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2Université Montpellier 2, UMR DIADE, Montpellier, France
3International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Niamey, Niger

�These authors contributed equally to this work.

*Corresponding author: E-mail: yves.vigouroux@ird.fr.

Associate editor: Hideki Innan

Abstract

The plant domestication process is associated with considerable modifications of plant phenotype. The identification of
the genetic basis of this adaptation is of great interest for evolutionary biology. One of the methods used to identify such
genes is the detection of signatures of selection. However, domestication is generally associated with major demographic
effects. It is therefore crucial to disentangle the effects of demography and selection on diversity. In this study, we
investigated selection in a flowering time pathway during domestication of pearl millet. We first used a random set of 20
genes to model pearl millet domestication using approximate Bayesian computation. This analysis showed that a model
with exponential growth and wild–cultivated gene flow was well supported by our data set. Under this model, the
domestication date of pearl millet is estimated at around 4,800 years ago. We assessed selection in 15 pearl millet DNA
sequences homologous to flowering time genes and showed that these genes underwent selection more frequently than
expected. We highlighted significant signatures of selection in six pearl millet flowering time genes associated with
domestication or improvement of pearl millet. Moreover, higher deviations from neutrality were found for circadian
clock–associated genes. Our study provides new insights into the domestication process of pearl millet and shows that
a category of genes of the flowering pathway were preferentially selected during pearl millet domestication.

Key words: domestication bottleneck, adaptation, flowering time, signatures of selection, approximate Bayesian
computation, pearl millet.

Introduction
Plant domestication is associated with major morphological
modifications to fit human needs. Some studies support the
hypothesis that the very strong morphological differentiation
we observe today was progressively selected over hundreds to
thousand of years (Smith 2001; Tanno and Willcox 2006;
Fuller 2007) and surprisingly that the speed of selection by
humans was similar to that of natural selection (Purugganan
and Fuller 2011). Consequently, the study of the domestica-
tion process provides an interesting glimpse of selection act-
ing on morphological traits at a relatively small timescale.
Over the last 20 years, the study of the domestication process
led to the identification of several key domestication genes
using quantitative trait loci (QTL) mapping experiments and
positional cloning. Genes associated with plant and inflores-
cence architecture were cloned in maize (Doebley et al. 1995),
rice (Jin et al. 2008), and barley (Komatsuda et al. 2007). An-
other very important trait associated with cultivated crops is
the absence of seed shattering. This trait was selected over
hundreds of years (Fuller et al. 2009). The genetic bases of
this trait were recently identified in rice (Konishi et al.

2006; Li et al. 2006) and wheat (Simons et al. 2006). One
of the genes conferring seed casing, another important trait
associated with the domestication process, was also recently
cloned in maize (Wang et al. 2005).

Another method used to understand the genetic impact
of human selection is genome selection scanning (Vigouroux,
McMullen, et al. 2002; Casa et al. 2005; Vigouroux et al. 2005;
Wright et al. 2005; Yamasaki et al. 2005; Papa et al. 2007;
Chapman et al. 2008; Wang, Shen, et al. 2010). This method
relies on the analysis of natural genetic diversity to identify
genomic regions shaped by selection. However, the identifi-
cation of genes under selection during or after the domesti-
cation process is considerably hampered by the demographic
associated processes. In particular, genetic bottlenecks asso-
ciated with domestication mimic positive selection signature.
This problem was taken into account by using demographic
models to simulate diversity evolution in crops (Vigouroux,
McMullen, et al. 2002; Tenaillon et al. 2004). Inferences of
scenarios of demographic history have been facilitated by
the development of approximate Bayesian computation
(ABC). This approach enables complex demographic
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scenarios to be built and tested (Beaumont et al. 2002; Csilléry
et al. 2010). The scenario retained is then used as a benchmark
to measure deviation from the expected diversity pattern
(Tenaillon et al. 2004; De Mita et al. 2007).

Some morphological and biochemical changes linked to
the domestication process may have involved genes from
regulatory pathways. To better understand how evolution
acted, it is interesting to know whether some genes of the
considered pathway have been preferentially selected or
not (Cork and Purugganan 2004). To our knowledge,
very few studies have focused on selection acting on genes
networks during domestication (but see Whitt et al. 2002;
Yu et al. 2011). One reason is that not all developmental
pathways are sufficiently well described. One important
pathway for crop domestication, adaptation, and improve-
ment that has been sufficiently well studied from a func-
tional point of view is the pathway governing flowering
time. Numerous studies performed in Arabidopsis have elu-
cidated this developmental signaling network (Blázquez
2000; Blázquez et al. 2001; Komeda 2004). The light-
dependent pathway includes photoreceptors that perceive
light exposure (Mockler et al. 2003). Photoperiod informa-
tion is integrated by the pathway controlling the circadian
clock (Hayama and Coupland 2003). The response to tem-
perature is influenced by the vernalization pathway
(Michaels and Amasino 2000). Plants can be categorized
according to their response to vernalization and day length:
short-day plants, for example, rice and maize, require no
vernalization, whereas for long-day plants, for example,
Arabidopsis, wheat, barley, vernalization represents an im-
portant flowering signal (Cockram et al. 2007). Two other
developmental pathways also influence floral initiation: the
autonomous and gibberellin pathways (Wilson et al. 1992;
Simpson 2004). Environmental and developmental stimuli
are then conveyed to floral integrators, which stimulate
(or not) floral meristem identity genes (Blázquez et al.
2001; Mouradov et al. 2002). Some studies have focused
on specific genes of this pathway for their role during do-
mestication or crop improvement (Purugganan et al. 2000;
Thornsberry et al. 2001; Ducrocq et al. 2008; Blackman et al.
2011). In wheat and barley, vernalization (Vrn) and photo-
period (Ppd) genes are involved in variations in flowering
time (Cockram et al. 2007). In rice, several different QTLs
for flowering time were found and cloned in early and late
flowering cultivars and may have been involved in adapta-
tion to cold regions (Izawa 2007; Xue et al. 2008). Dwarf8,
a gene involved in the gibberellin pathway, is associated
with flowering time in maize and may have been targeted
by diversifying selection in contrasted climates during maize
history (Thornsberry et al. 2001; Camus-Kulandaivelu et al.
2006). However, a more thorough analysis of the impact
of human selection on the flowering pathway is still lacking.

In the present study, we performed an analysis of the
evolution of the flowering pathway of pearl millet (Penni-
setum glaucum [L.] R. Br.). Pearl millet is a major cereal crop
in West Africa. It is also widely grown in eastern and south-
ern Africa and in semiarid to arid areas of India. The current
hypothesis concerning its domestication suggests it origi-

nated in the northern–central Sahel in West Africa (Oumar
et al. 2008). The oldest archaeobotanical evidence of pearl
millet cultivation was found in Mali and dated at around
4,500 BP (Manning et al. 2011). The domestication process
of pearl millet is associated with common morphological
changes among cereals: suppression of spikelet shedding,
reduction in the size of bristles and bracts, increase in seed
size, increase in spikelet pedicel length, loss of dormancy,
reduction in the number of basal tillers, and an increase in
spike length (Poncet et al. 1998). Interestingly, although the
origin of cultivation is hypothesized to have occurred in the
dry areas of the Sahel, pearl millet is also cultivated further
south in more humid areas. Consequently, in West Africa,
pearl millet displays a wide range of flowering times. Vari-
eties from Sahelian areas flower very early (as early as 40
days after planting), whereas varieties from the tropical
coast may flower very late (up to 150 days after planting)
(Haussmann et al. 2006). Interestingly, there is a correlation
between time to flowering and annual rainfall (Haussmann
et al. 2006), and we can thus assume that control of flower-
ing time was a major trait for the adaptation of cultivated
pearl millet to wetter areas. Some genes associated with
flowering time in pearl millet have been recently discovered
(Saı̈dou et al. 2009; Mariac et al. 2011), but the role of flow-
ering genes in pearl millet’s adaptation to climate during
domestication remains unknown.

In this paper, we first document the evolutionary history
of pearl millet domestication by studying a set of random
genes in wild and cultivated pearl millet populations. The
model built is then used to evaluate the contribution of
several genes in the flowering pathway to domestication
and adaptation in pearl millet, another short-day plant
model, besides rice and maize.

Materials and Methods

Plant Materials and DNA Sequencing
Seeds of 33 cultivated pearl millet individuals (P. glaucum
subsp. glaucum) and 13 wild pearl millet individuals (P.
glaucum subsp. monodii) were collected in West Africa.
Sampling was designed to cover the geographical distribu-
tion of wild and cultivated pearl millet in West Africa (sup-
plementary table S1, Supplementary Material online).
Plants were self-pollinated from three to six generations
to reduce heterozygosity in this primarily outcrossing spe-
cies and also to allow direct sequencing without cloning.
Two samples of the related species P. polystachion were
used to orientate ancestral versus derived polymorphisms.
DNA was extracted using previously published methods
(Mariac et al. 2006).

We amplified 20 random genes to model the evolution-
ary history of the sample. These genes were chosen regard-
less of their biological function (Feltus et al. 2006). Details
are provided as supplementary data in supplementary table
S2 (Supplementary Material online). Seventeen genes were
directly sequenced using the primers designed by Feltus
et al. (2006). Three primer pairs gave unspecific
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amplification, and gene sequences were obtained after am-
plicon cloning with newly designed primers.

Fifteen primer pairs were designed to amplify potential
homologs of flowering genes. Primer design was based on
rice, maize, sorghum, and/or Arabidopsis alignments for
genes involved in the light-dependent pathway, the auton-
omous pathway, circadian clock control, or the integration
pathway (Higgins et al. 2010). The involvement of each
gene in one or other of these pathways is listed in supple-
mentary table S3 (Supplementary Material online). Both
gDNA and cDNA sequences were used to design primers.
The obtained fragments were checked for their sequence
homology with targeted genes. For the gene PgPHYC, after
the initial sequencing of one fragment (named PgPHYC),
we designed primers for five more fragments (supplemen-
tary table S3, Supplementary Material online) of this gene
(named PgPHYC6, PgPHYC6bF, PgPHYC7, PgPHYC9,
PgPHYC10).

Polymerase chain reactions (PCR) were performed as
previously described (Saı̈dou et al. 2009). Primers and
Tm are shown in supplementary table S2 (Supplementary
Material online). Two independent PCR reactions were per-
formed for each gene. PCR products were purified using
Ampure kits (Agencourt Bioscience). An independent re-
action sequence was performed using each PCR reaction.
Sequence reactions were performed using BigDye v3.1 Ter-
minator kit (Applied Biosystems, Foster City, CA). Se-
quence reactions were purified using CleanSeq kits
(Agencourt Bioscience). Sequences were run on an ABI
3130 XL automated sequencer (Applied Biosystems). Se-
quence checking and alignments were made using Gene-
ious (Drummond et al. 2010). Haplotypes for heterozygous
sequences were solved using PHASE (Stephens et al. 2001).

Gene Diversity Statistics
Diversity statistics were computed using DnaSP 5.10 (Rozas
et al. 2003). Analyses were first performed considering only
single nucleotide polymorphisms (SNPs). A second analysis
was run considering both SNPs and simple insertions/de-
letions (indels), that is, excluding microsatellites or nested
indels. For each gene, nucleotide polymorphism hw (Watterson
1975), nucleotide diversity p (Nei 1987), Tajima’s D (Tajima
1989), and Fay and Wu’s H (Fay and Wu 2000) were calculated
for both wild and cultivated pearl millet groups. The differen-
tiation index FST (Hudson et al. 1992) was calculated between
wild and cultivated pearl millet. The Mann–Whitney test was
used to compare the rank of these statistics for flowering and
random genes or cultivated and wild populations (Mann and
Whitney 1947). A chi-squared goodness of fit test was used to
compare Tajima’s D or Fay and Wu’s H observed for random
genes with expectations under the Wright–Fisher model. Un-
der the null hypothesis, a quarter of random genes would show
a D orH included in each quartile of the distribution according
to the Wright–Fisher model. P values for chi-squared goodness
of fit test were obtained by computing 104 Markov chain
Monte Carlo (MCMC) simulations. The population struc-
ture of the sample was checked using the Bayesian ap-
proach implemented in the STRUCTURE 2.3 software

(Pritchard et al. 2000). The analysis was based on haplo-
types for the random genes. The admixture model was used
with a burn-in period of 30,000 steps and 106 MCMC rep-
licates. Ten independent runs were performed for different
numbers of assumed populations (K 5 1–10). The most
probable value of K was determined by calculating DK
(Evanno et al. 2005).

Demographic Modeling
Demographic events during domestication, such as bottle-
necks or gene flow, may have impacted nucleotide patterns
in the genome and, if not taken into account, may lead to
false negatives and false positives in neutrality tests. In or-
der to disentangle the effect of demographic events on can-
didate gene polymorphisms, neutrality statistics observed
for candidate genes were compared with expectations pre-
dicted from random gene polymorphisms on a simulation
basis.

The demographic history of the sample was simulated
using ABC methodology (Beaumont et al. 2002). Four mod-
els describing the domestication of pearl millet were com-
pared (fig. 1). These models differ in the occurrence of gene

FIG. 1. Alternative demographic models of the evolution of wild and
domesticated pearl millet. We considered four models describing
the domestication of pearl millet. A model assuming instantaneous
growth after domestication, without gene flow between cultivated
and wild pearl millet (IG); a model assuming exponential growth
after domestication, without gene flow between cultivated and wild
pearl millet (EG); a model assuming instantaneous growth after
domestication, with gene flow between cultivated and wild pearl
millet (IGGF); a model assuming exponential growth after
domestication, with gene flow between cultivated and wild pearl
millet (EGGF). The posterior probability for each model is given in
parentheses. For a more detailed description of these models, see
Materials and Methods.
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flow between cultivated and wild pearl millet and in instan-
taneous/exponential growth after domestication. The in-
stantaneous growth after domestication model (IG)
assumes two populations, that is, wild and cultivated pop-
ulations that diverged from an ancestral population at time
Td. Td represents the time since the start of domestication.
Effective population size N0 of the wild population remains
constant. Until the time since population growth after do-
mestication Te, the effective population size for cultivated
population is N1. After Te, the effective population size for
the cultivated population is instantaneously increased to N2.
Another model we studied assumes exponential growth after
domestication (EG). We also considered two models assum-
ing gene flow after domestication: a model with instanta-
neous growth after domestication followed by gene flow
between cultivated and wild populations (IGGF) and a model
with exponential growth after domestication followed by
gene flow between cultivated and wild populations (EGGF).
The last two models assume bidirectional gene flow be-
tween wild and cultivated populations at a rate m.

The IG model assumes six parameters: two associated
with time (td 5 Td/4N0; te 5 Te/4N0), two associated with
the ratio of effective size (n2 5 N2/N0; n1 5N1/N0), and two
associated with the gene diversity or recombination rate
(h 5 4N0l; q 5 4N0r). The IGGF model has a supplemen-
tary parameter M5 4N0m associated with postdomestica-
tion gene flow. In the EG model, parameters are associated
with domestication timing (td), ratio of effective size (n2),
exponential growth (G5�ln(N1/N2)/td), and two associated
with gene diversity or recombination rate (h; q). The EGGF
model has a supplementary parameter M associated with
postdomestication gene flow. Noninformative prior bounds
were arbitrarily chosen to avoid being restrictive for poste-
rior evaluation (table 1) except for Td and Te for which we
chose prior bounds between the introduction of pearl millet
from Africa into India estimated to have occurred around
3,000 years ago (Purseglove 1976) and the most ancient es-
timation for cereal domestication, that is, 12,000 years ago
(Glémin and Bataillon 2009). Values are expressed relative to
effective population size, assuming a nucleotide mutation
rate of 3.30 �10�8 (Clark et al. 2005) or 7.90 �10�9 (Gaut
and Clegg 1991) substitutions per site per generation. We
assumed Td . Te. For each model, 106 ABC simulations were
run using msABC (Pavlidis et al. 2010).

Posterior Parameter Estimation
The choice of summary statistics to estimate posterior pa-
rameters is a crucial step in ABC methodology (Csilléry et al.
2010). We used two sets of summary statistics. The first set
was chosen based on relevant values in the literature and
was made up of nine summary statistics: nucleotide diver-
sity p (Nei 1987), nucleotide polymorphism hw (Watterson
1975), Tajima’s D (Tajima 1989), ZnS (Kelly 1997) for cul-
tivated and wild populations and FST (Hudson et al. 1992)
between cultivated and wild populations. The second set
was chosen according to the informativeness of summary
statistics for summarizing model parameters. The informa-
tiveness of summary statistics was assessed by calculating
the correlation between summary statistics and model pa-
rameters (Pavlidis et al. 2010; supplementary table S4, Sup-
plementary Material online). The second set was made up
of seven summary statistics: nucleotide polymorphism hw

in the wild population, Tajima’s D in the cultivated pop-
ulation, ZnS in the wild and pooled population, FST be-
tween wild and cultivated populations, the percentage
of private polymorphisms in wild and cultivated popula-
tions, haplotype diversity in the cultivated population.

Posterior distribution of parameters were estimated by
the rejection–regression procedure described in Beaumont
et al. (2002), adapted by a log–tangent transformation of
parameters (Hamilton et al. 2005). This transformation of
parameters ensures that the posterior distribution is con-
tained within the bounds of the priors. The rejection–
regression step was realized with a threshold of 10�3, using
abcreg software (Thornton 2009). Prior and posterior dis-
tribution of parameters were drawn using R (R Develop-
ment Core Team 2009).

Model Validation and Comparison
Fay and Wu’s H requires estimation of the ancestral and
derived states of polymorphisms. Homoplasy in phyloge-
netic branches linking pearl millet to the outgroup species
leads to misorientations and could bias Fay and Wu’s H
(De Mita et al. 2007). For random genes, we estimated
the back mutation rate PM, that is, the rate of misinferred
sites (Baudry and Depaulis 2003). Sequence simulations
were then run using a similar error rate when estimating
the ancestral/derived allele state, in order to include the
bias in the expected distribution of Fay and Wu’s H under
a neutral model.

To check each model, 104 simulations per gene were run
for a given model. Each simulation was run using combi-
nations of parameters resampled from posterior parameter
distributions. As parameters might be correlated, we used
the following algorithm to sample in the posterior distri-
bution. Each posterior parameter is a vector that could
be interpreted as a point in the multiparameter space.
For each combination of parameters, we 1) randomly
picked one of the posterior parameter points, 2) identified
the closest neighbor in the multiparameter space, 3) drew
a random point on the continuous line connecting these
two points, and 4) recorded the coordinates of this point
(vector of parameter). This parameter vector was then used

Table 1. Prior Distributions of Parameter Values in the De-
mographic Models Used During ABC Analysis.

Parameter Name Parameter Definition Parameter Prior

h 4N0l U (3, 10)
q 4N0r U (0, 10)
n2> N2/N0 U (0.01, 5)
n1 N1/N0 U (0.01, 0.4)
te Te/(4N0) U (0.0043, 0.0673)
td Td/(4N0) U (0.0043, 0.0673)
G 2ln(N1/N2)/td U (250, 150)
M 4N0m U (0, 50)

NOTE.—All parameters are expressed relative to the constant effective population
size of the wild population N0. The different parameters are listed and explained
in the text. For each model parameter, priors followed a uniform distribution.
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for simulation. Simulated data were then processed to cal-
culate the same summary statistics as the ones used to es-
timate posterior parameters. A chi-squared goodness of fit
test was used to compare calculated and expected distri-
bution of summary statistics. This test assumes that ideal
models must lead to a quarter of simulated genes exhibit-
ing a summary statistic in each quartile of the distribution
of summary statistic for simulations. P values for the chi-
squared goodness of fit test were obtained by computing
104 MCMC simulations.

To compare the four models, the posterior probability of
the models was calculated using the R script ‘‘calmod.r’’
provided by Beaumont (2008). The rejection–regression
method was used on 105 simulations per model.

Identification of Outliers
Tajima’s D (Tajima 1989), Fay and Wu’s H (Fay and Wu
2000), and FST (Hudson et al. 1992) were calculated for
the simulations used for model validation and comparison,
for both cultivated and wild pearl millet samples. For each
of the candidate genes, the rank of observed Tajima’s D and
Fay and Wu’s H in their respective expected distribution
according to the selected model was calculated. The rank
of FST observed for a given gene was calculated in compar-
ison with the expected distribution of FST for simulated
data sets sharing similar hw per gene ±0.1, as FST is influ-
enced by the mutation rate (Kronholm et al. 2010). The
entire selection of flowering genes was tested using Fisher’s
combining probability test (Sokal and Rohlf 1995).

Results

Nucleotide Variation at Random and Flowering
Genes in Cultivated and Wild Samples
Twenty random genes and 15 flowering genes (Genbank
accessions JQ269840–JQ271534) were amplified in 33 cul-
tivated and 13 wild pearl millet individuals (supplementary

table S5, Supplementary Material online). All the flowering
genes showed high identity with library sequences identi-
fied as our target genes using BLAST (supplementary table
S6, Supplementary Material online). A total of 9,649 bp for
random genes (per gene average: 482 bp) and 8,174 bp for
flowering genes (per gene average: 545 bp) were aligned.
We detected an average of 12.1 and 7.7 SNPs in random
genes and flowering genes, respectively. At least one of
the two outgroups was amplified for 16 random genes
and 11 flowering genes. The best estimation of group num-
ber using STRUCTURE was found for K 5 2 (supplemen-
tary fig. S1A, Supplementary Material online). These groups
correspond to the cultivated and wild populations (supple-
mentary fig. S1B, Supplementary Material online).

We compared nucleotide diversity p for random and
flowering genes, in wild and cultivated samples (fig. 2;
supplementary table S7, Supplementary Material on-
line). In the wild sample, we found a 2.1-fold higher p
for random genes (average p 5 6.04 � 10�3) than for
flowering genes (average p 5 2.88 � 10�3; Mann–
Whitney test, P 5 0.01). In the cultivated sample, we
found a 2.9-fold higher p for random genes (p 5 4.11
� 10�3) than for flowering genes (p 5 1.42 �10�3;
Mann–Whitney test, P , 0.005). Differences in p be-
tween wild and cultivated samples were nonsignificant
when compared separately in each gene class (Mann–
Whitney test, P . 0.05). Random and flowering genes
considered together had a 1.6-fold higher p in the wild
sample (p 5 4.69 �10�3) than in the cultivated sample
(p5 2.96 �10�3; Mann–Whitney test; P , 0.03). Differ-
ences were still significant if we considered p estimated
using synonymous or silent sites but not if we considered
nonsynonymous sites (supplementary table S8, Supple-
mentary Material online). In conclusion, our data
showed that flowering genes had less genetic variability
than random genes and that genetic variability in the
cultivated sample was lower than in the wild sample.

FIG. 2. Comparison of nucleotide diversity in random and flowering genes and in wild and cultivated samples. Per base nucleotide diversity (p)
was calculated, based on segregating sites, for random and flowering genes, by distinguishing wild and cultivated samples. In the wild sample,
flowering genes showed lower nucleotide diversity than random genes (Mann–Whitney test, P 5 1.03 �10�2). In the cultivated sample,
flowering genes showed lower nucleotide diversity than random genes (Mann–Whitney test, P 5 4.02 �10�3). The nucleotide diversity of
random genes in the wild sample was greater than that of flowering genes in the cultivated sample (Mann–Whitney test, P 5 1.69 �10�4).
Random and flowering genes considered together showed higher nucleotide diversity values in the wild sample than in the cultivated sample
(Mann–Whitney test; P 5 2.50 �10�2).
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Tajima’s D and Fay and Wu’s H observed in random
genes were compared with expected values under the
Wright–Fischer model (supplementary table S7, Supple-
mentary Material online). We observed no deviations from
expected values for Tajima’s D in the wild sample (average
D 5 �0.15; chi-squared goodness of fit test: P 5 0.502) or
in the cultivated sample (average D 5 0.34; chi-squared
goodness of fit test: P 5 0.843). Fay and Wu’s H was also
not different than expected in the wild sample (average H
5�0.38; chi-squared goodness of fit test: P5 0.152). How-
ever, random genes in the cultivated sample showed a sig-
nificant deviation from expected Fay and Wu’s H under
standard neutral model (average H 5 �1.19; chi-squared
goodness of fit test: P 5 0.003). This deviation may have
been caused by demographic events during the evolution-
ary history of pearl millet. Disentangling the effect of de-
mographic history in the search for signatures of
selection in flowering genes requires modeling the history
of pearl millet domestication.

Modeling Pearl Millet Demographic History
Twenty random genes were used to build four models
describing pearl millet domestication (fig. 1). The rate of

undetected back mutations for random genes was PM 5

0.055. Therefore, when estimating the ancestral state of
polymorphisms, we were mistaken at a rate of 5.5%. This
rate was taken into account in the simulations.

Models were first checked by comparing observed and
expected distribution of summary statistics. None of the
four models showed a distribution of summary statistics
that statistically deviated from observed data (chi-squared
goodness of fit test; P. 0.09). Consequently, all four mod-
els could be used to model the demographic history of the
sample.

The posterior probability of the models was computed
to compare the four models (supplementary fig. S3, Sup-
plementary Material online). For all thresholds tested,
models exhibiting gene flow between cultivated and wild
pearl millet (IGGF, P5 0.317 and EGGF, P5 0.547 for a5
0.01) showed a higher posterior probability than models
assuming no gene flow (IG, P 5 0.056 and EG, P 5

0.092). The EGGF model was the most probable model,
whatever the threshold used.

Using the EGGF model, we obtained the distribution of
posteriors for model parameters (fig. 3; supplementary
table S9, Supplementary Material online). The estimated

FIG. 3. Prior and posterior distribution of parameters in the EGGF model. For the EGGF model, prior (dashed line) and posterior (solid line)
distribution of model parameters are shown. Maximum a posteriori is indicated below each graph and symbolized by the gray line. Parameters
describing models: h: mutation parameter; q: recombination parameter; n2: effective size of the cultivated population now; M: bidirectional
gene flow rate between cultivated and wild populations; td: time since the beginning of pearl millet domestication.
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mutation parameter h in the wild population was 6.40
�10�3 (95% confidence interval [CI]: 5.02 � 10�3–7.99
� 10�3). Estimates for all the different parameters (recom-
bination parameter q, n2 describing the effective size of the
domesticated population, td expressing the time since the
beginning of domestication, G the growth parameter de-
scribing how the cultivated population has grown since do-
mestication) and their CI were reported (supplementary
table S9, Supplementary Material online). Transforming
the value of these parameters into numbers of individuals
or time in years requires a generally unknown quantifica-
tion of the mutation rate. We used a recently published
mutation rate l 5 3.30 � 10�8 substitutions per site
per generation for maize (Clark et al. 2005). The effective
population size (table 2) of the wild population N0 5 h/4l
was 48,514 individuals (95% CI: 38,029–60,564). The esti-
mated effective population size of the cultivated popula-
tion N2 5 n2 � N0 was 5,359 individuals (95% CI:

2,020–43,268). The initial domesticated population, prior
exponential growth N1 5 N2 � exp�Gtd was 1,726 individ-
uals (95% CI: 0–63,672). The estimated crossover between
adjacent base pairs per generation was r5 q/4N0 5 6.1 �
10�9 (95% CI: 0.9 � 10�9–3.93 � 10�8). The fraction of
each subpopulation made up of new migrants in each gen-
eration was m5M/4N0 5 1.05 � 10�4 (95% CI: 2.1 � 10�5

–1.91 � 10�4). This estimation means that for each
generation, 0.01% of wild or cultivated population
was composed of individuals coming from the other
population. The estimated time since domestication
Td 5td �4N0 was 4,821 years (95% CI: 1,665–15,370).
All these estimations should be interpreted with caution as
posteriors can vary between models, and the nucleotide muta-
tion rate l remains unknown for pearl millet (supplementary
table S10, Supplementary Material online). These different
parameters were used to test flowering genes for deviations
from expectations under neutrality.

Detection of Signatures of Selection in the
Flowering Network
Values of Tajima’s D, Fay and Wu’s H, and FST for candidate
genes were then compared with their expected distribution
according to the EGGF model (table 3). We found that the
repartition of these statistics for observed random genes
within the statistics quartiles predicted by the EGGF model
(chi-squared goodness of fit test; P. 0.05) was correct. For
the cultivated population, Tajima’s D appeared to shift to-
ward positive values (median: 0.268; 95% CI: �1.82 to 2.74,
supplementary fig. S4, Supplementary Material online),
whereas D was closer to N(0,1) for the wild population (me-
dian: �0.11; 95% CI: �1.73 to 1.82). This result indicates
a higher proportion of intermediate frequency polymor-
phisms in the cultivated population. This pattern coincides

Table 2. Pearl Millet Population Genetics Parameters.

Parameters Maximum a posteriori Estimate and 95% CI

Td 4821 (1665; 15370)
N0 48514 (38029; 60564)
N1 1726 (0; 63672)
N2 5359 (2020; 43268)
r (31010) 61 (9; 393)
m (3106) 105 (21; 191)

NOTE.—Parameter estimates were inferred from the posterior distributions of the
EGGF model (fig. 1). The effective population size of the wild population (N0), the
current cultivated population effective size (N2), as well as the effective size
during the bottleneck (N1) are reported. Effective population sizes are expressed
in numbers of individuals. Td is the time since the beginning of domestication
in years before present. r is the estimated crossover between adjacent base
pairs per generation. m is the fraction of each subpopulation made up of new
migrants in each generation. The estimation is based on nucleotide mutation rate
l 5 3.30 �10�8 substitutions per site per generation (Clark et al. 2005).

Table 3. Neutrality Tests Applied to Flowering Genes in Cultivated and Wild Pearl Millet.

Tajima’s D Fay and Wu’s H FST

Cultivated Wild Cultivated Wild

Gene D P D P H P H P hw n FST P
PgEMF2 1.030 0.704 21.041 0.160 NAb NAb NAb NAb 0.592 4857 0.047 0.520
PgFY 0.132 0.462 20.200 0.463 24.146 0.106 20.529 0.242 3.155 8140 0.372 0.975*
PgGI 20.148 0.384 20.119 0.497 21.851 0.289 0.714 0.881 2.786 10479 0.430 0.988*
PgHD1 NAa NAa 20.685 0.273 NAa NAa 0.366 0.598 0.410 2613 0.059 0.599
PgHD3a 0.312 0.512 20.195 0.465 NAb NAb NAb NAb 1.026 9729 0.385 0.977*
PgHD6 21.902 0.018* 20.207 0.460 0.096 0.663 24.261 0.007** 3.998 3717 0.115 0.648
PgLFL1 20.564 0.273 21.856 0.016* 0.108 0.668 20.357 0.286 0.982 9729 0.025 0.324
PgMADS11 21.315 0.096 NAa NAa NAb NAb NAa,b NAa,b 0.394 2613 0.010 0.340
PgPHYA 1.119 0.725 20.052 0.523 0.170 0.694 20.320 0.297 0.785 7356 0.134 0.766
PgPHYB 20.976 0.172 20.766 0.245 0.522 0.857 0.935 0.983** 1.577 14426 0.024 0.267
PgPHYC 2.845 0.980* 20.617 0.298 20.091 0.605 20.638 0.219 2.179 13534 0.311 0.954*
PgPIPK1 NAa NAa 21.006 0.170 NAa NAa 20.464 0.258 1.194 11841 0.081 0.574
PgPRR73 21.378 0.086 20.624 0.296 21.709 0.307 21.935 0.060 1.624 14109 0.542 0.997**
PgPRR95 2.646 0.968 0.012 0.548 0.084 0.658 1.268 1.000*** 1.571 14426 0.102 0.637
PgTFL1 21.198 0.119 20.714 0.262 NAb NAb NAb NAb 0.589 4857 0.029 0.420

NOTE.—Rank of statistics for a given gene was calculated relative to the expected distribution obtained by the EGGF model. The number of simulations (n) used to calculate
the rank of FST for a given gene is shown. Retained simulations are those that share similar hw per gene ±0.1. NA: not available.
a No polymorphism in the sample.
b Outgroup sequence not available.

For Tajima’s D and Fay and Wu’s H, bilateral tests were used: *P , 0.025 or P . 0.975, **P , 0.005 or P . 0.995, ***P , 0.0005 or P . 0.9995. For FST a unilateral test was
used: *P . 0.95, **P . 0.99. P value was estimated using the rank of the observed value in the expected distribution, divided by the number of simulations.
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with a Fay and Wu’s H distribution deviated toward lower
values in the cultivated sample (median: �0.57; 95% CI:
�9.21 to 0.89) than in the wild sample (median: 0.21;
95% CI: �2.80 to 0.90), suggesting more high frequency–
derived alleles in the cultivated than in the wild population
(supplementary fig. S5, Supplementary Material online).

The 15 flowering genes were considered successively to
test for deviations from neutral expectations under the
EGGF model. Several genes showed a neutrality statistic
outside the 95% CI defined based on the expected distri-
bution (table 3). PgHD6 (D 5 �1.902, P 5 0.018) and
PgLFL1 (D 5 �1.856, P 5 0.016) showed a significant neg-
ative Tajima’s D, respectively, for cultivated and wild sam-
ples, suggesting an excess of low-frequency polymorphisms.
This result may indicate positive selection and/or selective
sweep, even if Fay and Wu’s H was not significant for these
genes. PgHD6 showed a significantly lower H for the wild
sample, indicating an excess of high frequency–derived
polymorphisms (H5�4.261, P5 0.007). A significant pos-
itive Tajima’s D was found for PgPHYC (D 5 2.845, P 5

0.980) in the cultivated sample. PgPRR95 (H 5 1.268, P
5 1) and PgPHYB (H 5 0.935, P 5 0.983) showed a signif-
icantly higher Fay and Wu’s H in the wild sample, indicating
an excess of high frequency–derived polymorphisms. A
high differentiation between wild and cultivated samples
was found for PgPRR73 (FST 5 0.542, P 5 0.997), PgGI
(FST 5 0.372, P 5 0.988), PgHD3a (FST 5 0.385, P 5

0.977), PgFY (FST 5 0.372, P 5 0.975), and PgPHYC (FST

5 0.311, P 5 0.954; supplementary fig. S6, Supplementary
Material online). Considering both simple indels and SNPs
in the analysis gave similar results, except the loss of signif-
icance for Tajima’s D for PgHD6 in the cultivated sample
(supplementary table S11, Supplementary Material online).
For the Phytochrome C gene, we further sequenced several
fragments along the gene (supplementary fig. S7, Supple-
mentary Material online). Significant neutrality tests were
only observed at the 3# end of the gene, for PgPHYC10 gene
fragment and the initial sequenced fragment PgPHYC (sup-
plementary table S12, Supplementary Material online).
PgPHYC10 showed a significant positive H for the cultivated
polymorphism (H 5 0.940, P 5 0.982). PgPHYC fragment
showed the only significant positive Tajima’s D (D5 2.845,
P 5 0.980) and the only significant FST between the wild
and the cultivated populations (FST 5 0.311, P 5 0.954).
Considering both SNPs and indels did not change results
(data not shown).

To test for selection in the flowering gene network as
a whole, we compared the test-associated probabilities
for individual genes with the expected distribution of
the neutrality statistic using Fisher’s combining probability
test (Sokal and Rohlf 1995). Flowering genes did not show
more significant Tajima’s D for cultivated (supplementary
table S13, Supplementary Material online; Fisher combining
probability test, X2 5 34.7; P 5 0.117) and wild (supple-
mentary table S13, Supplementary Material online; X2 5
18.2; P 5 0.922) samples or Fay and Wu’s H for cultivated
samples (supplementary table S13, Supplementary Material
online; X2 5 11.5; P 5 0.872) than expected under the

EGGF model. Flowering genes showed higher FST than ex-
pected under the EGGF model (supplementary table S13,
Supplementary Material online; Fisher’s combining proba-
bility test, X2 5 56.9; P 5 0.002). Fay and Wu’s H deviated
significantly from expectations under the EGGF model for
the wild sample (supplementary table S13, Supplementary
Material online; Fisher’s combining probability test, X2 5

43.3; P5 0.004). The same test applied to the other models
gave similar results, except Tajima’s D for the cultivated
sample which gave significant results for IG, EG, and EGGF
models (supplementary table S13, Supplementary Material
online; X2 5 40–49; P , 0.04). In conclusion, flowering
genes showed a higher differentiation between cultivated
and wild samples than expected based on random genes
and a tendency toward extreme Tajima’s D values in the
cultivated sample and toward extreme Fay and Wu’s H val-
ues in the wild sample.

Several references in the literature suggest circadian clock–
related genes may have undergone more intense selection
pressure (Hall et al. 2011) or that their genetic variations
are more closely associated with flowering time than the rest
of the flowering pathway (Brachi et al. 2010). We tested this
hypothesis with our data set. The four genes involved in the
circadian clock pathway, that is, PgGI, PgHD6, PgPRR73, and
PgPRR95, showed higher FST values between cultivated and
wild samples than random genes (Mann–Whitney test; P
5 0.01) and other flowering genes (Mann–Whitney test; P
5 0.04). Therefore, the set of circadian clock–related genes
showed an excess of differentiation between the cultivated
and the wild samples. No differences for Fay and Wu’s
H and Tajima’s D were observed between circadian clock
and other flowering time genes or random genes.

It is commonly considered that demographic estima-
tions by ABC are largely influenced by the choice of sum-
mary statistics (Joyce and Marjoram 2008). We used
another set of summary statistics and repeated the analysis
between the posterior estimation and the search for selec-
tion outliers. We compared ranks of D, H, and FST observed
for flowering genes by comparing them with the distribu-
tion expected according to the model used and found
a high correlation between ranks of observed values in
the expected distribution whatever the model used (for
all comparisons, Pearson’s correlation test: r . 0.99; P ,

0.001). This indicates that our results are robust concerning
the choice of summary statistics.

Discussion
We first built a demographic model describing the domes-
tication of pearl millet by using polymorphisms for 20 ran-
dom genes. This demographic model was then used to
obtain information about the evolutionary history of pearl
millet and to test for signatures of selection in the flowering
pathway.

Effect of the Domestication on Pearl Millet Diversity
Domestication is expected to lead to a reduction in genetic
diversity in cultivated populations compared with wild
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populations (Eyre-Walker et al. 1998; Tenaillon et al. 2004;
Wright et al. 2005; Liu and Burke 2006; Haudry et al. 2007).
To study the effect of this domestication bottleneck on
pearl millet diversity, we compared the nucleotide poly-
morphism in random genes between wild and cultivated
samples. The wild sample showed 1.5-fold higher nucleo-
tide diversity in random genes than the cultivated sample.
Cultivated pearl millets thus conserved 68% of the nucle-
otide diversity found in wild pearl millets in West Africa.
This ratio is in agreement with the 67% found for the
Adh1 gene (Gaut and Clegg 1993) but lower than the
74% of gene diversity from wild populations conserved
in cultivated pearl millet, assessed using microsatellites
(Oumar et al. 2008). The mutation rate for microsatellite
loci is higher than for DNA sequences (Thuillet et al.
2002; Vigouroux, Jaqueth, et al. 2002). Together with the
larger sample used by Oumar et al. (2008) as in our study,
particularly for cultivated pearl millet, this may explain the
difference.

When compared with other species, the loss of 32% of
nucleotide diversity in cultivated pearl millet compared
with wild pearl millet is in the same order of magnitude
as the 35% loss of diversity estimated for maize (Wright
et al. 2005) or 34% for soybean (Hyten et al. 2006) but
is substantially lower than the estimated loss of 49% in fox-
tail millet (Wang, Chen, et al. 2010), 62% in barley (Kilian
et al. 2006), and 70% in wheat (Haudry et al. 2007) com-
pared with their wild relatives. The three last species are
self-pollinating, whereas two of the three former species
are cross-pollinating. Selfing would increase the loss of di-
versity in cultivated plants by increasing the impact of se-
lection in the genome and by preventing wild �cultivated
crosses (Glémin and Bataillon 2009).

To investigate alternative models for domestication, we
compared four models differing in instantaneous or expo-
nential growth after domestication and by the occurrence
or absence of gene flow between wild and cultivated pop-
ulations (fig. 1). All these models gave a satisfying fit with
observed random genes. However, models assuming gene
flow between wild and cultivated populations were the
most probable (supplementary fig. S3, Supplementary Ma-
terial online). This result suggests that gene flow between
wild and cultivated millets had a significant impact on pearl
millet genetic diversity since the beginning of the domes-
tication process. In the whole of West Africa, we found
0.01% of migration among the two types of population
in each generation (table 2). Experimental studies showed
that the presence of both wild and cultivated pearl millets
in a field led to 8% of hybrids in the progeny of the wild
plants and 45% in the progeny of the cultivated plants
(Renno et al. 1997). Differences in phenology (Renno
and Winkel 1996), pollen competition (Sarr et al. 1988;
Robert et al. 1991), and reproductive barriers (Amoukou
and Marchais 1993) between wild and cultivated pearl mil-
lets may explain why gene flow remains limited even in
areas where wild and cultivated pearl millets live in
sympatry. In fact, a microsatellite analysis of natural pearl
millet populations from Niger found 4.2% of wild plants

introgressed by cultivated alleles and 1.4% of cultivated
plants introgressed by wild alleles (Mariac et al. 2006).
The larger distribution area of cultivated pearl millet than
of wild relatives, the longer flowering period of wild plants,
and the elimination of wild �cultivated hybrids in culti-
vated progeny may cause asymmetrical gene flow. The
models we used assume a symmetric bidirectional migra-
tion rate between wild and cultivated samples. A larger
data set will probably be required to test differences in
wild-to-cultivated or cultivated-to-wild migration rates
because it would make the model more complex.

Among models assuming gene flow, the model with ex-
ponential growth was shown to be more likely than the
model with instantaneous growth after the bottleneck (sup-
plementary fig. S3, Supplementary Material online). Most pre-
vious domestication models assumed instantaneous growth
following domestication (Eyre-Walker et al. 1998; Vigouroux,
McMullen, et al. 2002; Innan and Kim 2004; Gao and Innan
2008). This model is probably not biologically satisfactory
(Glémin and Bataillon 2009). Archaeological studies on the
evolution of domestication traits tend to favor the protracted
domestication model (Allaby et al. 2008). The protracted
model assumes a slow rate of domestication and a long pe-
riod of predomestication before domestication traits are fully
fixed in the cultivated pool (Allaby 2010). Selection for traits
involved in the domestication syndrome may have occurred
at different times. For example, large seed size would have
been selected a long time after nonshattering in pearl millet
(Fuller 2007). We hypothesize that the selection rate varied
during domestication and that the size of the bottlenecked
population varied too. Modeling domestication by exponen-
tial growth of the effective population size of cultivated pearl
millet instead of instantaneous growth following domestica-
tion assumes that selection pressure for domestication traits
decreased during the domestication process, as more and
more domestication traits would have been fixed. The bio-
logical reality of domestication was probably more complex.
However, strong confidence in the EGGF model compared
with other models makes domestication models that assume
exponential growth an interesting alternative to the classical
model.

The EGGF model estimates the start of pearl millet do-
mestication at 4,821 years ago (95% CI: 1,665–15,370 BP).
This estimation is in accordance with the oldest archaeo-
logical remains of cultivated pearl millets found in Mali
dated at around 4,500 BP (Manning et al. 2011). The effec-
tive population size of wild and bottlenecked populations
is considered to be, respectively, 48,514 and 1,726 individ-
uals, which indicates a 28-fold decrease in effective popu-
lation size during domestication. These estimations suggest
that 3.6% of the wild population contributed to the genetic
diversity observed in cultivated pearl millet. Similarly, only
2% of wild soybean ancestors are reported to have contrib-
uted to the soybean bottlenecked population (Guo et al.
2010). Fewer than 10% of the teosinte population is re-
ported to have contributed to the diversity observed in
maize (Wright et al. 2005). In rice, 40% of wild rice contrib-
uted to the domestication of rice (Zhu et al. 2007). Because
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there is a positive correlation between the duration of the
bottleneck d 5 Td � Te and the size of the bottlenecked
population N1 (Tenaillon et al. 2004; Wright et al. 2005),
some authors prefer to use the ratio k 5 N1/d to estimate
the severity of bottlenecks. It was only possible to calculate
this ratio with the IG and IGGF models. The time of diver-
gence and bottlenecks calculated by the IGGF model was
not precise and mirrored the prior information distribution
(supplementary fig. S2, Supplementary Material online;
supplementary table S9, Supplementary Material online).
We consequently estimated the bottleneck severity using
the IG model and found k 5 1.9. This figure is similar to
results found in maize k 5 2.45 (Wright et al. 2005) and
soybean k 5 2 (Guo et al. 2010) but is higher than in rice
k 5 0.2 and 0.5 for domestication of japonica and indica,
respectively (Zhu et al. 2007), or foxtail millet k 5 0.61
(Wang, Chen, et al. 2010). The bottleneck severity observed
in pearl millet implies that the domestication was not es-
pecially severe in this species. However, this estimation
should be interpreted with caution because of the low pos-
terior probability of the IG model.

Apart from the domestication bottleneck, population
growth of cultivated pearl millet and gene flow between
wild and cultivated pearl millets and other demographic
or selective processes may have affected the observed nu-
cleotide diversity. A significant deviation of Fay and Wu’s H
for cultivated pearl millet implies an excess of genes with
high frequency–derived alleles in the genome of cultivated
pearl millet. This pattern could have been created by ge-
netic drift during the bottleneck or may indicate the occur-
rence of many large selective sweeps in the cultivated
population. A similar pattern was observed in rice (Caicedo
et al. 2007). A bottleneck model that incorporates selective
sweeps explains this pattern in rice more plausibly than
a single domestication model (Caicedo et al. 2007). In pearl
millet, genes controlling the domestication syndrome have
been shown to be located on several linkage groups (Pon-
cet et al. 2000), allowing selective sweeps to influence sev-
eral genomic regions. Genome-wide genetic studies will
probably provide information about the role of selection
in the nucleotide patterns observed at the genome scale.

Signatures of Selection for Flowering Genes
Due to the spread of pearl millet to different agroecological
areas in West Africa after domestication and climate
changes that have impacted this region for millennia, ge-
netic changes affecting flowering time may have been in-
volved in adaptation during and after the domestication of
pearl millet.

Genes in the flowering gene network may have been tar-
geted by selection, especially during pearl millet domesti-
cation. Nucleotide diversity was significantly reduced in
flowering genes compared with random genes in pearl mil-
let (table 2). This result is expected in the presence of either
positive selection or background selection (Charlesworth
et al. 1995; Kim and Stephan 2000). In A. thaliana, flowering
genes have undergone purifying selection (Flowers et al.
2009). We showed that P values associated with FST, Fay

and Wu’s H in the wild sample, and for some models, Ta-
jima’s D in the cultivated sample for flowering genes were
not distributed according to random gene expected distri-
butions (supplementary table S12, Supplementary Material
online). This shows a shift of some neutrality tests toward
the tails of the distribution expected under neutrality for
flowering genes. This means that more flowering genes
than expected deviated from neutrality in pearl millet sug-
gesting selection on these genes. From resequencing data
on the phytochrome C gene, we show that signature of
selection could be localized in the gene. Similarly for maize,
signature of selection in the tga1 gene was restricted to
a small gene portion (Wang et al. 2005). This result suggests
that we might underestimate the number of flowering time
genes under selection.

The flowering time gene network comprises several in-
teracting pathways that may have undergone contrasting
selection pressures during evolution (Blázquez 2000; Bláz-
quez et al. 2001). For example, in A. thaliana, protein evo-
lution is faster in genes acting on the vernalization pathway
than integrator, photoperiod and gibberellic acid genes,
probably because of different pleiotropic levels (Flowers
et al. 2009). We did not study enough genes to systemat-
ically compare selection pressures in different interacting
pathways of the flowering time network. However, the
genes involved in the circadian clock showed a significantly
higher FST in wild and cultivated samples than random
genes or other flowering genes (table 3). The excess of ge-
netic differentiation between wild and cultivated pearl mil-
let pools in circadian clock–related genes would be
expected under positive selection for these genes in one
or the other population (Lewontin and Krakauer 1973).
Of the 11 statistically significant neutrality tests observed
for Tajima’s D, Fay and Wu’s H, and FST, five concerned
genes associated with the circadian clock. In A. thaliana,
a genome-wide association analysis revealed a prevalence
of circadian clock–related genes among genes associated
with variations in flowering time in natural conditions
(Brachi et al. 2010). In Populus tremula, with the exception
of one gene, all photoperiod genes targeted by positive se-
lection were involved in the circadian clock pathway (Hall
et al. 2011). These references and our results suggest that
circadian clock–related genes may represent an important
target for adaptation of the flowering pathway. The circa-
dian clock is involved in synchronizing most biological
functions with the day/night cycle and the seasonal cycle
by integrating light and temperature signals (Más and
Yanovsky 2009). It is especially involved in several develop-
mental stages in A. thaliana, including seed germination,
seedling growth, stress responses, and the flowering induc-
tion (de Montaigu et al. 2010). The role of circadian clock–
related genes in the synchronization of such important de-
velopmental traits for adaptation capability probably ex-
plains the specific selection pattern in this part of the
flowering network.

Among the signatures of selection detected, the positive
Tajima’s D in the cultivated sample (D 5 2.84; P 5 0.980,
table 3) confirmed the signal of balancing selection in
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cultivated pearl millet of PgPHYC found in a set of inbred
lines of worldwide origin (Saı̈dou et al. 2009). Polymor-
phisms at this gene were associated with flowering time
(Saı̈dou et al. 2009). As our sampling covered a wide area
of West Africa, we can hypothesize that PgPHYC has been
involved in adaptation to flowering time in contrasting cli-
mates. This hypothesis is reinforced by the absence of se-
lection in the wild sample (D5 �0.62; P5 0.298, table 3),
which was confined to the Sahelian region, and by the large
significant differentiation between the wild and cultivated
samples (FST 5 0.311; P5 0.954, table 3). Interestingly, the
signature of selection is observed in the 3# end of the gene
only, suggesting targets of selection are on this part of the
gene or in the downstream region. PHYC is one of the genes
influencing flowering time in A. thaliana, and its alleles are
correlated with latitudinal and longitudinal clines in A.
thaliana (Balasubramanian et al. 2006; Samis et al. 2008).
In the present study, no signature of selection was found
for PgMADS11, but we previously found evidence of selec-
tion for this gene in a very large cultivated sample (Mariac
et al. 2011). This result is certainly the consequence of the
very small sequence fragment amplified for this gene
(around 200 bp) and a lack of diversity (supplementary ta-
ble S7, Supplementary Material online).

A negative Tajima’s D was found in the cultivated sam-
ple for PgHD6 (D 5 �1.902; P 5 0.018, table 3), even
though the test was nonsignificant when indels were taken
into account (supplementary table S11, Supplementary
Material online). PgHD6 also showed 25.6-fold lower nucle-
otide diversity in the cultivated sample, whereas the reduc-
tion was on average 1.6 for random and other flowering
genes (supplementary table S7, Supplementary Material
online). This reduction in diversity and the negative Taji-
ma’s D are consistent with a selective sweep at PgHD6
(Braverman et al. 1995). In rice, a homolog gene Hd6 is
a QTL that controls flowering time (Yamamoto et al.
2000). Further studies will check if the observed pattern
was obtained by positive selection at PgHD6 or a close gene
during domestication or by variations in the mutation rate
in the PgHD6 region.

Besides PgPHYC, four flowering genes showed a signifi-
cant FST in both cultivated and wild samples: PgPRR73,
PgGI, PgHD3a, and PgFY (table 3). Flowering genes are
not only associated with variations in flowering time but
also with different development traits (Tienderen et al.
1996). In pearl millet, Saı̈dou et al. (2009) found an associ-
ation between polymorphisms at PgHD3a and the diameter
and length of the primary spike. Polymorphisms at PgGI
were associated with the same two traits and with the
number of basal tillers at head emergence (Saı̈dou et al.
2009). These two genes were not statistically associated
with flowering time per se (Saı̈dou et al. 2009). Cultivated
pearl millet has fewer basal tillers and a higher spike diam-
eter and length than wild pearl millet (Poncet et al. 2000).
We can thus hypothesize that PgHD3a and PgGI were tar-
geted by selection for these traits during pearl millet do-
mestication. Comparison of the genomic localization of
these two genes and that of QTLs involved in the number

of basal tillers or spike diameter and length in a wild
�cultivated cross progeny will allow this hypothesis to
be tested. Our study identified very interesting candidates
for genes associated with pearl millet domestication and
subsequent improvement. Further studies are needed to
decipher causal polymorphisms associated with the selec-
tion observed in these different genes.

Supplementary Material
Supplementary tables S1–S13 and figures S1–S7 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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