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Abstract

One of the most frequently consumed sorghum foddai is a thick porridge, known as to6.
Many grain traits contribute to its firmness andbcowhich are the most important qualities
for consumers. These traits are related to cheromalposition, physical properties, but also
grain size, shape, glume adherence and color,gspribickness, or the presence of a testa.
Quantitative trait loci for t6 consistency, t6 cgl@6 grain traits, as well as day to flowering
and grain yield, were investigated in two elitedatiag populations, involved in a marker
assisted selection program. A total of 51 and 71 Were detected for P114 and P118,
respectively. Several QTLs with high? Rorresponded to major genes segregating in the
populations such as the Z gene for pericarp thiegknihe B2 and B1 genes for testa presence,
the P gene for anthocyanin, and a QTL for flowetinge. Many QTLs with moderate effect
were detected for grain attributes associated tauality, without showing antagonism
between grain quality and yield. The results o tsiudy will contribute to producing new
varieties combining grain productivity and graimatity favorable alleles, through the use of

marker assisted selection.

Keywords: QTL; sorghum; t6; grain quality
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1 Introduction

Sorghum $orghum bicolor L. Moench) is the fourth cereal in Africa in terno$ total
production (> 25 M tons) and the third in West A#i(> 11 M tons) where it is mainly used
as human food (FAO, 2014). In West Africa, sorghsmarticularly appreciated because of
its good adaptation to environmental conditions.riinal areas, it is a major source of
nutrients (energy, protein, vitamins and mineraishuman food. It is mainly cultivated in a
family farming context to feed the family memberglapossibly, generate income for family
expenses through marketing of the surplus. Whiledru consumption is based on grains,
sorghum stems and leaves are also used to fee@lanim

Rooney and Murty (1982) classified the sorghum-tideed in eight groups according to the
methods of preparation: thick porridges, thin piges, steam cooked products, boiled
sorghum, unleavened bread, leavened bread, snack &md alcoholic and non alcoholic
beverages. One of the most frequently consumedsordgood in Africa is a thick porridge,
known as t6 in Mali, and as tuwo, ugali, bogobeks#i, oka-baba or dibu in other countries.
T is traditionally prepared using dehulled grdinat are pounded into flour just before its
preparation (Fliedel, 1995). After sieving, theuilas dispersed in cold water, acidified with
lemon or tamarind juice or alkalinized with ash&his mixture is then poured in boiling
water and cooked while stirring constantly. Toassumed during the two main meals (lunch
and dinner), but sometimes the remains of dinnercansumed during breakfast (Anglani,
1998; Kayode et al., 2005; Rooney and Murty, 198®)good quality t6 has a firm
consistency with a good color and taste, is nakgtiand keeps its texture overnight (Fliedel,
1995). However, t0 taste is generally consideredeasndary because it is partly masked by
the accompanying sauce (Fliedel, 1995; Trouché,e1309).

Several studies have explored grain quality tragstributing to a good td consistency

(Anglani, 1998; Bello et al., 1990; Cagampang atirdels, 1984; Chandrashekar and Kirleis,
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1988; Fliedel, 1995; Perez Bouvier, 1988; Rooney kturty, 1982; Trouche et al., 1999).
The quality of the final product is influenced bgtbh physical and biochemical properties of
the grain that can play a role at various stepb®fprocess. The first step is dehulling, which
aims at eliminating most of the bran (pericarp gedmn) and providing a clean and intact
endosperm. It is traditionally performed manualling a mortar and pestle. Dehulling is
mostly affected by some physical properties of gh&n such as endosperm texture, grain
hardness, pericarp thickness, and grain roundritss grains have a better resistance to
abrasion and allow a complete removal of bransawitlbreaking the grains, thus the harder
the grains, the better the quality of dehullingriésep thickness is also important for manual
dehulling which is performed on washed grain. Sadditional water is added during the
pounding to soften the pericarp and make easigeit®val. A thick pericarp absorbs more
water and is more easily detached during the delguthan a thin pericarp (Scheuring et al.,
1983). Finally, grain roundness has an impact dmulieg, as spherical grains are more
uniformly dehulled because the entire grain surfigceeachable during the abrasion phase.
The second step of the process is the milling diutled grain, which aims at delivering the
finest flour. The finer the flour is, the more dayed the starch granules composing the grain
endosperm are, and the more soluble they are deooging, increasing t6 firmness. The
efficiency of the milling step is also mainly inflnced by the texture of the endosperm, a
floury endosperm providing finer flour. Finally, bing cooking, the last step of the process,
the amylose content of the starch fraction of th@osperm is the main factor influencing the
final firmness of the porridge (Bello et al., 19%diedel, 1995; Kayode et al., 2005; Trouche
et al., 1999).

To color appreciation depends on the geographiea; & good td color ranges from white,
light yellow, to light green, red or brown (Belld al., 1990; Fliedel, 1995; Kayode et al.,

2005; Trouche et al., 1999). In Mali, light colesch as white and light yellow are preferred.
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To color is affected by the color of the flour, whiin turn is affected by the presence of a
pigmented testa coat and/or the presence of piahbayanins. A colored testa can color the
flour when the testa coat is not fully removed dgrthe dehulling. Furthermore, in humid
conditions, the plant anthocyanins can spread fteenglumes to grain endosperm when
anthocyanins are present in glumes and glumes adbegrains. Thus, glume adherence and
glume color are also traits to be considered asiplesfactors influencing the color of té.

Most of the sorghum landraces cultivated in Wesieaf are well adapted to the local
preparations and produce appropriate quality fdadthe sixties and seventies, sorghum
breeding in West Africa has mainly been focusedtlm® improvement of productivity.
However, these new varieties were not adopted byees-consumers because of their poor
grain quality, making them not suitable for loca¢arations. In the eighties, the priorities in
terms of breeding criteria were revised and graiality became an important criterion in
sorghum breeding. Since, sorghum breeders haven@id to combine productivity and
desired grain traits in the new varieties (Chamteret al., 1997; Fliedel, 1995; Kayode et al.,
2005; Trouche et al., 1999).

Since the nineties, significant progress on knogdedf sorghum genetics has been
accomplished. A number of genetic studies have leemdlucted on important agronomic
traits using mapping populations and detectionuaingitative traits loci (QTLs) (reviewed by
Mace and Jordan (2011)) including grain qualityt¢réBoyles et al., 2017; Rami et al., 1998;
Rhodes et al., 2017). An association mapping shedween grain quality traits and specific
genes involved in synthesis pathways of starchgaaith storage proteins was also conducted
(de Alencar Figueiredo et al., 2010). The sequenoirthe sorghum genome (Paterson et al.,
2009) permitted the large development of Single ldltede Polymorphism (SNP) markers

and the production of high density genetic mapapkng whole genome association mapping
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studies (Morris et al., 2013a; Murray et al., 2008gluding some on grain quality traits
(Boyles et al., 2017; Sukumaran et al., 2012).

These studies provided breeders with informatiogarging the genetic control of grain
quality traits. However, in most cases, the expental populations that have been used were
disconnected from elite breeding material becadgbentime needed to develop them. For
this reason, QTLs detected in such populations loftex shown to be not transferable and
not applicable in breeding populations. Recent eradssisted breeding methodologies such
as marker assisted recurrent selection (MARS) mepm integrate QTL detection and
breeding in the same process (Ragot et al.,, 200&uch approaches, genetic markers are
used to identify key QTLs involved in target traigsd environments, and to monitor
recombination in consecutive generations and pydsimi of favorable alleles through
crossing of progenies. The choice of the parenis ithis case not guided by contrasting
attributes aimed at maximizing the number of de@&@TLs but by parents’ performance and
complementarity (good by good crosses) with thedbje to focus on useful QTLs that are
segregating in the genetic material that is culyesftinterest to breeders.

In this study, we report the QTL discovery phasewfh marker assisted selection program
aimed at jointly improving grain yield, crop adapta and grain quality of sorghum. The
results obtained in this study have been used iteghe development of improved sorghum

varieties for West-Africa through marker-aided s&tm.
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2 Materialsand methods

2.1 Plant material

Two bi-parental breeding populations named P114 Rht8 were used for this study. The
population P114 was derived from a cross betweemrikeni and Tiandougou. P118 was
derived from a cross between Lata3 and Tiandoug@ndougou is a caudatum line with
large grain size, floury endosperm, and a thickcaep. Keninkeni and Lata3 are guinea lines
with medium grain size, vitreous endosperm, anal pleiricarp.

The P114 and P118 populations were composed odAOU03 kg progenies, respectively. A
single R plant of each cross was selected and selfed @upeothe F generation. SingleJF
plants were advanced tg eneration in off-season using flowering initiatimasks. For
each Ek individual, Fs bulks of seeds were produced for the needs of gieimg

experiments, using 10 selfed plants.
2.2 Field experiments

The P114 population was evaluated in 2010 duriegrény season at the Cinzana research
station (13°15\, 5°58E °N, 265 m ASL) from the Institut d’Economie RedlER) of Mali.

An unreplicated experimental design including 44at9(401 progenies and 23 replications
of the two parents) was used with the two paresgslarly distributed every 10 progenies.

The P118 population was evaluated in 2011 durimgréiny season at the Sotuba research
station (12°3N, 7°56E, 381 m ASL) from IER. An augmented experimentakign
including 29 blocks of 16 plots was used with thw tparents used as checks within each
block. The 404 progenies were randomly allocatethéoplots. The design was completed to
464 plots by adding supplementary replicationshefparents. In both experiments, each plot
included two rows of 10 plants.

For both populations, the number of days from sgwothe apparition of the first flag leaf

(DTFL) was recorded. The presence of anthocyankidTHO) was evaluated by visual
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appreciation on plant leaves with a score from Q,tavhere 0 was for tan (no anthocyanins)
plants, 1 for plants with anthocyanins, and 0.5sfegregating families.

After harvest, panicles were dried during three kseeFor P118, glumes adherence
(GLUMAD) and glumes color (GLUMCOL) were evaluatég visual observation before
threshing. A three-point scale (1, 3 and 5) wasduse GLUMAD. 1 represented many
adherent glumes, 3 some adherent glumes and 5hevesd glumes. A score of 1 to 4 was
used for GLUMCOL with 1 being yellow, 2 red, 3 btaand 4 a mix of colors. The panicles
were then threshed and grain yield (GYLD) was mesasby weighing the grain harvested in
each plot. The result was expressed in g/m2. Tamgmere stored in a cold room until grain

quality measurements.
2.3 Grain shape measurements

Samples were cleaned manually to remove the braketdy or insect-damaged kernels,
straws, stones and dust. For each individual aedvito parents of the population P118, 10 g
of clean grain, representing 200 to 400 grainsgeveeattered and scanned on a flatbed photo
scanner with lid removed to produce 8-bit gray ecmhages at 200 dpi with a dark

background. A dedicated script (https://github.génanhi/grainito) was developed as part of

the ImageJ 1.46 software (Schneider et al., 20d 2letect grains on each image and analyze
their shape. The grainito script loops on a sesfasnages and successively applies i) image
thresholding using one of the algorithms for autbmahreshold value determination
available in ImageJ, ii) watershed algorithm toasafe grains that may be closely grouped
together into masses, iii) particle detection basedarget size and circularity of grains. An
additional R script was used to detect the outlineg occurred from masses of grains that
could not be accurately corrected by the watershkegbrithm and correct the results

accordingly.
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From each image, the mean values over all graingee veemputed for the following

parameters: major (MAJOR) and minor (MINOR) axiadgths of an ellipse fitted to each
detected grain, grain roundness (GRND), computdtieagatio of the minor axis to the major
axis, and grain whiteness (GWTN), computed as tleanmof the grain pixel intensities.
Thousand grain weight (TGW) was also computed ftoennumber of grains detected on the

image and the weight of grain placed on the scanner
2.4 Grain quality measurements

Most chemical properties of the grain were deteeaiiby NIRS.NIRS spectral acquisitions
were performed on 5 g of whole grains using quaniz cups of 36 mm inside diameter and a
monochromator Foss NIRS instrument (NIRS 6500). rHflectances from 1100 to 2500 nm
at 2 nm intervals were collected. Two spectra veetiected for each sample and the mean of
spectra used for data analyses.

Protein content (PR), lipid content (LIP), amylasmtent (AMY), were predicted using the
equations developed by de Alencar Figuereido €2806) and pericarp thickness (PERTH)
was predicted using the quantitative equation dagpexl by Guindo et al. (2016). The
predictions were validated on sub-samples of theuladions using the reference methods
described in de Alencar Figuereido et al. (200@) @unindo et al. (2016). The new reference
data were then included in the database and th& BtRiations were re-established and used
for prediction of the whole populations. In the &asf AMY, for which NIRS calibration
models behave poorly (de Alencar Figueiredo et28l06), reference data using differential
scanning calorimetry (Mestres et al., 1996) weréaioked on a random subset of 200
individuals of the population P118 (AMY_Lab) in atiloh to the AMY variable.

The color of the testa layer (TESTA) was assessetko kernels. A scale from 0 to 1 was
used where 0 indicated non pigmented testa, 1 pitgdetesta, and 0.5 segregating families

where both pigmented and non-pigmented testa wesept. Based on crossing studies with
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the ATx623 inbred line, which is known to have tilb1 B2B2 genotype (Raab et al., 1984)
at the B1 and B2 genes controlling the testa lpigmentation, the genotypes of Tiandougou,
Keninkeni and Lata3 lines have been determinedlhs B2B2, B1B1 b2b2, and B1B1 b2b2,
respectively.

Endosperm texture (ET) was determined by visuasssaent on ten grains. A notation on a 1
to 5 scale developed by Maxson et al. (1971) wad uwdhere 1 corresponded to a completely
vitreous endosperm and 5 to a completely flouryospdrm.

Twenty grams of grains were dehulled during 5 mesuising a tangential abrasive dehulling
device (Oomah et al.,, 1981) and the dehulled graiese weighed. The dehulling yield
(DHYLD) was computed as the percentage of the wetjhdehulled grains to the initial
weight. The operation was replicated twice on twdependent samples and the results
averaged.

To consistency (TOCONS) was evaluated on mini-tépared in the food technology
laboratory of Sotuba research station (IER). Deftutjrains were ground into flour using a
Cyclone Sample Mill grinder. Té was prepared basedhe traditional method adapted to a
small quantity of flour. Ten grams of flour werespiersed in a stainless beaker in 40 ml of
water containing 4% of potash (ashes). Then theysWas cooked on a hotplate for 10 min.
After cooking, the porridge was poured into a ayéin (2 cm high and 4 cm in diameter). It
was stored for about 24 hours at room temperatei@é testing. The upper part of the mini-
td6 was removed. Scoring was done by manual compree§the porridge between the thumb
and forefinger by three experienced manipulatotsaanonsensual score was then assigned to
the sample with a scale rating from 1 (very coesit 2 (consistent), 3 (soft), 4 (very soft
and sticky) and 5 (very soft and very sticky). Eaaeimple was evaluated twice and the mean
value was used. The color of the t6 (TOCOL) wase alssessed visually on a 1 to 4 scale (1

light, 2 light brown, 3 red, 4 black).

10
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2.5 Genotyping

DNA was extracted from a bulk of 1Q plants on 382 and 400 families for P114 and P118,
respectively, using the MATAB method (Risteruccaét 2000). For P114, 200 markers were
used including 76 Simple Sequence Repeat (SSR)emsadnd 124 SNP markers. For P118,
228 SNP markers were used. 49 SNP markers were cortorthe two populations. The SSR
primers used in this study were described in Mdcal.e(2009). The information regarding
SNP markers used in this study is accessible oM genotyping service web page of the
Integrated Breeding Platform (“Integrated BreedPigtform,” n.d.). SNP genotyping was
outsourced to LGC Genomics and SSR genotyping veaformed in the Grand Plateau

Technique Regional de Génotypage of Montpellier{BPR
2.6 Statistical analysis

For both trials, an analysis of variance (ANOVA)snmeonducted on the replicated parents
tested as block effects using a linear model. Thi¢ values were adjusted from the block
effect when it was significant. Trait correlatiomsre computed and tested for significance at
5%.

2.7 Map construction

Marker segregations were checked for distortiotheoexpected ratios (3/8, 1/4, 3/8) using a
Chi2 test at a significance level of 1% and 1%.. §kaetic maps were built using Mapmaker
(Lander et al., 1987). Linkage groups were deteeghinsing the group command with a LOD

threshold of 3.0 and maximum distance of 50 cM.ilveere ordered in each group using the
"order" command with the default parameters offtmetion. When several local orders were
equally probable, the one in agreement with theeetqul order deduced from the physical
positions of the markers was kept. The map distarfce the final ordered linkage groups

were computed using the Haldane mapping function.

2.8 QTL detection

11
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The gtl R-package (Broman et al., 2003) was use@id. analysis. The penalized likelihood
model selection approach described by Manichaikal.2009) was used to explore multiple
QTL models and refine QTL positions in a multiplerlQ framework. The stepwiseqtl
function was used for forward/backward model s@ectusing Haley-Knott regression,
considering only additive QTL models, and with aximaum number of 8 QTLs. The main
effect LOD penalty was computed for each trait fra@00 permutations of a two QTLs
genome scan using teeantwo function with a significance level of 0.05.

The position of each QTL in the final model wasimefl using theefinegtl function. The
LOD value and percentage of phenotypic varianceémh QTL were estimated from a drop-
one analysis comparing the full model to each solbeh with one QTL dropped. The
additive effect of each QTL was estimated as Hadf difference between the homozygotes
classes of Keninkeni/Lata3 and Tiandougou pareAispositive additive effect thus
corresponds to a QTL for which the Keninkeni andaBaparents bring a positive effect for
populations P114 and P118, respectively. Confidemegvals of all QTLs were determined
using the functiomodint with a 1 LOD support interval.

For the purpose of graphical representation of gemneaps, and to enable the comparison of
QTLs positions between the two populations, allkees and QTLs of P114, were projected
on P118 using the physical map as a bridge betwertwo maps and interpolating the
genetic distances based on common markers. The gangewas done with the candidate
genes reported by de Alencar Figuereido (2010) wese located on the sorghum genome.
The projection was performed using the ziplinR R ckaae
(https://github.com/jframi/ziplinR). All graphicalepresentations of maps comparisons and
QTL positions were done using Spidermap softwaran(iR unpublished). QTL co-

localizations were determined based on the ovedéfise QTL confidence intervals.

3 Results
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Table 1 summarizes the mean values of the traiesuored for the parents, and the descriptive
statistical parameters for their progenies: minim(Min), maximum (Max), mean values,
standard deviation (SD), and coefficient of vaaat{(CV). Fig 1 shows the distribution of the
traits for the two populations.

The two guinea parents, Keninkeni and Lata3 weteenaluated in the same experiment and
could not thus be directly compared. All three p&sewere elite varieties of a breeding
program and were therefore not expected to exlaitge differences for all traits.

Tiandougou, the common parent of the two populatiavas the latest flowering with a 5
days DTFL difference as compared to Keninkeni aathR. It was also more productive than
the two guinea parents (+ 340 ¢nand + 87 g.i for GYLD as compared to Keninkeni and
Lata3, respectively). In terms of grain morphologpgta3 had slightly bigger grains than
Tiandougou and Keninkeni (TGW of 23g, 229, and 2@gpectively). The image analyses
showed that Tiandougou grains were rounder thangthas of Lata3 (0.87 and 0.76 for
GRND, respectively). Tiandougou had a thick pepd@ERTH), while Keninkeni and Lata3
had a thin one and none of the three parents haigrmented testa layer (TESTA).
Tiandougou had slightly more adherent glumes thata3 (GLUMAD) and the glumes of
Lata3 were black while the ones of Tiandougou wgeow (GLUMCOL of 1 and 3
respectively), which is related to the absencentfi@cyanins (ANTHO) in the plant for the
Tiandougou parent as compared to the two othenfari, terms of biochemical composition
of the grain, Lata3 had a slightly higher contehaimylose, lipids, and proteins than the two
other parents that were similar for these traits.

For technological traits, Keninkeni and Lata3 hiagl $ame range of value for DHYLD with
values superior to that of Tiandougou in both papoahs. The firmest t6 (TOCONS) was

observed with Lata3 while the two other parents $iadlar values of t0 consistency. Lata3

13
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333

had a more vitreous endosperm than Tiandougou anthKeni (ET value of 1.9, 2.4 and 2.5,
respectively).

For each population trial, an analysis of variam@s performed on the replications of the
parents to test for a block effect. No significhluck effect was observed except for TGW in
P118 (P<0.05). This suggested a good homogeneiplod$ in both P114 and P118. The
progeny means of TGW in P118 were adjusted fronblbek effect.

All the traits exhibited transgressive segregation®oth populations (Fig 1), except some
qualitative traits for which the two parents beledgo opposite classes (ANTHO, PERTH,
GLUMCOL). Transgressive segregations were partibplamportant for PROT, AMY,
TGW, ET, and GYLD. This indicates that the guined aaudatum parents probably differed
in their allelic composition at the genes contrglmost of these traits.

Pearson correlation coefficients (r) between quatnte traits are displayed in Table 2. The
strongest correlation was found between PERTH aWil'$ in population P118 (r=-0.84)
indicating that the whiteness of the grain is mpodtle to the thickness of the pericarp in this
population. PERTH was also correlated to DHYLD (#0and r=0.39 in P118 and P114,
respectively) indicating that a large part of déihglyield was explained by the thickness of
the pericarp and that dehulling was successfulemaving the outer layers of the grain.
DHYLD was positively correlated to TGW in populati®114 (r=0.45) and to a lesser extent
in population P118 (r=0.14). Surprisingly, DHYLD svalso positively correlated to amylose
content in both populations (r=0.38 and 0.32 in4fafhd P118, respectively). DHYLD was
positively correlated to GYLD, which could be expkd by the important positive
correlation between GYLD and TGW (0.53 and 0.2B114 and P118, respectively).

A strong positive correlation was observed betwBdnand TESTA in both populations
(r=0.56 and 0.52 in P114 and P118, respectivelyje Ppresence of TESTA was also

negatively correlated to both amylose content olethiby prediction AMY (r=-0.44 and -0.31
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334 in P114 and P118, respectively), as well as thddaired by reference method AMY_Lab
335 (r=-0.21 in P118) and positively correlated to TAC@®=0.41 and 0.30 in P114 and P118,
336 respectively) indicating that part of the t6 coleas due to the presence of a pigmented testa
337 in the grain. TOCOL was also positively correlattsl ANTHO in P114 (r=0.39).
338 Interestingly, this correlation was not found in1Bleven though ANTHO was positively
339 correlated to GLUMCOL in this population (r=0.42)cathat anthocyanins in glumes are
340 known to cause colored to.

341 The grain morphology descriptors (MAJOR, MINOR, GRIdnd TGW) measured by image
342 analysis on population P118 were correlated togethehey were all related to the size and
343 the shape of the grain. Grain amylose (AMY) andgirm(PROT) contents were negatively
344  correlated in both populations (r=-0.56 and -0/52114 and P118, respectively) and PROT
345 was positively correlated with lipid content (LIR)=0.39 and 0.46 in P114 and P118,
346 respectively). AMY and AMY_Lab were positively celated in P118 (r=0.62). This
347 relatively low correlation confirmed the poor perfance of NIRS to predict amylose from
348 whole grain as previously reported by de AlencguEreido et al. (2006) (R0.70).

349 The consistency of the td6 was positively correlatgth amylose content (r=-0.32 and -0.26
350 between TOCONS and AMY_Lab and AMY respectivelyRal18, and r=-0.11 between
351 TOCONS and AMY in P114), taking into account thatoasistent t6 is represented by a low
352 value of TOCONS. Given the negative correlatiorneein AMY and PROT and LIP, the
353 consistency of the t6 was negatively correlatechwROT and LIP (r=0.34 and 0.20,

354 respectively) in P118.
355 3.1 Linkage mapsand segregation analysis

356 The total map distances were 1792 cM and 1346 cMl the average distance between

357 markers 10 cM and 6 cM for P114 and P118, respagtihe longest gap with no marker
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was 40 cM for both populations. The marker orders via agreement with the known

positions of the markers on the genome sequence.

The segregation ratios were analyzed and compartéttMendelian segregation ratios in F

generation (3/8, 1/4, 3/8) using a chi-square tEgj. 2 to 6 displayed the genetic map
showing distorted markers. In P114, a total of 6arkars were significantly distorted at

P<0.01 and 40 of the 67 were significant at P<0.00P118 a total of 51 markers showed
segregation distortions at P<0.01, among them, & wignificant at P< 0.001.

Most of the distorted markers were organized irstelu In P114, the top of chromosome 1,
from 0 to 73 cM, was strongly distorted in favortbé Keninkeni allele. The two extremities

of chromosome 3 (0 to 29 cM and 136 to 175 cM) whséorted in favor of the Tiandougou

allele. Several segments of chromosome 4 were difgorted in favor of the Tiandougou

parent. The bottom extremity of chromosome 6 (842 cM) was distorted in favor of the

Keninkeni allele, as were the top of chromosom@ &(30 cM), and the two extremities of

chromosome 10 (0 to 44.9 cM and 119.6 to 168.8 ¢iMP118, a segment of chromosome 2
(132 to 155 cM) was distorted in favor of Lata3ekdl Most of the chromosome 4 was
distorted in favor of Tiandougou allele, as was lhb&om extremity of chromosome 9 (66 to

117 cM). Finally, two segments of chromosome 6 veiseorted in favor of Lata3 allele.
3.2 QTL detection

The phenotypic data collected on both populatidosgawith genotypic data and genetic
maps were used to detect QTLs using a multiple @iddel. The QTLs detected in both
populations are represented on Fig 2 to 6 and suinedain Table 3. The forward/backward
model selection used a main effect LOD penalty aaegh for each trait from 1000
permutations of a two QTLs genome scan with a Bagmce level of 0.05. The LOD

penalties ranged from 3.35 to 3.73 for P118 anchf8o47 to 3.82 for P114 (Table 3).
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In P114, a total of 51 QTLs were identified for ttaits out of the 13 traits investigated. No
QTL was detected for TOCONS in the P114 populatioi?118, 71 QTLs were identified for
the 20 traits that were measured in this populafitre number of QTLs per trait ranged from
1 (PERTH in P114 and P118, GYLD, TOCONS, TOCOL, ANTHO in P118) to 8 (ET in
P114, MAJOR, GRND, and DTFL in P118). The differenc the total number of detected
QTLs and the number of QTLs per trait in the twgulations can be explained by the
different genetic background represented by Kenminkad Lata3 parents and by the fact that
the two populations were evaluated in two differemgironments.

Several QTLs showed high LOD score antvRlues corresponding to the segregation of
major genes. This was the case for PERTH on chrome< in position 90 (LOD value of
86.9 and 81.5 and?Rof 64.9 and 60.8 on P114 and P118 respectively) GWTN on the
same location (LOD value of 72.5 and & 48.2 on P118), DTFL on chromosome 3 in
position 74 (LOD value of 78.9 and 78.0 and @& 55.7 and 48.7, on P114 and P118,
respectively), TESTA on chromosome 4 in positio® (00D value of 40.1 and 39.3, and R
of 33.4 and 33.6, on P114 and P118, respectively)om chromosome 2 in position 45 (LOD
value of 24.5 and 20.8, and®Bf 18.1 and 15.7, on P114 and P118, respectively
ANTHO on chromosome 6 in position 102 (LOD value7@t2 and 78.2, and’®Rf 58.0 and
59.5, on P114 and P118, respectively). The major @F PERTH and GWTN corresponds
to the Z gene controlling mesocarp thickness (Aggauret al., 1934) for which map location
was reported on the same locus by Boivin et al99).9The two major QTLs for TESTA on
chromosomes 2 and 4 correspond to the B2 and Besgesspectively. The QTL on
chromosome 4 colocalizes with the Tanl gene recetdhed by Wu et al. (2012) (Fig 2 to
6). The QTL on chromosome 2 colocalizes with the #he previously mapped on
chromosome 2 (Dufour et al., 1997; Rami et al.,898nd for which a candidate gene

(Sb02g006390, renamed Sobic.002G076600 in v3.loodhsim genome assembly) was
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recently proposed by Morris et al. (2013b). Thean&TL for ANTHO on chromosome 6
corresponds to the P gene already reported atatine ocation (Rami et al., 1998). Finally,
the major QTL for DTFL on chromosome 3 has beerestigated in a separate study
involving the P118 population and has been showibeanvolved in the fine tuning of
photoperiod sensitivity (Guitton et al., 2018).

On top of chromosome 1, a QTL for TGW was deteatedP114. At this locus, the
Tiandougou allele conferred larger grains. This QWwhs confirmed by two QTLs for
MAJOR and MINOR grain axes detected at the samatimt in population P118 with
Tiangougou allele also increasing grain size, thong QTL for TGW was located at that
position for P118. Tiandougou allele was also assed in this region with higher PROT and
higher GLUMAD (high value of GLUMAD correspond tow level of glume adherence). A
QTL for ET was detected in the middle of chromosdime both populations, associated to a
QTL for DHYLD in population P118. Tiandougou alletd this locus conferred higher
dehulling yield and more vitreous endosperm. Finahe QTL for LIP was detected in the
bottom part of chromosome in both populations, wigminkeni and Lata3 conferring higher
lipid content.

On chromosome 2, the major QTL for TESTA (B2 gena} associated to a QTL for ET on
both populations and a QTL for AMY on P114 and AM¥b on P118. At this locus, the
Tiandougou allele conferred a pigmented testayylemdosperm with lower amylose content.
This association between the B2 gene and amylosg¢emp and endosperm texture is
consistent with results reported previously in gairx caudatum crosses (Rami et al., 1998).
On the same chromosome, the PERTH QTL was asso¢@@TLs for LIP and DHYLD on
both populations. At this locus, the Tiandougowlaliconferred a thick pericarp, higher lipid
content and a lower dehulling yield. This QTL wadocalizing with two QTLs for TGW and

MINOR on population P118.
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On chromosome 3, a QTL for ET was detected in RP&itd no colocalization with other
QTL and for which the Tiandougou allele was asdediavith vitreous endosperm. In both
populations, QTLs for GYLD and AMY were associateih the major QTL for DTFL on
the same chromosome. The Tiandougou allele confedtelayed flowering in both
populations but interestingly, higher yield and #&wsg content in P114 but lower yield and
amylose content in P118. In P114, the Tiandougtaleaht this QTL was also associated to
higher TGW, higher DHYLD and lower PROT.

On chromosome 4, the only QTL for TOCONS was detkéat P118 and colocalized with a
QTL for AMY_Lab. The Lata3 allele at this QTL confed higher t6 consistency and higher
amylose content confirming the relationship betwaemylose content and t6 consistency
reported by Fliedel (1995). A QTL for DTFL was fauimn both populations on the same
chromosome, with Tiandougou allele contributinghedlowering. In P114, this QTL was
colocalizing with a QTL for GYLD, TGW and DHYLD aivhich the Keninkeni allele
provided higher vyield, larger grains and higherudighg yield. The main QTL for TESTA,
corresponding to the Tanl (B1) gene, was colocgigtith QTLs for TOCOL and ET in both
populations and with QTLs for MINOR, GWTN, GLUMCOand GWTN in P118, and
ANTHO in P114. The colocalization of TOCOL with theanl gene suggested than the
pigmented testa had an impact on the final colotheftd, even after grain dehulling. The
colocation of ET and TESTA QTLs at the two loci atved in the genetic control of
pigmented testa seems to indicate a functional iekveen this trait and the texture of the
endosperm. The colocation of Tanl with a QTL for D in P114 and a QTL for
GLUMCOL in P118 also suggested that this gene v&s iavolved in the pigmentation at
the whole plant level as reported by Wu et al. @0Two QTLs for AMY were also detected
on chromosome 4 for P114, one with a positive éffiexn Keninkeni, colocalizing with the

amylose extender (Ael) gene, and the other oneanpibsitive effect from Tiandougou.
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On chromosome 5, colocalizing QTLs for AMY, ET aRROT were detected in P114, with
the Tiandougou allele conferring higher amyloseteon softer endosperm and lower protein
content. In the same region, a QTL for MAJOR wasected for P118, at which the
Tiandougou allele increased the length of the grAiQTL for GYLD was also detected on
the same chromosome in P114 with Tiandougou dtlaleng a positive effect and QTLs for
GRND and GWTN were detected in a neighboring regio®118 with Tiandougou allele
having a positive effect.

On chromosome 6, QTLs for TGW, MAJOR, and MINOR &veletected together in P118
with Tiandougou allele conferring a positive efféotgrain size. Two QTLs for LIP were
detected in both populations with a positive effeciliandougou allele. These QTLs were
close to a QTL for ET in P114 colocalizing with &1Qfor DHYLD in P118, for which the
Keninkeni and Lata3 alleles conferred vitreous epeéom and higher dehulling yield. The
major QTL for ANTHO on the same chromosome was @ased with a QTL for TOCOL in
P114 and QTLs of GLUMCOL and GWTN in P118. The Kdmini and Lata3 alleles at this
locus were both associated with high anthocyamokred t6 for Keninkeni, colored glumes
and darker grain for Lata3. The colocalization ofLl® for TOCOL, GLUMCOL, and
ANTHO suggest that the pigments of the glumes ss pnside the grain when conditions
are favorable and result in a colored to.

On chromosome 7, the same colocalization of QTksCBYLD, DTFL, and TGW were
observed for both populations. This locus was aatet with a QTL for GYLD in P114 and
with QTLs for GRND and MAJOR in P118. In both casles guinea allele (Keninkeni or
Lata3) was associated with higher dehulling yiddder flowering, higher yield and bigger
grains. The Keninkeni allele was also associatetth Wwigher yield while the Lata3 allele
contributed longer grains. These findings suggeat this locus plays a major role in the

shape of the grain and consequently on grain sidegeain yield.
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On chromosome 8, one QTL for ET was detected atajp@f the chromosome in P114, with
the Tiandougou allele contributing to vitreous espym. Another QTL was found in P114 at
the bottom of the chromosome for PROT with a pesitffect of Tiandougou allele. In P118,
only a small effect QTL for DTFL was detected a tiottom end of the chromosome.

On chromosome 9, a QTL for GYLD was detected in &2Mith a positive effect of
Tiandougou allele. This QTL colocalized with two Flfor GRND and MAJOR in P118 for
which the Tiandougou allele contributed to a roungi@in with a reduced major axis. This
locus, similarly to the ones detected on chromosoine8 and 7, revealed a relation between
grain morphology and grain yield.

Finally, on chromosome 10, two QTLs for GRND and MJR were detected in P118 with
Tiandougou allele contributing to rounder grainsthwreduced major axis. This QTL
colocalized with a QTL for AMY in P114, with Kenieki allele having a positive effect. A
QTL for LIP was detected in P114 with a large eff@?=17%) of the Tiandougou allele on
lipid content. This QTL did not colocalize with anyher trait. Two QTLs for DHYLD and
ET were also detected in P114, with Tiandougoulealt®ntributing to a more vitreous

endosperm and higher dehulling yield.
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4 Discussion

Ideotypes of sorghum varieties for West-Africanaagcosystems are complex constructions
that need to combine adaptation for diverse andthbig environments, stable productivity,
quality characteristics for a large range of tiadial end-uses or emerging value chains, and
morphological attributes that meet farmers’ prafess. Breeding such varieties is
challenging as it requires measuring and assemldirigrge range of traits not always
positively genetically correlated. Modern breedusing molecular markers provides a unique
opportunity to investigate the genetic control bistlarge number of target traits and to
monitor the process of pyramiding the favorableele#i for the genes involved in their
variation. To be efficiently implemented, the usenaolecular markers has to be tightly
integrated into the breeding program while minimdgidisruption to the breeding process.
This study represents the QTL discovery phaseméiker assisted recurrent selection project
that aims at combining grain productivity and grairality.

We have analyzed two large sorghum breeding pdpoktthat were designed for this
purpose using three complementary elite parents. Jénotyping of the two populations
provided two genetic maps with optimal marker dgnir QTL detection. The ordering of
genetic markers was robust and consistent withr kmgiwn position on the sorghum genome
sequence, attesting of the quality of the genotygiata and the interest of using populations
with a large number of progenies. A total of 20itsrdnave been measured and the trait
variation in each population showed transgresseggegjation in most cases. Except for the
TOCONS trait in the P114 population, QTLs were diete for all measured traits. One QTL
for t6 consistency, which was one of our primargdaling targets, was found in population
P118 and colocalized with a QTL for amylose conteatfirming the role of amylose in the
firmness of the t6. The fact that only one QTL vi@end for this trait underlines the difficulty

of obtaining reliable measurements because of dhgtexity of the cooking process and the
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subjectivity of consistency appraisal. For thissg a good understanding of the process and
of the factors that affect the quality of the fipabduct is essential in order to focus breeding
efforts on heritable components of t6 quality. QTasgrain shape parameters were reported
for the first time in sorghum, thanks to an imagalgsis procedure that provided a rapid and
reliable way to access many shape parameters aathe time.

The construction of the two genetic maps showed ymiaighly significant segregation
distortions for the molecular markers analyzed othbpopulations, that underlined the
challenge of using real breeding populations aspingppopulations. Most of the distorted
markers were organized in clusters. The strongegirtlons were observed on chromosomes
1, 3, 4, 6, and 8 for P114 and on chromosomes ddiod P118. A possible explanation of
these high rates of segregation distortion is actieln bias that may have occurred in F
generation favoring one of the parental allelesuélly, given the photoperiod sensitivity of
the populations, the production of thgdeneration was achieved in off-season in Mali from
March to May 2009 using flower initiation masks.dtpossible that the artificial flowering
initiation process introduced a selection biasams regions of the genome involved in the
response to photoperiod. Similarly, it is also jassthat F, plants experienced high
temperatures during the flowering phase in AprilyV2009 in Bamako, an issue that may
have been exacerbated by the use of initiation mia8kmaximum temperature of 41°C
observed during 6 days and an average of 38°C epaated over this period. The presence
of high temperatures during flowering has been nepoto cause pollen infertility in many
crop species (Bita and Gerats, 2013). Selectiosebighat could explain the distortions
observed in both populations can also be intergrate the light of co-localization of
segregation distortions with detected QTLs. On abghromosome 1, in the region of the
most distorted zone in population P114, two QTLsendetected for TGW and PROT. The

distortion observed in this region was in favotlwé allele linked to smaller grains with fewer
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proteins. In the bottom part of chromosome 4, highs$torted in both populations in favor of
Tiandougou allele, several QTLs were detected atiliog with the Tanl gene controlling
pigmentation of testa layer for which both Keninkend Lata3 had the B2 allele conferring a
pigmented testa. It is possible that some progeshiesiing a pigmented testa may have been
discarded during the population development frontoH generation. It is however difficult
to link segregation distortions to detected QTLs,QIL detection itself may have been
affected by unbalanced genotypic classes. Distortedkers are known to affect the
estimation of genetic distance between markers thadorder of markers (Lorieux et al.,
1995) as well as QTL detection (Xu, 2008; Zhanglgt2010). Most of the time, segregation
distortions are detrimental to QTL detection but (R008) reported that it can be beneficial
especially in case of purely additive QTLSs.

The genetic mapping of several genes with majagcefivas a key result for designing the
target ideotypes according to breeding objectiverong the regions of the genomes that
were significantly associated with the variationtlodé traits analyzed in the two populations,
five corresponded to genes with major effects amgoirtant pleiotropic effects. This was the
case of the gene for pericarp thickness on chromesd known as the Z gene (Ayyangar et
al., 1934), the two genes controlling the presesfqgagmented testa layer on chromosomes 4
and 2, known as Bl and B2, respectively, the gematralling plant anthocyanin on
chromosome 6, known as P, and one gene for flogeime that has been shown to be
involved in the control of the critical photoperit@it (Guitton et al., 2018). Another major
QTL for plant height (data not shown) segregatimghie two populations was also located on
chromosome 7 and most likely corresponded to th& Dene. Interestingly, the B2 locus on
chromosome 2 was found to be associated with eedwosfgexture and amylose content in
both populations, a result already reported by Retnal. (1998). The fact that the B1 locus

that was mapped on chromosome 4 was also assouwidted QTL for endosperm texture in
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both populations suggested a functional link betwi® presence of a pigmented testa and
the physical properties of the endosperm. It isitids that the presence of a pigmented testa
in the peripheral layers of the grain modifies tkimetics of grain dessication and
subsequently the texture of the endosperm. Motred.g2013b) proposed a putative bHLH
transcription factor as a possible candidate ferBR gene, based on association studies and
orthology with genes known to control grain tanninsrice and Arabidopsis. There is no
established link of this gene with starch biosysthepathway that could explain the
colocalization with a QTL for amylose content. Atlee explanation seems to be an important
linkage disequilibrium between the B2 gene andreegrvolved in grain amylose content in
this region. The segregation of major genes imileepopulations explained a significant part
of the variation of the traits, but may also haweited the power of detection for QTLs with
small effects and thus reduced the prediction amgurof the genetic value of selected
progenies. The segregation of such genes with nedjects in elite material is probably a
consequence of the diversity of ideotypes thatcaresidered by breeding programs. In fact,
depending on the breeding objectives, these germgseither be considered as beneficial or
detrimental, which may have limited the selectiaesgure on particular alleles for these
genes. This specificity of elite sorghum germpladriaest-African breeding programs has to
be taken into account for designing marker assistedding schemes.

In addition to loci with major and pleiotropic efts, many QTLs with moderate effects have
been detected for most of the traits that have kmeelyzed. No major antagonism was
detected between grain quality traits and graifdyiguggesting that it is possible to combine
the favorable alleles of both categories to breegfoductive varieties with satisfactory grain
quality attributes. Based on QTL results, it is bk to identify what is the most favorable
parental allele in each region of the genome affidelene or more genotypic ideotypes that

correspond to ideal patterns of recombination betwihe two parents with respect to the
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breeding objectives. Recurrent crossing of progerirem both populations, accurately
monitored by molecular markers, will facilitate theoduction of families with accumulated

favorable alleles that can be further evaluatetiregders through conventional breeding.
5 Acknowledgements

This study was funded by the Generation Challermggr@mme and the Syngenta Fundation
for Sustainable Agriculture under the Grant NunB4008.48.

26



608

609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

6 References

Anglani, C., 1998. Sorghum for human food - A rewi€’lant foods for human nutrition 52,
85-95.

Ayyangar, G.N.R., Vijiaraghavan, C., Ayyar, M.Sad& V.P., 1934. Inheritance of characters
in sorghum - the great millet. VI. Pearly and clyalgrains. Indian Journal Of
Agricultural Sciences 4, 96.

Bello, A.B., Rooney, L.W., Waniska, R.D., 1990. teas affecting quality of sorghum t0, a
thick porridge. Cereal Chemistry Journal 20-25.

Bita, C.E., Gerats, T., 2013. Plant tolerance ghhemperature in a changing environment:
scientific fundamentals and production of heatsstsilerant crops. Frontiers in Plant
Science 4. doi:10.3389/fpls.2013.00273

Boivin, K., Deu, M., Rami, J.-F., Trouche, G., Hamd’., 1999. Towards a saturated
sorghum map using RFLP and AFLP markers. TAG Thaaleand Applied Genetics
98, 320-328. d0i:10.1007/s001220051076

Boyles, R.E., Pfeiffer, B.K., Cooper, E.A., RauhlLB Zielinski, K.J., Myers, M.T., Brenton,
Z., Rooney, W.L., Kresovich, S., 2017. Genetic elts®n of sorghum grain quality
traits using diverse and segregating populatiorseofetical and Applied Genetics
130, 697-716. doi:10.1007/s00122-016-2844-6

Cagampang, G.B., Kirleis, A.W., 1984. Relationsbfpsorghum grain hardness to selected
physical and chemical measurements of grain qu&ligyeal Chem 61, 100-105.

Chandrashekar, A., Kirleis, A.W., 1988. Influenck pyotein on starch gelatinization in
sorghum. Cereal Chem 65, 457-462.

Chantereau, J., Luce, C., Hamada, M.A.G., Flie@e],1997. Selection of a sorghum line,
ICSV 2001 combining productivity and grain qualitpternational Sorghum and
Millets Newsletter 35-37.

de Alencar Figueiredo, L., Sine, B., ChantereauyMestres, C., Fliedel, G., Rami, J.-F.,
Glaszmann, J.-C., Deu, M., Courtois, B., 2010. afality of grain quality in
sorghum: association with polymorphism in Sh2, E2sl, Ael, Wx and O2. TAG
Theoretical and Applied Genetics 121, 1171-118516d.007/s00122-010-1380-z

de Alencar Figueiredo, L.F., Davrieux, F., Flied8l, Rami, J.F., Chantereau, J., Deu, M.,
Courtois, B., Mestres, C., 2006. Development of 8lIRquations for food grain
quality traits through exploitation of a core calien of cultivated sorghum. Journal
of Agricultural and Food Chemistry 54, 8501-8509.

Dufour, P., Deu, M., Grivet, L., D'Hont, A., Pauldt., Bouet, A., Lanaud, C., Glaszmann,
J.C., Hamon, P., 1997. Construction of a composdegghum genome map and
comparison with sugarcane, a related complex poigplTheoretical and Applied
Genetics 94, 409-418. doi:10.1007/s001220050430

FAO, 2014. FAOSTAT [WWW Document]. URL http://faasfao.org/default.aspx
(accessed 7.30.15).

Fliedel, G., 1995. Appraisal of sorghum quality foaking t6. Agriculture et Développement
34-42.

Guitton, B., Théra, K., Tékété, M.L., Pot, D., Keassy, M., Témé, N., Rami, J.-F.,
Vaksmann, M., 2018. Integrating genetic analysid emp modeling: A major QTL
can finely adjust photoperiod-sensitive sorghumvédng. Field Crops Research 221,
7-18. doi:10.1016/j.fcr.2018.02.007

Integrated Breeding Platform [WWW Document], nd. RIU
https://www.integratedbreeding.net/482/communigesbmics-crop-info/crop-
information/gcp-kaspar-snp-markers (accessed 8/18.1

27



656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

Kayode, A.P.P., Adegbidi, A., Hounhouigan, J.D.nneémann, A.R., Nout, M.J.R., 2005.
Quiality of farmers’ varieties of sorghum and dedifeods as perceived by consumers
in Benin. Ecology of Food and Nutrition 44, 271-294
doi:10.1080/03670240500187302

Lorieux, M., Goffinet, B., Perrier, X., Ledn, D.@e, Lanaud, C., 1995. Maximume-likelihood
models for mapping genetic markers showing segi@gatistortion. 1. Backcross
populations. Theoretical and Applied Genetics $3;80. doi:10.1007/BF00220998

Mace, E., Jordan, D., 2011. Integrating sorghumlg/igenome sequence information with a
compendium of sorghum QTL studies reveals unevstrilolition of QTL and of
gene-rich regions with significant implications facrop improvement. TAG
Theoretical and Applied Genetics 1-23-23.

Morris, G.P., Ramu, P., Deshpande, S.P., Hash, GHah, T., Upadhyaya, H.D., Riera-
Lizarazu, O., Brown, P.J., Acharya, C.B., Mitch&lE., Harriman, J., Glaubitz, J.C.,
Buckler, E.S., Kresovich, S., 2013a. Population ogeic and genome-wide
association studies of agroclimatic traits in sorgh Proceedings of the National
Academy of Sciences 110, 453-458. doi:10.1073/1245985110

Morris, G.P., Rhodes, D.H., Brenton, Z., Ramu,TRayil, V.M., Deshpande, S., Hash, C.T.,
Acharya, C., Mitchell, S.E., Buckler, E.S., Yu, Bresovich, S., 2013b. Dissecting
genome-wide association signals for loss-of-fumctiphenotypes in sorghum
flavonoid pigmentation traits. G3: Genes|GenomesbGes 3, 2085-2094.
doi:10.1534/9g3.113.008417

Murray, S.C., Rooney, W.L., Hamblin, M.T., Mitchelb.E., Kresovich, S., 2009. Sweet
sorghum genetic diversity and association mapporgbfix and height. The Plant
Genome Journal 2, 48. doi:10.3835/plantgenome200#11

Paterson, A.H., Bowers, J.E., Bruggmann, R., Dukcha Grimwood, J., Gundlach, H.,
Haberer, G., Hellsten, U., Mitros, T., Poliakov, S&chmutz, J., Spannagl, M., Tang,
H., Wang, X., Wicker, T., Bharti, A.K., Chapman, Feltus, F.A., Gowik, U.,
Grigoriev, LV., Lyons, E., Maher, C.A., Martis, MNarechania, A., Otillar, R.P.,
Penning, B.W., Salamov, A.A., Wang, Y., Zhang, Carpita, N.C., Freeling, M.,
Gingle, A.R., Hash, C.T., Keller, B., Klein, P.,d&ovich, S., McCann, M.C., Ming,
R., Peterson, D.G., Mehboob-ur-Rahman, Ware, D.stilédf, P., Mayer, K.F.X.,
Messing, J., Rokhsar, D.S., 2009. TH#rghum bicolor genome and the
diversification of grasses. Nature 457, 551-55618d1038/nature07723

Perez Bouvier, E., 1988. Mise au point d'une méghdtévaluation de la texture du t6 de
sorgho. Influence de certaines caractéristiquessipbychimiques sur la qualité
(Mémoire de fin d’études). Ecole nationale d’inggnms des travaux agricoles de
Clermont-Ferrand, Montpellier.

Raab, Q.J., Miller, F.R., Rooney, L.W., 1984. Thengtype and phenotype of several
important kernel and plant characteristics of soomenmon (Sorghum bicolor)
varieties. Sorghum Newsletter.

Ragot, M., Lee, M., Guimaraes, E., others, 2007tkiglaassisted selection in maize: current
status, potential, limitations and perspectivesnfithe private and public sectors, in:
Marker-Assisted Selection, Current Status and [Eut@erspectives in Crops,
Livestock, Forestry and Fish. pp. 117-150.

Rami, J.F., Dufour, P., Trouche, G., Fliedel, Gedttes, C., Davrieux, F., Blanchard, P.,
Hamon, P., 1998. Quantitative trait loci for grajmality, productivity, morphological
and agronomical traits in sorghum (Sorghum bicdloMoench). Theoretical and
Applied Genetics 97, 605—-616.

28



704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
122
723
724
725
726
727
728
729
730
731
732
733
734
735

Rhodes, D.H., Hoffmann, L., Rooney, W.L., Herald]).T Bean, S., Boyles, R., Brenton,
ZW., Kresovich, S., 2017. Genetic architecture kefnel composition in global
sorghum germplasm. BMC Genomics 18, 15. doi:10.k1&864-016-3403-x

Risterucci, A.M., Grivet, L., N'Goran, J.A.K., Pditi, |., Flament, M.H., Lanaud, C., 2000. A
high-density linkage map of Theobroma cacao L. TAkeoretical and Applied
Genetics 101, 948-955. doi:10.1007/s001220051566

Rooney, L.W., Murty, D.S., 1982. Evaluation of saug food quality, in: Sorghum in the
Eighties. Patancheru, Andhra Pradesh; India, p. 571

Scheuring, J.F., Sidibe, S., Rooney, L.W., Earp,.,CL983. Sorghum pericarp thickness and
its relation to decortication in a wooden mortad gestle. Cereal Chemistry 60, 86—
89.

Schneider, C.A., Rasband, W.S., Eliceiri, KW., 20NIH Image to ImageJ: 25 years of
image analysis. Nature Methods 9, 671-675.

Sukumaran, S., Xiang, W., Bean, S.R., Pedersen, Kik€sovich, S., Tuinstra, M.R., Tesso,
T.T., Hamblin, M.T., Yu, J., 2012. Association magpfor grain quality in a diverse
sorghum collection. The Plant Genome Journal 5 .126
doi:10.3835/plantgenome2012.07.0016

Trouche, G., Fliedel, G., Chantereau, J., Barrp1@99. Productivité et qualité des grains de
sorgho pour le t6 en Afrique de I'Ouestes nouvelles voies d’amélioration.
Agriculture et Développement 94-107.

Wu, Yuye, Li, X., Xiang, W., Zhu, C., Lin, Z., WiY,un, Li, J., Pandravada, S., Ridder, D.D.,
Bai, G., Wang, M.L., Trick, H.N., Bean, S.R., Tumas M.R., Tesso, T.T., Yu, J.,
2012. Presence of tannins in sorghum grains isitondd by different natural alleles
of Tanninl. Proceedings of the National AcademySofences 109, 10281-10286.
doi:10.1073/pnas.1201700109

Xu, S., 2008. Quantitative trait locus mapping dasmefit from segregation distortion.
Genetics 180, 2201-2208. doi:10.1534/genetics. 0888

Zhang, L., Wang, S., Li, H., Deng, Q., Zheng, A,,&., Li, P., Li, Z., Wang, J., 2010. Effects
of missing marker and segregation distortion on Qiapping in F2 populations.
TAG. Theoretical and applied genetics. 121, 107821@0i:10.1007/s00122-010-
1372-z

29



736

737

738

739

7 Tables

Table 1. Descriptive statistics of progenies and mean values of parents. N: number of data, Min.: minimum, Max: maximum, Sfdandard

deviation, CV: coefficient of variation, P1: ValoéLata3 for P118 and Keninkeni for P114, P2: Vadfidiandougou

Trait Pop. N Min. Max. Mean S.D. C.v. P1 P2
AMY_Lab (%) Amylose content (wet lab data) P118 184 17.7 24.5 21.6 14 6.7 22.2 21.6
AMY (%) Amylose content (NIRS) P114 377 183 22.4 20.8 0.8 3.7 215 21.4
AMY (%) P118 400 19.2 23.2 21.6 0.8 3.5 22.0 21.5
ANTHO (0 to 1 scale) Plant anthocyan P114 382 0.0 1.0 0.5 0.4 81.2 1.0 0.0
ANTHO (0 to 1 scale) P118 398 0.0 1.0 0.6 0.4 69.1 1.0 0.0
DHYLD (%) Dehulling yield P114 379 283 95.0 70.8 10.5 14.9 84.1 65.4
DHYLD (%) P118 400 53.3 90.0 79.9 4.6 5.8 85.1 73.1
DTFL (d) Days to flowering P114 382 52.2 75.7 64.3 5.2 8.1 65.4 70.0
DTFL (d) P118 400 70.5 103.0 83.9 5.9 7.1 83.0 87.8
ET (1 to 5 scale) Endosperm texture P114 382 1.2 4.6 2.4 0.7 27.5 2.5 2.4
ET (1 to 5 scale) P118 369 1.0 4.5 2.6 0.7 26.4 1.9 2.3
GYLD (g/ha) Grain yield P114 382 408.3 5746.7 3046.4 955.8 31.4 3604.5 3947.3
GYLD (g/ha) P118 400 486.7 5363.3 2286.1 784.2 343 2822.8  2910.1
LIP (%) Lipid content P114 377 23 4.5 35 0.4 104 2.8 3.7
LIP (%) P118 400 3.7 6.0 4.7 04 7.9 5.1 4.7
PERTH (0 to 1 scale) Pericarp thickness P114 377 -0.2 1.2 0.6 0.4 78.0 1.0 0.0
PERTH (0 to 1 scale) P118 400 -0.2 11 0.6 0.4 75.0 1.0 0.0
PROT (%) Protein content P114 377 7.6 15.3 11.6 1.1 9.2 10.7 10.7
PROT (%) P118 400 7.4 16.8 11.0 1.2 10.7 115 10.1
TESTA (0 to 1 scale) Presence of testa P114 327 0.0 1.0 0.2 0.4 1439 0.0 0.0
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TESTA (0 to 1 scale)
TGW (g)

TGW (g)

TOCOL (1 to 4 scale)
TOCOL (1 to 4 scale)
TOCONS (1 to 5 scale)
TOCONS (1 to 5 scale)
GLUMAD (1 to 5 scale)
GLUMCOL (1 to 4 scale)
GRND (0 to 1 scale)
GWTN (0 to 255 scale)
MAIJOR (pixels*)
MINOR (pixels*)

*1 pixel =0.127 mm

Thousand grains weight

To6 color

TO consistency

Glume adherence
Glume color

Grain shape: roundness
Grain whiteness

Grain shape: major axis

Grain shape: minor axis

P118
P114
P118
P114
P118
P114
P118
P118
P118
P118
P118
P118
P118

369
378
400
379
400
379
174
400
399
400
400
400
400

0.0
11.0
15.3
1.0
1.0
1.0
1.0
1.0
1.0
0.73
128.6
22.9
18.5

1.0
26.4
29.2
3.0
2.0
4.0
3.0
5.0
3.0
0.90
180.0
28.9
23.0

0.2
19.3
22.3
15
1.0
1.9
1.8
4.1
1.6
0.81
159.6
25.5
20.7

0.3
3.0
2.2
0.7
0.2
0.8
0.4
1.4
0.7
0.03
10.8
1.1
0.7

164.7
15.5
9.8
46.9
17.8
41.6
25.4
34.7
44.2
3.81
6.8
4.2
3.6

0.0
20.0
23.1
24
1.0
2.2
1.7
4.4
3.0
0.76
146.0
26.8
204

0.0
21.7
22.1
1.0
11
2.1
2.3
4.9
1.0
0.87
180.8
25.5
22.2
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742 Table 2. Pearson phenotypic correlation in P114 and P118 populations.

2 3 2 8
. o - 2 - -3
< < o o ] €] = o o = = = = < © (C) (C] o =
ANTHO P114 0.07
ANTHO P118 0.09
DHYLD P114 0.38 0.12
DHYLD P118 0.33 0.11
DTFL P114 0.38 -0.02 0.34
DTFL P118 -0.26 -0.09 0.02
ET P114 -0.33 -0.04 -0.24 -0.08
ET P118 -0.1 -0.01 -0.21 0.05
GYLD P114 0.4 0.03 0.34 0.29 -0.07
GYLD P118 0.18 0.18 0.24 -0.29 0.05
LIP P114 -0.13 -0.17 -0.08 0.08 -0.09 -0.1
LIP P118 -0.36 -0.2 -0.18 0.16 -0.24 -0.19
PERTH P114 0.13 0.04 0.39 -0.03 -0.21 0.01 -0.27
PERTH P118 0.32 0.02 0.47 0.03 -0.04 -0.05 -0.13
PROT P114 -0.56 -0.11 -0.1 -0.29 -0.13 -0.32 0.4 0.06
PROT P118 -0.52 -0.11 0.09 0.19 -0.3 -0.28 0.46 0.2
TESTA P114 -0.44 0.14 -0.1 0.01 0.57 0.03 -0.13 -0.22 -0.14
TESTA P118 -0.31 0.01 -0.14 0 0.52 0.14 -0.13 -0.11 -0.17
TGW P114 0.25 -0.09 0.45 0.38 -0.17 0.53 0.12 0.01 0.01 -0.06
TGW P118 0.05 -0.02 0.15 -0.15 0.01 0.28 0.09 -0.17 -0.07 -0.01
TOCOL P114 -0.14 0.39 0.18 -0.11 0.11 0.06 -0.14 0.11 -0.07 0.41 -0.06
TOCOL P118 -0.16 0.1 -0.07 0.01 0.25 0.03 -0.05 -0.01 -0.01 0.3 -0.02
TOCONS P114 -0.11 0.07 0.13 -0.05 -0.07 -0.17 0.2 0.05 0.18 -0.04 -0.09 0.13
TOCONS P118 -0.27 -0.13 -0.12 0.1 -0.1 -0.13 0.16 0.09 0.34 -0.04 -0.07 -0.1
AMY_Lab P118 0.63 0.11 0.27 -0.09 -0.12 0.16 -0.27 0.17 -0.41 -0.21 0 -0.09 -0.32
GLUMAD P118 0.04 -0.11 0.08 -0.07 0 0.35 -0.06 -0.03 -0.17 0.1 0.08 -0.01 -0.1 0.1
GLUMCOL P118 0.1 0.52 0.13 -0.13 0.04 0.22 -0.15 0.04 -0.16 0.22 0.09 0.12 0 0.1 -0.11
GRND P118 0.14 0.13 0.02 -0.11 0.07 0.07 -0.29 -0.17 -0.21 -0.1 -0.18 -0.06 -0.06 0.03 0.15 0.02
GWTN P118 -0.15 -0.14 -0.48 0.08 -0.08 -0.07 0.16 -0.84 -0.15 -0.19 0.13 -0.12 0 -0.1 -0.01 -0.25 0.16
MAIJOR P118 -0.01 -0.19 0 -0.06 -0.15 0.18 0.27 -0.08 0.08 -0.11 0.72 -0.04 0.04 -0.02 0.11 -0.07 -0.61 0.16
MINOR P118 0.14 -0.08 0.02 -0.2 -0.1 0.27 0.01 -0.28 -0.12 -0.24 0.64 -0.12 -0.01 0 0.28 -0.06 0.38 0.36 0.5
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743 Table 3. QTLs detected in P118 and P114 populations. The rows highlighted in blue
744  correspond to QTLs of the same trait co-localizim@poth populations. Penal.: penality, Chr.:
745 chromosome, Confl: lower limit of QTL confidenceerval, Peak: QTL position, Conf2:
746  upper limit of QTL confidence interval, LOD: lod lue at QTL position, R percentage of

747 phenotypic variance explained by the QTL, add.itadty effect.

748
P118 P114

Trait Penal. Chr. Confl Peak Conf2 LOD R’ add | Penal. Chr. Confl Peak Conf2 LOD R’ add
* 3,46 Sb02 38.3 49.8 56.3 3.88 840 0.43 | 3.59 Sb02 37.4 42.0 457 13.59 11.41 0.35

3.63 Sb02 783 86.3 92.3 11.20 10.97 0.32
3.63 Sb03 675 775 85.5 581 552 0.22 | 359 Sb03 679 723 74.7 10.33 850 -0.28

AMY * 346 Sb04 17.0 21.4 27.0 349 752 041
*AMY _Lab 3.59 Sb04 50.1 62.4 67.8 599 4.80 0.19

3.63 Sb04 91.0 95.0 112.0 6.72 6.42 -0.22

3.59 Sb04 116.6 139.6 142.3 6.62 5.33 -0.22

359 Sb05 04 486 77.7 447 354 -0.16

3.59 Sb10 34.2 38.8 43.8 4.39 3.48 0.10

ANTHO 3.67 Sbo4 1013 109.6 1183 573 2.70 0.09

3.64 Sb06 100.2 102.2 104.2 78.19 59.53 0.41 [ 3.67 Sb06 100.8 101.7 102.3 77.20 57.99 0.42

3.58 Sb01 914 984 1064 6.99 561 -1.38

3.52 Sb01 154.2 159.6 174.8 4.40 343 2381

3.58 Sb02 88.3 923 96.3 25.06 22.39 2.93 | 3.52 Sb02 84.1 87.0 91.7 17.53 14.81 5.50

3.52 Sb03 69.6 747 77.7 992 799 -3.96

DHYLD 352 Sbo4 854 90.7 964 7.00 5.54 3.01

3.58 Sb04 105.0 1074 109.0 4.65 3.68 -0.43
3.58 Sb06 87.2 91.2 96.2 595 475 1.19

3.52 Sb07 50.6 656 79.8 536 4.20 277

3.58 Sb07 79.2 912 100.2 479 3.80 1.15

3.52 Sb10 108.5 116.1 125.7 5.58 4.38 -3.38

3.59 Sb01 121.8 127.9 131.7 801 3.56 1.25

3.69 Sb02 1335 1373 1413 1296 5.39 174

3.69 Sb03 725 745 75.5 78.01 48.71 -5.25| 3.59 Sb03 73.7 74.7 74.7 7890 55.72 -4.97

3.69 Sb03 1225 1275 1325 6.93 2.78 -1.22
3.69 Sb04 68.0 81.0 89.0 413 163 0.98

DTFL 3.59 Sb04 89.6 924 956 5.14 224 0.98

3.59 Sb06 189 374 775 3.64 157 -091

3.69 Sb07 83.2 90.2 100.2 630 252 121 | 359 Sb07 64.1 83.0 951 4386 211 0.99

3.69 Sb08 20.5 109.5 1185 459 1.82 -1.02
3.69 Sb10 60.0 67.5 73.5 445 1.76 0.89
3.69 Sb10 128.0 132.8 132.8 5.09 2.02 -1.01

3.57 Sb01 86.4 954 1054 579 557 0.21 | 3.77 Sh01 66.9 83.2 179.1 521 3.21 0.15

3.57 Sb02 37.3 45.2 473 13.64 13.79 -0.30 | 3.77 Sb02 429 46.7 54.0 16.82 11.15 -0.29

3.77 Sh03 14.0 17.6 245 9.07 5.73 0.20

ET 3.57 Sb04 107.4 110.8 115.0 498 4.77 0.18 [ 3.77 Sb04 106.0 109.6 113.2 11.03 7.05 0.21

3.77 Sb05 176 324 375 7.79 4388 -0.18

3.57 Sb06 3.2 3.2 11.2 439 419 0.16

3.77 Sb06 86.7 934 99.9 552 341 -0.16
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P118 P114
Trait Penal. Chr. Confl Peak Conf2 LOD R’ add | Penal. Chr. Confl Peak Conf2 LOD R’ add
3.77 Sb08 11.2 17.5 234 873 550 0.20
3.77 Sbl0 88.0 97.8 1154 7.50 4.69 0.19
3.65 Sh03 71.7 775 835 6.44 7.14 254.38| 3.54 Sb03 56.6 67.9 757 7.20 5.79 -298.20
3.54 Sb04 86.3 90.7 92.1 10.63 8.73 345.49
GYLD 3.54 Sb0O5 90.9 99.7 1057 6.43 5.14 -288.78
3.54 Sb07 70.4 73.7 81.1 1820 15.65 460.80
3.54 Sb09 39.3 51.0 64.1 422 3.33 -211.37
3.35 Sb0l 143.4 149.4 1594 6.69 6.56 0.11 | 3.63 Sb01 120.5 130.2 156.4 3.82 3.29 0.09
LIP 335 Sh02 83.3 923 1043 496 4.81 -0.10| 3.63 Sb02 855 91.7 104.1 3.79 3.27 -0.08
335 Sh06 65.2 932 992 759 7.48 -0.13| 3.63 Sbo6 757 803 83.8 840 7.44 -0.13
3.63 Sb10 75.8 82.7 84.8 17.94 16.88 -0.18
PERTH 3.57 Sh02 873 903 923 8151 60.87 0.45 | 3.47 Sbh02 87.7 88.4 89.9 86.90 64.92 0.45
3.65 Sb0l1 10.5 17.2 180 6.79 6.17 -0.41
371 Shol 574 664 714 723 7.24 -0.39
3.65 Sb03 57.6 69.6 747 6.40 581 0.32
3.65 Sb03 146.1 152.0 155.5 3.77 3.37 0.19
PROT 365 Sh05 1.6 256 37.5 4.95 445 0.26
371 Sh06 29.2 392 472 715 7.17 -0.44
3.65 Sb06 50.6 55.1 62.2 6.03 546 -0.37
3.65 Sb08 101.2 116.4 117.9 7.10 6.46 0.33
371 Sb09 83.0 940 103.0 3.93 3.86 0.25
TESTA 3.50 Sb02 383 452 463 20.83 15.73 -0.16 | 3.82 Sb02 42.9 45.7 50.5 24.53 18.15 -0.20
3.50 Sb04 109.0 111.0 112.0 39.35 33.60 0.24 | 3.82 Sb04 108.7 109.6 111.4 40.11 33.39 0.26
355 Sb0l1 5.7 13.4 180 5.05 414 -0.96
3.73 Sbh02 83.3 100.2 1053 4.04 3.59 -0.42
3.55 Sb03 69.6 72.3 76.7 10.03 8.49 -1.08
TGW 3.55 Sb04 84.6 88.4 93.6 529 4.35 0.79
3.73 Sh06 63.2 732 842 438 3.90 -0.51
3.55 Sb07 64.1 68.8 72.6 20.98 19.02 1.62
3.73 Sb07 922 952 982 1593 1517 1.02
TocoL 3.43 Sbho4 107.0 112.0 122.0 566 6.31 0.06 | 3.69 Sb0o4 101.3 107.8 116.6 12.04 12.07 0.29
3.69 Sb06 99.0 101.7 103.5 9.81 9.69 0.26
TOCONS 3.52 Sho4 214 262 300 3.69 931 -0.17
3.60 Sb0l 164 244 394 556 535 0.38
GLUMAD 3.60 Sbh03 123.5 1455 1515 7.67 7.47 0.47
3.60 Sh06 382 482 592 600 579 -0.47
GLUMCOL 3.51 Sbho4 107.4 117.0 1240 7.55 6.67 0.19
3.51 Sh06 99.2 102.2 1042 21.73 20.91 0.63
3.65 Sh02 13 63 93 481 293 -0.01
3.65 Sbh02 140.3 143.3 150.3 11.68 7.41 -0.01
3.65 Sbh02 161.3 1704 170.4 3.71 225 0.01
GRND 3.65 Sh05 727 79.7 89.7 4.94 3.02 -0.01
365 Sh07 12 52 111 659 4.06 -0.01
3.65 Sh07 93.2 972 1002 23.75 16.20 -0.02
3.65 Sb09 39.0 460 53.0 809 502 -0.01
3.65 Sb10 40.0 420 460 6.54 4.03 -0.01
3.67 Sb02 89.3 913 933 7254 4818 -10.02
3.67 Sh03 130.5 1345 1395 6.65 2.94 -2.13
GWTN 3.67 Sb0o4 108.0 110.8 128.0 8.03 3.57 -2.62
3.67 Sh05 67.7 837 917 464 202 -1.88
3.67 Sho6 11.2 182 252 4.83 211 -1.07
3.67 Sh06 97.2 101.2 1049 7.80 3.47 -2.46

34




P118 P114
Trait Penal. Chr. Confl Peak Conf2 LOD R’ add | Penal. Chr. Confl Peak Conf2 LOD R’ add
3.54 Sb01 10.4 15.4 21.4 8.40 471 -0.28
3.54 Sb04 65.0 71.0 84.0 9.22 5.20 -0.34
3.54 Sb05 4.7 8.7 19.7 6.96 3.87 -0.27
MAJOR 3.54 Sb06 57.2 68.1 73.2 424 232 -0.22
3.54 Sb06 92.2 96.2 100.2 6.99 3.89 -0.30
3.54 Sb07 92.2 95.2 98.2 33.90 22.16 0.60
3.54 Sb09 0.0 31.0 41.0 396 2.17 0.19
3.54 Sb10 28.0 43.0 69.0 538 296 0.22
3.56 Sb01 124 20.0 1442 442 3.48 -0.16
3.56 Sb02 90.3 101.3 1053 6.98 5.58 -0.21
3.56 Sb02 139.3 1443 1483 7.34 5.88 -0.23
MINOR 3.56 Sb03 7.5 23.5 81.5 3.66 286 0.16
3.56 Sb04 108.0 110.8 112.0 9.12 7.38 -0.25
3.56 Sb06 68.2 73.2 82.2 6.75 5.38 -0.21
749
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8 Figure Captions

Fig 1. Distribution of the traits for the two populations P114 and P118. Laboratory
amylose content (AMY_Lab); predicted amylose con{&MY); Presence of anthocyanins
(ANTHO); Grain Dehulling yield (DHYLD); Date to fat flag leaf (DTFL); Endosperm
texture (ET); Grain yield (GYLD); Lipid content (B); Pericarp thickness (PERTH); Protein
content (PR); Color of the testa layer (TESTA); Uisand grain weight (TGW); Color of the
t6 (TOCOL); Td consistency (TOCONS); Glume adheeerfGLUMAD); Glume color
(GLUMCOL); Grain roundness (GRND); Grain whitend&NTN); Grain major axis length

(MAJOR); Grain minor axis length (MINOR).

Fig 2 to 6: Genetic maps, segregation distortions and detected QTLs. Populations P114
and P118 are represented on left side and righe sfl chromosomes, respectively.
Segregation distortions are represented in the bbdgach chromosome as bar plots of —log(P
value) of a chi square test. Green, red, and bdue fepresent segregation distortions in favor
of Keninkeni or Lata3 homozygous class, Tiandougomozygous class and heterozygous
class, respectively. QTLs are represented by adiealocated at the QTL location and a
rectangle representing the confidence interval. dientation of the QTL triangles represent
the sign of the additive effect of the QTL: towaop for Keninkeni and Lata3 alleles, toward

bottom for Tiandougou allele. Red arrows indicaie Ibcation of known or candidate genes.
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A QTL detection conducted in breeders’ populations as part of a marker-assisted selection
program

Major genes with large effect still segregates in breeding population derived from elite
material

There is no major antagonism to jointly improve grain yield and grain quality in West-African
sorghum germplasm



