
Introduction

Introgression of genes controlling sprouting resis-
tance into new varieties and lines is one of the
most important tasks in cereal breeding.
Preharvest sprouting (PHS), i.e. precocious germi-
nation of seeds caused by wet weather during
grain maturation, negatively affects crop quality.
Since sprouting resistance is a quantitative trait, its
genetic control has been intensively studied by
means of QTL analysis. As much as 27 QTLs for
PHS were detected in barley (Ullrich et al. 1993).
Further investigations identified 4 major QTLs:
SD1-SD4 on chromosomes 5H (SD1 and SD2), 4H
(SD4) and 7H (SD3), which were expressed in dif-
ferent environments and mapping populations and
therefore might be useful in selection (Han et al.
1996, 1999; Romagosa et al. 1999; Gao et al. 2003;
Prada et al. 2004; Zhang et al. 2005). Recently,
a strong gene related to dormancy was detected
within the centromeric region of chromosome 6H
in a barley mutant (Prada et al. 2005).

At least 30 QTLs for PHS and �-amylase activ-

ity, distributed on 41 chromosomes (except 1D),

were found in wheat (Anderson et al. 1993; Zanetti

et al. 2000; Flintham et al. 2002; Kulwal et al.

2004). Only a part of detectable QTLs are ex-

pressed in various environmental conditions and

in various populations (Kato et al. 2001; Mori

et al. 2005; Kulwal et al. 2005). Two major QTLs

for PHS from chromosomal arms 4AL and 3AL

were reported as the most promising for applica-

tion in breeding (Kato et al. 2001; Flintham et al.

2002; Torada et al. 2005; Mares et al. 2005;

Kulwal et al. 2005). Introgression of the QTL from

chromosome 3AS by using SSR markers was

shown to increase seed dormancy in white-grained

wheat (Kottearachchi et al. 2006).

More than 30 putative QTLs for dormancy, dis-

tributed over all 12 chromosomes, have been re-

ported in rice (Cai and Morishima 2000; Dong

et al. 2003; Guo et al. 2004). Some of them are in-

terrelated with undesirable characters, like shatter-
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ing, black hulls, and red pericarp (Cai and

Morishima 2000; Gu et al. 2005). Five QTLs from

chromosomes 1, 3, 5, 6 and 11 were expressed in

various environments, and marker-assisted selec-

tion was postulated for their introgression into

new varieties (Guo et al. 2004; Wan et al. 2006).

QTLs for seed dormancy in weedy rice were

shown to respond divergently to various environ-

ments (Gu et al. 2006). This observation suggests

that the complex genetic background of PHS, re-

vealed by QTL mapping, may be advantageous in

changeable environmental conditions, through

acting towards stabilization of the dormancy level.

Gale et al. (2002) demonstrated synteny of

some QTLs and genes related to sprouting across

cereal genomes. Major QTLs for PHS found on

wheat chromosome arm 4AL and on barley chro-

mosome arm 4HS also showed synteny (Kato

et al. 2001). Comparative genomic approach be-

tween barley and rice revealed synteny of the

telomeric end of 5HL, containing a QTL for dor-

mancy (SD2), and the terminal end of the long arm

of rice chromosome 3, where a candidate gene en-

coding GA-20 oxidase was identified (Li et al.

2004).

Cultivated rye is a sprouting-sensitive crop,

with very few recognized genetic sources of

sprouting resistance and little knowledge on its ge-

netic background. The DS2 × RXL10 mapping

population, which shows a medium range of PHS

variation, has been used to study this problem

(Masojæ et al. 1998). Three significant QTLs for

sprouting were localized on chromosomes 1RS,

2R and 5RL, and 7 QTLs for �-amylase activity

were found on all chromosomes except 4R

(Masojæ et al. 1998; Masojæ and Milczarski 2005).

Application of bulked segregant analysis (BSA)

and random amplified polymorphic DNA (RAPD)

resulted in detection of 3 markers for sprouting

and 3 others for �-amylase activity (Twardowska

et al. 2005). Rye is an important crop, used for ev-

eryday bread consumption in Central and Eastern

Europe, so the reduction of grain quality due to

PHS generates a serious economic problem for ag-

riculture and baking industry. Knowledge on ma-

jor QTLs for sprouting resistance in rye would

open possibilities of developing selection strate-

gies based on molecular markers.

This study is aimed at finding significant QTLs

for PHS on a new linkage map of rye (Milczarski

et al. 2007), developed by using the 541 × Ot1-3 F2

mapping population, characterized by a wide vari-

ation range.

Materials and methods

The F2 mapping population, consisting of 94 plants,

was generated by crossing rye inbred lines 541 (I22)

and Ot1-3 (I25), originating from the KaH9 ×

[(MS69-8-1 × Smolickie) F2 × KaH] F1 cross and

cultivar Otello, respectively. These lines are geneti-

cally distant (Myœków et al. 2001) and represent

contrasting phenotypes in respect to visible sprout-

ing and �-amylase activity. Line 541 sprouts easily

and has a high �-amylase activity in maturing

grain, whereas Ot1-3 is sprouting-resistant and

shows a low �-amylase activity in kernels.

Plant material used for QTL mapping was

propagated in the experimental field of the Uni-

versity of Agriculture in Szczecin, Poland. Seeds

developed on each self-pollinated F2 plant were

sown in a mini-plot to produce an F3 family

through sib mating. Each of 94 F3 families con-

sisted of 20–30 siblings, which were evaluated in

1999 in respect to sprouting resistance. Similarly,

94 F4 families (progenies of F3 families) were

grown and tested for sprouting in 2000 and 2003.

A separate F2 population of the 541 × Ot1-3

cross, consisting of 5000 plants, was subjected to

disruptive selection for high and low resistance to

PHS. The resulting segregants representing oppo-

site limits of the variation range (spikes showing

either 0 or 100% of sprouted kernels), were

self-pollinated and further selected for high and

low sprouting resistance for 3 consecutive genera-

tions. Finally, highly sprouting-resistant (R) and

sprouting-sensitive (S) groups, each consisting of

ca. 20 F5 recombinant inbred lines (RILs), were

obtained. Genomic DNA of these lines, isolated

from seedling leaves by using a simplified method

of Thompson and Henry (1995), was evaluated in

respect to RAPD markers linked to detected QTLs

(Milczarski et al. 2007).

Resistance to PHS was determined as a mean

percentage of kernels germinated in spikes har-

vested at full maturity and sprayed with water for 7

days (5 minutes each day) in a moisture chamber

at 20oC. Each F3 and F4 family was represented

by randomly collected 8–10 spikes, and each RIL,

by 2–3 spikes.

QTL mapping was based on a genetic linkage

map of rye generated on 94 F2 plants from the 541

× Ot1-3 mapping population, which has a total

number of 148 molecular markers distributed on

all 7 rye chromosomes (Milczarski et al. 2007).

Map units – centimorgans (cM) – were calculated

by using the Kosambi function. The map spans

a distance of 1401.4 cM and contains 99 RAPD
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(XAPR), 23 STS (derived from RFLP and

PCR-amplified fragments), 18 SSR (Xscm) and 7

ISSR (XIS) molecular markers. Sequences of SSR

primers were from Hackauf and Wehling (2002).

Simple (SIM) and composite (CIM) interval

mapping procedures were applied for QTL identi-

fication, by using MAPMAKER\QTL version 1.1

(Lincoln et al. 1993) and Windows QTL Cartogra-

pher (Wang et al. 2006) software, respectively.

LOD peak threshold for significance of QTL was

set at 2.5 to be able to discern all tentative regions

affecting sprouting resistance. Confidence inter-

vals for a given QTL obtained in different years of

study were pooled. Only QTLs showing SIM and

CIM LOD values higher than 2.5, with segrega-

tion of the linked marker locus deviated by disrup-

tive phenotypic selection, as confirmed by the �
2

test, were presented in this study.

Results

The sprouting induced by spraying the spikes with

water for 7 days, showed a wide variation range

within F3–F4 progenies of the 541 × Ot1-3 map-

ping population (Figure 1). Variation ranges were:

QTLs for PHS in rye 213

Figure 1. Distribution of preharvest sprouting in F3 (1999) and F4 rye progenies (2000 and 2003) of the 541 × Ot1-3 cross



0.5–79.8% in 1999, 3.1–91.0% in 2000, and

2.9–82.8% in 2003, with mean values of 30.6, 34.9

and 39.8%, respectively. Line Ot1-3 showed

a high sprouting resistance (1.0–3.4%) in each

year, and represented the opposite limit of varia-

tion range in respect to line 541, which belonged

to the most sprouting-susceptible class (80–91%

of sprouted kernels). Distribution of sprouting re-

flected its quantitative character. It was skewed to-

wards lower values in each year of the study.

The broad-sense heritability of PHS in rye, as-

sessed on a 3-year set of data, was h2
b = 0.71.

Five QTLs controlling the variation in sprout-

ing, each showing significant LOD values

(2.5–7.3) detected by both SIM and CIM proce-

dures, were mapped on 5 rye chromosomes (Fig-

ure 2, Table 1). Three QTLs from chromosome

arms 2RL, 5RL and 7RL were significant in

2 years. They also showed significant LOD values

when pooled data from 3 years were analysed.

The remaining 2 QTLs, found on chromosomes

1RL and 6RL were significant in 1 year. No signif-

icant QTLs for sprouting were found on chromo-

somes 3R and 4R. Variation explained by

individual QTLs (VE) varied from 13.9 % (1RL) to

63.8% (5RL).

Additive effects with negative values indicate

that QTL alleles encoding PHS resistance origi-

nated from the parental line Ot1-3, known to be

a donor of dormancy in the studied population

(Table 1). PHS-resistance-enhancing alleles were

dominant in a majority of QTLs, except for loci on

chromosomes 1RL (additive) and 7RL (reces-

sive). Map distances between the most likely posi-

tion of QTLs and their closest markers were:

0.0 cM for XAPR1.18 (1RL) and XAPR7.30

(7RL); 2.5 cM for XAPR2.20 (2RL) and XAPR6.7

(6RL); and 8.5 cM for �-Amy3 (5RL) (Table 1).

RAPD markers linked with the studied QTLs

showed significantly distorted segregations within

2 groups of the F5 RILs developed by means of dis-

ruptive selection for a high and low resistance to

PHS (Table 2). The allele originating from the

sprouting-resistant line Ot1-3 showed a higher fre-

quency in the resistant group (R) than the allele

originating from the sprouting-sensitive line 541.

An opposite pattern of allele distribution was ob-

served in the group of sprouting-susceptible
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Figure 2. QTLs for preharvest sprouting resistance of rye, identified on a genetic linkage map developed by using

the 541 × Ot1-3 mapping population



RILs (S), where the allele originating from line

541 was predominant. Differences in the frequen-

cies of alleles linked with sprouting resistance be-

tween groups R and S varied from ca. 40% for

QTLs from chromosomes 1RL and 2RL to ca.

50% for the remaining 3 QTLs. These values re-

flect strong effects of disruptive selection on each

of the detected QTLs, thus supporting the hypoth-

esis of their significance in controlling sprout-

ing resistance in rye. A similar analysis of allele

distribution within 10 RAPD loci that are not

linked with PHS-related QTLs, revealed 1–5%

differences in allele frequencies between groups R

and S (data not shown).

Discussion

Results presented in this report show that high re-

sistance to PHS consistently expressed by the rye

inbred line Ot1-3 is controlled by a cumulative ac-

tion of at least 5 QTLs, distributed on chromosome

arms 1RL, 2RL, 5RL, 6RL and 7RL. Although the

critical LOD value was set at 2.5, each QTL, ex-

cept that located on 1RL, exhibited high SIM and

CIM LOD values both exceeding 3.0 at least in

one year. Significance of the detected QTLs was

further supported by disruptive selection for high

and low sprouting resistance, which considerably

changed in opposite directions the frequencies
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Table 1. Characteristics of QTLs for sprouting resistance in the rye mapping population 541 × Ot1-3, revealed by

simple interval mapping (SIM) and composite interval mapping (CIM) during a 3-year study

QTL Year Linked
marker

Distance
from linked

marker
(cM)

SIM
LOD

CIM
LOD

Variance
explained*
(VE) (%)

Additive
effect

a

Dominance
effect

d

QTL allele for re-
sistance to

PHS - origin and
mode of action

QPhs.uas-1R.1 1999 XAPR1.18 0.0 2.8 2.5 13.9 –10.1 –3.7 Ot1-3 additive

QPhs.uas-2R.1 1999
2003
Pooled

XAPR2.20
XAPR2.20
XAPR2.20

2.5
2.5
6.0

4.9
3.2
2.5

ns**
2.5
ns

48.5
27.4
20.3

–11.6
–9.4
–5.8

–22.7
–12.4
–10.8

Ot1-3 dominant

QPhs.uas-5R.1 1999
2003
Pooled

XAPR5.2
a-Amy3
XAPR5.2

12.0
8.5

15.0

4.5
3.0
2.7

4.7
ns
ns

63.8
28.8
33.5

–21.3
–8.1

–10.2

–10.6
–12.9
–7.8

Ot1-3 dominant

QPhs.uas-6R.1 2000 XAPR6.7 2.5 4.2 7.3 23.8 –14.5 –14.8 Ot1-3 dominant

QPhs.uas-7R.1 1999
2000
Pooled

XAPR7.30
XAPR7.30
XAPR7.30

0.0
0.0
0.0

3.0
2.8
ns

ns
3.5
4.5

18.4
15.1
27.0

–11.7
–9.4
–9.8

1.0
10.5
5.3

Ot1-3 recessive

*VE, a and d values were calculated by SIM method

** not significant

Table 2. Distribution of marker alleles linked to QTLs in the F5 generation of RILs representing

PHS-resistant (R) and PHS-susceptible (S) phenotypes

QTL Marker
locus

Pheno
-type

No of RILs with marker
genotype of

�
2

(1:1) Difference between
frequencies of Ot1-3
genotype within R
and S RIL groups

(%)
line Ot1-3 line 541

QPhs.uas-1R.1 XAPR1.18 R
S

18 (band)
8

5 (null)
12

7.3**
0.8

37

QPhs.uas-2R.1 XAPR2.20 R
S

15 (null)
5

8 (band)
15

2.2
5.0*

40

QPhs.uas-5R.1 XAPR5.2 R
S

16 (null)
6

4 (band)
14

7.2**
3.2

50

QPhs.uas-6R.1 XAPR6.7 R
S

15 (null)
4

7 (band)
16

2.9
7.2**

48

QPhs.uas-7R.1 XAPR7.30 R
S

15 (null)
3

7 (band)
17

2.9
9.8**

53

*significant at P � 0.05

**significant at P � 0.01



of the linked RAPD markers. Marker distribution

was mostly affected in the vicinity of 3 QTLs lo-

cated on 5RL, 6RL and 7RL chromosome arms,

which suggests that they represent major loci un-

derlying sprouting resistance. The QTL mapped

on chromosome 5RL seems to exert the strongest

effect on PHS, since selection considerably devi-

ated the segregation ratio in a quite distant (ca.

12–15 cM) XAPR5.2 marker locus (Table 2). Pyr-

amiding of these 3 major QTLs in a single geno-

type should probably be sufficient to attain a high

level of sprouting resistance in rye. Improvement

of sprouting resistance, gained by pyramiding

RAPD markers XAPR2.20 (pr429) and XAPR7.30

(pr966) (Twardowska et al. 2005), only confirms

the presented results of QTL mapping. Three addi-

tional QTL peaks, located on distal parts of 1RS,

5RS and 6RS chromosome arms, were expressed

in only 1 year of study and had low but significant

CIM or SIM LOD values, and were not confirmed

by the selection experiment. Since the segregation

ratio of the linked markers (XAPR1.22, XAPR5.14

and Xpsr106) was not distorted, they were not

given the status of significant QTLs and were not

presented in this study. However, it cannot be ex-

cluded that these genomic regions may play a

more important role in other genetic materials of

rye, where a different set of alleles may be present.

The detected QTLs were not expressed in each

year of the study. Instability of some QTLs for

PHS was also observed in wheat (Zanetti 2000)

and rice (Kulwal et al. 2004; Gu et al. 2006). This

was explained by their interaction with changing

environmental conditions, mainly temperature

and precipitation during the last months of plant

maturation. It is also possible that a limited num-

ber of genotypes in this mapping population (94),

sample error, or genetic drift within the small

F3–F4 sib-families, were additional reasons for

QTL instability across the years.
Results of this study can be compared with an

earlier QTL analysis based on the rye mapping
population DS2 × RXL10 (Masojæ et al. 1998;
Masojæ and Milczarski 2005; Milczarski et al.
2007). Partial similarity in QTL distribution on the
2 available rye linkage maps was found, including
the terminal end of chromosome arm 5RL,
the central region of chromosome arm 6RL, and
the proximal part of chromosome arm 7RL. Sig-
nificant QTLs, stable across the years of study,

were identified in the vicinity of the �-Amy3 gene
on 5RL. Also, a region containing the common
RFLP marker Xpsr454 on chromosome 6RL, was

linked to �-amylase activity and sprouting.
There are also apparent discrepancies between the

2 QTL maps. One QTL for PHS previously found
in the centromeric region of chromosome 2R
(Masojæ et al. 1998), was not identified in this
study. QTLs were not detected on chromosome
3R, which was earlier shown to contain 2 loci for

�-amylase activity. This comparative analysis
showed that different mapping populations might
be polymorphic at partially overlapping sets of
QTLs underlying PHS. Therefore more
intercrosses should be evaluated to obtain more
complete data on the genomic regions affecting
sprouting in rye.

A number of experimental results published so

far (Masojæ et al. 1998; Masojæ and Milczarski

2005; Twardowska et al. 2005 and this study) re-

vealed a complex polygenic inheritance of sprout-

ing resistance in rye, similarly as it was found in

wheat and other cereals (Flintham et al. 2002; Gale

et al. 2002). QTLs with the strongest effects, such as

QPhs.uas-5R.1, QPhs.uas-6R.1 and QPhs.uas-7R.1,

should be further investigated for underlying genes

and sequences suitable for developing an efficient

marker-assisted strategy of selection. They may be

useful not only in rye but also in triticale breeding,

where improving sprouting resistance is one of the

major objectives.
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