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Abstract Many plants of tropical or subtropical origin,
such as tomato, suffer damage under chilling temper-
atures (under 10�C but above 0�C). An earlier study
identified several quantitative trait loci (QTLs) for
shoot turgor maintenance (stm) under root chilling in
an interspecific backcross population derived from
crossing chilling-susceptible cultivated tomato (Lyco-
persicon esculentum) and chilling-tolerant wild L.
hirsutum. The QTL with the greatest phenotypic effect
on stm was located in a 28 cM region on chromosome
9 (designated stm9), and enhanced chilling-tolerance
was conferred by the presence of the Lycopersicon
hirsutum allele at this QTL. Here, near-isogenic lines
(NILs) were used to verify the effect of stm9, and
recombinant sub-NILs were used to fine map its po-
sition. Replicated experiments were performed with
NILs and sub-NILs in a refrigerated hydroponic tank
in the greenhouse. Sub-NIL data was analyzed using
least square means separations, marker-genotype mean
t-tests, and composite interval mapping. A dominant
QTL controlling shoot turgor maintenance under root
chilling was confirmed on chromosome 9 using both
NILs and sub-NILs. Furthermore, sub-NILs permitted
localization of stm9 to a 2.7 cM interval within the
original 28 cM QTL region. If the presence of the L.
hirsutum allele at stm9 also confers chilling-tolerance
in L. esculentum plants grown under field conditions,
it has the potential to expand the geographic areas in
which cultivated tomato can be grown for commercial
production.

Introduction

Cultivated tomato, Lycopersicon esculentum Mill.
(synonym Solanum lycopersicum; Spooner et al. 2005),
like many other crop plants of topical or subtropical
origin, is sensitive to chilling as well as freezing tem-
peratures. Temperatures under 10�C inhibit tomato
growth, and those under 6�C can cause irreparable
damage (Geisenberg and Stewart 1986). In contrast,
the interfertile wild species Lycopersicon hirsutum
Dunal (synonym S. habrochaites; Spooner et al. 2005)
grows at altitudes up to 3,300 m in the Peruvian
Andes and thrives under chilling conditions (Vallejos
1979; Bloom et al. 2004).

Introgression of genes controlling chilling tolerance
from wild congeners into L. esculentum has potential to
improve resistance to chilling temperatures. Several
practical benefits of increased chilling tolerance in cul-
tivated tomato would be: extension of the growing sea-
son, which would increase production over time;
adaptation of tomato to areas with shorter growing
seasons; and prevention of plant and fruit damage from
chilling temperatures (Rick 1983; Scott and Jones 1986).
Another possible benefit would be a decreased need for
irrigation if rain were available during an extended
growing season (Wolf et al. 1986).

Several hypotheses have been proposed to explain
tolerance or sensitivity to chilling in plants. One
hypothesis is that the transition of cellular membranes
from a fluid to a gel phase at chilling temperatures
impairs membrane permeability (Lyons and Raison
1970). A second is that chilling inhibits energy
metabolism or stimulates the production and/or
accumulation of deleterious byproducts (Guy 1994). A
third is that chilling temperatures markedly decrease
root hydraulic conductance, causing chilling-sensitive
species to suffer water stress (Wilson 1976; Markhart
et al. 1979; Bagnall et al. 1983; Fennel and Markhart
1998; Aroca et al. 2001; Bloom et al. 2004). Our
current research focuses on this third hypothesis.
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A number of phenotypic assessment criteria have
been used in studies of the genetic control of chilling
tolerance in tomato. Vallejos and Tanksley (1983) used
the plastochron index as a measure of chilling tolerance
after several weeks at low temperatures. Wolf et al.
(1986) employed the rate of seed germination and
growth under low temperatures to compare cultivated
and wild tomatoes. A shift in chlorophyll fluorescence
under chilling exposure has been used by several
researchers (Kamps et al. 1987; Walker et al. 1990;
Brüggemann et al. 1994). We used the degree of shoot
wilting after an episode of root chilling (Truco et al.
2000; Bloom et al. 2004). The current study also uses
this criterion.

Several studies have explored the genetic basis of
chilling tolerance in tomato. In a BC1 population de-
rived from L. esculentum cv. T3 · L. hirsutum acc.
LA1777, three quantitative trait loci (QTLs) controlling
the plastochron index were detected on chromosomes 6,
7, and 12 (Vallejos and Tanksley 1983). In another
study, growth at suboptimal temperatures (15�C day/
10�C night) of interspecific progeny derived from a cross
of L. esculentum cv. T5 and a primitive L. esculentum
cultivar, which exhibited cold tolerance during seed
germination, were compared to T5 after 5 weeks (Foo-
lad and Lin 2001). The primitive cultivar accumulated
three times more shoot biomass than T5 under subop-
timal temperatures. Analysis of multiple generations
derived from this cross showed that growth under sub-
optimal temperatures was genetically controlled by at
least two genes that are predominantly additive in nat-
ure.

Truco et al. (2000) identified several QTLs control-
ling shoot wilting under root chilling in an interspecific
BC1 L. esculentum cv. T5 · L. hirsutum acc. LA1778
mapping population. The QTL accounting for the
largest percent of the phenotypic variation (33%) was
located on chromosome 9 and was designated stm9 for
shoot turgor maintenance. A segregating BC1S1 popu-
lation derived from a selected plant from this mapping
population also showed an association between the
presence of L. hirsutum alleles at stm9 and a significantly
faster relative growth rate after chilling (A.J. Bloom
et al., unpublished data). In the present study, we fur-
ther localize the position of stm9 through the use of
near-isogenic lines (NILs) and recombinant sub-NILs
for chromosome 9 and confirm its effect on shoot turgor
maintenance under root chilling conditions.

Materials and methods

Plant material

The interspecific BC1 mapping population, described in
Truco et al. (2000), was created by crossing L. esculen-
tum cv. T5 (T5) with L. hirsutum acc. LA1778 (individ-
ual plant selection HS34), followed by a backcross of
one selected F1 (individual plant selection HY34-5) to

T5 to obtain BC1 seed. The BC1 population was planted
in 1998 and consisted of 196 individuals. Subsequently, a
single selected BC1 plant (BC1-33) was used as the pollen
donor to generate both the homozygous and heterozy-
gous NILs. Subsequently, marker assisted selection
(MAS) was used during two generations of backcrossing
to pistillate parent T5 (BC2 and BC3) for introgression
of the L. hirsutum allele at the QTL on chromosome 9,
originally detected by Truco et al. (2000). Here we refer
to this QTL for shoot turgor maintenance on chromo-
some 9 as stm9. BC1-33 was selected as the stm9 QTL
donor due to a high percentage of L. esculentum back-
ground alleles outside the QTL region as well as a
favorable growth habit. NILs for stm9 were selected
from one heterozygous BC3 plant (03GH_230) by selfing
and marker-selecting individuals in the BC3S1 genera-
tion. Plants selected as paired NILs were either homo-
zygous for L. hirsutum (H/H) or L. esculentum (E/E)
alleles at all markers in the stm9 region (see ‘‘MAS for
NILs’’). To generate recombinant sub-NILs at stm9, one
heterozygous (E/H) BC3 plant (03GH_230) was back-
crossed to T5 and the resulting BC4 population was
marker-screened for those individuals showing recom-
bination in the stm9 QTL interval (see ‘‘MAS for sub-
NILs’’).

MAS for NILs

To create NILs for QTL stm9, MAS was performed
during two successive generations of backcrossing to T5
(BC2 and BC3). The QTL region associated with stm9
was �12 cM in Truco et al. (2000). To ensure capture of
the entire L. hirsutum chromosomal segment associated
with the stm phenotype, the region subjected to MAS for
the present study was expanded to �28 cM with addi-
tional markers on both sides of the original �12 cM
region. A population of 100 BC2 plants was foreground-
selected for individuals heterozygous (E/H) in the stm9
region with the two markers flanking this QTL (Truco
et al. 2000): TG254, a PCR based Cleaved Amplified
Polymorphic (CAP) marker (Konieczny and Ausubel
1993), and CT143, a Restriction Fragment Length
Polymorphic (RFLP) marker. In addition, six CAP
markers and 23 RFLP markers were used in background
selection for E alleles outside the target stm9 region.
Tomato genomic and cDNA clones for RFLP markers
of known position on the tomato linkage map (Tanksley
et al. 1992; http://www.sgn.cornell.edu) were used
according to procedures described by Truco et al.
(2000). A single BC2 plant (01GH_4507) that was het-
erozygous at stm9 and at three regions outside the QTL
(top of chromosome 1, and top and bottom of chro-
mosome 2) but homozygous for T5 alleles throughout
the rest of the genome (as detected with the available
markers) was selected for backcrossing to T5 to obtain
the BC3 population. A population of 310 BC3 plants was
foreground-selected for individuals heterozygous for
markers at stm9 (Table 1) with two flanking CAP

899



markers, cLPT4c24 and T1617, and one internal
Sequence Characterized Amplified Region (SCAR)
marker, T1673 (http://www.sgn.cornell.edu). For back-
ground selection, three CAP and 14 RFLP markers were
used. A single BC3 plant (03GH_230) heterozygous at
markers for stm9 and homozygous for T5 alleles
throughout the rest of the genome was selected for cre-
ation of the BC3S1 and BC4 populations. A population
of 79 BC3S1 plants was foreground-selected for indi-
viduals homozygous for either L. esculentum (E/E) or L.
hirsutum alleles (H/H) at stm9 with the same three
markers as before (cLPT4c24, T1617, and T1673).
Twelve BC3S1 individuals, six homozygotes from each
stm9 genotypic class (E/E or H/H), were selected as
NILs (Table 2) for phenotypic evaluation.

MAS for sub-NILs

A population of 628 BC4 individuals derived from BC3

donor 03GH_230 were genotyped with three markers
cLPT4c24, T1617, and T1673 to detect recombinants in
the stm9 region. Thirty-five unique and independent
recombinants were found and further genotyped with an
additional five CAP markers (TG254, T1641, T1670,
T532 and TG223) within stm9. Twenty-five recombinant
sub-NILs, divided into 14 sub-NIL genotypic class
groups (designated A through N), were selected for
phenotypic evaluation. Each sub-NIL genotypic class
group contained one to four lines (Fig. 1). Individuals
heterozygous (E/H) and homozygous (E/E) throughout
the stm9 region were also selected in the BC4 to serve as
NIL controls. CAP marker T532 replaced RFLP marker
CT143 reported in Truco et al. (2000) and is located
0.2 cM away. Marker spacing in the stm9 region ranged
between 1.7 to 7.7 cM apart and averaged one marker

every �4 cM over the �28 cM QTL region represented
in the recombinant sub-NILs.

Linkage map

The linkage map for the top of chromosome 9 (Figs. 1
and 2) was based on a T5 · LA1778 BC1 population

Table 1 Tomato CAPS markers used in MAS to develop near-isogenic lines for QTL stm9 on chromosome 9

Markers Marker Primers (forward and reverse
primer combinations)

Restriction enzyme Anneal Temp.(�C)

cLPT4c24 TCT GAA AAA GGG TCT CTG TTC ATC Hpy188 III 51
TTT GGC AAT AGT CTT ATC CTG GTC

TG254 ATG AGG GAA TAT GGT CAT GGT TAC Apo I 57
GAA ATG TGG AAC TGG TTG AGG TAG

T1641 CAA ACT AGT GCA CAA TTC CAA AAC Dde I 53
AAA GAG CAA CAA TAT CTG CAC AAG

T1670 ATT CAA GTG GAA CCA ATA CAT GG Hinf I 53
AAT CAT GCA GCA CTT GGA ATA TC

T1673 CTA ATT TTA TTG AAG CCT CAG ATG G n/a 53
AAA TCA TCA ACT CAT CCA CCA TAG

T532 AAG GTT AAC CAA ATC GGT AGT GTG Hinf I 53
AGT CTG CTT GTT ATT TCA CCA AGG

TG223 GAT GGT TGA GTG ATT GAA GC Mse I 60
TTG AAC ACA CTG TAA TCC CC

T1617 GTG AAC TCT ACA ACA GAG CCA AAC Hae III 53
GTT TTC CTC TCT CCA TTA CCA TTG

For each pair of primers, the optimal annealing temperature was
determined by empirical testing. PCR reactions were performed on
a PE9700 thermal cycler (Perkin Elmer, Boston, MA, USA). PCR
was performed with an initial denaturation of 94�C for 2 min,

followed by 35 cycles of 94�C for 45 s, annealing temp for 45 s, and
72�C for 60 s, with a final extension of 72�C for 2 min. After
digestion with the appropriate restriction enzyme (NEB, Beverly,
MA, USA), PCR products were separated on a 2.0% agarose gel

Table 2 Stmscore means for stm9 BC3S1 NILs and control lines
from the NIL experiment

Generation Line Class stmscore Lsmeans
seperation

Parental L.esc.T5 E/E 2.71 A
BC3S1 03GH_1303 E/E 2.22 A B
BC3S1 03GH_1331 E/E 2.13 A B
BC3S1 03GH_1306 E/E 1.59 A B C
BC3S1 03GH_1304 E/E 1.51 A B C
BC3S1 03GH_1310 E/E 1.42 A B C
BC3S1 03GH_1318 E/E 1.39 A B C D
BC3 03GH_230 E/H 0.87 B C D E
BC3S1 03GH_1329 H/H 0.75 B C D E
BC4 03GH_47 E/H 0.68 C D E
BC4 03GH_48 E/H 0.61 C D E
BC3S1 03GH_1321 H/H 0.39 D E
BC3S1 03GH_1375 H/H 0.36 D E
BC3S1 03GH_1350 H/H 0.30 D E
BC4 04GH_60 E/H 0.26 D E
BC1 BC133 E/H 0.23 E
BC3S1 03GH_1322 H/H 0.09 E
BC3S1 03GH_1305 H/H 0.06 E
BC2 01GH_4507 E/H 0.05 E
Parental L.hir.HS34 H/H 0.04 E

Class column indicates the genotype (E/E,E/H or H/H alleles) for
all markers in the stm9 region for each line. Stmscore values shown
are back-transformed least-square (LS) means. LSmeans separa-
tion was performed using the Tukey-Kramer method adjusted for
multiple comparisons; line means that share a letter in common do
not differ significantly at P £ 0.05
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containing 400 individuals (196 individuals used by
Truco et al. 2000, plus an additional 204 individuals,
unpublished data) that were genotyped with 12 DNA
markers (3 RFLP and 9 CAP) on chromosome 9. The
linkage map was created with Mapmaker/QTL version
3.0 using the Haldane recombination frequency and
LOD ‡3.0 (Lincoln et al. 1992). Five of the 12 markers
were £ 0.2 cM from another marker, and so were not
included in the figures.

Phenotyping

Vegetative shoot tip cuttings (�14.0 cm in length) were
obtained for each individual genotype (sub-NIL, NIL or
control). All cuttings were dipped in Rootone, a rooting
compound that contains auxin and a fungicide (Gar-
denTech, USA), and allowed to root in a vermiculite/
perlite mixture for 1 week in the greenhouse. Cuttings
were grown and phenotyped in the same greenhouse,
located at UC Davis. During the experiments, ambient
greenhouse temperatures were 25–37�C day, 18–25�C

night and relative humidity was 55–80% day, 20–55%
night. Cuttings were watered daily and fertilized with a
28:14:14 solution on the second and forth day after
planting. After 1 week, cuttings were transferred to
hydroponic growth tanks located in the greenhouse. The
tanks contained modified Hoagland’s solution (Epstein
and Bloom 2005) at 21�C, and the plants were allowed
to grow for at least 1 week under ambient illumination.
The cuttings were then randomized, moved into a sep-
arate refrigerated hydroponic tank containing the same
nutrient solution, and allowed to acclimate overnight at
a root temperature of 21�C. The following morning,
under supplemental lighting from one or two 1,000 W
metal halide lamps to maintain the light level (PFD)
above 1,000 lmol m�2 s�2 PAR, the tank temperature
was lowered to 5–6�C, and held there for 2 h before
phenotyping. Cuttings were phenotyped for ‘stmscore,’ a
measure of shoot turgor maintenance under root chill-
ing, on a 0 to 3 scale (0 = completely turgid shoot, 1 =
leaflet tips were flaccid, 2 = more that 50% of the leaf
area was flaccid and 3 = completely wilted).

Experimental design

Since a comparison among NILs or sub-NILs was
desired, the NIL and two sub-NIL experiments were
each conducted as a randomized complete block de-
sign (RCBD). The NIL experiment consisted of five
replications carried out between March 9 and 25,
2004. Sub-NIL experiment 1 consisted of eight repli-
cations carried out between April 5 and 16, 2004 and
sub-NIL experiment 2 consisted of nine replications
carried out between May 10 and 21, 2004. The NIL

Fig. 1 Graphical genotypes and stmscore means for stm9 BC4 sub-
NILs and control lines from sub-NIL experiments 1 and 2. Class
column indicates the genotype (E/E, E/H or H/H alleles) for all
markers in the stm9 region in the control lines or the sub-NIL
recombinant genotypic class group (see Materials and methods).
For graphical genotypes, white horizontal bars indicate homozy-
gous for L. esculentum alleles, diagonal hatched bars indicate
homozygous for L. hirsutum alleles, grey indicates heterozygosity,
and stippled bars indicate marker intervals containing a recombi-
nation. Stmscore values shown are back-transformed least-square
(LS) means. LSmeans separations were performed using the Tukey-
Kramer method adjusted for multiple comparisons; line means that
share a letter in common do not differ significantly at P £ 0.05
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and sub-NIL experiments had the following parental
controls included in each replication: four cuttings of
chilling-susceptible L. esculentum cv. T5, two cuttings
of chilling-tolerant genotype BC1-33, and two cuttings
of chilling-tolerant L. hirsutum acc. LA1778-HS34
(Table 2, Fig. 1). The NIL experiment also contained
two cuttings of chilling-tolerant BC2 genotype
01GH_4507 per replication (Table 2). The sub-NIL
experiments included additional NIL controls per
replication, consisting of four cuttings of chilling-sus-
ceptible homozygous genotype (E/E) at stm9
region, (one cutting each of BC4 lines 04GH_44
and 04GH_50, and two cuttings of BC3S1 line
03GH_1331), four cuttings of chilling-tolerant hetero-
zygous genotype (E/H) at stm9 (two cuttings of BC3

line 03GH_230, and one cutting each of BC4 lines
04GH_47 and 04GH_52) and two cuttings of chilling-
tolerant homozygous genotype (H/H) at stm9 (BC3S1
line 03GH_1322).

The NIL experiment included six NILs H/H at stm9
and six NILs E/E at stm9. Both sub-NIL experiments 1
and 2 included sub-NIL class groups C, and E – M
(Fig. 1). The first sub-NIL experiment also included sub-
NIL classes A, B and N, which were excluded from the
second experiment, based on previous results from
experiment 1 (Fig. 1). There was insufficient material
available for sub-NIL class D and line 04GH_321 from
class F for the first experiment, and line 04GH_133 from

class H for the second experiment. The number of cut-
tings used varied between the two sub-NIL experiments.
In the first, one cutting was used for each line for all sub-
NIL classes. In the second, one to two cuttings were
used per line, depending on the number of lines present
in the sub-NIL class; a single cutting was used for lines
which had more than one representative in its sub-NIL
class (classes C, F, G, and H); all other classes contained
one line each, so two cuttings per line were included per
replication (sub-NIL classes D, E, I–L, and M).

Statistical analysis and QTL mapping

The data for all three experiments were analyzed sepa-
rately as RCBD using analysis of variance (ANOVA) via
a general linear model (PROC GLM, version 8.1, SAS
Institute, 1999). To test the assumptions of ANOVA, we
used PROC UNIVARIATE (SAS 8.1) to calculate the
Shapiro–Wilk test for normality (Shapiro and Wilk
1965), Levene’s test for homogeneity of error variance
(Levene 1960), and Tukey Single Degree of Freedom for
Non-Additivity test (Tukey 1949). To meet these
assumptions, it was necessary to remove several outlying
data points in each experiment and reduce heterogeneity
of error variance by transformation. The NIL experi-
ment required transform (stmscore + 2)�1/2, sub-NIL
experiment 1 used transform (stmscore + 2) 1/2, and sub-

Fig. 2 Significance [plotted as
�log(P)] of marker-genotype
mean t-test comparisons among
stm9 BC4 sub-NILs from
experiments 1 and 2. Mean
stmscores are plotted separately
for each experiment.
Significance thresholds at
P=0.05, 0.01 and 0.001 are
indicated by their respective
dashed lines
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NIL experiment 2 required transform (stmscore + 2)�2

to meet ANOVA assumptions. Least square means
(LSmeans) were calculated from transformed data and
used in all subsequent analyses. The localization of stm9
was accomplished by identifying individual NILs that
maintained shoot turgor to a greater extent than chilling-
sensitive T5 according to LSmeans separation adjusted
for multiple comparisons (Tukey–Kramer method) at
P £ 0.05 (Table 2).

Fine mapping of stm9 with sub-NILs was performed
using three methods. First, at each marker locus,
phenotypic data for lines homozygous for cultivated
L. esculentum (E/E) or heterozygous for L. hirsutum (E/
H) were grouped, and then the phenotypic means for the
E/E and E/H genotype groups were compared using
two-sample t-test calculated by PROC GLM of SAS
(SAS Institute 1999). The t-test P-values for marker-
genotype comparisons were graphed as �log(P); thus
the most likely QTL position is indicated by peaks
(Brouwer and St.Clair 2004). Significance thresholds at
P=0.05, 0.01 and 0.001 are indicated on Fig. 2. Sec-
ondly, evidence for the location of stm9 was also ob-
tained by identifying individual sub-NILs that had lower
stmscores than chilling-sensitive T5 according to the
LSmeans separation adjusted for multiple comparisons
(Tukey–Kramer method) at P £ 0.05 (Fig. 1). Third, to
verify the results from the LSmeans separations and
marker-genotype mean t-tests, and to calculate the
additive effect of allelic substitution (H for E) at each
marker, QTL analysis was performed on each sub-NIL
experiment using composite interval mapping (CIM)
(Zeng 1994). CIM was executed using the composite
interval mapping option in the software suite Windows
QTL Cartographer version 2 (http://statgen.ncsu.edu/
brcwebsite/software_BRC.php; Basten et al. 1999) using
the forward-backward regression routine, two markers
to control background, a 10 cM window, and 1,000
permutations to obtain likelihood ratio (LR) thresholds
to declare QTL significance at P £ 0.05, as described in
Truco et al. (2000).

Results

Separate ANOVAs were performed for each of the three
experiments (NIL, sub-NIL experiment 1 and 2). Data
for the first and second sub-NIL experiments were
analyzed separately due to variation in both the
sub-NIL genotypic classes included and the number of
cuttings included per line for each replication. The
ANOVAs for the three experiments indicated that rep-
lication and line effects were highly significant (P £ 0.01,
data not shown). LSmeans separation was performed
for the NIL experiment (Table 2) and individually for
each sub-NIL experiment (Fig. 1). Significant (P £ 0.05)
differences for stmscore between individuals of the stm9
genotypic class E/E versus E/H and H/H individuals
were observed in all three experiments, but E/H and

H/H genotypic classes did not differ significantly (Fig. 1
and Table 2). When NILs H/H at stm9 were compared
to NILs E/H at stm9 or chilling-tolerant sub-NILs, no
significant differences for stmscore were observed in any
of the three experiments, implying that the H allele at
stm9 exhibits dominance.

Least-square mean comparisons among sub-NILs
indicated that lines heterozygous (E/H) at marker T1670
were chilling-tolerant (as indicated by significantly lower
stmscores) in both experiments, suggesting that this
marker is associated with stm9 (Fig. 1). Experiment 2
contained a recombinant individual not included in
experiment 1 (class D, line 04GH_594). This chilling-
tolerant individual was E/E for marker T1670 and
contained a recombination between markers T1670 and
T1673, indicating that stm9 is located in the 2.7 cM re-
gion between these two markers. Marker-genotype mean
t-tests for each sub-NIL experiment also implied that
stm9 is located between markers T1670 and T1673
(Fig. 2). QTL analysis of each sub-NIL experiment with
CIM also indicated that this interval is the most likely
position for stm9. The stmscore QTL peak LR value/
threshold LR value obtained for sub-NIL experiments 1
and 2 were 47.2/9.2 and 43.1/8.9, respectively, with the
peak centered on marker T1670 in experiment 1 and in
the T1670—T1673 interval in experiment 2 (data not
shown). In addition, the additive effect of substitution of
the E allele with anH allele at markers T1670 and T1673
was 1.70 and 1.65 for experiments 1 and 2, respectively.

In summary, all three experiments confirmed the
presence of a QTL affecting shoot turgor maintenance
under root chilling on chromosome 9. Furthermore,
three different data analysis methods—LSmeans sepa-
rations, marker-genotype t-tests, and CIM—identified
the same 2.7 cM interval between markers T1670 and
T1673 as the most likely location of stm9.

Discussion

In our original BC1 L. esculentum cv. T5 · L. hirsutum
acc. LA1778 QTL mapping study on chilling tolerance
(Truco et al. 2000), a major QTL on chromosome 9
controlling shoot turgor maintenance under root chilling
(stm9) was detected between markers TG254 and CT143
(replaced by T532 in the present study). Here we used a
set of NILs and sub-NILs for the stm9 region to confirm
the positive phenotypic effect of the hirsutum allele at
this QTL and fine map stm9. Our experiments verified
that this region is strongly associated with shoot turgor
maintenance under root chilling (Table 2, Figs. 1, 2).
The chromosomal position of this QTL was further re-
fined using sub-NILs and localized stm9 to a 2.7 cM
region between markers T1670 and T1673 (Figs. 1, 2,
CIM results).

The genetic control of chilling tolerance in tomato
has been studied by several research groups, including
Vallejos and Tanksley (1983), Foolad et al. (2001), and
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Truco et al. (2000). The first two groups showed that
chilling tolerance is controlled by multiple QTLs work-
ing in an additive fashion. In contrast, Truco et al.
(2000) found a single major and several minor QTLs.
Our present study confirms the results of Truco et al.
(2000), namely that stm9 is a major effect QTL, sufficient
alone to significantly affect shoot turgor maintenance
under root chilling. In a separate study of a segregating
BC1S1 population (generated from BC1-33), we also
observed a significantly faster relative growth rate after
chilling for E/H and H/H genotypes at the stm9 region
when compared to E/E genotypes (A. J. Bloom et al.,
unpublished data).

NILs and sub-NILs for the stm9 region made it
possible to further detail the contribution of the hirsutum
allele at stm9 to the chilling-tolerant phenotype in an
otherwise uniform L. esculentum genetic background.
The use of sub-NILs to fine map and verify a QTL has
been shown previously (Paterson et al. 1990; Eshed and
Zamir 1995; Bernacchi et al. 1998; Brouwer and St.Clair
2004). Here we localized stm9 to a 2.7 cM region, much
smaller than the originally mapped region (Truco et al.
2000). Further experiments with these sub-NILs for
stm9 will help to elucidate the mechanisms and loci in-
volved in plant responses to cold soils. In future studies
using recombinants derived from these sub-NILs, and
genomic resources such as tomato BAC and EST li-
braries, it should be possible to high-resolution map
stm9 and identify candidate loci underlying this QTL
that control shoot turgor maintenance and relative
growth rates under root chilling (Alpert and Tanksley
1996; Yano et al. 2000; Fridman et al. 2002; Liu et al.
2002).

Physiological characterization of L. esculentum cv. T5
and L. hirsutum acc. LA1778 offers a possible hypothesis
for how shoot turgor maintenance affects chilling tol-
erance (Bloom et al. 2004). Water flow through the xy-
lem of both T5 and LA1778 was markedly reduced when
the roots were chilled. The stomata of L. hirsutum closed
rapidly when roots were chilled; whereas L. esculentum
stomata were slow to respond to the decreased water
flow from the roots and subsequently the leaves wilted,
causing plant damage. Bloom et al. (2004) hypothesized
chemical signals from roots to shoots control stomatal
behavior, and evidence for this was obtained using
grafted tomato plants with combinations of roots and
shoots from differing genotypes at stm9 (E/H or E/E)
that conferred non-wilting (nw) or wilting (w) shoot
phenotypes under root chilling, respectively. Grafted
plants subjected to root chilling that had the shoot/root
combinations w/nw and nw/w exhibited intermediate
stmscores compared to chilling-susceptible w/w and
chilling-resistant nw/nw grafted plants, suggesting root-
shoot signaling involvement. The sub-NILs for stm9 can
be employed to help elucidate the chemical signals in-
volved in shoot turgor maintenance and its relation to
chilling tolerance.

Future studies will also investigate the response of
these NILs and sub-NILs in field experiments to deter-

mine what effect stm9 may have in enabling cultivated
tomato to survive, and possibly thrive, under cool field
conditions earlier or later in the growing season.
Improving the chilling tolerance of cultivated tomato in
the field is of practical importance for several reasons.
Chilling tolerant tomatoes would permit an extended
growing season, increasing productivity, and areas that
currently have too limited a season for tomato produc-
tion could be employed (Rick 1983; Scott and Jones
1986). In addition, chilling damage to tomato plants and
fruits may be minimized or avoided, reducing produc-
tion losses. The chilling tolerance at stm9 shown in our
current study is conferred by a dominant allele from the
L. hirsutum donor. If this dominant chilling-tolerant
phenotype is exhibited in field experiments, the intro-
gression of stm9 would be straightforward and its pres-
ence would only be required in one of the inbred parents
of an F1 hybrid cultivar. Most modern tomato cultivars
used in production are F1 hybrids that contain alleles for
monogenic disease and pest resistances from wild
Lycopersicon species (Park et al. 2004); the addition of
abiotic stress tolerance would be valuable for further
germplasm improvement.
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