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candidate genes into such a region where an association is 
found. In a previous study, we proposed that a fragment of 
the PHYTOCHROME C gene (PHYC) is associated with 
flowering time and morphological variations in pearl mil-
let. In the present study, we first performed linkage analy-
ses using three pearl millet F2 families to confirm the pres-
ence of a QTL in the vicinity of PHYC. We then analyzed a 
wider genomic region of ~100 kb around PHYC to pinpoint 
the gene that best explains the association with the trait in 
this region. A panel of 90 pearl millet inbred lines was used 
to assess the association. We used a Markov chain Monte 
Carlo approach to compare 75 markers distributed along 
this 100-kb region. We found the best candidate markers on 
the PHYC gene. Signatures of selection in this region were 
assessed in an independent data set and pointed to the same 
gene. These results foster confidence in the likely role of 
PHYC in phenotypic variation and encourage the develop-
ment of functional studies.

Introduction

In recent years, association mapping methods have been 
developed to exploit collections of existing populations for 
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taining polymorphisms that have been targets for selection. 
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phism. Statistical analyses could help in identifying the best 
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the analysis of the genotype-phenotype relationship (Rafal-
ski 2010; Bergelson and Roux 2010; Myles et al. 2009; 
Zhu et al. 2008). One advantage of these diverse collections 
is the presence of recombination events that have accumu-
lated within populations over long periods of time. Such 
historical recombination provides a mapping resolution that 
sometimes extends only a few kb (Yu and Buckler 2006). 
Moreover, association mapping can be used to validate the 
functional role of polymorphisms associated with selection, 
bridging the gap between the identification of a molecu-
lar selection signature and the identification of the traits 
shaped by selected polymorphisms (Mariac et al. 2011).

Association studies mainly fall into two groups: candi-
date gene association studies (CGA, e.g., Camus-Kulan-
daivelu et al. 2008; Brown et al. 2008) and genome-wide 
association studies (GWA, e.g., Atwell et al. 2010). The 
density of markers needed for an efficient GWA study 
depends on the size of the genome and on the extent of 
linkage disequilibrium (LD) at the genomic scale. When 
the LD is relatively extensive, a lower density of markers 
is sufficient to survey the whole genome. A total of 250,000 
SNPs were used for GWA studies in Arabidopsis (Atwell 
et al. 2010), while 1.6 million SNPs were used in maize 
(Tian et al. 2011). The candidate gene approach is a more 
flexible alternative when the LD decreases rapidly (making 
the need for marker density too high) or for orphan crops 
with limited genomic information available (e.g., pearl 
millet).

The control of false positives (type I error) in plant asso-
ciation mapping requires particular attention. The simplest 
statistical models are often biased because of the confound-
ing effect of a structured background that is shared between 
individuals (Pritchard et al. 2000). More sophisticated sta-
tistical models that account for population structure were 
developed to limit this bias (Thornsberry et al. 2001; Yu 
et al. 2006). However, the ability of these models to com-
pletely eliminate the bias depends on the characteristics of 
the data. For example, limiting false positives using mixed 
models (Yu et al. 2006) was shown to be less efficient for 
traits that are tightly linked to population differentiation 
(Saïdou et al. 2009). The use of linkage mapping as a com-
plementary way of confirming associations is one way of 
overcoming this limitation. Linkage mapping is based 
on controlled crosses and is thus no longer biased by the 
effect of population structure. Marker-trait associations 
highlighted by association mapping can be considered as 
true positives with the highest confidence when the mark-
ers colocalize with QTLs revealed by linkage mapping 
(Bergelson and Roux 2010).

Association mapping usually identifies genomic regions 
associated with phenotypes by exploiting the LD between 
genotyped markers and the unknown causal polymor-
phisms. Causal polymorphisms shaped by selection often 

produce extensive LD in their vicinity. This high LD leads 
to significant statistical associations with a large number of 
markers in the region (e.g., Ducrocq et al. 2008). Regions 
showing significant associations need to be examined in 
great detail to search for the best candidate genes. Depend-
ing on the LD, causal polymorphisms may be located far 
from genotyped markers (Camus-Kulandaivelu et al. 2008). 
To deal with this issue, larger fragments of the genome sur-
rounding significantly associated markers could be used to 
analyze the extent of LD and association patterns in order to 
finally pinpoint the best candidate polymorphisms (Ducrocq 
et al. 2008; Brown et al. 2008). Such an approach does not 
replace experimental evidence or the functional valida-
tion of the gene effect. However, it could be seen as a step 
toward the discovery of causal genes, because it allows large 
numbers of non-causal markers or genes (which are associ-
ated with a trait because of the simple effect of LD) to be 
discarded. Functional studies are generally tedious, so this 
step is practical and helps focus on the most likely causal 
genes. Further evidence of selection for these markers 
would also reinforce confidence in marker-trait associations 
(Mariac et al. 2011).

In this study, we first used linkage analysis on three F2 
families to confirm the association between the genomic 
region of the PHYTOCHROME C gene (PHYC) and sev-
eral quantitative traits. We then used an association mapping 
panel of 90 pearl millet inbreds to examine the pattern of 
linkage disequilibrium and to assess marker-trait association 
in this genomic region. In a previous candidate gene study, 
we examined a shorter fragment of PHYC (866 bp) and 
observed a significant association with flowering time and 
morphological variation (Saïdou et al. 2009). Here, we car-
ried out a study that took into account 75 SNPs and inser-
tion-deletion polymorphisms (indels) from a larger genomic 
region (~100 kb) in the vicinity of PHYC. The full PHYC 
locus (~6 kb) and fragments of five putative genes surround-
ing PHYC were sequenced. We assessed the pattern of LD 
in the region and analyzed marker-trait associations using 
a mixed model. We then developed a Markov chain Monte 
Carlo method (MCMC) based on probability and model fit 
to identify the best candidate loci associated with the phe-
notype. We also assessed signatures of selection for the five 
genes surrounding PHYC and six portions of PHYC.

Materials and methods

Linkage association analyses

F2 plant families

F1 plants were derived from three different crosses (Table 
S1). Parents were selected for having two different alleles at 
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the PHYC gene using a previously developed SNP marker, 
corresponding to position 5525 at PHYC (Saïdou et al. 
2009). The parents of each cross were homozygous plants 
for a different allele of PHYC. The three crosses included a 
wild female parent and a cultivated male parent: A7 cross 
(PE8151 × PE5887), C1 cross (Pe8151 × PE1205) and D1 
cross (PE8504 × PE1205). Fifteen microsatellite markers 
were genotyped on the parents and F1 progenies to iden-
tify true F1 hybrids (data not shown). One F1 individual for 
each cross was selfed to derive the F2 plants used in this 
study. Two of the 15 microsatellites were used to genotype 
the F2 plants to confirm self-pollination.

Field trial

The experiment was conducted in the field in Sadoré, 
Niger. Seeds of F2 plants were sown in pots on 1 June 2009 
and transplanted to the field when the young plants reached 
4–6 cm in height. For each family, plants were grown in 
plots of 8 columns and 12 rows with a distance of 1 m 
between rows and 0.7 m between columns. The trial was 
conducted under rainfall conditions with supplemental irri-
gation if necessary. Seven traits were considered: basal pri-
mary spike diameter (BSpD), number of days from sowing 
to heading (FTHE), number of basal tillers at head emer-
gence (NTHE), plant height (PH), stem diameter (SD), pri-
mary spike diameter (SpD) and primary spike length (SpL). 
Each plant was phenotyped individually. The total number 
of phenotyped F2 plants was 270 for A7, 272 for D1 and 
1,182 for C1.

SNP genotyping in PHYC and statistical analysis

DNA was extracted from leaf segments of each individual 
plant. A restriction enzyme targeting the C/G SNP at posi-
tion 5525 in PHYC was used to genotype this SNP (pro-
tocol described in Saïdou et al. 2009). The genotype was 
scored CC, GG and CG with respect to the digestion pat-
tern. QTL analysis was performed based on this single 
marker. We fitted the genotype with each trait using a gen-
eralized linear model (R 2.7.2). The significance of the 
marker effect was assessed using the F test.

Association mapping

Plant material and phenotypic scores

Association analysis was performed using a panel of 
90 inbred lines derived from diverse pearl millet mate-
rial (Saïdou et al. 2009). Seven traits were considered: 
basal primary spike diameter (BSpD), number of days 
from sowing to the female flowering stage (FT), number 
of basal tillers at head emergence (NTHE), plant height 

(PH), stem diameter (SD), primary spike diameter (SpD) 
and primary spike length (SpL). Note that the number of 
days from sowing to the female flowering stage (FT) is 
highly correlated (R2 > 0.90) to the number of days from 
sowing to heading (FTHE) used in the F2 families (FT 
occurs 2–3 days after FTHE). Field trials and phenotype 
measurements were described in Saïdou et al. (2009). A 
total of nine field trials were performed between 2005 
and 2008 in Sadoré, Niger. In each trial, each trait was 
measured in 7–10 plants per inbred line to calculate the 
average phenotype for each inbred line. The complete 
design thus consisted of 810 entries per trait, which rep-
resents the average inbred scores of the 90 inbreds in the 
nine trials (except BSpD, which was scored only in five 
trials).

Sequencing and polymorphism scoring

We identified a single BAC clone containing the PHYC 
gene from a pearl millet BAC library (Allouis et al. 
2001) using primer set PHYC4 (Table S2) and sequenced 
the clone on a Roche 454 platform (Roche Applied Sci-
ence) and a PACBIO platform. Sequencing experiments 
were performed by GATC Biotech (Konstanz, Germany) 
on 1/8 of a 454 run using a single PACBIO SMRT cell. 
Based on this BAC sequence, primers were designed to 
complete sequencing of the entire PHYC gene and to 
sequence loci in the regions neighboring this gene (Table 
S2; Fig. 2). The primers were designed to match loci that 
had good BLASTN hits to predicted or known genes of the 
whole genome of Sorghum bicolor (BLASTN, near-exact 
matches, GRAMENE 32, 2010). The corresponding gene 
fragments were amplified from the entire panel of inbreds 
and sequenced using the classic Sanger sequencing 
approach. We also sequenced two additional genes in this 
panel (hereafter named Pg7840 and Pg7880, correspond-
ing to sorghum genes Sb01g007840 and Sb01g007880). 
These two genes are located near PHYC in sorghum but 
were not present on the sequenced pearl millet BAC. Note 
that while Sb01g007840 is located between Sb01g007830 
and PHYC in sorghum, the order appears to be slightly 
different in pearl millet. The two genes Pg7840 and 
Pg7880 had previously been shown to cosegregate with-
out recombinants with PHYC in the pearl millet world 
reference mapping population (81B × ICMP 451) from 
ICRISAT (India) of 167 F7-RILs individuals (data not 
shown). All sequences of the 90 inbreds were generated 
using the standard protocol described in Saïdou et al. 
(2009). Protocols for DNA extraction and PCR have also 
been described previously (Mariac et al. 2006; Oumar 
et al. 2008).

SNP/indel polymorphisms were extracted from the 
sequence data (Geneious 4.8.5). Entries with ambiguous 
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base calling were checked and, if necessary, designated as 
missing entries. A third allele present in less than two indi-
viduals was found at a few polymorphic sites; these entries 
were also designated as missing. The finally checked data 
matrices were then filtered based on a minor allele fre-
quency threshold of 2.5 %.

Association analysis

Marker-trait associations were based on the set of pheno-
typic data from several trials (up to nine trials) available for 
the inbred panel. Single markers were fitted to each pheno-
type using a mixed linear model (see Yu et al. 2006). The 
mixed linear model considers the effect of population struc-
ture as a fixed effect modeled by matrices of ancestry (Q) 
and uses a matrix of kinship (K) between the inbreds to set 
random background effects. The panel of 90 inbreds was 
structured in seven populations (Saïdou et al. 2009) iden-
tified using the Bayesian structure model (Pritchard et al. 
2000). We used a kinship matrix (K) inferred with AFLP 
markers using SPAGEDI (Hardy and Vekemans 2002), 
as previously described (Saïdou et al. 2009; Mariac et al. 
2011). Field trial was added as a random factor. The model 
was fitted using the restricted maximum likelihood method 
(ASReml-R 2.0/32, 2011). The significance of fixed effects 
was assessed using an incremental Wald test (Gilmour et al. 
2006). We ordered terms in the model so that ancestry fixed 
effects were adjusted before the fixed effect of the candi-
date gene marker.

Correlation of p‑values across traits

For each pair of traits, the p-values for the marker-trait 
associations provided by the mixed model analysis were 
plotted across markers to graphically check which mark-
ers were associated with both traits. We also assessed the 
correlation between the distributions of the p-values using 
Pearson’s coefficient and Student’s t test. The p-values 
were transformed as p′ = −log10 (p) before the correlation 
analyses.

LD analysis and the MCMC approach to identify the best 
candidate causal SNPs

Measure of linkage disequilibrium

LD between all pairs of polymorphic sites within and 
among all sequenced genes was calculated as the squared 
correlation coefficient r2. The significance of this measure 
was assessed using a two-sided Fisher exact test. The R 
package LD tests (Lewin 2008) were used to calculate and 
test LD, and the R package LD heatmap (Shin 2010) was 
used to plot the heat map.

MCMC method

To highlight the markers most tightly linked with the 
trait, we implemented an iterative process of pairwise 
comparison of markers through the space defined by 
all 75 available markers. The algorithm was defined as 
follows:

1. Pick an initial SNP (or indel) at random; this SNP 
defines the current position and is referred to as SNPcp;

2. Repeat the following steps several times (N iterations);
2.1. Pick a second SNP at random (denoted SNPr);
2.2. Perform association analyses with SNPcp and 

SNPr by fitting the mixed model to the same 
panel subset (inbreds with missing entries in 
either SNP are discarded);

2.3. Compare the log-likelihood associated with 
SNPcp and SNPr (LSNPcp and LSNPr);

  2.3.1.   If LSNPr > LSNPcp, SNPr is selected as the 
more likely causal SNP;

  2.3.2.   If LSNPcp > LSNPr, the probability to 
select SNPr is p (SNPr) = 10−ΔL 
and the probability to select SNPcp 
is p (SNPcp) = 1 − 10−ΔL; where 
ΔL = LSNPcp − LSNPr;

2.4. Record the identity of the selected SNP;
2.5. Reset the new current position to the position of 

the selected SNP and start the next iteration;

3. Analyze the record of selection over iterations and cal-
culate the frequency corresponding to the choice of 
each SNP.

Computationally, the probability of 10−ΔL defined in 
step 2.3.2 was set by comparing ΔL to a random value β 
sampled from a uniform random distribution in the range 
0–1. For each iteration with ΔL ≥ –log10 (β), SNPcp was 
selected; otherwise, SNPr was selected. Therefore, the 
probability of selecting SNPcp increased with ΔL, which 
measures the improvement in fit provided by this marker 
compared to a randomly selected SNP.

We checked the effect of the total number of iterations and 
burn-in length on the MCMC result. First, we set the total 
number of iterations (including burn-in) to 200,000 and var-
ied the length of burn-in from 10,000 to 100,000. Second, 
we set the burn-in period to 10,000 and varied the total chain 
length from 20,000 to 200,000 iterations. The selection fre-
quencies obtained for the different markers (selection scores) 
were compared to the MCMC parameters (Pearson’s corre-
lation and Student’s t test). Markers with a null score for all 
parameter values were discarded from the correlation test. 
The analysis for parameter setting was carried out using the 
FT trait.
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Signatures of selection

Plant material, sequencing and diversity analysis

Signatures of selection in the PHYC region were investi-
gated in 33 cultivated pearl millet (Cenchrus americanus 
syn. Pennisetum glaucum) individuals and 13 wild pearl 
millet individuals, chosen to cover their respective geo-
graphic distribution in West Africa (see Clotault et al. 
2012). Ancestral versus derived alleles of detected poly-
morphisms were defined using two samples of the related 
Cenchrus polystachion (syn. Pennisetum polystachion) 
species.

We used previously published data sets of (1) six gene 
fragments of the PHYC gene and (2) 20 randomly selected 
genes (Clotault et al. 2012; Table S2). In this study, we 
sequenced five additional genes around PHYC: Pg7830, 
Pg7840, Pg7870, Pg7878 and Pg7880 (Table S2). Poly-
merase chain reactions were performed as described in Saï-
dou et al. (2009). Sequencing reactions were performed as 
described in Clotault et al. (2012).

For each segment sequenced, we calculated nucleotide 
polymorphism θw (Watterson 1975), nucleotide diversity π 
(Nei 1987), Tajima’s D (Tajima 1989), and Fay and Wu’s H 
(Fay and Wu 2000) for both wild and cultivated pearl millet 
groups using DnaSP 5.10 (Rozas et al. 2003). The differ-
entiation index FST (Hudson et al. 1992) between wild and 
cultivated groups was also calculated.

Demographic model

The demographic history of the sample is likely to bias 
neutrality tests and lead to false negatives and false posi-
tives (Vigouroux et al. 2002; Tenaillon et al. 2004). In 
order to disentangle the effect of demography on genes in 
the PHYC region, neutrality tests were carried out against 
a more realistic demographic model than the Wright-
Fisher model. The method is described in detail in Clo-
tault et al. (2012). The model used in this study is a model 
of domestication whereby the cultivated population is 
derived from the wild population and grows exponentially 
after domestication; cultivated and wild populations are 
connected by gene flow (EGGF). It was simulated using 
msABC software (Pavlidis et al. 2010). Nine summary 
statistics were used to compare simulated and observed 
data sets: nucleotide diversity π (Nei 1987), nucleotide 
polymorphism θw (Watterson 1975), Tajima’s D (Tajima 
1989), ZnS (Kelly 1997) for cultivated and wild samples 
and FST (Hudson et al. 1992) between cultivated and wild 
samples. The rejection-regression procedure described in 
Beaumont et al. (2002), adapted by a log-tangent trans-
formation of parameters (Hamilton et al. 2005), was used 

to estimate the posterior distribution of each parameter 
(Clotault et al. 2012). The rejection-regression step was 
performed with a threshold of 10−3 using abcreg software 
(Thornton 2009).

Neutrality tests

For the simulations, Tajima’s D (Tajima 1989) and Fay 
and Wu’s H (Fay and Wu 2000) were calculated for both 
cultivated and wild samples and FST (Hudson et al. 1992) 
between wild and cultivated samples according to the 
EGGF model. The different gene fragments were tested 
for selection according to the rank of observed Tajima’s D 
and Fay and Wu’s H in their respective expected distribu-
tion. The rank of FST was calculated for simulated data sets 
sharing a similar θw per gene ± 0.1. Therefore, the statis-
tical values found at the extremity of the distribution are 
considered significantly different from what is expected at 
random (*one-sided test p > 0.95 for FST; *two-sided test 
p < 0.025 or p > 0.975 for Tajima’s D).

Results

Linkage association analyses

The F2-based study revealed significant associations 
between the genotype at PHYC and different traits (Fig. 1). 
Associations of the PHYC polymorphism tested with basal 
spike diameter (BSpD, A7 F2,234 = 11.1 p < 3 × 10−5; D1 
F2,239 = 31.4 p < 8 × 10−13; C1 F2,969 = 103.2 p < 10−40), 
spike diameter (SpD, A7 F2,234 = 7.9 p < 0.0005; D1 
F2,230 = 24.3 p < 3 × 10−10; C1 F2,973 = 112.8 p < 10−44) 
and spike length (SpL, A7 F2,234 = 12.4 p < 8 × 10−6; D1 
F2,239 = 23.3 p < 6 × 10−10; C1 F2,973 = 95.8 p < 10−38) 
were observed in each cross with a high level of signifi-
cance. These tests are significant in the three families even 
after Bonferroni correction (21 tests; p < 0.0024). The 
PHYC marker was significantly associated with flower-
ing time (FTHE) in the D1 and C1 families (F2,263 = 4.7, 
p < 0.01; F2,1118, p < 10−20 respectively), but not in the A7 
family (F2,260 = 0.29 p = 0.75). A significant association 
was also found with stem diameter in A7 (F2,260 = 5.31 
p < 6 × 10−3) and C1 (F2,1118 = 23.23 p < 10−10), but only 
the association in C1 remains significant after Bonferroni 
correction.

Sequencing

A total of 26,259 454 reads with a median length of 
273 bp were obtained for the pearl millet BAC con-
taining PHYC. A total of 21,531 PACBIO reads with 
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an average size of 3,609 bp were obtained and assem-
bled to a single contig. The 454 reads were mapped to 
the PACBIO assembly, and SNPs were manually cor-
rected if necessary. The total contig size was 80,746 bp 
(GenBank KF704368).

Pearl millet BAC sequences yielded significant 
BLASTN hits (Table S3) with genes near the sorghum 
PHYC gene; three genes, corresponding to sorghum genes 
Sb01g007830, Sb01g007870 and Sb01g007878, were 
named Pg7830, Pg7870 and Pg7878, respectively. The 
prefix Pg refers to the species (Pennisetum glaucum syn. 
Cenchrus americanus), and the number refers to the last 
four numbers of the homologous gene in sorghum. Two 
additional genes (Pg7840 and Pg7880, corresponding to 
sorghum genes Sb01g007840 and Sb01g007880, respec-
tively) not found in the BAC sequences were also ampli-
fied (Table S3). Therefore, including PHYC, we obtained 
a total of six genes with known or predicted protein cod-
ing capability in sorghum. The location of the homologous 
genes on chromosome 1 in sorghum is shown in Fig. 2a 
for information.

Polymorphism and LD pattern

The complete PHYC locus (6,115 bp) and fragments of 807–
923 bp were sequenced for the five other genes in the 90 inbred 
lines. The amount of sequence information obtained per inbred 
was 10,423 bp. A total of 75 SNPs/indels with a minor allele 
frequency >2.5 % were identified. Across the genomic region 
examined, the LD (r2) ranged from approximately zero to 1 
with an average pairwise measure of r2 = 0.35 ± 0.01 (Fig. 3). 
The range and average value of intra-gene LD differed across 
genes. Polymorphisms within PHYC were the most tightly 
linked with an average r2 of 0.74 ± 0.01 (r2 ranged from 0.15 
to 1 for this gene). Pg7830 (and to a lesser extent Pg7840) 
showed the highest LD with PHYC. The markers in Pg7870, 
Pg7878 and Pg7880 presented only a weak LD with PHYC.

Marker-trait association

Each of the 75 markers was fitted to phenotypic traits 
using a mixed model. Many markers were significantly 
associated with flowering time (FT), primary spike length 
(SpL), the number of tillers at head emergence (NTHE) and 
basal spike diameter (BSpD) (Fig. 2c). No highly signifi-
cant associations (Figure S1) were found for plant height 
(PH), stem diameter (SD) and spike diameter (SpD). The 
significant trait associations observed were limited to pol-
ymorphisms in PHYC, Pg7830 and Pg7840. No associa-
tions were detected between the traits and the other genes 
(Pg7870, Pg7878 and Pg7880). Markers associated with 
BspD were located in PHYC and Pg7880. Some SNPs 
found in the Pg7830 gene had lower p-values for associa-
tion with flowering time than the SNP found in the PHYC 
genes (Table S4). The coefficients of effect estimates in this 
inbred panel are given for each trait at all markers (Table 
S6; note that the coefficients for non-significant markers 
are considered not statistically different from zero).

However, as some genotypic data were missing for a 
given marker in a fraction of the inbreds, comparing two 
SNPs based on the strength of the association, i.e., the p 
value, could be misleading. For example, in terms of their 
level of significance, the rank of markers Pg7830767T>G and 
PHYC5004C>A could be inversed by changing the subset of 
inbred analyzed (Table S4). Therefore, to overcome this 
problem, we compared the SNPs two by two on a similar 
subset of inbred lines, and for this specific purpose we used 
an MCMC method.

Comparison of markers using MCMC analysis

We tested different parameter values for the MCMC analy-
sis (see “Materials and methods”). All values in the range 
concerned gave very similar results. Thus, we set the total 
number of iterations to 30,000, including a burn-in period of 
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threshold after Bonferroni correction (21 tests) is 0.0023, correspond-
ing to −log10 (p) = 2.62. Note the change in scale across graphs. 
See text for the coding of traits
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Fig. 2  Signatures of selection and marker-trait association across 
genes in the vicinity of PHYC. a The genomic region of PHYC in 
Sorghum bicolor and in Cenchrus americanus. The physical position 
of sorghum genes is presented at the top according to sequence data 
from GRAMENE (chromosome 1 of sorghum). A putative order for 
pearl millet genes (linkage group 2) is proposed at the down, based 
on sorghum order. Pg7840 was not found on the sequenced BAC 
and was thus positioned before Pg7830. b FST between the wild and 
cultivated samples and Tajima’s D for the cultivated sample were 
calculated for each amplified fragment of the PHYC region. The sig-

nificance of these two neutrality statistics was assessed according to 
the expected distribution of the corresponding statistic in the EGGF 
model (*p > 0.95 for FST; *p < 0.025 or p > 0.975 for Tajima’s D). 
c The association was fitted on the panel of inbreds using a mixed 
model. The association analysis was performed on SNPs or indels. 
The p-value of the marker effect (Wald test) is given at each posi-
tion (p-value was decimal log transformed). The trait and gene codes 
are given at the top of each graph. The horizontal line represents the 
p-value threshold (0.05). a No polymorphism was found for Pg7830 
in the germplasm set used to test for signatures of selection
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10,000. The MCMC process was implemented for flowering 
time, spike length, number of tillers, and basal spike length.

We recorded the frequency of selection of each individ-
ual marker with respect to the trait concerned (Fig. 4). The 
most frequently selected markers were PHYC5004C>A for FT 
and SpL traits (respectively 13 and 18 %), PHYC3219A>C for 
NTHE (23 %) and PHYC4967G>A for BSpD (16 %). With 
respect to these scores, PHYC SNPs are the most frequently 
selected, and with respect to the other genes sequenced in 
this study, PHYC appeared to be the best candidate gene for 
the variation in FT, SpL, NTHE and BSpD.

Analysis of shared associations across traits

Some of the polymorphic sites statistically associated with 
phenotype were shared between two or more traits (FT, SpL, 

NTHE and BSpD). For each pair of traits, we performed a 
graphical comparison and a correlation between p-values to 
highlight markers associated with both traits at the same time 
(Fig. 5). FT and SpL appeared to be associated with the same 
set of markers. Markers that provided the highest p-values of 
FT also provided the highest p-values of SpL. The correla-
tion of paired p-values across markers was positive and sig-
nificant for these two traits, based on the whole set of mark-
ers (R = 0.77, df = 73, p = 4.44 × 10−16) and/or based on 
PHYC markers (R = 0.81, df = 33, p = 2.79 × 10−9). The 
remaining combinations of traits produced either no correla-
tion or a weak correlation of p-values, or a negative correla-
tion of p-values. The coefficients of effect estimates for each 
trait are given with respect to the genotype (Table S7; note 
that the coefficients for non-significant markers are consid-
ered not statistically different from zero).

Locus Fragment size Mean ±SE Min. Max. N 

Pg7840 807 0.41 ±0.14 0.08 0.77 4 

Pg7830 807 0.60 ±0.07 0.02 1 10 

PgPHYC/PHYC 6115 0.74 ±0.01 0.15 1 35 

Pg7870 858 0.61 ±0.17 0.21 1 4 

Pg7878 923 0.17 - - 2 

Pg7880 913 0.53 ±0.03 0.03 1 20 

All genes 0.35 ±0.01 6 x 10-7 1 75 

(a) r2 (b) p-value 
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Fig. 3  Linkage disequilibrium in the vicinity of PHYC in pearl mil-
let. a The pairwise squared correlation coefficient (r2) is plotted 
across 75 sites (SNPs/indels). b p-value of the F-test. c Summary sta-
tistics of r2 for each individual gene and across all genes. The mean 

r2 value, standard error (SE), minimum r2 value (Min.), maximum r2 
value (Max.) and number of sites (N) underlying each summary sta-
tistic are given
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Signatures of selection

Sequence of six portions of PHYC (Fig. 2: two portions 
from the first exon, one from the second exon, one from 
the second intron, one from the third exon and one from 
the last intron) were already available (Clotault et al. 
2012). Five new genes from the PHYC region were ampli-
fied, yielding a total of 7,451 bp that were analyzed in a 

sample of wild and cultivated pearl millet lines (Table S3). 
A total of 112 SNPs were found in the sequence data. No 
polymorphisms were found for Pg7830. Values of nucle-
otide diversity, polymorphisms and neutrality statistical 
tests were calculated for each gene fragment surrounding 
the PHYTOCHROME C gene (Table S5). Pg7880 showed 
a significant positive Fay and Wu’s H for both cultivated 
(H = 5.198; p = 1) and wild populations (H = 3.384; 
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Fig. 4  Comparison of markers using MCMC analysis. The MCMC 
algorithm was used to iteratively explore the whole set of 75 mark-
ers distributed on the six genes. The markers were compared based 
on log likelihood using a criterion of probability (see text for details). 
The run consisted of 30,000 iterations per trait. The frequency of 

choice of each marker (selection score) is presented for flowering 
time (FT), spike length (SpL), basal spike diameter (BSpD) and num-
ber of tillers at head emergence (NTHE). The PHYC gene shows the 
most frequently chosen markers for all the traits, suggesting a best fit 
for this gene compared to the other genes
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p = 1, Table S5). A significantly positive Fay and Wu’s H 
indicates a deficit of moderate- and high-frequency derived 
SNPs. Other significant neutrality tests were only obtained 
for portions of PHYC (Table S5). PHYC10 showed a 
significant positive H for the cultivated polymorphism 
(H = 0.940; p = 0.982). PHYC4 (Fig. 2a; Table S5) only 
showed a significant FST (FST = 0.311; p = 0.954) sug-
gesting selection along with a significant positive Tajima’s 
D (D = 2.845; p = 0.980). A positive Tajima’s D suggests 

the occurrence of balanced selection at PHYC4. The high 
differentiation suggests a positive signal of selection due 
to strong changes in allele frequencies between cultivated 
and wild samples. In addition to the 112 SNPs, indels were 
also identified. Considering both SNPs and indels gave 
similar results (data not shown), except for Pg7870, which 
showed a significant FST (FST = 0.357; p = 0.972 with 
SNPs and Indels compared to FST = 0.283; p = 0.936 for 
SNPs).
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Fig. 5  Correlation of p-values across traits. Marker-trait associations 
were assessed in the inbred panel using the mixed model for each 
trait: flowering time (FT), primary spike length (SpL), number of 
tillers at head emergence (NTHE) and basal spike diameter (BSpD). 
p-values of the marker effect (Wald test) are correlated for each pair 
of traits. p-values were decimal log transformed and paired with 
respect to the marker. Horizontal dashed lines represent the p-value 
threshold (0.05) for the trait on the first axis, and the vertical line 
represents the same threshold for the trait on the second axis. Dots 
located over both thresholds identify markers associated with two 
traits. The linear regression of the p-values is also plotted (solid line) 

for each pair of traits. Pearson’s coefficient of correlation is given 
(R). The significance of each coefficient was assessed using Student’s 
t test (*p < 0.05, ***p < 0.001 and NS non-significant). The analy-
sis was performed for the 35 markers in the PHYC gene (a) and for 
all the 75 markers across the six genes sequenced in this study (b). 
Allelic estimates and log transformed p-values are highly correlated 
for all of the traits (R values are 0.98, 0.96, 0.97, 0.96, 0.97, 0.96 and 
0.93 for the traits BSpD, FT, NTHE, PH, SD, SpD and SpL, respec-
tively). Thus, the correlation based on the estimates of allelic effects 
rather than the p-values gives consistent results
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Discussion

Consistent results in association mapping, QTL analysis 
and selection signature

Unlike association mapping, the family-based QTL study 
did not suffer from inflated false positives caused by 
population structure. Results of the linkage analysis cor-
roborated the presence of QTLs for different traits in this 
genomic region. All four traits for which we reported sig-
nificant associations based on association mapping (FT, 
SpL, NTHE and BSpD) were also significantly associated 
using linkage mapping. A genotype/phenotype association 
for flowering time (FTHE) was detected in two families 
(D1 and C1), but not in the third family (A7). Based on the 
results observed in the D1 and C1 families, it is likely that 
a QTL does exist. The absence of association with flower-
ing time suggests that the causal locus underlying this QTL 
and the diagnostic marker genotyped at PHYC might have 
recombined in one of the parents during the evolution-
ary history of pearl millet and resulted in the absence of 
association in the A7 family. Alternatively, lack of power 
to detect a QTL effect in the A7 family could explain the 
absence of association. However, we still clearly detected 
a spike length QTL, and the family is relatively large and 
similar in size to D1 (around 260 individuals). The high 
p-value found for the association with flowering time 
(F2,260 = 0.29, p = 0.75) did not encourage us to suspect a 
significant association, which would have been the case if 
the number of individuals had been higher.

The observed associations were higher in the C1 family. 
This was expected, as the power for QTL detection depends 
on sample size (n = 1,182 for C1). Additional genotype-
phenotype associations for spike diameter not identified in 
the inbred panel were observed in the F2 families (Fig. 1). 
These associations could be due to close linkage of multi-
ple QTLs with the marker analyzed in the PHYC gene or 
more likely with neighboring genes. The association study 
revealed stronger effects of the PHYC gene on plant mor-
phology (shorter spike, smaller spike diameter and smaller 
basal spike diameter) than on flowering time. It seems that 
the allele of the PHYC identified here has a general effect 
on inflorescence size that could result in earlier flowering.

In conclusion, the fact that the same associations were 
identified in both the inbred panel and the F2 families 
strongly suggests that the PHYC region is indeed associ-
ated with flowering time and spike morphology. However, 
the validation of the association study by QTL analyses 
should be considered with caution. QTL analyses only 
allow the identification of a large chromosome region asso-
ciated with a given trait. It is not excluded that the QTL 
observed in the F2 mapping population underlies a different 
genetic locus than the association mapping panel. Further 

studies such as fine mapping studies are needed to decipher 
the QTL observed in the F2 family in the vicinity of PHYC. 
However, the association result was also confirmed by the 
detection of signatures of selection in wild and cultivated 
pearl millet samples in the 3′-boundary of the PHYC gene. 
In a previous study (Saïdou et al. 2009), we found both an 
association between phenotypic variation and genetic varia-
tion and a signature of selection in a restricted region of the 
PHYC gene. In a more recent work (Clotault et al. 2012) 
and in the present study, we assessed selection on new cul-
tivated and wild samples and controlled possible bias in 
the selection signature signal by modeling the evolution-
ary history of pearl millet. The three studies (Saïdou et al. 
2009; Clotault et al. 2012 and this study) with two different 
samples showed a significant signature and suggest balanc-
ing selection at the PHYC gene. This is illustrated by the 
significant and positive Tajima’s D statistics observed here. 
Another recent study did not find a strong selection signal 
at this gene (Lakis et al. 2012). These authors suggest that a 
difference in the samples might explain the different results 
(Lakis et al. 2012) and that the PHYC gene could present 
different selection signatures depending on the area in 
which the samples are collected. Indeed, there was a major 
difference between the sample analyzed by Lakis et al. 
(2012) and our sample (Clotault et al. 2012). In Lakis et al. 
(2012), the wild sample showed very strong introgression 
of cultivated alleles: more than half of their wild accessions 
showed 50 % or more ancestry from the cultivated samples. 
Similarly, a third of the cultivated samples showed <80 % 
ancestry in the cultivated cluster (Lakis et al. 2012). None 
of our samples showed <80 % ancestry in the wild cluster 
(Clotault et al. 2012), and <10 % of the cultivated cluster 
showed <80 % ancestry. The signature signals observed in 
Saïdou et al. (2009) and Clotault et al. (2012) were posi-
tive for Tajima D, suggesting balanced selection, and this 
test is easily compromised if the sample includes highly 
introgressed material. Indeed, the high gene flow between 
wild and cultivated forms suggested by the ancestry could 
easily have blurred this signal by increasing the number of 
haplotypes and unique SNPs in the cultivated sample. It is 
also worth noting that the diversity observed in the PHYC 
gene was higher in the domesticated sample than in the 
wild sample in Lakis et al. (2012) but not in our studies 
(Clotault et al. 2012 and the present study). It should also 
be noted that both studies found evidence of positive selec-
tion in the Hd3a pearl millet homolog (Clotault et al. 2012; 
Lakis et al. 2012) and that detection of positive selection 
signatures is less influenced by such introgression. The dif-
ference between the studies is certainly linked to a differ-
ence in the samples and the fact that the sample used was 
introgressed. In the present study, we not only observed a 
selection signature, but also confirmed genotype/pheno-
type association in controlled crosses and in an association 
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mapping population. We fully agree with Lakis et al. (2012) 
that the PHYC gene could present different selection sig-
natures depending on the sampling area, i.e., in a drier or 
wetter area. Until now, our studies were performed in dry 
areas of the Sahel (Saïdou et al. 2009; Vigouroux et al. 
2011). In Niger, the frequency of the early flowering allele 
(Vigouroux et al. 2011) is low (~20 %), while the average 
flowering time of varieties in Niger is already rather early 
at ~66.0 days on average for the whole country. Therefore, 
it is not surprising that the early flowering allele observed 
in Niger is not present in a wetter area where pearl millet 
varieties flower later (Haussmann et al. 2006). Flowering 
time in pearl millet ranged from 40 to 160 days in samples 
chosen to represent the whole of West and Central Africa 
(Haussmann et al. 2006). Several genes are expected to be 
associated with the large variation in flowering time (Clo-
tault et al. 2012; Lakis et al. 2012). The PHYC allelic vari-
ation in pearl millet explained only 10 % of the variation 
(corresponding to an effect of 5–7 days) in the early flow-
ering material composing the inbred panel (Saïdou et al. 
2009). However, the early allele identified in the PHYC 
gene (Saïdou et al. 2009) could help cope with variation in 
climate conditions in these drier areas in the future (Vig-
ouroux et al. 2011).

Deciphering the statistically most highly associated 
polymorphisms

Based on the result of the first mixed model (Fig. 2c), 
several markers at PHYC, Pg7830 and Pg7840 showed a 
significant association with FT, SpL, BSpD and NTHE. 
These three genes are tightly linked (high r2 between PHYC 
and Pg7830 in the inbred panel). In the presence of such 
LDs, associations would be expected with all SNPs within 
the haplotype block. A comparison across markers was 
thus performed to identify the markers yielding the best 
associations.

We used the MCMC method to iteratively compare 
two SNPs based on pairwise samples. The probability of 
selecting a marker as the ‘best’, i.e., that is more closely 
associated with the trait than the other marker in the pair, 
was based on the log-likelihood for the model to select 
this marker. The sample size and the number of parameters 
were the same in the two markers, which were compared 
at each step of the MCMC. The frequency with which 
a marker was selected in this process was expected to 
increase proportionally to the improvement in the fit pro-
vided by this marker compared to other markers. PHYC 
appeared to be the best candidate for FT, SpL, BSpD and 
NTHE across the genes examined in this region. However, 
closer associations may be found with polymorphisms out-
side the sequences and the genes we examined, for exam-
ple, upstream of PHYC/Pg7830. Fine mapping of the 

causative site using segregating populations are needed to 
clarify and confirm these first results.

It should be noted that, since no genome sequence is 
available for pearl millet, the genes examined were selected 
because, in the sorghum genome assembly and BAC 
sequencing, they are located in the region around PHYC. 
Comparative analysis with the recently published genome 
sequence of foxtail millet, a close relative of pearl millet 
(Bennetzen et al. 2012), showed that in foxtail millet, these 
genes are located in colinear positions in a 56-kb region. 
One of the differences between pearl millet and both fox-
tail millet and sorghum is the gene order. In pearl millet, 
the Pg7830 gene is located closer to the PHYC gene than 
Pg7840. In foxtail and sorghum, the Pg7840 homologs 
are located closer to PHYC than Pg7830. Some rear-
rangement certainly occurred in the vicinity of the PHYC 
gene in pearl millet after divergence from the ancestor of 
sorghum and foxtail millet. At this stage, it is not known 
whether the rearrangement is shared by different species of 
the Cenchrus genus or is limited to pearl millet (Cenchrus 
americanus).

Pleiotropy versus close linkage: MCMC analysis iden-
tified the statistically most closely associated polymor-
phisms in the association mapping population for FT, SpL, 
NTHE and BSpD within the PHYC gene. These results 
suggest pleiotropy at the gene scale. However, deciphering 
the association at the nucleotide level leads to two hypoth-
eses: (1) the association is driven by the same molecular 
polymorphism; (2) the association is driven by different 
polymorphisms. Even if the same set of polymorphisms 
is associated with spike length and flowering time in the 
inbred sample, the QTL analysis suggests that different 
polymorphisms are associated with these two traits in the 
A7 family. However, this interpretation should be consid-
ered with caution since it relies on the absence of a statis-
tically significant genotype/phenotype association. At this 
stage, we propose the hypothesis that the apparently “same 
molecular polymorphism” observed in the inbred panel 
is created by a strong linkage disequilibrium in this sam-
ple, linkage that is broken in the A7 family. Recent results 
suggest that a similarly complex pattern is also present in 
maize with a QTL associated with flowering time (Durand 
et al. 2012). Further studies are needed to address this par-
ticular question.

In this study, we used association mapping combined 
with linkage analysis and the detection of signatures of 
selection to provide evidence for the presence of very likely 
true-positive polymorphisms in the genomic region around 
PHYC. MCMC analysis suggests that PHYC is still one 
of the best candidates in the set of sequenced genes at this 
stage. Further studies, including fine mapping and func-
tional studies in the PHYC region, are suitable to assess 
whether the identified polymorphisms are causal.
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