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Abstract The genetic map of rye contains predominantly
restriction fragment length polymorphism (RFLP) markers
but also a limited number of microsatellite markers, which
are known to be more reliable and easier to apply. We
report here the saturation of the genomic map of rye with
additional microsatellite-derived markers that we obtained
from the rye expressed sequence tag (EST) databases and
the Gatersleben collection of wheat microsatellite markers
(WMS). A total of 99 loci (39 EST and 60 WMS) were
mapped into the RFLP frameworks of four rye mapping
populations consisting of 139, 64, 58 and 60 RFLPs,
respectively. For another ten WMS loci, which amplified
PCR products not polymorphic in any of the mapping
populations, chromosome and chromosome arm locations
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were determined using wheat-rye addition lines.
Chromosomes 1R, 2R, 3R, 4R, 5R, 6R and 7R were
enriched with 9, 19, 9, 13, 27, 16 and 16 microsatellite
loci, respectively. The microsatellite loci mapped were
evenly distributed along the chromosomes, which is
important for the further application of these markers for
gene mapping or diversity studies in rye. Forty-four of the
WMS loci mapped in rye were found to be homoeologous
to those mapped in bread wheat (Triticum aestivum L.).

Introduction

Rye (Secale cereale L.) is a major crop in many areas of
northern and eastern Europe. Compared to other winter
cereals, rye has an excellent tolerance to low temperatures
and the ability to realise relatively high grain yields under
soil conditions in which other crops perform poorly
(Madej 1996). Rye is, however, also important as a genetic
source for wheat improvement programmes, and it is a
constituent of triticale, a synthesised crop. The identifica-
tion and intrachromosomal mapping of genes responsible
for important agronomical traits is one of the main tasks of
rye genetics, and to that end, well-saturated molecular
linkage maps of rye, which are reliable and easy in
application, are required.

The first linkage maps of rye were based on restriction
fragment length polymorphism (RFLP) markers (Devos et
al. 1993; Philipp et al. 1994; Senft and Wricke 1996). By
using selected anchor probes of earlier published maps
both of rye (Devos et al. 1993; Philipp et al. 1994; Senft
and Wricke 1996) and other cereals such as wheat (Gale et
al. 1995), barley (Graner et al. 1991; Heun et al. 1991) or
oats (O’Donoughue et al. 1995) and combining them,
Korzun et al. (2001) published a linkage map of rye
consisting of 139 RFLPs, 19 isozyme and protein markers,
13 microsatellites, ten known functional sequences and
two morphological genes. This map allowed users to
choose additional probes of wheat, rye or barley for
saturating rye genome regions of their interest. A second
extended linkage map of rye has recently been published
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that contains 200 RFLPs, 179 amplified (A)FLPs, 88
random amplified polymorphic DNAs (RAPDs) and 12
protein loci (Bednarek et al. 2003).

Microsatellite [or simple sequence repeat (SSR)]
markers are known to be abundant, highly polymorphic,
reliable and relatively easy in application. Although
already extensively used for creating maps in wheat
(Roder et al. 1995, 1998) and barley (Saghai Maroof et al.
1994; Ramsay et al. 2000; Li et al. 2003), they are poorly
represented in the current rye genomic maps. Thirteen
microsatellites were mapped in rye by Korzun et al.
(2001), whereas 20 microsatellites were genetically
mapped or assigned to rye chromosomes by Saal and
Wricke (1999).

There are several likely possibilities for increasing the
number of rye microsatellite markers. One option is the
utilisation of public sequencing resources, as demonstrated
by Hackauf and Wehling (2002a, b), while another lies in
the large number of mapped wheat and barley micro-
satellites, some of which may amplify PCR products in rye
as well. The aim of the investigation reported here was the
saturation of the genomic map of rye using rye expressed
sequences tags (ESTs) and wheat microsatellite markers
(WMS) of the Gatersleben collection.

Materials and methods
Plant materials

Four rye mapping populations developed earlier were used. One
population originated from a reciprocal cross of the two rye inbred
lines P87 and P105 (Korzun et al. 2001). Three other mapping
populations, N6XN2, N7xN2 and N7xN6, were obtained by
crossing rye lines N6 (cv. Steel), N7 (cv. Vyatka) and N2 (cv.
Monstrous) (Malyshev et al. 2003). The frameworks of the four
mapping populations consisted of 139, 64, 58 and 60 RFLPs,
respectively. Seventy-two individuals of each mapping population

were used for analysis. A set of wheat-rye (Chinese Spring/Imperial)
addition lines developed by Driscoll and Sears (1971) was employed
to determine the chromosome and chromosome arm locations of
microsatellite loci not mapped due to lack of polymorphism .

Microsatellite markers and PCR amplification

A total of 8,930 rye EST sequences of the genebank (http://www.
ncbi.him.gov) were screened to identify microsatellite sequences
with di-, tri- and tetra-nucleotide repeats. Flanking primers to the
microsatellites were designed and used to perform the PCR. The
identification and localisation of microsatellites were performed by
using MISA Perl5 script as described by Thiel et al. (2003).
Identified rye EST microsatellites were designated rye expressed
microsatellite sites (REMS). Flanking primers were designed using
programme PRIMER 3.0 (Rozen and Skaletsky 1998). An 18-bp
extension identical to the sequence of an M 13 primer was added to
the 5’-end of each forward primer for simplifying the PCR
procedure. The amplification reaction was performed in a volume
of 10 ul in Perkin-Elmer thermocyclers. The reaction mixture
contained 0.5 pmol of forward primer (with M13 tail), 2.5 pmol of
reverse primer, 0.15 pmol of Cy-5 modified M13 primer, 0.2 mM of
each deoxynucleotide, 1.5 mM MgCl,, 1 UZag polymerase and 50—
100 ng of template DNA. The 3-min denaturation (95°) step was
followed by five cycles of 45 s at 95°C, 5 min at 68°C (—2° per
cycle) and 1 min at 72°C, then by five cycles of 45 s at 95°C, 5 min
at 58°C (—2° per cycle) and 1 min at 72°C, then by 27 cycles with
45 s at 95°C, 30 s at 47°C and 1 min at 72°, followed by a final 10-
min step at 72°C.

In addition, a total of 651 markers from the Gatersleben collection
of wheat microsatellites (Roder et al. 1998; M.S. Rdoder et al.,
unpublished data) were screened, including wheat microsatellites
provided by M. Ganal (TraitGenetics, Gatersleben). The amplifica-
tion reaction for these markers was performed as described in
Plaschke et al. (1995a) and Roder et al. (1998).

Fragment analysis was performed using automated laser fluores-
cence sequencers (ALFexpress, Amersham-Pharmacia, Piscataway,
N.J.). Fragment size was calculated applying the computer
programme FRAGMENT ANALYSER VER. 1.02 (Amersham-Pharmacia)
in a comparison with internal size standards. All sequence
information can be obtained from the authors upon request.

Table 1 Survey of microsatellite markers (REMS) derived from rye ESTs and mapped on chromosomes SR and 7R

Locus GenBank accession no. Repeat type and length Expected size (bp) Number of alleles®
Xrems1167-5R BE494952 (CGG)5 247 2
Xrems1174-5R BE495233 (GAGT)s 302 4
Xrems1186-5R BE495963 (CAQ)s 221 3
Xrems1205-5R BES586813 (ACAT)¢ 281 3
Xrems1218-5R BE587316 (AG)g 230 3
Xrems1237-5R BE637153 (TAGC)s 288 4
Xrems1264-5R BE705252 (CGTC)s 282 2
Xrems1266-5R BE705296 (GA)g 202 3
Xrems1135-7R BE493989 (GA)s 172 4
Xrems1162-7R BE494705 (GCO)s 200 3
Xrems1187-7R BE496005 (CAA)s 215 2
Xrems1188-7R BE496047 (TC), 187 3
Xrems1197-7R BES586481 (CGO)s 192 2
Xrems1234-7R BE637039 (AGC)q 256 2
Xrems1235-7R BE637059 (GGO)s 226 2
Xrems1236-7R BE637143 (CGG)s 173 2

"Detected in five parental rye genotypes



Statistical analysis

The individual plants were genotyped for each microsatellite locus
to build linkage maps for all seven chromosomes. The microsatellite
loci were integrated into the RFLP frameworks of four mapping
populations using MapMaKER 2.0 (Lander et al. 1987). CentiMorgan
distances were calculated applying the Kosambi map-unit function

(Kosambi 1944).

Fig. 1 Linkage map of rye
based on the data from the
crosses P87xP105 (a) (Korzun
et al. 2001), N6xN2 (b), N7xN2
(c) and N7xN6 (d). The new
microsatellite markers mapped
in this study are underlined.
Four loci mapped with a LOD
score of less than 3.0 are
indicated with an asterisk.
Xgwm markers with homoeolo-
gous loci in wheat are marked
with a cross. The centromeres
(C) are indicated based on the
data of Devos et al. (1993) and
Korzun et al. (2001); the short
arms of the chromosomes are at
the top and the long arms at the
bottom. Xgwm loci assigned to
chromosome arms according to
wheat-rye arm addition lines
analysis are indicated on the /ef?.
Sequence information of the
microsatellites can be obtained
from the authors upon request
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Results

Microsatellite marker analysis

Of the 8,930 rye EST sequences screened, 207 micro-
satellite sequences with di-, tri- and tetra-nucleotide
repeats (2.3%) were identified. Sixty-five of these 207

a7

T Xgwm1223-1R
a0 :
- _____Tg._._::Xiag.?i---._____ )
H xiages— Xrems1303-1R
-H- Xmwg837 e
138
+Hx Lo
. xwgers i bod9 =R
- Xgqwm752-1R 5
. Xcdo580 200 I | CP
T8
-+ Xrems1135-1R "
----- in — T Xpsr596
HE Xpsr634——— |55 Xpsr634- 3
F\xqwm1166-1R H-xpsr330— Iu.r
:\megwﬁ ey~ IR gens o
XgwmB861-1R =TT Xpsr330 —
T Xmwg2077
T Xpsr162 24
472
T Xiag186a-—_
Tt Xiag186a— 25 155 ~—
T Xiag186a — 13 H-Xpsraos
1T Xgwm1300-1R _,/’“"‘megg‘i2~\_\
163 P | B
I Xiag111 T Xpsra0s e
128 -
+H -
hecty so—H Xmuga12
7 - xwg241
H xmwgerz v
= 1R
Xpsr109a— _ " Xpsri0fa———
T Xpsr109a— 203
M Xmwg858
H™ Xpsro00- 8 T Xpsr9o0—_
~53 ~——
s = - xcmwg691h
Xpsrt30 it xpso00— 104
T Apsr 2.4 JEXPSO00- NN
ps XemwgB91h Xqwm959-2R
- Xiag33 166 i
- . —H Xmwg2162c T
A i oo 00
o e H Xqwm132:2R
H- Xgwm1048-2R 1 Xrems1130-2R a0 3L -
T Xemwg699 107 o Xqwm791-2R
4
’ T Xpsr6870——
| L T Xpsr687h
H- Xrems1238-2R 1T Xrems1230-2R
H- Xrems1208-2R 93
[T Xrems1194-2R H-xqwms77-2R
T Xbed266-— 150 b
Xrems1132-2R
W XksuF41 "‘“Xbcdzss\\
- megﬁé‘&.______._“ ] — \\
s .,
T Xgwm311-2R
= . . /
&b XemwgBe0-._ < \\ y
H- xqwm991-2R | AmwgdHd S N0 /
i \ .
H- Xmwg829 N ™ /
e T Xbcd256‘/x o
5 I Xemwgbsa’
b Xrems1138-2R 20 I
Xmwg949 || Xewms26-2R
H- Xqwm320-2R 2R

[~ Xiag95
| Xbod98

|- Xpsr634
[ Xpsr596

[~ Xrems1280-1R
|- Xpsr330

[~ Xiag186a

- Xpsra05

| xmwg912
- Xwg241

= Xpsr10Ga

[ Xpsra00

TT Xrems1203-2R
T Xpsr3g8

- Xbod266

- XemwgB60

- Xmwg349




728

designed primer pairs (31.4%) amplified good-quality
PCR products in the rye genome, ranging from quality
scores of one to four according to the scale of Stephenson
et al. (1998), with 36 (55.4%) amplifying 39 loci
polymorphic at least in one of the four mapping
populations. Table 1 shows the GeneBank numbers, repeat
types and lengths, expected sizes (in basepairs) and
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Of the 651 WMS tested, 81 primer pairs (12.4%)

amplified good-quality PCR products in the rye genome,

again ranging from 1 to 4 (Stephenson et al. 1998), with
56 amplifying 70 loci either polymorphic in one of the
four mapping populations or located on a particular
chromosome using the set of wheat-rye addition lines.
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Microsatellite mapping/chromosome arm location

In total, 99 microsatellite-derived loci (39 Xrems and 60
Xgwm) were integrated into the RFLP frameworks of four
mapping populations, seven of which had a LOD score of
less than 3.0 (Fig. 1). The linkage maps we constructed
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include the microsatellite loci covered lengths of
1,111 cM, 1,087 cM, 1,109 cM and 1,111 cM for
populations P87xP105, N6xN2, N7xN2 and N7xNG6,
respectively. The total numbers of markers mapped for
each chromosome were 8 (IR), 19 (2R), 8 (3R), 10 (4R),
26 (5R), 14 (6R) and 14 (7R).

In the five rye lines investigated here, the number of
alleles detected by the mapped Xrems loci in each line
ranged from two to five, with an average of 2.62 alleles
per locus; the number of alleles detected by the mapped
Xgwm loci in each line ranged from two to four alleles per
locus with an average of 2.76 alleles per locus. Ten Xgwm
loci were assigned to arms of chromosomes 1R (1), 3R (1),
4R (3), SR (1), 6R (2) and 7R (2) using the set of wheat-
rye (arm) addition lines (Fig. 1). On average, 15 new
microsatellite-derived loci were mapped/located on each
of the seven chromosomes of rye. Both the Xrems and
Xgwm loci were evenly distributed on the chromosomes.

Discussion

During the last 2 years ESTs have become widely used for
developing new microsatellite markers in plants, including
the cereals (Kota et al. 2001; Eujayl et al. 2002; Thiel et al.
2003). Varshney et al. (2002) estimated that the potential
of cereal EST databases for the development of new
microsatellite markers could be as high as 3% of the total
ESTs. Hackauf and Wehling (2002b) assessed it to about
2% for rye ESTs. This was verified in the present study,
and we were able to confirm that rye ESTs are a promising
source of new microsatellite markers for rye.

Henry et al. (2000 reported that the exploitation of
microsatellites across the cereal genera is more limited
than that among other plant species. These authors also
suggested that EST-derived microsatellites are better

transferable between species than microsatellites derived
from genomic libraries. This was supported by studies
performed by Kantety et al. (2002), who identified a high
number of cross-species matches among SSR-ESTs of
cereals. The present study confirmed that microsatellites
reveal respectable intergeneric transferability. Nearly 70%
of the EST-derived SSRs amplifying good-quality PCR
products in rye also amplified proper fragments in bread
wheat and, therefore, can be assumed to be a potential
source for mapping homoeologous loci in wheat. The
transferability rate of rye EST-SSRs to wheat is compar-
able to that determined in earlier studies in cereals (Holton
et al. 2002; Gao et al. 2003; Gupta et al. 2003).

For wheat more than 1,000 Gatersleben wheat micro-
satellite (GWM) markers have been developed at IPK
Gatersleben or TraitGenetics GmbH, Gatersleben, of
which about 650 have been screened for their usability
for rye mapping, regardless of whether they represent
microsatellites or sequence-tagged site (STS) markers. In a
comparison of the locations of Xgwm loci amplified by the
same primer pairs in wheat (Roder et al. 1998; M.S. Roder
et al., unpublished data) and rye (present study) genomes,
44 of the 60 Xgwm loci mapped in orthologous positions
considering multiple evolutionary translocations in the rye
genome relative to those of hexaploid wheat and the other
Triticeae species, as has been described in detail by Devos
et al. (1993). The identification of cross-amplifying
microsatellite (STS) loci is important for their further
application in comparative studies among wheat and rye or
even other cereals.

To date, genetic mapping in rye has been mainly
performed using RFLP markers. Several genes determin-
ing reduced plant height, vernalization response, self-
incompatibility and a range of morphological mutants
have been mapped successfully (Plaschke et al. 1993,
1995b; Korzun et al. 1996, 1997; Senft and Wricke 1996;
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Voylokov et al. 1998). Due to the fact that most RFLP
markers allow cross-hybridisation the data obtained have
been highly comparable to mapping data in wheat or
barley. However, relative to other marker techniques, the
disadvantages of RFLP markers include the higher amount
of genomic DNA required, the low throughput and the
need of isotopes.

In contrast, microsatellite markers are much more
efficient and easier to apply. In addition to gene tagging
they can be used to study genetic diversity, analysing high
numbers of genotypes, as has been demonstrated for wheat
by Huang et al. (2002) and Roder et al. (2002), who
analysed about 1,000 genebank accessions and 500
European wheat varieties, respectively. The utilisation of
rye microsatellites for studying the genetic integrity of
genebank accessions of rye was demonstrated by Chebotar
et al. (2003).

The availability of the 99 randomly distributed micro-
satellite-derived loci described in the present paper will
enable rye geneticists to obtain more information on the
genetic diversity present in existing rye collections but
also to map genes of interest more quickly. The tagging of
“rye-specific loci” determining adaptability to poor soil
conditions or frost tolerance, which will be not detectable
in other Triticeae species, will be of special interest in the
future.
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