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ABSTRACT

The detection of quantitative trait loei (QTL) in soybean [Glycine max (L) Merr]

enables regions of cbromosomes to be identified, which contain genes that regulate the

expression of important agronomic and seed quality traits. The objective of this study

was to identify QTL and genotype x environment (GxE) interactions contributing to

agronomic and seed quality traits in soybean. A recombinant inbred line (RIL)

population was created from two prominent ancestors (Essex and Williams) of currently

available U.S. cultivars. One hundred simple sequence repeat (SSR) markers spaced

throughout the genome were mapped in this population. Agronomic and seed quality

traits were measured in six environments spanning two years. QTL were identified with

GxE interaction for agronomic and seed quality traits, using composite interval mapping

and multiple trait analysis. A total of 11 maturity, six height, seven lodging, two yield, six

oil, 13 protein, nine seed size, four palmitate, seven stearate, four oleate, five linoleate,

and eight linolenate QTL were detected in this population. The QTL found in this study

may be of use in marker assisted selection to enable breeders to more finely tune their

ability to make further genetic gains.

IV



TABLE OF CONTENTS

Chapter PAGE

1. Introduction 1

2. Analysis of Agronomic Traits in a Soybean Population to Discover QTL
and Establish GxE Interaction 3

Introduction 3

Materials and Methods 6

Results and Discussion 8

Conclusion 23

3. Molecular Mapping and Identification of GxE Interactions of Soybean QTL
for Seed Quality Traits 24

Introduction 24

Materials and Methods 26

Results and Discussion 29

Conclusion 39

4. Molecular Mapping and Identification of GxE Interactions of Soybean
Fatty Acid Modifier QTL 40

Introduction 40

Materials and Methods 42

Results and Discussion 45

Conclusion 56

References 57

Vita 64



LIST OF TABLES

TABLE PAGE

2.1. Mean, standard deviation, range, and parental means for soybean
agronomic traits in an Essex x Williams Fe RIL population grown in six
environments 10

2.2. Position, effects, and significance of environments associated with
soybean maturity in an Essex x Williams Fe RIL population,
based on QTL Cartographer analysis 11

2.3. Position, effects, and significance of environments associated with
soybean height in an Essex x Williams Fe RIL population,
based on QTL Cartographer analysis 16

2.4. Position, effects, and significance of environments associated with
soybean lodging in an Essex x Williams Fe RIL population,
based on QTL Cartographer analysis 20

2.5. Position, effects, and significance of environments associated with
soybean yield in an Essex x Williams Fe RIL population,
based on QTL Cartographer analysis 22

3.1. Mean, standard deviation, range, parental means, and heritability for
soybean seed traits in an Essex x Williams Fe RIL population
grown in six environments 30

3.2. Position, effects, and significance of environments associated with
soybean seed oil concentration in an Essex x Williams Fe REL population,
based on QTL Cartographer analysis 32

3.3. Position, effects, and significance of environments associated with
soybean seed protein concentration in an Essex x Williams Fe RIL
population, based on QTL Cartographer analysis 33

3.4. Position, effects, and significance of environments associated with
soybean seed size concentration in an Essex x Williams Fe RIL
population, based on QTL Cartographer analysis 38

4.1. Mean, standard deviation, range, parental means, and heritability for
soybean seed fatty acid concentration in an Essex x Williams Fe RIL
population grown in five environments 46

VI



4.2. Position, effects, and significance of environments associated with
soybean seed palmitate concentration in an Essex x Williams Fe
RIL population, based on QTL Cartographer analysis 48

4.3. Position, effects, and significance of environments associated with
soybean seed stearate concentration in an Essex x Williams Fe RIL
population, based on QTL Cartographer analysis 49

4.4. Position, effects, and significance of environments associated with
soybean seed oleate concentration in an Essex x Williams Fe RIL
population, based on QTL Cartographer analysis 50

4.5. Position, effects, and significance of environments associated with
soybean seed linoleate concentration in an Essex x Williams Fe RIL
population, based on QTL Cartographer analysis 51

4.6. Position, effects, and significance of environments associated with
soybean seed linolenate concentration in an Essex x Williams Fg RIL
population, based on QTL Cartographer analysis 52

Vll



LIST OF FIGURES

FIGURE PAGE

2.1. Maturity and Height LOD scores from six combined environments
graphed along soybean linkage group C2 18

4.1. Stearate LOD scores from A) one environment (KES-C/00)
B) combined over five environments, graphed along soybean linkage
group C2 54

vm



Chapter 1

Introduction

Soybean is grown worldwide with major production in the United States, Brazil,

China, Argentina, and India (Liu, 1997). There have been continuous gains in soybean

yield, increased disease resistance, and improvements in other traits of agronomic

importance over the past several decades (Fehr 1987). The diverse uses of soybean and

increased demand for soy products require improvements in traits that enhance

agronomic production and seed quality.

Many of the agronomic and seed quality traits are quantitative traits controlled by

multiple genes having small or large effects. Quantitative trait loci (QTL) are regions on

the chromosome that control quantitative traits. Molecular markers such as simple

sequence repeat (SSR) and restriction fragment length polymorphism markers have made

it easier to map QTL in soybean. There have been many QTL discovered for yield,

protein, oil, maturity, height, and other traits (SoyBase, 1995).

Methods for QTL mapping have improved and now include single marker

analysis of variance, interval mapping (Lander and Bostein, 1989), and composite

interval mapping (CIM) (Zeng, 1993; Zeng, 1994). CIM is a QTL mapping procedure

that tests an interval on a genetic map for significant QTL while using the most important

markers to control for genetic background. This gives a location of the QTL and an

estimate of its effect in a population.

In inbreeding species such as soybean, recombinant inbred lines (RIL) are

advantageous since only additive effects are measured and they allow the opportunity to



test over multiple environments. Multiple trait analysis (MTA) is a QTL mapping

procedure that will combine multiple environments in one model, taking advantage of the

correlated structure of the data to improve the estimate of QTL chromosomal location

and test for genotype x environment (GxE) interaction (Jiang and Zeng, 1995).

Significant GxE interaction can cause the overall additive effect in multiple environments

to be severely diminished. Knowledge of significant GxE interaction for QTL would be

beneficial in developing selection strategies such as marker assisted selection.

This study attempts to locate important agronomic and seed quality QTL and

assay their level of GxE interaction. We will map SSR markers in an Fe RIL population

created from the cross between 'Essex' (Smith and Camper, 1973) and 'Williams'

(Bernard and Lindahl, 1972). We will identify the genomic location of QTL and their

GxE interaction for agronomic and seed quality traits measured over six field

environments. This population should be considered a model population for studying

segregating QTL because the parents contributed to the genetic background of many

northern and southern U.S. cultivars and elite breeding lines (Sneller, 1994; Gizlice et al,

1996). In addition, this study is mapping segregating QTL in a north by south cross,

which should produce a large amount of transgressive segregation. Combined with other

research this study may help to broaden the understanding of QTL governing agronomic

and seed quality traits.



Chapter 2

Analysis of Agronomic Traits in a Soybean Population to Discover QTL

and Establish GxE Interaction

This chapter is a lightly revised version of a paper by the same name that will be
submitted to the journal Euphytica in 2002 by David L. Hyten, Vincent R. Pantalone,
Debbie Landau-Ellis, Arnold M. Saxton, Michael E. Schmidt, and Carl E. Sams.

My use of "we" and "our" in this chapter refers to my co-authors and myself. My
primary contributions to this paper include (1) organization, development, and
management of all aspects of the project, (2) mapping all of the molecular markers, (3)
collecting all the field data at the Knoxville environments, (4) analyzing all data, and (5)
all of the writing except for some minor revisions.

Introduction

There have been continuous gains in soybean [Glycine max (L.) Merr.] yield,

increased disease resistance, and improvements in other traits of agronomic importance

over the past several decades (Fehr, 1987). Unfortunately, breeding for higher yielding

lines has created a problem of low genetic diversity among elite lines (Sneller, 1994;

Gizlice et al., 1996). This low genetic diversity may cause future genetic gains to

become more difficult. A proposed solution is to utilize the 15,000+ accessions of G.

max maintained at the USDA soybean germplasm collection to introduce new genetic

diversity into elite lines, enabling genetic gains in yield (Brown-Guedira et al., 2000).

The introduction of beneficial alleles through hybridization with diverse exotic

germplasm is appealing. A negative consequence will he that accessions may contain

many agronomically undesirable alleles closely linked to desirable alleles, making

selection of superior lines difficult and time consuming. New tools such as molecular

marker assisted selection (MAS) and marker assisted backcrossing have been proposed to



help incorporate unadapted germplasm rapidly (Reyna and Sneller, 2001; Frisch et al.,

1999; Hospital et al., 1992). It has been shown that both of these new tools are useful

when a breeder is incorporating one or two genes into an elite line from an undesirable

line (Li et al., 2001).

Yield, maturity, height, and lodging have all been shown to be quantitative traits

under the control of quantitative trait loci (QTL). These traits are largely affected by

multiple genes. It is likely that the QTL are genes with promoters that are up or down-

regulated by environmental factors. Breeders typically deal with this problem by

selecting lines that show significant improvement in an agronomic trait over multiple

environments where the line is to be adapted (Fehr, 1987). This has allowed the

deployment of productive cultivars adaptable over broad geographical areas. Following

this reasoning, QTL studies have used recombinant inbred lines (RIL), since they are

homozygous and thus identical genotypes can be grown over multiple environments (Orf

et al., 1999). The average RIL trait value from different environments is compared to

molecular marker data to discover and map a QTL.

Further knowledge can be gained from QTL research by examining the existence

of significant genotype x environment (GxE) interaction. A gene may only be turned on

in a specific environment, due to a specific cue that affects the quantitative trait. Multiple

trait analysis (MTA) is a QTL mapping procedure that will combine the multiple

environments in one model, taking advantage of the correlated structure of the data to

determine a better estimate of the chromosomal location and tests whether there is a

significant GxE interaction for the QTL (Jiang and Zeng, 1995). Significant GxE

interaction can cause the overall additive effect in multiple environments to be severely

4



diminished. Knowledge of significant GxE interaction could be beneficial in developing

selection strategies to break tight linkages utilizing MAS.

Multiple trait analysis provides a better estimate of genomic location and will help

soybean researchers to confirm candidate genes that have been found to affect agronomic

traits in other species. The first step in confirmation of these candidate genes will be to

locate them in the same regions of QTL. Then candidate genes will be assayed for

environmental sensitivity using multiple environments that were used to identify the QTL

answering the biological question of GxE interaction.

This study attempts to locate important agronomic QTL and assay their level of

GxE interaction. We will map simple sequence repeat (SSR) markers in an Fa RIL

population created from the cross between 'Essex' (Smith and Camper, 1973) and

'Williams' (Bernard and Lindahl, 1972). We will identify the genomic location of QTL

and their GxE interaction for agronomic traits measured over six field environments.

This population should be considered a model population for studying segregating QTL

because the parents contributed to the genetic background of many northern and southern

U.S. cultivars and elite breeding lines (Sneller, 1994; Gizlice et al., 1996). In addition,

this study is mapping segregating QTL in a north by south cross, which should produce a

large amount of transgressive segregation. Combined with other research this study may

help to broaden the understanding of QTL governing agronomic traits so that future

specific candidate genes may be verified, and strategies developed on how to break tight

linkages to integrate new germplasm.



Materials and Methods

One hundred and fifty-six Fe RIL were created at The University of Tennessee,

Knoxville Experiment Station (KES), Knoxville, TN from the cross between the soybean

cultivars Essex and Williams. Sufficient seed was available to plant 131 RIL as F6:8 lines

during the year 2000 in a randomized complete block design with three replications in

each of three environments [KES-Cl field and KES-S field, and at the West Tennessee

Experiment Station (WTES) at Jackson, TN]. Two 6.1 m rows per plot were planted at

two environments and one 6.1 m row per plot were planted in one environment. In 2001,

the 131 RIL as F6:9 lines were divided into three maturity groups (early, medium, and

late) with 49 early, 37 medium, and 47 late with two lines overlapping in the medium and

late maturity groups. Within each maturity group, a randomized complete block design

with three replications each at two environments (KES-V field and Harrisburg, EL) and

two replications at the third environment (WTES) were planted in four 6.1 m row plots.

At each location, the different maturity group replications were randomly assigned to a

location in the field. Maturity was recorded as the number of days after planting when

95% of the pods had reached mature pod color (Fehr, 1987). Plant height was measured

as the average row height from the base of the plant to the top at maturity. Lodging was

scored from I (all plants erect) to 5 (all plants prostrate). Yield was measured from rows

end-trimmed to 4.9 m at all locations with all rows harvested for the one and two-row

plots and the center two rows harvested for the four-row plots.

DNA was isolated from all 156 RIL by taking a single leaf from five plants and

combining them into one sample. Then Qiagen Plant Easy DNA Extraction Kit (Qiagen,

Hilden, Germany) was used to obtain purified DNA.



Essex and Williams were tested with 568 SSR markers previously placed on the

integrated soybean genetic linkage map (Cregan et al., 1999). The sequence information

for the soybean SSR primers used is publicly available from the USDA Internet site

http://129.186.26.94/ssr.html; verified February 28, 2002 and relates to the integrated

molecular linkage map of soybean (Cregan et al., 1999). Polymorphic markers were

chosen to achieve a genome wide coverage of all 20 molecular linkage groups previously

identified (Cregan et al., 1999).

PCR reactions were performed in a 384-well MBS Hybaid thermocycler (Hybaid

Franklin, MA). The 10 pi PCR mix consisted of 40 ng template DNA, Ix PCR Buffer,

0.2 mM dNTP mixture (Pharmacia, Piscataway, NJ), 1.0 pM forward and reverse primer,

and 0.5 units of Klentaq (Ah Peptides, Inc, St. Louis, MO). The amplification conditions

consisted of 94°C for 5 min followed by 35 cycles of 94°C denaturation for 25 s, 48°C

annealing for 30 s, and 72°C extension for 30 s, ending with 1 cycle of 72°C for 5 min.

PCR products were separated using 6% non-denaturing polyacrylamide gel

electrophoresis with ethidium bromide staining for visualization. The RIL were scored (1

= Essex allele, 2 = heterozygote, and 3 = Williams allele) based on DNA band

visualization. Because we utilized an Fe-derived REL population, heterozygote scores

were dropped from the data set to allow only additive effects to be detected.

One hundred and fifty-six lines were mapped with 100 SSR markers.

MAPMAKER/EXP (Lander et al., 1987; Lincoln et al., 1992) was used to estimate

genetic distances between SSR markers. A minimum likelihood of odds (LCD) >3.0 and

a maximum distance < 50 centimorgan (cM) were used to test linkages among markers.



QTL analysis was performed using the phenotypic traits and SSR RIL scores on

131 RIL planted in the field environments. A one-way ANOVA (SAS version 8.0) was

initially used to identify candidate quantitative trait loci (results not reported). Composite

interval mapping and multiple trait analysis were performed using QTL Cartographer

(Hasten et al., 1994; Hasten et al., 2001). CIM was used to identify and map significant

QTL. Multiple trait analysis was used to confirm and to refine the position of QTL found

in CIM using the joint LOD score or the LOD from the GxE interaction test option of

MTA. One thousand permutation tests were performed on each trait and respective

environment to establish empirical LOD thresholds at the 5% alpha level (Churchill and

Doerge, 1994). Heritability estimates were computed as

h^ - a\/[a\+(a\e/e)+(aVre)]

where h^ = heritability; a^g = genotypic variance; a^ge = genotype x environment

variance; = error variance; r = number of replications, and e = number of

environments (Nyquist, 1991).

QTL fi-om this study were compared to similar QTL previously discovered

(SoyBase, 1995). A QTL was considered new if either no similar QTL had been

previously been associated with the linkage group or if the QTL was at least 20 cM

distant from a previously reported QTL for that trait, based on the integrated soybean

genetic linkage map (Cregan et al., 1999).

Results and Discussion

A total of 278 SSR mzirkers were found to be polymorphic between these two

parents. With the limited number of ICQ markers mapped in this population, the

integrated soybean genetic linkage map was used to help align the 23 genetic linkage



groups formed from 89 linked SSR markers and two phenotypic markers (flower color

and pubescence) with the 20 known consensus linkage groups (Cregan et al., 1999). The

Essex X Williams genetic linkage map covered about 869.4 cM, which is about 32% of

the currently known recombination distance of 2748 cM, averaged from the integrated

soybean genetic linkage map (Cregan et al., 1999). Continued placement of markers in

the future should help to assure more coverage of the genome so that additional QTL can

be detected.

A large difference in maturity was detected between the parental lines (Table 2.1).

Likewise, there was a wide range of maturity among the progeny. This was expected

since Essex is an early maturity group (MG) V cultivar, adapted to southern USA and

Williams is a late MG in cultivar, adapted to mid-west USA (SoyBase, 1995).

There were a total of 11 intervals that were possible maturity QTL (denoted Ml to

Mil) detected in this population on six different linkage groups (LG) (Table 2.2).

Maturity QTL M6 located on LG Dlb has not been previously reported and may be a

newly discovered QTL. M6 was the only QTL for maturity that did not have a

significant GxE interaction. Maturity QTL M7 was not detected at the LOD 2.5

threshold at any of the environments but when the data was combined, significance was

achieved along with a significant GxE interaction. Maturity QTL M8 located on LG J

has been previously reported as linked to Satt287 to have an of 8% (Orf et al., 1999),

which supports the 2-5% R^ found at the different environments in our study. The

maturity QTL M6-8 were all minor QTL that were either detected in one location or a

few locations.



Table 2.1. Mean, standard deviation, range, parental means, and heritability for soybean agronomic traits

Trait Mean
Standard

Deviation
Range Essex Williams h^

Yield (kg ha"') 2323 261 1680-2879 2672 2499 0.76

Maturity (days) 123 8.0 107-140 129 117 0.98

Height (cm) 84 15.8 33-117 74 87 0.97

Lodging" 2.0 0.5 1.0-3.1 1.7 1.7 0.81

Lodging was scored from 1 (all plants erect) to 5 (all plants prostrate)

10



Table 2.2. Position, effects, and significance of environments associated with soybean maturity in an Essex
X Williams RIL population, based on QTL Cartographer analysis

Interval QTL

(%)
QTL' LG*" Interval length position'^ Environment'' LOD Effect^

(cM) (cM)

Ml C2 T-Satt365 3.2 3.18 Combined 78 48.4 8.2

3.18 WTES/00 73 28.2 8.3

3.18 KES-S/00 77 47.5 9.2

3.18 KES-C/00 61 27.6 6.7

3.18 KES-V/01 64 36.4 8.4

3.18 Harrisburg/01 67 35.4 6.0

3.18 WTES/01 59 32.5 7.6

3.18 GxE - 48.1 2.9

M2 C2 Satt557-Satt289 3.3 1.34 KES-S/00 77 47.5 9.2

1.34 WTES/01 59 28.1 7.7

1,96 GxE - 45.0 2.8

M3 C2 Sattl00-Satt460 2.7 2.04 KES-S/00 76 21.2 9.3

2.04 GxE - 23.5 2.2

M4 C2 Satt460-Satt307 14.2 4.07 Combined 77 26.8 8.2

4.07 WTES/00 73 21.9 9.5

4.07 KES-S/00 76 27.2 9.2

6.07 KES-C/00 66 10.9 6.7

6.07 KES-V/01 68 19.1 8.5

4.07

4.07

Harrisburg/01
WTES/01

65

59

18.4

16.8

5.8

7.5

4.07 GxE - 35.5 2.2

M6 Dlb Sattl41-Satt600 2.6 1.99 Harrisburg/01 4 3.3 1.4

2.58 MTA - 5.3 0.9

M7 F Sattl44-Satt522 21.9 12.01 Combined 3 2.5 -1.5

14.01 GxE - 3.1 -0.3

M8 J Satt287-Satt285 15.1 0.01 Combined 2 2.6 1.2

0.01 KES-S/00 2 2.8 1.4

0.01 Harrisburg/01 5 4.3 1.5

0.01 GxE - 6.6 1.1

'Ml to Mil denote the eleven maturity QTL detected
Linkage group QTL is located based on the integrated soybean genetic linkage map
' The distance from the left marker of the interval

KES-C/00 Knoxville Experiment Station (C1-field) at Knoxville, TN in 2000
WTES/00 West Tennessee Experiment Station at Jackson, TN in 2000
KES-S/00 Knoxville Experiment Station (S-field) at Knoxville, TN in 2000
KES-V/01 Knoxville Experiment Station (V-field) at Knoxville, TN in 2001
Harrisburg/01 Harrisburg, IL in 2001
WTES/01 West Teimessee Experiment Station at Jackson, TN in 2001
Combined data from three locations averaged
GxE Genetic vs. environmental interaction

MTA Multiple trait analysis
' Average change (days) resulting from Essex allele substitution for the QTL

11



Table 2.2. Continued.

Interval QTL

(%)
QTL LG Interval length

(cM)
position
(cM)

Environment LOD Effect

M9 L Sattl56-Sattl66 16.6 13.97 Combined 6 6.1 -2.1

15.97 WTES/00 7 6.8 -2.8

11.97 KES-S/00 4 3.8 -2.0

1.97

1.97

Harrisburg/01
WTES/01

5

6

4.4

4.2

-1.6

-2.2

13.97 GxE - 3.9 -1.7

MIO L Sattl66-Satt229 29.5 8.05

10.05

Combined

KES-C/00

9

8

6.6

3.2

-2.6

-2.2

10.05 GxE - 12.0 -1.4

Mil M Satt540-463 18.4 0.01 Combined 6 8.0 2.2

0.01 WTES/00 7 7.5 2.7

2.01 KES-S/00 8 7.8 2.6

12.01 KES-C/00 7 3.9 2.1

0.01 KES-V/01 4 4.1 1.8

2.01 Harrisburg/01 4 3.2 1.4

0.01 GxE - 4.5 1.7

12



The QTL located on linkage groups C2, L, and M were detected across multiple

environments, and were found in other studies, suggesting that these may be QTL with

underlying genes that regulate maturity. Although all of these QTL were detected in

multiple environments, they all had significant GxE interaction. This is evident by the

range of the additive effects in the multiple environments (Table 2.2). Linkage group C2

has been known to contain the El (Bernard, 1971) and the newly discovered E7 maturity

genes (Cober et al., 2001). Cober et al. (2001) placed the El gene 1.3 cM distal to the T

(pubescence) gene and the E7 gene 4.4 cM proximal of the T gene suggesting a gene

order of E1-T-E7. Cober et al. (2001) noted the possibility of an alternative gene order of

T-E1-E7 but their study did not have molecular data available to establish definitive map

order. Based on our study, maturity QTL Ml (detected in all environments) is the locus

with the largest effect on this chromosome and should correspond to the reported distance

between the T gene and the El gene. Maturity QTL M2-4 would then become candidates

for the E7 gene. Maturity QTL M4 was detected in all environments, which makes it a

good candidate for the E7 gene. Our study supports the map order of T-E1-E7.

A window size of 10 cM was used in CIM and MTA. Any marker in this window

is not used as a cofactor when an interval is being tested. This 10 cM window is used so

that closely linked QTL are detected, but it increases the chance of a Type I error. For

this reason, QTL tightly linked in this study, such as M2 and M3 could be maturity QTL

or ghost QTL created from the artifact effect of a QTL within the 10 cM gap such as Ml.

If M2 and M3 are QTL, then map order differences could be due to the multiple maturity

QTL closely linked to each other.

13



Several molecular studies have placed maturity QTL linked to Satt365, Satt489,

Satt557, Satt291, Satt079K365_l, K474_l, K474_2, and A397_l (Orf et al., 1999;

Mansur et al., 1996; Mansur et al., 1993; Kiem et al., 1990) on LG C2 where maturity

QTL Ml-4 are found, suggesting that multiple E genes may reside in these intervals. All

previously mentioned studies showed that the variance explained (R ) ranged 13-23%.

The E3 gene has been previously reported to be located on LG L (Cregan et al.,

1999). In our population there were two maturity QTL (M9 and MID) found on LG L.

It is unknown if either of these QTL may be the E3 gene due to a low R of 4-9%. Many

studies have reported R^ as low as 3-9% in this area linked to Sattl66, Sat_099, Dtl, and

O109_l, but there have been reports of larger R^ ranging 10-29% from QTL linked to

Satt006, Satt527, Satt373, G173_I, and A489_l (Orf et al., 1999; Mansur et al., 1996;

Specht et al., 2001; Lee et al., 1996a). It is doubtful that M9 or Ml0 is the E3 gene since

the six environments tested in this study all showed these two QTL to be minor QTL.

Likely, E3 is fixed in the Essex by Williams population and MI3 and M14 are minor

segregating genes that affect maturity, linked to a fixed E3 gene.

This lends a solution for future research in distinguishing if minor QTL are tightly

linked to major QTL for a specific trait. The first step is to create a population by either

selecting parents or by selecting RIL that are fixed for the major QTL but are segregating

for closely linked markers and minor QTL. With the major gene fixed, it would be

possible to fine map the minor QTL to discover the true genetic contribution from the

minor QTL that modulate expression of the trait.

Linkage group M contains maturity QTL Ml 1 that is detected over six

environments and has been reported by multiple studies to be linked to SattlSO, Satt567,
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Sat_003, SattlSO, A584_3, R079_l, and A060_2, (Orf et al., 1999; Mansur et al., 1996;

Specht et al., 2001; Lark et al., 1994; Mansur et al., 1993). The Ml 1 QTL found in Essex

X Williams RIL is possibly one of the many that other researchers have found in this

region of LG M. The R^ for the QTL at different environments in this study ranged from

4-8% while in other studies some of the QTL found in this region linked to R079_l were

as low as 6.8% (Mansur et al., 1996). Another smdy, with a different population found

the same marker R079_l linked to a major QTL that has an R^ of 45% (Lark et al., 1994).

This suggests that there is a minor and a major gene affecting maturity closely linked in

this region of LG M.

The two parental lines showed some separation in height but most variability in

the progeny is due to transgressive segregation (Table 2.1). Height was significantly

correlated to maturity (r=0.48, p<.0001). There were a total of six QTL for height (all

with significant GxE interaction) found in this population on linkage groups C2, F, and L

(Table 2.3). The height QTL on these linkage groups were detected across environments

and found in multiple studies, suggesting that these QTL may be present in different

populations.

Height QTL HI-3 located on LG C2 are all considered major QTL having an R^

above 12% for each environment. The GxE interaction found in MTA is verified by the

fluctuation of the variance CIM explained by these QTL in the different environments.

For example, height QTL HI has a lower R^ of 13% at KES-S location while the same

QTL has a high R^ of 32% at the KES-V location. Height QTL H2-3 also fluctuated for

the proportion of the variability they explained. The R^ reported in other studies ranged

from 14%-20% in this same region linked to Satt079, Satt277, Satt489, K418_4, and
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Table 2.3. Position, effects, and significance of environments for QTL associated with soybean height in
an Essex x Williams Fa RIL population, based on QTL Cartographer analysis

Interval QTL

(%)
QTL' LG'' Interval length

(cM)
position''
(cM)

Environment LOD Effect"

HI C2 Satt277-T 3.2 O.OI Combined 24 13.7 8.3

O.OI WTES/00 18 9.0 8.0

2.01 KES-S/00 13 6.8 6.9

O.OI KES-V/OI 32 14.7 II.4

O.OI

O.OI

Harrisburg/OI
WTES/OI

16

20

7.4

8.7

7.0

8.3

2.01 GxE - 15.5 1.9

H2 C2 T-Satt365 3.2 3.18 Combined 26 15.1 9.3

3.18 WTES/00 22 10.6 9.3

3.18 KES-S/00 14 7.8 7.7

2.01 KES-C/00 24 10.2 5.7

3.18 KES-V/OI 36 17.0 13.0

3.18 Harrisburg/OI 16 6.9 7.4

3.18 WTES/OI 21 8.9 9.2

3.18 GxE - 18.4 2.2

H3 C2 Satt557-Satt289 3.3 1.96 KES-S/00 12 6.2 6.8

1.96 KES-V/OI 34 12.8 12.5

1.96

1.96

Harrisburg/OI
WTES/OI

12

17

4.6

6.2

6.4

8.1

Sattl00-Satt460 2.7 0.04 GxE - 3.7 1.4

Satt460-Satt307 14.2 2.07 WTES/00 12 4.7 6.7

2.07 KES-C/00 12 3.7 3.8

H4 F Sattll4-Satt335 24.8 O.OI Combined 6 3.6 -3.9

O.OI KES-V/OI 5 3.0 -4.5

O.OI WTES/OI 8 3.5 -5.0

0.01 GxE - 4.1 -0.3

H5 L Sattl56-Sattl66 16.6 15.97 WTES/00 46 18.9 -12.9

13.97 KES-S/00 48 17.5 -14.2

13.97 KES-C/00 31 10.3 -6.4

15.97 KES-V/OI 35 15.6 -12.3

15.97

13.97

Harrisburg/OI
WTES/OI

35

34

13.1

11.5

-9.9

-10.3

11.97 GxE - 17.0 -3.4

H6 L Sattl66-Satt229 29.5 4.05 Combined 55 24.3 -13.1

4.05 WTES/00 59 21.6 -14.8

6.05 KES-S/00 66 25.1 -16.4

6.05 KES-C/00 52 15.5 -8.0

6.05 KES-V/OI 49 I9.I -15.0

4.05

4.05

Harrisburg/OI
WTES/OI

41

36

14.0

II.6

-10.8

-10.8

6.05 GxE - 27.6 -4.2

° HI to H6 denote the six height QTL detected
'' Linkage group QTL is located based on the integrated soybean genetic linkage map
' The distance from the left marker of the interval

Average change (cm) resulting from Essex allele substitution for the QTL
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A397_l on LG C2 (Mansur et al., 1993; Mansur et al., 1996; Lark et al., 1995; Mian et

al., 1998; Orf et al., 1999; Specht et al, 2001). This serves as an example of how

information on GxE interaction could be lost when combining environments to search for

QTL.

The height QTL H2 on LG C2 map to the same location as the major maturity

QTL M3 on this same linkage group (Figure 2.1), which would explain the correlation

found between the two traits. This suggests that this region of the chromosome, which

contains the E genes for maturity, has a pleiotropic effect on both height and maturity by

signaling the plant to go from vegetative growth to reproductive growth. This hypothesis

would explain why common genes for the two traits were detected in this chromosomal

region.

Height QTL H4, found on linkage group F, has also been confirmed by other

researchers. This QTL has an of 6% with the locations combined, which is close to

the variability that has been explained in other studies with markers A186_l, P157_l,

K644_l, and SOYHSP176, which showed an with a range of 4-8% (Lee et al., 1996a;

Mian et al., 1998). The identification in our study, and confirmation at the same region

of this LG in other studies, we have identified H5 as a minor height QTL.

Linkage group L contains two major height QTL for this population. The two

height QTL could be due to the closely linked Dtl gene that is responsible for

determinacy (Bernard, 1972; Cregan et al., 1999). Williams is an indeterminate cultivar

while Essex is a determinate cultivar. Unfortunately, determinacy was not recorded for

this experiment, and was not mapped. If the Dtl gene is responsible for detecting two
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significant QTL, then the DTI gene effect on height is environmentally affected as

evidenced by significant GxE interaction of H5.

There have been many studies that have found major height QTL in this same

region linked to Sattl66, Satt006, Satt527, A489_l, K385_l, G173_l, and Dtl

suggesting that there is a highly stable height QTL among populations (Mansur et al.,

1996; Mansur et al., 1993; Lee et al., 1996b; Lark et al., 1995; Orf et al., 1999; Specht et

al., 2001). In a study between PI97100 x Coker237 which is an indeterminate by a

determinate population, there were major height QTL linked to K385_l and Dtl which

contributed an of 67.7% and 64.1%, respectively (Lee et al., 1996b). However the

GxE interaction that we identified in H5 has not been previously described.

There have also been QTL found in this chromosomal region that affect height

when the two parents were both indeterminate (Specht et al., 2001; Orf et al., 1999; Lark

et al., 1995). These other studies reported height QTL linked to A489_l, Dtl, and

G173_l having a lower (approximately 20-30%) indicating that even with the DTI

gene fixed, there were other minor genes controlling height. This is an example of how

genes that affect one trait can be clustered in the same chromosomal segment, and need to

be mapped with the local major gene fixed in order for the true effect of the minor genes

to be discovered.

The two parental lines are similar in lodging so the variability in the progeny is

apparently due to transgressive segregation (Table 2.1). Lodging was significantly

correlated to height (r=0.62 p<0.0001) and maturity (r=0.39 p<0.0001). There were a

total of seven lodging QTL found in this population on LG C2, Dlb, F, and L (Table 2.4).
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Table 2.4. Position, effects, and significance of environments for QTL associated with soybean lodging

Interval QTL

(%)
QTL' lg" Interval length

(cM)
position'
(cM)

Environment LOD Effect"

LI C2 T-Satt365 3.2 3.18 Combined 12 6.4 0.2

2.01 KES-C/00 14 4.5 0.1

3.18 KES-V/01 14 6.1 0.4

3.18 Harrisburg/01 18 8.2 0.5

3.18 GxE - 11.3 0.02

L2 C2 Satt460-Satt307 14.2 6.07 KES-C/00 20 3.5 -0.1

8.07 MTA - 5.2 -0.07

L3 Dlb Satt266-Sattl41 36.3 0.01 Harrisburg/01 9 4.4 0.3

0.01 GxE - 5.7 -0.01

L4 F Wl-Sattl60 2.4 2.05 Harrisburg/01 5 2.8 0.3

2.05 GxE - 3.7 -0.01

L5 L Satt523-Sattl82 18.0 15.99 Combined 11 5.1 -0.2

15.99 KES-V/01 22 7.4 -0.4

15.99

15.99

Harrisburg/01
WTES/01

13

15

5.8

5.1

-0.4

-0.3

11.99 GxE - 8.3 0.01

L6 L Satt48I-SattI56 1.9 0.01 Combined 5 3.2 -0.1

0.01 KES-V/01 6 2.8 -0.2

0.01 GxE - 3.0 0.01

L7 L Sattl66-Satt229 29.5 10.05

4.05

KES-S/00

GxE

20 5.4

4.7

-0.1

-0.04

' LI to L7 denote the seven lodging QTL detected
'' Linkage group QTL is located based on the integrated soybean genetic linkage map
' The distance from the left marker of the interval

'' Average change [1 (all plants erect) to 5 (all plants prostrate)] resulting from Essex allele substitution for
the QTL
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Most of the lodging QTL on these linkage groups exhibited significant GxE interaction;

only lodging QTL L2 was stable across environments.

Lodging QTL Ll-2 were detected on LG C2 and L5-7 were detected on LG L.

This is probably due to pleiotropic effects from height and maturity QTL located at the

same locations. This argument is supported by the fact that the effect of the Essex allele

at these regions is consistent in virtually every interval, across environments, for all three

traits. Several studies have found lodging QTL on LG C2 and LG L and those same

studies reported height QTL in the same regions (Mansur et ah, 1993; Mansur et ah,

1996; Lee et ah, 1996ab; Mian et ah, 1998; Orf et ah, 1999; Specht et ah, 2001).

The lodging QTL L3 and L4 are minor QTL found on LG Dlb and F respectively.

They were significant in only one location and in MTA. Although LG F does have a

height QTL, that significant interval is not linked to the intervals containing the lodging

QTL. The two lodging QTL on LG Dlb and F have not been previously reported,

suggesting environmental sensitivity to our northernmost environment (Harrisburg). This

suggests a need for verification before declaring them lodging QTL of value to breeders.

There was severe lodging overall in the Harrisburg location, which may have led to an

increased ability to detect QTL at that environment.

The two parental lines showed little separation in yield and most of the variability

in the progeny was due to transgressive segregation (Table 2.1). Yield was negatively

correlated to lodging (r=-0.23, p<0.01) in this RIL population. There were two yield

QTL found in this population on LG A1 and L in specific environments each with

significant GxE interaction (Table 2.5).

21



Table 2.5. Position, effects, and significance of environments associated with soybean yield in an Essex x

Interval QTL

(%)
QTL' lg" Interval length

(cM)
position*^
(cM)

Environment LOD Effect"

Y1 A1 Satt545-Satt236 24.5 23.99 Harrisburg/OI 12 4.3 127

19.99 GxE - 3.6 21

Y2 L Sattl66-Satt229 29.5 2.05 WTES/OI 13 4.4 198

2.05 GxE - 8.1 4

" Y1 and Y2 denote the two yield QTL detected
'' Linkage group QTL is located based on the integrated soybean genetic linkage map
The distance from the left marker of the interval

Average change (kg ha"') resulting from Essex allele substitution for the QTL
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The yield QTL Y1 has not been previously reported. However it is not stable

over environments, and could relate to a gene that benefits yield due to some

environmental factor exerted in our northernmost environment. The yield QTL Y2 on

linkage group L has been previously reported as a yield QTL linked to Satt561 and Dtl

with of 0.63% and 1.7%, respectively (Orf et al., 1999; Specht et al., 2001).

The high heritability for yield in this population (Table 2.1) and the lack of major

QTL suggests that more areas of the genome need to he mapped in this population. With

major QTL found for the other agronomic traits, there may be a highly heritable QTL that

affects yield, which is unrelated to the traits mapped in this paper. Alternatively, yield is

a complex trait, necessitating a collection of rare recombination events. Larger mapping

populations may be required to detect yield QTL.

Conclusion

Several QTL have been mapped in this population for maturity, height, lodging,

and yield. QTL for maturity, height, and lodging were found to be clustered on LG C2

and L. When a major gene on the linkage group is segregating among the RIL, detected

effects of the minor QTL are influenced.

Utilization of composite interval mapping and multiple trait analysis

demonstrated how most of the QTL discovered for the agronomic traits have significant

GxE interaction. The estimates for the QTL detected in this study may help breeders

outline appropriate MAS strategies. For example, they would be useful for knowing

where to concentrate markers to detect when tight linkages have been broken between

undesirable alleles and desirable alleles when integrating new or exotic germplasm for

soybean improvement.
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Chapter 3

Molecular Mapping and Identification of GxE Interactions of Soybean

QTL for Seed Quality Traits

This chapter is a lightly revised version of a paper by the same name that will be
submitted to the journal Theoretical and Applied Genetics in 2002 by David L. Hyten,
Vincent R. Pantalone, Carl E. Sams, Arnold M. Saxton, Debbie Landau-Ellis, and
Michael E. Schmidt.

My use of "we" and "our" in this chapter refers to my co-authors and myself. My
primary contributions to this paper include (1) organization, development, and
management of all aspects of the project, (2) mapping all of the molecular markers, (3)
collecting all the field data at the Knoxville environments, (4) analyzing all data, and (5)
all of the writing except for some minor revisions.

Introduction

Soybean is grown worldwide with the United States, Brazil, China, Argentina,

and India being the major producers (Liu, 1997). The major economic role of soybean

production is for use in soybean meal, a primary component of livestock feed that

provides protein. An important by-product of meal production is soybean oil, extracted

from the crushed meal. Soybean oil is a vegetable oil used worldwide in cooking, fiying

fats and in spreadable margarines. Seed size is important in soybean products used for

direct human consumption such as tofli, miso, and texturized soy vegetable protein.

An increase in seed protein concentration in commonly grown cultivars is needed

to keep soybean competitive as a livestock feed. The typical negative correlation

between protein and oil has caused difficulties in increasing the protein while keeping

seed oil concentration at current levels. Protein, oil, and seed size are quantitative traits

that are environmentally sensitive and are controlled by multiple genes having small or

large effects. Recently there have been many studies that have used molecular markers to

24



map quantitative trait loci (QTL), the regions of the chromosome responsible for

quantitative traits such as protein, oil, and seed size (Diers et al., 1992; Sebolt et al.,

2000; Csanadi et al., 2001). The genetic effect that QTL have on quantitative traits could

then be selected for using marker assisted selection (MAS), hence improving the trait in

new cultivars. One approach of using MAS is to introduce alleles from exotic

germplasm, such as Glycine soja Sieb, and Zucc., which will increase protein content in

soybean (Sebolt et al., 2000).

The two ancestral cultivars 'Essex' (Smith and Camper, 1973) and 'Williams'

(Bemard and Lindahl, 1972) have contributed to the genetic background of many

northern and southem USA cultivars and elite breeding lines (Sneller, 1994; Gizlice et

al., 1996). QTL discovered segregating between these two cultivars should be able to

serve as a baseline for the effect QTL already present in commonly grown cultivars have

on seed protein concentration. This would allow researchers to know which QTL from

exotic germplasm would be beneficial to integrate into commonly grown soybeans.

If MAS introgression of QTL is going to be successful, then the true genetic

effect of the exotic allele along with the alleles already present needs to be known. It has

recently been noted that QTL discovered in one geographical region might not have the

predicted effect in another geographical region (Reyna et al., 2001). This is likely due to

the current mapping techniques used which map QTL using phenotypic data collected

over multiple environments (usually four or less) and an overall mean is calculated to

avoid specific environmental effects (Orf et al., 1999). Others have mapped QTL in

specific environments and compared the stability of the QTL over the multiple

environments to determine the usefulness of a QTL (Mian et al., 1996).
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While it is appealing to look at multiple environments to determine environmental

sensitivity or to average over environments to eliminate environmental sensitivity, the

true genetic effect that a QTL contributes is overlooked and the usefulness of the QTL

overestimated. A recent QTL mapping technique, multiple trait analysis (MTA) was

developed that can take full advantage of phenotypic data collected on recombinant

inbred lines (RIL) over multiple locations (Jiang and Zeng, 1995). MTA will analyze

each environment in one model, utilizing the correlated structure of data to assign a better

estimate of map location and to determine the genotype x environment (GxE) interaction.

QTL mapped in a RIL population using MTA will have a better estimate of the additive

effect along with the environmental sensitivity of the QTL. The objective of this study

was to map protein, oil, and seed size QTL in multiple environments using composite

interval mapping (CEM) along with MTA to establish representative additive effects and

GxE interaction of the QTL.

Materials and Methods

One hundred and fifty-six Fe RIL were created at The University of Tennessee,

Knoxville Experiment Station (KES), Knoxville, TN from the cross between the soybean

cultivars Essex and Williams. Sufficient seed were available to plant 131 RIL as F6;8

lines during the year 2000 in a randomized complete block design with three replications

in each of three environments [KES-C field and KES-S field, and the West Tennessee

Experiment Station (WTES) at Jackson, TN]. Two 6.1 m rows per plot were planted at

KES-S and WTES. One 6.1 m row per plot was planted at KES-C. In 2001, the 131 RIL

as F6:9 lines were divided into three maturity groups (early, medium, and late) with 49

early, 37 medium, and 47 late, with two lines overlapping in the medium and late
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maturity groups. Within each maturity group, a randomized complete block design with

three replications each at KES-V and Harrisburg, IL and two replications at WTES were

planted in four 6.1 m row plots. At each environment, the different maturity group

replications were randomly assigned to a location within the field.

Seed protein and oil concentration were determined at the USD A Northern

Regional Research Center at Peoria, E.. Measurements were taken on a moisture-free

basis using near-infrared reflectance spectroscopy on 21 to 25 g of whole beans from

each plot. Seed size was determined by weighing 100 seeds from each plot.

DNA was isolated from all 156 RIL by taking a single leaf from five plants and

combining them into one sample. Then Qiagen Plant Easy DNA Extraction Kit (Qiagen,

Hilden, Germany) was used to obtain purified DNA.

Essex and Williams were tested with 568 simple sequence repeat (SSR) markers

previously placed on the integrated soybean genetic linkage map (Cregan et al., 1999).

The sequence information for the soybean SSR primers used is publicly available from

the USDA Internet site http://129.186.26.94/ssr.html; verified February 28, 2002 and

relates to the integrated molecular linkage map of soybean (Cregan et al., 1999).

Polymorphic markers were chosen to achieve a genome wide coverage of all 20

molecular linkage groups previously identified (Cregan et al., 1999).

PCR reactions were performed in a 384-well MBS Hybaid thermocycler (Hybaid

Franklin, MA). The 10 pi PCR mix consisted of 40 ng template DNA, Ix PCR Buffer,

0.2 mM dNTP mixture (Pharmacia, Piscataway, NJ), 1.0 pM forward and reverse primer,

and 0.5 units of Klentaq (Ah Peptides, Inc, St. Louis, MO). The amplification conditions

consisted of 94°C for 5 min followed by 35 cycles of 94°C denaturation for 25 s, 48°C
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annealing for 30 s, and 72°C extension for 30 s, ending with 1 cycle of 72°C for 5 min.

PCR products were separated using 6% non-denaturing polyacrylamide gel

electrophoresis with ethidium bromide staining for visualization. The RIL were scored (1

= Essex allele, 2 = heterozygote, and 3 = Williams allele) based on DNA band

visualization. Because we utilized an Fe-derived RIL population, heterozygote scores

were dropped from the data set to allow only additive effects to be detected.

One hundred and fifty-six lines were mapped with 100 SSR markers.

MAPMAKER/EXP (Lander et al., 1987; Lincoln et al., 1992) was used to estimate

genetic distances between SSR markers. A minimum likelihood of odds (LCD) >3.0 and

a maximum distance < 50 centimorgan (cM) were used to test linkages among markers.

QTL analysis was performed using the phenotypic traits and SSR RIL scores on

131 RIL planted in the field environments. A one-way ANOVA (SAS version 8.0) was

initially used to identify candidate quantitative trait loci (results not reported). Composite

interval mapping and multiple trait analysis were performed using QTL Cartographer

(Hasten et al., 1994; Hasten et al., 2001). CIM was used to identify and map significant

QTL. Multiple trait analysis was used to confirm and to refine the position of QTL found

in CIM using the joint LOD score or the LOD from the GxE interaction test option of

MTA. One thousand permutation tests were performed on each trait and respective

environment to establish empirical LOD thresholds at the 5% alpha level (Churchill and

Doerge, 1994). Heritability estimates were computed as

h^ = a^g/[CT^g+(a^ge/e)+(CT^/re)]
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 where = heritability; a^g= genotypic variance; ct ge = genotype x environment

variance; = error variance; r = number of replications, and e = number of

environments (Nyquist, 1991).

QTL from this study were compared to similar QTL previously discovered

(SoyBase, 1995). A QTL was considered new if either no similar QTL bad been

previously been associated with the linkage group or if the QTL was at least 20 cM

distant from a previously reported QTL for that trait, based on the integrated soybean

genetic linkage map (Cregan et al., 1999).

Results and Discussion

A total of 278 SSR markers were found to be polymorphic between these two

parents. With the limited number of ICQ markers mapped in this population, the

integrated soybean genetic linkage map was used to help align the 23 genetic linkage

groups formed from 89 linked SSR markers and two phenotypic markers (flower color

and pubescence) with the 20 known consensus linkage groups (Cregan et al., 1999). The

Essex X Williams genetic linkage map covered about 869.4 cM, which is about 32% of

the currently known recombination distance of 2748 cM, averaged from the integrated

soybean genetic linkage map (Cregan et al., 1999). Continued placement of markers in

the future should help to assure more coverage of the genome so that additional QTL can

be detected.

The summary of seed protein and oil concentration is presented in Table 3.1.

Transgressive segregation was observed in this population, which was expected due to

the parents' diversity with one parent from the northern USA germplasm pool and the

other parent from the southern USA germplasm pool. There were a total of six oil QTL
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Table 3.1. Mean, standard deviation, range, parental means, and heritability for soybean seed traits in an

Seed Traits Mean
Standard

Deviation
Range Essex Williams

Seed size

(mg seed"') 131 15 99-166 120 154 0.95

Oil cone,

(g kg"') 203.5 5.1 189.8-215.2 199.6 209.1 0.84

Protein cone,

(gkg"')
422.7 9.7 399.7-450.9 429.5 424.7 0.91
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and 13 protein QTL found in this population (Table 3.2 and Table 3.3, respectively). Oil

QTL 02 and 06 were found in the same intervals as protein QTL P5 and P12

(respectively) with a negative pleiotropy between the two QTL, which verifies the

negative correlation found between the two traits in this population (r=-0.60, p<0.0001).

Only four of the protein QTL (P6 and P9-11) and two of the oil QTL (02 and 03) did not

have a significant GxE interaction. All protein and oil QTL with significant GxE

interaction (LOD > 3.0) showed a decrease in the additive effect the QTL contributed in

this population. The more environmentally sensitive the QTL, the less beneficial the

QTL will be in different environments. Just as yield is tested in multiple environments to

understand the yield potential of a soybean line, QTL for any trait has to be tested in

multiple environments to discover the potential additive effect of that QTL.

Protein concentration QTL PI, located on linkage group (LG) Cl, was only

significant in one environment and showed a significant GxE interaction. The additive

effect of 2.5 g kg"'was diminished to 1.1 g kg"' when mapped over multiple environments

(Table 3.3). Lee et al. (1996) discovered this same QTL linked to RFLP marker gcl97_l

mapped over three locations (without the benefit of MTA) with an additive effect of 6 g

kg"', which is a larger additive effect than in our population.

The protein QTL P2-5 on LG C2 were all significant for GxE interaction (Table

3.3). Protein QTL P2-4 showed a decrease in the additive effect due to the GxE

interaction, hence they may not be protein QTL that would be effective to a breeder. The

protein QTL P5 was significant across all environments but the additive effect varied

across those environments. Even with the significant GxE interaction, this QTL may be
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Table 3.2. Position, effects, and significance of environments for QTL associated with soybean seed oil

Interval QTL

(%)
QTL° LG*" Interval length

(cM)
position'^
(cM)

Environment"' LOD Effect'

01 C2 Satt277-T 3.2 2.01 WTES/00 8 3.1 -2.5

2.01 KES-S/00 27 12.0 4.5

T-Satt365 3.2 0.01 KES-C/00 14 6.2 3.4

3.18

0.01

Harrisburg/01
WTES/01

17

17

6.5

7.1

-2.9

-3.0

3.18 GxE - 23.6 -0.5

02 C2 Satt460-Satt307 14.2 2.07 KES-S/00 19 6.6 3.7

4.07 MTA - 3.3 1.4

03 H Sattl92-Satt442 5.0 2.01 Combined 9 3.3 -1.5

2.01 MTA - 4.3 -1.4

04 L Sattl56-Sattl66 16.6 13.97 Combined 7 2.6 -1.5

11.97 KES-V/01 12 3.7 -2.3

7.97 GxE - 4.0 -0.5

05 L Sattl66-Satt229 29.5 14.05 Combined 23 5.6 -2.6

26.05 KES-S/00 10 3.0 -2.6

8.05 KES-V/01 15 3.9 -2.5

10.05 GxE - 12.1 -1.4

Satt229-Satt373 12.4 0.01 KES-C/00 8 3.5 -2.2

06 M Satt540-Satt463 18.4 0.01 WTES/00 8 3.6 -2.4

4.01

6.01

Harrisburg/01
WTES/01

9

18

2.9

5.7

-1.7

-2.7

4.01 GxE - 6.8 -1.7

® 01 to 06 denote the six seed oil content QTL detected
Linkage group QTL is located based on the integrated soybean genetic linkage map
The distance from the left marker of the interval

KES-C/00 Knoxville Experiment Station (C1-field) at Knoxville, TN in 2000
WTES/00 West Tennessee Experiment Station at Jackson, TN in 2000
KES-S/00 Knoxville Experiment Station (S-field) at Knoxville, TN in 2000
KES-V/01 Knoxville Experiment Station (V-field) at Knoxville, TN in 2001
Harrisburg/01 Harrisburg, IL in 2001
WTES/01 West Tennessee Experiment Station at Jackson, TN in 2001
Combined data from three locations averaged
GxE Genetic vs. environmental interaction

MTA Multiple trait anaylsis
Average change (g kg") resulting from Essex allele substitution for the QTL
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Table 3.3. Position, effects, and significance of environments for QTL associated with soybean seed
protein concentration in an Essex x Williams Fe RIL population, based on QTL Cartographer analysis

Interval QTL

QTL' lg" Interval length position"^ Environment
(%)

LOD Effect"^

(cM) (cM)

PI C1 Satt338-Sattl64 6.5 0.01 KES-V/01 4 3.7 2.5

0.01 GxE - 4.0 1.1

P2 C2 Satt277-T 3.2 0.01 Combined 8 6.1 -3.1

2.01 KES-S/00 10 4.9 -4.7

2.01 KES-C/00 15 7.8 -6.5

2.01 KES-V/01 9 6.6 -3.8

2.01 GxE - 15.4 -1.6

P3 C2 T-Satt365 3.2 2.01 Combined 7 5.1 -3.3

3.18 KES-S/00 13 6.5 -5.8

3.18 KES-C/00 16 8.7 -7.4

3.18 KES-V/01 9 6.4 -4.1

3.18 GxE - 20.1 -1.8

P4 C2 Satt557-Satt289 3.3 1.96 Combined 6 4.1 -3.2

1.96 KES-V/01 7 5.1 -4.0

1.96 GxE - 16.2 -1.9

P5 C2 Satt460-Satt307 14.2 14.07 Combined 11 8.1 -4.5

14.07 WTES/00 13 5.1 -4.2

6.07 KES-S/00 32 10.8 -8.2

6.07 KES-C/00 33 11.7 -8.6

12.07 KES-V/01 25 12.4 -6.7

8.07 Harrisburg/Ol 22 8.0 -5.6

8.07 GxE - 11.7 -4.2

P6 C2 Satt307-Satt202 6.5 2.07 KES-V/01 11 6.2 -4.9

2.07 MTA - 8.5 -4.3

P7 Dlb Sattl72-Satt459 17.8 14.14 KES-V/01 6 3.5 2.9

10.14 GxE - 3.1 1.7

P8 F Sattl 14-Satt335 24.8 24.01 Combined 4 3.0 2.0

16.01 GxE - 4.3 1.2

P9 F Sattl44-Satt522 21.9 4.01 Combined 5 2.8 2.3

4.01 WTES/00 10 3.7 3.7

0.01 KES-V/01 5 4.3 2.6

6.01 Harrisburg/Ol 8 3.3 3.1

0.01 MTA - 6.7 2.6

PIO I Satt292-Sattl48 21.5 2.01 Combined 5 3.6 2.5

14.01 MTA - 3.4 1.8

Pll K Satt273-Satt260 22.4 14.07 Combined 5 2.6 -2.3

8.07 MTA - 3.4 -1.8

P12 M Satt540-Satt463 18.4 8.01 WTES/01 14 2.9 3.8

12.01 GxE - 4.2 0.5

Satt463-Satt323 4.1 4.05 Combined 6 4.4 3.0

P13 N Sattl 59-Satt584 13.7 4.01 Combined 10 4.5 3.6

2.01 GxE - 5.2 0.3

'PI to P13 denote the six seed protein content QTL detected
Linkage group QTL is located based on the integrated soybean genetic linkage map
' Distance from the left marker of the interval

'' Average change (g kg"') resulting from Essex allele substitution for the QTL
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beneficial due to the northern parent (Williams) having an additive effect of 4.2 g kg"'

over multiple environments.

The protein content of soybeans produced in northern USA is typically lower than

that in southern USA (Wilson, 2002). It would be interesting to screen an array of

current northern cultivars for the presence or absense of the Williams P5 allele. If this

allele is typically absent from current northern USA cultivars, its broad-based

incorporation could rapidly and systematically improve the USA domestic soybean

protein production. If this allele is absent from southern cultivars, less dramatic gains

could be realized because considerably less land area is devoted to southern soybean

production. Protein QTL P6 also had a significant additive effect without a significant

GxE interaction, but it may be a residual QTL resulting from the proximity and strong

additive effect of P5.

Csandi et al. (2001) discovered a protein QTL close to P5 and P6 in two early

maturing cultivars adapted to Central Europe, having an additive effect of 4.1 g kg"',

which is virtually the same estimated additive effect of the Williams allele in our

population. Protein QTL P5's additive effect could be misrepresented as contributing a

much higher additive effect if it is not mapped in multiple environments covering a large

geographical area. Four of the environments showed additive effects higher than 4.2 g

kg' and if it was only mapped in those four environments, breeders would expect a larger

response to increase protein from integrating that allele into southern USA germplasm.

Nevertheless P5 appears to be a good candidate for further research and MAS.

Oil QTL 01 and 02 were also found on LG C2 (Table 3.2). Oil QTL 01 had a

GxE interaction where the Essex allele contributed to a higher oil concentration in the
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eastern environments and the same allele contributed to lower oil concentration in the

western environments of our study. 02 did not have a significant GxE interaction.

However it would lower oil concentration in the seed if the protein QTL P5 were used in

MAS to raise protein.

Protein QTL P9 has been verified by Qiu et al. (1999), who found the same

beneficial allele as the one in Essex, having an additive effect of 4 g kg"'. In our study,

this QTL did not have a significant GxE interaction, and additive effects ranged from 2.3

to 3.7 g kg"' over environments. Multiple trait analysis predicts that P9 should contribute

2.6 g kg"' over multiple environments, and may be useful to integrate into northern USA

germplasm.

Protein QTL PI 1 may be the same QTL found by Csandi et al. (2001), which

mapped a protein QTL linked to Sattl96 with an additive effect of 3.2 g kg"'. Protein

QTL PI 1 was a beneficial northern allele from Williams that had an additive effect of 1.8

g kg"'. PI 1 did not show significant GxE interaction. This is an allele that might be

beneficial to southern breeders to integrate into southern USA germplasm.

Protein QTL P12 had a significant GxE interaction that greatly diminished the

additive effect of the allele (Table 3.3). The diminished additive effect along with the

presence of the opposing oil QTL 06 (Table 3.2) makes this protein QTL P12 of little use

to breeders. There is a maturity QTL that has been found closely linked to protein QTL

P12 inferring that there is pleiotropy due to the beneficial allele from the later maturing

line (Essex). A protein QTL near this interval has been reported by Csandi et al. (2001)

and Specht et al. (2001) to have an additive effect of 3.9 g kg"' and 8.3 g kg"', which
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would have agreed our study had we not employed MTA and detected a significant GxE

interaction.

Protein QTL P13 is another reported QTL that had a significant GxE interaction,

which diminished the additive effect. Lee et al. (1996) reported a protein QTL linked to

A071_2 with an additive effect of 5 g kg"^ This QTL is not a QTL useful to breeders due

to the significant GxE interaction and resulting additive effect of only 0.3 g kg"' protein.

Mapping in multiple environments and using multiple trait analysis is helpful in

identifying which QTL are potentially beneficial for breeders to utilize for MAS.

Protein QTL P7, P8, and PIG have not been previously reported QTL. Multiple

trait analysis increases the power to detect QTL, but increases the chance of declaring a

QTL that is not actually significant (type I error) (Jiang et al., 1995). Hence, other

researchers need to verify these newly detected protein QTL in other populations before

they become candidate QTL for MAS.

Oil QTL 03, located on LG H, did not have a significant GxE interaction (Table

3.2). Brummer et al. (1997) also identified this QTL linked to A069_l, associated with

oil, which was stable across environments over three years of research. This supports our

study of using MTA to identify QTL that do not have a significant GxE interaction. Oil

QTL 04 and 05 are located on LG L with significant GxE interaction. The additive

effect was diminished enough for 04 that it would not be a useful QTL. Oil QTL 05 has

an additive effect that may be useful to increase seed oil concentration. Our study shows

that its additive effect is less than that reported by other researchers. Mansur et al. (1996)

reported an oil QTL linked to Satt006 with an additive effect of 5.7 g kg"', which is larger

than the 1.4 g kg"' the Williams allele contributes in our study. It should also be noted
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that there have been maturity QTL found in this same interval that may have a pleiotropic

effect on seed oil concentration (Table 2.2 and Table 3.2).

The summary of seed size is presented in Table 3.1. Transgressive segregation

was observed in this population, which was expected due to the parents' diversity of one

parent from northern germplasm and the other parent from southern germplasm. There

were a total of nine seed size QTL (Table 3.4). All seed size QTL with significant GxE

interaction (LOD > 3.0) showed a decrease in the additive effect that the QTL contributed

in this population.

Seed size QTL SSI located on LG A1 and SS2-3 located on LG C2 had

significant GxE interactions that diminished the additive effect (Table 3.4). If these QTL

had been mapped solely based on CIM, then they would be considered QTL worth

pursuing in MAS, and limited genetic gain would be realized as a consequence. These

QTL would not be useful for breeders to select, due to their environmental sensitivity.

Seed size QTL SS4, SS5, and SS9 also had significant GxE interactions with

smaller effects than predicted by CIM (Table 3.4). Specht et al. (2001) reported a seed

size QTL linked to Satt342 on LG F that has an additive effect of 2.5 mg seed'^ This

QTL corresponds to SS4 and would agree with the CIM estimate found in this

population, while MTA gives an estimate of 1.6 mg seed"'. Mian et al. (1996) estimated

a seed size QTL with an additive effect of 7.0 mg seed"' near SS5. While the estimate for

SS5 with CIM in our population is not as high as 7.0 mg seed"', it is similar in value. The

estimate from MTA shows that with environmental influence, this is not a major QTL but

only a minor QTL allele from Essex contributing 1.8 mg seed"'. Seed size QTL SS9 on

LG L has been confirmed by many other studies linked to Dtl, K385_I, Satt229,
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Table 3.4. Position, effects, and significance of environments for QTL associated with soybean seed size in
an Essex x Williams Fe RIL population, based on QTL Cartographer analysis

Interval QTL

(%)
QTL" LG*" Interval length

(cM)
position"^
(cM)

Environment LOD Effect"

SSI A1 Satt050-Satt545 35.0 10.00 KES-C/00 9 3.0 4.3

10.00 GxE - 3.5 0.9
SS2 C2 T-Satt365 3.2 3.18 WTES/00 7 3.2 -4.0

2.01 Harrisburg/01 15 9.2 -7.8

2.01 GxE - 18.4 -0.2

Satt557-Satt289 3.3 3.28 Combined 8 5.1 -4.5

3.28 WTES/00 7 3.5 -4.1

3.28 KES-V/01 12 7.2 -8.5

SS3 C2 Satt460-Satt307 14.2 2.07 Combined 7 3.9 -4.1

6.07 GxE - 11.7 -0.1

SS4 F Sattl46-Satt269 9.1 6.01 KES-S/00 5 2.8 3.5

8.01 GxE - 3.2 1.6

SS5 F Sattll4-Satt335 24.8 12.01 Combined 7 3.1 3.9

10.01 WTES/00 8 2.8 4.0

8.01 KES-S/00 14 5.6 5.8

0.01 KES-C/00 8 5.3 4.2

20.01 KES-V/01 7 3.5 5.9

0.01 GxE - 3.2 1.8

SS6 G Satt394-Satt340 5.8 0.01

4.01

KES-S/00

MTA

4

 Mbo

-3.3

-1.6

SS7 G Satt340-Satt352 7.2 6.05 KES-C/00 8 4.8 -4.1

6.05 GxE - 3.4 -1.9

SS8 G Satt352-Sattl38 8.5 4.05 KES-C/00 10 5.7 -4.7

4.05 MTA - 3.8 -2.6

SS9 L Sattl56-Sattl66 16.6 13.97 Combined 31 14.7 -8.7

13.97 WTES/00 22 7.5 -6.9

13.97 KES-C/00 28 14.1 -7.7

11.97 WTES/01 23 7.9 -6.4

15.97 GxE - 13.0 -5.0
Sattl66-Satt229 29.5 2.05 Combined 31 14.6 -8.6

2.05 WTES/00 23 8.0 -6.9

0.05 KES-S/00 35 17.1 -9.7

6.05 KES-V/01 30 10.0 -12.4

0.05

4.05

Harrisburg/01
WTES/01

34

22

14.8

7.6

-10.9

-6.1

° SSI to SS9 denote the nine seed size QTL detected
Linkage group QTL is located based on the integrated soybean genetic linkage map
' The distance from the left marker of the interval

'' Average change (mg seed"') resulting from Essex allele substitution for the QTL
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Sat_099, and Satt527 with an additive effect ranging from 3.0-13.0 mg seed"' (Maughan

et al., 1996; Orf et al., 1999; Csandi et al., 2001; Mian et al., 1996). This confirms the

variability foimd in our study with CIM due to the environment, while MTA gives an

additive effect of 5.0 mg seed"'. Despite the environmental influence, seed size QTL

SS4, 5, and 9 have an effect on seed size that breeders could utilize.

Seed size QTL SS6-8 are located on LG G, which contains the only

environmentally stable QTL (SS6 and SS8) for seed size found in this study (Table 3.4).

Even though these two QTL were environmentally stable, MTA predicted a reduced

additive effect when compared to CIM. Maughan et al. (1996) also reported a QTL near

SS6-8 linked to A816_l that had an additive effect of 9.0 mg seed"', which is much

higher than that found in our study.

Conclusion

There were a total of 13 protein, six oil, and nine seed size QTL found in this Fs

RJL population created from crossing Essex and Williams. Most of the QTL found had

significant GxE interaction that reduced their additive effect. The additive effect found

from multiple trait analysis is an improvement from previous mapping techniques that do

not test for GxE interaction. The QTL that were verified in this population could be used

in marker assisted selection to improve seed quality traits. The predicted additive effects

of the QTL should be useful to breeders when they are deciding which QTL to utilize for

soybean improvement.
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Chapter 4

Molecular Mapping and Identification of GxE Interactions of Soybean

Fatty Acid Modifier QTL

This chapter is a lightly revised version of a paper by the same name that will be
submitted to the journal Crop Science in 2002 by David L. Hyten, Vincent R. Pantalone,
Debbie Landau-Ellis, Arnold M. Saxton, Elizabeth J. Meyer, Michael E. Schmidt, and
Carl E. Sams.

My use of "our" in this chapter refers to my co-authors and myself. My primary
contributions to this paper include (1) organization, development, and management of all
aspects of the project, (2) mapping all of the molecular markers, (3) collecting all the
field data at the Knoxville environments, (4) analyzing all data, and (5) all of the writing
except for some minor revisions.

Introduction

One of the main uses of soybean is for extracted vegetable oil in food products.

Soybean oil is predominately composed of five fatty acids: palmitate (16:0), stearate

(18:0), oleate (18:1), linoleate (18:2), and linolenate (18:3). There has been a concerted

effort to breed soybeans that have fatty acid levels differing from common soybean

cultivars. Consumers of soybean oil are concerned about the concentration of samrated

fats such as palmitate. There are also concerns for levels of trans-iaity acids formed

routinely during the hydrogenation process of soybean oil, since they may adversely

affect human health (Willett, 1994; Beare-Rogers, 1995). Processors want an increase in

oleate along with a reduction of linolenate to improve storage life of soybean oil.

Several genes have been discovered that alter fatty acid content considerably.

Some are naturally occurring, and others were produced through mutation (Wilson et al.,

2002; Erickson et al., 1988; Fehr et al., 1991; Rennie et al., 1988; Wilcox and Cavins,

1985). It has been suggested that there are modifying genes along with the major fatty
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acid genes that affect the different fatty acids levels (Rebetzke et al., 1998; Lundeen et

al., 1987; Graef et al., 1988). These modifier genes have small effects that cause the fatty

acid profiles of populations to act as a quantitative trait.

Quantitative traits are controlled by multiple genes having small or large effects.

Quantitative trait loci (QTL) are regions on the chromosome that control quantitative

traits. Molecular markers such as simple sequence repeat (SSR) markers and restriction

fragment length polymorphism (RFLP) markers have made it easier to map QTL in

soybean. There have been many QTL discovered for yield, protein, oil, maturity, height,

etc. (SoyBase, 1995). Methods for QTL mapping have also improved and now include

single marker analysis of variance, interval mapping (Lander and Bostein, 1989), and

composite interval mapping (CM) (Zeng, 1993; Zeng, 1994). CM is a QTL mapping

procedure that tests an interval on a genetic map for significant QTL while using the most

important markers to control for genetic background. This gives a location and an

estimated effect of the QTL in a population.

In inbreeding species such as soybean, recombinant inbred lines (RIL) are

advantageous since only additive effects are measured and they can be tested over

multiple environments. Multiple trait analysis (MTA) is a QTL mapping procedure that

combines multiple environments in one model, taking advantage of the correlated

structure of the data to improve the estimate of QTL chromosomal location and test for

GxE interaction (Jiang and Zeng, 1995). Significant genotype x environment (GxE)

interaction can cause the overall additive effect in multiple environments to be severely

diminished. Knowledge of significant GxE interaction for fatty acid QTL would be

beneficial in developing selection strategies such as marker assisted selection (MAS).
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Integration of new fatty acid modifier alleles into current elite cultivars and

breeding lines to meet consumer and processor needs will be easier with the knowledge

of existing fatty acid QTL and their environmental sensitivity. The objective of this

study was to map soybean seed fatty acid composition modifier QTL and determine

which modifier QTL have significant GxE interaction. We have created an Fe derived

RIL population from the cross of 'Essex' (Smith and Camper, 1973) by 'Williams'

(Bernard and Lindahl, 1972). This cross has contributed to the genetic background of

many northern and southern USA cultivars and elite breeding lines (Sneller, 1994;

Gizlice et ah, 1996). This population does not segregate for any known major fatty acid

genes, hence only modifier QTL will be detectable for soybean fatty acid composition.

Materials and Methods

One hundred and fifty-six Fe RIL were created at The University of Tennessee,

Knoxville Experiment Station (KES), Knoxville, TN from the cross between the soybean

cultivars Essex and Williams. Sufficient seed was available to plant 131 RIL as F6:8 lines

during the year 2000 in a randomized complete block design with three replications in

each of two environments [KES-C field and the West Tennessee Experiment Station

(WTES) at Jackson, TN] with one 6.1m row per plot at KES-C and two 6.1 m rows per

plot at WTES. In 2001, the 131 RIL as Feig lines were divided into three maturity groups

(early, medium, and late) with 49 early, 37 medium, and 47 late with two lines

overlapping in the medium and late maturity groups. Within each maturity group, a

randomized complete block design with three replications each at KES-V and Harrisburg,

IL and two replications at WTES were planted in four 6.1 m row plots. At each
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environment, the different maturity group replications were randomly assigned to a

location within the field.

DNA was isolated from all 156 RIL by taking a single leaf from five plants and

combining them into one sample. Then Qiagen Plant Easy DNA Extraction Kit (Qiagen,

Hilden, Germany) was used to obtain purified DNA.

Essex and Williams were tested with 568 SSR markers previously placed on the

integrated soybean genetic linkage map (Cregan et al., 1999). The sequence information

for the soybean SSR primers used is publicly available from the USDA Internet site

http://129.186.26.94/ssr.html; verified February 28, 2002 and relates to the integrated

molecular linkage map of soybean (Cregan et al., 1999). Polymorphic markers were

chosen to achieve a genome wide coverage of all 20 molecular linkage groups previously

identified (Cregan et al., 1999).

PCR reactions were performed in a 3 84-well MBS Hybaid thermocycler (Hybaid

Franklin, MA). The 10 ̂1 PCR mix consisted of 40 ng template DNA, Ix PCR Buffer,

0.2 mM dNTP mixture (Pharmacia, Piscataway, NJ), 1.0 pM forward and reverse primer,

and 0.5 units of Klentaq (Ab Peptides, Inc, St. Louis, MO). The amplification conditions

consisted of 94°C for 5 min followed by 35 cycles of 94°C denaturation for 25 s, 48°C

annealing for 30 s, and 72°C extension for 30 s, ending with 1 cycle of 72°C for 5 min.

PCR products were separated using 6% non-denaturing polyacrylamide gel

electrophoresis with ethidiurh bromide staining for visualization. The RIL were scored (1

= Essex allele, 2 = heterozygote, and 3 = Williams allele) based on DNA band

43



visualization. Because we utilized an Fe-derived RIL population, heterozygote scores

were dropped from the data set to allow only additive effects to be detected.

Seed fatty acid composition was analyzed using gas chromatography of the

methyl esters. Preparation of seeds consisted of three seeds crushed and soaked

overnight in 1.5 ml Chloroform:Hexane;Methanol (8:5:2 v/v/v). One hundred microliters

of the extract was transferred to a 1.5 ml autosampler vial and 75 pi of methylating

reagent [sodium methoxyde/methanokpetroleum ether:ethyl ether (1:4:2 v/v/v) was

added. The samples were then run on a Hewlett-Packard model HP 6890 gas

chromatograph (Palo Alto, CA) equipped with a model 7673 auto-sampler, 7673 flame

ionization detector, and an immobilized 30 x 0.53 mm inner diameter, AllTech AT-Silar

capillary column with 0.5pm fused stationary phase. Operating conditions were: carrier.

He (20ml/min); 20:1 (v/v) split injection; injection temperature, 250°C; detector

temperature, 275°C, and column temperature, 240°C.

One hundred and fifty-six lines were mapped with 100 SSR markers.

MAPMAKER/EXP (Lander et al., 1987; Lincoln et al., 1992) was used to estimate

genetic distances between SSR markers. A minimum likelihood of odds (LOD) >3.0 and

a maximum distance < 50 centimorgan (cM) were used to test linkages among markers.

QTL analysis was performed using the phenotypic traits and SSR RIL scores on

131 RIL planted in the field environments. A one-way ANOVA (SAS version 8.0) was

initially used to identify candidate QTL (only results from Satt070 reported). Composite

interval mapping and MTA were performed using QTL Cartographer (Hasten et al., 1994;

Hasten et al., 2001). Composite interval mapping was used to identify and map

significant QTL. Multiple trait analysis was used to confirm and to refine the position of
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QTL found in CIM using the joint LOD score or the LOD from the GxE interaction test

option of MTA. One thousand permutation tests were performed on each trait and

respective environment to establish empirical LOD thresholds at the 5% alpha level

(Churchill and Doerge, 1994). Heritability estimates were computed as

h^ = a\/[CT\+(a\e/e)+(aVre)]

where h^ = heritability; a^g = genotypic variance; a^ge = genotype x environment

variance; cP' = error variance; r = number of replications, and e = number of

environments (Nyquist 1991).

Results and Discussion

A total of 278 SSR markers were found to be polymorphic between these two

parents. With the limited number of 100 markers mapped in this population, the

integrated soybean genetic linkage map was used to help align the 23 genetic linkage

groups formed from 89 linked SSR markers and two phenotypic markers (flower color

and pubescence) with the 20 known consensus linkage groups (Cregan et al., 1999). The

Essex X Williams genetic linkage map covered about 869.4 cM, which is about 32% of

the currently known recombination distance of 2748 cM, averaged from the integrated

soybean genetic linkage map (Cregan et al., 1999). Continued placement of markers in

the future should help to assure more coverage of the genome so that additional QTL can

be detected.

As expected, the population means fall within the normal range for fatty acid

composition that is typical of most currently grown soybean cultivars (Table 4.1).

Nevertheless, the diversity of the two parents did lead to a range within the RIL

population, which enabled modifier fatty acid QTL to be detectable. Palmitate, stearate,

45



Table 4.1. Mean, standard deviation, range, heritability, and parental means for soybean seed fatty acid

Fatty Acid Mean
Standard

Deviation
Range Essex Williams

Palmitate (g kg"') 110 3.6 102-119 114 106 0.56

Stearate (g kg"') 41 3.3 33-52 40 39 0.74

Oleate (g kg"') 237 29.9 182-340 215 253 0.71

Linoleate (g kg"') 536 24.7 453-575 549 534 0.70

Linolenate (g kg"') 77 6.6 58-90 82 69 0.43
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linoleate, and linolenate all have small ranges for the RIL population allowing only

modifier QTL with small additive effects to be detected and mapped. The range for

oleate was larger, which could be due to a few major modifier genes or to several minor

modifier genes of the fatty acid pathway, segregating in this population.

Four palmitate QTL were detected on linkage group (LG) D2, G, K, and L (Table

4.2). Multiple trait analysis revealed no significant GxE interaction, but did confirm the

significance of each QTL. Palmitate was the only fatty acid that did not show a

significant GxE interaction. Other studies have found palmitate content is not as affected

by environment as the other fatty acids (Primomo et al., 2002).

A major and a minor QTL for reduced palmitate content was recently mapped

from the low palmitic line 'N87-2122-4' (Li et al., 2002). The major and minor

modifying QTL mapped in N87-2122-4 are different than the modifier QTL found in our

population. The modifier genes found in our study are already present in currently grown

eultivars and the desired modifier allele (for either reduced or increased palmitate) could

be retained when trying to introgress new QTL via MAS in order to achieve further

genetic gains.

Linkage group C2 and L contained common QTL for stearate, oleate, linoleate,

and linolenate that had significant GxE interaction (Table 4.3-4.6). The additive effect

from the GxE interaction by MTA was usually lower than the additive effect predicted by

CIM. This reduction due to GxE may be the reason that QTL selected for by MAS do

not exhibit the additive effect that was predicted by other QTL mapping procedures.

Despite the precision reductions due to GxE interaction, modifier QTL may still be
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Table 4.2. Position, effects, and significance of environments for QTL associated with soybean seed
palmitate concentration in an Essex x Williams Fg RIL population, based on QTL Cartographer analysis

Interval QTL

(%)
QTL" lg" Interval length

(cM)
position"
(cM)

Environment'' LOD Effect"

FPl D2 Satt458-Sattl54 25.2 4.01 Combined 13 3.4 1.3
8.01 KES-C/00 13 2.8 1.6

0.01

0.01

Harrisburg/01
WTES/01

10

7

3.7

2.8

1.3

1.2

4.01 MTA - 5.9 1.4

FP2 G Satt340-Satt352 7.2 0.05 Harrisburg/01 6 2.6 -1.1

0.05 MTA - 3.9 -0.8
FP3 K Satt273-Satt260 22.4 20.07 Combined 11 3.4 1.2

12.07 KES-C/00 13 3.2 1.6

22.07 KES-V/01 8 2.9 1.4

20.07

18.07

Harrisburg/01
MTA

13 4.5

6.8

1.4

1.3
FP4 L Sattl66-Satt229 29.5 8.05 Combined 21 4.9 1.7

12.05 KES-V/01 18 3.6 2.0

4.05

0.05

Harrisburg/01
WTES/01

17

10

5.3

4.0

1.7

1.6

4.05 MTA - 7.0 1.8

° FP1 to FP4 denote the four palmitate QTL detected
Linkage group QTL is located based on the integrated soybean genetic linkage map
The distance from the left marker of the interval

KES-Cl/00 Knoxville Experiment Station (C1-field) at Knoxville, TN in 2000
WTES/00 West Tennessee Experiment Station at Jackson, TN in 2000
KES-V/01 Knoxville Experiment Station (V-field) at Knoxville, TN in 2001
Harrisburg/01 Harrisburg, IL in 2001
WTES/01 West Tennessee Experiment Station at Jackson, TN in 2001
Combined data from five locations averaged
GxE Genotype vs. environmental interaction
MTA Multiple trait analysis
' Average change (g kg"') resulting from Essex allele substitution
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Table 4.3. Position, eflfects, and significance of environments for QTL associated with soybean seed
stearate concentration in an Essex x Williams Fe RIL population, based on QTL Cartographer analysis

Interval QTL

QTL* lg" Interval length position' Environment
(%)

LOD Effect''
(cM) (cM) v.

FSl C2 Satt277-T 3.2 2.01 KES-C/00 25 7.7 -2.4

2.01 GxE - 11.2 -0.1

FS2 C2 T-Satt365 3.2 3.18 KES-C/00 28 8.9 -2.6

2.01 GxE - 10.9 -0.1

FS3 C2 Satt460-Satt307 14.2 10.07 Combined 14 4.9 -1.3

10.07 WTES/00 20 7.0 -1.7

4.07 KES-C/00 23 5.8 -2.3

6.07 KES-V/01 12 3.1 -1.2

14.07 WTES/01 9 3.4 -1.1

6.07 GxE - 10.5 -1.0

FS4 K Satt518-Satt273 17.8 14.05 WTES/01 9 3.0 -1.0

10.05 GxE - 3.1 -0.4

FS5 K Satt273-Satt260 22.4 2.07 WTES/01 8 2.9 -1.0

6.07 MTA - 4.1 -0.7

FS6 L Sattl56-Sattl66 16.6 3.97 Combined 13 4.6 -1.2

5.97 WTES/00 12 4.7 -1.3

15.97 GxE - 6.1 -0.5

FS7 L Sattl66-Satt229 29.5 0.05 Harrisburg/01 11 4.2 -14

8.05 GxE - 6.3 0.1

" FSl to FS7 denote the seven stearate QTL detected
Linkage group QTL is located based on the integrated soybean genetic linkage map
' The distance from the left marker of the interval

'' Average change resulting from Essex allele substitution for the QTL except for GxE
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Table 4.4. Position, effects, and significance of environments for QTL associated with soybean seed oleate
concentration in an Essex x Williams RIL population, based on QTL Cartographer analysis

Interval QTL

(%)
QTL' lg'' Interval length

(cM)
position*^
(cM)

Environment LCD Effect"

FOl C2 T-Satt365 3.2 0.01 Combined 5 4.0 -7.5

3.18 Harrisburg/01 17 9.9 -17.4

3.18 GxE - 14.5 -7.6
F02 F Sattl44-Satt522 21.9 O.OI Combined 6 4.2 7.4

0.01

4.01

Harrisburg/01
GxE

12 7.8

6.3

13.7

6.7
F03 L Satt523-Sattl82 18 5.99 KES-V/01 8 3.1 -12.4

9.99 GxE - 3.9 -3.9
F04 L Sattl66-Satt229 29.5 0.05 Combined 35 19.9 -19.0

0.05 WTES/00 26 11.1 -16.2

0.05 KES-C/00 15 7.0 -12.4

0.05 WTES/01 35 14.6 -26.9

2.05

2.05

Harrisburg/01
WTES/01

19

26

8.5

6.6

-17.5

-21.7

0.05 GxE - 8.7 -11.6

° FOl to F04 denote the four oleate QTL detected
'' Linkage group QTL is located based on the integrated soybean genetic linkage map
The distance from the left marker of the interval

Average change (g kg") resulting from Essex allele substitution for the QTL
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Table 4.5. Position, effects, and significance of environments for QTL associated with soybean seed
linoleate concentration in an Essex x Williams RIL population, based on QTL Cartographer analysis

Interval QTL

(%)QTL" lg" Interval length position' Environment LOD Effect"

(cM) (cM)

FLl C2 Satt277-T 3.2 2.01 KES-C/00 14 6.4 11.3

2.01 GxE - 10.6 4.8

FL2 C2 T-Satt365 3.2 O.OI Combined 5 3.8 5.9

3.18 KES-C/00 14 6.7 12.0

3.18 Harrisburg/OI 10 6.5 10.4

3.18 GxE - 12.5 6.3

FL3 F Sattl44-Satt522 21.9 O.OI Combined 7 5.6 -7.0

O.OI KES-C/00 6 3.1 -7.3

O.OI Harrisburg/OI 13

OO
00

-11.5

0.01 GxE - 5.0 -5.2

FL4 L Satt523-Sattl82 18.0 11.99 KES-V/OI 8 3.3 9.8

9.99 GxE - 3.4 2.6

FL5 L Sattl56-Sattl66 16.6 13.97 WTES/00 20 10.2 12.7

13.97 KES-C/00 9 3.7 8.6

11.97

11.97

Harrisburg/OI
WTES/OI

21

20

9.0

4.7

14.5

16.9

15.97 GxE - 7.6 9.1

" FLl to FL5 denote the five linoleate QTL detected
'' Linkage group QTL is located based on the integrated soybean genetic linkage map
' The distance from the left marker of the interval

Average change (g kg"') resulting from Essex allele substitution for the QTL
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Table 4.6. Position, effects, and significance of environments for QTL associated with soybean seed
linolenate concentration in an Essex x Williams RIL population, based on QTL Cartographer analysis

Interval QTL

(%)
QTL' lg'' Interval length

(cM)
position'^
(cM)

Environment LOD Effect"

FNl A1 Satt050-Satt545 35.0 0.0 KES-C/00 9 5.7 -1.9

1.99 GxE - 3.7 -1.2
FN2 C2 T-Satt365 3.2 0.01 Combined 4 2.9 1.4

2.01 Harrisburg/01 20 8.4 5.5

2.01 GxE - 10.1 0.4
FN3 F Sattl46-Satt269 9.1 0.01 Combined 7 5.7 -1.9

0.01 KES-C/00 4 2.6 -1.2

4.01 KES-V/01 9 3.1 -3.3

0.01 MTA - 6.1 -1.1
FN4 I Satt292-Sattl48 21.5 0.01 KES-C/00 4 3.0 1.2

6.01 GxE - 3.1 0.7
FN5 K Satt273-Satt260 22.4 20.07 KES-C/00 9 5.2 1.7

22.07 MTA _ 4.7 1.0
FN6 L Sattl56-Sattl66 16.6 13.97 Combined 18 10.4 3.0

15.97 WTES/00 23 10.5 3.0

15.97 KES-C/00 19 10.5 2.5

11.97 KES-V/01 14 4.5 4.2

3.97 WTES/01 12 3.3 3.7

15.97 MTA - 10.7 2.2
FN7 L Sattl66-Satt229 29.5 2.05 WTES/00 13 5.7 2.5

4.05 Harrisburg/01 11 3.9 3.8

10.05 GxE - 3.3 1.8
FN8 N Satt584-Satt387 27.5 12.01 MTA _ 2.6 -0.5

Satt387-Satt549 18.9 1.98 Combined 4 2.9 -1.5

° FNl to FN8 denote the eight linolenate QTL detected
Linkage group QTL is located based on the integrated soybean genetic linkage map
The distance from the left marker of the interval
Average change (g kg"') resulting from Essex allele substitution for the QTL
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selectable that have a predictable effect in the environment in which the QTL were

mapped.

Figure 4.1 is an example of how MTA can be used to determine if peaks from

CIM could be ghost peaks that have no real effect on a trait and only exist due to close

linkage to a major gene. The first two peaks (FSl and FS2) were confirmed by MTA to

have a GxE interaction with a small additive effect (Table 4.3) while the third peak was

not significant in MTA. Using MTA the only QTL in this region that had any significant

effect on stearate was FS3.

Although FS3 had significant effects, Rebetzke et al. (2001) observed that

maturity could affect fatty acid levels. In our study, the population varied from maturity

group (MG) in to MG V, and maturity genes were mapped on LG C2 and L in the same

area of the fatty acid QTL (Table 2.2). The stearate and oleate QTL on C2 and L all had

negative additive effects resulting from an Essex allele substitution. The linoleate and

linolenate QTL had a positive additive effect resulting from an Essex allele substitution.

An increase in temperature will reduce linoleate and linolenate and increase oleate and

stearate acid (Howell and Collins, 1957; Wolf et al., 1982; Dombos and Mullen, 1992;

Primomo et al., 2002). The fatty acid QTL mapped at LG C2 and L could be due to a

pleiotropic effect with the maturity QTL on the same linkage group, if during the period

of seed fill, the early maturing lines were exposed to higher temperamres than the later

maturing lines. Nevertheless, our study is important in describing modifier QTL that

may be verified by other researchers, in populations where maturity effects are not

present.
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environments, graphed along soybean linkage group C2
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SSR marker Satt070 on LG B2 was unlinked to any of the other markers mapped

-y

in our population and was significantly associated with stearate (p<.0001, R =47%). This

modifier QTL apparently influences a major gene {Fas^ in the same region, which

govems stearic acid concentration. Spencer (personal communication) recently detected

Satt070 at 1.9 cM from the Fas locus having an R^ of 67% in a population, which

contained a natural mutation governing a two-fold increase in stearic acid (Pantalone et

al., 2002; Wilson et al., 2002). In our study the Essex allele of Satt070 had an additive

effect of 4.5 g kg"'. Stearate also has two QTL on LG K that were significant in one

location and in MTA. Stearate QTL FS4 had a significant GxE effect while FS5 did not

have significant GxE but was confirmed in MTA. The second QTL may have some

benefit in lowering stearate but it needs to be confirmed in another population.

Oleate, linoleate, and linolenate QTL were located on LG F (Table 4.4-4.6). The

oleate QTL F02 and linoleate QTL FL3 mapped in approximately the same position

using MTA. This is likely a QTL with a pleiotropic effect on both fatty acids that also

has a significant GxE interaction, in which the Essex allele will increase oleate and

decrease linoleate. Mapmaker analysis placed FN3, also located on LG F (Table 4.6) in a

separate linkage group from F02 and FL3 eliminating the possibility of pleiotropy.

All modifier QTL for oleate and linoleate had significant GxE interaction (Table

4.4 and 4.5), while linolenate showed four QTL that were not significant for GxE

interaction (Table 4.6). Linolenate QTL FN3, FN5, FN6, and FN8 were QTL with

significant additive effects across multiple environments. Diers et al. (1992) reported a

linolenate QTL linked to A023_l, which could be the same QTL as FN6. These QTL
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could be used along with other modifier genes in populations to reduce the amount of

linolenate in new commercially grown cultivars.

Conclusion

Several modifier QTL for fatty acid composition of soybean seed were mapped

in the RIL population created from an Essex by Williams cross. These QTL should be

present in many of the cultivars grown in northern and southem USA. Multiple trait

analysis allowed us to not only confirm QTL found by composite interval mapping, but

also allowed us to label QTL with significant genotype by environment interaction. This

knowledge will aid in the use of MAS in modifying soybean fatty acid composition, by

predicting the genetic effect a selected QTL will have to achieve further genetic gains.
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