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ABSTRACT

Rice is of critical significance regarding food security
worldwide, including in Africa. Only two viruses impacting rice
production in Africa have been deeply investigated for decades:
the rice yellow mottle virus (Solemoviridae) and the rice stripe
necrosis virus (Benyviridae). Using viral metagenomics, we
aimed at broadening knowledge on interacting communities
associated with plants in rice landscapes and exploring the
diversity and epidemiological status of viruses circulating in rice
fields from Burkina Faso. We performed an epidemiological
survey in this country between 2016 and 2019 involving 57 small
farmers’ rice fields under two production systems: rainfed
lowlands and irrigated areas. More than 2,700 rice samples
were collected without regard to disease symptoms following a
regular scheme. Wild and cultivated Poaceae (maize and
sugarcane) growing in nearby rice fields were also collected.
Unexpectedly, metagenomics detected maize streak virus (MSV)
(Geminiviridae) in analyzed rice samples. Further molecular

analyses using rolling circle amplification-polymerase chain
reaction showed that MSV was widely distributed and highly
prevalent in both rainfed lowlands and irrigated rice areas.
MSV-A and MSV-G strains were identified. MSV-G, exclusively
identified thus far in wild grasses, was the most prevalent strain,
whereas MSV-A, known to cause severe symptoms in maize,
was sporadically identified. Using infectious clones in
experimental conditions, we confirmed the pathogenicity of both
MSV strains in rice. Thus, in addition to contributing to the
epidemiological surveillance of rice production in Africa, our
results illuminate new epidemiological and pathogenic aspects
of one of the most studied plant viruses with significant
economic consequences in Africa.
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Emerging crop diseases, a high proportion of which are caused by
viruses, are a significant burden on the food security and economic
stability of societies, especially in developing countries (Anderson
et al. 2004; Jones 2021). Although the intensification of agriculture
has become one of the major priorities for providing food for peo-
ple, intensification programs are threatened by climate and global
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changes (environmental, demographic, and socioeconomic), which
could subsequently favor the emergence of plant pathogens and
increase their impact on food production (Anderson et al. 2004;
Baker et al. 2022). In this context, we aimed to characterize the di-
versity, epidemiology, and virulence of viral pathogens threatening
rice production in Africa.

Rice is the most important human staple food crop in the world,
directly feeding nearly half of the world’s population every day. In
Africa, rice cultivation has historically involved two species: the
African rice Oryza glaberrima, which was domesticated in West
Africa approximately 3,000 years ago, and the Asian rice O. sativa,
which has been introduced repeatedly since the fifteenth century
(Portères 1970). Beginning in the second half of the twentieth
century and intensifying during the last decades, cultivated rice
areas have drastically increased in Africa, and this crop has become
important as a strategic commodity for food security according to
2022 statistics from the Food and Agriculture Organization Cor-
porate Statistical Database (FAOSTAT) (https://data.un.org/Data.
aspx?d=FAO&f=itemCode%3A27) (Demont 2013; Soullier et al.
2020). Such agricultural changes, including the preference for and
intensification of Asian rice cultivation (Cubry et al. 2018), could
render rice cultivation more exposed to emerging pathogens, par-
ticularly viruses (Anderson et al. 2004). Our capacity to ensure the
sustainability of production systems against plant diseases strongly
depends on our ability to explore the vast diversity of microorgan-
isms in the environment, to understand how they affect the stability
and productivity of ecosystems, and to identify pathogens from the
early stage of emergence through epidemiological surveillance.

Among the 19 viruses that have thus far been reported to infect
rice worldwide (Wang et al. 2022), five have occasionally been
identified in Africa (Abo and Sy 1997). Only two of the five viruses
detected in Africa have been genetically characterized and deeply
investigated: the rice stripe necrosis virus (Benyvirus, Benyviridae)
(Bagayoko et al. 2021) and the rice yellow mottle virus (RYMV)
(Sobemovirus, Solemoviridae) (Hébrard et al. 2021). The three re-
maining rice viruses reported in Africa that have been poorly charac-
terized thus far are maize streak virus (MSV) strain A (Mastrevirus,
Geminiviridae), African cereal streak virus (genus and family not
determined), and rice crinkle disease (etiology, genus, and family
not determined) (Abo and Sy 1997).

The recent methodological innovations in high-throughput se-
quencing and metagenomics allow us to explore the vast genetic
and functional diversity of viruses in wild and cultivated environ-
ments and to identify putative emergent viruses (Bernardo et al.
2018; Edgar et al. 2022; Greninger 2018; Lefeuvre et al. 2019).
However, despite the continuous detection of partial or complete
virus metagenome-assembled genomes from wild or anthropized
environments, few of these metagenome-assembled genomes have
subsequently been subjected to more in-depth analyses, in most
cases using Sanger sequencing. In addition, this sequencing valida-
tion step has usually not been supplemented with epidemiological or
pathogenetic information on the related viruses (Koonin and Dolja
2018). Nevertheless, among the few novel viruses initially discov-
ered using metagenomics-based approaches and further partially or
fully biologically characterized, geminiviruses are among the most
represented (Moubset et al. 2022).

In this study, we intended to meet these expectations, focusing
on viruses circulating in rice fields in Burkina Faso. To this end, an
epidemiological survey focusing on two rice production systems (ir-
rigated [IR] perimeters and rainfed lowlands [RLs]) was conducted
in this West African country between 2016 and 2019 (Fig. 1). In par-
allel, agricultural practices and the use or turnover of rice varieties,
as well as the diversity of microbiomes associated with rice roots
and (known) rice pathogens (viral, bacterial, and fungal) circulating

in these fields, were followed (Barro et al. 2021a, b, 2022; Billard
et al. 2023; Kaboré et al. 2022). To expand our knowledge of virus
communities associated with wild and cultivated plants from rice
landscapes in this region, we performed viral metagenomics analy-
ses on rice and wild grass leaf samples collected in 2016 and 2017
(Moubset et al. 2022). Among the thousands of contigs assigned
to viral genomes (including RYMV), these analyses revealed unex-
pected MSV species (Mastrevirus, Geminiviridae) infecting rice.

Geminiviruses are responsible for a large number of emerging
crop diseases in the world, with considerable impact on the yields
of several cash and staple crops (maize, cassava, tomato, cotton,
beans, and grain legumes). These viruses constitute a major threat
to the food security of tropical and subtropical developing countries
(Rybicki 2015; Rybicki and Pietersen 1999). Specifically, MSV,
one of the most devastating viruses in maize in Africa (Martin and
Shepherd 2009; Savary et al. 2019), was first described in South
Africa during the 1870s and later in 1896 during a serious out-
break (Fuller 1901; Shepherd et al. 2010). MSV virions consist of a
twinned and quasi-icosahedral (geminate) capsid. The monopartite,
circular, single-stranded DNA genome of approximately 2.7 kb,
replicating by rolling circle, encodes only four proteins (Fiallo-
Olivé et al. 2021; Gong et al. 2021). MSV is transmitted natu-
rally by 18 leafhopper species (Fiallo-Olivé et al. 2021), some of
which have been observed in rice fields from Burkina Faso and the
surrounding regions (N. Poulicard, personnal communication; Tra
Bi et al. 2020). Alternatively, MSV is also transmitted experimen-
tally by agroinoculation of infectious clones (Boulton et al. 1989;
Grimsley et al. 1987). In addition to maize, MSV is characterized
by a large monocotyledonous host range, including wild and culti-
vated Poaceae species, such as sugarcane and sorghum (Kraberger
et al. 2017).

Restricted to Africa and surrounding islands, 11 strains (A to K)
have been identified. MSV-A is the only strain known to cause se-
vere symptoms in cultivated plants, whereas MSV-B, MSV-C, and
MSV-E, mainly detected in infected wild grasses, can also produce
mild infections in MSV-susceptible maize genotypes (Claverie et al.
2019; Oyeniran et al. 2021; Shepherd et al. 2010). Previous studies
showed that, as with other geminiviruses, recombination played a
decisive role in the evolution of MSV. In particular, a recombination
event that occurred in the mid-nineteenth century between ances-
tral MSV-B and MSV-G/F strains probably led to the emergence,
efficient dispersion across Africa, and progressive adaptation of the
MSV-A strain to maize (Harkins et al. 2009; Monjane et al. 2011,
2020; Varsani et al. 2008).

Although the MSV-A strain has recurrently been reported in
maize from Burkina Faso (Kraberger et al. 2017), it was identified
only once in rice fields in this country (Konaté and Traoré 1992). The
MSV-A strain was also experimentally transmitted to rice by vir-
uliferous leafhoppers (Damsteegt 1983; Konaté and Traoré 1992).
However, to our knowledge, information on the geographical dis-
tribution, prevalence, genetic diversity, and aggressiveness of this
virus in rice fields has never been reported.

Thus, based on viral metagenomics, epidemiological, and exper-
imental approaches, the objective of this study was to evaluate the
epidemiological and pathogenic status of MSV in rice fields from
Burkina Faso. In addition to contributing to the epidemiological
surveillance of rice production in Africa, our results illuminate new
epidemiological and pathogenic aspects of one of the most studied
plant viruses with significant economic consequences in Africa.

MATERIALS AND METHODS

Study area and samplings. The study area was located in
western Burkina Faso in a 100 × 100-km region in the Sudanian
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bioclimatic area (Fig. 1A). Six sites located within three geograph-
ical zones—Bama (BM)/Badala (BL), Banzon (BZ)/Senzon (SZ),
and Karfiguela (KA)/Tengrela (TG)—were surveyed between 2016
and 2019. Each geographical zone comprised one IR site and a
neighboring RL site (Fig. 1B).

The regular and longitudinal rice leaf sampling between 2016 and
2019 in these six sites involving 57 rice fields was previously de-
scribed by Barro et al. (2021a). Briefly, observations and samplings
were performed at the maximum tillering/heading initiation stages
from September to December each year. Each studied field was a
square measuring approximately 25 m on each side, with a regular

sampling of 16 plants per field over a grid (Supplementary Fig. S1).
This sampling approach did not consider potential disease symp-
toms (regular sampling without regard to disease symptoms), but
the rice leaves were inspected when sampled and disease symptoms
were recorded when observed (https://doi.org/10.23708/8FDWIE).
Parts of these samples were also submitted for specific detection
of RYMV via an enzyme-linked immunosorbent assay (ELISA)
(https://doi.org/10.23708/GZCM1O).

In addition to these rice samples, the diversity and percentage of
surface covering of wild grass species growing in the rice field bor-
ders were estimated for six fields in 2017 (IR production system:

Fig. 1. Study area for the spatiotemporal survey of rice fields in Burkina Faso. A, Burkina Faso, Africa, with a focus on western Burkina Faso, where the
six sites, Bama (BM), Badala (BL), Banzon (BZ), Senzon (SZ), Karfiguela (KA), and Tengrela (TG), are located. These sites are indicated by colored
dots referring to their rice production systems: irrigated (IR), blue, and rainfed lowland (RL), red. Map is based on MapChart (https://mapchart.net/).
B, Distribution area of IR (blue) and RL (red) rice production systems at the six sites and rice field locations surveyed during this study. Field locations
and delimitations are based on Google Earth maps.
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BM02, BZ11, KA01; RL production system: BL02, SZ07, TG01)
(Supplementary Fig. S1). Details regarding these wild plant ob-
servations and samplings are available at https://doi.org/10.23708/
1IPJAU. One plant of the five most frequent plant species was ran-
domly collected without regard to symptoms for further analyses
(see later discussion). Finally, specific samplings of wild (Poaceae
species) and cultivated (rice, maize, and sugarcane) plants present-
ing symptoms putatively related to viral infection (leaf deforma-
tions and stripes) were performed within or nearby the rice fields
involved in the longitudinal survey. Samples were collected indi-
vidually in bags or envelopes containing silica gel to dehydrate and
then stored at –20°C before further molecular analyses.

Thus, the total number of plant samples analyzed during this
study was greater than 2,800, with approximately 2,750 rice plant
samples (from 43, 42, 49, and 40 rice fields in 2016, 2017, 2018,
and 2019, respectively); 30 wild grasses collected without regard
to symptoms; and four, eight, seven, and 15 symptomatic samples
of rice, maize, sugarcane, and wild Poaceae, respectively. These
samples were named according to the year of sampling, the site, the
field, and the host plant of collection (e.g., 17TG01 and 17TG01w
correspond, respectively, to rice and wild plant samples collected
in 2017 in/close to rice field “01” of the TG site).

Viral metagenomics. Detection and identification of both DNA
and RNA viruses were performed on rice and wild Poaceae sam-
ples using a virion-associated nucleic acid (VANA) metagenomics-
based approach (Moubset et al. 2022). Specifically, for each rice
field surveyed in 2016 and 2017, 16 sampled rice plants were pooled
to a 1-g sample that was ground up and prepared for analysis (i.e.,
85 pooled rice samples were obtained to represent 85 rice fields, 43
in 2016 and 42 in 2017). Similarly, the five leaf samples of the five
most frequent wild plant species collected without regard to symp-
toms in each border of the rice field were ground up and pooled
(i.e., six pooled grass samples were obtained, representing six rice
field borders surveyed in 2017).

Each pooled sample of rice or wild grasses was processed using
the VANA approach as described by François et al. (2018). Briefly,
we isolated viral particles by filtration and ultracentrifugation.
The nucleic acids not protected in virus-like particles were further
degraded by DNase and RNase, and the total RNA and DNA was
then extracted using a NucleoSpin kit (MACHEREY-NAGEL).
Reverse transcription was performed with SuperScript III reverse
transcriptase (Thermo Fisher Scientific), complementary DNA
was purified with a QIAquick PCR Purification Kit (QIAGEN),
and complementary strands were synthesized by Klenow DNA
polymerase I. Double-stranded DNA was amplified by random
polymerase chain reaction (PCR) amplification. Samples were
barcoded during reverse transcription and PCR steps using home-
made 26-nucleotide Dodeca Linkers and PCR multiplex identifier
primers. PCR products were purified using NucleoSpin gel and
PCR clean-up (MACHEREY-NAGEL). Finally, libraries were pre-
pared from purified amplicons and sequenced on an Illumina HiSeq
to generate 2 × 150-nucleotide paired-end reads (GENEWIZ).

Nucleic acid extraction, rolling circle amplification, and MSV
detection by specific PCR. Total DNA extraction of each sample
(100 mg of plant material for pooled leaf samples, 20 mg for indi-
vidual leaf sample) was performed in a lab with no prior exposure
to plant material infected with MSV according to the cetyltrimethy-
lammonium bromide protocol. The concentration and quality of the
extracted DNA were then assessed with NanoDrop Microvolume
Spectrophotometers (Thermo Fisher Scientific).

The circular DNA genomes of MSV were first amplified with
a TempliPhi kit (Cytiva) via rolling circle amplification (RCA)
according to the manufacturer’s protocol. Next, the presence of
MSV-G and MSV-A at field or plant level was detected by PCR

using 1 µl of RCA products, GoTaq Flexi (Promega) according to
the manufacturer’s protocol, and primers targeting MSV-G (MSV-
F559bp: 5′-GGAGCATGTAAGCTTCGGGA-3′, positions 1,875
to 1,889; MSV-R559bp: 5′-GAGCTCGTTGGTCACTGGAA-3′,
positions 2,415 to 2,434; melting temperature [Tm] 57°C; ampli-
fication 559 bp) and MSV-A (MSVg-2F: 5′-TCAGCCATGTCCA
CGTCCAAG-3′, positions 478 to 498; MSVa-1R: 5′-TCACCAC
GAAGCGATGACACA-3′, positions 912 to 932; Tm 55°C; ampli-
fication 454 bp). PCR amplification of the 559 and 454 nucleotides
was checked on 1× agarose gel, and amplicons were sequenced for
further analyses (see later discussion). For inconclusive samples
(i.e., included in the uncertainty interval associated with the visu-
alization method), a second PCR was performed using the same
protocol as described previously, except for the use of 2 µl of RCA
products. The samples still not conclusive after these two PCRs
were then considered negative for MSV. For all negative samples,
PCRs amplifying the S1 locus area of chromosome 6 of rice were
performed as an internal control. It should be noted that the ampli-
con size was used to discriminate the Asian rice O. sativa (935 bp)
and the African rice O. glaberrima (1,384 bp) (Gnacadja et al.
2018). Differences in the percentage of MSV-positive fields and
plants according to sites, rice production systems, and years were
assessed based on contingency tables using Fisher’s exact test.

Partial and complete genome sequencing. Amplicons ob-
tained by detection PCR were sequenced using the Sanger method
(GENEWIZ). We obtained sequences of 491 nucleotides long (i.e.
18.3% of the complete MSV genome), which were used both to
identify which MSV strain was present at the field or plant level
and to estimate the genetic diversity.

Two approaches were used to obtain complete genome sequences
of MSV. For the first approach, the RCA products were digested
with BamHI (New England Biolabs), inserted in pGEM-T Easy
Vector (Promega), and cloned in JM109 competent cells (Promega)
according to the manufacturers’ protocols. For the second approach,
we performed two overlapping PCRs on the RCA products with
GoTaq Flexi according to the manufacturer’s protocol to amplify
the complete genome of MSV using primers targeting MSV-G
(PCR #1: MSVg-2F and MSV-R559bp, Tm 57°C, amplification
1,956 bp; PCR #2: MSV-F559bp and MSVg-2R 5′-AGGCATGT
CCGAACCGATGC-3′ at positions 980 to 999, Tm 57°C, amplifi-
cation 1,811 bp) and MSV-A (PCR #1: MSVg-2F and MSVa-3R
5′-ATTGGCTCCAGCCTAACATCTTCC-3′ at positions 1,898 to
1,921, Tm 55°C, amplification 1,443 bp; PCR #2: MSVa-1F 5′-
CGACGATGTAGAGGCTCTGCT-3′ at positions 1,761 to 1,781
and MSVa-1R, Tm 55°C, amplification 1,864 bp). The obtained
complete genome sequences were deposited in GenBank (acces-
sion numbers OR258386 to OR258402). Two complete genome
sequences of representative MSV isolates were used to obtain in-
fectious clones (see later discussion).

Genetic diversity and phylogenetic analyses. Partial and com-
plete genome sequences of MSV obtained during this study
were compared with the 885 sequences described by Kraberger
et al. (2017). Multiple sequence alignments were performed using
MUSCLE (Edgar 2004) implemented in SeaView v4.7 (Gouy et al.
2010). Sequence pairwise identities of a selection of MSV se-
quences were calculated with SDT v1.2 (Muhire et al. 2014). Max-
imum likelihood phylogenetic trees were reconstructed with SeaV-
iew using the best fit nucleotide substitution models (Tamura three-
parameter + G and GTR + G + I for the partial and complete
genome data sets, respectively) determined with MEGA X (Kumar
et al. 2018) and 100 bootstrap replications. Phylogenetic trees
were drawn using FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/
figtree/). The genetic diversity of the partial genome data set was
estimated using the best fit nucleotide substitution model, with stan-
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dard errors of each measure based on 100 replicate bootstraps, as
implemented in MEGAX.

Genetic differentiation of MSV populations according to fields,
sites, years, and rice production systems was estimated by analysis
of molecular variance obtained by performing 1,000 permutations
as implemented in Arlequin v5.3.1.2 (Excoffier et al. 2005). Re-
combination signals in MSV from Burkina Faso were identified us-
ing the seven algorithms implemented in RDP v4.97 (Martin et al.
2015). Recombination events detected by at least five methods and
with P values less than 10−5 were considered.

Infectious clones and agroinoculations in rice. Three in-
fectious clones of MSV-A and MSV-G were used during this
study. First, the clone pBC-KS::MSV-A|R2| was obtained in
previous studies and was identified as highly pathogenic in
maize (Isnard et al. 1998; Peterschmitt et al. 1996). Next, the
clones pCAMBIA0380::MSV-A|53| and pCAMBIA0380::MSV-
G|61| were built by gene synthesis (GENEWIZ) of the genome
sequences obtained after PCR amplification and cloning of RCA
products, respectively. More precisely, the MSV genome sequences
were synthesized based on the traditional technique of partial tan-
dem repeats (i.e., with the highly conserved stem-loop region of
approximately 50 nucleotides corresponding to the origin of repli-
cation repeated on both sides of the genome) (Urbino et al. 2008).

These infectious clones and the empty pCAMBIA0380 plas-
mid as a negative control (hereafter called pCAMBIA0380::Ø)
were introduced into two strains of Agrobacterium tumefaciens
(C58C1 and EHA105) by electroporation. Transformed A. tumefa-
ciens colonies were plated and cultivated at 28°C in Luria-Bertani
medium containing 50 µg/ml of kanamycin and 25 µg/ml of ri-
fampicin (and 100 µg/ml of gentamicin for C58C1) and used for
agroinoculation as described later after confirming the presence of
inserts by PCR in colonies.

Agroinoculations were performed in two rice varieties represent-
ing the two cultivated rice species in Africa (O. sativa indica ‘IR64’
and O. glaberrima ‘Tog5673’) and one variety of maize (Zea mays
‘Golden Bantam’). For each experiment, approximately 40 to 60
plants of each rice variety were inoculated at the two-leaf stage (i.e.,
7 to 10 days after seedling) by pricking the apical meristem three
times at different levels with the tips of 0.4-mm needles previously
dipped in Agrobacterium colonies. Two independent assays were
performed. Both A. tumefaciens strains and pCAMBIA0380::Ø,
pBC-KS::MSV-A|R2|, and pCAMBIA0380::MSV-G|61| plasmids
were used for the first experiment. As no significant difference in
infection was detected between the two A. tumefaciens strains (χ2 =
1.101, P = 0.294), we used only EHA105 for the second experi-
ment. In addition, in the second experiment, the pathogenicity of
the infectious clone pCAMBIA0380::MSV-A|53| was evaluated.
For both experiments, symptom initiation and development were
monitored, and the number of leaves and the height of the inocu-
lated plants were measured at 28 days postinoculation (dpi). The
fresh weight of inoculated plants was estimated for only the second
experiment. Values were expressed for each treatment and cultivar
in percentage according to negative controls.

Statistical analyses of these phenotypic measurements were per-
formed using the software STATGRAPHICS Centurion 15.1.02
(StatPoint Technologies). As the distribution of plant size, num-
ber of leaves, and fresh biomass was not normal according to the
Levene test of equality of error variances, we first analyzed our
results using a nonparametric (Kruskal-Wallis) test. However, as
the Kruskal-Wallis and analysis of variance (ANOVA) (paramet-
ric) tests gave similar results, and because ANOVA is robust to the
partial violation of its assumptions and allows the analysis of fac-
tor interactions (post hoc least significant difference, significance
threshold at P < 0.05), whereas Kruskal-Wallis does not, we also

presented the results obtained with ANOVA. It should be noted that
these statistics were compiled only with the results obtained for
O. glaberrima ‘Tog5673’, as the sample size for infected plants
was not sufficient for O. sativa indica ‘IR64’.

RESULTS

Identification of MSV in rice fields from Burkina Faso by
viral metagenomics. Eighty-five rice samples were analyzed by
a VANA-Illumina HiSeq approach, representing 43 and 42 rice
fields surveyed in 2016 and 2017, respectively. The Illumina se-
quencing produced 288,971,924 raw sequences that were subse-
quently trimmed and corrected to extract a total of 1,459,838 con-
tig sequences, corresponding to 109.67 Mb (Moubset et al. 2022).
BLASTn and BLASTx analyses of these data showed that 1.9% of
these contigs matched virus sequences from known (RYMV) and
unknown (Moubset et al. 2022) virus species, the rest of the se-
quences being mainly related to the hosts. Specifically, we iden-
tified MSV sequences from two fields surveyed in 2017. More
precisely, a total of 1,490 MSV contigs were obtained from field
17BM11 (98 contigs) and field 17TG05 (1,392 contigs), including
two long contigs from each field covering the complete genome
of MSV. These long contigs respectively shared 99.01 and 98.92%
homologies with the genome sequence of an MSV isolate belong-
ing to strain G collected in a wild member of the Poaceae family
(Urochloa lata) from Nigeria (accession number EU628635.1). In
addition to rice samples, MSV was identified by the same VANA-
Illumina HiSeq approach in one of the six pools of wild plants
collected at the borders of one rice field per site from the TG
site (17TG01w pool) (https://doi.org/10.23708/1IPJAU) (Supple-
mentary Table S1). The contig obtained from this sample covered
the complete genome of this virus, and BLAST analyses revealed
99.37% homology with an MSV-G isolate from Nigeria collected in
2007 from the wild grass Digitaria horizontalis (accession number
EU628634.1).

Molecular detection of MSV in rice fields. As only 2 years of
samplings were analyzed by VANA-Illumina and as the number
of fields positive for MSV could be underestimated with this tech-
nique, we opted for a targeted MSV detection strategy. For this, we
used specific primers to detect by RCA-PCR the presence of the
virus in rice fields, with 43 fields in 2016, 40 in 2017, 49 in 2018,
and 40 in 2019. Thus, we analyzed a total of 172 rice samples, each
representing 16 plants from the same field collected the same year
(Supplementary Table S2).

A surprisingly high number (N = 59) of rice samples were pos-
itive for MSV, suggesting that 34.3% of the surveyed fields were
infected with this virus (Table 1). In addition, we noted that MSV
was detected in all localities and both production systems (i.e., IR
and RL fields), but with no significant difference for the 2016 to
2019 period (χ2 = 6.424, P = 0.267 and χ2 = 0.170, P = 0.680,
respectively). However, the percentage of MSV-positive fields was
significantly higher in 2018 and 2019 than in 2016 and 2017 (χ2 =
44.269, P < 0.001).

Detection of MSV in wild and cultivated plants. In addition to
rice samples, we performed MSV detection PCR on the same pools
of wild plants used with the VANA-Illumina approach (Supple-
mentary Table S1). As reported with the VANA-Illumina approach,
MSV was detected in the 17TG01w sample. The detection PCR
revealed that MSV was also present in the 17TG02w sample. Both
pools of samples combined Poaceae plant species already described
as host plants for MSV; namely, Setaria pallide-fusca (Schumach.)
Stapf & C.E. Hubb. and Dactyloctenium aegyptium Beauv. (Sup-
plementary Table S3) (Kraberger et al. 2017).
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Next, we analyzed individually symptomatic wild plants (includ-
ing the wild rice species O. longistaminata) and cultivated Poaceae
(maize and sugarcane) collected in 2016, 2017, and 2019 around
and within the rice fields (Supplementary Table S3). MSV was
detected in a large proportion of samples, with all maize (N =
8 [100%]), most sugarcane (N = 7 [87.5%]), and a large frac-
tion of wild plants (N = 15 [40%]) found to be MSV-positive.
Overall, among the wild plant species analyzed, MSV was de-
tected in D. horizontalis, Echinochloa colona, Eragrostis spp., and
O. longistaminata.

Genetic diversity of MSV circulating in rice production
areas. To characterize the MSV genetic diversity circulating in rice
production areas from western Burkina Faso, we sequenced the am-
plicons obtained from molecular detection PCRs performed on rice,
wild plants, and cultivated Poaceae (maize and sugarcane). We ob-
tained 29 sequences (Supplementary Table S2), and phylogenetic
reconstructions indicated that most of these sequences belonged to
strain G of MSV (27 of 29 [93.1%]), whereas only two (6.9%) (i.e.,
16BZ09 and 18TG01) corresponded to strain A (Supplementary
Fig. S2; Supplementary Table S2).

In addition to rice, the presence of MSV was tested in wild grasses
and cultivated Poaceae (maize and sugarcane) collected within
or nearby rice fields (Supplementary Table S3). MSV-A was de-
tected in 19 of 30 plants (63.3%) showing symptoms. Interestingly,
MSV-G was detected in only one pool of symptomless wild grasses
that were randomly collected from one site (17TG01w).

The genetic diversity based on these fragments was estimated at
0.0956 ± 0.0164 substitution (subst.)/site in total (0.0023 ± 0.0007
and 0.0028 ± 0.0017 subst./site for MSV-G and MSV-A, respec-
tively), which is similar to the estimates of genetic diversity of MSV
in West Africa in this same portion of the genome (0.0854 ± 0.0101
subst./site). Genetic differentiation of MSV was observed between
rice and Poaceae (FST(Rice/Poaceae) = 0.760, P < 0.001), reflecting the
over-representation of MSV-G in rice and MSV-A in other Poaceae
species. However, taking each MSV strain separately, no genetic
differentiation was revealed between the MSV-G (FST(Rice/Poaceae) <

0.001, P > 0.99) and MSV-A (FST(Rice/Poaceae) < 0.001, P = 0.809)
isolates identified in rice and other Poaceae species. In addition, ge-
netic differentiation was not detected for MSV isolates according
to rice production system (all MSV, FST(IR/RL) < 0.001, P > 0.99,
MSV-G, FST(IR/RL) < 0.001, P = 0.550, MSV-A, FST(IR/RL) = 0.147,
P = 0.124). Similar results were obtained using other regions of the
genome (data not shown).

Complete genomes of MSV. Based on the detection PCR and
partial sequencing results, we selected several MSV-positive sam-

ples to obtain complete genome sequences of MSV-A and MSV-G
from different host species. This effort produced 16 complete MSV
genomes: four from rice fields, six from wild grasses, two from
maize, and four from sugarcane (Supplementary Table S4). The se-
quence of 17BM11 MSV isolate (MSV-G|61|) was obtained after
the cloning of RCA products. In all other cases, direct sequenc-
ing of PCR amplicons was performed. To these 16 sequences, we
added the three complete genome sequences obtained by the VANA-
Illumina approach (MSV-G in rice 17BM11|Contig1671| and
17TG05|Contig844|, MSV-G in wild grasses 17TG01|Contig711|)
for further analyses. It should be noted that the complete MSV-G
genome sequences obtained by the Sanger and VANA-Illumina ap-
proaches in the same samples were highly similar (11 and one vari-
able sites for 17BM11 and 17TG01w with 99.6 and 100.0% genetic
identity, respectively).

The 19 sequences obtained during this study were compared with
a complete MSV genome data set that included 885 sequences from
all MSV strains, including eight MSV-G sequences from wild grass
samples in West Africa (Nigeria and Mali) and Gran Canaria and
695 MSV-A sequences from all over Africa, with five MSV-A se-
quences collected from maize in 2008 in Burkina Faso (Kraberger
et al. 2017). Analyses to detect recombination events in this se-
quence data set demonstrated that none of the 19 complete genome
sequences obtained during this study were recombinant. Phyloge-
netic analyses showed that the MSV-G isolates identified during
this study were closely genetically related (more than 98.9% ge-
netic identity) (Fig. 2). As previously demonstrated with partial
genome analyses, no genetic differentiation was observed in MSV
collected in rice versus other Poaceae species (FST(Rice/Poaceae) =
0.362, P < 0.001) or between rice production modes (FST(IR/RL) <

0.001, P > 0.99). MSV-G isolates from western Burkina Faso were
genetically related to those identified in Nigeria in 2007 and Mali in
1987 (more than 99% identity with EU628632.1 and EU628634.1).
Similarly, we noted that the MSV-A isolates identified in this study
belonged to a clade of isolates exclusively identified in West Africa
and were closely genetically related (more than 99.4% identity),
with no genetic differentiation with those collected in rice or other
Poaceae species (FST(Rice/Poaceae) < 0.001, P = 0.985). Surpris-
ingly, these isolates were more genetically related to MSV-A iso-
lates collected in Nigeria in 2015 (e.g., between 99.5 and 99.9%
genetic identity with KX787926.1 and KX787927.1, with approxi-
mately 1,250-km distance between these isolates and those from our
study area) than to MSV-A identified in maize in Burkina Faso in
2008 (between 96.9 and 96.6% genetic identity, with approximately
300-km distance between isolates).

TABLE 1
Detection of maize streak virus (MSV) in rice fields from six sitesa

2016 2017 2018 2019 Total

Site – + – + – + – + – + %MSV %MSV Prod.

BM 7 3 6 1 5 4 5 2 23 10 30.3

BZ 6 2 7 0 5 6 5 1 23 9 28.1 33.0 IR

KA 9 0 7 0 2 6 1 7 19 13 40.6

BL 5 1 7 0 7 0 2 4 21 5 19.2

SZ 5 0 6 0 0 7 3 4 14 11 44.0 36.0 RL

TG 5 0 5 1 3 4 0 6 13 11 45.8

Total 37 6 38 2 22 27 16 24 113 59 34.3

%MSV 14.0 5.0 55.1 60.0 34.3

a Sites (BL = Badala; BM = Bama; BZ = Banzon; KA = Karfiguela; SZ = Senzon; TG = Tengrela) representing two rice production systems
(IR = irrigated; RL = rainfed lowland) in 2016, 2017, 2018, and 2019. Percentage of MSV-positive fields (%MSV) is indicated.
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MSV prevalence in rice fields. To assess MSV prevalence in
rice fields, we analyzed individually the 16 plants of 12 rice fields
previously identified as MSV-positive in 2018 by detection PCR
(Supplementary Table S2). These fields were selected to represent
different sites (BM, BZ, SZ, KA, and TG), genetic diversity of MSV
in rice fields (MSV-G versus MSV-A), and rice production system
(IR versus RL). The BL site was not included in this analysis, as no
MSV-positive fields were identified at this site.

Supplementary Figure S3 and Supplementary Table S5 show
the results obtained for the 192 plant samples, among which 135
(70.3%) were annotated as symptomatic and 16 were positive for
RYMV according to ELISA assays. We noted that MSV-G was
frequently detected (32.1% of plants), with prevalence varying be-
tween 25.0 and 62.5% according to the field (Fig. 3) but with no
significant difference between fields (χ2 = 16.167, P = 0.135). In-
terestingly, no significant difference was revealed between the two
rice production systems (IR versus RL, χ2 = 0.185, P = 0.667).

The genetic diversity of MSV-G circulating within 18BM13,
18BZ14, 18SZ06, and 18KA08 was estimated at 0.0058 ± 0.0048,

0.0066 ± 0.0035, 0.0060 ± 0.0059, and 0.0035 ± 0.0025 subst./site,
respectively, based on the partial genome amplified by detection
PCR. We also did not observe genetic differentiation between fields
(FSTfields < 0.001, P > 0.99).

For MSV-A, in addition to not being frequently detected in rice
fields, the prevalence estimated for this strain in the 18TG01 field
was drastically lower than that estimated for MSV-G (6.3%) (Fig. 3;
Supplementary Fig. S3). No co-infection between MSV-G and
MSV-A was observed during this study. Of the 192 individual sam-
ples tested, eight plants were positive for both MSV and RYMV, and
high levels of co-infection with other diseases, based on symptom
recognition, were also reported (Supplementary Table S5).

Experimental validation of MSV pathogenicity in rice. We
performed two independent experiments to test the pathogenic-
ity of three MSV infectious clones: two obtained from the iso-
lates identified during this study in rice plants from Burkina Faso
(pCAMBIA::MSV-G|61| and pCAMBIA::MSV-A|53|) and one ob-
tained from an isolate identified in a maize plant from Réunion
Island (pBC-KS::MSV-A|R2|) (Supplementary Fig. S4). In both ex-

Fig. 2. Condensed phylogenetic tree reconstructed by maximum likelihood based on complete maize streak virus (MSV) genome sequences from
western Burkina Faso obtained during this study (names in red) and available from public database (those from Burkina Faso in orange). Numbers
at each node correspond to bootstrap values based on 100 replicates (only values above 0.70 are reported). The host plants from which these
sequences were identified are indicated by colored circles (red = rice; dark green = maize; light green = sugarcane; blue = wild grasses). The
clades corresponding to MSV strains (A to K) and the geographical origin (CA = Central Africa; EA = East Africa; SA = Southern Africa; WA = West
Africa) of the sequences are shown.
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periments, we observed the appearance of light streaks on the leaves
of some rice plants (O. sativa indica ‘IR64’ and O. glaberrima
‘Tog5673’) at 14 dpi. These symptoms then developed drastically
into clear and distinct streaks by 28 dpi, both on the leaves where the
streaks were first observed and on the systemic and emergent leaves,
followed by a drastic reduction in plant growth (Fig. 4). Correlation

Fig. 3. Prevalence estimation of maize streak virus (MSV)-G and MSV-A
in 12 rice fields representing two rice production systems, irrigated (IR)
and rainfed lowland (RL), based on 15 to 16 individual plants collected
in each field without a priori over a grid in 2018. The numbers of rice
fields are indicated.

between symptoms and MSV accumulation in systemic leaves was
validated by PCR and Sanger sequencing (data not shown).

Unfortunately, most likely due to the variability of the agroinoc-
ulation process in rice, only a few cases of successful infection
were observed, and not all agroinoculation modalities (i.e., infec-
tious clone versus plant species) succeeded in the same experiment.
Across the two experiments, MSV agroinoculation led to success-
ful infection in 46 of 770 plants (6.0%) (Table 2; Supplementary
Table S6). No significant difference in MSV transmission efficiency
was observed between the three infectious clones in O. sativa indica
‘IR64’ (χ2 = 2.144, P = 0.342) and O. glaberrima ‘Tog5673’ (χ2 =
0.764, P = 0.682). However, MSV was more efficiently transmitted
to Tog5673 than to IR64 (42 of 392 plants [10.7%] versus four of
378 plants [1.1%], χ2 = 31.943, P < 0.001) regardless of the infec-
tious clone (pCAMBIA::MSV-G|61|, pCAMBIA::MSV-A|53|, and
pBC-KS::MSV-A|R2|, χ2 = 12.968, P < 0.001, χ2 = 17.216, P <

0.001, and χ2 = 2.856, P = 0.091, respectively).
Twenty-eight days after agroinoculation, we measured the height

and number of leaves of MSV-infected and noninfected plants. The
following statistics were compiled only with the results obtained
for O. glaberrima ‘Tog5673’, as the sample size of infected plants
was not sufficient for O. sativa indica ‘IR64’. We noted that the
earlier the emergence of symptoms, the greater the impact on plant
growth, leading to high between-plant heterogeneity in the data set.
Although MSV infection did not systematically affect the num-
ber of leaves per plant (O. glaberrima ‘Tog5673’, Kruskal-Wallis,

Fig. 4. Symptoms in rice (Oryza sativa indica ‘IR64’ and O. glaberrima ‘Tog5673’) and maize (Zea mays ‘Goldem Bantam’) associated with maize
streak virus (MSV) infection after agroinoculations of pCAMBIA0380::MSV-G|61|, pCAMBIA0380::MSV-A|53|, and pBC-KS::MSV-A|R2| infectious
clones. Photos of whole plants showing a negative control plant (left) and infected plant (right) were taken 60 days postinoculation (dpi) (28 dpi only
for pCAMBIA0380::MSV-A|53| in O. glaberrima ‘Tog5673’), and photos of systemic and emergent leaves were taken 28 dpi. nd = not determined
because no MSV-infected plant was identified.
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F = 26.254, P < 0.001, ANOVA, F3,128 = 13.150, P < 0.001)
(Supplementary Fig. S5A), we found that the height of plants was
significantly reduced by MSV infection (O. glaberrima ‘Tog5673’,
Kruskal-Wallis, F = 64.973, P < 0.001, ANOVA, F3,128 = 47.880,
P < 0.001) (Fig. 5). In addition, the evaluation of plant fresh weight
during the second experiment suggested that MSV infection had an
impact on biomass production in rice (O. glaberrima ‘Tog5673’,
Kruskal-Wallis, F = 29.633, P < 0.001, ANOVA, F2,116 = 12.060,
P = 0.001) (Supplementary Fig. S5B).

In parallel, the infectious clone pBC-KS::MSV-A|R2| was
agroinoculated in maize as a positive control, and one symp-
tomatic and MSV-infected plant was obtained (one of five plants)
(Fig. 4; Table 2). The emergence of typical symptoms of MSV
in maize was observed 9 dpi, and MSV-A|R2| accumulation was
validated by PCR and Sanger sequencing (data not shown). By
contrast, only one maize plant of 68 (1.5%) agroinoculated with
pCAMBIA0380::MSV-A|53| started to develop typical symptoms
of MSV 21 dpi (Table 2; Supplementary Table S6). Successful
infection was not obtained in maize with pCAMBIA0380::MSV-
G|61| agroinoculation.

Field observations of symptoms putatively associated with
MSV infection. As phenotypes and symptoms of collected plants
in rice fields and pictures of plants were recorded during the sam-
pling process, we tried a posteriori to associate the results of MSV
detection with the presence of symptoms that could be associated
with MSV infection (based on the results of the experimental MSV
agroinoculations). We first noted that “white stripes” were fre-

quently observed in rice plants in 2018 and 2019, whereas this was
not reported in 2016 and 2017 (Supplementary Table S2), which
could align with the higher frequency of MSV-positive fields the
last 2 years of the survey.

No significant association between white stripe phenotypes and
MSV-positive samples was observed at the field level (χ2 = 1.442,
P = 0.230 for the 2016 to 2019 period and χ2 = 1.199, P = 0.274
and χ2 = 2.063, P = 0.151 for 2018 and 2019, respectively) or at
the individual plant level based on plant samples in 2018 from 12
fields used to estimate MSV prevalence, among which six had white
stripe symptoms and 51 were positive for MSV (χ2 = 0.919, P =
0.340) (Supplementary Table S5). The only significant association
between symptoms and MSV-positive samples was noted in the BL
site at the field level (BL, χ2 = 8.864, P = 0.003). Nevertheless, we
identified four symptomatic rice plants in fields that we confirmed
a posteriori to be infected with MSV-G (detection PCR and Sanger
sequencing) (Supplementary Fig. S2).

DISCUSSION

By combining epidemiological field survey of multiple known
rice diseases (Barro et al. 2021a), a viral metagenomics approach
(VANA-Illumina) (Moubset et al. 2022), molecular epidemiology,
and experimental infections, we have described for the first time
the epidemiology, genetic diversity, and pathogenicity of MSV in
rice (Table 1). Indeed, although MSV has a very large host range,
infecting dozens of plant species of the Poaceae family (Kraberger

TABLE 2
Total number of asymptomatic (–) and symptomatic (+) plants observed 28 days postinoculationa

Oryza sativa indica ‘IR64’ Oryza glaberrima ‘Tog5673’ Zea mays ‘Golden Bantam’

Infectious clone – + % (+) – + % (+) – + % (+)

pCAMBIA0380::Ø 16 0 0.0 20 0 0.0 3 0 0.0

pCAMBIA0380::MSV-G|61| 198 3 1.5 185 20 9.8 84 0 0.0

pCAMBIA0380::MSV-A|53| 127 0 0.0 110 16 12.7 67 1 1.5

pBC-KS::MSV-A|R2| 49 1 2.0 55 6 9.8 4 1 20.0

Total MSV-G/A 374 4 1.1 350 42 10.7 155 2 1.3

a pCAMBIA0380::Ø (negative control), pCAMBIA0380::MSV-G|61|, pCAMBIA0380::MSV-A|53|, and pBC-KS::MSV-A|R2| in O. sativa indica ‘IR64’,
O. glaberrima ‘Tog5673’, and Z. mays ‘Golden Bantam’. Percentages of symptomatic plants are indicated with % (+). MSV = maize streak virus.

Fig. 5. Maximal height of maize streak
virus (MSV)-infected plants (inoc-
ulated with pCAMBIA0380::MSV-
G|61|, pCAMBIA0380::MSV-A|53|,
and pBC-KS::MSV-A|R2|) normalized
according to negative control plants
(inoculated with pCAMBIA0380::Ø)
for Oryza sativa indica ‘IR64’ (blue)
and O. glaberrima ‘Tog5673’ (green).
The numbers of plants used to obtain
these data are indicated. Statistically
identical groups are shown (a, b) for
assays with O. glaberrima ‘Tog5673’.
The value obtained for the unique IR64
cultivar infected after agroinoculation
with pBC-KS::MSV-A|R2| is indicated
by a blue dot.
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et al. 2017), and has been shown experimentally to be transmitted
to rice by leafhoppers (Damsteegt 1983; Konaté and Traoré 1992),
no study to date has demonstrated the extent of the MSV epidemic
in rice fields from Africa.

Based on rice and wild grass samples collected in 2016 and 2017,
sequences sharing identity with MSV strain G were identified from
two pools of rice plants and one pool of wild plants using the
VANA-Illumina approach. Although the VANA-Illumina approach
is extremely valuable for estimating the diversity of virus popula-
tions and for expanding the knowledge of virus species circulating
within the environment (Moubset et al. 2022), the comparison of
MSV detection by VANA-Illumina and RCA-PCR suggested that
the detection threshold was lower with RCA-PCR compared with
VANA-Illumina. Indeed, although MSV was detected in one rice
field by both methods, seven additional rice fields were identified
as positive for MSV in 2016 and 2017 by RCA-PCR (Supplemen-
tary Table S2). Conversely, we noted that one field was positive for
MSV by the VANA-Illumina approach but not by RCA-PCR. As the
plant material used for these two approaches was not strictly identi-
cal (independent virion or nucleic acid extractions), we can assume
that some discrepancy may be generated between extractions and
thus MSV detection if the virus is not uniformly distributed within
infected plants. In addition, analysis by pooling several plants to-
gether may also weaken our ability to consistently detect MSV in
rice and wild grass samples. Using both approaches, we can con-
sider that the percentage of rice fields in which MSV was circulating
was potentially underestimated in this study.

Despite all of these putative biases of detection, MSV was sur-
prisingly frequent in rice landscapes of western Burkina Faso, espe-
cially in 2018 and 2019 (Table 1; Supplementary Table S2). Indeed,
the frequency of MSV-positive fields was similar to the frequency
of symptoms caused by another well-known virus, RYMV (Sole-
moviridae), in these same fields during the same time period (34.3
versus 30.2%) (Barro et al. 2021a). In addition, similar to RYMV,
the production system (IR versus RL) did not have a significant ef-
fect on the percentage of MSV-positive fields (Table 1). However,
we noted a significant variation in the frequency of MSV-positive
fields between years, which could be due to variations in climatic
conditions and insect vector populations (as suggested for MSV epi-
demiology in maize cropping areas from Réunion Island) (Reynaud
et al. 2009).

Two MSV strains, MSV-G and MSV-A, were identified in rice
fields, and MSV-G was significantly more frequent than MSV-A
(Supplementary Fig. S2; Supplementary Table S2). As far as we
know, MSV-G has been identified only in wild grasses, whereas
MSV-A has been reported in both wild grasses and cultivated
Poaceae, such as maize and sugarcane (Kraberger et al. 2017). Al-
though specific primers were used in this study to detect MSV-G
and MSV-A by RCA-PCR, the MSV genetic diversity assessed in
rice landscapes from southwestern Burkina Faso was similar to that
estimated in West Africa. Nevertheless, the use of specific primers
targeting these two MSV strains could underestimate the genuine
diversity of this virus in our study area, even if no other MSV strain
has been identified by the VANA-Illumina metagenomics approach.

During this study, MSV-A was identified in only two rice fields
(Supplementary Table S2), in which rice and maize were cultivated
alongside one another or in rotation (data not shown). Interestingly,
we did not detect genetic differentiation between the MSV isolates
collected from rice and other wild or cultivated Poaceae growing
around the rice fields, suggesting that MSV-G and MSV-A circulate
similarly between these host plant species. Nevertheless, we noted
in our study that MSV-G was detected only in wild Poaceae sam-
ples regardless of potential symptoms, whereas MSV-A was iden-
tified only in plants specifically collected because they displayed

symptoms of viral infection (Supplementary Table S3). These re-
sults suggest that MSV-A could be more aggressive (i.e., inducing
more symptoms) than MSV-G in wild Poaceae. In parallel, these
results imply that the prevalence and spatial distribution of MSV-G
could be underestimated because of more limited symptom induc-
tion compared with MSV-A and a lower likelihood of being col-
lected during plant pathology studies, especially within the wild
compartment (Lefeuvre et al. 2019).

Based on 12 MSV-positive rice fields surveyed in 2018, we es-
timated that MSV prevalence within these fields was 32.1% on
average and that MSV-A was overall less prevalent than MSV-G
(6.3 versus 18.8 to 62.5%) (Fig. 3; Supplementary Table S5). It
should be noted that, as previously discussed, the high threshold of
MSV detection at the field level (i.e., pool of 16 plant leaves from
each field) could imply that only fields with a high proportion of
MSV-infected plants were found to be positive by RCA-PCR and
thus that the average prevalence may be overestimated. Neverthe-
less, the analysis of these 12 fields revealed the impressive MSV
prevalence in rice fields from Burkina Faso in 2018, with no sig-
nificant difference between sites or rice production systems. These
results suggest that MSV can circulate efficiently within the envi-
ronment, probably because of the flight performance of the insect
vector (Asanzi et al. 1995) and the absence of varietal differentiation
between IR and RL rice fields in this area (Barro et al. 2021b).

We used agroinoculations to validate the pathogenicity of MSV-G
and MSV-A isolates. Both MSV strains are able to infect both rice
species cultivated in Africa (O. sativa and O. glaberrima). Although
the percentage of successful infection was limited (1.1 and 10.7% in
O. sativa indica ‘IR64’ and O. glaberrima ‘Tog5673’, respectively)
(Table 2; Supplementary Table S6), MSV infection induced severe
symptoms (Fig. 4), generally associated with a significant reduc-
tion in the size (Fig. 5) and biomass production (Supplementary Fig.
S5B) of infected rice plants. The efficiency of agroinoculation in
causing infection was similar between MSV-G and MSV-A in each
rice variety/species (Table 2). However, the percentage of success-
ful infection with MSV-G, MSV-A, or both strains combined was
significantly higher in O. glaberrima ‘Tog5673’ than O. sativa in-
dica ‘IR64’. Thus, these results suggest that, despite the restricted
efficiency of the agroinoculation method to transmit the virus to
rice and the restricted number of rice varieties used in this study,
the fitness of MSV could be higher in O. glaberrima than O. sativa.
Further studies involving more cultivars of each rice species and
insect vectors are, however, required to confirm this hypothesis.

Interestingly, symptoms similar to those induced by experimental
MSV agroinoculation were observed in rice fields (Supplementary
Tables S2 and S5). However, no significant a posteriori associa-
tion was identified between these symptoms and MSV detection
by PCR at field or plant level. This lack of association could be
due to several factors, such as the low detection threshold of MSV
by PCR at the field level (see earlier discussion), the rice varieties
used in Burkina Faso as well as the environmental conditions that
could reduce the intensity of symptoms in fields, or the lack of
knowledge of specific symptoms of MSV infection by fieldworkers
for rice multipathogen surveys associated with a high prevalence
of other diseases (70.3% of individual plants analyzed presented
disease symptoms) (Supplementary Table S5) and possible confu-
sion with symptoms induced by other viral infections circulating
in these areas (Barro et al. 2021a; Sereme et al. 2014). Neverthe-
less, the association between symptoms, MSV detection, and MSV
sequencing was validated with four plants that were specifically
collected because they showed symptoms that could be attributed
to viral infection (Supplementary Fig. S2). It should be noted that
the BD10 PCR amplifications, which were used as an internal con-
trol for DNA extraction quality (see earlier discussion), showed that
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all rice samples collected in Burkina Faso for this study exclusively
corresponded to O. sativa varieties, which is concordant with previ-
ous results from the same area (Barro et al. 2021b). In the future, the
use of quick and sensitive diagnostic tools for the detection of MSV
directly in rice fields, such as loop-mediated isothermal amplifica-
tion assays (Tembo et al. 2020), will help to unravel the association
between MSV infection and symptoms in rice and will improve our
understanding of MSV epidemiology in rice fields from Africa.

MSV agroinoculation in maize led to successful infection with
pBC-KS::MSV-A|R2| and pCAMBIA0380::MSV-A|53| infectious
clones. The isolate MSV-A|R2|, collected in Réunion Island and
cloned after serial passages in almost resistant inbred maize lines,
was found to be one of the most pathogenic isolates analyzed by
Isnard et al. (1998). The isolate MSV-A|53|, collected from rice in
Burkina Faso (16BZ09) (Supplementary Table S2), was also able to
infect maize. These results demonstrate the ability of these isolates
to infect both maize and rice regardless of the host plant of origin,
geographical area of origin, or genetic divergence (Supplementary
Fig. S4).

Interestingly, we never detected MSV-G infection in maize dur-
ing our agroinoculation assays (84 plants in total) (Table 2). If this
trend is confirmed (especially by assays involving insect vectors
to increase MSV transmission efficiency), the asymmetric pattern
of infection between MSV-G and MSV-A in rice and maize could
shed light on the evolutionary history and host adaptation of MSV.
Indeed, MSV-G has thus far been identified only in wild grasses
from West Africa, whereas intensive analyses of MSV diversity in
cultivated Poaceae, such as maize, sorghum, and sugarcane, have
been performed (Kraberger et al. 2017). The results obtained in our
study suggest the role of rice fields as boosters of MSV-G epidemics
in the environment because of the homogeneity, density, and spatial
distribution of this crop (Anderson et al. 2004). Thus, as rice and
maize are frequently grown within the same fields or areas in Africa,
rice could have played an indirect role in the adaptation of MSV
to maize by increasing the probability of co-infection with MSV-G
and MSV-B, which subsequently led to recombination and the emer-
gence of strain MSV-A (Harkins et al. 2009).

Altogether, in addition to fulfilling Koch’s postulates via exper-
imental MSV inoculations in two rice species cultivated in Africa,
this study suggests that MSV could be a significant pathogen with
regard to rice cultivation in Africa, as it was found to be highly
prevalent in rice fields from Burkina Faso and induced severe symp-
toms in rice plants in controlled conditions. Until our study, MSV-G
had been detected only in wild grasses from West Africa, in-
cluding Nigeria and Mali. As these two countries correspond to
the most important rice producers in West Africa according to
2022 statistics from FAOSTAT (https://data.un.org/Data.aspx?d=
FAO&f=itemCode%3A27), we can assume that MSV-G could be
epidemic in these countries. In addition, we experimentally con-
firmed that two genetically distinct MSV-A isolates collected from
rice in West Africa or maize in East Africa are able to infect both
rice species (Fig. 4; Supplementary Fig. S4). Thus, as MSV-A is
reported almost everywhere in Africa (Kraberger et al. 2017) where
rice is produced on a large scale—for instance, West Africa (Benin,
Burkina Faso, Ghana, Nigeria), Central Africa (Cameroon, Central
African Republic, Chad), and East Africa (Ethiopia, Kenya, Mada-
gascar, Tanzania, Uganda)—our results suggest lurking MSV epi-
demics in rice across the continent. Therefore, our study represents
a necessary initial step in characterizing a pathogenic virus in rice.
This study will allow MSV to be considered by epidemiological
surveillance networks composed of producers, agronomists, and
phytopathologists dedicated to rice, which will then provide more
information on the distribution, diversity, and impact of this virus
on rice production in Africa.
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