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ABSTRACT

The identification of genes selected during and after plant domestication is an important research topic
to enhance knowledge on adaptative evolution. Adaptation to different climates was a key factor in the
spread of domesticated crops. We conducted a study to identify genes responsible for these adaptations in
pearl millet and developed an association framework to identify genetic variations associated with the
phenotype in this species. A set of 90 inbred lines genotyped using microsatellite loci and AFLP markers
was used. The population structure was assessed using two different Bayesian approaches that allow
inbreeding or not. Association studies were performed using a linear mixed model considering both the
population structure and familial relationships between inbred lines. We assessed the ability of the
method to limit the number of false positive associations on the basis of the two different Bayesian
methods, the number of populations considered and different morphological traits while also assessing
the power of the methodology to detect given additive effects. Finally, we applied this methodology to a set
of eight pearl millet genes homologous to cereal flowering pathway genes. We found significant
associations between several polymorphisms of the pearl millet PHYC gene and flowering time, spike
length, and stem diameter in the inbred line panel. To validate this association, we performed a second
association analysis in a different set of pearl millet individuals from Niger. We confirmed a significant

association between genetic variation in this gene and these characters.

OMESTICATION and dispersion of cultivated

plants were associated with their adaptation to
the agricultural environment. These adaptations led to
genetic changes shared by all individuals of a cultivated
species (domestication genes) or to variations between
varieties within a cultivated species (genes controlling
varietal differences). Domestication genes like b1
(DOEBLEY el al. 1997; WANG et al. 1999) in maize (Zea
mays) were selected very early by human populations
(JAENICKE-DESPRES et al. 2003). After the first early
selection, adaptation of the flowering phenotype to
different climatic conditions was certainly a key in-
novation that enabled colonization of new environ-
ments. One of the most well-known examples was the
adaptation of maize—a tropical plant—to northern
climates. Maize cultivation spread late to northeastern
America. By 1000 YBP, only maize was an established
staple crop (Fritz 1995). A genetic variant of the

Supporting information is available online at http: /www.genetics.org/
cgi/content/full/genetics.109.102756/DC1.

Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under accession nos. FN376885-FN377564.

! Corresponding author: Institut de Recherche pour le Développement,
911 Ave. Agropolis, BP 64501, 34394 Montpellier; Cedex 5, France.
E-mail: yves.vigouroux@mpl.ird.fr

Genetics 182: 899-910 (July 2009)

Duwarf8 gene led to an earlier flowering phenotype
(THORNSBERRY et al. 2001). This early allele was present
at a high frequency in North America and was certainly
selected after the domestication of maize under north-
ern climatic conditions (CAMUS-KULANDAIVELU et al. 2006).

Pearl millet (Pennisetum glaucum [ (L.) R. Br.]), one of
the most important West African cereals, was most likely
domesticated once in the Sahelian zone of West Africa
(OUMAR et al. 2008). By 3500 YBP, it was already being
cultivated throughout Sahelian and tropical West Afri-
can countries (D’ANDREA et al. 2001; D’ANDREA and
Casey 2002). The adaptation of pearl millet in West
Africa was also associated with an environmental gradi-
ent (HAUSSMANN et al. 2006). Pearl millet varieties from
tropical coastal West Africa flower very late (up to 160
days from planting to female flowering) as compared to
varieties from Sahelian West Africa, which may have a
flowering time as short as 45 days (HAUSSMANN et al.
2006). The genetic factors underlying the differences
between these varieties are still unknown.

Association studies offer new opportunities for assess-
ing the role of a particular gene on a phenotype. Con-
trary to QTL analysis, association studies have the
challenging task of taking an unknown evolutionary
history of studied individuals into account. For exam-
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ple, population structure is a common confounding
effect in association studies (PRITCHARD et al. 2000a).
Allele frequencies evolve between divergent structured
populations via drift, mutation, and selection. Differ-
ences in allele frequencies may be correlated with any
morphological traits that differentiate two populations.
Then a statistical correlation between a gene and a trait
is not necessarily associated with a “causative” relation-
ship between the gene and the morphology, which can
lead to a high number of false positives. The use of
population structure to correct the number of false
positives was a significant breakthrough in plant studies
(THORNSBERRY ¢t al. 2001). This approach was recently
further refined by also using a matrix of kinship
coefficients, which proves efficient when there is a
complex structure and familial relationship between
individuals (YU et al. 2006; KANG et al. 2008; STICH et al.
2008). Complex structures and familial relationships
are common in inbred cultivated crop material. In the
current association study framework (THORNSBERRY
et al. 2001; YU et al. 2006; CAsA et al. 2008; KANG et al.
2008; SticH et al. 2008), population structure was
assessed using STRUCTURE software (PRITCHARD
et al. 2000b). This tool is not implemented to deal with
selfed inbred materials or inbred species (PRITCHARD
et al. 2000b). Through new methodological develop-
ments, population structure analysis can now be per-
formed using Bayesian methods in these particular cases
(Gao et al. 2007). The extent to which the power of
association studies will differ when dealing with inbred
material or selfing species using either Bayesian method
has yet to be evaluated.

In this study, we developed an association framework
for pearl millet to assess the role of flowering pathway
genes. We assessed the ability of the method to control
the number of false positives, while taking different
methodological inferences of population structure that
allow inbreeding or not into account. We also assessed
the power of the association framework to detect given
additive genetic effects. Finally, we applied this method
to a set of eight flowering time gene homologs
sequenced in pearl millet. We assessed sequence varia-
tion in light perception genes (PHYA, PHYB, PHYC, and
CRY2) and downstream regulators of flowering (GI,
Hdo6, Hdl, and FLORICAULA). Variation was detected in
the PHYC gene associated with variations in flowering
time and morphological traits. This association was
noted in two different data sets.

MATERIALS AND METHODS

Field experiments: For the association framework, a set of
90 pearl millet inbred lines was used (supporting information,
Table S1). These inbred lines had diverse origins: India and
West and East Africa. They were obtained from T. Hash
[International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), Hiderabad, India], J. Chantereau (Centre

de Cooperation Internationale en Recherche Agronomique
pour le Développement, Montpellier, France), and T. Robert
and A. Sarr (University Paris XI, Paris).

These inbred lines were characterized in three experimen-
tal field trials during the rainy season. Planting dates were July
9, 2005, June 16, 2006, and July 13, 2006. Hereafter, we refer to
these three different field trials as 2005, 2006a, and 2006b,
respectively. The experiments were performed at the ICRISAT
field station in Sadore, Niger. The plant spacing was 0.7 X
0.7 m. Inbred individuals from given inbred lines were sown in
a row and the locations of inbred lines were randomized. For
each pearl millet inbred line, data from 6-10 individuals were
separately scored for days from planting to the female flower-
ing stage (FT), the number of basal tillers at head emergence
(NTHE), plant height (PH), stem diameter (SD), basal
primary spike diameter (BSpD), primary spike length (SpL),
and primary spike diameter (SpD). Average values of each
inbred line were calculated for each field trial and each
morphological and phenological trait. To obtain an inbred
line average trait effect for the total field trials, we fitted the
mixed model Yijkt = P + x; + Zj + Ujk + Sifk’ where Yijk Was the
phenotype of individual /of the zinbred line, in the jfield trial,
in the ksubplot. The value &;;, was the residual error and p the
grand mean. Inbred lines (x;) were considered as fixed effects
and field trial (z;) and subplot (vj) were considered as random
effects. For each trait, the best linear unbiased effect (BLUE)
was estimated for each inbred line i as L + &;. The model was
fitted using R (http://cran.r-project.org/) and the Imer()
function. The BLUE of each trait was then used for association
studies.

We also used a set of 598 different pearl millet varieties
originating from Niger. These landraces were sampled
throughout the country from 0°E to 13.3°E latitude and from
12°N to 15°N longitude (Table S1). Each landrace was sown in
2004 and 2005 during the rainy season at the ICRISAT field
station in Sadore, Niger. The plant spacing was 0.7 X 0.7 m. For
each accession, data from five individuals were recorded on
flowering time from planting to female flowering stage, the
number of tillers at head emergence, plant height, stem
diameter, primary spike length, primary spike diameter, and
thousand seed weight (TSW). The averages for each trait were
calculated per accession for each field trial and used for
association studies. We also used a BLUE estimate of each trait,
using the procedure previously described for inbred lines.

SSR and AFLP genotyping: DNA was extracted from inbred
lines and pearl millet varieties as previously described
(MARIAC et al. 2006b). Pearl millet inbred lines were geno-
typed three to four times, using a set of 27 microsatellite loci
(OUMAR et al. 2008) on plants from 2005 and 2006 field trials.
The PCR conditions and methods were previously described
(OUMAR et al. 2008). Consensus genotypes were obtained as
follows. If one of the four multilocus genotypes was markedly
different from the three others, this genotype was excluded
and classified as erroneous. If, for an inbred line, the multi-
locus was identical at most of the loci but a variation was
observed at a given locus, the most frequent genotype was
conserved. This variation was attributed to genotyping errors
or to residual diversity segregating in the inbred lines. The
same inbred lines were also genotyped with AFLP markers
(Vos et al. 1995), using the method previously described in
pearl millet (ALLINNE et al. 2008). A total of six primer pair
combinations with three specific bases were used (E-AAC/
M-CTT, E-ACA/M-CTT, E-AGC/M-CTT, E-ACA/M-CTG, E-
AGC/M-CTG, and E-AAC/M-CTG). The letters E and M
represent the sequences ACTGCGTACCAATTCAG and GAT
GACTCCTGAGTAA corresponding to EcoRI and 7rul adapt-
ers, respectively. AFLP-Quantar (Keygen) software was used
to identify and count the number of polymorphic bands. Two
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independent readings were performed per gel and only
reliable loci were used. A total of 306 locus markers were
identified.

For the second association population, an individual of
each variety was genotyped with 25 microsatellite loci. A total
of 598 different plants were genotyped. All varieties were
genotyped according to a previously published (MARIAC et al.
2006a) protocol and this data set has already been partially
published (MARIAC et al. 2006a).

Sequencing: Primers for partial amplification of eight
flowering genes (Table S3) were designed or obtained from
previously published studies (MATHEWS et al. 2000). Frag-
ments ranging from 200 to 1175 bp in size were amplified by
PCR with 0.2-0.4 um of each primer, 0.5 units of Taq
polymerase, 1X GoTaq Buffer (Promega, Madison, WI),
0.200 mm dNTP, and 20 ng genomic DNA in a 30-ul final
volume. Amplifications were performed as follows: 35 cycles of
30secat94°,90 sec at 50°-64° (depending on the primer Tm),
and 60 sec at 72°, ending with 10 min at 72°. PCR products
were purified using Ampure kits (Agencourt Bioscience) and
sequence reactions were performed using the BigDye v3.1
Terminator kit (Applied Biosystems, Foster City, CA). Se-
quence reactions were purified with CleanSeq kits (Agencourt
Bioscience) and read on an ABI 3130 XL automated sequencer
(Applied Biosystems). Forward and reverse sequences were
obtained for inbred lines.

Sequence data analysis: To confirm amplification of the
targeted gene, all gene sequence data obtained in pearl millet
were confirmed using Blastn (MegaBlast) analysis. We calcu-
lated the percentage of polymorphic sites, the pairwise
nucleotide diversity (), Watterson’s estimator () of diversity,
Tajima’s D (Tajima 1989), and Fu and Li’s D¥ and F'* (Fu and
L1 1993) using DNAsp version 4.10.3 (Rozas et al. 2003). All
SNP and indel polymorphic sites were used for this analysis.
The linkage disequilibrium and its significance were estimated
on the basis of #*, using TASSEL software version 2.0.1
(BUCKLER et al. 2007).

SNP genotyping: To genotype pearl millet varieties, a
restriction assay using Pvull was performed to recognize an
SNP C/G at position 697 on the amplified PHYC fragment.
The PHYC gene was amplified by PCR with 0.2 puMm of each
forward and reverse primer (Table S3), 0.5 units of Taq
polymerase, 1X GoTaq buffer (Promega), 0.200 mm dNTP,
and 20 ng genomic DNA in a 30-pl final volume. Amplifica-
tions were performed as follows: 35 cycles of 30 sec at 94°, 30
sec at 55°, and 60 sec at 72°, ending with 10 min at 72°. PCR
reactions were digested with Puull as recommended by the
supplier (Fermentas) immediately following amplification.
About 10 pl of the digestion were loaded on a 2% (w/v)
agarose gel for genotyping. Genotypes were scored as C/C, G/G,
and C/G according to the digestion pattern.

Population structure analysis: Bayesian methods: For inbred
lines, we analyzed the population structure using STRUCTURE
(PRITCHARD et al. 2000b; FALUSH et al. 2003) and INSTRUCT
(Gao et al. 2007) software. The number of populations tested
ranged from K = 1 to K = 10. STRUCTURE runs were
performed with 10° iterations and a burn-in period of 30,000.
Ten independent simulations were performed. INSTRUCT
parameters involved 200,000 iterations, including a burn-in of
100,000. INSTRUCT allows a different selfing rate for each
individual plant and seems more appropriate for inbred line
materials. For landraces, we used only the STRUCTURE
method as pearl millet is an outcrossing cereal species. We
varied the number of populations from K= 1 to K= 5 and 10
independent simulations were performed.

Choice of K and comparison of methods: For STRUCTURE, we
used the method of EvanNoO et al. (2005) based on the
second-order rate of change of likelihood. For INSTRUCT,

we used the deviance information criterion (DIC) to infer
optimal K (Gao et al. 2007). The results obtained by both
methodologies were compared for each Kvalue. To measure
differences between INSTRUCT and STRUCTURE results,
we compared the ancestry values for each population
obtained with each method. For an individual 7 let ¢; and
¢ be the ancestry of individual i from STRUCTURE and
INSTRUCT, respectively, where kis the population. The two
methods gave relatively similar results and it was easy in the
present case to associate the ¢, and ¢} values to “the same
population,” i.e., a population that pooled a common set of
individuals in the STRUCTURE and INSTRUCT results. We
calculated a similarity index of ancestry per individual:

SI =1 - \/Zle(qik — git)?/K. We then calculated the aver-
age similarity index for all inbred lines: SI = (1/n) ", SI,.
This index ranged from 0 if individuals were associated with
different groups to 1 if the results obtained by both methods
were identical. To compare the STRUCTURE and INSTRUCT
results, we used the ancestry Q matrix obtained with the
highest likelihood run.

Association studies: Model: We used a linear mixed model to
determine associations between morphological traits and
genetic variations (YU et al. 2006). This model took into
account (1) the population structure of the inbred lines based
on the ancestry Q matrix of each individual inbred line in K— 1
populations and (2) the family relationship between individ-
uals through the kinship coefficient matrix.

The association model was y = XB + Sa + Qu + Zu + ¢,
where y was the phenotype vector, 8 was a fixed effect other
than SNP or population structure, a was the vector of a given
SNP fixed effect, vwas the vector of population structure fixed
effects, u was the vector of background genetic effects, and
e was the residual error vector (YU et al. 2006). Q was the
population ancestry matrix. X, S, and Z were 0/1 matrices
relating y to B, o, and w vectors. The variance of the random
effect u was expected to be Var(u) = KM V, where KM is the
kinship matrix and Vthe variance (YU et al. 2006).

We used the kinship package (ATKINSON and THERNEAU
2008; INGVARSSON et al. 2008) to implement the mixed-model
approach. The mixed model was fitted using a maximum-
likelihood method. Different nested models were assessed: the
most complete model that included population structure
ancestry and kinship matrix, models without kinship matrix
or population structure, and a null model that disregards the
population structure and Kkinship matrix. The different
models were compared to the complete model by calculating
a likelihood ratio A, and the —2 In A value was statistically
assessed for significance using a x*distribution with the
number of degrees of freedom equal to the difference in the
number of parameters between the two models.

For the association analysis of an SNP with a trait, we used
either the kinship package or the mixed-model method
implemented in TASSEL (BUCKLER et al. 2007). The two
methods gave similar results but the method implemented in
TASSEL was particularly user friendly with respect to manag-
ing SNP, trait, matrix, and population structure data sets. For
inbred lines, we used microsatellite loci to infer population
structures and AFLP markers to calculate the kinship matrix.
Kinship coefficients were calculated using SPAGeDI (HARDY
and VEKEMANS 2002). Kinship coefficients lower than zero
were set at zero. For pearl millet varieties, the Kkinship
coefficient was calculated using the method of LOISELLE
etal. (1995) implemented in SPAGeDI (HARDY and VEKEMANS
2002). This method is adapted to heterozygote diploid
individuals in the case of multiallele and multilocus data sets.

For the mixed-model analysis of the kinship package, the
kinship matrix needs to be positive definite (ATKINSON and
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THERNEAU 2008); i.e., all the matrix’s eigenvalues need to be
positive. However, kinship matrix estimations might lead to
non-positive-definite matrices (ATKINSON and THERNEAU
2008). To obtain a positive-definite matrix, we adapted an ad
hoc procedure from Haves and HiLL (1981). With M being
the non-positive-definite matrix, we need to find M, i.e., a
matrix highly correlated to M but positive definite with di-
agonal elements of 1 and only positive values for all elements.
To obtain such a matrix, we decomposed the M matrix into its
eigenvectors and eigenvalues. Eigenvalues lower than an
arbitrary threshold of 10~* times the higher eigenvalue were
set to this threshold. There is at least one such element since a
non-positive-definite matrix is defined as having a least one
negative eigenvalue. A new matrix M’ could then be rebuilt
using the new eigenvalues and eigenvectors. The problem of
this method is that the new matrix M’ might have small
negative values. To avoid this problem, we did not apply the
procedure to M but rather to M — g, with € being a square
matrix of the same size as M with all elements equal to a small
negative value &. A possible value for ¢ is the minimum value of
M’ (if negative) or 0. Using the previously described pro-
cedure, we obtained the matrix (M — €)’. Each row of this new
positive-definite matrix (M — €)' was then standardized, so the
diagonal was 1. To measure the extent of the modification, a
Spearman correlation between the initial matrix M and
standardized (M — &)’ matrix was calculated and compared
using the Mantel test (SOKAL and Ronrr 1991).

Assessment of type I error: We performed an analysis using
microsatellite and AFLP alleles to assess the ability of the linear
mixed-model (LMM) method to reduce type I errors for the
inbred lines data set. We used all microsatellites of AFLP alleles
having a frequency >2.5% to perform association studies. For
each allele, the association between the presence or the
absence of the allele and a trait was assessed. When the allele
occurrence and phenotype are strictly independent, 5% of the
alleles could be expected to have a significant association at
the 5% level. This analysis was performed independently for
three different phenotypic traits: flowering time, primary
spike length, and primary spike diameter. We wanted to assess
the extent to which taking the population structure and family
relationship into account reduced the type I error. We thus
considered a population number ranging from K =1 (no
structure) to K = 7 using the Q matrix obtained by the
STRUCTURE and INSTRUCT methodological approaches.
The kinship matrix (KM) obtained from AFLP data or a
noninformative kinship matrix was also used. The uninforma-
tive matrix (UKM) was built by setting the relationship
between two different individuals at 0 (no relatedness). The
analysis output is a percentage of false positives for different
inferences of population structure and family relationship
(STRUCTURE + UKM, INSTRUCT + UKM, STRUCTURE +
KM, and INSTRUCT + KM), for a different number of
accepted populations, K (K = 1 to K = 7), for different
phenotypic traits (FT, SpD, and SpL), and for the three field
trials. The number of false positives was compared using the
Kruskal-Wallis test. Paired data from AFLP-based false positive
rates and SSR-based false positive rates were compared using
Wilcoxon’s paired tests.

Empirical P-value threshold: Taking the population structure
and family relationship into account could, however, lead to
a higher type I error rate than the commonly used 5%
threshold. We therefore also calculated an empirical thresh-
old. To do so, we used AFLP and microsatellite allele data to
perform association studies taking the population structure
(K = 7) and kinship matrix into account. To calculate a
corrected threshold, the Pvalues associated with AFLP and
microsatellite alleles were ordered from the lowest to the
highest value. The corrected P-value threshold corresponded

to the Pvalue associated with microsatellite or AFLP alleles
having a rank of 5%. This value was specific to each
phenotype/field trial, and we calculated a separate threshold
on the basis of the AFLP and microsatellite data sets.

Power analysis: We performed a simulation analysis to assess
the power of this methodology for detecting an additive effect
in pearl millet. A set of inbred lines was used to create an SNP
data set having a given flowering time effect. We first randomly
attributed the causative SNP to an inbred line. Then, for each
inbred line having the causative SNP, the flowering time value
was increased by adding a certain amount of flowering time (in
days). We used the best linear estimates of flowering times for
all field trials. This additive effect ranged from 0 to 22 days. We
also calculated this additive effect in terms of genetic effect
ratio (Yu et al. 2006), i.e., as a percentage of the flowering time
standard deviation. The genetic effect ratio ranged from 0 to
2.9. We varied the frequency of the causative SNP allele in the
inbred lines: frequencies of 50, 25, 12.5, 6.25, and 3.12%. One
hundred random data sets were created for each given set of
parameters (SNP frequency, a given additive effect). Associa-
tion analyses using these data sets were performed to detect
the SNP effect, using the mixed linear model with the
INSTRUCT or STRUCTURE Q matrix for K = 7 and the
kinship matrix. The percentage of tests that were significant
(out of 100 data sets) at the 5% level was used as a
measurement of the probability of detecting the SNP effect
on the phenotype. This value was obtained for each SNP
frequency (5 different values) and additive effect (21 values).

RESULTS

Pearl millet diversity and structure: Of the 27 micro-
satellite loci, 25 were polymorphic enough on the 90
inbred lines to be used for subsequent analyses. The total
number of alleles detected was 188. An average number
of 7.5 alleles per locus were found with an average gene
diversity of 0.56. The observed heterozygosity was low
(0.059) as expected for inbred materials. The data set
structure was first estimated using STRUCTURE. The
log-likelihood increased as Kincreased and did not show
evidence of a maximum (Figure 1A). We calculated the
second-order change in log-likelihood (Figure 1B) and
found a strong signal for K= 6. On the basis of this result,
we considered K = 6 as being the supported number of
populations. INSTRUCT uses a deviance criterion to
infer K. The DIC value was lowest for K= 7 (DICg_y =
6116.08). We calculated a similarity index to assess the
difference between the results of the two methods
(Figure 1C). The average similarity index for all individ-
uals was >82.5% regardless of the number of K popula-
tions. The highest value was obtained for K = 4 at 92%
but then the similarity index tended to decrease to
82.5% for K = 7. Visual comparison of the output of
STRUCTURE and INSTRUCT (Figure 1, D and E) showed
an apparent similarity. However, numerous differences
were noted and some individuals were grouped with
different clusters.

A total of 306 AFLP markers were identified. The
average gene diversity was 0.29. Kinship coefficients
between 0 and 0.35 represented 99% of the data points
of the distribution (Figure S1). A total of 67.5% of the


http://www.genetics.org/cgi/data/genetics.109.102756/DC1/10

Association Study in Pearl Millet

A -3000 B
2 -3500 2
£ 4000 ot * L e ig
£ -as00 £t i
= 5000 = % <%
an " 20
S ss00{ ¢ i “~
-6000 + T T T T 1 0+ T #- T et
o 2 4 6 8 10 0 2 4 6 8 10
Number of groups (K) Number of groups (K)
D
K=2
K=3
K=4
K=5
K=6
K=7

STRUCTURE

903

C . FIGURE 1.—Analysis of
i the population structure
2 08 of pearl millet inbred lines.
g% The analysis of population
= structure in inbred lines
':;g: 02 was  performed  using

0 STRUCTURE (PRITCHARD

& 8 % @ &6 7 et al. 2000b; FALUSH et al.

2003) and INSTRUCT (Gao
et al. 2007). (A) The aver-
age log-likelihood and the
standard error of 10 differ-
ent runs of STRUCTURE
were calculated. The log-
likelihood showed a steady
increase as the number of
groups (K) increased, and
no clear maxima were de-
tected. (B) To assess the
number of groups (K) sup-
ported by the analysis, we
also calculated the second-
order change in the log-
likelihood AK (EvanNNO
et al. 2005). A clear change
was detected for K = 6, sug-
gesting six was the number
of groups supported by the
STRUCTURE analysis. To
allow a comparison of the
two Bayesian structure in-

Number of groups (K)

INSTRUCT

ference methods of STRUCTURE and INSTRUCT, we calculated a similarity index (see text for details). (C) The average similarity
index and standard error values for each individual were reported. The average similarity index was >80% in most cases, suggest-
ing similar inference of ancestry results for each plant. We finally represented the results of a run of STRUCTURE (D) and
INSTRUCT (E) to enable direct visual comparison of the two methods. The graph (D) represents the run with the highest likeli-
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ison highlighted a global similarity, but some differences were clearly observed between the two analyses.

kinship coefficients suggested that there was no or low
relatedness between inbred lines with kinship values
ranging from 0 to 0.05. A significant fraction (31.5%)
showed various degrees of relatedness, with kinship
ranging from 0.05 to 0.35. Finally, only 1% showed
relatedness >0.35. This relatedness was illustrated in a
phylogenetic relationship between inbred lines (Figure
S2). Few inbred lines showed weak genetic dissimilarity
(and so high kinship), but a large share of the inbred
lines were weakly related.

Morphological traits: The days to female flowering of
inbred lines ranged from 35.0 to 98.0 days, with a mean
of 58.8 (SE *=0.54) days for all field trials. The mean
spike morphological values were 0.46 (SE *£0.54), 2.20
(SE £0.034), and 25.6 (SE *0.79) for basal primary
spike diameter, primary spike diameter, and spike
length, respectively. The number of basal tillers at
heading date was 8.50 (SE *0.20). Finally, the mean
stem diameter was 1.04 (SE =0.016) and the mean plant
height was 83.9 (SE =0.016).

Association study: We reported the likelihood for the
different models considered, using STRUCTURE or
INSTRUCT (Table 1). The complete model, including

population structure and kinship matrix, is generally
better than models with structure only or kinship only
and always better than a null model (Table 1). Compar-
isons of nonnested models are generally based on the
Akaike information criterion (AIC), with AIC = —2 log-
likelihood + 2k, with %k being the number of parameters.
For our purposes, we wanted to compare models with
STRUCTURE or INSTRUCT considering the same num-
ber of populations. So the highest likelihood would lead
to the lowest AIC for the same number of k parameters.
We noted that for K = 7, STRUCTURE always gave a
better fit. However, when comparing the likelihood for
different K values (Figure S3), the INSTRUCT and
STRUCTURE results were similar, or sometimes better
with INSTRUCT (for flowering time), for K<< 4. However,
as Kincreased, STRUCTURE always performed better for
each of the considered traits (Figure S3). In summary,
STRUCTURE led to a better likelihood for the highest
number of assumed populations (K= 7).

Using microsatellite allele data, the population in-
ference method (INSTRUCT/STRUCTURE) and an
informative or noninformative kinship matrix did not
have a significant effect on the rate of false positives for
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TABLE 1

—2 log-likelihood of the different statistical models

INSTRUCT STRUCTURE
Model FT SpL SpD FT SpL SpD
Null 576.86%%* 678.20%%* 84.96%+* 576.86%%* 678.20% %% 84.96%+*
KM 551.76%* 638.26%#* 60.46 (NS) 551.76%%* 638.26%#* 60.46%**
Q; 533.76 (NS) 625 547 57.76* 526.78(ns) 597.56%%% 40.80%**
KM + Q5 531.26 607.98 52.06 526.78 586.18 32.76

The models tested include the null model, where neither population structure nor family relatedness are
considered, the model where only family relatedness is considered (KM), structure only (Q5), and both KM +
Q7. Q7 corresponds to ancestry obtained with STRUCTURE or INSTRUCT with seven populations. Comparison
of the most complete model (KM + Q) to other models is based on a x*test. Significance is noted as follows:
NS, nonsignificant; *P < 0.05, **P < 0.01, and ***P < 0.001.

flowering time (Kruskal-Wallis test, P = 0.97), spike
diameter (Kruskal-Wallis test, P= 0.95), or spike length
(Kruskal-Wallis test, P = 0.76). The effect of the
population number (Figure S4) was highly significant
regardless of the character considered: flowering time
(Kruskal-Wallis test, P < 0.001), spike length (Kruskal—
Wallis test, P < 0.001), or spike diameter (Kruskal-
Wallis test, P < 0.001). For flowering time, the type I
error rate ranged from 18.1% (K = 1, no structure) to
5.6% for K = 3 (Figure S4). The type I error rate
increased as K increased from K = 4 to K = 7, while for
K =17 the type I error rate was 7.2%. For spike diameter
(Figure S4), the type I error rate decreased from 16.5%
(K=1) to 7.8% (K= 7). Finally, the spike length showed
the highest rate of false positives (Figure S4), with values
of 27.2% at K= 1 and 11.9% at K = 7. We observed
similar results when we used AFLP alleles rather than
SSR alleles (Figure S4, statistical analysis not shown).
However, although no overall difference in false positive
rate was observed between AFLP and SSR allele-based
distributions for spike diameter (P = 0.28), the AFLP
data showed a significantly higher global false positive
rate for spike length (Wilcoxon’s test, P < 0.004) and
flowering time (Wilcoxon’s test, P < 107°).

We analyzed how these three characters (spike length,
spike diameter, and flowering time) were associated

with the population structure. We thus considered only
K = 3 to have enough individual plants in the different
groups and set the ancestry threshold at 0.70 to de-
termine whether the plants belong to one of the three
groups. We then performed a Kruskal-Wallis test for
each field experiment and used a Fisher combining
probability to obtain a statistical test pooling the results
of the three field experiments. All characters covaried
with the population structure. Spike length showed the
strongest covariation signal with respect to the popula-
tion structure (x*=92.3, P<10""), then flowering time
(x* =744, P< 6 X 10", and finally spike diameter
(x*=285,P<8 X 107).

The power of the method for detecting a given
additive effect on the flowering time character was
assessed with different allele frequencies (Figure 2).
The given additive effect was a number of days or a
genetic effectratio (Yu et al. 2006; SticH et al. 2008). The
genetic effect ratio was the number of days divided by
the standard deviation. Modest effects of <2 days (a
genetic effect ratio of 0.22) could not be easily detected
regardless of the allele frequency of the SNP. An effect
of 6 days was easily detected even for alleles with a
frequency of 12.5%. Alleles present at low or very low
frequency (1/16 or 1/32) were detected only if they had
a strong effect on the phenotype (12-16 days). Some

INSTRUCT STRUCTURE FIGURE 2.—Power to detect a given

g g flowering phenotypic effect as a func-
7 A S 7 //‘ Fir tion of the allele frequencies. We calcu-
- o2 = ) / Allele ﬁe‘it‘;my lated the probability of finding a
E o 14 L.‘E by // :114 significant association at P < 0.05 for
_gf) o118 ;u o8 a simulated allele having a given flower-
% —=— 1116 s —m 116 ing phenotypic effect. The allele fre-
@ —a— 132 ] a2 quency ranged from 50% (1/2) to 3%
5 i . . s ‘ i . ‘ (1/32). The additive effect was number
E 12 16 0 2 8 12 16 20 of days to flowering from 0 to 22 days.
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(genetic effect ratio)
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were difficult to identify regardless of
the allele frequency. For an additive ef-
fect of 6 days, the probability of detec-

tion of the effect was high when alleles had a frequency of 12.5-50%. It was, however, only 60% for alleles with a frequency
6% and 40% for alleles with a frequency of 3%. Low-frequency alleles were detected only when they had a large phenotypic effect

(=16 days).
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TABLE 2

Diversity of pearl millet genes

Name Size (bp) Polymorphic site (%) = (107%) © (107°) Tajima’s D Fu and Li’s D* Fu and Li’s F*

Floricaula 819 0.24 0.82
CRY2 848 0.24 0.60
GI 1417 0.92 1.64
Hd3a 917 0.76 2.00
Hdé6 652 0.92 2.27
PHYA 1051 0.29 1.24
PHYB 1175 0.51 0.49
PHYC 866 0.69 3.00
Mean 0.57 1.51

0.51 1.00 0.72 0.94
0.49 0.38 —0.99 —0.67
2.07 —0.59 1.51% 0.94
0.16 0.65 1.21 1.21
1.78 0.61 1.06 1.07
0.58 2.12% 0.84 1.45
1.06 —1.28 —0.67 —1.02
1.47 2.38% 1.13* 1.82%
1.02 0.66 0.60 0.72

For each gene, the size of the amplified fragment (SNP

and indels), the percentage of the polymorphic site,

the value of m, the value of ©, Tajima’s D value, and Fu and Li’s D* and F* are reported. *P < 0.05.

authors have presented this effect as a percentage of the
explained variance, which depends both on the stan-
dard deviation of the studied trait and on the allele
frequency (YU ef al. 2006; SticH et al. 2008). For
comparison, with an SNP frequency of 20% in our
simulation, the percentages of explained variance for
differences of 2 days, 6 days, and 10 days were 1.4, 11.1,
and 25.8%, respectively. The analysis performed using
ancestry, as estimated with INSTRUCT, did not show a
marked difference with respect to the STRUCTURE
findings (Figure 2).

Gene sequence diversity: All primers designed in this
study led to sequences with high Blast values with
respect to the targeted gene (Table S4). The average
percentage of polymorphic sites was 0.64% (Table 2).
Polymorphic site indels and SNPs were considered in
the present analysis. The average 6-value was 1.1 X 10~?
and the average m-value was 1.6 X 10°°. The average
Tajima’s D value for all eight loci was 0.66, with a slight
bias toward positive values. Two loci exhibited signifi-
cant Tajima’s D values: PHYC (Tajima’s D = 2.38, P <
0.05) and PHYA (Tajima’s D = 2.16, P < 0.05). The
PHYCgene also showed significant Fuand Li’s D* (D* =
1.81, P < 0.05) and F* (I* =1.13, P< 0.05) test values.
The linkage disequilibrium (LD) was calculated on the
basis of #* (Figure 3). LD varied according to the SNP
considered. Strong or weak LDs were observed for the
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short sequence considered here (<1000 bp between
two polymorphisms). Some SNPs separated by only a
few hundred base pairs presented no LD. LD was
particularly high for PHYC, while all polymorphisms
except one were strongly linked.

Association with candidate genes: Association analy-
ses were performed for all polymorphic sites of the eight
genes (Table S2). We present results obtained with a
complete mixed model including the kinship matrix
and ancestry inferred for seven populations, using
STRUCTURE for SNP 101 of the PHYC gene (Table
3). Analyses were performed for each field trial and on
BLUE for all field trials. Significant associations (Table
3) were found for flowering time, plant, and spike
morphology. Spike length and basal spike diameter
were the strongest associated morphological traits. Stem
diameter was associated only when the best linear
unbiased effects were used. Some morphological asso-
ciations were significantly detected only in one field trial
(NTHE). As most of the PHYC SNPs were tightly linked,
the same association was observed for the entire PHYC
amplified fragment (Table S2). Estimation of the SNP
effect using BLUE values was 5.2 days for flowering time,
8.3 cm for spike length, 0.070 cm for basal spike
diameter, and 0.10 cm for stem diameter (Figure 4).

Associations were also noted for PHYA polymorphism
and spike length in all field trials for SNPs of the

Ficure 3.—Linkage disequilib-
rium in pearl millet. The linkage
disequilibrium (LD) was esti-
mated using 7 (A) between each
polymorphism (SNP or indel) for
each gene except PHYC (gray di-
amonds) and PHYC (black trian-
gles). For PHYC, LD values are
also presented as a square matrix
(B) with »* values (top matrix)
and LD significance P-values (bot-
tom matrix).
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TABLE 3

Association of morphological character and PHYC polymorphism

Field trials

2005 2006a

2006b BLUE

No. of inbred lines

Traits 79 80

76 88

Flowering time

FT P <0.002, R = 6.6% P<0.01, R?=6.5%
Plant morphology

PH P=0.59 P=0.54

SD P=0.07 P=0.08

NTHE P=0.22 P=0.36
Spike morphology

SpD P=10.81 P=10.21

BSpD P<0.01, R*=42% P<0.03, R?=29%

SpL P<3 X110 R?="7.0% P <0.003, R* =5.4%

P<4X107° R*=15.5% P<3X10* R?=89%

P=0.33 P=0.62
P=0.08 P <0.004, R =5.7%
P<0.04, R* =5.2% P =0.09
P=0.74 P =084

P <0.007, R* =5.2%
P<3X10Y, R*=179%

P <0.004, R* = 3.8%
P<3X 10" R*=6.6%

For each field trial the number of inbred lines having sequence data, morphological data, and phenological data is given. The
mixed model used included a kinship matrix and STRUCTURE-inferred ancestry for seven populations. The Pvalue and percent-
age of variance explained (F?) are presented for the SNP at position 101 of the amplified PHYC fragment and flowering time
(FT), plant morphology (PH, SD, NTHE), and spike morphology (SpD, BSpD, SpL). The probability is presented for each field
trial (2005, 2006a, and 2006b) and on best linear unbiased estimates for all field trials. The strongest significant association with
PHYC was observed for flowering time, basal spike diameter, and spike length for the three field trials.

amplified fragment (Table S2). The SNP 146 of PHYA,
for example, explained >4% of SpL variation in all field
trials (2005, P < 0.0005, R* = 7.8%; 2006a, P < 0.02,
R? = 4.0%; 2006b, P < 0.005, R* = 5.9%; BLUE, P <
0.0007, R*=6.6%). The other two SNPs of this gene had
similar association probability values.

To validate the association of SNP in the PHYC gene,
we analyzed a new set of 598 pearl millet individuals
from Niger. The structure analysis of this sample did not
reveal a marked population structure (Figure Sb). A
kinship matrix was calculated and was not positive
definite. We bent this matrix using an ad hoc method,
using € = —107% The new positive-definite matrix was
almost identical to the initial matrix (Spearman’s
correlation coefficient R = 0.9999, P < 0.001), showing
the adjustment only very slightly modified the original
matrix. The different individuals showed only weak
relatedness (Figure S6). However, the model with the
kinship matrix was significantly better than a null model

p<3x10* p<3x10™ p<0.004
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for most traits (Table S5). We used the model with the
kinship matrix for the association between the PHYC
SNP and traits.

Genotypes for the presence of the C or G alleles of
PHYC were obtained for 560 of these pearl millet
individuals. We found 27 individual homozygotes G/ G,
120 individual C/G, and 413 C/C. We assessed associa-
tions in this data set with a mixed model considering the
kinship matrix and the three genotypes (C/C, C/G, and
G/G), using BLUE of trait value for all field experi-
ments. The analysis highlighted a significant effect of
the genotype on flowering time [Wald test of fixed
effects, WI' = 12.1, degree of freedom (dof) = 2, P <
0.003], spike length (Wald test of fixed effects, WT =
11.9, dof = 2, P< 0.003), and stem diameter (Wald test
of fixed effects, WT = 13.9, dof = 2, P < 0.001). The
number of tillers, plant height, spike diameter, and
thousand seed weight were not significantly associated
with the SNP polymorphism (Figure 5). The Bonferroni-

FiGure 4.—Trait effect of PHYC
SNP 101 in pear]l millet inbred
lines. The mean value and stan-
dard errors for each genotype of
the SNP 101 in the PHYC gene
(CorT) are presented for flower-
ing time (in days), spike length (in
centimeters), basal spike diameter
(in centimeters), and stem diame-
ter (in centimeters). The Pvalue
was obtained using the mixed-
model method implemented in
TASSEL.

p<0.004

Stem diameter

T c
Genotype
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F1Gure 5.—Variation at PHYC and variation in phenology and morphology in pearl millet varieties. The mean value and stan-
dard errors for each genotype of the SNP 697 in the PHYC gene (C/C, C/G, and G/G) are presented for each morphological and
phenological trait: flowering time in days (FT), number of tillers at head emergence (NTHE), plant height in centimeters (PH),
stem diameter in centimeters (SD), spike length in centimeters (SpL), spike diameter in centimeters (SpD), and thousand seed
weight in grams (TWS) are presented. The analysis was performed on the best linear unbiased effect of traits assessed in two
different field trails (2004 and 2005). The analysis was performed using a mixed model incorporating a kinship matrix only
(see text for details). We reported, for each trait and each field trial, the value of the Wald test statistics of fixed effects and
the associated P-values with 2 dof. Three traits (FT, SPL, and SD) showed a significant genotypic effect even though we considered

a Bonferroni-corrected significant threshold of 0.007.

corrected Pvalue for seven different tests was 0.007, so
the association of flowering time, spike length, and stem
diameter was significant with this corrected threshold.
The association was also performed on individual field
trials and led to a similar conclusion (Table S6). On the
basis of BLUE, flowering time was on average 62.8 days
for the G/G genotype and 65.7 days for C/C. A
difference of 2.8 days was thus noted. The difference
in stem diameter was 0.07 cm. The average stem di-
ameter was 1.59 cm for G/G and 1.66 cm for C/C. The
spike length difference was 8.7 cm. The average spike
length was 61.4 cm for G/G and 70.1 cm for C/C.

DISCUSSION

Inference of population structure and association
study: The STRUCTURE Bayesian method is frequently
used to infer population structures in an association
framework. However, this method is not yet tailored for
studies with inbred materials or selfing species. New
methods like INSTRUCT have been developed very
recently for this specific purpose (Gao et al. 2007). Our
comparison obviously showed some differences be-
tween INSTRUCT and STRUCTURE results, as also
previously noted (Gao et al. 2007). The similarity
between the two methods was high (generally >90%).
However, for the mixed model, STRUCTURE tends to
have higher likelihood for a number of assumed
populations >5, whereas INSTRUCT tends to have
higher likelihood for a lower number of assumed
populations. Comparative analyses of the two popula-
tion structure inference methods on a type I control in
association studies did not show a significant difference.
Although the INSTRUCT model seems to be the most
appropriate method for inbred material, our results
obtained on our current data set using only 27 micro-
satellite loci showed that STRUCTURE led to better
control of population structure. For population struc-
ture inference, we assumed a K population number
ranging from 1 to 10. For STRUCTURE, the optimal K
was K= 6, while for INSTRUCT it was K= 7. A question

that might be addressed is, What population number
gave the best control of type I error? As expected, taking
the population structure into account (assuming K> 1)
led to a lower number of false positives. However, using
the optimal number of populations (K= 6 or K=7) did
not necessarily lead to better control of the false positive
rate than K = 3, for example. The number of false
positives for a given K value is certainly dependent on
the relationship between the genetic structure and the
phenotype differentiation between populations (Casa
et al. 2008).

Traits covarying with the population structure are the
most problematic for effective control of the false
positive rate (REMINGTON et al. 2001). Our results
showed that spike length was most strongly linked to
the population structure. For this trait, the false positive
rate was never <10% regardless of the number of K
populations considered. It could thus be hard to detect
associations with this particular trait even if a particular
SNP has an effect on the phenotype. We calculated a
corrected P threshold based on microsatellite loci for
each trait/field trial. This new significance threshold
should partially overcome the gap between the ex-
pected 5% nominal ratio of false positive rate and the
observed =10% for spike length.

In the present study, we used model-based Bayesian
approaches to infer the population structure. Other
methods like the principal components analysis (PCA)-
based approach are not based on a particular model and
can also be applied to detect population structures
(PATTERSON et al. 2006). STicH et al. (2008) found that
the PCA-based approach did not have better control of
the false positive rate on a wheat data set. We observed—
like previous studies—that taking the kinship matrix
into accountgive a fitter model (Yu et al. 2006; ST1CH et al.
2008). However, considering the control of spurious
associations, we actually did not detect a significant
difference when using a kinship matrix or not. However,
we noted that the type I error rate was slightly lower when
taking the kinship matrix into account. In this study, we
used SPAGeDI to infer a kinship matrix between inbred
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lines. A very recent study (STICH ef al. 2008) showed that
a restricted maximume-likelihood-based method could
be used to infer this kinship matrix. This approach leads
to a slight improvement in false positive control (SticH
et al. 2008) over the initial approach of Yu et al. (2006).

We considered the best model using kinship and a
STRUCTURE population structure. Seven clusters were
used to perform all subsequent analyses. We analyzed
the power of the methodology for identifying a given
additive effect. From this analysis, it is clear that
frequent variants (>1/8) are easily spotted for even a
modest effect of 7 days (genetic effect ratio of ~1.0). But
a slight effect (<2 days, i.e., a genetic effect of ~0.3)
would be difficult to identify. The ability to detect slight
effects may have been linked to the number of inbred
lines considered in this study, whereas a higher number
of inbred lines might be more effective for identifying
such a slight effect. However, a previous power analysis
study also detected a low power for a similar genetic
effect, even though it considered threefold more inbred
lines (YU et al. 2006; STICH et al. 2008). Such a low effect
may thus be difficult to detect, even though we used
larger data set. Identification of variants using this
approach in the present framework would likely be
useful for flowering genes having an effect of at least
4 days; lower flowering differences were observed for
allele frequencies of at least 1/8. In terms of explained
variance, an effect of =10% is often easily detected. For
the study of flowering time differences, some authors
suggest that crop mutations might be more likely
associated with large phenotypic effects (Roux et al
2006). Although such alleles are relatively frequent,
they could be easily spotted using this association
framework.

Association of PHYC polymorphism with flowering
time and morphological character: We identified some
polymorphism in the PHYC gene correlated with the
flowering phenotype and other morphological traits in
apearl milletinbred data set. Using pearl millet varieties
from Niger, we validated the association between PHYC
polymorphism and phenological variation that we first
detected in our inbred line data set. This analysis was
based on an estimation of the average morphological/
phenological character of each variety. The association
was based on a single individual per variety associated
with the average morphological/phenological value of
the variety. Detection of an effect based on this design
could not be very powerful since we attributed the
average value of a variety to a single individual and
within-variety polymorphism is expected to be very high
(ALLINNE et al. 2008). We nevertheless detected a
significant effect of PHYC polymorphism on a similar
set of characters: flowering time, spike length, and stem
diameter. However, the design did not allow us to draw
any conclusions on the recessivity or dominance of the
C and G alleles based on the mixed model results
(Figure 5).

The association we detected with PHYC polymor-
phism was thus validated in two independent samples.
The extent to which the phenotype is controlled by the
PHYC gene or a neighboring gene has yet to be de-
termined. Several studies suggest that polymorphism at
PHYCisrelated to flowering differences in rice (TAKANO
et al. 2005) and Arabidopsis (BALASUBRAMANIAN el al.
2006). The direct causative role of PHYC (although not
yet fully demonstrated) is a very likely scenario. A se-
quence analysis is underway to identify potential func-
tional polymorphism within the entire PHYC gene.
However, the phenotype might also be associated with
differences in expression pattern. PHYA and GI genes
also showed a significant association with spike length.
However, the character associated with these genes is
one for which false positive control was the least ef-
fective. These results should be considered with caution
until they are further validated.

We found evidence based on Tajima’s D statistics of
two PHYA and PHYC genes, suggesting that polymor-
phism was balanced at these loci. These statistics were
accurate if there was no population structure within the
study sample. We found a significant population struc-
ture signal in the inbred lines. The average Tajima’s D
value for all loci was 0.66 (0.13 when PHYA and PHYB
were excluded), suggesting a slight positive bias. This
effect certainly inflated the Tajima’s D values of the two
genes. However, when considered with the PHYC
association, these values might indicate a real selection
signal. Wild pearl millet populations are spread in a dry
area at the southern limit of the Sahara desert (OUMAR
et al. 2008). In West Africa, pearl millet is cultivated
throughout three agro-ecological zones: the Sahel zone
(200-500 mm annual rainfall), the Sudano-Sahelian zone
(500900 mm), and the Sudanian zone (900-1100 mm).
The adaptation of pearl millet to a wetter climate is
associated with later flowering (HAUSSMANN et al. 2006).
A likely hypothesis is this adaptation to a wetter climate
was associated with selection at the two genes: different
alleles of these genes are maintained in different envi-
ronments, leading to genetic diversity exhibiting bal-
anced polymorphism. A study should be carried out on
a regional scale to validate this hypothesis.

The LD study highlighted a fast decrease in pearl
millet inbred material, with low 7 values, as we observed
here for SNPs separated by a few base pairs. The LD in
Arabidopsis has a genomewide decrease to ¥ < 0.20 ata
distance of 10 kb (Kim et al. 2007). In inbred maize lines,
a decrease has been observed at a shorter range of a few
hundred base pairs (REMINGTON et al. 2001). The results
obtained here were closer to maize results. However, as
expected, we also found strong locus-specific variability,
which was certainly linked to each particular gene
history, gene location in the genome, selection, local
diversity, and recombination rate. The LD for PHYCwas
particularly high, as expected for a selected genomic
region. As we investigated a low number of genes, it was
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hard to pinpoint the factor controlling this high LD in
PHYC. However, a better assessment of LD in pearl
millet would require an analysis of a larger number of
loci and a larger chunk of DNA.

Altogether, the positive association results, significant
selection test results, and high LD at PHYC suggested
that this locus is under diversifying selection in pearl
millet.

Five phytochrome PHYA-E genes have been found in
Arabidopsis thaliana, and only three PHYA-C genes are
described in monocotyledon species like Oryza or Sor-
ghum (MATHEWS 2006b). The PHYCgene seems to have
a relatively minor functional role in Arabidopsis de-
velopment (FRANKLIN et al. 2003; MONTE et al. 2003;
MaTtHEWS 20062). However, natural variation at PHYCis
associated with a latitudinal gradient (BALASUBRAMANIAN
et al. 2006), and there is empirical evidence that PHYC
mediates photoperiod sensitivity in natural populations
of A. thaliana (Samis et al. 2008). PHYC in Arabidopsis
thus has an important role for the adaptation of natural
populations to different climates. A recent study has also
revealed natural variation at the PHYB gene in Arabi-
dopsis accessions causes differential responses to light
(FiLiauvt et al. 2008). In Populus tremula, PHYB2 natural
variations are also associated with variations in the tim-
ing of bud set (INGVARSSON et al. 2008). In rice, PHYC
protein is required to delay flower initiation during long
days (TAKRANO et al. 2005). The phyB mutants have an
earlier flowering phenotype similar to phyC mutants
under long day conditions, but phyB and not phyC
hastens the flowering time during short days (TAKANO
et al. 2005). In sorghum, the phyB natural mutant is as-
sociated with a photoperiod-insensitive flowering time
phenotype (FOSTER et al. 1994; CHILDS et al. 1997).
Moreover, the PHYC in sorghum shows unusual non-
synonymous polymorphisms (WHITE et al. 2004), which
might be associated with functional effects. Overall, these
results and the present study findings suggest that phy-
tochromes might be preferential targets of selection for
flowering time variation in plants (BALASUBRAMANIAN
et al. 2006). The upstream position of the photoreceptor
gene in the flowering development network might par-
tially explain why, in different species, variations may
occur in the same set of genes associated with flowering
time variation. Variations in the most upstream gene of a
pathway might be associated with a lower pleiotropic
effect (Roux et al. 2006).

To date, 3000 genomic DNA sequences are available
for pearl millet in GenBank. This species is not a
genomic research priority and is best described as an
orphan crop. Pearl millet is adapted to marginal
agricultural areas with low rainfall and plays a crucial
role in feeding the poorest of the poorest, particularly in
the Sahel. In Niger, pearl millet is grown on 65% of the
total cultivated area. Conducting association studies in
pearl millet provides an opportunity to rapidly validate
important agronomic genes identified in other plant

models and cereals for their role in the pearl millet
phenotype. We hope that the identification of such key
genes will favor the development of improved varieties
using marker-assisted selection.
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FIGURE S1.—Inbred line kinship coeflicient distribution. The kinship coefficient between
cach inbred lines was calculated using 306 AFLP markers using SPAGeDi (HARDY AND
VEKEMANS 2002). Kinship coefficients lower than 0 were set to zero.
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FIGURE S2. —Neighbor joining tree of inbred lines AFLP and SSR datasets were used to build a neighbor joining
tree using a shared-alleles distance. The neighbor joining tree illustrates relatedness of some inbred lines: for example
48, 105 and 92.
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FIGURE S3.—Model log-likelihood considering population structure and kinship matrix. Log-likelihood for models
considering population structure (K=1 no structure, to K=7) inferred using INSTRUCT (Qi) or STRUCTURE (Qs), and
considering or not a kinship matrix (KM) are presented. Models considering a kinship matrix are represented with grey
squares (for INSTRUCT inferred ancestry) and grey circles (for STRUCTURE inferred ancestry). Models without a kinship
matrix are represented with white squares (for INSTRUCT inferred ancestry) and white circles (for STRUCTURE inferred
ancestry). The models were assessed for three traits: flowering time (FT), spike length (SpL) and spike diameter (SpD).
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FIGURE S4.—Type I error control in function of the number of assumed populations (K). The percentage of type I
error (false positive rate) was estimated using association studies performed on SSR and AFLP alleles using a mixed
linear model (YU et al., 2006). The average percentage of false positives was estimated for different assumed populations
(K from 1 to 7) for the days from sowing to female flowering (I'T), the diameter of the spike (SpD) and the length of the
spike (SpL). The average false positive rate using population structure inferred using STRUCTURE and INSTRUCT
was calculated. Standard errors were calculated using the false positive rate estimated on three different field trials.
Using AFLP and SSR markers, taking into account population structure (K=2 to K=7) reduces false positive rate,
compared to models without population structure (K=1). For example, with SSR markers, taking into account
population structure significantly reduces the false positive rate for F'T, from 18.1% at K=1 to 5.6% at K=3. The effect
of considering a high number of populations (K higher than 3) do not lead to a better control of the type I error rate.
For SpD, the type I error rate decrease from 16.5% at K=1 to 7.8% at K=7. For SpL, the average type I error rate is
27.2% at K=1 and decreases to 11.8% at K=7. Noted that AFLP markers showed a significantly higher level of false
positives than SSR alleles for spike length (Wilcoxon test, P<0.05) and flowering time (Wilcoxon test, P<0.05).
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FIGURE S5.—Structure analysis of varieties from Niger. The graph represents the highest
log-likelihood for pearl millet varieties from Niger considering from 1 to 5 populations. The
analysis reveals no major signal of population structure, the log-likelihood slightly decreases from
K=1 to K=2, then K=5. Ten different runs for each K value were performed. The highest log-
likelihood for K=1 was —31839.5, and for K=2 was —31885.9.
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FIGURE S6.—Neighbor joining tree of the 598 pearl millet individuals from Niger. The neighbour
joining tree was built using the shared allele distance using 2 microsatellite loci.
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TABLE S1

Table S1 is available as an Excel file at http://www.genetics.org/cgi/content/full/genetics.109.102756/DCI.
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TABLE S2

Table S2 is available as an Excel file at http://www.genetics.org/cgi/content/full/genetics.109.102756/DCI.
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TABLE S3

Primers of pearl millet genes

Name Forward Reverse Origin
FLORICAULA GAGCTGGAGGACCTGGTG CTCGGAGCTCGGGTTCAC This study

CRY2 GAGCTGCACCTTGTTTCTCC TCATGGTAGGCACCATCTGA This study

GI GCTGCCTATGGTTTGCTACC GCCAGAGCAATGAGACAACA This study

Hd3a GGCAGGGACAGGGASC TTGTAGAGCTCGGCGAAGT This study

Hd6 GATTACTGCCATTCACAAGG GAAGCTCAGGWCCCTTGAAGTA  This study

PHYA ATTGCCTTCTGGCTTTCAGA TACAAAGCACACCCCAACAA This study

PHYB GCRTCCATYTCKGCATTYTCCCA GAGCCIGCYMGHACSGARGAYCC  MATHEWS et al. 2000
PHYC CAGATTGCTCATYTRGAGTTCA CGTGCCRCTCATCGTYTTC This study
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TABLE S4

Gene sequenced in pearl millet

Name E value Accession Species Gene

FLORICAULA 2e-103 AY789048.1 Lea mays FLORICAULA/LEAFY-LIKE 2
CRY2 0 EF601540.1 Triticum aestivum CRYPTOCHROME la

GI 0 AY679115.1 Triticum aestivum GIGANTEA 3

Hd3a Je-44 DQ157462.1 Oryza sativa Hd3a

Hd6 4e-39 EF114229.2 Lea mays Hd6

PHYA 0 AY466082.1 Sorghum bicolor PHYTOCHROME A

PHYB 0 AB109892.1 Oryza sativa PHYTOCHROME B

PHIC le-3* AY234829.1 Lea mays PHYTOCHROME C1

For each gene sequenced in pearl millet the highest value with Blastn (MegaBlast) analysis is presented: E value, accession

name, accession species name and gene name.
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TABLE S5

Loglikelihood of mixed model for varieties using or not a kinship matrix

Traits LogLikelihood without KM LogLikelihood with KM
FT -1813.0%** -1761.5
NTHE -1100.9%** -1069.0
PH -2265. 2% -2256.7
SD 258.6%** 277.0
SpL -2356.0%** -2343.1
SpD -225 3k -215.7
TSW -765.8 (ns) -765.8

For each trait : flowering time (FT), number of tillers at head emergence (NTHE), plant height
(PH), stem diameter (SD), spike length (SpL), spike diameter (SpD) and thousand seed weight (TWS),
the log-likelihood is reported for a mixed model including a kinship matrix KM or not. The two
models were compared using a likelihood ratio tests and using a %2 distribution to assess significance:
(ns) non significant, *** P<0.001. The model including the kinship matrix gave a better fit for most
of the traits except thousand seed weight. Note that log-likelihood is positive for stem diameter, a not

surprising feature for quantitative continuous variable.
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TABLE S6

Association of varieties with PHYC SNP for annual field data

Traits 2004 field trial 2005 field trial

FT WT=8.8 P=0.012 * WT=14.5 P<0.001 **
NTHE WT=4.2 p=0.12 WT=3.1 p=0.22

PH WT=3.4 p=0.18 WT=6.8 p=0.034 *
SD WT=10.4 P<0.006 ** WT=13.7 P<0.002 **
SpL WT=13.6 P<0.002 ** WT=9.3 P=0.0095 **
SpD WT=2.2 p=0.34 WT=1.8 p=0.40
TSW WT=2.0 p=0.36 WT=2.1 p=0.35

For each trait : flowering time (FT), number of tillers at head emergence (NTHE), plant height (PH), stem diameter (SD), spike
length (SpL), spike diameter (SpD) and thousand seed weight (TSW), the value of the Wald test of fixed effect was given with its
associated p value for 2 degrees of freedom. * P<0.05, ** P<0.01, *** P<0.001. Note that the p values for these tests are not

corrected by a Bonferroni adjustment.



