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Seed dormancy is an adaptive mechanism and an important agronomic trait. Temperature during seed development strongly

affects seed dormancy in wheat (Triticum aestivum) with lower temperatures producing higher levels of seed dormancy. To

identify genes important for seed dormancy, we used a wheat microarray to analyze gene expression in embryos from mature

seeds grown at lower and higher temperatures. We found that a wheat homolog of MOTHER OF FT AND TFL1 (MFT) was

upregulated after physiological maturity in dormant seeds grown at the lower temperature. In situ hybridization analysis

indicated that MFT was exclusively expressed in the scutellum and coleorhiza. Mapping analysis showed that MFT on

chromosome 3A (MFT-3A) colocalized with the seed dormancy quantitative trait locus (QTL) QPhs.ocs-3A.1. MFT-3A ex-

pression levels in a dormant cultivar used for the detection of the QTL were higher after physiological maturity; this increased

expression correlated with a single nucleotide polymorphism in the promoter region. In a complementation analysis, high

levels of MFT expression were correlated with a low germination index in T1 seeds. Furthermore, precocious germination of

isolated immature embryos was suppressed by transient introduction of MFT driven by the maize (Zea mays) ubiquitin

promoter. Taken together, these results suggest that MFT plays an important role in the regulation of germination in wheat.

INTRODUCTION

Seed dormancy controls the timing of germination and provides

an important adaptive strategy for survival of long periods of

unsuitable environmental conditions. For agronomic applica-

tions, the regulation of seed dormancy is important to prevent

preharvest sprouting and to obtain uniform germination (Bewley

and Black, 1994). Particularly in wheat (Triticum aestivum), pre-

harvest sprouting is a serious problem in the regions of the world

where the rainy season tends to overlap with the harvest season

(Gale, 1989;Gerjets et al., 2010). Thus, wheat breeding programs

have had to meet contradictory demands for a high level of seed

dormancy at harvest (to prevent preharvest sprouting) and no

seed dormancy at sowing (to obtain uniform germination). To

meet these demands, differences in the mechanisms controlling

preharvest sprouting and subsequent germination of harvested

seeds must be identified. Despite the identification of a number

of genes involved in this process, our knowledge is still too

limited to control seed dormancy (Kucera et al., 2005; Finch-

Savage and Leubner-Metzger, 2006; Bentsink and Koornneef,

2008; Finkelstein et al., 2008; Holdsworth et al., 2008a, 2008b).

Seed dormancy is a complex trait influenced by environmental

factors. In wheat, temperature is a key environmental factor that

affects seeddormancymainly at twodevelopmental stages, during

seed development and at germination (Black et al., 1987). Low

temperatures during seed development generate a higher level of

seed dormancy (i.e., a higher percentage of seeds that do not

germinate) (Buraas and Skinnes, 1985; Reddy et al., 1985; Black

et al., 1987).Bycontrast, low temperaturesatgermination stimulate

seed germination (Nyachiro et al., 2002). To explain the effect of

temperature on seed dormancy, Hilhorst (2007) proposed that

membrane fluidity altered by temperature signals a change in

dormancy. However, the molecular mechanism underlying the re-

sponse to temperature, so far, remains to be elucidated. Because

the same cultivar can show different levels of seed dormancy in

response to different temperatures during seed development, this

effect clearly does not result from genomic sequence differences.

Instead, temperature-dependent transcriptional regulation may be

involved in this response. Thus, by analyzing this phenomenon

using a transcriptomic approach, we may find genes that regulate

the level of seed dormancy and its response to temperature during

seed development.
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Several transcriptomic analyses on seed development and

germination have been reported in wheat and barley (Hordeum

vulgare; Wilson et al., 2005; Sreenivasulu et al., 2008; Wan et al.,

2008). Numerous transcriptome analyses have examined ex-

pression profiles during seed development and germination in

Arabidopsis thaliana. These analyses confirmed that abscisic

acid (ABA) and gibberellin (GA) play important roles in the reg-

ulation of seed dormancy; however, the transcriptional effects of

temperature during seed development on the formation of seed

dormancy remain unclear. Identifying the genes that regulate

seed dormancy will substantially advance our understanding of

this process

Genetic approaches have identified several genes that affect

seed dormancy. For example, positional cloning of seed dor-

mancy quantitative trait loci (QTL) has successfully found genes

that affect seed dormancy, including DELAY OF GERMINA-

TION1 (DOG1) in Arabidopsis (Bentsink et al., 2006) and Seed

dormancy4 (Sdr4) in rice (Oryza sativa; Sugimoto et al., 2010).

Indeed, ectopic overexpression of wheat and barley DOG1

homologs in transgenic Arabidopsis increased seed dormancy

(Ashikawa et al., 2010). DOG1 and Sdr4 encode proteins of un-

known function, with no annotated domains and no similarity to

proteins of known function. Both genes also show seed-specific

expression, with higher expression levels in dormant seeds.

Further analysis showed that DOG1 is also involved in sugar/ABA

signaling (Teng et al., 2008), seed germination per se, and its reg-

ulation by ABA (Graeber et al., 2010).

Previous genetic studies on seed dormancy in wheat have de-

tected a number of QTL (Flintham et al., 2002). Among them, two

QTL that appear to have stable and large effects,QPhs.ocs-3A.1

and Phs1, have been found on chromosomes 3A and 4A (Mares

et al., 2005; Mori et al., 2005; Torada et al., 2008). However, so

far, the DNA sequences responsible for the wheat seed dor-

mancyQTL and their natural variation have not been determined.

To identify genes involved in the regulation of seed dormancy,

we screened for differentially expressed genes in embryos grown

at different temperatures and identified a wheatMOTHER OF FT

AND TFL1 (MFT) homolog that is transcriptionally upregulated

after physiological maturity at lower temperature during seed

development. MFT-like genes show seed-specific expression

(Chardon and Damerval, 2005) and belong to the plant phos-

phatidyl ethanolamine binding protein (PEBP) family, which is

divided into three subfamilies, FLOWERING LOCUS T (FT)-like,

TERMINAL FLOWER1 (TFL1)-like, and MFT-like (Chardon and

Damerval, 2005). In Arabidopsis, FT and TFL1 are thought to be

molecular switches for reproductive development (Turck et al.,

2008), and MFT is phylogenetically ancestral to them (Hedman

et al., 2009). MFT has recently been shown to be a negative

regulator of ABA sensitivity during seed germination in Arabi-

dopsis (Xi et al., 2010). Moreover, in tomato (Solanum lyco-

persicum), modulation of the balance between the tomato

FT homolog SINGLE FLOWER TRUSS and the TFL1 homolog

SELF-PRUNING affects a variety of growth processes, including

flowering response, reiterative growth, termination cycles, leaf

maturation, and stem growth (Shalit et al., 2009). Thus, genes

in the FT and TFL1 families are likely to act as general growth

regulators, rather than just as the floral initiation regulator or

florigen.

In this study, we provide evidence that MFT is one of the key

factors regulating seed germination and temperature effects on

the formation of seed dormancy during seed development in

wheat. In addition, our data suggest thatMFT is the causal gene

for the wheat seed dormancy QTL QPhs.ocs-3A.1 and that the

single nucleotide polymorphism (SNP) identified in the MFT

promoter may be an important target for marker-assisted selec-

tion to improve preharvest sprouting resistance in wheat.

RESULTS

Temperature-Dependent Formation of Seed Dormancy

To assess temperature effects on seed dormancy in wheat, two

cultivars, Shiroganekomugi (SK) and Norin61 (N61) were grown

at 13 and 258C after anthesis. Among Japanese wheat cultivars,

SK is susceptible to preharvest sprouting and has a lower level of

seed dormancy, andN61 is resistant to preharvest sprouting and

has a high level of seed dormancy. There are no differences

between the two cultivars in seed water content reduction during

development (Figure 1A), indicating their seed maturation pro-

gresses similarly. Basically, the seed water content gradually

decreased to around 40% (25 d after anthesis [DAA25] for 258C
and DAA55 for 138C); this stage is considered the physiological

maturity stage, when developing seeds reach their maximum dry

weight. After that, the water content rapidly decreased to <20%,

when maturation of the seeds was complete. Changes in the

percentage of germination of seeds grown at 258C were almost

the same between the two cultivars, and the percentage of

germination rapidly increased to around 100% after physiolog-

ical maturity at DAA25 (Figure 1A). However, the changes in the

percentage of germination of seeds grown at 138Cwere different

between the two cultivars. For SK grown at 138C, germination

percentages increased gradually after DAA30, and after physi-

ological maturity, its germination percentages increased more

rapidly to;50%.However, the final germination percentagewas

half that of SK grown at 258C. For N61 grown at 138C, the seeds

became extremely dormant, and the germination percentage

was always around 0%. The greater response to temperature in

N61 is consistent with the dormancy traits of the two cultivars.

The maturation time of seeds grown at 258C is;40 d. This is

half that of the seeds grown at 138C (;80 d). This difference

affected the size of the mature seeds (Figure 1B). The average

dry weight of seeds grown at 258C is approximately half that of

seeds grown at 138C (Figure 1C). This seems to be because they

do not have enough time to synthesize storage materials (mainly

starch) to fill in the endosperm.

Although mature N61 seeds grown at 138C had a very low per-

centageof germination, thehigh level of seeddormancywasbroken

by after-ripening. After 6 months storage at 48C, the N61 seeds

grown at 138C germinated at 100% (Figure 1D). The SK seeds also

showed complete germination under these conditions (Figure 1D).

Identification of a Temperature-ResponsiveMFT Homolog

To identify candidate genes that encode regulators of seed

dormancy and its temperature responsiveness, we next used
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Figure 1. The Developmental Status of Seeds for Microarray Analysis.

(A) Time course of germination percentages and water content during seed development. Wheat cultivars SK and N61 were grown at 13 or 258C after

anthesis. Results from triplicate independent biological samples (n = 3) are shown as lines with closed circles (grown at 138C) and open squares (grown

at 258C). Error bars represent SD.

(B) Mature seeds grown at 13 or 258C. N61 seeds are mature at DAA76 grown at 138C or at DAA34 grown at 258C, and SK seeds are mature at DAA80

grown at 138C or at DAA 38 grown at 258C.

(C) Average dry weight of mature seeds grown at 13 or 258C. Results from triplicate independent biological samples (n = 3) are shown; error bars

represent SD.

(D) Germination percentages of after-ripened mature seeds grown at 138C. M, the mature seeds grown at 138C during seed development. A, the after-

ripened seeds: the mature seeds grown at 138C stored for 6 months at 48C. After-ripened 30 seeds were incubated for 5 d at 158C. Results from

triplicate independent biological samples (n = 3) are shown, and error bars represent SD. The germination percentages of the after-ripened seeds in SK

and N61 were 100% in the triplicate repeats.
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transcription profiling, hypothesizing that such genes should

show differential, seed-specific expression in different temper-

ature conditions. Because the distinguishing difference in the

germination percentages was between mature seeds grown at

13 or 258C, we compared gene expression between embryos

isolated from seeds grown under these conditions. We per-

formed microarray analyses of ;38,000 wheat probes using a

60-mer oligo wheat DNA microarray from Agilent Technologies.

Ourmicroarray analysis showed that gene expression patterns in

embryos grown at 13 or 258C were highly similar in both SK and

N61 (Figure 2A). To examine gene expression, we first selected

the probes that showed detectable expression in at least one

temperature condition and reproducible expression in the three

biological replicates. There were 10,762 and 10,453 genes in SK

and N61, respectively, that showed a signal intensity of more

than the cutoff threshold of 1000 with either Cy3 (138C) or Cy5
(258C) and no flags (marks of microarray spots that have bad

quality evaluated by Feature Extraction software) in all three

biological replicates. Within this set, only 138 and 149 genes in

SK andN61, respectively, showed greater than a twofold change

in levels with a q-value of <0.05, which indicates statistical

significance (Table 1; see Supplemental Data Sets 1 and 2 on-

line). Thus,;1.4% of genes with detectable expression showed

more than a twofold change in expression between the two

temperature conditions. Among them, 72 geneswere detected in

both SK and N61 (Figure 2B; see colored rows in Supplemental

Data Sets 1 and 2 online). In SK, only six genes showed more

than a 10-fold expression change, and only two genes did in N61

(Table 1, listed in Table 2). Among these, two genes were found

in both SK and N61. By BLAST analysis (Altschul et al., 1990)

using the National Center for Biotechnology Information data-

base (http://www.ncbi.nlm.nih.gov/), one shows high similarity

(e-value: 2e-115) to the rice gene Os06g0708600, which is

annotated as a zinc finger, C2H2-like domain–containing protein

(RAP-DB, http://rapdb.dna.affrc.go.jp/), and the other shows

high similarity (e-value: 2e-114) to Os01g0111600, which is

annotated as similar to MFT. Because the previously identified

seed dormancy regulators DOG1 and Sdr4 show seed-specific

expression, we next evaluated tissue-specific expression of the

rice homologs of each wheat gene using the RiceXPro database

(http://ricexpro.dna.affrc.go.jp/) (Sato et al. 2011), assuming that

expression would likely be similar in rice and wheat. Of the two

candidate genes, only the rice gene corresponding to the wheat

homolog of MFT showed seed-specific expression. This is sup-

ported by the fact that MFT-like genes were previously reported

to show seed-specific expression (Chardon andDamerval, 2005;

Danilevskaya et al., 2008; Xi et al., 2010). Thus, we selectedMFT

for further investigation in wheat.

InArabidopsis,MFT is directly regulated byABA-INSENSITIVE3

(ABI3) and ABI5, and upregulated by DELLA proteins in the GA

signaling pathway (Xi et al., 2010). Thus, we looked into the

expression levels of the wheat genes corresponding to these loci

in our microarray data (see Supplemental Table 1 online). The

wheat ABI5 homolog ABA response element binding factor

showed a small difference in its expression level between 13

and 258C in SK and N61 with average fold changes of 1.6 in SK

and 1.7 in N61 with P < 0.05. However, the wheat DELLA gene

Reduced Height1 and the wheat ABI3 homolog Viviparous1 did

Figure 2. The Results of Microarray Analysis.

(A) Scatterplots illustrating the distributions of the microarray signal in-

tensities. Wheat cultivars SK and N61 grown at 13 and 258C after anthe-

sis. Average signal intensities of three biological replicates are shown.

There are 10,762 genes in SK and 10,453 genes in N61 that showed

signal intensity of >1000 in either the 13 or 258C samples and no flags

(marks of microarray spots that have bad quality evaluated by Feature

Extraction software). The diagonal black line in the middle of the points

represents 1:1 signal ratio (no change), and the flanking lines on either

side represent a threefold change.

(B) A Venn diagram of differentially expressed genes in SK and N61. The

numbers of genes with the control or raw signal intensity >1000, fold

change >2, and q-value <0.05 (average of three biological replicates) are

shown.
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not show significant differences in their expression levels be-

tween at 13 and 258C.

Analysis ofMFT Expression by Quantitative RT-PCR

To confirm the differential expression of MFT seen in the micro-

array analysis, we analyzed MFT expression during seed devel-

opment by quantitative RT-PCR (qRT-PCR). In mature seeds of

both SK and N61, the expression level of MFT at 138C was ;4

times higher than that at 258C (Figure 3A). These results are

consistent with the results of the microarray analysis.

Next, we examined changes inMFTmRNA levels during seed

development. In all conditions, the expression of MFT started at

early stages of seed development and seemed to have two

peaks, one during the immature embryo stage and another af-

ter the physiological maturity stage (Figure 3B). The marked

difference in MFT expression levels between 13 and 258C was

observed after the physiological maturity stage. The wheat mi-

croarray analysis also showed the same changes in expression

level of MFT in N61 during the seed maturation stage (see Sup-

plemental Figure 1 online).

Mapping Diploid and Hexaploid WheatMFT Homologs

We analyzed the location of the MFT homolog (Tm-MFT) of

diploid wheat (Triticum monococcum) on a genetic map using

recombinant inbred lines (RILs) derived from a cross between

T. monococcum and Triticum boeoticum. Tm-MFTwas mapped

to the distal end of the short arm of chromosome 3Am, 25 cen-

timorgans distal from Xbarc321 (Figure 4). In hexaploid wheat, a

seed dormancy QTL, QPhs.ocs-3A.1, has been mapped to the

terminal region of the short arm of chromosome 3A using RILs

derived from a cross between the highly dormant wheat cultivar

Zenkoujikomugi (Zen) and the less dormant cultivar Chinese

Spring (CS). The simple sequence repeat (SSR)markerXbarc310

is located at the logarithm of odds peak of QPhs.ocs-3A.1 (Mori

et al., 2005). Thus, we analyzed the genotypes of Xbarc310 and

Ta-MFT-3A using 2852 F2 plant lines derived from a cross

between CS and CS(Zen3A), which is the Zen chromosome 3A

substitution line. This analysis showed that Ta-MFT cosegre-

gates with Xbarc310, indicating that Ta-MFT resides in the seed

dormancy QTL QPhs.ocs-3A.1 (Figure 4).

ExpressionofTa-MFT inCSandCS(Zen3A) andLocalization

of Ta-MFT Expression during Seed Development

To further examine MFT function, we next isolated MFT cDNAs.

In CS, we isolated and sequenced 12 cDNAs of MFT (see Sup-

plemental Figure 2 online). They all have the same nucleotide

sequence, and using the deduced amino acid sequence, MFT in

CS was phylogenetically grouped into the MFT-like family (see

Supplemental Figure 3 online). This cDNA sequence specifically

matched the coding sequence of the partial genomic sequence

assigned to chromosome 3A (see Supplemental Figures 4A and

4B online). This means it is likely that MFT-3A is the main MFT

expressed in CS. AlthoughQPhs.ocs-3A.1 has been found using

RILs derived from a cross between Zen and CS, we used CS

and CS(Zen3A) to analyze the association of MFT expression

levels with seed dormancy levels. This approach minimizes the

effects of differences in genetic background. CS and CS(Zen3A)

showed ;0% germination at DAA30, 40, and 50 (Figure 5A).

Under this growth condition, DAA50 was estimated to be the

physiologically mature stage, based on changes in water content

(Figure 5B). When seeds matured completely at DAA60, the

germination percentage of CS was ;60%; by contrast, the

germination percentage of CS(Zen3A) was ;30% (Figure 5A).

Under these conditions, we analyzed the level ofMFT expression

during seed development by qRT-PCR. The level of MFT ex-

pression in both CS and CS(Zen3A) peaked at an early stage of

seed development at DAA20. Subsequently, the level of MFT

expression in CS decreased rapidly around the physiological

maturity stage (i.e., DAA50; Figure 5C). By contrast, the level of

MFT expression in CS(Zen3A) decreased gradually after its first

peak at DAA20 but was significantly more highly expressed

than in CS even after DAA50 (Figure 5C). Eventually, the level of

MFT expression in CS(Zen3A) was ;6 times higher than CS at

DAA60, the completely mature stage. Therefore, these results

are consistent with an association of the expression level ofMFT

after physiological maturity with the level of seed dormancy in CS

and CS(Zen3A). Our in situ hybridization analysis revealed that

MFTwas specifically expressed in the scutellum and coleorhizae

(Figure 6). Our subcellular localization analysis showed TaMFT:

DsRedwas both nuclear and cytoplasmic in onion leaf epidermal

cells (see Supplemental Figure 5 online) compared with wheat

Flowering Locus T(TaFT):DsRed as a control.

Comparison of theMFT-3A Genomic Sequences of CS

and Zen

The expression level of MFT after physiological maturity was

different between CS and CS(Zen3A), indicating that these lines

might harbor nucleotide sequence polymorphisms in their MFT

promoter regions. Thus, we examined the genomic sequences,

including promoter regions ofMFT-3A in CS and Zen. First, three

CS wheat genomic BAC clones were isolated by PCR screening

using MFT-3A–specific primers. The clone WCS1322O14, con-

taining the longest insertion of ;184 kb, was sequenced and

analyzed, and MFT-3A was identified in one of the sequenced

contigs of this BAC clone. Using this information, the genomic

MFT-3A sequences of CS and Zen were amplified by PCR using

primers CS3A-5-R1 and CS3A-6-R2 (see Supplemental Table 2

Table 1. Number of Differentially Expressed Genes

Fold Change

No. of Genes

SK N61

>2 138 149

>3 73 62

>4 30 26

>5 23 14

>10 6 2

Number of differentially expressed genes identified by our microarray

analysis with signal intensities at 138C or 258C of >1000 and q-values

<0.05 (three independent biological replicates) is shown. N61 and SK

are the wheat cultivars.
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online) and sequenced. A comparison of the genomic sequences

of MFT-3A in CS and Zen (Figure 7) revealed polymorphisms at

two sites. One SNP was located 222 bp upstream from the

initiation codon of MFT-3A (Figure 7), and a SSR polymorphism

was located in the 3rd intron (Figure 7); the SSR polymorphism

was previously used for genotyping MFT-3A (see Supplemental

Figure 6 online). The SNP in the promoter region had a T in CS

and a C in Zen (Figure 7); in the dormant Zen cultivar, this SNP

truncated the A-boxmotif, a bZIP transcription factor binding site

(Izawa et al., 1993), TACGTA, by conversion of the 59 nucleotide
from T to C. Thus, a bZIP transcription factor may negatively

regulate MFT expression in nondormant CS lines. A cleaved

amplified polymorphic sequence (CAPS) marker was developed

for this SNP (see Supplemental Figure 7A online). Using this

CAPS marker, we genotyped the 136 RILs derived from a cross

between CS and Zen, which includes the 125 RILs used for

detection of QPhs.ocs-3A.1 (Mori et al., 2005). This analysis

showed that the MFT CAPS marker always cosegregated with

Xbarc310 (see Supplemental Figure 7B online), suggesting that

both markers are tightly linked to the locus influencing seed

dormancy. This result supports the mapping result (Figure 4; see

Supplemental Figure 6 online) using the SSR polymorphism

marker. Thus, we identified a candidate functional SNP in the

promoter region of MFT-3A that may increase MFT expression

and likely contributes to increased seed dormancy; we also

developed a CAPS marker for this SNP.

CorrelationbetweenMFTExpressionandSeedDormancy in

T1 Seeds

To determinewhether the ZenMFT genomic sequence is enough

to increaseMFT expression and seed dormancy levels in CS, the

entire 5685-bp genomic sequence of MFT-3A of Zen (Figure 7)

was stably introduced into CS. By PCR screening for the bar

selectable marker gene (which confers resistance to the herbi-

cide bialaphos), we obtained 26 independent wheat transgenic

T0 lines that likely have the MFT-3A genomic fragment of Zen

and also had enough T1 seeds per spike for qRT-PCR expres-

sion and germination index (GI) analyses. Using these 26 lines,

we analyzed MFT expression in mature embryos and GI in T1

seeds in the same spikes harvested;1 month after seed matu-

ration. We found a correlation between the expression level and

GI in these lines (Figure 8). The value of the decision coefficientR2

between the analyzed lineswas;0.5.When the expression level

is normalized to the expression level of MFT of CS at DAA 60

(Figure 5C), which was set as 1, the degree of the minimum and

maximum relative mRNA levels in the T1 seeds was ;1 and 6

(Figure 8). This is consistent with the observed sixfold increase in

MFT-3A mRNA levels in CS(Zen3A) at the mature stage DAA60

(Figure 5C). These results suggested that the introducedMFT-3A

genomic fragment of Zen is sufficient to increase levels of MFT

expression in mature embryos and thus increase seed dor-

mancy. Environmental and position effects from transgene in-

sertion may contribute to the fluctuations of MFT expression

levels in T1 seeds. Even though these factors may alter MFT

expression levels and affect the GI, the detection of the corre-

lation between MFT levels and GI indicates the possibility that a

strong association exists between them.

Transient Expression ofMFT in Immature Embryos Induces

Seed Dormancy

MFT is highly expressed in early seed development and during

seed maturation (Figures 3 and 5C). In addition, MFT is ex-

pressed mainly in the scutellum and coleorhiza of immature

embryos (Figure 6). To examine the function ofMFT at early seed

Table 2. Summary of Microarray Data of the Genes Whose Expression Levels Were Strongly Affected by Temperature during Seed Development

Cultivar Probe Name

Signal Intensity
Fold

Change

FDR

(q-Value)

Rice Homolog

Locus ID Annotation Accession No.(Cy3, 138C) (Cy5, 258C)

SK wheat0130Contig14075 201 4708 24.1 0.00310 Os06g0726200 Seed chitinase-c

protein

AY973229

wheat0130Contig12202 65781 3453 19.3 0.00310 Os06g0708600 Zinc finger protein AK333024

MUGEST2003_23lib_

Contig17196

6010 461 13.4 0.00310 Os06g0254300 EF-hand calcium

binding protein

HQ020505

MUG002E09R990520 2186 166 13.0 0.00310 Cold-regulated protein AJ132439

MUGEST2003_23lib_

Contig13877

4964 433 11.4 0.00310 Os02g0184700 Cytochrome P450

family protein

AK356149

wheat0130Contig787 22469 2046 11.1 0.00310 Os01g0111600 Mother of FT and

TFL1 protein

AK330655

N61 wheat0130Contig12202 45608 2354 19.5 0.00424 Os06g0708600 Zinc finger protein AK333024

wheat0130Contig787 12236 1180 10.1 0.00424 Os01g0111600 Mother of FT and

TFL1 protein

AK330655

Results of differential expression between mature embryos grown at 13 and 258C are shown with fold changes and q-values. N61 and SK are the

wheat cultivars used for this microarray analysis. Samples from 138C were labeled with Cy3, and samples from 258C were labeled with Cy5. Probes

with more than 10-fold changes in N61 and SK are listed. Accession numbers of wheat mRNA (except for AK356149, which is barley) identified by

BLAST search using the probe nucleotide sequences with e-value 0 are listed. Data sets for all the differential expressed genes with control or raw

signals >1000, fold changes >2, and q-values <0.05 can be found in Supplemental Data Sets 1 and 2 online. A complete set of microarray data was

deposited to the GEO repository under accession number GSE22786. FDR is false discovery rate.
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developmental stages, we transiently overexpressedMFT in im-

mature embryos and examined their germination.MFT driven by

the maize (Zea mays) ubiquitin promoter (Ubi:TaMFT) was di-

rectly bombarded into immature embryos isolated from CS

seeds at approximately DAA10. In general, cultured immature

wheat embryos germinate precociously (Williamson et al., 1985).

However, we found that the immature embryos transformed with

Ubi:TaMFT did not germinate even 10 d after transformation

(Figure 9A; see Supplemental Figure 8 online). We also exam-

ined immature embryos transformed with the control construct

b-glucuronidase (GUS) driven by the maize ubiquitin promoter

(Ubi:GUS) and embryos transformed with Ubi:TaMFT(Stop), in

which the 86th codon inMFT, which encodes a Trp, was changed

to a stop codon; embryos transformed with these control con-

structs germinated well (Figures 9A and 9B; see Supplemental

Figure 8 online). GA is known to promote germination and is used

for breaking seed dormancy in wheat (Nakamura, 1962); thus,

to test whether the embryos transformed with Ubi:TaMFT could

germinate, we transferred the nongerminated embryos onto

medium containing 1 mM GA and incubated them for 10 d. The

immature embryos treated with exogenous GA eventually ger-

minated (see Supplemental Figure 8 online). This indicates that

the nongerminating immature embryos retained their ability to

Figure 3. The Temperature Effect on the Expression of MFT.

(A) MFT expression levels in mature embryos. Wheat cultivars SK and

N61 grown at 13 and 258C after anthesis. qRT-PCR was performed.

Mature seeds grown at 138C were isolated at DAA80 in SK and at DAA76

in N61. Mature seeds grown at 258C were isolated at DAA43 in SK and at

DAA39 in N61. The relative mRNA levels at 258C were set at a standard

value of 1. Transcript levels were normalized using the actin gene as an

internal control. Results from quintuple independent biological samples

(n = 5) are shown, and error bars represent SD.

(B) Time course ofMFT expression levels during seed development in SK

and N61. qRT-PCR was performed with triplicate technical samples (n =

3), and equivalent results were obtained using duplicate independent

biological samples. The error bars represent SD. Transcript levels were

normalized using the actin gene as an internal control. In SK, the relative

mRNA level at 258C at DAA43 was set at a standard value of 1. In N61,

the relative mRNA level at 258C at DAA39 was set at a standard value

of 1. Closed circles, grown at 138C; open squares, grown at 258C.

Figure 4. Genetic Map of Diploid and Hexaploid WheatMFT Homologs.

In the diploid wheat genetic map, the marker order is shown on the right,

with genetic distances (centimorgan [cM] scale) on the left. Tm-MFT:

diploid wheat MFT homolog (see Supplemental Figure 4 online). In the

hexaploid wheat genetic map, the marker order is shown on the left, with

the location of seed dormancy QTLQPhs.ocs-3A.1 indicated on the right

by a black rectangle. The construction of the hexaploid wheat genetic

map using 125 RILs derived from a cross between Zen and CS was

described previously by Mori et al. (2005). The locations of homologous

genes and markers between diploid and hexaploid wheat are connected

with dashed lines.
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germinate but did not have enough endogenous active GA to

overcome the suppression of germination causedbyUbi:TaMFT.

Similar results were obtained using another relatively nondor-

mant cultivar, Bobwhite (BW) (Figures 9B and 9C). The time

courses of germination percentages after the introduction ofUbi:

TaMFT,Ubi:GUS, or Ubi:TaMFT(Stop) into immature embryos of

CS or BW are shown in Figures 9A to 9C.

The growth and development of the CS immature embryos

transformed with Ubi:GUS or Ubi:TaMFT is shown in Figure 10.

The Ubi:TaMFT transformed immature embryos became larger

and yellowish, but the emergence of the radicle or plumule from

the transformed immature embryos was not observed even after

10 d of incubation. This indicated that the immature embryos

continued the maturation process on the medium, but their

germination was arrested. By contrast, in Ubi:GUS transformed

embryos, the radicle emerged as the primary seminal root after

;7 d of incubation, primordia for a pair of first seminal roots

developed on both sides of the embryos after 4 d, a pair of first

seminal roots emerged at 8 d of incubation, and coleoptiles

extended from the embryos from at least 7 d of incubation.

Using immature embryos from the BW cultivar, we checked

the time course of MFT expression in the cultured immature

embryos during the first 4 d (Figure 11). At 1 d after introduction,

the introduced Ubi:TaMFT gave 150 times higher levels of MFT

expression than that of MFT of CS at DAA60 (Figure 5C), which

was used as the standard. The expression level gradually de-

creased but still maintained levels 20 times higher at 4 d after

introduction. The introduced Ubi:TaMFT(Stop) induced 20 times

higher levels of MFT expression than the standard at 1 d after

introduction, and the expression level gradually decreased to

;7 times higher at 4 d after introduction. The levels of Ubi:

TaMFT(Stop) were much lower than Ubi:TaMFT, possibly due to

nonsense-mediated RNA decay or because MFT may act to

increase its own expression.

DISCUSSION

Among the environmental signals affecting seed development,

temperature is the most influential in the formation of seed

dormancy in wheat (Reddy et al., 1985). In this study, transcrip-

tional profiling of the effects of temperature on seed dormancy

Figure 5. Time Course of MFT Expression during Seed Development in

CS and CS(Zen3A).

Results from triplicate independent biological samples (n = 3) are shown

as lines with closed circles for CS(Zen3A) and open squares for CS. Error

bars represent SD.

(A) Time course of germination percentages.

(B) Time course of seed water content.

(C) Time course of the expression levels of MFT. Total RNA was isolated

from whole seeds (DAA10) or embryos (DAA20 to 60) at the indicated

DAA. Transcript levels were normalized using the actin gene as an in-

ternal control. The relative mRNA level of CS at DAA60 was set at a

standard value of 1.

Figure 6. Localization of MFT Transcripts in Immature Embryos by in

Situ Hybridization.

Longitudinal sections of the embryos of CS at 21 DAA were probed with

antisense or sense RNA. Positive hybridization signals are visible as a

blue color in the scutellum and coleorhiza tissues. a, embryo; b, scutel-

lum; c, coleorhiza; d, endosperm.
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formation identifiedMFT as a candidate gene for seed dormancy

regulation.

MFT was initially identified as a floral regulator in Arabidopsis

(Yoo et al., 2004) because its amino acid sequence is highly

similar to those of FT and TFL1. However, later studies using ex-

pression analysis and transformation analysis ofMFT-like genes

indicated thatMFT-like genes function in seeddevelopment rather

than in flowering (Chardon and Damerval, 2005; Danilevskaya

et al., 2008; Kikuchi et al., 2009). Recent detailed analysis showed

that MFT is a negative regulator of ABA sensitivity during seed

germination in Arabidopsis (Xi et al., 2010). MFT expression at-

tenuatesABA’s suppression of germination. By contrast, inwheat,

our expression, transformation, and transient assay analyses in-

dicate that Ta-MFT expression suppresses germination, oppo-

site to the action of At-MFT.

In contrast with MFT-like genes, the functions of FT-like and

TFL1-like genes have been studied extensively. Because PEBP

familymembers are highly conserved, the known functions of FT-

like and TFL1-like genes may provide us with some clue to the

function of MFT. Recently, in addition to flowering time control,

FT-like and TFL1-like genes have been found to be involved in

more diverse functions involvingmeristem transitions, such as wild

potato tuberization response to short-day conditions (Rodrı́guez-

Falcón et al., 2006), stem elongation and transition to dormancy

in poplar buds (Böhlenius et al., 2006; Ruonala et al., 2008), and

attenuation of apicalmeristem growth before and independent of

floral production (Lifschitz et al., 2006). Thus, FT-like and TFL1-

like genes are now thought to be versatile regulators of re-

sponses to various environmental conditions (photoperiod, light

quality, and temperature) for meristem transitions (Rohde and

Bhalerao, 2007; Shalit et al., 2009). Therefore, it is tempting to

speculate that MFT-like genes might also be involved in the

regulation of embryogenic meristems in seeds in response to

environmental conditions. The expression analysis of Ta-MFT

supported part of this hypothesis, showing thatMFT expression

is regulated in response to temperature. Also,MFT seemed to be

transmitting temperature signals to a downstream temperature

signaling cascade to regulate the depth of seed dormancy. Our in

situ hybridization experiment showed that MFT is specifically

expressed in the scutellum and coleorhiza (Figure 6); however,

we do not know whether MFT protein localizes only to the

scutellum and coleorhiza or moves to other tissues. Two PEBP

subfamilies are known to include mobile proteins. For example,

At-FT and its rice ortholog Hd3a move from the leaf to the shoot

apical meristem (Corbesier et al., 2007; Tamaki et al., 2007), and

At-TFL1 moves from the inner to outer cells of the shoot meri-

stem (Conti and Bradley, 2007). Thus, it is quite possible that Ta-

MFT protein moves from the scutellum and coleorhiza to other

parts of the seed. The effect of Ubi:TaMFT in the transient as-

say also supports this suggestion. The bombarded Ubi:TaMFT

should function in the cells into which it was introduced. If no

signals are transmitted from the transformed cells, it would be

difficult to suppress other cells from undergoing precocious ger-

mination. Thus, it is likely that some signal is transmitted to other

cells to achieve the coordinate suppression of precocious ger-

mination in immature embryos. The result thatMFT expression in

the Ubi:TaMFT(Stop)-bombarded embryos is much lower than

Figure 7. Comparison of the CS and Zen MFT-3A Genomic Sequences.

The red arrows indicate two loci in the genomic sequence of MFT-3A that differ between Zen and CS. The red bold nucleotides show polymorphism.

ATG, initiation codon; TGA, stop codon; CS, less dormant wheat cultivar Chinese Spring; Zen, dormant wheat cultivar Zenkoujikomugi; Tx7, seven

repeats of T; Gx14, 14 repeats of G.

Figure 8. Correlation between MFT Expression Level and Germination

Index in T1 Seeds.

MFTmRNA levels and germination index were measured using T1 seeds

from the same spikes of 26 independent T0 plants (n = 26) that were

produced by transforming CS with the entire genomic sequence of Zen

MFT3A. The MFT expression level was measured using qRT-PCR. Total

RNA was extracted from embryos of 30 seeds. The expression level was

normalized to the level of MFT of CS at DAA60 (Figure 5C), which was

set as 1. The germination index was measured using 16 or 24 seeds

incubated at 208C for 7 d.
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that of theUbi:TaMFT-bombarded embryos (Figure 11) also may

indicate the possibility that MFT amplifies the signals by inducing

MFT expression in the adjacent cells. We do not know whether

this signal is MFT itself or if other signaling substances are

produced as a consequence of the introduction ofMFT. Another

indication came from the result that a signal peptide prediction

program, SOSUI (Gomi et al., 2004), predicted that Ta-MFT has a

transmembrane signal peptide at the N terminus (see Supple-

mental Figure 2 online). This indicates that Ta-MFT may be a

secreted protein because a hydrophobic signaling peptide at

N terminus is often used as a secretion signal (Sakaguchi, 1997).

If Ta-MFT is secreted from cells, it could transmit signals to other

cells. The localization of Ta-MFT protein needs to be investigated

empirically to determinewhether Ta-MFT is amobile protein. The

subcellular localization analysis of Ta-MFT and Ta-FT showed a

nuclear as well as cytoplasmic localization (see Supplemental

Figure 5 online), similar to the results for FT:EGFP reported by

Abe et al. (2005). These results showed that the subcellular lo-

calization of Ta-MFT appears to be similar to that of At-FT, which

is known to be mobile, and to Ta-FT.

The germination of seeds mainly starts after the physiological

maturity stage (Figures 1A, 5A, and 5B), indicating that a signal

around or after physiological maturity releases the suppression

of precocious germination. We speculate that the signal may be

the decreasing water content of the seed itself. After physiolog-

ical maturity, the water content of seeds decreased rapidly from

;40 to 10% (Figures 1A and 5B), and eventually the seeds

became almost completely desiccated. This may promote the

denaturation of MFT or other proteins that suppress precocious

germination, thus releasing the inhibition effect of the protein and

allowing germination. In the case ofMFT, its expression level re-

mained high in mature dormant embryos; therefore, the imbibed

seeds might resynthesize MFT protein, which would suppress

germination similar to its suppression of precocious germination

demonstrated by our transient assay using Ubi:TaMFT.

The location of MFT on the genetic map also implicated it in

regulation of seed dormancy. The mapped position of MFT-3A

cosegregated with Xbarc310, a marker that is colocated at the

logarithm of odds peak of the seed dormancy QTL QPhs.ocs-

3A.1 (Mori et al., 2005). This suggests that MFT-3A may be the

causal gene for the QTL. To determine genetically whetherMFT-

3A is the causal gene for the QTL, high-resolution mapping of

MFT-3A is in progress. Comparison of the genomic sequences of

MFT-3A showed that only two sites are different betweenCS and

Zen. The transgenic wheat containing the 5685-bp Zen MFT-3A

genomic fragment in the CS background showed the same

degree of variation ofMFT expression as the CS and CS(Zen3A)

(Figure 8). This result strongly indicates that the higher expres-

sion ofMFT in CS(Zen3A) is caused by the genomic fragment of

MFT-3A in Zen and that the SNP in the promoter region (Figure 7)

appears to be a promising functional SNP candidate for the cause

of the higher level of expression ofMFT in Zen. Since this SNPwas

located in an A-motif sequence, which is thought to be a binding

site of bZIP transcription factors (Izawa et al., 1993), a bZIP

transcription factor might be involved in the negative regulation of

MFT. If the SNP is actually related to the regulation of MFT

expression, the CAPSmarker (see Supplemental Figure 7A online)

may prove useful for marker-assisted selection in wheat breeding

Figure 9. Time Course of the Germination Percentage in the Transient

MFT Expression Assay.

(A) Time course of the germination percentage after transformation with

Ubi:TaMFT (closed circles) or Ubi:GUS (closed diamonds). Wheat cul-

tivar CS was used. Results from triplicate independent biological sam-

ples (n = 3) are shown, and error bars represent SD. Equivalent results

were obtained in triplicate repeats of triplicate independent biological

samples.

(B) Time course of germination percentage after transformation with

Ubi:TaMFT (closed circles) or Ubi:TaMFT(Stop) (closed squares). Wheat

cultivar Bobwhite (BW) was used. Results from triplicate independent

biological samples (n = 3) are shown, and error bars represent SD. Equiv-

alent results were obtained in triplicate repeats of triplicate independent

biological samples.

(C) Time course of germination percentage after transferring the un-

germinated embryos with Ubi:TaMFT onto medium with or without GA.

The isolated immature embryos cultured for 10 d after induction of Ubi:

TaMFT did not germinate. Subsequently, they were transferred and cul-

tured for 10 d on medium with (closed triangles) or without (closed cir-

cles) 1 mM GA. Results from triplicate independent biological samples

(n = 3) are shown, and error bars represent SD. Equivalent results were

obtained in triplicate repeats of triplicate independent biological samples.
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programs to improve the seed dormancy trait, though the effect of

this SNP will need to be verified by further analysis.

To explore the functions of MFT in immature embryos, we

transiently overexpressed MFT in isolated immature embryos

using Ubi:TaMFT. Surprisingly, we found that the introduction of

MFT into isolated immature embryos suppressed their preco-

cious germination. This result supports the hypothesis that a

higher level of MFT expression after physiological maturity in-

hibits germination in mature seeds. This effect ofMFT resembles

the inhibitory effect of ABA on the precocious germination of iso-

lated immature embryos. As described by Triplett and Quatrano

(1982), isolated immature embryos cultured with 1 to 100 mM

ABA continue to undergo normal embryogenesis leading to a

state of developmental arrest. The difference between the ef-

fects of MFT and ABA was the effective timing of the stimuli

relative to the stage of the immature embryos. MFT should be

introduced into earlier immature embryos at approximatelyDAA10

in our conditions. When MFT is introduced into more developed

immature embryos, MFT is not able to arrest precocious germi-

nation. By contrast, ABA can effectively inhibit precocious ger-

mination in a broad range of stages in immature embryos. One

possible explanation for the narrow window of action of MFT is

that MFT needs time to establish its inhibitory effect and is not

able to stop the germination process after a certain point.

Exogenously applied 1 mM GA released the suppression of

precocious germination after transformation with Ubi:TaMFT.

Exogenously applied GA is also known to effectively breakwheat

seed dormancy (Nakamura, 1962). This implies that endogenous

GA may contribute to breaking seed dormancy and promoting

subsequent germination in wheat. Whereas the main site of de

novoGA biosynthesis in germinating wheat seedswas proposed

to be the scutellum (Appleford and Lenton, 1997), a more precise

analysis of the location of de novo GA biosynthesis in imbibed

rice seeds has shown that the scutellar epithelium and shoot

apex are the locations where bioactive GA is synthesized

(Kaneko et al., 2003). Considering that MFT is expressed in the

scutellum, MFT may be involved in suppression of GA synthesis

in the scutellar epithelium. In addition, the inception of GA syn-

thesis in the shoot apical meristem after imbibition appears to be

important for inducing meristem growth leading to subsequent

germination (Kaneko et al., 2003). If MFT is a mobile protein and

Figure 10. Time Course of Isolated CS Immature Embryo Development after Transformation with Ubi:TaMFT or Ubi:GUS.

h, hours after transformation; d, days after transformation. Bar = 2 mm.

Figure 11. Time Course of MFT Expression after Transformation with

Ubi:TaMFT or Ubi:TaMFT(Stop).

The expression level of MFT was analyzed by qRT-PCR using isolated

immature embryos of Bobwhite (BW) cultured for 1, 2, and 4 d after

transformation with Ubi:TaMFT or Ubi:TaMFT(Stop). Closed circles, Ubi:

TaMFT; closed squares, Ubi:TaMFT(Stop); closed triangles, untrans-

fomed, isolated immature embryos simply placed on the medium. Re-

sults from triplicate independent biological samples (n = 3) are shown,

and error bars represent SD. The expression level was normalized to the

level of MFT of CS at DAA60 (Figure 5C), which was set as 1.
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involved in the regulation of meristem growth, it is intriguing to

speculate that MFT may also be involved in the suppression of

GA biosynthesis in the shoot apical meristem.

It is reported that, in barley, the coleorhiza plays a major role in

conferring dormancy by acting as a barrier to radicle emergence;

in Arabidopsis and Lepidium sativum, seed germination requires

coordinated emergence of the radicle and weakening of the

micropylar endosperm cap covering the radicle (Barrero et al.,

2009; Linkies et al., 2009; Nambara et al., 2010). These results

suggest that coordinated tissue interactions in seeds also regulate

seed germination. In the immature embryos transiently expressing

Ubi:TaMFT, the radicles did not emerge (Figure 10) and seemed to

not rupture the coleorhizae. Ta-MFT might also act as a messen-

ger in the coordinated action between tissues in seedgermination.

In this study, analyzing temperature effects on wheat seed

dormancy, we found that MFT is involved in regulation of germi-

nation. Our global analysis of temperature effects on gene ex-

pression therefore seems to be an effective way to identify genes

that act on regulation of seed dormancy. We analyzed only one

gene in detail in this study, but we identified ;70 genes that are

differentially expressed betweenmature embryos grown at 13 and

258C. Thus, further characterization of the remaining genes may

reveal other genes that act in seed dormancy or germination.

METHODS

Plant Materials

Hexaploid wheat (Triticum aestivum) cultivars N61 and SK were grown in

a greenhouse. After anthesis, they were grown under controlled temper-

ature conditions at 13 or 258C. Other hexaploid wheat cultivars or lines,

CS, the single chromosome substitution line [CS(Zen3A)], Bobwhite (BW),

and CS transformed with genomic Ta-MFT-3A were grown in a growth

chamber with short-day conditions (day/night temperature; 17/108C, with

8-h daylength) for ;3 months and subsequently were transferred to

another growth chamber with long-day conditions (day/night temper-

ature;17/128C, with 14-h daylength). After ;1 month, they flowered and

were harvested at 10 DAA intervals. CS(Zen3A), the single chromo-

some substitution line CS with a substituted chromosome 3A from Zen,

was developed by conventional procedures as described by Law and

Worland (1973) using aCSmonotelosomic 3A line as the recurrent parent.

In the comparison of wheat cultivars, generally Zen has an extremely high

level of seed dormancy, N61 and CS(Zen3A) have high levels of seed

dormancy, and CS and BW have low levels of seed dormancy.

Germination Tests and Dry Weight Measurement

All germination tests were performed on at least three independent

biological replicates. In the germination test for SK and N61, five spikes

were harvested from each sample and were imbibed in water for 24 h

and then incubated in the dark for 10 d at 158C under saturated humidity

conditions. After that, the germinated and ungerminated seeds were

counted and germination percentages were calculated. In the germina-

tion test for CS and CS(Zen3A), seeds from a harvested spike were sown

on two sheets of No.2 filter paper in 9-cm Petri dishes. The dishes were

incubated in the dark for 7 d at 208C, and then the germinated and

ungerminated seeds were counted and germination percentages were

calculated. In the germination test for the transient assay, embryos on

medium in 9-cm Petri dishes were incubated at 258C, the number of

germinated embryos was counted at daily intervals, and the GI was

calculated as described by Nakamura et al. (2007). The dry weight of

seeds was measured after incubating seeds from a spike at 808C for

48 h. The water content of seeds was determined by (fresh weight 2 dry

weight)/fresh weight. The water content was measured in three indepen-

dent biological replicates.

Microarray Analysis

The embryos were isolated from completely mature seeds of a spike of

N61 at DAA76 grown at 138C or at DAA34 grown at 258C, and of SK at

DAA80 grown at 138C or at DAA38 grown at 258C. Total RNA was

extracted from the embryos using Trizol reagents (Invitrogen), and its

quality was checked using the Agilent 2100 Bioanalyzer (Agilent Tech-

nologies). The RNAs (400-ng aliquots) were labeled with a Quick Amp

labeling kit (Agilent Technologies) according to the manufacturer’s in-

structions. Aliquots of Cy3-labeled (138C) and Cy5-labeled (258C) cRNAs

(825 ng each) samples were used for hybridization to the Agilent Wheat

Oligo Microarray (44K, custom-made; Agilent Technologies). Three bio-

logical replicate samples sets for both 13 and 258C conditions in each SK

and N61 were analyzed, for a total of six hybridizations. After hybridiza-

tion, microarray slides were scanned (scanner model G2505B; Agilent

Technologies), and data were analyzed using Feature Extraction soft-

ware (version 9.5; Agilent Technologies) with the default settings. Sub-

sequently, the data were analyzed using GeneSpring GX 7.3 software

(Agilent Technologies). The false positives were controlled by measuring

the false discovery rate (Benjamini and Hochberg, 1995). This Agilent

Wheat Oligo microarray with 37,826 probes is registered as GPL9805 in

the Gene Expression Omnibus (GEO) at the National Center for Biotech-

nology Information (NCBI). All expression tag contig sequences used for

the design of probes have been published online (KOMUGI, http://www.

shigen.nig.ac.jp/wheat/komugi/array/probe/download.jsp). A complete

set of microarray data from this study was deposited to the GEO re-

pository under the accession number GSE22786.

qRT-PCR

Total RNA was extracted using Trizol reagents (Invitrogen). The tissues

and harvesting times of samples are summarized in Supplemental Table 3

online. All samples were treated with RNase-free DNase I (Invitrogen).

First-strand cDNA synthesis was performed using a PrimeScript RT

reagent kit (Takara). qRT-PCR was performed using a 7500 Real-Time

PCR System (Applied Biosystems) and a SYBR Premix Ex Taq GC kit

(Takara) in accordance with the manufacturers’ instructions. An actin

gene was used as an internal control. This actin gene was selected from

our microarray analysis based on the relatively small fluctuation of its

expression levels during seed development (see Supplemental Figure 9D

online). In addition, this actin gene did not show significantly differentially

expression between embryos grown at 13 and 258C (see Supplemental

Table 4 online). In accordance with the manufacturer’s instructions, the

amplification efficiency of the primers was determined. The obtained data

using the DD cycle threshold analysis method were analyzed by RQ study

software (Applied Biosystems). Primers for PCR used in this study are

listed in Supplemental Table 2 online. The detailed qRT-PCR procedure is

described in Supplemental Figure 9 online.

Mapping of Diploid and Hexaploid WheatMFT Homologs

The general procedures for constructing the diploid wheat genetic

map were described previously by Nakamura et al. (2007). The CAPS

method used for genotyping the diploid wheat MFT homolog (Tm-MFT)

is described in Supplemental Figure 7C online. Genetic maps were

constructed using JoinMap, version 3.0 (Biometris; http://www.joinmap.

nl) with the Kosambi function (Kosambi, 1944).

The hexaploid wheat mapping population consisted of 2852 F2 plants

derived from a cross between CS and CS(Zen3A). The mapping of the
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SSR marker Xbarc310 was performed using primers Xbarc310-F and

Xbarc310-R (see Supplemental Table 2 online) as described byMori et al.

(2005). The detailed mapping procedure for Ta-MFT-3A is described in

Supplemental Figure 7 online.

ACAPSmarker was developed for the SNP in the Ta-MFT-3A promoter

region of Zen and CS. The detailed mapping procedure is described in

Supplemental Figure 7A online.

Screening of a CSWheat Genomic BAC Library

A 203-bp fragment was amplified from the Ta-MFT-3A genomic fragment

in CS (CS6) (see Supplemental Figure 4 online) by PCR with primers

CSZENSSR-F1 and CSZENSSR-R1 (see Supplemental Table 2 online).

Using PCR screening with these primers, we isolated BAC clones that

contain Ta-MFT-3A from CS genomic BAC library (Allouis et al., 2003).

Shotgun sequencing of the BACwasperformedby the standardmethod

(InternationalRiceGenomeSequencingProject, 2005). TheBACsequence

was analyzed using the Rice Genome Automated Annotation System

(RiceGAAS) website (http://ricegaas.dna.affrc.go.jp/; Sakata et al., 2002).

In Situ Hybridization Analysis

A 278-bp PCR fragment corresponding to the 39-untranslated region

of Ta-MFT-3A was amplified using primers TaMFTishF and TaMFTishR

(see Supplemental Table 2 online) and cloned into the pTAC-2 vector

(BioDynamics Laboratory). The cloned fragment was sequenced and the

confirmed clone was linearized using EcoRI and BamHI and then used as

a template to generate antisense and sense probes using T7 and SP6

RNA polymerase. In situ hybridization with a digoxigenin-labeled RNA

probe and immunological detection were conducted in accordance with

the methods of Kouchi and Hata (1993), with thorough modifications to

improve the reactions as described by Komatsuda et al. (2007).

Wheat Transformation and Transient Expression Assay

The entire of 5685-bp length ofMFT-3A genomic sequence of Zen (Figure

7) was cloned into a pUC12 plasmid (Vieira and Messing, 1982) that

contains the bar gene (which confers resistance to the herbicide biala-

phos) as a selection marker under the control of the maize ubiquitin

promoter (see Supplemental Figure 10 online). The plasmid was trans-

formed by particle bombardment using immature embryos following the

method of Pellegrineschi et al. (2002). The integration of the transgene

was confirmed by PCR screening for the bar selection marker gene (see

Supplemental Figure 10 online) using primers barF and barR (see Sup-

plemental Table 2 online). The detailed procedure for the transient gene

expression assay in wheat immature embryos is described in Supple-

mental Figure 8 online.

Phylogenetic Analysis

The amino acid alignment was conducted using ClustalW (Thompson

et al., 1994) and then manually adjusted to optimize the alignment (see

Supplemental Data Sets 3 and 4 online). The phylogenetic tree (see

Supplemental Figure 3 online) was constructed byMEGA5 (Tamura et al.,

2011) using the neighbor-joining method, Poisson model with rate

uniformily among sites, and complete-deletion option for gaps/missing

data treatment. Bootstrap analysis for 1000 replicates was preformed to

provide confidence estimates for the tree topologies.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: genomic sequences for

MFT-3A(CS) (AB571512) and MFT-3A(Zen) (AB571513) and the actin

gene used as an internal control for qRT-PCR (GQ339780). Additional

accession numbers are listed in Supplemental Figures 2 and 4 online.

Wheat oligomicroarray with 37,826 probes is registered as GPL9805 in

GEO at NCBI. A complete set of microarray data from this study was

deposited to theGEO repository under the accession number GSE22786.
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