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Abstract The first microsatellite linkage map of Ae.
speltoides Tausch (2n = 2x = 14, SS), which is a wild
species with a genome closely related to the B and G
genomes of polyploid wheats, was developed based on two
F, mapping populations using microsatellite (SSR) markers
from Ae. speltoides, wheat genomic SSRs (g-SSRs) and
EST-derived SSRs. A total of 144 different microsatellite
loci were mapped in the Ae. speltoides genome. The
transferability of the SSRs markers between the related S,
B, and G genomes allowed possible integration of new
markers into the T. timopheevii G genome chromosomal
maps and map-based comparisons. Thirty-one new micro-
satellite loci assigned to the genetic framework of the
T. timopheevii G genome maps were composed of wheat
g-SSR (genomic SSR) markers. Most of the used
Ae. speltoides SSRs were mapped onto chromosomes of
the G genome supporting a close relationship between the
G and S genomes. Comparative microsatellite mapping of
the S, B, and G genomes demonstrated colinearity between
the chromosomes within homoeologous groups, except for
intergenomic T6A'S.1G, TAAL.SAL.7BS translocations. A
translocation between chromosomes 2 and 6 that is present
in the T. aestivum B genome was found in neither
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Ae. speltoides nor in T. timopheevii. Although the marker
order was generally conserved among the B, S, and G
genomes, the total length of the Ae. speltoides chromosomal
maps and the genetic distances between homoeologous loci
located in the proximal regions of the S genome chromosomes
were reduced compared with the B, and G genome
chromosomes.

Introduction

Ae. speltoides Tausch (2n = 14, genome formula SS) is a
wild species assigned to the section Sitopsis of the genus
Aegilops. Based on morphological characteristics (follow-
ing Eig’s (1929) classification), Ae. speltoides was further
assigned to the monotypic subsection Truncata, whereas
the other Sitopsis species, Ae. searsii (S°S®), Ae. bicornis
(SPS®), Ae. longissima (S'S"), and Ae. sharonensis (S*'S®"),
are considered to be members of the subsection Emargi-
nata. Ae. speltoides was shown to be phylogenetically
distinct from the other species of the section on the basis of
C banding (Friebe and Gill 1996), variation in repeated
nucleotide sequences (Dvorak and Zhang 1992), FISH with
ribosomal RNA gene families (Badaeva et al. 1996), RFLP
(Sasanuma et al. 1996), PAPD (Salina et al. 2006b), AFLP
(Kilian et al. 2007) analysis, microsatellite analysis using
wheat genomic SSRs (Adonina et al. 2005), and EST-
derived SSRs (Zhang et al. 2006). Ae. speltoides is the only
outbreeding Sitopsis species and shows the broadest
genomic polymorphism among the species of Sitopsis
section (Friebe and Gill 1996; Sasanuma et al. 1996; Giorgi
et al. 2002; Kilian et al. 2007).

The genomes of all representatives of the Sitopsis sec-
tion are related to the B and G genomes of polyploid
wheats; however, the Ae. speltoides genome is considered
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to be the most closely related one to these genomes and it is
their most likely donor (Tsunewaki and Ogihara 1983;
Dvorak and Zhang 1990; Feldman et al. 1995; Friebe and
Gill 1996; Tsunewaki 1996). It has been suggested that
similar parental forms of Ae. speltoides were involved in
the origin of wheats of evolutionary lineages: emmer,
including 7. dicoccum (AABB) and T. aestivum
(AABBDD), and timopheevii (T. timopheevii (A'A'GG),
T. militinae (A'A'GG), T. zhukovskyi (A'A'A”A’GG)) (Peacock
et al. 1981; Dvorak and Zhang 1990; Mori et al. 1995;
Huang et al. 2002; Levy and Feldman 2002; Salina et al.
2006b). It should be noted that the differences between the
S and B/G genomes are much greater than those between
the A and D genomes and their donors, 7. wurartu and
Ae. tauschii. This was inferred from the low percentage of
pairing observed between the B and S genome chromo-
somes at a fully active Phl locus; the majority of the A
genome chromosomes formed bivalents with T. wrartu
chromosomes under the same circumstances (Kimber and
Athwal 1972; Chapman et al. 1976; Dvorak 1976). The
B-S pairing in ABDS, ABDS', and ABDS*" hybrids was
found to be comparable (Fernandez-Calvin and Orellana
1994; Maestra and Naranjo 1998), indicating that the
pairing of the B genome chromosomes with those of
Ae. speltoides is not preferential. Thus, it remains unclear
whether Ae. speltoides is truly the immediate B/G gen-
ome donor of polyploid wheats; if the currently existing
polyploid wheats are most closely related to an extinct
ancestor; or whether other species besides Ae. speltoides
might have been involved in the origin of the B/G gen-
omes. Whatever the possibilities, numerous studies on
present-day wheats have demonstrated that it is the
Ae. speltoides genome that is closest to the polyploid
wheat B and G genomes.

Comparative genetic mapping has established that the
content and linear order (colinearity) of markers has
remained generally conserved during the millions of years
of cereal evolution (reviewed in Devos and Gale 2000;
Feuillet and Keller 2002). Comparative genomics at the
genetic map level allows taking advantage of the genomic
resources of one cereal species to accelerate gene discovery
in related species and provides a basis for the investigation
of cereal phylogeny. Molecular genetic mapping of the
genomes of diploid ancestors of bread wheat (AABBDD) is
used to supplement genomic analysis because their poly-
morphism level is higher and working with a single gen-
ome is easier; moreover, novel data regarding cereal
phylogeny may be obtained. Molecular linkage maps of the
A genome of diploid wheat have been developed using
RFLP (Dubcovsky et al. 1996) and AFLP markers
(Taenzler et al. 2002), and they have recently been saturated
with SSRs (Singh etal. 2007). A high-density cytogenetic map
comprising 732 loci (RFLPs, SSRs, ISSRs, defence-related
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genes, and retrotransposons) has been constructed for the
Ae. tauschii, the D genome donor of the bread wheat
(Boyko et al. 2002). The first linkage maps of the
Ae. speltoides genome (SS) consisting of 137 RFLP loci
were constructed by Luo et al. (2005). Comparison of the
Ae. speltoides maps with those of T. monococcum showed
that the order of markers is well conserved between the S
and A™ genome chromosomes, except for 4/5 transloca-
tion, which is endemic for the A genome and the putative
inversion of chromosome 2S (Luo et al. 2005). These
Ae. speltoides linkage maps have enabled mapping of three
Ae. speltoides genes and a QTL: the wheat Phl suppressors,
Sul-Phl (3S), Su2-Phl (7S), and QPh.ucd-5S (Dvorak
et al. 2006), and a gene for spike morphology, Lig (3S)
(Luo et al. 2005). Comparative mapping of the S genome
with the related B and G genomes has not been performed
thus far. Recently, linkage maps for T. timopheevii
(A'A'GG) were constructed using SSRs markers (Salina
et al. 2006a) and these could be used together with the
T. aestivum B genome microsatellite maps (http://wheat.
pw.usda.gov/ggpages/SSRclub/GeneticPhysical/) for map-
based comparison with the Ae. speltoides S genome maps.
The development of the S genome microsatellite linkage
maps represents an essential step in this comparative
analysis. The construction of high-density linkage maps of
Ae. speltoides using PCR-based markers that are amenable
to high throughput and automatisation would provide a
basis for further investigation in cereal phylogeny and use
in studying the genetics and breeding of Ae. speltoides as a
reservoir of useful genes in wheat improvement.
Microsatellites currently constitute one of the best-sui-
ted marker systems for the analysis of cereal genomes,
including that of bread wheat. Using SSRs, numerous
genes and a large set of QTLs were localised onto indi-
vidual wheat chromosomes. They have been included into
MAS (marker assisted selection) programs (reviewed in
Ganal and Roder 2007). Wheat SSRs have been shown
to be transferable to closely related species, including
Ae. speltoides (Sourdille et al. 2001; Adonina et al. 2005), and
can be useful in mapping their genomes. Linkage maps for
T. timopheevii (A'A'GG) were constructed by applying
SSRs derived from bread wheat (Salina et al. 2006a). Map-
based comparison allowed the detection of chromosome
translocations and rearrangements between 7. timopheevii
and T. aestivum. Nevertheless, in maps of the G genome,
certain chromosomes are still poorly saturated with mark-
ers (Salina et al. 2006a), which complicates map-based
comparison of the related B and G genomes as well as the
monitoring of the introgression of the T. timopheevii
material into bread wheat in the development of isogenic
lines. In addition to genomic SSRs, EST-derived SSR
markers are being widely applied in cereal genome analysis
(Thiel et al. 2003; Yu et al. 2004; Zhang et al. 2005; Zhang
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et al. 2006). The high transferability of these markers
allowed their use in comparative mapping.

Here, we report the construction of linkage maps of the
Ae. speltoides S genome using (1) SSRs developed from
the Ae. speltoides microsatellite enriched library; (2) wheat
EST-SSRs, and (3) wheat genomic SSRs. We also report
the integration of SSRs from Ae. speltoides and T. aes-
tivum, including EST-SSRs, into the G genome chromo-
somal maps of T. timopheevii. The transferability of these
SSRs markers between the related S, B, and G genomes
made map-based comparison possible.

Materials and methods
Plants and mapping populations

The Ae. speltoides open-pollinated accessions 8, 25, and 37
were used to carry out two crosses, 8 x 37 and 25 x 37.
The F, populations from the 8§ x 37 and 25 x 37 crosses
comprising 91 and 80 individuals, respectively, were
obtained and will be designated throughout as the
(a) mapping population and the (b) mapping population.
Five disomic T. aestivum—Ae. speltoides addition lines
(Friebe et al. 2000) were used to associate linkage
groups with the Ae. speltoides 1S, 28, 4S, 5S, and 7S
chromosomes (lines for chromosomes 3S and 6S were
unavailable). Using these lines, several non-polymorphic
markers were located to particular Ae. speltoides
chromosomes.

New markers were integrated into the 7. timopheevii
chromosomal maps using two F, mapping populations
from the crosses T. timopheevii var. timopheevii X
T. timopheevii var. typica (population I), and T. timopheevii
K-38555 x T. militinae (population II) produced earlier
(Salina et al. 2006a). The populations consisted of 74
individual plants each.

Four hexaploid wheat cultivars, Chinese Spring, Syn-
thetic, Courtot, and Opata, were used to assess the trans-
ferability level of microsatellites from Ae. speltoides to
T. aestivum. The Chinese Spring cultivar was used as a
positive control while surveying the transferability
of wheat genomic and EST-derived markers to the
Ae. speltoides and T. timopheevii parental accessions.

DNA isolation, marker analysis, and map construction

DNA was extracted from fresh leaves using a CTAB pro-
tocol, as described by Tixier et al. (1998).

The following types of microsatellite markers were used
for mapping of the Ae. speltoides genome and integration
into the T. timopheevii chromosomal maps:

1. SSRs developed from the Ae. speltoides microsatellite-
enriched library, Xgpw (Sourdille et al. 2004);

2. EST-derived wheat microsatellites, EST-Xgpw (Nicot
et al. 2004; Sourdille et al., unpublished), Xcfe (Zhang
et al. 2005), Xksum, and Xcnl (Yu et al. 2004);

3. T. aestivum genomic SSRs, g-Xgpw (Sourdille et al.
2004, unpublished), Xgwm (Roder et al. 1998), and
Xwmc (Gupta et al. 2002), which were previously
located to the B genome chromosomal maps. Infor-
mation on the SSR markers used here is available at
http://www.graingenes.org. The markers Xgwm682,
Xgwm779, Xgwm825; Xgwm856 were kindly provided by
Dr. M.S. Roder, IPK, Gatersleben, Germany. Information
on these markers is available upon request.

PCR reactions were carried out using M13 protocol as
described by Nicot et al. (2004). Amplification products
were detected using an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA). ABI GeneScan,
version 2.1, and Genotyper, version 2.0, softwares (Applied
Biosystems, Foster City, CA, USA) were used to determine
the size of fragments based on an internal lane standard.

The parents of the mapping populations were open-
pollinated Ae. speltoides plants. Therefore, the F; progeny
were genotyped to establish their exact genotypes.

Genetic maps were constructed with the MAPMAKER/
EXP ver. 3.0b computer program (Lander et al. 1987) using
the Kosambi (1943) mapping function with an LOD
threshold of 3.00. The Ae. speltoides chromosome orien-
tation was determined using information on that of wheat
homoeologous chromosomes.

The statistical significance of differences in the lengths
of the compared intervals was assessed as described by Luo
et al (2005). The map distances were converted to the
recombination fraction using the Kosambi mapping func-
tion; maximum likelihood estimates of variance were cal-
culated (Allard 1956). A z test was used to determine the
significance of the differences between recombination
fractions.

Ae. speltoides and wheat SSR markers were integrated
into the T. timopheevii framework maps reported by Salina
et al. (2006a).

Results

Transferability of SSR markers to the Ae. speltoides
and T. timopheevii genomes

Ae. speltoides
Overall, 588 microsatellite markers were tested for poly-

morphism in three Ae. speltoides parental accessions, 8, 25,
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Table 1 Transferability of SSR markers across the Ae. speltoides, T. timopheevii, and T. aestivum genomes

Marker type Total markers tested

Markers giving amplification in

Ae. speltoides T. timopheevii T. aestivum
Ae. speltoides g-SSR 111 - 69 (62%) 73 (65.8%)
Wheat B genome g-SSR 191 122 (64%) 549" -
Wheat EST-SSR? (total) 116 93 (80.2%) 94 (81.0%) -
Multiple bands in T. aestivum 58 49 (84.5%) 55 (94.2%)
Single band in the genome 58 44 (75.9%) 39 (67.2%)
A 16 12 (56.9%) 11 (68.7%)
B 34 30 (75.0%) 25 (73.6%)
D 80 2 (25.0%) 2 (25.0%)

Transferability values were computed as the percentage of SSRs giving an amplification product on at least one of the parental accession
* GPWs, CNLs, and KSUMs; CFEs disregarded here, because CFEs known to amplify in Ae. speltoides (Zhang 2006) were used in the current

work
® Salina et al. (2006a)

and 37. Specifically, these were the 111 Ae. speltoides
genomic SSR markers, 191 wheat SSRs genomic (GWMs,
g-GPWs, WMCs), and 286 wheat EST-derived SSRs
(EST-GPWs, CFEs, CNLs and KSUMs). Of the EST-SSR
pool, 170 markers (CFEs) were found to be amplified in the
Ae. speltoides genome (Zhang 2006). Most of the used
wheat genomic SSRs (91%) have been previously mapped
on the B genome chromosomes of 7. aestivum (Nicot et al.
2004; Roder et al. 1998; Ganal and Roder 2007), and the
remaining wheat g-SSRs were mapped on the T. timophe-
evii G genome chromosomes (Salina et al. 2006a).

Of 286 EST-SSRs tested, 88.5% were amplified in the
Ae. speltoides genome, and polymorphism was detected for
43.7% [(a) population] and 44.1% [(b) population].
Although only those CFEs for which amplification was
observed in Ae. speltoides were chosen for mapping, 15
CFE markers were not amplified on the parental acces-
sions. Of these, ten primer pairs amplified one locus in
T. aestivum and the other primer pairs amplified two or more
loci. The transferability values computed as the percentage
of SSRs giving an amplification product on at least one of
the parental accessions of the remaining 116 EST-SSRs
(EST-GPWs, KSUMs, and CNLs) are given in Table 1.

The transferability of wheat g-SSR was 64% (Table 1).
Forty-seven percent of the g-SSRs detected polymorphism.

T. timopheevii

Of the 111 Ae. speltoides SSRs used, 69 (62%) resulted in
amplification products in at least one of the T. timopheevii
parental accessions, and 15 (13.4%) and 10 (9.0%) markers
detected polymorphisms between the parents of the popu-
lation I and population II, respectively.

The same pool of EST-derived SSRs, comprising 286
markers, that was used in the Ae. speltoides accessions, was
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Fig. 1 Comparative maps of the S genome of Ae. speltoides, the G »
genome of T. timopheevii, and the B genome of T. aestivum. The
(a) and (b) Ae. speltoides population maps were constructed from
the 25 x 37 and 8 x 37 F, mapping populations, respectively. The
() and (II) T. timopheevii population maps were constructed from the
T. timopheevii var. timopheevii x T. timopheevii var. typica and
T. timopheevii K-38555 x T. militinae F, mapping populations,
respectively. Markers mapped in the ITMI population (http://wheat.
pw.usda.gov/ggpages/SSRclub/GeneticPhysical/) are indicated by a
short horizontal bar. Markers without a bar are from other wheat
mapping populations (http://wheat.pw.usda.gov/ggpages/SSRclub/
GeneticPhysical/) or papers (Yu et al. 2004; Ganal and Roder 2007)
and their positions are determined from common markers on the
respective maps. EST-derived markers are underlined; loci mapped
on the T. timopheevii genome in the course of the current work are
indicated with an asterisk; loci, whose chromosomal location are
determined using 7. aestivum—Ae. speltoides addition lines (Friebe
et al, 2000), are boxed. Loci in common between maps are connected
in dotted lines. Loci in common between Ae. speltoides, T. aestivum,
and 7. timopheevii maps are shown in bold type. For the markers
mapping to nonhomoeologous chromosomes, the mapping positions
are indicated in brackets and also for the markers that allocated to
chromosomes with nulli-tetrasomic stocks (NT) of Chinese Spring.
Putative translocation is boxed. The approximate positions of cen-
tromeres on the 7. aestivum chromosomes are indicated by solid
circles

applied for testing the four 7. timopheevii parents.
The transferability of the CFEs and the other EST-derived
SSRs was estimated separately because we used only those
CFEs that were shown to be amplified in Ae. speltoides
(Zhang 2006), whereas the other EST-derived SSRs have
not been previously tested for transferability to the related
S genome. One hundred fifty-five (91.2%) of the 170 CFEs
used were amplified in 7. timopheevii. Of the 66 CFEs that
gave a single amplification product in 7. aestivum, 54
(81.8%) were amplified in T. timopheevii accessions, and
of these, 13, 14, and 8 were assigned to the A, B, and D
genome chromosomes (Zhang 2006), respectively; the
remaining CFEs have not been mapped in T. aestivum.
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Ae. speltoides

more bands in 7. aestivum, amplified in T. timopheevii. The
transferability values of the remaining 116 EST-SSRs
(EST-GPWs, CNLs, and KSUMs) are given in Table 1.
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The total number of EST-SSRs, amplified in the
T. timopheevii genome was 247 in the parents of the
mapping population I and 249 on those of the mapping
population II. Fifteen (6.1%) and 27 (10.8%) EST-SSRs
detected polymorphisms between the parents of the map-
ping populations I and II, respectively.

In addition to Ae. speltoides SSRs and wheat EST-SSRs,
55 wheat g-SSRs, specifically, g-GPWs and WMCs, loca-
ted on the B genome chromosomes, 1B, 4B, 5B, 6B, and
the distal parts of 7BS and 7BL, were used for integration
into the T. timopheevii chromosomal map. The transfer-
ability of these markers was 53.3%. Five (6.6%) and
seven (9.3%) wheat g-SSRs detected polymorphisms
between the parental accessions of the population I and II,
respectively.

Construction of chromosomal maps for two
Ae. speltoides F, populations

Of the 111 Ae. speltoides genomic GPWs, 99 (89%)
amplified fragments in the genome of 3 Ae. speltoides
parental accessions, and 87 (78%) detected polymor-
phisms; however, 8 and 24 of these were not polymorphic
among the F; plants from the (a) and (b) crosses, respec-
tively. Finally, 50 and the 24 polymorphic Ae. speltoides
GPW markers that gave strong distinct amplification
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products were used for genotyping the F, plants from the
(a) and (b) crosses. After testing the polymorphic wheat
EST-SSR and g-SSR markers in the F; plants from the both
crosses, 30 g-SSRs and 55 EST-SSRs were used for
genotyping of the F, plants of the (a) population, and
49 wheat genomic markers and 78 EST-derived SSRs
were used for genotyping of the F, plants of the (b)
population.

A total of 182 loci were mapped, 115 loci in the (a) and
67 in the (b) population. When the results of both popu-
lations were combined, 144 different loci were mapped;
these included 48 Ae. speltoides SSRs, 56 wheat EST-
derived SSRs, and 40 wheat genomic SSRs. Eight and
three loci were found to be unlinked in the (a) and
(b) populations, respectively. The mapped loci were
assigned to seven linkage groups in each mapping popu-
lation. These groups were associated with chromosomes
1S, 285, 38, 4S, 55, 6S, and 7S, taking into account the
chromosomal assignment of one or more markers of a
group using 7. aestivum—Ae. speltoides addition lines
(Friebe et al. 2000) and marker location on the 7. aestivum
chromosomes.

Chromosome 1S: the chromosome 1S maps include 16
[(a) map] and 3 [(b) map] loci and span genetic distances of
69.4 cM (a) and 39.3 cM (b) (Fig. 1). The order of SSR
loci on chromosome 1S corresponded to that on 1B. All of
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the mapped CFEs were previously assigned to the group-1
chromosomes with the exception of Xcfe264, which was
genetically mapped to chromosome 4DS (Zhang 2006).
The Xcfel90 locus (1SS) was genetically mapped to the
terminal region of 1BS by Zhang (2006), and the
Xgpwi1077 locus (1SL) has been located to the terminal
part of the 1BL map (http://wheat.pw.usda.gov/ggpages/
SSRclub/GeneticPhysical/), which might indicate the
colinearity of the entire 1S and 1B chromosomes. Clus-
tering of the (a) map markers from the proximal part of the
chromosome was prominent. The shared region of the 1B
and 1S maps was 109.3 cM long on 1B (ITMI map) and
47.5 cM on 1S [(a) map].

Chromosome 2S: the maps of chromosome 2S consist of
23 loci in the (a) population and 19 loci in the (b) popula-
tion, and they span genetic distances of 78.9 and 61.4 cM,
respectively (Fig. 1). The order of loci on 2B and 2S was
mostly the same. Clustering of the markers from the
proximal part of the chromosome was observed in the maps
of both mapping populations. The Xgwm27la (5D),
Xgwm389b (3B), Xgpw3147 (7B), and Xgpw4324 (7B) loci
have been mapped to non-homoeologous chromosomes in
wheat. The primer pairs GWM271 amplified two loci in
Ae. speltoides, which were mapped to chromosomes 5SL,
at the syntenic position, and on 2SL, as well as three loci in
T. aestivum, two of which were on chromosomes 5SBL and
5DL, whereas the third locus was not located due to a lack
of polymorphism. Thus, the cause of non-homoeologous
Xgwm271-2S amplification could have been the presence
of duplications of the locus. For GWM389, two loci,
Xgwm389-2S and Xgwm389-3S, were mapped in
Ae. speltoides, and one locus, Xgwm389-3B, was localised in
T. aestivum (http://wheat.pw.usda.gov/ggpages/SSRclub/
GeneticPhysical). The shared region between the
Xgpwll148 and Xgwm382 loci was 125.1 ¢cM long on 2B
(ITMI map) and 41.7 cM on 2S (b) (P < 0.05). The
44.1 cM Xgpwl148-Xgwm47 interval spanning the cen-
tromere on the 2B map was five times shorter on the 2S
(a) map, being 8.8 cM, (P < 0.001). The distance between
the Xgwm55 and Xgwm47 loci on 2G (population II) was
32.7 cM, and it was three times shorter, spanning 9.9 cM,
on the 2S (b) map (P < 0.001) (Fig. 1).

Chromosome 3S: the maps of chromosome 3S contain
17 loci each and span genetic distances of 59.2 cM (a) and
52.8 cM (b) (Fig. 1). The order of the SSR loci mapped on
chromosome 3S corresponded to that of 3B, with the
exception of the wheat g-SSR, Xgpw4324 (7B). All of the
six mapped Xcfe loci have been previously assigned or
mapped (Xcfe278) on the group 3 chromosomes. The
shared short-arm region between Xgwm389a and
Xgpwl 145 (centromere) was 77.3 cM in 3BS (ITMI map)
and 40.9 cM in 3SS (b). The 12 cM Xgpw7452—Xgwm7805
interval spanning the centromere on the 3B map was

12 cM on the 3B map and shorter on both 3S (a), were it
spanned 5.1 cM (P < 0.05), and 3S (b), covering 4.0 cM
(P < 0.01). The genetic distances between XgpwlI145 and
the long-arm locus Xgpw7335 were 97.6 ¢cM on 3BL (ITMI
map) and 23 cM on 3SL (a) (P < 0.001). Four chromo-
some 3D loci, Xgpw7467 [(a) and (b) maps], Xgpw1062
(b), Xgpw7663 (a), and Xgpw7643 (a, b), had the same
order on 3D and 3S.

Chromosome 4S: the maps of chromosome 4S consist of
11 loci in the (a) population and 6 loci in the (b) popula-
tion, and they span genetic distances of 42.4 and 45.9 cM,
respectively (Fig. 1). The order of loci on 4B and 4S was
mostly the same, except for Xksum62, which was located in
the terminal part of 4BL and in the proximal part of
chromosome 4S, and two SSR loci, Xgpwli247 (2D) and
Xwmc51b (1B, 7B), located on non-homoeologous chro-
mosomes in wheat. The interval Xgwm165 (proximal part
of 4BL)-Xksum 154 (distal part of 4BL) was 66.9 cM in 4B
(ITMI map, Yu et al. 2004) and 25.8 cM in 4S (P < 0.01)
(a).

Chromosome 5S: eight loci were mapped on chromo-
some 5S in each mapping population (Fig. 1). Markers
were found in the same order on chromosomes 5S and 5B.
The Xgwm205 (SAS, 5DS) locus of the terminal part of the
5S map was previously mapped to the terminal part of
the 5GS map by Salina et al. (2006a). The lengths of the
chromosome 5S maps were 35.8 cM in the (a) population
and 49.6 cM in the (b) population. The 115.5 cM interval
Xgpw358—-Xgpw5238 on the long arm of 5B (ITMI map)
was 49.6 cM long on the 5S (b) map. The 105.8 cM
interval Xgpwl082—-Xgpw5238 on the SBL ITMI map was
26.1 cM on the 5SL (a) map (P < 0.001). The short-arm
SSR markers used in this study were found to be non-
polymorphic either between the parents or in the F; plants.
Thus, the short arm of 5S is currently presented by one
locus, Xgwm205, and it is not yet available for a map-based
comparison.

Chromosome 6S: the maps of chromosome 6S consist of
14 loci in the (a) population and 5 loci in the (b) population
and span genetic distances of 65.6 and 36.5 cM, respec-
tively (Fig. 1). The loci on 6S were ordered as on chro-
mosome 6B, with the exception of Xksum88, which was
shown to be located on 6SS (a, b) in Ae. speltoides and on
the short arm of chromosome 1B in wheat (Yu et al. 2004).
The shared region between the short-arm loci Xcfe87
(terminal region) and Xgpw7651 (centromeric region) was
45.1 cM in Ae. speltoides and 79.4 cM long in T. tim-
opheevii. Most of the markers mapped to the long arm of
6S have not been mapped on 6BL, but they were either
assigned to the chromosome-6 group, such as Xcfe288 (NT
6B) and Xcfel24 (NT 6B, 6D), or mapped to the homo-
eologous chromosome, such as Xgpw7455 (6AL). The
Ae. speltoides SSRs Xgpwl204 and XgpwI1225 have not
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been mapped in wheat due to a lack of polymorphism
(Boeuf, unpublished data).

Chromosome 78S: the 7S maps consist of 26 loci in the
(a) population and 10 loci in the (b) population. The total
length of the (a) map was 44.7 cM and the (b) map was
21.1 cM long. The shared region between the Xgwm400
and Xgpw7518 loci was 66.4 cM on 7B (ITMI map), and it
was four times shorter on 7S, spanning 15.9 cM in the
(a) population (P < 0.001), and 16.3 cM in the (b) popu-
lation (P < 0.001). By comparing the length of the
‘Xgwm400—-centromere (Xgpw7518 on Ae. speltoides
maps)’ interval on the Ae. speltoides maps and those of two
T. aestivum maps constructed based on F, mapping popu-
lations (Dobrovolskaya et al. 2006, 2007), it was found that
the intervals were 159 cM (a) and 16.3 cM (b) in
Ae. speltoides and slightly longer, 22.3 and 22.6 cM, in
T. aestivum. The order of markers within this region was
the same on chromosomes 7B and 7S, except for a few
markers, Xgpwl 101 (a, b), Xgwm494 (a), and Xgpw4075
(a), that have been mapped to non-homoeologous chro-
mosomes in wheat (http://wheat.pw.usda.gov/ggpages/
SSRclub/GeneticPhysical). The distal part of 7SL mainly
contains Ae. speltoides genomic loci that have not
been mapped in wheat due to a lack of polymorphism.
The Xgwm400 locus, which was mapped to the distal part
of the 7BS (http://wheat.pw.usda.gov/ggpages/SSRclub/
GeneticPhysical/) was found to be linked to the
Xgpwli142 locus in both mapping populations. The
GPW1142 primer pair amplified two loci in the terminal
part of 7DS and 4AL, which may indicate that the short
arm of chromosome 7S does not carry a translocation, in
contrast to chromosome 7B, which was involved in the
T4AL.5AL.7BS translocation. Apart from the Xgpwl142
locus, the close linkage of Xgwm400 to Xgpw3122 (6B)
and Xcfe282 (NT 3A, 3B, 3D), which were located distally
to Xgwm400 in the (a) map, was observed, and this could
be the consequences of duplications events.

Integration of new SSR markers into the 7. timopheevii
chromosomal maps

A portion of the polymorphic markers proved to be inap-
propriate for genotyping plants from the F, populations
because of a complex amplification profile or weak
amplification. Those markers that showed strong, distinct
products were used for genotyping of the F, plants. A total
of 55 loci were mapped, 31 loci in the mapping population
I and 24 in the mapping population II. When the results for
both populations were combined, 51 different loci were
mapped, 31 on the G genome chromosomes (Fig. 1) and 20
on the A' genome chromosomes (mapping data not shown).
Most the Ae. speltoides SSR markers (84.6%) were located
on the G genome chromosomes of T. timopheevii. The G
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genome chromosomal maps were enriched with new
markers; five markers were mapped on chromosome 1G, 6
markers on 2G, 2 markers on 3G, 2 markers on 4G, 5 on
5G, 7 on 6G, and 4 markers on 7G, which extended the
total length of the G genome chromosomal maps by 110.1
and 164.3 cM in population I and population II, respec-
tively. Three primer pairs amplified loci on homoeologous
chromosomes  (Xgpw7258-1G  and  Xgpw7258-1A";
Xgpw4315-4G and Xgpw4315-4A"; Xgpw7501-2A’, and
Xgpw7501-2G), whereas CFE87 amplified two loci on the
non-homoeologous chromosomes 2G and 6G. One primer
pair amplified two different loci, Xgpwl090.1 and
Xgpwl1090.2, on one chromosome, 5G. Most loci in the G
genome of T. timopheevii were mapped to the homoeolo-
gous linkage groups corresponding to 7. aestivum and/or
Ae. speltoides. Four of the 31 G genome loci were mapped
to the non-homoeologous chromosomes. The Xgwm7455
locus, which mapped to the group 6 chromosomes in
T. aestivum (6A) and Ae. speltoides (6S), was closely
linked to the chromosome 1G loci in population II. This
close linkage may confirm the presence of the T6A'S.1GS
translocation in 7. timopheevii that was detected previously
(Jiang and Gill 1994; Rodriguez et al. 2000; Salina et al.
2006a). The three remaining markers that amplified loci
from non-homoeologous chromosomes, XgpwllI07,
Xgpw7646, and Xgpw4324, produced multiple amplifica-
tion fragments in Ae. speltoides, T. aestivum, and T. tim-
opheevii and not all of these have been previously mapped.

The mapping results demonstrated that the order of the
bread wheat and Ae. speltoides microsatellite markers
involved in our analysis was retained in the majority of
cases in the S, B, and G genome chromosomes. No synteny
perturbation was shown for the homoeologous groups 2, 3,
4, 5, and 6, whereas chromosomes 1G and 7B were
involved in the intergenomic T6A'S.1GS and T4AL.7BS
translocations. A comparison of the map distances between
the same loci on the B, S and G genome maps revealed a
reduction of these distances in Ae. speltoides, which was
particularly prominent in the proximal region of S genome
chromosomes.

Discussion

Map-based comparison of the S, G, and B genome
chromosomes

Comparative maps of the B genome (7. aestivum), S gen-
ome (Ae. speltoides), and G genome (7. timopheevii)
chromosomes showed that the order of the bread wheat and
Ae. speltoides microsatellite markers involved in the
analysis remained conserved in the majority of cases.
Our results confirmed the occurrence of the previously
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described T6A'S.1GS translocation (Jiang and Gill 1994;
Rodriguez et al. 2000; Salina et al. 2006a) and demon-
strated that chromosome 7S was not involved in any
translocation; in contrast, chromosome 7B was involved in
the 4AL.7BS translocation (Naranjo 1990; Devos et al.
1995; Nelson et al. 1995; Hossain et al. 2004; Miftahudin
et al. 2004), which appeared at the tetraploid stage
(Naranjo 1990; Devos et al. 1995). Both translocations,
T6A'S.1GS and 4AL.7BS, are intergenomic and must have
originated during the polyploidisation or the evolution of
polyploid wheats. The T2BS.6BS translocation (Devos
et al. 1993) present in polyploid wheats was not observed
in the current study or in the earlier study (Luo et al. 2005)
in Ae. speltoides. This translocation has also not been
observed in Ae. longissima, which is another Sitopsis
species (Zhang et al. 2001). The short arm of chromosome
2G is currently presented by SSRs located near the cen-
tromere, but 6GS, whose map is longer and has a greater
number of markers, was shown to retain synteny with 6SS.
This indicates an absence of the T2GS.6GS translocation in
T. timopheevii. Taken together, these results may suggest
that this translocation arose after polyploidisation only in
the emmer lineage.

A comparison of map distances between the same loci
on the B, S, and G genome maps revealed their reduction in
Ae. speltoides, which was particularly conspicuous in the
centromeric region of the S genome chromosomes. All of
the shared regions of the B and S genome chromosomal
maps were considerably shorter in Ae. speltoides than
T. aestivum. The shared region of the 1B (ITMI) and 1S
(a) maps was 109.3 cM long on 1B and 47.5 cM on 1S.
Luo et al. (2005) compared the intervals between common
markers on two 1S maps and two different 1B maps
derived from F, mapping populations (Dubcovsky et al.
1997), and they found an eightfold reduction in proximal
intervals of the Ae. speltoides maps as compared with
T. aestivum. We found that the intervals spanning the
centromere on chromosomes 2S and 3S were five and up to
three times shorter compared with those on chromosomes
2B and 3B, respectively. In comparing the proximal
intervals between common markers on the 7SS maps and
7BS maps, including the ITMI map and two maps derived
from F, mapping populations (Dobrovolskaya et al. 2006,
2007), we detected a reduction in the Ae. speltoides interval
length compared with all of the T. aestivum interval
lengths, and there was a fourfold reduction when compared
with the ITMI map. A considerable reduction was also
found for the 2SL (twofold reduction), 3SS (1.89-fold
reduction), and 5SL (2.3-fold reduction). The other maps of
the Ae. speltoides chromosomal arms exhibited no common
SSR markers with the most distal regions of the B genome
maps. Based on our results and the previously reported data
(Luo et al. 2005), it may be inferred that the reduction in

the Ae. speltoides map length was not a consequence of the
specificities of the particular Ae. speltoides or T. aestivum
maps used for comparative analysis.

The virtual elimination of recombination from the
proximal 50-100 cM of Ae. speltoides genetic maps as
compared with those of 7. monococcum and its localisation
in the short distal chromosome regions was originally
observed by Luo et al. (2005). A comparing of the lengths
of several intervals between common markers on the
Ae. speltoides and Ae. longissima maps suggested that
Ae. longissima is intermediate with respect to the crossover
distribution between Ae. speltoides and T. monococcum
(Luo et al. 2005). The characteristic clustering of loci in the
centromeric regions of the maps, which results from the
concentration of recombination events in the distal chro-
mosomal regions has been observed in wheat (Devos et al.
1993; Gill et al. 1996; Akhunov et al. 2003), rye (Devos
et al. 1993) and barley (Kunzel et al. 2000). This clustering
was extremely prominent in Ae. speltoides. The mechanism
underlying the elimination of recombination from the
proximal regions of Ae. speltoides chromosomes and the
localisation of crossovers in the short distal regions is
unclear as yet. Maps of the chromosomes of the wheat B
and G genomes did not show a crossover distribution of the
kind observed in Ae. speltoides. Crossover localisation of
this type might have arisen recently during Ae. speltoides
evolution, or it might have been eliminated in the course of
polyploidisation and the evolution of polyploid wheats of
both emmer and timopheevii lineages.

Comparative microsatellite mapping of the S, B, and G
genomes did not indicate a disturbance of the colinearity
between the chromosomes within homoeologous groups.
The translocations that differentiated these genomes,
T6A'S.1GS, T4AL.7BS, and T2BS.6BS, probably origi-
nated in the course of polyploidisation and the evolution of
present-day polyploid wheats. No translocations were
detected in the S genome. Despite this, inversions could
escape detection because of specific recombination pattern
(i.e., co-segregation of many loci in the proximal regions of
the Ae. speltoides chromosomes). Comparative genetic
mapping of another Sitopsis species, Ae. longissima,
revealed that this species possesses the T4S'L.7S'L trans-
location along with the high degree of conserved colin-
earity with the basic wheat genome (Zhang et al. 2001).
Genetic map comparisons of the other Sitopsis species
have not been performed as yet because linkage maps for
these species are still lacking.

In addition to their usefulness in phylogenetic research,
the constructed microsatellite maps of Ae. speltoides and
T. timopheevii indicate a high potential for the directed
transfer of genes for biotic and abiotic stress resistance to
the genome of T. aestivum. Both Ae. speltoides and
T. timopheevii are rich sources of variability for resistance
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to a number of diseases such as leaf, stem, and stripe rust
(Dvorak 1977; Naik et al. 1998; Valkoun 2001; Brown-
Guedira et al. 2003), and powdery mildew (Hsam et al.
2003; Perugini et al. 2007); for pest resistance (Friebe et al.
1996); and for high grain protein content (Goncharov
2002).
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