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Abstract  23 
Rice blast caused by Magnaporthe oryzae is one of the most economically damaging diseases of 24 
rice worldwide. The disease originated in Asia but was detected for the first time in Sub-Saharan 25 
Africa (SSA) around 100 years ago. Despite its importance, the evolutionary processes involved 26 
in shaping the population structure of M. oryzae in SSA remain unclear. In this study, we 27 
investigate the population history of M. oryzae using a combined dataset of 180 genomes. Our 28 
results show that SSA populations are more diverse than earlier perceived, and harbor all genetic 29 
groups previously reported in Asia. While M. oryzae populations in SSA and Asia draw from the 30 
same genetic pools, both are experiencing different evolutionary trajectories resulting from 31 
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unknown selection pressures or demographic processes. The distribution of rare alleles, measured 32 
as Tajima’s D values, show significant differences at the substructure level. Genome-wide analysis 33 
indicates potential events of population contraction strongly affecting M. oryzae in SSA. In 34 
addition, the distribution and haplotype diversity of effectors might suggest a process of local 35 
adaptation to SSA conditions. These findings provide additional clues about the evolutionary 36 
history of M. oryzae outside the center of origin and help to build customized disease management 37 
strategies. 38 
      39 
Introduction  40 
Rice (Oryza sativa) feeds billions of people around the world and represents the only source of 41 
income for millions of smallholder farmers. While Asian countries produce most of the global 42 
supply, a growing demand in Africa is driving the expansion of rice cultivation in the sub-Saharan 43 
Africa (SSA) region (Nasrin et al., 2015). Despite this trend, the SSA rice yields remain relatively 44 
low, averaging 2.2 tonnes per hectare (t/ha) against the global average of 3.4 t/ha (Norman & Kebe, 45 
2006). This low average yield is partly because the production of rice is affected by a range of 46 
pests and diseases that reduce crop yield. In fact, recent estimates suggest that crop losses due to 47 
biotic constraints in the SSA rice sector can reach up to 30% (Savary et al., 2000). One of the most 48 
challenging diseases in the region is rice blast, caused by the ascomycetous fungus Magnaporthe 49 
oryzae (Gurr et al., 2011). The disease was first reported as “rice fever” in China in 1637 (Agrios, 50 
2005), but the first identification of symptoms matching its description in the SSA region was 51 
reported in Uganda in 1922 (Small, 1922). Subsequent studies reported similar problems in Ghana 52 
in 1923, Kenya in 1924, Congo in 1932, Egypt in 1935, Madagascar, Morocco, Senegal in 1952, 53 
and South Africa in 1956 (Asuyama, 1965). Since that time, the disease has spread throughout the 54 
sub-Saharan rice agro-ecosystems and has become a nuisance to most smallholder farmers in the 55 
region (Séré et al., 2013; Hubert et al., 2015; Onaga et al., 2019).  56 
The fungus known as M. oryzae is actually composed of distinct genetic groups that infect multiple 57 
cereal crops (Inoue et al., 2017), but the rice-infecting isolates appear to be restricted to a single 58 
lineage (Couch et al., 2005; Choi et al., 2013). Comparative genomic studies on M. oryzae have 59 
provided insight into its evolutionary history in rice (Chiapello et al., 2015; Gladieux et al., 2018; 60 
Zhong et al., 2018), pointing out to a southeast Asian origin. Latorre et al. (2020) used a combined 61 
dataset to describe at least three clonal expansions from the original recombinant population 62 
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occurring in the last ~100-200 years. At least two of the four global genetic groups, most likely 63 
originating from Asia, were consistently present in SSA samples. While the study in Latorre et al. 64 
(2020) involved a limited number of SSA M. oryzae strains, other genetic studies relying on larger 65 
collections (Chuwa et al., 2013; Mutiga et al., 2017; Odjo et al., 2018; Onaga & Asea, 2016) hinted 66 
at some amount of variation in the SSA region, which is worth exploring. Significant pathogenic 67 
variations may potentially have implications for adaptation, and consequently, management of M. 68 
oryzae in Africa.  69 
Similar to other plant pathogens, M. oryzae’ s adaptation is frequently driven by coevolution 70 
processes involving gain and loss of genes (Yoshida et al., 2016). This is particularly important 71 
for effector genes, which modulate host immunity and therefore have strong co-evolutionary 72 
signatures. M. oryzae effectors show a high rate of presence/absence polymorphism linked to the 73 
activity of transposable elements (Chiapello et al., 2015; Yoshida et al., 2016). This feature is 74 
likely responsible for variation in host phenotype, since some of the M. oryzae effectors are 75 
recognized by immunoreceptors in the rice genome, collectively called Pi genes (Yoshida et al., 76 
2009; Białas et al., 2018). To date, effector studies in M. oryzae have also focused on a small 77 
number of isolates mainly collected from Asia. It remains unknown whether the effectors 78 
polymorphism in SSA populations shows patterns similar to the ones in Asian populations, or has 79 
been changing in the process of adaptation to the SSA region. Thus, further interrogation of M. 80 
oryzae  populations in SSA is required to understand the connection between effector distribution 81 
and adaptation.  82 
In this study, we combined a genomic dataset of M. oryzae from Asia with the genome sequence 83 
of SSA isolates collected in eleven rice-growing countries. We discovered a highly diverse 84 
pathogen population that harbors all known genetic groups predominant in Asia. Interestingly, at 85 
least two M. oryzae populations in SSA show different evolutionary trajectories compared to those 86 
in Asia. The patterns of presence/absence of effector genes differ from the Asian members, which 87 
might indicates a process of adaptation to the local hosts. These findings provide additional clues 88 
about the evolutionary history of M. oryzae outside its center of origin and help to build 89 
customized disease management strategies. 90 
 91 
 92 
Material and Methods 93 
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Collection of M. oryzae isolates  94 
All the 42 isolates used in this study were collected from 11 African countries including Burundi 95 
(4), Kenya (2), Rwanda (3), Tanzania (9), Uganda (5), Benin (4), Burkina Faso (4), Ghana (2), 96 
Mali (2), Nigeria (4), Togo (3). Additional isolates were collected in Asia (4) and Latin America 97 
(3). Isolate metadata is listed in Table S1. Infected leaves collected from rice fields were dried and 98 
kept in filter paper at 4°C before isolation. Leaves with single lesions were placed on glass rods in 99 
Petri dishes with wet filter papers and incubated at room temperature until sporulation. The 100 
sporulating lesions were examined under a stereomicroscope and a group of conidia was 101 
aseptically transferred with a transfer needle to prune agar (PA) medium (3 pieces of prunes, 1 g 102 
yeast extract, 21 g gulaman bar, 5 g alpha-lactose monohydrate, and 1 L distilled H2O) and spores 103 
were harvested in distilled water (Meng et al., 2020). Individual germinating conidia were 104 
aseptically transferred and cultured in PA. For long-term storage, each culture was overlaid with 105 
several sterilized filter paper sections and incubated at 25°C. After 10-12 days of incubation, the 106 
colonized filter paper sections were lifted from the agar surface, placed in sterile Petri dishes, 107 
allowed to dry for 3 days at room temperature, and stored at -20°C as described by Valent et al. 108 
(1986). Isolates from Ghana, Burkina Faso, Mali, and Togo were provided in filter paper format 109 
(Table S1). All the isolates are currently curated at the International Rice Research Institute (IRRI) 110 
offices at Biosciences East and Central Africa, hosted by the International Livestock Research 111 
Institute (ILRI) based in Nairobi, Kenya. 112 
 113 
Generation of genomic datasets  114 
The sequence datasets used in this study were obtained from M. oryzae isolates collected in the 115 
field or downloaded from public INSDC databases. Fungal growth and DNA extraction were 116 
performed as described previously (Mutiga et al., 2017). DNA quality checking was carried out 117 
using a NanoDrop 1000 instrument (Thermo Fisher Scientific) and agarose gel electrophoresis. 118 
Libraries were constructed by the Beijing Genomic Institute (Shenzhen, China) using Illumina 119 
paired-end reads with an insert size of 150 bp. Sequencing was performed on Illumina HiSeq4000 120 
with sequencing requirements set to an average coverage of 50x to 70x and a read length of 150 121 
bp. Sequencing quality was affirmed by the fastqc algorithm and the data were trimmed by 122 
removing low-quality sequences and adapter sequences with Trimmomatic 0.36 (Bolger et al., 123 
2014). The whole-genome sequence of M. oryzae 70-15 strain, reference assembly MG8 with 124 
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accession number GCA_000002495 (Dean et al., 2005), was used as the reference template for 125 
mapping using BWA–mem 0.7.17 (Li & Durbin, 2009), under default parameters. Mapped reads 126 
were sorted with Samtools 1.3.1 (Li et al., 2009). Duplicate reads were removed using 127 
the MarkDuplicates command and all the reads in a file were assigned to a single new read-group 128 
using the AddOrReplaceReadGroups command with Picard 2.7 129 
(http://broadinstitute.github.io/picard). Single Nucleotide Polymorphisms (SNPs) for each strain 130 
were called using the HaplotypeCaller command implemented in the Genome Analyses Toolkit 4 131 
(GATK4.1.6.3) (McKenna et al., 2010). Subsequently, GATK’s GenotypeGVCFs command was 132 
applied to genotype polymorphic sequence variants for all the strains simultaneously. Hard-133 
filtering was then performed for the raw SNP calls using the SelectVariants and Variant 134 
Filtration functions of GATK (De Summa et al., 2017). M. oryzae isolates with a mapping rate of 135 
less than 80% to the above-mentioned reference strain were discarded for population genetic 136 
analyses, but all the reads were used for effector mapping. In addition, the genomic datasets for 137 
131 M. oryzae isolates from a global population (Gladieux, et al., 2018; Zhong et al., 2018) were 138 
downloaded from the Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/sra). A 139 
summary of the dataset’s sequencing yield and coverage can be found in Table S2.  140 
 141 
Phylogenetic and population analysis  142 
The phylogenetic tree was built with RAxML 8.2.9 (Stamatakis, 2014). Statistical confidence for 143 
each node was set to 1000 bootstrap runs, utilizing the general time-reversible model of nucleotide 144 
substitution with the Gamma model of rate heterogeneity. The phylogenetic tree was visualized 145 
with the ggtree R package (Yu et al., 2017). We also performed a phylogenetic network analysis 146 
employing the neighbor net method implemented in SplitsTree 4.16.1 (Huson & Bryant, 2006). 147 
For the population structure inference, a principal component analysis (PCA) was performed on 148 
the genlight object using the glPCA function. The population structure was calculated from a 149 
number of clusters (K) ranging from 2 to 8,  using the discriminant analysis of principal 150 
components (DAPC) implemented in the adegenet R package (Jombart et al., 2010). The 151 
membership probability of each isolate and the most fitting number of clusters by Bayesian 152 
Information Criterion were also performed in adegenet.  We used another approach to infer the 153 
optimum number of clusters by calculating the, Silhouette score in the R package factoextra 154 
(Kassambara et al., 2017). To estimate genetic variation, the proportion of genetic variance due to 155 
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population differentiation and a significant departure from neutrality, we calculated the genome-156 
wide nucleotide diversity (Pi), Wright’s fixation index (Fst), and Tajima’s D with the variants call 157 
format (VCF) file with VCFtools V.0.1.15 (Danecek et al., 2011) by a sliding window size of 50 158 
kb. All these analysis used the same SNP positions. 159 
 160 
Effector mapping, distribution, and diversity 161 
To map candidate effectors in SSA M. oryzae genomes, we followed the methods and resources 162 
from Latorre et al. (2020) with some modifications. In summary, a total of 178 protein-coding 163 
genes (both virulent and avirulent) from M. oryzae isolates that infect rice, wheat, oat, millet, and 164 
wild grasses were used to create reference effector sequences. All the 180 M. oryzae genome reads, 165 
131 from Latorre et al., (2020) and 49 from this study, were mapped to effector reference using 166 
bwa-mem 0.7.17 (Li & Durbin, 2009). Samtools coverage from samtools 1.10 was used to 167 
calculate the mean coverage of each gene in each of the 180 blast isolates, with the minimum read 168 
depth set at 3x. The total number of mapped reads of each gene was divided by the length of that 169 
gene in the reference (Li et al., 2009). The threshold set to determine the presence of an effector 170 
gene was 80% coverage. A binary presence/absence matrix was created (Table S3). For clustering 171 
purposes, we used a total of 75 informative effector genes that show presence/absence 172 
polymorphisms. The hierarchical clustering analysis was done using the hclust function under 173 
complete linkage, and the distance matrix was computed in the R package ade4 (Dray & Dufour, 174 
2007) with dist.binary function adopting the Jaccard index. The PCA and effector loading analysis 175 
were performed as described in Latorre et al., (2020).  176 
Furthermore, the initially mapped effector bam files were converted into fastq files by  samtools 177 
1.10 and bcftools 1.10 (Li et al., 2009) for variant calling. The consensus fasta files were created 178 
for each effector gene using seqtk 1.3 (Li, 2012) (Additional Data S1).To compute for genetic 179 
diversities for each effector, we chose sequences which have zero presence of “N” or unknown 180 
nucleotide base, and heterozygous base position. The effectors were then aligned using Mafft 181 
7.453.0 (Katoh & Standley, 2013) employing the G-INS-i strategy. The final alignments were 182 
manually curated before any test was performed. Effector diversity indices were obtained using 183 
the R package pegas (Paradis, 2010). The functions used were as follows: hap.div for haplotype 184 
diversity (Hd), haplotype for the haplotype from the set of sequences, and nuc.div for nucleotide 185 
diversity (Pi). The pairwise rate of synonymous and non-synonymous codon changes (Ka/Ks ratio) 186 
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was calculated using KaKs_Calculator 2.0 (Wang et al., 2010) implementing theYn00 model 187 
(Yang et al., 2000).  188 
 189 
Results and Discussion 190 
 191 
SSA populations of M. oryzae are highly diverse and harbor all known Asian genetic groups. 192 
To characterize the genetic composition of Sub-Saharan Africa (SSA) populations of M. oryzae, 193 
we combined previous datasets (Gladieux et al., 2018; Zhong et al., 2018) with the genome 194 
sequences of novel isolates collected in SSA rice-growing areas. The assembled genomes represent 195 
disease outbreaks that occurred across 13 different countries between 2012 and 2018 (Table 196 
S1). We identified a total of 66,744 SNPs among the global population. Based on the analysis of 197 
164 global genomes (using isolates with more than 80% read mapping rate to the MG8 reference 198 
assembly), we found that SSA populations are more diverse than earlier perceived (Latorre et al., 199 
2020), and harbor all genetic groups previously reported in Asia (Figure 1). To reconstruct the 200 
phylogenetic signal of SSA strains, we used a maximum-likelihood analysis and found diverse 201 
ancestry (Figure 1A), where SSA genomes showed a genetic distribution consistent with multiple 202 
origins. Principal component analysis (PCA) clearly identified four distinct genetic clusters 203 
(Figure 1B), which were also confirmed by the Bayesian Information Criterion (BIC) and 204 
Silhouette score analysis (Figure S1B-C). Phylogenetic networks using Splitree (Figure S2) were 205 
consistent with reports from Latorre et al. (2020) where SSA genomes fall under the three clonal 206 
lineages, consistent with genetic groups 2, 3, and 4; and an additional highly diverse cluster 207 
representing the group 1 (Latorre et al., 2020). Population structure analysis (K = 2 > 8) using 164 208 
global M. oryzae genomes also supports the hypothesis that SSA populations are highly diverse 209 
(Figure 1C) and resemble most of the diversity found in Asia (Chuwa et al., 2013; Onaga & Asea, 210 
2016; Gladieux et al., 2018; Zhong et al., 2018; Latorre et al., 2020), representing genetic groups 211 
1, 2, 3, and 4.   212 
Recent studies suggest that the rice-infecting lineage of M. oryzae originated in Asia, most likely 213 
from populations infecting foxtail millet (Chiapello et al., 2015; Gladieux, Condon, et al., 2018 b). 214 
It is also suggested that this lineage emerged from a recombinant population with distinct genetic 215 
backbones (Thierry et al., 2020; Latorre et al., 2020). The rich history of rice cultivation in Africa  216 
might have allowed the early establishment of M. oryzae groups in different waves (Choi et al., 217 
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2019). We speculated that the first wave started before the proposed clonal expansion (Latorre et 218 
al., 2020), probably from a recombinant population similar to genetic group 1. We found 219 
representative genomes in East Africa (Uganda) and West Africa (Mali, Togo, and Nigeria), which 220 
show genetic features of the Asian metapopulation but are quite distant from any known genome 221 
in Asia. Population structure analysis of group 1 also suggests some level of sub-structuring 222 
(Figure S1A; K= 6). For instance, isolate E-UGD-32 from Tilda irrigation scheme in Uganda has 223 
unique features that might represent the emergence of novel variants in SSA. The significant 224 
differences of the SSA-1 genomes might point out to ancestral colonization rather than a recent 225 
one. A second wave appears to be more recent, involving the clonal groups 2, 3, and 4. The fact 226 
that blast symptoms were reported in Africa by 1922 suggests that such colonization occurred soon 227 
after the Asia expansion. This might explain why representatives of clonal genetic groups 2, 3, and 228 
4 in SSA have a similar genetic background as the Asian counterparts (Figure 1A).  229 
 230 
SSA populations of M. oryzae are evolving in different patterns compared to Asia. 231 
To further investigate the overall demographic patterns of diversity in M. oryzae, we calculated 232 
population differentiation using genome-wide estimations of nucleotide diversity (Pi) and 233 
population substructure (Fst). Overall,  the Pi values in Asia and SSA were significantly different 234 
(p = 0.04). While mean nucleotide diversity (Pi) in group 1 (Pi = 1.3e-04) was higher compared 235 
to the clonal groups 2 (Pi = 2.5e-05), 3 (Pi = 2.1e-05), and 4 (Pi = 2.45e-05) (Figure S3A; Table 236 
S4), Asia accumulate more diversity than SSA in every group (Figure 2A; Table S5). The fixation 237 
index (Fst) across regions (Fst = 0.05) or within each genetic group (Fst  = 0.03 to 0.08) (Figure 238 
2B) were low compared to Fst values between genetic groups (Fst = 0.25 - 0.72) (Figure S4). We 239 
also detected that the major source of diversity is coming from genetic group 1 in Asia (Figure 240 
S3B; Figure S4). The observed values of nucleotide diversity and genetic structure of M. 241 
oryzae suggest that SSA and Asian populations belong to the same genetic pool and that each 242 
genetic group might exchange alleles between regions but not with other genetic groups. The 243 
observed patterns are consistent with panmixis in a rice-specialized asexual pathogen, but also 244 
aligns with independent drifts of each clonal lineage during the recent emergence and spread of 245 
the pathogen around the globe (Latorre et al., 2020).   246 
To explore the selection process driving the evolution of M. oryzae populations in Asia and SSA, 247 
we calculated genome-wide Tajima’s D and found significant differences at the substructure level. 248 
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Overall Tajima’s D values of the global M. oryzae showed a deviation from a neutrally evolving 249 
population (Figure S3C; Table S4), suggesting the influence of non-random events. Similar to 250 
Latorre et al. (2020), we observed negative Tajima’s D values (Tajima’s D = -0.6 to -1.2) in most 251 
of the Asian genetic groups (Figure 2C; Table S5), representing the accumulation of rare alleles in 252 
the backbone genome of M. oryzae. These patterns are usually indicative of population size 253 
expansion that follows a bottleneck or selective sweep. In contrast to Asia, we found SSA genetic 254 
group 1 (Tajima’s D = 0.56) and genetic group 2 (Tajima’s D = 0.58) having positive 255 
Tajima’s D values (Figure 2C; Table S5), which might point out to non-random removal of rare 256 
alleles from the population. Since not all the SSA groups experience significant differences in 257 
Tajima’s D, one hypothesis is that a sudden population contraction occurred in the SSA region, 258 
specifically affecting genetic groups 1 and 2. Interestingly, the differences in Tajima’s D appears 259 
to be scattered across the genome rather than concentrated in particular chromosomic regions 260 
(Figure 2D; Figure S5). For SSA genetic group 1, these differences appear to be more pronounced 261 
in chromosomes 4, 5, and 7 (Figure S5). A sudden population contraction could potentially mimic 262 
the observed Tajima’s D in genetic group 2, and highly likely represents the retention of prevalent 263 
populations before the contraction. However, the chromosomic Tajima’s D patterns observed in 264 
genetic group 1 could indicate the retention, in SSA, of cryptic or ancestral groups now 265 
disappeared from Asia. 266 
Our data suggest that SSA and Asian populations of M. oryzae might be experiencing slightly 267 
different evolutionary trajectories resulting from unknown selection or demographic processes. 268 
Factors such as human interventions or weather patterns are known to produce significant selection 269 
pressure in agricultural pathogens. Recently, Thierry et al. (2020) linked climatic variation with 270 
the geographic distribution of M. oryzae groups. In addition, the management practices and the 271 
diversity of growing environments in Asia might be relatively different from Africa, where upland 272 
and rainfed ecologies occupy the largest share, and very little fertilizer input is used. Other factors, 273 
such as host composition, might be also likely shaping the diversity of M. oryzae in the region but 274 
its contribution needs further investigation. 275 
 276 
Effector distribution and diversification suggests local adaptation to SSA conditions. 277 
Similar to other filamentous plant pathogens, the genome architecture of M. oryzae appears to be 278 
shaped by the dynamics of repetitive elements (Kelkar & Ochman, 2012), which drive the rapid 279 
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evolution of effector genes in response to selection (Dong et al., 2015). To understand the level of 280 
adaptation of M. oryzae populations in SSA, we compared the number and distribution of effector 281 
repertoires across the region and found significant differences at a substructure level. We mapped 282 
178 predicted effector references using the genome sequence of 164 M. oryzae isolates. The 283 
overall number of effectors ranged from 110 to 127 per isolate and varied across genetic groups 284 
(Figure S6A-B). Similar to Latorre et al., (2020) we found a different number of effector 285 
repertoires across genetic groups. This variation can be explained by clonality and divergence 286 
processes (Figure 1; Figure 2). While the number of effectors within genetic groups 2, 3, and 4 287 
were similar in Asian and SSA isolates, significant differences were observed within genetic group 288 
1 (Figure 3A). It is not clear whether the differences between genetic group 1 in Asia and SSA is 289 
the result of cryptic events of genome expansion in the ancestral backbones (Dong et al., 2015) or 290 
emerged as a process of local adaptation affecting specific effectors in the region.  291 
We then used a subset of 75 effectors to assess presence/absence polymorphism in the M. 292 
oryzae genomes  (Table S3). We found that effector repertoires tend to have similar but not exact 293 
patterns in each genetic group (Figure 3B), suggesting that the clonal lineages retain virulent 294 
capabilities but rapidly gain or loss of genes from the pool. The effector loading analysis identified 295 
16 informative effectors that explain this distribution (Figure S6C-E) and some are also present in 296 
a previous report from Latorre et al., (2020). Interestingly, we found that effector patterns from 297 
SSA M. oryzae genomes form specific sub-clusters within genetic groups 1, 3, and 4 (Figure 3B), 298 
which might indicate the presence of locally adapted groups in SSA. In addition, we repeated the 299 
analysis using 180 M. oryzae genomes and found the same distribution (data not shown).    300 
To assess the diversity of M. oryzae effectors across regions, we extracted consensus sequences 301 
from all genes and identified allelic variants. The number of haplotypes in a subset of 96 effectors 302 
ranged from 1 to 16. The overall haplotype diversity (Hd), measured as the probability of finding 303 
different alleles, was higher in Asia compare to SSA for all groups. The same was also true when 304 
computing for nucleotide diversity (Figure 4A-B). We then assessed the diversity of each effector 305 
in each genetic group and found that genetic group 1 is statistically more diverse than any other 306 
genetic groups (Figure S7A-B). This observation aligned with the genome-wide diversity in Figure 307 
S3A. While more effector haplotypes were observed in Asian populations, unique effector 308 
haplotypes were present in SSA genomes (Figure S8). The presence/absence distribution and 309 
sequence differences in SSA genomes suggesting a certain level of adaptation. 310 
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Interestingly, we only found a handful of effectors showing signatures of positive selection (Ka/Ks 311 
> 1), with not major differences between Asia and SSA (Figure 4; Figure S7C). For instance, 312 
effector PH14.00186401 showed Ka/Ks > 1 but also unique distribution of haplotypes in SSA 313 
(Figure S8). A limited number of effectors with Ka/Ks greater than 1 were also noticed by Kim et 314 
al. (2019) when comparing M. oryzae from different hosts. Thus, purging of allelic variants in 315 
M. oryzae genomes (sensu lato) might be a common process for this pathogen. The Ka/Ks values 316 
can be explained by purifying selection but also associated with the continuous effect of repetitive 317 
elements on the turnover of effector genes.  318 
Altogether, our data support different evolutionary trajectories of M. oryzae groups in Asia and 319 
SSA. The number, distribution, and diversification of effector genes appear to indicate that host 320 
selection might have played a critical role in this process. Rice cultivation in Africa started around 321 
3200 BP when local farmers domesticated the rice species O. glaberrima (Murray, 2004). While 322 
the use of O. glaberrima gradually declined with the introduction of the Asian species O. 323 
sativa (Cubry et al., 2018), it was not until 1870 when its adoption intensified (Linares, 2002). 324 
Nowadays, O. glaberrima has been introgressed in multiple breeding programs and it is highly 325 
represented in a significant number of released popular varieties (e.g. IRAT, ROK, or NERICA 326 
types). These varieties captured the local adaptability features from O. glaberrima, but might have 327 
specific stress-related genes as well. In fact, blast screenings of diverse collections of O. 328 
glaberrima yielded a number of resistance phenotypes (Bidaux, 1978; Silue, 1991; Yelome et al., 329 
2018) suggesting the presence of cryptic R genes. If M. oryzae colonized SSA in multiple waves, 330 
it is highly likely that such adaption involved, at least partially, the interaction with O. 331 
glaberrima genotypes. The difference in host species might, in principle, explain the unique 332 
features of M. oryzae SSA genomes, but more detailed studies are needed to understand the broad 333 
variety of plant receptors in this African rice species.    334 
 335 
Conclusion 336 
The migration of plant pathogens to new agricultural ecosystems represent a major concern for 337 
long-term strategies of food security. Understanding the events that shaped the pathogen 338 
population structure in the new setup is likely to help to develop effective control measurements. 339 
In this report, we reconstructed the evolutionary trajectory of the rice blast pathogen M. 340 
oryzae, present in Sub-Saharan Africa (SSA) at least for the last 100 years. The SSA populations 341 
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harbor all the genetic complexity from the Asian population but display additional features that 342 
suggest local adaptation. The distribution and diversity of effector repertoires also indicate 343 
elevated virulent potential and cryptic diversity that is worth exploring in the future. The report 344 
provides important insights into the complexity of this pathogen that threatens rice cultivation in 345 
Africa and advice on the directions of future resistance management deployment strategies.  346 
 347 
Figure Legends 348 
 349 
Figure 1. The genetic composition of rice-infecting populations of Magnaporthe oryzae in Sub-350 
Saharan Africa (SSA) involves all know genetic groups from Asia. (A) A maximum-likelihood 351 
phylogenetic tree constructed with single nucleotide polymorphism alignment from 164 global 352 
isolates. Black nodes depict bootstrap scores greater than 90%. Genetic groups 1, 2, 3, and 4 were 353 
based from the results of Figure 1B and Figure S1A-C. The origin of the genomic dataset is 354 
indicated in colors. (B) A two dimensions principal correspondence analysis (PCA) showing the 355 
distribution of the genetic variability in the M. oryzae datasets. (C) Spatial distribution of M. 356 
oryzae genetic groups collected in rice-growing regions across the globe.  357 
 358 
Figure 2. Patterns of diversity and population differentiation across rice-infecting Magnaporthe 359 
oryzae genetic groups in Sub-Saharan Africa (SSA) and Asia. (A) Nucleotide diversity (Pi) was 360 
calculated for each group. SSA1-4 and Asia1-4 represent each of the genetic groups described in 361 
Figure 1. (B) Population substructure (Fst) values calculated for each genetic group in SSA and 362 
Asia. (C) Genome-wide Tajima’s D computations of genetic groups from SSA and Asia showing 363 
substantial differences within groups 1 and 2. To compare the distribution of each genome-wide 364 
diversity test analysis in each genetic group within different regions, Mann-Whitney test was 365 
performed as shown above in the boxplot. (D) Example of the dramatic change in Tajima’s D 366 
values on M. oryzae chromosome 7 within genetic group 2 from SSA and Asia. Sequence variation 367 
of M. oryzae genes within a 5 kb window representing color-coded Single Nucleotide 368 
Polymorphisms (SNPs).  369 
 370 
Figure 3. Variation in the number and distribution of candidate effector repertoires 371 
in Magnaporthe oryzae genetic groups collected from Sub-Saharan Africa (SSA). (A) A box plot 372 
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representing the average number of effector genes in each genetic group from SSA and Asia. To 373 
compare the distribution of each effector content within the genetic group between different 374 
regions, Mann-Whitney test was performed as shown above in the boxplot. SSA1-4 and Asia1-4 375 
represent each of the genetic groups described in Figure 1. (B) A hierarchical heatmap representing 376 
the presence/absence patterns of candidate effectors in 164 genomes. SSA (triangles), Asia 377 
(circles), and Other (squares) regions are depicted. Color labels in the tree represent each of the 378 
genetic group. Gray and white colors in the heat map represent the presence/absence of effectors 379 
as <80% of coverage. Gene names (rows) and isolate names (columns) are described in Table S1. 380 
Sub clusters in genetic groups 1, 3, and 4 are indicated as gray nodes in the tree. Complete-linkage 381 
clustering was performed as visualized in the dendrogram.  382 
 383 
Figure 4. Sequence variation and signatures of selection among candidate effectors repertories 384 
in Magnaporthe oryzae genetic groups collected from Sub-Saharan Africa (SSA) and Asia. (A) 385 
Haplotype diversity (Hd) of effector genes in each genetic group from SSA and Asia. SSA1-4 and 386 
Asia1-4 represent each of the genetic groups described in Figure 1. The box plot represents only 387 
effectors with more than one haplotype. (B) Box plot representing nucleotide diversity (Pi) of the 388 
same dataset. (C) Distribution of synonymous and non-synonymous codon changes (average 389 
Ka/Ks ratio) across candidate effectors from M. oryzae genetic groups collected in SSA and Asia. 390 
To compare the distribution of each effector diversity within the genetic group between different 391 
regions, Mann-Whitney test was performed as shown above in the boxplot.   392 
 393 
Supplementary Material 394 
Table S1. Name, origin, and year of collection of all rice-infecting Magnaporthe oryzae isolates 395 
used in this study.  396 
Table S2. The number of mapped reads obtained by each of the Magnaporthe oryzae datasets used 397 
in the study. 398 
Table S3. A binary matrix representing presence/absence of effectors genes in 180 Magnaporthe 399 
oryzae genomes worldwide. 400 
Table S4. Mean and median genome-wide nucleotide diversity (Pi) and Tajima’s D 401 
of Magnaporthe oryzae genetic groups globally. 402 
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Table S5. Mean and median genome-wide nucleotide diversity (Pi), and Tajima’s D 403 
of Magnaporthe oryzae genetic groups in Asia and SSA. 404 
 405 
Figure S1. Four genetic groups were inferred in 164 global Magnaporthe oryzae isolates based on 406 
the whole genome SNPs.(A) Bar plot showing the membership probability of each genome from 407 
K=2 to K=8 populations. The clusters were built using a discriminant analysis of principal 408 
components (DAPC). (B) The Bayesian information criterion (BIC), and (C) the Silhouette score 409 
both hint at 4 genetic groups as the optimum number of clusters (elbow in the BIC curve and 410 
maximum Silhouette score). 411 
Figure S2. Phylogenetic network analysis of global Magnaporthe oryzae populations using the 412 
neighbor net method showing the four inferred genetic groups. The color denotes the four genetic 413 
groups as inferred by the PCA in Figure 1B and confirmed by the clustering analysis in Figure 414 
S1B-C. 415 
Figure S3. Genome-wide genetic analysis of Magnaporthe oryzae genetic groups. (A) Nucleotide 416 
diversity (Pi) analysis of each genetic group. The Pi analysis presented genetic group 1 as the most 417 
diverse genetic group. (B) Fixation index (Fst) among genetic groups. The Fst analysis reveals 418 
genetic group 1 as a major source of genetic flow between genetic groups. The color in each box 419 
plot designates the pairwise comparison between genetic groups. (C) Tajima’s D computation 420 
among genetic groups shows negative Tajima’s D values. The overall patterns are similar to 421 
previous reports (Latorre et al., 2020).  422 
Figure S4. Fixation index (Fst) between different Magnaporthe oryzae genetic groups across 423 
different regions. The pattern shows genetic group 1 in Asia (Asia-1) shares diversity to almost all 424 
populations. In contrast, genetic group 1 from SSA (SSA-1) shares less diversity with all the 425 
groups. Clonal lineages in Asia or SSA also show a range of differentiation. The color in each box 426 
plot designates the pairwise comparison between genetic groups in each region. 427 
Figure S5. Genome-wide Tajima’s D from Magnaporthe oryzae chromosomes reveals different 428 
patterns in genetic group 1 and 2 across regions. Tajima’s D of each genetic group from 429 
chromosomes one to seven was built using a 50kb sliding window. The different genetic group 430 
colors correspond to the predicted groups from Figure 1B and Figure S1B-C. Tajima’s D values 431 
for Asia and Sub-Saharan Africa (SSA) regions are depicted as grey and black lines. 432 
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Figure S6. Effector repertoires in Magnaporthe oryzae reveal distinct patterns of diversification 433 
in each genetic group. (A) An assortment of the total number of effectors per isolate from highest 434 
(CH0333 = 127) to lowest (IN0072 =110). (B) A box plot of the total effector content in each 435 
genetic group. To compare the distribution of the total effector for every isolate in each of the four 436 
genetic groups, Mann-Whitney test was performed as shown above in the boxplot. (C) PCA biplot 437 
using 82 subsets of effectors from the presence/absence matrix (Figure 3B). The effector loading 438 
vectors are indicated in the arrow. (D) The bar plot shows the product for each effector loading 439 
vectors. The redline reveals 90% of the cumulative sum from the data, or in this case, sixteen 440 
effectors that can explain the distribution. (E) Complete hierarchical clustering dendrogram of the 441 
sixteen effectors based on the results in Figure S6E. The distance matrix was computed using the 442 
Jaccard index.   443 
Figure S7. Diversity of Magnaporthe oryzae effectors associates with a strong purifying selection 444 
(A) Haplotype diversity (Hd) analysis of each effector from the four genetic groups. (B) Nucleotide 445 
diversity (Pi) of each effector from the four genetic groups. (C) Ka/Ks effector distribution in each 446 
genetic group. To compare the distribution of each effector diversity test analysis in each of the 447 
four genetic groups, Mann-Whitney test was performed as shown above in the boxplot. 448 
Figure S8. Haplotype diversity (Hd) of effector repertoires in Magnaporthe oryzae genetic groups 449 
from Asia and Sub Saharan Africa (SSA). The heatmap shows haplotype frequency from 96 450 
effectors present in each genetic group across regions. Effector haplotypes range from one to 451 
sixteen. There are more effector haplotypes in Asia compared to SSA, regardless of genetic group. 452 
Low frequency (yellow) and high frequency (red) is based on the total number of isolates that have 453 
that particular haplotype in each effector. The color in the text is based on the four genetic groups 454 
inferred in Figure S2.   455 
 456 
Additional Data S1. The complete effector sequences files for each of the180 strains in fasta file   457 
 458 
Data availability  459 
The sequences produced in this study are stored under BioProject PRJNA670311. Genomic files 460 
in Genbank format are available at NCBI. Effector sequences from each of the 180 strains are 461 
provided in Additional Data 1. 462 
 463 
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