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(ABSTRACT)

In this study we assayed the extent of genetic variation for five microsatellites in
94 accessions of wild (Glycine soja) and cultivated soybean (G. max). F, segregation
analysis indicated that all five of the microsatellites were independently inherited and
four loci were located in four independent linkage groups. The number of alleles per
microsatellite locus ranged from five to 21. Overall, 43 more microsatellite alleles
were detected in wild than in cultivated soybean. Allelic diversity for microsatellite
loci was significantly higher in wild than in cultivated soybean.

In a second study, molecular markers were used to identify and characterize
quantitative trait loci (QTL) controlling seed weight in soybean, and to extend
reports of orthologous seed weight genes in the genus Vigna to the genus Glycine by
"comparative QTL mapping". DNA samples from 150 F, individuals from an
interspecific soybean cross were analyzed with 91 genetic markers. Three and five

markers were significantly associated with seed weight variation (P<0.01) in the F,



and F,, generations, respectively. Two-way ANOVA tests for digenic interactions
identified three significant epistatic interactions in both generations. In a combined
analysis, the significant marker loci and epistatic interactions explained 50 and 60%
of the total variation for seed weight in the F, and F,, generations, respectively.
Comparison of our results in Glycine with those reported in Vigna indicated that both
genera share orthologous seed weight genes. Moreover, a significant epistatic
interaction between seed weight QTLs was conserved in both genera.

The objective of the third study was to use molecular markers and interval
mapping techniques to position and characterize quantitative trait loci controlling
seed protein, oil, sucrose, and calcium content as well as seed weight in soybean.
Two QTLs were detected for protein and calcium content, five for oil content and
seed weight and six for sucrose content, respectively. Percent phenotypic variation
explained by these individual QTLs ranged from 6.6 to 34.0%. The total phenotypic
variation explained by all QTLs for specific traits were 42.5%, 36.7%, 49.0%, 53.1%,
and 42.6% for seed weight, protein, oil, sucrose, and calcium, respectively. Of the
11 genomic intervals identified in this study, six were associated with more than one
seed quality trait. These results suggest that the genetic correlations observed
between seed quality traits may be due to a pleiotropic effect of a single QTL or that
QTLs controlling different seed quality traits were inherited in clusters as tightly

linked loci.
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CHAPTER 1.

Introduction



The science of plant genetics traces to classic studies on monogenic inheritance
of morphological traits performed by Mendel (Mendel 1865). Since that time plant
geneticists have been identifying, cataloging and mapping single gene markers in
many plant species. Indeed, genetic maps for plant species were among the first to
be constructed (Emerson et al. 1935; MacArthur 1934). Until recently, the source
of genetic markers for such maps have been mutations which affect plant
morphology (e.g., dwarfism).

In 1923, Sax proposed the use of genetic markers linked to genes of interest as
a selection method for the improvement of complex agronomic traits. Subsequently,
several researchers reported linkages between single genetic markers and quantitative
trait loci (QTLs) (Rasmusson 1935; Everson and Schaller 1955; Thoday 1961).
Unfortunately, the morphological markers used in these classic studies posed major
limitations to such research because i) only a few markers could be studied in a
single cross, ii) these mutations were often deleterious, iii) these markers were
subject to large environmental effects, and iv) such markers often masked phenotypic
effects of linked genes, making it nearly impossible to identify desirable linkages for
selection. The advent of isozyme markers ameliorated some of the potential
problems encountered by early plant geneticists. However, the number of isozyme
markers available for genetic analysis is limited and insufficient for many of the
potential applications of genetic mapping in plant breeding (Tanksley and Orton

1983).



Restriction fragment length polymorphism

Restriction fragment length polymorphisms (RFLPs) result from changes in DNA
sequences. These changes may result from point mutations, deletions, insertions, or
transposition events. The consequence of such changes results in DNA fragments of
differing sizes from individuals with different genotypes. Different sized DNA
fragments, separated by agarose gel electrophoresis, can be visualized by
autoradiography. Segregation analysis of multiple RFLP markers can then be used
to produce highly saturated genetic maps. RFLP markers have several advantages
over conventional genetic markers (e.g., morphological or isozyme markers) in that
they are i) codominant and highly informative (heterozygotes can be distinguished
from either homozygote), ii) unaffected by the environment, and iii) abundant and
highly polymorphic in most species.

RFLPs were first described for adenoviruses (Grodziker et al. 1974) and later for
humans (Jeffreys 1979; Botstein et al. 1980). Botstein et al. (1980) first proposed the
use of RFLPs as genetic markers for linkage map construction in humans. Early
reports of linkage of RFLPs to heritable monogenic disease loci included
Huntington’s disease (Gusella et al. 1983), B-thalassemia (Little et al. 1980), and
sickle cell anemia (Phillips et al. 1980). Donis-Keller et al. (1987) published the first
complete genetic linkage map of the human genome, based primarily on RFLP

markers.



Although the use of RFLPs in plant systems was examined in theoretical terms
by several authors (Burr et al. 1983; Soller and Beckmann 1983; Tanksley et al 1983),
early investigations were more limited, perhaps because plant breeders and geneticists
were unfamiliar with the required techniques. Helentjaris et al. (1985) reported the
first applied study of RFLPs in plant studies. They found a high level of variability,
as detected by RFLP markers, in maize cultivars and low levels of variability among
cultivars of domesticated tomato. Early RFLP linkage maps constructed in plants
included tomato (Bernatzky and Tanksley 1986), maize (Helentjaris et al. 1987),
lettuce (Landry 1987), potato (Bonierbale et al. 1988), Arabidopsis thaliana (Chang

et al. 1988), and rice (McCouch et al. 1988).

Molecular markers and plant breeding

The utility of molecular markers in plant breeding is based on the detection of
RFLP markers which are tightly linked to genes of interest. Such linkage allows the
breeder to infer the presence of a desirable gene by assaying directly for the RFLP
marker. Often breeders are interested in transferring such genes into new genetic
backgrounds. Traditionally, progeny are screened for the presence of the desired
genes via phenotypic selection. However, simultaneous or even sequential screening
of plants for several monogenic traits (e.g., several disease resistance genes) can be

difficult or nearly impossible, especially when related genes can not be distinguished



by conventional methods. In contrast, linkages between multiple genes of interest
and molecular markers make it practical to screen for many traits simultaneously
without the need for costly selection procedures. The use of molecular markers as
an aid to breeding has been coined "marker assisted selection" (MAS) by Lande and
Thompson (1990). The first plant traits (genes) linked to RFLP markers included
resistance to downy mildew in lettuce (Landry et al. 1987) and tobacco mosaic virus
in tomato (Young et al. 1988) . No reports of marker assisted selection in
conventional breeding have been published.

While some plant characters are controlled by single genes, the majority of
agronomically important traits are controlled by the joint action of multiple genes.
Such traits are said to be controlled in a polygenic or quantitative fashion. Until
recently, plant breeders have relied on complex selection methods to improve specific
polygenic traits. Such methods are expensive, time consuming, labor intensive, and
require extensive resources. While breeders have been successful in manipulating
many of these quantitative traits, little is known about the chromosomal location,
number, or action of the genes controlling these traits. If polygenic traits, such as
yield, could be resolved into individual genes, breeders might be able to deal with
these complex traits with the same efficiency as with traits controlled by single genes.
High density genetic mapping with molecular markers provides the means to identify
and quantify genetic components of complex polygenic traits. Once individual genes

are identified, selection can be based on the presence of a particular genetic



component, in much the same fashion as one would deal with a single gene trait.
The first studies using RFLPs to map quantitative trait loci in plants were reported
by Nienhuis et al. (1987) and Osborn et al. (1987), who characterized QTLs in

tomato for insect resistance and fruit characteristics, respectively.

Interval mapping

The ability to detect a QTL with an RFLP marker is a function of the magnitude
of the QTL’s effect on the phenotype and the distance between the marker and the
QTL. The traditional approach for detecting a QTL linked to a genetic marker
involves a comparison of genotypic class means using one-way analysis of variance or
linear regression (Edwards et al. 1987; Keim et al. 1990b). Moreover the coefficient
of determination (r’) provides an estimate of the genotypic effect of the QTL.
Although the ANOVA approach provides a rough estimate of the position and effect
of a QTL, it has several shortcomings: i) if the marker locus is not tightly linked to
the QTL, estimates of phenotypic effects may be seriously underestimated, ii) the
approach does not define the percise position of the QTL, but merely provides a
general location, and iii) the suggested false positive rate of a=0.05 for each
ANOVA test leads to a large probability that at least one false positive will occur

somewhere in the genome, especially if many markers are being tested.



To overcome these problems, Lander and Botstein (1989) suggested the use of
interval mapping. This approach is based on two linked markers flanking an interval
containing a QTL. Among the advantages of this approach are i) the inferred
phenotypic effects are unbiased, because interval mapping qualifies the strength of
the evidence for the QTL at multiple points within the interval containing the QTL,
ii) the probable position of the QTL, in reference to the flanking markers, is
predicted by the model, iii) interval mapping requires fewer progeny, because the
genotype of the QTL can be inferred by the flanking markers, and iv) interval
mapping can be used to distinguish a pair of linked QTLs from a single QTL.
Interval mapping of QTLs has been utilized in the study of a variety of quantitatively
controlled traits, including resistance to bacterial wilt in tomato (Danesh et al. 1994),
cyst-nematode resistance in potato (Kreike et al. 1993), testcross performance in
maize (Schon et al. 1994; Stuber et al. 1992), soybean cyst nematode resistance
(Concibido et al. 1994), and reproductive and morphological traits in soybean

(Mansur et al. 1993).

Molecular marker analysis in soybean

In soybean, the level of genetic polymorphism for RFLPs was first investigated

by Apuya et al. (1988) and Doyle (1988). The level of polymorphism detected by

these researchers was extremely low and prevented extensive genetic mapping. A



survey of 58 wild and cultivated soybean accessions, however, identified genetically
diverse genotypes suitable for RFLP map construction (Kiem et al. 1989). Kiem et
al. (1990a) reported the first RFLP genetic map for soybean. This map was
developed from an interspecific cross of a G. max breeding line and a G. soja plant
introduction and consisted of 150 RFLP markers which identified 26 linkage groups
spanning 1200 recombination units. The first analysis of quantitative traits in soybean
using RFLPs also was reported by Keim et al. (1990a). Using one-way analysis of
variance and genotypic class means, they found significant associations between
molecular markers and leaf width (1*=0.24), stem diameter (r*=0.24), canopy height
(*=0.20), and first flower (*=0.23). Keim et al. (1990b) also reported the
association of five independent RFLP markers with variation in hard seededness in
soybean. These markers (or nearby QTLs) and the epistatic interactions between
them explained 71% of the total phenotypic variation for hard seededness.
Subsequently, many genes controlling agronomically important traits in soybean have
been mapped with RFLPs, including genes controlling supernodulation (Landau-Ellis
et al., 1991) and Phytophthora root rot resistance (Diers et al., 1992a).

Diers et al. (1992b) expanded the soybean RFLP map to a total of 243 markers,
spanning 2,147 centiMorgans (cM), and identified QTLs for seed protein and oil
content. Keim et al. (1992) used 128 RFLP markers to evaluate the level of genetic
diversity in U.S. soybean breeding populations. Shoemaker et al. (1992) conducted

studies to characterize the genetics and genomic structure of soybean as a potential



ancient tetraploid. In 1993, Lark et al. developed a RFLP map of soybean using an
intraspecific cross between the cultivars 'Minsoy’ and 'Noir 1’. This map consisted
of 132 RFLP, isozyme, morphological, and biochemical markers. The map defined
1550 cM and covered 31 linkage groups. Mansur et al. (1993) utilized this
intraspecific cross and map to identify QTLs for 15 traits including reproductive,
morphological, and seed traits. Most recently, DNA markers have been used to
analyze resistance to soybean cyst nematode (Concibido et al. 1994) and soybean

mosaic virus (Yu et al. 1994).

Microsatellites

Notwithstanding the great utility of RFLPs, they still pose several major
limitations for researchers, including i) the rate of RFLP polymorphism is low in
several plant species, especially among inbreeding species, including soybean
(Helentjaris et al. 1985; Apuya et al. 1988), ii) identification and characterization of
RFLPs is time consuming and difficult to automate, and iii) the availability of RFLP
clones involves managing and maintaining large numbers of bacterial cultures. The
first concern is especially serious. Although interspecific crosses often ensure
phenotypic and molecular diversity, many traits of agronomic importance, such as
yield, cannot be meaningfully evaluated in an interspecific cross. This is because

plants from interspecific crosses often exhibit weedy characteristics, such as lodging



and shattering. Ideally, crosses should be designed according to phenotypic and
biological considerations, rather than to maximize polymorphism for mapping.

Microsatellites (Litt and Luty 1989) or simple sequence repeats (Tautz 1989;
Weber and May 1989) have recently been described as an alternative source of DNA
polymorphism. Microsatellite loci consist of short tandemly repeated core sequences.
The repeated core sequences, usually two to four nucleotides in length, often vary in
number and are flanked by conserved DNA sequences. Thus, primers
complementary to the flanking regions can be used to amplify the locus via the
polymerase chain reaction (PCR). The PCR reaction includes one **P-labelled
nucleotide to allow visualization of the amplified product via autoradiography after
polyacrylamide gel electrophoresis. Microsatellites are ideal genetic markers in that
they are i) abundant and appear to be evenly distributed throughout the genome
(Weber 1990), ii) highly polymorphic (Litt and Lutty 1989), iii) rapidly typed via
PCR, vi) codominant, and v) very accessible to other laboratories via published
primer sequences.

Dinucleotide repeats are the most abundant type of microsatellite in mammalian
genomes. The dinucleotide repeat (GT), is estimated to occur at a frequency of
50,000 to 100,000 times or once every 30 to 60 kilobases (kb) in the mammalian
genome (Hamada et al. 1982; Starling et al. 1991). Microsatellites of tri- and
tetranucleotide repeats are also present at high frequencies (Tautz 1989) in the

human genome. Genetic linkage maps based solely on microsatellites have been

10



constructed for a number of mammalian species, including humans (Weissenbach et
al. 1992), mouse (Dietrich et al. 1992), rat (Serikawa et al. 1992), and cattle (Bishop
et al. 1994).

While microsatellite variation has been increasingly exploited in mammalian
systems, plant microsatellites remain virtually unexamined. Condit and Hubbell
(1990) examined the abundance of dinucleotide repeats in maize and five tropical
tree genomes and estimated 5 X 10° to 3 X 10° (AC), and (AG), sites per genome.
Zhao and Kochert (1992) identified and characterized a (GGC), microsatellite in
rice. Akkaya et al. (1992) examined the degree of polymorphism detected by two
(AT), and one (ATT), microsatellite loci in 43 soybean accessions. Each locus
examined identified between six to eight allelic variants. Morgante and Olivieri
(1993) found seven and eight alleles for two microsatellites in seven and 10 unrelated
soybéan lines, respectively. Studying four microsatellites in 15 plants of the genus
Brassica, Langercrantz et al. (1993) found a mean of 4.2 alleles per microsatellite.
Using eight inbred maize plants, Senior and Huen (1993) analyzed and described the
inheritance of five maize microsatellite loci. These microsatellites were inherited in
a Mendelian fashion and exhibited a polymorphic rate of 3.5 alleles per locus. Wu
and Tanksley (1993) observed from five to 11 alleles at eight microsatellite loci in a
sample of 20 rice accessions.

More recently, Saghai Maroof et al. (1994) reported the inheritance,

polymorphism, and population dynamics of four barley microsatellite loci in a sample
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of 207 wild and cultivated barley accessions. They found that the number of alleles
ranged from three to 37 and that allelic diversity for microsatellite loci was
significantly higher in wild than cultivated barley. Yang et al. (1994) examined
genetic variation at 10 microsatellite loci in 238 accessions of landraces and cultivars
of rice. They report the number of alleles varied from three to 25 and that about
two-thirds as many alleles were observed in cultivars as in landraces of rice. Yu et
al. (1994) reported the first genetic mapping of a disease resistance gene in plants
using a soybean microsatellite marker, and Zhang et al. (1994a,b) used microsatellites

to identify chromosomal regions in rice that have significant effects on grain yield.

Comparative QTL Mapping and Orthologous Evolution

Many of the problems faced by plant breeders can be ameliorated by the use of
molecular markers and genetic mapping techniques. In addition to providing plant
breeders with the ability to deal with complex agronomic traits as single Mendelian
loci, molecular markers have applications in i) heterotic grouping of lines (Dudley
et al. 1992), ii) positional cloning (Martin et al. 1993), iii) phylogenetic studies (Wang
et al. 1992), and iv) comparative genome analysis (Bonierbale et al. 1988).

Comparative genome analysis is of particular interest to many quantitative

geneticists. This analysis involves the use of molecular markers such as RFLPs or

12



microsatellites to map the genomes of two species for a common set of marker loci.
Although this is labor intensive and expensive, comparative genome mapping allows
one to determine the order of homologous DNA sequences along the chromosomes
of distantly related species. Knowledge of homologous sequences among divergent
species not only adds insight into chromosome evolution and speciation but also may
provide a basis for interpreting genetic information among species. For example,
mice are now use as a popular genetic model for the study of human genetic
disorders, in part because mice and humans share several conserved linkage blocks
(Davisson et al 1991; Darling and Abbott 1992).

Extensive conservation of linkage relationships have been reported between
tomato and potato (Bonierbale et al. 1988), sorghum and maize (Whitkus et al.
1992), pea and lentil (Weeden et al. 1992), rice and maize (Ahn and Tanksley 1993),
cowpea and mung bean (Menancio-Hautea 1993), and rice and wheat (Kurata et al.
1994). This conservation in linkage order among plant species has prompted some
researchers to suggest that DNA markers tightly linked to genes of importance in one
species may also be linked to the orthologous genes in related species (Paterson et
al. 1991). Orthologous genes are genes in different species that diverged from a
common ancestral gene (Fitch 1977). The use of QTL mapping information from
one species to predict QTL properties in a related species has been termed
"comparative QTL mapping" by Paterson et al. (1991). Recently, Fatokun et al.

(1992) provided RFLP evidence for conservation of orthologous genes for a
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quantitative trait among two species of the genus Vigna. In both cowpea and mung
bean the genomic region with the greatest effect on seed weight spanned the same
RFLP markers in the same linkage order. Whether "comparative QTL mapping" will
be a valuable genetic tool for quantitative trait analysis across genera has yet to be
investigated. Although soybean belongs to the genus Glycine while cowpea and mung
bean belong to genus Vigna, all three species are from the same tribe (Phaseoleae).

Thus, it may be possible that these genera share orthologous genes.

Objectives of this Study

The primary objectives of this research were three-fold: i) assess the usefulness of
microsatellites as genetic markers in soybean, ii) identify and characterize quantitative
trait loci controlling the expression of seed quality traits in soybean using molecular
markers (RFLPs, SSRs, and RAPDs), and iii) use "comparative QTL mapping"
techniques to determine whether soybean shares orthologous seed weight genes with

cowpea and/or mung bean.
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