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Abstract. Eleven quantitative traits, mostly related to
tomato plant growth and fruit set, and their association
with salt tolerance in terms of fruit yield under a 171.1
mM NaCl treatment have been investigated in 206
progeny derived from an interspecific hybrid, L. es-
culentum x L. pimpinellifolium, by self-pollination.
None of the traits were highly correlated phenotypi-
cally to salt tolerance; however, the immunologically-
detected presence of peptide 2’ was significantly asso-
ciated with high total fruit weight (TW) and number
(FN) under saline treatment. Broad-sense heritability
was estimated for these two salt-tolerance components
as 53.44 and 72.59 %, respectively. Non-additive gene
effects, which have to be considered in a breeding
program for salt tolerance, have been detected in TW,
FN and in average fruit weight (FW). Given that
different types of gene action have been found depend-
ing on the presence or absence of a high NaCl concen-
tration in the nutrient solution, a different set of genes,
or genes, differently regulated, must be involved in the
expression of TW, FN and other fruit-related charac-
ters depending on this environmental condition.
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Introduction

Breeding for salt tolerance in higher plants is widely
recognized as an important aspect of improving crop
productivity in salt-affected areas (Epstein et al. 1980).
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In a companion paper (Asins et al. 1993), the character
of salt tolerance under different saline levels was ana-
lyzed in 11 lines belonging to five Lycopersicon species.
As a consequence, we decided to use salt-tolerant lines
of L. pimpinellifolium as donors of salt tolerance (at a
conductivity of 15 dS/m)in tomato breeding programs.

Screening large numbers of genotypes on naturally saline
soils for improved salinity tolerance is not feasible because of the
extreme variability in soil salinity both spatially and temporally
(Hajrasuliha et al. 1980; Richards 1983). To avoid this variability
in screening programs, plants are often grown in nutrient sol-
utions to which NaCl has been added. Selection is then the next
problem. It is frequently based on the ability to germinate or
survive, often under extreme NaCl concentrations (Epstein et al.
1980; McGuire and Dvorak 1981). Unfortunately, germination
and survival in salinized nutrient solutions may bear no relation-
ship to growth and yield of plants in saline soils (Rawson et al.
1988). In fact, the salt tolerance of young tomato plants is not
well correlated with that of mature plants (Shannon 1979; Guer-
rier 1984; Norlyn and Epstein 1984). Other characters, such as
ion content, have not been found to provide an efficient selection
criterion for salt tolerance (Saranga et al. 1992). Therefore, to
identify characters, easily measured at early developmental
stages, that correlate with salt tolerance in terms of yield, would
be very useful for salt tolerance breeding programs. Further-
more, given that a wild species, although most closely related to
the cultivated one (Breto et al. 1992), has been used as the donor
of salt tolerance, recovery of the cultivated genome becomes an
important but difficult component of the breeding program.
Marker-assisted selection would be most valuable for this pur-
pose (Landry and Michelmore 1987; Nienhuis and Helentjaris
1989; Young and Tanksley 1989; Walton 1990).

A better understanding of the genetic basis of salt tolerance is
crucial in order to design an effective breeding strategy. Very
recently, Saranga et al. (1992) found heritability estimates of
0.30-0.45, indicating that salt tolerance of the tomato can be
improved by selection. However, nothing is yet known about the
types of gene action involved in the salt tolerance of a mature
tomato plant.

Consequently, the objectives of the present paper are to
study:

(1) several characters, mostly related to plant growth and fruit
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set, that could correlate with salt tolerance in terms of yield in an
F, population derived from the interspecific hybrid L. esculen-
tum x pimpinellifolium.

(2) the existence of an association between the presence of the
previously reported peptides 2 or 2' (Asins et al. 1993) and the
salt-tolerance phenomenon before continuing a study of these
peptides at the molecular level.

(3) the types of gene effects involved in the expression of both
yield and vegetative characters under control and two saline
levels (15 and 22 dS/m).

Materials and methods

The material studied included two parental lines differing in
NaCl tolerance, L. esculentum cv Madrigal and L. pimpinel-
lifolium line 1 (Asins et al. 1993), their interspecific hybrid (F,), its
reciprocal (F}), and 206 progeny derived from the hybrid by self-
pollination (F,). Nine plants per uniform genotype and treat-
ment were grown on sand and irrigated with nutrient solution.
Except for the F, population, all genotypes were kept under

treatment A with one-half Hoagland solution (conductivity of
1dS/m) as a control. Parental lines and F, and F, were all grown
under treatment B involving a control solution plus 171.1 mM of
NaCl (conductivity of 15 dS/m). Parental lines, the hybrid and
the reciprocal were also grown under treatment C employing a
control solution plus 256.65 mM of NaCl (conductivity of
22dS/m). Plants were cultured in a greenhouse with both photo-
period (12 h light) and temperature (25 °C + 10 °C) control, from
January to July 1991. The final conductivity of the treatment was
determined as described by Asins et al. (1993).

Three yield components, five yield-related characters, five
vegetative characters and a biochemical character were studied
by a two-way ANOVA (saline treatment by genotype) and
correlation analysis: “fruit number” (FN), “total fruit weight” in
grams (TW), “average fruit weight” in grams (FW), “fruit set” as
the percentage of flowers from the second (FS2) and third raceme
(FS3) that yielded fruits, “number of flowers” at the second (FL2)
and third raceme (FL3) and the average of both (FL23), “earli-
ness” (EAR) as the number of weeks elapsed since treatment B or
C began and until the first mature tomato was produced by the
plant, “height” (HEI) of the plant in cm at the sixth week of

Table 1. Means and standard deviations, and non-additivity (NA) and epistatic (EP) effect contrasts for Madrigal, line 1, F, and F,,
“T” means treatment, NS is Non significant, * and ** mean significant at P < 0.05 or 0.01 respectively. See text for trait abbreviations

Trait T Madrigal Line 1 F, F, NA EP

FL2 A 5.10+1.20 13.50 + 6.60 11.44 4+ 0.88 NS
B 450+ 1.19 6.67 +2.55 9.40 + 1.58 6.96 + 3.49 >k NS
C 2.67 +2.08 13.00 4+ 5.29 8.50 +2.81 NS

FL3 A 4.60+2.22 17.70 +8.23 10.89 + 1.76 NS
B 325+ 1.67 7.11 +3.41 9.00 + 1.33 7.59 4+ 5.87 *k NS
C 0.00 +0.00 12.75 +3.30 8.00 + 1.67 NS

FL23 A 485+1.43 15.60 + 7.14 11.17+ 1.12 NS
B 3.87 +0.99 6.89 4 2.85 9.20+ 1.42 7.13+3.94 ** NS
C 1334+ 1.04 12.87 +3.50 8.25 £ 1.60 NS

FS2 A 0.57 £0.26 0.79 +0.39 0.90+0.19 *
B 0.20 +0.30 0.64 + 0.30 0.65+0.32 0.44 +0.37 NS NS
C 0.00 £+ 0.00 0.50 +0.39 0.78 +0.42 *

FS3 A 0.21+0.29 0.85+£0.31 091 +0.23 *k
B 0.00 + 0.00 0.61+0.13 0.63 +0.40 0.54 +0.36 * NS

EAR A 6.50 +0.55 5.00 £0.00 333+1.03 *x
B 6.00 + 1.09 6.33+1.03 1.33+0.52 6.88 + 4.00 *k *k
C 8.00+0.00 5.60 +1.95 3.17+041 *x

™ A 272.66 + 80.6 70.03 + 30.7 137.03 + 35.5 NS
B 26.63 +11.6 12.02 +2.51 49.35+22.7 30.09 + 25.1 ** NS
C 14.94 +4.45 646 +7.21 33.56 + 12.1 ok

FN A 5.15+2.14 89.67 1+ 38.3 31.83+8.93 **
B 1.334+0.51 22.00+4.10 16.33 4+ 7.06 1340+ 10.3 NS NS
C 1.00 + 0.00 13.20+ 129 9.17 + 4.26 NS

Fw A 56.63 +13.9 1.15+0.25 7.20 £ 0.65 **
B 2178+ 11.2 0.75+0.10 3.78+0.72 2.82+1.81 ** **
C 14.94 +4.45 049 +0.19 4.114+0.79 >

SS A 1.00 £ 0.00 1.00 + 0.00 1.00 + 0.00 NS
B 3.00 +0.00 2.00 4+ 0.00 3.17+041 2.634+098 ** NS
C 3.33+0.52 3.83+1.17 333+0.52 NS

LS A 100.00 + 0.00 100.00 + 0.00 100.00 + 0.0 NS
B 61.00+41.3 83.33+333 46.80 + 37.7 53.06 £ 37.3 NS NS
C 21.33+3.26 20.83 +8.49 20.50 +3.94 NS

ID A 6.15 1+ 0.67 3.85+0.75 740+ 1.68 **
B 440+ 1.29 2.61 +0.65 475+ 1.13 4.06 + 1.82 * NS
C 325+207 3.33+0.76 6.50 + 1.47 **

HEI A 107.40 + 20.7 99.40 + 29.3 120.00 + 0.00 *x
B 4795+ 7.66 57.06 + 15.5 7544 4+ 10.3 54.14 + 209 *x *
C 34.08 + 8.17 55.12424.3 64.00 + 6.23 *

PC B 370+ 1.18 239+ 0.86 3.38+048 450+ 1.62 NS **




treatment (plants higher than 120 cm were recorded as 120 cm),
“internodal distance” (ID) in cm between the 9th and the 10th
leaf, “stress symptoms” (SS) at the 6th week of treatment classi-
fied in five classes according to the chlorosis of the leaves and the
apical meristem and the degree of defoliation, etc. (the worse
looking the plant, the higher the index), “life span” (LS) as the
number of weeks until the plant died (an arbitrary value of 100
was given to those plants that lasted the whole experiment), and
the “protein concentration” (PC) of leaf extracts (at the 6th week
after treatment) quantified by means of the Bio-Rad Protein
assay as equivalents of ug of BSA.

For all the above traits, non-additive and epistatic gene
action were estimated by the following contrasts (Wricke and
Weber 1986, pg 67):

2F, — (P, + P,) for non-additivity
4F, —2F, — (P, + P,) for epistasis

where P, and P, stand for both parental lines. The significance of
the contrast was established by a t-test. Given that for many
variables the variances were very different according to the
genotypes (parentals, F, and F,), tests were based on the specific
variances not on a pooled estimate.

To estimate the broad-sense heritability, the non-genetic
variance (V) was obtained as a weighted average (1:1:2) of the
variances of the parentals and the F, for the reason given above.
Since variance among F, progeny (V) is the sum of both genetic
(V,) and non-genetic variances, heritability was calculated as the
ratio V,/V_.

Leaf protein extractions and polyacrylamide-gel elec-
trophoresis were performed as described in Conejero and Sem-
ancik (1977). Western blots containing samples from all plant
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material, grown under conditions A and B, at the 6th week after
treatment B began, were incubated with polyclonal antibody 2
following the procedure described in Asins et al. (1993). To study
the association between the fruit yield characters and peptides 2
or 2’ and the presence of TMV virus, a one-way ANOVA was
performed using presence/absence as the classification level.

Results

Means and standard deviations, and non-additivity
and epistatic contrasts for all quantitative characters
are summarized in Table 1. Five of them show the
same type of gene action independent of the treatment:
LS is a completely additive trait and EAR, FW,ID and
HEI show a non-additive behaviour. Epistatic effects
were detected in EAR, FW, HEI and PC. For the
others, the occurrence of dominance effects depend on
the treatment. Therefore, a different set of genes, or
genes functioning differently, are involved in the ex-
pression of these characters depending on the treat-
ment. Phenotypic variances are clearly related to the
magnitude of the means; the higher the mean, the
higher the variance.

Regarding the behaviour of the reciprocal in com-
parison with the hybrid, significant differences were
found between them in ID, EAR, HEI and LS (Fig. 1).
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Table 2. Coefficients of correlation among all the characters and
broad-sense heritability (k%) of characters for the F, under
salinity treatment B. “~” means estimated V, greater than V_ at
F,. See text for character abbreviations

Trait W FN FW [
FL2 0.45 0.37 0.27 73.56
FL3 0.52 0.44 0.26 86.97
FL23 0.32 0.34 0.18 78.86
FS2 0.40 0.30 0.17 41.67
FS3 0.46 0.36 0.13 38.46
EAR —0.31 —0.12 —027 95.00
™ 1.00 0.68 0.58 53.44
FN 0.68 1.00 0.13 72.59
FW 0.58 0.13 1.00 -

SS —042 —027 —0.40 91.67
LS 0.39 0.49 0.33 -

ID 0.32 0.19 0.22 64.95
HEI 0.45 0.39 022 84.28
PC 0.40 0.21 0.30 75.19

Table 3. Mean values for the fruit yield characters and protein
concentration in the F, under treatment B, and association to
the presence of peptides 2 and 2/, and TMV. “ + 7, “ —” and NS
mean presence, absence and non-significant, respectively

Trait- 2 2 T™MV 2-TMV
—/+ —/+ —/+ —/+

W 27/47 NS NS 28/50

FW NS 30/19  27/43 NS

FN 12/20 NS NS 12/21

PC 41/64 NS NS 4.1/6.3

In order to determine whether or not any of these
characters were related to salt tolerance in terms of
yield, phenotypic correlations among FN, TW and
FW, and the whole set of characters were calculated in
the F, population (Table 2). No important correlation
seems to exist. The characters that showed the highest
coefficients were, FL3, LS and SS regarding TW, FN
and FW, respectively.

Broad-sense heritability was calculated for all char-
acters in the F, population under treatment B
(Table 2). There are two characters, FW and LS, where,
due to the large variability found in Madrigal, accom-
panied, in the case of FW, by a large mean, the esti-
mated non-heritable component of variability is
greater than the estimated total variance. Broad-sense
heritability of salt tolerance, expressed as TW and FN
under salinity, was estimated as 53.44 and 72.599/,
respectively.

Under treatment B at the time of the analysis
peptide 2’ was present only in line 1. The x2 value for its
segregation ratio in the F, under a 1:3 presence vs
absence hypothesis, was 4.66 (significant at 5%;). Other
hypotheses such as 1:15 or 7:9, resulted in greater >
values.

Table 3 contains the results from the one-way
analysis of variance for the yield characters and the
concentration of protein in the leaf extracts according
to the immunologically detected presence/absence of
peptides 2 and 2, and of TMV virus coat protein, for
the F, plants. The presence of TMV was detected from
the leaf proteinograms (see Fig. 2 in Asins et al. 1993)in
12 plants of the F,. The presence of peptide 2’ proved to
be associated with salt tolerance. The presence of
peptide 2 was associated with a decrease in FW and the
presence of TMV was, unexpectedly, associated with
an increase in this same yield character. Although the
presence of TMV could be a confounding factor in the
experiment, it does not seem so, given that, as is shown
in Table 3 (under the 2'-TMV heading), if data from
plants with TMV are omitted from the analysis, the
presence of 2’ peptide is still associated with salt toler-
ance, and even increases the difference between the means
of the two classes. The concentration of proteins did
not relate to any of the yield characters, but did relate
to the presence of peptide 2'.

Discussion

In evaluating the data from Table 1, two crucial trends
for the breeding program become apparent. For the
three fruit-yield components: total weight (TW), fruit
number (FN) and average fruit weight (FW), non-addi-
tive gene effects have been detected and, except for FW,
different types of gene action have been found depend-
ing upon the presence of NaCl in the nutrient solution.
Saranga etal. (1992) found that genetic correlations
between performance under 10 and 20dS/m treat-
ments were higher than those between each treatment
and the control, suggesting the existence of additional
genes that would be expressed only under conditions of
salinity. This, of cource, is not the only way to explain
their and our results. Some genes involved in the
expression of these characters could be regulated (or
interact) differently depending on the amount of NaCl
in the nutrient medium. Not only do TW and FN show
different types of gene action depending on the treat-
ment but other features related to fruit yield, such as
“number of flowers” and “fruit set” are also affected. As
mentioned in the companion paper, under 15 dS/m, the
fruit set by the Edkawi cultivar never fills. The other
cultivar, Madrigal, also survives and flowers under this
treatment but the flowers fall off after opening; more-
over, there are F, genotypes with a maximum “life
span” (LS) that do not flower at all. Flowering, fruit set
and fruit development are important, highly regulated,
plant processes to which not very much attention has
been paid in saline environments, although lately
(XIIIth EUCARPIA Congress 1992) increasing inter-
est has been focused on the relationship between repro-
ductive biology and plant breeding.



Except for the “number of flowers at the third
raceme”, none of the coefficients of correlation for the
characters involved in the present study with the yield
components resulted in F, values higher than 0.50
(Table 2). As expected, it is one of the characters related
to the reproductive process (FL3) whose coefficient of
correlation with yield (TW) under salinity reaches the
highest value. Although we would not recommend the
use of this character for salt-tolerance screening, it
again points to the importance of flowering, fertility
and fruit development in understanding the phenom-
enon of salt tolerance in terms of fruit yield.

The four characters related to plant vigour, earli-
ness, life span, internodal distance and plant height, all
show maternal effects in their inheritance. Similarly,
Fooland and Jones (1991) found significant maternal
effects in the germination performance under salt stress,
suggesting the use of the salt-tolerant genotype and
progeny as the maternal parent in a breeding program
to improve salt tolerance at the germination stage.

The estimated broad-sense heritability must be
considered as an upper limit of the heritable compo-
nent of total variability. Therefore, given that we have
detected dominance effects, its estimated value for TW
(53.44%) is in agreement with the sensu-strictu herita-
bility of 30-45% obtained in backcrosses (Saranga
etal. 1992). Salt tolerance, considered in terms of total
fruit yield, is a quantitative character where the envi-
ronmental or non-heritable component of variation is
almost as important as the genetic one. Additionally,
using L. pimpinellifolium as the salt-tolerant donor
has resulted in a large genetic variance in FN under
conditions of salinity, with 72.59% of the total variance
in the F,.

Our results agree with those reported by Saranga
et al. (1992), suggesting that for salt-tolerance breeding
programs, beyond 10dS/m, selection or screenings
should be performed under saline conditions. This
contrasts with the results obtained in low and moder-
ate (less than 7 dS/m) saline treatments by Kelman and
Qualset (1991) in wheat. Here selection in low salinity
environments would be expected to produce cultivars
with a high yielding potential for environments with
moderate salinity stress (around 7 dS/m). Furthermore,
the additive, dominance and epistatic effects in the
main fruit yield components of salt tolerance, should
permit the development of recombinant inbred lines
from the F,, containing the salt tolerance quantitative
trait loci (QTL) of line 1 and recovering most of the
genome of L. esculentum. This, coupled with recurrent
selection for specific combining ability of the lines with
a good tomato cultivar, seems to be the most adequate
strategy for breeding salt-tolerant (above 10dS/m)
tomatoes.

One quantitative character, peptide 2', has been
found statistically associated with salt tolerance at two
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of its yield components, TW and FN. The use of a
polyclonal antibody to detect the presence of 2’ makes
it very difficult to distinguish between heterozygotes
and homozygotes for its absence. This explains the
expectation of a presence vs absence segregation ratio
of 1:3. The significant deviation found regarding this
hypothesis is probably explained by the interspecific
origin of the F,. Rick (1969, 1972) reported significant
deviation from Mendelian expectations in segregations
of the interspecific cross L. esculentum x L. pennellii.
Tanksley (1986) also observed abnormal gene flow in
isozyme marker segregations in two tomato inter-
specific crosses as well as in one interspecific cross in
pepper.

Surprisingly, the presence of TMYV is statistically
associated with an increase of FW. The huge amount of
TMYV coat protein detected in the infected plants sug-
gests that this protein could be acting as an osmolyte,
allowing the fruit to grow in spite of the high external
osmotic pressure. If it was possible to genetically mod-
ify a plant to overexpress an innocuous peptide in the
fruit as a response to high salt stress this could be
considered as a target for producing salt-tolerant crops
whose fruits are the economically important part.

In conclusion, salt tolerance, defined as total fruit
weight in our F, tomato population grown under
15dS/m, is a quantitative trait where the non-heritable
component of variation is almost as important as the
genetic one. The genetic component involves not only
additive but also non-additive effects which need to be
considered in the design of a breeding program for
salt-tolerant plants and in the statistical model used to
locate the salt tolerance QTL (Carbonell et al. 1992).
The NaCl concentrations used in the nutrient solutions
affect the type of gene effects found for most fruit set
characters, suggesting differences in gene regulation.
To our knowledge, this is the first time a peptide or
protein has been found associated with salt tolerance in
terms of fruit yield. This statistical association needs
further research at the molecular level to elucidate its
possible functional meaning and to provide a DNA
probe that could be used as a salt-tolerance marker at
seedling stage.
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