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 10 

Abstract: 11 

Background: Ustilaginoidea virens causes rice false smut disease, which emerges as a 12 

worldwide disease of rice. At present, some stress response related genes have been 13 

identified in U. virens, but it is not clear whether and how defects of stress responses 14 

affect the pathogenesis processes of U. virens. To answer this question, the function of 15 

a general stress response factor Whi2 was analyzed in U. virens. 16 

Results: In this study, we identified UvWhi2 as a homolog of Saccharomyces 17 

cerevisiae Whi2 in U. virens. The relative expression level of UvWHI2 was significantly 18 

up-regulated during infection, suggesting that UvWhi2 may be involved in 19 

pathogenesis. Furthermore, knockout of UvWHI2 showed decreased the mycelial 20 

growth, increased in conidiation in the PS (potato sucrose) medium and a defect in 21 

pathogenicity. In addition, the RNA-Seq and phenotypic analysis showed that UvWhi2 22 

is involved in response to oxidative, hyperosmotic, cell wall stresses, and nutrient 23 

limitation. Further studies revealed that the defects of stress responses of the ∆Uvwhi2 24 

mutant affected the formation of secondary spores on the nutrient limited surface and 25 

the rice surface, resulting in a significant reduction of pathogenicity of U. virens. 26 

Conclusions: Our results suggest that UvWhi2 is necessary for fungal growth, stress 27 

responses, and the formation of secondary spores in U. virens. In addition, the defects 28 
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of stress responses could affect the formation of secondary spores on the rice surface, 29 

and then compromise the pathogenicity of U. virens.  30 

 31 

Keywords: Whi2, Rice false smut, Ustilaginoidea virens, Pathogenesis, Secondary 32 

spore  33 

 34 

Introduction  35 

Rice false smut disease is caused by the ascomycete filamentous fungus Ustilaginoidea 36 

virens, which has emerged to be one of the most devastating rice fungal diseases in the 37 

rice-cultivated areas (Fan et al., 2016, Liang et al., 2018, Guo et al., 2019, Qiu et al., 38 

2019, Meng et al., 2020, Sun et al., 2020). The occurrence of rice false smut seriously 39 

affects high and stable yield and quality of rice (Lu et al., 2015, Zheng et al., 2017, Lin 40 

et al., 2018). During the booting period, the rice spikelets were infected by the U. virens, 41 

which hindered the nutrition transportation and the normal development of grains, 42 

resulting in the increase of empty chaff rate and the decrease of 1000-grain weight (Yu 43 

et al., 2015, Tang et al., 2019). False smut balls contain various toxins, such as 44 

Ustilaginoidins and Ustiloxins, which could inhibit the assembly of microtubules in 45 

eukaryotic cells, disrupt cell mitosis and cause pathological changes in animal organs 46 

and plants (Lu et al., 2015, Zheng et al., 2016, Sun et al., 2017, Wang et al., 2017). 47 

 48 

Thus far, only few pathogenesis-related proteins have been identified and 49 

characterized in U. virens, including the hypothetical protein UvPro1, the low-affinity 50 

iron transporter Uvt3277, two protein kinases UvPmk1 and UvCDC2, the cyclic 51 

adenosine monophosphate signaling proteins adenylate cyclase UvAc1 and 52 

phosphodiesterase UvPdeH, the Bax inhibitor UvBI-1, the effector Scre2 (Uv_1261), 53 

two transcriptional factors UvHox2 and UvCom1, the phosphatase UvPsr1, and the 54 

autophagy-related protein UvAtg8 (Lv et al., 2016, Zheng et al., 2017, Fang et al., 2019, 55 

Guo et al., 2019, Tang et al., 2019, Xie et al., 2019, Yu et al., 2019, Chen et al., 2020, 56 



Meng et al., 2020, Xiong et al., 2020). Among these, UvPmk1, UvCdc2, UvPro1, UvBI-57 

1, UvAc1, UvPdeh, UvPsr1, UvCom1, UvHox2, and UvAtg8 are involved in both 58 

various stresses responses and pathogenesis of U. virens. However, it is not clear 59 

whether and how defects of stress responses affect the pathogenesis processes of U. 60 

virens.  61 

 62 

Whi2 (Whiskey2) is a general stress response factor. In yeast, ScWhi2 have been 63 

characterized to be involved in general stress response and coordinate nutrient status 64 

with cell cycle (Muller & Reichert, 2011, Sadeh et al., 2011, Teng et al., 2018). Deletion 65 

of ScWHI2 causes decreased expression level of stress-associated genes, increased 66 

sensitivity to sodium ions, and disruption of the normal coordination of cell 67 

proliferation with nutrient availability (Kaida et al., 2002, Chen et al., 2018, Marsikova 68 

et al., 2020). In Podospora anserina, the Whi2 homolog has been shown to control 69 

nutrient sensing and the entrance of cells into the stationary phase and mycelial 70 

development (Timpano et al., 2016). In Colletotrichum orbiculare, CoWHI2 was 71 

reported to play key roles in regulation of transition from biotrophic infection to 72 

necrotrophic infection via regulation of TOR (target of rapamycin) signaling, which is 73 

involved in the coordination of cell growth and proliferation with the availability of 74 

growth factors and nutrients (Harata et al., 2016). Until now, the function of Whi2 75 

remains largly unknown in various organisms.  76 

 77 

In this study, UvWHI2, the homologous of S. cerevisiae WHI2 in U. virens was 78 

disrupted to characterize its function. RNA-Seq, qRT-PCR (quantitative Real-time PCR) 79 

and phenotypic analyses showed that UvWhi2 is involved in the growth, conidiation, 80 

pathogenicity, and various stresses response in U. virens. Furthermore, ΔUvwhi2 81 

showed defects in the formation of secondary spores during germination on the nutrient 82 

limited rice surface, which highlights vital roles of UvWhi2 in stress response and 83 

pathogenicity in U. virens  84 



 85 

Results 86 

Identification of UvWhi2 in U. virens 87 

To identify the homolog of Whi2 in U. virens, we used ScWhi2 (accession number 88 

NP_014686) sequence as a query to do a blastP search in GeneBank to obtain the most 89 

closely match protein, which is named as UvWhi2 (accession number KDB15335.1) 90 

(Fig. 1a). Sequence analysis with motif scan revealed that UvWhi2 contained a signal 91 

peptide and GSDH (Glucose/Sorbosone dehydrogenase; Members of this family are 92 

glucose/sorbosone dehydrogenases that possess a beta-propeller fold.) domain. The 93 

phylogenetic analysis of the amino acid sequences of Whi2 from U. virens, 94 

Metarhizium robertsii, Aspergillus vadensis, Beauveria bassiana, Magnaporthe oryzae 95 

and S. cerevisiae, showed that Whi2 is conserved in various fungi, and UvWhi2 is 96 

highly similar to MrWhi2 (Fig. 1b). In addition, the qRT-PCR analysis showed that the 97 

transcription level of UvWHI2 at 3, 5 and 9 dpi (days post inoculation) were 98 

significantly higher than mycelia (Fig. 1c), suggesting that UvWhi2 may have 99 

important roles in the infection process of U. virens. 100 

 101 

Knockout and complementation of UvWHI2 in U. virens  102 

To analyze the function of UvWHI2, the UvWHI2 deletion mutants was generated by 103 

replacing the targeted gene with hygromycin resistant cassette in the wild type (WT) 104 

strain HWD-2 (Fig. 2a). Then, qRT-PCR and Southern blot assays were performed to 105 

confirm the targeted gene deletion events and exclude ectopic integrations (Fig. 2b). 106 

Six ΔUvwhi2 transformants were obtained with similar phenotypes, and two mutants 107 

(ΔUvwhi2-39 and 43) were chosen for the subsequent further experiments (Fig. 2b). To 108 

determine whether the altered phenotypes in the ΔUvwhi2 mutant were caused by 109 

deletion of the UvWHI2, the full-length gene copy of UvWHI2 with its native promoter 110 

was inserted into the vector pFGL823 and transformed into the ∆Uvwhi2-39 strain. The 111 

resultant ∆Uvwhi2-C strains were confirmed by PCR and qRT-PCR analyses, which 112 



showed that the abundance of UvWHI2 transcript was comparable to that of the WT 113 

strain (Fig. 2c, d). Furthermore, the colony morphology of ∆Uvwhi2-C strain was the 114 

same as that of the WT strain, suggesting that UvWHI2 functionally complemented the 115 

phenotype of the ∆Uvwhi2 strain. 116 

 117 

Knockout of UvWHI2 compromised fungal growth but enhanced conidiation 118 

under nutrient-rich condition 119 

To explore the function of UvWhi2 in vegetative growth and colony morphology of U. 120 

virens, the growth of WT, ∆Uvwhi2, and ∆Uvwhi2-C strains were determined on the 121 

PSA (potato sucrose agar) medium cultured for 14 d. The ∆Uvwhi2 mutant showed 122 

smaller colonies than the WT and complementation strains (Fig. 3a). Considering the 123 

reduction of colony size in the mutants, the dry weight of mycelium was measured after 124 

7 d of the PS liquid culture to determine whether there was a difference in biomass 125 

between the WT and ∆Uvwhi2 strains. The results showed that mycelial dry weight of 126 

the ∆Uvwhi2 strains were lower than that of the WT strain (Fig. 3c). In contrast, the 127 

colony morphology and mycelia dry weight were rescued in the ∆Uvwhi2-C strain (Fig. 128 

3b, c), suggesting that UvWhi2 plays important roles in the vegetative growth in U. 129 

virens. 130 

 131 

The conidia play an important role during the infection processes of U. virens (Fan 132 

et al., 2016, Xie et al., 2019, Meng et al., 2020, Xiong et al., 2020). To analysis the 133 

function of UvWHI2 in conidiation, the WT, ∆Uvwhi2 and ∆Uvwhi2-C strains were 134 

cultured in the liquid PS medium for 7 d. Although the vegetative growth of ∆Uvwhi2 135 

strain reduced, the conidial production of the ∆Uvwhi2 mutant was more than those of 136 

the WT and ∆Uvwhi2-C strains (Fig. 3d, e). These results showed that UvWhi2 acts as 137 

a negative regulator in the sporulation production process in nutrient rich medium. 138 

 139 

UvWhi2 is required for pathogenesis in U. virens 140 



To evaluate whether deletion of UvWHI2 can affect the virulence of rice false smut, the 141 

WT, ∆Uvwhi2-39 and 43, and ∆Uvwhi2-C strains were inoculated into panicles of the 142 

susceptible rice cultivar Wanxian 98 (Oryza sativa L. indica). Three weeks after the 143 

inoculations, it was found that the number of smut balls formed in panicles inoculated 144 

with the ∆Uvwhi2-39 and 43 strains was significantly less than those of the WT and 145 

∆Uvwhi2-C strains (Fig. 4a, b). Therefore, knockout of UvWHI2 remarkably attenuated 146 

U. virens virulence, suggesting that UvWhi2 is a key regulator factor of the 147 

pathogenicity in U. virens. 148 

 149 

The RNA-Seq and phenotypic analysis showed that UvWhi2 is involved in various 150 

stresses responses 151 

To further explore the function of UvWHI2 in U. virens, the RNA-Seq analysis was 152 

performed with the ∆Uvwhi2 and WT strains. RNA-Seq analysis showed that the 153 

number of SDEGs (significantly differentially expressed gene, FDR adjusted p ≤ 0.05 154 

& absolute log2 fold ≥ 2) was 802, of which 515 were up-regulated and 287 were down-155 

regulated in the ∆Uvwhi2 mutant when compared with the WT strain (Table S1). And 156 

the SDEGs could be divided into three major functional groups: biological process, 157 

cellular component, and molecular function based on GO analysis (Fig. S1a). Notably, 158 

some peroxidase activity genes, chitin deposition genes, and peroxidase activity genes 159 

were shown in the differential expression genes (Fig. S1b). 160 

 161 

Synthesis of the laccase, peroxidase, chitin synthase, and hyperosmotic genes play 162 

an important role in stress response (Martin et al., 2007, Song et al., 2010, Li et al., 163 

2016, Zheng et al., 2016). Comparing with the WT strain, the expression level of chitin 164 

deposition genes (Uv8b_7958, Uv8b_7948, Uv8b_4757, and Uv8b_3223) of the 165 

∆Uvwhi2 strain were significantly lower (Fig. 5a), suggesting that UvWhi2 may be 166 

involved in the cell wall stresses response. Then, the WT and ∆Uvwhi2 strains were 167 

cultured on the PSA with 0.03% Sodium dodecyl sulfate (SDS), 120 μg/mL Calcofluor 168 



white (CFW) and 120 μg/mL Congo red (CR), which are cell wall disruptors, to 169 

determine the sensitivity of indicated strain to these agents. The results showed that the 170 

∆Uvwhi2 strains were more sensitive to the SDS, CFW and CR than the WT strain (Fig. 171 

5d, e). In addition, the expression levels of laccase and peroxidase activity genes 172 

(Uv8b_1784, Uv8b_990, Uv8b_6387, Uv8b_4892, and Uv8b_4252) were significantly 173 

reduced in the ∆Uvwhi2 strain (Fig. 5c). Moreover, the growth of both ∆Uvwhi2 strains 174 

was more strongly inhibited by the presence of 0.03% H2O2 (Oxidative stress agent) 175 

than that of the WT and ∆Uvwhi2-C strains (Fig. 5d, e). In contrast, the expression 176 

levels of hyperosmotic activity genes (Uv8b_1888 and Uv8b_6309) were notably 177 

increased compared with the WT strain (Fig. 5b). Consistently, in the presence of 0.4 178 

M NaCl or 0.7 M sorbitol, the growth of the WT strain was reduced by 70%, but that 179 

of ∆Uvwhi2 mutants reduced by approximate 35%, indicating ∆Uvwhi2 was less 180 

sensitive to osmotic stresses than the WT strain (Fig. 5d, e). In conclusion, these results 181 

suggested that UvWHI2 contributes to the responses to cell wall, oxidative and osmotic 182 

stresses in U. virens.  183 

 184 

In addition, the RNA-Seq and qRT-PCR results also showed that the expression 185 

levels of sugar-related genes (Uv8b_1668 and Uv8b_1099) in the ∆Uvwhi2 mutant 186 

strain were lower than the WT strain (Fig. 6a). We assumed that UvWhi2 may be 187 

involved in the regulation of cell growth and proliferation in response to nutrient stress 188 

as Whi2 in other fungus (Kaida et al., 2002, Leadsham et al., 2009, Chen et al., 2018). 189 

To confirm this hypothesis, the WT, ∆Uvwhi2, and ΔUvwhi2-C strains were cultured 190 

on the SD (synthetic dropout medium), SD-G (synthetic dropout medium without 191 

glucose), and SD-N (synthetic dropout medium without nitrogen) plates. After 15 d of 192 

incubation, comparing with the WT strain on the SD medium, the ∆Uvwhi2 strains were 193 

significantly reduced in mycelia growth on both the SD-G and SD-N plates (Fig. 6b, c). 194 

In contrast, the complementation strain ΔUvwhi2-C showed similar phenotypes as the 195 

WT strain under all observed stress conditions. All these results indicated that UvWhi2 196 



is involved in the regulation of nutrient stresses responses in U. virens. 197 

 198 

Defects in the stress response compromised the secondary spore formation on the 199 

rice surface in the ∆Uvwhi2 mutant  200 

In order to further determine whether the defects in stress response in the ∆Uvwhi2 201 

mutant affect pathogenesis, we carefully observed the germination processes. We found 202 

that the ∆Uvwhi2 mutant had a significant increase in the formation of secondary spores 203 

on the PSA medium plate (Fig. 7a). In contrast, when the conidia were germinated on 204 

the agarose plate without other nutrient supplementation, the formation of secondary 205 

spores was sharply decreased (Fig. 7b). Moreover, secondary spore formation of the 206 

∆Uvwhi2 mutant was even rarer on the rice surface (Fig. 7c), which might have limited 207 

nutrient and oxidative stress (Fan et al., 2014, Wang et al., 2019). These results 208 

suggested that the secondary spore formation of the ∆Uvwhi2 mutant is compromised 209 

under the nutrient limited condition and rice surface. And we inferred that the highly 210 

decreased secondary spore formation on the rice surface is one of the main reasons for 211 

the lost pathogenicity in the ∆Uvwhi2 mutant.   212 

 213 

Discussion 214 

Rice false smut has posed a serious threat to the yield and quality of rice in recent years, 215 

so it is important to study the pathogenesis of U. virens. Here, we identified a general 216 

stress response factor Whi2 in U. virens. According to our results, UvWhi2 play 217 

important roles in the hyphal growth, conidiation, various stresses responses, and 218 

pathogenicity. 219 

 220 

In U. virens, a series of genes related to pathogenicity have been identified, but the 221 

pathogenic mechanism of this fungus is still largely unknown (Zheng et al., 2016, 222 

Zheng et al., 2017, Yu et al., 2019, Xiong et al., 2020, Lv et al., 2016, Tang et al., 2019, 223 

Xie et al., 2019). In this study, deletion of UvWHI2 highly reduced the pathogenicity of 224 



U. virens to rice. Through a series of analysis, we found that, in addition to the 225 

compromised fungal growth, the reduced pathogenicity in ∆Uvwhi2 mutant was likely 226 

caused by highly reduced formation of secondary spores on the rice surface. During 227 

pathogenic process of U. virens, the formation of secondary spores tends to greatly 228 

increase the amount of inoculums available to infect rice plants (Fan et al., 2014). In 229 

addition, the deletion mutant of UvATG8, which encodes an ubiquitin-like protein 230 

required for autophagy-independent function, has defects in formation of secondary 231 

spores and showed the loss of pathogenicity, suggesting that the formation of secondary 232 

spores play an important role in the infection of U. virens (Meng et al., 2020). In the 233 

∆Uvwhi2 mutant, secondary spore formation of the ∆Uvwhi2 mutant was rarer on the 234 

rice surface. Thus, we inferred that the main reason for the highly reduced of 235 

pathogenicity of the ∆Uvwhi2 mutant may be the decrease of secondary spore formation. 236 

 237 

In U. virens, UvPmk1, UvCdc2, UvPro1, UvBI-1, UvAc1, UvPdeh, UvPsr1, 238 

UvCom1, UvHox2, and UvAtg8 are involved in both various stresses responses and 239 

pathogenesis (Lv et al., 2016, Guo et al., 2019, Tang et al., 2019, Xie et al., 2019, Yu et 240 

al., 2019, Meng et al., 2020, Xiong et al., 2020). However, it is not clear whether and 241 

how defects of stress responses affect the pathogenesis processes of U. virens. This 242 

study analyzed the role of a general stress response factor Whi2 to reveal the 243 

relationship between the stress response and pathogenicity in U. virens. In yeast, the 244 

homolog of Whi2, ScWhi2, has been identified to be involved in various stress 245 

responses (Mendl et al., 2011, Harata et al., 2016, Teng et al., 2018). ScWhi2 interacts 246 

with the protein ScPsr1 to activate STRE-mediated genes, possibly via the 247 

dephosphorylation of the Msn2 transcription factor (Kaida et al., 2002, Boeckstaens et 248 

al., 2014), and then regulates the downstream stress response. In P. anserine, PaWhi2 249 

is also likely affected in nutrient sensing and regulate the vegetative growth (Timpano 250 

et al., 2016). In this study, the results of comparative RNA-Seq analysis showed that 251 

some stress response genes were differential expressed in the WT and ∆Uvwhi2 mutant 252 



strains. Consistent with the RNA-Seq results, knockout of UvWHI2 reduced the 253 

sensitive to salinity stress, increased the sensitive to oxidative stress and cell wall 254 

stresses, and decreased the hyphal growth under nutrient limited conditions, indicating 255 

that UvWhi2 is also involved in various stresses responses in U. virens. Furthermore, 256 

we noted that deletion of UvWHI2 enhanced secondary spore formation on the PSA 257 

plate, on the contrary, reduced secondary spore formation on the nutrient limited surface, 258 

including the agarose plate without other nutrient supplementation and the rice surface. 259 

These results suggest that the defects of stress responses in the ∆Uvwhi2 mutant 260 

affected the formation of secondary spores on the nutrient limited rice surface, leading 261 

to a severe reduction in pathogenicity of U. virens. 262 

 263 

In conclusion, our results suggest that UvWhi2 is necessary for fungal growth, 264 

stress responses, conidiation, secondary spore formation, and pathogenicity in U. virens. 265 

In addition, the defects of stress responses could affect the formation of secondary 266 

spores on the rice surface, and then affect the pathogenicity of U. virens.  267 

 268 

Materials and methods 269 

Sequence analysis 270 

The sequences of the genes and proteins used in this study were downloaded from the 271 

National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/). 272 

The motif scan was performed online (https://myhits.isb-sib.ch/cgi-bin/motif_scan). 273 

The protein sequence alignments were processed using EPSript 3.0. The following 274 

phylogenetic analyses were performed using MEGA 5.0 with a neighbor-joining 275 

algorithm method (Robert & Gouet, 2014).  276 

 277 

Fungal growth  278 

The U. virens wild-type strain HWD-2 was a kind gift from the Huazhong agriculture 279 

university (Hubei, Wuhan). The U. virens strain was cultured at a constant temperature 280 

https://www.ncbi.nlm.nih.gov/


of 28°C on the PSA (potato 200 g/L, sucrose 20 g/L, and agar 20 g/L). For liquid culture, 281 

the mycelia were shaken in the PS (200 g/L potato and 20.0 g/L sucrose) medium at 282 

170 rpm and 28℃ for 7 d. The mycelia growth, mycelia dry weight, conidia 283 

concentration was measured as described (Meng et al., 2020). The conidial germination 284 

experiments were performed on the PSA, agarose plates, and the rice sheath 285 

respectively. Three independent biological experiments were performed with three 286 

replicates each time. 287 

 288 

Construction of the ΔUvwhi2 strains and complementation analyses 289 

To construct the UvWHI2 deletion mutant strain using the gene replacement strategy, 290 

the 1026 bp upstream and 989 bp downstream flanking sequences of UvWHI2 were 291 

amplified from the genomic DNA of the HWD-2 strain using the primer pairs Uvwhi2-292 

5F/R and Uvwhi2-3F/R (Table S2). Then, these flanking fragments of UvWHI2 were 293 

cloned into vector pFGL821 (Addgene: 58224, www.addgene.org) (Xiong et al., 2020). 294 

For the complementation, the UvWHI2 fragment, including coding region, promoter 295 

and 3’-UTR regions of UvWHI2 (Table S2), was inserted into the vector pFGL823, 296 

which was derived from the replacement of hygromycin phosphotransferase gene 297 

cassette in pFGL821 by neomycin resistance gene. Agrobacterium-mediated 298 

transformation was applied for genetic transformation in U. virens following the 299 

protocol (Yu et al., 2015). The correct transformants of ΔUvwhi2 and complementation 300 

assay were ascertained using Southern blot and qRT-PCR analyses. 301 

 302 

Southern blotting, RNA isolation and qRT-PCR analyses 303 

For Southern blot analysis, the genomic DNA of the WT strain and mutants were 304 

extracted and digested with Xho I. Then the digested products of genomic DNA were 305 

size fractionated through 0.8% agarose gel and mounted onto positively charged nylon 306 

membrane (GE Healthcare, Buckinghamshire, UK). The purified probe UvWHI2-307 

probe-F/R (Table S2) was DIG-labeled with Labeling Reagents (GE Healthcare, 308 

http://www.addgene.org)/


Buckinghamshire, UK) to hybridize with the digested products of the WT and ΔUvwhi2 309 

strains. All the hybridization process was executed following the manufacturing 310 

instruction of AmershamTM AlkPhos Direct Labeling Reagents (GE Healthcare, 311 

Buckinghamshire, UK). Then, ChemiDoc XRS+ system (Bio-Rad, Hercules, USA) was 312 

used to detect the signals of Southern Blotting.  313 

 314 

The total RNA of the fungal mycelia was extracted using the Fungal RNA Kit 200 315 

(OMEGA). The first-stranded cDNA was synthesized with a reverse transcription kit 316 

(TaKaRa, Japan), and then TB GreenTM Premix Ex TaqTM (Tli RnaseH Plus) was used 317 

for qRT-PCR analysis. The β-Tubulin gene was used as the endogenous reference gene 318 

(Table S2). The relative expression levels of UvWHI2 gene were calculated using the 319 

2-∆∆Ct method.  320 

 321 

Pathogenicity assay 322 

For the pathogenicity assay, liquid culture of mycelia and conidia (1×106 conidia/mL) 323 

were mixed together, and broken down in a juice blender. Then, the conidia suspension 324 

was injected into the panicles of selected rice cultivar Wanxian 98 (a susceptible rice 325 

cultivar, Oryza sativa L. indica) at the booting stage. The inoculated plants were 326 

cultivated under 12 h light/dark conditions at 25℃  and 95% humidity. Then, the 327 

phenotype of smut balls was measured and scanned at 21 dpi. All the experiments in 328 

this part were repeated three times in each test. 329 

 330 

RNA-Seq library preparation and Illumina sequencing 331 

Total RNA was extracted from seven-day-old mycelia and conidia of WT and ∆Uvwhi2-332 

39 strains using the Fungal RNA Kit 200 (OMEGA). A total of 3 μg RNA and the 333 

NEBNext® UltraTM RNA Library Prep Kit was used to generate RNA-Seq 334 

transcriptome libraries for sequencing on Illumina® (NEB, USA) following 335 

manufacturer’s recommendations. 336 



 337 

For the RNA-Seq data analysis, the reads containing adapter and ploy-N and low-338 

quality reads were removed to obtain clean reads base on their error rate, Q20, Q30, 339 

and GC contents. Reference genome and gene model annotation files were downloaded 340 

from genome website directly 341 

(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/000/687/475/GCA_000687475.1_Ass342 

embly_for_version_1_of_the_Villosiclava_virens_genome/). Then, the eatureCounts 343 

v1.5.0-p3 was used to map the clean reads to reference genome. And each gene 344 

expression level was based on the FPKM (Fragments Per Kilobase per Million). 345 

Differential expression genes of two samples was obtained using the DESeq2 software 346 

with FDR adjusted p ≤  0.05 & absolute log2 fold ≥  2. Gene Ontology (GO) 347 

enrichment analysis was performed under the Bonferroni-corrected P-value ≤ 0.05 348 

compared with the whole-transcriptome background. GO functional enrichment 349 

analysis was finished on the website (https://www.omicshare.com/tools/).  350 

Abiotic stresses response analysis 351 

To test the sensitivity to various abiotic stresses, the WT, ΔUvwhi2, and ΔUvwhi2-C 352 

strains were cultured at 28℃ for 15 d on the PSA and PSA with 0.03% H2O2, 0.4 M 353 

NaCl (Solarbio, S8210), 0.7 M sorbitol (Coolaber, CS10381), 0.03% SDS (Sigma, 354 

L3771), 120 μg/mL CFW (Sigma, F3543), and 120 μg/mL CR (Solarbio, IC1000) to 355 

measure the colony diameters. The formula of inhibition rate was calculated as follow: 356 

Inhibition rate = (average of strain colony diameters on the PSA - the average of strain 357 

colony diameters on the PSA with different chemicals)/average of the strain colony 358 

diameters on the PSA × 100%. For the nutrient starvation assay, the SD (Yeast nitrogen 359 

base without amino acids 1.7 g/L, Ammonium sulfate, 5g/L glucose 20g/L, and agar 20 360 

g/L) medium, SD-G (Yeast nitrogen base without amino acids 1.7 g/L, Ammonium 361 

sulfate, 5g/L glucose 20g/L, and agar 20 g/L), and SD-N (Yeast nitrogen base without 362 

amino acids 1.7 g/L, glucose 20 g/L, and agar 20 g/L) plates were used. All the 363 

experiments were performed three times with three replicates. 364 

https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/000/687/475/GCA_000687475.1_Assembly_for_version_1_of_the_Villosiclava_virens_genome/
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 408 

Fig. 1 Identification of UvWhi2 in Ustilaginoidea virens. a, The multiple alignment 409 

of amino acid sequences of UvWhi2, MrWhi2, BbWhi2, MoWhi2, AvWhi2 and 410 

ScWhi2. Amino acids in black and gray represent amino acids identity and fifty percent 411 

similarity, respectively. b, Phylogeny analysis of Whi2 orthologs from different fungi 412 

was constructed by MEGA 5.0 using the neighbor-joining method. The sequences 413 

included UvWhi2 (U. virens, KDB15335.1), MrWhi2 (Metarhizium robertsii, 414 

XM_007820024.1), BbWhi2 (Beauveria bassiana, XM_008598486.1), MoWhi2 415 

(Magnaporthe oryzae, XP_003714147.1), AvWhi2 (Aspergillus vadensis, 416 

XM_025709355.1), and ScWhi2 (Saccharomyces cerevisiae, NP_014686). c, The 417 

transcriptional analysis of UvWHI2 in the mycelia and inoculated panicles of WanXian 418 

98 (oryza sativa L. indica) at 3, 5, and 9 dpi. The data represents the mean ± SD from 419 

three independent replicates. The data were subject to Duncan’s Test and the significant 420 
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differences were indicated in the figure with three asterisks (***, p < 0.001). 421 

 422 

Fig. 2 Targeted gene deletion of UvWHI2 and complementation assay in U. virens. 423 

a, Construction strategy for the UvWHI2 gene deletion mutant in U. virens. The coding 424 

region of UvWHI2 was replaced with the hygromycin phosphotransferase gene cassette 425 

(HYG) by homologous recombination. b, The Southern blot assay was used to validate 426 

the loss of UvWHI2 in the ∆Uvwhi2 deletion mutant. The Xho I enzyme was used to 427 

digested genomic DNA of the WT and ∆Uvwhi2 strains. The digested genomic were 428 

processed for the Southern blotting with the 1 Kb downstream of UvWHI2 as probe. c, 429 

qRT-PCR analysis of the expression level of UvWHI2 in the WT, ∆Uvwhi2, and 430 

∆Uvwhi2-C strains. The data represents the mean ± SD from three independent 431 

replicates. The asterisks (***) indicate a P value < 0.001. 432 

 433 

Fig. 3 Deletion of UvWHI2 results in decreased vegetative growth and increased 434 

conidiation in U. virens. a, Mycelia growth of the WT, ∆Uvwhi2, and ∆Uvwhi2-C 435 

strains on the PSA (potato sucrose agar) medium in dark at 28℃ for 15 d. b, Colony 436 

morphology of indicated strains. c, Dry weight of mycelia was measured in the PS 437 

medium after 7 d culture. d and e, Knockout of UvWHI2 enhanced conidiation under 438 

nutrient-rich condition. Data represents the mean ± SD from three independent 439 

replicates. The data were subject to Duncan’s Test and the significant differences were 440 

indicated in the figure with three asterisks (***, p < 0.001). Scale bar = 5 μm. 441 

 442 

Fig. 4 UvWhi2 is required for pathogenesis in U. virens. a, Disease symptoms of 443 

indicated strain on the rice panicles of WanXian 98 at 21 dpi. b, Statistical analysis of 444 

the average number of false smut balls on the inoculated spikelets. Each experiment 445 

was performed with three independent biological experiments and more than thirty 446 

panicles were inoculated each time. Data were showed as Mean ± SD (n = 3). ***, p < 447 

0.001. 448 



 449 

Fig. 5 UvWHI2 contribute to the stress responses to the cell wall, oxidative and 450 

osmotic agent in U. virens. a, b and c, qRT-PCR analysis of the expression of the genes 451 

related to laccase, peroxidase, chitin deposition and hyperosmotic activities, 452 

respectively. d, The tested strains grown on the PSA or PSA with 0.03% H2O2 453 

(Oxidative stress agent), 0.03% SDS (Sodium dodecyl sulfate), 120 μg/mL CFW 454 

(Calcofluor white), 120 μg/mL CR (Congo red), 0.4 M NaCl, or 0.7 M sorbitol. Typical 455 

cultures were photographed after 15 d at 28℃. e, Statistical analysis of inhibition rate 456 

of tested strains with different stress agents. The diameters of colonies were measured 457 

and calculated. Similar results were obtained by three repeated experiments. The error 458 

bars represent the standard deviation and the asterisk represents the significant 459 

difference compared to the WT strain under the same conditions (*, p < 0.01; **, p < 460 

0.005; ***, p < 0.001). 461 

 462 

Fig. 6 UvWhi2 is involved in the regulation of nutrient stresses responses in U. 463 

virens. a, qRT-PCR analysis of the genes related to sugar synthesis. b, The growth of 464 

tested strains on the SD (synthetic dropout medium), SD-G (synthetic dropout medium 465 

without glucose), and SD-N (synthetic dropout medium without nitrogen) medium. 466 

Typical cultures were photographed after culturing for 15 d at 28℃. The diameters of 467 

colonies were measured to calculate the inhibition rate. c, Statistical analysis of tested 468 

strains grown on the SD-G and SD-N medium at 15 d. Similar results were obtained by 469 

three repeated experiments. ** or ***, p < 0.005 or p < 0.001. 470 

 471 

Fig. 7 Conidial germination of the ∆Uvwhi2 mutant on the nutrient limited surface 472 

and rice sheath surface. a-c, Conidial germination of U. virens on the PSA and agarose 473 

plates and the rice sheath. The conidia were inoculated on the indicated surface at 28 °C 474 

for 3 d. Scale bar = 3 μm.  475 
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Figures

Figure 1

Identi�cation of UvWhi2 in Ustilaginoidea virens. a, The multiple alignment of amino acid sequences of
UvWhi2, MrWhi2, BbWhi2, MoWhi2, AvWhi2 and ScWhi2. Amino acids in black and gray represent amino
acids identity and �fty percent similarity, respectively. b, Phylogeny analysis of Whi2 orthologs from
different fungi was constructed by MEGA 5.0 using the neighbor-joining method. The sequences included



UvWhi2 (U . virens, KDB15335.1), MrWhi2 (Metarhizium robertsii, XM_007820024.1), BbWhi2 (Beauveria
bassiana, XM_008598486.1), MoWhi2 (Magnaporthe oryzae, XP_003714147.1), AvWhi2 (Aspergillus
vadensis, XM_025709355.1), and ScWhi2 (Saccharomyces cerevisiae, NP_014686). c, The transcriptional
analysis of UvWHI2 in the mycelia and inoculated panicles of WanXian 98 (oryza sativa L. indica) at 3, 5,
and 9 dpi. The data represents the mean ± SD from three independent replicates. The data were subject
to Duncan’s Test and the signi�cant differences were indicated in the �gure with three asterisks (***, p <
0.001).
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Figure 2

Targeted gene deletion of UvWHI2 and complementation assay in U. virens. a, Construction strategy for
the UvWHI2 gene deletion mutant in U. virens. The coding region of UvWHI2 was replaced with the
hygromycin phosphotransferase gene cassette (HYG) by homologous recombination. b, The Southern
blot assay was used to validate the loss of UvWHI2 in the ∆Uvwhi2 deletion mutant. The Xho I enzyme
was used to digested genomic DNA of the WT and ∆Uvwhi2 strains. The digested genomic were
processed for the Southern blotting with the 1 Kb downstream of UvWHI2 as probe. c, qRT-PCR analysis



of the expression level of UvWHI2 in the WT, ∆Uvwhi2, and ∆Uvwhi2-C strains. The data represents the
mean ± SD from three independent replicates. The asterisks (***) indicate a P value < 0.001.
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Figure 3

Deletion of UvWHI2 results in decreased vegetative growth and increased conidiation in U. virens. a,
Mycelia growth of the WT, ∆Uvwhi2, and ∆Uvwhi2-C strains on the PSA (potato sucrose agar) medium in
dark at 28 for 15 d. b, Colony morphology of indicated strains. c, Dry weight of mycelia was measured in
the PS medium after 7 d culture. d and e, Knockout of UvWHI2 enhanced conidiation under nutrient-rich
condition. Data represents the mean ± SD from three independent replicates. The data were subject to



Duncan’s Test and the signi�cant differences were indicated in the �gure with three asterisks (***, p <
0.001). Scale bar = 5 μm.
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Duncan’s Test and the signi�cant differences were indicated in the �gure with three asterisks (***, p <
0.001). Scale bar = 5 μm.

Figure 3

Deletion of UvWHI2 results in decreased vegetative growth and increased conidiation in U. virens. a,
Mycelia growth of the WT, ∆Uvwhi2, and ∆Uvwhi2-C strains on the PSA (potato sucrose agar) medium in
dark at 28 for 15 d. b, Colony morphology of indicated strains. c, Dry weight of mycelia was measured in



the PS medium after 7 d culture. d and e, Knockout of UvWHI2 enhanced conidiation under nutrient-rich
condition. Data represents the mean ± SD from three independent replicates. The data were subject to
Duncan’s Test and the signi�cant differences were indicated in the �gure with three asterisks (***, p <
0.001). Scale bar = 5 μm.

Figure 4

UvWhi2 is required for pathogenesis in U. virens. a, Disease symptoms of indicated strain on the rice
panicles of WanXian 98 at 21 dpi. b, Statistical analysis of the average number of false smut balls on the
inoculated spikelets. Each experiment was performed with three independent biological experiments and
more than thirty panicles were inoculated each time. Data were showed as Mean ± SD (n = 3). ***, p <
0.001.
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Figure 5

UvWHI2 contribute to the stress responses to the cell wall, oxidative and osmotic agent in U. virens. a, b
and c, qRT-PCR analysis of the expression of the genes related to laccase, peroxidase, chitin deposition
and hyperosmotic activities, respectively. d, The tested strains grown on the PSA or PSA with 0.03% H2O2
(Oxidative stress agent), 0.03% SDS (Sodium dodecyl sulfate), 120 μg/mL CFW (Calco�uor white), 120
μg/mL CR (Congo red), 0.4 M NaCl, or 0.7 M sorbitol. Typical cultures were photographed after 15 d at



28. e, Statistical analysis of inhibition rate of tested strains with different stress agents. The diameters
of colonies were measured and calculated. Similar results were obtained by three repeated experiments.
The error bars represent the standard deviation and the asterisk represents the signi�cant difference
compared to the WT strain under the same conditions (*, p < 0.01; **, p < 0.005; ***, p < 0.001).
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UvWhi2 is involved in the regulation of nutrient stresses responses in U. virens. a, qRT-PCR analysis of the
genes related to sugar synthesis. b, The growth of tested strains on the SD (synthetic dropout medium),
SD-G (synthetic dropout medium without glucose), and SD-N (synthetic dropout medium without
nitrogen) medium. Typical cultures were photographed after culturing for 15 d at 28. The diameters of
colonies were measured to calculate the inhibition rate. c, Statistical analysis of tested strains grown on
the SD-G and SD-N medium at 15 d. Similar results were obtained by three repeated experiments. ** or
***, p < 0.005 or p < 0.001.



Figure 7

Conidial germination of the ∆Uvwhi2 mutant on the nutrient limited surface and rice sheath surface. a-c,
Conidial germination of U. virens on the PSA and agarose plates and the rice sheath. The conidia were
inoculated on the indicated surface at 28 °C for 3 d. Scale bar = 3 μm.
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