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Quantitative genetic analysis of tomato response to salt or cold stress during seed germination and
vegetative growth indicated that both salt and cold tolerance were complex traits, controlled by more
than one gene and highly influenced by environmental variation. Molecular marker analyses indicated

that at each stage of plant development salt tolerance or cold tolerance was generally controlled by the

effects of a few major QTLS (quantitative trait loci) which acted in concert with a number of smaller-

effect QTLs. At the seed germination stage, two types of QTLS Were identified: those which aifected

germination under both stress and nonstress conditions, and thus were called stress-nonspecific QTLs,
and those which contributed to rapid seed germination only under specific stress conditions, and thus

were called stress-specific QTLs. Generally, the stress-nonspecific QTLS exhibited larger effects than the

stress-specific QTLs. Consistent with this observation, selection for either salt or cold tolerance during

germination resulted in progeny with improved germination under salt and cold stress as well as

nonstress conditions. Comparison of salt tolerance during germination and vegetative growth indicated

that mostly different QTLS contributed to tolerance at these two developmental stages; furthermore,

selection for salt tolerance during germination did not affect progeny salt tolerance during vegetative

growth. Similar results were obtained when cold tolerance during germination and vegetative growth

were compared. The overall results indicate that, in tomato, stress tolerance during germination is in-

dependent of stress tolerance during vegetative growih. However, simultaneous improvement of plants

for stress tolerance at multiple stages of plant development should be feasible through marker-assisted

selection and breeding.

1. Introduction

With the rapid increase in human population, the

world faces a greater demand on agricultural output than

at any time in history. During the past 50 years, agricul-

tural productivity for major crop species in the US has, on
average, doubled [1]

.

Fifty percent or more of this increase

has resulted from crop improvement through plant breed-

ing, and the rest due to the cultivation of more land,

greater farming inputs (e,g. fertilizers, pesticides and
water) and advancements in agricultural technology. In

the future, however, the contribution of plant breeding to

increased food production will have to be greater because

of the limitations in nongenetic approaches to increase

agricultural production. Examples of the latter are the

shrinking natural resources (e.g, fresh water and petrole-

um) and lack of additional arable land. Thus, more
sophisticated breeding strategies based on genetics and
molecular biology in addition to breeders ingenuity and
experience are needed. Furthermore, previous plant

breeding efforts focused mainly on the development of

cultivars with high yield potential in normal or highly fa-

vored environments (e.g., optimal amount of water and
nutrients). However, current crop production is largely

limited by environmental stresses. For example, it is esti-

mated that only 10~ of the world's arable land may be

categorized as free of stress [2]
.
Extreme temperatures,

drought, soil salinity and nutrient imbalances are among
the major environmental constraints to crop production.

In the future, to fulfill the need for greater food produc-

tion, extensive efforts have to be made in developing plants

which are capable of producing stable and economic yields

in stress environments.

Significant progress in breeding for stress tolerance

depends on an understanding of the genetic and epigenetic

dimensions of gene action and the physiology of stress

tolerance. Although considerable information is presently

available regarding the physiological and metabolic

aspects of plant response to environmental stresses [3-5],

effort devoted to the characterization of the genetic control

of stress tolerance has been limited [6-9]
.

Previous investigations indicated that plant response
to environmental stress is complex, controlled by more than

one gene and highly infiuenced by environmental variation

[6, 10, 11]. In addition, stress tolerance is a developmentally-

regulated, stage-specific phenomenon; tolerance at one
stage of plant development may not be correlated with

tolerance at other developmental stages [12-14]
.
Thus,

specific ontogenetic stages of the plant such as germination

and emergence, seedling survival and growth, and vegeta-

tive growth and reproduction, should be evaluated sepa-
rately for assessment of tolerance and the identification of

useful genetic components. Partitioning of stress tolerance

into component traits related to specific ontogenetic stages

would contribute to a better understanding of the genetic

control of stress tolerance and thus, may facilitate rapid

development of stress tolerant plants.

During the past several decades, theories of Men-



56

delian genetics have been useful for discerning the genetic

bases of simply inherited (qualitative) traits; such traits are
often controlled by one or few genes with distinguisha-

ble and discrete effects and their expression is minimally
affected by environmental variation. Because of their sim-

ple inheritance, considerable breeding progress has been

made for qualitative traits. However, most agriculturally

important traits, including environmental stress tolerance,

exhibit continuous variation; such traits are often con-
ditioned by the effects of several (and some times many)
genetic loci which interact with each other and with the

environment. Although the development of biometrical

genetic models during the early part of the 20th century
facilitated the investigation of quantitative traits [15, 16]

,

such protocols have been less efflcient in discerning the

precise genetic bases of quantitative traits and hence,

contributed minimally to the genetic improvement of crop
plants. Thus, researchers have continuously searched for

alternative approaches for the improvement of plants for

traits with complex inheritance.

Recent advances in molecular techniques have facili-

tated a better understanding of the genetic and biochemi-
cal bases of many important agricultural characteristics

and enabled plant breeders to make changes in many traits

by design rather than by accident. Although most
molecular protocols, such as gene cloning and transfor-

mation, have thus far been useful only for the characteri-

zation and genetic manipulation of simply inherited traits,

some techniques, such as the use of molecular markers,

have been beneficial for the refinement of conventional

protocols of dealing with quantitative traits. For example,

molecular marker technQlogy has facilitated the iden-

tification and characterization of chromosomal regions

(often called quantitative trait loci or QTLs) which control

the expression of quantitative traits. This technology has

facilitated the identification of the number and magnitude
of effects of QTLs, the detection of intralocus and inter-

locus interactions, and a better understanding of im-

portant genetic phenomena such as heterosis, transgressive

segregation and genotype > environment interactions [17-

19]. Within the last two decades. QTL mapping techniques

have contributed to a greater understanding of the genetic

bases of many agriculturally and biologically important
quantitative traits such as yield, resistance/tolerance to

biotic and abiotic stresses, and nutritional quality in

numerous crop species [20-22]
.

A thrust of our research program has been the genetic

characterization of plant response to two environmental

stresses, namely salt stress and cold stress, and the use of
the knowledge to develop germplasm with improved salt

tolerance and cold tolerance. We have chosen to employ
both the conventional protocols of biometrical genetics

and the contemporary techniques of molecular mapping
and QTL analysis for the characterization of the genetic

bases of stress tolerance in tomato. Our investigations

have resulted in the identification of genes (QTLS) con-
trolling salt tolerance and cold tolerance, determination of

genetic relationships between stress tolerance at different

developmental stages, and determination of genetic

relationships between tolerance to different environmen-

tal stresses. In addition, we have investigated genetic

relationships between plant performance in stress and

nonstress environments. In the following paragraphs, I
summarize the results of some of our investigations,

focusing on the use of molecular marker technology in

discerning the genetic bases of stress tolerance.

2. Genetics of salt to]erance during seed germination

The ability of the seed to germinate rapidly and
uniformly under salt stress is a desirable trait for many
direct-seeded crops. In many crop species including

tomato. Lycopersicon esculentum Mill., seed germination

and early seedling growth are the most sensitive stages to

salinity stress [23
,
24]

.

Salinity stress greatly delays the

onset, reduces the rate and increases the dispersion of

germination events. Development of cultivars with the

ability to germinate rapidly and emerge reliably from
saline-affected soils would contribute significantly to the

efficiency of stand establishment.

Modern cultivars of tomato are highly sensitive to salt

stress during seed germination, however, genetic sources
of salt tolerance have been identified among the related

wild species and primitive cultivars of tomato [25, 26]
.

Investigations of some of these resources indicated that

salt tolerance during germination in tomato was geneti-

cally controlled with additivity being the major genetic

component [27, 28]
.
Partitioning of the genetic variation

into those attributable to the effects of different seed tis-

sues including embryo, endosperm and testa (seed coat)

indicated that a great portion of the variation for salt

tolerance was due to the additive effects of the seed endo-

sperm [27, 29]
.

Further investigation indicated that salt

tolerance during seed germination in tomato could be im-

proved by phenotypic selection and a realized heritability

of ca. O.73 was obtained for this trait [1 1]. However, from
these studies the number and individual effects of con-
tributing genetic factors could not be determined.

Two QTL mapping approaches were employed to

identify the number, chromosomal location and magni-
tude of direct and interactive effects of QTLS contributing

to salt tolerance during seed germination. First, a trait-

based marker analysis (TBA) of an F2 population of a
cross between a salt sensitive tomato breeding line (UCT5)
and a germination salt tolerant accession (LA716) of a
green-fruited tomato wild species, Lycopersicon pennellii

(Corr.) D'Arcy, resulted in the identification of eight

QTLS on seven chromosomes with significant effects on
this trait [30, 31]

.
In this study, it was also determined that

the same QTLS contributed to salt tolerance at different salt

stress levels, and thus, selection for salt tolerance at one
stress level would result in progeny with improved salt

tolerance at a wide range of salt stress levels.

The second QTL mapping approach was a marker-
based analysis (MBA) of a BCISI population of a cross

between a salt sensitive tomato breeding line (NC84173)
and a salt tolerant accession (LA722) of a red-fruited

tomato wild species, Lycopersicon pimpinelllfolium (Jusl.)

Mill. (see Fig. IA for the germination performance of the

parental and BCISI progeny under salt stress). This anal-
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ysis identified seven QTLS on six chromosomes with sig-

nificant effects on salt tolerance during germination [32]

(Tab]e 1. Fig. 2). In this study, both the interval mapping,

using MAPMAKERIQTL computer program v. 3.O [33],

and the single-marker analysis, using QGENE computer

program [34], revealed similar results (Table 1). The in-

dividual effects of the QTLS ranged from 6.5 to 15.6~

with cumulative effects of up to 44.5~6 of the total

phenotypic variation for this trait. Several pairwise

epistatic interactions were identified between QTL-1inked

and QTL-unlinked markers as well as among QTL-
unlinked markers. However, the number (percentage) of

significant two-locus interactions was smaller than the

percentage expected to occur by chance, and thus, it is

likely that the identified interactions were due to chance
effects

.

The comparison between the results of the two QTL
mapping studies indicated that while some of the identified
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QTLS were conserved across tomato wild species, there

were some species-specific QTLS for salt tolerance during

germination. Thus, it may be possible to improve salt

tolerance of the cultivated tomato at the germination stage

by pyramiding salt tolerance genes introduced from
different related wild species through marker-assisted

selection and breeding.

3. Genetics of salt tolerance during vegetative growth

Most crop plants are sensitive to low to moderate
levels of salt in the soil during vegetative growth [23].

Regardless of the cause (ion toxicity, water deficit and/or
nutrient ion imbalance), salt stress severely impedes nor-
mal plant growth and development, resulting in reduced

crop productivity or total crop loss. In tomato, potential

sources of salt tolerance during vegetative growth have

been identified among the related wild species and primi-

tive cultivars [7, 35-37]. These genetic resources could

potentially be utilized to enhance salt tolerance of modern
cultivars. However, insufficient genetic knowledge of the

tolerance-related traits and the lack of efficient selection

criteria have restricted breeding efforts. We have initiated

a research in tomato to discern the genetic basis of salt

tolerance during vegetative growth, identify morphologi-
cal, physiological and genetic markers associated with

tolerance, and transfer tolerance components into modern
cultivars through marker-assisted selection.

In an initial effort to learn more about the inheritance

of salt tolerance during vegetative growth, a salt sensitive

tomato breeding line (UCT5) and a salt tolerant primitive

cultivar (P1174263) and their F1, F2 and BCI progeny were
evaluated for vegetative growth in two treatments of con-
trol (no salt added) and salt stress using aerated hydro-

ponic systems. The results indicated that both absolute salt

tolerance (i.e., absolute growth under salt stress) and
relative (physiological) salt tolerance (i.e., growih under
salt stress relative to growth under nonstress) were under

genetic control with simple (additive and dominance)

genetic effects explaining most of the variation; nonallelic

interactions, although significant, were far less important

[7]
.

Physiological evaluation of the parental and progeny
generations indicated that under salt stress leaves of

P1174263 accumulated significantly less Na+ and Cl~ and

more Ca2+ than leaves of UCT5, and that growth under
salt stress was positively correlated with leaf Ca2+ content

and negatively correlated with leaf Na= content [8]
.

Generation means analysis (GMA) indicated that under
salt stress both Na+ and Ca2+ accumulations in the leaf

were genetically controlled with additivity being the major
genetic component. The overall results indicated that the

inherent genetic capabilities of P1174263 to maintain high

tissue Ca2+ Ievels and to exclude Na+ from the shoot were
essential features underlying its adaptation to salt stress

and that these features were highly heritable. Thus, tissue

ion concentration was suggested as a useful selection

criterion when breeding for improved salt tolerance of

tomato during vegetative growth [8].

To identify QTLS conferring salt tolerance during

vegetative growth, a BCISI population of an interspecific
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cross between NC84173 (salt sensitive) and the L, pim-

pinelhfolium accession LA722 (salt tolerant) were eval-

uated for survival under salt stress [22]
.

Six to eight weeks

old plants were evaluated for survival in aerated saline

solution cultures with the salt concentration gradually

raised to 700 mM NaCl+70 mM CaC12 (equivalent to

electrical conductivity of ca. 64 dS/m and water potential

of ca. - 35.2 bars). The two parental lines were distinctly

different in salt tolerance: 80~ of the LA722 plants versus

25~~ of the NC84173 plants survived for at least two weeks

after the final salt concentration was reached (Fig. IB).

The BCISI population exhibited continuous variation,

typical of quantitative traits, with survival rate of the

BCISI families ranging from 9~6 to 94~6 with a mean of

51~~ (Fig. IB). Interval mapping and single-marker analy-

sis identified five putative QTLS on four different

chromosomes (Table 1, Fig. 2). The results were consistent

with the previous suggestion that salt tolerance during

vegetative growth in tomato was controlled by more than

one gene [7, 8]. Each QTL accounted for between 5.7 and
17.7;4 of the total phenotypic variation with the combined
effects (of all five QTLs) exceeding 46~~ of the variation.

All QTLS had the positive QTL alleles (for salt tolerance)

59

from the salt tolerant parent (LA722). Across QTLs, the

effects were mainly additive in nature. Digenic epistatic

interactions were evident among several QTL-linked and

QTL-unlinked markers. However, similar to that observed

for salt tolerance during germination, the number (per-

centage) of significant two-locus interactions was smaller

than the percentage expected to occur by chance. The
overall results indicate that tomato salt tolerance during

vegetative growth is genetically controlled and could be

improved by marker-assisted selection using interspecific

variation [22].

4. Relationship between salt tolerance during seed ger-

mination and vegetative growth

Three approaches were taken to determine whether

the same genes contribute to salt tolerance during germi-

nation and vegetative growth in tomato. First, F4 progeny
families of a cross between the breeding line UCT5 (salt

sensitive at all stages of plant development) and the

primitive cultivar Pll74263 (salt tolerant during germina-

tion and vegetative growth) were evaluated for salt toler-

ance, in separate experiments, during germination and
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Fig. 2 A restriction fragment length polymorphism (RFLP) Iinkage map of tomato chromosomes constructed based on a BC1

population of a cross between Lycopersicon esculentum (NC84173; pistillate and recurrent parent) and L. pimpinelllfo!ium (LA722).

The chromosome number is shown at the bottom of each chromosome. The names and centiMorgan positions of the markers are listed

at the left of chromosomes. The open boxes on chromosomes I
,
2, 3, 4, 5, 7, 8, 9and 12 indicate the approximate location of QTLS

identified for salt tolerance during germination (ST-germ) and vegetative stage (ST-veg) and cold tolerance during germination (CT-

germ)
.
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vegetative growih. There were significant differences

among the F4 families in terms of salt tolerance during
germination and vegetative growth. However, there was
no correlation between the ability of seeds to germinate
rapidly and the ability of plants to grow under salt stress.

The results indicated an absence of a phenotypic relation-

ship between salt tolerance during germination and vege-
tative growth [14]

.

In the second approach, selection was made for rapid

germination (the first 7.3~6 germinated) under salt stress in

an F2 population of the same cross and the selected F3

progeny were evaluated for salt tolerance during both seed

germination and vegetative growth. Selection for salt

tolerance during germination significantly improved ger-
mination salt tolerance of the F3 progeny, indicating that

the selection was effective. However, selection did not
affect salt tolerance of the F3 progeny during vegetative

growth. Obviously, in these plant materials, genetic fac-

tors which contributed to salt tolerance during germina-
tion were diff;erent from those conferring salt tolerance

during vegetative growth [14]
.

The third approach to determine the genetic relation-

ship between salt tolerance during germination and vege-
tative growth involved the comparison of QTLS for salt

tolerance at these two developmental stages. As de-

scribed earlier, QTLS for these two traits were identified in

a BCISI population of a cross between NC84173 (salt

sensitive during both stages) and L, pimpinelllfolium ac-
cession LA722 (salt tolerant during both stages). Com-
parison of QTLS indicated that in most cases the locations

of QTLS for salt tolerance during germination were
different from the locations of QTLS for salt tolerance

during vegetative growth; however, there were some coin-

cidences in QTL Iocations (see Table Iand Fig. 2) consis-

tent with a small phenotypic correlation (r=-0.22,
p observed between the rate of seed germination

and the percentage of plant survival under salt stress in the

BCISI population.

The overall results indicate that salt tolerance during
seed germination in tomato is generally independent of salt

tolerance during vegetative growth. Therefore, when
breeding for improved salt tolerance, each stage of plant

development should be evaluated separately for assess-

ment of tolerance and the identification of useful genetic

components. However, the identification of QTLS for salt

tolerance at both germination and vegetative growth stages

should facilitate simultaneous introgression of marker-
linked QTLS at both stages into desirable genetic back-
grounds. Furthermore, the finding that only a few major
QTLS could account for a large portion of the total

phenotypic variation for salt tolerance at each stage indi-

cates that marker-assisted selection for salt tolerance

should be feasible, providing the opportunity to rapidly

develop germplasm with enhanced salt tolerance at more
than one stage of plant development.

5. Genetics of cold tolerance during seed germination

Germination rate of tomato seed decreases progres-
sively as the temperature of the germination medium is

decreased from 25 to 10'C, and is inhibited below 10'C
[38]. Low (chilling) temperatures (15-lO'C) significantly

delay the onset, reduce the rate and increase the dispersion

of germination events. Most commercial cultivars of

tomato are sensitive to low temperatures during germina-
tion; however, considerable genetic variation exists within

and among species of tomato for low temperature germi-

nation [38-40]
.
This variation could potentially be uti-

lized to improve low temperature (cold) tolerance of
commercial cultivars. Utilization of the genetic variation

in breeding programs, however, requires knowledge of the

genetic and epigenetic control of the trait, Unfortunately,
efforts to characterize the genetic control of cold tolerance

during germination in tomato have been limited.

We took three approaches to examine the genetic ba-
sis of cold tolerance during germination in tomato. First,

a cold tolerant (P1120256) and a cold sensitive tomato
cultivar (UCT5) and their reciprocal F2. F3 and BCl
progeny (total of 10 generations) were evaluated for ger-
mination at a low (11:L0.5'C) and a nounal (control)

temperature regime (20:!:O.5'C). Weighted least square
regression analysis indicated that under cold stress most of
the variation in germination time was due to additive

genetic effects; dominance and epistatic interactions were
not significant [41]. Partitioning of the total genetic vari-

ance into those attributable to the effects of embryo, en-
dosperm, testa and the cyioplasm indicated that additive

effects of endosperm could account for 80~ of the total

genetic variance. The results were similar to those obtain-

ed for salt tolerance during germination in tomato [27].

The second approach to examining the genetic basis

of cold tolerance during germination was the evaluation of

response to phenotypic selection for improved germina-
tion under cold stress. In an F2 population of a cross be-

tween UCT5 and P1120256, the fastest germinating seeds

under low temperature (1 1i:O.5'C) were selected and the

F3 progeny of the selected individuals were evaluated for

germination under low temperature, and their perfor-

mance compared with that of an unselected F3 population
of the same cross. The results indicated that selection was
highly effective and significantly improved germination
performance of the progeny; a realized heritability of O.74

was obtained for cold tolerance during germination [41].

From this investigation, we concluded that tomato seed

germination under cold stress was genetically controlled

with additivity being the major genetic component and
that cold tolerance could be improved by phenotypic
selection.

In the third approach, the number and chromosomal
location of QTLS contributing to cold tolerance during
gerrnination were determined in an interspecific BCIS1
population of a cross between the breeding line NC84173
(cold sensitive) and the L. pimpine!llfolium accession

LA722 (cold tolerant during germination). Two chromo-
somal locations (3-5 putative QTLs) with significant

effects on cold tolerance germination were identified [42].

The L. pimpinelhfolium accession had favorable QTL al-

leles (for cold tolerance) on chromosomes Iand NC84173
had favorable QTL alleles on chromosome 4 (Table 1,

Fig. 2). The percentage of phenotypic variation explained



(PVE) by individual QTLS ranged from 11.9 to 33.4~~-

Multilocus analysis indicated that the cumulative action of
all significant QTL,s accounted for 43.8~~: of the total

phenotypic variance. Digenic epistatic interactions were
evident only between two QTL-linked markers and two
QTL-unlinked markers. Transgressive phenotypes were
observed in the direction of cold sensitivity (see Fig. IC).

The overall results indicate that cold tolerance during

seed germination in tomato is mainly controlled by the

effects of a few major QTLs. Thus, the prospect for im-

proving this trait in tomato by marker-assisted introgres-

sion of QTLS from related wild species is good.
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(i,e., absolute cold tolerance) and relative growth (i.e.,

growth under low temperature relative to growth under

normal temperature) (relative cold tolerance) were geneti-

cally controlled with simple additive and additive > addi-

tive interactions being the major genetic components
(Foolad and Lin, unpublished). These preliminary investi-

gations indicated that cold tolerance of the cultivated

tomato could potentially be improved by gene transfer

from cold tolerant genotypes. Efforts to identify QTLS for

cold tolerance during vegetative growth in an interspecific

cross of tomato (L, esculentum xL, hirsutum) is under-

way.

6. Genetics of cold to]erance during vegetative growth

Cold (chilling) tolerance during vegetative growth in

tomato has been defined as the ability to resist damage
below ~~ 10'C but above freezing temperature [43]. The
cultivated tomato prefers a growth temperature about 7'C
higher than the potato, Solanuln tuberosum L., which al-

though closely related to the tomato, is much less liable to

chilling injury [44]
.
Although both species originated from

Andean region of South America [45
,
46]

,
the cultivated

tomato originated from the low altitudes whereas the cul-

tivated potato came from the cooler, high altitudes. Plants

which regularly experience temperatures below 10'C in

their native habitat are expected to be comparatively cold

tolerant. Near the Equator, night temperatures are regu-
larly below lO'C only at altitudes of 2,000 m or higher.

High-altitude species of Lycopersicon have not contribut-

ed to the ancestry of the cultivated tomato and this may
explain why the cultivated tomato is less cold tolerant than

the potato. Genetic sources of cold tolerance during vege-
tative growth, however, have been identified among the

related wild species and primitive cultivars of tomato [47,

48]
.
For example. Wolf et al. [48] evaluated cold tolerance

of several high altitude accessions of wild tomato species

including L. hirsutum (LA 1363, LA 1777) and L. chilense

Dun. (LA 1969, LA 1971), and So!anum lycopersicoides

Dun. (LA 1964) during vegetative growth and compared
that with the cold tolerance of a L, esculentum breeding

line, UC82B. Chlorophyll fluorescence, electrolyte leakage

and plastochron index were used as evaluation criteria.

High altitude wild accessions were all more cold tolerant

than UC82B. Similarly, Vallejos et al. [49] reported that a
high altitude accession of L. hirsutum had less growth
reduction under a low temperature (day/night 1215'C)

compared to a normal temperature regime (25/1 8'C) than

a low altitude L, hirsutum or a L. esculentum breeding

line.

We have initiated a project to investigate the genetic

basis of cold tolerance in some of the high altitudinal

ecotypes of the wild species L, hirsutum and some geno-
types of the cultivated tomato. In a recent investigation,

the growth of the parental and reciprocal F1, F2, F3 and

BCI generations (a total of 10 generations) of a cross be-

tween L. esculentum lines UCT5 (cold sensitive) and

P1120256 (cold tolerant) were examined under a normal
(control) and a low temperature regime. The results indi-

cated that plant absolute growth under low temperature

7. Relationship between cold tolerance during seed

germination and vegetative growth

Three approaches have been taken to determine the

relationship between cold tolerance during germination

and vegetative growth. First, an investigation of 31tomato
accessions (plant introductions, breeding lines and culti-

vars) representing six Lycopersicon species for cold toler-

ance indicated the presence of a weak correlation

(r= -0.42, p 0.05) between the rate of germination and
absolute plant growth under cold stress (Foolad and Lin,

unpublished). There was also a weak correlation

(r= -0.47, p between the rate of germination un-
der cold stress and the relative cold tolerance during veg-
etative growth.

The second approach involved the examination of

direct and correlated response to selection for cold toler-

ance. Briefly, in an F2 population of a cross between

tomato inbred lines UCT5 (cold sensitive during both
germination and vegetative growih) and P1120256 (cold

tolerant during both stages) selection was made for rapid

germination under cold stress, and the selected F3 progeny

were evaluated for cold tolerance during both germination

and vegetative growth. The results indicated that the

selected progeny germinated more rapidly than the un-
selected progeny under cold stress, suggesting that the

selection was effective. The selected progeny also exhibited

significantly greater vegetative growth (19~~ more fresh

weight) than the unselected progeny under cold stress; this

observation suggests the presence of a relationship be-

tween seed vigor and plant vigor under cold stress (Foolad

and Lin, unpublished). Further inspection, however, indi-

cated that the selected progeny also exhibited greater

growth than the unselected progeny under the nonstress

(control) condition, suggesting that the superior growth

performance of the selected progeny under cold stress

could be due to higher plant vigor and not cold tolerance.

This suggestion was confirmed by the finding that the

physiological (relative) cold tolerance of the selected

progeny was only slightly (6.2~) greater than the physio-

logicai cold tolerance of the unselected progeny.
The overall results indicate the presence of a genetic

relationship between seed vigor and plant vigor under cold

stress, however, there might be different genes contribut-

ing to plant vigor and cold tolerance. Thus, selection for

rapid seed germination under cold stress may not be

effective in improving plant cold tolerance during vegeta-
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tive growth. Research to compare QTL,s contributing to

cold tolerance during germination and vegetative growth,

as the third approach to determine the relationship be-

tween cold tolerance at these two developmental stages, is

underway.

8. Relationship between cold and salt tolerance during

seed germination

Three approaches were taken to determine the genetic

relationship between cold tolerance and salt tolerance

during germination. First, 30 tomato accessions repre-
senting six Lycopersicon species were evaluated for ger-

mination under cold stress (T=11'C) and salt stress

(T=20'C, 150 mM NaCl+ 15 mM CaC12; P= -850 kPa)
conditions. The results indicated that most accessions re-

sponded similarly to cold and salt stress (i.e., they were
equally sensitive or tolerant to both stresses), however,
several accessions germinated significantly more rapidly

under one stress than the other. For example, some ac-
cessions germinated more rapidly under cold than salt

stress, whereas others germinated more rapidly under salt

than cold stress [40]. Across all genotypes, however, a
positive phenotypic correlation was observed between
germination under cold and salt stress (r=0.77, p 0.01).

This correlation suggests that some of the same genetic

factors which facilitate rapid germination under cold stress

also contribute to rapid germination under salt stress, but

additional components may also be involved with germi-

nation under specific stress conditions.

In the second approach, seeds of F2 progeny of a cross
between the breeding line UCT5 (sensitive to cold and salt

stress during germination) and accession P1120256 (toler-

ant to both stresses during germination) were evaluated for

germination separately under cold stress and salt stress,

and in each treatment the fastest germinating seeds (the

first 5~ germinated) were identified. The selected seedlings

were grown to maturity and self-pollinated to produce
selected F3 progeny. The selected F3 progeny from each

experiment were evaluated for germination under cold and
salt stress and their performance compared with that of

unselected F3 progeny [50]
.
The results indicated that

selection under either cold or salt stress significantly im-

proved progeny seed germination under both cold and salt

stress (Tab]e 2). Analysis of response and correlated re-

Table 2 The percentage improvement in germination

(response to selction) in the control, cold stress and salt

stress treatments"

Treatment during Treatment during progeny evaluation

selection Control Cold stress Salt stress

Control

Cold stress

Salt stress

4.2

13.8**

10.8**

4.7

19. I**
29.0**

5.7

23.8**

22.5**

" Selection response was calculated as the difference in germina-
tion mean between the selected and unselected populations and
transformed into percentage relative to germination mean of the

unselected population.
*~ Significant at p~0.01

.

sponse to selection indicated the presence of a significant

genetic correlation (r=0.66-1.00) between germination

under cold stress and salt stress. These results supported

the earlier suggestion of the presence of genes which
facilitate rapid germination under both cold and salt

stress.

In the third approach, using a BCISI population of an
interspecific cross between NC84173 (sensitive to both cold

and salt stress during germination) and LA722 (tolerant to

both stresses during germination), QTLS for cold tolerance

during germination were compared with QTLS for salt

tolerance during germination for co-localization. The
results indicated the presence of some major QTLS on
chromosome Iof tomato which contributed to rapid ger-

mination under both cold and salt stress (Table 1, Fig. 2).

These QTLs, therefore, were c.onsidered to represent ger-

mination-related, stress-nonspecific genes [51]. In addi-

tion, several QTLS were identified which affected germi-

nation under either cold or salt stress; these QTL,s were
considered to represent germination-related, stress-specific

genes. The stress-nonspecific QTLs, however, generally

exhibited larger effects than stress-specific QTLs. The
results of the QTL analysis were consistent with the

observation of a positive family correlation (r=0.67,

p 0.01) between germination under cold and salt stress in

the BCISI population and thus, confirmed the earlier sug-
gestion of the presence of a genetic relationship between
germination under cold and salt stress.

The overall results indicate the presence of genes
which commonly affect germination under both cold and
salt stress in addition to genes which may be stress-specific

and affect germination only under specific stress condi-

tions. In practice, therefore, either phenotypic or marker-
assisted selection for rapid germination under a single

stress treatment should result in progeny with improved
germination under different stress conditions. Whether
such a relationship between cold tolerance and salt toler-

ance also exists at later stages of plant development in

tomato is unknown.

9. Relationship between seed germination under stress

and nonstress conditions

Previous germplasm evaluations indicated that gener-
ally tomato seeds that germinate rapidly under nonstress

conditions also tend to germinate rapidly under either cold

or salt stress. For example, from the data reported by Scott

and Jones (1982) [38] we computed a significant pheno-
typic correlation (r=0.75, p between germination
in the control (T=20'C) and cold stress (T= 10'C) treat-

ments for 36 accessions of cultivated and wild tomatoes.
Similarly, significant phenotypic correlations (r =0.58-
0.62, p 0.01) were reported for tomato seed germination

under control and salt stress [25, 27, 41]. These results are
consistent with the suggestion that similar physiological

mechanisms contribute to rapid germination under stress

and nonstress conditions [52]. However, the genetic

relationship between germination under stress and non-
stress conditions had not been previously investigated.

We examined the genetic relationship between tomato



seed germination under stress and nonstress conditions by
three approaches. First, evaluation of 30 tomato acces-
sions for germination under nonstress and cold and salt

stress indicated the presence of positive phenotypic corre-

lations between gennination under control and cold stress

(r=0.89, p and control and salt stress (r=0.63,

p These correlations suggest the contribution of
similar genetic factors to tomato seed germination under

stress and nonstress conditions. Notably, however, in this

and previous germplasm evaluations [25, 38] the magni-
tudes of the correlation coefficients for germination under

stress and nonstress conditions were fairly moderate. A
common observation in most of these studies was that

some accessions that germinated rapidly under nonstress

conditions exhibited poor germination under stress, and
vice versa. This observation suggests the presence of genes
which might be stress-specific and contribute to rapid seed

germination only under specific stress conditions.

In the second approach to determine the relationship

between germination under stress and nonstress condi-

tions, an F2 population of a cross between UCT5 (slow

germinating) and P1120256 (fast germinating) was eval-

uated for seed germination under either control (nonstress)

or stress (cold or salt stress) conditions and in each treat-

ment selection was made for rapid germination. The
selected F3 progeny from each treatment were then eval-

uated for germination under both stress and nonstress

conditions. Selection for rapid germination under either of

the two stresses (cold or salt stress) resulted in progeny
with improved germination under both stress and

nonstress conditions (Table 2). However, selection for

rapid germination under nonstress conditions did not sig-

nificantly improve progeny seed germination under either

of the three (nonstress, cold and salt stress) conditions

(Table 2). The latter observation was suggested to be due

to the lack of sufficient variation in germination time un-
der nonstress (control) conditions [50]

.
The overall results,

however, indicate the presence of genes which facilitate

rapid seed germination under both stress and nonstress

conditions .

In the third approach, QTLS for germination time

under stress and nonstress conditions were compared with

each other for co-localization. The results confirmed the

presence of genetic relationship between the rate of ger-

mination under stress and nonstress conditions: a few

major QTLS Were identified which contributed to rapid

gernrination under both stress and nonstress conditions

(Table 1, Fig. 2). However, several QTLS were also iden-

tified which affected germination either under cold stress

or salt stress but not under nonstress conditions. The
overall results indicate the presence of genes which

commonly affect seed germination under both stress and

nonstress conditions in addition to genes which may be
stress-specific and affect germination only under specific

stress conditions.

lO. Conclusions

Contrary to the old quantitative genetic theory that

quantitative traits are controlled by many loci with small
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individual phenotypic effects [15, 16, 53], our QTL map-
ping investigations indicated that quantitative variation

for salt tolerance and cold tolerance in tomato are mainly
controlled by the effects of a few major QTL,s which act in

concert with a number of smaller effect QTLs. Further-

more, most of the identified QTLS exhibited independent
effects with little or no epistatic interactions. The results

also indicated the presence of little or no genetic correla-

tion between stress tolerance at different developmental

stages. Finally, the identification of QTLS which contrib-

ute to rapid tomato seed germination under both stress

and nonstress conditions should facilitate the development
of cultivars with the ability to germinate rapidly in both

stress and nonstress environments. The overall results in-

dicated the great utility of molecular marker technology

for characterizing the genetic basis of plant response to

environmental stresses and for developing stress tolerant

genotypes.
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