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Abstract A study of genotype-by-salinity interaction
was carried out to compare the behavior of quantitat-
ive trait loci (QTLs) in two F

2
populations derived

from crosses between the cherry tomato, ¸ycopersicon
esculentum Mill. var. cerasiforme, and two wild rela-
tives ¸ycopersicon pimpinellifolium (Jusl.) Mill. and
¸ycopersicon chesmannii f. minor (Hook. f.) Mull.,
grown at two environmental conditions (optimum and
high salinity). QTLs for earliness and fruit yield could
be classified into four groups: ‘‘response-sensitive’’,
those detected only under control conditions or
whose contribution significantly decreased in salinity;
‘‘response-tolerant’’, detected only in salinity or in
which the direction of their additive effects changed;
‘‘constitutive’’, detected in both growing conditions;
and ‘‘altered’’ QTLs, those where the degree of domi-
nance changed according to the presence or absence of
salt. Epistatic interactions were also influenced by the
salt treatment. This differential allele effect at some
(non-constitutive) QTLs induced by salt stress will
make selection under an ‘‘optimum environment’’ un-
fruitful for the ‘‘response-tolerant’’ QTLs. Similarly,
selection under salinity will ignore ‘‘response-sensitive’’
QTLs. Given that salinity is highly variable in the field,
marker-assisted selection should take into account not
only the ‘‘response-tolerant’’ but also the ‘‘response-
sensitive’’ QTLs although there might be cases where
selection in some QTLs for both conditions is not
feasible. Comparing both populations, very few QTLs
showed the same behavior.

Key words Yield components · Earliness · G]E ·
Gene effects · Wide adaptation · Genetic markers ·
MAS · Epistasis

Introduction

Soil salinization, the concentration of salts in the sur-
face, or near-surface, zones of soils, is a major process of
land degradation, leading to falling crop yields and the
loss of land from production in a range of environ-
ments. Human-induced salinization also contributes to
desertification processes in the world’s drylands and
more temperate environments because it is particularly
associated with irrigation schemes (Thomas and
Middleton 1993).

Breeding for salt tolerance has been recognized as
a suitable approach to improve crop productivity in
salt-affected areas (Epstein et al. 1980). However, pro-
gress so far has been modest. Two reasons for this are
specially relevant: (1) breeding for salt tolerance has
been mostly carried out by introgressing polygenes into
the domesticated species from salt-tolerant wild species
which are poorly productive and with many undesir-
able characteristics, and (2) the spatial and temporal
variability in salinity affected fields. The first problem
could be reduced using marker-assisted selection
(MAS), as suggested by Monforte et al. (1996). The
second problem has brought about the controversy
among breeders on the choice of a suitable environ-
ment for evaluation and selection in salt-tolerance
breeding programs. Thus, Richards (1983) concluded
that the best strategy was to select for yield under low-
or non-saline conditions, which has been supported by
the results from some experiments (Rawson et al. 1988;
Kelman and Qualset 1991). Other authors suggest that
selection must be carried out under conditions of salin-
ity (Johnson et al. 1992; Saranga et al. 1992). A fact
frequently ignored for convenience is that the geno-
type-by salt treatment interaction is usually large and
significant in most experiments (Azhar and McNeilly
1988; Ası́ns et al. 1993b; Igartua 1995). Data at the
molecular level also support the existence of this inter-
action, such as differential mRNA expression (Gibson



et al. 1984; Gulick and Dvorák 1990), synthesis de novo
or the accumulation of proteins, commonly named
‘‘osmotin’’ (reviewed by Hurkman 1992), and the disap-
pearance of certain isozymes and peptides (Ası́ns et al.
1993 a, b). In attempting to study the merits of potential
strategies for salinity tolerance breeding, Igartua (1995)
points out that this objective can be compared to what
has been known as breeding for ‘‘wide adaptation.’’,
making it necessary to test a subset of environments,
including stress and non-stress locations. Hence, the
controversy about the choice of an optimum selection
environment must be focused on whether, in spite of
differential gene expression, selection under non-saline
conditions can ensure a minimum response under salt
conditions or, conversely, genes acting on non-salinity
conditions are different from those acting under salin-
ity, then causing the selection under non-salinity to be
inefficient. One way to asses this, is to select under
conditions of salt and non-salt treatment and then
compare both responses. Several experiments of this
kind have been carried out, giving conflicting con-
clusions (see Igartua 1995 for a more detailed dis-
cussion). Another approach is to use QTL analysis
based on genetic markers to study the salt-induced
differential genotypic expression or genotype]envi-
ronment (G]E) interaction. If different QTLs are de-
tected depending upon the presence/absence of salinity,
it could be used in the design of a marker-assisted
selection (MAS) scheme which, taking into account all
of QTLs of the trait, would help to broaden ‘‘adapta-
tion’’ from non-saline to saline conditions.

The objectives of the present work were to carry out
a comparative study, by means of QTL analysis, of the
genetic control of tomato fruit yield under both saline
and non-saline irrigation conditions, and to compare
the results of this G]E interaction among families
differing in their salt-tolerant parental species.

Materials and methods

Families were derived from three interspecific crosses between
¸ycopersicon spp: cross A, ¸. esculentum cv ‘‘Madrigal’’ and ¸.
pimpinellifolium line L1 (Bretó et al. 1994); cross B, ¸. esculentum var
cerasiforme line E9 (a cherry tomato cultivar) and ¸. pimpinellifolium
line L5 (Ası́ns et al. 1993 a); and cross C, line E9 and ¸. chesmannii
line L2 (Ası́ns et al. 1993 a).

Parentals, F
1

and F
2

populations, except for the F
2

from the
A cross, were grown under both control and salt-treatment condi-
tions. For control conditions plants were cultured in individual pots
filled with peat plus sand and irrigated with tap water (approxim-
ately 2 dS/m). Plants under salt treatment were grown on sand in
a greenhouse with both photoperiod (12-h light) and temperature
(25#10°C) control and irrigated with one-half Hoagland solution
plus 171.1 mM NaCl (conductivity 15 dS/m). The sunlight, meas-
ured as the photosynthetic photon flux density (PPFD) inside the
greenhouse on June 3rd., was very low (200 lmolm~2 s~1) because
the plaques had lost transparency. Earliness (EA) and the fruit-yield
components, total fruit weight (TW), average fruit weight (FW) and
fruit number (FN) were measured at 9 week after plants started
producing fruit, as described in Monforte et al. (1997).

Means, variances, contrasts for non-additive (NA), and epistatic
(EP) effects, the proportion of transgressive individuals, marker
linkage analysis, QTL detection and analysis, and epistatic inter-
actions between markers were calculated as described in Monforte
et al. (1997).

Genotype-by-environment interaction was studied by two-way
ANOVA using genotypes (including parentals and F

1
s) and treat-

ments as classification levels.

Results

Several statistics for the measured traits and genotype-
by-environment (G]E) interactions for EA, TW, FN
and FW in the three families are presented in Table 1.
G]E was highly significant (P(0.0001) in all traits
and families except for EA and FN in the B family. No
transgressive segregants were observed for any trait
under control conditions for the B family. The contrast
for epistatic interactions (EP) in B under control condi-
tions was highly significant (P(0.01) for EA and TW,
and significant (P(0.05) for FN (data not shown). The
F1 from family C flowered and yielded tomatoes very
late under salinity conditions. Moreover, 77 out of 200
F2 plants produced tomatoes under control conditions
while only 50 out of 178 F2 plants did so under salt
treatment, which is significantly different. Non-yielding
plants in C F2 were kept in the greenhouse and a pro-
portion of them yielded fruit from 13 to 23 weeks after
the conventional yielding plants finished their 9-weeks
of production (data not shown). Therefore, QTLs were
analyzed only in non-late-yielding plants of this F2 to
follow the same criteria under control conditions as
Monforte et al. (1997) did for C plants under salinity.

The QTLs detected are summarized in Table 2; they
are named by an abbreviation of the trait and a signifi-
cantly associated nearby marker(s). The genotypic
value of the homozygote for the ‘‘wild’’ allele (a), the
dominance deviation of the heterozygote from the
mean of the homozygotes (d), and the percentage of
explained phenotypic variance at a single locus (R2) are
also shown. The QTLs that could not be detected in
one cross, because of the lack of marker polymorphism,
are enclosed between parentheses. The most likely posi-
tions of the QTLs detected under control conditions
according to MAPMAKER/QTL are similar to those
found under conditions of salinity. The only differences
were in the exact position of three fruit-weight QTLs
that were placed in one extreme of the interval under
salinity and in the middle under control conditions. In
addition, QTLs for total weight which were most likely
located near fruit-number QTLs in salinity conditions,
moved closer to the fruit-weight QTLs under control
conditions, due to an increase in the contribution of the
FW component for that environmental condition.

The direction of additive effects (a) of yield-related
QTLs in early yielding plants of the C cross was to-
wards ‘‘esculentum’’ alleles, as happended under salt
treatment (Monforte et al. 1997). The direction of the
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additive effects of fruit-weight and fruit-number QTLs
were according to parental performance in the B F2
under control conditions, except for fn¹G63. Total-
weight QTLs showed the same directions as their re-
spective yield-component QTLs.

The proportion of phenotypic variance (R2) ex-
plained by the markers or QTLs was usually below
10%. Some QTLs had a large contribution to the trait,
especially fwTG48-TG180 (58%), fnTG23 (21.4%) and
fwTG134 (12.56%).

QTLs for fruit weight were quite constant between
crosses under control treatment; the three QTLs in
the C F2 were also detected in the B cross. There was
no common QTL for either FN or EA (Table 2). Sali-
nity greatly affected the QTL analysis of earliness and
fruit-yield components. Very few QTLs showed no
change, and none of them coincided between the B and
C families.

Significant epistatic interactions, according to the
presence/absence of salinity, are summarized in Table 3
for the B family. As in the case of salinity (Monforte
et al. 1997), the effect of these interactions was to in-
crease the range of the means of the two-locus geno-
types relative to the one-locus genotypes (data dot
shown). Epistatic interactions changed with the envi-
ronment; although some genomic regions are involved
in espistatic interactions affecting the same trait under
both environments, only one interaction, that for fruit
weight (TG30-TG43), was common. Noteworthily, the
marker TG43, associated with FN and TW constitut-
ively, but not with FW, interacted with almost all FW
QTLs in both treatments. Most interactions detected
under control conditions, and some under salinity, in-
volved a genomic region and more than one unlinked
marker, which implies that multilocus associations are
involved in the phenotypic expression of the traits.

Discussion

The success of the plant breeder should be judged not
on the total number of genotypes grown in any one
year, but rather on how efficient and reliable the selec-
tion procedures are in identifying superior individual
genotypes and progenies. There is little to be gained,
and much effort wasted, in growing numerous indi-
viduals at the start of any program if 90% of the
available variation is discarded in the early generations
as a consequence of poor or unproven selection proced-
ures which are often no better than random selec-
tion (Brown et al. 1987). Nowadays, marker-assisted
selection (MAS) can be used to improve efficiency
in this process by allowing an increase of the frequency
of favourable putative genotypes in the segregant
populations before they have to be phenotypically
evaluated or assayed in field trials. However, several
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Table 3 Epistatic interactions at the two-locus level for the B family.
Bold markers are significantly associated to the trait in at least one
family and treatment

Trait Treatment

Salinity Control

Earliness TG180-TG63 Aco1-TG30
Aco1-TG180
Est4-TG123
TG18-TG134
TG30-TG180
TG30-TG68
TG43-TG63
TG63-TG134

Total weight Est4-Aco1 Aco1-TG180
Est4-TG180 TG24-TG18
TG24-TG23 TG134-TG18
TG43-TG123 TG43-TG18
TG180-TG63 TG48-TG18
TG134-Aco1 TG48-TG68

TG48-TG123
TG180-TG134

Fruit number Est4-TG180 Aco1-TG180
TG43-TG123
TG48-TG18

Fruit weight Aco1-Est4 Aco1-TG180
Aco1-TG43 TG18-TG43
Est4-TG24 TG23-TG43
Est4-TG68 TG24-TG43
TG24-TG30 TG30-TG43
TG24-TG48 TG68-TG43
TG30-TG43 TG180-TG43
TG48-TG43 TG180-TG63
TG48-TG68 TG134-TG123
TG68-TG134 TG134-TG23
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factors may reduce this efficiency, for instance the
genetic variability at a QTL (Monforte et al. 1997).
Additionally, many problems, particularly in breeding
for resistance, are associated with the fact that breeders
are manipulating genetic variability to overcome an
abiotic or biotic problem that also changes with time
and/or space. Salinity is an excellent example of this
problem. Hence, we have used this factor to study the
effect of genotype-by-environment (G]E) interaction
on the genetic control of agronomically important trai-
ts such as earliness and fruit yield by means of QTL
analysis and to examine how this interaction affects the
MAS scheme for the improvement of salt tolerance.
The use of F

2
populations, instead of backcross popula-

tions or recombinant inbred lines, has enabled us to
study gene action at individual QTLs. Taking advant-
age of this approach, earliness and fruit-yield QTLs
could be classified into four groups (Table 4):

‘‘Constitutive QTLs’’, those that showed no important
change in their gene action and were detected in both
the control and under conditions of salinity. They are
the least numerous group and none were common to
B and C families.
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‘‘Altered QTLs’’, those that were detected under both
conditions but where the degree of dominance changes
depending on the presence/absence of salinity.
‘‘Response-sensitive QTLs’’, those only detected under
control condition or those whose contribution to the
phenotypic value significantly decrease under condi-
tions of salinity, such as fw¹G48-TG180.
‘‘Response-tolerant QTLs’’, those only detected under
salinity or those where there is a change in the direction
of gene effects depending upon the presence/absence of
salinity, such as fw¹G68-Aco1.

No constitutive QTLs for earliness were detected. Gene
effects at all EA QTLs are affected by salinity; therefore,
salinity seems to play a very important role in the
regulation of this trait.

Three factors may be involved in the lack of detec-
tion of QTLs in one of the treatments:

(1) Sampling errors. This would also include differ-
ences in the recombination fraction. If in one of the
treatments there is a random increase of the recombi-
nation fraction between a marker and a QTL of low
contribution, this may prevent its detection.
(2) A change in the contribution of QTL to the genetic
variance of the trait. This change could be as drastic as
the lack of expression of the genes at the QTL under
a certain growing condition. Another possibility would
be that the differences in performance between alleles at
the QTL under one environment disappear under the
other, simply because none of them is better than the
other in that environment.
(3) Epistatic interactions. Gene interactions affect the
trait value. (Bretó et al. 1994; Lark et al. 1995; Monforte
et al. 1997) and these interactions change depending
upon the treatment. Might they mask allelic variation
at QTL?. We think that this is possible because Lark
et al. (1995) have shown that trait variation at a locus
may be conditional upon a specific allele at another. If
expression of this epistatic locus is blocked by the
environment (a stress condition for instance) variation
at the QTL will disappear.

Sampling errors could be important in QTLs with
a low contribution, whereas the differential detection or
contribution of the QTLs with large effects ('10%)
should be more readily explicable by a change in the
contribution of the QTL to the genetic variance. Pres-
ent data does not allow us to study the relative import-
ance of cause (3) to explain the lack of detection of
QTLs in one of the treatments, mainly because power-
ful statistical methods for epistasis are not available in
QTL analysis.

Sometimes, one of the two yield-components (FW or
FN) was associated to a marker (s) locus, but the TW
QTL was not detected in any treatment; hence, this
lack of detection must be attributed to sampling errors
and/or small changes in the contribution of the total
weight components (FW and FN). These causes can

also be applied to other QTLs with a low contribution
((5%), such as fnTG18, fnTG63 in B, and fnTG28 and
twTG68 in C. However, there are many other ‘‘re-
sponse’’ QTLs that show an important contribution to
the trait. A clear example, although less radical, of
a sensitive QTL is fwTG48-TG180, which has a large
contribution to fruit weight under control conditions
but it is greatly reduced under salinity. This QTL is
a very important one; Alpert et al. (1995) showed that it
can be considered as a major QTL for fruit weight,
contributing up to 47% of the phenotypic variance. We
also reported a QTL with an important contribution to
this trait under salinity at the same chromosomal loca-
tion (Monforte et al. 1996, 1997), and in the present
experiment we confirmed its importance, contributing
up to 58% in family B (Table 2). The genetic back-
ground of family C must be the cause of the much lower
effect of the very same ‘‘esculentum’’ allele in this family
under both growing conditions. The important reduc-
tion of fruit weight under salinity can be explained, at
least in part, by a reduction of the effect of the ‘‘esculen-
tum’’ allele at this QTL. Genetic variability at this QTL
within the cultivated species could be used to search for
other allelic variants less sensitive to salinity.

Most detected QTLs are response-tolerant QTLs.
These will determine an important proportion of the
breeding value of the genotype under salt treatment.
Some of them make a relatively important contribution
to the trait (eaTG23, eaTG43, eaTG180-TG48, twTG24-
TG51, twTG123-TG182, fnTG24-TG51, fnTG134,
fwPgm2-TG182, fwEst4); so, their detection only under
conditions of salinity must be due to an important
change in the effects of the ‘‘esculentum’’ and wild
alleles, or to differential gene expression, in the sense
that they were not expressed under control conditions.
The study of tolerant QTLs demonstrated that both
cultivated and wild parentals present genes that could
be masked by the rest of the genotype but which are
involved in the tolerant response to salt stress.

Within tolerant QTLs, fwTG68-Aco1 deserves
a special mention. Its additive effect was to ‘‘esculen-
tum’’ alleles in the control but changed to ‘‘pimpinel-
lifolium’’ under conditions of salinity, showing a drastic
change in gene action. It was detected by Paterson et al.
(1991) in non-stress conditions where the direction was
towards the ‘‘esculentum’’ allele. Eshed and Zamir
(1995) also found it under non-saline conditions, but
here the direction was towards the wild allele.
FwTG68-Aco1 must be an orthologous QTL present in
both cultivated and wild tomato species, but no ‘‘es-
culentum’’ nor ‘‘pimpinellifolium’’ allele from those we
have sampled is good for both the presence and ab-
sence of salinity. QTLs like this one limit adaptation to
both environments, although genetic variability may
exist at this QTL to overcome this problem. This refin-
forces the importance of treatment or environment in
QTL detection and in the consequent design of the
MAS scheme.
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From the breeder’s point of view, if only one environ-
ment is used for evaluations, salinity will make
more QTLs available for response to selection, while
response-sensitive QTLs will stay mute. The fact
that fruit yield under control conditions showed a
correlated response to selection by MAS based on
QTL analysis under salinity (Monforte et al. 1996)
is explained by the existence of constitutive QTLs;
however, the large number of response-tolerant QTLs
compared with the response-sensitive QTLs, suggests
that fruit yield under salinity will not respond as
efficiently to selection by a MAS scheme based on
a QTL analysis under an optimum environment. Re-
sponse-sensitive and -tolerant QTLs are specially im-
portant if breeding for wide-salinity adaptation is
intended. If breeding for wide-salinity adaption is pur-
sued, MAS should be directed not only to constitutive
and response-tolerant QTLs but also to response-sensi-
tive and altered QTLs, although in some cases selection
for both saline and non-saline environments at some
QTLs ( fwTG-68-Aco1, for instance) may not be com-
patible.

Salinity changes the mode of gene action of that
group of QTLs which we have named altered QTLs.
This means that G]E interaction can change intra-
locus gene interactions. There are four genomic re-
gions, TG24-TG51(58), TG48-TG180, TG134 and
TG30, that are involved in fruit number and fruit
weight, and two of them are also involved in earliness.
We cannot distinguish between several closely linked
QTLs or one QTL with pleiotropic effects, although
under a given growing condition and family, their most
likely position was different. The most likely position of
these QTLs by interval mapping has not been ascertain
because they may change from the middle of the inter-
val to towards one flanking marker, and vice versa,
depending on the family and the treatment. Neverthe-
less, we think this is not relevant because it can be
explained first by the usually large size of the confi-
dence intervals for the QTL positions (Hyne et al. 1995)
and second by differences in genetic recombination.
However, if in fact there is only one QTL then the
pleiotropic effects must depend on the environment.
The most dramatic change affects fwTG24-TG51 in fam-
ily C, from recessiveness under control conditions to
overdominance under conditions of salinity. From con-
trol to salinity the changes are, from recessiveness to
additivity, from additivity to dominance, over-
dominance or underdominance, and three mute QTLs
for fruit number under control conditions showed over-
dominance under salinity. These results suggest that
non-additive effects are very important under stress
conditions. We think these changes affecting the mode
of gene action should be taken into account to establish
the best breeding strategy. Thus, a kind of combined
selection, based on selection among plants depending
on their performance under non-stress environment
and the performance of their hybrid progeny under the

stress condition, might be an advisable breeding strat-
egy to improve resistance to salinity, or to any stress
factor that changes the relative importance of the addi-
tive vs the non-additive components of the genotypic
variance.

It has been shown that gene interactions changed
depending on the family or genetic background (Mon-
forte et al. 1997), and it is now shown they also
change as a consequence of the presence/absence of
salinity. Some markers (like TG43 for FW in cross B)
have shown epistatic interactions with many QTLs
involved in a trait (mainly under control condition);
however, the marker itself is not significantly associated
with the trait. This constitutes clear example of the
epistatic expression of a QTL, as Lark et al. (1995)
have found in soybean. Another important observation
is that many marker loci (individually associated, or
not associated, to a trait) are involved in more than
one interaction, especially in fruit weight (Table 3).
This suggests that multilocus associations are involved
in the final expression of agronomically important
traits, although we have only be able to study the
two-locus level.

Our QTL-analysis approach to salt tolerance pur-
sued two main objectives: to apply MAS in the im-
provement of salt tolerance of the tomato using wild
related species (Bretó et al. 1993; Monforte et al.
1996), and to dissect the character ‘‘fruit yield’’. This
dissection has allowed us to study important phe-
nomena in quantitative genetics, such as heterosis and
transgressive segregation, and to investigate the pos-
sible causes that make MAS inefficient: i.e. allelic
variation at a QTL and epistasis (Monforte et al. 1997),
and genotype-by-environment interaction (the present
paper). Our conclusion completely agrees with Allard’s
description of biological complexity (Allard 1960):
‘‘virtually all phenotypic effects are not related to
the gene in any simple way. Rather they result from
a chain of physico-chemical reactions and interactions
initiated by genes but leading through complex chains
of events, controlled or modified by other genes and the
external environment, to the final phenotype’’. Can we
ignore this complexity when applying MAS? Is it pos-
sible to include the complexity (allelic variation, epi-
stasis and G]E) in a MAS index? Will the selection
response make the cost of applying this MAS index
worthwhile ? The dissection of quantitative traits using
molecular markers has created a powerful method of
analysis for these important characters; however, there
still remains significant loose ends, especially regarding
the relative importance of epistasis, and the extent
to which stress environments increase the relative
contribution of the non-additive components of genetic
variance.
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