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Abstract Modifications of inflorescence architecture
have been crucial for the successful domestication of
wheat and barley, which are central members of the
Triticeae tribe that provide essential grains for the human
diet. Investigation of the genes and alleles that underpin
domestication-related traits has provided valuable insights
into the molecular regulation of inflorescence develop-
ment of the Triticeae, and further investigation of modified
forms of architecture are proving to be equally fruitful.
The identified genes are involved in diverse biological

processes, including transcriptional regulation, hormone
biosynthesis and metabolism, post-transcriptional and
post-translational regulation, which alter inflorescence
architecture by modifying the development and fertility of
lateral organs, called spikelets and florets. Recent
advances in sequencing capabilities and the generation
of mutant populations are accelerating the identification of
genes that influence inflorescence development, which is
important given that genetic variation for this trait
promises to be a valuable resource for optimizing grain
production. This review assesses recent advances in our
understanding of the genes controlling inflorescence
development in wheat and barley, with the aim of
highlighting the importance of improvements in develop-
mental biology for optimizing the agronomic performance
of staple crop plants.
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INTRODUCTION

The Triticeae tribe, which includes the important cereals
bread wheat (Triticum aestivum), durum wheat
(T. turgidum), barley (Hordeum vulgare) and rye (Secale
ceredle), provides a significant proportion of global
nutrition. The grains of these important crops are
produced on a structure called the inflorescence
(Newton et al. 2011; Shiferaw et al. 2013), which contains
a collection of grain-producing florets that are arranged

on a main stem (called a rachis), which develop within

specialized branches, called spikelets that form on
opposite sides of the rachis in an alternating phyllotaxy.

Modificationsininflorescence architecture have been
vital for cereal domestication by contributing to
improved harvestability and yield, and use of genetic
variation for key aspects of inflorescence development
provides further opportunities to increase productivity
(Doebley etal.2006; Olsenand Wendel 2013). Among the
Triticeae, research has focused largely on barley and
wheat, which form very similar inflorescence architec-
tures (Kirby and Appleyard 1987); however, there are
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important morphological differences between these
two species. The lateral branches of barley form a
triple spikelet structure composed of a central spikelet
and two lateral spikelets, whose development is either
suppressed to form a two-rowed inflorescence type, or
promoted to form a six-rowed type (Figure 1A)
(Brenchley 1920). Each spikelet is determinate and
therefore contains only one floret. Conversely, in wheat,
the inflorescence is composed of single spikelets that are
indeterminate and produce multiple florets (Figure 2A)
(Bonnett 1936). Furthermore, the wheat inflorescence is
determinate and produces a terminal spikelet at the
apex, whereas the barley inflorescence is indeterminate.
Our understanding of the genes and molecular
processes that underpin inflorescence development has
advanced significantly in recent years through improve-
ments in sequencing capabilities that have made the
barley and wheat genomes more accessible, and
through the generation of mutant and mapping
populations (Caldwell et al. 2004; Mascher et al. 2017;
Krasileva et al. 2017; IWGSC 2018). This review
summarizes the advancements in our understanding
of the genes and molecular processes that regulate
inflorescence architecture and development in wheat
and barley, both through the investigation of key
domestication-related traits and through analysis of
novel phenotypes and the use of new technologies.

INVESTIGATION OF DOMESTICATION
TRAITS TO UNCOVER GENES
CONTROLLING INFLORESCENCE
DEVELOPMENT IN BARLEY AND WHEAT

Genetic regulation of inflorescence row-type
architecture in barley

A premier example of the advancements that have
increased our understanding of the molecular regulation
of inflorescence architecture in the Triticeae involves
analysis of the two-rowed inflorescence phenotype of
barley, which has identified a multi-faceted genetic
pathway that suppresses development of the two lateral
spikelets at a given node. Mutagenesis of two-rowed
barley identified at least five complementation groups of
mutants that display either partial or complete fertility of
lateral spikelets, which have been named Vrs1-5 (six-rowed
spike1) (Gustafsson and Lundqvist 1980; Lundqvist and
Lundqvist 1988; Lundqvist et al. 1997). Loss-of-function
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alleles of these genes facilitate development and
outgrowth of the lateral spikelets to form a six-rowed
inflorescence phenotype (Figure 1B).

A central gene within this network is Vrs1, a
homeodomain-leucine zipper I-class homeobox transcrip-
tion factor that suppresses development and growth of
the lateral spikelets, which is thought to have arisen from
a gene duplication event (Lundqvist et al. 1997;
Komatsuda et al. 2007; Sakuma et al. 2010; Sakuma
et al. 2013). Vrs1 expression is restricted to the lateral
spikelets at critical stages of inflorescence development
when the lateral and central spikelets differentiate to
form a triple mound structure, demonstrating that
suppression of lateral spikelet growth is an early
developmental decision (Komatsuda et al. 2007). This
function of Vrs1is supported genetically by multiple forms
of loss-of-function mutations in Vrst1 being sufficient to
confer a complete six-rowed phenotype, as well as a semi-
dominant allele of Vrst1 (deficiens) leading to extreme
suppression of lateral spikelet fertility caused by a
missense mutation that is predicted to prolong VRS1
protein function through later stages of inflorescence
development (Komatsuda et al. 2007; Sakuma et al. 2017).

A central role for Vrst in regulating row-type
phenotypes in barley is also highlighted by subsequent
studies of other vrs mutants that display reduced
expression of Vrst1 during early stages of inflorescence
development. For example, Vrst1 expression is reduced
in vrs4 mutants that contain loss-of-function mutations
within an orthologue of the maize RAMOSA2 gene that
encodes a LOB (LATERAL ORGAN BOUNDARIES)
domain transcription factor (Koppolu et al. 2013).
Expression of Vrs4 is detected earlier than Vrs1, and is
localized predominantly within the lateral spikelet
primordia during early developmental stages, suggest-
ing that VRS4 protein regulates lateral spikelet fertility
by acting upstream of Vrs1 (Koppolu et al. 2013).
Similarly, Vrst1 expression is reduced in vrs3 mutants that
contain mutations within a gene that encodes a histone
demethylase, which is predicted to facilitate activation
of Vrs1 by removing repressive methyl marks and acting
as a positive regulator of Vrs4 (van Esse et al. 2017; Bull
et al. 2017). Taken together, these findings indicate that
Vrs3 and Vrs4 regulate row-type architecture of the
barley inflorescence by converging to positively regu-
late transcription of Vrs1.

Our understanding of the contribution that Vrs1
plays during lateral spikelet development has been
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Figure 1. Barley inflorescence architecture and known genetic pathways controlling row-type phenotypes

(A) Mature inflorescences of two-rowed and six-rowed barley inflorescences. (B) Schematic diagram of a
triple spikelet structure with a central spikelet and two lateral spikelets displaying known interactions of genetic
pathways regulating row-type architecture in barley. The purple and blue sections indicate localized expression of
Vrs1and Vrs4, respectively, within the lateral spikelet primordia that encode proteins to suppress its fertility. Arrows
indicate positive transcriptional effects. VRS1-5 proteins all repress lateral spikelet development.

complemented by the identification of the gene that
underpins the vrs5 or intermedium-c locus, which is a
homologue of the maize domestication gene, teosinte
branched1 (tb1) (Lundqvist and Lundqvist 1988; Ramsay
et al. 2011). Analysis of Vrst and Vrss/Int-c alleles in
cultivated barley revealed that particular combinations
of alleles for these genes are maintained in two-rowed
and six-rowed types, with the functional allele of Vrs1

being partnered by the int-c.b in two-rowed cultivars,
whereas non-functional Vrst alleles are partnered with
the Int-c.a allele (Komatsuda et al. 2007; Ramsay et al.
201M1).

Although the function of these two Vrs5/Int-c alleles
remains unclear, comparative analysis of the predicted
amino acid sequences for these two alleles (Int-c.a
and int-c.b) with TB1 homologues in wheat, maize,

Figure 2. Inflorescence architecture phenotypes of wheat
(A-C) Wheat inflorescences of A) a wild-type plant (cv. Cadenza), B) a ‘Miracle wheat’ plant and C) a plant that forms
paired spikelets. Plants were grown under field conditions, Norwich, United Kingdom.
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rice, and Brachypodium distachyon shows that the Int-c.
a allele is less evolutionarily conserved than the int-c.b
allele, suggesting that six-rowed barley contains a
deleterious Vrss/Int-c allele with reduced function
(Doebley et al. 1995, 1997; Takeda et al. 2003; Ramsay
et al. 2011; Dixon et al. 2018a). This conclusion is
supported by the increased lateral spikelet fertility
observed in lines that contain mutations preventing
production of a functional VRS5/INT-C protein (Ramsay
et al. 2011). Less is known about the specific spatial and
temporal expression of Vrss, relative to Vrs1, Vrs3 and
Vrs4; however, Vrs5 is expressed in the developing
inflorescence and is reduced in vrs3 mutants, which is
consistent with a role in suppressing lateral spikelet
development (Ramsay et al. 2011; van Esse et al. 2017;
Bull et al. 2017). Interestingly, Vrs1 expression is not
significantly different in vrss/int-c.5 loss of function
mutants, relative to wild-type, suggesting that Vrs5 acts
independently of Vrst to suppress lateral spikelet
fertility (Sakuma et al. 2013).

The final gene characterized to regulate inflores-
cence row-type in barley is Vrs2, which encodes a
SHORT INTERNODE transcriptional regulator that
promotes a two-rowed spikelet architecture by
modulating hormone levels during inflorescence
development (Youssef et al. 2017). In vrs2 loss-of-
function mutants, enlarged and fertile lateral spike-
lets form at the central region of the inflorescence,
and additional supernumerary spikelets form at the
basal region (Gustafsson 1980;
Lundqvist and Lundqvist 1988; Youssef et al. 2017).

and Lundqvist

Expression of Vrs2 is not confined to lateral spikelet
primordia, as for Vrst and Vrs4, but it is expressed
more generally throughout spikelets at the triple
mound stage, within floret primordia and in tiller buds
(Youssef et al. 2017). Interestingly, Vrs2 expression
was significantly higher in the basal and central
regions, relative to the apical regions of the inflores-
cence, which is consistent with the location of the
spikelet architecture phenotypes observed in vrs2
mutants (Youssef et al. 2017).

This gradient of Vrs2 expression influences the
expression of genes that regulate biosynthesis and
metabolism of auxin and cytokinin, such that the
opposing apical to basal gradients of these hormones in
wild-type inflorescences are disrupted in vrs2 mutants
(Youssef et al. 2017). Absence of Vrs2 also perturbs
expression of gibberellin (GA) biosynthesis genes,
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which is thought to contribute to the delay in
inflorescence development observed in vrs2 mutants
(Youssef et al. 2017). This conclusion is supported by a
previous study demonstrating that reduced levels of GA
extend the duration of inflorescence development and
delay flowering in barley (Boden et al. 2014). These
studies implicate hormones as important contributors
to spikelet row-type architecture and inflorescence
development in barley, which is supported by genome-
wide expression analysis in vrs3 mutants that showed
differential expression of genes involved in cytokinin
and jasmonic acid metabolism, relative to wild-type
plants (Bull et al. 2017; van Esse et al. 2017; Youssef et al.
2017). Taken together, these results suggest that
adjustments to the levels and distribution of hormones,
during inflorescence development, can be used to
generate diverse inflorescence architectures in barley
(Boden 2017).

Identification of genes that underpin each of the loci
known to regulate row-type architecture in barley
provides an opportunity to investigate the agronomic
significance of the triple spikelet structure (Figure 1B).
Infertile lateral spikelets are common to all wild barley
and provide an evolutionary advantage by facilitating
penetrance of the shattered grain into soil, and
assisting grain dispersal, via zoochory (von Bothmer
1995; Pourkheirandish and
Komatsuda 2007). However, recent evidence suggests

et al reviewed in
that formation of the lateral spikelets may also
influence pre-harvest as well as grain dispersal and
germination traits, such as grain development. For
example, the extremely suppressed lateral spikelet
development of the deficiens mutant facilitates
enlarged grain size for the central spikelet, and
introgression of mutant vrs3 alleles into six-rowed
backgrounds that contain loss-of-function vrs1 and vrss
alleles improves uniformity of grain size produced by
the lateral spikelets, relative to the central spikelet (Bull
et al. 2017; Sakuma et al. 2017). It remains to be
determined how these alleles of the row-type architec-
ture genes affect grain size; however, this effect may
be associated with altered assimilate partitioning or
reduced competition between the central and lateral
spikelets (Sakuma et al. 2017). Nonetheless, these
results suggest that there is potential to use variant
alleles of the row-type genes, or combinations of alleles
for multiple genes to improve grain yield or grain
processing-related traits.
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Genetic regulation of inflorescence compactness in
wheat and barley

In wheat, a prime example of the advances made in our
understanding of the genetic regulation of inflores-
cence development comes from investigation of the Q
gene, which encodes an AP2-like transcription factor
that regulates important aspects of inflorescence
development. Transformation of the Q gene on
chromosome 5A from the ‘q’ allele of ancestral wheat
to the ‘Q’ allele of modern wheat has conferred many
important domestication traits, including a non-brittle
rachis, free-threshing grains, a compact spike, and
altered glume shape (Faris et al. 2003; Simons et al.
2006).

The free-threshing characteristic provided by Q has
been particularly significant because it facilitates
removal of the hull (glumes, palea and lemma) from
the grain, relative to the non-free-threshing ancestral
wheat lines, including emmer (T. dicoccoides Korn.)
and einkorn (T. boeoticum Boiss.) that carry the g
allele. The Q allele also prevents grain loss that occurs
in emmer and einkorn due to brittle inflorescences
that shatter into spikelets at maturity (Salamini et al.
2002). It has also been shown recently that the Q allele
increases grain yield, grains m™—* and thousand grain
weight, while exhibiting a decrease in grain per spike,
relative to plants with the g allele (Xie et al. 2015; Xie
et al. 2018).

Analysis of g and Q alleles and the structure of
the encoded proteins has provided insights into the
regulation of Q and its contribution to the inflorescence
traits, which is thought to involve two possible
mechanisms of regulation: firstly, a missense mutation
that alters the amino acid sequence, and secondly a
single nucleotide change that affects a microRNA
(miRNA) binding site. The effects of the Q gene are
dosage dependent, with increased transcript levels
being associated with corresponding levels of inflores-
cence compactness and reduced plant height
(Muramatsu 1963; Simons et al. 2006). Consistent
with the dosage effect, it has been shown that the
expression of Q is higher than g; however, the
alleles share similar developmental expression patterns,
with expression being highest at the early stages
of inflorescence development and lower at later
stages, indicating that Q plays a key role in the initial
stages of inflorescence development (Simons et al.
2006; Debernardi et al. 2017).
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A possible cause for the reduced expression has
been linked to the non-synonymous change of valine to
isoleucine, where g genotypes contain a valine and the
Q genotypes contain an isoleucine (Simons et al. 2006).
The substitution of isoleucine for valine diminishes the
ability of the full-length Q protein to form a homo-
dimer, suggesting that the differences in Q gene
expression in ancestral wheat relative to modern
cultivars could be due to the lack of homodimer
formation (Simons et al. 2006). However, subsequent
analysis of the Q and g protein structure indicates that
the V3291 mutation does not affect the protein 3D
structure, and so it is unlikely to affect protein activity
(Sormacheva et al. 2015).

More recently, the mechanism for Q regulation was
shown to include arole for the microRNA miR172, which
is a small non-coding RNA that post-transcriptionally
regulates AP2-like transcription factors to effect
important developmental processes (Chen 2004;
Debernardi et al. 2017; Greenwood et al. 2017). Both
the Q and q alleles contain an AASSGF box, which is the
binding site for miR172, and mutation of miR172 and its
target site in exon 10 of Q leads to mis-regulated
expression of the Q gene (Figure 3) (Aukerman and
Sakai 2003; Chen 2004; Chuck et al. 2007). The
importance of the miRNA172 binding site in regulating
Q expression was supported recently by identification
of a novel mutation in the miR172 binding region
identified in plants that resembled mutants with an
increased copy number and expression of Q, highlight-
ing that mutation of the miRNA binding region alone is
sufficient to affect gene function (Greenwood et al.
2017). Similarly, increased expression of the miR172
(tae-miR172) precursor was shown to correlate with
decreased Q gene expression, demonstrating that the Q
mutation is not sufficient to completely negate its
downregulation by miR172 (Liu et al. 2018). Moreover, a
dual-luciferase sensor system was used to demonstrate
that the Q allele has a weaker miR172 target site than g,
which reduced the mRNA cleavage efficiency
(Debernardi et al. 2017).

The Q allele carries a G:U wobble in the 5 prime end
of the miRNA binding site instead of the strong G-C
pairing observed in the g allele to miR172 (Figure 3). This
mutation reduces the energy of the interaction and
decreases the ability of miRNA to repress gene activity
(Liu et al. 2014; Debernardi et al. 2017). In wheat
varieties where the A genome carries the Q allele and is
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Figure 3. Molecular regulation of Q gene activity in wheat

Diagram showing post-transcriptional regulation of the Q gene by binding of miR172 (blue) to target the mRNA for
degradation, with the Q allele being less susceptible to miR172 degradation due to a G:U wobble, resulting in a more
compact spike. Genomic regions encoding the AP2 domains are shown in purple and the AASSGF box which is the
miRNA binding site is shown in red. Figure adapted from Debernardi et al. (2017).

compared to the g-5B and g-5D, Q-5A shows a 36-fold
decrease in miR172-mediated degradation of product,
despite having similar transcript levels (Debernardi et al.
2017). The recent advances in understanding regulation
of the Q gene show that the transition from q to Q,
during wheat domestication, was a gain-of-function
event, with the mutation in the miRNA binding site
preventing the degradation of Q mRNA to subsequently
increase Q protein levels.

The function of the Q protein has been investigated,
with promising results pointing to a role as a transcrip-
tional repressor that interacts with co-repression factors
(Liu et al. 2018). Analysis of co-expression profiles of the
Q gene and TOPLESS (TaTPL), in combination with yeast
two hybrid screen and a firefly luciferase complementa-
tion imaging assay, showed that Q protein is likely to
function as a transcriptional co-repressor in partnership
with TaTPL (Liu et al. 2018). This finding is supported by
the presence of two EAR motifs in Q that are known to
interact with TPL/TRP transcriptional
(Krogan et al. 2012; Liu et al. 2018).

Interestingly, analysis of the Q gene in wheat has
been complemented recently by studies in barley
that have shown synonymous and non-synonymous
mutations in the barley Q paralog, HvAP2, affect
compactness of the inflorescence and plant height

co-repressor
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(Houston et al. 2013; Skov Kristensen et al. 2016).
Investigation of the ZEOCRITON (Zeo) gene has demon-
strated that its activity has a major impact on
inflorescence density, with Zeo1.b plants having inflor-
escences twice as dense as wild-type plants. The
responsible genomic region was narrowed to a gene
encoding a transcription factor with two AP2 DNA-
binding domains, in addition to a miR172-binding site,
and was therefore named as HvAP2. The mutation in
HvAP2 that increased density of the inflorescence was
concluded to be in the miR172 binding site, which
reduced the cleavage efficiency of HVAP2. Interestingly,
the authors showed that miR172 appears to function
predominantly during the early stages of inflorescence
development, but not in the later developmental
stages, indicating a critical role during the transition
from spikelet formation to awn initiation and internode
elongation (Houston et al. 2013).

BEYOND DOMESTICATION: A NEW
BRANCH OF UNDERSTANDING FOR
INFLORESCENCE ARCHITECTURE
REGULATION

Analysis of traits that have contributed to wheat and
barley domestication were recently complemented by
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investigation of modified architectures to uncover new
genes that regulate inflorescence development and
provide potential strategies for improved grain pro-
ductivity (Dobrovolskaya et al. 2014; Poursarebani et al.
2015; Boden et al. 2015). For example, investigation of
the highly branched inflorescences of tetraploid
‘Miracle wheat’ and ‘Compositum-barley’ plants led
to the identification of APETALA2/[ETHYLENE RESPON-
SIVE FACTOR (AP2/ERF) transcription factor, which is
homologous to the FRIZZY PANICLE (FZP) and BRANCED
SILKLESS (Bd1) genes of rice and maize, respectively
(Chuck et al. 2002; Komatsu et al. 2003; Poursarebani
et al. 2015). Recessive missense mutations in the
BRANCHED HEAD1 (TtBH1) and COMPOSITUM 2 (COM2)
genes of tetraploid wheat and barley mutants,
respectively, facilitate development of inflorescence-
like structures at rachis nodes where a spikelet typically
forms, suggesting that BH1and COM2 function is required
for the axillary meristems to obtain a spikelet identity
(Poursarebani et al. 2015). This conclusion is further
supported by analysis of hexaploid wheat inflorescences
that form multi-row supernumerary spikelets character-
ized by the development of multiple spikelets at a given
rachis node, which contain frameshift mutations or
deletions within BH1. However, in this case, the gene
was named WFZP (for wheat FZP) (Sharman 1967;
Dobrovolskaya et al. 2014). Mutations in WFZP are also
suspected to cause the four-rowed spikelet phenotype of
tetraploid and hexaploid wheats that are characterized
by the formation of two adjacent spikelets at a given
node, as the locus responsible for this phenotype has
been mapped to a syntenic region on chromosome 2A
(Zhang et al. 2013). These studies demonstrate, therefore,
that BH1/FZP/COM?2 is a critical gene required to promote
formation of the unbranched spike inflorescence struc-
ture of the Triticeae, and that loss-of-function mutations
in key genes that promote spikelet meristem identity
could be used to develop wheat and barley plants with
elaborate branching phenotypes.

Modulation of spikelet meristem identity gene
activity to form more elaborate inflorescence branching
in wheat has also been demonstrated recently by
investigation of paired spikelets. These are supernu-
merary spikelets, characterized by the formation of
two spikelets at a given node with a secondary spikelet
forming immediately adjacent to and below the typical
primary spikelet (Sharman 1944, 1967; Boden et al. 2015;
Dixon et al. 2018a). Analysis of this trait, in an advanced
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mapping population, identified 18 contributing quanti-
tative trait loci (QTL), suggesting that there are multiple
genes that contribute to spikelet development (Boden
et al. 2015).

The most significant of these QTLs was shown to be
underpinned by Photoperiod-1 (Ppd-1), which is a
pseudo-response regulator that regulates photoperiod
responsive flowering pathways in wheat and barley
(Turner et al. 2005; Beales et al. 2007; Shaw et al. 2013;
Boden et al. 2015). It was demonstrated that Ppd-1
influences paired spikelet development by modulating
the expression of FLOWERING LOCUS T1 (FT1), which is a
central integrator of flowering that promotes flowering
under inductive photoperiods by activating expression
of meristem identity genes within the shoot apical
meristem (Corbesier et al. 2007; Tamaki et al. 2007;
Boden et al. 2015) (Figure 4). Paired spikelets formed
under genetic and environmental conditions that elicit a
weak flowering signal, including loss-of-function muta-
tions in Ppd-1 and FT1, or growth under short-day
photoperiods, whereas conditions that promote a
strong flowering signal suppressed paired spikelet
development (Boden et al. 2015).

Gain-of-function photoperiod-insensitive alleles of
Ppd-1 were shown recently to reduce the number of
spikelets that form on an inflorescence, which is caused
by a shortened duration of early developmental
stages that can be only partially compensated by an
increased rate of spikelet initiation (Ochagavia et al.
2018) (Figure 4). Moreover, FT-B1 (FT1 from the B
genome of bread wheat) acts downstream of Ppd-1
to influence spikelet number, with loss of FT-B1
resulting in increased spikelet number, in a thermally-
responsive manner (Dixon et al. 2018b; Finnegan et al.
2018) (Figure 4). FT1-dependent control of spikelet
architecture was also supported by recent analysis of
TEOSINTE BRANCHED?1 (TB1; orthologue of Vrs5) function
in wheat, which facilitates paired spikelet development,
in a dosage dependent manner, by interacting with
FT1 and reducing FT1-dependent activation of spikelet
meristem identity genes (Dixon et al. 2018a) (Figure 4).
Investigation of plants that were tetrasomic for
chromosome 4D and transgenic lines that expressed
TB1 at higher levels showed that increased dosage of
TB1 promotes paired spikelet development, and allelic
variation for TB1 was shown to be associated signifi-
cantly with paired spikelets in modern wheat cultivars
(Dixon et al. 2018a). Taken together, these results show

www.jipb.net



Genes of wheat and barley inflorescence development 303

'Photoperiod-1

- Flowering time

- Spikelet number

- Inflorescence/spikelet architecture
- Duration of spikelet/floret initiation
- Floret survival/fertility

| €.9. VRNT
‘ FLOWERING LOCUS T1
- Flowering time

- Spikelet number
- Inflorescence/spikelet architecture

Figure 4. Regulation of inflorescence architecture and development in wheat by components of the floral
promoting pathway

Diagram illustrating the roles of known components of the floral promoting pathway in determining key
inflorescence architecture and development traits in wheat. Photoperiod-1 (PPD-1) helps promote expression of
FLOWERING LOCUS T1 (FT1), which generates FT protein in the leaf that is transferred to the shoot apical meristem
where it interacts with FDL (FD-Like) and 14-3-3 proteins to form a floral activating complex (FAC), which induces
expression of meristem identity genes, such as VERNALIZATION1 (VRN1). TEOSINTE BRANCHED1 (TB1) interacts with
FT1 and suppresses its ability to promote expression of meristem identity genes, possibly by suppressing FT1 from
forming part of the FAC. Proteins (PPD-1, FT1, TB1, FDL, 14-3-3) are indicated in solid circles, and genes (FT1 and VRN1)

are shown using solid rectangles. Text alongside Ppd-1 and FT1 notes known traits affected by these genes.

that transcriptional and post-translational regulation of
flowering signals can alter inflorescence architecture,
which has potential to be used as a mechanism for
increasing spikelet and floret numbers in wheat.

A unique aspect of inflorescence architecture, in
wheat, is the formation of indeterminate spikelets
that produce multiple florets, and improvement of
floret fertility is a promising strategy for increasing
grain production (Kirby 1988; Reynolds et al. 2009).
Floret primordia develop within spikelets during early
stages of inflorescence development to peak at 7-12
primordia at the green anther stage; however, a large
proportion of these primordia abort so that only 3-5
florets survive to produce grain (Kirby 1988; Guo and
Schnurbusch 2015; Gonzalez-Navarro et al. 2015).

Analysis of the dynamics of floret development and
abortion have demonstrated that genetic variation for
floret fertility exists in modern wheat, and that
floret survival could be improved by two methods:
(i) extending the period between completion of
floret primordia development and initiation of floret
degeneration, and (ii) optimizing assimilate distribution
to spikelets and florets, which is supported by floret
fertility being associated with ovary size at anthesis
(Guo and Schnurbusch 2015; Gonzélez-Navarro et al.
2015; Guo et al. 2016; Guo et al. 2017; Prieto et al. 2018).
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Although the genes that regulate floret survival
remain largely unknown, photoperiod insensitive Ppd-1
alleles, involved in promoting early flowering, reduce
the number of fertile florets by effecting the develop-
mental phase during which florets form, the rate of
floret appearance and floret survival (Gonzélez et al.
2005; Prieto et al. 2018) (Figure 4). Moreover, a complex
QTL analysis of multiple floret fertility-related traits
identified 52 loci, including regions on chromosomes 5B,
5D and 6A, which associate with traits including
maximum floret primordia, grain number per spikelet,
floret loss and grain survival (Guo et al. 2017).
Interestingly, one QTL associated with floret primordia
loss was identified on chromosome 2A, in proximity to
the wheat homologue of Vrs1, suggesting that Vrs1 may
have a conserved role in barley and wheat for
suppressing floret development (Guo et al. 2017). These
studies highlight the potential to improve grain
production in wheat by harnessing genetic variation
of floret fertility-related traits, and indicate that
dissection of the genetic pathways from one of the
Triticcae may benefit optimization of inflorescence
development for other members of the tribe.

To complement the genetic advancement in our
understanding of the genetic regulation of inflorescence
architecture, recent improvements in the sequence
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of the barley and wheat genomes have facilitated
the use of genome-wide transcriptome analysis to
identify novel regulators of inflorescence development
(Digel et al. 2015; Pearce et al. 2015; Borrill et al. 2016;
Mascher et al. 2017; Wang et al. 2017; IWGSC 2018;
Ramirez-Gonzalez et al. 2018). For example, in barley,
analysis of multiple stages of inflorescence develop-
ment identified genes important for the vegetative-to-
reproductive transition, including the MADS box
transcription factors BARLEY MADS BOX1 (BM1) and
VEGETATIVE TO REPRODUCTIVE TRNASITION2 (VRT2)
that are repressed during the transition, and genes
including SQUAMOSA PROMOTER BINDING-LIKE PRO-
TEIN4 (SPL4), KNOTTED1 (KN1) and SUPPRESSOR OF
CONSTANS1 (SOC1) that were activated (Digel et al.
2015). In addition to floral development genes, genes
involved in carbohydrate transport, nitrate transport
and hormone signaling (e.g. SWEET15, NITRATE TRANS-
PORTER1 and GA2oxidase) were also upregulated
during the floral transition; interestingly, these genes
were among those mis-expressed in vrs3 and vrs2
mutants (Digel et al. 2015; Bull et al. 2017; Youssef et al.
2017). In addition, genes upregulated in the shoot
apical meristem (SAM) in a photoperiod- and/or Ppd-1-
dependent manner were also identified, including a
member of the FLOWERING LOCUS T-like family, FT2,
floral homeotic genes, including SEPALLATA1 (SEP1),
SEP3, PISTILLATA (PI) and APETALA3 (AP3), as well as
MADS box transcription factors, including VERNALIZA-
TION1 (VRN1), BM3 and BMS8 (Digel et al. 2015).
Interestingly, homologues of VRN1, BM3 and BMS8
were also upregulated in wheat SAMs, in a Ppd-1-
dependent manner (named VRN1, AGL10 and AGL29,
respectively), and were upregulated in SAMs of barley
lines that contain null alleles for EARLY FLOWERING3
(Boden et al. 2014; Boden et al. 2015).

Similar transcriptome profiling was also performed
in wheat to identify genes whose expression is
associated with key yield-related traits, including
spikelet and floret numbers (Wang et al. 2017). While
this analysis used a less conventional nomenclature of
developmental stages, it did identify TaPAP2 (a wheat
orthologue of the rice gene, PAP2, which is more
commonly referred to as AGLG1 [AGAMOUS-LIKE
GENE1] in wheat), WFZP, LAX PANICLE1 (LAX1) and
TERMINAL FLOWER1 (TFL1) as genes whose expression
was associated significantly with spikelet number
(Yan et al. 2003; Zhao et al. 2006; Boden et al. 2015;
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Wang et al. 2017). Over-expressing PAP2/AGLG1 de-
creased inflorescence length, spikelet and floret
numbers in a way consistent with its role as a floral
activator, whereas overexpression of TFL1 facilitated
development of additional spikelets and florets that
supports a function for TFL1 in maintaining meristem
dormancy and delaying the vegetative-to-reproductive
transition (Wang et al. 2017). Interestingly, Wang and
colleagues also overexpressed a homologue of HYHOX2,
which reduced spikelet and floret numbers and
inflorescence length to indicate a possible divergence
in function relative to barley (Sakuma et al. 2010;
Sakuma et al. 2013; Wang et al. 2017).

Taken together, these studies highlight the potential
for advanced sequencing capabilities to accelerate
identification of genes that have important roles during
inflorescence development in wheat and barley, and to
identify molecular targets for increased grain produc-
tion by discovering genes whose expression is associ-
ated with key yield-related traits.

FUTURE PERSPECTIVES

Research during the last decade has advanced consid-
erably our understanding of the genetic regulation of
inflorescence development in wheat and barley, and
insights from these studies point towards future
research providing equally fruitful progress. For exam-
ple, analyses of multiple Vrs genes have identified
extensive natural variation for alleles within cultivated
barley that include numerous missense mutations,
which provide a rich resource to perform functional
characterization of the encoded proteins and domains
contained therein (Komatsuda et al. 2007; Ramsay et al.
2011; Koppolu et al. 2013; Youssef et al. 2017).

The opportunity to benefit from an improved
understanding of protein function has been demon-
strated through analysis of Slender1 (SIn1), which
encodes the barley DELLA protein that controls
GA-dependent growth responses (Chandler et al.
2002). Analysis of lines that contain intragenic muta-
tions within the dwarf allele of SIn1 revealed amino acids
that specifically control size of the shoot apical
meristem and the number of florets that form on a
barley inflorescence. This illustrates the possibility to
improve yield-related traits by an advanced understand-
ing of gene function (Chandler and Harding 2013;
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Serrano-Mislata et al. 2017). Similarly, the regulation of
the Q gene in wheat and VRS1 protein in the deficiens
mutant indicates that post-transcriptional and post-
translational regulation of gene and protein activity
plays an important role during inflorescence develop-
ment, which could be an important area of future
research (Debernardi et al. 2017; Greenwood et al. 2017;
Sakuma et al. 2017).

Identification of the Vrs1-5 genes in barley also
presents an opportunity to investigate the broader role
of row-type genes during inflorescence and grain
development by combining alleles to make double or
triple mutant lines (Zwirek et al. 2018). For example,
introgression of the mutant vrs3 allele into the cultivar
Morex, which contains the six-rowed Vrs1 and Vrss
alleles, improved uniformity of grain size by increasing
the width and area of grains produced by the lateral
spikelets (Bull et al. 2017). Analysis of spikelet, floret and
grain development in other double and triple mutant
combinations may reveal further information about the
function of the Vrs genes and their contribution to key
agronomic traits. Similarly, comparative analysis of the
transcriptome data from the vrs mutants may help
identify downstream genes that are commonly
affected by the six-rowed alleles, which may help
uncover more about the molecular regulation of
spikelet architecture (Bull et al. 2017; van Esse et al.
2017; Youssef et al. 2017).

The genetic relatedness of wheat and barley, in
combination with the altered inflorescence and spikelet
meristem determinacy of these two species, provides a
unique opportunity to determine the genes and
biological processes that contribute to the diverse
inflorescence architecture of cereals. For example, in
barley, reduced function of Vrs5/TB1 facilitates develop-
ment of the lateral spikelets, whereas in wheat,
increased dosage of TB1 promotes formation of
secondary spikelets, which could be interpreted to
mean that Vrs5/TB1 suppresses axillary spikelet devel-
opment in barley but promotes more elaborate
branching in wheat (Ramsay et al. 2011; Dixon et al.
2018a). An alternate explanation is that Vrs5/TB1
promotes meristem dormancy, which influences the
transition of meristem determinacy and outgrowth of
lateral organs. In this scenario, an increased dosage of
TB1 in wheat suppresses the transition of a lateral
branch meristem into a spikelet meristem to facilitate
development of a short branch composed of two
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spikelets, whereas in barley, reduced function of Vrss5/
TB1 disrupts the dormancy of the lateral spikelet
primordia to facilitate development and growth of
fertile lateral spikelets.

Similar comparisons of reciprocal gene function in
wheat and barley, such as Vrst and HOX2, will advance
our understanding of the genetic regulation of
inflorescence development within each species, while
also contributing to our knowledge about the biological
processes that contribute to the diverse architectures
of wheat and barley (Komatsuda et al. 2007; Sakuma
et al. 2013; Wang et al. 2017; Sakuma et al. 2018). This
investigation will be facilitated by the mutant popula-
tions generated recently for barley, tetraploid wheat
and hexaploid wheat, which can be used in a forward
genetics approach to identify novel inflorescence
development genes, and in a reverse genetics approach
to investigate the function of known inflorescence
architecture genes in the respective species (Caldwell
et al. 2004; Krasileva et al. 2017). The potential for a
reverse genetics approach to provide vital information
is supported by the discovery of Vrs4 as a homologue
of RAMOSA2, which has a well-characterized role
in regulating inflorescence architecture in maize
(Bortiri et al. 2006; Gallavotti et al. 2010; Koppolu
et al. 2013).

CONCLUSIONS

In conclusion, analysis of the genes that underpin key
domestication-related traits of inflorescence architec-
ture in barley and wheat has contributed significantly
to our understanding of the molecular processes that
regulate inflorescence development in the Triticeae.
This research is now being extended to investigate
the genetic basis of modified inflorescence architec-
tures, and further research that uses new genomic
and mutant resources promises to provide valuable
insights into the genes that control spikelet and floret
development. Continued investigation of the genetic
regulation of inflorescence architecture in the Triti-
ceae promises to be a rich area of research to pursue
fundamental knowledge about plant reproductive
development, while also providing valuable insights
that can be used by breeders to optimize key yield-
related traits for increased grain production in wheat
and barley.

March 2019 | Volume 61 | Issue 3 | 296-309



306 Gauley and Boden

ACKNOWLEDGEMENTS

We acknowledge the BBSRC (BBS/E/J/o00PR9779; BBS/
E/JJoooPR9787; BB/P016855/1), the Royal Society
(UF150081), and the International Wheat Yield Partner-
ship for supporting our research.

REFERENCES

Aukerman MJ, Sakai H (2003) Regulation of flowering time
and floral organ identity by a microRNA and its APETALA2-
like target genes. Plant Cell 15: 2730-2741

Beales J, Turner A, Griffiths S, Snape JW, Laurie DA (2007)
A pseudo-response regulator is misexpressed in the
photoperiod insensitive Ppd-D1a mutant of wheat (Triti-
cum gestivum L.). Theor Appl Genet 115: 721-733

Boden SA (2017) How hormones regulate floral architecture in
barley. Nat Genet 49: 8-9

Boden SA, Cavanagh C, Cullis BR, Ramm K, Greenwood J,
Finnegan EJ, Trevaskis B, Swain SM (2015) Ppd-1 is a key
regulator of inflorescence architecture and paired spikelet
development in wheat. Nat Plants 1: 14016

Boden SA, Weiss D, Ross JJ, Davies NW, Trevaskis B,
Chandler PM, Swain SM (2014) EARLY FLOWERING3
regulates flowering in spring barley by mediating
gibberellin production and FLOWERING LOCUS T expres-
sion. Plant Cell 26: 1557-1569

Bonnett OT (1936) The development of the wheat spike.
J Agric Res 53: 445-451

Borrill P, Ramirez-Gonzalez R, Uauy C (2016) expVIP: A
customizable RNA-seq data analysis and visualization
platform. Plant Physiol 170: 2172-2186

Bortiri E, Chuck G, Vollbrecht E, Rochefort T, Martienssen R,
Hake S (2006) ramosa2 encodes a LATERAL ORGAN
BOUNDARY domain protein that determines the fate of
stem cells in branch meristems of maize. Plant Cell 18:
574-585

Brenchley WE (1920) The development of the flower and grain
of barley. J Inst Brew 26: 615-632

Bull H, Casao MC, Zwirek M, Flavell AJ, Thomas WTB, Guo W,
Zhang R, Rapazote-Flores P, Kyriakidis S, Russell J, Druka
A, McKim SM, Waugh R (2017) Barley SIX-ROWED SPIKE3
encodes a putative Jumoniji C-type H3Kgme2/me3 deme-
thylase that represses lateral spikelet fertility. Nat
Commun 8: 936

Caldwell DG, McCallum N, Shaw P, Muehlbauer GJ,
Marshall DF, Waugh R (2004) A structured mutant
population for forward and reverse genetics in barley
(Hordeum vulgare L.). Plant J 40: 143-150

Chandler PM, Harding CA (2013) ‘Overgrowth’ mutants
in barley and wheat: New alleles and phenotypes of
the ‘Green Revolution’ Della gene. J Exp Bot 64:
1603-1613

March 2019 | Volume 61 | Issue 3 | 296-309

Chandler PM, Marion-Poll A, Ellis M, Gubler F (2002) Mutants
at the Slender1 locus of barley cv Himalaya. Molecular
and physiological characterization. Plant Physiol 129:
181-190

Chen X (2004) A microRNA as a translational repressor of
APETALA2 in Arabidopsis flower development. Science
303: 2022-2025

Chuck G, Muszynski M, Kellogg E, Hake S, Schmidt RJ
(2002) The control of spikelet meristem identity by
the branched silklesst gene in maize. Science 298:
1238-1241

Chuck G, Meeley R, Irish E, Sakai H, Hake S (2007) ‘The maize
tasselseed4 microRNA controls sex determination and
meristem cell fate by targeting Tasselseed6/indeterminate
spikelet1. Nat Genet 39: 15171521

Corbesier L, Vincent C, Jang S, Fornara F, Fan Q, Searle |,
Giakountis A, Farrona S, Gissot L, Turnbull C, Coupland G
(2007) FT protein movement contributes to long-distance
signaling in floral induction of Arabidopsis. Science 316:
1030-1033

Debernardi JM, Lin H, Chuck G, Faris JD, Dubcovsky J (2017)
microRNA172 plays a crucial role in wheat spike morpho-
genesis and grain threshability. Development 144:
1966-1975

Digel B, Pankin A, von Korff M (2015) Global transcriptome
profiling of developing leaf and shoot apices reveals
distinct genetic and environmental control of floral
transition and inflorescence development in barley. Plant
Cell 27: 2318-2334

Dixon LE, Greenwood JR, Bencivenga S, Zhang P, Cockram J,
Mellers G, Ramm K, Cavanagh C, Swain SM, Boden SA
(2018a) TEOSINTE BRANCHED1 regulates inflorescence
architecture and development in bread wheat (Triticum
aestivum). Plant Cell 30: 563-581

Dixon LE, Farré A, Finnegan EJ, Orford S, Griffiths S, Boden SA
(2018b) Developmental responses of bread wheat to
changes in ambient temperature following deletion of a
locus that includes FLOWERING LOCUS Ti. Plant Cell
Environ 41: 1715-1725

Dobrovolskaya O, Pont C, Sibout R, Martinek P, Badaeva E,
Murat F, Chosson A, Watanabe N, Prat E, Gautier N,
Poncet C, Orlov YL, Krasinov AA, Berges H, Salina E,
Laikova L, Salse J (2014) FRIZZY PANICLE drives supernu-
merary spikelets in bread wheat (T. agestivum L.). Plant
Physiol 167: 189-199

Doebley J, Gaut BS, Smith BD (2006) The molecular genetics of
crop domestication. Cell 127: 1309-1321

Doebley J, Stec A, Gustus C (1995) Teosinte branched1 and the
origin of maize: Evidence for epistasis and the evolution of
dominance. Genetics 141: 333-346

Doebley J, Stec A, Hubbard L (1997) The evolution of apical
dominance in maize. Nature 386: 485-488

Faris JD, Fellers JP, Brooks SA, Gill BS (2003) A bacterial
artificial chromosome contig spanning the major domesti-
cation locus Q inwheat and identification of a candidate
gene. Genetics 164: 311-321

www.jipb.net



Genes of wheat and barley inflorescence development 307

Finnegan EJ, Ford B, Wallace X, Pettolino F, Griffin PT,
Schmitz RJ, Zhang P, Barrero J, Hayden MJ, Boden SA,
Cavanagh C, Swain SM, Trevaskis B (2018) Zebularine
treatment is associated with deletion of FT- B1 leading to
an increase in spikelet number in bread wheat. Plant Cell
Environ 41: 1346-1360

Gallavotti A, Long JA, Stanfield S, Yang X, Jackson D,
Vollbrecht E, Schmidt RJ (2010) The control of axillary
meristem fate in the maize ramosa pathway. Develop-
ment 137: 2849-2856

Gonzélez FG, Slafer GA, Miralles DJ (2005) Pre-anthesis
development and number of fertile florets in wheat as
affected by photoperiod sensitivity genes Ppd-D1 and
Ppd-B1. Euphytica 146: 253-269

Gonzélez-Navarro OE, Griffiths S, Molero G, Reynolds MP,
Slafer GA (2015). Dynamics of floret development
determining differences in spike fertility in an elite
population of wheat. Field Crops Res 172: 21-31

Greenwood JR, Finnegan EJ, Watanabe N, Trevaskis B,
Swain SM (2017) New alleles of the wheat domestication
gene Q reveal multiple roles in growth and reproductive
development. Development 144: 1959-1965

Guo Z, Schnurbusch T (2015) Variation of floret fertility in
hexaploid wheat revealed by tiller removal. J Exp Bot 66:
5945-5958

Guo Z, Slafer GA, Schnurbusch T (2016) Genotypic variation in
spike fertility traits and ovary size as determinants of floret
and grain survival rate in wheat. J Exp Bot 67: 4221-4230

Guo Z, Chen D, Alqudah AM, Roder MS, Ganal MW,
Schnurbusch T (2017) Genome-wide association analyses
of 54 traits identified multiple loci for the determination of
floret fertility in wheat. New Phytol 214: 257-270

Gustafsson A, Lundqvist U (1980) Hexastichon and interme-
dium mutants in barley. Heriditas 92: 229-236

Houston K, McKim SM, Comadran J, Bonar N, Druka I,
Uzrek N, Cirillo E, Guzy-Wrobelska J, Collins N, Halpin C,
Hansson M, Dockter C, Druka A, Waugh R (2013)
Variation in the interaction between alleles of HvAPE-
TALA2 and microRNA172 determines the density of grains
on the barley inflorescence. Proc Natl Acad Sci USA 110:
16675-16680

International Wheat Genome Sequencing Consortium (2018)
Shifting the limits in wheat research and breeding using a
fully annotated reference genome. Science 361: eaar7191

Kirby E (1988) Analysis of leaf, stem and ear growth in wheat
from terminal spikelet stage to anthesis. Field Crops Res
18: 127-140

Kirby E, Appleyard M (1987) Cereal Development Guide 2nd ed.
In: Plant Breeding Institute, ed. Arable Unit, Stoneleigh,
Warwickshire, UK

Komatsu M, Chujo A, Nagato Y, Shimamoto K, Kyozuka J
(2003) FRIZZY PANICLE is required to prevent the formation
of axillary meristems and to establish floral meristem
identity in rice spikelets. Development 130: 3841-3850

Komatsuda T, Pourkheirandish M, He C, Azhaguvel P,
Kanamori H, Perovic D, Stein N, Graner A, Wicker T,

www.jipb.net

Lundqvist U, Fujimura T, Matsuoka M, Matsumoto M,
Yano M (2007) Six-rowed barley originated from a
mutation in a homeodomain-leucine zipper I-class homeo-
box gene. Proc Natl Acad Sci USA 104: 1424-1429

Koppolu R, Anwar N, Sakuma S, Tagiri A, Lundqvist U,
Pourkheirandish M, Rutten T, Seiler C, Himmelbach A,
Ariyadasa R, Youssef HM, Stein N, Sreenivasulu N,
Komatsuda T, Schnurbusch T (2013) Six-rowed spike4
(Vrs4) controls spikelet determinacy and row-type in
barley. Proc Natl Acad Sci USA 110: 13198-13203

Krasileva KV, Vasquez-Gross HA, Howell T, Bailey P, Paraiso F,
Clissold L, Simmonds J, Ramirez-Gonzalez RH, Wang X,
Borrill P, Fosker C, Ayling S, Phillips AL, Uauy C,
Dubcovsky J (2017) Uncovering hidden variation in
polyploid wheat. Proc Natl Acad Sci USA 114: E913-E921

Krogan NT, Hogan K, Long JA (2012) APETALA2 negatively
regulates multiple floral organ identity genes in Arabi-
dopsis by recruiting the co-repressor TOPLESS and the
histone deacetylase HDA19. Development 139: 4180-4190

Liu Q, Wang F, Axtell MJ (2014) Analysis of complementarity
requirements for plant microRNA targeting using a
Nicotiana benthamiana quantitative transient assay. Plant
Cell 26: 741-753

Liu P, Liu J, Dong H, Sun J (2018) Functional regulation of Q by
microRNA172 and transcriptional co-repressor TOPLESS in
controlling bread wheat spikelet density. Plant Biotech J
16: 495-506

Lundqgvist U, Lundqvist A (1988) Induced intermedium
mutants in barley: Origin, morphology and inheritance.
Hereditas 108: 13-26

Lundqvist U, Franckowiak JD, Konishi T (1997) New and
revised descriptions of barley genes. Barley Genet Newsl
26: 22-516

Mascher M, Gundlach H, Himmelbach A, Beier S, Twardziok
SO, Wicker T, Radchuk V, Dockter C, Hedley PE, Russell J,
Bayer M, Ramsay L, Liu H, Haberer G, Zhang X-Q, Zhang Q,
Barrero RA, Li L, Taudien S, Groth M, Felder M, Hastie A,
Simkova H, Stankova H, Vrana J, Chan S, Munoz-Amatriain
M, Ounit R, Wanamaker S, Bolser D, Colmsee C, Schmutzer
T, Aliyeva-Schnorr L, Grasso S, Tanskanen J, Chailyan A,
Sampath D, Heavens D, Clissold L, Cao S, Chapman B, Dai F,
HanY, LiH, Li X, Lin C, McCooke JK, Tan C, Wang P, Wang S,
Yin S, Zhou G, Poland JA, Bellgard MI, Borisjuk L, Houben
A, Dolezel J, Ayling S, Lonardi S, Kersey P, Langridge P,
Muehlbauer GJ, Clark MD, Caccamo M, Schulman AH,
Mayer KFX, Platzer M, Close TJ, Scholz U, Hansson M,
Zhang G, Braumann |, Spannag| M, Li C, Waugh R, Stein N
(2017) A chromosome conformation capture ordered
sequence of the barley genome. Nature 544: 427-433

Muramatsu M (1963) Dosage effect of the spelta gene g of
hexaploid wheat. Genetics 48: 469-482

Newton AC, Flavell AJ, George TS, Leat P, Mullholland B,
Ramsay L, Revoredo-Giha C, Russell J, Steffenson BJ,
Swanston JS, Thomas WTB, Waugh R, White PJ, Bingham
1J (2011) Crops that feed the world 4. Barley: A resilient
crop? Strengths and weaknesses in the context of food
security. Food Sec 3: 141-178

March 2019 | Volume 61 | Issue 3 | 296-309



308 Gauley and Boden

Ochagavia H, Prieto P, Savin R, Criffiths S, Slafer G (2018)
Dynamics of leaf and spikelet primordia initiation in wheat
as affected by Ppd-1a alleles under field conditions. J Exp
Bot 69: 2621-2631

Olsen KM, Wendel JF (2013) A bountiful harvest: Genomic
insights into crop domestication phenotypes. Annu Rev
Plant Biol 64: 47-70

Pearce S, Vazquez-Gross H, Herin SY, Hane D, Wang Y, Gu YQ,
Dubcovsky J (2015) WheatExp: An RNA-seq expression
database for polyploid wheat. BMC Plant Biol 15: 299

Pourkheirandish M, Komatsuda T (2007) The importance of
barley genetics and domestication in a global perspective.
Ann Bot 100: 999-1008

Poursarebani N, Seidensticker T, Koppolu R, Trautewig C,
Gawronski P, Bini F, Govind G, Rutten T, Sakuma S, Tagiri A,
Woldde GM, Youssef HM, Battal A, Ciannamea S, Fusca T,
Nussbaumer T, Pozzi C, Borner A, Lunqvist U, Komatsuda
T, Salvi S, Tuberosa R, Sreenivasulu N, Rossini L,
Schnurbusch T (2015) The genetic basis of composite
spike form in barley and “Miracle-Wheat.” Genetics 201:
155-165

Prieto P, Ochagavia H, Savin R, Griffiths S, Slafer GA (2018)
Dynamics of floret initiation/death determining spike
fertility in wheat as affected by Ppd genes under field
conditions. J Exp Bot 69: 2633-2645

Ramsay L, Comadran J, Druka A, Marshall DF, Thomas WTB,
Macaulay M, MacKenzie K, Simpson C, Fuller J, Bonar N,
Hayes PM, Lundqvist U, Franckowiak JD, Close TJ,
Muehlbauer GJ, Waugh R (2011) INTERMEDIUM-C, a
modifier of lateral spikelet fertility in barley, is an ortholog
of the maize domestication gene TEOSINTE BRANCHED 1.
Nat Genet 43: 169-172

Ramirez-Gonzédlez RH, Borrill P, Lang D, Harrington SA,
Brinton J, Venturini L, Davey M, Jacobs J, van Ex F,
Pasha A, Khedikar Y, Robinson SJ, Cory AT, Florio T,
Concia L, Juery C, Schoonbeek H, Steuernagel B, Xiang D,
Ridout CJ, Chalhoub B, Mayer KFX, Benhamed M,
Latrasse D, Bendahmane A, International Wheat Genome
Sequencing Consortium, Wulff BBH, Appels R, Tiwari V,
Datla R, Choulet F, Pozniak CJ, Provart NJ, Sharpe AG, Paux
E, Spannagl M, Brautigam A, Uauy C (2018) The
transcriptional landscape of polyploid wheat. Science
361: eaar6089

Reynolds M, Foulkes MJ, Slafer GA, Berry P, Parry MAJ, Snape
JW, Angus WJ (2009) Raising yield potential in wheat.
J Exp Bot 60: 1899-1918

Sakuma S, Golan G, Guo Z, Ogawa T, Tagiri A, Sugimoto K,
Bernhardt N, Brassac J, Mascher M, Hensel G, Ohnishi S,
Jinno H, Yamashita Y, Ayalon I, Peleg Z, Schnurbusch T,
Komatsuda T (2018) Unleashing floret fertility by a
mutated homeobox gene improved grain yield during
wheat evolution under domestication. Biorxiv 1-23.
https://doi.org/10.1101/434985

Sakuma S, Lundqvist U, Kakei Y, Thirulogachandar V, Suzuki T,
Kori K, Wu J, Tagiri A, Rutten T, Koppolu R, Shimada Y,
Houston K, Thomas WTB, Waugh R, Schnurbusch T,
Komatsuda T (2017) Extreme suppression of lateral floret

March 2019 | Volume 61 | Issue 3 | 296-309

development by a single amino acid change in the VRS1
transcription factor. Plant Physiol 175: 1720-1731

Sakuma S, Pourkheirandish M, Hensel G, Hensel G, Kumlehn
J, Stein N, Tagiri A, Yamaji N, Ma JF, Sassa H, Koba T,
Komatsuda T (2013) Divergence of expression pattern
contributed to neofunctionalization of duplicated
HD-Zip | transcription factor in barley. New Phytol
197: 939-948

Sakuma S, Pourkheirandish M, Matsumoto T, Koba T,
Komatsuda T (2010) Duplication of a well-conserved
homeodomain-leucine zipper transcription factor gene
in barley generates a copy with more specific functions.
Funct Integr Genomics 10: 123-133

Salamini F, Ozkan H, Brandolini A, Schafer-Pregl R, Martin W
(2002) Genetics and geography of wild cereal domestica-
tion in the near east. Nat Rev Genet 3: 429-41

Serrano-Mislata A, Bencivenga S, Bush M, Schiessl| K, Boden S,
Sablowski R (2017) DELLA genes restrict inflorescence
meristem function independently of plant height. Nat
Plants 3: 749-754

Sharman BC (1944) Branched heads in wheat and wheat
hybrids. Nature 153: 497-498

Sharman BC (1967) Interpretation of the morphology
of various naturally occurring abnormalities of the
inflorescence of wheat (Triticum). Can J Bot 45: 2073-2080

Shaw LM, Turner AS, Herry L, Griffiths S, Laurie DA (2013)
Mutant alleles of Photoperiod-1 in wheat (Triticum
aestivum L.) that confer a late flowering phenotype in
long days PLoS ONE 8: e79459

Shiferaw B, Smale M, Braun H-J, Duveiller E, Reynolds M,
Muricho G (2013) Crops that feed the world 10. Past
successes and future challenges to the role played by
wheat in global food security. Food Sec 5: 291-317

Simons KJ, Fellers JP, Trick HN, Zhang Z, Tai Y-S, Gill BS,
Faris JD (2006) Molecular characterization of the major
wheat domestication gene Q. Genetics 172: 547-555

Skov Kristensen P, Dockter C, Lundqvist U, Lu Q, Gregersen PL,
Thordal-Christensen H, Hansson M (2016) Genetic map-
ping of the barley lodging resistance locus Erectoides-k.
Plant Breed 135: 420-428

Sormacheval l, Golovnina K, Vavilova V, Kosuge K, Watanabe N,
Blinov A, Goncharov NP (2015) Q gene variability in wheat
species with different spike morphology. Genet Resour
Crop Ev 62: 837-852

Takeda T, Suwa Y, Suzuki M, Kitano H, Ueguchi-Tanaka M,
Ashikari M, Matsuoka M, Ueguchi C (2003) The OsTB1 gene
negatively regulates lateral branching in rice. Plant J 33:
513-520

Tamaki S, Matsuo S, Wong HL, Yokoi S, Shimamoto K (2007)
Hd3a protein is a mobile flowering signal in rice. Science
316: 1033-1036

Turner A, Beales J, Faure S, Dunford R, Laurie DA (2005) The
pseudo-response regulator Ppd-H1 provides adaptation to
photoperiod in barley. Science 310: 1031-1034

van Esse GW, Walla A, Finke A, Koornneef M, Pecinka A, von
Korff M(2017) Six-Rowed Spike3 (VRS3) is a histone

www.jipb.net


https://doi.org/10.1101/434985

Genes of wheat and barley inflorescence development 309

demethylase that controls lateral spikelet development in
barley. Plant Physiol 174: 2397-2408

von Bothmer R, Jacobsen N, Baden C, Jorgensen RB, Linde-
Laursen | (1995) An ecogeographical study of the genus
hordeum. Systematic and Ecogeographic Studies on Crop
Genepools. International Plant Genetic Resources Insti-
tute, Rome, Vol 7, 2nd Ed

Wang Y, Yu H, Tian C, Sajad M, Gao C, Tong Y, Wang X,
Jiao Y (2017) Transcriptome association identifies regula-
tors of wheat spike architecture. Plant Physiol 175: 746-757

Xie Q, LiN, Yang Y, LvY, Yao H, Wei R, Sparkes DL, Ma Z (2018)
Pleiotropic effects of the wheat domestication gene Q on
yield and grain morphology. Planta 247: 1089-1098

Xie Q, Mayes S, Sparkes DL (2015) Spelt as a genetic resource
for yield component improvement in bread wheat. Crop
Sci 55: 27532765

Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T,
Dubcovsky J (2003) Positional cloning of the wheat

Scan using WeChat with your
smartphone to view JIPB online

www.jipb.net

vernalization gene VRN1. Proc Natl Acad Sci USA 100:
6263-6268

Youssef HM, Eggert K, Koppolu R, Alqudah AM, Poursarebani
N, Fazeli A, Sakuma S, Tagiri A, Rutten T, Govind G,
Lundqvist U, Graner A, Komatsuda T, Sreenivasulu N,
Schnurbusch T (2017) VRS2 regulates hormone-mediated
inflorescence patterning in barley. Nat Genet 49: 157-161

Zhang RQ, Wang XE, Chen PD (2013) Inheritance and
mapping of gene controlling four-rowed spike in
tetraploid wheat (Triticum turgidum L.). Acta Agron Sin
39:29-33

Zhao T, NiZ, DaiY, Yao Y, Nie X, Sun Q (2006) Characterization
and expression of 42 MADS-boxgenes in wheat (Triticum
aestivum L.). Mol Genet Genomics 276: 334-350

Zwirek M, Waugh R, McKim SM (2018) Interaction between
row-type genes in barley controls meristem determinacy
and reveals novel routes to improved grain. New Phytol
1-16. https://doi.org/10.1111/nph.15548

Nt

[=] 2%

Scan with iPhone or iPad to
view JIPB online

March 2019 | Volume 61 | Issue 3 | 296-309


https://doi.org/10.1111/nph.15548

