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Abstract  40 

Diversification of effector function, driven by a co-evolutionary arms race, enables 41 

pathogens to establish compatible interactions with their hosts. Structurally conserved 42 

plant pathogenesis-related PR-1 and PR-1-like (PR-1L) proteins are involved in plant 43 

defense and fungal virulence, respectively. It is unclear how fungal PR-1L counteracts 44 

plant defense. We show that Ustilago maydis UmPR-1La and yeast ScPRY1 with 45 

conserved phenolic detoxification functions are Ser/Thr-rich region-mediated cell-surface 46 

localization proteins. However, UmPR-1La has gained additional specialized activity in 47 

eliciting hyphal-like formation, suggesting that U. maydis deploys UmPR-1La to sense 48 

phenolics and direct their growth in plants. U. maydis also hijacks plant cathepsin B-like 49 

3 (CatB3) to release functional CAPE-like peptides after cleaving a conserved CNYD 50 

motif of UmPR-1La to subvert plant immunity for promoting fungal virulence. Surprisingly, 51 

CatB3 avoids cleavage of plant PR-1s, despite the presence of the same conserved 52 

CNYD motif. Our work highlights that UmPR-1La has acquired additional dual roles to 53 

suppress plant defense and sustain the infection process of fungal pathogens. 54 
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Introduction  63 

Proteins containing CAP (Cysteine-rich secretory protein/Antigen 5/ Pathogenesis-64 

related 1) domain are present in all kingdoms of life. They regulate diverse biological 65 

processes, including reproduction, immune defense, venom toxicity, fungal virulence, and 66 

cancer development1. The structurally conserved CAP domain adopts a unique α-β-α 67 

sandwich fold stabilized by disulfide bonds and binds lipids2. But, how the lipid-binding 68 

CAP proteins influence such a wide range of biological processes remains enigmatic.  69 

Pathogenesis-related 1 (PR-1) was initially identified in plants, and homologous 70 

PR-1-like (PR-1L) proteins are widespread in a variety of eukaryotes. In plants, PR-1 71 

gene is highly induced by salicylic acid (SA) and is a marker for SA-mediated defense 72 

responses3. PR-1 proteins localize to the apoplast or vacuoles to regulate abiotic and 73 

biotic stresses4,5. Upon pathogen attack, PR-1 proteins accumulate in the apoplast to 74 

sequester sterols from oomycetes that depend on plant-produced sterols for survival, 75 

leading to growth inhibition6,7. Evidence suggests that PR-1 harbors a conserved CNYx 76 

motif in the CAP domain that can be cleaved to release an 11-amino acid peptide8-10. 77 

These CAP-derived peptides (CAPE; PxGNxxxxxPY) enhance plant immunity8,9 or 78 

negatively regulate salt-stress tolerance11. However, it is unclear whether a protease 79 

involves in the cleavage of the CNYx motif and a receptor to perceive CAPE peptide to 80 

activate plant immunity. 81 

In yeast, the CAP domain of PRYs (Pathogen-Related Yeast) consists of two 82 

distinct sites – a caveolin-binding motif (CBM) and a hydrophobic pocket for binding to 83 

sterols and fatty acids, respectively12,13. PRY1/2/3 proteins are capable of exporting 84 

sterols and detoxifying small hydrophobic compounds14,15. In addition, PRY3 has also 85 



been reported to inhibit yeast mating15. While most research studies have focused on 86 

plant PR-1 and yeast PRYs, less attention has been paid to fungal PR-1L proteins. In 87 

contrast to the anti-pathogen function of PR-1, fungal PR-1L proteins from Fusarium 88 

oxysporum, Moniliophthora perniciosa, and Candida albicans have emerged as novel 89 

lipid-binding virulence factors that are highly expressed during infection16-20. Despite 90 

contributing to fungal virulence, their action mechanisms remain unknown.  91 

The corn smut Ustilago maydis is a dimorphic fungus switching from a unicellular 92 

haploid cell to pathogenic dikaryotic hyphae to infect maize 21. This irreversible 93 

morphological transition is essential for U. maydis virulence. During the biotrophic stages 94 

of its sexual life cycle, it requires U. maydis fine sensing and integrating environmental 95 

signals to adapt to changes in plant development and direct hyphal growth toward nutrient 96 

source22. U. maydis secrete a pool of effector proteins in consecutive waves to protect 97 

hyphae from plant attack, suppress immune responses, and redirect plant metabolism, 98 

leading to successfully colonizing host plants23. Effectors that overcome plant resistance 99 

are usually considered the most rapidly evolved of natural selective genes in 100 

coevolutionary arms races. Whether effector proteins contribute to integrating plant 101 

signals to promote U. maydis virulence is unknown. 102 

 In this study, we functionally characterize the secreted effector protein UmPR-1La 103 

from U. maydis to understand how the structurally conserved CAP domain of PR-1La 104 

evolved to have an opposite function from plant PR-1 proteins in the co-evolutionary arms 105 

race between U. maydis and maize. We demonstrate that UmPR-1La has a virulence role 106 

conferred by its dual functional activities derived from two distinct motifs. UmPR-1La 107 

binds plant-derived phenolics to elicit hyphal-like structures. A CAPE-like peptide, 108 



released from UmPR-1La via the action of a plant cysteine protease, can suppress plant 109 

immunity. Our work provides a mechanistic understanding of the fungal parasitism 110 

enabled by the dual roles of PR-1L protein.  111 

Results 112 

U. maydis PR-1-Like Protein Is a Virulence Factor 113 

Ustilago maydis encodes two CAP-domain containing PR-1-like proteins, designated 114 

UmPR-1La (UMAG_01204) and UmPR-1Lb (UMAG_04343). They consist of an N-115 

terminal signal peptide, a serine/threonine (Ser/Thr)-rich region absent in plant PR-1s, 116 

and a C-terminal CAP domain (Fig. 1a). CAP domain sequence alignment analysis further 117 

revealed that a conserved CNYx motif of plant PR-1 is embedded in the C-terminal CAP 118 

domain of PR-1La but not PR-1Lb (Fig. S1a; Fig. 1a). This suggests that a CAPE-like 119 

peptide may be released from PR-1La by a protease. To understand the evolutionary 120 

relationship between smut fungal PR-1Ls versus yeast PRYs and plant PR-1s, we 121 

performed a phylogenetic analysis using CAP domains from several plants and fungal 122 

species (Fig. 1b). U. maydis UmPR-1La/b are placed in two separate clades (clades I and 123 

II) of smut fungal PR-1L proteins. Both of these clades are distant from the plant PR-1 124 

clade III. Clade I, which includes UmPR-1La, is closer to the yeast PRY clade IV than to 125 

the smut fungal clade II. The analysis of the CAP domains infers protein evolution, which 126 

shows that the UmPR-1La/b proteins belong to two subfamilies of PR-1-like proteins 127 

expanded in smut fungal pathogens. The expansion and sequence divergence of smut 128 

fungal PR-1 proteins suggest that UmPR-1La/b may have a distinct functional role in 129 

pathogenesis.    130 

Based on a time-resolved RNAseq data set23, pr-1la/b genes were only induced 131 



during biotrophic development (Fig. 1c and Fig. S1b), indicating their functional roles in 132 

smut disease progression. Deletion of pr-1la but not pr-1lb in the solopathogenic haploid 133 

strain SG200, which can complete the life cycle without a mating partner24, reduced 134 

disease symptoms in infected plants (Fig. 1d and Fig. S1c). The defect could be rescued 135 

by introducing a single copy of pr-1la into the Δpr-1la mutant. Double deletion of both 136 

genes caused a more pronounced reduction in disease symptoms. This demonstrates 137 

that PR-1La and PR-1Lb have partially overlapping virulence functions. 138 

 139 

The Ser/Thr-rich Region Mediates Cell Surface Exposure of CAP Domain 140 

Yeast glycosylphosphatidylinositol (GPI)-anchored PRY3 and non-GPI-anchored C. 141 

albicans Rbe1p are cell surface-localized PR-1L proteins15,25. It has also been reported 142 

that Ser/Thr-rich regions of GPI-anchored glycoproteins could override the role of GPI 143 

anchors in surface exposure in a length-dependent manner26. We, therefore, 144 

hypothesized that Ser/Thr-rich regions of non-GPI anchored UmPR-1L and yeast PRY1 145 

proteins localize CAP domains to the cell surface. To demonstrate this, we performed 146 

immunolocalization of various C-terminal-HA-tagged proteins constitutively expressed in 147 

SG200 cells and examined the localization of PRY1-mCherry fusion protein in yeast cells 148 

by fluorescence microscopy. PR-1La and PRY1-mCherry localized to the surface of U. 149 

maydis filaments and yeast cells, respectively (Fig. 2a-b). PR-1Lb proteins were not 150 

detected on the cell surface due to protein instability, as only truncated fragments were 151 

detected after secretion (Fig. 2a & 2c). Interestingly, when yeast PRY1 was fused to the 152 

signal-peptide of PR-1La and constitutively expressed in U. maydis, it did not localize to 153 

the cell surface (Fig. 2a). Cell-surface localization could be restored by the fusion of the 154 



Ser/Thr region of PR-1La to the PRY1 CAP-domain (S/TPR-1La-CAPPRY1) (Fig. 2a). The 155 

localization analysis indicated that the Ser/Thr region of PRY1 is insufficient to mediate 156 

cell surface attachment in U. maydis. Possibly the PRY1 ligand required for cell surface 157 

binding is absent in U. maydis or inaccessible to PRY1.  158 

 To further investigate how PR-1La binds to the surface of U. maydis cells, we 159 

purified each recombinant protein PR-1La (PR-1La24-279; FL), the Ser/Thr region (PR-160 

1La24-153; S/T), and the CAP-domain (PR-1La126-279; CAP) and incubated with SG200 161 

filaments (Fig. S2). Only FL and S/T proteins were bound to the cell surface (Fig. 2d). This 162 

demonstrated that the Ser/Thr-rich region mediates the cell wall localization of PR-1La. 163 

Interestingly,  the localization of PR-1La in the bud necks and growing tips of U. maydis 164 

sporidial cells coincided with sites of chitin and chitosan deposition27 (Fig. 2a). Therefore, 165 

we postulated that chitin/chitosan could be ligands of Ser/Thr-rich domain. To test this 166 

idea, we performed a polysaccharide precipitation assay. FL and S/T proteins precipitated 167 

with chitin and chitosan, while CAP remained in the soluble fractions (Fig. 2e). These 168 

results indicated that the PR-1La Ser/Thr-rich region associates with fungal cell walls by 169 

binding to chitin and chitosan. Since the Ser/Thr-rich region of PR-1La is putative and 170 

highly O-glycosylated as predicted by the NetOGlyc server 171 

(https://services.healthtech.dtu.dk/service.php?NetOGlyc-4.0), PR-1La incorporates into 172 

the cell-wall chitin/chitosan-glucan matrix possibly via glycosidic linkages.  173 

 174 

PR-1La Protects Hyphae Against Plant Toxic Phenolics  175 

We next investigated the biological relevance of CAP domain binding on the fungal cell 176 

wall. Yeast PRY1/2 function in eugenol detoxification in a caveolin-binding motif (CBM)-177 



dependent manner12,14, and UmPR-1La was relatively close to yeast PRYs in our 178 

phylogenetic analysis (Fig. 1b). Thus, we hypothesized that UmPR-1La could detoxify 179 

toxic plant compounds. Based on sequence alignment of the CBMs from known lipid-180 

binding PR-1L proteins19, we identified three aromatic residues at positions 1, 3, and 8 of 181 

the CBM, which are crucial for sterol/phenolic binding in yeast PRY112 and are conserved 182 

in PR-1La. In contrast, positions 3 and 8 are not conserved in PR-1Lb (Fig. 3a). This 183 

analysis indicated that PR-1La could be a sterol/phenolic-binding protein and further 184 

suggested that it could act to protect U. maydis cells from toxic phenolics. To test this idea, 185 

we treated PR-1L-expressing cells with eugenols, which maize also produces28. Only the 186 

cells expressing PR-1La proteins induced a pseudohyphal structure and survived (Fig. 187 

3b and Fig. S3a). In contrast, cells producing PR-1Lb, PRY1, or chimeric proteins (S/TPR-188 

1La-CAPPRY1) did not form pseudohyphae and lost the ability to grow after eugenol 189 

treatment. To further validate these results, we mutated the aromatic residues at positions 190 

3 and 8 of the PR-1La CBM to alanine (PR-1LaF212A Y217A; FY*) to investigate the 191 

importance of CBM in the PR-1La detoxification function. The PR-1La (FY*) had the same 192 

localization pattern as unmutated PR-1La (Wt) (Fig. 1a); however, FY* failed to protect 193 

cells against eugenols and did not rescue the virulence of Δpr-1la (Fig. 3c-d). These data 194 

indicate that PR-1La promotes fungal virulence by protecting fungi against toxic 195 

compounds in a CBM-dependent manner and that the protective function of PR-1-like 196 

proteins is conserved between U. maydis and yeast. 197 

 These observations also prompted us to investigate whether Saccharomyces 198 

cerevisiae cells could induce pseudohyphae in response to eugenols. Yeast cells survived 199 

in the eugenol treatment but failed to develop pseudohyphal structures regardless of 200 



whether they over-expressed PRY1-mCherry (Fig. S3b). This finding indicates that U. 201 

maydis PR-1La has an additional specialized function to induce pseudohyphal structures, 202 

which is not present in yeast PRY1.  203 

 204 

PR-1La Elicits Pseudohyphae Formation in Response to Phenolics 205 

Pseudohyphae formation in PR-1La-expressing cells suggests a role of PR-1La in 206 

sensing plant signals to activate the yeast-to-hypha transition, which is important for 207 

fungal virulence. In maize, G-type lignin biosynthesis begins with ferulic acids (FA) 208 

derived from the shikimate phenylpropanoid pathway and are further converted into 209 

several intermediate compounds before the production of lipophilic eugenols28,29 (Fig. 4a). 210 

The binding of yeast PRY1 to various structural-related steroids30 led us to speculate that 211 

PR-1La could respond to eugenol precursors that exhibit varying degrees of antifungal 212 

activity31. Wild-type PR-1La expressing cells responded to FA, coumaric acid (CouA), and 213 

coniferyl alcohol (CA) by forming long and branching pseudohyphal structures, similar to 214 

the morphology of eugenol-treated cells (Fig. 4b and Fig. S4a). In contrast, PR-1La (FY*) 215 

cells did not induce any pseudohyphae in the presence of any tested compounds. They 216 

were insensitive to FA and CouA and continued producing healthy sporidial cells and 217 

increasing cell density (Fig. 4b and Fig. S4a). However, the CA-treated PR-1La (FY*) cells 218 

developed a swollen and abnormal morphology. But, they had a higher survival rate than 219 

when treated with eugenols (Fig. S4a). The phenolic-treatment analysis reveals that 220 

carboxylic phenolics (e.g., CouA and FA) are less toxic to U. maydis. Despite the different 221 

toxicity levels, U. maydis respond to structural-related phenolics and trigger 222 

pseudohyphae via CBM of PR-1La.  223 



 To investigate the direct binding of PR-1La toward phenolics, we measured the 224 

change of intrinsic tryptophan fluorescence in wild-type (Wt) and mutant (FY*) PR-1La 225 

proteins upon binding to FA and CA through fluorescence spectroscopy. After the FA 226 

incubation, the intrinsic fluorescence intensity was reduced by PR-1La (Wt) but remained 227 

unchanged by PR-1La (FY*) proteins (Fig. 4c). In the case of CA, both versions of PR-228 

1La proteins responding to CA by causing a shift in the fluorescence peak; the peak 229 

intensity of PR-1La (FY*) was slightly lower than that of PR-1La (Wt) proteins (Fig. S4b). 230 

Our finding is in line with the previous report showing that mutations in the CBM of PRY1 231 

affect binding to cholesteryl acetate but not cholesterol12. Similarly, our result suggests 232 

that U. maydis PR-1La directly binds to ferulic acids but may have somewhat different 233 

binding affinity among the related compounds. 234 

 235 

Cathepsin-B-like Protease Releases CAPE-La Peptides from PR-1La 236 

The conserved CNYD motif located in the C-terminus of UmPR-1La protein prompted us 237 

to investigate whether protease cleavage of UmPR-1La could release CAPE-Like 238 

(UmCAPE-La; PPGNYIGKFKENVSPN) peptides. Despite multiple attempts, we failed to 239 

detect endogenous CAPE-La peptide in the apoplastic fluids of U. maydis SG200 infected 240 

leaves, possibly due to the low expression of pr-1la. As an alternative approach, we 241 

explored PR-1La cleavage through the incubation of U. maydis-secreted PR-1La proteins 242 

with the apoplastic fluid of SA-inoculated maize leaves in the presence of various 243 

protease inhibitors. PR-1La proteins were more stable when the cysteine protease 244 

inhibitor E-64 was added (Fig. S5a), suggesting that PR-1La is potentially cleaved by 245 

cysteine protease. 246 



 As the papain-like cysteine proteases are the central hub for apoplastic immunity32, 247 

we focused further experiments on these proteases. Based on RNAseq analysis23, 248 

Cathepsin B-like 3 (CatB3) has a similar expression profile as umpr-1la and is induced by 249 

U. maydis (Fig. 5a). To determine if CatB3 cleaves at CNYx motifs, we performed 250 

cleavage assays on tomato and maize PR-1, recombinant PR-1La, and U. maydis-251 

secreted PR-1La proteins (Fig. S5b and Fig. 5b). Surprisingly, we found that CatB3 252 

specifically cleaved PR-1La, but not plant PR-1 (Fig. 5b). Furthermore, the U. maydis-253 

secreted PR-1La (C-terminal HA-tag) cleaved by CatB3 reduced the full-length protein 254 

intensity and produced no truncated fragments (Fig. 5b). This implies that cleavage 255 

occurred at the C-terminus to produce UmCAPE-La peptide. To directly detect the 256 

peptides, CatB3-cleavage samples were trypsin-digested, followed by targeted LC-257 

MS/MS analysis. Consistent with the above finding, we did not find any short tryptic 258 

peptide (PPGNFR) of ZmCAPE (PPGNFRGQRPY) derived from maize PRB1-3 (Fig. 259 

S5c). However, short tryptic peptides (PPGNYIGK) of UmCAPE-La were detected in 260 

samples of CatB3-cleavage recombinant PR-1La and U. maydis-secreted PR-1La (Fig. 261 

5c; Fig. S5c). The results indicate that CatB3 specifically cleaves after the CNYD motif of 262 

PR-1La to release UmCAPE-La peptides. 263 

 Peptide AtCAPE9 derived from Arabidopsis PR-1 activates plant immunity8 and is 264 

reported to be released by Xcp110. In maize, homolog Xcp2 is highly expressed in the 265 

early infection process and then slowly declines during biotrophy (Fig. S5d). After treating 266 

maize/tomato PR-1 and recombinant PR-1La with Xcp2, truncated fragments were 267 

detected by Coomassie-blue-staining-PAGE and immunoblot (Fig. S5e). In the case of U. 268 

maydis-secreted PR-1La, Xcp2 likely cleaved at the N-terminus of PR-1La to release 269 



three different sizes of truncated fragments (Fig. S5f). However, we failed to identify 270 

ZmCAPE or UmCAPE-La released by Xcp2 using targeted LC-MS/MS analysis (Fig. S5g). 271 

Our data indicate that CatB3, but not Xcp2, could release CAPE-La peptides from UmPR-272 

1La.   273 

 274 

U. maydis Deploys CAPE-La to Suppress Plant Immunity 275 

To determine the functional importance of UmCAPE-La in modulating plant immunity to 276 

promote fungal virulence, we analyzed the expression of maize immune-related genes 277 

during the early stages of U. maydis infection. qRT-PCR analysis showed that plant PR-278 

1, PR-2, and PR-5 genes were significantly induced upon infection by the ΔΔpr-1lab 279 

strain compared to the wild type SG200, suggesting a role of PR-1L in subverting plant 280 

immunity (Fig. 6a).  281 

 We next investigated the role of UmCAPE-La peptides in regulating plant immunity 282 

by assessing disease development and analyzing defense gene expression in maize 283 

seedlings co-inoculated with ΔΔpr-1lab and synthetic peptides. Application of ZmCAPE 284 

peptides did not reduce disease symptoms of ΔΔpr-1lab relative to mock control (Fig. 6b). 285 

This may seem inconsistent with previous studies showing a boost of plant salicylic acid 286 

(SA)-dependent immunity by CAPE peptides8,9. It may indicate that the response is 287 

already saturated by endogenous CAPE peptides and cannot be further increased by 288 

applying exogenous peptides. In contrast, applying UmCAPE-La peptides enhanced 289 

susceptibility to the ΔΔpr-1lab infection and conversely suppressed defense-related gene 290 

expression (Fig. 6b-c). Our results highlight a specific role of U. maydis PR-1La in 291 

promoting fungal virulence by suppressing plant immunity via CAPE-La peptides.  292 



Discussion 293 

In this work, we uncovered a dual role of PR-1-like protein in reacting to environmental 294 

cues and counteracting host plant immunity. We demonstrated that U. maydis PR-1La 295 

protein is a cell-surface associated protein that binds plant-derived phenolics and thereby 296 

shields fungal hypha from toxicity. This phenolic perception triggers pseudohyphae 297 

formation. Presumably induces hyphal branching in planta during infection, suggesting 298 

that U. maydis integrates plant defense signals to switch to filamentous forms as part of 299 

their infection strategy. Concurrently, U. maydis hijacks plant CatB3 to release CAPE-La 300 

peptides which suppress plant immunity and enable successful infection (Fig. 6d).  301 

 Plants and their fungal pathogens recognize each other and activate complex 302 

signaling reactions in both organisms. These fungi rely on sensing and integrating 303 

environmental cues to trigger the yeast-to-hyphae switch and direct hyphal growth in 304 

plants33-37. This switch likely increases contact surface with plant cells and thus facilitates 305 

nutrient uptake. Deletion of pr-1L does not entirely block U. maydis hyphal formation nor 306 

fully attenuate disease progression, indicating that the capability to integrate multiple 307 

signaling inputs is needed for the transition to filamentous growth, a critical step in fungal 308 

pathogenesis.  309 

 However, the yeast-to-hyphae transition could be disrupted by plant phenolics, i.e., 310 

ferulic acid38, which are the building blocks of lignin and are induced during infection39. 311 

Breaking down of lignin causes a release of phenolics and leads to their accumulation at 312 

infection sites to serve as defense agents to eliminate pathogenic intruders40. U. 313 

maydis probably acquired pr-1-like genes via horizontal gene transfer from the host 314 

plants during the coevolutionary arms race. Once incorporated into the U. maydis genome, 315 

pr-1-like genes evolved to gain new functionalities to confront the toxic phenolic 316 



compounds and transduce the signals to trigger hyphal branching inside the host plants. 317 

U. maydis hyphae usually orient their growth direction towards maize vascular bundles 318 

where they access carbon sources41,42. Given that lignin is enriched in the cell walls of 319 

maize vascular bundle sheaths, xylem, and sclerenchyma43, U. maydis may sense 320 

phenolic compounds in addition to nutrient gradient22 by a means to adjust hyphal growth 321 

and direct it toward vascular bundles.  322 

 The gpa3 and bpp1 deletion mutants and PR-1La-expressing cells all have a 323 

similar pseudohyphal structure phenotype, possibly suggesting the involvement of Gα 324 

and Gβ proteins from the cyclic AMP-dependent protein kinase A (cAMP/PAK) 325 

pathway44,45. The fact that PR-1La lacks a transmembrane domain, it is not clear how the 326 

signals perceived at the cell surface is transduced to activate the downstream signaling 327 

pathway. Several research studies have reported the discovery of G proteins in 328 

extracellular vesicles (EVs), and GPCRs regulate EV release to mediate intercellular 329 

communication between neighboring and distant cells46-48. The finding that EVs trigger 330 

the yeast to hyphal transition in Candida albicans48 also supports the possibility that EVs 331 

could be involved in transmitting the PR-1La signal to switch on filamentous growth. 332 

Further study is needed to explore cellular signaling switching to filaments.  333 

 Maize Xcp2 and CatB3 are papain-like cysteine proteases that play an important 334 

role in apoplastic immunity32. This explains why this group of proteases is targeted by 335 

pathogens. For example, the U. maydis effector Pit2 inhibits the activity of maize cysteine 336 

proteases CP1, CP2, and Xcp2 to prevent the release of Zip peptides and subsequent 337 

inactivation of plant SA-dependent signaling49,50. However, Pit2 does not inhibit CatB3. In 338 

addition, U. maydis also induces the maize cystatin ZmCC9 to inhibit the activities of 339 



cysteine proteases, but it has the comparatively weakest interaction with CatB351. This 340 

evidence and our observation that CatB3 releases CAPE-La highlights a sophisticated 341 

strategy of U. maydis used to suppress plant immunity by hijacking maize CatB3 to 342 

release a potential functional mimick of CAPE-La peptide from PR-1La. UmCAPE-La may 343 

compete for binding to a yet unknown receptor, leading to inactivation.  344 

 It is unclear why CatB3 avoids cleavage of plant PR-1. One speculation is that 345 

CatB3 could not access the motif unless a conformational change is induced in PR-1, 346 

which is possible by a specific ligand binding to the PR-1 CAP domains. Alternatively, an 347 

unidentified protease is responsible for CAPE release from PR-1. Although wheat serine 348 

protease and Arabidopsis AtXcp1 have been proposed to target plant PR-1 to release 349 

CAPE peptides9,10, no direct evidence supports it. Similarly, we also failed to identify plant 350 

CAPEs released by maize Xcp2 and CatB3. Nonetheless, our work opens a new venue 351 

to understand how CatB3 excludes plant PR-1 as its target and whether another protease 352 

is responsible for releasing CAPE. 353 

 Our work provides a mechanistic bridge between understanding how fungal 354 

pathogens employ a conserved CAP-domain PR-1L protein to perform a function 355 

contradictory to the defense function of PR-1. In the future, identifying the receptor of 356 

plant CAPE peptide will provide more insights into the activation of plant immunity via 357 

CAPE-dependent signaling cascade. This will further solve the mystery of PR-1 function 358 

in plant defense. 359 

 360 

 361 

 362 



Methods 363 

U. maydis strain construction, growth conditions, and virulence assays. Zea mays 364 

Honey 236 Taiwan cultivar was used for U. maydis infection. The haploid solopathogenic 365 

Ustilago maydis SG200 strain was used as a reference strain in this study24,52. All U. 366 

maydis strains generated and used in this study are listed in Table S1A. U. maydis strains 367 

were grown on solid potato dextrose agar (PDA) (2.4% potato dextrose broth and 2% 368 

agar) plates. For infection, strains were grown in YEPSL liquid medium (0.4% yeast 369 

extract, 0.4% peptone, and 2% sucrose) to an OD600 of 0.8 at 28 °C. Cells were adjusted 370 

to a final OD600 of 1.0 in H2O and injected into stems of 7-day-old maize seedlings. 371 

Disease symptoms were scored at 12 days post infection (dpi) and evaluated according 372 

to the previous reported disease rating criteria24. Disease index (DI) was the sum of 373 

values in each disease category, calculated by multiplying the number of plants in each 374 

category with the assigned value (Death plant = 11; Heavy tumor on base of stem or 375 

stunted growth = 9; Normal tumor on leave and/or steam = 7; Small tumors = 5; 376 

Chlorosis = 3; No symptoms = 1) and divided by total plants infected by a strain53. 377 

Significant differences of disease symptoms in each strain were compared with SG200 378 

or indicated strain in each figure legend using a two-tailed Student’s t-test.  379 

 380 

Plasmid and strain construction. Plasmid construction using either Gibson Assembly 381 

or standard cloning methods are described in Table S1B. Primers used in each generated 382 

plasmid are listed in Table S1C. A PCR-based approach was used to generate mutants54. 383 

For gene integration into the ip locus, plasmids containing a carboxin resistant ip allele 384 

(ipR)55 were linearized with restriction enzymes and subsequently inserted via 385 



homologous recombination. Transformation of U. maydis and genomic DNA isolation 386 

were performed as described. Positive U. maydis transformants were verified by Southern 387 

blot analysis.  388 

 389 

Gene expression analysis. Total RNAs from infected maize leaves were extracted using 390 

QIAGEN RNeasy Plant Mini Kit (Qiagen #74904), followed by DNase-treatment and 391 

reverse-transcription before qRT-PCR analysis as described56. The expression of maize 392 

gapdh was used for normalization. The relative expression values of genes were 393 

calculated using the 2-ΔΔCt method57.  394 

 395 

Immunolocalization of PR-1La. Filamentous cells were induced using hydroxyl fatty 396 

acid on parafilm as described41, followed by immunostaining with or without pre-397 

incubation with indicated purified proteins. Briefly, parafilm with attached filamentous cells 398 

were incubated with 5 µg purified proteins in 2 ml PBS buffer (pH 7.4) for 4 hours at room 399 

temperature, followed washing before subjected to immunostaining using anti-His/anti-400 

HA antibody and Alexa Fluor 488 (AF488)-conjugated secondary antibody as described41. 401 

AF488 fluorescence was observed using Axio Observer fluorescence microscope 402 

equipped with Axiocam 702 Monochrome camera (ZEISS, Germany). Images were 403 

processed using ZEN 3.2 imaging software (ZEISS).  404 

 405 

Fluorescence spectroscopy. 0.25 µM recombinant PR-1LaHis protein was mixed with 406 

5 µM phenolic compounds in a final volume of 2 ml buffer (50 mM sodium acetate, pH 407 

5.5). After 15-min incubation at room temperature on a rotation wheel, intensity of 408 



fluorescence was measured using fluorescence spectrophotometer. The excitation 409 

wavelength was set at 290 nm to selectively excite tryptophan residues. The emission 410 

spectra were recorded in the wavelength range of 310-450 nm.  411 

 412 

Protein purification. Plant PR-1His, Xcp2-His and CatB3 proteins containing signal 413 

peptide were expressed in Nicotiana benthamiana by Agroinfiltration method as 414 

described previously41. To purify CatB3 proteins from apoplastic fluid, leaf samples 415 

immersed in infiltration buffer (25 mM Tris-HCl, 250 mM NaCl, pH 7.5) before vacuum-416 

infiltrated and centrifuged to collect apoplastic fluid as described58. The apoplastic fluid 417 

was concentrated using 10 kDa cutoff filters and exchanged with buffer A (25 mM Tris-418 

HCl, 150 mM NaCl, pH 7.5) before subjected to size-exclusion chromatography. Fractions 419 

containing CatB3 proteins were concentrated and kept in buffer A containing 10 % 420 

glycerol. To purify PR-1His and Xcp2His proteins, the apoplastic fluids were exchanged 421 

with buffer B (25 mM Tris-HCl, 250 mM NaCl, 15 mM Imidazole, pH 7.5) before incubated 422 

with Ni-NTA agarose beads. The beads were washed with infiltration buffer, and His-423 

tagged proteins were eluted, buffer-exchanged, and kept in buffer A containing 10 % 424 

glycerol.   425 

 Recombinant His-tagged full-length or truncated PR-1La protein was expressed in 426 

E. coli Shuffle T7 cells (NEB #C3026J). To purify recombinant proteins, E. coli cells were 427 

disrupted in lysis buffer (25 mM Tris-HCl, 250 mM NaCl, 20 mM MgCl2, 20 mM KCl, 20 428 

mM Imidazole, pH 7.5) supplemented with 0.5 % Triton X-100, 0.5 mg/ml lysozyme, 0.1 429 

mg/ml DNase, and 1 mM PMSF before subjected to Ni-NTA affinity purification as 430 

described above, except the beads were washed with the lysis buffer containing 30 mM 431 



Imidazole. The eluted proteins were further subjected to size-exclusion chromatography. 432 

Purified proteins were kept in buffer A containing 10 % glycerol.  433 

 434 

Polysaccharide binding assay. 2 µg of PR-1LaHis proteins were mixed with 2 mg chitin 435 

(Sigma Cat #C9752) or chitosan (Sigma Cat #C3646) in 500 µl of binding buffer (50 mM 436 

Tris-HCl and 150 mM NaCl, pH 8). After 30-minute incubation at room temperature with 437 

rotation, the mixture was centrifuged to separate the bound and unbound fractions. Bound 438 

fractions were washed with binding buffer-containing 0.1 % Tween-20 and finally 439 

suspended in 500 µl of binding buffer. Equal volume of bound and unbound fractions was 440 

separated by SDS-PAGE and subjected to immunoblotting analysis.  441 

 442 

Protease inhibition assay. 30 µg of total apoplastic fluid proteins from SA-treated maize 443 

leaves were mixed with 3 µl of concentrated culture supernatant of U. maydis cells 444 

containing PR-1LaHA proteins in 50 µl of reaction buffer (50 mM sodium acetate and 10 445 

mM DTT, pH 5.5). The reaction mixture was incubated in the presence of 0.1 mM protease 446 

inhibitor (E64, Sigma #E3889; Pepstatin A, Sigma #P5318; 3,4-Dichloroisocoumarin, 447 

Sigma #D7910; cOmplete protease inhibitor cocktail, Roche; EDTA, Sigma# E9884) or 448 

DMSO control at 30 °C for 5 hours.  449 

 450 

Protease cleavage assay. 2.5 µg of CatB3 or 1 µg of Xcp2 protein were pre-activated in 451 

50 mM sodium acetate (pH 5.5) and 10 mM DTT for 30 min at 28 °C before adding 2.5 452 

µM PR-1 or PR-1La proteins. The reaction mixture containing Xcp2 or CatB3 was further 453 

incubated at 28 °C for another 30 min or 2 hours respectively.  454 



 455 

Phenolic treatment. Cells with an initial OD of 0.1 were grown in YEPSL liquid medium 456 

containing 1 mM eugenol (Sigma # E51791), 7 mM ferulic acid (Sigma #128708), 5 mM 457 

coniferyl alcohol (Sigma #223735), or 5 mM coumaric acid (Sigma #C9008) with a final 458 

pH of 6.0 and incubated at 28 °C for up to 48 hours.   459 

 460 

Protein extraction and digestion. Protease-cleavage samples were extracted using the 461 

suspension trapping (S-Trap) protocol59. Samples were lysed in 50 mM Tris-HCl (pH 8.0) 462 

and 5% SDS and the concentrations of dissolved proteins were measured using BCA 463 

protein assay (Thermo Fisher Scientific). Before trypsin digestion, the disulfide bonds of 464 

proteins were reduced with 10 mM TCEP and alkylated with 40 mM CAA at 45 °C for 10 465 

min. Each protein sample was digested into peptides by Lys-C and trypsin in a S-trap 466 

micro column, followed by a desalting step using a Ziptip Pipette Tip, and dried using a 467 

vacuum centrifugation concentrator. The dried samples were dissolved in formic acid, 468 

centrifugated to collect the supernatant, and dried before subjected to LC-MS/MS 469 

analysis. 470 

 471 

LC-MS/MS and data analysis. To acquire the confidence of peptide identification in LC-472 

MS/MS analysis, synthetic peptides with stable heavy isotope-labeled lysine or arginine 473 

were spiked into the dried peptides and dissolved in 10 l of 0.1% FA. The Q-Exactive 474 

mass spectrometer (Thermo Fisher Scientific) coupled with an Ultimate 3000 (Thermo 475 

Fisher Scientific) was utilized for peptide analysis. A nanoEase M/Z Peptide CSH C18 476 

column (75 µm x 25 cm, 1.7 µm, 130 Å) were used to deliver solvent and separate tryptic 477 



peptides with a linear gradient from 5% to 25% of acetonitrile in 0.1% (v/v) FA for 60 min 478 

at flow rate of 300 nl/min. The acquisition cycle of the MS data was performed on the 479 

parallel reaction monitoring (PRM) mode with a full survey MS scan followed by the mass-480 

to-charge (m/z) range 300 to 1,600.  The MS scan was performed with a resolving power 481 

of 70,000.  The PRM MS/MS acquisitions were performed using 2.0 Da isolation window 482 

with a maximum 250 ms ion injection time, 27% NCE (normalized collision energy), and 483 

35,000 resolving power. The PRM raw files were analyzed using Skyline (version 22.2). 484 

The peak area of selected fragment ions was extracted for quantification. All data were 485 

checked manually for peak selection and retention time.  486 

 487 

Phylogenetic tree analysis.  Full-length amino acid sequences of PR-1 family proteins 488 

from smut fungi, yeast, and plants were aligned using Clustal Omega60. Multiple 489 

sequence alignments were trimmed using trimAl61. The evolutionary analysis was carried 490 

out in MEGA 7.062, and the phylogenetic tree was constructed using Maximum Likelihood 491 

method with the WAG+G+I model and 1000 bootstrap replicates.   492 

 493 
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 673 

Fig 1. The PR-1-like (PR-1L) family proteins in U. maydis. (a) Schematic drawing 674 

showing domain organization of plant PR-1 and PR-1L proteins. Grey box: signal peptide; 675 

White box: Ser/Thr-rich region; Green box: CAP domain; Red box: conserved cleavage 676 

site CxYx motif and peptide CAPE/CAPE-like. Peptide sequences are shown. Conserved 677 

residues of peptides are shown in bold green. (b) Phylogenetic tree analysis of plant PR-678 

1 and PR-1-like proteins from smut fungi and yeast. Protein sequences are retrieved from 679 

the NCBI, aligned using Clustal Omega, and alignment curated with trimAl. Phylogenetic 680 

analysis was carried out in MEGA 7.0 using Maximum Likelihood method with the 681 

WAG+G+I model and 1000 bootstrap replicates. Clade I and II: PR-1Ls from smut fungi; 682 

Clade III: Plant PR-1s; IV: Yeast PRYs; Accession numbers are shown. Kb, Kalmanozyma 683 

brasiliensis; Mp, Melanopsichium pennsylvanicum; Man, Moesziomyces antarcticus; Map, 684 

Moesziomyces aphidis; Ph, Pseudozyma hubeiensis; Ss, Sporisorium scitamineum; Sr, 685 



Sporisorium reilianum; Uh, Ustilago hordei; Ub, Ustilago bromivora; Ut, Ustilago 686 

trichophora; Sg, Sporisorium graminicola. (c) Gene expression patterns of umpr1la during 687 

growth in axenic culture (A. C.) and at different time points of plant infection. dpi: days 688 

post infection. Data retrieved from an RNA-seq analysis23. Error bars indicate ± standard 689 

deviation (sd). (d) Virulence assay of the single and double mutants of pr-1la and pr-1lb 690 

and the complementation strain. ∆a: single deletion mutant of pr1la; ∆ab: double deletion 691 

mutant of pr1la and pr1lb; ∆a_PR-1La: pr1la mutant complemented with a single allele of 692 

pr-1la. Disease symptoms were scored at 12 dpi according to severity depicted in color 693 

code. Total number of infected plants from four independent infections are indicated 694 

above the respective columns. The average disease index (DI) and asterisks (**) denote 695 

statistical significance relative to SG200 (p < 0.01) determined by two-tailed Student’s t-696 

test are indicated. ns: not significant.  697 
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Fig 2. UmPR1-La is a cell-surface associated protein. (a) UmPR-1La localizes to the 704 

surface of fungal hyphae and yeast-like cells. Filaments of SG200 strain constitutively 705 

expressing the indicated C-terminal HA tagged protein driven by constitutive otef 706 

promoter were induced by hydroxyl fatty acid on the hydrophobic surface. Filaments and 707 

sporidial cells were immunostained using anti-HA antibody and AF488-conjugated 708 

secondary antibody to localize HA-tagged proteins. S/TPR-1La-CAPPRY1: N-terminal region 709 

of PR1-La (1-133 a. a.; grey box: signal peptide of PR-1la; green box: S/T region) fused 710 

to the C-terminal CAP-domain of yeast PRY1 (159-299 a. a.; orange box). PR-1La (FY*): 711 

two aromatic amino acids at positions 3 and 8 of the CBM motif were replaced with alanine. 712 

Bars, 20 μm. (b) Localization of secreted PRY1-mCherry expressing in yeast AH109 cells. 713 

Bars, 10 μm. mCherry fluorescence was visualized using fluorescence microscopy. (c) 714 

Secretion of PR-1L, PRY1, and chimeric proteins. SG200 strains expressing the indicated 715 

HA-tagged proteins were grown in YEPSL liquid medium to an OD600 of 0.6. Proteins from 716 

total cell pellets (TP) and supernatants (S; collected after TCA precipitation) were 717 

prepared and subjected to immunoblotting. Detection of tubulin served as internal control 718 

for a non-secreted cytosolic protein. (d) Recombinant proteins containing S/T-rich region 719 

bind to the surface of filamentous cells. Filaments of SG200 were incubated with indicated 720 

C-terminal 6xHis-tagged recombinant proteins for 4 hours at room temperature before 721 

immunolocalization using anti-His antibody and AF488-conjugated secondary antibody. 722 

Bars, 20 μm. (e) Full-length PR-1La and S/T-rich region truncated proteins bind to chitin 723 

and chitosan. After incubation with chitin or chitosan, unbound (UB) and bound (B) 724 

fractions were separated by centrifugation and analyzed by immunoblotting. A diagram 725 

depicting the positions of full-length and truncated PR-1La proteins produced in E. coli is 726 

shown. Purity analysis of recombinant proteins is shown in Fig. S2.   727 



  728 

Fig 3. The CBM of UmPR1a is required for eugenol detoxification. (a) Sequence 729 

alignment analysis of caveolin binding motif (CBM) of fungal PR-1L proteins. 730 

Moniliophthora perniciosa MpPR-1i (AEZ63368) and MpPR-1e (AEZ63364) are fatty-acid 731 

binding proteins, while MpPR-1d (AEZ63363), MpPR-1k (AEZ63370) and yeast PRY1 732 

are sterol-binding proteins14,19. The aromatic residue (ø) positions within the CBM are 733 

indicated at the top. (b, c) PR-1La protects cells against eugenol toxicity. The same 734 

strains used in Fig. 2a were treated with the eugenol (1 mM) at different time points (b) 735 

and treated for 48 h (c), and cell optical densities (OD600) were measured. Cell 736 

morphology was observed after the 24h incubation with eugenol. The morphology of PR-737 

1Lb and PRY1 expressing cells after eugenol-treatment was shown in Fig. S3a. Values 738 

indicate mean ± sd from three independent biological assays. Bars, 20 μm. (d) Virulence 739 

assay of SG200, the ∆pr-1la mutant, and the complementation strain ∆pr-1la_PR-1La 740 

(FY*). The 7-day-old-maize seedlings were infected with the indicated strains and disease 741 

symptoms were scored at 12 dpi. Total number of infected plants from the three 742 

independent infections are indicated above the respective columns. The average disease 743 

index (DI) and asterisks (*) denote statistical significance relative to SG200 (p < 0.05) 744 

determined by two-tailed Student’s t-test are indicated.   745 



 746 

 747 

Fig 4. Phenolic binding of PR-1La triggers pseudohyphae formation. (a) Structures 748 

of intermediate phenolic compounds produced in the G-type lignin pathway. (b) SG200 749 

cells expressing wild type PR-1La (Wt) or CBM mutant PR-1La (FY*) proteins were grown 750 

in YEPSL medium containing 7 mM ferulic acid (FA) for 24 hours before an OD600 751 

measurement. Values indicate mean ± sd from three independent biological assays. Bars, 752 

20 μm. (c) The binding of PR-1La to ferulic acids is detected by fluorescence 753 

spectrophotometer. The intensities of fluorescence were measured after the indicated 754 

proteins incubated with or without FA. Two independent batches of purified proteins were 755 

used and a representative data is shown. Values represent mean ± sd from three 756 

independent measurements of one batch of purified protein.    757 



 758 

Fig 5. CAPE-L peptide is released from UmPR-1La by CatB3. (a) Gene expression 759 

patterns of maize CatB3 (GRMZM2G108849) at different time points of U. maydis (Um) 760 

or H2O (mock) inoculation. dpi: days post infection. Data retrieved from an RNA-seq 761 

analysis23. Error bars indicate ± sd. (b) Left, CatB3 cleaved UmPR-1La but not plant PR-762 

1. Maize CatB3 and PR-1His proteins from maize and tomato were expressed and 763 

purified from the apoplast of N. benthamiana. PR-1LaHis (FL; Fig. 2e) was purified from 764 

E. coli. After the CatB3 digestion, proteins were separated on SDS-PAGE and stained by 765 

Coomassie-blue or analyzed by immunoblotting. Asterisks (*) indicate protein bands of 766 

CatB3. Arrow indicates bands for PR-1His proteins. Right, the culture supernatant fraction 767 

of SG200 cells expressing PR-1LaHA was concentrated and incubated with CatB3 (no 768 

tag), followed by immunoblotting. (c) Tryptic peptides of CAPE-La identified by targeted 769 

LC-MS/MS analysis. The samples from (b) were subjected to LC-MS/MS analysis. Peak 770 

intensities of MS2 fragment ions at specific retention time of the short peptide 771 

(PPGNYIGK) were plotted. Two independent biological repeats have been performed and 772 

one representative data is given.  773 



  774 

 775 

Fig 6. CAPE-L peptides enhance plant susceptibility by suppressing plant immunity. 776 

(a, c) Relative gene expression of maize PR1, PR2, PR5 at early infection. Maize 777 

seedlings inoculated with (a) SG200 and the double deletion mutant ΔΔpr-1La/b or (c) 778 

ΔΔpr-1La/b with synthetic peptide CAPE-La (PPGNYIGKFKENVSPN). RNAs prepared 779 

from infected leaves harvested at 0.5 and 1 dpi (a) or 1 dpi (c) were subjected to qRT-780 

PCR analysis. Expression levels of PR genes were normalized to the expression of 781 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The normalized PR gene 782 

expressions in infected samples were relative to that in (a) SG200 or (c) ΔΔpr-1La/b 783 

infected samples, which was set to 1. Values represent mean ± sd of three independent 784 

infections. PR1 (PRms; NM001147273); PR2 (PRgns; HM021761); PR5 (U82201). 785 

Asterisks (*) indicate significant differences between two samples inoculated by indicated 786 

strains as assessed by a two-tailed Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001). 787 

(b) Virulence assay of ΔΔpr-1La/b together with synthetic peptides. Maize seedlings were 788 

inoculated with the ΔΔpr-1La/b strain mixed with CAPE-La (PPGNYIGKFKENVSPN) or 789 

maize ZmCAPE (PPGNFRGQRPY; derived from ZmPRB1-3). Disease symptoms were 790 

scored at 12 dpi. Total numbers of infected plants from three independent infections are 791 



indicated above the respective columns. The disease index (DI) and statistical 792 

significance relative to mock assessed by Student’s t-test are indicated. ns: not significant. 793 

(d) Model of the roles of PR-1La proteins. The cell surface localization of PR-1La protects 794 

fungal hyphae against toxic plant phenolics. The binding of PR-1La to phenolics induces 795 

downstream signaling and triggers hyphal branching. It may direct hyphal growth inside 796 

plants. Aside from these roles, the release of CAPE-La peptide by CatB3 might compete 797 

with CAPE for binding to an unknown receptor, suppress plant immunity, and promote U. 798 

maydis virulence. 799 
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