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Abstract

The complex process of allopolyploid speciation includes various mechanisms ranging from species crosses and
hybrid genome doubling to genome alterations and the establishment of new allopolyploids as persisting natural
entities. Currently, little is known about the genetic mechanisms that underlie hybrid genome doubling, despite the
fact that natural allopolyploid formation is highly dependent on this phenomenon. We examined the genetic basis for
the spontaneous genome doubling of triploid F1 hybrids between the direct ancestors of allohexaploid common wheat
(Triticum aestivum L., AABBDD genome), namely Triticum turgidum L. (AABB genome) and Aegilops tauschii Coss.
(DD genome). An Ae. tauschii intraspecific lineage that is closely related to the D genome of common wheat was
identified by population-based analysis. Two representative accessions, one that produces a high-genome-doubling-
frequency hybrid when crossed with a T. turgidum cultivar and the other that produces a low-genome-doubling-
frequency hybrid with the same cultivar, were chosen from that lineage for further analyses. A series of investigations
including fertility analysis, immunostaining, and quantitative trait locus (QTL) analysis showed that (1) production of
functional unreduced gametes through nonreductional meiosis is an early step key to successful hybrid genome
doubling, (2) first division restitution is one of the cytological mechanisms that cause meiotic nonreduction during the
production of functional male unreduced gametes, and (3) six QTLs in the Ae. tauschii genome, most of which likely
regulate nonreductional meiosis and its subsequent gamete production processes, are involved in hybrid genome
doubling. Interlineage comparisons of Ae. tauschii’s ability to cause hybrid genome doubling suggested an
evolutionary model for the natural variation pattern of the trait in which non-deleterious mutations in six QTLs may
have important roles. The findings of this study demonstrated that the genetic mechanisms for hybrid genome
doubling could be studied based on the intrinsic natural variation that exists in the parental species.
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Introduction

Allopolyploidy, i.e., polyploid formation via interspecific
hybridization and subsequent genome doubling, is an important
mode of speciation in plants. Allopolyploid formation, and
ultimately speciation, is initiated by a species cross that
produces interspecific F1 hybrids. Because the chromosomes

inherited from the diverged parents are unable to pair with each
other in meiosis, such hybrids usually have very low fertility, but
may undergo genome doubling through somatic doubling,
through union of unreduced gametes, or by means of a triploid
bridge [1]. As a result of hybrid genome doubling, a new
allopolyploid is formed with a complete set of somatic
chromosomes from the parental species merged in a common
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nucleus. Newly formed allopolyploids may have, in addition to
improved fertility, genetic and ecological advantages such as
extreme phenotypic traits and reproductive isolation that
provide avenues for exploiting the peaks in an adaptive
landscape.

Allopolyploid speciation is a complex process that includes a
variety of mechanisms ranging from species crosses and viable
hybrid formation to hybrid genome doubling, genome
alterations and the establishment of new allopolyploids as
persisting entities in ecosystems. Owing mainly to the
development of modern molecular techniques, recent studies
have revealed novel details about genome alterations,
including rapid genetic, epigenetic, and genomic changes, with
which hybridization and allopolyploid genome formation are
accompanied [2]. For the other mechanisms, however, several
fundamental questions remain to be addressed. Particularly,
very little progress has been made so far in understanding the
genetic mechanisms that underlie hybrid genome doubling,
even though the occurrence of natural allopolyploid formation is
highly dependent on this phenomenon.

Direct ancestors of common wheat (Triticum aestivum L.),
Triticum turgidim L. (AABB genome) and Aegilops tauschii
Coss. (formerly known as Aegilops squarrosa L.) (DD
genome), provide suitable materials for studying the genetic
mechanisms for hybrid genome doubling. T. turgidum is one of
the “founder grain crops” that were domesticated in the Fertile
Crescent about 10,000 years ago, whereas Ae. tauschii is a
selfing species that is widely distributed in central Eurasia [3].
The center of Ae. tauschii’s current distribution is in the
southern coastal region of the Caspian Sea and Azerbaijan,
whereas the natural habitats spread from the center eastward
to western China via the Kopet Dag Mountains of Turkmenistan
and westward to central Syria via the valleys of mountainous
southeastern Turkey [4]. Allohexaploid common wheat
(AABBDD genome) originated in the Middle East/
Transcaucasus region ca. 8,000 years ago and is derived from
a natural hybrid cross between a cultivated form of T. turgidum
(female parent) and the wild species Ae. tauschii (male parent)
[5,6]. By making artificial crosses between T. turgidum and Ae.
tauschii, an essential part of natural T. aestivum formation can
be reproduced using neither chemicals nor embryo rescue
techniques. Through such crosses, triploid F1 hybrids (ABD
genome) that spontaneously undergo genome doubling by
setting hexaploid seeds (AABBDD genome) via union of
unreduced gametes can be obtained [7–9]. In wheat, therefore,
an occurrence of hybrid genome doubling is detectable as a
selfed seed set of the triploid F1 hybrids. Artificial crosses can
also provide such hybrids that display various postzygotic
barriers, i.e., such abnormalities as severe dwarfness and
necrotic dysgenesis [10–13].

Since the report of unreduced gametes forming in a T.
turgidum-Ae. tauschii F1 hybrid that underwent spontaneous
genome doubling [14], the genetic underpinning of the T.
turgidum-Ae. tauschii hybrid genome doubling has extensively
been studied by the use of artificial hybrids derived from
various parental genotypes. In the T. turgidum-Ae. tauschii F1

hybrids, functional male and female gametes are produced by
nonreductional meiosis that generates unreduced gametes

[7,8,15]. Those studies reported that (1) the hybrids produce
unreduced gametes through a meiotic process that includes
single cell division rather than two consective divisions, and (2)
the occurrence of hybrid genome doubling is genetically
controlled [7,8,15–22]. In addition, a previous artificial-cross
study that used a T. turgidum cultivar as the tester showed the
geographic patterns of cryptic natural variation for fertile triploid
F1 hybrid formation in Ae. tauschii [11]. When crossed with a T.
turgidum accession, some Ae. tauschii accessions produced
high-genome-doubling-frequency hybrids (HGD hybrids; selfed
seed set rate > 0.5), others produced low-genome-doubling-
frequency hybrids (LGD hybrids; selfed seed set rate < ca. 0.1),
whereas many accessions produced triploid F1 hybrids that
have intermediate genome doubling frequencies (selfed seed
set rates ranging from 0.1 to 0.5). The geographic and
chloroplast-DNA-based genealogical structures of this
intraspecific variation, however, are not evident. Interestingly,
the Ae. tauschii accessions that gave rise to hexaploid-seed-
setting hybrids have a wide geographic distribution, whereas
those that caused hybrid abnormality are restricted to particular
regions. Furthermore, the triploid F1 hybrids showed extensive
variation in the selfed seed set rates (7.5-68.3%) depending on
the genotype of the Ae. tauschii accessions, suggesting that, in
those hybrids, the occurrence of genome doubling is under
some sort of genetic control. These results underscored the
potential of Ae. tauschii natural accessions for studying the
genetic mechanisms that underlie hybrid genome doubling and
invited further work. Unanswered questions regarding the
hybrid genome doubling that occurred in the allopolyploid
speciation of common wheat include: (1) whether or not some
intraspecific lineages of the ancestors are more capable of
producing hexaploid-seed-setting F1 hybrids than others; (2)
what cytological mechanisms underlie the hybrid genome
doubling; and (3) how many and what kind of genes are
involved in hybrid genome doubling in the T. turgidum-Ae.
tauschii system. Obviously, these questions have direct
relevance to understanding the complex process of
allopolyploid speciation in plants.

In this paper, we addressed these questions with the use of
Ae. tauschii’s natural variation regarding hybrid genome
doubling. For the purpose of the study, we first analyzed the
population structure of Ae. tauschii and identified the lineage
that is genetically closely related to the D genome of common
wheat. We then performed a series of genetic and cytological
analyses using two representative accessions of Ae. tauschii
lineages, one accession that produces an HGD hybrid when
crossed with a T. turgidum cultivar ‘Langdon’ (LDN) and
another accession that produces an LGD hybrid with LDN. The
findings of this study demonstrated that the genetic
mechanisms for hybrid genome doubling in allopolyploid
speciation could be studied based on the intrinsic natural
variation that exists in the parental species and provided novel
insights into the evolution of common wheat.

Genetic Basis for Wheat Hybrid Genome Doubling
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Results

Ae. tauschii intraspecific lineages and their
relationships to the D genome of common wheat

To identify the Ae. tauschii intraspecific lineage that is most
closely related to the D genome of common wheat, population-
level analyses were conducted using a Diversity Arrays
Technology marker genotype dataset for 206 Ae. tauschii
accessions that represented the entire species range and a
diverse array of 188 common wheat accessions consisting of
traditional and modern cultivars of the East and West and one
synthetic wheat line W7984 (Table S1). In a previous amplified-
fragment-length-polymorphism study that used a portion of the
206 Ae. tauschii accession set, three distinct intraspecific
lineages were found [23]. Consistent with that result, a principal
component analysis (PCA) of the DArT dataset showed that
the 206 Ae. tauschii accessions are grouped into the same
three intraspecific lineages: TauL1 (renamed from L1), TauL2
(renamed from L2), and TauL3 (renamed from HGL17) (Figure
1, Table S2). Geographically, the TauL1 accessions are widely
spread across the species range, whereas the TauL2 and
TauL3 accessions are restricted to the Transcaucasus/Middle
East region and Georgia, respectively (Figure S1). In contrast,
almost all common wheat accessions formed a single isolated
cluster that was more closely associated with TauL2 and
TauL3 than TauL1. Two common wheat accessions were
exceptionally closely associated with Ae. tauschii: the synthetic
wheat line W7984 (placed near TauL2) and an Ethiopian
landrace KU-9873 (placed near TauL3). The reason for the
KU-9873-Ae. tauschii association was not clear. Separation of
the D genome of common wheat from Ae. tauschii was fully
consistent with the results of restriction-fragment-length-
polymorphism, microsatellite, and single-nucleotide-
polymorphism studies [24–26].

To examine further the population structure of Ae. tauschii
and its relationship to the D genome of common wheat, we

Figure 1.  Graph of the first two axes from a PCA based on
DArT marker variations.  The first component (x) accounts for
41.8% and the second (y) for 8.5% of the total variance. Circles
denote Ae. tauschii TauL1 (purple), TauL2 (green), and TauL3
(red), and triangles T. aestivum.
doi: 10.1371/journal.pone.0068310.g001

estimated K, i.e., the number of putative genepools that best
explained the pattern of variations at the DArT-marker loci, by
the use of a Bayesian clustering approach implemented in the
software program STRUCTURE 2.3 [27]. Calculation of ∆K, an
ad hoc statistic based on the second order rate of change of
likelihood of K [28], based on the STRUCTURE output
indicated pronounced genepool differentiation at K=2 (Figure
2). At K=2, TauL1 and common wheat were grouped into
distinct genepools, whereas TauL2 and TauL3 formed an
intermediate genepool, a result consistent with the PCA result
(Figure 3, Table S3). The distinction between TauL2 and
TauL3 was not obvious, possibly because of the small
accession sample size of TauL3. The PCA and Bayesian
clustering, therefore, showed close genetic relationships of the
TauL2 and TauL3 accessions to the D genome of common
wheat. Of those, we chose the TauL2 accessions for further
study, because these accessions had the necessary genotypic
and phenotypic variability that was required for the genetic
analyses of hybrid genome doubling (Figure 1, see below).

Notwithstanding the observed close genetic relationship of
TauL2 with the D genome of common wheat, whether the
TauL2 accessions represented descendants of the Ae. tauschii
populations that were involved in the 8,000-years-ago
allopolyploid speciation of common wheat was not clear. To
address this issue, the divergence time between TauL2 and the
D genome of common wheat was estimated by coalescent
analysis. Prior to performing the analysis, we examined the
structure of common wheat’s D genome population by
Bayesian clustering since previous studies had suggested
multiple origins for common wheat [29]. In a STRUCTURE
analysis of 187 common wheat accessions (excluding W7984),
common wheat’s D genome population was found to consist of
two deeply structured genepools, consistent with the multiple
origin hypothesis (Figure 4). In addition, possible less
pronounced differentiation was suggested at K=3. At K=2, the
187 common wheat accessions were classified into three
groups: AesL1, AesL2, and Admixed, using the threshold of

Figure 2.  Plot of ∆K from the STRUCTURE analysis of
the full set of sample accessions.  
doi: 10.1371/journal.pone.0068310.g002

Genetic Basis for Wheat Hybrid Genome Doubling
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0.9000 for the Q statistics (i.e., the estimated membership
coefficients for each individual in each genepool), (Figure 5).
Interestingly, AesL1 mainly consisted of Oriental cultivars,
whereas AesL2 was composed of Occidental cultivars (Table
S4).

To reduce the complexity in coalescent modeling, the
divergence time was inferred between AesL1 and TauL2 and
between AesL2 and TauL2. The allopolyploid speciation of
common wheat took place about 8,000 years ago after the
domestication of T. turgidum 10,000 years ago, whereas the
progenitors of the genus Aegilops radiated 2.5-4.5 million years
ago (MYA) [30]. Accordingly, we compared a model that
assumed a recent split through allopolyploid speciation
8,000-10,000 years ago (Model1) with another model that
assumed a deep split of 10,000-2.5 million years ago (Model2)
in each AesL1-TauL2 and AesL2-TauL2 analysis (Table 1). In
Model1, one-way immigration from the diploids (TauL2) to
hexaploids (AesL1 and AesL2) was allowed because each
AesL1 and AesL2 might have been the product of multiple
allopolyploid speciation events. In Model2, bidirectional
immigration was assumed, because, for most of the simulated
time span, each AesL1 and AesL2 represented a population of
diploids that became hexaploids only after a recent speciation.
The actual DArT marker mutation rates were not known, but
these values might be higher than point mutation rates
because the DNA variations detected by DArT markers are
largely a result of nucleotide substitutions and indels at

restriction sites [31]. For this reason, we used a mutation rate
of 10-8 per site per generation as a conservative estimate [32].

In the coalescent analyses, Model2 was found to fit the real
data better than Model1 in both AesL1-TauL2 and AesL2-
TauL2 splits because the proportions of the simulations
accepted in the rejection step of ABC were larger for Model2
than for Model1: 0.29 (Model1) and 0.71 (Model2) in the

Figure 4.  Plot of ∆K from the STRUCTURE analysis of
the 187 T. aestivum accessions.  
doi: 10.1371/journal.pone.0068310.g004

Figure 3.  Propotional membership (Q) of each Ae. tauschii and T. aestivum sample accession at.  K=2.
doi: 10.1371/journal.pone.0068310.g003

Figure 5.  Proportional membership (Q) of each T. aestivum accession at K=2.  
doi: 10.1371/journal.pone.0068310.g005

Genetic Basis for Wheat Hybrid Genome Doubling

PLOS ONE | www.plosone.org 4 August 2013 | Volume 8 | Issue 8 | e68310



AesL1-TauL2 analysis and 0.28 (Model1) and 0.72 (Model2) in
the AesL2-TauL2 analysis. The posterior distributions of
divergence time obtained by ABC under Model2 conditions
indicated 0.5-1.0 MYA as the lower limit for both AesL1-TauL2
and AesL2-TauL2 splits (Figure 6). These results did not
support the hypothesis that the D genome of common wheat
was derived from an ancestor of the TauL2 accessions through
allopolyploid speciation, whereas possible insufficient sampling
of the Ae. tauschii and T. aestivum accessions and the use of a
conservative estimate for DArT marker mutation rates might
have biased the divergence-time estimates upward.
Consequently, our population-level analyses identified TauL2
as one of the major existent Ae. tauschii lineages that are
genetically closely related to, but not the closest sister of, the D
genome of common wheat. We note, however, that this result
requires further testing, because a recent large-scale single
nucleotide polymorphism study suggested that a population
within TauL2 was the main source of the common wheat D
genome [26].

The ability of Ae. tauschii to cause hybrid genome
doubling

We examined if the TauL2 accessions are more able to
cause genome doubling in the triploid F1 hybrids with T.
turgidum than the TauL1 and TauL3 accessions. In our
previous experiment, 79 of the 206 Ae. tauschii accessions
were artificially crossed with LDN, and genome doubling
frequencies were obtained for 56 triploid F1 hybrids [11], (Y.
Matsuoka, unpublished data). A reanalysis of that data showed
that, within each lineage, the ability to cause genome doubling

Table 1. Prior distributions used in the approximate
Bayesian computation approach to compare alternative
demographic models for the AesL1-TauL2 and AesL2-
TauL2 splits.

Parameter Model1 Model2

Time of divergence
Uniform (8000-10,000 years
ago)

Uniform (0.01-2.5 MYA)

Population size 1a Uniform (0-10000 individuals)
Uniform (0-10000
individuals)

Population size 2b Uniform (0-10000 individuals)
Uniform (0-10000
individuals)

Population size 3c Uniform (0-10000 individuals)
Uniform (0-10000
individuals)

Immigration rate 1d Uniform (0-0.0001) Uniform (0-0.0001)
Immigration rate 2e 0 Uniform (0-0.0001)
Mutation ratef 1.0 × 10-8 1.0 × 10-8

a. Effective population size of modern Ae. tauschii lineage TauL2
b. Effective population size of modern common wheat D genome
c. Effective population size of ancestral Ae. tauschii population
d. Immigration rate from Ae. tauschii lineage TauL2 to the ancestor of common
wheat D genome (measured as the fraction of immigrants per generation)
e. Immigration rate from the ancestor of common wheat D genome to Ae. tauschii

lineage TauL2 (measured as the fraction of immigrants per generation)
f. Number of mutations per generation per locus.

in the hybrids with LDN greatly varies between accessions:
hybrid genome doubling frequencies ranging roughly from 0.1
to 0.6 in the TauL1-derived and TauL2-derived hybrids and
from 0.06 to 0.26 in the TauL3-derived hybrids (Figure 7, Table
S5). No obvious inter-lineage differentiation of that ability,
however, was observed because in each year 2004 and 2005
the mean hybrid genome doubling frequencies did not
significantly differ between the lineages (p=0.08-0.84, Steel-
Dwass tests for all possible pairs in each year). These results
did not indicate that the TauL2 accessions are more able to
cause hybrid genome doubling than the TauL1 and TauL3
accessions, but support the inference that the Ae. tauschii’s
ability to cause hybrid genome doubling is a trait of deep
evolutionary origin [11].

Figure 6.  Posterior distribution of divergence time.  A.
AesL1-TauL2 split. B. AesL2-TauL2 split.
doi: 10.1371/journal.pone.0068310.g006
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Male and female fertilities of the HGD and LGD hybrids
The TauL2 accessions included multiple HGD-hybrid

producers (KU-2088, KU-2092, KU-2103, KU-2104, KU-2106,
KU-2111, and KU-2159) and LGD-hybrid producers (KU-2080
and KU-2097) (Table S5). To study the detailed genetic
mechanism that underlies the genome doubling of T. turgidum-
Ae. tauschii triploid F1 hybrids, the accessions KU-2103
(representing the HGD-hybrid producers) and KU-2080
(representing the LGD-hybrid producers) were chosen for
further analyses. These two accessions were crossed with LDN
and the HGD-hybrid (i.e., LDN-KU-2103 hybrid) and LGD
hybrid (i.e., LDN-KU-2080 hybrid) produced without the use of
gibberellic acid solution and embryo rescue techniques [8]. The
hybrids grew to maturity without showing symptoms of necrotic
dysgenesis under our growth conditions. Consistent with the

Figure 7.  Box plots of genome doubling frequencies of
LDN-Ae.  tauschii triploid F1 hybrids.
A. year 2004. B. year 2005.
doi: 10.1371/journal.pone.0068310.g007

previous results, the HGD hybrid showed high genome
doubling frequencies (0.56 by self-crossing and 0.53 by spike-
bagging), whereas the LGD hybrid had low genome doubling
frequencies (0.08 by self-crossing and 0.05 by spike-bagging)
(Table 2).

The relationship between hybrid genome doubling and the
hybrids’ male and female fertilities was examined by a test
cross experiment with the HGD and LGD hybrid plants using a
hexaploid common wheat cultivar Chinese Spring (CS) as the
reference line (Table 3). The male fertility of the HGD hybrid
(0.76) was 3.3-hold higher than that of the LGD hybrid (0.23).
Similarly, the female fertility of the HGD hybrid (0.64) was 2.1-
fold higher than that of the LGD hybrid (0.30). The positive
correlation of hybrid genome doubling frequencies with the
degrees of hybrid male and female fertilities indicated that
production of functional male and female gametes is essential
for hybrid genome doubling to occur. In contrast, no obvious
indications of post-gametogenesis activities that could
negatively affect hybrid genome doubling (such as pollen-pistil
incompatibility) were observed because in each hybrid the “by
self-crossing” genome doubling frequency (0.56 for the HGD
hybrid and 0.08 for the LGD hybrid) was not less than, but
comparable to, the function of the male and female fertilities
(0.49 for the HGD hybrid and 0.07 for the LGD hybrid).
Furthermore, the hybrids’ emasculated florets set seeds only
when pollinated, indicating that no apomictic activity was
involved in this phenomenon. These findings showed that for
the HGD and LGD hybrids, whether genome doubling occurs is
mostly dependent on the successful production of functional
male and female gametes.

Male sporogenesis of the HGD and LGD hybrids
Because no apomictic seed set was observed in the test

cross experiment, the seed set of the HGD and LGD hybrids
must have resulted from union of male and female unreduced
gametes through fertilization. One logical hypothesis for the
observed positive correlation of hybrid genome doubling
frequencies with the degrees of male and female fertilities,
therefore, is that functional unreduced gametes might be
produced more abundantly in the HGD hybrid than in the LGD
hybrid. In fact, both hybrids produced pollen grains that were
intensively stained by aceto-carmine, but the variation in size
and stain-intensity made it difficult to evaluate the frequencies
of functional unreduced pollen grains based on morphology
(data not shown). Accordingly, we tested the hypothesis by
cytologically comparing sporogenesis in the hybrids. In this

Table 2. Genome doubling frequencies of the HGD (i.e.,
LDN-KU-2013) and LGD (i.e., LDN-KU-2080) triploid F1

hybrids.

HybridSelfing methodNo. PlantsNo. florets examined No. seedsSeed set rate
HGD Crossing 6 466 263 0.56
 Bagging 6 370 197 0.53
LGD Crossing 6 488 37 0.08
 Bagging 6 408 22 0.05

Genetic Basis for Wheat Hybrid Genome Doubling
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study, only male sporogenesis was analyzed because the
abundance of pollen mother cells (PMCs) facilitated sampling
and ensured that statistical tests could be conducted.

Our initial observation confirmed the occurrence of
nonreductional meiosis that produces pollen dyads instead of
tetrads in both HGD and LGD hybrids. Nonreductional meiosis
differed from typical meiosis in that the PMCs underwent a
single cell division (Figure 8). At late prophase, 21 univalent
chromosomes that were randomly distributed in the PMCs
became visible and subsequently aligned at the spindle
equator at metaphase (Figure 8B-C). At this stage,
chromosome pairing was not observed, indicative that
homoeologous pairing is suppressed by the action of the Ph
gene of LDN [33,34]. At late metaphase, the univalents split
into sister chromatids, but failed to move to the spindle poles
and formed a restitution nucleus (Figure 8D-E). Chromosomes
of the PMCs underwent equational division at anaphase and
started to decondense at telophase (Figure 8F-G). Symmetric
dyad daughter cells were the final products of the process
(Figure 8H). In parallel with the normal nonreductional process,
atypical cell divisions that produce PMCs having irregular
cytokinesis, lagging chromosomes, and bridges occurred in
both HGD and LGD hybrids (Figure 8I–R). Irregular cytokinesis
and lagging chromosomes were the most frequently observed
abnomalities. Notably, these aberrations were limited to cells at
metaphase or a later stage. The abnormal daughter cells such
as tetrads and hexads probably were the products of such
atypical cell divisions.

The hypothesis that functional unreduced gametes may be
produced more abundantly in the HGD hybrid than in the LGD
hybrid was tested by comparing the frequencies of aberrant
PMCs between the hybrids. To promote unbiased
representation of the cell division stages in the collected
materials, this analysis was conducted using PMCs obtained

Table 3. Test cross experiment to examine male and
female fertilities of the HGD hybrid, LGD hybrid, and CS
reference line.

Material,
tested

Egg
donor

Pollen
donor EmasculationTreatment

No.
Plants

No.
florets
examined

No.
seeds

Seed
set
rate

HGD
hybrid

CS
HGD
hybrid

Yes Crossing 9 240 182 0.76

 
HGD
hybrid

CS Yes Crossing 6 512 329 0.64

 
HGD
hybrid

None Yes Bagging 6 488 0 0

LGD
hybrid

CS
LGD
hybrid

Yes Crossing 9 240 55 0.23

 
LGD
hybrid

CS Yes Crossing 6 512 152 0.30

 
LGD
hybrid

None Yes Bagging 6 476 0 0

CS CS CS Yes Crossing 2 100 96 0.96
 CS CS No Bagging 9 340 324 0.95
 CS None Yes Bagging 11 340 0 0

from consecutive primary or secondary florets arrayed along
the rachis of a spike. Typically, three to six consecutive florets
covered prophase to the dyad stage. In total, six and five series
of florets were used for PMC sampling in the HGD and LGD
hybrids, respectively (26 florets for the HGD hybrid and 25
florets for the LGD hybrid). PMCs were randomly chosen from
each preparation (20 cells per floret) and examined for the
presence of irregular cytokinesis and lagging chromosomes.
Consistent with our initial observations, no aberrations were
observed in the PMCs at prophase and late prophase (Table
S6). At metaphase and subsequent stages, the cells having
irregular cytokinesis and/or lagging chromosomes were less
frequent in the HGD hybrid (108 out of 348 cells, 31.0%) than
in the LGD hybrid (203 out of 297 cells, 68.4%). A Pearson’s
chi-squared test indicated that the difference in the cell counts
was statistically significant (chi-squared value = 89.4, p=0.00).
This result provided support for our hypothesis and showed
that production of functional unreduced gametes through
nonreductional meiosis is an early step key to successful
hybrid genome doubling. In the stage-wise comparisons,
aberrant cell frequencies were smaller for the HGD hybrid than
for the LGD hybrid at metaphase and subsequent stages
(Figure 9). The differences in the cell counts were statistically
significant at metaphase (chi-squared value = 7.7, p=0.009),
the restitutive nucleus stage (chi-squared value = 33.4,
p=0.000), and telophase/dyads (chi-squared value = 58.3,
p=0.000). At anaphase, the aberrant cells were less frequent in
the HGD hybrid (30 out of 58 cells, 51.7%) than in the LGD
hybrid (38 out of 54 cells, 70.4%), but the difference was not
significant (chi-squared value = 4.1, p=0.055).

Mechanisms for the meiotic nonreduction
To address the question of what cytological mechanisms are

responsible for meiotic nonreduction in the unreduced gametes
of the T. turgidum-Ae. tauschii F1 hybrids, we analyzed the
modes of the single-cell-division pathway using molecular
cytogenetic techniques that enable description of meiotic
stages with respect to the cell-cycle dependent phosphorylation
of histone H3. Phosphorylation of histone H3 at Ser10 is
dependent on the cell cycle and an antibody against
phosphorylated histone H3 provides a reliable indicator of cell
division in normal plant meiosis: entire-chromosome
immunosignals for the meiosis I divisions and pericentromeric
immunosignals for the meiosis II divisions [35–37]. In fact, the
entire-chromosome and pericentromeric patterns of
immunosignals were observed in the male meiosis of common
wheat (Figure S2).

In the prophase and metaphase PMCs of the HGD and LGD
hybrids, the phosphoH3S10 signals were observed on entire
chromosomes (Figure 10A-B). The entire-chromosome signals
were visible at late prophase, strongest at early metaphase,
and weakened at late metaphase (Figure 10C–E). No
phosphoH3S10 signals were observed at the early restitutive
nucleus stage, indicating the chromosomes were decondensed
(Figure 10F). At the late restitutive nucleus stage and
anaphase, the phosphoH3S10 signals were observed at the
pericentromeric region of the chromosomes (Figure 10G–I). At
telophase during which cytokinesis occurred, the chromosomes
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Figure 8.  Pollen mother cell observations.  Stages of normal nonreductional meiosis (A–H) and PMCs undergoing atypical cell
divisions (I–T) are shown. The cells in A-I, L, N and Q were sampled from the HGD hybrid, the others are from the LGD hybrid. A.
Prophase. B. Late prophase. Twenty-one univalents are visible. C. Metaphase. D. Restitutive nucleus (polar view). E. Restitutive
nucleus (side view). F. Anaphase. G. Telophase. H. Dyad. I. Metaphase cell having a lagging chromosome. Sister chromatids are
visible. J. Metaphase cell having a lagging chromosome. Irregular cytokinesis occurs in the direction vertical to the metaphase plate
(i.e., vertical cytokinesis). K. Restitutive nucleus having decondensed lagging chromosomes. L. Restitutive nucleus undergoing
vertical cytokinesis. M. Dumbbell-shaped restitutive nucleus. Irregular cytokinesis forcibly splits the restitutive nucleus. N. Anaphase
cell having lagging chromosomes. O. Anaphase cell undergoing tri-polar division. The irregular cytokinesis seen in J seems to have
resulted in the cells of this type. P. Anaphase cell having chromosome bridges. Chromosomes separate in each of the daughter
cells that are produced through irregular cytokinesis. Q. Telophase cell undergoing irregular cytokinesis. R. Pollen dyad having a
decondensed lagging chromosome. S. Tetrad. T. Hexad.
doi: 10.1371/journal.pone.0068310.g008
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were decondensed and the signals no longer visible (Figure
10J). We observed total reconstruction of the spindle structure
at the restitutive nucleus stage. Early in this stage, the bipolar
spindle structure formed at metaphase (Figure 10C) was fully
dissociated (Figure 10F-G), whereas, later in this stage, the
bipolar spindle structure was reconstructed (Figure 10H).
These results showed that, in the single-cell-division pathway,
cytokinesis did not occur when the chromosomes underwent
the condensation pattern of normal meiosis I, whereas

Figure 9.  Stage-wise comparisons of aberrant cell
frequencies.  A. Prophase. B. Late prophase. C. Metaphase.
D. Restitutive nucleus. E. Anaphase. F. Telophase/Dyads. The
red and blue bars respectively denote the frequencies for HGD
and LGD hybrids.
doi: 10.1371/journal.pone.0068310.g009

cytokinesis occurred when the chromosomes underwent the
condensation pattern of normal meiosis II. In addition, the
restitutive nucleus stage, in which the chromosomes underwent
significant changes in condensation pattern, represented a
critical stage in the single-cell-division pathway. Accordingly,
the omission of the first division of normal meiosis was found to
be one of the important cytological mechanisms that cause
meiotic nonreduction in the T. turgidum-Ae. tauschii F1 hybrids.

Mapping of quantitative trait loci that affect hybrid
genome doubling

To evaluate what proportion of the variation in hybrid
genome doubling occurrence is attributable to genetic factors,
we estimated the broad-sense heritability of the trait. A
population of triploid segregants (279 plants) was produced by
crossing LDN with the F1 hybrid between Ae. tauschii
accessions KU-2103 (the HGD-hybrid producer) and KU-2080
(the LGD-hybrid producer). The triploid segregants were then
grown in a greenhouse with the HGD (14 plants) and LGD (17
plants) hybrids. To evaluate the hybrid genome doubling
frequency for each plant, the first six spikes were bagged for
selfing and 20 well-developed first and second florets per spike
were examined for seed set. Hybrid genome doubling
frequencies varied from 0.37 to 0.74 in the HGD hybrid (mean
0.56) and from 0.02 to 0.27 in the LGD hybrid (mean 0.14),
whereas the segregants showed a widely ranging rate varying
from 0.06 to 0.73 (mean 0.33) (Figure 11). Based on the
observed variances, the estimated broad-sense heritability of
hybrid genome doubling was calculated as 0.42
[{0.0161-0.5(0.0135+0.0051)}/0.0161] (0.32 when the rates
were angle transformed) (Table 4). This result showed that, in

Figure 10.  Immunostaining of male sporogenesis of the HGD hybrid.  Merged images of the chromatin (blue), alpha-tubuling
(green), and histone H3 phosphorylated at Ser 10 (phosphoH3S10) (red) signals. Essentially the same immunostaining pattern was
observed for the LGD hybrid. The cells shown are from the HDG hybrids. A. Early prophase. B. Late prophase. C. Early metaphase.
D. Late metaphase. E. Late metaphase (polar view). F. Restitutive nucleus. G. Late restitutive nucleus. H. Late restitutive nucleous.
I. Anaphase. J. Telophase.
doi: 10.1371/journal.pone.0068310.g010
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these hybrids, the occurrence of genome doubling is under
genetic control; however, environmental factors influenced the
expression of this trait to a considerable degree.

To investigate the genetic basis of hybrid genome doubling,
we addressed the question of how many genomic regions of
Ae. tauschii contribute to the phenotype by performing QTL
mapping. The 279 individuals of the triploid segregant
population were genotyped by the use of 77 D-genome specific
microsatellite markers. The linkage map based on those
markers (total length 742.3 centimorgan) had 59.8% coverage
of the wheat D genome (1242.1 centimorgan) [38]. In the QTL
analyses, a model for doubled haploids was used because the
data for the triploid segregants showed two genotype classes
with no possibility of heterozygosity. Multiple interval mapping
(MIM) [39] identified six genomic regions of Ae. tauschii as
QTLs that were associated with the occurrence of hybrid
genome doubling (Table 5; Figure 12). In a composite interval
mapping analysis [40,41], the peaks for QTL1 (chromosome 1)
and QTL5 (chromosome 6) did not meet the significance
threshold criterion (LOD=2.5). Comparison of the six QTL and
four QTL models through the MIM algorithm, however,
confirmed that the former had an improved likelihood (-903.4)
relative to the latter (-913.9). Among the six QTLs identified by

Figure 11.  Hybrid genome doubling frequencies.  The
frequencies were measured as selfed seed set rates in the
HGD hybrid (orange), the LGD hybrid (dark blue), and the
segregants (green).
doi: 10.1371/journal.pone.0068310.g011

Table 4. Means and variances of the hybrid genome
doubling frequencies that were measured as selfed seed
set rates in the HGD hybrid, LGD hybrid, and segregants.

 HGD hybridLGD hybridSegregants
Number of plants 14 17 279
Total number of florets examined 1680 2040 33650
Mean 0.561 0.135 0.325
Variance 0.0135 0.0051 0.0161
Mean, based on angle transformed rates 48.581 20.763 34.345
Variance, based on angle transformed
rates

46.584 42.148 65.158

MIM, QTL2 (chromosome 2), QTL3 (chromosome 3), and
QTL6 (chromosome 7) had a relatively large effect and
respectively explained 14.1%, 10.2%, and 11.3% of the
phenotypic variance. All but one additive effect estimates for
the QTLs were positive, indicating that the HGD-hybrid
producer, Ae. tauschii accession KU-2103, provided the
preponderance of alleles for high frequency hybrid genome
doubling. In addition, one additive-by-additive epistatic
interaction was detected between QTL2 and QTL6.

Table 5. QTLs and epistatic interaction that affect genome
doubling frequency in the triploid F1 hybrids between T.
turgidum and Ae. tauschii.

QTL/QTL
combinationa

Chromo-
someb Positionc

Flanking SSR
markers LOD Effectd

PVE
(%)e

1 1 19.8
Xwmc492 -
Xwmc216

2.5 -1.3 2.7

2 2 24.3 Xbarc168 - Xwmc18 8.0 2.7 14.1
3 3 50.7 Xwmc533 - Xcfd4 7.4 2.3 10.2
4 3 94.4 Xcfd223 - Xcfd211 3.4 1.6 4.9
5 6 118.0 Xcfd76 - Xwmc773 2.2 1.3 2.9

6 7 94.4
Xwmc671 -
Xwmc237

6.3 2.6 11.3

2x6    1.5 -1.3 4.6

a. Epistatic interaction between QTLs are denoted by “x”.
b. Ae. tauschii chromosome that harbor the QTL.
c. QTL position in centimorgan.
d. Effect of the QTL/epistatic interaction on hybrid genome doubling frequency
(unit: degrees).
e. The proportion of the phenotypic variance explained by the QTL/epistatic
interaction.

Figure 12.  Multiple interval mapping of QTL associated
with the occurrence of hybrid genome.  doubling.
Black triangles indicate the approximate positions of
centromeres estimated from the published wheat microsatellite
consensus map [66].
doi: 10.1371/journal.pone.0068310.g012
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Discussion

Genetic basis for hybrid genome doubling in the T.
turgidum-Ae. tauschii F1 hybrids

This study provided an answer to one of the important issues
on the cytology and genetics of T. turgidum-Ae. tauschii hybrid
genome doubling: the extent to which the functional unreduced
gametes contribute to hybrid genome doubling. Previous
studies agreed that functional unreduced gametes are
produced in the T. turgidum-Ae. tauschii F1 hybrids, but the
importance of this mechanism relative to other reproductive
mechanisms (such as apomixis, pollen-pistil incompatibility,
and seed abortion) in spontaneous genome doubling was not
clear. In this study, the production of functional male and
female gametes was found to be essential for genome doubling
to occur in the HGD and LGD hybrids. In contrast, no obvious
activity of other reproductive mechanisms was observed. By
analyzing male sporogenesis in these hybrids, nonreductional
meiosis was confirmed to be the pathway for the production of
functional unreduced gametes in the male germline of the
hybrids, whereas the occurrence of nonreductional meiosis in
the female germline is safely inferred based on previous work
[7,8]. Furthermore, significantly fewer aberrant PMCs were
observed in the HGD hybrid than the LGD hybrid, providing
evidence that production of functional unreduced gametes
through nonreductional meiosis is an early step key to
successful genome doubling. Taken together, all these findings
underscore a predominant role of functional unreduced
gametes in the T. turgidum-Ae. tauschii hybrid genome
doubling.

Another important issue regarding the T. turgidum-Ae.
tauschii hybrid genome doubling was the identity of the
cytological mechanism causing meiotic nonreduction during
gamete production. In diploid species, the omission of the first
or second meiotic division may cause meiotic nonreduction. In
such cases, the skipped division can be determined by sister
chromatid analysis of the unreduced gametes: two non-sister
chromatids and two sister chromatids residing in the unreduced
gametes respectively indicate the first and second division
omission [42]. Sister chromatid analysis, however, would not
work in the T. turgidum-Ae. tauschii F1 hybrids because the
lack of homologous chromosomes does not enable detection of
the second division omission. Several previous studies
observing PMCs agreed in that, unlike normal meiosis, the T.
turgidum-Ae. tauschii F1 hybrids produce functional unreduced
gametes through a pathway that involves a single cell division
[7,8,15–22]. In many of those studies, the cytological
mechanisms for meiotic nonreduction in the T. turgidum-Ae.
tauschii triploid F1 hybrids were analyzed by the use of the
concepts and terminology originally developed for
nonreductional meiosis of diploid plant species that may
produce unreduced gametes through meiotic defects such as
the omission of the first or second meiotic division, abnormal
spindle geometry, and abnormal cytokinesis [42]. The single-
cell-division pathway was referred to as FDR based on the
simple analogy with nonreductional meiosis of diploid plant
species [19,20] or single-division meiosis solely based on the
fact that the pathway undergoes a single cell division [8].

Omission of the first division was deduced from the defects
observed in the PMCs [19,20], but whether the single-cell-
division pathway skips one of the meiotic divisions had not
rigorously been tested.

In this study, we addressed that question by charactering the
mode of meiosis based on the immunosignal patterns of
phosphoH3S10 on the chromosomes, i.e., entire-chromosome
and pericentromeric signals respectively are reliable indicators
of the first and second divisions in normal plant meiosis [36].
The results of the immunoanalysis showed that the
chromosomes of hybrid PMCs underwent the condensation
patterns that were typically observed in normal meiosis, despite
the fact that cytokinesis occurred only at telophase.
Furthermore, the restitutive nucleus stage, when the
chromosomes underwent significant changes in condensation
pattern, represented a critical stage in the single-cell-division
pathway. In normal meiosis I, the sister kinetochores on the
replicated sister chromatids are arranged side-by–side to
ensure bipolar orientation of spindle when the homologous
chromosomes pairs [43]. Throughout the meiosis I process, the
pericentromeric Shugoshin proteins protect the cohesion of
centromeric regions where the side-by-side sister kinetochores
form [44,45]. In the case of nonreductional meiosis that is
reported here, however, the side-by-side sister kinetochores
formed bipolar spindles despite that no pairing was observed.
For this reason, we speculate that restitution nuclei often found
in the T. turgidum-Ae. tauschii F1 hybrids may be the cradle for
dynamic chromatin-status transition (as indicated by the
phosphoH3S10 localization pattern) that is likely associated
with the change in the sister kinetochore configuration from the
side-by-side (meiosis I) to the back-to-back (meiosis II)
arrangements. Despite the recent progress made in cytological
studies on the LDN-Ae. tauschii F1 hybrids [15], our view
underscores the importance of accurate description of spindle
attachment patterns in nonreductional meiosis, because
whether the observed pattern is consistent with the spindle
attachment/orientation of sister chromatids rather than that of
homologous chromosomes is an essential question in
understanding how the nonreductional process is comparable
to normal meiosis. In terms of the timing of cytokinesis, the
single-cell-division pathway could be viewed as FDR, a
modified version of normal meiosis that skips the first division
of normal meiosis. Consequently, this study provided evidence
that FDR is one of the cytological mechanisms responsible for
meiotic nonreduction in male sporogenesis of the hybrids. The
formation of functional female unreduced gametes was
inferred, but the occurrence of FDR in female sporogenesis
remained to be examined [7,8].

Previous studies reported that the genotypes of the parental
T. turgidum and Ae. tauschii accessions may influence the
genome doubling frequencies of the triploid F1 hybrids
[11,16–19,22]. This finding indicated that hybrid genome
doubling is genetically controlled, but the details of the genetic
mechanisms for hybrid genome doubling remained unknown.
In this study, the results of MIM provided for the first time QTL
evidence for Ae. tauschii having genes that influence genome
doubling frequency when placed in the T. turgidum-Ae. tauschii
triploid hybrid genome background. Because hybrid genome
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doubling frequencies were measured as selfed seed set rates,
these QTLs may harbor genes that regulate such reproductive
activities as gametogenesis, fertilization, and seed
development in the hybrids. Nevertheless, we argue that many,
if not all, of the six QTLs likely regulate nonreductional meiosis
and its subsequent gamete production processes based on the
predominant role of functional unreduced gametes in the
genome doubling of HGD and LGD hybrids.

To date, genes involved in gametogenesis activities have not
been reported from Ae. tauschii, but some genes with this
function are known from the D genome of T. aestivum.
Examples include Ph2 located on the short arm of
chromosome 3D [46–48], Taf1 on the short arm of
chromosome 2D [49], and an unnamed gene(s) on the short
arm of chromosome 7D [50]. The Ph2 gene is a suppressor of
homeologous pairing. This study identified two QTLs (QTL3
and QTL4) on the short arm of chromosome 3D (Table 5;
Figure 12). Of these, QTL3 might correspond to the Ph2 gene,
because, on the basis of the chromosomal bin information for
the flanking makers, the possibility for this QTL to roughly
overlap with the Ph2 region could not be ruled out. The Taf1
gene, which is involved in female sterility, might correspond to
QTL2 found in this study. Consequently, four of six QTLs may
represent a novel group of reproduction genes in wheat. In
comparing male sporogenesis between the HGD and LGD
hybrids, metaphase was found to be the earliest stage of
nonreductional meiosis in which a significant difference in
aberrant cell frequencies was detected. Accordingly, some of
the QTLs might be involved in the regulation of such events as
formation of bipolarly oriented univalents that occur at that
stage [15].

LDN, the donor of the maternal component of the HGD and
LGD hybrid genomes, has genes for genome doubling that
function in hybrid genome backgrounds [51]. These results,
together with the results of our study, indicate that, most likely,
both maternal and paternal genetic factors are involved in the
T. turgidum-Ae. tauschii F1 hybrid genome doubling.
Interestingly, the synthetic haploid of LDN (AB genome) sets
seeds of normal disomic plants (AABB genome) through union
of male and female unreduced gametes produced via
nonreductional meiosis [52]. This finding indicates that, even
when the Ae. tauschii genome is absent, the LDN genome is
capable of undergoing genome doubling. The genome doubling
frequency of the synthetic LDN haploid (2.75 seeds per plant,
measured as selfed seed set rate), however, is greatly
increased by addition of the Ae. tauschii genome because the
HGD and LGD hybrids set roughly 10-106 or more seeds per
plant (based on the data in Table 2). Accordingly, the Ae.
tauschii genes for hybrid genome doubling, especially the
major alleles from the HGD-hybrid-producer, seem to have
considerable positive impact on hybrid genome doubling when
the LDN genome is merged. To what extent the additive effects
of the Ae. tauschii genes are responsible for improvement of
the hybrid genome doubling frequency and whether epistatic
interactions between the LDN and Ae. tauschii genes are
involved remain to be addressed.

Implications for the evolution of common wheat
Hybrid genome doubling through the union of unreduced

gametes represents an important mechanism for allopolyploid
speciation [53]. In such cases as T. turgidum and Ae. tauschii,
hybrid genome doubling is a generation-specific phenomenon
that is expressed in F1 individuals, but not in the parental
species nor the individuals of the F2 or later generations. The
fitness of F1 individuals is greatly improved, whereas the
adaptive significance of hybrid genome doubling for the
parental species is not clear. How genes involved in hybrid
genome doubling are maintained in the parental species is an
intriguing question. To date, however, few studies have
addressed this issue.

In our study, the ability of Ae. tauschii to cause genome
doubling in the triploid F1 hybrids with LDN varied little between
the TauL1, TauL2, and TauL3 lineages, but varied greatly
within the lineages (Figure 7). The observed pattern of natural
variation may provide some clues to answer the how-the-
genes-are-maintained question based on an evolutionary
model that assumes that, in Ae. tauschii, those six QTLs have
some “normal” (presumably reproductive) function and that the
observed natural variation in the ability to cause hybrid genome
doubling is a by-product of non-deleterious mutations occurred
at those QTLs. The ability of Ae. tauschii to cause hybrid
genome doubling may have a deep evolutionary origin because
the trait is commonly shared by accessions of the species.
Accordingly, the six QTLs identified in this study likely are
inherited from a common ancestor of the TauL1, TauL2, and
TauL3 lineages and are maintained in each lineage because
their “normal” function has some adaptive value. Mutations
occur at the QTLs, but only the non-deleterious mutations that
do not critically influence the “normal” function accumulate over
time. Most such mutations likely remain phenotypically cryptic
in Ae. tauschii, but each resultant QTL allele may positively or
negatively affect genome doubling when placed in the hybrid
genome background. The natural allelic variation for QTLs that
arise through such a process may generate the within-lineage
variability in Ae. tauschii’s ability to cause hybrid genome
doubling, whereas similar strength of natural selection on the
“normal” function of the QTLs would result in fewer between-
lineage differences. Non-deleterious mutations occurring at
QTLs, therefore, may have had some important roles in
shaping the pattern of that natural variation.

Our model to explain the pattern of natural variation
regarding Ae. tauschii’s ability to cause hybrid genome
doubling sheds some light on the origin of common wheat. In
this study, the population-level analyses showed that the
TauL2 accessions, including the parents of the HGD and LGD
hybrids, were genetically closely related to, but not the closest
sister of, the D genome of common wheat. The association of
the synthetic wheat line W7984 with Ae. tauschii indicated that
possible nonspecific hybridization of the DArT markers to the A
and B genomes of common wheat, if any, had no significant
influence on the PCA result. Accordingly, a straightforward
question may arise about the implications of this study’s finding
of the mechanisms that underlie allopolyploid common wheat
speciation. In contrast, the model for Ae. tauschii’s natural
variation in causing hybrid genome doubling suggests that,
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most likely, the QTLs identified in this study also were inherited
and maintained in the two still-undiscovered groups of Ae.
tauschii from which the current D genome of common wheat
was derived. This hypothesis further suggests that, if the
ancestral Ae. tauschii had hybridized with a LDN-like T.
turgidum under natural conditions 8,000 years ago, the
cytological and genetic mechanisms for hybrid genome
doubling that gave rise to common wheat would have been
essentially the same as those observed in this study.
Accordingly, the findings of this study may provide an empirical
basis for theories on the evolution of common wheat.

Materials and Methods

Plant materials, growth conditions, and DNA extraction
The plant materials used in this study were 206 accessions

of Aegilops tauschii Coss. and 188 accessions of Triticum
aestivum L. (Table S1). In addition, Triticum turgidum L. subsp.
durum cv. ‘Langdon’ (LDN), and T. aestivum L. subsp.
aestivum cv. ‘Chinese Spring’ (CS) were used as reference
lines. Seeds of all plants, including the HGD and LGD hybrids
and the triploid segregants used for QTL mapping, were
germinated in Petri dishes at 23°C prior to transplanting to
individual pots in a greenhouse in late November. The
greenhouse was slightly heated (the temperature was kept
above 10°C) during the first 3-4 weeks to enhance early
development but was unheated thereafter. The monthly means
of minimum daily greenhouse temperatures were 2.6°C
(January), 2.6°C (February), and 4.1°C (March). Total DNA
was extracted from the young leaves of individual plants by the
CTAB method [54,55].

DArT marker genotyping
The DArT marker genotyping was done at Diversity Arrays

Technology Pty. Ltd., Yarralumla, Australia, using the array that
was developed for Ae. tauschii genotyping [56,57]. Of the
several thousand markers that showed polymorphisms
between the accessions, 169 were selected based on the data
quality, redundancy, and reproducibility. To reduce the
influence of possible nonspecific hybridization when the array
was used for T. aestivum, the markers that detect A and B
genome loci were excluded based on the information provided
by Diversity Arrays Technology Pty. Ltd. The 169 DArT-marker
loci were spread across the seven chromosomes of the D
genome of common wheat. The genotype data for 19 Ae.
tauschii accessions (AT 47, AT 76, CGN 10734, CGN 10768,
IG126991, IG127015, IG 47202, IG 47203, IG 49095,
KU-2022, KU-2035, KU-2063, KU-2069, KU-2097, KU-2109,
KU-2136, KU-2159, KU-2809, and KU-2814) were obtained
from Sohail et al. [57]. The genotypes at each locus were
scored as either presence (coded as “1”) or absence (coded as
“0”) of hybridization to the corresponding array element. The
missing data percentages ranged from 0% to 19.5% (mean
2.5%) between accessions and 0% to 17.0% (mean 2.5%)
between markers.

Principal component analysis
PCA was done with the among-accession covariance matrix

using JMP 9 software (SAS Institute, Inc). Missing genotype
scores were coded as “0.5” in this analysis.

Bayesian clustering
Bayesian clustering was done using the STRUCTURE 2.3

software [27]. Because Ae. tauschii and T. aestivum are largely
homozygous, we used a haploid setting. The algorithm was run
with a burn-in length of 50,000 and then 20,000 Markov Chain
Monte Carlo simulations for estimating parameters. We
performed 10 independent runs for each K between 1 and 12
using the admixture model and correlated allele frequencies.
The STRUCTURE HARVESTER software [58] was used to
calculate the Evanno’s ∆K values and the CLUMPP software
[59] to combine the outputs from the STRUCTURE software
with the FullSearch algorithm.

Coalescent analysis
Coalescent analysis was performed using an approximate

Bayesian computation (ABC) approach implemented in the
software program popABC [60]. The framework of ABC
estimates population and genetic parameters and compares
alternative demographic models based on the estimated
Bayesian posterior probability. The statistics used to
summarize the DArT genotype data in the approximate
Bayesian computation (ABC) were the mean of pairwise
differences, the number of segregating sites, the number of
haplotypes, Shannon’s index [61], the mean of the Mutation
Frequency Spectrum [62], the Nm-related statistic using the
number of segregating sites, the number of private segregating
sites, and the frequency of private segregating sites [63]. Some
of these summary statistics were highly correlated so that the
ABC was done without using a regression step. Instead, we
simulated the DArT genotype data a large number of times
(5,000,000 times) and accepted 50,000 simulations at the
rejection step in each model, because, when the number of
simulated points is large, the difference between the results
obtained by the “with regression” and “without regression”
methods is negligible [64]. In the model comparison, the model
that fit better to the real data was determined using a rejection
step with a tolerance value of 0.01.

Hybrid production
The T. turgidum-Ae. tauschii F1 hybrids were produced as

previously described [8]. Durum wheat (T. turgidum subsp.
durum cv. ‘Langdon’) was chosen as the egg parent in the
crosses, because of its candidacy for the female progenitor of
T. aestivum [8].

Crossing, selfing, and evaluation of hybrid genome
doubling frequency

The method of crossing was hand pollination using fresh
pollen collected at anthesis and fully emasculated spikes.
Selfing was done by individually bagging the spikes prior to
flowering, whereas, for reassessing the genome doubling
frequencies of the HGD and LGD hybrids (Table 2), selfing was
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done by spike-bagging and self-crossing (i.e., pollinating the
hybrid’s florets with its own pollen). Well-developed first and
second florets were used for crossing and evaluating hybrid
genome doubling frequencies. Selfed seed set rates were
calculated as the number of seed sets/number of florets
examined.

Evaluation of male and female fertilities
Male fertility of the hybrids was evaluated as the seed set

rate of CS when pollinated with hybrid pollen. Female fertility of
the hybrid was evaluated as the seed set rate of the hybrids
when pollinated with CS pollen.

Observations of carmine-stained PMCs
Meiotic cell divisions were analyzed by the conventional

aceto-carmine squash method. Immature anthers were fixed in
a mixture of absolute ethanol and acetic acid (3:1) and stored
at 4°C until use. For the cytological observations, fixed anthers
were stained with aceto-carmine and squashed in a drop of
45% acetic acid. The cell images were documented using an
Olympus BX-51 microscope and an Olympus DP21 digital
camera. To compare the aberrant PMCs frequencies between
the triploid F1 hybrids, two preparations per floret were made
using two fixed anthers (one preparation from one anther). The
accession of origin was anonymous to the observer. In each
preparation, the cells were observed at a low magnification and
then numbered and randomized to sample 10 cells per anther
from 30–60 cells for in-depth observations. Pearson’s chi-
squared tests were done using the freely available software
package R [65]. The simulated p-values were based on 10,000
replicates.

Immunostaining
Wheat anthers containing meiocytes were collected from

young ears 4-5cm in the length. Meiotic stages were
determined by aceto-carmin squashes of one of the three
anthers in one floret, and the remaining two were fixed over
night in freshly prepared 4% (w/v) paraformaldehyde dissolved
in PMEG buffer (25 mM PIPES, 5 mM MgSO4, 5 mM EGTA,
pH 6.9), then washed three times in PMEG buffer. Post-fixed
anthers were stored in PMEG buffer at 4oC until analyzed. The
anther was digested on a MAS-coated slide glass (Matsunami)
at 37 oC for 30 min in a mixture of 2.5% (w/v) Cellulase
Onozuka R-10 (Yakult) and 2.5% (w/v) Pectolyase Y-23 (ICN)
dissolved in PMEG buffer and squashed under a coverslip.
After freezing in a deep-freezer (-70 oC), the coverslip was
removed with a razor blade, and the slides were transferred
immediately to PMEG buffer at room temperature. Slides were
incubated over night with the primary antibodies in a humid
chamber at 4 oC. The primary antibodies used were anti-alpha-
tubulin antibodies (NeoMarkers) diluted 1:100 and anti-histone
H3 phosphorylated at Ser 10 (phosphoH3S10) antibodies
(Upstate) diluted 1:200 in PMEG buffer containing 1% (w/v)
BSA and 0.1% (v/v) Tween 20. After overnight incubation,
slides were washed for 15 min in PMEG buffer and incubated
with secondary antibodies for one hour at 37 oC. The
secondary antibodies were Alexa Fluor 488-conjugated anti-
mouse IgG and Alexa Fluor 546-conjugated anti-rabbit IgG

goat F(ab’)2 fragment (Invitrogen), both diluted 1:200 in PMEG
buffer containing 1% (w/v) BSA and 0.1% (v/v) Tween 20. After
a final wash in PMEG buffer for 15 min, the slides were
mounted in the antifade mixture (0.5% (w/v) N-propyl gallate
and 80% (v/v) glycerol in 20 mM Tris-HCl pH 8.0) containing 4’,
6-diamidino-2-phenylindole dihydrochloride (DAPI, 1.5 µg/ml).
Fluorescent signals were detected with a Fluoview FV500
confocal laser microscopy (Olympus) for both immunostaining
and FISH analyses. The digital images were captured by
FLUOVIEW ver. 4.2 (Olympus) and processed with Photoshop
ver. 6.0 (Adobe).

Microsatellite genotyping and linkage map construction
A total of 312 D genome microsatellite marker primer sets

(100 WMC [66], 88 CFD [67], 70 GWM [68,69], 45 GDM [70],
eight BARC [71], and one KSUM [72]) were used to screen the
parental Ae. tauschii accessions and LDN for polymorphisms
and stable amplification. The microsatellite PCR reaction
mixture consisted of a 50 ng total DNA template, 2 nmol each
dNTP, 10 pmol each primer, 2 µl of 10X buffer, 0.1 U Ex Taq
polymerase (TaKaRa), and distilled water to 20µl. PCR
amplification was done in a Model 9700 (Applied Biosystems)
thermal cycler and the runs were: a 3-min initial denaturing
step at 94°C followed by a total of 40 cycles at 94°C for 0.5
min, 55°C or 60°C (depending on the primer set) for 0.5 min,
and 72°C for 0.5 min, plus a 7-min final extension at 72°C.
PCR products were separated by capillary gel electrophoresis
using a QIAxcel device (Qiagen). For linkage map construction,
the computer program MAPMAKER/EXP version 3.0b [73,74]
was used with the Kosambi function [75]. Of the 131 markers
that passed the initial screening, a set of 75 markers provided
reasonable linkage groups under the criteria of minimum LOD
threshold 3.0. In addition, two markers Xwmc167 (chromosome
2) and Xwmc773 (chromosome 6) were included. In each
linkage group, the most plausible marker order was determined
by the use of the “compare”, “order”, and “try” commands
(Table S7).

QTL mapping
Because the MIM and CIM algorithms assume a normal

distribution for the residual errors, the selfed seed set rate data
were angle-transformed prior to analysis. QTL mapping was
done using the program Windows QTL Cartographer version
2.5 [76]. The initial MIM model was built by the use of the “MIM
forward search” method and subsequently refined through
optimizing QTL positions, searching for new QTLs/QTL
interactions, and testing for existing QTLs/QTL interactions. As
recommended by the authors, significance of the detected QTL
was determined based on the BIO-M0 criterion. MIM walk
speed was set to one centimorgan. CIM (model 6) was done
with a 10-cM window and five background control markers.
CIM walking speed was set to two centimorgan and the forward
and backward method were chosen for regression. The
significance threshold was determined by 1000 permutation.
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Supporting Information

Figure S1.  Geographic distribution of the Ae. tauschii
accessions. Purple, green, and red circles respectively denote
the TauL1, TauL2, and TauL3 accessions. One accession from
Armenia (CGN 10734) and six accessions from central China
(AT 47, AT 55, AT 60, AT 76, AT 80, and PI508264) are not
shown.
(TIF)

Figure S2.  Stage specific distribution pattern of
phosphorylated histone H3 at Serine 10 (phosphoH3S10)
in male meiosis of common wheat cultivar Chinese Spring.
Chromatin and phosphoH3S10, as denoted phH3S10 in this
figure, are shown in red and green, respectively. Two images
of cells at each meiotic stage are shown as a pair; (left) merged
image of chromatin and phosphoH3S10, and (right) signals of
phosphoH3S10. (A–H) Cells are in first meiotic division, (I–P) in
second meiotic division. Note the contrasting localization of
phosphoH3S10 in first and second meiotic divisions; whole arm
localization in meta- and anaphases of first meiosis (C, D, E,
F), and centromeric localization in meta- and anaphases of
second division (K, L, M, N).
(TIF)

Table S1.  The Ae. tauschii and T. aestivum accessions
used. Source codes are IPK for Institut für Pflanzengenetik und
Kulturpflanzenforschung, CGN for Centre for Genetic
Resources, The Netherlands, ICARDA for International Center
for Agricultural Research in the Dry Areas, KYOTO for Plant
Germ-plasm Institute of Kyoto University, NBRP for National
BioResources Project, OKAYAMA for Dr. Kenji Kato, Okayama
University, and USDA for US Department of Agriculture. A
hyphen indicates that the information is not available.
(DOCX)

Table S2.  Principal component scores used to provide
Figure 1. The lineage classification is provided for the Ae.
tauschii accessions. A hyphen indicates that the information is
not available.
(DOCX)

Table S3.  The STRUCTURE membership coefficients of
the Ae. tauschii and T. aestivum accessions (K=2). The Ae.

tauschii lineages are based on the PCA (Figure 1). A hyphen
indicates that the information is not available.
(DOCX)

Table S4.  The STRUCTURE membership coefficients of
the T. aestivum accessions excluding W7984 (K=2). The
lineage classification of the accessions is provided. A hyphen
indicates that the information is not available.
(DOCX)

Table S5.  Genome doubling frequencies of the LDN-Ae.
tauschii triploid F1 hybrids. A hyphen indicates that the
information is not available.
(DOCX)

Table S6.  Comparison of normal and aberrant PMC counts
between the HGD and LGD hybrids.
(DOCX)

Table S7.  Linkages and positions of microsatellite
markers used for the QTL analysis of hybrid genome
doubling.
(DOCX)

Acknowledgements

The T. aestivum and Ae. tauschii accessions are in part
maintained by the National BioResource Project-Wheat, with
support by the National BioResource Project of the Ministry of
Education, Culture, Sports, Science and Technology, Japan.
We thank the two anonymous reviewers for their critical
reading of the manuscript. Contribution number 607 from the
Laboratory of Plant Genetics, Graduate School of Agriculture,
Kyoto University, Japan.

Author Contributions

Conceived and designed the experiments: YM SN. Performed
the experiments: YM YA SN. Analyzed the data: YM SN.
Contributed reagents/materials/analysis tools: YM TK MN HT
SN. Wrote the manuscript: YM SN. Supplied AFLP data: ST.
Supplied DArT data: HT.

References

1. Ramsey J, Schemske DW (1998) Pathways, mechanisms and rates of
polyploid formation in flowering plants. Annu Rev Ecol Syst 29:
467-501. doi:10.1146/annurev.ecolsys.29.1.467.

2. Doyle JJ, Flagel LE, Paterson AH, Rapp RA, Soltis DE et al. (2008)
Evolutionary genetics of genome merger and doubling in plants. Annu
Rev Genet 42: 443-461. doi:10.1146/annurev.genet.
42.110807.091524. PubMed: 18983261.

3. Zohary D (1996) The mode of domestication of the founder crops of
Southwest Asian agriculture. In: DR Harris. The origins and spread of
agriculture and pastoralism in Eurasia. Washington DC: Smithsonian
Institution Press. pp. 142-158.

4. Van Slageren MW (1994) Wild wheats: a monograph of Aegilops L. and
Amblyopyrum (Jaub. & Spach) Eig (Poaceae). The Netherlands:
Wageningen Agricultural University. 513 p.

5. Kihara H (1944) Discovery of the DD-analyser, one of the ancestors of
Triticum vulgare (abstr) (in Japanese). Agric Hortic 19: 889-890

6. McFadden ES, Sears ER (1944) The artificial synthesis of Triticum
spelta. Rec Genet Soc Am 13: 26-27.

7. Kihara H, Lilienfeld F (1949) A new synthesized 6x-wheat. Hereditas
(Suppl. Vol.): 307-319

8. Matsuoka Y, Nasuda S (2004) Durum wheat as a candidate for the
unknown female progenitor of bread wheat: an empirical study with a
highly fertile F1 hybrid with Aegilops tauschii Coss. Theor Appl Genet
109: 1710-1717.

9. Matsuoka Y (2011) Evolution of polyploid Triticum wheats under
cultivation: the role of domestication, natural hybridization, and
allopolyploid speciation in their diversification. Plant Cell Physiol 52:
750-764. doi:10.1093/pcp/pcr018. PubMed: 21317146.

Genetic Basis for Wheat Hybrid Genome Doubling

PLOS ONE | www.plosone.org 15 August 2013 | Volume 8 | Issue 8 | e68310

http://dx.doi.org/10.1146/annurev.ecolsys.29.1.467
http://dx.doi.org/10.1146/annurev.genet.42.110807.091524
http://dx.doi.org/10.1146/annurev.genet.42.110807.091524
http://www.ncbi.nlm.nih.gov/pubmed/18983261
http://dx.doi.org/10.1093/pcp/pcr018
http://www.ncbi.nlm.nih.gov/pubmed/21317146


10. Nishikawa K (1960) Hybrid lethality in crosses between emmer wheats
and Aegilops squarrosa, I. Vitality of F1 hybrids between emmer wheats
and Ae. squarrosa var. typica. Seiken Ziho 11: 21-28.

11. Matsuoka Y, Takumi S, Kawahara T (2007) Natural variation for fertile
triploid F1 hybrid formation in allohexaploid wheat speciation. Theor
Appl Genet 115: 509-518. doi:10.1007/s00122-007-0584-3. PubMed:
17639301.

12. Mizuno N, Hosogi N, Park P, Takumi S (2010) Hypersensitive
response-like reaction is associated with hybrid necrosis in interspecific
crosses between tetraploid wheat and Aegilops tauschii Coss. PLOS
ONE 5: e11326. doi:10.1371/journal.pone.0011326. PubMed:
20593003.

13. Mizuno N, Shitsukawa N, Hosogi N, Park P, Takumi S (2011)
Autoimmune response and repression of mitotic cell division occur in
inter-specific crosses between tetraploid wheat and Aegilops tauschii
Coss. that show low temperature-induced hybrid necrosis. Plant J 68:
114-128. doi:10.1111/j.1365-313X.2011.04667.x. PubMed: 21645146.

14. Kihara H (1946) Maturation division in F1 hybrids between Triticum
dicoccoides × Aegilops squarrosa (in Japanese with English summary).
La Kromosomo 1. pp. 6-11.

15. Cai X, Xu SS, Zhu X (2010) Mechanism of haploidy-dependent
unreductional meiotic cell division in polyploid wheat. Chromosoma
119: 275-285. doi:10.1007/s00412-010-0256-y. PubMed: 20127104.

16. Kihara H, Yamashita K, Tanaka M (1965) Morphological, physiological,
genetical and cytological studies in Aegilops and Triticum collected
from Pakistan, Afghanistan and Iran. In: K Yamashita. Results of the
Kyoto University Scientific Expedition to the Karakoram and Hindukush,
1955, vol 1. Kyoto: Kyoto University. pp. 1-118.

17. Fukuda K, Sakamoto S (1992) Studies on the factors controlling the
formation of unreduced gametes in hybrids between tetraploid emmer
wheats and Aegilops squarrosa L. Jpn J Breed 42: 747-760.

18. Fukuda K, Sakamoto S (1992) Cytological studies on unreduced male
gamete formation in hybrids between tetraploid emmer wheats and
Aegilops squarrosa L. Jpn J Breed 42: 255-266.

19. Xu S, Dong Y (1992) Fertility and meiotic mechanisms of hybrid
between chromosome autoduplication tetraploid wheats and Aegilops
species. Genome 35: 379-384. doi:10.1139/g92-057.

20. Xu SJ, Joppa LR (1995) Mechanisms and inheritance of first division
restitution in hybrids of wheat, rye, and Aegilops squarrosa. Genome
38: 607-615. doi:10.1139/g95-077. PubMed: 18470193.

21. Zhang LQ, Yen Y, Zheng YL, Liu DC (2007) Meiotic restitution in
emmer wheat is controlled by one or more nuclear genes that continue
to function in derived lines. Sex Plant Reprod 20: 159-166. doi:10.1007/
s00497-007-0052-x.

22. Zhang LQ, Liu DC, Zheng YL, Yan ZH, Dai SF et al. (2010) Frequent
occurrence of unreduced gametes in Triticum turgidum-Aegilops
tauschii hybrids. Euphytica 172: 285-294. doi:10.1007/
s10681-009-0081-7.

23. Mizuno N, Yamasaki M, Matsuoka Y, Kawahara T, Takumi S (2010)
Population structure of wild wheat D-genome progenitor Aegilops
tauschii Coss.: implications for intraspecific lineage diversification and
evolution of common wheat. Mol Ecol 19: 999-1013. doi:10.1111/j.
1365-294X.2010.04537.x. PubMed: 20149088.

24. Dvorak J, Luo MC, Yang ZL, Zhang HB (1998) The structure of the
Aegilops tauschii genepool and the evolution of hexaploid wheat. Theor
Appl Genet 97: 657-670. doi:10.1007/s001220050942.

25. Gosman N, Jones H, Horsnell R, Kowalski A, Rose G et al. (2011)
Comparative analysis of D-genome diversity in Aegilops tauschii,
common bread wheat (Triticum aestivum) & synthetic hexaploid wheat.
In: S DreisigacherS Singh. 21st international Triticeae mapping
initiative book of abstracts. Mexico City: The International Maize and
Wheat Improvement Center. pp. 31-32.

26. Wang J, Luo MC, Chen Z, You FM, Wei Y et al. (2013) Aegilops
tauschii single nucleotide polymorphisms shed light on the origins of
wheat D-genome genetic diversity and pinpoint the geographic origin of
hexaploid wheat. New Phytol 198: 925-937. doi:10.1111/nph.12164.
PubMed: 23374069.

27. Pritchard JK, Stephens M, Donnelly P (2000) Inference of population
structure using multilocus genotype data. Genetics 155: 945-959.
PubMed: 10835412.

28. Evanno G, Regnaut S, Goudet J (2005) Detecting the number of
clusters of individuals using the software STRUCTURE: a simulation
study. Mol Ecol 14: 2611-2620. doi:10.1111/j.1365-294X.2005.02553.x.
PubMed: 15969739.

29. Talbert LE, Smith LY, Blake NK (1998) More than one origin of
hexaploid wheat is indicated by sequence comparison of low-copy
DNA. Genome 41: 402-407. doi:10.1139/g98-037.

30. Huang S, Sirikhachornkit A, Su X, Faris J, Gill B et al. (2002) Genes
encoding plastid acetyl-CoA carboxylase and 3-phosphoglycerate

kinase of the Triticum/Aegilops complex and the evolutionary history of
polyploid wheat. Proc Natl Acad Sci U S A 99: 8133-8138. doi:10.1073/
pnas.072223799. PubMed: 12060759.

31. Wittenberg AH, Van Der Lee T, Cayla C, Kilian A, Visser RG et al.
(2005) Validation of the high-throughput marker technology DArT using
the model plant Arabidopsis thaliana. Mol Genet Genomics 274: 30-39.
doi:10.1007/s00438-005-1145-6. PubMed: 15937704.

32. Ossowski S, Schneeberger K, Lucas-Lledó JI, Warthmann N, Clark RM
et al. (2010) The rate and molecular spectrum of spontaneous
mutations in Arabidopsis thaliana. Science 327: 92-94. doi:10.1126/
science.1180677. PubMed: 20044577.

33. Okamoto M (1957) Asynaptic effect of Chromosome V. Wheat Inf Serv
5: 6.

34. Riley R, Chapman V (1958) Genetic control of the cytologically diploid
behaviour of hexaploid wheat. Nature 182: 713-715. doi:
10.1038/182713a0.

35. Houben A, Wako T, Furushima-Shimogawara R, Presting G, Künzel G
et al. (1999) The cell cycle dependent phosphorylation of histone H3 is
correlated with the condensation of plant mitotic chromosomes. Plant J
19: 1-5. doi:10.1046/j.1365-313X.1999.00488.x. PubMed: 10417721.

36. Manzanero S, Arana P, Puertas MJ, Houben A (2000) The
chromosome distribution of phosphorylated histone H3 differs between
plants and animals at meiosis. Chromosoma 109: 308-317. doi:
10.1007/s004120000087. PubMed: 11007489.

37. Nowak SJ, Corces VG (2004) Phosphorylation of histone H3: a
balancing act between chromosome condensation and transcriptional
activation. Trends Genet 20: 214-220. doi:10.1016/j.tig.2004.02.007.
PubMed: 15041176.

38. Chu CG, Xu SS, Friesen TL, Faris JD (2008) Whole genome mapping
in a wheat doubled haploid population using SSRs and TRAPs and the
identification of QTL for agronomic traits. Mol Breed 22: 251-266. doi:
10.1007/s11032-008-9171-9.

39. Kao CH, Zeng ZB, Teasdale RD (1999) Multiple interval mapping for
quantitative trait loci. Genetics 152: 1203-1216. PubMed: 10388834.

40. Jansen RC (1993) Interval mapping of multiple quantitative trait loci.
Genetics 135: 205-211. PubMed: 8224820.

41. Zeng ZB (1993) Theoretical basis for separation of multiple linked gene
effects in mapping quantitative trait loci. Proc Natl Acad Sci U S A 90:
10972-10976. doi:10.1073/pnas.90.23.10972. PubMed: 8248199.

42. Bretagnolle F, Thompson JF (1995) Gametes with the somatic
chromosome number: mechanisms of their formation and role in the
evolution of autopolyploid plants. New Phytol 129: 1-22. doi:10.1111/j.
1469-8137.1995.tb03005.x.

43. Li X, Dawe RK (2009) Fused sister kinetochores initiate the reductional
division in meiosis I. Nat Cell Biol 11: 1103-1108. doi:10.1038/ncb1923.
PubMed: 19684578.

44. Hauf S, Watanabe Y (2004) Kinetochore orientation in mitosis and
meiosis. Cell 119: 317-327. doi:10.1016/j.cell.2004.10.014. PubMed:
15507205.

45. Kitajima TS, Kawashima SA, Watanabe Y (2004) The conserved
kintochore protein shugoshin protects centromeric cohesion during
meiosis. Nature 427: 510-517. doi:10.1038/nature02312. PubMed:
14730319.

46. Upadhya MD, Swaminathan MS (1967) Mechanism regulating
chromosome pairing in Triticum. Biol Zentralbl Suppl 86: 239-255.

47. Mello-Sampayo T, Lorente R (1968) The role of chromosome 3D in the
regulation of meiotic pairing in hexaploid wheat. EWAC Newslett 2:
16-24.

48. Mello-Sampayo T (1971) Genetic regulation of meiotic chromosome
pairing by chromosome 3D of Triticum aestivum. Nat New Biol 230:
23-24. doi:10.1038/230023a0. PubMed: 5283629.

49. Dou B, Hou B, Xu H, Lou X, Chi X et al. (2009) Efficient mapping of a
female sterile gene in wheat (Triticum aestivum L.). Genet Res 91:
337-343. doi:10.1017/S0016672309990218.

50. Joppa LR, Williams ND, Maan SS (1987) The chromosome location of
a gene (msg) affecting megasporogenesis in durum wheat. Genome
29: 578-581. doi:10.1139/g87-096.

51. Xu SJ, Joppa LR (2000) First-division restitution in hybrids of Langdon
durum disomic substitution lines with rye and Aegilops squarrosa. Plant
Breed 119: 233-241. doi:10.1046/j.1439-0523.2000.00472.x.

52. Jauhar PP, Dogramaci-Altuntepe M, Peterson TS, Almouslem AB
(2000) Seedset on synthetic haploids of durum wheat: cytological and
molecular investigations. Crop Sci 40: 1742-1749. doi:10.2135/
cropsci2000.4061742x.

53. Harlan JR, de Wet JMJ (1975) On Ö. Winge and a prayer: the origins of
polyploidy. Bot Rev 41: 361-390. doi:10.1007/BF02860830.

54. Doebley J, Stec A (1991) Genetic analysis of the morphological
differences between maize and teosinte. Genetics 129: 285-295.
PubMed: 1682215.

Genetic Basis for Wheat Hybrid Genome Doubling

PLOS ONE | www.plosone.org 16 August 2013 | Volume 8 | Issue 8 | e68310

http://dx.doi.org/10.1007/s00122-007-0584-3
http://www.ncbi.nlm.nih.gov/pubmed/17639301
http://dx.doi.org/10.1371/journal.pone.0011326
http://www.ncbi.nlm.nih.gov/pubmed/20593003
http://dx.doi.org/10.1111/j.1365-313X.2011.04667.x
http://www.ncbi.nlm.nih.gov/pubmed/21645146
http://dx.doi.org/10.1007/s00412-010-0256-y
http://www.ncbi.nlm.nih.gov/pubmed/20127104
http://dx.doi.org/10.1139/g92-057
http://dx.doi.org/10.1139/g95-077
http://www.ncbi.nlm.nih.gov/pubmed/18470193
http://dx.doi.org/10.1007/s00497-007-0052-x
http://dx.doi.org/10.1007/s00497-007-0052-x
http://dx.doi.org/10.1007/s10681-009-0081-7
http://dx.doi.org/10.1007/s10681-009-0081-7
http://dx.doi.org/10.1111/j.1365-294X.2010.04537.x
http://dx.doi.org/10.1111/j.1365-294X.2010.04537.x
http://www.ncbi.nlm.nih.gov/pubmed/20149088
http://dx.doi.org/10.1007/s001220050942
http://dx.doi.org/10.1111/nph.12164
http://www.ncbi.nlm.nih.gov/pubmed/23374069
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://dx.doi.org/10.1139/g98-037
http://dx.doi.org/10.1073/pnas.072223799
http://dx.doi.org/10.1073/pnas.072223799
http://www.ncbi.nlm.nih.gov/pubmed/12060759
http://dx.doi.org/10.1007/s00438-005-1145-6
http://www.ncbi.nlm.nih.gov/pubmed/15937704
http://dx.doi.org/10.1126/science.1180677
http://dx.doi.org/10.1126/science.1180677
http://www.ncbi.nlm.nih.gov/pubmed/20044577
http://dx.doi.org/10.1038/182713a0
http://dx.doi.org/10.1046/j.1365-313X.1999.00488.x
http://www.ncbi.nlm.nih.gov/pubmed/10417721
http://dx.doi.org/10.1007/s004120000087
http://www.ncbi.nlm.nih.gov/pubmed/11007489
http://dx.doi.org/10.1016/j.tig.2004.02.007
http://www.ncbi.nlm.nih.gov/pubmed/15041176
http://dx.doi.org/10.1007/s11032-008-9171-9
http://www.ncbi.nlm.nih.gov/pubmed/10388834
http://www.ncbi.nlm.nih.gov/pubmed/8224820
http://dx.doi.org/10.1073/pnas.90.23.10972
http://www.ncbi.nlm.nih.gov/pubmed/8248199
http://dx.doi.org/10.1111/j.1469-8137.1995.tb03005.x
http://dx.doi.org/10.1111/j.1469-8137.1995.tb03005.x
http://dx.doi.org/10.1038/ncb1923
http://www.ncbi.nlm.nih.gov/pubmed/19684578
http://dx.doi.org/10.1016/j.cell.2004.10.014
http://www.ncbi.nlm.nih.gov/pubmed/15507205
http://dx.doi.org/10.1038/nature02312
http://www.ncbi.nlm.nih.gov/pubmed/14730319
http://dx.doi.org/10.1038/230023a0
http://www.ncbi.nlm.nih.gov/pubmed/5283629
http://dx.doi.org/10.1017/S0016672309990218
http://dx.doi.org/10.1139/g87-096
http://dx.doi.org/10.1046/j.1439-0523.2000.00472.x
http://dx.doi.org/10.2135/cropsci2000.4061742x
http://dx.doi.org/10.2135/cropsci2000.4061742x
http://dx.doi.org/10.1007/BF02860830
http://www.ncbi.nlm.nih.gov/pubmed/1682215


55. Saghai-Maroof MA, Soliman KM, Jorgensen RA, Allard RW (1984)
Ribosomal DNA spacer-length polymorphisms in barley: Mendelian
inheritance, chromosomal location, and population dynamics. Proc Natl
Acad Sci U S A 81: 8014-8018. doi:10.1073/pnas.81.24.8014. PubMed:
6096873.

56. Jaccoud D, Peng K, Feinstein D, Kilian A (2001) Diversity arrays: a
solid state technology for sequence information independent
genotyping. Nucleic Acids Res 29: e25. doi:10.1093/nar/29.4.e25.
PubMed: 11160945.

57. Sohail Q, Shehzad T, Kilian A, Eltayeb AE, Tanaka H et al. (2012)
Development of diversity array technology (DArT) markers for
assessment of population structure and diversity in Aegilops tauschii.
Breed Sci 62: 38-45. doi:10.1270/jsbbs.62.38. PubMed: 23136512.

58. Earl DA, vonHoldt BM (2012) STRUCTURE HARVESTER: a website
and program for visualizing STRUCTURE output and implementing the
Evanno method. Conserv Genet Resour 4: 359-361. doi:10.1007/
s12686-011-9548-7.

59. Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster matching and
permutation program for dealing with label switching and multimodality
in analysis of population structure. Bioinformatics 23: 1801-1806. doi:
10.1093/bioinformatics/btm233. PubMed: 17485429.

60. Lopes JS, Balding D, Beaumont MA (2009) PopABC: a program to infer
historical demographic parameters. Bioinformatics 25: 2747-2749. doi:
10.1093/bioinformatics/btp487. PubMed: 19679678.

61. Shannon CE (1948) A mathematical theory of communication. Bell Syst
Tech J 27: 379-656 and

62. Bustamante CD, Wakeley J, Sawyer S, Hartl DL (2001) Directional
selection and the Site-Frequency Spectrum. Genetics 159: 1779-1788.
PubMed: 11779814.

63. Beaumont MA (2008) Joint determination of topology, divergence time,
and immigration in population trees. In: S MatsumuraP ForsterC
Renfrew. Simulation, genetics and human prehistory (Mcdonald
Institute Monographs). UK: Mcdonald Institute for Archaeological
Research. pp. 135-154.

64. Lopes JS, Beaumont MA (2010) ABC: a useful Bayesian tool for the
analysis of population data. Infect Genet Evol 10: 825-832. doi:
10.1016/j.meegid.2009.10.010. PubMed: 19879976.

65. R Development Core Team (2011) R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical

Computing. ISBN 3-900051-07-0. Available: http://www.R-project.org/.
Accessed 2013 June 5.

66. Somers DJ, Isaac P, Edwards K (2004) A high-density microsatellite
consensus map for bread wheat (Triticum aestivum L.). Theor Appl
Genet 109: 1105-1114. doi:10.1007/s00122-004-1740-7. PubMed:
15490101.

67. Guyomarc’h H, Sourdille P, Charmet G, Edwards J, Bernard M (2002)
Characterisation of polymorphic microsatellite markers from Aegilops
tauschii and transferability to the D-genome of bread wheat. Theor Appl
Genet 104: 1164-1172. doi:10.1007/s00122-001-0827-7. PubMed:
12582627.

68. Röder MS, Korzun V, Gill BS, Ganal MW (1998) The physical mapping
of microsatellite markers in wheat. Genome 41: 278-283. doi:10.1139/
g98-009.

69. Röder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH et al.
(1998) A microsatellite map of wheat. Genetics 149: 2007-2023.
PubMed: 9691054.

70. Pestsova E, Ganal MW, Röder MS (2000) Isolation and mapping of
microsatellite markers specific for the D genome of bread wheat.
Genome 43: 689-697. doi:10.1139/g00-042. PubMed: 10984182.

71. Song QJ, Shi JR, Singh S, Fickus EW, Costa JM et al. (2005)
Development and mapping of microsatellite (SSR) markers in wheat.
Theor Appl Genet 110: 550-560. doi:10.1007/s00122-004-1871-x.
PubMed: 15655666.

72. Yu JK, La Rota M, Kantety RV, Sorrells ME (2004) EST derived SSR
markers for comparative mapping in wheat and rice. Mol Genet
Genomics 271: 742-751. PubMed: 15197579.

73. Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ et al. (1987)
MAPMAKER: an interactive computer package for constructing primary
genetic linkage maps of experimental and natural populations.
Genomics 1: 174-181. doi:10.1016/0888-7543(87)90010-3. PubMed:
3692487.

74. Lincoln SE, Daly MJ, Lander ES (1993) Constructing genetic linkage
maps with MAPMAKER/EXP, version 3.0. Cambridge, MA: The
Whitehead Institute.

75. Kosambi DD (1944) The estimation of map distances from
recombination values. Ann Eugen 12: 172-175.

76. Wang S, Basten CJ, Zeng ZB (2007) Windows QTL Cartographer 2.5.
Raleigh, NC: North Carolina State University.

Genetic Basis for Wheat Hybrid Genome Doubling

PLOS ONE | www.plosone.org 17 August 2013 | Volume 8 | Issue 8 | e68310

http://dx.doi.org/10.1073/pnas.81.24.8014
http://www.ncbi.nlm.nih.gov/pubmed/6096873
http://dx.doi.org/10.1093/nar/29.4.e25
http://www.ncbi.nlm.nih.gov/pubmed/11160945
http://dx.doi.org/10.1270/jsbbs.62.38
http://www.ncbi.nlm.nih.gov/pubmed/23136512
http://dx.doi.org/10.1007/s12686-011-9548-7
http://dx.doi.org/10.1007/s12686-011-9548-7
http://dx.doi.org/10.1093/bioinformatics/btm233
http://www.ncbi.nlm.nih.gov/pubmed/17485429
http://dx.doi.org/10.1093/bioinformatics/btp487
http://www.ncbi.nlm.nih.gov/pubmed/19679678
http://www.ncbi.nlm.nih.gov/pubmed/11779814
http://dx.doi.org/10.1016/j.meegid.2009.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19879976
http://www.r-project.org/
http://dx.doi.org/10.1007/s00122-004-1740-7
http://www.ncbi.nlm.nih.gov/pubmed/15490101
http://dx.doi.org/10.1007/s00122-001-0827-7
http://www.ncbi.nlm.nih.gov/pubmed/12582627
http://dx.doi.org/10.1139/g98-009
http://dx.doi.org/10.1139/g98-009
http://www.ncbi.nlm.nih.gov/pubmed/9691054
http://dx.doi.org/10.1139/g00-042
http://www.ncbi.nlm.nih.gov/pubmed/10984182
http://dx.doi.org/10.1007/s00122-004-1871-x
http://www.ncbi.nlm.nih.gov/pubmed/15655666
http://www.ncbi.nlm.nih.gov/pubmed/15197579
http://dx.doi.org/10.1016/0888-7543(87)90010-3
http://www.ncbi.nlm.nih.gov/pubmed/3692487

	Genetic Basis for Spontaneous Hybrid Genome Doubling during Allopolyploid Speciation of Common Wheat Shown by Natural Variation Analyses of the Paternal Species
	Introduction
	Results
	Ae. tauschii intraspecific lineages and their relationships to the D genome of common wheat
	The ability of Ae. tauschii to cause hybrid genome doubling
	Male and female fertilities of the HGD and LGD hybrids
	Male sporogenesis of the HGD and LGD hybrids
	Mechanisms for the meiotic nonreduction
	Mapping of quantitative trait loci that affect hybrid genome doubling

	Discussion
	Genetic basis for hybrid genome doubling in the T. turgidum-Ae. tauschii F1 hybrids
	Implications for the evolution of common wheat

	Materials and Methods
	Plant materials, growth conditions, and DNA extraction
	DArT marker genotyping
	Principal component analysis
	Bayesian clustering
	Coalescent analysis
	Hybrid production
	Crossing, selfing, and evaluation of hybrid genome doubling frequency
	Evaluation of male and female fertilities
	Observations of carmine-stained PMCs
	Immunostaining
	Microsatellite genotyping and linkage map construction
	QTL mapping

	Supporting Information
	Acknowledgements
	References


