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ABSTRACT

Rice blast, caused by the filamentous ascomycete Pyricularia oryzae, is
one of the most devastating diseases of rice. Four genetic clusters were
previously identified, and three have a large geographic distribution. Asia
is the center of diversity and the origin of most migrations to other
continents, and sexual reproduction persisted only in the South
China-Laos—North Thailand region, which was identified as the putative
center of origin of all P. oryzae populations on rice. Despite the
importance of rice blast disease, little is known about the diversity and the
population structure of the pathogen in Africa (including Madagascar).
The present study was intended to describe the structure of African
populations of P. oryzae and identify the relationship between African and
worldwide genetic clusters. A set of 2,057 strains (937 African and 1,120
Madagascan strains) were genotyped with 12 simple sequence repeat

markers to assess the diversity and the population structure of P. oryzae.
Four genetic clusters were identified in Africa and Madagascar. All four
clusters previously identified are present in Africa. Populations from West
Africa, East Africa, and Madagascar are highly differentiated. The
geographic structure is consistent with limited dispersion and with some
migration events between neighboring countries. The two mating types
are present in Africa with a dominance of Matl.2, but no female-fertile
strain was detected, supporting the absence of sexual reproduction on this
continent. This study showed an unsuspected high level of genetic
diversity of P. oryzae in Africa and suggested several independent
introductions.

Keywords: ecology and epidemiology, mycology, population biology

The ascomycete fungus Pyricularia oryzae (syn. Magnaporthe
oryzae) is a haploid fungus, responsible for the most damaging dis-
ease of rice worldwide: blast. This model species for the study of
host—pathogen interactions (Dean et al. 2012) is a major threat to
food security (Pennisi 2010). The first written record about rice blast
was probably made in China and dates back to 1637 (Ou 1985).
Since then, this disease has been reported in all rice producing areas.

The genetic diversity of P. oryzae was characterized in many
studies via molecular markers, based mainly on repetitive DNA
sequences (Hamer et al. 1989), and clonal lineages were described
in several countries or continents: India (Kumar et al. 1999), China
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(Chen et al. 2006), Thailand (Zeigler 1998), Japan (Don et al.
1999a), Korea (Park et al. 2003, 2008), Philippines (Chen et al.
1995; Zeigler et al. 1995), Vietnam (Don et al. 1999b), Europe
(Piotti et al. 2005; Roumen et al. 1997), Iran (Javan-Nikkah et al.
2004), the United States (Correll et al. 2009; Levy et al. 1991;
Wang et al. 2017; Xia et al. 1993, 2000), Argentina (Consolo et al.
2008), Colombia (Levy et al. 1993; Zeigler 1998), and Cuba
(Fuentes et al. 2003). In West and East Africa, the diversity studies
of P. oryzae focused mainly on trap analysis in rice resistance
screening sites (so-called blast nurseries; Nutsugah et al. 2008;
Odjo et al. 2011; Séré et al. 2004; Takan et al. 2012). However, lit-
tle is known about the diversity and population structure of the
pathogen in Africa. Onaga et al. (2015) investigated the population
structure, pathogenicity, and mating type distribution of 65 strains
of P. oryzae from East Africa, eight strains from West Africa, 14
from the Philippines, and one from Japan, using amplification frag-
ment length polymorphism markers and mating type-specific
primer sets. From this study, five genetic groups were resolved, and
the results showed a clear separation of the Asian strains from the
African groups. No evidence of population structure was found
among the 65 strains from East Africa (14 strains from Tanzania,
20 from Rwanda, and 31 strains from Uganda), which was inter-
preted as high gene flow among East Africa populations. The num-
ber of West Africa strains was too small to draw any conclusions.
Mutiga et al. (2017) also studied the genetic diversity of P. oryzae
populations from rice and evaluated the virulence spectrum of this
pathogen in West Africa (Benin, Burkina Faso, Mali, Ghana,
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Nigeria, and Togo) and East Africa (Kenya, Tanzania, and Uganda).
Diversity analysis was based on single-nucleotide polymorphism
markers using genotyping-by-sequencing from the 86 isolates. The
study identified seven genetic groups and showed a differentiation
between West and East African isolates.

By comparing the number of clonal lineages identified in differ-
ent studies, Zeigler (1998) concluded that the genetic diversity of
P. oryzae was higher in the area encompassing South, East, and
Southeast Asia than in other regions. The most exhaustive studies
of the population’s structure of P. oryzae at the worldwide scale
depicted a genetic structure of three or four main clusters distrib-
uted widely, with Asian strains scattered in four clusters (Gladieux
et al. 2018; Saleh et al. 2014; Tharreau et al. 2009; Thierry et al.
2020; Zhong et al. 2018). These studies concluded that Asia was
the center of diversity and the origin of most migrations to other
continents. It was also shown that the South China—Laos—North
Thailand region is the unique area where sexual reproduction
might persist and that it is the putative center of origin of all
P. oryzae populations on rice (Saleh et al. 2014). In other parts of
the world, strains of different genetic clusters can coexist without
exchanging genes (Thierry et al. 2020). Unfortunately, African
strains were scarcely represented in these studies (Gladieux et al.
2018; Saleh et al. 2014; Tharreau et al. 2009; Thierry et al. 2020;
Zhong et al. 2018).

Crop domestication, diversity, and structure are known to influ-
ence the emergence and evolution of plant pathogens (Gladieux
et al. 2010; Saleh et al. 2014; Stiikenbrock and McDonald 2008;
Stiikenbrock et al. 2011). In Africa, two rice species are cultivated.
Oryza sativa was introduced from Asia by the Portuguese as early
as the mid-16th century (Portéres 1962). Like Asia, Africa experi-
enced the domestication of a rice species, O. glaberrima. Indeed,
native to sub-Saharan Africa, O. glaberrima is thought to have
been domesticated from the wild ancestor O. barthii (formerly
known as O. brevilugata) by people living in the floodplains at the
bend of the Niger River some 2,000 to 3,000 years ago (Portéres
1962, 1976). Population genomics analyses of 20 O. glaberrima
and 94 O. barthii accessions demonstrated that O. glaberrima was
domesticated in a single region along the Niger River (Wang et al.
2014). Today, the species O. sativa is dominant in West Africa,
whereas O. glaberrima and O. barthii are rarely found in the
region. However, the existence of two potential host species in
Africa may have influenced the population structure of the rice blast
fungus. There have been no blast population studies conducted on
African cultivated or wild species of rice to date.

To investigate the population structure and diversity of P. ory-
zae in Africa (including Madagascar), we collected 2,057 strains
from West Africa, East Africa, and Madagascar, mainly from
2009 to 2018. They were analyzed with 12 simple sequence repeat
(SSR) markers, and the genotypes obtained were compared with
the strains of the worldwide sample of Saleh et al. (2014). These
SSR markers were previously used successfully to characterize
the genetic structure of the blast fungus populations (Saleh et al.
2014). We used the same markers to allow comparison with previ-
ous published results. We aimed at answering the following ques-
tions: What is the population structure of P. oryzae in Africa? Do
African strains originate from Asia? Are there specific genetic
clusters of P. oryzae in Africa? and Is there sexual reproduction
of P. oryzae in Africa?

MATERIALS AND METHODS

Strains collection, isolation, and storage. The collection con-
sisted of strains isolated from cultivated rice, mainly between 2009
and 2018, from farmers’ or experimental fields (Supplementary
Table S1). Rice diseased samples were collected in farmer fields
from four different ecologies—irrigated, rainfed lowland, upland,
and flooded upland—in nine countries of West Africa (Benin,

Burkina-Faso, Ghana, Ivory Coast, Mali, Niger, Nigeria, Senegal,
and Togo), six countries in East and Central Africa (Burundi,
Cameroon, Kenya, Mozambique, Tanzania, and Uganda), and
Madagascar. Some samples were collected in field experiments on
differential varieties (near isogenic lines) with known resistance
genes to blast and commonly used to characterize the virulence
spectrum of blast isolates. A total of 2,057 strains—Benin (165),
Burkina Faso (210), Ivory Coast (51), Ghana (4), Kenya (5), Mali
(105), Niger (14), Nigeria (245), Tanzania (94), Mozambique (1),
Togo (34), Senegal (1), Uganda (5), Burundi (2), Cameroon (1),
and Madagascar (1,120)—were used to investigate the population
structure of P. oryzae in Africa. Most strains from countries with
small sample sizes (one to five) were included in the analyses
because they represent historic reference strains in our collection.
To compare our results with the worldwide survey of Saleh et al.
(2014) we included in relevant analyses the genotyping data of
804 strains from Asia, Europe, and the Americas. The genotypic
data of 354 Madagascan strains from the study of Saleh et al.
(2014) were also part of the 1,120 Madagascan genotypic dataset
used in this study. Fungal strains were isolated from infected plant
material placed in a humid chamber at 25°C for 1 to 2 days, and
genetically pure fungal strains were obtained by monospore isola-
tion. Fungal strains were grown on a 7-cm-diameter paper disk
(Whatman no. 5) placed on autoclaved rice flour medium (20 g of
rice flour, 15 g of agar, 2.5 g of yeast extract, 500,000 units of
penicillin, and 1 liter of water), as previously described (Silué and
Nottéghem 1990). After colonization of the paper by the mycelium
(i.e., about 7 days in a climatic chamber with 25°C, fluorescent
lighting, 12-h photoperiod), the paper was removed, dried in an
oven at 37°C for 5 days, cut in pieces for collection in a sterile
paper bag, numbered, bagged in a vacuum-sealed plastic bag, and
stored at —20°C, as described by Valent et al. (1986).

DNA extraction and SSR amplification. DNA extraction was
performed according to the procedure described by Adreit et al.
(2007). Paper stocks were deposited on rice flour medium main-
tained in a climatic chamber for 4 to 5 days to obtain actively
growing mycelium. This mycelium was used to inoculate 6 ml of
2YEG liquid medium (2 g of yeast extract, 10 g of glucose, 3 g of
KNOs;, 2 g of KH,POy, 500,000 units of penicillin, and 1 liter of
water). Cultures were maintained 4 days in the dark at 25°C. The
mycelium from this culture was collected for the extraction of gen-
omic DNA according to the Adreit et al. (2007) protocol.

Twelve SSR markers (Supplementary Table S2), previously
developed for population genetics studies of P. oryzae (Adreit
et al. 2007; Kaye et al. 2003; Saleh et al. 2014) were used in this
study. These markers were amplified by PCR (QIAGEN Multi-
plex PCR kit). PCR assays were run with a total volume of 5 pl,
including 2.5 pl of Master Mix, 0.5 pl of 10x Mix primers, 0.5 pl
of 5x Q solution, and 1.5 pl of genomic DNA (10 ng/ul). The
PCR program was performed as follows: predenaturation at 95°C
for 15 min, denaturation at 94°C for 30 s, hybridization at 57 to
63°C for 90 s, extension at 72°C for 60 s, repeat the first four
steps for 40 cycles, and final extension at 72°C for 30 min. The
products obtained were separated and analyzed on a 16-capillary
ABI Prism 3130XL machine (Applied Biosystems, Foster City,
CA), and the size of the amplicons was assessed by fluorescence
measurement. For this analysis, 1.5 pl of amplified products
(1/70 dilution) was mixed with 15 pl of Formamide HiDi and
GeneScan-500LIZ size marker (Applied Biosystems). The raw
data collected were then analyzed and converted to allele size
with GeneMapper 4 software (Applied Biosystems).

Determination of mating type and fertility. To make
assumptions about the occurrence of sexual reproduction of P. ory-
zae in Africa, the mating types of 435 strains and the female fertil-
ity of 245 of them were determined. These 435 strains were chosen
after preliminary analysis of genotyping data to be representative of
the diversity of P. oryzae populations in Africa. The mating types
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and female-fertility of 245 African strains were determined by
in vitro crosses as described by Nottéghem and Silué (1992). Mat-
ing of P. oryzae requires strains of opposite mating types, and at
least one of the strains must be female-fertile (i.e., able to produce
perithecia). Crosses were performed by confronting the tested strain
to hermaphroditic strains for which the mating type is known (refer-
ence strains). Mat1.1 reference strains used were the Chinese strains
CH999 and CH1003, and Mat1.2 reference strains were the Chinese
strains CH997 and CH1019 (Saleh et al. 2012a). Tested strains
were classified as Matl.1 when inducing or forming perithecia with
a Matl.2 reference strain (and conversely). Tested strains were clas-
sified as female-fertile when forming perithecia with reference
strains. The mating types of 190 additional strains were determined
by PCR amplification with the primers specific for Matl.1 (primers
Al and AS5) and Matl.2 (primers B15 and B16; Xu and Hamer
1995). PCR assays were run with a total volume of 19 pl (for each
mating type of a fungal strain), including 11 pl of sterile MiliQ
H,0, 2 pl of 10x PCR buffer, 2 pl of deoxynucleoside triphos-
phates (10 mM each), 0.8 pl of MgCI2 (15 mM), 1 pl of specific
primer, 0.2 pl of Taq polymerase, and 2 pl of DNA solution. The
PCR program was predenaturation at 95°C for 5 min, denaturation
at 95°C for 1 min, hybridization at 60°C for 2 min (55°C for
Mat1.2), amplification at 72°C for 2 min, repeat the first four steps
for 29 cycles, and elongation at 72°C for 5 min. The product of the
PCR amplification was then deposited on a 1% agar gel in TAE
buffer and separated electrophoretically for 90 min at 130 V. Visual
scoring was made under UV light after staining for 15 min in
ethidium bromide (0.5 pg/ml). For the strains assessed only by
PCR amplification, female fertility was not assessed.

Multilocus genotypes, clustering, and assignment analyses.
All 2,862 strains analyzed had no more than three missing loci per
strain, and overall, 7% of the genotypic data were missing. Because
P. oryzae is haploid, each missing data point corresponds to a missing
locus. Polymorphism information content (PIC) was used to evaluate
the diversity of SSR markers. PIC value for each SSR was calculated
as PIC = 1 — Z(Pi)>, where Pi stands for the ith allele frequency of
one SSR locus (Anderson et al. 1993; Botstein et al. 1980).

To clarify the genetic structure of P. oryzae populations in Africa
and compare with populations from other continents, we first
studied the overall genetic structure. Because P. oryzae populations
are clonal in most parts of the world (Saleh et al. 2014; Thierry
et al. 2020), we first identified and analyzed the distributions of
multilocus genotypes (MLGs) present in the African population.
Then, we studied their grouping into genetic clusters. Strains were
assigned to a particular MLG when they share the same alleles at
all loci. This assignment was done with a script developed in house
by Sebastien Ravel (https://pypi.org/project/MLG-assign/). This
script compares genotypes and deals with missing data. If because
of missing data a strain is potentially assigned to two MLGs, the
script does not assign the strain to any MLG.

To determine the putative origin of African populations of
P. oryzae, we compared these populations with populations from
other continents. Because four genetic clusters were previously
described to have migrated worldwide from Asia (Gladieux et al.
2018; Thierry et al. 2020), we decided that analyzing the population
structure at the genetic cluster level was needed. Thus, we assigned
MLGs to genetic clusters determined de novo in this study. We
used the discriminant analysis of principal components (DAPC;
Jombart et al. 2010) that does not require any assumption about the
biology of the organism, especially regarding panmixia. The DAPC
was conducted in the “adegenet” package of R software (version
3.2.2) (Jombart 2008; Jombart and Ahmed 2011; The R Project for
Statistical Computing 2017). The find.clusters function was used to
determine the optimal number of genetic clusters (K) based on the
Bayesian information criterion.

Indices of genetic diversity in genetic groups. To character-
ize the diversity, for each genetic group identified after DAPC
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analysis and for the six geographic regions sampled (East Africa,
West Africa, Madagascar, Americas, Asia, and Europe), the mean
number of alleles per locus Na, and the unbiased gene diversity
H,, (Nei 1987) were calculated in GENETIX version 4.05
(Belkhir et al. 2004). We calculated the mean number of private
alleles (V) as the number of alleles that were present only in one
genetic group, averaged over all markers.

Genetic differentiation and genetic distances. Pairwise Fgr
(Weir and Cockerham 1984) was calculated between genetic clus-
ters. It was also calculated between populations from geographic
subregions in Africa and from different continents. The null hypoth-
esis Fgr = 0 was tested via exact tests implemented in Genepop
version 4 (Raymond and Rousset 1995). The proportion of the
shared alleles between genetic clusters was calculated in Popula-
tions software version 1.2.32.

Linkage disequilibrium. Pairwise linkage disequilibrium was
tested for all 66 pairs of markers and for populations from West
Africa, East Africa, and Madagascar. Significance at the 0.05 level
was tested by an exact test based on 10,000 permutations imple-
mented in Arlequin version 3.5.1.2 (Excoffier and Lischer 2010).

RESULTS

Genetic structure. Hereafter, “African population” of P. oryzae
refers to strains collected in continental Africa and in Madagascar.
All 12 microsatellite markers were polymorphic in the African
population of P. oryzae. The number of alleles per locus ranged
from 3 to 12 and averaged 6.3 over all loci (Supplementary Table
S2). PIC per locus loci varied from 0.21 to 0.68 and averaged 0.42
over all loci (Supplementary Table S2).

Among the 2,057 strains genotyped from African populations,
1,222 could be unambiguously assigned to one of the 393 MLGs. Fig-
ure 1 shows the distribution of the number of MLGs according to the
number of strains they represent in P. oryzae African populations.
One-hundred forty-eight MLGs were represented by at least two
strains, and 245 MLGs were represented by a unique strain (Fig. 1).
The most common MLG was represented by 82 strains. The distribu-
tion of the number of strains per MLG followed a Pareto distribution
and is typical of clonal organisms (Arnaud-Haond et al. 2007).

To further characterize the genetic structure of African populations
of P. oryzae and compare it with populations from elsewhere, geno-
typing data of 804 strains from Asia, Europe, and the Americas from
the study by Saleh et al. (2014) were added to African and Madagas-
can strain samples. In total, the genotypic data of 2,861 strains from
West and East Africa (937 strains), Madagascar (1,120 strains), Asia
(322 strains), Europe (395 strains), and North and South America (87
strains) were analyzed. In a DAPC (Jombart et al. 2010), the 30 prin-
cipal components retained explained >90% of the observed variance.
The Bayesian information criterion value regularly decreased with
the number of genetic clusters (K). The curve did not show a marked
inflection (Supplementary Fig. S1), and we could not determine an
optimal K value based on this method. Alternatively, we applied the
recommendation of the DAPC tutorial (Jombart and Collins 2015)
and tried to find the value of K that provides “better, more efficient
summaries of the data than others.” DAPC was run for K from 2 to
10. The analysis of DAPC results in graphs (Fig. 2) showing that
clustering in more than five groups seemed to create an unnecessary
and unreliable level of structure. Hence, four clusters (K = 4; num-
bered from 1 to 4; Fig. 2) seemed to best describe the genetic struc-
ture of P. oryzae populations. In continental Africa and Madagascar,
1,917 strains out of 2,057 could be assigned to these clusters (Supple-
mentary Table S3). The 140 remaining strains had admix genotypes
and were not assigned to a single cluster.

For African and Madagascan strains, the genetic differentiation
between genetic clusters measured by the Fgr index (Supplementary
Table S4) showed high values for all pairwise comparisons. Each
cluster was significantly differentiated from the others. The pairwise
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Fgr value varied from 0.37 between genetic clusters (GCs) 1 and 2,
to 0.77, between GC1 and GC3. On average GC2 was the most dif-
ferentiated cluster (Fsy = 0.60) and GC1 was the least differentiated
(Fsr = 0.41). The mean number of private alleles (N,) varied
between 0.25 for GC1 and 3.83 for GC4 (Table 1).

We also evaluated the genetic diversity within genetic clusters
for African and Madagascan strains. The genetic diversity (H,, ;)
calculated over all individuals within clusters ranged from 0.18 for
GCl1 to 0.61 for GC4. The mean number of alleles per locus (N,)
varied between 5.1 for GC1 and GC3 to 10 for GC4. So GC1 was
the least diverse genetic cluster, whereas GC4 was the most diverse.
GC2 and 3 showed intermediate levels of diversity (Table 1).

TABLE 1. Genetic diversity of genetic clusters of Pyricularia oryzae in West
Africa, East Africa, and Madagascar

Diversity parameters®

Genetic cluster N H,p. N, Ny
1 1,154 0.18 5.1 0.25
2 430 0.32 8.3 0.67
3 120 0.31 5.1 0.50
4 213 0.61 10 3.8
Total 1,917

a

.», unbiased gene diversity; N, total number of individuals; N,, mean
number of alleles per locus; N,, mean number of private alleles per locus.

A East Africa

Europe

Asia

Americas

M West Africa

Madagascar

Geographic structure in Africa. The differentiation between
geographic subregions in Africa was quantified by calculating the
differentiation index Fgr (Fig. 3). Populations from Madagascar and
East Africa were highly differentiated (Fs7 = 0.800), whereas popu-
lations from Madagascar and West Africa on one side and popula-
tions from East Africa and West Africa on the other side were
moderately differentiated (Fsr = 0.380 and 0.384, respectively).

To further characterize the geographic structure of P. oryzae, we
studied the distribution of genotypes (MLGs) and of GCs between
countries and between subregions (West Africa, East Africa, and
Madagascar). Most MLGs were country specific because 139 of
148 MLGs represented by more than one strain were detected only
in one country. Ten MLGs were shared between West African
countries (Table 2, Supplementary Table S5). Nine of them were
shared between two countries and one between three countries.
Most of the time, these countries are neighbors (only one excep-
tion). In East Africa, no MLGs were shared between countries.
Despite the relative proximity between East Africa and Madagascar,
no MLGs were shared between the two regions.

In West Africa, all four genetic clusters were observed in five of
seven countries (excluding countries with small sample size, i.e.,
below six strains). Despite shared clusters, each country showed
some specificity. GC2 was highly represented (56.2% and 42%,
respectively) in two countries (Burkina Faso and Nigeria; Table 3,
Fig. 4). GC1 dominated in Cote d’Ivoire (80.4% strains), and GC4
dominated in Mali (61% strains) and Niger (100%). In Benin GC3

East Africa Madagascar West Africa Asia Americas

Madagascar  0.800

West Africa  0.384 0.381

Asia 0.344 0.651 0.190

Americas 0.253 0.365 0.118 0.076

Europe 0.587 0.768 0.501 0.461 0.369

Fig. 3. Relatedness between Pyricularia oryzae populations from African subregions and other continents. A, Neighbor joining tree based on B, table of Fgr values.

TABLE 2. Geographic distribution of multilocus genotypes (MLGs) shared between countries

MLGs Genetic clusters Benin Burkina Faso

Ghana Cote d’Ivoire Mali Nigeria Togo
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(45.4% strains) and GC2 (43% strains) codominated. In East
Africa, all genetic clusters were detected, but limited sample size per
country allowed us to describe only the population structure in Tan-
zania. In this country, only two GCs were detected: GC3 (24.5% of
the strains) and GC4 (75.5%). In Madagascar, all four GCs were
detected, and GC1 was the most represented (92% strains).

Overall, the three subregions showed very different distribution
of clusters (Fig. 4, Table 3). GC2, GC4, and GC1 were dominant
in West Africa, East Africa, and Madagascar, respectively.

S P

—

"

West Africa

- Genetic cluster 1
- Genetic cluster 2

- Genetic cluster 3
- Genetic cluster 4
- Adm: not assigned

X ‘::' Z
2390 N “

Relationship between African strains and worldwide
samples of P. oryzae. To make hypotheses about the origin of
African populations of P. oryzae, we measured the differentiation
between populations from geographic subregions in Africa and
populations from other continents (Fig. 3). In all pairwise compar-
isons with other continents, the population from West Africa was
the least differentiated and the population from Madagascar was
the most differentiated. Populations from West Africa, East
Africa, and Madagascar were highly differentiated from the

East Africa

& Madagascar

Africa

Fig. 4. Geographic distribution of genetic clusters of Pyricularia oryzae. Discriminant analysis of principal components method was used to classity 937
strains from West and East Africa and 1,120 strains from Madagascar. Adm, admix strains (unassigned to a single genetic cluster), shown in black.
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European population (Fgy values of 0.501, 0.587, and 0.768,
respectively). The American population showed the lowest differ-
entiation with African populations (Fgr values of 0.118, 0.253,
and 0. 365, respectively, for populations from West Africa, East
Africa, and Madagascar). Compared with the American popula-
tion, the Asian population was slightly more differentiated from
the West and East African populations and much more differenti-
ated from the population from Madagascar (Fsy values of 0.190,
0.344, and 0.651, respectively).

We also compared the genetic clusters found in Africa in this
study to those identified on a worldwide sample by Saleh et al.

TABLE 3. Geographic structure of Pyricularia oryzae: number of strains per
genetic cluster and country

Genetic cluster

Countries 1 2 3 4 Adm? Total
West Africa 829
Nigeria 28 103 3 1 110 245
Burkina Faso 38 118 5 37 12 210
Benin 8 71 75 10 1 165
Mali 8 30 1 64 2 105
Cote d’Ivoire 41 4 1 4 1 51
Togo 26 8 34
Niger 14 14
Ghana 4 4
Senegal 1 1
East and Central Africa 108
Tanzania 23 71 94
Kenya 4 1 5
Uganda 1 4 5
Burundi 1 1 2
Mozambique 1 1
Cameroon 1 1
Madagascar 1,029 72 4 2 13 1,120
Total 1,154 430 120 213 140 2,057

* Adm, admix strains, unassigned to a single genetic cluster by discriminant
analysis of principal components.

(2014) (Table 4). Saleh et al. identified three worldwide genetic
clusters (A, B, and C) and four Asian genetic clusters (1 to 4). In
our study, 208 of 210 strains previously assigned to worldwide
cluster A were assigned to GC4. Asian strains assigned to GC4 in
our study were clustered mainly in Asian clusters 1 and 4 (39.9%
and 43.3% of strains, respectively). Most (492 out of 499) of the
strains assigned by Saleh et al. to cluster B were assigned to GC3.
All 63 Asian strains assigned to GC3 were assigned to Asian clus-
ter 2 by Saleh et al. (2014). Most the strains (327 out of 449)
assigned by Saleh et al. (2014) to cluster C were assigned to GCl;
108 were assigned to GC2 (24.1%), and 14 could not be assigned
(3.1%). Most Asian strains (72 out of 78) assigned to GC2 were
assigned to Asian cluster 3 (the remaining strains were not assigned
to a unique GC in our study). Altogether, these results show that
GC4, GC3, and GC1 identified in this study correspond respect-
ively to clusters A, B, and C of Saleh et al. GC2 also corresponds
to cluster C. GC2 and 3 correspond to Asian clusters 3 and 2,
respectively, and GC4 gathers strains from Asian clusters 1 and 4.

These results show that the genetic clusters to which African
strains belong are also found in other continents. In particular, all
genetic clusters identified in Asia by Saleh et al. (2014) are detected
in Africa.

MLGs shared between different continents were searched for. We
identified no MLGs shared between African and Madagascan strains
and other continents. The single shared MLG identified by Saleh
et al. (2014) between one strain of Madagascar and one strain of
Indonesia was not found because this Indonesian strain was missing
in the current dataset. Thus, this strain was excluded from our analy-
ses because of uncertainty about the host of origin, although the
identity of genotypes was confirmed by reexamination of the data.

The genotypic diversity in West Africa and Madagascar (Shannon
and genotypic diversity indexes in Supplementary Table S3) was
higher than in the Americas and Europe. It was lower than in Asia,
which is considered the center of diversity (and includes the putative
center of origin) of the blast fungus. The population from East Africa
was the least diverse.

TABLE 4. Distribution of genetic clusters defined by Saleh et al. (2014) and genetic clusters identified in this study®

Genetic group (Saleh et al. 2014)

Genetic cluster (this study)

World Asia 1 2 3 4 Adm" Total
A 1 2 83 85
2 4 4

3 2 2

4 90 90

NA® 29 29

B 2 63 63
NA 429 7 436

C 3 72 6 78
NA 327 36 8 371

Total world (Saleh et al. 2014) 327 108 494 215 14 1,158
Africa and Madagascar (this study) 1,154 430 120 213 140 2,057

2 A/B/C and 1 to 4 correspond to groups defined by Saleh et al. (2014) for worldwide and Asian samples, respectively.

® Adm: admix strains (strains unassigned to a single genetic cluster by DAPC).

¢ NA, non-Asian strains.

TABLE 5. Distribution of the mating type of 435 selected strains and of the number of strains analyzed for female fertility in the different genetic clusters

found in Africa and Madagascar

Mating type

Genetic cluster 1.1 1.2 Total 1:1 ratio )(2 (P) Strains tested for female fertility (n)* N°

1 1 300 301 297 (<0.001) 141 1,154
2 4 72 76 60.8 (<0.001) 54 430
3 17 2 19 11.8 (0.001) 18 120
4 20 1 21 17.2 (0.001) 21 213
Adm® 0 18 18 18.0 (<0.001) 11 140
Total 42 393 435 283 (<0.001) 245 2,057

 Strains were tested in vitro for their female fertility. All tested strains were female-sterile.

l?N, total number of strains per genetic cluster.
¢ Adm, admix strains unassigned to a single genetic cluster.
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Mating type, fertility of strains, and linkage disequilibrium.
The mating type results showed contrasted distributions between
West Africa, East Africa, and Madagascar, with Matl.1/Matl.2
ratios of 20/72, 20/1, and 1/320, respectively (Supplementary Table
S6). These ratios were significantly different from 1:1 (> = 29.4,
17.2, and 317.0 respectively; P < 0.001 for all three tests). Both
mating types were found in all GCs (Table 5), but one mating type
was largely dominant for each GC: Matl.1 for GC3 and GC4 (89.5
and 95.2% of strains, respectively) and Matl.2 for GC1 and GC2
(99.7 and 94.7%, respectively). All these frequencies were signifi-
cantly different from 50% (}(2 = 297, 60.8, 11.8, 17.2; P < 0.001
for all four tests). None of the 245 strains tested produced perithecia
in crossing with reference strains. Thus, no female-fertile strain was
identified in this representative sample.

Linkage disequilibrium analysis demonstrated a general trend
toward nonrandom association of alleles at different loci for the
three geographic populations in Africa. Significant (5% level) pair-
wise linkage disequilibrium was detected for 86, 95, and 100% of
the 66 pairs of loci for the populations from West Africa, Madagas-
car, and East Africa, respectively.

DISCUSSION

The presence of repeated MLGs, the distribution of strains per
MLG, and the nonrandom association of alleles at different loci
indicated a clonal structure of the African populations (including
Madagascar). Clonal reproduction of P. oryzae rice populations is
the rule (Saleh et al. 2012a). We here confirmed that both mating
types are present in Africa (Nottéghem and Silué 1992; Onaga
et al. 2015; Takan et al. 2012) and sometimes in the same country.
But the coexistence of strains of both mating types is not sufficient
for sexual reproduction to take place. The presence of female-fertile
strains is also required (Saleh et al. 2012a,b; Saleh et al. 2014). We
did not find any female-fertile strains in Africa. Mating types also
deviated significantly from the 1:1 ratio expected for random mat-
ing. These result are consistent with the clonal population structure
observed and also supports the hypothesis that sexual reproduction
is absent in Africa. As shown on a broader scale (Thierry et al.
2020), P. oryzae genetic clusters on rice coexist and have no or
very limited gene exchanges out of Asia.

Genetic differentiation between East and West African popula-
tions of the rice blast fungus was previously observed by Mutiga
et al. (2017) on a limited number of samples. With a larger sample
and in a broader geographic area, we revealed that differences
between populations from the subcontinental regions of West
Africa, East Africa, and Madagascar were marked: There were
moderate to high differentiation index values, no MLGs were
shared between them, and frequencies of genetic clusters were dif-
ferent between these subregions. Although each country showed
specificity, MLGs were shared between neighboring countries in
West Africa. This pattern is consistent with a combination of fre-
quent short-distance and rare events of long-distance migrations
due to natural dispersion of P. oryzae spores and transportation of
infected seeds, respectively (Tharreau et al. 2009), with exchanges
of infected seeds within a subcontinental region probably being
more frequent than between subcontinental regions.

We showed the presence in Africa of the three worldwide clus-
ters and the four Asian clusters previously described (Saleh et al.
2014). To date, Asia is the only continent in which the three world-
wide clusters were represented within a given local geographic
area. In addition to belonging to all genetic clusters, we identified
African populations (genetic cluster 4) related to the Asian clus-
ters 1 and 4, which encompass the most genetically diverse popu-
lations (Saleh et al. 2014). This places Africa in second position
after Asia in terms of genetic diversity of P. oryzae at the contin-
ental level. High genotypic diversity could be explained by two
mechanisms. Sexual reproduction generates genotypic diversity by

recombination. But, based on our results and similarly to other
non-Asian populations, sexual reproduction seems unlikely in
African P. oryzae populations. Genotypic diversity may also result
from multiple introductions. This hypothesis is supported by the
fact that all genetic clusters found in Africa are also found in
Asia. According to the literature, the Asian rice O. sativa was
introduced to East Africa (by the 10th century cg) by Polynesians
using the southern Indian Ocean route from Indonesia to Mada-
gascar and the East Coast of Africa (Carpenter 1978; Crowther
et al. 2016). It was subsequently introduced to West Africa by the
Portuguese in about 1,500 cE via the Atlantic Ocean (Portéres
1950). Introductions of new varieties for the local development of
new rice cropping systems and of accessions for breeding pur-
poses have also taken place during the last century, with limited
attention to phytosanitary quality of seeds. The high genetic diver-
sity of P. oryzae observed in Africa is likely to have resulted from
multiple introductions of infected rice seeds.

In summary, this work sheds new light on the genetic structure
of P. oryzae strains in Africa. Unexpectedly, the genetic diversity
of the fungus in Africa is high, placing the continent in second
position after Asia. In addition, clusters identified in Africa were
shared with other continents, and no genetic clusters specific to
Africa was detected. Such diversity increases the risk of emergence
of new pathotypes in Africa. Therefore, it is urgent to monitor the
evolution of the pathogen populations in this area and to propose
new and durable strategies for the deployment of resistance genes,
exploiting knowledge of the genetic structure of the pathogen.
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