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A quantitative trait locus (QTL) is a statically defined location of a gene
governing that trait. QTL identification is the first step towards using madssted
selection (MAS) to introgress desirable QTL alleles into elite higldyultivars.
Hundreds of high protein plant introductions (PIs) exist in the USDA germplasm
collection and are a source of high protein alleles. Although 86 protein QTLs are
currently listed in SoyBase, many are likely repeat discoveries gathe QTL(S), given
the typical +/- 10 cM confidence intervals associated with QTL positions.egmpasm
accessions of maturity groups (MGs) Il to IV that exhibited high seed prd&dng(kg"
or more) were mated to a high-yielding cultivars of the same MG that tchitprmal
seed protein (420 g Kopr less) to generate six populations. A total of 240 individual
F, plants in each population producegsBeed progenies that were phenotyped for seed
protein content. Selective genotyping, or phenotypic tail analysis, was ugediottype

only those E3 progenies occupying the lowest decile and the highest decile. A 1536-SNP



locus assay chip was used for the genotyping. In the six mapping populations, eight
protein QTLs with LOD scores greater than 3.0 were detected and mapped on five
linkage groups using R/qtl. Significant QTLs on LG-C2 (Chromosome 6), LG-O (10),
LG-B2 (14), LG-E (15), and LG-I (20) were detected. A review of theecly listed

QTLs in Soybase (2010) indicated that no seed protein QTLs had been previously
reported on LG-O (10). The new seed protein QTL discovered in this study in
populations 1076, 1121, and 1122 is located on LG-O (10) near the two adjacent markers
S19004 and S15265, and has an additive effect of 9.6, 7.9, and 6'§pater seed
protein, respectively. For improving the seed protein content in high yielding soybea
cultivars, the accessions P1437112A (1076), P1 398672 (1121), and P1 360843 (1122),
which posses the high protein allele at this new LG-O (10) protein QTL, mayfoktose

soybean breeders.
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INTRODUCTION

SoybeanElycine max (L.) Merr.] is one of the world’s major crops grown for
seed protein and oil content. Soybean seed is usually processed to obtain oil for human
cooking oil industry and protein for the animal feed industry. Soybean processsiis
the raw soybeans and then extract the oil from the meal. Because sayledaigh in
protein, the meal is a key element in most livestock rations (Waldroup, 2009). A small
percentage of soy-derived protein is used for soy milk, soy flour, soymrtigi, and
many other retail human food products (Martin et al., 2006). Many non-food industrial
products are also derived from soybean extracts.

Soybean hullgi.e., seed coatgre removed from the soybean seeds before they
are processed to separate oil from the meal. Soybean meal isveelagh-energy,
medium-protein feed. Soybean hulls are sometimes added back to the mealfivervide
in the diets of cows and calves. The oil may be refined for cooking and other edible uses,
or sold for biodiesel production or industrial uses (Martin et al., 2006).

Soybeans account for more than half (53%) of the world oilseed production, and
38 percent of 2010 global soybean production was produced in the United States
(Soystats, 2010). In USA, soybean is annually grown on more than 31 million hectares
and with a most recent yield of 2.91 metric tons per hectare, and the total jonoead
a of 90 million metric tons (Soystats, 2010).

The soybean seed constituents of protein and oil are the most economically
important components of this seed crop. On average, seed of current USA soybean
cultivars contains approximately 41% protein and 21% oil on a zero per cent dry weight

basis (Hartwig and Kilen, 1991). However, the precise composition of soyleshisse
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dependent upon cultivar, planting date, soil, and seasonal weather factorg, notabl
temperature. Simpson and Wilcox (1983) noted that the same cultivar grown in different
years could vary significantly in seed composition. Helms et al. (1990) rnatethé
protein concentration of soybean seed increased as planting date was delalgeftofsi
genetic factors, the application of N, P, K fertilizers and lime are anmangnost
important soil nutrient factors affecting the seed composition of soybeank@s and
Mullen, 1992). Because of the inverse relationship between seed protein and oil, content
environmental factors that enhance seed protein content tend to depress seechtil conte

The temperature during seed-fill has also been shown to influence totad oil a
seed protein content of soybeans (Wolf et al., 1982; Simpson and Wilcox, 1983).
Maximum seed oil content occurred in seed that developed at ambientaamgse
between 25°C and 28°C, but decreased linearly if temperature exceedadgeat
(Dornbos and Mullen, 1992; Piper and Boote, 1999). The seed protein content was
constant or slightly decreased when temperature increased from 15°C to 25,tbu28°C
at temperatures greater than 28°C, the protein content increaseq Wméarhcreases in
temperature (Wolf et al., 1982; Dornbos and Mullen, 1992; Pipolo et al., 2004).
Environmental stress during soybean seed-fill can alter the chemigabstion of the
seed. The impacts of drought and high air temperature on soybean seed protein and oil
have been reported. Drought stress and high air temperatures duringddi# aee
known to raise seed oil content (Howell and Cartter, 1958; Specht et al., 2001).
Considering the nutritional and economic importance of soybean protein and oil
content, attempts have been made to increase the concentration of both constituents in

soybean seed (Panthee et al., 2005). However, the high negative correlatiom betwee
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protein and oil content has not permitted a simultaneous increase in both constitaents i
given seed, simply because the increase in the content of one almost invamaddyat
the expense of the other (Chung et al., 2003). High yielding, high-protein soybean
cultivars are also difficult to develop because of the inverse relationship hetese
yield and seed protein content (Burton, 1987; Wilcox and Cavins, 1995; Cober and
Voldeng, 2000; Chung et al., 2003)

The sources of most high protein genes used in breeding programs are typically

unadapted plant introductions that have a very high seed protein content (Cober and
Voldeng, 2000). Soybean seed protein is known to be quantitatively inherited, and is
highly heritable (Burton, 1987; Chung et al., 2003). There is some evidence that the
inheritance is oligenic rather than polygenic (Wehrmann et al., 1987). Thedyeas
seed protein content depends on the joint action of various genetic loci and the
interactions of these loci with the environment, which can make genetysisnal this
trait complex and difficult to interpret. Over the last several years, stadies have
identified genomic segments known as quantitative trait loci (QTLs) that gcaexuin s
protein content in populations derived from the matings of high-protein soybean plant
introductions (PIs) with high-yield cultivars of ordinary or conventional proteitent.
A significant amount of genetic variation for seed protein content is oftenveblsa the
resultant populations. The protein-controlling QTLs in several such populations have
been identified and their approximate genomic map positions can be found in Soybase
QTL lists (Soybase, 2010).

Relative to previous studies, research conducted by (Ritchie, 2003) led to the

identification of five high protein germplasm accessions that, when mated to high-yield
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elite cultivars, produced populations that dad segregate for the well known protein
QTLs in soybean linkage groups (LG) I, E, H-top, and H-bottom (now respectively
known as chromosome 20, 15, and 12), yet still segregated for a wide range in F
progeny protein content. She identified one additional population that segregated for a
protein QTL, bubnly in LG-E. Because these six high protein accessions likely
possessed high protein-causing alleles at possibly unknown QTLs that may map to
heretofore unknown map positions in the 20 soybean linkage groups, the identification
and location of these QTLs would be of a great interest to soybean bredweeore
research objective pursued in this dissertation was to discover and map thth&TLs
accounted for the high protein-causing alleles present in thes@kiptotein Pls. This
research would thus either confirm or refute the Ritchie (2003) conclusionvihaf fi

these six Pls do not have a high protein allele at LG-I, -E, or -H. Terimental

approach used was a selective genotyping method, also known as phenotypic tail
analysis, in which only the extreme decile fractions of ggs€ed protein distribution
would be genotyped with 1536 SNP markers having map positions distributed over the
soybean genome. The ultimate goal was, of course to identify and map tee QTL

influencing seed protein content in these six PIs.



LITERATURE REVIEW
Breeding for Protein Improvement in Soybean

Among all vegetable sources, soybean protein is known to provide the most
complete amino acid balance for human food and animal feed. Still, additional
improvement in the totadrotein content of soybean seed would not only benefit the
soybean food industry, but also the feed industry (Wilson, 2004; Cianzio, 2007). There
exists, however, a negative correlation between seed protein and oil coni@rariBr
Burton, 1979), and also a negative correlation between seed protein and seed yield
(Wehrmann et al., 1987). As a result, it has been difficult to implement improvement
soybean seed protein content without a significant depression in seed oil and more
importantly, without a significant reduction in seed yield.

The heritabilities of soybean seed protein and oil are high, especially in
populations with parents that differ substantively in seed protein (or oil) cqBi@mt,
1973; Burton, 1987; Chung et al., 2003). The high heritability observed in many such
soybean populations indicated that simple selection would be a reasonatiiyeff
method for achieving genetic gain. The seed protein means of a population derived from
parentally homozygous strains of high protein randomly mated with those of low protein
equaled the midparent values, suggesting that seed protein is determinedosnainly
additive gene action with little or no dominance effect (Thorne and Fehr, 1970). Panthee
et al. (2005) found that the heritability in a high x low protein soybeatefved RIL
population was 0.96 for protein and 0.95 for oil. Chung et al. (2003) reported that the
heritability for seed protein and oil was 0.89 and 0.84, respectively;derived RIL

derived from a high x low protein mating. The range of heritability for seedimpiante
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oil in eight K, soybean populations was 0.56 to 0.92 and 0.70 to 0.81, respectively
(Brummer et al., 1997).

Extensive research on (a) the degree of genetic variability in tigempyof mated
low and high seed protein lines, (b) the expression of seed protein content in tempera
and tropical locations, and (c) the transfer of high-protein content to highageines
has been reported in numerous publications. Wehrmann et al. (1987) reported moderate
to strong inverse relationships between seed oil and seed protein and also desadlyiel
seed protein. Breeding programs for increased protein content in soybeahaezd
been tested and the results described in many reports (Hartwig and Hinson, 1972;
Shannon et al., 1972; Brim and Burton, 1979; Sebern and Lambert, 1984; Wehrmann et
al., 1987; Hartwig and Kilen, 1991; Wilcox and Guodong, 1997; Helms and Orf, 1998;
Cober and Voldeng, 2000). Hartwig (19¢®ncluded that it was not possible to retain
high seed oil along with seed protein content because of the high negative oorrelati
between the two traits, but also noted that selection for high protein itself (i.e
disregarding seed oil content) appeared to be a realizable objective inliadpree
program. Openshaw and Hadley (1984) concluded that breeding methods designed to
increaseboth seed protein and oil were not likely to succeed.

In the past, the pedigree and backcrossing methods have been used with limited
success to select soybean lines with high seed protein, but with no eedtilgion in
seed oil. For example, Shannon et al. (1972) evaluated seed protein ang-oiéo¥éd
lines in the Egeneration of six populations derived from all possible intercrosses among
four homozygous lines, two with high seed protein (C1430 and C1460) and two with

high seed yield (Calland and C1461). These authors reported that the associagen bet
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seed protein and oil was negative and significant in all six populations. Thus, ingreasi
both seed protein and oil in any of these crosses would be extremely difficult.eA mor
effective procedure to increase seed protein content with a lesser impaeti @il se
content might be to set a minimum level for seed oil in the choice of parents std¢mat w
selecting for high seed protein in the progeny, acceptable oil levels would beimeginta

The correlation between seed protein and yield has been negative and é$iatistica
significant in most reports (Caldwell et al., 1966; Hartwig and Hinson, 1972; Simpson
and Wilcox, 1983; Pantalone et al., 1996). Despite the negative relationship between seed
protein and yield, many breeders have considered the negative correlatiobéosnot
strong as to restrict progress in the selection of high-yielding, modehnagehprotein
strains. Wehrmann et al. (1987) evaluated 95 p©genies in each of three populations,
where the recurrent parents were high yielding lines of ordinary seed pratéemicand
the donor parent was Pando, which averaged 480" géed protein. In each of these
populations, no backcross-derived lines were recovered that combined excephigally
seed protein with a yield equivalent to that of the recurrent parent. Howegagchrof
two populations, high protein lines were derived that had above-average seed protein
contents of 422 and 433 gkand these lines did not differ significantly in yield or seed
oil from the recurrent parent. In the third population, a line with substantively high 462 g
kg’ seed protein content was obtained, but it was significantly lower in both yigtld a
seed oil concentration than the recurrent parent. The results indicated that when a low
yielding, high protein donor parent was utilized as a source of alleles for leidh se
protein, selection for high protein during two backcross generations would\effecti

increase seed protein in the backcross progeny to some degree gredtattbihigh
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yielding recurrent parent, and still result in progeny having a seatingelsignificantly

different from the high-yield parent.

Molecular Markersin Plant Breeding

The genetic analysis of desirable traits in breeding programs has been made
substantially easier with the advent of molecular markers and marlest-lrdsage maps
(Paterson et al., 1991). Most of molecular marker systems now utilized routinglgriby
breeders involve the use of the polymerase chain reaction (PCR). In soyb@atipres
fragment length polymorphisms (RFLPs) were initially used to construatetegenetic
maps, and to preliminarily map a few genes controlling complex traits( &teal.,
1990; Diers et al., 1992). However, PCR-based markers were rapidly adopteddsrbre
because of the ease of use, minimal lab work, speed, and higher polymorphism
frequency. A wide array of PCR-based markers were developed quickly foy use
geneticist and breeders. These included random amplified polymorphic DNADESHA
sequence-characterized amplified regions (SCARS), arbitrarily grii@R (AP-PCR)
markers. Amplified fragment length polymorphisms (AFLPSs) are almost itharia
dominant markers, but have the advantage of generating an extremely large number of
polymorphic AFLP markers in a single PCR reaction that can be scoredrajieags|
(Vos et al., 1995). However, the application of AFLP technology requires much skill and
expertise. Microsatellite markers, also known as simple sequencésrépsRs),
represent one of the most breeder-useful marker systems. Because ofritial pote
multi-allelism at each given locus, SSR markers possess exceptiamaiatbn

capacity. In soybean, SSR markers have proven to be quite informative in many
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populations. Single nucleotide polymorphisms (SNPs) recently have beconablaviail
some crop species, including soybean (Zhu et al., 2003; Choi et al., 2007). The
informativeness of the foregoing molecular marker types is dependent oinigtev s
locus polymorphisms are visualized. Markers such as SSRs, RFLPs, and SNPs can
distinguish between homozygous and heterozygous state (i.e., the visualized™ale
co-dominant), whereas RAPDs, and AFLPs predominantly generate only deminant

recessive “alleles”.

Simple Sequence Repeats (SSRs)

Microsatellite markers or simple sequence repeats (SSRs) are, atdbptgime,
the most convenient, effective, and popular markers used by soybean rese &8Rar
consist of tandemly repeated short sequence motifs of one to five base-=s, rape
are ubiquitous in eukaryotic genomes (Akkaya et al., 1992; Ellegren, 2004). Thousands
of forward and reverse primer pairs for SSR loci have been developed to prepare geneti
linkage maps in eukaryotes. SSRs have been used to greatly improve thg [imikage
maps in soybean that were initially constructed using RFLP markers. SE&snar
because of the sequence specificity of the forward and reverse prireezHeatively
equivalent to ‘sequence tagged sites’ (STS), in that each SSR is almosbigvaria
monogenic. However, SSRs are also highly polymorphic (multi-allelig)yg@lly any
segregating population can be used as a reference population for a linkage study
(Morgante and Olivieri, 1993).

SSR polymorphisms in soybean were first reported by Akkaya et al. (1992).

Currently, more than 1000 SSR loci have now been mapped (Cregan et al., 1999; Song et



10
al., 2004). Until now, the abundance of SSRs in the soybean genome was dependent on
the development and testing to create a database of locus-specific &R wih a
high likelihood of polymorphism. Now, however, a soybean SSR database
(BARCSOYSSR_1.0) with the genome positions and primer sequences for 33,065
“potential” SSRs can be found in Soybase (Song et al., 2010). To characteriz&Bach S
and create a linkage map, each SSR is amplified by PCR with specificdcancr
reverse primers of 20-30 bases. The amplified fragments will be polymairtiec
parental lines differ in the number of repeats in the primer-flanked amplicon. &varg
SSR constitutes a genetic locus that maybe highly variable, dependingsupuriti-
allelicity amongst the parents that might be chosen to create a e eggulation. For
a given SSR, every amplified segment of different repeat length refgesdifferent
allele of same locus (Narvel et al., 2000). SSRs have been extensively wdifp ihe
locations of genomic segments containing genes governing the inheritangbaxdrso

traits like disease resistance, and recently, seed protein contemtdagjileh.

Single Nucleotide Polymor phisms (SNPs)

The most recent advance in molecular marker technology is the singletitele
polymorphism (SNP). SNPs represent single DNA base differencesdretvomologous
DNA helices, though small insertions and deletions (known as indels) of baseceque
are also treated as if they too were SNPs. SNPs have beentshmwhe most abundant
source of DNA polymorphisms in humans. Developments in SNP genotyping
technologies and methodologies recently reported in human genomics offer a vision of

future possibilities for molecular plant breeding. In contrast to humans, lesegs tgis
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been made in the discovery of sequence diversity in plants (Xu and Crouch, 2008). In the
initial stages of soybean SNP discovery, analysis of sequence variatitimiteds to
specific genes or DNA fragments (Zhu et al., 1995). However, Coryell @9819), Zhu
et al. (2003), Van et al. (2004) and Hyten et al. (2006) subsequently reported that SNPs
were at least modestly abundant in soybean genome. Zhu et al. (2003) repatdaedfa
280 SNPs detected among 25 diverse soybean genotypes in more than 76 kb of amplified
PCR product from primers designed from GenBank genes, cDNAs, BAC subclones, and
SSR-flanking regions.

As genome-wide SNP markers becomes more readily available in many plant
species, it will be possible to construct SNP-based molecular marker limeagewith a
marker-to-marker density of less than 1 cM. Hyten et al. (2008) used the Illlumina
GoldenGate assay to demonstrate the multiplexing of as few as 96 to aas1iab$6
soybean SNPs in a single reaction over a 3-day period using genotypic DNA samples
from three soybean RIL mapping populations. The high multiplex capacity of the
lllumina GoldenGate assay allows the analysis of sufficient loci (e.g.) 1&@6ovide
the density needed to be successful in one-step (i.e., 3-day) QTL discovegiesta
once the mapping population has been created and phenotyped. Most recently, Hyten et
al. (2010) used the GoldenGate assay to map an additional 2,500 SNPs in the soybean
genome. The authors then identified 1,536 SNPs that were distributed approximately
uniformly over the 20 chromosomes in the genome, and also had an optimal minor allele
frequency in both exotic and adapted soybean germplasm. New technologieayimgass
genotypes for SNP allele type are expected to make SNP markerglt#oemngent marker

system for the currently used SSR marker systems, relative to fuplneasogenetics
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and breeding studies (Hyten et al., 2008). A particularly important advantage of the
lllumina-based SNP allele detection over the SSR marker alleleidatexthe

elimination of the tedious gel-based marker allele visualization estjtor the latter.

Development of Soybean Genetic Linkage M aps

The use of highly reproducible and abundant genetic markers greatly feilitat
the development of a genetic map. Several soybean genetic linkage nexberb&-LP
markers were constructed in the early 1990s (Keim et al., 1990; Shoemakel @92l
Keim et al., 1997). The first genetic linkage map for the soybean waseaebyrkeim et
al. (1990). This map consisted of 26 genetic linkage groups containing a total of 150
RFLP markers. This map was based on apdpulation derived from &. max x G. soja
mating. Then, in 1993, Shoemaker and Olson (1993) usegl@pklation derived from
the same mating to construct a revised molecular genetic linkage mapbeéas that
consisted of 25 linkage groups with 365 RFLPs, 11 RAPDs, three classical markers, and
four isozyme loci. Subsequently, in 1995, Shoemaker and Specht (1995) succeeded in
integrating some of the various classical genetic markers intRER linkage map.

Cregan et al. (1999) developed and mapped a set of 606 SSR markers together
with 689 RFLPs, 79 RAPDs, 11 AFLPs, 10 isozyme, and 26 classical loci in one or more
of three different populations, and aligned the linkage groups (LGs) derived from each of
the three populations into a consensus map of 20 LGs that corresponded with the 20
homologous pairs of soybean chromosomes. The three populations included the
USDA/lowa states. max x G.soja F, population, the University of Utah ‘Minsoy’ x

‘Noir 1’ recombinant inbred population, and the University of Nebraska ‘Clark’ x
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‘Harosoy’ F, population. Song et al. (2004) subsequently reported a new integrated
genetic linkage map of soybean using five widely used soybean mapping moysulati
including theG. max x G. soja population USDA/lowa State University ‘A81-356-022’ x
P1 468916, plus th&. max x G. max populations of the University of Nebraska ‘Clark’ x
‘Harosoy’, and the three University of Utah populations of ‘Minsoy’ x ‘Nojr'ifinsoy’
x ‘Archer’, and ‘Archer’ x ‘Noir 1. Song et al. (2004) reported that a total20 new
SSR loci had been developed to add to the 606 SSR loci that had been reported by
previously Cregan et al. (1999). They also added a total of 66 new RFLPs into this
linkage map. This integrated soybean genetic map with more preciselypmpedi
markers served has been treated by the soybean research communityaia the
reference genetic map for soybean since 2004.

Most of the soybean genetic linkage maps to date were constructed witls,RFLP
AFLPs, RAPDs, and SSRs. All of these markers are the actual or ampitgdents of
genomic DNA. Recently, SNP markers have been incorporated into linkage@haps.
et al. (2007) developed the first soybean transcript map by mapping 1141 SNFsmarker
(derived from 1141 expressed gene sequences) onto the previous version of the soybea
genetic map (Song et al., 2004), which included 1015 PCR-based markers (SSRs). On the
basis of gene-based SNPs mapped, SNP markers were positioned in many afithé 5 a
cM gaps that existed in the previous map. This map will be very useful for theudge st
of the diversity of gene function associated with these transcripts, gisotfer
researchers an opportunity to identify potential candidate genes for >1,150 QfTLs tha

have been reported to date.
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Hyten et al. (2010) recently reported on the latest version of soybearatetegr
genetic linkage map (Consensus Map 4.0) by adding 2,651 new SNP markers into the
previous genetic map developed by Choi et al. (2007). There are a total of 5,500 geneti
markers in this new genetic linkage map. Hyten et al. (2010) selected a set ofNPE36 S
to create a universal soybean linkage panel (USLP) for use in higlgiimatusoybean
QTL mapping, using three mapping populations, including the University of Utah
‘Minsoy’ x ‘Noir 1’, ‘Minsoy’ x ‘Archer’, plus the University of Minnesota ans’ x
‘Peking’. In the earlier soybean map, Choi et al. (2007) had reported that thieréOve
gaps of 5 to 10 cM, and seven gaps of >10 cM. However, the consensus 4.0 map of
Hyten et al. (2010) now has only one gap >10 cM and just 18 gaps of 5 to 10 cM in total
length. Version 4.0 of soybean linkage map has become the consensus staridtnct for

QTL mapping applications.

Quantitative Trait Loci (QTLSs) Analysis

Many agriculturally important traits such as yield, seed qualitg, some forms
of disease resistance are controlled by several or many genes anygl aigptatitative
form of inheritance. The genes governing a quantitative trait are knoguraastative
trait loci (QTLS). Identification of a single QTL or multiple QTLs bdssolely on
conventional phenotypic evaluation of just the parents and progeny lines is dinayst a
impossible. A major breakthrough in the genetic characterization of quasetiteits at
the QTL level was the development of DNA (molecular) markers in the 1980s (Cetlar

al., 2005). One of the main uses of molecular markers in agricultural reseabgehan
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the construction of molecular linkage maps and the use of markers and maps for QTL
discovery in diverse crop species such as soybean.

Many QTLs for soybean seed protein content have been identified to date. A
ranking of the 86 seed protein QTL-marker associations listed in SOYB2ZHB)
based on the magnitude of the QTL additive effect, indicated that the “stropigesin
QTLs were (in descending rank order) located on LGs | (which corresponds to
Chromosome 20), E (Chr 15), H (Chr 12), M (Chr 7), A1 (Chr 5), C1 (Chr 4), F (Chr 13),
and G (Chr 18), respectively (Diers et al., 1992; Lee et al., 1996; Orf et al., 1999; Sebolt
et al., 2000; Specht et al., 2001). The protein QTL with the strongest allelic effect
discovered to date is the one on LG-I (Chr 20), and it was first reported byeDadrs
(1992), who used genetic markers to study the genetic control of seed protein and oill
concentration. Actually, these authors detected two major QTLs on both LG2@Chr
and LG-E (Chr 15) controlling protein concentration in a population developed from a
cross between Pl 468916, an unadafesbja accession with high protein
concentration, and A81-356022, an adapted maturity group (MG) fax breeding
line. Lines homozygous for th&. soja allele for the most significant molecular marker
linked to each QTL were associated with an increase in seed protein of 24ay Kt
LG-1 (Chr 20) QTL and 17 g kijfor the LG-E (Chr 15) QTL, when compared with lines
homozygous th&. max allele. Diers et al. (1992) noted that introduction of these high
protein QTL alleles into current cultivars could have a substantial effécbrthern USA
soybean producers experiencing a lower than average seed protein content.

Mansur et al. (1993a) reported that an unlinked RFLP locus, L048, now known to

map to LG-I (Chr 20), was associated with seed protein in.gaadybean population
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from ‘Minsoy’ x ‘Noirl’. The study was later continued using 2&4derived RILS
developed by single seed descent from ‘Minsoy’ x ‘Nior 1’ (Mansur et al., 1986y, T
mapped QTL for seed protein in this population, but could not confirm the origigal F
population detected association of L0O48 with protein in tARIE population. Instead,
they reported three QTLs for seed protein on LG-U7 and U14, which correspond to LGs
Al (Chr 5) and L (Chr 19), respectively, of the linkage group alphanumeric naming
system of Cregan et al. (1999).

Lee et al. (1996) mapped seed protein QTLs in the 1-2@ived lines
population from a cross between ‘Young’ x ‘Pl1 416937’ and 1itddfived lines
population from a cross between ‘P1 97100’ x ‘Coker 237’, using RFLP markers. They
reported seven seed protein QTLs on LGs E (Chr 15), C1 (Chr 4), J (Chr 16), N (Chr 3),
P (LG-B2, Chr 14), and UNKih ‘Young’ x ‘P1 416937’ population. They also reported
six seed protein QTLs on LG-E (Chr 15), H (Chr 12), K (Chr 9), and UNK2 in ‘Pl
97100’ x ‘Coker 237’ population. Only the QTL on LG-E (Chr 15) was detected in both
populations. The other seed protein QTLs were population-spelliceover, at each of
the RFLP loci associated with QTLs, the allele associated with sexteseed protein
was associated with decreased seed oil, indicating that the negative icoradlatotein
and oil found at the genotypic level was also detectable at the QTL level.

Brummer et al. (1997) examined eight different populations-oefived lines,
and identified RFLP markers associated with what the authors calleddiemantally
stable” QTLs for soybean protein and/or oil content in nine linkage groupsA2@Shr
8), B2 (Chr 14), C1 (Chr 4), D1 (Chr 1), E (Chr 15), F (Chr 13), G (Chr 18), H (Chr 12),

and | (Chr 20). In this study, the authors classified QTLs that were dktectleast
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two of the three years and also in the 3-yr average value as “stable”. besalso set
the criterion for an environmentally stable QTL as a detection probabilRyEdf.05 in
two or more years and<€0.05 in the average over the three years. All populations had at
least one stable QTL for seed protein. The authors also noted that one populatied, de
from the mating of a breeding line (M82-806) with a high protein line (HHP; @5%
soja by pedigree), possessed a very strong QTL for protein on LG-1 (Chr 20) detecte
with RFLP markers A407-1 and Al144. This QTL was likely the same QTL tdetby
Diers et al. (1992) based on a population constructed frémrax x G. soja cross.
Therefore, the QTL identified on LG-I (Chr 20) may specifi&t®soja in the sense that
G. soja accessions usually have high seed protein and may likely possess a high protei
allele at this QTL thafs. max cultivars do not. Additionally, Diers at al. (1992) identified
a QTL for seed protein linked with RFLP marker A023; an environmentallytsensi
QTL linked to this same marker reported by Brummer et al. (1997) is now known to be
located on LG-L (Chr 19).

Qiu et al. (1999) identified two RFLP markers, BO72 on LG-H (Chr 12), and
B148 on LG-F (Chr 13), associated with seed protein QTL #ggépulation derived
from ‘Peking’ x ‘Essex’. Since the total phenotypic variation explained bynbeTLs
was 30%, they assumed that there should be additional QTLs controlling this trait, but
suggested that the QTLs could not detect these because of the backgrounckfieoktic
of the population. The RFLP marker BO72 on LG-H (Chr 12) is also associated edth se
oil content. The authors reported that the B072 allele was allegedly assoctatbdtivi
increased seed protein and oil content. However, the protein-oil correlation in the

population was quite negative. This is the only seed protein QTL detected so far that
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increases seed protein and oil. If proven true, it may be useful to resolpetiiem of
negative correlation between protein and oil. However, this allele is suspect, and more
research is needed to confirm its QTL effect.

Sebolt et al. (2000) continued the research of Diers et al. (1992) by showing that
seed protein was increased by 20 g ldnen the high protein allele of the LG-1 (Chr 20)
QTL was backcross-introgressed into a normal protein cultivar to creatg-gsngenic
line (NIL) homozygous for this allele, and which exhibited high protein. Further o
authors reported that NILs homozygous for@eoja marker allele linked to the high
protein allele had significantly greater plant height, and earlier mathcit exhibited
reduced yield, seed oil, and seed weight compared to the NILs homozygQusnet
alleles, suggesting that these latter effects maybe either plecoéfbpits of the protein
QTL allele, or the effects of other alleles at QTLs that wersgiiaked to the alleles at
protein QTL.

Csanadi et al. (2001) mapped QTLs for seed protein content in an early maturing
soybean population developed from the cross of cultivars ‘Maple Belle’ x ‘Proto’. They
used 113 SSR, six RAPD, and one RFLP markers segregating in 82 individuals of an F
population. They found four QTLs for protein in LGs C2 (Chr 6), M (Chr 7), K (Chr 9),
and Dla (Chr 1). They reported a close linkage of seed protein QTL and s@&d. oih
LG-C2 (Chr 6) with a negative correlation (i.e., increased seed proteindraaded seed
oil content). The negative correlation between protein and oil content reported in this
study at the QTL level was not; i.e., QTL alleles associated with high proieient
inversely with low oil content andce versa had been noted by others (Lark et al., 1994;

Lee et al., 1996; Sebolt et al., 2000).
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Chapman et al. (2003) reported soybean QTLs for agronomic and quality traits in
an k, population, and in a population of 174¢Hines derived from the individuabF
plants, for a cross of ‘Essex’ x ‘Williams’. They identified two QTLs feed protein
concentration, one linked to Satt373 on LG- L (Chr 19) and one linked to Satt251 on LG-
B1 (Chr 11). The protein QTL near Satt373 on LG-L (Chr 19) was not detected in the
original F, population, and therefore the authors concluded that Satt373 may not be
useful for early generation marker-assisted selection for seedpvased on FDNA.

The protein QTL near Satt251 on LG-B1 (Chr 11) was detected in thapklation, and
may be the same protein QTL identified by Brummer et al. (1997) ned? Rialker
A109 1 (approximately 10 cM upstream of Satt251).

Chung et al. (2003) documented the phenotypic effects of a high protein allele
derived from P1 437088A, @. max accession with a high protein concentration. The
QTL mapped to the same region on LG-1 (Chr 20) as the QTL reported by Sebolt et al.
(2000). Chung et al. (2003) observed an 18 gikgrease in protein concentration
among lines homozygous for the allele from Pl 437088A compared with lines
homozygous for the allele from the elite parent. Similar to the QTL desichy Sebolt
et al. (2000), the high protein QTL detected by Chung et al. (2003) was associated wit
lower oil concentration, reduced yield, and earlier maturity.

Tajuddin et al. (2003) analyzed the soybean seed protein content trait in the RIL
derived from a cross betweén max variety ‘Misuzudaizu’ and variety ‘Moshidou Gong
503'. They reported ten QTLs for the seed protein content that were located dn LGs
(Chr 20), E (Chr 15), D2 (Chr 17), A2 (Chr 8), C2 (Chr 6), K (Chr 9), L (Chr 19), N (Chr

3), and G (Chr 18), which are rank-listed here from the highest to the lowesteaddi
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effect. The comparison of the mapping results for the seed protein in thginstadhe
results reported previously by Dier et al. (1992), Brummer et al. (1997), and Sedilol
(2000) showed some agreement. Tajuddin et al. (2003) reported that an oil QTL was
located in the same region as that of the protein QTL on LG-I (20), and like Chaing e
(2003) suggested that the inverse protein-oil phenotypic variation was cehtyglthe
same QTL, or by two different but tightly linked QTLs -one for protein and oneilt

Fasoula et al. (2004) followed up a prior report (Lee et al., 1996) on QTLs
controlling seed protein content in two soybean populations to determine if those QTLs
could be confirmed. The same two populations described by Lee et al. (1996), i.e.,
‘Young’ x ‘P1416937’ and ‘PI197100’ x ‘Coker237’ were created anew by making new
matings. They reported that only two protein QTLs on LGs E (Chr 15) and UNK# of
four protein QTLs previously reported by Lee et al. (1996), were detectable mew
176 F.4population of ‘P197100’ x ‘Coker 237'. In their new ‘Young’ x ‘P1416937’
population, they could not confirm any of the previously reported seven protein QTLs
and noted that the unconfirmed QTLs were likely false positives (Typerkgem the
original population. Alternatively, they noted that the inability to confirmQHi&s could
be caused by QTL environment sensitivity given that the latter phenomenon was
observed in previous studies (Lee et al., 1996; Brummer et al., 1997; Xu, 2003). This
phenomenon, known as selective bias or more commonly as the “Beavis effeds, resul
in QTLs with true large effects to be more routinely detected thars@th true smaller
effects, however, the additive effects are almost invariably overastinparticularly so
for the small effect QTLs. The estimation of the total numbers of QTLlpeEnds on

the distribution of the magnitude of the true QTL effects (Xu, 2003). Fasoula20@4.) (
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concluded that soybean geneticists should continue efforts to detect, validate, and
confirm QTLs that could be more successfully used in marker facilitatextisale
schemes by applied breeders.

Hyten et al. (2004) studied the seed protein content of a RIL population consisting
of 131 K -derived lines created from ‘Essex’ x ‘Williams’ using six diéfet testing
environments, and using 100 SSR markers spaced throughout the soybean genome. They
reported only four protein QTLs in this population and all were previously reported in
Soybase (1995) on LGs M (Chr 7), F (Chr 13), C2 (Chr 6), and K (Chr 9).

Kabelka et al. (2004) studied the putative alleles for increased seed protein
content and increased seed yield in a population of 3-@lefived lines developed from a
‘BSR 101’ x ‘LG82-8379" mating. They found 11 seed protein QTLs on LGs A2 (Chr 8),
B2 (Chr 14), C1 (Chr 4), C2 (Chr 6), D1b (Chr 2), F (Chr 13), H (Chr 12), K (Chr 9), M
(Chr 7), N (Chr 3), and O (Chr 10). Three of the 11 protein QTLs identified had alleles
with positive pleiotropic effects on protein and yield. The LG82-8379 alleldedTLs
on LGs B2 (Chr 14), M (Chr 7), and O (Chr 10), which increased protein concentration
by 2 to 3 g ki, also increased vield by 24 to 74 kg*"h®ne LG82-8379 allele of
particular interest segregated at the protein QTL linked to Satt358 on LGfQAQGL It
increased seed protein concentration 3'g&ad also enhanced yield 47 kg*ha

Zhang et al. (2004) reported on a soybean genetic linkage map they dedstruc
using 184 RILs derived from the mating ‘Kefeng No. 1’ x ‘Nannong 1138-2'. In this
study, the markers included 189 RFLPs, 219 SSRs, 40 ESTsRtges® loci, and one
classical phenotype marker. The 452 markers were mapped into 21 linkage groups

covering 3,595.9 cM of the soybean genome. All 20 linkage groups corresponded with
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the 20 described by Cregan et al. (1999) except for linkage F (Chr 13) which they sub-
divided into F1 and F2 due to a large interval between on the F1 and F2 clusters of
markers. In their study, the seed protein difference between the parents was not
significant. Still, they reported one protein QTL on LG-B2 (Chr 14).

Panthee et al. (2005) evaluated the seed protein QTLs in a population @f 101 F
derived recombinant inbred lines (RILs) derived from ‘N87-984-16" x ‘TN93-99'. They
genotyped the RILs with 94 SSR markers located on 19 molecular linkage groups. The
marker coverage of the genome was only 1057.5 cM, with an average distance of 11.3
cM between markers. The order of most of the markers was in agreement with tbe publ
soybean molecular linkage map (Cregan et al., 1999). They found a novel major QTL
located near Satt570 on LG-G (Chr 18) that was stable over environmesggdor
protein content, and another seed protein QTL located near marker Satt274 dibLG-D
(Chr 12) was environmentally sensitive. The QTLs on LGs D1b (Chr 12) and G (Chr 18)
controlling seed protein concentration had map positions similar to the QTLs reported
earlier by Brummer et al. (1997) and Hyten et al. (2004).

Nichols et al. (2006) fine mapped the seed protein QTL on LG-I (Chr 20). They
used two sets of backcross populations developed from introgression of a high protein
allele fromG. soja into the genetic background of breeding line ‘A81-356022'. The first
set was comprised of three populations of, B&=s. The second set consisted of four
populations of Bglines. They reported that the LG-I (Chr 20) seed protein QTL was
located in a 3-cM interval between SSR marker Satt239 and AFLP marker ACG9b.

Recently, Soares et al. (2008) reported using composite interval mappingcto dete

seed protein QTLs in a RIL population derived from mating BARC-8 (high protein) wit
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Garimpo (low protein). The authors identified six flanking pairs of maylSag422-
Satt282, Satt384-Sat_112, OPAN09-OPACO02, Satt199-Satt594, OPAS07-OPP09, and
Satt549-Satt084 on LGs-C2 (Chr 2), E (Chr 15), F (Chr 13), G (Chr 18), L (Chr 19), and
N (Chr 3), respectively. Those six flanking markers were associated wiledldeprotein
QTL, with the additive effect of the BARC-8 parental alleles of 11, 12, -8, -10, 9, and 8 g
kg, respectively.

Jun et al. (2008) detected seed protein QTL in an association mapping analysis of
48 high and 48 low protein germpalsm accessions. The authors reported that the markers
Satt 431 on LG-J (Chr 16) and Satt551 on LG-M (Chr 7) were associated with seed
protein QTLs.

The results from these foregoing studies show that many protein QTLbé@ve
detected to date, though their high protein allele additive effects vary. Seeid prot
content improvement was achieved in some studies by marker-assisted backcross
introgression of the high protein allele at either the LG-1 (Chr 20) locus «wGHe (Chr

15) locus into high yielding cultivars.

Selective Genotyping Strategy and M apping Population
A population derived from two marker-polymorphic parental lines that have a
guantitative trait contrast is useful because a linkage map can be crehatatbieicular
marker analysis, and then after phenotyping, a QTL analysis can be ukstedo
positions and genetic distances of markers among chromosomes that arecalsaattiat
the quantitative trait. This association implies that a QTL has a mappassar (i.e.,

linked to) the markers. Linkage map construction requires parental marker
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polymorphism, so that marker linkage analysis to construct a marker link@ge ma
(Podlich et al., 2004). Mapping populations in self-pollinating plant species can be
created using backcross lineg,gfogeny, recombinant inbred (RI) lines, or doubled
haploid (DH) lines.

F, populations arise from an initial cross between two diverse parents that
produces an fhybrid. Allowing the k hybrid to self-pollinate produce anhapping
population. One advantage of thedfogeny for linkage mapping is the shorter
population development time compared to the development of RILs lines; however, an F
population segregates in each subsequent generations and, unlike RI or irfbidortal
lines, k, plants cannot be replicatper se to conduct multi-year or multi-location field
experiments (Collard et al., 2005).

Once a mapping population is finally obtained, DNA from each progeny or line is
isolated and evaluated (i.e., genotyped) for the DNA marker polymorphisms that
distinguish the parents. The genotyping process may pose a heavy burden of time and
cost to the breeder, especially when dealing with thousands of individual plants.
Therefore, alternative genotyping methods that could save time and money would be
extremely useful, particularly if resources are limited. A shottmethod aimed for
identifying markers linked to QTLs was the trait-based approasthd@scribed by Stuber
et al. (1980; 1982). It was later described in more formal statisticaktby Lebowitz et
al. (1987). This trait-based approach was also subsequently termed ‘sejeatwgping’
by Lander and Botstein (1989) and is based on genotyping only those individuals or lines
in any given population that exhibit the extreme phenotypes for the target it

association of markers with a given trait is inferred when one detedisemadiele
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frequency differences between extreme individuals in the population that have bee
grouped on the basis of contrasting phenotypes (Lebowitz et al., 1987; Lander and
Botstein, 1989; Darvasi and Soller, 1992; Darvasi and Soller, 1994). In any QTL
analysis, the most informative progeny are those residing at the estofphenotypic
distribution (lower and upper tails) of the mapping population (Lander and Botstein,
1989; Bernardo, 2002; Sen et al., 2009). This is why phenotypic tail analysis is an
alternative term sometimes used to describe the selective genotgphogeh. Lander
and Botstein (1989) showed that the best 17% and worst 17% of individuals of a given
population (i.e., those progeny with phenotypes exceeding a plus or minus one standard
deviation from the population mean) would account for 81% of the total linkage
information. Additionally, these authors showed that for a given trait, the number of
progeny needed to be genotyped decreases as the phenotypic difference betimeen the
parents increases. Furthermore, in terms of maximal selective gexgpéfpciency, it
may not be useful to genotype more than the upper 25% and lower 25% of the population
for a single trait studies (Darvasi and Soller, 1992; Darvasi, 1997). Howevérctivee
genotyping strategy may allow sampling of only 5 or 10% of the individualslt ea
phenotypic extreme, as discussed by Ayoub and Mather (2002). In fact, the authors
reported that selective genotyping of 5 or 10% of each tail of the phenotypicutistr
(i.e., arespective 10 or 20% of the entire population) would have been satisfactory t
detect all of the QTL regions that had been detected by interval mapping with the
complete data set of the entire RIL population.

The selective genotyping approach is most appropriate for the cases where only

one trait is being analyzed at a time (Darvasi, 1997). If two or more traitd anterest,
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but are not highly or perfectly correlated, the number of progeny to be gentiyped
detect QTLs in each trait greatly increases. This is due to the fatherset of
individuals selected for extreme phenotypic values of one trait will usoatlige the
same set of individuals selected for extreme phenotypic values for othe(Temksley,
1993; Ayoub and Mather, 2002). However, as mentioned above, this trait-based
approach for QTL analysis has one advantage over a marker-based QT Lsandiigsi
is that fewer progeny than those constituting the entire populationesttl to be
genotyped, so long as all progeny are phenotyped.

Lebowitz et al. (1987) proposed some theoretical considerations for selective
genotyping approach; however, there were some typographical and other ereors w
present in their original published paper, which made it difficult to interprebuiitsome
assistance (Rocha, 2003, personal communication). Hypothetically, the predicted
difference marker allele frequencies between the lowest and the higlsest & F

population (assuming decile tail fractions) can be calculated in the follonamger:

_ (ip) (2a)(m1)(m?2)

Om
Op

where,

ip=1.755, the standardized selection differential for deselection in an fpopulation,

a = the additive effect of the parental alleles segregating atfthe Q

ml =m2 = 0.5, the population frequencies of the two parental alleles at a given locus for
the F, population case,

op = the population’s phenotypic standard deviation.
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The above equation is an approximation that is only acceptable for prisraalyQTL
effects, but can be technically improved following the formulas in Falconer (1981)
(Rocha, 2003, personal communication) by dividing the result of the above equation by

the result of the following equation:

1— [(ip)(a)]

Op
The standard error ($f) associated with an observed change in marker allele frequency

between the two tails is:

_ [(1@mm2)
SE‘W‘j{ B

where,

n = number of tail marker alleles (i.e., 2x the number individuals in each taitifpload

organism),

m1l =m2 = 0.5, theFpopulation frequencies of the two parental alleles at a given locus.
In accordance with the above equations, statistical power of selectivigego

can be estimated assuming that one will genotype only the lowest and higtilest de

fractions of an fFpopulation of a known phenotypic standard deviation, and that there is,

a priori, a reasonably reliable estimate of the additive effect of the QTL to bhetetbtey

selectively genotyping that population. When using a selective genotyppngeah to

detect QTL in multiple segregating populations for a trait (i.e., seed myobdeie should

have available a suitable number gfgfogeny to phenotype, and then a suitable fraction

of the extreme progeny to genotype, in order to be able to detect, at a desired power

those QTLs of some specified additive effect. With regard to the latteri@n, the
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known soybean seed protein QTLs of interest in the present case would banth&e|
(Chr 20), E (Chr 15), and H (Chr 12). Of course, the detection of heretofore undiscovered
QTLs with a similar-sized effect on protein are of even more interest.

In dissertation experiment, of interest was knowing what level of powerdveeul
available (given a chosen decile sample size of 22 progenies) to detect QTks whos
additive seed protein effect could be as large as, or larger than the 1.2 gerpemés
(i.e., 12 g protein/kg seed), which is additive effect that has been repeatedigdépor
the large effect LG-I (Chr 20) protein QTL (Chung et al., 2003). To compute ther pow
inherent in selective genotyping, consider apépulation of approximately 220
phenotyped individuals in which genotyping was limited to the contrasting decile tail
samples (each tail consisting of 22 individuals). One can first compute tleeofakta
that associated with each 2a (2*additive effect) value given that powbeeta. IFhe
formula for the power calculation is:

Zneta= [(0a(F2)/ (SB3AF2))] — Zaipha
where,
Zapha= the ordinate of a normal curve corresponding to the likelihoatbbé (Type 1)
error.
Zpneta= the ordinate of a normal curve corresponding to the likelihobetaf(Type II)
error.

Even though there are no formal standards for choosing a power value, most
researchers would plan experiments based on an imputed power of 0.80 which they
would consider to be an adequate level of power. Accordingly, the goal in thisastady

to have a statistical power of 0.80 (i.e., the probability ofcoatmitting a type Il error)
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when searching for QTLs in any of ourpopulations. To calculate the statistical power
of selective genotyping, one must specify a phenotypic standard deviation atditiave a
effect of a QTL desired to be detected in ta@épulation. The parameter values selected
for use in the above formula were some values derived in prior researchteondube
Dr. Specht lab. The standard deviatiep) (vas set to 30 g protein per kg of seed (i.e., 3.0
seed protein percentage points). This estimate was obtained from a population £f 557 F
seed progenies that Dr. Specht NIR-phenotyped and genotyped for SSR madigg. Sat
The pparameter was set to 1.755 (for two-tail extreme decile genotypiragh. this
calculation, decile-based selective genotyping experiment (i.e., 22 high ama 22 |
protein extremes in a population of 220ifdividuals) would have a statistical power of
0.80 for detecting QTLs whose additive effect was 7.0 g protein per kg of seg@l.Ti.e
seed protein percentage points or more). In fact, the power would be 100% for QTL
whose additive effect is 0.85 seed protein percentage points or more. This analysis
suggested that there was sufficient power for detecting any QTL (nevownk with an

additive effect similar to that of the LG-1 (Chr 20) QTL.

QTL Detection Based on Selective Genotyping
In this study, the interval mapping method of Lander and Botstein (1989) and
single marker regression method of Kearsey and Hyne (1994) were used tQdétac
six F,.3 high seed protein x low seed protein content populations. The interval mapping
method employs pairs of neighboring markers to obtain maximum linkage irilmnma
relative to the possible presence of a QTL within the enclosed segment of the

chromosome (Ngwako, 2008; Broman and Sen, 2009), whereas the marker regression
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approach investigates individual markers independently, without reference to their
position or order. The regression method fits a QTL model to the marker allele ameans
a given chromosome simultaneously and obtains significance tests by @mulati

(Doerge, 2002; Ngwako, 2008).

Single marker analysis

Single marker analysis, the simplest method of associating markers with
guantitative trait variation, tests for trait value differences betweekemgenotypes
(i.e., AA, AB, BB) one marker at a time. Although simple, this analysis captugdsasic
simplicity in the idea of QTL mapping; however, there are several weaaassociated
with this simple method of QTL detection (Lander and Botstein, 1989). First, thednet
cannot tell whether markers are associated with one or more QTLs. Second, it does not
estimate the likely positions of the QTLs. Third, the effects of QTLs are likdde
underestimated because they are confounded with the recombination frequendlgs. Fina
because of confounding effects, this method is not very powerful, and many individuals
are required for the test to acquire sufficient power (Kearsey and FarquharBi®9&n

and Speed, 2002; Doerge, 2002).

I nterval mapping analysis

The use of flanking marker interval mapping methods has proven to be a powerful
tool for detecting QTL in segregating populations. Methods to analyze thesbatad
on maximum-likelihood, have been developed and provide good estimates of QTL effects

in some situations (Muranty and Goffinet, 1997). Maximum-likelihood methods are,
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however, relatively complex and can be computationally slow. The interval mapping
method uses an estimated genetic map as a framework for the location of a QTL.
Intervals defined by ordered pairs of markers are searched, and statistivatisnare
used to test whether a QTL is more likely than not to be present within the interval
(Kearsey, 1998; Doerge, 2002; Ngwako, 2008). The approach of interval mapping
considers one QTL at a time, and this can bias identification and estimation of QL whe
multiple QTL are located in the same chromosome (Zeng, 1994). In this studynfie
or standard maximum likelihood interval mapping approach [via the Expectation-
Maximization (EM) algorithm] was considered appropriate for sekegenotyping
because it uses a maximum-likelihood estimation method. By the property of the
maximume-likelihood analysis, the estimate of locations and effects of QTL ar
asymptotically unbiased if the implicit assumption that there is at most Do@&)

chromosome is true (Muranty and Goffinet, 1997; Broman and Speed, 2002).



32
RESEARCH OBJECTIVES

Regarding the QTLs previously studied by Ritchie (2003), the rationale of this
research dissertation was to discover and map segregating protein {DTiXs)
segregating Fpopulations for which there was substantive variation in seed protein
content, but for which Ritchie (2003) found no evidence of QTLs on LGs | (20), E (15),
or H (12). In this dissertation research project, the six high-proteinptgsm accessions,
representing maturity groups Il, Ill, and IV, were mated to a higlting public cultivar
of an equivalent maturity group to create sppBpulations segregating for seed protein
content.
The research objectives were:

1. To locate and map QTL(S) governing the high seed protein in these six high
protein germplasm accessions, of which five were hypothesized by Ritchee not
possess the high protein allele at LG-I (Chr 20). —E (Chr 15), or —H (Chr 12).

2. To demonstrate that selective genotyping via whole genome 1536 SNP marker
analysis and a larger Population than Ritchie is a convenient means for

detecting large-effect seed protein QTLSs.
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MATERIALSAND METHODS

Parental Ger mplasm

Plant materials were selected based on previous studies conducted by,(Ritchie
2003), who identified five of 41 high protein germplasm accessions [Pl 437112A (UNL
parent number 1076) , Pl 398672 (1121), P 360843 (1122), Pl 407788A (1139), and P!
407823 (1146)] that, when mated to high-yield elite cultivars, did not segregate in F
generation for high protein QTLs known to be located in specific regions ohkiagé
groups (LGs) I (Chr 20), E (Chr 15), H (Chr 12)-top, and H (Chr 12)-bottom, though the
F, populations still segregated for a wide phenotypic rangedprégeny seed protein
content. Ritchie (2003) identified one additional population [Pl 398704 (1143)] that,
while not segregating of the LG-1 (Chr 20) QTL, did segregate for a pr@@€L in LG-
E (Chr 15). It would have been of interest to screen these six populations with markers
linked to known QTLs on LGs other than LG-I (Chr 20), -E (Chr 15), or —H (Chr 12), but
Ritchie (2003), because of time constraints, concentrated her marker gegodyjoist a
few SSRs known to map in the QTL regions of those LGs.

The foregoing six high protein plant introductions (PIs) were mated as fetoale
one of three high-yielding recently released public elite cultivars of ilasimaturity
group. The six Pls and three cultivars are listed in Table 1 with the malespéstaut
just below the respective female parents. The parent code is a Nebraska murdwser.
All other information in Table 1 was excerpted from the Germplasm Resources
Information Network (GRIN) website. Note that the six female parents A&vRIN-
based seed protein concentration ranging from 482 to 507, gukgreas the three

cultivars have a seed protein ranging from 382 togiRg” (both on the zero moisture
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dry weight basis). The latter values are typical of most of the cudtused for
commercial production in the North Central United States. To minimize thegsgipn
of major genes for flowering and maturity in thegéneration, parental matings were
restricted to the same maturity group (MG). Because the six femalegeregéd from

MG Il, lll, and 1V, three different male parents of those MGs had to be used.

Population Development

In October 2006, 40 seeds of each high- and normal-protein parent were planted
into 28-cm diameter by 28-cm deep pots filled with a 1:1 mixture of steailzstesoil
and Metro-Mix 360 soilless media in a mating greenhouse bay located on the East
Campus of the University of Nebraska-Lincoln (UNL). As each fematenpfowered
(in maturity group order from early to late), it was mated to a male pafréme same
maturity group (MG) that synchronously flowered. Multiple crosses (10-2hattns)
were attempted for each of these six matings: 1076 x 1106M, 1121 x 1137M, 1122 x
1137M, 1139 x 1181M, 1143 x 1181M, and 1146 x 1181M (Table 1). Greenhouse-based
pollinations for two of the six matings were successful in generating puktsesds.
Four of the six mating failed to pollinate due to synchronization problems with ¢he tw
early flowering varieties. This failure necessitated a repeat ah#teg generation in the
subsequent summer field season.

On 7 May 2007, 40 seeds of each high- and normal-protein parent were planted
into a 2.5-m row of an on-campus crossing block nursery, located on UNL’s East
Campus. The parent rows were arranged numerically by parent number frest iow

highest (1076, 1106M, 1121, 1122, 1139, 1143, 1146, and 1181M), with 60 cm of
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spacing between rows to allow working space to perform pollinations. The Bbsirce
agronomic cultivar crosses were made during late June to late July 2007. A@tebyxim
10 to 20 pollinations were attempted for each mating. Pollinations for all ofgixese
matings were successful in generating putativeeeds. The putative Beeds of each
mating were individually hand-harvested and packaged by pod at the end of the 2007
summer season.

During the winter of 2007-2008, an on-campus winter greenhouse was used for
the R to F, generation advance. The putativesEeds from each mating and the parental
seeds of the six matings were planted in December 2007 into 28-cm diameter by 28-cm
deep pots filled with a 1:1 mixture of steam-sterilized soil and Metro-Mix Gitleéss
media. For each mating, a maximum of 2G€&eds were planted into “five-pointed star”

F1 seed positions available in each of four pots. In each pot, five seeds were placed on top
of the pre-watered soil mixture, each positioned approximately 5 cm from theipot’s

The R seed from each mating was then inoculated with rhizobia and covered with 5 cm

of fine, dry soil. Five seeds of each parent were also placed into a pot. Water was not
applied again until needed to moisten the soil surface to aid in the emergémeé; of
seedlings. Subsequently, an automated drip-irrigation system was used tdsupply

minute irrigation to each pot every other morning. To enhance seed set, fasidize

applied immediately after flowering by adding 100 mL of a standard plarémiut

solution to each pot.

Parental contrasts for one or more of the classical genetic madtgrslling
flower, pubescence, pod, and hilum color were evident for some matings. For these

matings, I plant hybridity was confirmed for those matings in which the female parent
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marker was recessive, and the male parent marker was dominant, for oeg)oofm
these four pigmentation traits. For instance, at flowering stage, arfloMor marker was
used to distinguish an authentichybrid (purple flowers) from an inadvertent recessive
white-flowered female parent self that was supposedly mated to a dominaet purpl
flowered male parent. A small number of putativeplants that resulted from
unintentional female self-pollinations were discarded. For those matings inh thisic
male parent was recessive for all four of these loci, but in which the fparalet
contained the dominant allele for at least one locus, confirmation of géngHentic
hybrid would not be possible until the generation, when marker segregation would
become evident. To ensure an earlier indication of the authenticity of putaplenks, a
parentally polymorphic molecular marker (i.e., SSR) was used to genbg/pgand
thus either confirm or refute thg Rybridity in these (and actually all six) matings. Each
confirmed k plant from each mating was harvested individually to obtainise€&d
progeny.

The K, seeds harvested from the individual, greenhouse-gre\tafts of each
mating were planted in a field nursery located on the East Campus on 9 May 2008, along
with seed harvested in the 2006-2007 winter greenhouse activity from the male and
female parents and putative $eeds (if available) from each mating. A 30-m long row
was used in the on-campus soybean nursery for the pargraadH; population of each
of the six matings. The six north-south rows were spaced 60 cm apart, with twofrows
the Nebraska cultivar, NE3001, bordering the east and west sides of those rowfs. In ea
30-m row, the first 2.30 m was planted with 30sEeds harvested from a greenhouse-

grown R plant, each seed spaced precisely 7.5 cm apart. The next 0.31 m was planted
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with four similarly spaced female parent seeds and then the next 0.31 m wed pliimt
four similarly spaced male parent seeds. Sixtgdeds were planted (again, ata 7.5 cm
spacing) into the next 4.60 m of row space, followed by planting of four female parent
seeds (similar spacing) into the next 0.31 m of row space, and by four male pad=nt s
in the next 0.31 m of row space. This planting pattern of,g{&€&ds followed by four
female parent seeds and four male parent seeds was repeated three adaiésnal ti
However, at the third instance of this planting pattern, four putatigedds (if available)
were included between female and male parents (similar spacing) in eactywET
seeds were planted in the final 2.30 m of each row. Enogigbefls were planted to
reach a goal of 300,5eeds per mating. In those mating with fewer than 300 tptal F
seeds, any remaining unused row length was space-planted with seed opfmertie
from those crosses. The beginning of each of the six rows was planted witma 60-
border of female parent seeds, and end of each of the six rows was planted with a 60-cm
border of male parent seeds. After planting, the nursery was drip irrigatee@esd to
minimize plant water stress during the low-rainfall 2008 season.

Regarding Richie (2003), she used only 12@I&nts in her study. In this study,
the power for detecting QTL was to be increased by doubling the populatioA $izal
total of 240 F plants, representing each six Pl x agronomic cultivar matings, wasddesire
All F;, plants in each of six matings that survived to maturity were carefullgrmgatione-
by-one from a given population row and individually threshed to obtain theseed
progeny. The Fplants in a given row (i.e., mating) matured within a few days of each
other, with only minor maturity differences arising apparent withywraating and likely

due to within-row microclimate, or soil type, variability. Eacls Beed progeny was
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labeled (barcoded) with a population number identical to the respective female parent
code number (Table 1) and assigned andacket number (i.e. 1, 2, 3..., etc.) based on
harvested number ot Bplants from the beginning to the end of the row. The in-row
female and male parent plants were also individually threshed and labédiexdpaitent
code number (Table 1). The 60-cm border row of female parent plants and the row of
male parent plants that bordered the south and north side, respectively, of each population
were bulk-threshed. Each individuglfseed packet was sieved to remove threshing
debris and split or damaged seeds. Moldy seeds were also discarded, as weggaemnipe
or immature seeds. AnyEseed packets with an insufficient seed number (less than 30

seeds) for phenotypic seed protein and oil analysis were discarded from eachiqgapul

Phenotypic Trait Evaluation, Measurement, and Analysis

During the fall of 2008, theJr; seed progenies were evaluated for protein (and
oil) content using a near-infrared reflectance (NIR) analyzer {gdnaodel 1255 NIR
Food and Feed Grain Analyzer, Ultra Tec Manufacturing Inc., Santa AnapCaed at
the Stewart Seed Laboratory, located on the East Campus. The Infrateelanaly
evaluates whole seed samples simultaneously for seed protein, oil, moistdieerand
The measurements were based on reflectance of electromagneaiionaidi the near
infrared region of the spectrum. In a typical NIR measurement, wholerseed fpacket
is placed into a sub-sample cup, with seed above the circular cup rimlyisthed off,
thus leaving approximately 15g of soybean seed existing in a cup, not much beélow a
mostly level with the cup rim. The NIR analyzer will examine either abesample, or

up to five consecutive sub-samples of a given seed sample. In this study, a one-cup
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sampling was chosen as the method of NIR analysis, mainly because tee=&
numbers it accommodated resulted in the measurement of a larger fractign of F
progenies than would be possible with a two-or multiple-cup safpteeach population
of F,.3 seed progeny, male and female parent seed samples were also evalisated for
protein, oil, and moisture using NIR. The data generated by the analyzer warearua
zero moisture basis.

The NIR analysis of a given mating was accomplished in the following manner:
The seed packets for each assay were arranged, ordered, and analytt@dsaddur
check samples (i.e. soybean cultivars 1A2021, Macon, plus high protein line 1, and high
protein line 2 of known average seed protein content of 490 and 51%) gekpectively),
followed by (up to 20) individual female parent progeny, then by (up t020) individual
male parent progeny, then by some putativedfogeny (if available), then by albF
progenies of the mating (arranged in order of the packet number), and finallyat repe
assay of the (up to 20) female and (up to 20) male parents. The four check seenples
used at the beginning of each assay to ensure that the NIR analyzerdopéate
performance standards.

After one complete replicate of the NIR-measured protein data was obtained for
all F,.3 progeny of each of the six populations, thg $eed progeny in each mating were
ranked from lowest to highest based on the NIR-determined seed protein value. iKloweve
for the purpose of deciding whether a complete or partial second-replicate run of
phenotyping was necessary in this experiment (discussed later in the Bedults
Discussion sectiongll F,.3 progenies in just one population (1143) were re-assayed with

NIR to provide acomplete second-replicatioof seed protein content data in this mating.
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In contrast, for other five populations, only those progenies occupying the lowest and
the highest protein quintiles (20% in each tail, but in total representing 40% of tlee enti
population) were re-assayed, thereby generating a two-replicatsedabut only for
those 3 progenies occupying the lowest and highest quintile fractions obfarétein
distribution. This latter process is referred to hereafter asialgam-replicate
phenotyping. During the second replicate assay of these six populationyddfew
instrument-reported outliers or extremely unusual values from the flgtate were re-
examined. Ordinarily, if the re-examined third value was in agreementhaitiir$t or
second replicate value, the re-examined value was substituted for thewaitie
However, such substitutions were rare.

The k.3 progenies within each quintile were then ranked from low to high seed
protein content using the quintile-specific two-repligattetein mean values. Within the
low quintile group, thoseJs progenies in the lowest half of the group were selected to
represent the loweslecile fraction of the entire; i population. In contrast, within the
high quintile group, those,i progenies in the highest half of the group were selected to
represent the highedecile fraction of the entire;i5 population. Only these decile
fractions of progenies with the lowest and highest seed protein contentsalested for
the selective SNP genotyping assays. Figure 1 illustrates the gemaditance and

phenotyping protocols used for each population.
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L eaf Collection and DNA Extraction Procedures
Par ents:

Leaf collection and DNA extraction with respect to the parental lines were
completed during the summer of 2007. Approximately 5 g of young leaflets ahates
collected from each parental plamtd put in a plastic bag. Leaf tissue was placed on ice
during sampling and transferred to the laboratory where it was stored atn2i%Ge
tissue could be de-moisturized in a lyophilizer and then ground. The DNA extracgon wa
performed by the mini-extraction CTAB method (Saghai-Maroof.efl@B4). Half of a
1.5 mL eppendorf tube was filled with lyophilized, ground leaf tissue angi800
CTAB buffer containing 19-mercaptoethanol. Incubation at 65°C for 1 hour was
followed by two chloroform-octanol (24:1) extractions, precipitation with cold
isopropanol, three alcohol rinses [76% ethanoMONAOAC, 76% ethanol-10kh
NH40Ac and 70% ethanol], and resuspension in 1X TE pH 8.0 buffer. The DNA was
then quantified with a spectrophotometric optical density (OD) measuratant
wavelength X) of 280 nm. Then diluted DNA stock sampler to 20ng"fidr use in
subsequent marker analyses. A total of 10 pL of the DNA suspension was also run on a

1% (w/v) agarose gel to check for DNA quality and to verify concentration.

F1 Progeny:

One young trifoliolate leaf per plant of each mating-taggedaat (grown in the
2008-2009 greenhouse) was collected and placed into a 96-deep well collection plate,
with care taken to ensure that plate well number matched with the t&gpglksht. During

leaf collection, the tissue was placed on ice, transferred to the laboratgiexr frozen
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and stored at -20° C until subsequent DNA extraction. For DNA extraction, 96-deep well
collection plates were taken out from -20°C and immediately placed on ice. fAiteen, t
of 2.0mm Zirconia beads (BioSpec Products, Inc.) were added into each well forgyrindin
purpose, and then 400 pL of CTAB (2X) wjkhmercaptoethanol solution was added into
each well. Leaf tissue was ground using a mini-bead shaker for approxifatély The
F1 DNA was subsequently extracted using a DNA plate extraction protocofieaodi
from that described by Saghai-Maroof et al. (1984). For the modified protocol, all
solution volumes were reduced to half that indicated in the original protocol. Eaple sam
of DNA was re-suspended with 100 pL of TE buffer. The DNA concentration of each
sample was measured using a spectrophotometer at a wavelgrgftBg0 and 280 nm.

The stock DNA samples were diluted to 20ng*ftr use in subsequent marker analysis.

F> Progeny:

F, leaf collection was accomplished during the summer of 2008, but DNA
extraction was deferred until after thgsBeed progeny had been phenotyped for
selection purposes. Individuad plants were tagged with a labeled tag (specifying
population number and:plant number) after plants had produced at least two trifoliolate
leaves. One very recently developed trifolioate leaf of about 2 cm in lengttemased
from the stem tip of eachyfplant in each population. The trifoliolate leaf sample was
rolled between the thumb and forefinger before being inserted into a labeled well of a
clean 96-deep well collection plate (using a forceps), being carefustwesthat labeled
plate well matched the tagged ptant number. The 96-deep well plates were labeled

starting at the bottom left (column 1, row “H”) with sample number 1, and continuing to
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the top left (column 1, row “A”) with sample number 8, then starting again at the bottom
left of next column with sample number 9, and continuing to the top left, and following
same pattern until the last number of each plate (i.e., number 96 for plate 1, number 192
for plate 2, and number 286 for plate 3). The total of three 96-deep well plates per
population were labeled with the population number and assigned a plate ID number of 1,
2, and 3. Plates containing leaf tissues were placed on ice during sampling and
transported to the laboratory where they were stored at -20°C until furthegrmar
analysis (i.e. SNP analysis).

After the completion of phenotying and the subsequent identificatiogzof F
progenies in the lowest and highest deciles, the correspongirfpliolate leaf samples
were retrieved from the three 96-deep well collection plates by matttterigbeled ¥
plant well number with theJs progeny number in the decile fractions. One-half of the
collected leaf sample was transferred into a well of a new 96 deep-well ptah the
source and destination 96-well plates were kept on ice while transfe@irtgshries.
Owing to the limited space in the 96 deep-well plate, only 22 samples from eaeh decil
group (i.e., highest and lowestdprogeny of the 220 or more plants in each
population) were chosen for DNA extraction. The destination plates theosiai@ned
two populations per plate (i.e., DNA samples for 22 high and 22 low protein samples per
population, plus DNA samples of the female and male parents, and plamfrom
each population). For this plate layout, the 96-deep well plate was divided into two
sections for two populations. The top four rows (i.e., rows A to D) of a plate were used
for one population, and the bottom four rows (i.e., rows E to H) of that plate were used

for the another population. In each section, wells were loaded startingfiesttiae|
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moving left to right with samples from the low decile (sample numbers 1 to 22), followed
by samples from the high decile (sample numbers 1 to 22), and then a female parent,
male parent, and;Fin that order. Plates were shipped on dry ice to a USDA laboratory in
Beltsville, MD, for robotic DNA extraction. The extracted DNA was thenesxttbf to

the SNP marker analysis, also completed at USDA laboratory, Beltdtile

SSR Marker Analysis
Screening for Parental Polymorphic Markers:

Molecular marker analysis of the parents was accomplished using the published
base-pair (bp) sequences for PCR primer pairs of known SSR markers. A group of SSR
markers (52 SSR markers) was selected on the basis of availability, prolrablalpa
polymorphism, and more importantly, closeness to the reported map position of the
strong seed protein QTLs. The strongest protein QTLs are (in additive afilectfrom
high to low) located on LGs | (Chr 20), E (Chr 15), H (Chr 12), M (Chr 7), A1 (Chr 5),
C1 (Chr 4), and F (Chr 13), respectively (Appendix Table 1). Relative to aviayiaoit
probable polymorphism, SSRs were initially selected on the basis of being palhyenor
in all three published maps of the Utah map populations: Archer x Noir, Archer x
Minsoy, and Noir x Minsoy@. max x G. max populations) (Cregan et al., 1999). In the
initial portion of this study, all parents were screened with those 52 SSRraarke
identify parental polymorphisms. SSR primers were synthesized according to the
sequences published on the SOYBASE website (SoyBase, 2009). Based on this
screening, 13 markers were found to be parentally polymorphic for most of the six

matings, and used in the next step.
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F1 Confirmation:

The initial group of 52 SSR markers served as a primary screen to test for
polymorphism between the six Pl (female) parents and the three cultiva) paiedats.
The 13 polymorphic SSR markers from the parental screen that mapped close to protein
QTL in LG-1 (Chr 20), and —E (Chr 15) were used for thednfirmation. Nevertheless,
selecting SSRs polymorphic for all or at least most of the female parenigetieamated
to their specific male parent was the first goal. As a result, relatithese 13
polymorphic markers, three markers [Satt384 (LG-E), Satt496 (LG-I), and SattB51 (
E)] were ultimately chosen because they provide a marker genotypimg wida
confirmation in all six populations. Marker Satt384 was used in 1139 x 1181M and 1146
x 1181M populations; Satt496 was used in 1121 x 1137M, 1122 x 1137M, and 1143 x

1181M population; and Satt651 was used in the 1076 x 1106M population.

PCR Amplification and Gel Electrophoresis:
Amplifications were performed in 10-pL aliquots of reaction mix containofng

0.2 uM of each of the paired forward and reverse primers, 1.5 mMZL\/@be reaction

buffer (50 mM KCI, 10 mM Tris-HCI, 0.1% triton X-100), 0.7 units of DNA Taq
polymerase, 0.15 mM of each of the four dNTPs, and 50 ng of genomic DNA. To prepare
each PCR reaction, the PCR mix was loaded into a 96-well reaction plateoAalitifti a

50-ng sample of genomic DNA (one from each pareftwis loaded into an individual

well previously loaded with PCR reaction mix. A polypropylene-based fits used to

seal the wells to minimize evaporation. The PCR reaction plate was thedh ipi@ca

PTC-100 Programable PCR thermocycler (MJ Research, Watertown, M#Agl. $teps
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were performed at 94°C for 25 s, followed by 32 cycles of denaturing of 94°C for 25 s,
annealing of 47°C for 25 s, extension at 68°C for 25 s, and followed by a final extension
step at 72°C for 3 min as well as an incubation at 4°C.

A 2.5% (w/v) agarose gel (AMRESCO, Solon, OH, Super Fine resolution
agarose) electrophoresis was used to separate the PCR product. To begin|dadibgf
buffer (6X) were added to the PCR products, and a 10 uL sample was loaded on the gel.
A 0.5X TBE solution served as a running buffer. The gel was run at a constant 70 V for 5
h. Ethidium bromide (10 mg mt) was prepared to visualize the bands under exposure to
UV light. Gels were stained for 10 min in the ethidium bromide solution, and then de-
stained for 20 min in 2 L of distilled, deionized water. Finally the banding patizs
visualized under UV light and the image captured on thermal-sensitive photography
paper from an image analysis system (GelDoc2000, BioRad, Hercules,|QA). S
modifications in this procedure were necessary to optimize conditions farutearti
primers and equipment. All SSR amplicons fell within the 2642- to 50-bp size range of
the markers in molecular weight standard Xlll (Boehringer Mannheim). Baes
scored using ‘A’ to represent a P1 homozygote of the male cultivar type, ‘epitesent
a heterozygote, and ‘B’ to represent a P2 homozygote of the female gamaueession

type, relative to the two alleles for each SSR locus.

SNP Marker Analysis
A high-throughput method was needed to determine the genotypes for atarge se
of SNPs in many individuals in an efficient and cost effective way. Theifllum

genotyping platform enables these large scale genomic studies by consieveng|
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technologies, which include a miniaturized array of individual arrays (S&xtay
Matrix), a high resolution confocal scanner (BeadArray Reader) withichvthe arrays
are read, and a highly multiplexed genotyping assay (GoldenGate assaigr(& al.,
2005). These combined technologies maximize ease of use, result in good quality
genotype data, and have a low cost per data point. The GoldenGate assay is tiesigned
easily multiplex many loci in a single reaction while maintaining thigtyato target any
particular SNP of interest. (Hyten et al., 2008) used the Illlumina GoldenGatetas
demonstrate the multiplexing from 96 to 1,536 soybean SNPs in a single reaction over a
3-day period using genotypic DNA samples from three soybean RIL mapping
populations.

In this study, the high multiplex capability of GoldenGate assay was thedaehni
employed for the SNP genotyping gfFprogenies in the low and high decile groups, the
high and low protein parents, and ondrfédividual using the lllumina Genotyping
Platform (lllumina Inc., San Diego, CA). The GoldenGate assay wasopedefor 1536
SNPs that were distributed throughout the 20 chromosomes of soybean gentenes(Hy
al., 2010). A 1536-SNP marker assay would be expected to be parentally polymorphic for
a sufficient number loci (i.e., ideally about 400 for the soybean genetictmpp)vide a
genotyping density needed to be successful in one-step QTL discovery strdtegies
GoldenGate is conducted in assay 96-well plate over a 3-day period. The stepsyof
are outlined as follows: the first day consists of (i) making activated QiNAdding
DNA to oligonucleotides and hybridizing (iii) extension, ligation, and cleanup,i&nd (
universal PCR cycle at 1,536-plex; the second day consists of (i) binding PCR product,

eluting dye-labelled strands, and preparing for hybridization and (ii)diglng to the
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SentriX’Array Matrix or BeadChip; and finally, the third day consists of (i) washim)
drying the Array Matrix or BeadChip and (ii) imaging Array Matrix o@B€hip
(llumina, 2009). All steps of SNP analysis were performed by persontied Soybean
Genomics and Improvement Laboratory, USDA-ARS, BARC-West, BeltsMi2.

The SNP loci were dispersed over the soybean genome (Fig. 2). Not all of the

1536 SNP loci were expected to be parentally polymorphic in each mating. Still, about
30-50% of the 1,536 SNPs (about 460-760 SNPs) were expected to be polymorphic in
any of the given six matings which, depending upon the distribution of polymorphic
SNPs across the genome and particularly within each LG, would be sufficikersnfr
QTL detection. The automatic allele calling for each locus was guldrad by using
GenCall software (lllumina Inc., San Diego, CA). An “A”, “B”, and “H” genotype
coding scheme was used for a homozygote of the normal-protein male parernypdel
(A), a homozygote of the germplasm accession high-protein female paetsa(R)ltype,
and a It heterozygote of both alleles (H), respectively. A dash (-) was used for

ambiguous or missing genotype calls.

Data Analysis
With respect to phenotypic data for the two main trait (protein and oil),
distributional normality was analyzed using SAS (Statistical yssISystems, Cary,
NC) version 9.1 software (SAS, 2002). Phenotypic correlations (i.e. seed protein content
and oil) were calculated using the PROC CORR procedure.
Since, the individual Fplants (i.e., experimental units) cannot be replicated in

this experiment, the genotype (G), environment (E), G x E interaction, and random
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experimental error cannot be directly estimated frgmgfotein values using an
expected mean squares computation based on an from analysis of variance. However,
parents and fgenotypes can be, and were, field-replicated to obtain an estimate of the
environmental and measurement variance estimated using this formula;

1
2 2 2 2
O¢ = g(o-ph + O-pn + O-Fl)

where;
agh is the phenotypic variance of the self seed progenies obtained from rephiggie
protein parent plants
oy is the phenotypic variance of the self seed progenies obtained from egplicamal
protein parent plants
g2, is the phenotypic variance of the self seed progeny obtained frptarfs.
The genetic variance of the population gg5eed progenies derived from about 250 F
plants was estimated using the formula;

o; = 0f —0¢
where;

ag is the phenotypic variance of the ~25(; Brogenies in the given population.

Subsequently, a broad sense heritabflit§) estimate was obtained by using the formula

described by Kearsey and Pooni (1996) as follows;

To conduct a preliminary test for any significant association betwednSéP

marker and a presumed nearby protein (and oil) QTL, the decile tail fractieach ¥
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mapping population were evaluated for an allele frequency difference at eactalha
polymorphic SNP marker locus. The frequency of the “A” allele contributed by
agronomic (ordinary protein) parent cultivar in the low decile and high decilefract

was evaluated using titr¢est described by Bernardo (2002);

P, ~Pa.
t= -~
p,A0 (1_ p/—\o) " pAD (1_ p/—\o)
2N, 2N,

where, R 0w is the “A” allele frequency in the low decile.f£progenies, Phighis the
“A” allele frequency in the high decile;g progenies, Nis the actual number obg
progenies in the low decile group, and is the actual number otgprogenies in the
high decile group.

Because this is anppopulation, the expected frequency of the “A” allele is 0.5 in
the above formula. The null hypothesis tested hergdg P Panigh, Which if not rejected,
signifies that the marker allele “A” at the given SNP locus was not linkadyt nearby
segregating seed protein QTL whose alleles could have contributed to ttesicont
between the two £z phenotypic tails. The alternative hypothesisdguP> Panigh, Which
if accepted, signifies that the marker allele “A” of the SNP locus saghéicantly
higher frequency in the low decile than in the high decile. The null hypothesis would
ordinarily be a one-tailed test if one expects that the ordinary pratiivec parent not
to contribute a high protein allele at some QTL. However, two-tailed tastally
conducted because that expectation may not be a reliable expectation.

The SNP allele will be “coupled” (because of linkage) directionally withaange

in the frequency of the QTL “A” allele being mostly in the low protein phenotyplicif
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the cultivar “A” marker allele is linked to a low protein QTL allele hét'high" parent is
expected to be fixed for all high protein alleles, then using a one-tailedg-tegtan
issue. However if the "low" parent carries alleles at some QTLsdmakition high
protein, then the use of a one-tailed test is problematic. Overall, we tleecaforot
consider that the hypothesis tests in selective genotyping are irgliysice-tailed
unless we absolutely know beforehand that the parental origin of all of the favorable
alleles linked to the markers being tested (e.g., as in a candidate gevechpfGallais

et al., 2007; Sen et al., 2009).

Power Calculation in Selective genotyping

As discussed earlier, it is desirable to know if there is sufficient padatect
QTLs with additive effects that may range from effects as high asfthia LG-I (Chr
20) protein QTL (a QTL with known large additive effect of 12 g protein/kgd)see
effects as low as %2 or % of that QTL'’s effect. The detection of the QTL redange
sample sizes to achieve reasonable power (Soller et al., 1976). In this stRdgtthe
software was used to help us calculate the power and determine an approsaat@le
size to use in all sixJpopulations, for the detection QTLs with additive effect size of a
minimum of 12 kg protein/kg seed (i.e., 1.2 percentage points) in seed protein content,

assuming a desirable statistical power of 0.80.

Linkage Mapping and QTL Analysis
The program MAPMAKER/EXP VER 3.0 (Lander et al., 1987; Lincoln et al.,

1993) was initially used for determining genetic linkage and distance betvegkarm
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because it uses a maximume-likelihood method for computation of recombinatios value
between adjacent marker loci. The phenotypic data file contained several rows of
phenotypic data for each of thedpopulations. The first row of phenotypic data file
were the k3 progeny ID numbers, with the remaining rows containing phenotypic data.
The genotype file contained the genotypes for only the 22 high and 22 low pegiein F
progenies identified in the “decile” fractions of the phenotypic tail analydlistider
progeny genotypes were treated as missing (-) values. Data filesmymorted into
MAPMAKER/EXP as a text file. The parameters set for linkage mapgpiigded using
the Kosambi mapping function. The group command linkage criteria was set to a LOD
score (logarithm to the base 10 of the likelihood odds ratio) of greater than 3drotipe
command maximum genetic distance was set to 37.2 centimorgan (cM). The error
detection probability level was set at 1%. From files created in MAPERKEXP, QTL
mapping could be performed by using MAPMAKER/QTL VER 1.1 software (Lartder e
al., 1987; Lincoln et al., 1993). However, newly available software, R/qtl, wasrprefe
for QTL mapping because it offers greater convenience, command and deiloiljtf/
(Broman and Sen, 2009). The MAPMAKER/EXP population-specific raw and maps dat
files, which contain the marker genotypes/phenotypes and the saved linkggagna
results were imported into R/qtl using a command recommended by the auti®r of t
R/qtl software (Karl Broman, personal communication). The initial QT llyaisawas
performed using the single marker regression option, but the final QTL anafgsis w
accomplished using the interval mapping option of the R/qgtl software.

Only F,.3 progenies within the extreme decile tails of a population's first

replication seed protein distribution were genotyped. Technically, the delsilarea
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actually the extreme half of the lower and upper quintiles—the only quintiteswo
replicate values, and not truly the 1-replication seed protein tails. This wasodemsure
two-replication means were the basis for selective genotyping. HowevauseeQTL
effects are biased in selectively genotyped populations, maximum likeldasmiti QTL
detection using interval analysis requires a phenotype for every individual in the
population (including those without SNP marker genotypes) (Lander and Botstein, 1989).
The interval analyses were first conducted on the first replication plpesoty protein
(and ail).

R/qtl was first used to check each population for marker segregation distortion
using a Chi-square goodness of fit test to compare the observed segregatpattedex
1:2:1 mendelian Fratio. However, multiple testing (i.e. approximately 500 markers in
each population) renders a single Chi-square test significanceoeritéralpha=0.05
unsuitable, so a Bonferroni-adjusted significant criterion of alpha=0.05/500=0.0001 was
used. Markers whose chi-square values exceeded the latter criterionseardedt!. For
the remaining SNP markers, the markers were ordered to be in thesinas the
extensively rippled marker order that was recently published for each L@heaso
genetic map version 4.0 (Hyten et al., 2010). However, we also ran the ripple tid swi
marker order commands in R/qtl to compare the results using marker orders ofethe Hy
et al. (2010) genetic map. This data will be discussed in Results and Discessiom) s
Using R/qtl software, a single marker regression analysis (MRyaratucted using the
scanone function as a preliminary QTL detection procedure. However, th@1Tihal
detection involved the use of interval analysis using standard maximum likelihood

interval mapping approach (via EM algorithm). For interval analysis,thgasno and
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effectplot commands were used to estimate the A, B, and H genotypic values at each
marker. In selective genotyped populations, a stratified permutation procedure is
required to generate the appropriate a population-specific genome-wiksedote
significance criterion for use in determining the statisticaliB@ance of a QTL peak.
Therefore, 1000 permutations were performed in each population for the tisetsdof
protein (and oil). Additive (a) and dominance (d) effects of each presumptive &EL w
calculated from the genotypic values of the marker most tightly linked t@tha The
percentage of variance explained by the QTL (i.8. wRs calculated using the formula
R? = 1-10%M°P where “n” represents number of phenotypegfogenies in each
population and LOD was the lggdikelihood ratio at the QTL peak.

Additional QTL analyses were also performed i population 1143. In this
population, the seed protein and oil were measured with NIR when the seed was drier and
then when the seed was moister than the original first replication NIR rapsesur This
experiment was performed to determine if the seed moisture that was guehtesser
than original influenced the NIR-based estimates of theFogeny seed protein (and

oil) values, and also the QTL analysis.
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RESULTSAND DISCUSSION

Authentic F; Confirmation and F, Development

The R plants of six &3 populations were evaluated with SSR markers from the
regions on LG-1 (Chr 20) and LG-E (Chr 15), where the two most well-known seed
protein QTLs are known to map. Based on the initial screen of 52 SSR markers, 13
markers were found to be parentally polymorphic for one or more of the six populations
Of these 13 markers, three markers [Satt384 (LG-E), Satt496 (LG-1), and Sat@®51 (L
E)] were ultimately chosen because these three were sufficient feemganotyping F
plants in all six populations. SSR marker Satt384 was used to verify the azithenti;
plants in populations 1139 and 1146. SSR marker Satt496 was used in populations 1121,
1122 and 1143. SSR marker Satt651 was used in population 1076. Using these markers,
the total number of Fplants confirmed as authentic in populations 1076, 1121, 1122,
1139, 1143, and 1146 were 11, 14, 18, 17, five, and five, respectively (Table 3). The F
plants of some populations were also additionally confirmable as autheseit da I
classical marker genotype (Table 2), although with less certainlyodaeshotypic
variation in pigment intensity. The total number gisEeds obtained from the
populations 1076, 1121, 1122, 1139, 1143, and 1146 were 703, 670, 1544, 1399, 415, and
2190 seeds, respectively (Table 3).

With respect to population development, the six female parents ranged from MG
I, 111, and IV, so three male parents of corresponding MG were used agymattners.
Although it would have desirable to use one male parent to generate six haditisigsm

and thus directly compare the effect of six Pl alleles at any given Qaihsagne
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“standard” allele, maturity segregation in a high versus low protein sggrgg
population could introduce confounding effects of maturity QTL x protein QTL
interaction, which would likely have occurred because of seed-fill tihiffierences

(relative to seasonal temperatures) between early and late majynignts.

Phenotypic Data Analysis

Population 1076

The replicate one seed protein values for the 18®¢Fogenies of population
1076 exhibited continuous variation (Fig. 3). The progeny seed protein distribution was
normally distributed, judging from the non-significant Shapiro-Wilk tekievghereafter
this test will be referred to as the SW test), although the distributioslighs leptokurtic
(sharper peakedness) (+0.32) and a slightly leftward skewed (-0.23) (Tabhe3). T
parental means indicated that the high protein Pl parent 1076 and the low protein
agronomic parent 1106M differed by 43 g'kig seed protein content (Fig. 3). The seed
protein of the progeny ranged from 371 to 483 §, kgith a mean protein for the
population of 431 g kjand a standard deviation of 18 g'K@able 4). The progeny
seed protein mean (431 g Rgvas somewhat lower than the high protein Pl parent 1076
mean (447 g kg, but much higher than the low protein agronomic parent 1106M mean
(404 g kg"). For traits that have an additive only type of inheritance (i.e., no dominance
effects), one would expect thedprogeny mean to have exhibited a mid-parent value of
about 442 g kg. It is possible that genotypes with a very high protein potential may not
have been able to express that potential proportionately as well as genatipewer

potential.
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Although seed oil was not the focus of this selective genotyping project,
phenotypic and genotypic variation in seed oil is almost invariably influenced in an
inverse manner by variation in seed protein. For that reason, the progeny seagksil val
are worthy of examination here.

The seed oil content of the 1076sBopulation also showed continuous variation,
and a histogram of the oil content is shown in Appendix Fig. 1. The high protein but low
oil Pl parent 1076 and the low protein but high oil agronomic parent 1106M differed by
23 g kg' in seed oil content (Table 5), The seed oil of thepFogeny ranged from 121
to 219 g kg, though the mean seed oil content was 165 Qvigich was identical to that
of the high oil parent, suggesting that dominance may play a role in the inheofanc
seed oil in this population. Note that the seed moisture mearspbpulation 1076 was
8.1% (Table 6). Thedistribution of seed moisture was not normal in this (or any

other) population. The reason for this is not known nor readily explainable.

Population 1121

The progeny seed protein distribution exhibited a deviation from normality
distribution, partly because of a slight platykurtic tendency (flattekquiaess) (-0.26)
and a modest rightward skewness (+0.56) (Fig. 3 and Table 3). Nevertheless, this
deviation from normality was moderated to be slight and likely not serious enough to
affect QTL analysis. Means, standard deviations, ranges, and parental vasesifor
protein content measured in thgspopulation 1121 and parents are presented in Table 4.
The high protein Pl parent 1121 had a mean seed protein of 432 thddpw protein

agronomic parent 1137M averaged 401 g kged protein. Seed protein in the F
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progeny ranged from 377 to 472 g'kdhe mean seed protein content in thggfogeny
was 419 g kg, which was slightly lower than that of the high protein Pl parent 1121, but
substantively higher than that of the low protein agronomic parent 1137M. In this
population, the §3 progeny mean was closer to the mid-parent value, suggesting a
mostly additive form of inheritance.

The seed oil content of the.fpopulation showed continuous variation as is
evident in the histogram of the oil content presented in Appendix Fig 1. The Pllow oi
parent 1121 and high oil agronomic parent 1137M differed by 17" grkseed oil
content. The seed oil of the progeny ranged from 137 to 229 (Tble 5), and the
mean oil content of the population was 187 g,kghich was near the mid-parent value.
The moisture mean obEpopulation 1121 was 8.9% (Table 6), which was not much

different from that of the population 1076.

Population 1122

The k3population 1122 showed continuous variation for seed protein content
(Fig. 3) and seed oil content (Appendix Fig. 1). The seed protein distribution gfthe F
population 1122 showed a normal distribution with a very slight leptokurtic (sharper
peakedness) tendency (0.07) and a very slight leftward skewness (-0.02) (Tabke 4)
mean seed protein content was 423 § fay the high protein Pl parent 1122 and 393 g
kg™ for the low protein agronomic parent 1137M. The mean seed protein of F
population 1122 was 419 g kgwhich was just slightly lower than high protein PI parent

1122’s mean seed protein, but clearly higher than the low protein agronomic parent
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1137M’s mean seed protein, which would nominally suggest dominance of higher seed
protein. The seed protein content of the progeny ranged from 373 to 454 Takie 4).

With respect to oil content (Table 5), the low oil Pl parent 1122 averaged 190 g
kg' seed oil content, whereas the high oil agronomic parent 1137M averaged 185 g kg
a different of only 5 g K§. However, the seed oil content of the;progeny ranged from
148 to 224 g kg, revealing considerable transgressive segregation for seed oil in this
mating. The moisture mean of fpopulation 1122 was 8.2% (Table 6), again not

differing much from the other populations.

Population 1139
The R.3population 1139 showed continuous variation for seed protein content
(Fig. 3) and seed oil content (Appendix Fig. 1). Both skewness and kurtosis of the seed
protein content were less than 1.0 (0.06 and -0.62, respectively), and the SW test value
suggested that the segregation of the seed protein content trait fit a norntaltaist
model (Table 4). The mean seed protein content was 447 fpkbigh protein Pl parent
1139 and 411 g kffor low protein agronomic parent 1181M. The mean seed protein of
F,.3 population 1139 was 434 gkgwhich was slightly lower than high protein PI
parent 1139’s mean seed protein but clearly higher than the low protein agronomiic pare
1181M’s mean seed protein. Though this would again nominally suggest that higher
protein is dominant, the higher protein parent may possibly not be expressing its high
protein potential. The seed protein content of the progeny ranged from 391 to 476 g kg
For seed oil content, phenotypic data analysis indicated that low oil Pl parent

1139 and high oil agronomic parent 1181M differed by 37 f(Kgble 5). The low oil
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Pl parent 1139 averaged 159 g'lsped oil content and high oil agronomic parent
1181M averaged 186 g RgSeed oil content of the progeny ranged from 120 to 229 g
kg, but had a mean of 170 g kavhich was close to a mid-parent value. A histogram of
the progeny seed olil distribution is shown in Appendix Fig. 1, and appears to be a normal

one. The moisture mean of.fpopulation 1139 was 8.4% (Table 6).

Population 1143

The seed protein distribution of.fpopulation 1143, when evaluated at an
average seed moisture content of 8.5% (Table 6), exhibited a normal distribution with a
modest platykurtic tendency (-0.43) and a slightly rightward skewness (+Bi¢23).
The mean phenotypic data for seed protein content revealed that the high protein PI
parent 1143 averaged 437 g'kgvhereas the low protein agronomic parent 1181M
averaged 411 g kfj a different of 26 g K (Table 4). The mean seed protein of F
population 1143 was 431 g kgwhich was slightly lower than that of high protein PI
parent 1143’s mean seed protein but clearly higher than that of low protein agronomic
parent 1181M. The progeny seed protein content ranged from 378 to 471 g kg

Regarding seed oil content (Table 5), the low oil Pl parent 1143 averaged 172 g
kg’ in seed oil content whereas the high oil agronomic parent 1181M averaged 187 g
kg a difference of 15 g ki Seed oil content of the progeny ranged from 103 to 229 g
kg™. A histogram of the oil phenotype is shown in Appendix Fig. 1.

For the purposes of determining if moister or drier than normal seed influenced
the NIR estimates of seed protein and oil, population 1143 was re-evaluated when the F

seed progenies seeds were made moister, and then again after seeoh ligkthén the
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dryer room for 24 hours. As noted above, the ordinary NIR analysis was conducted with
seed of 8.5% moisture (standard deviation of 1.6%), then evaluated again with NIR at a
10.6% seed moisture content (standard deviation of 0.8%), and again at a 7.0% seed
moisture content (standard deviation of 2.0%) (Table 6). The seed moistureeddnga
about 2.1% from the 15 November 2008 date of the first NIR evaluation to the 15 July
2009 date of the second NIR evaluation, even though the seeds were stored in the room
temperature (Z£2). In buildings, the interior ambient humidity is lower in the fall-winter
than in the spring-summer, so the seeds simply gained moisture by equilibration.

Seed protein distribution obgpopulation 1143 in both moist and dry seed
showed a normal distribution with a platykurtic tendency (-0.07 for moist and -0.09 for
dry seed) and a rightward skewness (0.21 and 0.19 for moist and dry seed, respectively)
(Table 4). The mean phenotypic data for seed protein content revealed that the high
protein Pl parent 1143 averaged 425 ¢ fagth moist seed and 440 g kgyith dry seed,
whereas the low protein agronomic parent 1181M averaged 402 \wittgmoist seed,
and 415 g kg with dry seed. The differences in the parental means were 23 and 25 g
kg, respectively. The mean seed protein of fopulation 1143 of moist and dry seed
was 419 and 433 g Kgrespectively. The mean seed protein gffRoist seed was
slightly lower than the high seed protein Pl parent 1143’s mean seed protein. But the
mean seed protein op.Edry seed was higher than the high protein Pl parent 1143’s mean
seed protein. However, both seed conditions were clearly higher than the low protein
agronomic parent 1181M’s mean seed protein. Hh@tfgeny seed protein content
ranged from 374 to 460 g Rdor moist seeadnd from 380 g kg to 488 g kg for dry

seed.
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Relative to seed oil content (Table 5), the Pl parent 1143 averaged 17Geed
oil content and agronomic parent 1181M averaged 186" dokgnoist seed, but
respectively averaged 169 gkgnd 181 g kgfor dry seed. Seed oil content of the
progeny ranged from 108 to 219 g'gr moist seed and 99 to 227 gkipr dry seed.
Histograms of the oil phenotype for both moist and dry seed are shown in Appendix Fig.
1.

In conclusion, based on the results of the NIR estimation of seed protein and oil
differences among moist, normal, and dry seed, one can conclude that the lgeesgedt
moisture, the lower the seed protein as well as seed oil content. While it appéarsh
higher seed moisture, NIR analysis detects lower seed protein values; hdaheseed
oil content for both moist and dry seed conditions were only slightly lower than initial

seed moisture conditions.

Population 1146

The seed protein distribution of.fFpopulation 1146 showed a normal distribution
(Fig. 3), with a modest platykurtic tendency (-0.40) and a slight rightward skewnes
(0.14) (Table 3). The mean phenotypic data for seed protein content revealed that the
high protein Pl parent 1146 averaged 438§ &qgd low protein agronomic parent
1181M averaged 413 g Rga different of 25 g kg The mean seed protein of
population 1146 was 424 g kgwhich about at the mid-point between the high protein PI
parent and low protein agronomic parent 1181M.

With respect to seed oil content (Table 5), the low oil Pl parent 1146 averaged

164 g kg', whereas the high oil agronomic parent 1181M averaged 180.J kg seed
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oil content of k3 progeny ranged from 135 to 231 g'kd\ histogram of the oil
phenotype is shown in Appendix Fig 1. The seed moisture means pbpulation 1146

was 8.8% (Table 6), which was not differing much from the other population.

Other Phenotypic Considerations

Replicate one and replicate two seed protein content

Individual replicate one and replicate two seed protein values for gach F
progeny occupying the lowest quintile of the replicate one distribution (redesquar
symbols in Appendix Fig. 2 graphs) and in the highest quintile (blue circle symbegls) F
were coordinately plotted on the abscissa and ordinate, respectively. Theptivate
meanseed protein contents of each progeny were also plotted as criss-anbs¢ssy
along the 1:1 line of Appendix Fig. 2. The graph of each population revealed that the
lowest and the highest seed protein progenies remained well-sepatatsebi distinct
extreme quintile clusters based on the two-replicate malaie distributions. The seed
protein standard deviation of the sixsfprogenies populations varied from 14 to 19 g
kg' (Table 4). The replicate one and replicate two seed protein values ightly sl
different for some §; progenies (i.e., as evidenced by some scatter around the 1:1 line in
the Appendix Fig. 2 graphs); however, these differences did not make mucénaiéeén
the rank order of the progenies that occupied the extreme quintiles. Thegrahtte
two-replicate seed protein means served as the criteria for choggipgogenies to
genotype. Only the 22 lowest and 22 highest seed protgprégenies in the
corresponding lowest and highest quintile fractions were chosen foti\szlgenotyping

purposes. The 44 selected progenies in each population accounted for somewhat more
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than 20% of the totalJf; progenies, as can be seen by the percentages listed in the last
column of Table 3. This is because even though 220 or more F2 plants were harvested,

many k plants did not produce sufficient F3 seed for the NIR analysis.

Seed Protein and Oil Content of Parents

Seed protein content ranged from 393 to 415 Yfkg male low protein
agronomic parents and 423 to 447 & kor the high protein PI female parents. There
was only a slight difference between the male parent seed protein vaassred in this
study compared to those values published in the National Genetic ResourcesProgra
(NGRP) database, which ranged 382 to 424 f(Ha@ble 1). On the other hand, all of the
female parent seed protein contents observed in this study were subbtdonver
(approximately 5.9 to 6.0 g Kdower) than those reported in the NGRP database. These
differences were first noted by Ritchie (2003). The 2008 Nebraska production
environment is possibly less optimum for high seed protein expression than the
production environments in which seed was produced for the NIR protein analysis
reported in the NGRP. Alternatively, perhaps use of one-cup NIR seed samyltesires
in proportionately lower protein values that what might had been the true values.

The female parent seed oil content ranged from 159 to 199.gKue seed oil of
the male parents ranged from 181 to 196 ¢ Kine female parent seed oil values
measured in this study differed by about 6 to 8 §fkgm the values published in the
NGRP database (Table 1). This was also true for the male parent sesddesl v
However, male and female parent seed oil contents in this study were Isainhéyher

than the NGRP database by 1 and 6 to 8% kespectively. A similar difference was
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also reported in Richie (2003). Again, the 2008 Nebraska environment possibly may have
affected the seed oil content differently compared to the environment ofregpts
reported in the NGRP, or possibly the NIR calibration for seed oil content does not work

as well with small versus large seed samples.

Heritability

The heritability for seed protein content computed for each of thesesix F
populations indicated that some or much (27 to 85%) of the phenotypic variation was
genetic. Chung et al. (2003) reported the heritability for seed protein was88&r
population. Brummer et al. (1997) reported a range of heritabilities forpsetsin in
eight soybean populations they studied, from 56 to 92%, depending on the population.
The heritability observed in the dissertation projegigopulations of 1076, 1121, 1122,
1139, 1143, and 1146 were 63, 85, 27, 69, 56, and 67%, respectively. The seed protein
heritability of F.3population 1122 was low, primarily because seed protein phenotypic
variance observed in the male parent (1137M) was quite high. Additionally, the see
protein variance among the plants available in each mating was also high. In the
literature, seed protein heritability has generally been found to beegthan 80%
(Thorne and Fehr, 1970; Shannon et al., 1972; Helms and Orf, 1998; Cober and Voldeng,
2000; Chung et al., 2003). Heritability estimates are usually not reliablyrdeésl
without replications in both space (i.e., locations) and time (i.e., yean$)sistudy, the
heritability estimates were mainly computed for comparative purpekss/e to the six
populations. Theoretically, the seed protein standard deviation of the high protein PI

female parent is supposed to be lower than that of the correspondim@deny
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population because the female parents are homozygous. Nevertheless, in thteetudy
seed protein standard deviation values for the female parents (Table 4.) mexedlge
greater than seed protein standard deviation of male parents and theocatires .3
progenypopulations. These results suggest the high seed protein female parents had a
more variable seed protein expression compared the low seed protein cultevar ma
parents, possibly because high seed protein expression is affected pnaepelstioore
by microenvironment factors than is low protein expression, at least in theskizbra
environment. To deal with this problem, the environmental variance obthe F
population was estimated using only the phenotypic variance of correspondeng mal
parents. In a summary report provided by Brim and Burton (1979), seed protein
heritability was reported as very low, ranging from 20 to 39%. However, thisvalisa
was attributable to the fact that their heritability estimates Wwased on progeny arising

from the matings of parents that exhibited only modest difference in seeuh paneent.

Phenotypic Correlations

With respect to the relationship between seed protein and oil content in soybean,
these two traits have been found to be negatively correlated, and fredughiyyso,
based on the literature reports summarized by Burton (1987). In the dissestiatipn
negative phenotypic correlations between seed protein and seed oil were observed in all
six .3 populations. Table 7 shows correlation values among traits in all six populations
evaluated for statistical significant at@m 0.05 criterion. A highly negative correlation
was observed between seed protein and seed oil content, ranging from r = -0.83 to -0.68

in each population. In this study, there were significant negative cooreddti = -0.25 to
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-0.55) between seed protein and seed moisture contents (Table 7). The well-known
negative association for seed protein and oil contents is in agreement withstadiies
in the literature. A strong negative phenotypic correlation between seed proteieand se
oil in a mapping population (r = -0.84, P < 0.001) was also reported recently (Chung et
al., 2003), and it was even stronger (r =-0.98, P< 0.001) in a prior report (Mansur et al.,
1996). In mapping studies, the association between these two traits has Haaeditii
either two tightly linked QTLs for each trait with a repulsion phasei@lelationship, or
simply to a single QTL that pleiotropicaly governs the inverse reldtipm®tween the
two traits (Diers et al., 1992; Mansur et al., 1993b; Chung et al., 2003).

In contrast to the negative protein-oil correlations, highly significantipesit
correlations (r = 0.63 to 0.85) between seed oil content and seed moisture were observed
in the six populations. On the other hand, the correlation between (progeny tdal) se
weight and seed moisture was significantly negative (r = -0.39 to -0.64).hébtEeed
moisture, protein, and oil were all measured simultaneously with the NIRresit,
whereas seed weight was measured separately. A negative correlatiearbsted oil
content and seed weight was detected in each population, but was stgts@goélcant
in only three populations, notably 1139, 1143 and 1146. The correlation between seed
protein content and seed weight was low, but sometimes negative and sometithas posi
(r =-0.06 to 0.21), depending upon the population.

In summary, when the number of seeds in agpFogeny varied from low to high
seed amount, the NIR instrument measurements of seed moisture also varied, but
inversely so, from higher to lower values. The reason why smaller seed saengkss tio

have higher NIR-measured seed moistures is not known. In this regard, howsver, it i
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worth nothing that the phenotypic correlations between seed protein and seed nt| conte
between seed protein content and moisture, between seed oil and moisture, aad betw
seed weight and moisture in the NIR-generated values for moist and dry seedaf t
progenies opopulation 1143 were not much different in magnitude from the same
phenotypic correlations observed in the mid-moisture seed of those same popLild8

progenies.

Genotypic Data Analysis
Construction of the genetic linkage map

In this study, 264 single nucleotide polymorphism (SNP) markers of the 1536
SNP markers were identified as not being parentally polymorphic iofahe six k3
mapping populations. On the other hand, about 400 to 500 of the remaining 1272 SNP
markers were parentally polymorphic in any given population. Interestih@ySNPs
were actually parentally polymorphic in all six populations. Based on thekensiand
their segregation in the,gpopulation, MAPMAKER/EXP. VER. 3.0 (Lander and
Botstein, 1989; Lincoln et al., 1993) was used to construct a genetic linkage map based
on the marker order of the most recent version of the soybean integnaétid Gekage
map (Consensus Map 4.0) that was published by Hyten et al. (2010). That version of the
genetic map spans 2296.4 cM of Kosambi map distance, when summed over all 20
linkage groups (Fig. 2). Mean linkage group distance is 114.8 cM, and the genetic
distance between any consecutive pair of mapped SNP markers averag@&stabigut
(Hyten et al., 2010). Of the 1272 SNP markers, the total number of parentally

polymorphic markers in each.kpopulation was 497 (39%), 467 (37%), 425 (33%), 510
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(40%), 472 (37%), and 497 (39%) markers for population 1076, 1121, 1122, 1139, 1143,
and 1146, respectively. The high percentage of parentally polymorphic markers was
expected given the mating type (i.e., landrace x modern cultivar). Though the marke
numbers are large, parental polymorphism was sometimes not present in dsroé par
some linkage groups in eachdpopulation, which necessitated the division of the
chromosomal linkage maps into two or three sub-chromosomes (e.g., chromosome 1a,
1b, 1c), whenever non-polymorphic marker gap exceeded a 37.2 cM Kosambi map
distance. The chromosomal marker linkage distributions are shown in the grajs of F
4.,
QTL Detection Based on Selective Genotyping

QTL mapping is conducted by searching for statistically sigmti@ssociations
between the quantitative trait phenotype and the two marker allelegaggg in the
population (Zhi-Hong et al., 2005; Wang et al., 2007). A number of statistical appsoac
can be used to identify association between the trait and particular markersti&he
phenotypic trait values are computed for the A and B genotypes of a matkerdad
those values differ substantially, this is usually an indication that a Qdrol=ably

linked to the marker.

Single marker analysis

In this study, a two-sample two-tailed t-test (Bernardo, 2002) wadliniieed to
identify markers whose “A” allele frequency was not identical in the sedbgt
genotyped low and high seed protein fractions of eaglpépulation. Table 8 shows the

results of this t-test as applied to the SNP markers in each population. Those SNP
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markers whose “A” allele frequency differed significantly (usinggreement-wise
alpha of 0.0001) between the low and high decile seed protein fractions miogenies
are likely to be linked to a protein QTL segregating in the population whose ‘&¢ all
frequency was also different and thus accounted for the large seed protein content
difference in those fractions. A total of 43 markers were found to have signifitesstt
values in these six populations. These markers are located on LG-D1b (Car(@hrC
6), O (Chr 10), E (Chr 15), G (Chr 18), and | (Chr 20). Most of the 43 significant rmarker
were present in linked clusters at a given map position, which would be eahsigh a
protein QTL being present at or near the cluster marker map positions. 8evaas
map positions for a QTL usually have plus or minus standard errors of 10 cM, the marker
clusters discovered by the t-test were probably accounting for one @ddrlger cluster.
There were essentially eight clusters, with map locations on LG-bbnitarkers), C2
(10 markers), O (seven markers), E (four markers), G (four markers), @odtéf 1
(seven markers), cluster 2 (six markers), cluster 3 (three markens)highest t-test
value in the single marker analysis was identified at the marker on(C&-R0) of
population 1139. The second highest t-test value was identified on LG-O (Chr 10) of
population 1076. This is t-test the simplest method one can use to ascertainlpotentia
QTLs, but the drawback of this method is that the additive and dominandeoeffie
seed protein traits cannot be estimated because of confounding of those etffiectapv
distance between the marker and the QTL.

Subsequently, single-marker regression was used in this selective genotyping
study. This method is generally used as a preliminary scan for deteQihlg. &

summary of the seed protein QTLs identified with this method is preserifetl® 9,
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with the genome-wide LOD score scans presented in Fig. 5. Using markesimayrés
SNP markers were identified as having a LOD seoBe) association with seed protein
content in six k3 populations. These 17 SNPs had map positions on LG-D1b (Chr 2), C2
(Chr 6), O (Chr 10), B1 (Chr 11), H (Chr 12), B2 (Chr 14), E (Chr 15), G (Chr 18), and |
(Chr 20). Of these 17 markers, only nine (S17861, S30557, S19004, S15265, S30937,
S20164, S27739, S27666, and S17070) were judged as having a significant association
(determined by using the 9%ercentile of genome-wide maximum LOD scores obtained
with 1000 permutations) with seed protein content across albgigdpulations. The
highest LOD score obtained in the single marker regression ressls WaD of 8.05
detected for seed protein QTL on LG-O or chromosome 10 (marker S1900dhapits
position of 96.44 cM) in population 1076. This QTL also had the highest additive effect
of 9.6 g kg". The R value (i.e., heritability) for this QTL was 16%. In Fig. 5, the LOD
curve for each chromosome had a spiked appearance, because in a singl&frlarker
analysis, the LOD score is estimated only at the marker positions (not irebgtAs is
standard procedure when using the method of marker regression, a progeny with a
phenotype, but without a given marker genotype, are omitted in that marker’ si@gres
analysis.

A summary of seed oil content QTLs detected with marker regressionsixthe
F,.3 populations is presented in Appendix Table 2. Ten SNP markers had LOD score
values oz 3.0 on LG-D1a (Chr 1), C2 (Chr 6), A2 (Chr 8), O (Chr 10), B1 (Chr 11), B2
(Chr 14), E (Chr 15), G (Chr 18), and I (Chr 20). However, only five markers located on
LGs-C2 (Chr 6, marker S17861), A2 (Chr 8, S12625), O (Chr 10, S19004), G (18,

S12541), and | (20, S13577) proved to be statistically significant in one or moresof the
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populations using the 85ercentile of genome-wide maximum LOD score generated

with 1000 permutations.

I nterval mapping analysis

A summary of seed protein QTLs detected with the simple interval mappang
the EM method) is presented in Table 9 (and in Figs. 6 and 7). Note that 14 markers were
detected in the sixJz populations that had a LOD scar&.0. These QTLs were located
on D1b (Chr 2), C2 (Chr 6), O (Chr 10), B1 (Chr 11), H (Chr 12), B2 (Chr 14), E (Chr
15), G (Chr 18), and | (Chr 20). Of these 14 QTLs, eight were statisticatificant
(based on a LOD sore criterion generated with permutation tests) in one or rtiere of
six Fy.3populations (Table 10), with each QTL explaining about 10-19% of the variation.
The highest LOD score in the simple interval mapping results was a 7.73 vahatede
for a seed protein content QTL on LG-I or chromosome 20 near marker S17070, whose
map position was 29.56 cM in population 1139. For this QTL, the additive effect of the
high protein parent allele was estimated to be 11.4™gwith this QTL having a (R
heritability of 19%. As previously reported in Soybase (2010) and the literéhiarseed
protein QTL present in this region of LG-I (Chr 20) (i.e. Satt239, Satt354139athas
been detected many times by soybean researchers (Appendix Table d9caihe
highest LOD score in the simple interval mapping results was 6.94, detecte@éar a s
protein content QTL on LG-O (Chr 10) near marker S19004, whose map position was
96.44 cM in population 1076. For this QTL, the additive effect of the high protein parent

allele was estimated to be 9.6 g'kgith this QTL having a (B heritability of 16%.
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As previously mentioned, there are no reports of a seed protein QTL present in this
region of LG-O (Chr 10) in Soybase (2010) or in the literature, as this is thg new
discovered QTL from this study.

A summary of seed oil content QTLs detected by simple interval maping i
presented in Appendix Table 2. The simple interval mapping method detect#ld ten
QTLs that had a peak LOD scae3.0 on D1a (Chr 1), N (Chr 3), A1 (Chr 5), C2 (Chr
6), A2 (Chr 8), O (Chr 10), B2 (Chr 14), E (Chr 15), and | (Chr 20). However, outy f
markers on LG-A2 (marker S12625), LG-O (S19004), LG-E (S20164), and LG-I
(S17070) proved to be statistically significant based on permutation determnedege
wide LOD scores and these QTLs explained 10-21% of the variation.

In the six k.3 populations, seed protein and oil content were negatively correlated
(Table 7). This negative phenotypic correlation between the two characteatsaa
reflected in the QTL detection results. For instance, in population 1076, the phenotypic
data of seed protein and seed oil content were negatively correlated (r = -0.[i6). In t
case of the QTL near marker S19004 on LG-O (Chr 10), the S19004 SNP maiker all
from the high protein low oil Pl female parent 1076 (Pl 437112A) was assteiith
both high seed protein and low seed oil, whereas the allele from the low proteinl high oi
agronomic male parent (PI 597386) was associated with low seed protein and high seed
oil content (Table 9). Inversely, relative to the QTL near the SNP matl2a25 on LG-

C2 (Chr 6), the low protein high oil agronomic male parent (Pl1 597386) marker alle
was associated with low oil and high seed protein, whereas the high protein low oil
female parent 1076 (Pl 437112A) marker allele coded for high oil and low seed .protein

In each of these two cases, it is not known if there ardighidy linked QTLs tightly
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linked to the SNP marker, one controlling only seed protein and the other controlling
seed oil, or if there is or@eiotropic QTL that governs both protein and oil, but in an
opposite direction. What is interesting is that high protein parent is homozygous for a
LG-O (Chr 10) SNP marker allele that confers high protein and low oil, but is also
homozygous for a LG-C2 (Chr 6) SNP marker allele that confers low protein and high
oil. This kind of situation is likely the genic basis for transgressigesgation in the f
population of this parental mating.

In population 1076, a fairly strong additive effect (9.6 ¢kof the Pl 437112A
allele was estimated for the LG-O (Chr 10) marker S19004, withtalRe of 16%.
This marker was also associated with the same seed protein QTL, uglegrsamker
regression analysis. Additionally, in population 1121 and 1122, moderate additive effects
(7.9 and 6.5 g Kg respectively) were found for LG-O (Chr 10) marker S15265, with R
values of 12 and 13%, respectively. A review of SoyBase (2010) and the literature
indicted that no seed protein QTLs of any notable additive effect have Ipeetedeto
date in this LG-O (Chr 10) region (Appendix Table 1), at least to the extentingha
additive effects on seed protein that approached the magnitude of the addititvefeffec
the LG-I protein QTL. Hence, this is a new seed protein QTL discovered dd (@Gw
10) at near the two adjacent markers S19004 and S15265*WakR is the proportion
of the phenotypic variance explained by the QTL. Although selective bias (i.e.sBeavi
effect) can upwardly bias the calculated additive effect, the bias isesitinallager the
true additive effect, which may mean the estimated additive effect &f3k@ (Chr 10)
QTL may be close to its true effect (Broman and Sen, 2009). Almost all signifddrst

in this dissertation study exhibited additive effects that were matynélly greater than
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the dominant effects. This is not unexpected given that most self-pollinated crops
typically have minimal dominance effects. A large additive effect is coneto
breeding methods that exploit additive genetic variance, such as the pedgnee,
bulk method, and backcross method.

The negative correlation between seed protein and seed oil content that has seen
observed with inbred line genotypic means, has no repeatedly been observed in molecula
marker genotype means, which implies that those markers are linked to QThsiggve
seed protein and/or oil content. For example, QTL alleles coding for high protegmicont
were invariably associated with low seed oil content\vaeeiversa in several studies
(Lark et al., 1994; Lee et al., 1996; Sebolt et al., 2000; Chung et al., 2003). The only
report of a positive correlation at the QTL level was a LG-H (Chr 12) QTL texppby
Qui et al. (1999) but those results have been questioned (see Appendix Table 1). In this
dissertation study, strong negative correlations were observed in all sixtpomula
Because of the strong correlation at the molecular marker level, one couldbspas to
why genes involved with seed protein or with seed oil levels seem to beeiustere
often than not, which would, intrinsically suggest pleiotropy is more common than two-
QTL linkage. A close linkage between a seed protein QTL and a seed o{loQaL
pleiotropic QTL) was suggested in this study by the joint mapping of proteinland oi
QTLs to LG-O (Chr 10), E (Chr 15), and | (Chr 20). A much higher map density and a
substantively larger plant population (to provide opportunity for recombination toylestro
the pleiotropy hypothesis by the revering the repulsed linkage phase to a coupled one)
would be necessary to resolve whether protein and oil are inversely conrotles

same pleiotropic gene or by different genes linked in repulsion phasefyidgnTL
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for one trait but not the other would certainly be useful to breeders desirmgdase
the level of one trait while holding the other constant or to increase the levels of both
traits simultaneously.

In total, 17 and 14 QTLs were detected by the single marker regression method

and by the simple interval mapping (via EM) method, respectively, and@i¥dse
mapped to similar positions of the chromosomes. The QTLs detected by the marker
regression and the interval mapping methods also showed similar magnitudes of
estimated QTL additive effects. The sign of the additive effectatelicthe direction
(increase or decrease) of the parent contributing the allele of the rtfakserves as a
proxy for the allele of the nearby QTL. In all of the QTL (but two) that wietected by
both methods, the direction of the additive effect was consistent with the high to low
protein difference between the parents. The exceptions were the sigr@iths on LG-
C2 (Chr 6, population 1076 and 1121), and on LG-B2 (Chr 14, population 1146), for
which the high protein allele came from the low protein content. Based onuitys ist
can be concluded that the methods of interval mapping and marker regression produced
very similar results in this dissertation study even though the two methqiisyem

different techniques.

Comparison QTLs Detected with QTL s Previously Reported
Three of the seven statistically significant seed protein QTLsifdehtia the
interval mapping method [one on LG-C2 (Chr 6), one on LG-E (Chr 15), and one on LG-
| (Chr 20)] were localized to regions where other researchers haveyslg reported

similar QTLs. For example, on LG-C2 (Chr 6), SNP marker S17861 (which h8sR U
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1.0 map position of 97.81 cM) is linked to a seed protein QTL. Kabelka et al. (2004)
found SSR marker Satt363 to be associated with seed protein content QTL. The Satt363
marker has a USLP 1.0 map position of 89.70 cM and thus is only 8.11 cM distant from
S17861 marker.

On LG-E (Chr 15), SNP marker S29437, located at 17.01 cM on the USLP 1.0
map, was strongly associated with seed protein content. Tajuddin et al. (2003) found SSR
marker Satt384 to be associated with seed protein content. Satt384 is lod&téd av
on the USLP 1.0 map position (Hyten et al., 2010), and thus is only 2.60 cM distant from
S29437.

On LG-I (Chr 20), SNP marker S17070, located at 30.00 cM on the USLP 1.0
map was very strongly associated with both seed protein and seed oil content. Chung et
al. (2003) found SSR marker Satt239 to be associated with seed protein and seed oil
content. Satt239 is located at 29.61 cM on the USLP 1.0 map position (Hyten et al.,
2010), and thus is only 0.39 cM distant from marker S17070.

In practice, the detected QTLs provide information that is useful fortisejdel
parents with desired genotypes for producing progeny in which a breeder lcapsper
stack all of the high protein causing alleles at these QTLs. This would alldwetbeer
to create a very high protein (or inversely very low protein) breedinghatecould be
used as a single donor parent when the breeder wants to deploy one or more of the high

protein alleles into recipient high yielding cultivars.
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Power of QTL Mapping Based on Selective Genotyping

Selecting genotyping can be used instead of entire population genotyping without
loss of QTL detection power if the entire population and the tail populationasees
large enough and a high density of markers is used (Gallais et al., 2007; Navabi et al
2009; Sun et al., 2010).

In the previous study by Richie (2003), the author reported that among her set of
41 populations, five (1076, 1121, 1122, 1139, and 1146) did not seem to segregate for
QTLs near SSR markers known to be near previously reported QTLs on LG-1 (Chr 20), E
(Chr 15), H (Chr 12; top), and H (Chr 12; bottom). Moreover, Ritchie (2003) noted that
one additional population (1143) segregated only for a seed protein QTL on LG-E (Chr
15). All of her other populations segregated for the well-known LG-1 (Chr 2Q) ©ffe
present dissertation study confirmed Ritchie’s discovery of a signifi@géhtin
population 1143 located on LG-E (Chr 15). Ritchie (2003) did not examine markers at
other chromosomal locations in her study. As noted above, Richie (2003) used only SSR
markers located in very specific regions of four known chromosomes; wherbgs in t
dissertation study, about 500 SNP markers were used to evaluate all 20 soybean
chromosomes for seed protein QTLs. In the present study, the population size was of
about 220 k3 progenies, whereas in the Ritchie (2003) study about 120 orJgss F
progenies were evaluated, so the power of detecting QTL was certainly inighis
dissertation research. Ooijen (1992), Darvasi et al. (1993), and Kearsey aquidafFar
(1998) have observed that confidence limits, power and reliability of QTL studies can be
improved by increasing family size and number of families. Kearsey and Pooni (1996)

also stated that the precision of a QTL position depends more on the population size than
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the number of markers, and that no notable increase in QTL position accuracynedbtai
with more than five uniformly spaced markers on each chromosome. Thereif®re, it
important to use a mapping population of relatively large size to ascertaindlEctge
effect and reliably estimate the QTL effects.

One of the main interests of selective genotyping is that it allows bsaeder
detect markers associated with QTLs by using only the selected indévidgxtreme
two tail fractions. This may require more phenotyping prior to a lesser amount of

genotyping, but the savings in marker genotyping expense may be well wéethwhi
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CONCLUSIONS

By studying six k3 mapping populations for which there was evidence that the
LG-I (Chr 20) QTL was not likely to segregate, some new QTLs affecting beth se
protein and seed oil contents were identified. In this study, fewer than tesn@re
detected for both seed protein and oil content. Statistically significatifsetein QTLs
were identified on LGs-C2 (Chr 6), O (Chr 10), B2 (Chr 14), E (Chr 15), and 12@hr
The highest LOD score (7.73) detected for a seed protein QTL was tHaawh QTL
located on LG-I (Chr 20) near SNP marker S17070 in population 1139, and it had an
additive effect of 11.4 g ki This QTL on LG-I (Chr 20) region has been reported many
times by other researchers. However, the seed protein QTL discovered@r{€Ci& 10)
near marker S19004 in a population 1076, and near marker S15265 in populations of
1121 and 1122, has not been reported before. Hence, this is a new seed protein QTL that
resides between the two adjacent SNP markers S19004 and S15265. At marker S19004,
the additive effect was 9.6 g kgAt the marker S15265, the additive effect was 7.9 and
6.5 g kg' for population 1121 and 1122, respectively.

Seed oil QTLs were also discovered on LG-O (Chr 10) near marker S19004, and
on LG-I (Chr 20) near marker S17070. This suggest that new LG-O (Chr 10) QTL, like
the LG-I (Chr 20) QTL, is either a single pleiotropic QTL or repulsion-phaked
protein and oil QTLs.

In conclusion, the results of this dissertation research indicated thait@Trie
on LG-O (Chr 10) may be a seed protein QTL worthy of use by breeders mtarest

developing high protein breeding lines. If so, the germplasm accessions withithe hig
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protein allele for this QTL are Pl 437112A (1076), P1 398672 (1121), and PI1 360843
(1122).

Finally, in this study larger population sizes were used, resulting in higher power
than that of Richie (2003) in her study. The higher power allowed for detection of the
well-known seed protein QTL on LG-I (Chr 20) that was not detected by RIRDISY).

In addition, seed protein QTL on LG-E (Chr 15) was detected in this study, which
confirmed the result that Richie (2003) reported in population 1143. A new seed protein

QTL was discovered on LG-O (Chr 10), which inversely impacts seed oil content.
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Table 2. Phenotypes of the classical marker genes useshifira the authentic fplants.

Mating =
Female Male Flower color Pub color  Pod color  hilum colo
1076 1106M p* T - G
1121 1137M - - - -
1122 1137M P - - -
1139 1181M - - Br -
1143 1181M - - - -
1146 1181M - - - -

* Abbreviations: Rirple, Tawny, Bown, Gey.
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Generation and analysis Season / Y ear

Parent; poen X Parentma poen Winter 2006-07 (GH) and Summer 2007
}
F. Winter 2007-08
}
F. Summer 2008
}

F.. seed progenies Winter 2008

\

First Rep: Conduct NIR assay on seed for progenies

Sort by E population protein (low- high)

# I:2:3

20% Low protein 20% High protein
fraction fraction

Identify individual.Fseed for progenies in the 20% low and 20% high
quintile fractions 1

Second Rep: Conduct NIR assay of thddw and high quintiles

Re-sort 2-rep mean protein values within the low and high quintiles

# Fa

10% Low protein 10% High protein

Identify the 10% low and 10% high protein for subsequent selective genotyping

Fig. 1. Development of Fpopulations and the use of phenotypeddeed progenies
for selective genotyping with SNP markers



Genetic Distance (cM)
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Soybean Genetic Map - USLP 1.0 - 1536 SNP Markers

Chromosome Number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

20 20

60 60

80 80

100

120 120

140 140

160 160

(Old) Linkage Group Name

Fig. 2. The tickmarks on the vertical lines in this graph represent the map positions of the
1536 SNP markers within each of the 20 soybean linkage groups (bottom axis) and
corresponding chromosomes (top axis). This set of SNP markers is calletddhSoy
Linkage Panel 1.0 (Hyten et al., 2010). The vertical map distance is scaled in Kosambi

centiMorgans.
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Population 1076 (HiPro Pl 437112A x LoPro Pl 597386)

0.40 44.7
1 40.4 o

035} -

0.30 }

—F2.3 Progeny|

e Normal Dist

== (Quintile Cuts
® Parent Proteir

Frequency
© o o
= N N
a1 (@) a1
—

010}

0.05 }

0.00 .
36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52
Seed Protein (10 g Ky

Fig. 3. Frequency distribution for seed protein contentgfiffogenies in the ssoybean
populations [1076, 1121, 1122, 1139, 1143, 1143 (moist), 1143 (dry), and 1146]. Also
shown are mean seed protein values for the quintile (20%) low and high protein parents,
as are the seed protein values defining the boundaries of the lowest and highest quintil
fractions. See Table 3 for data on the tests for normality, skewness, and lafréasib

distribution.
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Population 1121 (HiPro P1 398672 x LoPro Pl 597387)
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Population 1122 (HiPro Pl 360843 x LoProPI 597387)
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Fig. 3. (Cont.)
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Population 1139 (HiPro P1 407788A x LoPro Pl 606748)
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Population 1143 (HiPro P1 398704 x LoPro Pl 606748)
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Appendix Fig. 1. Histogram distributions for seed oil phenotype in each of the,gix F

populations. The solid line is showed normal distribution curve.



Distribution of P1122 F2.3 Seed Oil Values (Replicate One Data)
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Appendix Fig. 1. (Cont.)
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Low & High F,.; progeny protein variance of population 1076
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Low & High F,.; progeny protein variance of population 1121
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Appendix Fig. 2. The coordinate plots of the replicate one and replicate two low and
high quintile k.3selections in the sixJBpopulations. The two-replicate mean seed
protein contents of each progeny were also plotted as criss-cross symbolsalbrig t

line.
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Low & High F,.; progeny protein variance of population 1122
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Low & High F2:3 progeny protein variance of population 1139
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Appendix Fig. 2. (Cont.)
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Low & High F,.; progeny protein variance of population 1143
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Low & High F,.; progeny protein variance of population 1146
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Appendix Fig. 2. (Cont.)
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