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Abstract Genetic diversity analysis is pivotal for
optimizing the use of genetic resources and deploying
conservation strategies in the face of global changes.
This is important for essential indigenous species
often neglected by research. This research was car-
ried out to examine the pattern of genetic diversity
and structure among fonio (Digitaria exilis (Kip-
pist) Stapf) accessions in Ghana. Following farmer
surveys and collection efforts in key fonio-growing
regions of Ghana, we amassed a comprehensive col-
lection of 176 fonio accessions from 165 farmers
across 24 communities. Farmer surveys identified
21 distinct cultivars cultivated predominantly for
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home consumption, averaging six cultivars per eth-
nic group. Out of the 176 accessions, 140 underwent
genotyping using 14 simple sequence repeat (SSR)
nuclear markers which revealed greater diversity
within cultivars (58.5%) compared to between culti-
vars (16.8%) following molecular variance analysis.
The organizational pattern of fonio genetic diversity
was significantly influenced by farmer-specific culti-
vars, emphasizing the role farmers play in long-term
preservation of fonio genetic diversity. Future strat-
egies for the management, conservation, and utili-
zation of fonio genetic resources in Ghana should
incorporate traditional farming practices. Our find-
ings further revealed the uniqueness of Ghanaian
fonio genetic diversity, despite a smaller cultivation
area compared to the global diversity. This shows the
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contribution of the interaction between the crop, envi-
ronment and societal factors to the distinct genetic
makeup observed in the Ghanaian fonio population.
The observed genetic diversity can be exploited to
identify and select genetically distinct individuals to
develop tailored product profiles within fonio breed-
ing programs for diverse market segments.

Keywords Genetic resources - Agrobiodiversity -
Conservation - Ethnobotany - Indigenous crops - Pre-
breeding

Introduction

Genetic diversity analysis is an important pre-breed-
ing activity geared towards deployment of efficient
conservation strategies and effective utilization of
genetic resources in a changing world (Adjebeng-
Danquah et al. 2020; Govindaraj et al. 2015). This is
particularly important for indigenous species which
have been neglected by research although they have
the potential to play numerous roles regarding global
change.

Fonio (Digitaria exilis (Kippist) Stapf) stands out
among neglected crops as a vital grain cereal, indig-
enous to West Africa, where millions rely on it for
essential food and nutrition security (Adoukonou-
Sagbadja et al. 2006). This crop plays a pivotal role
in the cropping and food systems of numerous West
African farm families. Its significance becomes evi-
dent in mitigating hunger during food shortages, as
most fonio cultivars exhibit early maturation, ensur-
ing a timely food source for farmers while waiting for
the harvest of other staple crops (Vodouhe et al. 2007;
Adoukonou-Sagbadja et al. 2006; Diop et al. 2018).
Fonio’s importance transcends its role as a staple; it
is recognized as a climate-smart crop, demonstrat-
ing resilience in the face of intermittent drought and
thriving in environments with marginal soils and poor
fertility (Vodouhe et al. 2007).

While fonio is acknowledged for its potential to
be a crucial asset for smallholder farmers in adapt-
ing to global changes, the genetic diversity of this
crop remains inadequately understood, especially in
Ghana, where comprehensive research are notably
lacking. Within the country, fonio production is pre-
dominantly concentrated in the northeastern region,
where it holds significance as a favored crop among
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ethnic groups such as Anufor, Konkomba, Kabre,
Dagomba, and Bassare. (Clottey et al. 2006a; Addai
et al. 2022). Fonio is grown for both subsistence and
commercial purposes. Generally, fonio production
relies on traditional methods such as seed broad-
casting and with low external input use. For many
farmers, then, fonio is cultivated mainly for home
consumption even though surplus grains are sold
for income. In Ghana, commercial fonio production
is experiencing a steady rise, driven by the active
involvement of companies engaged in the compre-
hensive cycle of production, processing, and market-
ing of fonio. These enterprises are strategically posi-
tioned to meet both local and international demands
for this valuable cereal. The international demand is
increasing notably due to the awareness of the high
nutrient composition and the numerous uses of the
grains (Jideani and Jideani 2011).

The increasing local and international demands
for fonio grains call for new market-oriented breed-
ing programs. But for now, those programs cannot be
implemented due to a lack of biological knowledge
on fonio and on its genetic diversity. Indeed, there is
little information on the genetic diversity of the Gha-
naian fonio accessions and no fonio cultivar has been
released and or registered for cultivation in Ghana.
An earlier investigation to understand the Ghana-
ian fonio genetic diversity focussed on 13 accessions
only, using agro-morphological markers (Clottey
et al. 2006b). Later some accessions from Ghana were
either resequenced (Abrouk et al. 2020) or genotyped
with simple sequence repeat (SSR) markers for large
scale characterization of fonio genetic diversity and
population structure across West Africa (Kaczmarek
et al. 2023). Kaczmarek et al. (2023) analyzed the
genetic diversity of 1,539 accessions genotyped, of
which 118 originated from Ghana. Interestingly, this
analysis revealed a distinctiveness of some of these
Ghanaian accessions as compared to other produc-
ing countries. But to date, no research has specifically
focused and analyzed the genetic diversity and associ-
ated knowledge of fonio in Ghana. This calls for an
in-depth characterization of Ghanaian fonio.

The aim of this paper is to describe the genetic
diversity of Ghanaian fonio. It proposes to explore
usual genetic diversity parameters such as the num-
ber of alleles, the allele frequencies, the observed
(Ho) and expected heterozygosity (He). It pays spe-
cific attention to the organization of the fonio genetic
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diversity, considering biological, environmental and
social factors. Recently, Diop et al. (2023) noted in
Senegal that the spatial organization of genetic diver-
sity of fonio was associated with farmers’ linguistic
family. This is also the case for other crops where
recent investigations have highlighted the influence
of socio-cultural factors such as ethnicity and farm-
ers’ seed exchange systems (Leclerc and Coppens
d’Eeckenbrugge 2011; Delétre et al. 2011; Labeyrie
et al. 2014; Naino Jika et al. 2017; Orozco-Ramirez
et al. 2016).

The local Ghanaian context of fonio cultiva-
tion raises many questions. Is fonio genetic diver-
sity structured as a function of ethnic groups? Is it
resulting from isolation by distance? Is it partitioned
according to farmers’ cultivars? This last question is
crucial as it is associated with the dynamics of in-situ
fonio conservation in Ghana. A better understanding
of in-situ fonio diversity at the local scale considering
social factors is crucial to understand the evolution-
ary social process shaping fonio genetic diversity and
thus to define conservation and breeding strategies.

Materials and methods
Farmer survey and germplasm collection

Farmer survey and fonio germplasm collection were
conducted in the main fonio-growing areas of Ghana,
in the North East region in June 2021 (Fig. 1, one dis-
trict, Chereponi) and the Northern region in Decem-
ber 2021 (Fig. 1, four districts, Gushegu, Saboba,
Tatale and Zabzugu), in collaboration with staff of the
Department of Agriculture, who served as interpret-
ers and helped us to define the sampling strategy. The
purposive sampling strategy, a non-probability sam-
pling method where units are selected because they
possess characteristics that are needed in the sample,
was used to target fonio growing communities in the
five districts. Within these five districts, 24 commu-
nities actively engaged in fonio cultivation were tar-
geted. Only farmers who cultivated fonio in the previ-
ous season, and thus considered to be active growers
and could provide seed samples were interviewed.
Community entry sensitization was carried
out with the community leaders to seek their con-
sent before conducting the surveys in the villages.
The same approach was performed for each farmer

providing information and/or seed samples. The
farmers signed an informed consent form for each
accession collected enabling their use for research
purposes. Personal information and identity of the
respondents were anonymized in the database.

A total of 165 farmers were surveyed across 24
communities, in five districts in the area where
fonio is a popular crop (Chereponi, Saboba, Zab-
zugu, Gushegu, and Tatale). Those farmers belong
to four ethnic groups, namely Anufor (121 farmers
mainly from Chereponi district), Konkomba (30
farmers mainly from Saboba district), Kabre (10
farmers from Zabzugu district), and Dagomba (4
farmers from Gushegu district).

Farms were located at similar elevation above
sea level (152 +50 m at 0.95 CI). Farmers surveyed
represent all the age classes, from 20 to 60, with
15 farmers over 60 years. Mainly men were inter-
viewed (142 men against 34 women). Men over-
saw fonio selection, field preparation, seed sowing,
harvesting, and threshing while women oversaw
dehusking, winnowing and cooking (Pers. Obs.,
Richard Yaw Agyare). A semi-structured question-
naire was used to obtain socio-cultural information
such as ethnicity, age, gender, marital status, edu-
cational level, etc. Their geographical location was
recorded using a hand-held GPS device (Garmin
GPSMAP 64X). In addition, knowledge on fonio
cultivation, e.g. local cultivar names, phenology,
and noteworthy traits and years of cultivation were
captured. Origin of the first seed lots for each farm-
ers’ cultivar, and source of seed used in the last sea-
son were also noted.

Fonio seeds were sampled from the seed stock of
the farmers (harvested from the previous season) pre-
served into zip-lock plastic bags and labeled. A total
of 176 accessions were collected from 165 farmers in
24 communities, constituting the largest fonio germ-
plasm collection in Ghana (Table 1). The accessions
were first planted in an observational trial and were
thoroughly observed to eliminate off-type plants.
Single plant selections were then made per acces-
sion from which seeds were harvested and multiplied
for other research purposes.

The fonio accessions are conserved at CSIR-
Savanna Agricultural Research Institute and dupli-
cates were added to the global collection con-
served at the Biological Resource Center, Seeds
Adapted to Mediterranean and Tropical conditions,
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Fig.1 Map of Africa highlighting fonio producing countries
(A), map of Ghana with fonio producing regions (B, North
East region in yellow; Northern region in orange), district map

CIRAD-INRAE, ARCAD, Montpellier-France, for
long-term conservation.

Sample preparation, DNA extraction and SSR
genotyping

The 176 fonio accessions were grown in a growth
chamber. Fresh leaf samples from fully opened leaves
were sampled from a single plant per accession. Total
genomic DNA extractions were performed from dried
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of Ghana showing the locations of the fonio germplasm collec-
tion (C) fonio production fields in the Chereponi district (D, E,
©Anthony Kojo, Chereponi, Ghana)

leaves by an automated method adapted from Rister-
ucci et al. (2009) on Biomek FXP (Beckman Coul-
ter, CA, USA) and using the NucleoMag Plant Kit
(Macherey—Nagel, Germany).

DNA extraction and genotyping were carried out
at the AGAP Institut laboratory, CIRAD, Montpel-
lier, France. A total of 14 simple sequence repeat
nuclear markers (Barnaud et al. 2012) were used for
the genotyping (Table S1). PCR amplification was
carried out in an ABI PRISM 3730 DNA Analyzer
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Table 1 Location of collection, ethnicity of farmers, number and local names of fonio accessions

Region District Communities Ethnicity of farmers Number of Accession names
accessions

North East Chereponi Sangbana Anufor 15 Yadema (13), Namba (2)

North East Chereponi Banjani Anufor 14 Yadema (11), Namba (3)

North East Chereponi Ando Nyamanu Anufor 19 Yadema (14), Namba (4), Nvonikpa (1)

North East Chereponi Tosala-Kombonli ~ Anufor 11 Yadema (9), Fefeke (2)

North East Chereponi Bulasu Anufor 7 Yadema (7)

North East Chereponi Kudani Anufor 16 Yadema (9), Namba (2), Fefeke (5)

North East Chereponi Wonjuga Anufor 16 Yadema (1), Namba (6), Fieja (2), Namba bieso (5),
Namba bala (2)

North East Chereponi Ando Nderenu Anufor 13 Yadema (11), Nvonikpa (1), Kpentike (1)

North East Chereponi Naturi Anufor 9 Yadema (4), Namba (5)

North East Chereponi Chombosu Angor Anufor 2 Nvonikpa (2)

Northern  Gushegu  Nayugu Dagomba 2 Kabga (2)

Northern ~ Gushegu  Villi Dagomba 2 Kabga (1), no idea (1)

Northern  Saboba Liwalbu Konkomba 8 Ipui (3), Yadema (1), Ipui piln (1), Ipui bolne (3)

Northern  Saboba Timbu Konkomba 2 Ipui maln (2)

Northern  Saboba Yawbuesu Anufor 2 Namba (1), Nvonikpa (1)

Northern ~ Saboba Nakpel Konkomba Konkomba 5 Ipui Ukabreja (1), Ukabreja (2), Ipui piln (1), Ipui
maln (1)

Northern  Saboba Gbangbanpong Konkomba/Anufor 6 Yadema (3), Ukabreja (2), Ipui maln (1)

Northern  Saboba Sanguli Konkomba 2 Ukabreja (1), Ipui maln (1)

Northern ~ Saboba Tilangbeni Konkomba 3 Ipui maln (3)

Northern  Saboba Toma Konkomba 5 Ukabreja (1), Ipui maln (4)

Northern  Tatale Kpalbutabu Konkomba 4 Ipui (1), Ipui piln (3)

Northern  Tatale Nkalingbani Konkomba 1 Ipui maln (1)

Northern Zabzugu  Mangoase Kabre 8 Kafia (2), Yoona (1), Semiri (4), Senbre (1)

Northern  Zabzugu  Kpalgagbini Kabre 4 Afiang (3), Yahran (1)

(Applied Biosystems, Foster City, CA, USA) while
the DNA bands were sized with the GeneScan 600
LIZ Size Standard (Applied Biosystems, Foster
City, CA). The PCR products were manually scored
and verified twice with GeneMapper version 6
(Applied Biosystems, Foster City, CA, USA). Fonio
accessions presenting more than three missing SSR
genotypes were removed from the genetic analyses.
Genetic analysis was thus based on 140 accessions,
whereas farmer and social data analysis was based
on 176 accessions.

Data analysis

Data were analyzed using packages in R software
version 4.2.2 (R Core Team 2022).

Genetic diversity analysis

To estimate the level of genetic diversity of each
SSR locus among the fonio accessions, the adegenet
v. 2.1.10 (Jombart 2008) and pegas v. 1.2 (Paradis
2010) R packages were used to compute the number
of alleles, the allele frequencies, the observed (H,)
and expected heterozygosity (H.). Polymorphism
information content was computed according to Bot-
stein et al. (1980). The number of alleles, observed
and expected heterozygosity and allelic richness (Ar)
were again computed according to group level—com-
munity and farmers’ ethnic group and farmers’ culti-
var—with the matrixStats v. 0.63.0 (Bengtsson et al.
2023) R package. To account for the variability in
group sizes, allelic richness was computed by averag-
ing the calculation of 1000 randomly drawn iterations
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of four accessions and was not calculated for groups
with less than four accessions. Allelic richness was
compared using pairwise t-tests (1000 iterations, with
Bonferroni p adjusted method). The mean inbreeding
coefficient, Fjg, was estimated with hierfstat v. 0.5-11
(Goudet and Jombart 2022) R package and the sig-
nificant deviation from 0 was assessed using 1000
iterations over loci with the boot.ppfis function. We
identified with a home-made script (Script R1) group
of accessions having the same genotype at each locus,
i.e. duplicate accessions.

Genetic structure analysis

Principal component analysis (PCA) was performed
with the dudi.pca function in the ade4 v. 1.7-22 (Dray
and Dufour 2007) R package. Data were first scaled
with the scaleGen function in the adegenet v. 2.1.10
(Jombart 2008) R package and missing data were
replaced with mean allele frequencies. The ggplot2 v.
3.4.2 (Wickham 2016) and factoextra v. 1.0.7 (Kas-
sambara and Mundt 2020) R packages were used to
plot the PCA.

We used the sparse Non-negative Matrix Fac-
torization (SNMF) method implemented in the LEA
v. 3.10.2 (Frichot and Francois 2015) R package for
population structure analysis. We ran 10 independent
repetitions for each K value (1-10) with a maximal
number of iterations of 200. The cross-entropy crite-
rion (lowest cross-entropy) was used to determine the
optimal number of ancestral populations (Fig S1) and
membership of groups was based on 0.70 or higher
ancestry coefficient. Individuals with less than 0.70
ancestry coefficient for a group were considered as
admixed. To validate the population structure among
the fonio accessions, we conducted a discriminant
analysis of principal components with the dapc func-
tion implemented in adegenet v. 2.1.10 (Jombart et al.
2010) R package. Structuring was done without a
priori grouping (K-means clustering) of the acces-
sions with defined factors. The find.clusters function
in adegenet v. 2.1.10 (Jombart et al. 2010) R package
was used to run successive K-means with 100,000
iterations for each run. We retained 50 PCs (chosen
interactively from the console) based on the graph
of cumulative variance explained by the eigenval-
ues of the PCA at the plateau level (Fig S2A). Also,
four linear discriminants were retained based on the
discriminant analysis eigenvalues. The measure of
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goodness of fit, Bayesian Information Criterion (low-
est BIC), computed for each model was used to select
the optimal number of K clusters that best described
the population (Fig S2B). We compared the structur-
ing based on DAPC and sNMF methods using a con-
tingency table.

We conducted Chi® tests with Monte-Carlo simu-
lations to detect significant associations between
genetic clusters inferred with sNMF and social or bio-
logical factors. We also performed Fisher’s exact test
which produced a similar output as the Chi” test with
Monte-Carlo simulations. We performed an analysis
of molecular variance with the poppr v 2.9.4 (Kamvar
et al. 2014) R package to analyse how much of the
variance is explained by the different social compo-
nents of the fonio accessions (ethnicity of the farmer,
farmers’ cultivar). Finally, to avoid confounding fac-
tors, we focused on the Anufor ethnic group (100
accessions) and conducted a hierarchical cluster anal-
ysis according to neighbor joining clustering of Nei’s
genetic distance with the poppr v. 2.9.4 (Kamvar et al.
2014) R package. We then used a tree representation
using the ggtree v. 3.6.2 (Yu 2022) R package.

Isolation by distance

The extent of fonio seed exchange was assessed by
testing for isolation-by-distance (IBD) patterns, that
is, we assessed whether genetic differentiation (Fgp)/
(1- Fg¢;) among communities was correlated with
geographical distance (Rousset 1997). We estimated
the genetic distance F, using the hierfstat v. 0.5-11
(Goudet and Jombart 2022) R package. The genetic
distance matrix (Fgp)/(1- Fgp) was plotted against the
geographical distance using MASS v. 7.3-58.1 (Vena-
bles and Ripley 2010) and geodist v. 0.0.8 (Padgham
2021) R packages. A total of 1,000 Mantel tests
were conducted with the adegenet v. 2.1.10 (Jombart
2008) R package between the two distant matrices to
determine whether the relationship between genetic
and geographical distances between communities was
at random or not.

Comparison of the Ghanaian fonio germplasm with
the global fonio diversity

To compare the genetic diversity in Ghana to the
global fonio diversity, we retrieved the genetic data-
set produced by Kaczmarek et al. (2023) consisting of
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1539 fonio accession. We first selected the 118 Gha-
naian accessions common in the two investigations.
To have a balanced sampling with Ghana and a repre-
sentative fonio cultivation area, two other sets of 118
accessions were selected with the kenstone algorithm
from prospectr v. 0.2.6 (Stevens and Ramirez-Lopez
2022) R package that allows the sampling of a subset
of accessions by maximizing the geographic range of
their distribution. We ran the algorithm on the West-
ern part (Senegal, Mali, Burkina Faso, Ivory Coast,
Guinea) and Eastern part (Togo, Benin, Niger, Nige-
ria) of fonio geographic distribution. We then per-
formed a PCA analysis on a total of 354 accessions
originating from nine countries.

Results

This research aims to describe and analyze the
genetic diversity of Ghanaian fonio at the local scale.
It pays attention to how farmer-held cultivars contrib-
ute to maintaining fonio genetic diversity over time.
The first section summarizes the main characteris-
tics of farmers’ cultivars of fonio that were cultivated
in Ghana. The second section presents the genetic
parameters that characterize the fonio diversity. The
third section pays attention to the organization of the
fonio genetic diversity, considering geographical,
biological and social factors, with more details about
how farmers’ cultivars contribute to maintaining local
fonio genetic diversity.

Characteristics of the farmers’ cultivars of fonio

In the research area, 21 farmers’ cultivar of fonio
were inventoried (Fig S3). Majority of the 165 farm-
ers surveyed (94% of farmers) cultivates one culti-
var, with a mean of six cultivars per ethnic group.
Fonio is mainly grown by men (81%) irrespective
of the age class (Table S2). Cultivar richness is
higher among Anufor farmers (nine cultivars), as
compared to Konkomba (seven cultivars), Kabre
(six cultivars) and Dagomba (one cultivar). Each
farmers’ cultivar belongs almost exclusively to one
ethnic group. Anufor and Konkomba farmers have
been cultivating fonio for a longer period (aver-
age of 20 and 15 years, respectively) than Kabre
and Dagomba farmers (average of 3 and 1 years,
respectively). About 45% of the fonio cultivars are

considered by farmers to have high yield, 24% to
be easy to dehusk. The nutritional value of fonio as
a noteworthy trait in a cultivar was not mentioned,
except by a few farmers. The length of the cultiva-
tion cycle is 3 months for 56% of cultivars; 18% are
less and 26% over 3 months.

Names of farmers’ cultivars are usually motivated
(Table S3) with an explicit reference to ethnic groups
(Namba and Ukabreja refer to the Namba and Uka-
breja ethnic groups in Togo), to people (Yadema
refers to the name of the former president of Togo,
Gnassingbe Eyadema), or to notable morphologi-
cal features. For instance, among the Konkomba
ethnic group, some of the names are based on their
distinctive pericarp color such as Ipui bolne (black
skin fonio), Ipui maln (red skin fonio) and Ipui piln
(white skin fonio). Names such as Fefeke and Kafia or
Semiri connotes early maturity in Anufor and Kabre
respectively.

Fonio is cultivated mainly for household consump-
tion. 59.5% of the collected seed lots were produced
for food while 36.9% were produced for both food
and income, and 3.6% solely for sale (Table S4).
Source of seeds for planting was mainly obtained
from the household. Indeed, 89.7% of seed lots were
self produced by farmers, while 7.3% were obtained
from a company, who had previously obtained them
from the Chereponi district, and 3% from friends in
neighboring communities (Table S4).

By tracing for each cultivar, the origin of the ini-
tial seed lots, a diverse range of sources have been
recorded. The origin of the initial cultivar seed lots
corresponds to the sources through which the culti-
vars that are cultivated today were initially acquired.
Among the Anufor, about 56% of farmers indicated
that their initial cultivar seed lots originated from
Togo, and 2% originated from Cote d’Ivoire. 42%
of farmers do not know from which source they ini-
tially obtained the cultivar’s seed lots (Table S4). For
Dagomba farmers, the origin of initial seed lots was
traced back to a single company involved in the pro-
duction and marketing of fonio in Ghana. The major-
ity of Konkomba farmers (85.2%) do not know from
which source they obtained their first seed lots. 11.1%
were obtained from a company, and 3.7%, represent-
ing only one seed lot, from Togo. Similarly, among
Kabre farmers, most of their cultivar seed lots were
initially obtained from a company, 11.2% from Togo,
and 33.3% of seed lot origin were unknown.
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Genetic diversity of fonio

Out of the 14 SSR markers, two were monomorphic
and were not considered further in the analyses. A
total of 79 alleles were observed with an average of
3.27% missing data per locus (Table 2). The number
of alleles per locus ranged from 2 to 24 with a mean
of 6.58 alleles per locus.

The cumulative number of alleles per sample
reached a plateau from 130 samples, suggesting
that the sampling effort was sufficient (Fig S4). We
identified 33 duplicates partitioned in nine groups,
i.e. accessions genetically identical according to the
marker used, among the accessions (Table S6). It
ranged from two to ten accessions per group, and six
groups gathered accessions originated from at least
two districts.

SSR markers De_15, De_17 and De_38 exhib-
ited the lowest number of alleles per locus (2) while
locus De_04 showed the highest (24). Major allele
frequency ranged from 0.22 (De_37) to 0.99 (locus
De_15). Observed heterozygosity (H,) varied from 0
to 0.22 with a mean of 0.08 and expected heterozy-
gosity (H,) from 0.03 to 0.89 with a mean of 0.37.

Table 2 Diversity statistics of the 12 simple sequence
repeat (SSR) loci assayed on 140 fonio accessions

Locus N, MAF H, H, PIC
De_04 24 0.53 021 070 0.68
De_05 3 0.89 0.06 0.18 0.17
De_08 3 0.89 0.09 020 0.18
De_15 2 0.99 0.00 0.03 0.03
De_17 2 0.92 002 015 0.14
De_24 7 0.38 022 0.71 0.66
De_25 7 0.58 0.10  0.61 0.58
De_29 4 091 0.01 0.17 0.16
De_34 3 0.97 0.01  0.07 0.06
De_36 3 0.65 0.10 049 041
De_37 19 0.22 0.12 089 0.88
De_38 2 0.87 004 023 0.20
Total alleles 79

Missing data (%) 3.27

Mean 6.58 0.08 037 035

N,, number of alleles per locus; MAF, major allele frequency;
H,. observed heterozygosity; H,, expected heterozygosity; PIC,
polymorphism information content

Bold indicates to differentiate those rows from the SSR loci
(De_04 to De_38)

@ Springer

SSR locus De_24 (0.22) had the highest observed
heterozygosity while the highest expected heterozy-
gosity was observed from locus De_37 (0.89). Poly-
morphism information content (PIC) ranged from
0.03 (De_15, two alleles with a MAF of 0.99) to 0.88
(De_37, 19 alleles with a MAF of 0.22) with a mean
of 0.35. Locus De_37 (0.88) was the most polymor-
phic, followed by De_04 (0.68).

At the community level, the highest aver-
age number of alleles per locus was observed in
Ando Nyamanu (3.83 alleles) while the lowest was
observed in Sanguli (one allele) (Table 3). Significant
differences (t-test, adj. p <0.05) in observed heterozy-
gosity existed between Gbangbanpong (0.23) and all
the communities except Nayugu and Wonjuga with
observed heterozygosity of 0.13 and 0.18 respectively.
Expected heterozygosity ranged from zero (San-
guli) to 0.43 (Toma). Significant difference (t-test,
adj. p=0.0278) in expected heterozygosity existed
between only Toma and Sanguli. Allelic richness was
computed for communities with at least 4 accessions
and ranged between 1.46 (Banjani) and 2.34 (Toma).
Significant differences (t-test, adj. p <0.001) in allelic
richness existed among the communities except for
Ando Nderenu versus Kudani, Ando Nyamanu versus
Liwalbu, Bulasu versus Liwalbu, Ando Nderenu ver-
sus Naturi, Kudani versus Naturi, Kpalgabini versus
Sangbana, Gbangbanpong versus Tosala Kombonli,
Kpalgagbeni versus Wonjuga and Sangbana versus
Wonjuga (t-test, adj. p>0.05). In the case of Fi, the
lowest average F;y was observed in Gbangbanpong
(0.37, confidence interval =0.95).

At the ethnicity level, the lowest average number of
alleles per locus was recorded from farmers belonging
to the Dagomba ethnic group (2.08) while the highest
was from farmers belonging to Anufor ethnic group
(5.75). The average number of alleles per locus among
accessions from Konkomba and Kabre ethnic groups
were 3.92 and 2.50 respectively. Observed heterozy-
gosity ranged from 0.06 (Konkomba) to 0.09 (Anu-
for and Kabre). Expected heterozygosity was highest
among accessions collected from the Konkomba ethnic
group (0.45). However, no significant differences were
observed among accessions from the ethnic groups
for both observed and expected heterozygosity. Allelic
richness significantly differed (t-test, adj. p<0.001)
among the ethnic groups except for accessions obtained
from Dagomba and Konkomba farmers (t-test, adj.
p>0.05). Allelic richness ranged from 1.83 to 2.10 for
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Table 3 Genetic diversity
of 140 fonio accessions
based on grouping factors

Factor N, N, H, H, Ar (Sd) Fig
Community

Sangbana 13 3.50 0.09 0.30 1.93 (0.32) 0.70
Banjani 13 2.00 0.07 0.20 1.46 (0.21) 0.66
Ando-Nyamanu 19 3.83 0.05 0.33 1.84 (0.22) 0.85
Tosala-Kombonli 10 3.08 0.12 0.31 2.07 (0.25) 0.66
Bulasu 6 2.25 0.05 0.31 1.87 (0.14) 0.89
Kudani 9 2.17 0.09 0.25 1.69 (0.13) 0.61
‘Wonjuga 8 2.50 0.18 0.35 1.94 (0.21) 0.49
Ando-Nderenu 11 2.33 0.08 0.25 1.68 (0.22) 0.69
Naturi 7 2.00 0.06 0.29 1.67 (0.19) 0.82
Nayugu 2 1.75 0.13 0.28 NA 0.75
Villi 2 1.33 0.04 0.16 NA 0.86
Liwalbu 7 2.17 0.07 0.34 1.86 (0.12) 0.81
Timbu 2 1.50 0.00 0.25 NA 1.00
Yawbuesu 2 1.50 0.04 0.22 NA 0.90
Nakpel-Konkomba 3 1.75 0.00 0.30 NA 1.00
Gbangbanpong 5 2.25 0.23 0.36 2.09 (0.12) 0.37
Sanguli 1 1.00 0.00 0.00 NA NA
Tilangbeni 2 1.42 0.00 0.21 NA 1.00
Toma 5 2.58 0.08 0.43 2.34 (0.15) 0.84
Kpalbutabu 4 1.75 0.10 0.21 1.75 (0.00) 0.52
Mangoase 5 2.17 0.10 0.31 1.98 (0.10) 0.72
Kpalgagbini 4 1.92 0.06 0.34 1.92 (0.00) 0.76
Ethnicity

Anufor 100 5.75 0.09 0.32 1.83 (0.27) 0.71
Dagomba 4 2.08 0.08 0.31 2.08 (2.71) 0.79
Konkomba 27 3.92 0.06 0.45 2.10 (0.22) 0.85
Kabre 9 2.50 0.09 0.30 1.91 (0.13) 0.77
Farmers’ cultivar

Afiang 3 1.67 0.08 0.28 NA 0.69
Fefeke 4 2.00 0.09 0.29 2.00 (0.00) 0.65
Fieja 1 1.17 0.27 0.21 NA NA
Ipui 4 1.92 0.19 0.31 1.92 (0.00) 0.52
Ipui bolne 3 1.33 0.06 0.15 NA 0.73
Ipui maln 9 3.25 0.06 0.45 2.32(0.18) 0.87
Ipui piln 4 1.83 0.02 0.25 1.83 (0.00) 0.94
Ipui Ukabreja 1 1.00 0.00 0.00 NA NA
Kabga 3 1.92 0.11 0.27 NA 0.71
Kafia 1 1.08 0.08 0.04 NA NA
Kpentike 1 1.00 0.09 0.13 NA NA
Namba 17 3.17 0.07 0.35 1.86 (0.15) 0.78
Namba bala 2 1.67 0.13 0.28 NA 0.77
Namba bieso 2 1.50 0.18 0.31 NA 0.55
Nvonikpa 3 1.83 0.08 0.33 NA 0.84
Semiri 3 1.75 0.06 0.27 NA 0.86
Senbre 1 1.17 0.27 0.21 NA NA
Ukabreja 6 2.58 0.11 0.44 1.13 (0.08) 0.74
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Table 3 (continued)

Factor N, N, H, H, Ar (Sd) Fig
Yadema 70 5.42 0.08 0.27 1.74 (0.27) 0.69
Yahran 1 1.00 0.00 0.00 NA NA
No idea 1 1.00 0.00 0.00 NA NA

N,, number of accessions; Na, average number of alleles per locus; H,, observed heterozygosity;
H,, expected heterozygosity; Ar (Sd), allelic richness as the mean of 1000 sampling of 4
accessions per group (Standard deviation); Fg, mean inbreeding coefficient (95% confidence
interval). All values significantly differed from 0; NA, not applicable

Anufor and Konkomba ethnic groups respectively. In
the case of inbreeding coefficient, higher values were
observed within each ethnic group.

At the farmers’ cultivar level, the average number
of alleles per locus ranged from 1.00 (Ipui Ukabreja,
Kpentike, Yahran and No idea) to 5.42 (Yadema).
No significant differences (t-test, adj. p>0.05) were
observed among the farmers’ cultivars for observed
heterozygosity (Table 3). It ranged from 0.00 (Ipui
Ukabreja, Yahran and No idea) to 0.27 (Fieja and Sen-
bre). In the case of expected heterozygosity, it varied
from 0.00 to 0.45. Significant differences (t-test, adj.
p<0.05) in expected heterozygosity were observed
among Ipui maln and Ipui Ukabreja (t-test, adj.
p<0.01), Ipui maln and Kafia (t-test, adj. p<0.04),
Ipui maln and No idea (t-test, adj. p<0.01), Ipui maln
and Yahran (t-test, adj. p<0.01), Ukabreja and Ipui
Ukabreja (t-test, adj. p<0.01), Ukabreja and No idea
(t-test, adj. p<0.01) and Ukabreja and Yahran (t-test,
adj. p<0.01). Allelic richness significantly differed
among the farmers’ cultivars except between Ipui piln
(1.83) and Namba (1.86). It ranged from 1.13 (Uka-
breja) to 2.32 (Ipui maln). The lowest inbreeding coef-
ficient was observed in Ipui (0.52) while the highest
(0.94) was observed in Ipui piln.

Genetic structure analysis
Principal component analysis

Principal component analysis (PCA) revealed that
13.8% of the total variability among the fonio acces-
sions was accounted for by the first two dimensions
(Fig. 2). The first dimension of the plot (8.9%) dif-
ferentiated the accessions into two groups. The
first group was dominated by accessions collected
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from farmers belonging to the Anufor ethnic group
(Fig. 2a). Majority of these accessions mainly cor-
responded to the Yadema farmers’ cultivar (Fig. 2b).
The second group consisted of accessions mainly
from both Konkomba and Anufor ethnic groups
(Fig. 2a). The second dimension of the plot (4.9%)
separated this second group in two sub-groups:
accessions mainly grown by Konkomba farmers,
predominantly the Ipui farmer cultivar, and acces-
sions from Anufor farmers, predominantly the
Namba farmer cultivar (Fig. 2b).

Population structure analysis

Population structure analysis using sparse non-neg-
ative matrix factorization method revealed an opti-
mized sub-structured of K=6 subpopulations (Fig
S2). The Discriminant analysis of principal compo-
nents (DAPC) also revealed the optimal number of
K clusters to be six (lowest Bayesian Information
Criterion, BIC after retaining 50 principal compo-
nents and 4 linear discriminants) (Fig S2 C and D).
The Chi? test with 2000 iterations and the Monte-
Carlo test revealed significant (p value=0.0004)
association between the two clustering methods
and confirmed the population structure of the 140
fonio accessions. The bar plots from K=2 to K=6
revealed that clustering of the accessions was
mainly associated with genetic attributes of the
accessions rather than the geographical location
(Fig. 3).

At K=2, one subpopulation (pink color) was
made up of 50 members with 50% of them collected
from farmers belonging to the Anufor ethnic group.
Farmers belonging to the Konkomba ethnic group
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supplied 34% of the accessions while Kabre and Dag-
omba farmers provided 10% and 6% of the accessions
respectively. Majority (72%) of the accessions in this
subpopulation were early maturing while 28% of
them were late maturing. A mix of farmers’ cultivars
composed this group. Subpopulation two (blue color)
consisted of 90 accessions of which majority (83.4%)
were associated with farmers belonging to the Anufor
ethnic group cultivating mostly the Yadema farmer’s
cultivar, with early maturing cycle (Fig S5). Other
accessions of this group belonged to Konkomba
(11.1%) and Kabre (4.4%) ethnic groups and are all
early maturing. Only 1.1% of accessions in this sub-
population was collected from a farmer belonging to
the Dagomba ethnic group.

At K=3, the second subpopulation (90 acces-
sions, blue color) at K=2 sub divided mainly into
two groups. The first group consisted of 33 acces-
sions (orange color) of which 79% were associated

with early maturity while 21% were late maturing
cultivars. With the exception of one accession from
the Dagomba ethnic group, all the late maturing
accessions in this subpopulation were associated with
farmers belonging to the Anufor ethnic group. The
second group had the highest number of individuals
(60 accessions, blue color). Similarly, 75% of these
accessions were early maturing while 25% were late
maturing.

The pink cluster at K =3 with 47 accessions largely
divided into two clusters at K=4. The first subpopu-
lation (pink color) was composed of 20 individuals
most of which were early maturing and associated
with Anufor farmers cultivating the Namba cultivar.
The second subpopulation (green color) had a total
of 24 accessions. However, this subpopulation was
composed of individuals with mixed maturity classes
and majority of these accessions were associated with
Konkomba farmers cultivating the Ipui cultivar.
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«Fig. 3 Population structure analysis of 140 fonio accessions
based on sparse non-negative matrix factorization clustering
with K=2 (top plot) to K=6 (bottom plot). Each bar plot on
the X-axis represents an individual fonio accession. The Y-axis
shows the ancestry proportions of the individuals

At K=5, the most significant is the division of the
cluster with blue bar plots (67 accessions) at K=4
into two to form the two largest subpopulations, blue
and orange colored bar plots. It is also worthy to note
the appearance of the cluster with the sky-blue bar
plots with majority of them associated with Anufor
farmers. All but one of these accessions were early
maturing.

The fonio accessions subdivided into six ancestral
populations at K=6. To account for admixtures and
determine the actual number of individuals within
the six ancestral populations, a membership coeffi-
cient of >0.70 was applied at K=6. Sixty-four acces-
sions constituting 45% of the total population were
classified as admixed (Table S5). Subpopulation 1
consisted of three early maturing accessions (yel-
low bar plots). Subpopulation 2 had the largest num-
ber of accessions (28, blue bar plots) most of which
were associated with Anufor farmers cultivating the
Yadema farmers’ cultivar. Subpopulation 3 comprised
25 accessions (orange bar plots) which predominantly
correspond to the Yadema farmers’ cultivar. Sub-
population 4 consisted of seven accessions (pink bar
plots). These accessions were associated with farmers
belonging to Anufor and Kabre ethnic groups culti-
vating the Namba farmer cultivar. Subpopulation 5
was made up of two accessions (sky blue bar plots)
collected from farmers belonging to the Anufor eth-
nic group. In the case of subpopulation 6, majority of
the accessions (green bar plots) were collected from
Konkomba farmers cultivating the Ipui cultivar with
heterogeneous maturity classes.

There was no significant association between
the six clusters inferred at K=6 and maturity (Chi?
test, p value=0.40). However, there was significant
association with the ethnicity of the farmers (Chi?
test, p value<0.05) and the farmers’ cultivar (Chi?
test, p value<0.001). When conducting the hier-
archical analysis of molecular variance (AMOVA)
with ethnicity and farmers’ cultivar within ethnicity,
2.80% of the genetic variation was due to the differ-
ence between ethnicity, while 16.83% was due to the
farmers’ cultivar within ethnicity (16.40% without

taking account of ethnicity). A large variation per-
tained between samples within farmers’ cultivar with
58.52%.

Hierarchical cluster analysis for Anufor ethnicity

Focusing on the main ethnic group cultivating fonio
in Ghana, the farmers’ cultivar accounted for 17.52%
of the genetic variation, while 56.67% of the varia-
tion remained between samples within farmers’ culti-
var (AMOVA). The neighbor-joining tree (unrooted)
identified three main groups predominantly differenti-
ating the two main cultivars cultivated by the Anufor:
Namba and Yadema (Fig. 4).

Isolation by distance (IBD)

There was no IBD pattern detected between com-
munities (Fig. 5a, Mantel tests, p=0.48, R=-0.05).
The correlation between genetic differentiation (Fgp)/
(1- Fgp) and geographical distance is presented in
Fig. 5b. From the plot, the highest density of compar-
ison among the fonio accessions was within a 20 km
radius (Fig. 5b). This shows that most of the acces-
sions were collected in communities within districts
less than 20 kms apart.

Genetic diversity of Ghanaian fonio germplasm in
relation to the West African fonio diversity

To relate the genetic diversity among the Ghana-
ian fonio accessions to the global diversity in West
Africa, a principal component analysis was per-
formed. The first two principal component (PC) axes
accounted for 7.07% of the total variation (Fig. 6).
From PCI1, fonio accessions from Togo, Nigeria,
Mali and Guinea clustered separately from Ghana-
ian accessions. The Ghanaian accessions separated
into two with one group clustering with accessions
from other West African countries while the other
group mainly accessions from the Chereponi district
clustered alone. These accessions with PC1 values
greater than 3% were nearly all homozygous (93%)
for the De_36 marker with size 186 bp. This allele
was almost exclusively present in Ghana, although it
was found four times in Benin and Togo. The second
PC axis separated accessions from Mali and those
from Ghana, Nigeria, Togo and Benin. PC 3 axis
accounted for 2.37% of the total variability among the
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Fig. 4 Genetic similarity
of Anufor farmers’ cultivar
according to the neighbor-
joining clustering of Nei’s
genetic distance and visual-
ized with an unrooted tree

a. Histogram of sim
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Fig. 5 Isolation by distance analysis (IBD) between the 24
communities producing fonio. a Histogram of permuted values
obtained with 1000 Mantel tests assessing correlation between
geographical distance and genetic distance under absence of

accessions (Fig S6). This axis separated the Ghana-
ian accessions collected from Chereponi district from
those of Benin and Guinea.
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spatial structure. The dot represents the actual value of the cor-
relation. b IBD plot showing the relationship between genetic
distance and geographical distance of fonio accessions. The
dashed red line represents a linear regression

Discussion

This research aimed to describe in-situ fonio genetic
diversity in Ghana. It paid attention to both bio-
logical and social factors that could have influenced
over time the organization of fonio genetic diversity.
Focusing on the local scale, emphasis was put on the
role the Ghanaian farmers have played in maintaining
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Fig. 6 Principal compo-
nent analysis of 354 fonio
accessions depicting the
genetic relationship among
the accessions from Ghana
and other West African
countries

PC22.6 %
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fonio diversity by cultivating and producing their own
cultivars season after season.

Social footprint on fonio genetic diversity and
structure

In the studied area, 21 farmers’ fonio cultivars were
cultivated mainly for household consumption. Each
farmers’ cultivar belonged almost exclusively to one
ethnic group, and the source of seeds for planting was
mainly obtained from the household, i.e. farmer saved
seeds. The diversity statistics observed in the research
are lower to those of Diop et al. (2023) who reported a
total of 132 alleles with a mean of 9.43 alleles per locus,
mean observed heterozygosity of 0.05 and expected het-
erozygosity of 0.43 among 158 Senegalese fonio acces-
sions using SSR markers. The higher average number of
alleles per locus and mean expected heterozygosity from
their research compared to our findings could be due
to the higher number of fonio accessions used and the
wider geographical distribution area of fonio in Senegal.
The level of allelic richness among the ethnic groups
observed in this research is similar to results obtained
by Diop et al. (2023) who detected 1.49 to 2.01 unique
alleles among eight ethnic groups in Senegal.

Crop genetic diversity has been found to be influ-
enced by human activities such as selection and dis-
semination of desirable cultivars and long-term
interaction with environmental factors (Leclerc
and Coppens d’Eeckenbrugge 2011). These factors

0
PC14.47 %

interact at different scales to shape the genetic diver-
sity observed in most crop species. Fonio in-situ vari-
etal diversity is socially organized in Ghana, and this
directly influenced its genetic diversity organization.
Indeed, since each farmers’ cultivar belonged almost
exclusively to one ethnic group, fonio cultivar can be
considered as an identity mark, or at least this sug-
gests the existence of a social barrier between groups.
This suggests that seed exchanges among communities
are not frequent. This observation is relevant with the
farmer-saved seed practices, and with the fonio genetic
variability observed between ethnic groups (8.8%),
and between cultivars (16.4%). Because fonio is an
autogamous crop, the large proportion of seeds that is
self produced by farmers imply that genetic diversity
within and between cultivars remain the same season
after season. Farmer-saved seed practices in fact induce
interethnic variability of a crop as a result of selection
and limited seed mediated gene flow between ethnic
groups (Leclerc and Coppens d’Eeckenbrugge 2011).
Population structure analysis tended to confirm
this hypothesis. The Fgp calculated between the ethnic
groups revealed significant differences between some
of the ethnic groups (Table S8). For instance, the Fgp
calculated between the Anufor and Konkomba ethnic
groups was significant (Fgr=0.079, p<0.001) while
the Fgr between Anufor and Kabre ethnic groups was
not significant (Fgr=0.028, p>0.05). Furthermore,
structure analysis among the 140 Ghanaian fonio acces-
sions revealed six ancestral populations. A higher
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number of the fonio accessions (64 individuals) in this
research was classified as admixed at an ancestry coef-
ficient of 70%. The presence of an admixed population
could be an indication of gene flow among the ancestral
populations. The admixed population comprised fonio
accessions from all the four ethnic groups. A greater
number of the admixed population were collected from
the Anufor farmers. But this could be as a result of the
higher number of accessions collected from this ethnic
group. Although significant Fyr was observed among
some of the ethnic groups, the social organization of
fonio genetic diversity in Ghana was largely influenced
by farmers’ cultivars, which have contributed to main-
taining fonio genetic diversity over time. This observa-
tion is relevant with Diop et al. (2023) who found that
the genetic diversity of fonio in Senegal was influenced
by the ethnicity of farmers. The Fqy calculated between
the Mande and Atlantic families was low but signifi-
cant (Fgr=0.031, p=0.001). They observed that Fulani
people cultivated early maturing accessions while late
maturing accessions were cultivated by farmers belong-
ing to the Balante ethnic group. Other research have
also reported the influence of ethnicity on genetic diver-
sity patterns of crops such as sorghum (Labeyrie et al.
2014), maize (Orozco-Ramirez et al. 2016) and pearl
millet (Naino Jika et al. 2017).

Other social factors such as age, gender and edu-
cational level of farmers were not directly linked to
the genetic diversity observed in this research as well
as biological factors such as maturity period of the
fonio accessions. This was evident in the PCA analy-
sis where both early and late maturing fonio acces-
sions clustered together irrespective of the community
of collection and ethnicity of the affiliated farmers. In
addition, there was no significant isolation by distance
among the Ghanaian fonio accessions. This result is
contrary to the observation of Adoukonou-Sagbadja
et al. (2007) who reported clustering of white fonio
accessions based on geographic distance. As there was
no isolation by distance, some fonio accessions clus-
tered together irrespective of the geographical loca-
tions from where they were collected. Again, some
accessions collected from different communities were
identified to be duplicates based on the SSR markers
used. This could be associated with the recent com-
mercial fonio production characterized by provision of
seeds and other incentives to farmers who produce and
sell to the companies. For example, fonio cultivation in
the Gushegu district of the Northern Region is a recent
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phenomenon through a company and the crop is solely
cultivated for sale to the company.

Challenges and opportunities for conservation and
utilization of fonio genetic diversity

This research revealed significant genetic variability
among fonio cultivars cultivated by farmers in Ghana,
which is unique even more considering the restricted
area of fonio cultivation in Ghana. Notably, farmer-
held fonio cultivars played a substantial role in shap-
ing the genetic diversity of fonio in Ghana. The find-
ings underscore the pivotal role of farmers’ practices
in preserving fonio genetic diversity over time. Moreo-
ver, the astonishing distinctiveness of Ghanaian fonio
accessions, particularly those from the Chereponi dis-
trict, stands out in comparison to the global diversity
observed in West African collections. Although the
fonio accessions from Ghana are localized and close
to Togo, there is a unique diversity in the Ghanaian
accessions. To understand the factors contributing to
this unique diversity, future research should prioritize
an extensive ethnobotanical investigation. This would
help unravel the processes behind the selection of
farmers’ fonio cultivars and shed light on the social and
environmental factors influencing fonio genetic diver-
sity in Ghana. Recognizing the significance of social
factors in shaping fonio genetic diversity, strategies
for the management and conservation of fonio genetic
resources should consciously incorporate traditional
farming practices. This holistic approach acknowl-
edges the symbiotic relationship between fonio, farm-
ers, and their practices, ensuring the preservation of
fonio genetic diversity while considering the social and
environmental contexts in which it thrives.

The observed genetic diversity among the differ-
ent populations (community, ethnicity and farmers’
cultivar) offers an opportunity for targeted exploi-
tation through the identification and selection of
genetically distinct individuals, laying the foundation
for tailored product profiles within fonio breeding
programs to cater to diverse market segments. The
admixture population with a wider genetic base may
have broad adaptability and greater resilience to the
changing climate which could be harnessed in breed-
ing programmes. To this, there is the need to evalu-
ate the fonio accessions for their performance in traits
of agronomic importance to aid in the selection of
desirable parental genotypes for crop improvement
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purposes. Since the diversity of Ghanaian accessions
is truly original, we also expect it to contribute to a
certain originality of the agronomic traits studied.
Additionally, genotyping by sequencing could provide
an insight into genomic regions associated with use-
ful agronomic traits to identify superior genotypes.
However, the highly autogamous nature of fonio cou-
pled with its small-sized flowers requires that efficient
hybridization strategies are identified to develop new
fonio cultivars that will meet the needs of farmers and
other end users. Targeted breeding programmes could
focus on improving traits such as earliness, lodging,
shattering, seed size and grain yield.

Conclusion

Unique genetic diversity was detected among the
Ghanaian fonio accessions, with farmers’ practices
and knowledge playing a significant role in organ-
izing this diversity over time. Future research should
prioritize extensive ethnobotanical analyses to unravel
the factors contributing to the pattern of fonio genetic
diversity. Integrating traditional farming practices into
conservation and breeding strategies is essential for
developing tailored fonio cultivars suited to diverse
market needs and environmental changes. This is even
more important as Ghana’s peculiar diversity suggests
specific features of interest to farmers.
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