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ABSTRACT

Perception of photoperiod changes enables plants to flower un-
der optimum conditions for survival. We used doubled haploid
populations of crosses among Avalon x Cadenza, Char-
ger X Badger and Spark x Rialto and identified short-day
flowering time response quantitative trait loci (QTL) on wheat
chromosomes 1BS and 1BL. We used synteny between
Brachypodium distachyon and wheat to identify potential can-
didates for both QTL. The 1BL QTL peak coincided with
TaFT3-B1, a homologue of the barley gene HvFT3, the most
likely candidate gene. The 1BS QTL peak coincided with ho-
mologues of Arabidopsis thaliana SENSITIVITY TO RED
LIGHT REDUCED 1, WUSCHEL-like and RAP2.7, which
is also known as Zea mays TARGET OF EATI, named
TaSRR1-B1, TaWUSCHELL-BI and TaTOEI-BI, respec-
tively. Gene expression assays suggest that TaTOEI-BI and
TaFT3-BI are expressed more during short days. We identified
four alleles of TaFT3-B1 and three alleles of TaTOE1-B1. We
studied the effect of these alleles in the Watkins and
GEDIFLUX diversity panels by using 936 and 431 accessions,
respectively. Loss of TaFT3-BI by deletion was associated
with late flowering. Increased TaF73-B1 copy number was as-
sociated with early flowering, suggesting that TaFT3-B1 pro-
motes flowering. Significant association was observed in the
GEDIFLUX collection for TaTOEI1-B1, a putative flowering
repressor.

Key-words: Brachypodium distachyon; GEDIFLUX; Watkins;
Zea mays.

INTRODUCTION

The coinciding of flowering time with optimal conditions for
seed set enhances the ability of plant species to survive and is
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also important to crop yield and global food security. The inter-
action between the genotype of a plant and its environment
regulates response to seasonal changes. The genes that regu-
late perception of long photoperiods and their pathways are
relatively well understood in long-day temperate cereals. The
major photoperiod response gene in the Triticeae is a pseudo
response regulator first identified in barley (Turner et al.
2005), for which the three PHOTOPERIOD-1 (Ppd-I)
homoeologues were discovered in wheat, Ppd-Al, Ppd-Bl
and Ppd-DI1 (Beales et al. 2007, Wilhelm et al. 2009; Herndl
et al.2008). Dominant mutant alleles of these genes confer pho-
toperiod insensitivity in wheat (day neutral) and are given a
suffix a (Ppd-Ala, Ppd-Bla and Ppd_D]Ia, respectively); these
cause early ear emergence under short days (SD). The reces-
sive wild-type alleles are given a suffix b and cause very late
flowering unless exposed to long days (LD; Diaz et al. 2012;
Beales et al. 2007; Wilhelm et al. 2009; McIntosh et al. 2003).
UK wheat varieties are mostly photoperiod sensitive, with win-
ter growth habit (vernalization requiring types).

Most studies of wheat flowering time networks were con-
ducted in the diploid species Triticum monococcum and the tet-
raploid Triticum turgidum. The integrated wheat flowering
model suggests that Ppd-1 is a promoter of flowering under
LD by up-regulating CO,, which, in turn, up-regulates VRN3
an orthologue of the Arabidopsis thaliana FLOWERING LO-
CUS T1 (FTI) and rice Hd3a (Li et al. 2011; Higgins et al. 2010;
Yan et al. 2006; Yan et al. 2003). Thus, VRN3/FT1 is an integra-
tor of the vernalization and photoperiodic pathways (Chen &
Dubcovsky, 2012; Li et al. 2011; Dubcovsky et al. 2006). The
VRN2 gene has been shown to repress VRN3/FT1 under LD
(Lietal.2011). Because transcript levels of VRN2 are high dur-
ing autumn when day length is still long, the integrated model
postulates that FT is repressed by the high level of VRN2 and
prevents flowering during autumn (Distelfeld er al. 2009). The
wheat flowering model proposed by Chen & Dubcovsky
(2012) suggests that CONSTANS (CO) competes with VRN2
for the NUCLEAR FACTOR Y (NF-Y) subunit, which is
needed by both genes to bind F7. In autumn, the high levels
of VRN2 relative to CO favour VRN2 and NF-Y binding,
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leading to floral repression, while the down-regulation of
VRN2 by VRNI during vernalization in winter favours CO
binding to NF-Y complex resulting in floral induction in spring
(Chen & Dubcovsky 2012).

However, less is currently understood about genes that reg-
ulate flowering during SD in wheat. The genes that regulate re-
sponse to short photoperiod are mostly described for
A. thaliana and rice, but little is known about how temperate
cereals (wheat, barley, rye, oat and triticale) respond to SD
(Milec et al. 2014; Shrestha et al. 2014; Chen & Dubcovsky
2012; Higgins et al. 2010). While Ppd-1 and Ppd-HI account
for some of the variation in flowering time under SD in wheat
and barley, respectively (Turner et al. 2005; Beales et al. 2007,
Wilhelm et al. 2009; Herndl et al. 2008), there is still genetic var-
iation for photoperiod response in bread wheat that cannot be
accounted for by Ppd-1 (Kumar et al. 2012). For example,
Zikhali et al. (2014) reported that wheat cultivars Spark and Ri-
alto are separated by about 2 week difference in flowering time
under SD, although both carry the same photoperiod sensitive
Ppd-1 alleles, suggesting that other loci could be responsible
for short photoperiod response in wheat.

In barley, the photoperiod flowering response locus Ppd-H2
was shown to promote flowering under short-day conditions
and the proposed candidate gene was designated HvFT3
(Faure et al. 2007). In the short-day plant Zea mays, the
APETALA2-like gene Glossyl5 has been shown to be a re-
pressor of flowering that acts by maintaining the juvenile phase
(Lauter et al. 2005). Another APETALAZ2-like gene called
Z. mays TARGET OF EATI (ZmTOEI) or ZmRAP2.7, a ho-
mologue of the A. thaliana gene Related to APETALA2.7
(RAP2.7), plays a major role in Z. mays flowering time control
(Dong et al. 2012; Higgins et al. 2010; Zhu & Helliwell 2011,
Salvi et al. 2007 Okamuro et al. 1997).

Overexpression of ZmTOEI has been shown to delay
flowering in maize as was observed for the related AP2-like
gene Glossyl5 (Salvi et al. 2007, Zhu & Helliwell 2011). To
our knowledge, the homologues of HvFT3 or ZmTOE] have
not been cloned in wheat despite the crucial role that these
two genes or their respective homologues play in flowering
time in A. thaliana, Z. mays and barley (Hordeum vulgare).

We report here two quantitative trait loci (QTLs), one on
1BS (SD specific) and one on 1BL (observable under both
short and LD), and propose as candidate genes TaTOE-B1 (a
homologue of ZmTOEI) and TaFT3-BI (a homologue of
HvFT3), respectively. As TaTOE-BI represses and TaFT3-Bl
promotes flowering, these genes present alternative routes for
the fine tuning of flowering time control in wheat.

MATERIALS AND METHODS
Doubled haploid population growth conditions

Following the observation that Rialto was less sensitive to SD,
flowering about 15 d earlier than Spark (Zikhali ez al. 2014),
this effect was investigated by using three doubled haploid
(DH) populations of crosses among Spark x Rialto, Ava-
lon x Cadenza and Charger x Badger. Ninety-six lines each of
the three independent DH populations were grown in 1 L pots.

The growth conditions were as decribed by Zikhali et al. (2014).
For each of the 96 DH lines from the three populations, nine
seeds were sown and germinated between 15 and 20 °C for
2 weeks. The nine seeds of each line were then separated onto
three photoperiod regimes (each had three plants of each line
from the three DH populations), which were all initially set to
10 h of natural light. The plants in all treatments were
vernalized for 8 weeks under SD (10 h light) at 6-10 °C by
using natural vernalization in an unheated glasshouse.

After the 8 week vernalization period, one of the three pho-
toperiod treatments remained unchanged and continued ex-
posing plants to SD (10 h light). The others were adjusted to
give LD (16 h light) and very LD (VLD, 20 h light). Augmen-
tation of the 10 h of daylight provided in each treatment was
achieved by additional 4 and 8 h artificial white light using 8
tungsten bulbs spaced 0.9 m apart delivering 1 mM s~ m™~! to
aid the LD and VLD, respectively. The temperature was main-
tained in the range of 13-18 °C. Days to ear emergence
(DTEM) was measured on the leading tiller at Zadoks growth
stage 55 (Zadoks et al. 1974). The DTEM scores were then
used to carry out QTL analysis. QTL analysis on DTEM scores
was conducted in R/QTL (vs. 3.02, R Core Team 2013) by using
an equivalent of confidence interval mapping analysis.

Comparative genomics exploiting synteny between
Brachypodium and wheat

We wused synteny between wheat and Brachypodium
distachyon as well as the wheat (IWGSC-based)
pseudomolecule v3.3 (JIC) database to determine the gene or-
der on group 1 chromosomes in areas spanning the QTL peak
on 1BS and 1BL as described in an earlier report (Zikhali et al.
2015). We used blast homology searches of the wheat
(IWGSC-based) pseudomolecule v3.3 (JIC) by using se-
quences linked to markers on 1BS and 1BL QTL peaks and re-
trieved the positions of these markers on each of the
pseudomolecules. We then used the pseudomolecule positions
to align the QTL peak on 1BS for Avalon x Cadenza and the
QTL peaks on 1BL for Charger x Badger, Spark x Rialto
and Avalon x Cadenza with the syntenic genes in B. distachyon
(Brachypodium), respectively. We used the same method to
align the QTL identified by Kuchel et al. (2006) on 1A with
the QTL on 1BL. The QTL by Kuchel ef al. (2006) peaks be-
tween SSR markers Xwmc304 and Xgwm99, which are also
present in the Charger x Badger 1A map, which has additional
KASP markers. We used the Charger x Badger KASP marker
sequences to align the region spanning Xwmc304 and Xgwm99
with syntenic Brachypodium genes, which then aligned with
the genes on 1BL.

Assembly of the three wheat homologues and
development

We assembled the three wheat homoeologues for
TaWUSCHELL-BI1, TaSRRI-B1, TaTOEI-BI and TaFT3-Bl
genes by using the method described by Zikhali ef al. (2014).
We then designed 1B-specific primers (Table S2) to amplify
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these three genes as described by Zikhali et al. (2015). The
primers were designed for TaWUSCHELL-B1, TaSRRI-B1,
TaTOEI-BI and TaFT3-B1, having a 100% match with one
of the sequences and to contain a maximum number of mis-
matches with the respective A and D homoeologues and end-
ing with a 3'1B genome specific nucleotide. The 1B-specific
primers selectively amplified overlapping portions of
TaWUSCHELL-BI, TaSRRI-B1, TaTOEI-BI and TaFT13-BI
gene copies while competitively excluding A and D
homoeologues.

Ampilification and sequencing of genes on 1B

Amplicons were obtained from genomic DNA for the
TaWUSCHELL-B1, TaSRRI1-B1 and TaFT3-Bl genes by
using the polymerase chain reaction (PCR) protocol and
PCR reaction conditions and detected by agarose electro-
phoresis as described by Diaz et al. (2012) and Zikhali
et al. (2014). The PCR was carried out in 20 uL reactions
comprising 2.5 uL of 20 ng/ul. genomic DNA dissolved in
1x  TrissEDTA (TE) buffer, 04 uL of 10 mMm
deoxynucleotide (Promega UK LTD) dissolved in 1x TE
buffer, 1.6 xL of 25 mM MgClI2, 4.0 uL of 5x clear buffer,
1 uL each of 5 um (dissolved in 1x TE buffer) forward
and reverse primers, 0.08 yuL. GO TAQ FLEXI DNA
(Promega UK LTD) polymerase (5 U/uL) and 9.42 uL of
double distilled water.

We modified this standard PCR protocol to sequence the
GC rich region in the first exon of TaTOEI-B1, which
could not be amplified by using the standard PCR protocol.
The modification used 1.5 uL of either ethylene glycol or
1,2-propanediol, both solvents shown to aid amplification
of GC-rich human genomic DNA (Zhang et al. 2009). We
then reduced the amount of water from 9.42 to 7.92 uL
to maintain a reaction volume of 20 uL. The amplicons
were directly sequenced for Spark, Rialto, Avalon,
Cadenza, Charger, Badger, Malacca, Hereward, Claire and
Savannah by using ABI Big Dye Mix v3.1 (Applied
Biosystems Inc.) under the manufacturer’s conditions, with
products resolved on an ABI 3730 capillary electrophoresis
instrument.

KASP genotyping

DNA extractions and KASP SNP genotyping were essentially
carried out as in Knight ez al. (2015) by using specific primers
for TaFT3-B1 and TaTOEI-B1 (Table S3) designed in this
study. All KASP™ amplifications were carried out in 1536-well
plates by using 1 L of KASP™ master mix 1X (LGC group,
UK) and 0.0135 L of primer mix (12 xL. FAM primer at
100 uM + 12 pL of VIC primer at 100 uM + 30 uL. of common
primer at 100 uM + 46 uL of dH,O). One microlitre of DNA
at 2 ng/ul. was previously added on each well of the 1536 plates
and dried at 60 °C for 30 min. PCR reactions were carried out
by using a touchdown program: 95 °C for 15 min, then 10 cycles
of 95 °C for 20 s and 61 °C for 60 s (—0.6 °C per cycle), followed
by 26 cycles of 95 °Cfor 20 s and 55 °C for 60 s on a hydrocycler.

Copy number variation determination

Copy numbers of TuFT3-B1 were detected following the proto-
col described by Diaz et al. (2012), using labelled probes for
TaFT3-B1. The primers and probes were designed by using AP-
PLIED PRIMER EXPRESS software with primers that were ge-
nome and locus specific and common TagMan® MGB probes
for each target. To quantify copy number variation on 7aF73-
B1, PCRs were made in Duplex by using TamyB gene as inter-
nal endogenous control. PCR reaction was carried out in
384-well PCR plates by using 4 uL of 2 ng/ul. genomic DNA
dissolved in purified water, 5 4L of KlearKall (LGC group,
UK) Master mix (2X), 0.09 uL each of 100 uM forward and re-
verse primers (endogenous + target), 0.0125 L of 100 uM VIC-
labelled probe for endogenous, 0.0125 xL of 100 uM FAM-
labelled probe for Target and 0.615 uL of double distilled water
for a total of 10 uL PCR reaction. The amplification and fluo-
rescence collection were made on the 7900HT Real-Time
PCR System by using program: 95 °C for 10 min, then 40 cycles
of 95 °C for 15 s, 61 °C for 25 s and 72 °C for 25 s. The result
analysis and calculation of delta CT values were made by using
APPLIED RO MANAGER® software.

Gene expression

Four sets of plants containing three individuals each for Spark,
Rialto, Avalon, Cadenza, Charger, Badger, Savannah and Chi-
nese Spring were grown under SD (10 h light) at 5-8 °C (ver-
nalization treatment). All above ground parts of 3-week-old
plants from the first set were harvested and ground by using a
pestle and mortar. Three plants were combined for each sam-
ple. Samples were collected at 10.00 AM during the light period.
A second set was harvested similarly after 4 weeks. After
8 weeks of vernalization, the two other sets were moved into
different controlled environments, one under SD (10 h light
and 14 h darkness) and the other under LD (16 h light and
8 h darkness), and both environments were kept at 16-18 °C
in the light and 13-15 °C in the dark period. Five weeks after
vernalization (week 13), both plant sets were processed as de-
scribed in the preceding texts. Expression studies and analysis
of TaTOEI-Al, TaTOEI-BI and TaTOEI-DI; TaFTI-Al,
TaFTI-Bl1 and TaFTI-DI; and TaFT3-Al, TaFT3-B1 and
TaFT3-D1 were carried out as described for TauGI and TaELF3
by Zikhali et al. (2015) by using norm2 forward primer
agcgatttccagetgectte and reverse primer tgcgaagaggccagtcagte
as the reference gene. Optimal genome-specific gPCR assays
were developed for TaFT3-Al, TaFT3-Bl and TaFT3-DI as
well as for TaTOEI-Al, TaTOEI-BI and TaTOEI-DI. For
TaFTI-A, TaFTI-B and TaFTI-D, we used primers developed
by Shaw et al. (2012).

Watkins and GEDIFLUX diversity panels

We used DTEM scores for the years 2006 and 2011 reported
by Wingen et al. (2014) from the Watkins and GEDIFLUX
diversity panels with 936 and 418 accessions, respectively,
to study the effect of the alleles of 7aFT73-BI and
TaTOEI-BI on flowering time. In addition to that, we also
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used DTEM data for the Watkins and Gediflux collections
from 2014 and 2016 (Morley), respectively. Both trials were
non-replicated trials in 6 m? plots. The Watkins panel is a
landrace collection from 32 countries compiled in the
1930s. The Gediflux collection consists of elite European
wheat germplasm selected on the basis that each entry occu-
pied at least 5% of the winter wheat acreage in a North Eu-
ropean country in the period 1945-2000.

Statistical analysis

A general linear model analysis in TASSEL software (Bradbury
et al. 2007), version 5, was conducted following the methods in
N’Diaye et al. 2017, to control for spurious associations, popu-
lation structure and/or relatedness between individuals. The
general linear model analysis was conducted on Axiom geno-
type data for chromosome 1B available from CerealsDB
(http://www.cerealsdb.uk.net) together with the genotype
scores for TaTOEI-BI and TaFT3-BI. The Q matrices were
based on discriminant analysis of principal components on
the SSR data from Wingen et al. (2014). These matrices were
based on nine groups for the Watkins collection, to reflect the
ancestral groups, and on six groups for the Gediflux collection.
For both collections, the respective kinship matrix was calcu-
lated by using TASSEL and the SSR data. A significant outcome
was defined by a false discovery rate < 0.01.

Brachypodium distachyon
Chromosome?2 gene order

Bradi2g37480

1As 1Ds
Bradi2g37640 *
WUSCHEL-like p.- N )

Brodi2g37650

SRR1 Bradi2g37730
Bradi2g37790

BdRAP2.7 Bradi2g37800 TaTOE1-Al
Bradi2g37810
Bradi2g37840

Distal end of pseudomolecules

TaTOE1-D1

RESULTS
The Avalon x Cadenza 1BS short-day-specific QTL

We identified an SD-specific QTL on chromosome 1BS in the
Avalon x Cadenza DH population (Fig. 1). The peak of this
QTL was between KASP markers XBS00022135 and
XBS00099829 (Allen et al. 2011) that match the Brachypodium
chromosome 2 genes Bradi2g37640 and Bradi2g37840, respec-
tively (Fig. 1). There are 19 genes between Bradi2g37640 and
Bradi2g37840 in Brachypodium, and 15 of these 19 genes have
sequence matches with wheat groupl1 short arm (1AS, 1BS and
1DS) genes (Table S1). Based on the function of these 15 genes
in Brachypodium and other species, only three of these —
TaBradi2g37650, a putative WUSCHEL-related homeobox 2
gene (Laux et al. 1996); TaBradi2g37730, a predicted
Brachypodium homologue of A. thaliana SENSITIVITY TO
RED LIGHT REDUCED 1 (Staiger et al. 2003); and
TaBradi2g37800, an APETALA2.7-like gene (Higgins et al.
2010; Okamuro et al. 1997) — have been reported to affect
flowering time (Fig. 1 & Table S1). We named the wheat equiv-
alent of these three Brachypodium genes on the chromosome
1B homologue as Triticum aestivum WUSCHEL-like
(TaWUSCHELL-BI), T. aestivum SENSITIVITY TO RED
LIGHT REDUCED 1 (TaSRRI-BI) and T. aestivum TAR-
GET OF EATI (TaTOEI-BI), respectively. Because the three
genes are in the region of the QTL peak (Fig. 1), we prioritized
these as potential candidates and sequenced them.

Wheat Pseudomolecule Gene order

1BS

XBarc128

XBS00003684 LOD score = 3.487

XB500022135%LOD score = 3.682

Avalon X Cadenza
QTL peak | short day specific
QTL confidence

interval
TaTOE1-B1

XBS00095829/
XB500024037 LOD score =3.422

XBS00067290 LOD score = 1,380

Figure 1. Schematic presentation of the Avalon x Cadenza short-day-specific flowering quantitative trait locus (QTL) on chromosome 1BS showing
conserved gene order with homoeologous regions on1DS and 1As and Brachypodium distachyon chromosome 2. The vertical black rectangles
represent chromosomes, and the coloured shapes on the black rectangles represent the equivalent regions of Brachypodium distachyon and
chromosomes 1AS, 1BS and 1DS. The blue rectangle on 1BS represents QTL confidence interval defined by markers XBS00022135 and
XBS00099829, and the red vertical rectangle denotes the peak (logarithm of the odds score above 3.9) of the QTL between markers XBS00022135 and
XBS00099829. The marker that accounts for most of the variation is marked with an asterisk. WUSCHFE L-like denotes the B. distachyon putative
WUSCHEL-related homeobox 2 gene (Bradi2g37650). The dashed line for the WUSHEL-like gene for 1AS, 1DS and 1Bs pseudomolecules is used
because this gene was not assigned to the draft assembly, but they are all located on the short arm of group 1 chromosomes. SSR1 denotes the predicted
B. distachyon SENSITIVITY TO RED LIGHT REDUCED 1 gene (Bradi2g37730). BARAP2.7 denotes the B. distachyon RELATED to
APETALLA 2.7, also known as TARGET OF EAT (EARLY ACTIVATED TAGGED) I (TOEI, Higgins et al. 2010).
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Sequencing TaWUSCHELL-B1 and TaSRR1-B1

There were no differences between the Avalon and Cadenza
TaWUSCHELL-BI1 and TaSRRI-BI gene sequences in the
open reading frame or the 139bp of sequence upstream of the
start codon. We do not rule out the possibility of mutations
within the promoter upstream of the 139 bases that we
sequenced.

Sequencing TaTOE1-B1

Sequencing TuTOEI-BI for Avalon and Cadenza revealed 10
SNPs between the gene sequences from these two cultivars
(Fig. 2). One of these SNPs was —440 bases upstream of the
start codon (a), seven of the SNPs were in the introns, two were
in the exons (Fig. 2b"1%), and the last was 289 bases down-
stream of the stop codon (Fig. 2). The mutation in the first exon
changes threonine to proline, while the mutation in the last
exon changes serine to arginine (Fig. 2). We genotyped-by-
sequencing the gene in other cultivars, including Claire, Ma-
lacca, Hereward and Savannah that showed delayed flowering
under SD. The SNPs separate the early flowering Rialto and
Charger cultivars from the late flowering Spark, Claire, Ma-
lacca, Badger, Hereward and Savannah wild-type winter wheat
cultivars (Table 1). Cultivar Rialto seemed not to have larger
parts of the gene sequence because only amplicons from the
promoter and part of the last exon were amplified, suggesting
a deletion within this gene (Fig. 2).

1BL photoperiod QTL

We also identified a QTL on 1BL that was present in all the
three photoperiod treatments (SD, LD and VLD) in the
Charger x Badger DH population. At the equivalent

location, a QTL in the Spark x Rialto DH population (Fig. 3)
was SD specific. An additional QTL at this location in the
Avalon x Cadenza population behaved like the Char-
ger x Badger QTL but was below the significance threshold
in the three photoperiod regimes (Fig. 3). Using synteny be-
tween wheat and Brachypodium, we identified the gene
TaFT3-B1, a homologue of the barley gene HvFT3, as a pos-
sible candidate for these effects because this gene has been
shown to affect flowering time particularly under SD in bar-
ley (Faure et al. 2007). Furthermore, we mapped the gene
between KASP markers XBS00010536 and XBS00012502,
which account for most of the variation in the Charger x Bad-
ger and Spark x Rialto DH populations, respectively (Fig. 3).
The gene is located in the peak region of the QTL in all the
three DH populations (Figs S1 & S2). Moreover, the 1BL
QTL locus and a QTL identified on 1AL by using spring
wheat (Fig. 3; Kuchel et al. 2006) seem to be in syntenic re-
gions, suggesting that homologues genes may be responsible
for the two flowering time QTL.

Mutations in the TaFT3-B1 gene

Agarose gel electrophoresis of PCR amplicons obtained by
using TaFT3-B1 gene-specific primers (Table S1) as well as se-
quencing of the PCR amplicons revealed that Avalon and
Charger have lost the TaFT3-BI gene (Fig. 4b). Four variations
of the TaFT3-BI gene were identified. The first allele is the
wild-type functional gene sequence detected in cultivars Ca-
denza, Badger and Rialto (Fig. 4c) and is associated with early
flowering (Figs 6 & S3). The second allele is a deletion of the
whole TaFT3-B1 gene in Avalon and Charger (Fig. 4b) and is
associated with the late flowering phenotype (Figs 6 & S3).
The third allele, which is also associated with the late flowering
phenotype (Fig. S3), is the SNP that causes an amino acid

I I I I I I 1
!

Translation
start

Chinese Spring TaTOE1-B1 gene 3790bases
L

2500

5000

Translation
stop

¥

6 7

5
—HHHH
!

Position 277
SNP A/C
Threonine (A)

LN

i

hood ik

Position 3604
SNPT/G
serine (T)
arginine (G)

miR172 target

Sequence
CTGCAGCATCATCAGGATTCT

Proline  (C)

Cultivar SNP

a b < d e f £ h i j k I m
Spark A C A T € G G € G G c G A
Badger A C A T € G A c G G [ G G
Avalon G A G C T A G T A A G T A
Cadenza A [+ A T C G A T A G C G A
Rialto G A
Charger G A G G T G T A G T A
Chinese Spring G G C T [€] T A G I A

Figure 2. Schematic presentation of the TaTOEI-B1 gene. The black rectangles numbered 1-9 are the exons, and the introns are the spaces between
the numbered rectangles. The lower case letters a-1 denote the position of the single nucleotide polymorphisms (SNPs) in the gene sequences of
cultivars Spark, Badger, Avalon, Cadenza, Rialto, Charger and Chinese Spring. The uppercase letters A, T, C and G represent DNA bases adenine,
thymine, guanine and cytosine, respectively. The coloured letters denote the haplotype associated with early flowering. b# and 1* denote the SNPs
likely to affect function because SNP A—C change the amino acid threonine to proline and the SNP G-T changes the wild-type amino acid serine to
arginine. The position of the TamiR172 target sequence in exon 9 is shown. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 1. The genotype of nine winter wheat cultivars and one spring wheat cultivar (Cadenza) at five genes affecting flowering time. The cultivars
were fully vernalized (8 weeks at 5-8 °C) and then grown in a controlled environment giving a daily cycle of 10 h light and 14 h darkness. The numbers
in the SD Hd (short-day heading date) row are the days after 1 May for the cultivars to reach Zadoks growth stage 55 (Zadoks et al. 1974) that is 50%
ear emergence out of the flag leaf on the leading tiller

Gene Spark Claire Malacca Badger Hereward Savannah Avalon #Cadenza Rialto Charger
TaFT13-B1 mut mut WT WT mut mut mut WT WT mut
TaTOEI-B1 WT WT WT WT WT WT mut WT mut mut
TaELF3-DI1 mut - - mut - mut WwT mut WT WT
TaELF3-Bl1 WT - - WT - WT mut WT WT WT
Vin-Al CNV 1 1 2 2 3 2 2 1 2 2
SD Hd 69 66 65 65 65 63 59 53 50 49

Late flowering Middle Early flowering

WT, wild-type functional gene; mut, loss of function mutation or mutation likely to affect function in the open reading frame; SD Hd, short-day heading
date (10 h light and 14 h darkness); CNV, copy number variation; —, genotype not determined.
“Spring wheat.

Brachypodium distachyon
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Figure 3. Schematic presentation of the Charger x Badger, Spark x Rialto and Avalon x Cadenza doubled haploid (DH) populations flowering
quantitative trait locus (QTL) on 1BL. The Trident x Molineux QTL interval on 1AL defined by markers Xwmc304 and Xgwm99 was identified by
Kuchel et al. (2006) and aligns to the same locus as the QTLs on 1BL, suggesting that these QTLs are likely homologous. The QTL was significant
under short days (SD, 10/14 h light), long days (LD, 16 h light) and very long days (VLD, 20 h light) for the Charger x Badger population denoted by
the blue, red and green vertical solid lines, respectively. The QTL was SD specific for the Spark x Rialto population. The Avalon x Cadenza population
behaved like Charger x Badger, except that all the QTLs were below the significance threshold denoted by the dashed blue, red and green vertical
lines. The dotted horizontal lines link KASP markers that have sequence matches with the syntenic Brachypodium distachyon chromosome 2 genes.
The solid vertical bars represent the B. distachyon chromosome two gene order and marker order for the chromosome 1B Charger x Badger,
Spark x Rialto and Avalon x Cadenza maps, respectively. The asterisk accounts for most of the variation. The QTL images for all the three populations
are shown in Fig. S1. [Colour figure can be viewed at wileyonlinelibrary.com]

change (glycine-serine) in the Spark sequence (Fig. 4a,b). The known as Z. mays CENTRORADIALIS (ZCNI-26), num-

glycine (wild type) is conserved across all the three bered 1 to 26 because there is no ZCN22, reveal that all except
homoeologues and homologues from different species includ- ZCN?25 have the conserved glycine (Fig. 3b; Danilevskaya et al.
ing Z. mays, Sorghum bicolor, B. distachyon and Aedes aegypti 2008) that is mutated in Spark, suggesting that the glycine-to-
(Fig. 4c). This glycine, which is in the ligand-binding motif of serine mutation in Spark is likely to affect function. In addition
the phosphatidylethanolamine-binding protein  domain to that, the ZCN25 gene has low transcript levels, while its close
(Danilevskaya et al. 2008), was also shown to be conserved in paralogue ZCNI9 is highly expressed (Danilevskaya et al.
5 barley FT genes (HvFTI, HvFT2, HvFT3, HvFT4 and 2008), suggesting that this gene, which has a mutation at the
HVFTYS), 14 Oryza sativa FT genes and the A. thaliana FT gene same conserved amino acid as Spark, may have lost part or
(Faure et al. 2007). Sequence alignment of the 25 PEBP genes all of its function. Additional to these three different alleles of
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Figure 4. Schematic representation of the TaFT3-B1 gene (a), polymerase chain reaction (PCR) amplicons of 7aFT3-BI (b) and the conserved
amino acid glycine that is mutated to serine in Spark (c). The position of the B genome-specific PCR primers (F1-R6) along the gene (a) and the
position of the single nucleotide polymorphism (SNP) at the last base of exon 3 (b) that changes a conserved glycine (wild type) to serine (mutant
Spark) are shown. Agarose gel electrophoresis separation of 7auFT3-BI PCR amplicons (b) from Avalon (Av) Cadenza (Ca), Charger (Ch), Badger
(Ba) Spark (Sp) and Rialto (Ri). The gene is deleted in Avalon (Av) and Charger (Ch) but is intact in Cadenza (Ca), Spark (Sp) and Rialto (Ri). The
Spark point mutation G/A changes (c) a highly conserved amino acid glycine (G) to serine (S) in the PEBP domain of the 7aFT73-B1 gene shown by
the black upward facing arrow. TaF713 = Triticum aestivum FT3, CS = Chinese Spring, AtFT3 = Aegilops tauschii, TuFT3 = Triticum urartu FT3, B.
distachyon 1 and 2 = Brachypodium distachyon HEADING DATE 3A and 3B-like GenBank accession numbers XM_003569759 and XM_003568040,
respectively. The ZCNIS = Zea mays CENTRORADIALIS15 Genbank accession EU241906.

TaFT3-B1, we also found copy number variations of two versus
six copies of this gene.

Because the Spark x Rialto 1IBL QTL was SD specific while
the QTL at the same locus for Charger x Badger was observed
in SD as well as LD (Fig. 3), one hypothesis was that Badger
may have a mutation in the promoter that causes the Badger
TaFT3-B1 gene to be differently regulated, resulting in expres-
sion even in LD. This possibility was checked by sequencing
the TaFT3-BI gene 1380 bases upstream of the start codon,
but no polymorphism between the Badger allele and alleles
of other cultivars was found. However, it is interesting to note
that, in Badger, the expression of TaFT3-BI is twofold higher
than in the other cultivars (P < 0.0001) under LD (Fig. 5f),

which could be the reason why the Charger x Badger DH pop-
ulation has the QTL under both SD and LD.

Comparison of the effect of TaFT3-B1 and TaTOE1-
B1 mutations

Having identified two genes, Ta TOEI-BI (a putative flowering
repressor) and TaFT3-B1 (a putative flowering promoter), that
are likely to affect flowering time under SD, and for TaFT73-B1
possibly also under LD, we compared the phenotypes of culti-
vars that had different combinations of these genes (Table 1).
Charger flowers earlier than Badger; however, it can be
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Figure5. Gene expression patterns of the TaTOEI (a and c) and TuFT1 (b and d) and TuFT3 (e and f) homoeologues relative to NORM2 expression
at 3,4 and 13 weeks (wk) after planting. The experiments at weeks 3 and 4 were done under short days (10 h light and 14 h darkness), while the
experiments at week 13 were done under both short and long days designated SD and LD, respectively. *P < 0.01, **P < 0.001, ***P < 0.0001. The
error bars are the standard error of the mean. For Fig. 5d, the significant differences are the differences in means under short days relative to long days
for the TaFT1 homoeologues; for Fig. Se, the significant differences are the differences in mean expression of the 7aF"73 homoeologues between weeks
3 and 4, while for Fig. 5f, the significant differences were measured for the mean expression of 7aF73 homoeologues under short relative to long days.
We also compared the expression patterns of the 7aTOEI homologues at week 3 relative to week 13, and the following P-values were obtained:
TaTOEI-AI (P < 0.0001), TaTOEI-BI (P < 0.0022) and TaTOEI-D1 (P < 0.0001), and expression was higher at week 3 relative to week 13 for all the
three homoeologues with approximately a 10-fold reduction in expression at week 13 relative to week 3 for the three homoeologues (a and c). For
TaFT1, expression was approximately 50-fold higher under long days at week 13 relative to the average of weeks 3 and 4 with P < 0.0001 (b and d).
[Colour figure can be viewed at wileyonlinelibrary.com|]
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suggested that the Charger 7TaFT73-B1 allele contributes to-
wards lateness (Fig. S1a); hence, the earliness of Charger may
be attributed to the mutant 7TaTOEI-B1 allele (Figs 2 & S1 &
Table 1) or other genes in the genetic background. Cadenza
flowers early under SD even though it has the floral repressor
TaTOEI-BI wild-type allele, possibly because of its spring
background. Flowering time of Avalon lies between the early
and late flowering cultivars and, interestingly, it has lost both
the floral promoter TaF73-BI and the floral repressor
TaTOEI-BI (Table 1).

Diversity panels Watkins and GEDIFLUX

In the Watkins panel, the 7TaFT3-BI allele was significantly as-
sociated with flowering time (P < 0.0001; Fig. 6). The loss-of-
function TaFT3-Bl alleles, either a deletion or an SNP that
changes the coding for a strongly conserved amino acid (gly-
cine to serine), were both associated with late flowering, while
the wild type was early flowering (Figs 4 & 6). Increased copy

Gediflux Elites

number of 7aFT3-B1 was also associated with early flowering
(Fig. 6). For the GEDIFLUX panel, again, the TaFT3-BI was
significantly associated with flowering time (P < 0.0001) in
the same manner as the Watkins collection (Fig. 6). The
flowering data for the Watkins collection are in Table S4.

For TaTOEI-BI gene, the Avalon allele was associated with
late flowering, while the Cadenza polymorphism was associ-
ated with early flowering (P = 0.0181) in the GEDIFLUX col-
lection. There was no significant difference in the Watkins
collection for the 7aTOEI-BI allele. Given that the landrace
collection is more genetically diverse than the elite germplasm,
we suggest that the lack of significance in the Watkins collec-
tion maybe due to other background genes masking the
TaTOEI-BI effect.

TaTOE1, TaFT1 and TaFT3 expression analysis

For TaTOEI, TaTOEI-D1 was the most expressed followed by
TaTOEI-Al (Fig. 5ac). The TaTOEI homoeologues were

Watkins Landraces
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Figure 6. Box plot of the distributions of days to ear emergence (DTEM) for the GEDIFLUX elite collection of European winter wheat and
Watkins landrace collection carrying different alleles of 7aF73-BI and TaTOEI-B1 genes. The allele ratios described in the legend are shown with a
forward slash (/). One hundred forty-six accessions in the GEDIFLUX had six copies of Cadenza-type TaF73-B1 (FT3.1B-6¢p-Cad), while 285
accessions had two copies TuFT3-BI copies of the Avalon type (FT3.1B-2cp-Ava). Two hundred sixty-eight accessions in the GEDIFLUX collection
had the Cadenza-type allele of TaTOE1-B1 (TOE1.1B-Cad), while 128 accessions had the Avalon TaTOEI-BI allele type (TOE1.1B-Ava). For the
Watkins collection, 565 accessions had the Cadenza-type TaFT3-BI (FT3.1B-Cad) allele, while 190 had the Avalon/Spark allele. For TaTOE1-B1, the
Watkins collection had 483 and 298 Cadenza and Avalon allele types, respectively. DTEM data collection is described in Wingen et al. (2014).
Statistically significant differences in DTEM, detected in a GLM analysis, were found between accessions carrying different alleles of 7aF73-BI in
both collections and of TaTOE1-BI in the Gediflux collection. Significance levels are given above the vertical square brackets at the top of the plot: no
star = p.adj > 0.05, . = p.adj < 0.05, * = p.adj < 0.01, *** = p.adj < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com]
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expressed approximately 10-fold higher in the juvenile phase
(Fig. 5a) relative to the adult phase (Fig. 5c¢). The expression
of TaTOE]I, though reduced in the adult phase, was also higher
during the SD relative to the LD (Fig. 5¢).

For TaFTI1, TaFTI-B was the most expressed followed by
TaFTI-A (Fig. 5b,d). The expression of TuFTI was 100-fold
lower in the juvenile phase relative to the adult phase
(Fig. 5b,d). The 100-fold increase in 7TaFTI expression coin-
cides with a 10-fold reduction in TaTOEI expression in the
adult phase relative to the juvenile phase (Fig. 5a—c). In the
adult phase, TaFT1 expression was low under SD, but signifi-
cant (P < 0.0001) expression was detected in LD for all three
homoeologues across all the wheat cultivars (Fig. 5d). PCR am-
plification (data not shown) suggests that Rialto has a deletion
in the TaTOEI-B1 coding region as no amplification was
achieved (Fig. 5a,c). The gene expression data show that this
gene is not expressed in Savannah or Rialto (Fig. Sa,c), suggest-
ing that Rialto and Savannah lack 7aTOEI-BI.

For TaFT3, TaFT3-D1 was the most expressed followed by
TaFT3-Al (Fig. 5e.,f). PCR amplification suggested that Ava-
lon, Charger and Savannah do not have a copy of TaF13-BI
(Fig. 4b), and the lack of expression (Fig. Se,f) supports this.
The expression of all the 7TaFT3 homoeologues was signifi-
cantly increased at week 4 relative to week 3, except for Spark
TaFT3-Bl1 (Fig. 5e). The expression of TuFT3-D1 and TaFT3-
Al was significantly higher under SD relative to LD, except
for Spark and Badger TauFT3-Al (Fig. 5f). For the parents of
the DH populations where the 1BL flowering QTL was initially
detected, Badger had twice the expression level of TaFT3-B1
under LD relative to Spark, Rialto and Cadenza (Fig. 5f).
Spark and Rialto had no significant difference in the expression
of TaFT3-BI under LD, and expression is generally lower than
A and D (Fig. 5f).

DISCUSSION

Our results suggest that Ta TOEI-B1 is a more likely candidate
than 7aSRRI-BI and TaWUSCHELL-BI for the 1BS SD-
specific flowering time QTL and that 7aF73-B1 is a likely can-
didate for the 1BL flowering time QTL. These two genes have
contrasting effects where 7TaTOEI-BI is a floral repressor un-
der SD and 7aFT3-Bl is a floral promoter under SD and LD
depending on the genetic background (Figs 1 & 3).

THE 1BS QTL CANDIDATES

Possibility that TaWUSCHELL-B1 is the candidate
for 1BS QTL

The gene TaBradi2g37650 is a putative WUSCHE L-related ho-
meobox 2 that is required for proper shoot and floral meristem
development (Laux ez al. 1996). The lack of polymorphism be-
tween Avalon and Cadenza in the open reading frame and pro-
moter of TaWUSCHELL-BI coupled with the absence of any
report in literature linking mutants at this gene with flowering
time variation led us to conclude that TaWUSCHELL-BI
was not a candidate for the SD-specific QTL.

Possibility that TaSRR1-B1 is the candidate for 1BS
QTL

The A. thaliana SRR1 gene is crucial for normal circadian clock
function by targeting clock genes CCAI and TOCI (Staiger
etal.2003). The A. thaliana ssrl mutants flower very late under
SD relative to the wild type, although the difference is not sig-
nificant under LD (Staiger et al. 2003). Even though mutation
at this gene in A. thaliana accelerates flowering under SD
(Staiger er al. 2003), the identity of the Avalon and Cadenza
open reading frame sequences of 7aSRRI-BI1 led us to con-
clude that 7aSRRI-BI is an unlikely candidate for the Ava-
lon x Cadenza SD-specific QTL (Figs 1 & S1), although we
do not rule out the possibility of promoter mutations upstream
of the 139 bases from the translation start codon we sequenced.

TaTOE1-B1 is the more likely candidate for 1BS
short-day-specific flowering time QTL

The gene TaBradi2g37800 is a homologue of the A. thaliana
gene RAP2.7 and Z. mays ZmTOEI or ZmRAP2.7 (Dong et al.
2012; Higgins et al. 2010; Zhu & Helliwell 2011; Salvi et al. 2007
Okamuro et al. 1997). The polymorphism between Avalon and
Cadenza at the TaTOEI-BI gene (Fig. 2), as well as the separa-
tion of early and late flowering cultivars by using the SNPs in
this gene (Table 1), together with the documented role of ho-
mologues of this gene in regulating flowering in A. thaliana
and the SD plant Z. mays (Dong et al. 2012; Higgins et al.
2010; Zhu & Helliwell 2011; Jung et al. 2011; Salvi et al. 2007,
Okamuro et al. 1997), led us to suggest that TaTOEI-B1 was
the likely candidate for the SD-specific QTL.

In A. thaliana, RAP2.7, the homologue of TaTOEI-B1, is in-
volved in the ageing pathway where it acts as a repressor of FT
(Jung et al. 2007). RAP2.7 is repressed by miR172, which binds
to its mRNA, hence preventing translation in the adult phase
(Zhu and Halliwell, 2011; Higgins et al. 2010; Aukerman & Sa-
kai, 2003). Our results suggest that TaTOEI-BI is a repressor
of flowering, given that the mutants of this gene are early
flowering (Fig. 2 & Table 1), an observation which is consistent
with studies done in both A. thaliana and Z. mays. Our work is
another step towards understanding the gene network that reg-
ulates flowering under SD in wheat. It is tempting to speculate
at this point that wheat may have a similar pathway for this
gene as A. thaliana or maize, but this hypothesis needs to be
tested by developing near isogenic lines for the 1BS QTL and
performing gene expression assays for the wheat homologues
of the A. thaliana genes involved in the ageing pathway.

THE 1BL QTL CANDIDATE
TaFT3-B1 as possible candidate for 1BL QTL

The results for Spark x Rialto TaFT3-BI QTL are consistent
with studies from barley, a plant with a very similar photope-
riod pathway to wheat, which showed that HvFT3 is expressed
mostly under SD (Laurie et al. 1995; Faure et al. 2007). In the
Igri x Triumph segregating population in barley, a strong SD
QTL was detected and late flowering is associated with the Igri
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allele, which is a partial deletion on HvFT3 (Faure et al. 2007).
The association of late flowering with the partial deletion of the
Igri HvFT3 parallels the results from the current study in
wheat, where deletions of the TaF73-B1 gene result in late
flowering (Figs 4b & S3), supporting that the gene could have
the same floral promoting function in both species. Another
study in barley showed that overexpression of HvFT3 results
in early flowering (Kikuchi et al. 2009). A recent report in bar-
ley showed that increasing the copy number of HvFT1, a rela-
tive of FT3, accelerated flowering (Nitcher ef al. 2013). Taken
together, the results from studies in barley and this study sug-
gest that 7TaFT3-BlI, like other FT family genes, is a promoter
of flowering. Within the scope of this study, we were unfortu-
nately not able to define the extent of the deletion that includes
TaFT3-B1, a region that may include other candidate genes.
However, given that the single nucleotide polymorphism,
which changes a conserved amino acid of 7TaF73-B1 in Spark,
results in a similar phenotype supports TaFT3-B1 strongly as
the candidate gene underlying the 1BL QTL.

In the case of the discussed TaFT3-B1 SNP or the TaFT3-
Bldeletion, a recessive loss-of-function mutation should be
the outcome. One would expect the TaFT3-Al and TaFT3-
DI copies to compensate for the loss-of-function of TaF73-
BI. One possible explanation would be that, particularly be-
cause the expression of the 7aFT3-BI is lower than that of
the other two homoeologues (Fig. Se,f), the protein encoded
by TaFT3-BI has a stronger effect than those of the other
two. The TaFT3-DI gene has a conserved amino acid alanine
deleted (Fig. S4), which may affect the function of the protein
that it encodes.

These results are interesting given that in the Spark x Rialto
background, the IBL QTL is SD specific (Figs 3 & S2a), while
in the Charger x Badger background, the QTL is photoperiod
independent (Figs 3 & S2b), and in the Avalon x Cadenza
background, the QTL is not significant under both SD and
LD (Figs 3 & S1). This presents an excellent opportunity to
study the gene network in three independent backgrounds by
using NILs derived from these crosses. For example, it is possi-
ble that a gene or genes that regulate 7aF73 in LD are mutated
either in Charger or in Badger. Not much is known about the
genes that regulate F'73 in temperate cereals, but a recent study
in barley showed that VRNH?2 is a repressor of HvFT3 under
LD (Casao et al. 2011a).

Recent studies in barley indicate that HvF13 (Ppd-H2) al-
low the adaptation of southern European germplasm to mild
winters by promoting early flowering of non-vernalized plants
in SD (Casao et al. 2011b). Dubcovsky ez al. (2006) suggested
that wheat was ancestrally a short-long day plant, but artificial
selection led to loss of SD regulation. Our work, which has
identified two genes that regulate flowering under SD in wheat,
supports the suggestion by Dubcovsky et al. (2006) that wheat
could have ancestrally had short-long day dual regulation. Mu-
tations at TaTOEI-BI and TaFT3-BI could account for the dif-
ference in sensitivity to reduced day length between winter
wheat cultivar Rialto relative to Spark, which we showed in
an earlier report Zikhali et al. (2014). Rialto has a functional
TaFT3-B1 allele and a mutant 7TaTOEI-BI allele, while Spark
has a mutant 7aF73-BI allele and a functional TaTOFEI-BI

allele. Rialto and Spark would be predicted to be early and late
flowering under SD, respectively, and our results suggest that
this is the case (Table 1 & Figs 2 & 4).

Here, we also offer support at the expression level for
TaTOEI and TaFT3 homoeologues that these two genes have
an effect on flowering time under SD where they function to re-
press and promote flowering, respectively (Fig. 5). The
A. thaliana RAP2.7 gene, a homologue of TaTOE]I, is a floral
repressor, and overexpression of this gene delays flowering
(Aukerman and Sakai 2003). Our results show that TuTOE!
has a similar function in wheat as in A. thaliana where mutants
at this gene are early flowering (Fig. 2 & Table 1). We also show
that when 7TaTOE]I expression is high, 7TaFT1 expression is low
and vice versa (Fig. 5), suggesting that TaTOE] is a repressor
of TaFTI as suggested by the temperate cereals flowering time
model (Higgins et al. 2010). High expression detected for the
TaFTI-B copy relative of the other two homoeologues was
consistent with a study by Lv ez al. (2014). In barley, mutants
at HvFT3 (PpdH2) delay flowering (Faure et al. 2007) and
our results for 7aFT3-B1 suggest that the gene has a similar
function in wheat as in barley. While 7aFT3-BI is a good can-
didate for Ppd-B2, we did not use that name because another
locus on chromosome 7BS has already been named Ppd-B2
(Khlestkina ez al. 2008).

We also offer evidence from two diversity panels that both
TaTOEI-BI and TaFT3-BI have significant effect on flowering
time (Fig. 6). Our results suggest that 7aFT3-B1 has a stronger
effect than TaTOEI1-BI1 (Fig. 6). Our work will add to the grow-
ing body of knowledge on flowering time in cereals and will
help in modelling of flowering time in wheat, a strategic food
security crop. Understanding of flowering in cereals is crucial
to global food security given that the top five important cereal
crops: wheat, maize rice, barley and sorghum, need optimum
flowering time to achieve the high yields needed for global food
security.

The identification of these two genes on group 1 chromo-
somes is consistent with Law et al. (1998), who proposed that
there was more than one flowering time gene on the group 1
homologous chromosomes. Furthermore, Law et al. (1998)
suggested that one of the genes on group 1 was on the short
arm and that among the many genes on group 1 chromosomes,
one of them was a suppressor of flowering time. Consistent
with the multiple gene hypothesis on group 1 chromosomes
by Law et al. (1998), this study identified a suppressor of
flowering time on the short arm of 1B (7aTOEI-BI) and a
flowering time promoter on 1BL (7aFT73-BI) a likely
homoeologue of the gene responsible for the QTL identified
on 1AL (Kuchel et al. 2006); in addition to the floral repressor
on the distal end of 1DL, we identified in our earlier studies
(Zikhali et al. 2015; Zikhali et al. 2014). The two genes
TaFT3-B1 and TaTOFEI-BI that we have identified in this study
will provide additional control for wheat breeders in the quest
to breed better, adapted and more resilient cultivars.
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Sequence data derived from this paper can be found in the
Genbank sequence data base under the following accession
numbers:

1 Triticum aestivum flowering locus T3-B1 (TaFT3-B1) Spark
(KJ711538), Rialto (KJ711539), Badger (KJ711540), Ca-
denza (KJ711541) and Malacca (KJ711548).

2 Triticum aestivum flowering locus T3-A1 (TaFT3-A1) Claire
(KJ711527), Hereward (KJ711528), Malacca (KJ711531),
Charger (KJ711532), Badger (KJ711533), Cadenza
(KJ711534), Avalon (KJ711535), Spark (KJ711536), Rialto
(KJ711537), Trident (KT824056) and Molineux (KT824057).

3 Triticum aestivum flowering locus T3-D1 (TaFT3-D1) Spark
(KJ661739), Rialto (KJ661740), Cadenza (KJ676791), Ava-
lon (KJ676792), Badger (KJ676793), Charger (KJ676794),
Malacca (KJ676795), Hereward (KJ676796) and Claire
(KJ676797).

4 Triticum aestivum WUSCHEL-like-B1 (TaWUSCHELL-
B1) Avalon (KT285832), Cadenza (KT285833), Badger
(KT285834), Charger (KT285835), Claire (KT285836) and
Spark (KT285837).

5 Triticum aestivum SENSITIVITY TO RED LIGHT RE-
DUCED 1-B1 (TaSRR1-B1) Avalon (KT285838), Cadenza
(KT285839) and Charger (KT285840).

6 Triticum aestivum TARGET OF EAT1-B1 (TaTOE1-B1)
Avalon (KT439183), Cadenza (KT439184), Charger
(KT439185), Badger (KT439186) and Spark (KT439187).
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