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Abstract Genetic diversity of elite breeding material can

be increased by introgression of exotic germplasm to

ensure long-term selection response. The objective of our

study was to develop and characterize the first two rye

introgression libraries generated by marker-assisted back-

crossing and demonstrate their potential application for

improving the baking quality of rye. Starting from a cross

between inbred line L2053-N (recurrent parent) and a

heterozygous Iranian primitive population Altevogt 14160

(donor) two backcross (BC) and three selfing generations

were performed to establish introgression libraries A and

B. Amplified fragment length polymorphisms (AFLP�

markers) and simple sequences repeats (SSRs) were

employed to select and characterize candidate introgres-

sion lines (pre-ILs) from BC1 to BC2S3. The two

introgression libraries comprise each 40 BC2S3 pre-ILs.

For analyzing the phenotypic effects of the exotic donor

chromosome segment (DCS) we evaluated the per se

performance for pentosan and starch content in replicated

field trials at each of four locations in 2005 and 2006.

Introgression library A and B cover 74 and 59% of the

total donor genome, respectively. The pre-ILs contained

mostly two to four homozygous DCS, with a mean length

of 12.9 cM (A) and 10.0 cM (B). We detected eight (A)

and nine (B) pre-ILs with a significant (P \ 0.05) higher

pentosan content and two pre-ILs (B) with a significant

K. C. Falke, and Z. Sušić are contributed equally to the manuscript.

Communicated by F. Ordon.

K. C. Falke � H. P. Maurer � T. Miedaner (&)

State Plant Breeding Institute, Universitaet Hohenheim,

70593 Stuttgart, Germany

e-mail: miedaner@uni-hohenheim.de

K. C. Falke

e-mail: falke@pz.uni-hohenheim.de
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H. Wortmann

Hybro GmbH & Co KG, 17291 Schenkenberg, Germany

R. Mank � J. Rouppe van der Voort

Keygene N.V., P.O. Box 216,

6700 AE Wageningen,

The Netherlands

Present Address:

Z. Sušić
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(P \ 0.05) higher starch content than the elite recurrent

parent. Thus, our results indicate that exotic genetic

resources in rye carry favorable alleles for baking quality

traits, which can be exploited for improving the elite

breeding material by marker-assisted selection (MAS).

These introgression libraries can substantially foster rye

breeding programs and provide a promising opportunity to

proceed towards functional genomics.

Introduction

Crop improvement depends highly upon finding and using

genetic variation. Decades of cultivation and selection

inevitably lead to a reduction in genetic variation in elite

germplasm (Hawks 1977; Goodman 1997). To increase

genetic diversity and, thus, ensure long-term selection

response, the introgression of agriculturally non-adapted

germplasm in elite breeding materials was suggested as a

promising approach (Tanksley and Nelson 1996). Despite

their agronomically inferior phenotypes, exotic germplasm

is expected to contain genomic segments that can improve

oligo- and polygenically inherited traits, even in highly

selected breeding populations (Frey et al. 1981; de Vicente

and Tanksley 1993).

Winter rye is an important crop in Germany and Eastern

Europe and is grown on about 5.2 million hectares in

Europe (http://faostat.fao.org/site/340/default.aspx). The

implementation of hybrid breeding in rye (Geiger and

Miedaner 1999) resulted in a considerable grain yield

increase and, therefore, in Germany about three quarters of

the total rye acreage is planted with hybrid varieties. The

prerequisite for producing hybrids is self-fertility of the

employed inbred lines. The self-fertile gene pools in rye

are restricted to two source populations, Petkus and Car-

sten, thus, they represent only a small part of the worldwide

available genetic diversity. To extend the genetic variation

of Central European hybrid rye breeding material, Eastern

European cultivars, landraces from Asia or South America

and primitive populations from the Near East have been

employed. These genetic resources are self-incompatible

and heterozygous and have been used for extracting

monogenically inherited traits such as self-fertility (Ossent

1938) or resistance traits (Rollwitz 1985). The hybridizing

mechanism in rye was first enabled by using an Argen-

tinean landrace as source for a cytoplasmic-genic male

sterility system (Geiger and Schnell 1970). Moreover, the

most effective restorer genes originated from Iranian and

South American collections (Miedaner et al. 2000). How-

ever, the use of exotic germplasm for improving

quantitative traits in the cross-pollinated rye is expensive,

time-consuming and complicated due to its (1) low

performance level, (2) high mutation load, and (3)

unknown affiliation to established heterotic pools.

For broadening the genetic base of elite breeding

materials with a minimum of negative side effects Eshed

et al. (1992) suggested the use of introgression libraries as a

powerful tool. These libraries ideally consist of near-iso-

genic lines (NILs) which (1) carry single marker-defined,

short donor chromosome segments (DCS) introgressed

from exotic sources into elite varieties (Zamir 2001) and

(2) the introgressed DCS comprise the total donor genome.

Thus, by restricting the introgression to defined DCS, the

breeder can focus on positive gene effects without risking

serious losses due to recombination. The elimination of

genetic variation not associated with introgressed DCS is

the major advantage of the NILs compared to other seg-

regating populations (Eshed et al. 1996). The establishment

of introgression libraries requires a great research effort

(Zamir and Eshed 1998), nevertheless, plant breeders

express increasing interest in this approach (Mank et al.

2003). So far, introgression libraries have been developed

in tomato (Eshed et al. 1992; Eshed and Zamir 1994), rape

seed (Howell et al. 1996), cabbage (Ramsay et al. 1996),

rice (Lin et al. 1998), barley (Matus et al. 2003, von Korff

et al. 2004), soybean (Concibido et al. 2003), lettuce

(Jeuken and Lindhout 2004), melon (Eduardo et al. 2005),

wheat (Liu et al. 2006), and maize (Ribaut and Ragot 2007;

Szalma et al. 2007). However, no experimental results have

been published for rye so far.

Introgression libraries provide a useful tool for genetic

mapping, identification and localization of quantitative trait

loci (QTL), and gene discovery (Zamir 2001; Kearsey

2002). Agriculturally valuable traits of exotic germplasm

can be identified in genetic studies and subsequently

transferred into commercial varieties by marker-assisted

selection (MAS) programs. Moreover, a multitude of

genotypes can easily be evaluated in large field experi-

ments due to the homozygosity of ILs. This may enhance

the accuracy of phenotyping without increasing the effort

of genotyping (Jeuken et al. 2008). The beneficial effects of

alleles from exotic germplasm has been illustrated for

biotic stress (Von Korff et al. 2005; Finkers et al. 2007;

Jeuken et al. 2008) and abiotic stress (Siangliw et al. 2007)

as well as for quality traits, like malting, milling, or baking

quality (Matus et al. 2003; Pillen et al. 2003; Kunert et al.

2007). Baking quality of rye is determined by a complex

group of quantitative traits. Especially pentosan and starch

content are two fundamental traits, whose quantity and

composition highly affects the baking quality of rye. The

potential of exotic germplasm as source for new QTL

alleles with favorable effects on baking quality has not

been investigated in rye yet.

The objectives of our study were to (1) develop the first

two rye introgression libraries by marker-assisted

642 Theor Appl Genet (2008) 117:641–652

123

http://faostat.fao.org/site/340/default.aspx


backcrossing (2) identify, localize, and characterize DCS

of individual candidate introgression lines (pre-ILs), and

(3) investigate the per se performance of pre-ILs for baking

quality traits to draw conclusion on the potential utility of

introgression libraries for improving elite germplasm.

Materials and methods

Plant materials

A homozygous rye inbred line L2053-N and a heterozygous

Iranian primitive rye population Altevogt 14160 were

crossed by hand emasculation in the greenhouse in 1999 to

generate the F1 base population of the first two rye intro-

gression libraries (A and B). As recurrent parent the high

performance elite inbred line L2053-N was chosen, which is

characterized by a high per se performance, lodging sta-

bility, and short plant height and is, therefore, used as parent

in several registered hybrid rye varieties (H. Wortmann,

personal communication). The donor population Altevogt

14160, provided by the Polish Botanical Garden at Warsaw,

represents a primitive rye population found as weed in

wheat and barley fields in the Near East. Altevogt 14160 is

characterized by self-incompatibility, early heading, non-

shattering ears, high susceptibility to lodging, low kernel

weight and grain yield. In late 1999, random F1 plants were

individually backcrossed to L2053-N in an off-season

program. The poor performance of the exotic donor, how-

ever, resulted in shortness of seed supply of BC0 plants. For

this reason, the progeny of one F1 plant was used to generate

introgression library A and the progenies of two further F1

plants were combined to develop introgression library B.

BC2 generations were generated in 2001, followed by three

selfings to generate the BC2S3 generations.

Marker analyses and linkage map construction

Initially, genetic linkage maps of both introgression libraries

were constructed only for amplified fragment length poly-

morphism (AFLP) markers due to the lack of sufficient

simple sequence repeat (SSR) markers in rye at the begin-

ning of this study. These maps were based on 87 randomly

chosen BC1 individuals in population A, and 88 random

individuals in population B. To identify AFLP primer

combinations (PCs) being polymorphic in each population,

48 PCs were screened. Since the donor population was het-

erozygous, BC0 plant samples were used for the screening.

Based on the number and scorability of DNA fragments as

well as their distribution over the fingerprint, 13 and 10 PCs,

were selected to construct the initial genetic linkage map of

population A and B, respectively. The AFLP analyses were

assayed according to Vos et al. (1995) and conducted by

Keygene N.�V. (Wageningen, The Netherlands).

After the first comprehensive set of rye SSR markers

became available (Hackauf and Wehling 2002, 2003),

these were stepwise included into the genetic linkage maps.

Moreover, SSRs from wheat and barley suitable for cross

species amplification were used in both mapping popula-

tions. SSR assays were performed as described by Oetting

et al. (1995) and assessed by the Federal Research Centre

for Cultivated Plants (Julius Kuehn Institute, Quedlinburg,

Germany), Lochow-Petkus GmbH (Einbeck, Germany)

and Saaten-Union Resistenzlabor GmbH (Leopoldshöhe,

Germany). In total, we employed 187 and 143 SSRs as well

as 13 and 10 AFLP PCs to genotype 87 BC1 individuals of

population A and 88 BC1 individuals of population B,

respectively.

Observed genotype frequencies at each marker locus

were checked for deviation from Mendelian segregation

ratios (1:1) by v2 tests. Genetic linkage maps were

assembled by the software package JoinMap 3.0 (Van

Ooijen and Voorrips 2001) using Kosambi’s (1944) map-

ping function. An LOD threshold of 3.0 was employed in

two-point analyses. Due to the employment of two F1

plants for the establishment of mapping population B, we

first mapped only markers being heterozygous for both F1

gametes. Subsequently the ‘‘fixed order’’ command from

JoinMap 3.0 was used for these markers and the remaining

markers were added.

Marker-assisted selection

Preliminary genetic maps based on AFLP markers were

used to identify and monitor DCS, and further to select the

best-suited progenies in generation BC1 and BC2 (Sušić

2005). In generation BC2S1 and BC2S2, identification,

monitoring and selection of progenies were conducted by

using both SSR and AFLP marker, whereas in BC2S3 only

SSRs were employed (Table 1). Monitoring of DCS was

carried out by at least two flanking markers. For DCS

longer than 10 cM, additional markers were used. During

the selection process, the total number of pre-ILs analyzed

with molecular markers was increased while the number of

markers per pre-IL was reduced.

For selection of progenies as parents for the next gen-

eration the following criteria were used: pre-ILs were

selected due to (1) the chromosomal localization of DCS to

cover most of the donor genome in both introgression

libraries, (2) the number of DCS per pre-IL, i.e., a pre-ILs

should not carry more than five DCS in BC2 and not more

than four in BC2S1, and (3) the proportion of recurrent

parent genome (RPG) per pre-IL, i.e., among pre-ILs car-

rying identical target DCS those with higher proportion of

RPG were preferred.

In the final generation BC2S3, the selected 40 progenies

per introgression library were analyzed with additional 114
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and 77 SSRs to verify DCS and to check the genetic

background for further DCS being not discovered in earlier

generations. Graphical genotypes of pre-ILs in BC2S3

(Figs. 1, 2) were constructed with software Plabsoft (Ma-

urer et al. 2008). Individual DCS lengths were calculated as

the sum of distances between its known markers plus half

the distance to the next marker outside the DCS. For

determining the number of DCS per pre-IL as well as the

characterization of each introgression library (Table 2), we

considered only DCS which were separated by [5 cM as

two DCS. Moreover, missing marker data were estimated

from the flanking markers in the case of tightly linked loci

(\5 cM). If the alleles at two adjacent marker loci origi-

nated from the same parent missing marker were assumed

to have the same genotype as the two flanking markers. If

the two flanking markers showed different genotypes, no

corrections were made. Heterozygous alleles at AFLP loci

in BC2S2 have been assumed as missing data in BC2S3

because no AFLP analyses have been conducted in this

population.

Agronomic trials

The experimental design at each location was a 10 9 9 a-

design (Patterson and Williams 1976) with three replica-

tions. Each genotype was grown in plots of 0.83 m width

and 1.2 m length, representing about 1 m2. All experi-

ments were machine planted and harvested with a

combine. From the harvest a representative sample (500 g)

was taken for quality analyses. Agronomic treatments were

done as usual, including application of 70–80 kg N ha-1,

two sprayings of plant growth regulators (1.5 l ha-1 CCC

and 1.5 l ha-1 Terpal C) and one fungicide spraying

(1.5 l ha-1 Opus Top). The recurrent parent (L2053-N)

was included tenfold to improve accuracy, the donor

(Altevogt 14160) as triple entries in each experiment.

Because of its high lodging capability, the donor was tied

up after flowering by hand to get representative quality

data. Data were recorded for pentosan and starch content in

grain (%) estimated by near-infrared reflectance spectros-

copy. The field trials were conducted in 2005 and 2006 at

two sites in the south (Hohenheim, Eckartsweier) and at

two in the north (Wulfsode, Bergen) of Germany. For pre-

IL 2127 and 2129 in introgression library A as well as

2158, 2159, and 2160 in introgression library B no data

could be collected.

Statistical analyses

Ordinary lattice analyses of variance were performed for

each experiment and location using software PLABSTAT

(Utz 2001). Adjusted entry means were used to compute

combined analyses of variance across locations (Cochran

and Cox 1957). Variance components were estimated

based on adjusted entry means and effective error mean

squares from the individual lattice analyses by restricted

maximum likelihood (REML), using PROC MIXED of

SAS (SAS Institute 2004). To take into account the vari-

ation in accuracy of the individual lattices, least square

means were weighted with the reciprocal error variance

(Piepho 1999). Variance components were estimated

combined for both libraries because Akaikes information

criterion (AIC) indicated that the increase in estimated

parameters, which would result from estimation of separate

variance components for the two libraries, would not result

in a considerable increase in the fit of the model. The

heritability �H2 was computed with an ad hoc measure for

unbalanced test designs (Holland et al. 2003; Piepho and

Möhring 2007). A both-sided Dunnett test (Dunnett 1955)

for multiple comparisons of least square means was used to

determine significant differences for per se performance

between the 38 (A) and 37 (B) pre-ILs and the recurrent

parent L2053-N as respective control, using a significance

level of a = 0.05. The linear model was

Y ¼ lþ Gr þ Ls þ Jt þ ðGLÞrs þ ðGJÞrt þ ðLJÞst

þ ðGLJÞrst; ð1Þ

where Gr (r = 1, …, 75) are the genotypes, Ls (s = 1, …,

4) the locations, and Jt (t = 1, 2) the years. Gr, was con-

sidered as fixed factor and the remaining factors were

considered as random. The Dunnett test was computed with

PROC MIXED of software SAS (SAS Institute 2004).

Table 1 Number of selected individuals and markers (AFLP primer

combinations, SSR markers) used to characterize each generation of

introgression libraries A and B

Generation Process No. of plants No. of markers

Analyzed Selected AFLP SSR

Introgression library A

Screening of parents 2 – 48 –

BC1 Mapping 87 – 13 137

BC1 Selection 68 9 13 –

BC2 Selection 154 19 5–8/line –

BC2S1 Selection 190 17 1–5/line 39

BC2S2 Selection 256 40 1/line 20

BC2S3 Final screening 40 – – 114

Introgression library B

Screening of parents 2 – 48 –

BC1 Mapping 88 – 13 118

BC1 Selection 69 9 10 –

BC2 Selection 196 18 5–7/line –

BC2S1 Selection 133 22 2–5/line 36

BC2S2 Selection 267 40 1–2/line 32

BC2S3 Final screening 40 – – 77
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Fig. 1 Graphical genotypes representing the coverage of the donor

genome in the marker-assisted selected set of 40 BC2S3 pre-IL of

introgression library A. The respective chromosome and the marker

position (vertical bars) are presented above the figure; red coloring

indicates homozygous state of the recurrent parent, blue coloring

homozygous state of the donor, green coloring heterozygous state,

and gray coloring missing data

Fig. 2 Graphical genotypes representing the donor genome coverage

in the marker-assisted selected set of 40 BC2S3 pre-IL of introgression

library B. The respective chromosome and the marker position

(vertical bars) are presented above the figure; red coloring indicates

homozygous state of the recurrent parent, blue coloring homozygous

state of the donor, green coloring heterozygous state, and gray
coloring missing data

Theor Appl Genet (2008) 117:641–652 645
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Results

Significant deviations (P \ 0.001) from the expected sin-

gle-locus genotype frequencies were observed in four cases

in the mapping population of introgression library A and in

zero cases in the mapping population of introgression

library B. The final genetic linkage maps were covered by

131 AFLP and 137 SSR loci in introgression library A and

by 182 AFLP and 118 SSR loci in introgression library B.

The total map distances spanned 738 cM (A) and 636 cM

(B), with an average interval length of 2.8 and 2.2 cM,

respectively.

During the marker-assisted introgression process we

observed in both introgression libraries an apparent

decrease in the (1) number of DCS per pre-IL, (2) length of

the individual DCS, and (3) proportion of donor genome

per pre-IL in the selected sets of individuals (Table 2).

With each backcross and selfing generation the average

proportion of the RPG increased and the donor alleles were

progressively eliminated.

In introgression library A, the set of nine BC1 plants

selected as parents for generation BC2 provided at least a

double coverage of the donor genome for most of the

chromosome regions. In generation BC2, about 90% of the

total donor genome was covered (Table 2), but the cover-

age declined to 74% in the final BC2S3 generation. Larger

gaps occurred on chromosome 1R and in particular on

chromosome 2R (Fig. 1). Almost all pre-ILs carried only

homozygous DCS. Exceptions were few pre-ILs containing

short heterozygous DCS on chromosomes 2R, 3R, 5R, and

6R, which were detected mostly by single markers. Further

DCS were discovered only in BC2S3 in particular on

chromosomes 5R, 6R, and 7R. Five generations of MAS

resulted in 40 BC2S3 pre-ILs carrying on average 4.7 DCS,

with a mean length of 12.9 cM. The proportion of RPG

ranged from 83.5 to 98.1%, with a mean of 91.8% in

generation BC2S3 (Table 2).

In introgression library B, the selected set of nine BC1

plants provided at least a double coverage of the donor

genome for most of the chromosome regions. In generation

BC2, about 70% of the total donor genome was covered

(Table 2). The final set of 40 BC2S3 pre-ILs represented

59% of the donor genome (Table 2). The largest gaps

occurred on chromosomes 2R and 7R. The majority of the

introgressed DCS was already fixed in homozygous state.

Exceptions were some short heterozygous DCS on chro-

mosomes 6R and 7R (Fig. 2). Small new DCS were

discovered on chromosomes 1R, 5R, and 6R in BC2S3. In

introgression library B, five generations of MAS yielded in

40 BC2S3 pre-ILs containing on average 3.2 DCS with a

mean length of 10.0 cM. The finally selected set of BC2S3

pre-ILs contained 88.0–99.9% of the RPG with a mean of

94.9%.

For pentosan content, means of pre-IL progenies ranged

from 11.9 to 15.1% and from 12.2 to 15.2% with a mean of

14.0 and 14.1% in introgression libraries A and B,

respectively. For starch content, we determined ranges for

the means of pre-IL progenies from 50.7 to 55.9% in

introgression library A and from 51.2 to 56.8% in intro-

gression library B with a mean of 53.5% (A) and 53.4%

(B). REML estimates of the genotypic variance r2
G were

significant (P \ 0.01) for both traits. Estimates of geno-

type 9 year variance r2
gj were also significant (P \ 0.05)

for both traits, while estimates of genotype 9 location

Table 2 Ranges and means for the number of donor chromosome

segments (DCS) per candidate introgression line (pre-IL), length of

individual DCS, total length of DCS per pre-IL, proportion of the

recurrent parent genome (RPG), and donor genome coverage of

selected individuals in generation BC1 to BC2S3

Generation No. of DCS per pre-IL Length of individual DCS (cM) Proportion of RPG (%) Donor genome

coverage (%)
Range Mean Range Mean Range Mean

Introgression library A

BC1 4–8 6.2 2.0–93.0 43.5 76.1–85.5 80.0 100

BC2 1–4 2.5 5.0–72.0 29.8 82.0–95.1 89.8 90

BC2S1 1–4 2.3 2.0–72.0 21.6 86.0–98.0 92.9 72

BC2S2 1–4 2.2 2.0–72.0 18.3 87.5–98.5 94.1 72

BC2S3 2–9 4.7 0.1–57.8 12.9 83.5–98.1 91.8 74

Introgression library B

BC1 4–7 5.1 4.5–117.2 44.6 76.8–85.5 82.0 100

BC2 2–5 2.8 2.0–70.0 28.5 82.0–94.0 89.3 70

BC2S1 1–5 2.6 2.0–55.0 19.9 88.0–98.0 94.2 63

BC2S2 1–5 2.2 1.5–45.5 14.8 88.5–99.0 95.1 63

BC2S3 1–9 3.2 0.5–55.6 10.0 88.0–99.9 94.9 59
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variance r2
gl were not significant. Estimates of geno-

type 9 year 9 location variance r2
gjl were significant

(P \ 0.01) for both traits. Heritability �H2 was relatively

high for pentosan (0.78) and starch content (0.87). The

Dunnett test was significant (P \ 0.05) for 30% out of 76

comparisons between pre-ILs and the recurrent parent in

introgression library A (Table 3) and for 31% out of 74

comparisons in introgression library B (Table 4). Out of

these, 35% (A) and 48% (B) of the pre-ILs were signifi-

cantly better than the recurrent parent. We detected eight

pre-ILs in introgression library A and nine pre-ILs in

introgression library B with significant higher pentosan

content than the elite recurrent parent L2053-N. These pre-

ILs contained DCS on all chromosomes except for chro-

mosomes 2R in introgression library A and on

chromosomes 3R, 4R, 6R and 7R in introgression library

B. The Dunnett test was positive significant (P \ 0.05) for

starch content for two pre-ILs in introgression library B

which carried DCS on chromosomes 4R, 5R, and 7R.

Discussion

Breeding plan for establishing introgression libraries

The goal of our study was to develop the first introgression

library in rye from an primitive population to illustrate that

genetic resources, despite of their poor performance, pro-

vide beneficial alleles, which can be used for improving

elite breeding material. For the development of our intro-

gression libraries we employed two backcross generations

followed by three selfing generations, in all of which only

MAS was carried out. This breeding procedure differed

from previously published breeding plans, employed in

studies to establish introgression libraries for broadening

the genetic base of elite germplasm, with respect to (1) the

number of backcross and selfing generations and (2) the

generations in which selection was carried out. For

example, Jeuken and Lindhout (2004) developed an

introgression library from a BC5S1 population in lettuce

and Chetelat and Meglic (2000) employed a BC1F6 popu-

lation in tomato. MAS was conducted in the majority of all

studies during all backcrossing and selfing generations

(Eshed and Zamir 1994; Chetelat and Meglic 2000; Mank

et al. 2003; Ribaut and Ragot 2007; Szalma et al. 2007).

However, other authors employed random backcrossing

followed by marker selection of ILs in the last generations

(Matus et al. 2003; Jeuken and Lindhout 2004; von Korff

et al. 2004; Eduardo et al. 2005; Liu et al. 2006). First

results on the relative advantage of these different breeding

plans are available. Jeuken and Lindhout (2004) reported

that it is more efficient to apply more backcross and less

selfing generations. This result is supported by a simulation

Table 3 Mean per se performance of the recurrent parent L2053-N

and the donor population Altevogt 14160 for the quality traits pen-

tosan and starch content in four locations and 2 years. Differences

between the per se performance of 38 candidate introgression lines

(pre-ILs) and the recurrent parent plus standard errors (r) from

introgression library A

Genotypea Trait

Pentosan content (%) Starch content (%)

L2053-N 13.70 54.31

Altevogt 14160 10.95 57.62

2101 +0.38 -2.75 **

2102 -0.18 -1.74 *

2103 +0.40 -3.55 **

2104 +0.60 -1.29

2105 +0.56 -1.17

2106 +1.13 ** -1.95 *

2107 +1.08 ** -2.95 **

2108 +1.05 * -1.83 *

2109 +0.73 -1.19

2110 +1.24 ** -2.58 **

2111 +1.41 ** -2.57 **

2112 +0.81 -1.52

2113 +1.25 ** -2.43 **

2114 +1.04 * -1.67

2115 -0.44 +0.48

2116 -0.87 +1.55

2117 -0.82 +0.92

2118 -1.82 ** +1.22

2119 -1.44 ** +0.69

2120 +0.39 -0.14

2121 +0.68 -0.46

2122 +0.66 -0.24

2123 +0.62 -0.53

2124 -0.52 +0.99

2125 -0.40 +0.41

2126 -0.21 +0.50

2128 -0.14 +0.35

2130 +0.37 -1.74 *

2131 +0.44 -0.34

2132 +0.48 -2.13 **

2133 +0.59 -2.26 **

2134 +1.22 * -1.84 *

2135 +0.69 -0.79

2136 +0.70 -0.59

2137 +0.71 -0.39

2138 -0.24 +1.30

2139 +0.09 +0.16

2140 +0.01 +0.86

r 0.272 0.507

*,** Significant at the 0.05 and 0.01 probability level, respectively
a For pre-IL 2127 and 2129 we were not able to collect data
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study in rye conducted by Sušić (2005), who suggested that

BC3S1 introgression libraries are advantageous over BC2S2

libraries, because fewer marker data points were required

to establish an introgression library. However, because the

employed breeding plan is the major factor determining the

costs of an introgression library, a thorough comparison of

the alternative breeding plans with computer simulations is

a promising topic for further research.

AFLP versus SSR markers

In the BC1 and BC2 generations of the establishment of our

introgression libraries, selection of pre-ILs as parents for

the next generation was based solely on AFLPs. The reason

was the lack of sufficient SSR markers in rye at the

beginning of this study in 1999. However, since the num-

ber of SSRs was increased during the study (Hackauf and

Wehling 2002, 2003; Khlestkina et al. 2004), we were able

to employ additional SSRs in the selfing generations such

that in the final BC2S3 generation 114 (A) and 77 (B) SSRs

were employed in addition to the AFLPs. In general, SSRs

are regarded as the superior marker system because they

provide a codominant mode of inheritance, are inexpensive

and fast (Hackauf and Wehling 2002, 2003), and their

application across species is partly possible (Röder et al.

1998; cf. Lübberstedt et al. 1998). We found that in the

BC1 and BC2 generation, when a relatively large propor-

tion of the genome was still segregating and only one or a

few crossover events have occurred per chromosome, a few

AFLPs were sufficient to quickly and efficiently locate

DCS across the whole genome. Nevertheless, employing

AFLPs with a self-incompatible, heterozygous donor

resulted in difficulties to identify whether an AFLP band

originated from the donor or the recurrent parent. There-

fore, the presence and exact length of some DCS could not

be determined unambiguously. This inaccurate monitoring

of a few DCS may have additionally reduced the donor

genome coverage of our introgression libraries. With the

SSR markers in the selfing generations, we were able to

verify the DCS and to check the genetic background to find

further DCS not being discovered in earlier generations

(Table 2). Therefore, we conclude that for the last gener-

ations of the establishment of an introgression library SSRs

are the marker type of choice to track the DCS.

Assessment of the RPG content and marker map

The average RPG proportions in our introgression libraries

A and B increased from 80 to 82% in the selected set of BC1

plants to 92–95% in the final BC2S3 pre-ILs (Table 2).

Similar results were observed by Jeuken and Lindhout

(2004) in their BC5S1 introgression library in lettuce. Our

pre-ILs contained on average three to five DCS (Table 2;

Figs. 1, 2). Similar numbers were observed in the intro-

gression libraries of von Korff et al. (2004) in barley and

Liu et al. (2006) in wheat. However, there are also reports of

Table 4 Mean per se performance of the recurrent parent L2053-N and
the donor population Altevogt 14160 for the quality traits pentosan and
starch content in four locations and 2 years. Differences between the per
se performance of 37 candidate introgression lines (pre-IL) and the
recurrent parent plus standard errors (r) from introgression library B

Genotype Trait

Pentosan content (%) Starch content (%)

L2053-N 13.70 54.31

Altevogt 14160 10.95 57.62

2141 +0.46 -1.79 *

2142 +0.28 -1.52

2143 -0.71 +1.16

2144 -0.55 +0.96

2145b -1.78 ** +2.28 **

2146 +0.53 -1.35

2147 +0.16 -0.70

2148 +0.35 -1.24

2149 +0.61 -2.11 **

2150 +1.19 ** -2.46 **

2151 +1.25 ** -2.65 **

2152 +1.15 ** -2.71 **

2153 +1.54 ** -3.16 **

2154 +1.47 ** -2.92 **

2155 +0.45 -0.33

2156 +0.25 -0.15

2157 +0.46 -0.99

2161 -0.63 +1.16

2162 -1.11 ** +1.84 *

2163 +1.07 ** -1.66

2164 +0.94 * -2.73 **

2165 +1.07 ** -2.92 **

2166 +0.68 -2.75 **

2167 +0.60 -0.87

2168 +0.60 -0.31

2169 +0.72 -0.78

2170 -0.08 -0.24

2171 +0.53 -1.51

2172 +0.73 -1.13

2173 +0.79 -1.24

2174 +0.93 * -1.43

2175 +0.49 -0.79

2176 -0.04 +0.72

2177 -0.15 +0.62

2178 +0.64 -1.27

2179 +0.33 +0.05

2180 -0.74 +1.61

r 0.272 0.507

*,** Significant at the 0.05 and 0.01 probability level, respectively
a For pre-IL 2158, 2159 and 2160 we were not able to collect data
b Alternative r of 2145’: 0.28 for pentosan and 0.52 for starch content
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introgression libraries where the majority of ILs (Monforte

and Tanksley 2000; Jeuken and Lindhout 2004) or even the

complete set of ILs (Eshed and Zamir 1994; Eduardo et al.

2005) carried only a single DCS. The number of DCS per

pre-IL in our introgression libraries was relatively large

partly due to very short donor genome stretches detected by

only one single marker. Erroneous marker scorings were at

best a marginal factor for these short introgressions, because

they were observed in three subsequent selfing generations.

However, the probability of frequent double crossovers in

very small chromosome regions is extremely low. We

therefore assume that incorrect locus orders, caused by the

small population sizes (\90) of our mapping populations,

resulted in incorrect map positions of the markers for these

segments. In the final BC2S3 generation, new DCS were

detected when we scanned the whole rye genome with the

additional SSRs. This is a strong hint that during the

introgression process the limited number of available

markers was a constraint. We conclude that a sufficiently

saturated map with exactly estimated marker positions is of

utmost importance for a assessing the RPG content in

establishing intogression libraries.

The mean DCS length in the finally selected set of 40

BC2S3 pre-ILs was 13 cM (introgression library A) and

10 cM (introgression library B, cf. Table 2). Similar results

were observed in the introgression library of Liu et al.

(2006) in wheat. In contrast, the DCS lengths reported by

other authors were considerably longer (25 cM Chetelat

and Meglic 2000 in tomato, 47 cM Eshed et al. 1992 in

tomato, 33 cM Jeuken and Lindhout 2004 in lettuce,

41 cM Eduardo et al. 2005 in melon, 39 cM Matus et al.

2003 in barley, 35 cM von Korff et al. 2004 in barley). Due

to the relatively small fractions of the exotic donor genome

in our pre-ILs, the risk of negative effects of this linkage

drag on the phenotype is expected to be low. We therefore

conclude, that the pre-ILs of our introgression libraries,

which have a higher performance than the elite recurrent

parent can immediately be used in hybrid rye breeding by

crossing with elite breeding material.

Donor genome coverage of the introgression library

In comparison with the introgression libraries of Eshed and

Zamir (1994) in tomato, Canady et al. (2005) in tomato,

Jeuken and Lindhout (2004) in lettuce, Eduardo et al.

(2005) in melon, von Korff et al. (2004) in barley, and

Szalma et al. (2007) in maize, which covered almost the

complete donor genome (donor genome coverage [89%),

our two rye introgression libraries display a lower donor

genome coverage (Table 2). Minor gaps appeared across

all chromosomes in both rye introgression libraries, with

large ones occurring on chromosome 2R in both intro-

gression libraries and on chromosome 4R in introgression

library A. A test in generation BC1 detected no distorted

segregation ratio favoring the recurrent parent allele. The

number and map position of markers could also be exclu-

ded as reason for the gaps, because of (1) the additionally

employed 114 (A) and 77 (B) SSRs in the final population

and (2) a dense and uniform marker coverage over the rye

genome with average interval lengths of 2.8 (A) and

2.2 cM (B) in the mapping populations.

The limited recombination due to small progeny sizes

per pre-IL during the introgression process is presumably

one main reason for the appearance of the gaps in donor

genome coverage. Small progeny sizes especially occurred

in generation BC2 because of problems in the off-season

greenhouse program. Thus, in introgression library B the

selection resulted in only three pre-ILs carrying DCS on

chromosome 2R (Fig. 2). The second main reason was

presumably lethal or sublethal recessive alleles of the

donor, because some BC families had to be discarded in the

selfing generations due to yellowing and inferior vitality.

Effects of the exotic donor genome on baking quality

traits

The estimates of the genotypic variance r2
G in our intro-

gression libraries were significant (P \ 0.01) for pentosan

and starch content. This demonstrates that new genetic

variation for these important baking quality traits was gen-

erated from the DCS of the exotic donor Altevogt 14160.

To quantify the effects of the marker-defined DCS on

the baking quality traits the evaluation of pre-ILs in large-

scale field experiments is required. Therefore, we assessed

the traits in eight environments. The phenotypes of most

pre-ILs showed the tendency to be more similar to the elite

recurrent parent for pentosan content. These results were

expected due to the higher pentosan content of the recur-

rent parent than the donor (Tables 3, 4). However, the

Dunnett detected also pre-ILs showing superiority for

pentosan content over the elite recurrent parent, indicating

their potential for improving baking quality of rye. In

contrast, only two pre-ILs in introgression library B could

be determined having a significant (P \ 0.05) higher starch

content than L2053-N, despite of the better performance of

Altevogt 14160. We assume that the low association

between exotic alleles and starch content can be attributed

to (1) the high proportion of the RPG ([92%) and (2) and a

complex inheritance of starch content.

The phenotypic superiority of pre-ILs over the elite

recurrent parent (Tables 3, 4) can be associated to QTL

regions located on single or few DCS (Figs. 1, 2). Conse-

quently, our study revealed that Altevogt 14160

contributed favorable alleles, despite of its general poor per

se performance. These favorable alleles for baking quality

traits could be identified by using the introgression
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libraries. We therefore conclude, that exotic germplasm

provides a valuable resource for improving quality traits of

elite breeding material.

Application of rye ILs in breeding programs

As rye pre-ILs carried only a small fraction of the exotic

donor genome, the number of unfavorable or even delete-

rious genes affecting vigor and fertility is greatly reduced

and yield-associated traits harbored in introgressed DCS

can be measured with higher accuracy. The pre-ILs per-

forming better than the elite recurrent parent can

immediately be used in hybrid rye breeding by recombining

elite materials with superior introgression lines (Eshed and

Zamir 1995). By crossing ILs to cytoplasmic-male sterile

(CMS) testers an ‘‘F1 introgression library’’ can be con-

structed to map loci contributing to heterosis (Zamir 2001;

Peleman and Rouppe van der Voort 2003). A detailed

molecular characterization of favorable DCS could pave the

way for mapping and verifying candidate genes. A task still

to be done is a further backcrossing and marker selection to

reduce the number of DCS per pre-IL. The rye introgression

libraries can be used as a tool for improvement of other

cereals, especially triticale and wheat. Indeed, wheat ILs

carrying translocations on the short arm of chromosome 1R

possess improved agronomic performance (Moonen and

Zeven 1984; Lukaszewski 1990; Carver and Rayburn

1994), particularly when the source of the rye donor chro-

matin was selected carefully (Kim et al. 2004).

We expect that our rye introgression libraries are a

useful tool to make rapidly available a wide array of pre-

viously unexplored genetic variation to plant breeders and

geneticists. In this respect, our introgression libraries rep-

resent a dynamic new resource that could substantially

foster future rye breeding programs and provide in addition

valuable information for breeding programs in other

Triticeae.
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Korzun V, Börner A (2004) Mapping of 99 new microsatellite-

derived loci in rye (Secale cereale L.) including 39 expressed

sequence tags. Theor Appl Genet 109:725–732

Kim W, Johnson JW, Graybosch RA, Gaines CS (2004) The effect of

T1DL.1RS wheat-rye chromosomal translocation on agronomic

performance and end-use quality of soft wheat. Cereal Res

Comm 31:301–308

Kosambi DD (1944) The estimation of map distances from recom-

bination values. Ann Eugen 12:172–175

Kunert A, Naz AA, Dedeck O, Pillen K, Leon J (2007) AB-QTL

analysis in winter wheat: I. Synthetic hexaploid wheat (T.
turgidum ssp. dicoccoides + T. tauschii) as a source of favour-

able alleles for milling and baking quality traits. Theor Appl

Genet 115:683–695

Lin SY, Sasaki T, Yano M (1998) Mapping quantitative trait loci

controlling seed dormancy and heading date in rice, Oryza sativa
L., using backcross inbred lines. Theor Appl Genet 96:997–1003

Liu S, Zhou R, Dong Y, Li P, Jia J (2006) Development, utilization of

introgression lines using a synthetic wheat as donor. Theor Appl

Genet 112:1360–1373
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