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FLOWERING LOCUS T (FT) is a key flowering integrator in Arabidopsis (Arabidopsis thaliana), with homologs that encode
florigens in many plant species regardless of the type of photoperiodic response. We identified 10 FT homologs, which were
arranged as five pairs of linked genes in different homoeologous chromosomal regions, in soybean (Glycine max), a
paleopolyploid species. Two of the FT homologs, GmFT2a and GmFT5a, were highly up-regulated under short-day (SD)
conditions (inductive for flowering in soybean) and had diurnal expression patterns with the highest expression 4 h after
dawn. Under long-day (LD) conditions, expression of GmFT2a and GmFT5a was down-regulated and did not follow a diurnal
pattern. Flowering took much longer to initiate under LD than under SD, and only the GmFT5a transcript accumulated late in
development under LD. Ectopic expression analysis in Arabidopsis confirmed that both GmFT2a and GmFT5a had the same
function as Arabidopsis FT, but the effect of GmFT5a was more prominent. A double-mutant soybean line for two
PHYTOCHROME A (PHYA) genes expressed high levels of GmFT2a and GmFT5a under LD, and it flowered slightly earlier
under LD than the wild type grown under SD. The expression levels of GmFT2a and GmFT5a were regulated by the PHYA-
mediated photoperiodic regulation system, and the GmFT5a expression was also regulated by a photoperiod-independent
system in LD. Taken together, our results suggest that GmFT2a and GmFT5a coordinately control flowering and enable the
adaptation of soybean to a wide range of photoperiodic environments.

A florigen is a hypothetical leaf-produced signal
that induces floral initiation at the shoot apex. Recent
progress toward understanding the regulatory net-
work for flowering in Arabidopsis (Arabidopsis thali-
ana) and rice (Oryza sativa) has led to the conclusion
that the product of FLOWERING LOCUS T (FT), FT
protein, is a florigen that moves through the phloem to
the shoot apex (Corbesier et al., 2007; Jaeger and
Wigge, 2007; Mathieu et al., 2007; Tamaki et al., 2007;
Notaguchi et al., 2008). Overexpression of FTorthologs

causes extremely early flowering in dicots such as
Populus trees (Populus deltoids and Populus trichocarpa;
Böhlenius et al., 2006; Hsu et al., 2006), tomato (Sola-
num lycopersicum; Lifschitz et al., 2006), and morning
glory (Ipomoea nil; formally Pharbitis nil; Hayama et al.,
2007) as well as in monocots such as rice (Izawa et al.,
2002; Kojima et al., 2002) and wheat (Triticum aestivum;
Yan et al., 2006). Ectopic expression analysis indicated
that some of these FT orthologs also induce premature
flowering in Arabidopsis (Hsu et al., 2006; Lifschitz
et al., 2006; Hayama et al., 2007). These results indicate
that FT and its orthologs are essential for flowering
and that their functions are highly conserved among
unrelated species.

Photoperiod response is one of the important path-
ways in the regulation of FT mRNA abundance. In
Arabidopsis, CONSTANS (CO) is a key protein in
photoperiod sensing; it directly induces the expression
of FTand the closely related gene TWIN SISTER OF FT
(TSF) under long-day (LD) conditions (Samach et al.,
2000; Suárez-López et al., 2001; Yamaguchi et al., 2005;
for review, see Lagercrantz, 2009). The expression of
CO is controlled by a circadian clock, with a diurnal
peak of expression during the night under short-day
(SD) conditions and at the end of the day under LD
conditions (Suárez-López et al., 2001). Light regulates
CO protein stability: red light acting through PHYTO-
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CHROME B (PHYB) promotes the degradation of
CO by the proteasome, whereas far-red and blue
light acting through PHYA and CRYPTOCHROME 2
(CRY2), respectively, increase the stability of CO
(Valverde et al., 2004). Under LD conditions, PHYB-
promoted degradation of the CO protein is antago-
nized toward the end of the day by the action of PHYA
and CRY2, resulting in the stabilization of CO, which
in turn induces the expression of FT (Valverde et al.,
2004).
The CO-dependent pathway also regulates the ex-

pression of several rice FT orthologs, Heading date3a
(Hd3a), Rice flowering locus T-like1 (RFT1), and FT-like
(Izawa et al., 2002; Kojima et al., 2002; Hayama et al.,
2003). However, the role of the rice CO ortholog Hd1
is more complex than the role of CO in Arabidopsis
(for review, see Turck et al., 2008). Hd1 promotes the
expression of Hd3a under SD (inductive) conditions
and represses it under LD (noninductive) conditions.
The repression of Hd3a expression under LD has been
explained by an interaction of Hd1 protein with the
active Pfr (far-red) form of phytochrome (Izawa et al.,
2002). Night-break experiments further demonstrated
that light signal transduction by phytochromes is the
primary determinant of Hd3a transcription, because
circadian-regulated Hd1 expression is not affected
(Ishikawa et al., 2005, 2009).
Another model SD plant, morning glory, possesses

two FT orthologs, PnFT1 and PnFT2 (Hayama et al.,
2007). These genes exhibit circadian rhythms that are
set by the onset of darkness and are up-regulated at
the end of the night under SD only if the night is
sufficiently long. Night-break treatment inhibits floral
induction of morning glory but does not influence the
circadian rhythm of expression of its CO ortholog,
PnCO (Liu et al., 2001). PnCO thus appears not to
directly regulate PnFT1 and PnFT2, although the role
of phytochromes, as suggested by night-break exper-
iments in rice (Ishikawa et al., 2005, 2009), has not been
fully examined. Despite the conserved functions of FT
homologs, their expression may be controlled by dif-
ferent systems in different species.
Soybean (Glycine max) is basically an SD plant:

flowering is induced when the daylength becomes
shorter than a critical length. Soybean is grown at a
wide range of latitudes from equatorial to up to 50�,
although the cultivation area of each cultivar is re-
stricted to a very narrow range of latitudes. This wide
adaptability has most likely been created by genetic
diversity at a large number of the major genes and
quantitative trait loci controlling flowering behavior.
For example, soybean cultivars adapted to high lati-
tudes have weak or no photoperiod sensitivity. Four
major loci in soybean (E1, E3, E4, and E7) are known to
be involved in the response to LD artificially induced
by fluorescent and incandescent lamps (Buzzell, 1971;
Buzzell and Voldeng, 1980; Saindon et al., 1989; Cober
et al., 1996a; Cober and Voldeng, 2001a). Of these, E3
and E4 encode PHYA proteins, and their loss-of-func-
tion alleles promote photoperiod insensitivity (Liu

et al., 2008; Watanabe et al., 2009), which enables soy-
bean plants to flower under LD during early summer
and complete seed production in the limited frost-free
season at high latitudes. On the other hand, soybean
cultivars adapted to equatorial regions possess a trait
that suppresses the photoperiod response in seedling
stages, enabling a longer juvenile period (Sinclair and
Hinson, 1992; Tomkins and Shipe, 1996). One or two
recessive genes are known to control the “long juvenile
period” trait (Ray et al., 1995; Carpentieri-Pı́polo et al.,
2002), which enables the plant to retain sufficient veg-
etative growth until flowering under SD conditions.
The genetic diversity in flowering-related loci, there-
fore, may contribute to thewide adaptability of soybean
to diverse environmental conditions. Despite the eco-
nomic importance of soybean, our knowledge about its
molecular mechanisms of flowering is still limited.
Here, we identified FT orthologs in soybean and ana-
lyzed their diversity in terms of gene structure and
expression. We report that products of two FT ortho-
logs have florigen-like functions and coordinately
control flowering through both PHYA-mediated pho-
toperiodic regulation and photoperiod-independent
regulation.

RESULTS

Soybean Orthologs of Arabidopsis FT

We began by screening soybean ESTs deposited in
the GenBank/EMBL/DDBJ database with the cDNA
sequence of Arabidopsis FT (NM105222) and identified
two EST sequences, BU548465 (designated GmFT1a)
and TC300311 (GmFT2c). These EST sequences were
then used for PCR screening of a soybean bacterial
artificial chromosome (BAC) library of cv Williams 82.
Two BAC clones were detected, each of which con-
tained one of the EST sequences (clone WBb135L8
contained the GmFT1a sequence, and WBb127D9 con-
tained the GmFT2c sequence). Detailed sequence
analysis revealed that GmFT2c in WBb127D9 was a
chimeric sequence that possessed only the fourth exon
of the FT homologs, so further analysis on that clone
was stopped.

A cDNA covering the entire coding region of
GmFT1a was amplified from RNAs of trifoliate leaves
of cv Harosoy plants grown under SD by reverse-
transcription (RT)-PCR. We searched the databases
with the cDNA sequence and found a BAC clone
(AC121763) containing two tandemly linked FT ho-
mologs (designated GmFT3a and GmFT5a), which
were originally identified as TERMINAL FLOWER1
(TFL1) homologs (Cannon et al., 2003). We then found
seven additional FT homologs (designated GmFT1b,
GmFT2a, GmFT2b, GmFT3b, GmFT4, GmFT5b, and
GmFT6) by screening the Williams 82 genomic se-
quence database (Phytozome; http://www.phyto
zome.net/soybean) using the predicted amino acid
sequence of FT.

Soybean FT Orthologs in Control of Photoperiodic Flowering

Plant Physiol. Vol. 154, 2010 1221



In total, we identified 10 FT homologs in the soy-
bean EST and genome sequence databases and recov-
ered five BAC clones that included all 10 of the
homologs (Fig. 1). Shotgun sequencing analyses re-
vealed that each of the five clones contained two
FT homologs: GmFT1a and GmFT1b in BAC clone
WBb135L8, GmFT2a and GmFT2b in WBb214D14,
GmFT3a and GmFT5a in WBb111F4, GmFT3b and
GmFT5b in WBb174H15, and GmFT4 and GmFT6 in
WBb132N10. All of the FT homologs identified were
thus arranged in linked gene pairs. The cDNA se-
quences synthesized from RNAs extracted from
trifoliate leaves of SD-grown Harosoy plants were
determined for six of the 10 homologs. No cDNAs
were obtained for GmFT2b, GmFT4, GmFT5b, and
GmFT6, because these genes were not expressed or
were expressed at a very low level; the cDNA se-
quences for these homologs were taken from the
Phytozome database. The gene structures were deter-
mined on the basis of the alignment between the
genomic sequences and the cDNA sequences. This

structural analysis indicated that all 10 FT homologs
contained four exons, as in Arabidopsis and other
plant species (Supplemental Fig. S1). These FT homo-
logs correspond to the translated gene model se-
quences in the database: Glyma18g53680 (GmFT1a),
Glyma18g53690 (GmFT1b), Glyma16g26660 (GmFT2a),
Glyma16g26690 (GmFT2b), Glyma16g04840 (GmFT3a),
Glyma19g28390 (GmFT3b), Glyma08g47810 (GmFT4),
Glyma16g04830 (GmFT5a), Glyma19g28400 (GmFT5b),
and Glyma08g47820 (GmFT6).

The percentage identity in predicted amino acid
sequences of the 10 FT homologs compared with
Arabidopsis FT ranged from 72.5% for GmFT3a and
GmFT3b to 61.0% for GmFT1a. All of the FT homologs
identified shared a crucial amino acid (Tyr) in position
85 of FT at the entrance of the ligand-binding pocket,
responsible for the differences in function between FT
and TFL1 (Hanzawa et al., 2005; data not shown).
GmFT2a further possessed the most similar sequence
to Arabidopsis FT in the 14-amino acid stretch referred
to as “segment B” and in the LYN triad in segment C
(Ahn et al., 2006; Fig. 2A). Both of the two regions are
almost invariant in all known FT orthologs and form
the external loop crucial for binding to a bZIP tran-
scription factor, FLOWERING LOCUS D (Abe et al.,
2005; Wigge et al., 2005). In contrast, GmFT5a and
GmFT5b contained six amino acid differences in seg-
ment B and in the LYN triad. They also contained His
in place of Gln in position 140 of FT, another crucial
amino acid that is conserved in FT orthologs (Ahn
et al., 2006).

The phylogenetic tree constructed by the neighbor-
joining method classified the 10 FT homologs into four
clades and two singletons (GmFT4 and GmFT6; Fig.
2B). In three of the four clades, the two FT homologs
within the clade exhibited a high degree of amino acid
identity: 92.0% between GmFT2a and GmFT2b, 94.3%
between GmFT3a and GmFT3b, and 96.5% between
GmFT5a and GmFT5b. The homologs in the fourth
clade, GmFT1a and GmFT1b, had a relatively low
degree of amino acid identity (78.5%).

Pairs of Linked FT Homologs Are Located in
Homoeologous Regions of Different Linkage Groups

Soybean is a paleopolyploid species with a complex
genome (Lackey, 1980; Hymowitz, 2004; Shoemaker
et al., 2006), and homoeologous duplicated genes
are scattered across different linkage groups (LGs;
Schmutz et al., 2010). Shotgun sequencing and gene
prediction in all five BACs identified 48 genes includ-
ing the 10 FT homologs: 13 in WBb135L8, nine in
WBb214D14, seven in WBb111F4, six in WBb174H15,
and 13 in WBb132N10 (Fig. 1). The gene order and
orientation were well conserved between WBb135L8
(GmFT1a/GmFT1b) andWBb132N10 (GmFT6/GmFT4)
and between WBb111F4 (GmFT3a/GmFT5a) and
WBb174H15 (GmFT3b/GmFT5b), suggesting that these
FT homologs were located in different pairs of
homoeologous BACs. The homology between BACs

Figure 1. Soybean FT homologs arranged as tandemly linked genes in
different pairs of homoeologous BAC clones. A, Linked pairs GmFT1a/
GmFT1b in WBb135L8 (Chr18-LG G) and GmFT4/GmFT6 in
WBb132N10 (Chr8-LG A2). B, A linked pair, GmFT2a/GmFT2b
in WBb214D14 (Chr16-LG J), and a pseudogene of FT (GmFT2c) in
chromosome 2 (Chr2-LG D1b). C, Linked pairs GmFT3a/GmFT5a
in WBb174H15 (Chr16-LG J) and GmFT3/GmFT5b in WBb111F4
(Chr19-LG L).
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WBb135L8 (GmFT1a and GmFT1b) and WBb132N10
(GmFT4 and GmFT6) was very high; most of the
predicted genes were conserved in both order and
orientation. Both gene order and orientation were also
similar between BACs WBb111F4 (GmFT3a and
GmFT5a) and WBb174H15 (GmFT3b and GmFT5b),
although the repetitive element sequences in the inter-
genic regions differed between the two BAC clones.
The GmFT2a-GmFT2b region in BAC WBb214D14 ex-
hibited a similar gene order and orientation to a region
(Glyma02g07620 to Glyma02g07690) in chromosome 2
(Chr2) in the Williams 82 genome database, in which a
chimeric sequence (GmFT2c) was located (Fig. 1).
We mapped the FT homologs to soybean LGs using

recombinant inbred lines (RILs) derived from a cross
between breeding line TK780 and wild accession
Hidaka 4 (Supplemental Fig. S2). Two pairs of linked
genes, GmFT3a/GmFT5a and GmFT3b/GmFT5b, em-
bedded in the homoeologous BAC clones, were map-
ped to LGs J (Chr16) and L (Chr19), respectively. Two
other pairs of linked genes in the homoeologous BAC
clones, GmFT1a/GmFT1b and GmFT4/GmFT6, were
mapped to LGs G (Chr18) and A2 (Chr8), respectively.
A survey on the Williams 82 genome database re-
vealed that, in both cases, the linked genes were
located in “recently duplicated segments.” GmFT2a
and GmFT2b were mapped 35.4 centimorgan from the
GmFT3a/GmFT5a linked pair in LG J.

Two FT Homologs Are Highly Expressed and Exhibit a

Circadian Rhythm under SD Conditions

We analyzed transcription profiles of six of the FT
homologs in various tissues of Harosoy plants grown
under inductive SD conditions (Fig. 3A) by RT-PCR.
The GmFT1a transcript accumulated to low but nearly
identical levels in all of the tissues except the stem. The
GmFT1b transcript was detected faintly and only in
cotyledons. In contrast, GmFT2a and GmFT5a were
strongly expressed in trifoliate leaves. GmFT2a was
also detected at moderate levels in stem tips, cotyle-
dons, and flower buds, where GmFT5a expression was
very low. GmFT3a and GmFT3b were also expressed at
relatively high levels in trifoliate leaves.

The diurnal circadian rhythm of FT gene expression
was then analyzed by quantitative real-time PCR for
GmFT2a and GmFT5a in trifoliate leaves sampled at
15 d after emergence (DAE). The two genes exhibited a
diurnal circadian rhythm under SD condition (Fig. 3, B
and C), suggesting that their expression was partly
regulated by circadian clock genes. In both genes, the
expression level increased beginning at dawn, reached
a maximum 4 h later, and decreased toward dusk. The
diurnal rhythm observed in SD conditions was thus
different from those in rice (Kojima et al., 2002) and
morning glory (Hayama et al., 2007), in which FT
transcripts are most abundant at the end of the night.
Rather, it resembled the diurnal rhythm observed in

Figure 2. Similarity of the predicted amino acid
sequences of Arabidopsis FT and TSF and 10
soybean FT homologs. A, Multiple alignment of
the predicted amino acid sequences in exon 4 of
Arabidopsis FT (NM105222) and TSF (AF152907)
and soybean FT homologs. The cDNAs for six FT
homologs were isolated from cv Harosoy in this
study: GmFT1a (AB550120; Glyma18g53680),
GmFT1b (AB550121; Glyma18g53690), GmFT2a
(AB550122; Glyma16g26660), GmFT3a
(AB550124; Glyma16g04840), GmFT3b
(AB550125; Glyma19g28390), and GmFT5a
(AB550126; Glyma16g04830). The cDNA se-
quences for GmFT2b (Glyma16g26690), GmFT4
(Glyma08g47810), GmFT5b (Glyma19g28400),
and GmFT6 (Glyma08g47820) were taken from
the Williams 82 genome database. Highly con-
served amino acids are in black, dark gray, or light
gray depending on the level of identity (darker =
higher level). Green boxes and the red arrowhead
indicate the 14-amino acid stretch (segment B)
and the LYN triad in segment C and a crucial
amino acid identified as diagnostic of FT genes
(Ahn et al., 2006). B, Phylogenetic relationships of
Arabidopsis and soybean FT proteins constructed
using the neighbor-joining method with the pro-
gram ClustalW. Bootstrap percentage supports are
indicated at the branches of the tree.
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Chenopodium rubrum (SD plant), which produced the
highest expression at 8 h after dawn in the light phase
and low expression during the night (Cháb et al.,
2008). Therefore, a different mechanism may be in-
volved in the circadian rhythm-dependent expression
of FT genes of soybean from that in some other SD
plants (e.g. rice and morning glory). A similar diurnal
rhythm of GmFT2a and GmFT5a expression was also
observed in LD (18-h light) conditions, but the expres-
sion level was very low (Fig. 3, B and C).

The time course-dependent expression patterns of
six FT homologs were analyzed in Harosoy plants
grown under SD and LD conditions, using RNAs
isolated from trifoliate leaves that were sampled at 4 h
after dawn. The levels of GmFT2a and GmFT5a tran-
scripts under SD conditions were low at 10 DAE but
increased sharply to their maximum levels at 20 DAE
(the time of flower bud formation) and thereafter
decreased (Fig. 3D). In contrast, the other FT genes
showed extremely low levels (Fig. 3E), although
GmFT3b exhibited a similar pattern of expression to

GmFT2a and GmFT5a. Under LD conditions, the ex-
pression of all of the FT homologs except for GmFT5a
was very low (Fig. 3, F and G). The transcript levels of
GmFT5a and GmFT1a increased slightly at 25 DAE and
decreased thereafter. The GmFT5a transcript reached a
relatively high level at 50 DAE (the time of flower bud
formation), but GmFT2a did not similarly increase.
Since FT expression is up-regulated by conditions that
induce flowering in both SD and LD plants, GmFT2a
and GmFT5a may be possible candidates for soybean
orthologs of Arabidopsis FT.

Ectopic Expression Induces Premature Flowering
in Arabidopsis

To confirm the function of GmFT2a and GmFT5a in
flowering, we conducted an ectopic expression exper-
iment in Arabidopsis ecotype Columbia (Col-0). The
ectopic expression of GmFT2a and GmFT5a was con-
firmed by RT-PCR with homolog-specific primers
(data not shown). The T1 plants carrying the GmFT2a

Figure 3. Transcription profiles of soybean FT
homologs. A, Tissue-specific expression in SD.
Tissues tested are trifoliate leaf (TL), stem (St),
stem tip (ST), cotyledon (CT), root (RO), flower
bud (FB), and immature seed (IS). B and C,
Diurnal expression of GmFT2a and GmFT5a un-
der SD and LD. Trifoliate leaves were sampled
every 4 h at 15 DAE. White and black bars at the
top represent light and dark phases, respectively.
D to G, Time course-dependent expression in SD
(D and E) and LD (F and G). Relative transcript
levels were analyzed by quantitative RT-PCR and
normalized to b-tubulin (TUB). Average and SE

values for three replications are given for each
data point. Arrowheads indicate the time of
flower bud formation.
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or GmFT5a construct flowered earlier (Fig. 4, A and B)
and had fewer rosette leaves at flowering than the
wild-type Col-0 plants (Fig. 4C) in the 16-h light
condition. The flowering date was significantly earlier
in the T1 plants carrying GmFT5a (21.8; t = 13.26, P ,
0.001) or GmFT2a (28.2; t = 3.75, P , 0.005) than in
wild-type plants (32.0). The average number of rosette
leaves produced was significantly fewer in the T1
plants carrying GmFT5a (3.0; t = 9.63, P , 0.001) or
GmFT2a (4.8; t = 5.74, P , 0.001) than in wild-type
plants (9.2; Fig. 4C). T2 plants also showed earlier
flowering than wild-type plants (Fig. 4D). T2 plants in
all of the six independent T1 families for GmFT5a
produced significantly fewer rosette leaves at flower-
ing than wild-type plants. T2 plants in the T1 families
for GmFT2a, as a whole, flowered earlier than wild-
type plants; two families produced significantly fewer
rosette leaves before flowering. These results indicate
that the GmFT2a and GmFT5a products function as
florigens. In addition, the data obtained in the T1 and
T2 generations suggest that the strength of floral
induction differs between GmFT2a and GmFT5a:
GmFT5a had a more prominent effect than GmFT2a
on Arabidopsis flowering (Fig. 4, C and D).

Expression of GmFT2a and GmFT5a Is Regulated under

PHYA-Mediated Photoperiodic Control

The soybean maturity genes E3 and E4 encode the
PHYA proteins GmPHYA3 and GmPHYA2, respec-
tively (Liu et al., 2008; Watanabe et al., 2009). The two
genes control flowering under LD artificially induced
with different light sources of different red-to-far-red
quantum (R:FR) ratios (Buzzell, 1971; Buzzell and
Voldeng, 1980; Saindon et al., 1989; Cober et al.,
1996b). The recessive alleles e3 and e4 are loss-of-
function alleles; the mutation in e3 is caused by the

deletion of a 13-kb region including the fourth exon
(Watanabe et al., 2009), whereas e4 contains an inser-
tion of a Ty1/copia-like retrotransposon (SORE-1) in the
first exon (Liu et al., 2008; Kanazawa et al., 2009; Fig.
5A). The e3e3 recessive homozygote can initiate flow-
ering under R-enriched LD, but the e4 mutant allele is
necessary for e3e3 plants to flower under FR-enriched
LD. The e4 allele alone cannot induce flowering under
either R- or FR-enriched LD conditions (Buzzell and
Voldeng, 1980; Saindon et al., 1989; Cober et al., 1996b).

Harosoy (E3E3E4E4) grown under LD conditions
with a R:FR ratio of 1.2 (18 h of light) took an average
of 58 d until the first flower appeared, 30 d longer than
under SD conditions (12 h of light; Fig. 5B). The allelic
difference between e4 and E4 was relatively slight in
the presence of E3, with the difference between Har-
osoy and its near isogenic line (NIL) for e4 (E3E3e4e4)
being only 2 d. In contrast, the allelic difference
between e3 and E3 was relatively large: the NIL for
e3 (e3e3E4E4) flowered 24 d earlier than Harosoy. The
double-recessive homozygote (e3e3e4e4) initiated flow-
ering at 24 DAE, which was slightly earlier than the
flowering time of SD-grown Harosoy. The timing of
flowering of Harosoy and its NILs for the E3 and E4
mutant alleles (H-e3, H-e4, and H-e3e4) was in good
accordance with previous reports (Cober et al., 1996b,
Cober and Voldeng, 2001b).

The time course-dependent expression analysis re-
vealed that the expression pattern of GmFT2a and
GmFT5a correlated well with the earliness of flowering
(Fig. 5, C and D). The expression levels of GmFT2a and
GmFT5a in the double-mutant NIL increased sharply,
reached the maximum at 15 DAE, and thereafter
decreased, similar to the expression pattern observed
in SD-grown Harosoy (Fig. 3D). The expression levels
in the NIL for e3 also increased gradually and reached
the maximum at 20 DAE for GmFT2a and at 25 DAE

Figure 4. Effect of ectopic expression
analyses of GmFT2a and GmFT5a on
Arabidopsis. A and B, Premature flow-
ering induced by ectopic expression of
GmFT2a and GmFT5a. C, Number of
rosette leaves when the first flower bud
appears in T1 and Col-0 plants. Aver-
age and SE values are calculated from
six independent T1 plants for each
construct and 10 Col-0 plants. D, Num-
ber of rosette leaves in T2 and Col-0
plants. PCR with primers specific to the
35S promoter was carried out to con-
firm the presence of the transgene in
each T2 plant derived from independent
T1 plants. Gray bars indicate mean
values significantly different from Col-0
by the Tukey-Kramer method.
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for GmFT5a. In contrast, very little expression of either
GmFT2a orGmFT5awas detected in Harosoy or its NIL
for e4.

GmFT2a and GmFT5a expression in the double-
mutant NIL grown under LD conditions exhibited
a diurnal rhythm (Fig. 5, E and F), similar to that
observed in SD-grown wild-type Harosoy (Fig. 3, B
and C). Expression levels reached a maximum at 4 h
after dawn and decreased to their original levels by
dusk. The time of maximum expression was thus the
same between the SD-grown wild-type Harosoy and
the LD-grown double-mutant NIL.

GmFT2a and GmFT5a Respond Differently to

Photoperiodic Changes

Some soybean cultivars can respond to photoperiod
at the time the primary leaves are fully expanded
(Borthwick and Parker, 1938; Thomas and Raper, 1984;
Thakare et al., 2010). We analyzed the dynamics of
GmFT2a and GmFT5a expression in Harosoy plants
exposed to different durations of SD (12 h of light)
after emergence followed by transfer to LD conditions
(20 h of light). A 12-d exposure to SD was sufficient to
induce flowering despite subsequent LD treatment; all
of the plants tested began flowering at the fifth or sixth
node (24.6 DAE) and continued until 40 d after transfer
(DAT; flowers at the 18th node), when the experiment
was stopped (Fig. 6A). Flowers were formed at the

sixth through 11th nodes of the plants exposed to SD
for 6 d and at the fifth through 16th nodes of the plants
exposed to SD for 9 d, but no flowers were produced at
higher nodes. In those plants, the growth phase at
lateral meristems later reverted from reproductive
growth to vegetative growth. The plants grown under
SD for only 3 d did not flower at all.

The expression levels of GmFT2a and GmFT5a in-
creased with increasing exposure to SD in both the
primary leaves (Fig. 6B, 0 DAT) and the first trifoliate
leaves (Fig. 6C, 0 DAT). In primary leaves, a pro-
nounced increase in the transcript level ofGmFT2awas
detected during SD treatment for 3 to 6 d and 6 to 9 d,
whereas that of GmFT5a was detected during SD
treatment for 6 to 9 d and 9 to 12 d (Fig. 6B). Similar
earlier response of GmFT2a expression to SD condition
than GmFT5a expression was also detected in trifoliate
leaves (Fig. 6C). After transfer to LD, the transcription
levels of both GmFT2a and GmFT5a decreased gradu-
ally in the primary leaves as time after transfer in-
creased (Fig. 6B), but the changes in the trifoliate
leaves were quite different between the two genes (Fig.
6C). The GmFT2a transcript was lost rapidly and could
barely be detected by 3 DAT to LD, even in plants
grown for 12 d under SD before transfer. In contrast,
the GmFT5a transcript level increased during the first
few DAT in plants that had been treated with SD for 9
d (Fig. 6C, 0 DATand 3 DAT); in plants treated with SD
for 12 d, it decreased gradually during exposure to LD.

Figure 5. Expression of GmFT2a and GmFT5a in
Harosoy and its PHYA mutant isolines under LD
conditions. A, Dysfunctional alleles at the E3 and
E4 loci encoding the PHYA genes, GmPHYA3
and GmPHYA2, respectively. The mutation in
e3 is caused by the deletion of a 13-kb region
including the fourth exon (Watanabe et al., 2009),
whereas e4 contains an insertion of a Ty1/copia-
like retrotransposon (SORE-1) in the first exon (Liu
et al., 2008; Kanazawa et al., 2009). B, Flowering
dates under LD of Harosoy (E3E3E4E4; H) and its
NILs for e3 (e3), e4 (e4), and e3 and e4 (e3e4).
C and D, Time course-dependent expression of
GmFT2a and GmFT5a. E and F, Diurnal expres-
sion of GmFT2a and GmFT5a. White and black
bars at the top represent light and dark phases,
respectively. Relative transcript levels were ana-
lyzed by quantitative RT-PCR and normalized to
b-tubulin (TUB). Average and SE values for three
replications (six plants for the evaluation of
flowering time) are given for each data point.
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GmFT5a expression was detected at a low level until 40
DAT to LD. These results suggest that the expression
of GmFT2a and GmFT5a is regulated differently be-
tween primary and trifoliate leaves and that GmFT2a
expression in trifoliate leaves responds more sensi-
tively to photoperiodic changes than GmFT5a expres-
sion.

DISCUSSION

Diversity of FT Homologs in the Soybean Genome

FT plays a central role as a florigen in floral induc-
tion, and its function is conserved across different
plant species. The number of FT homologs present in

each plant species, however, varies from two in
Arabidopsis (FT and TSF) to 13 in rice (Izawa et al.,
2002) and 15 in maize (Zea mays; Danilevskaya et al.,
2008), although most FT homologs remain undeter-
mined for their functions. In this study, we identified
10 FT homologs in soybean, a paleopolyploid species
that has evolved through two rounds of polyploidi-
zation (approximately 59 and 13 million years ago;
Schmutz et al., 2010). These 10 genes were arranged as
five pairs of linked genes. Several of these pairs
mapped to homoeologous regions located in different
LGs. Both tandem duplications and subsequent chro-
mosomal duplications due to paleopolyploidy, there-
fore, may have created a large number of FT homologs
in the soybean genome. Different levels of gene con-

Figure 6. Expression of GmFT2a and GmFT5a in
soybean plants upon transferring from SD to LD
conditions. A, Flowering responses of Harosoy
exposed to different durations of SD after emer-
gence in LD. Seedlings of Harosoy grown in SD
conditions for 3, 6, 9, and 12 d, from left to right,
after emergence were transferred to LD. B, Ex-
pression of GmFT2a and GmFT5a in primary
leaves. C, Expression of GmFT2a and GmFT5a in
trifoliate leaves. DAT, Days after transferring to LD
conditions. SD3, SD6, SD9, and SD12 indicate
that plants were exposed to SD conditions for 3,
6, 9, and 12 d, respectively. Relative transcript
levels were analyzed by quantitative RT-PCR and
normalized to b-tubulin (TUB). Average and SE

values for three replications are given for each
data point.
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servation in order and orientation, different insertions
of retroelement sequences between homoeologous
BAC clones, and different amino acid identities be-
tween linked homologs or between homoeologs in
different LGs all suggest that the genomic regions
surrounding the five tandemly linked FT homologs
have been exposed to independent and complex evo-
lutionary forces.

Of the 10 FT homologs identified, GmFT2a and
GmFT5a exhibited the expression patterns that were
strongly controlled by photoperiod. Under inductive
SD conditions, the two genes were highly up-regu-
lated, with the peak of transcript abundance at the
flower bud formation stage; under LD conditions, the
expression of both genes was suppressed. Using ec-
topic expression analyses in Arabidopsis, we con-
firmed that these two genes have the expected
florigen function of FT. The other homologs showed
no or very low levels of expression in the tissues and
environments tested. In particular, two homoeologs,
GmFT2b and GmFT5b, of GmFT2a and GmFT5a, re-
spectively, produced no transcripts in the SD-grown
Harosoy. It is tempting to speculate that an optimal
level of FT expression has been gained through pseu-
dogenization and/or subfunctionalization of these
homoeologs.

GmFT2a and GmFT5a Expression Is Controlled by
PHYA-Mediated Photoperiod Response

Transcriptional profiles in Harosoy, a photoperiod-
sensitive cultivar, and its NILs for PHYA double mu-
tants, e3 and e4, suggest that the inhibition of GmFT2a
and GmFT5a expression under LD is mainly controlled
by the PHYA genes, GmPHYA2 and GmPHYA3. This is
in sharp contrast to Arabidopsis, in which PHYA,
together with CRY2, promote flowering through the
stabilization of the CO protein (Valverde et al., 2004).
This promotive function of PHYA in flowering is also
observed in pea (Pisum sativum; LD plant) and rice (SD
plant); the phyA mutants delayed flowering under
inductive light conditions (Weller et al., 2001; Takano
et al., 2005), in contrast to the e3 and e4 mutant alleles
that result in no flowering delay under inductive SD
conditions (Cober et al., 1996b; Cober and Voldeng,
2001b). Furthermore, night-break experiments in rice
demonstrate that Hd3a (rice FT ortholog) transcription
is determined mainly by light signal transduction
dependent on PHYB, not PHYA (Ishikawa et al.,
2005, 2009).

The possible involvement of PHYB and CRYs in
the photoperiodic pathway of flowering has still not
been fully addressed in soybean. Zhang et al. (2008)
revealed that a soybean CRY1 ortholog, GmCRY1a,
rescued the Arabidopsis late-flowering cry2 mutant
in ectopic expression analysis with a 35S::GFP-
GmCRY1a construct, suggesting that the GmCRY1a
protein promotes floral initiation. Furthermore,
GmCRY1a exhibited photoperiod-dependent rhyth-
mic production, which correlated with the photope-

riodic flowering and the latitudinal distribution cline
of soybean cultivars. However, the genetic variations
affecting the circadian expression pattern remain
unsolved and are suggested to reside outside of the
GmCRY1a gene itself (Zhang et al., 2008). Actually,
there are no known major genes or quantitative trait
loci for flowering around the mapped positions of
the CRY family (Matsumura et al., 2009) and PHYB
genes (Tasma and Shoemaker, 2003), suggesting that
neither CRY nor PHYB genes contributed signifi-
cantly to the diversification of flowering behavior in
soybean. Our data rather support the idea that two
PHYA genes, GmPHYA2 (E4) and GmPHYA3 (E3),
mainly contribute to diverse responses of flowering
to LDs.

GmFT2a and GmFT5a Respond Differently to

Photoperiod, and GmFT5a Induces Flowering under
LD Conditions

The SD-to-LD transfer experiment indicates that
Harosoy possesses no distinct juvenile stage in which
photoperiodic response is inhibited. The 12-d expo-
sure to SD after emergence was sufficient to induce
and maintain flowering under the LD condition;
flowering started around 12 DAT to LD (Fig. 6A; 24.6
DAE) and continued for 27 d until the experiment
terminated at 40 DAT. Both GmFT2a and GmFT5awere
expressed at a high level in both primary and trifoliate
leaves of 12-d-old plants in SD, but 10 DAT to LD no
noticeable expression of GmFT2a was detected, and
only GmFT5a was expressed at a low level in trifoliate
leaves (Fig. 6, B and C). GmFT2a and GmFT5a, there-
fore, may serve as signals to induce and maintain
flowering in soybean; once induced by the two FT
proteins, the flowering may continue independently of
transcript levels of both GmFT2a and GmFT5a. Alter-
natively, the lower level of GmFT5a expression ob-
served at 20 to 40 DAT may allow the persistence of
flowering.

The SD-to-LD transfer experiment further demon-
strated that both GmFT2a and GmFT5a have different
responses to photoperiod. The expression of GmFT2a
is strictly regulated by photoperiodic changes. In
contrast, the response of GmFT5a to photoperiodic
changes was gradual, and its expression was con-
served at low levels even after the plants were trans-
ferred to LD. Furthermore, GmFT5a expression was
up-regulated later in development in LD-grown Har-
osoy (carrying functional PHYA genes; Fig. 3F). These
findings suggest that in addition to PHYA-mediated
photoperiod response, a second regulatory mecha-
nism may be involved in the control of GmFT5a
expression. Under the PHYA-mediated photoperiodic
regulation system, GmFT2a and GmFT5a may redun-
dantly and strongly induce flowering in shorter day-
lengths, but in longer daylengths GmFT5a may solely
condition flowering in a photoperiod-independent
manner. Therefore, these two FT homologs may coor-
dinately control flowering in soybean.
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The expression of rice FT orthologs Hd3a and RFT1
is controlled through two pathways regulated by Hd1
(rice CO ortholog) and Early heading date1 (Ehd1), a
rice-specific floral inducer that functions indepen-
dently of Hd1 (Komiya et al., 2008). Under SD, Hd3a
is up-regulated mainly by the Hd1-dependent path-
way, and RFT1 expression is very low. Under LD,
however, RFT1 is regulated by Ehd1, which in turn is
activated byOsMAD50, the rice ortholog of SUPPRES-
SOR OF OVEREXPRESSION OF CO1 in Arabidopsis,
and is inhibited by PHYB (Komiya et al., 2009). RFT1 is
further known to be partly up-regulated by chromatin
modification; there was a marked increase in RFT1
expression by the increased level of H3K9 histone
acetylation around the transcription initiation site of
RFT1, particularly when Hd3a expression was sup-
pressed by RNA interference (Komiya et al., 2008).
These two pathways regulate the accumulation of both
Hd3a and RFT1 transcripts under a range of photope-
riods, resulting in the adaptation of rice to a wide
range of latitudes by genotypic variation at each of the
two loci (Hagiwara et al., 2009).
Further studies are needed to answer how GmFT5a

transcription is controlled by factors other than the
photoperiodic (PHYA-mediated) pathway. As sug-
gested in rice, the functions of soybean CO orthologs
and the involvement of other regulatory mechanisms
should be addressed. The loss-of-function alleles of
the two PHYA genes (e3 and e4) have contributed to
the adaptation of soybean, in particular, to high lati-
tudes. However, the insertion of the SORE-1 retrotrans-
poson into the GmPHYA2 gene (E4) is most likely of
evolutionarily recent origin, because distribution of
the cultivars carrying the e4 allele is restricted to
northern Japan (Kanazawa et al., 2009). The two dif-
ferently regulated FT genes, GmFT2a and GmFT5a,
therefore, may be another key component that makes
it possible for soybean to flower in a wide range of
photoperiods under the PHYA-mediated photoperiod
regulation.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Soybean (Glycine max ‘Harosoy’ [L58-266; E3E3E4E4]) and its NILs for two

maturity genes, e3 (L62-667; H-e3), e4 (OT94-41; H-e4), and both (OT89-5;

H-e3e4), were used in this study. Harosoy is an early-maturing cultivar and

belongs to the maturity group II. All plants were grown in 1/5000-a Wagner

pots in a growth chamber at a consistent air temperature of 25�C and an

average photon flux of 300 mmol m–2 s–1 supplied by fluorescent and in-

candescent lights. The irradiance ratio of the light at 660 and 730 nm (R:FR)

was 1.2 as measured using a LI-COR quantum sensor (model LI-4800C).

Daylength regimes were 12 h of light/12 h of dark for SD and 18 h of light/6 h

of dark or 20 h of light/4 h of dark for LD. RILs, which were derived from a

cross between the breeding line TK780 and the wild soybean line Hidaka 4

(Liu et al., 2007), were used for mapping the FT homologs into LGs.

Transfer from SD to LD

Four germinated seeds of Harosoy with tap roots of almost the same size

were transplanted into Wagner pots in the growth chamber. Seeding was

repeated four times every 3 d to prepare seedlings of different plant ages, 3, 6,

9, and 12 d old, when the daylength was changed from SD to LD (20 h of light).

Primary leaves and the trifoliate leaves were sampled at 4 h after dawn as a

bulk from four SD-grown plants of each growing stage and from those

transferred into LD at 3, 10, 20, and 40 DAT. The dates of the first flower

appearance and flower bud formation at each node were recorded individ-

ually.

Sequence Analyses of cDNA and BAC Clones, Assembly,
and Annotation

The transcripts covering the entire coding region of the FT homologs were

amplified by RT-PCR from cDNAs synthesized from RNA of trifoliate leaves

of Harosoy grown under SD. Total RNA was isolated and cDNA was

synthesized as described by Koseki et al. (2005). Amplification reactions

used the cDNAs as templates and sets of homolog-specific primers (Supple-

mental Table S1). Amplified products were cloned and sequenced.

The whole nucleotide sequence of each BAC insert was determined by the

bridging shotgun method (Sato et al., 2001) with some modification. Plasmids

of shotgun clones were sequenced and assembled by Phred-Phrap software

(Phil Green, University Washington, Seattle). The lower threshold of accept-

ability for the generation of consensus sequences was set at a Phred score of 20

for each base. Assignment of the protein-coding regions was performed by

similarity searches and computer prediction as described by Sato et al. (2001).

The transcribed regions were assigned by comparison of the nucleotide

sequences with the Dana-Farber Cancer Institute Soybean Gene Index data-

base by the BLASTN algorithm. All results were compiled with the aid of the

Kazusa Annotation Pipeline for Lotus japonicus (Sato et al., 2008). Potential

protein-coding genes were assigned by taking into consideration both simi-

larity to known genes and computer prediction.

Genetic Mapping

The FT homologs were mapped in a linkage map constructed using the

RILs derived from the cross between TK780 and Hidaka 4, which covered

2,383 centimorgan in length with 282 markers (Liu et al., 2007). Markers

developed and primers used in PCR are listed in Supplemental Table S2. The

linkage data were incorporated into the map using the MapManager program

QTXb17. Marker order and distance were determined using the Kosambi

function and a criterion of 0.001 probability.

Expression Analyses

Tissue-specific expression was analyzed for Harosoy grown under SD.

Total RNA was isolated from root, cotyledon, trifoliate leaf, stem, stem tip,

flower bud, and immature seed. In diurnal expression analyses, pieces of

young fully developed trifoliate leaves were sampled every 4 h starting at

dawn for 24 h as a bulk of three plants grown under SD or LD (18 h of light) at

15 DAE. In time course-dependent expression analyses, pieces of young fully

developed trifoliate leaves were sampled at 4 h after dawn by bulk from four

individual plants grown in SD (12 h of light) and LD (18 h of light) every 5 d

starting at 10 DAE until 30 DAE and thereafter every 10 d in the plants grown

in LD until 50 DAE.

RT-PCR and Quantitative RT-PCR Analyses

RT-PCR of FT and b-tubulin (as a control) used cDNAs synthesized from

total RNA. PCR conditions were one cycle of 5 min at 94�C; 30 cycles of 30 s at
94�C, 30 s at 55�C to 58�C (depending on the gene), and 30 s at 72�C; and a final

extension of 10 min at 72�C. RT-PCR was performed using homolog-specific

forward primers in the 5# untranslated region or exon 1 and homolog-specific

reverse primer in the 3# untranslated region to easily separate the RT-PCR

products (approximately 500 bp) from the fragments amplified from genomic

DNAs (greater than 1 kb). The RT-PCR products were separated by electro-

phoresis on a 1% agarose gel and visualized with ethidium bromide under UV

light. Quantitative RT-PCR was performed as described by Liu et al. (2008).

The quantitative RT-PCR mixture was prepared by mixing a 1-mL aliquot of

the reaction mixture of cDNA synthesis, 5 mL of 1.2 mM primer premix, 10 mL

of SYBR Premix ExTaq Perfect Real Time (TaKaRa Bio), and water to a final

volume of 20 mL. The analysis was done using the DNA Engine Opticon 2

System (MJ Research). The PCR cycling conditions were as follows: 95�C for
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10 s, 52�C to 56�C (depending on the gene) for 20 s, 72�C for 20 s, and 78�C for

2 s. This cycle was repeated 40 times. Fluorescence quantification was carried

out before and after the incubation at 78�C to monitor the formation of primer-

dimers. The mRNA level of the b-tubulin gene was used as a control for the

analysis. A reaction mixture without reverse transcriptase was also used as a

control to confirm that no amplification occurred from genomic DNA con-

taminants in the RNA sample. In all PCR experiments, amplification of a

single DNA species was confirmed by both melting curve analysis of quan-

titative PCR and gel electrophoresis of PCR products. The primers used for

RT-PCR and quantitative RT-PCR are listed in Supplemental Table S1.

Ectopic Expression of GmFT2a and GmFT5a
in Arabidopsis

The cDNA sequences of Harosoy GmFT2a and GmFT5a were first cloned

into the pGEM-T Easy vector (Promega). Sac/XbaI-digested fragments were

then inserted in place of the intron-GUS in the pMDC100IG vector, so that the

transgene was driven by the cauliflower mosaic virus 35S promoter. Arabi-

dopsis (Arabidopsis thaliana) Col-0 plants were transformed by the floral dip

method (Clough and Bent, 1998). Transformants were selected on Murashige

and Skoog medium with 50 mg mL21 kanamycin. Six plants selected for each

of the two constructs, together with 10 Col-0 plants, were grown in a growth

room at a constant air temperature of 23�C and an average photon flux of 270

mmol m–2 s–1 with a daylength of 16 h. T2 plants from each T1 plant, together

with 12 wild-type Col-0 plants, were germinated in the Murashige and Skoog

medium without kanamycin and grown in the growth chamber with the same

temperature and photoperiod but lower photon flux (120 mmol m–2 s–1). PCR

with primers specific to the 35S promoter was carried out to confirm the

presence of the transgene.

The sequences reported in this paper have been deposited in the

GenBank/EMBL/DDBJ database with accession numbers AP011804

(WBb111F4), AP011805 (WBb132N10), AP011806 (WBb135L8), AP011807

(WBb174H15), and AP011808 (WBb214D14) for BAC clones of cv Williams

and accession numbers AB550120 (GmFT1a), AB550121 (GmFT1b),

AB550122 (GmFT2a), AB550124 (GmFT3a), AB550125 (GmFT3b), and

AB550126 (GmFT5a) for cDNA sequences of cv Harosoy.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Gene structures of FT homologs in soybean.

Supplemental Figure S2. Linkage map positions of soybean FT homologs

in the RILs of a cross between a soybean breeding line, TK780, and a

wild soybean accession, Hidaka 4.

Supplemental Table S1. List of primers for gene isolation/RT-PCR and

real-time PCR analysis used in this study.

Supplemental Table S2. List of primers for genetic mapping used in this

study.
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