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26 ABSTRACT

27

28 We characterized the genetic structure of 609 strains of Pyricularia oryzae, the fungal pathogen 

29 causing rice blast disease, in three main regions in Vietnam using microsatellites (SSR) markers. From 

30 the 447 distinct multilocus genotypes identified, six genetic clusters were defined, all of them 

31 showing elevated genetic and genotypic diversities. Four of these clusters were related to rice-

32 attacking lineages already described at the worldwide scale, whereas the two remaining clusters 

33 were endemic to Vietnam. Strains were unevenly distributed into the six clusters depending on their 

34 groups of rice variety (indica / japonica) or type of varieties (traditional / modern) of origin, but none 

35 of the clusters was specifically related to these two factors. The highest diversity of blast population 

36 was found in Northern mountainous area, and the lowest in Red River Delta in both term of genetic 

37 diversity and gene diversity. Hierarchical AMOVAs confirmed that all three factors considered (rice 

38 variety group, type of variety origin and geography) significantly contributed to the population 

39 structure of P. oryzae in Vietnam, with highest contribution from rice variety group. Mating types 

40 were unevenly distributed among clusters. Combined with results of female fertility and linkage 

41 disequilibirum, we hypothesized that clonal reproduction probably occurred in all clusters, but that 

42 sexual reproduction likely took place at least in some restricted areas in the Northern mountainous 

43 area for strains belonging to the cluster related to the previously described recombinant lineage 

44 (worldwide lineage 1). Our study pictures the genetic diversity, population structure and 

45 reproductive mode of the blast fungus in central and north Vietnam, and shows that the observed 

46 population structure is explained by several factors, the most important one being the variability of 

47 rice variety. All these new information might help for elaborating appropriate strategies to 

48 controlling the blast disease. 

49

50 1. Introduction

51 Rice (Oryza sativa L.) is one of the most important staple foods for Vietnamese people due 

52 to their cultural behavior. Vietnam is the fifth largest rice exporter in billion $ and the second or 

53 third (depending on years) in million tons of paddy. Rice also supplies approximately 50% of the food 

54 demands worldwide (Khush, 2005; Latif et al., 2011). This cereal thus plays a crucial role for economy 

55 and food security not only in Vietnam but also in the whole world. Vietnam is one of the Asia’s 

56 richest hotspots of biological, ecological and cultural diversities (Higgins et al., 2019; Hue et al., 
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57 2018). Notably, the exceptional richness of rice varieties in Vietnam, gathering both traditional and 

58 modern varieties, supplies elevated genetic diversity for several important genes involved in 

59 agronomically important traits, such as resistance to biotic and abiotic stresses (Higgins et al., 2021; 

60 Nguyen et al., 2012; Vu et al., 2016). Rice diversity represents an essential resource for plant 

61 breeders for improving breeding programs for high productivity, quality and resistance to diseases. 

62 The erosion of richness and genetic variance of traditional rice varieties has accelerated markedly in 

63 recent decades, being directly or indirectly linked to growing urbanization, industrialization and the 

64 development of tourist activities and services (Katayama et al., 2015; Nakagahra et al., 2000; Smith 

65 et al., 2019). Nevertheless, the global shrinking of rice cultivated biodiversity is a threatening bell 

66 for long-term sustainable development of agriculture in Vietnam (Lang et al., 2010).

67 Rice production is regularly jeopardized by various diseases, among which the airborne 

68 fungus Pyricularia oryzae Cavara (synonym Magnaporthe oryzae). This ascomycete causes blast 

69 disease on several Poaceae hosts (Couch et al., 2005; Gladieux et al., 2018a), responsible for 

70 dramatic damages on rice production, with yield losses in a range of 1-5% at the world scale (Savary, 

71 2000) but sometimes locally reaching dramatic levels of 80-100% (Talbot, 2003). P. oryzae is a 

72 hemibiotrophic pathogen whose life cycle starts with a biotrophic phase followed by a necrotrophic 

73 phase (Wilson and Talbot, 2009). It is one type of rapidly evolving pathogen, and a premier model 

74 organism for plant pathology (Dean et al., 2012; Ebbole, 2007; Huang et al., 2014; Talbot, 2003; 

75 Valent, 1990). Rice immunity against blast, as against other fungal pathogens (Liu et al., 2014) 

76 includes quantitative mechanisms such as basal resistance (Vergne et al., 2010), and specific 

77 mechanisms based on the gene-for-gene relationship (Flor, 1971; Silué et al., 1992). However, 

78 specific genetic resistances against blast, triggered by so-called major resistance (R) genes, are only 

79 short-time effective when deployed in fields, due to the high capacity of P. oryzae to rapidly adapt 

80 to such resistances. Indeed, fungal effectors involved in interactions with the host comprise 

81 avirulence (AVR) factors acting in gene-for-gene interactions able to escape specific recognition R 

82 genes (Chiapello et al., 2015; Kim et al., 2019; Zhang and Xu, 2014). Different mechanisms including 

83 mutation and genetic recombination can contribute to the fast evolution of P. oryzae pathogen, 

84 especially at AVR loci in response to selection by R genes deployed in the field (Noguchi et al., 2006; 

85 Noguchi, 2011).  To date, more than 100 R genes effective against blast have been described, among 

86 which 38 have been molecularly cloned and characterized (Manoj et al., 2019; Hu et al., 2022). 

87 Besides, at least 500 QTLs involved in partial resistance against blast have been defined, but only 
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88 few major QTLs have been identified by molecular markers (Ashkani et al., 2014; Ballini et al., 2008). 

89 On the pathogen’s side, more than 40 AVR genes have been identified in P. oryzae, in which 12 have 

90 been cloned (Hu et al., 2022). Analyzing the variation of AVR genes can help evaluating the efficacy 

91 of cognate resistance genes (Selisana et al., 2017).

92 However, management of rice blast is still an issue. Chemical control is fast but not persistent 

93 and harmful for environment and people’s health. Most prophylactic actions are ineffective, and 

94 genetic control is only short-time effective (Orasen et al., 2020; Silué et al., 1992). An accurate 

95 characterization of P. oryzae population biology allows a better understanding of the factors 

96 underlying population structure and spread of virulent genotypes, and provides useful knowledge 

97 for resistance screening and exploitation of resistance diversity.

98 Population structure of the rice blast fungus P. oryzae has been described at the worldwide 

99 scale by several studies during the last decade using various methods (Gladieux et al., 2018b; Saleh 

100 et al., 2012, 2014; Thierry et al., 2021; Zhong et al., 2018). By analyzing 55 populations from 15 

101 countries with 12 simple-sequence repeat (SSR) markers, (Saleh et al., 2012, 2014) confirmed that 

102 South-East Asia was the center of origin of blast on rice and that most of the genetic diversity 

103 observed around the world was represented in this region. In this study, four main P. oryzae lineages 

104 pathogenic to rice were clarified, one of them being restricted to Asia and showing footprints of 

105 recombination, whereas the others are pandemic and strictly clonal. More recently, (Gladieux et al., 

106 2018b) used the genome sequencing data of 50 worldwide P. oryzae rice-attacking strains and 

107 confirmed the existence of the four previously described lineages: only one lineage endemic to 

108 continental Southeast Asia (lineage 1) displayed signatures of sexual recombination, whereas the 

109 three other lineages were pandemic and clonal, with two of them associated with japonica (lineage 

110 2) and indica rice (lineage 3) in rainfed and irrigated conditions. This global picture of P. oryzae 

111 populations divided in four main lineages on rice was also confirmed by recent studies using 

112 population genomics (Lattore et al., 2020, Thierry et al., 2021, Zhong et al., 2018), these studies 

113 showing that lineages 5 and 6 described by (Gladieux et al., 2018b) were in fact grouped with 

114 worldwide lineage 1. The time at which P. oryzae rice-attacking lineages separated from their last 

115 common ancestor is still a matter of debate (about 1,000 years ago in (Gladieux et al., 2018b), about 

116 200 years ago in (Latorre et al., 2020) but likely occurred long after the initial domestication of rice. 

117 The reproduction of P. oryzae in natura is asexual in most parts of the world except in some 

118 restricted regions of South East Asia (Gladieux et al., 2018b; Saleh et al., 2012, 2014). However, 
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119 sexual reproduction is possible in vitro. P. oryzae is a heterothallic fungus, in which the two different 

120 mating types (called MAT1 and MAT2) are different idiomorphs present at the MAT locus in different 

121 thalli (Kanamori et al., 2007; Kang et al., 1994; Saleh et al., 2012). Sexual reproduction occurs when 

122 two compatible strains (i.e. of opposite mating types) meet, with at least one of them being able of 

123 producing perithecia (the organs in which meiosis occurs), i.e. female fertile (Saleh et al., 2012). The 

124 fertility of P. oryzae ranges from total sterility (unable to mate with any other strain), to female 

125 sterility (able to mate as a male parent), to full fertility (able to mate as either male or female 

126 parents) (Saleh et al., 2012; Valent et al., 1986). The sexual reproduction can increase the genotypic 

127 diversity of P. oryzae populations and the recombinant individuals may have new ability to infect 

128 different host cultivars. 

129 Until now, knowledge of genetic population structure and reproductive mode of P. oryzae in 

130 Vietnam is still limited, which has obstructed the efforts towards selection and breeding of resistant 

131 cultivars adapted to local agro-climatic conditions. Using MAGGY probe, (Don et al., 1999) identified 

132 five endemic lineages from 78 strains from several provinces of the Red River Delta and the Mekong 

133 Delta. Four of them came from Red River Delta, and a single genetic group was described in the 

134 Mekong Delta, but no genetic groups were shared between both Deltas. They also observed that 10 

135 strains formed perithecia when crossed in vitro with a reference strain, showing that fertile strains 

136 existed in their sample. (Thuan et al., 2006) found 12 genetic groups by using 160 AFLP markers to 

137 classify 123 strains collected in the Red River Delta. Strains sampled on japonica and indica hosts 

138 clustered separately.

139 Understanding the population biology, genetic diversity and population structure of 

140 pathogen is key for a better comprehension of the occurrence of new pathotypes and for the 

141 screening and breeding of cultivars with efficient resistances. The aim of the present study was to 

142 fill the information gap on the genetic diversity and population biology and structure of P. oryzae in 

143 Vietnam, using large population sampling and reliable molecular markers. Especially, we aimed at 

144 (i) collecting fungal populations on a large geographic range in order to have an overview of 

145 population diversity of rice blast throughout Vietnam (as compared to previous works conducted in 

146 the same country), (ii) using SSR genetic markers allowing comparison with former studies 

147 performed at the worldwide scale, (iii) collecting information (when available) on rice varieties on 

148 which fungal isolates were sampled and connecting this information to pathogen diversity, and (iv) 

149 exploring the reproductive mode of blast in Vietnam by analyzing mating types and fertility of fungal 
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150 isolates. For that purpose, we gathered a comprehensive collection of 609 strains covering three 

151 major rice growing regions of the country: Central region, Red River Delta and Northern 

152 mountainous area, obtained with the same sampling methodology and representing real 

153 populations (i.e. several strains per field). This collection was analyzed using SSR markers used for 

154 previous studies at the worldwide scale, and was characterized for mating type and fertility using 

155 molecular and biological tests. We then analyzed how population structure relates with several 

156 factors (geography, rice variety group, type of rice variety). 

157 2. Materials and methods

158 2.1. Sampling

159 Extensive sampling was performed from May 2018 to May 2019 throughout Red River Delta, 

160 Northern mountainous area and Central region of Vietnam (Table S1). In each province of those 

161 regions, we targeted two location points. At each location point, two different rice varieties from 

162 two different fields were selected for harvesting diseased plants. The diseased plants harvested 

163 from one variety, at one location were considered as one sample. In order to get 10 fungal strains 

164 per sample, we harvested as far as possible at least 20 diseased plants (neck, leave, collar or panicle) 

165 per field. Samples were harvested from farmer’s field with permission of individual farmers or their 

166 neighbor. For each sample, the name of rice variety, locality and global positioning systems (GPS) 

167 coordinates were recorded. Harvested samples were kept dry for next steps in laboratory.

168 2.2. Isolation and storage of P. oryzae strains

169 For each sample, pieces of diseased plant were placed in humidified Petri dishes at 25 °C for 

170 1 to 2 days to allow fungal sporulation. After 24 hours, monospore isolation was performed to obtain 

171 genetically pure P. oryzae strains, as previously described by (Silué and Nottéghem, 1990). Strains 

172 were stored on dried filter paper at -20 °C after seven days growth (25 °C, fluorescent lighting, 12-h 

173 photoperiod) on a 7-cm-diameter paper disk placed on autoclaved rice flour medium, as described 

174 by (Valent et al., 1986).

175 2.3. DNA extraction and SSR amplification
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176 Fungal DNA was extracted by enzymatic cell wall digestion procedure (Sweigard et al., 1990) 

177 as described by (Adreit et al., 2007), after four days of culture of each P. oryzae strain in liquid 

178 medium (per liter: 10 g glucose, 3 g KNO3, 2 g KH2PO4, 2 g yeast extract, 500 mg Penicillin G) in the 

179 dark at 25 °C. Extracted DNA was quantified and qualified by Nano Drop measurement (Nanodrop 

180 2000). To validate their fungal origin, 1 µl of the extracted DNAs (20 ng/µl) was amplified with primer 

181 pair ITS5/ITS4 (ITS5: 5’-GGAAGTAAAAGTCGTAACAAGG-3’, ITS4: 5’-TCCTCCGCTTATTGATATGC-3’) 

182 specific to Ascomycetes, with the following PCR program: predenaturation at 95 °C for 15 min, 

183 denaturation at 94 °C for 30 s, hybridization at 60 °C for 90 s, extension at 72 °C for 60 s, repeat from 

184 step 2 to step 4 for 30 cycles, and final extension at 60 °C for 10 min. Five µl of amplification products 

185 were checked on 1% agarose gel. 

186 Fungal population was genotyped with the following 13 SSR markers specifically developed 

187 for P. oryzae: pyrms47-48, pyrms427-428, pyrms99B-100, pyrms409-410, pyrms657-658, 

188 pyrms77B-78, pyrms63-64, pyrms83B-84, pyrms607-608, pyrms37-38, pyrms233-234, pyrms319-

189 320, pyrms43B-44 (Adreit et al., 2007; Saleh et al., 2012). For PCR amplifications, SSR primers were 

190 combined in four multiplexes as follows: Multiplex 1 (pyrms47-48, 427-428, 99B-100), Multiplex 2 

191 (pyrms409-410, 657-658, 77B-78), Multiplex 3 (pyrms63-64, 43B-44, 83B-84, 607-608), Multiplex 4 

192 (pyrms37-38, 233-234, 319-320). PCR amplifications were run using QIAGEN Multiplex PCR kit in a 

193 total volume of 5 µl, including 2.5 µl of master Mix, 0.5 µl of 10X mix primers, 0.5 µl of 5X Q solution, 

194 and 1.5 µl of genomic DNA (10 ng/µl), with the following program: predenaturation at 95 °C for 15 

195 min, denaturation at 94 °C for 30 s, hybridization at 57 to 63 °C for 90 s, extension at 72 °C for 60 s, 

196 repeat steps from 2 to 4 for 40 cycles, and final extension at 72 °C for 30 min. For some DNAs, SSR 

197 loci that failed to be amplified in multiplexes were re-amplified separately using the same protocol, 

198 then added to the corresponding multiplex. Amplification products of multiplexes were pooled 

199 together (1.5 μl of amplified products at 1/70 dilution mixed with 15 μl Formamide HiDi and 

200 GeneScan-500LIZ size marker, Applied Biosystems), and were then separated and sized by 

201 fluorescence measurement on a 16-capillary ABI Prism 3130XL device (Applied Biosystems, Foster 

202 City, USA). Raw released data were analyzed and converted to allele size using GeneMapper v. 4.0 

203 (Applied Biosystems).

204 2.4. Analysis of P. oryzae population genetic structure 
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205 Genotypic diversity was evaluated with the R package poppr (Kamvar et al., 2014) using several 

206 estimators: number of multilocus genotypes (MLGs), number of MLGs expected at the lowest 

207 sample size (eMLGs, estimated using rarefaction method), Simpson’s diversity index (λ, that is the 

208 probability that two genotypes randomly selected from a sample are different), and evenness of 

209 MLGs (E.5, which accounts for the distribution of MLGs’ frequencies and which is less affected by 

210 unbalanced sample sizes than λ). Poppr was also used to estimate gene diversity as Nei’s expected 

211 heterozygosity (He, that is the probability that two alleles picked randomly in the population are 

212 different, averaged over the 13 SSR loci) and the diversity of Stoddart and Taylor’s index, G. The 

213 occurrence of genetic recombination was tested by estimating the unbiased index of association D 𝑟

214 (Agapow and Burt, 2005), that tends to 0 in populations where recombination occurs freely and to 

215 1 in clonal populations (significant deviation from 0 was tested using 1000 replicates of random 

216 reshuffling of alleles). 

217 Genetic population structure was inferred using Discriminant Analysis of Principal 

218 Components (DAPC) implemented in the R package adegenet 2.1.3 (Jombart et al., 2010; Jombart 

219 and Ahmed, 2011). The find.clusters function was used to determine the optimal number of genetic 

220 clusters (K) based on the Bayesian information criterion (BIC) with K varying from 2 to 12. The 

221 optimal number of clusters were confirmed by calculating the cross-entropy criterion as a function 

222 of the number of clusters using the software sNMF (Frichot et al., 2014), and by conducting a 

223 hierarchical agglomerative clustering with Ward’s linkage (Ward, 1963) using the software DARwin 

224 (Perrier and Jacquemoud-Collet, 2006). Individuals with a probability of ancestry ≥ 70% in a given 

225 cluster were assigned to this cluster, otherwise they were classified as admixed. In parallel to DAPC, 

226 we used the R package ape 5.3 (Paradis and Schliep, 2019) to infer genealogical relationships among 

227 individuals by building a genealogical tree based on the “relative dissimilarity” distance matrix 

228 (which reflects the number of alleles differing between two individuals), using the Neighbour Joining 

229 tree reconstruction algorithm. We visually compared genealogical relationships with DAPC 

230 clustering by coloring branches on the tree according to the DAPC clusters, to which individuals were 

231 assigned. To estimate genetic differentiation among genetic clusters and to estimate the effect of 

232 different factors (geography, rice variety group, type of variety origin) on population subdivision, we 

233 performed analyses of molecular variance (AMOVA) (Excoffier et al., 1992) as implemented in the R 

234 package ade4 (Dray and Dufour, 2007).
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235 2.5. Mating type and fertility assay

236 All genotyped strains were also tested for mating type and fertility. Mating type was 

237 determined by both PCR reactions and biological test. PCR amplification were performed with the 

238 primers specific for MAT1 (Primers A1 and A5) and MAT2 (Primers B15 and B16) defined by (Xu and 

239 Hamer, 1995). The PCR reactions were prepared in a total volume of 10 µl containing 20 ng of DNA 

240 template, 1 mM of PCR buffer, 0.2 mM of dNTP, 0.5 unit of Tag polymerase and 1 mM of each 

241 primer. Thermal cycling conditions for MAT1 were: initial denaturation step at 95 °C for 5 min; 30 

242 cycles of 95 °C for 30 s, annealing at 60 °C for 40 s and extension at 72 °C for 1 min; followed by 72 

243 °C for 5 min; final at 15 °C. The conditions for MAT2 were: initial denaturation step at 95 °C for 5 

244 min; 30 cycles of 95 °C for 40 s, annealing at 55 °C for 1 min and extension at 72 °C for 1 min; followed 

245 by 72 °C for 5 min; final at 15 °C. PCR products were separated by electrophoresis in a 1% agarose 

246 gel. The biological mating type test that allows determining both the mating type and the fertility of 

247 a tested strain, was performed as described in (Saleh et al., 2012). Briefly, each tested strain is 

248 confronted to a hermaphrodite (i.e. female and male fertile) reference strain of known mating type 

249 on rice flour agar medium in a 90 mm Petri dish, and then let to grow for 21 days (2 days at 25 °C, 

250 then at 20 °C with continuous light). The mating type and female fertility status of the tested strain 

251 was deduced from its ability to form perithecia in the contact with the reference strain: (i) if there 

252 is no line of perithecia formed neither on the tested strain nor on the reference strain side, then the 

253 tested strain is of the same mating type as the reference strain; (ii) if there is one line of perithecia 

254 formed on the reference strain side, then the tested strain is of opposite mating type to the 

255 reference strain, and is female-sterile; (iii) if there are two lines of perithecia formed both on the 

256 tested strain side and on the reference strain side, then the tested strain is of opposite mating type 

257 to the reference strain, and is female-fertile. Each tested strain was confronted to four reference 

258 strains (two replicates for each cross). 

259 3. Results

260 3.1. Population diversity within the whole population of P. oryzae

261 Among the samples collected during the whole campaign (Fig. 1), 647 monospore strains 

262 were recovered and successfully genotyped with 13 SSR markers. Genotypes with more than 25% 
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263 missing data were removed from the dataset, which finally comprised 609 genotyped strains: 263 

264 from Northern mountainous area, 136 from Red River Delta and 210 from Central region (Table 1). 

265 Genotypic diversity was elevated in the whole population as well as in the three different geographic 

266 regions. A total of 447 distinct MLGs were identified, representing 73.4% of 609 genotyped strains. 

267 The number of distinct MLGs represented 79.1% (208 MLGs out of 263 genotyped strains) in 

268 Northern mountainous area, 66.2% (90 MLGs out of 136 genotyped strains) in the Red River Delta, 

269 and 76.7% (161 MLGs out of 210 genotyped strains) in the Central region. This still held true after 

270 rarefaction analysis, the number of expected MLGs (eMLGs) representing 87.3%, 67.2%, and 83.6% 

271 of the smallest common sample size (134 genotypes) in the whole population for Northern 

272 mountainous area, Red River Delta and Central region, respectively. For the 60 (90%) sampling 

273 locations in which at least four strains were genotyped, the percentage of distinct MLGs recovered 

274 at the scale of a single paddy field varied between 12.5% and 100%, and was above 50% for 54 out 

275 of 60 (88%) sampling locations, showing that the elevated genotypic diversity was also effective at 

276 the scale of the paddy field. The elevated genotypic diversity was also attested by Simpson’s index 

277 λ ranging between 0.980 and 0.993 (0.996 in the whole population), and by evenness of MLGs 

278 ranging between 0.707 and 0.809 (0.663 in the whole population). Gene diversity estimated by Nei’s 

279 expected heterozygosity He was also elevated in the whole population (0.586) as well as in the three 

280 different geographic regions (0.675, 0.417 and 0.585 in Northern mountainous area, Red River Delta 

281 and Central region, respectively).

282 3.2. Genetic structure of P. oryzae

283 The genetic subdivision of P. oryzae population in Vietnam was inferred using DAPC analysis, 

284 performed on the clone corrected dataset comprising 447 distinct MLGs (Fig. 2A, Fig. 3A). 

285 Scatterplots of coordinates of individuals and of the groups showed that the clearest subdivision 

286 was captured with K=6 clusters (Fig. 2A). The definition of genetic clusters was consolidated by 

287 running sNMF, with a clear drop-down of cross-entropy observed for K=6 (Fig. 2B), indicating that 

288 further subdivision in more than six clusters only added noise to the analysis. Hierarchical 

289 agglomerative clustering with Ward’s linkage, performed using DARwin, also confirmed the 

290 subdivision into six clusters, equivalent to the six clusters inferred with DAPC (Fig. 2C). Finally, 

291 genealogical relationships, built from the relative dissimilarity distance matrix among the 447 MLGs, 

292 was concordant with the genetic subdivision obtained with DAPC: only 10 out of 447 MLGs grouped 
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293 with individuals not assigned to the same DAPC cluster (Fig. 3B). For the following analyses, the 

294 assignment of strains to genetic clusters is that defined by DAPC. In total, cluster 1 (red) comprised 

295 232 strains (135 MLGs), cluster 2 (yellow) comprised 120 strains (106 MLGs), cluster 3 (light green) 

296 comprised 80 strains (74 MLGs), cluster 4 (turquoise blue) comprised 28 strains (21 MLGs), cluster 

297 5 (dark blue) comprised 103 strains (67 MLGs), and cluster 6 (pink) comprised 46 strains (44 MLGs) 

298 (Table 2, Fig. 3B). At the scale of the paddy field, in 52% of the sampling locations we recovered 

299 strains that belong to at least two different genetic clusters, showing that these genetic clusters 

300 frequently coexisted in sympatry. 

301 To investigate the relationships between genetic clusters inferred in Vietnam and the four 

302 rice-attacking genetic lineages already described at the worldwide scale (Gladieux et al., 2018b; 

303 Lattore et al., 2020; Thierry et al., 2021), we combined the 447 Vietnamese MLGs in this study with 

304 338 unique MLGs representative of (and unambiguously assigned to) the four worldwide lineages 

305 (WL) WL1 to WL4. These 785 genotypes had in common 10 out of the 13 SSR markers (for the set of 

306 338 genotypes representative of the worldwide lineages, Pyrms43B marker was not used, and 

307 Pyrms99B and Pyrms409 markers generated large number of missing values). This DAPC (named 

308 DAPC-785 in order to distinguish with the previous DAPC with 447 Vietnamese MLGs named DAPC-

309 447) showed that four out of the six clusters inferred in Vietnam were related to worldwide genetic 

310 lineages (Fig. S1): strains from Vietnamese clusters 3, 4, 2 and 6 grouped with reference strains from 

311 WL1, WL2, WL3 and WL4, respectively. The two other Vietnamese clusters, i.e. clusters 1 and 5, 

312 were specific to Vietnam. Both analyses (DAPC-785 and DAPC-447) with only 13 MLGs misassigned.

313 Estimates of diversity within clusters confirmed that both genotypic and genetic diversities 

314 were elevated whatever the cluster considered (Table 2). Cluster 3 (WL1) was the most diverse both 

315 in terms of genotypic and genetic diversities, with almost the highest proportion of MLGs (92.5%) 

316 and Nei’s genetic diversity index (He=0.634). Conversely, cluster 1 was the largest cluster in size, but 

317 was the less diverse (58.2% of MLGs, He=0.258). The remaining clusters 2 (WL3), 4 (WL2), 5 and 6 

318 (WL4) showed elevated genotypic diversities (proportions of MLGs: 88.3%, 75%, 65% and 95.6% 

319 respectively) and low to intermediate gene diversities (He = 0.429, 0.311, 0.408 and 0.374 

320 respectively). Genetic differentiation among clusters was estimated using pairwise FST implemented 

321 in the AMOVA (Table 3). FST values were all significantly different from 0 and ranged from 0.30 

322 (between clusters 2 and 3) to 0.68 (between clusters 1 and 6), with a mean overall value of 0.49. All 
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323 of the pairwise FST values were higher than 0.30, indicating that all pairs of clusters were significantly 

324 differentiated with restricted gene flow between them.

325 3.3. Factors explaining genetic subdivision of P. oryzae populations

326 We first examined the geographic distribution of the six genetic DAPC clusters (Table 4, Fig. 

327 1, Fig. S2). Cluster 1, the biggest one was present in all three regions, but ancestry coefficients were 

328 highest in Red River Delta. Moreover, this cluster was the most popular in Red River Delta, other 

329 clusters contributed very few isolates in this region. Cluster 2 distributed mostly in Northern 

330 mountainous area and Central region. Cluster 3 was mostly found in the Northern mountainous 

331 area. Cluster 4, the smallest cluster among all six defined clusters, distributed relatively balanced in 

332 the three regions with highest probabilities of ancestry in restricted places of Northern mountainous 

333 area and South-West of Central region. Clusters 5 distributed mostly in the Central provinces, being 

334 scarce in the Red River Delta region. Finally, cluster 6 was present mostly in Northern Vietnam, and 

335 more seldom in Central region. In conclusion, although there was some relationship between 

336 geographic localization and genetic assignment of individuals for some of the six genetic clusters, 

337 geography was clearly not the single factor explaining population subdivision of P. oryzae in 

338 Vietnam. The six clusters were found in sympatry in all three regions.

339 To better understand what best explains the observed population subdivision, we addressed 

340 how genetic clusters were organized according to the following factors: geographic origin of strains, 

341 rice variety group (japonica or indica) and type of variety (traditional or modern) of host plant of 

342 strains (Table 4). χ2 tests were all highly significant, indicating a non-random distribution of 

343 genotypes among genetic clusters according to each factor. Hierarchical AMOVAs were performed 

344 for each factor by grouping genotypes by clusters then by factor (Table 5). In all cases, the 

345 percentage of molecular variation between strains within populations accounted in average for 

346 52.24% (ranging from 50.89% to 53.61%) of total variation, and the contribution of variation among 

347 genetic clusters to total variation averaged 38.29% (ranging from 35.3% to 39.8%), confirming strong 

348 genetic differentiation among clusters. For each factor considered, the percentage of variation 

349 among levels of factor was significant, representing 9.25%, 12.47% and 6.62% of total variation for 

350 geographical region, rice group and variety type, respectively. Altogether, these results showed that 

351 all three factors significantly contributed to population subdivision of P. oryzae in Vietnam.
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352 3.4. Recombination and possible occurrence of sexual reproduction

353 Recombination within each genetic cluster was addressed by estimating linkage 

354 disequilibrium using the D index. Values estimated with the total number of genotypes within each 𝑟

355 cluster (no clone correction) varied from 0.007 for cluster 6 to 0.265 for cluster 4 (Table 6). Cluster 

356 1 and 6 had D value close to zero, the value expected for population with random sexual mating. 𝑟

357 Moreover, the observed D value after permutations for cluster 6 fell in the area of no linkage. After 𝑟

358 clone correction, D value of these two clusters reduced closer to zero and the observed D value 𝑟 𝑟

359 after permutations for both clusters 1 and 6 fell in the area of no linkage. This indicated sexual 

360 reproduction might occur in these two clusters. The D values of cluster 2, cluster 3, cluster 4 and 𝑟

361 cluster 5 were significantly different from 0, meaning that the null hypothesis of full random mating 

362 could be rejected in those clusters; however, the highest value was 0.265 for cluster 4, i.e. far from 

363 1 (which is the expected value under clonality) indicating that these clusters might have mixed 

364 reproductive modes (mainly clonal with some occurrence of recombination). This remained true 

365 when clone correction was applied (Fig. S3). The calculation of D for each cluster*region 𝑟

366 combination (Table 6) showed that the null hypothesis of random mating could not be rejected for 

367 cluster 2 in Northern mountainous area, cluster 4 in Central region (for clone corrected dataset) and 

368 in Northern mountains area. However, D estimates of linkage disequilibrium are hard to interpret 𝑟

369 per se since this index has been shown to be sensitive to other factors than recombination such as 

370 migration or hidden genetic substructure (De Meeûs and Balloux, 2004). Therefore, we also search 

371 for the possible occurrence of sexual reproduction by scoring mating types and female fertility in all 

372 clusters. Mating types, determined using PCR assays and confirmed by in vitro test crosses for all 

373 genotyped strains, were unevenly distributed among clusters. Clusters 1, 2 and 5 mainly comprised 

374 MAT2 strains (MAT1:MAT2 ratio of 4:228, 2:118, and 2:101 respectively). Clusters 3, 4 and 6 

375 comprised mostly MAT1 strains (MAT1:MAT2 ratio of 70:10, 27:1, and 42:4, respectively). The less 

376 unbalanced ratio is therefore found in cluster 3 (12,5% of MAT2 isolates). In vitro test crosses against 

377 fertile testers of known mating types also allowed to score female fertility for almost all genotypes 

378 (541/609): only 16 fertile strains were recovered and were distributed in clusters 1 (2 MAT2 

379 strains/232), cluster 2 (1 MAT2 strain/120) and cluster 3 (8 MAT1 and 5 MAT2 strains/80). The three 

380 female fertile strains in cluster 1 and 2, from Central region and Red River Delta, respectively (Table 

381 6), were sampled in fields in which only MAT2 strains were found, indicating that biological 
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382 conditions were not fulfilled for sexual reproduction to occur. Interestingly, the 13 female fertile 

383 strains in cluster 3 were found in sympatry in two localities in the Northern mountainous area in 

384 which strains from both mating types were present, confirming the likeliness of occurrence of sexual 

385 reproduction in this cluster. In the first locality (Dien Bien Dong district, Dien Bien province), 9 out 

386 of the 16 strains sampled (10 MAT1, 6 MAT2) were female fertile; in the second locality (one field in 

387 the Bac Ha district, Lao Cai province), 4 out of the 7 strains sampled (6 MAT1, 1 MAT2) were female 

388 fertile. To conclude, the possibility of sexual reproduction was supported by genetic data (low values 

389 of linkage disequilibrium) for cluster 1 and 6, and also by biological data (presence of both mating 

390 types and of female fertile strains) for cluster 3 at least in some restricted areas of the Northern 

391 mountainous area. Conversely, clusters 2, 4 and 5 might be mainly clonal.

392 4. Discussion

393 The present study was based on SSR genotyping of a comprehensive sample of 609 rice blast 

394 strains covering three main areas of Vietnam: Northern mountainous area, Red River Delta and 

395 Central region. The sampled area covered a variety of geographic and climatic conditions (Beck et 

396 al., 2018) (Fig. S4). Seasonality is marked in the three studied areas. Northern mountainous area and 

397 Red River Delta are characterized by the cultivation of highly diverse rice varieties, including both 

398 traditional and modern, indica and japonica rice varieties, and traditional farming systems are the 

399 most frequent in almost Northern mountainous area. Fungicide is applied strongly in Red River Delta 

400 but rarely in Northern mountainous area. In the Central region, both intensive and traditional 

401 farming systems are found, cultivated rice varieties are less diverse, mostly from indica variety type 

402 and of modern type, since farmers here mainly follow governmental instructions of the local 

403 agricultural development sections. However, many fungal strains were also sampled from unknown 

404 rice varieties in this region. Therefore, the maintenance of an elevated genetic diversity of host in 

405 the Northern mountainous area seems to be associated with the maintenance of an elevated 

406 genetic diversity of rice blast .

407 The global P. oryzae rice-infecting population in Vietnam analyzed in this work was 

408 genetically diversified, with both high genetic and genotypic diversities. This agreed with previous 

409 results obtained by (Saleh et al., 2012, 2014) showing elevated genetic diversity of blast population 

410 in South-East Asia using the same set of molecular markers. The highest genetic diversity was 
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411 encountered in the Northern mountainous area (where diversity of rice varieties is the highest with 

412 a predominance of traditional), followed by Central region and Red River Delta. 

413 We inferred that the P. oryzae rice-infecting population in Vietnam was subdivided into six 

414 significantly differentiated genetic clusters. Although they were found in sympatry in the three main 

415 geographical regions explored and throughout Vietnam (Fig. 1), strains of cluster 1 dominated in 

416 Red River Delta, and strains from cluster 1, 2 and 5 dominated in Central region. The highest pairwise 

417 FST value (0.68) was observed between clusters 6 and 1 that did not geographically overlap. Our 

418 results were coherent with previous studies by (Saleh et al., 2012, 2014) who identified four clusters 

419 found in sympatry in most regions of Asia, three out of which migrated outside of Asia in specific 

420 regions of the world. The colocalization of differentiated genetic lineages in South Asia was 

421 confirmed by population genomics data (Gladieux et al., 2018b; Thierry et al., 2021). Conversely to 

422 these results, another study conducted in Vietnam identified five genetic groups, one in the South 

423 and four in the North, by fingerprinting 78 strains with the MAGGY probe (Don et al., 1999). The 

424 very small sample size and low resolution of genetic markers could explain the discrepancies 

425 between Don’s study and ours. Our results also showed significant uneven distributions of strains 

426 within the six clusters according to geographic location, rice variety type and traditional or modern 

427 variety type (Tables 4 and 5), meaning that all factors conjugate to shape the genetic diversity and 

428 structure of blast population in Vietnam. The resulting picture is a patchy distribution of the six 

429 clusters (Fig. 1). The highly diversified rice blast population in Vietnam likely reflects the elevated 

430 capability of blast fungus to adapt to heterogeneous environmental conditions. This heterogeneous 

431 feature and the detected recombination signals will be key factors to choose methods for controlling 

432 this pathogen.

433 Strains from cluster 3 in this study were clearly related to worldwide lineage 1. This cluster 

434 was the most diverse one and seemed to exhibit signals of recombination with low linkage 

435 disequilibrium value, both mating types (although the ratio was biased towards MAT1) and female 

436 fertile strains found in sympatry at least in two localities. This agrees with former results by 

437 (Gladieux et al., 2018b; Thierry et al., 2021) identifying worldwide lineage 1 as a recombinant 

438 lineage. Cluster 3 dominated in the Northern mountainous area (Fig. 1), and was significantly 

439 associated with traditional japonica rice varieties. Altogether, these results agree with previous 

440 studies performed at the worldwide scale (Tharreau et al., 2009; Thierry et al., 2021) showing that 

441 female fertile strains and recombining populations (almost all included in worldwide lineage 1) were 
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442 recovered in hillside and upland areas where traditional varieties are grown under rainfed water 

443 regime. Cluster 6 in our study was related to worldwide lineage 4 and also dominated in Northern 

444 areas and on traditional japonica varieties. The other clusters inferred in our study were mainly 

445 found on indica rice subspecies (Table 4), and were probably mainly clonal. The fact that the strains 

446 coming from japonica and indica varieties mainly segregated into different clusters was in 

447 accordance with (Liao et al., 2016): using the same set of SSR markers, these authors showed that 

448 strains sampled on japonica and indica traditional rice varieties in the YuanYang Terraces (Yunnan 

449 province of China) clustered into two genetically differentiated groups. (Thuan et al., 2006) also 

450 found similar results by characterizing 12 genetic groups from 123 strains collected in Red River 

451 Delta with AFLP markers, strains sampled on indica hosts being separated from japonica hosts. 

452 Clusters 2 and 4 in this study were related to the previously described worldwide clonal lineages 3 

453 and 2, respectively. As expected according to previous results (Gladieux et al., 2018b; Saleh et al., 

454 2012, 2014; Thierry et al., 2021), linkage disequilibrium inferred in these clusters, paucity of fertile 

455 strains and predominance of a single mating type indicated that clonal reproduction likely 

456 dominated in these clusters. Clusters 1 and 5 in this study were endemic to Vietnam. 

457 Altogether our findings showed that blast population structure in Vietnam was shaped by a 

458 combination of factors (geography, rice variety group and variety type) that resulted in a patchy 

459 distribution of the six inferred genetic clusters over the country. Both sexual and clonal reproduction 

460 occurs in P. oryzae population in Vietnam. The endemicity of this blast pathogen existed in two 

461 clusters, 1 and 5, in which many strains contributed from all three studied regions.   Taking into 

462 account this heterogeneity will be key for screening new sources of resistance to blast in Vietnamese 

463 rice germplasm.
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678 Tables

679 Table 1. Diversity indices of Pyricularia oryzae in the whole population and in the three different 

680 geographical regions (Northern mountainous area, Red River Delta, Central region).

681

N MLG eMLG ( SE) H G λ E.5 He

Northern mountainous area 263 208 117 ( 3.14) 5.21 148.1 0.993 0.808 0.675

Red River Delta 136 90 90 ( 0) 4.25 49.7 0.980 0.707 0.417

Central region 210 161 112 ( 2.96) 4.95 114.2 0.991 0.809 0.585

Whole population 609 447 134 (  3.74) 5.88 238.5 0.996 0.663 0.586

682

683 N: number of strains genotyped. MLG: number of different multilocus genotypes. eMLG: number of 

684 MLG expected at the lowest common sample size, estimated using rarefaction analysis (SE: standard 

685 error for the rarefaction analysis). H: Shannon-Wiener index. G: Stoddart and Taylor’s index. λ: 

686 Simpson’s index of genotypic diversity. E.5: Evenness of MLG. He: Nei’s gene diversity (expected 

687 heterozygosity).
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688 Table 2. Genetic diversity within each of the six genetic clusters.

N MLG eMLG ( SE) H G λ E.5 He MLG/N

Cluster 1 232 135 24.1 ( 1.80) 4.53 55.6 0.982 0.597 0.258 58.2%

Cluster 2 (WL3) 120 106 27.1 ( 0.90) 4.61 92.3 0.989 0.918 0.429 88.3%

Cluster 3 (WL1) 80 74 27.2 ( 0.82) 4.27 68.1 0.985 0.950 0.634 92.5%

Cluster 4 (WL2) 28 21 21.0 ( 0) 2.95 17.0 0.941 0.888 0.311 75%

Cluster 5 103 67 23.9 ( 1.67) 4.01 44.0 0.977 0.791 0.408 65%

Cluster 6 (WL4) 46 44 27.3 ( 0.67) 3.77 42.3 0.976 0.977 0.374 95.6%

689 N: number of strains genotyped. MLG: number of different multilocus genotypes. eMLG: number of 

690 MLG expected at the lowest common sample size, estimated using rarefaction analysis (SE: standard 

691 error for the rarefaction analysis). H: Shannon-Wiener index. G: Stoddart and Taylor’s index. λ: 

692 Simpson’s index of genotypic diversity. E.5: Evenness of MLG. He: Nei’s gene diversity (expected 

693 heterozygosity).
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694 Table 3. Pairwise FST values between the six genetic clusters estimated by AMOVA. Associated P-

695 values are all below 0.01, indicating that FST values are significantly different from 0.

Cluster 2 3 4 5 6

1 0.43 0.53 0.65 0.54 0.68

2 0.30 0.49 0.31 0.54

3 0.47 0.35 0.33

4 0.53 0.65

5 0.57

696
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697 Table 4. Distribution of P. oryzae genotypes into the six genetic clusters, according to geographic 

698 region, rice variety group, and variety type of original host plant. Results of χ2 tests, performed to 

699 address random distribution of genotypes into clusters, are indicated for three factors.

700

DAPC clusters

1 2 3 4 5 6

Central region 66 51 4 9 76 4

Red River Delta 102 6 2 7 4 15Region

Northern mountainous area 64 63 74 12 23 27

χ2=250.2, P<10-4, df=10

Indica - Modern 167 82 9 15 92 2

Indica - Traditional 25 9 24 6 11 0

Japonica - Modern 25 4 0 7 0 13

Rice group and 

variety type

Japonica - Traditional 15 25 47 0 0 31

χ2=325.54, P<10-4, df=15

Total 232 120 80 28 103 46

701
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702 Table 5. Hierarchical analysis of molecular variance (AMOVA) performed for each factor 

703 (geographic region, rice variety group and variety type of original host plant). The 447 genotypes 

704 were grouped by DAPC genetic clusters then by factor. All associated probability below 10-3 

705 (statistical significance tested after 999 permutations).

Percentage of variation

among clusters among level of factor 

within clusters

within 

individuals

Region 39.8% 9.25% 50.89%

Rice subspecies 35.3% 12.47% 52.23%

Variety type 39.77% 6.62% 53.61%
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707 Table 6. Index association D and numbers of female fertile, Mat1and Mat2 strains in each region and each genetic cluster. The probability 𝒓

708 that D is significantly different from 0, indicated between brackets, was inferred after 999 permutations.𝑟

709

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

D of all strains𝒓

D of clone-corrected𝒓

0.037 (P=0.001)

-0.001 (P=0.282)

0.079 (P=0.001)

0.076 (P=0.001)

0.106 (P=0.001)

0.097 (P=0.001)

0.265 (P=0.001)

0.224 (P=0.001)

0.124 (P=0.001)

0.091 (P=0.001)

0.007 (P=0.082)

0.004 (P=0.123)

Female fertile/Mat1

Female fertile /Mat2 

0/1

1/65

-

1/51

0/3

0/1

0/8

0/1

-

0/76

0/4

-

D (all strains)𝑟 0.022 (P=0.066) 0.122 (P=0.001) 0.381 (P=0.001) 0.583 (P=0.001) 0.190 (P=0.001) - Central region

D (clone-corrected)𝑟 -0.001 (P=0.455) 0.115 (P=0.001) 0.551 (P=1.000) 0.022 (P=0.116) 0.147 (P=0.001) - 

Female fertile/Mat1

Female fertile /Mat2 

0/2

1/100

-

0/6

0/1

0/1

0/7

-

0/1

0/3

0/13

0/2

D (all strains)𝑟 0.049 (P = 0.001) 0.204 (P=0.057) - 0.351 (P=0.001) - 0.148 (P=0.001)
Red River 

Delta

D (clone-corrected)𝑟 0.012 (P=0.126) 0.204 (P=0.041) - 0.335 (P=0.015) - 0.137 (P=0.002)

Female fertile/Mat1

Female fertile /Mat2 

0/1

0/63

0/2

0/61

8/66

5/8

0/12

-

0/1

0/22

0/25

0/2

D (of all strains)𝑟 0.116 (P=0.001) 0.089 (P=0.001) 0.118 (P=0.001) - 0.016 (P=0.625) 0.277 (P=0.001) 0.017 (P=0.122)

Northern 

mountainous 

area
D (clone-corrected)𝑟 0.065 (P=0.001) 0.083 (P=0.001) 0.107 (P=0.001) - 0.075 (P=0.709) 0.145 (P=0.003) 0.007 (P=0.259)
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710 Supplementary tables

711 Table S1. Names of provinces and districts where samples were collected in three geographical 

712 regions. 

Region Province District

Central 

region

Binh Dinh

Gia Lai

Ha Tinh

Hue

Khanh Hoa 

Kon Tum

Phu Yen

Quang Binh

Quang Nam

Quang Ngai

Thanh Hoa

An Nhon, Hoai Nhon, Phu My 

Chu Pah, Pleiku

Hong Linh

Huong Tra, Phu Loc

Phu Yen

Vinh Quang

Tuy An

Bo Trach, Quang Ninh

Dai Loc, Duy Xuyen, Que Son 

Binh Son, Son Tinh 

Tinh Gia, Tp. Thanh Hoa

Northern 

mountainous 

area

Bac Giang

Bac Kan 

Cao Bang

Dien Bien

Ha Giang

Lai Chau

Lao Cai

Phu Tho

Son La

Thai Nguyen

Tuyen Quang

Yen Bai

Viet Yen, Xuong Giang

Bach Thong, Cho Don, Ngan Son

Hoa An, Thach An

Dien Bien Dong

Bac Quang, Vi Xuyen

Tam Duong

Bac Ha, Bat Xat, Sa Pa

Doan Hung

Quynh Nhai

Dai Tu, Phu Luong

Son Duong, Thai Hoa, Tuyen Quang

Van Chan

Red River 

Delta

Bac Ninh

Ha Nam

Tu Son

Binh Luc, Duy Tien
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Hai Duong

Hai Phong

Hung Yen

Nam Dinh

Ninh Binh

Quang Ninh

Thai Binh

Vinh Phuc

Kim Thanh, Nam Sach

An Lao, Vinh Bao

Kim Dong

Giao Thuy, Vu Ban

Kim Khanh, Kim Son

Tien Yen, Uong Bi

Dong Hung, Quynh Phu

Phu Yen

713
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714 Captions of figures

715 Main figures

716 Fig. 1. Map of Vietnam showing sampling locations and the wheel shape circle showing frequency 

717 of occurrence of the six genetic clusters inferred with DAPC in three regions in Vietnam. Each point 

718 in map represents one sampling location. The black points were in Northern mountainous area; the 

719 violetred points were in Red River Delta and steelblue points were in Central region. Each pie 

720 represents one cluster in one region, with cluster 1: red, cluster 2: yellow, cluster 3: green, cluster 

721 4: turquoise blue, cluster 5: darkblue and cluster 6: pink.

722 Fig. 2. A. Scatterplot of coordinates of genotypes assigned to 6 genetic clusters. Each dot represents 

723 one genotype and the inertia ellipses represent the groups. B. Cross-entropy as a function of the 

724 number of ancestral populations (K) calculated using sNMF. C. Hierarchical agglomerative clustering 

725 with Ward’s linkage of 447 genotypes using DARwin.

726 Fig. 3. Population subdividsion in P. oryzae inferred with DAPC and genealogical relationships. A. 

727 Barplots showing ancestry proportions of the 447 unique genotypes in K clusters, with K varying 

728 from 3 to 8. Each genotype is represented by a vertical bar divided into K segments, indicating 

729 membership in the K clusters. Numbering and coloring of clusters at K=6 remains as is throughout 

730 this study clusters (red: cluster 1, yellow: cluster 2, green: cluster 3, turquoise blue: cluster 4, dark 

731 blue: cluster 5, pink: cluster 6). B. Neighbor Joining tree showing genealogical relationships among 

732 individuals based on the “relative dissimilarity” distance matrix. Branches are colored according to 

733 the assignation of genotypes to the six genetic clusters defined by DAPC.

734

735 Supplementary figures

736 Fig. S1. Relationships between the six genetic clusters inferred in Vietnam (Fig. 3, this study) and 

737 the four rice-attacking genetic lineages already described at the worldwide scale (WL lineages). A. 

738 Barplot showing the probability of ancestry inferred from DAPC-785 (i.e. DAPC performed with the 

739 447 Vietnamese MLGs + 338 worldwide reference MLGs) into K=6 ancestral clusters. The worldwide 

740 reference MLGs are framed in black with the corresponding worldwide lineage indicated above 

741 (WL1 to WL4). The colors chosen for the six clusters inferred from DAPC-785 are those of clusters 
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742 inferred from DAPC-447 to whom the majority of MLGs are also unambiguously assigned. Grey 

743 arrows below the barplot indicate the 13 MLGs for which the two analyses are not congruent. B. 

744 Distribution of the 447 Vietnamese MLGs assigned to the six clusters inferred by DAPC-785 (lines) 

745 into the six clusters inferred by DAPC-447 (columns). Light green boxes indicated correct matches, 

746 grey boxes indicate incorrect matches.

747 Fig. S2. Interpolation of maximum ancestry coefficients in each cluster at each geographic position 

748 throughout Vietnam. Red: cluster 1, yellow: cluster 2, green: cluster 3, turquoise blue: cluster 4, 

749 dark blue: cluster 5, pink: cluster 6. The darkest color corresponds to an ancestry coefficient of 1, 

750 whereas white corresponds to an ancestry coefficient of 0.

751 Fig. S3. Distribution of D values in each genetic cluster after 999 randomizations of alleles among 𝒓

752 individuals, either for the full dataset (609 genotypes) or after clone correction (447 genotypes). 

753 Dotted blue lines indicate the observed value of D. 𝑟

754 Fig. S4. Köppen-Geiger climate classification map for Vietnam (Beck et al., 2018). Limits of the 
755 geographic regions are highlighted in grey, with the three geographic regions in which samples 
756 were taken indicated in bold font.
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763 Highlights

764  The genetic diversity of Pyricularia oryzae populations was elevated in Vietnam
765  Six genetic clusters were defined: 4 pandemic and 2 endemic
766  Blast population structure in Vietnam was shaped by a combination of three factors
767  Mating types were unevenly distributed in the whole population and among clusters
768  Recombination signals were detected in some restricted areas of Northern mountains

769
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