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Abstract Association mapping has been proposed as an

efficient approach to assist in the identification of the

molecular basis of agronomical traits in plants. For this

purpose, we analyzed the phenotypic and genetic diversity

of a large collection of tomato accessions including 44

heirloom and vintage cultivars (Solanum lycopersicum),

127 S. lycopersicum var. cerasiforme (cherry tomato) and

17 Solanum pimpinellifolium accessions. The accessions

were genotyped using a SNPlexTM assay of 192 SNPs,

among which 121 were informative for subsequent analy-

sis. Linkage disequilibrium (LD) of pairwise loci and

population structure were analyzed, and the association

analysis between SNP genotypes and ten fruit quality traits

was performed using a mixed linear model. High level of

LD was found in the collection at the whole genome level.

It was lower when considering only the 127 S. lycopersi-

cum var. cerasiforme accessions. Genetic structure analysis

showed that the population was structured into two main

groups, corresponding to cultivated and wild types and

many intermediates. The number of associations detected

per trait varied, according to the way the structure was

taken into account, with 0–41 associations detected per

trait in the whole collection and a maximum of four

associations in the S. lycopersicum var. cerasiforme

accessions. A total of 40 associations (30 %) were co-

localized with previously identified quantitative trait loci.

This study thus showed the potential and limits of using

association mapping in tomato populations.

Introduction

Genetic dissection of quantitative traits in plants is a major

goal for plant breeding. Quantitative trait loci (QTLs) were

first mapped in bi-parental populations using linkage

mapping approach (Paterson et al. 1991; Saliba-Colombani
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Unité Etude du Polymorphisme des Génomes Végétaux,
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et al. 2001; Wang et al. 2006; Szalma et al. 2007; Orsini

et al. 2012). This approach has several advantages: (1) no

population structure in the mapping population, (2) segre-

gating alleles are at balanced frequency, and (3) it allows

the detection of rare alleles and epistasis. However, the

linkage mapping approach has several limitations: (1)

restricted allelic variation in bi-parental mapping popula-

tion and (2) low precision due to limited recombination

within the population (Hall et al. 2010).

Nowadays, association mapping or linkage disequilib-

rium (LD) mapping is proposed as an alternative approach.

On one hand, association mapping has several advantages

over QTL mapping: (1) it is based on occurring variation

in collections of natural genetic resources, (2) it is more

precise because of the recombination events resulting from

many lineages, and (3) if LD is sufficiently low, it allows

the discovery of the gene controlling the trait of interest.

On the other hand, it has several limitations: (1) unbal-

anced allele frequency in the population, (2) it is not

efficient for the detection of rare alleles, and (3) it requires

large population sizes and an efficient control of the

population structure. Many plant association studies have

been published to date for several traits, such as flowering

time and pathogen resistance in Arabidopsis (Aranzana

et al. 2005), yield and its components in rice (Agrama

et al. 2007), leaf architecture in maize (Tian et al. 2011),

and iron deficiency chlorosis in soybean (Mamidi

et al. 2011). Association mapping approach requires the

knowledge of the genetic structure and the extent of LD of

the samples studied. Population structure can lead to false

positives and must be taken into account (Yu et al. 2006).

Several statistical methods have been developed to deal

with structured samples in order to control false associa-

tions (Pritchard et al. 2000; Price et al. 2006; Yu et al.

2006). The mixed linear model has been shown to be

efficient in maize (Yu et al. 2006) and Arabidopsis (Atwell

et al. 2010). LD is the non-random association between

alleles at several loci. The extent of LD over the genome

will influence association mapping strategy. If LD is high,

the resolution will be low, but fewer markers will be

required and a whole genome scan approach may be

performed. If LD is low the resolution will be higher as

the number of marker required and a candidate gene

analysis may be conducted (Rafalski 2002). LD is

expected to be higher in average in autogamous species

than in allogamous species, because the higher homozy-

gosity at a given locus leads to lower rate of efficient

recombination than in allogamous species (Flint-Garcia

et al. 2003). Nevertheless, a large range of variation in

the rate of recombination per Mb exists along the

chromosomes (Sim et al. 2012). Thus, the resolution of

association mapping in autogamous species is expected to

be lower than in allogamous species. Therefore, associa-

tion mapping was first used in allogamous species or

species with wide range of genetic diversity.

Tomato (Solanum lycopersicum, formerly Lycopersicon

esculentum) is a highly autogamous species. It was

domesticated from its wild relative Solanum pimpinellifo-

lium with the first domesticated form presumably repre-

sented by S. lycopersicum var. cerasiforme (i.e., the cherry

tomato, hereafter S. l. cerasiforme). Cultivated tomato

shows a low genetic diversity, but higher phenotypic

diversity compared to S. pimpinellifolium (Miller and

Tanksley 1990) due to intensive human selection. The

higher molecular diversity and the genetic admixture of

S. l. cerasiforme genome (being a mosaic of cultivated and

wild tomato genomes, Ranc et al. 2012) may be useful to

overcome the high LD in this autogamous species. Several

association studies have been carried out to dissect mor-

pho-physical and fruit traits in tomato. Mazzucato et al.

(2008) studied associations between 29 simple sequence

repeat (SSR) markers and 15 morpho-physiological traits in

50 tomato landraces. Nesbitt and Tanksley (2002) inves-

tigated associations between fruit size and genomic

sequence of the fw2.2 region which controls fruit weight

(Frary et al. 2000) in a collection of 39 cherry tomato

accessions. Unfortunately, they failed to find any associa-

tion, but they demonstrated that the genome of cherry

tomato accessions is a mosaic composed of polymorphisms

of S. pimpinellifolium and S. lycopersicum. Munos et al.

(2011) used association analysis to identify two single-

nucleotide polymorphisms (SNP) located in a small region

of chromosome 2 involved in the control of locule number

of tomato fruit.

In a previous pilot study focused on one chromosome

and 90 tomato accessions (Ranc et al. 2012), we showed

that association mapping was possible in tomato. In the

present work, we developed a SNPlexTM assay (De La

Vega et al. 2005; Tobler et al. 2005) of 192 SNPs selected

from re-sequencing experiments or from databases (Van

Deynze et al. 2007). A large germplasm collection

including cultivated, cherry type and wild accessions were

characterized for both genetic diversity using the

SNPlexTM assay, 20 SSR markers (Ranc et al. 2008) and

ten phenotypic traits. We first describe the phenotypic

diversity of the accessions, then the genetic structure of

the collection based on SSR and SNP markers and finally

the association mapping results. Associations are com-

pared to previously mapped QTL. Our work is the first

example of an association study carried out using a broad

sample of cultivated, cherry type and wild tomato

accessions.
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Materials and methods

Plant materials

Tomato accessions were selected from a germplasm col-

lection maintained and characterized at INRA Avignon

(France) to maximize both genetic and phenotypic diversity.

The sample consisted of 127 cherry type tomato accessions,

44 large fruited accessions (S. lycopersicum var. esculen-

tum, hereafter named S. lycopersicum) and 17 S. pimpinel-

lifolium accessions (Supplemental Table S1). Accessions

were obtained from the Tomato Genetics Resource Center

(Davis, USA), the Centre for Genetic Resources (Wagen-

ingen, The Netherlands), the North Central Regional Plant

Introduction Station (Ames, Iowa, USA) and from the N.I.

Vavilov Research Institute of Plant Industry (St Petersburg,

Russia). Genomic DNA of the 188 accessions was isolated

from 50 to 100 mg young leaves. After freeze-drying, the

leaf material was ground and DNA extraction was per-

formed using the DNeasy 96 plants Mini Kit (Qiagen,

Valencia, USA) according to the manufacturer’s protocol.

SNPlexTM assay design

Allele-specific probes and optimized multiplexed assays

using SNPs of interest were designed by an automated

multi-step pipeline (Applied Biosystems, Foster city,

USA). The ABI probe design prevents self-complemen-

tarity and dimerization, and annealing efficiencies are

optimized for ligation. Furthermore, the optimal combi-

nation of SNPs to produce the highest yield per multiplex

reaction is determined (De La Vega et al. 2005; Tobler

et al. 2005). Four SNPlex each carrying 48 SNPs were

developed. Among the 192 SNPs used in the SNPlexTM

assay, 131 SNPs were chosen from Sanger resequencing

experiments of candidate genes mostly located on chro-

mosome 2 (69 SNPs), 4 (22 SNPs) and 9 (30 SNPs) (Ranc

et al. 2012). The remaining 61 SNPs were chosen from

published information for covering the whole genome (Van

Deynze et al. 2007). Supplemental Table S2 presents the

characteristics of all the SNPs analyzed.

Genotyping was carried out on fragmented gDNA at a

final concentration ranging from 45 to 225 ng and a final

volume of 12.5 ll arrayed into 384-well plates according to

the manufacturer’s instructions. In each plate, six negative

controls (water) and 18 positive controls (mixed DNA of

known genotypes) were included. The allelic discrimina-

tion was detected using GeneMapper� Analysis Software

v3.7 (Applied Biosystems Foster City, CA, USA) based on

the SNPlex_Rules_3730 method. SNP markers with mini-

mum allele frequencies (MAF) lower than 10 % and more

than 10 % missing data were discarded from statistical

analysis, which were thus performed on 121 markers.

Linkage disequilibrium analysis

The LD extent was calculated on two sets of genotypes, the

whole collection and the subset of accessions of S. l.

cerasiforme. GGT 2.0 (van Berloo et al. 2008) software

was used to calculate the squared correlation coefficients r2

(Zhao et al. 2005) between 121 markers throughout the

genome. The decay of LD over genetic distance was

investigated by plotting pair-wise r2 values against the

distances at the whole genome level and on chromosome 2

(covered by the largest number of SNPs) for all accessions,

then for S. l. cerasiforme accessions separately.

Inference of population structure

Structure v2.1 program (Pritchard et al. 2000) was used to

estimate the number of sub-populations in the complete set

of accessions using admixture model for the ancestry of

individuals and correlated allele frequencies. Population

structure was modeled with a burning of 2.5 9 105 cycles

followed by 106 Markov Chain Monte Carlo (MCMC)

repeats. Evanno transformation method was then used to

infer the most likely number of populations (K) (Evanno

et al. 2005). Structure analysis was obtained on two sets of

markers: 121 informative SNPs selected from SNPlexTM

assay and compared to the structure obtained with 20 SSR

markers (Ranc et al. 2008). Distruc1.1 program (Rosenberg

2004) was used to display the graphics of population

structure. The kinship matrix was generated by SPAGeDi

(Hardy and Vekemans 2002) software based on the two set

of markers: 121 informative SNPs and 20 SSR markers.

Diagonal of the matrix was set to two and negative values

were set to zero, according to Yu et al. (2006).

Phenotyping

All tomato accessions (4 plants per accession) were grown

in a plastic greenhouse in Avignon (south of France) during

summers 2007 and 2008. Three harvests of ten ripe fruits

per accession were used as repeats in the phenotypic

analysis. Ten fruits were evaluated for fruit weight (FW),

firmness (FIR), soluble solids content (SSC), sugar content

(SUG), locule number (LCN), pH, titratable acidity (TA),

and color components: lightness (L), color on red to green

(a*) and on yellow to blue (b*) scales with a Konica

Minolta CR-300 chromameter. All measurements were

performed as described in Saliba-Colombani et al. (2001).

Statistical analysis

The heritabilities were estimated on the collection

of homozygous lines. Heritabilities h2 were calculated as
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h2 ¼ r2
g=ðr2

g þ r2
gy þ r2

eÞ with r
2

g, r2
gy and r2

e the genetic,

genetic by environment interaction and residual variance,

respectively. r
2

g, r2
gy and r2

e were estimated by (MSc-

MScy)/ry, (MScy-MSe)/r and MSe, respectively. MSc

represents the accessions mean square, MScy represents

the mean square of genotype by year interaction, MSe the

residual mean square. r and y represents the number of

replicates and the number of years. Associations were

tested using the adjusted means of accessions calculated by

general linear model. The Pearson correlation coefficients

were calculated for all pairs of variables. Analyses were

carried out with the R program (R Development Core

Team 2005).

Association mapping

The association analyses were performed on the whole

collection of 188 accessions and on 127 S. l. cerasiforme

accessions by performing mixed linear model (MLM,

K ? Q model) as described by Yu et al. (2006) and

implemented in Tassel 2.1 software (Bradbury et al. 2007).

Two MLM models were used, with structure and kinship

based on 20 SSR marker (Model A), and on 121 SNP

markers (Model B). p values were corrected following the

standard Bonferroni procedure. Significant associations

were detected with corrected p value lower than 0.005 (an

arbitrary choice of threshold due to the poor correction of

the structure) for Model A, and 0.05 for Model B. After

obtaining the significant markers, a general linear model

with all fixed-effect terms was used to estimate R2, the

amount of phenotypic variation explained by each marker.

The Pearson correlation coefficients were calculated

between Q1 value (the probability that an individual

belongs to the first subpopulation defined by 20 SSR

markers and 121 SNPs) and each phenotypic trait.

Surrounding sequences of the 121 SNPs used in asso-

ciation analysis were blasted against Tomato whole gen-

ome sequence Chromosomes (SL2.40) database and

International Tomato Annotation Group (ITAG) release 2.3

database (http://www.solgenomics.net) in order to map

them on the physical map and get the annotation of sur-

rounding genes. Physical map locations of the 121 SNPs

were converted to genetic map on the tomato EXPEN 2000

map (http://www.solgenomics.net) based on the closest

mapped markers and on the assumption of a local linear

relationship between physical and genetic distance.

Markers which have been previously mapped in QTL

studies (Goldman et al. 1995; Grandillo and Tanksley

1996; Saliba-Colombani et al. 2001) were also aligned

using BLAST on the genome sequence or directly mapped

on the EXPEN 2000 map to get their corresponding genetic

position. SNPs significantly associated with a trait were

considered as co-localizing with previous QTLs, if they

were located in a window of 20 cM surrounding the QTLs.

Genetic map with associations and previously identified

QTLs were plotted using MapChart v2.1 software

(Voorrips 2002).

Results

Phenotypic variation and correlations

of fruit quality traits

All the traits showed a large range of phenotypic variation

in the whole collection, and within the three groups com-

posed of 44 S. lycopersicum, 127 S. l. cerasiforme, and 17

S. pimpinellifolium (Table 1). Heritabilities were high

(ranging from 0.57 to 0.85) in the whole collection with

lower values for L, a*, LCN and pH in the S. pimpinel-

lifolium group which exhibited a lower genetic variability.

Phenotypic correlations among the fruit quality traits in the

whole collection and within groups are detailed in Sup-

plemental Table S3. Color components L, a* and b* were

highly correlated with each other, and moderately corre-

lated with the other traits in the whole collection, and in the

S. l. cerasiforme and S. pimpinellifolium groups. However,

a* was not significantly correlated with b* in the S. lyco-

persicum group. Few significant correlations were observed

between FIR and the nine other traits in the whole

collection and in the S. l. cerasiforme group. Correlations

were higher between FIR and the nine other traits in

S. lycopersicum and S. pimpinellifolium groups than in the

S. l. cerasiforme group. FW was strongly positively cor-

related with LCN, and negatively correlated with SSC and

TA in the whole collection and in each group. It was also

negatively correlated with SUG in the whole collection and

in the S. l. cerasiforme and S. lycopersicum groups. SSC

and SUG were highly significantly correlated with each

other in all the groups. pH was negatively correlated with

TA in the whole collection and in the three groups. It was

significantly correlated with SUG in S. l. cerasiforme and

S. pimpinellifolium group.

Molecular polymorphism

The 188 accessions were genotyped with 192 SNPs,

combined in four 48-plex panels, among which 139 SNPs

(73 %) were successfully scored. Three SNPs with more

than 10 % missing data and 15 SNPs with MAF lower than

10 % were removed from further analysis. Finally, 121

informative SNPs were used for polymorphism and asso-

ciation analysis. The results were very similar among the

four SNPlexTM panels (Supplemental Table S4). The dis-

tributions of the MAF were different among the three

570 Theor Appl Genet (2013) 126:567–581
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groups of accessions (Fig. 1). The average MAF was 0.26,

0.18 and 0.12 for S. pimpinellifolium, S. l. cerasiforme and

S. lycopersicum, respectively.

LD decay was analyzed separately for all markers and

for the 50 markers on chromosome 2 (carrying the largest

number of markers) for the 188 accessions and for 127 S. l.

cerasiforme accessions. Pairwise r2 was plotted according

to genetic distance between loci and non-linear regression

fitted the decay of LD over genetic distance. LD on the

whole genome for all accessions extended on average over

18 cM for r2 = 0.3 (Fig. 2a), with the same pattern, if only

50 markers of chromosome 2 were analyzed (Fig. 2b).

The S. l. cerasiforme accessions had lower LD (reaching

r2 = 0.3 for 10 cM) as illustrated for chromosome 2

(Fig. 2c). The LD plot for S. l. cerasiforme accessions on

the whole genome level showed the same pattern, with a

few loci in strong LD with several markers responsible for

high LD values.

Population structure

The structure of a collection of 360 accessions, including

the 188 accessions studied here, was assessed with 20 SSR

markers spread over the genome by Ranc et al. (2008).

Four groups were detected, but the subset of 188 accessions

studied here revealed two main groups, a cultivated and a

wild group and many intermediate types (Fig. 3a). The

genetic structure of the 188 accessions assessed with the

121 SNP markers revealed the same pattern with two

groups (Fig. 3b). A similar genetic structure was obtained

when combining SNPs and SSR markers (data not shown).

The Q1 values of each accession (corresponding to the

probability to belong to the ‘‘cultivated’’ group) estimated

by the two types of markers were correlated (r2 = 0.63),

but several accessions were clustered in different groups.

We thus compared both structure patterns in the mixed

linear models to detect associations. L, FIR, FW, SSC and

SUG strongly participated to the structure as shown by the

highly significant correlations between these traits and the

probability to belong to the cultivated group, with r values

ranging from 0.30 to 0.59 (Table 2).

Table 1 Phenotypic variation of fruit quality traits in the whole collection (all), S. lycopersicum (lyco), S. l. cerasiforme (cera) and S.
pimpinellifolium (pimp) group, respectively

Trait Phenotypic variation Heritability

All (Na = 188)

mean ± SD

lyco (Na = 44)

mean ± SD

cera (Na = 127)

mean ± SD

pimp (Na = 17)

mean ± SD

All

(Na = 188)

lyco

(Na = 44)

cera

(Na = 127)

pimp

(Na = 17)

a* 15.47 ± 4.98*** 18.51 ± 4.64*** 14.32 ± 4.90*** 16.16 ± 2.63*** 0.81 0.77 0.82 0.54

b* 13.72 ± 5.47*** 14.81 ± 4.47*** 13.75 ± 5.88*** 10.69 ± 3.33*** 0.76 0.69 0.79 0.66

L 42.67 ± 3.4*** 43.35 ± 2.28*** 42.94 ± 3.58*** 38.94 ± 2.06*** 0.61 0.47 0.61 0.36

FIR 53.22 ± 7.43*** 52.90 ± 8.58*** 52.12 ± 6.30*** 62.21 ± 6.10*** 0.72 0.73 0.66 0.75

FW 33.03 ± 46.56*** 96.29 ± 61.80*** 15.19 ± 8.40*** 2.65 ± 1.03*** 0.83 0.75 0.86 0.87

LCN 3.22 ± 2.24*** 5.19 ± 3.87*** 2.69 ± 0.71*** 2.09 ± 0.11*** 0.85 0.81 0.78 0.34

pH 4.08 ± 0.13*** 4.11 ± 0.12*** 4.08 ± 0.12*** 4.06 ± 0.15*** 0.57 0.58 0.68 0.26

SSC 7.38 ± 1.34*** 6.37 ± 0.84*** 7.42 ± 1.09*** 9.69 ± 1.18*** 0.73 0.62 0.62 0.58

SUG 4.02 ± 1.54*** 2.99 ± 0.92** 4.04 ± 1.22*** 6.49 ± 2.12* 0.63 0.55 0.55 0.56

TA 11.10 ± 2.50*** 9.44 ± 2.05*** 11.30 ± 2.23*** 13.84 ± 2.59*** 0.75 0.73 0.70 0.73

Traits are described by mean, standard deviation (SD), significant level in group and heritability

a*, b*, L, color; FIR firmness, FW fruit weight, LCN locule number, pH pH, SSC soluble solids content, SUG sugar content, TA titratable acidity

* p \ 0.05

** p \ 0.01

*** p \ 0.001
a Number of accessions
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Fig. 1 Distribution of minimum allele frequencies (MAF) of the 121

SNPs in the three tomato groups [S. l. cerasiforme (N = 127)

represented in black, S. lycopersicum (N = 44) in light gray and S.
pimpinellifolium (N = 17) in dark gray]. Polymorphisms with MAF

lower than 0.10 in the whole collection were previously discarded
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Association mapping

Associations between polymorphisms and fruit quality

traits were determined by taking into account structure and

kinship in a K ? Q mixed linear model (MLM) model first

on the whole collection (Table 2; Supplemental Table S5;

Fig. 4; Supplemental Fig. S1). The comparison of the

probabilities obtained with either a simple linear model or

K ? Q model with Q based on SSR markers (Model A) or

SNP markers (Model B) showed that Model A was inter-

mediate between the simple linear model and Model B for

a*, b*, FIR and TA, and was similar to the simple linear

model for L, FW, LCN, and SSC. The three models pro-

vided very close results for pH (Fig. 5; Supplemental

Fig. S2). Model B thus corrected better for the structure

than the other models and revealed much less significant

associations. To reduce the false positive associations, we

thus described the associations with Model A using a

threshold of the corrected p value of 0.005, while we used a

threshold of 0.05 for Model B. For Model A, 132 signifi-

cant associations were detected for six traits (L, FIR, FW,

LCN, SSC and SUG), with a maximum of 41 (for SUG)

and a minimum of 7 (for L) associations per trait. No

association was detected for a*, b*, pH and TA. A total of

74 SNPs spread on almost all chromosomes except chro-

mosome 7 and 8 were involved in at least one association.

The percentage of phenotypic variation explained by the

SNPs ranged from 4 to 24 %. For Model B, ten associa-

tions were significant for seven traits. Six associations were

significant with both models. They concerned FIR on

chromosome 4, FW, LCN and SSC on chromosome 2 and

SUG on chromosome 10. In order to compare the associ-

ations with QTL previously mapped, markers showing

significant association and linked in less than 10 cM were

grouped together. Thus, 31 groups of association (with

1–27 associations) were defined (Table 2; Supplemental

Table S5; Fig. 4; Supplemental Fig. S1).

For L, six groups of association (involving seven SNPs)

were identified with Model A on chromosomes 2 (two

SNPs), 4 (two SNPs) and 9 (three SNPs). The two most

significantly associated markers TD160-458 in group 4.2

on chromosome 4 and Z1475-87 in group 9.2 on chromo-

some 9 explained 11 and 10 % of the phenotypic variation,

respectively. No significant association was detected using

Model B. For a*, a single association was detected with

Model B on chromosome 2 with TD083-685.

For FIR, 16 groups of association (involving 30 SNPs)

were detected using Model A on chromosomes 1, 2 (four

SNPs), 3 (three SNPs), 4 (six SNPs), 5 (six SNPs), 6, 9, 10,

11 (six SNPs) and 12. The two most significant associa-

tions involved markers TD212-247 in group 4.4 on chro-

mosome 4 and CON176-455 in group 10.1, responsible for

0 20 40 60 80 100 120 140
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0.2

0.4

0.6

0.8

1.0
r2

Genetic distance between loci (cM)

a
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Genetic distance between loci (cM)

b

0 20 40 60 80 100 120 140
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0.8
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r2

Genetic distance between loci (cM)

c

Fig. 2 Decay of linkage disequilibrium (r2) over genetic distances

a on all chromosomes for all accessions, b on chromosome 2 (50

markers) for all accessions, c on chromosome 2 for S. l. cerasiforme
accessions. Each plot of r2 over genetic distance is fitted by non-linear

regression (black curve). Genetic distance corresponding to r2 = 0.3

is indicated

S. lycopersicum S. l. cerasiforme S. pimpinellifolium

S. lycopersicum S. l. cerasiforme S. pimpinellifolium

a

b

Fig. 3 Comparison of population structure generated from the

genotypes with two different types of markers a 20 SSR markers,

b 121 SNP markers. Accessions are in the same order for the two

types of markers
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Table 2 Significant associations for color (a*), color (L), firmness (FIR), fruit weight (FW), locule number (LCN), soluble solid content (SSC),

sugar content (SUG) and titratable acidity (TA) estimated with K ? Q models on 188 accessions

Trait

(correlation with Q1a)

SNP groupb Chromosome Locus Locationc Model A Model B

Corrected p valued R2e MAF Corrected

p valued

a* (0.02–0.11) 2.5 2 TD083-685 133.1 0.042 ns 0.09 0.47 0.011

L (0.29–0.43) 2.2 2 TD049-528 72.4 0.003 0.09 0.36 ns

2.4 2 Z2117-98 120.5 0.002 0.09 0.22 ns

4.1 4 TD200-317 6.6 0.004 0.09 0.19 ns

4.2 4 TD160-458 27.7 4.53 9 10-04 0.11 0.31 ns

9.2 9 Z1475-87 51.0 6.47 9 10-04 0.10 0.17 ns

9.4 9 TD168-241 99.5 7.78 9 10-04 0.09 0.13 ns

FIR (0.3–0.49) 1.1 1 CON203-643 44.7 1.86 9 10-04 0.11 0.22 ns

2.1 2 TD091-657 49.5 0.002 0.07 0.22 ns

2.4 2 TD113-132 121.6 9.74 9 10-06 0.14 0.14 ns

3.2 3 CON174-206 102.3 8.59 9 10-06 0.13 0.21 ns

4.3 4 Z1703-106 65.5 1.51 9 10-07 0.17 0.12 0.194 ns

4.4 4 TD212-247 82.2 3.27 9 10-11 0.24 0.17 0.011

4.5 4 CON219-313 122.0 2.20 9 10-06 0.15 0.22 ns

4.5 4 CON105-290 131.7 0.001 0.10 0.12 ns

5.1 5 CON173-501 68.3 1.16 9 10-07 0.16 0.23 ns

5.2 5 CON222-388 75.8 2.72 9 10-04 0.11 0.19 ns

6.1 6 TD025-87 20.8 0.002 0.09 0.12 ns

9.2 9 TD167-449 59.8 6.84 9 10-04 0.10 0.16 ns

10.1 10 CON176-455 59.0 1.01 9 10-07 0.17 0.12 0.117 ns

11.1 11 TD247-57 6.4 3.10 9 10-05 0.13 0.15 ns

11.2 11 TD251-230 35.4 6.66 9 10-05 0.12 0.12 ns

11.3 11 CON141-576 54.8 7.38 9 10-07 0.16 0.18 ns

11.4 11 CON50-294 62.3 9.55 9 10-07 0.16 0.13 ns

12.2 12 TD156-314 93.7 0.004 0.08 0.12 ns

Log (FW) (0.47–0.53) 1.2 1 TD011-260 97.3 2.68 9 10-04 0.08 0.13 ns

2.3 2 TD133-395 83.8 7.30 9 10-06 0.12 0.34 ns

2.4 2 TD116-707 122.2 7.38 9 10-08 0.16 0.34 0.007

2.5 2 TD083-685 133.1 2.42 9 10-04 0.12 0.47 0.157 ns

3.1 3 CON57-121 63.5 0.003 0.07 0.13 ns

3.3 3 TD152-159 167.1 0.002 0.09 0.17 ns

4.1 4 TD200-317 6.6 0.001 0.08 0.19 ns

4.3 4 CON300-472 68.6 1.000 ns 0.01 0.47 0.045

4.4 4 CON130-112 91.8 9.21 9 10-04 0.10 0.23 0.077 ns

6.1 6 TD025-87 20.8 0.001 0.08 0.12 ns

9.1 9 Z1707-100 38.0 0.003 0.08 0.17 ns

9.2 9 Z1475-87 51.0 1.08 9 10-04 0.11 0.17 ns

9.3 9 Z2305-99 69.4 1.55 9 10-05 0.11 0.22 ns

9.4 9 TD243-38 114.4 2.32 9 10-06 0.13 0.31 0.206 ns

10.1 10 CON369-191 52.6 9.34 9 10-04 0.09 0.34 ns

12.3 12 TD008-95 112.5 5.77 9 10-05 0.09 0.19 ns

Log (LCN) (0.24–0.30) 2.2 2 TD049-528 72.4 1.54 9 10-04 0.09 0.36 ns

2.3 2 TD133-395 83.8 9.27 9 10-05 0.14 0.34 0.045

SSC (0.41–0.47) 1.2 1 TD011-260 97.3 0.003 0.06 0.13 ns

1.3 1 Z2300-99 140.6 9.56 9 10-04 0.10 0.12 ns

2.3 2 TD280-108 88.6 8.94 9 10-05 0.13 0.43 0.023

2.4 2 TD116-707 122.2 0.001 0.09 0.34 ns
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24 and 17 % of the phenotypic variation, respectively.

The association with TD212-247 was also significant with

Model B.

For FW, 15 groups of association (involving 23 SNPs)

were detected with Model A on chromosomes 1, 2 (eight

SNPs), 3 (two SNPs), 4 (two SNPs), 9 (six SNPs), 10

(two SNPs) and 12. Marker TD116-707 in group 2.4 and

marker TD243-38 in group 9.4 showed the most significant

associations and explained 16 and 13 % of the FW varia-

tion. Using Model B, TD116-707 and CON300-472

showed significant associations, on chromosomes 2 and 4,

respectively.

Table 2 continued

Trait

(correlation with Q1a)

SNP groupb Chromosome Locus Locationc Model A Model B

Corrected p valued R2e MAF Corrected

p valued

SSC (0.41–0.47) 2.5 2 TD178-104 138.4 0.020 ns 0.12 0.11 0.037

3.1 3 CON57-121 63.5 0.001 0.08 0.13 ns

4.1 4 TD200-317 6.6 1.80 9 10-05 0.12 0.19 ns

6.1 6 TD025-87 20.8 1.71 9 10-04 0.11 0.12 ns

9.1 9 Z1707-100 38.0 3.54 9 10-07 0.16 0.17 ns

9.2 9 Z1475-87 51.0 0.003 0.07 0.17 ns

9.3 9 TD237-253 70.0 0.003 0.07 0.14 ns

9.4 9 TD168-241 99.5 1.02 9 10-04 0.12 0.13 ns

10.1 10 CON369-191 52.6 0.003 0.08 0.34 ns

11.3 11 TD255-218 56.9 2.09 9 10-06 0.05 0.13 ns

11.4 11 CON50-294 62.3 0.001 0.07 0.13 ns

12.1 12 Z2302-103 21.0 0.004 0.08 0.15 ns

SUG (0.39–0.52) 1.3 1 Z2300-99 140.6 1.06 9 10-05 0.14 0.12 ns

2.1 2 TD091-657 49.5 0.004 0.07 0.22 ns

2.2 2 TD139-547 72.2 1.37 9 10-04 0.08 0.20 ns

2.3 2 TD133-395 83.8 7.66 9 10-07 0.15 0.34 0.194 ns

2.4 2 TD114-259 121.7 6.72 9 10-04 0.09 0.14 ns

2.5 2 TD178-104 138.4 1.34 9 10-06 0.14 0.11 0.206 ns

3.1 3 CON57-121 63.5 0.001 0.08 0.13 ns

4.1 4 TD200-317 6.6 2.15 9 10-06 0.14 0.19 ns

4.5 4 CON105-290 131.7 5.55 9 10-04 0.08 0.12 ns

6.1 6 TD025-87 20.8 1.94 9 10-04 0.11 0.12 ns

9.1 9 Z1707-100 38.0 3.68 9 10-05 0.12 0.17 ns

9.2 9 Z1475-87 51.0 5.37 9 10-04 0.09 0.17 ns

9.4 9 TD168-241 99.5 3.57 9 10-04 0.11 0.13 ns

10.1 10 CON369-191 52.6 6.59 9 10-04 0.10 0.34 0.011

11.3 11 TD255-218 56.9 4.42 9 10-04 0.07 0.13 ns

11.4 11 CON50-294 62.3 1.23 9 10-04 0.09 0.13 ns

12.1 12 Z2302-103 21.0 3.81 9 10-04 0.11 0.15 ns

TA (0.26–0.22) 2.3 2 TD275-101 88.5 0.110 ns 0.04 0.13 0.048

4.3 4 Z1370-98 66.8 ns 0.08 0.14 0.003

Model A: MLM model, with structure and kinship based on 20 SSR (p values lower than 0.005 are shown with indication on allele effect), Model B: MLM

model with structure and kinship based on 121 SNP (p value lower than 0.05 are shown). Only the most significant association from each group is shown.

See Supplemental Table S5 for detail

MAF minimum allele frequencies
a Q1 is the probability that an individual belongs to the ‘‘cultivated’’ subpopulation generated from STRUCTURE2.1 software (Pritchard et al. 2000).

Correlations with the Q value defined by 20 SSR markers and 121 SNPs
b Associated SNPs in less than 10 cM on each chromosome were grouped together. SNP which is 10 cM apart from the other SNPs was assigned as an

independent group. Groups are detailed in Supplemental Table S5
c Genetic distance of the marker on EXPEN2000 reference map (http://www.solgenomics.net)
d p values were corrected following the standard Bonferroni procedure; ns non-significant
e R2 were calculated using a Q model
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For LCN, two groups of association (involving two

SNPs) were identified on chromosome 2. The two associ-

ations involved marker TD133-395 in group 2.3 (also

significant with Model B) and TD049-528 in group 2.2,

explained 14 and 9 % of the phenotypic variation.

For SSC, 16 groups of association (involving 28 SNPs)

were detected with Model A on chromosomes 1 (two

SNPs), 2 (ten SNPs), 3, 4, 9 (eight SNPs), 10 (two SNPs),

11 (two SNPs) and 12. The most significant associations

involved markers Z1707-100 in group 9.1 and TD255-218

in group 11.3, explained 16 and 5 % of the soluble solid

variation. Two associations on chromosome 2 were sig-

nificant with Model B.

For SUG, 17 groups of association were identified on

chromosomes 1, 2 (22 SNPs), 3, 4 (three SNPs), 6, 9 (eight

SNPs), 10 (two SNPs), 11 (two SNPs) and 12 with Model

A. The strongest association involved marker TD133-395

in group 2.3 and TD178-104 in group 2.5 on chromosome

2, which explained 15 and 14 % of the sugar content

variation. The only significant association with Model B

involved CON369-191 on chromosome 10.

We then performed association analysis using Model A

and B on the subset of 127 S. l. cerasiforme accessions

(Table 3; Fig. 4; Supplemental Fig. S1). Population struc-

ture accounted for much less variation of all the traits, with

the highest correlation between Q values and FIR

(Table 3). The comparison of the probabilities associated

to the tests using simple linear model, Model A and Model

B showed that Model A was still intermediate between

simple linear model and Model B for L, FW, FIR and was

similar to the simple linear model for LCN. The three

models were very close for a*, b*, SUG, SSC, pH and TA

(Fig. 5; Supplemental Fig. S3). For Model A, ten signifi-

cant associations were found for FIR, FW, LCN and SSC.

Population structure accounted for 25, 11, 13 and 2 % of

the phenotypic variation for these traits, respectively. Eight

significant associations were common with associations

found with 188 accessions. Two new associations were

0.0

TD091-65749.5

TD090-35768.8
Z1979-3770.3
TD139-54772.2
TD049-52872.4
TD048-45TD122- 31283.6
TD120-221TD088- 20483.7
TD133-39583.8
TD373-14084.4
GC240z280-9386.6
TD107-16887.6
TD274-10087.9
TD275-10188.5
TD280-10888.6
TD055-46988.9
TD276-6789.0

TD056-134117.7
TD348-101118.0
Z2117-98120.5
TD113-132121.6
TD114-259121.7
TD116-707122.2

TD083-246133.1

TD178-104138.4
TD179-318140.6

fir/W

sug/W

sug/W

L/W

lcn/W

sug/W

ssc/W

fw
/W

lcn/W

fw
/W

L/W

sug/W

ssc/W

fw
/W

sug/W

2

2.1

fw2.2/CR

lcn2.1/CR

ssc2.2/CR

suc2.1/CR

suc2.2/CR

fw/CE

fw2.2/PM

fir/C

fw
/C

lcn/C
lcn/C

fw/CE

fir/C

ta/W

a/W
ssc/W

ssc/W

ssc/C

2.2

2.3

2.4

2.5

TD200-3176.6

TD160-45827.7

CON126-48455.5
CON132-149756.8
TD208-7961.6
Z1703-10665.5
Z1370-9866.8
CON300-47268.6

TD212-24782.2

CON130-11291.8

CON219-313122.0

CON105-290131.7
TD222-326132.7

L/W
L/W

fw
/W

fir/W
fir/W

fw
/W

fir/w sug/w

4

0.0

fir4.1/CR

ssc/C

ta/W fw
/W

4.1

4.2

4.3

4.4

4.5

Z1707-10038.0
TD231-54939.1
Z2075-10042.0
Z2076-10142.6
TD165-29144.3
Z1720-64 Z1964-10646.6
Z1723-9146.9
TD229-56349.2
Z1475-8751.0
Z1717-9854.0
TD058-57TD167- 44959.8
Z2303-10661.2

Z2305-9969.4
TD237-25370.0

TD168-24199.5

TD243-38114.4

fw
/W ssc/W

sug/W

L/W

fw
/W

ssc/W sug/W fir/W

fw
/W

ssc/W

L/W

fw
/W

ssc/W

9

0.0

ssc9.1/CR

fw/CE
ssc/CE
ssc/PM

fw
/C

ssc/C
a/C

fw
/C

L/C

fw
/C

9.1

9.2

9.3

9.4

Fig. 4 Comparison of associations and QTLs identified by linkage

mapping on chromosomes 2, 4 and 9. SNPs were mapped on tomato

EXPEN 2000 reference map (http://www.solgenomics.net). Associa-

tions detected in the 188 accessions (W) and in 127 S. l. cerasiforme
accessions (C) are indicated to the right of the chromosomes. Asso-

ciations were estimated with K ? Q model, Model A with structure

and kinship based on 20 SSR marker, Model B with structure and

kinship based on 121 SNP (common font associations detected with

Model A, in italic associations detected with Model B, in bold
associations detected with both models). Horizontal line correspond

to the genetic location of associated marker, associations are linked

together by a vertical line when linked markers in less than 10 cM are

associated to the same trait. Associated SNPs in less than 10 cM on

each chromosome were grouped together. SNP which is 10 cM apart

from the others were assigned as independent groups. Groups are

named as consecutive number according to their genetic location on

each chromosome. Traits are FIR firmness, FW fruit weight, SSC
soluble solids content, SUG total sugar content, LCN locule number,

a*, L color, TA titratable acidity. Only SNPs significantly associated

with one trait are represented on chromosome 2, where markers are

too dense. QTLs identified by linkage mapping in the populations

from crosses of S. lycopersicum 9 S. l. cerasiforme (Saliba-Colom-

bani et al. 2001), S. lycopersicum 9 S. pimpinellifolium (Grandillo

and Tanksley 1996) and S. lycopersicum 9 S. l. cheesmanii (Gold-

man et al. 1995) are shown to the left of the chromosomes

(CR = QTL from S. l. cerasiforme, CE = QTL from S. l. cheesmanii,
PM = QTL from S. pimpinellifolium). Only QTL co-localizing with

an association are shown
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observed between marker Z1117-98 and FW, TD032-112

and SSC, responsible for 18 and 17 % variation, respec-

tively. No significant associations were found for a*, b*

and L, pH and TA. With Model B, 18 significant associa-

tions were detected for seven traits. Three associations

were common with associations found in 188 accessions.

Five associations were detected with both models, for FIR

and for LCN on chromosome 2, for FW on chromosome 2

and 9 and for SSC on chromosome 5. Only two associa-

tions were common to the two models and the two samples,

one for FW with TD116-707 and one for LCN with

TD133-395.

Discussion

We herein present the phenotypic and genetic diversity of a

large collection of tomato accessions representing wild

relatives, intermediate and cultivated types characterized

using a SNPlexTM genotyping assay. The percentage of

SNPs successfully scored (73 %) is consistent with the

success rate reported by Pindo et al. (2008) and Berard

et al. (2009). The results suggest that this assay is reliable,

flexible and cost-effective for medium-throughput SNP

detection. This pioneering technology opened the way to

new technologies more flexible or with higher throughput

like the one proposed by Fluidigm (Moonsamy et al. 2011)

or Illumina GoldenGateTM. Although SNPlexTM assay is

no more used, the SNPs used in this assay may be adapted

to other genotyping platforms to be used by tomato

breeders.

A source of phenotypic variability

The sample consisted of 127 cherry type tomato accessions

S. l. cerasiforme, 44 S. lycopersicum large fruited acces-

sions and 17 S. pimpinellifolium accessions. The genome

structure of S. l. cerasiforme accessions was previously

described as a mosaic of S. lycopersicum and S. pimpi-

nellifolium genomes (Ranc et al. 2008). Compared to

S. lycopersicum, S. l. cerasiforme and S. pimpinellifolium

fruits are much smaller (less than 20 g for cherry types, less

than 5 g for wild types) with only two or three locules and

higher sugar content, soluble solid content and titratable

acidity. The same trend of variation was already observed

in smaller samples (Davies and Hobson 1981; Causse et al.

2003). Correlations among traits were quite homogenous in

the whole collection and among the three groups.
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Fig. 5 Cumulative density functions (CDF) using three alternative

models of association for fruit weight (FW), sugar content (SUG) and

titratable acidity (TA). Associations are tested for 121 polymorphic

sites on 188 accessions (a) and 127 S. l. cerasiforme (b). Simple linear

model (empty circle) and K ? Q models, with structure and kinship

based on SSR markers (black triangle), and on 121 SNP markers

(black line) were tested. The diagonal indicates uniform distribution

of p values under the expectation that random SNPs are unlinked to

the polymorphisms controlling these traits (H0, no SNP effect)
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S. pimpinellifolium and cherry type accessions may be

useful sources of alleles for tomato fruit quality improve-

ment, particularly to improve firmness or the content in

sugars and acids, but the strong negative correlation

between fruit size and soluble solids or sugar content may

hamper the simultaneous improvement of both traits. A

better knowledge of the loci controlling these traits may

thus help breeders to use these resources.

LD decay and population structure

Association mapping requires a thorough understanding of

LD and population structure in the collection. In tomato,

LD remains high over genetic distance. Robbins et al.

(2011) observed that LD decayed at 6–8 cM in a collection

of 102 tomato varieties, 6–14 cM within 39 processing

varieties, and 3–16 cM within 24 fresh market varieties. In

our study, slightly higher level of LD was observed in the

whole collection, although it was lower in S. l. cerasiforme.

This result is consistent with van Berloo et al. (2008) who

found LD extent to 15–20 cM using AFLP markers in a

sample of 18 cherry tomato accessions. Such extent of LD

will allow the identification of regions carrying QTL rather

than direct associations with candidate genes. Neverthe-

less, at the physical scale, some SNPs may appear in

complete equilibrium with their neighbors (Munos et al.

2011). At the physical scale, recombination hotspots may

be detected with very low LD in short distances (Ranc et al.

2012). When considering LD among chromosomes, only a

few pairs of markers (less than 10 loci) exhibited high LD

Table 3 Significant associations for color (a*), color (L), firmness (FIR), fruit weight (FW), locule number (LCN), sugar content (SUG), and

soluble solid content (SSC) estimated with K ? Q models on 127 S. l. cerasiforme accessions

Trait (correlation with Q1a) Chromosome Locus Locationb Model A Model B

p valuec R2d MAF p valuec

a* (0.12–0.20) 5 CON310-990 71.9 ns 0.01 0.21 0.002

9 Z1723-91 46.9 ns 0.03 0.18 0.008

L (0.17–0.25) 9 TD167-449 59.8 ns 0.03 0.11 0.011

FIR (0.25–0.35) 2 TD018-103 75.3 ns 0.01 0.23 0.026

2 TG454z273-252 75.5 ns 0.05 0.13 0.040

2 TD348-101 118.0 0.001 0.12 0.16 ns

2 TD113-132 121.6 8.13 9 10-4 0.16 0.10 0.001

2 TD114-259 121.7 0.002 0.15 0.15 0.018

Log (FW) (0.11–0.20) 2 Z2117-98 120.5 0.001 0.18 0.19 ns

2 TD116-707 122.2 6.75 9 10-7 0.26 0.36 0.002

9 TD058-57 59.8 ns 0.05 0.15 3.88 9 10-4

9 TD167-449 59.8 ns 0.04 0.11 0.025

9 TD168-241 99.5 0.004 0.13 0.08 ns

9 TD243-38 114.4 8.22 9 10-4 0.15 0.30 ns

Log (LCN) (0.13–0.18) 2 TD049-528 72.4 4.00 9 10-4 0.16 0.36 ns

2 TD120-221 83.7 0.009 ns 0.12 0.19 0.007

2 TD133-395 83.8 6.67 9 10-5 0.20 0.33 0.009

SSC (0.02–0.03) 2 TD178-104 138.4 0.028 ns 0.10 0.08 0.045

4 TD200-317 6.6 ns 0.08 0.15 0.015

5 TD032-112 72.3 0.002 0.17 0.19 0.009

9 Z1707-100 38.0 0.051 ns 0.10 0.12 0.016

SUG (0.02–0.14) 5 TD032-112 72.3 ns 0.10 0.19 0.033

11 TD247-57 6.4 ns 0.08 0.12 0.015

Model A: MLM model, with structure and kinship based on 20 SSR (only p values lower than 0.005 are shown with indication on allele effect),

Model B MLM model with structure and kinship based on 121 SNP (p value lower than 0.05 are shown)

MAF minimum allele frequencies
a Q1 is the probability that an individual belongs to the ‘‘cultivated’’ subpopulation generated from STRUCTURE2.1 software (Pritchard et al.

2000). Correlations with the Q value defined by 20 SSR markers and 121 SNPs
b Genetic distance of the marker on EXPEN2000 reference map (http://www.solgenomics.net)
c p values were corrected following the standard Bonferroni procedure; ns non-significant
d R2 were calculated using a Q model
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(data not shown). SSR and SNP markers revealed similar

structure patterns with two main groups and many inter-

mediates. This result is consistent with Hamblin et al.

(2007) who compared the structure based on 89 SSR to the

structure based on 847 SNPs in a set of 259 maize lines.

The SSRs performed better to cluster the germplasm into

populations, but the population structure assessed by both

marker types was similar. Laval et al. (2002) stated that

k - 1 times more bi-allelic markers are needed to obtain

the same genetic distance accuracy as a set of microsatel-

lites with k alleles. In the present study, the average number

of alleles per SSR locus was about 7, thus 20 SSR markers

should correspond to 120 biallelic SNP markers and should

thus provide the same accuracy. Nevertheless, several

individuals were not classified in the same groups and both

structures did not correct for structure the same way

(Fig. 5). The SSR were less efficient than SNP markers.

This result may be due to the fact that the SNPs revealed

more loci than SSR and were for a large extent chosen to

be located in regions, where QTLs were previously

detected in crosses between one wild or cherry accession

and a cultivated one, and thus may be linked to the poly-

morphisms responsible of the structure.

Associations confirmed previously identified QTLs

and detected new candidate polymorphisms

Compared with previous association analysis (Nesbitt and

Tanksley 2002; Mazzucato et al. 2008; Munos et al. 2011),

it is the first time that associations are analyzed between

more than 100 SNP markers and ten tomato fruit quality

traits in a large collection. Ranc et al. (2012), in a pilot study

on chromosome 2 and 90 accessions, showed that associa-

tion mapping permitted to map QTLs that were already

cloned. They showed that to get just a location of major

QTLs, a few thousand SNPs will be sufficient, while their

precise characterisation and the identification of mutations

which have evolved under balancing selection and intro-

gressed into many accessions (like Lcn2.1) may require a

much larger number of SNPs (more than 50,000). The way

we take into account the population structure influences the

results, as population structure may cause false association

results (Mezmouk et al. 2011). Statistical methods have

been developed to deal with the effect of population struc-

ture (Pritchard et al. 2000; Price et al. 2006; Yu et al. 2006).

The MLM model has been shown to efficiently correct for

the effects of population structure by including the structure

and a matrix of genetic similarity among the accessions (Yu

et al. 2006; Atwell et al. 2010). Population structure

accounted for a large part of the phenotypic variation for

several traits in the 188 tomato accessions and accounted for

much less phenotypic variation in the 127 S. l. cerasiforme

accessions. Although a structure with two subgroups was

detected with both SSR and SNP markers, the classification

of some individuals changed. It thus appeared that Model A

did not correct well for the structure, leading to a large

number of associations, particularly for FW, which is

strongly correlated with structure. To reduce the false

positive associations, a more stringent p value threshold was

used in Model A. In the collection of 127 S. l. cerasiforme

accessions, the structure is less significantly correlated with

the trait values and the number of associations detected with

both models was less different. Associations were found for

most of the traits. With Model A, 132 and ten SNPs were

associated with the traits, for all accessions and S. l.

cerasiforme accessions, respectively, while with Model B

these numbers were 11 and 18. Only eight and three asso-

ciations were detected in both sets of accessions when using

Model A and B, respectively. Associations between markers

and fruit quality traits were mostly localized on chromo-

some 2, 4 and 9, but this is partly due to the higher number

of markers representing these chromosomes (50, 12 and 18

markers, respectively) than the other chromosomes. Almost

all marker groups, except group 4.2, were associated with

two or more traits. For example, group 2.3 was associated

with sugar, soluble solid content, fruit weight, locule num-

ber and titratable acidity. Such co-localization of associa-

tions for several traits was found in several studies (Zhao

et al. 2011; Bergelson and Roux 2010). Co-localized asso-

ciations for soluble solid content and sugar content, fruit

weight and locule number were also frequent. Such co-

localization might be related to the pleiotropic effects of the

same genes or due to genetic linkage, as already shown for

QTL (Lecomte et al. 2004).

In tomato, QTLs for fruit size, shape and quality traits

have been mapped in several bi-parental populations

involving one wild species (Paterson et al. 1991; Goldman

et al. 1995; Eshed and Zamir 1995; Grandillo and Tanksley

1996; Frary et al. 2000; van der Knaap and Tanksley 2001,

2003; Causse et al. 2002; Barrero and Tanksley 2004;

Causse et al. 2004; Lecomte et al. 2004). A few genes

controlling fruit trait QTL have been cloned, like FW2.2

which controls fruit weight (Frary et al. 2000), Lin5 which

is responsible for fruit sugar content (Fridman et al. 2000) or

Lcn2.1 which controls locule number (Munos et al. 2011).

The localization of associations for eight quality traits

(a*, L, FIR, FW, LCN, SUG, SSC and TA) were compared

with those of QTLs previously detected from populations

derived from crosses of S. lycopersicum 9 S. l. cerasi-

forme (hereafter named EC 9 CR) (Saliba-Colombani

et al. 2001), S. lycopersicum 9 S. pimpinellifolium (here-

after named EC 9 PM) (Grandillo and Tanksley 1996) and

S. lycopersicum 9 S. lycopersicum cheesmanii (hereafter

named EC 9 CE), another species closely related to the

cultivated tomato (Goldman et al. 1995). An association

was considered to be in the same region as a QTL when it
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mapped within a 20 cM region of the tomato EXPEN 2000

map (http://www.solgenomics.net) around the QTL. On

average, 30 % of the associations were localised in a

region, where a QTL for the same trait has been mapped.

With Model A, 40 associations (two for FIR, ten for FW,

two for LCN, 12 for SUG and 14 for SSC) were co-

localized with previously identified QTL or known genes,

and many other associations for these traits and associa-

tions for a*, L and TA were detected in regions, where no

known QTL have been located to date (Fig. 4; Supple-

mental Fig. S1). More associations were found to be co-

localized with previously identified QTL with Model A

than with Model B, because on one hand, Model B

revealed less associations and on another hand, the struc-

ture being better taken into account, the QTL responsible

for this structure may be more difficult to detect.

For FW, the markers of group 2.4 associated with FW

shared the same position as the major QTL, fw2.2. Actu-

ally, TD056-134 corresponds to a polymorphism in fw2.2

promoter. Nesbitt and Tanksley (2002) failed to detect any

association in the region around fw2.2 in a small set of S. l.

cerasiforme accessions, but using a larger sample, Ranc

et al. (2012) could detect one and identify the accessions

that carry the large fruit allele in this region. In the present

study, the association was detected with both Models with

TD116, a marker less than 2 cM far from fw2.2. Associ-

ation of group 2.3, group 3.1 and group 9.1 were also co-

localized with QTL for FW detected in EC 9 CE popu-

lation (Goldman et al. 1995). For LCN, association of

group 2.3 co-localized with lcn2.1, a QTL controlling LCN

identified in the EC 9 CR population (Saliba-Colombani

et al. 2001) and recently cloned by Munos et al. (2011).

Sequencing 1,800 bp around the lcn2.1 locus in 90 acces-

sions allowed the identification of two SNPs strongly

associated with the variation of locule number of tomato

fruit. These SNPs were also associated with the 188

accessions. TD133-395 was in less than 2 cM from these

two SNP. These results show that our resolution does not

allow the precise localisation of the responsible genes, but

we may detect regions carrying relevant QTLs. The com-

bination of QTL fine mapping and association study is

much more efficient for this purpose.

For SUG, associations of group 2.2 and group 2.3 co-

localized with two QTLs detected in the EC 9 CR popu-

lation (Saliba-Colombani et al. 2001). Marker TD274

(group 2.3) was also strongly associated with FW and SSC.

It was defined in the 50 region of the gene Solyc02g085170.2

coding for a glucose transporter protein. Marker TD055-

469 (group 2.3) was also found to be associated with FW

and SSC. It was designed in the 50 region of a gene Sol-

yc02g085500.2 coding for the ovate protein. The Ovate

locus is responsible for pear fruit shape and no effect of this

locus on FW, SSC or SUG has been reported before.

This polymorphism could thus only be linked to a causative

polymorphism. Association of group 10.1 with sugar con-

tent was co-localized with a QTL detected for sugar content

in EC 9 CR population (Saliba-Colombani et al. 2001). For

SSC, association of group 2.3 was located in the same

region as QTL for SSC detected in the EC 9 CR population

(Saliba-Colombani et al. 2001). Association of group 3.1

was found to be co-localized with a QTL for SSC in the

EC 9 PM population (Grandillo and Tanksley 1996).

Association of group 9.1 was co-localized with a QTL

detected in the three studies. Marker Z1707-100 in this

group was closely linked to the previously cloned QTL lin5

(Fridman et al. 2000) and found in association with soluble

solid content. For FIR, the main association of group 4.3

was located in the same region as a QTL detected in the

EC 9 CR population (Saliba-Colombani et al. 2001).

In conclusion, we identified several associations between

SNP markers and fruit traits in a large sample of tomato

accessions. The large LD and frequently low MAF in the

cultivated group may hamper association discovery in this

group. The S. l. cerasiforme accessions represent interme-

diate type between cultivated and wild species with various

degrees of introgression as shown by the admixture struc-

ture of these accessions. This group exhibited higher MAF

on average than cultivated group, lower LD and a less

structured pattern. Association mapping should thus be

easier with this group. About half of the associations

detected with Model B were also detected with Model A in

both sets of accessions. Around 30 % of the associations

detected with Model A were localized in regions, where

QTLs were previously mapped. We thus presented these

results, although we are aware that several of these asso-

ciations may be false positives. This approach will thus

have to be combined with QTL fine mapping to identify the

relevant polymorphisms as suggested by Nemri et al.

(2010). Model B allowed the detection of 25 associations.

Nevertheless, the density of SNP is too low to identify SNPs

in candidate genes. The availability of large panels of SNPs

(Sim et al. 2012) will soon allow whole genome scan for

association.
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