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Increasing grain yield is an endless challenge for cereal crop breeding. In barley (Hordeum vulgare), grain number is controlled
mainly by Six-rowed spike 1 (Vrs1), which encodes a homeodomain leucine zipper class I transcription factor. However, little is
known about the genetic basis of grain size. Here, we show that extreme suppression of lateral florets contributes to enlarged
grains in deficiens barley. Through a combination of fine-mapping and resequencing of deficiens mutants, we have identified that
a single amino acid substitution at a putative phosphorylation site in VRS1 is responsible for the deficiens phenotype. deficiens
mutant alleles confer an increase in grain size, a reduction in plant height, and a significant increase in thousand grain weight in
contemporary cultivated germplasm. Haplotype analysis revealed that barley carrying the deficiens allele (Vrs1.t1) originated from
two-rowed types carrying the Vrs1.b2 allele, predominantly found in germplasm from northern Africa. In situ hybridization of histone
H4, a marker for cell cycle or proliferation, showed weaker expression in the lateral spikelets compared with central spikelets in
deficiens. Transcriptome analysis revealed that a number of histone superfamily genes were up-regulated in the deficiens mutant,
suggesting that enhanced cell proliferation in the central spikelet may contribute to larger grains. Our data suggest that grain yield
can be improved by suppressing the development of specific organs that are not positively involved in sink/source relationships.

The domestication of cereal crops such as rice (Oryza
sativa), maize (Zea mays), and barley (Hordeum vulgare)
began about 10,000 years ago (Doebley et al., 2006).
Throughout domestication, plant forms have changed
to produce larger edible parts, reduced seed dormancy,
and loss of shattering (Doebley et al., 2006). Together with
these changes, some unnecessary organs such as long
barbed awns in rice (Hua et al., 2015) and high tillering in
maize (Studer et al., 2011) have been lost, resulting in
higher grain yields. Grain yield is affected by inflorescence
architecture in cereal plants such as rice, maize, barley,
and wheat (Triticum aestivum; Komatsuda et al., 2007;
Shomura et al., 2008; Wang et al., 2012; Bommert et al.,
2013; Koppolu et al., 2013; Poursarebani et al., 2015). In
rice, a model grass plant, several major quantitative
trait loci related to grain size, such asGW2, qSW5,GS5,
OsSPL16, and An-1, have been identified (Song et al.,

2007; Shomura et al., 2008; Li et al., 2011; Wang et al.,
2012; Luo et al., 2013). However, little is known about
the genetic basis of grain size in Triticeae species, in-
cluding economically important crops such as wheat,
barley, and rye (Secale cereale), except for TaGW2-A1,
which is a rice GW2 ortholog in wheat (Simmonds et al.,
2016), andHvDEP1 in barley, an ortholog of riceDense and
Erect Panicle 1 (Wendt et al., 2016).

As a model organism for plant development in the
Triticeae, barley has been useful due to its simple diploid
genome and the availability of a large number of different
morphological mutants (Druka et al., 2011). In the genus
Hordeum, including cultivated barley, the inflorescence is
called a spike and is composedof threeunifloreted spikelets
at each rachis node (Bothmer et al., 1995). When all three
spikelets are fertile and produce grains, the spike is called
six-rowed, whereas only central spikelets are fertile in a
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two-rowed spike. Barley row type is one of the most im-
portant traits affecting yield, especially for grain number;
therefore, advancing itsmolecular understanding is key to
yield improvement. Row type is controlled by at least five
loci: Six-rowed spike 1 (Vrs1 [syn = HvHox1]), Vrs2, Vrs3,
Vrs4, and Intermedium spike-c (Int-c [syn = Vrs5]), and all
five genes have been identified (Komatsuda et al., 2007;
Ramsay et al., 2011; Koppolu et al., 2013; Bull et al., 2017;
van Esse et al., 2017; Youssef et al., 2017). In four of these
(Vrs1, Vrs2, Vrs4, and Vrs5), wild-type alleles encode
transcription factors: homeodomain-leucine zipper
class I (HD-Zip I), SHORT INTERNODES, RAMOSA2,
and TEOSINTE BRANCHED1, respectively; in Vrs3,
the wild-type allele putatively encodes a histone H3K9
demethylase. Loss of function at any of these five genes
results in varying levels of fertile lateral spikelet devel-
opment. The selection of naturally occurring six-rowed
alleles of Vrs1 and Int-c during the domestication of
barley positively affected production (Komatsuda et al.,
2007; Ramsay et al., 2011).
HD-Zip I genes like Vrs1 have evolved through a se-

ries of gene duplications and divergence through sub-
functionalization or neofunctionalization (Ariel et al.,
2007; Sakuma et al., 2013).HvHox2, which is a paralog of
Vrs1 (HvHox1), is highly conserved among cereals and
expressed broadly (Sakuma et al., 2010). So far, a loss-of-
function mutant of HvHox2 has not been reported; thus,
the gene has been considered as essential for plant de-
velopment. In contrast, Vrs1 plays more specific roles in
the control of lateral spikelet fertility.Vrs1 is expressed in
the lateral florets, especially in the pistil. At least 58 loss-
of-function mutants have been described; therefore, it
seems to be a driving force of genetic variation in barley

spike development (Komatsuda et al., 2007; Sakuma
et al., 2013).

Deficiens barley plants have a two-rowed spike with
extremely rudimentary lateral spikelets/florets compared
with canonical two-rowed cultivars (Fig. 1A). The deficiens
phenotype is a naturally occurring variant and potentially
an allele of Vrs1 (Habgood and Chambi, 1984). Deficiens
barley is endemic in Ethiopia, where the unique spike of
labile, which displays a variable number of fertile spikelets
at each rachis node, also is localized (Woodward, 1949;
Youssef et al., 2014). Old studies report that deficiens bar-
ley affects the grain size of central spikelets (Powers, 1936;
Habgood and Chambi, 1984). Currently, deficiens types
dominate U.K. winter barley grain production, and
hence the area grown, and are increasing in spring barley
(Supplemental Fig. S1). Although breeders recognize the
agricultural importance of a perceived yield advantage,
the molecular genetic basis of deficiens is not understood.
This study sought to identify the deficiens locus through
positional cloning and to elucidate the molecular mech-
anism underlying the extreme suppression of the floral
organs of lateral spikelets in barley.

RESULTS

Phenotype of deficiens Barley

Deficiens barley (DZ29) shows extremely rudimentary
lateral floral organs, although glume development in its
lateral spikelets was comparable to that of canonical two-
rowed barley (Fig. 1, A and B). To better understand the
deficiens phenotype, the size of florets in the lateral spike-
lets wasmeasured at the anthesis stage in field conditions.
Deficiens barley produced 4- to 5-mm-long florets in its
lateral spikelets, significantly less than the 10- to 12-mm
lengths of canonical two-rowed varieties. F1 plants from
five different parental crosses showed an intermediate
phenotype (7–9 mm) compared with parental lines (Fig.
1C), showing a low degree of dominance (0.26, 0.17, 0.23,
0.41, and 0.27 for DZ3HN, DZ 3 KN, BO3DZ, DZ 3
GP, and DZ3OU, respectively). To investigate the effect
of deficiens on the development of lateral spikelets (espe-
cially florets) inmore detail, scanning electronmicroscopy
images were compared (Fig. 1, D and E). Barley spike
development progresses from the basal to the apical
part gradually (Kirby and Appleyard, 1981; Youssef
et al., 2017). At the apical part of the spike, when triple
spikelet primordia had differentiated, DZ29 showed a
smaller lateral spikelet meristem compared with the ca-
nonical two-rowed type (Fig. 1, F and G). In the canonical
type, the lateral spikelet meristems have differentiated into
glume and lemma primordia at the basal part, whereas
those of DZ29 remained as undifferentiated spikelet mer-
istems (Fig. 1, H and I) with suppressed floral differentia-
tion (Fig. 1, D–I).

To explore the cellular activity of the spikeletmeristems,
RNA in situ hybridizationwas conductedusing histone H4
antisense probe as a marker for active cell division. The
results showed that the transcripts of histone H4 were
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detectable in both DZ29 and canonical two-rowed barley
(Fig. 1, J and K; Supplemental Fig. S2). The related
abundance of the transcript in the lateral spikelets com-
pared with that in the central spikelets is less in DZ29 (Fig.
1K) compared with canonical two-rowed barley (Fig. 1J),
although the in situ hybridization is not quantitative
(Supplemental Fig. S2). Interestingly, stronger signals
were observed in the central spikelet of DZ29, suggest-
ing enhanced cell proliferation. These phenotypic data
suggest that deficiens causes an enduring suppression of
lateral spikelet primordia from an early stage of spike
development onward.

Map-Based Identification of deficiens

To map the deficiens gene, five filial generation 2 (F2)
segregatingpopulationswere produced, and the genotype
of each F2 individual was inferred by F3 progeny analysis
to show that the genotype segregated as a monogenic
factor (Supplemental Fig. S3; Supplemental Table S1).
Depending upon the cross, the gene was localized to

within a 1- to 2.6-centimorgan (cM) interval on chromo-
some 2H (Supplemental Fig. S4). No recombinants with
theHvHox1_DraIII marker, defined by a single-nucleotide
polymorphism (SNP) located on the promoter region of
HvHox1 (–359 bp from the transcription start site), were
observed. The marker order in the region was conserved
across all five mapping populations, indicating no chro-
mosomal rearrangements (Supplemental Fig. S4).

Larger scale F2 populations of 2,096 and 2,264 individ-
uals for DZ293OUH602 and DZ293KNG, respectively,
refined the deficiens locus to a 0.02-cM region flanked by
the markers e40m36-1110S_AccIII and BC12348_HhaI
(Fig. 2A; Supplemental Table S2). The interval is com-
posed of 458,564 bp in Morex BAC sequences (accession
no. EF067844; Komatsuda et al., 2007), and only one
predicted gene, Vrs1 (HvHox1), encoding an HD-Zip I
transcription factor, was found in the interval. A sequence
comparison of theVrs1 locus (1,580 bp upstream, 1,538-bp
coding region, and 1,183 bp downstream) among map-
ping parents revealed a base pair change that encoded a
single amino acid substitution (S184G) at the Ser-rich

Figure 1. The inflorescence of deficiens barley. A,Morphology of the inflorescence (from left to right, canonical two-rowed spike of
cv HarunaNijo [HN]; F1 plant betweenDebre Zeit 29 [DZ29] andHN; and deficiens landraceDZ29). Central spikelets of DZ29 are
larger than those of HN, and lateral spikelets of DZ29 are smaller than those of HN. B, Dissected lateral spikelets. Arrowheads
indicate glumes. C, Variation of floret size in the lateral spikelet. GP, Golden Promise; KNG, Kanto Nakate Gold. D to I, Scanning
electronmicroscopy images of two-rowed cultivar Bonus (D, F, andH) andDZ29 (E, G, and I) at the awn primordium stage. Asterisks
indicate smaller lateral spikelet meristems in DZ29 compared with Bonus. J and K, In situ mRNA hybridization of histone H4 shows
weaker expression in the lateral spikelet of DZ29 (K) than that of Bonus (J) but stronger expression in the central spikelet (all the
organs) of DZ29 than that of Bonus. Four serial sections are shown for each cultivar. CS, Central spikelet; gl, glume; le, lemma; LS,
lateral spikelet; sm, spikelet meristem. Bars = 1 cm in A and B, 500 mm in D, E, J, and K, and 100 mm in F to I.
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motif of the C-terminal region (CTR) specific to DZ29
(renamed the Vrs1.t1 allele; Fig. 2B; Supplemental Fig.
S5). Resequencing Vrs1 in 48 northwest (NW) European
winter barley cultivars (24 canonical two-rowed and
24 deficiens cultivars) revealed that all 24 accessions of
the deficiens type shared the Vrs1.t1 allele (Supplemental
Table S3). Furthermore, according to the NCBI database,
all sequenced accessions of deficiens barley have an

identical amino acid sequence toVrs1.t1 allele (Supplemental
Table S3). This suggests that the amino acid change in this
region may be responsible for the deficiens phenotype.

To test this hypothesis, seven Deficiens mutants and
35 Semi-deficiens mutants derived from canonical two-
rowed cultivars (Foma, Bonus, Kristina, and Lina) were
phenotyped and resequenced (Supplemental Table S4).
Two of the 42 inducedmutants,Deficiens 2 (Def2; named

Figure 2. Fine-mapping of deficiens and analysis of induced mutants. A, Genetic map of the deficiens region. The numbers
beneath the line indicate the number of recombinants recovered. One recombination corresponds to a genetic distance of 0.01
cM. B, Protein sequence of VRS1. Independent single amino acid (aa) substitutions were identified in DZ29 and inducedmutants
(S184G and S187P) at the CTR. The Ser-rich motif is highly conserved among plant HD-Zip I proteins (n = 87). Asterisks indicate
putative phosphorylation sites. NTR, N-terminal region; HD, homeodomain; ZIP, Leu zipper. C, Scanning electron microscopy
images of cv Foma (wild type [WT]) and the Def2 mutant at the awn primordium stage. In Def2, the lateral spikelet meristem is
highly suppressed. CSG, Central spikelet glume; LSG, lateral spikelet glume; LSM, lateral spikelet meristem. D, Triple spikelet
morphology. E, Dissected lateral spikelets. Arrowheads indicate glumes. F, The Def2 mutant shows bigger grain size. G to L,
Phenotypic comparison between cv Foma (WT) and deficiensmutants. G, Floret length in the lateral spikelet. H, Grain length. I,
Grain width. J, Central spikelet number per spike. K, Plant height. L, Spike number per plant. Data are given as means 6 SD

(n = 20). Asterisks indicate that means are significantly different at the 1% (**) and 5% (*) probability levels; ns, not significantly
different. Bars = 100 mm in C and 1 cm in D to F.
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the Vrs1.t2 allele) and Semi-deficiens 12 (Semi-def12; named
the Vrs1.t3 allele), derived from cv Foma, showed a
clear deficiens spike phenotype with rudimentary lat-
eral spikelets (Fig. 2, C–E and G; Supplemental Fig.
S6). These two mutants had independent single amino
acid substitutions, S184G and S187P, respectively, at
the CTR (Fig. 2B; Supplemental Table S4), suggesting
that a single amino acid substitution of Ser in the Ser-
rich motif was responsible for the deficiens phenotype
(Supplemental Fig. S7). The remaining 40 lines did
not show a deficiens phenotype or a sequence variant,
suggesting that either the character has been lost from
the gene bank stocks or the phenotype was environ-
mentally controlled and not genetic (Supplemental
Table S4). Scanning electron microscopy images of
Def2 showed that lateral spikelet meristems seem to
arise from the central spikelet glume (Fig. 2C; Supplemental
Fig. S8). Interestingly, the Def2 mutant shares an iden-
tical SNP (A→G at position +775 relative to the start
codon) with deficiens cultivars, including DZ29. To date,
Vrs1 has been resequenced in more than 400 lines, but
neither the nucleotide sequences nor the haplotypes of
Def2 or Semi-def12mutants were found in any databases,
suggesting that this change is novel, originating from a
mutation in cv Foma. Interestingly, the Ser-rich motif
around positions 184 and 187 was highly conserved
among plant HD-Zip I transcription factors (n = 87;
22 species in Embryophyta; Fig. 2B; Supplemental
Table S5; Supplemental Data S1). Since Ser is known as
a potential phosphorylation site, we examined the
possibility of the phosphorylation of Ser using the
program NetPhos 3.1. The results showed that the Ser
residues at the CTR in canonical two-rowed genotypes
are predicted targets of phosphorylation, whereas defi-
ciens alleles showed lower potential than the threshold
(Supplemental Fig. S9), suggesting an altered phospho-
rylation status in deficiens lines.

To understand the phenotypic effect of the Defi-
ciens mutations, several agronomic traits were com-
pared between cv Foma (wild type) and its derived
Def2 and Semi-def12 mutants. Both deficiens mutants
showed about 10% increases in grain length and
width compared with the wild type (Fig. 2, F, H, and
I). Moreover, both deficiens mutants showed reduced
plant height compared with the wild type (Fig. 2K).
The significant difference of spikelet number per
spike was observed only in Def2, and the significant
difference of spike number per plant was observed only
in Semi-def12.

The phenotypic effect of deficiens (Vrs1.t1) was then
assessed in the collection of 48 contemporary NW
European winter barley cultivars (24 canonical two-
rowed and 24 deficiens lines) referred to previously
for yield and yield-related traits (Fig. 3). The deficiens
lines have a significantly higher thousand grain
weight (56.5 g) than the canonical two-rowed lines
(53.5 g; t [23], P = 0.002). In this set of germplasm, the
number of spikes per m2 was slightly, but not signifi-
cantly, lower for the deficiens lines (629.8) compared
with the two-rowed lines (665.3; t [23], P = 0.051), and

deficiens does not significantly influence yield (deficiens =
7.2 t ha21, two-rowed = 7.1 t ha21) or grains per spike
(deficiens = 20.5, two-rowed = 20.1).

Expression Pattern of Vrs1 in the Def2 Mutant

Quantifying mRNA levels at different developmen-
tal stages revealed no significant differences in Vrs1
transcript abundance at the beginning of spike devel-
opment (from the double-ridge to the lemma primor-
dium stage) between the wild type and the Def2
mutant. This indicates that Vrs1 is normally regulated
at this stage (Fig. 4A). After the lemma primordium
stage, however, the Vrs1 transcript level was de-
creased significantly in both Def2 (Fig. 4A) and DZ29
(Supplemental Fig. S10). To determine whether the
reduced Vrs1 transcript level was affected by the up-
stream regulator Vrs4, we examined Vrs4 expression
levels but found no significant difference between the
wild type andDef2 (Fig. 4B). The expression pattern of
HvHox2, which is a paralog of Vrs1, also was not sig-
nificantly different (Fig. 4C).

The hypothesis that a different tissue localization of
the Vrs1 transcript also could be responsible for the
deficiens phenotype guided us to test this possibility by
RNA in situ hybridization using Vrs1-specific probes
(Sakuma et al., 2013). Vrs1mRNAwas clearly localized
to the lateral spikelet meristem in both deficiens and
canonical two-rowed barley at the glume primordium
stage and thewhite anther stage, respectively (Fig. 4, D–
G). These quantitative real-time (qRT)-PCR and in situ
hybridization data suggest that the amino acid altera-
tions of VRS1, but not the mRNA differences, were re-
sponsible for the deficiens phenotype.

Genome-Wide Transcriptional Regulation by Def2

To identify the transcriptional changes underlying the
morphological differences during immature spike devel-
opment, RNA-sequencing (RNA-seq) was conducted
using developing spikes at the awn primordium stage
of both the wild type and the Def2 mutant. Based on
scanning electron microscopy analysis at this develop-
mental stage, themeristem of the lateral spikelet remains
undifferentiated inDef2 (Fig. 2C).We reasoned that such
a clear morphological difference should enable the de-
tection of differentially expressed genes (DEGs). RNA-
seq analysis revealed 1,256 DEGs (q, 0.05, P, 0.05, and
log2 fold change. 1 or,21) that comprised 860 (68.5%)
up-regulated and 396 (31.5%) down-regulated genes
in the Def2 mutant relative to the wild type (Fig. 5A;
Supplemental Table S6). Gene Ontology (GO) en-
richment analysis of the DEGs revealed that genes
up-regulated in Def2 (Supplemental Data S3) were
highly enriched for molecular functions related to DNA
binding (GO:0003677; P = 5.80e–11) and glutathione
transferase activity (GO:0004364; P = 1.20e–10; Fig. 5B;
Supplemental Table S7). The DNA-binding class includes
78 histone superfamily genes, indicating the promotion of
cell proliferation in Def2; this might be related to the fact
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that grain size was increased in deficiens alleles (Fig. 2).
In contrast, genes down-regulated in Def2 were not
generally enriched for any GO terms (Supplemental
Data S4), although we did detect the down-regulation of
cytokinin oxidase/dehydrogenase (CKX) genes, which are
involved in cytokinin degradation (HORVU3Hr1G105360
and HORVU3Hr1G075920). Reduced expression of CKX
genes generally causes cytokinin accumulation and more
meristem activity (Ashikari et al., 2005; Han et al., 2014).
The reduction ofVrs1 (HORVU2Hr1G092290) expression
in Def2 also was detected in RNA-seq analysis, which
validates the findings of the qRT-PCR experiment.

The Origin of deficiens Barley

The deficiens landraces are distributed predominantly
in Ethiopia, and a monophyletic origin of deficiens is
hypothesized. To infer the origin of the deficiens allele
(Vrs1.t1), we reanalyzed the sequence of theVrs1 region
(2,062 bp length) from 321 domesticated barley and
136 wild barley accessions (Saisho et al., 2009). Hap-
lotype network analysis revealed that theVrs1.t1 allele
(haplotype 10) was derived from the Vrs1.b2 allele
(haplotype 6) through a single nucleotide substitution
in exon 3, which resulted in the S184G amino acid
substitution, implying that Vrs1.b2was the immediate
ancestral allele of Vrs1.t1 (Fig. 6). Landraces carrying
haplotype 6 are distributed predominantly in North
Africa (Supplemental Table S8). Interestingly, the vrs1.
a2 allele (haplotype 2), a six-rowed spike, also was
derived from the same Vrs1.b2 allele through a single
nucleotide insertion in exon 2, which results in a frame
shift of the amino acid sequence (Fig. 6, A40.F.S.).
Landraces carrying the vrs1.a2 allele are distributed
throughout North Africa, southern Europe, and North
America. Both Vrs1.t1 (contributing grain size) and
vrs1.a2 (contributing grain number) alleles originated
from North Africa. While Vrs1.t1 was endemic to

Ethiopia, vrs1.a2 expanded to North Africa and south-
ern Europe. We consider it remarkable that the opposite
yield components, grain size and grain number, are
controlled by different alleles derived from the same
Vrs1 gene and that ancient peoples selected both mu-
tations independently.

Considering contemporary NW European winter
cultivars, we identified three SNPs in the coding sequence
of Vrs1 leading to amino acid substitutions, D8G, D26E,
S184G, and one SNP in the second intron of this gene
(Supplemental Table S3). These four SNPs are in complete
linkage disequilibrium, and the two haplotypes segregate
based on the canonical two-rowed/deficiens phenotype of
each cultivar. All of the deficiens lines contain the Vrs1.t1
allele, shared with accessions originating from Ethiopia
(Supplemental Table S3).

DISCUSSION

A Single Amino Acid Substitution in VRS1 Is Responsible
for deficiens Barley

Deficiens was previously considered one of multiple
alleles at the Vrs1 locus (Woodward, 1947), but its
causal mutation had not been discovered. In this study,
detailed phenotypic observation confirmed that deficiens
alleles extremely suppress floret development in the
lateral spikelets. Our genetic analysis strongly suggests
that a point mutation leading to a single amino acid
substitution at the conserved Ser-rich motif in the CTR
(motif 4) of VRS1 is responsible for the developmental
fate of the lateral spikelet. This Ser-rich motif is highly
conserved among plant HD-Zip I transcription factors,
but its biological function(s) remained elusive. Next to
Thr and Tyr, Ser is an amino acid residue commonly
phosphorylated by several kinases in eukaryotes. Large-
scale phosphorylationmapping analysis revealed 85% of
Ser residues in Arabidopsis (Arabidopsis thaliana) to be

Figure 3. Mean effect of the deficiens allele for grain yield. A, Thousand grain weight (TGW). B, Grains per ear. C, Spikes per m2.
D, Yield (t ha21). Data were obtained from five site/season field trials of 24 two-rowed and 24 deficiens NW European cultivars
grown under awinter feed barley regime (200 kg total nitrogen ha21). Asterisks indicate thatmeans are significantly different at the
1% (**) probability levels; ns, not significantly different.
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phospho-Ser (Sugiyama et al., 2008). Phosphorylation
influences the stability and activity of transcription
factors (Hunter and Karin, 1992; Fujiwara et al., 2008).
When phosphorylated, CONSTANS (CO), a flowering
promoter encoding a B-box zinc finger, influences the
rate of turnover of the CO protein via the activity of the
CONSTITUTIVE PHOTOMORPHOGENIC1 ubiqui-
tin ligase (Sarid-Krebs et al., 2015). Phosphorylated
CO is the preferred substrate for degradation. In this
study, almost all Ser residues in the Ser-rich motif (motif
4) were predicted as phospho-Ser in the canonical two-
rowed allele ofVrs1 but not in its deficiens alleles, because
of a single amino acid substitution in motif 4. From our
results, we hypothesize that hypophosphorylated VRS1
in deficiens remains functional for longer during a critical
stage in plant development, resulting in stronger sup-
pression of floret development in the lateral spikelets.
The expression analysis revealed that the deficiens phe-
notype is not due to an overexpression of Vrs1 but most
likely acts at the protein level (Fig. 4). Reduced Vrs1
transcript levels from the stamen primordium stage on-
ward are probably due to the much smaller size of the
lateral spikelets compared with the wild type, noting
thatVrs1mRNA is localized predominantly in the lateral
spikelets (Fig. 4, D–G).

Since Vrs1 evolved through gene duplication and
neofunctionalization, themutation frequency is notably
higher than in its paralog HvHox2 (Sakuma et al., 2010,
2013). Six of the 58 vrs1mutants identified so far have a

mutation at the CTR (motifs 4 and 10 in this study),
which is considered as a transcriptional activation do-
main (Komatsuda et al., 2007; Arce et al., 2011). This
region is in the vicinity of the phosphorylation region,
and themutation siteswereC194→S (Int-d.11), Q196→stop
(Int-d.36), Q197→stop (Int-d.40), and A203→frame
shift (hex-v.27, hex-v.30, and hex-v.31). Previous yeast
two-hybrid assays showed that the CTR (motifs 4 and
10 in this study) of VRS1 functions as a transcriptional
activator (Sakuma et al., 2013). Therefore, the six vrs1
mutants mentioned above could each be considered to
represent a loss of transactivation activity as a tran-
scription factor. By identifying its role in the suppression
of floret primordia, this study, to our knowledge, is the
first to uncover a biological function of the Ser-richmotif
in HD-Zip I transcription factors.

Higher Yield Potential of deficiens Barley

Deficiens is now the major spike type of winter bar-
leys grown in NW Europe and is increasing in the
European spring barley crop (Supplemental Fig. S1).
Therefore, we hypothesize that deficiens spike types
have replaced canonical two-rowed types due to a
higher grain yield potential associated with the altered
spike architecture. Our results strongly support this
hypothesis, since two independent mutant accessions
showed enlarged grains, which is positively related to

Figure 4. Transcript patterns of Vrs1, Vrs4, and HvHox2. A to C, qRT-PCR comparison of Vrs1 (A), Vrs4 (B), and HvHox2 (C) in
selected tissues between cv Foma and theDef2mutant. DR, Double-ridge stage; TM, triple-mound stage; GP, glume primordium
stage; LP, lemma primordium stage; SP, stamen primordium stage; AP, awn primordium stage;WA, white anther stage; GA, green
anther stage; YA, yellow anther stage; SH, shoots; RO, roots; LB, leaf blade; LS, leaf sheath; NO, nodes; IN, internodes. D to G, In
situ mRNA hybridization withVrs1 antisense probe.Vrs1 is expressed predominantly in the lateral spikelet meristem at the glume
primordium stage of Bonus (Vrs1.b3; D) andDZ29 (Vrs1.t1; E). At thewhite anther stage,Vrs1 is localizedmainly in lemma, pistil,
and rachilla in Bonus (F), whereasVrs1 is expressed in floret meristem and lemma primordia in DZ29 (G). Cs, Central spikelet; Gl,
glume; Le, lemma; Ls, lateral spikelet; Pi, pistil; Ra, rachilla; St, stamen. Bars = 200 mm.
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higher grain yield. It is hard to think of why deficiens
resulted in reduced height; a possible explanation is a
change in resource partitioning or additional muta-
tions at other loci that reduce height. A previous study
showed that the sterile lateral spikelets of canonical
two-rowed barleys do not contribute to photosynthe-
sis, suggesting that there is potential conflict between
the central and lateral spikelets for assimilate supply
(Habgood and Chambi, 1984). The notion that vrs1
loss-of-function mutants produce more but smaller
grains compared with the wild type supports this
model. Therefore, improvement of grain size could be
achieved by suppressing the development of specific
organs (in this study, lateral spikelets) that do not
contribute to yield potential.
Our RNA-seq analysis revealed that a number of histone

genes were up-regulated in the Def2 mutant, suggesting
active cell proliferation in the central spikelet, which, in
turn, may result in bigger grain size. This hypothesis is

partially supported by the in situ hybridization anal-
ysis with histone H4 probe showing higher signals in
the central spikelet and lower signals in the lateral
spikelet of deficiens barley (Fig. 1, J and K). Since lateral
florets were strongly suppressed at the awn primor-
dium stage, the up-regulation of histone genes would
be a central spikelet event and an indirect effect through
the suppression of lateral floret development. In rice,
higher expression of GW6a enhances grain weight and
yield by increasing acetylation levels of histone H4
and the up-regulation of cell cycle genes (Song et al.,
2015). Interestingly, the rare allele elevating GW6a
expression has escaped human selection during rice
domestication and modern breeding. Enlarged grain
size and, thus, thousand grain weight in deficiens bar-
ley, as observed in both mutant germplasm and NW
European cultivars, could be analogous to the GW6a
event in rice, albeit at an independent locus. However,
the precise mechanism by which up-regulating cell

Figure 5. Transcriptional regulation by the Deficiens mutation. A, Heat map of DEGs in the Def2 mutant (Vrs1.t2 allele) com-
pared with cv Foma. B, Hierarchical tree graph of GO enrichment for the up-regulated DEG. Numbers in parentheses indicate
q values. Solid, dashed, and dotted lines represent two, one, and zero enriched terms at both ends connected by the line,
respectively.
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cycle genes prefertilization leads to increases in grain
size remains to be established.

Haplotype network analysis revealed that both Vrs1.t1
and vrs1.a2 alleles originated from a point mutation
of the Vrs1.b2 allele. Based on geographical data, it
stands to reason that mutation of Vrs1.b2 to Vrs1.t1
occurred in Ethiopia and was selected there, while

vrs1.a2 was selected in northwest Africa and then dis-
tributed to southern Europe. Remarkably, two different
alleles with opposing phenotypic effects, enlarged grain
size and increased grain number, were selected inde-
pendently during barley domestication, presumably due
to different selective forces for these two competing
components of yield. Vrs1.t1 can be considered a rare

Figure 6. Haplotype network analysis of Vrs1. The median-joining network was constructed from the haplotypes based on the
resequencing of 321 domesticated and 136 wild barley accessions. Circle sizes correspond to the frequency of individual
haplotypes. Lines represent genetic distances between haplotypes. Open circles indicate inferred intermediate haplotypes.
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allele, and its utilization has increased in NW European
winter and spring barley only recently.
In summary, we identified that the deficiens spike

architecture of cultivated barley is the result of a single
amino acid substitution in a conserved motif of the
major row-type protein VRS1. The substitution leads to
a repression of the development of the lateral florets on
the barley spike. Our phenotypic analysis suggested
that deficiens alleles (Vrs1.t1, Vrs1.t2, and Vrs1.t3) ulti-
mately contribute to increasing the size of grain in the
central spikelets. Haplotype analysis indicates that the
natural deficiens Vrs1.t1 allele originated from a point
mutation in the two-rowed allele Vrs1.b2, an event that
probably occurred in Ethiopia. Unlocking the precise
molecular cause of the deficiens spike morphology will
enable direct selection for higher yielding two-rowed
barley varieties and enhance our biological understand-
ing of the molecular mechanisms underpinning the elab-
oration of barley inflorescence development.

MATERIALS AND METHODS

Plant Materials

The deficiens barley (Hordeum vulgare var deficiens) DZ29 (SV043) and Mota
1 (SV039) together with the wild barley line OUH602 (H. vulgare ssp. sponta-
neum) were obtained from the Institute of Plant Science and Resources at
Okayama University. The canonical two-rowed cultivars HN, KNG, BO, Foma,
and GP were obtained from the National Institute of Agrobiological Sciences
(NIAS) in Tsukuba, Japan. TheDef and Semi-defmutants listed in Supplemental
Table S4 were obtained from the Nordic gene bank NordGen. A total of
24 deficiens and 24 canonical two-rowed cultivars grown under a feed nitrogen
regime were analyzed here. They were first placed on the U.K. National List
between 1992 and 2012 and between 1992 and 2007, respectively, representing,
as far as possible, a balanced data set and focusing on contemporary, relevant
germplasm. The field trials were grown over five site/season combinations in
Scotland, England, and Germany for harvest years 2010 and 2011 with known
available soil mineral nitrogen content. Each trial was supplemented with three
fertilizer regimes in a split-plot design with partial replication: no nitrogen
application, a malting nitrogen application, and a feed nitrogen application.
Plots were sown at a constant density and kept free from disease with a stan-
dard fungicide regime. Grab samples were taken from each plot at physiolog-
ical maturity and used to estimate spikes per m2 and grains per spike. The plots
were harvested, grain was dried to a constant moisture content, weighed, and
cleaned, and a subsample was used to estimate thousand grain weight using a
Marvin digital seed analyzer (GTA Sensorik). Theweighed grain from each plot
together with the plot area was used to estimate grain yield in t ha21. Not all
lines were in trial for 2 years, so best linear unbiased predictors (BLUPs) were
calculated for each genotype and trait with the nitrogen treatment as a fixed
effect and all others, including the interaction of line with fertilizer, as random
effects. BLUPs were generated using the REML directive in Genstat 14 (http://
www.vsni.co.uk/software/genstat/). All lines were genotyped previously
with the barley iSelect 9K SNP platform (Comadran et al., 2012).

Scanning Electron Microscopy Analysis

Immature spikes were fixed in 4% formaldehyde in phosphate buffer. After
dehydration and critical point drying, sampleswere examined in aHitachi S4100
or a KEYENCE VHX-D510 scanning electron microscope at 5-kV acceleration
voltage.

Basic Mapping

Five F2 populations were developed by crossing DZ29 with five different
two-rowed accessions (KNG,HN, BO,GP, andOUH602). F2 plantswere grown
until full maturity under field condition at NIAS. To construct a basic genetic

map, 78 to 96 plantswere used from each of the five F2 populations. The deficiens
genotype of F2 plants was determined by progeny testing 24 to 30 F3 plants
from each F2 individual in the field of the Central Agricultural Experiment
Station in Hokkaido, Japan, which enabled classification into the three gen-
otypic classes expected for the segregation of a single Mendelian gene. The
length of the lateral florets from the center of at least three spikes per plant
was measured after spike emergence was complete. F2 individuals were geno-
typed using selected polymorphic DNAmarkers from the insertion-deletion,
SNP, cleaved-amplified polymorphic sequence, and derived cleaved-amplified
polymorphic sequencemarkers describedbySakumaet al. (2010). Theprimers are
listed in Supplemental Table S9, and the resulting genotypic data were used to
construct linkagemaps usingMAPMAKER/EXP version 3.0 (Lander et al., 1987).

Fine-Mapping

The F2 segregants of DZ29 3 KNG and DZ29 3 OUH602 were genotyped
with two DNAmarkers, AK376350_SNP and BC12063_SNP3, that we found to
flank the deficiens locus. F3 progeny in which a recombination had occurred
between the two flankingmarkers were genotyped with de novo DNAmarkers
to further delimit the deficiens locus (Supplemental Table S9).

Resequencing Vrs1 in NW European Winter
Barley Cultivars

GenomicDNAwas extracted using bench-grown 2-week-old leaf tissuewith
a QIAamp 96 DNA kit on a QIAcube HT automated DNA extraction platform
(Qiagen). DNAquality and quantitywere assessed using aNanoDrop 2000 (Thermo
Scientific). PCR amplifications and Sanger sequencing were carried out as described
previously (Houston et al., 2012). DNA sequence trimming and alignments were
performed using Geneious (vR10; Biomatters). Details of the primers used are pro-
vided in Supplemental Table S9.

Peptide Motif Analysis and Functional Prediction

To obtain VRS1 homologs from several plant species, a BLASTP search
(query: BAF43315) was made against Phytozome version 12.0 (https://
phytozome.jgi.doe.gov/pz/portal.html) and the IPK Barley BLAST Server
(http://webblast.ipk-gatersleben.de/barley_ibsc/). Peptide sequences with a
threshold of E, 1e–10were retrieved, and 87 peptide sequences (Supplemental
Data S1), including VRS1 and HvHOX2 (BAI49294), were used for motif
analysis. The MEME database was used for discovering peptide motifs (Bailey
et al., 2006). The prediction of potential phosphorylation amino acid sites was
performed using NetPhos 3.1 (Blom et al., 1999, 2004).

In Situ RNA Hybridization Analysis

Immature spikes at the glume primordium stage and the white anther stage
(Kirby and Appleyard, 1981) from field-grown plants were freshly sampled and
fixed in 4% paraformaldehyde and 0.25% glutaraldehyde in 0.05 M sodium
phosphate buffer, pH 7.2. RNA probes of Vrs1 and histone H4were developed as
described by Sakuma et al. (2013). Primers are listed in Supplemental Table S9. In
situ hybridization was conducted as described by Komatsuda et al. (2007).

RNA Extraction and qRT-PCR

Immature spikes were developmentally staged from double ridge stage to
yellow anther stage using a stereoscopic microscope (Kirby and Appleyard,
1981). Total RNA was extracted from immature spikes, seedling shoots, and
roots 7 d after germination and from leaf blades, leaf sheaths, nodes, and
internodes at the awn primordium stage using TRIzol (Invitrogen). RNAwas
quantified using a NanoDrop 2000 (Thermo Fisher Scientific). To remove
genomic DNA contamination, RNA was treated with RNase-free DNase
(Takara Bio). First-strand cDNA was synthesized with SuperScript III (Invi-
trogen), and first-strand cDNA derived from 20 ng of RNAwas used as a PCR
template. Transcript levels of each gene were measured by qRT-PCR using
the ABI Prism 7900HT sequence detection system (Applied Biosystems) and
the THUNDERBIRD SYBR qPCR Mix Kit (Toyobo) according to the manu-
facturers’ protocols. Primers used for qRT-PCR are listed in Supplemental
Table S9. qRT-PCR analysis was performed at least twice for each sample
with biological replicates of at least three independent RNA extractions per
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sample. The barley Actin gene (accession no. DN182500) was used to nor-
malize the RNA level for each sample.

RNA-Seq

TotalRNAwas extracted from immature spikes at the awnprimordiumstage
of cv Foma and aDef2mutant (NGB115174). Total RNAwasmeasured using an
Agilent 2100 Bioanalyzer (Agilent Technologies) and used for the construction
of sequencing libraries. Strand-specific RNA libraries were prepared using the
TruSeq Stranded mRNA Sample Prep Kit (Illumina) following the instructions
in the TruSeq Stranded mRNA Sample Preparation Guide Rev.E (Illumina).
High-throughput sequencing was conducted using a HiSeq 2500 (Illumina;
Supplemental Table S10). Sequences were aligned to barley pseudomolecules
(Mascher et al., 2017; 160404_barley_pseudomolecules_masked.fasta) with
TopHAT2 (Kim et al., 2013). Gene expression was estimated as read counts for
each gene locus by featureCounts (Liao et al., 2013) using the gene annotation
file Hv_IBSC_PGSB_r1_HighConf.gtf. Expression levels were normalized by
the TMM method, and P values were calculated by an exact negative binomial
test along with the gene-specific variations estimated by the empirical Bayes
method in edgeR (Robinson et al., 2010). The Benjamini-Hochberg method was
applied on the P values to calculate q values and to control the false discovery
rate. DEGswere defined as q, 0.05, P, 0.05, and log2 fold change. 1 or,21.

GO Term Enrichment Analysis

GO terms of barley genes were assigned using Arabidopsis GO terms as
follows. Barley protein sequences (160517_Hv_IBSC_PGSB_r1_proteins_
HighConf_REPR_annotation.fasta) were compared with the peptide se-
quence in Arabidopsis (Arabidopsis thaliana [TAIR10]; Berardini et al., 2015)
using BLAST software (blastp) with a threshold of E , 1e–20 (Altschul et al.,
1990). GO terms with the most similar sequence in Arabidopsis were used as
the GO terms of corresponding barley genes. A total of 25,122 barley genes
were assigned with more than one GO term (Supplemental Data S2). GO term
enrichment analysis of up-regulated genes (Supplemental Data S3) and
down-regulated genes (Supplemental Data S4) were performed separately
using agriGO (Du et al., 2010) with Fisher’s exact test and the Benjamini,
Hochberg, and Yekutieli method to control false discovery rate.

Haplotype Analysis

Ahaplotype analysis was performed based on resequencing data of theVrs1
locus (2,062 bp) from 321 domesticated barley accessions and 136 wild barley
accessions (Supplemental Table S8; Saisho et al., 2009). Sequence alignments
were performed with ClustalW using MEGA7 software (Kumar et al., 2016). A
median-joining network (Bandelt et al., 1999) was constructed using the soft-
ware programs DNA Alignment version 1.3.3.2 and Network version 5.0.0.1
(Fluxus Technology) with default parameters (epsilon = 0; frequency . 1 cri-
terion = inactive; The ratio of transversion:transition = 1:1; Criterion = Con-
nection cost; External rooting = inactive; MJ square option = inactive).

Accession Numbers

The Vrs1 sequence data have been deposited in the DDBJ nucleotide core
database under accession numbers LC216328 to LC216332, except for the NW
European cultivars listed in Supplemental Table S3, which have been deposited
in NCBI under accession numbers MF776900 to MF776946. The RNA-seq data
have been submitted to the DDBJ Sequence Read Archive under accession
number DRA005563.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Summary of the tons of certified grain produc-
tion each year in the United Kingdom.

Supplemental Figure S2. Additional replicates of the RNA in situ hybrid-
ization of histone H4.

Supplemental Figure S3. Frequency distributions of floret length in the
lateral spikelet.

Supplemental Figure S4. Comparative basic genetic maps of deficiens on
chromosome 2H.

Supplemental Figure S5. Alignment of deduced amino acid sequences of VRS1.

Supplemental Figure S6. Spike phenotype of deficiens mutants.

Supplemental Figure S7. Representation of motifs in VRS1 homologs.

Supplemental Figure S8. Scanning electron microscopy views of barley
spikes.

Supplemental Figure S9. Predicted phosphorylation sites of Ser in VRS1
protein.

Supplemental Figure S10. Expression pattern of Vrs1 and HvHox2 in
DZ29.

Supplemental Table S1. Segregation analysis of deficiens in five F2 map-
ping populations.

Supplemental Table S2. Mapping population used for fine-mapping of
deficiens.

Supplemental Table S3. Vrs1 sequence information of deficiens barley.

Supplemental Table S4. List of Def and Semi-def mutants with description
of mutational events in Vrs1.

Supplemental Table S5. Motif analysis of HD-Zip I transcription factor in
plants (n = 87).

Supplemental Table S6. Differentially regulated genes in Def2 mutants
compared with the wild type.

Supplemental Table S7. GO enrichment analysis for up-regulated DEGs in
the Def2 mutant.

Supplemental Table S8. Haplotype information of 321 domesticated and
136 wild barleys.

Supplemental Table S9. Primer information used in this study.

Supplemental Table S10. Summary of the RNA-seq experiment.

Supplemental Data S1. Peptide sequences used for motif analysis.

Supplemental Data S2. GO terms of 25,122 barley genes.

Supplemental Data S3. GO terms of up-regulated genes.

Supplemental Data S4. GO terms of down-regulated genes.
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