
Introduction

The brittle rachis character, which causes sponta-

neous spike shattering, is an adaptive character in

wild grass species. In the Triticeae, there have

been several reports in which brittle rachis is

claimed to be controlled by the genes on

homoeologous group 3 chromosomes by using

chromosome additions and chromosome substitu-

tions to Triticum aestivum (Riley et al. 1966;

Urbano et al. 1988; Miller et al. 1995; King et al.

1997; Friebe et al. 1999a,b; Yang et al. 1996).

A few accessions with brittle rachis have been

found in T. aestivum and T. durum. Tibetan land-

races of common wheat (Shao 1980, 1983) have

brittle rachides controlled by Br1 on the short arm

of chromosome 3D (Chen et al. 1998). Two

dominant genes, Br2 and Br3, for brittle rachis of

wild emmer Triticum dicoccoides Koern. are lo-

cated on chromosomes 3A and 3B, respectively

(Watanabe and Ikebata 2000). Watanabe et al.

(2003) localized Br1, Br2 and Br3 loci on

the short arms of homoeologous group 3 chro-

mosomes by using aneuploid stocks. These

genes determine the wedge type disarticulation

of rachides in Triticum species.

The aim of the present study was to map more

precisely the Br1, Br2 and Br3 loci in tetraploid

and hexaploid wheats by using polymorphic

microsatellite markers, which were integrated

into a genetic framework map (Röder et al.

1998).
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Abstract. The brittle rachis character, which causes spontaneous shattering of spikelets, has an adaptive value

in wild grass species. The loci Br1 and Br2 in durum wheat (Triticum durum Desf.) and Br3 in hexaploid wheat

(T. aestivum L.) determine disarticulation of rachides above the junction of the rachilla with the rachis such that

a fragment of rachis is attached below each spikelet. Using microsatellite markers, the loci Br1, Br2 and Br3 were

mapped on the homoeologous group 3 chromosomes. The Br2 locus was located on the short arm of chromosome

3A and linked with the centromeric marker, Xgwm32, at a distance of 13.3 cM. The Br3 locus was located on

the short arm of chromosome 3B and linked with the centromeric marker, Xgwm72 (at a distance of 14.2 cM).

The Br1 locus was located on the short arm of chromosome 3D. The distance of Br1 from the centromeric marker

Xgdm72 was 25.3 cM. Mapping the Br1, Br2 and Br3 loci of the brittle rachis suggests the homoeologous origin

of these 3 loci for brittle rachides. Since the genes for brittle rachis have been retained in the gene pool of durum

wheat, the more closely linked markers with the brittle rachis locus are required to select against brittle rachis ge-

notypes and then to avoid yield loss in improved cultivars.
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Materials and Methods

Plant materials

Triticum aestivum KU511, whose brittle rachis

was determined by the Br1 gene (Watanabe et al.

2003), was crossed with T. aestivum cv.

Novosibirskaya 67 (N67). F1 plants of N67/

KU511 were crossed again with N67 to obtain

B1F1 seeds. In the Langdon (LDN) durum chromo-

some substitution lines, a pair of LDN chromo-

somes was replaced by a pair of homologous

chromosomes from wild emmer wheat,

T. dicoccoides Koern. (DIC). For example, in line

LDN-DIC DS 3A, chromosome 3A from LDN

was replaced by its equivalent in emmer wheat.

The abbreviation of the chromosome substitution

lines of durum followed Raupp et al. (1995).

The rachis of LDN was tough, whereas

the rachides of LDN chromosome substitution

lines, LDN-DIC DS 3A and LDN-DIC DS 3B,

were brittle (Watanabe and Ikebata 2000). LDN

and LDN-DIC DS 3A, LDN-DIC DS 3B and 82

recombinant inbred chromosomal lines (RICLs)

for DIC 3A and 91 lines of RICLs for DIC 3B

were used to map the Br2 gene on chromosome 3A

and Br3 on chromosome 3B, respectively. An F2

population of LDN/ LDN-DIC DS 3B was also

used to map the Br3 gene on chromosome 3B.

The RICLs for DIC 3A and DIC 3B were pro-

vided by Dr. L.R. Joppa, Agricultural Research

Service, U.S. Department of Agriculture, Fargo,

North Dakota, USA. LDN-DIC DS 3A was

crossed with LDN and several F1 plants were

grown. Pollen from F1 plants was used to pollinate

emasculated heads of LDN-CS DS 3D(3A).

The hybrid seeds were grown in individual pots in

a glasshouse and were selfed and sampled to deter-

mine chromosome pairing (13” + 2’) at metaphase

I (MI) of meiosis. One of the univalents was chro-

mosome 3D and the other was a recombined chro-

mosome consisting of portions of the DIC 3A

chromosome and portions of the LDN 3A chromo-

some. Each recombined 3A chromosome pair

should differ from all other recombined 3A chro-

mosomes unless crossovers were identical. Sev-

eral selfed seeds from each F1 plant were grown

in individual pots in a greenhouse. Each F2 plant

that had 14” at MI of meiosis was crossed with

a double ditelosomic 3A line of LDN (13” + 2t”)

and the testcrosses were grown in the greenhouse

to differentiate F2 plants with a pair of 3D chromo-

somes from those with a homozygous pair of re-

combined 3A chromosomes (Joppa, personal

communication). Progenies from all these crosses

were grown in the experimental fields of Gifu Uni-

versity.

Microsatellite mapping of genes for brittle

rachis

Nuclear DNA was isolated from leaves of single

plants by using the Qiagen DNeasy mini kit

procedure. Wheat microsatellite markers located

on homoeologous group 3 chromosomes (Röder

et al. 1998; Song et al. 2005) were used to map Br1,

Br2 and Br3 loci. Further microsatellite markers

were provided by Dr. M.S. Röder under the aegis

of a material transfer agreement between Gifu

University and IPK-Gatersleben, Germany.

Polymerase chain reactions (PCR) were

performed with minor modifications as described

by Plaschke et al. (1995). After electrophoresis of

PCR products in 10% polyacrylamide gel,

amplified fragments were detected by silver

staining. Multipoint linkage values in centimorgans

(cM) were calculated by using Map Manager QTX

(http://mapmgr. roswellpark.org/).

Assessment of brittle rachis

The brittle rachis trait was defined as a spike hav-

ing a rachis that disarticulated when the tip

of a spike was bent by up to 45° relative to

the peduncle. Two observers independently as-

sessed rachis fragility and classified the plants into

two classes: brittle and tough. Disarticulation oc-

curs in LDN-DIC DS 3A, LDN-DIC DS 3B

and KU511 with brittle rachis above the junction

of the rachilla with the rachis such that a fragment

of rachis is attached below each spikelet.

Results and Discussion

Mapping of the Br2 locus (recombinant inbred

chromosomal lines (RICLs) for DIC 3A)

Eighty-two RICLs for DIC 3A were used for

microsatellite mapping. Of these, 38 lines had brit-

tle rachides (Br2Br2) and 44 had tough rachides

(br2br2). The segregation ratio of brittle rachis fit-

ted the expected 1:1 ratio (�2 = 0.439, df = 1). Nine

polymorphic markers, which detect a single locus,

were used to map the Br2 gene on chromosome 3A

(Figure 1). The segregation ratios of the

microsatellite probes conformed to the expected

1:1 ratio, with �
2 values ranging from 0.439 to

1.756 (df = 1). The genetic map location of the Br2
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locus is shown in Figure 1. Br2 located between

Xgwm799 (12.4 cM) and the centromeric marker

Xgwm32 (13.3 cM).

Mapping of the Br3 locus (F2 from LDN/

LDN-DIC DS 3B and RICLs for DIC 3B)

We analysed two mapping populations, B1F1 and

RICLs. Of 150 F2 plants from LDN/ LDN-DIC DS

3B, 110 had brittle rachides. The segregation ratio

of brittle rachis confirmed the expected 3:1 ratio

(�2 = 0.222, df =1). Four polymorphic markers,

which detect a single locus, were used to map Br3

on chromosome 3B. The segregation of these

microsatellite markers confirmed the expected

1:2:1 ratio, with �
2 values ranging from 0.439 to

3.2 (df = 2). As shown in Figure 1, Br3 was located

on the short arm of chromosome 3B and was

linked with the centromeric marker Xgwm72

(14.2 cM). Adding polymorphic microsatellite

markers on chromosome 3B from Song et al.

(2005), Br3 was also mapped by using RICLs for

DIC 3B. Of 91 RICLs, 40 lines had brittle rachides

(Br3Br3) and 51 had tough rachides (br3br3).

The segregation ratio of brittle rachis fitted the ex-

pected 1:1 ratio (�2 = 1.329, df = 1). Six polymor-

phic markers, which detect a single locus, were

used to map the Br3 gene (Figure 1). The segrega-

tion ratios of the microsatellite probes conformed

to the expected 1:1 ratio, with �
2 values ranging

from 0.011 to 1.857 (df = 1). The genetic map lo-

cation of the Br3 locus located distally from the

centromeric markers Xgwm72 (15.9 cM) is shown

in Figure 1. The distances of Br3 to Xgwm72 were

similar between maps. The locations of Xgwm181

and Xgwm247 on the long arm of chromosome 3B

did not agree between maps. This discrepancy

may be caused by an inversion near Xgwm181

and Xgwm247 on chromosome 3B due to an un-

conscious selection in the process of development

of the RICL populations.

Mapping of the Br1 locus (B1F1 from

Novosibirskaya 67*2/KU511)

Ninety-two plants of the B1F1 population

(Novosibirskaya 67*2/KU511) were used for

microsatellite mapping. The phenotype of 51 indi-

viduals was brittle rachis (Br1Br1), and tough

rachis (br1/br1) in 41 individuals. The segregation

ratio of brittle rachis fitted the expected 1:1 ratio

(�2 = 1.087, df = 1). Fifteen polymorphic

microsatellites were chosen for mapping. No devi-

ations from the expected 1:1 ratio were found.
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Figure 1. Genetic microsatellite maps of homoeologous group 3 chromosomes, showing the locations of Br1, Br2 and Br3

loci. RICLs for DIC 3A were for chromosome 3A; Langdon/LDN-DIC DS 3B F2 and RICLs for DIC 3B were for

chromosome 3B; and N67*2/KU511 was for chromosome 3D. Genetic distances are given in centimorgans (cM).

The putative locations of centromeres are indicated by bars with C.



The values of �
2 ranged from 0.043 to 2.13

(df = 1). The results of microsatellite mapping of

Br1 are shown in Figure 1. The Br1 locus is linked

to the centromeric marker Xgdm72 (25.3 cM)

and the distal marker Xgwm2 (28.3 cM) on

the short arm of chromosome 3D.

Rachis brittleness has been regarded as

a pleiotropic effect of the spelt gene (q) located on

chromosome 5A (Cao et al. 1997). However,

in the present experiment, we confirmed that

the genes on homoeologous group 3 chromosomes

controlled brittle rachides in T. aestivum and

T. durum. The Br1, Br2 and Br3 loci were all linked

with centromeric markers on the short arms of

homoeologous group 3 chromosomes. Although

Sharma and Waines (1980) reported that tough

rachis in Triticum monococcum (2n = 2x = 14) was

controlled by contrasting alleles at 12 loci,

Watanabe et al. (2003) found that allelic variation

at the Br2 locus on chromosome 3A determined

the rachis brittleness. The open-pollinated species,

Aegilops speltoides (2n = 2x = 14; genome SS),

which is the most likely source of the B genome of

T. aestivum and T. durum (Sarker and Stebbins

1956; Dvorak and Appells 1982; Dvorak

and Zhang 1990; Talbert et al. 1991; Wang et al.

1997), is composed of 2 morphological forms.

In the form aucheri, whose spikes are conical,

disarticulation occurs from stems at a single node

at the bottom of the spikes, and only the terminal

spikelet is awned. The ligustica spikes have a cy-

lindrical shape, disarticulate below each spikelet,

and the lateral spikelets are awned. The ligustica

and aucheri forms segregate as two contrasting

phenotypes in natural populations. The ligustica

syndrome is completely dominant over the

aucheri form (Zohary and Imber 1963). Although

recombinant phenotypes occur in natural popula-

tions with frequencies lower than 0.1–0.2%

Zohary and Imber (1963), Luo et al. (2005) observed

that the disarticulation types behaved as allelic vari-

ants at a single locus, which was mapped in the

centromeric region of chromosome 3S. Morrison

(1995) pointed out the importance of ligustica-

aucheri dimorphism in Ae. speltoides for the dis-

persal strategy in polyploid wheat. We did not find

any other phenotype than brittle rachis similar to

ligustica type to map the Br3 locus on chromosome

3B. Watanabe (2005) demonstrated that the Br3 lo-

cus on chromosome 3B is of importance in the do-

mestication of Italian durum wheat. In Italy,

Strampelli’s achievement was the release

of the well-known variety, Senatore Cappelli,

which was derived from a Tunisian landrace,

Jenah Rhettifah. It was found that Senatore

Cappelli and Jenah Rhetifah have brittle rachides.

Since the 1950’s, many cultivars have been devel-

oped as selections from crosses or mutagenesis in-

volving Senatore Cappelli. Several accessions

have brittle rachides. The gene for brittle rachis of

Senatore Cappelli was allelic to the brittle allele of

the Br-B1 locus, which is identical to Br3, on

chromosome 3B. Senatore Cappelli was presum-

ably the only source of brittle rachis used in Italian

breeding programmes. The genes for brittle rachis

have been retained in the gene pool of durum

wheat, suggesting that the brittle rachis character

is not associated with any substantial yield loss in

modern farming systems in Mediterranean envi-

ronments. The markers linked with a brittle rachis

locus are required to exclude brittle rachis geno-

types and then to avoid yield loss in improved

cultivars. The results of the present study suggest

that more markers are required in the target re-

gions to identify closely linked markers.

The brittle rachis locus (Brt) in Aegilops

tauschii was located on the short arm of chromo-

some 3D and linked with a centromeric marker

Xgdm72 (Watanabe et al. 2005). Brt gene deter-

mines barrel type disarticulation. In the present

study, the Br1 locus for wedge disarticulation, whose

type was found in a Chinese landrace, was located on

the short arm of chromosome 3D and linked with

a centromeric marker Xgdm72. This is the gene

(or genes) on chromosome 3D that determines two

disarticulation types of rachis: barrel and wedge

types. Scant attention has been given to the function

of the brittle rachis gene of Ae. tauschii since the de-

velopment of synthetic hexaploid wheat (McFadden

and Sears 1946). The rachis of Tetra Canthatch,

which was a cytologically extracted form of the

hexaploid cultivar Canthatch (AABB, 2n = 4x =

28), was tough, whereas those of Ae. tauschii ac-

cessions were brittle. Five synthetic hexaploid

wheat accessions (Tetra Canthatch/Ae. tauschii),

which were developed by Dr. E.R. Kerber, have

tough rachides (Watanabe 1983). All synthetic

hexaploid wheat accessions of Langdon durum/

Ae tauschii had tough rachides (Xu, personal com-

munication). The Br/br gene complex on chromo-

somes 3A and 3B is epistatic to the gene for brittle

rachis of Ae. tauschii. The results of the present study

and that of Watanabe et al. (2003) confirmed

the homoeologous loci for brittle rachides.
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