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 I 

ZUSAMMENFASSUNG 
 

Salicylsäure (SA) ist eine phenolische Verbindung bestehend aus einem aromatischen 

Ring mit einer Carboxyl- und Hydroxylgruppe. SA stellt ein Schlüsselmolekül der pflanz-

lichen Immunantwort dar und reguliert lokale als auch systemische Abwehrreaktionen 

gegen biotrophe Pathogene. Ein Modellorganismus für biotrophe Pathogene ist der Mais-

beulenbrandpilz Ustilago maydis. Um SA-vermittelte Abwehrreaktionen zu unterdrücken 

und erfolgreich die Pflanze zu besiedeln hat U. maydis verschiedene Strategien entwi-

ckelt. So konnte gezeigt werden, dass U. maydis die pflanzliche SA-Produktion sowie die 

SA-assoziierte Signalweiterleitung zu seinen Gunsten manipulieren kann. Außerdem 

wurden im Genom von U. maydis drei Gene identifiziert, die für putativ SA-abbauende 

Enzyme, sogenannte Salicylathydroxylasen, kodieren. Für eines dieser Proteine, Shy1, 

wurde bereits die enzymatische Aktivität als Salicylathydroxylase bestätigt. Die vorher-

gesagte Eigenschaft SA abzubauen bildete die Grundlage für die Hypothese, dass diese 

Proteine zur Unterdrückung der pflanzlichen Immunantwort beitragen könnten.  

Um die biologische Funktion des SA-Abbaus durch Salicylathydroxylasen in U. maydis 

zu verstehen, wurde in dieser Arbeit die Charakterisierung dieser Proteine fortgesetzt. Es 

konnte gezeigt werden, dass U. maydis SA als Kohlenstoffquelle nutzen kann und Shy1 

für diesen Abbau essentiell ist. Neben shy1 und UMAG_03408, dem zweiten vorherge-

sagten Salicylathydroxylase-Gen, ist auch das dritte Gen der Familie, UMAG_05967, 

während der pathogenen Entwicklung induziert. Allerdings haben diese Gene trotz ihrer 

transkriptionellen Induktion keinen Einfluss auf die Virulenz des Pilzes. Quantitative 

real-time PCR-Analysen zeigten, dass shy1, UMAG_03408 und UMAG_05967 durch SA 

induziert werden. Dies lies vermuten, dass U. maydis SA perzipieren kann. Um herauszu-

finden, welche Faktoren an SA-Perzeption und Weiterleitung beteiligt sind, wurde ein auf 

UV-Mutagenese basierendes genetisches Screening durchgeführt. Dabei konnte Rss1 als 

Schlüsselkomponente des SA-Signalwegs identifiziert werden. Das Protein weist Merk-

male eines binuklearen Zink-Cluster Transkriptionsfaktors auf und reguliert die Expressi-

on von Genen, die im SA- und Tryptophan-Metabolismus involviert sind. Rss1 agiert 

vermutlich gleichzeitig als SA-Sensor und transkriptioneller Aktivator. Obwohl Rss1 

wichtig für die Expression von SA-induzierten Genen in axenischer Kultur ist, lieferten 

real-time PCR-Analysen Hinweise, dass weitere Signalwege während der pathogenen 

Entwicklung aktiv sind, die SA-induzierte Gene regulieren. Pathogenitätsstudien zeigten 

zudem, dass rss1 keinen Einfluss auf die Virulenz von U. maydis hat. 



 

 II 

SUMMARY 
 

Salicylic acid (SA) belongs to the class of phenolic compounds and is composed of an 

aromatic ring with one carboxyl- and one hydroxyl group. In plants, it is a key signalling 

molecule for the regulation of local and systemic defence responses against biotrophic 

plant pathogens. One model organism to study biotrophic pathogens is Ustilago maydis, 

the causative agent of corn smut disease. U. maydis employs strategies to interfere with 

SA production and SA-associated signalling of its host Zea mays. These strategies are 

considered to supress defence responses and thereby contribute to a successful infection. 

Moreover, the U. maydis genome encodes three putative salicylate hydroxylases, 

UMAG_05230, UMAG_03408, and UMAG_05967, which are predicted to degrade SA. 

For one of these proteins, UMAG_05230 (Shy1), salicylate hydroxylase activity could 

already be experimentally confirmed. Based on the predicted enzymatic function of these 

proteins, it was hypothesized that by eliminating SA they could contribute to the suppres-

sion of host immunity.  

To provide insights into the biological role of SA degradation by salicylate hydroxylases 

in U. maydis, the functional characterization of these genes was continued in this study. It 

could be demonstrated that U. maydis is able to use SA as carbon source and that Shy1 is 

essential for SA utilization. Besides shy1 and the second salicylate hydroxylase-related 

gene UMAG_03408, which were previously shown to be induced during infection, also 

the third gene of this family, UMAG_05967, was strongly upregulated in these develop-

mental stages. However, although induced during biotrophic growth, no involvement in 

virulence could be shown for these three genes. Transcriptional profiling revealed that 

shy1 and the two salicylate hydroxylase-related genes are induced in presence of SA, in-

dicating that U. maydis is able to sense SA. To provide insights into the molecular mech-

anism of SA perception and signalling, a forward genetic screen was performed. This 

screen led to the identification of one key regulator for SA sensing, the binuclear zinc 

cluster transcription factor Rss1. Rss1 is important for SA sensing and modulates the ex-

pression of genes that are needed to metabolise SA and tryptophan. Rss1 most likely acts 

concomitantly as SA sensor and transcriptional activator. Although Rss1 is important for 

the regulation of SA-responsive genes in axenic culture, transcriptional profiling data 

provided evidence that additional cues and pathways could exist that regulate these genes 

during plant colonization. Moreover, virulence assays with rss1 deletion mutants showed 

that the deletion of rss1 had no impact on virulence in seedling infections. 
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aa amino acid(s) 
AD activation domain 
BD binding domain 
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C-terminal carboxy-terminal 
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DNA desoxyribonucleic acid 
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Fig. figure 
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OD600nm optical density at 600 nm 
ORF open reading frame 
PAGE polyacrylamide gelelectro-
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PCR polymerase chain reaction 
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gene 
qPCR quantitative real time PCR 
RNA ribonucleic acid 
ROS reactive oxygen species 
Rss1 “Required for SA sensing 

1” / UMAG_05966 
RT room temperature 
s second(s) 
SA salicylic acid 
SAR systemic acquired re-

sistance 
SDS sodium dodecyl sulphate 
SNP single nucleotide polymor-

phism 
Shy1 “Salicylate hydroxylase 1” 

/ UMAG_05230 
Tab. table 
Tris trishydroxymethylamino-

methane 
Trp L-tryptophan 
U unit (enzyme activity) 
UV ultraviolet radiation 
rpm rounds per minute 
XR conferring resistance 

to X 
YNB-N yeast nitrogen base with 

ammonium sulphate 
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1 INTRODUCTION 
 

1.1 Salicylic acid – a multifaceted regulatory molecule in plants 

The regulation of life sustaining mechanisms, like growth, development, and abiotic as 

well as biotic stress responses, relies on a tight interplay of complex networks. These 

networks are controlled by a multitude of versatile signalling molecules, known as hor-

mones. In plants, several of these molecules have been identified and characterized, in-

cluding abscisic acid (ABA), indole-3-acetic acid (Auxin), cytokinin, gibberellic acid 

(GA), brassinosteroids (BR), strigolactone, ethylene (ET), jasmonic acid (JA), as well as 

the phenolic compound salicylic acid (SA, 2-hydroxy benzoic acid) (Santner et al., 2009). 

SA is composed of an aromatic ring with a carboxyl- and hydroxyl group (Dempsey et 

al., 2011). It is directly or indirectly involved in the regulation of a large number of essen-

tial processes during a plant’s life such as seed germination, seedling establishment, cell 

growth, respiration, stomatal closure, senescence, abiotic stress responses, and thermotol-

erance. Most prominently, it is a key regulator of thermogenesis and disease resistance 

(Vlot et al., 2009; Rivas-San Vicente and Plasencia, 2011). 

In plants, SA is produced via two distinct pathways. Studies in Arabidopsis thaliana re-

vealed that the isochorismate (IC) pathway in chloroplasts represents the predominant 

route for SA biosynthesis, whereas a smaller proportion is synthesised via the phenylala-

nine ammonia lyase (PAL) pathway (Vlot et al., 2009; Dempsey et al., 2011). In both 

cases salicylate originates from chorismate derived from the shikimate pathway. Produc-

tion via the IC pathway is facilitated by the isochorismate synthases ICS1 and ICS2 cata-

lysing the conversion of chorismate to isochorismate (Wildermuth et al., 2001; Garcion et 

al., 2008). It is proposed that the produced intermediate isochorismate is converted into 

salicylate by an isochorismate pyruvate lyase. However, the exact mechanism still re-

mains to be elucidated (Dempsey et al., 2011). The phenylalanine ammonia lyase PAL is 

one of the main components of the alternative biosynthesis route, the PAL pathway, and 

mediates the formation of the SA precursor trans-cinnamic acid from phenylalanine. 

trans-cinnamic acid is subsequently converted to SA via coumaric acid or benzoic acid as 

intermediate products (Dempsey et al., 2011).  

Once synthesised, SA availability and activity are modulated by a multitude of chemical 

modifications. Glycosylation of SA results in inactivation and subsequent vacuolar stor-

age, while methylation inactivates SA and increases its membrane permeability and vola-
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tility, features important for long distance transport. Additionally, amino acid conjuga-

tions, sulfonation, and hydroxylation were reported to change its activity. However, so far 

detailed functions for these modifications remain unclear (Vlot et al., 2009; Dempsey et 

al., 2011).  

 

1.2 Plant disease resistance 

Plants have evolved a multi-layered immune system to defend themselves against patho-

gens. The immune system is spatially and temporally controlled by diverse hormonal sig-

nalling cascades to respond effectively to attacks of distinct pathogen groups (Pieterse et 

al., 2012). Among the phytohormones regulating immune responses, SA represents the 

major regulatory molecule in the defence against biotrophic pathogens, which rely on 

living plant material to complete their life cycles. JA and ET mainly act in the defence 

against pathogens that feed on dead plants, known as necrotrophs (Glazebrook, 2005). 

The first layer of defence is defined as basal disease resistance or PAMP-triggered im-

munity (PTI) (Jones and Dangl, 2006). It is activated by the recognition of highly con-

served microbial molecules, termed pathogen-associated molecular patterns (PAMPs), or 

plant-derived molecules that are released upon pathogen invasion, known as damage-

associated molecular patterns (DAMPs) (Boller and Felix, 2009). Examples for pathogen-

derived elicitors triggering the first layer of defence are: flagellin, a protein subunit of the 

bacterial flagellum, EF-Tu, a bacterial transcription elongation factor, and chitin, the main 

component of the fungal cell wall (Felix et al., 1999; Kunze et al., 2004; Miya et al., 

2007). Prominent examples for DAMPs, acting as endogenous PTI elicitors, are cell wall 

fragments, cutin monomers, as well as the peptide systemin, which is induced upon 

wounding (Darvill and Albersheim, 1984; Schweizer et al., 1996; Ryan and Pearce, 

2003). PAMPs and DAMPs are recognized through cell surface-localized pattern recogni-

tion receptors (PRRs) that subsequently activate mitogen-activated protein kinase 

(MAPK) or calcium-dependent protein kinase (CDPK) signalling cascades (Romeis, 

2001; Chisholm et al., 2006; Heil and Land, 2014). These cascades induce defence re-

sponses to hamper pathogen proliferation, including the activation of pathogenesis-related 

(PR) genes that encode proteases and chitinases, cell wall alterations and callose deposi-

tion into the cell wall, the accumulation of reactive oxygen species, and the production of 

antimicrobial substances like defensins (Gohre and Robatzek, 2008).  
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Pathogens have co-evolved to overcome this first layer of defence. They deploy mole-

cules, termed effectors, that modulate the interaction with their hosts to suppress defence 

responses and to promote pathogen proliferation (Kamoun, 2006; Gohre and Robatzek, 

2008; Lo Presti et al., 2015). Effectors can act in the interaction zone between pathogen 

and host (apoplastic effectors) or they can be translocated into the host cytosol (cytoplas-

mic effectors) (Kamoun, 2006). Apoplastic effectors are often found to protect the patho-

gen from host recognition like the LysM effector Ecp6 of Cladosporium fulvum, seques-

tering chitin oligomers and thereby suppressing PTI (de Jonge et al., 2010). Cytoplasmic 

effectors interfere with diverse regulatory and metabolic processes in the plant cell. An 

example is the bacterial effector PopP2 of Ralstonia solanacearum, the causative agent of 

bacterial wilt disease. It inactivates WRKY transcription factors of its host A. thaliana 

that are important for the regulation of immunity (Le Roux et al., 2015; Sarris et al., 

2015). Bacterial pathogens translocate their effectors via the Typ III secretion system 

directly into the host cell by employing a specialised needle structure (Deslandes and 

Rivas, 2012). The uptake of many oomycete effectors is facilitated by small conserved 

amino acid motifs, such as RXLR, LXLFLAK, or CHXC (Whisson et al., 2007; 

Schornack et al., 2010; Kemen et al., 2011). In contrast, the mechanism of fungal effector 

translocation is poorly understood and so far conserved motifs have not been identified 

(Petre and Kamoun, 2014).  

In the evolutionary arms race between pathogen and plant, the host has evolved specific 

receptors to recognize effector molecules. These receptors are often composed of nucleo-

tide binding (NB) and leucine rich repeat (LRR) domains. Recognition results in the acti-

vation of effector-triggered immunity (ETI), the second layer of plant defence. ETI is an 

accelerated PTI response that can culminate in a hypersensitive cell death response (HR) 

at the site of infection. HR is effective to limit the spreading of biotrophs or hemibi-

otrophs since they rely on living plant material (Jones and Dangl, 2006). A simple model 

of this interaction is described by the gene-for-gene hypothesis. Certain effectors, defined 

as avirulence (Avr) proteins, are recognized by their cognate host receptors, termed re-

sistance (R) proteins, and trigger ETI which eventually leads to resistance (Flor, 1971). 

Besides a direct recognition of Avr proteins, pathogen effectors can be detected by R pro-

teins in an indirect manner (guard model). In this scenario, the integrity of host molecules 

that are targets of effectors is monitored. Effector-induced alterations of these molecules 

are perceived by distinct R proteins, which subsequently activate ETI (Dangl and Jones, 
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2001). One well-studied example supporting this hypothesis is that of RIN4 of A. thaliana 

and the Pseudomonas syringae effectors AvrB and AvrRpm1. AvrB and AvrRpm1 in-

duce phosphorylation of RIN4 to supress PTI. However, these modifications are recog-

nized by the R protein RPM1 which in turn activates ETI (Spoel and Dong, 2012). The 

decoy model updates the guard hypothesis with the assumption that the host has evolved 

molecules that mimic effector targets, and whose alterations are perceived by R proteins. 

In contrast to guard proteins, whose modifications by effector proteins promote infection 

if the cognate R protein is lacking, alterations of decoys are not beneficial for the patho-

gen in absence of the R-protein (van der Hoorn and Kamoun, 2008). 

To overcome ETI, pathogens modify or lose avr genes to avoid recognition by their hosts 

or they acquire new effectors to successfully suppress ETI (Jones and Dangl, 2006). 

Besides PTI and ETI as local responses to pathogen attacks, plants can induce a systemic 

immune mechanism, known as systemic acquired resistance (SAR). SAR comprises mas-

sive transcriptional reprogramming in the whole plant and results in broad-spectrum re-

sistance against diverse pathogens. Moreover, it is associated with an immune memory 

that primes the plant for secondary infections (Fu and Dong, 2013).  

1.2.1 The role of SA in plant disease resistance 

First evidences that SA is involved in the modulation of disease resistance were provided 

by studies in tobacco and cucumber showing the accumulation of SA upon pathogen at-

tack (Malamy et al., 1990; Metraux et al., 1990). Additionally, the exogenous application 

of SA on tobacco plants resulted in increased resistance to Tobacco Mosaic Virus, PR 

gene expression, and SAR (Klessig and Malamy, 1994). The importance of SA as signal-

ling molecule in plant immunity was supported by studies with tobacco plants producing 

the bacterial SA-degrading enzyme NahG as well as A. thaliana lines with mutations in 

essential components for SA biosynthesis. These plants were unable to accumulate SA, 

which resulted in reduced PR gene expression, lack of SAR, and ultimately in increased 

susceptibility to pathogens (Gaffney et al., 1993; Delaney et al., 1994; Wildermuth et al., 

2001). The application of the SA analogue 2,6-dichloro-isonicotinic acid (INA) comple-

mented the described phenotypes (Delaney et al., 1994; Vernooij et al., 1995). In line 

with these findings supporting the regulatory function of SA in disease resistance, over-

expression of bacterial genes involved in SA biosynthesis elevated PR gene expression 

and conferred enhanced resistance (Verberne et al., 2000; Mauch et al., 2001). Additional 
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studies revealed that the function of SA and its analogues in disease resistance is wide-

spread among flowering plants (angiosperms). It is not restricted to dicots like Arabidop-

sis and tobacco, the main model plants for the elucidation of plant immunity, but it can 

also be found in monocots such as wheat and maize (Gorlach et al., 1996; Morris et al., 

1998; Seyfferth and Tsuda, 2014). 

Upon pathogen recognition, a complex regulatory network with SA as main signalling 

component gets activated. The network is composed of signalling modules upstream and 

downstream of SA including modulators regulating SA accumulation, SA-binding pro-

teins, MAP-kinases transferring the SA signal, and transcriptional regulators activating 

defence-related genes (Dempsey et al., 2011). SA accumulation after pathogen recogni-

tion by NB-LRR receptors is dependent on EDS1 and NDR1, two main signalling com-

ponents that act upstream of SA. Diverse transcriptional activators modulating the expres-

sion of genes important for SA biosynthesis contribute to the regulation of SA production. 

Interestingly, SA itself is involved in its own regulation by stimulating upstream compo-

nents via positive feedback loops. Signal transduction downstream of SA mainly occurs 

via the transcriptional co-activator NON-EXPRESSOR OF PR1 (NPR1). Elevated SA 

levels lead to the activation of NPR1, which in turn regulates expression of PR genes 

(Vlot et al., 2009; Dempsey et al., 2011). To date, two divergent working models exist 

explaining the downstream signalling of SA via NPR1. They are based on findings of 

Mou et al. (2003) who provided evidence that NPR1 is present in the cellular cytosol as 

inactive oligomer. Concomitant with increasing SA levels, the cellular redox potential 

changes and thioredoxin-mediated reduction of NPR1 oligomers into monomers occurs 

(Tada et al., 2008). Monomeric NPR1 is subsequently translocated to the nucleus where it 

activates defence gene expression. However, several studies suggest that a simple nuclear 

translocation of NPR1 is not sufficient to activate PR genes (Pajerowska-Mukhtar et al., 

2013). Wu et al. (2012) proposed an additional step to ultimately activate NPR1. They 

showed direct SA binding by NPR1 and suggested that binding of SA induces a confor-

mational change resulting in protein activation. However, Fu et al. (2012) failed to detect 

this SA binding activity and therefore postulated a different mode of NPR1 regulation 

after oligomer disassembly: Instead of NPR1, the paralogues NPR3 and NPR4 are con-

sidered to be capable of binding SA. While NPR3 binds SA with low affinity, NPR4 rep-

resents a high affinity receptor. Both proteins interact with NPR1 either in an SA-bound 

(NPR3) or SA-unbound state (NPR4) and, depending on the SA concentration in the cell, 
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target NPR1 for proteasome-mediated degradation (Spoel et al., 2009; Fu et al., 2012). By 

this mechanism, NPR1 stability is tightly regulated in a SA-dependent manner leading to 

controlled activation of PR gene expression and defence responses. In contrast to Wu et 

al. (2012) who propose NPR1 as bona fide SA receptor, Fu et al. (2012) suggest that SA 

sensing occurs via the interplay of NPR3 and NPR4 as major SA receptor pair. 

Besides studies focussing on NPR proteins, which were initially identified via genetic 

screens, comprehensive unbiased SA binding assays were conducted over the last years to 

find potential bona fide SA receptors. Several SA-binding proteins (SABPs) were identi-

fied mostly by size exclusion chromatography with radiolabeled SA. The capability of SA 

binding was shown for H202 scavengers, whose enzymatic activity is inhibited by SA, and 

for methyl salicylate esterases, which convert methyl salicylate into salicylate. In the lat-

ter case, SA binding results in the inhibition of esterase activity and thereby promotes 

methyl salicylate accumulation (Chen and Klessig, 1991; Durner and Klessig, 1995; 

Kumar and Klessig, 2003; Forouhar et al., 2005). Several glutathione S-transferases and a 

subunit of α-ketoglutarate dehydrogenase were identified as SABPs by combining pho-

toaffinity labelling with surface plasmon technology, a method that appears to be more 

sensitive than size exclusion chromatography assays. Similar to the previously identified 

SABPs, SA acts as inhibitor of enzyme activity for these SA-binding proteins (Tian et al., 

2012). By employing protein microarrays together with SA photoaffinity labelling, 

Moreau et al. (2013) identified an additional set of novel SA-binding enzymes. Although 

SABPs identified by the described methods gave new insights into the broad regulatory 

mode of action of SA, bona fide SA receptors for SA signalling could not be detected. 

The SA-mediated defence signalling network is not only involved in the activation of 

local defence responses at the site of infection, but is also essential to induce SAR in the 

whole plant and to prime the plant for further infections. During SAR, NPR1-mediated 

activation of PR genes and other defence-related genes occurs in distal parts of the plant 

similar to the site of infection (Shah et al., 2014). Although grafting experiments with 

NahG plants led to the conclusion that SA itself is not the mobile signal to induce SAR, it 

is required to activate SAR in distal parts (Vernooij et al., 1994). Several studies suggest-

ed that the SA derivative methyl salicylate could be a long distance SAR signal (Shulaev 

et al., 1997; Park et al., 2007; Vlot et al., 2008; Liu et al., 2010).  
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1.2.2 Modulation of the SA-mediated signalling network by pathogen effectors 

The suppression of defence responses as well as the alteration of the host metabolism are 

crucial for biotrophic pathogens to successfully colonise their hosts. One strategy to ma-

nipulate the host is the intervention of the SA-mediated signalling network, e.g. by inter-

fering with SA production or by manipulating SA-mediated signal transduction pathways. 

Besides a direct interference, other hormonal networks can be modulated or phytohor-

mone mimics can be produced by the pathogen that, due to extensive hormonal crosstalk, 

indirectly manipulate the SA-mediated pathways (Fig. 1) (Kazan and Lyons, 2014; 

Tanaka et al., 2015).  

 
Fig. 1: Effector interference into the SA-mediated signalling network. The scheme depicts SA biosyn-
thesis via ICS and PAL pathway inside the chloroplast (dark green compartment) and in the plant cytosol 
(light green) as well as SA signalling via NPR1 (purple square) upon increasing SA levels in the nucleus 
(grey compartment). Fungal (blue), oomycete (turquoise), and bacterial effectors (magenta) are indicated as 
ovals or round circles at their site of action. Apoplastic effector targets, present in the apoplastic space 
(white), are marked as purple squares. Solid arrows indicate chemical reactions. Blunt-ended arrows repre-
sent direct inhibition, blunt-ended dotted arrows indirect inhibition. For details see text. Modified from 
Tanaka et al. (2015). 

Pathogens employ different strategies to interfere with SA accumulation. The causative 

agent of corn smut disease, Ustilago maydis, secretes the effector Cmu1, a chorismate 

mutase that, after translocation into the host cytosol, modulates SA production of its host. 

Enzymatically active Cmu1 converts chorismate, the precursor for SA biosynthesis, into 
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prephenate. By this enzymatic reaction the available pool of chorismate in the chloro-

plasts is predicted to be reduced limiting SA biosynthesis. Lowering SA levels is consid-

ered to contribute to the suppression of SA-regulated defence responses and thereby pro-

motes infection by U. maydis (Djamei et al., 2011). Similar strategies are employed by 

the stem and root rot causing oomycete Phytophthora sojae and the fungus Verticillium 

dahlia, which induces Verticillium wilt. Liu et al. (2014) showed that these species se-

crete the isochorismatases Vdlsc1 and Pslsc1, respectively, that hydrolyse the direct pre-

cursor of SA, isochorismate, thereby restricting SA production and repressing PR gene 

expression. P. syringae produces HopI1, an effector targeted to the chloroplasts. In chlo-

roplasts, HopI1 recruits the plant heat shock protein HSP70. It is suggested that due to the 

interaction with HSP70 the assembly of SA biosynthesis or transport components is dis-

turbed and thereby SA accumulation is reduced (Jelenska et al., 2010).  

Several additional effectors of different pathogens have been proposed to compromise SA 

signalling. Examples are HARxL96 of the downy mildew pathogen Hyaloperonospora 

arabidopsidis, and PsAvh163 of P. sojae (Anderson et al., 2012). Whereas the exact 

mode of action has still to be elucidated for the aforementioned effectors, a model is pro-

posed for the type III effector XopJ of Xanthomonas campestris pv. vesicatoria, the caus-

ative agent of bacterial spot disease on tomato and pepper. XopJ interacts with a subunit 

of the proteasomal complex of host cells. By interfering with host proteasomal activity 

the proteasome-mediated turnover rate of SA signalling components might be changed, 

which could negatively affect SA levels and SA marker gene expression (Ustun et al., 

2013).  

Another effector target associated with downstream SA signalling and defence responses 

are cysteine proteases. In maize, apoplastic cysteine proteases are proposed to activate 

with their enzymatic activity SA-mediated defence signalling by an as yet unknown 

mechanism (van der Linde et al., 2012). Several effectors have been identified interfering 

with protease activity (Rooney et al., 2005; van Esse et al., 2008; Song et al., 2009). One 

of these effector proteins is the U. maydis effector Pit2. This apoplastic effector interacts 

with the maize cysteine proteases CP1A, CP2, and XCP2 and inhibits their enzymatic 

activity, which likely leads to suppression of immunity and promotes infection (Mueller 

et al., 2013). 

To attenuate SA-mediated defence, P. syringae produces coronatine (COR), which is 

structurally related to the phytohormone derivative JA-Ile. COR is secreted by P. syrin-
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gae and interacts with SCF E3 ubiquitin ligase complex of its host. The activated SCF 

complex targets repressors of JA-responsive genes for degradation resulting in the activa-

tion of the JA pathway (Brooks et al., 2005; Katsir et al., 2008). Due to the antagonistic 

interplay between SA and JA, the induction of the JA pathway suppresses SA signalling 

and ultimately SA-mediated defence responses (Grant and Jones, 2009). 

 

1.3 SA biosynthesis, degradation, and perception in bacteria and fungi 

SA biosynthesis is broadly distributed among diverse classes of bacteria, including the 

plant growth-promoting bacterium Pseudomonas fluorescens and the phytopathogen 

P. syringae (Meyer et al., 1992; Jones et al., 2007). Bacterial SA biosynthesis occurs from 

chorismate either directly, catalysed by a salicylate synthase, or similar to plants via a 

two-step mechanism with isochorismate as intermediate product (Serino et al., 1995; 

Kerbarh et al., 2005). In contrast to plants, where SA plays an important role in signal-

ling, in bacteria it mainly serves as building block for siderophore biosynthesis or as si-

derophore itself (Visca et al., 1993). Siderophores are iron-chelating molecules that are 

produced and secreted under iron limitations and reinternalized in an iron-bound state via 

specific receptors to acquire sufficient iron (Neilands, 1995; De Meyer and Hofte, 1997). 

Besides its role in bacterial iron sequestration, it is proposed that SA promotes induced 

resistance against necrotrophic pathogens in plants interacting with mutualistic bacteria. 

SA, which is produced as siderophore by the rhizobacterium Pseudomonas aeroginosa, 

was shown to be important for induced resistance to leaf infections by the necrotroph 

Botrytis cinerea (De Meyer and Hofte, 1997). These findings provide evidence for a nov-

el mode of action of SA as regulatory molecule. However, the mechanism how SA de-

rived from a growth-promoting bacterium acts as trigger for induced resistance against 

necrotrophs remains to be elucidated.  

Many soil born bacteria but also diverse fungal species degrade SA that arises as interme-

diate in the detoxification process of polycyclic aromatic hydrocarbons (PAHs), like 

naphthalene. During degradation, SA is channelled into the TCA cycle as well as gluco-

neogenesis pathway and is used as energy and carbon source. SA can be converted to 

catechol via the intermediates phenol or 2,3-dihydroxybenzoate. Alternatively, it can be 

directly converted in a reaction catalysed by salicylate-1-hydroxylases (Peng et al., 2008; 

Martins et al., 2015). Salicylate-1-hydroxylases are flavin adenine dinucleotide (FAD)-
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containing monooxygenases that catalyse the hydroxylation of salicylate to catechol con-

comitantly with the oxidation of NADH (Katagiri et al., 1965).  

Several fungal species, like the necrotroph Sclerotinia sclerotiorum or the saprophytes 

Trichosporon cutaneum and Aspergillus nidulans, can degrade SA (Sze and Dagley, 

1984; Penn and Daniel, 2013; Martins et al., 2015). In contrast to bacteria, where the per-

ception of SA occurs via NahR, a transcription factor that is encoded in the Nah operon 

for naphthalene degradation, for fungi SA sensing and signalling is poorly understood 

(Schell and Wender, 1986). Interestingly, Anderson and Dagley (1981) showed that in 

T. cutaneum salicylate induces the production of a set of enzymes that are known to be 

involved in the degradation of the aromatic amino acid tryptophan.  

 

1.4 Ustilago maydis – the causative agent of corn smut disease 

Smut disease is widely distributed among various grass species of the Poaceae family 

including economically important crop plants such as maize, barley, and sugarcane. It is 

caused by phytopathogenic fungi of the order Ustilaginales (Kahmann et al., 2000). These 

biotrophic fungi proliferate in the living plant and produce massive amounts of black 

spores that lead to smutted appearance of infected plant organs, thereby giving the disease 

its name: smut disease. One of the best-studied smut disease-causing fungi is 

Ustilago maydis. Like all smut fungi, U. maydis has a very narrow host-range solely in-

fecting maize (Zea mays) and its progenitor plant teosinte (Zea mays ssp. parviglumis and 

mexicana) (Christensen, 1963; Kahmann et al., 2000). In contrast to other smuts that 

spread systemically inside the plant and cause symptoms only in the inflorescence, 

U. maydis infects all aerial parts of its host. Typical symptoms of infected maize plants 

are chlorotic lesions, anthocyanin production, necrosis, stunting, as well as formation of 

tumours, in which fungal proliferation and differentiation of black-pigmented teliospores 

occurs (Basse and Steinberg, 2004).  

U. maydis has emerged as model organism to study cell biological questions. Moreover, 

together with its host Z. mays, it has become a famous system to elucidate basic mecha-

nisms of plant-pathogen interactions (Brefort et al., 2009; Vollmeister et al., 2012). In-

trinsic characteristics of the fungus and a well-established toolbox for reverse genetics 

and cell biology make U. maydis ideal for laboratory studies. Due to its short life cycle 

and its ability to infect all above-ground parts of its host, tumour formation can already be 
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assessed seven days after inoculation resulting in a fast characterization of potential viru-

lence mutants (Kahmann et al., 2000). In nature, infection occurs only upon mating of 

two compatible partners followed by the formation of a dikaryotic filament. To circum-

vent the genetic manipulation of two partners, solopathogenic haploid strains were gener-

ated enabling rapid gene deletions and virulence assessments (Bolker et al., 1995; 

Kamper et al., 2006). During its pathogenic phase, U. maydis relies on living host tissue 

for proliferation. However, propagation as yeast-like growing cells in axenic culture is 

possible. This represents a great advantage over obligate biotrophs that rely on their host 

during their entire life cycle. In its saprophytic yeast-like stage, U. maydis is highly ame-

nable to genetic manipulation. Kamper (2004) developed an efficient gene replacement 

system to delete and introduce genes via homologous recombination. Based on this sys-

tem, high-throughput methods have been established: Golden Gate cloning can be used to 

speed up the generation of gene replacement constructs, FLP-mediated recombination to 

recycle resistance markers, and CRISPR-Cas9 to generate strains with multiple targeted 

mutations (Garcia-Pedrajas et al., 2008; Khrunyk et al., 2010; Terfruchte et al., 2014; 

Schuster et al., 2015). In addition, molecular tools are available, including constitutively 

active or inducible promoters and fluorescent reporter proteins to study essential genes 

and to assess protein localization (Steinberg and Perez-Martin, 2008). Various staining 

techniques of fungal structures contribute to a deeper understanding of fungal cell biology 

and the infection process (Banuett and Herskowitz, 2002; Doehlemann et al., 2009). Arti-

ficial systems, making use of media that contain activated charcoal to induce filament 

formation or artificial surfaces that trigger appressoria development, enable the in vitro-

study of developmental steps that are related to the early phase of infection (Day and 

Anagnostakis, 1971; Mendoza-Mendoza et al., 2009). The fully annotated genome se-

quence, available genome-wide transcriptional profiling data of different developmental 

stages and mutants, and proteomic data contribute to U. maydis’ current state as excellent 

model for biotrophic plant pathogens (Kamper et al., 2006; Bohmer et al., 2007; Heimel 

et al., 2010; Lanver et al., 2014). Moreover, genome data of related smut fungi opened the 

field for comparative genomics (Schirawski et al., 2010; Laurie et al., 2012; Taniguti et 

al., 2015).  

1.4.1 The life cycle of U. maydis 

During its life cycle, U. maydis undergoes morphological transitions as well as changes in 

ploidy, which are linked to the switch from saprophytic to pathogenic growth. Due to the 
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biotrophic nature of U. maydis, these major developmental steps only occur in presence 

of its host Z. mays.  

Saprophytic, cigar-shaped cells, termed sporidia, constitute the starting point of the life 

cycle. They proliferate via polar budding and are unable to cause disease. The dimorphic 

switch occurs upon fusion of two compatible haploid mating partners and results in the 

formation of a dikaryotic filament (Fig. 2A, B) (Rowell, 1955; Snetselaar and Mims, 

1992). This process coincides with the initiation of the sexual and pathogenic develop-

ment (Banuett, 1992). It is genetically controlled by a tetrapolar mating system consisting 

of a biallelic a locus and a multiallelic b locus (Rowell and DeVay, 1954; Banuett and 

Herskowitz, 1989). The a locus encodes a pheromone receptor system comprising 

lipopeptide mating factors (Mfa1/2) and seven-transmembrane receptors (Pra1/2) (Bolker 

et al., 1992). Compatible cells recognize each other via the pheromone-receptor system, 

grow along the pheromone gradient, and fuse (Fig. 2A) (Snetselaar et al., 1996). A so-

phisticated regulatory network is involved in signal transmission during mating, consist-

ing of a cAMP as well as a MAPK cascade. cAMP and MAPK signalling lead to the acti-

vation of the master regulator Prf1 (pheromone response factor 1). Prf1 subsequently in-

duces the a locus genes as well as the genes of the b locus, which are essential for the 

formation of the dikaryotic filament and the following pathogenic development 

(Kaffarnik et al., 2003; Zarnack et al., 2008). The b locus encodes a pair of transcription 

factors, bEast and bWest, that dimerize and become active in the dikaryon if they derive 

from different alleles (Gillissen et al., 1992; Kamper et al., 1995).  

Dikaryotic hyphae elongate on the plant surface by tip-directed growth. Cytoplasm accu-

mulates in the tip compartment of the hyphae and older parts of these filaments get vac-

uolated and are sealed off by septa. Triggered by plant-derived cues, a poorly differentiat-

ed and non-melanised infection structure, the appressorium, is formed at the hyphal tip 

and penetrates the plant cuticle (Fig. 2C) (Snetselaar and Mims, 1992). Hydrophobicity 

and hydroxy-fatty acids (cutin monomers) are the essential cues stimulating filament and 

appressoria formation (Mendoza-Mendoza et al., 2009). 

Upon penetration hyphae become encased by the plant plasma membrane and grow ini-

tially intracellularly inside epidermal cells (Fig. 2D). The encasement of the hyphae by 

the plant plasma membrane creates a biotrophic interface, which serves as interaction 

zone between fungus and plant. In the early phase of infection, U. maydis is recognized 

on the plant surface and triggers the onset of PTI. However, plant defence responses are 
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already successfully suppressed early after penetration. Moreover, by that time massive 

reprogramming of the host metabolism has occurred (Doehlemann et al., 2008b). More 

than 400 putatively secreted effector molecules were bioinformatically predicted in the 

20.5 Mb small genome of U. maydis, 70 % of those with unknown function (Kamper et 

al., 2006). Several of these predicted effectors are now, after functional characterization, 

considered to be involved in the suppression of defence responses and modulation of host 

metabolism: Pit2 and Cmu1 (see section 1.2.2), the apoplastic effector Pep1, and Tin2, 

which is considered to be translocated into host cells (Djamei et al., 2011; Hemetsberger 

et al., 2012; Mueller et al., 2013; Tanaka et al., 2014). Pep1 is proposed to interfere in 

peroxidase-driven oxidative burst by inhibiting the maize peroxidase POX12 in the apo-

plastic space. Thus, it is considered to suppress early plant defences (Doehlemann et al., 

2009; Hemetsberger et al., 2012). Tin2 targets a plant secondary metabolite pathway to 

create a favourable environment for the pathogen. It stabilizes a cytoplasmic maize pro-

tein kinase, which promotes anthocyanin production. This likely results in reduced avail-

ability of the precursor for lignin biosynthesis and prevents lignification of plant cell 

walls, which is known to interfere with pathogen invasion (Tanaka et al., 2014).  

Intracellular growth of hyphae is followed by proliferation and branching in between 

plant cells (Fig. 2E). Concomitant with fungal proliferation, plant cells enlarge and plant 

cell division in leaf tissue resumes, which results in the formation of tumours (Snetselaar 

and Mims, 1992; Banuett and Herskowitz, 1996; Doehlemann et al., 2008). Redkar et al. 

(2015) showed recently that the effector See1 plays an important role in tumour for-

mation. Presumably by interfering with phosphorylation of the putative maize cell cycle 

protein SGT1, See1 reactivates plant DNA synthesis and contributes thereby to tumour 

progression of leaf cells (Redkar et al., 2015). 

After massive intra- and intercellular proliferation in tumour tissue, karyogamy and frag-

mentation of fungal hyphae occur. During sporogenesis, cells round up and differentiate 

into heavily melanised teliospores (Fig. 2F) (Snetselaar, 1994; Banuett and Herskowitz, 

1996). Late in infection, tumour tissue dries up, ruptures, and releases teliospores that 

spread in the environment and survive harsh environmental conditions until they germi-

nate. During germination they form a promycelium and undergo meiosis (Fig. 2G). From 

the promycelium haploid progeny are bud-off (Fig. 2H). These haploid sporidia represent 

the starting point of a new round of sexual as well as pathogenic development. 
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Fig. 2: Life cycle of U. maydis. (A) Haploid, non-pathogenic sporidia of compatible mating type grow 
towards each other by forming conjugation tubes. (B) Fusion leads to a dikaryotic filament, the pathogenic 
form. (C) The dikaryotic filament grows on the plant surface and penetrates the cuticle via an appressorium. 
(D) The plant plasma membrane invaginates and the fungal hypha grows intracellularly establishing the 
biotrophic interface. (E) After intercellular proliferation and branching (F) sporogenesis occurs leading to 
diploid teilospores. (G) Teliospores germinate and release haploid sporidia. Grey depicts the saprophytic, 
green the biotrophic phase of the life cycle. The centred picture shows a cop of infected maize where ker-
nels are replaced by tumorous material filled with black teliospores. Scheme modified from Kamper et al. 
(2006). 

1.4.2 Salicylate hydroxylases in U. maydis 

Although U. maydis is recognized by its host Z. mays in the early phase of infection, it 

successfully establishes biotrophy at later stages by reprogramming the host metabolism 

and suppressing SA-mediated defence responses (Doehlemann et al., 2008b). Djamei et 

al. (2011) proposed that the interference in SA biosynthesis by the effector Cmu1 could 

be one strategy to shape the host metabolome and to promote a successful infection (see 

section 1.2.2). Since Cmu1 contributes only modestly to virulence, they postulated that 

several mechanisms must be employed by U. maydis to achieve the immense metabolic 
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changes that can be observed upon infection (Djamei et al., 2011). Besides interfering in 

SA production, one additional strategy to lower SA levels and suppress SA-mediated de-

fence responses could be the elimination of SA by SA-degrading enzymes, such as salicy-

late hydroxylases. In line with this hypothesis, two genes encoding potential salicylate 

hydroxylases were found in the genome of U. maydis: UMAG_05230 and UMAG_03408 

(Djamei et al., 2011; Rabe, 2011). Salicylate hydroxylase activity measurements with 

recombinant protein demonstrated that UMAG_05230 is indeed enzymatically active as 

salicylate hydroxylase (Rabe, 2011). Moreover, when constitutively expressed, fluores-

cently tagged UMAG_05230 and UMAG_03408 localize to the cytoplasm of sporidia 

and fungal hyphae. Therefore, the elimination of SA is considered to be an intracellular 

process (Rabe, 2011). UMAG_05230 and UMAG_03408 were shown to be upregulated 

during the pathogenic development of U. maydis suggesting that they might play a role 

for successful infection. However, virulence assays revealed, that they are not required 

for virulence of the haploid, solopathogenic strain SG200 during seedling infection 

(Rabe, 2011). Since no direct link to virulence could be made, a putative role of salicylate 

hydroxylases in the suppression of SA-mediated defence responses remains speculative. 

 

1.5 Aims of the study 

The aim of the first part of this work was to elucidate the biological role of SA degrada-

tion in U. maydis. This should be accomplished by continuing the functional characteriza-

tion of predicted salicylate hydroxylases, which was initiated in the master’s thesis by 

Rabe (2011). Although results of this master’s thesis provided first insight into expres-

sion, localization, and enzymatic activity of two of these proteins (UMAG_05230 and 

UMAG_03408), their biological function has remained elusive (see section 1.4.2). To 

advance this study, putative salicylate hydroxylases that might have remained undiscov-

ered should be identified and experiments, such as enzymatic activity measurements, 

U. maydis growth assays on various carbon sources, transcriptional profilings under dif-

ferent growth conditions and virulence assays, should be performed. 

The main objective of the second part was the characterization of a putative SA sensing 

mechanism in U. maydis. This involved the identification of components for SA percep-

tion and signalling through a forward genetic screen as well as their functional characteri-

zation. In addition, transcriptional profiling of putative SA-responsive genes in Sporisori-
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um reilianum and Ustilago hordei, two fungi that are related to U. maydis, should provide 

insights into conservation and impact of SA sensing in smut fungi.  
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K163 

NahG 434 aa   130 ATQVEQ------QGGEVQVLFTDGTEYRCDLLIGADGIKSALRSHVL 171 aa 
Shy1  442 aa   141 LQSLQQPT---TADGKVKMTFHDGSTHEADLVIGCDGIHSRVRGALD 184 aa 
UMAG_03408  447 aa   131 AKLHLASKVVDVDGEAGTITLADGTTFQGDIIVGSDGIKSVLQKNVL 177 aa 
UMAG_05967  453 aa   132 VQIVMDHIAEDVDTEAGVITFRNGNKVTADLIIGSDGIRSKARVAIG 178 aa 
PHBH 397 aa   124 TQNVQPHGHKTDRPWLTFEHQGEAFRLECDYIAGCDGFHGVARQSIP 170 aa 

Fig. 3: Alignment of NAD(P)H binding domains in the salicylate hydroxylase NahG from P. putida, 
p-hydroxybenzoate hydroxylase (PHBH) from P. fluorescens, Shy1, and the two predicted salicylate 
hydroxylases UMAG_03408 and UMAG_05967 from U. maydis. Besides Shy1 (UMAG_05230) and 
UMAG_03408, BlastP homology search with the amino acid (aa) sequence of P. putida NahG revealed 
UMAG_05967 as third potential salicylate hydroxylase that is encoded in the genome of U. maydis. The 
NAD(P)H binding pocket (marked in magenta) is highly conserved. The basic K/H/R residue known to be 
important for NAD(P)H binding is marked with an arrow. The alignment was modified after Rabe (2011). 

2 RESULTS 
 
2.1 UMAG_05967 – a third potential salicylate hydroxylase encoded in 

the U. maydis genome 

Besides UMAG_03408 and UMAG_05230, which displays enzymatic activity as salicy-

late hydroxylase (Rabe, 2011) and was therefore named Shy1 (Salicylate hydroxylase 1), 

a third predicted salicylate hydroxylase is encoded in the genome of U. maydis: 

UMAG_05967. This protein was identified by BlastP homology searches with the amino 

acid sequence of the salicylate hydroxylase NahG from Pseudomonas putida. While Shy1 

shares an amino acid identity of 34.3 % and UMAG_03408 an identity of 23.7 % with 

NahG (Rabe, 2011), UMAG_05967 is less conserved displaying only 18.7 % sequence 

identity. Despite their relatively low sequence identity, residues critical for NADH bind-

ing in NahG and related flavoproteins (Suzuki et al., 1995; Eppink et al., 1997; Eppink et 

al., 1998) are highly conserved in the three U. maydis proteins (Fig. 3). In Shy1, residue 

K163 of the predicted NADH binding site is substituted by H176, an amino acid that is also 

present in the NADPH binding motif of the p-hydroxybenzoate hydroxylase (PHBH) 

from P. fluorescens and known to be involved in NADPH binding (Fig. 3) (Eppink et al., 

1997; Rabe, 2011). In UMAG_05967, the corresponding lysine residue is substituted by 

R170. Eppink et al. (1998) showed that substituting histidine by arginine does not affect 

coenzyme binding of PHBH. This makes it likely that R170 in UMAG_05967 might also 

contribute to NADH-binding. 
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2.2 UMAG_05967 is transcriptionally induced during pathogenic de-

velopment of U. maydis 

In the master’s thesis by Rabe (2011) it was shown that shy1 and UMAG_03408 were 

transcriptionally induced in the biotrophic stages of U. maydis. To assess whether 

UMAG_05967 is also expressed during pathogenic development, transcript levels of this 

gene at different infection stages were quantified by real time PCR and compared to lev-

els in axenic culture.  

 
Fig. 4: Among the three genes, encoding predicted salicylate hydroxylases, UMAG_05967 shows the 
strongest transcriptional induction during pathogenic development of U. maydis. Transcript levels of 
shy1, UMAG_03408, and UMAG_05967 at different life cycle stages of the wild type strains FB1 and FB2 
were quantified by real time PCR. Constitutively expressed peptidyl-prolyl isomerase (ppi) was used for 
normalization. Expression of each gene in cells grown in axenic culture was set to 1.0 and expression levels 
at biotrophic stages were compared to those in axenic culture. Error bars depict standard deviation calculat-
ed from three independent biological replicates using infected areas from eight plants each (n=3). The tran-
scriptional induction of shy1 and UMAG_03408 during infection was previously shown (Rabe, 2011) and 
repeated to compare expression levels with UMAG_05967. 

To this end, RNA was extracted from plants that were previously infected with a mixture 

of compatible wild type strains FB1 and FB2 (Rabe, 2011). For the axenic culture control 

the two strains were grown separately in YEPSlight and then mixed prior to RNA extrac-

tion. For comparison, shy1 and UMAG_03408 were included in the analysis and data 

from this master’s thesis by Rabe (2011) were repeated. Already 24 h post infection, a 

time point where epidermal cells are invaded and the establishment of biotrophy occurs, 

UMAG_05967 was induced several hundred-fold compared to its transcript levels in 

axenic culture (Fig. 4). UMAG_05967 was the most strongly upregulated gene compared 

to shy1 and UMAG_03408. Its expression increased to more than 10,000-fold and stayed 

at this high level during the entire pathogenic life cycle (Fig. 4). Based on its strong in-

duction during plant colonisation, UMAG_05967 was considered to play a role for the 

biotrophic development of U. maydis.  
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2.3 Among predicted salicylate hydroxylases only Shy1 displays salicy-

late hydroxylase activity 

Previously it was demonstrated that Shy1 (UMAG_05230) is enzymatically active as sa-

licylate hydroxylase (Rabe, 2011). To test whether any of the other two proteins that dis-

play similarity to salicylate hydroxylases show enzymatic activity, fusion proteins were 

produced and subjected to in vitro salicylate hydroxylase activity assays. To this end, the 

affinity-tagged protein fusions GST-NahG and GST-Shy1 (positive control), GST (nega-

tive control), UMAG_03408-6xHis, and UMAG_05967-6xHis were heterologously pro-

duced in Escherichia coli and purified by glutathione and Ni-NTA affinity purification, 

respectively (Fig. 5A, B). Recombinant UMAG_05967-6xHis exhibited yellow colouring 

characteristic for flavin-containing proteins (Fig. 5C). 

 
Fig. 5: UMAG_05967 and UMAG_03408 can be produced in E. coli. Fusion proteins were produced in 
E. coli and enriched by glutathione or Ni-NTA affinity purification. (A) GST-Shy1 (positive control), 
UMAG_05967-6xHis, GST-NahG (positive control), and GST (negative control) were separated by SDS- 
PAGE and stained with Coomassie Brilliant Blue. (B) Production of UMAG_03408-6xHis was demonstrat-
ed after separating the eluate of the affinity purification by SDS-PAGE and Coomassie Brilliant Blue 
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Fig. 5 (continued): staining. In the lower panel a corresponding Western blot developed with monoclonal 
anti-6xHis-antibody is shown to reveal the presence of UMAG_03408-6xHis in this fraction. Bands of the 
expected size in (A) and (B) are marked with arrowheads. (C) The predicted salicylate hydroxylase 
UMAG_05967-6xHis showed yellow colouring characteristic for flavin-containing proteins. 

In a reaction catalysed by salicylate hydroxylases, salicylate is converted to catechol, 

concomitantly with the oxidation of NADH to NAD+. The oxidation of NADH is stoichi-

ometric with the consumption of salicylate and formation of catechol (Fig. 6A) (Katagiri 

et al., 1965). Therefore, salicylate hydroxylase activity could be assayed in vitro by fol-

lowing NADH extinction at λ = 340 nm. In contrast to GST-NahG and GST-Shy1 that 

showed salicylate hydroxylase activity with a specific activity of 523.4 (± 36.6) and 293.1 

(± 11.9) nmol NADH min-1 mg protein-1, respectively (Fig. 6B, C), UMAG_03408-6xHis 

and UMAG_05967-6xHis failed to display salicylate hydroxylase activity (Fig. 6B). 

However, the yellow colouring of UMAG_05967-6xHis implicated a proper folding of 

the heterologously produced protein (Fig. 5C). It is unclear whether UMAG_03408 and 

UMAG_05967 are inactive under the applied reaction conditions or whether alternative 

substrates are recognized by these two proteins.  

 
Fig. 6: Among the three predicted salicylate hydroxylases from U. maydis only Shy1 shows salicylate 
hydroxylase activity. (A) Reaction equation of salicylate degradation catalysed by salicylate hydroxylases. 
(B) Salicylate hydroxylase activity was determined by the decrease of NADH extinction (λ= 340 nm). 
NADH extinction was measured and plotted against time for GST (negative control), GST-NahG and GST- 
Shy1 (positive controls), UMAG_05967-6xHis, and UMAG_03408-6xHis with salicylate as substrate. 
Enzymatic activity measurements were performed in triplicates. (C) Specific activity (nmol NADH min-1 
mg protein-1) was calculated for GST-NahG and GST-Shy1 displaying enzymatic activity as salicylate 
hydroxylases. Error bars depict standard deviation (n=3). 
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2.4 Deletion of shy1, UMAG_03408, and UMAG_05967 does not result 

in a detectable virulence defect during seedling infection 

It was shown in the master’s thesis by Rabe (2011) that the deletion of shy1 and 

UMAG_03408 does not significantly affect virulence of the solopathogenic strain SG200. 

To determine whether the deletion of shy1 or any of the related genes causes a modest 

alteration of virulence, which could not be detected in SG200, these genes were deleted in 

the haploid solopathogenic strain CL13. CL13 is attenuated in virulence and was shown 

to be useful to detect subtle differences in virulence (Di Stasio et al., 2009; Djamei et al., 

2011). Seven day old maize seedlings (Gaspe Flint) were infected with CL13Δshy1 in 

comparison to the progenitor strain CL13 and symptoms were scored as described by 

Kamper et al. (2006) twelve days post infection (Fig. 7). Moreover, a triple-deletion de-

rivative of CL13, CL13Δshy1ΔUMAG_03408ΔUMAG_05967, was generated and in-

cluded in the analysis, as redundancy could account for the lack of a detectable virulence 

phenotype. However, no significant reduction in virulence symptoms could be detected 

after seedling infection with these mutant strains relative to CL13 (Fig. 7).  

 
Fig. 7: Deletion of shy1 and related genes does not alter the virulence of U. maydis CL13 and 
CL13∆cmu1 in seedling infections. Disease symptoms of maize seedlings were determined twelve days 
post infection with either the solopathogenic U. maydis strain CL13, the deletion mutant CL13∆shy1, or 
two independent isolates of the triple-mutant CL13∆shy1∆UMAG_03408∆UMAG_05967. In the same 
experiment CL13∆cmu1 and two independent isolates of CL13∆cmu1∆shy1∆UMAG_ 03408 were tested 
in addition. Disease symptom categories are colour-coded and depicted on the right; the darker the colour 
the more severe the symptoms. Experiments were performed in triplicates. Mean values from three 
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Fig. 7 (continued): independent infections are shown with the total number of infected plants above each 
column. No significant differences in disease symptoms were scored. Significance was tested by employing 
Fisher’s exact test with Benjamini-Hochberg multiple testing correction. 

Since the effector Cmu1 as well as salicylate hydroxylases, such as Shy1, were both con-

sidered to lower SA levels upon infection (see section 1.4.2), epistatic effects could ex-

plain the lack of an observable virulence phenotype of the shy1 deletion mutant. In this 

scenario, the presence of cmu1 would mask a potential phenotype of CL13Δshy1. There-

fore, I tested whether the virulence of a cmu1 deletion mutant is altered when shy1 is de-

leted in addition. For technical reasons a triple deletion mutant was generated lacking 

cmu1, shy1, and UMAG_03408. However, deletion of shy1 as well as UMAG_03408 in a 

cmu1 deletion background did not significantly reduce the virulence of the respective 

strain in comparison to the progenitor strain CL13Δcmu1 (Fig. 7).  

The results of the virulence assays illustrate that neither shy1 nor the salicylate hydrox-

ylase-related genes UMAG_03408 and UMAG_05967 contribute significantly to viru-

lence during seedling infection under the tested conditions. 

 
2.5 Physiological concentrations of SA have no inhibitory effect on 

U. maydis growth even in absence of shy1 

Basal levels of SA differ dramatically, up to 100-fold, between plant species. Even within 

members of the same family or in one species such differences are detectable (Rivas-San 

Vicente and Plasencia, 2011). In rice, basal levels can vary between 5 to 30 µg SA g-1 FW 

(Yang et al., 2004). Although to date no comprehensive studies exist assessing basal SA 

levels in maize, SA concentrations might also differ in various maize cultivars and under 

natural conditions. Since high SA concentrations were found to be toxic to certain phyto-

pathogens (Singh, 1978; Saint-Pierre et al., 1984), it was conceivable that U. maydis 

might need Shy1 for the detoxification of SA, e.g. upon infection of cultivars with high 

basal SA levels. Therefore, I tested whether the shy1 deletion mutant is growth-inhibited 

by SA. Dilutions of CL13 and CL13Δshy1 were spotted on YNB-N minimal medium 

supplemented with glucose and increasing concentrations of salicylate ranging from 

10 µM to 10 mM. Only when SA levels exceeded reported local, physiologically relevant 

concentrations of 100 µM and were in the mM range (Huang et al., 2006), both strains 

were growth-inhibited significantly (Fig. 8). No differences in growth between CL13 and 

the shy1 deletion mutant could be observed (Fig. 8). These findings demonstrate that in 
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physiological concentrations SA does not have toxic effects on U. maydis and that in 

budding cells Shy1 is not needed for salicylate detoxification.  

 
Fig. 8: Deletion of shy1 has no detectable impact on growth on medium with increasing SA concentra-
tions. Growth of CL13 and CL13∆shy1 on YNB-N medium supplemented with 2 % glucose and increasing 
concentrations (10 µM to 10 mM) of sodium salicylate were compared. Strains were spotted on respective 
media in serial dilutions. Similar growth retardation was observed for both strains when SA concentrations 
were ≥ 1 mM, i.e. non-physiological. 

 
2.6 U. maydis is able to use salicylate as carbon source but cannot de-

toxify naphthalene 

Since the deletion of shy1 and salicylate hydroxylase-related genes did not cause a signif-

icant virulence phenotype in seedling infections, a biological role of these genes during 

the saprophytic phase of U. maydis was conceivable. Fungal and bacterial species have 

been shown to degrade SA, which arises as intermediate in the detoxification process of 

polycyclic aromatic hydrocarbons (PAH) (Peng et al., 2008). Therefore, the potential of 

U. maydis to use salicylate as carbon source and to degrade and detoxify the PAH naph-

thalene was assessed. 

2.6.1 U. maydis can degrade SA and use it as carbon source 

To elucidate whether U. maydis is able to use salicylate as carbon source and whether 

Shy1 is important for its degradation, growth assays on minimal medium with salicylate 

were performed. To this end, CL13 was spotted on YNB-N supplemented with either 2 % 

glucose or 10 mM sodium salicylate (Fig. 9A, B). YNB-N minimal medium without car-

bon source served as negative control (Fig. 9C). CL13 was able to grow with salicylate as 

sole carbon source (Fig. 9B). To test whether shy1, UMAG_03408, or UMAG_05967 con-

tribute to SA degradation, all three respective single deletion mutants were included in the 
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analysis. CL13ΔUMAG_03408 and CL13ΔUMAG_05967 were able to grow on salicy-

late minimal medium whereas growth of CL13Δshy1 was strongly attenuated (Fig. 9B, 

upper panel). This demonstrates that Shy1 is essential for SA degradation under the tested 

conditions. The growth phenotype of CL13Δshy1 could be complemented by ectopic ex-

pression of either shy1-3xHA or shy1-mCherry-HA under the shy1 promoter (Fig. 9B).  

Fig. 9: Shy1 is essential for U. maydis growth on salicylate as sole carbon source. CL13, CL13∆shy1, 
CL13∆shy1-shy1-3xHA, CL13∆UMAG_03408, CL13∆UMAG_05967, and CL13∆shy1-shy1-mCherry-
HA were spotted in serial dilutions on YNB-N medium supplemented with 2 % glucose (Glc) (A), on YNB-
N with 10 mM sodium salicylate (B), and on YNB-N without any carbon source (C). CL13∆shy1 growth 
was strongly attenuated on salicylate minimal medium. This phenotype was rescued upon ectopic expres-
sion of shy1-3xHA or shy1-mCherry-HA under the endogenous shy1 promoter. 

2.6.2 U. maydis cannot detoxify and utilize naphthalene 

Since salicylate hydroxylases were shown to be involved in the degradation of naphtha-

lene (Peng et al., 2008), I tested whether U. maydis is able to detoxify and use naphtha-

lene as carbon source. Liquid growth assays in YNB-N containing 1 or 5 mM naphtha-

lene as sole carbon source revealed that U. maydis CL13 was not able to grow on naph-

thalene. Moreover, the fungus was significantly inhibited in growth by the presence of 

this compound when added to glucose-containing YNB-N medium (Fig. 10). These re-

sults demonstrate that even in presence of the Shy1-mediated SA degradation pathway 

U. maydis cannot utilize and detoxify naphthalene. 
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Fig. 10: Naphthalene cannot be used as sole carbon source by U. maydis CL13 and it strongly attenu-
ates fungal growth in presence of glucose. Growth of CL13 in liquid YNB-N medium supplemented with 
1 mM or 5 mM naphthalene as sole carbon source was determined by monitoring cell density spectropho-
tometrically at λ = 600 nm over time. Naphthalene stock solution was dissolved in DMSO and final naph-
thalene concentrations were comparable to those used for growth assays of naphthalene utilizing bacteria 
(Balashova et al., 2001; Mrozik et al., 2005). YNB-N with 2 % glucose and DMSO (Glc + DMSO) served 
as growth control. Toxicity of naphthalene was assessed by measuring cell densities of CL13 in liquid 
YNB-N medium with 2 % glucose (Glc) and with 1 mM or 5 mM naphthalene. Cell densities were plotted 
against time. Growth assays were performed in triplicates (n=3). CL13 did not grow in medium containing 
naphthalene as sole carbon source and displayed severe growth retardation when naphthalene was supple-
mented to glucose-containing medium. 

 
2.7 Shy1 localizes to cytosol and nucleus of U. maydis sporidia 

Microscopic analysis of sporidia, that produced Shy1-mCherry-HA constitutively, sug-

gested a cytoplasmic localization of Shy1 (Rabe, 2011). To support the inferred subcellu-

lar localization of Shy1, CL13Δshy1-shy1-mCherry-HA, expressing a biologically active 

shy1-mCherry-HA fusion under its endogenous promoter, was generated and subjected to 

epifluorescence microscopy (Fig. 11). After growth in glucose-containing YNB-N medi-

um fluorescence could not be detected (Fig. 11B). However, upon addition of salicylate, 

Shy1-mCherry-HA was detectable and accumulated cytoplasmatically as well as in the 

nucleus (Fig. 11B, lower panel). The integrity of Shy1-mCherry-HA was tested by West-

ern blot analysis using a monoclonal anti-HA antibody. Besides a strong full-length Shy1-

mCherry-HA signal (79.1 kDa), one very weak signal of less than 25 kDa was detectable 

(Fig. 11C). This potential degradation product cannot represent full-length mCherry (28 

kDa) and is therefore unlikely to contribute to the observed cytosolic and nuclear fluores-

cence. 
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Fig. 11: Shy1-mCherry-HA is produced by U. maydis CL13 sporidia upon salicylate treatment and 
localizes to cytosol and nucleus. Epifluorescence microscopy of CL13∆shy1 (negative control) (A) and 
CL13∆shy1-shy1-mCherry-HA (B) cells after 5 h growth in glucose-containing YNB-N without or with 
10 mM sodium salicylate was performed. Fluorescence could only be detected for CL13∆shy1-shy1-
mCherry-HA after incubation in salicylate-containing medium. Scale bars: 10 µm. (C) Presence and integri-
ty of Shy1-mCherry-HA fusion protein under the tested conditions were shown by Western blot analysis of 
cell extracts using anti-HA-antibody. Full length Shy1-mCherry-HA (79.1 kDa) was exclusively detected 
after salicylate (SA) treatment. 

 
2.8 U. maydis senses SA 

The specific induction of shy1 after addition of SA (Fig. 11) suggested that U. maydis is 

able to sense SA. To quantify expression of shy1, transcript levels of this gene were 

measured by quantitative real time PCR in a time course of axenic cultures grown in 

YNB-N medium supplemented with either 2 % glucose or 10 mM salicylate as sole car-

bon source. UMAG_05967 and UMAG_03408 transcript levels were determined in paral-

lel to see whether these genes also respond to SA (Fig. 12A).  
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Fig. 12: shy1, UMAG_03408, and UMAG_05967 are transcriptionally induced in axenic culture of 
U. maydis CL13 upon salicylate treatment and they show a dose-dependent induction. Transcriptional 
profiling by quantitative real time PCR was performed in time course experiments after shifting cells to 
indicated media. Constitutively expressed peptidyl-prolyl isomerase (ppi) was used for normalization. Ex-
pression levels in cells grown in medium without SA were set to 1.0. Error bars depict standard deviation of 
three independent biological replicates (n=3). Significance was calculated with unpaired t test comparing 
expression values with those in glucose-treated control cells, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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Fig. 12 (continued): (A) Transcript levels of shy1, UMAG_05967, and UMAG_03408 in U. maydis CL13 
cells were determined after shifting cultures for the indicated times from YNB-N medium supplemented 
with 2 % glucose to YNB-N with 10 mM salicylate. Transcript levels were compared to those in glucose-
treated control cells. shy1, UMAG_05967, and UMAG_03408 were significantly induced upon salicylate 
treatment (p < 0.046). (B) Relative expression of shy1, UMAG_05967, and UMAG_03408 in CL13 was 
assessed by comparing transcript levels of cells grown in YNB-N with 2 % glucose to those in cells treated 
in addition with 10 mM salicylate for the indicated times. Induction of shy1, UMAG_05967, and 
UMAG_03408 was glucose-independent. (C) Transcript levels of shy1, UMAG_03408, and UMAG_05967 
were determined as described in (B) with 100-fold less salicylate (100 µM) added. Tested genes showed a 
reduced, dose-dependent expression upon treatment with lower SA concentrations compared to (B). (D) 
Transcript levels of UMAG_05967 and UMAG_03408 were measured in CL13Δshy1 in a time course after 
shift to YNB-N supplemented with 2 % glucose and 100 µM salicylate and were compared to levels in cells 
not treated with salicylate. Transcript levels of the SA-marker gene UMAG_05967 stayed elevated in ab-
sence of shy1. 

shy1 and UMAG_05967 were strongly upregulated already one hour after shift to salicy-

late-containing medium, while UMAG_03408 transcript levels increased only weakly in 

presence of SA after two hours (Fig. 12A). For carbon source-inducible promoters, like 

the cellulose-inducible cbhB promoter in Aspergillus fumigatus, the Neurospora crassa 

ccg-1 promoter induced by sodium acetate, or the arabinose-inducible crg1 promoter in 

U. maydis, glucose acts as a repressor (Bottin et al., 1996; Bromley et al., 2006; Sun et 

al., 2011). Experiments presented in Fig. 11 had already indicated that SA is able to in-

duce expression of shy1 in presence of glucose. Real time data monitoring shy1, 

UMAG_05967, and UMAG_03408 transcripts in axenic cultures grown in YNB-N medi-

um containing 2 % glucose without or with 10 mM salicylate confirmed the glucose-

independent induction (Fig. 12B). Moreover, the application of lower amounts of SA 

(100 µM) led to a dose-dependent weaker induction of all three genes and transcript lev-

els decreased at later time points (Fig. 12C). This could result from SA degradation via 

Shy1 that eliminates the amount of inducer. To test this, transcript levels of 

UMAG_05967 and UMAG_03408 were determined in the deletion mutant CL13Δshy1 

after application of 100 µM SA. In this strain, transcript levels of UMAG_05967 were 

higher and stayed elevated (Fig. 12D) in comparison to the levels in the SA-degrading 

progenitor strain (Fig. 12C). 

SA analogues are widely used to trigger SA-dependent defence responses in plants 

(Gorlach et al., 1996; Schweizer et al., 1997). Therefore, the SA analogues benzothiadia-

zole S-methylester (BTH) and 2,6-dichloroisonicotinic acid (INA) were tested for their 

ability to induce the identified SA-responsive genes in U. maydis (Fig. 13). In comparison 

to SA only a weak and delayed induction was observed for shy1, UMAG_05967, and 

UMAG_03408 upon addition of 100 µM BTH (Fig. 13A) or INA (Fig. 13B), suggesting 

that U. maydis cannot efficiently recognize these two SA analogues. 
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Fig. 13: SA-analogues BTH and INA do not efficiently induce SA-responsive gene expression in 
U. maydis. Transcript levels of shy1, UMAG_05967, and UMAG_03408 were quantified by real time PCR 
in a time course experiment after shifting CL13 to YNB-N supplemented with 2 % glucose and either 
100 µM benzothiadiazole (BTH) (A) or 100 µM dichloroisonicotinic acid (INA) (B) dissolved in DMSO. 
Transcript levels were compared to those in cells treated with DMSO only, expression levels in DMSO-
treated cells were set to 1.0. Constitutively expressed peptidyl-prolyl isomerase (ppi) was used for normali-
zation. Error bars depict standard deviation of three independent biological replicates (n=3). 

 
2.9 U. maydis shares orthologues of SA-responsive genes with related 

smut fungi 

To test whether SA-responsive genes are conserved among related smut fungi, BlastP 

homology searches with shy1 and UMAG_05967, the genes that were strongly transcrip-

tionally induced in presence of SA, were performed. The analysis revealed highly con-

served and syntenic orthologues in Sporisorium reilianum, causing head smut disease in 

maize and sorghum (Schirawski et al., 2005), and in Ustilago hordei, a barley-infecting 

covered smut (Laurie et al., 2012). Shy1 shares a sequence identity of 81.4 % with 

Sr13139 from S. reilianum and 79.5 % with UHOR_03215 from U. hordei (Fig. 14A). 

UMAG_05967 and its orthologues Sr16595 and UHOR_08490 have with 90.7 % and 

84.1 % identical amino acids an even higher sequence conservation (Fig. 14B). All pro-

teins share the conserved NADH binding site important for salicylate hydroxylase activity 

(Fig. 14).  
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Fig. 14: U. maydis shares orthologues of Shy1 and UMAG_05967 with related smuts. Sequence con-
servation of Shy1 and its orthologues Sr13139 from S. reilianum and UHOR_03215 from U. hordei (A) and 
of UMAG_05967 and its orthologues Sr16595 and UHOR_08490 (B) was assessed using progressive 
alignment algorithms. Proteins show overall high conservation with a highly conserved NADH binding 
pocket framed in magenta. Grey scale depicts conservation of residues (transparent background = highly 
conserved residues, black background = non-conserved residues), X stands for ambiguous aa. 
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Since S. reilianum and U. hordei share highly conserved orthologues of SA-responsive 

genes with U. maydis, their capability to respond to SA with an induction of these genes 

was tested by quantitative real time PCR. To this end, S. reilianum SRZ1 and U. hordei 

Uh4875-4 were shifted to YNB-N supplemented with glucose and 10 mM salicylate for 

one hour. Upon salicylate treatment the shy1 orthologue in S. reilianum, sr_shy1, was 

only weakly induced (Fig. 15A), while U. hordei responded to SA with a 150-fold tran-

scriptional induction of UHOR_shy1 (Fig. 15B). For UMAG_05967 orthologues a differ-

ent expression pattern could be observed: sr16595 in S. reilianum showed more than 100-

fold higher transcript levels upon SA treatment compared to levels in untreated cells (Fig. 

15A), whereas UHOR_08490 was not significantly induced in an identical experimental 

set-up (Fig. 15B).  

 
Fig. 15: S. reilianum and U. hordei are able to induce orthologues of SA-responsive U. maydis genes. 
S.  reilianum SRZ1 and U. hordei Uh4875-4 were shifted to YNB-N supplemented with 2 % glucose and 
10 mM sodium salicylate and harvested after 1 h. Transcript levels of shy1 and UMAG_05967 orthologues 
from S. reilianum, sr_shy1 (sr13139) and sr16595, (A) and from U. hordei, UHOR_shy1 (UHOR_03215) 
and UHOR_08490, (B) were determined by quantitative real time PCR. Constitutively expressed peptidyl-
prolyl isomerase (ppi; sr1196 and UHOR_05685, respectively) was used for normalization. Expression 
levels in untreated cells were set to 1.0 and levels in cells after salicylate treatment were compared to levels 
in untreated cells. Error bars depict standard deviation (n=3). Significance was calculated with unpaired t 
test comparing expression values with those in untreated cells, * p ≤ 0.05.  
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2.10 UMAG_05966 represents an essential component in SA sensing 

Transcriptional profiling experiments suggested that U. maydis is able to sense SA and to 

respond with an induction of SA-responsive genes (Fig. 12). Although SA signalling is 

well characterized in plants, little is known about SA perception and signalling in fungi. 

To provide insights into the fungal SA sensing mechanism and to identify factors in-

volved, a forward genetic screen was performed (Fig. 16).  

 
Fig. 16: Schematic representation of the forward genetic screen to identify proteins involved in SA 
sensing. SG200PUMAG_05967mCherry-3xHA, expressing mCherry-3xHA under control of the SA-responsive 
UMAG_05967 promoter, was mutagenized with UV (20 mJ). Cells were screened for loss of fluorescence, 
i.e. for inability to activate the UMAG_05967 promoter. Identified candidate mutants were subjected to (i) 
NGS whole genome sequencing and (ii) complementation analysis employing an autonomously replicating 
U. maydis cosmid library. Re-isolated cosmids of rescue mutants from the complementation screen were 
sequenced and mapped to U. maydis genome. Results were compared to NGS sequencing data. 

To this end, SG200PUMAG_05967mCherry-3xHA, which expresses mCherry-3xHA under 

control of the SA-responsive UMAG_05967 promoter and exhibits strong and specific 

mCherry fluorescence in presence of SA (Fig. 17A), was mutagenized by applying 20 mJ 

UV radiation (45 % survival rate). The generated mutant pool was plated on glucose-
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containing YNB-N medium supplemented with 10 mM salicylate. Colonies were 

screened for loss of fluorescence to identify mutants that were, due to a disrupted SA 

sensing pathway, unable to activate the UMAG_05967 promoter. Seven of 86,400 tested 

colonies displayed the expected phenotype and did not exhibit mCherry fluorescence (da-

ta not shown). Respective mutants were then tested for their ability to respond to SA by 

activating the SA degradation pathway. On minimal medium with 10 mM salicylate as 

sole carbon source, all identified mutants displayed severe growth attenuations (Fig. 

17B). The growth phenotype was comparable to those of a shy1 deletion mutant (Fig. 

17B, upper panel), indicating that the identified mutants are impaired in SA degradation.  

 
Fig. 17: Genetic screen revealed UMAG_05966 (Rss1) as key component in SA perception and/or 
signalling in U. maydis. (A) Epifluorescence stereomicroscopy was performed with SG200PUMAG_05967 
mCherry-3xHA colonies on glucose-containing YNB-N medium without (left panel) and with 10 mM sa-
licylate (right panel). Fluorescence could only be detected on medium supplemented with salicylate demon-
strating a specific and strong activation of the chosen SA-responsive promoter. Scale bars: 1 mm. (B) 
SG200, SG200Δshy1, and candidate mutants were spotted in serial dilutions on YNB-N with 10 mM salicy-
late and growth was assessed after four days. The tested mutants exhibited severe growth attenuations simi-
lar to SG200Δshy1. Growth attenuation was rescued by pUMAG_05966 expressing UMAG_05966 under 
control of the endogenous UMAG_05966 promoter. 

To identify mutations causing the phenotype, each of the seven mutant strains was trans-

formed with an U. maydis cosmid library (Weinzierl, 2001) and screened for rescue mu-

tants with restored mCherry fluorescence. After cosmid isolation, amplification in E. coli, 
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and sequencing of the 5’ and 3’ ends of the U. maydis derived inserts, retrieved sequences 

were mapped to the U. maydis reference genome to narrow down regions putatively in-

volved in SA sensing. By employing this approach, a region encompassing four candidate 

genes (UMAG_10865, UMAG_05964, UMAG_05965, UMAG_05966) located at the end 

of chromosome 20 could be identified. Complementation analyses with autonomously 

replicating plasmids harbouring respective individual genes including promoter and ter-

minator sequences revealed that UMAG_05966 was able to rescue the SA sensing pheno-

type of all mutants. UMAG_05966 complemented mutant strains were able to grow on 

minimal medium with salicylate as sole carbon source (Fig. 17B) and showed restored 

mCherry fluorescence (data not shown). Since UMAG_05966 was located on an autono- 

 
Fig. 18: UV mutant strains harbour non-synonymous mutations in UMAG_05966 or entire gene dele-
tions. Genomes of candidate mutants and of the progenitor strain SG200PUMAG_05967mCherry-3xHA were 
sequenced by Illumina 125 bp paired-end sequencing and reads were mapped against the genome of the 
reference strain 521 (Kamper et al., 2006). Mapping depicts the genomic region of chromosome 20 includ-
ing UMAG_05966. For each mutant the upper track represents coverage, the lower track displays a fraction 
of mapped reads. Grey blocks symbolize aligned reads, white blocks reads that mapped ambiguously. A 
transposable element identified in this region is labelled TE. Mutant UV1 and UV6 harbour each a single 
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Fig. 18 (continued): non-synonymous mutation in UMAG_05966, marked with blue circles. The resulting 
nucleotide change is indicated above each circle. C to T point mutation in strain UV1 causes an amino acid 
change of glycine to aspartic acid at aa position 629 (G629D). The A to G mutation in strain UV6 results in a 
change of phenylalanine to serine at aa position 303 (F303S). All other mutants lack the entire end of chro-
mosome 20 including UMAG_05966. High coverage for the 1500 bp of UMAG_05967 promoter was 
caused by reads originating from PUMAG_05967mCherry-3xHA, which was inserted in multiple copies into the 
ip locus on chromosome 2. 

mously replicating plasmid, which is present in U. maydis cells in multiple copies 

(Tsukuda et al., 1988), its overexpression might have rescued other mutations underlying 

the mutant phenotype. To exclude this, Next Generation Illumina sequencing (NGS) and 

single nucleotide polymorphism (SNP) analysis were performed. Although several unique 

mutations for each mutant could be found in different genomic regions (average number 

of mutations per genome = 12 ±	 9; Tab. 14), only the chromosomal region encompassing 

UMAG_05966 harboured mutations and deletions in all sequenced mutant strains: 

UMAG_05966 of UV1 and UV6 contained non-synonymous mutations and all other mu-

tants lost more than 45 kb from the end of chromosome 20 including UMAG_05966 (Fig. 

18). This makes it unlikely, that additional mutations led to the observed phenotype. 

Based on the NGS and complementation data UMAG_05966 must be a key player in SA 

perception or signal transduction and was designated Rss1 (Required for SA sensing 1). 

 
2.11 rss1 deletion causes growth attenuation on SA as sole carbon source 

To confirm the importance of Rss1 in SA perception and signalling, an rss1 deletion 

strain (CL13Δrss1) was generated and tested for its ability to utilize SA as carbon source. 

CL13Δrss1 was spotted on YNB-N containing either 2 % glucose or 10 mM salicylate as 

sole carbon source (Fig. 19A, B). YNB-N without any carbon source served as negative 

control (Fig. 19C). In line with the findings of the forward genetic screen (Fig. 17B), 

CL13∆rss1 was growth attenuated on salicylate-containing minimal medium (Fig. 19B). 

The observed phenotype indicates that the deletion of rss1 prevents the production of 

enzymes essential for degradation of SA as available carbon source. The growth attenua-

tion was partially rescued by ectopic expression of mCherryHA-rss1 under control of the 

rss1 promoter and fully rescued by an untagged version of rss1 (Fig. 19B). While N-

terminal Rss1 fusions were capable of complementing, Rss1 versions with C-terminal 

tags failed to rescue the observed growth defect (data not shown). 
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Fig. 19: CL13Δrss1 shows a CL13Δshy1-like growth attenuation on medium with salicylate as sole 
carbon source. Growth of CL13, CL13Δshy1, CL13Δrss1, CL13Δrss1-mCherryHA-rss1, and CL13Δrss1-
rss1 was assessed on YNB-N supplemented with 2 % glucose (Glc) (A), on YNB-N with 10 mM sodium 
salicylate (B), and without any carbon source (C). Similar to CL13Δshy1, growth of CL13Δrss1 on salicy-
late minimal medium was attenuated. The growth defect was partially rescued after ectopic introduction of 
Prss1mCherryHA-rss1. Full rescue of the mutant phenotype was obtained after expression of untagged rss1 
under control of the rss1 promoter. 

 
2.12 Rss1 – a predicted binuclear zinc cluster transcription factor that is 

conserved among certain smuts 

rss1 locates in the U. maydis genome on chromosome 20, upstream of UMAG_05967, the 

studied SA-responsive gene, and both genes are divergently transcribed (A. Czedik-

Eysenberg and J. Bindics, pers. communication). rss1 encodes an 866 aa long protein that 

harbours domains and motifs often found in binuclear zinc cluster transcription factors 

(MacPherson et al., 2006; Shelest, 2008): a putative N-terminal binuclear zinc cluster 

domain (aa 37-82) required for DNA binding, a predicted fungal transcription factor do-

main (aa 281-542), and a coiled coil domain (aa 678-705) considered to be important for 

dimerization (Fig. 20). The Zn(II)2Cys6 motif of binuclear zinc cluster domains 

(CX2CX6CX5-9CX2CX6-8C), which contains six cysteine-residues that coordinate two zinc 

ions (MacPherson et al., 2006), is highly conserved in Rss1 (Fig. 20). In addition to these 

domains and motifs, a PEST sequence (aa 244-257), which promotes proteasomal degra-

dation (Rechsteiner and Rogers, 1996), is predicted to localize close to the binuclear zinc 

cluster domain of Rss1. Moreover, the protein contains putative nuclear localization sig-

nals (NLSs) at the N- and C-terminus (Nucpred = 0.95; aa 46-52 and 729-751; Fig. 20). 

The N-terminal NLS represents a monopartite, the C-terminal NLS a bipartite nuclear 

localization sequence.  
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Fig. 20: Rss1 harbours domains of fungal binuclear zinc cluster transcription factors. Rss1 contains 
the following predicted domains and motifs: a binuclear zinc cluster domain for DNA binding, a PEST 
motif for proteasomal degradation, a putative fungal transcription factor domain, a coiled coil region for 
dimerization, and nuclear localization signals (NLSs). Predicted domains and motifs are indicated. The 
highly conserved Zn(II)2Cys6 motif of the binuclear zinc cluster domain is highlighted below the schematic 
representation of Rss1. 

Rss1 orthologues were identified by BlastP in S. reilianum (Sr16594), infecting maize 

and sorghum, Sporisorium scitamineum (SPSC_06050) parasitizing sugar cane (Taniguti 

et al., 2015), and Melanopsichium pennsylvanicum (Bn887_02897), which infects plants 

of the dicot genus Persicaria (Sharma et al., 2014). Rss1 shares with its orthologues in 

S. reilianum, S. scitamineum, and M. pennsylvanicum the putative binuclear zinc cluster 

domain at the N-terminus, the PEST motif, the predicted fungal transcription factor do-

main, the coiled coil domain, and the C-terminal NLS (Fig. 21). These domains are highly 

conserved (Fig. 21). rss1 and its orthologues in S. reilianum and S. scitamineum show 

conserved local synteny and orientation. While the upstream region of the orthologue 

found in M. pennsylvanicum is syntenic, synteny of the downstream region could not be 

assessed due to sequencing gaps and its close proximity to the end of the contig. Interest-

ingly, although the close relative U. hordei shares syntenic blocks that comprise the re-

spective chromosomal region, no rss1 orthologue could be detected. In the syntenic re-

gion of the U. hordei genome only small segments of rss1 coding sequence, which did 

not form a functional ORF, could be identified by genome analysis and subsequent PCR 

amplification and Sanger sequencing (data not shown). Small segments of rss1 coding 

sequence remaining in the syntenic region suggests that U. hordei once harboured a func-

tional orthologue but might have lost it after divergence from U. maydis.  
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Fig. 21 (continued): Rss1 is conserved between U. maydis, S. reilianum, S. scitamineum, and M. penn-
sylvanicum. Rss1 orthologues show an overall conservation with highly conserved binuclear zinc cluster 
domains (blue), putative fungal transcription factor domains (orange) and coiled coil domain (green). Only 
N- and C-termini are less conserved. For simplification U. maydis Rss1 is named UMAG_Rss1, Sr16594 
from S. reilianum Sr_Rss1, SPSC_06050 from S. scitamineum SPSC_Rss1, and Bn887_02897 from 
M. pennsylvanicum Mp_Rss1. Grey scale depicts conservation of residues (transparent background = highly 
conserved residues, black background = non-conserved residues). X stands for ambiguous aa. 

2.12.1 mCherryHA-Rss1 localizes to the nucleus  

The predicted NLSs at N- and C-terminus of Rss1 suggested that the protein should local-

ize to nuclei of U. maydis cells. To confirm the bioinformatic prediction, the subcellular 

localization of mCherryHA-Rss1, which was shown to partially complement the salicy-

late growth phenotype (Fig. 19B), was determined by confocal laser scanning microscopy 

in sporidia after salicylate treatment. DAPI staining of nuclei revealed that under the test-

ed conditions mCherryHA-Rss1 exclusively localized to nuclei (Fig. 22). Differences in 

localization in SA-treated and untreated cells could not be observed (data not shown). 

 
Fig. 22: mCherryHA-Rss1 localizes to nuclei of U. maydis sporidia. Localization of mCherryHA-Rss1 
after 5 h growth of CL13Δrss-mCherryHA-rss1 in YNB-N with 10 mM sodium salicylate was assessed by 
confocal laser scanning microscopy. Cells were stained with DAPI to visualize nuclei. (A) depicts DAPI 
channel, (B) RFP channel, (C) overlay of DAPI and RFP channel, (D) brightfield channel. mCherry and 
DAPI signals colocalize indicating a nuclear localization of mCherryHA-Rss1. Arrows point towards nu-
clei. Scale bars: 10 µm. 
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2.12.2 Rss1 forms a homodimer 

The predicted coiled coil domain at the C-terminus of Rss1 made it likely that, similar to 

other binuclear zinc cluster proteins (MacPherson et al., 2006), Rss1 could form a ho-

modimer. To test dimerization of Rss1, a Yeast two-hybrid approach was conducted. To 

this end, rss1 was introduced into pGBKT7 and pGADT7 to generate in-frame fusions 

with the Gal4 DNA-binding domain (BD) and Gal4 activation domain (AD), respectively. 

Generated plasmids and empty vector controls were used for transformation of the com-

patible Saccharomyces cerevisiae strains AH109 and Y187. Transformants were mated to 

obtain diploids harbouring both a pGBKT7 and pGADT7 derivative. While negative con-

trol strains that produce only one of the two Gal4 domains with an Rss1 in-frame fusion 

did not grow on high stringency medium, the strain expressing both Gal4-BD-rss1 and 

Gal4-AD-rss1 showed growth on high stringency medium indicating dimerization (Fig. 

23).  

 
Fig. 23: Rss1 forms a homodimer in S. cerevisiae. Yeast strains producing Rss1 fused to the binding (BD) 
and activation domain (AD) of the Gal4 transcription factor, respectively, as well as controls without Rss1 
fusion were spotted in serial dilutions on SD-Trp-Leu to select for cells containing both plasmids and on 
SD-Trp-Leu-Ade-His to assay for Rss1 dimerization.  

2.12.3 Rss1 might be a SA-regulated transcriptional activator  

Since the confirmed nuclear localization provided additional evidence that Rss1 could 

function as transcription factor, its ability to regulate gene expression as transcriptional 

activator was tested by an approach based on the yeast two-hybrid system described in 

section 2.12.2. Here, pGBKT7-Rss1, encoding Rss1 fused to the Gal4 DNA binding do-

main, was introduced into AH109 harbouring auxotrophy markers for histidine and ade-

nine biosynthesis. Expression of these marker genes is driven by Gal4-responsive pro-

moters. Due to recruitment of the fusion protein to the Gal4-responsive promoters by 

Gal4-BD, the capability of Rss1 to function as transcriptional activator could be moni-

tored by the induction of ADE2 and HIS3 marker gene expression. Reporter gene expres-
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sion enables growth on high stringency medium. AH109-BD-AP producing Gal4-BD 

with an autoactivating protein and AH109-BD transformed with an empty vector contain-

ing only Gal4-BD were used as positive and negative control, respectively. Strains were 

spotted on SD-Trp as growth control (Fig. 24A), on high stringency medium to test re-

porter gene activation (Fig. 24B), and on high stringency medium supplemented with 

1 mM sodium salicylate to assess the impact of salicylate on Rss1 activity (Fig. 24C, D). 

In contrast to the positive control AH109-BD-AP, the Gal4-BD-Rss1 producing strain 

AH109-BD-Rss1 did not grow on high stringency medium (Fig. 24B). However, the addi-

tion of 1 mM salicylate restored growth of AH109-BD-Rss1 (Fig. 24C).  

 
Fig. 24: Gal4-BD-Rss1 activates reporter gene expression in S. cerevisiae only in presence of salicy-
late. AH109-BD (negative control), AH109-BD-AP (positive control), and AH109-BD-Rss1 expressing 
Gal4-BD-rss1 were spotted in serial dilutions on SD-Trp (A), on SD-Trp-Ade-His (B), and on SD-Trp-Ade-
His supplemented with 1 mM sodium salicylate (C). Growth of AH109-BD-Rss1 could only be detected 
under high stringency conditions with addition of salicylate. 

Interestingly, BlastP analyses as well as SA-growth assays revealed that S. cerevisiae 

shares neither orthologues of Rss1 and Shy1 with U. maydis (data not shown), which 

would indicate conserved SA signalling and degradation pathways, nor was AH109 able 

to utilize SA as carbon source (Fig. 25). This suggests that Rss1 itself might perceive SA 

by direct binding and might respond with a conformational change that leads to an active 

configuration of the protein.  

 
Fig. 25: AH109 is not capable of using salicylate as sole carbon source and it is severely growth atten-
uated in presence of SA. AH109 was spotted in serial dilutions on indicated media. No growth could be 
detected on SD medium containing 5 or 10 mM salicylate as sole carbon source and addition of 10 mM 
salicylate to glucose-containing SD medium resulted in severe growth retardation. 
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2.12.4 Is Rss1 a novel SA receptor? 

The findings of the yeast-based transcriptional activation assay as well as the lack of addi-

tional candidates for SA sensing in the conducted genetic screen indicated that Rss1 does 

not only function as transcriptional activator but concomitantly as SA-receptor. Mi-

croscale thermophoresis (MST; NanoTemper Technologies) represents an easy method 

for testing this hypothesis. It enables the detection of ligand binding and determination of 

binding affinities in vitro by measuring the motion of fluorescently tagged molecules 

along microscopic temperature gradients. Motion of molecules changes upon protein-

protein interaction or ligand binding and can be monitored by detection and quantification 

of fluorescence. To test SA binding, a codon-optimized version of rss1 was heterologous-

ly expressed in E. coli. Since the production with small protein-tags, like 6xHis and Strep, 

failed (data not shown), Rss1 was N-terminally fused to 6xHis-MBP-PP-Strep-GFP. 

However, after successful Ni-NTA purification and cleavage of the N-terminal solubility 

tag 6xHis-MBP by 6xHis-HRV3C protease (Fig. 26), Strep-GFP-Rss1 aggregated proba-

bly due to improper folding and made MST measurements under the tested conditions 

impossible (data not shown).  

 
Fig. 26: 6xHis-MBP-PP-Strep-GFP-Rss1 can be heterologously produced in E. coli. Fusion proteins 
6xHis-HRV3C (26 kDa) and 6xHis-MBP-PP-Strep-GFP-Rss1 (168 kDa) were produced in E. coli and 
enriched by Ni-NTA affinity purification. Proteins were separated by SDS-PAGE and stained with In-
stantBlue protein stain. 6xHis-MBP-PP-Strep-GFP-Rss1 was loaded before (BC) and after (AC) addition of 
6xHis-HRV3C. Proteins of correct size are marked with arrowheads, the cleavage product Strep-GFP-Rss1 
(124 kDa) with an asterisk. 

To circumvent production in a heterologous system leading to improper folding and ag-

gregation, Rss1 was produced in U. maydis. To this end, Rss1 was N-terminally fused to 

StrepHA-GFP and the respective construct was expressed under control of the constitu-

tively active oma promoter in axenic culture. However, in the endogenous system the 
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produced fusion protein also formed aggregates when overexpressed. Aggregates were 

visible as fluorescent, speckle-like structures in the nuclei, precipitated after cell and nu-

clei lysis, and remained insoluble in the pellet fraction (data not shown). Due to aggrega-

tion soluble fusion protein could not be enriched by Strep-Tactin affinity purification (da-

ta not shown). It will require further optimization to produce soluble and correctly folded 

protein in sufficient quantity for MST measurements. 
 

2.13 The biological role of SA signalling via Rss1 

To shed light on the biological role of Rss1-mediated SA signalling in U. maydis, the 

involvement of Rss1 in pathogenic development was assessed by quantitative real time 

PCR and virulence assays with rss1 deletion mutants. Global transcriptome analyses were 

conducted to identify genes that are regulated by Rss1 during biotrophic growth thereby 

providing insights into Rss1-regulated pathways. To assess whether additional factors 

contribute to SA-responsive gene expression in planta, transcriptional profiling of a sub-

set of these genes in absence of Rss1 and under different conditions was performed. 

Moreover, the involvement of Rss1 in the regulation of metabolic processes that were 

suggested upon functional categorization of identified Rss1-regulated genes was tested.  

2.13.1 rss1 is transcriptionally induced during pathogenic development 

To test whether rss1 is expressed during the pathogenic development of U. maydis, rss1 

transcript levels at different infection stages of SG200 were monitored by quantitative 

real time PCR. The solopathogenic strain SG200, producing more severe symptoms than  

 
Fig. 27: rss1 is transcriptionally induced during the pathogenic development of U. maydis. Transcript 
levels of rss1 were determined by quantitative real time PCR in axenic culture and at different infection 
stages of SG200. Constitutively expressed peptidyl-prolyl isomerase (ppi) was used for normalization. 
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Fig. 27 (continued): Transcript levels were compared to those in axenic culture and expression levels of 
axenic culture were set to 1.0. Error bars depict standard deviation calculated from three independent bio-
logical replicates using infected areas from twelve plants each (n=3). Except for two days post infection, 
transcript levels were significantly elevated during pathogenic development in comparison to axenic culture 
(p < 0.021). Significance was calculated with unpaired t test comparing expression values with those in 
axenic culture. 

CL13, was chosen for this experiment to ensure the availability of fungal RNA in suffi-

cient quantity. rss1 expression was induced 35-fold in the early stage of infection com-

pared to axenic culture, decreased slightly at two dpi, but increased again at four dpi. 

Transcript levels stayed elevated up to 43-fold until sporogenesis occurred at twelve dpi 

(Fig. 27). The expression profile suggests that Rss1 might play a role for the pathogenic 

development of U. maydis. 

2.13.2 rss1 mutants have no significant virulence defect in standard seedling infec-

tions  

To investigate whether SA sensing by Rss1 is essential for the pathogenic development of 

U. maydis, virulence assays with CL13∆rss1 and its progenitor strain CL13 were per-

formed as described in section 2.4. rss1 deletion mutants showed no significant alteration 

in virulence during seedling infections (Fig. 28). This either indicates that SA perception 

and signalling is not relevant for virulence under standard laboratory conditions or that 

Rss1-mediated SA sensing is part of a complex network where the lack of one pathway 

can be compensated by others. 

 
Fig. 28: Deletion of rss1 does not significantly alter the virulence of U. maydis in seedling infections. 
Disease symptoms of maize seedlings (Early Golden Bantam) were determined twelve days post infection 
with either U. maydis CL13 or three independent isolates of CL13∆rss1. Disease symptom categories are 
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Fig. 28 (continued): colour-coded and depicted on the right. Mean values from two independent infections 
are shown with the total number of infected plants above each column. No significant differences in disease 
symptoms were scored. Significance was tested by employing Fisher’s exact test with Benjamini-Hochberg 
multiple testing correction. 

2.13.3 Global transcriptional profiling reveals only few Rss1-regulated genes 

Since rss1 deletion mutants did not display a virulence defect (Fig. 28), microarray anal-

yses were conducted to determine global transcriptional changes and to visualize minor 

difference between the rss1 deletion mutant and its progenitor strain in planta. To this 

end, the maize variety Early Golden Bantam was inoculated with SG200 and 

SG200∆rss1, respectively, in three independent biological replicates. Infected plant mate-

rial was collected at four dpi, a time point where rss1 was significantly induced 

(p = 0.0207) (Fig. 27). Collected samples were subjected to RNA extraction followed by 

microarray analysis using a custom-designed Agilent Ustilago-maize chip. Only nine 

genes were differentially regulated in SG200∆rss1, six of them were significantly re-

pressed, three were induced (adjusted p-value < 0.05) (Tab. 1). The majority of these 

genes showed only minor differences in expression levels compared to SG200 (fold 

change < 2; Tab. 1). Among the repressed genes were UMAG_05967, the SA marker 

gene, as well as UMAG_02142 and UMAG_12178, encoding enzymes that are predicted 

to be involved in fungal metabolic pathways. UMAG_02142 displays homologies to mu-

conate cycloisomerases, which are known to act in degradation pathways downstream of 

catechol (Martins et al., 2015). The functional classification system FunCat 2 predicts that 

UMAG_12178, the gene with the most severe reduction in transcript levels  

(log FC = -2.069), is involved in the metabolism of secondary products derived from tryp-

tophan (Ruepp et al., 2004). Among the induced genes, UMAG_06076 codes for a puta-

tive sugar transporter specialized for quinate uptake. Interestingly, shy1 was not differen-

tially regulated. 

 
Tab. 1: Differentially expressed genes in SG200Δrss1 compared to SG200 four days post infection. 

gene ID log FC p-value 
adjusted  

p-value* 
gene prediction 

UMAG_12178 -2.069 3.23E-26 0.00000 related to o-pyrocatechuate decarboxylase 

UMAG_02142 -0.805 5.49E-09 0.00002 related to muconate cycloisomerase 

UMAG_11117 -0.58 1.99E-05 0.01930 uncharacterized protein 

UMAG_11020 -0.55 3.09E-05 0.02620 uncharacterized protein with signal peptide 

UMAG_04481 -0.533 4.75E-05 0.03580 related to ADH2 - alcohol dehydrogenase II 
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gene ID log FC p-value 
adjusted  

p-value* 
gene prediction 

UMAG_05967 -0.542 6.90E-05 0.04680 predicted salicylate hydroxylase, SA-responsive gene 

UMAG_03349 0.625 1.69E-05 0.01920 uncharacterized protein 

UMAG_06076 0.672 1.45E-05 0.01920 related to quinate transport protein 

UMAG_05819 0.611 6.33E-06 0.01070 uncharacterized protein 

*(adjusted p-value < 0.05) 

2.13.4 Several factors might regulate expression of SA-responsive gene in planta 

The small number of differentially regulated genes identified by microarray analysis as 

well as the minor changes in their expression suggested that additional factors might exist 

contributing to the modulation of SA-responsive gene expression in planta. Therefore, I 

tested whether SA-responsive genes are still induced in absence of Rss1 and whether their 

differential regulation varies between infection and axenic SA treatment. Transcript levels 

of UMAG_05967, shy1, and UMAG_02142 were quantified by real time PCR in SG200 

and SG200∆rss1 during different stages of pathogenic development and in a time course 

of axenic culture shifted to salicylate-containing medium (Fig. 29). During pathogenic 

development UMAG_05967 was significantly induced in SG200 compared to axenic cul-

ture (p < 0.022). SG200∆rss1 failed to induce UMAG_05967 expression to the same de-

gree as SG200 resulting in up to 8-fold lower transcript levels. However, UMAG_05967 

expression in SG200∆rss1 was still significantly upregulated compared to axenic culture 

(p < 0.018) and UMAG_05967 transcript levels increased during biotrophic growth up to 

360-fold at twelve dpi. (Fig. 29A, left panel). In contrast to elevated expression levels 

during infection even in absence of Rss1, no significant increase in UMAG_05967 tran-

script levels could be observed in the rss1 mutant after axenic SA treatment. Expression 

of UMAG_05967 in SG200∆rss1 was reduced more than 4,000-fold compared to SG200 

(Fig. 29A, right panel). In line with results obtained from microarray analysis, shy1 ex-

pression was not significantly altered during pathogenic development of SG200∆rss1 

compared with SG200 (Fig. 29B, left panel). Upon salicylate treatment of axenic culture 

shy1 transcript levels were initially two-fold reduced in the rss1 deletion mutant com-

pared to the progenitor strain, but they increased over time (Fig. 29B, right panel). 

UMAG_02142, identified by microarray analysis, was induced up to 49-fold during path-

ogenic development of SG200 and showed two- to three-fold repression in SG200∆rss1 

(Fig. 29C, left panel). Similar to UMAG_05967, UMAG_02142 expression was not  
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Fig. 29: Transcriptional induction of SA-responsive genes during pathogenic development and during 
growth in SA-supplemented medium does not exclusively depend on Rss1. Transcript levels of the 
previously identified SA-responsive genes UMAG_05967 (A) and shy1 (B) as well as the Rss1 target gene 
UMAG_02142 (C) were quantified in SG200 and SG200Δrss1 by real time PCR. RNA was isolated from 
indicated life cycle stages of pathogenic development (left panel) and from a time course after shift to 
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Fig. 29 (continued): YNB-N medium containing 2 % glucose and 10 mM salicylate (right panel). Constitu-
tively expressed peptidyl-prolyl isomerase (ppi) was used for normalization. Transcript levels of the indi-
cated genes were either compared to their levels in axenic culture grown in complete medium (left panel) or 
grown in YNB-N medium with 2 % glucose (right panel). Expression levels in cells of axenic culture (left 
panel) and in glucose-treated control cells (right panel) were set to 1.0. Error bars depict standard deviation 
calculated from three independent biological replicates (n=3). Significance was calculated with unpaired t 
test comparing transcript levels of indicated genes in SG200 with those in SG200Δrss1, * p ≤ 0.05, ** p ≤ 
0.01, *** p ≤ 0.001. For transcriptional profiling of different life cycle stages RNA extracted from twelve 
infected plants per time point and replicate were used. 

completely abolished during pathogenic development in absence of Rss1 (Fig. 29C, left 

panel), whereas one hour after shift to SA-containing medium only a minimal increase in 

transcript levels could be monitored resulting in a 14-fold repression compared to SG200 

(Fig. 29C, right panel). However, in contrast to UMAG_05967, UMAG_02142 expression 

levels in SG200∆rss1 increased over time in medium supplemented with SA (Fig. 29C, 

right panel).  

The finding, that the reduction of transcript levels of tested SA-responsive genes in 

SG200∆rss1 compared to SG200 was significantly lower during pathogenic development 

than upon SA treatment, suggests that in addition to Rss1 unknown factors might contrib-

ute to the activation of SA-responsive genes in planta. 

2.13.5 Overexpression of shy1 is not sufficient to restore growth of an rss1 deletion 

mutant on salicylate  

Results from global transcriptional profiling indicated that Rss1 regulates several genes 

that are needed to fully metabolise SA. However, although essential for the initial step of 

SA degradation, shy1 might not represent the major target gene of Rss1. To support these 

findings that were solely based on transcriptional data, shy1-HA was constitutively ex-

pressed in the rss1 deletion mutant and growth on minimal medium with salicylate as sole 

carbon source was assessed (Fig. 30). In contrast to CL13∆rss1-mCherryHA-rss1, the 

shy1-HA overexpressor CL13∆rss1-Potefshy1-HA was attenuated in growth on SA-

containing medium similar to the rss1 deletion mutant (Fig. 30A). To ensure that Shy1-

HA was produced by the respective strain, cell extracts were tested for the presence of 

Shy1-HA by Western blot analysis. Full-length Shy1-HA was present in CL13∆rss1-

Potefshy1-HA (Fig. 30B) demonstrating that overexpression of shy1 is not sufficient to 

metabolise SA in axenic culture. 
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Fig. 30: Overexpression of shy1-HA cannot rescue the growth defect of CL13Δrss1 on SA minimal 
medium. (A) Growth of CL13Δrss1, CL13Δrss1-mCherryHA-rss1, and CL13Δrss1-Potefshy1-HA was as-
sessed on YNB-N supplemented with 2 % glucose (Glc), on YNB-N with 10 mM sodium salicylate, and on 
YNB-N without any carbon source. Constitutive expression of shy1 could not complement the growth de-
fect of CL13Δrss1 on YNB-N with salicylate. (B) Presence of Shy1-HA (53.5 kDa) was tested by Western 
blot analysis of cell extracts with monoclonal anti-HA antibodies. Full length Shy1-HA was produced by 
CL13Δrss1-Potefshy1-HA. The protein band of correct size is marked with an arrowhead. 

2.13.6 Is Rss1 a regulator in tryptophan metabolism? 

Studies in Trichosporon cutaneum revealed, that enzymes involved in tryptophan metabo-

lism are induced by salicylate (Anderson and Dagley, 1981). Moreover, UMAG_12178, 

the gene exhibiting the highest differential regulation in the previously described microar-

ray analysis (see section 2.13.3), is predicted to be involved in the degradation of second-

ary products derived from tryptophan. To determine whether Rss1-mediated SA sensing 

in U. maydis is part of a response to metabolise the amino acid tryptophan, growth on 

tryptophan as sole carbon source, the induction of SA-responsive genes by tryptophan, 

and tryptophan-dependent activation of Rss1 as transcriptional regulator were assessed. 

2.13.6.1 Rss1 is important to regulate genes for tryptophan degradation 

To test, whether U. maydis can utilize tryptophan as carbon source and whether SA-

responsive genes as well as rss1 are involved in tryptophan degradation, growth assays 

with tryptophan-containing minimal medium were conducted. CL13 and mutant strains of 
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shy1, UMAG_05967, UMAG_03408, and rss1, respectively, were spotted on YNB-N 

supplemented either with glucose (Fig. 31A), 10 mM sodium salicylate (Fig. 31B), 

10 mM L-tryptophan (Fig. 31C), or without any carbon source (Fig. 31D) and growth was 

compared. U. maydis was able to utilize tryptophan, although growth on this medium was 

severely retarded and single colonies were only visible five to seven days after spotting. 

 
Fig. 31: UMAG_05967 and Rss1 are important to utilize tryptophan as carbon source. Growth of 
CL13 and individual deletion mutants of shy1, UMAG_05967, and UMAG_03408 as well as CL13Δrss1 
was assessed on YNB-N supplemented with 2 % glucose (Glc) (A), on YNB-N with 10 mM sodium salicy-
late (B), 10 mM L-tryptophan (C), and without any carbon source (D). While shy1 and UMAG_03408 were 
not required for growth on tryptophan as sole carbon source, deletion of UMAG_05967 and rss1 resulted in 
growth retardation on respective medium. Images for “YNB-N + Glc” plates were acquired three days, for 
“YNB-N + 10 mM salicylate” plates four days, and for “YNB-N + 10 mM tryptophan” as well as “YNB-N” 
plates six days after spotting. 

While shy1 and UMAG_03408 did not play a role for tryptophan utilization, strains lack-

ing UMAG_05967 or rss1 were attenuated in growth (Fig. 31C). Of the tested mutant 

strains, CL13∆rss1 was the only mutant whose growth was retarded both on medium with 

salicylate as well as on medium with tryptophan as sole carbon source (Fig. 31C, D). 

The findings illustrate that UMAG_05967 is involved in tryptophan metabolism and the 

presence of Rss1 is essential for the regulation of components of the tryptophan and SA 

degradation pathway. 

2.13.6.2 Tryptophan does not efficiently induce Rss1-regulated genes 

Since U. maydis is able to metabolise tryptophan and UMAG_05967 contributes to tryp-

tophan degradation, it raised the question whether SA-responsive genes are induced to a 

similar degree by salicylate and tryptophan. To test this, expression levels of the SA-

responsive genes shy1, UMAG_05967, and UMAG_02142 were monitored by real time 

PCR after shift of SG200 to glucose-containing minimal medium, which was supple-
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mented with either 10 mM salicylate or tryptophan. All tested genes showed significant 

lower transcript levels upon tryptophan treatment than after addition of salicylate 

(p < 0.033): shy1 and UMAG_02142 were only two- and six-fold induced by tryptophan 

compared to 388- and 34-fold induction upon salicylate treatment (Fig. 32). 

UMAG_05967 showed the highest induction (550-fold) after shift to tryptophan-

containing medium. However, the induction was significantly lower than after growth in 

medium supplemented with salicylate, which resulted in a relative expression of more 

than 1,800-fold (Fig. 32).  

 
Fig. 32: shy1, UMAG_05967, and UMAG_02142 are transcriptionally induced upon addition of tryp-
tophan but significantly less than in presence of SA. Transcript levels of shy1, UMAG_05967, and 
UMAG_02142 were determined in SG200 by quantitative real time PCR one hour after shift to YNB-N 
supplemented with 2 % glucose and either 10 mM salicylate or 10 mM tryptophan. Constitutively expressed 
peptidyl-prolyl isomerase (ppi) was used for normalization. Expression levels were compared to those in 
control cells grown in YNB-N supplemented with 2 % glucose. Levels in control cells were set to 1.0. Error 
bars depict standard deviation calculated from three independent biological replicates (n=3). Significance 
was calculated with unpaired t test comparing expression values in salicylate- and tryptophan-treated cells, 
* p ≤ 0.05, *** p ≤ 0.001. Expression of the tested SA-responsive genes was induced after shift to trypto-
phan-containing medium but levels were significantly lower than after SA treatment (p < 0.033). 

Similar observations were made for the orthologues of shy1 and UMAG_05967 in 

S. reilianum, which was subjected to identical treatments like U. maydis. While upregu-

lated in presence of salicylate, SA-responsive genes were only weakly induced upon 

treatment with tryptophan (Fig. 33).  

The significantly weaker induction of SA-responsive genes upon tryptophan treatment 

suggests that due to structural similarities tryptophan itself or secondary products derived 

from the amino acid are capable of activating the expression of the tested genes but SA 

represent a more efficient inducer.  
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Fig. 33: In S. reilianum, shy1 and UMAG_05967 orthologues are only weakly transcriptionally in-
duced upon tryptophan treatment. S. reilianum SRZ1 was shifted to YNB-N supplemented with 2 % 
glucose and either 10 mM salicylate or 10 mM tryptophan and harvested after one hour. Transcript levels of 
sr_shy1 and sr16595 (UMAG_05967 orthologue) were quantified by real time PCR. Error bars depict 
standard deviation (n=3). Constitutively expressed peptidyl-prolyl isomerase (ppi; sr1196) was used for 
normalization. Expression levels in glucose-treated control cells were set to 1.0. Transcript levels of 
sr_shy1 and sr16595 were less abundant upon tryptophan treatment compared to SA.  

2.13.6.3 Rss1 transcription factor activity is not altered by tryptophan 

To elucidate whether Rss1 directly perceives tryptophan as signal, the yeast-based tran-

scriptional activation assay described in section 2.12.3 was performed with tryptophan as 

putative inducer. To this end, the Gal4-BD-Rss1 producing strain AH109-BD-Rss1 was 

spotted on SD-Trp as growth control (Fig. 34A), on high stringency medium (Fig. 34B), 

and on high stringency medium supplemented with 1 mM L-tryptophan to assess the abil-

ity of tryptophan to activate Rss1 (Fig. 34C). High stringency medium supplemented with 

1 mM tryptophan and 1 mM SA served as control to ensure that elevated levels of trypto-

phan do not negatively affect Rss1 activation (Fig. 34D). AH109-BD and AH109-BD-AP 

were included in the analysis and served as negative and positive control, respectively. 

 
Fig. 34: Tryptophan cannot activate Rss1 in S. cerevisiae. AH109-BD (negative control), AH109-BD-
AP (positive control), and AH109-BD-Rss1 were spotted in serial dilutions on SD-Trp (growth control) 
(A), on SD-Trp-Ade-His (B), SD-Trp-Ade-His with 1 mM L-tryptophan (C), and on SD-Trp-Ade-His with 
1 mM L-tryptophan and 1 mM sodium salicylate (D). Growth of AH109-BD-Rss1 on high stringency me-
dium was only visible in presence of salicylate and not with tryptophan alone. 
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In contrast to medium supplemented with salicylate, no growth of AH109-BD-Rss1 was 

detectable when tryptophan was provided (Fig. 34C, D). These results indicate that Rss1 

cannot be activated by tryptophan.  
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3 DISCUSSION 
 

The presented work provides insights into a novel SA sensing and degradation mecha-

nism in U. maydis. It was shown for the first time that a biotrophic fungus is able to sense 

SA and that in addition to other unknown factors the binuclear zinc cluster transcription 

factor Rss1 constitutes one major component in this pathway. Rss1 might bind SA and 

subsequently regulate genes including those important for SA degradation. One of these 

genes is shy1. It encodes a salicylate hydroxylase, which catalyses the initial step of SA 

degradation in axenic culture. By employing the Shy1-mediated SA degradation pathway, 

U. maydis can make use of SA as carbon source. Interestingly, shy1 and related SA-

responsive genes, UMAG_03408 and UMAG_05967, are strongly induced during patho-

genic development. However, neither deletion of shy1, UMAG_03408, UMAG_05967 nor 

of rss1 resulted in an alteration of virulence during seedling infections.  

In the following chapters I will focus on Shy1-dependent salicylate degradation, its poten-

tial roles for fungal development and on Rss1 as putative SA sensor. In the final chapters, 

I will connected SA sensing and degradation and discuss its relationship to tryptophan 

metabolism.  

 
3.1 U. maydis is able to metabolise SA and use it as carbon source – is it 

just a saprophytic survival strategy? 

Growth analyses with salicylate as sole carbon source revealed that U. maydis is able to 

metabolise SA as carbon and energy source. The salicylate hydroxylase Shy1 constitutes 

one of the main components in this pathway since the absence of the respective gene re-

sulted in severe growth attenuation on SA-containing minimal medium. U. maydis shares 

the capability to metabolise SA with fungal species of different genera and life styles, 

including saprophytes of the genera Aspergillus and Trichosporon, the hemi-biotroph 

Fusarium graminearum, and the necrotroph Sclerotinia sclerotiorum (Wright, 1993; Qi et 

al., 2012; Penn and Daniel, 2013). Although the first steps in SA degradation can vary 

among species and result in different intermediates, i.e. phenol, gentisate, or catechol, 

these products are subsequently channelled via the 3-oxoadipate pathway into the TCA 

cycle (Wright, 1993; Martins et al., 2015). UMAG_02142, encoding a putative muconate 

cycloisomerase that is involved in the generation of 3-oxoadipate from catechol, was in-

duced upon salicylate treatment in U. maydis. Therefore, the 3-oxoadipate pathway might 
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also represent in U. maydis one possible route to metabolise SA as carbon and energy 

source. 

Degradation of salicylate is widespread among soil-borne microorganisms. SA arises as 

intermediate product during the degradation of polycyclic aromatic hydrocarbons (PAHs) 

(Peng et al., 2008). Since the ability of U. maydis to degrade SA was evident in axenic 

culture, I reasoned that the fungus might need the identified SA degradation pathway pre-

dominantly in its saprophytic phase to detoxify PAHs. However, in contrast to PAH-

degrading organisms that can detoxify and grow on naphthalene, U. maydis lacks this 

ability and its growth was severely inhibited by this compound. The inability to degrade 

naphthalene implies that in U. maydis, SA degradation has a biological function different 

from PAH detoxification.  

In contrast to naphthalene, toxicity assays with SA revealed that U. maydis sporidia were 

not growth-inhibited by the application of physiological concentrations of SA. Interest-

ingly, shy1 did not contribute to the detoxification process making it unlikely that salicy-

late detoxification during the saprophytic phase represents the predominant biological 

role of Shy1-mediated SA degradation. However, the possibility remains that fungal hy-

phae could be more susceptible to SA than the tested sporidia and that SA detoxification 

might be essential to successfully infect certain maize varieties with elevated SA levels.  

Despite a lacking virulence phenotype, the transcriptional induction of SA-responsive 

genes during pathogenic development provides hints towards a role of respective proteins 

in plant colonisation. The transcriptional data together with the results from growth ex-

periments suggest that U. maydis could feed on the plant’s major phytohormone in ab-

sence of available sugars, which represent the main sources for carbon nutrition during 

biotrophy (Wahl et al., 2010). Previous findings by Wahl et al. (2010) and Schuler et al. 

(2015) indicated that U. maydis possesses high-affinity sucrose and monosaccharide 

transporters enabling the uptake of plant-derived sugars, which are present in the apo-

plast. A degradation system to make use of alternative carbon sources like SA might pro-

vide a backup strategy for survival and proliferation in case of sugar limitations. 

 
3.2 SA degradation by Shy1 – is it important for biotrophy? 

SA represents a key regulator in the defence against biotrophs triggering local as well as 

systemic resistance in plants (Vlot et al., 2009). Studies of fungal effectors indicated that 

interference with SA-mediated defence signalling is essential to suppress defence re-
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sponses and to promote host colonisation (Tanaka et al., 2015). A well-studied example 

of U. maydis represents the translocated effector Cmu1 that interferes with SA biosynthe-

sis (Djamei et al., 2011). Due to the modest effect of Cmu1 on virulence, Djamei et al. 

(2011) proposed that a cocktail of virulence factors is needed to shape the host metabo-

lome for the suppression of defence responses and maintenance of the biotrophic interac-

tion. Since most of SA produced by plants is stored as inactive derivatives, which can be 

re-activated and released in the extracellular space upon pathogen attack to rapidly mobi-

lise defence (Hennig et al., 1993), it was conceivable that Shy1 and related proteins could 

contribute to the suppression of SA signalling by eliminating SA molecules. The finding 

that SA-responsive genes were not subjected to catabolite repression, which is common 

for genes involved in the metabolism of alternative carbon sources, supported an addi-

tional function unrelated to nutrition. However, the deletion of shy1 did not result in an 

alteration of virulence. Although the Shy1-related proteins UMAG_03408 and 

UMAG_05967 could not be linked to SA degradation under axenic conditions, the possi-

bility remained that, together with Shy1, they could contribute to the elimination of SA 

during infection. However, the triple deletion of shy1, UMAG_03408, and UMAG_05967 

did not affect virulence, making a redundant function of these proteins during biotrophic 

growth unlikely. Since the presence of Cmu1 could mask a putative phenotype of the 

shy1 deletion mutant, virulence assays were repeated with a strain where cmu1 was delet-

ed in addition. However, the deletion of shy1 did not reduce virulence even in absence of 

cmu1. The lack of an observable virulence phenotype contradicts the hypothesis that SA 

degradation plays an important role in the suppression of SA-mediated defence responses. 

Nonetheless, the hypothesis should not yet be discarded, since several possibilities exist 

explaining the lacking phenotype of the shy1 deletion mutant in seedling infections. Uni-

dentified pathways might be active during biotrophy that eliminate or inactivate SA. 

Genes involved in such pathways might only be expressed upon infection and compensate 

for the lack of Shy1-dependent degradation. Organ specificity could be another reason for 

unaltered virulence of the shy1 deletion mutant in seedling infection assays. Several viru-

lence factors have been described to contribute to virulence in an organ-specific manner 

(Skibbe et al., 2010; Schilling et al., 2014). Therefore, it is conceivable that Shy1-

dependent SA degradation could play a more important role in the infection process of 

specific maize organs, e.g. inflorescences, than during seedling infection. Moreover, alt-

hough shy1 did not have a detectable impact on the infection of two cultivars used in this 

study in a controlled laboratory environment, an efficient SA degradation system for 
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feeding or defence-suppression could be essential to successfully colonise certain maize 

varieties under field conditions.  

 

3.3 Intracellular SA degradation might be a strategy to hide degrada-

tion products triggering defence responses 

Previous microscopic analyses suggested a cytosolic localization of Shy1-mCherry-HA 

when it was constitutively produced (Rabe, 2011). In this study, epifluorescence micros-

copy of CL13Δshy1-shy1-mCherry-HA expressing shy1-mCherry-HA under control of 

the native shy1 promoter supported the inferred localization. This indicates that U. maydis 

degrades SA intracellularly. In line with these findings, Sze and Dagley (1984) were able 

to purify salicylate hydroxylases from cell extracts of T. cutaneum and Dodge and 

Wackett (2005) measured salicylate hydroxylase activity in crude extracts of Fusarium 

sp. Since these fungi belong to different fungal genera and have contrasting life styles, 

intracellular SA degradation might be a common mechanism of diverse fungal species. 

Although so far no direct link between SA degradation and virulence has been made in 

U. maydis, it is tempting to speculate that the intracellular degradation of SA could repre-

sent a strategy to avoid the induction of defence responses. Experiments in mammals as 

well as A. thaliana demonstrated that catechol, the degradation product of SA, triggers 

ROS accumulation (Schweigert et al., 2001; Rudrappa et al., 2007). ROS accumulation 

and signalling contribute to hypersensitive cell death response restricting pathogen 

growth (Zurbriggen et al., 2010). By degrading SA in the cytosol, the release of interme-

diate products, such as catechol, into the extracellular space might be avoided lowering 

the risk of activating ROS-mediated defence responses.  

Several studies exist describing routes of SA uptake in mammalian cells and plants. In 

animal and human cell lines, SA and related monocarboxylic acids are transported across 

membranes via a pH- and carrier-dependent mechanism and several monocarboxylate and 

organic anion transporters were identified to be involved in SA uptake (Takanaga et al., 

1994; Enerson and Drewes, 2003; Dobson and Kell, 2008). Studies in tobacco (Nicotiana 

tabacum) and castor bean (Ricinus communis) indicated that SA uptake in plants relies on 

a carrier system as well as an ion-trap mechanism, in which protonated salicylate from the 

apoplast (pH 5.8) can cross the membrane and is trapped in the cytosol after deprotona-

tion as result of higher pH (Rocher et al., 2006; Rocher et al., 2009). The accumulation of 
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SA in the cytosol of U. maydis could be facilitated by similar mechanisms. Since no up-

take mutant was isolated in the genetic screen performed in this study, it is likely that SA 

uptake might rely on diffusion and ion trapping. However, an uptake mechanism facilitat-

ed by carriers cannot be excluded. In the conducted genetic screen only mutants with 

complete loss of fluorescence were considered for subsequent analysis. Assuming that a 

carrier system contributes to SA uptake in addition to diffusion, strains producing a mu-

tated non-functional carrier protein would have not been considered for downstream 

analysis, since they might have only shown reduced fluorescence. Moreover, redundancy 

could explain why carrier mutants might have been missed. Due to the low mutagenesis 

rate with an average of twelve point mutations per mutant genome and the relatively low 

number of screened mutants (86,400 mutants), the isolation of mutants harbouring at the 

same time mutations in several redundant transporter genes is unlikely. 

Upon pathogen attack, SA was identified in the phloem sap of plant species, like Cucumis 

sativus, R. communis, and N. tabacum, suggesting an accumulation of the compound in 

the plant vasculature (Metraux et al., 1990; Yalpani et al., 1991; Rocher et al., 2006). 

Thus, it might not be coincidental that U. maydis is equipped with a SA degradation sys-

tem, since fungal hyphae accumulate in and around vascular bundles late during infection 

(Doehlemann et al., 2008).  

 
3.4 U. maydis is able to sense SA via Rss1 – a bona fide SA receptor? 

Epifluorescence microscopy as well as transcriptional profiling data revealed that 

U. maydis responds to salicylate by activating SA-responsive genes, such as shy1 and 

UMAG_05967. Since the SA analogues BTH and INA, which activate SA signalling in 

plants, did not induce SA-responsive gene expression in U. maydis, SA sensing must dif-

fer from the mechanism known for plants. Moreover, BlastP searches with the bacterial 

SA response factor NahR (Schell and Poser, 1989; Schell et al., 1990) did not reveal any 

proteins with significant similarity (data not shown), suggesting that SA sensing might 

also differ from bacterial systems. By employing a forward genetic screen, Rss1 was 

identified as one major component of the SA sensing pathway. Rss1 belongs to the family 

of binuclear zinc cluster transcription factors and it localizes to nuclei of sporidia. There-

fore, a function as transcription factor was conceivable. Yeast-based transcriptional acti-

vation assays confirmed its role as transcriptional activator. However, the finding that 

Rss1 was only active in presence of SA suggested that it might directly sense SA. In line 
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with this hypothesis, a subgroup of the binuclear zinc cluster protein family is proposed to 

activate transcription of target genes in response to diverse small molecules, such as ami-

no acids, sugars, or environmental toxins (MacPherson et al., 2006; Naar and Thakur, 

2009). Moreover, this group shares functional similarity with nuclear receptors of meta-

zoans, which are able to bind small-molecule ligands via a large regulatory domain locat-

ed in the middle part of the proteins and, as a result of ligand binding, activate transcrip-

tion (Naar and Thakur, 2009). An example of a ligand-binding binuclear zinc cluster pro-

tein is Pdr1 from S. cerevisiae. Thakur et al. (2008) showed that a domain located in the 

middle of the protein is required for ketoconazole binding. Ligand binding leads to a con-

formational change of Pdr1, which in turn enables the C-terminal activation domain to 

interact with a subunit of the Mediator complex and to initiate transcription of target 

genes (Thakur et al., 2008). Moreover, previous studies showed that mutations within this 

region render Pdr1 constitutively active (Carvajal et al., 1997; Nourani et al., 1997). Since 

Rss1 also harbours such a predicted fungal specific domain in the middle part of the pro-

tein, deletion and mutational analyses along with interaction studies might provide further 

insight into whether this domain is important for ligand binding and how Rss1 activates 

transcription. 

 
3.5 Rss1 belongs to the family of binuclear zinc cluster proteins 

Characteristic for binuclear zinc cluster proteins is a DNA binding domain consisting of 

the consensus sequence CX2CX6CX5-9CX2CX6-8C, which coordinates two zinc atoms, a 

linker sequence C-terminally of the zinc cluster domain, which is required for DNA bind-

ing specificity, and a coiled coil domain. Due to their coiled coil domain binuclear zinc 

cluster proteins often homo- and heterodimerize and recognize via their DNA binding 

domain response elements containing CGG triplets as inverted, everted, or direct repeats 

(Hellauer et al., 1996; Todd and Andrianopoulos, 1997; MacPherson et al., 2006). Rss1 

shares the highly conserved Zn(II)2Cys6 consensus sequence as well as the coiled coil 

domain with other zinc cluster transcription factors. Moreover, I could show in a yeast 

two-hybrid assay that Rss1 forms a homodimer. This makes it likely that the Rss1-dimer 

recognizes conserved repeats in its target promoters. Although no consensus binding mo-

tif could be bioinformatically identified in the promoters of the putative Rss1-target genes 

UMAG_05967, UMAG_02142, and UMAG_01278 (data not shown), these intergenic 

regions contain several inverted and direct CGG repeats. It will be of future interest to 
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experimentally identify and validate the binding motif of Rss1 by Chromatin-

Immunoprecipitation experiments combined with next generation sequencing techniques 

and by electrophoretic mobility shift assays.  

Several binuclear zinc cluster proteins, including the Pdr1 paralogue Pdr3, were shown to 

form a positive autoregulatory feedback loop modulating their own expression 

(Delahodde et al., 1995; Zhang et al., 2001). Since rss1 transcript levels are significantly 

upregulated during pathogenic development, it is conceivable that Rss1 might also regu-

late its own transcription. 

 
3.6 SA sensing is common among smuts 

Transcriptional profiling demonstrated that S. reilianum responds to SA with a transcrip-

tional induction of orthologues of SA-responsive U. maydis gene. Moreover, this smut 

fungus harbours an Rss1 homologue and might therefore sense SA via a mechanism simi-

lar to the one found in U. maydis. The covered smut U. hordei also showed a transcrip-

tional induction of UHOR_shy1 in the conducted SA shift experiment implying the pres-

ence of a SA sensing system in this species. However, transcript levels of the 

UMAG_05967 orthologue were not significantly altered upon SA treatment. Transcrip-

tional profiling of SA-responsive genes in SG200 and SG200∆rss1 illustrated that in 

U. maydis UMAG_05967 is exclusively regulated by Rss1 upon SA treatment. Since 

U. hordei may lack rss1, the UMAG_05967 orthologue might no longer be tightly regu-

lated and might therefore not show a SA-specific induction. If U. hordei indeed lacks a 

functional Rss1 orthologue one would have to propose an Rss1-independent pathway in 

U. hordei, which regulates UHOR_shy1 gene expression.  

Taken together, SA sensing and degradation might be common among related smuts but 

underlying pathways might differ between species. The genome analysis of M. pennsyl-

vanicum provides an additional indication that divergent pathways might have evolved in 

different smuts: Although M. pennsylvanicum shares an rss1 orthologue with U. maydis, a 

shy1 orthologue could not be found in its genome (Sharma et al., 2014). However, further 

studies are needed to clarify, whether M. pennsylvanicum is at all able to degrade SA and 

whether Rss1 contributes to SA sensing in this fungus.  
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3.7 Rss1 may not be alone – alternative pathways might contribute to 

the regulation of SA-responsive genes during biotrophic growth 

Several findings suggest that besides Rss1 additional SA response factors and/or path-

ways may exist regulating SA-responsive genes during the pathogenic development of 

U. maydis: The transcriptome analysis of SG200∆rss1 and SG200 at four dpi revealed 

only a small number of differentially regulated genes and most of these differentially reg-

ulated genes showed only minor differences in expression levels (fold change < 2). More-

over, UMAG_05967, which was no longer expressed in SA-treated axenic culture when 

rss1 was deleted, was still significantly induced in the rss1 mutant during pathogenic de-

velopment. Furthermore, expression of shy1, which was shown to be SA-responsive, was 

not affected in biotrophic life cycle stages in absence of rss1. The experimental set-up of 

the conducted genetic screen, which was based on axenic culture and a single SA-

responsive promoter, potentially limited the identification of alternative SA response fac-

tors and excluded those that are only active during biotrophic growth. The presence of 

additional unknown signalling cascades regulating the fungal response towards SA in 

planta might also explain the lacking virulence phenotype of rss1 deletion strains. Be-

sides additional Rss1-independent pathways activating genes in response to SA, regula-

tors sensing plant-derived molecules different from SA could contribute to the induction 

and/or repression of identified SA-responsive genes. In line with this hypothesis, 

UMAG_06076 encoding a predicted quinate/sugar transporter was upregulated in the rss1 

deletion strain upon infection. In fungi, such as Aspergillus nidulans, quinate and SA are 

metabolised to the common intermediate 3-oxoadipate and for the rice blast fungus Mag-

naporthe oryzae quinate degradation was suggested to contribute to nutrition during the 

early phase of infection (Kuswandi, 1992; Hawkins et al., 1993; Soanes et al., 2012). This 

makes it likely, that besides SA, U. maydis could also metabolise quinate via the 3-

oxoadipate pathway during biotrophic growth and Rss1 and a putative quinate regulator 

might share common target genes. Therefore, it is conceivable that a quinate sensing cas-

cade might partially compensate the lack of rss1 and the upregulation of an alternative 

sensing pathway could culminate in the increase of specific transporters, such as 

UMAG_06076. However, in contrast to the identified SA-responsive genes, that are also 

induced in presence of glucose, the quinate transporter gene UMAG_06076 is subject to 

catabolite repression and is strongly repressed by glucose (Schuler et al., 2015). This in-

dicates that underlying regulatory mechanisms of SA and quinate metabolism differ. 
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shy1 and UMAG_02142 were significantly induced in the rss1 deletion mutant upon SA 

treatment of axenic culture. This makes it likely, that also under axenic conditions Rss1-

independent sensing and signalling mechanisms might contribute to the regulation of cer-

tain SA-responsive genes. This could be either additional SA response factors or regula-

tors activated by triggers different from SA. Triggers could be chemical stimuli such as 

degradation products that accumulate over time. Hence, the identified Rss1-dependent 

pathway might be part of a complex network with unknown triggers and signalling com-

ponents contributing to the regulation of SA-responsive genes under different conditions.  

 
3.8 The role of SA sensing and degradation and its linkage to trypto-

phan metabolism  

3.8.1 Rss1-mediated SA sensing and degradation is linked to tryptophan metabo-

lism 

Growth analyses in SA-containing medium demonstrated that Rss1 is involved in the reg-

ulation of the SA degradation pathway. However, global transcriptional profiling revealed 

Rss1-regulated genes that could be functionally categorized into the metabolism of sec-

ondary products derived from tryptophan. Furthermore, Anderson and Dagley (1981) 

showed that in T. cutaneum salicylate has the ability to induce all enzymes essential for 

L-tryptophan metabolism via L-kynurenine and 3-oxoadipate. Therefore, I reasoned that 

the putative SA sensing and degradation pathway identified in U. maydis might also be 

linked to tryptophan metabolism. Indeed, rss1 as well as UMAG_05967 deletion mutants 

were growth-retarded on medium with tryptophan as sole carbon source indicating an 

involvement of respective proteins in tryptophan degradation and its regulation. In line 

with these findings, differentially regulated genes identified in global transcriptional pro-

filing could be functionally mapped to the tryptophan degradation pathway via L-

kynurenine (Fig. 35). Tryptophan degradation via L-kynurenine is widespread among 

eukaryotes and can be found in fungi and animals (Ternes and Schonknecht, 2014). It was 

shown for several fungal species that L-kynurenine is converted into anthranilate (Rao et 

al., 1971; Anderson and Dagley, 1981). SA and anthranilate are structurally similar, only 

differing in one of their two functional groups. While SA harbours a hydroxyl group, an-

thranilate has an amine group at the same position. Anthranilate acts as precursor for de 

novo NAD biosynthesis or can be channelled into the 3-oxoadipate pathway which is 
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known from SA degradation (see section 3.1) (Rao et al., 1971; Martins et al., 2015). 

Main intermediates in the catabolism of anthranilate are 2,3-dihydroxybenzoate and cate-

chol (Fig. 35) (Rao et al., 1971; Anderson and Dagley, 1981). Since UMAG_05967, a 

predicted salicylate hydroxylase, is not involved in the conversion of SA to catechol un-

der the tested conditions but is essential for tryptophan degradation, it is conceivable that 

the protein might convert the structural analogue of SA, anthranilate. The produced in-

termediate 2,3-dihydroxybenzoate could be subsequently degraded to catechol by 

UMAG_12178, which is related to o-pyrocatechuate decarboxylases (Fig. 35) (Rao et al., 

1967). While UMAG_12178 presumably acts upstream of catechol, UMAG_02142 might 

function downstream of this intermediate (Fig. 35) and catalyse a major reaction in the 3-

oxoadipate pathway as discussed before (see section 3.1).  

 
Fig. 35: Tryptophan and SA might share a common degradation route regulated by Rss1. The scheme 
depicts the simplified working model of SA and tryptophan degradation in U. maydis with Rss1 (orange 
circle) as regulatory component binding SA. Solid arrows indicate chemical reactions. Two consecutive 
arrows reflect a sequence of several reactions. Dotted arrows depict activation of enzymes on a transcrip-
tional level. Enzymes with verified functions are marked in blue, whereas proteins with predicted catalytic 
activities are displayed in turquoise. For details see text. 

In contrast to UMAG_05967, the deletion of shy1 had no impact on growth when trypto-

phan was provided as sole carbon source. Moreover, no evidences exist that SA repre-

sents an intermediate in tryptophan metabolism in fungi, suggesting that Shy1 is not di-

rectly involved in tryptophan degradation. The production of catechol by salicylate hy-
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droxylases makes it likely that the Shy1-mediated SA degradation pathway converges 

with the tryptophan branch and the shared intermediate catechol enters the 3-oxoadipate 

pathway (Fig. 35). Although shy1 was not differentially regulated in an rss1 deletion mu-

tant during pathogenic development, shy1 transcript levels were significantly reduced in 

the mutant upon SA treatment in axenic culture, indicating that Rss1 contributes to the 

regulation of shy1 and SA degradation. Whether the ability to sense SA and regulate shy1 

expression represents a recent gain of function of Rss1 or displays an evolutionary “lefto-

ver” which might disappear over time remains speculative. Taken all findings together, 

Rss1 displays a regulator that is not only involved in the regulation of SA degradation but 

also controls main enzymes in tryptophan metabolism.  

Although Rss1 is considered to regulate genes related to tryptophan degradation, I ob-

served that these genes were significantly stronger induced in presence of SA than of 

tryptophan. Transcriptional profiling of respective genes in S. reilianum revealed similar 

expression patterns, indicating that the low induction upon tryptophan treatment is not an 

U. maydis specific phenomenon. Elevated expression levels upon SA treatment compared 

to tryptophan could have several reasons: SA might represent a high-affinity ligand for 

Rss1 and the induction of genes involved in tryptophan metabolism upstream of catechol 

might be a result of a shared degradation pathway and/or low-affinity ligands that share 

similarity to SA. Alternatively, Rss1 could have identical or even higher affinities for 

inducers that appear in the degradation process of tryptophan and that are structurally 

similar to SA, i.e. anthranilate. Depending on the specific activities of enzymes involved 

in this pathway, intermediates might be less abundant even though tryptophan was ap-

plied in concentrations identical to those of SA. Therefore, levels of inducer might not 

reach the concentrations when exogenously added, resulting in a lower transcriptional 

induction of target genes. Since tryptophan did not activate Rss1 in the yeast-based tran-

scriptional activation assay, it can be excluded that the amino acid itself serves as a ligand 

for Rss1. The finding, that S. cerevisiae predominantly metabolises tryptophan via the 

Ehrlich pathway with tryptophol as product (Kradolfer et al., 1982; Hazelwood et al., 

2008), explains why no induction of Rss1 activity could be observed in yeast even though 

intermediates of the L-kynurenine degradation pathway might represent Rss1 ligands with 

higher affinity than SA. To elucidate whether the strong induction of tested genes in 

U. maydis is an SA-dependent phenomenon or whether it is related to the quantity of in-

ducer, the impact of anthranilate and other intermediates of tryptophan degradation on 
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Rss1-dependent gene expression needs to be determined. The determination of affinity 

and dissociation constant (Kd) between Rss1 and SA as well as intermediates of trypto-

phan will ultimately clarify which molecules can be sensed by Rss1 and act as biological-

ly relevant ligands.  

3.8.2 Tryptophan degradation – a contribution to nutrition during pathogenic de-

velopment? 

Results presented and discussed in this study provide evidence that Rss1 represents a 

multifunctional sensor and regulator controlling a converging pathway for SA and trypto-

phan degradation. It might not be coincidental that genes involved in tryptophan metabo-

lism are induced during biotrophic growth. Many phytopathogenic fungi are able to me-

tabolise amino acids as carbon and nitrogen sources (Solomon et al., 2003). Among these 

are obligate biotrophic fungi, such as Blumeria graminis and Uromyces fabae, which em-

ploy a set of transporters and permeases during infection facilitating amino acid uptake 

(Struck, 2015). U. maydis also induces genes coding for amino acid transporters during 

the early phase of infection and it harbours all enzymes important for amino acid degrada-

tion, including those for tryptophan via L-kynurenine (McCann and Snetselaar, 2008; 

Lanver et al., 2014). Although genes important for amino acid degradation are repressed 

during appressoria formation (Lanver et al., 2014), it is likely that uptake and metabolism 

of amino acids contribute to nutrition of U. maydis during later stages. Horst et al. (2010) 

demonstrated that upon U. maydis infection plant-derived amino acids are relocated to 

tumour tissue. Therefore, the upregulation of the tryptophan degradation pathway identi-

fied in this work could contribute to feeding on tryptophan during respective developmen-

tal stages. The ability to degrade plant-derived tryptophan during biotrophic growth may 

be of particular interest, if one considers that upon U. maydis infection, maize produces 

the antimicrobial compound 2,4-di-hydroxy-7-methoxy-2H-1,4-benzoxazin-3-one 

(DIMBOA), a derivative of the amino acid tryptophan (Basse, 2005). The degradation of 

tryptophan could contribute to limit the production of DIMBOA at the site of infection 

and to ensure that DIMBOA levels do not reach toxic concentrations.  

3.8.3 SA sensing and degradation might have biological functions unrelated to 

tryptophan metabolism 

The ability of U. maydis to utilize tryptophan and SA as carbon sources points towards a 

biological role of respective sensing and degradation pathways in nutrient acquisition and 
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metabolism. It might represent a successful survival strategy of biotrophic pathogens to 

rely not only on few nitrogen and carbon sources but to employ a multitude of pathways 

to obtain nutrients of diverse chemical origin. This ensures that even in absence of the 

favourable nutrient source the fungus retains its biosynthetic capacity and is able to com-

plete its life cycle. However, based on the findings that even in absence of Rss1 shy1 

transcript levels increased in axenic culture and in planta, additional factors are consid-

ered be involved in the regulation of Shy1-dependent SA degradation. It suggests that 

tryptophan and SA degradation might be not entirely co-regulated. This could also imply 

that SA sensing and degradation may have a biological function unrelated to the trypto-

phan pathway and metabolism. Therefore, it is tempting to speculate that U. maydis em-

ploys SA sensing not only to detect a suitable carbon source in planta but also to sense 

the defence status of the plant. In this scenario, SA degradation via Shy1 would display 

an effective mechanism to eliminate SA and to reset regulators for SA sensing. The iden-

tification of additional SA perceiving regulators as well as their target genes will provide 

further insights why U. maydis is able to sense the major defence molecule of its host.  

 
3.9 Perspectives 

Although this work provides first insights into the molecular mechanism of SA sensing 

and degradation, several questions remain open. The obtained data make it likely that 

Rss1 directly binds SA. However, to date I could not proof direct SA binding by Rss1 via 

MST measurements, since overproduction of Rss1 has resulted in aggregated non-

functional protein. Therefore, the verification of SA binding by Rss1 should be one of the 

main objectives of the future work. The purification of soluble protein could be achieved 

by expressing tagged rss1 in U. maydis under control of its native promoter. An alterna-

tive strategy to assess SA binding, which has already been successfully applied for SA-

binding proteins from tobacco (Tian et al., 2012), could be photoaffinity labelling of HA-

Rss1 followed by SA immunoprecipitation and anti-HA immunoblotting. Moreover, 

binding studies should be repeated with potential ligands that are intermediates of trypto-

phan degradation and/or that share structural similarity with SA, such as anthranilate. 

Since Rss1 belongs to the class of binuclear zinc cluster transcription factors with several 

conserved domains, binding studies of individual domains could contribute to the identi-

fication of those that are essential for SA and DNA binding, respectively. With a similar 

approach, a discrete transferable ligand-binding domain was identified for the binuclear 
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zinc cluster protein Pdr3p (Thakur et al., 2008). Furthermore, Chromatin Immunoprecipi-

tation analysis combined with Next Generation sequencing in axenic culture and during 

biotrophic growth should be conducted to identify Rss1 target promoters as well as a pu-

tative target motif. This approach might not only extend the list of Rss1-targets but might 

concomitantly provide additional insight into the biological role of Rss1 and answer the 

question whether Rss1 exclusively modulates the expression of genes for SA and trypto-

phan degradation or whether it also regulates genes that are unrelated to metabolism.  

Since I observed a transcriptional induction of shy1 in absence of rss1 in planta as well as 

in axenic culture, additional factors may be involved in its regulation. To get a better un-

derstanding of the activation of the SA degradation pathway it the saprophytic phase of 

U. maydis, a genetic screen employing the shy1 promoter could be performed. However, 

similar to the already conducted approach, this screen will be restricted to axenic culture. 

The identification of SA sensing and signalling cascades that might be exclusively active 

during pathogenic growth will be technically challenging.  

In contrast to Shy1, whose enzymatic activity as salicylate hydroxylase is verified (Rabe, 

2011), the two predicted salicylate hydroxylases UMAG_03408 and UMAG_05967 did 

not reveal salicylate hydroxylase activity in the performed assay. To provide insights into 

the function of these salicylate hydroxylase-related proteins, enzymatic activity test with 

alternative substrates should be conducted. The finding that growth of the UMAG_05967 

deletion mutant was impaired when tryptophan was provided as sole carbon source, sug-

gests that UMAG_05967 might contribute to tryptophan degradation and degrade the SA 

analogue anthranilate. Therefore, it should be tested whether anthranilate or other trypto-

phan intermediates are substrates of UMAG_05967. 

Due to its cytoplasmic and nuclear localization, intracellular SA degradation by Shy1 was 

inferred. However, the mechanism how U. maydis takes up SA remains elusive. Even 

though no uptake mutant was identified in the conducted genetic screen, suggesting that 

SA uptake might occur via diffusion and ion trapping, a contribution of carriers cannot be 

excluded. Carrier-dependent SA uptake in plants can be effectively inhibited with the 

Cys-reacting inhibitor p-chloromercuribencene sulfonate (pCMBS) and a mammalian SA 

carrier was shown to be blocked by this reagent (Halestrap and Meredith, 2004; Rocher et 

al., 2009). Therefore, pCMBS-inhibitor analyses could be performed to assess whether a 

similar carrier-dependent SA uptake mechanism is present in U. maydis. 
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Although several questions remain open and await further research, the finding, that Rss1 

senses SA presumably by direct binding and activates expression of target genes, could 

provide the foundation for the generation of valuable tools to monitor cellular SA levels. 

Since SA is an essential phytohormone to regulate life sustaining mechanism as well as to 

activate and modulate defence responses (Vlot et al., 2009), the detection and measure-

ment of cellular SA levels would provide new insights into the mode of action of plant 

species upon biotic and abiotic stresses. So far, several tools have been engineered to as-

sess SA levels in plants, such as a bacterial SA-reporter system and techniques for meta-

bolic measurements (Huang et al., 2006; Flokova et al., 2014). However, established 

methods cannot provide insights into intracellular SA concentrations in a spatial and tem-

poral manner. Several phytohormone nanosensors have been developed enabling the 

quantification of hormone levels in the cell (Brunoud et al., 2012; Jones et al., 2014; 

Waadt et al., 2014). Although high affinity SA-binding proteins were identified (Kd = 90 

nM for SABP2 and Kd = 45 nM for NPR4) (Du and Klessig, 1997; Fu et al., 2012), no SA 

nanosensor has been established to date. Once the affinity between Rss1 and SA is deter-

mined by MST measurements, an Rss1-based nanosensor could be developed to assess 

SA levels inside the cell in a quantitative way. Since Rss1 functions as transcriptional 

activator, quantification of SA could be coupled to a reporter system, e.g. GUS or fluo-

rescence markers. In a further step, it would need to be evaluated whether Rss1 or its SA 

binding domain could be used to generate a FRET-based nanosensor, similar to those 

established for Auxin and ABA (Brunoud et al., 2012; Jones et al., 2014; Waadt et al., 

2014).   
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4 MATERIALS AND METHODS 
 

4.1 Materials 

4.1.1 Chemicals 

Chemicals used in this study were purchased from the following companies: Merck, 

Roche, PanReac AppliChem, Qiagen, Jena Analytic, Sigma-Aldrich, Thermo Fisher Sci-

entific, and Carl Roth. 

4.1.2 Buffers and solutions 

Standard buffers and solutions were prepared according to Ausubel et al. (1987) and 

Sambrook et al. (1989). Special buffers and solutions are listed in individual method sec-

tions. If necessary, all media, solutions, and buffers were autoclaved before usage for 

5 min at 121°C. Heat sensitive solutions were filter sterilized (Steritop, pore size 0.2 µm, 

Millipore). 

4.1.3 Enzymes and antibodies 

Enzymes were purchased from the following companies: Restriction enzymes from New 

England Biolabs, RNaseA from Thermo Fisher Scientific, Phusion Polymerase from New 

England Biolabs, lytic enzymes from Sigma-Aldrich and Novo Nordisc. Antibodies were 

obtained from Sigma-Aldrich and Cell-Signalling Technologies. They are listed in section 

4.6.7.  

4.1.4 Commerical kits and additional material 

The following kits were used: InnuPrep Doublepure Kit (Jena Analytic) for the purifica-

tion of PCR products and DNA fragments from agarose gels; Qiagen buffers and columns 

provided by Centic Biotec for plasmid preparation; TOPO TA Cloning Kit (Thermo Fish-

er Scientific) for cloning of PCR products; Gateway LR ClonaseII Enzyme mix (Thermo 

Fisher Scientific) for gateway cloning; JBS Error-Prone Kit for PCR-based random muta-

genesis (Jena Bioscience); TRIzol (Thermo Fisher Scientific) for RNA extraction, Turbo-

DNA-free Kit (Thermo Fisher Scientific) for DNA removal, Super III First Strand Syn-

thesis Super Mix Kit or RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo 

Fisher Scientific) for cDNA synthesis from RNA; Platinum Sybr Green qPCR SuperMix-

UDG Kit (Thermo Fisher Scientific) or LightCycler FastStart Essential DNA Green Mas-
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ter (Roche) for quantitative real time PCR; DIG High Prime (Roche) for Digoxigenin 

labelling to generate Southern probes; Amersham ECL Prime Western Blotting Detection 

Reagent (GE Healthcare) for chemiluminescence detection.  

Size standards for agarose gelelectrophoresis were 1 kb and 2 log ladder (New England 

Biolabs), for SDS-polyacrylamide gelelectrophoresis was Page Ruler Prestained Protein 

Ladder (Thermo Fisher Scientific). Additional material is listed in individual method sec-

tions. 

 

4.2 Media and culture conditions 

4.2.1 Media for cell cultivation 

Media for cell cultivation were autoclaved at 121°C for 5 min, unless otherwise indicated. 

If autoclaving was not possible because of heat instability, media were filter sterilized 

(Steritop, pore size 0.2 µm, Millipore). If necessary, antibiotics were added after media 

were autoclaved and cooled down to 60°C. 

4.2.1.1 Culture conditions and media of Escherichia coli 

Escherichia coli strains were grown in dYT-medium at 37°C under continuous shaking at 

200 rpm. Antibiotics used for cultivation are listed in Tab. 2. Glycerol stocks were gener-

ated by adding 25 % (v/v) of glycerol and stored at -80°C.  

 
Tab. 2: Antibiotic concentrations used for bacterial cultivation.  

Antibiotic Stock solution [mg/ml] Final concentration [µg/ml] 
Ampicillin (Amp) 100 100 
Kanamycin (Kan) 40 40 

Chloramphenicol (Cam) 34 25 
Spectinomycin (Spec) 50 50 

 

dYT liquid medium  1.6 %  (w/v) tryptone  
0.5 %  (w/v) yeast extract  
0.5 %  (w/v) NaCl  in ddH2O 

 

dYT agar    1.6 %  (w/v) tryptone  
0.5 %  (w/v) yeast extract  
0.5 %  (w/v) NaCl  
2.0 %  (w/v) bacto-agar in ddH2O 
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SOC medium  2.0 % (w/v) tryptone  
0.5 %  (w/v) yeast extract  

 0.05 % (w/v) NaCl  in ddH2O 
 

added after autoclaving  0.25 %  1 M KCl (f. c. 2.5 mM) 
  1 %  1 M MgCl2*6H2O (f. c. 10 mM) 
 0.72 %  (w/v) glucose  

4.2.1.2 Culture conditions and media of Saccharomyces cerevisiae 

Saccharomyces cerevisiae was grown at 28°C with 200 rpm shaking under aerobic condi-

tions. YPD was used as complete medium, whereas for selection of strains with auxo-

trophic markers SD medium with corresponding supplements was used. For long-term 

storage glycerol stocks were prepared by adding 25 % (v/v) glycerol and stored at -80°C.  

 
YPD liquid medium 1 % (w/v) yeast extract  

 2 % (w/v) bacto-peptone in ddH2O 
 2 % (w/v) glucose  added after autoclaving 

 

YPD agar  1 % (w/v) yeast extract  
 2 % (w/v) bacto-peptone  
 2 %  (w/v) bacto-agar in ddH2O 

 2 %  (w/v) glucose  added after autoclaving 
 

SD liquid medium  0.67 %  (w/v) yeast nitrogen base without amino acids 
 0.06 %  (w/v) dropout amino acid solution “-Ade, -His,  
  -Leu, -Trp”   in ddH2O 

 2 % (w/v) glucose  added after autoclaving 
 

SD agar 0.67 %  (w/v) yeast nitrogen base without amino acids 
 0.06 % (w/v) dropout amino acid solution “-Ade, -His,  
  -Leu, -Trp” 
 2 %  (w/v) bacto-agar  in ddH2O 
 2 %  (w/v) glucose  added after autoclaving 
 
For SD media, lacking amino acids were added after autoclaving with the following con-

centration:  

 0.002 % (w/v) L-adenine hemisulphate 
 0.002 % (w/v) L-histidine HCL 

 0.01 % (w/v) L-leucin 
 0.002 % (w/v) L-tryptophan 
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4.2.1.3 Culture conditions and media of Ustilago maydis 

U. maydis was grown in YEPSlight liquid medium (modified from Tsukuda et al. (1988)) 

under standard culturing conditions. Strains were cultivated at 28°C under continuous 

shaking (200 rpm). For growth on solid medium Potato-Dextrose (PD) agar plates were 

used and supplemented with antibiotics listed in Tab. 3, if necessary. For long-term stor-

age 50 % of NSY-glycerol was added to a densely grown overnight culture and glycerol 

stocks were stored at -80°C.  

 
Tab. 3: Antibiotic concentrations used for U. maydis selection.  

Antibiotic Stock solution [mg/ml] Final concentration [µg/ml] 
Hygromycin (Hyg) 50 200 

Nourseothricin (Nat) 100 75 
Phleomycin (Phleo) 20 40 

Geneticin G418 (Gent) 50 400 
Carboxin (CBX) 5 4 

 

YEPSlight 1 %  (w/v) yeast extract  
 1 %  (w/v) peptone  
 1 %  (w/v) sucrose  in ddH2O 

 

Potato Dextrose (PD) agar 2.4 %  (w/v) potato dextrose broth  
 2 % (w/v) bacto-agar in ddH2O 
 

NSY-glycerol 0.8 % (w/v) nutrient broth  
0.1 %  (w/v) yeast extract  
0.5 %  (w/v) sucrose  

 69.6 %  (w/v) glycerol  in ddH2O 
 

YEPSlight Reg-Agar 1 %  (w/v) yeast extract  
 0.4 %  (w/v) peptone  
 0.4 %  (w/v) sucrose  
 18.22 % (w/v) sorbitol  

1.5 %  (w/v) bacto-agar in ddH2O 
 

YNB-N minimal medium was used for SA/tryptophan/naphthalene growth experiments 

and supplemented with 10 mM sodium salicylate, 10 mM L-tryptophan, 1 mM or 5 mM 

naphthalene, and/or 2 % glucose.  
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YNB-N liquid medium 0.17 %  (w/v) yeast nitrogen base without amino acids 
 0.7 %  (w/v) (NH4)SO4 in ddH2O 
    adjusted to pH 7 
 

YNB-N agar 0.17 %  (w/v) yeast nitrogen base without amino acids 
 0.7 %  (w/v) (NH4)SO4  

 2 %  (w/v) bacto-agar  in ddH2O 
   adjusted to pH 7 

4.2.2 Determination of cell density of bacterial and fungal cultures 

Cell densities of liquid cultures were determined photometrically in an Ultrospec 3100pro 

photometer (GE Healthcare) at 600 nm (OD600). To ensure a linear dependence, cultures 

were diluted by appropriate dilutions to values below 0.7. As reference value the OD600 of 

the respective culture medium was used. In U. maydis and S. cerevisiae an OD600 of 1.0 

corresponds to a cell count of 1-5 x 107 cells. In E. coli the value corresponds to 1 x 109 

bacterial cells. 

 

4.3 Strains, oligonucleotides, and plasmids 

4.3.1 E. coli strains 

E. coli strains used in this study and their applications are listed in Tab. 4. 

 
Tab. 4: E. coli strains used in this study. 

Strain Genotype Application Reference 

K-12 DH5α F– endA1 glnV44 thi-1 
recA1 relA1 gyrA96 
deoR nupG purB20 
φ80dlacZΔM15 
Δ(lacZYA-argF)U169, 
hsdR17(rK

–mK
+), λ– 

Cloning Hanahan (1983) 

Mach1 F- Φ80lacZΔM15 
ΔlacX74 hsdR(rK

–, mK
+) 

ΔrecA1398 endA1 tonA 

Cloning Thermo Fisher 
Scientific 

BL21 (DE3) pLysS F-ompT hsdSB(rB-,mB-) 
gal dcm (DE3) pLys 
(CamR) 

Heterologous production 
of GST, GST-NahG, GST-
Shy1, UMAG_05967-
6xHis, UMAG_03408-
6xHis, 6xHis-HR3VC 

Thermo Fisher 
Scientific 
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Strain Genotype Application Reference 

Rosetta-gami 2 (DE3) 
pLysS 

Δ(ara-leu)7697 ΔlacX74 
ΔphoA PvuII phoR a-
raD139 ahpC galE galK 
rpsL (DE3) F′[lac+ lacIq 
pro] gor522::Tn10 trxB 
pLysSRARE2 (CamR, 
StrR, TetR) 

Heterologous production 
of 6xHis-MBP-PP-Strep-
GFP-Rss1 

Novagen/Merck 
Millipore 

 

4.3.2 S. cerevisiae strains 

S. cerevisiae strains listed in Tab. 5 were used in this study. They were transformed with 

autonomously replicating yeast plasmids listed in section 4.3.7 and propagated under se-

lective conditions that were needed to keep these plasmids after transformation.  

 
Tab. 5: S. cerevisiae strains used in this study. 

Strain Genotype Application Reference 

AH109 MATa, trp1-901, leu2-3, 112, ura3-52, his3-
200, gal4Δ, gal80Δ, LYS2 : : GAL1UAS-
GAL1TATA-HIS3, MEL1, GAL2UAS-GAL2TATA-
ADE2, URA3 : : MEL1UAS-MEL1TATA-lacZ 

Transcriptional 
activation assay 

Clontech 

AH109-BD MATa, trp1-901, leu2-3, 112, ura3-52, his3-
200, gal4Δ, gal80Δ, LYS2 : : GAL1UAS-
GAL1TATA-HIS3, MEL1, GAL2UAS-GAL2TATA-
ADE2, URA3 : : MEL1UAS-MEL1TATA-lacZ, 
pGBKT7 

Transcriptional 
activation assay / 
Homodimerization 
test 

This study 

AH109-BD-
Ap1 

MATa, trp1-901, leu2-3, 112, ura3-52, his3-
200, gal4Δ, gal80Δ, LYS2 : : GAL1UAS-
GAL1TATA-HIS3, MEL1, GAL2UAS-GAL2TATA-
ADE2, URA3 : : MEL1UAS-MEL1TATA-lacZ, 
pGBKT7-ap1 

Transcriptional 
activation assay / 
Homodimerization 
test 

This study 

AH109-BD-
Rss1 

MATa, trp1-901, leu2-3, 112, ura3-52, his3-
200, gal4Δ, gal80Δ, LYS2 : : GAL1UAS-
GAL1TATA-HIS3, MEL1, GAL2UAS-GAL2TATA-
ADE2, URA3 : : MEL1UAS-MEL1TATA-lacZ, 
pGBKT7-rss1 

Transcriptional 
activation assay / 
Homodimerization 
test 

This study 

Y187 MATα, ura3-52, his3-200, ade2-101, trp1-901, 
leu2-3, 112, gal4Δ, gal80Δ, met-, URA3 : : 
GAL1UAS–Gal1TATA–LacZ 

Homodimerization 
test 

Clontech 

Y187-AD MATα, ura3-52, his3-200, ade2-101, trp1-901, 
leu2-3, 112, gal4Δ, gal80Δ, met–, URA3 : : 
GAL1UAS–Gal1TATA–LacZ, pGADT7 

Homodimerization 
test 

This study 

Y187-AD-
Rss1 

MATα, ura3-52, his3-200, ade2-101, trp1-901, 
leu2-3, 112, gal4Δ, gal80Δ, met–, URA3 : : 
GAL1UAS–Gal1TATA–LacZ, pGADT7-rss1 

Homodimerization 
test 

This study 
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4.3.3 U. maydis strains 

U. maydis strains used in this study are listed in Tab. 6. Plasmids used for transformation 

of strains that were generated in this study are described in section 4.3.7. Plasmids were 

linearized with SspI and inserted via homologous recombination with the endogenous, 

carboxin-sensitive ip allele (ipS) into the genome of U. maydis. Successful integration of 

respective plasmids into the ip-locus was tested by PCR and/or Southern analysis. The 

nomenclature for ip-locus integrations was adopted from Brachmann (2001). 

 
Tab. 6: U. maydis strains used in this study. 

Strain Genotype Resistance/Comment Reference 

FB1 a1 b1 wild type Banuett and 
Herskowitz 
(1989) 

FB2 a2 b2 wild type Banuett and 
Herskowitz 
(1989) 

CL13 a1 bE1 bW2  Bolker et al. 
(1995) 

CL13∆shy1 a1 bE1 bW2 ∆UMAG_05230 Hyg This study 
CL13∆shy1 
∆UMAG_03408 
∆UMAG_05967 

a1 bE1 bW2 ∆UMAG_05230 
∆UMAG_03408 ∆UMAG_05967 

Hyg, Nat, Phleo This study 

CL13∆cmu1 
∆shy1 
∆UMAG_03408 

a1 bE1 bW2 ∆UMAG_05230 
∆UMAG_03408 ∆cmu1 

Hyg, Nat, Phleo This study 

CL13∆UMAG_ 
03408 

a1 bE1 bW2 ∆UMAG_03408 
 

Hyg This study 

CL13∆UMAG_ 
05967 

a1 bE1 bW2 ∆UMAG_05967 Gent This study 

CL13∆shy1-shy1-
3xHA 

a1 bE1 bW2 ∆UMAG_05230 
ipr[PUMAG_05230UMAG_05230-
3xHA]ips 

Hyg, CBX This study 

CL13∆shy1-shy1-
mCherry-HA 

a1 bE1 bW2 ∆UMAG_05230 
ipr[PUMAG_05230UMAG_05230-
mCherry-HA]ips 

Hyg, CBX This study 

SG200PUMAG_05967
mCherry-3xHA 

a1 mfa2 bE1 bW2 
ipr[PUMAG_05967mCherry-3xHA]ips 

Phleo, CBX This study 

UV1 a1 mfa2 bE1 bW2 UMAG_05966G629D 
ipr[PUMAG_05967mCherry-3xHA]ips  

Phleo, CBX / UV mutant 
derived from SG200-
PUMAG_05967mCherry-3xHA 
producing 
UMAG_05967G629D 

This study 

UV2 a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips  

Phleo, CBX / UV mutant 
derived from SG200- 
PUMAG_05967mCherry-3xHA 
that lost more than 45 kb 
from chr20 

This study 
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Strain Genotype Resistance/Comment Reference 

UV3 a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 

Phleo, CBX / UV mutant 
derived from SG200- 
PUMAG_05967mCherry-3xHA 
that lost more than 45 kb 
from chr20 

This study 

UV4 a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977  
ipr[PUMAG_05967mCherry-3xHA]ips 

Phleo, CBX / UV mutant 
derived from SG200-
PUMAG_05967mCherry-3xHA 
that lost more than 45 kb 
from chr20 

This study 

UV5 a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 

Phleo, CBX / UV mutant 
derived from SG200-
PUMAG_05967mCherry-3xHA 
that lost more than 45 kb 
from chr20 

This study 

UV6 a1 mfa2 bE1 bW2 UMAG_05966F303S 
ipr[PUMAG_05967mCherry-3xHA]ips 

Phleo, CBX / UV mutant 
derived from SG200-
PUMAG_05967mCherry-3xHA 
producing 
UMAG_05967F303S 

This study 

UV7 a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 

Phleo, CBX / UV mutant 
derived from SG200-
PUMAG_05967mCherry-3xHA 
that lost more than 45 kb 
from chr20 

This study 

UV1/pUMAG_ 
05966 

a1 mfa2 bE1 bW2 UMAG_05966G629D 
ipr[PUMAG_05967mCherry-3xHA]ips 
pUMAG_05966 

Phleo, CBX, Hyg This study 

UV2/pUMAG_ 
05966 

a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 
pUMAG_05966 

Phleo, CBX, Hyg This study 

UV3/pUMAG_ 
05966 

a1 bE1 bW2 mfa2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 
pUMAG_05966 

Phleo, CBX, Hyg This study 

UV4/pUMAG_ 
05966 

a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 
pUMAG_05966 

Phleo, CBX, Hyg This study 

UV5/pUMAG_ 
05966 

a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 
pUMAG_05966 

Phleo, CBX, Hyg This study 

UV6/pUMAG_ 
05966 

a1 mfa2 bE1 bW2 UMAG_05966F303S 
ipr[PUMAG_05967mCherry-3xHA]ips 
pUMAG_05966 

Phleo, CBX, Hyg This study 

UV7/pUMAG_ 
05966 

a1 mfa2 bE1 bW2 ∆UMAG_05964-
UMAG_05977 
ipr[PUMAG_05967mCherry-3xHA]ips 
pUMAG_05966 

Phleo, CBX, Hyg This study 

CL13∆rss1 a1 bE1 bW2 ∆UMAG_05966 Hyg This study 
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Strain Genotype Resistance/Comment Reference 

CL13∆rss1-
mCherryHA-rss1 

a1 bE1 bW2 ∆UMAG_05966 
ipr[PUMAG_05966mCherryHA-
UMAG_05966]ips 

Hyg, CBX This study 

CL13∆rss1-rss1 a1 bE1 bW2 ∆UMAG_05966  
ipr[PUMAG_05966UMAG_05966]ips 

Hyg, CBX This study 

SG200 a1 mfa2 bE1 bW2 Phleo Kamper et 
al. (2006) 

SG200∆rss1 a1 mfa2 bE1 bW2 ∆UMAG_05966 Phleo, Hyg This study 
CL13∆rss1-
Potefshy1 

a1 bE1 bW2 ∆UMAG_05966  
ipr[PotefUMAG_05230]ips 

Hyg, CBX This study 

 

4.3.4 Sporisorium reilianum and Ustilago hordei strains 

The Sporisorium reilianum strain SRZ1 as well as the Ustilago hordei strain Uh4875-4 

were used in this study. Genotypes of respective strains are listed in Tab. 7. 

 
Tab. 7: S. reilianum and U. hordei strains used in this study. 

Strain Genotype Resistance Reference 

SRZ1 a1 b1  Schirawski et al. (2005) 
Uh4875-4 a1 b1  Linning et al. (2004) 
 

4.3.5 Maize varieties 

For virulence assays the maize variety Early Golden Bantam (Olds Seed Company, Madi-

son, USA) and the dwarf cultivar Gaspe Flint (originally obtained from B. Burr, 

Brookhaven National Laboratory) were used. 

4.3.6 Oligonucleotides 

Oligonucleotides were designed with VectorNTI (Invitrogen) and CLC Main Workbench 

(Qiagen) and purchased from Eurofins Genomics. 

 
Tab. 8: Oligonucleotides used in this study. 

Name Sequence (5’-3’) Restriction 
site Application 

5’ expr 
UMAG_03408 

ATGATCTAGAAGGAGGAGA
TATCCATGACGACGGCTGAA
CCAGGAAAG 

XbaI forward primer to amplify 
UMAG_03408 / pET28-03408 
cloning 

3’ expr 
UMAG_03408 

GAGTGCGGCCGCGGTGCTG
ACAGAAGCTGGAGG 

NotI reverse primer to amplify 
UMAG_03408 / pET28-03408 
cloning 

5’ expr 
UMAG_05967 

ATACTCTAGAAATAATTTTG
TTTAACTTTAAGAAGGAGAT
ATATCATGAGCAACTCATCC
TCATTCAAGC 

XbaI forward primer to amplify 
UMAG_05967 / pET28-05967 
cloning 
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Name Sequence (5’-3’) Restriction 
site Application 

3’ expr 
UMAG_05967 

TCTACTCGAGTGCATCAGCA
GCAATCGCTG 

XhoI reverse primer to amplify 
UMAG_05967 / pET28-05967 
cloning 

5’ RT ppi ACATCGTCAAGGCTATCG  qPCR primer for ppi 
(UMAG_03726) 

3’ RT ppi AAAGAACACCGGACTTGG  qPCR primer for ppi 
(UMAG_03726) 

5’ RT 
UMAG_05230 

TGGCGACACGTATGAGTTCC  qPCR primer for UMAG_05230 

3’ RT 
UMAG_05230 

CTCGGCGTCCAAATCGTAAT  qPCR primer for UMAG_05230 

5’ RT 
UMAG_03408 

TGACTACTTTGGCGCAGAGG  qPCR primer for UMAG_03408 

3’ RT 
UMAG_03408 

GAGGCTTGGTAACAGCAGC
A 

 qPCR primer for UMAG_03408 

5’ RT 
UMAG_05967 

CAAGAAGCAGACGTGCATC
C 

 qPCR primer for UMAG_05967 

3’ RT 
UMAG_05967 

CAGCCTCGATGTTGCTGGTA  qPCR primer for UMAG_05967 

5’ LB shy1 TAGCCAACCGTGGATAGGTC
AGC 

 forward primer to amplify shy1 
deletion construct 

3’ RB shy1 GAAGAGTAAGTGATGCGCT
CAGC 

 reverse primer to amplify shy1 
deletion construct 

5’ LB 
UMAG_03408 

AAGCGAATAGGTACACCAA
GG 

 forward primer to amplify 
UMAG_03408 deletion construct 

3’ RB 
UMAG_03408 

CACTACTGCCTGGCCCTTGC  reverse primer to amplify 
UMAG_03408 deletion construct 

5’ LB 
UMAG_05967 

TGGCCTGCTTGGAGATTATC  forward primer to amplify left 
border of UMAG_05967 / 
UMAG_05967 deletion construct 

3’ LB 
UMAG_05967 

TAGTGGCCATCTAGGCCTAT
GTATGTGCGGATGGCAGC 

SfiI reverse primer to amplify left 
border of UMAG_05967 / 
UMAG_05967 deletion construct 

5’ RB 
UMAG_05967 

ACTAGGCCTGAGTGGCCTTC
TCATTCGTCTTTGGATGTC 

SfiI forward primer to amplify right 
border of UMAG_05967 / 
UMAG_05967 deletion construct 

3’ RB 
UMAG_05967 

TGCTTCATAGAGGACGCTTG  reverse primer to amplify right 
border of UMAG_05967 / 
UMAG_05967 deletion construct 

5’ LB cmu1 AGATTCACATTTCGCCTCAC
GC 

 forward primer to amplify left 
border of cmu1 (UMAG_05731) / 
cmu1 deletion construct 

3’ LB cmu1 CACGGCCATCTAGGCCCGTA
ACCTAGAGCTCT 
TGCAGTTCG 

SfiI reverse primer to amplify left 
border of cmu1 (UMAG_05731) / 
cmu1 deletion construct 

5’ RB cmu1 GTGGGCCTGAGTGGCCGCCA
ACCCCTCATCCACTTGCACA
CCC 

SfiI forward primer to amplify right 
border of cmu1 (UMAG_05731) / 
cmu1 deletion construct 

3’ RB cmu1 CTCCGCTGCGTGTGCTGGTG
GTGG 

 reverse primer to amplify right 
border of cmu1 (UMAG_05731) / 
cmu1 deletion construct 

5’ prom shy1 GCACCATATGGCTGGCGAG
ATAGCACGCGGAG 

NdeI forward primer to amplify pro-
moter region of shy1 / p123-shy1-
mCherry-HA cloning 

3’ shy1 TCTAGCGGCCGCCGAGATTC
TGTTGGATCCACTGG 

NotI reverse primer to amplify shy1 / 
p123-shy1-mCherry-HA cloning 

5’ RT sr_ppi GTCCTTCCACCGTGTCATCC  qPCR primer for ppi (sr1196) 
from S. reilianum  
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Name Sequence (5’-3’) Restriction 
site Application 

3’ RT sr_ppi GTTCTCGTCGGCAAACTTGG  qPCR primer for ppi (sr1196) 
from S. reilianum  

5’ RT sr_shy1 ACTTTGCCTCGTACAGCTCC  qPCR primer for sr_shy1 
(sr13139) from S. reilianum 

3’ RT sr_shy1 GATGTACGAGGTGAGCGAG
G 

 qPCR primer for sr_shy1 
(sr13139) from S. reilianum 

5’ RT sr16595 TTCATGCCTACCGAGCTCAC  qPCR primer for sr16595 from 
S. reilianum 

3’ RT sr16595 CGACCGAGTTCTGGATGAGC  qPCR primer for sr16595 from 
S. reilianum 

5’ RT UHOR_ppi CATCACCACCGTTGTCACCC  qPCR primer for ppi 
(UHOR_05685) from U. hordei  

5’ RT UHOR_ppi CTGGAACCTTGGGCCTCGAT  qPCR primer for ppi 
(UHOR_05685) from U. hordei  

5’ RT 
UHOR_shy1 

GCCTACCGTGGTTTGATCCC  qPCR primer for UHOR_shy1 
(UHOR_03215) from U. hordei 

3’ RT 
UHOR_shy1 

TCATTTGGGCTGTGTTTGCG  qPCR primer for UHOR_shy1 
(UHOR_03215) from U. hordei 

5’ RT 
UHOR_08490 

CGCTGTGTGTCAAGCTGATC  qPCR primer for UHOR_08490 
from U. hordei 

3’ RT 
UHOR_08490 

ACCAGTGCGAGTAAGGTTG
G 

 qPCR primer for UHOR_08490 
from U. hordei 

5’ UMAG_05967 
prom 

ATACCATATGGCGCGGACG
AACCGACGACTG 

NdeI forward primer to amplify 
UMAG_05967 promoter / p123-
P05967mCherry-3xHA cloning 

3’ UMAG_05967 
prom 

ACATCCATGGTATGTATGTG
CGGATGGCAG 

NcoI reverse primer to amplify 
UMAG_05967 promoter / p123-
P05967mCherry-3xHA cloning 

5’ pScos seq TGTCCGTGGAATGAACAATG  forward sequencing primer for 
U. maydis cosmid / cosmid com-
plementation assay 

3’ pScos seq ATCACGAGGCCCTTTCGTC    reverse sequencing primer for 
U. maydis cosmid / cosmid com-
plementation assay 

5’ 
UMAG_05966-
genomic 

ACATGGTACCTTCCACTGCA
TGAGCGAAAAGGC 

KpnI forward primer to amplify 
UMAG_05966 including endoge-
nous promoter and terminator / 
pUMAG_05966 cloning 

3’ 
UMAG_05966-
genomic 

TAGTGGCGCGCCAGCCGGTG
CGAAGGGCAAGAG 

AscI reverse primer to amplify 
UMAG_05966 including endoge-
nous promoter and terminator / 
pUMAG_05966 cloning  

5’ RB rss1 ATATGCTCTTCACGATATGG
GCTTGATGCATGCAACC 

SapI forward primer to amplify right 
border of rss1 / rss1 deletion 
construct 

3’ RB rss1 ATATGCTCTTCTCGCGGCGC
GCCAGTTGGGCAACGTCGGC
GC 

SapI reverse primer to amplify right 
border of rss1 / rss1 deletion 
construct 

5’ LB rss1 ATATGCTCTTCACAGGGCGC
GCCAAATTCCCAAATGGCGC
G 

SapI forward primer to amplify left 
border of rss1 / rss1 deletion 
construct 

3’ LB SapI muta-
gen 

ATATGCTCTTCCCTTGCAAG
AGCACACGATCCCTGGATCG
TG 

SapI reverse primer to mutagenize 
internal SapI site of left border of 
rss1 

5’ LB SapI muta-
gen 

ATATGCTCTTCCAAGATAAC
GTTACTATAGC 

SapI forward primer to mutagenize 
internal SapI site of left border of 
rss1 
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Name Sequence (5’-3’) Restriction 
site Application 

3’ LB rss1 ATATGCTCTTCTGCCGGTGG
CGATGCAGCGATTGC 

SapI reverse primer to amplify left 
border of rss1 / rss1 deletion 
construct 

5’ LB nested rss1 ACGGGCGAGCGTGGTCTGGT
G 

 forward primer to amplify dele-
tion construct of rss1 

3’ RB nested rss1 AATCCCGTGGACAGCAGCGT
C 

 reverse primer to amplify deletion 
construct of rss1 

5’ rss1 ATATTCATGAGCTCCTCATC
CTCCTCGCACAC 

BspHI forward primer to amplify rss1 / 
pEntry-rss1 cloning 

3’ rss1 ATATGCGGCCGCCTAGATGA
TCAAACGGATAC 

NotI reverse primer to amplify rss1 / 
pEntry-rss1, p123-Prss1rss1 clon-
ing 

5’ pEntry seq AGTTAGTTACTTAAGCTCG  forward primer for pEntry se-
quencing 

3’ pEntry seq CAGAGCTGCAGCTGGATGG  reverse primer for pEntry se-
quencing 

5’ RT rss1 ACTCTTCTTCAGGCTCGTTC
AAACT 

 qPCR primer for rss1  

3’ RT rss1 CATTCGTGCTTCTAAACGGT
AGAG 

 qPCR primer for rss1  

5’ RT 
UMAG_02142 

GTTCCTTGCCTGGAAAAACG  qPCR primer for UMAG_02142  

3' RT 
UMAG_02142 

TGGTGGTCGCTGTACTTTCG  qPCR primer for UMAG_02142  

5’ rss1 N-term 
fusion 

ATATGGTCTCTCGCTATGTC
ATCCTCATCCTCCTC 

BsaI forward primer to amplify rss1-
CDS for Golden Gate cloning / 
p123-Prss1mCherryHA-rss1 clon-
ing 

3’ rss1 N-term 
fusion 

ATATGGCGCGCCTCATAGAT
GATCAAACGGATACG 

BsaI reverse primer to amplify rss1-
CDS for Golden Gate cloning / 
p123-Prss1mCherryHA-rss1 clon-
ing 

5’ mCherry-BsaI ATATGGTCTCTATGGTGAGC
AAGGGCGAGGAGG 

BsaI forward primer to amplify 
mCherry-HA for Golden Gate 
cloning /p123-Prss1mCherryHA-
rss1 cloning 

3’ mCherry-BsaI ATATGGTCTCAAGCGCCGCC
AGCGCCAGCGTAATCTGGA
ACATCGTATG 

BsaI reverse primer to amplify mCher-
ry-HA for Golden Gate cloning / 
p123-Prss1mCherryHA-rss1 clon-
ing 

5’ rss1pro GG ACTCACCCCTCTTCAGCCAA
C 

 forward primer to amplify partial 
rss1 promoter for Golden Gate 
cloning / p123-Prss1mCherryHA-
rss1 cloning 

3’ rss1pro GG ATATGGTCTCACCATGGTGG
CGATGCAGCGATTGC 

BsaI reverse primer to amplify partial 
rss1 promoter for Golden Gate 
cloning / p123-Prss1mCherryHA-
rss1 cloning 

5’ rss1 pro ATATCATATGAGCCGGTGCG
AAGGGCAAGAG 

NdeI forward primer to amplify rss1 
promoter / p123-Prss1rss1 cloning 

5’ rss1 seq1 GATTCTTCTGCCGATATCGC  sequencing primer for rss1 
5’ rss1 seq2 TCCACTCCCCAGACGTTTAC  sequencing primer for rss1 
5’ rss1 seq3 ATCTTGTCACTGCAGCAAG  sequencing primer for rss1 
5’ rss1pro-seq CGTTGGCGTCATTTGTGTG  sequencing primer for rss1 pro-

moter 
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5’ E. coli cod rss1  ATATGGTCTCATCAGCAATG
TCTAGCTCGAGCAGCTC 

BsaI forward primer to amplify E. coli 
codon-optimized version of rss1 / 
pET-6xHis-MBP-PP-Strep-GFP-
rss1 cloning 

3’ E. coli cod rss1 ATATGGTCTCAGCAGTTAGA
GGTGGTCAAAAGGATAC 

BsaI reverse primer to amplify E. coli 
codon-optimized version of rss1 / 
pET-6xHis-MBP-PP-Strep-GFP-
rss1 cloning 

5’ His-malE w/o 
SP 

TGGTCTCAAACAATGCACCA
CCACCACCACCACGCAGCA
AAAATTGAAGAAGGTAAAC
TG 

BsaI forward primer to amplify 6xHis-
MBP-PreScission Protease site-
Strep / pET-6xHis-MBP-PP-
Strep-GFP-rss1 cloning 

3’ malE TGGTCTCGAGCCTTTTTCAA
AC 

BsaI reverse primer to amplify 6xHis-
MBP-PreScission Protease site-
Strep / pET-6xHis-MBP-PP-
Strep-GFP-rss1 cloning 

 

4.3.7 Plasmids 

Plasmids listed below were used in this study. They are sorted according to their appear-

ance in the section 2. 
pRSET-GST 
resistance marker:  AmpR 
vector type:  pRSET 
cloning strategy: NdeI-BamHI 
source:   Rabe (2011) 
application and plasmid information:  

Plasmid for heterologous expression of GST in 
E. coli.  
 
pRSET-GST-NahG 
resistance marker:  AmpR 
vector type:  pRSET 
cloning strategy: BspHI/NcoI-NotI 
source:   Rabe (2011) 
application and plasmid information:  

Plasmid for heterologous expression of GST-
NahG in E. coli. 
 
pRSET-GST-05230 
resistance marker:  AmpR 
vector type:  pRSET 
cloning strategy: BspHI/NcoI-NotI 
source:  Rabe (2011) 
application and plasmid information:  

Plasmid for heterologous expression of GST- 
shy1 in E. coli. 

pET-28a 
resistance marker:  KanR 
source:  Novagen 
application and plasmid information:  

Plasmid for heterologous production of 6xHis 
tagged fusion proteins driven by T7 promoter in 
E. coli. 
 
pET28-03408 
resistance marker:  KanR 
vector type:  pET-28a 
cloning strategy: XbaI-NotI 
source:   This study 
application and plasmid information:  

Plasmid for heterologous production of 
UMAG_03408 with a C-terminal 6xHis fusion in 
E. coli. 
 
pET28-05967 
resistance marker:  KanR 
vector type:  pET-28a 
cloning strategy: XbaI-XhoI 
source:   This study 
application and plasmid information:  

Plasmid for heterologous production of 
UMAG_05967 with a C-terminal 6xHis in 
E. coli. 
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pCRII-TOPO 
resistance marker:  AmpR, KanR 
source:  Thermo Fisher Scientific 
application and plasmid information:  

Cloning vector for TOPO-TA cloning with cova-
lently bound topoisomerase I.  
 
pCRII-∆05230-HygR 
resistance marker:  AmpR, KanR, HygR 
vector type:  pCRII-TOPO 
cloning strategy: SfiI 
source:   Rabe (2011) 
application and plasmid information:  

Plasmid harbouring deletion construct to replace 
UMAG_05230 CDS by HygR cassette. Deletion 
construct was amplified with primers 5' LB shy1 
and 3' RB shy1 and used for U. maydis transfor-
mation and gene replacement by homologous 
recombination. 
 
pCRII-∆03408-NatR 
resistance marker:  AmpR, KanR, NatR 
vector type:  pCRII-TOPO 
cloning strategy: SfiI 
source:  Rabe (2011) 
application and plasmid information:  

Plasmid harbouring deletion construct to replace 
UMAG_03408 CDS by NatR cassette. Deletion 
construct was amplified with primers 5' LB 
UMAG_03408 and 3' RB UMAG_03408 and 
used for U. maydis transformation and gene re-
placement by homologous recombination. 
 
pMF1p 
resistance marker:  AmpR, PhleoR 
source: Brachmann et al. (2004) 
application and plasmid information:  

Plasmid contains PhleoR cassette flanked by SfiI 
sites. The cassette is suitable for the generation 
of U. maydis deletion constructs. 
 
pCRII-∆05967-PhleoR 
resistance marker:  AmpR, KanR, PhleoR 
vector type:  pCRII-TOPO 
cloning strategy: SfiI 
source:  This study 
application and plasmid information:  

Plasmid harbouring deletion construct to replace 
UMAG_05967 CDS by PhleoR cassette. Deletion 
construct was amplified with primers 5' LB 

UMAG_05967 and 3' RB UMAG_05967 and 
used for U. maydis transformation and gene re-
placement by homologous recombination. 
 
pCRII-∆cmu1-PhleoR 
resistance marker:  AmpR, KanR, PhleoR 
vector type:  pCRII-TOPO 
cloning strategy: SfiI 
source:  This study 
application and plasmid information:  

Plasmid harbouring deletion construct to replace 
cmu1 (UMAG_05731) CDS by PhleoR cassette. 
Deletion construct was amplified with primers 5' 
LB cmu1 and 3' RB cmu1 and used for 
U. maydis transformation and gene replacement 
by homologous recombination. 
 
pCRII-∆03408-HygR 
resistance marker:  AmpR, KanR, HygR 
vector type:  pCRII-TOPO 
cloning strategy: SfiI 
source:   Rabe (2011) 
application and plasmid information:  

Plasmid harbouring deletion construct to replace 
UMAG_03408 CDS by HygR cassette. Deletion 
construct was amplified with primers 5' LB 
UMAG_03408 and 3' RB UMAG_03408 and 
used for U. maydis transformation and gene re-
placement by homologous recombination. 
 
pMF1g 
resistance marker:  AmpR, GentR 
source: Baumann et al. (2012) 
application and plasmid information:  

Plasmid contains GentR cassette flanked by SfiI 
sites. The cassette is suitable for the generation 
of U. maydis deletion constructs. 
 
pCRII-∆05967-GentR 
resistance marker:  AmpR, KanR, GentR 
vector type:  pCRII-TOPO 
cloning strategy: SfiI 
source:  This study 
application and plasmid information:  

Plasmid harbouring deletion construct to replace 
UMAG_05967 CDS by GentR cassette. Deletion 
construct was amplified with primers 5' LB 
UMAG_05967 and 3' RB UMAG_05967 and 
used for U. maydis transformation and gene re-
placement by homologous recombination. 
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p123-shy1-mCherry-HA 
resistance marker:  AmpR, CBXR 
vector type:  p123 
cloning strategy:  NdeI-NotI 
source: This study 
application and plasmid information:  

The plasmid encodes Shy1 with a C-terminal 
mCherry-HA fusion. The construct is under con-
trol of the shy1 promoter. The plasmid was used 
for complementation analysis of CL13Δshy1 and 
epiflouresence microscopy. Pshy1-shy1 was cloned 
via NdeI-NotI into p123-mCherry-HA (A. Dja-
mei, unpublished). The plasmid can be used for 
ip locus integrations after linearization with SspI. 
 
p123-shy1-3HA 
resistance marker:  AmpR, CBXR 
vector type:  p123 
source:  Rabe (2011) 
application and plasmid information:  

Plasmid containing shy1 (UMAG_05230) with a 
triple HA tag at the 3’ end of the gene. It was 
used for rescue of CL13Δshy1 growth defect on 
SA minimal medium. 
 
p123-Pcmu1mCherry-3xHA 
resistance marker:  AmpR, CBXR 
vector type:  p123 
source:  A. Djamei (unpublished) 
application and plasmid information:  

p123-derivative harbouring mCherry-3xHA 
under control of cmu1 promoter. The plasmid is 
based on p123 (Aichinger et al., 2003) and can 
be used for ip locus integrations. 
 
p123-P05967mCherry-3xHA 
resistance marker:  AmpR, CBXR 
vector type:  p123 
cloning strategy:  NdeI-NcoI 
source:  This study 
application and plasmid information:  

Plasmid for U. maydis UV mutagenesis screen to 
identify SA sensing and signalling components. 
The plasmid is based on p123-Pcmu1mCherry-
3xHA. The cmu1 promoter is replaced via NdeI-
NcoI cloning by 1.5 kb of UMAG_05967 pro-
moter. The plasmid can be used for ip locus inte-
grations after linearization with SspI. 
 
pNEBuH 
resistance marker:  AmpR, HygR 

source:  Weinzierl (2001) 
application and plasmid information:  

Autonomously replicating U. maydis plasmid 
conferring Hygromycin resistance. 
 
pUMAG_05966 
resistance marker:  AmpR, HygR 
vector type:  pNEBuH 
cloning strategy: KpnI-AscI 
source:  This study 
application and plasmid information:  

Autonomously replicating plasmid for comple-
mentation of U. maydis UV mutants displaying 
SA growth defect. UMAG_05966 including en-
dogenous promoter and terminator sequence 
(1500 bp and 400 bp, respectively) was intro-
duced into pNEBuH by KpnI-AscI cloning. 
 
pUKO-SapI 
resistance marker:  SpecR 
source:   S. Uhse, A. Djamei (un-

published) 
application and plasmid information:  

Cloning vector for Golden Gate-based assembly 
of deletion constructs employing the type IIs 
restriction enzyme SapI. 
 
pJet1-Stuffer 
resistance marker:  AmpR 
source:   K.O. Schink, M. Bölker 

(unpublished) 
application and plasmid information:  

Derivative of pJet1 (Thermo Fisher Scientific) 
for blunt-end cloning of PCR products. 
 
pJet1-HygR-SapI 
resistance marker:  AmpR, HygR 
vector type:  pJet1-Stuffer 
cloning strategy: SapI (Golden Gate) 
source:   S. Uhse, A. Djamei (un-

published) 
application and plasmid information:  

Cloning vector containing HygR-cassette flanked 
with SapI sites compatible for generation of 
deletion constructs with pUKO-SapI by Golden 
Gate cloning. 
 
pUKO∆rss1 
resistance marker:  SpecR 
vector type:  pUKO-SapI 
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cloning strategy: SapI (Golden Gate) 
source:  This study 
application and plasmid information:  

Plasmid harbouring deletion construct to replace 
UMAG_05966 (rss1) CDS by HygR cassette. It 
was generated by SapI-based Golden Gate clon-
ing of the left and right border of UMAG_05966 
CDS and SapI flanked HygR cassette. The dele-
tion construct was amplified with 5’ LB nested 
rss1 and 3’ RB nested rss1 and used for 
U. maydis transformation and gene replacement 
by homologous recombination. 
 
p123-Prss1mCherryHA-rss1 
resistance marker:  AmpR, CBXR 
vector type:  p123-Prss1rss1 
cloning strategy: BsaI (Golden Gate) 

HindIII-AscI 
source:  This study 
application and plasmid information:  

Plasmid encoding Rss1 with N-terminal mCher-
ry-HA fusion. It was used for complementation 
assays and microscopy studies. The respective 
construct is under control of rss1 promoter. It 
was generated by Golden Gate followed by clas-
sical cloning: 200 bp of rss1 promoter were fused 
to mCherry-HA and rss1 via a BsaI-based Gold-
en Gate reaction. The construct was subsequently 
cut with HindIII-AscI and inserted into a pre-cut 
p123-Prss1-rss1 harbouring the residual part of the 
rss1 promoter. The plasmid can be used for ip 
locus integrations after linearization with SspI. 
 
p123-Prss1rss1 
resistance marker:  AmpR, CBXR 
vector type:  p123 
cloning strategy:  NdeI-NotI 
source: This study 
application and plasmid information:  

The plasmid harbouring rss1 under control of its 
endogenous promoter was used for complemen-
tation of ∆rss1 growth defect on SA minimal 
medium. The plasmid is based on p123 
(Aichinger et al., 2003) and cloned via NdeI-
NotI. It it can be used for ectopic integration into 
ip locus.  
 
pEntry4B 
resistance marker:  KanR 
source:  Thermo Fisher Scientific 
application and plasmid information:  

The plasmid represents an entry vector for Gate-
way cloning. Genes can be inserted via 
NcoI/BspHI-NotI cloning. 
 
pEntry-rss1 
resistance marker:  KanR 
vector type:  pEntry4B 
cloning strategy: BspHI-NotI 
source:  This study 
application and plasmid information: 

pEntry vector containing rss1 flanked by attL 
sites. rss1 was amplified and cloned via BspHI-
NotI into a NcoI-NotI linearized pEntry vector.  
 
pGBKT7 
resistance marker:  KanR 
source:   Clontech 
application and plasmid information: 

Autonomously replicating yeast plasmid suitable 
for Yeast two-hybrid studies. It contains the Gal4 
binding domain (BD) under control of the ADH 
promoter and TRP1 auxotrophic marker for se-
lection. 
 
pGBKT7-GW 
resistance marker:  KanR 
source:   Armin Djamei (un-

published) 
application and plasmid information: 

Autonomously replicating yeast plasmid suitable 
for Gateway cloning. The destination vector can 
be used for the generation of N-terminal fusions 
with Gal4 binding domain under control of ADH 
promoter. It contains TRP1 auxotrophic marker 
for selection. 
 
pCRII-Rss1mut 
resistance marker:  AmpR, KanR 
vector type:  pCRII-TOPO 
source:  This study 
application and plasmid information: 

Library of mutagenized rss1 versions flanked by 
attL-sites. Mutagenesis was achieved by error-
prone PCR employing pEntry seq primers.  
 
pGBKT7-AP 
resistance marker:  KanR 
vector type:  pGBKT7-GW 
cloning strategy: Gateway reaction 
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source:  This study 
application and plasmid information: 

Positive control plasmid for transcriptional acti-
vation assay. Gal4-BD is fused to Rss1 version 
that leads to autoactivity. To obtain an autoactive 
version, rss1 was mutagenized by error-prone 
PCR and cloned into pCRII-TOPO (see pCRII-
Rss1mut). The generated vector library was sub-
jected to Gateway cloning with pGBKT7-GW. 
The resulting pGBKT7 derivatives were used for 
yeast transformation. Transformants were 
screened for the production of autoactive protein 
fusions on high stringency medium. pGBKT7-
ap1 was isolated from yeast, amplified in E. coli 
and sequenced. It encodes a truncated version of 
Rss1 comprising the N-terminal part of the pro-
tein (aa 1-216), which is autoactive. AP stands 
for autoactive Rss1 protein. 
 
pGBKT7-rss1 
resistance marker:  KanR 
vector type:  pGBKT7-GW 
cloning strategy: Gateway reaction 
source:  This study 
application and plasmid information: 

Autonomously replicating yeast vector harbour-
ing N-terminal fusion of Gal4 binding domain 
(BD) with Rss1 under control of ADH promoter. 
The plasmid was generated via Gateway cloning 
of pEntry-rss1 and pGBKT7-GW.  
 
pGADT7 
resistance marker:  AmpR 
source:   Clontech 
application and plasmid information: 

Autonomously replicating yeast plasmid suitable 
for Yeast two-hybrid studies. It contains the Gal4 
activation domain (AD) under control of the 
ADH promoter and LEU2 auxotrophic marker for 
selection. 
 
pGADT7-GW 
resistance marker:  AmpR 
source:   Armin Djamei (un-

published) 
application and plasmid information: 

Autonomously replicating yeast plasmid suitable 
for Gateway cloning. The destination vector can 
be used for the generation of N-terminal gene 
fusions with Gal4 activation domain (AD) under 
control of ADH promoter. It contains LEU2 aux-
otrophic marker for selection. 
 

pGADT7-rss1 
resistance marker:  AmpR 
vector type:  pGADT7-GW 
cloning strategy: Gateway reaction 
source:  This study 
application and plasmid information: 

Autonomously replicating yeast vector harbour-
ing N-terminal fusion of Gal4 activation domain 
(AD) with Rss1 under control of ADH promoter. 
The plasmid was generated via Gateway cloning 
of pEntry-rss1 and pGADT7-GW.  
 
p123-Potefshy1 
resistance marker:  AmpR, CBXR 
cloning strategy: Gateway reaction 
source:   Rabe, 2011 
application and plasmid information:  

U. maydis plasmid for complementation of ∆rss1 
growth defect on SA minimal medium. It con-
tains shy1 under control of the otef promoter, 
which is constitutively active in axenic culture. 
The plasmid derived from p123 and can be used 
for integration into ip locus. 
 
pET-GoldenGate 
resistance marker:  SpecR 
cloning strategy: BsaI (Golden Gate) 
source:   F. Navarrete, A. Djamei 

(unpublished) 
application and plasmid information: 

Vector for heterologous expression in E. coli 
based on pET-28a. It is compatible for BsaI-
based Golden Gate cloning. 
 
pJet1-6xHis-MBB-PP-Strep 
resistance marker:  AmpR 
vector type:  pJet1-Stuffer 
source:  This study 
application and plasmid information: 

Intermediate vector containing cloning module 
for BsaI-based Golden Gate reaction to generate 
N-terminal 6xHis-MBP-PP-Strep fusions with 
Rss1 for heterologous production in E. coli.  
 
pJet1-GFP 
resistance marker:  AmpR 
vector type:  pJet1-Stuffer 
source:   F. Navarrete, A. Djamei 

(unpublished) 
application and plasmid information: 
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Intermediate vector containing cloning module 
for BsaI-based Golden Gate reaction to generate 
N-terminal GFP fusion with Rss1 for heterolo-
gous production in E. coli. 
 
pJet1-Rss1cod 
resistance marker:  AmpR 
vector type:  pJet1-Stuffer 
source:   This study 
application and plasmid information: 

Intermediate vector containing E. coli codon-
optimized version of rss1 for BsaI-based Golden 
Gate reaction to generate expression vector pET-
6xHis-MBP-PP-Strep-rss1. Codon-optimized 
rss1 version was designed and synthesised by 
Centic Biotec. 
 
pET-6xHis-MBP-PP-Strep-GFP-rss1 
resistance marker:  SpecR 

vector type:  pET-GoldenGate 
cloning strategy:  BsaI (Golden Gate) 
source:  This study 
application and plasmid information: 

Vector for heterologous production of Rss1 with 
N-terminal 6xHis-MBP-PP-Strep-GFP tag in 
E. coli. 
 
pET-6xHis-HRV3C 
resistance marker:  SpecR 
vector type:  pET-GoldenGate 
cloning strategy: BsaI (Golden Gate) 
source:   F. Navarrete, A. Djamei 

(unpublished) 
Application and plasmid information: 

Vector for heterologous production of 6xHis-
3HRV3C protease recognising and cleaving 
PreScission Protease (PP) sites. 

 

4.4 Microbiological and cell biological methods 

4.4.1 E. coli 

4.4.1.1 RbCl-Transformation of E. coli 

This method was modified from Cohen et al. (1972). For the generation of transfor-

mation-competent bacterial cells, 100 ml LB-medium supplemented with 10 mM MgCl2 

and 10 mM MgSO4 were inoculated with 1 ml fresh overnight culture of DH5α or Mach1 

cells and incubated at 37°C and 200 rpm until the culture reached an OD600nm of 0.5. Cells 

were pelleted by centrifugation for 15 min at 3,000 rpm at 4°C (Heraeus Biofuge Stratos) 

and resuspended in 33 ml ice-cold RF I solution. After 30 to 60 min incubation on ice, 

cells were pelleted again (15 min, 3,000 rpm, 4°C, Heraeus Biofuge Stratos). Supernatant 

was removed, cells were resuspended in ice-cold RF II solution and incubated for 15 min 

on ice. The cell-suspension was aliquoted in volumes of 50 µl, shock frozen in liquid ni-

trogen, and stored at -80°C.  

For transformation, a 50 µl aliquot of competent cells was thawed on ice and 10 µl plas-

mid (1-5 ng DNA) or a ligation mixture was added. The cell-DNA mixture was incubated 

on ice for 20 min. After heat shock for 1 min at 42°C, the transformation mixture was 

again incubated for 5 min on ice and mixed with 500 µl SOC medium. To ensure expres-

sion of the gene conferring antibiotic resistance, which is located on the introduced plas-
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mid, cells were incubated for 1 h at 37°C and 800 rpm in an Eppendorf thermal block. 

The transformation mixture was spotted on plates with appropriate antibiotics and incu-

bated overnight at 37°C.  

 

RF I solution 100 mM  RbCl 
 50 mM  MnCl2 x 4 H2O 
 30 mM potassium acetate 
 10 mM  CaCl2 x 2 H2O 
 15 % (w/v) glycerol  

adjusted pH to 5.8 with 0.2 M acetic acid, 
sterile filtered, and stored at 4°C 
 

RF II solution 10 mM MOPS 
 10 mM  RbCl 
 75 mM CaCl2 x 2 H2O  
 15 %  (w/v) glycerol  

adjusted pH to 6.8 with NaOH, sterile fil-
tered, and stored at 4°C 

4.4.2 S. cerevisiae 

4.4.2.1 Transformation of S. cerevisiae 

For the generation of transformation-competent S. cerevisiae cells, 10 ml YPD medium 

was inoculated with a single colony and incubated at 28°C overnight. The next morning, 

1 ml of overnight culture was used to inoculate 50 ml YPD medium and grown until 

OD600nm = 0.5 to 0.7. Yeast cells were centrifuged for 3 min at 500 g and supernatant was 

discarded. The pellet was washed with 10 ml SORB and the centrifugation step was re-

peated. Cells were resuspended in 360 µl SORB and 40 µl carrier DNA (denatured salm-

on sperm DNA) was added. Cells were kept on ice constantly.  

For transformation, DNA was added to 50 µl of SORB-treated cells (max. 2 µl plasmid 

DNA per 10 µl cells) and mixed by flicking. After addition of DNA, 300 µl of PEG was 

added and mixed by flicking. Cells were incubated at 30°C shaking (800 rpm) in an Ep-

pendorf thermal block for 30 min and heat shocked at 42°C for 15 min. 800 µl YPD me-

dium was added after heat shock and centrifugation at 500 g for 3 min. The supernatant 

was discarded, the cells were resuspended in 1 ml YPD medium and incubated at 30°C 

for 2 h under continuous shaking at 800 rpm. After recovery, cells were centrifuged at 
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500 g for 3 min and the pellet was resuspended in 200 µl ddH2O and plated on selection 

plates. Plates were incubated at 28°C until colonies appeared after 2 to 4 days. 

 

SORB 100mM lithium acetate 
 10 mM  Tris-HCl, pH 8.0 
 1 mM  EDTA/NaOH, pH 8.0 
 1 M  sorbitol 

adjusted to pH 8.0 with acetic acid and sterile 
filtered 

 

PEG 100 mM lithium acetate 
 10 mM  Tris-HCl, pH 8.0 
 1 mM  EDTA 
 40 %  (w/v) PEG 3350 sterile filtered 
 

Carrier DNA salmon sperm DNA (10 mg/ml) was denatured at 100°C for 10 

min, cooled down on ice, and stored at -20°C. 

4.4.2.2 Yeast-based assays 

AH109 or Y187 were transformed with pGBKT7 and pGAD derivatives, respectively, 

(see section 4.3.7) employing the transformation protocol described in section 4.4.2.1. 

Strains were grown in selective medium, adjusted to an OD600nm = 1, and spotted on indi-

cated media in serial dilutions.  

To test for transcriptional activation by Rss1, indicated strains were spotted on selective 

dropout media plates lacking tryptophan, adenine, and histidine (SD-Trp-Ade-His) and 

SD-Trp-Ade-His plates supplemented with either 1 mM sodium salicylate and / or L-

tryptophan. SD-Trp was used as growth control. Growth was observed 3-5 days after 

spotting. 

For homodimerization tests of Rss1, in-frame fusions of Rss1 with Gal4 binding (BD) 

and activation (AD) domain, respectively, were produced in yeast. To this end, AH109 

and Y187 from the Matchmaker™ GAL4 Two-Hybrid System (Clontech) were trans-

formed with either a pGBKT7 or pGADT7 derivative and compatible transformants were 

mated according to the manufacturer’s protocol. Diploids harbouring a pGBKT7 as well 

as a pGADT7 derivative were selected on SD-Trp-Leu and homodimerization was as-

sayed by testing growth on high stringency medium SD-Trp-Leu-Ade-His. Growth was 

determined 3-5 days. 
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4.4.3 U. maydis 

4.4.3.1 Transformation of U. maydis 

Protoplasts preparation and transformation of U. maydis was performed according to 

Schulz et al. (1990) and Gillissen et al. (1992): A pre-culture of U. maydis sporidia was 

grown in 4 ml YEPSlight medium and incubated for 8–10 h at 28 °C and 200 rpm. The pre-

culture was diluted to OD600nm = 0.2 and grown to an OD600nm of approximately 0.8. Cells 

were harvested by centrifugation (10 min, 2800 g) and washed once with 25 ml SCS 

buffer. After an additional centrifugation step, the cell pellet was resuspended in 2 ml 

SCS buffer supplemented with 2.5 mg/ml Novozyme (Novo Nordisc). Sporidia were in-

cubated for 5 - 15 min at room temperature until 50 % - 70 % of the cells had started to 

protoplast. Since lysis of the cell wall resulted in spherical-shaped cells, protoplastation of 

the previously cigar-shaped sporidia could be monitored by microscopy. To stop proto-

plastation, 10 ml SCS was added and protoplasts were centrifuged for 10 min at 4°C and 

1500 g. To completely remove traces of Novozyme, washing steps were repeated 3 times 

and protoplasts were kept on ice. Protoplasts were resuspended in 0.5 ml ice-cold STC 

buffer and either directly used for transformation or stored in 50 µl aliquots at -80°C. 

For integrative transformations 50 µl protoplasts were incubated with 20 µl linearised 

DNA (up to 5 µg) and 1 µl heparin (10 mg/ml) for 10 min on ice. After addition of 0.5 ml 

STC/PEG the protoplast-DNA mixture was incubated for 15 min on ice. Afterwards, the 

transformation reaction was spread on a regeneration plate. Regeneration plates were pre-

pared before transformation. A 10 ml layer of bottom agar containing twice the antibiotic 

concentration was poured into a petri-dish and after solidifying covered with 10 ml top-

agar. After 3 to 5 days incubation at 28°C, colonies were singled out on PD plates with 

appropriate antibiotic. To obtain biomass, single colonies were restreaked on PD-plates. 

Transformants were tested by PCR and verified by Southern analysis. 

 

SCS buffer 20 mM sodium-citrate, pH 5.8 
 1 M  sorbitol in ddH20, sterile filtered 

 

STC buffer 10 mM  Tris-HCl, pH 7.5 
 100 mM CaCl2 
 1 M  sorbitol  in ddH20, sterile filtered 
 

STC/PEG  15 ml STC 
 10 g  (w/v) PEG4000 
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Regeneration agar (Schulz et al., 1990) 

Top 1.5 % (w/v) bacto-agar 
 1 M sorbitol in YEPSlight 

 

Bottom like top agar and additionally supplemented with twice-concentrated anti-
biotic  

4.4.3.2 UV mutagenesis and cosmid complementation assay 

U. maydis SG200PUMAG_05967mCherry-3xHA was grown to an exponential phase and ad-

justed to OD600nm = 1 with ddH20. 15 ml of cell suspension, which was diluted 1:103 with 

ddH20, were transferred into a petri dish (diameter: 90 mm). To lower surface tension 1 µl 

10 % Tween 20 was added. UV mutagenesis was achieved by irradiating the cell suspen-

sion with 20 mJ using a UV crosslinker (UV Stratalinker 2400, Stratagene). The muta-

genized cell suspension was plated on YNB-N medium supplemented with 2 % glucose 

and 10 mM salicylate. Single colonies were screened for loss of mCherry fluorescence 

with a widefield stereomicroscope for brightfield and fluorescence (Lumar, Zeiss) four 

days after plating. Images were acquired with the SPOT Pursuit-XS Monochrome camera 

controlled by the SPOT Basic Image Capture Software (SPOT Imaging). Colonies of 

cells displaying the expected phenotype were used for inoculation of liquid YEPSlight me-

dium and tested again for loss of fluorescence. To this end, cultures were adjusted to 

OD600nm =1 in water and spotting in serial dilution on YNB-N medium supplemented with 

2 % glucose and 10 mM salicylate. 

For complementation analysis, SA sensing mutants were transformed with an U. maydis 

cosmid library (Weinzierl, 2001). After transformation, colonies were replica plated on 

YNB-N plates containing 2 % glucose, 10 mM salicylate, and Hygromycin and screened 

for rescue of mCherry fluorescence by fluorescence stereomicroscopy. Rescue mutants 

were grown in YEPSlight supplemented with Hygromycin. Cosmid were re-isolated by 

employing the genomic DNA isolation protocol for U. maydis (see section 4.5.1.3) and 

amplified in E. coli. The complementing U. maydis fragment, which is inserted in the 

cosmid, was sequenced with primers 5’ pScos seq and 3’ pScos seq. Sequenced reads 

were mapped to the U. maydis genome by using CLC Main Workbench in order to identi-

fy regions that harbour potential genes for SA sensing. 
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4.4.3.3 Growth assays on YNB-minimal medium 

Growth on salicylate and tryptophan was analysed after spotting U.  maydis strains on 

YNB-N agar supplemented with either 2 % glucose, 10  mM sodium salicylate, 10 mM L-

tryptophan, or without any carbon source. Cells were grown to an OD600nm  =  0.8 in 

YEPSlight liquid medium at 28°C, washed 3 times in water, resuspended in water to an 

OD600nm  =  1, and spotted on respective media in serial dilutions. After 5 days at 28°C 

growth was documented. The toxicity of salicylate was tested by assaying growth on 

YNB-N agar supplemented with 2 % glucose and increasing concentrations of sodium 

salicylate after 4 days at 28°C. Growth assays with naphthalene as sole carbon source and 

naphthalene-toxicity assays were performed in liquid medium. To this end, U. maydis 

CL13 culture was adjusted to OD600nm = 0.1 in YNB-N supplemented with 1 or 5 mM 

naphthalene or supplemented with 2 % glucose and 1 or 5 mM naphthalene and growth 

was assessed over time photometrically.  

4.4.3.4 SA and tryptophan shift assays in YNB minimal medium 

To assess the transcriptional induction of genes upon addition of certain supplements, 

strains were pre-cultured in YEPSlight overnight at 28°C with 200 rpm agitation. Pre-

cultures were diluted to OD600nm = 0.2 and grown at 28°C and with 200 rpm shaking until 

an OD600nm of 0.8 was reached. Cells were harvested at 2,400 g for 10 min and washed 

twice with ddH20. After washing, pellets were resuspended in glucose-containing YNB-N 

supplemented with 10 mM sodium salicylate or 10 mM L-tryptophan (cell density: 

OD600nm = 0.8) and incubated at 28°C and 200 rpm for indicated times.  

4.4.4 Zea mays 

4.4.4.1 Cultivation of Z. mays 

All plants used in this study were either cultivated in temperature-controlled greenhouses 

or plant growth chambers. The night phase lasted 9 h with 20°C and 60 % humidity, the 

diurnal phase 15 h with 28°C and 40 % humidity. 2.5 h were included in the diurnal phase 

for the simulation of sunrise and 3.5 h for the simulation of sunset. During diurnal phase, 

the illumination intensity was at least 28,000 Lux and could increase with additional sun-

light up to 90,000 Lux. Seedlings were either grown in Frühstorfer Pikiererde Typ T or 

Einheitserde (H. Nitsch & Sohn GmbH). Four seeds were placed approximately 7 cm 
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below the surface in one soil-filled gardening pot. Plants were watered either per hand 

once a day or automatically every 72 hours. 

4.4.4.2 Infection of Z. mays with U. maydis 

U. maydis strains used for infection were grown overnight in YEPSlight at 28°C with 

200 rpm shaking. Overnight cultures were diluted to OD600nm = 0.2 in YEPSlight and culti-

vated again under continuous shaking (200 rpm, 28°C) until they reached an OD600nm of 

0.8 – 1. Cells were harvested by centrifugation (10 min, 2,400 g) and resuspended in 

ddH20 to an OD600nm of 1. To infect Z. mays, 7 day old maize seedlings were inoculated 

by injecting 300 - 500 µl cell suspension into the interior of the leaf whorl. The site of 

injection was approximately 1 cm above soil surface (= 3 cm above the basal meristem). 

For infection with compatible wild type strains, cell suspensions were mixed 1:1 and in-

jected into seedlings as described above.  

4.4.4.3 Quantification of U. maydis infection symptoms 

To assess the virulence of tested U. maydis strains, disease symptoms of infected seed-

lings were scored 7 or 12 days after inoculation as described by Kamper et al. (2006). 

Symptoms were categorized according to criteria described in Tab. 9. By default, three 

independent infections with 40 plants each were performed for every experiment.  

 
Tab. 9: Classification of infection symptoms. 

Classification Symptoms  

no symptoms no detectable alteration of the plant upon infection 

chlorosis yellow colouring of infected leaves 

small swelling at the ligula or stem small swelling at ligula or stem 

small leaf tumours few, small tumours (size < 1mm) 

leaf and/or stem tumours normal and big tumours (size > 1mm) on leaves and stem 

heavy tumours  many heavy tumours, change of growth axis (stunted) 

 

4.5 Molecular biological methods 

Standard techniques, e.g. cloning, are explained in detail in Ausubel et al. (1987) and 

Sambrook et al. (1989). Plasmid concentrations were determined by Nanodrop measure-

ments using a Nanodrop ND_1000 spectrophotometer (Nanodrop Technologies). The 
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degree of purity was assessed by measuring E260nm and E280nm. For pure DNA the quotient 

of E260nm and E280nm ranges between 1.8 and 1.9. Lower values indicate protein contami-

nations, higher values contaminations with salts or sugars. Double-stranded genomic 

DNA was quantitated with a NanoDrop 3300 fluorospectrometer using PicoGreen assays 

according to the manufacturer’s protocol (Thermo Fisher Scientific). 

4.5.1 Isolation of nucleic acids 

4.5.1.1 Plasmid DNA isolation from E. coli 

Plasmid DNA was isolated using the QIAprep Spin Miniprep Kit (Qiagen) according to 

the manufacturer’s protocol.  

4.5.1.2 Plasmid isolation from S. cerevisiae 

To isolate pGBKT7 derivatives from yeast, respective transformants were grown over-

night in SD-Trp liquid medium at 28°C with continuous shaking at 200 rpm. 2 ml of 

overnight culture were harvested by centrifugation (2,400 g, 2 min). The pellet was resus-

pended in 400 µl lysis buffer and 400 µl phenol-chloroform. 0.3 g glass beads (0.4 - 0.6 

mm, Sigma-Aldrich) were added in addition. Samples were lysed using a Vibrax VXR 

shaker (IKA) by 5 min shaking with high speed. Lysis is followed by centrifugation at 

17,000 g for 30 min to separate aqueous and phenolic phase. The aqueous phase was 

transferred into a new microcentrifuge tube and 400 µl chloroform was added for a se-

cond purification step. The solution was shaken for 3 min and centrifuged at 17,000 g for 

20 min. The upper aqueous phase was transferred into a new 1.5 ml microcentrifuge tube 

containing the 2.5 x volume of 100 % ethanol. DNA was precipitated by centrifugation 

(17,000 g, 15 min, 4°C). The pellet was washed with 70 % ethanol. After drying the DNA 

pellet was resuspended in 30 µl ddH20 and incubated at 55°C for 10 min.  

 

lysis buffer 2 % Triton X-100 
 1 % SDS 
 100 mM  NaCl 
 10 mM  Tris-HCl, pH 8.0 
 1 mM EDTA 
 

phenol/chloroform 50 %  (v/v) phenol (equilibrated with TE buffer) 
 50 %  (v/v) chloroform 
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4.5.1.3 Isolation of genomic DNA from U. maydis 

The protocol for genomic DNA isolation was modified from Hoffman and Winston 

(1987). 2 ml of overnight culture were harvested by centrifugation (2 min, 17,000 g), the 

supernatant was discarded, and 0.3 g glass beads (0.4 - 0.6 mm, Sigma-Aldrich), 400 µl 

Ustilago-lysis buffer, and 500 µl phenol/chloroform were added. Samples were lysed us-

ing a Vibrax VXR shaker (IKA) by shaking them 20 min with highest speed. After lysis, 

samples were centrifuged for 30 min at 17,000 g. After phase separation, DNA was pre-

cipitated by transferring the upper aqueous layer into a new 1.5 ml microcentrifugation 

tube filled with 1 ml of 100 % ethanol. Tubes were inverted several times and centrifuged 

for 2 min at 17,000 g. The supernatant was discarded and the DNA pellets were washed 

once with 70 % ethanol. Afterwards pellets were resuspended in 50 µl TE supplemented 

with 20 µg/ml RNase A and incubated with open lid for 15 min at 55°C with slight agita-

tion in an Eppendorf thermal block. DNA was stored at -20°C.  

 

Ustilago-lysis buffer 50 mM  Tris-HCl, pH 7.5 
 50 mM  EDTA 
 1% (w/v) SDS 
 

phenol/chloroform 50 %  (v/v) phenol (equilibrated with TE buffer) 
 50 % (v/v) chloroform 

4.5.2 in vitro DNA modifications 

4.5.2.1 Restriction of DNA 

For restriction of double-stranded DNA molecules, type II restriction endonucleases 

(New England Biolabs) were used. Reaction conditions were chosen according to manu-

facturer’s recommendations. Samples were incubated between 2 and 4 h. Reaction mix-

tures were prepared as follows:  

 0.5 to 2 µg  plasmid DNA 
 2 µl  enzyme specific 10x buffer  
 0.5 U  restriction enzyme 
     add ddH2O to a final volume of 20 µl 
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4.5.2.2 DNA precipitation 

For the precipitation of DNA in aqueous solutions, 2.5-fold volume of 100 % ethanol and 

0.1-fold volume of 3 M NaOAc, pH 5.3, were added and the sample was mixed by pipet-

ting. Precipitated DNA was pelleted by centrifugation (4°C, 17,000 g, 30 min). Residual 

salts were removed by a subsequent washing step with 80 % ethanol. The supernatant was 

removed, the sample was centrifuged at 17,000 g for 1 min, and residual ethanol was 

again carefully removed. The pellet was dried and resuspended in an appropriate volume 

of ddH20. 

4.5.2.3 Ligation of DNA fragments 

For the ligation of DNA fragments, T4 DNA ligase (New England Biolabs) was used. 

The molar ratio between vector and insert should be 1:5. Ligation reactions were per-

formed for at least 1 h at room temperature. A typical ligation reaction contained the fol-

lowing components: 

 1 mol  vector 
 5 mol  insert 
 150 U T4 DNA ligase 
 1 µl 10x T4 DNA ligase buffer 
     add ddH2O to a final volume of 10 µl 

4.5.3 Separation and detection of nucleic acids 

For a size-specific separation of nucleic acids, agarose gel electrophoresis was performed. 

Due to its negative charge, DNA migrates towards the anode if an electric field is applied. 

Concentrations of agarose gels varied between 0.8 and 2 %, depending on size of the 

fragments to be separated. The respective amount of agarose was dissolved in 1x TAE or 

0.5x TBE buffer by boiling. After the solution was cooled down to 60°C, either ethidium 

bromide (final concentration: 0.25 µg/ml) or PeqGreen (stock: 20,000x; VWR Life Sci-

ence) were added. The gel was poured into an appropriate gel casting tray (Bio-Rad). Af-

ter solidifying, the gel was transferred into a running gel chamber (Bio-Rad) and covered 

with 1x TAE or 0.5x TBE buffer, respectively. Samples were mixed with non-denaturing 

loading dye, loaded in the gel at the side of the cathode, and separated by employing a 

constant voltage of 80-120 V. DNA was visualised by UV irradiation at 254 nm due to 

the intercalated ethidium bromide/PeqGreen and documented with a gel documentation 

system (UVsolo TS Imaging System, Biometra). 
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50x TAE buffer 2 M Tris base 
 2 M acetic acid 
 50 mM EDTA, pH 8.0 
    in ddH2O 
5 x TBE buffer 440 mM Tris base 
 440 mM boric acid 
 10 mM EDTA, pH 8.0 
    in ddH2O 
 

6x loading dye 50 % (w/v) saccharose  
 0.1 % (v/v) bromophenol blue  
     in TE buffer, sterile filtered 

4.5.4 Elution of DNA fragments from agarose gels 

Gel pieces containing DNA fragments of desired size were cut and transferred into 1.5 ml 

microcentrifuge tubes. Fragments were purified using the InnuPrep Doublepure Kit (Jena 

Analytic) according to the manufacturer’s protocol. 

4.5.5 Polymerase chain reaction (PCR) 

Polymerase chain reactions were performed to amplify DNA fragments for cloning or 

analytical purpose. Depending on the application different polymerases were used and 

described in the following sub-sections. The PCR programmes used for respective poly-

merases are represented by the following scheme: initial denaturation – [denaturation – 

annealing – elongation] x numbers of cycles – final elongation. The elongation time was 

chosen based on the expected fragment size and synthesis rate of the polymerase. 

4.5.5.1 Phusion PCR 

Phusion polymerase (New England Biolabs) was used by default for amplifications of 

PCR products that were needed for subsequent cloning reactions because of its low error-

rate. Reaction mixtures were prepared as follows: 

 10 µl   5x Phusion HF buffer 
 2 µl  DMSO  
 200 mM dNTPs 
 1 µM forward primer 
 1 µM  reverse primer 
 10 ng  template DNA 
 0.5 U Phusion polymerase  add ddH20 to 50 µl 
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Programme:  98°C/30 s – [98°C/20 s – 55-65°C/20 s – 72°C/20 s/kb] x 35 cycles –  
72°C/ 5min 

4.5.5.2 direct PCR 

Direct PCRs were employed to screen for positive bacterial and fungal transformants. 

OneTaq 2x Mastermix (New England Biolabs), containing all components for a PCR re-

action except primers and template, was diluted with ddH20. Liquid cultures from E. coli 

were directly added as template while cell material of S. cerevisiae and U. maydis were 

lysed prior to addition. To this end, fungal cell material was treated with 0.02 M NaOH 

and incubated for 15 min at room temperature. A direct PCR reaction contained the fol-

lowing components: 

 5 µl  OneTaq 2x Mastermix 
 5 µl  ddH2O  
 0.1 µl forward primer 
 0.1 µl  reverse primer 
 1 µl  liquid E.coli culture/lysed fungal cell material 
 

Programme:  94°C/30 s – [94°C/20 s – 56°C/20 s – 68°C/60 s/kb] x 40 cycles –  
68°C/ 5min 

4.5.5.3 Error-prone PCR 

Error-prone PCR is a PCR-based method to introduce random mutations in a DNA se-

quence of interest. The generation of mutations is achieved by a polymerase lacking the 

proofreading capability and by modifications of the PCR reaction mix. Modifications 

increasing the error-rate are the partial replacement of Mg2+ by Mn2+, unbalanced rates of 

dNTPs, and higher concentrations of Mg2+. The change of polymerase and PCR compo-

nents results in an error-rate of 0.6 to 2 %. The Error-prone Kit from Jena Bioscience was 

used and error-prone PCR reactions were performed according to the manufacturer’s pro-

tocol. 

4.5.6 Sequencing of nucleic acids 

All generated plasmids and constructs were checked by sequencing for unwanted muta-

tions. Sequencing was carried out by the company Eurofins Genomics and the Molecular 

Biology Service (Vienna BioCenter), respectively. It was based on the principle of the 
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chain termination method (Sanger et al., 1977). DNA was prepared according protocols 

provided by the company/core facility. 

4.5.7 Next Generation Sequencing 

To sequence genomes of U. maydis strains, their genomic DNA was subjected to Next 

Generation Illumina Sequencing. To this end, genomic DNA was extracted (see section 

4.5.1.3) and purified by an additional purification step using the MasterPure Complete 

DNA and RNA Purification Kit (Epicentre). DNA concentration was determined by 

PicoGreen measurements (Thermo Scientific). 130 µl (c = 8 ng/µl) genomic DNA was 

subsequently sheared in micro AFA tubes using an S220 focused ultra-sonicator with 

AFA technology (Covaris). To obtain DNA with an average fragment size of 600 bp, the 

following shearing conditions were applied: Peak Incident Power 140 W, Duty Factor 5 

%, Cycles per Burst 200, treatment time 45 s. Average fragmentation size was assessed 

by a Fragment Analyzer using the High Sensitivity NGS Fragment Analysis Kit (Ad-

vanced Analytical Technologies). 15 ng fragmented DNA was subsequently converted 

into indexed libraries for Next Generation Sequencing using the NEBNext®UltraTM DNA 

Library Prep Kit for Illumina® (New England Biolabs). The library was prepared accord-

ing to the manufacturer’s protocol. Quality control and Illumina 125 bp paired end se-

quencing was carried out by the Next Generation Sequencing Facility (VBCF, Vienna, 

Austria). 

4.5.8 TOPO®-TA cloning and blue-white selection  

The TOPO-TA Cloning Kit (Thermo Fisher Scientific) enables the efficient cloning of 

PCR products. To introduce purified PCR-products generated by Phusion polymerase 

(section 4.5.5.1) into pCRII-Topo vectors, a single deoxyadenosine was added at the 3’ 

end of these products by a Taq DNA polymerase (New England Biolabs). In a subsequent 

step, these PCR products could be integrated into the linearized pCRII-Topo vector due to 

compatible deoxythymidine-overhangs. Integration was facilitated by a topoisomerase 

that was coupled to the vector. 

3 µl of PCR-product with ‘A-overhangs’ was added to 1 µl pCRII-Topo vector and 1 µl 

salt solution and incubated at room temperature for 30 min according to the manufactur-

er’s protocol. Competent DH5α cells were transformed with the reaction mixture and 

spread on dYT-Amp plates supplemented with 80 µl of 2 % X-Gal solution. The X-Gal 

solution was added one hour before plating the transformation mixture. The insertion of a 



MATERIALS AND METHODS 
 

 99 

PCR product into the pCRII-TOPO results in disruption of the lacZ gene and prevents the 

expression of a functional beta-galactosidase, which usually cleaves X-Gal into a blue 

indigo dye. Colonies of cells with insert-containing plasmids remain white on ‘X-Gal 

plates’, while colonies of cells harbouring plasmids without insertion of the desired con-

struct develop a bluish colour. 

4.5.9 Gateway cloning 

The gateway cloning technique is an in vitro cloning strategy based on the phage lambda 

recombination system. The technique enables the transfer of a gene of interest into di-

verse destination vectors circumventing traditional restriction enzyme cloning (Thermo 

Fisher Scientific). To this end, the gene of interest is classically cloned via NcoI/BspHI-

NotI into the transcriptionally silent pEntry-vector. It is flanked by attL-recombination 

sites after integration. The destination vector harbours compatible recombination sites, 

termed attR. The addition of LR-clonase®II-enzyme mix, containing λ-integrase, integra-

tion host factor, and excision protein Xis, facilitates the recombination between att-

sequences. Due to recombination, the gene of interest can be integrated into any destina-

tion vector harbouring compatible att-sites. The efficiency is ensured by two mechanisms: 

selection via antibiotic resistance and counter selection by the expression of ccdB. CcdB 

inhibits bacterial gyrase proteins and causes cell death of DH5α or Mach1 cells. The se-

lection system based on two markers enables the separation of cells harbouring the re-

combined destination vector (expression clone) from those transformed with pEntry-

vector, side vectors, or non-recombined destination vector. 

Gateway-reaction:  

0.5 µl  destination vector (150 ng/µl) 
 1 µl  entry vector (50 – 100 ng) 
 0.5 µl TE buffer, pH 7.5 
 0.5 µl LR-Clonase ® II enzyme mix 
 

After 1 h incubation the reaction was stopped by adding 0.25 µl proteinase K and 10 min 

incubation at 37°C. The entire reaction mix was used for transformation of competent 

DH5α or Mach1 cells. 

4.5.10 Golden Gate cloning 

Golden Gate represents a cloning technique that enables the highly efficient and seamless 

assembly of multiple DNA fragments. It is based on type IIs restriction enzymes, e.g. 
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BsaI or SapI, that cleave DNA outside their recognition sites. Cleavage results in a 5’ or 

3’ overhang, which can consist of any nucleotide sequence (Engler et al., 2008). The de-

sign of fragments with compatible and specific overhangs after cleavage allows side-

directed ligations. After cleavage and ligation, resulting products lack the recognition site, 

thereby preventing re-digestion of the generated product. Therefore, the cleavage and 

ligation process represents a one-way reaction and the desired product accumulates after 

several cycles of cleavage and ligation.  

A Golden Gate reaction contained the following components: 

 x µl  vector (approximately 100 ng)  
 y µl  of each insert (approximately 100 ng) 
 1 µl T4 ligase buffer 
 0.5 µl T4 ligase 
 0.5 µl type IIs restriction enzyme 
  add ddH2O to a final volume of 10 µl 
 

The reaction mixture was incubated 10 times at 37°C and 16°C facilitating cleavage and 

ligation of compatible DNA fragments. The detailed cleavage and ligation programme is 

listed in Tab. 10. 

 
Tab. 10: Golden Gate restriction and ligation programme. 

Step Temperature Time  Comment 

1 37°C 10 min  initial cleavage 

2 37°C   5 min 
10 cycles 

cleavage 

3 16°C 10 min ligation 

4 37°C 10 min  cleavage of unligated products 

5 50°C   5 min  heat inactivation 

 

After the Golden Gate reaction cycles, Plasmid Safe was performed. In a Plasmid Safe 

reaction the used type IIs restriction enzyme as well as an exonuclease were added to 

eliminate all unligated linear DNA fragments.  

Plasmid safe   0.5 µl  exonuclease 
 0.5 µl 10 mM ATP 
  0.5 µl type IIs restriction enzyme used in the Golden Gate  

  reaction 
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The reaction was incubated at 37°C for 60 min and followed by 70°C for 30 min to heat 

inactivate exonuclease and restriction enzymes. 5 µl of the reaction was used for trans-

formation of chemical competent E. coli. 

4.5.11 Analysis of gDNA modifications via Southern analysis 

The method is modified from Southern (1975) and was used to analyse U. maydis trans-

formants for gene deletions or insertions. Genomic DNA was isolated and digested with 

restriction endonucleases to generate fragments of the locus of interest that differ between 

mutant and progenitor strain. DNA fragments were separated by agarose gel electropho-

resis (0.8 % TAE gel, 4 h, 80 V). After depurination with 0.25 M HCl for 15 min, which 

is a prerequisite for transfer of large DNA fragments, and subsequent neutralization with 

0.4 M NaOH for 15 min, the DNA was transferred from the gel to a nylon membrane 

(Hybond N+; GE Healthcare). Transfer was facilitated by a capillary blot with 0.4 M 

NaOH as transfer solution. Afterwards the membrane was placed into a hybridization 

tube, where all subsequent steps were carried out. The membrane was pre-hybridized with 

20 ml Southern hybridization buffer in a hybridization oven (HB-1000 Hybridizer, UVP) 

at 68°C for 15 min. Immobilised DNA was detected by DIG-labelled probes. To generate 

such probes, DNA fragments were labelled with PCR-based DIG labelling mix (Roche) 

according the manufacturer’s protocol. Probes were denatured at 99°C for 10 min and 

were added to 20 ml pre-warmed Southern hybridization buffer (68°C). After pre-

hybridization of the membrane with Southern hybridization buffer, the buffer was re-

moved and the prepared probe solution was added. Hybridization was performed at 68°C 

for at least 6 h. Afterwards the membrane was washed twice with Southern wash buffer at 

68°C for 15 min. All subsequent steps were performed at room temperature. The mem-

brane was washed once with DIG wash buffer for 5 min followed by a 30 min blocking 

step with DIG2 buffer. After blocking the DIG antibody solution was added. To this end, 

anti-DIG antibody (Roche) was diluted 1:10,000 in DIG2 buffer. Membrane and antibody 

solution were incubated for 1 h followed by two washing steps with DIG wash buffer to 

remove residual antibody. The membrane was equilibrated with DIG3 buffer for 5 min 

and CDP star solution was added (1:100 diluted in DIG3 buffer). The membrane was in-

cubated with the solution for 5 min. After an incubation of 15 min at 37°C, to activate the 

light emitting reaction, the blot was developed. Development was done either classically 

with an X-ray film (RP NEW, CEA) and developer machine (Fuji Medical Film Proces-

sor, Fujifilm) or with the ChemiDoc Touch Imaging System (Bio-Rad). 
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1 M sodium-    solution 1: 1 M Na2HPO4 
phosphate buffer  solution 2: 1 M NaH2PO4 * H2O 

solution 2 is added to solution 1 until pH 7.0 
is reached 

 
Southern  500 mM sodium phosphate buffer, pH 7.0  
hybridization buffer 7 % (w/v) SDS 
 

Southern wash buffer 0.1 M  sodium phosphate buffer, pH 7.0  
 1 %  (w/v) SDS 
 

DIG buffer  0.1 M  maleic acid, pH 7.5  
 0.15 M  NaCl 
 

DIG buffer 2   DIG1 with 1 % milk powder  
 

DIG buffer 3 0.1 M  maleic acid, pH 9.5 
 0.1 M  NaCl 
 0.05 M  MgCl2 
 

DIG wash buffer  DIG 1 with 0.3 % (v/v) Tween-20  

4.5.12 Isolation and quantification of RNA 

4.5.12.1 RNA isolation from axenic U. maydis culture 

To isolate RNA from U. maydis sporidia 2 ml of axenic culture (OD600nm = 1) were har-

vested and the pellet was shock frozen in liquid nitrogen. Frozen cells were resuspended 

in 1 ml TRIzol (Thermo Fisher Scientific) and transferred into 2 ml screwing cap tubes 

(Sarstedt) containing 0.3 g glass (0.4 - 0.6 mm, Sigma-Aldrich). They were subjected to 

mechanical cell lysis either by Ribolyser (MPBioscience) (High level, 2 min) or Retsch 

cell mill (3 x 2 min, 30 Hz). RNA was isolated by TRIzol treatment according the manu-

facturer’s protocol. Quality was assessed by agarose gel electrophoresis, quantity by spec-

trophotometric measurements employing Nanodrop ND_1000 (Nanodrop Technologies).  

4.5.12.2 RNA isolation from U. maydis on the surface of maize leaves 

For the isolation of RNA from U. maydis filaments that penetrated the leaf surface at 

24 hpi the third leaf was cut and fixed with tape. The surface was covered with a thin lay-

er of liquid latex solution. After drying, the latex was softly removed from the surface and 
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shock frozen in liquid nitrogen. Latex samples were ground in liquid nitrogen and RNA 

of hyphae that were attached to the latex, was isolated by TRIzol method (Thermo Fisher 

Scientific). Quality and quantity control was performed as described in section 4.5.12.1. 

4.5.12.3 RNA isolation from infected maize leaves 

For the extraction of RNA from infected maize seedling, the third leaf of each plant was 

cut 2 cm below the injection point and immediately frozen in liquid nitrogen. Samples 

were homogenized by grinding with mortar and pestle under constant cooling with liquid 

nitrogen. RNA isolation and quality as well as quantity control were performed as de-

scribed in section 4.5.12.1.  

4.5.12.4 Removal of DNA from RNA samples and reverse transcription 

Removal of DNA contaminations from RNA samples were performed with the Turbo 

DNA-free Kit (Thermo Fisher Scientific) according to manufacturer’s instructions. After 

removal, the pure RNA was subjected to reverse transcription to generate cDNA from 

mRNA. mRNA was transcribed into cDNA employing the Super III First Strand Synthe-

sis Super Mix Kit or RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scien-

tific). Reverse transcription was performed according to the manufacturers’ protocols. 

Each reaction contained 1 µg DNase-treated total RNA. Reverse transcription was per-

formed using oligo-d(T)-primers. 

4.5.12.5 Quantitative real time PCR 

To determine gene expression quantitative real time PCRs (qPCRs) were conducted. Real 

time PCRs were either performed with the iCycler-system (Bio-Rad) or with the Light-

Cycler® 96 system (Roche) according to manufacturer’s instructions. For measurements 

with the iCycler-system ‘Platinum Sybr Green qPCR SuperMix-UDG’-Kit (Thermo Fish-

er Scientific) was used, for the Light-Cycler instrument the qPCR reagent ‘FastStart Es-

sential DNA Green Master’ (Roche). Depending on the system the following programmes 

were used: 95°C/2min – [95°C/30 s – 62°C/30 s – 72°C/30 s] x 45 cycles (Bio-Rad); 

95°C/10 min – [95°C/15s – 62°C/15 s – 72°C/15 s] x 45 cycles; ramp 4.4°C/s (Roche). 

Specificity of the reaction was ensured by melting curve calculations after the qPCR run. 

The determination of threshold cycles was either performed with the Bio-Rad Software 

v3.0 or the Roche Lightcycler software v1.1.01320. Relative expression values were cal-

culated with the 2-∆∆Ct method (Livak and Schmittgen, 2001).  
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4.5.12.6 Microarray analysis 

For the Agilent microarray assays, maize plants (Early Golden Bantam) were grown in a 

phyto chamber and infected with SG200 or SG200Δrss1 as described in section 4.4.4.2. 

Samples were collected in three independently conducted experiments. To this end, 2 cm 

of the third leave were harvested 2 cm below the injection point. Material from 12 plants 

was pooled and ground in liquid nitrogen. RNA was extracted according to section 

4.5.12.3. RNA was additionally purified using the RNeasy Kit (Qiagen). Quality and 

quantity was assessed using Agilent 2100 Bioanalyzer (Agilent Technologies). 200 ng 

purified RNA was subjected to Agilent microarray analysis. Chips (8x60K array format) 

containing U. maydis and Z. mays gene probes were designed with the online design ap-

plication eArray (Agilent Technologies). For probe design the U. maydis orfeome 

(http://mips.helmholtz-muenchen.de/genre/proj/ustilago) and pre-designed probes from a 

4x44K maize gene expression microarray of the eArray AgilentCatalog were used. Each 

chip included a total of 6,782 sense probes against U. maydis genes, along with 6,782 

U. maydis antisense probes and 42,030 probes against maize genes as well as control 

probes. The subsequent experimental procedure was performed according to Agilent’s 

Two-Color Microarray-Based Gene Expression Analysis protocol using the Low Input 

Quick Amp Labeling Kit (Agilent Technologies). For each individual microarray chip, 

the respective RNA sample was labeled with Cyanine 3-CTP and hybridized to the chip 

together with a common reference pool derived from all samples. The reference pool was 

labeled with Cyanine 5-CTP. Data analysis is described in section 4.9.2. 

 

4.6 Biochemical methods 

4.6.1 Heterologous expression in E. coli 

E. coli BL21 (DE3) pLysS or Rosetta-gami 2 (DE3) pLysS were transformed with a 

pRSET- and pET-derivative, respectively, according to section 4.4.1.1. For heterologous 

protein production, 30 ml dYT liquid medium containing the required antibiotics were 

inoculated with a single colony. The pre-culture was grown overnight and diluted the next 

day 1:100 in 250 ml dYT with antibiotics. The T7 promoter controls the gene that should 

be heterologously expressed. A distinct and strong expression could be achieved upon 

production of the T7-RNA-polymerase, which is encoded in the genome of BL21 and 

Rosetta strains. The T7-RNA polymerase is only produced upon addition of IPTG. Thus, 
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to induce expression, IPTG was added to a final concentration of 1 mM when the culture 

reached an OD600nm of 0.5 - 0.7. Strains and culture conditions are listed in Tab. 11. After 

incubation with IPTG for indicated times, cells were harvested by centrifugation for 

10 min, at 3,000 g, 4°C. The pellet was washed once in PBS (see section 4.6.2) or Ni-

NTA wash buffer (see section 4.6.3) depending on the subsequent purification method. 

Pellets were stored at -20°C. 

 
Tab. 11: Strains and culture conditions for protein production. 

Plasmid Strain Induction time Induction temperature 

pRSET-GST BL21 (DE3) pLysS 6 h 28°C 

pRSET-GST-NahG BL21 (DE3) pLysS 6 h 28°C 

pRSET-GST-05230 BL21 (DE3) pLysS 6 h 28°C 

pET28-03408 BL21 (DE3) pLysS 6 h 28°C 

pET28-05967 BL21 (DE3) pLysS 6 h 28°C 

pET-6xHis-MBP-PP-

Strep-Rss1* 

Rosetta-gami 2 (DE3) pLysS overnight 20°C 

pET-6xHis-HR3VC BL21 (DE3) pLysS overnight 20°C 

* 100 µM ZnCl2 were added to the culture medium to promote correct Rss1-protein folding. 

4.6.2 Protein purification of GST-tagged proteins 

For the extraction of heterologously produced GST (Glutathion-S-Transferase)-fusion 

proteins, bacterial cell pellets were lysed by physical disruption methods employing either 

the French press system (Thermo Fisher Scientific) or sonication (Bioraptor, Diagenode). 

Pellets were resuspended in 20 ml PBS buffer supplemented with DNase I (5 µg/ml) 

(Serva Electrophoresis), 1 mg/ml lysozyme (PanReac AppliChem), and 1 tablet cOm-

plete™ EDTA-free protease inhibitor cocktail (Roche). Either 2 rounds of French press or 

15 min sonication (highest level, 30 s on, 30 s off interval) were performed. The cell ly-

sate was pelleted at 25,000 g, 4°C, for 30 min and the supernatant containing soluble pro-

teins was transferred into a new tube. In the meanwhile, 500 µl 50 % glutathione se-

pharose (GE Healthcare) was transferred into a gravity flow column and equilibrated with 

5 ml PBS. The supernatant was loaded on the equilibrated column and incubated with the 

sepharose for 1 h at 4°C on a rotary shaker. Afterwards the column was washed twice 

with 5 ml PBS and fusion proteins were eluted by applying 4 times 250 µl GST elution 

buffer.  
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PBS 8 mM Na2PO4 
 1.5 mM KH2PO4  
 2.7 mM  KCl 
 137 mM  NaCl 
 

GST elution buffer 10 mM  reduced glutathion 
 50 mM Tris-HCl, pH 8.0 

4.6.3 Protein purification of 6xHis-tagged proteins 

For extraction of 6xHis-tagged proteins, cells were lysed in Ni-NTA lysis buffer as de-

scribed in section 4.6.2. Cleared cell lysate was incubated with 1 ml 50 % Ni-NTA aga-

rose slurry (Qiagen) at 4°C for 1 h on a rotary shaker and loaded on a gravity flow col-

umn. After 2 washing steps with 4 ml Ni-NTA wash buffer, recombinant protein was 

eluted with 4 times 500 µl Ni-NTA elution buffer. For purification of Rss1 fusion pro-

teins 100 µM ZnCl2 was added to lysis, wash, and elution buffer. For cleavage of the pu-

rification and solubility tag, 6xHis-HRV3C protease was added to the elution fraction of 

purified proteins harbouring the respective protease recognition site and the mixture was 

incubated at 4°C overnight.  

 

Ni-NTA lysis buffer  150 mM  Tris-HCl, pH 8.0 
 300 mM NaCl 
 20 mM  imidazole 
 0.5 µg/ml DNase I 
 1 mg/ml lysozyme  
   1 tablet/20 ml cOmplete™ EDTA-free protease inhibitor cocktail � 

 

Ni-NTA wash buffer 150 mM  Tris-HCl, pH 8.0 
 300 mM NaCl 
 20 mM  imidazole 
 

Ni-NTA elution buffer 150 mM  Tris-HCl, pH 8.0 
 300 mM NaCl 
 250 mM  imidazole 

4.6.4 Protein extraction from axenic U. maydis culture 

U. maydis cells were lysed for western analysis by mechanical force. 2 - 10 ml of cell 

culture were harvested at 2,400 g for 5 min at room temperature. Pellets were shock fro-
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zen in liquid nitrogen in 2 ml screwing cap tubes and resuspended in 50 µl PBS and 25 µl 

SDS loading dye. In addition, 0.3 g sand and 0.3 g glass beads were added (0.4 - 0.6 mm, 

Sigma-Aldrich). Samples were subjected to mechanical cell disruption via a cell mill 

(Retsch MM400; 30 Hz, 3 times 2 min). After cell lysis, samples were incubated at 95°C 

for 5 min and centrifuged at 18,000 g for 5 min at room temperature. The supernatant was 

transferred into a new 1.5 ml microcentrifuge tube and incubated a second time at 95°C 

for 5 min. After an additional centrifugation step to remove the entire cell debris, 10 – 

15 µl of the supernatant were loaded on an SDS polyacrylamide gel for western analysis. 

4.6.5 SDS polyacrylamide gel electrophoresis 

The separation of proteins was performed by SDS polyacrylamide gel electrophoresis 

(SDS-PAGE) according to Laemmli (1970). Proteins are separated in an electric field 

according to their size. To achieve separation, proteins were denatured by addition of 1x 

SDS loading dye and incubation for 10 min at 98°C. Negatively charged SDS molecules 

bind to proteins, which leads to a negative charge that correlates with the molecular mass 

of each protein. After denaturation, samples were loaded on a vertical SDS polyacryla-

mide gel composed of stacking and separation gel (Mini Protean System, Bio-Rad). The 

stacking gel facilitates protein concentration before proteins enter the separation gel. In 

the separation gel proteins are separated according to their molecular weight, smaller pro-

teins migrate faster than bigger proteins. The higher the concentration of acrylamide, the 

higher is the density of the meshed molecular network. While gels with high acrylamide 

concentrations are used for separation of the small proteins, low percentage gels are pre-

ferred for the separation of large proteins. As reference for the molecular weight of the 

separated proteins the PageRuler Prestained Protein ladder (ThermoFisher Scientific) was 

used. The separation of proteins was performed with a current of 20 mA until proteins 

were concentrated in the stacking gel followed by 25 mA for separation. 

 

1 SDS gel (10.5 x 11.5 x 1cm): 

stacking gel 1.5 ml ddH2O 
 0.625 ml 0.5 M Tris-HCl, pH 6.8 
 0.33 ml 30 % acrylamide/bisacrylamide 
 25 µl 10 % SDS 
 to initiate polymerization: 
 40 µl TEMED 
 5 µl 10 % APS  
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10 % resolving gel 1.15 ml ddH2O 
 1.25 ml 1.5 M Tris-HCl pH 8.8 
 1.67 ml 30 % acrylamide/bisacrylamide 
 50 µl 10 % SDS 
 to initiate polymerization: 
 40 µl TEMED 
 5 µl 10 % APS 
 

6x SDS loading dye 100 mM Tris-HCl, pH 8.0 
 4 M urea 
 4 %  (v/v) SDS  
 40 % glycerol 
 3.5 % DTT 
 0.15 %  (w/v) bromophenol blue  
 

SDS running buffer 25 mM Tris-HCl, pH 8.0 
 192 mM glycin 
 4 mM SDS 

4.6.6 Protein detection in SDS gels via Coomassie or InstantBlue™ staining 

Coomassie and InstantBlue™ (Sigma-Aldrich) staining enables the detection of proteins 

after SDS-PAGE. Staining occurs while incubating gels in staining solution for 1 h. 

Coomassie staining requires a subsequent destaining step (overnight), whereas In-

stantBlue, containing Coomassie dye, ethanol, phosphoric acid, and solubilizing agents, 

destains the gel in parallel to immediately visualize protein bands. The sensitivity of 

Coomassie stain is 100 ng protein per band. InstantBlue can detect as little as 5 ng per 

band.  

Coomassie staining solution  40 % (v/v) ethanol 
  10 % (v/v) acetic acid 
  0.2 % (w/v) brilliant blue R250 
 

Coomassie destaining solution   40 % (v/v) ethanol 
  10 % (v/v) acetic acid 

4.6.7 Immunological protein detection - Western blot analysis 

Proteins were separated by SDS-PAGE and transferred to Hybond-P PVDF membranes 

(GE Healthcare) by a semi-dry blotting system (Bio-Rad). To this end, a 3 mm whatman 
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paper was soaked in blotting buffer and placed onto the blotting device, followed by a 

methanol activated PVDF membrane and the SDS gel. The SDS gel was covered with a 

second layer 3 mm whatman paper. Protein transfer was achieved by applying 15 V for 

90 min.  

blotting buffer 25 mM Tris-HCl, pH 10.4 
 192 mM glycin 
 15 % (v/v) methanol  
 

After transfer, specific proteins attached to the membranes were detected with antibodies. 

Antibodies used in this study are listed in Tab. 12. Membranes were incubated in block-

ing buffer at room temperature for 1 h followed by an overnight incubation with the pri-

mary antibody solution at 4°C. Primary antibody incubation was followed by 3 washing 

steps in blocking buffer for 10 min. After washing, an appropriate HRP (horseradish pe-

roxidase)-coupled secondary antibody was added and incubated at room temperature for 

1 h. After three additional washing steps with TBS-T for 10 min each, the membrane was 

incubated with the ECL Prime Western Blotting Detection Reagent (GE Healthcare) to 

activate the chemiluminescence reaction. The ECL reaction was performed according to 

the manufacturer’s protocol. Membranes were sealed in a plastic bag and development 

was either done classically with an X-ray film (RP NEW, CEA) and developer machine 

(Fuji Medical Film Processor, Fujifilm) or with the ChemiDoc Touch Imaging System 

(Bio-Rad). 

TBS-T 50 mM Tris-HCl, pH 7.5 
 150 mM  NaCl 
 0.1 % (v/v) Tween20  
 

blocking solution 8 % (w/v) milk powder in TBS-T 

antibody solution     antibody diluted in blocking solution 

 
Tab. 12: Antibodies used in this study. 

Antibody Host Usage  Used dilution Reference 

anti HA mouse monoclonal, primary anti-

body for HA-tag detection 

1:7,500 Sigma-Aldrich 

anti 6xHis mouse monoclonal, primary anti-

body for 6xHis-tag detection 

1:10,000 Sigma-Aldrich 
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Antibody Host Usage  Used dilution Reference 

anti mouse IgG-

HRP 

horse secondary HRP-coupled 

antibody for the detection of 

primary antibodies produced 

in mice 

1:10,000 Cell Signaling 

Technology/New 

England Biolabs 

 

4.6.8 Bradford protein assay  

The Bradford protein assay represents a method to quantify soluble protein. It is based on 

colorimetric changes of Coomassie brilliant blue G-250, which occur upon increasing 

protein concentrations. Measurements were performed with the Protein Assay Dye Rea-

gent Concentrate (Bio-Rad) according to Bradford (1976). BSA was used for the genera-

tion of standard curves. 

4.6.9 Salicylate hydroxylase activity assay 

Salicylate hydroxylase activity was measured as described by White-Stevens and Kamin 

(1972). Assays were performed in µClear plates (Greiner). Per reaction 1.5 µg heterolo-

gously produced and purified protein (see section 4.6.1 - 4.6.3), 6.7 µl 3 mM sodium sa-

licylate, and 6.7 µl 5.4 mM β-nicotinamide-adenine-dinucleotide (reduced form) solution 

were mixed in a final volume of 200 µl. Extinction at λ = 340 nm was measured at 30°C 

in a microplate reader (Tecan). The decrease of extinction at λ = 340 nm was plotted 

against time (in seconds) to visualize the oxidation of NADH and hence the enzymatic 

activity. Specific activities were calculated for proteins showing a decrease in NADH 

extinction.  

 

4.7 Microscopy  

4.7.1 Preparation and fixation of axenically grown cells for microscopy 

For CL13Δshy1 and CL13Δshy1-shy1-mCherry-HA microscopy, cells were grown in 

glucose-containing YNB-N medium without and with addition of 10  mM sodium salicy-

late to the exponential phase for ∼  5  h (OD600nm   =   0.8). Cell density was adjusted to an 

OD600nm of 1 and a droplet of cell suspension was spotted on an 1 % agarose pad, that was 

placed on an objective slide. Prepared samples were immediately subjected to 

epiflourescence microscopy. 
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For DAPI-colocalization experiments, CL13Δrss1-mCherryHA-rss1 cells were shifted to 

YNB-N medium with 10 mM sodium salicylate and grown for 5 h (OD600nm   =   0.8). Cells 

were harvested by centrifugation (2,400 g, 5 min) and fixed by addition of 2 % formalde-

hyde in PBS. Samples were incubated for 5 min, cells were pelleted at 2,400 g for 5 min, 

and washed once with PBS. Afterwards pellets were resuspended in DAPI solution 

(0.5 µg/ml) and incubated for 10 min. After an additional washing step, samples were 

subjected to confocal microscopy (see section 4.7.3). 

4.7.2 Epifluorescence microscopy 

Epifluorescence microscopy was performed with a Zeiss Axioplan II microscope. The 

localization of mCherry-tagged proteins was microscopically assessed by using the 

DsRed (HQ565/30) filter set. All microscopic observations were done using a 

CoolSNAP-HQ charge-coupled device camera (Photometrics) controlled by the imaging 

software MetaMorph (Universal Imaging). 

4.7.3 Confocal laser scanning microscopy 

Confocal laser scanning microscopy was performed using the LSM780 Axio Observer 

(inverted) microscope from Zeiss. Lasers and settings are summarized in Tab. 13. Images 

were processed using the software ZEN 2012 SP1 v8.1.0.484. 

 
Tab. 13: Laser settings for confocal microscopy 

Laser Excitation Beam splitter Detection 

range 

Detection 

DPSS 15 mW 561 MBS 458/561 578-648 nm mCherry 

Laser Diode 25 mW 405 MBS -405 415-510 nm DAPI 

 

4.8 Statistical analysis 

Graphical outputs and statistical analyses were performed using the statistical environ-

ment R (R Core Team, 2011) and the software GraphPad Prism v6.0 (GraphPad Soft-

ware). 

 

4.9 Bioinformatic analyses 

Gene and protein sequences of U.  maydis, S.  reilianum, and U.  hordei were taken from 

the MIPS Ustilago maydis database (http://mips.helmholtz-muenchen.de/genre/ 
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proj/ustilago), the MIPS Sporisorium reilianum database (http://mips.helmholtz-

muenchen.de/genre/proj/sporisorium), and the MIPS Ustilago hordei database (http:// 

mips.helmholtz-muenchen.de/genre/proj/MUHDB/). The NahG sequence (accession 

number YP_534831) and the NahR sequence (accession number AAQ89672) from 

P. putida, the sequence of PHBH from P. fluorescens (accession number BAB20910), the 

Rss1 protein sequences of S. scitamineum (accession number CDU25879) and 

M. pennsylvanicum (accession number CDI53350) were taken from the “National Center 

of Biotechnology Information“ (NCBI; http:// www.ncbi.nlm.nih.gov/). Homology anal-

yses were performed with BLAST (Basic Local Alignment Search Tool). Salicylate hy-

droxylase-like proteins in the U.  maydis genome (MIPS Ustilago maydis database) were 

identified by BlastP v2.0 with the matrix BLOSUM62 (Altschul et al., 1990). For the 

identification of Rss1 homologues, BlastP v2.225 was used. Homologous amino acid se-

quences were compared with CLC Main Workbench v7.0.2 (Qiagen) employing progres-

sive alignment algorithms. Protein domains were identified with the Simple Modular Ar-

chitecture Research Tool ‚SMART’ (Schultz et al., 1998; Letunic et al., 2015) and nucle-

ar localizations were predicted with NucPred (Brameier et al., 2007). PEST motifs were 

determined with epestfind v5.0.0 (Rice et al., 2000). 

4.9.1 Next Generation Sequencing analysis 

Removal of adapter contaminations and trimming of low quality 3’ read ends were per-

formed with BBDUK (BBMap - Bushnell B. - sourceforge.net/projects/bbmap/) and 

Trimmomatic v0.33 (Bolger et al., 2014), respectively. Paired-end reads were mapped to 

the U. maydis reference genome obtained from http://mips.helmholtz-

muenchen.de/genre/proj/ustilago with BWA v0.7.8 (Li and Durbin, 2009), while dupli-

cated reads were removed with Picard v1.101 (http://broadinstitute. github.io/picard). 

Local realignment around indels and base recalibration were done with GATK v3.4 

(DePristo et al., 2011). Joint genotyping of all sequenced strains was performed with 

GATK/UnifiedGenotyper setting the ploidy parameter to 1 for haploid individuals. All 

format conversions were done with Samtools v0.1.18 (Li et al., 2009). Mapped reads 

were visualized with IGV v2.3.57 (Robinson et al., 2011; Thorvaldsdottir et al., 2013).  

4.9.2 Microarray analysis 

Data normalization and analysis was conducted in the R statistical environment (R Core 

Team, 2011) using the limma package (Ritchie et al., 2015). Raw expression data for each 
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chip were background normalized by the normexp algorithm. The overall distribution of 

expression ratios between the green and red channel in each chip was normalized by the 

loess method. In a subsequent step, expression data were filtered such that only probes 

targeting sense transcripts of U. maydis remained for the further analysis. This removed 

noise between samples caused by the plant side and therefore improved the detection of 

the relatively weak expression changes in the rss1 mutant compared to SG200. The log2 

expression ratios for the remaining probes were normalized between arrays by the quan-

tile method. A linear model was used to test for significant expression differences be-

tween SG200 and SG200∆rss1 samples. Since location-dependent effects on plant growth 

between the three replicates could be observed in the plant growth chamber, the estima-

tion of a “sampling date” effect was included in the model to subtract background noise 

between replicates. Differential expression was determined by the limma ebayes function. 

P-values were corrected for multiple testing by the Benjamini-Hochberg method 

(Benjamini and Hochberg, 1995). 
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6 APPENDIX 
 
Tab. 14: Overview of mutations and chromosomal deletions/alterations found in UV mutants. 

mutant 
 

number of 
identified 
SNPs  

SNP-containing 
genes shared 
between mu-
tants# 

non-synonymous 
mutation in 
UMAG_05966? 

partial loss of 
chr20, including 
UMAG_05966? 

strain with 
aneuploidy?* 

UV1 5 no yes, C to T, lead-
ing to aa change 
G269D 

no no 

UV2 26 UMAG_11191, 
silent mutation 

no yes yes; chr20 

UV3 4 no no yes yes; chr13 
partial, chr19 

UV4 4 no no yes yes; chr21 
partial, chr22 

UV5 9 UMAG_11191, W 
to Stop 

no yes yes; chr12 

UV6 21 no yes, A to G, lead-
ing to aa change 
F303S 

no no 
 

UV7 9 no no yes yes; chr19 
# Genomes were scanned for SNP-containing regions that are shared between mutants. The analysis did not 

reveal any SNP-containing promoter that is shared between mutants. Shared SNP-containing genes are 
listed for each mutant, and the type of mutation is indicated below. 

* Chromosomal region with twice the average coverage indicates duplication (aneuploidy). Chromosomes 
with increased coverage are listed.  
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