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Quantitative trait loci (QTL) have been identified using traditional linkage mapping and positional cloning
identified several QTLs. However linkage mapping is limited to the analysis of traits differing between
two lines and the impact of the genetic background on QTL effect has been underlined. Genome-wide
association studies (GWAs) were proposed to circumvent these limitations. In tomato, we have shown
that GWAs is possible, using the admixed nature of cherry tomato genomes that reduces the impact
of population structure. Nevertheless, GWAs success might be limited due to the low decay of linkage

{;zmigdS: disequilibrium, which varies along the genome in this species.

QTL mapping Multi-parent advanced generation intercross (MAGIC) populations offer an alternative to traditional
Genome-wide association linkage and GWAs by increasing the precision of QTL mapping. We have developed a MAGIC popula-
Fruit quality tion by crossing eight tomato lines whose genomes were resequenced. We showed the potential of the
Resequencing MAGIC population when coupled with whole genome sequencing to detect candidate single nucleotide

polymorphisms (SNPs) underlying the QTLs. QTLs for fruit quality traits were mapped and related to the
variations detected at the genome sequence and expression levels. The advantages and limitations of the
three types of population, in the context of the available genome sequence and resequencing facilities,

are discussed.
Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Agronomic traits are usually under the control of several genes
with variable effects modulated by the environment. Since the pio-
neer work of Paterson and colleagues [1], deciphering the genetic
control of quantitative traits into quantitative trait loci (QTLs)
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has been studied through QTL mapping [2,3]. Quantitative trait
loci have been mapped in many crops in biparental populations
segregating after one (F2 populations) or a few selfing genera-
tions (in recombinant inbred lines, RIL), when selfing is possible,
or on advanced backcross progenies. Populations of introgression
lines covering the whole genome are also helpful to identify QTLs
from wild species in a cultivated genetic background [4]. Among
hundreds of QTLs mapped, only a few were identified following
positional cloning [5]. Nevertheless such populations allow the
identification of the QTLs differing only between the two parental
lines. The confidence intervals around QTLs are usually large as they
only rely on one or two efficient recombination generations. Until
the recent advent in genome sequencing, the number of available
molecular markers was also limiting the power of this approach,
particularly to fine map genes and QTLs. Since the discovery of SNP
markers, thousands of markers are available, drastically changing
the paradigm of QTL mapping. In the early 2000s, it was proposed
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to extend the QTL mapping approach to panels of unrelated lines
through Genome- Wide Association Studies (GWAs) as first used
in human genetics. The GWAs allow the discovery of QTLs in broad
panels. It is particularly efficient in species with low linkage dis-
equilibrium (LD) [6,7]. The population structure of the studied
panel must be taken into account as it can lead to false positive
association discovery [8,9]. If LD is sufficiently low and the num-
ber of markers is high, GWAs can land on the causal polymorphism
[10].

Multi-parental populations represent intermediate popula-
tions, with more equilibrated allelic frequencies than GWAs panels
and higher efficient recombination than biparental populations.
Two main types of populations were proposed, Nested Asso-
ciation Mapping, mainly used in maize [11] and Multi-allelic
Genetic Intercross (MAGIC), which have been developed in Ara-
bidopsis [12], rice [13], wheat [14], barley [15] and tomato [16].
Multi-parental populations constitute a unique resource that can
overcome the main limitations of GWAs and RIL studies and
provide complementary information [17]. Generating new phen-
otypes by mixing different gene alleles permits the exploitation
of QTL effects on the different founders of the population and
quickly identifies causal variants [16]. Additionally, these new
phenotypes constitute a highly valuable pre-breeding resource
and a potential tool to develop genomic selection models. Eval-
uating GWAs offers unique information by allowing the analysis
of a wider range of diversity, and usually provide greater pre-
cision, as they are based on recombination that has taken place
during a greater number of generations. Other connected popu-
lation designs were proposed [18,19] with related interests. We
recently developed a tomato MAGIC population based on eight
cultivated lines and showed its potential to map QTLs for fruit
weight [16]. Furthermore, the genomes of the eight parental lines
were sequenced [20] and the list of candidate genes was reduced
by combining the predicted allelic effect at the QTLs with SNP
haplotypes.

To illustrate the pros and cons of each of the three strategies, QTL
mapping (in RIL and MAGIC populations) and GWAs (in a panel
of accessions), we used the cultivated tomato (Solanum lycoper-
sicum L.) as a model. Tomato is commonly cultivated vegetables
worldwide and a model species for fruit quality and develop-
ment [21]. For years QTL mapping among cultivated accessions of
tomato was hampered by the low polymorphisms in the species
[22], but many progenies involving distant related species were
characterized [23]. Several QTL controlling fruit weight or fruit
composition were mapped and characterized [24,25]. A high qual-
ity tomato genome sequence is now available [26] allowing the
resequencing of several accessions [27-29] and the detection of
several million of SNPs, which aids in the development of a SNP
chip for diversity analyses [30]. In cultivated tomato, the molec-
ular polymorphism is low and LD is high, although varied along
the chromosomes [31]. Using a panel of highly variable cherry
tomato accessions, we showed that GWAs were possible in tomato
for fruit metabolite traits [32]. It was also particularly helpful to
identify causative SNPs for a QTL identified by map based cloning
[33].

In the present article, we compare original results of QTL and
association mapping experiments using three populations: (1) a
RIL population that was first mapped using RFLP markers [34]. The
resequencing of the parental lines allowed the construction of a
saturated map and QTL mapping using this new map; (2) a MAGIC
population derived from eight lines whose genomes were rese-
quenced and (3) a GWAs experiment based on a core collection.
QTL were mapped for fruit quality and agronomic traits and their
locations and effects were compared. Finally we discuss and com-
pare these populations for QTL mapping and characterization in the
new genome era.

2. Materials and methods
2.1. RIL mapping population

Apopulation of 124 F7 recombinant inbred lines (RIL) was devel-
oped from the intraspecific cross of two inbred lines Cervil and
Levovil as described in [34]. Cervil is a cherry tomato (Solanum
lycopersicum var. cerasiforme) with small fruits (6-10g) and high
aroma intensity, whereas Levovil (S. lycopersicum) has much larger
fruits (90-160 g) with common taste. In 1996, the RIL were pheno-
typed for plant and fruit quality traits in a fully randomized trial
in a greenhouse at Chateaurenard in Southern France. Plant traits
were flowering date of the first flower on the third truss (FLW) and
height of the 6th truss on plant stem (HT). The quality traits mea-
sured onred fruits were: fresh weight (FW), firmness (FIR), external
color (COB, corresponding to the b parameter - blue to yellow - of
L, a*, b* parameters), soluble solids content (SSC), pH and titratable
acidity (TA), as detailed in [34].

2.2. Genetic data and mapping in RIL

Following the resequencing of the parental lines [20], 754 poly-
morphic markers were genotyped on the progeny: 679 SNP from
parent re-sequencing, 2 RAPD (random amplified polymorphic
DNA) and 73 RFLP (restriction fragment length polymorphism)
mapped in the previous genetic map from this progeny [22]. The
average rate of missing data per marker was estimated at 3% while
98% of the markers passed the Chi-square test (a =0.0001%). Mark-
ers with significant segregation distortion were excluded. Linkage
analysis was performed using JoinMap 4.1 [35]. The 12 linkage
groups (LG) corresponding to the 12 chromosomes of the tomato
genome were built with a grouping logarithm of odds (LOD)-
threshold of 4.0, except LGO5 for which the grouping threshold
was lowered to 3.0. The regression-mapping algorithm was used
to order markers within each LG. Genetic distances between mark-
ers were calculated using the Haldane mapping function. When
several markers colocalized, only the one with the lower rate of
missing data was conserved.

2.3. QTL detection in RIL

Quantitative trait loci detection was performed by simple
interval mapping [36] using the expectation maximization (EM)
algorithm method implemented in R/QTL package [37]. A logig
transformation was applied to FW, FIR and COB as trait distri-
butions deviated from normality. A 1000-permutation test was
performed to estimate significant threshold. The LOD threshold
was 2.76, corresponding to a genome-wise significance level of
a=0.10. For each detected QTL, position, LOD score, confidence
interval (CI - for a decrease in the LOD score of one unit), aver-
age phenotypic values of the two parental alleles and percentage of
phenotypic variation explained (PVE) were displayed. The genetic-
CIs were translated into physical intervals (Physical-CI) onto the
tomato genome (assembly 2.4).

2.4. MAGIC population

The MAGIC population (397 lines) was obtained by crossing
eight tomato lines (including the two parents of the RIL population),
selected to include a wide range of genetic diversity of the species
as described in [16]. The population was grown in two locations
in the South of France in Avignon (location INRA) and La Costiére
(location VCo). In each location, the 397 lines (one plant per line)
and five replicates of each founder were grown in greenhouses dur-
ing spring-summer 2012, as described in [16]. The traits measured
were truss height at second truss (HT), flowering date at third truss
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