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Abstract

Yield is a multi-factorial trait determined by several genetic traits and highly correlated with important agronomic
traits in many crops including soybean. [Glycine max (L.)]. Plant height, seed and pod numbers, and seed weight
are all components of yield and polygenic in nature. The objective of this study was to identify quantitative trait
loci (QTL) for days to germination, days to flowering, plant height, pod number, seed number, 100-seed weight,
and total seed weight in soybean using the using the PI 438489B by ‘Hamilton’ recombinant inbred line (RIL)
population (PIxH, n=50). A total of 18 QTL were found on 10 different chromosomes. Three QTL for days to
germination (gDG001-¢DG003) have been identified on chromosomes 5b, 6, and 13b. Two QTL (¢DF00! and
gDF002) have been identified on chromosomes 9 and 13b, respectively. On QTL for plant height (¢PH001) have
been identified on chromosome 6. Four QTL for pod number (¢PN00I-gPN004) had been identified on
chromosomes 2, 6, and 8 (2 QTL), respectively. Two QTL for seed number (¢SN0O0OI and ¢SN002) have been
identified on chromosomes 5b and 11b, respectively. Five QTL for 100-seed weight (¢SW001 to gSW005) have
been identified on chromosomes 5a, 6, 8, 9, and 11c, respectively. Two QTL for total seed weight (¢7SW001 and
qTSW002) have been identified on chromosomes 5b and 17c, respectively. The QTL identified here may be
introduced in breeding programs to develop soybean cultivars with high yield potential.

Keywords: soybean, QTL, days to germination, days to flowering, plant height, pod number, seed number, seed
weight

1. Introduction

Soybean (Glycine max L. Merr.) is a valuable crop due to its protein and oil contents which are suitable for human
and animal consumption. One of the most important factors for soybean breeding is high-yield potential. Yield is a
multi-factorial trait determined by several genetic traits and highly correlated with important agronomic traits.
Agronomic characters as days to flowering, plant height, maturity and 100-seed weight are high correlated, positively
or negatively, with yield in soybean (Panthee et al., 2007; Li et al., 2008).

It has been reported that yield component traits such as days to germination, days to flowering, plant height, pod
number, seed number, seed weight (100-seeds), and total seed weight are polygenic and governed by many
quantitative trait loci (QTL) (Tanksley, 1993; Mansur et al., 1996). In soybean, during the past 2 decades, many
studies genetically mapped QTL for days to germination (SoyBase, 2012), days to flowering (SoyBase, 2012),
plant height (Mansur et al., 1993; SoyBase, 2012), seed weight (Mansur et al., 1993; Yuan et al., 2002; SoyBase,
2012), and many other traits (Orf et al., 1999; Yuan et al., 2002; Kassem et al., 2004 & 2006; Kassem et al., 2007a;
Kassem et al., 2007b; SoyBase, 2012) using different mapping populations. A linkage map can be created with
molecular marker analysis, and then after phenotyping, a QTL analysis can be used to detect positions and genetic
distances of markers among chromosomes that are associated with the QTL.

The genetic analysis of desirable traits in breeding programs has been made substantially easier with the advent of
molecular markers and marker-based linkage maps (Paterso et al., 1991). Most of the soybean genetic linkage
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maps to date were constructed with RFLPs, AFLPs, RAPDs, and SSRs. Choi et al. (2007) developed the first
soybean transcript map by mapping 1141 SNP markers (derived from 1141 expressed gene sequences) onto the
previous version of the soybean genetic map (Song et al., 2004), which included 1015 PCR-based markers (SSRs).
On the basis of gene-based SNPs mapped, SNP markers were positioned in many of the 5 and 10 cM gaps that
existed in the previous map. This map will be very useful for the case study of the diversity of gene function
associated with these transcripts, as it will offer researchers an opportunity to identify potential candidate genes for
>1,150 QTLs that have been reported to date. Hyten et al. (2010) recently reported on the latest version of soybean
integrated genetic linkage map (Consensus Map 4.0) by adding 2,651 new SNP markers into the previous genetic
map developed by Choi et al. (2007). There are a total of 5,500 genetic markers in this new genetic linkage map.
New technologies for assaying genotypes for SNP allele type are expected to make SNP markers the replacement
marker system for the currently used SSR marker systems, relative to future soybean genetics and breeding studies
(Hyten et al., 2008). A particularly important advantage of the Illumina-based SNP allele detection over the SSR
marker allele detection is the elimination of the tedious gel-based marker allele visualization required for the latter.
The SNP-based genetic linkage map (Kassem et al., 2012) was used for genetic analysis of yield components of a
soybean RIL population in this study.

The objective of this study is to map QTL for days to germination (DG), days to flowering (DF), plant height (PH),
pod number (PN), seed number (SN), seed weight (SW), and total seed weight (TSW) using the PI 438489B By
‘Hamilton’ recombinant inbred line (RIL) population of soybean.

2. Materials and Methods
2.1 Plant Material

The ‘P1 438489B’ By ‘Hamilton’ RIL population (PIxH, »=50) used in this study was developed at the University
of Missouri Agronomy Research Center (Yue, Arelli, & Sleper, 2001) and was extensively studied to map QTL for
SDS resistance (Kassem et al., 2012), SCN resistance (Yue et al., 2001).

2.2 Growth Conditions and Traits Measurements

Four seeds of the parents (PI 438489B and Hamilton) and RILs were sown in potting soil in pots of 15x14 cm and
kept in the greenhouse at 25+1°C under natural daylight for 3 weeks. After then, plants have been divided in 2
groups (Group I, row spacing of 25 cm and Group II, row spacing of 50 cm) and planted in a field in Saint Pauls,
NC (Bladen County).

Days to germination have been recorded in the greenhouse and plant heights have been recorded in the field at the
maturity of all RILs and parental lines (R8, ~120 days after planting — DAP) just before harvest. After maturity, the
plants have been harvested and pod numbers, seed numbers, seed weight (100-seed weight), and total seed weight
have been recorded in the lab.

2.3 DNA Isolation, SNP Genotyping, and Genetic Map Construction

DNA isolation was performed as described earlier (Kassem et al., 2012). Single nucleotide polymorphism (SNP)
genotyping of 1,536 SNPs was performed by the Golden Gate Assay according to Illumina, Inc. protocol (Hyten et
al., 2008). The SNP-based genetic linkage map (Kassem et al., 2012) was used to map QTL in this study.

3. Statistical Data Analysis

QTL Mapping was performed by CIM using WinQTL Cartographer as described earlier (Kassem et al., 2012).
Briefly, 1,000 permutations were performed in order to establish LOD values to declare QTLs at a significant level
of P <0.05. The Model 6 and its default settings have not been changed. Correlation coefficients between all the
traits studied (days to germination, days to flowering, plant height, pod number, seed number, seed yield and total
seed weight) have been calculated and results are reported in a Pearson correlation matrix. All statistical analyses
have been performed on JMP 9.0 (SAS Institute Inc., Cary, NC, USA).

4. Results and Discussion
4.1 Correlation Coefficients

Correlation coefficients for each pairwise combination of studied traits (days to germination, days to flowering,
plant height, pod number, seed number, seed yield and total seed weight) from the recombinant inbred lines are
presented in Table 1. Days to germination were negatively correlated with all traits and all correlations were
significant except with seed yield. On the other hand, total seed weight was very strongly correlated with plant
height, pod and seed number and also seed yield. As it was expected seed number was significantly correlated with
pod number although the coefficient was moderate. Seed number had a low correlation with days to flowering,
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moderate with plant height and high with pod number. Finally, plant height was found moderate but significant
correlated with days to flowering.

Table 1. Correlation coefficients for agronomic traits in a soybean recombinant inbred population from a cross
between P1438489B and Hamilton

Days to Plant Height Pod # Seed # Seed yield  Total seed
Flowering (cm) (2) weight (g)
Days to Germination -0.767*%* -0.637***  -0.405%*  -0.430%* -0.232ns -0.363*
Days to Flowering 0.479** 0.285ns 0.323* 0.304ns 0.258ns
Plant Height (cm) 0.686%**  0.608%** 0.307ns 0.578%**
Pod # 0.957%** 0.273ns 0.932%**
Seed # 0.233ns 0.940%**
Seed yield (g) 0.416%*

* Significant at P <0.05 probability level
** Significant at P < 0.01 probability level
**% Significant at P < 0.001 probability level

4.2 Yield Components QTL

The by Hamilton SNP-based genetic linkage map used to identify QTLs in this study has been described earlier
(Kassem et al., 2012a). Composite interval mapping (CIM) identified a total of 18 QTL for days to germination,
days to flowering, plant height, pod number, seed number, 100-seed weight, and total seed weight on 10 different
chromosomes (Table 2, Figure 1). Three QTL for DG (¢DG001-gDG003) have been identified on chromosomes
5b, 6, and 13b (Table 2, Figure 1). Two QTL (¢gDF001 and gDF002) have been identified on chromosomes 9 and
13b, respectively (Table 2, Figure 1). One QTL for plant height (¢PH001) have been identified on chromosome 6.
Four QTL for PN (¢PN001-gPN004) had been identified on chromosomes 2, 6, and 8 (2 QTL), respectively (Table
2, Figure 1). Two QTL for SN (¢SNOO! and ¢gSN002) have been identified on chromosomes 5b and 11b,
respectively (Table 2, Figure 1). Five QTL for SW (¢gSW001 to gSW005) have been identified on chromosomes 5a,
6, 8, 9, and 11c, respectively (Table 2, Figure 1). Two QTL for TSW (¢7SW001 and qTSW002) have been
identified on chromosomes 5b and 17c, respectively (Table 2, Figure 1).

Table 2. QTL that control days to germination (DG), days to flowering (DF), plant height (PH), pod number
(PN), seed number (SN), seed weight (SW), and total seed weight (TSW) in the soybean PI 438489B by
‘Hamilton’ recombinant inbred line (RIL) population

Trait No. Chr/L.G. QTL Marker/Interval Position LOD R’ (%)
Days to Germination 1 5b/Al qgDG001 SS107921684-SS107912607  10.4-19.6 2.6 0.70
2 6/C2 gDG002  SS107912977-SS107917113  33.4-404 3.2 0.10
3 13b/F qgDG003 SS107919342-SS107924542  38.7-43.5 3.8 0.14
Days to Flowering 4 9/k gDF001 SS107912559-SS107917952  0.0-8.0 2.6 0.14
5 13b/F qgDF002 SS107919342-SS107924542  38.7-44.3 3.0 0.18
Plant Height 6 6/C2 qPHO001 SS107921568-SS107929749  27.0-34.0 5.0 0.26
Pod Number 7 2/D1b qPN001 SS107913056-SS107913946  42.0-49.4 3.7 0.11
8 6/C2 qPN002 SS107922673-SS107925078  40.5-43.0 3.2 0.16
9 8/A2 qPN003 SS107913537-SS107913537  10.5-12.5 2.7 0.14
10 8/A2 qPN004 SS107914369-SS107916169  24.5-37.0 2.8 0.14
Seed Number 11 5b/Al gSN001 SS107921684-SS107916326  10.0-32.5 3.2 0.16
12 11b/Bl gSN002 SS107920383-SS107912753  0.0-20.0 3.2 0.15
Seed Yield 13 Sa/Al qSY001 SS107919282-SS107930364  4.0-20.0 2.7 0.09
14 6/C2 qSY002 $s107912977-SS107925078 38.5-43.6 3.0 0.10
15 8/A2 qSY003 SS107916169-SS107915722  0.0-10.5 2.5 0.11
16 9/K qSY004 SS107913799-SS107918132  16.8-24.8 2.8 0.06
17  1l¢/Bl qSY005 SS107913440-SS107912515  0.0-13.5 4.0 0.17
Total Seed Weight 18  Sb/Al qTSW00l  SS107912607-SS107916326  19.6-33.8 5.2 0.27

19  17¢/D2 qTSW002  SS107927901-SS107915314  6.1-11.5 2.6 0.12
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Figure 1. Locations of SNP markers and the QTL underlying days to germination (DG), days to flowering (DF),
plant height (PH), pod number (PN), seed number (SN), seed weight (SW), and total seed weight (TSW) in the
soybean PI 438489B by ‘Hamilton’ recombinant inbred line (RIL) population

Interestingly, QTL for pod number and oil content have been mapped at the same location of gDG001 and QTL for
stem strength, seed yield, and oil content have been mapped at the same location of gDG002 (Qi et al., 2011;
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Zhang et al., 2010; Chen et al., 2011; Guzman et al., 2007; Orf et al., 1999). A QTL for seed abortion was also
mapped at the same position of gDG003 and gDF002 (Tischner, Allphin, Chase, Orf, & Lark, 2003). Similarly,
QTL for seed yield and protein content have been mapped near gDF00! (Mansur, Lark, Kross, & Oliveira, 1993;
Yuan et al., 2002). The plant height QTL ¢PH00I was mapped at a region containing QTL for stem strength, seed
yield and oil content (Chen et al., 2011; Guzman et al., 2007; Orf et al., 1999).

The pod number QTL, ¢gPN0O0OI has been mapped at the same location of other QTL for leaf length, width and
shape (SoyBase, 2012); gPN002 has been mapped close to QTL for stem strength, seed yield and oil content (Chen
etal., 2011; Guzman et al., 2007; Orfet al., 1999); gPN003 has been mapped close to QTL for oil content (Qi et al.,
2011); and gPN004 has been mapped close to QTL for stem strength and pod number (Chen et al., 2011; Zhang et
al., 2010).

Interestingly, the seed number QTL, ¢gSN00! was mapped to a region containing QTL for seed weight and oil
content while gSN002 was found close to QTL for seed weight and seed number (Orf et al., 1999; Teng et al.,
2009). Moreover, the seed yield QTL, ¢gSY00! was located on the same region containing QTL for sucrose content
and soybean cyst nematode (SCN) resistance (Vierling, Faghihi, Ferris, & Ferris, 1996; Maughan, Saghai Maroof,
& Buss, 2000); gSY002 was mapped to a region harboring QTL for stem strength, seed yield, and oil content (Chen
etal., 2011; Guzman et al., 2007; Orf et al., 1999); ¢SY003 was mapped 4.5 cM from a QTL for oil content (Qi et
al., 2011); gSY004 was located near QTL protein and oil content (Mansur, Lark, Kross, & Oliveira, 1993; Hyten et
al., 2004); and ¢SY005 is positioned near a cluster of QTLs for seed weight, seed number, and hypocotyl length
(Lee, Park, Lee, Park, & Boerma, 2001; Orf et al., 1999). The QTL for total seed weight, g7SW001 was located
near QTL for pod number and oil content while g7SW002 was positioned near QTL for plant phosphate content
and plant weight (Lian, Xiaohui, Mantong, Xiaolong, & Hong, 2010; Qi et al., 2011; Zhang et al., 2010).

In this study, we have identified clusters of QTL for DG, SN, and TSW on Chromosome 5, PH, DG, PN, and SY
on Chromosome 6, SY and PN on Chromosome 8, and DF and SY on Chromosome 9. In addition, many of these
clusters contain QTL governing other important agronomic traits especially QTL for disease resistance such as
sudden death syndrome resistance and soybean cyst nematode resistance (Vierling, Faghihi, Ferris, & Ferris,
1996; Maughan, Saghai Maroof, & Buss, 2000; Kassem et al., 2012) which can lead to developing high yielding
soybean cultivars with super resistance to several diseases.
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