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Abstract

Cereal crop yield is determined by different yield components such as seed weight, seed
number per spike and the tiller number and spikes. Negative correlations between these
traits are often attributed to resource limitation. However, recent evidence suggests that the
same genes or regulatory modules can regulate both inflorescence branching and tillering.
It is therefore important to explore the role of genetic correlations between different yield
components in small grain cereals. In this work, we studied pleiotropic effects of row type
genes on seed size, seed number per spike, thousand grain weight, and tillering in barley to
better understand the genetic correlations between individual yield components. Allelic
mutants of nine different row type loci (36 mutants), in the original spring barley varieties
Barke, Bonus and Foma and introgressed in the spring barley cultivar Bowman, were phe-
notyped under greenhouse and outdoor conditions. We identified two main mutant groups
characterized by their relationships between seed and tillering parameters. The first group
comprises all mutants with an increased number of seeds and significant change in tiller
number at early development (group 1a) or reduced tillering only at full maturity (group 1b).
Mutants in the second group are characterized by a reduction in seeds per spike and tiller
number, thus exhibiting positive correlations between seed and tiller number. Reduced til-
lering at full maturity (group 1b) is likely due to resource limitations. In contrast, altered tiller-
ing at early development (groups 1a and 2) suggests that the same genes or regulatory
modules affect inflorescence and shoot branching. Understanding the genetic bases of the
trade-offs between these traits is important for the genetic manipulation of individual yield
components.

Introduction

Barley (Hordeum vulgare) is one of the most important cereal crops used for food and feed pro-
duction [1]. In cereals, grain yield can be broken down to three main components: (1) spike
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number per plant, (2) grain number per spike, and (3) Thousand Grain Weight (TGW) [2,3].
The barley inflorescence (spike) can appear in two main shapes: two-rowed and six-rowed (Fig
1A). In two-rowed genotypes only the central spikelet develops and the two laterals remain
sterile or staminate. In six-rowed cultivars, all three spikelets are fully fertile and develop into
grains, leading to an increase in grain number per spike [4]. Over the last decades different loci
that affect row type have been identified in barley. The loci have been termed six-rowed spike
(vrs), hexastichon (hex-v) or intermedium spike (int), depending on the mutant screen and the
phenotype [5,6]. Intermedium spike mutants typically have a phenotype in between a two-
rowed and a fully developed six-rowed spike [5-7]. The spike phenotype of six-rowed barley
cultivars mainly relies on mutations in the VrsI (allelic with Hex-v and Int-d) and Vrs4 loci.
The gene underlying the VrsI locus encodes a HD-ZIP transcription factor (HvHox1) which is
expressed in the lateral spikelet primordia in the developing spike. Vrs1 suppresses lateral
spikelet fertility resulting in the two-rowed phenotype [8]. Similar to vrsI mutants, the vrs4
mutant shows complete fertility of central and lateral spikelets and the spikes produce addi-
tional florets. Vrs4 encodes a homolog of maize RAMOSA 2 (RA2) a gene involved in the con-
trol of branching in the female inflorescence (ear) [9,10]. An increase in seed number often
results in a decrease in TGW [3,11]. In addition, the six-rowed spike phenotype has been
described to negatively affect tiller number under field conditions [3,12]. Negative correlations
between seed number, TGW and tillering have hampered the genetic improvement of overall
yield. The opposing effects between these yield components are often attributed to limitations
in amounts of assimilates available [3]. Tiller number is mainly affected by the initiation and
outgrowth of axillary meristems (AM) and depends on endogenous developmental, hormonal
and environmental signals [13-16]. The plant shoot apical meristem (SAM) coordinates the
formation of all above ground organs such as leaves, internodes, inflorescence and AMs (Fig
1). During vegetative development, the AM initiates several leaf primordia, which form an
axillary bud. In grasses, the axillary meristems capable of giving rise to side shoots (tillers) are
located only at the most basal nodes of the plant (crown) (Fig 1B) [17,18]. After transition
from vegetative to reproductive development, the grass apex irreversibly differentiates into
the inflorescence. Domestication of different crop species has resulted in cultivars with altered
shoot architecture. For example, TEOSINTE BRANCHED 1 (TBI) gene, a TCP transcription
factor and homolog of the Arabidopsis thaliana gene BRANCHED 1 (BRC1), has been identi-
fied as a major domestication related gene in maize [19]. In cultivated maize, a natural over-
expressing allele was introgressed into the breeding germplasm to reduce tillering as an
adaptation to agricultural cultivation [19]. A homolog of TB1, Intermedium-c (Int-c) was also
targeted in barley during domestication to increased lateral spikelet development. In addition,
the int-c mutant has an increased tiller number at early developmental stages [20]. Similarly,
the maize gene BARREN STALK 1 (BA1), affects tiller and tassel development [21]. This
exemplifies that genes involved in inflorescence branching can act on shoot branching. How-
ever, the pleiotropic effects of row type genes on shoot architecture are not straightforward:
int-c and int-m are described as mutants with an increased tiller number while int-b and int-
1.81 (allelic to low number of tillers 1, Int1) have a reduced tiller number [5,7,22]. It is therefore
important to perform a comparative study on the pleiotropic effects of different row type
genes on yield components.

To this end we recorded tiller number, seed number per spike, seed area and TGW of inde-
pendent allelic mutants of vrs3/int-a, int-b, int-c, vrs1/int-d/hex-v,vrsd/int-e, int-f, int-m, Int1/
int-l and absent lower laterals (als). The latter is included since als mutants show irregularities
in floret phyllotaxy and the gene is involved in secondary AM formation [23]. Given that tiller
number is a dynamic trait, affected by the environment and development, we monitored tiller
number at different developmental stages under greenhouse and outdoor conditions. Our data
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Fig 1. Schematic representation of barley inflorescence architecture. (A) Branched grass inflorescence architectures of; two-rowed and six-rowed
barley (H. vulgare) spike. (A bottom) Single spike nodes of two- and six-rowed spikes. (B) Representation of the shoot architecture found in grass species.

doi:10.1371/journal.pone.0140246.9001

shows that row type genes affect the correlation between shoot and spike architecture either
directly most likely via regulating the initiation and/or outgrowth of tillers or indirectly due to
resource limitation. We conclude that the classification based on the macroscopic phenotypes
presented here helps to understand and interpret the pleiotropic effects of row type genes on
major yield components.

Materials and Methods
Plant material

Seeds of different row type mutants representing the loci (vrs1/hex-v/int-d, vrs3/int-a, vrs4/int-
e, int-b, int-c, int-f and int-m) and their respective parental cultivars were obtained either from
the Department of Agriculture of the United States of America (USDA) or from the Nordic
Gene Bank (NordGen) (S1 Table). For clarity, different loci of the same gene will be designated
with one name referring to the original locus with the allele name in brackets. In this study, we
used the original mutants in the cultivars Bonus and Foma and Bowman backcross lines [24].
In addition, we analyzed different allelic mutations of the VrsI gene originating from an EMS
TILLING population in cv. Barke [25]; and two backcrosses (BCs) of six-rowed VrsI mutants
cv. Barke referred to as vrs1(8408) and vrs1(11910). Seed material of the TILLING mutants was
kindly provided by S. Gottwald (University of Gieflen) and N. Stein (IPK Gatersleben). Leaf
material was collected from four individuals per genotype and freeze-dried. The freeze-dried
material was ground and genomic DNA was extracted with the Qiagen BioSprint Robot (Pro-
gam: DNAPlant) and the respective Kit, according to the manufacturer’s recommendations
(Qiagen, Hilden, Germany). As a control we verified the mutation in vrs1. Sequencing
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confirmed position and nature of the published mutations with exceptions of vrsi(hex-v.3) and
vrs1(hex-v.6) (S2 Table).

Outdoor experiment

Lines harboring different allelic variants of the vrs and intermedium spike loci (vrs3/int-a, int-b,
int-c, vrsl/hex-v/int-d, vrs4/int-e, int-f and int-m) were grown outdoors and compared to their
respective parental backgrounds. All phenotypes recorded were, when possible, confirmed in
multiple independent allelic variants of the same locus in addition to backcrossed lines in the
spring barley cultivar Bowman [24] (S1 Table). For int-f, int-m and als, only one allelic variant
was available. The plants were sown in 96-well trays mid-February 2014, germinated in the
greenhouse and then transferred outside (MPIPZ Cologne, Germany). After six weeks (end of
March), plants were transferred to 12 L pots with one plant per pot, each filled with a custom-
made peat and clay soil mixture (EinheitsErde™ ED73 Osmocote, Einheitserdewerke Werkver-
band e.V., Sinntal-Altengronau, Germany) containing a long term fertilizer. The pots were
arranged in 22 rows with a distance of 1 m between rows where each row contained 54 pots
with a distance of 10 cm. The entire experiment was divided into 4 blocks with at least 4 repli-
cate plants per genotype within each block. To avoid edge effects, the plot was surrounded by
border pots containing wild type barley plants.The plot was irrigated by a sprinkling robot and
treated with additional fertilizer or pesticides when necessary. Tiller number was assessed at
four different stages: (1) two weeks after transplantation (50 DAS), (2) flag leaf stage, (3) anthe-
sis stage, and (4) at full maturity. Barke vrs1 EMS TILLING lines were additionally also pheno-
typed at 56, 63 and 70 DAS. Flag leaf stage was recorded, when the flag leaf completely
emerged and unfolded from the main shoot. At anthesis stage, at least one spike of the plant
showed open florets with the anthers visibly pushed out. For vrs4.k tiller number at this stage
was scored for only 10 plants instead of 16. This is due to the absence of a clear anthesis occur-
ring in some individuals, which were therefore left out of the analysis. Total tiller number at
full maturity was counted for all plants simultaneously mid of July 2014, two weeks before har-
vest. At this time point the number of grain bearing spikes was also recorded. At 92 DAS, pic-
tures were taken from one representative plant per genotype. Plant height was measured (soil
to base of topmost spike) at full maturity. All raw data obtained from the outdoor experiment
has been added as S1 File.

Seed analysis

The grain number per spike, seed size and shape and thousand grain weight (TGW) were mea-
sured using the MARVIN Seed Analyser (GTA Sensorik, Neubrandenburg, Germany).All
seeds and spikes used in the analysis of the seed parameters were derived from plants grown
outdoors. With exception of int-b.6, all measurements were performed on at least 3 spikes
from 4 individual plants per genotype. For int-b.6, only 2 spikes of 4 individual plants were
scored due to the low tiller number. The frequency distribution of seed size was calculated and
plotted against the average number of seeds per spike. The TGW was measured for all mutant
and wild type lines based on the total number of seeds of the 3 spikes from 4 separate plants
per genotype. In addition, the TGW for vrs3, int-b.75, int-c, vrsl, vrs4, int-m and int-f and wild
type genotypes, but not for the low tillering int-b.3, int-b.6, als and Int mutants, was measured
from three different plants per genotype using 4x5 mL of seeds (240-480 seeds in total). No sig-
nificant differences were observed when comparing the TGW extrapolated from the seed
weight per spike with the TGW obtained from measuring 240-280 seeds per plant (S3 Table).
All raw seed parameters measured are included as S2 File.
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Greenhouse experiments

Variation in tiller number of mutant and wild type genotypes was also scored in a controlled
greenhouse under long day (LD) conditions (16h, 22°C day; 8h, 18°C night). Tiller number at
full maturity was recorded for different allelic row type mutants (vrs3/int-a, int-b, int-c, vrs1/
hex-v/int-d, vrs4/int-e, int-f and int-m). Due to spatial limitations in the greenhouse, the
mutants and respective wild type genotypes were grown in separate experiments in 1.3 or4 L
pots. The mutant lines int-c.25 and -¢.29 in Foma, int-c.5 in Bonus, int-f.19 in Foma and all
other row type mutant lines backcrossed to Bowman were scored for tiller number twice per
week starting from 7 days after emergence (DAE) until the age of four weeks and once per
week thereafter until the age of 13 weeks (n = 10 plants, grown in 1.3 L pots). The flag leaf stage
was recorded as in the outdoor experiment. Pictures were taken from three representative
plants per genotype at 32 DAE.

For staging the development of the shoot apical meristem (SAM) of all mutants in Bowman
background and int-f in Foma background, seeds were sown in 96-cell “Mini Tray” (Einheit-
serde™) and kept at 4°C for 3 days after which they were germinated under LD conditions
(16h, 22°C day; 8h, 18°C night). The apex development of 3-5 plants was recorded at 12, 18
and 22 DAE in three independent biological replicates. The SAM was visualized using a stereo
microscope (MZ FLIII, Leica) and the developmental stage was determined using the quantita-
tive scale introduced by Waddington et al. [26]. als was not included in this analysis due to
seed limitations.

Data analysis

Statistical analyses were performed using the statistical software R (http://www.r-project.org/)
or SAS version 9.1 (SAS Institute 2003). Differences between wild type and mutant genotypes
were determined using a student’s t-test or a one-way ANOVA combined with a Tukey HSD
for multiple comparison for the outdoor and greenhouse experiments separately. The mutant
genotypes were classified into groups based on the relative performance of each mutant line
according to the following equation:

mut — wt

relative performance = "

in which “mut” denotes the mutant line and “wt” wild type. Calculations were performed on
the trait averages for each mutant line. The relative performance values were used to cluster the
different mutants using a hierarchical cluster analysis (HCL) [27]. The HCL analysis was done
using the MeV multiple experiment viewer (http://www.tm4.org/mev.html), with default set-
tings that apply a Pearson correlation as distance measure and average linking for clustering.

Significant effects of the mutant locus and environment (greenhouse or outdoors) on varia-
tion in tillering were calculated using the following generalized linear model (GLM) pro-
grammed in SAS:

y = gene (allele) + environment + gene*environment + gene(allele)*environment

Were gene is the fixed effect of the mutant locus; gene(allele) the fixed effect of the allele
nested within the mutant locus; environment the fixed effect of the environment (greenhouse
vs. outdoor), and the interaction effects between the gene and environment and between the
environment and the mutant allele nested within the mutant locus. We also tested for signifi-
cant block effects in the outdoor experiment in an initial GLM model. However, since the
block showed no significant effects on tillering, this factor was removed from the final model.
In order to test if the mutant locus exhibited consistent effects on tillering across the mutant
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alleles and environments, least square means were calculated within the GLM procedure for
the effect of the mutant locus on tillering under greenhouse and outdoor conditions separately.

Results
Trade-off between seed number per spike and seed size

To decipher the effects of row type genes on seed setting (fertility) and seed size, we analyzed
the seed number per spike, TGW and seed shape parameters (width, length and area) for dif-
ferent row type mutants. To compare the phenotype of the different row type mutants directly,
backcrossed lines in the spring barley cultivar Bowman were used [24] in addition to the origi-
nal mutants [5] and allelic series of vrsI mutants in cv. Barke identified by EMS TILLING [25].
When available, multiple independent allelic variants of the same locus were used to test if
pleiotropic effects were locus specific (S1 Table). The mutant vrs3(int-a.31) in Foma back-
ground was removed from the analysis since this mutant exhibited pre-harvest sprouting and
therefore no reliable measurements on the seed size and TGW could be performed. None of
the other row type mutants showed pre-harvest sprouting.

The highest increase in seed number per spike is found for six-rowed mutants: vrs1(11910),
vrs1(8408), vrsl.a, vrs1(hex-v.3), vrs1(hex-v.6), vrsd.k and for vrs3(int-a.1) in Bowman back-
ground. These mutations increase the seed number per spike on average 2.5-fold. In our analy-
sis, the majority of the row type mutants exhibit an increase in the seed number per spike and a
reduction in the TGW (Table 1). This indicates a trade-off between the seed number per spike
and seed size. Seed size of the two-rowed parental cultivars Barke, Bonus, Bowman or Foma
show a bell-shaped distribution. When compared to these, an increase in seed number per
spike results in either an overall reduction of seed size or in less homogenous sized seeds on the
same spike (Fig 2A-2C, S1, S2, S3 and 54 Figs). In the vrs1.a allele about 2/3 of the seeds exhibit
a size between 15-22.5 mm while 1/3 of the seeds have a size between 22.5-30 mm, resulting in
a bimodal distribution (Fig 2C). In contrast to the vrsl.a allele, int-m.85 (Bowman), Int1 (Bow-
man) and alsI.a (Montcalm) exhibit a significant reduction of the seed number per spike and a
reduction in TGW (Table 1). In these mutants, the seed number per spike and TGW thus
shows a positive correlation (S5 Fig). The int-b mutants exhibit a slight reduction in seed num-
ber per spike and a significant reduction in TGW. The reduction of seed number per spike is
caused by different spike phenotypes. The lateral spikelets of the vrs1(int-d.11) mutant, which
harbors a mutation within the C-terminus of VrsI, do not set seed. Therefore, the spikes of the
vrsl(int-d.11) mutant remain effectively two-rowed and do not show a significant reduction of
seed number per spike or TGW. The int-m.85 have very short spikes, while Int1, int-b and als
mutants display an irregular seed set [22,23]. In addition, the seed size distribution of these
lines is only marginally different from the respective two-rowed wild type backgrounds (Fig
2D, S1, S2, S3 and S4 Figs). In conclusion, the majority of the row type mutants exhibit an
increased seed number per spike and an overall reduction in seed weight (Fig 2E, Table 1,

S5 Fig).

Row type genes have pleiotropic effects on tillering

To assess the effect of row type genes on tillering, the tiller number of different row type
mutants was analyzed at 50 days after sowing (DAS), at the flag leaf and anthesis stage, and
before harvest of dry plants (full maturity) (Fig 3, S6, S7 and S8 Figs, S4 Table, S1 File). To
reduce effects on the tiller number due to spatial limitation (e.g. pot size), competition or nutri-
ent shortage, plants were grown individually in 12 L pots under semi-controlled outdoor con-
ditions. In addition, plants were randomized within the plot to avoid differences due to spatial
effects.
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Table 1. Average seed number per spike and thousand grain weight (TGW) of row type mutants.

background locus

Bowman
vrs3
vrs3
int-b
int-c
vrsi
vrs4
int-m
Int1
Int1
Bonus
vrs3
int-b
int-b
int-b
int-c
vrs1
vrs1
vrs4
Foma
vrs3
vrs3
int-c
int-c
vrsi
vrsi
vrs4
int-f
Barke
vrs1
vrsi
Montcalm
als

seeds per spike TGW
allele avg' difference? (%) avg (g)’ difference? (%)
20.8+2.22 57.2+5.12
int-a.1 51.3+5.2° 147 39.6+2.5° -31
vrs3.f 43.3+5.8°° 108 38.6+1.9° -33
int-b.3 25.6+10.82 23 43.7+6.6° 24
int-c.5 44.7+8.6° 115 37.7+3.7° -34
vrsl.a 54.15.2° 160 37.0+2.7° -35
vrs4.k 56.8+10.6° 173 41.7+3.6° 27
int-m.85 8.7+2.1¢ -58 53.5+4.6%° -6
int-1.81 13.1+2.9¢ -37 47.0+9.5° -18
Int1.a 10.1+4.7¢ -51 52.5+6.4%° -8
28.7+2.72 63.8+4.22
int-a.64 39.6+6.3° 38 48.1+3.7° 25
int-b.3 20.8+9.12 27 40.7+7.4° -36
int-b.6 21.1+7.0° -26 39.2+4.9° -39
int-b.75 20.8+11.82 -28 44.6+7.4°° -30
int-c.5 58.5+11.0° 104 47 4+4.2° -26
hex-v.3 73.9+11.1¢ 158 40.3+3.3° -37
hex-v.6 68.8+9.6° 140 40.5+4.5° -37
int-e.65 38.86.4° 35 53.7+3.7° -16
29.6+2.4° 54.6+3.4°
int-a.8 43.3+9.2%° 46 47.045.7° -14
int-a.27 49.36.8° 66 48.0+3.2° -12
int-c.13 52.8+9.3° 78 44.0+4.2° -20
int-c.25 54.1+11.8° 83 47 .2+4.4° -14
int-d.11 25.9+2.22 -13 54.8+3.5° 0
int-d.22 61.8+11.5° 109 32.2+3.4° -41
int-€.20 44.3+7.8° 49 43.8+3.5° -20
int-f.19 37.46.7%° 26 52.4+4.6° -4
27.0+2.6° 60.1+5.9°
8408 BC5 66.8+12.1° 148 37.4%5.0° -38
11910 BC3 66.39.6° 146 40.7+7.0° -32
61.0+8.3° 54.2+3.5°
als1.a 24.6+4.3° -60 34.846.7° -42

'average values with standard deviations (n > 8 spikes, derived from plants grown outdoors).
Letters indicate differences between the mutants based on a one-way ANOVA (p < 0.05), using a Tukey HSD for multiple comparison.
2difference compared to the respective wild type.

doi:10.1371/journal.pone.0140246.t001

All row type mutants in Bowman background show a reduced tiller number at full maturity
compared to Bowman, with the exception of int-m.85 which exhibit significantly more tillers
than Bowman at maturity (Fig 3). In addition, multiple allelic variants of Int1, int-b, and the
single mutant allele of int-f (int-£.19 in Foma) and als (als1.a in Montcalm and Bowman back-
cross), respectively, have a low tiller number at all developmental stages, whereas int-c and vrs3
show a reduction in tillering only after the flag leaf stage (Fig 3, S6, S7 and S8 Figs, S4 Table).
The vrsl.a and vrs4.k mutants in Bowman background only show a decrease in tiller number at
full maturity. One exception to this is vrsI1(11910) in Barke background, which exhibits a lower
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Fig 2. Distribution of seed size is altered in row type mutants. Distribution of seed area ranging from 10-45 mm? plotted against the average seed
number per spike (n>8 spikes). The spikes used to obtain the frequency distribution of seed size and average seed number per spike were derived from
plants grown under outdoor conditions. Fig A-D represents typical seed size distributions measured in all genotypes and backgrounds. (A) Bell-shaped
distribution with higher seed number and variance and lower average: e.g. vrs3(int-a.1); (B) bimodal distribution with one peak at a size similar to wild type
and one peak at a smaller size, both peaks similar in height: e.qg. int-b.3; (C) bimodal distribution with one peak at a size similar to the wild type and one peak
at a smaller size accounting for approximately twice the number of seeds of the larger size peak: e.g. vrs1.a; and (D) seed size distribution similar to wild type
and a reduced seed number per spike: e.g. Int1.a. (E) Number of different row type mutants grouped based on the distribution in seed size as described in

A-D.

doi:10.1371/journal.pone.0140246.9002
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Fig 3. Pleiotropic effects of mutations in different row type genes on tiller number cv. Bowman. Plants were grown under outdoor conditions. (A)
Photographs of one representative plant per genotype were taken at 92 DAS. No pictures were taken of int-m.85 mutants, because no tillering phenotype
was visible at this point. (B) Tiller number was assessed two weeks after transplantation (50 days after sowing), at flag leaf stage, at anthesis stage and at full
maturity. For all measurements n > 10 plants, error bars + SD. Letters a-f indicate significant differences (p< 0.05), determined with a one-way ANOVA using
a Tukey HSD as post hoc test. Significant differences between the lines are calculated for each time point separately.

doi:10.1371/journal.pone.0140246.9003

tiller number over the whole development. None of the other vrsI mutants shows a reduction
in tiller number before maturity, suggesting that a background mutation rather than the vrsI
mutation itself caused the tiller phenotype in vrs1(11910). Notable differences between allelic
variants and backgrounds are observed (S6, S7 and S8 Figs, S4 Table). For example, vrs1(hex-
v.3) and vrs1(hex-v.6), two six-rowed allelic variants of vrsI in Bonus background, do not show
a significant reduction in tiller number (Fig 4A, S6 Fig, 54 Table). In contrast, vrs1(int-d.11)
and vrsl(int-d.22), two vrs1 mutants with intermedium spike phenotypes, exhibit a reduced til-
ler number at full maturity (Fig 4A, S7 Fig, S4 Table). In addition, int-b.3 and int-b.6 in Bonus
background display a more severe reduction in tiller number when compared to the int-b.75
allele in the same background (Fig 4A). Interestingly, the reduction in tiller number in int-b.3
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Fig 4. Row type mutants cluster according to their trait phenotypes. (A) Boxplots of tiller number at full maturity of all mutants in backgrounds Bowman
(red), Bonus (blue) and Foma (green) tested under outdoor conditions (n > 10 plants). Significant differences (p< 0.05) between the mutant and wild type
parent were calculated using a one-way ANOVA with a Tukey HSD as post-hoc test. (B) Hierarchical cluster analysis (HCL) of the relative performance of
different row type mutants compared to their respective backgrounds, Bowman (Bw), Bonus (Bon), Foma, Barke and Montcalm (Mont). All trait data used in
the HCL analysis was obtained from plants grown outdoors. Relative performances were analyzed with a Pearson correlation and the mutants were clustered
accordingly. The clustering shows one outgroup (green) and two main groups color-coded in black and purple.

doi:10.1371/journal.pone.0140246.9004
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is less severe in the Bowman backcross (Fig 4A), suggesting an effect of background variation
between Bonus and Bowman or the presence of additional mutations in the original line.

As flowering time can affect shoot branching by influencing the length of vegetative devel-
opment [28-30], we also compared flowering time and apex development between the different
mutants and respective wild type genotypes. The row type mutants do not show major differ-
ences in flowering time or apex development when compared to their respective wild type
backgrounds (54 Table, S9 Fig). In addition, plant height was measured at full maturity. The
low tillering mutants Intl.a, alsl.a and int-b are significantly shorter compared to their respec-
tive parents. No consistent height phenotype is observed for any of the other row type mutants
(S4 Table). These results indicate that row type genes mainly affect seed parameters and tiller
number, but neither flowering time nor plant height. Variation within these traits is not only
dependent on the allelic variants but also on the genetic background of the parental lines. To
compare the effects of mutant loci across different backgrounds, the relative phenotypic perfor-
mance of each mutant was calculated for all traits compared to their respective parent. Hierar-
chical clustering [26] of the relative performance shows that the row type mutants cluster into
two main groups (Fig 4B). Mutants in group 1, which contain all alleles of vrs3, int-c, int-f, vrs4,
and vrs1 (with exception of vrsI(int-d.11)) show a negative correlation between tillering and
seed number per spike. Group 1 can be subdivided into two subgroups: (a) low tillering already
before maturity (vrs3,int-c, int-f); and (b) low tillering only at maturity (vrsl,vrs4). Group 2
encompasses all alleles of als, Int1, int-b, and vrs1(int-d.11). These mutants display reduced til-
lering and seed number per spike. Within group 2 vrs1(int-d.11) and int-b.75 form a separate
cluster, as they are characterized by a less severe tillering phenotype when compared to the
other mutants in group 2. The int-m.85 mutant, which forms an outgroup, is the only row type
mutant with an increased tiller number at full maturity and reduced number of seeds under
outdoor conditions.

To test if the mutant loci exhibit a consistent effect on tillering across environments, varia-
tion in tillering at maturity was scored outdoors and in a controlled greenhouse. Under green-
house conditions, plants have less tillers when compared to those grown in the outdoor
experiment (S10 Fig). Indeed, the analysis of variance confirmed that the environment has a
significant effect on tillering (S5 Table). The effect of each mutant locus on tillering is stronger
than that of the environment for the majority of genotypes. With exception of vrsI and int-m,
all mutant loci cause a consistent reduction in tiller number in the greenhouse and outdoor
experiment (Table 2). The reduction and increase of tiller number in vrs1 and int-m, respec-
tively, is only significant under outdoor conditions (Table 2). The effects of the mutant loci on
tillering are consistent over different mutant alleles (S5 Table, S10 Fig).

Taken together, the majority of row type mutants show consistent effects on tillering across
different environments, allelic variants and genetic backgrounds. Mutant loci which affect til-
lering only at later developmental stages, such as vrsI and int-m, have no significant effects on
tillering when plants are grown in the greenhouse. In addition, the cluster analysis classifies the
row type mutants based on their macroscopic phenotype into three groups; mutants in group 1
have a negative correlation between tillering and seed number per spike already after flag leaf
stage (group la) or only at full maturity (group 1b), while mutants in group 2 exhibit a positive
correlation between these traits

Tillering phenotype of int-c changes during development

Mutants of int-c (HvTBI) have been described as high tillering [20], however in our analysis no
such increase in tiller number was observed. In fact, the tiller number of int-c mutants is signifi-
cantly reduced compared to the wild type parents at flag leaf stage and later stages of development
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Table 2. Least mean square values for row type mutants under greenhouse and outdoor conditions.

gene

vrs3

int-b

int-c

vrs1

vrs4

int-f

int-m

Int1

als

genotype

mutant
wit
mutant
wit
mutant
wt
mutant
wt
mutant
wt
mutant
wit
mutant
wit
mutant
wit
mutant
wt

LSMEAN greenhouse LSMEAN outdoors
13 P 59 * %%
22 103
18 94
16 *x% 29 *%%
30 103
14 n.s. 86 *xx
16 108
18 95
17 *x% 26 * %%
28 111
13 n.s. 144 *Ex
10 101
3 *K % 2 * %%
11 101
3 * 2 *¥¥
11 77

Stars (*) indicate significant differences between mutant and wild type,

* p-value < 0.05,
**p-value <0.01,
***p-value <0.001.

doi:10.1371/journal.pone.0140246.1002

(Fig 3, S6, S7 and S8 Figs, 54 Table). This observation appears to be in contrast with a study
which reported an increased tiller number in int-c mutants at an early developmental stage [20].
We therefore recorded tillering of int-c over the entire life span of the plant under greenhouse
conditions. Three independent mutants of int-c were selected: int-c.25 and -¢.29 in Foma back-
ground and int-c.5 in Bonus and Bowman backgrounds. In addition, int-f.19 in Foma and Bow-
man background was selected as another low tillering row type mutant which showed a reduction
in tiller number over the whole development (Fig 5, S11 Fig). Interestingly, int-c.5 mutants in
Bonus background do not exhibit an increase in tiller number while the same mutation back-
crossed into Bowman background shows a significant increase in tiller number when compared
to the respective parental line until 56 DAE. However, int-c.5 in Bonus background has a signifi-
cant reduction in tiller number after 63 DAE (Fig 5). The parental lines Bowman, Bonus and
Foma form new tillers until full maturity while all int-c mutants tested cease formation of new til-
lers after the flag leaf stage under both outdoor and greenhouse conditions (Fig 5, S11 Fig). As a
consequence, the wild type plants have significantly more tillers at maturity when compared to
flag leaf stage, while int-c mutants do not (S6 Table). No differences were observed in tiller num-
ber at full maturity between Bowman and int-c.5 under greenhouse conditions while in the out-
door experiment int-c.5 in Bowman showed a significant reduction at full maturity. When grown
in the greenhouse, Bowman and int-c.5 in Bowman background reached flag leaf stage after only
five weeks (32 to 36 days after emergence) while in the outdoor experiment this stage was reached
after 62 DAS. The fast development under greenhouse versus outdoor conditions and between
Bowman and Bonus/Foma might cause the variation observed in relative performance of int-c
mutants in different backgrounds/conditions.
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Fig 5. int-c mutants are high tillering only at early developmental stages. Ten biological replicates per genotype were grown in a controlled greenhouse
under long day (LD) conditions (16 h light). (A) Pictures of three representative plants per genotype at 32 DAE. (B) int-c.5 and int-f.19 in Bowman
background together with Bowman. (C) The original int-c.5 mutant with its parent Bonus. The gray area indicates the time period when plants reached flag
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determined with a one-way ANOVA using a Tukey HSD as post hoc test.

doi:10.1371/journal.pone.0140246.9005
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To evaluate if any of the other row type mutants show a consistent increase in tiller number
at early development but a reduction after flag leaf stage, we analyzed the tiller number over
their lifespans. For comparison, we used only row type mutants backcrossed into the Bowman
parent grown under greenhouse conditions. However, none of the other row type mutants
shows a similar change in tillering behavior as was seen in int-c (S12 Fig, S7 Table). Taken
together, our data shows that when compared to the wild type, the tiller number of int-c is
increased at early developmental stages and reduced at later stages, as the duration of tiller for-
mation is reduced by the int-c mutation.

Discussion

Shoot and spike architecture are two important adaptive traits in barley. Our results show that
an increase in the seed number per spike as observed in the intermedium and six-rowed
mutants causes an overall reduction in seed size. In addition, variation in seed size is increased
in the row type mutants due to the size difference between central and lateral spikelets. In the
vrsl and int-c mutants the seed area shows a bimodal distribution with a 2:1 ratio. In line with
this, grains of the lateral florets are generally smaller when compared to the central florets [11].
Vrs1, Int-c and other Vrs loci have been reported to influence seed weight and shape parame-
ters in a doubled haploid population derived from a cross between two-rowed cv. Harrington
and six-rowed cv. Morex. VrsI was found to be the major locus affecting TGW and all seed size
and shape parameters measured [11]. Similarly, in our analysis vrs1 causes the largest increase
in seed number per spike and the most severe reduction in TGW when compared to the other
row type mutants. The increase in the seed number per spike was likely the reason for the
introduction of the vrsI allele into the barley gene pool during domestication [8]. In addition,
six-rowed cultivars generally harbour an allele of Int-c (Int-c.a) which increases lateral seed size
compared to the allele present in two-rowed cultivars (Int-c.b) [11,20]. Strong variation in seed
size is generally considered unfavorable for malting barley which are therefore most commonly
grown in Europe as two-rowed cultivars [11,31].

While the majority of the row type mutants shows a negative correlation between seed num-
ber and TGW, int-m.85, Int1, als and several alleles of int-b display a reduction in seed number
and in seed size. A positive correlation between seed number and seed size in these mutants
suggests that the causative mutations negatively affect both seed size and seed number. These
findings indicate that pleiotropic effects between yield parameters are not only caused by com-
petition of different plant organs for limited resources, but that row type genes may control
development of different meristematic tissues. We therefore analyzed the effects of row type
genes not only on spike, but also on shoot branching. Indeed, we observed that row type
mutants are affected in tillering. As observed for the correlations between seed number and
size, we identified mutants with negative and positive correlations between seed number and
tiller number. Based on these correlations, we classified the row type mutants into two main
groups: (1) mutants with increased seed number per spike and low tillering; and (2) mutants
with a reduction in seed and tiller number. Row type mutants in group 1 show an increase in
inflorescence branching (seed number per spike) while the shoot branching (tiller number) is
reduced after flag leaf stage (group la) or only at full maturity (group 1b). A similar effect of
increased inflorescence branching and decreased tillering was reported for certain alleles of
rice SQUAMOSA BINDING PROTEIN-LIKE 14 (OsSPL14), which were found to be positively
associated with desirable traits underlying a quantitative trait locus (QTL) termed Ideal Plant
Architecture (IPL) or Wealthy Farmer’s Panicle (WFP). Alleles of OsSPL14 with higher expres-
sion levels cause a reduction in shoot branching, but also stronger culms and increased panicle
branching leading to higher yield. Knockdown of OsSPL14 results in more tillers and a
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reduction in plant height, culm diameter, panicle branches and grain number [32,33]. Further-
more, the wheat tiller inhibition (tin) mutant displays larger spikes and a higher grain number
per spikelet and a low tiller number. The spike phenotype can be phenocopied by removal of
tillers shortly after initiation in wild type plants [34]. This exemplifies that different plant
organs can compete for the same resources, resulting in a reduction of tiller number which cor-
relates with an increase in seed number per spike. We observed that mutants of group 1b (vrsI,
vrs4) with a high seed number per spike exhibit a reduced tiller number at maturity, but not at
earlier stages of development. No tillering phenotype was observed in vrsI mutants in the
greenhouse experiment or until the plant reached full maturity in the outdoor experiment sug-
gesting that vrsI does not directly affect the initiation and outgrowth of axillary buds. This is
supported by the finding that, unlike its paralog HvHox2, which is expressed abundantly in all
tissues, Vrsl is expressed almost exclusively in developing spikes [35]. Therefore, the observed
reduction in tiller number is likely caused by resource limitations. Mutants of vrs4 show a simi-
lar trend, with no reduction in tiller number until the plant reached full maturity. In line with
this, Vrs4 was reported to act upstream of VrsI in the same pathway [9], suggesting that this
signaling cascade does not directly influence shoot branching. In contrast to vrsI and vrs4, int-
¢ mutants show an increase in tiller number at early developmental stages (this work and [20]),
suggesting a direct effect of this gene on tillering. A similar increase in tiller number has been
observed in loss of function mutations in maize TBI or rice FINE CULM 1 (FC1), two homo-
logs of int-c [20,36,37]. TB1 and FCI directly affect tiller number by suppressing the outgrowth
of lateral buds. In the fcI mutant it has been demonstrated that the increase in tiller number is
due to reduced dormancy of the buds at the prophyll node, the most basal node of the tiller
[36]. Int-c in barley may affect bud outgrowth in a similar way by preventing the outgrowth of
axillary buds. Interestingly, our data shows that int-c mutants cease to grow out new tillers
after reaching flag leaf stage which causes the observed reduction in tiller number at late devel-
opmental stage. This indicates that the phenotype of int-c mutants differs from its homologs
tb1 or fcl which exhibit an increase in tiller number throughout all developmental stages
[36,37]. None of the other row type mutants exhibit an increase in tiller number at very early
developmental stages. In fact, vrs3 mutants which are also clustered in group 1a have signifi-
cant reduction in tiller numbers starting from flag leaf stage on.

The als, Int1 and int-b mutants in group 2 show an even stronger reduction in tillering
throughout their development. This is in line with previous observations that Int and als suc-
cessfully initiate primary AMs, but fail to generate secondary AMs [22,23]. Despite a similar
phenotype, Intl and int-b likely act in different pathways as double mutants do not produce
any tillers [22]. As als, Int1, and int-b exhibit a strong decrease in seed number, seed size and
tiller number, the causative mutations may directly initiate the formation or outgrowth of dif-
ferent meristematic tissues in barley. It has been shown before that tillering genes also modify
seed number. For example, the rice gene MONOCULM 1 (MOCI), a homolog of the A. thali-
ana boundary gene LATERAL SUPPRESSOR (LAS), affects shoot as well as inflorescence
branching [38].

In line with this, we propose that row type mutations in barley directly affect tiller initiation
or outgrowth as suggested by the strong effects on tillering at early developmental stages. One
exception to this are mutations in vrsI and vrs4 which cause a reduction in tillering only at
maturity likely due to resource limitations.

Conclusions

Shoot architecture is crucial for crop yield in cereals. We have shown that genes involved in
development of the branched inflorescence architecture of the grasses also control seed size
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and shoot branching. Our results indicate that correlations between shoot and spike architec-
ture are due to a) competition between different sink organs for limited assimilates or b) the
direct involvement of row type genes in the initiation and growth control of different plant
organs, seeds and tillers. We thus speculate that the same regulatory genes or modules may
control the development of different meristematic structures and organs in plants. Under-
standing how these genes are regulated and in turn control downstream targets in different
plant organs is important to improve yield by modifying shoot and spike architecture. The
results presented here provide a starting point for such studies.

Supporting Information

S1 Fig. Row type mutants have altered seed area compared to cv.s Bowman and Montcalm.
Graphs show the distribution of the seed area ranging between 10-45 mm?, n > 15 spikes. (A)
int-c.5, (B) vrs4.k, and (C) int-m.85 in Bowman background. (D) alsI.a compared to Mont-
calm. All parameters were derived from plants grown outdoors.

(TTF)

S2 Fig. Row type mutants have altered seed area compared to cv. Bonus. Graphs show distri-
bution of the seed area ranging between 10-45 mm?, n > 8 spikes. (A) vrs3(int-a.64), (B) int-
b.3, (C), int-b.6, (D) int-b.75, (E) int-c.5, (F) vrs1(hex-v.3), (G) vrs1(hex-v.6), and (H) vrs4(int-
e.65). All parameters were derived from plants grown outdoors.

(TTF)

S3 Fig. Row type mutants have altered seed area compared to cv. Foma. Graphs show the
distribution of the seed area ranging between 10-45 mm?, n > 8 spikes. (A) vrs3(int-a.8), (B)
vrs3(int-a.27), (C) int-c.13, (D) int-c.25, (E) vrsl(int-d.11), (F) vrs1(int-d.22), (G) vrs4(int-
e.20), and (H) int-f.19. All parameters were derived from plants grown outdoors.

(TTF)

$4 Fig. Six-rowed vrsI mutants have altered seed area compared to cv. Barke. Graphs show
the distribution of the seed area ranging between 10-45 mm?, n > 8 spikes. (A) vrsI(11910)
BC;S;, and (B) vrs1(8408) BC;S;. All parameters were derived from plants grown outdoors.
(TTF)

S5 Fig. Row type mutants show positive or negative correlations between seed number per
spike and TGW. (A) Correlation coefficients (r) of seed number per spike vs. TGW between
row type mutants and their respective wild types. (B-D) Exemplary x-y scatterplots depicting
data points from mutant and wild type and their respective correlation coefficients. All param-
eters were derived from plants grown outdoors.

(TIF)

S6 Fig. Pleiotropic effects of mutations in different row type genes on tiller number cv.
Bonus. Letters indicate groups of genotypes with significant differences from one another at
the same time point determined by a one-way ANOVA (p < 0.05). Tiller numbers shown in
this graph are derived from plants grown outdoors.

(TIF)

S7 Fig. Pleiotropic effects of mutations in different row type genes on tiller number cv.
Foma. Letters indicate groups of genotypes with significant differences from one another at the
same time point determined by a one-way ANOVA (p < 0.05). Tiller numbers shown in this
graph are derived from plants grown outdoors.

(TTF)
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S8 Fig. Pleiotropic effects of point mutations of VrsI in Barke EMS TILLING lines. Letters
indicate groups of genotypes with significant differences from one another at full maturity
determined by a one-way ANOVA (p < 0.05). Tiller numbers shown in this graph are derived
from plants grown outdoors.

(TIF)

S9 Fig. Development of the shoot apex of row type mutants compared to wild type under
controlled greenhouse conditions. (A) vrs3, int-b, int-c, vrs1, vrs4, and Int1 in Bowman back-
cross; and (B) int-f in Foma background. Development was staged according to Waddington
etal. [27]. Error bars represent standard deviation.

(TIF)

$10 Fig. Average tiller number and relative performance of row type mutants in the out-
door experiment and under greenhouse conditions. Relative performance was calculated
using the respective wild type growing under the same conditions. In case multiple experiments
were performed under greenhouse conditions, only results from one representative experiment
are shown. Results from all individual experiments can be found in S1 File. Stars (*) indicate a
significant difference between the mutant and wild type determined by a one-way ANOVA

(p < 0.05).

(TTF)

S11 Fig. Tillering of int-c mutants in cv. Foma. Ten biological replicates per genotype were
grown in a controlled greenhouse under long day (LD) conditions. (A) Pictures of three repre-
sentative plants per genotype were taken at 32 DAE. (B) This plot shows the tillering behavior
of int-c and -f mutants from emergence until the age of 13 weeks after emergence. The gray area
indicates the time period when plants reached flag leaf stage. The different genotypes within the
same background did not differ significantly in flowering time. Bars indicate + standard devia-
tion. *Indicate significant difference (p< 0.05) when compared to Bowman background in int-
c.29 and int-f.19 (**) or in int-c.25, int-c.29 and int-f.19 (***).

(TIF)

$12 Fig. Row type mutants (except int-c) show no change in tillering behavior during dev-
lopment. Ten biological replicates per genotype were grown in a controlled greenhouse under
long day (LD) conditions. These plots show the tillering behavior of different row type mutants
in Bowman background compared to Bowman until the age of ten weeks after emergence. (A)
vrs3(int-a.1) and vrs3.f; (B) int-b.3 and int-m.85; (C) vrsl.a and vrsd.k; and (D) Int1(int-1.81),
Intl.a and alsl.a. Bars indicate + standard deviation. Statistical differences are shown in S5
Table.

(TIF)

S1 File. Raw trait data obtained for the row type mutants under outdoor and greenhouse
conditions.
(XLSX)

S2 File. Raw trait data seed parameters measured using the MARVIN analyser.
(XLSX)

S1 Table. Names and backgrounds of mutant alleles used in this study.
(DOCX)

S2 Table. Verification of the mutations in the vrsI gene.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0140246 October 14,2015 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s016

@’PLOS ‘ ONE

Pleiotropic Effects of Barley Row Type Genes

S3 Table. TGW extrapolated by measuring seed weight per spikes compared to measure-
ments performed on 240-280 seeds.
(XLSX)

$4 Table. Tiller number, flowering time and plant height of row type mutants grown under
outdoor conditions
(XLSX)

S5 Table. Genetic and environmental effect of row type mutants on tillering.
(DOCX)

$6 Table. int-c mutants do not change their tiller number significantly after flag leaf stage.
(DOCX)

S7 Table. Tillering behaviour of row type mutants in cv. Bowman during development
when grown under greenhouse conditions.
(XLSX)

Acknowledgments

We would like to thank Sigi Effgen, Marianne Harperscheidt and Andrea Lossow for excellent
technical assistance and Caren Dawidson for excellent plant care. We thank Maret-Linda
Kalda for plant photography. Barke EMS TILLING lines were kindly provided by Nils Stein
(IPK Gatersleben) and Sven Gottwald (University of Gieflen). CL was funded by the Interna-
tional Max Planck Research School. WvE was funded by CEPLAS.

Author Contributions

Conceived and designed the experiments: CL WvE MK. Performed the experiments: CL RN
WVE. Analyzed the data: CL WVE MvK. Wrote the paper: CL WvE MvK MK.

References

1. FAOSTAT Food and Agriculture Organization of the United Nations—Statistics Division. pp. Available:
http://faostat3.fao.org/download/Q/QC/E. Accessed10 March 2015.

2. EvansLT. Crop evolution, adaptation and yield.: Cambridge University Press;1996.

Kjaer B, Jensen J. Quantitative trait loci for grain yield and yield components in a cross between a six-
rowed and a two-rowed barley. Euphytica. 1996; 90: 39-48.

4. Sakuma S, Salomon B, Komatsuda T. -The Domestication Syndrome Genes Responsible for the Major
Changes in Plant Form in the Triticeae Crops. Plant Cell Physiol. 2011; 52: 738-749. doi: 10.1093/pcp/
pcr025 PMID: 21389058

5. Lundqvist U, Franckowiak JD, Konishi T. New and revised description of barley genes. Barley Genet.
Newsl. 1997; 26: 22-516.

6. Lundqvist U.Scandinavian mutation research in barley—a historical review. Hereditas. 2014; 151. doi:
10.1111/hrd2.00077 PMID: 25491643

7. Gustafsson A, Lundqvist U. Hexastichon and Intermedium Mutants in Barley. Hereditas. 1980; 92:
229-236.

8. Komatsuda T, Pourkheirandish M, He CF, Azhaguvel P, Kanamori H, Perovic D, et al. Six-rowed barley
originated from a mutation in a homeodomain-leucine zipper I-class homeobox gene. Proc Natl Acad
Sci U S A.2007; 104: 1424-1429. PMID: 17220272

9. Koppolu R, Anwar N, Sakuma S, Tagiri A, Lundqvist U, Pourkheirandish M, et al. Six-rowed spike4
(Vrs4) controls spikelet determinacy and row-type in barley. Proc Natl Acad SciU S A. 2013; 110:
13198-13203. doi: 10.1073/pnas.1221950110 PMID: 23878219

10. Tanaka W, Pautler M, Jackson D, Hirano HY.Grass Meristems II: Inflorescence Architecture, Flower
Development and Meristem Fate. Plant Cell Physiol. 2013; 54: 313—-324. doi: 10.1093/pcp/pct016
PMID: 23378448

PLOS ONE | DOI:10.1371/journal.pone.0140246 October 14,2015 18/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140246.s021
http://faostat3.fao.org/download/Q/QC/E
http://dx.doi.org/10.1093/pcp/pcr025
http://dx.doi.org/10.1093/pcp/pcr025
http://www.ncbi.nlm.nih.gov/pubmed/21389058
http://dx.doi.org/10.1111/hrd2.00077
http://www.ncbi.nlm.nih.gov/pubmed/25491643
http://www.ncbi.nlm.nih.gov/pubmed/17220272
http://dx.doi.org/10.1073/pnas.1221950110
http://www.ncbi.nlm.nih.gov/pubmed/23878219
http://dx.doi.org/10.1093/pcp/pct016
http://www.ncbi.nlm.nih.gov/pubmed/23378448

@’PLOS ‘ ONE

Pleiotropic Effects of Barley Row Type Genes

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ayoub M, Symons SJ, Edney MJ, Mather DE. QTLs affecting kernel size and shape in a two-rowed by
six-rowed barley cross. Theor Appl Genet. 2002; 105: 237—247. PMID: 12582525

Kirby EJM, Riggs TJ. Developmental Consequences of 2-row and 6-row Ear Type in Spring Barley.2.
Shoot Apex, Leaf and Tiller Development. J Agric Sci. 1978; 91:207-216.

Mueller D, Leyser O. Auxin, cytokinin and the control of shoot branching. Ann Bot. 2011; 107: 1203—
1212. doi: 10.1093/aob/mcr069 PMID: 21504914

Schmitz G, Theres K.Shoot and inflorescence branching. Curr Opin Plant Biol. 2005; 8: 506-511.
PMID: 16054429

Leyser O. The control of shoot branching: an example of plant information processing. Plant Cell Envi-
ron. 2009; 32: 694-703. doi: 10.1111/j.1365-3040.2009.01930.x PMID: 19143993

McSteen P, Leyser O. Shoot branching. Annu Rev Plant Biol. Palo Alto: Annual Reviews. 2005; 353—
374.

McSteen P. Hormonal Regulation of Branching in Grasses. Plant Physiol. 2009; 149: 46-55. doi: 10.
1104/pp.108.129056 PMID: 19126694

Hussien A, Tavakol E, Horner DS, Munoz-Amatriain M, Muehlbauer GJ, Rossini L. Genetics of Tillering
in Rice and Barley. Plant Genome. 2014; 7.

Studer A, Zhao Q, Ross-Ibarra J, Doebley J. Identification of a functional transposon insertion in the
maize domestication gene tb1. Nat Genet. 2011; 43: 1160-U1164. doi: 10.1038/ng.942 PMID:
21946354

Ramsay L, Comadran J, Druka A, Marshall DF, Thomas WTB, Macaulay M, et al. INTERMEDIUM-C, a
modifier of lateral spikelet fertility in barley, is an ortholog of the maize domestication gene TEOSINTE
BRANCHED 1. Nat Genet. 2011; 43: 169-U125. doi: 10.1038/ng.745 PMID: 21217754

Ritter MK, Padilla CM, Schmidt RJ. The maize mutant barren stalk1 is defective in axillary meristem
development. Am J Bot. 2002; 89: 203—210. doi: 10.3732/ajb.89.2.203 PMID: 21669728

Dabbert T, Okagaki RJ, Cho S, Heinen S, Boddu J, Muehlbauer GJ. The genetics of barley low-tillering
mutants: low number of tillers-1 (Int1). Theor Appl Genet. 2010; 121: 705-715. doi: 10.1007/s00122-
010-1342-5 PMID: 20407739

Dabbert T, Okagaki RJ, Cho S, Boddu J, Muehlbauer GJ. The genetics of barley low-tillering mutants:
absent lower laterals (als). Theor Appl Genet. 2009; 118: 1351-1360. doi: 10.1007/s00122-009-0985-
6 PMID: 19241055

Druka A, Franckowiak J, Lundqvist U, Bonar N, Alexander J, Houston K, et al. Genetic Dissection of
Barley Morphology and Development. Plant Physiol. 2011; 155: 617-627. doi: 10.1104/pp.110.
166249 PMID: 21088227

Gottwald S, Bauer P, Komatsuda T, Lundqvist U, Stein N. TILLING in the two-rowed barley cultivar
'Barke' reveals preferred sites of functional diversity in the gene HvHox1. BMC Res Notes. 2009; 2:
258-258. doi: 10.1186/1756-0500-2-258 PMID: 20017921

Waddington SR, Cartwright PM, Wall PC. A Quantitative Scale of Spike Initial and Pistil Development
in Barley and Wheat. Ann Bot. 1983; 51: 119-130

Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and display of genome-wide expres-
sion patterns. Proc Natl Acad Sci U S A. 1998; 95(25): 14863—14866. PMID: 9843981

Beveridge CA, Weller JL, Singer SR, Hofer JMI. Axillary meristem development. Budding relationships
between networks controlling flowering, branching, and photoperiod responsiveness. Plant Physiol.
2003; 131:927-934. PMID: 12644645

Liu C, Teo ZWN, Bi Y, Song S, Xi W, Yang X, et al. A Conserved Genetic Pathway Determines Inflores-
cence Architecture in Arabidopsis and Rice. Dev Cell. 2013; 24: 612—-622. doi: 10.1016/j.devcel.2013.
02.013 PMID: 23537632

Conti L, Bradley D. TERMINAL FLOWER?1 is a mobile signal controlling Arabidopsis architecture. Plant
Cell. 2007; 19: 767-778. PMID: 17369370

Riggs TJ, Kirby EJM. Developmental Consequences of 2-row and 6-row Ear Type in Spring Barley
part1 Genetic-Analysis and Comparison of Mature Plant Characters. J Agric Sci. 1978; 91(1): 199—
205.

Jiao YQ, Wang YH, Xue DW, Wang J, Yan MX, Liu G, et al. Regulation of OsSPL14 by OsmiR156
defines ideal plant architecture in rice. Nat Genet. 2010; 42: 541-536. doi: 10.1038/ng.591 PMID:
20495565

Miura K, keda M, Matsubara A, Song XJ, Ito M, Asano K,et al. OsSPL14 promotes panicle branching
and higher grain productivity in rice. Nat Genet. 2010; 42: 545-549. doi: 10.1038/ng.592 PMID:
20495564

PLOS ONE | DOI:10.1371/journal.pone.0140246 October 14,2015 19/20


http://www.ncbi.nlm.nih.gov/pubmed/12582525
http://dx.doi.org/10.1093/aob/mcr069
http://www.ncbi.nlm.nih.gov/pubmed/21504914
http://www.ncbi.nlm.nih.gov/pubmed/16054429
http://dx.doi.org/10.1111/j.1365-3040.2009.01930.x
http://www.ncbi.nlm.nih.gov/pubmed/19143993
http://dx.doi.org/10.1104/pp.108.129056
http://dx.doi.org/10.1104/pp.108.129056
http://www.ncbi.nlm.nih.gov/pubmed/19126694
http://dx.doi.org/10.1038/ng.942
http://www.ncbi.nlm.nih.gov/pubmed/21946354
http://dx.doi.org/10.1038/ng.745
http://www.ncbi.nlm.nih.gov/pubmed/21217754
http://dx.doi.org/10.3732/ajb.89.2.203
http://www.ncbi.nlm.nih.gov/pubmed/21669728
http://dx.doi.org/10.1007/s00122-010-1342-5
http://dx.doi.org/10.1007/s00122-010-1342-5
http://www.ncbi.nlm.nih.gov/pubmed/20407739
http://dx.doi.org/10.1007/s00122-009-0985-6
http://dx.doi.org/10.1007/s00122-009-0985-6
http://www.ncbi.nlm.nih.gov/pubmed/19241055
http://dx.doi.org/10.1104/pp.110.166249
http://dx.doi.org/10.1104/pp.110.166249
http://www.ncbi.nlm.nih.gov/pubmed/21088227
http://dx.doi.org/10.1186/1756-0500-2-258
http://www.ncbi.nlm.nih.gov/pubmed/20017921
http://www.ncbi.nlm.nih.gov/pubmed/9843981
http://www.ncbi.nlm.nih.gov/pubmed/12644645
http://dx.doi.org/10.1016/j.devcel.2013.02.013
http://dx.doi.org/10.1016/j.devcel.2013.02.013
http://www.ncbi.nlm.nih.gov/pubmed/23537632
http://www.ncbi.nlm.nih.gov/pubmed/17369370
http://dx.doi.org/10.1038/ng.591
http://www.ncbi.nlm.nih.gov/pubmed/20495565
http://dx.doi.org/10.1038/ng.592
http://www.ncbi.nlm.nih.gov/pubmed/20495564

@’PLOS ‘ ONE

Pleiotropic Effects of Barley Row Type Genes

34.

35.

36.

37.

38.

Kebrom TH, Chandler PM, Swain SM, King RW, Richards RA, Spielmeyer W. Inhibition of Tiller Bud
Outgrowth in the tin Mutant of Wheat Is Associated with Precocious Internode Development. Plant Phy-
siol. 2012; 160: 308—318. doi: 10.1104/pp.112.197954 PMID: 22791303

Sakuma S, Pourkheirandish M, Matsumoto T, Koba T, Komatsuda T. Duplication of a well-conserved
homeodomain-leucine zipper transcription factor gene in barley generates a copy with more specific
functions. Funct Integr Genomics. 2010; 10: 123-133. doi: 10.1007/s10142-009-0134-y PMID:
19707806

Goto Y, Tanabe M, Ishibashi T, Tsutsumi N, Yoshimura A, Nemoto K. Tillering behavior of the rice fine
culm 1 mutant. Plant Prod Sci.2005; 8: 68-70.

Doebley J, Stec A, Hubbard L. The evolution of apical dominance in maize. Nature. 1997; 386: 485—
488. PMID: 9087405

Li XY, Qian Q, Fu ZM, Wang YH, Xiong GS, Zeng D,et al. Control of tillering in rice. Nature 2003; 422:
618-621. PMID: 12687001

PLOS ONE | DOI:10.1371/journal.pone.0140246 October 14,2015 20/20


http://dx.doi.org/10.1104/pp.112.197954
http://www.ncbi.nlm.nih.gov/pubmed/22791303
http://dx.doi.org/10.1007/s10142-009-0134-y
http://www.ncbi.nlm.nih.gov/pubmed/19707806
http://www.ncbi.nlm.nih.gov/pubmed/9087405
http://www.ncbi.nlm.nih.gov/pubmed/12687001

