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Grain shape and size are involved in the main components of the domestication
syndrome in cereals. Wheat grain shape has been dramatically altered at each
stage of the domestication of tetraploid wheat and through common wheat
speciation. To elucidate the evolutionary change of wheat grain shape, principal
component (PC) analysis of grain shape-related traits was first conducted using
wild and cultivated tetraploid, synthetic hexaploid, and common wheat accessions.
The synthetic hexaploid wheat lines were previously produced through interspe-
cific crosses between two common wheat progenitors, tetraploid wheat and
Aegilops tauschii, and produced grains similar to those of cultivated tetraploid
wheat. To identify genetic loci related to the difference in grain shape between
common wheat and the synthetic wheat, the 15 traits related to grain and spikelet
shape were measured in 108 F, individuals between Norin 61 and a synthetic
wheat line, and the first three PC values for the 15 traits, PC1, PC2 and PC3,
were mapped as quantitative traits in the F, population. In total, six QTLs,
found on chromosomes 1A, 5A, 1D, 2D and 7D, showed significant LOD
scores. Among them, a QTL for PC2, located on the 2DS chromosomal region
near the Ppd-D1 locus, mainly contributed to the phenotypic difference in grain
shape. Tg-D1, controlling tenacious glume phenotype, was located at a similar
region to the 2DS QTL, which suggested that the Tg-DI locus pleiotropically
affects not only glume toughness but also spikelet and grain shape in hexaploid
wheat. Therefore, it was predicted that wheat grains were rapidly improved
toward a shorter and rounder phenotype accompanied with free-threshing wheat
formation.
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2010). In addition, grain size and shape are associated

INTRODUCTION

An increase in grain size, significantly related to grain
yield, is considered to be one characteristic of the domes-
tication syndrome (Fuller, 2007). In rice, grain shape is
recognized as a major target for artificial selection during
the domestication process, as is grain size (Kovach et al.,
2007). In contrast to rice, wheat grain shape is not con-
sidered to have been a component of the domestication
syndrome, although abundant variation in grain shape
has been found in wheat and its relatives (Gegas et al.,
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with milling quality and yield in wheat (Evers et al.,
1990; Breseghello and Sorrells, 2006). Therefore, grain
size and shape have been two of the main targets for arti-
ficial selection and breeding in common wheat as well as
in other cereals.

Many quantitative trait loci (QTLs) for grain size and
shape have been identified in common wheat, Triticum
aestivum L. (Campbell et al., 1999; Dholakia et al., 2003;
Breseghello and Sorrells, 2006, 2007; Sun et al., 2009;
Gegas et al., 2010). Wheat domestication occurred in
einkorn and tetraploid wheat (Salamini et al., 2002;
Matsuoka, 2011), and a relatively small grain with a long,
thin shape was improved to a uniform larger grain with



300 Y. OKAMOTO et al.

a short, wide shape during domestication (Gegas et al.,
2010). In fact, wheat grain size predominantly increased
early in domestication (Gegas et al., 2010). There is lit-
tle information on improvement of grain shape during the
process of common wheat speciation, though in a mapping
population with recombinant inbred lines between a syn-
thetic hexaploid wheat line, W7984, and a common wheat
cultivar, Opata 85, the strongest QTL for kernel length
was on chromosome 5B (Breseghello and Sorrells,
2007). Synthetic hexaploid wheat can be artificially pro-
duced from crosses between two common wheat progeni-
tors, Triticum turgidum L. and Aegilops tauschii Coss.
(Matsuoka and Nasuda, 2004). Therefore, synthetic
hexaploid wheat is useful in elucidating the evolutionary
alteration in grain size and shape that occurred early in
common wheat breeding. Primitive hexaploid wheat
species exhibit broad variation in grain size and shape, in
contrast to modern wheat varieties, meaning that the
modern breeding germplasm has lost grain shape varia-
tion, probably due to selection for more uniform grain
shape in the elite varieties (Gegas et al., 2010). In the
elite wheat varieties, grain width is markedly increased,
whereas grain length is decreased (Gegas et al., 2010).

In our previous studies, a number of synthetic hexaploid
wheat lines were produced from crosses between T.
turgidum cultivar Langdon (Ldn) and various Ae. tauschii
accessions (Takumi et al.,, 2009a; Kajimura et al.,
2011). Glumes of the synthetic hexaploid wheat lines
tenaciously enclose grains, which makes it difficult to
thresh seeds easily from spikelets. In addition, the
wheat synthetics seem to provide larger grains than the
elite varieties. The hulled trait is generally controlled by
the Tg (tenacious glume) and ¢ (speltoid) loci in wheat
(Salamini et al., 2002; Matsuoka, 2011; Dvorak et al.,
2012). Recent reports demonstrated that spikelet hull
and panicle traits affect grain morphology in rice (Song et
al., 2007; Shomura et al., 2008; Huang et al., 2009; Zhou
et al., 2009). In wheat, the relation between spikelet
morphology and grain shape is not clear. Because of
large variations in spikelet and floral morphological traits
in the Ae. tauschii population (Matsuoka et al., 2009;
Takumi et al., 2009b), synthetic wheat lines can be used
to estimate the effects of spikelet morphology on grain
shape in a hexaploid genetic background.

Here, to elucidate improvement of grain shape after the
birth of common wheat, we compared grain shape-related
traits between common wheat cultivars and synthetic
hexaploid wheat lines. Principal component (PC) analy-
sis can be used for examining the main patterns of vari-
ation in the morphological data (Klingenberg, 2010). In
fact, QTL analysis based on PC values for leaf morphology
was quite useful for understanding natural variations in
leaf shape and size of Antirrhinum species (Langlade et
al., 2005). Together with the phenotypic variation in
grain shape among several wheat groups, we discuss the

relationship between the identified QTLs for PC values of
grain shape-related traits and wheat speciation.

MATERIALS AND METHODS

Plant materials In total, 26 Ae. tauschii accessions, 26
tetraploid wheat accessions, 22 common wheat cultivars,
and 34 synthetic hexaploid wheat lines were used in this
study (Table 1). The tetraploid wheat included two wild
species, Triticum dicoccoides and Triticum araraticum,
and seven subspecies of a cultivated T. turgidum. The
common wheat cultivars included 9 Japanese cultivars
and 9 KU-numbered landraces from Afghanistan, Nepal,
Iran, and the United Kingdom. For production of the
wheat synthetics, the tetraploid wheat cultivar Langdon
(Ldn) was used as the female parent and was crossed with
each of the 26 Ae. tauschii accessions. The F; progeny
were grown and selfed to produce synthetics (herein
designated the F, generation) as previously reported
(Takumi et al., 2009a; Mizuno et al., 2010). All 30 syn-
thetics (Ldn x Ae. tauschii) were independently generated
through unreduced gamete formation in each of the trip-
loid F; hybrids (Matsuoka and Nasuda, 2004). The syn-
thetics thus contained the A and B genomes from Ldn and
the diverse D genomes originating from the Ae. tauschii
pollen parents. Some of the triploid F; hybrids between
Ldn and Ae. tauschii show abnormal growth, such as
hybrid necrosis, hybrid chlorosis and severe growth abor-
tion (Matsuoka et al., 2007; Mizuno et al., 2010). Hybrids
showing necrosis, chlorosis and severely aborted growth
were excluded from the 27 synthetics. In addition, four
synthetic wheat lines were newly established through
crossing a Triticum durum cultivar (KU-136) and one
wild wheat (Triticum dicoccoides) accession (KU-8736A)
with the four Ae. tauschii accessions, KU-2124, AE1038,
PI1476874 and KU-2025, in the present study (Table
1). The four synthetic lines exhibited normal plant
architecture. The somatic chromosome number of 42
was previously confirmed using two F; seeds from one F,
plant of each synthetic (Kajimura et al., 2011). In the
present study, F; plants derived from one F, plant of each
synthetic were used.

For a mapping population, 108 F; individuals from a
single F; plant between a Japanese common wheat culti-
var, Norin 61, and a synthetic hexaploid wheat line
between Ldn and Ae. tauschii P1476874 were used.

Evaluation of grain shape and other morphological
traits Seeds of the sample accessions were sown in
November 2009 (three seeds per accession) and plants
grown under field conditions at Kobe University. The
accessions were arranged in the field using a randomized
design. For each accession, a single healthy individual
was chosen for analysis of grain-shape variation. Four
traits, seed length, seed width, seed height and the
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Table 1. Strain numbers and sources of wheat accessions used in this study

Ae. tauschii accessions (n = 26)

AE1090, 1G47259, KU-2069, KU-2091, KU-2093, KU-2097, KU-2103, KU-2126, PI1476874, KU-2811, KU-2124, AE929,
1G126387, 1G48042, KU-20-8, KU-2092, KU-2105, KU-2158, KU-2159, KU-2829A, KU-2814, KU-2090, KU-2152, 1G46663,

I1G131606, CGN10768

Tetraploid wheat accessions (n = 26)***

T. timopheevii subsp. armeniacum: KU-8451, KU-8672, KU-8713, KU-8944

turgidum subsp. pyramidale: KU-9882

. turgidum subsp. polonicum: KU-9894, KU-144
turgidum subsp. paleocolchicum: KU-190-2

. orientale Perc.: KU-3368

T. abysinicum Vav.: KU-9281

o I~ I~ e~ I o~ B o= B |

Common wheat cultivars (n = 22)

. turgidum subsp. dicoccoides: KU-8736A, KU-1952, KU-8941, KU-14401, KU-8817, KU-1978B, KU-1959B
. turgidum subsp. dicoccon: KU-7309, KU-1063a, KU-10501, KU-3371, KU-10497
. turgidum subsp. durum: KU-136, KU-328, KU-125, Langdon (Ldn)

Akadaruma, Fukuwase-komugi, Shirasagi-komugi, Norin 61, Igachikugo, Haya-komugi, Aka-komugi, Akabozu, Kinuiroha,
Chinese Spring, Bobwhite, Mironovskaya 808, Fielder, KU-330, KU-370, KU-3045, KU-3083, KU-3121, KU-3126, KU-3184,

KU-3189, KU-4770
Synthetic wheat lines (n = 34)

LdnxAE1090, LdnxIG47259,* LdnxKU-2069, LdnxKU-2091, LdnxKU-2093, LdnxKU-2097, LdnxKU-2103,* LdnxKU-2126,
LdnxPI1476874,* LdnxKU-2811, LdnxKU-2124,* LdnxAE929, LdnxIG126387, LdnxIG48042, LdnxKU-20-8, LdnxKU-2092,
LdnxKU-2105, LdnxKU-2158, LdnxKU-2159, LdnxKU-2829A, LdnxKU-2814, LdnxKU-2090, LdnxKU-2152, LdnxIG46663,
LdnxIG131606, LdnxCGN10768, KU-136xKU-2124, KU-8736AxAE1038**, KU-8736AxP1476874, KU-8736AxKU-2025

KU: Plant Germ-Plasm Institute, Graduate School of Agriculture, Kyoto University, Japan

PI: National Small Grains Research Facility, USDA-ARS, USA

IG: International Center for Agricultural Research in the Dry Areas (ICARDA)

CGN: Centre for Genetic Resources, The Netherlands

AE: Institut fiir Pflanzengenetil und Kulturpflanzenforschung (IPK), Germany

*: Two synthetic lines produced from independent crosses
**: An accession of Ae. tauschii

*##%: Taxonomic classification of tetraploid wheat was referred to Matsuoka (2011), catalogue of KU, and the Wheat
Classification Table Site (http:/www.k-state.edu/wgrc/Taxonomy/taxintro.html).

length-to-width ratio, were used for evaluation of grain
shape. The grain shape measurements were done using
more than 10 seeds for each accession.

In the F; mapping population, the four traits for grain
shape and the following eleven traits were assessed: spike
length (SL), spikelet length (SpL), empty glume length
(GL), empty glume width (GW), lemma length (LL),
lemma width (LW), number of spikelets per spike (SpN),
number of seeds per spike, hundred seed weight (HSW),
spikelet density (SpD), and selfed seed fertility (SSF).
Traits were measured on the central spikelets of the first,
second, and third spikes before anthesis. For each spike-
let, only the components of the first and second florets
were used; two lemmata and two empty glumes were
measured. The mean of the replicated measurements
over three spikes was calculated for each trait and used
as the trait value in subsequent analyses.

The data were statistically analyzed using JMP soft-
ware ver. 5.1.2 (SAS Institute, Cary, NC, USA). The cor-

relations among the examined traits were estimated
based on Pearson’s correlation coefficient values. PC
analysis was also conducted using JMP software.

Genotyping and construction of a linkage map
To amplify PCR fragments of simple sequence repeat
(SSR) markers, total DNA was extracted from the parents
and F, individuals using standard procedures. For the
SSR genotyping, 40 cycles of PCR were performed using
2x Quick Taq HS DyeMix (TOYOBO, Osaka, Japan) and
the following conditions: 10 s at 94°C, 30 s at the anneal-
ing temperature, and 30 s at 68°C. The last step was
incubation for 1 min at 68°C. Information on SSR mark-
ers and their annealing temperature was obtained from
the National BioResource Project (NBRP) KOMUGI web
site  (http://www.shigen.nig.ac.jp/wheat/komugi/strains/
aboutNbrpMarker.jsp) and the GrainGenes web site
(http://wheat.pw.usda.gov/GG2/maps.shtml). The PCR
products were separated by 2% agarose or 13% nondena-
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turing polyacrylamide gels and visualized under UV light
after staining with ethidium bromide. For polyacrylam-
ide gel electrophoresis, the high efficiency genome scan-
ning system (Nippon Eido, Tokyo, Japan) of Hori et al.
(2003) was used. Genetic mapping was performed using
MAPMAKER/EXP version 3.0b software (Lander et al.,
1987). The threshold for log-likelihood scores was set at
3.0, and genetic distances were calculated with the
Kosambi function (Kosambi, 1944). Chromosomal assign-
ment of SSR markers was generally conducted based on
other reference maps (Somers et al., 2004; Torada et al.,
2006; Kobayashi et al., 2010a).

Polymorphism at the Ppd-D1 locus was detected using
allele-specific primers according to Beales et al.
(2007). A common forward primer, Ppd-D1_F (5'-ACGC-
CTCCCACTACACTG-3", and two reverse primers, Ppd-
D1_R1 (5-GTTGGTTCAAACAGAGAGC-3") and Ppd-
D1_R2 (5'-CACTGGTGGTAGCTGAGATT-3"), were used
for this PCR analysis. PCR products amplified with the
Ppd-D1_F and Ppd-D1_R2 detected a 2,089-bp deletion in
the 5' upstream region of Ppd-D1, indicative of the photo-
period-insensitive Ppd-Dla allele (Beales et al., 2007).
The amplified PCR products were separated by electro-
phoresis through a 2% agarose gel and stained with ethid-
ium bromide.

The genotype at the g locus was also confirmed using
restriction site polymorphisms as previously reported
(Asakura et al.,, 2009). Three intragenic regions were
amplified using ¢-specific primers, and then the amplified
products were digested with Mspl, Taql or Mbol. After
separation of the digested fragments by electrophoresis
through a 2% agarose gel and staining with ethidium bro-
mide, the presence or absence of the three restriction sites
was determined with reference to the previous data
(Asakura et al., 2009).

QTL analysis of morphological traits QTL analysis
was carried out by composite interval mapping with
Windows QTL Cartographer ver. 2.5 software (Wang et
al., 2007) using the forward and backward method. A
log-likelihood (LOD) score threshold of 3.0 was deter-
mined. The percentage of phenotypic variation explained
by a QTL for a trait and any additive effects were also

estimated using the software.

Scanning electron microscope observation of
wheat grains Grains were snapped in the middle
using a straight razor, and a transverse section was ana-
lyzed by an S-3400N scanning electron microscope
(Hitachi High-Technology, Tokyo, Japan). Scanning
electron microscopy was conducted without any pretreat-
ment at an accelerating voltage of 8.00 kV under low vac-
uum conditions of 70 Pa at —25°C according to previous
reports (Araki et al., 2009; Kobayashi et al., 2010b).

RESULTS

Grain shape variation in various wheat groups
Four traits associated with grain shape were compared
among five wheat groups, i.e., wild diploid wheat (Ae.
tauschii), wild tetraploid wheat, cultivated tetraploid
wheat, common wheat, and synthetic hexaploids (Table
2). In all four traits, significant differences (P < 0.05)
were observed among the five groups. The Ae. tauschii
grains were the smallest of the five groups, and the wild
wheat groups showed narrower grains than cultivated
ones. The wild tetraploid wheat had the slenderest
grains, and grain width and height were much larger in
the cultivated groups than in the wild groups.

PC analysis based on the four traits was performed in
all accessions of the four allopolyploid wheat groups. The
first two values for the four traits, PC1 and PC2, were
mainly related to grain shape and size (Table 3). The
accumulated proportion of PC1 and PC2 in the total vari-
ation of grain shape was 96.9% (75.1% for PC1 and 21.8%
for PC2). Scatter plots with PC1 and PC2 of the allopo-
lyploid wheat were continuous, but with three subgroups
(Fig. 1). The 11 wild tetraploid wheat accessions formed
one subgroup, and the 22 common wheat cultivars
belonged to distinct subgroup. The distribution of the
cultivated tetraploid wheat accessions and synthetic
hexaploid wheat lines overlapped.

Thirty hexaploid synthetic lines were independently
derived from interspecific crosses between Ldn and 27
parental Ae. tauschii accessions. These synthetics were
used for comparison of transmission of D-genome varia-

Table 2. Grain shape characters in the five wheat groups examined in this study

Seed length

Seed width

Seed height Length/width ratio

mean £ SD min max

mean + SD min max

mean + SD min max mean £ SD min max

Ae. tauschii (n = 26)
Wild 4x wheat (n = 11)
Cultivated 4x wheat (n = 15) g8.52 + 0.78° 7.22 10.19

5.36 + 0.53° 4.44 6.35
9.86 + 0.38* 9.21 10.35
Common wheat (n = 22) 6.92 + 0.42¢ 6.25 7.61

Synthetic wheat (n = 34) 9.03 + 0.47" 8.08 10.01

2.46 * 0.34" 2.03 3.13
2.06 £ 0.19° 1.82 2.51
3.06 + 0.32% 2.38 3.46
3.15 + 0.29* 2.29 3.73
3.07 £ 0.27* 2.40 3.50

1.52 £0.27° 1.06 1.93 220 + 0.28° 1.67 2.71

2.27 +0.16° 2.01 252 481 +0.35* 4.05 5.19
3.20 £ 0.28* 2.65 3.59 281+ 0.34" 2.27 3.29
3.09+0.28* 2.45 3.74 22921 +0.22° 1.90 2.82

3.17 £ 0.32* 2.39 3.83 297 + 0.36° 2.47 4.00

Mean values with the same letters were not significantly different (P > 0.05) (Tukey-Kramer HSD test).
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Table 3. Eigenvectors for PC1 and PC2 based on the PC anal-
ysis of grain shape in tetraploid, common and syn-
thetic hexaploid wheat

Trait PC1 PC2

Eigenvalue 3.00 0.87
Contribution rate (%) 75.1 21.8
Total contribution rate (%) 75.1 96.9
Seed length -0.38 0.80
Seed width 0.54 0.29
Seed height 0.49 0.50
Length/width of seed -0.56 0.18
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Fig. 1. Scatter plots based on the two PC values of grain shape
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triangles), synthetic hexaploid (black circles), and common
(white circles) wheat. Arrows indicate positions of the two
parental lines of the mapping population and Ldn.

tion in the four traits from the parental Ae. tauschii acces-
sions to the hexaploid wheat background. Scatter plots
of the four traits showed significant correlations between
the diploid and hexaploid wheat backgrounds (Fig. 2).
Therefore, the variation in grain shape in Ae. tauschii was
well maintained in the hexaploid background of the syn-
thetic wheat lines.

Construction of a linkage map and QTL analysis of
grain shape A total of 842 SSR primer sets were tested
for polymorphisms between Norin 61 and a synthetic line
(Ldn x PI476874), and 243 sets (28.9%) showed polymor-
phism for one or two alleles. In addition, the Ppd-D1I
locus on chromosome 2D was mapped using allele-specific
primer sets (Beales et al., 2007). Norin 61 contained a
photoperiod-insensitive allele at Ppd-DI and the syn-
thetic wheat line contained a sensitive allele. Similarly,
genotypes of the ¢ locus on chromosome 5A were com-
pared between the mapping parents using allele-specific
restriction sites (Asakura et al., 2009), but no polymor-
phisms were found. This indicated that Norin 61 and
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Fig. 2. Correlation of the four grain shape-related traits, seed
length (A), seed width (B), seed height (C) and length-to-width
ratio (D), between the synthetic wheat lines and Ae. tauschii
accessions.

the synthetic wheat line share the same genotype (a dom-
inant @ allele) at the g locus. Moreover, a phenotypic
marker for non-glaucousness was mapped, and the
marker was the well-known Iw2 on chromosome 2D
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(Tsunewaki and Ebana, 1999; Liu et al., 2007). Norin 61
exhibited wax production on the peduncle surface,
whereas the synthetic wheat line lacked a waxy appear-
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Table 4. Eigenvectors for PC1, PC2 and PC3 based on the PC
analysis of grain and spikelet shape-related traits in
the mapping population

ance. A genetic map was constructed based on the seg- Trait PC1 PC2 PC3
regation of the 216 loci using the 108 F; individuals. The Eigenvalue 455 341 245
total map length was 3,173.8 cM with an average spacing Contribution rate (%) 303 9227 16.3
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Fig. 3. Linkage maps and QTL-likelihood curves of LOD scores based on the PC1 (broken lines) and PC2 (black lines) values for grain
and spikelet shape on chromosomes 5A, 2D and 7D. Black bars at the PC1 and PC2 QTL regions on chromosomes 2D and 7D indicate
the QTL regions of each trait examined in the present study. Comparative maps of the 2DS QTL for PC2 and the Tg-D1 region on
chromosome 2D are represented, and the Tig-DI position is indicated on chromosome 2D of the DSAt5403 (CS2D) x CS map (Dvorak

et al., 2012).
indicated by a dashed line.

Genetic distances are represented in centimorgans on the right of each chromosome.

The 3.0 LOD score threshold is
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1D, 2D and 7D showed significant LOD scores > 3.0 (P <
0.05) (Fig. 3). A major QTL for PC2 with an LOD score
of > 11.2 was located on the short arm of chromosome 2D
and contributed 31-41% of the PC2 variation (Table
5). The molecular markers Xwmcl12 and Ppd-D1
flanked this QTL at an interval of 17.3 cM (Fig. 3). The
F, individuals carrying the Norin 61 allele at the 2D QTL
produced shorter and rounder grains than those with the
synthetic wheat allele. No other QTLs for PC2 with an
LOD score > 3.0 were detected. Three QTLs for PC1 on
chromosomes 5A, 2D and 7D respectively accounted for
22-23%, 10-12% and 11-20% of the phenotypic variation.
The 2D QTL for PC1 was located near the QTL for
PC2. The F, individuals carrying the Norin 61 allele at
the 5A or 7D QTLs produced smaller grains than those
with the synthetic wheat allele. Two QTLs on chromo-
somes 1A and 1D contributed 12-14% and 10-13% of the
PC3 variation, respectively.

Correlation between grain shape and spikelet shape-
related traits To analyze the relationship between grain
shape and spikelet shape, correlation coefficients were
calculated among the examined traits in the F, mapping
population (Supplementary Table S1). Seed length
showed a significantly positive correlation to length of the
empty glume, lemma, spikelet and spike. Seed width
was highly correlated to width of the empty glume, lemma
and seed height. Significantly high correlations were
also found between grain weight and grain shape. These
observations indicated that spikelet shape-related traits
significantly affect wheat grain shape.

In total, 47 QTLs for grain and spikelet shape-related
traits were found based on the morphological data and
the genetic map of the Fy individuals (Supplementary Fig.
S1). These QTLs showed significant LOD scores > 3.0
(P < 0.05), and were distributed on various wheat chro-
mosomes (Supplementary Table S2). All four traits for
grain shape were under the control of chromosome 2D,
and QTLs for the seed width and length-to-width ratio
were positioned at a similar chromosomal region to that
of the 2D QTL for PC2 (Fig. 3). The two QTLs on chro-
mosome 2D explained 17.6-36% of the variation in seed
width and 25.3-40.9% in length-to-width ratio. At this

Table 5. Summary of the QTLs for three PCs in the mapping

population
Chr. ;(312 Marker interval A;l;lfit;:e Contfoi/gu tion
PC1 5A 3.02-3.26 Xcfa2155 - Xgwmb95 —0.85 — -0.80 22 — 23
PC1 2D 3.02-3.57 Ppd-D1 - Xgwm30  0.88 — 0.98 10 - 12
PC1 7D 3.08-4.62 Xhbd154 - Xwmc488 -1.39 —-0.96 11 — 20
PC2 2D 11.2-12.9 XwmeclI2 - Ppd-D1 -1.69 —-146 31 -44
PC3 1A 3.00-3.19 Xbarcl19 - Xgwmll 0.75 - 0.81 12-14
PC3 1D 3.05-3.38  Xcfd92 - Xcfd83 0.67 - 0.77 10-13

region, six other QTLs for empty glume width, lemma
width, spike length, number of spikelets, grain number
and grain weight also overlapped. These six QTLs pro-
vided high LOD scores, and contributed highly to the phe-
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Fig. 4. Effects of three genotypes of Ppd-D1 (filled bars) and
wmell2 (white bars) at the 2DS QTL on the four traits for
wheat grain shape. Means + standard deviation with the same
letter were not significantly different (P > 0.05) (Tukey-Kramer
HSD test).
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notypic variation in each grain and spikelet shape-related
trait. Similarly, two QTLs for seed width and three
other QTLs for spike length, spikelet density and grain
weight were assigned to the 5D QTL region associated
with the grain and spikelet shape PC1 (Fig. 3).

Effect of the 2D QTL on wheat grain To study effects
of the 2D QTL on grain shape, data of the four traits for
grain shape was grouped based on the genotypes at the
Xwmcel12 and Ppd-D1 loci of each F, individual. All four

traits were significantly (P < 0.05) distinct among geno-
types at the Xwmc112 and Ppd-D1 loci (Fig. 4). The F,
individuals carrying the Norin 61 homozygous allele at
the Xwmcl12 and Ppd-D1 loci produced significantly
rounder grains than those with the synthetic wheat
homozygous and heterozygous alleles. The F, individu-
als with the synthetic wheat homozygous allele at the
Xwmcl12 and Ppd-D1 loci showed significantly slenderer
grains than other individuals. These results demon-
strated that the 2D QTL in the Xwmc112 and Ppd-D1

Fig. 5. Scanning electron microscopic observation of transverse sections of wheat grains. Photos of the outside (A to E) and inside

(F to J) regions are represented. Arrowheads indicate cell wall.

SC; seed coat, AL; aleurone layer, LS; large starch granule. (A, F)

Norin 61. (B, G) Synthetic wheat line (Ldn x PI476874). (C, H) F, #42, containing the Norin 61-type allele of Ppd-D1. (D, 1) F, #85,
containing the synthetic wheat-type allele of Ppd-D1. (E, J) F, #83, containing the synthetic wheat-type Ppd-D1 allele and the Norin

61-type Xwmc112 allele.
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chromosomal region significantly affects the difference in
grain shape between Norin 61 and the synthetic wheat.

To compare filling of starch granules in grains between
Norin 61 and the synthetic wheat, transverse sections of
wheat grains were observed using a scanning electron
microscope. The synthetic wheat (Ldn x PI476874)
exhibited a thinner seed coat than Norin 61, and cells
were more ordered under the aleurone layer of the syn-
thetic wheat than in Norin 61 (Fig. 5). However, the
thickness of the seed coat and the cell arrangement under
the aleurone layer were unrelated to the genotype at the
Xwmecll2 and Ppd-D1 loci. Large and small starch
granules filled the inside of the endosperm in grains of
Norin 61 and the synthetic wheat, and no allelic differ-
ences in the filling of starch granules were observed to be
significant in the F, individuals.

DISCUSSION

Improvement of grain shape after common wheat
speciation Grain shape and size are included in the
main components of the domestication syndrome in
cereals. A long, thin primitive grain was transformed
into a wider, shorter modern grain during wheat domes-
tication (Gegas et al., 2010). Our observations supported
previous results; grain shape was longer and thinner in
wild tetraploid wheat, whereas it was shorter and wider
in cultivated tetraploid wheat (Table 2, Fig. 1). In addi-
tion, grain height was greater, and the length-to-width
ratio was smaller in cultivated tetraploid wheat, implying
that grain shape became rounder during wheat domesti-
cation. Common wheat exists only as its cultivated form,
meaning as an innate cultivar (Matsuoka, 2011). In fact,
the common wheat grains were significantly shorter and
rounder than the cultivated tetraploid wheat grains
(Table 2, Fig. 1). On the other hand, the synthetic
hexaploid wheat provided grains similar to those of culti-
vated tetraploid wheat, although the D genome of Ae.
tauschii was artificially added to the AB genomes of tet-
raploid wheat through allohexaploidization. If the syn-
thetic hexaploids represent the primitive form of common
wheat, it could be assumed that grain shape of modern
common wheat was improved from the tetraploid-type
morphology to the common wheat-type one during wheat
breeding.

Natural variation in grain shape of Ae. tauschii was
reflected in the hexaploid background of synthetic wheat
(Fig. 2). This observation implied that the D genome at
least partly affects the grain shape of hexaploid wheat,
but the effect of the D genome seemed to be limited
because the correlation coefficient values were low, espe-
cially in seed length, seed width and length-to-width
ratio. Therefore, the tetraploid wheat genome mainly
contributed to grain shape in synthetic hexaploid
wheat. It has been considered that the A genome pre-

dominantly controls morphological traits including spike
shape, grain shape, and thickness of empty glumes in
allopolyploid wheat (Peng et al., 2003; Zhang et al.,
2011). The predominant effects of the A genome on
wheat morphology might result in limitation of the D-
genome contribution to wheat grain shape.

We identified six QTLs for the first three PC values of
grain and spikelet shape on chromosomes 1A, 5A, 1D, 2D
and 7D. Of them, the 2D QTL for PC2, located on the
2DS chromosomal region around the Ppd-D1 locus,
mainly contributed to the difference in grain shape
between common wheat and the synthetic hexaploid
(Table 5, Fig. 3). Thus, the 2DS QTL for PC2 could be
strongly related to the morphological improvement of
grains from primitive to modern common wheat. The ¢
locus on the long arm of chromosome 5A is a major domes-
tication-related gene pleiotropically affecting several mor-
phological traits including glume shape, spike length and
plant height (Muramatsu, 1986; Kato et al., 2003). The
5A QTL for PC1 was located at a similar position to g, but
the phenotypic effect of the 5A QTL was lower than
expected from the @ effect. Because both mapping par-
ents contained the dominant @ allele, the 5A QTL for PC1
is not necessarily identical to the q locus. A significant
QTL for seed length was reported on chromosome 5B in
a population between W7984 (a synthetic hexaploid) and
Opata 85 (Breseghello and Sorrelles, 2007), and molecu-
lar markers on chromosomes 2D, 5A and 5B were associ-
ated with kernel morphology using 95 soft winter wheat
cultivars (Breseghello and Sorrelles, 2006). Similarly,
many QTLs for grain shape have been found in many pre-
vious studies using mapping populations among common
wheat cultivars (Dholakia et al., 2003; Sun et al., 2009;
Gegas et al., 2010). Based on the chromosomal location
of previously identified QTLs for grain shape, the QTLs
for PC1 and PC2 on chromosomes 2D and 7D seem to be
newly identified.

The 7D QTL for PC1 of grain and spikelet shape coex-
isted with a QTL for spikelet density (Fig. 3). Barley
spike density is under the control of several major genes,
and one of them, dense spike-ar (dsp.ar), is assigned to
chromosome 7H (Shahinnia et al., 2012). The dsp.ar
locus affects not only spike density but also grain size,
and a mutant allele of dsp.ar leads to compact spikes and
smaller grains (Shahinnia et al.,, 2012). The chromo-
somal position of our identified QTL for PC1 on chromo-
some 7D might be orthologous to the barley dsp.ar locus.

Contribution of the QTL on chromosome 2D to
grain shape improvement The 2DS QTL for PC2 of
grain and spikelet shape was positioned near Ppd-
Di. The chromosomal region of the 2DS QTL signifi-
cantly contributed to determination of wheat grain shape
but not grain size (Fig. 4). Norin 61 contained a photo-
period-insensitive allele in the Ppd-D1I locus, whereas the
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synthetic wheat line (Ldn x PI476874) is sensitive to pho-
toperiod for flowering. Thus, the synthetic wheat
showed much later heading and flowering time than
Norin 61, and a remarkable QTL with a > 10 LOD score
was detected at Ppd-D1 in the F, mapping population
(data not shown). The grain-filling process progressed
under higher temperatures in the late-flowering synthetic
wheat than in early-flowering Norin 61 because the tem-
perature gradually increased in the field in April and May
(data not shown). Therefore, it could be assumed that
the allelic difference at Ppd-D1 affected grain filling in
the F, individuals. Our scanning electron microscope
observations of transverse sections of wheat grains indi-
cated that filling of starch granules in the endosperm was
independent of the Ppd-D1 alleles (Fig. 5). No signifi-
cant difference in internal grain structure was observed,
and thus the distinct flowering time could be unrelated to
differences in grain shape and size between the Ppd-D1
alleles. Therefore, Ppd-D1 can be excluded from candi-
dates for the 2DS QTL for PC2.

Two loci controlling the tenacious glume phenotype, Tg-
B1 (=Tg2) and Tg-D1 (= Tgl), have been identified in tet-
raploid and common wheat (Kerber and Rowland, 1974;
Simonetti et al., 1999). Tg-DI is located just distally
from Ppd-D1 on 2DS (Jantasuriyarat et al., 2004; Sood et
al., 2009; Dvorak et al.,, 2012). Glumes tenaciously
enclose grains in the synthetic hexaploid wheat lines,
whereas modern cultivars including Norin 61 are free-
threshing wheat. Tg is epistatic to @, and the QQTgTg
genotype has a non-free-threshing phenotype (Matsuoka,
2011). Because the genotype of Ldn, a free-threshing
cultivar, is predicted to be QQtg2tg2, the synthetic
hexaploid wheat lines and Norin 61 are considered to be
QQtg2tg2TglTgl and QQtg2tg2tgligl, respectively. The
chromosomal position of the 2DS QTL for PC2 of the
grain and spikelet shape corresponded to that of Tg-D1I
(Fig. 3). This result strongly suggests that Tg-DI con-
trols the differences in spikelet and grain shape between
Norin 61 and synthetic wheat, in addition to their thresh-
ability, and pleiotropically affects not only glume tough-
ness but also spikelet and grain shape in hexaploid
wheat. The toughness of empty glume and lemma prob-
ably is related to their morphology and indirectly regu-
lates kernel growth. The tenacious glume of hulled
wheat may strongly restrict grain expansion, and soft
glumes may enable wheat grain enlargement even beyond
the size of the lemma. At the chromosomal region of the
2DS QTL for PC2, QTLs for spike length, grain number
and spikelet number co-localized. Significant correla-
tions between glume tenacity and spike shape-related
traits have been previously reported (Jantasuriyarat et
al., 2004). Thus, the Tg-D1 locus might have a signifi-
cant influence on spike shape in hexaploid wheat.

Because Ae. tauschii is hulled, primitive hexaploid
wheat was hulled, and free-threshing common wheat is

considered to have been derived from a hulled ancestor
(Matsuoka, 2011; Dvorak et al., 2012). It has been
strongly predicted that the tetraploid parent of common
wheat was not hulled emmer but a free-threshing form of
tetraploid wheat (Dvorak et al.,, 2012). In addition,
hexaploid wheat with the genotype QQtg2tg2Tg1Tg1 was
a transient form that existed for a short period prior to
emergence of free-threshing common wheat (Matsuoka,
2011). Therefore, the genetic change from TgiTgl to
tgltgl occurred at an early phase after hexaploid wheat
speciation, meaning that wheat grains were rapidly
improved to the smaller, rounder phenotype that accom-
panied the formation of free-threshing wheat. This idea
is based on the assumption that the 2DS QTL for PC2 of
spikelet and grain shape is identical to Tg-DI. To test
the assumption, molecular cloning of Tg-D1 and produc-
tion of a near-isogenic line of the 2DS QTL using tightly
linked markers would be required.
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