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Abstract The tempo, mode, and geography of allopoly-
ploid speciation are influenced by natural variation in the
ability of parental species to express postzygotic reproduc-
tive phenotypes that affect hybrid fertility. To shed light on
the impact of such natural variations, we used allohexaploid
Triticum aestivum wheats’ evolution as a model and ana-
lyzed the geographic and phylogenetic distributions of
Aegilops tauschii (diploid progenitor) accessions involved
in the expression of abnormality and fertility in triploid F;
hybrids with Triticum turgidum (tetraploid progenitor).
Artificial-cross experiments and chloroplast-DNA-based
evolutionary analyses showed that hybrid-abnormality-
causing accessions had limited geographic and phyloge-
netic distributions, indicative that postzygotic hybridization
barriers are underdeveloped between these species. In con-
trast, accessions that are involved with fertile triploid F;
hybrid formation have wide geographic and phylogenetic
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distributions, indicative of a deep evolutionary origin.
Wide-spread hybrid-fertilizing accessions support the the-
ory that T. aestivum speciation occurred at multiple sites
within the species range of Ae. tauschii, in which existing
conditions enabled natural hybridization with 7. turgidum.
Implications of our findings on how natural variation in the
ability of Ae. tauschii to express those postzygotic repro-
ductive phenotypes diversified and contributed to the speci-
ation of T. aestivum are discussed.

Introduction

Polyploid speciation is one of the most important evolu-
tionary processes in plants and animals. Forty-seven to sev-
enty percent of flowering plant species are estimated to be
descendants of polyploid progenitors (Masterson 1994). A
widespread class of polyploids consists of allopolyploids
derived from hybrids between different species. In nature,
allopolyploid species form through a complex process that
involves species crosses, fertile hybrid development, chro-
mosome doubling, and diploidization. Despite recent pro-
gress in understanding the molecular mechanisms that
stabilize newly formed hybrid genomes (Soltis et al. 2003),
our knowledge of the genetic and ecological factors that
affect the early stages of allopolyploid speciation is limited.

Allopolyploid speciation is prevented or promoted by
postzygotic reproductive phenotypes that affect hybrid fer-
tility. Examples of postzygotic phenotypes that negatively
affect this fertility are abnormalities such as lethality, weak-
ness, and sterility. Abnormal phenotypes lower hybrid fer-
tility by impairing viability or reproductive potential.
Hybrid abnormality is common in plants and animals and
constitutes a major class of postzygotic barriers for repro-
ductive isolation (Coyne and Orr 2004). One postzygotic
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phenotype that positively affects hybrid fertility is 2n gam-
ete production. This produces functional gametes with
somatic chromosome numbers (i.e. 2n gametes) and brings
about chromosome doubling through the union of male and
female 2n gametes. As a result, interspecific F; hybrids are
capable of producing F, hybrids that have cytologically and
genetically stable amphidiploid genomes.

Postzygotic reproductive phenotypes often are con-
trolled by genetic factors transmitted from parental species
or strains (Xu and Joppa 1995; Presgraves et al. 2003).
Because fertile hybrid formation is a key step in allopoly-
ploid speciation, knowledge about when and how often the
genetic ability to express postzygotic reproductive pheno-
types arose in the course of parental species’ evolution is
critical for a better understanding of that speciation. One
possible approach is to perform a systematic cross study of
a broad set of parental species populations and compare
hybrid phenotypes and fertilities. This should enable us to
detect and analyze intraspecific variation in the ability to
express postzygotic reproductive phenotypes in terms of
the geography and phylogeny of parental species and, ulti-
mately, to assess the impact of such postzygotic phenotypes
on allopolyploid formation.

Progenitors of the hexaploid common wheats Triticum
turgidum L. (AABB genome) and Aegilops tauschii Coss.
(DD genome) provide a suitable species system for such a
study. Allohexaploid Triticum aestivum wheats (7. aes-
tivum L. ssp. aestivum, ssp. compactum, ssp. macha, ssp.
spelta, and ssp. sphaerococcum, AABBDD genome) are
considered to be derived from a hybrid cross between a cul-
tivated form of 7. turgidum (female progenitor) and a wild
species of Ae. tauschii (male progenitor) which had wide
genetic and phenotypic amplitudes and natural populations
that adapted to diverse ecogeographic conditions in central
Eurasia (Kihara 1944; McFadden and Sears 1944; Van Sla-
geren 1994; Tanaka and Tsujimoto 1991; Zohary and Hopf
2000). By making artificial crosses between 7. turgidum
and Ae. tauschii, the natural process of 7. aestivum’s speci-
ation of approximately 8,000 years ago can be reproduced
without using chemicals or embryo rescue techniques
(Kihara and Lilienfeld 1949). Furthermore, triploid F,
hybrids between T. turgidum and Ae. tauschii (ABD
genome) display diverse postzygotic reproductive pheno-
types ranging from lethality to high-rate seedsetting
(>50%) (Nishikawa 1960; Matsuoka and Nasuda 2004).

We report results of a systematic cross study that used a
cultivar of T. turgidum as the female tester in order to scan
an array of Ae. tauschii accessions for natural variation in
the ability to express postzygotic reproductive phenotypes.
Hybrid abnormality, selfed-seedset rate, and pollen fertility
were the foci, important phenotypes for the production of
hexaploid offspring. Our goals were (1) to picture the geo-
graphic and phylogenetic distributions of the Ae. tauschii
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accessions involved in the expression of postzygotic repro-
ductive phenotypes in triploid F, hybrids with T. turgidum,
(2) to infer the intraspecific process generating variation in
Ae. tauschii’s ability to express postzygotic reproductive
phenotypes, and (3) to obtain insight into the impact of
diverse postzygotic reproductive phenotypes on the allo-
polyploid speciation of T. aestivum. We show that hybrid-
abnormality-causing and hybrid-fertilizing accessions have
contrasting geographic and phylogeographic distribution
patterns and discuss how Ae. fauschii’s variation in the
ability to express those postzygotic reproductive pheno-
types diversified and contributed to the allopolyploid speci-
ation of T. aestivum.

Materials and methods
Plant materials

Parental materials were the durum wheat cultivar Langdon
(T. turgidum ssp. durum cv. “Langdon”, hereafter Ldn) and
74 accessions of Ae. tauschii Coss. (syn. Ae. squarrossa L.)
(Table S1). When geographical coordinates of the sampling
sites were not available in the original passport data, we
estimated latitude and longitude by means of Kashmir 3D
software (available at http://www.kashmir3d.com/) on
scanned paper maps (scales 1:4,000,000-1:1,000,000)
based on the locality information provided by the seed
banks.

Production of hybrids

Seeds were sown in December, and plants grown individu-
ally in pots in a greenhouse at Fukui Prefectural University.
The greenhouse was heated weakly during the first 3—
4 weeks to enhance early development but thereafter was
unheated. To produce F, hybrids, Ldn spikes were fully
emasculated and pollinated by hand with an Ae. tauschii
accession as the pollen parent. No gibberellic acid solution
was applied to the embryos after pollination. After harvest,
crossability was calculated as the number of seeds
obtained/number of florets pollinated. Well-developed F,
seeds were germinated in Petri dishes at 23°C then trans-
planted. Neither colchicine nor similar chemicals were
applied to the F, plants. F; plant hybridity was confirmed
by the use of multiple morphological markers coleoptile
color, waxiness, tough glume, and lax-internodes of spikes.

Measures of hybrid fertility
The fertility of Ldn-Ae. tauschii triploid F, hybrids was

assayed by the measures of selfed-seedset rates and pollen
fertility (Matsuoka and Nasuda 2004). The selfed-seedset
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rate was calculated as the number of seedsets/number of
well-developed florets x 100. For selfing, spikes on well-
developed tillers were bagged before flowering. Fertility of
pollen grains sampled from mature anthers at flowering was
measured. Grains were stained in 2% aceto-carmine solu-
tion with glycerin. At least 1000 grains per plant were
observed. Pollen fertility was calculated as the number of
normal pollen grains/total pollen count x 100. F, hybrid
plants were grown in a field at Kobe University. Their sel-
fed-seedset rates were measured as above.

Chloroplast DNA haplotype analysis

Each Ae. tauschii accession was analyzed for chloroplast
DNA (cpDNA) variation at the biallelic base-change and
minisatellite sites in the flanking regions of chloroplast
microsatellite loci. In this study, new cpDNA haplotype
data were obtained for 46 accessions, and data for 28 acces-
sions were taken from our previous study (Matsuoka et al.
2005). Total DNA was extracted from the young leaves of
individual plants by the cTAB method (Saghai-Maroof
etal. 1984; Doebley and Stec 1991). Chloroplast DNA
fragments were amplified by PCR via primers originally
designed by Ishii et al. (2001) for bread wheat chloroplast
microsatellites. The PCR reaction mixture consisted of a
50 ng total DNA template, 5 nmol each of dNTPs, 10 pmol
of each primer, 5 pl of 10 x buffer, 0.1 unit of Ex Tag™
polymerase (Takara), and distilled water to 50 pl. Amplifi-
cation was done in a Model 9700 (Applied Biosystems)
device for 25 cycles at 94°C for 1 min, 55°C for 1 min, and
72°C for 0.5 min. PCR products were purified with an Exo-
SAP-IT kit (Amersham Pharmacia Biotech) then sequenced
directly with one of the PCR primers in a BigDye Termina-
tor Cycle Sequencing kit (Applied Biosystems). Sequences
were analyzed in an ABI automated sequencer (Applied
Biosystems). Clustal W ver. 1.8 (Thompson et al. 1994)
was used for nucleotide sequence alignment, and Network
software ver. 4.112 (available at http://www.fluxus-engi-
neering.com) (Bandelt et al. 1995) for reduced median net-
work construction. Other statistical calculations were done
with JMP software ver. 5.1.2 (SAS Institute).

Results

Totally, 74 accessions of Ae. tauschii that covered the
entire species’ natural distribution range were crossed with
Ldn (Fig. 1a). For each combination, 11-190 Ldn plant
florets were crossed. Crossability ranged from 0 to 0.83
(average 0.29). Small well-developed F, hybrid seeds were
obtained from 66 cross combinations (89.2%) (Table S1).
To evaluate fertility, 1-14 F, hybrid seeds were sown from
each successful combination. F; hybrids from 25 (37.9%)

successful cross combinations showed abnormal pheno-
types, whereas those from 41 (62.1%) successful cross
combinations grew normally. Germination rates varied
from O to 1.00 (average 0.77) depending on the cross com-
bination (Table S2).

Hybrid abnormality

We classified hybrid abnormality phenotypes in three cate-
gories: germination failure, severe dwarfness, and necrotic
dysgenesis (Fig. 2, Table S2). Germination failure (zero
germination rate) occurred in F; hybrids from five cross
combinations. In crosses that produced germination-failure
hybrids, except when KU20-7 was the male parent (0.50),
crossability was relatively low (0.06-0.21) (Table S1). F,
hybrids from five cross combinations had the severe dwarf-
ness phenotype (Fig.2a). This phenotype resembled the
Typel—dwarf of bread wheat (Hermsen 1967). Severe-
dwarfness plants ceased growing in the early seedling
stage. Under our conditions, they never set spikes, but in
most cases lived for about 6 months after germination. Fif-
teen cross combinations produced F, hybrids that showed
such symptoms of necrotic dysgenesis as severe chloro-
phyll depletion in the seedling stage and incomplete leaf
emergence from the leaf sheath in the tillering stage (Nis-
hikawa 1960, 1962) (Fig. 2b and c, see d for comparison).
Of them, F, hybrids from four cross combinations involv-
ing accessions CGN10767, IG 47196, KU-2809, and KU-
2834 were fully lethal, whereas 11 cross combinations pro-
duced necrotic hybrid plants that grew to maturity.

Aegilops tauschii accessions that caused hybrid abnor-
mality had two geographic centers within the species’ natu-
ral distribution range, the Transcaucasus and Afghanistan—
Pakistan border areas (Fig. 1b). Accessions that caused ger-
mination failure and necrotic dysgenesis were distributed in
both centers, whereas those that caused severe dwarfness
were confined to the Transcaucasus. A large number of
accessions (22) from the southern-coastal Caspian region
were tested (Fig. 1a). Notably, none was involved with the
expression of hybrid abnormality.

Hybrid fertility

We assayed the fertility of triploid F,; hybrids from 41 nor-
mal and 11 necrotic cross combinations by using the selfed-
seedset rates (mainly for female fertility assays) and pollen
fertility (for male fertility assays) as measures. All F,
hybrid plants that grew to maturity set well-developed
seeds. No fully sterile individual was found. Selfed-seedset
rates (7.5-68.3%) and pollen fertility (18.8-94.4%), how-
ever, varied greatly depending on the cross combination
(Table S3). As is often the case with newly formed polyp-
loids (Ramsey and Schemske 2002), the percentage degrees
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Fig. 1 Geographic distributions of Ae. fauschii accessions crossed
with Ldn. a Distributions of all 74 accessions crossed with Ldn. See
text for details of cpDNA haplotypes. Color key: common to b and c.
b Distributions of hybrid-abnormality-causing accessions. Stars indi-
cate germination-failure, asterisks necrotic-dysgenesis, and triangles
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severe-dwarfness accessions. ¢ Distributions of hybrid-fertilizing
accessions. Thick crosses indicate accessions involved in highly fertile
cross combinations (F; hybrid seedset rate > 50%). Averaged rates are

plotted for data obtained in 2004 and 2005
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Fig. 2 Examples of phenotypes observed in Ldn-Ae. tauschii triploid yellow lower leaves and weak tillering compared to the normal plant d.
F, hybrids. a A 30-day-old hybrid plant (Ae. tauschii accession AE This plant grew to maturity and showed high fertility (Table S3),
1037) with the severe-dwarfness phenotype (height about 3 cm). b A whereas other plants derived from the same cross combination died
52-day-old hybrid plant (Ae. tauschii accession PI 486274) with sys- young due to systemic necrotic symptoms. Pot diameter, 19 cm. d A
temic expression of necrotic symptoms. ¢ A 59-day-old necrotic dys- 50-day-old hybrid plant (Ae. tauschii accession KU-2088) with the
genesis hybrid plant (Ae. fauschii accession KU-2826). Note the normal phenotype
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of pollen fertility mostly were higher than those of the sel-  rates = 43.3%, pollen fertility = 61.0%, n =35) than in
fed-seedset rates. Interestingly, some hybrids from necrotic 2004 (average selfed-seedset rates =33.0%, pollen
cross combinations had high selfed-seedset rates (12.5-  fertility = 58.2%, n=31) (Table S3). In fact, 13 F,
61.3%) and pollen fertility (62.0-94.4%). F, hybrids  hybrids grown in both years showed higher average sel-
derived from the year 2003 crosses also showed high sel- fed-seedset rates (33.2% for 2004, 45.7% for 2005,
fed-seedset rates (average 89.0%, range 58.3-97.7%) t=4.32, P =0.0010) and pollen fertility (52.3% for 2004,
(Table S4), even though chromosome pairing often was 54.7% for 2005, t = 0.35, P = 0.73) in 2005 than in 2004,
unstable in newly synthesized wheat amphidiploids (Kihara  evidence that environmental factors affected the yearly
etal. 1965). These findings show that all the Ae. tauschii ~ fluctuation. A positive correlation between the 2004 and
accessions involved in the 41 normal and 11 necrotic cross 2005 selfed-seedset rates, however, indicated that some
combinations had the ability to fertilize the triploid F, genetic factor(s) transmitted from the parental Ae. tau-
hybrids with Ldn. schii accessions affected female fertility (Fig. 3a). Pollen

Hybrid selfed-seedset rates and pollen fertility may be  fertility data showed a positive but non-significant corre-
affected by environmental factors. In our study, average  lation (Fig. 3b), indicative that this measure of hybrid fer-
selfed-seedset rates and pollen fertility were higher for  tility might tend to fluctuate, depending on environmental
F, hybrids grown in 2005 (average selfed-seedset  factors.
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Table 1 Multiple regression analyses of effects of geographic origin
on selfed-seedset rates and pollen fertility of triploid Ldn-Ae. tauschii
F, hybrids

Source Parameter Standard t-statistic P
estimate error

A

Latitude 0.01 0.01 0.46 0.65
Longitude 0.00 0.00 —-0.35 0.73
B

Latitude 0.01 0.01 0.97 0.34
Longitude 0.00 0.00 0.13 0.90
C

Latitude 0.01 0.01 0.66 0.52
Longitude 0.00 0.00 —0.02 0.98
D

Latitude 0.03 0.02 1.83 0.08
Longitude* 0.01 0.00 2.22 0.03

A, Selfed-seedset rate 2004 (N = 30); B, Pollen fertility 2004 (N = 30);
C, Selfed-seedset rate 2005 (N = 34); D, Pollen fertility 2005 (N = 34).
Asterisk indicates a source with significant effects (P < 0.05)

Aegilops tauschii accessions that fertilize the hybrids are
distributed widely throughout the species’ natural distribu-
tion range (Fig. Ic). A cluster of accessions involved in
crosses that produced highly fertile F, hybrids (selfed-seed-
set rate > 50%) was found in the southern-coastal Caspian
region and Transcaucasus (Fig. 1c). To test whether varia-
tions in selfed-seedset rates and pollen fertility are associ-
ated with latitudinal and longitudinal transitions, we
performed multiple regression analyses using the latitude
and longitude of Ae. tauschii sampling sites as the indepen-
dent values and seedset rates and pollen fertility as the
response values. Separate analyses were done for the 2004
and 2005 observations (Table 1). A significant association
with longitudinal transition was found for 2005 pollen fer-
tility (Table 1D). This, however, requires further testing
because of the relatively low reproducibility of pollen fer-
tility data. No significant association with latitudinal and
longitudinal transitions was found for seedset rates, indica-
tive that variation in the female fertility has neither a simple
latitudinal nor longitudinal cline.

Phylogeny

To further investigate intraspecific variation in the ability of
Ae. tauschii to express postzygotic reproductive phenotypes
in triploid F, hybrids with Ldn, we analyzed the within-spe-
cies phylogeny of Ae. tauschii using cpDNA variations and
examined the phylogenetic distributions of hybrid-abnor-
mality-causing and hybrid-fertilizing accessions. Because
Ae. tauschii is a selfing species, its uniparentally-inherited
chloroplast genome provides useful markers for tracing
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intraspecific genealogical divergence (Matsuoka et al.
2005). In our present study, 14 biallelic base-change and
minisatellite sites were used to analyze the cpDNA haplo-
types of 74 accessions crossed with Ldn (Table S5). Thir-
teen cpDNA haplotypes were identified in this set of
accessions, and a star-shaped reduced-median network was
obtained by phylogenetic analyses (Fig. 4). Consistent with
our previous findings (Matsuoka et al. 2005), chloroplast
haplotypes  were diverse in  western habitats
(longitude < 60°E) (10 haplotypes) relative to eastern ones
(longitude > 60°E) (five haplotypes) (Fig. 4a). This is con-
sistent with the center of Ae. tauschii’s genetic diversity
being in the Caspian and Transcaucasus regions (Dvorak
et al. 1998). Geographically, the large haplotype4 is at the
center of the network distributed widely across the current
species’ natural distribution range from Syria to China,
whereas the other haplotypes (except number 11) are con-
fined either to east or west of longitude 60°E (Fig. 1a), evi-
dence that haplotype4 represents the lineage ancestral to the
majority of current Ae. tauschii populations that have other
haplotypes.

The 25 hybrid-abnormality-causing accessions were
found to have haplotypes 3, 4, 8, and 11 (Fig. 4b, Table
S2). Haplotype4 was common to germination-failure,
severe-dwarfness, and necrotic-dysgenesis accessions and
was the solo haplotype for severe-dwarfness accessions.
Furthermore, it was shared by geographically isolated
necrotic-dysgenesis accessions (i.e., those from the Trans-
caucasus and Afghanistan—Pakistan border areas) (Fig. 1b).
Twenty of the 41 normal accessions had the haplotypes 3,
4,8, and 11 (Table S2). A Fisher’s Exact test showed a sig-
nificant difference in frequency of these haplotypes
between hybrid-abnormality-causing and normal acces-
sions (P =4.311e-06), indicative that the occurrence of
hybrid-abnormality-causing accessions was phylogeneti-
cally biased. As expected from their wide geographic distri-
butions, the hybrid-fertilizing accessions had all haplotypes
other than number 8, whose solo member was lethal
(Fig. 4c). Mean seedset rates and pollen fertility varied
between haplotypes but except for the 2005 means for pol-
len fertility, no significant difference was found (Table 2).
Because of the relatively low reproducibility of pollen fer-
tility data (see above), the significant differences found for
the 2005 means of pollen fertility require further testing
(Table 2, Tukey-Kramer test, P < 0.05).

Discussion

Diverse postzygotic reproductive phenotypes

The geographic and phylogenetic analyses of distributions
of the Ae. tauschii accessions involved in the expression of
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Wct1718b

Wet24e

[l Selfed seedset rate > 50%
[ Non-applicable

Fig. 4 Reduced-median networks for chloroplast DNA haplotypes.
Circles denote haplotypes with diameters proportional to the number
of accessions. Unless otherwise indicated, haplotypes are connected by
branches representing one mutation step. 7wo slashes on an HT3-HT4
branch indicate two mutations. Mutations that define haplotypes are

[ Selfed seedset rate < 50%

Wet10c

Wet24e
Wct24fg

Wet24i - [Jll Germination failure [l Severe dwarfness [Z] Necrotic dysgenesis
HT12 [ Normal [ Non-applicable

shown on the branches. mv denotes a hypothetical haplotype not found
in this study. Complex base changes found in WCt24b (Table S5) were
treated as one mutation. a Colors showing geographic origin propor-
tions. b Colors showing hybrid abnormality phenotype proportions.
¢ Colors showing hybrid-fertilizing accession proportions

Table 2 Mean seedset rates and

. Year and No. of Means, Standard Means, Standard
pollen fertility of Ldn-Ae. .
i . hvbrid Chloroplast accessions selfed-seed error pollen error

fauschit £, hybrids DNA haplotype set rates fertility
2004
HP3 3 0.22 0.02 0.43 0.05
HP4 13 0.32 0.04 0.62 0.05
HP5 8 0.33 0.05 0.46 0.07
HP11 0.46 0.07 0.84 0.01
2005

Means were calculated for cpD- HP3 3 027 0.09 0.59%" 0.11

NA haplotypes that had more ab

than one accession. For the 2005 HP4 10 0.46 0.06 0.64 0.06

pollen fertility means, the identi- HP5 8 0.49 0.04 0.39° 0.07

cal superscript character as- HP6 2 0.52 0.09 0.70™ 0.11

sign.ed t'o mean 'values indicates HP11 4 0.39 0.09 0.81° 0.03

no significant difference (Tukey- b

Kramer test, P < 0.05) HP12 2 0.23 0.03 0.84 0.05

postzygotic reproductive phenotypes in the triploid F, distributions. These results indicate that postzygotic

hybrids with 7. turgidum showed that (1) hybrid-abnor-
mality-causing accessions have limited geographic and
phylogenetic distributions; and (2) hybrid-fertilizing acces-
sions, in contrast, have wide geographic and phylogenetic

hybridization barriers are underdeveloped between these
species. The diploid Triticum and Aegilops species radiated
2.5-4.5 MYA (Huang et al. 2002). A pair of the progenitors
of current diploid Triticum and Aegilops species gave rise
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to what is now T. turgidum 0.5 MYA, whereas, since radia-
tion, Ae. tauschii had been isolated from 7. turgidum until
they came into contact about 8,000 years ago (Van Zeist
1976). Contacts occurred as a result of domestication of 7.
turgidum in the Fertile Crescent and the subsequent spread
of its cultivated forms, eventually bringing about the for-
mation of hexaploid 7. aestivum (Zohary and Hopf 2000).
This means that Ae. fauschii had 2.5 million years or more
to develop postzygotic hybridization barriers that prevent
formation of fertile hybrids with 7. furgidum. Considering a
pair of animal species that diverged over a comparable
amount of time, one would expect complete hybrid invia-
bility, sterility, or both as in Drosophila (0.2-2.7 million
years) (Coyne and Orr 1997) and mammals (2-3 million
years) (Prager and Wilson 1975). The underdeveloped post-
zygotic hybridization barriers and widespread fertile trip-
loid F, hybrids therefore represent a distinct aspect of the
evolution of Triticum and Aegilops species through which
diverse expression patterns of postzygotic reproductive
phenotypes developed.

Chloroplast DNA phylogenetic analyses made it possi-
ble to infer the diversification process of Ae. tauschii’s abil-
ity to express hybrid-abnormality phenotypes. In this study,
cpDNA biallelic base-change and minisatellite sites were
used as markers for tracing intraspecific genealogical diver-
gence. Under conditions in which selfing restricts gene flow
and recombination, descendents inherit both the nuclear
genotype and cpDNA haplotype from the parent and
express parental phenotypes if no mutation occurs. This
scenario seems to explain the origin of severe-dwarfness
accessions that share a single haplotype4 (Fig. 4b). Unifor-
mity of the cpDNA haplotypes together with the narrow
geographic distribution (Fig. 1b) suggests a relatively
recent, single origin for severe-dwarfness accessions from a
haplotype4 parent in the Transcaucasus. In contrast, the co-
existence of hybrid-abnormality-causing accessions with
normal accessions in a haplotype (Fig.4b) indicates,
assuming reverse mutations were rare, that germination-
failure and necrotic-dysgenesis accessions may have arisen
recurrently from parental plants that had different cpDNA
haplotypes through independent mutations. For example,
germination-failure accessions seem to have arisen at least
three times; once from a haplotype3 parent (in the western
habitats), once from a haplotypell parent (probably in the
eastern habitats), and once from a haplotype4 parent (some-
where). Similarly, necrotic-dysgenesis accessions appear to
have arisen at least twice; once from a haploypell parent
(probably in the eastern habitats) and once from a haplo-
type4 parent (somewhere). The necrotic-dysgenesis-caus-
ing ability of the rare haplotype8 seems to have been
transmitted from haplotype4 through divergence.

Postzygotic reproductive isolation usually results from
complementary genes (Orr 1995), and complementary
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genes that cause hybrid necrosis and chlorosis have been
reported in wheat species (Tsunewaki 1970). Recent Dro-
sophila studies showed that allelic mutations in comple-
mentary genes that have normal functions within the
species cause postzygotic reproductive isolation (Pres-
graves et al. 2003). In the case of hybrid-abnormality-caus-
ing Ae. tauschii accessions, their close cpDNA
phylogenetic relationships suggest that at many nuclear
gene loci they share the same or similar alleles that arose
during lineage expansion and diversification through sel-
fing propagation of the ancestral haplotype4 accessions.
The phylogenetically biased occurrence of hybrid-abnor-
mality-causing accessions therefore may be the result of
sharing haplotype4-lineage-derived alleles that could bring
about abnormal phenotypes with a small number of muta-
tions. Such mutations may include those that make Ae. fau-
schii’s complementary gene alleles incompatible with Ldn
alleles, as posited by the Dobzhansky-Muller model (Dobz-
hansky 1936; Muller 1939). In contrast, the absence of
hybrid-abnormality-causing accessions in haplotype5 and
neighboring ones (haplotypes 1, 2, and 13) suggests that at
many nuclear gene loci haplotype5 accessions may have
inherited from the ancestral haplotype4 lineage alleles that
would need several mutations to become capable of
expressing abnormal phenotypes (Fig.4b). To validate
these inferences about the origin and evolution of hybrid-
abnormality-causing accessions requires detailed analyses
of the genes involved in abnormality expression in hybrids
with Ldn.

The wide geographic and phylogenetic distributions of
hybrid-fertilizing accessions indicate that this ability
evolved through a distinct process. In sharp contrast to
hybrid-abnormality-causing accessions, accessions that fer-
tilize the triploid F; hybrids with 7. turgidum seem to have
existed during the early stages of the evolution of Ae. tau-
schii and to have spread by dispersal over the species range.
To date, the ability to fertilize the hybrids with T. turgidum
has been well maintained in Ae. tauschii populations. With
few exceptions, the strengths of this ability do not differ
significantly between cpDNA phylogenetic groups,
whereas variation does exist among the Ae. tauschii geno-
types as seen in the degrees of selfed-seedset rate and pol-
len fertility of F; hybrids with T. turgidum (Table S3).
These findings suggest that the genetic factors involved in
hybrid fertility also have a function(s) in Ae. tauschii and
that mutations that lead to the complete loss of that ability
are not beneficial. The expression of hybrid fertility may
involve genes that have been conserved for their function(s)
during Ae. tauschii evolution.

Fukuda and Sakamoto (1992) crossed two of our Ae.
tauschii accessions (KU-20-9 and KU-20-10) with various
accessions of the 7. turgidum wheats. The seedset rates of
their triploid F, hybrids varied depending on the T. turgidum
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genotypes (0.1-23.5% for the KU-20-9 hybrids, 0.4-15.9%
for the KU-20-10 hybrids), indicative that 7. turgidum has
genetic factors that affect the fertility of the triploid F,
hybrids with Ae. tauschii. Therefore, the fertility of the
Ldn-Ae. tauschii triploid F, hybrids is probably the product
of the mutual action between parental factors. The Ldn-Ae.
tauschii triploid F, hybrids (average selfed-seedset rates,
0.33-0.43 seeds per floret) are more fertile than synthetic
haploid Ldn plants (average seedset rate, 2.75 seeds per
plant) (Jauhar et al. 2000). This fact appears to indicate that
the Ae. tauschii factors may increase the Ldn’s ability to
cause haploid fertility in the triploid genome background.

Ldn has a gene for meiotic restitution (Xu and Joppa
1995, 2000). A triploid F; hybrid between Ldn and an
accession of Ae. tauschii produces 2n gametes through
unreduced meiosis (Matsuoka and Nasuda 2002). The
observed hybrid fertility variation might be associated
with the ability to meiotically produce 2n gametes. Details
of the underlying mechanism for fertility of triploid 7. tur-
gidum—Ae. tauschii F; hybrids, however, have yet to be
addressed.

Impact on allopolyploid speciation

Our findings shed light on the impact of natural variation in
the ability of parental species to express postzygotic repro-
ductive phenotypes on allopolyploid speciation. In T. aes-
tivum speciation, our systematic-cross experiment showed
narrow geographic and phylogenetic distributions for
hybrid-abnormality-causing accessions but did not provide
evidence that hybrid abnormality had a major impact. In
contrast, geographic and phylogenetic distribution patterns
of hybrid-fertilizing accessions suggest that they may have
driven speciation of T. aestivum widely in nature and
negate the view that only particular populations of Ae. fau-
schii had such ability and consequently participated in spe-
ciation. Many naturally occurring Ae. tauschii populations
most likely retain the ability to give rise to fertile triploid F,
hybrids with T. turgidum cultivars that genetically are simi-
lar to Ldn. We speculate that should F, hybrids be formed
between a Ldn-like 7. turgidum and Ae. tauschii under nat-
ural conditions, the possibility that such hybrids would
grow normally and set hexaploid F, seeds is reasonably
high. The wide geographic distribution of the hybrid-fertil-
izing accessions thus provides empirical support for the
theory that allopolyploid T. aestivum speciation took place
at multiple sites within the species range of Ae. tauschii, in
which conditions enabled natural hybridization with culti-
vated T. turgidum (Salamini et al. 2002). More than one
origin of T. aestivum wheats has been suggested based on
their phenotypic and genetic diversities (Mackey 1966; Tal-
bert etal. 1998; Caldwell et al. 2004, Giles and Brown
2006), whereas introgression from emmer wheat is likely to

have had a role in the diversification of 7. aestivum wheats
(Hirosawa et al. 2004).

To better understand the origin and evolution of 7. aes-
tivum wheats, the impact of hybrid abnormality needs to be
assessed with other genotypes of T. turgidum as testers.
Genetic analyses are required to test whether the expression
of the severe dwarfness and necrotic dysgenesis phenotypes
of Ldn-Ae. tauschii F, hybrids involves the known comple-
mentary gene systems (Nishikawa 1960, 1962; Hermsen
1967; Tsunewaki 1970). Furthermore, our findings invite
studies of the roles of prezygotic factors in the allopoly-
ploid speciation of T. aestivum. Prezygotic factors have
high potential for affecting the tempo, mode, and geography
of allopolyploid 7. aestivum speciation by preventing or
promoting natural hybridization crosses that would lead to
the birth of fertile triploid F, hybrids capable of setting
hexaploid F, seeds. In fact, prezygotic barriers, are the
major reproductive isolation components in plants and ani-
mals (Coyne and Orr 1997; Ramsey et al. 2003). To evalu-
ate the impact of prezygotic factors on the allopolyploid T.
aestivum speciation requires agro ecological studies that
integrate biological, anthropological, and environmental
approaches because the cradles of T. aestivum evolution
were the wheat fields brought under cultivation by early
Middle Eastern agriculturists.
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