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A fast and effective method to distinguish cultivated fonio 
species: conservation and evaluation perspectives

Abstract: Plant genetic resources characterization is essential for their conservation and their use in both breeding strategies 
and adaptation to global change. This is all the more important for species often neglected by research such as fonio. Fonio 
refers to two indigenous small millets grown in West Africa, white and black fonio (Digitaria exilis and Digitaria iburua, 
respectively). This research was carried out to develop a simple and reliable method to identify the two cultivated species 
of fonio in the context of genebank collection. A morphometric analysis was performed on seeds of 98 accessions of D. exilis 
and 20 accessions of D. iburua. Morphometric characters measured were seed dimensions, shape and colour. We showed that 
the major delimiting criterion was the seed width and that the seeds of black fonio were wider than those of white fonio. The 
proposed method, based on seed morphometrics, could be applied systematically in conservation routine to guarantee the 
accuracy of the passport data in fonio collections, as well as to identify fonio remains for archaeological studies.
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Introduction

Crop genetic resources refer to the diversity of traditional 
landraces and modern cultivated varieties, including their 
crop wild relatives. The number of cultivated crops has 
been drastically reduced by the intensification of agriculture 
since the 20th century. Today, around 30 species are used to 
satisfy 90% of humanity's needs, whereas 100 species were 
used at the beginning of the 20th century (Gepts, 2006). 
In this context of crop genetic erosion, in situ and ex situ 
conservation of a wide range of crop diversity is essential to 
ensure food security and to face global changes (FAO, 2010; 
Khoury et al, 2014; FAO, 2020).

The ex situ approach involves safeguarding crop 
diversity outside of its native environment, typically within 
conservatories, or specialized infrastructures such as 
seedbanks. The primary goal is to conserve and propagate 
crop genetic resources and make them available for research, 
breeding and cultivation. This is particularly crucial for 
neglected and underutilized species (NUS) that received 
limited scientific attention (Stamp et al, 2012; Hunter et al, 
2019; Ulian et al, 2020), whereas they could be used to face 
global changes and improve the quality and sustainability of 
food production (Ulian et al, 2020).

Describing and characterizing NUS accessions that 
are preserved in ex situ collections is essential for their 
management and sustainable use. Accurate documentation 
of accessions enables informed decisions to be made on 
conservation, research, breeding and potential use (Weise 

et al, 2020). However, this conservation approach requires 
the availability of accurate passport data, notably to avoid 
any taxonomic misidentification (Guzzon et al, 2018) or 
geographic location errors, which can introduce spatial bias 
into databases and distort large-scale biodiversity analyses 
(Beck et al, 2014). 

Among NUS, fonio is a key cereal, native to West Africa, 
with valuable nutritional and agronomic qualities. Fonio is 
highly adapted to harsh environmental conditions and plays 
a crucial role in food security within developing economies. 
The potential of fonio has earned it recognition by the Value 
Addition in Cereal Systems (VACS) initiative as a top cereal 
for West Africa (Karl et al, 2024). The accuracy of passport 
data is particularly critical in the case of fonio. Fonio 
comprises two similar species with tiny seeds, both grown in 
West Africa, sometimes in the same localities; identifying the 
two species is not obvious. The most common, Digitaria exilis 
Stapf, is known as white fonio and is cultivated in an area 
stretching from Senegal to Nigeria. The second, Digitaria 
iburua Stapf, is named black fonio and its distribution is 
limited to northern Nigeria, Togo and Benin (Animasaun et 
al, 2018). The black and white denomination for fonio refers 
to the colour of the seed husks, which are likely to be more 
intensely dark brown for D. iburua than D. exilis (Adoukonou-
Sagbadja A-H, 2010) (Figure 1). However, this criterion 
can vary within the two species, leading to confusion. The 
variability of this trait, plus the fact that fonio species are 
sometimes not distinguished by their common name (Blench, 
2016), can lead to misidentification in collections.

Figure 1. Pictures of: a, black fonio (Digitaria iburua) and b, white fonio seeds (Digitaria exilis).
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Improving the accuracy of genebank passport data 
concerning the identification of D. exilis and D. iburua is a 
key issue that needs to be overcome to preserve fonio genetic 
resources, and make their adaptive potential available to 
farmers. Fonio identification could be based on vegetative, 
floral or spikelet characteristics, or molecular markers. 
For example, the growth habits of white and black fonio 
differ (Figure 2), but using this trait as an identification 
criterion requires seed growing, as well as access to large-
scale cultivation areas or costly infrastructures. In addition, 
genebank collections often contain only limited seed samples 
for some fonio accessions. On the other hand, genetic 
identification methods, based on microsatellite genotyping 
or genome sequencing, require small samples (Mondini et 
al, 2009). All these methods are expensive, destructive and 
time-consuming. 

The aim of this work was to develop a low-cost, non-
destructive and rapid method, based on seed morphology, 
in order to assign fonio accessions to either white or black 
fonio species. To date, the seed morphometrics approach has 
never been applied to fonio crops. Such an approach is highly 
relevant for fonio genebank collections to improve the quality 
of associated passport data and enhance the value of these 
collections.

Materials and methods
Plant material and sampling

Fonio accessions are maintained in the seed collection in 
Montpellier, France, at the GAMéT Resource Centre (ARCAD) 
and the French National Research Institute for Sustainable 
Development (IRD) and in national genebank collections 
across West Africa. These collections of seeds (paddy grains), 
sometimes in small amounts (less than one gram), have been 

Figure 2. Pictures of several plants of: a, black fonio (Digitaria iburua) and b, white fonio (Digitaria exilis).

built up since 1977 thanks to collection missions to farmers 
in the areas of origin and thanks to partnerships between 
French and African research institutions involved in various 
research projects. 

A sample of 118 accessions of D. exilis and D. iburua 
(98 and 20 respectively, Supplemental Table 1) previously 
sequenced in Abrouk et al (2020) and Kaczmarek et al (2025) 
was selected to maximize geographical coverage (Figure 3) 
and thus climatic diversity. Only accessions whose species 
had been genetically validated were selected. 

For each accession, one seed sample was prepared in a 
2ml microtube, weighing between 110mg and 151.4mg. The 
variability in sample mass was linked to the quantity of seeds 
available and to the difficulty of handling very small seeds (in 
the millimetre range, Figure 1).

Seed image analysis 

For each accession, the seed sample was poured and 
carefully laid on a 13.5 × 10.5cm surface of a flatbed 
scanner (Epson Expression 10000XL) to be scanned on a 
green background (Canson-C200040066). An average of 
232 seeds per accession was scanned. In total, 27,345 seeds 
were analyzed. The images were saved in .tif format (800dpi 
resolution).

The images were analyzed with the Rigatoni v.0.9.3 R 
package (Rami, 2022), based on the EBImage R package. 
The Rigatoni package was designed to analyze seed images 
acquired by scanning. In contrast to the colour of background 
pixels, the algorithm detects objects in an image and 
characterizes their size, shape and colour, with a total of 27 
descriptors. Each seed was individually cropped in the image 
using the krnel function.

Preliminary tests were carried out to calibrate the seed 
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detection algorithm and define size and colour thresholds to 
avoid the detection of artefacts. It was observed that fonio 
seeds cannot be smaller than 500px (minimum size threshold 
for an object), nor larger than 2,000px (maximum size 
threshold). To find the seeds in the image, the hue range of 
the green background was set between 68° and 92° and the 
brightness threshold was set at 0.001.

 	 Dimensions in pixels were converted to tenths-of-a-
millimeter (tmm), and the area was converted from pixels 
to square tenths-of-a-millimetre (tmm2). The hexadecimal 
colour code was also determined from each seed’s cropped 
image. For data analysis, this colour code in RGB components 
was then converted into H, S and V components with the 
colorspace v2.0-3 R package (Zeileis et al, 2020). The 
advantage of the HSV colour system is that it is based on 
components perceived by humans to describe colours: hue 
(tint or predominant colour), saturation (colour intensity) 
and value (brightness), allowing intuitive interpretation of 
colour variations (Hema et al, 2019). 

Preliminary exploratory data analysis 
Data validation 

A graphical exploratory analysis was performed on the 
values ​​measured per seed, and revealed distributions that 
were sometimes highly asymmetrical with very extreme and 
therefore suspicious values. An automatic extreme values 
filter was applied with the boxplot.stats() function, using the 
interquartile range (IQR) and a whiskers coefficient of 3 times 
this length to eliminate only highly improbable values. For 
each descriptor and accession, any value below Q1 - 3IQR, or 
above Q3 + 3IQR was considered an extreme outlier, with Q1 
as the lower quartile and Q3 as the upper quartile. Seeds with 

Figure 3. Geographical map of West Africa showing the spatial distribution of the 118 accessions of D. exilis 
and D. iburua used for seed measurements. 

at least one descriptor presenting an extreme outlier value 
were excluded from the data. For further data analysis, the 
morphometric values measured per seed were summarized, 
for each accession, by their median value.

Morphometric and colour descriptors

An exploratory analysis of the 27 descriptors was carried 
out to assess their variation and reduce their number in the 
event of strong correlations. A graphical method was used to 
explore the relationship between descriptors in pairs (matrix 
of graphs, not shown), initially considering separately each 
category: size, shape, pixel intensity, colour, contour (see 
Table 1 for descriptor details). Thousand-grain weight was 
added as a usual descriptor for cereals. Descriptors were 
selected in such a way as to retain only those descriptors 
that made sense, i.e. those that provided specific and easily 
understandable information on the sample variability. In the 
case of highly correlated variables, the selected variable was 
the one that made more sense. For example, s.area (seed area) 
and s.radius.mean (mean seed radius, Table 1) were highly 
correlated (Pearson correlation value 0.99), hence seed area, 
which made more sense than s.radius.mean, was selected. 
Variables representing statistical dispersion parameters such 
as standard deviation, median absolute deviation, or quantile, 
were not selected. All variables that were complementary to 
each other, such as the H, S and V colour parameters, were 
selected. 

Statistical analysis of morphometric data

Descriptive statistics were carried out using the stat.desc() 
function of the pastecs v.1.3.21 R package (Grosjean et al, 
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Descriptor Characteristics

Seed size (provided by Rigatoni package)

bbox.width* Object bounding box width (in pixels, converted to tmm) measuring seed width

bbox.height* Object bounding box height (in pixels, converted to tmm) measuring seed length

s.area* Area, number of pixels in the shape (converted to tmm2)

s.perimeter Perimeter, number of pixels in the boundary of the object (converted to tmm)

s.radius.mean Mean radius (in pixels), average radius value from the centre of shape to boundary (converted to 
tmm)

s.radius.sd Standard deviation of the radius values (in pixels)

s.radius.max Max radius (in pixels), largest radius value from the centre of shape to boundary (converted to tmm)

s.radius.min Min radius (in pixels), shortest radius value from the centre of shape to boundary (converted to tmm)

Seed shape (provided by Rigatoni package)

m.eccentricity* Elliptical eccentricity, values ranging from 0 (perfect circle) to 1 (straight-line). Calculated with 
the longest axis (majoraxis) and the shortest axis (minoraxis) of the best-fitting ellipse: sqrt(1-
minoraxis2/majoraxis2).

m.majoraxis Largest axis of the best-fitting ellipse (in pixels, converted to tmm)

m.cx, m.cy Centre of the best-fitting ellipse coordinates (in pixels)

m.theta Object angle (in radians)

Pixels intensity (provided by Rigatoni package)

b.mean Average of pixel intensity in the shape

b.sd Standard deviation of pixel intensity in the shape

b.mad Median absolute deviation of pixel intensity in the shape

b.q (b.q001, b.q005, b.q05, 
b.q095, b.q099)

Quantile intensity of pixel intensity in the shape

Seed contour (provided by Rigatoni package)

poi.x, poi.y Pole of inaccessibility coordinates, coordinates of the point farthest away from the boundary of the 
object

poi.dist Longest distance to the boundary of the object (in pixels, converted to tmm)

Seed colour (obtained by converting the RGB code provided by Rigatoni package)

H* Hue (in degrees), predominant colour or tint, (values ranging from 0 to 360°)

S* Saturation, intensity of colour pigmentation (values ranging from 0 to 1)

V* Value, brightness of the colour (values ranging from 0 to 1)

Thousand-grain weight (calculated by accession)

TGW* Thousand seed weight (in grams)

2018) in order to characterize the two species. Histograms 
of the median values per accession for each species 
(Supplemental Figure 1) showed non-normal (skewed and/or 
over-spread) distributions for most morphometric variables. 
These data were not suitable for the application of a t-test, and 
the two fonio species were compared by the Mann-Whitney-

Wilcoxon rank test (wilcox.test() function). Morphometric 
diversity of the 118 accessions was explored using principal 
component analysis (PCA). PCA was performed on the seven 
seed descriptors (Table 1), using the PCA() function in the 
FactoMineR v.2.6 R package (Lê et al, 2008). 

Table 1. Characteristics of the morphometric and colour descriptors. *, descriptors selected for the study; tmm, tenths-of-a-millimeter; 
tmm2, square tenths-of-a-millimeter; sqrt, square root.
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Results

The objective of this study was to develop an affordable, 
non-destructive and rapid method based on seed morphology 
to categorize fonio accessions into white or black fonio 
species.

Outliers detection

The 3IQR method discarded 1.1% of the 27,345 seeds 
analyzed. Nine accessions had no outliers. For the remaining 
109 accessions, the percentage of outliers varied from 0.4% 
to 8.8% (Supplemental Table 2). No link could be established 
between the percentage of outliers and the parameters 
structuring the sampling design (species, country of origin 
and collection date).

Figure 4 shows an example of how outliers were detected 
for seeds with attached pedicels and seeds with open glumes.

Morphometrics description of black and 
white fonio 

D. iburua and D. exilis differed significantly for all variables 
(Wilcoxon test at the p-value threshold < 0.05). It can be 
noted that seed area (s.area) and seed width (bbox.width) 

Figure 4. Picture showing the two main types of outliers (*). The 
two columns on the left show seeds with open glumes and, on 
the right, seeds with attached pedicels. The two rows represent: 
a, original seeds picture; b, bounding boxes plotted by the image 
analysis.

showed no overlap at all between the two species for our 
sample of accessions (Supplemental Figure 1). The results 
presented below are based on the descriptors' median values.

Size and shape analysis 

D. iburua seeds were significantly wider (+19%), longer 
(+13%) and heavier (31%) than D. exilis seeds (Wilcoxon 
test, p < 0.001, Supplemental Figure 1). D. iburua seeds 
were 19.1tmm long (bbox.height) and 11.1tmm wide (bbox.
width), while D. exilis seeds were 16.9tmm long and 9.4tmm 
wide. The thousand-grain weight was equal to 0.71g for D. 
iburua and 0.54g for D. exilis (Table 2).

For seed width (bbox.width), the range of variation 
between the minimum and the maximum values showed a 
clear demarcation between the two species (Supplemental 
Figure 1). Indeed, seed width varied for D. exilis from 8.2 
tmm to 10.1tmm as compared to 10.5tmm to 12.0tmm for 
D. iburua accessions (Table 2). Seed area (s.area) values 
also highly differed (Wilcoxon test, p < 0.001), revealing 
a distinct separation between the two species. For D. exilis, 
seed area varied from 90.6tmm2 to 133.7tmm2 whereas for 
D. iburua, seed area varied from 139.8tmm2 to 162.7tmm2 
(Table 2). These results confirmed that D. iburua seeds were 
significantly bigger than those of D. exilis.

Furthermore, m.eccentricity values were significantly 
(Wilcoxon test, p < 0.05) higher for D. exilis (0.82) than 
for D. iburua (0.80). The distribution of values for each 
species (Supplemental Figure 1) showed a second peak at 
high values of m.eccentricity (around m.eccentricity = 0.83), 
indicating that some D. exilis accessions had, on average, 
more elongated seeds.

Colour analysis 

Hue values were significantly different (Wilcoxon test, 
p < 0.001) between D. iburua (H = 51.9°) and D. exilis 
(H= 56.4°). Both values were in the yellow range, but D. 
iburua seeds had a warmer yellow-red hue than D. exilis seeds 
whose hue was closer to pure yellow (Supplemental Figure 
2). Moreover, colour brightness (V) values were significantly 
(Wilcoxon test, p < 0.001) lower for D. iburua (V = 0.21) 
than for D. exilis (V = 0.32); reversely, colour saturation (S) 
values were significantly (Wilcoxon test, p < 0.001) higher 
for D. iburua (S = 0.89) than for D. exilis (S= 0.77) (Table 
2). Those contrasted V and S values, associated with H values 
correspond to the contrasted colour of the seed husks, which 
are dark brown for D. iburua and light brown for D. exilis 
(Figure 1).

Morphometric diversity

The PCA analysis revealed a clear distinction 
between white and black fonio (Figure 5). The first four 
principal components covered 99% of the total variance 
(Supplemental Figure 3). 

Figure 5. Principal component analysis carried out on the seed morphometric measurements of the 118 fonio accessions (n = 98 for 
Digitaria exilis and n = 20 for Digitaria iburua). a, Correlation circle for the first two principal components, where bbox.width correspond 
to width, bbox.height to length, S to saturation of colour, H to hue of colour, V to brightness of colour, m.eccentricity to eccentricity, s.area 
to seed area, and TGW to thousand-grain weight. The supplementary variable TGW was coloured in blue. b, Scatterplot of the 118 fonio 
accessions projected on the first two principal components plane.
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Table 2. Descriptive statistics for size and shape analysis of each fonio species. N, number of accessions.

Species Variables Minimum 
value (Min)

Maximum 
value (Max)

Median Mean Standard 
deviation (SD)

Coefficient of 
variation (CV, %)

Digitaria 
exilis
(N = 98)

s.area (tmm2) 90.63 133.72 113.28 112.80 71.91 7.5

bbox.width (tmm) 8.24 10.09 9.37 9.34 0.10 3.4

bbox.height (tmm) 14.34 19.05 16.86 16.85 0.95 5.8

m.eccentricity 0.74 0.86 0.82 0.82 0.00 2.9

H (°) 53.81 62.56 56.40 56.41 1.89 2.4

S 0.65 0.87 0.77 0.76 0.00 5.5

V 0.22 0.48 0.32 0.32 0.00 11.6

TGW (g) 0.31 0.70 0.54 0.53 0.00 12.2

Digitaria 
iburua
(N = 20)

s.area (tmm2) 139.82 162.70 153.23 152.86 46.02 4.4

bbox.width (tmm) 10.54 11.96 11.11 11.14 0.14 3.3

bbox.height (tmm) 17.89 20.32 19.11 19.17 0.61 4.1

m.eccentricity 0.74 0.84 0.80 0.80 0.00 3.4

H (°) 48.24 71.71 51.86 53.63 35.54 11.1

S 0.80 0.94 0.89 0.89 0.00 3.7

V 0.11 0.37 0.21 0.23 0.01 35.3

TGW (g) 0.59 0.88 0.71 0.73 0.01 9.8

showed no overlap at all between the two species for our 
sample of accessions (Supplemental Figure 1). The results 
presented below are based on the descriptors' median values.

Size and shape analysis 

D. iburua seeds were significantly wider (+19%), longer 
(+13%) and heavier (31%) than D. exilis seeds (Wilcoxon 
test, p < 0.001, Supplemental Figure 1). D. iburua seeds 
were 19.1tmm long (bbox.height) and 11.1tmm wide (bbox.
width), while D. exilis seeds were 16.9tmm long and 9.4tmm 
wide. The thousand-grain weight was equal to 0.71g for D. 
iburua and 0.54g for D. exilis (Table 2).

For seed width (bbox.width), the range of variation 
between the minimum and the maximum values showed a 
clear demarcation between the two species (Supplemental 
Figure 1). Indeed, seed width varied for D. exilis from 8.2 
tmm to 10.1tmm as compared to 10.5tmm to 12.0tmm for 
D. iburua accessions (Table 2). Seed area (s.area) values 
also highly differed (Wilcoxon test, p < 0.001), revealing 
a distinct separation between the two species. For D. exilis, 
seed area varied from 90.6tmm2 to 133.7tmm2 whereas for 
D. iburua, seed area varied from 139.8tmm2 to 162.7tmm2 
(Table 2). These results confirmed that D. iburua seeds were 
significantly bigger than those of D. exilis.

Furthermore, m.eccentricity values were significantly 
(Wilcoxon test, p < 0.05) higher for D. exilis (0.82) than 
for D. iburua (0.80). The distribution of values for each 
species (Supplemental Figure 1) showed a second peak at 
high values of m.eccentricity (around m.eccentricity = 0.83), 
indicating that some D. exilis accessions had, on average, 
more elongated seeds.

Colour analysis 

Hue values were significantly different (Wilcoxon test, 
p < 0.001) between D. iburua (H = 51.9°) and D. exilis 
(H= 56.4°). Both values were in the yellow range, but D. 
iburua seeds had a warmer yellow-red hue than D. exilis seeds 
whose hue was closer to pure yellow (Supplemental Figure 
2). Moreover, colour brightness (V) values were significantly 
(Wilcoxon test, p < 0.001) lower for D. iburua (V = 0.21) 
than for D. exilis (V = 0.32); reversely, colour saturation (S) 
values were significantly (Wilcoxon test, p < 0.001) higher 
for D. iburua (S = 0.89) than for D. exilis (S= 0.77) (Table 
2). Those contrasted V and S values, associated with H values 
correspond to the contrasted colour of the seed husks, which 
are dark brown for D. iburua and light brown for D. exilis 
(Figure 1).

Morphometric diversity

The PCA analysis revealed a clear distinction 
between white and black fonio (Figure 5). The first four 
principal components covered 99% of the total variance 
(Supplemental Figure 3). 

Figure 5. Principal component analysis carried out on the seed morphometric measurements of the 118 fonio accessions (n = 98 for 
Digitaria exilis and n = 20 for Digitaria iburua). a, Correlation circle for the first two principal components, where bbox.width correspond 
to width, bbox.height to length, S to saturation of colour, H to hue of colour, V to brightness of colour, m.eccentricity to eccentricity, s.area 
to seed area, and TGW to thousand-grain weight. The supplementary variable TGW was coloured in blue. b, Scatterplot of the 118 fonio 
accessions projected on the first two principal components plane.
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The first principal component (PC1, 55.2% of the total 
variance) opposed seed size parameters and saturation (S) 
of the seed colour (positive values), with brightness (V) of 
the seed colour (negative values, Figure 5a). Seed size refers 
to seed area (s.area), seed width (bbox.width) and seed 
length (bbox.height), which were among the most influential 
characters on PC1 (Supplemental Table 3). Variability of s.area 
and bbox.width variables was almost entirely represented 
by PC1 (cos2: resp. 90% and 85%, Supplemental Table 3). 
The PC2 (20.2% of the total variance) was mainly related to 
the m.eccentricity variable (contribution: 60.7%), which is a 
component of the seed shape, and to a lesser extent to seed 
length (bbox.height, contribution: 22.5%). The variability 
of the m.eccentricity variable is almost entirely represented 
by PC2 (cos2: 86%). PC3 (13.9% of the total variance) was 
mainly related to the tint (H, contribution: 80%). For PC4, 
which accounted for less than 10% of total variability, the 
brightness (V) of the seed colour was the most influential 
character (contribution: 37%) (Supplemental Table 3). 

The first axis (Figure 5b) completely differentiated the two 
fonio species, with black fonio (right) seeds characterized 
by higher values of area, width, colour saturation (S) and 
height, and lower values of brightness (V), compared to white 
fonio (left) with the opposite characteristics. Independent of 
this clear structure separating the species on the first axis, 
the second axis showed, within each species, a gradient of 
variation in seed shape (m.eccentricity), from the least to the 
most elongated. Illustration of accessions by their country of 
origin (Figure 6) revealed that the roundest seeds (bottom of 
axis 2) originated from Nigeria only. Moreover, the Nigerian 
accessions were projected over the same range along this axis 

for both species. On the opposite side and on the top of axis 2, 
the white fonio accessions with the most tapered seeds mainly 
originated from Mali and Senegal.

The first factorial plane concentrated 75% of the 
total variability and made it possible to characterize the 
morphometric differences between the seeds of the two 
species. The next PCs, calculated on the remaining variability, 
did not appear to be informative. They showed either 
particularities for some accessions (PC3), or more continuous 
variations which could not be linked to explanatory factors 
and therefore could not be interpreted (PC4).

Differentiation of the two species with only 
one morphometric descriptor

Figure 7 clearly showed that the seed width alone perfectly 
separated the two fonio species. Descriptive statistics (Table 
2) specified the limiting values observed for these data: up 
to a value of seed width equal to 10.09tmm for D. exilis (n = 
98) and from 10.54tmm for D. iburua (n = 20). In addition, 
the seed area parameter, which is strongly dependent on seed 
width and height, was also a differentiating trait between the 
two species (Supplemental Figure 4). 

Discussion

This work sought to distinguish the two species of 
cultivated fonio based on the characteristics of their seeds 
in a context of genebank conservation. Seed morphometrics 
was used as a rapid, low-cost and non-destructive method 
to identify the two fonio species. Morphometrics has largely 

Figure 6. Principal component analysis carried out on the seven selected morphometric variables and the 118 fonio accessions. The 
geographic origin of individuals is represented by symbols of different shapes and colours. 

Figure 7. Scatterplot with marginal distribution of seed width (x) and seed length (y) of the 118 fonio accessions.
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been used to describe and compare organism shapes, 
allowing reliable species identification. This was confirmed 
on organisms as varied as orchids (Chemisquy et al, 2009), 
mosquitoes (Chaiphongpachara et al, 2022), indigo plants 
(Soladoye et al, 2010), wheat species (Goriewa-Duba et al, 
2018) and olive (Terral et al, 2004; Newton et al, 2014). 

The tiny size of the seeds of both species is a source of 
practical difficulties, particularly for handling and visual 
identification. We showed that the Rigatoni R package 
(Rami, 2022) could be adapted to detect very small objects 
in images. While this package has been initially developed 
for the analysis of irregular shapes like peanut pods, we used 
here a smaller number of Rigatoni variables since fonio seeds 
have an oblong ellipsoid shape (Idu et al, 2008).

One consequence of small seed size is that seed lots can 
be heterogeneous due to the residual presence of undesirable 
biological material (pedicels, open glumes, foreign seeds), 
sand or stones in seed samples despite careful cleaning of 
the sample before measurement, as suggested by Koreissi-
Dembélé et al (2013). A large number of seeds (over 200) per 
accession were scanned to ensure reliable results by limiting 
the influence of outliers and being able to detect them using 
robust quantitative methods. We implemented a fast method 
to remove extreme outliers from the analysis to make the 
identification more robust. Depending on the accession, 
between 0.4% and 8.8% of seeds were identified as extreme 
outliers.

White and black fonio are very similar as they share many 
agromorphological characteristics. According to Adoukonou-
Sagbadja et al (2007), a clear-cut separation of both species 
was not possible using agromorphological traits such as plant 

for both species. On the opposite side and on the top of axis 2, 
the white fonio accessions with the most tapered seeds mainly 
originated from Mali and Senegal.

The first factorial plane concentrated 75% of the 
total variability and made it possible to characterize the 
morphometric differences between the seeds of the two 
species. The next PCs, calculated on the remaining variability, 
did not appear to be informative. They showed either 
particularities for some accessions (PC3), or more continuous 
variations which could not be linked to explanatory factors 
and therefore could not be interpreted (PC4).

Differentiation of the two species with only 
one morphometric descriptor

Figure 7 clearly showed that the seed width alone perfectly 
separated the two fonio species. Descriptive statistics (Table 
2) specified the limiting values observed for these data: up 
to a value of seed width equal to 10.09tmm for D. exilis (n = 
98) and from 10.54tmm for D. iburua (n = 20). In addition, 
the seed area parameter, which is strongly dependent on seed 
width and height, was also a differentiating trait between the 
two species (Supplemental Figure 4). 

Discussion

This work sought to distinguish the two species of 
cultivated fonio based on the characteristics of their seeds 
in a context of genebank conservation. Seed morphometrics 
was used as a rapid, low-cost and non-destructive method 
to identify the two fonio species. Morphometrics has largely 

Figure 6. Principal component analysis carried out on the seven selected morphometric variables and the 118 fonio accessions. The 
geographic origin of individuals is represented by symbols of different shapes and colours. 

Figure 7. Scatterplot with marginal distribution of seed width (x) and seed length (y) of the 118 fonio accessions.

height, number of tillers, leaf length, fresh and dry biomass 
weight, panicle length, and yield. This study focused on seed 
morphology and seed weight. We showed that seeds of D. 
iburua were significantly larger, heavier and had a more 
intense and darker brown colour than those of D. exilis. Seed 
width clearly distinguished D. exilis from D. iburua in our 
sample of accessions. Our results thus confirmed a difference 
in seed size between the two species, as previously noted by 
Echendu et al (2009) and Jideani (2012). The distinctiveness 
of D. exilis and D. iburua was also confirmed with respect 
to seed weight (Aliero et al, 2002; Nyam et al, 2017). We 
showed that seed area was a descriptor also separating the 
two species; however, we focused on seed width, a one-
dimensional parameter whose variations are straightforward 
to interpret. It is worth noting that the differences between 
species, in seed size, weight and colour, were revealed 
despite the different conditions under which the accessions 
were collected and conserved. The species effect on these 
morphometric characteristics, therefore, appears stable, as 
it is greater than eventual environmental effects. Inversely, 
the more or less tapered shape of the seeds did not show a 
clear difference between species, but varied in an apparently 
structured way according to country of harvest (PCA, axis 2, 
Figure 6). The projection on a map (Supplemental Figure 5) of 
seed shape values (m.eccentricity descriptor cut into classes), 
at harvesting sites, visually confirmed that the most tapered 
D. exilis seeds came mainly from the northern edge of the 
sampling zone (Senegal, Mali, northern Burkina Faso, Niger), 
in drier climatic regions. This trend requires more in-depth 
studies in relation to climatic data. 

The number of accessions used in our study differed 
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markedly between the two species. This is partly because black 
fonio is predominantly grown in central Nigeria today, from 
where samples are available in genebanks. Moreover, some 
geographical origins could not be used for D. exilis because 
of incomplete passport data. We can't rule out the possibility 
that a more balanced sampling design, both in terms of 
species frequency and geographic distribution, might nuance 
our results, and that the species classification might be less 
categorical in a context of greater morphometric variability. 
However, our sampling design was based on genetic studies 
that already maximized the diversity and species geographical 
range in their sampling. Despite sampling constraints, PCA 
provided some confidence in the results. The first principal 
component (Figure 6), which differentiates the two species 
by seed size and colour saturation, did not appear to 
show any structure related to geographical origin. Further 
studies focusing on the effect of geographic origin on seed 
morphology should investigate this issue more precisely, both 
within and between species.

Our morphometric results also open up new avenues for 
research in archaeobotany. The morphometric approach 
proposed in this paper could be used to identify fonio in 
archaeological records, contributing to the reconstruction of 
the evolutionary history of both cultivated fonio and its wild 
relatives. Morphometrics of ancient seeds would provide a 
better understanding of the domestication and diffusion 
histories of D. exilis and D. iburua in West Africa. Indeed, 
morphometrics on crops allowed to confidently distinguish 
between domesticated versus wild forms and trace the 
evolution of cultivated forms through space and time, as in 
the case of grapevine (Bouby et al, 2013; Rôs et al, 2014; 
Bonhomme et al, 2021; Ucchesu et al, 2024) or date palm 
(Terral et al, 2012; Gros-Balthazard et al, 2016). Additional 
research with carbonization experiments is however needed 
to see the impact of charring on seed morphology in both 
species (Ivorra et al, 2024).

In order to preserve the existing fonio diversity 
from genetic erosion, germplasm collection and ex situ 
conservation is a necessity (Dansi et al, 2010). Correct 
taxonomic identification is all the more crucial for the plant 
genetic resources that are currently underrepresented in 
ex situ conservation facilities worldwide, as is the case for 
fonio, and therefore have a high priority for future collecting 
missions and urgent conservation measures (Guzzon et al, 
2018). Labelling of accessions is essential to enhance the 
value of these collections and to make accessions usable. By 
enhancing passport data and combining it with additional 
information from other fields, new knowledge about plant 
genetic resources can be generated, which is crucial for the 
sustainable management of genebank collections.

In the case of fonio species, the seed width could be used 
as the sole criterion for a simple and inexpensive method to 
make their taxonomic identification and genebank passport 
data more reliable. This approach is particularly useful 
when genetic data are not available. As a new genebank 
conservation procedure, we suggest that the method proposed 
in this paper be applied to fonio accessions already conserved 
in genebank collections to ensure the reliability of fonio 
identification in passport data. It could also be systematically 
applied to any new fonio accession before its integration in 

genebank collections, especially for fonio originating from 
regions where both species are grown.
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