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Abstract Salt tolerance has been analysed in two
populations of F; lines developed from a salt sensitive
genotype of Solanum lycopersicum var. cerasiforme, as
female parent, and two salt tolerant lines, as male par-
ents, from S. pimpinellifolium, the P population (142
lines), and S. cheesmaniae, the C population (116
lines). Salinity effects on 19 quantitative traits including
fruit yield were investigated by correlation, principal
component analysis, ANOVA and QTL analysis. A
total of 153 and 124 markers were genotyped in the P
and C populations, respectively. Some flowering time
and salt tolerance candidate genes were included.
Since most traits deviated from a normal distribution,
results based on the Kruskal-Wallis non-parametric
test were preferred. Interval mapping methodology
and ANOVA were also used for QTL detection. Eight
out of 15 QTLs at each population were detected for
the target traits under both control and high salinity
conditions, and among them, only average fruit weight
(FW) and fruit number (FN) QTLs (fwl.1, fw2.1 and
fnl.2) were detected in both populations. The individ-
ual contribution of QTLs were, in general, low. After
leaf chloride concentration, flowering time is the trait
most affected by salinity because different QTLs are
detected and some of their QTLxE interactions have
been found significant. Also reinforcing the interest on
information provided by QTL analysis, it has been
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found that non-correlated traits may present QTL(s)
that are associated with the same marker. A few salin-
ity specific QTLs for fruit yield, not associated with
detrimental effects, might be used to increase tomato
salt tolerance. The beneficial allele at two of them,
fw8.1 (in C) and tw8.1 (for total fruit weight in P) cor-
responds to the salt sensitive parent, suggesting that
the effect of the genetic background is crucial to breed
for wide adaptation using wild germplasm.

Introduction

Soil salinization, the concentration of salts in the sur-
face or near-surface, is a major process of land degra-
dation, leading to falling crop yields and the loss of
land for production in a wide range of environments.
Human induced salinization also contributes to the
desertification process in the world’s drylands and tem-
perate environments because it is particularly associ-
ated with irrigation schemes (Thomas and Middleton
1993). Besides, there is a growing problem of competi-
tion for soft water utilization among urban, industrial
and agricultural sectors, especially in semi-arid regions.

Breeding for salt tolerance has been recognized as a
suitable approach to improve crop productivity in salt-
affected areas. However, in spite of the great effort
devoted to this objective, only a small number of culti-
vars, partially tolerant to salinity, have been developed
(Owen etal. 1994; Al-Doss and Smith 1998; Dierig
et al. 2001; Steiner and Banuelos 2003). Two major
problems are encountered: the definition, or selection
criteria, for salt tolerance and the efficient use of the
wild germplasm to increase the salt tolerance of the
crop.
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Tomato (Solanum lycopersicum L.) is a good crop
model to genetically interrelate the physiology and
agronomy involved in the adaptation to a broad range
of salinity level for three reasons. First, its genetics is
better known than any other dicotyledonous crop; sec-
ond, it presents a rich wild germplasm pool and third, it
can be transformed by different methods. In addition,
the physiology of tomato in saline and non-saline con-
ditions has been extensively studied providing a valu-
able basis to understand the responses of the plants to
cultural practices (Cuartero et al. 2006).

Although there are salt tolerant relatives to the cul-
tivated tomato, it is difficult to enrich eclite lines with
genes from wild species conferring tolerance. The main
difficulties come from, in theory, the large number of
genes involved, most of them with small effects, and the
high costs of recovering the genetic background of the
receptor cultivar. Conventional breeding programmes
to improve salt tolerance of elite genotypes using wild
species as donors are inefficient at the selection stages.
Can Quantitative Trait Loci (QTLs) analysis of salt tol-
erance provide the necessary information to find an
efficient breeding strategy using wild relatives?

In the case of crop plants, it is ultimately the yield of
new plants under specific field conditions that will
determine whether or not a specific gene or metabolic
or signalling pathway is of technological importance.
In a previous study, we compared QTLs involved in
the salt tolerance, in terms of fruit yield, of three F,
families derived from crosses of the tomato cultivated
species (Solanum lycopersicum L.) and two wild spe-
cies S. pimpinellifolium L. and S. cheesmaniae (L.
Riley) Fosberg (Monforte et al. 1997a, b). Neverthe-
less, breeding for salt tolerance requires breeding for a
wide adaptation to different salinity levels, because
salinity is an abiotic stress factor that varies in time
and space. Since the possibilities to study the genetics
and physiology of adaptation to different salinity lev-
els in terms of GxE interaction were found to be very
limited in F, populations, we have developed and
genetically characterized two populations of RILs
derived from those F, populations (Villalta et al.
2005). In spite of the advantages using RIL popula-
tions in QTL analysis of complex traits, these kinds of
studies are certainly scarce (Goldman et al. 1995;
Saliba-Colombani et al. 2001) and need to be tested.
The objective of the present work was to carry out a
comparative QTL analysis of tomato fruit yield under
both saline and non-saline irrigation conditions of two
populations of F; lines searching for an efficient utili-
zation of wild salt tolerant germplasm.
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Materials and methods
Plant material and growing conditions

Two populations of F; lines were developed from a salt
sensitive genotype Solanum lycopersicum var. cerasi-
forme (formerly L. esculentum) as female parent. Male
parents were two salt tolerant lines from S. pimpinel-
lifolium L. (formely L. pimpinellifolium) for the P pop-
ulation, and S. cheesmaniae (L. Riley) Fosberg
(formerly L. cheesmanii) for the C population, respec-
tively. Both populations were developed by single seed
descent from 300 and 400 individual plants of the P and
C F, progenies, respectively (Monforte et al. 1997b)
after five selfings, with no conscious selection at any
generation, under greenhouse or screenhouse condi-
tions. One hundred and forty-two F; P lines and 116 F,
C lines were used for the salinity tolerance experiments
here reported.

Experiments were carried out in Valencia, Spain,
in the growing periods May-December (2001) and
January-November (2002) for the P and C popula-
tions, respectively. Each plant was cultivated in an
individual pot (3.51) in a greenhouse at 25 £+ 10°C.
Plants under saline treatment were grown on sand
and irrigated with one half Hoagland solution plus
NaCl (150 mM) (15 dS/m, pH 7.5). NaCl concentra-
tion was increased gradually 1 day after transplant-
ing (6, 8, 12, 14 and 15dS/m), until the final
conductivity of treatment was attained, two weeks
after transplanting. Plants under near optimal condi-
tions (control) were grown in peat plus sand and irri-
gated with tap water (0.3 dS/m, pH 6.9) trying to
follow the same procedure as with the previous F,
populations (Monforte et al. 1997b). All plants were
fertilized once a week with 200 ml of 1:75 dilution of
the following solution: MgSO, (2.08 x 1073 M),
NH,H,PO, (4.35 x 107> M), KNO; (4.95 x 107> M)
and micronutrient mixture Welgro Micromix
(0.25 g/).

Experimental design and trait evaluation

A completely randomized factorial design was used
with three replicates per combination line-treatment
resulting in a total of 852 plants for P population and
696 plants for C population. For principal component
and QTL analyses, the three replications were aver-
aged. Nineteen quantitative traits were measured for
each individual plant until the sixth week of fruit pro-
duction:
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— Total fruit weight per plant (g) (TW), measured as
the total weight of fruits collected per plant during
six weeks of production.

— Fruit number per plant (FN), measured as the num-
ber of fruits produced per plant during six weeks of
production.

— Average fruit weight (g) (FW), measured as the
mean fruit weight of all fruits produced per plant
until the sixth week of production.

— Stem diameter (mm) (SD) eight weeks after trans-
planting, measured in the immediate area under the
fist node.

— Stem length (cm) (SL), six weeks after transplanting.

— Number of leaves up to the first flower (NL).

— Number of flowers per truss (FL), number of
fruits per truss (FR) and fruit set percentage per
truss (FS) were measured all in the same first rep-
resentative truss. First trusses, which bear less
than four flowers and are generally sterile, were
discarded.

— Number of days from sowing date till flowering date
(SF), i.e. when the fist opened flower appeared in the
fist truss.

— Number of days from sowing date till harvesting
date (SH), i.e. when the first ripe fruit appeared in
the first truss.

— Number of days from flowering date till harvesting
date (FH) was considered as the difference between
SH and SF.

— Fresh root weight (g) (FRW), of plants at the end of
the experiment.

— CI™ concentration (mg/L) (Cl) was measured after
three months of treatment. Five to six young devel-
oping leaves around the apical meristem were col-
lected and dried, subsequent chloride analysis were
carried out as described by in Gilliam (1971) using a
Sherwood chloride analyser 926.

— Leaf colour parameters were estimated after three
months of treatment only in P population; mea-
sures were taken per triplicate in the third and
fourth leave and averaged per plant using a
Minolta colorimeter CR-200. Colour space is defi-
ned by Hunter coordinates (L, a, b), where “a”
represent from negative to positive values the col-
our scale from green to red, “b” represent the col-
our scale from blue to yellow and L represent
luminosity.

— Dry root weight (g) (DRW) and Root water content
(F-D), measured as the difference between FRW
and DRW, were measured only in C population.
FRW was evaluated in both populations at the end
of each experiment.

Statistical analysis and heritability estimation

Broad sense heritability (h3) was calculated for traits
measured in both populations assuming individuals
from the sixth self-pollination generation were nearly
homozygous for all loci. Heritability for each treatment
was calculated using the formula: hZ = Vo (Ve + Vo)
where V, and V, are the estimates of genotype and
environmental variance, respectively, by MIVQUE
(Minimum Variance Quadratic Unbiased Estimator).

The effects of the line (genotype), treatment and
G xE interaction on each quantitative trait were analy-
sed using factorial two-way ANOVA. The following
linear model was applied: Yy =u +o; + f; + (2f); +
&>, Where Y is the trait value for plant & on line / and
treatment j; u is the general mean; o; is the effect of line
i; B; is the effect of treatment j; (¢f8); is the effect of the
interaction of line i and treatment j and ¢;;, is the effect
of plant k from the combination of line i and treatment
I8 &) represents the error term.

Pearson’s correlation coefficients were calculated for
each trait combination in both populations under con-
trol and saline conditions.

Standardized data was used for principal component
analysis (PCA). The Infostat statistical package (Info-
stat 2004) was used to determine the two dimensional
trait distribution under control and saline treatment in
both populations.

Marker and QTL analysis

Marker analyses and linkage maps used for the QTL
analysis have been previously reported by Villalta et al.
(2005). Nevertheless, some additional, candidate genes
have been added to those maps for the present study
such as the flowering time candidates (Ausin et al,
2005) falsiflora, the tomato orthologue of leafy from
Arabidopsis (LEFA_550) and Phytocrome B2 (PhyB2).
Their sequences, available at National Center for Bio-
technology Information (http:/www.ncbi.nlm.nih.gov/
blast), were used for primer design. The identity of the
polymorphic amplification products were checked by
sequence analysis. Other markers, developed from salt
tolerance candidate genes (STC1 to STCS5) were also
mapped for the QTL analysis. A total of 153 markers
were genotyped for the P population and 124 markers
for the C using DNA pools of 6 plants per line. New
linkage analyses were calculated using Joinmap 3.0 soft-
ware for Windows (Van Ooijen and Voorrips 2001). A
minimum LOD of 3 was set as a threshold to create
linkage groups using a recombination fraction of 0.5 for
linkage analysis. Kosambi function (Kosambi 1994) was
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used to order markers, and to estimate interval dis-
tances.

Single marker analyses were performed using
ANOVA (AN) and Kruskal-Wallis (KW) tests to
identify molecular markers significantly associated
with each trait under saline and control conditions. The
choice of analysis AN or KW was based on the results
of the Kolmogorov—-Smirnov normality test for trait
distribution using the residuals from ANOVA. Analy-
ses were carried out either ignoring (heterozygotes as
missing data) or considering the heterozygote marker
class for codominant markers (three genotypes per
marker) in order to study possible effects of dominance
deviation at each QTL. Only those putative QTLs
detected at P < 0.01 were considered. When two or
more collinear markers were significantly associated
with a particular trait only the marker (or markers)
showing the lowest P value was chosen, thus all
reported QTLs had P < 0.0068. Additional QTL analy-
ses were carried out using interval mapping procedure
using MapQTL (Van Ooijen and Maliepaard 1996).
Only LOD values larger than 1.75 are reported. Per-
mutation tests were used to obtain an overall 5% sig-
nificant level for each linkage group. QTLxE effects of
only putative QTLs have been studied by ANOVA
and by interval mapping using QTL-Cartographer
(Basten et al. 2002).

Results

From all studied traits, we will focus on those related
directly or indirectly to fruit yield since tolerance to
salinity is studied in this work as the plant adaptability
to this abiotic factor in terms of fruit yield.

Trait correlation and principal component analyses

Table 1 summarizes the significant (P < 0.05) correla-
tions between traits, in both populations, under control
and saline conditions. As expected, the correlations
between TW and its components FN and FW were
amongst the most important positive correlations in
both populations. In the P population the highest cor-
relations were detected between FN and FR in both
control (r =0.71) and saline (r =0.65) conditions.
These correlations were less evident in the C popula-
tion, where the highest correlations were between FN
and TW, and between FN and FS under control and
saline conditions, respectively.

Time until flowering (SF) was negatively correlated
with FN and TW regardless of treatment and popula-
tion. Among the traits evaluated before flowering, only

@ Springer

SL is significantly associated with yield traits (TW and
FN) in both populations, although only under salinity.
Note that SF shows the highest correlation coefficient
with SL.

The first two components extracted by the PCA
explained about 40% of the total variance, in the four
combinations of population and treatment (Fig. 1). In
all four cases, the first component is clearly explained
by two groups of traits: FN, FR, FS and TW on the
right, and earliness traits (SF, NL, SH, FH) on the left.

Variance components and heritability estimation

Table 2 summarizes MIVQUE variance components,
genetic variance (V,) and environmental variance (V)
that were used for heritability estimation. The signifi-
cance of the treatment effect (E), its direction from
control to salinity condition (c—s) and the genotype by
environment interaction (GxE) are also indicated.
Genotypic effect was always significant in both popula-
tions at P <0.001 except for FH in the C population
which was only significant at P < 0.01 (data not shown),
revealing the high level of genetic variation for all traits
in both populations.

Salinity had a significant effect in most traits, espe-
cially in the C population, delaying flowering and
reducing yield (mainly FW), SD, SL and FL. In the P
population the effect of salinity on FN and FRW is not
significant. However, the significant GxE interaction
for FN suggest that under salinity, the number of fruits
either increases or decreases depending on the geno-
type.

The estimates of trait heritability did not show large
differences between populations, although, compara-
tively, more traits presented heritabilities over 0.50 in
the C population. Estimates range from 0 (Cl in C,
under control condition) to 0.82 (FW in C, under con-
trol condition). In general, heritability values are
higher under salinity in the P population while in the C
population this tendency is not so generalized mostly
due to the drop in genetic variability, such as for FW.

QTL analysis

Putative QTLs for yield related traits, flowering related
traits and CI™ content in young leaves are presented in
Table 3. Their map positions are shown in Fig. 2.

In order to have a general indication of the thresh-
old P values to be used in the statistical tests, 1,000
permutation tests per population, trait and treatment
were run using MapQTL. For the P population, in a
per linkage group test, the highest critical LOD value
for the different traits was 1.8 what implied a likelihood



1005

Theor Appl Genet (2007) 114:1001-1017

paInseaws Jou —,, ‘JUBdYIUSIS 10U syUn]g ‘SUone[a1109 (100°0 > J) Yuedyrusis A[ysy soyoyy
- - - 001 S
620 o 0€0 - - - 001 O IO
- - - 8C0— §E0— &0 00T LTO  pFO— 1€0— S
- - - SC0— V00— ¥T0— yCc0— 70 001 ¥CO0  [F0— 1€0— 0) EN
- - - Lo 00T C€0 S
- - - LT0— 0co vco0 001  ¥TO0 O IN
- - - 00'1 9¢0  TF0 0~ LEO— 8T0— €€0 S
- - - 00T 950 90 190 150 1€0— LEO— STO0— O ML
- - - 960  #90 00T 00— 650  SCTO 70— 90— S£0— LTO S
- - - $90  9%0 001 0s0 €0 8C0— ££0— VCO0— LTO— 0) NA
- - - cr0 TT0— 0€0— 0071 120— 00— 610  STO S
- - - 90 120 001 C0— €0 120 O M4 O
- - 90 r0— €0 001 810— 810— 430} S
- - 00T 0 00 61'0— ) o]
- - 81°0— 0C0— 1£0— 90— o~ 90— 8I'0— &0 001 cro0  crO— S
- - 80— TT0— 80— [£0— 80— 610— c£0 00T 0F0  #PO— 0] a8
- - 00— 810 €C0— 81°0— 61°0— ST0— 9c0 0 001 S
- - 9C0— LI'0— €C0— 0£0— LTO— 00 00 001 O IN
- - 00T 6#0 650 90 90 €C0— I£0— 81'0— 620 S
- - 00T #S0  £9°0 o 850 I£0— 6£0— C£0— 9C0— LT°0 D ML
- 650 0S0 00T 8I'0— €90  ££0  8I'0— €CT0— 90— 61'0— 610 S
- - £9°0 w0 001  YCO0— IL0  LFO  610— CE0— 8£0— €T0— O NdA
- - 19°0 81°0— 001 I£0— 81'0— S
- - 170 Yc0— 001 rE0— 610— O Mmd d
ad-d mMdd Mmy¥d q e T D ML Sd NA mA R:El T4 HA HS EN IN 1S dS Jusugeai], Jeif,
suonip

-u09 () Anurpes pue (D) [o13u09 Yioq ur suonendod D pue J 9y} Ul paInseaws syrerd [[e Yum [D pue IN ‘AS ‘ML ‘NA ‘A 10 SIUSILFo0 UOHR[ALIOd (G0°() > J) WUedYIusIS T dqe]

pringer

AQs



1006

Theor Appl Genet (2007) 114:1001-1017

Fig. 1 Principal plane for the traits in the P (a and b) and the C (¢ and d) populations under control (a and ¢) and high salinity (b and

d) conditions

ratio test of 8.29. The P values associated with the
chi-square distribution for 2 degrees of freedom (3
genotypes) or 1 degree of freedom (2 genotypes)
were 0.004 and 0.016, respectively. Similarly, in the C
population, the P values associated with the chi-
square distribution were 0.005 and 0.020 depending
on the number of degrees of freedom. Only two
traits, Cl and NL, displayed a normal distribution in
both populations, and also SF under control condi-
tion in the P population. Hence, results for these
traits using the ANOVA and interval mapping
(based on the chi-square approximation) methodolo-
gies are comparable. The P values for all other vari-
ables in Table 3 correspond to the Kruskal-Wallis
non-parametric test because they deviate from a nor-
mal distribution.

Significant QTLs detected by AN or KW were iden-
tified for all six traits (FW, FN, TW, Cl, SF, and NL)
ranging from 1 to 9 QTLs per trait and population.
Comparing the P and C populations, two QTLs were
considered to be potentially the same locus if they
mapped to the same 10 cM region. In the P population
15 QTL under control and 15 QTL under saline condi-
tions were detected. A similar number of QTLs were
detected in the C population (15 and 16 under control
and saline conditions, respectively). Only eight QTLs
in each population were detected under both condi-
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tions. Among them, fwl.l, fw2.l and fnl.2 were
detected in both populations. At the chosen signifi-
cance level, no QTL for the target trait was detected in
chromosome 9. For some QTLs (specially those
involved in CI~ leaf concentration), lines with hetero-
zygotes at the associated marker showed a trait mean
superior or inferior to any homozygous line, suggesting
the presence of heterotic effects.

None of the detected Cl QTLs under salinity seems
to be common between wild species, therefore a mini-
mum of six QTLs are controlling CI™ concentration in
leaves when it is in excess in the nutrient solution. In
this case, the wild allele is always associated with a
lower CI™ concentration in the P population while in
the C population, the wild allele is associated with a
lower CI™ concentration for only one of the three CI
QTLs.

A minimum of six FN QTLs have been detected.
One of them (fnl.2), co-locates with FW QTLs in
both populations accordingly with the negative corre-
lation found between these two traits. One FN QTL
in the P and two in the C population, are detected
under both conditions being fnl.2 the only FN QTL
common between populations and treatments. In all
cases, the wild allele increases the total number of
fruits. Only fn10.1 from the P population is salinity-
specific.
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Table 2 Genetic (V) and environmental (V) variance components used for the estimation of broad sense heritability (h%) in the P and

C populations
Trait Treatment P C
Vv, v, 2 E c>s GxE V, V, 3 E c—>s GxE

SD C 0.73 110 040  *** | ok 0.98 078 0.56  ***+ | o
S 0.67 085 044 0.63 0.64 0.50

FL C 12.93 911  0.59  ** 1 o 5.41 478  0.53  FE | *E
S 10.18 6.06  0.63 2.24 222 050

™ C 238.55 24580 049  wEE | o 368.17 367.10  0.50  *FF ] o
S 187.19 164.13 053 23.35 5890 0.28

FN C 43.03 43.61  0.50 K 77.33 4738  0.62  *Fx | o
S 51.05 4555  0.53 19.85 17.54  0.53

Cl C 60385.57 34425493 0.15  #E 4 o -1.41 92482  0.00 FEE 4 o
S 183594.21  450601.89  0.29 1830.80  4441.00 0.29

Fw C 2.35 445 035 x| 9.02 202 082 x| o
S 1.54 0.65 0.70 2.61 202 056

SL C 40.56 7462 035 x| 182.28 17735 051  *** | o
S 36.17 6727  0.35 136.82 11139 0.55

SF C 42.67 7562 036 FFF 4 204.56 393.03 034 EEE 4 ok
S 47.88 88.05  0.35 401.38  1376.60  0.23

SH C 117.45 697.78  0.14 235.37 592.01 028  EEE 4 *E
S 152.03 52295 0.23 24281  1036.20 0.19

FS C 0.02 0.04  0.26 0.01 0.04 019 #F= |
S 0.02 0.06 0.23 0.01 0.03  0.30

FH C 54.78 586.27  0.09 130.66 499.48 021 w4
S 102.72 460.30  0.18 38.64 872.38  0.04

FR C 3.03 597 034 1.76 370 032 EEE |
S 437 7.43 037 1.39 230 038

NL C 5.52 6.08 048  FFE 4 2.52 394 0.39
S 2.60 238  0.52 276 230 0.55

FRW C 3.15 3717 0.08 22.63 3150 042 e |
S 11.66 3389  0.26 13.04 21.19  0.38

DRW C - - - - - 0.46 131 026 |
S - - - 0.23 038 0.38

F-D C - - - - - 15.78 2212 042w
S - - - 8.94 1742 034

L C 2.61 1843  0.12  ##x | ok - - - - -
S 2.63 13.53  0.16 - - -

a C 1.42 6.65 018  FE 4 ok - - - - -
S 2.64 48 035 - - -

b C 4.92 31.65 013w ok - - - - -
S 8.11 2505 0.24 - - -

Italics high heritabilities (>0.5). Significant two-way ANOVA is also indicated for treatment effects (E) and genotype by environmental
interaction (G xE). For significant treatment effect, mean tendency (c—s) is indicated. Blanks not significant, “~” not analysed

*** Significant at P < 0.0001 ** Significant at P < 0.001

More QTLs for FW have been detected than for FN.
Moreover, comparing both components of fruit yield,
no FN QTL co-locates with a TW QTL but with a FW
QTL. A minimum of 10 FW QTLs have been detected,
four of them (at chromosomes 1, 2, 3 and 4) might be
considered common between populations. In all cases,
as expected, the wild allele is associated with a lower
fruit weight under both conditions. Three FW QTLs in
P and 5, in the C population are detected under both
conditions but their contributions and genotypic means
are always lower under salinity. From all FW QTL
detected, only fw8.1 (in the C population) is salinity-
specific.

For significantly correlated traits NL and SF, only
one genomic position, containing »l5.2 and sf5.1, is
associated with both traits in the C population. Several
NL or SF QTLs (sf1.1, sf5.2, nl5.1 and nl10.1) co-locate
with FN (fnl.2, fn5.2 and fn5.1) or TW QTLs (wl10.1),
respectively, explaining, at least in part, the negative
correlation between these two groups of traits. Unex-
pectedly, two NL QTLs (n/5.2 and nli2.1) co-locate
with QTLs involved in Cl™ leaf concentration.

Salinity drastically affects the detection of Cl and SF
QTLs given that none of them were detected under
both conditions. QTLxE analysis by using the interval
mapping procedure revealed more QTLs with significant

@ Springer
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Table 3 List of QTLs detected in the P and C populations, indicating: the chromosome (Chr), the marker showing the lowest P value
(Kruskal-Wallis or ANOVA tests) and the treatment (Tr)

Trait Chr QTL Marker Tr Pvalue QTLxE LOD PVE Het n°h GIM LL PP LP P- L-
CC LC C-
P population
Cl 2 cl*2.2 SSRW26_175 S 0.0021 - - 19 L- 2018.88 1723.18 2117.50
cl2.3 SSR9_220 C 0.0010 247 7.7 17 LL 110525 853.30 1028.88
6 cl*6.1 STC4 S 0.0049 0.0026 2.19 7.20 14 L- 1993.78 1716.03 2031.90
cl6.2 SSRW350.298 C  0.0022 0.0047 2.1 6.6 11 PP 854.11 1084.80 965.91
10 cl10.1 SSRW223_230 C  0.0005 0.0187 2.59 8.1 17 LL 111494 851.08 893.29
12 cel*12.1 TG16_530 S 0.0057 - - - wh 5 L- 1998.17 1738.68 2038.37
FN 1 1.2 SSRW26_750 C  0.0001 - 2.64  8.30 P- 6.80 10.81
SSRW44_700 C  0.0001 - 275 8.70 PP 11.42 7.11
S 0.0002 2.86  9.40 PP 12.37 7.59
SSR30_300 C  0.0001 - 2.67 840 P- 7.21 11.50
S 0.0003 250  8.20 P- 7.77 12.27
5 fns.1 SSRW115_240 C  0.0044 - - - wh 12 PP 797 11.15 8.04
10 fn*10.1 SSR24_850 S 0.0052 - 2.09 7.00 PP 11.90 8.11
FW 1 fwi.l SSR41_200 C <0.0001 - 320 10.00 wh 13 LL 345 2.26 2.70
S <0.0001 251 820 wh 13 LL 2.42 1.59 1.96
SSRW26_750 C <0.0001 - 211  6.70 LL 3.49 2.48
S <0.0001 3.82 1220 LL 2.62 1.64
SSRW44_700 C <0.0001 - 2.01 640 L- 245 3.34
S <0.0001 3.76 12.00 L- 1.61 2.50
SSRW75_175 C <0.0001 - 294 910 wh 12 LL 3.38 2.26 2.58
S <0.0001 3.30  10.60 12 LL 2.47 1.56 1.55
SSR30_300 C  0.0004 - - - LL 3.23 2.48
S <0.0001 2.80 9.10 LL 2.40 1.63
STC5 S  <0.0001 - 2.96  9.60 16 LL 2.57 1.67 1.71
2 fw2.1 SSR9_220 C <0.0001 - 456 15.10 17 LL 3.62 2.28 2.96
SSR12_140 C <0.0001 - 456 15.10 8 LL 3.63 2.26 3.18
S 0.0002 222  7.80 8 LL 2.46 1.69 1.97
3 fw3.1 SSRW223_508 C  0.0014 - 2.00 6.30 8 LL 3.28 2.34 2.86
4 fwd.1 SSR31_130 C 0.0023 - - - wh 11 LL 3.45 2.50 2.67
7 fw7.1 SSR16_396 C  0.0068 - - - L- 2.59 3.06
SSR24_750 S 0.0019 - - - L- 1.84 2.12
SF 1 sf*1.1 SSR30_300 S <0.0001 - 476 14.90 LL 59.27 55.01
SSRW44_700 S <0.0001 0.0247 4.54 14.50 L- 55.14 59.22
5 sf5.1 S_440 C 0.0033 - - - LL 55.15 52.36
NL 1 nl*l.1 SSR13_600 S 0.0064 — - - wh 7 PP 1171  12.63 11.83
3 nl3.1 LEFA_550 C  0.0065 - - - wh 7 LL 12.14 1131 1248
5 nl5.1 SSRW115_240 C  0.0004 - - - 12 LL 1244 1135 11.39
10 nllo.1 SSRW248_270 S 0.0021 - - - 10 LL 12.84 11.80 11.61
SSRW318.298 C  0.0001 - - - 10 LL 12,59 1138 1147
12 nli2.1  TG69_950 C 0.0016 - - - wh 9 PP 1127 1227 1193
TG16_530 S 0.0009 - 276  8.90 5 PP 11.6 1265 13
™ 2 w2.1 SSR12_140 S 0.0003 — 2.96  9.60 8 LL 2479 1415 21.23
SSR9_220 C 0.0054 - 230 12.10 17 LL 28.07 2054 2271
7 w7.1 SSR16_396 C 0.0011 - 3.40 4130 L- 18.58 27.81
8 tw*8.1  SSRW92_500 S 0.0012 - 223 740 LL 22.70 13.80
10  twl10.1 TG16_1000 S 0.0043 - 175 580 wh 9 PP 1435 2233 1829
SSRW318.298 C  0.0027 - 3.30 10.20 10 P- 16.58 2645 3542
C population
Cl 2 cl*2.1 SSRW66_200 S 0.0051 0.0140 2.01 11.00 h 14 L~ 167.11 15830 214.44
5 cl*5.1 SSRW344_430 S 0.0009 0.0006 - - 8 C- 150.89 188.54 193.88
8 cl*8.1 TG15_900 S 0.0003 0.0008 3.44 13.60 C- 154.73 196.99
FN 1 fnl.l SSR12_750 C 0.0023 - - - 10 C- 7.09 9.52  10.65
ml.2 TG16_440 C 0.0034 - 217 870 wh 7 CC 6.41 10.12 7.31
S 0.0008 203 9.20 7 CC 3.66 5.67 4.86
5 fns5.2 C_1018 C 0.0022 - 238 9.70 13 CC 6.44  10.57 8.00
S 0.0009 2.83 1370 wh 13 CC 3.47 6.16 5.17
6  fn6.1 CT206_290 C 0.0038 - - - 9 C- 5.63 9.46 9.52
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Table 3 continued

Trait Chr QTL Marker Tr Pvalue QTLxE LOD PVE Het n°h GIM LL PP LP P- L-
CcC LC C-
FwW 1 fwl.1 SSR30_375 S 0.0005 - 240 1050 wh 9 LL 3.26 1.82 2.20
TG48_340 C 0.0005 - 2.68 10.70 L- 2.54 3.80
TG48_510 C 0.0005 - 3.09 12.20 LL 4.60 2.57
S 0.0007 2.62 11.50 LL 3.41 1.89
fwl.2 SSRW75_175 C 0.0038 - - - wh 12 LL 3.98 2.58 3.35
2 fw2.1 SSR12_140 C <0.0001 - 2.43 9.80 21 LL 4.17 1.93 2.77
S 0.0005 2.61 11.40 21 LL 3.04 1.45 1.90
SSRW26_175 C <0.0001 - 1.85 8.60 wh 12 LL 3.93 2.23 3.90
S <0.0001 222 11.40 12 LL 2.84 1.66 2.48
3 fw3.1 LEFA_550 C <0.0001 - - - 15 LL 4.27 2.29 2.80
S 0.0002 - - 15 LL 3.06 1.84 1.39
4 fw4.1 CT206_400 C 0.0045 - - - h 5 LL 3.93 2.49 5.32
S <0.0001 - - 5 LL 3.30 1.61 3.23
6 fw6.1 SSRW19_750 C 0.0013 - 240  9.60 LL 4.93 2.88
8 fw*8.1  SSRW38 250 S 0.0022 - - - 7 LL 2.92 1.68 2.54
11 fwll.l SSRW46_275 C 0.0026 - - - L- 2.90 4.15
TG35_514 C 0.0007 - - - wh 11 LL 4.21 2.71 3.05
12 fwi2.1 SSR22_1018 S 0.0006 — 199 880 wh 4 LL 3.25 1.94 1.70
E_850 C 0.0028 — 221 880 h 12 LL 4.48 2.82 2.20
SF 1 sf1.2 SSR41_200 C 0.0021 - 221  8.60 12 C- 34.66 48.14 33.44
5 sf*5.1  SSR21_900 S <0.0001 0.0138 4.06 15.00 21 LL 68.50 38.34  40.07
SSRW344_430 S <0.0001 0.0313 - - 8 LL 62.54 39.85 28.90
SSRW43_460 S <0.0001 0.0101 - - 10 LL 6591 3890 37.33
TG69_620 S <0.0001 0.0042 3.72 13.80 4 LL 64.52 3740 49.17
sf5.2 C_1018 C 0.0009 - - - 13 LL 39.02 37.05 3445
12 sf¥12.1 STC2 S 0.0032 - - - C- 43.22 58.39
NL 5 nl5.2 SSR21_900 C 0.0004 - 3.17 123 21 LL 10.69 9.08 9.43
S <0.0001 484 184 21 LL 10.78 8.68 9.14
SSRW344_430 C 0.0004 - 292 11.00 wh 8 LL 10.49 8.98 9.21
S <0.0001 400 1490 wh 8 LL 10.41 8.69 9.23
SSRW43_460 C 0.0004 - 292 1090 wh 10 LL 10.61 9.17 9.50
S <0.0001 3.97 1460 wh 10 LL 10.64 8.85 9.32
™ 2 tw2.1 TG48_350 C 0.0018 0.051 2.23 9.20 20 LL 2845 1455 1943
11  ww*11.1 SSR1_175 S 0.0061 - 1.85 820 wh 20 L- 10.35 6.55 12.26
12 tw*I12.1 SSRW44.250 S 0.0019 - - - wh 15 LL 11.99 6.46 9.71

Significant P values from QTLxE analysis by ANOVA are also included. In some cases (specified at the “Het” column), the detection
depends on ignoring (wh) or considering (h) the heterozygote class. The number of heterozygotes per marker (n°h) is specified. Results
from interval mapping are also included: LOD value and percentage of variance explained (PVE). An asterisk at the QTL name means
significant only under saline treatment. Underlined QTLs are those significant under both treatments. LL phenotypic mean of lines
homozygous for the S. lycopersicum alleles, PP phenotypic mean of lines homozygous for the S. pimpinellifolium alleles, CC phenotypic
mean of lines homozygous for the S. cheesmaniae alleles, LP and LC phenotypic mean of heterozygote lines from P and C populations,
respectively. L— phenotypic mean of lines with L being dominant, P— and C— phenotypic mean of lines when the wild allele is dominant
in the P and C populations, respectively. Genotype increasing the mean of the trait (GIM) is specified depending on the dominance or
codominance nature of the marker. QTLs displaying heterotic effects are represented in bold. Bold face IM values represent LOD val-
ues when dominance is allowed when using interval mapping methodology. “~” not significant

interaction than by ANOVA. In addition to those
detected by ANOVA (some Cl and SF QTLs in

flowering time (PhyB2) has not been found significantly
associated with SF or NL variation in the populations.

Table 3), SSR41_200 (fwl.1), SSR9_200 (fw2.1), On the other hand, the marker associated with sf3.2 in
SSRW223_508 (fw3.1), SSR30_300 (sfl.I) and the C population, C_1018, is highly similar (£ value:
SSR16_396 (tw7.I) at the P population, and 2 x 107%, from 581 to 756 bp) to the gene coding for

SSRW19_750 (fw6.1) at the C population showed sig-
nificant QTL x E effects by interval mapping.

A candidate gene for flowering time, Falsiflora
(LEFA_550), was found to be significantly associated
with NL in the P while in the C population it is signifi-
cantly associated with FW. The other candidate for

the No Apical Meristem-like (NAM) protein 9 in Petu-
nia (AF509872.1). Concerning their genomic position,
PhyB2 and C_1018 do not join to the group P5a (as in
the case of the C population) but to P4b at LOD 3.0.

In the P population, homozygous lines for the allele
of the cultivated species (LL genotype) are always
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Fig. 2 Linkage maps obtained for the P and the C populations.
Common markers are connected by lines. Bars, with the name of
the QTL, are indicating markers that show significant association
(P < 0.01) with the phenotypic variation of FW, TW, FN, SF, NL

associated with late flowering while in the C popula-
tion, the allele delaying flowering depends on the QTL.
Thus, LL genotype at both, sf5.1 and sf5.2, is associ-
ated with late flowering while C allele at sfl.2 and
sf12.1delays flowering.

Discussion
Salinity effects and salt tolerance

Tomato yield reduction is economically the most
important trait affected by salt stress. At relatively low
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and Cl. Depending on the salinity condition under which the QTL
is detected, the bar is continuous (control), discontinuous (salin-
ity) or waved (both conditions)

electric conductivities, the main reduction in yield
involves FW whilst at higher electric conductivities it is
better explained by FN reduction (Van Ieperen 1996;
Cuartero and Soria 1997). In our study, high salinity
has caused a reduction of fruit yield, decreasing FW
and, in the case of the C population, also FN (Table 2).
Similarly to results for F, (Monforte et al. 1997b), the P
population has salt tolerance genes related to FN, but
not to FW because GxE interaction is not significant
for FW;i.e. FW reduction equally affects to all lines or
genotypes. In the C population, significant G xE inter-
action for both FN and FW indicates that the amount
of the reduction for both traits varies among geno-
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Fig. 2 continued

types. Lesser reductions under saline treatment in
some lines is the salt tolerance effect we want to find
out. Which are the physiological and biochemical pro-
cesses involved? A better understanding of the whole
plant behaviour under changing salinity levels is
needed to improve salt tolerance efficiently. This
knowledge should involve not only the trait defined as
salt tolerance but also other correlated traits because
correlated responses may constrain the success of
breeding programmes. All evaluated traits are signifi-
cantly affected by salinity, at least in one of the popula-
tions (Table 2). When the trait is affected in both
populations, the direction of the change is the same.
Salinity is accompanied by a reduction of the stem
diameter and length, the number of flowers per truss,
the fruit yield, and by a delay in flowering.

The study of the relationships among traits might
also unveil early salt tolerance indicators. Since the
results of the PCA match results of correlations, this
discussion will be focused just on correlation results. In
both populations, stem length (SL) under saline treat-
ment might be used for early selection since its evalua-
tion (6 weeks after germination) is significantly
correlated with TW, mostly through its correlation
with FN under salinity (Table 1). Foolad (1996) and
Bolarin et al. (1991) also suggested the use of SL for
directional selection to improve salt tolerance. Never-
theless, although significant, the correlation coefficients
are low. Broad sense heritability estimates of SL are
also low. These two features significantly limit the reli-
ability of SL, as an alternative to fruit yield, as selection
criterion for salt tolerance in tomato.
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Verslues et al. (2006) have pointed out that the
effects of salt can be quantified through effects on
growth, such as root fresh or dry weight. Thus, they
report an important difference on Arabidopsis root
growth when osmotic and salt stresses are compared;
i.e. seedlings grown in agar plates with 100 mM NaCl
had a greater inhibition of root growth, most likely
caused by direct toxicity of Na*. We have found a sig-
nificant reduction of fresh root weight under salinity
only in the C population (Table 2). No significant cor-
relation has been found between FRW and any yield
component in the present study.

QTL analysis
Leaf chloride concentration

Many important crops are susceptible to Cl™ toxicity
during cultivation. This is a major constraint to horti-
cultural production on irrigated or saline soils (Mass
and Hoffman 1977; Xu etal. 2000). Differences
between cultivars to withstand CI™ toxicity are fre-
quently related to the ability to restrict Cl~ transport
into the shoot; as a result, CI~ accumulation has been
suggested as a suitable trait for screening plant salt tol-
erance in germplasm collections (Storey and Walker
1999; Munns et al. 2002). No significant correlation
between Cl and tomato fruit yield has been found,
questioning the value of this trait as a salt tolerance
indicator in tomato. In spite of this lack of correlation,
Cl QTLs have been also investigated trying to integrate
the fruit yield components and the physiological
behaviour of the whole plant. Thus, c/2.3 has been
found associated with the same marker as fw2./ and
tw2.1 at P population under control condition suggest-
ing a possible role in the plant nutrition.

Plants have been classically classified into two
groups depending on their response to salts. The main
strategy for glycophytes is to control ion flux into root
xylem, restricting ion movement to the shoot (for
review, see Hasegawa et al. 2000). In contrast, the hal-
ophytic response (Greenway et al. 1980) is based on
three adaptation strategies, compartmentation of toxic
ions, accumulation of osmolytes, and conservation of
water (Bohnert 1995). Gene effects at QTLs responsi-
ble for variation in young leaves CI~ concentration
agree with previous physiological studies establishing
the nature of salt response within tomato species. The
cultivated tomato and the closely related wild species
S. pimpinellifolium have been shown to display a glyco-
phitic response to salinity based on salt exclusion from
young leaves (Cuartero et al. 1992; Bolarin et al. 1991;
Pérez-Alfocea et al. 1993; Foolad 1997; Santa Cruz
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et al.1998). S. pimpinellifolium alleles at Cl QTLs are
associated with a low leaf ClI~ concentration. In con-
trast, S. cheesmaniae has been shown to display a halo-
phytic response based on the inclusion of CI™ into the
vacuole (Sacher et al. 1983; Tal and Shanon 1983; Bola-
rin et al. 1991; Pérez-Alfocea et al. 1994). In the C pop-
ulation, two out of the three QTLs detected (c/5.1 and
cl8.1) fit this halophytic habit since higher concentra-
tions of ClI™ in young leaves were found in CC versus
LL lines.

Even though no significant correlation between ClI
and NL has been found, c/5.1 and cl/12.1 locate in the
same genomic region as n/5.2 and n/12.1 in the C and P
populations, respectively. The wild allele is associated
with less [Cl7] and fewer leaves until flowering in P,
while in the C population this association is negative.
These gene effects do not explain the fact that salinity
is accompanied by a flowering delay in both popula-
tions. Therefore, other hypothetic causes, such as a
salinity induced increment of sugars in the phloem,
might better explain the flowering delay (Ohto et al.
2001).

Flowering related traits

Flowering time is one of the most outstanding factors
conditioning fruit harvesting time, and is measured
generally by the number of days between sowing and
anthesis or the number of nodes until the first flower.
Flowering earliness has been related to low fruit num-
ber (Monforte et al. 1999) and fruit weight reduction
(Grandillo et al. 1999), presumably because plants do
not have enough time and biomass to produce and
keep a full load of high-quality fruits (Khalf-Allah and
Peirce 1963). Thus, the consideration of these traits for
yield improvement becomes relevant. No correlation
between FW versus SF or NL has been detected in the
present study, indicating the possibility to improve
both traits together. QTLs for both traits co-locate
only in chromosome P1, where L alleles delay flower-
ing under salinity and increases FW. Nevertheless, C
alleles at both sf1.2 and fwl.1, loosely linked in chro-
mosome C1, delay flowering (under control condi-
tions) and reduces fruit weight, respectively.
Therefore, selection for the L allele at this region, in
the C population, would presumably allow to obtain
earlier, larger fruits, in absence of salinity.

Unlike the results of Monforte et al. (1999) using the
C population at F,, a negative correlation has been
detected between flowering time versus FN and TW. In
addition to the difference in the inbreeding generation,
the day length conditions during both experiments
were also different. The characterization of the F, C
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population was carried out in long day conditions,
then, S. cheesmaniae (considered a short day plant)
flowered 20 weeks later than the cultivated species.
Therefore, comparisons between both studies (at F,
and F; of the C population) on flowering time should
be taken with caution. In agreement with results of cor-
relation analysis, the distribution of QTLs for SF (or
NL) and FN (or TW) is certainly coincident in some
genomic regions for P (fnl.2, fn5.1 and twl0.1) and for
C (fn5.2). In all cases L allele delays flowering and
decrease the number of fruits. There is only one SF
QTL (sfi2.1 in C, under salinity) where L does not
delay flowering.

SF and NL are positively correlated traits, especially
in the P population, but the only putative pleiotropic
QTL is detected in the C population, where sf5.1 and
nl5.2 co-locate and show large percentages of variance
explained (PVEs). Overlapping SF and NL QTLs have
been previously detected on chromosome 5 (at Phyto-
chrome B2) in a F, population derived from the cross
between S. lycopersicum and S. chmielewskii (Jimenez-
Diaz, Lozano and Martinez-Zapater, personal commu-
nication) where the S. lycopersicum allele is associated
with early flowering. De Vicente and Tanksley (1993)
have also reported a QTL for flowering time in chro-
mosome 5 in a cross between S. lycopersicum and S.
pennelli.

Concerning flowering time candidate gene analysis,
present results from QTL analysis support two of
them, Falsiflora and No Apical Meristem. Falsiflora, the
tomato orthologue of Floricaula and Leafy, has been
shown to control flowering time and floral meristem
identity (Molinero-Rosales et al. 1999). Concerning No
Apical Meristem, Sablowski et al. (1998) have reported
that a homologue is an intermediate target of the floral
homeotic genes Apetalla3/Pistillata. In Arabidopsis,
AtNAM encodes a transcription factor whose expres-
sion is restricted primarily to the region of the embryo
including the SAM (Duval et al. 2002). Therefore, tak-
ing into account their position, their associated pheno-
typic variation, and the above functional information
from molecular genetic studies, Falsiflora (here as the
LEFA_550 marker) and a homologue of No Apical
Meristem (the C_1018 marker) seem plausible candi-
dates for n/3.1 and sf35.2, respectively.

After leaf chloride concentration, SF is the trait
most affected by salinity given that all QTLs detected
under control are different from those under salinity.
Since the PVEs of its QTLs under salinity are among
the highest found in this study, the differential location
does not seem due to random errors. In fact, QTLxE
interaction is significant only at some Cl and SF QTLs
(Table 3). Therefore, concerning the relevant genes

involved, the genetic control of a trait may change in
absence of significant G xE interaction (The P popula-
tion in Table 2), supporting the complementary nature
of the information provided by the QTL analysis. Simi-
lar results have been found by Malmberg et al (2005)
for fitness-related traits using Arabidopsis RILs
because although the total number of significant addi-
tive and epistatic QTLs was similar under the two
growth conditions (field and greenhouse), the map
locations were largely different. On the other hand,
Juenger et al (2005) have reported that, as a whole,
QTL-treatment interaction terms explained just
around 19% of the total variation for flowering time in
a RIL population of Arabidopsis. These authors also
point out that in three out six cases exhibiting this
interaction corresponded to allelic sensitivity. If salin-
ity reduces allelic differences at a QTL then it becomes
undetected. This might be the case of ni3.1 (located at
LEFA_550) in the P population.

Yield related traits: breeding for salt tolerance

Salinity effects on tomato fruit yield have received little
attention through analysis of QTL. Total fruit weight is
a complex trait whose main components are FW and
FN. The contribution of FW is clearly larger than that
of FN, since most of the TW QTLs co-locate with FW
QTLs. However some exceptions occur in the P popu-
lation for twl10.1 (near the salt-specific QTL fnl0.1)
and for the salt-specific tw8.1. Concerning utilization of
wild genetic resources, from all TW QTLs, wild allele is
advantageous only at twl0.1.

QTLs involved in fruit weight variation have been
extensively studied in different segregating populations
and advanced crosses (Grandillo et al. 1999; Saliba-
Colombani et al. 2001; Lecomte et al. 2004; Tanksley
2004; Paterson et al.1990; Goldman et al.1995; Gran-
dillo and Tanksley 1996; Doganlar et al. 2002; van der
Knaap and Tanksley 2001). QTLs in chromosomes 4
and 12 have only been detected previously by Gold-
man et al. (1995). The comparative analysis of these
QTL studies by Grandillo et al. (1999) concluded that
at least 28 conserved QTLs are the responsible for FW
variation in tomato. The number of FW QTLs detected
per study ranges from 3 to 18 and the percentage of
variance explained by QTLs depends largely on the
population, experimental design and statistical thresh-
olds. Six out of the 28 FW QTLs, on chromosomes 1, 2,
3,4 and 9, are considered major QTLs since their indi-
vidual contribution in at least one of the experiments
was more than 20 % of total variance. In our study,
chromosomes 1, 2, 3 and 4 contain FW QTLs that have
been detected in both populations without salinity.

@ Springer



1014

Theor Appl Genet (2007) 114:1001-1017

None in chromosome 9. The percentages of variance
explained (PVEs), 15.1% at most, are lower than those
reported in previous studies.

The simple fact that some FW QTL (fw3.1 and fw4.1
in P population and fwli.2, fw6.1 and fwll.I in C popu-
lation) are only detected under non-saline condition
(salt-sensitive FW QTLs) might explain genetically the
fruit weight reduction under salt stress in these popula-
tions. The only QTL for FW detected only under salt
treatment is fw8.1 (in the C population). Since the
allele increasing this trait (L), comes from the salt sen-
sitive parent (unable to yield fruits under this salinity
level), other gene(s) from the wild parent (or lack of
genes from the cultivated one) must be necessary, sug-
gesting the involvement of epistatic interactions.

Concerning fruit number, wild species have more
flowers per truss and consequently more fruits per truss
than the cultivated tomato. Wild alleles at FN QTLs
always increase the trait. The most significant QTL for
FNis fnl.2 (P population). Co-location of QTLs for the
number of flowers per truss and fruits per truss (data
no shown) in chromosome P1 relates fnl.2 with the
flowering pattern. Doganlar et al. (2002), using S. pim-
pinellifolium also, found a QTL for the number of
flowers per truss in chromosome 1. The coincidence of
map position between fnl.2 and a FW QTL where the
effect of the wild allele diminishes FW limits its use for
breeding purposes, the same problem is observed for
fn1.2 in the C population.

QTLs for fruit number in chromosome 5 were
detected in both populations, and none of them were
associated with a significant fruit weight reduction
offering the opportunity to be used in breeding, espe-
cially fn5.2 of C population because of its relatively
large PVE under salinity (13.7%). The wild allele is
associated with more fruits and an earlier yield.
Another important QTL to improve salt tolerance is
fnl0.1, detected in P population, because it is the only
FN QTL detected only under salt stress. This locus is
not linked with any undesirable feature and overlaps
with mwl0.1, where PP genotype is associated with a
higher fruit yield under both conditions.

Also in P population, tw8.1 is a salt specific QTL. It
co-locates with the only QTL detected for fruit set per-
centage under saline conditions (data not shown) indi-
cating the possible presence of genes affecting fruit set
success under stress conditions resulting in TW varia-
tion. At this locus the increase of FS and TW under
saline conditions were both related to LL genotype,
contrasting with the fact that S. lycopersicum parent
fails to yield fruits under salt treatment used. There-
fore, again the salt tolerance effect of this L gene must
be masked within the genome of the parent line, and it
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is only displayed under salinity when other(s) genes of
S. lycopersicum are absent, or other(s) from the S. pim-
pinellifolium are present. Given that the associated
markers with tw8.1 (in P) and fw8.1 (in C) are closely
linked (3 cM), and the beneficial allele under salinity
comes from the salt sensitive parent in both popula-
tions, the first hypothesis (absence of other epistatic S.
lycopersicum gene(s)) is the simplest one to explain the
salt tolerance effect of the L allele at this genomic
region.

QTL analysis of RILs under trial

QTL analysis using a population of RILs presents sev-
eral advantages over a F, concerning its accurateness
such as a more reliable assignment genotype—pheno-
type and more power to detect additive QTL. Addi-
tionally, the RIL design allows a better estimation of
trait heritability and the evaluation of as many traits as
desired under different environmental conditions,
allowing an integrative approach of agronomic and
physiological traits that makes biological interpretation
of QTL analysis easier.

In previous papers on fruit traits in tomato, their
heritabilities were not reported or were estimated only
through control plants, generally the parents (Asins
etal. 1993; Saliba-Colombani et al. 2001). Since the
non-genetic component might differ from one geno-
type to another a methodology which takes into
account both components of variation within the whole
population has been considered here. Thus, the meth-
odology used allows a comparison of variance compo-
nents between treatments and populations. As
expected, a reduction in the genetic component under
salinity is, sometimes, accompanied by the lack of
detection of control-detected-QTLs, such as in the case
of FW, suggesting that the allelic (and beneficial)
differences under control, decrease or even disappear
under salinity. A certain amount of GxE interaction
might be explained following this reasoning when com-
paring control versus salinity-detected QTLs. Addi-
tionally, heritability estimates are useful also to check
(and understand) the lack of QTL detection, such as
for Cl under control condition at the C population,
which is indicative of a certain control over the detec-
tion of false QTLs at the chosen significance level.

A limitation of the RIL design is that linkage dis-
equilibrium affects much shorter genomic regions
than other segregating populations based on fewer
recombination cycles. Therefore, for a similar marker
density, fewer QTLs are expected to be detected in
the RIL population (although precision might be
gained).
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A major drawback of RIL (and DHL) design
appears when the gene action deviates from additivity
towards overdominance, then QTLs with an overdomi-
nant gene action become undetected in completely
homozygous lines such as in DHL populations. A cer-
tain degree of heterozygosity at F, generation has been
found, mainly at the C population (Villalta et al. 2005).
It has allowed the detection of heterotic effects but it
also has complicated the QTL analysis because results
on QTL detection change if heterozygous class is con-
sidered or not (h and wh cases in Table 3). We could
ignore the heterozygote class but it implies a loss of
information. In fact, genotypic means clearly suggest
heterotic effects at certain genomic positions (bold
QTLs in Table 3) for some traits such as Cl and plant
vigour related traits, in general. However, a major
problem arises when interval mapping methodology is
used allowing dominance because new QTLs appear
that are not significant under strict additivity or using
methodologies based on one marker at a time. We
have reported here some QTLs detected by interval
mapping allowing dominance (shaded LOD in
Table 3) but only cases where the heterozygote shows
heterosis and they are supported by ANOVA or Krus-
kal-Wallis tests. PVEs estimated in some of these cases
are suspiciously high (tw7.1 in P and fnl.1 in C).

In addition to the unusual level of heterozygosis and
the deviation from the completely additive QTL
model, the distribution of most traits deviate from nor-
mality limiting the suitability of the methodologies
generally used for QTL detection. Other remarkable
difference when comparing F, and F, generations, con-
cerns GxE interaction in P population for FW (signifi-
cant in F,) and FN (non-significant in F,). These
observations suggest that cumulative recombination
along the inbreed generations changes, at least, some
genetic parameters of quantitative traits. It is well
known (Falconer 1960) that the reduction of heterozy-
gosis with inbreeding causes a redistribution of genetic
variance in terms of genetic differentiation between
lines and genetic uniformity within lines. Thus, when
inbreeding is complete and the interaction of genetic
variance arising from epistasis is neglected, the genetic
variance in the population as a whole is doubled, and
all of it appears as the between line component. There-
fore, if QTLs detected at F, correspond to single genes
(and not to blocks of genes), we should expect higher
PVEs in F; than in F,. Since what we have observed is
that estimated PVEs at F; are the lowest, at least one
of the assumptions (single genes instead of blocks of
genes, and lack of epistasis) must fail. How often a
QTL represent a block of genes? In studies with model
organisms (Cohen et al. 2000; Blumenthal et al. 2002;

Lercher et al. 2002) functionally interacting genes are
often closely located and tightly linked on a chromo-
some. In tomato, Monforte et al. (2001) and Chen and
Tanksley (2004) have reported QTLs likely to be com-
posed of multiple linked genes. But, on the other hand,
several single genes have already been identified as
responsible of QTLs (Korstanje and Paigen 2002;
Morgante and Salamini 2003; Paran and Zamir 2003).
Therefore, both kinds of QTLs seem to exist in tomato.
The involvement of epistasis will be approached in a
future study.

In conclusion, this first comparative study of two
populations of RILs that share the female progenitor
has shown remarkable differences in the QTL location
of the target traits, under both control and salinity con-
ditions. The magnitude and direction of the allelic
difference at each QTL depends on the wild allele
(which is not always possible to predict between wild
species), the level of salinity and the genetic back-
ground. Given the low contribution of the fruit yield
QTLs found and the involvement of the genetic back-
ground, other strategies to improve adaptation to high
salinity are being investigated.
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