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The major threshability genes soft glume (sog) and tenacious
glume (7g), of diploid and polyploid wheat, trace their origin
to independent mutations at non-orthologous loci
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Abstract Threshability is an important crop domestica-
tion trait. The wild wheat progenitors have tough glumes
enveloping the floret that make spikes difficult to thresh,
whereas cultivated wheats have soft glumes and are free-
threshing. In hexaploid wheat, the glume tenacity gene Tg
along with the major domestication locus Q control thresh-
ability. The Q gene was isolated recently and found to be a
member of the AP2 class of transcription factors. However,
only a few studies have reported on the tough glume trait.
Here, we report comparative mapping of the soft glume
(sog) gene of diploid Triticum monococcum L. and tena-
cious glume (7g) gene of hexaploid 7. aestivum L. using
chromosome-specific SSR and RFLP markers. The sog
gene was flanked by Xgwm?71 and Xbcdi20 in a 6.8 cM
interval on chromosome 2A™S of T. monococcum whereas
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Tg was targeted to a 8.1 cM interval flanked by Xwmc503
and Xfba88 on chromosome 2DS of T. aestivum. Deletion
bin mapping of the flanking markers assigned sog close to
the centromere on 2AS, whereas Tg was mapped to the
most distal region on 2DS. Both 2AS and 2DS maps were
colinear ruling out the role of chromosome rearrangements
for their non-syntenic positions. Therefore, sog and Tg are
not true orthologues suggesting the possibility of a diverse
origin.

Introduction

The crop domestication process started ca 5,000—
15,000 years ago with the conversion of wild forms (char-
acterized by inflorescences that shatter at maturity into
tough fruiting bodies which help protect seeds during natu-
ral dispersal) into cultivated forms. These cultivated plants
produced non-shattering inflorescences and soft fruiting
bodies, which made them suitable for human planting and
harvesting. In grasses, mutations at genes controlling sev-
eral spike-related traits such as rachis fragility (brittle or
non-brittle rachis) and glume tenacity (hulled or free-
threshing) were selected during domestication and subse-
quently became fixed in the cultivated populations due to
positive selection pressure (Tanksley and McCouch 1997;
Feuillet et al. 2008).

The ploidy levels of domesticated wheat species range
from diploid (Triticum monococcum, 2n = 14, AA), tetra-
ploid (7. turgidum, 2n = 28, AABB) to hexaploid (7. aes-
tivum, 2n =42, AABBDD). Diploid and tetraploid wheat
were independently domesticated from wild relatives ca
13,000 and ca 9,000 years ago, respectively (Nesbit and
Samuel 1995). Hexaploid wheat originated under cultiva-
tion from hybridization of domesticated tetraploid wheat
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and Aegilops tauschii coss. (2n =14, DD) ca 8,000 years
ago (Nesbit and Samuel 1995). Thus, T. aestivum was the
last domesticated wheat species and presumably shares the
same mutations that led to the domestication of tetraploid
wheat in its A and B genomes. Additionally, the founding
population of hexaploid wheat inherited the tenacious
glume and brittle rachis genes from Ae. tauschii and muta-
tions at these loci presumably occurred and were selected
during the cultivation of hexaploid wheat (Salamini et al.
2002).

In the polyploid wheats, a polygenic system along with
modifier genes is known to govern rachis fragility and
glume tenacity (MacKey 1966). Rachis fragility is primar-
ily controlled by genes present on the homoeologous
group-3 chromosomes (Watanabe and Ikebata 2000; Nalam
et al. 2006; Li and Gill 2006). All wild wheats have a brittle
rachis leading to shattering of either the whole spike or
individual spikelets (Li and Gill 2006). The first cultivated
wheats had a non-brittle rachis (mutant br allele) with
tough glumes and thus were non-free-threshing. The Tg
gene controlling glume toughness in wheat is present on
short arm of the group-2 chromosomes (Sears 1954; Kerber
and Rowland 1974; Chen et al. 1999; Simonetti et al. 1999;
Taenzler et al. 2002; Jantasuriyarat et al. 2004; Nalam et al.
2007). A major modifier gene for domestication related
traits (g gene) is located on the long arm of chromosome
5A (MacKey 1966; Muramatsu 1986; Faris et al. 2002;
Faris et al. 2005). Subsequent mutations at these loci during
domestication led to the modern free-threshing wheats
(genotype brbrigtgQQ). Among these three genes, only O
has been cloned and is a member of the APETALA?2 family
of transcription factors (Simons et al. 2006).

Tg (tenacious glume) was first described by Kerber and
Dyck (1969) as an incompletely dominant gene in synthetic
allohexaploid X cultivated wheat crosses. Initial mapping
efforts placed Tg on the short arm of chromosome 2D of
wheat (Kerber and Rowland 1974; Rowland and Kerber
1974). Molecular mapping of loci influencing the free-
threshing trait in the International Triticeae Mapping Initia-
tive (ITMI) recombinant inbred line (RIL) population
identified two major quantitative trait loci (QTL) on
chromosome 2DS and 5AL (Jantasuriyarat et al. 2004). The
QTL mapped in a region on 2DS corresponding to Tg, and
the QTL on SAL corresponded to the Q gene. This study
further suggested that Tg has a more pronounced effect on
threshability than Q (Kerber and Rowland 1974). Using the
ITMI RIL population, Nalam et al. (2007) further reported
the presence of two coincident QTL affecting free-threshing
habit (threshability and glume tenacity) on short arm of
chromosome 2D of wheat and suggested the likely presence
of a paralog of Tg.

In the tetraploid wheat, Simonetti et al. (1999) character-
ized the genetic loci influencing glume tenacity/threshabil-
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ity. They studied the free-threshing habit in the RIL
population derived from a 7. turgidum subsp. durum X
T. turgidum subsp. dicoccoides cross and found four QTL
influencing the threshability trait. These QTL were associ-
ated with chromosomes 2BS, 5AL, 5AS, and 6AS. The
2BS and 5AL QTL corresponded to the homoeologous
genes Tg and Q of hexaploid wheats, respectively, where
Tg2 the putative ortholog of Tg, was located on chromo-
some 2BS. Furthermore, this study suggested the complex-
ity of free-threshing trait in tetraploid wheat where major
genes, Tg2 and Q along with several minor genes are
required for the complete expression of the free-threshing
trait.

The glume tenacity genes located in the A-genome have
been studied in 7. monococcum. Einkorn wheat (7. mono-
coccum subsp. monococcum) is the only cultivated diploid
wheat. It has a tough rachis but is non-free-threshing due to
the presence of tough glumes. Although a spontaneous free-
threshing mutant of 7. monococcum subsp. monococcum
referred to as 7. sinskajae has been reported to possess soft
glumes (Filatenko and Kurkiev 1975 cited by Gonchariov
et al. 2002), the free-threshing einkorn wheat could not be
used for large scale cultivation due to the association of the
soft glume trait with reduced ear length (Salamini et al.
2002). A single, recessive gene sog controlling soft glume
trait in 7. sinskajae was mapped on the short arm of chro-
mosome 2A™ (Taenzler et al. 2002).

The major genetic factors responsible for glume tenacity
and threshability have been located on short arm of homo-
eologous group-2 chromosomes in wheats of different
ploidy levels (Taenzler etal. 2002; Jantasuriyarat et al.
2004) but their orthologous relationships are not known. In
the present study, we characterized sog and Tg, two of the
homoeologous chromosome group-2 loci influencing
threshability in diploid and hexaploid wheat populations,
respectively, and investigated the orthologous relationship
between these genes.

Materials and methods
Plant material

A free-threshing mutant, Tm-9, derived from ethyl meth-
anesulfonate (EMS) induced mutagenesis of TA4342-95
(Dhaliwal et al. 1987) was obtained from Dr. H.S. Dhaliwal
of Indian Institute of Technology, Roorkee, India. Tm-9
was crossed as female parent with 7. monococcum subsp.
aegilopoides accession TA4342-96 (non-free-threshing)
and an F, population of 118 individuals was developed.
This population was used for mapping the soft glume (sog)
gene. Progeny testing was done by evaluating 12 F; plants
in each F, family to identify the heterozygous individuals.
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An allelism experiment was conducted to find out if Tm-9
and the T. sinskajae (sog) reported by Taenzler et al. (2002)
have the same recessive free-threshing allele.

Although the Tg gene in hexaploid wheat was contrib-
uted by Ae. tauschii, related loci in A and B genomes in
hexaploid background also can influence the free-threshing
phenotype. Therefore, a population segregating only for the
D-genome in hexaploid wheat was developed for mapping
Tg. The extracted tetraploid of Canthatch (AABB, 2n = 28)
was developed by E. R. Kerber (1964) and is maintained
at the Wheat Genetic and Genomic Resources Center
(WGGRC), Manhattan, KS. An allohexaploid (TA3419)
was synthesized by crossing the extracted tetraploid Can-
thatch (TA3358) as a female with Ae. tauschii form meyeri
(TA1599). We crossed the resulting non-free-threshing
synthetic (TA3419) to the cultivar Canthatch (TA2987) and
developed an F, population of 103 individuals. This popu-
lation segregated for several morphological traits including
threshability, foliage waxiness, coleoptile color, and glume
color and was used for mapping the 7Tg gene. Progeny test-
ing was done using 12-16 F; plants in each F, family.

A set of 11 group-2 deletion lines of Chinese Spring wheat
(Endo and Gill 1996) were used to physically localize the
threshability genes in a specific deletion bin. Deletion lines
used in this study included 2AS-5, 2AL-1, 2BS-1, 2BS-4,
2BS-3, 2BL-2, 2DS-1, 2DS-5, and 2DL-3 and two new dele-
tion lines 2BL-6/2AS, 6BL-5/2BS (Qi et al. 2003). Individual
plants were grown in the greenhouse filled with Scotts Metro
Mix 200 (Hummert International, Earth City, MO) using sup-
plemental lighting for a 16 h day and 8 h dark period.

Phenotypic analysis

Threshability data of individual spikes was recorded after
harvest. In the diploid wheat population, spikes of the F,
plants and their F; progenies were scored for glume shape
and threshability. Each spike was hand threshed and scored
as either non-free- or free-threshing. The method described
by Kerber and Dyck (1969) was used for testing threshabil-
ity. Each spike was placed in a plastic tray with a corrugated
rubber bottom lining and rubbed with a wooden block cov-
ered with the same rubber material. The threshability of each
F, plant in the hexaploid population and the F; progenies also
was determined by hand rubbing the individual spikes. The
Tg gene is incompletely dominant (Kerber and Rowland
1974) and, therefore, all the heterozygotes show intermediate
threshability. The F, genotype was verified by assaying the
phenotypes of 12-16 F; plants from each F, plant.

Molecular marker analysis and genetic mapping

About 40-60 mg of fresh leaf tissue from the F, populations
and parents was used for DNA extractions (Kuraparthy et al.

2007). Extracted DNA was dissolved in TE buffer and quan-
tified using NanoDrop ND-1000 UV-VIS spectrophotome-
ter (Agilent Technologies, Palo Alto, CA, USA). Because
the chromosome location of sog and Tg is known (Rowland
and Kerber 1974; Jantasuriyarat et al. 2004; Taenzler et al.
2002), we used chromosome 2A- and 2D-specific microsat-
ellite markers for initial mapping based on previously
reported maps (Roder et al. 1998; Gupta et al. 2002; Guy-
omarc’h et al. 2002a, b; Pestsova et al. 2000; Somers et al.
2004; Sourdille etal. 2004). Polymerase chain reaction
(PCR) amplifications were performed in 20 pl reactions
containing 2.5 pl of 10x PCR buffer, 1.75 ul magnesium
chloride (25 mM), 2.0 ul dNTPs (2.5 mM of each dNTP),
1.0 pl each of forward and reverse primer (10 pM/ul),
0.15 pl of Tag DNA polymerase (Promega, Madison, WI,
USA) and 75 ng of DNA in a PTC-200 thermal cycler (MJ
research, Waltham, MA, USA). PCR amplification con-
sisted of 5 min at 95°C, followed by 35 cycles of 95°C for
1 min, 50, 52, 55 or 60°C depending on the individual
primer for 1 min and 72°C for 2 min and final extension at
72°C for 10 min. Amplified PCR products were resolved in
2.5% high-resolution agarose (GenePure HiRes agarose,
ISC BioExpress, Kaysville UT, USA) gels with 1x Tris—
borate EDTA (TBE) buffer and visualized by ethidium bro-
mide staining. Some of the PCR products were resolved in
6.5% KB™* Gel Matrix (LI-COR) in a LI-COR 4200 DNA
sequencer (LI-COR Biosciences, Lincoln, NE, USA) as per
the manufacturer’s instructions. PCR reactions analyzed in
the LI-COR DNA Analyzer were done in a reaction volume
of 10 pl. All the forward primers were added with a M13 tail
sequence (Schuelke 2000). Fluorescence-labeled M 13 prim-
ers 5’ IRDye® 700 and 5’ IRDye® 800 were used for detec-
tion of PCR products in the LI-COR sequencer.

RFLP clones previously mapped to the short arm of the
group-2 chromosomes (Devos et al. 1993; Dubcovsky et al.
1996; Nelson et al. 1995, http://wheat.pw.usda.gov/ggpages/
linemaps/Wheat/SxO_2.html) were used for physical and
genetic mapping of sog and Tg. All techniques of restric-
tion enzyme digestion, gel electrophoresis, Southern trans-
fer, probe labeling, and filter hybridizations were
performed as described by Kuraparthy et al. (2007). Addi-
tionally, ESTs (expressed sequence tags) physically
mapped in the interstitial deletion bin 2DS1-0.33-0.47
(http://wheat.pw.usda.gov/cgi-bin/westsql/map_locus.cgi)
in the National Science Foundation (NSF) wheat EST map-
ping project were selected for physical mapping of sog.

Linkage maps were constructed with MAPMAKER ver-
sion 2.0 (Lander et al. 1987) for the Macintosh OS. Genetic
distances were calculated using the Kosambi mapping func-
tion (Kosambi 1944). The ‘TRY’ and ‘RIPPLE’ commands
were used to add markers to the framework map and check
the final marker order. Markers were ordered at a minimum
LOD score of 3.0 with the exception of some co-segregating
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Sog sog Tg tg

Fig. 1 Phenotypes of contrasting alleles of threshability genes sog and
Tg in diploid and hexaploid wheat, respectively. Comparison of spike
shape between a non-free-threshing 7. monococcum (Sog) and free-
threshing mutant Tm-9 (sog) and b non-free-threshing synthetic wheat
(Tg) and the free-threshing cultivar Canthatch (zg). Spikelets showing
the glume morphology differences in ¢ T. monococcum (Sog) and
Tm-9 (sog) and d synthetic wheat (Tg) and cultivar Canthatch (tg)

or very closely linked markers. The heterogeneity between
common marker pairs on the genetic maps of chromosome
2A™ and 2DS was tested using the G-test statistic (Liu 1998).
Results

Genetic mapping of sog

In the free-threshing mutant Tm-9 (sog), the glumes
were softer, longer, and broader compared to the wild

type T. monococcum (Sog). In the sog mutant plant, the
kernels were loosely covered and easy to thresh and the
spikes were more compact (Fig. 1). The F, plants of Tm-9/
T. monococcum subsp. aegilopoides were non-free-thresh-
ing suggesting that the mutant soft glume allele (sog) is
recessive. The F, population segregated into 92 non-free-
threshing and 26 free-threshing plants indicating mono-
genic inheritance (Table 1). In the F; generation, 27 fami-
lies were homozygous for tough glumes, 60 families
segregated and 24 families were homozygous for the free-
threshing trait, fitting a 1:2:1 ratio (}52, P =0.64). The F,
obtained from the cross between Tm-9 (female parent) and
T. sinskajae was free-threshing (data not shown) suggesting
Tm-9 presumably harbors the same free-threshing allele
(s08).

The initial chromosome location of the sog gene was
determined using chromosome 2A-specific microsatellite
markers. A total of 60 microsatellite markers were sur-
veyed for polymorphism between Tm-9 and 7. monococ-
cum subsp. aegilopoides accession 4342-95 and 51
primers amplified at least one fragment suggesting
approximately 85% transfer rate of hexaploid wheat
microsatellites to T. monococcum (Table S1, S2). Among
the 19 microsatellites that showed polymorphisms between
the parents, 16 produced co-dominant and 3 gave domi-
nant polymorphism. Eight of the polymorphic microsatel-
lite markers showed linkage with the sog gene and were
mapped on chromosome 2A™S. The microsatellite marker
Xgwm71 was located 3.3 cM from sog towards the distal
end of the short arm of chromosome 2A™. However, we
could not place any marker proximal to sog. Furthermore,
Xgwm71 amplifies two alleles each in 7. aestivum and
T. monococcum; one has been mapped close to the centro-
mere and the other has been mapped distally on the short
arm of chromosome 2A in published genetic maps of
hexaploid wheat (Roder et al. 1998; Somers et al. 2004).
In our 7. monococcum population, only one of the alleles
of Xgwm71 was segregating and, thus, the precise genetic
location of sog on the short arm of chromosome 2A™ was
difficult to determine based on microsatellite markers
alone.

Table 1 Segregation of threshability alleles in the diploid and hexaploid wheat populations

Generation Total no. of plants Observed ratio® Expected ratio 7 P value®
Tm-9 X TA4342-95 (Diploid wheat) F, 118 92:26 3:1 0.553 0.46

F; 111° 27:60:24 1:2:1 0.89 0.64
TA2987 X TA3419 (Hexaploid wheat) F, 103 82:21 3:1 1.17 0.28

F; 1024 26:57:19 1:2:1 2.36 0.307

 Plants were categorized as non-free-threshing (NFT): free-threshing (FT) in F, and as NFT: segregating: FT in F; generation

® 42 values were tested at a 0.05 level of significance

¢4 Seven families from the diploid wheat F, population and one family from hexaploid F, population could not be phenotyped in F; due to lack

of sufficient seeds
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In order to find flanking marker for the sog locus, 62
RFLP markers that were previously mapped on group-2
homoeologous chromosomes were analyzed (http://
wheat.pw.usda.gov/ggpages/linemaps/Wheat/SxO_2.html).
Parental genomic DNA was digested with six restriction
enzymes (Dral, EcoRl, EcoRV, Hindlll, Scal, Xbal) and
surveyed for polymorphism. Thirty-five probes detected
polymorphism with at least one enzyme (Table S1, S4).
Among the 35 polymorphic probes, 12 RFLP markers were
mapped in the 7. monococcum F, population. One RFLP
marker Xbcd120 was mapped 3.5 cM proximal to sog. In an
effort to physically assign sog to a specific chromosome
region on short arms of group-2 chromosomes, 14 EST
markers physically mapped in the 2DS1-0.33-0.47 deletion
bin were utilized (http://wheat.pw.usda.gov/cgi-bin/westsql/
map_locus.cgi, Table S5). ESTs mapped in the interstitial
bin were chosen due to lack of prior information on the
physical location of sog. Nine ESTs showed polymor-
phism among Tm-9 and 7. monococcum subsp. aegilopo-
ides (Table S1, S5) and three of these were found linked to
sog. The closest EST marker, XBE443771, was mapped
4.3 cM distal to sog. As a result, sog was placed in a
6.8 cM interval flanked by microsatellite marker Xgwm71
on distal end and Xbcd120 on the proximal end (Fig. 2).
The markers flanking sog have been placed in the proximal
deletion bin C-2AS5-0.78 (Erayman et al. 2004; Sourdille
et al. 2004) on chromosome 2A of wheat, thus assigning
sog to the proximal 78% of the short arm. In the consensus
physical map of group-2 chromosomes (Conley et al.
2004), the closest EST marker to sog (XBE443771) has
been placed in the deletion interval delineated by FL0.33
and FLO0.47 (FL, fraction length of distance from centro-
mere), hence sog was placed in the proximal 50% of the
short arm of group-2 homoeologous chromosomes of
wheat (Fig. 2).

Genetic mapping of Tg

The Canthatch (TA2987) parent is free-threshing with
softer and open glumes, whereas the synthetic parent
(TA3419) is non-free-threshing with tough glumes that
adhere tightly to the kernel (Fig. 1). The F, plants of this
cross had somewhat tough glumes and were intermediate in
threshability suggesting that Tg is a partially dominant
gene. Phenotypic analysis of the F, population of 103 indi-
viduals gave a good fit for single gene segregation (2,
P =0.28, Table 1). Segregation in the F; generation also fit
the expected 1:2:1 ratio (4%, P =0.31). These results con-
firmed that the free-threshing character of Canthatch is
recessive in nature and that a single gene controls glume
tenacity and threshability in this population.

Twenty-five of the 49 tested microsatellite markers spe-
cific for chromosome 2D were polymorphic between the

parents, TA2987 and TA3419 (Table S1, S3). Among the
polymorphic microsatellite primers, 17 were co-dominant.
Ten SSR markers were linked to the Tg gene and mapped
on the short arm of chromosome 2D. Xwmc503, the closest
linked microsatellite marker to Tg, was located 2.2 cM
towards the distal end of chromosome 2D. As was the case
with sog mapping, we were unable to find a closely linked
SSR marker for Tg on the proximal side. In an attempt to
identify flanking marker for the Tg locus, 58 previously
mapped homoeologous group-2 RFLP markers were cho-
sen (Table S4). Parental DNA was digested with the same
six enzymes used for mapping sog. Nineteen probes were
polymorphic between parents with at least one enzyme
combination (Table S1, S4). Nine RFLP markers showed
linkage with Tg. Two RFLP markers Xfba88 and Xfba400
which co-segregated with each other were mapped 5.9 ctM
proximal to Tg on 2DS. Fourteen ESTs physically mapped
in the 2DS1-0.33-0.47 deletion bin that were initially used
for physical mapping of sog were also used to screen the
parents of the hexaploid population for polymorphism
(Table S5). Seven ESTs were polymorphic between Can-
thatch and the synthetic (Table S1 and S5) and one EST
marker, XBE443771 showed linkage with Tg. However,
XBE443771, mapped proximal to Tg on chromosome 2DS
(Fig. 2). Tg was localized in a 8.1 cM interval between
markers Xwmc503 and Xfba88 (Fig. 2). By using Xfba88 as
a probe on a set of group-2 deletion lines, 7g was mapped
in the chromosome deletion bin 2BS-3 (FL 0.84-1.00) on
2B and 2DS-5 (FL 0.47-1.00) on 2D (Fig. 3). Thus, in the
consensus physical map of group-2 chromosomes of wheat
(Conley et al. 2004), Tg was placed in the distal 16% of the
short arm (Fig 2).

Comparative mapping

We compared the genetic linkage maps of the sog and Tg
regions constructed using diploid and hexaploid wheat pop-
ulations, respectively (Fig. 2). Twenty-one microsatellite,
RFLP and EST markers spanning 75.3 ¢cM were mapped on
chromosome 2A™S in the diploid map, whereas 20 DNA
markers mapped on short arm of chromosome 2D spanned
104.5 cM in the hexaploid map. Both maps shared seven
common loci namely Xbarci24, Xfba88, Xfba400,
Xfba272, Xpsri30, Xcdo405, and XBE443771. Although
the order of RFLP markers along the 2A™ and 2D maps was
in complete agreement with each other and with the previ-
ously published homoeologous group-2 RFLP maps (http://
wheat.pw.usda.gov/ggpages/linemaps/Wheat/SxO_2.html),
the genetic distance between individual markers varied
considerably. In order to facilitate the comparison of
recombination frequency, we used markers common
between the 2A™S and 2DS linkage maps and divided the
genetic maps into four major marker intervals. The chromo-
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Fig. 2 Genetic and physical mapping of threshability genes sog and
Tg. Each map is oriented top to bottom from telomere towards centro-
mere. Common marker loci between the two genetic maps are con-
nected by dotted lines. The threshability loci sog and Tg are
represented in bold. Map distances are given in cM. The centromere on
chromosome 2A™ map is located between marker loci Xbcd120 and
XksuG5. The co-segregating markers have been placed next to each
other on the genetic maps. The group-2S consensus physical map has

some region between markers Xbarci24 and Xfba88 in the
genetic map was designated as interval I, the region
between Xfba400 and Xfba272 as interval II and the region
between Xfba272 and Xcdo405 as region III (Table 2). We
tested the linkage heterogeneity using the G-test statistic
(Liu 1998) with the hypothesis that true linkage between
the marker pairs should be the same for chromosome 2A™S
and 2DS genetic maps. The G-statistic indicated that
recombination data among given marker pairs is consistent
with homogeneity of linkage except for marker pair Xfba88
and Xfba272 (G = 14.253, P = 0.0026, Table 2), which was
not unusual because this marker pair spanned 33.5 cM in
the 2DS genetic map compared to 9.5 cM in the 2AS map.
Comparative mapping analyses of the sog and Tg
regions revealed that these genes occupy non-syntenic
regions on homoeologous group-2 chromosomes. This is
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been redrawn based on Conley et al. 2004. Each section of consensus
physical map represents a bin delimited by deletion breakpoints ex-
pressed as fraction of the arm length from the centromere. The break-
points of various deletions, along with their FL values, are marked by
arrows on the right of the consensus map. Black solid lines indicate the
deletion bin location of RFLP and EST markers in the consensus phys-
ical map that are common between 2A™ and 2DS genetic maps

evident by comparing the map position of threshability
genes, sog and Tg with respect to a common marker such as
Xfba88, which flanked Tg at 5.9 cM on proximal side but
was placed 36.1 cM distal to sog (Fig.2). Furthermore,
physical mapping using a set of CS deletion lines for group-
2 chromosomes placed sog in the proximal 50% of the short
arm relative to Tg, which was targeted to the distal most
16% of short arm in the consensus physical map of the
group-2 chromosomes (Fig. 2).

Discussion
Threshability is an important domestication trait because

free-threshing forms of wheat are essential for cultivation.
Various genetic loci are known to influence threshability in
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Fig. 3 Deletion bin based physical mapping of Tg by mapping flank-
ing RFLP marker Xfba88 in Chinese Spring (CS) group-2 aneuploid
stocks and deletion lines. Autoradiograph image showing the hybrid-
ization pattern of RFLP probe FBA88 on monosomic (M), nullisomic
(N), ditelosomic (D¢) and deletion lines (Del) of group-2 chromosomes

wheat. In the present study, two major threshability genes
in wheat, soft glume, and tenacious glume were character-
ized and their orthologous relationship was investigated.

The soft glume gene of diploid wheat T. monococcum
was mapped to the short arm of chromosome 2 using wheat
microsatellite and RFLP markers. Genetic mapping placed
sog it in a 6.8 cM interval flanked by marker loci Xgwm71
and XbcdI20, both of which have been mapped near the
centromere on group-2 chromosomes of wheat (Roder et al.
1998; Somers et al. 2004; Nelson et al. 1995). Taenzler
et al. (2002) assigned the sog gene to chromosome 2A™
using AFLP (amplified fragment length polymorphism)
markers. However, because of the nature of markers used,
they could not target sog to a specific region of the chromo-
some. We used chromosome-specific RFLP and EST mark-
ers to assign sog to a specific deletion-bin based on the
physical map of chromosome 2A of wheat. Therefore, this
is the first report to precisely locate sog, the threshability
gene in diploid wheat, to a specific chromosome region in
wheat.

The major determinant of threshability in hexaploid
wheat, Tg, was localized to an 8.1 cM interval flanked by
Xwmc503 and Xfba88 on chromosome 2DS. Previous stud-
ies (Jantasuriyarat et al. 2004; Nalam et al. 2007) aimed at
QTL mapping of genetic factors responsible for glume

tenacity and threshability in hexaploid wheat also identified
major QTL on chromosome 2DS using recombinant inbred
lines of ITMI population. Although, both studies measured
glume tenacity and percent threshability as separate traits,
the QTL location for glume tenacity coincided with the
QTL for percent threshability in the linkage map (Jantasu-
riyarat et al. 2004; Nalam et al. 2007). These QTL were
closely associated with the microsatellite marker Xgwm261
on chromosome 2DS. In our 2DS linkage map, Xwmc503,
the closest flanking marker to Tg was mapped 0.5 cM prox-
imal to Xgwm261. Considering the fact that QTL cannot be
precisely mapped with the small populations used in these
studies, the glume tenacity QTL (Jantasuriyarat et al. 2004;
Nalam et al. 2007) and Tg gene might represent the same
locus. However, mapping of the glume tenacity QTL (7g/)
in a CS/CS2D F, population localized Tg/ to a 12cM
region between markers Xwmcl12 and Xbarcl168 (Nalam
etal. 2007). Xwmcl12 and Xbarc168 were non-polymor-
phic and thus, were not mapped in our population but
XwmcllI2 has been located 8.0 cM proximal to Xwmc503
on chromosome 2DS in the published consensus microsat-
ellite map for chromosome 2DS (Somers et al. 2004). In
our linkage map, Tg was mapped 2.2cM proximal to
Xwmc503 suggesting that Tg and Tg/ may represent the
same genetic locus. Alternatively, two coincident genetic
factors may control threshability and glume tenacity on
chromosome 2DS as has been indicated by Nalam et al.
2007. The genetic background (minor loci in D genome)
also may have had an effect on the phenotype, which further
affected the mapping results. Consequently, further
research is needed to confirm the relationship between Tg
and Tgl.

Various molecular mapping and comparative mapping
studies within the Triticeae have established that gene syn-
teny is well conserved among the homoeologous group-2
chromosomes in wheat (Devos et al. 1993; Nelson et al.
1995). Homoeologous chromosomes are essentially collin-
ear except for some minor rearrangements (Conley et al.
2004; Devos et al. 1993). A threshability gene is found on
the short arm of each homoeologous group-2 chromosome
and therefore, all these threshability genes (sog, Tg2 and

Table 2 Recombination frequency distribution between different molecular marker intervals in the genetic linkage maps of short arm of chromo-
some 2A™ and 2D in relation to location of threshability genes sog and Tg, respectively

Chromosome interval region Molecular markers Genetic distance in the given marker interval (cM) G P value®
on linkage maps encompassing the interval

2A"S map 2DS map
I Xbarcl24-Xfba88 35.7 29.7 1.856 0.603
I Xfba88-Xfba272 9.5 335 14.253 0.0026*
111 Xfba272-Xcdo405 17.1 21.8 0.244 0.9702

# P values are obtained by testing linkage heterogeneity between marker pairs using the G-test statistic

Significant values are indicated by asterisk
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Tg) may be orthologues (Simonetti et al. 1999; Taenzler
et al. 2002; Jantasuriyarat et al. 2004). However, experi-
mental evidence in support of this hypothesis is lacking. In
the present study, we compared the map positions of sog
and Tg using homoeologous group-2-specific RFLP mark-
ers and found these genes to be non-orthologous. The sog
and Tg genes occupy different positions on the genetic map
of short arm of homoeologous group-2 chromosome as
demonstrated by RFLP marker Xfba88, which flanks Tg at
5.9 ¢cM on the proximal end of chromosome 2DS and is
placed 36.1 cM distal to sog on chromosome 2A™S. The
RFLP marker, Xfba88, also has been mapped in the dele-
tion bin 2BS-3 (FL 0.84-1.00) on chromosome 2B of
wheat, which targets Tg to the distal 16% of the short arm
in the consensus physical map of the group-2 chromo-
somes. The EST marker locus, XBE443771, which is genet-
ically mapped 4.3 ¢cM distal to sog on 2A™S and 80.7 cM
proximal to Tg on 2DS in this study, has been physically
mapped in deletion bin 2DS-1 delineated by FL0.33 and
FL0.47 in the consensus physical map of group-2 chromo-
somes of wheat (Conley et al. 2004) and thereby placing
sog in the proximal half of the short arm of group-2 chro-
mosomes. This clearly suggests that sog and Tg genes are
not orthologues.

Comparing the map distances between the same loci on
chromosome 2A™ and 2D also indicated the local variabil-
ity in recombination frequencies between these linkage
maps. Significantly higher recombination was observed
between Xfba88 and Xfba272 marker loci in the chromo-
some-2D map as compared to the chromosome-2A™
genetic map. The most likely reason for a greater genetic
distance in the Xfba88 and Xfba272 marker interval may be
that the parents of both populations (both diploid and hexa-
ploid levels) are biologically different with respect to
recombination in this region. This assumption is further
supported by a higher G-statistic value for this marker pair
and also by the fact that marker interval lengths on the cor-
responding regions on the 2D map developed in this study
are quite similar to those from other mapping studies
involving cultivated x synthetic wheat crosses (Nelson
et al. 1995; Korzun et al. 1998; Pestsova et al. 2000).

Uneven distribution of genes and recombination in the
wheat genome has been widely documented (Gill et al.
1996; Sandhu et al. 2001; Akhunov et al. 2003). In this
study, the major threshability gene in hexaploid wheat, Tg,
has been localized in the most distal deletion bin of chro-
mosome 2DS. In the consensus physical map of group-2
chromosomes, Tg is targeted to the distal 16% of the short
arm between breakpoints FL0.84 and FL1.00 (Fig. 3),
implying that Tg lies in a high-recombination region. Sev-
eral studies in wheat have demonstrated that despite the
large genome of wheat (1.6 x 10'°bp), genes present in
regions of high-recombination are amenable to map-based
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cloning (Feuillet et al. 2003; Huang et al. 2003; Yan et al.
2003, 2004; Simons et al. 2006). Thus isolating Tg using a
positional cloning approach should be feasible. Because the
deletion bin location of Tg is already known, specific dele-
tion-bin mapped wheat ESTs (http://wheat.pw.usda.gov/
cgi-bin/westsql/map_locus.cgi) can be readily utilized to
identify markers closely linked to 7g. Furthermore, a
genome wide analysis of mapped wheat ESTs has shown
large blocks of conserved collinearity between wheat and
rice genomes (Gale and Devos 1998; Sorrells et al. 2003).
High conservation of synteny between wheat chromosome
2 and rice chromosomes 4 and 7 has been well-established
(Ahn et al. 1993; Sorrells et al. 2003; Conley et al. 2004).
Therefore, rice genomic sequence information can be used
as an additional source of markers to enrich Tg region to aid
in its cloning.

On the contrary, sog, the threshability gene in diploid
wheat, has been genetically mapped close to the centromere
(our results, Roder et al. 1998; Nelson et al. 1995). Based
on a study by Erayman et al. (2004), 29% of the wheat
genome is presumed to be gene-rich region and these
regions have been divided into 18 major and 30 minor
gene-rich regions. RFLP markers flanking sog, Xrz395 and
XbedI20 have been placed in gene-rich region 2S0.5 (FL
0.47-0.57) on chromosome 2S, which physically places sog
in the proximal half of the chromosome arm. This gene-rich
region spans a physical length of 21 Mb and has a recombi-
nation frequency of 1.5 Mb/cM, thus emphasizing that sog
is located in a relatively low-recombination region. Efforts
to isolate sog using map-based cloning approach therefore
might prove ineffective.

Comparative mapping analysis of QTL regions corre-
sponding to seed size, spike disarticulation, and day length-
insensitive flowering traits in sorghum, rice, and maize led
to the hypothesis that domestication traits among cereals
might represent repeated selection on the same underlying
genes or genomic regions and suggest convergent domesti-
cation (Paterson et al. 1995). However, our results on com-
parative mapping of the sog and Tg gene regions in wheat
and with related genes in other cereals do not support this
hypothesis. Wheat, barley, rice, maize, and sorghum are the
major cereals crops that are closely related evolutionarily
(Kellogg 2001) and also share a high degree of gene conser-
vation (Gale and Devos 1998). Among these cereal crops,
two Tg-related genes that control the ease of threshability
have been reported. In maize, tgal (teosinte glume architec-
turel), which causes the stony fruitcase appearance in pro-
genitor teosinte (Dorweiler et al. 1993; Wang et al. 2005)
and in barley the naked caryopses gene nud that is responsi-
ble for hulled/hullless spikes (Taketa et al. 2008) have been
isolated. The wheat tough glume gene, Tg, maps in a region
(chromosome 2S) that is syntenic to maize chromosomes 2
and 7 (Ahn et al. 1993; Gale and Devos 1998) whereas the
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maize tough glume gene, fgal, is located on chromosome 4
of maize (Dorweiler et al. 1993). Additionally, the maize
tgal orthologue in wheat maps to the group-7 chromosomes
of wheat (Wanlong Li personal communication). Similarly,
the nud gene is mapped on chromosome 7H of barley, which
is homoeologous to wheat group-7 chromosomes. Hence,
tgal of maize and nud of barley are non-orthologous to the
wheat group-2 chromosome threshability genes. Similar
results have been reported for shattering genes in wheat
where Brl does not have any orthologue in syntenic regions
of barley, rice, maize or sorghum (Li and Gill 2006).

With the available evidence, it is conceivable that the
wheat threshability genes (genetic loci on group-2 chromo-
somes) do not share an ancestral relationship with related
genes in other cereals and they probably originated after the
separation of the wheat lineage from the last common
cereal ancestor. Additionally, because sog and Tg, the
threshability genes in wheat, also are non-orthologous
(present study), these genes might not have been derived
from a common ancestral gene but arose by independent
mutations in A- and D-genome diploid progenitors after
their evolution from a common parent 2.5-4.5 million years
ago (Huang et al. 2002). Another possibility could be that
the sog and Tg are homologous genes, but occupy non-
orthologous positions on the homoeologous chromosome
arms. The putative mechanism for such a phenomenon has
been described for explaining non-orthologous relations
among different cereal genomes where ancient gene dupli-
cation in the common ancestor is followed by the loss of
one gene copy in one species and the loss of the second
copy in the other species (Ware and Stein 2003). One such
example of a duplication/deletion event has been provided
by the comparative analysis between genomes of the Triti-
ceae species and those of rice, sorghum, and maize in the
Sh2/A1 region (Li and Gill 2002).

In addition to the major tough glume genes on group-2
chromosomes of wheat, some minor genes and modifiers
also are involved in determining the threshability trait. The
QTL affecting percent threashability have been identified
on chromosome 6A and 6D (Simonetti et al. 1999; Jantasu-
riyarat et al. 2004), suggesting that loci other than those on
group-2 chromosomes and chromosome 5A (Q gene) also
may be involved in control of the threshability trait in
wheat. On other hand, Secale cereale L., Thinopyrum
elongatum (Host) D. R. Dewey and several Aegilops spe-
cies carry the tough glume genes on the group-2 chromo-
somes as has been demonstrated by their chromosome-2
addition and substitution lines in wheat (Friebe et al. 1999;
Cheng and Murata 2002; Dvorak 1980). The monosomic
and disomic additions of chromosome VI of Th. elongatum
(homoeologous to group-2 chromosomes of wheat) to
T. aestivum resulted in plants with tenacious glumes
(Dvorak and Knott 1974; Dvorak 1980). Hence, the thresh-

ability trait seems to be under the control of several major
and minor genes and will involve an in-depth genetic analy-
sis to elucidate the pathways relating to various threshabil-
ity genes in wheat. The precise physical and genetic
mapping of threshability genes and exploring their ortholo-
gous relationship is the first step towards isolating these
genes and understanding their genetic interactions.

Acknowledgments We express our gratitude to Dr. Harcharan Dhal-
iwal and Dr. Francesco Salamini for supplying the T. monococcum
free-threshing mutants and Duane Wilson and Jon Raupp for excellent
technical assistance. Special thanks go to Dr. James Nelson for his help
with the statistical analysis of linkage data. Research was partly funded
by a USDA-CSREES special grant to WGGRC and a grant from the
National Research Initiative of the USDA CSREES Coordinated Agri-
cultural Project grant number 2006-55606-16629 to Dr. Guihua Bai.
Mention of trade names or commercial products in this article is solely
for the purpose of providing specific information and does not imply
recommendation or endorsement by the U.S. Department of Agricul-
ture. This is contribution number 09-004-J from the Kansas Agricul-
tural Experiment Station.

References

Ahn S, Anderson JA, Sorrells ME, Tanksley SD (1993) Homoeolo-
gous relationships of rice, wheat and maize chromosomes. Mol
Gen Genet 241:483-490

Akhunov ED, Goodyear AW, Geng S, Qi LL, Echalier B, Gill BS,
Miftahudin, Gustafson JP, Lazo G, Chao S et al (2003) The orga-
nization and rate of evolution of wheat genomes are correlated
with recombination rates along chromosome arms. Genome Res
13:753-763

Chen QF, Yen C, Yang J-L (1999) Chromosome location of the hulled
character in the Tibetian weedrace of common wheat. Genet
Resour Crop Evol 46:543-546

Cheng Z-J, Murata M (2002) Loss of chromosomes 2R and 5RS in
octaploid triticale selected for agronomic traits. Genes Genet Syst
77:23-29

Conley EJ, Nduati V, Gonzalez-Hernandez L, Mesfin A, Trudeau-
Spanjers M, Chao S, Lazo GR, Hummel DD, Anderson OD,
Qi LL, Gill BS, Echalier B, Linkiewicz AM, Dubcovsky J et al
(2004) A 2600-locus chromosome bin map of wheat homoeolo-
gous group-2 reveals interstitial gene-rich islands and colinearity
with rice. Genetics 168:625-637

Devos KM, Millan T, Gale MD (1993) Comparative RFLP maps of the
homoeologous group-2 chromosomes of wheat, rye and barley.
Theor Appl Genet 85(6-7):784-792

Dhaliwal HS, Multani DS, Sharma SK, Singh M (1987) Induction of
useful variability in 7. monococcum L. Crop Improv 14(1):1-5

Dorweiler J, Stec A, Kermicle J, Doebley J (1993) Teosinte glume
architecture 1: a genetic locus controlling a key step in maize evo-
lution. Science 262:233-235

Dubcovsky J, Luo MC, Zhang GY, Bainsteitter R, Desai A, Kilian A,
Kleinhofs A, Dvorak J (1996) Genetic map of diploid wheat
T. monococcum L. and its comparison with maps of H. vulgare L.
Genetics 143:983-999

Dvorak J (1980) Homoeology between Agropyron elongatum chromo-
somes and Triticum aestivum chromosomes. Can J Genet Cytol
22:237-259

Dvorak J, Knott DR (1974) Disomic and ditelosomic additions of dip-
loid Agropyron elongatum chromosomes to Triticum aestivum.
Can J Genet Cytol 16:399-417

@ Springer



350

Theor Appl Genet (2009) 119:341-351

Endo TR, Gill BS (1996) The deletion stocks of common wheat. J
Hered 87:295-307

Erayman M, Sandhu D, Sidhu D, Dilbirligi M, Baenziger PS, Gill KS
(2004) Demarcating the gene-rich regions of the wheat genome.
Nucl Acids Res 32:3546-3565

Faris JD, Fellers JP, Brooks SA, Gill BS (2002) A bacterial artificial
chromosome contig spanning the major domestication locus Q in
wheat and identification of a candidate gene. Genetics 164:311—
321

Faris JD, Simons KJ, Zhang Z, Gill BS (2005) The wheat super domes-
tication gene Q. Wheat Info Serv 100:129-148

Feuillet C, Travella S, Stein N, Albar L, Nublat A, Keller B (2003)
Map-based isolation of leaf rust disease resistance gene Lrl0
from the hexaploid wheat (Triticum aestivum L.) genome. Proc
Natl Acad Sci USA 100:15253-15258

Feuillet C, Langridge P, Waugh R (2008) Cereal breeding takes a walk
on wild side. Trends Genet 24:24-32

Filatenko AA, Kurkiev UK (1975) Sinskaya wheat. Trudy po prikl
botan genet i selectsii 54:239-241

Friebe BR, Tuleen NA, Gill BS (1999) Development and identification
of a complete set of Triticum aestivum-Aegilops geniculata chro-
mosome addition lines. Genome 42:374-380

Gale MD, Devos KM (1998) Comparative genetics in the grasses. Proc
Natl Acad Sci USA 95:1971-1974

Gill KS, Gill BS, Endo TR, Boyko E (1996) Identification and high-
density mapping of gene-rich regions in chromosome group 5 of
wheat. Genetics 143:1001-1012

Gonchariov NP, Kondratenko EY, Kawahara T (2002) Inheritance of
dense spike in diploid wheat and Aegilops squarossa. Hereditas
137:96-100

Gupta K, Balyan S, Edwards J, Issac P, Korzun V, Roder M, Gautier
MF, Joudrier P, Schlatter R, Dubcovsky J, De La Pena C, Khai-
rallah M, Penner G, Hayden J, Sharp P, Keller B, Wang C, Hard-
ouin P, Jack P, Leroy P (2002) Genetic mapping of 66 new
microsateliite (SSR) loci in bread wheat. Theor Appl Genet
105:413-422

Guyomarc’h H, Sourdille P, Charmet G, Edwards J, Bernard M
(2002a) Characterization of polymorphic microsatellite markers
for Aegilops tauschii and transferability to the D-genome of bread
wheat. Theor Appl Genet 104:1164-1172

Guyomarc’h H, Sourdille P, Edwards J, Bernard M (2002b) Studies of
the transferability of microsatellites derived from Triticum tau-
schii to hexaploid wheat and to diploid related species using
amplification, hybridization and sequence comparisons. Theor
Appl Genet 105:736-744

Huang S, Sirikhachornkit A, Su X, Faris J, Gill BS, Haselkorn R,
Gornicki P (2002) Genes encoding acetyl-CoA carboxylase and
3-phosphoglycerate kinase of the Triticum/Aegilops complex and
the evolutionary history of the polyploid wheat. Proc Natl Acad
Sci USA 99:8133-8138

Huang L, Brooks SA, Li W, Fellers JP, Trick HN, Gill BS (2003) Map-
based cloning of leaf rust resistance gene Lr2/ from the large and
polyploid genome of wheat. Genetics 164:655-664

Jantasuriyarat C, Vales MI, Watson CJW, Riera-Lizarazu O (2004)
Identification and mapping of genetic loci affecting free-threshing
habit and spike compactness in wheat (Triticum aestivum L.).
Theor Appl Genet 108:261-273

Kellogg EA (2001) Evolutionary history of grasses. Plant Physiol
125:1198-1205

Kerber ER (1964) Wheat: reconstitution of the tetraploid component
(AABB) of hexaploids. Science 143:253-255

Kerber ER, Dyck PL (1969) Inheritance in hexaploid wheat of leaf rust
resistance and other characters derived from Aegilops squarossa.
Can J Genet Cytol 11:639-647

Kerber ER, Rowland GG (1974) Origin of the free-threshing character
in hexaploid wheat. Can J Genet Cytol 16:145-154

@ Springer

Korzun V, Roder MS, Ganal MW, Worland AJ, Law CN (1998)
Genetic analysis of the dwarfing gene (RAf8) in wheat. Part 1.
Molecular mapping of Rht8 on the short arm of chromosome 2D
of bread wheat (Triticum aestivum L.). Theor Appl Genet
96:1104-1109

Kosambi D (1944) Estimation of map distances from recombination
values. Ann Eugen 12:172-175

Kuraparthy V, Sood S, Dhaliwal HS, Chhuneja P, Gill BS (2007)
Identification and mapping of a tiller inhibition gene (#in3) in
wheat. Theor Appl Genet 114(2):285-294

Lander E, Green P, Barlow A, Daley P, Stein L et al (1987) MAP-
MAKER: an interactive computer package for constructing pri-
mary linkage maps of experimental and natural populations.
Genomics 1:174-181

Li W, Gill BS (2002) The colinearity of the Sh2/A1 orthologous region
in rice, sorghum and maize is interrupted and accompanied by
genome expansion in the Triticeae. Genetics 160:1153-1162

Li W, Gill BS (2006) Multiple genetic pathways for seed shattering in
the grasses. Funct Integr Genomics 6:300-309

Liu BH (1998) Statistical genomics: linkage, mapping and QTL anal-
ysis. CRC Press, Boca Raton

MacKey J (1966) Species relationship in Triticum. In: Proceedings of
the 2nd international wheat genetics symposium (Lund) 1963,
Sweden. Hereditas (suppl) 2:237-276

Muramatsu M (1986) The super vulgare gene, Q: its universality in
durum wheat and its phenotypic effects in tetraploid and
hexaploid wheats. Can J Genet Cytol 28:30—41

Nalam VI, Vales MI, Watson CJW, Kianian SF, Riera-Lizarazu O
(2006) Map-based analysis of genes affecting brittle rachis char-
acter in tetraploid wheat (Triticum turgidum L.). Theor Appl Gen-
et 112:373-381

Nalam VJ, Vales MI, Watson CJW, Johnson EB, Riera-Lizarazu O
(2007) Map-based analysis of genetic loci on chromosome 2D
that affect glume tenacity and threshability components of free-
threshing habit in common wheat (Triticum aestivum L.). Theor
Appl Genet 116:35-145

Nelson JC, Van Deynze AE, Autrique E, Sorrells ME, Lu YH, Merlino
M, Atkinson M, Leroy P (1995) Molecular mapping of wheat.
Homoeologous group 2. Genome 38:516-524

Nesbit M, Samuel D (1995) In: Padulosi S, Hammer K, Heler J (eds)
Hulled Wheats: Proceedings of the 1st international workshop on
Hulled wheats, Castelvecchio Pacoli Italy, 21 and 22 July 1995
(International Plant Genetics Research Institute, Rome, 1996)

Paterson AH, Lin YR, Li Z, Schertz KF, Doebley JF, Pinson SRM, Liu
SC, Stansel JW, Irvine JE (1995) Convergent domestication of
cereal crops by independent mutations at corresponding genetic
loci. Science 269:1714-1717

Pestsova E, Ganal MW, Roder MS (2000) Isolation and mapping of
microsatellite markers specific for the D genome of bread wheat.
Genome 43:689-697

Qi L, Echalier B, Friebe B, Gill BS (2003) Molecular characterization
of a set of wheat deletion stocks for use in chromosome bin map-
ping of ESTs. Funct Integr Genomics 3:39-55

Roder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH, Leroy P,
Ganal MW (1998) A microsatellite map of wheat. Genetics
149:2007-2023

Rowland GG, Kerber ER (1974) Telocentric mapping in hexaploid
wheat of genes for leaf rust resistance and other characters
derived from Aegilops squarossa. Can J Genet Cytol 16:137-144

Salamini F, Ozkan H, Brandolini A, Schafer-Pregl R, Martin W (2002)
Genetics and geography of wild cereal domestication in the near
east. Nat Rev Genet 3:429-441

Sandhu D, Champoux JA, Bondareva SN, Gill KS (2001) Identifica-
tion and physical localization of useful genes and useful markers
to a major gene-rich region on wheat group 1S chromosomes.
Genetics 157:1735-1747



Theor Appl Genet (2009) 119:341-351

351

Schuelke M (2000) An economic method for the fluorescent labeling
of PCR fragments. Nat Biotechnol 18:233-234

Sears ER (1954) The aneuploids of common wheat. Missouri Agri Exp
Sta Res Bull 572:1-59

Simonetti MC, Bellomo MP, Laghetti G, Perrino P, Simeone R, Blan-
co A (1999) Quantitative trait loci affecting free-threshing habit in
tetraploid wheats. Genet Res Crop Evol 46:267-271

Simons KIJ, Fellers JP, Trick HN, Zhang Z, Tai Y-S, Gill BS, Faris JD
(2006) Molecular characterization of the major wheat domestica-
tion gene Q. Genetics 172:547-555

Somers DJ, Issac P, Edwards K (2004) a high-density microsatellite
consensus map for bread wheat (Triticum aestivum L.). Theor
Appl Genet 109:1105-1114

Sorrells ME, La Rota M, Bermudez-Kandianis CE, Greene RA, Kant-
ety R, Munkvold JD, Miftahudin, Mahmoud A, Ma X, Gustafson
PJ, Qi LL, Echalier B, Gill BS, Matthews DE, Lazo GR, Chao S,
Anderson OD, Edwards H, Linkiewicz AM, Dubcovsky J, Akhu-
nov ED, Dvorak J, Zhang D, Nguyen HT, Peng J, Lapitan NL,
Gonzalez-Hernandez JL, Anderson JA, Hossain K, Kalavacharla
V, Kianian SF, Choi DW, Close TJ, Dilbirligi M, Gill KS, Steber
C, Walker-Simmons MK, McGuire PE, Qualset CO (2003)
Comparative DNA sequence analysis of wheat and rice genomes.
Genome Res 13:1818-1827

Sourdille P, Singh S, Cadalen T, Brown-Guedira GL, Gay G, Qi L, Gill
BS, Dufour P, Murigneux A, Bernard M (2004) Microsatellite-
based deletion bin system for the establishment of genetic-physi-
cal relationship in wheat (Triticum aestivum L.). Funct Integr
Genomics 4:12-25

Taenzler B, Esposti RF, Vaccino P, Brandolini A, Effgen S, Heun M,
Schafer-Pregl R, Borghi B, Salamini F (2002) Molecular linkage

map of einkorn wheat: mapping of storage-protein and soft-glume
genes and bread-making quality QTLs. Genet Res Camb 80:131—
143

Taketa S, Amino S, Tsujino Y, Sato T, Saisho D, Kakeda K, Nomura
M, Suzuki T, Matsumoto T, Sato K, Kanamori H, Kawasaki S,
Takeda K (2008) Barley grain with adhering hulls is controlled by
an ERF family transcription factor gene regulating a lipid biosyn-
thetic pathway. Proc Natl Acad Sci 105:4062-4067

Tanksley SD, McCouch SR (1997) Seed banks and molecular maps:
unlocking genetic potential from the wild. Science 277:1063—
1066

Wang H, Nussbaum-Wagler T, Li B, Zhao Q, Vigouroux Y, Faller M,
Bombalies K, Lukens L, Doebley JF (2005) The origin of the
naked grains of maize. Nature 436:714-719

Ware D, Stein L (2003) Comparison of genes among cereals. Curr
Opin Plant Biol 6:121-127

Watanabe N, Ikebata N (2000) The effects of homoeologous group 3
chromosomes on grain color dependent seed dormancy and brittle
rachis in tetraploid wheat. Euphytica 115:215-220

Werner JE, Endo TR, Gill BS (1992) Toward a cytogenetically based
physical map of the wheat genome. Proc Natl Acad Sci USA
89:11307-11311

Yan L, Loukoianov A, Tranquilly G, Helguera M, Fahima T, Dubcov-
sky J (2003) Positional cloning of the wheat vernalization gene
VRN1. Proc Natl Acad Sci USA 100:6263-6268

Yan L, Loukoianov A, Blechl A, Tranquilly G, Ramakrishna W,
SanMiguel P, Bennetzen JL, Echenique V, Dubcovsky J (2004)
The wheat VRN2 gene is a flowering repressor down-regulated by
vernalization. Science 303:1640-1644

@ Springer



	The major threshability genes soft glume (sog) and tenacious glume (Tg), of diploid and polyploid wheat, trace their origin to independent mutations at non-orthologous loci
	Abstract
	Introduction
	Materials and methods
	Plant material
	Phenotypic analysis
	Molecular marker analysis and genetic mapping

	Results
	Genetic mapping of sog
	Genetic mapping of Tg
	Comparative mapping

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


