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Abstract

Ustilago maydis, a dimorphic hemibasidiomycete fungus, is the causative agent of
corn smut disease and has become one of the models for the study of biotrophic
interactions. The establishment of biotrophic growth critically depends on secreted
effector molecules. Among the novel secreted U. maydis effectors some are encoded
by gene families which may have redundant functions. Due to the limited number of
selectable markers it was not possible to perform sequential gene deletions when this
thesis was started, i.e. the functional analysis of effector gene families was not
possible. To solve this problem | have established an inducible FLP-mediated marker
recycling system in U. maydis. It consists of three main steps: i) the generation of a
deletion mutant in which the selectable marker introduced is flanked by directly
oriented FRT (FLP recombination targets) sites, ii) the introduction of an inducible
FLP gene on an autonomously replicating plasmid and iii) the induction of FLP
expression and the subsequent screening for the loss of the selectable marker as well
as the FLP donor plasmid. To eliminate possible inter- and intramolecular
recombination events between identical FRT sites left in the genome after excision,

FRT sequences with different point mutations in the core region were employed.

The FLP-mediated selectable marker removal technique was successfully applied to
delete a family of 11 effector genes (effl) using five sequential rounds of
recombination. All Effl proteins have the same architecture, consisting of an N-
terminal signal sequence, a central region predicted to be natively unstructured, and a
conserved C-terminal domain, which presumably represents the only folded part of
these proteins. | showed that expression of all 11 genes is specifically upregulated
during the biotrophic phase. Strains carrying deletions of 9 or all 11 genes displayed a
significant reduction in virulence and this phenotype could be partially complemented
by the introduction of different members from the gene family, demonstrating
redundancy. The combined deletion analysis and complementation studies conducted
for members of the effl family has revealed that three of the 11 eff1 genes contribute
most significantly to virulence, while all the other members of this gene family

contribute to virulence only weakly.



Zusammenfassung

Der dimorphe Hemibasidiomycet Ustilago maydis, Erreger des Maisbeulenbrandes, ist
ein Modellorganismus fur die Untersuchung biotropher Interaktionen. Die Sekretion von
Effektorproteinen ist eine zwingende Voraussetzung fir biotrophes Wachstum. Einige
der neuen von U. maydis sekretierten Effektoren werden von Genfamilien kodiert, welche
mdoglicherweise redundante Funktionen erfiillen. Bedingt durch die begrenzte Anzahl
verfiigbarer Selektionsmarker war es bei Beginn dieser Arbeit nicht méglich, sequenzielle
Gendeletionen vorzunehmen. Somit war zu diesem Zeitpunkt die funktionelle Analyse
dieser Genfamilien nicht maoglich. In dieser Arbeit wurde ein induzierbares, FLP-
vermitteltes System zur Wiederverwertung von Selektionsmarkern etabliert. Das System
beruht auf drei wesentlichen Schritten: Erstens, der Herstellung einer Deletionsmutante in
welcher der eingeflihrte Selektionsmarker von gleichgerichteten FLP-Erkennungsstellen,
sogenannten FRT-Sequenzen, flankiert wird. Zweitens, der Einbringung eines fiir FLP
kodierenden Gens unter der Kontrolle eines induzierbaren Promoters, welches auf einem
autonom replizierenden Plasmid vorliegt. Drittens, der Induktion der Expression von FLP
und die subsequente Uberpriifung auf Verlust des Selektionsmarkes und Verlust des FLP-
Donorplasmids. Um inter- und intramolekulare Rekombination zwischen nach der
Entfernung des Selektionsmarkers im Genom verbliebenen identischen FRT-Sequenzen
auszuschlielen, wurden FRT-Sequenzen mit unterschiedlichen Punktmutationen in der

Kernsequenz verwendet.

Die FLP-vermittelte Technik zur Entfernung von Selektionsmarkern wurde erfolgreich
verwendet um eine Genfamilie aus elf Effektorgenen (effl) in finf aufeinanderfolgenden
Rekombinationen zu deletieren. Alle Eff1-Proteine haben einen vergleichbaren Aufbau.
Eine N-terminale Signalsequenz ist gefolgt von einem weitgehend unstrukturierten
Bereich, an den sich die konservierte C-terminale Domane anschlief3t - voraussichtlich
der einzige gefaltete Bereich dieser Proteine. Es konnte gezeigt werden, dass die
Expression aller elf Gene wahrend der biotrophen Phase spezifisch hochreguliert wird.
Stdamme mit Deletionen von neun oder allen elf Genen zeigten einen signifikanten
Rickgang der Virulenz. Dieser Phanotyp konnte durch Einbringung verschiedener Gene
dieser Genfamilie teilweise komplementiert werden, woraus sich ableiten l&sst, dass die
entsprechenden Gene redundant sind. Die vorliegenden Untersuchungen zur Deletion und

Komplementierung von Mitgliedern der effl-Genfamilie belegen, dass drei der elf effl-



Zusammenfassung

Gene entscheidend zu der Virulenz von U. maydis beitragen, wéhrend der Einfluss der

restlichen Genfamilie vernachlassigbar ist.
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Introduction

1. Introduction

1.1  Plant-microbe interactions

1.1.1 Key players in plant-microbe interactions

Plants and their associated pathogens such as fungi, bacteria, nematodes, viruses and
oomycetes, have coevolved for many millions of years (Stukenbrock & McDonald,
2009). Since plants cannot move to escape such biotic stresses, they have evolved
sophisticated mechanisms to perceive these attacks and initiate efficient innate
immune responses (Dangl & Jones, 2001). Constitutive plant defensive layers against
pathogen attack include waxy cuticular layers, rigid cell walls, anti-microbial
enzymes and secondary metabolites (Niirnberger et al., 2004). If a pathogen, however,
overcomes such preformed barriers it may be sensed by membrane-resident pattern
recognition receptors (PRRs) and initiate pathogen-associated molecular pattern
(PAMP)-triggered immunity (Niirnberger et al., 2004; Bent & Mackey, 2007; Shen et
al., 2007; Boller & He, 2009). PAMP-triggered innate immune responses attenuate
pathogen growth and contribute to basal defense; they are initiated by a large variety
of conserved microbe-associated molecules, referred to as “general elicitors”. For
example, via a PRR known as flagellin sensitive 2 receptor-like kinase (FLS2) plants
perceive a 22 amino acid region of the conserved N-terminal part of bacterial flagellin
(Zipfel, 2008; Boller & Felix, 2009). Main fungal and oomycete PAMPs are chitin
and B-glucan, for which PRRs have been also revealed (Kaku et al., 2006; Miya et al.,
2007). Different intracellular responses associated with PAMP-triggered immunity
include rapid ion fluxes across the plasma membrane, MAP kinase activation,
production of reactive oxygen species (ROS), rapid changes in gene expression, as
well as cell wall reinforcement (Zipfel, 2008). Following from the “zigzag” model of
plant-microbe coevolution proposed by Jones & Dangl (2006) reduced PAMP-
mediated defense might result from successful host defense suppression by pathogen
effectors (Chisholm et al., 2006; Jones & Dangl, 2006). Alternatively, effectors can
induce effector triggered immunity (ETI) in plants with cognate resistance R proteins.
R proteins represent a second, mainly intracellular, immune receptor class having the
capacity to directly or indirectly detect isolate-specific pathogen effectors, encoded by
avirulence (Avr) genes (Chisholm et al., 2006). ETI often leads to suicide of the
infected cells which is called hypersensitive response (HR) (Keen, 1990; Heath, 2000;
Greenberg & Yao, 2004). Such R-Avr type of interactions for the first time was
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Introduction

introduced by Flor (1942) in the gene-for-gene hypothesis. According to this classical
model pathogen Avr gene products contribute to pathogen virulence on plants lacking
the cognate R genes (Flor, 1942). Avr gene products belong to a large repertoire of
pathogen-secreted proteins termed effectors, to emphasize their presumed intrinsic
virulence function (van der Hoorn & Kamoun, 2008). Effectors are often secreted
novel proteins that are expressed specifically during plant infection but not in artificial
culture media (Ellis et al., 2009). The R genes identified so far encode only five
protein classes, the largest of which comprises “nucleotide-binding site plus leucine-
rich repeat” (NB-LRR) proteins (Baker et al., 1997; Jones & Dangl, 2006; Bent &
Mackey, 2007; Takken & Tameling, 2009).

1.1.2 Interactions between pathogen effectors and plant R proteins

It is now well accepted that due to secretion of an arsenal of effectors filamentous
pathogens such as fungi and oomycetes are intimately associated with their host plants
and are sophisticated manipulators of plant cells (Oliva et al., 2010). An example of
R-effector interactions was shown in the barley/powdery mildew pathosystem, where
the intracellular mildew A (MLA) R protein localized to the nucleus upon recognition
of the AVRA10 effector of Blumeria graminis, interfering with WRKY  transcription
factors and then indirectly derepressing PAMP-triggered basal defence (Shen et al.,
2007). Another example for an R-effector interplay was demonstrated for Pto from
tomato, which encodes a Ser/Thr kinase conferring resistance to Pseudomonas
syringae strains carrying the avrPto effector gene. Intriguingly, although Pto
functions through phosphorylation signal transduction, triggered by direct AvrPto-Pto
interaction, it additionally requires the NB-LRR Prf R protein (Salmeron et al., 1996;
Tang et al., 1996). Therefore, Prf is an R protein that “guards” Pto while monitoring
its interdiction by AvrPto, and then triggers defence response. According to the
“Guard model” that is based on such indirect perception mechanisms of effectors by
R proteins, an interaction complex of an effector with its target (guardee) is
recognized by the cognate R protein, which is then activated to initiate disease
resistance (Dangl & Jones, 2001). Detailed genetic and biochemical studies on the
interactions between effectors and R proteins paved the way for the establishment of a
novel so-called “Decoy model” (van der Hoorn & Kamoun, 2008). The basis for this
was the recent demonstration that the AvrPto-Pto complex suppresses the function of

the PAMP-triggered immunity receptor-like kinases FLS2 and EFR (elongation factor

12
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Tu receptor) (Xing et al., 2007; Xiang et al., 2008). It has been speculated that such
functional mimicry mechanism evolved by plants during the evolutionary arms race,
i.e. Pto probably plays the role of a decoy that leads to detection of pathogen effectors
via R proteins (van der Hoorn & Kamoun, 2008). Surprisingly, some effectors are not
species-specific, as was recently reported for Avr4 and Ecp2 (Stergiopoulos et al.,
2010). Both of them are functional homologs in the tomato pathogen Cladosporium
fulvum and Mycosphaerella fijiensis, the agent of causal black Sigatoka disease of
banana. Occurrence of such “core” effectors could facilitate virulence on distantly

related host species (Stergiopoulos et al., 2010).

Secretion of effector molecules most likely follows a sequential order adapted to
overcome the layered plant defence responses (Gohre & Robatzek, 2008). In
oomycetes such as Phytophthora species, effectors contain RXLR-dEER motif in
their N-terminal parts, a motif which is involved in translocation into host cells (Birch
et al., 2006; Tyler et al., 2006; Birch et al., 2008). The RXLR sequence is similar to
the Pexel motif, a host-cell-targeting signal required for translocation of proteins from
Plasmodium species into the cytoplasm of host cells. This has led to the hypothesis
that RXLR functions as an ancient general signal mediating trafficking into host cells
(Hiller et al., 2004; Marti et al., 2004; Kamoun, 2006). Dou et al. reported, that all
three Plasmodium host targeting domains could functionally replace the N-terminus
of Phytophthora sojae Avrlb effector (Dou et al., 2008). In the oomycete effectors
the N-terminal domain of contains the signal peptide and conserved RXLR motif, i.e.
the domains for secretion and targeting, while the remaining C-terminal domain
harbors the effector activity and operates inside plant cells (Kamoun, 2007). The
RXLR motif has not been detected in fungal effectors (Oliva et al., 2010). Moreover,
so far no functional signal for host uptake of fungal effectors has been identified
(Birch et al., 2008; Oliva et al., 2010). Although the uptake mechanism is not yet
known several fungal effectors were shown to function inside the host cell. For
example, Avr-Pita effector from Magnaporthe oryzae was demonstrated to interact
with cognate Pi-ta resistance protein inside the host plant cell (Jia et al., 2000; Orbach
et al., 2000). In Uromyces fabae, Uf-RTP1p effector was shown to localize inside
infected plant cells as was detected by immunofluorescence and electron microscopy

(Kemen et al., 2005).
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1.1.3 Significance of effector gene families in plant-microbe interactions
Although in some cases R-effector interaction determines pathogen success or failure,
the interplay between host and pathogen is usually much more complex and involves
numerous genes in both partners (Stukenbrock & McDonald, 2009). Indeed,
“molecular struggles” during the evolutionary arms race result in positive selection
for variation of residues at the interaction surface between R proteins and effectors
(Misas-Villamil & van der Hoorn, 2008). To circumvent ETI triggered by plant
resistance R proteins pathogens modify their effectors or acquire novel ones, which
leads to an evolutionary arms race between PAMP and ETI receptors in plants and
effectors in pathogens (Gohre & Robatzek, 2008). Notably, in Phytophthora infestans,
RXLR effector genes often reside in a genomic environment that is gene-sparse and
repeat-rich. The mobile elements contributing to the dynamic nature of these
repetitive regions may enable recombination events resulting in the higher rates of
gene gain and gene loss observed for these effectors (Haas et al., 2009). Due to gene
duplications and functional redundancy caused by the arms race many effectors are
individually dispensable. Indeed, functional redundancy of effector genes may foster
rapid evolution of the pathogen to overcome host resistance by allowing effector
genes to become inactivated without compromising parasite fitness (Birch et al.,
2008; Kvitko et al., 2009).

For example it was demonstrated in Pseudomonas syringae that certain combinatorial
deletions of 20 effector genes revealed that some disruptions decreased growth in its
host Nicotiana benthamiana only in combination with other deletions suggesting a
redundancy-based structure in the effector repertoire (Kvitko et al., 2009). In another
plant pathogen, Ralstonia solanacearum, deletion of all seven genes encoding GALA
proteins is necessary to promote disease indicating that there is a functional
redundancy between these effectors (Angot et al., 2006; Birch et al., 2009). Many
effectors of fungal plant pathogens also seem to work in concert, and their individual
contribution to virulence is often minor, as their disruption has no apparent effect on
fitness or virulence (Stergiopoulos & de Wit, 2009). A prominent example is an
extensive AVRy; gene family consisting of 260 paralogs, which contribute to the
establishment of haustoria in Blumeria graminis (Sacristan et al., 2009). Most
probably, these effectors were under diversifying selection and have coevolved with

LINE-1 retrotransposons (Sacristan et al., 2009). Additionally, in Botrytis species,
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positive selection of several amino acid residues was demonstrated for homologs of
NEP1 effector, which induces necrosis and leads to an increase of ethylene levels in
its host (Staats et al., 2007). Effectors can also have more than one activity as is
possibly the case for the Avr4 and Ecp6 C. fulvum. These proteins both bind to chitin
and thus could potentially protect the fungus against plant chitinases. At the same
time they could suppress plant defense responses by scavenging chitin fragments
released from fungal cell walls in the apoplast during infection (Bolton et al., 2008; de
Jonge & Thomma, 2009).

1.2 Ustilago maydis as a model for plant-microbe interactions

Ustilago maydis, a dimorphic hemibasidiomycete fungus, is the causative agent of
corn smut disease and has become one of the models for the study of biotrophic
interactions (Kahmann et al., 2000). It belongs to the subphylum Ustilaginomycotina,
which includes 1,500 species of true smut fungi and yeasts, most of which cause
systemic infections of angiosperm hosts (James et al., 2006). In nature, pathogenic
development of the fungus is initiated after two compatible, yeast-like sporidia fuse
on maize surface and form the infectious filamentous dikaryon (Banuett &
Herskowitz, 2002; Perez-Martin et al., 2006). On the leaf surface, the dikaryon
develops non-melanized appressoria that directly penetrate the host tissue and
establish a biotrophic interaction (Brefort et al., 2009). During penetration, fungal
hyphae become incased in the host plasma membrane and this persists during the
early infection stages (Doehlemann et al., 2009). At later stages, fungal hyphae
accumulate in mesophyll tissue and are found mostly in apoplastic cavities that arise
in the developing tumors (Fig. 1) (Snetselaar & Mims, 1993). There plant cells
enlarge, undergo mitotic divisions and the hyphal aggregates differentiate into black-
pigmented sexual teliospores. In contrast to other smut fungi U. maydis produces
prominent symptoms on all aerial parts of its host plant, maize, which can be scored
already one week after infection of three-leaf stage maize seedling (Brefort et al.,

2009). Figure 2 provides a scheme of the life cycle of U. maydis.

After we entered the post-sequencing era for U. maydis in 2006 (Kamper et al., 2006),
the scientific challenge is now the elucidation of the function of all effector genes. In
U. maydis, identification of an effector involves generation of a mutant strain with a

non-functional version of a gene by targeted gene deletion and assaying the ability of
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the mutant to cause maize infection symptoms. An ab initio bioinformatical screen for
potential effector candidates was based on two criteria: the protein should carry an N-
terminal secretion signal sequence and the predicted product should be novel i.e.
should not match database entries. Mueller et al. have revealed that in U. maydis 426
genes code for putatively secreted proteins, and of these, 272 code for either U.
maydis-specific proteins or conserved proteins without recognized InterPro domains

(Mueller et al., 2008).

Fig. 1. Maize tumors induced by U. maydis. a) and b) tumors on corn ear; ¢) tumors on leaf.

Many of these potential effectors are encoded by gene clusters and the respective
genes are induced in infected tissue during biotrophic growth. Deletions of several
effector clusters result in dramatic effects on virulence (Kadmper et al., 2006).
Interestingly, even single gene deletion mutants of an effector termed pepl and stpl,
respectively, are completely blocked in biotrophic development (Doehlemann et al.,
2009; Schipper, 2009). Intriguingly, since disease progression requires response to
maize organ-specific properties U. maydis most likely modifies effector deployment
to redirect development of a specific organ primordium (Skibbe et al., 2010).
Presumably, the fungus interacts differently with vegetative and reproductive organs,
possibly by expressing different genes in specific plant parts (Walbot & Skibbe,
2010).
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Among the novel secreted U. maydis effectors some are encoded by gene families
(Kamper et al., 2006). One such family is an 11 gene effector family (designated effl)
originally described as three gene family by Kamper et al. (2006).

Appressorium formation
e X
Conjugation tube ﬁ
formation
Dkaryotlc filament
— ~ 1’ T e
Plant penetration
Haploid /§ —
sporidia t/
=

- 4
%/ * Spore

Spore formation =
germination @ -

Fig. 2. Modified scheme of life cycle of U. maydis published by Kémper et al. (2006).

To shed light on the function of secreted proteins, which are encoded by gene
families, generation of multiple gene deletion mutants is necessary. Although tools
like a PCR-based system for the generation of gene replacement mutants in U. maydis
is in place only a limited number of dominant drug-resistance markers such as
hygromycin (Wang et al., 1988), carboxin (Keon et al., 1991), phleomycin and
nourseothricin (Gold et al., 1994) have been developed. Because the generation of
deletion mutants is complicated by the need of two compatible wild type strains the
solopathogenic strain SG200, which is a haploid strain engineered to harbor hybrid
mating type loci, is frequently used (Kdmper et al., 2006). However, since SG200
strain is already phleomycin resistant, and the link between phenotype and deletion of
a particular gene needs to be established by complementation, this reduces the number
of available dominant markers further. To avoid these limitations, the development of

new genetic tools is needed. Such obstacles can be overcome by recycling of the
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resistance marker, which can be achieved via site-specific recombination (Bucholtz,

2008; Birling et al., 2009).

1.3 FLP-mediated marker recycling

Site-specific recombination systems that have been shown to be functional in
eukaryotes include i) Cre-lox from Escherichia coli phage P1, where the Cre (control
of recombination) protein recognizes lox (locus of x-over) sites (Hoess et al., 1990);
ii) FLP-FRT from the 2 um plasmid of Saccharomyces cerevisiae where the FLP
recombinase acts on the FLP recognition target, FRT sites (Vetter et al., 1983;
Gronostajski & Sadowski, 1985; Senecoff et al., 1985; Chen & Rice, 2003); iii) a
mutant Gin protein (G inversion) and the gix sites from bacteriophage Mu (Kahmann
et al., 1985); iiii) as well as R-RS from Zygosaccharomyces rouxii, where R and RS
are the recombinase and recombinase targets, respectively (Matsuzaki et al., 1990).
Currently, FLP and Cre recombinases are the primary candidates for applications in
genetic studies of higher eukaryotes (Bischof & Basler, 2008). Both FLP and Cre
belong to the tyrosine family of recombinases. The hallmark of tyrosine recombinase
is defined by four strongly conserved active-site residues in the catalytic domain.
These residues consist of an arginine-histidine-arginine triad, and a tyrosine
nucleophile that covalently binds the DNA upon cleavage of the phosphodiester
backbone (Nunes-Diiby et al., 1998). Tyrosine recombinases exchange DNA strands
one pair at a time, and thus the reaction proceeds via an intermediate which is similar
to the Holliday junction in homologous recombination (Holliday, 1964; Chen & Rice,
2003). These site-specific recombinases catalyze efficient inversion and excision
events depending on the relative orientation of their recombination targets (Fig. 3)
(Babineau et al., 1985). FLP-mediated excision of the intervening DNA segment
flanked by two FRT sites in a direct orientation leaves one recombination site behind.
If the selectable marker is placed on the intervening DNA segment this allows
generation of unmarked gene disruptions and recycling of the selectable marker
(Wirth et al., 2007). To date, such marker recycling systems have been successfully
established in different organisms, such as S. cerevisiae (Storici et al., 1999), Candida
albicans (Morschhauser et al., 1999; Wirsching et al., 2000), Aspergillus nidulans
(Forment et al., 2006), Cryptococcus neoformans (Patel et al., 2010), maize (Kerbach
et al., 2005), turfgrass (Hu et al., 2006), rice (Radhakrishnan & Srivastava, 2005),
aspen (Fladung & Becker, 2010), and mouse (Branda & Dymecki, 2004; Hacking,

18



Introduction

2008; Wu et al., 2008; Birling et al., 2009) and bacteria (Schweizer, 2003). In
addition, a protocol for removal of antibiotic resistance cassettes was established in
human embryonic stem cells (Davis et al., 2008). A scheme for FLP-mediated marker
recycling in shown in Fig. 4. The 45 kDa FLP recombinase is the best characterized
eukaryotic member of tyrosine recombinases. A minimal fully functional FRT site is
34 bp long and consists of an 8 bp asymmetric spacer (core region) that defines the
orientation of the FRT site, flanked by two 13 bp palindromic sequences that
constitute the binding sites for FLP (Chen & Rice, 2003). The spacer determines the
direction of the recognition sites and therefore the type of FLP-mediated reaction.
Since FLP mediated recombination does not require any accessory host proteins
which has contributed to its wide use in heterologous systems. Another advantage of
the FLP/FRT system is that FLP exhibits optimal activity at 30 °C (Buchholz et al.,
1996), which is a temperature at which U. maydis can be cultivated under laboratory

conditions.
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Fig. 3. Reactions catalyzed by FLP. FRT sites are depicted as arrowed red boxes. DNA
fragments are highlighted in different colors and marked as a, b, ¢, and d respectively.
Depending on the relative orientation of the FRT sites with respect to each other, FLP-
mediated recombination leads to different outcomes. a) FLP will cause the inversion of the
sequence between two FRT sites oriented in an opposite direction relative to each other. The
inversion event occurs in a repeated fashion as long as the recombinase is present and active
in the system. b) FLP will case the excision of the sequence between two FRT sites placed in
the same direction.

A limitation encountered when using site-specific recombinases to recycle selectable
marker is that every deletion event leaves one recognition sequence, a “scar”, behind.
Such residual sequences can be sites of chromosomal rearrangements upon

subsequent exposure to the recombinase (Hare & Chua, 2002). However, this can be
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circumvented by introducing FRT sites with different point mutations in the core
region (Storici et al., 1999; Barrett et al., 2008). Indeed, as was reported by Andrews
et al. (1986), the sequence within the core region of an FRT site may vary yet remains
functional as long as the second recombination site also carries this variation. An FRT
site containing a point mutation within the core region is, however, unable to
recombine with a wild-type FRT site (Andrews et al., 1986). Studies of Whiteson &
Rice (2008) have provided evidence that several mutant FRT sites that bind FLP well
are cleaved poorly, suggesting that sequence requirements for optimal binding and

catalysis are not identical (Whiteson & Rice, 2008).

wild type —
e 1 gene P 2 gene

deletion construct C H | ]
hph resistance cassette

single gene deletion mutant
geg hng — B B

single gene deletion mutant
hygs

double gene deletion mutant
hygs

Fig. 4. Scheme of multiple gene deletions via FLP-mediated recycling of hygromycin
resistance (hph) cassette. Grey boxes represent hph cassette. Flanking regions of the first
target gene are shown in yellow and blue while of the second gene to be disrupted by brown
and light-red. After each gene deletion FLP activity can be induced and hph cassette flanked
by FRT sequences will be excised as a circularized molecule leaving one FRT site, “scar”,
behind. Then the strain becomes hygromycin-sensitive and the same hph resistance marker
can be reused for another gene disruption in the same strain. To eliminate possible intra-
and/or intermolecular recombinations caused by FRT scars for each round of gene deletion
FRTs with different mutations were used. FRTs are highlighted as red and yellow arrowed
boxes.
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1.4 Aim of this study

In the U. maydis genome several effector proteins are encoded by gene families
suggesting a redundant function. Due to the limited number of resistance markers
these effector gene families have not yet been functionally analyzed. To facilitate
functional analysis of the effector gene families the first focus of this study was the
establishment of the FLP/FRT system in U. maydis. The inducible FLP-mediated
marker recycling can be used as a tool for generation of multiple gene deletion
mutants. The second aim of this thesis was to study the expression of all 11 genes of
the effl gene family coding for secreted proteins with an unknown function followed
by deleting all 11 genes using the FLP/FRT system. The fourth goal was to get more
insights on the role of Effl proteins during the biotrophic stage of the U. maydis

growth by using microscopic analysis and lipid binding assays.
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2. Results

2.1  Establishment of the FLP-mediated marker recycling in U. maydis

2.1.1 Design of an arabinose-inducible FLP expression system for U. maydis

In general it is difficult to express heterologous proteins in Ustilago maydis due to
premature transcription termination (Ladendorf et al., 2003; Zarnack et al., 2006).
Among factors which could play a role for heterologous gene expression is a codon
bias (Kane, 1995). Codon bias can lead to premature termination of translation,
misincorporation of amino acids, or frameshift mutations (Calderone et al., 1996).
Therefore, I designed a codon-optimized FLP gene according to a contest-dependent
dicodon usage preferred by U. maydis. Compared to FLP from S. cerevisiae, the
optimised FLP sequence contained 384 silent base mutations that modified 316 of 423
codons (Fig. 5). This increased the G+C content from 37% to 60%. The synthetic FLP
gene was assembled from oligonucleotides using the strategy described by Stemmer
(Stemmer et al., 1995) and (Hale & Thompson, 1998). To test FLP expression I
generated strain SG200FLP, in which FLP recombinase is integrated in single copy in
the ip locus (Loubradou et al., 2001) of U. maydis strain SG200 under the control of
arabinose inducible crgl promoter. By northern blot analysis FLP recombinase gene
expression could be visualized 1 h after shift to complete medium containing
arabinose (CM-ara) as sole carbon source (Fig. 6a). To assess FLP activity in vivo the
self-replicating recombination reporter plasmid pIF1 was introduced into SG200FLP
and into SG200 as control. In pIF1 lacZ” is disrupted by a cassette in which FRT sites
flank a constitutively expressed egfp gene under the control of po2tef promoter. FLP-
mediated recombination should excise the egfp cassette and leave a plasmid in which
the lacZ” gene is restored (Fig. 6b). After growth in CM-glu medium SG200pIF1 and
SG200FLPpIF1 strains were grown in CM-ara medium for up to 16 hours. Starting at
8 h a decrease of relative fluorescence units was observed in the SG200FLPpIF1
grown in the CM-ara medium indicative of excision of reporter egfp gene (Fig. 6d).
Neither in the control strain SG200pIF1 nor in SG200FLPpIF1 grown in CM-glu
medium could such a decrease in relative fluorescence be observed (Fig. 6d). After an
induction period of 16 hrs DNA was prepared and introduced into DHS5a by
electroporation. Of 953 transformants with DNA isolated from SG200pIF1 all were
white on X-Gal plates while of 1078 transformants with DNA isolated from
SG200FLPpIF1 659 were light blue (Fig. 6¢) indicative of partial restoration of the
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FLP 1 atgccacaatttggtatattatgtaaaacaccacctaaggtgettgtteg
FLP - U. maydis 1 atgecfeafitttggBatB8tBtoBaafaciocBocBaagatgctiatlcy
FLP 51 tcagtttgtggaaaggtttgaaagaccttcaggtgagaaaatageattat
FLP - U. maydis 51 teagtttgtBoafBoBttBya@8olccBrclgoBoagaafatBocEBtEr
FLP 101 gtgctgotgaactaacctatttatgttggatgattacacataacggaaca
FLP - U. maydis 101 gBgcBgcByafctBacctaB@tBroBragatgatBacBcaBaacggfach
FLP 151 gcaatcaagagagccacattcatgagetataatactatcataagcaatte
FLP - U. maydis 151 gcBatcaagBgllgccacBttcatqligftraBaaBacBatcatBiEgaagtc
FLP 201 gctgagtttcgatattgtcaataaatcactccagtttaaatacaagacge
FLP - U. maydis 201 getEEEgttcgaBatBgotcaaBaaftclctocagttBaaftacaagacge
FLP 251 aaaaagcaacaattctggaagcctcattaaagaaattgattccoctgettgg
FLP - U. maydis 251 afaafgcBacBatBctBgafocctciBtBaagaaf@tBatBocBacBtog
FLP 301 gaatttacaattattccttactatggacaaaaacatcaatctgatatcac
FLP - U. maydis 301 gaffttBacBatBatBccBtactalgglcafaalcaBcalitcigaBatcac
FLP 351 tgatattgtaagtagtttgcaattacagttcgaatcatcggaagaagcag
FLP - U. maydis 351 BgaBatBqtBECEECHEtEcaf@tBcagttcgaftclitcggaagaligcly
FLP 401 ataagggaaatagccacagtaaaaaaatgcttaaagcacttctaagtgag
FLP - U. maydis 401 aBaagggBaalli€§cacagBaafaafiatgctBaafigclctctBEEgoal
FLP 451 ggtgaaagcatctgggagatcactgagaaaatactaaattegtttgagta

FLP - U. maydis 451 ggByafffatctgygagatcacBgagaafatBotBaaBregttBgagta

FLP 501 tacttcgagatttacaaaaacaaaaactttataccaattcctetteoctag
FLP - U. maydis 501 BacBtcoBgBttBacBaafacBaafacHBtBtraccafittcctettoctly
FLP 551 ctactttcatcaattgtggaagattcagegatattaagaacgttgatceg
FLP - U. maydis 551 cBacBttcatcaaBtgBogBaBtt gaBatBaagaacgtBgaiccE
FLP 601 aaatcatttaaattagtccaaaataagtatctgggagtaataatccagtg
FLP - U. maydis 601 aaftchttBaafBtBotccafaaBaagtaBotBogBatBatBatecagtyg
FLP 651 tttagtgacagagacaaagacaagcgttagtaggcacatatacttottta
FLP - U. maydis 651 BBtBotBacBgagacBaagacEEiEgytBEEg8 BcacatBracttEetEE
FLP 701 gcgcaaggggtaggatcgatccacttgtatatttggatgaatttttgagg
FLP - U. maydis 701 E§gciBgBagtBoBatcgaBcclctBotBtaBBtEqalqaft tE8tqBqE
FLP 751 aattctgaaccagtcctaaaacgagtaaataggaccggcaattcttcaag
FLP - U. maydis 751 aaBtcBgaaccBatfctBaafcoliotBaaBBoBaccoglaaBtcltciEe
FLP 801 caataaacaggaataccaattattaaaagataacttagtcagatcgtaca
FLP - U. maydis 801 HaaBaafcaggaftaccag@tg@tBaafoaBaacBtfotGEcEagEtaca
FLP 851 ataaagctttgaagaaaaatgcgccttattcaatctttgetataaaaaat
FLP - U. maydis 851 aBaafigcG8tBaagaafaaBgclccBtaBtcfatctttgcBatBaafaal
FLP 901 ggcccaaaatctcacattggaagacatttgatgacctecatttettteaat
FLE = U. maydis 901 gglccBaafitclcacatBoglBolcaBBtBatgacctclittBotBrclat
FLP 951 gaagggcctaacggagttgactaatgttgtgggaaattggagegataage
FLP = U. maydis 951 gaagggfictBacBoagBtBacBaaBatBotBogBaaBtaciEgaaBaagc
FLP 1001 gtgcttctgcocgtggocaggacaacgtatactcatcagataacagoaata
FLP - U. maydis 1001 gtgcBtcBgccotBocEBoBacBacBtaBacBcaBoagatBacBocBatB
FLP 1051 cctgatcactacttcgecactagtttcteggtactatgeatatgatccaat

FLP - U. maydis 1051 ccBgaBcactacttBocBctBotBtclicoBtactaBgcBraByafccBat

FLP 1101 atcaaaggaaatgatagcattgaaggatgagactaatccaattgaggagt
FLP - U. maydis 1101 BE§8aaggafatgatBocE8tBaaggaBgagacBaaliccBatBoaggagt

FLP 1151 ggcagecatatagaacagctaaagggtagtgctgaaggaageatacgatac
FLP - U. maydis 1151 ggcagcafatBoaficagetBaaggoBiEgocByafosBEEgatBogBtac

FLP 1201 ccecgeoatggaatgggataatatcacaggaggtactagactacctttcate
FLP - U. maydis 1201 ccegeBtggaaliggBatBatBtclcaggaggtBctBoactacetBrclte

FLP 1251 ctacataaatagacgcata
FLP - U. maydis 1251 ftacatBaaBBoBcacatl

Fig. 5. Nucleotide sequence of the codon-optimized FLP recombinase. Codon-optimized
(FLP — U. maydis) and FLP recombinase from the 2 micron plasmid of S. cerevisiae (FLP)
are compared. Sequence differences are highlighted in pink color.
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lacZ” gene. In three independent experiments the average frequency of lacZ’
restoration was 67.8 + 15.5 % while restoration of lacZ” could not be observed after
transforming DNA from SG200pIF1 into DH5a.. When FLP activity was not induced
1,8 % of the transformants showed a light blue phenotype indicating leaking of the

crgl promoter.

Restriction analysis revealed that the plasmids isolated from these light blue colonies
were reduced in size by 2.0 kb, indicative of excision (Fig. 7). The precise site-
specific FLP-mediated excision event was verified by sequencing the junctions in 5 of
the plasmids using primers plF1fw and pl. This illustrated efficient FLP-mediated

excision when FRT sites are located on an autonomously replicating plasmid.

2.1.2 FLP-mediated excision of an hph cassette from U. maydis genome

Next, I tested the efficiency of FLP-mediated excision from the genome. On a
statistical basis, a 34 base pairs (bp) consensus FRT site is not expected to be found in
the genome. However, illegitimate recombination events caused by Cre action via
cryptic loxP sites (which are also 34 bp long) were reported to occur in yeast and
some mammalian genomes (Schmidt et al., 2000; Loonstra et al., 2001; Silver &
Livingston, 2001). A BLAST search of the U. maydis genome excluded the
possibility of cryptic FRT targets being present. Figure 9 shows schematically the
pHWtFRT plasmid harbouring an FRT-bordered hph cassette used in this study to

generate gene deletion constructs.

UmO01796 was disrupted in SG200FLP via homologous recombination employing the
hph cassette flanked by wild type FRT sites from pHwtFRT (Fig. 8a). The resulting
strain SG200FPLA01796 " T was grown in CM-glu liquid medium to an OD600 =
0.7 and shifted to CM-ara liquid medium to induce FLP expression. Genomic DNA
was isolated at different time points after induction of FLP expression. By PCR
analysis with um01796LBfw and um01796RBrv primers (see Materials and Methods,
Table 4) the appearance of the 2 kb excision product could be demonstrated already
after an induction period of 2 hours and the intensity of this band increased with

increased induction time (Fig. 8b).
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Fig. 6. Establishment of the FLP/FRT system in U. maydis. a) SG200 and SG200FLP were
grown in CM-glu and then shifted to either CM-glu (-) or CM-ara (+) medium for 1 h. Total
RNA was prepared and subjected to northern blot analysis using a 1.3 kb PCR product of FLP
gene as probe (Methods S2). FLP mRNA is marked with an arrow. Methylene blue rRNA
loading control of samples is shown below. b) Scheme of the recombination reporter plasmid
pIF1. Egfp is inserted in the lacZ” gene and is flanked by directly repeated FRT sites (red bars
with arrows). Egfp expression is controlled by the constitutive Po2tef promoter and the nos
terminator (upper panel). FLP-mediated recombination excises egfp leaving one FRT site.
This site is in frame with the open reading frame of lacZ” (lower panel). ¢) 16 hrs after the
shift of SG200pIF1 and SG200FLPpIF1 to CM-ara medium DNA was prepared, transformed
into DHS5q, and transformants were plated on YT-XGal plates. All transformants with DNA
recovered from SG200pIF1 yielded white colonies (left) while about two thirds of the
transformants with DNA from SG200FLPpIF1 yielded blue colonies (right). d)
SG200FLPpIF1 and SG200pIF1 were either grown in CM-glu or shifted to CM-ara for the
indicated time. Relative eGFP fluorescence/OD600 was determined in triplicate experiments.
Average values are shown and standard errors are indicated for SG200FLPpIF1 shifted to
CM-ara (red) and CM-glu (dark red) and SG200pIF1 shifted to CM-ara (blue) and CM-glu

(green).

Since the low level of basal expression of FLP in SG200FLP could cause premature
excision of the resistance cassette and prevent the identification of the desired
transformants we have also generated a self-replicating FLP-expressing plasmid

pFLPexpC conferring carboxin resistance (Fig. 9).
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LacZ" Po2tef egfp Tnos LacZ’
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Fig. 7. FLP-mediated excision assay. a) Schematic representation of the recombination test
plasmid pIF1 and its derivative after FLP-mediated pop-out of the FRT-flanked fragment.
FRT sites are indicated in red and their orientation is given by the arrow. The laz” gene is
indicated in blue, the egfp gene flanked by the constitutive Po2tef promoter and Tnos
terminator is indicated in green and grey, respectively. Diagnostic Xbal restriction sites are
indicated. Digestion of pIF1 with Xbal results in four fragments of 5.0, 2.0, 0.7 and 0.055 kb
(not visible on these gels). Xbal digestion of pIF1 after FLP-mediated excision results in two
fragments of 5.0 and 0.7 kb. b) DH5a was transformed with DNA from SG200FLPplIF1,
incubated for 16 h in CM-ara and plated on X-gal plates. Left panel: Xbal restriction analysis
of ten plasmids isolated from white colonies. Right panel: Xbal restriction analysis of ten
plasmids isolated from light blue colonies. M = 1 kb ladder.

This plasmid was introduced into SG200A01796"™ " FRT  FLp expression was then
induced by shift to CM-ara medium, and colonies that had lost the hygromycin
cassette as well as the FLP donor plasmid were subsequently identified (see Materials
and Methods for details). In three independent experiments an excision frequency of
65.71 + 4.34% could be determined and of these cells 21.06 + 2.58% were also
carboxin sensitive, i.e. they had lost pFLPexpC. To verify the correct excision of hph
cassette  DNA was isolated from five hygromycin-sensitive and from four
hygromycin-resistant colonies and analysed by PCR (Fig. 10 a, b). There was a
perfect correlation between the presence of the excision product and hygromycin
sensitivity. Additionally, correct excision of the FRT-flanked DNA segment was
analyzed by Southern blotting (Fig. 10 c, d). These results demonstrate that it will be
feasible to screen for FLP-mediated excision and loss of the FLP donor plasmid

simultaneously and for the subsequent experiments this procedure was applied.
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(a)
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deletion construct [ =] =] ]
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Pi 2.1 kb P2
deletion mutant —] = | —
hyg®
(b)
5kb —
2kb —

Fig. 8. Time course and efficiency of FLP-mediated excision of the hph cassette from a
genomic location. a) Scheme of the events leading to deletion of um01796 and subsequent
FLP-mediated excision. FRT sites are indicated as red boxes and their orientation is given by
arrows. In the first step the deletion construct for gene Um01796 is integrated in the genomic
locus by homologous recombination (dotted crosses) yielding a hygromycin resistant
transformant. After induction of FLP expression the hygromycin resistance cassette is excised
leaving one FRT site in the genome. PCR primers used for verification are indicated together
with the length of the amplified fragments. b) SG2000FLPA1796™* "™ was grown in CM-glu
medium and shifted to CM-ara medium for 24 h. Samples were taken at the indicated times
and DNA was prepared. Using PCR with primers P1 and P2 excision was monitored. The 4.8
kb fragment corresponds to the non-excised cassette, the 2.1 kb fragment indicates the post-
excision product.

2.1.3 One step FLP-mediated excision of the hph cassette and the FLP coding
sequence

The generation of successive deletion mutants was very time consuming due to
repeated introduction of the FLP expressing pFLPexpC once a gene had been deleted,
FLP induction and then screening for the loss of the plasmid. Therefore, I modified
the system in such a way that in future experiments the FLP gene could be introduced

into the genome together with the hph cassette.
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pHWtFRT pFLPexpC

Hindlll Ndel — Nofi Hindlll

cbx®  ARS

Pcrg  FLP Tnos

Phsp70 hyg Tnos . ori
gaagttcctattctctagaaagtataggaacttc
core region

Fig. 9. Schematic representation of plasmids used in recombination assays. Schematic
representation of plasmids used in recombination assays. pHwtFRT is an E. coli plasmid that
serves as the source of the hph cassette flanked by FRT sites (red boxes, orientation is
indicated by arrows) used for generating deletion constructs. The bacterial gene for
hygromycin-phosphotransferase (hph) is under control of the U. maydis hsp70 promoter
(Phsp70 in green); termination is facilitated by the Agrobacterium tumefaciens nos terminator
(Tnos in grey). Not1 and Sfil sites are indicated. For selection in E. coli this plasmid harbors a
kanamycin as well as an ampicillin resistance gene. pFLPexpC is the FLP expressing self
replicating plasmid for maintenance in U. maydis. It harbors the synthetic FLP gene (red)
under control of the arabinose-inducible Pcrgl promoter (yellow) and carries a cbx resistance
gene for selection in U. maydis.

To demonstrate its utility I disrupted um01796 in SG200 by introducing pYUIF-
FRTm2 (Fig. 11). Then FLP activity in the resulting mutant strain
A01796"RTm¥FRTm2. .,y JTFm2 was induced for 16 hrs by shift to CM-ara medium.
After inducing FLP, 34 = 9 % of the resulting single colonies were hygromycin
sensitive. PCR analysis revealed that in these colonies the hph as well as the FLP gene
had been lost (Fig. 11). This illustrates that the experimental speed in future studies
can be significantly increased. The drawback of this protocol is a large size of the
deletion cassette (8 kb) which reduces cloning efficiency of the ligation product into
the TOPO vector (see Materials & Methods). The large size is mostly due to the crgl
promoter, which is 3.6 kb long. However, integration of FLP under 2 kb nitrate-
inducible nar promoter resulted in a high excision frequency already in non-induced
cells (data not shown), presumably because this promoter is less efficiently regulated

by ammonium.
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Fig. 10. Time course and efficiency of FLP-mediated excision of the hph cassette from a
genomic location. a) Schematic representation of sizes of PCR amplification products
obtained with P1 and P2 primer pair from wild type, hyg resistant mutant
SG200A01796"™FRT a5 well as hyg sensitive mutant SG200A01796™" DNA templates. FRT
sites are indicated as red boxes and their orientation is given by arrows. After introduction of
pFlpexpC and induction of FLP the hygromycin resistance cassette is excised leaving one
FRT site in the genome. PCR primers used for verification are indicated together with the
length of the amplified fragments. b) SG200A01796"™* " * pFIpexpC was grown in CM-ara
medium for 16 hrs and then plated on CM. DNA was prepared from nine single colonies
(lanes 1-9) and analyzed by PCR using primers P1 and P2. Hygromycin-resistant colonies
contained the non-excised cassette (4.8 kb) while all hygromycin-sensitive colonies had
excised the cassette (2.1 kb). SG200 yields a 3.3 kb PCR product (lane 10). M = 1 kb ladder.
¢) Schematic representation of SG200 allele and excised allele. FRT site is shown as red
arrowed box. The ECORI restriction sites and sizes of the hybridization fragments are
indicated. d) Southern blot analysis of FLP-mediated hph-cassette excision event in
AumO01796pFlpexpC mutants after PCR screen. Genomic DNA from clones #1, #3, and #7
was used. Genomic DNA was isolated 18 h after incubation of cells in YEPSL medium,
digested with ECORI restriction enzyme, and Southern blot analysis was performed utilizing
the knock-out construct as a probe.
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Fig. 11. Screen for FLP-mediated recombination leading to excision of the hph cassette
as well as the FLP gene. (a) Scheme for deleting um01796 (top line) and replacing it with a
cassette harboring FRTm?2 sites (green), the crgl-inducible FLP gene (red with regulatory
elements shown in grey) and the hph cassette (in grey) (middle line). The border fragments
flanking um01796 are indicated in yellow (left border, LB) and light blue (right border, RB).
After induction of FLP a hygromycin sensitive deletion mutant is generated that lacks the
FLP gene (lower line). P1 (um01796LBfw), P2 (um01796RBrv), P3 (a+4) and P4 (c-9)
indicate primers used for diagnostic amplifications. (b) SG200A01796::pYUIF-FRTm2 was
grown in CM-ara for 16 hrs and plated for single colonies on PD plates and replica plated on
hyg plates. 5 hygromycin resistant (lanes 1-5) and 5 hygromycin sensitive (lanes 4-10)
colonies were identified, DNA was prepared and amplified with primers P3 and P4 to
visualize the presence or absence of the FLP gene. In addition, the DNA from the five
hygromycin sensitive colonies was amplified with primers P1 and P2 to visualize the
expected post-excision band of 2.0 kb (lanes 11 — 15). M = 1 kb ladder.

2.1.4 Recombination assay on core-mutated FRT sequences

When multiple gene deletions are performed by FLP-mediated recombination
multiple FRT sequences are left in the genome that can cause genomic instability in
the presence of FLP (Hare & Chua, 2002). To minimize the chance for chromosome

rearrangements caused by intra- and intermolecular recombination between identical
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FRT sites left in the genome four mutant FRT sequences were designed (Fig. 12) each

with a different point mutation in the core region (see Materials and Methods).

GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTC FRT

GAAGTTCCTATTCTCGAGAAAGTATAGGAACTTC FRTml1
GAAGTTCCTATTCTCAAGAAAGTATAGGAACTTC FRTm2
GAAGTTCCTATTCTCCAGAAAGTATAGGAACTTC FRTm3
GAAGTTCCTATTCTCTGGAAAGTATAGGAACTTC FRTm4

Fig. 12. Sequences of FRT sites used in this study. Eight nucleotides of the FRT core region
are underlined and indicated in bold. Point mutations introduced are marked in red.

Plasmids were generated in which the hph cassette is flanked by two direct copies of
these mutated FRT sequences. pHwtFRT, pHFRTml, pHFRTm2, pHFRTm3,
pHFRTm4 were introduced into SG200FLP individually to disrupt gene um11377.2.

The efficiency of FLP-mediated recombination of the mutated FRT sites was assayed
(see Materials & Methods). The assay was performed three times and in total about
200 cells were tested for the loss of resistance marker. Relative to recombination in
pHWtFRT carrying wild type FRT sequences the mutated FRT sequences recombined
2-5 times less efficiently (Fig. 13).

2.1.5 Stability of strains harboring multiple FRT sequences

To assess the stability of strains carrying multiple integrations of FRT sites we used
SG200A01796 ™% A11377.2"FRT in which two wild type FRT sites are situated 0.43
Mb  apart on  chromosome 3. In parallel the four strains
SG200A01796" % A11377 2R TmI/ERTmE SG200A01796" %" A11377 2 RKTm2/ERTm
SG200A01796"™"TA11377.2FRTmARTmS 9 Gr00A01796 R TA11377 2FRTmERTIE (e
Materials and Methods, Table 3) that differ from SG200A01796"™%TA11377.2FRT/FRT
only by the ml, m2, m3 or m4 mutation in the FRT sites (Fig. 14) residing in the
um11377.2 locus (prior to excision) were generated. After introducing pFLPexpC and

inducing FLP expression (see Materials and Methods) DNA was isolated and
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analyzed by PCR for deletion events between FRT sites in the um01796 and the

um11377.2 locus using primer combinations shown in Fig. 14a.
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Fig. 13. FLP-mediated recombination in SG200FLPA11377.2 strains carrying hph
cassettes flanked by direct copies of either wild type or mutant FRT sites. Recombination
efficiency was calculated by determining the percentage of cells in which the hph cassette
was excised after incubation for 24 h in CM-ara medium and plating on PD and hyg plates. N
gives the total number of colonies screened in three independent experiments. Bars indicate
standard error.

While recombination could be visualized between a wild type FRT site in the
umO01796 locus and wild type FRT sites in the um11377.2 locus in DNA isolated from
SG200A01796"™%TA11377.2"*7FRT such a 3.1 kb product was not amplified when
strains harbored a wild type FRT site and any of the mutated FRT sites (Fig. 14). This
illustrates that the introduced FRT mutations greatly reduce or abolish recombination

with wild type FRT sites, which should consequently help to maintain strain integrity.
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Fig. 14. Stability of SG200 strains carrying wild type and mutant FRT sites after
induction of FLP gene expression. (a) Scheme for possible recombination events in
SG200A01796™TA11377.2 derivatives carrying one wild type FRT site replacing um01796
(indicated in red) plus two FRT wild type or mutant sites flanking the hygromycin resistance
cassette that has replaced um11377.2 (indicated in white). Arrows indicate the orientation of
FRT sites. Primers P1 (um11377.2LBfw), P2 (um11377.2RBrv), P3(um01796LBfw) and P4
(um11377.2-FRTassay-rv) (see Table S1) which were used in PCR reactions to visualize
possible excision events (lines 1 - 4) are indicated. (b) All strains were shifted to CM-ara
medium for 16 hrs, total DNA was isolated and amplified using primer pair P1+P2 (lanes 1 -
5) and primers P3+P4 (lanes 6 - 10). Strains used are SG200A01796 % A11377.2"* 7T (lanes
1 and  6),  SG200A01796"*TA11377.2FRT™IFRTL (Janes 2 and  7),
SG200A01796™TA11377.2FRTm¥FRIM2 (1anes 3 and 8), SG200A01796 %" A11377 2 RTmI/FRTmS
(lanes 4 and 9), SG200A01796"%TA11377.2FRT™/FRT™ (1anes 5 and 10). M = 1 kb marker. The
4.8 kb band is characteristic for the unexcised hph cassette and its presence indicates the
lower recombination efficiency of mutated FRT sites. The 3.1 kb fragment indicates
recombination between the wild type FRT site and one of the FRT sites residing in the
um11377.2 locus. This band is visible only when in strain SG200A01796™%TA11377 2FRFRT
carrying three wild type FRT sites. The 5.9 kb fragment was never detected, presumably
because excision of the hph cassette even in strain SG200A01796"™%TA11377.2"R7FRT \ag
much more efficient than recombination between the sites 0.43 Mb apart.
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2.2 An 11 gene effector family in U. maydis

2.2.1 Bioinformatic analysis of eff1 genes

2.2.1.1 General characterization of eff1 family

U. maydis families 9 and 17 have been described to consist of four and three genes,
respectively, encoding novel secreted proteins that are U. maydis specific (Kédmper et
al., 2006). Our initial interest in these groups of secreted proteins was based on the
finding that three members of these two gene families contain putative NLS
sequences (Mueller et al., 2008). However, these putative NLS sequences occur at
non-conserved locations, and are therefore not considered functionally relevant.
Additionally, a more rigorous search for related genes using profile Hidden Markov
Models (HMMs) revealed that these seven genes in family 9 and 17 are related and
four additional paralogs exist in the genome. We designate this enlarged gene family
as effl family (Table 1). The effl family comprises um01796 and um11377 on
chromosome 3, the adjacent genes um03313 and um03314 on chromosome 8§ and the
seven genes, um02135, um02136, um02137, um02138, um02139, um02140, and

um02141, clustered on chromosome 5.

According to MUMDB http://mips.helmholtz-muenchen.de/genre/proj/ustilago all
encoded proteins except Um11377 contain putative N-terminal secretion signals and
an analysis of the um11377 gene region showed that sequence similarity to other Eff1
proteins extends well upstream of the predicted Um11377 start methionine and
includes a putative signal sequence. This larger frame is however disrupted by a stop
codon at position 64. We re-sequenced this gene from the sequenced U. maydis strain
521 and detected a sequencing error. The gene model has been corrected and the gene
is now designated um11377.2. Additionally, based on sequence similarity between
Umo02139 and Um02140 (Fig. 15b) Met37 is strongly implied to be the true start
codon of Um02140. The respective gene is now designated um02140.2. The effl
genes code for proteins ranging in size from 302 aa (Um02141) to 493 aa (Um02136)
(Table 2). A complete alignment of all 11 Effl proteins employing the multiple
sequence alignment program ClustalW (Thompson et al., 1994) revealed several
strictly conserved as well as some highly prevalent residues located in the C-terminal
region (Fig. 15b). Umo03313 and Umo03314 display 60% amino acid identity,

indicating that a recent duplication event has generated these adjacent genes.
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Fig. 15. Domains of Effl proteins. (a) On top the domain structure of Effl proteins is
depicted schematically. (b) A) The proteins are defined by an N-terminal signal sequence
colored red in the alignment; cleavage site consensus: A/x-[PS]-x-[GP]-x-G). B) In all Effl
proteins, the central region is predicted to be unstructured and has very low secondary
structure propensity. In subgroup Il sequences (see Fig. 16), this region contains a conserved
segment with an area of elevated helical propensity. This segment is duplicated in two of the
proteins. C) The C-terminal conserved domain is the only part of the mature proteins that
appears to have a folded structure (the predicted secondary structure is shown above the
alignment; s - strand; h - helix).
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Um01796 and Um02138 show an amino acid identity of 42.5 % and Um11377.2
shares 45 %identity with Um01796. Amino acid sequence conservation in all 11
proteins is most evident in the C-terminal domains (Fig. 15b). Using the program
“PredictNLS” putative monopartite nuclear localization signals (NLS) were predicted
for Um02137 (** KKRRRK?**?) and Um02139 (**ESLKRT*”), and these are located
in the conserved C-terminal domain of the respective proteins. A putative bipartite
NLS sequence consisting of two stretches of basic amino acids (*°'KRSRR*>) and

CYKKLK®) was detected in Um03314.

Table 1. The effl gene family

um gene number* gene name accession number
um01796 effl-1 XP 757943
um11377.2 effl-2 XP 758119
um03313 effl-3 XP 759460
um03314 effl-4 XP 759461
um02135 eff1-5 XP 758282
um02136 eff1-6 XP 758283
um02137 effl-7 XP 758284
um02138 eff1-8 XP 758285
um02139 eff1-9 XP 758286
um02140.2 eff1-10 XP 758287
um02141 effl-11 XP 758288

* MUMDB gene assignment http://mips.helmholtz-muenchen.de/genre/proj/ustilago

An alignment of eleven Effl proteins was analyzed by neighbor joining and
parsimony with statistical confidence measured by bootstrap analysis. With a
bootstrap support 100% in distant analysis both sets of phylogenetic analyses revealed
that the family has split up into three groups consisting of subgroup I (Um02138,
Umo01796, Um11377.2, Um02137), subgroup II (Um03314, Um03313, Um02139,
Um02140.2, Um02141) and subgroup III (Um02135 and Um02136) (Fig. 16).
Relationships of some individual proteins in these groups could not be strongly

resolved due to the very high similarity between closely related sequences.

2.2.1.2 Eff1 paralogs revealed in S. relianum

To gain insights into the putative function of family Effl proteins, all eleven amino
acid sequences as well as identified motifs alone were used to screen the
nonredundant National Center for Biotechnology Information (NCBI) protein

database. Significantly, a BLASTp search against (NCBI) revealed no other proteins
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sharing any of four discovered motifs. However, homology search in a close relative
of U. maydis, Sporisorium relianum (G. Mannhaupt and R. Kahmann, personal
communication), was able to detect ten homologous genes of family Effl. Figure 22
shows a phylogenetic tree obtained from alignment of Effl proteins together with

their paralogs from S. relianum genome.

Table 2. General characterization of Effl family proteins

Gene Length, Identity Chromosomal location Predicted = Comments
aa over the size of
total signal
length, % peptide
umO01796 430 100,0 Resides on chromosome 3 19
um02138 447 42 Resides on chromosome 5 21
uml11377.2 385 41 Resides on chromosome 3 at a 21

distance 0.43 Mb from um01796
towards 3" end of the

chromosome
um02137 487 24 Resides on chromosome 5 21 contains
NLS
um03314 447 22 Resides on chromosome 8 19 contains
NLS
um02139 450 21 Resides on chromosome 5 16 contains
NLS
umO03313 363 21 Resides on chromosome 8 19
um02136 493 20 Resides on chromosome 5 21
um02135 462 19 Resides on chromosome 5 22
um02140.2 377 18 Resides on chromosome 5 24
um02141 302 18 Resides on chromosome 5 22

An alignment of all these proteins was analyzed by neighbor joining as well as
parsimony with statistical confidence measured by bootstrap analysis. Relationships
of individual proteins within two groups could not be strongly resolved due to the
very high similarity among closely related sequences (Fig. 17). The composite tree
reveals a number of interesting relationships (Fig. 17). Um02135 and Um02136 in
contrast to other proteins in Effl family have no close orthologues in the genome of S.

relianum. Subgroup III and subgroup II proteins have three and one orthologs in S.
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relianum, respectively (Fig. 17, b, c¢). High values of bootstrap support suggest that

the relationship within the two groups is a result of true phylogenetic signal.
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Fig. 16. Phylogenetic analysis of Effl proteins reveals subgroups. Amino acid sequences
of full-length proteins were aligned using Clustal W program. The tree shown was derived by
neighbor-joining distance analysis of eleven proteins using SeaView software (version 4.2.3).
Bootstrap values (based on hundred bootstraps) are indicated above the nodes, with the
number on the left for the neighbor joining and on the right for parsimony.

In S. relianum, eight of the ten proteins related to the Eff1 proteins contain a signal
sequence. However, only one member of S. relianum family, Sr13382, contains

putative NLS sequence.
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Fig. 17. Phylogenetic analysis of Effl proteins and their orthologs in S. relianum. a) The
phylogenetic tree shown was derived by neighbor-joining distance analysis of eleven U.
maydis Effl proteins as well as their ten orthologs in S. relianum using SeaView software
(version 4.2.3). Bootstrap values (based on hundred bootstraps) are indicated above the nodes,
with the number on the left for the neighbor joining and on the right for parsimony. Amino
acid sequences of full-length proteins were aligned using ClustalW program. b), c)
Relationships among sequences within two groups were further refined. U. maydis and S.
relianum branches are highlighted with red and blue color, respectively.

2.2.2 Expression pattern of the family eff1 effector genes

The expression patterns of all members of the effl family was analyzed by
quantitative Real-Time-PCR during different stages of fungal development. Gene
expression levels were quantified in reference to the constitutively expressed peptidyl-
prolyl cis-trans isomerase gene ppil (accession number EAK84904). During axenic
growth of SG200 in YEPSL expression of the 11 effl genes could not be detected. 24
hours after plant infection, a time point when U. maydis has developed appressoria
and has begun to invade the host tissue (Mendoza-Mendoza et al., 2009), expression

of seven genes could be demonstrated (Fig. 18). At this time point the um02141
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transcript was about 1000-fold up-regulated compared to the ppil expression level.
Over the next seven days of biotrophic growth expression levels of um02141
decreased by 2-3 fold (Fig. 18). um01796, um03313, and um02139 showed maximum
transcript levels at 5 days post infection, while um11377.2 and um02140.2
demonstrated the highest expression levels at 3 days post infection. For um02137 and
um02138 there was a continuous increase in expression over the period from 1 to 8
days post infection. Except for um02129, which was at most 5 fold upregulated, all
other genes were at least 50- fold up-regulated at one of the chosen time points (Fig.
18). This illustrates that all members of this gene family are specifically expressed
during the biotrophic phase and thus qualify to be called effectors. Accordingly, they
were renamed eff1-1 to eff1-11 (Table 1).
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Fig. 18. Expression analysis of the family effl genes by quantitative Real-Time-PCR. RNA
was prepared from SG200 grown saprophytically in YEPSL liquid medium as well as from
maize seedlings 1, 3, 5, and 8 days post infection. Expression levels of the effl family genes
was standardized relative to the constitutively transcribed ppi gene. Three biological
replicates with two technical replicates each were conducted. Standard deviations are
indicated. P-values calculated by Student’s t-test are shown as asterisks. Asterisks indicate
significant differences relative to expression values in axenic culture. *, ** and *** represent
P-values < 0.05, 0.01 and 0.001, respectively. Expression of the effl genes was also tested in
uninfected plant material (depicted on the right) and in this case P-values were calculated
relative to expression values in infected plant material 5 days post infection (see Materials
and Methods). The color code for individual genes is shown below.
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2.2.3 The generation of mutants lacking members of effl gene family

To generate mutants lacking either all or different combinations of the genes
constituting the effl gene family we followed the scheme depicted in Fig. 19a using
five successive rounds of FLP-mediated recombination (see Methods and Methods).
This allowed wus to generate strains SG200efflAl, SG200eff1Al,2,
SG200eff1A1,2,3,4, SG200eff1A1,2,3,4,7,8,9,10 and SG200eff1Al-11 (see Methods
and Methods). In addition another five strains carrying different combinations of

effl
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Fig. 19. Strategy for the construction of effl deletion strains and their verification. a)
The arrangement of family effl genes on chromosomes 3, 8 and 5 is shown in the upper part
of each panel. Below intermediate as well as the final structure of the respective
chromosomes are shown. Wild type and mutant FRT sites remaining after excision are
indicated in color. The binding sites of diagnostic primers and sizes of PCR fragments are
indicated. b), c¢) Verification of all deletions in SG200eff1A1,2,3,4,7,8,9,10,11 and
SG200eff1A1-11 respectively. DNA was prepared from SG200,
SG200eff1A1,2,3,4,7,8,9,10,11, and SG200efflAl-11 and diagnostic fragments were
amplified from SG200 DNA (lanes 1) and SG200eff1A1,2,3,4,7,8,9,10,11 (lanes 2) in b) and
SG200effl1A11 (lanes 2) in c; primer pairs used are indicated below. M = 1 kb ladder.
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gene deletions were generated. These are strains SG200effl1A3,4, SG200eff1A1,8,
SG200eff1A1,3,4,8, SG200eff1A1,2,7,8,9,10 and SG200eff1A1,2,3,4,7,8,9,10,11 (see
Methods and Methods). In both SG200eff1A1,2,3,4,7,8,9,10,11 and SG200eff1Al-11
disruptions of all 11 genes was verified by PCR using primers that bind to the left and
right borders of the segments which were deleted (Fig. 19).

2.2.4. Phenotypic analysis of eff1l mutants

To test the phenotype of mutants in which different combinations of effl genes were
deleted the mutant strains were grown on various stress media (sorbitol, sodium
chloride, calcofluor, Congo red and H,0,). In no case could significant differences in
growth between SG200 and mutants be observed (Fig. 20). In addition, all mutants
developed vigorous filaments on CM-charcoal plates that was comparable to SG200
(Fig. 20). Next, the 10 strains carrying different deletion combinations of family effl
genes (see Materials and Methods) were tested for pathogenicity. It had been shown
previously that virulence can be lost completely when a single effector gene, in this
case pepl, is deleted in SG200 (Doechlemann et al., 2009). Compared to SG200
infections, significantly reduced virulence was observed when 9 or all 11 effl genes
were deleted (Fig. 21). In comparison to symptoms caused by SG200 two effects were
seen with SG200eff1A1-11: on the one hand, the number of plants showing symptoms
decreased from >95 %, to about 50 % and secondly, the symptom severity was
reduced. In comparison, the symptoms (ligula swellings and small tumors) observed
after infection with SG200eff1Al1-11 and SG200eff1A1,2,3,4,7,8,9,10,11 were also
significantly different, suggesting that the two genes from group III, eff1-5 and eff1-6
(Fig. 16) also contribute weakly to the phenotype of the 11 gene deletion strain.
Compared to SG200eff1A1,2,3,4,7,8,9,10,11, SG200eff1A1,2,3,4,7,8,9,10 showed
more large tumors and dead plants, suggesting that effl-11 is an important gene for
tumor formation. SG200eff1A1,2 induced more chlorosis and less tumors, but no
reduction in plants showing symptoms (still almost 100%). Thus, eff1-1 and eff1-2 are
important for tumor formation and they explain the elevated amount of chlorosis in all
strains where they are deleted. SG200eff1A1,2,3,4 and SG200eff1A3,4 were similar in
type of symptoms, but they showed differences in the number of plants with

symptoms, which was reduced in SG200eff1A1,2,3,4.
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Fig. 20. Growth of SG200 and SG200effl mutant strains on different stress media. Drops
(5 ul) of serial dilutions of SG200 and effl gene deletion strains were spotted on PD medium
supplemented with calcofluor white, sodium chloride, hydrogen peroxide, Congo red,
sorbitol, and charcoal at the concentrations indicated.

a: SG200eff1A1,2,3,4; b: SG200eff1A3.4; c: SG200efflA1,8; d: SG200efflAl,2; e:
SG200eff1A1; f: SG200eff1A1-11; g SG200eff1A1,2,3,4,7,8,9,10,11; h:
SG200eff1A1,2,3,4,7,8,9,10; i: SG200eff1A1,2,7,8,9,10; j: SG200eff1A1,3,4,8.
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This shows again that effl- and effl-2 positively contribute to virulence. Since
SG200eff1A1,2,7,8,9,10 induced comparable symptoms to SG200eff1Al,2, there is
no clear contribution of effl-7, effl-8, effl-9, and effl-10 to virulence.
SG200eff1A1,2,3,4,7,8,9,10 showed significantly decreased tumor symptoms
compared to SG200eff1A1,2,7,8,9,10 (Fig. 21), suggesting a contribution of eff1-3
and eff1-4 to virulence. This conclusion was reinforced by the attenuated virulence

seen after infection with SG200eff1A3,4 (Fig. 21).
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Fig. 21. Disease symptoms caused by SG200 and SG200 carrying different combinations
of effl gene deletions. For each strain three independent infections were performed and the
total number of infected plants is given above each column. Symptoms were scored 14 days
after infection and average scores from the three experiments are shown. To facilitate
comparisons, the 11 effl genes are listed on the right and their absence in individual strains is
indicated by A. The color code for disease rating is given below. P-values are shown as
asterisks. *, ** and *** represent P-values of < 0.05, 0.01 and 0.001, respectively, relative to
symptoms caused by SG200.

To assess the contribution of individual effl genes to the virulence phenotype several
complementation strains were generated in which individual effl effector genes were
re-introduced into SG200eff1A1,2,3,4,7,8,9,10,11. Two strains carrying single copy

integrations of effl-1 or eff1-8, respectively, were generated. Both strains showed
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statistically relevant elevated virulence compared to the strain carrying nine effl gene

deletions with effl-1 showing stronger complementation than eff1-8 (Fig. 22).
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Fig. 22. Complementation of SG200eff1Al1,2,3,4,7,8,9,10,11 with different effl genes.
Disease symptoms caused by SG200, SG200eff1A1,2,3,4,7,8,9,10,11 and three different
complementation strains are shown. Genes reintroduced in SG200eff1A1,2,3,4,7,8,9,10,11 are
listed below. The color code for disease rating is given below. P-values are shown. *, ** and
**%* represent P-values of < 0.05, 0.01 and 0.001, respectively, relative to symptoms caused
by SG200eff1A1,2,3,4,7,8,9,10,11.

Additionally, a SG200eff1A1,2,3,4,7,8,9,10,11 strain was generated in which the four
genes eff1-7, eff1-8, eff1-9 and eff1-10 were introduced in single copy, and this strain
also showed statistically relevant increased virulence compared to the nine gene
deletion strain (Fig. 22). Since the severely reduced virulence of the nine gene
deletion mutant could be partially restored by complementation with all genes tested

we assume functional redundancy within the effl gene family.

Next, we performed confocal microscopy to visualize early infection-related
development of SG200 and SG200efflIA1-11 strain 60 h after infection. To visualize
hyphae, they were stained by WGA-AF488, plant structures were stained with
propidium iodide. Confocal microscopy (in collaboration with Kerstin Schipper)
revealed that the SG200eff1A1-11 mutant had colonized the plant tissue. With respect

to With respect to development of branched hyphae no significant differences could
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be observed compared to SG200 (Fig. 23). This indicates that at this stage there was

no specific arrest of fungal development (Fig. 23).

SG200eff1A11

Fig. 23 Microscopic analysis of early infection-related development of U. maydis 11 gene
deletion mutant SG200efflA1-11. Pathogenic development of SG200 and SG200eff1A1-11
mutant were analyzed 60 h after infection. Confocal projections show fungal hyphae stained
with WGA-AF488 (green) and plant cells stained with propidium-iodide (red). No significant
difference could be visualized between colonization of the plant host by SG200 and mutant
strain. The photos were made by Kerstin Schipper.

2.2.5 Effl nine gene deletion mutant affects plant hormone levels

Diseased plants often show phenotypes consistent with hormone perturbations (Grant
& Jones, 2009). SA signalling and jasmonic acid (JA) can compromise each other
(Koornneef & Pieterse, 2008). Because the balance between JA and SA can determine
whether the plant succumbs to infection, selection favors pathogens that can affect
this balance in their favour (Grant & Jones, 2009). Indeed, Doehlemann et al.
revealed that after U. maydis infection, significant induction of 9 genes, annotated to

be involved in JA biosynthesis and signalling, was detected already 24 hours past
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infection (hpi) and high expression levels of host genes were maintained at later
stages (Doehlemann et al., 2008).
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Fig. 24 Concentrations of plant hormones in plants infected by
SG200eff1A1,2,3,4,7,8,9,10,11 (SG200effl1A9) and SG200. Bars indicate standard
deviations. Leaf tissue was taken from plants 5 dpi. For each measurement, five biological
replicates were used. a) Levels of jasmonic acid (JA). b) Levels of salicylic acid (SA) and
abscisic acid (ABA).
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To gain more insight of the plant responses induced by effl genes, we tested levels of
plant hormones in maize leaves infected by SG200eff1A1,2,3,4,7,8,9,10,11 (Table 3, see
Materials and Methods) in comparison to SG200 (collaboration with Jinsong Wu).
Concentrations of plant hormones, particularly JA, SA, and abscisic acid (ABA) were
analyzed in infected leaf tissue five days past infection (dpi). Infection of maize with
SG200eff1A9 resulted in 77% increase of SA levels indicating a “non-biotrophic”
character of plant-mutant interaction (Fig. 24b). Additionally, in leaf tissue infected
with SG200eff1A9 the level of ABA was slightly decreased (Fig. 24b). While the
level of JA, however, was in the range of variation for both SG200- and
SG200eff1A9-infected plants (Fig. 24a). Taken together, these data suggest that the

mutant is affected in establishing a biotrophic interaction.

2.2.6. Lipid binding affinity and root uptake assays of the Um02137-GFP fusion
protein

Recent work of Kale et al. showed that in order to translocate effectors into host cells,
RXLR-like motifs in fungal effectors, such as AvrL567 from Melampsora lini, Avr2
from Fusarium oxysporum f. sp. lycopersici, and AvrLm6 from Leptosphaeria
maculans bind to host cell surface phosphatidylinositol-3-phosphate (PtdIns-(3)-P)
(Kale et al., 2010). Indeed, phosphorylated derivatives of phosphatidylinositol (PI),
collectively called phosphoinositides, play a fundamental part in controlling
membrane—cytosol interfaces. Through interactions mediated by their headgroups
phosphoinositides mediate regulation of membrane traffic, the cytoskeleton, nuclear
events and the permeability and transport functions of membranes (Di Paolo & De
Camilli, 2006). The possibility that effl family effectors might enter plant cell via the
same mechanism was explored using protein-lipid overlay (PLO) assays. Since
Um02137 has an NLS sequence and contains the highest number of putative N-
terminal RXLR-like motifs of two types (based on the consensus sequences derived
from Tyler’s lab, B. Tyler, personal communication), we have chosen this effector as

a primary candidate to test lipid binding.
The PLO assay enables the identification of the lipid ligands with which lipid binding

proteins interact and provides qualitative information on the relative affinity with

which a protein binds to a lipid. GST- and His-tagged Um02137-GFP fusion protein
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was expressed in E. coli and purified by Ni*’-NTA chromatography (see Materials &
Methods). Purified GFP alone was used as a negative control (Fig. 25 c).
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Fig. 25. Interactions of Um02137-GFP-His with lipids using the protein-lipid overlay
(PLO) assay. The ability of GFP Um02137-His protein to bind various phospholipids was
analyzed. Purified GFP served as negative control. Proteins were expressed in E. coli and
purified by Ni*-NTA chromatography. PtdIns = phosphatidylinositol; PtdIns(3)P =
phosphatidylinositol-3-phosphate; PtdIns(4)P = phosphatidylinositol-4-phosphate; PtdIns(5)P
= phosphatidylinositol-5-phosphate; PtdIns(3,4)P2 = phosphatidylinositol-3,4-biphosphate;
PtdIns(3,5)P2 = phosphatidylinositol-3,5-biphosphate; PtdIns(4,5)P2 = phosphatidylinositol-
4,5-biphosphate;  PtdIns(3,4,5)P3 = phosphatidylinositol-3,4,5-triphosphate; PC =
phosphytidylcholine; PE = phosphatidylethanolamine. a) Serial dilutions (100, 50, 25, 12.5,
6.25, 3.13, 1.56 pmol) of the indicated phosphoinositides were immobilized on nitrocellulose
membranes, which were then incubated with the indicated proteins. The membranes were
washed and the proteins bound to the membrane by virtue of their interaction with lipid were
detected using an antibody that recognizes the His tag. This PLO assay shows binding of the
Um02137-GFP-His to different amounts (in pmol/spot) of the lipids, revealing specific
affinity of Um02137-GFP-His to PtdIns(3,5)P2 and PtdIns(5)P. b) 1 pl of eight lipids (100
pmol) was spotted onto nitrocellulose membrane. This assay shows specific binding of
Um02137-His to PtdIns(5)P and a weaker binding to PtdIns(4)P. ¢) Coomassie-stained SDS
gel of GST-Um02137-GFP-His and GST-GFP-His proteins as well as Um02137-GFP-His
and GFP-His proteins after removal of GST moiety by thrombin treatment.
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To establish whether Um02137 has lipid-binding activity six phosphoinositides were
tested, as well as phosphytidylcholine and phosphatidylethanolamine.
Phosphoinositides were spotted onto a nitrocellulose membrane and incubated with
30ug of purified Um02137-GFP-His recombinant protein. Bound Um02137-GFP-His
was then detected with His antibody and one spot yielded a signal, which
corresponded to phophytidylinositol-5-phosphate (PtdIns-5-P). A weaker binding was
shown also to phophytidylinositol-4-phosphate (PtdIns-4-P) (Fig. 25b). Experiments
with serially diluted phosphoinositides further confirmed the specificity of the
Um02137 binding to PtdIns-5-P, and additionally revealed a highly specific binding
to phosphatidylinositol-3,5-biphosphate (PtdIns(3,5)P2) (Fig. 25a). Using such
prespotted nitrocellulose arrays weak binding of Um02137 to phosphatidylinositol-3-
phosphate (PtdIns(3)P) and phosphatidylinositol-3,4,5-triphosphate (PtdIns(3,4,5)P3)
was also observed as well as weak non-specific binding of Um02137-GFP-His to

PtdIns(3)P and PtdIns-5-P (Fig. 25a).

For the P. sojae Avrlb effector a root uptake assay was developed to demonstrate
plant cell entry of, was described by Dou et al. (Dou et al., 2008). Indeed, incubation
of root tips of soybean seedlings for 12 h in a solution containing purified fusion
protein Avr1b-GFP allowed to detect uptake of Avrlb-GFP up to 10 cell layers deep
(Dou et al., 2008). To perform such an assay root tips of soybean seedlings were
incubated with the purified Um02137-GFP-His fusion protein for 12 h, washed for 2 h
in water, and then observed by confocal microscopy to localize the GFP (Fig. 26a).
As shown in Fig. 26, GFP accumulated inside many of the root cells, while GFP alone
did not produce any fluorescence (Fig. 26b). In some cells Um02137-GFP is localized
to the nuclei, indicating that the protein is located inside of plant cells and that the

cells are alive (Fig. 26¢).
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Um02137-GFP-His

Fig. 26 Entry of Um02137-GFP-His fusion protein into soybean root cells. GFP-His was
used as negative control. Proteins were expressed in E. coli and purified by Ni*"-NTA
chromatography. Root tips 1 cm long were completely submerged in protein solution (5
mg/mL) for 12 hr, then washed for 2 hr. Arrows indicate fluorescent plant cell nuclei.
Fluorescent images of the Um02137-GFP-His (a, ¢) and GFP-His (b).
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3. Discussion

In this thesis the FLP-mediated recombination system was successfully established in
U. maydis and subsequently used to delete a gene family consisting of 11 effector
genes in 5 consecutive recombination rounds. Deletion mutants lacking more than

eight genes were significantly reduced in virulence.

3.1  Features of the FLP-recombination system in U. maydis

3.1.1 Efficiency of the FLP-mediated recombination in U. maydis

In this thesis, we provide several direct lines of evidence demonstrating that FLP
recombinase from the 2 micron plasmid of Saccharomyces cerevisiae stably or
transiently expressed in U. maydis efficiently catalyzes site-specific excision of DNA
segments. Since it was known that optimizing the codon usage can overcome failure
or poor expression of heterologous genes in U. maydis (Zarnack et al., 2006),
expression was attempted in this study from a codon-optimized FLP gene. Indeed,
although codon bias is not the only factor involved in protein expression, it has
become increasingly obvious that codon biases can have a significant impact on the
expression of heterologous proteins (Kane, 1995). Application of a context-dependent
dicodon usage strategy was successful for all heterologous genes tested in U. maydis
so far. Such examples include Tcl and Mosl from Caenorhabditis elegans and
Drosophila mauritiana, respectively (Ladendorf, 2003), tetR repressor gene from E.
coli (Zarnack et al., 2006) as well as the activation domain of the herpes simplex virus
VP16 (M. Treutlein & J. Kdmper, unpublished). Codon-optimization of the FLP gene
has been applied to improve the efficiency of FLP-mediated recombination in several
species. For example, Song and Niederweis adapted the FLP codon usage to that
preferred by Mycobacterium tuberculosis; this increased the G/C content from 37% to
61% (Song & Niederweis, 2007). Expression of such a codon-optimized FLP
increased the frequency of deletion of an FRT-hph-FRT cassette in Mycobacterium
smegmatis by more than 100-fold (Song & Niederweis, 2007). Likewise, (Fladung et
al., 2009) demonstrated that by increasing the G/C content of FLP to 55%, it was

possible to enhance FLP expression up to 22-fold in maize zygotic embryos.

Therefore, to guarantee expression of FLP in U. maydis a codon-optimized FLP gene

was engineered de novo and placed under control of arabinose-inducible crgl
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promoter. Similar to synthetic FLP generated for M. tuberculosis (Song &
Niederweis, 2007), alterations of the FLP sequence for the expression in U. maydis
led to an increase in G/C content from 37% in its native form to 60% in the synthetic
version, somewhat above the average G/C content of 54% in U. maydis

(http://www.broadinstitute.org/annotation/genome/ustilago mavydis.2/GenomeStats.ht

ml). Expression of the codon-optimized FLP mRNA could be visualized after an 1 h
shift to complete medium containing 1 % arabinose. The crgl promoter proved to be
sufficiently tight as without induction of FLP only 1.8% of the colonies had lost the
FRT-flanked DNA segment.

FLP-mediated recombination was assayed via a genetic screen as well as by PCR.
FLP efficiently catalyzed site-specific recombination on the extra-chromosomal target
as well as between FRT sites located in the genome. The FLP gene could be either
expressed transiently or after stable integration into the ip locus of the U. maydis
genome. FLP-mediated recombination on the extrachromosomal target varied from
52% to 83%. Likewise, efficiency of FLP-mediated recombination of the FRT-
flanked DNA segment in the genome ranged from 57% to 79% when FLP was
expressed from the genomic locus and from 66% to 75% for transiently expressed
FLP encoded by the self-replicating plasmid pFLPexpC. Such results are consistent
with studies of O’Gorman et al., who reported 70 - 80% genomic recombination
events in mammalian cells transiently transformed with a FLP gene (O'Gorman et al.,
1991). A FLP-mediated recombination efficiency of nearly 100% was reported by
Kondo et al. for mouse embryonic stem cells where FLP was delivered by an
adenovirus vector (Kondo et al., 2006). In contrast, FLP-mediated deletion of an
FRT-neo-FRT cassette in maize cells under transient expression conditions for FLP
was only 2-3% (Lyznik et al., 1996). A dramatically low FLP-mediated excision
efficiency of the FRT-flanked segment from the genome in S. cerevisiae was reported
by Storici et al.: depending on the plasmid delivering FLP recombination frequency
varied from 0.09% to 0.1% (Storici et al., 1999).

3.1.2 FLP-mediated marker recycling in U. maydis
The multiple gene disruption system for U. maydis presented in this study allowed for
effective and standardized generation of multiple gene disruptions by a simple

repetitive procedure using a FRT-hph-FRT cassette for FLP-mediated removal of the
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selectable hph marker. The scheme for the FLP-mediated marker recycling consisted
of three main steps: i) the generation of a deletion mutant in which the selectable
marker introduced is flanked by directly oriented FRT sites, ii) the introduction of an
inducible FLP gene on an autonomously replicating plasmid and iii) the induction of
FLP expression and the subsequent screening for the loss of the selectable marker as
well as the FLP donor plasmid. The system was highly efficient and 21 + 8 % of the
single colonies grown up after 16 h induction of FLP from the autonomously
replicating plasmid pFLPexpC had lost the chromosomal marker flanked by FRT sites

as well as the FLP donor plasmid.

FLP-mediated excision of the FRT-hph-FRT resistance cassette leaves a “scar”
containing an FRT site; the length of such “scar” is dependent on the source of the
FRT sites, but is usually less than 90 bp (Schweizer, 2003). In this study, the length of
an FRT “scar” is 65 bp. These “scars” could be problematic after subsequent
expression of FLP and undesirable inter- and intramolecular recombination events
between identical FRTs at different loci might result by FLP action (Datsenko &
Wanner, 2000). From an extensive in vitro and in vivo characterization of FLP-
mediated recombination it is known that DNA heterology between the core regions of
two FRT sites abolishes their ability to recombine. However, mutations are tolerated
within the FRT sequences as long as the two recombination sites harbor identical
alterations in core regions (Andrews et al., 1986; McLeod et al., 1986; Senecoff et al.,
1988; Symington, 1997; Storici et al., 1999). Therefore, to avoid possible
chromosome rearrangements between FRT “scars” it is necessary to introduce point
mutations into the FRT core regions. Based on these properties of FLP/FRT system [
have designed four additional FRT sequences, each carrying a point mutation in the
core region. If the wild-type FRT cassette is used in the first round of gene deletion,
then the hyg resistance marker in the second round of allelic replacement should be
flanked by two identical FRTs with different core region sequences. Respective allelic
replacement vectors based on the hph resistance cassette were generated. For efficient
application of the FLP-mediated marker recycling all FRT-hph-FRT cassettes were
flanked by Sfil restriction enzyme sites for compatibility with the gene replacement
system developed previously for U. maydis (Brachmann et al., 2004; Kédmper, 2004).
In our recombination assays on core-mutated FRT sequences to test the frequency of

recombination within the mutated FRT pairs (as detected by loss of hph resistance)
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we found frequencies from 14% to 42%, while the frequency for the wild-type FRT
sites was 68%. Such frequencies are high enough to screen relatively small numbers
of clones for the loss of hph resistance. For all such FRT sites it was demonstrated
that they failed to recombine with wild type FRT sites while recombination could be
detected in a strain where two identical FRT sites resided on the same chromosome
but were 0.43 Mb apart. Apparently such a large distance did not prevent FLP-
mediated recombination to occur. Indeed, several cases for FLP-mediated
recombination on distantly located FRT sites have been described. For example, in
Pseudomonas aeruginosa, FLP catalyzed the inversion of a 1.59 Mb fragment at high
frequencies (83%) (Barekzi et al., 2000). In Salmonella enterica, the FLP/FRT system
was applied to delete a large genomic island of 43 kb in size (Doublet et al., 2008).

For future use I have advanced the system in such a way that the inducible FLP gene
can become an integral part of the cassette used to generate the deletion. A
considerable advantage of using such cassette on the pYUIF-FRTm2 plasmid is that it
alleviates the introduction of the plasmid harboring FLP after each round of
recombination event. Given that when FLP expression was uninduced only 1.8% of
FRT-flanked DNA segments were recombined, this frequency is low enough to verify
gene disruption by Southern analysis without facing the problem of premature
excision of the FRT-hph-FRT cassette by FLP recombinase. Following growth of
strains in the medium containing arabinose to induce FLP expression, FLP catalyzes
the excision of the FRT-flanked hph resistance cassette including its own coding
sequence. This gene disruption system will significantly accelerate strain
constructions in the future. Such autoexcision gene disruption cassettes were also
tested for several other species. For example (Fladung et al., 2009) designed a
deletion construct for gene disruptions in hybrid aspen, which harbors FRT-flanked
FLP gene together with nptll resistance marker under control of the heat-inducible
Gmhspl7.5-E promoter from soybean FLP-mediated recombination efficiency using
such construct was 65% in hybrid aspen. Likewise, (Reuss et al., 2004) have
generated a deletion cassette for Candida albicans, where in addition to the MPA
resistance marker a C. albicans-adapted FLP gene was placed under control of the

inducible SAP2 promoter.
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Taken together, the FLP-mediated gene disruption protocol described in this thesis
has been applied to more than 20 strains, with the desired excision events observed in
all that had lost the hph gene. None of the strains generated by several rounds of FLP-
mediated recombination showed morphological defects and all of these strains
developed vigorous filaments and were comparable to the progenitor strain with
respect to growth under oxidative stress, cell wall stress, and osmotic stress. This
makes it likely that such strains are stable and are unlikely to have acquired additional
mutations, a prerequisite for assessing small virulence phenotypes of redundant genes.
Thus, the FLP/FRT system is well suited for high frequency resistance marker
excision in U. maydis. Considerable advantages, such as high accuracy and efficiency,
make the FLP/FRT system an important tool in the genetic engineering of U. maydis.
The use of FLP/FRT system could potentially be used for controlling gene expression
in a temporal “off-on” manner. We expect that the establishment of the marker
recycling system developed here will pave the way towards functional analysis of
effector gene families as well as serving as a general tool to improve genetic

manipulations in this fungus.

3.2.  The effl gene family in U. maydis

3.2.1 Characteristics of the effl gene family

In this thesis I have analyzed the impact of an effl gene family coding for 11 secreted
proteins with unknown function on virulence. All Effl proteins have the same
architecture, consisting of an N-terminal signal sequence, a central region predicted to
be natively unstructured, and a conserved C-terminal domain, which presumably
represents the only folded part of these proteins (Fig. 15). We also note that in group
IT sequences, the central region predicted to be natively unstructured contains a
conserved segment with an area of elevated helical propensity, which is duplicated in
Umo02139 and Um03314 (Fig. 15b). This region is quite abundant in negatively
charged amino acids as well as polar hydrophilic amino acid residues, especially
glutamine and serine (Fig. 15b). Database searches with the conserved C-terminal
domain identified in this protein family (Fig. 15) did not produce any statistically
significant matches. However, orthologs to the effl genes were found in Sporisorium
reilianum, the cause of head smut in maize (J. Schirawski, G. Mannhaupt and R.
Kahmann, unpublished) and Ustilago scitaminea, the cause of sugarcane smut (G.

Mannhaupt and R. Kahmann, unpublished) which makes it likely that this effector
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family is smut specific and is not involved in determining host range. Notably, all ten
effl related genes identified in S. relianum reside in a cluster, which is syntenic with
the U. maydis effl large cluster on chromosome 5. Sequence comparisons between
Effl proteins showed that the family forms three subgroups similar to the results of
phylogenetic analysis (Fig. 27), group I comprising Um01796, Um11377.2, Um02137
and Um02138; group II Um02139, Um02140.2, Um02141, Um03313 and Um03314;
and group III Um02135 and Um02136. Group III sequences are highly divergent, yet
should be counted as true Effl homologs based on the following observations: (1)
they make multiple, statistically significant connections to other Effl proteins in
HMM comparisons (Fig. 27), (2) they are bidirectional best hits to the other Effl
proteins in sequence searches by HMM, (3) they have the same domain structure as
other Effl proteins (Fig. 27), and (4) they are located directly adjacent to the main
cluster of Effl proteins on chromosome 5. Group III genes are not detected in S.
relianum suggesting that this may be related to a species-specific evolutionary
process. The fact that 9 of the 11 effl genes reside in two clusters in the genome
supports the assertion that they have originally arisen by a local gene duplication
mechanism followed by rapid diversification and dispersion to other chromosomes.
Given that Um03314 and Um02139 contain additional duplicated motifs in the N-
terminal part separated by a conserved NDQTH amino acid stretch it is tempting to
assume that duplication must have occurred in Um02139 and a duplicated copy of
both Um02139 and Um02140 was translocated to chromosome 8 giving a rise to
UmO03313 and UmO03314. The large effl gene cluster on chromosome 5 is

heterogeneous and contains genes from three different effl groups (Fig. 30a).

Intriguingly, the two dispersed copies on chromosome 3 are closely related to each
other as well as to the two adjacent genes um02137 and um02138 in the large cluster
on chromosome 5. In addition, the two adjacent copies on chromosome 8 are closely
related to each other and to the adjacent genes um02139 and um02140 in the large
cluster on chromosome 5. It will be very interesting to analyze the number,
distribution and groups of effl effector genes in geographically distinct isolates of U.
maydis as this might provide insights into the evolutionary fate of the clusters as well

as the dispersed copies.
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Fig. 27. Cluster map of Effl proteins (made by Prof. Dr. A. Lupas). Sequences were
compared with BLAST, seeded randomly in space, and connected by forces proportional to
the significance of their pairwise BLAST matches. The map was then equilibrated to
convergence in a force-directed manner. BLAST matches at a P-value of 1.0 or better are
shown as grey lines. Three groups of sequences are apparent, colored red, blue and green in
the map. Group III is the most distant and looses connection to the other groups at a P-value
cut-off of 1e-03. Groups I and II loose connection to each other at a cutoff of 1e-09. Effl
proteins are labelled by their respective um numbers as well as by their eff1 gene numbers.

Given that in S. relianum all ten effl homologous genes reside in one cluster that is
syntenic to the cluster on chromosome 5 of U. maydis, and is also heterogeneous and
comprises orthologs of subgroups I and II, one could speculate that U. maydis and S.
relianum evolved from a common ancestor and um02135 and um02136 appeared later
following duplications and subsequent translocations in the large cluster on the
chromosome 5 of U. maydis. Indeed, it has been hypothesized that duplications may
confer a selective advantage since the duplicated locus would be more tolerant to
deleterious mutations due to the functional redundancy created by the extra gene copy

(James et al., 2006). Thus, functional redundancy may foster rapid evolution of the
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parasite to overcome host defense responses by allowing effector genes to become
inactivated without compromising parasite fitness (Birch et al., 2008; Kvitko et al.,
2009). On the other hand, duplications of an ancestral gene, followed by mutation
could enable members of the gene family to take over new functions (Soanes et al.,
2008). For example, a large family of Phytophthora infestans RXLR effector genes
show evidence of high rates of turnover: only 16 of the 563 genes were in 1:1:1
orthology relationships with genes in Phytophthora sojae and Phytophthora ramorum
and many (88) are putative RXLR pseudogenes (Haas et al., 2009). In P. infestans,
fast-evolving effector gene families are localized to highly dynamic and expanded
genomic regions (Haas et al., 2009). Notably, some parasite effector genes are found
in the proximity of transposable elements (TEs), which have been postulated to
provide a mechanism for their expansion and movement within and among genomes
(Sacristan & Garcia-Arenal, 2008). For example, in Blumeria graminis, the AVRy,
effector family has coevolved with a particular family of LINE-1 retrotransposons,
named TEla (Sacristan et al., 2009). Examination of the flanking regions of effl
genes revealed no repetitive sequences. Indeed, the U. maydis genome is relatively
devoid of transposable elements, in particular, no class II DNA elements or otherwise
active endogenous elements could be found (Ladendorf, 2003; Kémper et al., 2006).
Sequencing of U. maydis genome showed that in contrast to most other fungi only
1.1% of the assembly consists of mostly non-functional, transposon-derived
sequences (Kamper et al., 2006). It may be possible that ectopical duplication of the
heterogeneous cluster of effl genes was mediated by previously active transposons
which were lost during the evolution process. In this respect it will be very interesting
to analyze the distribution of effl family effectors in U. hordei which is rich in
repetitive DNA. The annotation of its genome is currently in progress (R. Kahmann,

personal communication).

3.2.2. Motifs in Effl family proteins

Comparisons based on alignments of all the Effl protein sequences using the
ClustalW software and searches for conserved motifs employing the MEME program
have revealed that the members of this family are highly divergent but show
conserved motifs present in all or in only some alleles within the conserved C-

terminal domain (Fig. 28).
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Fig. 28. Sequence logos of 3 motifs identified in Eff1 family proteins. Sequence logos were
used to generate consensus sequence diagrams indicating the prevalence of amino acids at
specific positions in each motif. Sequence logos were generated using a hidden markov model
based program named multiple em for motif elucidation (MEME) version 4.3.0. All amino
acid residues are shown according to the standard MEME color code: hydrophobic residues
are blue (A, C, F, I, L, V, W, M); polar, non-charged, non-aliphatic residues are green (N, Q,
S, T); acidic residues are shown in magenta (D, E); positively charged residues such as K and
R are red, and H is shown in pink. G, P, and Y are drawn with orange, yellow, and turquoise,
respectively. 4 bits correspond to 100 % conservation.

The presence of motif 2 in all 11 effl genes most likely indicates that this motif adopts
a defined structure that is sensitive to mutation. Motif 1 and motif 3 consist of strictly
conserved as well as highly prevalent residues. For example, in motif 1 70% of amino
acid residues (35 out of 50) are strictly conserved. Most noticeable is the strict
conservation of tyrosine residues at positions 10, 11, 28, 29, and 33. Additionally,
51% of the conserved residues are hydrophobic amino acids. Sequence logo analysis
of motif 3 revealed a frequent occurrence of well conserved positively charged amino
acid residues, especially arginine with adjacent hydrophobic regions. Five strictly
conserved positively charged amino acid residues are located at positions 20, 21, 23,
24 and 38 of the motif, respectively. Motif 2 has limited sequence conservation with

notable exception of phenylalanine and leucine located at positions 14 and 18 (Fig.
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28). In addition, motif 2 contains two strictly conserved hydrophobic residues at
positions 15 and 16 together with a well conserved positively charged residue (mostly
lysine) at position 17. This FAGKL-like motif is well conserved in all eleven protein
sequences, which is also visible in the ClustalW schematic alignment data (Fig. 27b).
It is also conserved within S. reilianum homologues of Eff1 proteins indicating that it
most likely plays an important role in the function of effl gene family members.
There are also five sites in motif 2 where the chemical properties of the residues such
as hydrophobicity, charge, and side chain structure are conserved. Motifs 1 and 3 are
present only in subgroup Il members of effl gene family. Summarized data on relative

location of MEME-based identified motifs is shown in Fig. 29.
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Fig. 29. Domain location of Effl family proteins. The relative positions of conserved motifs
in Eff1 proteins are shown to scale. The motifs are highlighted in color following the scheme
above. SP marks the signal peptide. Conserved central region (see Fig. 15) is shown in green.
Putative NLS sequences are depicted in black.

Database searches with the three conserved motifs identified in this protein family
(Fig. 28) did not produce any hits. Therefore, predictions on the function of Effl
proteins remain highly speculative. At the same time the modular structure of the Eff1
proteins (Fig. 29) is somewhat reminiscent to the K, W and Y motifs found in the C-
termini of a large percentage of Phytophtora sojae and P. ramorum RXLR-dEER
effectors that have been assembled in the Avh superfamily (Dou et al., 2008; Jiang et

al., 2008). In P. sojae, such C-terminal motifs are involved in interaction with cognate
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resistance (R) genes and in suppression of host programmed cell death (Dou et al.,

2008).

3.2.3 Putative NLS sequences in Effl proteins

Based on the program “PredictNLS” analysis Um02137 and Um02139 contain
putative monopartite nuclear localization signals (NLS), and these are located in
conserved C-terminal domain of the respective proteins. A putative bipartite NLS
sequence consisting of two stretches of basic amino acids was detected in Um03314
(Fig. 29). The presence of these putative NLS sequences could indicate that these
proteins are translocated to plant cell and manipulate plant gene expression to ensure
pathogenic development of U. maydis. Indeed, nucleocytoplasmic trafficking plays a
key regulatory step in ETI and basal plant resistance. For example, Burch-Smith et al.
(2007) demonstrated that the tobacco R protein N as well as its cognate Avr
determinant p50 from TMV both co-localize to the plant nucleus. While the function
of p50 protein is still not clear in the compatible interaction, its recognition by the
TIR-domain of the N protein induces a strong HR response. Kanneganti et al. (2007)
have shown that two effectors of Phythphthora infestans, Nuk6 and Nuk7, which
carry monopartite NLS sequences, are transported to the nucleus of tobacco cells and
this import requires two plant importin-o. proteins, NbIMPal and NbIMPa2.
Moreover, Xanthomonas AvrBs3 family effectors, which also harbor NLS sequences,
were shown to enter the plant nucleus via interaction with importin-o. protein and
function as genuine plant transcription factors (Van den Ackerveken & Bonas, 1997;
Kay et al., 2007). In addition, several members of transcription activator-like (TAL)
effector family in Xanthomonas oryzae were shown to localize to the nucleus of rice
plant cell and induce expression of genes encoding transcription factor of bZIP
transcription factor family and y subunit of transcription factor TFIIA (Sugio et al.,
2007). Each TAL gene family effector harbors three NLS sequences (Sugio et al.,
2007). The loss of induction of these transcription factors was observed after plants
were infected with X. oryzae strain carrying mutated all three NLS sequences of TAL
effector PthXol, which was demonstrated earlier to be crucial for causing bacterial
blight of rice (Sugio et al., 2007). Intriguingly, substitution of native NLS sequences
in PthXol by NLS from SV40 has restored the induction of the above mentioned two

plant transcription factors indicating that indeed NLS is necessary for TAL effector to
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alter gene expression in its host (Sugio et al., 2007). Taken together, it might be
possible that Um02137, Um02139 and Um03314 are transported to the maize nucleus
via an importin-mediated mechanism. Interestingly, V. Griindel and A. Djame;j
(unpublished) have observed nuclear localization of heterologously expressed
Um02137, Um02139 and Um03314 proteins in Nicotiana benthamiana employing
yellow fluorescent protein (YFP) fusions. Surprisingly, substitutions in two amino
acid residues in the NLS by alanine did not abolish nuclear localization after
expression in N. benthamiana (V. Griindel and A. Djamej, personal communication).
This could indicate that there are additional NLS sequences in Um02137, Um02139
and Um03314, which could not be identified with the program Predict NLS mediating
the entry of these proteins to the nucleus. Alternatively, nuclear import could be
mediated by a plant protein that interacts with these effectors. Precedence for such a
“backpack” scenarios give a few examples. In S. reilianum, according to Predict NLS
analysis, only one Effl protein, Sr13382, contains a putative NLS sequence. Sr13382
is the closest homologue of Um02141. Based on these results it is highly unlikely that
NLS sequences found in some Effl proteins are necessary for their function in these
effectors. However, this does not exclude their function in the nucleus. In future
experiments it will be necessary to demonstrate where these effectors reside after
being secreted. If they accumulate in the nucleus one could fuse them with a NES tag

and test if such alleles can compliment the eleven gene deletion phenotype.

3.2.4 Putative translocation motifs in Eff1 proteins

The RXLR-dEER motifs reside within about 120 amino acids from the N-terminus
and are required for effector translocation to host cells (Whisson et al., 2007; Dou et
al., 2008). Dou et al (2008) demonstrated that RXLR effectors of P. sojae are
translocated to the plant cells in the absence of the pathogen. Integrity of the W and Y
motifs was demonstrated to be required for suppression of programmed cell death in
known Avr proteins, and several novel effectors containing these motifs showed
activity in a cell death suppression assay as well (Dou et al., 2008). Moreover, the
Avh superfamily was also shown to contain a high proportion of pseudogenes (Jiang
et al., 2008). To test whether C-terminal motifs are indeed crucial for function a series
of truncation and chimeric constructs of effl gene family members may be generated.

Complementation assays of effl deletion mutants with such constructs should
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contribute to our understanding of the motifs” significance for successful virulence of

effl proteins.
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Fig. 30. Putative RXLR motifs of Eff1 proteins. Manual adjustment of ClustalW alignment
was performed by BioEdit software. Identical amino acids are shaded in black. Similar amino
acids are shaded in grey. Predicted signal peptide sequences are highlighted in yellow.
Putative degenerate RXLR sequences are indicated following consensus sequences derived in
the Tyler lab (B. Tyler, personal communication). R [K, H], X, L [M, I, F, Y, W], X
(highlighted in red) or R [K, H], L[M], X, X (highlighted in purple).

The Eff1 proteins lack “classical” RXLR motifs found in the N-terminal domains of
effector proteins from oomycetes that are translocated to plant cells (Kamoun &
Goodwin, 2007; Ellis et al., 2009; Tyler, 2009). Nevertheless, using a more
degenerate RXLR motif search (B. Tyler, personal communication) revealed that all
Eff1 proteins contain between one and four such degenerate motifs in their N-terminal
domains (Fig. 30). Interestingly, histidine residues in the first position of the
degenerate motifs are clearly overrepresented (71%) (Fig. 30). Given that eight Eff1
protein sequences carry putative RXLR motifs at conserved positions 129 — 132 in
ClustalW alignment (Fig. 30) one could use these motifs as primary candidates to
perform mutational analysis followed by complementation assays of the 11 gene
deletion mutant. None of the Eff1 proteins contain LXLFLAK motif, which is present
in effectors of another large family of oomycetes called Crinkler (CRN) proteins and
may be also be involved in effector translocation to the plant cell (Kamoun, 2007).
Further studies will reveal if the Eff1 effectors remain in the host-pathogen interface
or enter plant cells by alternative, RXLR independent routes. Moreover, identification
of interacting proteins and localization studies may give valuable hints concerning the

function of the family members. Given the fact that the deletion mutant lacking all 11
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effl genes has a strong virulence phenotype, functional studies can now be conducted.
Of particular interest will be to analyze the effects of the deletion of the conserved C-
terminal domain as well as deletions in the central domain. This could reveal whether
these domains confer functions that can be separated, i.e. serve for targeting on the

one hand and interaction with host proteins, on the other hand.

3.2.5 Expression of the effl gene family

Expression of all members of the effl gene family was strongly induced during
biotrophic development. It is one of the few unifying features of filamentous pathogen
effectors that the respective genes are upregulated during host colonization, either
during penetration, in haustoria, or during later stages of pathogen development inside
the plant tissue (Hahn et al., 1997; Catanzariti et al., 2006; Kamper et al., 2006; Haas
et al., 2009; Oh et al., 2009; Skibbe et al., 2010). Real-Time-PCR analysis revealed a
complex pattern of differential expression of individual genes. This could reflect that
effl genes respond to different physiological signals and are regulated at different
time points. Skibbe et al. have proposed a two-phased model of pathogenic
development of U. maydis (Skibbe et al., 2010). First would be the establishment of
compatibility, which most probably depends on universal pathogenicity factors to
suppress plant defense responses during fungal penetration. Second, U. maydis might
modify effector deployment to redirect physiology and development of a specific
organ primordium during disease progression (Skibbe et al., 2010). However,
information on how this regulation could be connected to the different growth stages
inside the host is scarce. In U. maydis the zinc finger protein Mzrl has been defined
as a transcriptional activator of mig2-4 and mig 2-5 effector genes during host
colonization (Zheng et al., 2008). However, Mrz1 regulates only two of the five mig2
genes and is thus not a general regulator for effector genes. In addition, given the
recent finding that several U. maydis effectors are expressed in a maize tissue-specific
manner (Skibbe et al., 2010) it is unlikely that such global effector regulatots exist at
all. In Fusarium oxysporum a regulatory gene SGE1 has recently been identified that
was crucial for pathogenesis and affected the expression of the four tested six effector
genes (Michielse et al., 2009). It is unlikely, however, that SGE1 will turn out to be a
dedicated regulator of effector genes as orthologs exist in all fungi, i.e. not only in
plant pathogens (Michielse et al., 2009). U. maydis has two genes related to SGE1
(um06496 and um05853) (Michielse et al., 2009) and it would be interesting to study
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them functionally to elucidate if they are involved in regulating the effl gene family

or other effector genes.

3.2.6 Phenotypic analysis of effl mutant strains

None of the effl mutants had a discernable phenotype on different stress media, which
allows to exclude pleiotrophic effects. In addition, when filamentous growth was
tested by spotting the cells on CM-charcoal plates all mutants developed vigorous
filaments comparable to SG200. The analysis of deletion mutants demonstrated that

several effl deletion mutants were affected in virulence.

The combined deletion analysis and complementation studies conducted for members
of the effl family has revealed that genes eff1-11, eff1-3, and effl-4 contribute most
significantly to virulence while all the other members of this gene family contribute to
virulence only weakly (Figs. 21, 22). A highly decreased virulence observed after co-
deletion of effl-11 is consistent with the finding that effl-11 is the most highly
expressed effl gene during biotrophic development. Since we have always deleted
genes eff1-3 and eff1-4 simultaneously, we are presently unable to assess whether they
both contribute to virulence. To further uncover the role of eff1-3, eff1-4 and effl-11
in the pathogenicity of the fungus one could delete them in SG200 and perform
infection studies with such single gene deletion mutants. Interestingly, the effl genes
with the strongest effect on virulence all belong to group II (Fig. 28). On the other
hand, Effl-4 is very similar to Effl-9 with respect to domain structure, and
nevertheless when this gene was co-deleted with three adjacent genes the effects on
virulence were marginal. This could indicate that additional features that we do not
yet recognize determine the strength of a given effl gene. Alternatively, since eff1-9 is
the gene that shows the smallest increase in expression values during biotrophic
growth, the differences in contribution to virulence could be attributed to these

expression differences. This could be investigated by promoter-swap experiments.

Taken together, the deletion and complementation studies conducted make it highly
likely that the different members of the effl family have at least partially redundant
functions. Since the observed complementation was in all cases partial it remains
possible, that some sub-functualization in effl genes (Conant & Wolfe, 2008) has

occurred. In this respect it would be interesting to see whether the separate deletion of
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the three different groups of effl genes gives distinct phenotypic effects and whether
these can than be complemented only by effl genes from the same group or also by
members of different groups. Such differences in virulence might become apparent
when using different maize cultivars or when infecting different maize tissues like
tassel, the cob or mature leaves (Skibbe et al., 2010) rather than seedlings as used in

this study.

3.2.7 Possible role of Effl effectors during biotrophic development

At present, the function of Effl proteins after secretion must remain highly
speculative as the Effl effectors do not show any similarity to database entries. The
members of this family are highly divergent but show conserved features. The central
segment could represent a Eukaryotic Linear Motif, which binds specifically to a
protein of the plant host and becomes partly ordered in the process. Using internet

based algorithm (http://elm.cu.org/) all Effl proteins were checked for established

Eukaryotic Linear Motifs (ELMs), however, no annotated ELM was detected.
Although the C-terminal domain also lacks similarity to known domains as judged by
HMM comparisons to the NCBI Conserved Domain Database (CDD), the fact that it
is predicted to assume a folded conformation makes it the most likely domain
conferring Effl protein activity. This is in line with results from oomycete effectors
which revealed that functional domains reside in the C-terminus (Ellis et al., 2009;
Tyler, 2009). To shed light on the function of Effl family proteins it is necessary to
perform localization studies, identifying interaction partners and establish the
processes these effectors interfere with. Preliminary data of using Um02137-mCherry
as well as Um02138- and Um01796-mCherry fusions showed the highest signal
intensity at the intracellular hyphal tips, which suggests that these proteins are indeed
secreted (data not shown). Since U. maydis hyphae are completely enclosed by the
host plasma membrane during biotrophic development it was impossible to decide
whether these protein fusions were localized to the apoplastic space or whether they
were bound to the fungal cell wall or to the plant plasma membrane. In an attempt to
discriminate between these possibilities I induced plasmolysis with mannitol to
enlarge the space around infectious intracellular hyphae. Indeed, such an approach
was successfully employed by Doehlemann et al. (2009) to show apoplastic
localization of Pepl effector in U. maydis (Doehlemann et al., 2009). However, no

mCherry signal could be detected in the apoplastic space, presumably due to the low
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level expression of analyzed proteins (data not shown). Infection of maize with effl
deletion mutants including SG200efflA1-11 did not cause necrosis. In strong
contrast, leaves of maize infected with pepl deletion mutant displayed large necrotic
areas 4 dpi (Doehlemann et al., 2009). These data indicate that effl gene deletion
mutants are able to establish a compatible interaction with the host plant and do not
elicit a hypersensitive response (HR). This data is in line with microscopic studies of
SG200 and SG200efflAl-11 revealing that there was no apparent morphological
difference in biotrophic hyphae. Preliminary experiments indicate that the 11 gene
deletion mutant does not elicit a hypersensitive response and is able to establish
biotrophic growth (K. Schipper, Y. Khrunyk and R. Kahmann, unpublished). This is
different from the phenotype of pepl effector mutants that are arrested during
penetration and elicit strong defense responses (Doehlemann et al., 2009). With the
experiments conducted it was not possible to elucidate the stage at which
SG200effl1A1-11 and wild-type strain differ during biotrophic development. In future
experiments one should perform the microscopic analysis at different time points as

well as carry out infections at the later stages of plant growth.

Given the fact that pathogens can enhance host susceptibility by manipulation of plant
hormone and defense signaling (Grant & Jones, 2009), we analyzed levels of several
plant hormones in the nine gene deletion mutants in comparison to SG200. We found
that after infections with the SG200eff1A1,2,3,4,7,8,9,10,11 mutant a significantly
increased level (77%) of salicylic acid (SA) in leaf material was observed at 5 dpi.
This could indicate that the nine gene deletion mutant is less efficient in suppressing
SA-mediated immunity than wild type. It is known that SA and jasmonic acid (JA)
control resistance against pathogens with different infection strategies. While SA
signaling primarily combats biotrophic pathogens and viruses, JA signaling protects
plant against necrotrophic pathogens and insects (Glazebrook, 2005; Wang et al.,
2007). Necrotrophic pathogens induce SA-dependent cell death responses including
expression of defense-related genes such as PR-1. Conversely, biotrophic pathogens
activate primarily JA and ethylene responses during compatible interactions
(Glazebrook, 2005; Wang et al., 2007). Successful establishment of the biotrophic
interaction of U. maydis with maize is accompanied by distinct transcriptional

changes of plant hormone signaling genes (Doehlemann et al., 2008). For example,
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SA-dependent PR-1 expression was undetectable during the early biotrophic phase of
U. maydis infection, whereas activation of typical JA-responsive defense genes such
as defensins and Bowman-Birk-like proteinase inhibitors was observed (Doehlemann
et al.,, 2008). Therefore, it is tempting to link the decreased virulence of the
SG200eff1A1,2,3,4,7,8,9,10,11 mutant with the observed increase in SA levels as it
indicates that effl mutant could be unable to establish a fully functional biotrophic
relationship. To test this in more detail one should analyze the transcriptional

responses of maize when infected with this mutant.

3.2.8 Translocation of Effl effectors by RXLR-like motifs

Kale et al. demonstrated that effectors from three fungal pathogens, AvrL567 from
Melampsora lini, AvrLm6 from Leptosphaeria maculans, Avr2 from Fusarium
oxysporum f.sp. lycopersici can enter plant cells independently of the pathogen, and
this translocation is mediated by RXLR-like motifs (Kale et al., 2010). Interestingly,
this cell entry is connected with binding phosphoinositides such as PtdIns(3)P (Kale et
al., 2010). Phosphoinositides are important components of the cell lipid pool, which
function as intracellular and intercellular messengers in processes mediating plant
growth and development, cytoskeletal rearrangements as well as signal transduction
(Welti & Wang, 2004). In plants PtdIns(3)P, PtdIns(4)P, Ptdlns(5)P, Ptdlns(3,4)P2,
PtdIns(3,5)P2 and Ptdlns(4,5)P2 appear to be ubiquitous molecules (Drobak et al.,
1988; Munnik et al., 1998); (Drobak et al., 2005) except for PtdIns(3,4,5)P3, which
has so far only been reported in animal cells (Zhong & Ye, 2003; Drobak et al.,
2005).

Employing methods established in Tyler’s lab we have performed a protein-lipid
overlay (PLO) assay with Um02137-GFP-His purified from E. coli. Preliminary data
demonstrated that Um02137 might bind to PtdIns(3,5)P2 and PtdIns(5)P. A weaker
binding was observed with PtdIns(4)P. According to a degenerate RXLR consensus
sequences provided by B. Tyler (B. Tyler, personal communication) Um02137
contains four potential RXLR-like motifs in the N-terminal part: KLDP, HDYW,
HMVD, and HTFQ. Such PLO assays with modified Um02137-GFP-His proteins
harboring mutated RXLR-like motifs would be necessary to verify if any of these

domains are crucial for the observed binding affinity. All three phosphoinositides
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shown to bind Um02137-GFP are ubiquitous for eukaryotic cells (Drobak et al.,
2005).

It is possible that during the biotrophic growth U. maydis effectors might employ
these molecules as “receptors” to enter maize cells as has been hypothesized for
PtdIns(3)P (Kale et al., 2010). Preliminary results of root uptake assay with
Um02137-GFP-His demonstrated GFP fluorescence in cytoplasm as well as in nuclei,
which supports the hypothesis of Um02137 translocation into the plant cell in the
absence of the pathogen. Our data is in line with findings showing pathogen-
independent translocation into the plant cell of several oomycete effectors (Kale et al.,

2010).

Future experiments need to validate this finding for other members of the effl gene
family, combine this with a search for plant interacting proteins and demonstration
that these interactors are relevant for the successful interaction of U. maydis with its

host.
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4 Materials and Methods

4.1 Materials and source of supplies

4.1.1 Chemicals

All chemicals used in this study were of research grade, and were obtained from
Difco (Augsburg, Germany), Fluka (Buchs, Switzerland), Merck (Darmstadt,
Germany), Riedel-de-Haén (Seelze, Germany), Roth (Karlsruhe, Germany) and
Sigma-Aldrich (Deisenhofen, Germany).

4.1.2 Solutions and buffers

All standard solutions and buffers used in this study were prepared as described in
Ausubel et al. (1987) and Sambrook et al. (1989). All additional specific solutions
and buffers are listed in the corresponding method sections. All media, solutions and
buffers were autoclaved for 5 min at 121 °C. Heat-sensitive solutions were filter-

sterilized (pore size 0.2 pm; Merck, Darmstadt, Germany).

4.1.3 Enzymes

All restriction enzymes, Taq DNA polymerase, T4 DNA ligase, Antarctic
Phosphatase were obtained from NEB (Frankfurt am Main, Germany). Phusion High-
Fidelity DNA polymerase was obtained from Finnzymes (Frankfurt am Main,
Germany). KOD Extreme Polymerase was obtained from Merck (Darmstadt,

Germany).

4.1.4 Kits used in this study

The following kits were used in this study as described by the supplier: TOPO TA
Cloning Kit (Invitrogen, Karlsruhe, Germany) was used to directly clone PCR
products. QiaQuick PCR purification Kit (Qiagen, Hilden, Germany) was used to
purify PCR products. QiaQuick Gel Extraction Kit (Qiagen, Hilden, Germany) was
used to purify DNA fragments from agarose gels. QIAprep Spin MiniPrep Kit
(Qiagen, Hilden, Germany) was used to isolate and purify plasmid DNA before
sequencing. RNeasy Kit (Qiagen, Hilden, Germany) was used to purify total RNA to
be used in Real-Time-PCR experiments. TURBO DNA-freeTM (Ambion/Applied

Biosystems, Darmstadt, Germany) was used for removal of DNA prior to first-strand
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cDNA synthesis. SuperScript® III First-Strand Synthesis SuperMix (Invitrogen,
Karlsruhe, Germany) was used for the first-strand cDNA synthesis. Platinum®
SYBR® Green qPCR SuperMix-UDG (Invitrogen, Karlsruhe, Germany) was used for
Real-Time-PCR. ECL Plus Western Blot detection reagent (GE Healthcare, Miinchen,

Germany) was used for chemiluminescene detection.

42  Media

42.1 E.coli

For E. coli cultures, dYT liquid medium and YT solid medium were used (Ausubel et
al., 1987; Sambrook et al., 1989). Ampicillin (Amp) and kanamycin (Kan) were
added to a final concentration of 100 and 50 ug/ml, respectively. Liquid cultures were
incubated at 37°C at 180 rpm. Solid media were incubated under aerobic condition at
37°C. For preparing frozen stocks exponentially growing cultures containing the
appropriate antibiotic were mixed with dYT-glycerol at a 1:1 ratio and stored at -

80°C.

dYT liquid medium 16 g Tryptone-Peptone (Difco)
10 g Yeast-Extract (Difco)
5 g NaCl
Add dH,O to 11 and autoclave

YT solid medium 0.8 % (w/v) Tryptone-Peptone (Difco)
0.5 % (w/v) Yeast-Extract (Difco)
0.5 % (w/v) NaCl
1.3 % (w/v) Agar (Roth)
Add dH,O to 11 and autoclave

dYT glycerol medium 16 g Tryptone-Peptone (Difco)
10 g Yeast-Extract (Difco)
5 g NaCl
800 ml (v/v) 87% Glycerin (f.c. 69.6%)
Add dH,O to 11 and autoclave
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4.2.2 U. maydis

U. maydis strains were grown on potato-dextrose-agar (Difco), CM-glu, CM-ara or
YEPSL liquid media (Holliday, 1974; Molina & Kahmann, 2007) or the respective
solid media containing 2 % agar in addition. To select transformants hygromycin B
(Duchefa, Haarlem, Netherlands) and carboxin (Riedel de Haen, Seelze, Germany)
were added to a final concentration of 200 pg/ml and 2 pg/ml, respectively. To

prepare frozen stocks exponentially growing cultures were mixed with NSY-glycerol

at a 1:1 ratio and stored at -80°C.

Potato-Dextrose-Agar (PD)

YEPSL modified from Tsukuda et al., 1988

Vitamin solution (Holliday, 1974)

PD-Charcoal

24 g Potato Dextrose Broth (Difco)
20 g Agar (Difco)
Add dH,O to 1 1 and autoclave

10 g Yeast-Extract (Difco)
10 g Bacto-Peptone (Difco)
10 g Sucrose

Add dH,O to 11 and autoclave

100 mg Thiamin (Sigma)

50 mg Riboflavin (Sigma)

50 mg Pyridoxine (Sigma)

200 mg Calcium pantothenate (Sigma)
500 mg p-Aminobenzoic-acid (Sigma)
200 mg Nicotinic acid (Sigma)

200 mg Choline chloride (Sigma)
1000 mg myo-Inositol (Sigma I-5125)
Add dH,O up to 1 | and sterile filter

24 g Potato Dextrose Broth (Difco)
10 g Charcoal (Sigma)

20 g Agar (Difco)

Add dH,O to 11 and autoclave
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CM medium (Holliday, 1974)

Salt solution (Holliday, 1974)

Trace element solution (Holliday, 1974)

NM-MM medium

AM-MM medium

2.5 g Casamino acids (Difco)

1 g Yeast-Extract (Difco)

10 ml Vitamin solution (Holliday, 1974)
62.5 ml Salt solution (Holliday, 1974)
0.5 g DNA degr. Free Acid (Sigma)

1.5 g NH4NO;

Add dH,0 to 980 ml

Adjust pH to 7.0 (NaOH) and autoclave

2% (w/v) Glucose or Arabinose

16 g KH,PO4

4 g Na,SO4

8 g KCI

4 g MgS0O, x7H,O
1.32 g CaCl, x2H,0
8 ml Trace elements

Add dH,O up to 1 I and sterile filter

60 mg H;BO;

140 mg MnCl, x4H,0

400 mg ZnCl,

40 mg NaMoO, x2H,0

100 mg FeCl; x6H,0

40 mg CuSO,4 x5H,0

Add dH,0 up to 1 1 and sterile filter

0.3% (w/v) KNO;

6.25% (v/v) Salt solution (Holliday, 1974)
Adjust pH to 7.0 (NaOH), sterile filter
2% (w/v glucose)

0.3% (w/v) (NH4)2SO4

6.25% (v/v) Salt solution (Holliday, 1974)
Adjust pH to 7.0 (NaOH), sterile filter
2% (w/v glucose)
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Regeneration Agar (Schulz et al., 1990) 1.5 % (w/v) Agar (Difco)
IM Sorbitol (Sigma)
in YEPSL (described above)

NSY glycerol medium 8 g Nutrient Broth (Difco)
1 g Yeast-Extract (Difco)
5 g Sucrose (Roth)
800 ml 87% Glycerol (f.c. 69.6%)
Add dH,0 up to 1 1 and autoclave

4.3 Microbiological and cell biology methods

4.3.1 E. colistrains

E. coli TOP10 (Invitrogen, Karlsruhe, Germany) (F- mcrA A(mrr-hsdRMS-mcrBC)
®80lacZAM15 AlacX74 deoR nupG recAl araD139 A (ara-leu)7697 galU galK
rpsL(StrR) endA1 A) which is a derivative of E. coli K12 was used for cloning

purposes.

4.3.2 Maize variety (Zea mays)
For all pathogenicity assays the maize variety Early Golden Bantam (Old Seed

Company, Madison Wisconsin, USA) was used.

4.3.3 U. maydis strains
All U. maydis strains used in this study are listed in Table 3. The solopathogenic U.
maydis strain SG200 (almfa2bE1bW2) has been described (Kamper et al., 2006).

To generate deletion mutants the single step method developed by Kadmper (2004)
was adopted. To delete the hygromycin resistance marker flanked by FRT sites strains
were transformed with the FLP-expressing plasmid pFLPexpC. A carboxin-resistant
colony was grown overnight in CM-ara medium and plated on PD to obtain single
colonies. Colonies were replica-plated on PD plates and PD plates supplemented with
hygromycin (PD-hyg). Colonies, which lost resistance to hygromycin were
subsequently tested on PD plates supplemented with carboxin for the loss of

pFLPexpC and analyzed by PCR to verify deletion events.
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For integrations genes into the ip locus the strategy of Loubradou et al. (2001) was
used. Plasmids pBScbx, pRU11, pNEBUH and p123 have been described (Keon et
al., 1991; Brachmann et al., 2001; Weinzierl et al., 2002; Aichinger et al., 2003).

Table 3. U. maydis strains used and constructed for this study.

Name* Resistance Remarks

SG200 Phleo (Kamper et al., 2006)

SG200FLP Phleo FLP insertion into ip
Cbx locus

SG200FLPAQ1796™ /PR Phleo FLP insertion into ip
Hyg locus; 1 gene deletion
Cbx

SG200FLPA11377.2FRTFRT Phleo FLP insertion into ip
Hyg locus; 1 gene deletion
Cbx

SG200FLPA11377.2FRTml/ERTmI Phleo FLP insertion into ip
Hyg locus; 1 gene deletion
Cbx

SG200FLPA11377.2 RTm2/FRTm: Phleo FLP insertion into ip
Hyg locus; 1 gene deletion
Cbx

SG200FLPA]1377.2FRTm3/FRTm3 Phleo FLP insertion into ip
Hyg locus; 1 gene deletion
Cbx

SG200FLPA11377. 2" RTm¥/FRTmd Phleo FLP insertion into ip
Hyg locus; 1 gene deletion
Cbx

SG200A01796™" Phleo 1 gene deletion

SG200eff1A1

SG200A01796::pYUIF-FRTm2 Phleo 1 gene deletion;

Hyg insertion of cassette
harbouring FLP in
um01796 locus

SG200A01796™TA11377.2FRT™2 Phleo 2 gene deletion
SG200effl1A1,2
SG200A01796"™TA11377 2 RTFRT Phleo 2 gene deletion
Hyg
SG200A01796™TA11377 2FRTmI/ERTmI Phleo 2 gene deletion
Hyg
SG200A01796™TA11377 2FRTm2/FRTm2 Phleo 2 gene deletion
Hyg
SG200A01796™TA11377 2FRTm3/FRTmS Phleo 2 gene deletion
Hyg
SG200A01796™TA11377 2FRTm4/FRTmd Phleo 2 gene deletion
Hyg
SG200A01796™TA02138RTm2 Phleo 2 gene deletion
SG200eff1A1,8
SG200A03313A033 14FRTm3/FRTm3 Phleo 2 gene deletion
SG200eff1A3,4 Hyg
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SG200A01796™TA02138™T™2A03313A03314™ Phleo 4 gene deletion
Tm3/FRTm3 Hyg
SG200eff1A1,3,4,8
FSR(;J23OOA01796FRTA1 1377.2"™2A03313A03314 Phleo 4 gene deletion
SG200eff1A1,2,3,4
SG200A01796™TA11377.2"RT™A02137A02138 Phleo 6 gene deletion
A02139A02140.2"RTm!
SG200eff1A1,2,7,8,9,10
SG200A01796™TA11377.2FRT™A03313A03314 Phleo 8 gene deletion
FRTMA(02137A02138A02139A02140.2FRT™!
SG200eff1A1,2,3,4,7,8,9,10
SG200A01796™ T A11377.2FRT™A03313A03314 Phleo 9 gene deletion
FITT“BAozl37A02138A02139A02140.2A02141FRT
SG200eff1A1,2,3,4,7,8,9,10,11
SG200A01796"™ T A11377.2FRT™A03313A03314 Phleo 11 gene deletion
FRTMIA02135A02136A02137A02138A02139A02 Hyg
140'2FRTm1/FRTml
SG200efflA1-11
SG200eff1Al1,2,3,4,7,8,9,10,11-1 Phleo Single integration of
cbx um01796 into ip locus
of
SG200eff1A1,2,3,4,7.8,
9,10,11
SG200eff1A1,2,3,4,7,8,9,10,11-8 Phleo Single integration of
cbx um02138 into ip locus
of
SG200eff1A1,2,3,4,7.8,
9,10,11
SG200eff1A1,2,3,4,7,8,9,10,11-7,8,9,10 Phleo Single integration of
cbx four clustered genes
(um02137, um02138,
um02139 and
um02140.2) into ip
locus of
SG200eff1A1,2,3,4,7,8,
9,10,11
SG200pY UIF-FRTm2Aum01796 Phleo 1 gene deletion
hyg

* Abbreviated names are in red

4.3.4 Competent cell preparation and transformation of E. coli

Competent cell preparation and chemical transformation of E. coli were modified
from Cohen et al. (1972). E. coli TOP10 cells were grown in 20 ml dYT medium at
37°C and 200 rpm overnight, diluted 1:200 in 1000 ml dYT medium and continually
grown to a cell density with ODggy of about 0.6. The culture was transferred to a

microcentrifuge tube, incubated on ice for 30 min and centrifuged at 4°C for 8§ min at
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3000 rpm. The supernatant was discarded and cells were resuspended in 1/3 culture
volume (330 ml) of pre-chilled RF1-solution and incubated for 30 min at 4°C. The
suspension was centrifuged at 4°C for 8 min at 3000 rpm and the supernatant was
discarded. E. coli cells were resuspended in 1/20 culture volume (50 ml) of pre-
chilled RF2-solution and incubated for 30 min on ice. Finally, 100 ul aliquots of
competent cell suspension in 1.5-ml microcentrifuge tubes were kept on ice for direct

use or stored at - 80°C for later use.

RF1 solution 100 mM RbCl
50 mM MnCl, x 4H,0
30 mM K-acetate
10 mM CaCl, x 2H,0
15% (v/v) glycerol
pH was adjusted to 5.8 (NaOH)

sterile filtered

RF2 solution 10 mM MOPS
10mM RbCl
75 mM CaCl, x2H,0
15% (v/v) glycerol
pH was adjusted to 5.8 (NaOH)

sterile filtered

To transform E. coli by chemical transformation, 100 pul aliquots of chemically
competent E. coli cells were thawed on ice for 2 min. Afterwards, 10-50 ng of
plasmid DNA was added, gently mixed and incubated on ice for 15-30 min. E. coli
cells were then heat shocked at 42°C for 30 sec and immediately cooled on ice for 5
min. For the recovery of the cells, 500 pl dYT medium was added and then the cells
were incubated at 200 rpm for 30 min at 37°C. Finally, the entire E. coli cell
suspension was plated on YT-agar containing the appropriated antibiotic and

incubated at 37°C overnight.

4.3.5 Protoplast preparation and transformation of U. maydis
Protoplast preparation and transformation of U. maydis strains was performed as

described in Schulz et al. (1990). U. maydis cells were grown overnight in YEPSL
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medium at 28°C and 200 rpm to a cell density of ODggp 0.8-1.0. Cells were harvested
by centrifugation at 4°C for 5 min at 3200 rpm, washed in 25 ml SCS, and
resuspended in 2 ml SCS containing 3.5 mg/ml Novozyme. Cells were incubated for
about 10 min at room temperature to digest the cell wall, which was monitored under
the microscope. Afterwards, U. maydis cells were washed three times with ice cold
SCS and centrifuged at 2400 rpm for 8§ min at 4°C. This was followed by an
additional wash with ice cold STC and centrifugation step. Finally, protoplast pellets
were resuspended in 0.5 ml of ice cold STC, and 70 pl of protoplasts were aliquoted
into pre-chilled 1.5 ml microcentrifuge tubes for immediate use, or stored at -80°C for
later use. For transformation of protoplasts, 1 pl heparin (1 mg/ml) and up to 10 pl of
DNA (3-5 pg) was added to the protoplast aliquot and incubated for 10 min on ice.
Afterwards, 500 ul STC/PEG were added to the protoplasts, mixed gently, and
incubated for another 15 min on ice. The transformation mix was plated on
regeneration agar plates. Transformed colonies appeared after 4-6 days and were
singled out and grown on PD-agar plates containing the appropriate antibiotic. Single
colonies were picked and saved on PD-plates. The regeneration agar plates were
prepared by first pouring a bottom phase with 12 ml regeneration agar containing the
appropriate concentration of antibiotic. Afterwards, 12 ml of regeneration agar

without antibiotic was poured on top and solidified.

SCS 20 mM Na-citrate, pH 5.8
1 M Sorbitol
In dH,O0, sterile filtered

STC 10 mM Tris-Cl, pH 7.5
100 mM CacCl,
1 M Sorbitol in dH,O, sterile filtered

STCIPEG 15 ml STC
10 g PEG4000

4.3.6 FLP activity and recombination assay

To assay the efficiency of FLP-mediated recombination of wild type and mutated

FRT pairs, strains were generated where the um11377.2 gene was deleted in
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SG200FLP using the hph resistance cassette from pHwtFRT, pHFRTm1, pHFRTm?2,
pHFRTm3, pHFRTm4 plasmids, respectively. In each case one transformant where
the um11377.2 gene is replaced by a hygromycin resistance cassette flanked by a pair
of wild type or mutated FRT sequences was recovered. These strains were grown in
CM-ara medium for 24 hours and then plated on PD plates to obtain single colonies.
Colonies were replica-plated to PD and PD-hyg plates. The recombination efficiency
was calculated by determining the percentage of cells that had lost hygromycin

resistance.

4.3.7 Pathogenicity assays

Pathogenicity assays were performed as described (Kédmper et al., 2006). For maize
(Zea mays) infections, cultures of U. maydis strains were grown to an ODggo of 0.7 —
0.8 in YEPSL, pelleted, resuspended in distilled water to an ODggo of 1 and injected
into 7-day-old seedlings of the variety Early Golden Bantam (Olds Seeds, Madison,
WI). Plants were kept in the greenhouse with a light-dark cycle of 16 (28°C) and 8 hrs
(20°C). Disease symptoms were scored according to severity 14 days after inoculation

(Kamper et al., 2006).

4.3.8 Protein expression in E. coli

E. coli BL21 cells (Invitrogen, Karlsruhe, Germany) containing plasmids encoding
GST-Um02137-GFP-His and GST-GFP-His fusion proteins (in collaboration with S.
Kale, Virginia Bioinformatics Institute) were grown in 200 ml of dYT medium
containing 100 pg/mL ampicillin in a 1 L baffled flask shaken at 240 rpm at 37 °C
and induced with 2.5 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG) when
ODggo absorption reached 0.4-0.5. The temperature was then shifted to 16 °C and the
induction was continued for ~ 20 hours. Cells were harvested by centrifugation at 4°C
and then stored at -20°C. Visual confirmation of GFP expression was noted by the
green color of the bacterial cell pellet. To purify the GFP-fusion proteins, cells were
thawed on ice for 20 min, and then resuspended in 4-5 ml of ice-cold lysis buffer.
Lysozyme (Sigma-Aldrich Deisenhofen, Germany) was added to a final concentration
of 1 mg/mL, and then the suspension was incubated for 10 min on ice. Sonication
(with double stepped microtip, 3 mm) was done at 300 W for 15 sec bursts three times
with 15 sec cooling periods between each burst. The lysate was centrifuged at 9000

rpm for 30 min at 4°C, and then the supernatant was transferred to a fresh tube and
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kept on ice until use. Protein purification via Ni-NTA affinity chromatography was
performed using the QiaExpressionist protocol. 1.5 ml of 50% Ni-NTA-agarose slurry
(Qiagen, Hilden, Germany) was loaded onto a 5 ml Pierce centrifuge column (Thermo
Scientific, Rockford, USA). The column was washed with 10 ml of lysis buffer. The
protein sample was loaded onto the column, and then the column was extensively
washed twice with 10 volumes (10 ml) of wash buffer containing 20mM imidazole.
The protein was eluted with 3 ml of elution buffer containing 250 mM imidazole into

1-ml fractions.

To remove the Glutathione S-Transferase (GST) moiety 500 pl of the protein
fractions of concentration higher than 2 mg/ml were incubated overnight with 1 pl of
thrombin at room temperature and purification according to QiaExpressionist protocol
was repeated. Fractions of purified proteins were pooled and concentrated on Amicon
Ultra-4 3 kDa columns (Millipore, Schwalbach, Germany) at 3000 rpm. The sample
was then mixed with an equal volume of 50 mM MES buffer, pH 5.8. The protein
concentration was measured at 280 nm using a nanodrop spectrophotometer (ND-

1000) and adjusted to 8 mg/ml.

Lysis buffer 50 mM NaH,PO,
300 mM NaCl
10 mM imidazole
pH 7.6

Wash buffer 50 mM NaH,PO,
300 mM NaCl
20 mM imidazole
pH 7.6

Elution buffer 50 mM NaH,PO4
300 mM NaCl
250 mM imidazole
pH 7.6
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4.3.9 Soybean root and suspension culture protein uptake assay

Soybean seeds were germinated in vermiculite for 3-5 days. Roots were washed with
water thoroughly to remove any debris. Soybean root tips were cut into lengths of
between 0.5 and 1 cm and then were washed with water. Each root tip was completely
submerged in 100 pl of the Um02137-GFP-His and GFP-His (used as control) protein
solution (8 mg/mL in 25 mM MES, pH 5.8) in an Eppendorf tube. The samples were
incubated overnight at 28°C (about 12 h). The roots were then washed in 200 ml of
water for 2 h while shaken at 100 rpm on a rotary shaker. The roots were then viewed

using a TCS-SP5 confocal microscopy (Leica).

4.3.10 Protein-lipid overlay assay

Lipids (Echelon, Salt Lake City, USA) were dissolved in DMSO. 1 pl of each lipid
(100 pmol) was spotted onto Hybond-C-extra membranes (GE Healthcare, Miinchen,
Germany) and allowed to dry at room temperature for 1 h. The membrane was
blocked in 3 % (w/v) fatty acid-free BSA (Sigma A-7030) in PBST for 1 h. The
membrane was then incubated overnight at 4 °C with gentle stirring in the same
solution containing 20 pg/ml of the indicated protein. The membranes were washed
three times over 30 min in PBST, and then incubated for 1 h with 1:10000 dilution of
anti-His monoclonal antibody (Sigma-Aldrich, Deisenhofen, Germany). The
membranes were washed as before, then incubated for 1 h with 1:10000 dilution of
anti-mouse secondary antibody (Sigma-Aldrich, Deisenhofen, Germany). Finally, the
membranes were washed four times over 40 min in PBST, and the GST-fusion protein
that was bound to the membranes by virtue of its interaction with phospholipid was
detected by enhanced chemiluminescence using ECL reagents (GE Healthcare,

Miinchen, Germany).

PBST 10mM Tris-HCI, pH 7.2
150mM NaCl
0.1% Tween-20)
In dH,O
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4.3.11 Staining and microscopy

Infected leaf tissue was harvested from maize plants 1 to 9 dpi and cleared in ethanol
overnight. The next day samples were washed in water before treatment with 10%
KOH at 90°C for 3-4 h. For visualizing hyphae in the plant vasculature, fungal
hyphae were stained with Fluorescein WGA (Vector Laboratories). Plant membranes
were visualized using Propidium lodide (Fluka, Buchs, Switzerland). Samples were
incubated in staining solution (10 pg/ml WGA, 1 pg/ml Propidium lodide, 0.02%
Tween20) for 15 min and washed in 1x PBS. Confocal images were taken using a

TCS-SPS5 confocal microscopy (Leica).

4.4  Molecular biological methods

Standard molecular biology methods, such as purification, precipitation,
electrophoresis of DNA or molecular cloning technique, are followed protocols
described in Ausubel et al. (1987) and Sambrook et al., (1989). The concentration of
nucleic acids was determined by photometry. Photometric measurements were
performed using a NanoDrop ND-1000 Spectrophotometer. The purity of nucleic
acids was determined by the ratio of As to Aaso. For purified DNA and RNA

samples, the A, to Asgo ratios were about 1.8.

4.4.1 Oligonucleotides
All oligonucleotides in this study were purchased from Eurofins MWG Synthesis
GmbH (Ebersberg bei Miinchen, Germany). The nucleotide sequences are presented

in Table 4 from the 5’-end to the 3 "-end.

Table 4. Primers used in this study*

PRIMER SEQUENCE

NAME

pBShygf | ATCGGGGCCTAGATGGCCAGAAGTTCCTATTCTCTAGAAAGTATAGGAACT
w TCACCATGGCGTGACAATTGCGGCCGCACTCGAGTGGCGGCA

pBShygr | ATCGGGGCCACTCAGGCCAGAAGTTCCTATACTTTCTAGAGAATAGGAACT
\Y TCGCCTATTAATGCGGCCGCACAGCTTCGCGGCGCAGCAGCG

pHFRT1 | ATCGGGGCCTAGATGGCCAGAAGTTCCTATTCTCGAGAAAGTATAGGAACT
fw TCACCATGGCGTGACAATTG

pHFRT1 | CGGGGCCACTCAGGCCAGAAGTTCCTATACTTTCTCGAGAATAGGAACTTC
rv GCCTATTAATGCGGCCGCAC
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pHFRT2
fw

ATCGGGGCCTAGATGGCCAGAAGTTCCTATTCTCAAGAAAGTATAGGAACT
TCACCATGGCGTGACAATTG

pHFRT2
rv

CGGGGCCACTCAGGCCAGAAGTTCCTATACTTTCTTGAGAATAGGAACTTC
GCCTATTAATGCGGCCGCAC

pHFRT3
fw

ATCGGGGCCTAGATGGCCAGAAGTTCCTATTCTCCAGAAAGTATAGGAACT
TCACCATGGCGTGACAATTG

pHFRT3
rv

CGGGGCCACTCAGGCCAGAAGTTCCTATACTTTCTGGAGAATAGGAACTTC
GCCTATTAATGCGGCCGCAC

pHFRT4
fw

TCGGGGCCTAGATGGCCAGAAGTTCCTATTCTCTGGAAAGTATAGGAACTT
CACCATGGCGTGACAATTGC

pHFRT4
rv

TCGGGGCCACTCAGGCCAGAAGTTCCTATACTTTCCAGAGAATAGGAACTT
CGCCTATTAATGCGGCCGCA

pRU1llcr
gFLPfw

ATCGGAAGCTT ATTGTGGCAGCCGCGATTC

pRU11no
SFLPrv

ATCGGAAGCTTAATACGCAAACCGCCTCTCCC

pIF1fw

ATCGGAAGCTTAGGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCTTGC
ATGCCTGCAGGTCGAA

pIFlrv

ATCGGAAGCTTGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCTCTCATG
TTTGACAGCTTAT

pYUIFfw

ATCGGGGTCACCGTTGGCCGATTCATTAATGCAGGTT

pYUIFrv

ATCGGGGTGACCTCGAATTCTCATGTTTGACAGCTTA

umO01796
LBfw

ACGTGGTGAGCCAATCTGACTCGTGATTAATGATTG

umO01796
LBrv

ATCGGGGCCATCTAGGCCATGTCGACAAGGATTGACGCAAATCAGCGGTA

umO01796
RBfw

ATCGGGGCCTGAGTGGCCAGCTTGTTGTGGCGTACCCTACAAACGCATA

um01796
RBrv

GGGGGGTAGATGGAGCGAGAAGATGGTGGTGATCAAA

umO01796
nestfw

CCAATCTGACTCGTGATTAATGATTGGACC

umO01796
nestrv

TGGAGCGAGAAGATGGTGGTGATCAAAGGG

um11377
LBfw

GGCAAAGCTGACGCTCACTTTG

um11377
LBrv

ATCGGGGCCATCTAGGCCCCTGATCTCGCAGCCACAACAA

um11377
RBfw

ATCGGGGCCTGAGTGGCCTGTTCTCTGGCGTTTGGGAGCAGGCTCCAGAT

um11377
RBrv

GCCAATTCTTGACAGCTCATATGAGCCCGT

um11377
nestfw

TTGTGTCCACTTACAGTGTACTCTCTGGTTTCATTTGTGC

um11377
nestrv

GCGAGAGGAGCTGTTTGTGTTGATGGCGTCTGCTATCGG

um03313
LBfw

AGGCGAGTCCTGTTACGTCGAT

um03313
LBrv

ATCGGGGCCATCTAGGCCCTGACAGAGCCAGGCTACCGTTGA

um03314
RBfw

ATCGGGGCCTGAGTGGCCCCTGTCAAGCTTCCAAGTATTGC

84




Materials and Methods

um03314
RBrv

CTTAGGACATAAACGGAAGAGCAG

um03313
nestfw

AGCACGACGATGCCAATATGGTTT

um03314
nestrv

TCGCTTGTGCCAAAGATGGGCGAG

um02137
LBfw

CAGAATCTATCCGAACCCGCGG

um02137
LBrv

ATCGGGGCCATCTAGGCCAAATCTCGAATCCTCGTTCGCGG

um02141
RBfw

ATCGGGGCCTGAGTGGCCGCCAAGTTTCAGATCACTGTTG

um02141
RBrv

TTGTCCCCGGATGGAAGCGTCTG

um02137
nestfw

CGTGCACGACATGAATTAAA

um02141
nestrv

GCATCTGGACTATGAATGTTGAC

um02140
RBfw

ATCGGGGCCTGAGTGGCCATTGGCGGAAATGAAGAACATTG

um02140
RBrv

CTTGGCTCCGATGTACGCAGAG

um02140
nestrv

GTATTTGGAGGGCGGCTGAA

um02141
LBfw

GACGGAGAGGGCTGAATGTCAGGC

um02141
LBrv

ATCGGGGCCATCTAGGCCGCGATGTTCGACGAGAGGGCTCTT

um02141
nestfw

CCTCCCCAGTAATGGGGGCTGT

um02135
LBfw

AACGGAGGCGAAATTGACATTATG

um02135
LBrv

ATCGGGGCCATCTAGGCCACCTGAGATAACGGCGCACTGATGC

um02135
nestfw

CCTGCCTTCTGGACTGTCACTGAG

umO01796
comfw

TGCTGGCAAAAAGTTGATGTAGTT

um01796
comrv

ATCGGGCGGCCGCCTAGGCATGCATCCAAGTTGCTT

um02138
comfw

ATCGGGGATCCCGCCATGCAGATGTGCTGCTTCACT

um02138
comrv

ATCGGCATATGAGAGGCAGCCAGGGATCATTTGTA

chxfwil

ATCGGTTAATTAAAGCCGAACGACCGAGCGCAGCGAGTCA

cbxrvl

ATCGGTTAATTAACTCACTCAAAGGCGGTAATACGGTTAT

um02137
comfw

ATCGGTTAATTAACTAGATGTGCACTCGAGACCCTTCGGT

um02140
comrv

ATCGGTTAATTAAGGCGATGTTCGACGAGAGGGCTCTTTA

um11377

FRTassa
y-rv

GACAAGAACTTCGTACAGACGAT

Primers used for quantitative real-time PCR

PRIMER
NAME

SEQUENCE

01796rtf
wl

CGGAGGAGTCTCATGAATCAC
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01796rtr | TACGCCACAACAAGCTAGG
vl
11377rtf | AGATTCTGGTGGTCCTCTAC
wl
11377rtr | TAAGCATCGGGTTCCTTG
vl
03313rtf | CGTCAGAAACGTGCTAAC
wl
03313rtr | TCAGTGGCTCCACATAAG
vl
03314rtf | CAGTGCGATCTCAGGTCAG
wl
03314rtr | CCCACACCTCCTCGATTAC
vl
02137rtf | GCCTCCTTTCTCTGAGAC
wl
02137rtr | AACTACGGAACGGGATA
vl
02138rtf | GTAGCTTGCCAGCAAATACC
wl
02138rtr | GGATCATCGCCATGTTTACG
vl
02139rtf | GCTAGAACGCCAAGTGTTTGTC
wl
02139rtr | TCGCAAGCAACCAGAAAGTCTC
vl
02140rtf | GCGAAAGATGCTGGTCAAC
wl
02140rtr | GGTGTACCCACGACTCTAAAG
vl
02141rtf | GCGAAAGATGCTGGTCAAC
wl
02141rtr | AAGGCCACAAACCTGTAGACC
vl
02135rtf | TCCAGGATGGAACGATGTC
wil
02135rtr | CGCTTTGGTCTCCCATATTG
vl
02136rtf | CTTGTGCATGCGACGAAC
wl
02136rtr | TTGCAGGACAAGGCAGAC
vl
rt-ppi-fw | ACATCGTCAAGGCTATCG
rt-ppi-rv | AAAGAACACCGGACTTGG
Primers used for synthesis of FLP
PRIMER SEQUENCE
NAME
FLP a+1 CATATGCCGCAGTTCGACATCCTCTGCAAGACGCCGCCCAAGG
FLP a+2 | TGCTGGTGCGTCAGTTTGTCGAGCGCTTCGAGCGTCCCTC
FLP a+3 GGGCGAGAAGATCGCTCTCTGCGCCGCCGAGCTCACCTAC
FLP at4 | CTCTGCTGGATGATCACCCACAACGGCACCGCCATCAAGC
FLP a+t5 | GTGCCACCTTCATGTCGTACAACACCATCATCTCGAACTC
FLP a+6 | GCTCTCGCTCGACATCGTCAACAAGTCGCTCCAGTTCAAG
FLP a+7 | TACAAGACGCAGAAGGCCACCATCCTCGAGGCCTCGCTCA
FLP a-1 GACAAACTGACGCACCAGCACCTTGGGCGGCGTCTTGCAG
FLP a-2 AGAGAGCGATCTTCTCGCCCGAGGGACGCTCGAAGCGCTC
FLP a-3 TGGGTGATCATCCAGCAGAGGTAGGTGAGCTCGGCGGCGC
FLP a-4 GTACGACATGAAGGTGGCACGCTTGATGGCGGTGCCGTTG
FLP a-5 TGACGATGTCGAGCGAGAGCGAGTTCGAGATGATGGTGTT
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FLP a-6 GTGGCCTTCTGCGTCTTGTACTTGAACTGGAGCGACTTGT

FLP a-7 CCAGGCGGGGATGAGCTTCTTGAGCGAGGCCTCGAGGATG

FLP b+l | CATCCTCGAGGCCTCGCTCAAGAAGCTCATCCCCGCCTGG

FLPb+2 | GAGTTCACCATCATCCCCTACTACGGTCAGAAGCACCAGT

FLPb+3 | CGGACATCACCGACATCGTCTCGTCGCTCCAGCTCCAGTT

FLP b+4 | CGAGTCGTCGGAAGAGGCCGACAAGGGCAACTCGCACAGC

FLP b+5 | AAGAAGATGCTCAAGGCGCTGCTCTCGGAAGGCGAGTCGA

FLPb+6 | TCTGGGAGATCACCGAGAAGATCCTCAACTCGTTCGAGTA

FLP b+7 | CACCTCGCGCTTCACCAAGACCAAGACGCTCTACCAGTTC

FLPb+8 | CTCTTCCTCGCCACCTTCATCAACTGCGGTCGCTTCTCGG

FLPb+9 | ACATCAAGAACGTCGACCCCAAGTCGTTCAAGCTCGTCCA

FLP b+10 | GAACAAGTACCTCGGCGTCATCATCCAGTGCCTCGTCACC

FLP b+11 | GAGACCAAGACCTCGGTCTCGCGCCACATCTACTTTTTCT

FLP b+12 | CGGCGCGCGGTCGCATCGACCCGCTCGTCTACCTCGACGA

FLP b+13 | GTTCCTGCGCAACTCGGAACCCGTGCTCAAGCGTGTCAAC

FLP b-1 TAGGGGATGATGGTGAACTCCCAGGCGGGGATGAGCTTCT

FLP b-2 GACGATGTCGGTGATGTCCGACTGGTGCTTCTGACCGTAG

FLP b-3 CGGCCTCTTCCGACGACTCGAACTGGAGCTGGAGCGACGA

FLP b-4 AGCGCCTTGAGCATCTTCTTGCTGTGCGAGTTGCCCTTGT

FLP b-5 CTTCTCGGTGATCTCCCAGATCGACTCGCCTTCCGAGAGC

FLP b-6 TCTTGGTGAAGCGCGAGGTGTACTCGAACGAGTTGAGGAT

FLPb-7 | ATGAAGGTGGCGAGGAAGAGGAACTGGTAGAGCGTCTTGG

FLP b-8 GGGGTCGACGTTCTTGATGTCCGAGAAGCGACCGCAGTTG

FLP b-9 TGACGCCGAGGTACTTGTTCTGGACGAGCTTGAACGACTT

FLP b-10 | GAGACCGAGGTCTTGGTCTCGGTGACGAGGCACTGGATGA

FLPb-11 | GTCGATGCGACCGCGCGCCGAGAAAAAGTAGATGTGGCGC

FLPb-12 | GTTCCGAGTTGCGCAGGAACTCGTCGAGGTAGACGAGCGG

FLP b-13 | GACGACGAGTTACCGGTGCGGTTGACACGCTTGAGCACGG

FLP c+1 | CGCACCGGTAACTCGTCGTCGAACAAGCAGGAGTACCAGC

FLP c+2 | TGCTCAAGGACAACCTGGTGCGCAGCTACAACAAGGCGCT

FLP c+3 | CAAGAAGAACGCTCCCTACTCGATCTTTGCCATCAAGAAC

FLP c+4 | GGTCCCAAGTCGCACATCGGTCGTCACCTCATGACCTCGT

FLP c+5 | TCCTCTCGATGAAGGGTCTCACCGAGCTCACCAACGTCGT

FLP c+6 | CGGCAACTGGTCGGACAAGCGTGCCTCGGCCGTCGCTCGC

FLP c+7 | ACCACCTACACCCACCAGATCACCGCCATCCCCGACCACT

FLP c+8 | ACTTTGCGCTCGTCTCGCGCTACTACGCCTACGACCCCAT

FLP c+9 | CAGCAAGGAGATGATCGCTCTCAAGGACGAGACCAACCCC

FLP c+10 | ATCGAGGAGTGGCAGCACATCGAGCAGCTCAAGGGCTCGG

FLP c+11 | CCGAGGGCTCGATCCGCTACCCCGCCTGGAACGGCATCAT

FLP c+12 | CTCGCAGGAGGTGCTCGACTACCTCTCGTCGTACATCAAC

FLP c-1 CACCAGGTTGTCCTTGAGCAGCTGGTACTCCTGCTTGTTC

FLP c-2 AGTAGGGAGCGTTCTTCTTGAGCGCCTTGTTGTAGCTGCG

FLP c-3 CCGATGTGCGACTTGGGACCGTTCTTGATGGCAAAGATCG

FLP c-4 GAGACCCTTCATCGAGAGGAACGAGGTCATGAGGTGACGA

FLP c-5 GCTTGTCCGACCAGTTGCCGACGACGTTGGTGAGCTCGGT

FLP c-6 ATCTGGTGGGTGTAGGTGGTGCGAGCGACGGCCGAGGCAC

FLP c-7 GCGCGAGACGAGCGCAAAGTAGTGGTCGGGGATGGCGGTG

FLP c-8 GAGCGATCATCTCCTTGCTGATGGGGTCGTAGGCGTAGTA

FLP c-9 ATGTGCTGCCACTCCTCGATGGGGTTGGTCTCGTCCTTGA

FLP c-10 | GTAGCGGATCGAGCCCTCGGCCGAGCCCTTGAGCTGCTCG

FLP c-11 | AGTCGAGCACCTCCTGCGAGATGATGCCGTTCCAGGCGGG

FLP c-12 | GCGGCCGCGATGCGACGGTTGATGTACGACGAGAGGT

* Restriction site sequences are underlined and FRT sequences are shown in blue.
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4.4.2 Plasmids and strain constructions

Plasmid pHWtFRT contains a hph gene whose expression is driven by the U. maydis
hsp70 promoter and a nos terminator flanked by directly repeated FTR sites and Sfil
sites at both ends. This construct was generated by PCR using primers pBShygfw and
pBShygrv (Table 4) and pBS-hhn (Kadmper et al., 1995) as template. pBShygfw
introduces an Sfil site, 34 nucleotides of the wild type FRT sequence, and 41
nucleotides homologous to the region upstream of the hsp70 promoter. pBShygrv
introduces an Sfil site, 34 nucleotides from the wild type FRT sequence, followed by
40 nucleotides homologous to the 3" end of the nos-terminator. The resulting PCR

fragment was cloned into pCRII-TOPO (Invitrogen, Karlsruhe, Germany).

Plasmids pHFRTmM1, pHFRTmM2, pHFRTmM3, and pHFRTmM4 are derivatives of
pHWtFRT and were constructed like pHWtFRT utilizing primers containing different
mutations in the FRT core sequence (Fig. 9). The corresponding pairs of primers used
are shown in Table S1. The hph cassette bordered by respective FRT sites was then
excised from these plasmids by digestion with Sfil and ligated to 1 kb regions flanking
the gene of interest using the protocol for generation of gene replacement mutants in

U. maydis (Kémper et al., 1995).

pAflpl: The codon-optimized 1272 bp FLP-recombinase gene (Fig. 5) was generated
by single step assembly as described (Stemmer et al., 1995, Hale and Thompson,
1998). The FLP-recombinase gene including stop codon was generated via ligation of
three subfragments, synthesised by PCR from a set of 64 overlapping 40-mer
oligonucleotides (except the terminal primers) coding for the plus and minus strands
of the synthetic gene, respectively. The FLP recombinase gene was cloned into
pCRII-TOPO vector (Invitrogen, Karlsruhe, Germany) yielding pCR-TOPO-FLP and
sequenced. The FLP gene was excised as Ndel-Notl fragment and inserted into
pRUI11 (Brachmann et al., 2001), replacing the Ndel-Notl fragment harboring the
green fluorescent protein gene ¢fp. In the resulting pAflpl plasmid the FLP-

recombinase gene is flanked by the crgl promoter and the nos terminator.

pFLPexpC: From pAflpl, FLP including the crgl promoter and the nos terminator
was amplified by PCR using primers pRU11crgFLPfw and pRU11nosFLPrv (Table
4). Via HindIII sites introduced with the primers the cassette was excised and cloned

into the HindIII site of the self-replicating plasmid pNEBUC (Weinzierl et al., 2002).
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The autonomously replicating recombination reporter plasmid plIF1 was generated by
cloning, a 2.0 kb fragment from p123 (Aichinger et al., 2003) to which wild type FRT
sites flanked by HindIII sites were added by PCR amplification (using pIF1fw and
plF1rv primers) (see Table 4). This fragment was cloned into the HindIII restriction
site of pNEBUH (Weinzierl et al., 2002), a plasmid harbouring enhanced green
fluorescent protein gene egfp flanked by the constitutive 02tef promoter and the nos

terminator.

To generate SG200FLP, plasmid pAflpl was linearized with Sspl and transformed
into U. maydis SG200. Carboxin-resistant clones were recovered and single

integrations of pAflpl in the carboxin locus were identified by southern blot analysis.

To generate pYUIF-FRTmM2 a 5.2 kb fragment comprising the FLP gene including
the crgl promoter and nos terminator was amplified by PCR from pAflpl using
pYUIF-FRTfw/pYUIF-FRTrv primer combination. After digestion with BStEII this
fragment was cloned into the BStEII site of pHFRTm?2.

To generate SG200FLPAUM01796 X" T 4 1.0 kb fragment comprising the 5 flank
and a 1.0 kb fragment comprising the 3" flank of the um01796 gene were generated by
PCR on U. maydis SG200 genomic DNA with primer combinations
umO01796LBfw/um01796LBrv and umO01796RBfw/um01796RBrv, respectively
(Table 4). The resulting PCR products were digested with Sfil and ligated to the 2.8
kb Sfil hygromycin-resistance cassette carrying wild type FRT sites from pHwtFRT.
The ligation product was cloned into pCRII-TOPO to yield pAum01796-hygwtFRT.
This plasmid was subsequently used as template to amplify the um01796 deletion
construct with primers um01796nestfw/um01796nestrv (Table 4). The PCR product
was transformed into U. maydis SG200FLP. Replacement of um01796 was verified

by southern analysis.

To generate SG200Aum01796™ FRT the um01796 deletion construct was amplified

by PCR with primers um01796nestfw/um01796nestrv (Table 4) using pAum01796-
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hygwtFRT as template. The PCR product was transformed into SG200 and deletion of

the um01796 gene was shown by southern analysis.

To generate strains SG200Aum113777F"FRT SG200Aum11377RTMYFRTML
$G200Aum11377" TR, SG200AUM11377FRTM3FRTM3 and
SG200AuUM11377 RTMFRTME 1 0 kb left and right borders flanking the um11377 gene

were amplified by PCR on U. maydis SG200 genomic DNA with primer
combinations uml1377LBfw/um11377LBrv and uml1377RBfw/uml11377RBrv
respectively (Table 4). The resulting PCR products were Sfil digested and ligated to
the 2.8 kb Sfil hygromycin-resistance cassettes carrying FRT sites from pHwtFRT,
pHFRTm1, pHFRTm2, pHFRTm3, and pHFRTm4, respectively. Respective ligation
products were cloned into pCRII-TOPO giving rise to pAuml1377-hygwtFRT,
pAum11377-hygFRTml1, pAuml1377-hygFRTm2, pAuml1377-hygFRTm3, and
pAum11377-hygFRTm4 plasmids. Deletion constructs from these plasmids were
amplified by PCR, using um11377nestfw/um11377nestrv primers (Table 4) and were
transformed into SG200. The deletion of um11377 was demonstrated by southern
blot. The same deletion constructs were transformed into SG200Aum01796 ™" giving
rise to $G200Aum01796"™ Aum11377"% KT,
$G200Aum01796™ Aum 11377 K mV/ERTm

$G200Aum01796"™" Aum11377" K m2/FRTm2.

8G200Aum01796™ Aum11377" K3/ FRTmS and
SG200Aum01796 ™ TAum 11377 RTm¥/FRTm4, respectively. Gene replacement was

shown by southern analysis.

To generate SG200A0179677TA113777RT™2A03313A03314 RT™FRTMS 5 1.0 kb
fragment comprising the left border of um03313 and a 1.0 kb fragment comprising the
right border of the um03314 gene were generated by PCR on U. maydis SG200
genomic DNA with primer combinations um03313LBfw/um03313LBrv and
umO03314RBfw/um03314RBrv respectively (Table 4). The resulting PCR products
were Sfil digested and ligated to the 2.8 kb Sfil hygromycin-resistance cassette
carrying mutated FRT sites from pHFRTm3. The ligation product was cloned into
pCRII-TOPO to obtain pAum03313-14-hygFRTm3. This plasmid was subsequently

used as a template to amplify the um03313-um03314 deletion construct with primers
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umO03313nestfw/um03314nestrv (Table 4). The PCR product was introduced into
SG200Aum01796 ™ "Aum11377"*™2 and homologous recombination was checked by

southern analysis.

To generate
SG200A01796™TA11377 R T™?A03313A03314 R "™ A02137A02138A02139A02140A

021417RTMYFRTML 4 1 0 kb fragment comprising the left border of the um02137 and a
1.0 kb fragment comprising right border of the um02141 gene were generated by PCR
on U. maydis SG200 genomic DNA with primer combinations
um02137LBfw/um02137LBrv and um02141RBfw/um02141RBrv, respectively
(Table 4). The resulting PCR products were cut wih Sfil and ligated to the 2.8 kb Sfil
hygromycin-resistance cassette carrying mutated FRT sites from pHFRTml1. The
ligation product was cloned into pCRII-TOPO to give a rise to pAum02137-41-
hygFRTmI1. This plasmid was subsequently used as a template to amplify the
um02137-um02141 deletion construct with primers um02137nestfw/um02141nestrv
(Table 4). The PCR product was transformed into
SG200A01796™'A11377"%"™A03313A03314™*™. The deletion of the um02137-

um02141 genes was demonstrated by southern analysis.

To generate
$G200Aum01796 T Aum11377-*"™*Aum02137Aum02138Aum02139Aum02140™%
TMUFRTML 5 1.0 kb fragment comprising the left border of um02137 and a 1.0 kb
fragment comprising the right border of the um02140 gene were amplified by PCR on
U. maydis  SG200  genomic DNA  with  primer  combinations
um02137LBfw/um02137LBrv and umO02140RBfw/um02140RBrv, respectively
(Table 4). The resulting PCR products were digested with Sfil and ligated to the 2.8
kb Sfil hygromycin-resistance cassette carrying mutated FRT sites from pHFRTm].
The ligation product was cloned into pCRII-TOPO to yield to pA02137-40-
hygFRTm1. This plasmid was subsequently used as a template to amplify the
um02137-um02140 deletion construct with primers um02137nestfw/um02140nestrv
(Table 4). The PCR product was transformed into SG200A01796"%A11377°RT™2,

Homologous recombination was verified by southern analysis.
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To generate SG200Aum01796 1T
Aum113777FT™Aum03313Aum03314™ "™ Aum02137Aum02138Aum02139Aumo02
1407RTMYFRTML 5 1.0 kb fragment comprising the left border of the um02137 and a 1.0
kb fragment comprising right border of the um02140 gene were generated by PCR on
U. maydis  SG200  genomic DNA  with  primer  combinations
um02137LBfw/um02137LBrv and umO02140RBfw/um02140RBrv, respectively
(Table 4). The resulting PCR products were cut wih Sfil and ligated to the 2.8 kb Sfil
hygromycin-resistance cassette carrying mutated FRT sites from pHFRTmIl. The
ligation product was cloned into pCRII-TOPO to give a rise to pAum02137-40-
hygFRTm1. This plasmid was subsequently used as a template to amplify the
um02137-um02140 deletion construct with primers um02137nestfw/um02140nestrv
(Table 4). The PCR product was transformed into
SG200A01796™A11377"°"™A03313A03314™"™ The deletion of the um02137-

um02140 genes was demonstrated by southern analysis.

To generate
SG200Aum01796 T Aum113777R "™*Aum03313Aum03314™ "™ Aum02135Aum02

136Aum02137Aum02138Aum02139Aum02140Aum02141™™ a 1.0 kb fragment
comprising the left border of um02135 and a 1.0 kb fragment comprising the right
border of the um02141 gene were generated by PCR on U. maydis SG200 genomic
DNA  with  primer  combinations  um02135LBfw/um02135LBrv  and
um02141RBfw/um02141RBrv, respectively (Table 4). The resulting PCR products
were cut with Sfil and ligated to the 2.8 kb Sfil hygromycin-resistance cassette
carrying mutated FRT sites from pHFRTm1. The ligation product was cloned into
pCRII-TOPO to give a rise to pA02135-41-hygFRTm4. This plasmid was
subsequently used as a template to amplify the um02135-41 deletion construct with
primers um02135nestfw/um02141nestrv (Table 4). The resulting PCR fragment was
then used for transformation of SG200Aum01796™"
Aum11377"%"™ Aum03313Aum03314™ "™ Aum02137Aum02 138Aum02139Aum02 14

0"R™™! Replacement of the whole cluster was shown by southern analysis.

To generate SG200pYUIF-FRTM2Aum01796 a 1.0 kb fragment comprising the 5
flank and a 1.0 kb fragment comprising the 3" flank of the um01796 gene were
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generated by PCR on U. maydis SG200 genomic DNA with primer combinations
umO01796LBfw/um01796LBrv and umO01796RBfw/um01796RBrv, respectively
(Table 4). The resulting PCR products were digested with Sfil and ligated to the 8 kb
Sfil hygromycin-resistance cassette carrying FRTm2 sites from pYUIF-FRTm2. The
ligation product was cloned into pCRII-TOPO to yield pAum01796-pYUIF-FRTm?2.
This plasmid was subsequently used as template to amplify the um01796 deletion
construct with primers um01796nestfw/um01796nestrv (Table 4). The PCR product
was transformed into U. maydis SG200. Replacement of um01796 was verified by

southern analysis.

For complementation analysis, plasmid p01796com was constructed by replacing the
1.8 kb Ndel-Notl o2tef-egfp fragment of p123 with a 2.7 kb Ndel-Notl fragment
comprising the um01796 gene together with 1.3 kb region located upstream of the
start codon. This fragment was amplified by PCR from SG200 DNA with
um01796comfw and um01796comrv primers (Table 4) and digested with Ndel and
Notl. p01794com was linearized by Sspl and transformed into
SG200A01796A11377"%™A03313A03314"™ ™ A02137A02138A02139A02140A0214
|FRImIFRTmL  Carphoxin-resistant clones were recovered, and integration of the
um01796 gene into the ip locus (Loubradou et al., 2001) was shown by southern
analysis. Strain SG200eff1A1,2,3,4,7,8,9,10,11-1 contains a single copy integration of

umO01796 in the ip locus.

To obtain plasmid p02138com, a 2.1 kb Ndel-BamHI fragment comprising the
um02138 gene and 0.7 kb sequence upstream of the start codon was ligated into the
respective sites of p123. This fragment was generated by PCR using um02138comfw
and um02138comrv primers (Table 4) and U. maydis SG200 genomic DNA.
p02138com was linearized by Sspl and transformed into SG200A9. Carboxin-resistant
clones were recovered, and integration of the um02138 into the ip locus was verified
by southern analysis. Strain SG200eff1A1,2,3,4,7,8,9,10,11-8 bears a single copy
integration of the um02138 gene.

For construction of the p02137-02140com plasmid 4.8 kb from pBScbx(-) (Keon et
al.,, 1991) was amplified by PCR with cbxfwl/cbxrvl primers (Table 4), which
introduced Pacl restriction sites at both ends of the PCR fragment. After digestion
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with Pacl, this fragment was ligated with a 8.0 kb Pacl digested PCR product
comprising the four genes um02137, um02138, um02139, um02140 together with 0.6
kb region upstream of the um02140 start codon. This fragment was generated by PCR
using um02137comfw and um02140comrv primers (Table 4) and U. maydis SG200
genomic DNA. The complementation strain SG200eff1A1,2,3,4,7,8,9,10,11-7,8,9,10
was generated by transforming SG200A9 with Sspl-linearized p02137-02140com.
Carboxin-resistant clones were recovered, and single integration of the um02137 —

um02140 genes into the ip locus was demonstrated by southern analysis.

4.4.3 Isolation of nucleic acids

4.4.3.1 Isolation of E. coli plasmid DNA

E. coli plasmid minipreparation was performed via “lysis by boiling” as previously
described in Sambrook et al. (1989). E. coli culture grown at 37°C and 180 rpm
overnight was transferred to a 1.5-ml microcentrifuge tube and centrifuged for 1 min
at 13,000 rpm. The supernatant was discarded and the cell pellet was resuspended in
300 ul of STET and 20 pl of lysozyme solution using a Vibrax-VXR shaker (IKA),
and incubated for 1 min at 95°C. To pellet the cell debris, the E. coli lysate was
centrifuged for 15 min at 13,000 rpm, and cell debris was removed using a sterile
tooth stick. To precipitate plasmid DNA, 40 pl of 3 M sodium acetate (pH 4.8) and
400 ul of isopropanol were added. The mixture was incubated at room temperature
for 5 min followed by centrifugation for 5 min at 13,000 rpm. The supernatant was
discarded, the DNA pellet was washed with 70% ethanol and air dried for 5 min. The
DNA pellet was dissolved in 100 pul TE buffer containing 20 pg/ml RNase A, and
incubated in a heating block at 50°C with gentle shaking for 20 min.

STET 50 mM Tris-Cl, pH 8.0
50 mM Na,-EDTA
8% (w/v) Sucrose
5% (v/v) Triton X-100
in dH,O

Lysozyme solution 10 mg/ml Lysozyme

10mM Tris-Cl, pH 8.0
in dH,0
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4.4.3.2 Isolation of genomic DNA from U. maydis

U. maydis cultures grown in YEPSL at 28°C and 200 rpm overnight were transferred
to 2-ml microcentrifuge tubes containing 300 mg glass beads, and centrifuged for 2
min at 13,000 rpm. The supernatant was discarded and 400 ul of Ustilago-lysis buffer
and 500 pl of TE-phenol/chloroform was added and shaken for 10-15 min on a
Vibrax-VXR shaker (IKA) set to 1,400. Next, samples were centrifuged for 15 min at
13,000 rpm, and 400 pl of the aqueous phase was transferred to a new 1.5-ml
microcentrifuge tube. Afterwards, 1 ml of ethanol was added and mixed by inverting
2 - 3 times, and incubated at the room temperature for about 5 min. Subsequently the
mixtures were centrifuged for 15 min at 13,000 rpm. The DNA pellets were washed
once with 70% ethanol and air dried for 5 - 10 min. Finally, DNA pellets were
dissolved in 50 pl TE buffer containing 20 pg/ml RNase A, and incubated in a heating
block at 50°C with gentle shaking for 20 min. Genomic DNA was stored at - 20°C.

Ustilago-lysis buffer 50 mM Tris-Cl, pH 7.5
50 mM Na,-EDTA
1% (w/v) SDS
in dH,O

TE-phenol/chloroform Mixture of phenol (in TE-buffer) and

chloroform in an 1:1 ratio

4.4.3.3 U. maydis total RNA isolation from axenic culture

Trizol reagent (Invitrogen, Karlsruhe, Germany) was used for total RNA isolation as
described by the manufacturer. 50 ml of U. maydis overnight culture having a cell
density of ODggo 0.8 - 1.0 was harvested by centrifugation at 3,200 rpm for 5 min. The
pellet was resuspended in 1.0 ml Trizol reagent and transferred to 2-ml
microcentrifuge tube containing 300 mg of glass beads and homogenized with a cell
mill (Retsch MM200) for 5 min. Then samples were incubated for 5 min at room
temperature. After 200 pl of chloroform was added to the samples they were shaken
for 15 sec and incubated for an additional 2-3 min. Samples were centrifuged at 4°C
for 15 min at 11,500 rpm. The upper aqueous phase (500 pl) was transferred to a 1.5-
ml RNase free microcentrifuge tube. RNA was precipitated by addition of 500 pl

isopropanol and incubated for 10 min at room temperature. After centrifugation at
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4°C for 10 min at 11,500 rpm the pellets were washed once with 1 ml of 70% ethanol,
centrifuged at 7,500g for 5 min and air dried. Finally, the RNA pellet was dissolved in
50 ul RNase free water and incubated in a heating block at 55°C with gentle shaking

for 20 min.

4.4.3.4 Total RNA isolation from infected plant material

For the isolation of total RNA from U. maydis infected plant tissue, tested strains
were inoculated into the corn variety Early Golden Bantam as described in the section
entitled “Plant infection assay”. Infected leaf tissue was harvested at 3, 5, and 8 dpi as
well as uninfected plant tissue was harvested at 12 dpi. In all cases, three
independently conducted experiments (biological replicates) were carried out for
RNA isolation. Infected leaf tissue were removed from plants, stored in 50 ml Falcon
tubes, flash frozen in liquid nitrogen, and directly used for RNA isolation or stored at
-80°C for later use. Total RNA was extracted from frozen homogenized infected plant
tissue using Trizol reagent (Invitrogen, Karlsruhe, Germany) as described in the

previous section “U. maydis total RNA isolation from axenic culture”.

4.4.4 Nucleic acid blotting and hybridization (DI1G-labeling)

4.4.4.1 DNA blotting and hybridization (Southern analysis)

A total of 20-30 pg of genomic DNA was digested using 5-10 U of the respective
restriction enzyme/s in a total volume of 20 ul overnight. Digestions were separated
on a 1X TAE 0.8% agarose gel for 14 - 16 h at 19V. The gel was incubated in 0.25 M
HCI for 20-30 min, and then placed in 0.25 M NaOH for 20-30 min. Labeling
reactions were carried out as described in the DIG-High Prime protocol (Roche,
Mannhein, Germany). The nucleic acid fragments were transferred to a positively
charged nylon membrane (Hybond-N+, GE Healthcare Miinchen, Germany) by
capillary blotting overnight with 0.25 M NaOH. In a parallel experiment, 1.5 nug of
DIG-labeled DNA fragments (in a total volume of 10 ul) were denatured at 99°C for
10 min, briefly centrifuged and put on ice. Next, the transfer membrane was
prehybridized with 40 ml of Southern-hybridization buffer at 65°C in a hybridization
oven for 15-30 min. After the prehybridization solution was discarded 10 ul of
labeled probe in 20 ml of Southern hybridization buffer was added to the membrane
followed by incubation at 65°C overnight in a hybridization oven. Next, the probe

was discarded and the membrane was washed twice for 5 min with 20 ml DIG-Wash
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buffer (0.3% (v/v) of Tween-20 in DIG1) at 25°C. The following steps were carried
out at 25°C: incubation for 30 min with 25 ml of DIG2 (10x blocking solution in
DIG1 (1:10)), incubation for 30 min with 10 ml of Anti-DIG antibody solution
(1:5000 in DIG2), two incubations for 15 min with DIG-Wash, and finally incubation
for 5 min with 40 ml of DIG3 followed by incubation for 5 min with 10 ml of CDP-
Star solution (100 pl CDP-Star in 10 ml DIG3 (1:100)). The membrane was sealed in
a plastic bag and incubated at 37 °C for 15 min. It was exposed to the Kodak XAR-5

film.

Southern hybridization buffer

Southern wash buffer

1 M Na-phosphate buffer, pH 7.0

DIG1 (1x)

DIG2 (1x)

DIG3 (1x)
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500 mM Na-phosphate buffer, pH 7.0
7% (w/v) SDS
in dH,O

0.1 M Na-phosphate buffer, pH 7.0
1% (w/v) SDS
in deO

Solution 1: 1 M Na,HPO,

Solution 2: 1 M NaH,PO,xH,0

Add Solution 2 to Solution 1 until pH will
reach 7.0

In dH,O

0.1 M maleic acid
0.15 M NaCl
in dH,0, adjust pH to 7.5 (NaOH)

1% (w/v) milk powder in DIG1

0.1 M maleic acid

0.1 M NaCl

0.05 M MgCl,x6H,0

in dH,0, adjust pH to 9.5 (Tris-HCI)
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CDP-Star Solution 100 pl of CDP-Star (Roche) in 10 ml DIG3

4.4.4.2 RNA blotting and hybridization (northern analysis)

To determine the expression level of the codon-optimized FLP gene, RNA blotting
and hybridization was performed. For the induction of the crgl promoter cells were
grown in CM-glu medium to an ODggo of 0.7, washed twice with distilled water,
resuspended in CM medium containing 1% arabinose as sole carbon source (CM-ara)
and incubated for the times indicated. Total RNA was denatured in 1x MOPS, 0.8 M
glyoxal, 50% (v/v) DMSO, incubated at 50°C for 1 h and separated by electrophoresis
in a 1x MOPS 1% agarose gel for 3 h at 80V at circulated buffer reservoir. The RNA
gel was saturated in 20x SSC buffer for 1 h and blotted to a Hybond-NX membrane
(Amersham Biosciences). The hybridization and further steps were similarly
performed as described in “DNA-blotting and hybridization”, with the exception of
Northern hybridization and Northern wash buffers replacing the Southern
hybridization and Southern wash buffers. To detect FLP, a 1.3 kb fragment was
generated by PCR, using a combination of M13fw and M13rv primers (Invitrogen,

Karlsruhe, Germany) and pCR-TOPO-FLP as a template.

10x MOPS buffer 200 mM MOPS
80 mM Na-acetate
10 mM Na2-EDTA x2H,0
in dH,0, adjust to pH 7.0 (5SM NaOH)

20x SSC buffer 3 M NacCl
0.3 M Na-citrate x2H,O
in dH,0, adjust to pH 7.0 (HCI)

Northern wash buffer 5% (v/v) 20x SSC
25% (v/v) 20% SDS
in dHQO
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Northern hybridization buffer 5% (v/v) 1 M Na-phosphate buffer, pH 7.0
5% (v/v) 1 M PIPES
2% (v/v) 5 M NaCl
25% (v/v) 20% SDS
0.2% (v/v) 0.5 M EDTA,
in dH,O pH 8.0

445 PCR technigues

4.4.5.1 Polymerase Chain Reaction (PCR)

This method is modified from Innis et al. (1990). A standard PCR reaction (25 ul of a
total volume) consists of about 10 ng of a template DNA, a pair of primers (1 uM),
dNTPs (200 uM), and 1-2 U of polymerase. All PCR reactions were performed using
a Thermocycler PTC-100 or PTC-200 (MJ Research). PCR reactions with Phusion
High-Fidelity DNA Polymerase (Finnzymes, Frankfurt am Main, Germany) and KOD
Extreme Polymerase (Merck, Darmstadt, Germany) were performed according to the
manufacturer’s protocol. All PCR products were purified using the QiaQuick PCR
Purification kit (Qiagen, Hilden, Germany). The strategy for the PCR assembly of the
codon-optimized FLP-recombinase gene followed Stemmer et al. (1995) and Hale &

Thompson (1998). Primers used to synthesize FLP gene are shown in Table 4.

4.4.5.2 Quantitative Real-Time-PCR

To determine the expression patterns of effl genes by quantitative PCR, cells of
SG200 were grown in axenic culture and harvested at an ODggg of 0.8 after incubation
in YEPSL for 12 — 14 h in three independently conducted experiments. Cells were
flash frozen in liquid nitrogen and stored at -80°C until use. To analyze expression
levels of family effl genes during different biotrophic stages, 7 day old maize
seedlings were infected with SG200. Samples of the infected tissue (about 1000 mg)
were collected in three independently performed experiments 1 day post infection
(dpi) as well as 3, 5 and 8 dpi and directly frozen in liquid nitrogen. To test the
expression of the effl genes in uninfected maize plant material from 12 days old
plants was used for the RNA preparation. Total RNA was prepared following the
TRIZOL reagent protocol (Invitrogen, Karlsruhe, Germany). To remove traces of
DNA, RNA samples were treated with Turbo DNA-free kit (Ambion/Applied

Biosystems, Darmstadt, Germany) according to the manufacturer’s protocol. RNA
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was purified using an RNeasy kit (Qiagen, Hilden, Germany). Purity and quantity of
RNA samples were measured using the NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). Synthesis of cDNA was
performed by random hexamer priming employing the SuperScript III first-strand
synthesis SuperMix kit (Invitrogen, Karlsruhe, Germany) as outlined in the
manufacturer’s protocol. The reaction was performed with 1.0 pg of total RNA.
Quantitative Real-Time-PCR was performed on a Bio-Rad iCycler using the Platinum
SYBR Green qPCR SuperMix-UDG (Invitrogen, Karlsruhe, Germany). The cycling
conditions were: 2 min 95°C, followed by 45 cycles of 30 sec 95°C / 30 sec 62°C / 30
sec 72°C. Sequences of primers used for Real-Time-PCR are shown in Table S1. All
Real-Time-PCR quantifications were performed using Bio-Rad iCycler iQ system
(BioRad, Hercules, USA). A fluorescence threshold value (Ct) was calculated for
each sample using the iCycle iQ system software. The levels of each gene expression

were standardized to the ppi housekeeping genes (Table 4).

4.5  Bioinformatics

Multiple alignments of effl genes were made in MACAW (Schuler et al., 1991) and
signal sequences were predicted with SignalP at www.cbs.dtu.dk/services/SignalP
(Bendtsen et al., 2004). Sequence logos were generated using a Hidden Markov Model
based program named multiple em for motif elucidation (MEME) version 4.3.0. Several
bioinformatic analyses were performed within the MPI Bioinformatics Toolkit at
http://toolkit.tuebingen.mpg.de/ (Biegert et al., 2006). Searches for members of the
Effl protein family were made by comparison of profile Hidden Markov Models
(HMMs) in HHpred (Soding et al., 2005). To this end, HMMs were generated for all
ORFs of the U. maydis genome and are made publicly available for searching at
http://toolkit.tuebingen.mpg.de/HHpred/. The cluster analysis was made with CLANS
(Frickey & Lupas, 2004).

4.6  Statistical analysis

All results are representative of triplicate experiments. For Real-Time-PCR results,
infection data, as well as the FLP-mediated recombination assay on differentially
mutated FRT sites Mean + sd (standard deviation) has been calculated. Student’s t-

test was used to assess statistical significance for expression values of effl genes and
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infection symptoms caused by the strains tested. Asterisks (*, **, and ***) indicate

significant differences at a P value < 0.05, 0.01, 0,001, respectively.
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