
Introduction

Genetic maps developed by using molecular

markers were constructed for most of cultivated

plant species. They are useful in comparative and

quantitative trait loci (QTL) mapping, molecular

breeding, and map-based cloning. Maps are also

helpful in sequencing of specific parts of plant

genomes. The amount of information gained from

a single mapping population is usually limited due

to a low level of polymorphisms. Therefore it is

valuable to combine information from several in-

dependent maps by constructing a consensus map

of a species. Accumulation of many markers in

specific regions of a chromosome gives the oppor-

tunity to find those suitable for marker-assisted se-

lection (MAS) or for gene isolation with the use of

genomic or cDNA libraries.
Rye (Secale cereale L.), as an allogamous spe-

cies with polymorphic populations and cultivars,
has a genome with a high heterozygosity level.
Its genetic structure can be revealed when maps

developed by using different mapping populations
are combined. The first map of all 7 rye chromo-
somes was developed by Devos et al. (1993).
It was further saturated with randomly amplified
polymorphic DNA (RAPD) (Masojæ et al. 2001)
and amplified fragment length polymorphism
(AFLP) (Bednarek et al. 2003) loci, and used as
a reference map in other studies (Korzun et al.
1998; Börner and Korzun 1998). At least 8 genetic
maps of rye, based on restriction fragment length
polymorphism (RFLP), simple sequence repeats
(SSRs), AFLP, RAPD, isozyme and gene loci rep-
resenting individual mapping populations, have
been reported so far (Philipp et al. 1994; Senft and
Wricke 1996; Loarce et al. 1996; Korzun et al.
2001; Ma et al. 2001; Hackauf and Wehling 2003;
Khlestkina et al. 2004). Linkage groups in rye
were also constructed by means of inter simple se-
quence repeats (ISSRs) (Camacho et al. 2005).

Maps of rye were used for gene and QTL map-

ping (Korzun et al. 1998, 2001; Malyshev et al.

2003; Masojæ and Milczarski 2005) and diversity

studies (Myœków et al. 2001). Genetic data accu-
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mulated in rye maps can be applied in triticale,

where the R genome is combined with A and B

genomes of wheat. Maps of chromosome 1RS are

of special value for wheat breeders, for they use

the 1BL/1RS translocation to improve resistance

against rust and powdery mildew and enhance

yielding (Nagy and Lelley 2003; Mago et al. 2002,

2005).

The aim of this study was to develop a new ge-

netic map of rye by using an F2 intercross poly-

morphic in respect of many agronomic traits,

which will enable further analysis of genes and

QTL.

Materials and methods

The F2 mapping population consisting of 94 plants

was produced by crossing 541 (I22) and Ot1-3 (I25)

rye inbred lines originating from the KaH9

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

cultivar Otello, respectively. These lines are ge-

netically distant (Myœków et al. 2001) and repre-

sent contrasting phenotypes with respect to plant

morphology, yielding potentials, pre-harvest

sprouting (PHS) and lodging resistance.

DNA was isolated from leaves of F2 plants by

using a DNeasy Plant Mini Kit from QIAGEN.

RAPD and ISSR markers were analysed as de-

scribed earlier (Masojæ et al. 2001; Stoja³owski

et al. 2004).
We used sequences of 125 pairs of rye SSR

primers (Xscm) developed by Hackauf and
Wehling (2002) and one SSR (Xscm75) reported
by Saal and Wricke (1999). PCR was carried out
in 12.5 ìl of a solution containing 25–30 ng of

template DNA, 100 �M each dNTP, 0.25 �M
of each primer and 0.8 U of Taq polymerase (MBI
Fermentas) in a thermal cycler PTC-200 DNA En-
gine (MJ Research, Inc.). PCR profiles were pro-
grammed for initial 3 min at 94oC, followed by
cycles of 30 s at 94oC, 60 s at 64oC (decreased by
2oC per cycle, until 56oC was reached and then by
1oC per cycle until 50oC was reached), and 60 s
at 72oC. For the remaining 28 cycles, a profile of
30 s at 94oC, 45 s at 50oC and 60 s at 72oC was ap-
plied, with a final step of 10 min at 72oC. Electro-
phoretic separation of SSR markers was
performed at a constant temperature of 50oC and
at a constant power of 70 W in 30-cm-long slabs of
6% (w/v) polyacrylamide gel containing 7M urea
in 1×TBE (tris-borate-EDTA) buffer. Gels were
silver-stained according to Westermeier (1993).

Primers for sequence-tagged site (STS) mark-

ers were designed by using Primer 3.0 software

(Rozen and Skaletsky 2000) from the sequences of

RFLP probes (Xpsr) available through the NCBI

database and mapped by Devos et al. (1993).

Primer sequences for the Xiag95_1000 STS

marker were from Mago et al. (2002). PCR for

STS markers was performed in 20 �L of a solution

containing 10–15 ng of template DNA, 100 �M

each dNTP, 0.25 �M of each primer and 0.9 U of

Taq polymerase (MBI Fermentas). Thermal cycler

PTC-200 DNA Engine (MJ Research Inc.) was

programmed for the initial step of 3 min at 94oC,

followed by cycles of 30 s at 94oC, 45 s at 60oC

(decreased by 2oC per cycle until 50oC was

reached and then by 1oC per cycle until 46oC was

reached), and 60 s at 72oC. The remaining 28 cycles

were conducted for 30 s at 94oC, 45 s at 46oC and

60 s at 72oC, with a final elongation step of 10 min

at 72oC. Eight STS markers (Xpsr106_1_350bp,

Xpsr119_1000, Xpsr131_350, Xpsr454_1000,

Xpsr580_200, Xpsr754_218, Xpsr928_450 and

Trx_1100) were separated at 6 V/cm in 1.5% agarose

gel containing 1 × TBE buffer and 0.4 �g mL–1

ethidium bromide. Xiag95_1000 and Xpsr371_700

STS markers were developed by using the

PCR-RFLP method with the BsuRI restriction en-

zyme. Polymorphism of 4 STS markers:

Xpsr130_220bp, Xpsr115_219 Xpsr598_206 and

á-Amy3_400 was revealed by the single-strand

conformational polymorphism (SSCP) method ac-

cording to Sambrook and Russell (2001). Primer

sequences for the mapped STS markers are avail-

able upon request.

The sequence-characterized amplified regions

(SCARs) used for mapping were from Stracke et al.

(2003) (SCP12M56, SCP14M55, SCY09d), Gonza-

les et al. (2002) (SCS4_756) and from a public data-

base (OPQ4_578 = EMBL-AY587511, OPN1_667

= EMBL-AY587508). Three additional SCAR

markers (SCSz732L_530, SCSz502_900 and

SCSz980L_650) were converted from RAPDs in

the course of this study. Sequences of their primers

are available upon request. PCR and electropho-

retic methods used for SCARs were described ear-

lier (Stoja³owski et al. 2005).

Analysis of �-AMY1 isozymes from the
starchy endosperm of F3 seeds (541 × Ot1-3 map-
ping population), after 6 days of germination, was
carried out by using isoelectric focusing (IEF),
as described earlier (Masojæ and Gale 1990).

All electrophoretic data were documented with
the use of Fluor-S MultiImager System
(BIO-RAD).

Segregation data were checked by the �
2 test

for their agreement with the single-locus hypothe-
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sis. Bands segregating in a 3 : 1 (dominance) or 1 :

2 : 1 (co-dominance) ratio at p > 0.05, were used

for map construction. Mapping was performed by

using MAPMAKER Exp. v.3.0 software (Lander

et al. 1987). Kosambi function for calculation

of map distances in centimorgans (cM) was ap-

plied. Linkage was approved at a critical LOD

value of 3.0.

Results

The new map of rye, developed by using the 541

× Ot1-3 F2 intercross, consists of 148 marker loci,

including 99 RAPD, 7 ISSR, and a total number of

41 STS markers representing 18 microsatellites,

14 converted RFLPs of known map location, and 9

SCARs developed from RAPD or AFLP markers.

There is also one isozyme marker locus á-Amy 1-1

mapped on chromosome 6R. All mapped markers

showed segregations that did not deviate signifi-

cantly (p > 0.05) from the expected 3 : 1 or 1 : 2 : 1

ratios.

The map consists of 8 linkage groups and its to-

tal length is 1401.4 cM, which gives an average

density of 9.5 cM. Mapping efficiency, calculated

as a percentage of mapped loci per number of

primers used for different marker systems, were

7.0% for RAPDs, 14.4% for SSRs, 12.3% for

ISSRs, and 10% for SCARs. The highest mapping

efficiency was achieved by using STS markers de-

veloped from RFLPs (18%).

Fourteen additional maker loci, including

6 SSRs, 6 ISSRs, and 2 SCARs, were mapped on

the reference DS2 × RXL10 map. Now it contains

466 marker loci spanning a distance of 1456 cM,

with an average density of 3.1 cM.

Eight newly developed linkage groups were

aligned with the appropriate reference maps of 7

rye chromosomes by using 24 common marker

loci (2–6 per chromosome), including 11 STS

markers homologous to RFLP loci, 6 common

microsatellite loci (Xscm), 4 RAPD loci (APR),

2 SCAR markers and 1 �-Amy1-1 isozyme locus

mapped on chromosome 6R.

Chromosome 1R

A new map of chromosome 1R consists of 2 link-

age groups connected by the dashed line, since no

marker linking them was found (Figure 1). These

two linkage groups belong to chromosome 1R, for

they contain the STS marker Trx_1100 and RAPD

locus APR1.5, also found on the DS2 × RXL10

map of chromosome 1R. The STS marker locus,

Xiag95_1000, which is located on the terminal end

of chromosome arm 1RS (Mago et al. 2002, 2005;

Senft and Wricke 1996; Korzun et al. 2001) and

the microsatellite locus Xscm107 mapped in the

proximal part of 1RL by Hackauf and Wehling

(2003) constitute additional support for the pre-

sented construction of the new 1R map. It consists

of 13 RAPD, 3 STS, and 1 SSR marker loci,

and spans a distance of 158 cM. The average den-

sity of the 1R map is 9.3 cM. A combination

of both new and reference maps of chromosome

1R gives a total number of 102 markers, including

43 RFLPs, 22 RAPDs, 32 AFLPs, 1 ISSR, 1 SSR,

and 3 STSs.

Chromosome 2R

The linkage map of chromosome 2R constitutes
1 linkage group of 182 cM in length and contains
17 marker loci distributed with an average density
of 10.1 cM (Figure 2). This map was combined
with the reference map of chromosome 2R
by means of 2 common loci, i.e. Xpsr130 mapped
in the form of STS marker (Xpsr130_220), and
APR2.6 found to be polymorphic in both mapping
populations. A new map of chromosome 2R con-
tains 13 randomly distributed RAPD markers and
3 SSR markers located in the centromeric region.
Altogether, the 2 compared maps of chromosome
2R contain a total number of 87 marker loci, in-
cluding 23 RAPDs, 26 RFLPs, 28 AFLPs,
5 isozymes, 3 SSRs, 1 ISSR, and 1 STS.

Chromosome 3R

A linkage group containing 15 marker loci was
correlated with the reference map of chromosome
3R by means of 2 RFLPs converted into STS
markers, i.e. Xpsr598_206 and Xpsr754_218 (Fig-
ure 3). Chromosomal assignment was confirmed
by the Xscm162 microsatellite locus present also
on the map by Hackauf and Wehling (2003).
A new map of chromosome 3R spans a distance of
137.5 cM and contains 11 RAPD, 3 STS and
1 SSR marker loci, which gives 9.1 cM as the aver-
age map distance. Both maps have 84 linked
marker loci, including 21 RAPDs, 25 RFLPs,
29 AFLPs, 5 isozymes, 3 STSs and 1 SSR.

Chromosome 4R

Xscm66 and Xscm47 microsatellite loci, found to

be polymorphic within both studied mapping pop-

ulations, enabled assignment of a newly built link-

age group to chromosome 4R (Figure 4). These 2
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SSRs were also mapped in similar positions by

Hackauf and Wehling (2003). Maps of the long

arm of 4R (Figure 4) were additionally correlated

by means of a common STS marker locus

Xpsr119_1000, derived from relevant RFLP,

and a SCAR locus SCY09d, mapped in the distal

region. All four common markers are located on

both maps in a similar order and divide them into

5 regions. A new map of chromosome 4R has

28 marker loci spanning a distance of 206.6 cM,

with the average map density of 7.0 cM. There are

14 RAPDs, 5 SCARs, 3 ISSRs, 3 SSRs and 1 STS

randomly distributed along the whole map length.

Both maps contain 85 markers of chromosome 4R,

including 27 RAPDs, 17 RFLPs, 31 AFLPs,

3 ISSRs, 3 SSRs, 5 SCARs and 2 STSs.

Chromosome 5R

Four common markers enabled correlation of
a new map with a reference DS2 × RXL10 map
of chromosome 5R (Figure 5). Map positions
of the 2 SSR marker loci Xscm166 and Xscm77
found in this study correspond to those detected by
Hackauf and Wehling (2003). A distal region
of the long arm shows similarity to the reference
map in having a common RAPD marker locus
APR5.2 and the STS marker developed from the

sequence of the �-Amy3 gene (�-Amy3_400).
The most distant locus mapped on 5RL appeared
to be the SSR marker Xscm179, having the same
most distal position on the Hackauf and Wehling’s
(2003) map of chromosome 5R. The new map of
chromosome 5R contains 20 loci, including
15 RAPDs, 3 SSRs, 1 STS, and 1 ISSR. This map
has 2 large gaps (34.1 cM and 27.8 cM), which in-
creases the length of chromosome to 246 cM and
its average density to 12.3 cM. Altogether both
maps contain 77 marker loci, including
25 RAPDs, 26 RFLPs, 18 AFLPs, 3 SSRs,
2 isozymes, 1 ISSR, 1 STS, and 1 morphological
locus Dw1.

Chromosome 6R

Similar distributions of 6 common markers along
the new and the reference maps of chromosome
6R were found (Figure 6). The most distal STS
marker locus Xpsr106-1_350 on chromosome arm

6RS was mapped in a similar position as its RFLP
counterpart from the DS2 × RXL10 map. The STS
marker Xpsr454_1000 and isozyme marker

�-Amy1-1 were mapped in similar positions
as their homologous loci from the reference map.
Similar map locations were also found for 2 SSR
markers (Xscm176 on the short arm and Xscm78
on the long arm). Additional SSR marker loci, i.e.
Xscm168, Xscm180, Xscm46 and Xscm78, are dis-
tributed similarly as on the map by Hackauf and
Wehling (2003). The sixth common marker for
541 × Ot1-3 and DS2 × RXL10 maps of chromo-
some 5R is the SCAR marker SCSz980L_650,
which maps closely to the SSR marker Xscm176.
A new map of chromosome 6R consists of
23 marker loci, including 12 RAPDs, 6 SSRs,
4 STSs and 1 SCAR, and spans a distance of
213.6 cM. Its average density is 9.3 cM. The two
maps have altogether 67 marker loci, including
22 RAPD, 23 RFLP, 12 AFLP, 6 SSR, 2 ISSR,
1 STS and 1 SCAR markers.

Chromosome 7R

Two initially separate linkage groups representing

chromosome 7R were linked by the SCAR locus

OPQ4_578 showing a large map distance

(c. 32 cM) to both of them (Figure 7). This is the

main cause for the increased length of this map

(257.7 cM) and lower average density (9.5 cM).

However, the distribution of 4 common markers

on both maps is similar. There are 3 common

marker loci, which were mapped in the 541

× Ot1-3 population by using conversion of RFLPs

into STS markers (Xpsr580_200, Xpsr115_219

and Xpsr928_450). The fourth common marker

is the RAPD APR7.5, found to be polymorphic

in both mapping populations. The assignment of

a distal part of the short arm into chromosome 7R

is also suggested by the SSR locus Xscm92

mapped on the short arm (7RS) by Hackauf and

Wehling (2003). A novel map of chromosome 7R

contains 27 marker loci, including 18 RAPDs,

3 STSs, 3 ISSRs, 2 SCARs and 1 SSR. Altogether

a consensus map of 7R chromosome consists of

109 marker loci, including 37 RAPDs, 36 RFLPs,

23 AFLPs, 5 ISSRs, 3 STSs, 2 SCARs, 2 isozymes

and 1 SSR.
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Figures 1–7. Consensus maps of rye chromosomes 1R–7R, based on our map of the 541 × Ot1-3 F2 intercross (left)

combined with the reference map of the DS2 × RXL10 F2 intercross (right). Common markers located on both maps and

connected by lines are in bold. Primer sequence and DNA fragment length in base pairs (bp) are given on the left of each

RAPD and ISSR marker. Centromeric region is marked by an arrowhead, and linkage values are presented on the left side

of each map in cM. Marker loci designations are as follows: APR = RAPDs; Xscm = SSRs; IS = ISSRs; EM = AFLPs;

Xpsr_(fragment length in bp) = STS markers derived from appropriate RFLPs, OPQ, OPN, SC _(fragment length in bp) =

SCAR markers.



[15]

CAGCCTACCT/500bp

GTAGCCGTCT/370bp
CCGAATTCCC/1400 bp
ACTCACTACA/850 bp
GTAGCCGTCT/750 bp
ACGCCCAGAC/520 bp

(AC)8(GA)T/670 bp

ACTCACTACA/1030 bp

GACTACGGGG/1600 bp

ATGGATCCGC/550 bp

1RS

1RL

TGCTCGGTTC/1100 bp

GCACGTAGAT/950 bp

GGTCGGAGAT/1200 bp

CGGCTGACTT/900 bp

CACAGCGATA/700 bp

GTGTACGGAT/1100 bp

CTCACCGTCC/590 bp

TGCCCGTCGT/900 bp
TCTCTGCGCT/850 bp

TCACAGACGC/740 bp
TCGCCAGAGT/1000 bp

AACGAATGCC/870 bp

CTGCTGGGAC/590 bp

Figure 1. Chromosome 1R



[16]

Figure 2. Chromosome 2R



[17]

Figure 3. Chromosome 3R
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Figure 4. Chromosome 4R



[19]

a-Amy3

CGGTCCAGGC/420 bp

GACTCCCGTT/850 bp

AGCGCGTAAG/1900 bp

CCTCTGCCCC/770 bp

GATTTCTGCT/700 bp

CACAGCCAGT/700 bp

CGTCGCGTCA/1400 bp

CACAGCGACT/940 bp

CGAATCGCGC/850 bp

GGTCGGAGAT/1300 bp

ACGGTACCAG/540 bp
GGTCCCTGAC/510 bp

GGTCCCTGAC/1200 bp

AGAGATCTCC/430 bp

(CT)8G/950 bp

GTCCCGACGA/290 bp

5RS

5RL

Figure 5. Chromosome 5R



[20]

CGGGATGTTA/440 bp

CCACACACAA/440 bp

ATGACGTTGA/640 bp

CCAGGGTGTT/840 bp

ACTGGATCGT/210 bp

ACTGGATCGT/600 bp

GAACGACGCA/670 bp

GTGTAAGCCG/620 bp

CCTTGACGCA/1400 bp

CTGTAGCCGG/490 bp

GAACTCCGCT/410 bp

CAGCACCCAT/630 bp

ACGATGAGCT/590 bp

(AC)8(GA)G/710 bp

TCCGCGGTCT/750 bp

GTCCCGACGA/750 bp

GTGATCGCAG/1200 bp

CGTCGCGTCA/1200 bp

CGTCTAGAGG/510 bp

ACCTCAGCCA/500 bp

AGGGTGTACG/350 bp
(AG)8T/500 bp

AGATGCAGCC/580 bp
GTGATCGCTG/460 bp

6RS

6RL

Figure 6. Chromosome 6R



[21]

Figure 7. Chromosome 7R



Discussion

The new map of rye based on the 541 × Ot1-3 F2

intercross shows a high level of consistency with

the reference map of rye developed by Devos et al.

(1993), Masojæ et al. (2001) and Bednarek et al.

(2003) using DS2 × RXL10 F2 intercross.

This conclusion was proved by a similar distribu-

tion of 24 common marker loci. There are also

some other similarities reflected by the general

distribution of loci. A gap on chromosome 1RS

between the 2 linkage groups resembles the gap

presented in the first published DS2 × RXL10 map

(Devos et al. 1993). Evidently, difficulties in

the finding of appropriate markers linking the

2 groups of loci from chromosome arm 1RS re-

flect a low level of polymorphism or a high recom-

bination frequency in that region. An observation

of well-saturated maps of chromosome arms 1RL,

4RL and 7RL and low-density maps of their short

counterparts (1RS, 4RS and 7RS) reflects further

similarities in distribution of loci on both maps.

The distribution of SSR markers, especially those

from chromosomes 4R–6R, is similar to that found

by Hackauf and Wehling (2003). Therefore, it is

now possible to combine 3 independently pub-

lished maps of rye chromosomes 4R–6R into one

consensus map.

The consensus map of the 7 rye chromosomes

developed in this study proves the usefulness of

RAPD markers for rye map construction. RAPDs

constitute an abundant source of marker loci dis-

persed randomly along the rye genome. Conver-

sion of these markers into SCARs could be a good

strategy for saturating rye maps with se-

quence-specific PCR markers, which are the most

valuable potential tools for marker-assisted selec-

tion (MAS). RAPDs were not extensively applied

in other studies aimed at construction of rye maps

(Philipp et al. 1994; Korzun et al. 2001; Ma et al.

2001; Gonzales et al. 2002). It can partly be ex-

plained by a common opinion about the instability

of this marker system and its low mapping effi-

ciency, ranging from 7% to10% (Masojæ et al.

2001 and this study). Our both studies show that

RAPD, after being checked positively for

monogenic inheritance and mapping, appears to

be a stable and reproducible marker, having

a unique genetic locus in the rye genome. Obvi-

ously this marker system is not suited for compar-

ative studies due to its low transferability, but may

be helpful at the initial stage of developing a satu-

rated map of the rye genome. A comparison be-

tween the RAPD and ISSR marker systems in

respect of their usefulness in rye map construction

indicate a superiority of the first technique.

Much more marker loci can be generated through

the RAPD method due to a practically unlimited

number of arbitrary primer sequences. So far the

reported efforts to integrate ISSR markers in rye

maps (Camacho et al. 2005 and this paper) gave

limited numbers of mapped loci (18 and 7, respec-

tively). Nevertheless, ISSR markers should be

considered as a valuable, additional tool for rye

map construction.

The AFLP technique was used for rye map de-

velopment by Saal and Wricke (2002), Bednarek

et al. (2003), and Hackauf and Wehling (2003).

Application of this marker system results in rapid

map construction, but some undesirable clustering

and distorted segregations of bands were also ob-

served (Saal and Wricke 2002; Bednarek et al.

2003).

SSR markers, especially those developed from

expressed sequence tags (ESTs) (Hackauf and

Wehling 2002, 2003; Khlestkina et al. 2004)

or from unigenes (Parida et al. 2006) and gener-

ated in a robotized procedure, seem to be the best

marker system for saturating rye maps. Their addi-

tional value is the co-dominance of allelic forms,

which substantially increases the precision of map

construction and QTL mapping. However, our

study showed that SSRs have rather low transfer-

ability among rye mapping populations due to the

lower than expected level of polymorphism. Two

separate studies (Hackauf and Wehling 2003 and

this study), performed on a similar set of

c. 125 SSR primer pairs, revealed only 12 com-

mon polymorphic loci for both maps among a total

number of 61 mapped SSRs. Khlestkina et al.

(2004) also showed that there are few common

SSR markers for a given pair of maps and that the

number of SSRs located within a single chromo-

somal map ranges from 0 to 13. Therefore devel-

opment of a well-saturated map for all 7 rye

chromosomes in a given mapping population by

using only SSR markers would be a task demand-

ing a large number of available primer sequences.

A considerable part of markers evaluated for

rye map construction by Senft and Wricke (1996),

Ma et al. (2001), Korzun et al. (2001), and

Hackauf and Wehling (2003) had distorted

segregations, which might be attributed to gametic

or zygotic selection. This problem did not affect

our study, where only 7 RAPD markers, out of the

173 checked by the �
2 test, showed distorted

segregations and they were not linked with any of

the mapped markers.

22 P. Milczarski et al.



A majority of existing maps of the rye genome

are still based on RFLP markers, whose detection

is too laborious to be useful for MAS (Devos

et al.1993; Korzun et al. 2001; Ma et al. 2001). De-

velopment of a second generation of rye maps can

thus be achieved by using a variety of PCR-based

marker systems, like SSR, RAPD, STS, AFLP and

ISSR, in one mapping project. The best markers

for combining of different rye maps are STS mark-

ers, due to their good transferability. The results

can be further improved by generation of addi-

tional polymorphisms with the use of enzyme

cleavage (PCR-RFLP) or the SSCP technique,

as it was practiced in this study.
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