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1. Introduction

The change from vegetative to reproductive growth is a critical developmental transition in
the life of plants. Various external cues, such as photoperiod and temperature, are known to
initiate plant flowering under the appropriate seasonal conditions. Endogenous cues include
a system of juvenile to adult transition that affects competence to flower. To understand the
molecular mechanism of flowering, extensive studies have been performed using model
plants, Arabidopsis thaliana and rice (Oryza sativa), and these have revealed the numerous
regulatory network components associated with flowering (Jung & Muller, 2009; Amasino,
2010). The general concept of the photoperiodic induction of flowering (photoperiodism)
and the range of response types among plant species was established by Garner and Allard
(1920). Among the external cues, light is the most important, being received by several
photoreceptors including phytochromes, cryptochromes and phototropins. The role of
phytochromes, that is the R-light- and FR-light- absorbing photoreceptors, in flowering has
been investigated in several plant species. In Arabidopsis, a quantitative long-day (LD) plant,
a phyA mutant flowered later in either long-day or short-day (SD) conditions with a night
break (Johnson et al., 1994; Reed et al., 1994). In rice, a SD plant, the phyA monogenic
mutant exhibited the same flowering time as the wild type under LD conditions, while, in
the phyB and phyC mutant backgrounds, the flowering was greatly accelerated relative to
phyB and phyC monogenic mutants (Takano et al., 2005). In pea, a LD plant, loss- or gain-
of-function phyA mutants displayed late or early flowering phenotypes, respectively
(Weller et al., 1997, 2001). Day length is found to be perceived by leaves by Knott (1934).
Because flowering occurs in the shoot apical meristem (SAM), the leaves must transmit a
signal to the SAM and this signal is referred to as florigen (Chailakhyan, 1936). In
Arabidopsis, three genes, CONSTANS (CO), GIGANTEA (GI) and FLOWERING LOCUS T
(FT) were found to be involved in the production of a flowering promoter in LD conditions
(Koornneef et al., 1991; Kardailsky et al., 1999). FT protein is now known to be florigen, and
CO and GI are key players in the activation of FT expression. CO is a zinc-finger protein that
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functions as a transcription factor (Putterill et al., 1995), and Gl is a large protein involved in
circadian clock function (Fowler et al., 1999; Park et al., 1999). FT is a small protein with
some resemblance to RAF kinase inhibitors (Kardailsky et al., 1999; Kobayashi et al., 1999)
that is produced in leaves and moves to the SAM (Corbesier et al., 2007; Jaeger & Wigge,
2007; Mathieu et al., 2007; Tamaki et al., 2007; Notaguchi et al., 2008). The rice orthologs of
Arabidopsis CO and FT genes, Heading date 1 (HD1) and Heading date 3a (Hd3a), respectively,
have been identified (Yano et al., 2000; Kojima et al., 2002; Hayama et al., 2003). The
promotion of flowering in Arabidopsis in LD conditions results from activation of FT by CO,
while the delay in flowering in rice in LD conditions results from repression of Hd3a by Hd1
(Izawa et al., 2000; Kojima et al., 2002; Roden et al., 2002; Hayama et al., 2003). A CO/FT
module is likely to be conserved throughout the plant kingdom. CYCLING DOF FACTORS
(CDFs) exhibit circadian cycling and bind to CO promoter and repress CO expression. The
abundance of CDFs is controlled by FLAVIN-BINDING, KELCH REPEAT, F-BOX
PROTEIN1 (FKF1) that appears to be involved in the ubiquitin-mediated degradation of
CDFs. GI protein physically interacts with FKF1 and stabilizes it promoting CDF
degradation and subsequent CO expression (Imaizumi et al., 2005.; Sawa et al., 2007;
Fornara and Coupland, 2009; Imaizumi, 2009). Despite the conserved functions of FT
orthologs, their expression may be controlled by different systems in different species. Non-
CO/FT pathways have been proposed for several plants, such as morning glory (Pharbitis
nil) (Hayama et al., 2007) and tomato (Ben-Naim et al., 2006; Lifschitz et al., 2006). In rice,
Early heading date 1 (Ehd1) has been found to promote flowering by inducing FT-like gene
expression only under SD conditions independently of Hdl (Doi et al., 2004). There is no
Ehd1 ortholog in Arabidopsis.

Soybean is a typical SD plant whose photoperiodic sensitivity was discovered by Garner
and Allard in 1920. Compared to the model plants, photoperiodic control of flowering in
soybean is far less understood. The eight loci, E1 to ES8, conditioning flowering has been
genetically identified (Bernard, 1971; Buzzel, 1971; Buzzel and Voldeng, 1980; McBlain and
Bernard, 1987; Bonato and Vello, 1999; Cober and Voldeng, 2001; Cober et al., 2010). At each
of these loci, two alleles have been identified, and except for E6, the recessive alleles at the E
loci condition early flowering under both LD and SD conditions. The partially dominant
alleles at the E loci delay flowering under LD conditions. Near-isogenic lines (NILs) for E
loci have been developed and used for studies to elucidate the flowering in soybean (Saidon
et al., 1989a,b; Upadhyay et al., 1994a,b; Cober et al., 1996a). Among these E loci, E1, E3, E4
and E7 are known to be involved in the response to the phtoperiod (Buzzell, 1971; Buzzell
and Voldeng, 1980; McBlain et al., 1987; Cober et al., 1996b; Cober and Voldeng, 2001; Abe et
al., 2003). The E3 locus was first identified with the use of fluorescent lamps to extend day
length. The e3e3 recessive homozygote can initiate flowering under LD conditions where the
day length was extended to 20 hr using fluorescent lamps (FLD) with a high red to far-red
(R: FR) ratio (Buzzell, 1971). The E4 locus was identified by extending the natural day length
to 20 hr with incandescent lamps with a low R: FR ratio (Buzzell and Voldeng, 1980). The
insensitivity of e4de4 genotype to LD conditions with a low R: FR ratio is necessary of e3e3
background (Buzzell and Voldeng, 1980; Saindon et al., 1989b; Cober et al. 1996b). The E1
and E7 loci are involved in the control of insensitivity to artificially induced LD conditions
in the e3 and e4 backgrounds (Cober et al., 1996b; Cober and Voldeng 2001). Of the known E
loci, the E1 locus is considered to have the largest effect on time to flowering under field
conditions (Stewart et al., 2003).
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Flowering time is a very important trait which is related to productivity, adaptability and
domestication. Soybean breeders have attempted to modify flowering and maturity to
expand growing areas for soybean. Molecular identification of E loci and flowering network
of soybean is useful for efficient breeding to control adaptability and increase yield of
soybean. We have identified flowering-time quantitative loci (QTL), FT1, FT2 and FT3, and
found to correspond to E1, E2 and E3, respectively (Yamanaka et al., 2001). We successfully
identified the responsible genes for the E1 (Xia et al., unpublished), E2 (Watanabe et al.,
2009) and E3 (Watanabe et al., in press) by positional cloning strategy. In this chapter, we
will describe the process of identification of responsible genes for the E1, E2 and E3 loci with
variation of alleles and propose a tentative major flowering time pathway in soybean.

2. Strategy for fine mapping and positional cloning

As flowering time is a quantitative trait, we employed QTL analysis (Tanksley, 1993) to
dissect the genetic factors for flowering time into individual components by using
recombinant inbred lines (RIL) derived from Misuzudaizu, a Japanese variety, and
Moshidou Gong 503, a weedy line from China. To identify the underlying molecular basis
for each QTL, map-based cloning method was performed because molecular or biochemical
information for soybean flowering was very few or totally not available. Although NILs are
usually used for fine mapping of each QTL, developing NILs is time-consuming and
laborious process especially in soybean. Alternatively, we have proposed fine mapping
using residual heterozygous lines (RHLs) (Yamanaka et al., 2005). An RHL selected from an
RIL population harbors a heterozygous region where the target QTL is located but contains
a homozygous background for most other regions of the genome. The progenies of the RHL
are expected to show a simple phenotypic segregation based on the effects of the target QTL
at the heterozygous region (Fig. 1). A similar term, heterogeneous inbred family (HIF), was
used by Tuinstra et al. (1997) to identify the QTL associated with seed weight in sorghum.
The RHL strategy has already been used to identify loci underlying pathogen resistance in
soybean (Njiti et al., 1998; Meksem et al., 1999; Triwitayakorn et al., 2005). Genotypes of a
trait in recombinants identified in the progenies of RHL, could be determined in the next
generation.

The probability of discovering RHLs for a target QTL depends on the heterozygosity ratio in
a population and the size of the population. If p is the ratio of hetrozygosity of any
population with size n, then the probability of detecting k individuals with a heterozygous
genotype is supposed as ,Ci pk (1-p)»* based on a binomial distribution. In the case of an Fy
generation of RILs, the ratio of heterozygosity (p) is 0.0156 and with a population size of 200
(n), the probability of detecting at least one RHL is more than 0.95. We propose that QTL
analysis using the Fg-Fg RIL population in combination with the RHL strategy is useful for
dissecting genetic factors for an agronomic trait into each QTL where the homozygous ratio
is sufficiently high to evaluate traits with replication and the heterozygosity ratio is not so
low and will allow the identification of a sufficient number of RHLs.

In progenies of an RHL, we can identify NILs for the target QTL. New DNA markers in the
heterozygous region were developed using NILs, bulked segregant analysis (BSA) in
progenies of the RHL, and sequences of bacterial artificial chromosome (BAC) clones covering
the target QTL. We usually developed amplified fragment length polymorphism (AFLP),
simple sequence repeat (SSR) and sequence characterized amplified region (SCAR) markers.
Genetic analyses of flowering phenotypes and DNA markers were performed in the
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Fig. 1. A schematic representation of RHL. An RHL harbors a heterozygous region where
the target QTL is located but contains a homozygous background for most other regions of
the genome. Meshed circles show heterozygous individuals.
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progenies of RHLs with a large population. Recombinants of DNA markers were identified
in the population and the genotypes of flowering time of recombinants were confirmed by
progeny test. The cosegragated region of DNA markers with genotypes of flowering time,
and BAC contig covering the region were identified. Sequencing of BAC clones covering the
target region and annotation of sequences were performed. Confirmation of a candidate
gene was carried out by association of phenotypes and sequence polymorphism of several
alleles and gene disruption by induced mutation.

Population size of progenies of RHL for fine mapping depends on recombination frequency,
that is, the position of a QTL. We usually used about 1,000 individuals but more than 10,000
plants are necessary when the target locus is located in the peri-centromeric or centromeric
region. For high throughput genotyping, the cotyledon flour was obtained by drilling a hole
on the surface of seed without any damage to the embryonic axis (Fig. 2). The initially
drilled material was discarded to eliminate any possible contamination from the seed coat.
Collected materials were transferred into wells in 384-well plate. The drill and tube were
cleaned by air flow.

3. Positional cloning of the responsible genes for the E1, E2 and E3 loci

A population of 156 RILs (Fs.10) derived from a cross between Misuzudaizu and Moshidou
Gong 503 was used for QTL analysis of flowering. Three QTLs for flowering time, FT1, FT2
and FT3 were identified at LG C2 (Chr. 6), LG O (Chr. 10) and LG L (Chr. 19), respectively
(Fig. 3). The FT1, FT2 and FT3 were considered to correspond to EI, E2, E3, respectively,
based on their map positions (Yamanaka et al.,, 2001; Watanabe et al., 2004). The late-
flowering alleles FT1, FT2 and F13 are partially dominant over the early-flowering alleles,
ft1, ft2 and ft3, respectively. Misuzudaizu harbored the late-flowering allele of the FT1 and
FT3 loci, whereas Moshidou Gong 503 carried the late-flowering alleles of the FT2 locus.

3.1 Positional cloning of the responsible gene for the E2 locus

The line RIL6-8 was found to be heterozygous for the FT2 locus and was designated as RHL6-8
(Fig. 4). DNA marker analysis showed that RHL6-8 harbored a heterozygous region covering
approximately 10 cM including the FT2 locus. The RHL6-8 generated NILs6-8-FI12 and -ft2
among its progenies. Using BSA, a polymorphic AFLP marker, E7ZM19, was detected between
the early-flowering bulk and late-flowering bulk derived from the progeny of RHL6-8. This
marker was located close to the LOD peak position of the QTL assigned FT2 (Fig. 5). We
developed additional DNA markers tightly linked to the FI2 locus using NILs6-8. Among the
products amplified from all possible 4,096 primer pair combinations, only five polymorphic
bands showed constant polymorphism between the contrasting genotypes of FT2/FI2 and
ft2/ft2 in NILs6-8. These polymorphic bands were excised from the gel, sequenced and
converted to SCAR markers. Three SCAR markers, originating from five AFLP bands, were
developed and used for screening of 10 BAC clones from two independent BAC libraries. A
contig covering the FT2 region was constructed based on the results of PCR analysis using the
BAC end sequences. Five of the 10 BAC clones were then subjected to shotgun sequence
analysis. Each BAC clone was separately analyzed and assembled, and the sequence
information then combined using overlapping sequences. The total length covered by the five
clones was approximately 430 Kb. A total of three DNA markers, including one AFLP-derived
marker (marker 2) and two PCR-based markers developed from BAC sequences (markers 1
and 3), were used in the fine mapping to minutely restrict the FT2 locus (Table 1). The
positions of these markers are shown in Fig. 6.
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Fig. 3. QTLs for flowering time identified in the RIL population. PVE: phenotypic variance
explained by each QTL.
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genotype, respectively.
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Fig. 5. QTL analysis for the FT2 locus in the RIL population. The LOD scores for the FT2
locus calculated by composite interval mapping and displayed in the left panel. DNA
markers closely linked to the FT2 locus are shown in the right panel.

A population consisting of 888 plants, derived from several RHL6-8 plants, was used for fine
mapping of the FT2 locus. Recombination between in this region was found in 21 plants
among 843 plants. The remaining 45 individuals were omitted from the analysis because of
missing data for phenotypes or genotypes. The number of FI2 homozygous late-flowering
genotypes (n=213), heterozygous (n=420), and ft2 homozygous early-flowering genotypes
(n=210) fitted well with a 1: 2: 1 segregation ratio. The additive effect and dominant effect of
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this QTL were estimated to be -5.17 days and 0.57 days, respectively. The ratio of genetic
variance explained by the FT2 locus accounted for 87.9 % of the total variance, indicating that
the variation observed in this population was largely controlled by the single QTL effect. The
genotypes of the selected 3 markers and flowering genotypes confirmed by progeny test are
shown in Fig. 6. The genotypes of marker 2 cosegregated with flowering genotypes indicating
that the QTL was close to this marker. Among the recombinants, line 6-8_501 rec had a
recombination point between marker 1 and marker 2. Another lines, 6-8_452rec_A, 528rec_B
and 6-8_120 rec, generated a recombination between marker 2 and marker 3. Marker 1 and 3
originated from the end sequences of a BAC clone MiB300HO1. Considering the recombination
points in each line and their flowering genotypes, this indicated that the FI2 locus was
restricted to the single BAC clone, MiB300HO1. To identify the responsible gene for this QTL,
the nucleotide sequence of this BAC clone was determined.

Marker name Type of marker Clone name Direction  Sequence (5'-3'") Glyma1.0 (Gm10)®
Marker 1 BAC end GMJMIB300HO1RV  Fw CATAGCCGACCTTCTCCAAA 44,787,669

Rv AGCCCAATATGGCAGCATAC 44,787,287
Marker 2 2 AFLP(SCAR)  E60M38 Fw CAGTGTTCGCCAGGCTTAGT 44,726,500

Rv GCTTGGGTAAACATCCCAAA 44,726,011
Marker 3 BAC end GMJMIB300HO1fw ~ Fw GAGAGCAGGGTTATTGGATGA 44,696,157

Rv GCCACTGTGCCACATTACAC 44,696,810

a) The digestion w ith the restriction enzyme EcoRIw as needed to detect polymorphism.
b) Physical position at Gm10 in Glyma1.0 (http://w w w .phytozome.net/).

Table 1. List of DNA markers used for fine mapping of the FI2 locus.

DNA marker
| | | | | |
AFLP_E37M47_27 35C13M4_Mspl AFLP_E60M38 319A04M4 114F08RV
AFLP_E37M31
Physical contigs l l l l
GMJIMIB300HO | s—— GMJMiB319A04
GM_WBb35C13! GM_WBb225N14 GMJMiB039C03

1T e

Genetic mapping

Marker 1_Marker 2 Marker 3 ~ Flowering segregation in progeny
_452rec_A —_—
528rec_B [
6-8_120rec gz
6-8_501rec m—
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04h178A I E——
04h174B [ i ]

FT2 (E2) IOCUS 7SDay830tofIg\§/eringgO

Fig. 6. Fine mapping of the FT2 locus. The genotypes of each DNA marker of recombinants
are shown in the left panel and segregation of flowering in the progenies is displayed in the
right panel at the bottom of the figure. The interquatile region, median, and range are
indicated by a box, vertical line, and horizontal line, respectively.

6-
6-

In the 94 Kb sequence of MiB300HO01, nine annotated genes were predicted. One of these
genes, Glyma 10g36600 (assigned in phytozome ver. Glyma 1.0 http://
www.phytozome.net/), with a high level of similarity to GIGANTEA (GI) gene, was
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considered a strong candidate for the F12 locus. We isolated the complete predicted coding
region using an RNA sample extracted from leaves of NILs6-8-FT2. We refer to this gene as
GmGla, since another GI gene, GmGIb, was also obtained from the same RNA sample. The
coding sequence of GmGla-Mo from Moshidou Gong 503 was extended to a 20Kb genomic
region and contained 14 exons (Fig. 7A). Marker 2, which cosegragated with the FT2
genotypes and originated from the AFLP marker, E60M38, was located in the 5th intron
(Fig. 7). Compared to GmGla-Mo, the Misuzudaizu early flowering allele, GmGla-Mi,
showed four single nucleotide polymorphisms (SNPs) in its coding sequence. One of these
SNPs, detected in the 10th exon, introduced a premature stop codon mutation that led to a
truncated 521 amino acids GI protein in the GmGla-Mi allele (Fig. 7B). This stop codon
mutation was considered a candidate for a functional nucleotide polymorphism in GmGla. A
derived amplified polymorphic sequence (dCAPs) marker was developed to examine the
identity of this stop codon mutation in other NILs originating from Harosoy (e2/e2). The
genotypes of all NILs tested coincided well with the genotype of this diagnostic dCAPs
marker. This result indicated that the responsible gene for the FT2 and E2 loci was identical
to each other, and that a conserved mutation might have caused the early flowering
phenotype in the recessive alleles. To validate the significance of the mutation in the GmGla,
we screened a mutant line from X-ray irradiated and ethyl methanesulfonate (EMS) treated
libraries by targeting-induced local lesions in genomes (TILLING) (McCallum et al., 2000).
The sequence of GmGla in the wild type Bay cultivar was completely identical to that of the
E2 allele. One mutant line harboring a deletion in the 10th exon that caused a truncated
protein (735 amino acids) (Fig. 7B) showed a significant earlier (8days) flowering phenotype
than the wild type under natural day-length conditions. These results indicate that GmGla is
the gene responsible for the E2 locus.

A
BAC MiB300HO1
24-45Kbp (start codon 24257bp)
AFLP
25Kb 30Kb E6W/I38 35Kb 40Kb 45Kb
i—HH HH lH—Flj
B
GmGla _ CDS LI 1 11 11 | 3758bp
A 521 2a A 73522 1170 aa
stop codon
ft2 (e2) E2-mut

Fig. 7. Variation of gene structure of GmGla. A: Exons, a part of the 3'UTR, and introns of the
GmGlIa gene in the 24-45 Kb region of MiB3300HO1 are indicated by bold boxes, open boxes
and lines, respectively. The location of marker 2, originating from AFLP marker E60M38, is
presented in the 5th intron by the gray box. B: The truncated sites of amino acid sequences
in ft2 (e2) and the mutant allele (E2-mut) are indicated by the solid triang]les.
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3.2 Identification and variation analysis of the responsible gene for the E3 locus

The line RIL1-146 was found to be heterozygous for the F13 locus. One other line, RIL6-22,
showed segregation for growth habit. This trait is controlled by the Dt1 locus and is linked
to the FT3 locus at a distance of about 25 cM. The segregating region of RIL6-22 included
both the Dt1 and the FT3 loci. A single plant with a genotype of dt1dt1 FT1FT1 ft2ft2 FT3ft3
was selected from RIL1-146, and 5plants with a genotype of Dt1dt1 ft1ft1 ft2ft2 FT3ft3 were
selected from RIL6-22 and designated as RHL1-146 and RHL6-22, respectively. From both
progenies of these RHLs, two NILs, 1-146-FT3 and -ft3, and 6-22-FT3 and -ft3 were selected.
Using BSA analysis, a polymorphic AFLP marker, E6M22, was detected between the early-
flowering bulk and the late-flowering bulk derived from the progeny of RIL1-146. This
marker was located at the LOD peak position of the FT3 (Fig. 8).

A B

LOD score

LG L

8.0 6.0 4.0 20 . at1/dt1 Dt1/d _t/t1
\A169

GMSO018
/GM251
E16M23

Position 117.3cM / §GM017

LOD score 6.33 E3M26
Additive effect 2.4day
PVE 4.5%

B124a
B046a
GMO041
iSatt156 o ‘
cM267 RHL6-22
~ Satt448
— Satt166

(
>
7
—Dt1 Dt1
Sat_184
Sat6es,

S/

‘e %/ o RHL1-146
Satt229\ homozygous

R | E6M22. N
i GM120a homozygous
< Satt513

Satt373 =
I1 OCM - Sat_245 homOZyQOUS

136.8cM

homozygous

FT3

Fig. 8. LOD scores for the FT3 locus and heterozygous regions of RHLs. The location of the
FT3 locus and the segregating regions of two RHLs, 6-22 and 1-146 are shown. Solid line
indicates the LOD scores calculated by composite interval mapping for the QTL (A). Shaded

bars indicate the heterozygous regions of two RHLs (B).

www.intechopen.com



Positional Cloning of the Responsible Genes for Maturity Loci E1, E2 and E3 in Soybean 61

As a result of marker analysis, the heterozygous region in RHL1-146 extended for about 5
cM including the FT3 locus. In contrast, the heterozygous region in RHL6-22 extended for
about 40 cM including the FT3 and D11 loci. Two groups of NILs, NILs1-146 and NILs6-22,
were used to develop the AFLP markers tightly linked to the FT3 locus. Of all possible 4096
primer pairs, only six fragments showed constant polymorphism between the genotypes of
FT3/FT3 and ft3/ft3 in NILs1-146 and NILs6-22. These polymorphic bands were excised
from the gel, then sequenced, and converted to codominant SCAR markers. Several BAC
and transformation-competent bacterial artificial chromosome (TAC) clones were screened
using the SCAR markers. The nucleotide sequences of a BAC clone, GMJMiB242F(1, and a
TAC clone, GM_TMiH_H17D12, were determined. These BAC/TAC sequences were used
to develop new PCR-based markers. A total of six DNA markers, including three AFLP-
derived markers (markers 1, 3, and 6) and three PCR-based markers developed from the
BAC/TAC sequences (markers 2, 4, and 5) were used for fine mapping of the FT3 locus
(Table 2).

A population of 897 plants derived from seven RHL1-146 plants was used for precise
mapping of the FI3 locus. No recombination between these markers was found in 883
plants. The numbers of FT3 homozygous late-flowering genotype (n=208) and heterozygous
(n=441) and ft3 homozygous early flowering genotypes (n=234) fitted a 1: 2: 1 segregation
ratio. These results suggested the presence of a single QTL for flowering time within a small
heterozygous region in RHL1-146. The additive effect and the dominant effect of this QTL
were estimated to be 3.0 and 0.98 days, respectively. The ratio of genetic variance explained
by the FT3 locus accounted for 70.7 % of the total variance. On the other hand, 14 plants
showed recombination between these markers (Fig. 9) and the recombination points were
determined by the genotype of markers 2-5. The FI3 genotypes in each recombinant
completely coincided with the genotypes of marker 3 that originated from the closest AFLP
marker E6M22 to the LOD peak position (Fig. 8). Moreover, recombination points occurred
on both sides of marker 3 and corresponded to both sides of the TAC clone,
GM_TMiH_H17D12. These results suggested that the gene responsible for the FI3 locus was
restricted to the physical region covered by GM_TMiH_H17D12 (Fig. 9).

Mame of marker Origin of marker = Direction Primer sequence (5-3") Ghymal0 (Gmid)=

Marker AFLP FW GAATGTGCTTGTGTITGTGTC 47 172 164
(SCAR._EB4/56M 50) RV TAAAGAACCCAGATACAGTCC 47 171,779
Marker2 ® TAC end sequence FW CACACAGAAAGCCACAGCAT 47 441,801
(GM_TMiH_H17DA2-RY ) RV GCTGATCCTTGTGCTGATGA 47 442 133
Marker3 = AFLP Fw TGGGTCTTCAGTTCAGTTGG 47 516,419
(SCAR_EEGM 22) Rv1 TGCTTCCTTTCACTTTCTGATG 47 519,757
Rv2 AGGAAAGGTGGAAGGCGTAT 47 518,322
Markerd = BAC intemal sequence Fw AATTGAGCTCAGGGAACAGC 47 536,043
(GM IMIB242F01) RV GGATAGAGATG GCGAAGTAA 47 536,374
Markers BAC end sequence Fw GCCATGCAACGAGAGGAAGATT 47 549 930

(GMIMIB 242F 014 4) RV CACCGTCGTTTTCCTTCTIC Mot found with BLAST s earch
M arkers AFLP FW CAGTAAAATTGATGGGTGCC 47 672,769
(SCAR_E30M47) RV CTGATACACCCAAAGGAAAC 47 672 997

a) Code of AFLFP markers and the clone name are indicated in parentheses.

b) Diges tion using the res friction enzy me Mzel w 85 spplied to detect poly morphism

c) The tw o combinations of PCR{FW-F\ 1 and PW-RW2) enabled to dis tinguish the each alele as a8 co-dominant marker.

d) The amplified region by marker 4 was included in GM_TMH_H17D12 and w as located 1.5 Kbp fromthe end of the clone.
e) Physical position at Gmil 2 in Glymal 0 (httpidv ww . phyiozome. net).

Table 2. List of DNA markers used for fine mapping of the FT3 locus.
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DNA marker
Satt229 E54/56M59 E41M34 E18M23 E6M22 E30M47 GM120a

—+—F—

Physical contigs l

GMIMIB242F (1 me———

¢ > I \isuzudaizu homozygous allele
GM_TMIH_H17D12 e—— /

[ Moshidou Gong 503 homozygous allele

100Kbp |
. . Essssiizid] Heterozygous allele
Genetic mapping Flowering segregation in progeny
Marker1t Marker2 Marker3  Marker4  Marker5 Marker6
03009 I I T E— — e
03027 | i i I I | —A 1T
04043 _rec | I E 10—
04110_rec I S T e BN NN e
04232 rec[ | T I B
04241 rec ] 1 L T ] [
04253 _rec I 41— [F— »
04277 _rec I I T e IR I e
04343 rec & - [ [
04351 rec [ ] 1 1 [
04478_rec I I oo )b — 7 T }—
04531 _rec | I i 1 T
04564_rec I 1 1 [
04733_rec _-___ 7 —  T]
04783_rec § 3\ f I I | !
i 2 — 1 o
T T T
FT3 (EB) locus 60 65 70

Days to flowering

Fig. 9. Fine mapping of the FT3 locus. The genotypes of each recombinant are shown in the
left panel. Misuzudaizu homozygous, Moshidou Gong 503 homozygous and heterozygous
genotypes are indicated by solid, open and meshed boxes, respectively. The phenotypic
segregation in the progenies of each recombinant was shown in the right panel. The
interquartile region, median, and range are indicated by a box, bold vertical line, and
horizontal line, respectively.

A total of 11 genes were predicted in the sequence of GM_TMiH_H17D12. Previous studies
had suggested that the FT3 locus may be identical to the maturity locus E3 (Yamanaka et al.,
2001) and that the E3 gene which showed a large effect on flowering time under FLD
conditions had some association with a photoreceptor (Cober et al., 1996b). Considering
these findings, one gene highly similar to that encoding phytochrome A was considered to
be the gene responsible for the FT3 locus. To confirm this assumption, differences in this
gene between the parental lines were investigated. This phytochorome gene was referred to
as GmPhyA3, since two other phytochrome A genes had been previously designated as
GmPhyAl and GmPhyA2 by Liu et al. (2008). GmPhyA3 obtained from Misuzudaizu
(GmPhyA3-Mi) was found to encode a protein composed of 1130 amino acids. A BLAST
search found that GmPhyA3-Mi displayed normal features of phytochrome A, including a
chromophre-attached domain, two PAS domains, and a histidine kinase domain as
conserved domains. Compared to GmPhyA3-Mi, the GmPhyA3 gene of Moshidou Gong 503
(GmPhyA3-Mo) showed a large insertion in the fourth intron and one SNP for a
nonsynonymous amino acid substitution (glycine to arginine) in the third exon (Fig. 10).
This SNP corresponded to the polymorphism detected by the AFLP marker E6M22. The
inserted sequence was 2.5 Kb in length and a part of this sequence was found to be highly
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similar to that of the non-long-terminal-repeat (LTR) retrotransposon reverse transcriptase
element, but did not resemble the Ty1/copia or Tyl/gypsy sequences in the e4 allele (Liu et
al., 2008). Moreover, this inserted sequence showed a similar short sequence on both sides of
the inserted position. To collect allelic information about GmPhyA3, the genes from Harosoy
and Harosoy-e3 were also isolated and designated as GmPhyA3-E3 and GmPhyA3-e3,
respectively. While a large retrotransposon-like insertion sequence was observed in
GmPhyA3-E3, similar to that in GmPhyA3-Mo, the amino acid sequences encoded by
GmPhyA3-Mi and -E3 were identical (Fig. 10). On the other hand, a large deletion of 13.33
Kb at a position after the third exon was detected in GmPhyA3-e3 (Fig. 10). Additionally, one
mutant (GmPhyA3-mut), with a 40-bp deletion in the middle of the first exon of the
GmPhyA3 gene was screened from the mutant libraries of Bay by TILLING (Fig. 10). The
sequence of GmPhyA3 from Bay was identical to that of GmPhyA3-E3.

Gene structure Red light sensitivity
GmPhyA3-Mi (E3Mi) I- - ﬂ Normal
GmPhyA3-E3 (E3Ha) I- - ] Normal
GmPhyA3-Mo (e3Mo) I- alllm ] Less
- ﬁ Amino acid substitution
GmPhyA3-e3 (e3T) I- i e Less
GmPhyA3-mut I- - ﬂ Less
40bp deletion

| GAATAGCTTCCAAAGATATACTTTTCTGGTTTCGGTCTCA |

Wild Type IACGMAAARIASKDILDQDRSHTASEIRWGGAKHEPGERDDGRRYV
GmPhyA3-mut |IACGMAAA(TQPQKSDGVVQSMSLVKGMMVGGCIQDHHSRLSLKL*)

Fig. 10. Variation of gene structure of GmPhyA3 and red light sensitivity. Open boxes,
shaded boxes, and horizontal lines indicate exons, UTRs, and introns, respectively. The
deleted region detected in Harosoy-e3 is denoted by a dotted line. The deleted region in the
middle part of the first exon of the mutant is shown at the bottom of the figure. The
sequence of 40-bp deletion and the corresponding translated amino acid sequence in the
wild-type plant are displayed. As a result of the deletion, a stop codon following the 36
amino acids at the deletion site appears in the mutant.

For allelism test among the E3, FT3, and ft3 alleles, two population from crosses between
Harosoy (Dt1Dt1 elel e2e2 E3E3) and 6-22-FT3 (Dt1Dt1 ftiftl ft2ft2 FT3FT3) and 6-22-ft3
(Dt1Dt1 ftift1 ft2ft2 ft3ft3) were developed. Genetic analysis revealed that only the crossing
population of Harosoy and 6-22-ft3 showed a significant difference in genetic effect on
flowering time. This indicated that the E3 and FI3 alleles had the same effect. The large
insertion-like retrotransposon observed in GmPhyA3-E3 and -Mo therefore might have no
effect on the phenotype, whereas the one-amino-acid substitution observed in the GmPhyA-
Mo might have weakened the effect of the FT3 allele.
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Since Cober’s study (1966b) indicated that the E3 allele exerted a large effect under FLD, the
sensitivity to FLD conditions between the three NILs ( Harosoy and -3, 6-22-FT3 and 13,
1-146-FT3 and -ft3) and the mutant line for the GmPhyA3 gene were evaluated. While the
flowering days of each line varied because of their different genetic backgrounds, the effect
of the E3/FT3 allele was enhanced under FLD conditions in all the NILs. The mutant line
with GmPhyA3-mut flowered 15 days earlier than the original variety Bay under extended
mercury-vapor lamp with high red/far-red (R/FR) conditions like FLD.

These results strongly suggest that GmPhyA3 is the gene responsible for the locus E3/FT3.
We designated the type of gene structure of GmPhyA3-Mi, GmPhyA3-E3, GmPhyA3-Mo and
GmPhyA3-e3 as E3Mi, E3Ha, eBMo and e3T, respectively, hereafter. Distribution of these
alleles was investigated using several cultivars and lines covering all the maturity groups in
Japan. Three primer pairs were designed for discrimination among E3Mi, E3Ha/e3Mo and
e3T. The sequences of these primers are shown in Table 3 and the positions of these primers
are indicated in Fig. 11. The e3Mo type was distinguished from E3Ha type by Msel
digestion of a PCR product using specific primers, E3_07666FW and E3_08417RV. PCR
products or digested fragments were separated by 1% agarose gel electrophoresis. Among
the 80 accessions randomly selected from Genebank of the National Institute of
Agrobiological Sciences (NIAS) in Japan, the E3Mi and e3T types were equally abundant,
while the E3Ha and e3Mo types seldom occurred.

Marker type Primer name 5-sequence

S =1
E3 09908RV CTAAGTCCGCCTCTGGTTTCAG
E3Ha_1000RV CGGTCAAGAGCCAACATGAG
edT _0716RV GTCCTATACAATTCTTITACGACG

CAPS Msel E3 07666FW CTCGGATCTTGACAGCATCA
E3 08417RV CAACTGAACTGAAGACCCACAA

Table 3. The DNA markers for genotype analysis of the E3 locus.

SNP:G— A
Ao = Gl esMogg———ﬁ -

-— —
E3_08557FW E3Ha_1000RV

e Insertion : 2.6 kb
*—. :Targetregion for CAPS analysis E3Ha SS—_—-

«— :Primer position of STS markers E3_08557FW 3Ha_1000RV

-

E3_08557FW e3T_0716RV

Fig. 11. Variation of GmPhyA3 gene structure with the position and orientation of PCR
primers.

The E3 region were amplified with four pairs using the total DNA of 30 varieties, and four
PCR products were designated as E3f1 to E3f4 (Table 4). The positions of these primers and
PCR fragments are indicated in Fig. 12. Sequencing primers were constructed at intervals of
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approximately 500 bases on the fragments. The PCR products were sequenced and
alignment of the sequences was carried out. Days from sowing to the first flowering and
alleles at the E3 locus of 30 accessions are listed in Table 5. The results showed that E3Mi
and e3T types were abundant, followed by the E3Ha type, while the e3Mo seldom occurred.
No other type has been detected so far. The E3Ha type was detected in the accessions from
China and North America. The latest flowering group harbored the E3Mi type, while the
earliest flowering group, the e3T type. There was no clear relationship between the
flowering time and the alleles at the E3 locus in the other groups, because the flowering time
depends on the combination of alleles at many loci.

Fragment Primer name E-SequUence
E3f E3 00527FW TCATGTCCAGCAACGCGTAGCATATT
E3 03552RV GAGACACTGCCATGCCATAA
E3f2 E3_03334FW GGCTGCAATCATCATCACAT
E3 06355RV TCACTGCATCCAGTTCTTGC
E3f3 E3 05879FW AACAAGGTGTGGCGATTAGG
E3 08417RV CAACTGAACTGAA GACCCACAA
E3f4(E3MI/E3Hale3M o) E3_03115FW TTGCATGAAGTTTTGGTTGC
E3 09908RV CTAAGTCCGCCTCTGGTTTCAG
E3f4(e3T) E3 08115FW TTGCATGAAGTTTTGGTTGC
e3T_3544RV AACTGGCCAAATCAAAGTGC

Table 4. Anchor primers for sequence analysis at the E3 locus.

E3f4 (E3Ha/e3Mo)

SNP:G—A
Arg — Gly
E3_00527FW E3_03552RV E3_05879FW E3_08417RV
E3_03384FW E3_06355RV 3_08115FW E3_09908RV
-~ “—— L
*-—> “«— "~—> “«—
e3Mo -
Insertion : 2.6 kb
E3Ha { = =]
E3_00527FW E3_03552RV E3_05879FW E3_08417RV. £ RV
E3_03384FW E3_06355RV 3.08115FW E3_09908
E3Mi )
Deletion : 13.3 kb
e3T =
— «—
E3_08115FW  e3T_3544RV
E3f1 E3f2 E3f3 E3f4 (E3Mi )

E3f4 (e3T)

Fig. 12. Variation of GmPhyA3 gene structure with the position and orientation of primers
for PCR walking. The PCR products (E3fi, E3f2, E3f3 and E3f4) are shown at the bottom of
the figure. As the e3T type lacked a portion of the third intron and the downstream region,
the reverse primer for E3f4 was different from that for other alleles.
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Accsession Days of lowering Genotype Qrigin
Akisengoku 69.6 E3Mi Japan
Tamanishiki 64.4 E3MI Japan
Ous hokuakidaizu 622 E3Mi Japan
Fukuyutaka 98.8 E3MI Japan
Hyoukeikuro 3 58.6 E3Mi Japan
Akishiome 55.6 E3MI Japan
Misuzudaizu 526 E3Mi Japan
Peking 522 E3Ha China
akasayaMNagano) 50.8 E3Mi Japan
Ani 48.0 e3T Japan
Enrei 46.0 e3T Japan
Tamats ukuri 45.0 e3T Japan
MNaorin 2 44.6 e3T Japan
Harosoy E1 44 4 E3Ha Canada
Aohigu 43.3 e3T Japan
Kin 42 2 e3T Japan
Matsuura 420 E3MI Japan
Wasekin 41.2 e3T Japan
MIL-13-E1 36.4 e3T Japan
Harosoy E2 37.8 E3Ha Canada
Tokachinagaha 37.6 e3T Japan
Moshidou Gong 503 36.8 e3Mo China
Kingen 1 36.4 E3Ha China
Toyomusume: 36.2 E3MI Japan
Harosoy 34.8 E3Ha Canada
MNIL-11-e4 33.6 e3T Japan
Harosoy ed 33.6 E3Ha Canada
MNIL-13-e2 33.4 e3T Japan
Harosoy e3 3.2 e3T Canada
Sakamotowase 28.6 e3T Japan

Table 5. Days from sowing to the first flowering and alleles at the E3 locus. These accessions
were sown on June 10, 2008 at the NIAS

3.3 Toward the positional cloning of the E1 gene

Among the the 156 RILs, a single line was identified as being heterozygous around the FT1
locus (approximately 17 cM) based on the genotypes of the DNA markers, and was named
RHL1-156 (Fig. 13). A population of 1,006 plants derived from RHL1-156 was used for fine
mapping of the FT1 locus. The FT1 locus mapped between tightly linked DNA markers,
Satt365 and GM169 (Fig. 14).

As it was difficult to find AFLP markers around this region in this population, we used
mapping populations derived from a cross between Harosoy-E1 (E1E1 e2e2 E3E3) and
Harosoy (elel e2e2 E3E3). The E1 locus was mapped proximate to Satt557 between Satt365
and Satt289 using the F» population (117 plants). In a F2.4 population (mixed progenies from
F2 heterozygotes at Satt557 locus) with 1,442 individuals, seven recombinants were
identified between Satt365 and Satt289. The flowering genotypes for each recombinant are
confirmed by the progeny segregation pattern. With these recombinants, we were able to
delimit the EI region to approximately 289 kb between markers A and E5 (Fig. 15). No
recombination was found between markers S8 and Satt557, despite a physical distance of
133 kb. Because more than 40 genes were identified in the 289 kb region, more intense fine

www.intechopen.com



Positional Cloning of the Responsible Genes for Maturity Loci E1, E2 and E3 in Soybean 67

mapping was conducted by using more than 13,000 plants with a protocol for large-scale
genotyping of soybean seeds (Fig. 2) and a candidate gene was identified (Xia et al,,
unpublished ).
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Fig. 13. Graphical genotype of RHL1-156. Solid bars and bars with slanted lines represent
Misuzudaizu and Moshidou Gong 503 homozygous segments, respectively. Open bars
represent unclassified segments. Putative location of each QTL is circled.
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Fig. 14. QTL analysis for the FT1 locus. LOD scores calculated by interval mapping are
shown in the left panel. Close-up of the FT1 region is highlighted in the right panel.
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DNA marker
Satt365 SSRA SSR8 Satt557 End5
| |
\ |
411442 l1/1442 011442 11442
Physical contigs
i
WEb 115034 ———— [ WBDIOKZ _ \yghsski7
WBb168L14 WBb220D05 —| ‘ WBbT20K2 WBb20D6
WBb106D7
Genetic mapping \ WBb104J15
Line  FT1 genotype
060-052 Hetero m— m———
060-250 E1
060-285 ef
060-828 E1

060-946 Hetero!
060-784  Hetero
060-1057 e1 \ i

I -7 homozygous allele FT1/E1 locus
[ e1homozygous allele

Heterozygous allele

Fig. 15. Fine mapping of the FT1/E1 locus. E1 homozygous, el homozygous and
heterozygous genotypes are shown by solid, open and meshed boxes, respectively. The FT1
genotype of each recombinant was identified by progeny test.

The FT1 locus was genetically mapped into the semi-central domain of linkage
group C2 (Fig. 3) and was included in the pericentromeric region of chromosome 06
(http:/ /www.phytosome.net/). In the heterochromatic regions, the ratio of physical to
genetic distance is 3.5Mb/cM in comparison of 197 Kb/cM in euchromatic regions (Schmutz
et al., 2010). The responsible gene for FT1/E1 locus is characterized by relatively lower
mRNA abundance. In fact, no EST data of the FT1/E1 gene could be retrieved from public
databases. The gene encodes a novel small protein and is unique in the sense of no apparent
orthologs in model plants Arabidopsis or rice. We are analyzing the ligands of this protein
and the interaction with DNA sequences.

4. Putative pathway of flowering time in soybean

The responsible gene for the E4 locus was identified as GmPhyA2 through the candidate
gene approach (Liu et al.,, 2008). At the e4 allele, a Tyl/copia-like retrotransposon was
inserted in exon 1 of the gene, which resulted in dysfunction of the gene and photoperiod
insensitivity. Similarly, natural and artificial mutations of GmPhyA3 resulted in weak or
complete loss of photoperiod sensitivity (Watanabe et al., 2009). The FT homologs in
soybean have been identified (Kong et al., 2010) and two of them, GmFI2a and GmFTb5a,
were highly upregulated under SD conditions and showed diurnal expression patterns with
the highest expression 4h after dawn. Under LD conditions, expression of GmFT2a and
GmFT5a was downregulated and did not follow a diurnal pattern. Ectopic expression
analysis in Arabidopsis confirmed that both GmFT2a and GmFT5a had the same function as
Arabidopsis FT. A double-mutant (e3e3 e4e4) for GmPhyA2 and GmPhyA3 expressed high
levels of GmFT2a and GmFT5a under LD conditions (18-h light) with an R: FR ratio of 1.2,
and it flowered slightly earlier under LD than the wild type (E3E3 E4E4) grown under SD.
The expression levels of GmFI2a and GmFT5a were regulated by PHYA-mediated
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photoperiodic regulation system, and the GmFT5a expression was also possibly regulated by
photoperiod-independent system in LD.

GI have the conserved function of controlling the expression of the FT gene in Arabidopsis,
rice and pea (Hayama et al., 2003; Mizoguchi et al., 2005; Hecht et al., 2007). We analyzed the
expression of GmFT2a and GmFT5a at 9:00 a.m. 4 weeks after sowing under natural day-
length conditions using E2 (FT2) NILs in which photoperiod changed from LD to SD. A
clear association between the GmFT2a expression level and early flowering phenotype was
observed in both NILs. However, there was no significant difference in the GmFTb5a
expression levels between these NILs. These results suggested that GmGla probably
controlled flowering time through the regulation of GmFT2a. The recessive alleles of the E2
(FT2) locus were perhaps unable to suppress GmFI2a expression and resulted in the early
flowering phenotype.

There are strong interaction among the effects of E1 (FI1) and E2 (FI2), E1 (FT1) and E3
(FT3) (Yamanaka et al. 2000; Watanabe et al. 2004). The e3e3 recessive homozygote can
initiate flowering under R-enriched LD, but the e3e3 genotype is necessary for plants with e4
mutant allele to flower under FR-enriched LD. In the mapping population with e3
background, photoperiodic insensitivity could occur in either genotypes of e1E4, Ele4 or
ele4 (Abe et al., 2003). These results suggest that E1, E2, E3 and E4 might concurrently
mediate photoperiodic flowering in a shared pathway. The expression of the candidate gene
for the E1 locus was found to be repressed under SD. Under SD conditions, E3/E4-mediated
photoperiodic regulation system up-regulates the expression of GmFT2a and GmFT5a
possibly through the repression of the E1 gene (Fig. 16). The E2 locus also might control the
GmFT2a expression through the E1 gene.

E2(GmGla) E3(GmPhyA3) E4 (GmPhyA2)

E1or
GmFT2a/GmFT5a ? R Unidentified factor X
(Soybean florigen genes) SRR S

—» Relationship via expression level

«— > (Genetic Interaction

Fig. 16. A putative network of flowering time genes in soybean.

5. Conclusion

We successfully identified the responsible genes for the E1, E2 and E3 by positional cloning
strategy and proposed a tentative flowering time gene network in soybean based on
interaction of these genes. We used RHLs derived from RIL for fine mapping a single QTL
effectively. An RHL harbors a heterozygous region where the target QTL is located and a
homozygous background in most other regions of the genome. Novel DNA markers tightly
linked to the locus were developed based on AFLP between the NILs of the locus derived
from an RHL. A large-scale population derived from RHLs was used to locate the target
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locus precisely. We developed manual large-scale genotyping of seeds, in which powdered
cotyledon was obtained by drilling a hole on the surface of seed without any damage to the
embryonic axis. Recombinants carrying crossovers in the target region were selected based
on genotypes of DNA markers around the region. Genotypes of the flowering time locus of
recombinants were determined by progeny test and identified the cosegregated region
based on these genotypes. Physical contigs were constructed with BAC/TAC clones
screened by SCAR markers converted from these AFLP fragments. By sequencing the BAC
contig covering the cosegregated region, we identified the candidate genes. Confirmation of
the responsible gene was performed by investigation of association between natural and
induced variation of the candidate gene structures and flowering time. Mutant screening
was carried out with TILLING using X-ray irradiated or EMS treated mutant libraries. The
interactions between the identified genes were analyzed using several NILs and segregating
population for the E loci. A tentative flowering time network in soybean was proposed
taking into consideration the possible functions of responsible genes for E1, E2, E3 and E4
loci and GmFTs. Further characterization of other E loci is necessary to reveal the molecular
mechanism of flowering in soybean.

Recently, soybean genome sequence has been reported (Shumutz et al., 2010) and a large
number of SSR (Song et al., 2010) and SNP (Hyten et al., 2010a; Lam et al., 2010) markers has
been developed. New high-throughput sequencing technologies, and multiplex assays for
genotyping a huge number of SNPs have become available. These technologies and
information will accelerate the identification of responsible genes for agriculturally
important loci. But methods and materials to precisely locate the target loci in the genome
are still important. Moreover, variation of regional genome structure and gene content (Kim
et al., 2010 ; William et al., 2010; Xia et al., unpublished) will need the sequencing of genome
clones covering the target region.

6. Acknowledgment

We thank Dr. S. Sato and Dr. S. Tabata at the Kazusa DNA Research Institute, for nucleotide
sequencing of BAC and TAC clones, Dr. H. Kanamori at the Institute of the Society for
Techno-innovation of Agriculture and Dr. Y. Katayose at the National Institute of
Agrobiological Sciences for nucleotide sequencing of the E3 genes, and Dr. R. L. Nelson at
the U. S. Department of Agriculture, University of Illinois, for supplying seeds of the
Harosoy, Harosoy-E1, -E2 and -e3. This study was partly supported by the Programs for the
Promotion of Basic Research Activities for Innovative Biosciences, Research Fellowships
from the Japan Society for the Promotion of Science for Young Scientists (17-2554), a grant
from Ministry of Agriculture, Forestry and Fisheries of Japan (Genomics for Agricultural
Innovation, DD-2040), from Grant-in Aid for Scientific Research A (18208001).

7. References

Abe, L., Xu, D., Miyano, A., Komatsu, K. & Kanazawa, A. (2003). Photoperiod-insensitive
Japanese soybean landraces differ at two maturity loci. Crop Science, Vol.43, pp.
1300-1304

Amasino, R. (2010). Seasonal and developmental timing of flowering. The Plant Journal,
Vol.61, pp. 1001-1013

www.intechopen.com



Positional Cloning of the Responsible Genes for Maturity Loci E1, E2 and E3 in Soybean 71

Ben-Naim, O., Eshed, R., Parnis, A., Teper-Bamnolker, P., Shalit, A., Coupland, G., Samach,
A. & Lifschitz, E. (2006). The CCAAT binding factor can mediate interaction
between CONSTANS-like proteins and DNA. The Plant Journal, Vol. 46, pp. 462-476

Bernard, R.L. (1971). 2 Major genes for time to flowering and maturity in soybeans. Crop
Science, Vol.11, pp. 242-247

Bonato, E.R. & Vello, N.A. (1999). E-6, a dominant gene conditioning early flowering and
maturity in soybeans. Genetics and Molecular Biology, Vol.22, pp.229-232

Buzzel, RI. (1971). Inheritance of a soybean flowering response to fluorescent-daylength
conditions. Canadian Journal of Genetics and Cytology, Vol.13, pp. 703-707

Buzzel, RI. & Voldeng, H.D. (1980). Inheritance of insensitivity to long daylength. Soybean
Genetics Newsletter, Vol.7, pp. 26-29

Chailakhyan, M.K. (1936). New facts in support of the hormonal theory of plant
development. Doklady Akademii Nauk SSSR, Vol. 13, pp. 79-83

Cober, E.R., Molnar, SJ., Charette, M. & Voldeng, H.D. (2010). A new locus for early
maturity in soybean. Crop Science, Vol.50, pp. 524-527

Cober, E.R., Tanner, ].W. & Voldeng, H.D. (1996a). Genetic control of photoperiod response
in early-maturing, near-isogenic soybean lines. Crop Science, Vol.36, pp.601-605

Cober, E.R., Tanner, JW. & Voldeng H.D. (1996b) Soybean photoperiod-sensitivity loci
respond differentially to light quality. Crop Science, Vol. 41, pp. 698-701

Cober, E.R. & Voldeng, H.D. (2001). Low R:FR light quality delays flowering of E7E7
soybean lines. Crop Science, Vol.41, pp. 1823-1926

Corbesier, L., Vincent, C., Jang S., Fornata, F., Fan, O., Searle, I, Gialountis, A., Farrona, S.,
Gissort, L., Turnbull, C. & Coupland, G. (2007). FT protein movement contributes to
long-distance signaling in floral induction of Arabidopsis. Science, Vol.316, pp. 1030-
1033

Doi, K., Izawa, T., Fuse, T., Yamanouchi, U., Kubo, T., Shimatani, Z., Yano, M. & Yoshimura,
A. (2004). Ehd1, a B-type response regulator in rice, confers short-day promotion of
flowering and controls FT-like gene expression independently of Hdl. Genes &
Development, Vol.18, pp. 926-936

Fornara, F. & Coupland, G. (2009). Plants phase transitions make a SPLash. Cell, Vol.138, pp.
625-627

Fowler, S., Lee, K., Onouchi, H., Samach, A., Richardson, K., Morris, B., Coupland, G. &
Putterill, J. (1999). GIGANTEA: a circadian clock-controlled gene that regulates
photoperiodic flowering in Arabidopsis and encodes a protein with several possible
membrane-spanning domains. The EMBO Journal, Vol. 18, pp. 4679-4688

Garner, WW. & Allard, H.A. (1920). Effect of the relative length of day and night and other
factors of the environment on growth and reproduction in plants. Journal of
Agricultural Research, Vol.18, pp553-606

Hayama, R., Agashe, B., Luley, E., King, R. & Coupland, G. (2007). A circadian rhythm set
by dusk determines the expression of FT homologs and short-day photoperiodic
flowering response in Pharbitis. The Plant Cell, Vol.19, pp. 2988-3000

Hayama, R., Yokoi, S., Tamaki, S., Yano, M. & Shimamoto, K. (2003). Adaptation of
photoperiodic control pathways produces short-day flowering in rice. Nature,
Vol.422, pp. 719-722

www.intechopen.com



72 Soybean — Genetics and Novel Techniques for Yield Enhancement

Hecht, V., Knowles, C.L., Vander Schoor, J.K., Liew, L.C., Jones, S.E., Mistry, J., Lambert, M.
& Weller, J.L. (2007). Pea LATE BLOOMERI1 is a GIGANTEAE ortholog with roles in
photoperiodic flowering, deetiolation, and transcriptional regulation of circadian
clock gene homologs. Plant Physiology, Vol.144, pp. 648-661

Hyten, L.H., Cannon, S.B., Song, Q., Weeks, N., Ficks, E.D., Shoemaker, R.C., Spect, J.E.,
Farmer, A.D., May. G.D. & Cregan, P.B. (2010) High-throughput SNP discovery
through deep resequencing of a reduced representation library to anchor and orient
scaffolds in the soybean whole genome sequence. BMC Genomics, Vol. 11, 38

Imaizumi, T. (2009). Arabidopsis circadian clock and photoperiodism: time to think about
location. Current Opinion in Plant Biology, Vol.13, pp. 83-89

Imaizumi, T., Schultz, T.F., Harmon, F.G., Ho, L. A. & Kay, S. A. (2005). FKF1 F-box protein
mediates cyclic degradation of a repressor of CONSTANS in Arabidopsis. Science,
Vol.309, pp. 293-297

Izawa, T., Oikawa, T., Sugiyama, N., Tanisaka, T., Yano, M. & Shimamoto, K. (2002).
Phytochrome mediates the external light signal to repress FT orthologs in
photoperiodic flowering of rice. Genes & Development, Vol.16, pp.2006-2020

Jaeger, K.E. & Wigge, P.A. (2007). FT protein acts as a long-range signal in Arabidopsis.
Current Biology, Vol.17, pp. 1050-1054

Johnson, E., Bradley, ].M., Harberd, N.P. & Whitelam, G.C. (1994). Photoresponces of light-
grown phyA mutants of Arabidopsis: phytochrome A is required for perception of
daylength extensions. Plant Physiology, Vol.105, pp. 141-149

Jung, C. & Muller, A.E. (2009) Flowering time control and application in plant breeding.
Trends in Plant Science, Vol.14, pp. 563-573

Kardailsky, L., Shukla, V.K., Ahn, ]J.H., Dagenais, N. Christensen, S.K., Nguyen, J.T., Chory,
J., Harrison, M.]. & Weigel, D. (1999) Activation tagging of the floral inducer FT.
Science, Vol.286, pp. 1962-1965

Kim. MY, Lee, S., Van, K., Kim, T.H., Jeong, S.C., Choi, LY., Kim, D.S,, Lee, Y.S., Park, D.,
Ma, J., Kim, W.Y., Kim, B.C., Park, S., Lee, K.A., Kim, D.H., Kim, K.H., Shin, J.H.,
Jang, Y.E., Kim, K.D., Liu, W.X,, Chaisan, T., Kang, Y.]., Lee, Y.H., Kim, K.H., Moon,
J.K., Schmutz, J., Jackson, S.A., Bhak, J. & Lee, S.H. (2010). Whole-genome
sequencing and intensive analysis of the undomesticated soybean (Glycine soja Sieb.
and Zucc.) genome. Proceedings of the National Academy of Sciences of the United States
of America, Vol.107, pp. 22032-22037

Knott, J.E. (1934). Effect of a localized photoperiod on spinach. Proceedings of the American
Society for Horticultural Science, Vol. 31, pp. 152-154

Kobayashi, Y., Kaya, H., Goto, K., Iwabuchi, M. & Araki, T. (1999). A pairs of related genes
with antagonistic roles in mediating flowering signals. Science, Vol.286, pp. 1960-
1962

Kojima, S., Takahashi, Y., Kobayashi, Y., Monna, L., Sasaki, T., Araki, T, & Yano, M. (2002).
Hd3a, a rice ortholog of the Arabidopsis FT gene, promotes transition to flowering
downstream of Hd1 under short-day conditions. Plant & Cell Physiology, Vol.43, pp.
1096-1105

Kong, F., Liu, B,, Xia, Z., Sato, S., Kim, B., Watanabe, S., Yamada, T., Tabata, S., Kanazawa,
A., Harada, K. & Abe, ]J. (2010). Two coordinately regulated homologs of

www.intechopen.com



Positional Cloning of the Responsible Genes for Maturity Loci E1, E2 and E3 in Soybean 73

FLOWERING LOCUS T are involved in the control of photoperiodic flowering in
soybean. Plant Physiology, Vol.154, pp. 1220-1231

Koornneef, M., Hanhart, C.J. & van der Veen, J.H. (1991). A genetic and physiological
analysis of late flowering mutations in Arabidopsis thaliana. Molecular and General
Genetics, Vol.229, pp. 57-66

Lam, H.-M., Xu, X,, Liu, X., Chen, W,, Yang, G., Wong, F.-L., Li, M.-W., He, W., Qin, N,,
Wang, B., Li, J., Jian, M., Shao, G., Wang, J., Sun, S.5.-M. & Zhang, G. (2010).
Resequencing of 31 wild and cultivated soybean genomes identifies patterns of
genetic diversity and selection. Nature Genetics, Vol.42, pp. 1053-1059

Lifschitz, E., Eviatar, T., Rozman, A., Shalit, A., Goldshmidt, A., Amsellem, Z., Alvarez, ].P.
& Eshed, Y. (2006). The tomato FT ortholog triggers systemic signals that regulate
growth and flowering and substitute for diverse environmental stimuli. Proceedings
of the National Academy of Sciences of the United States of America, Vol.103, pp. 6398-
6403

Liu, B., Kanazawa, A., Matsumura, H., Takahashi, R., Harada, K. & Abe, J. (2008). Genetic
redundancy in soybean photoresponses associated with duplication of the
phytochrome A gene. Genetics, Vol.180. pp. 995-1007

Mathieu, J., Warthmann, N., Kuttner, F., & Schmid, M. (2007). Export of FT protein from
phloem companion cells is sufficient for floral induction in Arabidopsis. Current
Biology, Vol.17, pp. 1055-1060

McBlain, B.A. & Bernard R.L. (1987). A new gene affecting the time of flowering and
maturity in soybean. The Journal of Heredity, Vol.178, pp. 68-70

McBlain, B.A., Bernard, R.L., Cremeens, C.R. & Korczak, ].F. (1987). A procedure to identify
genes affecting maturity using soybean isoline testers. Crop Science, Vol.27, pp.
1127-1132

McCallum, C.M., Comai, L., Greene, E.A. & Heinkoff, S. (2000). Targeting induced local
lesions in genomes (TILLING) for plant functional genomics. Plant Physiology,
Vol.123, pp. 436-442

Meksem, K., Doubler, T.W., Chancharoenchai, K., Nijti, V.N., Chang S.J.C., Rao Arelli, A.P.,
Cregan, P.E., Gray, L.E., Gibson, P.T. & Lightfoot, D.A. (1999). Clustering among
loci underlying soybean resistance to Fusarium solani, SDS and SCN in near-
isogenic lines. Theoretical and Applied Genetics, Vol.99, pp. 1131-1142

Mizoguchi, T., Wright, L., Fujiwara, S., Cremer, F., Lee, K., Onouchi, H., Mouradov, A.,
Fowler, S., Kamada, H., Putterill, J. & Coupland, G. (2005). Distinct roles of
GIGANTEA in promoting flowering and regulating circadian rhythms in
Arabidopsis. The Plant Cell, Vol.17, pp. 2255-2270

Njiti, V.N., Doubler, T.W., Suttner,R.J., Gray, L.E., Gibson, P.T. & Lightfoot, D.A.(1998).
Resistance to soybean sudden death syndrome and root colonization by Fusarium
solani £. sp. glycine in near-isogenic lines. Crop Science, Vol.38, pp.472-477

Notoguchi, M., Abe, M., Kimura, T., Daumon, Y., Kobayashi, T., Yamaguchi A., Tomita, Y.,
Dohi, K., Mori, M. & Araki, T. (2008). Long-distance, graft-transmissible action of
Arabidopsis FLOWERING LOCUS T protein to promote flowering. Plant & Cell
Physiology, Vol. 49, pp. 1645-1658

www.intechopen.com



74 Soybean — Genetics and Novel Techniques for Yield Enhancement

Park, D.H., Somers, D.E., Kim, Y.S., Choy, Y.H., Lim, HK,, Soh, M.S. Kim, H]., Kay, S.A. &
Nam, H.G. (1999) .Control of circadian rhythms and photoperiodic flowering by
the Arabidopsis GIGATEA gene. Science, Vol.285, pp. 1579-1582

Putterill, J., Robson, F., Lee, K., Simson, R., & Coupland, G. (1995).The CONSTANS gene of
Arabidopsis promotes flowering and encodes a protein showing similarities to zinc
finger transcription factors. Cell, Vol. 80, pp. 847-857

Reed, J., Nagatani, A., Elich, T.D., Fangan, M. & Chory, J. (1994). Phytochrome A and
phytochrome B have overlapping but distinct functions in Arabidopsis
development. Plant Physiology, Vol.104, pp1139-1149

Roden, L.C., Song, H.R., Jackson, S., Morris, K. & Carre, I.A. (2002). Floral responses to
photoperiod are correlated with the timing of rhythmic expression relative to dawn
and dusk in Arabidopsis. Proceedings of National Academy of Sciences of the United
States of America, Vol.99, pp. 13313-13318

Saindon, G., Beversdorf, W.D. & Voldeng, H.D. (1989a). Adjustment of the soybean
phenology using the E4 loci. Crop Science, Vol.29, pp. 1361-1365

Saindon, G., Voldeng, H.D., Beversdorf, W.D. & Buzzel, R.I. (1989b). Genetic control of long
daylength response in soybean. Crop Science, Vol.29, pp. 1436-1439

Sawa, M., Nusinow, D.A., Kay, S.A. & Imaizumi, T. (2007). FKF1 and GIGANTEA complex
formation is required for day-length measurement in Arabidopsis. Science, Vol. 318,
pp- 261-265

Schumutz, J., Cannon, S.B., Schlueter, J., Ma, ]., Mitros, T., Nelson, W., Hyten, D.L., Song, Q.,
Thelen, ]J.J., Cheng, J., Xu, D., Hellsten, U., May, G.D., Yu, Y., Sakurai, T., Umezawa,
T., Bhattacharyya, M., Sandhu, D., Valliyodan, B., Lindquist, E., Peto, M., Grant, D.,
Shu, S., Goodstein, D., Barry, K., Futrell-Griggs, M., Abernathy, B., Du, J., Tian, Z.,
Zhu, L., Gill, N,, Joshi, T., Libault, M., Sethuraman, A., Zhang, X.-C., Shinozaki, K.,
Nguyen, H., Wing, R.A., Cregan, P., Specht, J., Grimwood, J., Rokhsar, D., Stacey,
G., Shoemaker, R.C. & Jackson, S.A. (2010). Genome sequence of the
palaeopolyploid soybean. Nature, Vol.463, pp.178-183

Stewart, D.W., Cober, ER. & Bernard R.L. (2003). Modeling genetic effects on the
photothermal response of soybean phenological development. Agronomy Journal,
Vol.95. pp. 65-70

Song, Q., Jia, G., Zhu, Y., Grant, D., Nelson, R.T., Hwang, E.-Y., Hyten, D.L. & Cregan, P.B.
(2010). Abundance of SSR motifs and development of candidate polymorphic SSR
markers. Crop Science, Vol.50, pp. 1728-1734

Takano, M., Inagaki, N., Xie, X., Yuzurihara, N., Hihara, F., Ishizuka, T., Yano, M.,
Nishimura, M., Miyao, A., Hirochika, H. & Shinomura, T. (2005). Distinct and
cooperative functions of phytochrome A, B, and C in the control of deetiolation and
flowering in rice. The Plant Cell, Vol.17, pp. 3311-3325

Tamaki, S., Matsuo, S., Wong, H.L., Yokoi, S. & Shimamoto, K (2007). Hd3a protein is a
mobile flowering signal in rice. Science, Vol.316, pp. 1033-1036

Tanksley, S.D. (1993) Mapping polygenes. Annual Review of Genetics, Vol.27, pp. 205-
233

Triwitayakorn, K., Njiti, V.N., Igbal, M.]., Yaegashi, S., Town, C., & Lightfoot, D.A. (2005).
Genomic analysis of a region encompassing QRfs1 and QRfs2: genes that underlie

www.intechopen.com



Positional Cloning of the Responsible Genes for Maturity Loci E1, E2 and E3 in Soybean 75

soybean resistance to sudden death syndrome. Genome, Vol48, pp. 125-
138

Tuinstra, M.R., Ejeta, G. & Goldsbrough, P.B. (1997). Heterogeneous inbred family (HIF)
analysis: a method for developing near-isogenic lines that differ at quantitative
traits loci. Theoretical and Applied Genetics, Vol.95, pp. 1005-1011

Upadhyay, A.P., Asumadu, H., Ellis, R H. & Qi, A (1994a). Characterization of photothermal
flowering responses in maturity isolines of soybean [Glycine-max (L.) Merrill] Cv
Clark. Annals of Botany, Vol.74, pp. 87-96

Upadhyay, A.P., Ellis, R.H., Summerfield, R.J., Roberts E.H. & Qi, A. (1994b). Variation in
the duration of the photoperiod-sensitive and photoperiod-insensitive phase of
development to flowering among 8 maturity isoline of soybean [Glycine-max (L.)
Merrill]. Annals of Botany, Vol.74, pp.97-101

Watanabe, S., Hideshima, R., Xia, Z., Tsubokura, Y., Sato, S., Nakamoto, Y., Yamanaka, N.,
Takahashi, R., Ishimoto, M., Anai, T., Tabata, S. & Harada, K. (2009). Map-based
cloning of the gene associated with the soybean maturity locus E3. Genetics,
Vol.182, pp. 1251-1262

Watanabe, S., Tajuddin, T., Yamanaka, N., Hayashi, M. & Harada, K. (2004). Analysis of
QTLs for reproductive development and seed quality traits in soybean using
recombinant inbred lines. Breeding Science, Vol.54, pp. 399-407

Watanabe, S., Xia, Z., Hideshima, R., Tsubokura, Y., Sato, S., Yamanaka, N., Takahashi, R.,
Anai T., Tabata, S., Kitamura, K. & Harada, K. (2011). A map-based cloning strategy
employing a residual heterozygous line reveals that the GIGANTEAE gene is
involved in soybean maturity and flowering. Genetics, in press

Weller, J.L., Beauchamp, N., Kerckhoffs, L.H, Platten, ].D. & Reid, ]J.B. (2001). Interaction of
phytochromes A and B in the control of de-etiolation and flowering in pea. The
Plant Journal, Vol.26, pp. 283-294

Weller, J.L., Murfet, I.C. & Reid, J.B. (1997). Pea mutants with reduced sensitivity to far-red
light define an important role for phytochrome A in day-length detection. Plant
Physiology, Vol.114, pp. 1225-1236

Williams, J., Hyten, D.L., Xu, W.W., Gerhardt, D.J., Albert, T.]J., Richmond, T., Jeddeloh, J.A.,
Jia, G., Springer, M., Vance, C.P. & Stupar, M. (2010). The composition and origins
of genomic variation among individuals of the soybean reference cultivar Williams
82. Plant Physiology, Vol.155, pp.645-655

Yamanaka, N., Nagamura, Y., Tsubokura, Y., Yamamoto, K., Takahashi, R., Kouchi, H.,
Yano, M., Sasaki, T. & Harada, K. (2000). Quantitative trait locus analysis of
flowering time in soybean using a RFLP linkage map. Breeding Science, Vol.50, pp.
109-115

Yamanaka, N., Ninomiya, S., Hoshi, M., Tsubokura, Y., Yano, M., Nagamura, Y., Sasaki, T.
& Harada, K. (2001). An informative linkage map of soybean reveals QTLs for
flowering time, leaflet morphology and regions of segregation distortion. DNA
Research, Vol.8, pp. 61-72

Yamanaka, N., Watanabe, S., Toda, K., Hayashi, M., Fuchigami, H., Takahashi R. & Harada,
K. (2005) Fine mapping of the FI1 locus for soybean flowering time using a
residual heterozygous line derived from a recombinant inbred line. Theoretical and
Applied Genetics, Vol.110, pp. 634-639

www.intechopen.com



76 Soybean — Genetics and Novel Techniques for Yield Enhancement

Yano, M., Katayose, Y., Ashikari, M., Yamanouchi, U., Monna, L., Taguchi, F., Baba, T.,
Yamamoto, K., Umehara, Y., Nagamura, Y. & Sasaki, T. (2000). Hd1, a major
photoperiod sensitivity quantitative trait locus in rice, is closely related to the
Arabidopsis flowering time gene CONSTANS. The Plant Cell, Vol. 12, pp. 2473-2483

www.intechopen.com



Soybean - Genetics and Novel Techniques for Yield Enhancement
Edited by Prof. Dora Krezhova

ISBN 978-953-307-721-5

Hard cover, 326 pages

Publisher InTech

Published online 07, November, 2011
Published in print edition November, 2011

This book presents the importance of applying of novel genetics and breading technologies. The efficient
genotype selections and gene transformations provide for generation of new and improved soybean cultivars,
resistant to disease and environmental stresses. The book introduces also a few recent modern techniques
and technologies for detection of plant stress and characterization of biomaterials as well as for processing of
soybean food and oil products.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Kyuya Harada, Satoshi Watanabe, Xia Zhengjun, Yasutaka Tsubokura, Naoki Yamanaka and Toyoaki Anai
(2011). Positional Cloning of the Responsible Genes for Maturity Loci E1, E2 and E3 in Soybean, Soybean -
Genetics and Novel Techniques for Yield Enhancement, Prof. Dora Krezhova (Ed.), ISBN: 978-953-307-721-5,
InTech, Available from: http://www.intechopen.com/books/soybean-genetics-and-novel-techniques-for-yield-
enhancement/positional-cloning-of-the-responsible-genes-for-maturity-loci-e 1-e2-and-e3-in-soybean

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




