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Abstract

The development of large panels of simply analyzable genetic markers for diversity studies and tagging
agronomically important genes in hexaploid bread wheat is an important goal in applied cereal genetic research.
We have isolated and sequenced over two-hundred clones containing microsatellites from the wheat genome, and
have tested 150 primer pairs for genetic polymorphism using a panel of ten wheat varieties, including the parents
of our main mapping cross. A total of 125 loci were detected by 82 primer pairs, of which 105 loci from 63
primer pairs can be unequivocally allocated to one of the wheat chromosomes. A relatively low frequency of the
loci detected are from the D-genome (24%). Generally, the microsatellites show high levels of genetic
polymorphism and an average 3.5 alleles per locus with an average polymorphism information content (PIC)
value of 0.5. The observed levels of polymorphism are positively correlated with the length of the microsatellite
repeats. A high proportion, approximately one half, of primer pairs designed to detect simple sequence repeat
(SSR) variation in wheat do not generate the expected amplification products and, more significantly, often
generate unresolvable Polymerase Chain Reaction (PCR) products. In general our results agree closely with those
obtained from other recent studies using microsatellites in plants.

1. INTRODUCTION

In recent years the use of genetic mapping techniques based upon Polymerase Chain
Reaction (PCR) methodology using simple sequence repeat (SSR) markers has begun to
supersede the use of Restriction Fragment Length Polymorphisms (RFLP). A recent mouse
map contains over 4000 microsatellite markers [1]. However, microsatellite markers have been
developed less rapidly in plants. Plant chromosomes carry microsatellites at relatively low
frequencies when compared to mammals [2]. The relatively slow adoption of microsatellite
technology is due to the high development cost of SSR markers. Nevertheless, microsatellites
are ubiquitous and have the potential to provide extremely polymorphic, codominant marker
systems in plants [3, 4, 5]. Previous studies suggest that microsatellites occur at high enough
frequencies to allow their isolation in relatively large numbers from plant genomes.

Hexaploid bread wheat shows relatively low levels of RFLP, most likely a result of
its narrow genetic base [6]. The formation of hexaploid wheat, in all likelihood, traces back
to a single fortuitous hybrid only 10 000 years ago [7]. This lack of marker polymorphism
in hexaploid wheat necessitates the use of very wide crosses for efficient map generation.
RFLPs also show a considerable degree of clustering on the genetic map, and it is possible
that other types of marker may show different patterns of genetic distribution across cereal
genomes. There is an unquestionable need for more highly polymorphic genetic marker
systems than RFLPs can provide, particularly in crosses and breeding schemes using adapted
varieties. Simple sequence repeats have previously been shown to be useful as genetic
markers in wheat [8, 9]. In order to develop markers for genetic mapping and diversity studies
in hexaploid wheat and related species using microsatellites, we have isolated different
microsatellite repeats from the wheat genome by hybridization screens of small-insert genomic
libraries. We have isolated a substantial number of SSRs and have screened them for genetic
polymorphism using a panel of wheat varieties. Where possible, these markers have been
assigned to particular wheat chromosomes using aneuploid analysis. There are some problems
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with the development of SSRs in wheat, associated with the extremely large genome size and
high repetitive DNA content typical of cereal species.

2. MATERIALS AND METHODS

2.1. Genetic stocks/wheat varieties

The following varieties were used for the evaluation of polymorphism and were chosen
to represent material used in current wheat breeding programmes, together with the parents
of the main mapping cross used to construct the RFLP map in this laboratory: "Cappelle-
Desprez", "Brigadier", "Herzog", "Hereward", "Soissons", "Timgalen", "Hope", "RL4137", and
"Chinese Spring" and a synthetic hexaploid (IPSR 1190903) hereafter referred to as
"Synthetic" [10, 11]. The aneuploid stocks used for the determination of chromosomal origins
of PCR products were the 21 nullisomic-tetrasomic lines of "Chinese Spring" [12].

2.2. Library construction/microsatellite isolation

Small insert libraries of the wheat variety "Chinese Spring" were constructed as
follows: DNA (1-10 ug) was digested with Sau3AI. DNA fragments of the desired size range
(ie. 300-500 bp) were size-selected and purified from agarose gels using Prepagene (Biorad)
or DEAE paper (Schleicher and Schuell). Purified DNA fragments were ligated into the
BamHI site of M13mpl8. Ligations were transformed into JM101/JM105 by electroporation
(Biorad Gene Pulser). Ml3 plaques were screened with y-32P end-labelled oligonucleotide
probes.

Positive plaques were suspended in lml of L-broth and rescreened using serial
dilutions from the original plaque suspension. Three dilutions from each clone (10'7, 10'8, 10~9)
were plated in ordered arrays onto seeded bacterial lawns in 24 cm square petri dishes, at
a density of 70 clones per petri dish, and then rescreened with the original probe
oligonucletide. Single positive plaques were isolated and phage DNA isolated by standard
small-scale procedures.

2.3. PCR screening of positive clones

In order to minimise the amount of unnecessary sequencing, a PCR screen was used
to check each putative positive SSR-bearing clone for the presence and position of a
microsatellite. PCR screens were performed using three primer pairs: reaction #1 - Ml3
Forward + Ml3 Reverse; reaction #2 - Ml3 Forward + SSR primer A; Reaction #3 - SSR
primer B + Ml3 Reverse. SSR primers A and B are the microsatellite probe repeat sequence
and its complementary sequence respectively. l(il of phage suspension was amplified in 50|il
reaction containing lOmM Tris-HCl (pH8.3), 1.5mM MgCl2, 50mM KC1, lOOuM dNTPs,
2|aM each primer, 0.1 unit Taq polymerase. Cycling conditions were as follow: five cycles
of 94°C for 1 min., 45°C for 1 min., 72°C for 1 min., followed by 25 cycles of 94°C for
lmin., 60°C for 1 min., and 72°C for 2 min. PCR was completed by a final incubation at 72°C
for 5 min. For those clones selected by simultaneous hybridization with two different
oligonucleotide probes, it was necessary to perform the PCR screen using five reactions per
clone (i.e. as above, but with two pairs of reactions using different microsatellite repeat
primers). This procedure effectively determined whether the clone contained a microsatellite,
the position of the microsatellite within the clone, and in some cases, the type of
microsatellite. Following Senior et al. [13], an arbitrary 8 base pair tail (5'-TAGCCTAG-3')
was added to the 5-prime terminus of the simple sequence repeat oligonucleotide PCR primer.
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2.4. Sequencing of microsatellite containing clones

Phage DNA was isolated by standard small-scale procedures and DNA sequencing was
performed with the AutoRead Sequencing kit (Pharmacia) analyzed with an Automated Laser
Fluorescence (ALF) DNA sequencer (Pharmacia)

2.5. PCR amplification and product analysis

DNA was extracted from fresh or freeze-dried plant tissue as described by Sharp et
al. [14]. PCR primers were designed from the microsatellite flanking sequences either by
inspection or by analysis using the 'oligo' primer analysis software (National Biosciences Inc.).
Primers were chosen to have annealing temperatures in the range 58-65°C. DNA (100 ng) was
PCR amplified in 30 |al reactions containing: 10 mM Tris-HCl, pH 8.3, 2.5 mM MgCl2, 10
mM KC1, 200nM of each primer, 200 uM of each dNTP, and 2.5 units of Taq DNA
polymerase (Stoffel fragment, Perkin-Elmer). Cycling conditions were as follows: an initial
denaturation step of 4 min at 94°C, followed by 30 cycles of 30 sec at 95°C, 1 min at 61°C,
and 1 min at 73°C. After cycling the reactions were incubated for 5 min at 73°C. PCR
products were analyzed on standard denaturing sequencing gels (6% polyacrylamide (19:1
Acrylamide:Bis), 8M urea). Products were visualised by silver staining (Promega Inc.), or by
the use of autoradiography where y-33P-labelled oligos were used as primers.

2.6. Estimation of polymorphism information content

We have estimated the polymorphism information content (PIC), assuming
homozygosity of wheat varieties, following Anderson et al. [15]:

n

where p^ is the frequency of the 7th pattern for marker i and the sum is made over n patterns.

2.7. Chromosome assignment of SSRs

PCR amplifications were performed with DNA from a set of 21 nullisomic-tetrasomic
lines of "Chinese Spring". The microsatellite loci were assigned to chromosomes
corresponding to the nullisomic-tetrasomic template for which either no PCR product was
obtained, or one of the PCR products was missing, provided that the templates for all of the
other twenty lines generated the relevant amplification product.

3. RESULTS

3.1. Cloning data and frequency of microsatellites in libraries

The M13 libraries were probed with six different microsatellite sequences: (CA)16,
(GA)16, (CAA)10, (GAA)l0, (ACG)10, (CAG)10. Approximately 2000 positive plaques were
picked from the primary screens of approximately 700,000 Ml3 clones. Of these, 1500
positive clones were re-screened and, wherever possible, single plaques isolated. From these
hybridizations, it was possible to plaque purify approximately 700 Ml 3 clones. These plaques
were then screened by PCR to check the presence, nature, and position of the microsatellites
within the clones. The addition of an 8bp tail to the microsatellite repeat primer appears to
help anchor the SSR PCR primer and to restrict slippage of the SSR primer along the
microsatellite array, resulting in more discrete PCR products. Only positive clones with a
satisfactory location of the SSR were selected for DNA sequencing.
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3.2. Sequencing data

Of 277 M l 3 clones sequenced, 222 were found to contain a microsatellite in the
sequenced portion of the clone. Use of the PCR screen obviated the need for sequencing a
further 430 clones. Flanking primers from 150 sequences were synthesized. The majority of
microsatellite sequences contain either a (CA)n or a (GA)n repeat (-80%), which indicates that,
as might be expected, the frequency of these types of dinucleotide repeats is significantly
higher than the selected trinucleotide repeats in the wheat genome. Approximately 15% of
clones contained more than one type of microsatellite repeat and usually, the different repeat
types are adjacent, or very nearly so, in the clones.

3.3. PCR results and levels of genetic polymorphism

Primers from 82 of the 150 clones amplify a PCR product of the predicted size from
the variety Chinese Spring, the source of the M l 3 clones. Primers from 63 of these clones
amplify products which can be assigned to a chromosome. The remaining 68 primers either
produce no detectable PCR products, incorrectly sized PCR products or a larger number of
bands which cannot be genetically analyzed with ease. Several clones contain more than one
type of microsatellite repeat (Table I).

TABLE I. FREQUENCY OF MICROSATELLITE MOTIFS

Repeat type Number found Frequency Sub-totals GA CA

38.66%

65.33% 26.66%

4.66% 4.66%

1.33%

4.66% 4.66%

2.66%

15.33% 2.00%

19.33%

Total 150 49.98% 39.97%

3.4. Localization of microsatellites to chromosomes

The distribution of chromosomal locations of microsatellite loci is shown in Table II.
For several of the SSR primer pairs, it has been possible to identify the chromosomal origin
of more than one PCR product. These loci are spread across the three wheat genomes as
follows: A genome: 38 loci (36%), B genome: 42 loci (40%), D genome: 25 loci (24%).

In only four cases does one of the additional loci appear to originate from a
homoeologous chromosome but these are not polymorphic and so homeology cannot be
proven. In 11 cases more than one PCR product appear to originate from the same
chromosome, suggesting the possibility of duplicated chromosome specific sequences
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CA

CA/GA

CA/GT

CA/CT

CA/TA

GA/TA

CAA

GAA

Other 3bp

58

40

7

2

7

4

3

13

7

9

38.66%

26.66%

4.66%

1.33%

4.66%

2.66%

2.00%

8.66%

4.66%

6.00%



containing microsatellites. Only two of these multiple products have been mapped and they
map to the same locus. In 27 cases, in which the primers amplified discrete product, the PCR
products are not absent in any of the NT lines, suggesting amplification from a duplicated
sequence at two or more chromosomal locations in the wheat genome, in all cases these loci
are not polymorphic.

TABLE II. DISTRIBUTION OF MICROSATELLITE LOCI BY GENOMES

Chromosome 1

Chromosome 2

Chromosome 3

Chromosome 4

Chromosome 5

Chromosome 6

Chromosome 7

Total

%

PIC all loci

PIC

polymorphic
loci

A

4

7

5

7

2

6

7

38

36%

0.4

0.49

B

1

5

11

8

7

3

7

42

40%

0.4

0.53

D

3

3

1

6

3

1

8

25

24%

0.38

0.43

Total

8

15

17

21

12

10

22
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%

7.6%

14.4%

16.2%

20%

11.4%

9.5%

21%

4. DISCUSSION

4.1. Identification of useful microsatellite loci

In this report we describe the isolation of a substantial number of microsatellites from
the wheat genome. During our SSR isolation procedure, over 50% of putative positive clones
were discarded during the secondary screening/plaque-purification process. Approximately
60% of the plaque-purified clones were rejected following the PCR screen, obviating the need
for the sequencing of over 400 clones. Of 277 clones sequenced, 127 were deemed unsuitable
for primer synthesis. Therefore, as a proportion of the number of positive clones from the first
screen, only 10% of the isolated SSRs were selected for primer synthesis. Owing to our
stringent selection criteria, we have been able to make PCR primers against a high proportion
of the sequenced clones.

Given our experience of large attrition rates of positive clones, it may be advisable in
future, to opt for efficient SSR enrichment strategies to reduce expenditure of time and
resources in clone purification [16, 17]. Future SSR isolation programmes should combine an
efficient enrichment strategy, with one that avoids the cloning of highly repetitive flanking
sequences from the wheat genome. The use of methylation-sensitive restriction enzymes, such
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as Pstl and HpcSl, during the enrichment and cloning processes could possibly be used to
address this problem [18].

4.2. SSR polymorphism

Based on a set of ten varieties, our microsatellites show an average PIC value of 0.51.
However, given the large difference in microsatellite length, the average PIC values are very
similar, suggesting that, beyond a critical length, the level of polymorphism exhibited by
SSRs does not increase dramatically. The mean number of alleles seen in this study of ten
genotypes is 3.6. We have tested a few of our SSRs on larger sets of more diverse material
and larger numbers of alleles have been detected. The level of polymorphism seen in this
study is considerably higher than that shown by RFLPs, although we do not have an estimate
based on the same set of varieties used in this study. The data of Chao et al. [6], when
subjected to a PIC analysis, gives an average figure of 0.06.

No effect on levels of polymorphism due to the different types of microsatellite can
be seen from our data. The PIC values of polymorphic (CA)n repeats average 0.5, (GA)n
repeats average 0.55, chimeric repeats average 0.65 and the 3 base pair repeats average 0.37.

4.3. Additional products generated by microsatellite primers

The SSR primers generally detect additional loci. The additional loci show lower
levels of polymorphism (average PIC of 0.36, 2.4 alleles per locus). Sometimes the observed
size difference between PCR products from different loci exceeds the length of the
microsatellite in Chinese Spring, which implies that the microsatellite may be absent or that
the flanking sequence has been deleted or rearranged. We feel that it is important to analyze
the DNA sequences of these additional products, in order to understand the basis of
multilocus microsatellite amplification in hexaploid wheat. A common problem when using
a set of unrelated material for the analysis of microsatellites, is the unequivocal identification
of alleles for the same locus for primers detecting multiple loci, especially where the products
from the different loci are of very similar size.

In this study, a number of the 150 synthesised primer pairs gave rise to a larger
number of PCR products than can be resolved or analyzed with ease. In several cases these
products were observed as smears or stuttered ladder patterns on polyacrylamide gels.
Obviously, with the high levels of repetitive sequences present in the wheat genome, it is
likely that a relatively large number of microsatellites will be within DNA sequences that are
themselves repetitive sequences. During the isolation of SSRs, we have isolated clones which
appear to contain short repetitive motifs in the flanking DNA. It is important to establish the
proportion of wheat microsatellites which are embedded in repetitive flanking DNA and to
see if such microsatellites can be rendered useful by judicious primer selection. However
again, the use of methylation sensitive restriction digests for the initial library construction
may reduce the proportion of non-useful amplification products.

4.4. Primer transportability

We have seen very little evidence of homoeologous amplification in this analysis. It
is not yet known if SSRs isolated from wheat represent homoeologous sequences, and whether
the failure of primers to amplify across the three wheat genomes is due to polymorphism in
their flanking DNA. There are important questions concerning the transportability of PCR
primers raised against genomic sequences, across the three wheat genomes and beyond, into

108



other grass genomes. The data of Roder et al. [9] suggest that these types of PCR marker may
not transfer well to other species, in the way that RFLPs have been shown to do very
effectively. Our results also show a low level of transportability across the three wheat
genomes and to other cereal genomes.

TABLE III. TRANSPORTABILITY OF MICROSATELLITES

Wheat

Diploid

Rye

Barley

Maize

Rice

Number

44

34

24

18

7

5

transported

tested

(77%)

(55%)

(40%)

(16%)

(11%)

Number polymorphic

2g ********

3 (1 dominant)

3 (1 dominant)

2 (0 dominant)

1 (0 dominant)

These results contrast greatly with results obtained using PCR primers raised against
cDNAs, which exhibit very high levels of transportability across cereal genomes [19]. This
also contrasts with data from mammalian microsatellite studies, whereby primers raised
against one species, often work on others [20]. This question of marker transfer between
species is assuming an ever increasing level of significance in genetic studies in grasses and
other organisms, given the current level of investment in comparative genetic mapping. The
development of these expensive PCR-based markers with the ability to transcend species
barriers in grasses is likely to be an important area of marker development in the coming
years.
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