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Abstract Hexaploid wheat (Triticum aestivum L em
Thell) is derived from a complex hybridization proce-
dure involving three diploid species carrying the A, B
and D genomes. In this study, we evaluated the ability of
microsatellite sequences from T. aestivum to be revealed
on different ancestral diploid species more or less closely
related, i.e. to test for their transferability. Fifty five
primer pairs, evenly distributed all over the genome,
were investigated. Forty three of them mapped to single
loci on the hexaploid wheat genetic map although only
20 (46%) gave single PCR products; the 23 others (54%)
gave more than one band with either only one being
polymorphic, the others remaining monomorphic, or
with several co-segregating polymorphic bands. The
other 12 detected two (9) or three (3) different loci. From
the 20 primer pairs which gave one amplification pro-
duct on hexaploid wheat, nine (45%) aso amplified
products on only one of the diploid species, and seven
(35%) on more than one. Four microsatellites (20%)
which mapped to chromosomes from the B genome of
wheat, did not give any amplification signal on any of
the diploid species. This suggests that some regions of
the B genome have evolved more rapidly compared to
the A or D genomes since the emergence of polyploidy,
or else that the donor(s) of this B genome has(have) not
yet been identified. Our results confirm that Triticum
monococcum ssp. urartu and Triticum tauschii were the
main donors of the A and D genomes respectively, and
that Aegilops speltoides is related to the ancestor(s) of
the wheat polyploid B genome.
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Introduction

All previous studies concerning bread wheat (Triticum
aestivum L. em Thell) phylogeny have shown difficulty
in establishing unequivocal relationships between the el-
ementary genomes constituting hexaploid wheat, and the
genomes of the diploid ancestors, i.e. Triticum monococ-
cum ssp. urartu, Aegilops speltoides and Triticum tau-
schii (Nishikawa and Furuta 1978; Kerby and Kuspira
1987; Dvorak and Zhang 1990; Breiman and Graur
1995; Le Corre and Bernard 1995; Dvorak et a. 1998).
The present species are probably widely different from
those that participated originally the construction of the
wheat polyploid complex. Moreover, several studies
have shown evidence for recurrent introgressive hybrid-
ization phenomena (Vardi 1973; Dvorak 1988), which
have contributed to the structure of the elementary geno-
mes characteristic of the polyploid species.

The recent development of molecular tools allows a
more-precise approach to the structure and composition
of the existing genomes in both diploid and polyploid
species. This should enable the assessment of their phy-
logenetic relationships, and the establishment of the rele-
vant evolutionary pathways. Molecular markers were
first used to built genetic maps in order to tag agronom-
icaly important genes. The first molecular marker maps
in wheat were constructed using RFLP markers (Chao
et a. 1989; Devos and Gale 1993; Cadalen et a. 1997)
but their level of polymorphism is rather limited, espe-
cialy for the D genome. Therefore, due to the high poly-
morphism that they are able to detect, microsatellites
[tandem repetitive DNA sequences with core sequences
from 2-5 base pairs (Litt and Luty 1989)] have been re-
cently developed in wheat (Ma et a. 1996; Bryan et al.
1997; Roder et al. 1998a, b). They are located all over
the wheat genome (Roéder et a. 19983, b) and are thus
well suited for mapping purposes (Roder et a. 1995; Ma
et a. 1996), and for evolutionary studies (Schloetterer
et al. 1991).

The number of microsatellite repeats is also supposed
to evolve much faster, i.e. from 10-2 mutations per locus



per year for some human loci (Weber and Wong 1993) to
6.3x10-6 mutations per locus per year in Drosophila
(Schug et al. 1997), than for other types of mutation
(10-°for nucleotide substitutions). Moreover, some data
suggest that the length of the SSR regions evolves ac-
cording to a stepwise mutation model (Estoup and
Cornuet 1999). A genetic-distance index which takes in-
to account the absolute difference in repeat number
among the accessions would then be more powerful than
classical indices usually based on the proportion of
shared bands. However, this must be considered with
caution since alleles can achieve the same size either by
shortening alonger allele or increasing a shorter one.

However, the identification of flanking sequences is
quite expensive and time consuming (Roder et al. 1998b).
As has been previoudly reported for cattle and goat (Pépin
et a. 1995), Actinidia species (Huang et a. 1998) or du-
rum wheat (Korzun et al. 1999), it would be of interest to
use primers developed for wheat on other related species,
such as the putative wheat ancestors and other Triticeae, to
assess the transferability of wheat microsatellites.

In this context, we used 55 microsatellite markers ob-
tained from the bread wheat genome (Plaschke et al.
1995, 1996; Roder et al. 1995, 19983, b) and giving at
least one amplification product on this species. We have
analysed their transferability to T. monococcum ssp.
urartu (genome A), T monococcum Ssp. MONococcum
(A), T monococcum ssp. boecticum (A), Ae. speltoides
(B), Aegilops searsii (S), Triticum longissimum (B), and
T. tauschii (D). Our results allowed us to investigate si-
multaneously the genome specificity of wheat microsat-
ellites, their transferability to a few diploid species, and
wheat phylogeny.

Material and methods

Plant material and DNA extraction

Seven diploid species or sub-species, known to be potentialy in-
volved in the evolutionary process that gave rise to bread wheat,
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were employed (Table 1): T. monococcum ssp. monococcum, ssp.
boeoticum and ssp. urartu, species carrying the A triticeae ge-
nome, Ae. speltoides, Ae. searsii and T. longissimum bearing the B
(or S) genome, and T. tauschii (D genome). Two accessions for
each species were used except one for Ae. searsii. A bread wheat
variety (cv Courtot) was used as a control.

DNA from each plant was extracted from young freshly har-
vested leaves using a protocol involving potassium acetate, as de-
scribed in Lu et al. 1994,

Microsatellite amplifications

The 55 primer pairs (Table 2) employed were developed by Roder
et al. (1998a). They were chosen according to their map location
in order to have at least one microsatellite on each chromosome
arm. PCR reactions and the polyacrylamide-gel procedure were
performed as described in Tixier et a. (1998). Microsatellites
were visualised by the silver-staining method as detailed by Tixier
et al. (1997). In order to ensure that non-amplification was not due
to failed PCRs, most of the PCR amplifications were done twice.

According to Roder et al. (1998a), among these 55 primer
pairs, 44 amplified sequences were mapped to a single locus,
while the remaining 11 were mapped at either two (8) or three (3)
loci. Results obtained in our laboratory (unpublished) showed that
one (gwm111) among the 44 former sequences could be mapped
at two distinct loci, both located on chromosome 7D. Thus, in the
following study, we will consider that 43 primer pairs amplify se-
quences mapped at one locus, nine at two and three at three loci.
Thiswill result in 70 (43+9x2+3x3) microsatellite loci.

Statistical analysis

Amplification events were binarily encoded. Each time an amplifi-
cation occurred the amplification product was coded 1, whereas a
non-amplification was coded 0. T. aestivum, which is hexaploid,
was separated into its three diploid genomes and coded TaeA,
TaeB and TaeD. Thus, for example, a microsatellite located on the
wheat map of the A genome will be scored 1 for TaeA and O for
TaeB and TaeD. The patterns were summarised in a binary matrix,
from which the Nei and Li (1979) distance was calculated, based
on the proportion of shared amplifications. In our case, it was as-
sumed that this distance is an indication of the mutation rate at
each pair of primer sites. A dendrogram was built using the
UPGMA method (Unweighted Pair Group Method with Arithme-
tic Mean, Sokal and Rholf 1995) assuming the mutation rate to be
constant among species.

Table 1 Different accessions of the diploid lines used in the analysis. For genetic-distance analysis, T. aestivum was separated into its

three elementary genomes and coded TaeA, TaeB and TaeD

Species Accessions Chromosome Genome Codes Abbreviations
number
Triticum monococcum ssp urartu 77097 2n=2x=14 AA 1 Tu77097
77098 2n=2x=14 AA 2 Tu77098
Triticum monococcum Ssp monococcum 81 051 2n=2x=14 AA 3 Tm81051
81187 2n=2x=14 AA 4 Tm81187
Triticum monococcum ssp boeticum 68 181 2n=2x=14 AA 5 Th68181
94 114 2n=2x=14 AA 6 Tho4114
Aegilops speltoides 37 2n=2x=14 BB 7 As37
38 2n=2x=14 BB 8 As38
Aegilops searsii 4 2n=2x=14 BB 9 Aseard
Triticum longissima 1 2n=2x=14 BB 10 Tlongl
3 2n=2x=14 BB 11 Tlong3
Triticum tauschii 15 2n=2x=14 DD 12 Tt15
42 2n=2x=14 DD 13 Tt42
Triticum aestivum cv Courtot 2n=6x=42 AABBDD 14 Taes
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Table 2 List of the 55 primer

pairs used for microsatellite de- Primers Loci Primers Loci Primers Loci
tection in the diploid species.
where the microsatellites were Xgwm2-3D Xgwm111.2-7D
(1998b) WMs4 Xgwm4—4A WMS120  Xgwm120-2B WMS369  Xgwm369-3A
WMS5 Xgwm5-3A WMS131  Xgwml31-1B WMS383  Xgwm383-3D
Xgwm131-3B
WMS11  Xgwmll-1B WMS135  Xgwm135-1A WMS400  Xgwm400-7B
WMS18  Xgwml18-1B WMS154  Xgwm154-5A WMS427  Xgwmd27—6A
WMS43  Xgwm43-7B WMS155  Xgwm155-3A WMS428  Xgwmd28-7D
WMS44  Xgwmd4—7D WMS159  Xgwm159-5B WMS437  Xgwmd437-7D
WMS46  Xgwmd6-7B WMS160  Xgwm160—4A WMS458  Xgwmd58-1D
WMS4A7  Xgwmd7.1-2A WMS165  Xgwm165-4A WMS495  Xgwm495-4B
Xgwm47.2-2A Xgwm165-4B
Xgwm47-2B Xgwm165-4D
WMS52  Xgwmb52-3D WMS174  Xgwml74-5D WMS515  Xgwmb515-2A
Xgwmb515-2D
WMS55  Xgwmb55.1-2B WMS190  Xgwm190-5D WMS537  Xgwmb37-7B
Xgwmb5.2-2B
Xgwm55-6D
WMS67  Xgwm67-5B WMS192  Xgwm192-5D WMS539  Xgwm539-2D
WMS68  Xgwm68-5B WMS194  Xgwm194-4D WMS570  Xgwm570-6A
Xgwm68-7B
WMS82  Xgwm82-3D WMS205  Xgwm205-5A WMS573  Xgwmb73—-7A
Xgwm205-5D Xgwmb73-7B
WMS88  XgwmB8-6B WMS261  Xgwm261-2D WMS577  Xgwmb77-7B
WMS95  Xgwm95-2A WMS271  Xgwm271-5D WMS608  Xgwm608—2D
Xgwm608—4D
WMS102 Xgwml02-2D WMS274  Xgwm274-1B WMS610  Xgwm6104A
Xgwm274-7B
WMS661  Xgwm661-5D
Table 3 Results of amplifica-
tion using the 55 primer pairs NL NPP Map NM A B D AB AD BD ABD TA
on the diploid species accord-
ing to the number of loci (NL), 1 1 A 4
the number of PCR products B 7 3 4
(NPP: >1=more than one) and D 9 3 3 3
the map location (Map) on the >1 A 8 1 1 6
three different genomes (A, B 7 2 2 3
B or D). NM is the number D 8 2 1 5
of primer pairs for each case. 2 B 3 3
A, B, D, AB, AD, BD, ABD D 2 2
and TA are the numbers of AB 1 1
primers amplifying on the AD 3 1 2
genomes A, B, D, A and B,
AandD,BandD, A andB 3 ég i 1 1
and D, and T. aestivumonly, re- ABD 1 1
spectively
Results mapped on the D genome (33%) amplified only on the

Among the 43 primer pairs mapped to a single locus, on-
ly 20 (46%) gave a single amplification product on the
hexaploid wheat cultivar Courtot. Four mapped to the A
genome, seven to the B genome and nine to the D ge-
nome (Table 3). Concerning the transferability of these
20 primer pairs on the diploid species, all those mapped
on the A genome amplified only on the diploid species
carrying the A genome (T. monococcum Ssp. MoNococ-
cum, T. monococcum ssp. boeoticum and T. monococcum
ssp. urartu: gwml155 Fig. 1), either on T. monococcum
ssp. urartu alone, or on all species bearing the A ge-
nome. On the other hand, only three among the nine

diploid species carrying the D genome (T. tauschii); the
six remaining amplifying either on the lines carrying
the A genome (3: T. monococcum Ssp. monococcum,
T. monococcum ssp. boeoticum and T. monococcum ssp.
urartu) or on those carrying the B genome (3: Ae. spelto-
ides, Ae. searsii and T. longissimum, gwm539, Fig. 1b).
Considering the seven loci mapped on the B genome,
three amplified only on lines carrying the B genome
(Ae. speltoides, Ae. searsii and T. longisssimum), the
four others amplifying only on T. aestivum (gwm577,
Fig. 1c). This result suggests that the flanking sequences
have remained stable (no mutation) since the occurrence
of polyploidisation in wheat. Thisis related to the results



Fig. la—i Amplification results
of nine microsatellites on dif-
ferent accessions of T. mono-
coccum ssp. urartu (lanes 1
and 2), T. monococcum ssp.
monococcum (lanes 3 and 4),

T. monococcum ssp. boeoticum
(lanes 5 and 6), Ae. speltoides
(lanes 7 and 8), Ae. searsii
(lane 9), T. longissima (lanes 10
and 11), T. tauschii (lanes 12
and 13) and T aestivum cultivar
Courtot (lane 14). a gwm155,

b gwm539, c gwm577,

d gwm192, e gwm95,

f gwmd427, g gwm205,

h gwm47, i gwm111

12345678 91011121314

12245678 910011121314

obtained by Wei and Wang (1995) who described that
approximately 30% of RAPD amplified fragments were
genome-specific among diploid perennial species in the
Triticeae.

The other 23 gave one polymorphic and mapped lo-
cus (eight on A, seven on B and eight on D; Table 3),
and also at least one additional band which was either
monomorphic or which was co-segregating with the
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12345678 91011121314

12345678 91011121314

1 2345678 91011121314 12345678 91011121314

12345678 91010121214 1 23 4 5678 91011121314

former. Among these 23 primer pairs, 14 (61%) ampli-
fied on all the lines (gwm192, Fig. 1d) while six gave
an amplification product on only two among the three
groups of species (either A+B, A+D or B+D: gwm88,
Fig. 1e), the three remaining were specific to lines
carrying the same genome as the one where they
were mapped (one on A, the other two on B: gwm427,
Fig. 1f).
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Fig. 2 Dendrogram obtained using a matrix elaborated from the
occurrence of amplification products. The distance used is that

from Nei and Li (1979). Codes of the lines are those detailed in
Table 1

The 12 other primer pairs that were mapped at more
than one locus also gave at least two different bands.
Most of them (83%) amplified on al the lines (gwm?205,
Fig. 1g). Only one was specific to the B genome despite
the fact that it was previously mapped at three different
loci (gwmd47, Fig. 1h) distributed on the A (two) and B
(one) genomes. This may be explained by the fact that
this primer pair frequently gave null aleles (no amplifi-
cation; Roder et al. 1998b). The other two amplified on
either lines carrying A or B genomes or those with B or
D genomes (gwm111, Fig. 1i).

Phylogenetic relationships between all the species
were studied using a binary matrix elaborated from scor-
ing the occurrence of amplification products. On the
dendrogram (Fig. 2), we distinguished the three groups
of diploid species representing the three genomes. The
two accessions tested for each species were aways
grouped together. T. aestivum was divided into its three
diploid genomes (TaeA, TaeB and TaeD), each being re-
lated to the corresponding diploid species group. TaeA
was closer to T. monococcum ssp. urartu, than to
T. monococcum ssp. monococcum or to T. monococcum
ssp. boeoticum. Likewise, TaeB was closer to Ae. spelto-
ides than to Ae. searsii or to T. longissima, and TaeD was
directly related to T. tauschii. The lines carrying the A
genome seemed to be closer to those with the D genome
rather than to those with the B genome. Thiellement
et al. (1989) and Monte et al. (1993) had earlier found
that the B group was closer to the D group.

Discussion

Microsatellites are a powerful tool for species distinction
or phylogenetic relationship evaluations. Considering the

microsatellite loci mapped on the B genome, it was note-
worthy that half of them were specific to the B genome
of T. aestivum, i.e. that no amplification occurred in any
of the other species carrying a B genome. Three different
hypotheses can be proposed to account for this:

(1)The true donor species of these microsatellites was
not present among the species we had chosen in this
study. Therefore, it should be advisable to test them
on amuch larger number of accessions of the Stopsis
section (being the best candidate to be at the origin of
the B genome) of Aegilops, in order to discover other
possible donors.

(2)These microsatellites appeared and evolved in the
context of the polyploid species some 10,000 years
ago, as they do not exist in any of the diploids. How-
ever, it would be surprising that such " neo-sequences”
were not found in the other two genomes (A and D).
This could mean that selection pressures were partic-
ularly high for this genome to acquire a particular sta-
tus, probably towards a higher differentiation from
the original diploid(s) and from the other ancestors.
Thus, we can expect that the microsatellites devel-
oped from a B diploid species would be poorly trans-
ferable to the wheat B genome. This is currently be-
ing checked in our |aboratory.

(3)The B genome of wheat could have a polyphyletic or-
igin as suggested by Vardi (1973) or it could have un-
dergone a genetic bottleneck and diverged from dip-
loid B-genome donor (Talbert et al. 1998, Blake et al.
1999). However, through analyses of the homologous
chromosome pairing at metaphase in hybrids between
T. aestivum and Ae. speltoides, Maestra and Naranjo
(1998) stated that no apparent rearrangements oc-
curred in the evolution of A. speltoides relative to
wheat. This indicates that, during the constitution and
evolution of T. aestivum, there were only microar-
rangements located mostly in repeated DNA. A more
extensive study would allow us to determine the DNA
regions which were brought by donors different from
Ae. speltoides, as described by Nishikawa and Furuta
(1978).

Considering primer pairs giving several amplification
products, but with only one polymorphism mapped to a
single locus, PCR products were mainly observed on at
least two of the ancestral diploids (83%) and more gen-
erally on all the species (58%). There were two different
cases:

(L)the primer pair gave several bands but only one was
polymorphic in wheat. This suggests that the other
monomorphic bands were located elsewhere on the
genome and, more probably, at homoeologous posi-
tions. This hypothesis was supported by amplification
on Chinese Spring aneuploid lines (data not shown).

(2)the primer pair gave severa polymorphic bands
which always co-segregated. These microsatellites are
those remaining specific to the genome where they



were mapped. This may be due to a tandem duplica-
tion of one of the flanking sequences. This hypothesis
could be verified by picking up the bands on the gel
and sequencing them.

Most (93%) of the microsatellites derived from bread
wheat were usable on the corresponding ancestral dip-
loid species. This transferability was far higher than that
observed from wheat to other triticeae species (rye, bar-
ley; unpublished results) or between homoeologous
genomes. This observation indicates that microsatellite
loci were more subject to a rapid evolution than the cod-
ing sequences. Similar observations were already report-
ed for transferring microsatellites between Bos taurus
(cattle), Capra hircus (goat) and related species (Pépin et
al. 1995) where the transferability was about 40%.

There was also a difference in transferability depend-
ing on the mapping position of the locus. It was clear
that the microsatellites from the A and D wheat genomes
always amplified on the A and D diploid genomes, and
sometimes beyond. This suggests that microsatellites de-
veloped from these diploid species should be usable in
wheat, which is currently being verified in our laboratory
(unpublished data).

Finally, because of the rather low level of transfer-
ability of microsatellites between homoeologous geno-
mes, they would probably be excellent markers to follow
introgressions from other species (e.g. rye, Ae. ventri-
cosa) to wheat, owing to their great specificity. However,
it would be necessary to develop a set of microsatellites
for each donor species. This approach should probably
be accompanied by classical procedures, using highly
transferable RFLP (cDNA) and in situ hybridization with
species-specific probes or total DNA from the donor, in
order to target the acceptor region.
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