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Abstract Microsatellite markers were developed in
¹araxacum officinale to study gene flow between sexual
and apomictic plants and to identify clones. Twenty
five thousand genomic DNA clones were hybridized
with a (CT)

12
D probe. The density of (GA/CT)

n
repeats

was estimated at one every 61 kb in the ¹. officinale
genome, which translates to 13 500 repeats per haploid
genome. Ninety two percent of 110 positive clones
sequenced contained at least one (GA/CT)

n55
repeat.

Sixteen (CA/GT)
n55

and 11 (AT)
n55

arrays were also
found in these sequences, suggesting some clustering of
dinucleotide repeats. Among 50 PCR primer pairs tes-
ted, 32 produced bands and 28 of them were polymor-
phic. Of these polymorphic markers, 15 were putatively
single-locus and the other 13 produced only polymor-
phic fingerprints. Six loci were further characterized for
polymorphism and showed between 6 and 32 alleles per
locus. Among eight primer pairs used to analyze the
progeny of a sexual cross, seven were co-dominant
single-locus Mendelian markers, but one (MSTA10)
gave a dominant pattern in accordance with the
hypothesis of a null allele segregating in a Mendelian
fashion. Three pairs of loci among 28 showed signifi-
cant linkages of 10, 21, and 39 cM. Observed and
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expected heterozygosities in two sexual populations
indicate that null alleles may be present at two loci,
including MSTA10.
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Introduction

Apomixis is a mode of reproduction found in some
plant species in which seeds are produced asexually
(Gustafsson 1946). Since the apomictic seeds are geneti-
cally identical to the mother plant, apomicts form
clonal populations. However, most apomictic plants
are hermaphrodite and produce reduced pollen. There-
fore, they may hybridize with sexual taxa, forming
a sexual-apomictic complex. To unravel the genetic
structure of such a complex, and to study its dynamics,
suitable model species and genetic markers are essen-
tial.

Both sexual and asexual modes of reproduction are
found in ¹araxacum officinale (dandelion). Sexual
plants are diploid (2n"2x"16), most often self-in-
compatible, and insect-pollinated, whereas asexuals are
mainly triploid and reproduce through diplosporic game-
tophytic apomixis of the ¹araxacum type (Asker and
Jerling 1992). Both sexuality and asexuality are obli-
gate. Apomicts can produce seeds without any pollina-
tion, and these seeds are comparable in morphology
and dispersal with those produced by sexuals.
Apomicts are found either in purely clonal populations
or together with sexual diploids in mixed populations
where gene flow can occur between both types (Morita
et al. 1990; Menken et al. 1995; Van Dijk et al., in
preparation; Tas et al., in preparation). ¹. officinale is
thus an outstanding model species to study the ecology
and evolution of sexual and asexual reproduction.

Suitable genetic markers are required to answer
three groups of questions concerning sexuality and



asexuality in the ¹. officinale complex. First, it is neces-
sary to identify clones accurately in order to address
ecological questions about clonal diversity, how differ-
ent clones co-exist, whether they show local adaptation,
and whether they differ in plasticity. Morphological
traits used for such studies (Vavrek et al. 1996) are
difficult to score, and hyper-polymorphic molecular
markers would greatly improve the resolution in these
studies. Second, single-locus markers are needed to
study the dynamics of genetic diversity in mixed popu-
lations — including gene flow between sexuals and
apomicts — for instance to infer gene flow from rare
alleles (Slatkin 1985) or from allele frequencies using
F-statistics. Third, single-locus highly polymorphic
markers can be used to study the genetic origin of the
offspring produced in experimental crosses between
sexuals and apomicts.

Single-locus co-dominant allozyme markers have been used in
¹. officinale for population genetic studies (Menken et al. 1995), but
the three polymorphic loci that can be scored consistently are only
moderately variable. DNA fingerprints based on (GATA)

4
-probed

(Van Heusden et al. 1991) or rDNA- and cpDNA-probed (King
1993) RFLPs have been used to identify clones, but they do not
provide single-locus data and the analysis requires a considerable
amount of high-quality DNA which is difficult to extract from
¹. officinale. RAPDs have been tested but were neither very variable
nor reproducible (Van Dijk and Van der Hulst, unpublished) and in
any case are multilocus dominant markers. Recently, IGS-rDNA
PCR-based RFLP analysis (Van Dijk et al., in preparation) and
AFLPs (Van der Hulst et al., in preparation) have shown a high
resolution for clonal identification, but again do not provide single-
locus data.

Microsatellite markers provide interesting features
matching our requirements. They are based on tandem-
ly repeated short DNA motifs (1—5 bp) found in a wide
range of eukaryotic genomes (Tautz and Renz 1984).
These sequences often show a very high level of vari-
ation in the number of tandem repeats, and this vari-
ation is probably due to slipped-strand mispairing
during DNA replication (Levinson and Gutman 1987).
Microsatellite polymorphism can be analyzed by PCR
amplification with specific primers and high-resolution
electrophoresis, which gives hyper-variable single-locus
co-dominant Mendelian markers (Litt and Luty 1989).
In addition, microsatellites are usually considered to be
selectively neutral markers (Jarne and Lagoda 1996),
which is important for population studies — although
one important exception involves microsatellites asso-
ciated with human genetic diseases (Sutherlands and
Richards 1995). Some microsatellite-based population
genetic studies have been reviewed and discussed by
Bruford and Wayne (1993) and by Jarne and Lagoda
(1996).

In order to study the dynamics of genetic diversity in
a sexual-asexual complex, microsatellite isolation has
already been carried out in the flat worm Dugesia
polychroa (Ramachandran et al. 1997), which is a model
species very close to ¹. officinale with respect to its

system of reproduction. Similarly, microsatellite devel-
opment in ¹. officinale is expected to provide hyper-
polymorphic Mendelian single-locus co-dominant
neutral markers, which would be powerful tools to study
questions related to the ecology and evolution of sexual
and asexual reproduction. This paper reports on the
density of microsatellites in the genome of ¹. officinale,
their repeat structure, the polymorphism and linkage
relationships of loci, and the inheritance of alleles.

Materials and methods

Library construction

A young flower bud of a triploid plant was dissected to remove
sepals and all latex-rich green parts, and the flowerlets were used for
CTAB-based DNA extraction according to Rogstad (1992). After
RNAse treatment, 10 lg of DNA was digested with 20 units of MboI
for 3 h at 37°C and purified in four QIAquick columns (QIAquick
PCR Purification Kit, Qiagen). The eluate was electrophoresed on
a 1.2% (w/v) agarose gel (1.25 lg per lane) with 0.1 lg/ml of
ethidium bromide. The gel was then cut between 450 and 1000 bp
under UV light, and the DNA was extracted by using the QIAEXII
Gel Extraction Kit (Qiagen), measured by spectrophotometry, and
further purified and concentrated with a QIAquick procedure to
a final concentration of 25 ng/ll.

Ligation was performed in a total volume of 20 ll, with 200 ng
(56 fmol) of pUC19 vector cut with BamHI and de-phosphorylated
(Appligene), 275 ng (about 600 fmol) of insert DNA and 5 units of T4
ligase (Promega), and was incubated overnight at 16°C. The ligation
product was purified by using the QIAquick procedure with elution
in 50 ll of ultra-pure water. This eluate was either kept at !20°C or
directly used to transform MAX Efficiency DH5a Competent Cells
(GibcoBRL Life Technologies) according to the manufacturer’s in-
structions, except that the DNA was added to the transformation
tubes without dilution. The bacteria were spread in large plates
(135 mm in diameter; 200 ll/plate) containing 70 ml of LB medium
with 0.01% (w/v) ampicillin, 0.0032% (w/v) X-Gal, and 0.0048%
(w/v) IPTG.

Library screening for microsatellites

The plates were incubated overnight at 37°C, until the diameter of
the colonies was about 2 mm. The colonies were then lifted on
Hybond N#membrane discs (gridded, 132 mm in diameter, Amer-
sham), previously marked with a HB graphite pencil, and the posi-
tion of the membranes was marked on the plates. The membranes
were piled up for 10 min with filter paper soaked with 0.4 N NaOH
in between, removed, and piled up again with filter paper soaked
with 2]SSPE in between, gently rubbed with a gloved hand to
remove the colony debris from the surface, piled up in a tray with
fresh 2]SSPE for 10 min on a shaker, air-dried colony side up on
filter paper, and finally cross-linked with 120 MJ of UV light.

The plates were placed at 4°C immediately after colony lift when
some traces of the colonies were still visible on the agar, or first
incubated at 37°C for 2 h when the colonies seemed to be completely
removed. Up to 40 membranes were then soaked in 2]SSPE and
piled up with meshes in between in a plastic box with 400 ml of
pre-hybridisation solution [5]SSPE, 5]Denhart, 1% blocking
reagent (Boehringer), 0.1% SDS], and the sealed box was incubated
at 57°C for 4 h on a shaker. Eight-hundred picomoles of HPLC-
purified 5@-digoxygenine-labelled (CT)

12
D oligonucleotide probe

(Isogen Bioscience, Inc.) were then heated for 5 min at 95°C and
slowly added to the pre-hybridisation solution. Hybridisation was
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carried out overnight at 57°C, and the membranes were washed
three times for 30 min with 400 ml of 6]SSC at room temperature,
and once for 7 min with 400 ml of 6]SSC at 60°C. Antibody
mediated CSPD (Tropix) chemiluminescence detection of the probe
was then performed according to the manufacturer’s instructions
(Boehringer) and the films were exposed for 15 h at room temper-
ature. The positive colonies were located in the plates by using the
marks and the grid visible on the background of the film. They were
then picked up for overnight culture and plasmid extraction by using
the QIAprep Spin Miniprep Kit (Qiagen). In addition, all positive
colonies, as well as 96 randomly picked-up white colonies, were used
as templates for standard PCR amplification with M13 universal
primers, to size the products on agarose gels. The size of the inserts
of the positive clones was also confirmed on agarose gels after
double restriction of the plasmids with EcoRI and PstI. Automatic
sequencing of the inserts was performed by a subcontractor
(Genome Express, Inc.). After editing and alignment of the sequences
using the program Sequence Navigator 1.0 (Applied Biosystems),
PCR primers were designed with the help of the OLIGO 5.0 pro-
gram (National Biosciences).

Microsatellite genotyping

DNA extractions were performed using either bud tissue and CTAB
extraction, as described above, or by punching and grinding two leaf
discs in an Eppendorf tube with 200 ll of 0.5 N NaOH and diluting
5 ll of this extract with 495 ll of 100 mM Tris-HCl pH 8.0, accord-
ing to Wang et al. (1993). This very quick NaOH method gave
somewhat weaker bands than the CTAB extraction, but was suffi-
cient for routine typing. Ten nanograms of CTAB-extracted or 2 ll
of diluted NaOH-extracted DNA were used as a template for 25 ll
PCR reactions with 2.5 mM of MgCl

2
, 200 nM of each primer,

200 lM of each dNTP, 0.5 units of ExpandTM High Fidelity poly-
merase (Boehringer), and one drop of mineral oil. The PCR program
was 95°C for 2 min, 40 cycles of (95°C, annealing temperature
estimated with OLIGO, and 72°C, 1 min each), and 72°C for
4 min. When the bands were too weak, the PCR products
were concentrated before electrophoresis by adding 75 ll of 96%
(v/v) ethanol, incubating for 10 min at !80°C, centrifuging for
10 min at 13 000 rpm, air-drying the pellet, and re-dissolving it with
6 ll of TE.

The samples were added to an equal volume of denaturing load-
ing buffer (12.5% (w/v) sucrose, 0.05% (w/v) xylene-cyanol blue,
0.05% (w/v) bromo-phenol blue, 0.1 N NaOH, 95% (v/v) formam-
ide), denatured for 2 min at 95°C just before loading the gel, and kept
on ice while loading. Electrophoresis was performed under denatur-
ing conditions in 6% urea-polyacrylamide gels (Ultra Pure Se-
quagel-6, Biozym). Sequencing gels (40]40 cm, 0.4-mm thick) were
pre-run at 80 W constants to reach 50°C, and 4 ll of samples were
loaded per well. The gels were loaded up to three times separated by
800 V.h of migration at 45 W constants, and followed by a last
migration step until the first xylene-cyanol blue dye reached the
bottom of the gel. The gels were then silver-stained with a fully
automatic gel stainer (NIOO-CTO, Heteren, The Netherlands) by
using the protocol of the DNA Silver Staining System (Promega)
with half of the quantities of chemicals advised for manual staining.
The gels were dried for 30 min at 70°C and permanent copies were
produced using Silver Sequence APC film (Promega).

Results and discussion

Cloning results

Among 25 000 colonies screened with the (CT)
12

D
probe, 158 positive clones were found. The mean insert

size of the library was 385 bp. This corresponds to one
(GA/CT)

n
repeat every 61 kb in the genome. We esti-

mated the genome size of ¹. officinale to be 820 mega-
bases per haploid genome (PARTEC ploidy analyzer
with DAPI staining), which indicates that about 13 500
(GA/CT)

n
repeats may be present in the ¹. officinale

haploid genome, of which we have screened about
1.2% with our library. However, our estimate of the
repeat density may be biased by the cloning method
(Jarne and Lagoda 1996). Indeed, Condit and Hubbell
(1991) found up to 4-fold differences in microsatellite
densities between libraries of the same species built
with different restriction enzymes. In our case, we may
have overestimated the density because the recognition
sequence of MboI (GATC) is more likely to be found in
(GA/CT)

n
-rich regions. Indeed, most of the similar

cloning-based studies in plants indicate lower densities,
with distances between two adjacent (GA/CT)

n
repeats

ranging between e.g. 100 kb for rapeseed (Kresovich
et al. 1995) to 1176 kb for tomato (Broun and Tanksley
1996). However, this value in the tropical tree »irola
sebifera was only 17 kb (Condit and Hubbell 1991).

Sequencing results

Sequences were obtained from 116 clones. We found
six times two clones giving the same sequence, so that
we ended up with 110 distinct sequences. In 101 se-
quences at least one perfect (GA/CT)

n55
array was

present. Fourteen of these microsatellites were immedi-
ately followed by another type of dinucleotide array of
five or more repeats, forming six (GA/CT)

n
(CA/GT)

m
,

five (GA/CT)
n
(AT)

m
, two (CA/GT)

n
(GA/CT)

m
(CA/GT)

p
,

and one (GA/CT)
n
(AT)

m
(GA/CT)

p
compound micro-

satellites. Additional (GA/CT)
n55

, (CA/GT)
n55

or
(AT)

n55
arrays separated from the first (GA/CT)

n55
were also found in respectively 13, six and five se-
quences, but no (GC)

n55
array was observed. The

frequency of at least one (CA/GT)
n55

or (AT)
n55

re-
peat being found in clones already containing
a (GA/CT)

n55
microsatellite seems much too high

(25%) to reflect only the genomic density of (CA/GT)
n

or (AT)
n

repeats, although (AT)
n

microsatellites are
more frequent than (GA/CT)

n
ones in plant sequences

from databases (Morgante and Olivieri 1993; Wang et
al. 1994). These (CA/GT)

n
or (AT)

n
repeats were prob-

ably not selected by our hybridization, because they
were never found alone in positive clones. Thus, there
seems to be some association between the different
types of dinucleotide repeats in the ¹. officinale
genome, as has been reported before in tropical tree
species (Condit and Hubbell 1991). The combination of
point mutations and slipped-strand mispairing may
cause the evolution of pure microsatellites towards
more complex repeat regions including compound
arrays (Wright 1994), which could explain such
clustering.
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Fig. 1 Size distribution of perfect dinucleotide repeats in 101
genomic clones that hybridized to the (CT)

12
D probe. Dashed bars

(GA/CT)
n
; empty bars (CA/GT)

n
; solid bars (AT)

n
repeats.

In our sequences, the different types of dinucleotide
microsatellites showed length distributions signifi-
cantly different from each other (Fig. 1, Kolmogorov-
Smirnov test P(0.05), and the average length of the
(GA/CT)

n55
, (CA/GT)

n55
, and (AT)

n55
arrays were

respectively 14.5, 10.1, and 22.3 perfect repeats, or 17.1,
11.7, and 22.3 repeats when allowing for one single
base-pair imperfection. This is consistent with the find-
ings in plant sequence databases that (AT)

n
arrays

reach longer sizes than (GA/CT)
n
ones (Morgante and

Olivieri 1993; Wang et al. 1994). Our sequences also
showed 20 (A/T)

n510
and two (G/C)

n510
mononucleot-

ide, as well as one (TCC/AGG)
5
, and one (TGG/ACC)

5
trinucleotide repeats.

PCR primer testing

Fifty primer pairs were designed and tested for PCR
amplification and polymorphism on six different trip-
loid clones from a purely clonal meadow in central
Netherlands. Eighteen gave smears or no amplification
and 32 gave the banding patterns described in Table 1.
Only four primer pairs were monomorphic, but some
highly polymorphic markers produced more than three
bands, or else intensively ‘‘stuttering’’ bands, making
scoring unreliable. These markers can still be useful as
DNA fingerprints for clonal identification. Indeed,
MSTA1 gave identical complex patterns for 23 off-
spring of an apomictic mother plant, while it is ex-
tremely polymorphic, allowing the distinction of 27
different genotypes in a sample of 64 apomictic plants
from a single meadow (data not shown). Such complex
patterns have also been reported in other plant species,
e.g. apple (Guilford et al. 1997). On our six triploid

plants, 15 polymorphic markers produced three or
fewer bands which could be sized with a 1-bp accuracy.
Because the putative alleles have been checked for
single-locus Mendelian inheritance for some of these
markers (see below), they are hereafter referred to as
alleles, and the corresponding markers as loci. Three of
those polymorphic markers gave clear bands without
a ‘‘stuttering’’ pattern (Fig. 2 a, Table 1), whereas in the
others, the bands were followed by typical less intense
‘‘stuttering’’ bands (Fig. 2 b), usually 2- and 4-bp small-
er than the main band, and sometimes also 2-bp larger.
We found no effect of magnesium concentration (1.5 or
2.5 mM), the amount of enzyme (0.5 or 0.75 units), or
the number of PCR cycles (25 or 40) on this phenom-
enon, which is consistent with previous results on
(CA/GT)

n
microsatellites (Hite et al. 1996). On the

other hand, the ‘‘non-stuttering’’ microsatellites were
on average more complex than the other ones, and
their mean repeat length was significantly lower
(Table 1), suggesting that the pure and/or long repeats
might be the most prone to slipped-strand mispairing
during PCR amplification.

Polymorphism

The polymorphism at six loci was studied in more
detail on 40 diploid sexuals and 18 triploid apomicts
originating respectively from three different mixed
populations and one purely asexual population of cen-
tral Netherlands. Large differences in allele diversity
were observed between loci (Table 2), which is a com-
mon finding with microsatellites, e.g. in maize
(Taramino and Tingey 1996). In partially heterozygous
triploid plants showing only two bands (e.g. Fig. 2 b
sample 10), it was usually not possible to infer the exact
genotype from the relative intensity of the bands. In-
deed, differences in intensity between alleles were fre-
quent even in three-banded patterns, and would mask
any differences in intensity due to a gene-dosage effect.
The distributions of allele frequencies at each locus
(Fig. 3) show that most of the allele lengths at a given
locus differ by even numbers of base pairs, which is
expected in the case of mutation involving changes in
the number of dinucleotide repeats. However, MSTA78
and particularly MSTA72, which are perfect dinucleot-
ide microsatellites, show single base-pair differences
between alleles (Fig. 3; e.g. in Fig. 2 b between samples
6 and 7, 18 and 19, or 19 and 20). This indicates that
other mutation mechanisms have operated, producing
insertions or deletions of an odd number of base pairs.

Null alleles

In the study of polymorphism (134 haploid genomes),
four non-amplifying samples (two diploids and two
triploids) were observed with the microsatellite
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Fig. 2a, b Microsatellite
genotyping of triploid ¹.
officinale apomicts from
a single meadow. a locus
MSTA64. b locus MSTA72.
A, C, G, T: sequence reaction
of the pUC19 plasmid used as
a molecular-weight marker.
Sequencing gels with
automated silver staining

Table 2 Microsatellite
polymorphism and
heterozygote deficiency.
Populations 1 and 2 include
only sexuals from two mixed
populations

Locus A! NA! Population 1 (n"12) Population 2 (n"18)

NHobs" NHexp# H-W$ NHobs NHexp H-W

MSAT10 11 4 1 7.0 0.00 4 13.3 0.00
MSTA31 14 0 8 9.6 0.22 10 12.4 0.20
MSTA61 18 0 12 10.6 1.00 13 13.7 0.28
MSTA64 6 0 4 5.9 0.13 2 5.4 0.01
MSTA72 32 0 12 11.2 1.00 16 16.7 0.34
MSTA78 16 0 9 8.9 0.69 18 14.4 1.00

!A: number of different alleles observed, and NA: number of individuals giving no amplification, in 40
diploid sexuals and 18 triploid apomicts from central Netherlands
"NHobs: number of heterozygous genotypes observed
#NHexp: number of heterozygous genotypes expected from the observed allele frequencies, assuming
Hardy-Weinberg equilibrium
$H-W: probability of the exact test for Hardy-Weinberg equilibrium, considering the alternative
hypothesis of a heterozygote deficiency (Rousset and Raymond 1995), computed with GENEPOP3
(Raymond and Rousset 1995).

MSTA10, but none with the other loci (Table 2). To
investigate the possibility of null alleles, the observed
numbers of heterozygotes were compared with the
numbers expected under Hardy-Weinberg equilibrium
in two small samples of sexual diploid plants (Table 2).
No significant deviations from Hardy-Weinberg
equilibrium were observed for MSTA31, MSTA61,

MSTA72, and MSTA78, but in spite of the small
sample sizes, a significant deficit of heterozygotes was
observed for MSTA10 in both populations, and for
MSTA64 in population 2 (Table 2). Null alleles are one
of the factors that may explain these deficits. For
MSTA10, the presence of a null allele was confirmed in
the progeny of a controlled cross (n"92, see segrega-
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Fig. 3 Distributions of allele
frequencies at six
microsatellite loci, analyzed in
40 diploid sexuals and 18
triploid apomicts from central
Netherlands

Fig. 4 Segregation of the null allele at locus MSTA10 in the progeny
of a cross between diploid sexuals (see text). Data shown: genotypes
of the parents and of 20 plants from the progeny; 20]20 cm polyac-
rylamide gel stained with ethidium bromide

tion analysis). Both parents produced one band, and
there was a segregation for the presence:absence of the
band in the offspring (Fig. 4). Both parents were then
assumed to be heterozygous for the null allele. Assum-
ing Hardy-Weinberg equilibrium, the expected

frequency of the null alleles at locus MSTA10 in popu-
lations 1 and 2 (Table 2) was estimated to be 0.40 and
0.34, respectively [calculation based on observed and
expected heterozygosities according to Brookfield
(1996), considering the non-amplifying individuals (one
in population 1 and one in population 2) as valid null
homozygotes]. Null alleles at microsatellite loci have
already been frequently reported (e.g. by Pemberton
et al. 1995), and special care must therefore be taken in
population studies.

Segregation analysis

Mendelian segregation of the putative alleles was
checked for eight polymorphic markers (MSTA10, 11,
31, 53, 64, 67, 72, and 78) in the progeny of a controlled
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Table 3 Single-locus
segregation analysis of
microsatellite markers in the
progeny of a cross between
diploid sexuals (see text)

Locus Expected Observed Chi-square Degrees of Population P(X's2)
segregation segregation freedom size
ratios ratios

MSAT10 3 : 1! 68 : 24! 0.06 1 92 0.81
MSTA11 2 : 1 : 1 43 : 25 : 23 0.36 2 91 0.83
MSTA31 1 : 1 : 1 : 1 24 : 27 : 21 : 21 1.07 3 93 0.79
MSTA53 1 : 1 46 : 43 0.10 1 89 0.75
MSTA64 1 : 1 46 : 45 0.01 1 91 0.92
MSTA67 1 : 1 47 : 44 0.10 1 91 0.75
MSTA72 1 : 1 39 : 43 0.20 1 82 0.66
MSTA78 1 : 1 : 1 : 1 21 : 20 : 27 : 22 1.29 3 90 0.73

!Segration for presence:absence of a band

Table 4 Test of independance
of microsatellite markers in
the progeny of a cross
between diploid sexuals

Pair of loci Chi-square Degrees of Population size P(X's2)
freedom

MSTA10! — MSTA11 0.35 2 91 0.84
MSTA10! — MSTA31 3.15 3 87 0.37
MSTA10! — MSTA53 0.19 1 89 0.67
MSTA10! — MSTA64 0.14 1 85 0.71
MSTA10! — MSTA67 0.04 1 91 0.84
MSTA10! — MSTA72 0.77 1 77 0.38
MSTA10! — MSTA78 0.58 3 84 0.90
MSTA11 — MSTA31 8.47 6 86 0.21
MSTA11 — MSTA53 0.36 2 88 0.84
MSTA11 — MSTA64 19.31 2 84 0.00
MSTA11 — MSTA67 3.06 2 90 0.22
MSTA11 — MSTA72 0.61 2 77 0.74
MSTA11 — MSTA78 3.71 6 83 0.72
MSTA31 — MSTA53 5.42 3 85 0.14
MSTA31 — MSTA64 0.69 3 87 0.88
MSTA31 — MSTA67 5.80 3 86 0.12
MSTA31 — MSTA72 5.91 3 78 0.12
MSTA31 — MSTA78 4.53 9 86 0.87
MSTA53 — MSTA64 0.93 1 82 0.34
MSTA53 — MSTA67 0.06 1 88 0.80
MSTA53 — MSTA72 0.09 1 74 0.76
MSTA53 — MSTA78 56.16 3 81 0.00
MSTA64 — MSTA67 3.95 1 84 0.05
MSTA64 — MSTA72 2.12 1 81 0.15
MSTA64 — MSTA78 2.70 3 88 0.44
MSTA67 — MSTA72 0.48 1 77 0.49
MSTA67 — MSTA78 4.63 3 83 0.20
MSTA72 — MSTA78 5.03 3 80 0.17

!Segration of presence:absence of a band for MSTA10

cross between two diploid sexual plants from distant
geographical origins (female: Lex2x-10 from central
Netherlands, male: TJX4—15 from southern France).
For all markers, except MSTA10, we found no signifi-
cant deviation from co-dominant single-locus Men-
delian segregation patterns (Table 3). For MSTA10,
a segregation for the presence and absence of a band
was observed (Fig. 4) and the frequencies were consis-
tent with the hypothesis of a null allele heterozygous in
both parents and segregating in a Mendelian fashion
(Table 3).

Significant co-segregations were observed between
MSTA11 and MSTA64, between MSTA53 and

MSTA78 as well as between MSTA64 and MSTA67
(Table 4), corresponding to genetic distances of respec-
tively 21, 10, and 39 cM. Apart from these three pairs,
no significant linkage was observed between the eight
loci (Table 4). Although the observation of three pairs
of linked loci among eight provides insufficient data to
conclude about the genomic distribution of the loci,
there seems to be no strong clustering of our micro-
satellites among and within the eight chromosomes of
the ¹. officinale haploid genome. This is consistent
with the common finding that microsatellites are
evenly distributed throughout plant genomes (Wu and
Tanksley 1993; Ma et al. 1996). Random genomic
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distribution of loci is important for population studies,
because linked loci decrease the information content of
the data. In addition, disturbed chromosome segrega-
tion can occur during male meiosis in triploid ¹. of-
ficinale apomicts. Tagging different chromosomes with
microsatellites is then useful to analyze crosses between
sexuals and asexuals, in order to understand which
meiotic events lead to the generation of new clones in
natural mixed populations.

Conclusion

Microsatellite markers are now available to study
the ecology and evolution of sexual and asexual
¹. officinale. The high level of polymorphism that we
observed for these microsatellites makes them very
powerful tools for genotype identification. Because
mutation polymorphism can also be detected within
old asexual lineages (Avise et al. 1992), identifying
members of the same asexual lineage may require
a study of the distribution of genetic distance between
pairs of plants (Brookfield 1992) or allele divergence
(Birky 1996). Microsatellites may provide suitable data
for both types of studies. Concerning the analysis of
gene exchange between sexuals and apomicts, our
microsatellite loci are well-suited for paternity analyses
of controlled crosses involving apomicts (Tas et al., in
preparation), as well as for studying gene flow in natu-
ral ¹. officinale mixed populations. Such studies are
presently being undertaken in our laboratory.
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