR/Cas9 and CRISPR/Cas9-mediated HDR have already been established
in A. oryzae (Katayama et al., 2016; Zheng et al., 2017), A. niger (Nedvig et al., 2015;
Kuivanen et al., 2016), and A. terreus, (Itoh et al., 2018), fungi that are used for industrial
production of amylase, glucoamylase, citric acid, and itaconic acid, respectively. Except
for Aspergillus sp., CRISPR/Cas9-mediated HDR has already been used to target genes
in P. chrysogenum (Pohl et al., 2016), a fungus that is used in the pharmaceutical industry.
Pohl et al. (2016) have successfully targeted pksl7 and lovF genes in P. chrysogenum
encoding a polyketide synthetase involved in the biosynthesis of green conidial pigment,
and a diketide synthase involved in the biosynthesis of lovastatin, respectively. Moreover,
they have successfully mutated both genes simultaneously. Except for these two genes,
also rogA, hcpA, pcbAB, and penDE genes encoding two nonribosomal peptide
synthases, alpha-aminoadipyl-cysteinyl-valine (ACV) synthetase, and acetyl-
CoA:isopenicillin N-acetyltransferase involved in the biosynthesis of penicillin have been
targeted in this fungus (Pohl et al., 2016). Furthermore, the entire penicillin cluster
consisting of 3 genes pchAB, pcbC, and penDE with a size of 16,155 bp has been deleted
in P. chrysogenum by CRISPR/Cas9-mediated HDR (Pohl et al., 2016). Later, Zheng et
al. (2018) have shown that even the cluster with a size of 48 kb responsible for the
production of mycotoxin fumonisin B1 can be deleted by using this approach.

Another example of the use of CRISPR/Cas9-mediated HDR represents the
mutation of several genes in T. reesei (Liu et al., 2015a). In this fungus, lael gene
encoding a methyltransferase involved in the asexual development and pathogenesis has
been successfully mutated with editing efficiencies of 93-100 %. Besides, two genes, lael
and vibl genes encoding a transcription factor involved in cellulose production and even
three genes, lael, vibl, and clr2 encoding a transcription factor that regulates xylanase
genes have been mutated simultaneously (Liu et al., 2015a). Two years later, Liu et al.
(2017) has successfully deleted even four genes simultaneously in another fungus
Myceliopthora thermophila. Interestingly, by using CRISPR/Cas9 the biosynthetic
pathway leading to the production of different gibberellin acids (GAs) used in industry
has been engineered in a strain of F. fujikuroi that produces mainly GA3 and small
amounts of GA4 and GA7 (Shi et al., 2019).
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2.2 Representative fungi from order Hypocreales

According to the Dictionary of Fungi (Ainsworth, 2008), the order Hypocreales
belonging to the class Sordariomycetes (division: Ascomycota, kingdom: Fungi) contains
237 genera and 2647 species in 7 families. Since 2008 a family called Stachybotryaceae
and new taxa have been identified and characterized (Lombard et al., 2016).

In this order, both animal and plant pathogens can be found. For example, fungi
from the order Fusarium belonging to the family Netriaceae infect a lot of different plant
species including economically important crops such as barley (Tekauz et al., 2000),
wheat (Gilbert and Tekauz, 2000), and oat (Tekauz et al., 2004), thus they cause
economical losses. Except for Fusarium sp., fungi from the genus Claviceps belonging
to the family Clavicipitaceae also infect crops and cause economic losses (Munkwold
et al., 1997; Murray and Brennan, 2009). On the other hand, they produce ergot alkaloids,
secondary metabolites that are used in the pharmacy (Bigal and Tepper, 2003).

2.2.1 Genus Claviceps

Fungi from the genus Claviceps, so-called ergot fungi, infect more than 600 plant species
including economically important crops such as wheat, rye, and oat, grasses, and sedges
(Kien and Cvak, 1999). Until now, approximately 45 Claviceps species (sp.) including
well-known Claviceps paspali, Claviceps fusiformis, Claviceps gigantea, Claviceps
africana, and Claviceps purpurea have been described and characterized (PaZoutova,
2001; Pichova et al., 2018). Although C. paspali originally comes from Uruguay or
Argentina (Hitchcock, 1951), it has been spread by humans to the USA, Australia, and
New Zealand where it colonizes Paspalum sp. (Cole et al., 1977). On the other hand,
C. fusiformis can be found in semi-arid areas of Africa and India where it infects pearl
millet (Pazoutova et al., 2008). C. gigantea and C. africana colonizing maize (Fuentes et
al., 1964) and sorghum (Frederickson et al., 1991), respectively have been detected in
Mexico and Africa. The last mentioned, C. Africana, has already been spread to India,
Asia, USA, and Australia (Isakeit et al., 1998; Bogo and Mantle, 1999; Pazoutova et al.,
2000; Tsukiboshi et al., 2001). In contrast, C. purpurea has the widest host range as it
infects more than 400 plant species and it can be found especially in Europe (Kien and
Cvak, 1999).
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Fig. 5 Infection of durum wheat with C. purpurea spores.

(a) Production of honeydew at the beginning of the infection process.
(b) Scleratia containing ergot alkaloids

(Gordon et al., 2020).

Once a host is infected by ergot fungus, a purple-black sclerotium containing ergot
alkaloids (EAs), physiologically highly active compounds, is formed (Fig. 5) (Krska and
Crews, 2008). Although these secondary metabolites are widely used in pharmacy,
consumption of contaminated grains led in the Middle ages to vast epidemics of ergotism
(so-called St. Anthony’s fire) (Haarmann et al., 2009). The industrial production of EAs
began with the patent of Arthur Stoll on ergotamine tartrate (Stoll, 1921), which was then
produced by Sandoz company. Today many different EAs including ergopeptines,
lysergic acid amides, and clavines are used in medicine to treat migraine headaches
(Moskowitz, 1992), to prevent the post-partum haemorrhage (Martin and Dumoulin,
1953), as inhibitors of prolactin release (Cassady et al., 1974) or in the therapy of

Parkinson’s and Alzheimer’s diseases (Licberman et al., 1976; Sharma et al., 2016).

2.2.1.1 Primary and secondary metabolites

2.2.1.1.1 Biosynthesis of ergot alkaloids
The EAs biosynthetic cluster was firstly identified in C. purpurea strain P1 using
a chromosome walking approach with the dmaW gene (Tudzynski et al., 1999). This
cluster consists of 14 genes containing one pseudogene covering over 68.5 kb (Fig. 6a)
(Schardl et al., 2013).

EAs biosynthesis in Claviceps species (Fig. 6b) starts with the prenylation of
L-Trp, a precursor, and an inducer of EA biosynthesis (Vining, 1970), by dimethylallyl
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diphosphate (DMAPP) leading to the formation of 4-(y,y)-dimethylallyltryptophan (4-
DMAT). This reaction is catalyzed by DMAT synthase (Metzger et al., 2009) encoded
by dmaW gene (CPUR_04076.1). DMATS has already been purified from C. fusiformis
SD 58 (Heinstein et al., 1971; Lee et al., 1976; Cress et al., 1981; Gebler and Poulter,
1992) and the corresponding gene has been characterized both in C. fusiformis SD58 (Tsai
et al., 1995) and in C. purpurea, P1 (Tudzynski et al., 1999). Interestingly, two copies of
dmaW, one of which was inactivated by 7 bp insertion have been found in C. purpurea
P1 (Tudzynski et al., 1999). Moreover, binding sites for CREA, a regulatory protein
involved in carbon catabolite repression (Ruijter and Visser, 1997; Chulkin et al., 2010;
Portnoy et al., 2011), AREA, a regulator of nitrogen metabolism (Arst and Cove, 1973;
Chang et al., 2000), pacC, a transcriptional factor that is modulated in response to pH and
regulates virulence (Tilburn et al., 1995; Chang et al., 2000), and NUC-1, a transcriptional
factor induced by a phosphorus limitation (Kang and Metzenberg, 1990), have been
identified in the promoter region of the active dmaW (Tudzynski et al., 1999). The next
step of EAs biosynthesis, the transfer of the S-methyl group of S-adenosylmethionine to
the amino group of 4-DMAT, is catalyzed by DMAT N-methyltransferase encoded by
easF gene (CPUR_04078.1) (Otsuka et al., 1980). Subsequent reactions leading to the
simplest clavine, chanoclavine-I, are catalyzed by a flavin-dependent oxidoreductase
chanoclavine-l synthase, encoded by easE gene (CPUR_04079.1) and bifunctional
catalase encoded by easC gene (CPUR_04081.1) that induces the release of carbon
dioxide and subsequent oxidative cyclization on the central C ring (Lorenz et al., 2010;
Goetz et al., 2011; Yao et al., 2019). The next step, oxidation of chanoclavine-1 to
chanoclavine-l aldehyde in the presence of NAD*, is catalyzed by chanoclavine-I
dehydrogenase encoded by easD gene (CPUR_04080.1) (Wallwey et al., 2010). Different
orthologs of the flavin-dependent oxidoreductase (an old yellow enzyme, encoded by
easA gene CPUR _04084.1 in C. purpurea 20.1) and a reductase catalyzing the next
reaction step (encoded by easG gene CPUR_04077.1 in C. purpurea 20.1) convert
chanoclavine I-aldehyde into either festuclavine or agroclavine (Coyle et al., 2010;
Matuschek et al., 2011; Matuschek et al., 2012). While festuclavine is formed in C.
africana that produces dihydroergot alkaloids, agroclavine is produced in C. paspali, C.
purpurea, and C. fusiformis (Barrow et al., 1974; Florea et al., 2017). Agroclavine is then
converted via elymoclavine into D-lysergic acid in C. purpurea or paspalic acid in C.
paspali (Robinson and Panaccione, 2015). These three rounds of 2-electron oxidations

are catalyzed by NADPH-dependent cytochrome P450 encoded by cloA gene
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(CPUR _04082.1) (Haarmann et al., 2006; Robinson and Panaccione, 2014). However,
cloA variant responsible for the production of elymoclavine in C. fusiformis SD 58 that
does not produce D-lysergic acid has not yet been identified. In C. purpurea, D-lysergic
acid is subsequently incorporated into lysergic acid amides and ergopeptines by a process
involving nonribosomal lysergyl peptide synthetases (LPSs). In C. purpurea 20.1 there
are four different LPSs: trimodular LPS1 encoded by IpsAl (CPUR_04074.1),
monomodular LPS2 encoded by IpsB (CPUR_04083.1), monomodular LPS3 encoded by
IpsC (CPUR_04085.1), and trimodular LPS4 encoded by IpsA2 (CPUR_04073.1). While
the complex LPSB/LPSC catalyzes the production of ergometrine, complex LPSB
together with LPS1 or LPS4 catalyzes ergopeptine assembly (Riederer et al., 1996;
Walzel et al., 1997; Haarmann et al., 2008; Ortel and Keller, 2009). The final cyclization
of EAs is catalyzed by a nonheme iron dioxygenase, encoded by easH1l gene
(CPUR_04075.1) (Havemann et al., 2014).

Concerning the regulation of EA biosynthesis, no transcriptional factor has been
identified and characterized so far. While the wild type (WT) strain of C. purpurea
produces EAs only in sclerotia grown on plants, mutants producing EAs in submerged
cultures have been generated (Amici et al., 1966; Schumann et al., 1982; Kien et al.,
1986). In many of these strains, including the strain P1, EA biosynthesis is regulated by
inorganic phosphate (Robbers et al., 1972; Lohmeyer et al., 1990; Haarmann et al., 2005).
This regulation has already been described at the transcriptional level (Haarmann et al.,
2005). Although it can be overcome by the addition of L-Trp (Krupinski et al., 1976), the
mechanism is still unknown. Besides inorganic phosphate and L-Trp also a chromatin
remodelling plays an important role in the regulation of EAs production as the cluster is
located in the subtelomeric region (Schardl et al., 2013; Lorenz et al., 2009; Chen et al.,
2019a).
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Fig. 6 Biosynthesis of EAs in Claviceps species.
(a) EA biosynthetic cluster containing 13 functional genes and one pseudogene in C. purpurea 20.1.
(b) Biosynthetic pathway of EAs in C. purpurea, C. paspali, C. fusiformis, and C. africana.
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2.2.1.1.2 Biosynthesis of tryptophan

As mentioned above, the biosynthesis of EAs starts with the prenylation of amino acid
Trp that is synthesized in filamentous fungi in five enzymatic steps by three separated
enzymatic components encoded by four different genes TrpE, TrpC, TrpD, and TrpB
(Hiitter and DeMoss, 1967). The first step in Trp biosynthesis (Fig. 7), the conversion of
chrorismic acid into anthranilic acid, is catalyzed by anthranilate synthase complex that
consists of two subunits, AAS-I (a-subunit encoded by TrpE gene) and AAS-II
(atrifunctional  peptide  containing  B-subunit of anthranilate  synthase,
phosphoribosylanthranilate isomerase and indole-3-glycerol-phosphate synthase encoded
by TrpC gene) (Hiitter et al., 1986). While a-subunit containing distinct sites for
chorismate substrate binding and Trp-feedback inhibition synthesizes anthranilic acid
directly from chorismic acid in the presence of high levels of ammonia, [-subunit
catalyzes together with AAS-1 the conversion of chorismic acid to anthranilic acid in the
presence of glutamine (Crawford and Eberly, 1986). Concerning the second step of the
Trp biosynthetic pathway, the conversion of anthranilic acid into N-(5-phospho-D-
ribosyl) anthranilate, this reaction is catalyzed by anthranilate phosphoribosyltransferase
that is encoded by TrpD gene (Hiitter et al., 1986). Subsequent two reactions that produce
indoleglycerol phosphate are catalyzed by phosphoribosylanthranilate isomerase and
indole-3-glycerol-phosphate synthase (Schechtman and Yanofsky, 1983; Kos et al.,
1985). In the final step, tryptophan synthase encoded by TrpB gene catalyzes the
formation of Trp (Eckert et al., 2000).

Concerning studies on Trp biosynthesis in Claviceps sp. anthranilate synthase has
already been purified and characterized only in C. fusiformis SD 58 (formerly classified
as C. purpurea SD 58, ATCC 26245, PRL1980, or DSM 2942; Pazoutova and Tudzynski,
1999) and two strains of C. purpurea (Krupinski et al., 1976; Schmauder and Groger,
1976; Mann and Floss, 1977). Although it has been proved that this enzyme complex is
feedback-inhibited by L-Trp (Krupinski et al., 1976; Schmauder and Gréger, 1976; Mann
and Floss, 1977), the corresponding TrpE gene has not yet been identified.

Interestingly, several studies have shown that the expression of Trp-feedback
resistant form of anthranilate synthase, a key enzyme in Trp biosynthesis, leads to Trp
accumulation (Matsuda et al., 2005; Tsai et al., 2005; Hong et al., 2006) that in
Aspergillus fumigatus is even accompanied with increased production of downstream

secondary metabolites (Wang et al., 2016).
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Fig. 7 Trp biosynthesis in C. purpurea. TrpC (CPUR_00163.1, TrpE (CPUR_05013, anthranilate
synthase; TrpD (CPUR_04421.1), anthranilate phosphoribosyltransferase; TrpC (CPUR_00163.1),
phosphoribosylanthranilate isomerase; TrpC (CPUR_00163.1), indole-3-glycerol-phosphate synthase;
TrpB (CPUR_00442.1), tryptophan synthase.

2.2.1.1.3 Biosynthesis of auxins

Except for the biosynthesis of EAs, Trp is also involved in the biosynthesis of plant
hormones auxins, compounds that play an important role in plant-fungus interactions
(Chanclud and Morel, 2016). Although auxins were firstly considered as plant hormones,
they have been already detected in phytopathogenic, saprophytic, and symbiotic fungi
(Gunasekaran and Weber, 1972; De Battista et al., 1990; Fitze et al., 2005). Although it
is well known that filamentous fungi produce auxins, their role in these organisms is still
not fully understood.

In plants, auxins stimulate lateral root initiation, root and shoot apical dominance
and promote fruit development (Aloni et al., 2006a; Lucas et al., 2008; Dorcey et al.,
2009). Besides, they participate in phototropism, geotropism, and hydrotropism (Muday,
2001); moreover, they are also involved in the regulation of flowering and development
of reproductive organs (Aloni et al., 2006b). In fungi, the effects of indole-3-acetic acid
(IAA) most likely depend on its concentration. For example, the treatment of the
pathogenic fungus Fusarium delphinoides with a low concentration of IAA led to
an increase in its growth; on the other hand, when a higher concentration of IAA was

applied, the fungal growth was reduced (Kulkarni et al., 2013). Except for the growth
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regulation, IAA promotes cellular elongation and spore germination (Nakamura et al.,
1978; Nakamura et al., 1982).

As in plants, IAA is in filamentous fungi synthesized via Trp-dependent and Trp-
independent pathways. Concerning Trp-dependent biosynthetic pathway, indole-3-
acetamide (IAM), indole-3-pyruvic acid (IPyA), indole-3-acetaldehyde (1AAId),
tryptamine (TAM), and indole-3-acetonitrile (IAN), precursors of IAA, have already been
detected in Fusarium sp., Colletotrichum sp., or Ustilago maydis (Chung et al., 2003;
Maor et al., 2004; Reineke et al., 2008; Tsavkelova et al., 2012; Kulkarni et al., 2013).
Concerning C. purpurea, 1AA and its precursors have been found in the mycelium of

C. purpurea strain 20.1 (Mlynarcikova, 2015).

2.2.1.2 Claviceps purpurea

C. purpurea as other fungi from the genus Claviceps is a biotrophic fungus that means it
does not kill its host during the infection. As no signs of plant defense can be observed,
this fungus is classified as a true biotroph (Tudzynski and Scheffer, 2004). It has been
already experimentally proved that for the successful infection NADPH oxidases
generating ROS (Schiirmann et al., 2013), MAP kinases (Mey et al., 2002a; Mey et al.,
2002b) and plant hormones cytokinins (Hinsch et al., 2015; Hinsch et al., 2016; Kind
et al., 2018) are necessary. Moreover, the involvement of two transcription factors, Cptfl,
a homolog of the yeast Ap1, and the small GTPase Cpcdc42 in the pathogenesis has been
studied (Nathues et al., 2004; Scheffer et al., 2005). Interestingly, both deletion mutants
were still pathogenic and produced in plants massive amounts of ROS (Nathues et al.,
2004; Scheffer et al., 2005).

As this fungus is highly organ-specific it colonizes only unfertilized ovaries
(Tudzynski and Scheffer, 2004). Once, the flower of blooming grass ear is infected
(Fig. 8, stage 1), C. purpurea penetrates the plant cuticle without any physical pressure
or creation of specific structures and it grows predominantly intercellularly in thick
hyphal bundles almost without any branching following the path of the pollen tube (stage
2). After it reaches a rachilla, a base of the ovary, it starts to branch, mycelium so-called
sphacelium is formed. Interestingly, the fungus colonizes the whole ovary, but no hyphae
emerge beyond the rachilla tip. The sphacelium produces conidia that are together with
plant phloem exudates secreted as honeydew approximately 7 days after infection (stage

3). This honeydew can be transferred by insects, rain splash, or head-to-head contact to
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other unfertilized ovaries (stage 4). Approximately five weeks after the infection,
sclerotia mature (stage 5) and during the autumn they leave the spike and fall into the soil,
where they rest and survive unfavorable winter conditions (stage 6). C. purpurea sclerotia
germinate in the spring when temperature is 0 °C for at least 25 days. Firstly, usually 6
to 15 stromata that are 15 to 30 mm long with a rounded head at the end are formed (stage
7). Sometimes even up to 50 or 60 stromata can be observed on the germinated sclerotium.
Inside the head of stromata perithecia containing ascospores that initiate the infection in

the spring are located (8).

Fig. 8 Life cycle of C. purpurea. (1) Ascospores infect unfertilized ovaries. (2) Hyphae follow the path of
the pollen tube up to the rachilla and colonize the whole ovary. (3) Honeydew containing conidia and
phloem sap is produced approximately 7 days after the infection. (4) Conidia in honeydew are transferred
by insects, rain splash, or head-to-head contact to other noninfected ovaries. (5) Sclerotia are formed
approximately 5 weeks after the infection they mature and fall into the soil, where they overwinter. (7) In
the spring when appropriate weather conditions occur sclerotia germinate. (8) Ascospores are released from
perithecia (Hulvova et al., 2013).
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Concerning the molecular biology of C. purpurea, mutants of this fungus were
initially generated mostly by UV mutagenesis (Strnadova, 1964; Kten et al., 1986) or by
treatment with nitrous acid (Strnadova, 1976) or N-methyl-N"-nitro-N-nitrosoguanidine
(Brauer and Robbers, 1987). Obtained mutants were usually selected based on their
different morphology (Strnadova and Kybal, 1976), auxotrophy (Strnadova 1964, 1967),
resistance to fungicides (Tudzynski et al., 1982), or qualitative and quantitative changes
in EAs production (Kobel and Sanglier, 1973). By these processes for example
C. purpurea industrial strains Gal012 (90 % a-ergocryptine, 9 % ergometrine, 1 %
valinamid), Gal130 (82.8 % ergocristine, rest - a-ergocryptine, ergometrine, and clavins),
Gal310 (93.5 % ergocomine:a-ergocryptine:p-ergocryptine = 4.2:1.6:1), and Gal404
(93.5 % ergotamine, 1.1 % ergometrine, 0.5 % ergostine, 0.8 % a-ergocryptine + [-
ergocryptine + ergocristine) have been obtained. The content of EAs in sclerotia (% of
dry mass) of these industrial strains are 0.78-1.7 %, 0.73-2.66 %, 0.52-1.25 %, and
0.4-2.2 %, respectively (Cudejkové et al., 2016). Concerning laboratory C. purpurea
strains whose EAs production is much lower (usually less than 0.01 %), 20.1 and P1 are
very often used in experimental studies (Tudzynski et al., 1999; Oeser et al., 2002;
Nathues et al., 2004; Haarmann et al., 2005; Giesbert et al., 2008; Haarmann et al., 2008).
According to the literature, C. purpurea 20.1 produced ergotamine and ergocryptine only
in planta; moreover, its genome has been fully sequenced and annotated (Schardl et al.,
2013). In contrast, C. purpurea P1 produces ergotamine and a-ergocryptine only in axenic
cultures (Haarmann et al., 2008).

The first genetic transformation of C. purpurea protoplasts using PEG has been
performed in 1989 (van Engelenburg et al., 1989). In this process, a vector harboring the
resistance to antibiotic phleomycin has been used. In the same year, a vector containing
the resistance to antibiotic hygromycin has also been used to transform C. purpurea
(Comino et al., 1989). In both cases, exogenous DNA was inserted into the fungal genome
in many copies. Thus, Smit and Tudzynski (1992) have performed a transformation that
was based on homologous recombination; as a selection marker pyr4 gene that was
transformed into pyr4 mutants has been used. Later, homologous transformation systems
containing resistance to phleomycin (Mey et al., 2002b; Giesbert et al., 2008),
hygromycin (Rolke and Tudzynski, 2008) or phosphinothricin (Haarmann et al., 2008)
have been established. As already mentioned above, the main boost of molecular analysis
of C. purpurea was its genome sequencing (Schardl et al., 2013). Except for EAS cluster

further genome analyses revealed several new clusters such are ergochrome gene cluster
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that is responsible for the production of typical purple-black pigment of sclerotia
(Neubauer et al., 2016), epipolythiodiketopiperazine cluster that produces toxic
clapurines (Dopstadt et al., 2016), or cluster containing PKS7 gene responsible for the

production of depsides (Liinne et al., 2020).

2.2.2 Genus Fusarium
Nowadays, the genus Fusarium consists of 20 species complexes and nine monotypic
lineages (O'Donnell et al., 2013). As these fungi are predominantly plant pathogens and
are dispersed globally from tropical to arctic areas, they infect numerous plants including
economically important crops such as barley, rye, and oat (Leonard and Bushnell, 2003;
Tekauz et al., 2004). Other Fusarium sp. infect animals and humans (Dignani and
Anaissie, 2004; Taj-Aldeen et al, 2006) or they are non-pathogenic (Forsyth et al., 2006).
Concerning plant pathogens, once a host is infected, symptoms such as chlorosis,
wilting, stunting, and even necrosis can be observed (Clark et al., 1990). Common plant
diseases caused by Fusarium sp. (Fig. 9) include Fusarium head blight or scab (FHB)
(Bushnell et al., 2003), ear rot (ER) (Sutton, 1982), root rot (RR) (Leath and Kendall,
1978), and crown rot (CR) (Kazan and Gardiner, 2018). F. graminearum and
F. pseudograminearum infect predominantly economically important crops such as
barley and wheat. In contrast, fungi from Fusarium oxysporum species complex (FOSC)
colonize more than 120 plant species including cotton, banana, and tomato causing
vascular wilts (Murray et al., 2020; Ozarslandan and Akgiil, 2020; Seo et al., 2020),
crown rot and root rot (Van Bakel and Kerstens, 1970; Jarvis and Shoemaker, 1978).
Moreover, Fusarium fungi produce mycotoxins for example zearalenone (ZEA),
trichothecenes (e.g. T-2 toxin, nivalenol (NIV), and deoxynivalenol (DON)) and
fumonisins that accumulate in infected crops (Yoshizawa and Jin, 1995; de Saeger and
van Peteghem, 1996; Marin et al., 1999; Orlando et al., 2010; D61l and Dénicke, 2011).
As these secondary metabolites can persist during long storage and are heat-resistant,

their threshold content in food is usually strictly regulated.
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Fig. 9 Disease symptoms caused by Fusarium sp.
(a) Fusarium wilt of banana caused by Fusarium oxysporum f. sp. cubense.
(b) Fusarium wilt of tomato caused by Fusarium oxysporum f. sp. lycopersici.
(c) Stem rot of vanilla caused by Fusarium oxysporum.
(d) Mango malformation caused by Fusarium manginifera.
(e) Fusarium wilt of Canary Island date palm caused by Fusarium oxysporum f. sp. canariensis.
(f) Bakanae disease of rice caused by Fusarium fujikuroi.
(g) Stalk rot of sorghum caused by Fusarium thapsinum.
(h) Root rot of Aglaonema commutatum caused by Fusarium solani.
(i) Cob rot of maize caused by Fusarium verticillioides.
(Summerell et al., 2003).

In general, Fusarium fungi produce three types of asexual spores, macroconidia,
microconidia, and chlamydospores. Macroconidia are the most important as their
characters such as the range and an average number of septa per one spore, their size and
length are commonly used for the identification of Fusarium sp. (Leslie and Summerell,
2006). For example, macroconidia of F. graminearum and F. pseudograminearum are
thick-walled, slender, and usually possess 3-5 cells that are demarcated by septa (Harris,
2005; Kazan and Gardiner, 2018); on the other hand, F. oxysporum contains usually
3- septate macroconidia (Leslie and Summerell, 2006). In contrast to macroconidia,
microconidia are not produced by all Fusarium sp.; for example, they are not formed by

F. graminearum and F. pseudograminearum; on the other hand, F. oxysporum forms
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0- septate microconidia (Ruiz-Roldan et al.,, 2010). The last type of spores
chlamydospores are produced singly, doubly, in clumps or chains usually after a long
time; sometimes a special medium has to be prepared (Leslie and Summerell, 2006).
Except for the shape of spores, growth rate, production of mycotoxins or pigmentation
can be used to identify Fusarium sp. (Leslie and Summerell, 2006). For example,
F. graminearum and F. pseudograminearum produce relatively dense white to red
mycelium on PDA agar plates; moreover, a red pigment that is pH sensitive is formed
(Pancaldi et al., 2010).

2.2.2.1 Important mycotoxins

2.2.2.1.1 Zearalenone

Zearalenone (ZEA), previously called F-2 toxin, is a non-steroidal estrogenic compound
(Gromadzka et al., 2008) that is produced by Fusarium sp. especially by F. graminearum
(Mirocha et al., 1989), F. culmorum (Waskiewicz et al., 2008), and F. moniliforme
(Mirocha et al., 1969). Thus, it can be found in infected maize (Pleadin et al., 2012),
barley (Kim et al., 1993), and wheat (Ji et al., 2014). As this compound binds to estrogen
receptors (Li et al., 2012a), it predominantly causes reproductive problems such as
abortion (Kallela and Ettala, 1984), infertility (Chang et al., 1979), and other breeding
problems (Young et al., 1990; Gajecka et al., 2015). Estrogenic effects of this compound
have been observed not only in swine (Chang et al., 1979), but also in rats (Maaroufi et
al., 1996), mice (Yang et al., 2007), turkey poults (Allen et al., 1981), and broiler chicks
(Chi et al., 1980).

2.2.2.1.2 Trichothecenes

Trichothecenes are sesquiterpenes that are produced not only by Fusarium sp. (Desjardins
et al., 1993) but also fungi from genus Myrothecium (Trapp et al., 1998), Spicellum
(Langley et al., 1990), Stachybotrys, or Trichoderma (Wilkins et al., 2003). Together,
more than 200 different trichothecenes that contain tricyclic 12,13-epoxytrichothec-9-ene
(EPT) core structure have already been identified. Based on the substitution of EPT, these
secondary metabolites can be divided into four groups - A, B, C, and D. Groups A, B, and
C differ in the substitution of C-8 of EPT. Type A trichothecenes contain ester (e.g. T-2

toxin), hydroxyl (e.g. neosolaniol), or no functional group (e. g. trichodermin) at C-8 of
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EPT. Type B trichothecenes have carbonyl group at C-8 of EPT (e.g. nivalenol). Type C
trichothecenes contain C-7/C-8 epoxide (e.g. crotocin). In contrast, type D trichothecenes
have an extra ring linking C-4 and C-15 (e.g. satratoxin H) (McCormick et al., 2011;
Cope, 2018).

As trichothecenes are lipophilic, they are predominantly absorbed across the
gastrointestinal tract. Alternatively, they can be slowly absorbed through the skin
(Kemppainen et al., 1988). In general, these secondary metabolites cause polyribosomal
disaggregation and inhibition of protein synthesis (Cundliffe et al., 1974; Miller and
Ewen, 1997); moreover, inhibition of RNA and DNA synthesis can occur (Thompson and
Wannemachel, 1990). Except for disruption of reproduction (Yang et al., 2020), effects
like the disruption of intestinal barrier integrity (van de Walle et al., 2010) or
dysregulation of energy balance (Lebrun et al., 2015) have been observed.

2.2.2.1.3 Fumonisins

Fumonisins are secondary metabolites that are mostly produced by Fusarium sp.,
predominantly by F. vertillioides, F. moniliforme, Fusarium nygami, and F. proliferatum
(Musser and Plattner, 1997; Seo et al., 2001). Except for Fusarium sp., these toxins have
been detected also in Aspergillus niger (Frisvad et al., 2007). Thus, fumonisins can be
found in maize (Fandohan et al., 2003), rye (Fadl-Allah et al., 1997), wheat (Stankovi¢
et al., 2012) or barley (Piacentini et al., 2015) infected by Fusarium sp. or in peanut
(Palencia et al., 2014) or grape (Logrieco et al., 2009) infected by A. niger.

Until now, more than 15 different fumonisins homologs that are divided into four
groups A, B, C, and P have been identified and characterized. These secondary
metabolites contain one amino, two methyl, one to four hydroxyl, and two tricarboxylic
ester groups at different positions along with the linear polyketide-derived backbone.

In general, fumonisins inhibit ceramide synthase (Desai et al., 2002), thus
disrupting the metabolism of sphingolipids. Concerning the toxicity, they are possible
carcinogens (Riley et al., 1994); moreover, they are immunosuppressive (Li et al., 2017)

and nephrotoxic (Suzuki et al., 1995).

2.2.2.2 Fusarium graminearum

Fusarium graminearum (teleomorph Gibberella zeae), previously also known as

F. graminearum group 2 is a homothallic pathogenic fungus that can be divided into more
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than 16 phylogenetically distinct species (O 'Donnell et al., 2000; Aoki et al., 2012).
Although the genome of this fungus has been originally sequenced and annotated in 2005
and 2007 (Gale et al., 2005; Cuomo et al., 2007) and later refined (Giildener et al., 2006),
some sequences were still missing. Thus in 2015 genome of this fungus has been
sequenced and annotated again (King et al., 2015). Based on these results, the size of the
genome is 36.6 Mb and it is divided into four chromosomes (King et al., 2015).

Concerning the pathogenesis, F. graminearum infects predominantly wheat and
barley with Fusarium head blight (FHB) disease (Leonard and Bushnell, 2003) and maize
with Fusarium stalk (Manstretta and Rossi, 2016) or ear rot disease (Miller et al., 2007).
These pathogens can be found all over the world including Southern Europe (Somma et
al., 2014), Australia (Obanor et al., 2013), Africa (Lamprecht et al., 2011), China (Gale
et al., 2002), and the USA (Walker et al., 2001b). In all cases, grain yield is reduced;
moreover, mycotoxins such as ZEA, and trichothecenes deoxynivalenol and
acetyldeoxynivalenol that are harmful to animals and humans are produced in infected
plants (Mirocha et al., 1989).

In the first phase of infection, F. graminearum behaves as a biotroph, then the
necrotrophic phase takes place (Trail, 2009). The life cycle of F. graminearum (Fig. 10)
begins in the spring when sexual spores of this fungus called ascospores are released from
perithecia that are formed on infected overwintered plant structures. Ascospores land on
anthers, stigmas, or lodicules of wheat and other crops; later, they germinate, enter the
plant through the natural openings (e. g. stomates), grow, and spread through the xylem.
In the case when anthers are infected directly after their formation, the fungus colonizes
the whole floret, thus the kernel is not produced. On the other hand, when they are infected
later, wilted and shrivelled kernels are formed. Moreover, once the plant is infected, the
fungus produces asexual spores called macroconidia that can be transferred by insects,
rain splash, or head-to-head contact to other uninfected plants. During the winter, the
fungus survives in infected seeds or spike tissues, thus in the spring, the infection process

can be repeated.
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Fig. 10 Life cycle of Fusarium graminearum that infects crops with Fusarium head blight disease
(Trail, 2009).

2.2.2.3 Fusarium pseudograminearum
Fusarium pseudograminearum (teleomorph Gibberella coronicola) previously also
known as F. graminearum group 1 is a haploid heterothallic pathogenic fungus (Aoki and
O’Donnell, 1999). The genome of this fungus has been firstly sequenced and annotated
in 2012 and 2013 (Gardiner et al., 2012; Moolhuijzen et al., 2013); however, some
regions were still missing. As this fungus is heterothallic, Gardiner et al. (2018) have
crossed this fungus with F. graminearum, sequenced and annotated both genomes, and
constructed a genetic map. In this map, the genome of F. pseudograminearum has been
divided into four chromosomes; moreover, genomes of both species have been compared
(Gardiner et al., 2018).

As F. graminearum, F. pseudograminearum causes Fusarium head blight of crops
(Ji et al., 2016); moreover, it infects predominantly wheat (Li et al., 2012b) and barley
(Xu et al., 2017) with a disease known as crown rot with symptoms such as browning of
seedlings” coleoptiles and white heads of infected plants with no or shriveled grains. The

plant infection caused by F. pseudograminearum has been detected all over the world
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including Australia (Obanor et al., 2013), China (Li et al., 2012b), and Iran (Saremi et al.,
2007).

As in the case of F. graminearum, both sexual and asexual stages occur during the
life cycle of F. pseudograminearum (Fig. 11). Interestingly, it has been proposed that
only the asexual stage producing conidia plays an important role during the pathogenesis.
In the spring, when appropriate weather conditions occur, ascospores of
F. pseudograminearum are formed in perithecia; nevertheless, their impact on the
infection is unknown. Overwintered spores and mycelia in the soil and debris produce
asexual spores called conidia that subsequently infect the sub-crown and/or outer leaf
sheaths at the tiler bases. Thus, the first sign of infection is usually a brown stem base.
White heads can be observed only in wheat, rarely in oat, and not in barley as it matures
earlier (Kazan and Gardiner, 2018).
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Fig. 11 Life cycle of Fusarium pseudograminearum that infects crops with crown rot disease (Kazan
and Gardiner, 2018).
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2.2.2.4 Fusarium oxysporum

In contrast to F. graminearum and F. pseudograminearum, fungi from Fusarium
oxysporum species complex (FOSC) colonize more than 120 plant species including
cotton, banana, and tomato and cause vascular wilts (Davis et al., 1996; Olivain and
Alabouvette, 1999; Ploetz, 2006), crown rot, foot rot and root rot (Van Bakel and
Kerstens, 1970; Jarvis and Shoemaker, 1978); moreover, human pathogenic and
non-pathogenic strains can be found in this complex (Fuchs et al., 1997; O'Donnell et al.,
2007). In 1981 Armstrong and Armstrong have reported in 1981 based on the host
specificity 79 formae speciales (f. sp.). As many new formae speciales have been
identified and characterized since this time, Edel-Hermann and Lecomte have counted
them in 2019 again. Together, they have reported 106, 37, and 58 well-documented,
insufficiently-documented, and no characterized formae speciales. Besides, each forma
specialis can be divided into races based on the fungal virulence to a set of differential
cultivars (Armstrong and Armstrong, 1981; Edel-Hermann and Lecomte, 2019).

Based on current knowledge, F. oxysporum has no known sexual stage and as
mentioned above it produces three different types of asexual spores — macroconidia,
microconidia, and chlamydospores (Nelson et al., 1983). This saprophytic fungus that
feeds on dead plant and animal remains survives during the winter in the form of
mycelium or asexual spores in plant debris in the soil. At the beginning of plant infection,
the pathogen recognizes the roots, attaches to the root surface, and colonizes it. Later,
F. oxysporum penetrates and colonizes the root cortex, and finally, in the case of wilting,
its hyphae grow within the xylem vessels. Once the pathogen is in the xylem, it produces
microconidia that can move upstream in the plant sap, thus colonizing neighboring
vessels. Common symptoms of this disease include pale green to yellow leaves that later
wilt and die and dark streaks in the vascular tissue of the roots and lower stem; moreover,
roots also die (Hillocks, 1992).
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3 Overexpression of Trp-related genes in Claviceps purpurea leading

to increased ergot alkaloid production

3.1 Introduction

The parasitic fungus Claviceps purpurea has been used for decades by pharmaceutic
industry as a valuable producer of ergot alkaloids. As the biosynthetic pathway of ergot
alkaloids involves a common precursor L-tryptophan, targeted genetic modification of
the related genes may improve the production yield.

In this work, S76L mutated version of the gene trpE encoding the enzyme
anthranilate synthase was constitutively overexpressed in the fungus with the aim to
overcome feedback inhibition of the native enzyme by excess of tryptophan. In another
approach, dmaW gene coding for dimethylallyltryptophan synthase, an enzyme that
produces key intermediate for the biosynthesis of ergot alkaloids, was also constitutively
overexpressed. Moreover, to confirm that TrpE encodes o subunit of anthranilate
synthase, knock-out mutant lacking this gene and its complemented strain were prepared

and characterized.
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3.2 Material

3.2.1 Buffers and solutions
Yeast recombinational cloning
LB agar
e 9.5 sodium chloride, 15.5 g LB Broth, made up to 1 | with distilled water, pH
adjusted to 7.2, 15 g agar, autoclaved for 20 min at 120 °C
LB medium
e 9.5 g sodium chloride, 15.5 g LB Broth, made up to 1 | with distilled water, pH
adjusted to 7.2, autoclaved for 20 min at 120 °C
SOC medium
e 20 g of tryptone, 5 g of yeast extract, and 0.5 g of sodium chloride dissolved in
950 ml of distilled water followed by the addition of 10 ml of 250 mM potassium
chloride, the mixture was adjusted to pH 7.0, and made up to 1 | with distilled
water, after autoclaving for 20 min at 120 °C, 20 ml of 1 M D-glucose and 5 ml
of 2 M magnesium chloride were added to the solution

Uracil-free SD agar

e 20 g D-glucose monohydrate, 6.7 g amino acid-free yeast nitrogen base, 0.77 g
amino acid mixture and nutrients without uracil, made up to 1 | with distilled
water, pH adjusted to 5.8, 16 g agar, autoclaved for 20 min at 120 °C

Uracil-free SD medium

e 20 g D-glucose monohydrate, 6.7 g amino acid-free yeast nitrogen base, 0.77 g
amino acid mixture and nutrients without uracil, made up to 1 | with distilled

water, pH adjusted to 5.8, autoclaved for 20 min at 120 °C

C. purpurea transformation

0.2 M potassium malate

e 600 ml 0.2 M potassium hydroxide (6.73 g/600 ml) were mixed with 0.2 M maleic
acid (13.93 g/600 ml) until pH =5.2.

BII cultivation medium (Esser et al., 1978)

e 100 g sucrose, 5 g peptone, 5 g L-asparagine monohydrate, 1 g potassium

dihydrogen phosphate, 0.5 g magnesium sulphate heptahydrate, 0.01 g ferrous
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sulphate heptahydrate, made up to 1 | with distilled water, pH adjusted with
potassium hydroxide to 5.8, autoclaved for 20 min at 120 °C

Bll selection agar

e 100 g sucrose, 5 g peptone, 5 g L-asparagine monohydrate, 1 g potassium
hydrogen phosphate, 0.5 g magnesium sulphate heptahydrate, made up to 1 | with
distilled water, pH adjusted with potassium hydroxide to 8.0, 12 g agar,
autoclaved for 20 min at 120 °C. Antibiotics hygromycin or phleomycin or both
were added.

BlI transformation agar

e 200 g sucrose, 5 g peptone, 5 g L-asparagine monohydrate, 1 g potassium
hydrogen phosphate, 0.5 g magnesium sulphate heptahydrate, made up to 1 | with
distilled water, pH adjusted with potassium hydroxide to 8.0, 12 g agar,
autoclaved for 20 min at 120 °C

PEG solution

e 7.59PEG 6000, 1.5 ml of 1 M calcium chloride, 3 ml of 1 M Tris-HCI, 19 ml

distilled water

Protoplastization solution

e 100 mg of Trichoderma harzianum lysing enzyme in 20 ml of SmaC buffer,
sterilized through a 0.22 um pore size filter
SmaC buffer
e 123.88 g sorbitol, 5.88 g calcium chloride, made up to 800 ml with 0.2 M
potassium malate, autoclaved for 20 min at 120 °C

STC buffer
e 154.84 g sorbitol, 1.22 g Tris, 7.36 g calcium chloride, made up to 1 | with distilled
water, pH adjusted with hydrochloric acid to 7.5, autoclaved for 20 min at 120 °C

Isolation of gDNA from C. purpurea

Lysis buffer
e 4.84 g Tris, 2.92 g sodium chloride, 1.86 g EDTA, 1 g SDS, made up to 200 ml

with distilled water, pH adjusted with hydrochloric acid to 8.5
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Single spore isolation, auxotrophy, pathogenicity assays, hyphal tip dissection
Mantle agar (Mantle and Nisbet, 1976)

e 100 g sucrose, 10 g L-asparagine, 1 g calcium nitrate tetrahydrate, 0.25 g
potassium dihydrogen phosphate, 0.125 g potassium chloride, 0.25 g magnesium
sulphate heptahydrate, 0.033 g ferrous sulphate heptahydrate, 0.027 g zinc
sulphate heptahydrate, 0.01 g L-cysteine, 0.1 g yeast extract, made up to 1 | with
distilled water, pH adjusted with sodium hydroxide to 5.2, 20 g agar, autoclaved
for 20 min at 120 °C

Western blot analysis
0.1% amidoblack

e 0.1 gamidoblack, 10 ml 80% acetic acid, 40 ml methanol, 50 ml distilled water
Extraction buffer
e 242 g Tris pH 8.0, 8.77 g sodium chloride, 500 pul Triton-X100, made up to 1 |

with distilled water, pH adjusted with hydrochloric acid to 5.2
4% stacking gel

e 1 ml 30% acrylamide + 0.8% bisacrylamide, 1.25 ml buffer for stacking gel,
5.13 ml distilled water, 0.075 ml 10% (w/v) SDS, 0,0075 ml TEMED, 0.075 ml
100 mg/ml ammonium persulphate

10% separating gel

e 2.5 ml 30% acrylamide + 0.8% bisacrylamide, 1.25 ml buffer for separating gel,
3.63 ml distilled water, 0.075 ml 10% (w/v) SDS, 0,0075 ml TEMED, 0.075 ml
100 mg/ml ammonium persulphate

30% (wi/v) acrylamide + 0.8% bisacrylamide

e 7.5 g acrylamide in 17 ml distilled water, then added 0.2 g bisacrylamide and the
volume adjusted to 25 ml with distilled water

Buffer for stacking gel

e 9.08 g Tris made up to 100 ml with distilled water, pH adjusted with hydrochloric
acid to 6.8

Buffer for separating gel

e 27.259 Tris made up to 100 ml with distilled water, pH adjusted with hydrochloric
acid to 9.2
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Running buffer

e 3.03 g Tris, 14.41 g glycine, 10 g SDS, made up to 1 I with distilled water, pH
adjusted with hydrochloric acid to 8.3
TBS buffer
e 2429 TrispH 7.0, 29.22 g sodium chloride, made up to 1 | with distilled water,
pH adjusted with hydrochloric acid to 7.0
TBS-T buffer
e 2429 TrispH 7.0, 29.22 g sodium chloride, 5 ml Tween-20, made up to 1 | with
distilled water, pH adjusted with hydrochloric acid to 7.0

Measurements of anthranilic acid, Trp, and ergopeptines

InoCN preculture medium (Haarmann et al., 2008)

e 100 g sucrose, 10 g citric acid monohydrate, 0.12 g potassium chloride, 0.5 g
potassium dihydrogen phosphate, 1 g calcium nitrate tetrahydrate, 0.075 g
nicotinic acid amide, 0.006 g zinc sulphate heptahydrate, 0.007 g ferrous sulphate
heptahydrate, made up to 1 | with distilled water, pH adjusted to 5.2 with
ammonia, autoclaved for 20 min at 105 °C

T25N inducing medium with a low level of phosphate (Haarmann et al., 2008)

e 300 g sucrose, 15 g citric acid monohydrate, 0.12 g potassium chloride, 0.5 g
potassium dihydrogen phosphate, 1 g calcium nitrate tetrahydrate, 0.075 g
nicotinic acid amide, 0.006 g zinc sulphate heptahydrate, 0.007 g ferrous sulphate
heptahydrate, made up to 1 | with distilled water, pH adjusted to 5.2 with
ammonia, autoclaved for 20 min at 105 °C

T25N noninducing medium with a high level of phosphate (Haarmann et al., 2008)

e 300 g sucrose, 15 g citric acid monohydrate, 0.12 g potassium chloride, 2 ¢
potassium dihydrogen phosphate, 1 g calcium nitrate tetrahydrate, 0.075 g
nicotinic acid amide, 0.006 g zinc sulphate heptahydrate, 0.007 g ferrous sulphate
heptahydrate, made up to 1 I with distilled water, pH adjusted to 5.2 with

ammonia, autoclaved for 20 min at 105 °C
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RNA isolation

Cell lysis solution

1.76 g sodium citrate, 2.54 g citric acid, 29.4 gEDTA, 2 g SDS, made up to 100 ml
with distilled water, autoclaved for 20 min at 120 °C

DNA-protein precipitation solution

3.2.2

23.38 g sodium chloride, 0.41 g sodium citrate, 0.62 g citric acid, made up to
100 ml with distilled water, autoclaved for 20 min at 120 °C

Organisms and plants

Uracil-auxotrophic strain of Saccharomyces cerevisiae FGSC 9721 (Fungal
Genetics Stock Center) cultivated in the dark at 28 °C.

Chemically competent cells of Escherichia coli TOP 10 (New England BioLabs)
cultivated in the dark at 37 °C.

C. purpurea P1 (1029/N5) (Tudzynski et al., 1999) which produces ergotamine,
ergotaminine, a-ergocryptine, and o-ergocryptinine in submerged culture
(Haarmann et al., 2008) cultivated in the dark at 28 °C.

C. purpurea 20.1, a putatively haploid (benomyl-treated) derivative of the
standard field isolate T5 (Fr.:Fr.) Tul., obtained from Secale cereale L.
(Hohenheim, Germany) that produces ergot alkaloids in planta (Schardl et al.,
2013) cultivated in the dark at 28 °C.

Male-sterile hybrid rye plants (Secale cereale), cultivar L62 obtained from Teva

Czech Industries

Plasmids

PNDH-OGG (Schumacher, 2012)
pRS426 (Christianson et al., 1992)
pRS426 CpBle

pDRIVE (Qiagen)
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3.3 Methods

3.3.1 Vectors construction

3.3.1.1 Amplification of genes and flanking regions

Together, four different vectors pNDH-OGG:TrpE, pNDH:OGG:TrpES™,
pPNDH-OGG:gfp_dmaW, and pRS426:4ATrpE1 were prepared using the yeast
recombinational cloning method (Colot et al., 2006).

Amplification of genes TrpE (CPUR_05013.1), TrpES’®- (TrpE containing a point
mutation S76L) and dmaW (CPUR_04076.1) and 5’and 3 "flanking regions of TrpE was
performed using proofreading Phusion High-Fidelity DNA polymerase (New England
BioLabs) (Tab. 1, 2); as a template, genomic DNA isolated from C. purpurea 20.1 was

used.

Tab. 1 Components of PCR mixture containing Phusion High-Fidelity DNA polymerase.

Component Final concentration
5x Phusion GC buffer 1x

dNTPS 200 uM

Forward primer 0.5 uM

Reverse primer 0.5 uM

DMSO 3%

Phusion High-Fidelity DNA polymerase 1 unit

Template DNA < 250 ng

Tab. 2 PCR conditions with Phusion High-Fidelity DNA polymerase.

Step Temperature (°C) Time (s)
1. Initial denaturation 98 30

2. Denaturation 98 7

3. Annealing 60 20

4. Extension 72 15-30/kb
5. Final extension 72 300

Steps 2-4 were repeated 34 times
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To generate TrpE expression vector (Fig. 12), TrpE gene (1,369 bp) was amplified
with the primers pNDH-OGG_TrpE_fw and pNDH-OGG_TrpE_rev (Tab. 3) containing
overlapping sequences toward the yeast shuttle vector pPNDH-OGG (Schumacher, 2012).

{ampi}- pipiroce

Neol

=» -

pNDH-OGG_TrpE_fw  pNDH-OGG_TrpE_rev

hph | PupC | PoliC

Neol/Notl
digestion
PNDH-0GG m

PCR l

\ /

Yeast recombinational cloning

l Psil

PNDH-OGG

Fig. 12 Construction of pNDH-OGG:TrpE.

TrpE gene amplified from gDNA of WT C. purpurea strain 20.1 was cloned into Notl and Ncol-digested
pNDH-OGG using yeast recombinational cloning method. Then, Pstl-linearized pNDH-OGG:TrpE was
used to transform protoplasts of C. purpurea strain P1.

Tab. 3 Sequences of primers used for generation of pNDH-OGG:TrpE.

pNDH-OGG_TrpE_fw
5’-CCATCACATCACAATCGATCCAACCATGGCGAGCCCGGTAAGTACTGC-3”
pNDH-OGG_TrpE_rev
5’-CATACATCTTATCTACATACGCTATGTGGTTTTCTCGTTTTGCTGCTGCTGGTA-3"
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For expression of mutated TrpE (Fig. 13), TrpE was amplified in two parts with
the following sets of primers harboring a mutation: pNDH-OGG_TrpE_fw and
pNDH-OGG_TrpES76L_rev (355 bp), PNDH-OGG_TrpES76L_fw and
pNDH-OGG_TrpE rev (1,516 bp) (Tab. 4); primers pNDH-OGG_TrpE_fw and
pNDH-OGG_TrpE_rev contained overlapping sequences toward the yeast shuttle vector
pPNDH-OGG (Schumacher, 2012).

{ampi}- por-0GG

Neol

=» -

pNDH-OGG_TipE_fw  pNDH-OGG_TrpE_rev

hph | PripC | PoliC g,f}'7>

Ncol/Nofl PNDH-OGG_TrpES76L_rev
digestion «

PNDH-OGG_TipEST6L_fw

PNDH-0GG m
PCR l

\ /

Yeast recombinational cloning

l Psil

PNDH-0GG

Trp. ES7EL

Fig. 13 Construction of pNDH-OGG:TrpES™s,

TrpE gene was amplified from gDNA of WT C. purpurea strain 20.1 in two parts using primers containing
a mutation S76L. Obtained PCR products were cloned into Notl and Ncol-digested pNDH-OGG using the
yeast recombinational cloning method. Then, Pstl-linearized pNDH-OGG:TrpES™" was used to transform
protoplasts of C. purpurea strain P1.

Tab. 4 Sequences of primers used for generation of pPNDH-OGG: TrpESTe-,

pNDH-OGG_TrpE_fw
5’-CCATCACATCACAATCGATCCAACCATGGCGAGCCCGGTAAGTACTGC-3"
pNDH-OGG_TrpE_rev
5'-CATACATCTTATCTACATACGCTATGTGGTTTTCTCGTTTTGCTGCTGCTGGTA-3’
pNDH-OGG_TrpES76L_rev
5'-TACGAAGAGATACCGGCCGACTTGCTCTGTGGCGGCGGACTCGAA-3’
pNDH-OGG_TrpES76L_fw

5’-CACAGAGCAAGTCGGCCGGTATCTCTTCGTAGGC-3’
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For the generation of dmaW expression vector (Fig. 14), dmaW gene (1,466 bp)
was amplified with primers pNDH-OGG_gfp_dmawW_fw and
pNDH-OGG_gfp_dmaW _rev (Tab. 5) containing overlapping sequences toward the
yeast shuttle vector pPNDH-OGG (Schumacher, 2012).

m PNDH-OGG
Notl
hph | PipC | Polic | gfp> TeluC -» -
PNDH-OGG_gfp_dmaW_fw pNDH-OGG_gfp_dmaW_rev

A{ml ] PCR
digestion
dmaWw

(et poroco
Pipc | Poiic | g [ Temc

\ /

Yeast recombinational cloning

l Psil

{ampR}- pvpH-0GG

popc | Polic | g

dmaw

Fig. 14 Construction of pNDH-OGG:gfp_dmaWw.

DmaW gene amplified from gDNA of WT C. purpurea strain 20.1 was cloned into Notl-digested
pNDH-OGG using yeast recombinational cloning method. Then, Pstl-linearized pPNDH-OGG:gfp_dmaw
was used to transform protoplasts of C. purpurea strain P1.

Tab. 5 Sequences of primers used for generation of pNDH-OGG:gfp:dmaWw.

pNDH-OGG_gfp_dmaw_fw
5’-GAACTTTACAAAGCGGCCGCTATGTCGACCGCAAAGGACCCAGGAAAC-3’
pPNDH-OGG_gfp_dmaWw _rev
5’-CCTAATCATACATCTTATCTACATACGCTACTTCGTTGAGAGGTCAC-3’
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For the construction of TrpE replacement vector (Fig. 15), 5 (860 bp) and 3°
(488 bp) flanking regions of TrpE were amplified with primers EcoRI_5F TrpE and
5R_TrpE, and 3F_TrpE and 3R_TrpE_EcoRI (Tab. 6), respectively; primers contained
overlapping sequences toward the phleomycin resistance cassette and pRS426
(Christianson et al., 1992). The phleomycin resistance cassette (1,847 bp) was amplified
from pRS426_CpBle vector with the primers CpBlelF and CpBlelR (Tab. 6).

CpblelR CpblelF EcoRI_5F TrpE 3R _TrpE EcoRI

TipC <cpb[e | Popd
- -
PRS426_cpble SR_TipE 3F_TipE
PCRI PCR l PCR I

e }<Cpbze | P | ok
Yeast recombinational cloning
EcoRI l EcoRI
S'flank | TipC <cpb1e [ Pepd 3 flank
PRS426

Fig. 15 Construction of pRS426:ATrpEl.

5’and 3’flanking regions of TrpE gene were amplified together with phleomycin resistance cassette from
gDNA of WT C. purpurea strain 20.1 and pRS426_CpBle, respectively, and cloned into EcoRI and Xhol-
digested pRS426 using yeast recombinational cloning method. Then, EcoRI-linearized pRS426.4TrpE1
was used to transform protoplasts of C. purpurea strain 20.1.

To check the size of PCR products, DNA fragments were separated in 1% agarose
gel containing ethidium bromide. As a buffer, 1x TAE buffer (40 mM Tris, 1 mM EDTA,
pH 8.0) was used. As a marker, 1 kb Plus DNA ladder (Thermo Scientific) was used. The

gels were documented with a GelDoc™ EZ imager (Bio-Rad).
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Tab. 6 Sequences of primers used for generation of pRS426:4TrpE1.

EcoRI_5F_TrpE

5'-TAACGCCAGGGTTTTCCCAGTCGAATTCCATCCCACCTTGGTCACTCT-3"
SR_TrpE

5'-CACTTAACGTTACTGAAATCTCCAACGGCTTTTTCGTAGGCCTCTTCTAG-3"
3F_TrpE

5-GCTCCTTCAATATCATCTTCTGTCTCCGTCTATGCACGGTACGCACTC-3"
3R_TrpE_EcoRlI

5"-GATAACAATTTCACACAGGAAACAGCGAATTCTCCGTGCTCCTCGTTTTTAC-3”
CpblelR

5-GTTGGAGATTTCAGTAACGTTAAGTGGGCATTGCAGATGAGCTGTATCTG-3"
CpblelF

5-CGGAGACAGAAGATGATATTGAAGGAGCGATCGAGACCTAATACAGCCCC-3’

3.3.1.2 Digestion of shuttle vectors
Prior to yeast recombinational cloning, shuttle vectors pNDH-OGG (Schumacher, 2012)

(Fig. 16) and pRS426 (Christianson et al., 1992) (Fig. 17) were digested according to the

manufacturer’s protocol with one or two restriction endonucleases (New England
BioLabs) (Tab. 7)

pNDH-OGG

11.094 kb
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Fig. 16 Shuttle vector pPNDH-OGG (Schumacher, 2012).
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Fig. 17 Shuttle vector pRS426 (Christianson et al., 1992).

Tab. 7 Restriction endonucleases used for digestion of shuttle vectors.

Vector Restriction endonuclease/s Final vector
pNDH-OGG Ncol + Notl pNDH-OGG:TrpE
PNDH-OGG Ncol + Notl pNDH-OGG:TrpES™t
pNDH-OGG Notl pNDH-OGG:gfp_dmaWw
pRS426 EcoRlI + Xhol PRS426:4TrpEl

3.3.1.3 Yeast recombinational cloning

The obtained DNA fragments were transformed into a uracil-auxotrophic strain of
Saccharomyces cerevisiae FGSC 9721 (Fungal Genetics Stock Center). The
transformation was performed according to Winston et al., 1995.

Briefly, 240 ul of 50% PEG 3350, 36 ul of 1 M lithium acetate, 1.5 pl of the
digested pNDH-OGG or pRS426 (100 ng), and 5 pl of each PCR fragment (for gene
knock-out: 5’and 3 flanking regions and resistance cassette) were mixed in a microtube;
the volume was adjusted to 360 pl with distilled water. Then, 10 pl of denatured salmon
sperm DNA (Sigma-Aldrich) was added to the microtube.
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Yeast cells, pre-washed with distilled water and 100 mM lithium acetate, and
resuspended in 50 pl of 100 mM lithium acetate, were added to this mixture. A microtube
with nondigested pNDH-OGG or pRS426 served as a positive control, and the negative
control microtube contained only the digested vector without the DNA amplicon. The
mixture was incubated 30 min at 30 °C, then 30 min at 42 °C and plated on uracil-free
SD agar plates.

After 3 days at 30 °C, the grown colonies of S. cerevisiae were harvested from the
agar plates and used for isolation of plasmid DNA using the QlIAprep Spin Miniprep kit
(Qiagen) according to the manufacturer’s protocol. Isolated plasmid DNA was
transformed into chemically competent cells of Escherichia coli TOP 10 (New England
BioLabs) according to the manufacturer’s protocol. After 30 s at 42 °C and 5 min on ice,
950 ul of SOC medium was added to the mixture of E. coli and plasmid DNA, and after
1 hat 37 °C, E. coli cells were plated on LB agar plates with ampicillin (Sigma-Aldrich)
of the final concentration 100 pg/ml. The plates were incubated at 37 °C overnight.

The next day, plasmid DNA was isolated from ampicillin-resistant colonies of
E. coli using the QIAprep Spin Miniprep kit (Qiagen) according to the manufacturer’s
protocol. The resulting constructs were verified by restriction analysis (Tab. 8) and

commercial sequencing (SEQme commercial service).

Tab. 8 Restriction analysis of vectors prepared by yeast recombinational cloning

Vector Restriction endonuclease/s Expected size of DNA fragments
pNDH-OGG:TrpE EcoRV 7,671 bp; 2,810 bp; 1,673 bp
PNDH-OGG:TrpES™t EcoRV 7,671 bp; 2,810 bp; 1,673 bp
pNDH-OGG:gfp_dmaw Sall + Xhol 8,227 bp; 2,326 bp; 1,145 bp; 859 bp
PRS426:ATrpEl EcoRl 5,756 bp; 3,195 bp

3.3.2 Transformation of C. purpurea and selection of obtained fungi
Prepared vectors pNDH-OGG:TrpE, pPNDH-OGG:TrpES™t, and
pPNDH-OGG:gfp_dmaW were used for transformation of C. purpurea P1 (1029/N5)
(Tudzynski et al., 1999). Vector pRS426:4TrpE1 was transformed into protoplasts of
C. purpurea 20.1 (Schardl et al., 2013). Moreover, pNDH-OGG:TrpE was transformed
into ATrpE C. purpurea 20.1.

The transformation process was done as previously described (Jungehiilsing et al.,
1994). For transformation of C.purpurea P1, 10 pg of purified Pstl-digested
pNDH-OGG:TrpE (12,154 bp), pNDH-OGG:TrpES™ (12,154 bp) or
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pNDH-OGG:gfp_dmaW (12,557 bp) was used. Pstl-digested pNDH-OGG (11,094 bp)
containing gfp was used as a positive control. In the case of transformation of C. purpurea
20.1 10 pg of purified EcoRI-digested pRS426:4TrpE1 was used. EcoRI-restriction of
pRS426:4ATrpE1 resulted in 3,195 bp and 5,756 bp fragments, of which the former was
used for transformation. For the complementation of A7rpE C. purpurea 20.1 mutant,
Pstl-digested pNDH-OGG:TrpE was used. All restriction mixtures were purified
according to the manufacturer’s protocol using a NucleoSpin Gel and PCR Clean-up Kit
(MACHEREY-NAGEL GmbH and Co. KG).

Transformation of C. purpurea protoplasts was performed as follows. After
3 days, the culture of C. purpurea 20.1 or P1 in BII cultivation medium was centrifuged
and then washed with SmaC buffer. A protoplastization solution was added to the
mycelium. After 2 h at 28 °C, the mixture was filtered through a Nytex membrane (Fluka).
The filtrate was centrifuged and washed twice with STC buffer, in which the pellet was
subsequently resuspended. 10 upl of purified DNA fragment (Pstl-digested
PNDH-OGG:TrpE, Pstl-digested pNDH-OGG:TrpES"®, Pstl-digested pNDH-OGG,
Pstl-digested pNDH-OGG:gfp_dmaW, ATrpE) (10 pg), 90 ul of STC buffer, 50 ul of
PEG solution and 100 ul of C. purpurea protoplasts were mixed in 10 ml tube. After
20 min at room temperature, 2 ml of PEG solution were added to the tube. After another
5 min at room temperature, 4 ml of STC buffer were added.

To verify the protoplastization process, 20 ml of BIl transformation agar
containing 11 pl of C. purpurea protoplasts were poured into the first Petri dish. To verify
the transformation process, 20 ml of transformation BII agar were together with 690 ul
of transformation mixture poured into asecond Petri dish. The rest 160 ml of
transformation BIl agar and transformation mixture were mixed and poured into eight
Petri dishes. In the case of vectors containing hygromycin resistance gene (hph)
(PNDH-OGG:TrpE, pPNDH-OGG:TrpE®"®, pNDH-OGG, pNDH-OGG:gfp_dmaWw) BII
transformation agar in Petri dishes was overlaid after 24 h with BIl selection agar
containing hygromycin (InvivoGen) so that the final antibiotic concentration in the
medium was 200 pg/ml. When pRS426:4TrpE was used for C. purpurea transformation,
antibiotic phleomycin (InvivoGen) was added directly into BIl transformation agar at
a final concentration of 33 ug/ml; moreover, 5 mM L-Trp (Sigma-Aldrich) was added
into the medium. In the case of transformation of ATrpE C. purpurea 20.1 with

pPNDH-OGG:TrpE both antibiotics, hygromycin, and phleomycin, were used.
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7 days after the transformation, fungi were transferred to the new BIl selection
medium containing hygromycin at a final concentration of 200 ng/ml or phleomycin at
a final concentration of 100 pg/ml or their combination in the case of complementation.
The fungi were cultured in the dark at 26 °C.

3.3.3 Transformants derived from C. purpurea 20.1

3.3.3.1 Detection of transgenes

3.3.3.1.1 Isolation of gDNA from C. purpurea

Genomic DNA (gDNA) was isolated from the mycelia of WT and C. purpurea 20.1
transformants according to Cenis, 1992. 600 ul of Lysis buffer was added to the
Iyophilized mycelia in a microtube. After 15 min at RT, 400 pul of 5 M potassium acetate
was added to the mixture. After 20 min at -20 °C, the samples were centrifuged (20 min,
14000 rpm, 4 °C), and the supernatant was mixed with 1 ml of isopropanol. After 45 min
at -20 °C, the samples were centrifuged (30 min, 14000 rpm, 4 °C) and the pellet was
washed with 300 ul of 70% ethanol (-20 °C). After 10 min centrifugation (14000 rpm,

4 °C), the pellet was dried and resuspended in nuclease-free water.

3.3.3.1.2 Diagnostic PCR

After the transformation, integration of each vector in putative C. purpurea transformants

was confirmed by diagnostic PCR using GoTaqg G2 Flexi DNA polymerase (Tab. 9, 10).

Tab. 9 Components of PCR mixture containing GoTaq G2 Flexi DNA polymerase.

Component Final concentration
5x GoTaq Flexi buffer 1x

MgCl; 1.5mM

dNTPS 0.2mM

Forward primer 0.2 uM

Reverse primer 0.2 uM

GoTaq G2 Flexi DNA polymerase 0.35U

Template DNA <250 ng
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Tab. 10 PCR conditions with GoTaq G2 Flexi DNA polymerase.

Step Temperature (°C) Time (s)
1. Initial denaturation 95 120

2. Denaturation 95 30

3. Annealing 58 30

4. Extension 72 60/kb

5. Final extension 72 300

Steps 2-4 were repeated 34 times

In the case of ATrpE C. purpurea 20.1 the integration of TrpE replacement vector
was confirmed with 3 sets of primers: dia_TrpE_fw and phleohi3f2 (1,410 bp),
phleooutHefe3 and dia_TrpE_rev (933 bp), and dia_TrpE_WT_fw and dia_TrpE_rev
(847 bp) (Tab. 12). Primers PoliC_fw and TgluC_rev (2,353 bp) (Tab. 13) were used to
verify the integration of PNDH-OGG:TrpE in ATrpE"E C. purpurea 20.1.

Tab. 12 Sequences of primers used for diagnostic PCR of ATrpE C. purpurea 20.1.

Primer Sequence

phlechi3F2 5-GTGTTCAGGATCTCGATAAGATACG-3’
phleooutHefe3 5’-GAGCTCGGTATAAGCTCTCC-3’
dia_TrpE_fw 5'-ATCCATAGCCGTGAAACTGC-3’
dia_TrpE_WT_fw 5-CGTATTTGCAGGCAGGTTC-3"
dia_TrpE_rev 5’-CTGCAGCGCCAACATAATAA-3’

Tab. 13 Sequences of primers used for diagnostic PCR of ATrpE"™E C. purpurea 20.1.

Primer Sequence
PoliC_fw 5'-CCCGGAAACTCAGTCTCCTT-3"
TgluC_rev 5’-GTCTTCCGCTAAAACACCCC-3’

3.3.3.2 Single spore isolation

Homokaryotic mutants of ATrpE and ATrpE"™E C. purpurea 20.1 were obtained by single
spore isolation. Briefly, conidia were collected from Mantle agar plates, filtered through
a glass wool (Sigma-Aldrich), and sprayed on BIl selection agar plates containing
appropriate antibiotics (100 pg/ml phleomycin or its combination with 200 ug/ml
hygromycin). After 3 days at 26 °C, germinated spores were transferred on new Bl
selection agar plates containing appropriate antibiotics. In the case of ATrpE 5 mM L-Trp

was added into the media.
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3.3.3.3 Auxotrophy

To test the auxotrophy, a small piece of 7-days old C. purpurea 20.1 (WT, ATrpE, and
ATrpE™E) was transferred on minimal Mantle agar plates (Mantle agar without yeast
extract) supplemented with 5 uM anthranilic acid (Sigma-Aldrich) or 5 mM L-Trp. The
growth of mycelia was documented by EPSON PERFECTION V700 PHOTO scanner
after 10 days in the dark at 26 °C. The experiment was performed in six biological
replicates.

3.3.3.4 Pathogenicity assays

For pathogenicity assays, male-sterile hybrid rye plants (Secale cereale), cultivar L62
cultivated in a soil (Sondermischungen, Gramoflor) under conditions of 16 h light
(15 °C)/8 h darkness (12 °C) were used. Prior to planting, rye seeds were vernalized for
8 weeks at 5 °C under conditions of 12 h light/12 h darkness. Infections were performed
according to Tenberge et al. (1996) by piercing ears with a needle and syringe containing
C. purpurea conidial suspension (10° conidia/ml) harvested from Mantle agar plates
supplemented with 5 mM L-Trp. Together, 3-4 spikes per one plant were infected with
2 ml of conidial suspension, and each mutant or WT was inoculated on three rye plants.
After the infection, plants were covered with bags from nonwoven fabric and cultivated
under conditions of 16 h light (22 °C)/8 h darkness (18 °C). A production of honeydew
after 7 dpi (days post-inoculation) and formation of sclerotia after 60 dpi were

documented.

3.3.4 Transformants derived from C. purpurea P1

3.3.4.1 Detection of transgenes

Genomic DNA was isolated from WT and putative OE:TrpE, OE:TrpES"™t, OE:gfp, and
OE:gfp_dmaW C. purpurea P1 mutants transformed with pNDH-OGG:TrpE,
PNDH-OGG:TrepES"®, pNDH-OGG, and pNDH-OGG:gfp_dmaWw respectively. The
integration of each vector was confirmed by PCR using GoTag G2 Flexi DNA
polymerase (Tab. 10, 11) and primers hph_fw and hph_rev (366 bp), PoliC_fw and
TgluC_rev (OE:TrpE/TrpES™"— 2,353 bp, OE:gfp— 1,292 bp, OE:gfp_dmaw — 3,098 bp)
(Tab. 13).
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3.3.4.2 Hyphal tip dissection

C. purpurea P1 homokaryotic mutants were obtained by hyphal tip dissection. Briefly,
fungi were grown on Mantle agar plates containing hygromycin (200 ug/ml) for 3 days
at 26 °C, then hyphal tips adjacent to dichotomous branching were cut off and transferred
to new Mantle agar plates containing hygromycin (200 pug/ml). This process was repeated
three times to ensure that only true homokaryons were selected.

3.3.4.3 OE:gfp_dmaW transformants

3.3.4.3.1 Fluorescence microscopy

WT, OE:gfp, and OE:gfp_dmaW C. purpurea P1 were each cultivated in 50 ml of Bl
cultivation medium. After 3 days, the cultures were centrifuged (20 min, 14000 rpm, room
temperature), washed with distilled water, and 1 ml samples were transferred into new
50-ml aliquots of BII cultivation medium. After overnight cultivation in the dark at 26 °C
(180 rpm), 10 pl of each culture was taken to examine the fluorescence. Fluorescence
microscopy was performed with a Zeiss AxioScope microscope equipped with a Zeiss
AxioCam 305 camera. GFP fluorescence was examined using an excitation wavelength
of 488 nm and an emission wavelength of 509 nm. Image analysis was performed using
ZEN 2.6 lite software.

3.3.4.3.2 Western blot analysis

Aliquots of 20 mg of Ilyophilized C. purpurea P1 mycelium (WT, OE:gfp,
OE:gfp_dmaW) were mixed with 200 pul of Extraction buffer containing 1 ul 20 mM
PMSF (Thermo Scientific) and 4 pl 50x Protease inhibitor cocktail (Thermo Scientific).
After 10 min on ice, the samples were centrifuged (5 min, 14000 rpm, 4 °C) and protein
concentration was determined in the supernatant by Bradford method (Bradford, 1976)
with BSA as a standard.

Aliquots of 20 ng of extracted proteins were heated at 95 °C for 10 min in the
presence of a loading dye containing 5% [-mercaptoethanol and 2% SDS. After
centrifugation (5 min, 14000 rpm, 4 °C), the samples were separated using SDS-PAGE
(10% separation gel and 4% stacking gel; Novex Pre-Stained Protein Standard (Thermo

Scientific) was used as a molecular mass marker)) in Running buffer and electroblotted
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to a 0.45 pum PVDF membrane (Merck) and stained with 0,1% Amido black solution.
Then the membrane was rinsed with distilled water and incubated for 90 min at RT in
TBS-T buffer containing 5% non-fat dried milk and 2% BSA. Subsequently, the
membrane was rinsed with TBS-T and incubated for 90 min with 1:1000 diluted primary
monoclonal rabbit antiGFP antibody (Abcam) in TBS buffer. Then the membrane was
rinsed twice with TBS-T buffer and finally incubated with a secondary Goat anti-rabbit
IgG-HRP antibody (Santa Cruz Biotechnology) (dilution 1:5000). Gfp signal was
detected using Clarity™ Western ECL Substrate (Bio-Rad) and ChemiDoc MP software
(Bio-Rad).

3.3.4.4 Growth of obtained transformants

To compare the growth of WT and C. purpurea P1 mutants (OE:TrpE, OE:TrpES™,
OE:gfp, and OE:gfp_dmaW), a small piece of 7-days old mycelium was transferred to
minimal Mantle agar plates. After 7, 10, and 14 days a colony diameter of each mycelium

was measured. The experiment was performed in six biological replicates.

3.3.4.5 Cultivation of fungi in media containing low and high level of
inorganic phosphate

For RNA isolation, anthranilic acid and Trp assays, WT and mutants of C. purpurea P1
(OE:TrpE, OE:TrpES™®t, OE:gfp, and OE:gfp_dmaWw) were cultivated in 50 ml of InoCN
preculture medium in 250 ml Erlenmeyer flasks for 5 days at 26 °C on a rotary shaker at
180 rpm. The experiment was performed in six biological replicates. After the cultivation,
each mycelium was harvested by centrifugation (20 min, 14000 rpm, RT), washed by
distilled water, and centrifuged again (20 min, 14000 rpm, RT). The mycelium was
resuspended in distilled water (40 ml per 6,97 g), mixed with a stick blender and 2-mi
aliquots of this suspension were transferred into 50 ml of T25N inducing medium with
a low level of inorganic phosphate and into 50 ml of T25N noninducing medium with
a high level of inorganic phosphate. While mutants OE:TrpE and OE:TrpES®t were
together with WT cultivated for 10 days, OE:gfp and OE:gfp_dmaW were together with
WT cultivated for 14 days on a rotary shaker (180 rpm, 26 °C in the dark).

After the cultivation, the mycelium was separated from the medium by filtration
through Miracloth membrane (Calbiochem). Mycelia were frozen in liquid nitrogen and

lyophilized in ScanVac Freeze Dryer (Labogene). The lyophilized mycelium was
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weighted up and then homogenized by a vibration mill. The separated culture medium
was frozen at -20 °C.

3.3.4.5.1 Detection of transgenes at DNA level

Prior to real-time RT-PCR and quantification of primary and secondary metabolites, the
presence of transgenes was again confirmed in all induced and non-induced mycelia of
WT, OE:TrpE, OE:TrpES™, OE:gfp, and OE:gfp_dmaW C. purpurea P1 using GoTaq
G2 Flexi DNA polymerase (Tab. 9, 10) and two sets of primers hph_fw and hph_rev
(366 bp), PoliC_fw and TgluC_rev (OE:TrpE/TrpES"® — 2,353 bp, OE:gfp — 1,292 bp,
OE:gfp_dmaW — 3,098 bp) (Tab. 13).

3.3.4.5.2 Detection of transgenes at RNA level

3.3.45.2.1 RNA isolation and its transcription into cDNA

Total RNA was isolated from approximately 60 mg of lyophilized mycelium as described
previously (Ofate-Sanchez and Vicente-Carbajosa, 2008). RNA was extracted from all
induced and non-induced mycelia of WT, OE:TrpE, OE:TrpES’®, OE:gfp, and
OE:gfp_dmaW C. purpurea P1

Briefly, 300 ul of Cell lysis solution were mixed with approximately 60 mg of
lyophilized mycelium. After 5 min at RT, 100 ul of DNA-protein precipitation solution
were added, samples were mixed by inverting. After 10 min at 4 °C, samples were
centrifuged (10 min, 14 000 rpm, 4 °C). 300 ul of supernatant were transferred into a new
tube and centrifuged again (10 min, 14 000 rpm, 4 °C). Then, 290 ul of supernatant was
transferred into a new tube and mixed with 300 ul of isopropanol, 10 min centrifugation
(14 000 rpm, 4 °C). The RNA pellet was twice washed with 70% ethanol, centrifugation
5 min (14 000 rpm, 4 °C). The obtained RNA pellet was resuspended in 200 ul of
nuclease-free water. After freezing the pellet at -80 °C and heating at 65 °C, RNA
concentration was determined using NanoDrop (Thermo Fisher Scientific).

30 pug of RNA samples were twice treated with DNase I (TURBO DNA-free kit,
Thermo Scientific) according to the manufacturer’s protocol, incubation 2 x 45 min at
37 °C. Later, the activity of DNase I was stopped by EDTA at a final concentration of
15 mM, incubation 10 min at 70 °C.
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RNA treated with DNase | was purified by LiCl precipitation. 200 ul of RNA
were mixed with 100 pl of LiCl Precipitation solution (Thermo Fisher Scientific). After
overnight incubation at -80 °C, the mixture was centrifuged (15 min, 14000 rpm, 4 °C).
Obtained pellet was rinsed with 70% ethanol and resuspended in 50 ul of nuclease-free
water. RNA concentration was determined using NanoDrop (Thermo Fisher Scientific).

For cDNA synthesis, 1 pg of total RNA was transcribed according to the
manufacturer’s protocol using RevertAid H Minus First Strand ¢cDNA Synthesis Kit
(Thermo Scientific).

3.3.45.2.2 RT-PCR

To check the contamination of isolated RNA with gDNA, each RNA was used as
a template for amplification of TrpE or gfp with GoTaq G2 Flexi DNA polymerase (Tab.
9, 10). Apart of TrpE was amplified with primers PoliC_semigRT-PCR_fw and
TrpE_semigRT-PCR_rev (cDNA =598 bp, gDNA =719 bp); RNA isolated from 10-days
old WT, OE:TrpE, and OE:TrpES™ was used as a template. A part of gfp was amplified
with primers PoliC_semigRT-PCR_fw and gfp_semigRT-PCR_rev (cDNA = gDNA =
648 bp); RNA isolated from 14-days old WT, OE:gfp and OE:gfp_dmaW was used as
a template. As an endogenous control, a part of y-actin (CPUR_01270.1) was amplified
(cDNA = 636 bp, gDNA = 1,082 bp) using primers Actin_semigRT-PCR_fw and
Actin_semigRT-PCR_rev primers (Tab. 14).

Tab. 14 Sequence of primers used for RT-PCR.

Primer Sequence

PoliC_semigRT-PCR_fw 5'-TTCCCATCATCCATCTCCTC-3"
TrpE_semiqRT-PCR_rev 5-AAGGTCATCAGCTACGTGGC-3’
Gfp_semigRT-PCR_rev 5-GGATGGCTCTGTTCAATTGG-3’
Actin_semigRT-PCR_fw 5’-CGCTCTCGTCATCGACAAT-3’
Actin_semiqRT-PCR _rev 5-ATTTCACGCTCGGCAGTAGT-3’

57



3.3.4.5.2.3 Absolute quantification using real-time RT-PCR

3.3.4.5.2.3.1Cloning into pDRIVE

To generate calibration curves, parts of EA biosynthetic genes easH, dmaW, easG, easF,
eask, easD, easC, cloA, IpsB, easA, and TrpE were amplified (Tab. 15, Fig. 18) from
cDNA of WT C. purpurea P1 using proofreading High-Fidelity Phusion DNA
polymerase (Tab. 1, 2) and cloned into pDRIVE vector (Fig. 19) (Qiagen) according to
the manufacturer’s protocol. For the creation of A-overhangs, GoTaq G2 Flexi DNA
polymerase was added to the PCR mixture in the final elongation step. The ligation
mixture was transformed into chemically competent cells of E. coli TOP10, bacteria were
cultivated on LB agar plates containing ampicillin at a final concentration of 100 pug/ml.
The next day plasmid DNA was isolated from ampicillin-resistant colonies of E. coli
TOP10 using QlAprep Spin Miniprep kit (Qiagen). The resulting constructs were verified
by restriction analysis (Tab. 16) and commercial sequencing (SEQme commercial

service).

Tab. 15 Sequences of primers used for amplification of parts of TrpE and EAs genes.

Amplified part of gene  Primer Sequence
TrpE (CPUR_05013.1) TrpE_rt_fw 5’-CGAATACGATGAGTGGATCG-3’
TrpE_rt_rev 5-TTCTCGTTTTGCTGCTGCT-3"
easH (CPUR_04075.1) easH_rt_fw 5'-GGTGATTATTGGCTGGGCTA-3’
easH_rt_rev 5-GGGCTGTGAAGAAGTTCAGC-3’
dmaw (CPUR_04076.1) dmaW_rt_fw 5-TTTGAGTCATTGAACTACCTCCA-3’
dmaW _rt_rev 5-GCCAACGACCAGTCTCAAA-3’
easG (CPUR_04077.1) easG_rt_fw 5'-GCATCTTCCGTCAGACCAAT-3’
easG_rt_rev 5-CATAGCCAGACCACGGAAAT-3"
easF (CPUR_04078.1)  easF_rt_fw 5-CTCTTCCGGTCATCGACATT-3’
easF_rt_rev 5-TGATGATTCCAGTGCTCCAG-3’
easE (CPUR_04079.1)  easE_rt_fw 5"-AAGAATACGGGCCATGACAG-3’
easE_rt_rev 5-TTTTTGGCACCATGAACGTA-3’
easD (CPUR_04080.1) easD_rt_fw 5’-GCACCAATTTCACCTCCCTA-3’
easD_rt_rev 5-CGTGGGTAGAAACGATGCTT-3’
easC (CPUR_04081.1) easC_rt_fw 5-TGGATCTGAGCATTCTGGTG-3"
easC_rt_rev 5-CTCGCGATTGAAACGTGATA-3’
cloA (CPUR_04082.1)  cloA_rt_fw 5'-GCTACAATGGCTGCAACAAA-3’
cloA_rt_rev 5-AAGGCGTAAAAGTCGGTCAA-3’
IpsB (CPUR_04083.1)  IpsB_rt_fw 5'-TGCGGAATCAAATCTCAACA-3’
IpsB_rt_rev 5-TTCTGAGGCCAAAAATCCAC-3’
easA (CPUR_04084.1) easA_rt_fw 5’-CTTACCAGCCAAGGGTTGAA-3’
easA_rt rev 5-CCCCGTGTACTGCATTCTTT-3’
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Fig. 18 Primers used for absolute quantitative qRT-PCR (part A).
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TrpE (gDNA = 1,840 bp)

1 exon 1 12 bp
2 intron 1 121 bp
3 exon2 1.417 bp
4 intron 2 153 bp
5 exon 3 137 bp

easH (gDNA = 945 bp)

1 exon 1 945 bp

dmaW (gDNA = 1.466 bp)

1 exonl 1,166 bp
2 intron 1 65 bp
3 exon 2 122 bp
4 intron 2 54 bp
5 exon 3 59 bp

easG (gDNA = 1.079 bp)

1 exon 1 412 bp
2 intron 1 91 bp
3 exon 2 200 bp
4 intron 2 115 bp
5 exon 3 261 bp

easF (gDNA = 1.150 bp)

1 exon 1 275 bp
2 intron 1 115 bp
3 exon 2 769 bp

easE (gDNA = 1.503 bp)

1 exon 1 462 bp
2 intron 1 51 bp
3 exon 2 990 bp

easD (gDNA = 849 bp)

1 exon 1 589 bp
2 intron 1 63 bp
3 exon 2 197 bp

easG (gDNA = 1.079 bp)

1 exon 1 412 bp
2 intron 1 91 bp
3 exon 2 200 bp
4 intron 2 115 bp
5 exon 3 261 bp




easC (gDNA = 1,508 bp)
2 intron 1 86 bp

easC_rt_fw »« easC_rt_rev 3 exon2 1.227bp

109 bp
SN SN
cloA 1t fw ‘« cloA_1t_rev
- T clod (gDNA =2.112 bp)
174 bp 1 exon 1 244 bp

2 intron 1 56 bp
3 exon 2 64 bp
4 intron 2 73 bp

5 exon 3 253 bp
6 intron 3 54 bp
7 exon 4 112 bp
8 intron 4 113 bp
9 exon 5 92 bp

10 intron 5 73 bp
11 exon 6 324 bp
12 intron 6 53 bp
13 exon 7 111 bp
14 intron 7 88 bp
15 exon 8 161 bp
16 intron 8 78 bp
17 exon 9 163 bp

IpsB
— - -
IpsB_1t_fw -« IpsB_1t_rev

166 bp

IpsB (2DNA =3,976 bp)

1 exon 1 510 bp
2 intron 1 64 bp
3 exon2  3.402 bp

easA easd (gDNA =1.143 bp)
1 exonl 1,143 bp
easA_1t_fw ‘« easA_1t_rev

145 bp

Fig. 18 Primers used for absolute quantitative gRT-PCR (part B).
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Fig. 19 pDRIVE vector (Qiagen).

Tab. 16 Restriction analysis of pDRIVE vectors containing parts of TrpE or EA biosynthetic genes.

Vector Restriction endonuclease/s Expected size of DNA
fragments
pDRIVE:part_TrpE EcoRl 3,850 bp; 102 bp
pDRIVE:part_dmaw EcoRl 3,850 bp; 102 bp
pDRIVE:part_easF EcoRl 3,850 bp; 142 bp
pDRIVE:part_easkE EcoRl 3,850 bp; 191 bp
pDRIVE:part_easC EcoRl 3,850 bp; 109 bp
pDRIVE:part_easD EcoRl 3,850 bp; 132 bp
pDRIVE:part_easA EcoRl 3,850 bp; 145 bp
pDRIVE:part_easG EcoRl 3,850 bp; 163 bp
pDRIVE:part_cloA EcoRl 3,850 bp; 174 bp
pDRIVE:part_IpsB EcoRI + BamHI 3,850 bp; 166 bp
pDRIVE:part_easH EcoRI + BamHI 3,850 bp; 145 bp

3.3.4.5.2.3.2 Real-time RT-PCR

A SYBR Green gPCR was performed with Gb SG PCR Master mix (2x) together with
100 nM reference dye, ROX (Generi Biotech) in a total volume of 5 pul. As a negative
control nuclease-free water was used in triplicates in each run. The analysis was carried
out in ViiaTM Real-Time PCR System using a default program (Thermo Scientific). Each
analysis was performed in six biological and three technical replicates. The number of

transcripts per 1 pg of total RNA was calculated from a standard curve which was
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developed using 10-fold serial dilutions of plasmid DNA ranging from 10° to 10* copies
per reaction. To check if only one specific product is amplified, a melting curve analysis
was performed at the end of each analysis.

3.3.4.5.3 Quantification of anthranilic acid

Levels of anthranilic acid in mycelia and media were determined according to Novak
et al., 2012. Briefly, approximately 10 mg of lyophilized mycelia we re-extracted with
1ml of cold phosphate buffer (50 mM; pH 7.0) containing 0.1% sodium
diethyldithiocarbamate. 100 pul of mycelia extract or T25N media samples were diluted
with 900 pl of extraction phosphate buffer. To each sample, an aliquot of 5 pmol of [2Ha]
anthranilic acid was added as an internal standard. After centrifugation at 20 000 rpm for
10 min, samples were acidified with 1 M HCI to pH 2.7 and purified by solid-phase
extraction (SPE) using Oasis™ HLB columns (30 mg, 1 ml; Waters). After evaporation
under reduced pressure, samples were analyzed for auxin content using Acquity
UHPLC™ (Waters) linked to a triple quadrupole mass detector (Xevo TQ MS™;
Waters).

3.3.4.5.4 Quantification of Trp

Levels of Trp in mycelia and media of C. purpurea cultures were determined according
to the following protocol. Samples of 3 ml of T25N media were applied on Dowex wx50
columns (Sigma-Aldrich). After washing with distilled water, retained amino acids were
eluted by 5 ml 10% NH4OH. Collected samples were evaporated using Speed-Vac
concentrator (Thermo Electron Corporation) and obtained residuals resuspended in 50-pul
aliquots of distilled water.

Concerning the extraction of Trp from mycelia, samples of approximately 25 mg
of lyophilized mycelia were three times extracted by 375 pul 80% MeOH. Pooled
supernatants were evaporated using Speed-Vac concentrator and residuals resuspended
in 250 pl aliquots of distilled water.

Prior to analysis, all samples were derivatized. Aliquots of 5 ul of resuspended
samples were diluted into 50 ul with distilled water and mixed with 50 pl of 10 mM
potassium cyanide, 200 pl of 1 mM NDA (naphthalene-2,3-dicarboxaldehyde), and
200 pl of 10 mM sodium borate buffer, pH 9.0. After 10 min incubation at room
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temperature, the samples were filtered through 0.22 um Spin-X® Centrifuge Tube Nylon
Filters (Costar).

Quantification of Trp was performed using a Nexera system (Shimadzu) equipped
with Kinetex 1.7 um EVO CI18 column (2.1 mm ID x 150 mm, Phenomenex) with
monitoring at 450 nm. As a standard, 20 uM Trp (Sigma-Aldrich) was used. The analytes
were eluted with mobile phase A (12.5 mM sodium phosphate buffer pH 7.0, and 2%
(v/v) tetrahydrofuran) and B (2% (v/v) tetrahydrofuran in 100% acetonitrile) using the
following gradient: 0-5 min, 5 % B; 5-10 min, 5-35 % B; 10-25 min, 35-55 % B;
25-28 min, 55-100 % B; 28-30 min, 100 % B; 30-33 min, 100-5 % B. The column

temperature was set at 45 °C.

3.3.4.5.5 Quantification of ergopeptines

Levels of ergotamine, ergotaminine, a-ergocryptine, and a-ergocryptinine in mycelia and
media of C. purpurea cultures were determined as followed. Samples of 2 ml of T25N
media with a low level of phosphate or 10 ml of T25N media with a high level of
phosphate were each mixed with 1 ml or 5 ml distilled water, respectively, and applied
on Spe-ed SPE Cartridges C18/18% (Applied Separations) activated with acetonitrile.
After washed with distilled water, the cartridges were eluted with 3 ml of the mixture of
10 mM ammonium carbonate and acetonitrile (1:4) and the eluates evaporated using
Speed-Vac concentrator. Finally, the residuals were resuspended in 1 ml 80% MeOH.

Concerning the extraction of ergopeptines from mycelia, approximately 150 mg
of lyophilized mycelium was incubated with 500 pl acetone and 500 pl 4% tartaric acid
on a rotary shaker in the dark. After overnight incubation, samples were centrifuged and
supernatants were evaporated in Speed-Vac concentrator. The residues were resuspended
in 500 pl 80% MeOH.

Prior to analysis, the samples were filtered through 0.22 um nylon filters (Costar).
Quantification was performed on a Nexera system equipped with the C18 reverse-phase
column (Zorbax RRHD Eclipse Plus, 1.8 um, 2.1 mm ID x 150 mm, Agilent) with
monitoring at 317 nm. As a standard, a mixture of 0.001% ergotamine, ergocornine,
a-ergocryptine, ergotaminine,  erocristine, [-ergocryptine, ergocorninine,
a-ergocryptinine, and ergocristinine in 90 % methanol (Teva Czech Industries) was used.
Analytes were eluted with a mobile phase A (0.15 % acetic acid pH 4.4 and acetonitrile,

4:1, vlv) and B (water and acetonitrile, 1:4, v/v) with the following gradient: 0-5 min,
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7-9 % B; 5-7 min, 9-13% B; 7-9 min, 13-29 % B; 9-11 min, 29-44 % B; 11-13 min,
44 % B; 13-15 min, 44-59 % B; 15-18 min, 59 % B; 18-19 min, 59-7 % B; and 19-25 min,

7 % B. The column temperature was set at 15 °C.

3.3.4.6 Statistics

All experimental data were processed with Statistica v.13.3 (TIBCO Software Inc.). The
non-parametric Kruskal-Wallis ANOVA followed by multiple comparisons of mean
ranks was used to compare the differences between groups. All results represent the mean

value =+ standard error.
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3.4 Results

3.4.1 Vectors construction

3.4.1.1 Expression vectors

Together, three vectors pNDH-OGG:TrpE, pNDH-OGG:TrpES®t and pNDH-
OGG:gfp_dmaW for the overexpression of WT form of a subunit of anthranilate synthase
(CPUR_05013.1), Trp-resistant form of o subunit of anthranilate synthase, and
dimethylallyltryptophan synthase (CPUR_04076.1) fused with gfp, respectively were
prepared using yeast recombinational cloning.

TrpE, two parts of TrpE with a point mutation, and dmaW genes were amplified
from gDNA of C. purpurea 20.1 (3.2.1.1) (Fig. 20a, 21a, 22a). Obtained DNA amplicons
were cloned into Notl+Ncol-digested pNDH-OGG (Fig. 20b, 21b) or Notl-digested
pNDH-OGG (Fig. 22b) (3.2.1.2) using yeast recombinational cloning (3.2.1.3). Plasmid
DNAs isolated from E. coli TOP10 ampicillin-resistant colonies were confirmed by

restriction analysis and then sequenced (Fig. 20c, 21c, 22c¢).

a b PNDH-OGG ¢

Putative pNDH-OGG:TipE - ECORV

1.5

0.5

Fig. 20 Cloning of pNDH-OGG:TrpE.

(a) Amplification of TrpE (1,369 bp) from gDNA of WT C. purpurea 20.1 using Phusion High-Fidelity
DNA polymerase and primers pNDH-OGG_TrpE_fw and pNDH--OGG_TrpE_rev. M - 1 kb DNA ladder.
(b) Digestion of pNDH-OGG with Notl and Ncol restriction endonucleases (10,314 bp, 780 bp). The non-
digested plasmid was used as a control. M - 1 kb DNA ladder.

(c) EcoRV-digestion of putative pNDH-OGG:TrpE isolated from ampicillin resistant E. coli TOP10.
(expected bands: 7,671 bp, 2,810 bp, and 1,673 bp). M - 1 kb DNA ladder.

Plasmids 11 and 12 (red) were sequenced.
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a b PNDH-OGG c

Putative pNDH-OGG: TipESSL - EcoRV

Fig. 21 Cloning of pPNDH-OGG:TrpESst,

(&) Amplification of two parts (355 bp and 1,516 bp) of TrpE gene (1,369 bp) from gDNA of WT
C. purpurea 20.1 using Phusion High-Fidelity DNA polymerase and primers pNDH-OGG_TrpE and
pPNDH-OGG_TrpES76L_rev and pNDH-OGG_TrpES76L_fw and pNDH-OGG_TrpE_rev, respectively.
M - 1 kb Plus DNA ladder.

(b) Digestion of pPNDH-OGG with Notl and Ncol restriction endonucleases (10,314 bp and 780 bp). The
non-digested plasmid was used as a control. M - 1 kb Plus DNA ladder.

(c) EcoRV-digestion of putative pNDH-OGG:TrpE isolated from ampicillin-resistant E. coli TOP10
(expected bands: 7,671 bp, 2,810 bp, and 1,673 bp). M - 1 kb Plus DNA ladder.

Plasmids 6 and 7 (red) were sequenced.

a b pNDH-0GG €
&
& Putative pNDH-OGG:gfp_dmaW - Sall + Xhol

'
v
> N

> ¢°\< W

Fig. 22 Cloning of pNDH-OGG:gfp_dmaWw.

(@) Amplification of dmaW gene (1,466 bp) from gDNA of WT C. purpurea 20.1 using Phusion High-
Fidelity DNA polymerase and primers pPNDH-OGG_gfp_dmaW_fw and pNDH-OGG_gfp_dmaW _rev. M
- 1 kb Plus DNA ladder.

(b) Digestion of pNDH-OGG with Notl restriction endonuclease (11,094 bp). The non-digested plasmid
was used as a control. M - 1 kb Plus DNA ladder.

(c) Sall and Xhol-digestion of putative pNDH-OGG:gfp_dmaW isolated from ampicillin-resistant E. coli
TOP10 (expected bands: 8,227 bp, 2,326 bp, 1,145 bp, and 859 bp). M - 1 kb DNA ladder.

Plasmids 2 and 3 (red) were sequenced.
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3.4.1.2 Vector for gene knock-out

Vector pRS426:ATrpEl for deletion of o subunit of anthranilate synthase
(CPUR_05013.1) was also prepared using yeast recombinational cloning method. 5’and
3’flanking regions of TrpE and phleomycin resistance cassette were amplified from
gDNA of C. purpurea 20.1 and pRS426_CpBle, respectively (3.2.1.1) (Fig. 23a, b).
Subsequently, obtained DNA amplicons were cloned into Xhol+EcoRI-digested pRS426
(Fig. 23c) (3.2.1.2, 3.2.1.3). Plasmid DNAs isolated from E. coli TOP10
ampicillin-resistant colonies were confirmed by restriction analysis and then sequenced
(Fig. 23d).

c PRS426

d Putative pRS426:4TipEI - EcoRI

M 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 23 Cloning of pRS426:ATrpEI.

(a) Amplification of phleomycin resistance cassette (1,847 bp) from pRS426_CpBle using Phusion High-
Fidelity DNA polymerase and primers CpblelF and CpblelR. M - 1 kb Plus DNA ladder.

(b) Amplification of 5’flanking (860 bp) and 3’flanking (488 bp) regions of TrpE from gDNA of WT
C. purpurea strain using Phusion High-Fidelity DNA polymerase and primers EcoRI_5F TrpE and
5R_TrpE and 3F_TrpE and 3R_TrpE_EcoRl, respectively. M - 1 kb Plus DNA ladder.

(c) Digestion of pRS426 (5,756 bp) with restriction endonucleases Xhol and EcoRI. The non-digested
plasmid was used as a control. M - 1 kb Plus DNA ladder.

(d) EcoRlI-digestion of putative pRS426:4TrpE 1 isolated from ampicillin-resistant E. coli TOP10 (expected
bands: 5,756 bp and 3,195 bp). M - 1 kb DNA ladder.

Plasmids 8 and 9 (red) were sequenced.
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3.4.2 Transformation of C. purpurea and selection of obtained fungi
Protoplasts of C. purpurea P1 were transformed with Pstl-linearized pNDH-OGG:TrpE
(Fig. 24a), Pstl-linearized pPNDH-OGG:TrpES™®t (Fig. 24b) and Pstl-linearized
pNDH-OGG:gfp_dmaW (Fig. 24c). As a control, protoplasts of C. purpurea P1 were
transformed with Pstl-linearized pNDH-OGG (3.2.2).

Protoplasts of C. purpurea 20.1 were transformed with DNA fragment of size
3,195 bp obtained after digestion of pRS426:ATrpE1 with EcoRI (Fig. 24d) (3.2.2).
Moreover, protoplasts of ATrpE C. purpurea 20.1 were transformed with Pstl-linearized
pNDH-OGG:TrpE (Fig. 24a) (3.2.2).

a  pNDH-OGG:TipE D pNDH-OGG:TipES™ € pNDH-0GG:gfp_dmaw d PRS426:ATipEl
> ;
2 S
SN SN
KN \\ee Qs\ D Qci‘ Qe\

Fig. 24 Plasmid DNAs used for C. purpurea transformation.

(@) Pstl-linearized pPNDH-OGG:TrpE (12,154 bp) that was used for transformation of C. purpurea P1. Non-
digested pNDH-OGG:TrpE was used as a control. M - 1 kb Plus DNA ladder.

(b) Pstl-linearized pNDH-OGG:TrpES™ (12,154 bp) that was used for transformation of C. purpurea P1.
Non-digested pPNDH-OGG: TrpES®- was used as a control. M - 1 kb Plus DNA ladder.

(c) Pstl-linearized pNDH-OGG:gfp_dmaW (12,557 bp) that was used for transformation of C. purpurea
P1. Non-digested pNDH-OGG:gfp_dmaW was used as a control. M - 1 kb Plus DNA ladder.

(d) EcoRl-restriction of pRS426:ATrpEl. Band of size 3,195 bp was gel-purified and used for
transformation of C. purpurea 20.1. Non-digested pRS426:ATrpE1 was used as a control. M - 1 kb Plus
DNA ladder.

3.4.3 Transformants derived from C. purpurea 20.1

3.4.3.1 Detection of the transgene at DNA level

Together, 780 putative ATrpE C. purpurea 20.1 resistant to phleomycin were obtained
after the transformation of fungal protoplasts with pRS426:4TrpE1. From all fungi,
gDNA was isolated (3.2.3.1.1) and used as a template for diagnostic PCR to confirm the
replacement of TrpE with phleomycin resistance cassette (3.2.3.1.2) (Fig. 25a). The

replacement of TrpE was confirmed only in one heterokaryotic transformant;
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homokaryon was selected by single spore isolation (3.2.3.2). The deletion of TrpE was

confirmed in this homokaryon again by diagnostic PCR (Fig. 25b).

a
5 flank | IipC <cpble | Pgpd 3'flank
phleohi3F2 phleooutHefe3
dia_TrpEl fw dia_ TrpEl WT_ fw dia_TrpEl rev
b ATipE WT c

A B C A B C M

kb

1.5

0.5

Fig. 25 Confirmation of ATrpE and ATrpETrpE C. purpurea 20.1 by diagnostic PCR using GoTaq G2
Flexi DNA polymerase.

(a) Homologous recombination of TrpE replacement vector. Three different sets of primers (dia_TrpE_fw
and phleohi3F2, phleooutHefe3 and dia_TrpE_rev, dia_TrpE_WT_fw and dia_TrpE_rev) were used for
diagnostic PCR.

(b) Integration of TrpE replacement vector (4TrpE1) in a homokaryotic mutant of ATrpE C. purpurea 20.1
confirmed by diagnostic PCR. A — primers dia_TrpE_fw and phleohi3f2 (1,410 bp), B — primers
phleooutHefe3 and dia_TrpE_rev (933 bp), C — primers dia_TrpE_WT _fw and dia_TrpE_rev (847 bp).
WT was used as a control. M - 1 kb Plus DNA ladder.

(c) Integration of Pstl-linearized pNDH-OGG:TrpE vector in a homokaryotic mutant of ATrpETrpE
C. purpurea 20.1 confirmed by diagnostic PCR using primers PoliC_fw a TgluC rev (2,353 bp), positive
control - pNDH-OGG:TrpE, negative control — WT, M — 1 kb Plus DNA ladder.

In the case of complementation of ATwpE C. purpurea 20.1 with
PNDH-OGG:TrpE, gDNA was isolated (3.2.3.1.1) from 30 putative transformants
resistant to both phleomycin and hygromycin, presence of transgene was verified by
diagnostic PCR (3.2.3.1.2). For further experiments only one mutant A7rpE™™E was
selected; homokaryon was obtained by single spore isolation (3.2.3.2) and confirmed

again by diagnostic PCR (Fig. 25¢).
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3.4.3.2 Auxotrophy
To test the auxotrophy, WT, ATrpE, and ATrpE"™E C. purpurea 20.1 were cultivated on
minimal agar plates containing 5 mM L-Trp or 5 uM anthranilic acid (3.2.3.3) (Fig. 26).

WT ATIpE ATrpETPE

Fig. 26 Growth of WT, ATrpE, and ATrpETrpE C. purpurea 20.1 on minimal agar plates supplemented
with 5 uM anthranilic acid or 5 mM L-Trp.

3.4.3.3 Pathogenicity assays
To test the pathogenicity, male-sterile rye plants were inoculated with spores of WT,

ATrpE, and ATrpE™™E (3.2.3.4) (Fig. 27).

WT ATipE ATrpETPE

7 dpi 60 dpi 7 dpi 60 dpi 7 dpi 60 dpi

Fig. 27 Rye plants infected with conidia of ATrpE, ATrpETrpE and WT C. purpurea 20.1. Production of
honeydew (7 dpi) and sclerotia (60 dpi).
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3.4.4 Transformants derived from C. purpurea P1

3.4.4.1 Detection of transgenes at DNA level

Genomic DNA was isolated from 20, 30, 35, and 30 hygromycin-resistant putative
OE:TrpE, OE:TrpES™®, OE:gfp, and OE:gfp_dmaW C. purpurea P1 containing
PNDH-OGG:TrpE, pNDH-OGG:TrpES®t, pNDH-OGG, and pNDH-OGG:gfp_dmaWw,
respectively. The presence of transgenes was verified by diagnostic PCR with two sets of
primers (3.2.4.1).

For further experiments two independent heterokaryons OE:TrpE (2, 3), two
independent heterokaryons OE:TrpES’® (3, 4), one heterokaryon OE:gfp, and two
independent heterokaryons OE:gfp:dmaW (8, 13) were selected. Homokaryotic mutants
were obtained by hyphal tip dissection (3.2.4.2); the presence of transgenes was
confirmed in these mutants again using diagnostic PCR (Fig. 28, 29).

a = =) b =h =)
h PoliC TeluC — * PoliC Teluc —
4= - L - .
.‘\‘\ " /

NeS

Fig. 28 Confirmation of homokaryotic mutants of OE:TrpE and OE:TrpES76L C. purpurea P1 by
diagnostic PCR using GoTaq G2 Flexi DNA polymerase.

(@) Integration of Pstl-linearized pNDH-OGG:TrpE in two independent OE:TrpE C. purpurea P1 (2, 3)
confirmed by diagnostic PCR using primers PoliC_fw and TgluC_rev (2,353 bp) (upper panel) and hph_fw
and hph_rev (366 bp) (lower panel), positive control — pPNDH-OGG:TrpE, negative control - WT, M - 1
kb Plus DNA ladder.

(b) Integration of Pstl-linearized pNDH-OGG:TrpE ™ in two independent OE:TrpE e, purpurea P1
(4, 12) confirmed by diagnostic PCR using primers PoliC_fw and TgluC_rev (2,353 bp) (upper panel) and
hph_fw and hph_rev (366 bp) (lower panel), positive control — pPNDH-OGG:TrpES™t, negative control —
WT, M — 1 kb Plus DNA ladder.
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Fig. 29 Confirmation of OE:gfp_dmaW C. purpurea P1 by diagnostic PCR using GoTaq G2 Flexi
DNA polymerase.

Integration of Pstl-linearized pNDH-OGG and Pstl-linearized pNDH-OGG:gfp_dmaW in one OE:gfp and
two independent OE:gfp_dmaW C. purpurea P1 (8, 13), respectively confirmed by diagnostic PCR using
primers PoliC_fwand TgluC_rev (OE:gfp— 1,292 bp; OE:gfp_dmaW - 3,098 bp) (upper panel) and hph_fw
and hph_rev (366 bp) (lower panel), positive controls — pPNDH-OGG, pNDH-OGG:gfp_dmaW, negative
control — WT, M — 1 kb Plus DNA ladder.

3.4.4.2 OE:gfp_dmaWw transformants

As dmaW was fused with gfp, the production of GFP-DMATS in both independent
C. purpurea P1 mutants (8, 13) was checked by fluorescence microscopy (3.2.4.3.1)
(Fig. 30). Moreover, the fused protein was detected by western blot analysis (3.2.4.3.2)
(Fig. 31). Asa control OE:gfp C. purpurea P1 was used.
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Fig. 30 Detection of GFP signal in OE:gfp and OE:gfp_dmaWw C. purpurea P1 using fluorescence

microscopy.
As a negative control, WT C. purpurea P1 was used. Bar represents 200 pm.
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Fig. 31 Detection of GFP in OE:gfp and GFP-DMATS in OE:gfp_dmaWw C. purpurea P1 by western

blot analysis.
GFP (29 kDa) and GFP-DMATS (80.7 kDa) were detected using an antiGFP antibody. As a negative

control, WT C. purpurea P1 was used.
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3.4.4.3 Growth of obtained transformants

To compare the growth of all obtained C. purpurea P1 mutants with WT, transformants
OE:TrpE, OE:TrpES™®t, OE:gfp, and OE:gfp_dmaw were together with WT cultivated
on minimal Mantle agar plates, the diameter of each colony was measured after 7, 10, and
14 days (3.2.4.4) (Fig. 32).
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Fig. 32 Growth of C. purpurea mutants P1 on minimal Mantle agar plates without yeast extract.
Colony diameters after 7, 10, and 14 days were measured.

(a) WT and OE:TrpE
(b) WT and OE:TrpES76L

(c) WT, OE:gfp, and OE:gfp_dmaw.

The non-parametric Kruskal-Wallis ANOVA followed by multiple comparisons of mean ranks was used
to compare the differences between groups. Data comparing differences between WT and individual
transformants are shown n.s. — not significant).
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3.4.4.4 Cultivation of fungi in media containing low and high level of
inorganic phosphate

WT, OE:TrpE, OE:TrpES™, OE:gfp, and OE:gfp_dmaw C. purpurea P1 were firstly
cultivated in InoCN media, then in T25N inducing media with a low level of inorganic
phosphate and T25N non-inducing media with a high level of inorganic phosphate; the
experiment was performed in six biological replicates (3.2.4.5). 10-days old mycelia of
WT, OE:TrpE and OE:TrpES®: and 14-days old mycelia of WT, OE:gfp and
OE:gfp_dmaW were separated from media, lyophilized, and stored together with media
at -20 °C.

3.4.4.4.1 Detection of transgenes at DNA level

Genomic DNA was isolated from all lyophilized 10-days old mycelia of WT, OE:TrpE,
and OE:TrpES™®. C.purpurea P1 and 14-days old mycelia of WT, OE:gfp, and
OE:gfp_dmaW C. purpurea P1; the presence of transgenes was confirmed in all samples
by diagnostic PCR using two sets of primers (3.2.4.5.1) (Fig. 33 - 36).
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low Pi high Pi low Pi high Pi
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OE:TipES7L 12
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A B CDETFA BOCDETFM

Fig. 33 Diagnostic PCR of WT, OE:TrpE and OE:TrpEsm C. purpurea P1 that were cultivated in
T25N inducing media containing low level of inorganic phosphate (low Pi) and T25N non-inducing
media containing high level of inorganic phosphate (high Pi) using GoTaq G2 Flexi DNA polymerase
and primers PoliC_fw and TgluC _rev.

Integration of Pstl-linearized pNDH-OGG:TrpE and pPNDH-OGG:TrpES™t in six biological replicates of
two independent OE:TrpE (2, 3) and two independent OE:TrpES™" (3, 12) C. purpurea P1, respectively
confirmed by diagnostic PCR using primers PoliC_fw and TgluC _rev (2,353 bp), positive controls: PC1 -
PNDH-OGG:TrpE and PC2 - pNDH-OGG:TrpE®S™t, negative controls — six biological replicates of WT C.
purpurea P1, M — 1 kb Plus DNA ladder.
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Fig. 34 Diagnostic PCR of WT, OE:TrpE and OE:TrpEsm C. purpurea P1 that were cultivated in
T25N inducing media containing low level of inorganic phosphate (low Pi) and T25N non-inducing
media containing high level of inorganic phosphate (high Pi) using GoTaq G2 Flexi DNA polymerase
and primers hph_fw and hph_rev.

Integration of Pstl-linearized pNDH-OGG:TrpE and pPNDH-OGG:TrpES™" in six biological replicates of
two independent OE:TrpE (2, 3) and two independent OE:TrpES™" (3, 12) C. purpurea P1, respectively
confirmed by diagnostic PCR using primers hph_fw and hph_rev (366 bp), positive controls: PC1 - pNDH-
OGG:TrpE and PC2 - pNDH-OGG:TrpES™t, negative controls — six biological replicates of WT C.
purpurea P1, M — 1 kb Plus DNA ladder.
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Fig. 35 Diagnostic PCR of WT, OE:gfp, and OE:gfp_dmaW C. purpurea P1 that were cultivated in
T25N inducing media containing low level of inorganic phosphate (low Pi) and T25N non-inducing
media containing high level of inorganic phosphate (high Pi) using GoTaq G2 Flexi DNA polymerase
and primers PoliC_fw and TgluC _rev.

Integration of Pstl-linearized pNDH-OGG:gfp and pNDH-OGG:gfp_dmaW in six biological replicates of
OE:gfp and two independent OE:gfp_dmaWw (8, 13) C. purpurea P1, respectively confirmed by diagnostic
PCR using primers PoliC_fw and TgluC_rev (OE:gfp — 1,292 bp; OE:gfp_dmaW — 3,098 bp), positive
controls: PC1 - pNDH-OGG and PC2 - pNDH-OGG:gfp_dmaW, negative controls — six biological
replicates of WT C. purpurea P1, M — 1 kb Plus DNA ladder.
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Fig. 36 Diagnostic PCR of WT, OE:gfp, and OE:gfp_dmaW C. purpurea P1 that were cultivated in
T25N inducing media containing low level of inorganic phosphate (low Pi) and T25N non-inducing
media containing high level of inorganic phosphate (high Pi) using GoTaq G2 Flexi DNA polymerase
and primers hph_fw and hph_rev.

Integration of Pstl-linearized pNDH-OGG:gfp and pNDH-OGG:gfp_dmaW in six biological replicates of
OE:gfp and two independent OE:gfp_dmaWw (8, 13) C. purpurea P1, respectively confirmed by diagnostic
PCR using primers hph_fw and hph_rev (366 bp), positive controls: PC1 - pNDH-OGG and PC2 - pNDH-
OGG:gfp_dmaWw, negative controls — six biological replicates of WT C. purpurea P1, M — 1 kb Plus DNA
ladder.
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3.4.4.4.2 Detection of transgenes at RNA level

3.44.4.2.1 RT-PCR

RNA was isolated from all lyophilized 10-days old mycelia of WT, OE:TrpE, and
OE:TrpES™ C. purpurea P1 and 14-days old mycelia of WT, OE:gfp, and OE:gfp_dmaw
C. purpurea P1 (3.2.4.5.2.1); the expression of transgenes (TrpE, gfp, and gfp_dmaw)
was confirmed in the samples by RT-PCR (3.2.4.5.2.2) (Fig. 37, 38). As an endogenous
control y-actin was amplified.
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Fig. 37 RT-PCR of WT, OE:gfp, and OE:gfp_dmaW C. purpurea P1 that were cultivated in T25N
inducing media containing a low level of inorganic phosphate (low Pi) and T25N non-inducing media

containing a high level of inorganic phosphate (high Pi).

(a) Amplification of housekeeping gene y-actin in six biological replicates of two independent OE:TrpE (2,
3) and two independent OE:TrpES™®" (3, 12) C. purpurea Plusing primers Actin_semigRT-PCR_fw and
Actin_semigRT-PCR_rev (cDNA =636 bp, gDNA = 1,082 bp), negative control — six biological replicates

of WT C. purpurea P1, M — 1 kb Plus DNA ladder.

(b) Amplification of PoliC-TrpE/TrpES™" in six biological replicates of two independent OE:TrpE (2, 3)
and two independent OE:TrpES™t (3, 12) C. purpurea P1 using primers PoliC_semigRT-pCR_fw and
TrpE_semiqRT-PCR_rev (cDNA =598 bp, gDNA = 719 bp), negative control — six biological replicates

of WT C. purpurea P1, M — 1 kb Plus DNA ladder.
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Fig. 38 RT-PCR of WT, OE:gfp, and OE:gfp_dmaW C. purpurea P1 that were cultivated in T25N
inducing media containing a low level of inorganic phosphate (low Pi) and T25N non-inducing media
containing a high level of inorganic phosphate (high Pi).

(a) Amplification of housekeeping gene y-actin in six biological replicates of OE:gfp and two independent
OE:gfp_dmaWw (8, 13) C. purpurea P1 using primers Actin_semigRT-PCR_fw and Actin_semigRT-
PCR_rev (cDNA = 636 bp, gDNA = 1,082 bp), negative control — six biological replicates of WT C.
purpurea P1, M — 1 kb Plus DNA ladder.

(b) Amplification of PoliC-gfp/gfp_dmaW in six biological replicates of OE:gfp and two independent
OE:gfp_dmaw (8, 13) C. purpurea P1 using primers PoliC_semiqRT-pCR_fw and TrpE_semigRT-
PCR_rev (cDNA = gDNA = 648 bp), negative control — six biological replicates of WT C. purpurea P1,
M — 1 kb Plus DNA ladder.
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3.4.4.4.2.2 Absolute quantification using real-time RT-PCR

3.4.4.4.2.2.1 Cloning into pDRIVE

To construct calibration curves, parts of TrpE and EAs genes (easH, dmaW, easG, easF,
eask, easD, easC, cloA, IpsB, easA) were amplified from cDNA of C. purpurea P1
(Fig. 39). Obtained PCR amplicons were cloned into pDRIVE and the ligation mixture
was transformed into E. coli TOP10. Prior to sequencing, plasmids isolated from
ampicillin resistant bacteria were digested with restriction endonucleases (Fig. 40)
(3.2.4.5.2.3.1).

Amplification of parts of TipE and EAS genes

M 1 2 3 4 5 6 7 8 9 10 11

Fig. 39 Amplification of partial regions of TrpE and 10 EA biosynthetic genes from cDNA WT
C. purpurea P1 using Phusion High-Fidelity DNA polymerase.

1 - part of TrpE (102 bp) amplified using primers TrpE_rt_fw and TrpE_rt_rev

2 - part of easH (145 bp) amplified using primers easH_rt_fw and easH_rt_rev

3 - part of IpsB (166 bp) amplified using primers IpsB_rt_fw and IpsB_rt_rev

4 - part of easA (145 bp) amplified using primers easA _rt_fw and easA rt_rev

5 - part of cloA (174 bp) amplified using primers cloA_rt_fw and cloA_rt_rev

6 - part of easC (109 bp) amplified using primers easC_rt_fw and easC _rt_rev

7 - part of easD (132 bp) amplified using primers easD_rt_fw and easD_rt_rev

8 - part of easkE (191 bp) amplified using primers easE_rt_fw and easE_rt_rev

9 - part of easF (142 bp) amplified using primers easF _rt_fw and easF_rt _rev

10 - part of easG (163 bp) amplified using primers easG_rt_fw and easG_rt_rev

11 - part of dmaW (103 bp) amplified using primers dmaW_rt_fw and dmaW _rt_rev.
M — 1 kb Plus DNA ladder.
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a Putative pDRIVE:part_TipE b Putative pDRIVE part_easH c Putative pDRIVE.part_dmaw

EcoRI EcoR1 + BamHI EcoRI
M 1 2 3 4
kb kb
5 5
1.5 1.5
0.5 0.5
d Putative pDRIVE:pait_easG e Putative pDRIVE:part_easF f Putative pDRIVE.part_easE
EcoRI EcoRI EcoRI
M 1 2 3 M 1 2
kb kb
5 5
1.5 1.5
0.5 0.5
g Putative pDRIVE:part_easD h Putative pDRIVE:pait_easC i Putative pDRIVE:part_cloA
EcoRI EcoRI EcoRI
M 1 2 3 4 M 1 2 3 4

1.5
0.5

j Putative pDRIVE:part IpsB Kk Putative pDRIVE:pait_easA
EcoRI + BamHI EcoRI

M 1 2 3 M 1 2 3 4
5 5
1.5 1.5
0.5 0.5

Fig. 40 Restriction of putative pDRIVE vectors containing parts of TrpE gene or EAS genes.
(a) pDRIVE:part_TrpE digested with EcoRI (expected bands: 3.85 kb, 102 bp).

Plasmids 1 and 3 (red) were sequenced.

(b) pDRIVE:part_easH digested with EcoRI and BamHI (expected bands: 3.85 kb, 145 bp).
Plasmids 1 and 2 (red) were sequenced.

(c) pDRIVE:part_dmaW digested with EcoRI (expected bands: 3.85 kb, 102 bp).

Plasmids 2 and 3 (red) were sequenced.

(d) pDRIVE:part_easG digested with EcoRI (expected bands: 3.85 kb, 163 bp).

Plasmids 2 and 3 (red) were sequenced.

(e) pDRIVE:part_easF digested with EcoRI (expected bands: 3.85 kb, 142 bp).

Plasmids 1 and 2 (red) were sequenced.

(f) pDRIVE:part_easE digested with EcoRI (expected bands: 3.85 kb, 191 bp).

Plasmids 2 and 3 (red) were sequenced.

(9) pDRIVE:part_easD digested with EcoRI (expected bands: 3.85 kb, 132 bp).

Plasmid 1 (red) was sequenced.

(h) pDRIVE:part_easC digested with EcoRI (expected bands: 3.85 kb, 109 bp).

Plasmids 1 and 2 (red) were sequenced.

(i) pDRIVE:part_cloA digested with EcoRI (expected bands: 3.85 kb, 174 bp).

Plasmids 1 and 2 (red) were sequenced.

(j) pDRIVE:part_IpsB digested with EcoRI and BamHI (expected bands: 3.85 kb, 166 bp).
Plasmids 1 and 2 (red) were sequenced.

(k) pDRIVE:part_easA digested with EcoRI (expected bands: 3.85 kb, 145 bp).

Plasmid 1 (red) was sequenced.

M — 1 kb Plus DNA ladder.
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Results from sequencing (Tab. 17) were compared with corresponding sequences

from C. purpurea 20.1 which genome has been already sequenced (Schardl et al., 2013).

Part of TrpE (102 bp)

Cp20.1

5’- CGAATACGATGAGTGGATCGAGACGATCAACAAGCTCGGCAGCAACATGACGTGCATCA
AGTCAGCAGAGGAGATGTATTACCAGCAGCAGCAAAACGAGAA -3’

CpP1

5’- CGAATACGATGAGTGGATCGAGACGATCAACAAGCTCGGCAGCAACATGACGTGCATCA
AGTCAGCAGAGGAGATGTATTACCAGCAGCAGCAAAACGAGAA -3’

Part of easH (145 bp)

Cp20.1

5’- GGTGATTATTGGCTGGGCTACGGAGCTGTCATCGAAAACGGCCCGGGAACAACGGAGCA
GAAATGGCACCGCGACCAGCCCAGATATCCCTTGGTCAAGGAAGGTCCGGACGCGCCTGAA
GGCATGCTGAACTTCTTCACAGCCC -3’

CpP1

5’- GGTGATTATTGGCTGGGCTACGGAGCTGTCATCGAAAACGGTCCGGGAACAACGGAGCA
GAAATGGCACCGCGACCAGCCCAGATATCCCTTGGTCAAGGAAGGTCCGGACGCGCCTGAA
GGCATGCTGAACTTCTTCACAGCCC -3’

Part of dmaW (103 bp)

Cp20.1
5-TTTGAGTCATTGAACTACCTCCACGCATATATCTCATTCTCTTACCGTCGAAACAAGCCGT
ATTTGAGCGTATATTTGCATACGTTTGAGACTGGTCGTTGGC -3°

CpP1
5-TTTGAGTCATTGAACTACCTCCACGCATATATCTCATTCTCTTACCGTCGAAACAAGCCGT
ATTTGAGCGTATATTTGCATACATTTGAGACTGGTCGTTGGC -3°

Part of easG (163 bp)

Cp20.1

5’- GCATCTTCCGTCAGACCAATGTTCCTTTTTTGGTCGCATCGCGTTCCAGCAGCGCAGGAA
CAGCTGAAAACCATCGCAAATTTGATTGGCTGGACGAAGAGACGTTTCCGAATGCCCTGTCA
GTCGATCAAGGCATGAAGCCTATTTCCGTGGTCTGGCTATG -3°

CpPl

5’- GCATCTTCCGTCAGACCAATGTTCCTTTTTTGGTCGCATCGCGTTCCAGCAGCGCAGGAA
CAGCTGAAAACCATCGCAAATTTGATTGGCTGGACGAAGAGACGTTTCCGAATGCCCTGTCA
GTCGATCAAGGCATGAAGCCTATTTCCGTGGTCTGGCTATG -3°

Part of easF (142 bp)

Cp 20.1

5’- CTCTTCCGGTCATCGACATTCGCTCGAATCATGTGGAAGATTCCCTTCCCGAACAAATTAT
CAAGGGCTTAACGAGCCAACCGAAAACTCTCCCCCCTCTTCTTTTCTACTCCAACGAAGGAC
TGGAGCACTGGAATCATCA -37

CpPl

5’- CTCTTCCGGTCATCGACATTCGCTCGAATCATGTGGAGGATTCCCTTCCCGAACAAATTAT
CAAGGGCTTAACGAGCCAACCGAAAACTCTCCCCCCTCTTCTTTTCTACTCCAACGAAGGAC
TGGAGCACTGGAATCATCA -3”

Tab. 17 Comparison of DNA sequences (parts of TrpE and EA biosynthetic genes) amplified from
cDNA C. purpurea P1, cloned into pDRIVE, and sequenced and sequenced from C. purpurea 20.1
(GCA _000347355) (part A).

Grey — fw primer used for amplification, blue — rev primer used for amplification, yellow — SNPs.
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Part of easE (191 bp)

Cp20.1

5’- AAGAATACGGGCCATGACAGCGCGGGACGATCAAGTGCTCCTCATTCGTTCCAGATACA
TACCAGCCTGCTCCAGAACATATCCTTGCACAAGAATTTCATTGCGAGAGGATCGACCACGG
GCCGCGGGCCTGCCGTCACATTGGGTGCTGGGGTCATGCAGTGGCAAGCATACGTTCATGGT
GCCAAAAA -3’

CpP1

5’- AAGAATACGGGCCATGACAGCGCGGGACGATCAAGTGCTCCTCATTCGTTCCAGATACA
TACCAGCCTGCTCCAGAACATATCCTTGCACAAGAATTTCATTGCGAGAGGATCGACCACGG
GCCGCGGGCCTGCCGTCACATTGGGTGCTGGGGTCATGCAGTGGCAAGCATACGTTCATGGT
GCCAAAAA -3’

Part of easD (132 bp)

Cp20.1

5’- GCACCAATTTCACCTCCCTACAAGAGTCCATCGCCAAAAGCAACCCATCTACTCTTGTCC
ATTGCACCGAATTAGACGTAAGATCGGCCGACAAGGTGGACCAGTGGCTACAAAGCATCGT
TTCTACCCACG -3’

CpP1

5’- GCACCAATTTCACCTCCCTACAAGAGTCCATCGCCAAAAGCAACCCATCTACTCTTGTCC
ATTGCACCGAATTAGACGTCAGATCGGCCGACAAGGTGGACCAGTGGCTACAAAGCATCGT
TTCTACCCACG -3’

Part of easC (109 bp)

Cp20.1

5’- TGGATCTGAGCATTCTGGTGCTCAAAAATGTCCTTTTCAAGATCCGGGTTTGTCTTCAATG
GACCAAGACTCACGTTTGCGTGATATCTTATCACGTTTCAATCGCGAG -3’

CpP1

5’- TGGATCTGAGCATTCTGGTGCTCAAAAATGTCCTTTTCAAGATCCGGGTTTGTCTTCAATG
GACCAAGACTCACGTTTGCGTGATATCTTATCACGTTTCAATCGCGAG -3’

Part of cloA (174 bp)

Cp 20.1

5’- GCTACAATGGCTGCAACAAACTCGGCACGAACTTTCTTGGACTTGGATTTTACTGACCAC
ATGTATTGCTCTCATATCTCCACTGGTTCTTAAAGGCATCTATAATGTCTATTTTCATCCTCTT
CGCAACATTCCGGGGCCCAAGCTTGCCGCATTGACCGACTTTTACGCCTT -3°

CpPl

5’- GCTACAATGGCTGCAACAAACTCGGCACGAACTTTCTTGGACTTGGATTTTACTGACCAC
ATGTATTGCTCTCACATCTCCACTGGTTCTGAAAGGCATCTATAATGTCTATTTTCATCCTCTT
CGCAACATTCCGGGGCCCAAGCTTGCCGCATTGACCGACTTTTACGCCTT -3°

Part of IpsB (166 bp)

Cp 20.1

5’- TGCGGAATCAAATCTCAACATCAGACCCTGCCGAATTCGATTCACTTCCGACAAAGTTGT
ATCTGACATTCTTTCCGCGTGCCAAAGCCCTTGCGGCGAGAAAACTGGTGATCATGACATTC
CTGCGTCACATTTGTCTCAAGATGGTGGATTTTTGGCCTCAGAA-3’

CpPl

5’- TGCGGAATCAAATCTCAACATCAGACCCTGCCGAATTCGATTCACTTCCGACAAAGTTGT
ATCTGACATTCTTTCCGCGTGCCAAAGCCCTTGCAGCGAGAAAACTGGTGATCATGACATTC
CTGCGTCACATTTGTCTCAAGATGGTGGATTTTTGGCCTCAGAA -3’

Part of easA (145 bp)

Cp20.1

5’- CTTACCAGCCAAGGGTTGAAACTCGAATCAAGCAGCGAAGTACCGGTCGCACCGGGGGA
GCCTACGCCACGAGCGCTGGACGAGGACGAGATTCAGCAGTACATACTCGATTATGTCCAA
GGAGCAAAGAATGCAGTACACGGGG -3°

CpP1

5’- CTTACCAGCCAAGGGTTGAAACTCGAATCAAGCAGCGAAGTACCGGTCGCACCGGGGGA
GCCTACGCCACGAGCGCTGGACCAGGACGAGATTCAGCAGTACATACTCGATTATGTCCAA
GGAGCAAAGAATGCAGTACACGGGG -3°

Tab. 17 Comparison of DNA sequences (parts of TrpE and EA biosynthetic genes) amplified from
cDNA C. purpurea P1, cloned into pDRIVE, and sequenced and sequenced from C. purpurea 20.1
(GCA_000347355) (part B).

Grey — fw primer used for amplification, blue — rev primer used for amplification, yellow — SNPs.
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3.4.4.4.2.2.2 Real-time RT-PCR

RNA isolated from 10-days old mycelia of WT, OE:TrpE and OE:TrpES"" and 14-days
old mycelia of WT, OE:gfp and OE:gfp_dmaW was used for absolute gquantitative real
time RT-PCR (Tab. 18 - 20). As calibration curves, different dilutions of pDRIVE vectors
with cloned parts of TrpE or EA biosynthetic genes were used. From the slope of curves,
primer efficiencies were calculated (Tab. 21) (3.2.4.5.2.3.2).

Tab. 18 Expression levels of 10 selected EA biosynthetic genes in 10-days old and 14-days old induced
(low Pi) and non-induced (high Pi) mycelia of WT C. purpurea P1 determined by absolute
quantification using real-time RT-PCR.

Results are expressed as the number of transcripts per 1 ng of total RNA + SE of six biological replicates.
The non-parametric Kruskal-Wallis ANOVA followed by multiple comparisons of mean ranks was used
to compare the differences between groups. Data comparing differences between inducing (low Pi) and
non-inducing (high Pi) conditions are shown (* p<0.05, ** p<0.01, *** p<0.001). DmaW, DMAT
synthetase; easF, DMAT N-methyltransferase; easE, chanoclavine-l synthase; easC, catalase; easD,
chanoclavine-1 dehydrogenase; easA, chanoclavine-1 aldehyde oxidoreductase; easG, reductase; cloA,
NAPDH-dependent cytochrome P450; IpsB, nonribosomal lysergyl peptide synthetase LPS2; easH1,
dioxygenase.

WT (10 days) WT (14 days)

dmaw low Pi 8965 £ 336 *** 5018 £ 317 ***
high Pi 136 £ 11 183 £27

easF low Pi 1947 + 162 *** 1520 + 149 ***
high Pi 266 +26 376 + 38

easkE low Pi 638 £ 40 *** 357 & 34 wkk
high Pi 50+£6 42 +4

easC low Pi 3305 £ 219 *** 1677 £178
high Pi 656 £108 882 + 151

easD low Pi 3702 £ 214 *** 2790 £ 263 ***
high Pi 134 £12 177 £12

easA low Pi 7183 £ 374 *** 4843 £ 364 ***
high Pi 635 +£45 838 £ 150

easG low Pi 3573 £ 130 *** 1903 £ 159 sk
high Pi 12+2 31+5

cloA low Pi 1427 £ 172 *** 748 £ 60 ***
high Pi 130 £17 156 £ 16

IpsB low Pi 1494 + 84 *** 961 £ 72 ***
high Pi 642 £ 66 640 =91

easH1 low Pi 7103 £ 367 *** 4734 £ 380 ***
high Pi 490 £ 108 260 + 57
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Tab. 19 Expression levels of 10 selected EA biosynthetic genes and TrpE in 10-days old induced (low

Pi) and non-induced (high Pi) mycelia of OE:TrpE, OE:TrpES76L and WT C. purpurea P1 determined
by absolute quantification using real-time RT-PCR.

Results are expressed as the number of transcripts per 1 ng of total RNA + SE of six biological replicates.
The non-parametric Kruskal-Wallis ANOVA followed by multiple comparisons of mean ranks was used
to compare the differences between groups. Data comparing differences between WT and individual
transformant are shown (* p<0.05, ** p<0.01, *** p<0.001). TrpE, a-subunit of anthranilate synthase;
dmaW, DMAT synthetase; easF, DMAT N-methyltransferase; easE, chanoclavine-1 synthase; easC,
catalase; easD, chanoclavine-l1 dehydrogenase; easA, chanoclavine-l aldehyde oxidoreductase; easG,
reductase; cloA, NAPDH-dependent cytochrome P450; IpsB, nonribosomal lysergyl peptide synthetase

LPS2; easH1, dioxygenase.

WT OE:TrpE 2 OE:TrpE 3 OE:TrpES®- 4 OE:TrpES™® 12
TrpE low Pi 752 £46 13273 £1235 *** 28456 + 2419 *** 7222 +£339 * 7880 + 862 **
high Pi 583 £40 12825 £ 447 *** 33382 + 1486 *** 6531+ 717 ** 12894 + 1091 ***
dmaw low Pi 8965 £336 22892 £ 2951 *** 175254 1752 *** 12699 + 809 7223 + 560
high Pi 136 £ 11 660 + 120 *** 433 £ 62 *** 266 + 22 *** 329 + 3] ***
easF low Pi 1947 £ 162 3361 £422 * 4660 + 509 *** 3809 =467 2844 + 307
high Pi 266 +26 554 +104 453 +73 398 + 36 450 £ 59
eask low Pi 638 £40 1678 +£ 260 *** 1104 + 99 ** 1199+ 118 797 +73
high Pi 50+ 6 221 £62* 95+ 18 104 +£ 8 ** 106 + 14 *
easC low Pi 3305219 4970+517 5947 + 745 ** 3801 =358 2680 £+ 247
high Pi 656 £108 28284 £ 7778 *** 7387 £2259 *** 7816+ 1106 *** 9660 = 1508 ***
easD low Pi 3702 £214 9133 £912 *** 8841+ 425 ***  5530+401 3790 + 327
high Pi 134+ 12 511+ 77 *** 287 £ 40 ** 351 +£ 38 *** 277 £ 15 ***
easA low Pi 7183 £374 22475+ 1994 *** 16514 £ 874 *** 16176 + 1044 *** 14337 £ 370 ***
high Pi 635+£45 1335+201 ** 1056 £ 77 * 1659 & 145 *** 1237 £ 87 ***
easG low Pi 3573 £ 130 11763 £2323 *** 7232 4+ 1200 4895 £+ 346 1964 £ 170 *
high Pi 12+£2 278 + 58 *** 111 £22 #%* 89 £ 15 ** 99 & 15 ***
cloA low Pi 1427 +£172 1466 £216 1570 £ 131 1335+ 112 808 £ 74 *
high Pi 130+ 17 195+32 186+ 17 315+ 77 148 £ 19
IpsB low Pi 1494+ 84 1329+ 108 1378 £ 85 2382 + 136 ** 1921 +£212
high Pi 642 + 66 406 + 28 633 £ 60 370 £33 * 672 +91
easH1 low Pi 7103 £367 23315+2596 *** 16616 + 1788 *** 12810+987 ** 8039+ 676
high Pi 490 £ 108 646+ 81 632+ 121 757 £ 156 401 £ 55
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Tab. 20 Expression levels of 10 selected EA biosynthetic genes in 14-days old induced (low Pi) and
non-induced (high Pi) mycelia of OE:gfp, OE:gfp_dmaWw, and WT C. purpurea Pldetermined by
absolute quantification using real-time RT-PCR.

Results are expressed as the number of transcripts per 1 ng of total RNA + SE of six biological replicates.
The non-parametric Kruskal-Wallis ANOVA followed by multiple comparisons of mean ranks was used
to compare the differences between groups. Data comparing differences between WT and individual
transformant are shown (* p<0.05, ** p<0.01, *** p<0.001). DmaW, DMAT synthetase; easF, DMAT N-
methyltransferase; eask, chanoclavine-1 synthase; easC, catalase; easD, chanoclavine-l dehydrogenase;
easA, chanoclavine-1 aldehyde oxidoreductase; easG, reductase; cloA, NAPDH-dependent cytochrome

P450; IpsB, nonribosomal lysergyl peptide synthetase LPS2; easH1, dioxygenase.

WT OE:gfp OE:gfp_dmaWw 8 OE:gfp_dmaw 13
dmaw low Pi 5018 =317 8380 £ 536 109927 + 7774 *** 24357 + 1800 ***
high Pi 183 +27 20715 12877 £ 977 *** 13907 £ 918 ***
easF low Pi 1520 + 149 1887 =95 1707 = 168 2042 £226
high Pi 376 + 38 413 +£42 581+59 480 £ 76
eask low Pi 357+ 34 347+15 275+24 353+£25
high Pi 42 +4 505 94 £ 12 ** 71+£9
easC low Pi 1677+ 178 1880 = 87 1496 + 107 1671 £98
high Pi 882+ 151 789 £ 1008 4127 £ 1098 ** 2751 £ 524 *
easD low Pi 2790 + 263 3515+306 3249 +326 3264 +207
high Pi 177+ 12 135+£8 258 £41 201 +18
easA low Pi 4843 + 364 6811 +257 9106 & 527 *** 8314 £ 368 ***
high Pi 838+ 150 855+ 48 1250 + 110 *** 1060 £ 93 *
easG low Pi 1903 + 159 2575+192 2100 + 201 1525 +£230
high Pi 31£5 277 105 +£24 * 86+ 15
cloA low Pi 748 + 60 869 + 52 774 +£79 650 + 69
high Pi 156 £ 16 212+ 18 237 +£22 * 222 +22
IpsB low Pi 961+ 72 886+ 36 881+ 89 1030 +98
high Pi 640 £91 618 +£43 991 £ 121 ** 566 £ 57
easH1 low Pi 4734 + 380 6287 +£352 5007 + 542 5153+ 555
high Pi 260+ 57 214 +42 253 +£29 326 +47
Tab. 21 Efficiencies of primers used for absolute quantification by gRT-PCR.
Gene R? Efficiency (%)
TrpE (CPUR_05013.1) 0.9952 103.54
easH (CPUR_04075.1) 0.9948 114.24
dmaw (CPUR_04076.1) 0.9903 107.66
easG (CPUR_04077.1) 0.9972 105.72
easF (CPUR_04078.1) 0.9890 86.99
easkE (CPUR_04079.1) 0.9722 95.79
easD (CPUR_04080.1) 0.9897 90.44
easC (CPUR_04081.1) 0.9904 105.58
cloA (CPUR_04082.1) 0.9959 90.42
IpsB (CPUR_04083.1) 0.9847 98.47
easA (CPUR_04084.1) 0.9929 88.40
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3.4.4.4.3 Quantification of anthranilic acid

Levels of anthranilic acid were measured in 10-days old induced (low Pi) and non-
induced (high Pi) media and mycelia of WT, OE:TrpE, and OE:TrpES®t (Tab. 22)
(3.2.4.5.3).

Tab. 22 Anthranilic acid in 10-days old mycelia and media of OE TrpE, OE TrpES™® and WT
C. purpurea P1 under inducing (low Pi) and non-inducing (high Pi) conditions.

Presented are means + SE of six biological replicates, n.d. - not detected. The non-parametric Kruskal-
Wallis ANOVA followed by multiple comparisons of mean ranks was used to compare the differences
between groups. Data comparing differences between WT and individual transformant are shown (*
p<0.05, ** p<0.01, *** p<0.001).

Anthranilic acid WT OE:TrpE 2 OE:TrpE 3 OE:TrpES™ 4 OE:TrpES™ 12
(ng/culture)

Low Pi

Mycelium 60.34+11.53 61.48+7.37 64.43 +£35.75 352.89+85.07 49493 + 82.28*
Medium n.d. n.d. n.d. 8889.73 +3476.98 16463.49 + 8935.26
High Pi

Mycelium 7523 +14.59 73.10+£17.24 56.95+19.98 12145.19+6975.73* 3379.84 +1974.59
Medium n.d. n.d. n.d. 47306.30 +£23308.29 18790.46 + 10966.14

3.4.4.4.4 Quantification of Trp

Levels of Trp were measured in 10-days old induced (low Pi) and non-induced (high Pi)
media and mycelia of WT, OE:TrpE, and OE:TrpES"®" (Tab. 23) (3.2.4.5.4).

Tab. 23 Tryptophan in 10-days old mycelia and media of OE TrpE, OE TrpES"®- and WT C. purpurea
P1 under inducing (low Pi) and non-inducing (high Pi) conditions.

Presented are means + SE of six biological replicates, n.d. - not detected. The non-parametric Kruskal-
Wallis ANOVA followed by multiple comparisons of mean ranks was used to compare the differences
between groups. Data comparing differences between WT and individual transformant are shown (*
p<0.05, ** p<0.01, *** p<0.001).

Tryptophan WT OE:TrpE 2 OE:TrpE 3 OE:TrpE>®t4  OE:TrpES™ 12
(pg/culture)

Low Pi

Mycelium 119.62 £ 14.06 125.01+12.84 102.55+7.77 210.89 +24.62 305.16 +33.04*
Medium 97.90 + 18.84 11829+ 11.52 179.26+33.47 519.72+172.03* 1208.42 + 172.89***
High Pi

Mycelium 126.02+16.75 100.40+32.39 105.68+17.57 402.67+39.93 378.00 +39.19
Medium 835.50+69.61 318.02+154.28 544.54+170.75 1320.51 +£251.02 1377.31 +£88.62
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3.4.4.4.5 Quantification of ergopeptines

Levels of ergopeptines ergotamine, ergotaminine, a-ergocryptine, and a-ergocryptinine
were measured in 10-days old induced (low Pi) and non-induced (high Pi) media and
mycelia of WT, OE:TrpE and OE:TrpES® (Tab. 24) and 14-days old induced (low Pi)
and non-induced (high Pi) media and mycelia of WT, OE:gfp, and OE:gfp_dmaw
(Tab. 25) (3.2.4.5.5).

Tab. 24 Content of ergopeptines in 10-days old mycelia and media of OE TrpE, OE TrpES®- and WT
C. purpurea P1 under inducing (low Pi) conditions, ERG — ergotamine and ergotaminine, a-ERC —
a-ergocryptine and a-ergocryptinine.

Presented are means + SE of six biological replicates. The non-parametric Kruskal-Wallis ANOVA
followed by multiple comparisons of mean ranks was used to compare the differences between groups.
Data comparing differences between WT and individual transformants are shown (* p<0.05, ** p<0.01,
*** n<0.001).

Ergopeptines WT OE:TrpE 2 OE:TrpE 3 OE:TrpE"®- 4 OE:TrpES"®- 12
(ug/culture)

Low Pi

Mycelium

ERG 485.22 +78.89 1840.68 £342.63  1314.59+171.29  2510.98 £291.54***  1548.63 + 187.16
a-ERC 77.65+8.57 225.16 £ 38.79 177.44 £13.98 411.22 +£48.41%** 238.27 £56.87
Medium

ERG 2332.88+183.70  7939.22+919.15  8527.90 £ 1288.66 17580.90 £3615.42** 10461.46 +977.75*
a-ERC 32542 +£29.32 1175.69 £170.39  1226.83 £167.84  2587.85 + 589.77** 1164.58 £104.16
High Pi

Mycelium

ERG n.d. 166.01 £29.26 81.91 £27.53 318.41+£112.89 229.43 £25.67
a-ERC n.d. 13.06 +2.01 10.78 £2.72 42.46 +4.04 10.68 £2.40
Medium

ERG n.d. 864.78 +£172.68 468.67 +159.89 2329.21 +£983.36 795.01 +186.34
a-ERC n.d. 69.44 +14.63 41.96 +13.34 184.97 +£79.25 83.17 +£27.38

Tab. 25 Content of ergopeptines in 14-days old mycelia and media of OE:gfp, OE:gfp_dmaW and WT
C. purpurea P1 under inducing (low Pi) conditions, ERG — ergotamine and ergotaminine, a-ERC —
a-ergocryptine and a-ergocryptinine.

Presented are means + SE of six biological replicates. The non-parametric Kruskal-Wallis ANOVA
followed by multiple comparisons of mean ranks was used to compare the differences between groups.
Data comparing differences between WT and individual transformants are shown (* p<0.05, ** p<0.01,
*** n<0.001).

Ergopeptines WT OE:gfp OE:gfp_dmaw 8 OE:gfp_dmaw 13
(ng/culture)

Mycelium

ERG 813.46 £ 56.73 963.94 £ 71.52 2243.67 £242.43%* 1729.42 £ 111.87**
a-ERC 101.48 +11.64 103.30 £ 15.75 229.10 + 23.95* 23422 +40.71*
Medium

ERG 3867.91 £279.15 4469.86 +£360.55 14785.92 +£1709.82 10380.08 + 1162.45%*
a-ERC 314.06 £ 58.96 408.13 £47.04 1413.19 £ 151.10  1315.23 £235.21*
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3.5 Discussion

3.5.1 Generation of vectors for C. purpurea transformation using yeast

recombinational cloning
Since the expression of Trp feedback-resistant form of TrpE in A. fumigatus had been
previously reported to increase Trp levels and production of secondary metabolites
(Wang et al., 2016), C. purpurea mutants expressing Trp feedback-resistant form of TrpE
(CPUR_05013.1) were generated. Firstly, the protein sequence of AAS-lI from
genome-sequenced C. purpurea 20.1 (Schardl et al., 2013) was aligned with the AAS-I
sequence from A. fumigatus. Since the highly conserved amino acid sequence element
LLES is involved in Trp regulation (Graf et al., 1993) and only a mutation S77L in
A. nidulans led to an increase in fumiquinazolines (Wang et al., 2016), the same point
mutation was designed in C. purpurea. The serine residue from the LLES element was
identified in C. purpurea 20.1 at a position 76 thus this mutation was named S76L. For
comparison, also a non-mutated, Trp-sensitive version of TrpE was used for C. purpurea
P1 transformation. Together, two vectors pPNDH-OGG:TrpES"®t and pNDH-OGG:TrpE
for expression of Trp-resistant and WT form of a-subunit of anthranilate synthase,
respectively were prepared (Fig. 20 - 21).

To confirm that the gene CPUR_05013.1 encodes a-subunit of anthranilate
synthase involved in Trp biosynthesis, TrpE replacement vector pRS426:ATrpEl
(Fig. 23) was prepared.

In addition to TrpE>"®t and TrpE vectors, a plasmid expressing dmaW encoding
DMATS that catalyzes the first pathway-specific step leading to EAs biosynthesis
(Unsold and Li, 2005; Ding et al., 2008; Metzger et al., 2009; Fernandez-Bodega et al.,
2017), was prepared. In this case, DMATS was N-terminally fused to Botrytis cinerea
codon-optimized gfp gene (Schumacher, 2012) (Fig. 22).

Both genes, TrpE, and dmaW were amplified from gDNA of C. purpurea 20.1 and
transformed into C. purpurea P1. Although strain 20.1 produces EAs only in planta
(Schardl et al., 2013) on contrary to the strain P1 that produces EAs only in submerged
cultures, the same EAs, ergotamine, ergotaminine, ergocryptine, and ergocryptinine, have
been detected in both strains (Tudzynski et al., 1999; Correia et al., 2003). Genes were
expressed under the control of the strong constitutive oliC (subunit 9 of mitochondrial

ATP synthase) promoter from A. nidulans (Bailey et al., 1989)
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3.5.2 Generation and characterization of C. purpurea mutants

3.5.2.1 Deletion and complementation of TrpE in C. purpurea 20.1

By the transformation of C. purpurea 20.1 protoplasts with TrpE replacement vector
pRS426:4, TrpE 1 knock-out mutant of this gene was prepared. Due to the low efficiency
of homologous recombination in C. purpurea (Oeser et al., 2002), only one
heterokaryotic mutant out of 780 primary transformants was obtained. The replacement
of TrpE gene with phleomycin resistance cassette was confirmed in this mutant by
diagnostic PCR (Fig. 25a). Homokayon ATrpE was selected by single spore isolation and
confirmed with diagnostic PCR again (Fig. 25b). Moreover, a complemented
homokaryon ATrpE™E was prepared and confirmed by diagnostic PCR (Fig. 25c).

As shown in Fig. 26 only ATrpE exhibited Trp auxotrophy, its growth was
restored by the addition of 5 uM anthranilic acid or 5 mM L-Trp. Concerning the
inoculation of rye plants (Fig. 27), only ATrpE was non-infectious, most probably due to
decreased level of auxins, plant hormones previously detected in C. purpurea that are
synthesized via Trp-dependent and Trp-independent pathways and play a crucial role in

plant-pathogen interactions (Jameson, 2000; Kazan and Manners, 2009).

3.5.2.2 C. purpurea P1 mutants expressing TrpES"®, TrpE, and dmawW
Concerning C. purpurea P1 mutants expressing Trp-resistant form of a-subunit of
anthranilate synthase (OE:TrpES"®Y), WT Trp-feedback sensitive form of a-subunit of
anthranilate synthase (OE:TrpE), and dimethylallyltryptophan synthase fused with gfp
(OE:gfp_dmaW), the presence of vectors was confirmed in heterokaryotic mutants by
diagnostic PCR Subsequently, homokaryons were selected by hyphal tip dissection and
confirmed again with diagnostic PCR (Fig. 28, 29). In the case of OE:gfp_dmaWw
C. purpurea P1, the production of GFP-DMATS was confirmed by fluorescence
microscopy (Fig. 30) and also detected by western blot analysis using antiGFP antibody
(Fig. 31). As a control, C. purpurea mutant expressing gfp gene was used in all analyses.
Moreover, the overexpression of TrpE and dmaW in C. purpurea P1 mutants was
confirmed by gRT-PCR (Tab. 19, 20). The growth of all C. purpurea P1 mutants showed
no significant changes when compared with that of WT (Fig. 32).

As the EAs biosynthesis in C. purpurea P1 is regulated by inorganic phosphate
(Robbers et al., 1972; Lohmeyer et al., 1990), all mutants and WT were grown for
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comparison under inducing (low level of inorganic phosphate, EAs producing) and
non-inducing (high level of inorganic phosphate, EAs not produced) conditions. All
mutants were cultivated in six biological replicates, the presence of transgenes was
confirmed in all samples at DNA level using diagnostic PCR (Fig. 33 - 36) and RNA level
using RT-PCR (Fig. 37, 38).

To investigate whether the expression of Trp feedback-sensitive or resistant form
of TrpE in C. purpurea led to the accumulation of Trp, a precursor, and inducer of EAs
biosynthesis (Floss et al., 1964; Erge et al., 2007), firstly the content of anthranilic acid
was measured (Tab. 22). While anthranilic acid was not detected in the medium of WT
C. purpurea P1, it was readily detected in the medium of OE:TrpES" C. purpurea P1
but not in the medium of OE:TrpE. Hence, the expression of Trp feedback-resistant form
of TrpE led to the accumulation of anthranilic acid in such amounts that it started to be
secreted into the medium.

Next, Trp content in C. purpurea Pl cultures was determined (Tab. 23). As
expected, only the expression of Trp feedback-resistant form of TrpE led to a significant
increase. Interestingly, inducing conditions for EAs biosynthesis (low phosphate level)
did not change Trp level in WT mycelium but led to the 8-fold accumulation of Trp in
the medium compared to non-inducing conditions. Thus, Trp synthesis clearly proceeds
even under non-inducing conditions in WT C. purpurea P1, however for an unknown

reason its excess is secreted into the medium instead of being used for EAs biosynthesis.

3.5.3 Changes in the production of ergopeptines in C. purpurea P1

mutants
Although WT of C. purpurea P1 is known to release ergopeptines ergotamine and
a-ergocryptine into the medium and thus these EAs have been previously assayed only in
the media (Haarmann et al., 2008; Lorenz et al., 2009; Lorenz et al., 2010), we decided
to quantify these metabolites also in the mycelium. As both ergopeptines are derivatives
of A%%-ergolene, they form 8S (or a) and 8R (or P) stereoisomers. Whereas S8R
ergopeptines are considered inactive (suffix —inine), members of the 8S group are
biologically active (suffix —ine) (Pierri et al., 1982; Kidri¢ et al., 1986). Moreover, the
interconversion of the forms has also been described (Hellberg, 1957; Smith and

Shappell, 2002). Since both forms of ergopeptines were measured, levels of ergotamine
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and ergotaminine, and a-ergocryptine and o-ergocryptinine were summed and are
expressed as ERG and o-ERC, respectively.

At inducing conditions, higher ergopeptine production was detected in the media
of OE:TrpES"®" (Tab. 24) and OE:gfp_dmaW mutants (Tab. 25). The highest increase
(7-fold) was observed in OE:TrpES"®" line 4. As expected, ERG and o-ERC that were
detected in all media were also found in all mycelia under inducing conditions. No
qualitative changes in ergopeptine spectrum between WT and mutants were observed.

Under non-inducing conditions, no EAs production was detected in WT of
C. purpurea P1. On the other hand, both ergopeptines were still present in the mycelia
and media of OE:TrpE and OE:TrpES’®t mutants (Tab. 24). On the contrary, no
ergopeptines were detected in the mycelia and media of OE:gfp_dmaW mutant lines
under these conditions. Therefore, the inhibition of EAs production by high levels of
inorganic phosphate in C. purpurea P1 can be overcome not only by the addition of Trp
or its analogs into the growth medium as described previously (Robbers et al., 1972;
Krupinski et al., 1976) but also by the overexpression of TrpE, a gene encoding
anthranilate synthase, a key enzyme in Trp biosynthesis that is feedback-regulated by Trp.
Concerning the mechanism of phosphate starvation response, a global regulatory
mechanism called the phosphate (Pho) regulon containing a transcriptional factor Nuc-1
and its homologs have already been characterized in filamentous fungi (Peleg et al., 1996;
de Gouvéa et al., 2008), yeasts (Magbanua et al., 1997) and bacteria (Tommassen et al.,
1982). Although the Pho regulon has not yet been identified and characterized in
C. purpurea P1, a binding site for a regulator Nuc-1 is present in the promoter region of
dmaW gene, which suggests that a similar regulatory mechanism may trigger the
induction of ergot alkaloid biosynthesis under low phosphate conditions (Tudzynski
et al., 1999).

3.5.4 Expression of EA biosynthetic cluster genes

As the biosynthesis of EAs in C. purpurea P1 mutants resulted in increased and modified
production under inducing and non-inducing conditions, the expression of 10 related
genes (dmaW, easF, eask, easC, easD, easA, easG, cloA, IpsB, and easH) involved in
EAs formation and the TrpE gene was investigated. Genes IpsAl and IpsA2 encoding
nonribosomal lysergyl peptide synthetases were omitted as unique primers could not be

designed due to high DNA sequence identity. Furthermore, IpsC gene involved in the
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biosynthesis of ergometrine was excluded. Although IpsC transcript has been previously
detected in C. purpurea P1, none LPS3 has been purified from this fungus (Ortel and
Keller, 2009). Thus the role of IpsC gene in strain P1 is still questionable.

Firstly, parts of TrpE and EAS genes were amplified from gDNA of C. purpurea
P1 (Fig. 39) and cloned into pDRIVE vector (Fig. 40). Obtained plasmids were sequenced
and sequences were compared with those from C. purpurea 20.1 (Tab. 17). As only a few
SNPs were found and these differences were not present in the sequences of primers used
for amplification, these primers were used, after a calculation of primer efficiencies (Tab.
21) for absolute quantification by gRT-PCR (Tab. 19, 20).

In correlation with results obtained previously by Northern blot analyses (Arntz
and Tudzynski, 1997; Tudzynski et al., 1999; Haarmann et al., 2005), all 10 EA
biosynthetic genes were significantly upregulated in WT under inducing compared to
non-inducing conditions (Tab. 18). Under inducing conditions, dmaW that encodes the
enzyme catalyzing the prenylation of L-Trp by dimethylallyl diphosphate (Heinstein
etal., 1971; Lee et al., 1976; Cress et al., 1981; Gebler and Poulter, 1992; Tsai et al.,
1995) was the highest expressed gene in WT of C. purpurea P1. On the other hand, easE,
a flavin-dependent oxidoreductase catalyzing together with easC formation of the
simplest clavine alkaloid chanoclavine-l (Lorenz et al., 2010; Goetz et al., 2011) was
expressed the least. Under non-inducing conditions, easC was the most expressed gene
in WT compared to the least expressed easG gene encoding an imine reductase involved
in the formation of agroclavine (Matuschek et al., 2011). Interestingly, the biggest change
in gene expression between induced and non-induced mycelia was detected in dmaw and
easG genes that share a single bidirectional promoter containing binding sites for
homologs of transcriptional factors that have been characterized in other filamentous
fungi including Nuc-1, a transcriptional factor that is activated under conditions of
phosphate starvation (Tudzynski et al., 1999).

Under both inducing and non-inducing conditions, a significant increase
compared to WT in TrpE and dmaW expression levels was detected for the overexpressor
mutants OE:TrpE, OE:TrpES®- and OE:gfp_dmaW, respectively. Under inducing
conditions, only easA gene encoding a protein involved together with easG reductase in
agroclavine synthesis (Coyle et al., 2010; Matuschek et al., 2011) was upregulated in
OE:TrpES"® and OE:gfp_dmawW mutants that produced significantly higher amounts of
ergopeptines than WT under these conditions. Even if no detectable amounts of EAs were

formed in WT under non-inducing conditions, all analyzed genes involved in EAs
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biosynthesis were weakly expressed. Expression of five genes (dmaW, easC, easD, easA,
and easG) significantly increased both in OE:TrpE and OE:TrpES®- mutants, which were
readily producing ergotamine and o-ergocryptine. Concerning OE:gfp_dmawW mutants,
except for dmaW itself, only two genes (easC, and easA) were upregulated compared to
WT under non-inducing conditions. As the constitutive OliC promoter was used for
dmaW overexpression instead of the bidirectional promoter from C. purpurea, easG was
not overexpressed by this mutation. Taken together the constitutive overexpression of
dmaW resulted in the upregulation of easC and easA, whereas the overexpression of Trp
feedback-resistant and Trp-sensitive forms of TrpE led to an increase in dmaWw, easD,
easG, easC, and easA expression under non-inducing conditions.

Although the regulation of EA biosynthesis in C. purpurea has been studied for
many years, it is not yet fully understood. Nevertheless, being very complex it strongly
depends on the specific strain, and most probably other factors in addition to Trp,

inorganic phosphate, and chromatin remodeling are involved (Lorenz et al., 2009).
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4 CRISPR/Cas9 genome editing in ergot fungus Claviceps purpurea

4.1 Introduction

Claviceps purpurea is a filamentous fungus well known as a widespread plant pathogen,
but it is also an important ergot alkaloid producer exploited by the pharmaceutic industry.
For this reason, different fungal strains with altered EAs production were initially
generated mostly by UV mutagenesis or by treatment with nitrous acid or N-methyl-N"-
nitro-N-nitrosoguanidine. The first genetic transformation of C. purpurea protoplasts
using PEG has been performed in 1989. From this time only three different resistance
genes encoding resistance to phleomycin, hygromycin, and phosphinothricin have been
used for selection of C. purpurea transformants.

As a new genome editing tool CRISPR/Cas has been established not only in
human cells, plants, and mammals, but also in filamentous fungi and C. purpurea genome
was already sequenced in 2013, we decided to demonstrate that CRISPR/Cas9 can be
a tool for directed mutagenesis in C. purpurea. In this work, two genes pyr4 and TrpE
encoding the orotidine 5’-phosphate decarboxylase involved in pyrimidine biosynthesis
and the a-subunit of the anthranilate synthase involved in tryptophan biosynthesis,
respectively were successfully targeted; mutations were sequenced and analyzed.
Moreover, we wanted to compare the CRISPR/Cas9 transformation efficiency with those
from CRISPR/Cas9-mediated HDR and gene knock-out approach based on HR.
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4.2 Material

4.2.1 Buffers and solutions
Minimal MM1 agar

e 100 g sucrose, 10 g L-asparagine, 1 g calcium nitrate tetrahydrate, 0.25 ¢
potassium dihydrogen phosphate, 0.125 g potassium chloride, 0.25 g magnesium
sulphate heptahydrate, 0.033 g ferrous sulphate heptahydrate, 0.027 g zinc
sulphate heptahydrate, made up to 1 | with distilled water, pH adjusted to 5.2 with
sodium hydroxide, 20 g agar, autoclaved for 20 min at 120 °C

Minimal MM2 agar

e 100 g sucrose, 10 g L-asparagine, 1 g calcium nitrate tetrahydrate, 0.25 ¢
potassium dihydrogen phosphate, 0.125 g potassium chloride, 0.25 g magnesium
sulphate heptahydrate, 0.033 g ferrous sulphate heptahydrate, 0.027 g zinc
sulphate heptahydrate, 0.01 g L-cysteine, made up to 1 | with distilled water, pH
adjusted to 5.2 with sodium hydroxide, 20 g agar, autoclaved for 20 min at 120 °C

Other buffers and solutions are listed in 3.1.1.

4.2.2 Organisms and plants

Organisms and plants are listed in 3.1.2.

4.2.3 Plasmids
pFC332 (Nedvig et al., 2015)
pFC334 (Nedvig et al., 2015)

Other plasmids are listed in 3.1.3.
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4.3 Methods

4.3.1 Vectors construction

4.3.1.1 USER cloning
Vectors for CRISPR/Cas9 directed mutagenesis, pFC332:pyr4, and pFC332:TrpE, were

constructed using USER cloning method (Fig. 41, 42) according to a published protocol
(Hoof et al., 2018).

ngdA_fw‘_"_.__.__.________._——— PFC334

ceeTTTAMY eeT pFC334_pyrd_fw
ey | 5gRNA backbone | HDV | ThpC
zeece aarrerss
pFC334_pyrd_rev TtpC_rev
PCR l
comw [TPgpdd | | HHup | 5T 4% HHdown | protospacer | sgRNAbackbone | HDV | Tp€ | s
b Pacl  NiBbrcl
GCTGAGGGTTTAATTAAGRCCTCAGC
CGACTCCCARATTAATTCIGRAGTCS |Pf€ﬂ [ cas9> Trefl |
Nt.Bbvel Pacl

PFC332

Pacl/Nt.Bbvel
digestion

comessTis 1 ) cas9> Tt |

DPFC332

HH pmtospacm‘l sgRNA backbone | HDV | TtrpC I—I Ptefl | cas9>| Trefl l
PFC332:pyrd

Fig. 41 Construction of pFC332:pyr4.

(a) SgRNA containing protospacer targeting pyr4, and ribozymes HH and HDV, was amplified together
with GpdA promoter and TrpC terminator from pFC334 in two parts using primers PgpdA_fw and
pFC334_pyrd _rev, pFC334_pyr4 fw and TrpC_rev. Primer pFC334_pyr4_rev contained NN region that
corresponds to the 6 bp inverted sequence of the 5'-end of the protospacer, primer pFC334_TrpE_fw
contained protospacer

(b) pFC332 digested with Pacl and Nt.Bbvcl.

(c) pFC332:pyr4 that was used for transformation of C. purpurea strain 20.1. To create this vector, two
PCR products from (a) were cloned into digested pFC332 using USER cloning method,
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SeeTTTANY ACTRAGCUCETC  GOCEGCECAATOGECTACET pFC334 TipE_fw

— I snsens [~ sgRNA backbone | HDV_|_TnpC
CGEOGE GACTACTCAGGCACTCCT GCTT TGCUCATT OGA URATICIGG
PFC334_TrpE_rev TtrpC_rev
PCR l
e HH-up 330 9% HH-down protospacer | SgRNA backbone | HDV | IhpC Iﬁiiiii
b Pacl  Nt.Bbvel
GCTGAGGGTTTARTTARGACCTCAGC
CGACTCCCARATTAATTCTGGAGTCG |Pteﬂ | cas9 > Ttefl |

Nt.Bbvel Pacl

pPFC332

Pacl/Nt.Bbvcl
digestion

GCTGAGGETTTAAT Teace
CGACT TAATTCTGGAGTCG |Pf’€ﬂ | CHS9> Ttefl |

pFC332
C
AMA1 Pgpdd HH  protospacer | sgRNA backbone | HDV | ThpC I—I Ptefl | cas9> Ttefl |
pPFC332:.TipE

Fig. 42 Construction of pFC332:TrpE.

(a) SgRNA containing protospacer targeting TrpE, and ribozymes HH and HDV was amplified together
with GpdA promoter and TrpC terminator from pFC334 in two parts using primers PgpdA fw and
pFC334_TrpE_rev, pFC334_TrpE_fw, and TrpC_rev. Primer pFC334_TrpE_rev contained NN region that
corresponds to the 6 bp inverted sequence of the 5'-end of the protospacer, primer pFC334_TrpE_fw
contained protospacer.

(b) pFC332 digested with Pacl and Nt.Bbvcl.

(c) pFC332:TrpE that was used for transformation of C. purpurea strain 20.1. To create this vector, two
PCR products from (a) were cloned into digested pFC332 using USER cloning method,

As a genome sequence of C. purpurea 20.1 (GCA _000347355) has been shared
via the Benchling database (www.benchling.com), protospacers targeting pyr4
(CPUR_06934.1) and TrpE (CPUR_05013.1) could be designed using CRISPR Guide
RNA design tool. Finally, two protospacer sequences (pyr4:
5-CTCGGTGGGGACGCCCATGG-3";TrpE: 5'-GGCGGCGCAATCGGCTACGT-3")
having the highest on-target score and a suitable restriction site around the PAM sequence
were amplified together with the rest of sgRNA backbone using Phusion U Hot Start
DNA Polymerase (Tab. 26, 27); pFC334 was used as a template (Nedvig et al., 2015).

101


http://www.benchling.com/

Primers PgpdA _fw, pFC334 _pyrd rev (545 bp) and pFC334 _pyrd fw, TtrpC_rev
(424 bp) (Tab. 28) were used to amplify pyr4 protospacer and construct pFC332:pyr4,
while primers PgpdA_fw, pFC334_TrpE_rev (545 bp) and pFC334_TrpE_fw, TtrpC_rev
(424 bp) (Tab. 29) were used for amplification of TrpE protospacer and construction of
pFC332:TrpE.

Tab. 26 Components of PCR mixture containing Phusion U Hot Start DNA polymerase.

Component Final concentration
5x Phusion GC buffer 1x

dNTPS 200 uM

Forward primer 0.5 uM

Reverse primer 0.5 uM

Phusion High-Fidelity DNA polymerase 1 unit

Template DNA <250 ng

Tab. 27 PCR conditions with Phusion U Hot Start DNA polymerase.

Step Temperature (°C) Time ()
1. Initial denaturation 98 30

2. Denaturation 98 7

3. Annealing 60 20

4. Extension 72 15-30/kb
5. Final extension 72 300

Steps 2-4 were repeated 34 times

Tab. 28 Sequences of primers used for amplification of sgRNA targeting pyr4.

PgpdA_fw

5’- GGGTTTAAUGCGTAAGCTCCCTAATTGGC-3’

pFC334_pyr4d rev
5’-AGCTTACUCGTTTCGTCCTCACGGACTCATCAGCTCGGTCGGTGATGTCTGCTCAAGCG-3’
pFC334 pyrd fw
5-AGTAAGCUCGTCCTCGGTGGGGACGCCCATGGGTTTTAGAGCTAGAAATAGCAAGTTAAA
TtrpC_rev

5’- GGTCTTAAUGAGCCAAGAGCGGATTCCTC-3”

Tab. 29 Sequences of primers used for amplification of sgRNA targeting TrpE.

PgpdA_fw

5’- GGGTTTAAUGCGTAAGCTCCCTAATTGGC-3’

pFC334_TrpE_rev
5’-AGCTTACUCGTTTCGTCCTCACGGACTCATCAGGGCGGCCGGTGATGTCTGCTCAAGCG-3”
pFC334_TrpE_fw
5'-AGTAAGCUCGTCGGCGGCGCAATCGGCTACGTGTTTTAGAGCTAGAAATAGCAAGTTAAA
TtrpC_rev

5’- GGTCTTAAUGAGCCAAGAGCGGATTCCTC-3’
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To check the size of all PCR products, DNA fragments were separated in 1%
agarose gel containing ethidium bromide, 1x TAE buffer (40 mM Tris, 1 mM EDTA,
pH 8.0) was used. As a marker, 1 kb Plus DNA ladder (Thermo Scientific) was used. The
gels were documented with a GelDoc™ EZ imager (Bio-Rad).

Subsequently, pFC332 (Fig. 43) containing the hygromycin resistance gene
(Nedvig et al.,, 2015) was digested with Nt.Bbvcl and Pacl according to the
manufacturer’s protocol (New England BioLabs). Digested vector was together with both
PCR products purified according to the manufacturer’s protocol using a NucleoSpin Gel
and PCR Clean-up kit (MACHEREY-NAGEL GmbH and Co. KG); purified PCR
amplicons were cloned into pFC332 using USER® cloning method (Bitinaite et al., 2007).

(15.486) MauBi Pvul (242)
e Btsal (472)

(14.543) Pasl

(13,371) Rsrll

(12,353, Pmh

12.019) BmgBI

(11.755) Bsu36l pFC332

15,560 bp

(11,5301 Bst8I

(11,387) Kfll 1
Pstl (4221)

(10.501) Agel

1787) Kpnl
(9763) Acc651

(8784) EcoNI
8649) Ascl

Bgllt (7073
{8215) Mrel - Sgral Pacl (7111)

Fig. 43 Vector pFC332 (Nedvig et al., 2015).
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Briefly, USER cloning mix (Tab. 30) containing USER enzyme (New England
BioLabs) was incubated for 35 min at 37 °C. After 25 min at RT, it was placed on ice and
transformed into chemically competent cells of E. coli strain TOP10 (see 3.3.1.3). After
the transformation, E. coli TOP10 cells were plated on LB agar plates containing
ampicillin (Sigma-Aldrich) in the final concentration of 100 pg/ml.

The next day, plasmid DNA was isolated from ampicillin-resistant bacterial
colonies according to the manufacturer’s protocol using the QIAprep Spin Miniprep kit
(Qiagen). The resulting constructs were verified by restriction analysis (Tab. 31) and

commercial sequencing (SEQme commercial service).

Tab. 30 Components of USER cloning mix.

Component Amount (concentration)
Digested and purified pFC332 1 pl (5 ng/ul)

Purified PCR fragment 4 ul (> 20 ng/ul)

10x Cut Smart buffer 0.5 ul

USER enzyme (1 U/ul) 0.5 ul

dH0 up to 10 pl

Tab. 31 Restriction analysis of vectors prepared by USER cloning method.

Vector Restriction endonuclease Expected size of DNA fragments
pFC332:pyrd Sall 9,297 bp; 3,945 bp; 2,761 bp; 465 bp
pFC332:TrpE Sall 9,297 bp; 3,945 bp; 2,761 bp; 465 bp

4.3.1.2 Yeast recombinational cloning
To knock-out TrpE (CPUR_05013.1), vector pRS426:ATrpE2 (Fig. 44) was constructed
using the yeast recombinational cloning method (see 3.3.1.3). 5’and 3’flanking regions
of TrpE were amplified using proofreading Phusion High-Fidelity DNA polymerase
(Tab. 1, 2) and the primers EcoRIl_5F TrpE2, 5R_TrpE2 (1,547 bp) and 3F TrpE2,
3R_TrpE2_EcoRI (1,500 bp) (Tab. 32); as a template, gDNA isolated from C. purpurea
20.1 was used. Phleomycin resistance cassette was amplified with the primers CpBlelF
and CpBlelR (1,847 bp) (Tab. 6). All generated PCR products were subsequently cloned
using the yeast recombinational method (Colot et al., 2006) into the Xhol-EcoRI-digested
pRS426 vector (Christianson et al., 1992).

Plasmid DNA isolated from S. cerevisiae FGSC 9721 was transformed into
chemically competent cells of E. coli TOP10, the mixture was plated on LB agar plates

containing ampicillin (Sigma-Aldrich) in the final concentration of 100 pg/ml. The
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resulting constructs were verified by restriction analysis using EcoRI and Xbal (expected
bands: 4,900 bp; 3,131 bp, and 2,375 bp) and commercial sequencing (SEQme

commercial service).

CpblelR CpblelF EcoRI_5F_TrpE2 3R_TipE2_EcoRI
TipC |<cpb1e | Pgpd
- -
PRS5426_cpble 5R_TrpE2 3F_TrpE2
PCRl PCR l PCR l
T }<6pme | T l T

S —

Yeast recombinational cloning

EcoRI l coRI
PRS426

Fig. 44 Cloning of pRS426:ATrpE2.

5’and 3’flanking regions of TrpE gene were amplified together with phleomycin resistance cassette from
gDNA of WT C. purpurea strain 20.1 and pRS426_CpBle, respectively, and cloned into EcoRI and Xhol-
digested pRS426 using yeast recombinational cloning method. Then, EcoRI-linearized pRS426.:4Trp21 was
used to transform protoplasts of C. purpurea strain 20.1.

Tab. 32 Sequences of primers used for generation of pRS426:4TrpE2.

EcoRI_5F TrpE2
5’-AACGCCAGGGTTTTCCCAGTCGAATTCGGCTCTACCACATGCCTCTT-3”
5R_TrpE2
5-TGCCCACTTAACGTTACTGAAATCTCCAACTTTTTCTTGCTCCCGTTTTG-3’
3F_TrpE2
5-TTGTAGGGGCTGTATTAGGTCTCGATCGTCCCTTGAAAAGTGGGAGTTT-3"
3R_TrpE2_EcoRlI
5-CAATTTCACACAGGAAACAGCGAATTCTTCACAGCATTCTTCGCAAT-3’
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4.3.2 Transformation of C. purpurea 20.1 and selection of obtained
fungi

Transformation of C. purpurea 20.1 protoplasts was performed according to 3.2.2
according to a published protocol (Jungehiilsing et al., 1994). OE:Cas9 C. purpurea 20.1
transformants were prepared as follows: 10 ug of pFC332 vector was used. Concerning
CRISPR/Cas9 directed mutagenesis, pyr4 and TrpE mutants were prepared by
transforming the fungus with 10 pg of pFC332:pyrd or pFC332:TrpE, respectively.
To generate ATrpE mutants prepared by HR-mediated gene knock-out and
A+CRISPR/Cas9 TrpE mutants prepared by CRISPR/Cas9-mediated HDR, 10 ug of
purified 4,900 bp fragment of pRS426:4TrpE2 digested with EcoRI alone or in
combination with 10 pg of pFC332:TrpE, respectively, were used to transform
C. purpurea 20.1 protoplasts.

While phleomycin (InvivoGen) in the final concentration of 33 pg/ml was added
directly to BIl transformation agar plates during the process of transformation,
Hygromycin B Gold (InvivoGen) in the final concentration of 200 pg/mL was added to
BIl transformation agar that was used to overlay BIl transformation agar plates with
regenerated protoplasts 24 h after transformation. In both cases, C. purpurea 20.1 mutants
were transferred 7 days after the transformation to BIl selection agar plates containing
100 pg/ml phleomycin (in the case of ATrpE C. purpurea 20.1 mutants) or 200 pug/ml
hygromycin (in the case of CRISPR/Cas9 TrpE and CRISPR/Cas9 pyr4 C. purpurea 20.1
mutants) or their combination (in the case of A+CRISPR/Cas9 TrpE C. purpurea 20.1
mutants).

C. purpurea 20.1 transformants with a mutation in pyr4 were grown on BII
selection agar plates supplemented with 10 mM uridine (Sigma-Aldrich) (Smit and
Tudzynski, 1992) and hygromycin, transformants with a mutation in TrpE gene were
grown on BII selection agar plates supplemented with 5 mM L-Trp (Sigma-Aldrich) and

appropriate antibiotic (hygromycin, phleomycin or both).
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4.3.3 C. purpurea 20.1 transformants expressing Cas9

4.3.3.1 Detection of Cas9 at DNA level

The presence of pFC332 in OE:Cas9 C. purpurea 20.1 mutants was confirmed by
diagnostic PCR using GoTaq G2 Flexi DNA polymerase (Tab. 9, 10) and two sets of
primers: dia_Cas9 fw and dia_Cas9 rev (1,203 bp), hph_fw and hph_rev (366 bp)
(Tab. 33).

Tab. 33 Sequences of primers used for diagnostic PCR of OE:Cas9 C. purpurea 20.1.

Primer Sequence

hph_fw 5'-GAATTCAGCGAGAGCCTGAC-3’
hph_rev 5-ACATTGTTGGAGCCGAAATC-3’

dia_Cas9_fw 5'-AGTACGTGACGGAGGGAATG-3’
dia_Cas9_rev 5-TTTGTGATCTGTCGCGTCTC-3’

4.3.3.2 Single spore isolation

Homokaryons of OE:Cas9 C. purpurea 20.1 were obtained by single spore isolation (see
3.2.3.2). Fungal spores were harvested from Mantle agar and plated on BII selection agar
plates containing hygromycin. After 3 days, germinated spores were transferred to new

Bl selection agar plates containing hygromycin.

4.3.3.3 Detection of Cas9 at RNA level

RNA was isolated from approximately 60 mg of lyophilized mycelium according to
Onate-Sanchez and Vicente-Carbajosa (2008) (see 3.2.4.5.2.1). After the treatment of
RNA samples with DNase | (TURBO DNA-free kit, Thermo Scientific) and purification
by LiCl precipitation, 1 pg of total RNA was transcribed into cDNA using RevertAid H
Minus First Strand cDNA Synthesis Kit (Thermo Scientific). Prepared cDNAs of WT and
OE:Cas9 C. purpurea 20.1 were used as templates for amplification of Cas9 (869 bp),
hygromycin resistance gene (366 bp), and y-actin (636 bp) using GoTag G2 Flexi DNA
polymerase (Tab. 9, 10) and primers Cas9_RT-PCR_fw and Cas9_RT-PCR_rev, hph_fw
and hph_rev, y-actin_RT-PCR_fw and y-actin_RT-PCR_rev. respectively (Tab. 33, 34).
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Tab. 34 Sequences of primers used for RT-PCR to detect Cas9 and y-actin in OE:Cas9 C. purpurea.

Primer Sequence

Cas9_RT-PCR_fw 5'-GCCAATGGAGAAATCCGTAA-3’
Cas9_RT-PCR_rev 5'-ATCGCTTACGGTCGATTGTC-3’
y-actin_RT-PCR_fw 5-CGCTCTCGTCATCGACAAAT-3’
y-actin_RT-PCR rev 5-ATTTCACGCTCGGCAGTAGT-3"

4.3.3.4 Stress assays

To compare the growth of WT and Cas9 expressing mutants, a small piece of 7-days old
mycelium was transferred to minimal MM2 agar plates supplemented with fungin (1, 2,
4, and 8 ug/ml), Congo red (50, 100, 200, and 400 pug/ml) and hydrogen peroxide (1, 2,
4, and 8 mM) according to a published protocol (Fuller et al., 2015). The experiment was
performed in six biological replicates; after 7, 10, and 14 days, the colony diameter was
measured with a ruler to the nearest mm. The data were analyzed using the non-parametric
Kruskal-Wallis ANOVA followed by multiple comparisons of mean ranks in Statistica

v.13.3 (TIBCO Software Inc.). Results are expressed as a mean value + standard error.

4.3.3.5 Pathogenicity assays

Pathogenicity assays were performed according to Tenberge et al. (1996) (see 3.2.3.4).
Infections were performed by piercing ears with a needle and syringe containing WT and
OE:Cas9 C. purpurea 20.1 conidial suspension (10 conidia/mL) harvested from Mantle

agar plates.

4.3.4 C. purpurea 20.1 transformants with a mutation in pyr4 generated
by CRISPR/Cas9

4.3.4.1 PCR-RFLP analysis

CRISPR/Cas9 pyr4 mutants of C. purpurea 20.1 were selected using PCR restriction
fragment length polymorphism (PCR-RFLP) analysis. Briefly, a part of pyr4d was
amplified from the gDNA using GoTag G2 Flexi DNA polymerase (Tab. 9, 10) and
primers PCR_pyr4 fw and PCR_pyr4d rev (705 bp) (Tab. 35); PCR amplicon was
digested with Ncol according to the manufacturer’s protocol (New England BioLabs).
While a restriction of WT should provide two bands (482 bp, 223 bp), a restriction of
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pyr4 hetero- and homo-karyons should result in three bands (706 bp, 482 bp, 223 bp) and
a single band (706 bp), respectively.

Tab. 35 Sequences of primers used for PCR-RFLP analysis in the case of CRISPR/Cas9 pyr4.

Primer Sequence
PCR_pyr4_fw 5'-CCATGGGTTCCTGATATTCG -3°
PCR_pyr4_rev 5-TTTTGCGGCGTATTGTACTG-3"

4.3.4.2 Single spore isolation

Homokaryons of CRISPR/Cas9 pyr4 C. purpurea 20.1 were obtained by single spore
isolation (see 3.2.3.2). Fungal conidia were harvested from Mantle agar plates
supplemented with 10 mM uridine (Sigma-Aldrich) (Smit and Tudzynski, 1992).
Obtained spores were grown on Bl selection agar plates containing 10 mM uridine and
hygromycin. After 3 days, germinated spores were transferred to new Bl selection agar
plates containing 10 mM uridine. Subsequently, each mycelium was transferred on
minimal MM1 agar plates with and without uridine, allowing thus putative pyr4
homokaryons to be selected based on uridine auxotrophy (Fig. 45).

Transfer of
germinating

spores
Mantle medium Spores BII medium
+ Hygzoo —_— + H},gzoo —_—

BIT medinm

+ Hyg?®
+ 10 mM wridine

+ 10 mM uridine

+ 10 mM uridine

Cultivation 3 weeks, 26°C Cultivation 3 days, 26°C Cultivation 7 days, 26°C

SN

Minimal MM1 medium

Minimal MM1 medium L.
+ 10 mM uridine

Cultivation 7 days, 26°C Cultivation 7 days. 26°C

Fig. 45 Schema of the selection of CRISPR/Cas9 pyr4 homokaryons.

CRISPR/Cas9 pyr4 heterokaryons of C. purpurea 20.1 were selected by single spore isolation on media
containing uridine and hygromycin, and then cultivated on minimal MM1 agar plates with or without
uridine.
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4.3.5 C.purpurea 20.1 transformants with a mutation in TrpE generated
by CRISPR/Cas9, HR, and CRISPR/Cas9-mediated HDR

4.3.5.1 Detection of mutations in TrpE transformants

As CRISPR/Cas9 pyr4 mutants, CRISPR/Cas9 TrpE mutants of C. purpurea 20.1 were
selected using PCR-RFLP analysis. Briefly, a part of pyr4 was amplified from the gDNA
using GoTaq G2 Flexi DNA polymerase (Tab. 9, 10) and primers PCR_TrpE_fw and
PCR_TrpE_rev (631 bp) (Tab. 36); PCR amplicon was digested with BsaAl according to
the manufacturer’s protocol (New England BioLabs). While a restriction of WT should
provide two bands (504 bp, 127 bp), a restriction of TrpE hetero- and homo-karyons
should result in three bands (631 bp, 504 bp, 127 bp) and a single band (631 bp),

respectively.

Tab. 36 Sequences of primers used for PCR-RFLP analysis in the case of CRISPR/Cas9 TrpE.

Primer Sequence
PCR_TrpE_fw 5'-GAGCCCGGTAAGTACTGCA-3’
PCR_TrpE_rev 5'-ATGCCGTAGAAGCGATCAAA-3’

The replacement of WT TrpE allele with phleomycin resistance cassette in ATrpE
mutants obtained by HR-mediated gene knock-out and CRISPR/Cas9-mediated HDR
was confirmed by diagnostic PCR using GoTaq G2 Flexi DNA polymerase (Tab. 9, 10)
and three sets of primers (Tab. 37) producing fragments of the following size:
dia_TrpE2_fw and phleohi3F2 (2,075 bp), phleooutHefe3 and dia_TrpE2_rev (1,740 bp)
dia_TrpE_WT2_fw and dia_TrpE2_rev (1,622 bp).

Tab. 37 Sequences of primers used for diagnostic PCR of ATrpE C. purpurea 20.1.

Primer Sequence

phlechi3F2 5'-GTGTTCAGGATCTCGATAAGATACG-3’
phleooutHefe3 5-GAGCTCGGTATAAGCTCTCC-3"
dia_TrpE2_fw 5'-CGGTCAGGGTCACAGCAG-3’
dia_TrpE_WT2_fw 5'-AGCAGCAAAACGAGAAAACC-3’
dia_TrpE2_rev 5-AGGACTGCCTTTGCATGCTC-3’
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4.3.5.2 Single spore isolation

Homokaryons of C. purpurea 20.1 with a mutation in TrpE were obtained by single spore
isolation (see 3.2.3.2). Fungal conidia were harvested from Mantle agar plates
supplemented with 5 mM L-Trp (Sigma-Aldrich). Obtained spores were grown on Bll
selection agar plates containing 5 mM L-Trp and hygromycin (CRISPR/Cas9 TrpE),
phleomycin (4TrpE), or both (4+CRISPR/Cas9 TrpE). After 3 days, germinated spores
were transferred to new BIl agar plates containing 5 mM L-Trp and appropriate
antibiotics. Subsequently, each mycelium was transferred on minimal MM2 agar plates
with and without L-Trp, allowing thus putative TrpE homokaryons to be selected based

on tryptophan auxotrophy (Fig. 46).

Transfer of
germinating
spores
Mantle medium Spores BII medium BII medium

+ATB E— +ATB — " +ATB

+5mM L-Trp

+5mM L-Trp

+5mM L-Trp

Cultivation 3 weeks, 26°C Cultivation 3 days. 26°C Cultivation 7 days. 26°C

SN

Minimal MM2 medium
Minimal MM2 medium

+5mM L-Trp

Cultivation 7 days. 26°C Cultivation 7 days, 26°C

Fig. 46 Schema of the selection of homokaryons with a mutation in TrpE.

TrpE heterokaryons of C. purpurea 20.1 were selected by single spore isolation on media containing L-Trp
and hygromycin (CRIPSR/Cas9 TrpE), phleomycin (4TrpE) or both (4+CRISPR/Cas9 TrpE), and then
cultivated on minimal MM1 agar plates with or without L-Trp.

4.3.5.3 Trp auxotrophy

To check Trp auxotrophy, all generated TrpE homokaryons (CRISPR/Cas9 TrpE, ATrpE,
and A+CRISPR/Cas9 TrpE) were cultivated on minimal MM2 agar plates with and
without 5 mM L-Trp.
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4.3.5.4 Pathogenicity assays

Pathogenicity assays were performed according to 3.2.3.4. Infections were performed
according to Tenberge et al. (1996) by piercing ears with a needle and syringe containing
WT and CRISPR/Cas9 TrpE, ATrpE, and A+CRISPR/Cas9 TrpE C. purpurea 20.1

conidial suspension (10° conidia/mL) harvested from MM2 agar plates supplemented
with 5 mM L-Trp.

4.3.6 Sequencing of CRISPR/Cas9 mutations in TrpE heterokaryons

Parts of TrpE around the PAM sequence was amplified from gDNA of T6 and T16
CRISPR/Cas9 TrpE C. purpurea 20.1 heterokaryons using Phusion High-Fidelity DNA
polymerase (Tab. 1, 2) and primers PCR_TrpE_fw and PCR_TrpE_rev (631 bp)
(Tab. 36). To clone these amplicons into pDRIVE (Fig. 19) (see 3.2.4.5.3.1), A overhangs
were created by the addition of GoTaqg G2 Flexi DNA polymerase into the PCR mixture
in the final elongation step. Plasmid DNA isolated from E. coli TOP10 clones resistant to

BsaAl cleavage were sequenced by commercial service (SEQme).

4.3.7 Recycling of AMA1-based plasmid
To obtain CRISPR/Cas9 TrpE C. pupurea 20.1 homokaryons that lost the pFC332:TrpE,

single spore isolation (see 3.3.3.2) using agar plates without selection pressure was
performed (Fig. 47).

Minimal MM2
Transfer of

L medium
germinating
+5 mM L-Trp
spores

—

Spores
—_—

Mantle medium

BII medium BII medium

+5mM L-Trp

+5mM L-Trp +5mM L-Trp

Minimal

MM2 medium

- ivati + -
Cultivation 3 weeks, 26°C Cultivation 3 days. 26°C Cultivation 7 days, 26°C 5 mM L-Tip

+ Hyg™

Cultivation 7 days. 26°C

Fig.47 Schema of the selection of CRISPR/Cas9 TrpE homokaryons of C. purpurea 20.1 sensitive to
hygromycin.
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4.4 Results

4.4.1 Vectors construction

4.4.1.1 USER cloning

Together, two CRISPR/Cas9 vectors targeting pyr4 (CPUR_06934.1) and TrpE
(CPUR_05013.1) that encode orotidine-5"-phosphate decarboxylase and a-subunit of
anthranilate synthase, respectively were prepared using USER cloning method (4.2.1.1).
SgRNA backbone was together with pyr4 or TrpE protospacer amplified from pFC334
(Fig. 48a, c¢) and then cloned into pFC332 digested with Pacl and NtBbcvl. Plasmids
isolated from E. coli TOP10 ampicillin-resistant clones were confirmed by restriction

analysis and then sequenced (Fig. 48b, d).

Putative pFC332:pyr4 - Sall

b e W WYV v w W

N Putative pFC332:TipE- Sall
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0.5 —

Fig. 48 Cloning of pFC332:pyr4 and pFC332:TrpE.

(@) Amplification of sgRNA in two parts with Phusion High-Fidelity DNA polymerase and primers
PgpdA_fw and pFC334 pyrd rev (545 bp), and pFC334 pyr4 fw and TtrpC_rev (424 bp). Primers
contained 20 bp of protospacer sequence targeting pyr4. As a template, pFC334 was used. M - 1 kb Plus
DNA ladder.

(b) Sall-digestion of putative plasmids pFC332:pyr4 isolated from E. coli TOP10 (expected bands: 9,297
bp; 3,945 bp; 2,761 bp, and 465 bp), M - 1 kb DNA ladder.

Plasmids 11 and 12 (red) were sequenced.

(c) Amplification of sgRNA in two parts with Phusion High-Fidelity DNA polymerase and primers
PgpdA_fw and pFC334_TrpE_rev (545 bp), and pFC334_TrpE_fw and TtrpC_rev (424 bp). Primers
contained 20 bp of protospacer sequence targeting TrpE. As a template, pFC334 was used M - 1 kb Plus
DNA ladder.

(d) Sall-digestion of putative plasmids pFC332:TrpE isolated from E. coli TOP10 (expected bands: 9,297
bp; 3,945 bp; 2,761 bp, and 465 bp), M - 1 kb DNA ladder.

Plasmids 10 and 11 (red) were sequenced.
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4.4.1.2 Yeast recombinational cloning

Vector pRS426:4TrpE2 for deletion of a-subunit of anthranilate synthase
(CPUR_05013.1) was prepared using yeast recombinational cloning (4.2.1.2). 5’and
3’flanking regions of TrpE and phleomycin resistance cassette were amplified from
gDNA of C. purpurea 20.1 and pRS426_CpBle, respectively (Fig. 49a, b). Obtained DNA
amplicons were cloned into Xhol+EcoRI-digested pRS426 (Fig. 49c). Plasmids isolated
from E. coli TOP10 ampicillin-resistant colonies were confirmed by restriction analysis
and then sequenced (Fig. 49d).

a b c DPRS426

o

1.5
0.5

d Putative pRS426:ATipE2— EcoRI + Xbal

1 2 3 4 5 6 7 8 9 1011 M
kb

e\ ’.,',.""

2EE A A A A A A

Fig. 49 Cloning of pRS426:ATrpE2.

(a) Amplification of phleomycin resistance cassette (1,847 bp) from pRS426_CpBle using Phusion High-
Fidelity DNA polymerase and primers CpblelF and CpblelR. M - 1 kb Plus DNA ladder.

(b) Amplification of 5’flanking (1,547 bp) and 3 flanking (1,500 bp) regions of TrpE from gDNA of WT
C. purpurea 20.1 using Phusion High-Fidelity DNA polymerase and primers EcoRI_5F TrpE2 and
5R_TrpE2, 3F _TrpE2 and 3R_TrpE2_EcoRI. M - 1 kb Plus DNA ladder.

(c) Digestion of pRS426 (5,756 bp) with enzymes Xhol and EcoRI. The non-digested plasmid was used as
a control. M - 1 kb Plus DNA ladder.

(d) EcoRI+Xbal-digestion of putative plasmids pRS426:ATrpE?2 isolated from E. coli TOP10 (expected
bands: 4,900 bp; 3,131 bp, and 2,375 bp), M - 1 kb DNA ladder.

Plasmids 1 and 2 (red) were sequenced.
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4.4.2 Generation and characterization of C. purpurea 20.1

transformants expressing Cas9

4.4.2.1 Detection of Cas9 at DNA level

By transforming protoplasts of C. purpurea 20.1 with pFC332 (Nedvig et al., 2015)
(4.3.2), mutants constitutively expressing Cas9 were prepared. Together, gDNA was
isolated from 30 putative OE:Cas9 C. purpurea 20.1 transformants that were resistant to
hygromycin; the presence of Cas9 and hph was checked by diagnostic PCR (4.2.3.1).

For further analyses only three independent mutants (marked as T1, T3, and T4)
were selected; homokaryons were selected by single spore isolation (4.2.3.2) and
confirmed again by diagnostic PCR (Fig. 50).
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Fig. 50 Diagnostic PCR of OE:Cas9 mutants of C. purpurea 20.1

Presence of AMA-1 based pFC332 in three independent OE:Cas9 mutants of C. purpurea 20.1 (T1, T3,
and T4) was confirmed by diagnostic PCR using primers dia_Cas9_fw and dia_Cas9_rev (1,203 bp) (upper
panel) and hph_fw and hph_rev (366 bp) (lower panel). The pFC332 and gDNA isolated from WT of C.
purpurea 20.1 were used as the positive and negative control, respectively; M, 1 kb Plus DNA ladder.
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4.4.2.2 Detection of Cas9 at RNA level

RNA was isolated from lyophilized mycelia of OE:Cas9 C. purpurea 20.1 and WT; the
expression of Cas9 was confirmed in all transformants by RT-PCR (4.2.3.3) (Fig. 51).

Cas9 HygR ACT
N <L ™ > < b3 QO ,{‘J &b‘
S & & o‘%/\ &

Fig. 51 RT-PCR of WT and OE:Cas9 C. purpurea 20.1 homokaryons.
Presence of Cas9, hygromycin resistance cassette (HygR), and y-actin (ACT) in three independent OE:Cas9
mutants of C. purpurea 20.1 (T1, T3, and T4) was confirmed by RT-PCR using primers Cas9_RT-PCR_fw
and Cas9_RT-PCR rev, hph fw and hph rev, y-actin_RT-PCR fw and y-actin_RT-PCR_rev,
respectively. gDNA from WT C. purpurea 20.1 was used as the negative control in the case of detection of
expression of Cas9 and hygromycin resistance; M, 1 kb Plus DNA ladder.

4.4.2.3 Stress assays

To test stress sensitivity, OE:Cas9 C. purpurea 20.1 were, together with WT, cultivated
on minimal MMZ2 agar plates supplemented with different concentrations of stress agents
Congo red, hydrogen peroxide, and fungin (4.2.3.4). After 7, 10, and 14 days, the colony
diameter was measured and no changes in phenotype were observed between WT and C.

purpurea 20.1 mutants (Fig. 52-54).
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Fig. 52 Growth comparison of WT and OE:Cas9 mutants of C. purpurea 20.1 on minimal MM2 agar
plates supplemented with Congo red in different concentrations.

Colony diameter was determined after 7 (a), 10 (b), and 14 (c) days. The non-parametric Kruskal-Wallis
ANOVA followed by multiple comparisons of mean ranks was used to compare the differences between
groups. Data comparing differences between WT and individual transformants are shown (all not
significant).
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Fig. 53 Growth comparison of WT and OE:Cas9 mutants of C. purpurea 20.1 on minimal MM2 agar
plates supplemented with fungin in different concentrations.

Colony diameter was determined after 7 (a), 10 (b), and 14 (c) days. The non-parametric Kruskal-Wallis
ANOVA followed by multiple comparisons of mean ranks was used to compare the differences between
groups. Data comparing differences between WT and individual transformants are shown (all not
significant).
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Fig. 54 Growth comparison of WT and OE:Cas9 mutants of C. purpurea 20.1 on minimal MM2 agar
plates supplemented with hydrogen peroxide in different concentrations.

Colony diameter was determined after 7 (a), 10 (b), and 14 (c) days. The non-parametric Kruskal-Wallis
ANOVA followed by multiple comparisons of mean ranks was used to compare the differences between
groups. Data comparing differences between WT and individual transformants are shown (all not
significant).
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4.4.2.4 Pathogenicity assays

Male sterile rye plants were inoculated with conidia of OE:Cas9 C. purpurea 20.1 and
WT (4.2.3.5). In all cases, honeydew started to be produced approximately 7 dpi,
sphacelia began to form a week later, and at the end of infection, sclerotia were formed
(Fig. 55).

WT OE:Cas9T1 OE:Cas9 T3 OE:Cas9 T4

7 dpi 60 dpi 7 dpi 60 dpi 7 dpi 60 dpi 7 dpi 60 dpi

Fig. 55 Infection of male-sterile rye plants by WT and OE:Cas9 C. purpurea 20.1 conidia. Pictures
were taken 7 dpi (production of honeydew) and 60 dpi (sclerotia).

4.4.3 Generation and characterization of C. purpurea 20.1

transformants with a mutation in pyr4 prepared by CRISPR/Cas9
Firstly, to test the efficiency of CRISPR/Cas9 in C. purpurea 20.1, pyr4 gene
(CPUR _06934.1) encoding orotidine 5"-phosphate decarboxylase involved in pyrimidine
biosynthesis was targeted. As CRISPR/Cas9 target site in pyr4 contains the Ncol
restriction site (Fig. 56a), C. purpurea 20.1 transformants were screened by PCR-RFLP
analysis (4.2.4.1). In total, only three independent pyr4 heterokaryons (marked as
CRISPR/Cas9 pyrd T27, T31, and T255) out of 405 primary hygromycin resistant
transformants were obtained after protoplasts transformation (Fig. 56b). CRISPR/Cas9
pyr4 homokaryons were subsequently selected by single spore isolation on media
containing hygromycin followed by the cultivation of fungi on minimal MM1 media with
and without 10 mM uridine (4.2.4.2). In total, only one uridine auxotroph out of 283
transformants derived from T27 was obtained, likewise one out of 157 from T31, and two
out of 254 from T255 were selected (Tab. 38).
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a CRISPR/Cas9

5- GTCTCGGTGGGGACGCLCATGGCGGAG
/
/ Ncol

5".CCATGG..3'
3"..GGTACC..5’
b CRISPR/Cas9pyr4 c CRISPR/Cas9pyr4
M T27 T31 T255 WTI M M T27 T31 T255 WTI M

e—
-
f—;
—
=
S
—
=

d WT GTCTCGGTGGGGACGCCCATGGCGGAG

T27 GTCTCGGTGGGGACGCCCACTGGCGGAG
T31 GTCTCGGTGGGGACGCCCACTGGCGGAG
T255 GTCTCGGTGGGGACGCCCACTGGCGGAG

Fig. 56 Characterization of CRISPR/Cas9 pyr4 homo- and hetero- karyons of C. purpurea 20.1.

(a) Design of pyr4 protospacer including the Ncol restriction site needed for PCR-RFLP analysis.

(b) PCR-RFLP analysis of CRISPR/Cas9 pyr4 heterokaryons (T27, T31, and T255): upper panel, PCR with
primers PCR_pyrd fw and PCR_pyr4 rev; lower panel, restriction of PCR product by Ncol (two blue
asterisks (482 bp and 223 bp), amplified part of non-mutated pyr4 cleaved by Ncol; orange asterisk (706
bp), amplified part of pyr4 resistant to Ncol cleavage containing a mutation; M, 1 kb Plus DNA ladder.

(c) PCR-RFLP analysis of CRISPR/Cas9 pyr4 homokaryons (T27, T31, and T255): upper panel, PCR with
primers PCR_pyr4 fw and PCR_pyr4 rev; lower panel, restriction of PCR product by Ncol (two blue
asterisks (482 bp and 223 bp), amplified part of non-mutated pyr4 cleaved by Ncol; orange asterisk (706
bp), amplified part of pyr4 resistant to Ncol cleavage containing a mutation. WT: wild type, M, 1 kb Plus
DNA ladder.

(d) Sequencing results of the region around PAM in CRISPR/Cas9 pyr4 homokaryons.

In (A) and (D), the PAM sequence is indicated in red bold characters, while the targeted site for Cas9 is
highlighted in yellow.

Tab. 38 Efficiency of single spore isolation in the case of selection of CRISPR/Cas9 pyr4 C. purpurea
20.1 homokaryons.

In total Uridine auxotrophs Efficiency (%)
T27 283 1 0.35
T31 157 1 0.64
T255 254 2 0.79
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After single spore isolation, one CRISPR/Cas9 pyr4 homokaryon derived from
each heterokaryon was checked again by PCR-RFLP analysis (Fig. 56¢); amplicons were
sequenced (Fig. 56d). The same mutations, an addition of cytidine 3 bp upstream the
PAM sequence, were detected in all three independent CRISPR/Cas9 pyr4 homokaryons.

Concerning the phenotype, all three CRISPR/Cas9 pyr4 homokaryons showed
uridine auxotrophy (data not shown), however, they were drastically impaired in the
growth, and unfortunately, it was impossible to cultivate or store them.

4.4.4 Generation and characterization of C. purpurea 20.1
transformants with a mutation in TrpE prepared by
CRISPR/Cas9, HR, and CRISPR/Cas9-mediated HDR

4.4.4.1 Mutations in TrpE mutants

The second selected target for application of CRISPR/Cas9 in C. purpurea 20.1 was the
TrpE (CPUR _05013.1) encoding the a-subunit of anthranilate synthase involved in Trp
biosynthesis (Wang et al., 2016). In the case of the mutating TrpE, the BsaAl restriction
site was included in the designed CRISPR/Cas9 target sequence (Fig. 57a). After
C. purpurea 20.1 transformation, ten independent TrpE heterokaryons (marked as
CRISPR/Cas9 TrpE T6, T16, T37, T40, T93, T248, T262, T275, T290, and T321) out of
364 primary transformants resistant to hygromycin were selected by PCR-RFLP analysis
(4.2.5.1) (Fig. 57b). TrpE homokaryons were obtained by single spore isolation on media
containing hygromycin and subsequent cultivations on minimal MM2 media with and
without 5 mM L-Trp (4.2.5.2) (Fig. 58, Tab. 39), and in the end, one chosen CRISPR/Cas9
TrpE homokaryon derived from each heterokaryon was again confirmed by PCR-RFLP

analysis (Fig. 57c¢).
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a CRISPR/Cas9
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d WT CCGGCGGCGCAATCGGCTACGTGGGCTACGACTGCGTACGGTACTTTG
Té CCGGCGGCGCAATCGGCTAACGTGGGCTACGACTGCGTACGGTACTTTG
T16 CCGGCGGCGCAATCGGCTACCGTGGGCTACGACTGCGTACGGTACTTTG
T37 CCEGCGGECGECAATCGGCTCCCTCGTTCCTGTCTGCTAATARGAGTCACACT TCGAGCGCCGCCGCTACTCAACTAGTCCTTGACTAGTCACT

BAACTACTTTGCAGCAACGAGGGTGAAGCTGGAAATGATCAGGACAATGGCGAGGGCCCGTAAGTACAGCCATTCAATGCAGACTAGTTGCTAACTAATC
TETGACTAGTTCAAGTGGTCCGTACGCCGTGCATACCCCTEGTGACTEGTCGTGGGCTACGACT GCGTACGGTACTTTG

T40 CCGGCGGCGCAATCGGCTAACGTGGGC TACGACTGCGTACGGTACTTTG

T93 CCGGCGGECGCAATCGGCTAACGTGGGC TACGACTGCGTACGGTACTTTG

T248 CCGGCGECGCAATCGGCTAACGTGGGC TACGACTGCGTACGGTACTTTG

T262 CCGGCGGCGCAATCTCTCCTGGAGGTAGCAGATGCGATTCTT GCGTCGTGTATAACGCCGGGTACTTTG

T275 CCGGCGGCGCAATCGGCTAGTCGTGAGTCAATATGGATTCCGAGCATCATT TTCTTGCGGT CTATCTTGCTACGTATGTTGATCTTGACGCT
GTGGATCAAGCAACGCCACTCGCTCGCTCCATCGCAGGCTGGTCGCAGACARATTAAAAGGCGGCARACTCGTACAGCCGCGEGGTTGTCCGCTGCARA
GTACAGAGTGATARAAGCCGCCATGCGACCATCAACGCGTTGATGCCCAGCTTTTTCGATCCGAGAAT CCACCGTAGAGGCGATAGCAAGTARAGAARA
GCTAAACAAAAAAAAATTTCTGCCCCTAAGCCATGAAAACGAGATGGGGTGGAGCAGAACCAAGGAAAGAGTCGCGCT GGGCTGCCGTTCCGGAAGGT G
TTGTAAAGGCTCGACGCCCAAGGTGGGAGTCTAGGAGAAGAATTTGCATCGGEAGTGGGGCGEGTTACCCCTCCATAT CCAATGACAGTATCTACCAGC
CRAGGGTTTGAGCCCGCCCGCTTAGTCGTCGTCCTCGCTTGCCCCTCCATARAAGGATTTCCCCTCCCCCTCCCACARAATTTTCTTTCCCTTCCTCTC
CTTGTCCGCTTCAGTACGTAWWTCTTCCCTTCCCTCSCTTCTYTCCTCCATCCTTCTTTCAT... (approximately 2500 bp)

T290 CCGGCGGECGCAATCGGCTAACGTGGGC TACGACTGCGTACGGTACTTTG

T321 CCGGCGGECGCAATCGGCTATGCGCTTCTTCTTEEEAGGETCGCCCCCCAGCGTGEGGCTACGACTGCGTACGGTACTTTG

Fig. 57 Characterization of CRISPR/Cas9 TrpE heterokaryons of C. purpurea 20.1.

(a) Design of TrpE protospacer with BsaAl restriction site needed for PCR-RFLP analysis.

(b) PCR-RFLP analysis of CRISPR/Cas9 TrpE heterokaryons (T6, T16, T37, T40, T93, T248, T262, T275,
T290, and T321): upper panel, PCR with primers PCR_TrpE_fw and PCR_TrpE_rev; lower panel,
restriction of PCR product by BsaAl (blue asterisks (504 bp and 127 bp), amplified part of non-mutated
TrpE cleaved by BsaAl; bands of size > 631 bp, amplified part of TrpE resistant to BsaAl cleavage
containing a mutation). WT: wild type; M, 1 kb Plus DNA ladder.

(c) PCR-RFLP analysis of CRISPR/Cas9 TrpE homokaryons (T6, T16, T37, T40, T93, T248, T262, T275,
T290, and T321): upper panel, PCR with primers PCR_TrpE_fw and PCR_TrpE_rev; lower panel,
restriction of PCR product by BsaAl (blue asterisks (504 bp and 127 bp), amplified part of non-mutated
TrpE cleaved by BsaAl; bands of size > 631 bp, amplified part of TrpE resistant to BsaAl cleavage
containing a mutation); M, 1 kb Plus DNA ladder.

(d) Sequencing results of the region around PAM in CRISPR/Cas9 TrpE homokaryons.

In (A) and (D), the PAM sequence is indicated in red bold characters, while the targeted site for Cas9 is
highlighted in yellow.
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Fig. 58 Selection of CRISPR/Cas9 TrpE C. purpurea 20.1 homokaryons.

Heterokaryons of C. purpurea 20.1 with a mutation in TrpE gene were selected by single spore isolation
on media containing L-Trp and hygromycin and then cultivated on minimal MM2 agar plates with or
without L-Trp.

Tab. 39 Efficiency of single spore isolation in the case of selection of CRISPR/Cas9 TrpE C. purpurea
20.1 homokaryons.

In total Tryptophan auxotrophs Efficiency (%)

T6 11 11 100
T16 10 10 100
T37 11 11 100
T40 9 2 22
T93 11 1 9
T248 11 11 100
T262 11 11 100
T275 11 11 100
T290 11 1 9
T321 7 7 100

As in the case of CRISPR/Cas9 TrpE heterokaryons, TrpE region around the PAM
was amplified from genomic DNA isolated from homokaryons and sequenced (Fig. 57d).
Whereas the same nucleotide, adenosine, was detected in five mutants (T6, T40, T93,
T248, and T290), cytidine was present in T16 mutant. Apart from these mutations,
insertions of 31 bp and > 2 kb occurred in mutants T321 and T275, respectively.
Moreover, a combination of insertion (222 bp and 46 bp) and deletion (1 bp and 25 bp)
occurred in T37 and T262 mutants, respectively.

Except for CRISPR/Cas9 directed mutagenesis of TrpE, the knock-out of this gene
was performed also by CRISPR/Cas9-mediated HDR and by the classical knock-out
approach mediated by HR. TrpE replacement vector used for both methods was prepared
by yeast recombinational cloning (4.2.1.2).

Concerning CRISPR/Cas9-mediated HDR, four independent TrpE heterokaryons
(marked as A+CRISPR/Cas9 TrpE T9, T50, T64, and T102) out of 116 primary
transformants resistant to hygromycin and phleomycin were obtained after C. purpurea

20.1 transformation (4.2.2); these mutants were confirmed by diagnostic PCR (4.2.5.1).
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Subsequently, TrpE homokaryons were selected by single spore isolation on media
containing both hygromycin and phleomycin and subsequent cultivations on minimal
MM2 media with and without 5 mM L-Trp (4.2.5.2) (Fig. 60, Tab. 40). Replacement of
TrpE by phleomycin resistance cassette was again confirmed in all chosen
A+CRISPR/Cas9 TrpE homokaryons by diagnostic PCR (Fig. 59b).

a
I 5'flank | IipC |<cpble | Pgpd | 3'flank |
- -
phlechi3F2 phleooutHefe3
dia_TrpE2_fw CRISPR/Cas9 dia TrpE WT2_fw dia_TrpE2_rev
=) '] = -
oo T sk ———————
b A+CRISPR/Cas9 TipE
T9 T50 T64 T102 WT
kb
5
1.5
0.5

Fig. 59 Confirmation of 4+CRISPR/Cas9 TrpE homokaryons of C. purpurea 20.1 prepared by
CRISPR/Cas9-mediated HDR by diagnostic PCR.

(a) Homologous recombination of TrpE replacement vector. Three different sets of primers (dia_TrpE2_fw
and phleohi3F2, phleooutHefe3 and dia_TrpE2_rev, dia_TrpE_WT2_fw and dia_TrpE2_rev) were used
for diagnostic PCR.

(b) Integration of TrpE replacement vector in four independent A+CRISPR/Cas9 TrpE transformants (T9,
T50, T64, and T102) confirmed by diagnostic PCR. Fragments were amplified with following primers: a,
dia_TrpE2_fw and Phleohi3F2; b, PhleooutHefe3 and dia TrpE2 rev; c, dia TrpE WT2 fw and
dia_TrpE2_rev. WT: wild type; M: 1 kb Plus DNA ladder.

A+CRISPR/Cas9 TipE

T9 T50 T64 T102
e\

MM2 + Hyg™®

Fig. 60 Selection of A+CRISPR/Cas9 TrpE C. purpurea 20.1 homokaryons.
Heterokaryons of 4+CRISPR/Cas9 TrpE C. purpurea 20.1 were selected by single spore isolation on media
containing L-Trp and hygromycin and phleomycin, and then cultivated on minimal MM2 agar plates with

or without L-Trp.
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Tab. 40 Efficiency of single spore isolation in the case of selection of A+CRISPR/Cas9 TrpE C.
purpurea 20.1 homokaryons.

In total Tryptophan auxotrophs Efficiency (%)
T9 11 11 100
T50 11 11 100
T64 11 11 100
T102 11 11 100

In the case of HR-mediated gene knock-out, six independent TrpE heterokaryons
(marked as ATrwpE T42, T94, T95, T181, T200, and T326) out of 384 primary
transformants resistant to phleomycin were obtained after C. purpurea 20.1
transformation (4.2.2); these mutants were confirmed by diagnostic PCR (4.2.5.1)
(Fig. 61a).

Subsequently, TrpE homokaryons were selected by single spore isolation on
media containing phleomycin and subsequent cultivations on minimal MM2 media with
and without 5 mM L-Trp (4.2.5.2) (Fig. 62, Tab. 41). Replacement of TrpE by
phleomycin resistance cassette was again confirmed in all chosen ATrpE homokaryons
by diagnostic PCR (Fig. 61b).

a
5" flank | TipC <cpble | Pgpd 3 flank
phleohi3F2 phleooutHefe3
dia_TrpE2_fw dia_TrpE_WT2_fw dia_TrpE2_rev
b ATipE
T42 T94 T95 T181 T200 T326 WT

kb

1.5
0.5

Fig. 61 Confirmation of 4+CRISPR/Cas9 TrpE homokaryons of C. purpurea 20.1 prepared by
classical gene knock-out approach based on HR by diagnostic PCR.

(a) Homologous recombination of TrpE replacement vector. Three different sets of primers (dia_TrpE2_fw
and phleohi3F2, phleooutHefe3 and dia_TrpE2_rev, dia_TrpE_WT2_fw and dia_TrpE2_rev) were used
for diagnostic PCR.

(b) Integration of TrpE replacement vector in six independent ATrpE C. purpurea 20.1 (T42, T94, T95,
T181, T200, and T326) confirmed by diagnostic PCR. Fragments were amplified with the following
primers: a, dia_TrpE2_fw and Phleohi3F2; b, PhleooutHefe3 and dia_TrpE2_rev; c, dia_TrpE_WT2_fw
and dia_TrpE2_rev (M, 1 kb Plus DNA ladder).
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Fig. 62 Selection of ATrpE C. purpurea 20.1 homokaryons.
Heterokaryons of ATrpE C. purpurea 20.1 were selected by single spore isolation on media containing L-
Trp and phleomycin and then cultivated on minimal MM2 agar plates with or without L-Trp.

Tab. 41 Efficiency of single spore isolation in the case of selection of ATrpE C. purpurea 20.1
homokaryons.

In total Tryptophan auxotrophs Efficiency (%)
T42 11 11 100
T94 11 1 9
T95 11 11 100
T181 11 3 27
T200 11 11 100
T326 11 11 100
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4.4.4.2 Trp auxotrophy

Concerning the phenotype, all selected TrpE homokaryons (CRISPR/Cas9 TrpE,
A+CRISPR/Cas9 TrpE, and ATrpE) exhibited Trp auxotrophy (4.2.5.3) (Fig. 63).

a CRISPR/Cas9 TrpE

WT T6 T16 T37 T40 T93 T248 T262 T275 T290 T321

MM2.+ Hyo 200 N /4 /A ol Y,
/f N / /,.-’ ), \ N\ /
0, Q ® L K RO )
MM +Hyg0E Y \ \ A\ X \
b ATipE
WT T42 To4 T95 T181 T200 T326
MM2HF Hw
Ml\ Syg? ’w L-Fip__ y O . .
c A+CRISPR/Cas9 TrpE
WT T9 T50 T64 T102

MV Hyg?® =

/ / /
\ \
N \ 4 S

MM2 +Hyg? 5 mM L-Tip

Fig. 63 Cultivation of CRISPR/Cas9 TrpE, A+CRISPR/Cas9 TrpE, and ATrpE C. purpurea 20.1
homokaryons together with WT on minimal MM2 agar plates with and without 5 mM L-Trp.

4.4.4.3 Pathogenicity assays

All selected TrpE homokaryons (CRISPR/Cas9 TrpE, A+CRISPR/Cas9 TrpE, and
ATrpE) were used to infect male-sterile rye plants (4.2.5.4). Only in the case of WT
C. purpurea 20.1 a production of honeydew, formation of sphacelia, and then sclerotia

could be observed approximately 7, 14, and 21 dpi, respectively (Fig. 64).
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Fig. 64 Infection of rye plants with C. purpurea 20.1 transformants containing a mutation in TrpE.
(a) Rye florets inoculated with conidia of WT and TrpE mutants generated by CRISPR/Cas9 (CRISPR/Cas9
(b) Rye florets inoculated with conidia of TrpE mutants generated by CRISPR/Cas9 (CRISPR/Cas9 TrpE
T6, T16, T37, T40, T93, T248, T262, T275, T290, and T321).

(c) Rye florets inoculated with conidia of TrpE mutants generated by CRISPR/Cas9-mediated HDR
(4+CRISPR/Cas9 TrpE T9, T50, T64, and T102).

(d) Rye florets inoculated with conidia of TrpE mutants generated by gene knock-out based on HR (4TrpE
T42, T94, T95, T181, T200, and T326).

Photos were taken after 7 dpi (production of honeydew) and 60 dpi (sclerotia).
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4.4.5 Sequencing of mutations in CRISPR/Cas9 TrpE heterokaryons

TrpE region around the PAM sequence was amplified from the gDNA of two independent
TrpE heterokaryons (T6 and T16), cloned into pDRIVE vector, and the ligation mixture
was transformed into E. coli (4.2.6). Seven and five randomly selected E. coli TOP10
clones resistant to BsaAl restriction (Fig. 65, 66) derived from T6 and T16 heterokaryons
respectively were sequenced. According to the results, two clones derived from T6 and
two clones derived from T16 contained thymidine and five clones derived from T6 and
three clones derived from T16 contained adenosine inserted 3 bp upstream of the PAM

sequence.

Putative pDRIVE:part TrpE_mutant 6—EcoRI + BsaAl

M 1 2 3 4 5 6 7 8 9 10 11

Fig. 65 Digestion of putative pDRIVE:part_TrpE_mutant 6 plasmids with restriction endonucleases
EcoRI and BsaAl (expected bands: 3,332 kb, 631 bp, and 445 bp).

M — 1 kb Plus DNA ladder

Plasmids 3, 7, 8, 9, 12, 13, and 26 (red) were sequenced.
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Putative pDRIVE:part TrpE_mutant 16— EcoR1 + BsaAl
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Fig. 66 Digestion of putative pDRIVE:part_TrpE_mutant 16 plasmids with restriction endonucleases
EcoRI and BsaAl (expected bands: 3,332 kb, 631 bp, and 445 bp).

M — 1 kb Plus DNA ladder.

Plasmids 22, 39, 42, 43, and 49 (red) were sequenced.
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4.4.6 Recycling of AMA-1 based plasmid

Firstly, Trp auxotrophy and resistance to hygromycin were confirmed in all selected TrpE
homokaryons T40, T93, T248, and T321 (Fig. 67).

Hvg® CRISPR/Cas9 TipE

WT T40 T93 T248 T321
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Fig. 67 Growth of four independent CRISPR/Cas9 TrpE C. purpurea 20.1 homokaryons resistant to
hygromycin (T40, T93, T248, and T321) together with WT on minimal MM2 agar plates with
different supplements as indicated.

After that, single spore isolation on media without antibiotics and subsequent
cultivation on minimal MM2 media supplemented with 5 mM L-Trp and with and without
hygromycin were performed (4.2.7).

C. purpurea 20.1 mutants sensitive to hygromycin appeared immediately after the
first round of single spore isolation (Fig. 68, Tab. 42). To ensure that the isolates sensitive
to hygromycin indeed represent CRISPR/Cas9 TrpE C. purpurea 20.1 homokaryons and
not WT, eleven hygromycin sensitive isolates per each mutant were cultivated on four
different media (Fig. 69). As expected, all isolates except two derived from T93 mutant,
exhibited Trp auxotrophy and remained sensitive to hygromycin. The sensitivity to
hygromycin and Trp auxotrophy of selected CRISPR/Cas9 TrpE homokaryons (T40, T93,
T248, and T321) can be seen in Fig. 70.
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Tab. 42 Efficiency of single spore isolation in the case of selection of hygromycin resistant
CRISPR/Cas9 TrpE C. purpurea 20.1 homokaryons.

In total Sensitive to Hyg Efficiency (%)
T40 50 32 64
T50 44 18 41
T64 54 11 20
T102 33 27 82
CRISPR/Cas9TipE
T40 T93 T248 T321

Fig. 68 Growth of C. purpurea 20.1 mutants obtained by single spore isolation on minimal MM2 agar
plates containing L-Trp with and without hygromycin.
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Fig. 69 Growth of fungi derived from four independent CRISPR/Cas9 TrpE C. purpurea 20.1
homokaryons (T40, T93, T248, and T321) obtained after single spore isolation without selection
pressure on minimal MM2 agar plates with different supplements as indicated.
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Fig. 70 Removal of AMAL1-based plasmid pFC332:TrpE from CRISPR/Cas9 TrpE C. purpurea 20.1

homokaryons
Cultivation of CRISPR/Cas9 TrpE C. purpurea 20.1 homokaryons (T40, T93, T248, and T321) selected by

single spore isolation on medium without selection pressure together with WT on minimal MM2 agar plates
with different supplements as indicated.
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4.5 Discussion

4.5.1 Generation and characterization of OE:Cas9 C. purpurea 20.1
Before developing a genome editing protocol for ergot, it was necessary to obtain Cas9
gene overexpressing line, in which the accumulation of Cas9 enzyme did not interfere
with the normal development of the fungus. To check whether the expression of Cas9 has
some effect on the phenotype of C. purpurea 20.1, transformants expressing Cas9 under
the strong constitutive promoter tefl from Aspergillus nidulans (Nedvig et al., 2015) were
prepared.

The presence of the Cas9 in these mutants was firstly verified at the DNA level
by diagnostic PCR (Fig. 50); moreover, its successful transcription into RNA was
confirmed by RT-PCR (Fig. 51). In general, the production of Cas9 in fungi is usually
confirmed by western blot using an anti-Cas9 antibody (Liu et al., 2015a; Chen et al.,
2018). Alternatively, the Cas9 is fused to a gene that encodes a green fluorescent protein
(GFP); thus, its production and even the localization can be checked by fluorescence
microscopy (Liu et al., 2015a; Zheng et al., 2017). Another option represents a fusion of
the Cas9 with tags such as Myc-tag (Chen et al., 2017) or FLAG-tag (Katayama et al.,
2016), thus commercially available antibodies against these tags can be used. However,
as it has been reported earlier that pFC332 vector containing Cas9 gene has effectively
worked not only in Aspergillus sp. (Kuivanen et al., 2016; Nedvig et al., 2015; van
Leeuwe et al., 2019; Kadooka et al., 2020) but also in other filamentous fungi including
A. alternata (Wenderoth et al., 2017), T. atroroseus (Nielsen et al., 2017), and P.
subrubescens (Salazar-Cerezo et al., 2020), we decided to use this vector directly without
any further modifications and the production of Cas9 protein was not checked.

To test stress sensitivity (Fuller et al., 2015), OE:Cas9 C. purpurea 20.1
transformants were, together with WT, cultivated on agar plates supplemented with
different concentrations of Congo red, a secondary diazo dye that binds to polysaccharide
fibrils in the cell wall (Vannini et al., 1983), hydrogen peroxide as a reactive oxygen
species that induce oxidative stress damage (Ward et al., 1987) and fungin, an anti-fungal
agent that disrupts ionic exchange through the cell membrane (Kia et al., 2018). As
expected, no significant changes in phenotype were observed after 7, 10, and 14 days

between WT and C. purpurea mutants (Fig. 52-54).
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Moreover, generated mutants were together with WT inoculated on male-sterile
rye plants. According to the results, a honeydew, sphacelia, and also sclerotia were
formed during the infection process in the case of all OE:Cas9 transformants and WT,
thus confirming that the expression of Cas9 did not interfere with fungal growth and
development (Fig. 55).

4.5.2 Generation of CRISPR/Cas9 mutants in C. purpurea 20.1
In this work, we used C. purpurea strain 20.1, which genome has already been sequenced
(Schardl et al., 2013), for CRISPR/Cas9 directed mutagenesis. While protoplasts
prepared from this fungus are multinucleate and their transformation usually results in
heterokaryotic mutations, its spores are uninucleate, thus homokaryons can be obtained
by single spore isolation. Unfortunately, this method is laborious and time-consuming
especially when the mutation does not produce an easily observable phenotype or mutants
cannot be selected based on their resistance to fungicide or other specific compounds.
Because we decided to mutate pyr4 and TrpE genes encoding orotidine
5’-phosphate decarboxylase involved in pyrimidine biosynthesis and a-subunit of
anthranilate synthase involved in Trp biosynthesis, respectively, a robust screening
method to reveal CRISPR/Cas9 mutations in C. purpurea had to be developed. For this
reason, PCR-RFLP analysis based on the amplification of DNA fragment around the
PAM sequence and its subsequent restriction was used. This method has already been
performed in plants (Liu et al., 2015b; Osakabe et al., 2016; Ueta et al., 2017), oomycete
Phytophtora sojae (Fang and Tyler, 2016), and phytopathogenic fungus Leptosphaeria
maculans (Idnurm et al., 2017). Compared to other advanced methods such as
sequencing-based techniques (e.g. amplicon next- sequencing, NGS (Bell et al., 2014);
tracking indels by decomposition, TIDE (Etard et al., 2017); indel detection by
amplification analysis, IDEAA (Lonowski et al., 2017)) or denaturation-based methods
(e.g. high-resolution melting, HRM (Samarut et al., 2016); single-stranded
conformational polymorphism, SSCP (Zheng et al., 2016); mismatch-sensitive
endonucleases T7/Surveyor (Huang et al., 2012), PCR-RFLP analysis is inexpensive and
does not require special equipment, cloning step prior to sequencing or additional
denaturation/renaturation steps. On the other hand, it is quite laborious when hundreds of
mutants have to be screened, and most importantly, it requires a suitable restriction site

within the target sequence.
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4.5.2.1 Targeting pyr4 gene

First, to test the efficiency of CRISPR/Cas9 in C. purpurea 20.1, pyrd gene
(CPUR _06934.1) encoding orotidine 5 "-phosphate decarboxylase (EC 4.1.1.23) involved
in pyrimidine biosynthesis was targeted. This enzyme catalyzing the decarboxylation of
orotidine monophosphate (OMP) to uridine monophosphate (UMP) (Silverman and
Groziak, 1982) has already been mutated in many different filamentous fungi including
Aspergillus sp. (van Hartingsveldt et al., 1987; de Ruiter-Jacobs et al., 1989; Weidner
et al., 1998), Penicillium chrysogenum (Diez et al., 1987) and Trichoderma reesei (Smith
et al., 1991). Moreover, this gene has already been mutated in C. purpurea strain T5 and
as expected, obtained pyr4 mutants showed uridine auxotrophy and were resistant to
5-FOA (Smit and Tudzynski, 1992), however, since 1992 they have never been used for
further experiments.

As CRISPR/Cas9 pyr4 target site contains the Ncol restriction site (Fig. 56a)
CRISPR/Cas9 pyr4 heterokaryons were selected by PCR-RFLP analysis (Fig. 56b). In
this case, very low (< 1 %) transformation efficiency was observed. Together three
independent CRISPR/Cas9 pyr4 homokaryons were obtained by single spore isolation
and confirmed by PCR-RFLP analysis (Fig. 56¢). Surprisingly, also, in the case of single
spore isolation, very low efficiency (< 1 %) was observed (Tab. 38). On the other hand,
a similar result has been shown for Fusarium graminearum where RNAseq analysis of
FgOs1 transformant containing Cas9 and sgRNA that was not exposed to fludioxonil has
revealed the efficiency of homokaryon isolation in the range of 1-10 % (Gardiner and
Kazan, 2018).

Concerning the data from Sanger DNA sequencing, the same mutations, an
addition of cytidine 3 bp upstream the PAM sequence, were detected in all three
independent CRISPR/Cas9 pyr4 homokaryons (Fig. 56d). The position of this mutation
correlates with other CRISPR/Cas9 mutations reported in the literature as Cas9 induces
mutations mostly 3-4 bp upstream of PAM sequence (Fuller et al., 2015; Katayama et al.,
2016; Nedvig et al., 2015). Moreover, the same mutation, 1 bp deletion, has also been
detected for example in two independent transformants of Rhizopus delemar (Bruni et al.,
2019).

As expected, the insertion of one nucleotide led to a frameshift and resulted in
uridine auxotrophy of the mutants. Nevertheless, the CRISPR/Cas9 pyr4 homokaryons

were drastically impaired in their growth compared to pyr4 heterokaryons and WT; their
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mycelium was transparent, and unfortunately, it was impossible to cultivate or store them.
This was surprising as C. purpurea uridine auxotrophs lacking OMPD activity have been
already prepared previously (Smit and Tudzynski, 1992). However, in this case,
a different fungal strain, T5, was used for transformation and although this mutation was
complemented by OMPD genes of C. purpurea, A. niger, and N. crassa, the mutated

sequence in pyr4 gene has never been characterized (Smit and Tudzynski, 1992).

4.5.2.2 Targeting TrpE gene

The second selected target for application of CRISPR/Cas9 in C. purpurea 20.1 was the
TrpE gene (CPUR _05013.1) that encodes the putative a-subunit of anthranilate synthase
(EC: 4.1.3.27) involved in Trp biosynthesis (Wang et al., 2016). In filamentous fungi, the
Trp biosynthesis is ensured by four genes (TrpB, TrpC, TrpD, and TrpE), encoding three
different enzymatic components that catalyze the five sequential reactions leading to the
final product (Hiitter and DeMoss, 1967). Fungal anthranilate synthase catalyzing the
conversion of chorismic acid to anthranilic acid consists of two subunits: the a-subunit
encoded by TrpE gene and the B-subunit, a trifunctional peptide that contains also
phosphoribosylanthranilate isomerase and indole-3-glycerol-phosphate synthase, all
encoded by TrpC gene (Hiitter et al., 1986). Compared to the B-subunit, the a-subunit
contains a chorismate binding site and Trp-feedback inhibition domain, thus it can
synthesize anthranilic acid independently in the presence of high levels of ammonia
(Crawford and Eberly, 1986). Moreover, TrpE knock-out mutants of Aspergillus
fumigatus exhibited Trp auxotrophy (Wang et al., 2016).

As the BsaAl restriction site was included in the designed CRISPR/Cas9 target
sequence (Fig. 57a) transformants were screened by PCR-RFLP analysis (Fig. 57b).
Together, ten independent CRISPR/Cas9 TrpE heterokaryons were prepared, thus
provide the transformation efficiency of 2.75 %. After, the CRISPR/Cas9 TrpE
homokaryons were obtained (Fig. 58, Tab. 39) and verified again by PCR-RFLP analysis
(Fig. 57c¢); moreover, mutations in TrpE gene were sequenced (Fig. 57d).

Correspondingly to CRISPR/Cas9 pyr4 mutants described above, mutations were
located mostly 3 bp upstream of the PAM sequence. Interestingly, except for 1 bp
insertion, insertion of larger DNA fragments and their combination with deletion
occurred. Concerning the phenotype, all ten CRISPR/Cas9 TrpE homokaryons showed
Trp auxotrophy (Fig. 63a).
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Although the CRISPR/Cas9 transformation efficiencies were quite low in the case
of targeting both genes, pyr4 and TrpE, obtained CRISPR/Cas9 homokaryons showed
expected phenotypes, uridine, and tryptophan auxotrophy, respectively. Although
CRISPR/Cas9 system based on the same principle thus containing SgRNA flanked by two
ribozymes has provided quite high transformation efficiencies in Aspergilllus sp. (Nedvig
et al., 2015) and in A. alternata (Wenderoth et al., 2017), any transformants have been
selected in fungus Cordyceps militaris (Chen et al., 2018). Although the expression of
SgRNA cassette was confirmed in this fungus by gPCR and the production of Cas9 was
successfully detected by western blot analysis and its localization was confirmed by
fluorescence microscopy as it was fused with GFP, most probably sgRNA cassette did
not generate functional sgRNA. Concerning CRISPR/Cas9 in C. purpurea, we did not
check the expression of sgRNA and its production as we successfully obtained
CRISPR/Cas9 mutants. However, to increase the transformation efficiency in this ergot
fungus in vitro synthesized sgRNA (Kuivanen et al., 2016; Kuivanen et al., 2017; Chen
et al., 2018) could be used in the future instead of the self-processing system or higher
amount of CRISPR/Cas9 plasmid could be utilized for protoplasts transformation.
Alternatively, exposure time to Cas9 could be prolonged as it has already been
demonstrated in Aspergillus sp. (Nedvig et al., 2015), A. alternata (Wenderoth et al.,
2017), and also in U. maydis (Schuster et al., 2018) that CRISPR/Cas9 transformation
efficiency can be increased by prolonging culturing of fungi on media under selection
pressure.

Interestingly, it has been demonstrated that different mutations can occur in
CRISPR/Cas9 heterokaryons when Cas9 is constitutively expressed (Gardiner and Kazan,
2018). To test if different mutations occurred also in C. purpurea heterokaryons, TrpE
region around the PAM sequence was amplified from the genomic DNA of two
independent CRISPR/Cas9 TrpE heterokaryons, cloned into pDRIVE vector and
sequenced (Fig. 65, 66). Surprisingly, sequencing data confirmed this hypothesis; two
different mutations have been detected in E. coli clones derived from both CRISPR/Cas9
TrpE heterokaryons. Moreover, while selected TrpE homokaryon T16 used for
PCR-RFLP analysis and further experiments contained cytidine inserted 3 bp upstream
of the PAM, only thymidine and adenosine were detected in all five randomly selected
E. coli clones derived from T16 heterokaryon. Most probably, too few E. coli clones were

sequenced to reveal all CRISPR/Cas9 mutations that occurred in this heterokaryon.
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4.5.3 Knock-out of TrpE in C. purpurea 20.1 generated by HR and
CRISPR/Cas9-mediated HDR

In general, it has been shown that the HIF can be increased in yeasts and filamentous
fungi when a double-strand break is introduced into the target gene (Arras et al., 2016;
Pohl et al., 2016). Thus, CRISPR/Cas9-mediated HDR has already been developed and
used for gene targeting in filamentous fungi (Kuivanen et al., 2016; Pohl et al., 2016; Liu
et al., 2017; Zheng et al., 2017). In this method, components for CRISPR/Cas9 are
co-transformed into fungal protoplasts together with HR repair template containing
a selection marker, thus any gene regardless of its function can be targeted and the
mutation can be easily confirmed by diagnostic PCR. In this case, HIF also depends on
the size of flanking regions. For example, the highest HIF has occurred in P. sojae when
donor DNA containing 1 kb flanking regions were used for transformation (Fang and
Tyler, 2016); on the other hand, flanking regions with a size of 30-60 bp have yielded
quite a lot of positive transformants in Aspergillus sp. (Nedvig et al., 2015) and
P. chrysogenum (Pohl et al., 2016). Although donor DNA is usually introduced in
double-stranded form as a circular or linearized plasmid, single-stranded DNA
oligonucleotides have also been successfully used (Nodvig et al., 2018).

To show that CRISPR/Cas9 TrpE homokaryons behave in the same way as
transformants obtained by the gene-knock-out approach when the target gene is
completely replaced by a resistance cassette, TrpE gene was deleted in C. purpurea 20.1
also by CRISPR/Cas9-mediated HDR and by classical approach mediated by HR.

Concerning CRISPR/Cas9-mediated HDR and HR-mediated gene knock-out,
four independent A+CRISPR/Cas9 TrpE heterokaryons (transformation efficiency
3.45 %) and six independent ATrpE heterokaryons (transformation efficiency 1.45 %),
respectively were selected after C. purpurea 20.1 protoplasts transformation. All TrpE
homokaryons were selected by single spore isolation (Fig. 60, 62, Tab. 40, 41) and
verified by diagnostic PCR (Fig. 59, 61). As CRISPR/Cas9 TrpE homokaryons, all these
mutants exhibited Trp auxotrophy (Fig. 63b, c).

As expected, HR-mediated gene knock-out provided the lowest transformation
efficiency, but the efficiency well correlates with 1-2 % reported earlier (Oeser et al.,
2002). On the other hand, the transformation efficiency of CRISPR/Cas9-mediated HDR
was the highest but still very low. This was not so surprising as the efficiency of

HDR-based editing relies not only on the design of Cas9 and sgRNA but also on the
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length of the homology arms and efficiencies of the NHEJ and HR pathways in selected

organisms.

4.5.4 Infections of rye plants with C. purpurea 20.1 TrpE mutants
Finally, all prepared TrpE mutants were inoculated on male-sterile rye plants (Fig. 64).
Surprisingly, only in the case of WT C. purpurea 20.1 a production of honeydew,
formation of sphacelia, and then sclerotia could be observed approximately 7, 14, and 21
dpi, respectively. As all these mutants behave phenotypically the same as WT except for
Trp auxotrophy, it can be concluded that the virulence phenotype was caused by the
mutation in TrpE gene. Most probably, Trp auxotrophs were non-infectious because of
decreased levels of auxins, plant hormones previously detected in C. purpurea 20.1
(Hinsch et al., 2015) that are predominantly synthesized in fungi from L-Trp. Besides, it
is well documented that these compounds are involved in plant-pathogen interactions
(‘YYamada, 1993).

4.5.5 Recycling of AMA1-based plasmid
In this work, either pFC332:pyr4 or pFC332:TrpE containing autonomously replicating

sequence AMAL, was introduced into C. purpurea 20.1 solely for performing
CRISPR/Cas9 directed mutagenesis, so it would be useful to remove them from the
mutant strains. Although this type of vector was not used for C. purpurea transformation
before, in other fungi it can be lost by repeated culturing on a non-selective medium
(Nedvig et al., 2015; Weyda et al., 2017). Therefore, we decided to cultivate four
randomly selected independent CRISPR/Cas9 TrpE homokaryons of C. purpurea 20.1 on
media without hygromycin.

After, Trp auxotrophy and resistance to hygromycin were confirmed in four
selected TrpE homokaryons (Fig. 67), single spore isolation on media without antibiotic,
and subsequent cultivation on minimal media supplemented with L-Trp and with and
without hygromycin were performed (Fig. 68, Tab. 42). Surprisingly, compared to
published work on Aspergillus carbonarius where hygromycin-sensitive transformants
were obtained after three rounds of single spore isolation (Weyda et al., 2017),
C. purpurea mutants sensitive to hygromycin appeared immediately after the first round
with efficiency ranging from 20 to 82 %. The sensitivity to hygromycin and Trp
auxotrophy of selected CRISPR/Cas9 TrpE homokaryons was also confirmed (Fig. 69).
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By the cultivation process described above, we demonstrated that the
autonomously replicating vector pFC332:TrpE used to perform CRISPR/Cas9 directed
mutagenesis can be fully removed from C. purpurea 20.1 genome (Fig. 70). This brings
forward an opportunity to design a mutation strategy for virtually any gene without
changing the selection marker. According to our knowledge, so far only hygromycin and
phleomycin resistance cassettes have been used for C. purpurea 20.1 transformant
selection (Hinsch et al., 2015; Kind et al., 2018), thus by using this approach C. purpurea
transformant containing mutations in three or even more genes could be prepared by
CRISPR/Cas9 with AMA1-based plasmid.
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5 Genetic transformation of fungi from the genus Fusarium

5.1 Introduction
Fusarium graminearum (teleomorph Gibberella zeae), previously also known as
F. graminearum group 2 is a homothallic pathogenic fungus that infects mostly wheat
and barley with Fusarium head blight (FHB) disease and maize with Fusarium stalk or
ear rot disease. Fusarium pseudograminearum (teleomorph Gibberella coronicola)
previously also known as F. graminearum group 1 is a haploid heterothallic pathogenic
fungus that also causes Fusarium head blight of crops; moreover, it infects wheat and
barley with a disease known as crown rot. In contrast to F. graminearum and
F. pseudograminearum, fungi from Fusarium oxysporum species complex (FOSC)
colonize more than 120 plant species including cotton, banana, and tomato and cause
vascular wilts, crown rot, foot rot and root rot; moreover, human pathogenic and
non-pathogenic strains were identified in this complex. For example, F. oxysporum f. sp.
medicaginis infects Medicago plants.

In this part of work, we decided to transform F. graminearum,
F. pseudograminearum, and F. oxysporum f. sp. medicaginis with green and red reporter
genes. In the future, F. graminearum and F. pseudograminearum mutants will be
inoculated on WT barley plants (Hordeum vulgare) and plants with inactivated or
downregulated mitogen-activated proteinkinases HYMPK3 or HVMPKG6 prepared by
CRISPR/Cas9 or RNAI, respectively.F. oxysporum f. sp. medicaginis mutants will be
inoculated on WT alfalfa plants (Medicago sativa) and plants with downregulated or
upregulated mitogen-activated proteinkinases SIMKK or GFP-SIMK prepared by RNAI
or overexpression, respectively. Plant-fungus interactions will be monitored using novel

microscopic techniques.
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5.2 Material

5.2.1 Buffers and solutions

Transformation of F. graminearum and F. pseudograminearum
50% PEG 4000
e 20.9 ml 60% PEG 4000, 0.25 ml 1 M Tris, 1.25 ml 1 M calcium chloride, 2.7 ml
sterile distilled water
IxSTC
e 24 ml 2 M sorbitol, 0.4 ml 1M Tris, 2 ml 1 M calcium chloride, 13.6 ml distilled
water
2xSTC
e 10 ml 3 M sorbitol, 0.25 ml 1M Tris, 1.25 ml 1 M calcium chloride, 1 ml distilled
water
1M Tris
e 121.1 g Tris, made up to 1 | with distilled water, pH adjusted to 7.5 with

hydrochloric acid, autoclaved for 20 min at 120 °C

1 M calcium chloride

e 1.47 g calcium chloride in 10 ml distilled water, sterilized through 0.45 um filter
2 M sorbitol
e 364.34 g sorbitol, made up to 1 | with distilled water, autoclaved for 20 min at
120 °C
3 M sorbitol
e 546.51 g sorbitol, made up to 1 | with distilled water, autoclaved for 20 min at
120 °C
Complete agar
e 10 g glucose, 2 g meat peptone, 1 g casamino acids, 1 g yeast extract, 50 ml salt
solution, 1 ml vitamins, 2 ml trace elements, made up to 1 | with distilled water,
15 g agar, autoclaved for 20 min at 120 °C

Enzyme solution

e 250 mg driselase from Basidiomycetes sp., 1 mg chitinase from Streptomyces
griseus, 100 mg lyzing enzyme from Trichoderma harzianum resuspended in 20

ml of 1.2 M potassium chloride, sterilized through 0.45 pm filter
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KCI buffer

e 89.46 g potassium chloride, made up to 1 | with distilled water, autoclaved for
20 min at 120 °C

Mung bean soup

e 8 g mung beans were boiled in 500 ml distilled water for 20 min, the solution was
filtered through Miracloth membrane and the volume was adjusted to 800 ml with
distilled water, autoclaved for 20 min at 120 °C

Regeneration agar

e 239.9 g sucrose, 0.5 g yeast extract, made up to 1 | with distilled water, 20 g agar,
autoclaved for 20 min at 120 °C
Salt solution
e 10.4 g potassium chloride, 10.4 g magnesium sulphate heptahydrate, 30.4 g
potassium dihydrogen phosphate, made up to 1 | with distilled water autoclaved
for 20 min at 120 °C

Trace elements

e 1 gferrous sulphate heptahydrate, 0.15 g cupric sulphate pentahydrate, 1.61 g zinc
sulphate heptahydrate, 0.1 g manganese sulphate hydrate, 0.1 g ammonium
molybdate tetrahydrate, made up to 1 | with sterile distilled water

Vitamins

e 25 mg biotin, 2.5 g nicotinic acid, 0.8 PABA, 1 g pyridoxine hydrochloride, made

up to 50 ml with sterile distilled water
YPD medium
e 3 g yeast extract, 10 g meat peptone, 20 g glucose, made up to 1 | with distilled

water, autoclaved for 20 min at 120 °C

Transformation of F. oxysporum f. sp. medicaginis

Darken medium

e 15 g corn steep solids, 30 g sucrose, 1 g ammonium sulphate, 7 g calcium
carbonate, made up to 1 | with distilled water, autoclaved for 20 min at 120 °C

Enzyme solution

e 200 mg lysing enzyme from Trichoderma harzianum, 150 mg driselase from
Basidiomycetes sp., 10 mg BSA, 10 mg yatalase, 50 ml KCI/CaCl, buffer,
sterilized through 0.45 um filter
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ICI medium
e 10 g fructose, 0.5 g potassium dihydrogen phosphate, 1 g magnesium sulphate
heptahydrate, 2 ml trace elements, 1 g ammonium sulphate, made up to 1 | with
distilled water, autoclaved for 20 min at 120 °C
KCI/CaCl; buffer
e 35.97 g potassium chloride, 2.94 g calcium chloride, made up to 400 ml with

distilled water, autoclaved for 20 min at 120 °C

Single spore isolation

V8 agar
e 2 g calcium carbonate, 200 ml V8 juice, 800 ml distilled water, 15 g agar,

autoclaved for 20 min at 120 °C

5.2.2 Organisms
e Fusarium graminearium cultivated at 20 °C or 26 °C in the dark.
e Fusarium pseudograminearum cultivated at 20 °C or 26 °C in the dark.

e Fusarium oxyysporum f. sp. medicaginis cultivated at 30 °C or 26 °C in the dark.

5.2.3 Plasmids

e pNDN-OGG (Schumacher, 2012)
e pNDN-ODT (Schumacher, 2012)
e pNDH-OCT (Schumacher, 2012)
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5.3 Methods

5.3.1 Transformation of F. graminearum and F. pseudograminearum

F. graminearum and F. pseudograminearum were cultivated in 100 ml of mung bean
soup for 3 days at 20 °C and 140 rpm. After the cultivation, the culture was filtered
through the glass wool and centrifuged for 5 min (3000 rpm, room temperature). Conidia
were resuspended in 1 ml of sterile distilled water and used to inoculate 100 ml of YPD
medium; cultivation overnight at 30 °C and 180 rpm.

The next day, mycelium was filtered through the Miracloth membrane, washed
with sterile distilled water and KCI buffer. For protoplast generation, only a pea-size
amount of mycelium was transferred into 10 ml of enzyme solution containing lysing
enzyme, driselase, and chitinase. After 3 h at 30 °C and 90 rpm, the enzyme-protoplast
solution was run over the frit and the flow-through was centrifuged for 10 min (3000 rpm,
4 °C). The pellet was washed with 5 ml KCI buffer, centrifugation 10 min (3000 rpm,
4 °C). Finally, protoplasts were resuspended in 1x STC buffer.

In 10 ml glass tube, 50 ul (5 pg) pPNDN-OGG (Fig. 71) or pNDH-OCT (Fig. 72),
50 pl of 2x STC, 50 pl of protoplasts and 50 pl of 50% PEG were mixed. After 25 min
on ice, samples were mixed with 1.6 ml of 50% PEG and transferred into new glass tubes.
After 10 min at RT 3.2 ml of 1x STC were added. Samples were shortly mixed using
a vortex and transferred into 100 ml of Regeneration agar that was subsequently poured
into five Petri dishes. After 4 h at RT, four plates containing Regeneration agar were
overlaid with 10 ml of new Regeneration agar. This time, agar contained antibiotic
nourseothricin  (Jena Bioscience) (pNDN-OGG) or hygromycin (InvivoGen)
(pPNDH-OCT) in the concentration of 300 ug/ml, so the final concentration of antibiotic
in Petri dishes was 100 pg/ml. The fifth Petri dish with Regeneration agar served as
a control.

After 5 days at 20 °C, fungi resistant to nourseothricin or hygromycin appeared.
Mycelia were transferred into Complete agar plates containing nourseothricin or

hygromycin in the final concentration of 100 pg/ml.
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Fig. 72 pNDH-OCT containing mCherry and resistance to hygromycin (Schumacher, 2012).

148



5.3.2 Transformation of F. oxysporum f. sp. medicaginis
F. oxysporum f. sp. medicaginis was cultivated in 100 ml of Darken medium for 3 days
at 30 °C and 180 rpm. Subsequently, 500 ul of the pre-culture was used for inoculation
of 100 ml ICI medium; cultivation took place at 30 °C and 180 rpm no longer than 16 h.

After the cultivation, mycelium was filtered through the Miracloth membrane,
washed with sterile distilled water and KCI/CaCl, buffer. For protoplast generation, only
a pea-size amount of mycelium was transferred into 10 ml of enzyme solution containing
lysing enzyme, driselase, and yatalase. After 3 h at 30 °C and 90 rpm, the
enzyme-protoplast solution was run over the frit and the flow-through was centrifuged
for 10 min (3000 rpm, 4 °C). The pellet was washed with 5 ml of KCI/CaCl, buffer and
centrifuged for 10 min (3000 rpm, 4 °C). Protoplasts were resuspended in 1x STC buffer.

In 10 ml glass tube, 50 pl (10 pg) of pPNDN-OGG (Fig. 71) or pNDN-ODT
(Fig. 73), 50 ul of 2x STC, 50 pul of protoplasts and 50 pl of 50% PEG were mixed. After
25 min on ice, samples were mixed with 1.6 ml of 50% PEG and transferred into new
glass tubes. After 10 min at room temperature 3.2 ml of 1x STC were added. Samples
were shortly mixed using a vortex and transferred into 100 ml of Regeneration agar that
was subsequently poured into five Petri dishes. After 4 h at RT, four plates containing
regeneration agar were overlaid with 10 ml of new Regeneration agar. This time, agar
contained antibiotic nourseothricin (Jena Bioscience) in the concentration of 300 pg/ml,
so the final concentration of antibiotic in Petri dishes was 100 pg/ml. The fifth Petri dish
with Regeneration agar served as a control.

After 5 days at 30 °C, fungi resistant to nourseothricin appeared. Mycelia were
transferred into Complete agar plates containing nourseothricin in the final concentration
of 100 pg/ml.
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Fig. 73 pNDN-ODT containing dsRED and resistance to nourseothricin (Schumacher, 2012).

5.3.3 Selection of obtained transformants using diagnostic PCR
Genomic DNA was isolated from lyophilized mycelia of F. graminearum,
F. pseudograminearum, and F. oxysporum f. sp. medicaginis according to 3.3.3.1.1.
The presence of pNDN-OGG in OE:gfp F. graminearum transformants and
PNDH-OCT in OE:mCherry F. graminearum transformants was confirmed by diagnostic
PCR using GoTaqg G2 Flexi DNA polymerase (Tab. 9, 10) and primers PoliC_fw and
Tgluc_rev (1,295 bp) and PoliC_fw and Ttub_rev, respectively (1,593 bp) (Tab. 42).

Tab. 42 Sequences of primers used for diagnostic PCR of ATrpE™™E C. purpurea 20.1.

Primer Sequence

PoliC_fw 5’-CCCGGAAACTCAGTCTCCTT-3"
TgluC_rev 5’-GTCTTCCGCTAAAACACCCC-3’
Ttub_rev 5-GAGGTGTGAGCATGGAAGTGATG-3’
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The presence of pNDN-OGG in OE:gfp F. pseudograminearum transformants
and pNDH-OCT in OE:mCherry F. pseudograminearum transformants was confirmed by
diagnostic PCR using GoTagq G2 Flexi DNA polymerase (Tab. 9, 10) and primers
PoliC_fw and Tgluc_rev (1,295 bp) and PoliC_fw and Ttub_rev, respectively (1,593 bp)
(Tab. 42).

The presence of pNDN-OGG in OE:gfp F.oxysporum f. sp. medicaginis
transformants and pNDN-ODT in OE:dsRED F. oxysporum f. sp. medicaginis
transformants was confirmed by diagnostic PCR using GoTaq G2 Flexi DNA polymerase
(Tab. 9, 10) and primers PoliC_fw and Tgluc_rev (1,295 bp) and PoliC_fw and Ttub_rev,
respectively (1,509 bp) (Tab. 42).

5.3.4 Single spore isolation
Homokaryotic mutants of F. graminearum, F. pseudograminearum, and F. oxysporum
f. sp. medicaginis were obtained by single spore isolation.

In the case of F. graminearum and F. pseudograminearum, fungi were cultivated
in 50 ml Mung bean medium for 5 days at 20 °C and 140 rpm. After, the cultures were
filtered through glass wool and centrifuged for 10 min (3000 rpm, 4 °C). Conidia were
resuspended in 1 ml of sterile distilled water and sprayed on Complete agar plates
containing hygromycin or nourseothricin in the final concentration of 100 pg/ml.

In the case of F. oxysporum f. sp. medicaginis, fungi were cultivated on V8 agar
plates for 7 days, 16 h light 20 °C/ 8 h dark 16 °C. After 7 days, conidia were harvested
from agar plates, filtered through glass wool, and centrifuged for 10 min (3000 rpm, 4 °C).
Conidia were resuspended in 1 ml of sterile distilled water and sprayed on complete agar

plates containing nourseothricin in the final concentration of 100 pug/ml.

5.3.5 Fluorescence microscopy

WT, OE:gfp, and OE:mCherry F. graminearum, OE:gfp, and OE:mCherry
F. pseudograminearum, and OE:gfp, and OE:dsRED F. oxysporum f. sp. medicaginis
were each cultivated in 50 ml of YPG medium with nourseothricin or hygromycin. After
3 days at 26 °C and 180 rpm, 1 ml of the pre-culture was used to inoculate 50 ml of YPG
without antibiotics. After overnight cultivation at 26 °C and 180 rpm, 10 ul of each
culture was taken to examine the fluorescence. Fluorescence microscopy was performed

with a Zeiss AxioScope microscope equipped with a Zeiss AxioCam 305 camera. GFP
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fluorescence was examined using an excitation wavelength of 488 nm and an emission
wavelength of 509 nm, mCherry fluorescence was examined using an excitation
wavelength of 587 nm and an emission wavelength of 610 nm, dsRED fluorescence was
examined using an excitation wavelength of 533 nm and an emission wavelength of 583

nm. Image analysis was performed using ZEN 2.6 lite software.
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5.4 Results

5.4.1 Transformants derived from F. graminearum
Protoplasts of F. graminearum were transformed with pNDN-OGG and pNDH-OCT
(5.2.1).

In the case of transformation of F. graminearium with pNDN-OGG gDNA was
isolated from 20 putative transformants resistant to nourseothricin, presence of the
transgene was verified by diagnostic PCR (5.2.3). For further experiments three
transformants marked as OE:gfp 3, 4, 5 were selected; homokaryons (Fig. 74a) were
obtained by single spore isolation (5.2.4) and confirmed again by diagnostic PCR (5.2.3)
(Fig. 74b). Subsequently, gfp fluorescence was checked using fluorescence microscopy

in all obtained mutants. As a negative control, WT F. graminearum was used (Fig. 75).

OFE'gfp4

PNDN-OGG

Fig. 74 F. graminearum transformants expressing gfp.

(a) Three independent transformants OE:gfp 3, 4, 5 on PDA agar.

(b) Integration of pPNDN-OGG in three independent OE:gfp F. graminearum transformants confirmed by
diagnostic PCR using primers PoliC_fw and Tgluc_rev (1,295 bp), positive control — pNDN-OGG, negative
control — WT, M — 1 kb Plus DNA ladder.
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Fig. 75 Detection of GFP signal in OE:gfp F. graminearum using fluorescence microscopy
As a negative control, WT F. graminearum was used. The bar represents 200 pum.
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In the case of transformation of F. graminearium with pNDH-OCT gDNA was
isolated from 20 putative transformants resistant to hygromycin, presence of the transgene
was verified by diagnostic PCR (5.2.3). For further experiments three transformants
marked as OE:mCherry 2, 3, 4 were selected; homokaryons (Fig. 76a) were obtained by
single spore isolation (5.2.4) and confirmed again by diagnostic PCR (5.2.3) (Fig. 76b).
After, mCherry fluorescence was checked using fluorescence microscopy in all obtained

mutants. As a negative control, WT F. graminearum was used (Fig. 77).

& / N ) _/
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PNDH-OCT

Fig. 76 F. graminearum transformants expressing mCherry.

(a) Three independent transformants OE:mCherry 2, 3, 4 on PDA agar.

(b) Integration of pNDH-OCT in three independent OE:mCherry F. graminearum transformants confirmed
by diagnostic PCR using primers PoliC_fw and Ttub_rev (1,593 bp), positive control — pNDH-OCT,
negative control — WT, M — 1 kb Plus DNA ladder.
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Fig. 77 Detection of mCherry signal in OE:mCherry F. graminearum using fluorescence microscopy.
As a negative control, WT F. graminearum was used. The bar represents 200 pm.
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5.4.2 Transformants derived from F. pseudograminearum
Protoplasts of F. pseudograminearum were transformed with pNDN-OGG and pNDH-
OCT (5.2.1).

In the case of transformation of F. pseudograminearium with pPNDN-OGG gDNA
was isolated from 20 putative transformants resistant to nourseothricin, presence of the
transgene was verified by diagnostic PCR (5.2.3). For further experiments three
transformants marked as OE:gfp 1, 2, 6 were selected; homokaryons (Fig. 78a) were
obtained by single spore isolation (5.2.4) and confirmed again by diagnostic PCR (5.2.3)
(Fig. 78b). Subsequently, gfp fluorescence was checked using fluorescence microscopy
in all obtained mutants. As a negative control, WT F. pseudograminearum was used
(Fig. 79).

-;

PNDN-OGG

Fig. 78 F. pseudograminearum transformants expressing gfp.

(a) Three independent transformants OE:gfp 1, 2, 6 on PDA agar.

(b) Integration of pNDN-OGG in three independent OE:gfp F. pseudograminearum transformants
confirmed by diagnostic PCR using primers PoliC_fw and Tgluc_rev (1,295 bp), positive control —
pNDN-OGG, negative control — WT, M — 1 kb Plus DNA ladder.
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Fig. 79 Detection of GFP signal in OE:gfp F. pseudograminearum using fluorescence microscopy.
As a negative control, WT F. pseudograminearum was used. The bar represents 200 pm.
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In the case of transformation of F. pseudograminearium with pNDH-OCT gDNA
was isolated from 20 putative transformants resistant to hygromycin, presence of the
transgene was verified by diagnostic PCR (5.2.3). For further experiments three
transformants marked as OE:mCherry 2, 3, 4 were selected; homokaryons (Fig. 80a) were
obtained by single spore isolation (5.2.4) and confirmed again by diagnostic PCR (5.2.3)
(Fig. 80b). Subsequently, mCherry fluorescence was checked using fluorescence
microscopy in all obtained mutants. As a negative control, WT F. pseudograminearum

was used (Fig. 81).

/
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Fig. 80 F. pseudograminearum transformants expressing mCherry.

(a) Three independent transformants OE:mCherry 2, 3, 4 on PDA agar.

(b) Integration of pPNDH-OCT in three independent OE:mCherry F. pseudograminearum transformants
confirmed by diagnostic PCR using primers PoliC_fw and Ttub_rev (1,593 bp), positive control —
pPNDH-OCT, negative control — WT, M — 1 kb Plus DNA ladder.
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Fig. 81 Detection of mCherry signal in OE:mCherry F. pseudograminearum using fluorescence
microscopy.
As a negative control, WT F. pseudograminearum was used. The bar represents 200 pm.
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5.4.3 Transformants derived from F. oxysporum f. sp. medicaginis
Protoplasts of F. pseudograminearum were transformed with pNDN-OGG and pNDN-
ODT (5.2.1).

In the case of transformation of F. oxysporum f. sp. medicaginis with pNDN-OGG
gDNA was isolated from 20 putative transformants resistant to nourseothricin, presence
of the transgene was verified by diagnostic PCR (5.2.3). For further experiments three
transformants marked as OE:gfp 3, 4, 6 were selected; homokaryons (Fig. 82a) were
obtained by single spore isolation (5.2.4) and confirmed again by diagnostic PCR (5.2.3)
(Fig. 82b). Subsequently, gfp fluorescence was checked using fluorescence microscopy
in all obtained mutants. As a negative control, WT F. oxysporum f. sp. medicaginis was
used (Fig. 83).

PNDH-0GG

Fig. 82 F. oxysporum f. sp. medicaginis transformants expressing gfp.

(a) Three independent transformants OE:gfp 3, 4, 6 on PDA agar.

(b) Integration of pPNDN-OGG in three independent OE:gfp F. oxysporum f. sp. medicaginis transformants
confirmed by diagnostic PCR using primers PoliC_fw and Tgluc_rev (1,295 bp), positive control —
pNDN-OGG, negative control — WT, M — 1 kb Plus DNA ladder.
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Fig. 83 Detection of GFP signal in OE:gfp F. oxyssporum f. sp. medicaginis using fluorescence
microscopy.
As a negative control, WT F. oxysporum f. sp. medicaginis was used. The bar represents 200 pm.
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In the case of transformation of F. oxysporum f. sp. medicaginis with pNDN-ODT
gDNA was isolated from 20 putative transformants resistant to nourseothricin, presence
of the transgene was verified by diagnostic PCR (5.2.3). For further experiments three
transformants marked as OE:dsRED 1, 2, 4 were selected; homokaryons (Fig. 84a) were
obtained by single spore isolation (5.2.4) and confirmed again by diagnostic PCR (5.2.3)
(Fig. 84b). Subsequently, dsRED fluorescence was checked using fluorescence
microscopy in all obtained mutants. As a negative control, WT F. oxysporum f. sp.

medicaginis was used (Fig. 85).

OE:dsRED 1 OE'dsRED 2~ OE:dsRED4
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Fig. 84 F. oxysporum f. sp. medicaginis transformants expressing dsRED.

(a) Three independent transformants OE:dsRED 1, 2, 4 on PDA agar.

(b) Integration of pNDN-ODT in three independent OE:dsRED F. oxysporum f. sp. medicaginis
transformants confirmed by diagnostic PCR using primers PoliC_fw and Ttub_rev (1,509 bp), positive
control — pPNDN-ODT, negative control — WT, M — 1 kb Plus DNA ladder.
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Fig. 85 Detection of dsRED signal in OE:dsRED F. oxyssporum f. sp. medicaginis using fluorescence
microscopy.
As a negative control, WT F. oxysporum f. sp. medicaginis was used. The bar represents 200 pm.
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5.5 Discussion

In this study, fungi from the genus Fusarium (F. graminearum, F. pseudograminearum,
and F. oxysporum f. sp. medicaginis) were transformed with genes encoding red and
green fluorescent proteins. These proteins allow us the study plant-pathogen interactions

using fluorescence microscopy.

5.5.1 F. graminearum

F. graminearum, the main agent of Fusarium head blight on wheat, maize, and barley
(Leplat et al., 2013) is usually transformed using protoplast-PEG mediated transformation
(Moradi et al., 2013). Alternatively, Agrobacterium-mediated transformation can be used
(Fradsen et al., 2006). As we wanted to transform F. graminearum with green and red
reporter genes, we decided for genes encoding gfp and dsRED, respectively. Thus, vectors
PNDN-OGG and pNDN-ODT (Schumacher, 2012) containing gfp and dsRED under the
control of the strong constitutive oliC (subunit 9 of mitochondrial ATP synthase)
promoter from A. nidulans (Bailey et al., 1989), respectively were used for
F. graminearum transformation. Although these vectors have been originally prepared to
study Botrytis cinerea, pPNDN-OGG has already been successfully used to transform
F. fujikuroi (Studt et al., 2013a, b).

After F. graminearum protoplast-PEG mediated transformation, mutants resistant
to nourseothricin thus containing pPNDN-OGG or pNDN-ODT were obtained. However,
only mutants containing pNDN-OGG successfully expressed gfp. In the case of fungi
containing pNDN-ODT, no dsRED fluorescence could be observed (data not showed).
Thus, vector pNDH-OCT (Schumacher, 2012) containing mCherry was used in the
second round of F. graminearum transformation. In general, the quantum vyield of
monomeric mCherry is usually smaller than in the case of tetrameric dsRED, but as
mCherry is a monomer it can be more easily accepted by fungal protoplasts. As expected,
mCherry fluorescence was successfully observed in all generated hygromycin-resistant
F. graminearum transformants containing pNDH-OCT.

Concerning reporter lines of F. graminearum, the fungus expressing gfp under the
constitutive TEF promoter encoding translation elongation factor from Aureobasidium
pullulans has already been successfully generated and used to study the pattern of
infection in Arabidopsis thaliana and barley spike tissue (Skadsen and Hohn, 2004). The

same fungus has been also used to study the infection in wheat (Miller et al., 2004).
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Besides F. graminearum expressing a red tag (dsRED) under the control of constitutive
gpdA promoter has been generated by Ilgen et al. (2009). Moreover, this fungus contained
gfp that was driven by the promoter of TRI5 gene that encodes a trichodiene synthase
involved in the biosynthesis of trichothecenes. In this case, the production of secondary
metabolites was measured (llgen et al., 2009). In addition, reporter genes have been fused
to a target gene and used to complement knock-out mutants (Bormann et al., 2014) or
these vectors have been used for localization studies (Haack et al., 2016; Chen et al.,
2019b).

5.5.2 F. pseudograminearum

Concerning transformation of F. pseudograminearum causing Fusarium head blight and
crown rot (Kazan and Gardiner, 2018) with vectors containing green and red reporter
genes, completely the same situation as in F. graminearum was observed.

Firstly, protoplasts of this fungus were transformed with vectors pNDN-OGG and
pNDN-ODT containing gfp and dsRED, respectively. As in the case of F. graminearum
transformants, only OE:gfp mutants successfully expressed the green tag; no dsRED
fluorescence was observed in nourseothricin-resistant OE:dsRED
F. pseudograminearum mutants (data not shown). Thus, protoplasts of this fungus were
transformed again, this time with the vector pNDH-OCT containing mCherry. In contrast
to dsRED, mCherry fluorescence was observed in all generated hygromycin-resistant
F. pseudograminearum transformants.

According to the literature, fusions of the target gene with gfp in F. graminearum
have already been successfully generated and used for complementation and subsequent
localization studies (Chen et al., 2019c; Kang et al., 2020; Zhang et al., 2020) or to study
the regulation of cytokinin production (Blum et al., 2019). In addition, mcherry has
already been also successfully transformed into F. pseudograminearum (Chen et al.,
2019c).

5.5.3 F. oxysporum f. sp. medicaginis
As in the case of F. graminearum and F. pseudograminearum transformations, vectors
PNDN-OGG and pNDN-ODT were used for PEG-protoplast mediated transformation of

F. oxysporum f. sp. medicaginis that infects Medicago plants. Surprisingly, not only gfp
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but also dsRED fluorescence were observed in all generated OE:gfp and OE:dsRED
transformants, respectively.

Regarding the transformation of F. oxysporum f. sp. medicaginis this is the first
time this fungus was transformed. Concerning the transformation process of formae
speciales of F. oxysporum, both protoplast- and Agrobacterium-mediated transformations
have already been used (Malardier et al., 1989; Mullins et al., 2001). Generated
F. oxyporum mutants containing gfp or dsRED have already been successfully used as
markers for studying the plant-pathogen interactions in many economically important
plant species. For example, F. oxysporum f. sp. cubense and F. oxysporum f. sp. radicis-
lycopersici infecting banana and melon, respectively were successfully transformed with
vectors containing gfp (Nonomura et al., 2001; Visser et al., 2004; Li et al., 2011).
Besides dsRED under the control of constitutive gpdA promoter has been used to generate
reporter line of F. oxysporum f. sp. lycopersici and F. oxysporum f. sp. dianthi infecting

tomato and carnation, respectively (Nahalkova and Fatehi, 2003; Sarrocco et al., 2007).
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6 Conclusion

In the first part of this thesis that is focused on ergot fungus C. purpurea, it was
demonstrated that the overexpression of two genes, dmaW encoding
dimethylallyltryptophan synthase, an enzyme catalyzing the first pathway-specific step
leading to EAs, and a mutated version of TrpE encoding a-subunit of anthranilate
synthase involved in Trp biosynthesis, led to a significantly increased content of
ergopeptines in C. purpurea P1 under inducing (low Pi) conditions. On the other hand,
mutants overexpressing WT form of TrpE that is feedback inhibited by Trp did not have
increased levels of anthranilic acid, Trp or ergotamine, and a-ergocryptine compared to
WT. At non-inducing conditions (high Pi) under which WT does not produce EAs, both
ergopeptines were detected in OE:TrpE and OE:TrpES"L, suggesting the involvement of
Trp in the production of ergopeptines by an unknown mechanism.

The function of TrpE gene that has not been previously characterized in
C. purpurea was confirmed using a knock-out mutant of this gene in C. purpurea 20.1
and complemented strain ATrpE™™E. As expected, contrary to WT and ATrpE"PE strains,
ATrpE strain showed Trp auxotrophy and was non-infectious, presumably due to
a decreased content of auxins, plant hormones synthesized from Trp that are involved in
plant-pathogen interaction.

In the second part of this thesis that is also focused on C. purpurea, it was shown
that CRISPR/Cas9 can be used for directed mutagenesis in this ergot fungus.
Heterokaryotic mutants containing a mutation in pyr4 and TrpE genes encoding orotidine
5’-phosphate decarboxylase involved in pyrimidine biosynthesis and a-subunit of
anthranilate synthase involved in Trp biosynthesis, confirmed by PCR-RFLP analysis,
were obtained after C. purpurea protoplasts transformation. Pyr4 and TrpE homokaryons
showing uridine and tryptophan auxotrophy, respectively, were selected by single spore
isolation followed by cultivation of fungi on minimal media with and without uridine or
Trp. According to the data obtained from Sanger DNA sequencing, different mutations
caused by CRISPR/Cas9 including insertions and their combination with deletions
occurred in all pyr4 and TrpE homokaryons. Moreover, almost all mutations were located
3 bp upstream of the PAM sequences.

As pyrd homokaryons were drastically impaired in the growth, removal of
AMA1-based plasmid used for CRISPR/Cas9 directed mutagenesis was carried out only

for TrpE homokaryons. By cultivation of hygromycin resistant fungal mutants impaired
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in TrpE on media without the antibiotic, vector-free TrpE mutants sensitive to
hygromycin were obtained already after the first round of single spore isolation.

The transformation efficiencies of three methods (CRISPR/Cas9, CRISPR/Cas9-
mediated HDR, and HR-mediated gene knock-out used for mutation of TrpE gene) were
compared. As expected, the lowest transformation efficiency (1.45 %) was observed for
HR-mediated gene knock-out. On contrary, CRISPR/Cas9-mediated HDR provided the
highest transformation efficiency (3.45 %). Moreover, all TrpE mutants generated by
these three methods including CRISPR/Cas9 showed Trp auxotrophy and were
non-infectious when inoculated on male-sterile rye plants. This phenomenon was again
likely caused by decreased auxin level.

In the third part of this thesis that is focused on fungi from the genus Fusarium,
F. graminearum, F. pseudograminearum, and F. oxysporum f. sp. medicaginis were
successfully each transformed with green and red reporter genes. The presence of vectors
containing gfp, mCherry, or dsRED was confirmed with diagnostic PCR and the
expression was checked by fluorescence microscopy.

In the future, F. graminearum and F. pseudograminearum mutants will be
inoculated on WT barley plants and plants with inactivated or downregulated mitogen-
activated proteinkinases HYMPK3 or HVYMPKG6 prepared by CRISPR/Cas9 or RNAI,
respectively.F. oxysporum f. sp. medicaginis mutants will be inoculated on WT alfalfa
plants and plants with downregulated or upregulated mitogen-activated proteinkinases
SIMKK or GFP-SIMK prepared by RNAI or overexpression, respectively. Plant-fungus

interactions will be monitored using novel microscopic techniques.
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8 Abbreviations

ATrpE

mutants lacking TrpE prepared by HR

A+CRISPR/Cas9 TrpE mutants lacking TrpE prepared by CRISPR/Cas9-mediated HDR

4-DMAT
ade2

adeA
adeB
albA

AMA1
AMT
argB

ARSs
carB

cloA

clr2
CPUR_05013.1
CPUR_04075.1
CPUR_04076.1
CPUR_04077.1
CPUR_04078.1
CPUR_04079.1
CPUR_04080.1
CPUR_04081.1
CPUR_04082.1
CPUR_04083.1
CPUR_04084.1
CR
CRISPR/Cas

CRISPR/Cas9 pyr4
CRISPR/Cas9 TrpE
CrRNA

DBS

DMAPP

dmaw

DNA-PK

DON

dpi

EA

easA

easC
easD

easE

4-(y,y)-dimethylallyltryptophan

gene encoding phosphoribosylaminoimidazole carboxylase involved in
purine biosynthesis

gene encoding phosphoribosylaminoimidazolesuccinocarboxamide
synthase involved in purine biosynthesis

gene encoding phosphoribosylaminoimidazole carboxylase involved in
purine biosynthesis

gene encoding polyketide synthase involved in the biosynthesis of green
conidial pigment

autonomous maintenance in Aspergillus

Agrobacterium-mediated transformation

gene encoding ornithine carbamoyltransferase involved in arginine
biosynthesis

autonomously replicating sequences

gene encoding phytoene dehydrogenase involved in the biosynthesis of
[-carotene

gene encoding NAPDH-dependent cytochrome P450 involved in ergot
alkaloid biosynthesis

gene encoding a transcription factor that regulates xylanase genes
TrpE gene encoding a-subunit of anthranilate synthase

easH gene encoding dioxygenase

dmaW gene encoding DMAT synthase

easG gene encoding reductase

easF gene encoding DMAT N-methyltransferase

easE gene encoding chanoclavine-I-synthase

easD gene encoding chanoclavine-1-dehydrogenase

easC gene encoding catalase

cloA gene encoding NADPH-dependent cytochrome P450

IpsB gene encoding nonribosomal lysergyl peptide synthetase LPS2
easA gene encoding chanoclavine-I-aldehyde oxidoreductase

crown rot

Clustered Regularly Interspaced Short Palindromic Repeat/CRISPR
Activated System

mutants with a mutation in pyr4 prepared by CRISPR/Cas9

mutants with a mutation in TrpE prepared by CRISPR/Cas9

CRISPR RNA

double-stranded DNA break

dimethylallyl diphosphate

gene encoding DMAT synthase involved in ergot alkaloid biosynthesis
DNA-dependent protein kinase

deoxynivalenol

days post inoculation

ergot alkaloids

gene encoding chanoclavine-1 aldehyde oxidoreductase involved in
ergot alkaloid biosynthesis

gene encoding catalase/decarboxylase involved in ergot alkaloid
biosynthesis

gene encoding chanoclavine-1 dehydrogenase involved in ergot alkaloid
biosynthesis

gene encoding chanoclavine-1 synthase involved in ergot alkaloid
biosynthesis
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easF

easG
easH1
ER
FHB
FOSC
fw
GA
gDNA
gRNA
GUS
hcpA

HDR
HDV
HH
HIF
HR
HRM
1AA
IAAIld
1AM
IAN
IDEAA
IPTG
IPyA
lacZ
lael

lovF
IpsAl
IpsA2
IpsB
IpsC

MUG

neo

NGS

NHEJ

niaD

NIV

NLS
OE:Cas9
OE:gfp
OE:gfp_dmaw
OE:TrpE
OE:TrpES™t

PAM

gene encoding DMAT N-methyltransferase involved in ergot alkaloid
biosynthesis

gene encoding reductase involved in ergot alkaloid biosynthesis

gene encoding dioxygenase involved in ergot alkaloid biosynthesis

ear rot

Fusarium head blight or scab

Fusarium oxysporum species complex

forward

gibberellin acid

genomic DNA

guide RNA

gene encoding B-glucuronidase

gene encoding nonribosomal peptide synthases involved in the
biosynthesis of penicillin

homologous directed repair

hepatitis delta virus

hammerhead

homologous integration frequency

homologous recombination

high-resolution melting

indole-3-acetic acid

indole-3-acetaldehyde

indole-3-acetamide

indole-3-acetonitrile

indel detection by amplification analysis

isopropyl p-D-1-thiogalactopyranoside

indole-3-pyruvic acid

gene encoding B-galactosidase

gene encoding a methyltransferase involved in the asexual development
and pathogenesis

gene encoding diketide synthase involved in the biosynthesis of
lovastatin

gene encoding nonribosomal lysergyl peptide synthetase LPS1 involved
in ergot alkaloid biosynthesis

gene encoding nonribosomal lysergyl peptide synthetase LPS4 involved
in ergot alkaloid biosynthesis

gene encoding nonribosomal lysergyl peptide synthetase LPS2 involved
in ergot alkaloid biosynthesis

gene encoding nonribosomal lysergyl peptide synthetase LPS3 involved
in ergot alkaloid biosynthesis

4-methylumbelliferyl-p-D-glucuronide

neomycin phosphotransferase gene

next generation sequencing

non-homologous end-joining

gene encoding nitrate reductase

nivalenol

nuclear localization signal

mutants expressing Cas9

mutants expressing gfp

mutants expressing dimethylallyltryptophan synthase fused with gfp
mutants expressing WT form of a-subunit of anthranilate synthase
mutants expressing Trp-resistant form of o-subunit of anthranilate
synthase

protospacer adjacent motifs
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pcbAB

PCR-RFLP
penDE

pks17

PMT
PNPG
pyr4/pyrG

rev
rogA

RR

RT

sC
SgRNA
SM cluster
SSCP
SV40NLS
TAM
tracrRNA
TIDE
TrpB
TrpC

TrpD
TrpE

vibl
WT
X-gal
X-Gluc
yA

ZEA

gene encoding alpha-aminoadipyl-cysteinyl-valine (ACV) synthetase
involved in the biosynthesis of penicillin

PCR restriction length polymorphism

gene encoding acetyl-CoA:isopenicillin N-acetyltransferase involved in
the biosynthesis of penicillin

gene encoding polyketide synthetase involved in the biosynthesis of
green conidial pigment

protoplast-mediated transformation

p-nitrophenyl-p-D-glucuronide

gene encoding orotidine 5'-phosphate decarboxylase involved in
pyrimidine biosynthesis

reverse

gene encoding nonribosomal peptide synthases involved in the
biosynthesis of penicillin

root rot

room temperature

gene encoding ATP-sulphurylase

single guide RNA

secondary metabolite cluster

single-stranded conformational polymorphism

nuclear localization signal from Simian virus 40

tryptamine

transactivating CRISPR RNA

tracking indels by decomposition

gene encoding tryptophan synthase involved in Trp biosynthesis

gene encoding a trifunctional peptide involved in Trp biosynthesis
constisting of B-subunit od anthtranilate synthase,
phosphoribosylanthranilate isomerase and indole-3-glycerol-phosphate
synthase

gene encoding anthranilate phosphoribosyltransferase involved in Trp
biosynthesis

gene encoding a-subunit od anthtranilate synthase involved in Trp
biosynthesis

gene encoding a transcription factor involved in cellulose production
wild type

5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
5-bromo-4-chloro-3-indolyl glucuronide

gene encoding p-diphenol oxidase involved in the biosynthesis of green
conidial pigment

zearalenone
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