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Summary 1 

 Fungalysins from several phytopathogenic fungi have been shown to be involved in 2 

cleavage of plant chitinases. While fungal chitinases are responsible for cell-wall 3 

remodeling during growth and morphogenesis, plant chitinases are important components 4 

of immunity. This study describes a dual function of the Ustilago maydis fungalysin 5 

UmFly1 in modulation of both plant and fungal chitinases.  6 

 Genetic, biochemical and microscopic experiments were performed to elucidate the in 7 

vitro and in planta functions of U. maydis UmFly1.  8 

 U. maydis ∆umfly1 mutants show significantly reduced virulence, which coincides with 9 

reduced cleavage of the maize chitinase ZmChiA within its chitin-binding domain. 10 

Moreover, deletion of umfly1 affected cell separation of haploid U. maydis sporidia. This 11 

phenotype is associated with posttranslational activation of the endogenous chitinase 12 

UmCts1. Genetic complementation of the ∆umfly1 mutant with a homologous gene from 13 

closely related, but non-pathogenic yeast fully rescued the cell separation defect in vitro 14 

but it could not recover the ∆umfly1 defect in virulence and cleavage of the maize 15 

chitinase.  16 

 Here we report on the dual function of the secreted fungalysin UmFly1. We hypothesize 17 

that co-evolution of U. maydis with its host plant extended the endogenous function of 18 

UmFly1 towards the modulation of plant chitinase activity to promote infection.  19 

 20 
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Introduction 31 

Chitinases are present in a wide range of organisms, including bacteria, archaea, fungi, plants 32 

and animals. They catalyze the hydrolysis of chitin, the main cell wall component of fungi, to its 33 

N-acetylglucosamine units. In fungi, chitinases play an important role in cell-wall remodeling 34 

during cell division (Kuranda & Robbins, 1991). In addition, they are also involved in nutritional 35 

chitin acquisition and competition with other fungi (Leake & Read 1990). The number of 36 

chitinase genes in fungi shows high variation, but they exclusively belong to the glycosyl 37 

hydrolase 18 (GH18) family (Langner & Gohre, 2016).  38 

In plants, chitinases are pathogenesis-related (PR) proteins contributing to the plant defense 39 

against fungal infections. They are upregulated upon both biotic and abiotic stresses 40 

(Kasprzewska, 2003; Shoresh & Harman, 2008). Plant chitinase-mediated hydrolysis of fungal 41 

chitin contributes to two major plant defense responses: i) disassembly of the fungal cell wall, 42 

which leads to the inhibition of hyphal growth (Schlumbaum et al., 1986); ii) and moreover, 43 

cleaved chitin fragments that are released from the fungal cell wall serve as elicitors for plant 44 

immune responses (Shibuya & Minami, 2001; Kaku et al., 2006). According to the CAZy 45 

database, chitinases are classified into GH18 and GH19 families (Henrissat & Davies, 1997) 46 

(http://www.cazy.org/). While GH18 members are found in viruses, bacteria, fungi, plants and 47 

animals, GH19 family members are mostly present in plant species (Shoresh & Harman, 2008). 48 

In addition, based on their amino acid sequence similarity GH18 and GH19 are also grouped in 49 

different structural classes, including class III and V, and class I, II and IV, respectively 50 

(http://www.cazy.org/). The plant endochitinases of classes I, II and IV are considered to be PR3 51 

proteins, while class III and class V members are considered to be PR8 and PR11 proteins, 52 

respectively (Kasprzewska, 2003). It has been reported that the maize genome encodes 31 53 

putative chitinases including 27 endochitinases and four exochitinases (Shoresh & Harman, 54 

2008). Class IV chitinases, such as maize ZmChiA and ZmChiB, are well characterized and were 55 

shown to inhibit the growth of several fungi on agar plates (Schlumbaum et al., 1986; Huynh et 56 

al., 1992).  57 

During co-evolution between pathogenic fungi and their plant hosts, fungal pathogens have 58 

evolved diverse strategies to avoid or suppress chitinase-related defense mechanisms. For 59 

example, the causal agent of tomato leaf mold disease Cladosporium fulvum secretes the chitin 60 

binding protein Avr4, which shields the fungal cell wall and hereby protects it against plant 61 

https://link.springer.com/article/10.1007%2Fs00294-015-0530-x#CR52
https://link.springer.com/article/10.1007%2Fs00294-015-0530-x#CR57
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chitinase-mediated hydrolysis (van den Burg et al., 2006; van Esse et al., 2007). Another 62 

strategy is represented by a group of effector proteins containing LysM (Lysine motif) domains. 63 

An example is given again by C. fulvum, which secretes the chitin binding LysM protein Ecp6 64 

(de Jonge et al., 2010). Ecp6 efficiently binds and sequesters chitin fragments that are released 65 

from the fungal cell wall and hence, prevents the recognition of chitin fragments by pattern 66 

recognition receptors (PRRs) (de Jonge et al., 2010). LysM effectors are widely distributed in the 67 

fungal kingdom (Bolton et al., 2008) and some of them are functionally similar to Ecp6 68 

(Magnaporthe oryzae and Zymoseptoria tritici) (Marshall et al., 2011; Mentlak et al., 2012). 69 

Furthermore, Vander et al., (1998) reported that when the degree of acetylation in chitosan is 70 

increased, it can induce more plant defense responses. This indicates that fungal chitin 71 

deacetylases may help plant pathogens to decrease their elicitor activity by deacetylation of 72 

chitin (El Gueddari et al., 2002; Duplessis et al., 2011; Veneault-Fourrey et al., 2014). Another 73 

group of phytopathogenic fungi copes differently with the detrimental effect of plant chitinases. 74 

Naumann et al. (2011, 2013) reported that various phytopathogenic Fusarium species secrete 75 

fungalysin proteins with a M36 metalloprotease domain to target and cleave class IV plant 76 

chitinases within a poly-glycine hinge domain in order to separate the chitin-binding domain 77 

(CBD) from the hydrolysis domain (Naumann et al., 2011; Naumann & Wicklow, 2013). Since 78 

then, it has been reported that several other plant pathogenic filamentous ascomycetes, including 79 

Alternaria brassicicola, Colletotrichum higginsianum, Verticillium longisoprum, V. dahlia, and 80 

Botrytis cinerea, also have the ability to cleave plant class-IV chitinases (Naumann & Wicklow, 81 

2013; Jashni et al., 2015). Recently, Sanz-Martin et al., (2016) showed that a fungalysin 82 

metalloprotease gene (Cgfl) in Colletotrichum graminicola is also involved in fungal virulence 83 

on maize, suggesting that chitinase-cleavage activity of fungalysin is required for full virulence. 84 

Moreover, it has been shown that inhibition of fungalysin in Fusarium verticillioides by using a 85 

wheat hevein-like peptide also inhibits the hyphal elongation, indicating that fungalysin plays a 86 

role in fungal development as well (Slavokhotova et al., 2014). 87 

The biotrophic fungus Ustilago maydis belongs to the Basidiomycota and is the causative agent 88 

of corn smut disease (Kämper et al., 2006). Upon maize penetration, U. maydis secretes 89 

hundreds of effector proteins to interfere with the plant immune machinery in various ways (e.g. 90 

by inhibition of defense-related cysteine proteases) in order to support its own growth and 91 

reproduction (Lo Presti et al., 2015). During early stages (upon penetration) and later stages 92 
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(upon tumor formation) of infection, the transcripts of several classes of PR genes, including 93 

genes encoding maize chitinases, are elevated in U. maydis infected tissue (Doehlemann et al., 94 

2008). While effectors interfering with other core components of plant immunity have been 95 

identified (i.e. suppressors of the oxidative burst and apoplastic cysteine proteases) 96 

(Hemetsberger et al., 2012; Mueller et al., 2013), it remains unknown how U. maydis counteracts 97 

the activity of maize chitinases, because its genome does not encode Avr4- or Ecp6-like 98 

effectors. In the present study, we describe the fungalysin metalloprotease UmFly1 as a virulence 99 

factor of U. maydis, which is required for cleavage of the maize chitinase ZmChiA to remove the 100 

chitin binding domain from the GH19 domain. Independently of its virulence function, UmFly1 101 

is also involved in cell separation of U. maydis sporidia where it regulates the processing and 102 

activation of an endogenous fungal chitinase. We suggest that this dual function of UmFly1 103 

reflects the evolutionary adaptation of an endogenous protease to the plant infectious life style of 104 

U. maydis. 105 

 106 

Materials and Methods 107 

Growth condition for bacterial, fungal, and maize strains and virulence assay  108 

Maize (Zea mays L. cv Early Golden Bantam) plants were grown in a temperature controlled 109 

greenhouse (14 hours:10 hours light:dark cycle, at 28:20°C with 40% humidity).  110 

For virulence assays, Ustilago maydis strains were grown in YEPSlight liquid medium at 28°C 111 

and 200 rpm to an OD600 of 0.6-0.8. Fungal and bacterial strains used in this study and their 112 

growth conditions are indicated in Methods S1. The U. maydis virulence assay was performed as 113 

described in the Methods S1. 114 

 115 

Nucleic acids methods 116 

Isolation of fungal genomic DNA, RNA and bacterial plasmids was performed as described in 117 

the Methods S1. Briefly, the isolation of genomic DNA of U. maydis was performed according 118 

to the protocol described by Schultz et al. (1990) (Schulz et al., 1990) and total RNA was 119 

isolated from crushed leaf samples by using the TRIzol® extraction method (Invitrogen; 120 

Karlsruhe, Germany) according to the manufacturer’s instructions. In addition, cDNA synthesis 121 

protocol and qRT-PCR assay were also indicated in the Methods S1. Results of at least three 122 
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biological qRT-PCR replicates were analyzed using the 2
–ΔCt

 method (Livak & Schmittgen, 123 

2001). The primers used for qRT-PCR are listed in Table S1. 124 

For plasmid construction, standard molecular biology methods were used according to molecular 125 

cloning laboratory manual of Sambrook et al. (1989) (Sambrook et al., 1989). Detailed cloning 126 

procedures are depicted in the Methods S1.  127 

 128 

Yeast Two-Hybrid assay 129 

The adenine, histidine, leucine and tryptophan auxotroph Saccharomyces cerevisiae AH109 130 

strain was used for Y2H system. A detailed description of the performed Yeast Two-Hybrid 131 

assays is provided in the Methods S1. 132 

 133 

Heterologous protein production in Pichia pastoris 134 

The Pichia pastoris KM71H-OCH gene expression system was used to produce N-terminally 135 

His-tagged UmFly1, N-terminally His and 3xHA tagged His-3xHA-ZmChiA and N-terminally 136 

His and C-terminally eGFP tagged His-Cts1-eGFP recombinant proteins. The His-UmFly1, His-137 

3xHA-ZmChiA and His-cts1-eGFP were cloned into pGAPZαA vector (Invitrogen; Carlsbad, 138 

USA) under the control of a constitutive promotor with an α-factor signal peptide for secretion. 139 

Expression and purification of recombinant proteins were performed according to manufacturer’s 140 

instructions (pGAPZαA, B, & C Pichia pastoris Expression Vectors, Invitrogen; Carlsbad, USA). 141 

Detailed expression procedure is described in the Methods S1. 142 

 143 

Chitinase cleavage assay 144 

The His-3xHA-ZmChiA and His-Cts1-eGFP cleavage assays were performed as described in the 145 

Methods S1.  146 

 147 

Mass spectrometry for identification of cleavage sites 148 

Details on ZmChiA and Cts1-eGFP sample preparation procedures, mass spectrometry data 149 

acquisition and data analysis are provided in the Methods S1. 150 

 151 

Chitinase activity assays 152 
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After incubation of 300 µl ZmChiA (0.4 mg ml
-1

 in 10 mM NaAcetate buffer, pH 5.3) with 300 153 

µl of SG200 and SG200∆umfly1 culture filtrate and YEPSlight medium (concentrated) at 28°C for 154 

12 hours, 600 µl of chitin-azur (5.6 mg ml
-1

 K-Phosphate buffer pH 6.0) (Sigma Aldrich,; 155 

Taufkirchen, Germany) was incubated with 300 µl of the reaction mix at 37°C overnight to 156 

check whether cleaved ZmChiA has less activity compared to the full length protein. The 157 

absorbance was measured at 560 nm. Cts1 activity assays were performed with 4-158 

methylumbelliferyl-β-D-N,N’,N’’-triacetyl-chitotriose (Sigma Aldrich; Taufkirchen, Germany) 159 

(MUC) as described in Langner et al. (2015) (Langner et al., 2015). 160 

 161 

Microscopy and bioinformatics procedures 162 

Staining for microscopy and bioinformatics procedures were described in the Methods S1. 163 

 164 

Results 165 

Ustilago maydis UmFly1 is evolutionarily conserved in other fungi 166 

Homology based BLAST searches of the full length Fusarium verticillioides FvFly1 protein 167 

(Naumann et al., 2011) in the U. maydis proteome revealed the presence of UMAG06098, which 168 

shares 37% amino acid (aa) identity with FvFly1. Hereafter, we will refer to the UMAG06098 169 

protein as UmFly1 (encoded by the single copy gene UMAG06098 (umfly1)). In silico analysis 170 

predicts that the 974 amino acids (aa) containing UmFly1 has a 36 aa N-terminal signal peptide, 171 

a fungalysin/thermolysin propeptide motif and a fungalysin M36 metalloprotease domain, which 172 

contains the characteristic HEXXH active site motif for Zn metalloproteases (Fig. S1). Similarity 173 

analysis showed that the N-terminal part of UmFly1 has a low degree of similarity to FvFly1 174 

(22.75%), whereas its C-terminal part is highly similar to FvFly1 (51.53%). A high level of 175 

conservation in the predicted catalytic M36 metalloprotease domain suggests that UmFly1 could 176 

also possess hydrolytic activity for plant chitinases (Fig. S1) (Li & Zhang, 2014; Sanz-Martin et 177 

al., 2016). A phylogenetic analysis shows wide conservation of Fly1 homologs throughout the 178 

fungal kingdom including species with different life styles such as saprophytes, endophytes, as 179 

well as plant and animal pathogenic fungi (Fig. S2). While in most cases fly1 is a single copy 180 

gene, some fungal species including the plant pathogens Verticillium dahliae and Microsporum 181 

canis have multiple copies, indicating gene duplication events during evolution (Brouta et al., 182 

2002; Li & Zhang, 2014).  183 
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Cleavage of ZmChiA by secreted UmFly1  184 

To analyze the expression pattern of genes encoding maize chitinases during infection, 185 

quantitative real-time PCR (qRT-PCR) analysis was performed with total RNA isolated from 186 

maize leaves inoculated with the solopathogenic U. maydis strain SG200 (Kämper et al., 2006) 187 

and from mock-treated leaves at 1, 2, 3, 6 and 9 days post infection (dpi). The qRT-PCR results 188 

revealed that the expression of ZmChiA, B and C was significantly up-regulated in U. maydis-189 

infected leaves compared to mock controls (Fig. 1a). While ZmChiA and ZmChiB showed strong 190 

up-regulation at 1, 6 and 9 dpi, ZmChiC was significantly induced especially at 6 dpi (Fig. 1a). 191 

With respect to its high expression levels compared to ZmChiB, as well as the fact that ZmChiC 192 

does not contain a predicted chitin binding domain, the ZmChiA protein was selected for 193 

heterologous production in P. pastoris.  194 

To test if U. maydis secretes enzymes that cleave ZmChiA, the supernatant of axenic U. maydis 195 

SG200 culture was incubated with purified ZmChiA protein at 28°C for 18 hours. As a negative 196 

control, ZmChiA was co-incubated with non-inoculated U. maydis growth medium (YEPSlight). 197 

Subsequent SDS-PAGE analysis showed that ZmChiA was cleaved after co-incubation with the 198 

U. maydis culture filtrate (Fig. 1b). In addition to full length ZmChiA, three additional bands 199 

representing cleavage products with sizes between 26-35 kDa were observed (Fig. 1b). In 200 

contrast, ZmChiA incubated with only YEPSlight medium remained unprocessed (Fig. 1b), 201 

suggesting the secretion of ZmChiA cleaving enzyme/s by U. maydis. To investigate whether 202 

UmFly1 is required for cleavage of ZmChiA, the umfly1 gene was deleted by targeted gene 203 

replacement with a hygromycin resistance cassette to generate a SG200Δumfly1 mutant strain. 204 

For a subsequent ZmChiA cleavage assay, the culture filtrate was also prepared from 205 

SG200Δumfly1 strain, as it has been done for the U. maydis SG200 strain. No cleavage of 206 

ZmChiA was observed upon co-incubation with the culture filtrate of the SG200Δumfly1 strain 207 

(Fig. 1c). To exclude that unspecific effects during gene replacement caused this effect, genetic 208 

complementation was performed by re-introducing the umfly1 gene including its native promoter 209 

into the ip-locus of SG200Δumfly1 (Loubradou et al., 2001). The resulting strain 210 

SG200Δumfly1-C showed ZmChiA cleavage indistinguishable from SG200, verifying that the 211 

ZmChiA cleavage was specifically dependent on the umfly1 gene (Fig. 1c). To test whether the 212 

cleavage of ZmChiA also requires the enzymatic activity of UmFly1, the predicted active site 213 

residues 
729

HEYSH
733

 were replaced with 
729

QQYSH
733

 by site directed mutagenesis and the 214 
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mutated umfly1 gene was used for complementation of SG200Δumfly1 to generate the 215 

SG200Δumfly1-Cmut strain. The ZmChiA cleavage assay revealed no cleavage of ZmChiA by 216 

the SG200Δumfly1-Cmut strain, indicating that the enzymatic activity of UmFly1 is required for 217 

cleavage of ZmChiA (Fig. 1c). Southern blot analysis was performed for all strains to confirm 218 

gene replacement, complementation and single integration events (Fig. S3a-d).  219 

To test whether UmFly1 directly interacts with ZmChiA, a yeast two-hybrid (Y2H) assay was 220 

performed. Proper expression of both BD-ZmChiA and AD-UmFly1 fusion proteins in yeast 221 

were verified by western blot analysis (Fig. S4). No yeast growth was observed for empty vector 222 

controls with either pGBKT7-ZmChiA or pGADT7-umfly1 on high stringency plates. In contrast, 223 

co-transformation of pGBKT7-ZmChiA and pGADT7-umfly1 resulted in yeast growth on high 224 

stringency plates, which indicates a physical interaction of UmFly1 and ZmChiA (Fig. 1d).  225 

To confirm direct cleavage of ZmChiA by UmFly1, the U. maydis fungalysin was produced in 226 

Pichia pastoris. Cleavage assays using the recombinant UmFly1 resulted in similar ZmChiA 227 

processing, as was found for U. maydis SG200 culture extracts (Fig. 1e and Fig. S5a). We 228 

therefore conclude that enzymatically active UmFly1 directly binds and cleaves maize ZmChiA. 229 

Incubation of ZmChiA with culture filtrate of U. maydis results in three products with different 230 

sizes. A time course experiment showed that the three cleavage products accumulate in the 231 

reaction mixture and over time, the smallest product was accumulating more (Fig. S5b). Western 232 

blot analysis detected only full length His-3xHA-ZmChiA, as well as the biggest of the three 233 

cleavage products (Fig. S5c). To determine the identity of the three ZmChiA cleavage products, 234 

gel slices were excised for peptide identification by MS/MS. This approach identified peptides 235 

covering between 51.7 to 71.3% of full-length His-3xHA-ZmChiA (Fig. S6 and Table S2). The 236 

N-terminal region comprising both tags and the chitin binding domain (CBD) were not covered 237 

in all samples. In a next step, we performed differential stable isotope labeling to mark UmFly1-238 

generated neo-N-termini in the cleavage assay. LC-MS/MS revealed cleavage of His-3xHA-239 

ZmChiA between Phe
39

 and Gly
40

 (numbering according to the native ZmChiA sequence), 240 

indicating removal of the CBD from the catalytic domain (Fig. 1f and Fig. S7a-d). The 241 

theoretical MW of the fragment resulting from this cleavage at Gly
40

 is 25.3 kDa, which 242 

corresponds to the fastest migrating ZmChiA cleavage product at ~26 kDa (numbered as 4 in 243 

SDS-PAGE in Fig. 1f) (Fig. S7a-d). Additional N-termini were detected at Asp
27

 and Asp
36

, 244 

which indicates that UmFly1 cleaves between Tyr and Asp residues in the HA-tag, resulting in 245 
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fragments with theoretical MW of 27.5 and 28.6 kDa (numbered as 2 and 3 in SDS-PAGE in 246 

Fig. 1f), respectively. These fragments correspond with the two cleavage products observed 247 

between full-length ZmChiA (numbered as 1 in SDS-PAGE in Fig. 1f) and the smallest 248 

fragments (numbered as 4 in SDS-PAGE in Fig. 1f). 249 

 250 

UmFly1 is a virulence factor 251 

To assess a potential biological relevance of UmFly1-mediated ZmChiA cleavage, expression of 252 

the umfly1 gene during maize infection was monitored by qRT-PCR. Similar to maize chitinases, 253 

the expression of umfly1 was also upregulated upon U. maydis infection compared to axenic 254 

culture (AC) (Fig. 2a). Its expression was found to peak at 6 dpi, when also the three maize 255 

chitinases (ZmChiA, B and C) show their highest expression level (Fig. 1a, 2a). To characterize 256 

the role of umfly1 in the establishment of maize tumors, seven days-old maize seedlings were 257 

inoculated with either U. maydis strain SG200, SG200Δumfly1, SG200Δumfly1-C and 258 

SG200Δumfly1-Cmut. Strikingly, both SG200Δumfly1 and SG200Δumfly1-Cmut showed 259 

significantly reduced normal tumor formation compared to SG200 at 12 dpi; i.e. SG200∆umfly1 260 

mainly caused chlorosis and small tumor (<2 mm) formation (Fig. 2b). This result identifies 261 

UmFly1 as a virulence factor of U. maydis and shows that enzymatic activity of UmFly1 is 262 

required for the full virulence of the fungus. On the contrary, the SG200Δumfly1-C strain caused 263 

disease symptoms similar to SG200, confirming specificity of the phenotype caused by deletion 264 

of the umfly1 gene (Fig. 2b).  265 

Activity assays performed for processed versus full-length ZmChiA showed a significantly 266 

reduced activity of ZmChiA after cleavage by UmFly1 (Fig. 2c). Thus, one can speculate that the 267 

reduced virulence observed for the SG200Δumfly1 mutant could be due to reduced cleavage of 268 

ZmChiA. Furthermore, these results are consistent with the in vitro cleavage assays, where the 269 

SG200Δumfly1 and SG200Δumfly1-Cmut strains lost their ZmChiA cleavage activity (Fig. 1c). 270 

In summary, our findings show that U. maydis cleaves the CBD from the catalytic part of the 271 

ZmChiA. We suggest that UmFly1-dependent cleavage of the CBD results in a reduced chitin 272 

break down efficiency of ZmChiA, which in turn could lead to a reduced virulence of the U. 273 

maydis SG200Δumfly1 mutant.  274 

 275 

UmFly1 is necessary for cell separation of U. maydis sporidia 276 
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The reduction of virulence in fungal mutants can result from pleiotropic effects, i.e. a generally 277 

reduced growth rate or defects in pathogenic development could lead to compromised virulence. 278 

We therefore quantified both growth rate and formation of infection structures of the 279 

SG200∆umfly1 mutant compared to the progenitor strain SG200. Altogether, these experiments 280 

showed that the growth rate in axenic culture, as well as differentiation of infection structures, 281 

i.e. the formation of penetration structures (appressoria), were indistinguishable in both 282 

SG200Δumfly1 and SG200 strains (Fig. S8a, b and c). However, over the course of the 283 

characterization of the SG200Δumfly1 strain, we observed a specific developmental phenotype 284 

exclusively in the haploid yeast-like phase of U. maydis. Microscopic observation of sporidia 285 

grown in axenic liquid culture revealed a formation of star-like aggregates, which was not 286 

observed in SG200 axenic cultures, indicating a defect in cell separation (Fig. 3a). In line with 287 

this phenotype, SG200Δumfly1 yeast-like cells showed a faster sedimentation rate compared to 288 

SG200 in liquid culture (Fig. S9). 289 

U. maydis cell division is accompanied by the formation of a primary and secondary septum 290 

between mother and daughter cells. To analyze whether septum formation is disrupted in the 291 

SG200Δumfly1 mutant, both SG200 and SG200Δumfly1 dividing cells were stained with 292 

calcofluor white (CW) to visualize the chitin cell wall. CW staining revealed that 293 

SG200Δumfly1 is not impaired in the formation of the fragmentation zone (Fig. S8d). This 294 

indicates that the cell division of SG200Δumfly1 is compromised at late stages, particularly 295 

during the cell wall degradation step. Recently, Langner et al. (2015) have reported a similar 296 

phenotype for a double deletion mutant of the endogenous U. maydis chitinases cts1/cts2. This 297 

observation let us to hypothesize that UmFly1 may have an additional role in the regulation of 298 

endogenous chitinases of U. maydis during cell separation. 299 

To exclude that phenotypic similarity of the U. maydis ∆cts1/cts2 double mutant and 300 

SG200Δumfly1 is based on transcriptional down-regulation, gene expression of cts1, cts2, cts3, 301 

and cts4 in both SG200 and SG200Δumfly1 sporidia was analyzed. However, the qRT-PCR 302 

results showed no significant differences in the expression levels of the endogenous chitinases 303 

between SG200Δumfly1 and the SG200 strain, indicating that UmFly1 is not involved in 304 

transcriptional regulation of endogenous chitinases (Fig. 3b). Langner et al. (2015) showed that 305 

Cts1 localizes to the fragmentation zone between mother and daughter cells in U. maydis 306 

sporidia. To test a possible influence of UmFly1 on the localization of Cts1, the gene sequence 307 
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for C-terminally eGFP fused cts1 was expressed under the control of its native promoter in both 308 

SG200 and SG200Δumfly1 strains. As a control, the gene for cytoplasmic triple eGFP (eGFP
3
) 309 

was expressed under control of the constitutively active otef promoter (Spellig et al., 1996) in 310 

SG200 (Fig 3c). Southern blot analysis was performed for all strains to confirm single 311 

integration of cts1-eGFP into the U. maydis ip-locus (Fig. S3e-f). Analysis of Cts1-eGFP 312 

localization in the SG200 background showed signals in the fragmentation zone between mother 313 

and daughter cells, confirming the previous results (Langner et al., 2015). A similar localization 314 

of Cts1-eGFP was observed in SG200∆umfly1, suggesting that UmFly1 is not involved in the 315 

localization of Cts1-eGFP (Fig. 3c).  316 

In contrast, a significant difference between SG200 and SG200Δumfly1 was found for enzymatic 317 

activity of native Cts1. While there was no clear difference in Cts1 activity in total cell extracts 318 

of both strains (Fig. 4a), secreted Cts1 activity was reduced in the SG200∆umfly1 mutant by 319 

approximately 50% compared to SG200 (Fig. 4b). To test whether this loss of Cts1 activity was 320 

due to post-translational modifications, western blot analysis was performed for Cts1-eGFP 321 

expressed in SG200 and SG200Δumfly1. In total cell protein extract, full length Cts1-eGFP was 322 

detected at the size of 100 kDa in both strains, which is above the calculated size for Cts1-eGFP 323 

(82.9 kDa) (Fig. 4c). However, while the culture filtrate of SG200∆umfly1 displayed the 100 324 

kDa full length Cts1-eGFP, a band corresponding to 27 kDa only was detected in culture filtrate 325 

of the SG200 strain. These results indicate that Cts1-eGFP is C-terminally processed in an 326 

UmFly1-dependent manner (Fig. 4d). Internal free eGFP
3
 expressing strain SG200-eGFP

3
 327 

(Doehlemann et al., 2011) was used as a control to check any internal eGFP
3
 contamination from 328 

cytoplasm to culture filtrate; however, no fluorescence signal was detected in the culture filtrate 329 

of the negative control (Fig. 4d). From these results, we conclude that UmFly1 is required for 330 

processing of secreted Cts1, which in turn is necessary for proper cell separation of U. maydis 331 

sporidia.  332 

To determine the identity of UmFly1-dependent cleavage products of Cts1-GFP, samples were 333 

analyzed by MS/MS (Fig. 4e). Mapping of tryptic peptides showed good coverage of the GH18 334 

domain and the eGFP tag (Fig. 4e, Fig. S10 and Table S2). The first 127 residues of 335 

recombinant Cts1-GFP were not covered, which could be explained by a lack of tryptic cleavage 336 

sites in this sequence. Differential stable isotope labeling was used to determine UmFly1-337 

dependent N-termini in Cts1-GFP. This approach identified two cleavage sites: one site between 338 
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Gln
96

 and Asn
97

 amino acid (numbering according to the native Cts1 sequence), removing 96 aa 339 

N-terminal of the GH18 catalytic domain, and a second site between Ala
519

 and Thr
520

 in the 340 

linker region between Cts1 and the C-terminal eGFP tag (Fig. 4e and Fig. S11a-b). Cleavage at 341 

both sites predicts a Cts1 fragment of 45.8 kDa, consistent with the observation of a faint band 342 

on the Coomassie-stained SDS-PAGE in this region that appeared only after incubation with 343 

SG200 culture filtrate (Fig. 4e). Taken together, this approach shows cleavage of Cts1 by 344 

UmFly1 where the removal of an N-terminal 96 aa peptide might lead to post-translational 345 

activation of Cts1.  346 

 347 

Heterologous complementation of the SG200∆umfly1 mutant separates Fly1 functions 348 

Fly1 is well conserved among fungi, including plant and animal pathogenic fungi, epiphytic, and 349 

saprophytic fungi (Fig. S1) (Li & Zhang, 2014; Sanz-Martin et al., 2016). To analyze whether an 350 

orthologue of UmFly1 from a related, but not maize-pathogenic fungal species can complement 351 

both the axenic phenotype and the virulence defect of SG200Δumfly1, the deletion mutant was 352 

complemented with the fly1 coding sequence from Moesziomyces sp. (Thines et al., 2009; Wang 353 

et al., 2015; Kruse et al., 2017). This fungal species belongs to the Ustilaginales and has been 354 

identified and isolated as an epiphytic fungus from Arabidopsis thaliana leaves, where it was 355 

associated with the pathogenic oomycete Albugo laibachii (Agler et al., 2016). For proper 356 

expression of MoFly1 in U. maydis, the coding region was expressed under the control of the 357 

native umfly1 promoter. In addition, its N-terminal signal peptide was substituted by that of 358 

UmFly1 for proper secretion in U. maydis (Fig. S12). To generate the strain SG200Δumfly1-359 

mofly1, the construct for mofly1 expression was integrated into the U. maydis ip-locus 360 

(Loubradou et al., 2001). After confirmation of a single integration of the construct by Southern 361 

blot analysis (Fig. S3d), microscopic observation was performed to check whether mofly1 can 362 

rescue the cell separation defect of SG200Δumfly1. Microscopic observation results revealed 363 

SG200 like growth of SG200Δumfly1-mofly1 sporidia, showing that expression of mofly1 fully 364 

complements the axenic growth phenotype (Fig. 5a). Consistent with this result, Cts1-eGFP 365 

processing activity of SG200Δumfly1-mofly1 was similar to SG200 culture filtrate (Fig. 5b). 366 

Together, this shows that MoFly1 can fully complement UmFly1 during the yeast-like growth 367 

phase of U. maydis in axenic culture. To test whether the same is true for the virulence function 368 

of UmFly1, seven days-old maize seedlings were infected with the U. maydis strains SG200, 369 
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SG200Δumfly1, SG200Δumfly1-C and SG200Δumfly1-mofly1 and scored for tumor formation 370 

at 12 dpi. Interestingly, SG200Δumfly1-mofly1 showed only a partially complemented virulence 371 

compared to the SG200Δumfly1-C, indicating that MoFly1 is not fully functional as a virulence 372 

factor in U. maydis (Fig. 5c). Consistent with this phenotype, also Fly1-dependent cleavage of 373 

ZmChiA appeared to be only partial in presence of the Moesziomyces sp. homolog compared to 374 

UmFly1 (Fig. 5d). Based on these results we conclude that of the MoFly1 does not have the 375 

same function of UmFly1 during maize infection.  376 

 377 

Discussion 378 

Plant chitinases are an important part of the first layer of plant immunity. They target a major 379 

component of the fungal cell wall to restrict fungal growth and enable the perception of released 380 

chitin fragments by pattern recognition receptors (PRRs) (Schlumbaum et al., 1986; Iseli et al., 381 

1993; Kaku et al., 2006; Silipo et al., 2010). Since the fungal cell wall plays an essential role for 382 

the fitness of all fungi, pathogens evolved different strategies to avoid the deleterious effect of 383 

host cell wall degrading enzymes (Vander et al., 1998; van den Burg et al., 2006; de Jonge et al., 384 

2010; Naumann et al., 2011; Jashni et al., 2015; Sanz-Martin et al., 2016). Although U. maydis 385 

is a well-studied model system, it is still unknown how this biotrophic pathogen counteracts host 386 

chitinases. This study shows how U. maydis modulates both host- and endogenous chitinase 387 

activities during pathogenic development and saprophytic yeast growth, respectively. 388 

Homology based BLAST search performed with F. verticillioides FvFly1, a plant chitinase-389 

cleaving fungalysin metalloprotease (Naumann, 2011), revealed the presence of a single copy 390 

gene in U. maydis encoding the UmFly1 fungalysin. The expression of umfly1 in U. maydis is 391 

strongly induced upon maize infection, reflecting its importance to establish and maintain the 392 

biotrophic interaction. Consistent with this, Sanz-Martin et al. (2016) have shown that cgfl, a 393 

fungalysin encoding gene of C. graminicola, is specifically up-regulated during the biotrophic 394 

phase of the infection process and it is down-regulated upon the switch from the biotrophic phase 395 

to the necrotrophic phase. These results suggest that the biotrophic pathogen U. maydis and the 396 

hemi-biotroph C. graminicola both require fungalysin particularly during biotrophic growth, 397 

when the fungus depends on suppression of host defense. Significant virulence reduction in the 398 

SG200∆umfly1 mutant also confirms the relevance of fungalysin in the U. maydis-maize 399 

interaction. Consistently, cgfl of C. graminicola was also found to be involved in virulence 400 
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during maize infection (Sanz-Martin et al., 2016). The observed reduction of ZmChiA cleavage 401 

activity, as well as the reduced virulence both in the SG200∆umfly1 mutant and the active site 402 

mutant (SG200∆umfly1-Cmut), indicate that the enzymatic activity of UmFly1 is required for the 403 

cleavage of maize ZmChiA, and consequently for U. maydis virulence. Interaction of UmFly1 404 

with ZmChiA in the Y2H assay and cleavage of ZmChiA with P. pastoris-produced UmFly1 405 

indicate physical action of UmFly1 with ZmChiA. The UmFly1-mediated reduction of ZmChiA 406 

efficiency in the degradation of fungal chitin might dampen plant defense responses that are 407 

induced by the release of chitin fragments from the fungal cell wall. Thus, UmFly1 represents an 408 

alternative strategy to fungal chitin binding effectors, such as Avr4 and Ecp6 from C. fulvum 409 

(van den Burg et al., 2006; de Jonge et al., 2010). Presence of the same chitinase detoxification 410 

strategy in several other maize pathogens, including F. verticillioides and C. graminicola, 411 

indicates that truncation of chitinases by Fly1 might be an evolutionary ancient strategy 412 

(Naumann et al., 2011; Jashni et al., 2015; Sanz-Martin et al., 2016).  413 

Previous studies described that FvFly1 cleaves ZmChiA at the hinge domain to release the chitin 414 

binding (CBD) and hydrolase domains as byproducts (Naumann, 2011; Naumann et al., 2011; 415 

Jashni et al., 2015). Consistently, this study also showed that U. maydis cleaves ZmChiA at the 416 

CBD (between Phe
39

 and Gly
40

). Recently, Jashni et al. (2015) also identified the same cleavage 417 

site for tomato SlChi1 after cleavage with F. oxysporum FoMep1 (also a Fly1 homolog). 418 

Moreover, they also reported that the F. oxysporum f.sp. lycopersici metalloprotease FoMep1 419 

and a serine protease (FoSep1) have a synergetic effect on tomato chitinase cleavage and on 420 

fungal virulence as well (Jashni et al., 2015). Only double deletion mutants of fomep1/fosep1 421 

showed a significant virulence defect for F. oxysporum f.sp. lycopersici (Jashni et al., 2015). 422 

Contrary, in U. maydis the deletion of umfly1 alone already results in a loss of ZmChiA cleavage 423 

activity and a reduced virulence of the fungus, indicating the importance of umfly1 for 424 

interaction with the host plant. Consistent with these results, cgfl of C. graminicola is also 425 

involved in virulence during maize infection (Sanz-Martin et al., 2016). Additionally, U. maydis 426 

also contains a single copy gene orthologous to fosep1. However, whether this U. maydis serine 427 

protease is also involved in chitinase cleavage or in fungal virulence remains elusive and will be 428 

subject of future studies.  429 

In addition to an impaired ZmChiA cleavage activity and the reduced virulence, the 430 

SG200∆umfly1 mutant is also impaired in cell separation during the yeast-like growth phase in 431 
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axenic culture. During cell growth, fungi remodel their cell wall by fine-tuning the activity of 432 

endogenous fungal chitinases, such as Cts1 and Cts2 in U. maydis (Langner et al., 2015). 433 

Langner et al. (2015) reported that the double gene deletion of cts1 and cts2 (∆cts1/2) in 434 

U. maydis leads to a defect in cell separation and thus formation of multicellular aggregates in 435 

axenic culture. Interestingly, this axenic phenotype perfectly resembles the one of 436 

SG200∆umfly1. This led us to hypothesize that UmFly1 might also be associated with the 437 

regulation of U. maydis endogenous fungal chitinases. Like the double ∆cts1/2 mutant, the 438 

SG200∆umfly1 mutant showed no defects in formation of the separation zone (Langner et al., 439 

2015). Furthermore, Cts1 is still localized between the primary and secondary septum in 440 

SG200∆umfly1 in order to degrade the remnant chitin in the separation zone (Langner et al., 441 

2015). However, activity assays performed in culture supernatants of the SG200∆umfly1 442 

revealed that the Cts1 activity was reduced by 50% in the mutant compared to the SG200 strain. 443 

This indicates that UmFly1 is also involved in posttranslational regulation of endogenous 444 

chitinase activity. Consistent with this result, our MS/MS analysis revealed that UmFly1 is 445 

required for removal of the 96 N-terminal amino acids of Cts1. We speculate that this processing 446 

might lead to an activation of Cts1 being required to confer proper cell separation. However, the 447 

exact mechanism of Cts1 and its role in cell separation of U. maydis will be addressed in future 448 

studies. Since the cell separation defect previously was observed only in the double ∆cts1/2 449 

mutant (Langner et al., 2015), one can further speculate that UmFly1 at least participates in the 450 

activation of both Cts1 and Cts2. Although both the ∆cts1/2 and the SG200∆umfly1 mutants 451 

have the same in vitro phenotype, only the SG200∆umfly1 mutant is reduced in virulence. Even 452 

deletion of all four predicted U. maydis chitinases in the quadruple cts1/2/3/4 mutant did not 453 

result in a detectable reduction of virulence (Langner et al., 2015). Despite the impaired cell 454 

separation phenotype of both ∆umfly1 and quadruple ∆cts1/2/3/4 mutants (Langner et al., 2015), 455 

none of these mutants showed any defect in growth rate or filamentation, respectively. This 456 

indicates that chitin remodeling by the endogenous chitinases (cts1-4) is not required for filament 457 

morphogenesis and pathogenic development of U. maydis. Therefore, the situation in U. maydis 458 

is different from what has been described previously for several filamentous fungi. In both 459 

Neurospora crassa and Aspergillus nidulans, endogenous chitinases are important for hyphal 460 

growth (Takaya et al., 1998; Tzelepis et al., 2012). Consistent with our data, Slavokhotova et al., 461 

(2014) showed that the inhibition of a F. verticillioides fungalysin by a hevein-like peptide from 462 
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wheat results in the inhibition of hyphal elongation, indicating that fungalysin plays a role in 463 

fungal development.  464 

Phylogenetic analysis performed for Fly1 showed that putative Fly1 homologs are conserved in 465 

diverse fungal lineages that have diverse lifestyles, including saprophytes, as well as plant and 466 

animal pathogens (Li & Zhang, 2014). This suggests that fungalysin proteins are not necessarily 467 

associated with pathogenicity. Consistently, UmFly1 is not only required for host chitinase 468 

cleavage, but also for activation of the endogenous chitinase Cts1 in the U. maydis strain SG200. 469 

The latter function, however, is not relevant for plant infection. Recently, Takahara et al., (2016) 470 

also reported a dual role for a Colletotrichum higginsianum LysM effector protein, which is 471 

involved in both suppression of chitin-triggered immunity and required for appressorium-472 

mediated host penetration. Another recent report also showed that Sntox1 of the necrotrophic 473 

fungal pathogen Parastagonospora nodorum was found being a dual-function protein that 474 

facilitates infection inducing cell death and protecting the fungal hypha from wheat chitinases 475 

(Liu et al., 2016). However, unlike the dual function of UmFly1, which is associated with both 476 

saprobic and pathogenic growth, in these two reports the dual function of the proteins is 477 

associated only with pathogenic life style (Takahara et al., 2016; Liu et al., 2016). One could 478 

speculate that the initial function of Fly1 proteins was to regulate endogenous chitinase activity 479 

for proper cell separation during saprobic growth. However, during association of U. maydis 480 

with its host plant, UmFly1 could have gained an additional function to counter host chitinases, 481 

which supports host infection, i.e. results in elevated tumor formation (and consequently 482 

increased formation of teliospores). To test this hypothesis, we have performed a 483 

complementation study with the UmFly1 homolog from the related smut fungus 484 

Moesziomyces sp., which has been identified as an epiphyte of Arabidopsis thaliana (Wang et 485 

al., 2015). Although mofly1 fully complements the SG200∆umfly1 phenotype in axenic culture, 486 

it only partially complements its virulence defect on maize. To further challenge this hypothesis 487 

in an evolutionary context, future studies may involve testing additional homologs from different 488 

related pathogens (such as the maize and sorghum anther smut Sporisorium reilianum, or the 489 

barley covered smut Ustilago hordei), as well as saprophytic species. Within some animal fungal 490 

pathogens, M36 fungalysin metalloproteases are described to undergo dynamic evolutionary 491 

changes with significant positive selection, which could possibly be important in host-immune 492 

system interactions (Li & Zhang, 2014). This suggests that fungal species share the conserved 493 
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endogenous function of the M36 fungalysin metalloproteases, while its virulence function, which 494 

is seen in U. maydis and several other fungal species, is specific for pathogens. Consistent with 495 

this, culture filtrate of C. fulvum cannot cleave CBD of chitinases (although C. fulvum has a Fly1 496 

homolog) (Jashni et al., 2015). This suggests that CfFly1 has not adapted to chitinase cleavage, 497 

since C. fulvum already has Avr4 and Ecp6 to protect the fungus against negative effects of host 498 

chitinases (de Wit et al., 2012; Jashni et al., 2015). One can speculate that CfFly1 may be 499 

primarily involved in cell wall modification of this fungus. On the contrary, culture filtrates from 500 

some other tomato pathogens, such as F. oxysporum, V. dahliae and B. cinerea that do not have 501 

Avr4 homologs, show chitinase cleavage activity (Jashni et al., 2015). Moreover, some fungi 502 

have genes for both LysM effectors and Fly1-like proteins, and both genes can be involved in 503 

virulence (Takahara et al., 2016; Sanz-Martin et al., 2016). However, while two LysM proteins 504 

in Colletotrichum higginsianum are required for suppression of recognition of released chitin 505 

fragments by the host plant (Takahara et al., 2016), C. graminicola Fly1 (Cgfl) is involved in 506 

reduction of host chitinase activity (Sanz-Martin et al., 2016). 507 

This study discovers a regulator for the posttranslational activation of fungal chitinases in U. 508 

maydis. In addition to regulation of the endogenous chitinase Cts1 during U. maydis cell 509 

separation in axenic culture, UmFly1 also confers cleavage and deactivation of host chitinases to 510 

promote virulence. While functions of microbial effectors are generally linked to disease 511 

establishment, our data imply a broader function for UmFly1 beyond the interaction with the 512 

host plant. We hypothesize that during co-evolution with its maize host, U. maydis adapted its 513 

endogenous chitinase regulating machinery to cleave and deactivate host chitinases, which 514 

increased its ability to suppress host immunity and consequently increased its virulence capacity. 515 

Overall, this study provides new insight in how effectors could evolve from previously existing 516 

proteins to better adapt to the host immune machinery and thereby support virulence.  517 
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Fig. S2 Phylogenetic tree analysis of the Fly1 protein. 697 
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Fig. S3 Southern Blot analysis for the confirmation of gene replacement and single insertion 699 

events.  700 

 701 

Fig. S4 Western Blot analysis for the confirmation of protein production and stability in yeast 702 

cell for Y2H assay.  703 

 704 

Fig. S5 Cleavage of N-terminally His and HA tagged ZmChiA recombinant protein by culture 705 

filtrate of UmFly1 expressing Pichia pastoris and Ustilago maydis. 706 

 707 

Fig. S6 Tryptic peptides recovered after in-gel digest of the bands in the cleavage assay mapped 708 

to the sequence of His-3xHA-ZmChiA. 709 

 710 

Fig. S7 N-terminal peptides identified after incubation of His-3XHA-ZmChiA with UmFly1 711 

culture filtrate. 712 

 713 

Fig. S8 Fitness of the of SG200∆umfly1 mutant in comparison to the Ustilago maydis SG200 714 

strain. 715 

 716 

Fig. S9 Sedimentation of SG200∆umfly1-C compared to the Ustilago maydis progenitor strain 717 

SG200.  718 

 719 

Fig. S10 Tryptic peptides recovered after in-gel digest of the bands in the cleavage assay mapped 720 

to the sequence of Cts1-GFP. 721 

 722 
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Fig. S11 N-terminal peptides identified after incubation of Cts1-GFP with UmFly1 culture 723 

filtrate. 724 

 725 

Fig. S12 Schematic illustration of complementation constructs.  726 

 727 

Table S1 Plasmids and primers used in this study. 728 

 729 

Table S2 ZmChiA and Cts1-GFP peptides identified in MS/MS analysis. 730 

 731 

Methods S1. The experiments performed in this manuscript have been explained in more detail. 732 

 733 

Figure legends 734 

 735 

Fig. 1 (a) Expression profile of Zea mays chitinase genes in mock and Ustilago maydis-infected 736 

maize leaves. Quantitative real-time PCR (qRT-PCR) was performed to assess the expression 737 

profiles of ZmChiA, ZmChiB and ZmChiC. Expression levels were normalized using the maize 738 

GAPDH (glyceraldehyde-3-P dehydrogenase) gene. A one way ANOVA analysis followed by 739 

Dunnett’s multiple comparisons test was performed. Significant differences compared to mock 740 

samples are shown with asterisk (** P<0,005). Error bars represent standard deviation of three 741 

biological replicates. (b-c) Cleavage of N-terminally His and HA tagged ZmChiA recombinant 742 

protein by culture filtrate of Ustilago maydis. Recombinant ZmChiA was produced and purified 743 

using the Pichia pastoris protein expression system. 15 µg of purified ZmChiA were incubated 744 

with 30 µl of 50 times concentrated culture filtrate of U. maydis SG200, SG200∆umfly1, 745 

UmFly1 complementation (SG200∆umfly1-C) and UmFly1 active site mutant (SG200∆umfly1-746 

Cmut) strains, which was isolated from U. maydis grown in YEPSlight liquid medium (OD6001.0). 747 

The mixture was incubated at 28°C for 18 hours. The cleavage of ZmChiA was visualized by 748 

coomassie blue staining (b) and sypro ruby staining (c) of the SDS gel. ZmChiA incubated with 749 

non-inoculated YEPSlight (50 times concentrated) was used as a negative control. The predicted 750 

MW of ZmChiA is 32 kDa. (d) In vivo interaction of ZmChiA and UmFly1 in the yeast-2-hybrid 751 

system. The pGBKT7-ZmChiA construct was co-transformed with pGADT7-umfly1 or with 752 

empty vector controls into Saccharomyces cerevisiae AH109 strain. Different dilutions (10
0
, 10

-1
 753 
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and 10
-2

) of each sample were spotted on low (-Leu and -Trp) and high (-Leu, -Trp, -Ade and -754 

His) stringency plates. Pictures were taken after 5 days of incubation at 28°C. Growth on high 755 

stringency plates indicates physical interaction of the proteins within the cell. (e) Cleavage of N-756 

terminally His-3xHA tagged ZmChiA by P. pastoris-produced, C-terminally His-tagged 757 

UmFly1. 15 µg of His-HA-ZmChiA was incubated with 50 µl of UmFly1-His and mixture was 758 

incubated at 28°C for 5 h. Coomassie blue staining was performed for the visualization of 759 

ZmChiA cleavage. The predicted MW of His-3xHA-ZmChiA is 31.8 kDa and UmFly1-His is 760 

107 kDa. (f) In order to determine the cleavage sites, the cleaved products of ZmChiA after 761 

incubation with U. maydis culture filtrate were identified via MS/MS analysis. While the band 762 

labeled with number ‘1’ represents the full length ZmChiA, the 2-4 numbered bands represent 763 

the cleaved ZmChiA in SDS-PAGE stained with Coomassie blue. The schematic diagram 764 

depicts structure and cleavage sites (arrowheads) of the full length protein (band ‘1’, top panel, 765 

31.8kDa) and the three cleavage products (corresponding to bands ‘2’ to ‘4’, three lower panels, 766 

28.6kDa, 27.6kDa and 25.3kDa, respectively). 767 

 768 

Fig. 2 (a) Expression profile of Ustilago maydis umfly1 in axenic culture (AC) and during maize 769 

infection. Quantitative real-time PCR (qRT-PCR) was performed to assess the expression profile 770 

of umfly1. Expression levels were normalized by using U. maydis ppi (peptidylprolyl isomerase) 771 

gene. One way ANOVA analysis followed by Dunnett’s multiple comparisons test was 772 

performed. Significant differences compared to AC are shown with an asterisk (* P<0,05 and 773 

*** P<0,0001). Error bars represent standard deviation of three biological replicates. (b) 774 

SG200∆umfly1 mutant showed reduced virulence on maize compared to the SG200 strain. 775 

Disease rating of the symptoms caused by SG200∆umfly1 and SG200∆umfly1-Cmut in 776 

comparison with SG200 and umfly1 complementation (SG200∆umfly1-C) strains at 12 dpi. The 777 

SG200∆umfly1 mutant shows significantly reduced normal tumor formation compared to U. 778 

maydis SG200 and complementation strains on Early Golden Bantam (EGB) maize lines. The 779 

virulence assay was performed in three independent biological replicates. A chi-squared test was 780 

performed to show significant differences (P<0,0001). n= number of infected maize seedlings. 781 

(c) Relative chitinase activity assay. After incubation of 300 µl ZmChiA (10 mM NaAcetate pH: 782 

5.3) with 300 µl of SG200 and SG200∆umfly1 cell free culture filtrate and YEPSlight
 
medium 783 

(concentrated) at 28°C for 12 hours, 600 µl of Chitin-Azur (10 mg/1800 µl K-Phosphate Buffer 784 
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pH: 6.0) were incubated with 300 µl of reaction mix at 37°C for overnight, to check whether 785 

cleaved ZmChiA has less activity compared to full length. The absorbance was measured at 560 786 

nm. Significant differences compared to full length ZmChiA are shown with asterisks (*** 787 

P<0,0003). Error bars represent standard deviation of three biological replicates. 788 

 789 

Fig. 3 (a) SG200∆umfly1 mutants show a cell separation defect in liquid axenic culture. While 790 

U. maydis SG200 shows the characteristic yeast-like growth with polar budding of daughter 791 

cells, the SG200∆umfly1 mutant forms clumps in liquid culture. Scale bars indicate 20 µm. (b) 792 

Expression profile of endogenous chitinases in Ustilago maydis SG200 and SG200∆umfly1 793 

strains grown in axenic culture. Quantitative real-time PCR was performed to assess the 794 

expression profiles of endogenous chitinases, such as cts1, cts2, cts3 and cts4. Expression levels 795 

were normalized using the U. maydis ppi (peptidylprolyl isomerase) gene. A one way ANOVA 796 

analysis followed by Dunnett’s multiple comparisons test was performed. There are no 797 

significant differences in chitinase expressions between U. maydis SG200 and SG200∆umfly1 798 

strains. Error bars represent standard deviation of three biological replicates. (c) Microscopic 799 

observation of the localization of Cts1-eGFP in Ustilago maydis SG200 and SG200∆umfly1 800 

strains. cts1-eGFP expressing U. maydis SG200 (middle) and SG200∆umfly1 (right) were 801 

stained with calcofluor white (CW) and subsequently pictures were taken with bright field (DIA, 802 

top), eGFP filter (second line) and DAPI filter (CW, third line). Yellow arrows show the 803 

localization of Cts1-eGFP in the fragmentation zone. Microscopy was performed on agar slides 804 

(1% agarose). SG200 expressing cytoplasmic three times eGFP
3
 was used as a control. Scale 805 

bars indicate 5 µm. 806 

 807 

Fig. 4 (a-b) Cts1 activity profile of Ustilago maydis SG200 and SG200∆umfly1 mutant strains. 808 

Cts1 activity from total cell extract (a) and cell free culture filtrate (secreted protein extract) (b) 809 

of U. maydis SG200 and SG200∆umfly1 strains were measured by using 4-methylumbelliferyl-810 

β-D-N,N’,N’’-triacetyl-chitotriose (MUC) as a substrate. The Cts1 activity of the SG200∆umfly1 811 

mutant secreted protein extract is significantly lower than U. maydis SG200 strain. There was no 812 

significant difference in total cell extract. The U. maydis ∆cts1 mutant was used as a negative 813 

control. Significant differences compared to the U. maydis SG200 sample are shown with 814 

asterisks (** P<0,008 and *** P<0,0005). For statistical analysis, a one way ANOVA analysis 815 
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followed by Dunnett’s multiple comparisons test was performed. Error bars represent standard 816 

deviation of three biological replicates. (c-d) Processing of C-terminally eGFP tagged Cts1-817 

eGFP recombinant protein by Ustilago maydis SG200 and SG200∆umfly1 strains. Total proteins 818 

were isolated from total cell extract and secreted protein extract of cts1-eGFP expressing SG200 819 

and SG200∆umfly1 strains from YEPSlight liquid medium (cell density OD600: 1.0). 820 

Subsequently, western blot analysis was performed using anti-eGFP antibodies for all samples. 821 

In total cell extracts of U. maydis SG200 and SG200∆umfly1 strains show only full length Cts1-822 

eGFP protein (c). While the secreted protein extract of SG200∆umfly1 shows only full length 823 

Cts1-eGFP protein, U. maydis SG200 strain secreted protein extract shows free eGFP, indicating 824 

processing of Cts1 (d). The predicted MW of Cts1-eGFP is 82.9 kDa and eGFP is 26 kDa. (e) In 825 

order to determine the cleavage sites, the cleaved products of Cts1-eGFP after incubation with U. 826 

maydis culture filtrate were identified via MS/MS analysis. The red arrows labeled bands 827 

represent the cleaved products at 46 and 27 kDa. In the schematic diagram, arrows indicate 828 

cleavage sites of Cts1-eGFP. 829 

 830 

Fig. 5 (a) Microscopic observation of Ustilago maydis SG200, SG200∆umfly1, SG200∆umfly1-831 

C, SG200∆umfly1-Cmut and SG200∆umfly1-mofly1 complementation strains. Scale bars indicate 832 

20 µm. (b) Processing of C-terminally eGFP tagged Cts1-eGFP by Ustilago maydis SG200 and 833 

mutant strains. Cts1-eGFP was produced and purified by using Pichia pastoris protein 834 

expression system. An amount of 15 µg of purified ZmChiA were incubated with 30 µl of 50 835 

times concentrated culture filtrates of U. maydis SG200, SG200∆umfly1, SG200∆umfly1-C, 836 

SG200∆umfly1-mofly1 and SG200∆umfly1-Cmut strains, which were isolated from U. maydis 837 

grown in YEPSlight liquid medium (OD600: 1.0). The mixture was then incubated at 28°C for 18 838 

hours. The cleavage of Cts1-eGFP was visualized with western blot analysis using an α-eGFP 839 

antibody. Cts1-eGFP incubated with non-inoculated YEPSlight (50 times concentrated) was used 840 

as a negative control. The predicted MW of Cts1-eGFP is 82.9 kDa and eGFP is 26 kDa. (c) 841 

Complementation of SG200∆umfly1 mutant with mofly1 and disease rating. Disease rating of the 842 

symptoms caused by the mofly1 complemented strain (SG200∆umfly1-mofly1) in comparison 843 

with SG200, SG200∆umfly1 mutant and SG200∆umfly1-C (UmFly1 complementation) strains 844 

at 12 dpi. The SG200∆umfly1-mofly1 only partially restores the virulence on Early Golden 845 

Bantam (EGB) maize lines. The infection assay was performed in three independent biological 846 
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replicates. A chi-squared test was performed to show significant differences (P<0,0001). n= 847 

number of infected maize plants. (d) Cleavage of N-terminally His and HA tagged ZmChiA 848 

recombinant protein by culture filtrate of Ustilago maydis SG200, SG200∆umfly1 strains and 849 

different complementation strains. The 15 µg of purified ZmChiA was incubated with 30 µl of 850 

50 times concentrated culture filtrate of U. maydis SG200, SG200∆umfly1, umfly1 851 

complementation (SG200∆umfly1-C), mofly1 complementation (SG200∆umfly1-mofly1) and 852 

UmFly1 active site mutant (SG200∆umfly1-Cmut) strains, which was isolated from U. maydis 853 

grown in YEPSlight liquid medium (OD600: 1.0). The mixture was incubated at 28°C for 18 hours. 854 

The cleavage of ZmChiA was visualized by Coomassie blue staining of SDS-PAGE. ZmChiA 855 

incubated with non-inoculated YEPSlight (50 times concentrated) was used as a negative control. 856 

The predicted MW of ZmChiA is 32 kDa.  857 

 858 
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