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Abstract A basic knowledge on linkage disequilibrium
(LD) is necessary in order to determine resolution of asso-
ciation studies. We investigated the extent and patterns of
LD in a self-incompatible species (Prunus avium L.), in 3
groups (wild cherry, sweet cherry landraces and sweet cherry
modern varieties), using a set of 35 microsatellite markers and
the gametophytic self-incompatibility locus. Since population

structure might create spurious LD, we thus used the informa-
tion provided by a structure analysis published in a previous
study to perform the LD analysis. In the current study, we
detected a greater LD extent in sweet cherry than in wild
cherry, which is plausibly due to the bottleneck associ-
ated with domestication and breeding. Higher LD values
in sweet cherry sub-groups may be explained by smaller
sample sizes. We also showed that the remaining struc-
ture in the groups of sweet cherry, in particular land-
races, is responsible for a part of the LD extent. Intra-
group relatedness may also account for extensive LD in
two sub-groups. These results demonstrate, if ever nec-
essary, the importance of controlling the genetic struc-
ture and relatedness when estimating LD. Moreover, LD
decays very rapidly with genetic linkage distance in both wild
and sweet cherries, which seems promising for future associ-
ation studies.
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Introduction

A detailed understanding of the behaviour of linkage dis-
equilibrium (LD) is important for association studies to
choose appropriate experimental design and determine spac-
ing of markers for the mapping of functional genes of
interest (Flint-Garcia et al. 2003; Rafalski and Morgante
2004; Mueller 2004). The resolution of association mapping
generally correlates with the pattern of LD extent. Indeed,
fine-scale mapping is needed in the case of limited LD,
whereas the extensive LD allows underlying traits to be
detected more readily using a small number of markers
(Mackay and Powell 2007). As stated in review papers from
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Flint-Garcia et al. (2003), Gupta et al. (2005) and Rafalski
and Morgante (2004), several factors influence LD in pop-
ulations. Recombination is the unique factor that diminishes
intrachromosomal LD, whereas other factors, i.e. mutation,
migration, genetic drift and selection, all create LD. More-
over, the reproduction system can also influence levels of
LD, autogamous species showing higher LD extent than
allogamous species.

Several LD studies have been previously conducted in
plants, both in natural and domesticated populations. In
natural populations, the model plant Arabidopsis thaliana
has been evaluated for LD levels and showed a decrease of
LD within approximately 1 cM or 250 kb (Nordborg et al.
2002). In wild tomato populations, Arunyawat et al. (2007)
showed that intragenic LD decays very rapidly with physi-
cal distance, suggesting high recombination rates and effec-
tive population sizes in the two investigated species. First
investigations of forest tree natural populations have also
been carried out. A number of recent studies in coniferous
species (Brown et al. 2004; Kumar et al. 2004; Krutovsky
and Neale 2005; Heuertz et al. 2006; Gonzalez-Martinez et
al. 2006) and Populus (Ingvarsson 2005) described a rapid
decay of LD, most probably explained by large populations
sizes (Neale and Savolainen 2004; Savolainen and Pyhäjärvi
2007). However, conifers would tend to exhibit lower re-
combination rates than angiosperms (Jaramillo-Correa et al.
2010).

In addition, the studies of LD in domesticated plants are
numerous (Kraakman et al. 2004 for barley; Barnaud et al.
2006 for grapevine; Remington et al. 2001, Tenaillon et al.
2001, Jung et al. 2004, Stich et al. 2005 for maize; Garris et
al. 2003 for rice; Hamblin et al. 2004 for sorghum; Zhu et al.
2003 for soybean; Jannoo et al. 1999 for sugarcane; Simko
et al. 2006 for potato; Maccaferri et al. 2005 for wheat).
Extensive LD is expected in these species because they have
undergone bottleneck, domestication and modern breeding
during their evolutionary history. A slow LD decay against
distance is indeed observed in several species (10 cM for
sugarcane, 100 kb for rice), but a rapid decay of LD (within
1 kb) was found in maize. These contrasted patterns of LD
found in domesticated species may be explained by different
reproduction systems (for instance, rice is a selfing species,
whereas maize is an outcrossing species) and/or complex
evolutionary histories (admixture). Different sampling strat-
egies and important population structure may account for
different LD estimations among studies. Similarly, studies
that have investigated LD at the gene level or at the whole
genome level and with different molecular tools have also
revealed contrasted results. Remington et al. (2001) showed
that the level of genome-wide LD found using SSR markers
was much higher than that found with SNPs in maize. As
argued by these authors, this may be due to a higher fre-
quency of mutations in SSRs than in SNPs that arose during

the development of regional maize subpopulations after
domestication.

Though the number of LD studies progressively increases
in domesticated plants, several main issues still require further
investigation. First, increasing the number of studied genera
would allow inter-genera comparisons. Second, domestication
and modern breeding effects need to be clarified, especially to
take into account its impact before establishing association
populations.

Prunus avium L. is a diploid fruit tree (2n016) that
consists of wild cherry and its domesticated form (sweet
cherry). Wild cherry is distributed throughout Europe and
has been a fresh food supply for human consumption for
thousands of years (Zohary and Hopf 2000). It is thought
that human probably picked wild cherry in forests long
before its cultivation. Several pieces of evidence reported
that sweet cherry was present in Europe in Roman and early
mediaeval times (Šoštarić and Küster 2001; Rösch 2008).
The domestication history of sweet cherry is still unclear,
though it is most likely that several events of domestication
happened for sweet cherry or/and intense gene flow oc-
curred, explaining the actual structure observed between
wild and sweet cherries (Mariette et al. 2010). Morpholog-
ically, wild and sweet cherries are very similar in the fruit
forms, the most obvious difference being probably the size
of the fruits (Zohary and Hopf 2000). Conventional quanti-
tative trait loci (QTL) studies based on linkage mapping
have focused on the identification of functional genes of
interest, e.g. genes responsible for fruit size in cherry
(Clarke et al. 2009; Zhang et al. 2010). However, this
linkage mapping approach has limitations such as being
cost- and time-consuming and poor in QTL resolution.
Association mapping may be a promising alternative ap-
proach to detect genes underlying traits in cherry, using
germplasm structure and the extent of LD as fundamental
information for designing the association application
(Mackay and Powell 2007; Slatkin 2008). To our knowl-
edge, information on LD in cherry, and more generally in
fruit species and in their wild relatives, is still poorly inves-
tigated. It is, therefore, necessary to dissect the LD proper-
ties in cherry in order to facilitate appropriate association
analysis in these species.

In this study, we employed population genetics anal-
yses, using 35 microsatellite markers and the gameto-
phytic self-incompatibility locus, to explore the pattern
and magnitude of LD in wild and sweet cherries, all
over the 8 linkage groups (LGs). Specifically, we fo-
cused on three main objectives: (1) to estimate the
differences of LD extent between wild and sweet cherries,
(2) to emphasise the effect of sample size, population structure
and relatedness on LD estimates and (3) to evaluate its poten-
tial implication on future association studies based on LD
patterns.
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Materials and methods

Plant materials

A total of 212 Frenchwild cherry individuals were collected at
the INRA Orleans collection. Our sample was designed in
order to cover most French regions, but did not represent the
whole species diversity.

A total of 142 sweet cherry landraces (called landraces
hereafter) and 66 sweet cherry modern varieties (called modern
varieties hereafter) were obtained from 3 collection centres,
including the INRA Bordeaux Prunus Genetic Resources Cen-
tre, the INRA Bordeaux sweet cherry breeding collection and
the Interprofessional Technical Centre for Fruits and Legumes
(CTIFL) collection. The landrace sampling was designed in
order to represent European sweet cherry germplasm (e.g.
France, Belgium, Czech Republic, Germany, Hungary, Iran,
Italy, Romania and Spain); however, a majority of the samples
originate from France. Some landraces are of unknown origin.
The group of modern sweet cherry varieties selected for this
study was defined in order to represent major breeding pro-
grammes worldwide (e.g. Australia, Canada, the Czech Re-
public, France, Italy and USA).

Selection of marker loci and genotyping

We used 35 microsatellite markers, including 21 dinucleotide
and 11 other nucleotide repeats and 3 markers for which the
number of repeats is not known.Most of the genotypic data used
in the current analysis were already available from our previous
study (Mariette et al. 2010) and 10 additional SSRmarkers were
further added while assessing LD. The gametophytic self-
incompatibility locus, described by Sonneveld et al. (2006)
andVaughan et al. (2006), was included in this study. The alleles
of the S-RNase and S-pollen (SFB) genes were amplified using
primers developed by Sonneveld et al. (2006) andVaughan et al.
(2006). Allele sizes were revealed on a sequencing machine and
allele numbering was deduced following Vaughan et al. (2006).
Information obtained for this locus was statistically analysed
for LD estimation, similarly to the microsatellite markers. The
marker information is given in Table 1. Briefly, for genotyp-
ing, genomic DNA was isolated from fresh leaves using
DNeasy® 96 plant kit from QIAGEN (Hilden, Germany).
Multiplex PCR was performed with the QIAGEN Type It
Microsatellite PCR Kit® (QIAGEN, Hilden, Germany).
Marker genotypes were determined on the ABI 3730
sequencer, and the Genemapper software (Applied Biosys-
tems, Foster City, CA, USA) was used to estimate allele sizes.

Definition of samples

It is known that population structure may create spurious
LD between unlinked markers (Flint-Garcia et al. 2003). In

a previous study (Mariette et al. 2010), the structure analysis
(Pritchard et al. 2000) clearly separated wild and sweet
cherry groups and further separated two sub-groups in sweet
cherry modern varieties and three sub-groups in sweet cherry
landraces, whereas wild cherry population was defined as an
unstructured group. A group of landraces was admixed. Then,
the LD analysis was conducted independently for wild cherry,
sweet cherry, landraces, sweet cherry modern varieties and for
each cherry population defined by structure (sub-groups 1, 2
and 3 for landraces and sub-groups 1 and 2 for sweet cherry
modern varieties). Note that extremely admixed landrace indi-
viduals shown in Mariette et al. (2010) were not analysed as a
sub-group of landraces in the current study. Sample sizes for
each group and sub-group are given in Table 2.

Linkage disequilibrium analyses

When using SSR data from diploid individuals to estimate
LD, haplotype and gamete frequencies are generally not
known. Consequently, we adopted two approaches to esti-
mate LD in the different groups identified. First, we used
two different methods without haplotype reconstruction.
Second, after haplotype reconstruction, LD was estimated
based on the most probable haplotypes. The distribution of
allele frequencies may have an effect on the extent of LD;
therefore, rare alleles (less than 5% allele frequency) were
excluded prior to further LD analyses. The studied loci were
sorted within each group following their respective order on
each LG, as shown in Table 1. The list of analysed markers
in each group is based on the available genotyping data;
therefore, the number of markers may be slightly different
from one group to another (for more details, see Table 2).

Linkage disequilibrium analysis without haplotype
reconstruction

Estimates of LD directly based on gametic frequencies cannot
be achieved easily in diploid natural populations because gam-
ete frequencies are not known. To circumvent this problem, we
selected two methods that were proposed in the literature.

First, considering the pairs of loci, we tested for the
presence of association between genotypes at both loci using
a G test calculated on contingency tables, as calculated by
Genpop (Raymond and Rousset 1995; Rousset 2008).

Second, Cockerham and Weir (1977) proposed a compos-
ite LD to assess LD on diploid data for which gamete fre-
quencies are not known and for which random mating cannot
be assumed. A correlation coefficient is then derived and
corresponding levels of significance can be calculated (Weir
1979). Correlations and levels of significance were assessed
using the modification of the correlation as proposed by
Garnier-Gere and Dillmann (1992) in the LinkDos program
(this correlation will be called common correlation hereafter).
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The analyses were performed using web versions of
Genpop (http://genepop.curtin.edu.au/) and LinkDos
(http://genepop.curtin.edu.au/linkdos.html).

Linkage disequilibrium analysis after haplotype
reconstruction

We also used haplotype reconstruction in order to assess
LD from haplotypic data. For this purpose, we recon-
structed probable haplotypes within each LG using a
Bayesian approach as implemented in the PHASE 2.1
version software (Stephens and Donnelly 2003). LD was

estimated by using squared allele frequency correlations
(r2) and standardised disequilibrium coefficients (D′).
While r2 reflects both recombinational and mutational
history, D′ only reflects recombinational history. r2

depends on differences in allele frequencies at two sites
and is generally favoured for potential allele–trait asso-
ciations (Flint-Garcia et al. 2003). Estimation of LD (r2

and D′ estimators) based on haplotypic data was per-
formed using the TASSEL 2.1 version software (Bradbury et
al. 2007). The significance level of LD (p value<0.01) was
assessed by 10,000 permutation tests as implemented in TAS-
SEL version 2.1.

Table 1 Marker information

Map position derived from
the inter-specific cross of P.
avium (Napoleon)×Prunus
nipponica (Clarke et al., 2009),
except those rendered in italics
that are from the cross of Prunus
dulcis (Texas)×Prunus persica
(Earlygold) (Dirlewanger
et al. 2004)
aMarkers added in the
present study
bGametophytic
self-incompatibility locus

Marker LG Map position (cM) Repeat motif References

EMPA005 1 32.7 (CT)3CAT(CT)12 T(AC)23 Clarke and Tobutt (2003)

EMPA002 1 46.3 (AG)13 Clarke and Tobutt (2003)

UDP96005 1 48.5 (AC)16TG(CT)2CA(CT)11 Cipriani et al. (1999)

CPPCT029+ 1 65.1 (CT)24 Aranzana et al. (2002)

PMS67a 1 95.1 NA Cantini et al. (2001)

EMPA003 1 114.8 (AC)8 Clarke and Tobutt (2003)

BPPCT028a 1 124.1 (TC)15 Dirlewanger et al. (2002)

EMPA017 2 0 (AG)19 Clarke and Tobutt (2003)

BPPCT002a 2 20.9 (AG)25 Dirlewanger et al. (2002)

UDP98411 2 64.7 (TC)16 Testolin et al. (2000)

MA007Aa 2 67.9 (TC)4 C(CT)27 Yamamoto et al. (2002)

PCHGMS1 2 68.4 (AC)12(AT)6 Sosinski et al. (2000)

UCDCH11a 2 70.5 (CT)15 Struss et al. (2003)

UCDCH12a 2 74.3 (CA)14 Struss et al. (2003)

UCDCH21a 2 83.6 (CA)18 Struss et al. (2003)

PCEGA34 2 86.8 NA Downey and Iezzoni (2000)

EMPAS12 3 38.5 (TG)10a/GA)10aa(GA)13 Vaughan and Russell (2004)

EMPAS02 3 77.0 (TTG)7ctgc(TG)10(AG)8 Vaughan and Russell (2004)

EMPAS06 4 25.9 (CT)12 Vaughan and Russell (2004)

BPPCT040 4 36.7 (GA)14 Dirlewanger et al. (2002)

EMPAS10 4 50.9 (GA)28 Vaughan and Russell (2004)

PS12A02 4 83.1 NA Joobeur et al. (2000)

EMPAS11 5 27.9 (TC)25 Vaughan and Russell (2004)

EMPAS14 5 45.9 (TC)10ccat(TC)5ccat(TC)8 Vaughan and Russell (2004)

EMPAS01 6 28.0 (GA)9(GA)11 Vaughan and Russell (2004)

UDP96001 6 30.5 (CA)17 Cipriani et al. (1999)

EMPA004 6 48.7 (GA)4AA(GA)4AA(GA)15 Clarke and Tobutt (2003)

UDP98021 6 72.4 (GA)22(CA)11 Testolin et al. (2000)

UDP98412 6 76.9 (AG)28 Testolin et al. (2000)

S-locusb 6 86.1 – References therein

AMPA121a 6 86.6 (GA)9 Hagen et al. (2004)

CPPCT021a 6 91.9 (CT)10 Aranzana et al. (2002)

UCDCH14 7 54.8 (CT)18 Struss et al. (2003)

EMPA026 8 0 Complex (CT) Clarke et al. (2009)

EMPA018 8 33.5 (GA)18 Clarke and Tobutt (2003)

UDP98409 8 49.8 (AG)19 Cipriani et al. (1999)
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For genotypic and haplotypic LD estimations, heat maps
of probabilities were then realised using the heat map func-
tion in the R statistical package (http://www.r-project.org/).

Consecutively, correlations among estimationswere assessed
both for all pairwise LD values and for mean LD values.

For comparing LD significance among groups, we used an
experiment-wise first-type error rate of 5%. Because multiple
comparisonswere performed,we appliedBonferroni’s correction.

Effect of the sample size and relatedness on LD in groups
and sub-groups

Effect of the sample size

Sample size can affect LD estimations significantly (Teare et
al. 2002). We thus bootstrapped sub-samples of the same data
to assess the sample size effect on the extent of LD (Teare et al.
2002). Using the R software, we bootstrapped sets of 23, 43
and 66 samples in the sweet cherry modern varieties group
and sets of 28, 34, 44 and 142 samples in the landraces group.
D′ and r2 were estimated over 1,000 replicates for each sample
size using the LD pipeline from the TASSEL 2.1 software.

Effect of relatedness

The existence of relatedness within groups can result in in-
creased LD and should thus be controlled in association
studies (Slatkin 2008). We estimated relatedness within
groups and sub-groups by using a pairwise kinship matrix as
assessed by the TASSEL 2.1 software. Correlations were
calculated between the mean kinship and mean LD levels, as
measured by D′ and r2 estimators.

Estimation of LD decay

In general, LD is negatively correlated with genetic distance.
To examine the decline of LD, we computed mean LD values

at 10-cM intervals. We then tested for LD decay using a
correlation between LD and pairwise distance (log10 trans-
formed; McRae et al. 2002). In addition, we plotted the LD
estimates obtained with TASSEL against genetic distances (in
centimorgans) between marker pairs. We performed the non-
linear least squares (nls) function in the R statistical package
(http://www.r-project.org/) to obtain the expected decay of LD
by fitting the observed data in the following formula (Heifetz
et al. 2005), which is modified from the study of Sved (1971).
Assuming drift–recombination equilibrium:

LD ¼ 1= 1þ 4bdð Þ þ e

where LD is the observed LD between marker pairs in relation
to the genetic distance, d denotes the genetic distance between
marker pair, b is the coefficient parameter of decay calculated
using the nls function and e refers to the model residual
obtained.

r2 is generally preferred to quantify the extent of “useful”
LD for association studies. The threshold suggested by
Kruglyak (1999) was r200.1. We chose to take a threshold
of 0.5 for D′ since the observed D′ values are generally at
least five times higher than r2 in our study (see the results
part of Table 3).

Results

LD estimation: with and without haplotype reconstruction
and comparison of estimators

Before comparing LD estimators among biological groups,
we compared estimations with and without haplotype recon-
struction and we compared estimations with the three dif-
ferent estimators (common correlation on genotypic data, r2

and D′ on haplotypic data).
LD estimated with the common correlation estimator

based on unphased data was generally lower than LD estimated
with D′ based on haplotypic data (data not shown). Moreover,
LD estimated with D′ was higher than LD estimated with r2

(Tables 3 and 4).
Mean LD estimations were significantly correlated (Pear-

son’s correlation between r2 and D′00.908, p value<0.001;
Pearson’s correlation between r2 and the common correlation0
0.850, p value<0.001; Pearson’s correlation between D′ and
the common correlation00.863, p value<0.01). Estimations
were also significantly correlated at the 0.001 level within each
group and each sub-group, except for landrace sub-group 2,
while comparing D′ with the common correlation.

As for the significance of disequilibrium, trends were
stable among the three methods, shown in Fig. 1a–i for the
comparisons between p value obtained with haplotypic data
(Tassel analysis) and p value obtained with genotypic data

Table 2 Number of markers and sample size for each cherry group
and sub-group

Group/sub-group Sample
size

Number of
markers

Wild cherry 212 29

Sweet cherry 208 30

Sweet cherry landraces 142 30

Sweet cherry modern varieties 66 30

Sweet cherry landraces sub-group 1 28 29

Sweet cherry landraces sub-group 2 34 35

Sweet cherry landraces sub-group 3 44 30

Sweet cherry modern varieties sub-group 1 43 35

Sweet cherry modern varieties sub-group 2 23 30
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(LinkDos analysis) and in Supplementary Fig. 1a–i for the
comparisons between p value obtained with haplotypic data
(Tassel analysis) and p value obtained with genotypic data
(G test on contingency tables).

Since congruent results were obtained between the hap-
lotypic and genotypic analyses, we decided to report our
results obtained using the D′ and r2 estimators based on
reconstructed phase data.

Magnitude of LD: comparison among groups

Effect of domestication: wild versus sweet cherry

LD values estimated in sweet cherry were higher than LD
values estimated in wild cherry, showing significant LD
levels for 50% and 8.73% of all locus pairs in sweet cherry
and in wild cherry, respectively (Table 3).

Effect of breeding: sweet cherry landraces versus sweet
cherry modern varieties

Mean LD values against genetic distance range were high
for both landraces and modern varieties (Table 4). In land-
races, 39.16% of all marker pairs exhibited significant levels
of LD estimate, while 14.53% of all marker pairs showed
significant LD in modern varieties.

Effect of sample size

LD decreased with sample size for both bootstrapped sam-
ples and observed data (Fig. 2a, b), except for the modern
varieties sub-group 1, for which a slight increase was ob-
served (sample size043; Fig. 2b).

The LD decline depending on sample size partly
explained the difference in LD in between groups and sub-

Table 3 LD decay with distance
for wild and sweet cherry
groups

Means of r2 (first line of the cell)
and D′ (second line of the cell)
against genetic linkage distance
intervals and percentage of
significant LD values for each
interval (in parenthesis) are
given for each group. The
correlation between distance
(log10 transformed) and LD
values (r2 and D′) is given at the
bottom of the table

Distance range Wild cherry Sweet cherry Sweet cherry landraces Sweet cherry modern varieties

0–10 cM 0.070 0.081 0.072 0.150

0.459 0.639 0.583 0.772

(57.14%) (100%) (85.71%) (92.86%)

10–20 cM 0.012 0.034 0.040 0.104

0.197 0.376 0.415 0.615

(40%) (92.31%) (92.31%) (76.92%)

20–30 cM 0.017 0.040 0.036 0.073

0.215 0.333 0.320 0.505

(50%) (100%) (71.43%) (57.14%)

30–40 cM 0.013 0.033 0.048 0.037

0.236 0.334 0.406 0.352

(80%) (100%) (100%) (80%)

40–50 cM 0.013 0.033 0.031 0.092

0.191 0.332 0.347 0.526

(50%) (75%) (75%) (50%)

50–60 cM 0.013 0.021 0.045 0.031

0.257 0.313 0.409 0.366

(100%) (75%) (100%) (75%)

>60 cM 0.014 0.015 0.020 0.033

0.173 0.269 0.318 0.389

(23%) (58.33%) (41.67%) (16.67%)

Unlinked 0.004 0.009 0.012 0.018

0.127 0.195 0.219 0.255

(0.63%) (42.27%) (32.07%) (5.54%)

Mean 0.007 0.014 0.017 0.028

0.144 0.226 0.250 0.300

(8.73%) (49%) (39.16%) (14.53%)

Correlation −0.454 −0.668 −0.584 −0.604

(p<0.001) (p<0.0001) (p<0.0001) (p<0.0001)

−0.613 −0.744 −0.595 −0.588

(p<0.0001) (p<0.0001) (p<0.0001) (p<0.0001)
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groups. LD estimated with r2 increased more for bootstrap-
ped samples than for observed data, except for sub-group 1
of landraces (sample size028) and for modern varieties sub-
group 1 (sample size043), for which the contrary was
observed (Fig. 2a, b; Table 5). Similar LD increases were
observed between observed samples and bootstrapped sam-
ples for LD estimated with D′ (Fig. 2a, b; Table 5).

In conclusion, for sub-group 1 of landraces (sample
size028) and for sub-group 1 of sweet cherry modern vari-
eties (sample size043), the reduction of sample size was not
the only possible explanation for the observed LD increase.

Effect of population structure and relatedness

We found a significant impact of remaining population
structure on LD estimates in sweet cherry groups. Signifi-
cant LD between unlinked markers indicates the presence of

genetic structure. Thus, in this section, we analysed inter-
chromosomic LD. Unlinked marker pairs showed a higher
percentage of significant LD in sweet cherry, in landraces
and in modern varieties than in wild cherry (Tables 3 and 4;
compare Fig. 1a with b–d). When we analysed LD within
sub-groups, limited significant LD was observed between
unlinked markers in the three sub-groups of landraces as
defined by structure analysis in comparison with the pooled
data obtained for landraces (Tables 3 and 4). A similar
pattern was also shown in the two sub-groups of modern
varieties where the significance of LD between unlinked
markers was lower in sub-groups than in the pooled modern
varieties samples (Tables 3 and 4; compare Fig. 1h–i to d).
Nevertheless, the impact of population structure on LD
extent was smaller in modern varieties than in landraces,
which may be explained by the less complex population
structure existing in modern varieties. In particular, landraces

Table 4 LD decay with distance
for landraces and modern
sweet cherry varieties

Means of r2 (first line of the cell)
and D′ (second line of the cell)
against genetic linkage distance
intervals and percentage of
significant LD values for each
interval (in parenthesis) are
given for each group. The
correlation between distance
(log10 transformed) and LD
values is given at the bottom
of the table

Distance range Landrace 1 Landrace 2 Landrace 3 Modern 1 Modern 2

0–10 cM 0.193 0.131 0.102 0.210 0.157

0.724 0.631 0.565 0.756 0.697

(100%) (80%) (56.25%) (85%) (71.43%)

10–20 cM 0.154 0.075 0.044 0.171 0.111

0.691 0.491 0.403 0.662 0.622

(58.33%) (47.62%) (26.67%) (71.43%) (38.46%)

20–30 cM 0.122 0.067 0.055 0.095 0.049

0.531 0.388 0.362 0.525 0.481

(57.14%) (37.5%) (42.86%) (62.5%) (14.29%)

30–40 cM 0.111 0.083 0.024 0.052 0.071

0.559 0.559 0.283 0.433 0.519

(75%) (66.67%) (0%) (33.33%) (20%)

40–50 cM 0.174 0.072 0.044 0.157 0.055

0.618 0.487 0.342 0.556 0.652

(50%) (35.71%) (18.75%) (53.85%) (0%)

50–60 cM 0.118 0.072 0.039 0.062 0.063

0.526 0.499 0.337 0.456 0.694

(66.67%) (62.5%) (0%) (50%) (0%)

>60 cM 0.125 0.056 0.023 0.048 0.031

0.642 0.489 0.312 0.394 0.629

(16.67%) (16.67%) (0%) (16.67%) (0%)

Unlinked 0.045 0.031 0.014 0.021 0.029

0.359 0.366 0.236 0.270 0.362

(4.67%) (4.16%) (0%) (0.43%) (0.29%)

Mean 0.061 0.040 0.021 0.039 0.038

0.401 0.393 0.267 0.320 0.403

(12.70%) (12.12%) (5.03%) (9.80%) (4.43%)

Correlation −0.255 −0.383 −0.559 −0.457 −0.581

(p00.056) (p<0.001) (p<0.0001) (p<0.0001) (p<0.0001)

−0.204 −0.300 −0.556 −0.469 −0.132

(p00.128) (p<0.01) (p<0.0001) (p<0.0001) (p00.303)
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Fig. 1 Comparison of LD
p values obtained with the
Tassel software on haplotypic
data (upper right of the matrix)
and with the LinkDos software
on genotypic data (lower left of
the matrix). Black squares
represent a p value between 0
and 0.0001, dark grey squares
represent a p value between
0.0001 and 0.001, light grey
squares represent a p value
between 0.001 and 0.01 and
white squares represent a p
value between 0.01 and 1. a
Wild cherry, b sweet cherry, c
sweet cherry landraces, d sweet
cherry modern varieties, e
sweet cherry landraces sub-
group 1, f sweet cherry landra-
ces sub-group 2, g sweet cherry
landraces sub-group 3, h sweet
cherry modern varieties sub-
group 1, i sweet cherry modern
varieties sub-group 2
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Fig. 1 (continued)
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Fig. 1 (continued)
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Fig. 1 (continued)
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Fig. 1 (continued)

a b

Fig. 2 a Effect of sample size on the mean of r2 andD′ for all locus pairs,
obtained by re-sampling. Points represent sample sizes of 28, 34, 44 and
142 for landraces and sample sizes of 23, 43 and 66 for modern varieties.

b Effect of sample size on the observed mean of r2 and D′ estimated with
all locus pairs. Points represent sample sizes of 28, 34, 44 and 142 for
landraces and sample sizes of 23, 43 and 66 for modern varieties
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showed a higher level of admixed individuals than modern
varieties.

A significant correlation was observed between relatedness
within groups of samples and mean LD level, both for r2 and
D′ (Fig. 3; Pearson’s correlation00.901, p value<0.001 for r2

and Pearson’s correlation00.740, p value<0.05 for D′). The
lowest kinships and the lowest mean LDs were observed for
wild cherry, sweet cherries and landraces. The highest kin-
ships and the maximum mean LDs were observed for land-
races sub-group 1 and for modern varieties sub-group 1.

Pattern of LD along linkage groups

We evaluated the pattern of LD along the LGs by consider-
ing the significance of LD blocks as presented in Fig. 1a–i
and Supplementary Fig. 1a–i. Significant LD estimates were
scattered all over the loci. A comparison among markers at

less than 10 cM was possible for three LGs (LG1, LG2 and
LG6). Interestingly, among all cherry groups compared in
this study, we observed significant LD blocks over several
loci on LG2 both in groups of landraces and in groups of
modern varieties. However, they were absent in wild cherry.
In comparison, the significant LD blocks on LG6 (particu-
larly between the GSI locus and the AMPA121 SSR marker)
appeared to be common in all cherry groups, which may be
explained by the effect of natural selection at the gameto-
phytic self-incompatibility locus on LD extent.

The decay of LD

As expected, strong LD was observed in nearby closely
spaced markers, whereas lower levels of LD were found
between more distant markers (Tables 3 and 4). For in-
stance, in wild cherry, the estimation of r2 decreased from
0.070 to 0.014 for markers at short (up to 10 cM) to long
(>60 cM) range of genetic distance. LD decay with distance
(log10 transformed) was significant for all groups, except for
the landraces sub-group 1 and for the D′ estimate for the
modern varieties sub-group 2 (Tables 3 and 4).

Predicted values of r2 declined much more rapidly than
predicted values of D′ (Fig. 4a–i and Supplementary
Fig. 2a–i for r2 and D′, respectively). Predicted values of
r2 generally decayed rapidly to less than 0.1 within a range
inferior to 10 cM (Fig. 4a–i). There was, however, variation
among groups, since the predicted LD decay was less rapid
in sweet cherry groups, especially in modern varieties
(Fig. 4d), in the landraces sub-group 1 (Fig. 4e) and in the
modern varieties sub-group 1 (Fig. 4h).

Predicted values ofD′ declined more rapidly in wild cherry
than in all groups and sub-groups of sweet cherry (Supple-
mentary Fig. 2a–i). The extent of the predicted D′ was partic-
ularly important in modern varieties (Supplementary Fig. 2d)
and in sub-groups (Supplementary Fig. 2e–i), except in the
landraces sub-group 3 (Supplementary Fig. 2g).

Discussion

For cultivated species, it is generally observed that domes-
tication and breeding have strong impact on the level of
genetic diversity in populations. This statement was sup-
ported by our recent study, showing that breeding was
responsible for a non-negligible bottleneck observed with all
SSRmarkers in the sweet cherry modern varieties (Mariette et
al. 2010). In addition, domestication and breeding are
expected to influence the level of LD within a population. In
the present study, we assessed the level of LD using SSRs
markers and the self-incompatibility locus in wild and sweet
cherries (P. avium L.).
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Fig. 3 Effect of kinship estimated using Tassel software on the ob-
served mean of r2 and D′ estimated with all locus pairs

Table 5 Bootstrapped and observed relative r2 and D′ values in land-
races and modern varieties sub-groups

Sub-group/
group

Observed
(r2)

Bootstrapped
(r2)

Observed
(D′)

Bootstrapped
(D′)

44–142 1.26 2.63 1.07 1.49

34–142 2.35 3.14 1.58 1.62

28–142 3.57 3.29 1.61 1.70

43–66 1.38 1.18 1.07 1.16

23–66 1.34 1.60 1.34 1.44

For each sample size, the LD value measured in the smallest sample
size was divided by the LD value measured in the total group
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Comparison of LD estimators

LD estimated with unphased data and with phased data was
correlated among groups, and trends for LD significance were
similar. We decided on presenting our results obtained using
the r2 and D′ estimators based on reconstructed phase data.

The comparison between these two estimators revealed
that D′ was always higher than r2. This difference has
already been reported, for example, in maize (Remington
et al. 2001), in chicken (Heifetz et al. 2005) and in sheep
(Meadows et al. 2008). Rare alleles and unobserved haplo-
types are expected to inflate D′ but not r2 (Meadows et al.

a b c

d e f

g h i

Fig. 4 Plots of r2 against genetic distance between markers pairs.
Curves show non-linear fit of r2 on distance, following the equation
given in the “Materials and methods” section. Estimated parameters of
the model are provided on each figure. The dotted line indicates the
threshold at r200.1. a Wild cherry, b sweet cherry, c sweet cherry

landraces, d sweet cherry modern varieties, e sweet cherry landraces
sub-group 1, f sweet cherry landraces sub-group 2, g sweet cherry
landraces sub-group 3, h sweet cherry modern varieties sub-group 1, i
sweet cherry modern varieties sub-group 2
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2008). Despite this difference between D′ and r2, the two
estimators gave congruent conclusions when we analysed
the patterns of LD among cherry groups. Either one or the
other statistic could be thus used in the current study to
depict the patterns.

However, the predicted decay of r2 against genetic link-
age distance was more rapid than the predicted decay of D′.
Though, again, trends were quite congruent between the two
estimators (for example, a more rapid decay in wild cherry
than in sweet cherry groups), this discrepancy leads to
different conclusions concerning the absolute range of LD
decay (around 5–10 cM in wild cherry with r2 and around
60 cM with D′). Since D′ extents over larger linkage dis-
tances, it reduces the power to identify true association. In
the following sections of the “Discussion,” we thus pre-
ferred to use r2 for concluding about LD decay and its
consequences for association mapping in cherries.

What affects the patterns of LD among cherry groups?

The interplay of several factors influences the patterns of
observed LD within species (Flint-Garcia et al. 2003; Rafalski
and Morgante 2004). Generally, LD decays more rapidly in
outcrossing compared to selfing species because recombina-
tion may be less effective in selfing species (Nordborg and
Tavaré 2002). Not surprisingly, we detected a rapid decline of
LD in our cherry populations, especially in wild cherry, which
belong to a strictly self-incompatible species. Nevertheless,
the decline of LD in cherry seems to be relatively slow
compared to previous studies based on sequence data in self-
incompatible species. For example, LD decays to negligible
levels within 150–750 bp in wild tomatoes (Arunyawat et al.
2007) and within 0.2–1.5 kbp in maize (Remington et al.
2001; Tenaillon et al. 2001). Besides, the extent of LD we
observed in self-incompatible sweet cherry is comparable to
the extent of LD recently published in peach that is self-
compatible, 13–15 cM (Aranzana et al. 2010). However, the
decay of LD with distance in this study is comparable to LD
decay in SSR-based studies performed in both wild and cul-
tivated grapevine germplasm (Barnaud et al. 2010). On the
whole, direct comparisons of LD extent with other studies
should be questioned because of differences in LD measure-
ment parameters and/or molecular markers used in each study.
More interestingly, the comparison between wild and domes-
ticated material provide useful information for future associa-
tion studies.

Although the decay of LD was comparable among
groups, important LD differences were detected between
wild and sweet cherries. Domestication and breeding are
most likely one of the main factors that leads to a higher
significant LD detected in sweet cherry than in its wild
relative. Population bottleneck is likely a consequence of
domestication that may explain the LD extent in sweet

cherry, especially for modern varieties for which a bottle-
neck was indeed demonstrated (Mariette et al. 2010). A
significant effect of domestication on the LD extent has
been demonstrated in several crop plants due to bottlenecks
and genetic drift. For example, LD is more extensive in elite
barley cultivars and most likely due to domestication and
breeding (Caldwell et al. 2006). LD extended 12 times
further in cultivated grape compared to a wild population
(Barnaud et al. 2010). Cultivated sunflower exhibited some-
what greater LD extent than in wild sunflower (Liu and
Burke 2006), and a similar trend was found between culti-
vated and wild rice (Mather et al. 2007). Pattern of diversity
and LD in modern sunflower cultivars is another example
that has been shaped by domestication and breeding bottle-
necks (Kolkman et al. 2007). Interestingly, while estimating
the LD in Arabidopsis lyrata, authors reported that the
population bottleneck is a cause of LD extent in the region
linked to self-incompatibility (Kamau et al. 2007).

Nevertheless, our conclusion about the impact of domesti-
cation and breeding should be tempered by the fact that the
wild sample is of French origin only, whereas landraces and
modern varieties represent larger geographical origins. If we
had included material originating from the putative geograph-
ical basin of domestication (Caucasia) in this study, wild cherry
may show population structure that may result in higher levels
of LD (see therein our results on the impact of structure).

Using small sample sizes is expected to bias LD estima-
tions (Teare et al. 2002). In this study, LD estimators were
overestimated in small sample size groups (sub-groups of
landraces and modern varieties). Following a bootstrapping
approach, we showed that sample size alone may account
for differences of LD among groups and sub-groups. The
slower decrease of LD observed in sub-groups than in the
pooled data for both landraces and modern varieties may be
due, in part, to the small sample size that may reduce statistical
power. We, therefore, cannot ignore the effect of small sample
size that may influence the significance level of LD in the sub-
groups data. Small sample sizes in our study could also
explain why we observed similar extents of LD as in the
self-compatible peach sub-groups as stated before (Aranzana
et al. 2010), since the study in peach was performed in larger
samples (224 individuals in the whole sample and 39, 91 and
94 individuals in each sub-group).

Finally, as fully detailed in the two following paragraphs,
population structure, relatedness and selection also influ-
ence LD estimations in cherries.

Do population structure and relatedness play a role on LD
patterns of cherries?

Sweet cherries, particularly landraces, exhibit a complex
population structure, whereas wild cherry appear to be an
unstructured population, at least at the studied geographical
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level (Mariette et al. 2010). The presence of population
structure in sweet cherry is plausibly one of the factors to
explain the difference in LD significance between wild and
sweet cherries, especially for unlinked markers. Additionally,
the LD significance was obviously higher in sweet cherry,
which is a pool of landraces and modern varieties, in compar-
ison with the LD in unstructured wild cherry population.
Finally, clearly marked LD significance was detected in land-
races and in modern varieties, in comparison with the LD in
sub-groups. We thus postulate that complex population struc-
ture have a significant impact on the significance of LD in our
cherry material. Besides, intra-group relatedness could also
explain the differences we noticed. In particular, for two
groups (landrace sub-group 1 and modern sub-group 1),
higher relatedness may account for higher LD values. It is
worth noting that less rapid LD decay was also found in these
sub-groups.

In other species, there is considerable evidence that pop-
ulation structure has influence on the magnitude and pattern
of LD. For instance, the study of population structure at a
large scale in European Arabidopsis accessions showed the
existence of population structure among groups and in con-
sequence was suggested to be responsible for the level of
LD detected (Ostrowski et al. 2006). Furthermore, previous
studies reported that complex population structure may
shape patterns of genetic variation and also influence levels
of LD in plant species regardless of wild or cultivated
varieties, such as in maize, Populus, and barley (Remington
et al. 2001; Ingvarsson 2005; Comadran et al. 2009). Final-
ly, population structure and relatedness may also yield spu-
rious associations in association studies (Pritchard et al.
2000; Helgason et al. 2005).

Consequently, the general observed pattern of LD in
sweet cherry populations may be explained by genetic struc-
ture and intra-group relatedness.

Insights into cherry association studies: potential
applications on LD mapping

Similarly, in our study, the gametophytic self-incompatible
locus (S-locus) located on LG6 seems to be responsible for the
occurrence of a significant LD on this LG. Indeed, several
authors reported a similar selection scenario at the S-locus, for
example, in Arabidopsis and Brassicaceae species (Takebayashi
et al. 2003; Kamau and Charlesworth 2005; Edh et al. 2009).

The rate of LD decline influences the resolution of asso-
ciation analysis and inversely the density of DNA markers
needed for functional variation mapping (Nordborg et al.
2002; Rafalski and Morgante 2004; Mackay and Powell
2007; Slatkin 2008). High genotypic and phenotypic vari-
ability, as well as the rapid decay of LD in our unstructured
wild cherry population, provides a promising insight for
future association studies with the purpose of fine-scale
genotype–phenotype variation association. A high-density
marker genotyping may be required for the mapping of
genes of interest in wild cherry. Conversely, a significant
extent of LD in some sub-groups of sweet cherry, useful for
association analysis, may require fewer markers for QTL
mapping. However, the complex population structure
evidenced in sweet cherry, especially in landraces, might
cause difficulties when using LD to map phenotypic varia-
tion. The extent of LD in modern varieties, together with a
less pronounced effect of population structure, may make
association mapping possible in modern varieties with fewer
markers. Nevertheless, the number of markers we assayed is
relatively low, and our study did not cover all the LGs. Our
results need further investigation with more markers and/or
sequence data.

Conclusion

This study provides the first detailed understanding of the
magnitude and patterns of LD in cherry. Overall, the signif-
icance and extent of LD is greater in sweet cherry than in
wild cherry, which is most likely explained by the presence
of population structure in concert with the impact of bottle-
neck associated with domestication and breeding
programme in sweet cherry. Our data also demonstrated
the role of selection, either natural or artificial, on the
occurrence of LD blocks creation. Finally, LD decays rap-
idly with increasing genetic linkage distance in the analysed
cherries, particularly wild cherry, which seems promising
for future association studies aiming at mapping phenotypic
variation in cherry.
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The differences between LD extents in wild and sweet
cherries are of interest for LD mapping application, in
particular on LG2 where a significant LD extent was ob-
served in sweet cherry but not in wild cherry. One explana-
tion is the effect of selection on particular genes maintaining
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was previously detected on LG2 in other Prunus species, e.
g. in sour cherry (Wang et al. 2000) and peach (Quilot et al.
2005). One practical application would be the selection of
big fruits in Prunus species.
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