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Abstract Soybean (Glycine max L. Merr.) is a major
crop and a leading source of protein meal and edible oil
worldwide. Plant height (PHT), lodging (LDG), and days
to maturity (MAT) are three important agronomic traits
that influence the seed yield of soybean. The objective of
this study was to map quantitative trait loci (QTL) for
PHT, LDG and MAT using a high density SNP map of a
recombinant inbred line soybean mapping population.
With single factor analysis of variance six, four, and
three QTL were identified across environments for PHT,
LDG, and MAT, respectively. Several QTL for each trait
were also detected by composite interval mapping with
high confidence. Two and one QTL for PHT and LDG,
respectively were novel QTL identified in this study.
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Additionally, most QTL identified in the present study
are flanked by two or more SNP markers that are closely
linked to each QTL. The SNP markers identified to be
closely linked to each QTL in this study are valuable for
marker assisted selection (MAS) of the QTL by
interested soybean breeding programs. Thus, this study
clearly advances the knowledge on genetic controls of
plant height, lodging and maturity in soybean, and
identifies more efficient and reliable markers for MAS
for these traits than those currently exist.

Keywords Soybean - SNP markers - QTL - Marker
assisted selection

Introduction

Soybean (Glycine max L. Merr.) is a major crop and a
leading source of protein meal and edible oil world-
wide (Wilson 2004; Zhang et al. 2004). Plant height
(PHT), lodging (LDG), and days to maturity (MAT)
are three important agronomic traits that influence the
seed yield of soybean (Lee et al. 1996a, b; Chapman
et al. 2003; Panthee et al. 2007). All three traits are
quantitative traits, implying that each trait is con-
trolled by multiple genes or quantitative trait loci
(QTL) (Lee et al. 1996a, b; Orf et al. 1999; Panthee
et al. 2007; Liu et al. 2013). In most previously
published studies on mapping QTL conditioning PHT,
LDG and MAT in soybean, low to moderate resolution
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genetic maps of RFLP, AFLP and/or SSR markers were
used. Lee et al. (1996a, b) used maps with 137 to 153
RFLP makers to map PHT, LDG and MAT in two
soybean populations. Mansur et al. (1996), Orf et al.
(1999), Chapman et al. (2003), and Zhang et al. (2004)
used combinations of RFLP, AFLP and/or SSR markers
for mapping these traits. The genetic maps used in all
these studies had incomplete coverage of the soybean
genome with some large gaps in the maps. Liu et al.
(2013) has recently reported using 313 single nucleo-
tide polymorphism (SNP) markers along with 167 SSR
markers to map QTL controlling PHT in soybean.

Following the completion of Williams82 soybean
genome sequence (Schmutz et al. 2010), millions of
SNPs and insertion/deletions were identified through
resequencing of tens of wild and cultivated soybean
genotypes (Kim et al. 2010; Lam et al. 2010; Li et al.
2013). Hyten et al. (2010) published a high density
consensus map of soybean where a total of 5,500
markers were integrated, including 3,792 SNPs. They
also developed a “Universal Soy Linkage Panel”
(USLP 1.0) of 1,536 robust bi-allelic SNP array for
automated high-throughput assay on Illumina Gold-
enGate Platform (Hyten et al. 2010). More recently,
[lumina Infinium BeadChip containing over 50 K
SNPs was developed and evaluated for hundreds of
wild and cultivated soybean genotypes (Song et al.
2013). Due to high abundance and automatable high-
throughput genotyping, SNPs are now widely used in
plants for construction of genetic map and linkage
analysis (Huo et al. 2011; Jun et al. 2012a; Nguyen
et al. 2012), comparative genomics (Hufford et al.
2012), genome-wide association mapping (Hwang
et al. 2014), and genomic predictions (Crossa et al.
2013) for many crops.

Soybean SNP markers have been recently used to
map QTL for a number of traits, including resistance
to biotic or abiotic stresses (Kim et al. 2011; Jun et al.
2012a, b; Nguyen et al. 2012; Ellis et al. 2012; Lee
etal. 2013a, b, 2014), seed yield (Kim et al. 2012; Liu
et al. 2013), seed protein/oil (Hwang et al. 2014), and
leaf traits (Jun et al. 2014). However, soybean SNP
markers have so far been underutilized for mapping
many important agronomic traits in soybean, includ-
ing PHT, LDG and MAT. Using the USLP 1.0 of 1,536
SNP markers, a dense genetic map of 516 SNP
markers were developed for a F;-derived recombinant
inbred line (RIL) mapping population from a cross of
‘Wyandot’ x PI 567301B, and was used to map QTL

@ Springer

for resistance to soybean aphid (Jun et al. 2012a) and
several leaf traits (leaf area, leaf shape, and specific
leaf weight) in soybean (Jun et al. 2014). The objective
of our study was to map QTL for PHT, LDG and MAT
in the Wyandot x PI 567301B population in two
different environments and across environments using
the map of SNP markers.

Materials and methods
Plant materials

A recombinant inbred line (RIL) population devel-
oped from a cross between Wyandot and PI 567301B
has been used in previous studies for mapping QTL for
soybean aphid resistance, powdery mildew resistance,
and leaf traits (Jun et al. 2012a, b, 2014). Wyandot is a
maturity group (MG) II (2.9) soybean variety devel-
oped in Ohio. PI 567301B is a Chinese germplasm in
MG IV, which was initially identified as a source of
soybean aphid resistance. Both parents have the
indeterminate growth habit. Wyandot is a high-
yielding cultivar adapted to the growing conditions
in Ohio, but PI 567301B is not. During the develop-
ment of the mapping population, it was noticed that PI
567301B had taller plants with greater tendency to
lodging and had more secondary and tertiary branches
compared to Wyandot (data not shown).

Experimental design and collection of phenotypic
data

Field experiments were conducted as described in Jun
et al. (2014). Briefly, a randomized complete block
design was used for each year with two replications.
Only 91 of the 94 F;-derived RILs used for generating
the SNP map were available for phenotypic evalua-
tion. In 2011 and 2012, field evaluations of agronomic
traits were conducted by planting three seeds in a hole
and then thinning to one plant per hole by hand at the
V1 growth stage (Fehr et al. 1971). A 0.9-m single row
plot of nine plants per RIL was grown with a distance
of 10-cm between plants with 0.9-m row spacing. Pre-
emergence and post-emergence herbicides were
applied both years for weed control and no fertilizers
were added to the field in either year. Due to drought
condition during initial growth stages in 2012, the field
was irrigated at the V2 and V8 stages of growth, but no
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irrigation water was applied during 2011 with normal
growing conditions. Data were collected for PHT,
LDG and MAT in both years. The average length from
ground to the terminal bud of three plants in the middle
of each row at maturity was measured for PHT. LDG
was rated on a scale of one (all plants erect) to five (all
plants prostrate on ground) at maturity. MAT was the
number of days from date of planting to the R8 growth
stage, at which 95 % of pods turned to mature pod
colors (Fehr et al. 1971).

SNP genotyping and construction of genetic
linkage map

DNA extraction and SNP marker genotyping was
conducted as described in Jun et al. (2012a). Briefly,
94 RILs of Wyandot x PI 567301B population and the
two parents were genotyped with the USLP 1.0
containing 1,536 SNP evenly distributed over the
twenty chromosomes of soybean. A framework
genetic map was constructed using the Kosambi
mapping function with JoinMap® 4 (Van Ooijen
2006). Linkage groups were determined at the loga-
rithm of odd (LOD) of 3.0 and a maximum marker
distance of 40 centiMorgan (cM).

Statistical analyses

Single marker-trait association was initially analyzed
for each trait and year using PROC GLM in SAS9.3
(SAS Institute, Cary, NC). Subsequently, composite
interval mapping was also used to identify QTL
associated with PHT, LDG, and MAT via MapQTL®5
(Van Ooijen 2004). LOD threshold was determined at
95 % of significance level by a 1000-permutation test
(Churchill and Doerge 1994). QTL with a LOD score
greater than the empirical LOD threshold were
declared significantly associated with the traits. The
averaged data over two replications within each year
was used for detection of QTL for each year, and 2-
year averaged values of each trait were used for QTL
analyses across years. Broad-sense heritability (H*) on
a line-mean basis for PHT, LDG, and MAT was

estimated by the equation H*> = g, / (aé + 05 /0+

2 /nr) where o2 is genotypic variance, 2, is variance
€ g g yp k4 ge

due to genotype x environment, (rg is error variance,

n is the number of environments, and r is the number of

replications within environment (Nyquist and Barker
1991). PROC VARICOMP was used to obtain the
variance components in SAS9.3. Pearson’s correlation
among the three traits was calculated using PROC
CORR in SAS9.3.

Results
Construction of a genetic map

A total of 516 SNP loci were integrated into 32 linkage
groups with a total length of 2,005.3 cM (Jun et al.
2012a). From the 516 SNP, 399 unique loci were
generated in the map, 15 to 30 loci of which were
anchored per chromosome (Chrm.) with average
marker density of approximately 5 cM (Jun et al.
2012a).

Phenotypic variation of PHT, LDG, and MAT

Wyandot and PI 567301B showed significant variation
in PHT, LDG, and MAT for both years and averaged
across years (P < 0.0001), and 91 F;-derived RILs
segregated normally (Fig. 1). Averaged over years,
PHT of PI 567301B was almost double than Wyandot
and the RILs segregated widely ranging between 69
and 164 cm (Fig. 1). Wyandot and PI 567301B across
years differed by a score of 3.3 in LDG and the LDG
scores of RILs ranged from 1.0to 5.0 (Fig. 1). MAT of
PI 567301B (146) was delayed by 15 days compared
to Wyandot (131), and the range of MAT among the
RILs was approximately 45 days. Eleven RILs had
significant transgressive segregation for earlier or later
maturity than the early parent Wyandot or the late
parent PI 567301B, respectively by Fisher’s least
significant difference (LSD) test (LSD = 6.5,
P < 0.05). Four RILs were delayed 6.5 days or longer
than the late maturity parent PI 567301B, while seven
RILs matured 6.5 or more days earlier than Wyandot.

For parental checks, PHT and LDG scores were
similar between the 2 years, whereas MAT was
significantly longer in 2012 compared to 2011. Among
the 91 RILs, PHT were moderately correlated with
LDG and MAT in both years, with the correlation
coefficients (r) of 0.36 and 0.47 in 2011, and 0.38 and
0.53 in 2012, respectively (P < 0.001). LDG was
moderately correlated with MAT in 2012 (r = 0.45,
P < 0.001), but not significant in 2011. Broad-sense
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heritability (H?) of the traits was high for PHT (0.83)
and MAT (0.94), while H*> of LDG was moderate
(0.54).

QTL identified using analysis of variance
(ANOVA) and composite interval mapping (CIM)

QTL were initially identified via single-factor
ANOVA using the trait data of each year and averaged
over the 2 years, followed by CIM. Table 1 lists the
SNP markers significantly (P < 0.01) linked with the
trait averaged across years and these markers were
also significant at P < 0.05 in each year. Thus the loci
reported in Table 1 can be considered stable across
environments. Table 2 presents the QTL identified by
CIM at above threshold LOD values using two-year
averages of the traits. Additional SNP markers signif-
icant at P < 0.05 for the ANOVA are listed in
Supplementary Table 1. This threshold may be con-
sidered relatively low to declare QTL in this study,
however, it is still important to report these markers
because the QTL in Supplementary Table 1 are
located in genomic regions reported for the respective
traits in previous studies.

Six QTL were identified for PHT, explaining 7 to
18 % of phenotypic variance (PV) across years. PHT-
13 (named by the combination of trait and Chrm.) was
the largest effect QTL associated with PHT and
significant in both years and averaged across years at
P < 0.01. PHT-11 also had high level of significance
(P <0.01) and accounted for more than 10 % of
phenotypic variance in all three analyses (Table 1).
These two QTL have been previously reported by
other researchers (Reinprecht et al. 2006; Chen et al.
2007). In addition, two QTL on Chrm.12 are first
reported in this study, which are highly significant
(P < 0.01) for two-year average, but their significance
was slightly below the P < 0.01 threshold in one of the
2 years. By CIM, the large-effect QTL on Chrm. 13
was consistently above LOD threshold regardless of
the year, explaining 18 to 33 % of PV (Table 2;
Fig. 2a). Another QTL on Chrm. 6 was also significant
in 2012 and in the 2-year average, explaining 12 to
15 % of PV on PHT, although this QTL was not
significant in 2011 (Table 2; Fig. 2a).

A total of four QTL were detected for LDG
averaged across the years by single-factor ANOVA
(P <0.01). Two loci were located in Chrm. 4

(designated as LDG-4-5 and LDG-4-32, adding cM
distance following the chromosome number), but the
SNP markers were separated by a distance of more
than 20 cM (Table 1). The LDG-4-32 QTL has not
been published earlier, but the other three QTL have
been published in the previous studies (Kim et al.
2012; Li et al. 2008a; Mansur et al. 1996; Zhang et al.
2004). In CIM, two QTL were identified on Chrm. 4
and 19 for LDG averaged across the years, which
individually explained over 11 % of PV (Table 2).
However, these two QTL were not significant in
individual year (Table 2).

Three QTL were identified for MAT averaged
across years on Chrm. 4, 11, and 12, which had been
reported earlier (Lee et al. 1996b; Li et al. 2008b;
Zhang et al. 2004) (Table 1). The largest effect QTL
for MAT was on Chrm. 12 (MAT-12), which
explained 29-30 % of PV. Another QTL on Chrm.
11 (MAT-11) was also highly significant in all three
analyses with major effects accounting forup to 17 %
of PV. The two MAT QTL on Chrm. 11 and 12 were
also highly significant (LOD = 5.8-10.0) in CIM
regardless of years accounting for 13-23 % of PV
(Table 2; Fig. 2c). Depending on their estimated
additive effects, Wyandot allele at each QTL
advanced pod maturity up to 8 days (Table 2).

Discussion

The main purpose of this study was to identify QTL for
PHT, LDG, and MAT in the Wyandot x PI 567301B
population. A number of studies have been conducted
to dissect genetic variation for these traits over last two
decades (Mansur et al. 1996; Lee et al. 1996a, b; Orf
et al. 1999; Panthee et al. 2007). Most of these
published studies utilized low resolution genetic maps,
where the numbers of RFLP, AFLP, or SSR markers
used were not high enough for determination of
precise genomic locations of QTL, and the molecular
marker and QTL were not tightly linked for MAS with
high level of confidence. Also, AFLP and RFLP are
not efficient markers for MAS. SNPs are currently the
most efficient and favored molecular markers for MAS
in most plant species, including Glycine max. There-
fore, the present study was undertaken to use a high
resolution molecular map of more than 500 SNP
markers to map QTL for three important agronomic
traits of soybean. The SNPs used in this study are all
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Table 2 Quantitative trait loci (QTL) for plant height, lodging, and maturity identified for 2-year averages by composite interval

mapping (CIM) with above threshold LOD value for each QTL

Chrm. Position Marker interval 2011 2012 Average®

(LG (cM)® LODY PVE® 4 LOD PVE a LOD PVE a
Plant height

6(C2)  109-110 BARC-062515-  BARC-010777- 21™ 70 —69 6.1 150 —83 43 122 —76

17881 00746
13 (F) 72-97  BARC-045235- BARC-038355- 43
08913 10050
LOD threshold® 3.2
Lodging
4 (CD) 5-7 BARC-038359-  BARC-039915- 0.4™
10052 07604
19 (L) 56-61 BARC-044415-  BARC-014885- 0.9™
08701 01914
LOD threshold 34
Maturity
11 (B1) 55-68 BARC-042473-  BARC-050069- 8.4
08271 09363
12 (H) 32-45 BARC-055731- BARC-055349- 7.4
13669 13226

LOD threshold 3.3

182 —10.8 6.2 194 —-100 89 332 -—132

3.1 33

1.2 —-0.1 14™ 49 —-02 38 126 —03

2.4 -02 21™ 79 -02 33 11.0 -02
3.1 32

21.1 —4.7 5.8 137 =35 71 153 =37

17.7 -85 9.0 223  —45 100 227 45
3.1 33

# Chrm chromosome; LG linkage group

b

¢ Averaged across the 2 years
4 Log of odd
¢ Phenotypic variance (%) explained by the QTL

Genetic position (cM) in the soybean Consensus Map4.0 (Hyten et al. 2010)

T Additive effect. Negative additive effects indicate that Wyandot provides alleles conditioning decreased plant height, low lodging,

and early maturity

¢ LOD thresholds calculated from 1000-permutation test (P < 0.05)

publicly available (USLP1.0) and thus are free to be
used in MAS or otherwise.

The two parents, Wyandot and PI 567301B, of the
mapping population had large variation between them
for all three traits of interest, and the RILs were
expected to significantly segregate among them for
each trait. Indeed, large variation was observed among
the 91 RILs for each of the traits (Fig. 1). Heritability
of PHT (0.83), LDG (0.54), and MAT (0.94) in this
study was moderate to high, and in agreement with
Lee et al. (1996a), who reported H? of 0.78, 0.41 and
0.87 for PHT, LDG, and MAT, respectively. These
values were relatively higher than another previous
study (Panthee et al. 2007), where a large geno-
type x environment interaction contributed to low
heritability estimates. In soybean, heritability for LDG
was generally lower than PHT and MAT (Hanson

1963). There was no transgressive segregation among
RILs for PHT and LDG, while significant transgres-
sive segregation was observed for MAT towards
earlier or later maturity. It is possible because these
RILs have the corresponding QTL alleles for early or
late maturity from both parents at several loci
conditioning MAT (Table 3). Early maturity was
conditioned by alleles of both parents in this popula-
tion. The seven RILs with earlier maturity also have
early-maturity alleles from PI 567301B (late maturity
parent), in addition to the early maturity alleles from
Wyandot (early maturity parent) (Table 3).

The present study identified QTL for each trait by
single-factor ANOVA and CIM, including a few novel
QTL and some large effect ones (Tables 1, 2). This
was possible due to the large differences among the
RILs for each trait and the use of a high resolution

@ Springer
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Fig. 2 Graphical presentation of position of QTL associated on the LOD plots indicate the LOD thresholds. The 1- and
with plant height, lodging, and maturity with LOD plots for 2-LOD intervals are displayed as bars and solid lines,

2011, 2012, and the averaged across 2 years. The hatched lines respectively. A Plant height; B Lodging; C Maturity
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Fig. 2 continued

C Maturity

Chromosome 11

4

0 )e\iBARC-OJI 591-08048

BARC-018025-02500
BARC-018583-02981

3417 BARC-014611-01591
38 1T BARC-054021-12241

43 117 BARC-054259-12411

52+ BARC-016539-02087
54T BARC-042837-08435

68 1T BARC-042473-08271

85 11T BARC-054421-12081
88 - BARC-050069-09363

T0DIT-LYIN

—
ZI0DTT-LVIN

-_—
COAVIT-LVIN

Chromosome 12

BARC-027560-06613
BARC-020149-04485
BARC-026101-05257
BARC-016111-02282
BARC-031429-07094
BARC-044181-08640
BARC-040539-07782
BARC-053059-11707
BARC-017095-02196
BARC-055731-13669
BARC-052799-11625
BARC-041563-08036
BARC-030145-06814
BARC-055349-13226
BARC-011573-00291
BARC-019775-04370
BARC-062675-18002
BARC-061985-17608
BARC-056033-13997
BARC-055907-13843
BARC-065597-19579
BARC-018895-03034

Table 3 Eleven recombinant inbred lines (RILs) with transgressive segregation in maturity (two-year

composition for the 10 SNP markers identified by ANOVA (P < 0.05)

-
(110DI1-LYIN

——

10DI-LYIN

(OAVIIT-LVIN

average) and their allele

Chrm. CMP  Marker name Early maturity Additive effect Allele composition®
(LG)* allele (days)
Early-maturing RILs Late-maturing RILs
117 120 122 122 122 124 124 157 158 158 162

4 (Cl) 7  BARC-039915- ‘Wyandot —2.4 + - NA + + NA  + - + - +
07604

4 (C1) 102 BARC-047813- Wyandot —2.6 + + + - + + + - - + -
10397

5 (A1) 0  BARC-048987- Wyandot —2.4 + + + + + + + - - - -
10780

6 (C2) 109  BARC-062515- Wyandot —22 + + + + + + - - - - -
17881

10 (O) 46  BARC-051153- Wyandot —2.3 + + - + - + + - - + -
11022

10 (O) 121 BARC-015167- ‘Wyandot —2.1 - + + + - + + - + - -
02733

11 (B1) 67  BARC-054421- Wyandot -3.6 + + - + + + + + - - -
12081

12 (H) 34 BARC-030145- Wyandot —4.9 + + NA + + + + - - - -
06814

2 (D1b) 56  BARC-040465- PI 567301B -2.0 - + + - + + + - + + -
07749

19 (L) 29  BARC-011793- PI 567301B —2.7 + + - + - - + - - - -

00875

% Chrm Chromosome, LG linkage group

® Genetic position (cM) in the soybean Consensus Map4.0 (Hyten et al. 2010)

¢ Presence or absence of early maturity alleles for the 10 loci in the 11 RILs was indicated by (+) or (=) sign, respectively. Missing data was indicated by NA
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genetic map. Since many QTL associated with PHT,
LDG, and MAT have been previously reported, there
is less chance to find novel QTL associated with these
traits. Based on our online literature search and QTL
listed in SoyBase (http://www.soybase.org/, accessed
August 2014), a few novel QTL were identified in this
study (Table 1). A QTL was declared novel in the
present study, in case it was more than 20 cM away
from previously reported QTL. Previously many of the
QTL for these traits were determined using coarse
genetic maps. In this study, two novel QTL for PHT
and one for LDG were significant in single-factor
ANOVA for two-year averages. Particularly, a new
QTL for LDG (LDG-4-32) was significant in ANOVA
for each year and averaged across years. This QTL was
also detected by CIM with above threshold LOD (3.4)
in 2011 and had a LOD of 2.5 in average of the 2 years
(Fig. 2b). The novel QTL would add to the growing
knowledge on the genetic control of these traits.

This study showed that quantitative traits can be
strongly affected by environmental factors. In 2012, a
severe drought occurred at the beginning of the
growing season. There was significant (P < 0.05)
genotype x environment interaction for LDG and this
unusual condition would affect QTL detection. As a
result, less number of QTL were detected across
environments by single-factor ANOVA and CIM
(Tables 1, 2). The genotype x environment interaction
emphasizes the importance of validation or confirma-
tion of QTL associated with quantitative traits via
experiments over multiple years and/or locations. In
addition to multi-environment tests, QTL can be
considered validated when the same QTL are mapped
in multiple populations developed using a different set
of parents. Validation of a QTL is important, partic-
ularly for traits that are environmentally sensitive,
because a validated QTL indicates stable expression
across environments. The present study validated a
number of QTL previously reported in different
genetic sources. Especially, PHT-6, PHT-13, LDG-
4-5, MAT-11 and MAT-12 were validated with high
levels of confidence by ANOVA and CIM. These QTL
can be considered robust and environmentally stable.

Though the pattern of relationship between yield and
other agronomic traits may vary in soybean, it was
shown that late maturity and tall plant height were
associated with high yield (Ablett et al. 1989; Mansur
et al. 1996; Cober and Morrison 2010). Thus, PHT,
LDG, and MAT need to be considered when selecting

@ Springer

lines with other desirable traits, such as insect and
disease resistance. The validated QTL and three novel
QTL in the present study are flanked by two or more
SNP markers that are closely linked (within 1-5 ¢cM) to
each QTL. The SNP markers identified as closely linked
to each QTL in this study are valuable for MAS of the
QTL by interested soybean breeding programs. Thus,
this study clearly advances the knowledge on the genetic
control of plant height, lodging and maturity in soybean,
and identifies more efficient and reliable markers for
MAS for these traits than those currently exist.
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