
Using a wheat-rye amphihaploid population to map a rye
gene responsible for dwarfness

Sen Yang . Hongjing Zhu . Jianjun Yu . YuYang Zhong . LaiBin Zhao .

YunFeng Jiang . Ming Hao . Lianquan Zhang . Shunzong Ning .

XueJiao Chen . Dengcai Liu . Zhongwei Yuan

Received: 19 March 2018 / Accepted: 20 August 2018 / Published online: 24 August 2018

� Springer Nature B.V. 2018

Abstract Gene identification in cross-pollinating

plants such as rye can be arduous and time consuming

because of the difficulties involved with genetic

population construction. Here, we provide an alterna-

tive approach for the construction of mapping popu-

lations to rapidly map genes in cross-pollinated cereal

rye. The aim of the present experiments was to

genetically analyze the dwarf stature expressed by a

germplasm accession of rye. The dwarf phenotype was

reversible when the seedlings were exposed to

gibberellic acid; the reductions in plant height

occurred via reductions in cell size. A mapping

population was constructed by generating a set of

wheat-rye amphihaploids bred from a single rye plant

heterozygous for the dwarfing gene(s). The dwarfness

phenotype was expressed in the amphihaploid back-

ground, and segregation in the mapping population

was consistent with the presence of a single gene.

Using rye SSR markers, the gene responsible was

located on chromosome arm 1RL, which is also the

location of the known rye dwarfing gene Ddw3. This

gene is valuable for dwarf breeding of wheat as well as

rye.
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Introduction

Rye (Secale cereale L., 2n = 2x = 14, RR) is a cross-

pollinated crop species. Rye is used as a source of

food, feed and forage as well as a raw material for

ethanol and vodka (Weipert 1997; Geiger and

Miedaner 2009). The human-made crop species trit-

icale (9 Triticosecale Wittmack), derived crosses

with wheat, constitutes an important forage and energy

crop because of its high biomass and grain yield

(Oettler 2005; Davis-Knight and Weightman 2008).

Rye has also played a significant role as a source of

alien genes for bread wheat improvement. Many

important traits such as disease resistance and envi-

ronmental adaptability have been transferred into

wheat via wheat-rye translocation or substitution lines

(Friebe et al. 1996). A particularly important example

of this transfer is the 1RS.1BL translocation, which is

present in many wheat cultivars (Zeller et al. 1973;

Lelley et al. 2004).

Identifying genes or quantitative trait loci (QTL) is

a key step in crop genetic improvement. Hybrid

breeding opens up a powerful opportunity for gene
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(Hackauf et al. 2017a) and QTL mapping in winter rye

(Miedaner et al. 2012, 2014). Gene or QTL mapping in

rye has traditionally relied primarily on mapping

populations, such as F2 (Börner et al. 2000; Milczarski

and Masojć 2003), backcross (BC) (Causse et al.

1994), recombination inbred line (RIL), and intro-

gression line libraries (Falke et al. 2008, 2009),

constructed from self-fertile inbred lines. Recently,

the testcross population (Miedaner et al. 2012, 2014)

and a F2:3 design (Hackauf et al. 2017b) have enabled a

rapid approach for QTL mapping and, thus, appear to

be particularly attractive for unraveling the genetic

architecture of complex inherited traits. Many valu-

able genes or QTLs, including those related to plant

height (Melz 1989; Korzun et al. 1996; Miedaner et al.

2012; Stojałowski et al. 2015), pre-harvest sprouting

(Masojć et al. 2007; Tenhola-Roininen et al. 2011),

male fertility restoration (Miedaner et al. 2000;

Hackauf et al. 2017b), and in vitro response (Bolibok

et al. 2007), morphological traits (Börner et al. 2000;

Milczarski and Masojć 2003; Miedaner et al. 2012;

Myśków et al. 2014; Hackauf et al. 2017b), have been

identified. However, many rye germplasms are cross-

pollinating species because of the self-incompatibility

and inbreeding depression feature, and the develop-

ment of inbred lines and the construction of mapping

populations can be arduous and time consuming,

which slows the process of mapping rye genes and

QTLs.

As in most cereals used for grain production,

tallness is not favored by breeders because this trait

diverts assimilates away from grain and increases the

risk of lodging. After the successful incorporation of

the semi-dwarf habit to generate Green Revolution

rice and wheat varieties (Evans 1998; Khush 1999),

interest in using dwarfing genes to improve both rye

and the wheat-rye hybrids has increased. At least three

major dwarfing genes have been characterized in rye,

namely, Ddw1, 2 and 3: Ddw1 maps to a location on

chromosome arm 5RL (Korzun et al. 1996), Ddw2 to a

location on chromosome 7R (Melz 1989), and Ddw3

to a location on chromosome arm 1RL (Stojałowski

et al. 2015). All three genes induce a phenotype that is

reversible when those plants are exposed to gibberel-

lic acid (GA3) (Börner and Melz 1988; Stojałowski

et al. 2015).

In this study, using a wheat-rye amphihaploid

population, we established a novel strategy to map a

rye dwarf gene. The population was constructed in two

steps: (1) crossing between dwarf and tall rye geno-

types and (2) choosing an F1 plant as a male for

crossing with common wheat. This population was

effective for mapping the target dwarf gene.

Materials and methods

Plant materials

The rye germplasm accession PI613129 was obtained

from the U.S. National Plant Germplasm System

(www.ars-grin.gov/npgs/). After undergoing multiple

rounds of phenotypic recurrent selection, this line was

derived from a cross between a dwarf line of unknown

parentage and a standard-height cultivar (Pfahler et al.

2001). The accession segregates for height, so the

initial step was to select for non-segregating deriva-

tives (both tall and dwarf) by enforcing selfing. A

contrasting pair of non-segregating selections was

then intercrossed to form an F1 hybrid that was

therefore heterozygous for the gene(s) determining

height. This hybrid was then crossed as a male with the

bread wheat cultivar Shinchunaga to form a popula-

tion of haploid triticale plants. The procedures used for

emasculation and pollination were in accordance with

those described by Liu et al. (1999). For validation

purposes, a second mapping population was generated

by enforcing the self-pollination of the dwarf 9 tall

PI613129 F1 hybrid (Fig. 1).

Field experiments and trait measurements

The two mapping populations were grown in the field

at the Wenjiang Triticeae Research Institute (Sichuan

Province, China). There were 204 and 52 individuals

within the wheat-rye amphiploid population and F2

population, respectively. This F2 population came

from an F1 single-plant. For the other F2 population

from 14 F1 single-plants open pollination, 709 indi-

viduals were used in the genetic analysis. Each plant

was placed 10 cm from its neighbor within a 2-m row;

adjacent rows were separated from one another at a

distance of 30 cm. At maturity, both plant height and

internode length were measured. The former was

represented by the mean height from the soil surface to

the tip of the three tallest spikes (Tenhola-Roininen

and Tanhuanpää 2010), while the latter involved

measuring the lengths of the internodes, starting from
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the topmost node to the sixth node below the spike.

Significant differences were assessed using the non-

parametric Kruskal–Wallis test, which was performed

by routines implemented using the SPSS Statistics

v21.0 software package (www.ibm.com). In addition,

v2 tests were performed to test segregation ratios.

The dwarf seedling responses to exogenous GA3

The GA3 sensitivity of dwarf seedlings was tested in

accordance with the methods described by Börner

(1991). Small changes are shown below. Mature

grains were germinated on moistened filter paper at

4 �C for 48 h, and grains at an equivalent stage of

sprouting were then transferred to trays kept in

darkness at room temperature for 13 days. Three

replicate sets of 30 selected grains were fertilized with

a standard nutrition solution, and an additional three

sets were fertilized with the same solution supple-

mented with 50 lg/mL GA3. The plant height and

coleoptile length were measured in the GA3 treatment

group (90 individuals) and CK group (78 individuals),

respectively.

Parenchyma cell morphology

Paraffin sections of the second internode elongation

zone of both rye and haploid triticale plants (three

replicates per entry) sampled at the heading stage were

prepared. The sectioning procedures were in accor-

dance with those of Sun et al. (2010). Longitudinal

sections were stained with 0.5% (v/v) fast green in

95% ethanol, after which the preparations were

dehydrated by immersion in absolute ethanol for

4 min. The length and width of parenchyma cells were

estimated using CellSens Dimension v1.3 software

(Olympus Corp., Tokyo, Japan). In parental lines,

eighty-seven cells in tall rye and 107 cells in dwarf rye

were measured. In hybrids (haploid triticale), 100 cells

were measured in both tall and dwarf segregants.

Linkage mapping

In two mapping populations, 204 and 52 genomic

DNA samples were extracted from young leaves using

a Plant Genomic DNA kit (TianGen, Chengdu,

China). The DNA served as a template for a series

of PCRs that were based on a set of 106 rye

microsatellites (Saal and Wricke 1999; Hackauf and

Wehling 2002, 2003; Hackauf et al. 2009) of known

chromosomal location. The PCR conditions were

identical to those reported by Hackauf and Wehling

(2002). Amplicons were separated by denaturing

polyacrylamide electrophoresis and were visualized

by silver staining (Shevchenko et al. 1996). The

resulting genetic map was constructed using QTL

IciMapping v4.1.2.0 software (Li et al. 2007); a

logarithm of odds (LOD) threshold of 3 was applied.

Results

Dwarf stature of PI613129

The height difference was quite marked between the

tall and dwarf rye of PI613129 (Fig. 2a; Table 1): the

mean height of the former was 191.5 cm, while that of

the latter was only 71.6 cm. The length of each of the

six measured internodes also differed significantly

(Fig. 2b), as did the parenchyma cell length and width

Fig. 1 The development of

the mapping population
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(Fig. 2c, d). The mean parenchyma cell length of the

tall derivative was 70.3 ± 27.44 lm, which was

approximately 2.5-fold that of the dwarf derivative

(27.6 ± 7.02 lm); the respective mean widths were

26.1 ± 9.26 lm and 21.0 ± 3.37 lm (Fig. 2e). After

the dwarf seedlings were treated with GA3, their

Fig. 2 Variation in plant height between tall and dwarf

derivatives of rye accession PI613129. a Plant height (bar:

1 m); b length of each of the first six internodes ordered from the

base of the plant to its apex (bar: 50 cm); c, d parenchyma cells

of c tall and d dwarf plants (bar: 0.1 mm); e variation in

parenchyma cell size. Columns marked with a different letter

indicate that the means differed significantly (P\ 0.01), and the

whiskers represent standard deviations (SDs) (n = 3); f, g the

response of dwarf rye seedlings to exogenous GA3 treatment

(CK: no GA3): f images of the seedlings, g quantification of the

treatment effect. Columns marked with a different letter indicate

that the means differed significantly (P\ 0.01), and the

whiskers represent the SDs (n = 3)

Table 1 Variation in plant height and internode length between tall and dwarf segregants of rye accession PI613129

Genotype Plant height (cm) Internode length (cm)

1st 2nd 3rd 4th 5th 6th

Tall Mean 191.46** 57.92** 48.85** 27.1** 20.6** 14.83** 7.61**

SD 26.97 4.62 3.76 2 1.96 2.33 3.47

Dwarf Mean 71.61** 24.98** 15.25** 8.64** 5.99** 3.99** 2.61**

SD 12.30 5.14 3.67 2.55 1.22 1.06 1.27

**Means differed significantly from one another (P\ 0.01)

123

166 Page 4 of 10 Euphytica (2018) 214:166



height increased by 56.1% and their coleoptile length

by 56.4% (Fig. 2f, g), showing that exogenously

supplied GA3 could abolish the dwarf phenotype.

Genetic analysis of the dwarf trait

The height of the dwarf 9 tall PI613129 F1 hybrid

was more similar that of the dwarf form than to that of

the tall form (Fig. 3a). The distribution of plant height

within the rye F2 population was discontinuous and

centered on * 133.5 cm. The data showed that 538

individual plants were short, and 171 were tall

(Fig. 3b); this ratio fits a monogenic 3:1 ratio

(v2 = 0.07, P[ 0.9). Thus, the phenotype is governed

by a single gene. The wheat-rye amphihaploid map-

ping population was composed of 204 individuals, and

the plant height distribution of the population also was

bimodally distributed. The discontinuity was centered

on * 152 cm; there were 106 short plants and 98 tall

plants, thereby fitting the expected 1:1 ratio

(v2 = 0.24, P[ 0.9) (Fig. 4). The gene was therefore

expressed in the haploid triticale background. The

mean plant height of these tall segregants (hereafter

TS) was 167.8 cm, while that of these dwarf segre-

gants (hereafter DS) was only 134.6 cm (Fig. 5a;

Table 2). Each of the six internodes also significantly

differed between the TS and DS plants (P\ 0.01).

The parenchyma cell sizes between the TS and DS

plants were distinct (Fig. 5b, c): the mean parenchyma

cell lengths were 133.4 ± 38.62 lm and

93.9 ± 23.18 lm, respectively, and their mean widths

Fig. 3 The effect of the

dwarfing gene in rye. a The

phenotype of the two rye

parents and their F1 hybrid

(bar: 2 m); b the distribution

of plant height in the F2

population

Fig. 4 The distribution of plant height in the wheat-rye

amphiploid population
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were 31.2 ± 7.12 lm and 19.4 ± 4.64 lm, respec-

tively (Fig. 5d).

Mapping the dwarf gene

Of the 106 rye microsatellites surveyed, 48 were

informative in the wheat-rye amphihaploid mapping

population. When these 48 markers were applied to

the ten tallest and ten shortest individual plants, five

(SCM1, SCM4, SCM21, SCM127 and SCM269), all

of which mapped to a locus on chromosome 1R,

showed evidence of linkage to the dwarfing gene;

these five markers were therefore then tested within

the full mapping population (N = 204) to generate a

linkage map of chromosome 1R. The dwarfing gene

mapped to a point 8.7 cM proximal to SCM4 and

9.3 cM distal to SCM21 (Fig. 6a). The application of

the same five microsatellites to a subset of 52

Fig. 5 Trait segregation in the wheat-rye amphiploid popula-

tion. a Plant height (bar: 1 m); b, c parenchyma cells of the bTS

and c DS plants (bar: 0.1 mm); d quantification of parenchyma

cell size. Columns marked with a different letter indicate that the

means differed significantly (P\ 0.01), and the whiskers

represent the SDs (n = 3)

Table 2 Variation in plant height and internode length between tall and dwarf segregants in the wheat-rye amphiploid population

Material Plant height (cm) Internode length (cm)

1st 2nd 3rd 4th 5th

TS Mean 167.84** 56.31** 40.83** 25.65** 18.13** 12.51**

SD 6.56 5.06 2.71 2.35 1.93 3.07

DS Mean 134.63** 44.74** 31.83** 20.08** 15.61** 9.54**

SD 8.36 5.95 3.33 2.13 2.03 3.02

**Means differed significantly from one another (P\ 0.01)
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dwarf 9 high F2 individuals confirmed that the

dwarfing gene lay between SCM4 and SCM21

(Fig. 6b).

Discussion

Traditional gene or QTL mapping requires (1)

construction of suitable mapping populations; (2)

selection of appropriate molecular markers and (3)

construction of genetic linkage maps using statistical

programs. Along with the development of rye whole

genome sequencing (Martis et al. 2013; Bauer et al.

2017), the quality and quantity of molecular markers

have been improved. One major limiting factor for rye

gene or QTL mapping is the construction of mapping

population. The self-incompatibility and inbreeding

depression because of its cross-pollination feature

hampers the construction of traditional mapping

population, such as large F2, BC or RIL populations.

In addition, tissue culture recalcitrance has prohibited

the efficient generation of DH populations (Tenhola-

Roininen 2009). Thus, the construction design for

mapping populations will directly influence the effec-

tiveness of gene or QTL mapping. In this study, a

wheat-rye amphihaploid population was employed for

mapping dwarf gene in rye material PI613129 (Fig. 1).

Our results indicated that the dwarf gene can be

rapidly and effectively located using this mapping

population. The wheat-rye amphihaploid population is

similar to a DH population but does not need tissue

culture and chromosome doubling, which are tedious

procedures (Tenhola-Roininen 2009). Thus, such a

population can be constructed quickly and easily by

just two manual crosses. In this population, every

individual contained only one set of haploid R

genome, which had been recombined via meiosis in

the F1 generation. In theory, the segregation ratio will

be 1:1, and the difference of molecular marker linked

to plant height trait will directly reflect phenotype

variation in the population. Furthermore, heterozy-

gous molecular markers are nonexistent in individuals.

These advantages will help increase the efficiency for

mapping. Unlike double haploids, however, the

amphihaploid triticale plants were usually sterile or

had very low fertility; these plants represent only an

ephemeral population useful for a one-time identifi-

cation of the genetic basis of phenotypic variation.

This restricts its application for related traits of seeds,

and it cannot be evaluated several times under

different environmental conditions or in different

years or locations. This led to the wheat-rye amphi-

haploid population being not suitable for QTL map-

ping. Objectively, this strategy can be an additional

option for mapping of major rye genes.

To be practicable, the amphihaploid triticale strat-

egy requires that a wide cross is readily made. Here,

the choice of wheat parent was the cultivar Shinchu-

naga, as this cultivar exhibits a high level of

crossability with rye (Yuan et al. 2011), as do several

other lines (Riley and Chapman 1967; Zheng et al.

1993). A second requirement is that a single heterozy-

gous rye 9 rye F1 plant was used as the source of male

gametes for the triticale population; the use of a single

plant was advantageous because it reduced the com-

plexity of the subsequent segregation. Furthermore,

rye is a prolific pollen producer. A single plant has

enough pollen for building large sample mapping

population. In addition, The strategy relied on expres-

sion of the target phenotype (in this case dwarfness) in

both amphihaploid triticale and rye, which may not

always be the case, as some non-wheat genes are

silenced when introduced into the wheat genome

(Zeller and Hsam 1996; Houchins et al. 1997).

Therefore, a phenotype survey of the population is

important before use this mapping population. Ongo-

ing research involving whole-genome sequencing of

Fig. 6 Local linkage map of chromosome 1R. a Map derived

from the wheat-rye amphiploid population; b Map derived from

the rye F2 population. Genetic distances are given in centimor-

gans (cM), *most favored map location (LOD\ 3.0)
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rye (Bauer et al. 2017) is rapidly expanding the

number of markers that can be applied to wheat-rye

amphiploid populations to target rye genes. Thus, the

present wheat-rye amphihaploid population serves as a

base for the effective and rapid mapping of genes in

out-crossing rye.

To date, three dominant dwarfing genes (Ddw1, 2

and 3) have been mapped in rye (Korzun et al. 1996;

Melz 1989; Stojałowski et al. 2015). Here, the

dwarfing gene carried by germplasm accession

PI613129 was mapped to chromosome arm 1RL

(Fig. 6). Inspection of the consensus linkage map of

rye based on SSRs (Hackauf et al. 2009) and DArT

markers (Milczarski et al. 2011; Stojałowski et al.

2015) showed that, similar to the PI613129 gene,

Ddw3 is linked to the microsatellite locus SCM21. The

morphological effects of the PI613129 gene also

resembled those of Ddw3. As such, it is probably

exactly the same gene with Ddw3. In this study, we

found that the dwarf gene in PI613129 can reduce the

height of haploid triticale plants in the same manner.

This suggested that the dwarf gene could be used for

dwarf breeding of wheat. To date, only a handful of

dwarf genes have been successfully applied to wheat

genetic improvement, such as Rht-B1, Rht-D1, Rht24

(Würschum et al. 2018) and Rht8 (Borojevic and

Borojevic 2005). The rye 1R chromosome is one of the

most intensively used sources of alien chromosomes in

bread wheat (Baum and Appels 1991). In many

commercial wheat cultivars, 1R provides some valu-

able disease resistance genes, such as Lr26, Sr31, Yr9

and Pm8 (Mago et al. 2005; Ren et al. 2009).

Moreover, it can improve the yield and environmental

adaptability of wheat (Kumlay et al. 2003; Ren et al.

2012). Nonetheless, wheat-rye F1 haploid hybrids are

usually have very low fertility, yet those few offspring

can easily create wheat-rye 1R addition, substitution

and translocation lines (Mettin et al. 1973; Darvey and

Gustafson 1975). This will enable exploitation of this

dwarf gene for wheat bread. Our results may open

novel options for breeders to improve lodging resis-

tance in wheat using dwarfing genes independent of

the genes of the Green Revolution.
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Arch Züch-tungsforsch 18:79–82

Börner A, Korzun V, Voylokov AV, Worland AJ, Weber WE

(2000) Genetic mapping of quantitative trait loci in rye

(Secale cereal L.). Euphytica 116:203–209

Borojevic K, Borojevic K (2005) The transfer and history of

‘‘reduced height genes’’ (Rht) in wheat from Japan to

Europe. J Hered 96:455–459

Causse MA, Fulton TM, Cho YG, Ahn SN, Chunwongse J, Wu

K, Xiao J, Yu J, Ronald PC, Harrington SE, Second G,

McCouch SR, Tanksley SD (1994) Saturated molecular

map of the rice genome based on an interspecific backcross

population. Genetics 138:1251–1274

Darvey NL, Gustafson JP (1975) Identification of rye chromo-

somes in wheat-rye addition lines and triticale by hete-

rochromatin bands1. Crop Sci 15:239–243

Davis-Knight HR, Weightman RM (2008) The potential of

triticale as a low input cereal for bioethanol production.

123

166 Page 8 of 10 Euphytica (2018) 214:166



Report 434. Home-Grown Cereals Authority, Caledonia

House, London

Evans LT (1998) Feeding the ten billion: plants and population

growth. Cambridge University Press, Cambridge
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HP, Geiger HH, Miedaner T (2009) Testcross performance

of rye introgression lines developed by marker-assisted

backcrossing using an Iranian accession as donor. Theor

Appl Genet 118:1225–1238

Friebe B, Jiang J, Raupp WJ, McIntosh RA, Gill BS (1996)

Characterization of wheat-alien translocations conferring

resistance to diseases and pests: current status. Euphytica

91:59–87

Geiger HH, Miedaner T (2009) Rye breeding. In: Carena MJ

(ed) Cereals. Springer, New York, pp 157–181

Hackauf B, Wehling P (2002) Identification of microsatellite

polymorphisms in an expressed portion of the rye genome.

Plant Breed 121:17–25

Hackauf B, Wehling P (2003) Devolopment of microsatellite

markers in rye: map construction. Plant Breed Seed Sci

48:143–151

Hackauf B, Rudd S, van der Voort JR, Miedaner T, Wehling P

(2009) Comparative mapping of DNA sequences in rye

(Secale cereale L.) in relation to the rice genome. Theor

Appl Genet 118:371–384

Hackauf B, Bauer E, Korzun V, Miedaner T (2017a) Fine

mapping of the restorer gene Rfp3 from an Iranian primi-

tive rye (Secale cereale L.). Theor Appl Genet

130:1179–1189

Hackauf B, Haffke S, Fromme FJ, Roux SR, Kusterer B, Mus-

mann D, Kilian A, Miedaner T (2017b) QTL mapping and

comparative genome analysis of agronomic traits including

grain yield in winter rye. Theor Appl Genet

130:1801–1817

Houchins K, O’Dell M, Flavell RB, Gustafson JP (1997)

Cytosine methylation and nucleolar dominance in cereal

hybrids. Mol Gen Genet 255:294–301

Khush GS (1999) Green revolution: preparing for the 21st

century. Genome 42:646–655

Korzun V, Börner A, Melz G (1996) RFLP mapping of the

dwarf (Ddw1) and hairy peduncle (Hp) genes on chromo-

some 5 of rye (Secale cereale L.). Theor Appl Genet

92:1073–1077

Kumlay AM, Baenziger PS, Gill KS, Shelton DR, Graybosch

RA, Lukaszewski AJ, Wesenberg DM (2003) Under-

standing the effect of rye chromatin in bread wheat. Crop

Sci 43:1643–1651

Lelley T, Eder C, Grausgruber H (2004) Influence of 1BL.1RS

wheat-rye chromosome translocation on genotype by

environment interaction. J Cereal Sci 39:313–320

Li H, Ye G, Wang J (2007) A modified algorithm for the

improvement of composite interval mapping. Genetics

175:361–374

Liu DC, Yen C, Yang JL, Zheng YL, Lan XJ (1999) The

chromosomal distribution of crossability genes in tetra-

ploid wheat Triticum turgidum L. cv. Ailanmai native to

Sichuan, China. Euphytica 108:79–82

Mago R, Miah H, Lawrence GJ, Wellings CR, Spielmeyer W,

Bariana HS, Mclntosh RA, Pryor AJ, Ellis JG (2005) High-

resolution mapping and mutation analysis separate the rust

resistance genes Sr31, Lr26 and Yr9 on the short arm of rye

chromosome 1. Theor Appl Genet 112:41–50

Martis MM, Zhou R, Haseneyer G, Schmutzer T, Vrána J,
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Melz G (1989) Beiträge zur Genetik des Roggens (Secale cer-

eale L.). Ph.D. thesis, Berlin

Mettin D, Bluthner WD, Schlegel G (1973) Additional evidence

on spontaneous 1B/1R wheat-rye substitutions and

translocations. In: Sears ER, Sears LMS (eds) Proceedings

of the fourth international wheat genetics symposium alien

genetic material, pp 179–184

Miedaner T, Glass C, Dreyer F, Wilde P, Wortmann H, Geiger

HH (2000) Mapping of genes for male-fertility restoration

in ‘Pampa’ CMS winter rye (Secale cereale L.). Theor

Appl Genet 101:1226–1233
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