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ABSTRACT

Hexaploid bread wheat (Triticum aestivum L. em. Thell) is one of the world’s most important crop
plants and displays a very low level of intraspecific polymorphism. We report the development of highly
polymorphic microsatellite markers using procedures optimized for the large wheat genome. The isolation
of microsatellite-containing clones from hypomethylated regions of the wheat genome increased the
proportion of useful markers almost twofold. The majority (80%) of primer sets developed are genome-
specific and detect only a single locus in one of the three genomes of bread wheat (A, B, or D). Only
20% of the markers detect more than one locus. A total of 279 loci amplified by 230 primer sets were
placed onto a genetic framework map composed of RFLPs previously mapped in the reference population
of the International Triticeae Mapping Initiative (ITMI) Opata 85 X W7984. Sixty-five microsatellites were
mapped at a LOD >2.5, and 214 microsatellites were assigned to the most likely intervals. Ninety-three
loci were mapped to the A genome, 115 to the B genome, and 71 to the D genome. The markers are
randomly distributed along the linkage map, with clustering in several centromeric regions.

HEAT (Triticum aestivum L. em. Thell.) is one of

the most important food crops in the world, and
understanding its genetics and genome organization
using molecular markers is of great value for genetic
and plant breeding purposes. It is an allohexaploid
(2n = 6x = 42) with the three genomes A, B, and D
and has an extremely large genome of 16 X 10° bp/
1C (Bennett and Smith 1976) with more than 80%
repetitive DNA. Detailed RFLP (restriction fragment
length polymorphism) linkage maps (Chao et al. 1989;
Devos and Gale 1993; Xie et al. 1993; Nelson et al.
1995a,b,c; Van Deynze et al. 1995; Marino et al. 1996)
and physical maps (Gill et al. 1993; Kota et al. 1993;
Hohmann et al. 1994; Ogihara et al. 1994; Delaney et
al. 1995a,b; Mickelson-Young et al. 1995; Gill et al. 1996)
have been published for all seven homoeologous groups.
Although the progress in building wheat genetic maps
has been steady, the use of RFLP markers in gene map-
ping has been slow because of the very limited level of
polymorphism in wheat (Chao et al. 1989; Kam-Morgan
etal. 1989; Liu et al. 1990; Cadalen et al. 1997). Because
of this limited polymorphism, gene and genome map-
ping has required the use of populations derived from
wide crosses. However, mapping many agronomically
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important genes or QTL (quantitative trait loci), amajor
goal in plant breeding, requires informative markers in
an intraspecific context. This is particularly true for
marker-assisted selection. RFLPs detected with single-
copy genomic and cDNA clones are extremely powerful
for comparative mapping approaches (Ahn et al. 1993;
Moore et al. 1995; Sherman et al. 1995; Yu et al. 1996).
They are only of limited use for intraspecific molecular
analysis of agronomic traits, however, because usually
<10% of all RFLP loci are polymorphic in wheat.

The genomes of all eukaryotes contain a class of se-
quences, termed microsatellites (Litt and Luty 1989)
or simple sequenced repeats (SSRs) (Tautzet al. 1986).
Microsatellites with tandem repeats of a basic motif of
<6 bp have emerged as an important source of ubiqui-
tous genetic markers for many eukaryotic genomes
(Wang et al. 1994). The analysis of microsatellites is
based on the polymerase chain reaction (PCR), which
is much easier to perform than RFLP analysis and is
highly amenable to automation. In plants, it has been
demonstrated that microsatellites are highly informa-
tive, locus-specific markers in many species (Condit
and Hubbell 1991; Akkaya et al. 1992; Lagercrantz
et al. 1993; Senior and Heun 1993; Wu and Tanksley
1993; Bell and Ecker 1994; Saghai-Maroofet al. 1994;
Rongwen et al. 1995; Liu et al. 1996; Morchen et al.
1996; Provan et al. 1996; Szewc-McFadden et al. 1996;
Taramino and Tingey 1996; Smulders et al. 1997).
Because they are multiallelic, microsatellites have high
potential for use in evolutionary studies (Schloetterer
etal. 1991; Buchanan et al. 1994) and studies regarding
genetic relationships.

Microsatellites show a much higher level of polymor-
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phism and informativeness in hexaploid bread wheat
than any other marker system (Plaschke et al. 1995;
Roder et al. 1995; Ma et al. 1996; Bryan et al. 1997).
However, due to the large genome size, the develop-
ment of microsatellite markers in wheat is extremely
time-consuming and expensive. Only 30% of all primer
pairs developed from microsatellite sequences are func-
tional and suitable for genetic analysis (Roder et al.
1995; Bryan et al. 1997). The majority of such markers
are inherited in a codominant manner and, in most
cases, they are chromosome-specific. This is a useful
feature in a hexaploid genome. In this article, we pre-
sent the development of 230 polymorphic primer sets
and a genetic map of the wheat genome containing
279 microsatellites covering the seven homoeologous
chromosome groups.

MATERIALS AND METHODS

Plant material and DNA extraction: The variety Chinese
Spring was used as the DNA source for the development of
wheat microsatellites. Mapping was performed on 70 recombi-
nant inbred (RI) lines from the International Triticeae Map-
ping Initiative (ITMI) population. This population was derived
bysingle seed descent (Fg) from the cross of W-7984, an amphi-
hexaploid wheat synthesized from Triticum tauschii (DD) and
the T. durum (AABB) variety Altar 84, with the Mexican wheat
variety Opata 85 from CIMMYT (Centro Internacional de Me-
joramiento de Maizy Trigo). The plant material was described
in Van Deynze et al. (1995), and seeds were kindly provided
by M. Sorrells, Cornell University. DNA was extracted from
whole seeds as described in Plaschke et al. 1995.

Microsatellite marker development: For microsatellite isola-
tion, various phage \ libraries were constructed by cloning
Chinese Spring genomic DNA. After digestion with the restric-
tion enzyme Acsl, DNA was cloned into the EcoRI site of the
vector Lambda Zap Il (Stratagene, La Jolla, CA) or, alterna-
tively, after digestion with Mbol or Sau3A, into the BamHI site
of the vector Lambda Zap express (Stratagene) according to
the manufacturer’s instruction. Initially, total genomic DNA
was completely digested and used without size selection. Later,
genomic wheat DNA (500 w.g) was predigested with the meth-
ylation-sensitive restriction enzyme Pstl. Pstl-digested DNA was
separated on preparative agarose gels, and the size range of
2-5 kb was excised and isolated using the GeneClean kit (Dia-
nova). The size-selected DNA was further digested with Mbol
and cloned as described above. Unamplified libraries were
plated and phage filters were probed with synthetic polymers
of GA and GT (Pharmacia, Piscataway, NJ) and then washed
to a stringency of 0.5X SSC, 0.1% sodium dodecyl sulfate
(SDS) at 65° (Roder et al. 1995). Positive plaques were purified
and converted into plasmids by in vivo excision. Plasmid clones
were reconfirmed by colony hybridization and sequenced ac-
cording to standard procedures using automated laser fluo-
rescence (ALF) DNA sequencers (Pharmacia). Primer pairs
flanking the microsatellite motifs were designed using the
program Primer 0.5, which was kindly provided by E. Lander
(Massachusetts Institute of Technology). The program Primer
0.5 allows checking for known repetitive sequences and exclu-
sion of these sequences in the designated primers. For this
purpose a data file was created consisting of published repeti-
tive wheat sequences and of sequences of microsatellite mark-
ers that had resulted in a smear after PCR amplification. This
data file was routinely used to check for repeated sequences

when new primer pairs were developed. One primer was always
labeled with fluorescein. If it was not possible to design both
primers simultaneously, one fluorescein-labeled primer was
designed close to the microsatellite, and further sequence
information was obtained in another sequencing reaction us-
ing that primer.

A list of all primer sequences and mapped microsatellites,
including the microsatellite motif, annealing temperatures
(T..), and allele sizes in the parent lines are presented in the
appendix.

Polymerase chain reaction and fragment analysis: PCR reac-
tions were performed in a volume of 25 pl in Perkin-Elmer
(Norwalk, CT) thermocyclers. The reaction mixture con-
tained 250 nm of each primer, 0.2 mm of each deoxynucleo-
tide, 1.5 mm MgCl,, 1 unit Taq polymerase, and 50-100 ng of
template DNA. The mapping reactions were set up using a
pipetting robot (Biomek 1000; Beckman, Fullerton, CA). After
3 min at 94°, 45 cycles were performed with 1 min at 94°,
1 min at either 50, 55, or 60° (depending on the individual
microsatellite), 2 min at 72°, and a final extension step of 10
min at 72°.

Fragment analysis was carried out on automated laser fluo-
rescence (ALF) sequencers (Pharmacia) using short gel cas-
settes. Denaturing gels (0.35 mm thick) with 6% polyacryl-
amide were prepared using SequaGel XR (Biozym). The gels
were run in 1X TBE buffer [0.09 m Tris-borate (pH 8.3) and
2 mm EDTA] with 600 V, 50 mA, and 50 W with 2 mW laser
power and a sampling interval of 0.84 sec. The gels were
reused four to five times. In each lane, fragments with known
sizes were included as standards. Fragment sizes were calcu-
lated using the computer program Fragment Manager Version
1.2 (Pharmacia) by comparison with the internal size stan-
dards.

Approximately 30 microsatellites were mapped using con-
ventional sequencing gels and visualization by silver staining
as described by Sourdille et al. (1998).

Genetic mapping: The microsatellites were integrated into
a framework map composed of 302 RFLP markers. The data
for the RFLP markers were kindly provided by C. Nelson and
M. Sorrells (Cornell University) and are based on previously
published RFLP maps (Nelson et al. 1995a,b,c; Van Deynze
et al. 1995; Marino et al. 1996). As far as possible, the RFLP
framework was constructed ata LOD of 3.0, and the microsatel-
lite markers were assigned to chromosomes using the “PLACE”
command of the computer program MAPMAKER 2.0 (Lan-
deretal. 1987). Marker position within the respective chromo-
some was determined with the “TRY” and “RIPPLE” com-
mands. Centimorgan units were calculated using the Kosambi
mapping function (Kosambi 1944). In a few ambiguous cases,
additional nulli-tetrasomic analysis of the microsatellite mark-
erswas performed as described previously (Roder et al. 1995).
Mapped wheat microsatellite loci were designated Xgwm for
“Gatersleben wheat microsatellite.”

RESULTS

Marker development: Efficacy of microsatellite isolation:
Microsatellite-containing clones were purified from vari-
ous genomic phage A\ libraries containing small inserts
(see materials and methods). Primer pairs could be
designed for ~54% of the sequenced clones containing
GA or GT microsatellites based on hybridization of the
plasmid clones. It was not possible to design two primers
for the other 46% because of the following reasons:
First, 36% of the clones did not contain microsatellite
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TABLE 1

Efficiency of different libraries

Functional

primer pairs Functional
Restriction (total tested primer pairs
enzyme primer pairs) (%)
Acsl 19 (61) 31
Mbol 10 (32) 31
Pstl/Mbol 76 (148) 51
Pstl/Acsl 81 (120) 67
EcoRI1/Mbol 39 (117) 33

arrays in the sequenced region (usually 400-500 bp
from either side). This was due to the fact that a number
of clones were much larger than the sequenced region
or contained multiple inserts. Second, for 4% of the
microsatellites it was not possible to design both primers
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because the microsatellite was too close to one of the
cloning sites. Finally, 6% of the clones contained re-
peated DNA regions close to the microsatellite site that
were detected with the program Primer 0.5.

Functionality of primer pairs: As previously reported
(Roder et al. 1995; Bryan et al. 1997), only ~30% of
the primer pairs designed from wheat microsatellite
sequencesyield functional microsatellite markers. Func-
tionality is defined as amplification of a fragment of
the same size as the sequence of the respective clone.
Nonfunctional primer pairs amplified either a smear
(large numbers of fragments), nothing, or fragments
of the wrong size. Fragments with unexpected sizes were
usually monomorphic.

Effects of different libraries: The Acsl and Mbol libraries
yielded a large number of primer pairs that produced
a smear after PCR amplification. We assumed that, due
to the large genome size of wheat, such a smear was
created from microsatellites harbored in repeated DNA.
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Figure 1.—Molecular linkage map of wheat. Short arms of chromosomes are at the top. The microsatellite loci are indicated
in bold and carry the lab designator “gwm” (Gatersleben wheat microsatellite). Microsatellite loci mapped with a LOD >2.5 are
integrated in the framework; the other microsatellites were placed in the most probable interval. The centromeres are indicated
in black. Primer sets that amplify more than one locus are marked by an asterisk. Dashed lines connect orthologous loci amplified

by one microsatellite primer set.
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Figure 1.—Continued.

We have investigated this by predigesting wheat DNA
with the methylation-sensitive restriction enzyme Pstl.
This enzyme is known to cut preferentially in single-
copy DNA of many plant species. By predigestion with
Pstl and subsequent isolation of the fragments in the size
range of 2-5 kb before digestion with a 4-bp restriction
enzyme (Mbol or Sau3A) and cloning, it was possible to
increase the success rate of functional primers from 31
to 67% (Table 1). Using this procedure, the number of
primer pairs yielding a smear was reduced significantly.
Interestingly, this increase in effectiveness was only ob-
tained by predigestion with Pstl. The use of EcoRIlI,
another CNG methylation-sensitive restriction enzyme,
did not produce this increase in effectiveness. In total,
1380 clones were sequenced, and primer pairs were de-
signed for 720 clones. A total of 294 primer pairs (41%)
yielded a discrete fragment of the expected fragment size.

Number and polymorphism of amplified PCR fragments:
Eighty percent of the primer pairs amplifying a fragment
of the expected size detected polymorphism between
Opata 85 and the synthetic wheat W7984, the parents
of the RI lines. Of these, ~40% exclusively amplified
the expected fragment, 40% amplified mostly one or,

in a few cases, several additional monomorphic frag-
ments, and 20% amplified one or several additional
polymorphic fragments. Therefore, only one site could
be mapped for 80% of the markers, and two or more
sites were mappable for 20% of the markers.

The wheat microsatellite map: Map construction: The
polymorphic microsatellites were integrated into a frame-
work RFLP map of all chromosomes. Only those mark-
ers that could be ordered at a LOD score of >2.5 were
directly included in the RFLP framework. All other
markers were assigned to the most likely interval ac-
cording to Nelson et al. (19953a,b,c). The linkage map
is shown in Figure 1. In total, 230 primer sets amplified
279 microsatellites, 65 of which were mapped at a LOD
score >2.5 and 214 of which were assigned to intervals
on the RFLP map.

In two cases, independently isolated microsatellites
appeared to be duplicates that cosegregated and con-
sisted of identical or almost identical sequences. This
was the case for Xgwm213 and Xgwm335 on chromosome
5B and for Xgwm269 and Xgwm565 on chromosome 5D.

The centromeres were positioned according to pre-
viously published RFLP maps (Nelson et al. 19953,b,c;
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Figure 1.—Continued.

Van Deynze et al. 1995; Marino et al. 1996). In cases
where microsatellites mapped in the centromeric re-
gion, their chromosomal arm locations were deter-
mined by analysis with the respective ditelosomic lines
of Chinese Spring.

Compared to the previously published RFLP maps,
three changes were made in the framework. These were
suggested by new results of nulli-tetrasomic analyses of
RFLP markers in the respective chromosomal regions
(J. C. Nelson, personal communication). The end of
the 2AS linkage group from Xbcd348.1 to Xcdo447 was
moved to the end of the 2BS linkage group, the end
of the 3AL linkage group ranging from Xabcl72.2 to
Xbed451 was moved to the end of the 3DS linkage group,

and the 4AL linkage group from Xbcd129 to Xbcd1975
was moved to the end of the 7DS linkage group. These
changes were corroborated by nulli-tetrasomic analysis
of the microsatellites mapping to the respective chromo-
somal regions: Xgwm210-2B mapped to chromosome
2B, Xgwm114-3D to 3D, and Xgwm635-7D to chromo-
some 7D.

The original RFLP framework map was extended by
microsatellites mapping outside the outermost RFLP
locus on the ends of the 2AS, 5AS, 5AL, 5DS, 6BS, 7AS,
7BS, and 7BL linkage groups.

Genome specificity of microsatellite markers: Only 37 of 230
primer sets produced more than one mappable locus.
The majority of 193 microsatellite markers constitute
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Figure 1.—Continued.

genome-specific markers. The highest number of loci
was detected by Xgwm666 with five sites, all mapping to
the A genome. The primer sets that amplified two or
more loci mapped to homoeologous as well as to nonho-
moeologous sites. In nine cases, microsatellites mapped
to two homoeologous sites, and in four cases they
mapped to three homoeologous sites (Figure 1).
Xgwm165 mapped to chromosome arms 4AS, 4BL, and
4DL, thus marking the known chromosome 4A pericen-
tric inversion (Nelson et al. 1995c).

The B genome contains the highest number of micro-
satellites, 115, the A genome 93, and the D genome
only 71. Low numbers of microsatellite markers were
found in chromosomes 1A, 4A, 6A, 1D, 4D, 6D, and
7D. Along the individual linkage groups, the mapped
markers were evenly distributed with no significant clus-
tering except in the centromeric regions of some chro-
mosomes.

DISCUSSION

We present here the first genetic map of the wheat
genome based on microsatellites. The development of
wheat microsatellites is a tedious task. Primer pairs can
be developed for only 54% of the sequenced plasmid
clones containing microsatellites. Also, using short in-
sert libraries developed from digestion with 4-bp recog-
nition restriction enzymes, the percentage of useful
primer pairs that amplify a polymorphic fragment of
the expected size is in the range of 30%. Thus, on aver-
age, one out of six purified microsatellite-containing

clones yields a functional primer pair. From these data,
it is obvious that the development of wheat microsatel-
lites is atedious process that requires optimization. One
possible way to increase the rate of microsatellite-con-
taining clones for which primer pairs can be designed
might be the use of libraries that are enriched for micro-
satellites and/or are size-selected for clones below an
insert size of 1000 bp. However, a disadvantage of such
enrichment procedures, which isassociated with smaller
inserts, is the increased frequency of microsatellites too
close to one of the cloning sites. Furthermore, enriched
libraries carry a considerable risk of obtaining duplicate
clones.

We found that an effective way to increase the effi-
ciency of functional primer pairs is to use the under-
methylated fraction of the wheat genome as a source
for microsatellite isolation. As has been shown for the
isolation of single-copy RFLP clones from plants with
large genomes, predigestion with the CNG methylation-
sensitive restriction enzyme Pstl creates a fraction that
is highly enriched for low- and single-copy DNA. Using
this DNA fraction as a source for microsatellite clones,
it was possible to reduce the number of microsatellite
clones derived from repeated DNA and thus effectively
double the number of functional microsatellitesisolated
from the wheat genome. Interestingly, the use of the
similarly CNG methylation-sensitive enzyme EcoRII did
not yield this increase in effectiveness. At the moment,
itis not clear why such differences between CNG methyl-
ation-sensitive restriction enzymes exist.

The identification and mapping of 279 microsatellites
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amplified with 230 primer sets demonstrates that wheat
microsatellites are mainly genome-specific and that mi-
crosatellite primer sets usually amplify only a single locus
from one of the three genomes. Wheat microsatellite
primer sets were successfully used for the amplification
of DNA from wild progenitors or relatives of bread
wheat T. monococcum, T. boeoticum, T. urartu (V. Korzun
and M.-H. Tixier, unpublished data), T. dicoccoides
(Fahima et al. 1998), T. durum, and T. aethiopicum
(Plaschkeetal. 1995). This indicates that microsatellite
sequence diversity between the genomes is much higher
than between each genome and its diploid and tetra-
ploid ancestors. Only 20% of all primer sets amplify
more than a single locus. Of these, approximately one-
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half amplify orthologous loci. The other one-half am-
plify loci from nonhomoeologous regions in the wheat
genome. One possible explanation for this is that micro-
satellite markers can be derived from moderately re-
peated DNA sequences, provided that their primer se-
guences are sufficiently specific to amplify only a single
or very few loci. It is known that a large portion of the
Gramineae genomes is composed of ancestral transpos-
able elements such as inactive retrotransposons. If a
microsatellite marker resides within such a moderately
repetitive element, nonorthologous loci could be ampli-
fied.

Of 279 microsatellites, 65 could be integrated into
the RFLP framework with a LOD >2.5, whereas 214
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microsatellites were assigned to intervals. In the pre-
viously published RFLP maps of wheat also <50% of
the RFLP markers were mapped with a LOD >3.0 (Nel-
son et al. 19953a,b,c; Van Deynze et al. 1995; Marino et
al. 1996). One reason for the occurrence of low LOD
scores in the mapping population may be, besides very
close distances of the markers, a considerable amount
of residual heterozygosity in the recombinant inbred
(RI) lines. For mapping of the RFLPs and the micro-
satellites, different generations of RIs were used, which
might lead to different levels of heterozygosity in the
same RI lines. Furthermore, for the mapping of microsa-
tellites, only 70 plants were used, although the RFLP
framework is composed of data for 114 plants. This
results in a reduced amount of mapping information
for the microsatellite markers related to the RFLPs.

Microsatellites in hexaploid wheat are fairly evenly
distributed along the linkage groups. We have not ob-
served a significant clustering of such markers, with the
exception of several centromeric regions on chromo-
somes 2A, 3A, 3B, 4B, 5B, and 6B. Thus, microsatellites
are useful for complete coverage of the wheat genome
in the same way as RFLP markers. Data from physical
mapping of microsatellites on deletion stocks of group
2 chromosomes (Roder et al. 1998) confirm that micro-
satellites are not physically clustered in specific regions
of the wheat chromosomes. This situation is similar to
the results found for other Gramineae and is clearly
different from their chromosomal location in sugar beet
and tomato. In these two species, microsatellites are
heavily clustered around the centromeres (Schmidt
and Heslop-Harrison 1996; T. Areshchenkova and
M. W. Ganal, unpublished results).

Of the 279 microsatellites, 93 mapped to the A ge-
nome, 115 to the B genome, and 71 to the D genome.
The percentage of markers assigned to the respective
genomes and chromosomes is in good agreement with
the numbers obtained for RFLP markers (Marino et al.
1996) and thus reflects mainly the amount of polymor-
phism within the different genomes in the ITMI map-
ping population, rather than an unequal distribution
of microsatellites. In order to increase the number of
A or D genome microsatellites, they could be isolated
from T. monococcum or T. tauschii. Preliminary data sug-
gest that by using the diploid ancestors as a source
for microsatellite isolation, it is possible to specifically
enrich for microsatellites from the D genome (M. S.
Roder, unpublished results).

Most of the published molecular maps of wheat in-
clude only a few mutant loci and agronomically impor-
tant genes. The main reason for this is that the use
of RFLPs and isozyme markers for mapping has been
inefficient because of a low level of allelic variation
(<10%) among cultivated varieties (Chao et al. 1989;
Kam-Morgan et al. 1989). In addition, RFLP assays re-
quire large quantities of DNA and are technically de-
manding and laborious, and the most common detec-

tion method uses radioisotopes. In contrast, micro-
satellites are abundant, highly polymorphic, evenly dis-
tributed over the genome, and require only small
amounts of genomic DNA for analysis. Therefore, they
are highly suitable as genetic markers in wheat for map-
ping agronomically important genes. Furthermore, the
analysis of microsatellites can easily be automated and
applied to large plant numbers, as has been shown for
microsatellite analysis in the human genome (Mans-
field et al. 1994).

The map presented here provides a good starting
point for the production of a saturated map of the
wheat genome based on microsatellites. Microsatellites
provide readily detectable markers for agronomically
important genes and quantitatively inherited traits and
facilitate their handling in segregating breeding popula-
tions. Examples for this are the use of microsatellites
for molecular mapping of known genes of bread wheat,
including the dwarfing genes Rht8 (Korzun et al. 1998)
and Rht12 (Korzun et al. 1997) in chromosome arms
2DS and 5AL and the major vernalization genes Vrnl,
Vrn2, and Vrn3 (V. Korzun, unpublished data) in chro-
mosome arms 5AL, 5BL, and 5DL, respectively.

We thank Angelika Flieger and Susanne Konig for excellent
technical assistance. This work was supported by the Deutsche
Forschungsgemeinschaft (Ro-1055/1-2).
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