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Abstract Most cultivars of tomato (¸ycopersicon
esculentum) are sensitive to salinity during seed germi-
nation and at later stages. Genetic resources for salt
tolerance have been identified within the related wild
species of tomato. The purpose of the present study was
to identify quantitative trait loci (QTLs) for salt toler-
ance during germination in an inbred backcross
(BC

1
S
1
) population of an interspecific cross between

a salt-sensitive tomato breeding line (NC84173,
maternal and recurrent parent) and a salt-tolerant
¸ycopersicon pimpinellifolium accession (LA722). One-
hundred and nineteen BC

1
individuals were geno-

typed for 151 restriction fragment length polymor-
phism (RFLP) markers and a genetic linkage map was
constructed. The parental lines and 119 BC

1
S
1

families
(self-pollinated progeny of 119 BC

1
individuals) were

evaluated for germination at an intermediate salt-stress
level (150 mM NaCl#15 mM CaCl

2
, water potential

approximately !850 kPa). Germination was scored
visually as radicle protrusion at 8-h intervals for 28
consecutive days. Germination response was analyzed
by survival analysis and the time to 25, 50, and 75%
germination was determined. In addition, a germina-
tion index (GI) was calculated as the weighted mean of
the time from imbibition to germination for each fam-
ily/line. Interval mapping, single-marker analysis and
distributional extreme analysis, were used to identify
QTLs and the results of all three mapping methods
were generally similar. Seven chromosomal locations
with significant effects on salt tolerance were identified.
The ¸. pimpinellifolium accession had favorable QTL
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alleles at six locations. The percentage of phenotypic
variation explained (PVE) by individual QTLs ranged
from 6.5 to 15.6%. Multilocus analysis indicated that
the cumulative action of all significant QTLs accounted
for 44.5% of the total phenotypic variance. A total of 12
pairwise epistatic interactions were identified, including
four between QTL-linked and QTL-unlinked regions
and eight between QTL-unlinked regions. Transgress-
ive phenotypes were observed in the direction of salt
sensitivity. The graphical genotyping indicated a high
correspondence between the phenotypes of the extreme
families and their QTL genotypes. The results indicate
that tomato salt tolerance during germination can be
improved by marker-assisted selection using inter-
specific variation.
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Introduction

Most commercial cultivars of tomato (¸ycopersicon
esculentum) are sensitive to salinity stress during all
stages of plant development, including seed germina-
tion and emergence, seedling survival and growth, and
vegetative growth and reproduction (Maas 1986; Asins
et al. 1993; Foolad and Lin 1997 a). Under salt-stress,
during germination, for example, many seeds do not
germinate or else germinate so sporadically that plants
grow differentially, delaying plant establishment and
leading to variability in crop maturation. During later
stages, plant growth and development are very limited
and, as a result, flowers and fruits are not produced.

Genetic resources for salt tolerance have been identi-
fied within the related wild species and primitive



cultivars of tomato (Tal and Shannon 1983; Asins et al.
1993; Foolad 1996 a; Foolad and Lin 1997 a). These
resources are potentially useful for the development of
salt-tolerant tomato cultivars. However, limited pro-
gress has been made in salt-tolerance breeding in tom-
ato. This is in part due to the complexity of the trait,
insufficient genetic knowledge of tolerance compo-
nents, lack of efficient selection criteria, difficulties in
the identification and transfer of tolerance genes from
unadapted germplasm into the cultivated background,
and limited breeding efforts.

In many crop plants, including tomato, salt tolerance
has been identified as a developmentally regulated,
stage-specific phenomenon, with tolerance at one stage
of plant development being poorly correlated with tol-
erance at other developmental stages (Greenway and
Munns 1980; Johnson et al. 1992; Foolad and Lin
1997b). In addition, at each stage of plant development,
salt tolerance appears to be controlled by more than
one gene and to be highly influenced by environmental
factors (Foolad 1996 a, b, 1997; Foolad et al. 1997).
A partitioning of salt tolerance into components re-
lated to specific ontogenetic stages, and the identifica-
tion of the number and magnitude of gene effects,
would contribute to a better understanding of the gen-
etic control of this trait and, hence, may facilitate the
rapid development of salt-tolerant plants.

During the past several decades Mendelian genetic
theories have been extremely useful for discerning the
genetic basis of simply inherited traits which exhibit
discrete variation; such traits are often controlled by
one or a few genes and their expressions are minimally
affected by environmental variation. Biometrical gen-
etic models, on the other hand, have been remarkably
useful for describing the inheritance of traits which
exhibit continuous (quantitative) variation; these traits
are often controlled by more than one gene and/or their
expressions are highly influenced by environmental
variation. However, biometrical genetic protocols have
been less efficient in discerning the precise genetic basis
of quantitative traits and, hence, have contributed min-
imally to the genetic improvement of plants.

During the past two decades, the use of molecular-
marker technology and quantitative trait locus (QTL)
mapping has contributed to a better understanding of
the genetic basis of many agriculturally and biolo-
gically important quantitative traits such as yield
(Stuber et al. 1987), resistance/tolerance to biotic and
abiotic stresses (Martin et al. 1989; Foolad et al. 1997),
and nutritional quality in numerous crop species
(Paterson et al. 1991). Among many recent discoveries
have been the identification of the number and chro-
mosomal location of genes which affect quantitative
traits and the determination of the individual and com-
bined effects of quantitative trait loci (QTLs). In addi-
tion, molecular-marker technology has allowed the
identification of QTLs with ‘‘major’’ or ‘‘minor’’ effects,
the detection of intralocus and interlocus (epistasis)

interactions, and a better understanding of important
genetic phenomena such as heterosis, transgressive seg-
regation and genotype]environment interactions
(Stuber et al. 1992; deVicente and Tanksley 1993;
Zhang et al. 1994; Li et al. 1997).

In a previous investigation, we used an F
2
population

of an interspecific cross between a salt-sensitive tomato
cultivar (UCT5) and a salt-tolerant accession of
¸ycopersicon pennellii (LA716) and identified eight
genomic regions with significant effects on salt toler-
ance during tomato seed germination (Foolad et al.
1997). ¸. pennellii, however, is a distantly related, green-
fruited wild species of tomato which is cross compatible
with the cultivated tomato only as the male parent, and
the interspecific progeny exhibit extensive segregation
distortion, incompatibility (incongruity) and sterility, in
addition to numerous other undesirable horticultural
characteristics. Furthermore, LA716 is salt tolerant
only during seed germination and not at later stages of
plant development. Recently, however, we identified an
accession (LA722) within a more closely related tomato
wild species, ¸ycopersicon pimpinellifolium, which ex-
hibits high salt tolerance during seed germination
(Foolad and Lin 1997 a), vegetative growth and repro-
duction, and displays numerous other desirable horti-
cultural characteristics such as high fruit quality and
disease resistance (M. R. Foolad, unpublished data).
Accessions of ¸. pimpinellifolium produce red fruits and
hybridize reciprocally with the cultivated tomato, and
the interspecific progeny do not exhibit any mor-
phological, physiological, or genetic disorders (Rick
1983). Among the wild species of tomato, ¸. pimpinel-
lifolium is the only one for which natural introgression
with ¸. esculentum has been demonstrated (Rick 1958),
and it has been frequently considered as a useful source
of germplasm for the breeding of the cultivated tomato
(e.g., Rick 1983; Grandillo and Tanksley 1996; Tan-
ksley et al. 1996). The identification and genetic charac-
terization of useful sources of salt tolerance within this
species could significantly contribute to the develop-
ment of salt-tolerant tomato cultivars. The present
study was carried out to examine the genetic basis of
salt tolerance during germination in LA722 by identify-
ing QTLs for this trait. The results provided an oppor-
tunity to examine whether similar genomic regions
were responsible for salt tolerance during germination
in LA722 and LA716, accessions of two distantly re-
lated wild species, ¸. pimpinellifolium and ¸. pennellii,
respectively.

Materials and methods

Plant materials

Highly inbred sources of NC84173 (¸. esculentum Mill.) and LA722
(¸. pimpinellifolium Jusl.) were hybridized and F

1
progeny produced.

NC84173 is a multiple disease-resistant, advanced breeding line

1134



(R. Gardner, University of North Carolina, Fletcher, N.C., USA)
which is salt sensitive during germination; LA722 is a self-compat-
ible accession which is highly salt tolerant during germination
(Foolad and Lin 1997 a). A single F

1
hybrid plant was backcrossed to

NC84173 (pistillate parent) and BC
1

seeds were produced. One-
hundred and nineteen BC

1
individuals were grown to maturity in

the greenhouse, self-pollinated, and produced BC
1
S
1

seed. The BC
1population was used for the RFLP analysis and map construction

and the BC
1
S
1

population was used for the phenotypic evaluation
and QTL analysis.

RFLP analysis and map construction

Nuclear DNA was extracted from approximately 10 g of leaf tissue
from each of the parental lines and 119 BC

1
individuals, using

standard protocols for tomato (Bernatzky and Tanksley 1986;
Foolad et al. 1993). Genomic DNAs were digested with six restric-
tion enzymes including DraI, EcoRI, EcoRV, HindIII, Sca1 and
Xba1, and subjected to gel electrophoresis. Genomic blots were
prepared and hybridized with 151 DNA probes detecting polymor-
phism between the two parents (Chen and Foolad 1998), including
132 random genomic or cDNA clones (obtained from Dr. Steven
Tanksley, Cornell University, Ithaca, N.Y., USA), 17 germination-
related cDNAs (obtained from Dr. Kent Bradford, University of
California, Davis, Calif., USA), and cDNAs of two known potassium
transporter genes (obtained from Dr. Leon Kochian, Cornell Uni-
versity, Ithaca, N.Y., USA). Probes were labeled with 32P-dCTP by
primer extension (Feinberg and Vogelstein 1983). Agarose-gel elec-
trophoresis, Southern blotting, hybridizations, and autoradiography
were as described elsewhere (Foolad et al. 1993). A genetic linkage
map was constructed using 151 restriction fragment length polymor-
phism (RFLP) markers (Chen and Foolad 1998) and employed for
the QTL mapping.

Trait evaluation

Twenty milliliters of sterile germination medium (0.8% agar) con-
taining 150 mM of NaCl#15 mM of CaCl

2
were added to each

Petri plate. The water potential of the saline medium was approxim-
ately !850 kPa, as measured on a Wescor-5100 vapor-pressure
osmometer (Wescor, Logan, Utah). Seeds of the parents and 119
BC

1
S
1

families were surface-sterilized with 0.5% sodium hypo-
chlorite solution for 10 min, rinsed with sterile distilled water several
times, and briefly blotted. Four-hundred seeds of each of the two
parental lines and 160 seeds of each of the BC

1
S
1

families were sown
on germination media under aseptic conditions. Each Petri plate
(15-cm diameter) contained 80 seeds and was considered as one
replication. Petri plates were randomized in a precision incubator
(Model 815, GCA Corporation) maintained dark at 20$0.5°C.
Germination response was scored visually as radicle protrusion at
8-h intervals for 28 consecutive days. The experiment was repeated
for a second time using identical conditions. Seed viability for each
seed lot was estimated by conducting a seed-germination test on
agar media with no salt added (control treatment).

Statistical analysis

Analysis of phenotypic data

Germination response was analyzed by survival analysis with life
tables (Lee 1980). This is a nonparametric (distribution-free) proced-
ure that measures time responses (e.g., time to a percentile germina-
tion) and provides several descriptive statistics for response over
time. The number of seeds exposed to risk (potentially able to

germinate), the number germinated, and the number withdrawn (i.e.,
censored observations due to contamination or lack of germination
of viable seeds by the end of experiment) were assessed. The time in
days to 25% (T25), 50% (T50), and 75% (T75) germination was
calculated for each replication (Petri plate) and pooled over replica-
tions. These germination criteria were used for a comparison among
genotypes (parental lines and BC

1
S
1

families) and for QTL analysis.
Pairwise correlation coefficients among the various germination
percentiles were determined using Pearson correlation analysis
(Steel and Torrie 1980). In addition to germination percentiles,
a germination index (GI) was calculated for each of the parental lines
and BC

1
S
1

families, using the following formula:

GI"(R¹
i
N

i
)/S ,

where ¹
i
is the time (in days) between seed imbibition and germina-

tion, N
i
is the number of seeds germinated on day i, and S is the total

number of seeds germinated. GI is a weighted mean of the time from
imbibition to germination, and thus is a measure of germination
mean. A small GI value indicates faster germination. This germina-
tion criterion, however, only accounts for seeds that germinated by
the end of the experiment.

When calculating the time to germination, seeds that germinated
within an interval were presumed to have germinated at the mid-
point of that interval. Seeds that failed to germinate in the control
treatment were assumed to be non-viable. Above this percentage,
seeds that failed to germinate in the salt-stress treatment were
included in the analysis as right-censored observations (i.e., seeds
that were viable but failed to germinate by the last observation time).
Hence, the sample size for each replication was the number of viable
seeds, not the number of seeds that were sown or germinated.

Q¹¸ analysis

Three analytical approaches were used to identify putative QTLs
and estimate their phenotypic effects. First, interval analysis using
MAPMARKER/QTL computer program v. 1.1 (Lincoln et al.
1992): this analysis was used to identify marker intervals on the
tomato chromosomes that contained QTLs. The LOD scores ob-
tained from MAPMARKER/QTL were used to construct QTL-
likelihood plots (Lander and Botstein 1989; Paterson et al. 1991) of
detected QTLs using Microsoft Excel v. 5.0 for Macintosh. The
MAPMARKER/QTL program was also used to obtain estimates of
the percentage of the total phenotypic variation explained (PVE) by
each QTL (which is nearly equivalent to the R2 values obtained from
single-marker analysis for cases when a QTL mapped close to
a specific marker). The multi-locus model from the MAP-
MARKER/QTL program was used to estimate the percentage of
phenotypic variation accounted for by various combinations of
significant QTLs.

The second approach employed for QTL mapping was the single-
marker analysis using the QGENE computer program (Nelson
1997): this program was used to determine the association between
individual marker loci and putative QTLs. This program uses
marker-genotype groups as class variables for the detection of link-
age between markers and putative QTLs. The QGENE program
was also used to test for pairwise epistatic interactions among
QTL-linked markers, between QTL-linked and QTL-unlinked
markers and among QTL-unlinked markers. The distribution of the
recurrent parent (L. esculentum) genotype in the BC

1
population and

the graphical genotypes (Young and Tanksley 1989) of BC
1

indi-
viduals were also determined by this program.

The third approach to identify marker-linked QTLs was the
analysis of distributional extremes. In this method, the 12 fastest-
germinating families (approx. 10% of the total) and 11 slowest-
germinating families were selected as the extreme tails of the BC

1
S
1population. Within each of the selected classes, the marker-allele

frequencies were calculated at all of the 151 marker loci. Marker-
allele frequency differences (p

T
!p

S
) between the selected salt-tolerant
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Fig. 1 A restriction fragment length polymorphism (RFLP) linkage
map of tomato chromosomes constructed based on a BC

1
popula-

tion of a cross between ¸. esculentum (NC84173; pistillate and
recurrent parent) and ¸. pimpinellifolium (LA722). The number iden-
tifying the chromosome is shown at the top of each chromosome.
The names of the markers are listed at the right of chromosomes.
Numbers on the left are centiMorgan (cM) distances (Kosambi func-
tion) between adjacent markers. The boxes on chromosomes 1, 2, 5,
7, 9, and 12 indicate the approximate location of QTLs detected for
salt tolerance during germination in the BC

1
S
1

population

and salt-sensitive progeny families were estimated for each marker
locus, where p

T
is the frequency of the ith allele at the kth marker

locus among the salt-tolerant families and p
S

is the frequency
of the ith allele at the kth marker locus among the salt-sensitive
families. A trait-based marker analysis (TBA), also known as
‘‘selective genotyping’’, which measures differences in marker-allele
frequencies between selected classes, was used to identify marker-
linked QTLs (Lebowitz et al. 1987; Lander and Botstein 1989;
Darvasi and Soller 1992; Foolad et al. 1997). Allele frequency differ-
ences were found to be significant when p

T
!p

S
*2p

p
, where p

p
"

(p
T
q
T
/2N

T
#p

S
q
S
/2N

S
)1@2 is the standard error of the difference

between marker-allele frequencies, N
T

is the number of salt-tolerant
families, and N

S
is the number of salt-sensitive families (Foolad et al.

1997); this test provides a confidence interval of more than 95%
(Steel and Torrie 1980; Foolad et al. 1997). At each marker locus,
a significant allele-frequency difference between the salt-tolerant and
salt-sensitive classes was inferred as an association of the marker
locus with a putative QTL(s) affecting salt tolerance (Stuber et al.
1980; Lebowitz et al. 1987; Lander and Botstein 1989; Foolad et al.
1997).

Results and discussion

Genetic map

A total of 151 RFLP markers were scored for each of
the 119 BC

1
plants and a genetic linkage map was

constructed (Chen and Foolad 1998). The linkage map
spanned approximately 1192 cM of the tomato genome
with an average distance between markers of 7.9 cM
(Fig. 1). Because of the low level of marker polymor-
phism between the two parents, three gaps larger than
30 cM were left on chromosomes 9, 11, and 12 (Fig. 1).
The length of this map, however, is comparable with
that of the high-density RFLP map of tomato (Tan-
ksley et al. 1992); the order of the markers in the two
maps is also in good agreement, although there are
some differences in the distribution of recombination
along the chromosomes (Chen and Foolad 1998).

Germination responses of the parental lines and BC
1
S
1families

Seed of the ¸. pimpinellifolium accession (LA722) ger-
minated significantly more rapidly than seed of
NC84173, as determined either by the germination
percentiles or the germination index (Table 1); this
indicates a greater salt tolerance of LA722 during ger-
mination, consistent with the results of previous invest-
igations (Foolad and Lin 1997 a). Seed of the BC

1
S
1families germinated intermediate between the two par-

ents although, as expected, they were more similar to
the slow-germinating recurrent parent (Table 1; Fig. 2).
These results are in agreement with those of several
previous studies on salt tolerance during germination
in tomato which indicated the involvement of genes
with additive effects on this seed trait (Foolad and
Jones 1991, 1992; Foolad 1996b). In the BC

1
S
1

popu-
lation, the segregation for germination time under

salt-stress was obvious (Fig. 2) and the germination
standard deviations were much larger than those for
the parental lines (Table 1). The BC

1
S
1

population
exhibited a continuous variation for germination under
salt-stress, typical of quantitative traits (Fig. 2).

Across BC
1
S
1

families, there were highly significant
correlations among the various germination criteria,
including T25, T50, T75 and the germination index
(Table 2). In addition, the results of QTL analyses were
similar when different germination criteria were em-
ployed (see below). Therefore, only the results based on
the time to 50% germination (T50) are presented and
discussed. In the BC

1
S
1

population, T50 ranged from
4.67 to '28 days (a few families did not reach 50%
germination by the end of the experiments); no family
germinated as fast or faster than the fast-germinating
donor parent (LA722), whereas 10.6% of the families
germinated significantly more slowly than the slow-
germinating recurrent parent (this includes families
that did not reach T50 by 28 days).

Identification of QTLs conferring salt tolerance

Interval mapping

The interval-mapping analysis identified four QTL-
likelihood peaks on chromosomes 1, 9, and 12 with
LOD scores greater than 2.0 and individual effects of
11.5—15.6% of the total phenotypic variation (PVE),
and three QTL-likelihood peaks on chromosomes 2, 5,
and 7 with LOD scores greater than 1.2 and individual
effects of 6.5—8.5% PVE (Table 3); the QTL likelihood
plots for peaks with LODs'2.0 are depicted in Fig. 3.
All identified QTL intervals except CT52—TG113 on
chromosome 7 (LOD"1.52, PVE"7.2%) had the
favorable QTL alleles from the fast-germinating donor
parent (LA722).

The QTLs with largest effects were identified on
chromosome 1; on this chromosome, two QTL peaks
were identified with LODs of 2.66 and 3.53 and indi-
vidual PVE values of 12.6 and 15.6%, respectively
(Table 3, Fig. 3). The presence of multiple nearby likeli-
hood peaks on this chromosome, however, does not
necessarily mean the presence of multiple genomic
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Table 1 Germination responses
(days$SD) of the parental lines
and BC

1
S
1

population of the
cross ¸. esculentum
(NC84173)]¸. pimpinellifolium
(LA722) evaluated under
salt-stress

Genotype Germination response! Final
germination

T25 T50 T75 GI (%)"

NC84173 7.24$0.56 10.04$0.67 16.42$1.78 9.57$0.84 86
LA722 2.96$0.28 3.50$0.14 4.46$0.34 3.71$0.10 99
BC

1
S
1

5.93$1.18 7.92$2.40 12.91$6.23 7.73$2.12 90

! Time to 25% (T25), 50% (T50), or 75% (T75) germination and germination index (GI)
"Percentage of viable seeds that germinated by the end of 28 days under salt-stress

Fig. 2 Frequency distribution for the time to 50% germination
(T50) under salt-stress in the BC

1
S
1

population. Means of the
parental lines and BC

1
S
1

population are shown by arrows

Table 2 Pairwise phenotypic correlations between the time to 25%
(T25), 50% (T50), and 75% (T75) germination and germination
index (GI) under salt-stress in the BC

1
S
1

population

Germination Germination response
response

T50 T75 GI

T25 0.86** 0.83** 0.85**
T50 0.83** 0.82**
T75 0.70**

** Significant at the P(0.01

regions on this chromosome with significant effect
(Lander and Botstein 1989; Paterson et al. 1991). Multi-
locus analysis using MAPMAKER/QTL indicated
that the combined effects of the two adjacent likelihood
peaks on this chromosome was 17.3%, slightly higher
than the individual effects of the interval TG273—TG59
alone (15.6%). This may be due to the presence of
colinearity effects among the adjacent QTLs or because
only a single genomic region is present on this chromo-
some with a significant effect on this trait. Furthermore,
it cannot be determined from this study whether there
is a single QTL or multiple QTLs at each interval (i.e.,
genomic region). The resolution of QTL mapping
might be improved by adding more genetic markers
and using larger populations to allow an examination
of more recombinant types.

Multilocus analysis indicated that the QTLs identi-
fied on different chromosomes were, for the most part,
independent of each other and that their effects were
generally additive. For example, the major QTLs
on chromosomes 1 (interval TG273—TG59, PVE"

15.6%), 9 (TG291—TG551, PVE"12.4%), and 12
(CT31—CT100, PVE"11.5%) could together account
for 35.6% of the total phenotypic variation; similarly,

the minor QTLs on chromosomes 2 (CT59—TG104,
PVE"6.5%), 5 (TG96A—TG318, PVE"8.5%), and
7 (CT52—TG113, PVE"7.2%) could together account
for 20.9% of the total phenotypic variation. However,
when both major and minor QTLs were considered
simultaneously, their combined effects were less than
the complete additive and could together account
for 44.5% of the total phenotypic variation. This may
be due to ‘‘less-than-additive epistatic interactions’’
among QTLs (Eshed and Zamir 1996), or to the fact
that some of the QTLs affect this trait through similar
(or identical) developmental processes. It is tempting to
speculate that perhaps some of the minor QTLs are
redundant forms of the major QTLs and, thus, in the
presence of the major QTLs the effects of minor QTLs
are diminished. However, further investigations are
needed to determine the genetic relationships among
the major and minor QTLs identified in this study.

Single-marker analysis

The results of the single-marker analysis were generally
similar to the results of interval mapping in that the
same seven genomic locations were identified with sig-
nificant effects on the trait. The QTL-linked RFLP
markers that were identified by single-marker analysis
are listed in Table 3. The single-marker analysis identi-
fied marker-linked QTLs on chromosomes 1, 5, 7, and
12 with P(0.01 and on chromosomes 2 and 9 with
P(0.05 (Table 3). The results indicate a comparable
efficiency of the interval mapping and single-marker
analysis in identifying marker-linked QTLs.
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Table 3 QTLs detected for salt tolerance during germination based
on interval mapping and single-marker analysis in the BC

1
S
1

popu-
lation. For the single-marker analysis, the most closely associated
molecular marker locus is indicated by *. LOD "log-likelihood;

PVP"percent phenotypic variation explained; phenotypic ef-
fect"difference between the E/PM and E/E in days. Parentheses (in
the interval column) indicate QTLs with effects opposite to those
expected from the parental means

Interval Chrom. Interval Interval mapping Single-marker analysis
length
(cM) LOD PVE Phenotypic P value R2 E/E! E/PM E/PM-E/E

effect % mean mean

TG125*—TG70 1 7.0 2.66 12.6 !0.92 0.0010 10.86 7.83 6.97 !0.86
TG273*—TG59 1 8.8 3.53 15.6 !1.03 0.0003 13.58 7.94 6.95 !0.99
CT59—TG104* 2 18.7 1.20 6.5 !0.67 0.0473 6.4 7.73 6.99 !0.74
TG96A*—TG318 5 16.0 1.52 8.5 !0.75 0.0053 8.3 7.76 7.00 !0.76
(CT52*—CT113) 7 4.5 1.52 7.2 0.69 0.0084 7.2 6.96 7.65 0.69
TG291—TG551* 9 21.4 2.01 12.4 !0.91 0.0131 6.3 7.70 7.04 !0.66
C31*—CT100 12 7.1 2.40 11.5 !0.89 0.0005 12.41 7.93 6.99 !0.74

!E/E"homozygous for ¸. esculentum alleles; E/PM"heterozygous

Distributional-extreme analysis

The results of distributional-extreme analysis were gen-
erally consistent with the results of interval mapping
and single-marker analysis. Monogenic segregation of
RFLP markers which were identified to be QTL-linked
by interval mapping and/or single-marker analysis are
displayed in Table 4 for the selected salt-tolerant and
salt-sensitive classes; for these markers, the allele-fre-
quency differences between the extreme classes are also
shown in the table. The results indicated presence of
large allele frequency differences between the extreme
classes for these markers, suggesting their association
with QTLs affecting salt tolerance during germination
in tomato. However, in most cases the marker-allele
frequency differences were only close to the significant
level and were significant (P(0.05) only for markers
on chromosome 1 (Table 4). The observation that no
other marker locus in this population exhibited a
marker-allele frequency difference as large as that ob-
served for any of the markers in Table 4, indicates that
the latter markers were most likely linked to QTLs
affecting salt tolerance.

Factors affecting the efficiency of distributional
extreme analysis (selective genotyping) in detecting
marker-linked QTLs were described elsewhere (Foolad
et al. 1997). In the present study, the most likely reason
for the reduced effectiveness of this analysis in detecting
marker-linked QTLs, compared to the interval map-
ping and single-marker analysis, was the use of a rather
small population and, consequently, the resulting large
standard errors for testing allele-frequency differences
between extreme classes (Table 4).

Comparison of the Q¹¸ results with our previous study

There were some similarities and differences between
the results of the present study and those of our pre-
vious study in which an F

2
population of an inter-

specific cross between ¸. esculentum (UCT5) and ¸.
pennellii (LA716) was used to identify QTLs contribu-
ting to salt tolerance during germination in tomato
(Foolad et al. 1997). First, in both studies, a similar
number of genomic regions were identified with signifi-
cant effects on this trait. Second, in both studies, chro-
mosomes 1, 9, and 12 contained favorable QTL alleles
from the corresponding salt-tolerant wild parents while
chromosome 7 contained favorable QTL alleles from
the corresponding salt-sensitive cultivated parents. On
these chromosomes, however, the locations of the iden-
tified QTLs in the two studies were not necessarily
identical; a limited number of shared markers between
the two studies precluded a precise comparison of the
positions of the QTLs. Third, and in contrast, the
previous study identified favorable QTLs on chromo-
some 2 of the sensitive parent and chromosome 3 of the
tolerant parent, whereas the present study identified
favorable QTLs on chromosomes 2 and 5 of the toler-
ant parent. Overall, the results indicate that some of the
QTLs for salt tolerance during germination in tomato
are conserved across species, but some other QTLs
seem to be species-specific. For practical purposes,
however, the results of the present study would be more
useful because ¸. pimpinellifolium is a preferred species
for gene introgression, compared to ¸. pennellii. The ¸.
pimpinellifolium accession (LA722) used in this study
exhibits a number of other desirable horticultural char-
acteristics which could be incorporated into commer-
cial tomato cultivars through marker-assisted selection
and breeding. Currently, we are identifying QTLs for
several other horticultural traits in LA722, including
salt tolerance during vegetative growth and reproduc-
tion.

Number, magnitude of effects, and nature of QTLs

The results of this study indicate the presence of QTLs
with differential effects on salt tolerance; a few QTLs
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Fig. 3 QTL likelihood plots indicating LOD scores for tomato seed
germination under salt-stress along chromosomes 1 (A), 9 (B), and 12
(C). The order of the marker loci is presented along the abscissa; the
map distance between adjacent markers can be found in Fig. 1. The
height of the curve indicates the strength of the evidence (log 10 of
the odd ratio) for the presence of a QTL at each location. The
maximum-likelihood position of the QTL(s) is the highest point(s)
on the curve

were identified with considerable effects (PVE '10%)
and a few others were identified with smaller effects
(PVE (10%) (Table 3). The three intervals containing
QTLs with large effects, TG273—TG59, TG291—
TG551, and CT31—CT100 on chromosomes 1, 9, and
12, respectively, together could account for 35.6% of
the total phenotypic variation. When the minor QTLs
were added, a total of 44.5% of the total phenotypic
variation could be accounted for. It is likely that there

were more QTLs with minor effects which were not
detected in this study. In addition, some of the remain-
ing variation could be due to epistatic interactions
among QTL-linked and/or unlinked markers (see be-
low). The results support the hypothesis that quantitat-
ive traits are often controlled by the effects of a few
major QTLs which act in concert with a number of
smaller-effect QTLs (Lande and Thompson 1990); this
is consistent with the results of several other investiga-
tions (e.g., Paterson et al. 1991; deVicente and Tanksley
1993). The number of QTLs affecting a quantitative
trait has a significant bearing on the applicability of
marker-assisted selection for the improvement of that
quantitative trait. The identification of a few genomic
locations with large effects on tomato salt tolerance
during germination indicates that a rapid response to
directional selection for this trait is expected, which
is consistent with previous research (Foolad 1996 b;
Foolad and Lin 1997 b).

As expected, most of the identified QTLs had the
favorable alleles from the salt-tolerant parent (LA722).
However, the QTL detected on chromosome 7 had the
favorable allele from the salt-sensitive parent. This find-
ing demonstrates the ability of marker analysis to un-
cover cryptic genetic variation that otherwise would
have been masked by the large difference between the
parents. Such an observation is not uncommon and has
been reported for many other traits and in various
species (e.g., Weller et al. 1988; deVicente and Tanksley
1993). The presence of favorable QTL alleles in both
parents suggests a strong likelihood for recovering
transgressive segregants and provides a source of new
alleles for plant breeding.

Epistatic interactions

Pairwise epistatic interactions between all markers (a
total of 11 325 interactions) were examined (P40.002,
F510.00) using QGENE. A total of 31 two-locus
epistatic interactions [equivalent to 12 between-region
interactions (each region containing one or more
marker)] were identified. The identified interactions
were of two types: interactions between QTL-linked
regions and QTL-unlinked regions, of which four
interactions were identified; and interactions between
QTL-unlinked regions, of which eight interactions were
identified (Table 5). Some general comments can be
made about these interactions: (1) in most cases, the
F values barely exceeded the threshold level of 10 and
were always less than 14 (Table 5); (2) the F values were
generally larger for the interactions involving
QTL-linked regions (see Table 5); (3) for many of the
interactions involving QTL-unlinked regions, the
contributing regions exhibited some independent ef-
fects, although the effects were statistically not sig-
nificant; and (4) the percentage of significant two-
locus interactions [either based on all interactions
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Table 4 Monogenic segregation
of QTL-linked RFLP markers on
tomato chromosomes for the
selected salt-tolerant and
salt-sensitive classes. A negative
sign of the allele frequency
difference between the tolerant
and sensitive classes (p

T
!p

S
)

indicates allele-frequency
changes in the opposite direction
to the parental phenotype

Genetic marker Tolerant class Sensitive class Difference

E/E! E/PM p
T
" E/E E/PM p

S
" p

T
!p

S
p
p
#

Chromosome 1
TG125 0 14 0.500 6 5 0.227 0.273* 0.130
CT132 1 13 0.464 7 4 0.182 0.282* 0.125
TG273 1 13 0.464 7 4 0.182 0.282* 0.125
TG59 1 13 0.464 7 4 0.182 0.282* 0.125
TG460 2 12 0.429 7 4 0.182 0.247 0.125
CT191 1 12 0.462 8 3 0.136 0.326* 0.122

Chromosome 2
TG104 2 10 0.416 6 3 0.167 0.249 0.133

Chromosome 5
TG96A 3 11 0.392 6 4 0.200 0.192 0.128

Chromosome 7
CT52 10 4 0.143 3 8 0.364 !0.221 0.122
TG113 10 4 0.143 3 8 0.364 !0.221 0.122

Chromosome 9
TG551 2 12 0.429 7 4 0.182 0.247 0.125
CT74 2 12 0.429 7 4 0.182 0.247 0.125

Chromosome 12
C31 2 12 0.429 7 4 0.182 0.247 0.125
CT100 2 12 0.429 6 5 0.227 0.201 0.129

*Significant at P(0.05
! E/E"homozygous for ¸. esculentum alleles; E/PM"heterozygous
"¸. pimpinellifolium allele frequency among the tolerant (p

T
) and sensitive progeny (p

S
)

# Standard error of the difference between allele frequencies

Table 5 Two-way epistatic interactions between markers for salt tolerance during germination in the BC
1
S
1

population

Marker 1 Marker 2 F value EPM/EPM! EE/EPM EPM/EE EE/EE
T50" T50 T50 T50

QTL-
linked

QTL-
unlinked

Chromosome QTL-
linked

QTL-
unlinked

Chromosome

TG273 1 CT92 8 13.14 6.93 8.66 6.97 7.13
TG113 7 CT92 8 13.95 8.45 6.85 6.93 7.18
TG125 1 CT141 3 10.76 6.40 8.06 7.51 7.59
TG551 9 TG582 2 10.43 7.29 6.73 7.34 8.40

CT82 3 TG63 10 12.72 6.79 7.85 7.84 7.07
TG242 3 TG296 8 10.74 7.99 6.91 6.87 7.45
TG123 4 CT11 10 12.03 6.76 7.70 7.85 6.99
CT216 6 TG294 8 10.45 7.17 7.48 7.94 6.53
KCO1 7 TG328 9 10.73 7.87 6.68 7.17 7.72
TG330 8 A41 8 10.11 7.4 9.47 7.77 7.00
TG254 9 TG546 11 10.00 6.44 7.73 7.70 7.39
CT234 10 CD34 10 13.07 6.96 8.67 8.17 7.29

!E/E"homozygous for ¸. esculentum alleles; E/PM"heterozygous
"Time to 50% germination

(31/11325:0.003) or only interactions between unlin-
ked markers (20/11325:0.002)] was even smaller than
the percentage expected to occur by chance; thus, it is
possible that some of these interactions were due to
chance events. Further investigations, including the use
of a larger population or the construction of isogenic
lines with various combinations of these markers, are

necessary to determine the exact nature of these inter-
actions. Several previous investigations indicated very
limited or no interactions among QTLs (Stuber et al.
1992; deVicente and Tanksley 1993; Grandillo and
Tanksley 1996) whereas others suggested the presence
of significant epistatic interactions among QTL-linked
or -unlinked markers (Cocherham and Zeng 1996;
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Fig. 4 Chromosomal constitution of the parental BC
1
individuals of

the three fastest germinating (salt-tolerant) and three slowest ger-
minating (salt-sensitive) BC

1
S
1

families for chromosomes 1, 9, and
12. The diagonal hatching area indicates the presence of hetero-
zygous genotypes at the marker loci and the dark gray area indicates
homozygous recurrent parent genotypes. The names of the markers
are listed at the right of chromosomes. The enclosed (boxed) markers
indicate the approximate location of QTLs contributing to salt
tolerance during germination in this population. It is apparent that
the fast-germinating families had the favorable QTL alleles (for
rapid germination under salt-stress) and the slow-germinating fami-
lies had the opposite QTL alleles

Eshed and Zamir 1996; Li et al. 1997). For breeding
purposes, QTLs which do not require epistatic interac-
tions are more desirable.

Relationship between phenotypes and QTL genotypes
and the prospect for marker-assisted selection

The correspondence between the phenotypes and QTL
genotypes of the BC

1
S
1

families was determined by
graphical genotyping (Young and Tanksley 1989) using
QGENE. The results indicated a very high correspond-
ence between the phenotypes and QTL genotypes. For

example, the graphical genotypes of the three most-
rapidly germinating (salt-tolerant) and the three most-
slowly germinating (salt-sensitive) BC

1
S
1

families for
chromosomes 1, 9, and 12 are displayed in Fig. 4. The
three salt-tolerant families (Fig. 4, top) had the best-
possible QTL compositions (i.e., had favorable QTL
alleles from the salt-tolerant parent) and the three salt-
sensitive families had often the opposite (i.e., negative)
QTL alleles (Fig. 4, bottom). These results strongly indi-
cate that the identified QTLs in this study were genuine
and, thus, could be used in marker-assisted selection
(MAS) and breeding for improved salt tolerance during
germination in tomato. Further, the results of the
graphical genotyping indicate the power of marker
analysis in the precise identification of genomic loca-
tions with significant effects on quantitative traits and,
thus, the predictive value of QTL genotyping.

The present study identified five genomic regions in
the wild genotype with significant positive effects on
salt tolerance during germination in tomato. Introgres-
sion of this small number of genomic regions by MAS
into the cultivated background is feasible, providing
opportunities to rapidly develop tomato cultivars with
enhanced salt tolerance during germination. These five
regions, however, together could account for only
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40.3% of the total phenotypic variation. It is likely that
there were more genomic regions (probably with small-
er effects) in this wild germplasm which were not detec-
ted in this study. However, as the number of genomic
regions to be transferred increases, the utility of MAS
becomes less clear, as larger and larger populations
would be necessary to identify the favorable QTL com-
binations. An alternative approach would be to incor-
porate only major QTLs, but use more than one gene
resource in the subsequent deployment of useful genes.
This approach may be more rational in most breeding
programs, as more than one germplasm is often utilized
during the life of a breeding project.

Conclusion

Three methods of marker-QTL analysis were effective
in identifying QTLs with significant effects on salt tol-
erance during germination in tomato. It appears that
this seed trait in tomato is controlled by a few major
QTLs which act in concert with a number of smaller
effect QTLs; the identified QTLs together could ac-
count for 44.5% of the total phenotypic variation,
indicating that additional unidentified QTLs with pre-
sumably smaller effects might be involved. As expected,
most of the favorable QTL alleles were contributed
from the salt-tolerant parent. There was a high corres-
pondence between the phenotype and QTL genotype
of the progeny, indicating the predictive value of QTL
genotyping, and confirming that the identified QTLs
were genuine. The results indicate that the prospect for
using marker-assisted selection to improve tomato seed
germination under salt-stress is good.
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