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Abbreviations I

Abbreviations

ABA Abscisic acid MES 2-(N-morpholino)ethanesulfonic acid

Approx. Approximately mg Milligram

bp Base pairs min Minute(s)

BSA Bovine serum albumin mL Millilitre

cDNA Complementary DNA MOPS 3-(N-morpholino)propanesulfonic acid

cfu Colony-forming unit mRNA Messenger RNA

Co-IP Co-immunoprecipitation MW Molecular weight

C-terminal Carboxy-terminal µg Microgram

ddH2O Double-distilled water µL Microlitre

Δ Deletion µM Micromolar

DIC Differential interface contrast µm Micrometer

DNA Deoxyribonucleic acid ng Nanogram

dNTP Deoxyribonucleoside triphosphate nm Nanometer

dpi Days post-infection/infiltration N-terminal Amino-terminal

DTT Dithiothreitol OD600 Optical density at 600 nm

e.g. Exempli gratia (for example) ORF Open reading frame

EDTA Ethylenediaminetetraacetic acid PAGE Polyacrylamide gel electrophoresis

EM Electron microscopy PCR Polymerase chain reaction

et al. Et alii (and others) PP2C Type 2C protein phosphatase

Fig. Figure qRT-PCR Quantitative reverse transcription PCR

GFP Green fluorescent protein RNA Ribonucleic acid

GST Glutathione S-transferase rpm Revolutions per minute

h Hours(s) SA Salicylic acid

HA Hemagglutinin SDS Sodium dodecyl sulfate

HEPES 4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid

TCA

TCEP

Trichloroacetic acid

Tris(2-carboxyethyl)phosphine

His Histidine TEMED Tetramethylethylenediamine

hpi Hours post-infection Tris Trishydroxymethylaminomethane

i.e. Id est (that is) UV Ultraviolet

IPTG Isopropyl β-D-1-thiogalactopyranoside v/v Volume fraction

kb Kilobase pairs w/v Mass concentration

kDa Kilodalton WGA Wheat germ agglutinin

M Molar



II Summary

Summary

Ustilago maydis, the causal agent of corn smut disease, is a pathogen that establishes a

biotrophic interaction with Zea mays. The interaction with the host plant is largely governed

by a plethora of secreted effector proteins, many of which are encoded in gene clusters. The

deletion of cluster 10A consisting of 10 effector-encoding genes results in strongly reduced

virulence after maize seedling infection. In the present study, the gene UMAG_03744 (termed

ten1) could be identified as a major virulence factor of gene cluster 10A. Via quantitative

reverse transcription PCR an induction of ten1 during the biotrophic development of the fungus

was detected. ten1 deletion strains showed a virulence phenotype mainly reflected by a reduced

tumor size on seedling leaves. Moreover, by complementing the cluster 10A deletion strain for

ten1,  the  strong  virulence  defect  of  the  cluster  mutant  was  partially  rescued.  After

overexpression in U. maydis hyphae, secreted Ten1 protein could be detected in axenic culture

supernatant. Furthermore, using immunoelectron microscopy, the translocation of secreted

Ten1 to plant cells could be shown after maize seedling infection, manifested by a significant

accumulation of the protein in the plant cytoplasm and especially in plant nuclei.

Through a  yeast  two-hybrid screen ZmPP26,  a  type 2C maize protein phosphatase (PP2C)

could be identified as interaction partner of Ten1. This interaction was supported by co-

immunoprecipitation experiments after transient co-expression of Ten1 and ZmPP26 in

Nicotiana benthamiana. Moreover, ZmPP26 could be detected by mass spectrometry after

immunoprecipitation of Ten1 from U. maydis-infected leaf tissue. Via yeast two-hybrid assays

the ZmPP26-interacting domain of Ten1 was mapped. The engineered protein Ten1m,

harboring amino acid substitutions in the interacting domain, showed no interaction with

ZmPP26 in yeast two-hybrid assays. By complementing the cluster 10A deletion strain with

Ten1m, the virulence defect of the cluster mutant could not be rescued, suggesting that the

interaction of Ten1 and ZmPP26 may be biologically relevant.



Zusammenfassung III

Zusammenfassung

Der Pilz Ustilago maydis ist der Erreger des Maisbeulenbrandes. Die biotrophe Interaktion mit

der Wirtspflanze Mais wird hauptsächlich durch eine Vielzahl sekretierter Effektorproteine

ermöglicht, die oftmals in Genclustern codiert werden. Die Deletion von Cluster 10A resultiert

in einer stark verringerten Virulenz nach Infektion von Maissetzlingen. In der vorliegenden

Arbeit konnte das Gen UMAG_03744 (umbenannt zu ten1) als wesentlicher Virulenzfaktor

von Cluster 10A bestimmt werden. Mittels quantitativer Reverse-Transkriptase-PCR wurde

eine Induzierung von ten1 während der biotrophen Entwicklung des Pilzes festgestellt. ten1

Deletionsmutanten zeigten einen Virulenzphänotyp, der sich überwiegend in einer Reduktion

der Tumorgröße auf Blättern äußerte. Des Weiteren führte die Komplementation der Cluster

10A Deletionsmutante mit ten1 zu einer teilweisen Wiederherstellung der Virulenz. Nach

Überexpression in Hyphen von U. maydis konnte sekretiertes Ten1 Protein im Überstand von

axenischer Kultur detektiert werden. Darüber hinaus wurde, nach Infektion von Maispflanzen,

sekretiertes Ten1 Protein in Pflanzenzellen mittels Immunelektronenmikroskopie nachge-

wiesen, wobei eine Akkumulation des Proteins im Zytoplasma und besonders in Zellkernen

beobachtet werden konnte.

Mittels Hefe-Zwei-Hybrid-System wurde ZmPP26, eine Typ 2C Protein-Phosphatase (PP2C)

als Interaktionspartner von Ten1 identifiziert. Diese Interaktion konnte bestätigt werden durch

Koimmunpräzipitation von Ten1 und ZmPP26 nach transienter Koexpression beider Proteine

in Nicotiana benthamiana. Darüber hinaus wurde, nach Immunpräzipitation von Ten1 aus

infiziertem Maispflanzenmaterial, ZmPP26 mittels Massenspektrometrie als Interaktor

nachgewiesen. Durch Hefe-Zwei-Hybrid-Analysen wurde die Interaktionsdomäne von Ten1

kartiert. Das modifizierte Protein Ten1m, das Aminosäureaustausche in der Interaktions-

domäne besitzt, zeigte keine Interaktion mit ZmPP26 in Hefe-Zwei-Hybrid-Analysen. Die

Komplementation der Cluster 10A Deletionsmutante mit Ten1m führte nicht zu einer

Wiederherstellung der Virulenz, was dafür spricht, dass die Interaktion von Ten1 und ZmPP26

biologisch relevant sein könnte.
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1. Introduction

Plants encounter a variety of microbes, resulting in interactions that can be neutral, mutually

beneficial, or detrimental. Accordingly, plant-associated microbes are commonly referred to

as endophytes, symbionts, or pathogens, respectively (Spanu and Panstruga, 2017). Of these,

plant pathogens are of particular interest for economic and environmental reasons because they

pose a major threat to crop plants grown for human consumption, resulting in yield reduction

(Oerke, 2006). Microbial plant pathogens comprise viruses, bacteria, protozoa, fungi, and

oomycetes (Bebber et al., 2014) and are commonly characterized by their lifestyle: biotrophic

pathogens extract nutrients from living host tissue, whereas necrotrophs kill their hosts and

feed on the remains (Glazebrook, 2005). Hemibiotrophic pathogens share characteristics of

both lifestyles, as they first establish a biotrophic interaction with their hosts but switch to

necrotrophy at a later stage of infection (Vleeshouwers and Oliver, 2014). In order to establish

a parasitic interaction with their hosts, plant pathogens depend on the manipulation of plant

defense responses (Dodds and Rathjen, 2010; Lanver et al., 2017; Toruño et al., 2016).

1.1.    Plant defense responses against pathogens

As sessile organisms that lack specialized immune cells or organs, plants rely on a two-tier

innate immune system to perceive and fend off pathogenic microbes (Zipfel, 2014). The first

layer of defense is called pattern-triggered immunity (PTI) and represents a robust immune

response against most non-host pathogens (Macho and Zipfel, 2014; Ranf, 2017). PTI is

induced upon perception of conserved microbe- or pathogen-associated molecular patterns

(MAMPs or PAMPs) which are released during the infection (Macho and Zipfel, 2014).

Moreover, plant-derived damage-associated molecular patterns (DAMPs) are also considered

elicitors of PTI. They are primarily generated by pathogen-secreted plant cell wall degrading

enzymes and can co-occur with MAMPs at the infection site (Souza et al., 2017). The

perception of MAMPs/DAMPs is mediated by cell surface-localized pattern recognition

receptors (PRRs). Typical PRRs are either transmembrane receptor kinases (RKs) with an

extracellular domain and a cytoplasmic kinase domain, or transmembrane receptor-like

proteins (RLPs) which are structurally similar to RKs but which do not contain a kinase domain



2 Introduction

(Zipfel, 2014). To be able to sense molecular patterns, PRRs display a variety of extracellular

domains such as leucine-rich repeat (LRR), lysin motif (LysM), or lectin domains for the

binding of diverse ligands (Ranf, 2017).

A number of MAMPs have been identified from bacteria, fungi, and oomycetes. One well-

studied MAMP is bacterial flagellin from Pseudomonas species  which  is  recognized  by

Arabidopsis thaliana and other plants (Chinchilla et al., 2007; Gómez-Gómez and Boller,

2000; Hind et al., 2016). Another example is peptidoglycan, a bacterial cell wall component,

which is recognized by A. thaliana and rice plants (Liu et al., 2013a; Willmann et al., 2011).

Of fungal pathogens, the cell wall component chitin is recognized by host plants (Shinya et al.,

2015). In A. thaliana, chitin is sensed via a complex formed by the LysM-containing receptor

CERK1 and the receptor kinase LYK5 (Cao et al., 2014; Liu et al., 2012). Β-glucan, the most

abundant cell wall component in the majority of fungi is also considered to serve as a MAMP

(Fesel and Zuccaro, 2016). However, the mechanism(s) of its perception in plants remain

elusive (Fesel and Zuccaro, 2016). Recently, progress has been made in the identification of

oomycete elicitors of plant immunity: INF1, a secreted elicitin of Phytophthora infestans was

shown to be recognized extracellularly by the receptor-like protein ELR from the wild potato

Solanum microdontum (Du et al., 2015). Additionally, Albert et al. (2015) described the

activation of PTI in A. thaliana via a tripartite receptor complex that recognizes a unique group

of proteins which are produced not only by oomycetes, but by numerous prokaryotic and

eukaryotic species.

Upon pattern recognition a set of defense responses is initiated which are hallmarks of PTI

(Fig. 1). A very early response is an increase of the cytosolic Ca2+ concentration, primarily

regulating defense gene expression together with MAPK cascade activation (Boudsocq et al.,

2010). An efflux of K+, NO3
-, Cl- as well as an influx of H+ ions is observed upon MAMP

perception, generally leading to membrane depolarization and extracellular alkalinization

(Jeworutzki et al., 2010). A crucial early defense response is the reactive oxygen species (ROS)

burst, involving the generation of hydrogen peroxide (H2O2), superoxide (O2
-), and hydroxyl

radicals (•OH) in the apoplast. ROS are able to inhibit pathogen spread by inducing the

hypersensitive response (HR), but they also function as signaling molecules and contribute to

the strengthening of cell walls (Torres, 2006).
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Fig. 1: Pattern-triggered immunity (PTI) responses in plants. Schematically depicted are partially intertwined
cellular processes, elicited upon the extracellular perception of molecular patterns. Abbreviations: CDPK,
calcium-dependent protein kinase; DAMP, damage-associated molecular pattern; DGK, diacylglycerol kinase;
ET, ethylene; JA, jasmonic acid; MAMP, microbe-associated molecular pattern; MAPK, mitogen-activated
protein kinase; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; PA,
phosphatidic acid; PD, plasmodesmata; PLC, phospholipase C; PLD, phospholipase D; PRR, pattern recognition
receptor; RK, receptor kinase; ROS, reactive oxygen species; SA, salicylic acid; TF, transcription factor (modified
from Yu et al., 2017).

PTI also triggers the production of plant defense hormones such as salicylic acid (SA), ethylene

(ET), and jasmonic acid (JA; Halim et al., 2009; Liu et al., 2013b). Moreover, antimicrobial

compounds referred to as phytoalexins have been implicated in defense responses (Ahuja et

al., 2012). As one prime route for pathogen entry, plant stomata close during infection. This

MAMP-triggered stomatal closure is regulated by ROS, ET, and the early signaling molecule

nitric oxide (NO; Melotto et al., 2006). The production of NO is in turn closely connected to

the burst of ROS (Scheler et al., 2013) and to the formation of phosphatidic acid (PA; Raho et

al., 2011), which is considered a key signaling molecule for the regulation of cellular activities

RK

MAPKs

MAPKKs

MAPKKKs
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such as actin remodeling (Testerink and Munnik, 2011). Transient changes in actin filament

organization were observed upon MAMP perception (Day et al., 2011) and are important for

the formation of callose (Henty-Ridilla et al., 2014). This β-1,3 glucan polymer is deposited at

the cell wall and is able to strengthen damaged sections of the cell wall (Voigt, 2014). Although

regulated at multiple levels, the biosynthesis of callose is strongly correlated to the production

of ROS (Luna et al., 2011). Analogous to stomatal closure, the permeability of plasmodesmata

is regulated to prevent intercellular spread of pathogens and to mediate defense-related

signaling from infected to neighboring host cells (Lee and Lu, 2011).

1.1.1.  The interplay between pathogen effectors and plant defense

Plant pathogens produce a plethora of secreted effector proteins that act either in the apoplast

or inside plant cells (Dodds and Rathjen, 2010). Modes of effector action comprise the

dampening of plant immune responses, the shielding of the pathogen itself, and the modulation

of plant physiology to promote pathogen growth (reviewed by Toruño et al., 2016; Varden et

al., 2017). As a consequence of the deployment of effectors by pathogens, plants evolved a

second layer of defense known as effector-triggered immunity (ETI) which is based on the

recognition of secreted effectors by plant cells (Macho and Zipfel, 2014). ETI amplifies the

basal antimicrobial defense responses of PTI and often culminates in localized plant cell death

referred to as hypersensitive response (HR; Cui et al., 2015). The detection of microbial

effectors in plant cells is mediated by NLR receptor proteins. They were originally referred to

as NOD-like receptors, but are more precisely part of the [nucleotide binding domain (NBD)

and leucine-rich repeat (LRR)] superfamily of receptors (Jones et al., 2016). There are two

major subclasses of NLRs that have distinct N-terminal domains: those with a Toll-interleukin

1 receptor (TIR) domain, restricted to dicot plants, and those with a coiled-coil (CC) domain,

found in both dicots and monocots (Cui et al., 2015). In most cases the recognition of effectors

is indirect: NLRs guard effector-mediated modifications of plant target proteins, so-called

guardees, or of mimics of plant target proteins, so-called decoys (Jones et al., 2016). However,

NLRs are also able to detect pathogen effectors by direct interaction or via integrated domains

from effector targets, so-called “integrated decoy domains” (Jones et al., 2016). Recently, NLR

networks were described consisting of “sensor” and “helper” NLRs which confer an increased

robustness of plant immune signaling against pathogens (Wu et al., 2017).
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Because of the ability of NLRs to elicit these strong defense responses upon effector

recognition, they were described as resistance (R) proteins. Furthermore, effectors which are

recognized by NLRs and hence trigger defense responses were referred to as avirulence (Avr)

proteins (Petit-Houdenot and Fudal, 2017). This concept goes back to Flor (1971) who

proposed a gene-for-gene model for the elicitation of plant resistance in response to a pathogen.

From an evolutionary point of view, Jones and Dangl (2006) described the plant immune

system as a zigzag model: pathogens evolve effectors to overcome PTI; R proteins evolve in

resistant plants to counteract effectors; selection pressure leads to evolution of pathogen Avr

genes that evade R protein recognition; new plant R genes are favored by selection to

counteract previously unrecognized effectors. However, as studies revealed the complexity of

the interactions between effectors and plant defense, the limitations of this model in describing

the plant immune system became evident. The biggest concern is the dichotomy between

MAMPs and effectors (and consequently between PTI and ETI), as it is often hard to clearly

classify pathogen molecules into either group (Thomma et al., 2011). Cook et al. (2015)

suggest an alternative, so-called invasion model for the plant immune system. Accordingly,

MAMPs and effectors are considered as “invasion patterns” which are perceived by both PRRs

and R proteins, collectively referred to as “IP receptors”.

1.2.    The Ustilago maydis/maize pathosystem

Within the phylum Basidiomycota and the order Ustilaginales, the group of smut fungi

comprises important plant pathogens, infecting approx. 4,000 species of angiosperms

(Martı́nez-Espinoza et al., 2002). The biotrophic smut fungus Ustilago maydis parasitizes on

maize and causes corn smut disease. The symptoms of the disease are tumors which can

develop in all above-ground organs of the plant, and which contain a huge quantity of fungal

spores (Matei and Doehlemann, 2016). With about 271 million tonnes harvest in 2010, maize

is among the five major crops that feed the world’ s population (Fisher et al., 2012). In the same

year, worldwide yield losses due to corn smut were estimated to range between 2% and 20%,

equaling a loss of food for 26 to 262 million people (Fisher et al., 2012).
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In the field, U. maydis infections of maize seedlings occur rarely and are characterized by

hypertrophy of the stem and of leaves (Christensen, 1963). More apparent is the formation of

tumors in ears of older plants, potentially leading to the destruction of ears and to yield loss

(Fig. 2A; Christensen, 1963). Disrupted plant tumors release diploid teliospores of U. maydis

which germinate under favorable conditions, undergo meiosis, and produce haploid progeny

(Fig. 2B). Haploid cells can grow saprophytically by budding, however, they are not able to

cause disease. To generate the pathogenic form, haploid cells need to mate.

Fig. 2: Stages of the U. maydis life cycle. (A) Infected maize cob collected near Bauerbach, Germany, showing
black teliospores. (B) Diploid teliospores give rise to a promycelium containing four haploid nuclei. (C) Haploid
cells of compatible mating types form conjugation tubes for cell fusion. (D) Cell cycle-arrested dikaryon with a
growing tip filled with cytoplasm (yellow) and with older, vacuolated parts (grey). (E, F) Hyphal tip cells develop
appressoria on the leaf surface and penetrate the epidermal plant cell. (G) Hyphae start to branch and develop
clamp-like structures (orange) to ensure correct segregation of nuclei. (H) Hyphae grow mainly intercellularly at
the beginning of plant tumor formation. (I) After karyogamy diploid cells proliferate massively in tumor tissue
and form aggregates. Aggregated hyphae become embedded in a gelatinous polysaccharide matrix (pink). (J)

Hyphae undergo fragmentation and form spores. Black and white nuclei represent haploid nuclei harboring
different mating-type genes. Half black and half white nuclei indicate diploid nuclei after karyogamy (modified
from Lanver et al. 2017).

A B C D
Diploid spore

Septum

Promycelium

Haploid cell

10 µm

Conjugation tube

Dikaryon

Plant cell wall

Plant plasma
membrane

Appressorium Plant cell penetration Hyphal branching

Clamp-like
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Intercellular growth Apoplastic cavity with aggregated hyphae Spore development

Polysaccharide matrix

E F G

H I J

Retraction
septa

Growing tip
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The process of mating is governed by a tetrapolar system represented by a biallelic a locus and

a multiallelic b locus. On the leaf surface, haploid cells of compatible mating types (two strains

that differ in a and b) form conjugation tubes (Fig. 2C), fuse, and form a filamentous dikaryon

which represents the pathogenic form of U. maydis (Fig. 2D). Crucial for filamentation and

pathogenic development is the formation of the heterodimer bE/bW, a transcription factor

complex encoded by different b alleles. The hyphal tip develops appressoria in specific

locations on the leaf surface, resulting in the penetration of plant epidermal cells (Fig. 2E, F).

Following this, dikaryotic filamentous hyphae grow intracellularly and invade the underlying

tissue (Fig. 2G). At a later stage of infection the fungus grows intercellularly in mesophyll

tissue (Fig. 2H) and the plant cell starts to enlarge, culminating in the formation of tumors

(Fig. 2I). After karyogamy, hyphae show massive fungal proliferation in tumor tissue,

aggregate in a polysaccharide matrix, and subsequently undergo fragmentation. Eventually,

black teliospores are formed (Fig. 2J) which can survive harsh conditions and which reinitiate

an new disease cycle (reviewed by Banuett and Herskowitz, 1996; Brefort et al., 2009; Lanver

et al., 2017).

U. maydis is widely used as a model organism for biotrophic plant pathogenic fungi. Since

more than a decade, a completely sequenced genome (Kämper et al., 2006) and established

tools for genetic modification (Brachmann et al., 2004; Kämper, 2004; Schuster et al., 2015)

are available. The possibility to cultivate U. maydis in synthetic medium together with the

ability of the fungus to cause tumors in leaves of maize seedlings, allows rapid assessments of

virulence for phenotypical analyses of mutant strains (Brefort et al.,  2009;  Djamei  and

Kahmann, 2012). The engineered haploid solopathogenic strain SG200, encoding compatible

bE1 and bW2 alleles, allows plant infections without the need for a compatible mating partner

(Kämper et al., 2006). This has speeded up reverse genetics of virulence determinants

considerably.
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1.2.1.  Effectors of U. maydis

As a biotrophic pathogen, U. maydis depends on a living host for feeding and growth. For this,

it needs to suppress host defense reactions (Giraldo and Valent, 2013). The fungus is able to

achieve this by secreting effector proteins which can be distinguished by their target site:

apoplastic effectors act at the so-called biotrophic interaction zone between fungal tip and plant

plasma membrane, whereas cytoplasmic effectors are translocated into the plant cytoplasm

(Matei and Doehlemann, 2016). The proteome of U. maydis harbors 467 potentially secreted

proteins, i.e., they have a predicted secretion signal sequence and no predicted transmembrane

domains. Of these, 203 are novel, i.e., they lack a predicted functional or structural domain.

Furthermore, about 25% of all putative effectors of U. maydis are encoded in gene clusters

(Schuster et al., 2017). SG200 deletion strains for five of those clusters exhibit an altered

virulence after maize seedling infection, ranging from non-pathogenicity to hypervirulence

(Kämper et al., 2006). Secreted proteins of U. maydis have been classified as either core or

accessory effector proteins. Core effectors are detected in all secretomes of the five related

smut fungi S. reilianum f. sp. zeae, Sporisorium scitamineum, Ustilago hordei, and

Melanopsichium pennsylvanicum. In contrast, secreted proteins that have orthologs only in a

subset of these species are considered accessory effectors (Schuster et al., 2017). To date, five

U. maydis effectors have been functionally characterized (Lanver et al., 2017).

One of these is the U. maydis core effector Pep1 (Lanver et al., 2017). Doehlemann et al.

(2009) could show that this protein is secreted to the apoplastic space and that it is essential for

penetration. pep1 deletion mutants arrest during penetration of the epidermal cells and induce

strong plant defense responses. The function of Pep1 for the establishment of biotrophy was

later elucidated by Hemetsberger et al. (2012). The infection with pep1 mutants elicits a strong

accumulation of hydrogen peroxide (H2O2), accompanied by a massive transcriptional

upregulation of the secreted maize peroxidase POX12 which is one major generator of H2O2

in the apoplast. Hemetsberger et al. (2012) have shown that Pep1 directly interacts with POX12

and inhibits its peroxidase activity. This shows that Pep1 is a crucial effector for the

suppression of early plant defense responses.
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Another apoplastic core effector is Pit2 (Lanver et al., 2017). Doehlemann et al. (2011) could

show that strains deleted for pit2 are able to penetrate plant cells but fail to spread in the

infected leaf and are unable to induce tumor formation. The concomitant upregulation of maize

defense genes during an infection with pit2 mutants suggests an inability of the deletion

mutants to suppress plant immune responses. Later, Mueller et al. (2013) revealed that Pit2

functions as an inhibitor of a group of four apoplastic maize cysteine proteases, whose activity

is linked to salicylate-dependent plant defense responses.

Cmu1, a secreted active chorismate mutase, was described by Djamei et al. (2011) as the first

translocated U. maydis effector. Chorismate is a metabolite of the shikimate pathway and is

also a precursor for aromatic amino acids and the plant defense hormone salicylic acid. Plants

infected with a deletion strain for cmu1 accumulate considerably higher levels of salicylic acid.

It is suggested that Cmu1 in the plant cytosol redirects the shikimate pathway away from the

production of salicylic acid. The ability of Cmu1 to spread to neighboring, yet uninfected cells,

is considered a metabolic priming for those cells for the upcoming infection by U. maydis.

Tin2, an accessory secreted effector of U. maydis, was determined by Tanaka et al. (2014) to

act inside plant cells and to target the anthocyanin pathway in maize. Tin2 interacts with the

maize protein kinase ZmTTK1 and protects it from proteasome-dependent inactivation. Active

ZmTTK1 controls the transcription factor ZmR1 which in turn triggers expression of genes

involved in the anthocyanin biosynthesis pathway. In the absence of Tin2, ZmTTK1 is

degraded and by this the anthocyanin pathway is shut down. As a consequence, 4-coumaric

acid, a common precursor for both anthocyanin and lignin biosynthesis, is increasingly

available for the synthesis of lignin in plant cells. This is supported by the fact that leaves

infected with a strain deleted for tin2 show enhanced lignin biosynthesis, culminating in

strongly lignified vascular bundles. Under these conditions, U. maydis is considered to have

only restricted access to plant nutrients. Tin2 is thus supposed to channel metabolites into the

anthocyanin pathway to make them unavailable for other plant defense responses (Tanaka et

al., 2014).
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More recently, See1, a seedling-specific effector was described by Redkar et al. (2015). This

secreted protein localizes to the plant cytoplasm and to plant nuclei where it activates host

DNA synthesis and cell division, both of which are necessary for the formation of leaf tumors

and for the massive proliferation of U. maydis hyphae therein. In contrast, See1 is not needed

for tumor induction in immature tassels because this floral tissue is highly proliferating and

reactivation of cell division is not required for the formation of tumors. See1 was shown to

interact with the maize cell cycle regulator SGT1 in the plant cytoplasm and nucleus. This

interaction inhibits MAPK-triggered phosphorylation of SGT1. In other plant systems, SGT1

proteins play important roles in host and non-host resistance and some bacterial effectors also

target SGT1 to suppress plant defense responses. Taken together, See1 is important for tumor

formation specifically in maize leaves by reactivation of host DNA synthesis and likely

modulates defense responses in leaves by the interaction with SGT1.

1.2.2. ten1 and the effector gene cluster 10A

The deletion of cluster 10A, residing on chromosome 10 and consisting of 10 protein-encoding

genes, resulted in a strongly attenuated virulence on seedling leaves (Kämper et al., 2006).

Furthermore, Skibbe et al. (2010) showed that the deletion of the cluster significantly reduced

the frequency and size of tumors in adult leaves and virtually abolished tumor formation in

tassels, accompanied with a developmental arrest of the fungus in tassels. A recent comparative

secretome analysis of U. maydis and related basidiomycetes provided new insights into the

organization of gene cluster 10A (Schuster et al., 2017). Accordingly, two of the genes,

UMAG_03746 and UMAG_03747, encode proteins for which the prediction of an N-terminal

secretion signal was ambiguous. Therefore, these genes were not considered secreted protein-

encoding genes. Of the residual eight candidate effector genes of the cluster, seven are part of

two different gene families, both of which are also present in six other related fungal species.

In contrast, the first gene of the cluster, UMAG_03744, is not part of any gene family (Fig. 3).
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2.  Results

2.1.    Ten1 is weakly conserved among related fungi

Over the last years, several genomes of grass-infecting smut fungi related to U. maydis have

been sequenced: Sporisorium reilianum f. sp. zeae,  causing maize head smut (Schirawski et

al., 2010); Sporisorium scitamineum, infecting sugarcane (Que et al., 2014; Taniguti et al.,

2015); and Ustilago bromivora, infecting Brachypodium spp. (Rabe et al., 2016). Moreover,

the genome of the dicot-infecting smut fungus Melanopsichium pennsylvanicum was

sequenced by Sharma et al. (2014). In all of these species proteins related to Ten1 were

identified by a comparative analysis of the proteomes, displaying between 20.7% and 29.8%

amino acid identity with Ten1 in pairwise sequence alignments. Pseudozyma spp. are related

to smut fungi but not known to infect plants (Schuster et al., 2017). The genomes of

P. hubeiensis (Konishi et al., 2013), P. aphidis (Lorenz et al., 2014) and P. antarctica (Morita

et al., 2014) all encode proteins related to Ten1, displaying between 22.5% and 37.5% amino

acid identity with Ten1 in pairwise sequence alignments (Table 1).

Table 1: Conservation of Ten1 among related fungi.

Organism Protein name1 UniProtKB entry2 amino acid identity with Ten1 [%]

P. hubeiensis PHSY_000082 R9NVL1 37.5

P. antarctica PANT_10d00070 M9LVY3 31.3

S. reilianum f. sp. zeae sr11226 E6ZM96 29.8

U. bromivora UBRO_20117 A0A1K0G9H8 29.6

S. scitamineum SPSC_05103 A0A0F7SCG8 28.8

S. scitamineum SPSC_05104 A0A0F7RY63 25.1

S. reilianum f. sp. zeae sr11227 E6ZM97 22.9

P. aphidis PaG_01412 W3VTR2 22.5

M. pennsylvanicum mp06537 A0A077RAV4 20.7

1 Protein names according to the respective genome publications

2 UniProt Knowledgebase (http://www.uniprot.org/)
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The lengths of most of the identified related proteins differ strongly from Ten1, e.g., with

sr11227 from S. reilianum f. sp. zeae being the shortest protein (322 amino acids) and

PaG_01412 from P. aphidis being the largest protein (1,275 amino acids). This leads to the

insertion of gaps into pairwise sequence alignments (for an alignment of Ten1 and sr11226 see

Fig. 33, appendix).

2.2.   ten1 is induced during biotrophic development of U. maydis

One hallmark of U. maydis effector genes is their strong upregulation following plant

colonization (Lanver et al., 2017). To examine the expression of ten1 throughout disease

development, mRNA levels during axenic growth and at different time points after syringe-

inoculation of maize seedlings were determined by quantitative reverse transcription PCR

(qRT-PCR). To this end, total RNA was extracted from exponentially grown cells of the

compatible wild type strains FB1 and FB2 (Banuett and Herskowitz, 1989), cultivated in

YEPSlight medium. Furthermore, leaves infected with a mixture of FB1 and FB2 were subjected

to RNA extraction at eight time points between twelve hours and twelve days post-infection

(dpi; RNA samples kindly provided by N. Ludwig and A. Müller). After cDNA synthesis from

total RNA via reverse transcription, quantitative PCR was performed. The constitutively

expressed gene ppi (UMAG_03726), encoding a peptidylprolyl isomerase, was used as

reference (Bohlmann, 1996). Whereas minimal expression levels were determined in axenic

culture, ten1 expression peaked at 2 dpi with an approximate 4,700-fold increase compared to

the level of expression in axenic culture. At 4 dpi, relative ten1 expression was still elevated

about 2,800-fold. At later time points of the infection the level of expression decreased, but

remained upregulated compared to axenic culture (Fig. 4). This expression profile was also

confirmed via RNAseq analysis of the same RNA samples (D. Lanver, personal

communication; Fig. 34, appendix). These analyses show that ten1 is strongly induced at the

onset of intracellular fungal development in the plant (2 dpi) and that the gene remains

upregulated until 12 dpi.
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Fig. 4: Relative ten1 expression in axenic culture and during biotrophic development of U. maydis. Bars
represent the fold change of ten1 expression normalized against the expression of ppi and the average expression
level in axenic culture (ax.) of FB1 and FB2, based on the 2-ΔΔC

T method (Livak and Schmittgen, 2001). Shown
are mean values after three independent biological replicates with standard deviations. qRT-PCR was performed
in two technical replicates showing identical results. hpi, hours post-infection; dpi, days post-infection.

2.3. ten1 is a virulence factor of U. maydis

To assess the contribution of ten1 to mating, virulence, and spore production of U. maydis, the

gene was deleted in the compatible strains FB1 and FB2. When dropped on charcoal-

supplemented solid medium, mixtures of FB1 and FB2 strains form white and fuzzy dikaryotic

filaments after successful mating (Banuett and Herskowitz, 1989; Day and Anagnostakis,

1971). Compatible mixtures of FB1, FB2, and of the corresponding ten1 deletion strains all

formed white and fuzzy dikaryotic filaments 24 hours after dropping on charcoal plates

(Fig. 5A). After syringe-inoculation of maize seedlings, the mixture of FB1Δten1 and

FB2Δten1 showed a reduction of virulence in comparison to the mixture of FB1 and FB2 at 12

dpi. No dead plants were observed after the infection with compatible ten1 deletion strains,

and, compared to the infection with compatible wild type, fewer heavy tumors near the base of

the stem, but more large leaf tumors were observed (Fig. 5B). At a later stage of infection (at

13 dpi to 14 dpi) teliospores maturate in stem and leaf tumors and acquire a dark coloration

(Banuett and Herskowitz, 1996). Fig. 5C illustrates the production of teliospores in heavy stem

tumors, caused by ten1 mutant as well as by wild type crosses at 15 dpi.

FB1
ax.

FB2
ax.

12 hpi 24 hpi 2 dpi 4 dpi 6 dpi 8 dpi 10 dpi 12 dpi

6,000

5,000

4,000

3,000

2,000

1,000

0

R
e
la

ti
v
e

te
n
1

e
x
p
re

s
s
io

n



Results 15

Taken together, the deletion of ten1 in the compatible wild type strains FB1 and FB2 results in

a reduction of virulence not originating from a defect in mating. Moreover, the production of

teliospores at a later infection stage likely is not affected by the deletion of ten1.

Fig. 5: Mating, virulence, and teliospore production of FB1Δten1 and FB2Δten1 crosses. (A) Mating analysis
on PD-charcoal plate after dropping of the indicated strains alone or as a mixture with compatible mating partners
at a 1:1 ratio. (B) Infection symptoms on maize seedlings at 12 dpi caused by crosses of the indicated strains.
Symptoms are classified into disease categories modified from Kämper et al. (2006). Shown are average values
of three independent biological replicates. n, total number of infected plants. (C) Heavy tumors near the base of
the stem caused by crosses of the indicated strains at 15 dpi, showing the production of black teliospores.
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2.4. ten1 is a major virulence factor of gene cluster 10A

To determine the relevance of ten1 for virulence of the solopathogenic U. maydis strain SG200

(Kämper et al., 2006), the gene was deleted and the mutant strain was tested for virulence by

syringe-inoculation of maize seedlings. Compared to SG200, SG200Δten1 showed a virulence

phenotype mainly reflected by a decrease in leaf tumor size and by the absence of heavy tumors

near the base of the stem at 12 dpi (Fig. 6).

Fig. 6: Virulence of ten1 and gene cluster 10A deletion strains in SG200 background. (A) Infection symptoms
on maize seedlings at 12 dpi caused by SG200, SG200Δten1, SG200Δ10A, and SG200Δ10A-ten1. Symptoms are
classified into disease categories modified from Kämper et al. (2006). Shown are average values of three
independent biological replicates. n, total number of infected plants. (B) Infected maize seedling leaves with
representative disease symptoms caused by SG200, SG200Δten1, and SG200Δ10A at 12 dpi.
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Previous data showed a strongly reduced virulence of a SG200 mutant strain deleted for all

genes of cluster 10A (Kämper et al., 2006). In the present study, the virulence phenotype of

the respective strain SG200Δ10A on maize seedlings was reproduced, which is characterized

by a strong reduction of large tumors at 12 dpi, compared to SG200 (Fig. 6). To determine the

extent to which this virulence defect could be rescued by the expression of ten1 under its native

promoter, SG200Δ10A was complemented for ten1 via ip locus integration of a single copy of

ten1. After seedling infection, this complementation strain SG200Δ10A-ten1 showed an

increased frequency of large tumors compared to SG200Δ10A at 12 dpi (Fig. 6A). In

conclusion, these seedling infections show that the deletion of ten1 also leads to a virulence

phenotype in SG200. Moreover, the expression of ten1 alone partially rescues the virulence

defect of the cluster mutant SG200Δ10A. This suggests that ten1 is a major virulence factor of

gene cluster 10A.

2.5.    The deletion of ten1 does not affect early pathogenic

development of SG200

The fact that no expression of ten1 was detected in axenic culture (Fig. 4), indicated that the

observed virulence phenotype of SG200Δten1 does not originate from a defect in saprophytic

growth. In support of this, cells of SG200Δten1 displayed neither morphological alterations,

nor delayed growth during axenic growth in YEPSlight medium, compared to SG200 (not

shown). To examine whether the deletion of ten1 affects the formation of appressoria in vitro,

the gene was deleted in the appressorial marker strain SG200AM1 (Mendoza-Mendoza et al.,

2009). This strain harbors the AM1 marker construct, a triple gfp gene expressed under the

appressorium-specific promoter of UMAG_01779. Cells of SG200AM1Δten1 and SG200AM1

were grown in YEPSlight medium and supplemented with hydroxy fatty acids (HFA, 16-

hydroxyhexadecanoic acid). This allowed the enhanced induction of appressoria after the cells

were sprayed on Parafilm M, an artificial hydrophobic surface mimicking the plant cuticle

(Mendoza-Mendoza et al., 2009). The expression of the appressorial marker AM1 was

analyzed by fluorescence microscopy in filaments that were attached to the hydrophobic

surface 16 hours after spraying.
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On average, GFP-specific fluorescence indicating

expression of AM1 was  detected  in  27.4%  of

SG200AM1 filaments. Filaments of SG200AM1Δten1

showed a higher average AM1 marker expression of

33.9% (Fig. 7). However, the observed difference of

marker expression proved to be not statistically

significant. This result shows that the deletion of ten1

has no effect on the ability of U. maydis to form

appressoria in vitro.

To analyze whether SG200Δten1 shows a defect in

intracellular proliferation compared to SG200,

seedlings were infected with the respective strains and

microscopic analyses with infected leaf tissue were

performed at 4 dpi. For this purpose, fungal hyphae

were stained with WGA-AF488. This is a green

fluorescein-conjugated lectin that binds to fungal cell

walls (Robin et al., 1986). Moreover, plant cell walls

were stained by propidium iodide (PI; Running et al., 1995). In SG200Δten1-infected maize

leaves, epidermal cells displayed an intracellular proliferation of hyphae comparable to SG200-

infected tissue at the same stage (Fig. 8). In summary, the described experiments show that the

deletion of ten1 neither affects saprophytic growth, nor in vitro appressoria formation of

SG200. Moreover, at a microscopic level no significant difference in proliferation at 4 dpi was

observed for SG200Δten1, relative to SG200.

Fig. 7: In vitro appressoria formation

of SG200AM1Δten1 on Parafilm M.
Quantification of filaments expressing
the AM1 marker 16 hours after spraying
in relation to the total number of
analyzed filaments (n). Shown are
mean values with standard deviations
after two independent biological
replicates. ns, not significantly different
based on a two-tailed t test at the
confidence level of 0.1.
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Fig. 8: WGA-AF488/PI staining of leaf tissue infected with SG200 and SG200Δten1 at 4 dpi. Fungal hyphae
growing inside maize epidermal cells were visualized using WGA-AF488 (green) and plant cell walls were
visualized using propidium iodide (PI, red). Pictures are maximum projections of confocal z-stacks. Scale bars
equal 250 µm.

2.6.    Ten1 interacts with ZmPP26, a maize type 2C protein

phosphatase (PP2C)

2.6.1.  ZmPP26 was identified via yeast two-hybrid screen

To identify maize proteins that interact with Ten1, a yeast two-hybrid screen was performed

using Ten134-680 (without its predicted signal peptide) as bait and a cDNA library generated

from U. maydis-infected maize leaves as prey. For this analysis, the yeast strain AH109 was

used, harboring the marker genes ADE2 and HIS3 under the control of GAL4-responsive UAS

(upstream activating sequences) and promoter elements. Moreover, this strain is auxotrophic

for adenine, histidine, leucine, tryptophan, and uracil (Clontech/Takara, Saint-Germain-en-

Laye, France). AH109 was transformed with the plasmid pGBKT7-ten134-680,  allowing  the

expression of the bait protein BD-Ten134-680. This fusion protein contains the GAL4 binding

domain (BD) fused to a Myc epitope tag. In lysates of six independent yeast transformants BD-

Ten134-680 was detected at approx. 120 kDa via anti-Myc Western blot analysis (Fig. 9).
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Fig. 9: Expression of the bait fusion protein BD-Ten134-680 in yeast strain AH109. SDS-PAGE followed by
anti-Myc Western blot using cell lysates of AH109 transformed with pGBKT7-ten134-680 and pGBKT7,
respectively. *, non-specific bands. **, products of protein degradation. BD, GAL4 binding domain; AD, GAL4
activation domain.

The displayed molecular weight of BD-Ten134-680 differed considerably from the expected

molecular weight of 91.8 kDa (MW of BD-Myc: 19.9 kDa; MW of Ten134-680: 71.9 kDa).

Importantly, in all following immunodetection experiments involving denaturing protein

electrophoresis, epitope-tagged Ten1 proteins were detected at a higher molecular weight than

expected. As control an AH109 strain expressing only the BD was included in the analysis. In

cell lysates of this strain the BD was detected at approx. 20 kDa (Fig. 9). In a second step the

cDNA library was introduced into strain AH109-pGBKT7-ten134-680#1. Via this library GAL4

activation domain (AD) fusion proteins were expressed from the prey plasmid pAD-GAL4-2.1

(Farfsing, 2004). Co-transformed yeast cells were streaked out on “low stringency” SD

medium lacking leucine and tryptophan (-Leu/-Trp). This allowed a nutritional selection for

the correct integration of the bait and prey plasmids, carrying the yeast marker genes TRP1 and

LEU2, respectively. A co-transformation efficiency of about 3.72 x 104 cfu/µg  DNA  was

determined. To screen for protein interaction, co-transformed yeast cells were streaked out on

“high stringency” SD medium lacking leucine, tryptophan, adenine, and histidine (-Leu/

-Trp/-Ade/-His). This allowed a nutritional selection for clones harboring interacting BD- and

AD fusion proteins due to the GAL4-driven transcriptional activation of the yeast reporter

genes ADE2 and HIS3. A total of 35 yeast transformants grew on high stringency medium. For

the identification of interacting proteins, the prey plasmids harbored by these yeast
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transformants were isolated and the cDNA inserts were amplified via PCR. To eliminate

identical cDNA inserts, the PCR products were digested using the endonuclease HaeIII and

subsequently analyzed according to restriction fragment length polymorphisms (RFLP). As a

result, 19 prey plasmids were sequenced encoding for three different maize proteins, in the

following referred to as ZmPP26, PVA12, and VAP27-2 (Table 2).

Table 2: Maize interactors of Ten1 identified via yeast two-hybrid screen.

Description Expected MW

(residues)

MaizeGDB entry1 Encoded by

ZmPP26,

cytosolic type 2C protein phosphatase (PP2C)

30.7 kDa

(284)

GRMZM2G056572 16 prey plasmids

Homolog of A. thaliana PVA12,

VAMP (vesicle-associated membrane protein)

25.1 kDa

(225)

GRMZM5G868047 1 prey plasmid

Homolog of A. thaliana VAP27-2,

VAMP (vesicle-associated membrane protein)

40.1 kDa

(362)

GRMZM2G019596 2 prey plasmids

1 Maize Genetics and Genomics Database (http://maizegdb.org/)

To verify the interaction of Ten1 with the identified proteins, ZmPP26, PVA12, and VAP27-2

were amplified in full-length from maize cDNA via PCR and cloned into the vector pGADT7.

This vector allows the expression of prey fusion proteins containing the GAL4 activation

domain (AD) fused to an HA epitope tag. For the co-expression of bait and prey fusion

proteins, AH109-pGBKT7-ten134-680#1 was transformed with the generated pGADT7

constructs. Moreover, the empty bait vector pGBKT7 was introduced into AH109. The

resulting strain AH109-pGBKT7 was also transformed with the generated pGADT7 constructs

to test for autoactivation of the GAL4 transcription factor by AD fusion proteins. Via anti-Myc

Western blot using lysates of transformed yeast cells, BD-Ten134-680 and the BD alone were

detected at approx. 120 kDa and 20 kDa, respectively (Fig. 10). Via anti-HA Western blot the

AD fusion proteins of ZmPP26, PVA12, and VAP27-2 were detected at approx. 50 kDa, 45

kDa, and 90 kDa, respectively (Fig. 10). The displayed molecular weight of AD-VAP27-2 was

considerably higher than the expected molecular weight of 57.6 kDa (MW of AD-HA: 17.5

kDa; MW of VAP27-2: 40.1 kDa).



22 Results

Western signals for all AD fusion proteins showed enhanced intensity when BD-Ten134-680 was

co-expressed (Fig. 10). This suggests that the interaction with BD-Ten134-680 has an effect on

stability of these prey fusion proteins.

Fig. 10: Co-expression of BD-Ten134-680 and AD fusion proteins of maize interactors in AH109. SDS-PAGE
followed by anti-Myc and anti-HA Western blots using yeast cell lysates. AH109 strains carrying pGBKT7 or
pGBKT7-ten134-680 were transformed with pGADT7-ZmPP26, pGADT7-PVA12, and pGADT-VAP27-2,
respectively. **, products of protein degradation. BD, GAL4 binding domain; AD, GAL4 activation domain.

To check for autoactivation of the GAL4 transcription factor by BD-Ten134-680, the empty

vector pGADT7 was introduced into AH109-pGBKT7-ten134-680#1. Subsequently, all

generated yeast strains were streaked out on low stringency and high stringency media to verify

the integration of bait and prey plasmids and to test for interaction of fusion proteins, as

described earlier. As negative control an AH109 strain expressing only the AD and BD was

included in the analysis. Strains co-expressing BD-Ten134-680 and AD fusion proteins of maize

interactors were able to grow on high stringency medium, suggesting interaction of fusion

proteins (Fig. 11). Autoactivation of reporter genes was neither observed for BD-Ten134-680,

nor for AD fusion proteins of ZmPP26, PVA12, and VAP27-2 (Fig. 11). This analysis confirms

the interaction of Ten1 and full-length maize interactors in yeast two-hybrid assays.
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Fig. 11: Yeast two-hybrid assays with Ten134-680 and maize interactors. Low stringency (SD/-Leu/-Trp) and
high stringency (SD/-Leu/-Trp/-Ade/-His) plates showing serial dilutions of AH109 strains co-expressing the
indicated bait and prey proteins. BD, GAL4 binding domain; AD, GAL4 activation domain.

ZmPP26 is a homolog of WIN2 from A. thaliana, a type 2C protein phosphatase (PP2C) which

is proposed to be involved in the regulation of biotic stress responses (Lee et al., 2008).

Interestingly, RNAseq analyses of maize seedling leaves infected with U. maydis wild type

strains FB1 and FB2 revealed an upregulation of ZmPP26 at 4 dpi, showing a 1.3-fold increase

in detected mRNA reads compared to MOCK-infected samples (D. Lanver, personal

communication; Fig. 12). In the following, the interaction of Ten1 and ZmPP26 hence was

investigated in more detail.
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Fig. 12: Relative ZmPP26 expression after U. maydis and MOCK infection of maize seedlings. Shown are
DESeq-normalized gene counts determined by RNAseq analyses of maize seedling leaves infected with FB1 and
FB2 or with water (MOCK). hpi, hours post-infection; dpi, days post-infection (data provided by D. Lanver).

2.6.2.  Ten1 specifically interacts with ZmPP26

Wei and Pan (2014) classified ZmPP26 into group F2 of maize PP2Cs, containing eight related

proteins. Among those, ZmPP76 (GRMZM2G166035) and ZmPP84 (GRMZM5G829894) are

most closely related to ZmPP26, displaying 67.3% and 60.3% amino acid identity with

ZmPP26, respectively. To estimate the specificity of the interaction of Ten1 and ZmPP26,

ZmPP76 and ZmPP84 were tested for interaction with Ten1 in yeast two-hybrid assays.

Furthermore, the distantly related group D PP2C ZmPP28 (GRMZM2G479665), displaying

27.4% amino acid identity with ZmPP26, was also included in the analysis. ZmPP76, ZmPP84,

and ZmPP28 were amplified from maize cDNA via PCR and cloned into the prey vector

pGADT7. Subsequently, AH109-pGBKT7-ten134-680#1 was transformed with the generated

pGADT7 constructs. Via anti-Myc and anti-HA Western blot analyses expression of the

epitope-tagged fusion proteins was confirmed in cell lysates of transformed yeasts, whereas no

signals were detected in cell lysates of untransformed AH109 (Fig. 13A). Subsequently, all

generated yeast strains were streaked out on low stringency and high stringency media to verify

the integration of bait and prey plasmids and to test for interaction of fusion proteins, as

described in chapter 2.6.1.
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Strains co-expressing BD-Ten134-680 and AD fusion proteins of ZmPP76, ZmPP84, and

ZmPP28, respectively, did not grow on high stringency medium, indicating the absence of

protein interactions (Fig. 13B). These results suggest that Ten1 specifically interacts with

ZmPP26 and fails to interact with other members of the PP2C family of maize.

Fig. 13: Yeast two-hybrid assays with Ten134-680 and other maize PP2Cs. (A) SDS-PAGE followed by anti-
Myc and anti-HA Western blots using yeast cell lysates. AH109-pGBKT7-ten134-680#1 was transformed with
pGADT7-ZmPP76, pGADT7-ZmPP84, and pGADT-ZmPP28, respectively. (B) Low stringency (SD/-Leu/-Trp)
and high stringency (SD/-Leu/-Trp/-Ade/-His) plates showing serial dilutions of AH109 strains co-expressing the
indicated bait and prey proteins. BD, GAL4 binding domain; AD, GAL4 activation domain.
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2.6.3.  Ten1 and ZmPP26 co-immunoprecipitate after transient expression

in N. benthamiana

To corroborate the interaction of Ten1 and ZmPP26, co-immunoprecipitation (co-IP) of

epitope-tagged proteins was performed in Nicotiana benthamiana after Agrobacterium

tumefaciens-mediated DNA transfer. To this end, the fusion constructs HA3-ten134-680 and

ZmPP26-His6 were generated and cloned into the binary expression vector pEZRK, containing

the cauliflower mosaic virus (CaMV) 35S promoter. For the transient co-expression of

proteins, N. benthamiana leaves were infiltrated with a mixture of A. tumefaciens strains

harboring pEZRK-HA3-ten134-680 and pEZRK-ZmPP26-His6, respectively. As control, a strain

harboring the empty plasmid pEZRK was co-infiltrated. Three days after infiltration, leaves

were harvested and cell lysates were used for an IP of HA3-Ten134-680 via anti-HA magnetic

beads. Subsequent anti-His and anti-HA Western blot analyses using the IP samples showed a

co-immunoprecipitation of ZmPP26-His6 and HA3-Ten134-680 (Fig. 14). This substantiates the

interaction of Ten1 and ZmPP26 in a heterologous plant system.

Fig. 14: Co-IP of ZmPP26-His6 and  HA3-Ten134-680 after transient expression in N. benthamiana. SDS-
PAGE followed by anti-HA and anti-His Western blots using leaves co-infiltrated with A. tumefaciens strains
harboring pEZRK, pEZRK-HA3-ten134-680, and pEZRK-ZmPP26-His6, respectively. Input, soluble fraction of cell
lysates from infiltrated leaves; IP, anti-HA immunoprecipitated proteins released from magnetic beads after
boiling.
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2.6.4.  Ten1 and ZmPP26 interact during the biotrophic interaction of

U. maydis and maize

To substantiate the evidence for interaction obtained from two heterologous systems, the

interaction of Ten1 and ZmPP26 was further investigated in the U. maydis-maize pathosystem.

Therefore, HA-tagged Ten1 was immunoprecipitated from U. maydis-infected leaf material

and the IP sample was analyzed for interacting proteins via mass spectrometry.

For this purpose, a single copy of an HA-tag fusion construct of ten1 was expressed under the

ten1 promoter in SG200Δ10A via ip locus integration. At first, an HA-tag was fused to the C-

terminus of Ten1. This fusion protein was not biologically active, i.e., the resulting

complementation strain SG200Δ10A-ten1-HA was not able to rescue the virulence defect of

SG200Δ10A (not shown). Therefore, the fusion protein HA3-Ten1 was generated, harboring a

triple HA-affinity tag at the N-terminus of Ten1, downstream of the predicted signal peptide

sequence (Fig. 15A). Seedling infections with SG200Δ10A-HA3-ten1 revealed a partial rescue

of the SG200Δ10A virulence defect at 12 dpi, similar to SG200Δ10A-ten1 (Fig. 15B). This

shows that the fusion of a triple HA-tag to the N-terminus of Ten1 results in a functional protein

which, similar to the native Ten1 protein, is able to partially rescue the virulence defect of

SG200Δ10A.

At 3 dpi, leaf material infected with SG200Δ10A-HA3-ten1 was harvested and cell lysates were

used for an IP of HA3-Ten1 via anti-HA magnetic beads. As a control, the same experiment

was performed using leaf material infected with SG200-SP-mCherry-HA. This strain expresses

secreted mCherry with a C-terminal HA-tag, driven by the cmu1 promoter, which is strongly

active after plant penetration (Djamei et al., 2011). Via anti-HA Western blot analyses, HA3-

Ten1 could not be detected in the lysate of infected leaves (Fig. 16A). However, after anti-HA

IP via magnetic beads and Western blot, HA3-Ten1 was detected at approx. 100 kDa (Fig.

16A). Western signals for mCherry-HA were detected in the lysate of infected leaves as well

as after IP at approx. 35 kDa (Fig. 16B).
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Fig. 15: Complementation of SG200Δ10A with HA3-Ten1. (A) Illustration of the full-length fusion protein
HA3-Ten1 generated for complementation of SG200Δ10A. Numbers indicate amino acid positions. The white
part indicates the N-terminal signal peptide of Ten1; blue indicates the triple HA-affinity tag including linker
amino acids (HA3). (B) Infection symptoms on maize seedlings at 12 dpi caused by SG200, SG200Δ10A,
SG200Δ10A-ten1, and SG200Δ10A-HA3-ten1. Symptoms are classified into disease categories modified from
Kämper et al. (2006). Shown are average values of three independent biological replicates. n, total number of
infected plants.

Fig. 16: IP of HA3-Ten1 and mCherry-HA from U. maydis-infected maize leaf tissue. SDS-PAGE followed
by anti-HA Western blots using lysates of leaves infected with: (A) SG200Δ10A-HA3-ten1 and (B) SG200-SP-
mCherry-HA at 3 dpi, respectively. Input, soluble fraction of cell lysate; IP, anti-HA immunoprecipitated proteins
released from magnetic beads after boiling.
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Subsequently, immunoprecipitated proteins were subjected to on-beads trypsin digestion. The

resulting peptide mix was analyzed using liquid chromatography-mass spectrometry (LC-

MS/MS) in collaboration with T. Glatter (Proteomics facility, MPI Marburg). The abundance

of peptides from a given protein was determined by the total spectrum counts obtained. These

spectra were searched against protein databases of U. maydis and maize which also contained

the amino acid sequence of mCherry. In three biological replicates, peptides of mCherry were

abundantly detected after IP of mCherry-HA, but not after IP of HA3-Ten1 (Table 3).

Moreover, peptides of both Ten1 and ZmPP26 were detected after IP of HA3-Ten1, but not

after IP of mCherry-HA (Table 3). Notably, the analysis of all detected peptides in both IP

samples and over all three replicates determined ZmPP26 as the only specific interactor of

Ten1. These experiments suggest that Ten1 and ZmPP26 specifically interact during the

biotrophic interaction of U. maydis and maize.

Table 3: Total spectrum counts after LC-MS/MS analysis of IP samples over three biological replicates1.

IP replicate no. 1 IP replicate no. 2 IP replicate no. 3

Protein mCherry-HA HA3-Ten1 mCherry-HA HA3-Ten1 mCherry-HA HA3-Ten1

Ten1 - 9 - 1 - 3

ZmPP26 - 2 - 1 - 1

mCherry 48 - 41 - 26 -

1 Shown are total numbers of spectra matching peptides from the indicated proteins.

2.6.5.  Mutations in the interacting domain of Ten1 abolish interaction with

ZmPP26 in yeast two-hybrid assays

For the identification of the interacting domain, truncated versions of Ten134-680 were tested

for interaction with ZmPP26 in yeast two-hybrid assays. To avoid the disruption of alpha

helices or beta sheets, truncation sites were chosen under the consideration of the secondary

structure prediction of Ten1 by Phyre2 (Kelley et al., 2015; Fig. 35, appendix). Truncated parts

of ten1 were amplified via PCR and cloned into the bait plasmid pGBKT7, allowing the

expression of truncated BD-Ten134-680 fusion proteins.
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After co-transformation of AH109 with the generated bait constructs and pGADT7-ZmPP26, 

the expression of epitope-tagged fusion proteins was analyzed via anti-Myc and anti-HA 

Western blots. Subsequently, the generated yeast strains were tested for the interaction of 

fusion proteins as described in chapter 2.6.1. 

 

At first, the truncated bait proteins BD-Ten1133-680 and BD-Ten1328-680 were tested for 

interaction with AD-ZmPP26 (Fig. 17A). Via anti-Myc and anti-HA Western blot analyses 

expression of the fusion proteins was confirmed in cell lysates of transformed yeasts 

(Fig. 17B). Co-expression of BD-Ten1133-680 and AD-ZmPP26 allowed growth on high 

stringency medium, whereas co-expression of BD-Ten1328-680 and AD-ZmPP26 did not 

(Fig. 17C). This suggested that the N-terminus of Ten1 is not necessary for interaction and that 

the interacting domain is located in a region between residue 133 and 327 of the protein. 
 

 

 
 

Fig. 17: Ten1133-327 is necessary for interaction with ZmPP26 in yeast two-hybrid assays. (A) Illustration of 
the bait fusion protein BD-Ten134-680. Numbers indicate amino acid positions of the native Ten1 protein. Arrows 
depict residues meaningful for the truncated proteins analyzed in (B) and (C). (B) SDS-PAGE followed by anti-
Myc and anti-HA Western blots using yeast cell lysates. AH109 was co-transformed with pGADT7-ZmPP26 and 
pGBKT7 constructs harboring ten1133-680 and ten1328-680, respectively. **, products of protein degradation. (C) 
Low stringency (SD/-Leu/-Trp) and high stringency (SD/-Leu/-Trp/-Ade/-His) plates showing serial dilutions of 
AH109 strains co-expressing the indicated bait and prey proteins. BD, GAL4 binding domain; AD, GAL4 
activation domain. 
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In the following it was investigated whether BD-Ten1133-327 is sufficient to show interaction

with AD-ZmPP26. Via anti-Myc and anti-HA Western blot analyses expression of the fusion

proteins was confirmed in cell lysates of transformed yeasts (Fig. 18A). To check for

autoactivation of the GAL4 transcription factor by BD-Ten1133-327, the empty vector pGADT7

was co-expressed in AH109. In cell lysates of this strain, BD-Ten1133-327 and the AD were

detected via Western analyses (Fig. 18B). Co-expression of BD-Ten1133-327 and AD-ZmPP26

allowed growth on high stringency medium and, moreover, autoactivation of reporter genes by

BD-Ten1133-327 was not observed (Fig. 18C).

Fig. 18: Ten1133-327 is sufficient for interaction with ZmPP26 in yeast two-hybrid assays. (A) SDS-PAGE
followed by anti-Myc and anti-HA Western blots using cell lysates of untransformed AH109 and of AH109 co-
transformed with pGADT7-ZmPP26 and pGBKT7-ten1133-327. *, non-specific bands. **, products of protein
degradation. (B) SDS-PAGE followed by anti-Myc and anti-HA Western blots using cell lysates of AH109 co-
transformed with pGADT7 and pGBKT7-ten1133-327. *, non-specific band. (C) Low stringency (SD/-Leu/-Trp)
and high stringency (SD/-Leu/-Trp/-Ade/-His) plates showing serial dilutions of AH109 strains co-expressing the
indicated bait and prey proteins. BD, GAL4 binding domain; AD, GAL4 activation domain.
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To narrow down the interacting domain, BD-Ten1133-327 was further truncated (Fig. 19A) and

tested for interaction with AD-ZmPP26. Again, truncations were performed in regions of the

protein which harbor no structural elements, based on the prediction by Phyre2 (Fig. 35,

appendix). Via anti-Myc and anti-HA Western blot analyses expression of the fusion proteins

was confirmed in cell lysates of transformed yeasts (Fig. 19B).

Fig. 19: Truncation of Ten1133-327 eliminates the interaction with ZmPP26 in yeast two-hybrid assays. (A)
Illustration of the bait fusion protein BD-Ten134-680. Numbers indicate amino acid positions of the native Ten1
protein. Arrows depict residues meaningful for the truncated proteins analyzed in (B) and (C). (B) SDS-PAGE
followed by anti-Myc and anti-HA Western blots using yeast cell lysates. AH109 was co-transformed with
pGADT7-ZmPP26 and pGBKT7 constructs harboring ten1133-170, ten1279-327, ten1133-256, ten1257-327, and ten1171-256,
respectively. *, non-specific bands. **, products of protein degradation. (C) Low stringency (SD/-Leu/-Trp) and
high stringency (SD/-Leu/-Trp/-Ade/-His) plates showing serial dilutions of AH109 strains co-expressing the
indicated bait and prey proteins. BD, GAL4 binding domain; AD, GAL4 activation domain.
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However, the truncated bait proteins BD-Ten1133-170, BD-Ten1279-327, BD-Ten1133-256, BD-

Ten1257-327, and BD-Ten1171-256 showed no indication for interaction with AD-ZmPP26,

respectively (Fig. 19C). In conclusion, via protein truncations it was not possible to further

delimit key residues important for interaction. Therefore, amino acids 133 to 327 of Ten1 were

determined as the ZmPP26-interacting domain.

To generate a Ten1 protein with a mutated interacting domain, error-prone PCR amplification

of ten1133-327 was performed, resulting in a library of randomly mutated sequences within the

bait plasmid pGBKT7. After co-transformation of AH109 with the generated library constructs

and pGADT7-ZmPP26, yeast cells were streaked out on low stringency and on high stringency

media to verify the integration of bait and prey plasmids and to test for interaction of fusion

proteins. Subsequently, 24 clones were analyzed which showed no growth on high stringency

medium, indicating no interaction of a mutated BD-Ten1133-327 fusion protein and AD-

ZmPP26. From these clones plasmids were isolated and sequenced. Accordingly, 23 of the 24

clones harbored sequences encoding a premature stop codon in ten1133-327, which resulted in

the expression of truncated BD-Ten1133-327 fusion proteins. In more than half of these cases a

stop codon was generated already within the first 240 nucleotides of ten1133-327 (considering a

total of 582 nucleotides encoding Ten1133-327). Nevertheless, these truncated sequences were

analyzed, given the possibility that interaction of BD fusion proteins and AD-ZmPP26 was

abolished not because of protein truncation, but because of substitutions of key residues in

Ten1133-327. After in silico translation of mutated sequences from all 24 clones, a multiple

amino acid sequence alignment with native Ten1133-327 was performed. However, no amino

acid substitutions could be determined which occurred specifically in sequences from non-

interacting clones. Therefore, the only mutated sequence not encoding a premature stop codon

from a single yeast clone was used for following analyses. This sequence encoded a mutated

Ten1133-327 protein harboring 14 amino acid substitutions (Fig. 20A). In order to delimit the

residues important for interaction with ZmPP26, BD-Ten1133-327 proteins were produced that

either harbored only the first seven or only the last seven of the 14 amino acid substitutions.

However, both fusion proteins exhibited interaction with AD-ZmPP26, indicating that all 14

amino acid substitutions are necessary to eliminate interaction (not shown).
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Fig. 20: Yeast two-hybrid assays with Ten1m34-680 and ZmPP26. (A) Illustration of BD-Ten1m34-680 harboring
14 amino acid substitutions (shaded in red) in the interacting domain (133-327). (B) SDS-PAGE followed by anti-
Myc and anti-HA Western blots using yeast cell lysates. AH109 was co-transformed with pGADT7-ZmPP26 and
pGBKT7 constructs harboring ten134-680 and ten1m34-680, respectively. **, product of protein degradation. (C) Low
stringency (SD/-Leu/-Trp) and high stringency (SD/-Leu/-Trp/-Ade/-His) plates showing serial dilutions of
AH109 strains co-expressing the indicated bait and prey proteins. BD, GAL4 binding domain; AD, GAL4
activation domain.
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To investigate whether these amino acid substitutions abolish interaction with AD-ZmPP26

also in the context of BD-Ten134-680, the mutated sequence was amplified from the isolated

yeast plasmid DNA via PCR and inserted into the bait vector pGBKT7-ten134-680 in order to

replace the native interacting domain. This allowed the expression of a mutated bait fusion

protein, in the following referred to as BD-Ten1m34-680 (Fig. 20A). After co-transformation of

AH109 with pGBKT7-ten1m34-680 and pGADT7-ZmPP26, epitope-tagged fusion proteins

were detected in cell lysates via anti-Myc and anti-HA Western blot analyses (Fig. 20B). The

Western signal for AD-ZmPP26 showed a strong intensity when BD-Ten134-680 was co-

expressed, whereas the signal was weaker in the presence of BD-Ten1m34-680 (Fig. 20B). This

suggests that the interaction with BD-Ten134-680 has an effect on protein stability of AD-

ZmPP26, as already observed earlier (Fig. 10). Subsequently, the generated yeast strain was

tested for the interaction of fusion proteins as described in chapter 2.6.1. Co-expression of BD-

Ten134-680 and AD-ZmPP26 allowed growth on high stringency medium, whereas co-

expression of BD-Ten1m34-680 and AD-ZmPP26 did not (Fig. 20C). These results make it likely

that the domain necessary for interaction with ZmPP26 is located between residue 133 and 327

of Ten1. Furthermore, Ten1m, harboring 14 amino acid substitutions in the identified

interacting domain, shows no interaction with ZmPP26 in yeast two-hybrid assays.

2.6.6.  The interaction of Ten1 and ZmPP26 may be biologically relevant

To determine whether the interaction of Ten1 and ZmPP26 is biologically relevant for

U. maydis, the mutated protein Ten1m was tested for its ability to rescue the virulence defect

of SG200Δ10A after maize seedling infection. Although HA3-Ten1 was detected after IP from

infected leaf material (Fig. 16A), this experiment could not be repeated in the course of this

study. To demonstrate the stability of Ten1m after plant infection, it was thus first and foremost

necessary to produce a functional HA-tag fusion protein of Ten1 that can be immunodetected

in infected leaf material. To this end, another HA-tag fusion construct of ten1 was expressed

under the ten1 promoter in SG200Δ10A via single integration into the ip locus. The resulting

fusion protein Ten1132-HA3 harbors a triple HA-affinity tag between amino acids 132 and 133

(Fig. 21A), directly adjacent to the defined ZmPP26-interacting domain, in a protein region

where no secondary structure elements were predicted by Phyre2 (Fig. 35, appendix).
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Fig. 21: Complementation of SG200Δ10A with Ten1132-HA3. (A) Illustration of the full-length fusion protein
Ten1132-HA3 generated for complementation of SG200Δ10A. Numbers indicate amino acid positions. The white
part indicates the N-terminal signal peptide of Ten1; the blue part indicates the triple HA affinity tag including
linker amino acids (HA3); the shaded part indicates the ZmPP26-interacting domain. (B) Infection symptoms on
maize seedlings at 12 dpi caused by SG200, SG200Δ10A, SG200Δ10A-ten1, and SG200Δ10A-ten1132-HA3.
Symptoms are classified into disease categories modified from Kämper et al. (2006). Shown are average values
of three independent biological replicates. n, total number of infected plants. (C) SDS-PAGE followed by anti-
HA Western blot using cell lysates from leaves infected with SG200, SG200Δ10A, and SG200Δ10A-ten1132-HA3

at 4 dpi. *, non-specific bands with high molecular weight due to treatment of infected plant material with 8 M
urea buffer.

HA3

SSPSPSGYPYDVPDYAGYPYDVPDYAGYPYDVPDYASGHSSSS

132

B

C

A

S
y
m

p
to

m
s

o
f

in
fe

c
te

d
p
la

n
ts

[%
]

100

50

0

n=83 n=91 n=84 n=94

∆10ASG200 ∆10A-
ten1

∆10A-
ten1132-HA3

Chlorosis
Ligular swelling
Small tumors (Ø <2mm)
Large tumors (Ø >2mm)
Heavy tumors near the
base of the stem

kDa

170

130

100

*

∆
1
0
A

∆
1
0
A
-t

e
n
1

1
3
2
-H

A
3

Ten1132-HA3

anti-HA

S
G

2
0
0

ZmPP26-interacting domain

Ten1132-HA3 :

1 709



Results 37

Seedling infections with SG200Δ10A-ten1132-HA3 revealed  a  partial  rescue  of  the

SG200Δ10A virulence defect at 12 dpi, similar to SG200Δ10A-ten1 (Fig. 21B). Moreover, at

4 dpi Ten1132-HA3 was detected in lysates of infected leaf material via anti-HA Western blot

analysis at around 110 kDa (Fig. 21C). These results show that Ten1132-HA3 is a biologically

active protein which can be detected in infected leaf material at 4 dpi.

To investigate the contribution of the mutated Ten1m to virulence of U. maydis, ten1m132-HA3

was expressed under the ten1 promoter via single integration into the ip locus of SG200Δ10A.

The resulting fusion protein Ten1m132-HA3 harbors a triple HA-affinity tag between amino

acids 132 and 133 (Fig. 22A), directly adjacent to the mutated ZmPP26-interacting domain.

Seedling infections with SG200Δ10A-ten1132-HA3 revealed  a  partial  rescue  of  the

SG200Δ10A virulence defect at 12 dpi (Fig. 22B). In contrast, SG200Δ10A-ten1m132-HA3

phenocopied SG200Δ10A (Fig. 22B). Moreover, at 4 dpi both Ten1132-HA3 and Ten1m132-

HA3 were detected at around 110 kDa in lysates of infected leaf material via anti-HA Western

blot (Fig. 22C). These results indicate that the interaction of Ten1 and ZmPP26 is necessary to

partially rescue the virulence defect of SG200Δ10A.
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Fig. 22: Complementation of SG200Δ10A with mutated Ten1m132-HA3. (A) Illustration of the full-length
fusion protein Ten1m132-HA3 generated for complementation of SG200Δ10A. Numbers indicate amino acid
positions. The white part indicates the N-terminal signal peptide of Ten1; the blue part indicates the triple HA
affinity tag including linker amino acids (HA3); the red shaded part indicates the mutated ZmPP26-interacting
domain. (B) Infection symptoms on maize seedlings at 12 dpi caused by SG200, SG200Δ10A, SG200Δ10A-
ten1132-HA3, and SG200Δ10A-ten1m132-HA3. Symptoms are classified into disease categories modified from
Kämper et al. (2006). Shown are average values of three independent biological replicates. n, total number of
infected plants. (C) SDS-PAGE followed by anti-HA Western blot using cell lysates from leaves infected with
SG200Δ10A, SG200Δ10A-ten1132-HA3, and SG200Δ10A-ten1m132-HA3 at 4 dpi. *, non-specific bands with high
molecular weight due to treatment of infected plant material with 8 M urea buffer.
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2.6.7.  Heterologously expressed ZmPP26 shows strong PP2C-specific

activity in vitro

To show that ZmPP26 has phosphatase activity, the protein was overexpressed in E. coli,

affinity purified and tested for its activity in vitro. To this end, ZmPP26 was amplified from

maize  cDNA  via  PCR  and  cloned  into  the  plasmid  pRSET-GST-PP.  In E. coli strain

BL21(DE3)pLysS this plasmid allows the expression of a GST (glutathione S-transferase)

fusion protein via the IPTG-inducible production of the T7 RNA polymerase. Moreover, the

produced fusion protein contains a PreScission Protease cleavage site (LEVLFQ/GP), allowing

the removal of the GST tag. As a control, a catalytically dead mutant allele of ZmPP26 was

generated. The catalytic domain of almost all eukaryotic PP2Cs is formed by a binuclear metal

binding site located in the cleft of a β-sandwich. This site consists of four conserved aspartic

acid residues which coordinate the binding of Mg2+ or Mn2+ ions (Das et al., 1996). An amino

acid sequence alignment with human PP2C alpha (Mann et al., 1992), ABI1 from A. thaliana

(Leung et al., 1994), and PTC1 from S. cerevisiae (Maeda et al., 1993) revealed that in

ZmPP26 these residues are D44, D65, D226, and D265 (Fig. 23).

Fig. 23: Multiple amino acid sequence alignment (ClustalW) of ZmPP26 and PP2Cs from human,
A. thaliana, and S. cerevisiae. Conserved residues are highlighted in green. Red arrows indicate metal-
coordinating residues determined by Das et al. (1996).
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In the A. thaliana PP2C ABI1, three amino acid substitutions (DGH177-179KLN) were shown

to abolish enzymatic activity (Sheen 1998). As these amino acids are conserved in ZmPP26

(Fig. 23), ZmPP26DGH65-67KLN was generated and also cloned into the background plasmid

pRSET-GST-PP. After the introduction of the generated plasmids into BL21(DE3)pLysS,

protein synthesis was induced by IPTG. Subsequently, GST-ZmPP26 as well as GST-

ZmPP26DGH65-67KLN were affinity purified via glutathione sepharose. The fusion proteins were

on-column cleaved using PreScission Protease and eluted without GST tag (Fig. 24A).

Fig. 24: Purification and in vitro phosphatase activity of ZmPP26 and the catalytic-dead mutant
ZmPP26DGH65-67KLN. (A) InstantBlue-stained polyacrylamide gel for visualization of purified proteins after
overexpression in E. coli. Pre-induction, bacterial cell lysates prior to IPTG induction; post-induction, bacterial
cell lysates 4 hours after IPTG induction; input, soluble fraction of bacterial cell lysates after induction (used for
affinity purification); purified, proteins eluted without GST tag after on-column cleavage with PreScission
protease. (B) In vitro phosphatase activity of purified ZmPP26 and ZmPP26DGH65-67KLN. Shown is the amount of
released phosphate from 100 µM of a synthetic phosphopeptide substrate after 15 minutes. Per reaction 0.7 nM
ZmPP26 and ZmPP26DGH65-67KLN was used, respectively. The assay was performed in two biological replicates
showing similar results.
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The concentration of the purified proteins was determined via a target-specific and

fluorescence-based quantitation method using the Qubit fluorometer (Invitrogen, Karlsruhe).

Accordingly, the concentrations of ZmPP26 and ZmPP26DGH65-67KLN were 0.21 µg/µL and 0.12

µg/µL, respectively. Phosphatase activity of the enriched proteins was assessed via the

Serine/Threonine Phosphatase Assay System (Promega, Mannheim) using a synthetic

phosphopeptide (RRA(pT)VA) as substrate. In a reaction volume of 50 µL, 1 µg of

ZmPP26/ZmPP26DGH65-67KLN was used, corresponding to a molar concentration of 0.7 nM

(calculated molecular weight of both proteins: 30.7 kDa). In the presence of 0.7 nM ZmPP26

and 100 µM substrate, about 3,800 pmol released phosphate was detected over a reaction time

of 15 minutes, whereas there was minimal released phosphate in the presence of ZmPP26

alone. After the addition of 10 mM EDTA, an inhibitor of PP2C activity under the assayed

conditions (Irmler and Forchhammer, 2001), no released phosphate was measured despite the

presence of both ZmPP26 and the substrate in the reaction. For 0.7 nM ZmPP26DGH65-67KLN no

phosphatase activity could be detected under all tested conditions (Fig. 24B). This experiment

shows that heterologously expressed ZmPP26 has phosphatase activity in vitro and that this

activity likely is specific for the family of PP2C enzymes.

2.7.    Ten1 is secreted to the axenic culture supernatant

The prediction of an N-terminal signal peptide within the first 33 amino acids raised the

question as to whether Ten1 is indeed secreted by U. maydis. To test for secretion in vitro,

ten1132-HA3 was overexpressed under the constitutive otef promoter (Spellig et al., 1996) in

strain AB33 via ip locus integration of multiple copies of the construct. AB33 is a derivative

of FB2 that contains the bE1 and bW2 genes under the control of the nitrate-inducible nar

promoter. Exponentially growing sporidia of this strain can be shifted from saprophytic to

filamentous growth after incubation in nitrate minimal medium (Brachmann et al., 2001). As

controls, the progenitor strain AB33 and AB33-GFP-HA were included in the experiment. The

latter overexpressed cytoplasmic GFP-HA driven by the otef promoter and served as control

for cell lysis. After the induction of hyphae in nitrate minimal medium, the cultures of AB33,

AB33-ten1132-HA3, and AB33-GFP-HA were separated into pellet and supernatant fractions

by centrifugation. Subsequently, proteins secreted to the supernatant were enriched by TCA
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precipitation. Via anti-HA Western blot analyses Ten1132-HA3 was detected in the cell lysate

of the pellet fraction as well as in the supernatant fraction at around 100 kDa. In contrast,

cytoplasmic GFP-HA was detected only in the cell lysate of the pellet fraction at around 35

kDa, but not in the supernatant fraction (Fig. 25A). As an internal control for cell lysis, the

same samples were analyzed via anti-α tubulin Western blot. Two signals for α tubulin with

sizes of about 55 kDa and 60 kDa were detected only in the cell lysate of pellet fractions and

not in the supernatant samples, showing the absence of cell lysis (Fig. 25B). These results

suggest that Ten1132-HA3 is secreted in axenic culture by U. maydis hyphae.

Fig. 25: Secretion of Ten1132-HA3 to  the  axenic  culture  supernatant  of  AB33  hyphae.  (A) SDS-PAGE
followed by anti-HA Western blot using cell lysates from U. maydis hyphal cultures (pellet) and culture
supernatants after TCA precipitation (supernatant). Samples were prepared from 50 mL hyphal culture of AB33,
AB33-GFP-HA, and AB33-ten1132-HA3 in nitrate minimal medium. **, product of protein degradation. (B) SDS-
PAGE followed by anti-α tubulin Western blot using the same pellet and supernatant samples as in (A) for internal
lysis control.
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2.8.    Immunoelectron microscopy shows translocation of Ten1 to

plant cells

With the indication for secretion in vitro, the localization of Ten1 after secretion was

investigated in planta. Live cell imaging of U. maydis effectors fused to the fluorescent protein

mCherry proved to be useful to localize effectors in infected plant tissue (Djamei et al., 2011;

Tanaka et al., 2014). Accordingly, translational fusions of mCherry and ten1 (including an HA-

tag for immunodetection) were expressed in SG200Δ10A via ip locus integration of a single

copy of the construct. The fusion of mCherry-HA to the C-terminus of Ten1 resulted in a non-

functional protein, i.e., SG200Δ10A-ten1-mCherry-HA was not able to rescue the virulence

defect of SG200Δ10A (not shown). In contrast, a strain expressing the N-terminal fusion

protein HA-mCherry-Ten1 (with HA-mCherry fused to Ten1 after the predicted signal peptide)

phenocopied SG200Δ10A-HA3-ten1. Moreover, via confocal microscopy of leaves infected

with SG200Δ10A-HA-mCherry-ten1, weak mCherry-specific fluorescence around hyphal tips

was detected at 4 dpi (not shown). However, via anti-HA Western blot analysis using the same

infected leaf samples only HA-mCherry was detected, indicating that the observed

fluorescence stemmed from mCherry alone (not shown). Considering that the strain

SG200Δ10A-HA-mCherry-ten1 was partially complementing the virulence defect of

SG200Δ10A, the fluorescent fusion protein likely was cleaved after secretion, resulting in a

retention of mCherry in the biotrophic interphase and in a release of Ten1. In the following,

the question was addressed whether Ten1 is taken up by the plant or whether it remains in the

apoplastic space after secretion.

To this end, immunoelectron microscopy (immuno-EM) using HA3-Ten1 was carried out,

considering that this fusion protein was shown to interact with the cytosolic ZmPP26 during

infection of U. maydis (chapter 2.6.4). Leaf samples infected with SG200Δ10A-HA3-ten1 and

the control strain SG200 were collected at 4 dpi and chemically fixed. Using ultrathin sections

of the fixed samples, immunogold labeling of HA3-Ten1 and subsequent EM was performed

(carried out by B. Zechmann, Baylor University, Texas, USA). Immunogold labeling can result

in non-specific binding to cellular structures such as nuclei, cell walls, callose, or starch

(U. Neumann, personal communication). To discriminate between labeling of HA3-Ten1 and

background labeling in the SG200 samples, the distribution of gold particles in different cell
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compartments was quantified based on the obtained micrographs (carried out by B. Zechmann,

Baylor University, Texas, USA). SG200-infected leaf samples showed occasional non-specific

background labeling in the chloroplasts, in fungal hyphae, and particularly in plant nuclei

(Fig. 26A). Leaves infected with SG200Δ10A-HA3-ten1 exhibited labeling of HA3-Ten1 in

chloroplasts, in the plant cytosol, and predominantly in plant nuclei. However, no gold particles

were detected at the biotrophic interface between fungal cell wall and plant plasma membrane

(Fig. 26B). The quantification of gold particle distribution in samples infected with

SG200Δ10A-HA3-ten1 revealed a significantly increased labeling in the plant cytosol and in

nuclei, in comparison to SG200. In contrast, gold labeling in fungal hyphae and chloroplasts

was not significantly different from SG200 (Table 4). In conclusion, these experiments suggest

that secreted Ten1 is taken up by the plant and that the protein mainly localizes to the nucleus

of the plant cell.

Table 4: Quantification of immunogold particles in infected maize tissue1.

SG200 (n=9) SG200Δ10A-HA3-ten1 (n=14)

Fungal cytoplasm 0.8 ± 0.3 1.32 ± 0.4 ns

Biotrophic interface2 0.06 ± 0.06 0 ± 0 ns

Plant cytosol 0.18 ± 0.05 1.7 ± 0.4 ***

Plant nucleus 0.9 ± 0.2 6.6 ± 1.5 ***

Chloroplast 0.23 ± 0.1 0.57 ± 0.18 ns

1 All data in this table represent the mean number of gold particles bound to HA per µm² in different cell
compartments of (n) analyzed micrographs ± standard errors. ***, significant differences between SG200 and
SG200Δ10A-HA3-ten1 based on a Mann-Whitney U test at the confidence level of 0.001. ns, not significantly
different.
2 The biotrophic interface was defined as the region between fungal cell wall and plant plasma membrane.
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Fig. 26: Immunogold detection of HA3-Ten1 in infected maize leaves. (A) Transmission electron micrographs
showing unspecific immunogold labeling in ultrathin sections of SG200-infected maize leaves at 4 dpi. (B)

Transmission electron micrographs showing immunogold labeling of HA3-Ten1 in ultrathin sections of leaves
infected with SG200Δ10A-HA3-ten1 at 4 dpi. Filled arrows, detection of gold particles in plant nuclei; empty
arrow, detection of gold particle in the fungal hypha; filled arrowheads, detection of gold particles in the plant
cytosol; empty arrowheads, detection of gold particles in chloroplasts. V, vacuole; N, nucleus; H, hypha; M,
mitochondrion; C, chloroplast; S, starch granule. Scale bars equal 1 µm.
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To substantiate the translocation of Ten1, a recently established uptake assay was deployed

which is based on the biotinylation of Avitagged effectors in the host cytoplasm (Lo Presti et

al., 2017). For this purpose, an Avitag-HA fusion construct of ten1 was generated and expressed

in a SG200 strain secreting HA3-avitagged Suc2. Using a gene replacement approach ten1132-

Avitag-HA was expressed from the native ten1 locus. The uptake assay relies in the first place

on the detection of HA-Avitagged proteins via IP from infected maize leaf material. Therefore,

seedlings were infected with SG200-Suc2-Avitag-HA3-Ten1132-Avitag-HA. At 4 dpi, infected

leaf material was harvested and cell lysates were used for an IP via anti-HA magnetic beads.

However, Ten1132-Avitag-HA could not be detected after IP in three biological replicates (not

shown). This result shows that the generated HA-tag fusion protein of Ten1 cannot be used for

the uptake assay according to Lo Presti et al. (2017).

2.9.    Ten1 and the A. thaliana PP2C WIN2 interact in yeast two-

hybrid assays

ZmPP26 is a ortholog of WIN2, a group F PP2C from A. thaliana which is involved in the

regulation of biotic stress responses (Lee et al., 2008). WIN2 displays 71.2% amino acid

identity with ZmPP26 (Fig. 27).

Fig. 27: Global sequence alignment of ZmPP26 and WIN2 from A. thaliana. Conserved residues are
highlighted in green.

WIN2 was tested for interaction with Ten1 via yeast two-hybrid assays. WIN2 was amplified

in full-length from A. thaliana cDNA (kindly provided by M. Hilbert) via PCR and cloned into

the prey plasmid pGADT7. Strains AH109-pGBKT7-ten134-680#1 as well as AH109-pGBKT7

were transformed with pGADT7-WIN2 to test for protein interaction and autoactivation of the

GAL4 transcription factor by AD-WIN2, respectively. Via anti-Myc and anti-HA Western blot

analyses using cell lysates of transformed AH109-pGBKT7-ten134-680#1, BD-Ten134-680 and

ZmPP26 MGY L S S V I G H P - - - - T DG S S V S G G G L S QNG R F S Y G Y A S S P G K RA SME D F Y E T K I DC V DG Q I V G L F G V F DGHG GA KV A E Y V 76
WIN2 MGY L N S V L S S S S QV H S DDG P V S G G G L S QNG K F S Y G Y A S S P G K RS SME D F Y E T R I DGV E G E I V G L F G V F DGHG GA RA A E Y V 80

ZmPP26 K E N L F NN L V S H P K F I S D T KV A I DDA Y K S T D S E F L E S D S S QNQ - C G S T A S T A V L V G D RL F V A NV GD S RA I I C R E G NA I A V S 155
WIN2 KQN L F S N L I R H P K F I S D T T A A I A DA Y NQ T D S E F L K S E N S QN RDA G S T A S T A I L V G D RL L V A NV GD S RA V I C RGG NA I A V S 160

ZmPP26 KDH K P DQ T D E RQ R I E DA G G F VMWA G TWRV GG V L A V S RA F G D K L L KQY V V V D P E I R E E V V DD T L E F L I L A S DG L WDV V S N E 235
WIN2 RDH K P DQ S D E RQ R I E DA G G F VMWA G TWRV GG V L A V S RA F G D R L L KQY V V A D P E I Q E E KV D S S L E F L I L A S DG L WDV V S N E 240

ZmPP26 E A V AM T RS I K D P E E A A KM L L Q E A Y K RE S S DN I T C V V V H F L HGQ - - - - G S S G Y A - - - - - - - - - - - - - - - - - - 284
WIN2 E A V GM I KA I E D P E E G A K R L MM E A Y Q RG S A DN I T C V V V R F F S DQA G G I G S S S T N I P I DHG I V PD R I S GD S S T 311
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AD-WIN2 were detected at approx. 120 kDa and 55 kDa, respectively (Fig. 28A). In cell

lysates of transformed AH109-pGBKT7, AD-WIN2 was detected via anti-HA Western blot

(Fig. 28A), whereas the BD alone could not be detected via anti-Myc Western blot (not shown).

The Western signal for AD-WIN2 showed enhanced intensity when BD-Ten134-680 was co-

expressed (Fig. 28A). This suggests that the interaction with BD-Ten134-680 has an effect on

protein stability of AD-ZmPP26. The generated yeast strains were streaked out on low

stringency and high stringency media to verify the integration of bait and prey plasmids and to

test for interaction of fusion proteins, as described in chapter 2.6.1. The strain co-expressing

BD-Ten134-680 and AD-WIN2 allowed growth on high stringency medium, whereas

autoactivation of the GAL4 transcription factor by AD-WIN2 was not observed (Fig. 28B).

This shows an interaction of Ten1 and WIN2 in yeast two-hybrid assays.

Fig. 28: Yeast two-hybrid assays with Ten134-680 and WIN2. (A) SDS-PAGE followed by anti-Myc and anti-
HA Western blots using cell lysates. AH109-pGBKT7-ten134-680#1 and AH109-pGBKT7 were transformed with
pGADT7-WIN2. (B) Low stringency (SD/-Leu/-Trp) and high stringency (SD/-Leu/-Trp/-Ade/-His) plates
showing serial dilutions of AH109 strains co-expressing the indicated bait and prey proteins. AD, GAL4
activation domain; BD, GAL4 binding domain.

A B

anti-Myc

BD-Ten134-680

anti-HA

W
IN

2

pGBKT7-
ten134-680

kDa

130

100

55

W
IN

2

AD-WIN2

pGBKT7

Undil. 10-1 10-2 10-3

BD-Ten134-680

AD-WIN2

AD-WIN2

BD

Undil. 10-1 10-2 10-3

SD/- -Trp

SD/-Leu/-Trp/-Ade/-His

Leu/



48 Discussion

3.  Discussion

In the present study Ten1 was characterized as a major virulence factor encoded by U. maydis

effector gene cluster 10A. Ten1 was shown to be secreted in axenic culture and

immunoelectron microscopy suggests a translocation of the protein to plant cells after

secretion. Via yeast two-hybrid assays ZmPP26, a cytosolic maize type 2C protein phosphatase

(PP2C), was identified as interaction partner of Ten1. This interaction was also shown during

the biotrophic development of U. maydis and maize. Furthermore, evidence was obtained that

the interaction of Ten1 and ZmPP26 is biologically relevant for the fungus. However, the

outcome of this interaction could not be determined in the course of this study. In the following,

the presented results will be discussed.

3.1.    The conservation of Ten1 among related fungi

Comparative analyses of proteomes revealed a weak conservation of Ten1 in the three

sequenced grass-infecting smut fungi S. reilianum f. sp. zeae, S. scitamineum, and

U. bromivora. Related proteins from these species display only between 28.8% and 29.8%

amino acid identity with Ten1. Interestingly, two related proteins were found both in

S. reilianum f. sp. zeae (sr11226 and sr11227) and in S. scitamineum (SPSC_05103 and

SPSC_05104). In S. reilianum f. sp. zeae, sr11226 and sr11227 are adjacent in the genome and

are part of the previously described divergence cluster 10-15, which is homologous to gene

cluster 10A in U. maydis (Schirawski et al., 2010). A similar gene arrangement is found in

S. scitamineum, where the adjacent genes SPSC_05103 and SPSC_05104 are part of the

effector gene cluster Ss-scaf36-1, which is also homologous to U. maydis cluster 10A (Dutheil

et al., 2016). These findings suggest that gene duplications of ten1 homologs occurred in the

ancestor of Sporisorium species. The two gene copies might then have been retained to function

in the respective host maize and sugarcane. To test for the ability of sr11226 to rescue the

virulence defect of the cluster 10A deletion strain, a single copy of sr11226 was expressed

under the ten1 promoter in SG200Δ10A via ip locus integration. However, seedling infections

using five independent transformants of SG200Δ10A-sr11226 did not provide clear evidence

for a contribution of sr11226 to virulence of U. maydis (not shown). The genome of Ustilago
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hordei, another related smut fungus causing covered smut in barley (Laurie et al.,  2012), is

also likely to encode a protein related to Ten1. A nucleotide sequence containing a stop codon

was found in a U. hordei genomic region which is syntenic to the locus of UMAG_03743 in

U. maydis. This is a neighboring gene of ten1 which is not part of gene cluster 10A (Kämper

et al., 2006). After in silico translation of the identified sequence from U. hordei, a stretch of

amino acids was determined showing 34.8% identity with the C-terminus of Ten1 (residues

338-680). However, the anticipated coding sequence for the N-terminus of this Ten1-related

protein is part of an unannotated region of the genome, the amplification of which was

unsuccessful.  This  might  be  due  to  the  low  quality  of  the U. hordei genome assembly,

compared to the genomes of related smuts (Dutheil et al. 2016). In M. pennsylvanicum the

related protein mp06537 is detected, which shows only 20.7% amino acid identity with Ten1.

This reduced conservation could reflect an adaptation to the dicot host of this species (Sharma

et al., 2014). Ten1 is weakly conserved also in Pseudozyma hubeiensis, P. antarctica, and

P. aphidis. Pseudozyma spp. belong to the order Ustilaginales and  are  mostly  used  in

biotechnology as they are able to produce biosurfactants such as mannosylerythritol lipids

(MELs; Yoshida et al., 2014). However, P. antarctica and P. aphidis are also associated with

grasses (Allen et al., 2004). Interestingly, P. antarctica has a secretome comparable in size and

composition to the grass-infecting smuts and it was hypothesized that this species may have

originated from a grass-colonizing ancestor (Schuster et al., 2017). Taken together, the weak

conservation of Ten1 among related smuts or smut-related species suggests an accelerated

evolution of the effector Ten1 in order to adapt to its host target ZmPP26, or to evade

recognition by host immunity (Lanver et al., 2017).

3.2.    The biotrophic development of ten1 deletion strains

The observed phenotype of SG200Δten1 at 12 dpi is not characterized by a decreased tumor

rate (i.e., the overall occurrence of heavy, large, and small tumors), but rather by a reduction

of tumor size (i.e., fewer large, but more small tumors), relative to SG200. This indicates that

the ten1 deletion strain is able to induce tumorigenesis and that the observed virulence

phenotype is established after the onset of tumor formation at 5 dpi (Skibbe et al., 2010).

Accordingly, confocal microscopy analyses of infected leaves at 4 dpi showed an intracellular
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proliferation of SG200Δten1 comparable to SG200. Unfortunately, attempts to visualize

differences in fungal proliferation at later time points by confocal microscopy failed. With the

maturation of large tumors, plant biomass is rapidly converted to fungal biomass (Snetselaar

and McCann, 2017). Quantitative PCR (qPCR) using genomic DNA extracted from infected

leaves was previously used to determine fungal biomass in relation to plant biomass at a given

time point after infection (Brefort et al., 2014; van der Linde et al., 2011; Neidig, 2013; Tanaka

et al., 2014). However, the implementation of this method using SG200Δten1-infected leaf

material led to inconclusive results.

3.3.    Is Ten1 the major virulence factor encoded by cluster 10A?

The complementation strain SG200Δ10A-ten1 partially rescued the virulence defect of the

cluster 10A deletion strain. This indicates that ten1 is a major virulence factor of the cluster.

The observed virulence phenotype of SG200Δ10A-ten1 further shows that the residual nine

genes of cluster 10A are required for full virulence of U. maydis. Effector gene clusters of

U. maydis likely arose through tandem gene duplication events followed by rapid evolution

(Dutheil et al., 2016). Effector genes of one cluster thus may encode proteins that target

different host molecules to promote virulence. Interestingly, RNAseq analyses of FB1 and FB2

strains during biotrophic development revealed a nearly identical expression pattern of ten1

and three other cluster genes, namely UMAG_03745, UMAG_03748, and UMAG_03750 (D.

Lanver, personal communication). Moreover, these RNAseq data showed a strong induction

of UMAG_03749, UMAG_03751, and UMAG_03753 at  4  dpi.  It  would  be  rewarding  to

investigate the contribution of these cluster genes to virulence by testing single gene deletion

mutants or by complementing SG200Δ10A with individual genes.

3.4.    Is Ten1 post-translationally modified?

In Western blot analyses involving SDS-PAGE, epitope-tagged Ten1 proteins were

continuously detected at a molecular weight which was approx. 30 kDa to 35 kDa higher than

expected (e.g., Ten1132-HA3 has an expected molecular weight of 75.3 kDa, but was detected

at approx. 110 kDa). This aberrant migration behavior raises the question whether Ten1 is post-
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translationally modified. In fungi, glycosylation is the most universal form of post-translational

modification and it is important for stability, secretion, and localization of proteins (Deshpande

et al., 2008). Moreover, N- and O-glycosylation of proteins is proposed to play an important

role for virulence of U. maydis (Fernandez-Alvarez et al., 2009, 2013). Whereas a prediction

of N-glycosylation sites in Ten1 via the NetNGlyc 1.0 server was negative, 53 residues of Ten1

are predicted to be O-glycosylated according to the NetOGlyc 4.0 server (Steentoft et al.,

2013). Although designed for mammalian proteins, González et al. (2012) could show that

predictions using the NetOGlyc tool are also reliable for secreted fungal proteins. The authors

further revealed that of all U. maydis proteins predicted to be secreted, 72% are also predicted

to be O-glycosylated. Interestingly, serine/threonine-rich regions predicted to be highly O-

glycosylated tend to be located at protein ends, especially at the C-terminus (González et al.,

2012). Indeed, the amino acid sequence of Ten1 shows a high abundance of serine and

threonine residues towards the N- and C-termini of the protein (Fig. 29). In the course of this

study, an enzymatic deglycosylation of immunoprecipitated HA3-Ten1 failed because the

protein could not be detected via Western blot after IP in the first place (not shown). Future

experiments could involve other methods for the detection of glycosylation such as staining or

affinity-based binding of sugars (e.g. by lectins) after the separation of proteins via SDS-PAGE

(Roth et al., 2012). Moreover, the pmt4 mutant strain could be used as background for the

expression of epitope-tagged Ten1. This mutant is affected in O-mannosylation, a type of O-

glycosylation important for pathogenic development of U. maydis (Fernandez-Alvarez et al.,

2009).

Another explanation for an anomalous migration behavior of a protein in SDS-PAGE is a high

content of positively charged amino acids (Serdyuk et al., 2007). The intrinsic positive charge

of the protein is thus not dominated by negatively charged SDS molecules, resulting in a slower

gel migration of the protein-SDS complex towards the anode (Righetti et al., 2001; Serdyuk et

al., 2007). Ten1 has a predicted isoelectric point of 9.81, resulting in an estimated net charge

of 19.6 under SDS-PAGE conditions (considering that the separating gel has a pH of 8.8). This

positive charge of Ten1 is caused by a high content of lysine and arginine residues, together

making up 100 of the 680 amino acids of Ten1 (Fig. 29). The aberrant migration behavior of

Ten1 in SDS-PAGE is thus likely attributed to the intrinsic charge of the protein.
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Fig. 29: Amino acid sequence of Ten1. Lysine and arginine residues are highlighted in blue; serine and threonine
residues are highlighted in red. Black box indicates the predicted signal peptide.

3.5.    The localization of Ten1 after secretion

Immuno-EM detected Ten1 in plant cells, manifested by a significant accumulation of the

protein in the plant cytoplasm and especially in plant nuclei. Other translocated effectors of

U. maydis such as Tin2, Tin3, and See1 were also detected in plant nuclei via immuno-EM (Lo

Presti et al., 2017; Redkar et al., 2015). It is generally accepted that only small proteins (with

a molecular weight below approx. 30 kDa) can freely diffuse through the central channel of

the nuclear pore complex (NPC), whereas larger proteins depend on a nuclear localization

signal (NLS) for nuclear import (Beck and Hurt, 2016). Indeed, Tin2, Tin3, and See1 are

relatively small proteins, having an expected molecular weight of 23.3 kDa, 30.4 kDa, and 17.7

kDa, respectively. These molecules thus may diffuse into nuclei after uptake by the plant cell.

In contrast, the fusion protein HA3-Ten1, which was detected in plant nuclei by immunogold

labeling, has a calculated molecular weight of 75.5 kDa (without the predicted signal peptide).

This makes it unlikely that Ten1 is imported in the nucleus by diffusion. A prediction of

subcellular protein localization via WoLF PSORT (Horton et al., 2005) suggests a nuclear

localization of Ten1. Moreover, Ten1 contains six tandem arginine residues at the very C-

terminus (Fig. 29), which are predicted to serve as an NLS by three different prediction

programs: NucPred, NLSpred, and NLStradamus (Brameier et al., 2007; Cokol et al., 2000;

Nair et al., 2003; Nguyen Ba et al., 2009). Fusions of an HA-tag or mCherry to the C-terminus

of Ten1 resulted in non-functional fusion proteins, indicating that a free C-terminus is essential

for the virulence function of Ten1. It would be interesting to investigate whether a mutated

M K P Q R A F C T E R G R R L S L P F L L L L L F V A S S S V F C A E G E A D S N R P L G F Q D I E G Q K S L K G D A H T H N Q I Y S A S P 70

N SWQ S S P S E A D T H T S S D Q S F K S A K G S A RWS N P S G S D V S S P R S P N G F G R L E D G I Q F S S P S P S G S G H S S S S D 140

E I A A A E A V Y R G R L R A S I K A K N I M D D V K S P A L S T F E V G E S S A A A A A A A A P R G D T P I K E P P V A L L A E S F K D P 210

A N Q Q S K D G V P D V Y L R N P A N Q H I K E A I K R L P Q S R D Y Y Q L V A M A D P A A P G G Y R V Y R Y Y N E P Y A A L H Y E Q V P Y 280

N Q R F L Y R L K D L E N E A H K T A L D T P D Y Q R K L R T I GWRWK G R P A D L D P T E P L P P R E F V R P I P G N T L Q K A K Q A F 350

L S K F A D Q QWKM R T H L S D I K D A I A V G K D R R L A N Y H T T G G I A A L Y G R E E F G I G K T I P P E A R R I A Q E L G Q V H V 420

F Y DWE R P Q D Q V R V A Y T G P L R P P G R A T P L A P P E D F R A Y V V P P N R A L P L P K HWR D A G L D E Q T K T V R A L M RM N 490

E A E N G E WR T M D I R D RWP A KWE Q K T A D L R A K L Q GWQ A K L K Q K Q A E WR A Q V Q G R P R N L R D P P R S S E T G N E A A 560

G E A G S A G A E P T A E Q QM G R S S R GWR Q A L T G A WN K A T G RWT S D R Q Q V A T P T P P N G P T A P A E Q T A A S R T WS H T 630

L S D A A R R V K Q A T S S A K D K L A G L V R S T P S T S T V V T E N A Q H I V A PM R R R R R R 680
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Ten1 protein lacking these C-terminal arginines is able to complement the virulence defect of

SG200Δ10A. Furthermore, to corroborate that these residues serve as an NLS, the mutated

protein could be tested for plant uptake and nuclear localization via immuno-EM.

3.6.    Type 2C protein phosphatases (PP2Cs) in plants

Reversible phosphorylation, mediated by protein kinases and protein phosphatases, is an

essential posttranslational modification of proteins and represents a major mechanism of signal

transduction (Kyriakis, 2014). Compared to all other organisms, plants possess the largest

number of kinases, with A. thaliana expressing more than 1,000 kinase genes (Schweighofer

et al., 2004). In contrast to the large number of kinases, only about 150 protein phosphatases

have been identified in A. thaliana. Therefore, phosphatases are often considered housekeeping

enzymes with low specificity that balance the signaling system of the cell by counteracting

protein kinases (Schweighofer and Meskiene, 2015). Nevertheless, phosphatases can exhibit a

high specificity in substrate recognition and they can play important roles in different signaling

pathways of the plant. These involve plant growth, metabolism, cell differentiation, light and

hormonal signaling, and stress regulation (Schweighofer and Meskiene, 2015). Phosphatases

can be classified according to the target residues they dephosphorylate: serine/threonine-

specific phosphatases, tyrosine-specific phosphatases, and aspartic acid-specific phosphatases

(Kerk et al., 2007). The majority of plant phosphatases belong to the serine/threonine-specific

group which is subdivided into phosphoprotein phosphatases (PPPs) and metal-dependent type

2C phosphatases (PP2Cs; Schweighofer and Meskiene, 2015). With 80 members PP2Cs

represent the largest phosphatase family in A. thaliana (Fuchs et al., 2013). These enzymes are

Mn2+/Mg2+-dependent and resistant to known chemical inhibitors of phosphatase activity

(Moorhead et al., 2009). Moreover, unlike most members of the PPP family, PP2Cs lack

regulatory subunits and are considered to be active as monomers (Schweighofer et al., 2004).

According to phylogenetic analyses, the PP2Cs of A. thaliana are classified into groups of

related proteins (Kerk et al., 2002; Schweighofer et al., 2004). To some of these groups,

functions in stress signaling and plant development are attributed.
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A. thaliana PP2Cs from group A, such as ABI1 (Leung et al., 1994), ABI2 (Leung, 1997), and

HAB1 (Rodriguez et al., 1998) are major regulators of abscisic acid (ABA) signaling and are

by far the best-characterized PP2Cs in plants (Fuchs et al., 2013). The plant hormone ABA is

an endogenous messenger in biotic and abiotic stress responses, but is also required to regulate

growth and development under non-stress conditions (Raghavendra et al., 2010). Members of

group B PP2Cs have been described as regulators of MAPK activity. The best-studied proteins

of these so-called AP2Cs are AP2C1 and AP2C3, which are involved in the MAPK-dependent

regulation of plant innate immunity and stomatal development, respectively (Schweighofer et

al., 2007; Umbrasaite et al., 2010). Recently, AP2C1 was shown to act as a negative regulator

of basal resistance and defense responses to Pseudomonas syringae by controlling MAPK

activation (Shubchynskyy et al., 2017). Group C of A. thaliana PP2Cs contain important

regulators of plant development (Fuchs et al., 2013). Among these, the phosphatases POL and

PLL were characterized by several studies and described as regulators of stem cell identity

(Song et al., 2006, 2008). Phosphatases from group D are known to antagonize SAUR proteins

(encoded by SMALL AUXIN UP-RNA genes), which control plant cell expansion by activating

plasma membrane H+-ATPase activity (Spartz et al., 2014). Recently, another group D

enzyme, PP2C38 was described as a negative regulator of the PRR-BIK complex, providing a

fine-tuning of immune responses upon PAMP perception (Couto et al., 2016). Group F harbors

two phosphatases which are implicated in plant defense against P. syringae: WIN2 (Lee et al.,

2008) and PIA1 (Widjaja et al., 2009).

According to the classification of phosphatases from A. thaliana (Kerk et al., 2002) and rice

(Singh et al., 2010), Wei and Pan (2014) defined the maize phosphatome. This comprises a

total of 104 PP2Cs which also branch into phylogenetically distinct groups of related proteins

(Fig. 30). ZmPP26, the interactor of Ten1, is part of group F2 containing eight related proteins

(Wei and Pan, 2014; Fig. 30).
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Fig. 30: Phylogenetic analysis of all 104 PP2Cs from maize. Un-rooted neighbor joining tree based on the
catalytic domain sequences of all analyzed proteins. PP2Cs fall into 11 groups (A to K) with the exception of
ZmPP44 and three other proteins with unknown classification (Uncl.). Arrow highlights the position of ZmPP26
within group F2. Scale bar represents 0.1 amino acid substitutions per site (modified from Wei and Pan, 2014).

3.7.    The interaction of Ten1 and ZmPP26

3.7.1.  How do Ten1 and ZmPP26 interact?

Yeast two-hybrid assays showed that any truncation of Ten1133-327 abolishes interaction with

ZmPP26. Furthermore, as many as 14 amino acid substitutions in this domain are necessary to

eliminate the interaction of Ten1 and ZmPP26. These results indicate that binding of ZmPP26

is not mediated by specific residues, but rather that the entire interacting domain Ten1133-327

functions as a binding surface for ZmPP26. Computational analyses of known protein-protein

interactions revealed putative “hot spot” residues, which mainly contribute to binding at

protein interfaces: the aromatic residues phenylalanine, tryptophan, and tyrosine, as well as

arginine (Bogan and Thorn, 1998; Clackson and Wells, 1995; Moreira et al., 2007; Watkins et
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al., 2016). Whereas Ten1133-327 does not display an increased frequency of phenylalanine,

tryptophan, and arginine compared to the rest of the protein, 13 of the 19 tyrosines of Ten1

reside between position 133 and 327. Nevertheless, none of these presumed “hot spot” residues

were affected by the 14 amino acid substitutions in Ten1m, which eliminated interaction.

Beside crucial residues contributing to binding, a protein-protein interface is shaped by the

secondary structure and physicochemical properties of all involved amino acids. This usually

results in a high degree of geometric and chemical complementarity between the surfaces of

two proteins (Yan et al., 2008). This complementarity between Ten1 and ZmPP26 may

disappear due to the amino acid substitutions in Ten1133-327. Interestingly, in Western blot

analyses, epitope-tagged Ten1m proteins were detected at a slightly lower molecular weight

than epitope-tagged native Ten1 proteins (Fig. 20B; Fig. 22C). This could indicate that the

introduced amino acid substitutions cause an altered protein conformation which is reflected

by the migration behavior of Ten1m in SDS-PAGE. Indeed, the exchange even of single amino

acids was reported to influence the mobility of several proteins in denaturing SDS gel

electrophoresis (de Jong et al., 1978; Panayotatos et al., 1993; Rae and Elliott, 1986; Shi et al.,

2012). Alternatively, the altered mobility may be also explained by the estimated charge of

Ten1m under SDS-PAGE conditions, which slightly decreases due to introduced amino acid

substitutions (19.5 compared to 19.6 for the native Ten1 protein).

3.7.2.  Does the interaction with Ten1 influence phosphatase activity of

ZmPP26?

In the course of this study, the question was addressed whether and how the phosphatase

activity of ZmPP26 is influenced by the interaction with Ten1. Since epitope-tagged Ten1 was

most strongly detected after overexpression in U. maydis, overexpressed Ten1132-HA3 was

enriched via anti-HA magnetic beads from the cytoplasm of SG200. After the elution of

proteins from the beads via HA peptide, Ten1132-HA3 could be detected via anti-HA Western

blot (not shown). However, as the amount of Ten1132-HA3 protein in the eluate could not be

quantified, convincing in vitro phosphatase activity assays using both ZmPP26 and Ten1 could

not be performed. In addition, it has to be considered that an assay involving cytoplasmically

expressed Ten1 may not be conclusive as post-translational modifications could be essential

for the functionality of Ten1. Future approaches for the purification of Ten1 could hence
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include heterologous protein expression and secretion in Pichia pastoris. One possible effect

of the interaction with Ten1 could be an inhibition of ZmPP26 phosphatase activity. In this

case, the association with Ten1 might change the conformation of ZmPP26 or prevent the

binding of the substrate to the catalytically active site of ZmPP26. However, Ten1 may as well

stabilize ZmPP26 or prevent its inhibition by an upstream regulatory protein.

3.7.3.  To what extent is the interaction with ZmPP26 biologically relevant?

Ten1m132-HA3 did not allow complementation of the SG200Δ10A virulence defect, indicating

that the interaction of Ten1 and ZmPP26 may be biologically relevant for U. maydis. However,

it remains to be shown that the absence of complementation actually resulted from the non-

interaction of Ten1m and ZmPP26. Although Ten1m132-HA3 was detected via Western blot

analysis in infected leaf material, secretion by the fungus was not experimentally shown.

Moreover, the introduced amino acid substitutions in the interacting domain may negatively

influence the translocation of Ten1m132-HA3 to plant cells. In order to address these issues,

immuno-EM using leaves infected with SG200Δ10A-ten1m132-HA3 could be performed to test

for the secretion and translocation of Ten1m132-HA3 protein. Furthermore, it is possible that in

the U. maydis-maize pathosystem Ten1132-HA3 does not interact with ZmPP26 in the first

place: in infected leaf material the interaction with ZmPP26 could be shown by mass

spectrometry only after  IP of  HA3-Ten1, but not after IP of Ten1132-HA3. Analogously, the

non-interaction of Ten1m132-HA3 and ZmPP26 was not experimentally shown in infected

leaves. In future studies, it will be necessary to demonstrate via mass spectrometry that HA-

tagged Ten1m protein does not interact with ZmPP26 after IP from U. maydis-infected leaf

material. For this to work, it may be necessary to move the mutated interacting domain into

HA3-Ten1.

3.7.4.  What may be the biological function of the interaction during

biotrophic development of U. maydis?

In the following, a possible biological function of ZmPP26 will be discussed, based on what is

known from related PP2Cs from maize, wheat, and A. thaliana. Subsequently, a putative model

will be proposed which describes the effector function of Ten1.
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The only characterized member of maize group F2 PP2Cs is ZmPP76, the closest paralog of

ZmPP26 (Fig. 30). A. thaliana plants overexpressing ZmPP76 (in the publication designated

as ZmPP2C) show ABA insensitivity and a downregulation of ABA-dependent genes,

suggesting that ZmPP76 acts as a negative regulator of ABA signaling (Liu et al., 2009). The

ZmPP26 ortholog from wheat is TaPP2C1. This group F2 PP2C displays 89.2% amino acid

identity with ZmPP26 and was described by Hu et al. (2015). Tobacco plants overexpressing

TaPP2C1 show ABA insensitivity and a downregulation of ABA-dependent genes. TaPP2C1

is thus also proposed to be a negative regulator of ABA signaling. The interaction of Ten1 with

WIN2, the A. thaliana ortholog of ZmPP26, was demonstrated via yeast two-hybrid assays. In

A. thaliana, this group F PP2C was shown to be involved in the stress response upon infection

with the P. syringae strain PtoDC3000 (Lee et al., 2008). The overexpression of WIN2 in

A. thaliana results in an enhanced resistance to PtoDC3000, accompanied by a slightly

elevated free SA level in the plants. WIN2 is thus proposed to regulate pathogen-induced

defense responses of A. thaliana by affecting the accumulation of SA. However, Lee et al.

(2008) could not demonstrate how WIN2 is involved in SA signaling. It is widely accepted

that ABA and SA-dependent defense responses antagonize each other (Denancé et al., 2013;

Mauch-Mani and Mauch, 2005; Moeder et al., 2010; Robert-Seilaniantz et al., 2011; Ton et

al., 2009). Yasuda et al. (2008) showed that the SA-induced systemic acquired resistance

(SAR) of A. thaliana against P. syringae strain PtoDC3000 can be perturbed by the exogenous

application of ABA. Conversely, the activation of SAR suppresses the expression of ABA

biosynthesis and ABA-responsive genes. In light of these data, it is possible that WIN2 also

acts as a negative regulator of ABA in A. thaliana. Accordingly, WIN2 overexpression plants

would actually show a downregulation of ABA signaling upon P. syringae infection. The slight

accumulation of SA detected in these plants may thus be explained by antagonistic effects of

SA and ABA.

In A. thaliana, the mechanism of ABA signaling by group A PP2Cs is well-understood. In the

absence of ABA, these phosphatases repress hormonal signaling by dephosphorylation of

SNF1-related kinases 2 (SnRK2s). The autophosphorylation of SnRK2s is required for kinase

activity towards downstream targets. In the presence of ABA, a stable complex formed by

ABA  and  PYR/PYL/RCAR  receptor  proteins  binds  to  the  active  site  of  PP2Cs.  By  this,

repression of SnRK2s is relieved and downstream transcription factors are activated, resulting
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in the expression of ABA-responsive genes (Sheard and Zheng, 2009). Structural analyses

revealed a gate-latch-lock mechanism by which the ABA-bound PYL2 receptor binds the

group  A  PP2C  HAB1  (Melcher et al., 2009). This study further showed that a conserved

tryptophan of HAB1 (W385; Fig. 31) docks into a cavity of PYL2, thereby locking the receptor

for the inhibition of the PP2C active site. Later, the same tryptophan of HAB1 was shown to

insert into the kinase catalytic cleft of SnRK2.6. This finding suggests a mechanism that

directly couples the binding of ABA to SnRK2 kinase activation by a molecular mimicry of

the PYL2-HAB1 interaction (Soon et al., 2012; West et al., 2013). Recently, Han et al. (2017)

showed that residues adjacent to the key tryptophan residue are important for the binding of

group A PP2Cs to ABA receptors. Accordingly, a conserved VxGΦL motif is able to modulate

the binding affinity of PP2Cs to PYR/PYL/RCAR receptors, whereas “x” indicates any residue

and “Φ” indicates a hydrophobic residue.

To investigate whether ZmPP26, ZmPP76, TaPP2C1, and WIN2 may share the described

structural features with group A PP2Cs, a multiple amino acid sequence alignment with the

A. thaliana PP2Cs HAB1 (Rodriguez et al., 1998), ABI1 (Leung et al., 1994), and ABI2

(Leung, 1997) was performed. Furthermore, ZmPP28 was included in the analysis, which is a

group D PP2C distantly related to ZmPP26 (Fig. 30; Wei and Pan, 2014). In ZmPP26 and its

homologs, the alignment revealed the presence of two tryptophan residues, which may be

functionally conserved to mediate the binding of ABA receptors and SnRK2 kinases (Fig. 31).

Moreover, the conserved VxGΦL motif is present in all analyzed PP2Cs, except for ZmPP28

(Fig. 31). These results indicate, that PP2Cs from group F or F2 may be also involved in ABA

signaling.

Fig. 31: Multiple sequence alignment (Clustal W) of ZmPP26, ZmPP76, ZmPP28, TaPP2C1, WIN2, and
group A PP2Cs from A. thaliana. Red box indicates conserved tryptophan residues necessary for the binding of
ABA receptors and SnRK2 kinases. Orange boxes indicate possibly conserved key tryptophan residues. Green
box indicates VxGΦL motif modulating the binding affinity of PP2Cs to ABA receptors. Numbers indicate amino
acid positions of the full-length proteins.
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Assuming that ZmPP26 acts as a negative regulator of ABA signaling in maize, the protein 

may bind to and dephosphorylate SnRK2 kinases, which are located in the nucleus (Yoshida 

et al., 2014b; Fig. 32A). 

 

 

 
 

Fig. 32: Hypothetic model of the Ten1 effector function. (A) In the absence of Ten1, ZmPP26 binds to and 
dephosphorylates nuclear-localized SnRK2 kinases, resulting in a suppression of the downstream ABA signaling 
pathway. Due to antagonistic effects of SA and ABA, elevated cellular SA levels enhance SA-induced defense 
responses resulting in an adverse environment for SG200Δten1. (B) In SG200, secreted Ten1 is targeted to the 
plant nucleus where it binds ZmPP26. This results in a release of SnRK2 kinases from PP2C-dependent 
regulation. Following autophosphorylation of SnRK2, AREB/ABF transcription factors are activated, triggering 
the expression of ABA target genes. Due to antagonistic effects of SA and ABA, an enhanced accumulation of 
cellular ABA decreases SA-induced defense responses resulting in an advantageous environment for U. maydis. 
Green and orange structures depict the plant cell wall and the plant plasma membrane, respectively. 
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It is generally accepted that effective plant defense responses against biotrophic pathogens are

SA-dependent (Glazebrook, 2005). The induction of ZmPP26 four days after U. maydis

infection (Fig. 12), may thus result in a downregulation of ABA signaling and, due to

antagonistic effects, in an enhanced SA response (Fig. 32A). This time point of SA induction

would be in accordance with the detected upregulation of PR1 at 4 dpi, which is one of the

prime marker genes of maize SA signaling (Doehlemann et al., 2008). Moreover, RNAseq

analyses of FB1 and FB2 strains during biotrophic development revealed an induction of the

U. maydis gene shy1 also at 4 dpi (D. Lanver, personal communication). shy1 encodes for a

salicylate hydroxylase which is needed for the degradation of SA (Rabe et al., 2013).

Bruce et al. (2011) reported that maize seedling infections with the compatible wild type

U. maydis strains 518 and 521 result in an accumulation of ABA in infected leaves and stems

by the time of tumor appearance. Later, Morrison et al. (2015) could demonstrate that ABA

accumulates also in cobs infected with either SG200 or with mixtures of FB1 and FB2 strains.

These results suggest that the accumulation of ABA in the plant is linked to the pathogenic

development of U. maydis. Moreover, Morrison et al. (2015) speculate that elevated ABA

levels are needed to suppress host defenses, possibly by affecting the phytohormone crosstalk.

In a hypothetic model for Ten1 effector function (Fig. 32B), secreted Ten1 protein is targeted

to the nucleus of the maize cell where it binds to ZmPP26. This interaction results in a

derepression of SnRK2 kinases and by this in an activation of ABA target gene expression,

governed by AREB/ABF transcription factors (Yoshida et al., 2014b). An enhanced ABA

response may counteract plant SA signaling, resulting in a suppression of SA-mediated defense

responses.

3.7.5. Perspectives

The proposed model for the function of Ten1 suggests that U. maydis may manipulate plant

defense responses by exploiting antagonistic effects of SA and ABA signaling. Based on this

hypothesis, future experiments should address the question whether SnRK2 kinases indeed

serve as substrate for ZmPP26. In addition, structural comparative analyses of Ten1 and

PYR/PYL/RCAR receptor proteins may elucidate whether Ten1 acts as a competitive inhibitor

of PP2C activity by mimicking an ABA receptor. Furthermore, it has to be pointed out that the
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interaction  of  Ten1  and  ZmPP26  in  infected  maize  leaf  material  was  determined  using

SG200Δ10A-HA3-ten1, a strain which does not express the other nine putative effector

proteins of cluster 10A. It is possible that these proteins target additional host molecules, which

may be also involved in the regulation of the plant hormonal balance.
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4.  Materials and methods

4.1.    Materials and suppliers

4.1.1.  Chemicals

Unless otherwise specified, all chemicals used in this study were obtained from BD (Heidelberg), Merck

(Darmstadt), Roth (Karlsruhe), Sigma-Aldrich (Munich), Fluka (Buchs, Switzerland), Roche (Mannheim), and

Clontech/Takara (Saint-Germain-en-Laye, France).

4.1.2.  Enzymes and antibodies

All restriction enzymes and corresponding buffers were purchased from New England Biolabs (NEB,

Frankfurt/Main). The following DNA polymerases were used: Phusion High-Fidelity DNA Polymerase and Taq

DNA Polymerase (both from Thermo Scientific, Schwerte), KOD Xtreme Hot Start DNA Polymerase (Merck,

Darmstadt), MyTaq Red Mix (Bioline, Luckenwalde). Ligation of DNA was performed with T4 DNA ligase

(Thermo Scientific, Schwerte). Enzymatic degradation of RNA was carried out by RNase A (Serva, Heidelberg).

For the enzymatic degradation of fungal cell walls, Novozym 234 (Novo Nordisk, Copenhagen, Denmark) was

used. Antibodies were purchased from Sigma-Aldrich (Munich), Cell Signaling Technology (Danvers, USA),

Qiagen (Hilden), Merck (Darmstadt), Roche (Mannheim), and BioVision (Milpitas, USA). A detailed list of used

antibodies is given in Table 6. Dephosphorylation of DNA phosphomonoesters was carried out using Antarctic

Phosphatase (NEB, Frankfurt/Main). For the cleavage of GST fusion proteins PreScission Protease (GE

Healthcare, Munich) was used.

4.1.3.  Buffers and solutions

Standard buffers and solutions were prepared according to Ausubel et al. (2002) and Sambrook et al. (1989).

Special buffers and solutions are listed with the corresponding methods. When necessary, buffers, solutions and

media were autoclaved for 5 min at 121°C before usage. Heat sensitive buffers and solutions were filter sterilized

(pore size 0.2 µm; Whatman, Dassel or pore size 0.22 µm; Thermo Scientific, Schwerte).

4.1.4.  Commercial kits

For the purification of linearized plasmids, PCR products and DNA fragments from agarose gels, the Wizard SV

Gel and PCR Clean-Up System (Promega, Mannheim) was used. The isolation of plasmid DNA from bacteria

and yeast was carried out with the QIAprep Spin Miniprep Kit and the isolation of RNA from plant material was
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done with the RNeasy Plant Mini Kit (both kits from Qiagen, Hilden). For the assembly of multiple DNA

fragments the Gibson Assembly Cloning Kit (NEB, Frankfurt/Main) was used. The in vitro measurement of

protein phosphatase activity was carried out with the Serine/Threonine Phosphatase Assay System (Promega,

Mannheim). For synthesis of complementary DNA (cDNA) from RNA the SuperScript III First-Strand Synthesis

SuperMix (Thermo Scientific, Schwerte) was used. Removal of contaminating DNA from RNA preparations was

carried out by the TURBO DNA-free Kit (Thermo Scientific, Schwerte).

4.2.    Cell culture

4.2.1.  Cultivation of U. maydis

Liquid U. maydis cultures were grown at 28°C and 200 rpm mainly in YEPSlight medium in baffled flasks. For the

cultivation on solid medium, potato dextrose (PD) agar plates (supplemented with 4 µg/mL carboxin or 400

µg/mL hygromycin as selective antibiotics when it was necessary) were used and incubated at 28°C. To test for

filamentous growth on plate, cell suspensions were dropped on PD-charcoal agar and incubated at room

temperature for 24 h. Hyphal growth of the modified strain AB33 (Brachmann et al., 2001) in axenic culture was

induced in liquid nitrate minimal medium with glucose (NM-glc). The permanent preservation of strains was

realized by adding 50% NSY-glycerol to a densely grown overnight culture and by storing at -80°C.

YEPSlight (modified from Tsukuda et al., 1988) 1% (w/v) Yeast extract

1% (w/v) Peptone

1% (w/v) Sucrose

In ddH2O

PD agar 2.4% (w/v) Potato dextrose broth

2% (w/v) Bacto agar

In ddH2O

[PD-charcoal agar: 1% (w/v) charcoal (Sigma C-9157)]

NM-glc (modified from Banks et al., 1993) 0.3% (w/v) Potassium nitrate

6.25% (v/v) Salt solution (Holliday, 1974)

2% (v/v) Glucose

In ddH2O

NSY-glycerol 0.8% (w/v) Nutrient broth

0.1% (w/v) Yeast extract

0.5% (w/v) Sucrose

69.6% (v/v) Glycerol

In ddH2O
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4.2.2.  Cultivation of S. cerevisiae

Liquid S. cerevisiae cultures were grown at 28°C and 200 rpm in YEPD or SD medium. For the cultivation on

solid medium, YEPD and SD agar plates were incubated at 30°C. The permanent preservation of strains was

realized by adding 50% NSY-glycerol to a densely grown overnight culture and by storing at -80°C.

YEPD 1% (w/v) Yeast extract

2% (w/v) Peptone

In ddH2O

[Solid medium: 2% (w/v) bacto agar]

SD 0.67% (w/v) Yeast nitrogen base w/o amino acids

2% (v/v) Glucose

In ddH2O

[Solid medium: 2% (w/v) bacto agar]

SD medium for nutritional selection contained 0.16% Dropout Supplement -Ade/-His/-Leu/ -Trp and, where

needed, individually added amino acids. Stock solutions of adenine, histidine, leucine, and tryptophan were

prepared according to the Yeast Protocols Handbook PT3024-1, version no. PR742227 (Clontech/Takara, Saint-

Germain-en-Laye, France).

4.2.3.  Cultivation of E. coli and A. tumefaciens

E.coli cultures were grown at 200 rpm in liquid dYT medium or on dYT agar plates at 37°C. Where needed, the

following selective antibiotics were added: ampicillin (100 µg/mL), kanamycin (40 µg/mL), and chloramphenicol

(liquid medium 25 µg/mL, solid medium 170 µg/mL). A. tumefaciens cultures were grown at 200 rpm in liquid

dYT medium or on dYT agar plates at 28°C. Where needed, the following selective antibiotics were added:

kanamycin (50 µg/mL), rifampicin (100 µg/mL), and gentamicin (30 µg/mL). The permanent preservation of

strains was realized by adding 25% (v/v) glycerol and by storing at -80°C.

dYT (Sambrook et al., 1989) 1.6% (w/v) Tryptone

1% (w/v) Yeast extract

0.5% (w/v) Sodium chloride

In ddH2O

[Solid medium: 2% (w/v) bacto agar]
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4.2.4.  Cell density measurement

The cell density of liquid cultures was determined in an Ultrospec 3000 pro photometer (GE Healthcare, Munich)

at  600  nm (OD600). To assure a linear dependency of the measured ODs, cultures were always appropriately

diluted to values below 0.8. As blank the corresponding culture medium was used. For S. cerevisiae cultures an

OD600 of 0.1 roughly corresponds to 1 x 106 cells/mL (Gietz and Schiestl, 2007), which was also assumed for

U. maydis cultures.

4.3.    Strains, plasmids, and oligonucleotides

4.3.1. U. maydis strains

In this chapter all used U. maydis strains are listed, including those created in the course of this study (Table 5).

For the generation of deletion mutants the respective genes were replaced by hygromycin resistance gene cassettes

as described by Brachmann et al. (2004) and Kämper (2004). For the integration of genes into the ip locus (gene

sdh2) SspI-linearized plasmids carrying a carboxin resistance allele (ipr; Broomfield and Hargreaves, 1992) were

used. These plasmids were introduced into the genome via homologous recombination with the endogenous,

carboxin sensitive ip allele (ips). All strains were verified by Southern analysis and, where needed, by PCR. The

strains AB33-GFP-HA and AB33-ten1132-HA3 harbored a multiple copy insertion of the respective construct. All

other strains with an ip locus integration harbored a single copy insertion. Plasmids used for the generation of

strains are listed separately in chapter 4.3.5.

Table 5: U. maydis strains used in this study

Strain (running no.) Genotype Resistance(s)1 Reference

AB33 a2 Pnar-bW2 Pnar-bE1, ble P Brachmann et al.

(2001)

AB33-GFP-HA (SR256) a2 Pnar-bW2 Pnar-bE1, ble
ipr[Potef:egfp:HA:strep]ips

P, C S. Reissmann

FB1 a1 b1 - Banuett and

Herskowitz (1989)

FB2 a2 b2 - Banuett and

Herskowitz (1989)

SG200 a1mfa2 bW2bE1, ble P Kämper et al. (2006)

SG200AM1 a1mfa2 bW2bE1, ble, ipr[PUMAG_01779:(3xegfp)]ips P, C Mendoza-Mendoza

et al. (2009)

SG200Δ10A (#19) a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg

P, H Kämper et al. (2006)

SG200-SP-mCherry-HA

(ULL106)

a1mfa2 bW2bE1, ble,
ipr[PUMAG_05731:SPUMAG_05731:mCherry:Avitag:HA]ips

P, C L. Lo Presti
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(Table 5, continued)

AB33-ten1132-HA3

(PE197)

a2 Pnar-bW2 Pnar-bE1, ble
ipr[Potef:UMAG_03744132:(3xHA)]ips

P, C This study

FB1Δten1 (PE46) a1 b1, UMAG_03744::hyg H This study

FB2Δten1 (PE50) a2 b2, UMAG_03744::hyg H This study

SG200AM1Δten1

(PE52)

a1mfa2 bW2bE1, ble, ipr[PUMAG_01779:(3xegfp)]ips,
UMAG_03744::hyg

P, C This study

SG200Δ10A-

HA3-ten1 (PE145)

a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg,
ipr[PUMAG_03744:(3xHA):UMAG_03744]ips

P, H, C This study

SG200Δ10A-HA-

mCherry-ten1 (PE182)

a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg,
ipr[PUMAG_03744:HA:mCherry]ips

P, H, C This study

SG200Δ10A-

sr11226 (PE221)

a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg,
ipr[PUMAG_03744:sr11226]ips

P, H, C This study

SG200Δ10A-ten1

(PE95)

a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg,
ipr[PUMAG_03744:UMAG_03744]ips

P, H, C This study

SG200Δ10A-

ten1132-HA3 (PE159)

a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg,
ipr[PUMAG_03744:UMAG_03744132:(3xHA)]ips

P, H, C This study

SG200Δ10A-

ten1-HA (PE105)

a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg,
ipr[PUMAG_03744:UMAG_03744:HA]ips

P, H, C This study

SG200Δ10A-

ten1m132-HA3 (PE227)

a1mfa2 bW2bE1, ble,
UMAG_03744-UMAG_03753::hyg,

ipr[PUMAG_03744:UMAG_03744m132:(3xHA)]ips

P, H, C This study

SG200Δten1 (PE75) a1mfa2 bW2bE1, ble, UMAG_03744::hyg P, H This study

SG200Δten1-

ten1132-HA3 (PE234)

a1mfa2 bW2bE1, ble, UMAG_03744::hyg,

ipr[PUMAG_03744:UMAG_03744132: (3xHA)]ips

P, H, C This study

SG200-ten1(34-680)132-

HA3 (PE232)

a1mfa2 bW2bE1, ble,
ipr[Potef:UMAG_03744(34-680)132:(3xHA)]ips

P, C This study

1 Phleomycin (P), carboxin (C), hygromycin (H)

4.3.2. S. cerevisiae strains

For yeast two-hybrid analyses the strain AH109 was used [MATa, trp1-901, leu2-3, ura3-52, his3-200, gal4Δ,

gal80Δ, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ]. This

strain harbors the ADE2 and HIS3 markers and is auxotrophic for adenine, histidine, leucine, tryptophan, and

uracil (Clontech/Takara, Saint-Germain-en-Laye, France). All generated strains carry the name of the respective

plasmid they harbor (see chapter 4.3.5.) and are therefore not listed separately here.

4.3.3. E. coli strains

For all cloning purposes and for the generation of plasmids the E. coli K12 derivative TOP10 (Invitrogen,

Karlsruhe) was used [F-, mcrA, Δ(mrr-hsdRMS-mcrBC), Φ80lacZΔM15, ΔlacX74, deoR, recA1, araD139,
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Δ(ara-leu)7697, galU, galK, rpsL(StrR), endA1, nupG]. For the heterologous expression of both ZmPP26 and

ZmPP26DGH65-67KLN the strain BL21(DE3)pLysS (Merck, Darmstadt) was used [F–, ompT, hsdSB(rB
–, mB

-), gal,

dcm, λ(DE3), pLysS(CamR)].

4.3.4. A. tumefaciens strains

For the transient expression of proteins in N. benthamiana, the strain GV3101 (Koncz and Schell, 1986) was used

[C58, (rifR), Ti pMP90, (pTiC58DT-DNA), (gentR/strepR), Nopaline]. This strain is resistant to rifampicin and

gentamicin and harbors the disarmed Ti plasmid pMP90 that contains the vir genes but not a functional T-DNA

region. All generated strains carry the name of the respective plasmid they harbor (see chapter 4.3.5.) and are

therefore not listed separately here.

4.3.5.  Plasmids and oligonucleotides

In this chapter all used plasmids as well as the oligonucleotides necessary for their construction are listed. All

plasmids were checked by restriction analyses and, where needed, by sequencing (carried out by Eurofins

Genomics, Ebersberg). Unless otherwise denoted, all plasmids were generated in the course of this study. The

running number of plasmids is given in parentheses. The plasmids pGBKT7, pEZRK, and all their derivatives

conferred kanamycin resistance, all residual plasmids ampicillin resistance.

All oligonucleotides used in this study were purchased from and synthesized by Eurofins Genomics (Ebersberg).

In the following, oligonucleotide sequences are always given from 5’  to 3’ . Restriction enzyme recognition sites

are underlined; sequences serving as Gibson Assembly overhangs to other fragments are written in lowercase.

Primers either hybridize with the sense strand (reverse, marked with [R]) or with the antisense strand (forward,

marked with [F]) of the respective DNA template.

Plasmid for cloning of PCR products

pJET-Stuffer (K. O. Schink and M. Bölker, personal communication)

This plasmid is a derivative of pJET1.2 (Thermo Scientific, Schwerte) and was used as a linearized backbone for cloning of

blunt-end DNA fragments. Re-circularized pJET1.2 normally expresses a lethal restriction enzyme (Eco47IR) after

transformation of E. coli. This derivative harbors a 0.6 kb fragment in the ORF of eco47IR and can be thus amplified in E. coli.

Prior to cloning of DNA, the 0.6 kb fragment can be cut out via EcoRV.
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Plasmids for the generation of stable U. maydis mutants

p123 (Aichinger et al., 2003)

Harbors gfp under the control of the constitutive otef promoter (Spellig et al., 1996) and the nos terminator. It can be linearized

via SspI and inserted into the ip locus of U. maydis. This plasmid was used as starting plasmid for the cloning of all

complementation constructs.

p123-Potef-mCherry-HA (pLL49 from L. Lo Presti, personal communication)

Harbors mCherry with a C-terminal HA-tag under the control of the otef promoter and the nos terminator. This plasmid was

used both as template for the amplification of mCherry and as backbone for mCherry constructs (plasmid pLL49 from L. Lo

Presti).

p123-Potef-ten1132-HA3 (p84)

The otef promoter sequence and the first 96 nucleotides of the coding sequence of ten1 were amplified from p123-Potef-ten1-

HA-JW by s6/s182. The resulting 1.1 kb fragment contained an overhang to NdeI/PvuII-cut p123-Pten1-ten1 at its 5’  end. The

coding sequence for ten1132-HA3 was amplified from p123-Pten1-ten1132-HA3 by s181/s253. The resulting 0.5 kb fragment

contained overhangs to NdeI/PvuII-cut p123-Pten1-ten1 at its 3’  end as well as to the PCR product [s6/s182] at the 5’  end.

The two fragments were combined with NdeI/PvuII-cut p123-Pten1-ten1 by Gibson Assembly. This plasmid was used for

overexpression of ten1 in axenic culture for secretion analyses.

s6 [R] caacaaacaacaagagtagcag

s182 [F] cagattgtactgagagtgcacc

s181 [R] acggtagaccgcttctgcag

s253 [F] accttttctgctactcttgttgtttg

p123-Potef-ten1(34-680)132-HA3 (p111)

The coding sequence of ten1 without the predicted secretion signal sequence was amplified from p123-Potef-ten1132-HA3 by

s42/s302. The resulting 1 kb fragment contained overhangs to BstBI/NcoI-cut p123-Potef-ten1132-HA3. The two fragments

were combined by Gibson Assembly. This plasmid was used for overexpression of ten1 in axenic culture for an enrichment

of the protein for the phosphatase activity assay.

s42 [R] ATCTTCCACTGCTGATCGGC

s302 [F] cccccgggctgcaggaattcgatccATGGCTGAAGGCGAAGCAGATTCC

p123-Potef-ten1-HA-JW (no. 221 from J. Wu, personal communication)

Harbors ten1 with a C-terminal HA-tag sequence under the control of the constitutive otef promoter and the nos terminator.

This plasmid was used as template for the amplification of the coding sequence of ten1 together with the otef promoter

sequence (plasmid no. 227 from J. Wu).

p123-Pten1-HA-mCherry-ten1 (p80)

The promoter sequence of ten1 and the first 99 nucleotides of its coding sequence (predicted signal peptide sequence) were

amplified from p123-Pten1-ten1 by s183/s182. The resulting 1.1 kb fragment contained overhangs to NdeI/PvuII-cut p123-

Pten1-ten1 as well as to the 5’  end of a HA3 fragment. A 0.3 kb fragment of the coding sequence of ten1 was amplified from

p123-Pten1-ten1 by s181/s180, containing an overhang to NdeI/PvuII-cut p123-Pten1-ten1. The coding sequence of mCherry
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was amplified from pEZRK-mCherry-ZmPP26 by s240/s239. The resulting 0.7 kb fragment contained an HA-tag at the 5’

end and a (G)4-S linker at the 3’  end as well as overhangs to the PCR products [s183/s182] and [s181/s180], respectively. The

three fragments were combined with NdeI/PvuII-cut p123-Pten1-ten1 by Gibson Assembly. Following SspI linearization, this

complementation construct was inserted into the ip locus of U. maydis. This plasmid was used for complementation of Δ10A

and in planta localization studies of Ten1.

s183 [R] ggggtaGCAAAAAACAGACGAGCTGGC

s182 [F] cagattgtactgagagtgcacc

s181 [R] acggtagaccgcttctgcag

s180 [F] GCTGAAGGCGAAGCAGATTCC

s240 [R] gaatctgcttcgccttcagcGGATCCTCCGCCACCTCTAG

s239 [F] ccagctcgtctgttttttgcTACCCCTACGATGTTCCAGATTACGCTGGAGCGGTGAGCAAGGGCGAGGAG

p123-Pten1-HA3-ten1 (p55)

The promoter sequence of ten1 and the first 99 nucleotides of its coding sequence (predicted signal peptide sequence) were

amplified from p123-Pten1-ten1 by s183/s182. The resulting 1.1 kb fragment contained overhangs to NdeI/PvuII-cut p123-

Pten1-ten1 as well as to the 5’  end of a HA3 fragment. A 0.3 kb fragment of the coding sequence of ten1 was amplified from

p123-Pten1-ten1 by s181/s180, containing an overhang to NdeI/PvuII-cut p123-Pten1-ten1. The HA3 fragment was

synthesized as an Ultramer Oligonucleotide (IDT, Coralville, USA) and contained 3 successive HA-tag sequences each

separated by a single glycine as linker, a (G)4-S linker at the very 3’  end, and overhangs to the PCR products [s183/s182] and

[s181/s180], respectively. The three fragments were combined with NdeI/PvuII-cut p123-Pten1-ten1 by Gibson Assembly.

This plasmid was used for complementation of SG200Δ10A.

s183 [R] ggggtaGCAAAAAACAGACGAGCTGGC

s182 [F] cagattgtactgagagtgcacc

s181 [R] acggtagaccgcttctgcag

s180 [F] GCTGAAGGCGAAGCAGATTCC

HA3 cgtctgttttttgcTACCCCTACGATGTTCCAGATTACGCTGGCTATCCCTATGACGTCCCGGACTATGCAGGAT

ATCCATATGACGTTCCAGATTACGCTGGTGGCGGAGGATCCgctgaaggcgaagcagattc

p123-Pten1-mCherry-HA (p8)

The promoter sequence (0.9 kb of the 5’  UTR) of ten1 was amplified from p123-Pten1-ten1-JW by s10/s8 and cloned into

p123-Potef-mCherry-HA via KpnI and XmaI. This plasmid was used for localization of mCherry in planta to analyze ten1

promoter activity after infection.

s10 [R] CGCCCCGGGGTCGTGTCTTTTAGTACAAC

s8 [F] CGGGGTACCTCATGCAAGGCCGGTACTTG

p123-Pten1-sr11226 (p37)

The  0.3  kb nos terminator sequence was amplified from p123-Potef-mCherry-HA by s84/s104, creating overhangs to

XbaI/EcoRV-cut p123-Pten1-sr11226-HA. The two fragments were combined by Gibson Assembly. This plasmid was used

for complementation of SG200Δ10A.

s84 [R] gggagaccggcagatctgatCTCATGTTTGACAGCTTATCATCGG

s104 [F] gcaccgtcgtcatcgtctgtGACCGGCTGCAGATCGTTCAAAC
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p123-Pten1-sr11226-HA (p28)

The coding sequence of sr11226 was amplified from S. reilianum f. sp. zeae genomic DNA by s13/s12 and cloned into p123-

Pten1-mCherry-HA via NheI and XbaI. This plasmid was used for complementation of SG200Δ10A.

s13 [R] ACGTCTAGACAGACGATGACGACGGTG

s12 [F] CTAGCTAGCATGAATCCGTTTCGCGCT

p123-Pten1-ten1 (p34)

The promoter sequence and the ORF of ten1 were amplified from p123-Pten1-ten1-mCherry-HA by s89/s81, resulting in a 3

kb fragment with overhangs to EcoRV/PvuII-cut p123 as well as to the 5’  end of the nos terminator sequence. The 0.3 kb nos

terminator sequence was amplified from p123-Potef-mCherry-HA by s84/s90, creating overhangs to the 3’  end of ten1 as well

as to EcoRV/PvuII-cut p123. The two fragments were combined with EcoRV/PvuII-cut p123-Potef-mchery-HA by Gibson

Assembly. This plasmid was used for complementation of SG200Δ10A.

s89 [R] tttgaacgatctgcagccggTCAACGACGACGACGACGACG

s81 [F] acactatagaactcgagcagTCATGCAAGGCCGGTAC

s84 [R] gggagaccggcagatctgatCTCATGTTTGACAGCTTATCATCGG

s90 [F] gtcgtcgtcgtcgtcgtTGACCGGCTGCAGATCGTTCAAAC

p123-Pten1-ten1132-HA3 (p65)

The promoter sequence of ten1 and the first 396 nucleotides of its coding sequence were amplified from p123-Pten1-ten1 by

s190/s182. The resulting 1.5 kb fragment contained overhangs to NdeI/PvuII-cut p123-Pten1-ten1 as well as to the 5’  end of

a HA3 fragment. The latter was amplified from p123-Pten1-HA3-ten1 by s192/s191 and contained overhangs to NdeI/PvuII-

cut p123-Pten1-ten1 as well as to the PCR product [s190/s182]. The two fragments were combined with NdeI/PvuII-cut p123-

Pten1-ten1 by Gibson Assembly. This plasmid was used for complementation of SG200Δ10A.

s190 [R] ggggtaGCCACTCGGCGAAGGC

s182 [F] cagattgtactgagagtgcacc

s192 [R] gcttctgcagctgctatttcgtcgctgctcgagctatgaccactAGCGTAATCTGGAACGTCATATGG

s191 [F] ccttcgccgagtggcTACCCCTACGATGTTCCAGATTACG

p123-Pten1-ten1-HA (p38)

The promoter sequence of ten1 and its ORF were amplified from p123-Pten1-ten1-mCherry-HA by s105/s81. The resulting 3

kb fragment contained an HA-tag at its 3’  end and overhangs to EcoRV/PvuII-cut p123-Potef-mCherry-HA as well as to the

5’  end of the nos terminator sequence. The 0.3 kb nos terminator sequence was amplified from p123-Potef-mCherry-HA by

s84/s106, creating overhangs to the 3’  end of ten1 (including HA-tag) as well as to EcoRV/PvuII-cut p123-Potef-mCherry-

HA. The two fragments were combined with EcoRV/PvuII-cut p123-Potef-mCherry-HA by Gibson Assembly. This plasmid

was used for complementation of SG200Δ10A.

s105 [R] ggcatagtccgggacatcatacgggtaACGACGACGACGACGACG

s81 [F] acactatagaactcgagcagTCATGCAAGGCCGGTAC

s84 [R] gggagaccggcagatctgatCTCATGTTTGACAGCTTATCATCGG

s106 [F] atgatgtcccggactatgccTGAccggctgcagatcgttcaaac
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p123-Pten1-ten1-JW (no. 165 from J. Wu, personal communication)

Harbors ten1 under the control of the native promoter and the nos terminator.  This  plasmid was used as  template  for  the

amplification of the coding sequence of ten1 together with its native promoter sequence (plasmid no. 165 from J. Wu).

p123-Pten1-ten1m132-HA3 (p110)

The coding sequence that included the mutated part of Ten1 (residues 133-327 harboring 14 amino acid substitutions) was

amplified from plasmid pGBKT7-ten1#67 by s42/s301 and cloned into p123-Pten1-ten1132-HA3 via BstBI and PvuII.

pGBKT7-ten1#67 was previously generated by random mutagenesis via error-prone PCR. This plasmid was used for

complementation of SG200Δ10A.

s42 [R] ATCTTCCACTGCTGATCGGC

s301 [F] TCGAGCAGCGACGAAATAGCA

p123-Pten1-ten1-mCherry-HA (p9)

The promoter sequence and the ORF of ten1 were amplified from p123-Pten1-ten1-JW by s11/s8 and cloned into p123-Potef-

mCherry-HA via KpnI and XmaI. This plasmid was used for complementation of Δ10A and in planta localization studies of

Ten1.

s11 [R] TTCCCGGGACGACGACGACGACGACG

s8 [F] CGGGGTACCTCATGCAAGGCCGGTACTTG

pJETΔten1-hyg (p27)

One kb of the 3’  flanking sequence of ten1 was amplified from U. maydis genomic DNA by the primers s58 and s57, resulting

in a fragment suitable for Gibson Assembly with overhangs of complementary nucleotides to EcoRV-cut pJET-Stuffer as well

as to the 5’  end of the hygromycin resistance cassette. This 2.7 kb cassette was cut out from pMF1-h by SfiI. One kb of the 5’

flanking sequence of ten1 was amplified by s60/s59, containing overhangs to the 3’  end of the hygromycin resistance cassette

as well as to EcoRV-cut pJET-Stuffer. The three fragments were combined with EcoRV-cut pJET-Stuffer by Gibson

Assembly. The deletion construct was cut out via SspI from the pJET-Stuffer backbone and used for U. maydis transformation.

s58 [R] ttgtcacgccatggtggccaTCTAGGCCGTCGTGTCTTTTAGTACAACCG

s57 [F] ctcgagtttttcagcaagatAATATTTCATGCAAGGCCGGTAC

s60 [R] aggagatcttctagaaagatAATATTTGCCACTACTACCACAGCC

s59 [F] gccgcattaataggcctgagTGGCCGACTGCTTGTATTAGAAACGCTG

pJET-Pten1-ten1132-Avitag-HA-hyg (pLL265 from L. Lo Presti, personal communication)

Harbors ten1 with an Avitag-HA-tag after residue 132 of Ten1 under the control of the ten1 promoter and the nos terminator.

pMF1-h (Brachmann et al., 2004)

Harbors a 2.7 kb hygromycin resistance cassette flanked by SfiI restriction sites. The hph gene is expressed under the control

of the hsp70 promoter and the nos terminator. This plasmid was used as template for the amplification of the hygromycin

resistance cassette for gene deletion constructs.
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Plasmids for yeast two-hybrid analyses

pGBKT7 (Clontech/Takara, Saint-Germain-en-Laye, France)

This plasmid allows the constitutive expression of proteins fused to the GAL4 DNA binding domain (BD) via the ADH1

promoter in yeast. Transcription is terminated by the T7 and ADH1 terminator sequences. Moreover, pGBKT7 contains a

multiple cloning site, the T7 promoter and a c-Myc epitope tag. In E. coli and S. cerevisiae the plasmid replicates autonomously

from the pUC and 2µ ori, respectively. It carries a kanamycin resistance gene for selection in E. coli as  well  as  a TRP1

nutritional marker for selection in yeast. This plasmid was used as starting plasmid for the cloning of all bait constructs for

yeast two-hybrid analyses.

pGBKT7-sr1122637-1138 (p36)

The coding sequence of sr11226 without the predicted secretion signal sequence (first 108 nucleotides) was amplified from

p123-Pten1-sr11226-HA by s88/s87. The resulting 3.4 kb fragment contained overhangs to SmaI-cut pGBKT7. Both

fragments were combined by Gibson Assembly.

s88 [R] ctgcaggtcgacggatccccTCACAGACGATGACGACGGTG

s87 [F] gccatggaggccgaattcccTATGCTGGAACCTGTCTCGCGGAT

pGBKT7-ten134-680 (p7)

The coding sequence of ten1 without the predicted secretion signal sequence was amplified from U. maydis genomic DNA by

s2/s5 and cloned into pGBKT7 via NotI and NdeI.

s2 [R] ATAAGAATGCGGCCGCTCAACGACGACGACGACGACGCAT

s5 [F] GGAATTCCATATGGCTGAAGGCGAAGCAGATTC

pGBKT7 plasmids for the expression of truncated Ten1 proteins

Truncated sequences of ten1 were amplified from p123-Pten1-ten1 with the primers listed below. All PCR products contained

overhangs to SmaI-cut pGBKT7 with which they were combined by Gibson Assembly.

ten1133-680 (1,667 bp) (p60) s194 [R] ctgcaggtcgacggatccccTCAACGACGACGACGACGAC

s193 [F] gccatggaggccgaattcccTAGTGGTCATAGCTCGAGCAGC

ten1328-680 (1,082 bp) (p61) s194 [R] ctgcaggtcgacggatccccTCAACGACGACGACGACGAC

X s195 [F] gccatggaggccgaattcccTCCGTTGCCGCCGCG

ten1133-327 (585 bp) (p67) s200 [R] ctgcaggtcgacggatccccTCACTCCGTAGGATCCAGATCAGCC

X s193 [F] gccatggaggccgaattcccTAGTGGTCATAGCTCGAGCAGC

ten1133-170 (158 bp) (p72) s219 [R] ctgcaggtcgacggatccccTCACGCAGGAGATTTGACATCATCCATG

X s193 [F] gccatggaggccgaattcccTAGTGGTCATAGCTCGAGCAGC

ten1133-256 (375 bp) (p86) s254 [R] ctgcaggtcgacggatccccTCAAGCGGCCGGGTCCG

X s193 [F] gccatggaggccgaattcccTAGTGGTCATAGCTCGAGCAGC

ten1171-256 (261 bp) (p88) s254 [R] ctgcaggtcgacggatccccTCAAGCGGCCGGGTCCG

X s220 [F] gccatggaggccgaattcccTCTTTCAACATTTGAAGTCGGCGAG

ten1257-327 (216 bp) (p87) s200 [R] ctgcaggtcgacggatccccTCACTCCGTAGGATCCAGATCAGCC

X s255 [F] gccatggaggccgaattcccTCCTGGTGGCTATCGAGTGTATC

ten1279-327 (180 bp) (p74) s200 [R] ctgcaggtcgacggatccccTCACTCCGTAGGATCCAGATCAGCC

s222 [F] gccatggaggccgaattcccTCCATACAACCAACGATTTCTCTATCG
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pGBKT7-ten1m34-680 (p107)

The coding sequence that included the mutated part of Ten1 (residues 133-327 harboring 14 amino acid substitutions) was

excised from plasmid pGBKT7-ten1#67 and cloned into pGBKT7 via BamHI and PspXI. pGBKT7-ten1#67 was previously

generated by random mutagenesis via error-prone PCR.

pGADT7 (Clontech/Takara, Saint-Germain-en-Laye, France)

This plasmid allows the constitutive expression of proteins fused to the GAL4 activation domain (AD) via the ADH1 promoter

and its terminator sequence in yeast. The GAL4 AD fusion contains an N-terminal SV40 nuclear localization signal and an

HA-tag located between the AD and the protein of interest. In E. coli and S. cerevisiae the plasmid replicates autonomously

from the pUC and 2µ ori, respectively. It carries an ampicillin resistance gene for selection in E. coli as well as a LEU2

nutritional marker for selection in yeast. This plasmid was used as starting plasmid for the cloning of all prey constructs for

yeast two-hybrid analyses.

pGADT7-PVA12 (p23)

The coding sequence of PVA12 was amplified from pAD-GAL4-2.1-PVA12 by s52/51 and cloned into pGADT7 via XmaI

and NdeI. Plasmid pAD-GAL4-2.1-PVA12 was isolated from yeast cells that showed protein interaction of Ten1 and PVA12

in yeast two-hybrid analysis.

s52 [R] TTCCCGGGTCATCTCTTCATGAGGAA

s51 [F] GGAATTCCATATGAGCACCGAGTCAGGA

pGADT7-VAP27-2 (p24)

The coding sequence of VAP27-2 was amplified from pAD-GAL4-2.1-VAP27-2 by s54/53 and cloned into pGADT7 via

XmaI and NdeI. Plasmid pAD-GAL4-2.1-VAP27-2 was isolated from yeast cells that showed protein interaction of Ten1 and

VAP27-2 in yeast two-hybrid analysis.

s54 [R] TTCCCGGGTCATAGGTGTAGAAGGTA

s53 [F] GGAATTCCATATGGGCAGCGAGGACATG

pGADT7-WIN2 (p43)

The coding sequence of WIN2 was amplified from A. thaliana cDNA by s110/109. The resulting 936 bp fragment contained

overhangs to SmaI-cut pGADT7. Both fragments were combined by Gibson Assembly.

s110 [R] tcccgtatcgatgcccacccCTAGGTTGATGAGTCACCGGAG

s109 [F] gaggccagtgaattccacccTATGGGATATCTGAATTCTGTTTTGTCATC

pGADT7-ZmPP26 (p25)

The coding sequence of ZmPP26 was amplified from pAD-GAL4-2.1-ZmPP26 by s56/55 and cloned into pGADT7 via XmaI

and ClaI. Plasmid pAD-GAL4-2.1-ZmPP26 (p19) was isolated from yeast cells that showed protein interaction of Ten1 and

ZmPP26 in yeast two-hybrid analysis.

 s56 [R] TAGTATCGATTTAAGCGTATCCGCTGCT

 s55 [F] TCCCGGGTATGGGGTACTTGAGCT
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pGADT7-ZmPP76 (p44)

The coding sequence of ZmPP76 was amplified from maize cDNA by s132/131. The resulting 873 bp fragment contained

overhangs to SmaI-cut pGADT7. Both fragments were combined by Gibson Assembly.

s132 [R] tcccgtatcgatgcccacccCTAGGAGTGTTGGTCGTTGGTG

s131 [F] gaggccagtgaattccacccTATGGGGCTCGCCGGG

pGADT7-ZmPP84 (p45)

The coding sequence of ZmPP84 was amplified from maize cDNA by s134/133. The resulting 768 bp fragment contained

overhangs to SmaI-cut pGADT7. Both fragments were combined by Gibson Assembly.

s134 [R] TcccgtatcgatgcccacccTTAGGAGTTTTGGTCATTGGTGG

s133 [F] gaggccagtgaattccacccTATGGAGGACTTCTATGAGGCAAG

Plasmids for gene expression in N. benthamiana

pEZRK-LCY (D. Lanver, pers. communication; courtesy of D. Ehrhardt, Stanford, USA)

This binary vector allows the A. tumefaciens-mediated constitutive expression of proteins under the control of the cauliflower

mosaic virus (CaMV) 35S promoter and the octopine synthase (ocs) terminator. Moreover it contains a multiple cloning site,

the pBR322 origin of replication, and a kanamycin resistance gene for cloning in E. coli. This plasmid was used as starting

plasmid for the cloning of all transient protein expression constructs.

pEZRK-HA3-ten134-680 (p77)

The coding sequence of ten1 without the predicted secretion signal sequence but with a HA3 tag at the 5’  end was amplified

from p123-Pten1-HA3-ten1 by s233/s232 and cloned into pEZRK-LCY via KpnI and XmaI.

s233 [R] TCCCGGGTCAACGACGACGACGACG

s232 [F] TTGGTACCATGTACCCCTACGATGTTCCAGATTACG

pEZRK-ZmPP26-His6 (p79)

The coding sequence of ZmPP26 was amplified from pGADT7-ZmPP26 by s234/s70 and cloned into pEZRK-LCY via KpnI

and XmaI.

s234 [R] TCCCGGGTTAATGGTGATGGTGATGGTGACCTCCGCCAGCGTATCCGCTGCTACCTTG

s70 [F] TTGGTACCATGGGGTACTTGAGCTCCGTG

Plasmids for gene expression in E. coli

pRSET-GST-PP (A. Müller, personal communication; Schreiner et al., 2008)

This derivative of pRSET (Thermo Scientific, Schwerte) harbors a glutathione S-transferase (GST) tag with a downstream

PreScission Protease cleavage site.
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pRSET-GST-PP-ZmPP26 (p53)

The coding sequence of ZmPP26 was amplified from pGADT7-ZmPP26 by s169/s168. The resulting 0.9 kb fragment

contained overhangs to PvuII-cut pRSET-GST-PP. Both fragments were combined by Gibson Assembly.

s169 [R] ttcgaattccatggtaccagTTAAGCGTATCCGCTGCTACC

s168 [F] tccgagctcgagatctgcagTATGGGGTACTTGAGCTCCGTG

pRSET-GST-PP-ZmPP26DGH65-67KLN (p76)

The coding sequence of mutated ZmPP26 was amplified from pGADT7-ZmPP26DGH65-67KLN by s229/s228. The resulting 0.7

kb fragment contained overhangs to NcoI-cut pRSET-GST-PP-ZmPP26. Both fragments were combined by Gibson Assembly.

s229 [R] atcaagcttcgaattccatgTTAAGCGTATCCGCTGCTACCTT

s228 [F] cctggtaaaagggcatccatgg

Oligonucleotides used for sequencing

In the following, all additional sequencing primers are listed which were not already mentioned above.

s4 TTTCTCTATCGACTCAAGGATCTG s92  TTAGCACCACCATGACCATC

s7 AAAGCCGTAACGTCAACTTC s94  AATTAGCTTGGCTGCAAGCG

s26 CGCGTTTGGAATCACTAC s188  ACTTGCTGTTTCGCGTGCTT

s33 GCAGGGCTAGATGAGCAGAC s189  CCACATCCCACAGCCCATCA

s34 CGCTGTCTTCTGTTCCCATT s292  CACTCCGTCTTTGCTTTGTTGGT

s40 TGAGACAGGCAATGAGGCTG Gal4 AD (Eurofins)  TACCACTACAATGGATG

s41 ACGTGAACCTGACCCAGTTC Gal4 BD (Eurofins)  TCATCGGAAGAGAGTAG

s48 CTATAGATCAGAGGTTACATGG M13 rev -29 (Eurofins)  CAGGAAACAGCTATGACC

s61 AGGAGATCTTCTAGAAAGATAA

TATTTGCCACTACTACCACAGCC

pESC_MCS1u (Eurofins)

T7 (Eurofins)

 TGACCAAACCTCTGGCGAAG

TAATACGACTCACTATAGGG

s63 GGAAGGCAACCCAGCATCAC T7 term (Eurofins)  CTAGTTATTGCTCAGCGGT

s64 TGTAGCACACGACTCACATC

s91 TGCTATTTCGTCGCTGCTCG

Oligonucleotides used for qPCR

For the amplification of ten1 s42 [R] ATCTTCCACTGCTGATCGGC

X s37 [F] TCGGATGGAGATGGAAGGGT

For the amplification of ppi s45 [R] ACATCGTCAAGGCTATCG

X s44 [F] AAAGAACACCGGACTTGG



Materials and methods 77

4.4.  Methods of microbiology

4.4.1.  Transformation of U. maydis

U. maydis was transformed according to a protocol modified from (Schulz et al., 1990) and (Gillissen et al.,

1992). A 50 mL YEPS light culture was grown to an OD600 of 1.0. The cells were harvested in a 50 mL Falcon tube

(3,500 rpm, 5 min, room temperature) and washed in 25 mL SCS solution. For protoplastation, the cells were

resuspended in 2 mL Novozym solution (2.5 mg/mL Novozym 234 in SCS, filter sterilized). Protoplastation was

checked microscopically after 4 to 5 min and 20 mL SCS was carefully added as soon as about 50% of the cells

showed protoplastation. The protoplasts were pelleted (2,300 rpm, 10 min, 4°C) and washed by slowly pipetting

as follows: 1X with 20 mL SCS, 1X with 10 mL SCS, 1X with 20 mL STC solution. Eventually the protoplasts

were resuspended in 0.5 mL ice cold STC, aliquoted in 70 µL per tube and stored at -80°C.

SCS solution 1 M Sorbitol

20 mM Sodium acetate

In ddH2O, final pH adjusted to 5.9

STC solution 1 M Sorbitol

100 mM Calcium chloride (CaCl2 . 2H2O)

10 mM Tris-HCl with pH 7.5

In ddH2O

Prior to transformation of protoplasts, double agar plates were prepared: 12 mL bottom regeneration agar light

(Reg-Agarlight) containing 2-fold concentrated antibiotic (carboxin or hygromycin) were overlaid with 12 mL top

Reg-Agarlight without antibiotic. One aliquot of protoplasts was incubated with linearized DNA (up to 5 µg) and

1 µL of a heparin solution (10 mg/mL) for 15 min on ice. After adding 0.5 mL ice cold STC/PEG solution, the

protoplasts were incubated again for 15 min on ice and subsequently spread on the double agar plate. After

incubation for 3 to 5 days at 28°C, colonies were picked with pipette tips and single-colony purified on PD plates

containing antibiotic. Putative transformants were verified by Southern analysis.

STC/PEG solution 40% PEG4000

In STC solution

Reg-Agarlight 1 M Sorbitol

1% (w/v) Yeast extract

0.4% (w/v) Bacto peptone

0.4% (w/v) Sucrose

1.5% (w/v) Bacto agar

In ddH2O
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4.4.2.  U. maydis infection of maize

To assess virulence of U. maydis strains, cultures were grown overnight in YEPSlight to an OD600 of about 0.8 to

1.0. The cells were harvested in 50 mL Falcon tubes (3,500 rpm, 5 min, room temperature), resuspended in ddH2O

and adjusted to an OD600 of 1.0. Seven-days-old maize seedlings were syringe-inoculated with each at least 1 mL

of U. maydis cell suspension at about 1 cm above the stem base, providing that the tip of the needle was directed

towards the center of the leaf whirl. Compatible strains were mixed at a 1:1 ratio prior to inoculation of 10-days-

old seedlings in this case. Four plants per pot were grown in a greenhouse with a daylight temperature of 28°C

and a night temperature of 20°C. Light intensity during the daylight phase was at least 28,000 lux (up to 90,000

lux in bright sunshine). Relative humidity was maintained constant between 40% and 60%. For all plant infections

done in this study the maize variety Early Golden Bantam (UrbanFarmers, New York City, USA) was used.

The symptoms of U. maydis infection were checked 12 days post-inoculation (dpi) and classified into disease

categories as described by Kämper et al. (2006). Per strain to be tested at least 2 independent infections with each

25 to 40 plants were done. The overall disease ratings were expressed in relation to the total number of infected

plants.

4.4.3.  In vitro induction of U. maydis filaments and appressoria

For the induction of b-filaments in vitro, AB33 strains were grown in YEPSlight to an OD600 of 1.0. The cells were

harvested in 50 mL Falcon tubes (3,500 rpm, 5 min, room temperature) and washed twice with ddH 2O. Eventually

the cells were resuspended in NM-glc medium, transferred to flasks and incubated at 28°C. Filamentous growth

was usually observed after approx. 6 to 8 h of incubation.

In vitro appressoria formation was induced according to a protocol modified from (Mendoza-Mendoza et al.,

2009). SG200AM strains were grown in YEPSlight to  an  OD600 of 0.8. Cells were harvested in 2 mL

microcentrifuge tubes (3,500 rpm, 5 min, room temperature) and resuspended in 2% YEPSlight (in ddH2O) to yield

an OD600 of 0.1. To the cell suspension 100 µM 16-hydroxyhexadecanoic acid was added (HFA, Sigma-Aldrich,

Munich). A 10 mM stock solution of HFA was prepared with 100% ethanol. Via a micro sprayer (ECOSPRAY,

BLUESTAR FORENSIC,  Monaco,  France)  the  cell  suspension  was  sprayed  on  Parafilm M (Bemis,  Neenah,

USA) which was attached to a microscope slide. The latter was transferred to a petri dish containing moist tissue

paper and eventually the petri dish was sealed with Parafilm M and incubated at 28°C for 16 h. In preparation for

the microscopic analysis sporidia not attached to the artificial hydrophobic surface were washed off with water.
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4.4.4.  Transformation of S. cerevisiae

Competent yeast cells were prepared and transformed according to a protocol modified from (Knop et al., 1999).

Cells were grown in 50 mL YEPD (or where needed, in SD for nutritional selection) to an OD 600 of 0.6, harvested

in a 50 mL Falcon tube (2,000 rpm, 3 min, room temperature) and washed 1X with 15 mL ddH2O and 1X with

10 mL SORB. Eventually the cells were resuspended in 360 µL SORB, aliquoted in 50 µL per 1.5 mL

microcentrifuge tube and stored at -80°C.

SORB 100 mM Lithium acetate

10 mM Tris-HCl with pH 8.0

1 mM EDTA

1 M Sorbitol

In ddH2O, final pH adjusted to 8.0

One aliquot of competent cells was supplemented with up to 4 µg plasmid DNA (e.g. 10 µL), a 6-fold volume of

PEG (e.g. 360 µL) and mixed by inversion and flicking. The cells were incubated for 30 min at 30°C and

subsequently heat shocked at 42°C for 15 min. After harvesting (2,000 rpm, 3 min, room temperature), the cells

were washed once with 1 mL YEPD and then incubated for 3 h to 4 h at 30°C in 1 mL fresh YEPD. During the

incubation the samples were constantly mixed by flicking every 30 min. A serial dilution (0, 10 -1, 10-2, 10-3) of

the culture was prepared and 100 µL of each sample was spread on SD plates for nutritional selection. After

incubation for 3 to 4 days at 30°C, colonies were picked with pipette tips and single-colony purified on fresh SD

plates.

4.4.5.  Yeast two-hybrid analyses

For the identification of plant interactors a cDNA library was screened, that was generated from U. maydis-

infected leaf material using the phagemid vector pAD-GAL4-2.1 (Farfsing, 2004). The screen was carried out

according to a protocol modified from the Matchmaker GAL4 Two-Hybrid System 3 & Libraries User Manual

PT3247-1, version no. PR742219 (Clontech/Takara, Saint-Germain-en-Laye, France). A sequential

transformation was done where yeast strain AH109 was at first transformed with the bait plasmid pGBKT7-

ten134-680. After confirming expression of the bait fusion protein by anti-Myc Western blot analysis, competent

cells of positive transformants were generated (see chapter 4.4.4) and 500 µg plasmid DNA of the cDNA library

was introduced via a library-scale transformation. Such co-transformed cells were spread both on low stringency

SD medium (-Leu/-Trp) to determine the transformation efficiency, and on high stringency SD medium (-Ade/

-His/-Leu/-Trp) to detect protein-protein interaction. A transformation efficiency of about 3.72 x 104 cfu/µg DNA

was determined. Colonies indicating interaction were picked with pipette tips and single-colony purified on SD

plates (-Leu/-Trp). Single colonies were grown for 48 h in 4 mL SD medium (-Leu/-Trp) at 28°C for subsequent

plasmid preparation (see chapter 4.5.2). To increase the concentration of plasmid DNA, the isolated plasmids

from yeast were further introduced into TOP10 E. coli for plasmid preparation and subsequent sequencing of prey
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plasmids. For the preparation of yeast drop plates, strains were grown overnight at 28°C in SD (-Leu/ -Trp) and

adjusted to an OD600 of 0.3 in 10 mL SD (-Leu/-Trp) the next day. In order to obtain mid-log phase, cultures were

then grown for 5 h at 30°C to a final OD600 of approx. 0.5 (as described in Yeast Protocols Handbook, p. 10).

Serial dilutions (0, 10-1, 10-2, 10-3) of the cultures with a volume of 200 µL, respectively, were prepared in PCR

tubes and 4 µL of each sample was dropped on low stringency and on high stringency SD plates. The residual

volume of each culture was centrifuged in a 15 mL Falcon tube (3,000 rpm, 2 min, room temperature) and the

cells were subjected to protein extraction for expression analysis via Western (see chapter 4.6.1). After 4 days of

incubation at 30°C colony growth on drop plates was assessed.

4.4.6.  Transformation of E. coli

Chemically competent E. coli cells were prepared and transformed according to a protocol modified from (Cohen

et al., 1972). TOP10 E. coli cells  were grown overnight in 20 mL dYT at  37°C. Two mL of the culture was

transferred to 100 mL fresh dYT supplemented with MgCl2 and  MgSO4 to a final concentration of 10 mM,

respectively.  Cells  were  then  grown for  2.5  h  to  an  OD600 of about 0.6 and cooled on ice for 30 min. After

harvesting the cells in a 250 mL centrifuge bottle (Sorvall SLA-3000 rotor, 3,000 rpm, 8 min, 4°C) the pellet was

resuspended in 33 mL ice cold RF1 solution by pipetting. The suspension was incubated on ice for 30 min and

the cells were again harvested. The cells were resuspended in 5 mL ice cold RF2 solution and transferred to a 50

mL Falcon tube. After incubation on ice for 1 h, 50 µL aliquots were prepared in pre-cooled 1.5 mL

microcentrifuge tubes, frozen in liquid nitrogen and stored at -80°C.

RF1 solution 100 mM Rubidium chloride

50 mM Manganese chloride (MnCl2 . 4H2O)

30 mM Potassium acetate

10 mM Calcium chloride (CaCl2
. 2H2O)

15% (w/v) Glycerol

In ddH2O, final pH adjusted to 5.8

RF2 solution 10 mM MOPS

10 mM Rubidium chloride

75 mM Calcium chloride (CaCl2
. 2H2O)

15% (w/v) Glycerol

In ddH2O, final pH adjusted to 5.8

One aliquot of competent cells was thawed on ice for 2 min and 1 µL to 5 µL DNA (plasmid DNA or ligation

product) was added. After incubation on ice for 30 min, the cells were heat shocked at 42°C for 1 min and then

immediately cooled on ice for at least 2 min. For the recovery of the cells, dYT (without antibiotics) was added

to a total volume of 1 mL and the sample was incubated at 37°C and 500 rpm for 1 h. The cells were harvested

(5,000 rpm, 5 min, room temperature) and the supernatant was discarded by pouring. The cells were resuspended



Materials and methods 81

in the residual medium of the tube and spread on a dYT agar plate containing selective antibiotic. After incubation

overnight at 37°C, single colonies were picked from the plate with pipette tips for subsequent analyses.

4.4.7.  Transformation of A. tumefaciens

Freeze/thaw-competent A. tumefaciens cells were prepared and transformed according to a protocol modified

from (Wise et al., 2006). GV3101 A. tumefaciens cells were grown at 28°C in 50 mL dYT medium containing

rifampicin (100 µg/mL) and gentamicin (30 µg/mL) to an OD600 of 0.5 to 0.7. After incubation on ice for 30 min,

the cells were harvested in a 50 mL Falcon tube (8,000 rpm, 5 min, 4°C) and resuspended in 1 mL ice cold 20

mM CaCl2. With this suspension, aliquots of 100 µL were prepared in pre-cooled 1.5 mL microcentrifuge tubes,

frozen in liquid nitrogen and stored at -80°C.

For transformation, 1 µg DNA (e.g. 4 µL of a plasmid miniprep) was added to one aliquot of frozen competent

cells. After thawing the cells at 37°C for 5 min, the tube was plunged for 5 s into liquid nitrogen and subsequently

re-thawed at room temperature. For the recovery of the cells, dYT (without antibiotics) was added to a total

volume of 1 mL and the sample was incubated at 28°C and 500 rpm for 2 h. The cells were harvested (5,000 rpm,

5 min, room temperature) and the supernatant was discarded by pouring. The cells were resuspended in the

residual medium of the tube and spread on a dYT agar plate containing selective antibiotic. After incubation at

28°C for 48 h, colonies were picked with pipette tips and single-colony purified on fresh dYT plates for

subsequent analyses.

4.4.8. A. tumefaciens-mediated transformation of N. benthamiana

The transient transformation of N. benthamiana plants via syringe infiltration was done according to a protocol

modified from (Hotson et al., 2003). A. tumefaciens strains were grown overnight at 28°C in 5 mL dYT containing

selective antibiotics. The OD600 of this high density culture was determined and the volume needed for a new

culture with an OD600 of 0.6 in a total volume of 5 mL was transferred to a 5 mL Eppendorf Tube. The cells were

centrifuged (3,000 rpm, 5 min, room temperature) and washed with 2 mL agro induction medium. After harvesting

the cells again, they were resuspended in 5 mL agro induction medium and incubated at room temperature for 2

h prior to plant infiltration.

Agro induction medium 10 mM MES (from 0.1 M MES solution with pH 5.6)

10 mM MgCl2

150 µM Acetosyringone

In ddH2O

Leaves of 5-6 weeks old N. benthamiana plantlets were infiltrated with A. tumefaciens suspension at the abaxial

side using a needleless 1 mL syringe. Depending on the experimental design either single spots on the leaf were
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infiltrated or the whole leaf area was treated by repeated infiltrations. Typically no more than 2 leaves per plant

were infiltrated. Leaves were harvested 3 days post-infiltration for all downstream analyses. N. benthamiana

plantlets were grown in a plant growth chamber (Percival AR-95LX, purchased from CLF PlantClimatics,

Wertingen) with a daylight temperature of 24°C and a night temperature of 20°C. Light intensity during the

daylight phase (16 h) was 270 µmol m-2 s-1 (at a distance of about 183 cm from the lamps). Relative humidity was

maintained constant between 40% and 60%.

4.5.    Methods of molecular biology

4.5.1. In vitro modification of nucleic acids

Standard methods such as electrophoresis, purification, and precipitation of nucleic acids or molecular cloning

techniques were performed as described in Ausubel et al. (2002) and Sambrook et al. (1989). Photometric

measurements to determine the concentration of nucleic acids were done with a NanoDrop 2000

spectrophotometer (Thermo Scientific, Schwerte).

Restriction of DNA

The restriction of DNA was carried out by type II restriction endonucleases at enzyme specific temperatures for

2 h to 16 h. In cases where more than one enzyme was used, reactions were incubated for at least 3 h to 4 h. A

typical restriction reaction with a total volume of 20 µL is described below.

0.5 µg to 5µg DNA

2 µL Enzyme specific NEB buffer 1-4/CutSmart buffer (10X)

2 µL BSA (10X, needed for some enzymes)

0.5 U Restriction endonuclease

X µL ddH2O

Dephosphorylation of linear DNA fragments

To prevent self-ligation of linearized fragments with compatible cohesive or blunt ends, phosphate groups were

removed from the 5’  end by Antarctic Phosphatase. Reactions were incubated at 37°C for 15 min and subsequently

heat inactivated at 65°C for 5 min (or at conditions that inactivated the previously used restriction enzymes). In

the following a typical dephosphorylation reaction with a total volume of 60 µL is described.

20 µL Restriction reaction

6 µL Antarctic Phosphatase Reaction Buffer (10X)

5 U Antarctic Phosphatase

X µL ddH2O
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Ligation of DNA fragments

For the ligation of a linearized vector and an insert with T4 DNA Ligase, the respective DNA was used in a molar

ratio of 1:5. Reactions were incubated at room temperature for at least 2 h or at 16°C overnight. A typical ligation

reaction with a total volume of 20 µL is described below.

X µL Vector DNA

X µL Insert DNA

2 µL T4 DNA Ligase Reaction Buffer (10X)

1 U T4 DNA Ligase

X µL ddH2O

Gibson AssemblyTM

The enzymatic assembly of multiple DNA fragments was carried out as described by (Gibson et al., 2009). The

Gibson Assembly Cloning Kit (NEB, Frankfurt/Main) was used following the manufacturer’ s protocol.

Polymerase chain reaction (PCR)

For the standard amplification of DNA fragments, PCR (Mullis et al., 1986) was used. Depending on the

experimental design, different polymerases were deployed. Fragments for cloning purposes were amplified via

Phusion High-Fidelity DNA Polymerase or KOD Xtreme Hot Start DNA Polymerase (for long strand and GC-

rich DNA templates). Typical PCR reactions for both polymerases with a total volume of 50 µL are described

below.

40 ng (250 ng) Plasmid DNA/cDNA (genomic DNA)

0.5 µM Forward primer

0.5 µM Reverse primer

200 µM dNTPs (ratio 1:1:1:1)

10 µL Phusion HF Buffer (10X)

0.5 U Phusion High-Fidelity DNA Polymerase

X µL ddH2O

98°C – 30 s (3 min for genomic DNA)

98°C – 10 s

60°C to 70°C – 30 s

72°C – 30 s per kb product

72°C – 10 min

10°C – hold

Steps 2 to 4 performed for 30 cycles

40 ng (250 ng) Plasmid DNA/cDNA (genomic DNA)

0.3 µM Forward primer

0.3 µM Reverse primer

400 µM dNTPs (ratio 1:1:1:1)

25 µL Xtreme Buffer (2X)

1 U Xtreme Hot Start DNA Polymerase

X µL ddH2O

94°C – 2 min

98°C – 10 s

58°C to 65°C – 30 s

68°C – 1 min per kb product

10°C – hold

Steps 2 to 4 performed for 40 cycles
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For large-scale amplification of DNA (e.g. colony  PCR)  MyTaq  Red  Mix  was  used.  A  typical  colony  PCR

reaction for both fungal and bacterial cells with a total volume of 15 µL is described below.

1 µL Cell culture (or 1 colony picked from plate)

0.5 µM Forward primer

0.5 µM Reverse primer

7.5 µL MyTaq Red Mix (2X)

X µL ddH2O

94°C – 2 min

  94°C – 30 s

  52°C to 60°C – 30 s

  72°C – 30 s per kb product

  72°C – 10 min

  10°C – hold

  Steps 2 to 4 performed for 30 cycles

For random mutagenesis of DNA, error-prone PCR was carried out using Taq DNA Polymerase (Thermo

Scientific, Schwerte). A library of random mutations from one DNA template was generated according to

(McCullum et al., 2010).

All PCR reactions were performed in a TProfessional Standard Gradient Thermocycler (Biometra, Göttingen).

Annealing and melting temperatures of oligonucleotides were calculated with PCR Primer Stats of the Sequence

Manipulation Suite (Stothard, 2000).

4.5.2.  Isolation of nucleic acids

Isolation of genomic DNA from U. maydis

U. maydis was grown overnight in 2.5 mL YEPSlight and the cells were harvested in a 2 mL microcentrifuge tube

(13,000 rpm, 1 min, room temperature) the next day. The pellet was stored at -20°C overnight or for at least 3 h.

To the frozen pellet 500 µL TE-phenol/chloroform, 400 µL Ustilago lysis buffer and approx. 300 mg glass beads

were added. The tube was vortexed on a Vibrax VXR basic (IKA, Staufen) at 1,600 rpm for 25 min. The

homogenized sample was then centrifuged (13,000 rpm, 15 min, room temperature) and 400 µL of the aqueous

phase was transferred to a fresh 1.5 mL microcentrifuge tube containing 1 mL 100% ethanol. The tubes were

inverted 5 times and then centrifuged (13,000 rpm, 5 min, room temperature). The supernatant was discarded and

the pellet was washed once with 1 mL 70% ethanol. After centrifugation again (13,000 rpm, 1 min, room

temperature) residual ethanol was removed with a pipette. Eventually, the DNA pellet was resuspended in 80 µL

TE buffer (containing 50 µg/mL RNase A) by incubating the tube at 50°C in a heating block with gentle shaking

for 7 min. Genomic DNA was stored at -20°C.
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Ustilago lysis buffer 2% (v/v) Triton X-100

1% (w/v) SDS

100 mM NaCl

10 mM Tris-HCl with pH 8.0

1 mM EDTA

In ddH2O

TE buffer 10 mM Trizma base

1 mM EDTA-Na2 dihydrate

In ddH2O, final pH adjusted to 8.0

TE-phenol/chloroform Mixture of phenol (in TE buffer) and chloroform at a 1:1 ratio

Isolation of plasmid DNA from E. coli and S. cerevisiae

Plasmid preparations from E. coli and S. cerevisiae cells were carried out with the QIAprep Spin Miniprep Kit

(Qiagen, Hilden) according to the manufacturer’ s protocol. For S. cerevisiae cells the protocol was slightly

modified. In addition to buffer P1, 300 mg glass beads were added to the cell pellet and the sample was vortexed

on a Vibrax VXR basic (IKA, Staufen) at 1,600 rpm for 15 min. After centrifugation (2,000 rpm, 5 min, room

temperature) to settle down the beads and cell debris, the supernatant was transferred to a fresh 1.5 mL

microcentrifuge tube and the standard protocol was followed by adding buffer P2. Plasmid DNA was stored at -

20°C.

Isolation of RNA from plant material

The isolation of total RNA from N. benthamiana leaves and infected maize leaves was carried out with the RNeasy

Plant Mini Kit (Qiagen, Hilden) according to the manufacturer’ s protocol. As starting material 20 leaf discs per

sample were punched out using a cork borer with a diameter of 4 mm, corresponding to about 100 mg to 150 mg

plant material. After freezing the discs in a 1.5 mL microcentrifuge tube in liquid nitrogen, they were ground

using an EPPI-pestle (schuett-biotec, Göttingen). For cell lysis 450 µL RLC buffer containing 1% β-

mercaptoethanol was added to the plant powder and from then on the standard protocol was followed. To remove

contaminating DNA from the RNA preparations, the TURBO DNA-free Kit (Thermo Scientific, Schwerte) was

used according to the manufacturer’ s protocol. In order to increase the RNA concentration the samples were

subjected to sodium acetate precipitation. To each RNA sample a 3-fold volume of ice cold ethanol and 10% ice

cold 3 M sodium acetate were added. After gentle mixing by pipetting RNA was precipitated overnight at -20°C.

The tubes were then centrifuged (13,000 rpm, 10 min, 4°C) and the pellet was washed 3X with 1 mL ice cold

70% ethanol. After removing residual ethanol, the pellet was dried for 2 min at room temperature and resuspended

in 20 µL of RNase-free water. RNA was stored at -80°C.
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4.5.3.  Separation and detection of DNA

Agarose gel electrophoresis

Size-dependent separation was carried out by agarose gel electrophoresis where negatively charged DNA migrates

towards the anode of an electric field. Concentrations of agarose varied between 0.8% and 2.5%, determined by

the sizes of fragments to be separated. Agarose powder was mixed with TAE buffer and dissolved by boiling.

After cooling down to 60°C the solution was supplemented with ethidium bromide to a final concentration of 0.5

µg/mL. The gel was poured into a casting tray containing an appropriate casting comb and cooled down for 20

min to 30 min. The tray with the solid gel was then placed into a running gel chamber, covered with TAE buffer

and carefully freed from the comb. DNA samples were mixed with non-denaturing loading dye and the gel was

loaded at the site of the cathode. Separation was carried out at a constant voltage of 90 V to 120 V. DNA was

displayed at 254 nm on an UV table (2UV Transilluminator, UVP, Upland, USA) and documented using the

UVsolo TS imaging system (Biometra, Göttingen).

TAE buffer 40 mM Trizma base

40 mM Acetic acid

1 mM EDTA

In ddH2O, final pH adjusted to 8.0

6X DNA loading dye 50% (w/v) Sucrose

0.1% (v/v) Bromophenol blue

In TE buffer

Southern analysis

For Southern analysis (Southern, 1975) 20 µL genomic DNA of U. maydis (see  chapter  4.5.2)  was  digested

overnight with a suitable restriction endonuclease in a total volume of 40 µL. Such processed DNA was separated

on a 0.8% agarose gel at 90 V for 3 h. Following this, the gel was incubated in 0.25 M HCl for 15 min for

depurination of the DNA and then neutralized in 0.4 M NaOH for 15 min. To transfer the DNA to a nylon

membrane (Hybond-N+, GE Healthcare, Munich) a capillary blot was set up with 0.4 M NaOH as transfer

solution. Transfer was carried out overnight or for 72 h at the longest. The membrane was then placed into a

hybridization tube and pre-hybridized with Southern hybridization buffer for 30 min at 65°C in a hybridization

oven (Mini-Hybridisation Oven OV2, Biometra, Göttingen). The immobilized DNA fragments were detected by

digoxigenin- (DIG) labelled probes which were generated either with the PCR DIG Labeling Mix or with DIG-

High Prime (both by Roche, Mannheim) according to the manufacturer’ s protocols. Probes were mixed with 40

mL Southern hybridization buffer and denatured at 100°C for 10 min. After pre-hybridization of the membrane

the hybridization buffer was discarded and the hot probe/buffer solution was directly added. Hybridization was

performed at 65°C at least overnight or for 72 h at the longest. Following this, the membrane was washed twice

with Southern wash buffer at 65°C for 15 min, respectively. For DIG detection, the membrane was first washed
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with 20 mL DIG wash buffer for 5 min, then blocked with 50 mL DIG2 buffer for 30 min, and incubated with 50

mL Anti-DIG antibody solution for 1 h (all these incubation steps at room temperature). In preparation for the

chemiluminescent reaction the membrane was equilibrated in 20 mL DIG3 buffer for 5 min at room temperature.

After incubating with 40 mL CDP-Star solution for 5 min at room temperature, the membrane was exposed to

blue/UV light-sensitive X-ray films (CEA, Hamburg) and DNA fragments were visualized using the AGFA CP

1000 film processor (AGFA HealthCare, Mortsel, Belgium).

Southern hybridization buffer 50% (v/v) 1 M Sodium phosphate buffer with pH 7.0

7% SDS (v/v, from a 20% solution)

In ddH2O

1 M Sodium phosphate buffer Solution 1: 1 M Na2HPO4, in ddH2O

Solution 2: 1 M Na2HPO4
. 2H2O, in ddH2O

Solution 2 added to solution 1 until pH reached 7.0

Southern wash buffer 10% (v/v) 1 M Sodium phosphate buffer with pH 7.0

1% SDS (v/v, from a 20% solution)

In ddH2O

DIG1 buffer 0.1 M Maleic acid

0.15 M NaCl

In ddH2O, final pH adjusted to 5.8

DIG2 buffer 2% (w/v) Milk powder in DIG1 buffer

DIG wash buffer 0.3% (v/v) Tween 20 in DIG1 buffer

Anti-DIG antibody solution 1:10,000 diluted Anti-Digoxigenin-AP, Fab fragments (Roche, Mannheim)

in DIG2 buffer

DIG3 buffer 0.1 M Tris-HCl with pH 9.5

0.1 M NaCl

50 mM MgCl2

In ddH2O, final pH adjusted to 9.5

CDP-Star solution 1:250 diluted CDP-Star (Roche, Mannheim) in DIG3 buffer
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Quantitative reverse transcription PCR (qRT-PCR)

For gene expression analyses quantitative PCR (qPCR) was performed with cDNA transcripts generated from

RNA. After total RNA isolation (see chapter 4.5.2) mRNA was transcribed into cDNA using the SuperScript III

First-Strand Synthesis SuperMix according to the manufacturer’ s protocol. For the reverse transcription reaction

2 µg total RNA and oligo(dT)20 primers were used. The synthesized cDNA was mixed at a 1:1 ratio with ultrapure

water and stored at -20°C. For qRT-PCR the Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen,

Karlsruhe) and 1 µL of the diluted cDNA were used in a total volume of 25 µL:

1 µL cDNA (1:2 diluted)

12.5 µL Platinum SYBR Green qPCR SuperMix-UDG

1 µL Primers (1:1 mixture of forward and reverse primers,

                                each having a concentration of 10 µM)

10.5 µL ddH2O

95°C – 3 min

   95°C – 15 s

   60°C – 30 s

   72°C – 30 s

   Steps 2 to 4 performed for 40 cycles

All qRT-PCR reactions were performed with the CFX Connect™ Real-Time PCR Detection System (Bio-Rad,

Munich). To confirm the specificity of product amplification a melting curve analysis was done: after a first

denaturing step for 15 s at 95°C, fluorescence melting peaks were obtained over a temperature range from 65°C

to 95°C (via steps of 0.5°C, 5 s per step). For the determination of threshold cycles (CT) the CFX Manager™

Software was used. Relative gene expression was elaborated based on the 2 -ΔΔCT method (Livak and Schmittgen,

2001). Oligonucleotides used for qRT-PCR are listed in chapter 4.3.5.

4.6.    Biochemical methods

4.6.1.  Isolation of proteins

Total protein extraction from U. maydis axenic culture

For protein expression analyses a quick and dirty protocol for total protein extraction of U. maydis was followed.

From a liquid culture (e.g. 50 mL YEPSlight with an OD600 of 1.0) 2 mL of cells were harvested (10,000 rpm, 2

min, room temperature) in a 2 mL screw cap microcentrifuge tube. To the cell pellet 100 µL 4X SDS sample

buffer and approx. 200 mg of silica beads (Lysing Matrix B, MP Biomedicals, Irvine, USA) were added. The lid

was screwed on tightly and the tube was agitated in a high-speed homogenizer (FastPrep-24, MP Biomedicals) at

6 m/s for 3X 1 min for mechanical disruption of the cells. Between homogenizing steps the sample was cooled

on ice for 3 min. Eventually the proteins were denatured at 99°C for 15 min in preparation for SDS polyacrylamide

gel electrophoresis (SDS-PAGE) and Western blot analysis.
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4X SDS sample buffer 12% SDS (v/v, from a 20% solution)

6% (v/v) β-mercaptoethanol

30% (w/v) Glycerol

0.05% (w/v) Coomassie Brilliant Blue G 250 (Serva, Heidelberg)

150 mM Tris-HCl with pH 7.0

In ddH2O

Total protein extraction from infected maize leaves

For protein expression analyses in U. maydis-infected maize tissue, 2 leaf discs per strain were punched out from

a strongly infected area using a cork borer with a diameter of 7 mm. After freezing the discs in a 1.5 mL

microcentrifuge tube in liquid nitrogen, they were ground using an EPPI-pestle (schuett-biotec, Göttingen) in 80

µL urea lysis buffer. The samples were boiled for 15 min at 99°C and subsequently centrifuged (13,000 rpm, 5

min, room temperature) to precipitate cell debris. The supernatant was loaded on a SDS gel for Western blot

analysis.

Urea lysis buffer 8 M Urea

50 mM Tris-HCl with pH 6.8

5 mM EDTA

50 mM DTT

1 tablet/100 mL cOmplete, EDTA-free Protease Inhibitor Cocktail (Roche, Mannheim)

In ddH2O

Protein precipitation from axenic culture supernatant of U. maydis

HA-tagged proteins secreted to axenic culture supernatant by AB33 derivatives were precipitated using

trichloroacetic acid (TCA). In preparation for this, filamentous hyphae were induced overnight (for approx. 15 h)

in 50 mL NM-glc medium (see chapter 4.4.3), supplemented with 1 tablet cOmplete, EDTA-free Protease

Inhibitor Cocktail (Roche, Mannheim) to prevent protein degradation. The hyphae were filtered through a

cellulose filter (MN 615, 185 mm, Macherey-Nagel, Düren) and the flow-through was centrifuged in a 50 mL

Falcon tube (7,000 rpm, 10 min, room temperature). The resulting supernatant of about 40 mL was transferred to

a 50 mL Schott bottle on ice and 12 mL of ice cold 100% TCA was added. Moreover, 0.05% sodium deoxycholate

(from a 10% stock solution) was added. Precipitation of proteins occurred overnight at 4°C on ice. The precipitate

was harvested in a 50 mL Falcon tube (7,000 rpm, 1 h, 4°C), resuspended in 1.5 mL ice cold acetone and

transferred to a 2 mL microcentrifuge tube. The precipitate was harvested (14,000 rpm, 5 min, 4°C) and washed

4X with 200 µL acetone. After the last washing step, the pellet was dried at 50°C for 5 min and resuspended in

70 µL 2X SDS sample buffer. Eventually the proteins were denatured at 99°C for 10 min in preparation for SDS-

PAGE and Western blot analysis.
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Immunoprecipitation (IP) of HA-tagged Ten1 from U. maydis axenic culture

For the purification of overexpressed cytoplasmic Ten1 to be used for the phosphatase activity assay, a non-

denaturing protocol for gentle protein elution after IP was followed. SG200-ten1 (34-680)132-HA3 and, as a control

SG200, were grown overnight in 400 mL YEPS light to an OD600 of 1.0. The cells were harvested (5,000 rpm, 15

min, room temperature) and the pellet was frozen overnight at -20°C. The next day, the cells were resuspended

in 17 mL IP extraction buffer (see “Co-immunoprecipitation (co-IP) of Ten1 and ZmPP26 from N. benthamiana”

later in this chapter), lysed for 10 min on ice and the sample was homogenized using a French press (SLM Aminco

Spectronic Instruments) under a pressure of approx. 6.9 Mpa for 3 repetitions. The lysate was collected in a 50

mL centrifuge tube on ice and centrifuged at 20,000 rpm for 30 min at 4°C (Sorvall SS-34 rotor). From the

resulting supernatant, 14 mL was transferred to a 15 mL Falcon tube. Per sample, 50 µL of Pierce Anti-HA

Magnetic Beads (Thermo Scientific, Schwerte) were prepared according to the manufacturer’ s protocol and

transferred to the 15 mL Falcon tube for IP of Ten1(34-680)132-HA3. After an incubation for 1.5 h at room

temperature on a rotator, the beads were washed according to the manufacturer’ s protocol. Elution of proteins

from the beads was carried out by adding 2X 80 µL HA Synthetic Peptide (Thermo Scientific, Schwerte; freshly

solubilized with phosphate-free water to a concentration of 2 mg/mL) to the beads and by incubating the sample

2X at 37°C for 10 minutes with 1,000 rpm shaking. Protein elution was checked by anti-HA Western blot analysis.

IP of HA-tagged proteins from infected maize leaves for LC-MS/MS

To confirm the interaction of Ten1 and ZmPP26 by mass spectrometry (LC-MS/MS) analysis, HA-tag fusion

proteins of Ten1 were enriched from U. maydis-infected maize leaves under non-denaturing conditions. Strongly

infected leaf material was harvested from approx. 10 to 15 seedlings per strain and frozen in a 50 mL Falcon tube

in liquid nitrogen. The leaves were ground by mortar and pestle, 2 mL of the powder was transferred to a 5 mL

Eppendorf Tube on ice and 2 mL of HNN lysis buffer was added. After gentle vortexing cell lysis occurred for

30 min on ice. The lysate was centrifuged (14,000 rpm, 15 min, 4°C) and 2 mL of the supernatant was transferred

to a fresh 2 mL microcentrifuge tube. Per sample, 12 µL of Pierce Anti-HA Magnetic Beads (Thermo Scientific,

Schwerte) was added; 10 µL of beads were eventually used for the mass spectrometry analysis whereas 2 µL

served as control for IP via Western blot analysis. After an incubation for 1.5 h at 4°C on a rotator, the beads were

separated on a magnetic rack and the supernatant was discarded. The beads were washed 3X with 700 µL of 100

mM ammonium bicarbonate by shaking the tubes gently. After the last washing step the beads were resuspended

in 240 µL of 100 mM ammonium bicarbonate and 40 µL of the beads sample was transferred to a fresh tube as

IP control sample. After adding 100 µL elution buffer 1, the beads were vortexed and incubated at 27°C on a

thermomixer for 30 min at 1,200 rpm in the dark to release the proteins via trypsin digest. The beads were

subsequently separated and the flow-through was transferred to a fresh 2 mL microcentrifuge tube. The beads

were resuspended in 40 µL elution buffer 2, gently shaken and again separated. The flow-through was transferred

to the tube containing the trypsin digest eluate. This step was repeated with another 40 µL elution buffer 2 and

the flow-through was combined with the other samples. For the complete trypsin digest of proteins, the sample

was incubated overnight at room temperature in the dark. The next day, 40 µL iodoacetamide (5 mg/mL in HPLC
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grade water) was added to the trypsin digest. The sample was gently vortexed and incubated at room temperature

for 30 min in the dark. To acidify the sample 100 µL 5% trifluoroacetic acid (TFA) was added and the pH was

determined via pH stripes to be below 2.

In preparation for the C18 purification, Micro SpinColumns (The Nest Group, Southborough, USA) were

assembled with 2 mL conical microcentrifuge tubes and conditioned 2X with 150 µL acetonitrile under

centrifugation (1,600 rpm, 30 s, room temperature). Next, the columns were equilibrated 3X with 150 µL 0.1%

TFA under centrifugation (2,400 rpm, 30 s, room temperature). The column was transferred to a fresh conical 2

mL microcentrifuge tube and the acidified protein sample was loaded. After centrifugation (1,800 rpm, 2 min,

room temperature) the flow-through was loaded again and the column centrifuged again. The column was washed

3X with 150 µL wash buffer under centrifugation (2,400 rpm, 30 s, room temperature). The columns were

transferred to fresh 2 mL microcentrifuge tubes and the peptides were eluted by successively adding 3X 100 µL

elution buffer 3 to the column under centrifugation (1,600 rpm, 30 s, room temperature). The eluted peptides were

subsequently concentrated using the Savant SPD131DDA SpeedVac (Thermo Scientific, Schwerte) at high

pressure and 15°C for 2 h and resuspended in 25 µL reconstitution buffer. After gentle vortexing, the samples

were treated with 20 pulses of ultrasonication using the UP200St (Hielscher Ultrasonics, Teltow) with an

amplitude of 20% and a pulse rate of 0.5 s. The whole sample was transferred into a chromatography vial (J.G.

Finneran, Vineland, USA) and analyzed by LC-MS/MS (done by T. Glatter from the core facility for mass

spectrometry and proteomics, Max Planck Institute for Terrestrial Microbiology, Marburg).

HNN lysis buffer 50 mM HEPES with pH 7.5

150 mM NaCl

50 mM NaF

5 mM EDTA

0.1% Nonidet P-40

1% Polyvinylpolypyrrolidone (PVPP)

In ddH2O, HPLC grade

Elution buffer 1 1.6 M Urea

1 mM TCEP

10 µg/mL Trypsin

In 100 mM ammonium bicarbonate

Elution buffer 2 1.6 M Urea

1 mM TCEP

In 100 mM ammonium bicarbonate

Wash buffer 5 % Acetonitrile

0.1% TFA

In ddH2O, HPLC grade
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Elution buffer 3 50 % Acetonitrile

0.1% TFA

In ddH2O, HPLC grade

Reconstitution buffer 2 % Acetonitrile

0.15% Formic acid

In ddH2O, HPLC grade

Total protein extraction from S. cerevisiae cells

To check for protein expression in yeast two-hybrid strains a quick and dirty protocol for total protein preparation

was followed. Cells from a liquid culture (e.g. 10 mL SD with an OD600 of 0.5 for drop plates) were harvested in

a 15 mL Falcon tube (3,000 rpm, 2 min, room temperature) and transferred to a 2 mL microcentrifuge tube with

residual supernatant. The sample was again centrifuged (13,000 rpm, 1 min, room temperature) and the

supernatant was discarded. To the pellet 50 µL 4X SDS sample buffer, 50 µL ddH2O and approx. 200 mg of glass

beads were added. After boiling the mixture at 99°C for 10 min, the tube was vortexed on a Vibrax VXR basic

(IKA, Staufen) at 1,600 rpm for 15 min and directly boiled again for 10 min. In preparation for Western blot

analysis the beads and cell debris were pelleted (13,000 rpm, 3 min, room temperature) and the supernatant was

loaded on a SDS gel.

Purification of ZmPP26 and ZmPP26DGH65-67KLN from E. coli via GST

BL21 E. coli strains expressing GST fusion proteins were grown overnight at 28°C in 10 mL selective dYT. The

next day a main culture of 200 mL selective dYT was inoculated by adding 2 mL of the overnight culture (1:100

dilution) and grown at 37°C for approx. 2.5 h to an OD600 of  0.5 to 0.7.  Two mL of the cells  were harvested

(10,000 rpm, 2 min, room temperature) and stored at -20°C as pre-induction control sample. The residual culture

was supplemented with 200 µL 1 M IPTG (final conc. 1 mM) to induce target protein expression and grown at

28°C for 4 h. After harvesting 2 mL of the cells (10,000 rpm, 2 min, room temperature) as induction control

sample, the residual culture was transferred to a 250 mL centrifuge bottle and centrifuged at 6,000 rpm for 30 min

at 4°C (Sorvall SLA-3000 rotor). The resulting pellet was frozen overnight at -20°C and resuspended in 20 mL

E. coli lysis buffer by pipetting the next day. The sample was homogenized using a French press (SLM Aminco

Spectronic Instruments) under a pressure of approx. 6.9 Mpa for 3 repetitions. The lysate was collected in a 50

mL centrifuge tube on ice and centrifuged at 20,000 rpm for 30 min at 4°C (Sorvall SS-34 rotor). From the

supernatant 20 µL were saved as input control sample for the affinity purification.

In preparation for affinity purification a 10 mL column (Pierce Centrifuge Column, Thermo Scientific, Schwerte)

was loaded with 2.5 mL Glutathione Sepharose 4B (GE Healthcare, Munich) and washed once with 10 mL ice

cold TBS. The supernatant of the bacterial cell lysate (approx. 15 mL) was loaded onto the column, collected in

a 15 mL Falcon tube and loaded again. The column was washed 3X with 10 mL TBS and then 1X with 10 mL
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PreScission cleavage buffer. For the on-column cleavage of the GST tag from the target protein, the column was

tightly closed, loaded with 2 mL PreScission protease mix and incubated overnight at 4°C on a tube rotator. The

purified protein was harvested in a 2 mL microcentrifuge tube, quantified by the Qubit 2.0 Fluorometer

(Invitrogen, Karlsruhe) and stored at 4°C for downstream analyses. The pre-induction and the induction control

samples were supplemented with 70 µL 2X SDS sample buffer, respectively and to the 20 µL input control sample

10 µL 4X SDS sample buffer was added. Moreover, 5 µL of the purified protein sample was supplemented with

10 µL 2X SDS sample buffer. All control samples were boiled at 99°C for 10 min in preparation for SDS-PAGE

and Coomassie staining (see chapter 4.6.2).

E. coli lysis buffer 1% (w/v) Nonidet P-40

0.5 mM EGTA

1 tablet/100 mL cOmplete, EDTA-free Protease Inhibitor Cocktail

In TBS

TBS 50 mM Tris-HCl with pH 7.5

150 mM NaCl

In ddH2O

PreScission cleavage buffer 50 mM Tris-HCl with pH 8.0

150 mM NaCl

1 mM EGTA

PreScission protease mix, 2 mL

In ddH2O, final pH adjusted to 7.5

2 µL 1 M DTT

7 µL PreScission Protease (GE Healthcare, Munich)

1.991 mL PreScission cleavage buffer

Co-immunoprecipitation (co-IP) of Ten1 and ZmPP26 from N. benthamiana

To  confirm  the  interaction  of  Ten1  and  ZmPP26,  HA3-Ten134-680 and ZmPP26-His6 were transiently

overexpressed in N. benthamiana via the CaMV 35S promoter and by A. tumefaciens-mediated infiltration. Whole

infiltrated leaves were harvested 3 days post-infiltration and the primary vein as well as secondary veins were

excised. The leaf material was frozen in a 50 mL Falcon tube in liquid nitrogen and subsequently ground by

mortar and pestle. Two mL of the powder was transferred to a 5 mL Eppendorf Tube on ice and 2 mL of IP

extraction buffer was added. After short vortexing the lysate was centrifuged (14,000 rpm, 30 min, 4°C).

In preparation for affinity purification 20 µL of magnetic Dynabeads Protein G (Thermo Scientific, Schwerte) per

sample were aliquoted in a 2 mL low-binding surface tube (Thermo Scientific, Schwerte). All following buffers

were added ice cold to the beads. The tube was placed on a magnetic rack, the supernatant was taken off from the

beads and the beads were then washed 3X with 0.5 mL PBS. After the last washing step the beads were



94 Materials and methods

resuspended in 0.7 mL PBS and 4 µL mouse anti-HA antibody was added. The tube was incubated at 4°C on a

tube rotator for 2 h for binding the antibody to the beads. Following this, the beads were washed 1X with 0.5 mL

PBS and 2X with 0.5 mL IP extraction buffer using the magnetic rack. After the last washing step the beads were

resuspended in 50 µL IP extraction buffer. From the centrifuged plant lysate, 1.5 mL of the supernatant was added

to the beads-antibody sample. The tube was incubated at 4°C on a tube rotator for 1.5 h to allow the binding of

HA3-Ten134-680 to the beads. After this, the beads were washed 5X with 1 mL IP extraction buffer and boiled at

99°C in 80 µL 4X SDS sample buffer for 10 min. The beads were separated using the magnetic rack and the

supernatant was loaded on a SDS gel. Anti-HA and anti-His Western blot analyses were performed to test for IP

of HA3-Ten134-680 and for co-IP of ZmPP26-His6.

PBS 7.9 mM Na2HPO4

14.5 mM KH2PO4

0.5 mM MgCl2 . 6H2O

2.7 mM KCl

137 mM NaCl

In ddH2O, final pH adjusted to 7.2

IP extraction buffer 25 mM Tris-HCl with pH 8.0

1 mM EDTA

150 mM NaCl

0.1% (w/v) Nonidet P-40

0.2% Polyvinylpolypyrrolidone (PVPP)

10% Glycerol

1 tablet/100 mL cOmplete, EDTA-free Protease Inhibitor Cocktail

4.6.2.  Separation and detection of proteins

SDS-PAGE

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to (Laemmli, 1970). Protein

samples denatured in SDS sample buffer were loaded on a vertical SDS polyacrylamide gel composed of stacking

and separating gel (Mini-PROTEAN system, Bio-Rad, Munich). Depending on the concentration of the protein,

between 2 µL and 20 µL of the sample was loaded per well. Whereas the stacking gel always contained 5%

polyacrylamide (PAA), the separating gel varied between 8% and 15% in PAA content, depending on the sizes

of the proteins to be separated. The composition for a standard SDS gel (10.5 cm X 11.5 cm X 1 cm) with a 5%

stacking gel and a 10% separating gel is given below.
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Stacking gel (5%), 2.5 mL 417 µL 30% Polyacrylamide (PAA)

625 µL 4X Stacking gel buffer

25 µL 10% Ammonium persulfate (APS)

3 µL Tetramethylethylenediamine (TEMED)

Separating gel (10%), 5 mL

1.43 mL ddH2O

1.67 mL 30% Polyacrylamide (PAA)

1.25 mL 4X Separating gel buffer

50 µL 10% Ammonium persulfate (APS)

4 µL Tetramethylethylenediamine (TEMED)

2.026 mL ddH2O

4X Stacking gel buffer 0.5 M Trizma base

0.4% SDS (v/v, from a 20% solution)

In ddH2O, final pH adjusted to 6.8

4X Separating gel buffer 1.5 M Trizma base

0.4% SDS (v/v, from a 20% solution)

In ddH2O, final pH adjusted to 8.8

SDS running buffer 25 mM Tris-HCl with pH 8.0

192 mM Glycine

4 mM SDS (v/v, from a 20% solution)

As a standard for molecular weight of the separated proteins the PageRuler Prestained Protein Ladder (Thermo

Scientific, Schwerte) was used. The concentration of proteins in the stacking gel occurred at a constant voltage of

70 V for about 30 min; the separation was performed at a constant voltage between 120 V and 150 V until the

desired resolution was achieved. For the visualization of proteins SDS gels were stained using the Coomassie-

based InstantBlue stain (Expedeon, San Diego, USA) according to the manufacturer’ s protocol.

Western blot analysis

Proteins  separated  by  SDS-PAGE  were  transferred  either  to  a  PVDF  membrane  using  the  Trans-Blot  Turbo

Blotting System or to a nitrocellulose membrane using the Trans-Blot SD Semi-Dry Transfer Cell (both systems

from Bio-Rad, Munich). For the transfer to a PVDF membrane the manufacturer’ s protocol was followed and

only original Turbo™ material was used. By default the preprogrammed protocol “HIGH MW” was chosen for

all experiments. Accordingly, transfer was performed for 10 min at 1.3 A (up to 25 V) for one mini gel or at 2.5

A (up to 25 V) for two mini gels. For the transfer to nitrocellulose, Amersham Protran 0.45 NC membranes (GE

Healthcare, Munich) and 2X 3 sheets of 0.35 mm filter paper BP002 (ALBET LabScience, Dassel) were wetted

in transfer buffer according to (Bjerrum and Schafer-Nielsen, 1986). Transfer was performed for 2 h at 80 mA

per mini gel. For the transfer of proteins with higher molecular weight (100 kDa to 200 kDa) nitrocellulose
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membranes were preferentially used because transfer showed to be more efficient with the described protocol

compared to the Turbo™ System.

After protein transfer with either method, the membrane was incubated first in blocking solution at room

temperature for 1 h and then in antibody solution containing the primary antibody overnight (approx. 15 h) at

4°C. Following this, the membrane was washed 3X with TBS-T for 10 min and then incubated with antibody

solution containing the secondary antibody at room temperature for 1 h. After washing 3X with TBS-T for 10

min, the membrane was incubated for 5 min with chemiluminescent detection reagent (Amersham ECL Prime,

GE Healthcare, Munich or SuperSignal West Femto, Thermo Scientific, Schwerte). The membrane was exposed

to blue/UV light-sensitive X-ray films (CEA, Hamburg) and proteins were visualized using the AGFA CP 1000

film processor (AGFA HealthCare, Mortsel, Belgium).

Bjerrum and Schafer-Nielsen transfer buffer 48 mM Trizma base

39 mM Glycine

1.3 mM SDS (v/v, from a 20% solution)

20% Methanol

TBS-T

In ddH2O

50 mM Tris-HCl with pH 7.5

150 mM NaCl

0.2% (v/v) Tween 20

In ddH2O

Blocking solution 10% (w/v) Milk powder in TBS-T

Antibody solution 3% (w/v) Milk powder in TBS-T with diluted antibody

Antibodies

The primary and secondary antibodies used in this study are listed in Table 6.

Table 6: Used antibodies

Antibody Usage Manufacturer

Mouse anti-HA Monoclonal primary antibody derived from mouse

(1:10,000 dilution)

Sigma-Aldrich (Munich)

Rabbit anti-HA Monoclonal primary antibody derived from rabbit

(1:10,000 dilution)

Sigma-Aldrich (Munich)
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(Table 6, continued)

Anti-mouse IgG HRP-linked secondary antibody derived from horse

(1:10,000 dilution)

Cell Signaling Technology

(Danvers, USA)

Anti-rabbit IgG HRP-linked secondary antibody derived from goat

(1:10,000 dilution)

Cell Signaling Technology

(Danvers, USA)

Mouse anti-α-tubulin Monoclonal primary antibody derived from mouse

(1:2,000 dilution)

Merck (Darmstadt)

Mouse anti-GFP Monoclonal primary antibody derived from mouse

(1:1,000 dilution)

Roche (Mannheim)

Rabbit anti-mCherry Monoclonal primary antibody derived from rabbit

(1:5,000 dilution)

BioVision (Milpitas, USA)

Penta His HRP

Conjugate

HRP-linked antibody for the detection of His-tagged

proteins, derived from mouse (1:8,000 dilution)

Qiagen (Hilden)

4.6.3.  LC-MS/MS analysis

LC-MS/MS analysis of trypsin-digested protein lysates was performed on a Q Exactive Plus mass spectrometer

(Thermo Scientific, Schwerte), which was connected to an electrospray Ion max ion source (Thermo Scientific,

Schwerte). Peptide separation was carried out using the UltiMate 3000 RSLCnano system (Thermo Scientific,

Schwerte) equipped with a RP-HPLC column (75 µm x 35 cm), packed in-house with C18 resin (ReproSil-Pur

120 C18-AQ, 2.4 µm, Dr. Maisch, Ammerbuch-Entringen). The following separating gradient was used: 98%

solvent A (0.15% formic acid) and 2% solvent B (80% acetonitrile, 0.15% formic acid) to 25% solvent B over

105 min and to 40% solvent B for additional 35 min at a flow rate of 300 nl/min. The data acquisition mode was

set to obtain one high resolution MS scan at a resolution of 70,000 full-width at half maximum (at m/z 200)

followed by MS/MS scans of the 10 most intense ions. To increase the efficiency of MS/MS attempts, the charged

state screening modus was enabled to exclude unassigned and singly charged ions. The dynamic exclusion

duration was set to 30 s. The ion accumulation time was set to 30 ms (MS) and 50 ms at a resolution of 17,500

(MS/MS). The automatic gain control (AGC) was set to 3x106 for MS survey scan and 1x105 for MS/MS scans.

The protein databases for U. maydis and Z. mays were downloaded from the UniProt database

(http://www.uniprot.org/; retrieved in October 2016). Search of the mass spectrometry raw data was performed

using Mascot (Version 2.5, Matrix Science, Boston, USA). Search criteria were set as follows: full tryptic

specificity was required (cleavage after lysine or arginine residues); two missed cleavages were allowed;

carbamidomethylation (C) was set as fixed modification; oxidation (M) as variable modification. The mass

tolerance was set to 10 ppm for precursor ions and 0.02 Da for fragment ions. The search results were then loaded

into Scaffold 4 (Proteome Software, Portland, USA) and the protein false discovery rate was adjusted to 1%. All

LC-MS/MS analyses were conducted by T. Glatter from the core facility for mass spectrometry and proteomics,

Max Planck Institute for Terrestrial Microbiology, Marburg.
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4.6.4.  Chemical fixation of infected plant material and TEM

In preparation for transmission electron microscopy (TEM) maize tissue infected with SG200Δ10A-HA3-ten1

and, as a control, SG200 was chemically fixated. Per strain to be analyzed 5 pots were infected and well-infected

leaf material from 3 different plants was harvested 4 dpi. The samples were cut in totally 50 pieces of about 1

mm² and incubated in 2.5 mL of fixation mixture in a 5 mL Eppendorf Tube. Fixation was carried out for 90 min

under mild vacuum conditions (500 hPa). The samples were then washed 4X with 0.06 M phosphate buffer for

15 min, respectively. Buffer was taken off from the samples using a 10 mL syringe (Ø 0. mm X 40 mm). The

samples were dehydrated in 2.5 mL of the following percentages of acetone (in ddH2O): 50%, 70% and 90%. For

each step, the sample was incubated 2X for 10 min on a rotator. The leaf material was infiltrated with the acrylic

resin LR White (Agar Scientific Ltd, Essex, UK) and 90% acetone at a 2:1 ratio overnight. The next day, the

mixture was taken off and the samples were infiltrated first with LR White plus acetone at a 1:1 ratio for 3 h and

then with LR White plus acetone in a 2:1 ratio overnight. The next day, the samples were eventually infiltrated in

50 mL 100% LR White for 4 h. For polymerization, 40 mL of the mixture was subsequently transferred to a 100

mL plastic cup (Article no. G332A, Plano, Wetzlar) and another cup was imposed on top of the first one so that

the liquid was barred between the bottoms of both cups without air bubbles. Both cups were sealed with Parafilm

M and incubated at 50°C for 48 h (all previous experimental steps were done at room temperature). After

polymerization, samples were stored at room temperature until analysis by TEM.

Fixation mixture 2.5% Paraformaldehyde (Agar Scientific Ltd, Essex, UK)

0.5% Glutaraldehyde (Agar Scientific Ltd, Essex, UK)

0.06 M Phosphate buffer

Phosphate buffer (0.2 M stock) Solution 1: 0.2 M Na2HPO4, in ddH2O

Solution 2: 0.2 M NaH2PO4
. 2H2O, in ddH2O

61 mL solution 2 mixed with 39 mL solution 1 to obtain pH 7.0

The further preparation of samples, the immunogold labeling of HA3-Ten1, and the TEM was performed by B.

Zechmann (Baylor University, Waco, USA) as described in Redkar et al. (2015).

4.7.    Cell staining and microscopy

4.7.1.  WGA Alexa Fluor® 488/propidium iodide staining

Fungal hyphae were stained with Wheat Germ Agglutinin, Alexa Fluor 488 (WGA-AF488) Conjugate (Thermo

Scientific, Schwerte) and plant cell walls were stained with propidium iodide (PI, Sigma-Aldrich, Munich).

U. maydis-infected leaf material was harvested at 4 dpi and 12 dpi and discolored in ethanol overnight in a 2 mL

microcentrifuge tube. The sample was washed 1X with ddH2O and was then treated with 10% KOH at 85°C for
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3 h to 4 h. The leaves were washed 2X with PBS and then incubated in WGA/PI solution for 30 min at room

temperature. During the incubation the leaves were vacuum infiltrated 3X for 2 min with 2 min breaks in between.

Eventually, the leaves were washed 1X with PBS and analyzed by confocal microscopy.

WGA/PI solution 20 µg/mL Propidium iodide

10 µg/mL WGA-AF488

0.02% Tween 20

In PBS

PI stock solution 10 mg/mL PI (81845 Sigma-Aldrich) in PBS

WGA-AF488 stock solution 1 mg/mL in ddH2O

4.7.2.  Confocal microscopy

The Leica TCS SP5 confocal microscope was used for microscopy and the Leica Application Suite Advanced

Fluorescence (LAS AF) software was used for image processing (both from Leica Microsystems, Wetzlar). The

excitation and emission spectra for all fluorophores used in this study are listed in Table 7.

Table 7: Wavelengths of excitation and emission spectra for confocal microscopy

Fluorophore Excitation Emission

GFP (eGFP) 488 nm (Argon laser) 497 nm to 517 nm

AF488 488 nm (Argon laser) 500 nm to 540 nm

mCherry 561 nm (DPSS laser) 600 nm to 620 nm

PI 561 nm (DPSS laser) 580 nm to 660 nm

4.8.    Bioinformatic analyses

Gene and protein information of smut fungi and Pseudozyma spec. was acquired from the PEDANT 3 database

(http://pedant.gsf.de). Maize gene and protein information was acquired from MaizeGDB (http://maizegdb.org/).

The comparison of nucleotide and amino acid sequences was performed by BLAST

(https://blast.ncbi.nlm.nih.gov). For pairwise sequence alignments EMBOSS Needle (http://www.ebi.ac.uk/

Tools/psa/ emboss_needle/) was used with a “Gap Open Penalty” of 1 and a “Gap Extend Penalty” of 0.0005. For

multiple sequence alignments Clustal Omega (http://www.ebi.ac.uk/Tools/msa/ clustalo/) was used. The

prediction of functional and structural domains of proteins was carried out with InterPro

(https://www.ebi.ac.uk/interpro/). For the estimation of the isoelectric point (pI) and the charge of a protein

PROTEIN CALCULATOR v3.4 (http://protcalc.sourceforge.net/) was used. Prediction of N- and O-glycosylation
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sites were carried out via the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/) and the NetOGlyc

4.0 Server (http://www.cbs.dtu.dk/ services/NetOGlyc/), respectively. For the prediction of nuclear localization

signals, NucPred (www.sbc.su.se/~maccallr/nucpred/), NLStradamus (http:// www.moseslab.csb.utoronto.ca/

NLStradamus/), and the PredictProtein server (https:// www.predictprotein.org/) were used. To check amino acid

sequences for an N-terminal secretion signal SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) was used.

Protein structure prediction was conducted with Phyre2 (www.sbg.bio.ic.ac.uk/~phyre/). For the graphical

alignment of sequences BioEdit 7.0.5.3. (http://www.mbio.ncsu.edu/BioEdit/page2.html) was used. For

molecular cloning Vector NTI (Thermo Scientific, Schwerte) as well as the Lasergene Molecular Biology Suite

(DNASTAR, Madison, USA) were used.
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6.  Appendix

Fig. 33: Local sequence alignment of Ten1 and sr11226 from S. reilianum. Black boxes indicate predicted
signal peptides.

Fig. 34: Relative ten1 expression after U. maydis infection of maize seedlings. Shown are DESeq-normalized
gene counts determined by RNAseq analyses of maize seedling leaves infected with FB1 and FB2. ax., axenic
culture; hpi, hours post-infection; dpi, days post-infection (data provided by D. Lanver).
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Fig. 35: Secondary structure prediction of Ten1 by Phyre2. Green helices indicate alpha helices; blue arrows
indicate β-sheets. Black arrowheads indicate truncation sites for the mapping of the ZmPP26-interacting domain
and for the insertion of a triple HA-tag between residues 132 and 133.


