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Abstract. Nuclear DNA amounts of 118 culti-
vated fonio accessions representing 94 landraces
collected from the major growing arcas of West-
Africa (Benin, Burkina Faso, Guinea, Mali and
Togo) and eight accessions of four wild relatives
were investigated by Laser flow cytometry. In
cultivated species, average 2C-values ranged
from 1.848 + 0.031 pg for Digitaria iburua to
1.956 £ 0.004 pg for D. exilis. In D. exilis land-
races the chromosome number was determined at
2n = 36. The closely related wild species D. longi-
flora and D. ternata showed similar 2C DNA
contents of 1.869 £ 0.035pg and 1.775 =
0.070 pg, respectively. Distinctly larger genomes
were identified for more distant species D. lecardii
and D. ciliaris with 2.660 = 0.070 pg and
2.576 £ 0.030 pg per 2C nucleus, respectively.
Intra-specific variations were found to be slight
and insignificant, suggesting genome size stability
mainly within the cultivated gene pool. These
results support the distance of cultivated fonio
species D. exilis and D. iburua from D. lecardii and
D. ciliaris as well as their close relationships with

D. longiflora and D. ternata. Relevance of the
results for ploidy level considerations in fonio
millets is discussed.
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Introduction

The genus Digitaria Haller comprises 230-325
annual and perennial grass species with a
wide geographic distribution in the tropics
and subtropics (Henrard 1950, Clayton and
Renvoize 1986). Many Digitaria species are
important worldwide or regionally mainly as
fodder but also as food crops. In West-Africa,
D. exilis (Kipp.) Stapf and D. iburua Stapf are
native millets cultivated as major staple food
since five millennia BC (Murdock 1959).
White fonio (D. exilis) is the most diverse
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and widely cultivated species in the region.
Conversely, D. iburua (black fonio) cultiva-
tion is restricted to northern Nigeria, Benin
and Togo. In addition to this cultivated gene
pool, there are a number of wild relatives that
can provide potentially valuable resources for
the improvement of fonio crops. They are
aggressive weeds widely distributed in West
Africa and some of them are considered by
local farmers as “wild fonio” or “bird fonio”
and were in the past harvested for food
during long hunting trips or for fowl feeding
(Adoukonou-Sagbadja et al. 2006). Based on
botanical descriptions, several wild Digitaria
species were proposed to be progenitors of
cultivated fonio (for an overview ef. Haq
and Ogbe 1995). However, using RAPD
markers, Hilu et al. (1997) showed that only
D. longiflora (Retz.) Persoon and D. ternata
(A. Rich) Stapf were genetically closely
related to white and black fonio, respectively.

According to Vietmeyer et al. (1996), fonio
millets supply food to several millions of
people. The special richness of their grains in
methionine and cystine, two human-vital ami-
no acids deficient in major cereals such as
wheat, rice, maize, sorghum or barley, ranks
fonio among the most nutritious of the grain
crops (Jideani 1990). However, despite its
important role in household food security the
crop is still on a primitive production level and
features many drawbacks, such as tiny seeds,
poor yield, pests, diseases, plant lodging,
laborious farming practices, difficult seed
processing, etc. (Kwon-Ndung et al. 1998,
Adoukonou-Sagbadja et al. 2006). During the
last decade, important germplasm of fonio
genetic resources was collected and conserved
in the National Agricultural Research Centres
of the main producing countries in West-
Africa. For an efficient use of such germplasm
in basic research and crop breeding pro-
grammes, information on chromosome num-
bers and genome size (DNA content) is very
useful (Tuna et al. 2001). But, available infor-
mation on ploidy level in fonio millets is still
confusing. Hunter (1934) reported the unique
chromosome count in D. exilis with 2n = 54
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chromosomes. Since the basic chromo-
some number of the Digitaria is thought to be
x = 9, as in most of the Paniceae (Avdulov
1931, Hunter 1934), many authors assumed
that this species is hexaploid with 2n = 6x = 54
(Portéres 1976, Wanous 1990, Haq and Ogbe
1995). In contrast, Zeven and de Wet (1982)
suggested that D. exilis may be diploid with
2n = 2x =18 chromosomes or tetraploid
having 2n = 4x =36 chromosomes. Both
tetraploid (Zeven and de Wet 1982) and hexa-
ploid (Wanous 1990) levels were proposed for
D. iburua. To our knowledge, information on
the nuclear DNA contents for both species
does not exist until now. Furthermore, genome
size documentation exists only for two species
(D. ascendens Rendle and D. sanguinalis L.) in
the genus Digitaria (Bennett et al. 2000).

Analysis of nuclear DNA content can be
performed by microdensitometry or by flow
cytometry. Nowadays, flow cytometry is the
method of choice because of its ease, quick-
ness, precision and accuracy in detecting
small differences in DNA content (Rayburn
et al. 1989). This technique has been success-
fully used in various ways in determining
nuclear DNA content of major crop plants
(Arumuganathan and Earle 1991), the ploidy
level of grass species (Arumuganathan et al.
1999) or for taxonomical and evolutionary
studies (Koopman 2000, Dolezalova et al.
2002, Price et al. 2005).

In the present work, flow cytometric anal-
ysis was used to estimate the nuclear DNA
content in a large and representative cultivated
fonio germplasm and some wild related spe-
cies. The study aims to investigate the possible
correlations of genome size variations with
taxonomic and ancestral relationships of these
species or with ecological and geographic
features. The study offers also a comparatively
large and representative view on the ploidy
level of fonio millets.

Materials and methods

Experimental material. One hundred and eighteen
fonio accessions (six accessions of D. iburua and
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112 accessions of D. exilis) representing 94 farmer-
named landraces and eight accessions of wild
Digitaria species originating from five West-
African countries (Benin, Burkina Faso, Guinea,
Mali and Togo) were used in this study (Table 1,
Fig. 1). D. exilis and D. iburua accessions from
Togo were collected from farmers’ fields (Adouko-
nou-Sagbadja et al. 2004), while accessions from
Benin were obtained from the Gene Bank of the
Benin National Agricultural Research Institute
based at Niaouli. Guinean, Malian, and part of
Burkina Faso accessions were provided by the
National Agricultural Research Institute of Guinea
via the West and Central Office of Bioversity
International (ex IPGRI) based at Cotonou, Benin.
The second part of accessions from Burkina Faso
came from Niaouli Gene Bank. Wild species
recognized by local farmers as wild types of fonio
were collected by the first author from different
areas in these countries and taxonomically identi-
fied during the present study as D. longiflora, D.
ternata, D. ciliaris (Retz.) Koeler (syn. D. adscen-
dens (H. B. K.) Henrard), and D. lecardii (Pilg.)
Stapf. Voucher specimens of the majority of the
accessions analysed in this study are deposited in
the Herbarium Gatersleben (GAT) at the Gene
Bank of the Leibniz Institute of Plant Genetics and
Crop Plant Research (IPK Gatersleben, Germany).
All plants were grown under greenhouse conditions
at approx. 22°C and 12 hours light.

Flow cytometry measurement of nuclear DNA
content. Nuclear DNA content was determined at
IPK with a FACSAria flow cytometer (Becton
Dickinson, San Jose, CA, USA) using the WinMDI
2.8 analysis programme (Joseph Trotter 1993-
1998, http://facs.scripps.edu/). Glycine max (2C
value: 2.72 pg) or Raphanus sativus (2C value:
1.38 pg) were used as internal standards (Dolezel et
al. 1998). Nuclear suspensions were prepared and
flow cytometry analysis was performed following
Barow and Meister (2002). Approximately 50 mg
of fresh and young leaf tissue was excised from
individual plants and used for sample preparation.
To release nuclei, leaf fragments of Digitaria and of
the reference plant(s) were placed together in a pre-
cooled Petri dish and chopped with a sharp razor
blade in 1 ml ice-cold Galbraith’s buffer (Galbraith
et al. 1983) supplemented with 50 ug ml™' propi-
dium iodide (PI) and 50 pug ml~' RNase (DNA-
free). The suspension of isolated nuclei was filtered
through a nylon mesh with a pore size of 35 yum and
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analysed immediately. If ever possible, four indi-
vidual plants were separately analysed per acces-
sion, each of them was considered as one replicate.
The mean DNA content per measurement was
based on at least 10,000 scanned nuclei. The 2C
DNA content of the sample was calculated as
the sample peak mean, divided by the reference
peak mean, and multiplied with the amount of
DNA of reference plant (2Cpgiraria = [PeaKpigirarial
P eakreference] X 2Crefercnce)-

Statistics: Genomes size data were analysed
using the SAS system for Windows software,
release 8.02 (SAS Institute, Cary, NC, USA).
Differences in DNA content were tested by one-
way analysis of variance (ANOVA), and the
Scheffé test was used to discriminate dissimilar
groups within and between the studied species.

Chromosome counting. Fonio grains were ger-
minated on moist filter paper at 24°C. About 1 cm
long root tips were fixed in ethanol: acetic acid
(3:1). After hydrolysis in 1N hydrochloric acid at
60°C for 15 min the roots were stained in Schiff’s
reagent according to the standard Feulgen method.
Chromosome spreads were prepared in propion
orcein. Because chromosomes could not be spread
in one focus layer an epifluorescence microscope
(Zeiss Axiophot) integrated into a Digital Optical
3D Microscope System (Schwertner GbR, Jena,
Germany) was used to take image stacks to
produce 3D images for chromosome counting.
The image stacks were also used for karyogram
establishment via the Ikaros software (MetaSys-
tems GmbH, Altlussheim, Germany).

Results and discussion

The flow cytometric measurements yielded
DNA histograms with standard deviations of
DNA content measurements in most cases
lower than 5%, regardless of the internal
standard used. Histograms representing single
plants of all species analysed are visible in
Fig. 2. Table 1 shows the nuclear DNA con-
tents of all 126 accessions of the six species
investigated and Table 2 exhibits the results of
Scheffé’s test conducted on the average DNA
contents by pairwise comparisons and the 1C
genome sizes calculated for each taxon. Fig. 3
illustrates the major botanical characteristics
of the spikelet of the six species investigated.
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Fig. 1. Collecting areas/sites of fonio landraces and wild species in Benin, Burkina Faso, Guinea, Mali and

Togo

In cultivated species, the nuclear DNA con-
tents of D. exilis and D. iburua landraces were
found to be very similar. In white fonio (D.
exilis), the lowest mean 2C DNA content
(1.660 pg) was documented for landrace M’ba-
lia 2 (III-3) collected from the Fouta-Djallon
highlands in Guinea while the highest
(2.093 pg) was observed in Gnimimbi (TPW
50), a landrace cultivated by the Akébou tribe
in southern Togo. The DNA content of the six
black fonio (D. iburua) accessions ranged from
1.792 pg in landrace Péi cultivated by Wama
farmers in Benin to 2.002 pg in landrace
Tchibam especially cultivated by Lamba tribe
in northern Togo for brewing local beer
(Adoukonou-Sagbadja et al. 2006). The overall
average DNA content calculated for white
fonio was 1.956 £+ 0.004 pg while in black
fonio a slightly lower average (1.848 =+
0.031 pg) was observed. The present results

corroborate some morpho-botanical resem-
blance reported between the two cultivated
fonio millets (Portéres 1975, Haq and Ogbe
1985). However, evidence of genetic differen-
tiation of the two species has been proven by
molecular markers such as RAPDs (Hilu et al.
1997) and AFLPs (Adoukonou-Sagbadja, un-
publ. res.).

Among the wild species, the nuclear
DNA contents of D. longiflora and D.
ternata were found very close to those of
cultivated fonio species. In fact, mean 2C
DNA content values of 1.869+0.035 pg and
1.775+0.070 pg, respectively, were observed
in these two wild species that are far the
most cited by local farmers as wild fonio
types due to their high morphological resem-
blance with cultivated fonio. Botanically,
D. longiflora and D. ternata resemble effec-
tively in many ways white and black fonio,



H. Adoukonou-Sagbadja et al.: Digitaria genome size

400

300 G. max

200 D. ternata

100

<+
600 G. max

D. longiflora
400

Count

200

(ETERE RSN RN A CNATE ANEEE ENN NN NN

250

200 -

150 -

100 - R. sativus

D. ciliaris
50 -

50 100 150 200 250
Relative DNA content

300

200

100

171

D. iburua

G. max

D. exilis

G. max

R. sativus

D. lecardii

50 100 150 200 250

Fig. 2. Relative DNA content of different cultivated fonio and wild species in comparison to the reference

plants Glycine max or Raphanus sativus

respectively, and were proposed by many
scientists to be their probable progenitor(s)
(Stapf 1915, Portéres 1976). The relationships
between D. longiflora and white fonio on the
one hand and D. ternata with black fonio on
the other were confirmed genetically by
molecular studies using RAPD markers (Hilu
et al. 1997). The convergence of their genome
sizes with those of cultivated fonio millets, as

arisen from this study, seems to support the
trends on their ancestral relationships but does
not agree with their classification in different
taxonomic sections: D. longiflora and D. ter-
nata in Verrucipilae and Clavipilae, respec-
tively, but fonio species in Atrofuscae (Henrard
1950). This finding argues for the need for
taxonomic revision and more emphasis on
species relationships in the genus Digitaria, as
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Table 2. Scheffé’s grouping based on the general average 2C nuclear DNA content and calculated genome
size (1C) of the cultivated and wild Digitaria species.

Species Status No. acc.” n 2C nuclear DNA content (pg) 1C genome
size (Mbp)*

Mean Range  Average’” +SE  Scheffé

a=0.05
D. exilis Cultivated 112 (92) 372 1.660 — 2.093 1.956+0.004 B 956
D. iburua Cultivated 6 (2) 18 1.792 —2.002 1.848+0.031 BC 904
D. longiflora Wild 1 4 - 1.869 £0.035 BC 914
D. ternata Wild 1 4 - 1.775£0.070 C 868
D. ciliaris Wild 3 9 2472 -2.929 2576+0.030 A 1260
D. lecardii Wild 3 9 2.504 — 2.787 2.660 £0.070 A 1301

“Number of accessions investigated; in bracket, number of farmer-named fonio landraces used; n= number
of measurements; *Average over all measurements (SE = Standard error); *conversion factor of 978 Mbp
for Ipg of DNA (Dolezel et al. 2003)

Fig. 3. Characteristics of the spikelets of the six Digitaria species investigated: spikelets with lower lemma (left)
and upper glume and upper lemma (right); 1 D. ternata (BEN 36 c), 2 D. iburua (BEN 40 b), 3 D. longiflora
(TAB 92 b), 4 D. exilis (TKD 56), 5 D. lecardii (STB 02), and 6 D. ciliaris (TKD 75 ¢) (Photo H. Ernst)
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has been suggested by Haq and Ogbe (1995).
Although the difference observed in the average
DNA amounts of these four species was slight,
it is nonetheless significant (p<0.05), indicating
that genomic structure variability may be
expected among them.

Conversely, the nuclear DNA amounts of
D. ciliaris and D. lecardii were 1.3-1.4 fold
higher (significant at p<0.001) than that
observed for cultivated species and their
closely related species. In fact, the overall
average nuclear DNA content in D. ciliaris was
2.576 £ 0.030 pg while in D. lecardii, a value
of 2.660 + 0.070 pg was observed. In contrast
to the first two wild species, important botan-
ical divergences of D. ciliaris and D. lecardii
with the cultivated species were reported by
Henrard (1950). The differences observed in
their genome sizes with fonio millets could
then be explained by their phylogenetic dis-
tance and highly support their botanical clas-
sification in other sections of the genus
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Digitaria. These findings suggest a relationship
between genome size and taxonomic distance
in the genus, as was earlier reported for many
other plant genera such as Lactuca (Koopman
2000, Dolezalova et al. 2002) and Pinus (Hall
et al. 2000).

Intra-specific DNA content variations
detected in the species with more than one
accession were found slight and insignificant,
except in D. ciliaris. In this species, the
statistically significant variation obtained was
revealed by Scheffé test to be only due to a
comparatively high 2C DNA content
(2.929 pg, table 1) detected in the single plant
available for analysis in the accession TKD
75c. Minor variations could be attributed to
the experimental procedure (day to day vari-
ation, use of two different internal standards).
But, heterochromatin polymorphisms, chro-
matin deletions or duplications known to
induce small but significant DNA content
differences among genotypes (Laurie and

Fig. 4. D. exillis chromosomes (2n=236) of landrace Iporlapieh (Ben21). A Spatial somatic metaphase cell
(stereo pair can be observed with prism glasses or without glasses at a distance of about 30 cm); B Karyogram

established from the same cell
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Bennett 1985, Greilhuber 2005) could be
responsible of the deviating 2C DNA observed
in D. ciliaris. Although significant intra-spe-
cific differences have been reported within
other grass species (Murray 2005), the present
findings suggest genome size stability in the
investigated species, mainly in the cultivated
gene pool. Genome size uniformity has been
prior proven in many crops such as soybean
(Greilhuber and Obermayer 1997) and ground-
nut (Temsch and Greilhuber 2000). This is in
line with a relatively low molecular genetic
diversity observed in the cultivated species
(Adoukonou-Sagbadja, unpubl. res.).

Fonio millets are grown through contrast-
ing environments in the region and different
farming systems (Portéres 1976). In contrast to
the results found for Nerine species (Zonneveld
and Duncan 2006), in our study no signifi-
cant correlation was identified between
nuclear DNA content of fonio landraces
and the climatic, agro-ecological features or
geographic origins (altitude, latitude). These
observations could be a consequence of
low intra-specific variations detected in their
2C DNA content. Although accessions in
D. ciliaris had also diverse origins, sample size
is too small (only 3) for investigating adequately
a possible correlation of 2C DNA variation
with eco-geographic parameters. However,
authors like Ohri and Pistrick (2001) had a
more critical view on the ecological interpreta-
tion of genome-size variation in general.

As already reported for many grass gen-
era (e.g. Avdulov 1931, Tuna et al. 2001),
determination of chromosome number is
difficult in fonio millets due to the small size
of their chromosomes. In the investigated
wild Digitaria species, chromosome counts
were not possible since roots tips with good
dividing cells were not found. The basic
(haploid) chromosome number (x=9) in the
genus Digitaria and many other Paniceae has
been reported first by Avdulov (1931) and
confirmed by further studies (Hunter 1934,
Wipff and Hatch 1994, Bennett et al. 2000).
In the present study, 2n=36 chromosomes
indicating tetraploidy were identified in

H. Adoukonou-Sagbadja et al.: Digitaria genome size

somatic metaphase cells of D. exilis, as shown
in Figure 4 established from landrace Iporla-
pieh (BEN21). The chromosomes are differ-
ent in size and the mostly median
centromeres are mainly surrounded by het-
erochromatin. Our findings are not in agree-
ment with Hunter (1934) who reported
hexaploidy (2n=6x=54) in D. exilis, but
they partially support the report of Zeven
and de Wet (1982) who suggested tetraploidy
(2n=4x=36) with a possible existence of
diploid forms. Although the germplasm anal-
ysed in the present study does not cover the
whole fonio cultivation areas in West-Africa,
it is considered to represent the majority of
fonio landrace diversity that exists in the
region since it was collected from the most
important diversification centres (primary and
secondary) where a broad genetic diversity is
found (Porteres 1976). If diploid and hexaploid
types of fonio really exist, their occurrence may
be low in comparison to the vast majority of
tetraploids exclusively identified in our study.
Just like white fonio, black fonio as well as the
closely related species D. [longiflora and D.
ternata seem to be tetraploids. Expanding the
investigations to landraces of Nigeria (another
possible secondary centre), but also to
minor producing countries like Senegal, Gam-
bia, Cote d’Ivoire and Niger, could help to
achieve a definitive conclusion on the existence
of diploid or hexaploid fonio. Nonetheless, the
present study offers a comparatively large and
representative view on the ploidy level of fonio
millets which is basic step towards the use of
their landraces in fonio breeding programmes.
Further investigations on the genomic compo-
sition of these crops, but also of the two
closely related wild species, remain of practical
interest.
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