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QTLs Controlling Yield and Stover Quality Traits in Pearl Millet
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Introduction
Stover of pearl millet [Pennisetum glaucum (L.) R. Br.]is a major source of dry-season maintenance rations forlivestock in traditional smallholder crop-livestock pro-duction systems on the semi-arid margins of the Thardesert in South Asia and in the Sahelian region of Westand Central Africa (Renard 1997).Crop residues, especially those produced in marginalenvironments, have poor nutritional value. Althoughnutritional supplements can enhance the feed quality ofcrop residues, they may not provide a long-term solutionbecause of difficulties in adapting them to local conditions,limited availability, and expense. Genetic enhancementof crop-residue nutritional quality is an alternative approachthat can naturally, cost-efficiently, and permanentlyimprove productivity of these crop-livestock systems.Expression of stover quality traits in pearl millet iscomplex (Hash et al. 2003), and selection based onconventional breeding methods is potentially difficultconsidering that conventional wet-lab analysis of nutritionalvalue is tedious and time-consuming. Identification ofgenomic regions associated with stover quality traitswould permit application of marker-assisted backcrossing(MABC) to improve the feed value of crop residues ofelite hybrids and their parental lines.Preliminary assessment of genetic variability of stoverquality traits and stover yield in pearl millet has demonstratedthe presence of considerable variation for cell walldigestibility and stover yield (Blümmel et al. 2003). Thepearl millet mapping population based on the crossICMB 841 × 863B used in this study is one of severaldeveloped for drought tolerance. It exhibits only limitedvariation for flowering time and plant height while varyingsubstantially for many other plant traits and maintaining areasonable degree of agronomic eliteness. Parents of thispopulation exhibit inherent variation for many stoverquality traits, so this population provides ample scope forquantitative trait locus (QTL) mapping and marker-assisted selection (MAS) (Hash et al. 2003). The presentstudy had the following objectives: mapping QTLs forstover nutritional quality, assessing relationships among

stover yield components and quality traits, and selectingtarget QTLs for MABC. This is the first detailed report ofQTLs mapped for pearl millet stover ruminant nutritionalquality traits.
Materials and Methods
A set of 149 F2-derived F4 self-bulk progenies of a pearlmillet drought tolerance mapping population based oncross ICMB 841 × 863B was used to map QTLs controllingstover quality traits. Parent 863B was bred at ICRISAT-Patancheru, India from an Iniadi landrace from Togo,and was initially chosen on the basis of its combination ofagronomic eliteness and superior combining ability forterminal drought tolerance. Parent ICMB 841 is alsoagronomically elite but has poor combining ability forterminal drought tolerance. Compared to 863B it exhibitsinferior combining ability for several stover quality traits(Hash et al. 2003). The F2-derived F4 progenies of thismapping population were crossed to tester H 77/833-2producing testcross hybrids, which were evaluated atICRISAT-Patancheru in a replicated alpha-design trialduring the rainy season of 2005. The experiment wasconducted in 2-row plots of 4-m length, with the rowsspaced 75 cm apart. The crop was grown following normalagronomic practices. It was completely rainfed and sufferedno significant disease or insect damage.Whole plant stover samples of each testcross hybridwere collected from 15 plants per plot at physiologicalmaturity. Samples were oven-dried, weighed and finelyground prior to quality assessment. Ground stover sampleswere subjected to Near Infrared Reflectance Spectroscopic(NIRS) analysis, and predictive equations were developedfor all laboratory estimates of stover quality traits studied.These included gas volume (mL) produced after 24 h ofin vitro digestion of 200 mg dry matter (GAS24), and invitro organic matter digestibility (IVOMD), nitrogencontent (NDM), metabolizable energy content (ME), andsugar content (SUGSDM) on dry matter basis. Predictionson the basis of NIRS analysis for these traits from eachplot were then used for further analysis. The mean values
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for these quality traits, as well as the dry stover yield(DSY) and grain yield (GY) of the testcross hybrids, weredetermined by the best linear unbiased prediction methodusing the ReML procedure within the GenStat statisticalsoftware package (Rothamsted, UK). The predictedtestcross means of each of these traits were then used inQTL mapping.Several new PCR-compatible markers were added tothe pre-existing linkage map of this population (Yadav etal. 2004), which was based on polymorphic RFLP andSSR markers. New marker loci were assigned to linkagegroups based on marker recombination and orderedwithin linkage groups to minimize the frequency of candidateerrors. After removing collinear markers, seven linkagegroups were constructed with data from 95 polymorphicRFLP, SSR, TRAP and EST-SSR loci using MAPMAKER/Exp (Lander et al. 1987). Genotypic and phenotypic datasets were then fed into PLABQTL 1.1 (Utz and Melchinger1996) to perform composite interval mapping analysis.
Results and Discussion
The total map length obtained was 1058 cM (Haldaneunits) with an average interval length of 12 cM. Testcrosshybrids expressed significant genetic variability for allobserved stover quality traits (Table 1). Operationalheritabilities based on entry means were above 50% forGAS24, IVOMD, ME, SUGSDM and DSY.The QTL analysis performed for individual stoverquality traits identified a region on linkage group 2 (LG 2)controlling GAS24, IVOMD, ME and SUGSDM (Table2). This genomic region may pleiotropically control thesetraits, with the favorable allele in all cases being inheritedfrom parent 863B. This was the most significant finding

in this mapping exercise, and has considerable implicationsfor applied breeding. In previous studies using testcrossesof this same mapping population (Yadav et al. 2004), thisgenomic region of 863B was identified as a candidate forMAS to improve terminal drought tolerance of ICMB 841Band its hybrids. Thus, transferring this stover quality QTLfrom 863B to 841B and other elite hybrid parental linesshould also improve the terminal drought tolerance oftheir hybrids. Considering the geographical region wheredual-purpose pearl millet genotypes are grown, thiswould be highly beneficial.A second genomic region on LG 6 controlled asignificant proportion of the phenotypic variances for allquality traits considered in this study, with all exceptNDM favored by 863B alleles. For GAS24 and ME, athird QTL was mapped on LG 4 near to a major downymildew resistance locus where 863B provides thesuperior allele for disease resistance (Hash and Thakur,unpublished). For IVOMD a QTL was mapped at the topof the LG 1, which also appeared to control GAS24 andME (Table 2).Three QTLs were identified for dry stover yield.These genomic regions were distributed across LG 3, LG 5and LG 6 and together controlled a significant proportionof observed phenotypic variance for dry stover yieldamong the testcrosses. The favorable alleles for QTLsmapped on LG 3 and LG 6 were provided by 863B,whereas alleles of ICMB 841 were favorable for the QTLon LG 5. This QTL on LG 5 for dry stover yield co-mappedwith QTLs for NDM and SUGSDM. The testcrosses ofthis mapping population were also used to identify grainyield QTLs, with LG 5 being found to contributesubstantially to grain yield variation as it harbors threegrain yield QTLs. The grain yield QTL at the bottom ofthe LG 5 mapped near to those for dry stover yield, NDM

Table 1. Means and variances of 149 testcrosses of the (ICMB 841 ××××× 863B)-derived pearl millet mapping population for stoverquality and yield traits1, ICRISAT-Patancheru, India, rainy season 2005.
GAS24 IVOMD ME NDM SUGSDM DSY GY(mL) (% of DM) (MJ kg-1 DM) (% of DM) (% of DM) (kg ha-1) (kg ha-1)

Minimum 20.3 36.6 5.23 0.33 0.83 998.0 988.0Maximum 33.4 48.0 6.93 1.20 8.17 3212.0 2988.0Mean 26.9 42.5 6.11 0.67 3.71 2029.0 1921.0SE (±) 1.19 0.96 0.15 0.06 0.68 158.24 169.24CV (%) 7.7 3.9 4.3 16.2 31.6 13.5 15.3F ratio 2.31 2.03 2.24 1.67 2.18 2.53 1.33h2, 2 (%)2 30 26 29 18 28 34 10h2, 3 (%)3 57 51 55 40 54 61 25
1. GAS24 = Gas volume produced after 24 h of in vitro digestion of 200 mg DM of ground sample; IVOMD: in vitro organic matter digestibility;NDM = nitrogen on dry matter basis; ME: metabolizable energy on dry matter basis; SUGSDM = sugar content on dry matter basis; DSY: drystover yield; GY: grain yield; DM = dry matter.2. h2, 2 = Operational heritability calculated on plot basis.3. h2, 3 = Operational heritability calculated on entry mean basis.
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Table 2. QTLs detected for stover quality-related traits, dry stover yield and grain yield sharing common genetic regions.
Trait1 LG Marker interval Position LOD R2 Additive effect
GAS24 (mL) 1 Xbm1RA10a – Xpsm761 3 3.5 10.8 0.4222 Xpsmp2066 – Xpsm380 3 5.5 16.5 0.5754 Xpsm1003d – Xpsm716 18 3.1 10.1 0.3796 Xpsm514 – XtstRA6c 0 4.5 13.8 0.520IVOMD (% DM) 1 Xpsm761 – Xbm3RA1c 1 3.1 9.7 0.2942 Xpsmp2066 – Xpsm380 3 4.0 12.2 0.3416 Xpsm514 – XtstRA6c 0 4.2 12.8 0.348ME (MJ kg-1 DM) 1 Xbm1RA10a – Xpsm761 3 3.3 10.2 0.0532 Xpsmp2066 – Xpsm380 3 4.1 12.5 0.0636 XtstRA6c – Xicmp3002 1 3.1 9.6 0.059NDM (% DM) 2 Xpsmp2066 – Xpsm380 1 5.0 15.2 −0.0184 Xpsm265 – Xpsm344 1 2.7 8.5 −0.0125 Xctm25 – Xpsmp2064 10 5.3 15.9 0.0275 Xpsms53 – Xpsms70 2 3.8 12.1 −0.0226 Xpsmp2213 – Xpsm713 1 6.6 19.6 −0.019SUGSDM (% DM) 2 Xpsmp2066 – Xpsm380 1 4.2 13.0 0.2685 Xpsm318 – Xpsms18 0 4.6 14.4 −0.2366 XtstRA6c – Xicmp3002 1 4.8 14.5 0.264DSY (kg ha-1) 3 Xctm10 – Xpsm174 17 5.0 14.9 74.15 Xpsmp2064 – Xpsm318 4 9.0 26.0 −104.96 XtstRA6c – Xicmp3002 3 7.2 20.9 101.2GY (kg ha-1) 5 Xicmp3027 – Xbm1RA1d 0 3.2 10.4 39.15 Xbm1RA5a – Xbm3RA1d 16 2.8 8.7 −39.25 Xpsms70 – Xpsm732.1 5 3.5 11.3 −25.7
1. GAS24 = gas volume produced after 24 h of in vitro digestion of 200 mg DM of ground sample; IVOMD = in vitro organic matter digestibility;NDM = nitrogen on dry matter basis; ME: metabolizable energy on dry matter basis; SUGSDM = sugar content on dry matter basis; DSY: drystover yield; GY: grain yield; DM = dry matter; LG = linkage group; marker interval = loci flanking the QTL LOD peak; Position = distance(cM, Haldane units) of the QTL peak from the left-flanking marker; R2 = percentage of phenotypic variance explained by the QTL. A positivesign of the additive effects indicates the 863B allele contributed favorably to the trait.

and SUGSDM, with ICMB 841 providing favorable allelesfor all of these traits. Thus positive association makes thisgenomic region a potential target region for MAS.The best phenotypic assessment of stover quality traitsinvolves animal feeding experiments, which are expensive,laborious and time-consuming. NIRS predictions of thesetraits allows them to be addressed effectively in abreeding program (Bidinger et al. 2006), and when combinedwith QTL mapping should improve breeding efficacy.The improved understanding of associations betweenstover quality traits and molecular markers afforded bythis study is expected to greatly facilitate improvement ofthese traits in elite hybrids and their parental lines.Several QTLs identified in this study were consistentin their expression and controlled significant portions ofthe observed phenotypic variation for more than one trait.Most of the QTLs mapped for yield components andstover quality traits in this study were flanked bypolymorphic PCR-compatible markers that could facilitatetheir rapid and efficient exploitation in MABC programs.Development of improved dual-purpose pearl millethybrids is the ultimate goal of this research. Looking at

the independent segregation of major QTLs detected inthis study for grain yield, stover yield and stover quality,development of dual-purpose pearl millet hybrids havinghigh grain and stover yields combined with good stoverquality attributes should not be unduly difficult.
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