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Abstract The mature spike rachis of wild emmer [Triti-
cum turgidum L. ssp. dicoccoides (Körn. ex Asch. and
Graebner) Thell.] disarticulates spontaneously between
each spikelet leading to the dispersion of wedge-type
diaspores. By contrast, the spike rachis of domesticated
emmer (Triticum turgidum L. ssp. turgidum) fails to
disarticulate and remains intact until it is harvested. This
major distinguishing feature between wild and domes-
ticated emmer is controlled by two major genes, brittle
rachis 2 (Br-A2) and brittle rachis 3 (Br-A3) on the short
arms of chromosomes 3A and 3B, respectively. Because
of their biological and agricultural importance, a map-
based analysis of these genes was undertaken. Using two
recombinant inbred chromosome line (RICL) popula-
tions, Br-A2, on chromosome 3A, was localized to a
�11-cM region between Xgwm2 and a cluster of linked
loci (Xgwm666.1, Xbarc19, Xcfa2164, Xbarc356, and
Xgwm674), whereas Br-A3, on chromosome 3B, was
localized to a �24-cM interval between Xbarc218 and
Xwmc777. Comparative mapping analyses suggested
that both Br-A2 and Br-A3 were present in homoeolo-
gous regions on chromosomes 3A and 3B, respectively.
Furthermore, Br-A2 and Br-A3 from wheat and Btr1/
Btr2 on chromosome 3H of barley (Hordeum vulgare L.)
also were homoeologous suggesting that the location of
major determinants of the brittle rachis trait in these

species has been conserved. On the other hand, brittle
rachis loci of wheat and barley, and a shattering locus on
rice chromosome 1 did not appear to be orthologous.
Linkage and deletion-based bin mapping comparisons
suggested that Br-A2 and Br-A3 may reside in chro-
mosomal areas where the estimated frequency of
recombination was � 4.3 Mb/cM. These estimates
indicated that the cloning of Br-A2 and Br-A3 using
map-based methods would be extremely challenging.

Introduction

The brittle rachis of mature spikes of wild emmer wheat
[Triticum turgidum L. ssp. dicoccoides (Körn. ex Asch.
and Graebner) Thell.] disarticulates above the junction
of the rachis and the point of spikelet insertion leading
to the production of wedge-type diaspores (Zimmerman
1934). The mechanism of rachis disarticulation involves
the development of an abscission or fracture zone at the
joint of articulation of the spikelet and rachis (Zimm-
erman 1934; Matsumoto et al. 1963; Morrison 1994).
This fracture zone collapses at maturity permitting the
seed unit or spikelet to fall. The arrow-like morphology
of the spikelets ensures that they passively penetrate
surface litter and wedge themselves in cracks in the
ground where they are safe from predation. In this
context, the brittle rachis character is of evolutionary
significance because of its adaptive value as an effective
seed dispersal mechanism.

Unlike their wild progenitor, domesticated forms of
emmer wheat [T. turgidum ssp. dicoccum, ssp. turgidum,
ssp. durum (Desf.) Husnot, ssp. polonicum (L.) Thell.,
and ssp. carthlicum (Nevski in Kom.) Á. Löve and D.
Löve] have a tough rachis where the formation of frac-
ture zones is suppressed or the collapse of the rachis is
delayed until mature spikes are collected or harvested.
This feature resulted in the widespread adoption of
cultivated tough-rachis emmer (T. turgidum ssp. dicoc-
cum) during the Bronze Age (Bar-Yosef 1998). Thus,
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selection of nonbrittle rachis mutants of emmer played a
crucial role in the domestication of wheat in the Near
East (for review see Salamini et al. 2002; Feldman 2001)
that, in turn, enabled the emergence of early farming
communities. In this context, the brittle rachis trait is
tied to the origins of agriculture and sedentary societies.

Major spike characteristics that are relevant to the
domestication of wheat such as spike shape, hulled-
ness, and rachis brittleness were thought to be directly
controlled by pleiotropic effects of a single factor,
Q (Kuckuck 1964; Muramatsu 1986), that recently has
been reported to be an APETALA2-like homeotic
transcription factor (Faris et al. 2003). However, other
researches have suggested that hulledness and rachis
brittleness were primarily controlled by other loci (Luo
et al. 2000). Various studies have shown that factors
on homoeologous group 2 chromosomes directly affect
hulledness and the free-threshing trait by controlling
glume adherence or tenacity (Sears 1954; Kerber and
Rowland 1974; Simonetti et al. 1999; Taenzler et al.
2002; Jantasuriyarat et al. 2004), whereas genes on
homoeologous group 3 chromosomes primarily control
rachis brittleness in wheat and other species of the
Triticeae (Takahashi and Hayashi 1964; Riley et al.
1966; Urbano et al. 1988; Miller et al. 1995; King
et al. 1997).

Due to the biological and agricultural importance
of the brittle rachis trait, there have been a number
studies aimed at understanding its genetic basis. Early
experiments showed that the wedge-type disarticula-
tion in Triticum was a dominant character (Love and
Craig 1919). Cao et al. (1997) reported that rachis
fragility of a feral or semi-wild wheat (T. aestivum)
from Tibet was controlled by a single dominant gene,
brittle rachis 1 (Br-A1), that was later localized to the
short arm of chromosome 3D by Chen et al. (1998).
Similarly, Watanabe et al. (2002), using tetraploid
wheat (T. turgidum) aneuploids, localized brittle rachis
2 (Br-A2) and brittle rachis 3 (Br-A3) to the short
arms of chromosomes 3A and 3B, respectively. This
was consistent with the assertion made by Feldman
(2001) that the brittle rachis trait, in crosses between
the bread wheat (T. aestivum) cultivar Bethlehem and
the TTD140 accession of T. turgidum ssp. dicoccoides
(Rong et al. 2000), was determined by dominant genes
in the short arms of chromosomes 3A and 3B. Thus,
genetic and cytogenetic analyses have consistently
shown that the brittle rachis trait was controlled by
loci on group 3 homoeologous chromosomes of both
T. aestivum and T. turgidum. Besides these major
determinants of the brittle rachis trait on chromo-
somes 3A, 3B, and 3D, loci on other chromosomes
that modulate rachis fragility or regulate patterns of
rachis disarticulation have also been described (Chen
2001).

Although the chromosome arm location of major
genes that govern the brittle rachis trait in wheat had
been determined, the localization of these factors with
respect to a sparse number of DNA-based markers is

fairly recent (Watanabe et al. 2005). Despite this new
information, there are still questions concerning the
organization and relationship between these loci. In
order to clarify the relationship between Br-A2 and Br-
A3 in T. turgidum, we carried out a project to place these
genes on more comprehensive and denser linkage maps,
and to determine the chromosome deletion bin location
of these loci. In addition, map comparisons were per-
formed to better understand the relationship among
these loci; the relationship between these loci and a
brittle rachis locus (Btr1 and Btr2) in barley (Hordeum
vulgare L.) (Takahashi and Hayashi 1964), and the
relationship between brittle rachis loci and a shattering
locus in rice (Oryza sativa L.) (Cai and Morishima
2000).

Materials and methods

Plant material

The localization of brittle rachis 2 (Br-A2) and brittle
rachis 3 (Br-A3) and the development of linkage maps
for chromosomes 3A and 3B were performed using two
mapping populations. The mapping population for
chromosome 3A (RICL-3A) consisted of 83
recombinant inbred chromosome lines (RICL) from a
cross between Langdon (LDN) and the chromosome
substitution line, LDN (dicoccoides 3A) [LDN(Dic-3A)]
(Joppa 1993). Langdon is a T. turgidum ssp. durum
cultivar, while LDN(Dic-3A) is a disomic chromosome
substitution line that has the Langdon genetic back-
ground except for chromosome 3A which was derived
from wild emmer (T. turgidum ssp. dicoccoides) (Joppa
and Williams 1988). The mapping population for chro-
mosome 3B (RICL-3B) consisted of 91 RICL lines
developed from a cross between LDN and the LDN
(dicoccoides 3B) [LDN (Dic-3B)] substitution line. The
LDN(Dic-3B) substitution line has the Langdon genetic
background except for chromosome 3B which was
derived from wild emmer. Seeds for LDN, LDN(Dic-
3A), LDN(Dic-3B), and the RICL populations (RICL-
3A and RICL-3B) were kindly provided by Dr. Justin
Faris (USDA-ARS, Fargo, North Dakota).

Cytogenetic stocks for homoeologous group 3
chromosomes were used to place markers to chromo-
somes and chromosome segments. These stocks in-
cluded Chinese Spring nullisomic–tetrasomics
(N3AT3B, N3AT3D, N3BT3A, N3BT3D, N3DT3A,
and N3DT3B), ditelosomics (Dt3AS, Dt3AL, Dt3BS,
and Dt3BL), four deletion lines for chromosome 3A
(3AS-2, 3AS-4, 3AL-3, and 3AL-5), and five deletion
lines for chromosome 3B (3BS-1, 3BS-8, 3BS-9, 3BL-1,
3BL-7). Deletion bin mapping and karyotype infor-
mation for the chromosomes 3A and 3B deletion lines
have been described in detail by Munkvold et al. (2004)
and Qi et al. (2003). The Chinese Spring aneuploids
were obtained from Dr. B. S. Gill (Kansas State
University, Manhattan, KS, USA).
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DNA isolation, microsatellite marker analysis,
and mapping

About 30–50 mg of leaf tissue were used for DNA
extraction. Plant tissue was ground using a Qiagen/
Retsch MM300 mixer mill (Qiagen Inc, Valencia, CA,
USA) and DNA was isolated as described by Riera-
Lizarazu et al. (2000). Following DNA extraction,
polymerase chain reaction (PCR) amplification of
microsatellite markers was performed in a MWG
Thermalcycler (Primus 96 Plus). Each PCR reaction was
performed in a total volume of 10 ll containing 0.5 lM
of each forward and reverse primer, 0.2 mM of each
deoxynuleotide, 0.03 U/ll of Taq DNA Polymerase
(Qiagen), 1· Taq buffer from Qiagen, 2% sucrose in
0.04% cresol red, and 50 ng of template DNA. The PCR
amplification consisted of an initial denaturation step of
5 min at 94�C, followed by 45 cycles of three steps of
30 s each: denaturation at 94�C, annealing at 50, 55 or
60�C (depending on the individual marker), and exten-
sion at 72�C. A final extension step at 72�C for 10 min
was performed, and the program ended holding it at
4�C. Products were electrophoresed in 4% (w/v) agarose
gels and visualized after staining with ethidium bromide.

Markers (mostly microsatellites) from various sour-
ces previously mapped on chromosomes 3A and 3B were
used (Nelson et al. 1995; Röder et al. 1998; Pestova et al.
2000; Somers et al. 2004; Yu et al. 2004; Song et al.
2005). Twenty-two polymorphic microsatellite loci were
used for genetic mapping using the RICL-3A popula-
tion. In addition, seven RFLP loci, previously mapped
in this population (Otto et al. 2002), and morphological
trait loci controlling the brittle rachis trait (Br-A2), and
red grain color (R-A1) were mapped. The RICL-3B
population was used to map brittle rachis (Br-A3) and
grain color (R-B1) loci as well as 32 polymorphic
microsatellite markers. Linkage maps for chromosomes
3A and 3B were constructed using JoinMap 3.0 (Van
Ooijen and Voorrips 2001). Recombination fractions
were converted into map distances (cM) using the
Kosambi mapping function. Chromosome maps were
drawn with MapChart 2.1 (Voorrips 2002).

Phenotypic assessments

The RICL-3A and RICL-3B populations were planted
and grown to maturity at West Greenhouse, Oregon
State University, in 2004. Before evaluation, mature
spikes of plants from both RICL populations and their
parents were dried at 54�C for 3 days. Subsequently,
spikes with good seed fill were dropped from a height of
1.5 m. Spikes that disarticulated on impact were classi-
fied as brittle, and spikes that failed to disarticulate were
classified as having a tough rachis. Three observers
independently assessed the rachis fragility of different
spikes in these populations. We also evaluated grain
color since alleles of R-A1 and R-B1 were segregating in
the RICL-3A and RICL-3B populations, respectively.

The color of the grain (red or amber) from individuals of
both populations was independently scored by two
observers after seeds were soaked in a solution of 5%
(w/v) NaOH for 1 h. Chi-square (v2) tests were per-
formed to test the expected 1:1 segregation of brittle
versus tough rachis, and red versus amber grain in both
populations.

Results

The rachis of LDN was nonbrittle (Fig. 1a). On the
other hand, the spikes of LDN(Dic-3A) and LDN(Dic-
3B) were brittle and disarticulated with mechanical ac-
tion (Fig. 1b, c). The spikes of LDN(Dic-3A) and
LDN(Dic-3B) disarticulated at the node above the
insertion point of the spikelet to the rachis creating a
wedge-shaped spikelet attached to a subtending rachis
internode (wedge-type diaspore). The pattern of disar-
ticulation observed in LDN(Dic-3A) and LDN(Dic-3B)
were similar to that observed in wild emmer, T. turgidum
ssp. dicoccoides.

The segregation ratios of brittle to nonbrittle rachis in
both RICL populations differed significantly from a 1
brittle:1 tough rachis ratio (Table 1). In both popula-
tions, there was an excess of individuals with a tough
rachis. The segregation for grain color in the RICL-3B
population did not significantly differ from the 1 red: 1
amber grain color ratio. On the other hand, the segre-
gation for grain color in the RICL-3A population dif-
fered significantly from the expected ratio where an
excess of red grain was observed (Table 1).

The linkage map of chromosome 3A contained 31
loci and spanned 155 cM (Fig. 2a). The average distance
between markers in this linkage map was 7 cM. The
largest interval in the map was 21 cM between Xbarc294
and the linked markers, Xbarc310 and Xbarc12, at the
terminal end of the short arm of chromosome 3A. Br-A2
was mapped to an 11-cM interval between Xgwm2 and a
cluster of linked loci (Xgwm666.1, Xbarc19, Xcfa2164,
Xbarc356, and Xgwm674). The red grain locus R-A1 and
a linked marker, Xwmc153, was mapped to a 4-cM
interval flanked by Xcfa2193 and Xbarc51 (Fig. 2a).
Br-A2 on the short arm of this chromosome showed
significant (P<0.05) segregation distortion with an ex-
cess of Langdon alleles. In the long arm, the interval
composed of Xcfa2193, R-A1, and Xwmc153 also
showed significant (P<0.05) distorted segregation ratios
with an excess of LDN (Dic-3A) alleles (Fig. 2a). The
length of this linkage map and the order of markers were
comparable to comprehensive maps of chromosome 3A
that include a sizeable number of microsatellite markers
(Somers et al. 2004; Song et al. 2005). A notable
anomaly in our map was the placement of Xgwm666.2,
Xcfa2076, and Xwmc169 with respect to the microsat-
ellite consensus map reported by Somers et al. (2004).

The linkage map of chromosome 3B contained 35 loci
and spanned 162 cM with an average distance between
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markers of 6 cM (Fig. 2c). The largest interval was a 22-
cM region between Xbarc218 and Br-A3. The brittle
rachis locus, Br-A3, was localized to a 24-cM interval
between Xbarc218 and Xwmc777. The red grain locus in
this map, R-B1, was mapped to a 10-cM interval flanked
by Xbarc84 and the linked markers Xbarc229 and
Xwmc291 (Fig. 2c). In the short arm, markers in the Br-
A3–Xgwm264 interval showed significant (P<0.05)
segregation distortion. Similarly, markers in the
Xwmc1–Xwmc291 interval, near R-B1, also showed sig-
nificant (P<0.05) segregation distortion (Fig. 2c). In all
cases, there was an excess of Langdon alleles. The length
and order of this map was comparable to other pub-
lished maps (Somers et al. 2004; Song et al. 2005).
However, some anomalies included the placement of
Xwmc777, Xwmc527, Xwmc632, and Xgwm547 when
compared to the consensus map reported by Somers
et al. (2004).

Chinese Spring deletion stocks were used to place
genetic loci into chromosomes bins on chromosomes 3A
and 3B. Markers associated with Br-A2 (Xgwm2 and
Xbarc45) on the short arm of chromosome 3A were
placed in the most distal bin 3AS4-0.45-1.0 (Fig. 2b).

We were not able to unambiguously place Xgwm666.1 to
a chromosomal bin because of its multi-copy nature, but
Sourdille et al. (2004) suggested that this locus is also
located in bin 3AS4-0.45-1.0. Other microsatellite loci
such as Xbarc356, Xbarc19, Xgwm674, and Xcfa2164 in
the short arm of chromosome 3A were placed in deletion
bin 3AS2-0.23-0.45 (Fig. 2b). Markers associated with
Br-A3 (Xksum45, Xwmc43, Xbarc218, Xwmc777,
Xwmc540, and Xgwm264) on the short arm of chromo-
some 3B were placed into deletion bin 3BS1-0.33-0.57
(Fig. 2d).

Discussion

The brittle rachis trait in T. turgidum is governed by two
dominant genes, Br-A2 and Br-A3, present on the short
arms of chromosomes 3A and 3B, respectively
(Watanabe and Ikebata 2000; Watanabe et al. 2002).
Recently, Watanabe et al. (2005) localized Br-A2 to a 26-
cM interval between Xgwm779 and Xgwm32, whereas
Br-A3 was localized to a 47-cM interval flanked by
Xgwm685 and Xgwm72. Br-A2 was �13 cM from either

Fig. 1 Pattern of spike
disarticulation of Triticum
turgidum cv. Langdon (a) and
the Langdon (Dic-3A) (b) and
Langdon (Dic-3B) (c) disomic
chromosome substitution lines

Table 1 Joint segregation for brittle rachis and grain color in the RICL-3A and RICL-3B populations

Grain color Rachis Chi-squareb

Brittle Tough Missinga Total

RICL-3A Red 18 33 1 52 5.31*
Amber 12 19 0 31
Total 30 52 1 83
Chi-squarec 5.90*

RICL-3B Red 18 18 1 37 3.18
Amber 16 38 0 54
Total 34 56 1 91
Chi-squarec 5.38*

aMissing data points in the RICL-3A and RICL-3B populations
bChi-square values testing for a 1:1 segregation of red versus amber grain color. *Significant deviation from the 1:1 ratio at P<0.05
cChi-square values testing for a 1:1 segregation of tough versus brittle rachis. *Significant deviation from the 1:1 ratio at P<0.05
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flanking marker (Xgwm779 or Xgwm32), while Br-A3
was �14 cM from its closest marker (Xgwm72). In our
study, Br-A2 was localized to an 11-cM interval between
Xgwm2 and a cluster of linked loci (Xgwm666.1,
Xbarc19, Xcfa2164, Xbarc356, and Xgwm674) on chro-
mosome 3A, whereas Br-A3 was localized to a 24-cM
interval between Xbarc218 and Xwmc777 on chromo-
some 3B (Fig. 2a, c). The location of these loci was
consistent with the report of Watanabe et al. (2005) and
our use of a larger number of markers resulted in the
identification of markers with tighter linkage to these
genes—Xgwm2 was found to be 3.3 cM from Br-A2,
whereas Xwmc777 was found to be 2.3 cM from Br-A3.
A comparison between the linkage maps of chromo-
somes 3A and 3B from this study and other maps based
on common microsatellite and RFLP markers (Nelson

et al. 1995; Somers et al. 2004; Song et al. 2005) sug-
gested that Br-A2 and Br-A3 mapped to homoeologous
segments on these chromosomes (Fig. 3). Thus, our
analysis provided strong support for the position of
Watanabe et al (2002, 2005) that Br-A2 and Br-A3 were
homoeologous.

Br-A2 was flanked by the RFLP marker loci
Xcdo1435 and Xbcd828 on chromosome 3A (Fig. 2a).
These and adjacent markers on the integrated and con-
sensus maps of chromosome 3H of barley (H. vulgare)
(Qi et al. 1996; Kleinhofs and Graner 2001) also flank
two complementary linked loci, Btr1/Btr2, that control
the brittle rachis trait (Takahashi and Hayashi 1964;
Komatsuda and Mano 2002; Kandemir et al. 2004)
(Fig. 3). Thus, map comparisons showed that Br-A2 and
Br-A3 from wheat and Btr1/Btr2 from barley were also

Fig. 2 Genetic linkage maps of chromosomes 3A and 3B showing
the location of Br-A2 and Br-A3 and their relationship to
chromosome deletion bins. a Genetic linkage maps of chromo-
somes 3A showing the location of Br-A2 (bold). Genetic distances,
on the left, are given in centiMorgans (cM, Kosambi). Marker
names are given on the right side of each chromosome. Markers
showing segregation distortion are indicated by * significant
distortion at P<0.05, and **P<0.01. The ‘‘LDN’’ abbreviation
indicates markers exhibiting an excess of Langdon alleles, whereas
the ‘‘Dic3A’’ abbreviation indicates markers exhibiting an excess of

Langdon (Dic-3A) alleles. b Ideogram of C-banded chromosome
3A (Gill et al. 1991) with deletion breakpoints (based on Qi et al.
2003) indicated by arrows. c Genetic linkage map of chromosome
3B showing the location of Br-A3 (bold). Markers showing
segregation distortion are indicated by * significant distortion at
P<0.05, ** P<0.01, and *** P<0.001. The ‘‘LDN’’ abbreviation
indicates markers exhibiting an excess of Langdon alleles. d
Ideogram of C-banded chromosome 3B (Gill et al. 1991) with
deletion breakpoints (based on Qi et al. 2003) indicated by arrows.
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homoeologous suggesting that the locations of major
determinants of the brittle rachis trait in these species
have been conserved.

Since homoeologous group 3 chromosomes of the
Triticeae have conserved synteny with rice chromosome
1 (Smilde et al. 2001; Sorrells et al. 2003; Munkvold
et al. 2004), and rice chromosome 1 was known to
contain genes/factors for shattering (Xiong et al. 1999;
Cai and Morishima 2000), we performed map compar-
isons to assess the relationship between shattering loci in
rice and brittle rachis loci in wheat. A quantitative trait
locus or loci (QTL) on rice chromosome 1, that controls
shattering, has been consistently detected in various
populations (Xiong et al. 1999; Cai and Morishima,
2002, 2002; Zhang et al. 2002; Thomson et al. 2003)
(Fig. 3). Furthermore, Cai and Morishima (2000) and

Zhang et al. (2002) have suggested that QTL in this re-
gion of rice chromosome 1 represented the action of sh2,
a major shattering gene known to regulate the formation
of abscission zones in maturing rice panicles (Oba et al.
1990). Our comparative analyses (Fig. 3) showed that
the rice shattering QTL (qSHT-1) reported by Cai and
Morishima (2000, 2002) was located in a region on rice
chromosome 1 that was syntenous with regions on
chromosomes 3A, 3B, and 3H that were proximal to the
locations of Br-A2, Br-A3, and Btr1/Btr2, respectively.
Thus, qSHT-1 and brittle rachis loci of wheat and barley
did not appear to be orthologous. However, additional
mapping with more common markers would be needed
to permit a better assessment of the relationship among
these loci since chromosomal rearrangements in syntenic
regions have been observed (Sorrells et al. 2003) and

Fig. 3 Partial linkage maps of chromosomes 3A and 3B of wheat
(Triticum turgidum and T. aestivum), chromosome 3H of barley
(Hordeum vulgare) and chromosome 1 of rice (Oryza sativa)
showing regions of conserved synteny with loci controlling the
brittle rachis trait and shattering. The partial linkage maps of the
short arms of chromosomes 3A (a) and 3B (d) of T. turgidum along
with the locations of the brittle rachis loci, Br-A2 and Br-A3 (bold),
respectively, are based on this study. The partial linkage maps of
chromosomes 3A (b) and 3B (c) of T. aestivum were based on the

report by Song et al. (2005). The partial linkage maps of
chromosome 3H of H. vulgare were based on maps developed by
Kandemir et al. (2004) (e) and Komatsu and Mano (2002) (f) both
showing the location of two tightly linked brittle rachis loci, Btr1/
Btr2 (bold), and the integrated bin map (g) described by Kleinhofs
and Graner (2001) (http://barleygenomics.wsu.edu). The partial
linkage map of chromosome 1 (h) of O. sativa showing the
approximate location of a quantitative trait locus (QTL) for seed
shattering (qSHT-1) was based on Cai and Morishima (2000)
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these can lead to discontinuities in the order of genetic
loci.

Marker segregation distortion has been reported in
intervarietal as well as interspecific crosses in wheat
(Candalen et al. 1997). In our study, the segregation
distortion in chromosome 3B was more severe to that
observed in chromosome 3A (Fig. 2a, c). Except for the
distorted region in the long arm chromosome 3A, seg-
regation distortion was characterized by an excess of
T. turgidum cv. Langdon alleles. Thus, we observed an
excess of lines with a tough rachis (Langdon allele) in
both the mapping populations (RICL-3A and RICL-3B)
that we studied. Watanabe et al. (2002) determined that
the brittle rachis trait in crosses between Langdon and
LDN(Dic-3A), and between Langdon and LDN(Dic-
3B) were due to single genetic factors in both cases.
Since the region of segregation distortion around Br-A3
(Fig. 2c) extended to nearby loci, segregation distortion
in the RICL-3A and RICL-3B populations may be due
to an unconscious selection of tough-rachis genotypes in
the development of the RICL populations or selection of
factors, near Br-A2 and Br-A3, that affected gameto-
phyte competitive ability (Faris et al. 1998). Segregation
distortion was also observed in the long arms of chro-
mosomes 3A and 3B near loci that affected grain color
(Fig. 2a, c). Distortion on the long arm of chromosome
3B was due to an excess of Langdon alleles, whereas the
distortion on chromosome 3A was due to an excess of
LDN (Dic-3A) alleles. Thus, no specific pattern with
respect to the source of the chromosome regions was
evident. It is interesting to note that segregation distor-
tion in comparable chromosomal regions has been ob-
served elsewhere (Shah et al. 1999; Nachit et al. 2001;
Paillard et al. 2003) suggesting that distortions may have
a genetic basis. Nonetheless, additional investigations
are needed to establish the nature of segregation dis-
tortion in these regions.

Using wheat deletion stocks we localized Br-A2 to bin
3AS4-0.45-1.00 (Fig. 2b) since it was flanked by markers
that reside in this bin. Similarly, Br-A3 was placed in bin
3BS1-0.33-0.57 (Fig. 2d). The localization of microsat-
ellite loci to chromosomal bins was consistent with the
report of Sourdille et al. (2004). Due to the lack of
common markers, the location of Br-A2 and Br-A3 with
respect to consensus gene-rich regions (GRRs) by
Erayman et al. (2004) could not be unequivocally
determined. On the other hand, map comparisons
showed that these genes were present in homoeologous
regions that also contain homoeologous Xpsr903 loci
(Nelson et al. 1995; Song et al. 2005). Since Xpsr903 has
been localized to the homoeologous group 3 consensus
3S0.5 GRR, it is likely that Br-A2 and Br-A3 also reside
in this GRR. The 3S0.5 GRR, delimited by the deletions
3DS-1(0.39) and 3BS-2(0.56), has an estimated physical
size of 60 Mb and an estimated frequency of recombi-
nation of 4.3 Mb/cM (Erayman et al. 2004). These
estimates indicate that cloning Br-A2 and Br-A3 using
map-based methods would be extremely challenging
since these genes may reside in relatively gene-poor

chromosomal areas with moderate to low levels of
recombination. In this regard, a thorough assessment of
the relationship between brittle rachis loci of wheat and
rice (Oryza sativa L.) should be explored to evaluate the
possibility of using the substantial genomics resources in
rice for a more targeted approach to the isolation of
brittle rachis loci in wheat. Since the formation of
abscission or fracture zones is a ubiquitous process in
plants (Jarvis et al. 2003), that may have conserved
regulation (Dinneny and Yanofsky 2005), developments
in this area of research may also be helpful in the
identification of candidate genes for the evolutionarily
and agriculturally important brittle rachis loci in wheat.
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