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The flowers of major cereals are arranged on reproductive branches known as spikelets, which group together to form an
inflorescence. Diversity for inflorescence architecture has been exploited during domestication to increase crop yields, and
genetic variation for this trait has potential to further boost grain production. Multiple genes that regulate inflorescence
architecture have been identified by studying alleles that modify gene activity or dosage; however, little is known in wheat.
Here, we show TEOSINTE BRANCHED1 (TB1) regulates inflorescence architecture in bread wheat (Triticum aestivum) by
investigating lines that display a form of inflorescence branching known as “paired spikelets.” We show that TB1 interacts
with FLOWERING LOCUS T1 and that increased dosage of TB1 alters inflorescence architecture and growth rate in a process
that includes reduced expression of meristem identity genes, with allelic diversity for TB1 found to associate genetically with
paired spikelet development in modern cultivars. We propose TB1 coordinates formation of axillary spikelets during the
vegetative to floral transition and that alleles known to modify dosage or function of TB1 could help increase wheat yields.

INTRODUCTION

A grass inflorescence is a group of seed-producing flowers that
are arranged on specialized branches, known as spikelets. A
plant’sreproductivesuccess isstrongly influencedbythenumberand
arrangement of spikelets and flowers that form on an inflorescence,
known as inflorescence architecture, as this determines the maxi-
mum number of sites available for seed production. Consequently,
diversity for inflorescencearchitecturehasbeen important during the
domestication of crop plants, as modifications that increase flower
number have helped improve yields (Meyer and Purugganan, 2013;
Zhang and Yuan, 2014). This diversity is often influenced genetically
by alleles that alter thedosageof genes involved in spikelet and floret
development (Doebley et al., 1997; Simons et al., 2006; Miura et al.,
2010; Jiao et al., 2010;Yoshida et al., 2013;Houstonet al., 2013; Zhu
et al., 2013; Park et al., 2014; Greenwood et al., 2017; Debernardi
et al., 2017; Soyk et al., 2017). An increased understanding of the
genes that regulate spikelet and floret development, and selection of
alleles that alter the activity of these genes, can therefore be used as

a tool to increase crop yields (Miura et al., 2010; Jiao et al., 2010;
Yoshidaetal.,2013;Parketal.,2014;Wangetal.,2015;Soyketal.,2017).
Breadwheat (Triticumaestivum) producesan inflorescencewith

a unique architecture among crops, forming single spikelets on
opposite sides of a central rachis in an alternating phyllotaxy and
a terminal spikelet at the apex, with each spikelet producing
multiple florets. The number of spikelets that form on an in-
florescence and the number of fertile florets in each spikelet are
two major determinants of yield and are influenced by the rate of
inflorescence development (Rawson, 1970; Miralles et al., 2000;
Slafer, 2003; González et al., 2011). Despite the importance of
these traits for grain production and the potential for improve-
ments to contribute to yield increases required to feed the world’s
growing population, very little is known about how they are reg-
ulated genetically (Reynolds et al., 2009; González-Navarro et al.,
2015). Recent studies have investigatedwheat lineswithmodified
inflorescence architectures to identify genes that contribute to
spikelet development, including our analysis of “paired spikelets”
(Dobrovolskaya et al., 2015; Boden et al., 2015; Poursarebani
et al., 2015). Paired spikelets are a form of supernumerary spi-
kelets characterized by the formation of two precisely positioned
spikelets at a given rachis node rather than the typical single
spikelet (Boden et al., 2015; Sharman, 1944), which are distinct
from other supernumerary spikelet structures including long lat-
eral branches that form at the base of an inflorescence, and
multirowed spikelets characterized by the formation of multiple
spikelets at individual nodes (Dobrovolskaya et al., 2015;
Poursarebani et al., 2015; Sharman, 1967). Paired spikelet de-
velopment is regulated by multiple genes, with quantitative trait
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locus (QTL) analysis of a four parent multiparent advanced gen-
eration intercross (MAGIC) population detecting 18 QTLs that
contribute to this trait (Boden et al., 2015). One of the QTLs de-
tected in this study was underpinned by Photoperiod-1 (Ppd-1),
a pseudo-response regulator gene that controls photoperiod re-
sponsepathways inwheat (Bealesetal., 2007).We found thatPpd-1
regulates inflorescence architecture by controlling the expression of
the central regulator of flowering, FLOWERING LOCUS T1 (FT1),
whichmodulates thestrengthof thefloweringsignalperceived in the
developing inflorescence. Alleles of Ppd-1 and FT1 that produce
aweakfloweringsignal facilitatedpairedspikeletproduction through
reduced expression of genes that regulate spikelet development,
relative to Ppd-1 and FT1 alleles that produce a strong flowering
signal and suppress paired spikelet formation (Boden et al., 2015).

In this study, we investigated a pair of near-isogenic lines (NILs)
developed from the MAGIC population to demonstrate that an
ortholog of the maize (Zea mays) domestication gene, TEOSINTE
BRANCHED1 (TB1), regulateswheat inflorescence architecture in
a dosage-dependentmanner.We show that TB1 protein interacts
with FT1 and that increased dosage of TB1 promotes paired
spikelet production and delays inflorescence growth by reducing
expressionofmeristem identity genesduring early developmental
stages.Wealso identify variant alleles forTB1on theBandDwheat
genomesandshow that thesealleles areat leastpartially responsible
for diversity of inflorescence architecture in modern wheat cultivars.

RESULTS

The Bread Wheat hb Line Displays Inflorescence and Plant
Architecture Phenotypes

To identifygenes that regulate inflorescencearchitecture inwheat,
we investigated a pair of near-isogenic lines (NILs) derived from

a single line of a four-parent MAGIC population for spring wheat
(Huang et al., 2012). This line (MAGIC line 0053) was chosen
because individuals within field plots displayed either wild-type
inflorescences or inflorescences with multiple paired spikelets,
suggesting that alleles for one or more gene(s) regulating
spikelet architecture were segregating within this line. Seeds
were independently selected from plants with wild-type and
paired spikelet-producing inflorescences over multiple gen-
erations (Supplemental Figure 1) to produce true-breeding
lines that formed either wild-type inflorescences or highly
branched inflorescences with multiple paired spikelets (Figure
1A), which will henceforth be referred to as highly-branched
(hb). In hb plants, 43.3%6 3.8% of nodes on the inflorescence
(aka rachis nodes) produced paired spikelets, with 28.7% 6
3.9% of all nodes containing fertile secondary spikelets (Figure
1B). Consistent with our previous analysis of this trait (Boden
et al. 2015), paired spikelets were found most frequently at
central nodes of the inflorescence, and secondary spikelets
formed immediately adjacent to and directly below the primary
spikelet during early developmental stages (Supplemental
Figure 2).
As paired spikelet development is facilitated by genetic and

environmental conditions that delay flowering and is associated
with an increase in the number of positions (nodes) available for
spikelet production, we tested if flowering time and rachis node
numbers were affected in hb plants, relative to the wild type
(Sharman, 1944; Boden et al., 2015). Under long-day photo-
periods (16 h light/8 h dark), we observed no difference in the
number of days until inflorescence emergence or the number of
rachis nodes between the two genotypes, confirming that paired
spikelet production is independent of flowering time in these lines
(Figures1Cand1D).However,wedidnoticeaslight increase in the
total leaf number of hb plants, relative to thewild type, suggesting
that inflorescencedevelopment is delayed inhbplants (Figure 1E).

564 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.17.00961/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00961/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00961/DC1


Figure 1. Inflorescence Architecture and Development and Tiller Number Are Modified in hb Plants.

(A) Wild-type (WT) and hb inflorescences (an image with secondary spikelets highlighted in blue is shown at the right). Bar = 1 cm.
(B) and (C) Frequency of total paired spikelets (TPS) and complete fertile paired spikelets (CPS) (B) and rachis node numbers of wild type (black) and hb
(white) inflorescences (C).
(D) and (E) Flowering time of wild-type and hb plants, measured by days to head emergence (D) and total leaf number (E).
(F) Days until double ridge (since germination) for the wild type and hb.
(G) and (H) Inflorescence development phenotypes of wild-type (solid line) and hb (dashed line) plants, measured at intervals defined by leaf emergence.
Inset in (H) is mature inflorescence length for the wild type and hb. Bar = 1 mm.
(I) and (J) Tiller numbers of wild-type and hb plants. Bar = 10 cm.
Data aremean6 SE. n = 8 plants for (B) and (C), n = 10 for (D) to (F) and (J), n = 4 for (H), and n = 10 for (H) inset. All images are representatives of individuals
used for quantification. **P < 0.01 and ***P < 0.001, compared with wild-type values.
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To investigate this further, we analyzed the time required for shoot
apical meristems (SAMs) of wild-type and hb lines to reach the
double-ridge stage, which is the stage immediately after the
vegetative-to-reproductive transition of the SAM occurs. We
found that SAMs of wild-type plants reached the double-ridge
stage earlier than hb plants, which explains the slight increase in
leaf number of hb plants, relative to the wild type (Figures 1E
and 1F).

Further investigation of inflorescence development and
growth in hb plants, relative to wild-type plants, at intervals
defined by leaf emergence from leaf 3 (L3) until leaf 8 (L8) re-
vealed that there were also significant delays of inflorescence
growth in hb plants at stages L5 and L6, which is when the
terminal spikelet forms and spikelet primordia begin devel-
oping florets (Figures 1G and 1H). Growth of hb inflorescences
was delayed dramatically at the L7 stage, relative to the wild
type; the delay was allayed by L8, when no difference in in-
florescence length was detected between the two genotypes
(Figure 1H; Supplemental Figure 3). There was also no sig-
nificant difference in the length of mature inflorescences be-
tween the two genotypes (inset of Figure 1H) nor was there
a significant difference in leaf emergence or leaf elongation,
suggesting that the inflorescence development and growth
phenotypes are not the consequence of a delayed plastochron
(Supplemental Figure 4). In addition to the inflorescence
phenotypes, we found that hb plants produced fewer tillers than
wild-type plants (Figures 1I and 1J). Dissection of leaf sheaths
surrounding immature tillers showed that the hb plants produced
tiller buds at each vegetative node that were smaller than those
produced in wild-type plants (Supplemental Figure 5), suggesting
that the reduced tiller numbers in the hb plants were due to sup-
pressed outgrowth of the tiller buds rather than failure to develop
tillers. Taken together, these results suggest that there is a pleio-
tropic effect on growth of lateral organs from the main shoot in hb
plants, relative to the wild type.

Chromosome 4D Is Duplicated in hb Lines

To identify the genetic factor(s) contributing to the inflorescence
and plant architecture phenotypes of the hb NIL, we initially
performed genotype analysis using the 90,000 single nucleotide
polymorphism wheat array (Wang et al., 2014), which sug-
gested there was a partial or complete duplication of chro-
mosome 4D (data not shown). To investigate this further, we
performed cytogenetic analysis of chromosomes from wild-
type and hb plants, which showed that the hb line is tetrasomic
for chromosome 4D, suggesting that increased dosage of
chromosome 4D facilitates paired spikelet formation (Figures
2A and 2B). To test if regulation of paired spikelets by chro-
mosome 4D dosage is a dominant or semidominant trait, we
crossed the hb line to two spring wheat cultivars that do not
produce paired spikelets: Sunstate and Pastor. Phenotype
analysis showed that the first filial generation (F1) of offspring
for both crosses produced paired spikelets (Supplemental
Figure 6). As paired spikelet development was reduced in the
F1 plants of the hb crosses, relative to the tetrasomic hb line,
we conclude that this is a semidominant trait (Figure 1B;
Supplemental Figure 6).

TB-D1 Expression Is Increased in Inflorescences and Tillers
of hb Lines

Our previous analysis of QTLs that contribute to paired spikelet
development within the four parent MAGIC population detected
a QTL with a significant additive genetic effect on the short arm of
chromosome 4D (4DS), which was detected using a marker po-
sitionedwithin themajorGreenRevolution geneRht-D1 (Reduced
height-D1; Rht-2) (Boden et al., 2015). Dominant dwarfing alleles
for Rht-1 and Rht-2 (Rht-B1b and Rht-D1b, respectively) restrict
plant growth and impede inflorescence development by reducing
the plant’s sensitivity to the growth-promoting hormone gibber-
ellin (Pearce et al., 2011; Hedden, 2003; Boden et al., 2014). Both
the wild-type and hb lines contain the Rht-B1b (dwarfing) and
Rht-D1a (wild-type) alleles, and we hypothesized that reduced
sensitivity to gibberellin via increased dosage of Rht-D1a may
facilitate paired spikelet development by restricting growth of
spikelet meristems and the developing inflorescence. To test this
hypothesis, we examined inflorescence architecture in a pair of
NILs that contained either the wild-type Rht-D1a allele or the
dwarfing Rht-D1b and in Rht-D1c (Rht10) lines that contain
multiple copies of Rht-D1b (Pearce et al., 2011), relative to its NIL
that contains a single copy. We did not detect paired spikelets in
either of these genotypes, suggesting that increased dosage of
Rht-D1 is not responsible for the modified inflorescence archi-
tecture of the hb line (Supplemental Figure 7).

Through our analysis of Rht-D1 and the surrounding genetic
region underlying theQTLon4D,wenoticed that awheat ortholog
ofan importantmaizedomesticationgene,TB1, isclosely linked to
Rht-D1 (Figure 2C). TB1 encodes a class II TCP (TEOSINTE
BRANCHED1, CYCLOIDEA, PCF1) transcription factor, which is
a member of a plant-specific family of transcription factors that
bind to promoter regions of genes known to regulate de-
velopmental processes including branching, floral symmetry, leaf
development, and germination (Doebley et al., 1997; Luo et al.,
1996; Kosugi and Ohashi, 1997; Tatematsu et al., 2008). TB1
orthologs regulate tiller number and influence inflorescence ar-
chitecture traits in maize, rice (Oryza sativa), and barley (Hordeum
vulgare) (Doebley et al., 1995, 1997; Takeda et al., 2003; Studer
et al., 2011; Ramsay et al., 2011), with the dominant Tb1 allele of
domesticated maize restricting growth of lateral branches via
increased gene expression, relative to the tb1 allele of the wild
progenitor, teosinte (Zea mays ssp parviglumis) (Doebley et al.
1997); we therefore hypothesized that increased dosage of the
wheat TB1 ortholog from the D genome (TB-D1) may be re-
sponsible for thepaired spikelet and tiller phenotypesofhbplants.
Using digital droplet PCR (ddPCR), we confirmed that hb plants

contain a haploid complement of two copies for TB-D1, and wild-
type plants contain one copy (Figure 2D). We then compared
expression levels for TB1 from the A (TB-A1), B (TB-B1), and D
genomes in wild-type and hb plants at defined stages of
inflorescencedevelopment and invegetative tissues that included
tiller buds, emerging tillers, leaves, roots, and germinating
seedlings. We observed that TB-B1 and TB-D1 are expressed
predominantly in developing inflorescences and tillers, relative to
leaves, roots, and seedlings, and that TB-A1 expression is sig-
nificantly lower than that of TB-B1 and TB-D1 (Figures 2E and 2F;
P < 0.0001). Our analysis showed that TB-B1 and TB-D1 were
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expressed comparably in developing inflorescences and emerg-
ing tillers, and transcript levels for both genes were 4- to 10-fold
higher in tiller buds (Supplemental Figure 8). We found that
TB-D1 transcript levels were significantly higher in developing
inflorescences of hb plants, relative to the wild type, at the
double-ridge stage of development that is pivotal for paired
spikelet formation (Boden et al., 2015) and during the L5–L7

developmental stages when inflorescence growth is delayed in
hb plants (Figures 1G and 2E). We also detected a significant
increase in TB-D1 transcripts in tiller buds and emerging tillers of
hb plants, relative to thewild type, while no significant difference
in TB-D1 transcript levels were detected between the two
genotypes in roots, leaves, or germinating seedlings (Figure 2F).
These results demonstrate that TB-D1 transcript levels are

Figure 2. Genetic Characterization and Expression Analysis Reveal Increased Dosage of TB-D1 in hb NILs.

(A) and (B) FISH analysis of wild-type (A) and hb (B) lines; copies of chromosome 4D are labeled.
(C) Schematic diagram of chromosome 4DS region in proximity to Rht-D1. Gene identities: DUF6-like gene, TRIAE_CS42_4DS_TGACv1_
362748_AA1181880; Zn-finger protein, TRIAE_CS42_4DS_TGACv1_363130_AA1183390.
(D) ddPCR analysis of haploid gene copy number for TB-D1 in wild-type (black) and hb (white) lines.
(E) Relative expression of TB-A1, TB-B1, and TB-D1 in developing inflorescences of wild-type (solid bars) and hb (white bars) plants, at double ridge (DR;
gray), leaf 5 (L5; blue), leaf 6 (L6; green), and leaf 7 (L7; magenta) developmental stages. Expression is relative to TB-B1 in the wild type.
(F) Expression analysis of TB-A1 (gray), TB-B1 (red), and TB-D1 (purple) in vegetative tissues of wild-type (solid bars) and hb (white bars) plants. Data of
ddPCR and expression analyses are mean 6 SE of three to four biological replicates. *P < 0.05 and **P < 0.01, compared with wild-type values.
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significantly higher in tissues of the hb plants that display ar-
chitecture phenotypes, relative to wild-type plants, which was
not observed formost other genes that are in proximity to TB-D1
on chromosome 4D (Supplemental Figure 9). These results are
therefore supportive of increased TB-D1 expression promoting
paired spikelet development and suppressing tiller outgrowth.

TB-D1 Regulates Inflorescence and Plant Architecture in
a Dosage-Dependent Manner

To confirm genetically that TB-D1 is the gene responsible for the
inflorescence and plant architecture phenotypes observed in hb
plants, we crossed the hb line to a wheat TILLING mutant of
cultivar Cadenza (Krasileva et al., 2017), lineCadenza1721, which
contains a premature stop codon mutation (C>T, 49 bp of coding
sequence) in TB-D1 and is henceforth referred to as tb-d1. As the
crosses to Sunstate and Pastor showed that increased dosage of
chromosome 4D is semidominant for paired spikelet production

(Supplemental Figure 6), we hypothesized that F1 plants trisomic
for chromosome 4D that contain two functional copies and one
nonfunctional copy of TB-D1 (hb x tb-d1) would not produce
paired spikelets and would produce more tillers, relative to F1
plants trisomic for chromosome 4D that contain three functional
copies of TB-D1 (hb x Cadenza). Analysis of 29 F1 plants from the
hb x Cadenza cross supported the results from the hb x Sunstate
and hb x Pastor crosses, with F1 plants found to develop paired
spikelets (6.34% 6 1.02% of nodes) (Figures 3A and 3C). Con-
versely, F1 plants of the hb x tb-d1 cross did not produce paired
spikelets (45 plants) or formed rudimentary secondary spikelets at
a very low frequency (one per inflorescence; five plants) (Figures
3A and 3C). F1 plants of the hb x tb-d1 cross also producedmore
tillers (3.8660.1) than thehbxCadenzaF1plants (3.160.125;P<
0.001) (Figures 3B and 3C). Based on these results, we conclude
that TB-D1 is likely to be the gene responsible for the paired
spikelet and tiller number phenotypes caused by increased
dosage of chromosome 4D in the hb line.

Figure 3. Increased Dosage of TB1 Regulates Paired Spikelet and Tiller Phenotypes in hb Plants.

(A) to (C) Inflorescence ([A]and [C]) andplant ([B]and [C]) architecturephenotypesofF1offspringplants fromcrossesbetweenhbandcvCadenza (WT),hb,
and the tb-d1 mutant line (Cadenza1721), with quantification (C) of frequency of nodes with secondary spikelets per inflorescence (given as total paired
spikelets) and tillers per plant.
(D) to (F) Plant (D) and inflorescence (E) architecture phenotypes of hb and revertant lines, with quantification (F) of paired spikelets per inflorescence and
tillers per plant. Secondary spikelets are highlighted in blue. n.d., not detected.
(G) KASP marker analysis of TB-B1 in hb (white) and revertant (green) lines, along with no template control (NTC; black).
Bars = 10 cm in (B) and (D) and 1 cm in (A) and (E). All images are representatives of individuals used for quantification. In (C), data are mean6 SE of 29 F1
plants for hb x Cadenza and 50 plants for hb x tb-d1. *P < 0.05 and ***P < 0.001, compared with values for the F1 (hb x Cadenza) in (C) and to hb in (F).
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This conclusion was further supported by analysis of plants
froma revertant line that derived spontaneously froman individual
hbplant, which no longer formedpaired spikelets, producedmore
tillers, andweresignificantly taller thanhbplants (Figures 3D to3F;
Supplemental Table1).Wehypothesized that the increasedheight
of these plants was caused by loss of the dwarfing Rht-B1b allele
and that the absence of paired spikelets and increased tiller
numbers occurred through loss of the closely linked TB-B1,
possibly through loss of chromosome 4B. Marker analysis

confirmed that TB-B1 and Rht-B1b were indeed absent in the
revertant lines (Figure 3G; Supplemental Figure 10). Taken to-
gether with the results from F1 plants of the hb x tb-d1 cross and
the expression analysis, we conclude that increased dosage of
TB1, with contributions from both the wheat D and B genomes,
promotes paired spikelet development and reduces outgrowth of
tillers in hb plants.
To further confirm genetically that increased dosage of TB-D1

promotes paired spikelet development in wheat, we generated

Figure 4. Increased Dosage of TB-D1 Promotes Paired Spikelet Development and Reduces Tiller Number in Transgenic Lines.

(A) InflorescencesofpVRN1:TB1 transgenicplants (T1generation), and thewild-typeuntransformedcontrol (Fielder). Secondaryspikeletsarehighlighted in
blue. Bar = 1 cm.
(B) TB-D1 haploid gene copy number for pVRN1:TB1 transgenic plants (gray) and control (white, null transgenic; black, Fielder) lines.
(C) TB-D1 expression in developing inflorescences of pVRN1:TB1 transgenic lines (gray), relative to null siblings (white).
(D)and (E)Frequencyof paired spikelets ([D]; givenas total paired spikelets) and tiller number phenotypes (E) forpVRN1:TB1 transgenic lines (gray), relative
to null siblings (white).
For (C), data aremean6 SE of 4 biological replicates; for (D) and (E), data aremean6 SE of 3 to 5 biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001,
compared with values for null siblings.
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Figure 5. TB1 Interacts with FT1 and Modulates Expression of Meristem Identity Genes.

(A) Y2H assay between TB1 and FT1, including control reactions with truncated TB-D1 (TB1D) and empty vectors (Ø), grown on varying selective media.
(B) BiFC assay for TB1 and FT1, and control reactions including truncated TB-D1 (TB1D) and empty vectors (Ø).
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transgenic lines that expressed TB-D1 using thewell-characterized
promoter of VERNALIZATION1 (VRN1) (Alonso-Peral et al., 2011)
in the genetic background of Fielder, which forms paired spikelets
at a very low frequency. VRN1 encodes aMADS box transcription
factor that is expressed robustly in the developing inflorescence
during the vegetative to reproductive transition, including the
double-ridge stage when paired spikelets form (Yan et al., 2003;
Alonso-Peral et al., 2011; Boden et al., 2015). We also confirmed
that VRN1 is expressed in tiller buds and emerging tillers of wild-
type plants (Supplemental Figure 11). The VRN1 promoter was
used because initial attempts to overexpress TB-D1 using the
Ubiquitin and Actin1 promoters failed to produce transgenic
seedlings, and sequence for the TB-D1 promoter was not avail-
able. This experiment therefore increased the number of genomic
copies for TB-D1 and promoted expression of the additional
copies of TB-D1 within the inflorescence at stages pivotal for
paired spikelet development. From this experiment, we identified
14 independentpVRN1:TB-D1 transgenic lines that formedpaired
spikelet-producing inflorescences (Figure 4; Supplemental Figure
12andSupplemental Table 2).Genotypeanalysis of T1 transgenic
lines identified lines that contained 1.5 or 2 haploid copies of TB-
D1, while null transgenic plants and control Fielder plants con-
tained 1haploid copyofTB-D1 (Figure 4B;Supplemental Table 2).
We selected three independent pVRN:TB1 lines to perform mo-
lecular and phenotypic analysis of T2 generation plants: pVRN:
TB1.7, 9, and 19 (Figures 4C to 4E). RT-qPCR analysis showed
that TB-D1 transcript levels were significantly higher in the de-
veloping inflorescencesof eachpositive transgenic line, relative to
their respective null transgenic siblings (Figure 4C). Phenotype
analysis showed that inflorescences of the pVRN:TB1 transgenic
lines formed secondary spikelets at 15 to 20%of the rachis nodes
and produced fewer tillers than the null transgenic lines, which did
not produce secondary spikelets (Figures 4D and 4E). These re-
sults therefore confirm our hypothesis that increased dosage of
TB1 promotes paired spikelet development and reduces tiller
outgrowth in wheat.

TB1 Interacts with FT1 and Expression of Meristem Identity
Genes Is Reduced in Lines with Increased Dosage of TB-D1

To identifyhow increasedTB1dosagemaypromotepairedspikelet
development, we surveyed the literature for molecular interactions
that involve TB1 orthologs and associate with genetic pathways
known to influence inflorescence architecture. In Arabidopsis
thaliana, rice, and wheat, the central integrator of flowering FT in-
teracts with FLOWERING LOCUS D (FD; or FDL in wheat) and
14-3-3 proteins to form a floral activating complex, which induces
expressionoffloralmeristem identity genes (Abeetal., 2005;Wigge

etal., 2005;Taokaetal., 2011;Li etal., 2015). It hasalsobeenshown
that the Arabidopsis homolog of TB1, BRANCHED1 (BRC1)
(Aguilar-Martínez et al., 2007), negatively regulates the vegetative-
to-reproductive transitionof axillarybranchesby interactingwithFT
and suppressing its ability to promote expression of floralmeristem
identity genes (Niwa et al., 2013). Aswe have shownpreviously that
deletion of FT-B1 promotes paired spikelet development (Boden
etal.,2015),wehypothesizedthatTB-D1 interactswithFT1andthat
increased dosage of TB-D1 facilitates paired spikelet development
by reducing the availability of FT1 topromote expressionof spikelet
meristem identity genes within the developing inflorescence.
To test this hypothesis, we performed yeast two-hybrid (Y2H)

andbimolecular fluorescencecomplementation (BiFC) analysis to
determine if TB-D1 and FT1 proteins interact. Both the Y2H and
BiFC analyses demonstrated that TB-D1 interacts directly with
FT1, while no interaction was detected in control experiments,
which included a truncated version of TB-D1 (TB1D) that lacks the
first 115 amino acids of TB1, a region demonstrated previously to
be essential for the interaction between BRC1 and FT from Ara-
bidopsis (Figures 5A to 5C; Supplemental Figure 13) (Niwa et al.,
2013). To test this interaction further and determine if the effect of
increased TB-D1 levels could be suppressed by enhanced FT1
activity, we grew hb plants under extended long-day (LD) con-
ditions (22-h/2-h photoperiod) and standard LD conditions
(16 h/8 h). Under the extendedLDconditions,FT1 transcript levels
were significantly higher at dusk (Zeitgeber time [ZT] 22 h) and at
the time point that would correspond to dusk in the standard LD
photoperiod (ZT 16 h), relative to the levels at dusk under the
standard LD conditions (ZT 16 h; Figure 5D).
Wealso found that paired spikelet development is significantly

suppressed under the extended LD photoperiod, with reduced
production of total paired spikelets and secondary spikeletswith
fertile florets, relative to plants grown under standard LD (Figure
5E). We then tested if increased dosage of TB-D1 affects
expression of genes that regulate spikelet development by
analyzing transcript levels of meristem identity genes from de-
veloping inflorescences of wild-type and hb plants (Figure 5F).
These genes included VRN1, SOC1, AGAMOUS-LIKE GENE1,
AGAMOUS-LIKE10 (AGL10), and AGL29, whose expression
was found previously to be reduced in inflorescences of paired
spikeletproducing lines, includingamutant containingadeletion
of FT-B1 (Boden et al., 2015). We found that transcript levels for
all meristem identity genes were significantly reduced during
early developmental stages in inflorescences of hb plants, rel-
ative to those of wild-type plants (except for VRN1 at the DR
stage), which included stages pivotal for paired spikelet de-
velopment (Figure 5F). This result was supported by analysis
showing that transcript levels for meristem identity genes were

Figure 5. (continued).

(C)Schematic of full-lengthTB1and truncated TB1 (TB1D) proteins used forY2HandBiFCassays; TCPandR refer todomains of TB1protein, andnumbers
indicate amino acid positions.
(D) and (E)Expression analysis ofFT1 at dusk (D) and frequency of total paired spikelets (TPS) and complete fertile paired spikelets (CPS) in hbplants under
standard LD photoperiods (black) and extended LD photoperiods (gray) (E).
(F)Expression ofmeristem identity genes in developing inflorescences of hb (white bars), relative to thewild type (solid bars), at double ridge (DR; gray), leaf
5 (L5; blue), leaf 6 (L6; green), and leaf 7 (L7; magenta) developmental stages. Data are mean 6 SE; n = 4 biological replicates for (D) and (F) and
n = 10 biological replicates for (E). *P < 0.05, **P < 0.01, and ***P < 0.001, compared with standard LD values ([D] and [E]) and wild-type values (F).
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significantly reduced in developing inflorescences of the
pVRN1:TB1 transgenic plants, relative to null transgenic siblings
(Supplemental Figure 14). At the leaf 7 developmental stage,
transcript levels for VRN1, SOC1, AGL10, and AGL29 were not
significantly different in wild-type and hb plants, which is con-
sistent with the observed completion of spikelet and floret de-
velopment in hb inflorescences at the L7 stage in preparation for
growth between emergenceof L7 and8 (Figures 1G, 1H, and 5F).
We confirmed that the changes in activity of meristem identity
geneswere not associated with reduced expression of FT1 in hb
plants, relative to the wild type (Supplemental Figure 14). Based
on these results, we conclude that TB1 interacts with FT1 and
that increased dosage of TB1 promotes paired spikelet de-
velopment and delays inflorescence growth between the L5 and
L7 stages by reducing the expression of spikelet meristem
identity genes.

Allelic Diversity for TB1 Regulates Inflorescence
Architecture in Modern Wheat Cultivars

As TB1 contributes to important yield traits including inflorescence
architecture and growth in other plants, we hypothesized that there
are allelic variants for TB1 among modern wheat cultivars, which
contribute to variation in spikelet development. To test this hy-
pothesis and determine if a TB1 allele may be responsible for the
paired spikelet QTL detected previously on chromosomes 4B and
4D (Boden et al., 2015), we sequenced TB-B1 and TB-D1 from the
cultivars used to generate the four-parent spring wheat MAGIC
population: Baxter, Chara, Westonia, and Yitpi. No sequence
polymorphism was detected for TB-B1 among the four cultivars;
however, one polymorphism was detected in the open reading
frame of TB-D1 from Baxter, which is a nonsynonymous mutation
(G-328bp-T;D110Y)at thebeginningof theconservedTCPdomain
(Figure 6A; Supplemental Figures 15 and 16). Interestingly, our
previous analysis identified Baxter as the cultivar that contributes
apositivegenetic effect for thepairedspikeletQTLonchromosome
4D that displayed LOD scores of 1.27 to 5.44 across five experi-
ments, which were detected using the marker for Rht-D1 that is in
proximity to TB-D1 (Boden et al., 2015). Taken together, these
results suggest that the Baxter allele for TB-D1 (referred to as TB-
D1b) may be responsible for the paired spikelet QTL detected on
chromosome 4D.

To gain further evidence of allelic variation for TB1, we surveyed
230 modern winter wheat cultivars for paired spikelet develop-
ment over two growing seasons (Supplemental Figure 17,
Supplemental Table 3, and Supplemental Data Set 1). We iden-
tified 96 cultivars that produced paired spikelets, including Abbot,
Ambrosia, Einstein, Gladiator, and Hyperion, which formed sec-
ondary spikelets at 20 to 35% of rachis nodes (Supplemental
Figure 17 and Supplemental Table 3). Digital droplet PCR and
sequence analysis for TB-B1 and TB-D1 on a subset of these
cultivars showed that there was no CNV for TB-B1 or TB-D1
(Supplemental Figure 18) and no sequence variant alleles for TB-
D1. However, we did detect an allele for TB-B1 (referred to as TB-
B1b) that contained five sequence polymorphisms in complete
linkage disequilibrium, including two synonymous mutations
(G-198 bp-A, G-912 bp-A) and three nonsynonymous mutations
(C-309 bp-G, S103R; A-663 bp-T, K221N; C-812 bp-T, A271V)

(Figure6B;Supplemental Figures19and20).KASP-basedmarker
analysis showed that the TB-B1b allele was widely distributed
across a geo-referenced panel of 264 European wheat varieties
(the GEDIFLUX panel) and was observed most frequently in cul-
tivarsofGreatBritain,Belgium, andFrance (Figure6C;Supplemental
Table 4 and Supplemental Data Set 2).
We also found that both the TB-B1a (wild type; reference se-

quence) and TB-B1b alleles were present among the founder
genotypes used to generate the eight parent UK winter wheat
MAGICpopulation,withRialto, Robigus, andSoissons containing
the TB-B1a allele and Alchemy, Brompton, Claire, Hereward, and
Xi 19 containing the TB-B1b allele (Supplemental Table 4). We
hypothesized, therefore, that phenotype and genetic analyses for
paired spikelets within this MAGIC population would identify
a QTL on chromosome 4B in the region proximal to TB-B1. Paired
spikelet measurements were recorded for field-grown replicated
trials over two successive years (643 lines with two replicates in
2015 and 493 lines with two replicates in 2016), with broad sense
heritability estimated at 72.4% and 94.1% for 2015 and 2016,
respectively. In both years, genetic mapping identified a high-
ly significant QTL in a region of chromosome 4B that included
TB-B1, which was bound by markers wsnp_BF482960B_Ta_1_4
(47.64cM,chr 4Bposition28,954,488bp) andRAC875_c27536_611
(48.65 cM, chr 4B position 32,250,720 bp) and explained 6%
and 7.5% of phenotypic variance (R2) in the 2015 and 2016
trials, respectively (Figure 6D; Supplemental Figure 21 and
Supplemental Tables 5 and 6). Alleles donated byRialto, Robigus,
and Soissons were predicted to contribute positively toward the
paired spikelet trait, suggesting that the TB-B1a allele facilitates
paired spikelet development (Supplemental Table 6). This con-
clusion was supported by TB-B1-specific marker analysis of
a subset of 212MAGIC lines that formed eitherwild-type or paired
spikelet-producing inflorescences, which confirmed the TB-B1a
allele was associated genetically with paired spikelet develop-
ment (McNemar’s Test, P < 0.05; Supplemental Table 7). To test if
the nonsynonymous mutations of TB-B1b alter the function of
TB-B1, we performed Y2H analysis to determine if TB-B1a and
TB-B1b both interact with FT1. Both proteins interacted with FT1;
however, analysis of serial dilutions indicated that the interaction
between TB-B1a and FT1 was slightly stronger than the in-
teraction between TB-B1b and FT1 (Figure 6E). These results
show that variant TB1 alleles are present on the B and D ge-
nomes of winter and spring wheat, respectively, and that diversity
for TB1 modulates inflorescence architecture in modern wheat
cultivars.

DISCUSSION

Inflorescence architecture contributes significantly to seed pro-
duction in plants and is a major determinant of crop yield. Seed
production can be increased by developing inflorescences with
more elaborate branching patterns, which can be achieved by
breeding with alleles that modify the activity of genes involved in
spikelet or floret development (Miura et al., 2010; Jiao et al., 2010;
Yoshidaetal., 2013;Bommert etal., 2013;MeyerandPurugganan,
2013; Zhu et al., 2013; Park et al., 2014; Poursarebani et al., 2015;
Soyk et al., 2017). In this study, we have shown that increased
dosage of TB1 promotes inflorescence branching in the form of
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paired spikelets and that allelic diversity for TB1 is associatedwith
spikelet architecture traits in modern wheat cultivars.

Our analysis of the near-isogenic and transgenic lines, and the
F1 plants from the hb x tb-d1 cross, demonstrates that increased
dosage of TB1 promotes paired spikelet development, which is
associated with reduced expression of spikelet meristem identity
genes. The reduced expression of the meristem identity genes is
consistentwith our previous analysis of paired spikelet-producing
genotypes that have loss-of-function alleles for key flowering
genes, Ppd-D1 and FT1 (Boden et al., 2015). Based on these
results, and protein interaction experiments that show TB1 in-
teracts with FT1, we propose a model for TB1-dependent regu-
lation of inflorescence architecture (Figure 7), whereby increased

dosageofTB1 facilitatespairedspikelet developmentby reducing
the availability of FT1 to form part of the floral activating complex
and promote expression of spikelet meristem identity genes
(Taoka et al., 2011;Boden et al., 2015; Li et al., 2015). This effect of
increased TB1 dosage is consistent with studies of the Arabi-
dopsis TB1 homolog, BRC1, which showed BRC1 is a negative
regulator of flowering that interacts with FT and restricts the ex-
pressionoffloralmeristem identity geneswithinaxillarymeristems
(Niwaetal., 2013).Wepropose that this role forTB1 is conserved in
wheat, where it helps regulate the development of axillary spikelet
meristems from the inflorescence meristem during the vegetative
to floral transition. At standard levels, TB1 facilitates formation of
unbranched primary spikelets along the inflorescence; however,

Figure 6. Allelic Variation for TB-B1 and TB-D1 Contributes to Inflorescence Architecture Diversity in Spring and Winter Wheat.

(A) and (B) Schematic diagrams of variant alleles for TB-D1 ([A]; TB-D1b) from spring wheat and TB-B1 ([B]; TB-B1b) from winter wheat, with positions of
polymorphisms (indicated in red text) andmolecular effect indicated (Syn., synonymous). TCP andR refer to genic regions that encode domains of the TB1
protein.
(C) Geographical distribution of TB-B1a (purple) and TB-B1b (red) alleles in European wheat cultivars of the GEDIFLUX collection.
(D) Genome-wide composite interval mapping scan displaying QTLs that contribute to paired spikelet development from the UK winter wheat MAGIC
population from the 2015 trial, including a highly significant QTL on chromosome 4BS (indicated by yellow star). Red line indicates threshold of high
significance (P < 0.01).
(E)Y2HassaybetweenTB-B1alleles (TB-B1aandTB-B1b) andFT1, includingcontrol reactionswithempty vectors (Ø), grownonvaryingselectivemedia.A
10-fold serial dilution was performed for each interaction experiment.
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when TB1 levels are increased, the maturation of spikelet mer-
istems is delayed, which results in development of a short branch
that is limited to two spikelets (Figure 7). This effect of increased
TB1 levels is consistent with studies performed in rice and tomato
(Solanum lycopersicum), which have demonstrated that in-
florescences with more elaborate branching patterns and in-
creased yields can be developed by reducing the activity of
flowering signals and extending the duration of meristem matu-
ration (Park et al., 2012, 2014; Yoshida et al., 2013; Kyozuka et al.,
2014;Wangetal., 2015;Lemmonetal., 2016;Soyketal., 2017).An
important area for future analysis will be to use wheat NILs that
contain diverse alleles of TB1 and FT1 to confirm the TB1:FT1
interaction genetically and to examine the optimum combination
ofTB1 andFT1 alleles for improved inflorescence architecture. These
NILs could also be used to investigate possible TB1-dependent
regulation of inflorescence development and architecture

that may occur independently of its interaction with FT1,
possibly through regulation of meristem size or meristem
dormancy.
Our observation that increased dosage of TB1 promotes paired

spikelet development and reduces tiller numbers in wheat sug-
gests that there is a conserved role for this gene in regulating
inflorescence and plant architecture of cereals. In maize, the Tb1
allele of domesticated cultivars is expressed at a higher level than
the tb1 allele of teosinte, and it suppresses development and
growth of axillary branches (Doebley et al., 1997; Hubbard et al.,
2002). Consequently, the Tb1 allelemodifies plant architecture by
suppressing tiller development to produce a monoculm plant,
which is consistent with observations in barley, rice, and wheat
that showTB1negatively regulates tiller outgrowth (Doebley et al.,
1995, 1997; Hubbard et al., 2002; Takeda et al., 2003; Lewis et al.,
2008;Ramsayet al., 2011). In regard to inflorescencearchitecture,
the Tb1 allele contributes to development of maize ears with
cupules that contain two spikelets, relative to the less active tb1
allele of teosinte that isassociatedwith formationof single spikelet
cupules (Doebley et al., 1995). Taken together with results shown
here, these reports suggest that TB1 has a conserved role among
cereals in regulating the rate at which an axillary meristem
completes its development into a spikelet meristem, such that
increased dosage of TB1 delays maturation of the spikelet mer-
istem to promote formation of spikelet pairs rather than single
spikelets. This conclusion is supported by a report ofwheat plants
overexpressing the maize TB1 gene that produced fewer tillers
and formed inflorescences with an increased number and density
of rachis nodes and many small spikelets containing incomplete
florets, which is consistent with a description of paired spikelets
(Lewis et al., 2008). This effect of TB1 dosage on spikelet archi-
tecture may also explain the six-rowed spikelet phenotype of
barley lines that contain loss-of-function alleles of the barley TB1
ortholog, INTERMEDIUM-C (INT-C/HvTB1). Mutant alleles of
HvTB1 facilitate development and outgrowth of fertile lateral
spikelets, which are sterile in two-rowed barley that contain the
wild-type allele of HvTB1 (Ramsay et al., 2011). Based on results
presented here, the improved fertility of lateral spikelets in barley
lines that carry loss-of-function mutant alleles of HvTB1 may be
explained by reduced dormancy of the lateral spikelet primordia
and associated with increased expression of meristem identity
genes within the lateral spikelets. This hypothesis is supported by
results from rice showing that anOsTB1allele (SCM3) that confers
increased TB1 expression is associatedwith increased dormancy
of axillarymeristems to form inflorescenceswithmoreprimary and
secondary panicle branches and that transcript levels of MADS
box genes were altered by overexpression of OsTB1 (Yano et al.,
2015). Interestingly, the maize Tb1 allele has been linked recently
to negative transcriptional regulation of MADS box genes in the
context of glume development, by suppressing transcription of
the Squamosa Promoter Binding protein transcription factor,
teosinte glume architecture1 (Studer et al., 2017). Taken together
with the results shown here, these studies suggest that TB1 may
act as a transcriptional and posttranslational regulator of genes
that control agronomically important traits of inflorescence de-
velopment, such as MADS box transcription factors. Further in-
vestigationofmeristem identity geneexpression in inflorescences
of maize, rice, and barley NILs that contain variant alleles of Tb1,

Figure 7. Model Explaining the Effect of Increased Dosage of TB1 on
Spikelet Development in Wheat.

Increased levelsofTB1 restrict the interactionofFT1withothermembersof
the floral activating complex (FDL and 14-3-3), which reduces expression
of meristem identity genes (e.g., VRN1) and facilitates paired spikelet
development. At standard levels of TB1, the floral activating complex
promotes robust expression of meristem identity genes, and paired
spikelet development is suppressed.
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OsTB1, and INT-C, respectively, would determine if the TB1-
dependent mechanism for regulating spikelet architecture is
conserved among cereals.

In addition to the inflorescence architecture phenotypes shown
here, an important observation from this study is that in-
florescence growth was delayed in the hb NIL, relative to the wild
type, between emergence of leaf 5 and leaf 7. Inflorescence
growth rate contributes significantly to floret fertility and is
therefore an important component of yield (Miralles et al., 2000;
Slafer, 2003; Reynolds et al., 2009). Wheat plants typically pro-
duce 10 to 12 floret primordia per spikelet, yet only 2 to 4 of these
primordia survive to produce grain; hence, optimization of floret
fertility is a keyobjective for improvingwheat yield (Reynolds et al.,
2009; González et al., 2011; González-Navarro et al., 2015; Guo
andSchnurbusch, 2015). The delayed inflorescence growth of the
hb NIL, relative to the wild type, suggests that TB1 dosage in-
fluences the rate of inflorescence growth during early de-
velopmental stages. It remains to be determined whether this
phenotype is directly linked toTB1 functionor is a consequenceof
secondary spikelet development in these lines. However, this
result, along with the rapid inflorescence growth that occurs
between emergence of leaf 6 and 8, suggests that wheat in-
florescences undergo a transition from a phase of axillary organ
development toaperiodofgrowth inbetween the terminal spikelet
and white anther stages. The timing of this transition correlates
developmentally with the stage when the maximum number of
viable floret primordia is observed (Guo and Schnurbusch, 2015),
suggesting that this may be a point during development when the
peak sink potential of the inflorescence is established prior to
initiation of inflorescence growth. The conclusion that this growth
phenotype is linked to events occurring within the developing
inflorescence and is not caused by a delayed plastochron is sup-
ported by our analysis showing that leaf emergence and elongation
rates were not significantly different between hb and wild-type
plants. Comparative analysis of gene expression and metabolite
levels in inflorescences of wild-type and hb NILs during these
developmental stages will therefore be useful for identifying
molecular pathways that influence the rate of inflorescence
growth and floret fertility.

An important outcome of this research is the identification of
variant alleles forTB1on theBandDwheat genomes that regulate
inflorescence architecture in modern wheat cultivars. We identi-
fiedanalternate allele forTB-D1 in springwheat that is a candidate
gene for a spikelet architecture QTL detected previously on
chromosome 4D (Boden et al., 2015). We also identified a variant
allele for TB-B1 in winter wheat that contains five sequence
polymorphisms (TB-B1b) and demonstrated that allelic diversity
forTB-B1contributes to themostsignificantpairedspikeletQTL in
thewinter wheatMAGIC population. Y2H analysis was performed
to investigate the comparative strength of the interaction between
FT1 and TB-B1a versus FT1 and TB-B1b, which suggested that
TB-B1a interacts more strongly with FT1 than does TB-B1b.
Taken together with our genetic analysis of the two TB-B1 alleles,
this result supports our proposedmodel that increased activity of
TB1 promotes paired spikelet development by modulating the
function of FT1 (Figure 7). An intriguing outcome fromour analysis
of multiple wheat cultivars is that many were found to produce
paired spikelets,which is surprising given that paired spikelets are

undesired within breeding programs because florets of the sec-
ondary spikelets often produce small grain that reduces the
uniformity of grain size (CropCommittee Handbook, 2013). Taken
together with our analysis of TB1, this phenomenon may be ex-
plained by alleles that promote paired spikelet development also
contributing beneficial effects for important yield components of
plant development, such as inflorescencegrowth, floret fertility, or
tiller number. Interestingly, we observed that the TB-B1b allele
appears more frequently in winter wheat cultivars of the UK,
France, and Belgium, relative to other regions of Europe; this
finding suggests that theremay be an adaptive advantage for this
allele under certain environmental conditions, which is consistent
with the proposed role for tb1 regulating the plasticity of plant
architecture traits of teosinte in response to changes in the local
environment (Doebley et al., 1995). Further characterization of
these alleles through generation of NILs, or development of
CRISPR/Cas9 transgenic lines that target individual polymor-
phisms within the TB-B1b allele, will be important for determining
the effect of these mutations on inflorescence and plant archi-
tecture. Nonetheless, these results show that variant TB1 alleles
are present on the B and D genomes of winter and spring wheat,
respectively, and that diversity for TB1 modulates inflorescence
architecture in modern wheat cultivars.
In summary, we conclude that TB1 is a key regulator of in-

florescence andplant architecture inwheat that interactswith FT1
and regulates axillary spikelet development in a dosage-dependent
manner. Our demonstration that increased dosage of TB1 pro-
motespairedspikeletdevelopment isconsistentwith reports from
other crops showing thatmore elaborate inflorescence branching
can be achieved using alleles that modify dosage of gene activity
(Doebleyet al., 1995;Miuraet al., 2010; Jiaoetal., 2010;Parket al.,
2012, 2014; Yoshida et al., 2013; Bommert et al., 2013; Houston
et al., 2013;Zhuet al., 2013;Wanget al., 2015;Soyket al., 2017). In
the case of TB1, these results point toward a conserved role for
this gene regulating the determinacy and development of axillary
spikelet meristems in cereals (Doebley et al., 1995). These results
therefore highlight the potential for alleles thatmodify TB1 activity
to increase the number of flowers available for seed production,
which is important given our increasing need to identify genetic
traits that will enhance yields of our staple crop plants (Reynolds
et al., 2009; Fischer et al., 2014).

METHODS

Plant Materials and Growth Conditions

Hexaploid wheat (Triticum aestivum) used in this study included the fol-
lowing genotypes: MAGIC line 0053, from which the NILs termed “wild-
type” and “hb” were derived (wild type refers to lines of MAGIC line
0053 that form regular inflorescences; Supplemental Figure 1); tall re-
vertant NIL derived from the “hb” NIL; transgenic lines expressing TB-D1
using the VRN1 promoter generated in the cv Fielder genetic background
(see details below); cultivars Sunstate, Pastor, and Cadenza, and the
hexaploidwheat TILLING line,Cadenza1721 (tb-d1) (Krasileva et al., 2017);
Rht NILs (BC6F3 NILs in the cv Paragon background, containing either
the Rht-D1b dwarf allele from cv Alchemy, or the Rht-D1a allele from
cv Paragon); Rht-D1c (aka Rht10) (Pearce et al. 2011); and multiple
wheat cultivars listed in Supplemental Tables 3 and 4 and Supplemental
Data Set 1.
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Wild-typehbplants, transgenic lines, and theF1plantsof thehbcrosses
toCadenza, tb-d1 (Cadenza1721), Sunstate, andPastor thatwere used for
phenotype analysis and gene expression studies were grown in controlled
growth chambers under short-day (10 h light/14 h dark) or long-day (16 h
light/8 h dark) photoperiods at 300 mmol/m2/s (usingPlantastar 400-WHQI
bulbs [Osram] andMaxim 60-W tungsten bulbs), with a day temperature of
20°Candanight temperature of 15°C.Extendedphotoperiod conditions of
22 h light/2 h dark, as used in speed-breeding (Watson et al., 2018), were
used for the hb xCadenza and hb x tb-d1 crosses and to analyze the effect
of increased FT1 activity on paired spikelet development. Winter wheat
varieties surveyed for paired spikelet phenotypes were grown at field sites
of KWS based in Thriplow, UK (52°06’00.6"N, 0°05’29.1"E) in 1-m2 plots.
Phenotype data for the winter wheat varieties were collected over two
growing seasons (2015 and 2016).

The ‘NIAB Elite MAGIC’ bread wheat population has been previously
described (Mackayetal.,2014),andF8seedwassourcedfromNIAB,UK.The
paired spikelet phenotype was assessed, following previously published
protocols (Boden et al., 2015) but with fertile or infertile classifications for
completePS(resulting in0–3scores).PSphenotypeswerescored intwofield
trials; both of which were undertaken at NIAB (52°13’19”N, 0°5946”E). The
first consisted of 643 progeny (2 replicates) and the 8 founders (2 replicates),
sown inautumn2014andphenotypedatmaturity in2015 (the2015 trial). The
second trial used 493 progeny (2 replicates) and the 8 founders ($4 repli-
cates), sown in autumn 2015 and phenotyped at maturity in 2016 (the
2016 trial). Each replicate inboth trialswas sownas twoadjacent rowsof1m
each within 1-m2 plots of six rows total.

Inflorescence Architecture Measurements

Rachis node and paired spikelet measurements were recorded for the
inflorescences of the main stem and first tiller. Paired spikelet measure-
ments for each plant have been normalized by calculating the frequency of
rachis nodes that contain paired spikelets, represented as a percentage.
Data shown for wild-type and hb plants is the average6 SE of at least eight
plants. Data shown for winter wheat varieties is the average 6 SE of four
plants, and these varieties were scored in two growing seasons. Data
shown for hb and tall revertant lines is the average 6 SE of at least three
plants. Data shown for positive transgenic plants is average6 SD of three to
fourplants, and for null transgenicplants thedataareaverage6 SDof two to
four plants and average 6 SD of 10 plants for cv Fielder.

Flowering Time Measurements

Developmental flowering time by total leaf number was determined by
counting leaves of the main stem until emergence of the flag leaf. Heading
date was measured as the number of days since germination when the
inflorescence first emerged from the sheath on the main stem (Zadoks
scale, Z = 47). Three independent flowering time experiments were per-
formed, with 10 to 20 plants measured in each experiment.

Dissection of Inflorescences and Tillers

Developing inflorescences and immature tillers were isolated with a bin-
ocular dissecting microscope and then digitally photographed on a Leica
MZ16 Stereo dissecting microscope with a Leica DFC420 color camera.
Developing inflorescences were harvested at developmental stages de-
termined by sequential emergence of leaves from germination. Lengths of
inflorescences were determined at each developmental stage using Fiji
software (Schindelin et al., 2012), with the embedded scale used as
a reference. Two independent experiments were performed, with at least
four inflorescences measured at each developmental stage. For tiller
dissections, six to eight plants were examined of each genotype, with two
independent experiments performed.

Paired Spikelet Distribution Analysis

Paired spikelet distribution analysis was performed as described pre-
viously (Boden et al., 2015), with 12 inflorescences fromsix plants (sixmain
stems and six tiller inflorescences) collected and phenotyped from each of
the wild-type and hb genotypes.

Scanning Electron Microscopy Analysis

Developing inflorescences were dissected from wild-type and hb plants,
and immediately fixed in 100% ethanol, as described previously (Talbot
and White, 2013). Samples were critical point dried using a Leica CPD300
automated critical point drier. Basal spikelets were dissected from dried
tissue to expose secondary spikelets of central rachis nodes, and samples
were mounted on aluminum stubs with double-sided sticky carbon and
coatedwith gold (;20nm) usinga sputter coater (Agar Scientific). Samples
were then examined using a Zeiss Supra 55 scanning electronmicroscope
(Carl Zeiss).

Fluorescence in Situ Hybridization Analysis

Lines were characterized by fluorescence in situ hybridization (FISH) as
describedpreviously (Zhangetal., 2004).PlasmidclonepSc119.2contains
highly repetitive sequences from rye (Secale cereale; Bedbrook et al.,
1980), whereas clone pAs1 contains a repetitive sequence that belongs to
the Afa family isolated from Aegilops tauschii (Rayburn and Gill, 1986).
Using two clones simultaneously, all B and D genome chromosomes and
chromosomes 1A, 4A, and 5A of hexaploid wheat can be identified (Mukai
et al., 1993). One microgram of plasmid DNA of pSc119.2 and pAs1 was
labeled with fluorescein-12-dUTP (fluoresces green) and rhodamine-5-
dUTP (fluoresces red), respectively, using nick translation in accordance
with the manufacturer’s protocol (Roche Diagnostics). The hybridization
and posthybridization washes were conducted as described previously
(Zhang et al., 2004). Chromosomes were counterstained with 49,6-dia-
midino-2-phenylindole (Life Technologies) and pseudo-colored blue.
Chromosome preparations were analyzed with a Zeiss Axio Imager epi-
fluorescence microscope (Carl Zeiss Microimaging). Images were cap-
tured with a Retiga EXi CCD camera (QImaging) operated with Image-Pro
Plus 7.0 software (Media Cybernetics) and processed with Photoshop
version 8.0 software (Adobe Systems).

Leaf Emergence and Elongation Assays

Wild-type and hb plants were grown under LD conditions in a controlled
growth chamber. Measurements of leaf emergence were recorded daily
from leaf 2 onwards, determined by when the growing tip of the new leaf
could be seen emerging from the sheath of the previous leaf. Measure-
mentswere recorded for leaf2 to leaf8. For leafelongationassays, lengthof
the emerging leaf blade was recorded daily until growth ceased, which
coincided with emergence of the next leaf. Measurements were recorded
from leaf 2 to leaf 5. Twelve biological replicates were used for each ge-
notype per experiment, and two independent experimentswere performed
for each assay.

DNA Extractions and Sequence Analysis

Nucleotide sequences for TB-A1, TB-B1, and TB-D1 were obtained by
BLAST search from the Ensembl Plants website, using the maize (Zea
mays) TB1 protein sequence as a query sequence. Genomic DNA ex-
tractions were performed as described previously (Paterson et al., 1993).
Clones of TB-B1 and TB-D1 were amplified using Phusion DNA poly-
merase (New England Biolabs) and the following oligonucleotides: TB-B1,
ATGTTTCCTTTCTATGATTCCC, CATCCGGTTCTTTTCCCTAGT, and
CGAGGGGAAGAAGCAGGTG, CACAAATAATCCATTGAACAAAGC;
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TB-D1, CTCTTCCACCCGCAGACAC, TCAGTAGGGCTGCGAGTTG.
DNA fragments were sequenced using the Big-Dye Terminator Se-
quencing v3.1 Ready Reaction Kit (Perkin-Elmer, Applied BioSystems,
Thermo Fischer Scientific) or with Mix2Seq Kit (Eurofins). Multiple nucle-
otide and protein sequence alignments of TB-A1, TB-B1, and TB-D1were
performed using MUSCLE. Pairwise nucleotide and protein sequence
alignments of cv Chinese Spring reference sequences for TB-B1 and TB-
D1 with alleles identified from other wheat varieties were performed using
EMBOSSNeedle, whichwere formatted inMicrosoftWord.TB-B1 andTB-
D1 alleles from wheat cultivars that contain sequence polymorphisms
relative to the reference sequences from Chinese Spring were named TB-
B1bandTB-D1b, followingconvention fornamingalternatealleles forother
wheat genes.

RNA Extraction and Expression Analysis

For experiments with wild-type and hb plants, RNA was extracted from
tiller, root, young emerging leaf, mature leaf, and seedling tissue using
the Spectrum Plant Total RNA Kit (Sigma-Aldrich) and from developing
inflorescences using the RNeasy Plant Mini Kit (Qiagen). “Tiller buds”
refer to immature tillers that were transparent or light green in color for
which no leaf blade hadbegun to emerge, while “emerging tillers” refers
to young tillers where leaf blade tissue was beginning to emerge from
the coleoptile-like tissue. RNA was extracted from developing in-
florescences at the double-ridge stage and inflorescences harvested at
complete emergence of leaf 5, leaf 6, and leaf 7. Analysis of FT1 ex-
pression was performed using RNA extracted from leaves of wild-type
and hb plants, which were grown under a short-day photoperiod until
the leaf 5 stage and then transferred to LD photoperiod for 7 d. For
analysis of FT1 expression under the extended LD photoperiod con-
ditions, hb leaf samples were collected at time points corresponding to
dusk (i.e., at ZT 16 h for the standard LD photoperiod and ZT 22 h for the
extended LDphotoperiod), and at 16 h for the extended LDphotoperiod
to be used as a control time point in reference to dusk collection of the
standard LD condition. For experiments with the pVRN1:TB1 trans-
genic lines, developing inflorescences were dissected at the spikelet
primordium stage, with four inflorescences pooled for each biological
replicate sample, and RNA was extracted using the RNeasy Plant Mini
Kit (Qiagen). Synthesis of cDNA and RT-qPCR were performed as
described previously (Boden et al., 2014). Oligonucleotides for RT-
qPCR analysis are provided in Supplemental Table 8. Expression of
candidate genes in leaves, roots, tillers, and seedlings was normalized
using RNA polymerase 15-kD subunit (TaRP15; Shaw et al., 2012) and
with Traes_6DS_BE8B5E56D.1 (Borrill et al., 2016) in developing in-
florescences. All RT-qPCR data points are the average of at least three
biological replicates, with two technical replicates performed in each
reaction.

Kompetitive Allele-Specific PCR Analysis

Oligonucleotides for Kompetitive allele-specific PCR (KASP) analysis
were designed using Polymarker (http://polymarker.tgac.ac.uk; Ramirez-
Gonzalez et al., 2015a) and contained the standard FAM or HEX com-
patible tails (FAM tail, 59-GAAGGTGACCAAGTTCATGCT-39; HEX tail,
59-GAAGGTCGGAGTCAACGGATT-39). Oligonucleotide sequences are
provided in Supplemental Table 9. The KASP assay was performed as
described previously (Ramirez-Gonzalez et al., 2015b), with the following
modifications: Assays were set up as 2.4-mL reactions (1.8 mL template
[10–20 ng of DNA] dried to assay plate, 1.18 mL of V4 23 Kaspar mix [LGC
Group], 1.18 mL deionized water and 0.032 mL primer mix); and the PCR
cycling included hotstart at 95°C for 15 min, followed by 10 touchdown
cycles (95°C for 20 s; touchdown 65°C,21°C per cycle, 25 s), followed by
40 cycles of amplification (95°C for 10 s; 57°C for 60 s).

ddPCR Reactions and Data Analysis

ddPCRwasperformed todeterminegenecopynumbers forTB-B1andTB-
D1, in reference to TaCONSTANS2 (TaCO2), which has a single copy on
eachof the threewheatgenomes.Oligonucleotide sequencesareprovided
in Supplemental Table 10. The ddPCR reaction mix included 10 mL of 23
QX200 ddPCR EvaGreen Supermix (Bio-Rad), 6 mL of genomic DNA
template (2.5 ng/mL; 15 ng), 2 mL of mixed oligonucleotides (2 mM each),
and0.2mLofHindIII-HF (NewEnglandBiolabs), ina20-mLreactionvolume.
Droplets were generated in eight-well cartridges using the QX200 droplet
generator (Bio-Rad). Water-in-oil emulsions were transferred to a 96-well
plate and amplified in a C1000 Touch Thermal Cycler (Bio-Rad). Thermal
cycling conditions were 7 min at 95°C; 40 cycles of a three-step thermal
profilecomprisingof30sat94°C,30sat60°C, and1minat72°C,with ramp
rate 2.0°C/s. After cycling, each sample was incubated at 90°C for 5 min
and then cooled to 4°C. Plates were then transferred to the QX200 droplet
reader (Bio-Rad). Data acquisition and analysis were performed using
QuantaSoft software (Bio-Rad) to quantify numbers of positive droplets
containing amplicons and negative droplets without amplicons. Calcu-
lations for copy number of TB-B1 and TB-D1were performed in Microsoft
Excel. As oligonucleotides forTaCO2 annealed to sequence andproduced
amplicons from the A, B, and D genomes, gene copy numbers for TB-B1
andTB-D1were determined by dividing the number of positive droplets for
TB-B1 and TB-D1 by one-third of the number of positive droplets for
TaCO2.

Construct Design and Wheat Transformation

Theconstruct used togeneratepVRN1:TB-D1 transgenic plants contained
TB-D1with theG328TSNPpresent in cvBaxter,wild-type, andhb lines, as
well as synonymousmutations (C30G, G309T, and C1023G) that modified
restriction sites to facilitate cloning and construct design. NcoI and NotI
sitesflanking the start andstopcodonpositions, respectively,wereused to
clone TB-D1 into the KR PRO 5 plasmid containing the VRN1 promoter
(Alonso-Peral et al., 2011) and thekanamycin resistancegene for selection.
The pVRN1:TB-D1 cassette was cloned into the vecBarII construct con-
taining the Tn7 spectinomycin resistance gene and the BAR open reading
frame under the regulatory control of the CaMV 35S promoter and the
Agrobacterium tumefaciens octopine synthase terminator sequences.

Transgenic wheat plants were generated by Agrobacterium-mediated
transformation of the hexaploid wheat cv Fielder, as described previously
(Ishidaetal., 2015;Richardsonetal., 2014).GenomicDNAextractionswere
performed as described previously (Paterson et al., 1993), and genotype
analysis of T1 transgenic lines was performed as described previously
using qRT-PCR (Mieog et al., 2013; Boden et al., 2014) and the 22DDCT

method to determine relative copy number for TB-D1. Amplicons of TB-D1
were amplified using oligonucleotides shown in Supplemental Table
10 and were normalized to Epsilon Cyclase-A1 (oligonucleotides in
Supplemental Table 10),which ispresent onceon the “A”genomeofwheat
(Mieog et al., 2013). Normalized levels of TB-D1 for each transgenic plant
were then normalized to those identified for cv Fielder to determine relative
copy numbers of TB-D1 for each transgenic line. Data for RT-qPCR are the
average of two technical replicates, with 100 ng of template DNA per
reaction. Reactions were performed using the Bio-Rad CFX384 real-time
system.

Y2H Analysis

Y2H assays were performed at 28°C in the yeast strain AH109 (Clontech)
using the cotransformation technique (Egea-Cortines et al., 1999). Open
reading frames of full-length TB-D1, TB-B1a, TB-B1b, and FT1, and
a truncated version ofTB-D1 (TB1D) that encodes a protein lacking the first
114 amino acids of the full-length protein. The TB-D1 allele used here was
theallele fromBaxter, as this is theallele found in thewild-type andhb lines.
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These open reading frames were cloned into the Gateway vector GAL4
system (pGADT7 and pGBKT7; Clontech) passing through pDONR207
(Life Technologies, Thermo Fischer Scientific). Strength of protein inter-
actions was tested on selective yeast synthetic dropout medium (YSD)
lacking leucine (L), tryptophan (W), adenine (A), and histidine (H), sup-
plemented with different concentrations of 3-aminotriazole (2.5, 5, and
10 mM). Images were taken 7 d after plating on the selective media.

BiFC Analysis

Open reading frames of full-length TB-D1 and FT1, and truncated TB1
(TB1D) in pDONR207 (Life Technologies) generated for the Y2H assay,
were each cloned into pYFPN43 and pYFPC43. pEAQ-HT vector (Sainsbury
et al., 2009), which expresses the silencing suppressor p19 of tomato bushy
stunt virus, was added to the vector combination. BiFC was performed in
Nicotiana benthamiana as described previously (Belda-Palazón et al., 2012).
Images were taken with a Zeiss LSM780 confocal microscope 72 h after
infiltration.

Genetic Analysis of NIAB Elite MAGIC Population

Trial entries were arrayed in an incomplete block design using the software
Block Designs U (http://www.expdesigns.co.uk). Paired spikelet pheno-
type data were analyzed using GenStat (16th edition; VSNi) with a gener-
alized linearmixedmodelemployingaPoissondistributionwitha logarithmic
link function (Bolker et al., 2009) providing best linear unbiased estimate
values.Broad-senseheritability for the replicated trialswascalculatedasper
Equation1 (TenesaandHaley,2013),wheres2

g is thegenotypic varianceand
s2 is the residual error variance with r replicates.

H2 ¼ s2
g

s2
g þ s2

r

¼ Vg

Vp
ð1Þ

In total, 643 F5 lines from the NIAB Elite MAGIC wheat population
(Mackayetal.,2014)weregenotypedusingawheat Illumina90k iSelectarray
designed by Wang et al. (2014) generating 18,601 polymorphic markers
mapped to 7369 unique genetic map locations (Gardner et al., 2016). Using
these markers, a high confidence subset of identity by descent (IBD) seg-
ments were calculated in a three-point probabilistic manner (Huang and
George,2011) for theirparentalcontributionsover the7369uniquelymapped
markers. Founder probabilities were assigned with a 33% threshold, as
identity-by-descent relationships among the founders complicate direct
observation of true parental origin. The resulting founder haplotype prob-
abilities were used for composite interval mapping analysis.

QTL analysis was performed using an IBD composite interval mapping
(IBD-CIM) method (Milner et al., 2016). IBD-CIM was performed using the
mpIM function of the R package mpMap (Huang and George, 2011). Pri-
marily, a linear model was fitted for estimation of the QTL fixed effects for
every founder at each hypothetical QTL position (with the founder “Xi19”
arbitrarily fixed as the reference haplotype). Simple interval mappingwas run
and then the inclusion of marker covariates was determined by a forward
selectionprocess inanAkaike informationcriterion-dependentmanner,upto
a maximum of five covariates. To determine significance thresholds, a null
distribution is formed with the same variance as the trial’s score data and
the significance threshold is then determined empirically. The proportion of
phenotypic variance explained by any given QTL, accounting for all other
QTL, isthesquareof thesemipartialcorrelationcoefficient (Milneretal.,2016).
QTL nomenclature follows recommended rules, as listed in the GrainGenes
catalog (https://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm).

Genetic markers of interest were aligned to the unannotated IWGSC
RefSeqv1.0 referencewheat genomesequence (cvChineseSpring42;www.
wheatgenome.org/) using BLASTn with a maximum E-value threshold of 0.1
(Altschul et al., 1990). Annotation within target regions was undertaken using
GMap (Wu and Watanabe, 2005) to map high-confidence TGAC v1 gene

models (Clavijoetal.,2017) (cvChineseSpring42,EarlhamInstitute) to IWGSC
RefSeq v1.0 using 95% minimum identity and 80% minimum coverage
thresholds. The highest scoring BLASTx hit for the resulting gene models in
wheat from the SwissProt (The UniProt Consortium, 2017) database were
identified with a maximum E-value threshold of one (Supplemental Table 7).

Statistical Analysis

Differences between treatments were tested by two-tailed Student’s t test.
Results infiguresareshownasmeans6SE,except forFigures2Hand2I,which
show the mean6 SD because some null transgenic lines contained only two
individuals. For the TB-B1-specific marker analysis of 212 UK winter wheat
MAGIC lines, a McNemar’s test was performed using 1 degree of freedom.

Accession Numbers

Accession numbers for all genes investigated in this study are provided in
Supplemental Tables 8 and 10.

Supplemental Data

Supplemental Figure 1. Schematic outlining pedigree of wild-type
and hb lines from MAGIC line 0053.

Supplemental Figure 2. Paired spikelet development on hb
inflorescences.

Supplemental Figure 3. Wild-type and hb inflorescences at the leaf
8 developmental stage.

Supplemental Figure 4. Leaf emergence and leaf elongation rates for
wild-type and hb plants.

Supplemental Figure 5. Immature tillers of wild-type and hb plants.

Supplemental Figure 6. Inflorescence architecture phenotypes of F1
offspring from hb crosses.

Supplemental Figure 7. Inflorescence architecture phenotypes of
Rht-D1 NILs.

Supplemental Figure 8. Expression analysis of TB-B1 and TB-D1 in
tillers and developing Inflorescences.

Supplemental Figure 9. Expression analysis of genes from chromo-
some group 4 that are in proximity to Rht-1 and TB1.

Supplemental Figure 10. KASP marker analysis of Rht-B1 in hb and
revertant lines.

Supplemental Figure 11. Expression analysis of VRN1.

Supplemental Figure 12. Inflorescence architecture phenotypes of
pVRN1:TB1 transgenic plants.

Supplemental Figure 13. TEOSINTE BRANCHED1 interacts with
FLOWERING LOCUS T1.

Supplemental Figure 14. Expression analysis of meristem identity
genes and FLOWERING LOCUS T1.

Supplemental Figure 15. Alignment of coding nucleotide sequence
for TB-D1a and TB-D1b alleles.

Supplemental Figure 16. Alignment of predicted amino acid se-
quence for TB-D1a and TB-D1b.

Supplemental Figure 17. Paired spikelet development in modern
winter wheat cultivars.

Supplemental Figure 18. Analysis of copy number variation for TB-D1
and TB-B1 in winter wheat.

Supplemental Figure 19. Alignment of coding nucleotide sequence
for TB-B1a and TB-B1b alleles.
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Supplemental Figure 20. Alignment of amino acid sequence for
TB-B1a and TB-B1b.

Supplemental Figure 21. Chromosome-wide CIM scans displaying
the 4B QTL that contributes to paired spikelet development in the UK
wheat MAGIC population.

Supplemental Table 1. Phenotype information for hb revertant lines,
relative to hb.

Supplemental Table 2. Phenotype information for T1 transgenic
pVRN1:TB1 lines, with controls.

Supplemental Table 3. Proportion of rachis nodes with paired spike-
lets in subset of modern wheat cultivars.

Supplemental Table 4. TB-B1 alleles of modern winter wheat cultivars
investigated in this study.

Supplemental Table 5. Summary of paired spikelet QTLs identified in
the NIAB Elite MAGIC population using IBD-CIM.

Supplemental Table 6. Predicted effects of seven founder alleles for
QTL on chromosome 4B, relative to Xi 19.

Supplemental Table 7. TB-B1-specific KASP marker analysis of
a subset of 212 NIAB MAGIC lines.

Supplemental Table 8. Oligonucleotide sequences used in RT-qPCR
assays.

Supplemental Table 9. Oligonucleotide sequences used in KASP
marker assays.

Supplemental Table 10. Oligonucleotide sequences used in digital
droplet PCR assays.

Supplemental Data Set 1. Paired spikelet phenotypes for modern
winter wheat cultivars.

Supplemental Data Set 2. Summary of TB-B1 allele genotypes for
GEDIFLUX population.
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