
 

Molecular Ecology (2006) doi: 10.1111/j.1365-294X.2006.03137.x

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

 

Blackwell Publishing Ltd

 

Linked vs. unlinked markers: multilocus microsatellite 
haplotype-sharing as a tool to estimate gene flow and 
introgression

 

WIM J .  M.  KOOPMAN,

 

*§

 

 Y INGHUI LI ,

 

†§

 

 ELS  COART,

 

‡§

 

 W.  ERIC VAN DE WEG,

 

*

 

 BEN VOSMAN,

 

*

 

 
ISABEL ROLDÁN-RUIZ

 

‡

 

 and MARINUS J .  M.  SMULDERS

 

*

 

*

 

Plant Research International, Wageningen UR, PO Box 16, 6700 AA Wageningen, The Netherlands, 

 

†

 

The National Key Facility for 
Crop Gene Resources and Genetic Improvement (NFCRI)/Key Laboratory of Germplasm & Biotechnology (MOA), Institute of Crop 
Science, Chinese Academy of Agricultural Sciences, 100081 Beijing, China, 

 

‡

 

Unit Plant, Institute for Agricultural and Fisheries 
Research (ILVO), Caritasstraat 21, 9090 Melle, Belgium

 

Abstract

We have explored the use of multilocus microsatellite haplotypes to study introgression
from cultivated (

 

Malus domestica

 

) into wild apple (

 

Malus sylvestris

 

), and to study gene flow
among remnant populations of 

 

M. sylvestris.

 

 A haplotype consisted of alleles at micro-
satellite loci along one chromosome. As destruction of haplotypes through recombination
occurs much faster than loss of alleles due to genetic drift, the lifespan of a multilocus
haplotype is much shorter than that of the underlying alleles. When different populations
share the same haplotype, this may indicate recent gene flow between populations. Similarly,
haplotypes shared between two species would be a strong signal for introgression. As the
expected lifespan of a haplotype depends on the strength of the linkage, the length [in cen-
tiMorgans (cM)] of the haplotype shared contains information on the number of generations
passed. This application of shared haplotypes is distinct from using haplotype-sharing to detect
association between markers and a certain trait. We inferred haplotypes for four to eight
microsatellite loci on Linkage Group 10 of apple from genotype data using the program 

 

PHASE

 

,
and then identified those haplotypes shared between populations and species. Compared with
a Bayesian analysis of unlinked microsatellite loci using the program 

 

STRUCTURE

 

, haplotype-
sharing detected a partially different set of putative hybrids. Cultivated haplotypes present in

 

M. sylvestris

 

 were short (< 1.5 cM), indicating that introgression had taken place many gen-
erations ago, except for two Belgian plants that contained a haplotype of 47.1 cM, indicating
recent introgression. In the estimation of gene flow, 

 

F

 

ST

 

 based on unlinked loci indicated
small (0.032–0.058) but statistically significant differentiation between some populations only.
However, various 

 

M. sylvestris

 

 haplotypes were shared in nearly all pairwise comparisons
of populations, and their length indicated recent gene flow. Hence, all Dutch populations
should be considered as one conservation unit. The added value of using sharing of multi-
locus microsatellite haplotypes as a source of population genetic information is discussed.
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Introduction

 

Some serious limitations are encountered when unlinked
neutral markers are used to study interspecific hybridization

or gene flow among populations of endangered species.
The hybridization signal, as deduced from the occurrence
of alleles of the parental species at a combination of unlinked
loci across the nuclear genome, becomes difficult to detect
in advanced crosses (Pritchard 

 

et al

 

. 2000; Beaumont 

 

et al

 

.
2001). As a result, it is often impossible to determine
whether a given allele is the result of hybridization or reflects
allele frequency differences as they exist in the separate
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species. In gene flow studies of endangered species, levels
of differentiation among populations are often low com-
pared to the intrapopulation variation (Hedrick 1999).
Unfortunately, it is difficult to assess the biological relevance
of 

 

F

 

ST

 

 values below 0.05. The statistical significance of low

 

F

 

ST

 

 values often reflects the number of samples and the
associated sampling variance. In addition, the value does
not provide a clue as to whether the level of gene flow is
low but steady, or has decreased strongly in the recent past.
Migration rates based on 

 

F

 

ST

 

 values are incorrect for
situations in which populations have recently declined
in size or experienced fragmentation, as mutation-drift
equilibrium has not been achieved (Neigel 2002; Pearse &
Crandell 2004).

We propose an alternative approach based on the anal-
ysis of multilocus haplotypes. The haplotypes consist of
combinations of alleles at several loci on the same chromo-
some. It is expected that such haplotypes will be shared by
related individuals, and passed on to successive genera-
tions until recombination breaks up the association. The
chance that the association between alleles at different loci
will be broken is proportional to the recombination dis-
tance [centiMorgans (cM)] between the loci. This implies
that if gene flow between two populations is frequent, one
would expect to find some of the same haplotypes in both
populations; if the populations have been isolated from
each other for some generations, the same alleles might still
be found in both populations, but in different haplotype
combinations. As the breakdown of haplotypes through
recombination occurs much faster than loss of alleles due
to genetic drift, the lifespan of a multilocus haplotype is
much shorter than that of the underlying alleles. We can
therefore interpret the occurrence of identical haplotypes
in different populations as a strong signal for recent genetic
exchange between populations. Similarly, the presence of
identical haplotypes in plants of different species is a strong
signal of interspecies hybridization. Moreover, as the
expected lifespan of a given haplotype depends on the
strength of the linkage among the loci of which it is com-
posed, we can use a set of loci at varying (recombination)
distances along a chromosome to obtain information on the
number of generations passed. This application of shared
haplotypes is distinct from using haplotype-sharing to
detect association between marker and trait.

In this study, we demonstrate the usefulness of this
approach by studying population differentiation among
wild apple populations from Flanders (northern region of
Belgium) and The Netherlands, and levels of introgression
herein from apple cultivars. Wild apple [

 

Malus sylvestris

 

(L.) Mill.] has become one of the most endangered tree
species in Europe due to destruction of suitable habitats
and conversion of open-type forest into mature forest
types, which are too dark for this light-demanding species
(Stephan 

 

et al

 

. 2003). In the densely populated region of

Flanders and The Netherlands, only scattered trees and
small populations can be found nowadays (Coart 

 

et al

 

.
2003, 2006). This has probably affected patterns of inter-
population gene flow, a factor of special relevance for small
populations of an insect-pollinated, obligate outcrossing
species such as 

 

M. sylvestris

 

, in which the lack of compatible
pollen may completely prevent seed production. This has
been demonstrated in several other outcrossing plant
species, such as 

 

Maianthemum canadensis

 

 (Worthen & Stiles
1988), 

 

Maianthemum bifolium

 

 (Honnay 

 

et al

 

. 2006) and 

 

Scirpus
maritimus

 

 (Charpentier 

 

et al

 

. 2000). In addition, as land-
scape fragmentation leads to patches characterized by a
relatively high ratio of edge to habitat (Hargis 

 

et al

 

. 1998),
the chances for hybridization with cultivated apple (

 

Malus
domestica

 

 Borkh.) may have increased steadily. Although
Coart 

 

et al

 

. (2003) demonstrated that the wild and the
cultivated gene pools could still clearly be differentiated
using simple sequence repeat (SSR) and amplified fragment
length polymorphism markers, recent chloroplast DNA
data suggest that interspecific hybridization might be more
common than initially believed (Coart 

 

et al

 

. 2006).
A well-designed study to assess the value of haplotypes

of linked loci compared to traditional approaches based on
the analysis of unlinked loci is possible in apple, as 15 years
of research have led to a large number of markers and a
dense linkage map of 

 

M. domestica

 

 (Cevik & King 2002;
Liebhard 

 

et al

 

. 2002; Vinatzer 

 

et al

 

. 2004; Gao 

 

et al

 

. 2005a, b;
Silfverberg-Dilworth 

 

et al

 

. 2006). Coart 

 

et al

 

. (2003) showed
that these markers also amplify in 

 

M. sylvestris

 

. In this study,
we compared two groups of eight apple microsatellite
markers each: a first group with microsatellites mapped to
different chromosomes and a second group consisting of
microsatellites located on chromosome (i.e. linkage group)
10 of the 

 

M. domestica

 

 linkage map.

 

Materials and methods

 

Plant material

 

We analysed a total of 159 wild apple [

 

Malus sylvestris

 

 (L.)
Mill.] trees (111 trees from six Dutch populations and 48
trees from two populations in Flanders), as well as 97

 

Malus domestica

 

 Borkh. genotypes (Table 1). The samples
comprise virtually all known 

 

M. sylvestris

 

 trees in The
Netherlands and two of the three largest Flemish popu-
lations (Fig. 1). The trees were identified and selected
based on location (‘old’ forest which had been undisturbed
for at least 100 years) as well as morphology (the presence
of hairs on at least the lower leaf surface (Tutin 

 

et al

 

. 1993)).
Each population was sampled completely. The 

 

M. domestica

 

samples were 19th and early 20th century cultivars from
the CGN gene bank collection at PPO in Randwijk, The
Netherlands. For the present study, the 

 

M. domestica

 

 samples
were treated as one population. Most analyses were



 

M U L T I L O C U S  M I C R O S A T E L L I T E  H A P L O T Y P E  S H A R I N G

 

3

 

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

 

performed with a random sample of 34 

 

M. domestica

 

 cultivars
plus seven reference cultivars (Cox, Discovery, Elstar,
Fiesta, Golden Delicious, Jonathan, and Prima), which
were included to calibrate marker sizes to other studies
(Liebhard 

 

et al

 

. 2002; Silfverberg-Dilworth 

 

et al

 

. 2006), and
to match the data generated in the two laboratories
(Wageningen and Melle). These ‘modern’ cultivars are
direct descendents of older cultivars and indeed shared
some haplotypes (see below). In the linkage disequilibrium
(LD) and haplotype analyses, 56 other cultivars were
added to obtain a larger sample of cultivated haplotypes,
and in this way, increase the probabilities of reconstructing
shared haplotypes. Table S1 (Supplementary material)
contains a list of all cultivars analysed.

 

DNA extractions

 

Young leaves were sampled in liquid nitrogen and stored
at 

 

−

 

80 

 

°

 

C. Before DNA extraction, the plant materials were
freeze-dried and grinded in a ball mill. DNA was extracted
using the DNeasy 96 Plant Mini Kit (QIAGEN) according
to the manufacturer’s instructions.

 

Microsatellite genotyping

 

PCR products were separated on an ABI PRISM 377 DNA
Analyser or on a capillary AB 3130 DNA Analyser (Applied
Biosystems). Allele sizes were estimated with 

 

genotyper

 

(Applied Biosystems), manually inspected, and transferred
into a 

 

convert

 

-format spreadsheet (Glaubitz 2004).
Fifteen microsatellite loci were typed (Table S2, Supple-

mentary material) to create the data sets of unlinked and
linked loci. One set consisted of eight microsatellites located
on various linkage groups, yielding data set DLG (i.e. dif-
ferent linkage groups) of unlinked markers. A second set
contained eight microsatellites located on Linkage Group 10
of the 

 

M. domestica

 

 map (Silfverberg-Dilworth 

 

et al

 

. 2006),
yielding data set LG10 (used for linkage disequilibrium
and haplotype analysis). Marker MS02a01 was present in
both sets. The LG10 markers were selected at variable
genetic distances, up to 47.1 cM apart. Figure 2c, d contain
a schematic representation of the relative positions of the
markers along LG10.

 

Data analysis

 

Linkage disequilibrium.

 

We tested first, for each species,
whether the linkage disequilibrium (LD) was indeed larger
in the data set produced with linked markers (LG10) than
in the data set with markers on different chromosomes
(DLG). To obtain a greater accuracy, LG10 markers were
also screened in 56 additional 

 

M. domestica

 

 genotypes
(Table 1). The presence of LD was analysed using 

 

popgene

 

1.32 (Yeh & Wang 1999), as Burrow’s composite measure of
linkage disequilibrium between pairs of loci, and associated

Table 1 Malus accessions analysed in the present study

Species Origin Population Code No. of trees

M. sylvestris The Netherlands Drenthe DR 34
Veluwe VE 6
Winterswijk WI 7
Nijmegen NY 14
Sint Jansberg JA 24
Zeldersche Driessen ZE 26

Flanders (Belgium) Voeren WBVo 8
Meerdaal WBM 42

M. domestica Cultivars (all analyses) M.dom 41
Additional cultivars (LD analyses only) M.dom 56

Fig. 1 Geographical origin of the populations on the map of The
Netherlands and Flanders. DR, Drenthe; VE, Veluwe; WI, Winterwijk;
NY, Nijmegen; JA, Sint Jansberg; ZE, Zeldersche Driessen; WBVo,
Voeren; WBM, Meerdaal. The first six populations are Dutch, the
last two are Flemish.
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Fig. 2 Linkage disequilibrium in apple. Figure 2a–d — pairs of alleles at two loci in significant linkage disequilibrium: (a) in data set DLG
(unlinked loci) for Malus domestica; (b) in data set DLG for Malus sylvestris; (c) in data set LG10 (linked loci) for M. domestica; and (d) in data
set LG10 for M. sylvestris. The bar in 2c and 2d graphically depicts the relative position of the LG10 microsatellites on Linkage Group 10.
Figure 2e–f — relationship between genetic distance (in cM) on Linkage Group 10 and the fraction of allele pairs in significant LD (in 0/00),
across all pairs of LG10 loci.
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χ

 

2

 

 significance levels. Based on the results of the LD
analyses (see Results section for details), data set LG10 was
split into a data set with a group of loosely linked loci
(Ch02b07, Ch02a10, Ch02c11, Ch03d11, spanning 32.4 cM;
further referred to as data set LG10U), and one with a set
of tightly linked loci (U50187, Ch01f07a, Ms02a01, Ch02b03b,
spanning 1.5 cM; further referred to as data set LG10L).

 

Distinction of wild and cultivated apple using unlinked loci.

 

First, a Bayesian model-based clustering approach as
implemented in the software 

 

structure

 

 (version 2) was
applied (Pritchard 

 

et al

 

. 2000; Falush 

 

et al

 

. 2003). For analysis,
a model with 

 

K

 

 populations is assumed, each of which is
characterized by a set of allele frequencies at each locus.
Individuals in the sample are assigned probabilistically to
populations or jointly to two or more populations if their
genotypes indicate that they are admixed. It is assumed not
only that those loci are unlinked but also that within
populations the loci are at Hardy–Weinberg equilibrium.
As suggested by the authors, the data were firstly analysed
using the admixture model. Alleles were considered
correlated among populations. The analysis was run with

 

K

 

 ranging from 1 to 15 and repeated 3 times for each value
of 

 

K

 

 to check for consistency of results over different runs.
Each run consisted of 1 000 000 burn-ins and 1 500 000
iterations. Even with this high number of iterations, it was
difficult to decide on which 

 

K

 

 to choose. For several values
of 

 

K

 

 (4–8) a similar estimate of log Pr(

 

X

 

/

 

K

 

) (i.e. the log
likelihood of the model given that 

 

K

 

 clusters are present in
the data) was obtained, described by Pritchard 

 

et al

 

. (2000)
as the often encountered ‘more-or-less plateaus’. However,
inspection of the results revealed that each inferred cluster
consisted mainly of wild or mainly cultivated genotypes.
In most cases, genotypes were also strongly assigned to
clusters belonging to the wild or to the cultivated clusters.
In this situation, where the genetic information is in rough
agreement with the predefined populations, the 

 

structure

 

model that uses prior population information can be applied.
Here we used cultivated apple samples as ‘learning samples’
to help us classify the individuals with unknown origin
(trees sampled in the wild). 

 

K

 

 was set to 2 and 

 

Q

 

 (i.e. the
admixture proportions for each individual) was inferred
for all samples collected in the wild. This model normally
improves the accuracy of the inference, as was shown by
Beaumont 

 

et al

 

. (2001). We applied this model, again with
1 000 000 burn-ins and 1 500 000 iterations, which resulted
in consistent results for log Pr(

 

X

 

/2) over different runs,
supporting our hypothesis of two distinct genetic units.

The results from both approaches (admixture and prior
population information model) were very similar, with a
slightly stronger assignment of genotypes to the wild or
cultivated cluster in the latter model. This suggests that the
assumed prior on the domestics is reasonable and we
therefore only present results from this latter model.

We further ranked the values of 

 

q

 

 (assignment of genetic
information to the cultivated cluster) and plotted these
ranks against 

 

q

 

, illustrating the distribution of 

 

q

 

 among
individuals. Inflexions and break-points in this plot were
used to define groups of genuine wild genotypes and
hybrids, as in Coart 

 

et al

 

. (2006). For analysis of the popu-
lation genetic structure among wild populations, the
admixture model was applied with alleles considered
correlated and for 

 

K

 

 set from 1 to 15. For each value of 

 

K

 

,
again three independent runs were done with 1 000 000
burn-ins and 1 500 000 iterations.

Second, the overall presence of genetic differentiation
between 

 

Malus domestica

 

 and 

 

Malus sylvestris

 

 was tested
using 

 

fstat

 

 (Goudet 1995) in its revised version 2.9.3.2.
Prior to data analysis, the putative hybrids detected in the

 

structure

 

 analysis described above were removed
from the data set. 

 

F

 

ST

 

 was calculated according to Weir &
Cockerham (1984). The significance of the differentiation
statistics was determined by bootstrapping over loci. The
overall population differentiation was estimated as the
log-likelihood 

 

G

 

 statistic of Goudet 

 

et al

 

. (1996). Similar
analyses were carried out to estimate population differ-
entiation among 

 

M. sylvestris

 

 populations. Observed and
expected heterozygosities and the effective number of
alleles (

 

N

 

e

 

) were calculated with 

 

popgene

 

 1.32.

 

Distinction of wild and cultivated apple using linked loci.

 

structure

 

 version 2 implemented a linkage model to deal
with information derived from linked loci to infer popula-
tion structure (Falush 

 

et al

 

. 2003). This is essentially a
generalization of the admixture model to deal with admix-
ture linkage disequilibrium, i.e. the correlations that arise
between linked markers in recently admixed populations.
This linkage model was applied on data set LG10L containing
four tightly linked SSR loci. Three independent runs were
done for 

 

K

 

 ranging from 1 to 15, with 1 000 000 burn-ins
(500 000 admixture burn-in length) and 1 500 000 iterations.
Allele frequencies were assumed correlated among
populations.

 

Haplotype-sharing analysis.

 

Unlike 

 

Arabidopsis

 

, which is
nearly completely homozygous so that genotypes can be
compared directly as haplotypes (e.g. Toomajian 

 

et al

 

.
2006), apple is an obligatory outbreeder with a genetically
controlled self-incompatibility system. Haplotype-based
studies in outbreeders typically follow a two-step procedure:
first, haplotypes are inferred from phase-unknown geno-
types using a computational algorithm; in a second step,
inferred haplotypes are fed into the multilocus analysis
where they basically are treated as having been directly
observed (Schouten 

 

et al. 2005). The latter step introduces
some uncertainty (Schouten et al. 2005), and hence possible
error (see Discussion). We inferred haplotypes using
phase (Stephens et al. 2001) in its revised version (Stephens



6 W .  J .  M .  K O O P M A N  E T  A L .

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

& Donnelly 2003). We tested five sets of loci spanning an
increasingly larger part of Linkage Group 10 (1.5, 14.7, 26.1,
36.2 and 47.1 cM, for sets containing 4–8 loci, respectively).
For each set, 20 runs with different starting points were
performed. Each run consisted of 500 final iterations, 100
burn-in iterations, and a thinning interval of 10. We employed
the parent-independent mutation model for all loci. The
run with the highest overall likelihood was saved as the
final result. We then identified haplotypes that were shared
between species and between populations.

Within each haplotype, each cM distance between two
markers corresponds to a 1% chance that a marker allele at
one locus was separated from a marker allele at another
locus due to crossing-over (recombination) during meiosis
in the cross between the commercial cultivars ‘Fiesta’ and
‘Discovery’ (Silfverberg-Dilworth et al. 2006), i.e. in a single
generation. As no linkage map of M. sylvestris has been
published to date, we have assumed that the genetic link-
age of the microsatellite loci in this species is similar to that
of the M. domestica cross used to produce a segregating
population. The haplotype results in this study are consist-
ent with this order of markers. Unfortunately, the estima-
tion of average survival time (in number of generations) of
a haplotype across generations is not a straightforward
extrapolation of recombination frequency within a genera-
tion, as the decay of LD due to actual recombinations is
influenced by historical population size, population struc-
ture, and the occurrence of selection (Toomajian et al. 2006).
If we assume a constant recombination rate per generation,
the probability P that a given haplotype did not change
from its ancestor G generations ago is P = (1 − r)exp(G), with
r = recombination and mutation rate (1 in Stephens et al.
1998). When we assume r is comparable to the map recom-
bination distance (cM/100), then 50% of the original haplo-
types will theoretically be lost after 46 generations for the
set of 4 loci (spanning 1.5 cM), 5 generations for the set of
5 loci (14.7 cM), 3 generations for the set of 6 loci (26.1 cM),
and 2 generations for the set of 7 (36.2 cM) or 8 loci (47.1 cM).
This gradual decrease in survival time for the different
‘haplotype lengths’ was used to reconstruct patterns of gene
flow between M. domestica and M. sylvestris, and among the
different M. sylvestris populations. We analysed the occur-
rence and proportion of shared haplotypes between the
cultivar group and the wild populations, and between
pairs of wild populations, respectively. In the former case,
nearly all shared haplotypes had a (much) higher fre-
quency in M. domestica, and they were therefore assumed
to indicate introgression into M. sylvestris.

Comparison of results obtained with unlinked SSR loci and
sharing of haplotypes. To compare the results on hybrid
identification, we determined the proportion of genotypes
carrying ‘cultivated haplotypes’ for each of the groups
defined by the structure analysis of unlinked markers:

‘pure’ M. sylvestris trees and hybrids with M. domestica.
‘Cultivated haplotypes’ were defined as haplotypes that
occur at least once among M. domestica accessions.

To compare the results on levels of population differen-
tiation in M. sylvestris, the pairwise FST and its significance
(based on unlinked markers) was compared to two meas-
ures of haplotype-sharing between populations: the long-
est haplotype shared and the average haplotype length
shared. Average haplotype length was calculated as the
sum of the length (in cM) of haplotypes from population A
that were found in population B divided by the number of
plants in population A (this measure depends on the size
of population A, and is therefore not symmetric).

Results

General characteristics of the SSR loci analysed

Levels of observed and expected heterozygosity estimated
for the different loci were similar in Malus sylvestris and
Malus domestica. One exception was locus Mald4.03a, for
which the observed and expected heterozygosities were
much lower in wild than in cultivated apple. For all loci
positive or slightly negative FIS values were estimated in
both groups of samples (Table S2, Supplementary material).

Extent of linkage disequilibrium across the M. domestica 
and the M. sylvestris genomes

A total of 37% of allele pairs at two loci were in significant
LD for data set DLG (loci on different linkage groups) in M.
domestica, and three times more (117%) for data set LG10.
For the much larger sample of M. sylvestris, the overall
fraction of allele pairs in LD was similar for both sets of
loci: 94% for DLG and 86% for LG10. These differences
between M. domestica and M. sylvestris may reflect the
relatively closer relationships among cultivars than among
M. sylvestris genotypes. The pedigree relationships among
the cultivars from the gene bank collection are not very
well known but they are probably quite extensive, just as
nowadays. For example, the modern cultivars ‘Elstar’,
‘Fiesta’, ‘Gala’ and ‘Prima’ have ‘Golden Delicious’ as
parent or grandparent, while ‘Elstar’, ‘Fiesta’ and ‘Gala’
are also related through ‘Cox’.

Figure 2(a–d) show, for all pairwise comparisons of
loci, the number of allele combinations that were in signi-
ficant LD. Linkage disequilibrium on Linkage Group 10
was due, for the major part, to the four loci that are located
within 1.5 cM of each other: Ch02b03b, Ms02a01, Ch01f07a,
and U50187. Among these loci, LD of the pair Ch02B03b/
Ch01F07a stands out for both M. domestica and M. sylvestris.
Among the remaining LG10 loci, the pairs Ch02A10/
Ch02B07 and Ch02A10/Ch02C11 show relatively high LD
in M. domestica, but not in M. sylvestris.
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When the fraction pairs of alleles in LD were plotted
against the genetic distance between pairs of alleles along
the linkage group (Fig. 2e–f), a strong decrease in LD was
observed with increasing recombination distance, as can
be expected, but with some differences between M. domes-
tica and M. sylvestris: (i) the amount of LD among the four
closely linked loci is generally higher for M. domestica than
for M. sylvestris; (ii) the relatively high LD found in M.
domestica for locus pairs Ch02A10/Ch02B07 and Ch02A10/
Ch02C11 at ∼10 cM distance is not present in M. sylvestris;
and (iii) the level of LD for pairs of less closely linked loci
is relatively even for both species, but slightly higher for
M. domestica (0–30%) than for M. sylvestris (0–20%).

Based on these results, we subdivided data set LG10 into
a data set with a group of loosely linked loci (Ch02b07,
Ch02a10, Ch02c11, Ch03d11; data set LG10U), and one with
a set of tightly linked loci (U50187, Ch01f07a, Ms02a01,
Ch02b03b; data set LG10L). Species and population differ-
entiation were examined using DLG plus LG10U markers.

Interspecific relationships and population differentiation 
parameters using unlinked loci

The structure results of the relationship between M. domestica
and M. sylvestris using 12 SSR loci (sets DLG + LG10U)
showed a clear assignment of most samples to either the
‘cultivated’ or the ‘wild’ cluster (Fig. 3). All but four M.
domestica genotypes (Prima, Discovery, Groninger Peppeling
and Zigeunerin) were assigned to the cultivated cluster for
more than 95%. All genotypes sampled in nature as M.
sylvestris had an assignment proportion to the cultivated
cluster of less than 65%. The distribution of assignment
proportions to the cultivated gene pool in Fig. 3 follows an
exponential curve. Small gaps were observed between the

values 0.15 and 0.17 and between 0.65 and 0.68. Based on
this information, we tentatively distinguished two groups
of genotypes within the noncultivated samples: ‘truly
wild’ genotypes (assignment proportions to the cultivated
gene pool < 0.15), and ‘putative hybrids’ (assignment
between 0.17 and 0.65). The distribution of the putative
hybrids across populations is fairly even; however, the
numbers are low (Table S3, Supplementary material).

Between-species FST, based on these 12 markers and
after elimination of ‘hybrids’, was 0.10 (P < 0.001), indicat-
ing a fair amount of interspecific differentiation. FIS values
indicate a slight deficit of heterozygotes for most M. sylvestris
populations. M. domestica showed the smallest deficit. The
number of loci not in HW equilibrium was small in all
cases (Table S4, Supplementary material).

structure analyses of population structure among
M. sylvestris populations showed that differences in Pr(K )
were small and that the individuals were evenly assigned
to all populations (results not shown). These observations
are in agreement with a lack of clear population structure
in the M. sylvestris complete data set. Similar conclusions
can be derived from FST estimates. The overall FST among
M. sylvestris populations, based on 12 markers (set DLG +
LG10U), indicated a low but significant overall population
differentiation (FST = 0.03, P < 0.001). Pairwise FST values
(Table 2) showed that statistically significant differenti-
ation was restricted to comparisons involving populations
DR and WBM, while all but one of the other population
comparisons were nonsignificant. Moreover, these pairwise
differences were only significant at the 5% level.

For comparison, structure was also run with the
linkage model on the four linked SSR loci of data set
LG10L. However, the differences in Pr(K ) were small and
the assignment of individuals to the inferred groups was
roughly even (results not shown). As expected, informa-
tion on four microsatellites, representing only one set of
linked markers, is not sufficient for structure to discrim-
inate between the two apple species.

Interspecific relationships and population differentiation 
based on shared haplotypes

In the first step of haplotype-sharing analysis, the phase
program inferred haplotypes for 4–8 loci along LG10. For
example, 82 different 8-loci haplotypes were inferred
among the 97 M. domestica plants analysed (representing
a total of 194 chromosomes or haplotypes). Among the
159 M. sylvestris plants analysed (318 chromosomes), 206
different haplotypes were inferred. On average therefore,
in M. domestica the same haplotype was found in 2.37 (194/
82) accessions, and in M. sylvestris in 1.54 accessions. Twenty-
one 8-loci haplotypes were found in both species, while
61 were private for M. domestica and 185 were private for
M. sylvestris.

Fig. 3 Distinction of wild and cultivated apple, expressed as the
proportion of a given genotype assigned to the cultivated cluster
in a structure analysis of the combined data sets DLG + LG10U.
This assignment proportions have been ranked and the ranks
are plotted against the assigned proportions. : Malus sylvestris;
�: putative hybrid genotypes; �: Malus domestica cultivars.
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In the second step, pairs of plants were identified that
shared the same haplotype. Figure 4 shows how many
haplotypes were shared within and between groups, for
haplotypes consisting of 4, 5, 6, 7, and 8 loci, expressed as
percentage of shared haplotypes, summed over all plants
in a given population. Overall, the proportion of shared
haplotypes decreased rapidly with haplotype length, con-
sistent with a shorter survival times of ‘longer’ haplotypes
(spanning larger genetic distance).

The first row of panels shows haplotype-sharing within
M. domestica (grey bars) and of M. domestica with M. sylvestris
populations (black bars). Note that the scale of this row is
different from all other rows, due to the fact that as much
as 70% of the 4-loci haplotypes (grey bar in the first panel)
occurred in more than one cultivar. Haplotypes that also
occur in M. sylvestris (all black bars in this row) were rela-
tively rare, and nearly completely limited to haplotypes of
4 and 5 loci. In M. sylvestris populations (all other rows)
haplotype-sharing within populations was always 50% or
less. The difference can partly be due to differences in
population size, the M. domestica sample being much larger
than any of the M. sylvestris populations. Note that we sam-
pled all trees in the M. sylvestris populations, the small and
unequal sample sizes reflect the endangered situation of
the species.

The first bar in the other rows of panels (DR-WBM) of
Fig. 4 indicates haplotypes in M. sylvestris populations that
also occurred in M. domestica, expressed as a percentage of
all haplotypes in M. sylvestris populations. The differences
in sample size will affect these data to some extent, but
some patterns are visible across population sizes. These
haplotypes may have originated from M. domestica and
have been introgressed into M. sylvestris populations,
which is supported by the fact that they are more frequent
in M. domestica than in M. sylvestris. This influence of M.
domestica in M. sylvestris varied from completely absent to

a little above 10%. The M. domestica haplotypes in WI, NY,
and WBVo covered 4–5 loci, which may be indicative of
old introgression events. The haplotypes in DR, JA, and ZE
covered up to 6 loci. In WBM, two haplotypes of 8 loci
occurred in two different plants. These plants could there-
fore be first generation hybrids, but also offspring of
hybrids in which LG10 has not yet been destroyed by
recombination.

The proportion of shared haplotypes among the M.
sylvestris populations was rather variable (Fig. 4). The
smallest population, VE, shared up to 50% of the shortest
haplotypes with other populations. Longer haplotypes
were also shared, indicating recent gene flow among VE and
the other populations. A similar picture, but with smaller
proportions of shared haplotypes, emerged for other Dutch
populations. The two populations from Flanders shared a
fair amount of haplotypes with each other but only few
haplotypes with most of the Dutch populations. Although
differences in sample size exist, the effect is possibly not so
large, as there is no direct relationship between sample size
and degree of haplotype-sharing.

The 6–8 loci haplotypes have a predicted half-life of only
2–3 generations therefore sharing of such long M. sylvestris-
specific haplotypes between populations may indicate
recent gene flow between these populations or with a third
population (that may not exist any more). This is a likely
case for populations that are geographically close to each
other (NY with JA and ZE). Also DR shared some long
haplotypes with JA, and WBM with WBVo. Conversely,
the 4-locus haplotype has a long half-life of 46 generations,
and therefore absence of shared 4-loci haplotypes may be
taken as an indication of effective isolation for a long period
of time. Absence of sharing of haplotypes was only found
in the smallest populations (WBVo, VE, and WI), although
the chance of finding shared haplotypes here is the lowest
due to sample size.

Table 2 Population differentiation in Malus sylvestris

DR VE WI NY JA ZE WBVo WBM

DR 8 6 5 6 8 6 4 5
VE 0.016 6 No 6 8 7 No No
WI 0.037 0.02 No 6 6 6 No 5
NY 0.023 0.033 0.013 6 7 7 No 6
JA 0.042* 0.038 0.015 −0.007 7 6 No 7
ZE 0.037* 0.039 0.018 −0.006 0.029 8 5 5
WBVo 0.056* 0.061 0.066 0.041 0.042 0.056* 5 6
WBM 0.047* 0.058* 0.043* 0.026 0.033* 0.032* 0.033 8

Below diagonal: pairwise FST values and significance of the log-likelihood G statistic as measures of differentiation between M. sylvestris 
populations (based on the 12 microsatellite loci of sets DLG + LG10U). *indicates significant population differentiation at the 5% level 
after standard Bonferroni correction. Diagonal and above: longest LG10 haplotype that was shared within (diagonal) and between 
(above diagonal) populations. Population designations are according to Table 1. No, no alleles shared between plants within populations 
(diagonal) or between populations (above the diagonal).
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Fig. 4 Shared haplotypes among Malus domestica and the various wild Malus sylvestris populations, for haplotypes consisting of 4, 5, 6, 7,
and 8 loci on LG10, expressed as percentage of shared haplotypes, summed over all plants in a given population. In each panel, the shaded
bar represent haplotype-sharing within the same population, filled bars indicate haplotypes shared with each of the other populations. Note
the deviating scale in the first row (M.dom, M. domestica). Abbreviations for M. sylvestris populations are as in Fig. 1.
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Comparison of analyses using linked and unlinked 
markers

The M. sylvestris accessions can be divided into two
groups according to the presence or absence of cultivated
(M. domestica) haplotypes on LG10, or on the basis of the
structure results using unlinked markers. In Table 3, both
methods are compared. Only seven plants were considered
as hybrid by both methods, while an additional 21 plants
were identified by structure and 17 by the presence of
cultivar haplotypes. Strikingly, three accessions homozygous
for cultivar haplotypes were assigned to the wild group
using unlinked markers. It may be that these plants had
inherited the cultivar-specific LG10 haplotype from a
M. domestica introgression some generations ago, but not a
number of cultivar-specific alleles on the other chromosomes,
or that these have been lost in successive generations. Since
the structure results are based on markers on various
chromosomes, and the haplotype analysis on data from
LG10, this may reflect the complicated inheritance of an
M. domestica introgression in further generations.

Table 2 presents, next to the pairwise FST values, also the
longest shared haplotype between pairs of populations.
The general patterns are comparable, i.e. the lower the FST
value, the longer the haplotype shared. However, some
differences may be biologically relevant. Population WBM
was significantly differentiated from five of the six Dutch
populations according to the F statistics but did share long
(6–7 loci) haplotypes with most of them. Population DR
was also significantly differentiated from most other
populations according to FST but did share long haplotypes
(DR and JA even shared an 8-locus haplotype). Conversely,
the pairwise FST values of WBVo were not significant,
probably due to small population size; but with the haplo-
type analysis, it turned out that this population shared the
least haplotypes in the whole study, suggesting that this is
the most isolated population.

A slightly different statistic is the average length of haplo-
types shared expressed in cM, which was calculated both
within and among populations (Table 4). Some populations
had very high levels of shared haplotypes within the
population, whereas other populations with comparable
current population sizes had quite different levels of
haplotype-sharing (e.g. compare 3.42 cM for JA with 10.6 cM
for ZE). Between-population haplotype-sharing was of
course much lower, although VE-JA and VE-ZE shared
9.33 cM and 6.82 cM, which clearly indicates that these
populations were in contact through a considerable level of
gene flow.

Discussion

In this study, we have compared the use of microsatellite
markers spread across different linkage groups with a new
approach that uses microsatellite markers on one linkage
group. Using markers in LD, we have statistically inferred
the underlying multilocus haplotypes and followed the
occurrence of shared haplotypes across populations as a
tool to detect recent introgressions and gene flow that
occurred up to a few generations ago. The multilocus
haplotypes ranged from 1.5 to 47.1 cM, which is much
longer than in typical association studies.

Linkage disequilibrium

For both Malus domestica and Malus sylvestris, the amount
of LD rapidly decreased with increasing distance between

Table 3 Comparison of the analyses with unlinked loci
(DLG + LG10U) and analyses based on LG10 haplotypes (data set
LG10L). Distinction of Malus sylvestris and putative hybrid plants
based on the structure classification vs. that based on the
presence/absence of cultivar haplotypes

Classification of 
M. sylvestris and putative 
hybrid plants based 
on structure groups

Presence of Malus domestica 
haplotypes inferred by phase

Total no. 
of plants

Yes 
(hybrid)

No 
(M. sylvestris)

Total no. of plants 161 24 137
Hybrid 28 7 21
M. sylvestris 133 17* 116

*of these 17 plants, three were homozygous for the cultivar 
haplotype.

Table 4 Average length of LG10 haplotypes shared within and
between populations of Malus sylvestris. The average length (in
cM) is calculated as the total length of haplotypes found shared in
the same (diagonal) or with other populations divided by the
number of haplotypes in the population shared from. Note that
the table is not symmetric, i.e. if two plants in the ‘shared with’
population share the same haplotype, it counts for two in the
‘shared from’ population. In bold: values in the lower triangle that
are below 1.5 cM/plant (= on average one shortest haplotype
per plant)

Shared with

DR VE WI NY JA ZE WBVo WBM

Shared from
DR 6.83 2.06 0.43 1.39 3.91 2.48 0.02 0.26
VE 6.1 4.73 0 3.78 9.33 6.82 0 0
WI 2.1 0 0 1.97 5.12 1.86 0 1.05
NY 2.19 1.09 0.99 2.08 2.75 7.08 0 0.99
JA 4.9 2.58 2.44 1.73 3.42 2.03 0 1.86
ZE 2.05 0.85 0.5 4.18 1.46 10.6 0.28 0.88
WBVo 0.09 0 0 0 0 0.92 9.56 3.47
WBM 0.23 0 0.18 0.35 1.06 0.54 0.84 6.22



M U L T I L O C U S  M I C R O S A T E L L I T E  H A P L O T Y P E  S H A R I N G 11

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

the loci along linkage group (LG) 10. The high LD found in
M. domestica along LG10 most likely reflects the breeders’
simultaneous selection on several traits located on this
chromosome. The effect is apparent from the higher LD on
the majority of the M. domestica locus combinations, but most
obvious for locus pairs Ch02A10-Ch02B07 and Ch02A10-
Ch02C11. In close proximity to these loci, resistances against
scab (Calenge et al. 2004; Tartarini et al. 2004) and powdery
mildew (Calenge & Durel 2006) are located, as well as
multiple NBS containing disease resistance gene analogs
(Baldi et al. 2004; Calenge et al. 2005). It is not known
whether M. sylvestris is polymorphic for these traits. The
locus pair CH01F07a-CH02B03b shows an increased LD in
both M. domestica and M. sylvestris. It is located close to a
QTL for fruit firmness (King et al. 2000; Maliepaard et al.
2001), and to an ACO gene associated with shelf life (Costa
et al. 2005), two traits which are of interest for an apple
breeder but which are unlikely to be selected for in M.
sylvestris. Rather, a more likely explanation for LD observed
is that the two loci are only 0.6 cM apart. Note that positive
selection due to breeding would increase the frequency of
the selected haplotypes among cultivars (and possibly also
increase their length through ‘genetic drag’), and that more
frequent cultivar haplotypes would be transmitted more
frequently to M. sylvestris, but their presence in M. sylvestris
populations would still be indicative of gene flow, as we do
not take into consideration the ‘identity’ of the cultivated
haplotype.

Heterozygosity

An alternative explanation of the increased LD in the
cultivated apple is that most selection and breeding effort
is done within a small group of genitors, so that the same
haplotypes occur in many closely related cultivars. Indeed,
in apple breeding and selection procedures, favourable
phenotypes generally come from mass selection in older
cultivars, or through a combination of ‘plus’ alleles from
different parents on different homologous chromosomes
in modern breeding practice. This will increase the level of
heterozygosity. Indeed, the level of observed heterozygosity
in cultivars (0.648 for 8 markers, 0.708 for 12 markers) is
higher than that in M. sylvestris (0.554 and 0.656, respectively).
For one marker (Mald1.06 A), the observed heterozygosity
is even higher than expected (Table S2, Supplementary
material).

For M. domestica, the general statistics showed a relatively
high heterozygosity, while the haplotype reconstruction
showed that more than 57% (110/194) of the haplotypes
were shared among M. domestica cultivars. Thus, we detect
more alleles as well as higher heterozygosity in fewer
haplotypes compared to M. sylvestris. Indeed, cultivars do
share haplotypes, but are rarely homozygous for one
haplotype (e.g. only 2 out of 97 cultivars were homozygous

for the 5-loci LG10 haplotype, which is half of the rate in
M. sylvestris (5/111)). This may be due to selection by
breeders in M. domestica, or a certain degree of loss of
diversity in the M. sylvestris populations, or a combination
of both.

In M. sylvestris, the haplotype-sharing analysis is gener-
ally consistent with heterozygosity levels. For example, in
population WI, with the highest observed heterozygosity,
no plants homozygous for LG10 haplotypes were found
and no haplotypes were shared between plants within the
population. Population WBVo, with the lowest observed
heterozygosity, has one plant homozygous for LG10
haplotypes and a high proportion of haplotypes that are
shared between plants within the population.

Haplotype inference uncertainty

Inferring haplotypes from genotypes using statistical
algorithms (‘phasing’) leads to uncertainty (Kimmel &
Shamir 2005; Schouten et al. 2005) which may affect the
accuracy of using shared haplotypes as measure for gene
flow or introgression. Here we used the most likely haplo-
type pair for each genotype as inferred by phase, but
this ignores the uncertainties due to measurement errors,
population haplotype frequencies (many equifrequent
haplotypes increase the uncertainty), and the fact that
populations may not be in Hardy–Weinberg equilibrium,
which leads to biased estimates towards the null in associa-
tion mapping (discussed in Kraft et al. 2005). The phase
analysis did produce the correct haplotypes for the modern
cultivars in our data set (van de Weg et al. unpublished data).
However, as the cultivars are on average more related
(57.7% shared 8-loci haplotypes in M. domestica compared
to 35.2% in M. sylvestris), this does not imply that also all M.
sylvestris haplotypes are correct. In fact, we observed that
haplotype switching did occur sometimes between the
inferred 8-loci haplotype and shorter haplotypes in the
same pair of M. sylvestris plants. Kimmel & Shamir (2005)
compared the accurateness of phase with their program
gerbil. Switch error rate for phase was slightly lower (at
the cost of much longer calculation times) and varied among
data sets that differed in number and density of SNP
markers and in number of samples from 1 to 12% (the latter
value in a set with small sample size and high (8%) missing
data rate; the missing data rate in our microsatellite data set
was 3.77%). Note that, as the number of hypothetical haplo-
types is very high, most switch errors will infer nonexisting
haplotypes. Therefore, the net effect of errors will be to
reduce haplotype-sharing between pairs of plants, and
hence to reduce the theoretical power of the analysis, but
this is unlikely to lead to false inference of shared haplotypes.
The haplotype-sharing analysis as we performed here can
be extended to include several inferred haplotypes per
plant with their likelihoods, but it remains to be determined



12 W .  J .  M .  K O O P M A N  E T  A L .

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

whether the increased complexity of the analyses results in
an increased power of detecting shared haplotypes.

Hybridization between wild and cultivated apple

In the structure analysis of unlinked microsatellite
markers, the cultivars and the sampled M. sylvestris plants
formed two distinct groups, showing that the M. sylvestris
morphotypes are also genetically different from M. domestica.
This is consistent with Coart et al. (2003) results. However,
17% of the M. sylvestris genotypes had intermediate pro-
babilities in the structure analysis and were identified
as putative hybrids. Seven of these plants did share M.
domestica haplotypes on LG10, but the majority (21) did
not. At the same time, the haplotype analysis identified
17 additional M. sylvestris plants with cultivar LG10
haplotypes, which had not been identified as hybrids using
unlinked microsatellite markers. The difference was not
due to allele frequency differences between populations,
as the three larger populations contained putative hybrids
according to structure as well as plants with cultivar
haplotypes.

At first sight, this comparison does not tell us which of
the haplotype analysis or the unlinked markers analysis is
the best. If, however, we realize that the introgression
signal varies across chromosomes (as is observed in hybrid
zones, Rieseberg et al. 1999) and among plants (due to
segregation), then sampling more of the genome will
necessarily lead to the identification of more plants with an
introgression signal, even if small remnant cultivated DNA
chunks will still remain undetected. It is promising that
the haplotype analysis that focuses on one linkage group
identified the same groups and a comparable number of
additional hybrid plants as the one that uses markers
across linkage groups.

An original application of a shared haplotype analysis is
the dating of the introgression events. We interpreted the
structure analysis with unlinked markers as indicating a
possible recent origin for most of the M. sylvestris/domestica
hybrids (some plants have a probability consistent with
a BC1). However, we did not find recently shared haplo-
types (i.e. haplotypes longer than 4 markers or 1.5 cM,
Fig. 2) except for a very few cases, notably two plants with
an 8-loci haplotype (spanning 47.1 cM) in population
WBM. The latter plants very likely were derived from a
recent introgression. It is possible that the cultivars that
were the source of introgression were not included in
this study, and thus haplotypes found in M. sylvestris were
not identified as cultivated haplotypes. Alternatively,
the introgression events may be very old, as the half-life
of the 4-locus haplotypes is estimated at 46 generations.
The generation time of M. sylvestris is unknown. As M.
domestica seedlings took about 10 years to first flowering
prior to breeding efforts aimed at improving earliness,

and Austerlitz et al. (2000) used a factor of 1.5–3 between
age of first flowering and the corresponding generation
time of a hypothetical tree species with no overlapping
generations, we can estimate the generation time of
M. sylvestris at 15–30 years. In that case, the 1.5 cM haplo-
type could be 700–1400 years old, which goes back into
mediaeval times.

Population structure within M. sylvestris

Although the population differentiation among the eight
M. sylvestris populations was statistically significant (with
FST = 0.03), 97% of the variation was present within the
individuals trees and within the populations. Pairwise FST
values indicated that DR and WBM were significantly
different from most of the other populations, while all
other pairs were not, although some of the nonsignificant
FST values were in the same range. This may be due to the
lower number of plants in these small populations. Given
these results, the Dutch and Flemish populations can be
considered as separate but closely related groups, which is
consistent with their geographical origin (see Fig. 1).
Within The Netherlands, population DR seems to contain
some unique variation that may warrant a separate position
from the other Dutch populations. Again, this position is
consistent with geographical origin. Our results do not
support any other separation of populations within The
Netherlands or Belgium.

The results from the haplotype analyses contained evid-
ence of recent gene flow among all Dutch populations,
including DR, and between the Belgian population WBM
and the Dutch populations as well. They do not support
the small but significant genetic differentiation of DR and
WBM, and suggest that all Dutch populations should be
treated as one conservation unit. At the same time, the
genetic isolation of WBVo relative to the Dutch popula-
tions was clear through the absence of haplotype-sharing,
even though FST values were high but not statistically
significant for this small population.

Compared to general measures of allelic variation, hetero-
zygosity, and inbreeding, the haplotype reconstruction
has the advantage that it enables a reconstruction of
heterozygosity and inbreeding on a time scale. For example,
populations JA and ZE have comparable coefficients of
allelic richness and heterozygosity, with ZE being slightly
more variable than JA. The haplotype reconstructions
however, revealed a high level of haplotype-sharing
between plants of the ZE population (on average 10.6 cM
per plant, which is the highest value for M. sylvestris).
Within population JA it was only 3.4 cM. This large differ-
ence may indicate that the history of these populations is
different, with JA having been a much larger population
than ZE during the period when the current trees were
generated, or a larger effective population size.
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Conclusions

Our analysis of sharing of inferred multilocus microsatellite
haplotypes from linked loci yields general information on
population structure and population differentiation that is
largely comparable with the results obtained with unlinked
loci, such as F statistics and Bayesian analysis. The strength
of the method may be in generating information on the
temporal scale of processes, which is important when
population sizes have varied in the past (as is often the case
in human-influenced and fragmented landscapes), and
when the current population does not resemble that from
which the remaining plants have been derived (as is often
the case in long-lived plants such as trees). In addition,
identifying a small number, or even one long haplotype
shared between two populations indicates gene flow
in a qualitative way, even when FST analysis, based on
quantitative differences in allele frequencies, is not con-
clusive because of low sample sizes. In our study, the
haplotype-sharing information on the apple populations
led to a slightly different view of conservation units for
Malus sylvestris than based on traditional unlinked marker
FST analysis alone, and indicated different population history
for populations that are now comparable in size. As for
introgression, multilocus haplotypes made it possible to
distinguish past and recent hybridization events. These
examples demonstrate the usefulness and added value of
sharing of multilocus haplotypes from linked microsatellite
markers as a source of population genetic information.
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(cM) is the genetic distance from the first marker on Linkage Group
10 according to the genetic map in Silfverberg-Dilworth et al. (2006).
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Table S3 Number of hybrid genotypes in the Malus sylvestris
populations, according to the structure results. Putative hybrids
are trees with 0.17–0.65 probability of assignment to the cultivated
gene pool, as shown in Fig. 3. Population designations are according
to Table 1.

Table S4 General measures of allelic variation, heterozygosity,
and inbreeding based on eight DLG markers. Non-HW = number
of loci showing a significant departure from Hardy–Weinberg
equilibrium at the 5% level. Population designations are according
to Table 1.
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