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Abstract Molecular markers were used to map and 
characterize quantitative trait loci (QTLs) for several 
characters of agronomic and biological importance in 
an interspecific backcross of tomato. The parents of the 
cross were an elite processing inbred Lycopersicon es- 
culentum cv 'M82-1-7' and the closely related red-fruited 
wild species L. pimpinellifolium (LA1589). A total of 257 
BC 1 plants were grown under field conditions in Ithaca, 
New York and scored for 19 quantitative traits. A 
genetic linkage map was constructed for the same popu- 
lation using 115 RFLP, 3 RAPD and 2 morphological 
markers that spanned 1,279 cM of the tomato genome 
with an average interval length of 10.7 cM. A minimum 
of 54 putatively significant QTLs (P < 0.001; LOD > 
2.4) were detected for all characters with a range of 1-7 
QTLs detected per character. Of the total 54 QTLs 11% 
had alleles with effects opposite to those predicted by the 
parental phenotypes. The percentage of phenotypic 
variation associated with single QTLs ranged from 4% 
to 47%. Multilocus analysis showed that the cumulative 
action of all QTLs detected for each trait accounted for 
12-59% of the phenotypic variation. The difference in 
fruit weight was controlled largely by a single major 
QTL (fw2.2). Digenic epistasis was not evident. Several 
regions of the genome (including the region near sp on 
chromosome 6) showed effects on more than one trait. 
Implications for variety improvement and inferences 
about the domestication of the cultivated tomato are 
discussed. 
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Introduction 

Phenotypes of most traits in nature and agriculture are 
continuous variables. This continuous distribution has 
been attribted to the collective action of many genes - 
termed quantitative trait loci, QTLs (Geldermann 
1975)-interacting with the environment (Johanssen 
1909; Nilsson-Ehle 1909; East 1915). Biometrical pro- 
cedures, though useful, have only partially addressed 
many of the questions regarding quantitative genetics; 
indeed they are deficient in providing information about 
the inheritance, magnitude of effects and gene action of 
each specific locus that affects the quantitative charac- 
ter. Molecular markers and their derived saturated link- 
age maps have overcome many of these limitations, 
allowing the resolution of quantitatively inherited char- 
acters into discrete Mendelian factors (Paterson et al. 
1988; Tanksley 1993). 

To date, many agronomically and biologically im- 
portant traits (e.g. resistance to biotic and abiotic stress, 
yield, nutritional quality) have been studied by means of 
molecular mapping in numerous crops including tom- 
ato, potato, maize, rice, barley and soybean (Edwards 
et al. 1987; Nienhuis et al. 1987; Stuber et al. 1987, 1992; 
Paterson et al. 1988, 1990, 1991; Weller et al. 1988; 
Martin et al. 1989; Keim et al. 1990; Doebley and Stec 
1991; Hayes et al. 1993; Bonierbale et al. 1994; Leo- 
nards-Schippers et al. 1994; Sch6n et al. 1994; Wang 
et al. 1994). In most cases, the experiments have been 
conducted on balanced populations, backcrosses or F2s 
derived from pure lines, and have generally been able to 
identify minimal numbers of putative QTLs responsible 
for the character of interest and to estimate the relative 
contributions of "major" and "minor" genes to the total 
phenotypic variation. Molecular markers have also 
allowed a partial insight into interlocus interactions 
(epistasis) and intralocus interactions (gene action) of 
loci controlling quantitative traits. Stuber et al. (1992) 
detected QTLs having an important role in heterosis, 
and several other QTL mapping studies have reported 
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direct evidence for the genetic basis of transgression 
(Tanksley et al. 1982; Paterson et al. 1988; de Vicente 
and Tanksley 1993). 

While the marker-based QTL approach has been 
useful in describing the loci controlling quantitative 
traits, it has yet to be proven whether this approach 
offers an efficient alternative tool for the improvement of 
animal and plant species. Tomato (Lycopersicon es- 
culentum Mill.) is an ideal system for testing the applica- 
tions of molecular markers in plant breeding. A highly 
saturated molecular map is available (Tanksley et al. 
1992), and a rich source of genetic variation is accessible 
in its wild forms (Rick 1982). Molecular markers made it 
possible to map and characterize specific favorable alle- 
les provided by the unadapted germplasm, even when 
they were masked by unfavorable phenotypes (Tanksley 
et al. 1982; Paterson et al. 1988, 1991; Weller et al. 1988; 
Doebley and Stec 1991; de Vicente and Tanksley 1993). 
In the present study we have applied the procedures of 
QTL mapping to analyze the genetic basis of several 
quantitative traits of agronomic and biological interest 
in a backcross population derived from a cross between 
the cultivated tomato (L. esculentum) and its most close- 
ly allied wild relative (L. pimpinellifolium). Commercial 
tomato varieties are typically hybrids and thus a BC 1 
population structure was chosen which allows the detec- 
tion of additive, dominant and overdominant QTLs 
from the wild species which are valuable for hybrids 
while deliberately avoiding recessive QTLs that will not 
function in hybrid combinations. 

L. pimpinellifolium is a red, small-fruited wild species 
originating in Peru and is closely related to the 
cultivated tomato (Luckwill 1943; Rick 1976; Miller 
and Tanksley 1990). It is the only wild species for 
which natural introgression with L. esculentum has 
been demonstrated, and it is very likely that genes 
derived from L. pimpinellifolium have been involved 
in the evolution of today's cultivated tomato (Rick 
1958). Besides L. escuIentum var 'cerasiforme', L. pim- 
pinellifolium is the only other likely candidate as the 
direct ancestor of the modern cultivated tomato. Alter- 
natively, it has been proposed that both species, L. 
esculentum and L. pimpineIlfoIium, have evolved inde- 
pendently from a common green-fruited ancestor (Rick 
1976). Despite their close relationship, the two species 
differ in many morphological aspects, especially in fruit 
size and growth habit and several other economically 
interesting traits, many of which are polygeneically in- 
herited (Luckwill 1943). For this reason L. pimpinel- 
lifolium has been frequently considered an attractive 
source of germplasm for the breeding of the cultivated 
tomato. 

The objectives of this study were: (1) to map and 
characterize QTLs for quantitative traits of agronomic 
interest from L. pimpinellifolium; (2) to analyze the gen- 
etic basis of the key morphological traits distinguishing 
the cultivated tomato from one of its closest wild rela- 
tives; (3) to compare the map location and phenotypic 
effect of QTLs detected in the above-described inter- 

specific cross with QTLs detected in other interspecific 
crosses previously described for tomato. 

Materials and methods 

Plant material 

The BC1 mapping population utilized in this study is described in 
Grandillo and Tankstey (1996). Briefly, the processing inbred 
Lycopersicon esculentum cv 'M82-1-7' (denoted Ea) was crossed as 
pistillate parent to the red-fruited wild species L. pimpinellifolium 
(LA1589) (denoted PM). A single interspecific F1 plant was back- 
crossed to the related processing inbred L, escuIentum cv 'E6203' 
(denoted Eb), the latter being used as male parent. The three parental 
lines (Ea, Eb and PM), along with the hybrids, Ea x PM (denoted 
Faa) and Eb x PM (denoted Fib  ), were also included in the experi- 
ment as controls. BC~ and control plants were sown in flats in the 
greenhouse on April 18, 1992. At the end of May, 264 BC~ progeny 
together with 100 control plants (20 of each type) were transplanted to 
the field in Ithaca, New York, in a completely randomized design, at a 
row and plant spacing of 6 feet. 

Phenotyping 

Individual BC 1 plants and controls were scored for 19 quantitative 
traits. Days to emergence (DE) was measured as the number of days 
from the sowing date to the day of complete opening of the coty- 
ledons. Days to third leaf (DTL) indicates the number of days from 
the sowing date to the complete opening of the third true leaf. After 
transplanting to the field, the 364 plants were monitored for the 
appearance of the first opened flower, days to first flower (DFL). Days 
to first fruit (DFR) was taken as the number of days from sowing until 
the complete change of color (green to red) of the first fruit. Days to 
ripening (DR) indicates the number of days from the opening of a 
flower to the complete change of color of the fruit derived from that 
same flower. For all the plants, the third and fourth flowers of a 
randomly chosen truss were labeled on July 10 and their correspond- 
ing blooming and maturing dates recorded. If the first labeled flowers 
aborted, then the labeling was repeated on another truss. In a few 
instances this extended the range for the blooming date from the 10th 
of July until the 29th. Anther-tube with (ATW), in millimeters, was 
determined as the averaged maximum width taken on the anther tube 
of two to ten flowers per plant. On the same flowers the length of the 
anther tube (ATL), in millimeters, was also measured and averaged. 
The ratio of ATL over ATW was used to determine an anther-tube 
index (ATX). The number of flowers per truss (NFLT) was taken as an 
average of five randomly chosen trusses per plant. 

At the end of the growing season ten representative ripened fruit 
were harvested from each plant for measurement of the average fruit 
weight and other fruit characters. Fruit weight (FW) was scored as the 
mean weight, in grams, of the ten fruits. A subset of five fruits of the ten 
harvested were cut transversely, and fruit color (FC) was subjectively 
evaluated on a visual scale from 1 to 3 (3 = more intense color). The 
mixed fresh juice of the same five fruits was used to determine the total 
soluble solids concentration (SSC), in degrees Brix (~ by means 
of a hand refractometer. The same subset of five fruits was used to 
obtain the average number of seeds per fruit (NSF) and the thousand- 
seed weight (WTS), in grams. Fruit diameter (FD) (average of two 
perpendicular measurements taken per fruit, in mm), thickness of the 
pericarp (FP) (average of three measurements taken per fruit, in mm) 
and locule number (LOCN) were measured as the average of three 
fruits per plant taken from the second subset of five fruits of the ten 
harvested. Caliper measurements of polar (stem to blossom ends) and 
equatorial diameters were taken, from which a fruit shape index (FS) 
was derived by dividing the polar (height) by equatorial diameter. 
Two to three fruit were measured per plant, and the average value was 
used for the analyses. Plant vertical height (PVH), in centimeters, 
indicated the distance from the ground level to the height where the ' 
stem started becoming decumbent. 
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In addition to the above measurements, all plants were scored 
visually for determinacy and uniform ripening - two simply inherited 
morphological traits controlled by the sp and u genes, respectively. 
These two morphological markers were also included in the linkage 
map used for QTL mapping. 

Genotyping 

Molecular markers were analyzed on 257 BC 1 plants as reported in 
Grandillo and Tanksley (1996). 

Statistical analysis 

Means, standard deviations, contrasts and Pearson correlation coef- 
ficients were calculated for each trait, for the controls and for the BC I 
population using the JMP V 3.0 software package for Macintosh 
(SAS Institute 1989). Normality for each trait was tested with the 
Shapiro-Wilk W test available on the same program. 

Segregation ratios for marker classes were summarized and 
checked for conformity with the expected 1:1 ratios with the chi- 
square test using the programs MAP MANAGER (Manly 1993) and 
qGENE (Nelson 1994). 

Linkage analysis of the 257 BC 1 plants was performed with the 
software package MAPMAKER (Lander et al. 1987) as described in 
Grandillo and Tanksley (1996). The Kosambi mapping function 
(Kosambi 1944) was used to convert recombination frequencies to 
map distances in centiMorgans (cM). 

Two analytical approaches were used to identify putative QTLs 
and estimate their phenotypic effects: single-point analysis and inter- 
val mapping (Lander and Botstein 1989). For the first procedure 
one-way ANOVAs were performed by the PROC GLM routine in 
SAS (SAS Institute 1988), in which marker-genotype groups were 
used as class variables. For single-point analysis the program 
qGENE (Nelson 1994) was also used which generates the same results 
as PROC GLM routine in SAS but in a convenient tabular form. 
Because of the high number of comparisons performed and in order 
to minimize the Type-I error of false positive QTLs, we chose a 
probability level of P = 0.001 as the threshold to define differences in 
marker class means as highly significant and thereby suggesting 
association of a QTL to the marker locus. The results were confirmed 
with interval mapping analysis using the computer program MAP- 
MAKER-QTL version 1.1 (Lincoln et al. 1992). For consistency with 
the single-point analysis, a LOD score threshold of 2.4 was chosen as 
it is approximately equivalent to requiring a significance level of 0.001 
for any single test. The program MAPMAKER-QTL was also used 
to obtain estimates of the percentage of the total phenotypic variation 
explained (PVE) by each QTL which is equivalent to R 2 values from 
regression analyses. The multilocus model from the same sorftware 
was used to estimate the percent of phenotypic variation accounted 
for by all significant QTLs for each trait. Tests for two-way interac- 
tions were evaluated betwen significant QTLs and all other marker 
loci using the qGENE program. 

Results and discussion 

Genet ic  map  

Fo r  Q T L  analysis a total  of 120 genetic markers  (115 
R F L P ,  3 R A P D  and 2 morphological  loci, the sp and u 
genes) were scored for each of the 257 BC1 plants. The 
linkage map spanned 1,279 cM with an average distance 
between markers  of 10.7cM (Fig. 1) (Grandillo and 
Tanksley 1996). Due to the low level of polymorphism,  
three gaps in the range of 30-40 cM were left, distributed 
on chromosomes  7, 9 and 12. 

Quanti ta t ive trait analyses 

Distributions of quantitative traits 

All 19 of the traits analyzed were characterized by 
cont inuous variation, which is typical of quanti tat ive or 
polygenic inheritance (Fig. 2). Consistent with previous 
observations (Ibarbia and Lambeth  1969; Tanksley 
et al. 1982; Paterson etal .  1988) fruit weight (FW) 
showed a significant positively skewed distribution in 
the BC 1 populat ion.  Deviat ion from normal i ty  also 
characterized several other  traits and in order  to ap- 
proach normality,  we used loglo or square root  trans- 
formations. Although the t ransformation reduced both  
skewness and kurtosis, the significance levels and mag- 
nitudes of the R 2 from regression analysis (and respect- 
ively the L O D  and the PVE from interval analysis) for 
the t ransformed data did not  differ substantially from 
those obtained from the raw data. For  this reason, only 
results from non-t ransformed data  have been reported. 

The two esculentum lines used in the cross, Ea and Eb, 
differed significantly (P < 0.05) for 9 traits, including 
FW, FD, FP,  LOCN,  NSF,  WTS, DFL,  DR and PVH, 
while for the other  10 characters their means were not  
significantly different (Table 1; Fig. 2). L. esculentum (Ea 
and Eb) and L. pimpinellifolium (PM) differed signifi- 
cantly for all traits except D F L  for which the means ofcv 
'M82-1-T (Ea) and of the wild species (PM) were indis- 
tinguishable. 

Frui t  weight (FW) showed the most  striking diver- 
gence between the two species (Table 1; Fig. 2). L. pim- 
pinellifolium fruits were very small, averaging 1.5 g. In 
contrast,  the fruits of the two L. esculentum parents 
averaged 77g, approximately  48 times greater than 
those of L. pimpinellifolium. When large- and small- 
fruited cultivars are crossed, the fruit size of the F 1 
hybrids typically resembles that of the smaller fruited 
parent  (MacArthur  and Butler 1938). Small fruit domi- 
nance was evident in the Fts,  which averaged 13 g FW, 
and the BC1 was also skewed toward the small-fruited 
parent. 

L. pimpinellifolium fruit were nearly spherical (as 
indicated by a mean FS of 1.03), intensely colored 
(FC = 2.5), biloculated ( L O C N  = 2), with a thin peri- 
carp (FP = 1.49 mm) and a relatively high soluble solids 
concentra t ion (SSC = 8.15 ~ and contained a lower 
number  ( N S F =  31.9) of small seeds (WTS = 1.27g), 
whereas the fruit of the processing L. esculentum lines 
were blocky in shape (FS = 1.14), less intensely colored 
(FC = 1.02), had more  than two locules (LO CN  = 2.97), 
with a thicker pericarp (FP = 7.1 ram), lower total sol- 
uble solids concentra t ion ( S S C =  4.5~ and a 
greater number  (NSF = 76) of larger seeds (WTS = 
3.1 g). 

For  FS the high level of dominance of the wild parent  
was revealed in both  the F 1 and BCa populations; the 
means of the F~s and the BCa were all statistically 
identical to that of the wild parent  (Table 1; Fig. 2). The 
same trend was detected in the F~s for the traits FC and 
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Fig. 1 Marker-trait associations (P _< 0.1) detected in the L. esculen- 
rum x L. pimpineIlifolium BC 1 population. Cells marked with a minus 
sign and all the contiguous shaded cells within a trait indicate that the 
PM allele at those loci have effects opposite to those expected based 
on parental means (see Table 2 for details). Symbols to left of chromo- 
somes represent the most likely positions of significant QTLs 
(P < 0.001; LOD > 2.4) (see Table 2 and text for details) as deter- 

mined using the interval mapping approach. Underlined QTLs had a 
phenotypic effect equal to or greater than 15% (PVE from interval 
mapping). Black squares on chromosomes 1,8 and 11 indicate 
markers with a segregation significantly skewed in favor of the PM 
allele. White squares on chromosome 5 indicate markers with a 
segregation significantly skewed in favor of the E allele 
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Fig. 2 Frequency distributions for each character in the BC~ 
progeny�9 Means for parental (Ea, Eb, PM) and F1 (F~a, F~b) controls 
and for the BC~ population are shown by arrows. Equal sign indicates 
that the means are statistically equal based on contrasts (P < 0.05) 

LOCN, though in both cases a lower degree of domi- 
nance characterized the BC~s, the means of these popu- 
lations being closer to the midpoint between the esculen- 
turn strains and the F~s. Dominance of L. pimpinel- 
Iifolium was also the case for FD and FP as shown by the 
F t data, although a lesser degree of dominance was 
observed for both traits in the BC~ populations. For 
SSC a partial dominance of the wild parent was detected 
in the F~s, while the BC~ mean, which was closer to the 
esculentum means, suggests partial dominance of the 
cultivated strains. For WTS the means of the F~s and 
BC~ fell between the parental means. For NSF the F1 
means were statistically equal to that of the processing 
inbred M82 (Ea), whereas the BC~ mean was indistin- 
guishable from that of the other variety (Eb) used in the 
cross, indicating a high degree of dominance exerted by 
the cultivated species for this trait. 

L. pimpinellifolium had longer trusses that contained 
a greater number (NFLT -- 18.4) of smaller flowers with 
thinner anther tubes (ATW = 1.9, ATL = 6.5, ATX = 
3.4) than did the cultivated counterparts (NFLT = 5.0; 
ATW = 3.7; ATL = 8.9; ATX = 2.4). A high degree of 
dominance of the wild parent was deduced from the F~ 
data for ATW and ATX. In both cases the means of the 
BC~s were closer to the midpoint between the esculen- 
turn strain and the F~s means, reflecting a lower degree 
of dominance in the B e  1 populations than in the F~s. 
For ATL and NFLT the means of the Fts and B C  t fell 
very close to the midpoint between the two parental 
species. 

Earliness ofL. pimpinellifolium was expressed in all of 
the developmental traits analyzed except for DFL for 
which the Ea and PM means were statistically equal. 
For the very early stages (DE and DTL) the BC~s were 
characterized by partial dominance of the recurrent 
parent, as shown by the means of these populations, 
which are indistinguishable from those of the cultivated 
strains. For DFR the means of the F~s are closer to the 
early parent mean, whereas the BC1 population has a 
mean closer to the midpoint between the cultivated 
species and the F~s. For DR the F~ means were statisti- 
cally the same as those of L. pimpinellifolium, showing a 
high degree of dominance of this parent in he F t s  , 
whereas a lower level of dominance was observed in the 
BC~ population, the BC~ mean being closer to the 
midpoint between the cultivated parents and the 
F~s. The data reported for DFR and DR indicate 
that dominance plays an important role in the expres- 
sion of earliness, which is in agreement with pre- 
vious studies (Banerjee and Kalloo 1989; Kemble and 
Gardner 1992). 

Transgressive segregation was observed for NSF, 
DE, DTL, and to a lesser extent, for SSC and FS; several 
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individuals showed more extreme values than the means 
of the cultivated strains. For FS, many individuals more 
extreme than the wild parent were also observed in the 
BC~ population (Table 1; Fig. 2). 

Correlations amon9 traits 

Significant (P < 0.01) correlations were observed be- 
tween many traits (Fig. 3). Among the fruit characters 
the strongest positive correlations were observed be- 
tween FW, FD and FP with correlation coefficients 
ranging from r = 0.77 for FD and FP to r = 0.88 for FW 
and FD. These correlations might be expected as a 
consequence of pleiotropy (see QTL analyses section for 
further discussion). Another strong correlation coeffi- 
cient was observed for FC and SSC (r = 0.54), which can 
be partly explained as a likely pleiotropic effect of the sp 
locus on both traits. 

More unexpectedly, a significant, but low, positive 
correlation was found between FW and SSC (r = 0.19). 
Several studies have reported a negative relationship 
between FW and SSC (Goldenberg and yon der Pahleen 
1966; Rick 1974; Paterson et al. 1988, 1991). On the 
contrary Ibarbia and Lambeth (1971) concluded from 
their studies that the two traits are poorly correlated. 
The positive correlation between FW and SSC was 
obtained in both the indeterminate (sp/+ ) and determi- 
nate (sp/sp) subpopulations, which indicates that the 
correlation is not associated with differences in growth 
habit. 

In agreement with previous observations, significant 
correlations were found between FW, FS and LOCN 
(Houghtaling 1935; Yeager 1937; Kemble and Gardner 
1992). Both fruit shape and locule number can exert 
additional and independent effects on fruit size. A highly 
positive correlation was found between SSC and NFLT 
(r = 0.4) and a slightly lower between FC and NFLT 
(r = 0.29), both of which can likely be attributed to 
pleiotropic effects. 

Most of the developmental traits (DE, DTL, DFL 
and DFR) were positively intercorrelated. The correla- 
tion between DE and DTL was the highest (r = 0.85); it 
was a little lower for DE and DFL (r = 0.43) and even 
lower between DE and DFR (r -- 0.21). Consistent with 
previous observations (Banerjee and Kalloo 1989; 
Kemble and Gardner 1992) there was a moderately 
significant positive correlation between FW and DFR 
(r = 0.30) and between FW and DR (r = 0.18). These 
correlations can be explained as resulting from pleio- 
tropic effects. 

QTL analyses 

Marker-trait associations are depicted in Fig. 1. Forty- 
nine highly significant QTLs were detected by both 

Fig. 3 Correlations among traits in the entire BCz population 
(TO T), and in the determinate (DET) and indeterminate (1ND) 
subpopulations 
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single-point and interval mapping analyses (Table 2). In 
addition 3 QTLs,fw8.1, wts2.1 and wts12.I, were detec- 
ted only by interval mapping as they fell slightly below 
the threshold (P = 0.001) used for single point analysis. 
Two other QTLs,fwl 1.1 and de3.I, were not detected by 
interval mapping because they fell slightly below the 
threshold of 2.4 LOD, but they were above the threshold 
based on single-point analysis. 

Of the 54 significant QTLs, 6 (11%) showed allelic 
effects opposite to that predicted by the phenotype of the 
parent contributing them. Included in this list are QTLs 
for the number of seeds per fruit (nsf6.1), weight of 1,000 
seeds (wtslO.1 and wtsl2.1), anther-tube index (atx2.1), 
days to emergence (de3.1) and days to third leaf (dtl3.1), 
The number of significant QTLs per character ranged 
from a maximum of 7 for FW to a minimum of 1 for 
PVH. 

The proportion ofphenotypic variation explained by 
individual marker loci associated with specific QTLs 
was determined both by R 2 from regression analysis and 
by the comparable statistic from interval mapping (per- 
centage of phenotypic variance explained = PVE). In 
most of the cases when a QTL mapped close to a specific 
marker the R 2 and the PVE values were nearly equival- 
ent. When the most likely position of the QTL (based on 
interval mapping) resided in the middle of an interval, 
the PVE estimates from interval mapping were usually 
higher than those from single-point analysis. The high- 
est PVE value was 47.2 (R z -- 0.44) for ssc6.1. This QTL 
corresponds to the sp locus on chromosome 6. The 
lowest PVE value was 4.0 (R 2 = 0.047) forfwl 1.1. Of the 
54 significant QTLs, 17 (32%) were characterized by 
PVE values equal to or greater than 10%, 7 of which fell 
in the range of PVE values between 20% and 50%. A 
multilocus model was fitted to determine the percentage 
of phenotypic variance explained for each trait by all the 
mapped QTLs (Table 2). A maximum value of 58.6% 
was associated with the 7 QTLs mapped for FW. In 
contrast, a minimum value of 12.2% was explained by 
the 2 QTLs found for ATX. 

Q TLs detected for each trait 

Fruit weight (FW) Seven QTLs were detected for FW 
on chromosomes 1 (fwl.1 and fw l.2), 2 (fw2.1 and fw2.2), 
8 (fwS.1 and fwS.2) and 11 (fwll.1). The most significant 
QTL wasfw2.2 on chromosome 2 and explained 32% of 
the phenotypic variation. When the 7 QTLs were fitted 
simultaneously with the multilocus model from Map- 
maker-QTL, they explained 58.6% of the phenotypic 
variation. At all loci, the PM alleles had the expected 
effect, each reducing fruit weight (by 3.96 to 11.01 g) and 
all adding to a reduction of 41 g for a BC~ plant carrying 
a PM allele at all 7 loci. 

Fruit color (FC) Two highly significant QTLs were 
identified for fruit color:fc6.1, on chromosome 6, corre- 
sponding to the sp locus, andfc2.1 at the lower end of 

chromosome 2. The two QTLs explained 27.6% and 
14.3% of the total phenotypic variation, respectively. 
Their effects were in the direction expected, the PM 
allele always contributing a more intense color. A simul- 
taneous fit of the 2 QTLs explained 38.9% of the 
phenotypic variation. 

Total soluble solids concentration (SSC) Three QTLs 
were detected on chromosomes 3,6 and 9. The most 
significant QTL was on chromosome 6, showing tight 
linkage to the sp gene, and accounting for 47.2% of the 
phenotypic variance. Simultaneous fit of the 3 QTLs 
explained 57.6% of the phenotypic variation. In each 
case, the effects of the PM alleles were in the direction 
expected, increasing soluble solids concentration (by 0.6 
to 1.3 ~ 

Fruit diameter (FD) Fruit diameter was affected by 3 
QTLs distributed on chromosomes 1, 2 and 8. The most 
significant QTL was at the lower end of chromosome 2, 
fd2.I, and explained 29.6% of the phenotypic variance, 
whilefdl.1 andfdS.l had respective PVE values of 9% 
and 10%. When the 3 QTLs were fitted simultaneously 
they explained up to 41.4% of the phenotypic variation. 
All 3 QTLs had effects in the direction predicted by the 
parental means, with the PM allele always reducing fruit 
diameter (by 2.3 to 4.3 mm), adding to a total reduction 
of 9.1 ram. The 3 QTLs occupied similar positions as the 
QTLs mapped for FW. This coincidence of location of 
the QTLs detected for the 2 traits is in agreement with 
the high correlation coefficient (r = 0.88; P < 0.01) be- 
tween FW and FD. 

Fruit pericarp thickness (FP) Four QTLs for FP were 
detected on chromosomes 2, 8 (2 QTLs) and 10. The 
most significant QTL was on chromosome 2 and ex- 
plained 24.7% of the phenotypic variance. The PVE 
values for the other 3 QTLs were all lower than 10%, 
with a minimum value of 6.8 % detected forfpS.1. Simul- 
taneous fit of all 4 QTLs explained up to 42.3% of the 
total phenotypic variance. In each case the PM allele 
had the expected effect, reducing the thickness of the 
pericarp (by 0.45 to 0.85 ram), adding to a total reduc- 
tion of 2.24mm. Three (fp2.1, fpS.1 and fpS.2) of the 4 
QTLs showed similar positions to QTLs mapped for 
FW and FD. This clustering of QTLs influencing the 3 
traits is in agreement with the high positive correlation 
found between FP and FW (r = 0.78; P < 0.01) and 
between FP and FD (r = 0.77; P < 0.01). The QTL 
detected on chromosome lO, fplO.1, did not have any 
counterpart for FW and FD, giving a partial explana- 
tion for the lower values of the correlation coefficients 
found between FP and either FW or FD compared to the 
one calculated between FW and FD (r = 0.88; P < 0.01). 

Fruit shape (FS) Two QTLs were detected for FS on 
chromosomes 2 (fs2.1) and 8 (fsS.1). The QTL on 
chromosome 8 explained 27.4% of the phenotypic vari- 
ation andfs2.1 explained 5.7%. The simultaneous fit of 
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the 2 QTLs explained 33.4% of the phenotypic variance. 
Both QTLs had effects in the direction expected based 
on the parental means, with the PM allele always giving 
smaller values for the fruit shape index, thereby indica- 
ting more spherical fruits. 

Locule number (LOCN) LOCN was affected by 2 
QTLs on chromosomes 1 (locnI.1) and 3 (locn3.1). Re- 
spective PVE values were 6.9% and 9.8%. When the 2 
QTLs were fitted simultaneously they explained 16.6% 
of the phenotypic variation. Both QTLs had effects in 
the direction expected, the PM allele reducing the 
number of locules per fruit. 

Number of seeds per fruit (NSF) A total of 4 highly 
significant QTLs of nearly equal effect were identified on 
chromosomes 4, 6, 7 and 12. The PVE values ranged 
from 5.2%, for nsf7.1, to 7.4%, for nsfI2.1. Simulta- 
neous fit of the 4 QTLs explained 24.0% of the 
phenotypic variation. One of the 4 QTLs, nsf6.1, had an 
allelic effect opposite of that predicted from tb, e parental 
means. In this case, the PM allele increased the number 
of seeds per fruit. 

Weight of one thousand seeds (WTS)  Four QTLs for 
WTS were detected distributed on chromosomes 2,4,10 
and 12. The most significant QTL, on chromosome 4, 
explained 24.5% of the phenotypic variance. When the 4 
QTLs were fitted simultaneously riley explained 372% 
of the phenotypic variation. Two QTLs, wtslO.1 and 
wts12.1, had effects opposite to that expected based on 
the parental means as the PM allele increased the weight 
of the seeds. The QTLs for seed weight appear to be 
independent of those controlling fruit weight. 

Anther-tube width ( A T W )  Anther-tube width was af- 
fected by 2 QTLs on chromosomes 6 and 7 with PVE 
values of 8.4% and 11.6%, respectively. When the 2 
QTLs were fitted simultaneously they explained 15.9% 
of the phenotypic variance. These QTLs had allelic 
effects in the direction expected, and the PM allele 
reduced the width of the anther tube by 0.22 and 
0.25 mm, respectively. 

Anther tube length (ATL)  Two QTLs were found to 
influence ATL, atl2.1, on chromosome 2, and atl7.1, on 
chromosome 7, with respective PVE values of 6.5 % and 
17.5 %. Simultaneous fit of the 2 QTLs explained 24.1% 
of the phenotypic variance. At both, loci the PM allele 
reduced the length of the anther tube by 0.28 and 
0.46mm, respectively. The QTL atlT.I mapped at the 
same position as atwT.I, thereby, explaining part of the 
positive correlation coefficient calculated between ATW 
and ATL (r = 0.35; P < 0.01). 

Anther-tube index (A TX)  Two QTLs were detected for 
ATX distributed oi~ chromosomes 2 and 3. For both 
QTLs the PVE values were lower than 10% and when 
fitted simultaneously they explained only 12.2% of the 
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total phenotypic variation. The QTL mapped to chro- 
mosome 2, atx2.1, had an allelic effect opposite of that 
predicted by the parental phenotypes. 

Number of flowers per truss (NFLT) Three QTLs for 
NFLT were detected on chromosomes 3, 6 and 9. All 3 
QTLs had moderate to large effects, with respective 
PVE values of 17.7 %, 15.1% and 9.5 %. Simultaneous fit 
of the 3 QTLs explained up to 45% of the total 
phenotypic variation. All QTLs had effects in the direc- 
tion expected, with the PM allele always increasing the 
number of flowers per truss (by 0.9 to 1.2), adding to a 
total increase of 3.2 flowers per truss. 

from 9.3% for dr2.1 to 10.8% for dr9.1. Simultaneous fit 
of the 3 QTLs explained 27.9% of the phenotypic vari- 
ation. For all these QTLs the PM allele had the expected 
effect, always reducing the number of days to ripening 
by 1.9 to 2.1 days, adding to a total reduction of 6 days. 

Plant vertical height (PVH) One QTL was detected for 
PVH at the lower end of chromosome 2 that explained 
6.2% of the phenotypic variance. The PM allele had 
positive effect, reducing the plant vertical height by 2 cm. 

Number of Q TLs 

Days to emergence (DE) Three significant QTLs in- 
fluencing DE were distributed on chromosomes 1, 2 and 
3. None of the 3 QTLs had a PVE value greater than 
10%, and when they were fitted simultaneously they 
explained 20.3 % of the phenotypic variation. The QTL 
reaped on chromosome 3, de3.1, had an effect opposite 
to that expected as the PM allele increased the number 
of days to emergence. For the other 2 QTLs the PM 
allele reduced the number of days to emergence by 1.4 
days in both cases. 

Days to third leaf (DTL) Three QTLs for DTL were 
detected on chromosomes 1, 2 and 3. The PVE values 
ranged from 6.6% for dtl3.1 to 8.2% for dtl2.1. Simulta- 
neous fit of the 3 QTLs explained 20% of the total 
phenotypic variation. All 3 QTLs shared very similar 
positions with the correspondent QTLs mapped for DE. 
This was in agreement with the high correlation coeffi- 
cient (r = 0.85; P < 0.01) calculated between these two 
traits. The QTL mapped on chromosome 3 had an effect 
in the opposite direction, with the PM allele increasing 
the number of days to third leaf by 1.6 days; at the other 
2 QTLs the PM allele reduced the number of days to 
third leaf by approximately 1.8 days. 

The number of QTLs detected for each trait in this study 
should be considered to be a minimum estimate for 
several reasons. (1) QTLs for which the recurrent parent 
has completely dominant alleles will not be detected in a 
BC 1 population. This may be especially relevant for 
traits like NSF, DE, DTL and DFL for which the F1 
and/or BCt data indicate a degree of dominance of the 
L. esculentum parent (Table 1; Fig. 2). (2) The experiment 
was conducted in a single environment. As previous 
results have demonstrated in tomato, QTLs are often 
only expressed under particular environmental condi- 
tions (Paterson et al. 1991). (3) The population size (257 
plants) is insufficient to detect QTLs of small effect. For 
example, no QTL with a PVE value smaller than 4.0% 
was detected. (4) Because of the lack of polymorphism, a 
few regions of large gaps were left (e.g. CD57-CT52 on 
chromosome 7, CT283A-TG291 on chromosome 9 and 
TG111-CT156 on chromosome 12). Thus, QTLs affect- 
ing the traits under study, and located in those regions of 
the genome, may have gone undetected. (5) The strin- 
gent threshold chosen (P = 0.001; LOD = 2.4), while 
reducing the chance of Type-I errors (false positive), 
would lead to higher frequency of Type-II errors (not 
detecting valid QTLs). 

Days to first flower (DFL) Two QTLs for DFL were 
detected on chromosomes 1 and 2, with respective PVE 
values of 6.3% and 15.3%. When fitted simultaneously, 
the 2 QTLs explained 20.7% of the phenotypic variance. 
Both QTLs exerted an effect in the direction expected, 
with the PM allele reducing the number of days to first 
flower by 4.1 and 6.3 days, respectively. 

Days to first fruit (DFR) Two QTLs influencing DFR 
were mapped: dfr2.1, on chromosome 2, with a PVE 
value of 7.2%, and dfr4.1, on chromosome 4, with a PVE 
value of 11.9%. When the 2 QTLs were fitted simulta- 
neously, they explained 19.6% of the phenotypic vari- 
ation. Both QTLs had positive effects, the PM allele 
reducing the number of days to first fruit by 4.4 and 5.7 
days, respectively. 

Days to ripening (DR) Days to ripening was affected by 
3 QTLs distributed on chromosomes 2, 8 and 9. The 
percentage of phenotypic variation explained ranged 

Possible pleiotropic effects of major QTLs 

Several regions of the genome clearly had effects on 
more than 1 trait (Fig. 1; Table 2). Such results may be 
due to the chance linkage of 2 or more QTLs or pleio- 
tropic effects of a single gene on multiple traits. High- 
resolution linkage maps or the cloning of QTLs is 
required to definitively distinguish these two possibili- 
ties. However, based on the types of traits affected, one 
can infer whether linkage or pleiotropy is a more likely 
explanation. 

Fruit traits The region characterized by the largest 
cluster of QTLs affecting fruit traits was found at the 
lower end of chromosome 2. These QTL exerted strong 
effects on FW, FC, FD, FP and somewhat lesser effects 
on other characters, including FS, DE, DTL, DFR, DR, 
ATL and PVH. Three of these traits, FW (fruit weight), 
FD (fruit diameter) and FP (pericarp thickness), have to 
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do with fruit morphology and were strongly correlated 
in general in the BC1 population (Fig. 3). It seems likely 
that a single gene at the lower end of chromosome 2 is 
affecting all of these traits. For example, a gene reducing 
fruit size would also be likely to decrease fruit diameter 
and the thickness of the pericarp. The same logic can be 
applied to the cluster of QTLs affecting these same 3 
traits at the lower end of chromosome 8. Likewise,fwl.2 
andfdl.1, near TG273 on chromosome 1, may be pleio- 
tropic effects of a single gene. The o (pr) gene, which gives 
ovate- or pear-shaped fruit, has been mapped to the 
same region of chromosome 2 (Lindstrom 1927; Mac- 
Arthur 1928; Tanksley et al. 1992). Several studies have 
shown that qualitative recessive mutant factors can 
further influence fruit size by modifying fruit shape or 
locule number or both (Lindstrom 1935; Yeager 1937). 
The ovate (o) gene that elongates the fruit tends to 
decrease the size, whereas the genes forfasciation ( f )  and 
tangerine (t) and those increasing locule number can 
increase fruit size (MacArthur and Butler 1938). 

sp and growth habit The sp locus on chromosome 6 is a 
major gene affecting the growth habit of tomato ( + / +  
and +/sp = indeterminate; and sUsp = determinate). 
Paterson et al. (1988, 1991) have shown that sp influen- 
ces many traits. The interval containing sp in the 
E x PM cross was also found to contain major QTLs for 
FC, SSC and NFLT having a relatively lower effect on 
ATW and NSF. In the previous studies (Paterson et al. 
1988, 1991), indeterminacy was associated with reduced 
fruit mass and high soluble solids. In contrast, in L. 
esculentum it has been found that indeterminacy can 
increase both traits (Emery and Munger 1970). It has 
been proposed that these divergent results could be 
explained by either a second, tightly linked locus or by 
unlinked modifier genes (Paterson et al. 1988). The fact 
that in the E x PM cross a major QTL for FW was not 
associated with the sp locus while a strong effect was still 
exerted on SSC could be considered as evidence that 
FW and SSC are controlled by two tightly linked genes, 
as opposed to the pleiotrpic effect of a single gene. In 
contrast, a pleiotropic effect of the indeterminate habit 
of growth on SSC and NFLT seems plausible. Indeter- 
minacy implies prolonged vegetative growth, which in- 
creases the sources of carbohydrates available for the 
sinks (e.g. fruit). Consequently, fruits with increased SSC 
can be expected (Emergy and Munger 1970; Stevens and 
Rudich 1978). Also, prolonged growth potential applied 
to a reproductive bud can be expected to increase the 
number of flowers per truss (NFLT). Less clear is how 
the wild sp allele could have a pleiotropic effect on the 
color of the fruit, favoring a more intense coloration. 

Positive and negative effects of QTLs 

Since the first reports, QTL mapping studies have 
shown the power of marker linkage analysis to unmask 
hidden genetic variation (Tanksley et al. 1982; Paterson 

et al. 1988, 1991; Weller et al. 1988; Doebley and Stec 
1991). Complementary QTLs with allelic effects oppo- 
site to that predicted by the parental phenotypes can 
explain the occurrence of transgressive phenotypes and 
provide a resource of new alleles for plant breeding (de 
Vicente and Tanksley 1993). 

In the present study 11% of the detected QTLs had 
allelic effects opposite to those expected based on the 
parental phenotypes. This value may be compared with 
the 36% reported in another interspecific cross of tom- 
ato in which botanical traits were measured (de Vicente 
and Tanksley 1993). The current study, in contrast, was 
oriented toward horticultural traits which are likely to 
have been subjected to disruptive selection by breeders 
who fxed a higher proportion of favorable alleles in the 
cultivated counterpart. For horticultural traits, such as 
fruit weight, other studies have also reported that most 
of the QTLs were in the expected direction (Paterson 
et al. 1988, 1991). However, a number of QTLs with 
allelic effects opposite to those expected from the par- 
ental phenotypes were detected in this study. For 
example the pimpinellifolium allele increased the WTS 
for 2 of the 5 QTLs mapped for this trait (wtslO.I and 
wtsl2.1). A higher number of seeds per fruit (NSF) was 
determined by the wild allele for 1 of the 4 QTLs mapped 
(nsf6.1). Alleles of opposite effect were also found for 
anther-tube index (atx2.1), days to emergence (de3.1) 
and days to third leaf (dtl3.1). 

Epistasis between Q TLs 

Tests for two-loci interactions were performed between 
the markers associated with each of the 54 significant 
QTLs and all of the other segregating markers, for a 
total of 6,426 two-way tests. Consistent with previous 
QTL mapping studies conducted in other tomato cross- 
es (Paterson et al. 1988, 1991; de Vicente and Tanksley 
1993), only minimal evidence of epistasis was found: 
5.9%, 1.12% and 0.11% of the pairwise tests were 
significant at P ~< 0.05, P ~< 0.01 and P ~< 0.001, respect- 
ively, which is close to the frequencies that would be 
expected by chance. 

Comparison across species 

QTL studies for fruit weight and soluble solids have 
been reported for several interspecific populations of 
tomato (Tanksley et al. 1982; Paterson et al. 1988, 1991; 
Eshed and Zamir 1995). Of the 11 QTLs detected for 
fruit weight in the L. esculentum x L. cheesmanii (CM) 
F 2 population, 3 shared similar positions with QTLs for 
the same trait mapped in the L. esculentum x L. chmiele- 
wskii (CL) BC i (Paterson et al. 1988, 1991). The current 
study of a L. esculentum x L. pimpinelIifolium BC 1 con- 
firms 2 of the 3 common QTLs for fruit mass (chromo- 
some 1,fwI.1, and chromosome 11,fwIl.1). However, in 
this case the QTL on chromosome 1 was resolved into 2 
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distinct QTLs, fwl.1 and fwl.2, with the most likely 
positions being close to TG125 and TG273, respectively. 
This result might be attributed to higher recombination 
in this region for the E x PM BC1 population than for 
those populations used by Paterson et al. (1988, 1991). 
The most significant fruit weight QTL (fw2.2) detected 
in our population was not detected in the E x CL BC~ 
study (Paterson et al. 1988) but was detected in the 
E x CM FzF 3 study (Paterson et al. 1991). However, it 
should be noted that in the CL study the map was not 
extended to the very end of chromosome 2, and the 
LOD scores showed an increase in association with the 
last marker for this chromosome (CD66). Analysis with 
additional markers at the end of chromosome 2 might 
have revealed thefw2.2 QTL. In both previous studies a 
major QTL for fruit weight was detected near the sp 
locus on chromosome 6 (Paterson et al. 1988, 1991), yet 
this QTL was not detected in the E x PM population. 

For soluble solids (SSC) 2 QTLs were considered to 
match between the CL BC~ and the CM F2/F 3 studies: 1 
mapped to the centromeric region of chromosome 3 and 
the other near the sp locus at the lower end of chromo- 
some 6. Both QTLs were also detected in the E x PM 
BC~ population. 

Fruit mass and seed weight have also been studied in 
the L pennellii background by means of isozymes (Tan- 
ksley et al. 1982). At the time of that study only 12 
markers were available that sparsely covered 9 of the 12 
tomato chromosomes; nevertheless, some significant as- 
sociations were found. Pgm-2, which maps close to 
CT157 on chromosome 4 (Tanksley et al. 1992), showed 
a significant effect on both fruit and seed weight. In the 
current study a significant QTL was detected in the 
same region for WTS. Similarly, on chromosome 8, 
Aps-2 showed a highly significant association with seed 
weight and a weaker one with fruit weight. A QTL for 
FW, fw8.1, was mapped to this same region in the 
E x PM cross. Recently, a complete restriction fragment 
length polymorphism (RFLP) map has been used to 
localize yield-associated QTLs in an introgression line 
population of L. pennellii in the cultivated tomato 
(Eshed and Zamir 1995), and the results confirm at least 
5 (fwl.l,fw2.1,fw2.2,fwS.2 andfw11.1) of the 7 highly 
significant QTLs detected for fruit weight in the current 
study. Also for this population, the indeterminate 
growth habit, due to the presence of the wild allele at the 
sp locus on chromosome 6, was significantly associated 
with increased soluble solids. Interestingly, of the two 
overlapping introgression lines carrying the wild allele 
at the sp locus only one, (IL 6-2), showed a significant 
effect on fruit weight. These data clearly exclude the 
possibility of a pleiotropic effect of the indeterminate 
growth habit on fruit weight. However, IL 6-2 spanned a 
long interval of the chromosome and therefore it did not 
allow us to differentiate whether the gene affecting fruit 
weight is closely linked to the sp locus or is more 
distantly located. 

Days to first flower (DFL) has also been studied in a 
k esculentum x L. pennellii F 2 population (de Vicente 

and Tanksley 1993). Seven significant QTLs were re- 
ported, and only the one mapping to the lower end of 
chromosome 2 shares a similar position with dfl2.1 
mapped in the current study. 

Major Q TLs 

For several traits a mode of inheritance was discerned in 
which 1 or more QTLs with relatively major effects 
(PVE > 15%) acted in concert with a variable number of 
smaller effect QTLs. Similar results have been reported 
in other QTL mapping studies (Paterson et al. 1988, 
1991; Doebley and Stec 1991; de Vicente and Tanksley 
1993). For example, in the present study a single region 
of chromosome 6 (overlapping sp locus), ssc6.1, account- 
ed for 44% of the total phenotypic variation for SSC, 
while the other 2 significant QTLs explained no more 
than 8 %. Likewise, fruit weight was affected by a mini- 
mum of 7 putative QTLs with only 1 (fw2.2) exterting a 
maj or effect (30% of the phenotypic variation); the other 
6 loci all explained less than 10%. 

Cumulatively, these results weaken the theory that 
quantitative traits are determined by numerous loci 
with small individual phenotypic effect (Lande 1983). 
From an evolutionary point of view, both the number of 
genes determining a character and the relative magni- 
tude of their effects are important factors since the time 
required for selection to fix a new phenotype can vary 
greatly depending on the combination of the two fac- 
tors. In the case of many genes with small effects, one 
would expect continuous and gradual gene mutations 
followed by recombination events to be responsible for 
the overall changes occurring between wild and culti- 
vated forms. If major genes can act together with a 
variable number of minor genes, then mutations with a 
large effect might have played an important r01e in the 
evolutionary process, likely causing periods of rapid 
changes to be alternated with periods of more gradual 
changes. 

The derivation of the cultivated tomato from its wild 
relatives was undoubtedly accompanied by changes in a 
number of morphological traits, the most notable of 
which being an increase in the size of the fruit, the organ 
utilized by humans. The immediate wild ancestor of the 
cultivated tomato is not known with certainty. How- 
ever, L. pimpinellifolium is the most closely related wild 
species and is considered to be a possible progenitor of 
the cultivated tomato by some (Luckwill 1943; Rick 
1976). This wild species can be easily crossed with tomato 
to produce highly fertile F 1 hybrids (Humphrey 1937). 

Several studies have shown that the inheritance of 
size differences in tomato fruit is complex (Fogle and 
Currence 1950; Powers et al. 1950; Powers 1955). Breed- 
ing experiments suggest that a relatively small number 
ofloci affect this traits. The large fruit size of L. esculen- 
turn cultivars was restored after a cross with L. pimpinel- 
lifolium followed by only three generations of back- 
crossing and selection (Rick 1976). Stubbe (1971) dem- 
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onstrated that it is possible, by only five successive steps 
of induced mutations and selection, to increase fruit size 
in L. pimpinellifolium to a level comparable with that of 
small-fruited cultivars. He also observed stepwise 
changes of the vegetative organs toward the anatomy of 
L. esculentum, and similar progress was reported in the 
reverse direction, in reducing the fruit size of L. esculen- 
turn cultivars toward that of L. pimpinellifolium. QTL 
studies support the oligogenic model for the differenti- 
ation of fruit size from that of the wild to that of the 
cultivated tomato. The current study shows that 1 of 
those loci, fw2.2, is a major determinate of fruit size, 
controlling approximately 30% of the phenotypic vari- 
ation in a BC, generation. Rare large-fruited alleles at 
thefw2.2 locus are likely to have been visually detectable 
by early humans and to have been fixed by strong 
selective pressure. Similar major QTL variation is 
thought to have been involved in the domestication of 
maize (Doebley et al. 1994), cowpea and mung bean 
(Fatokun et al. 1992). 

The small-fruited wild species L. pimpinellifolium is 
also characterized by smaller flower size than the culti- 
vated tomato. Interestingly, only one of the significant 
QTLs mapped in the current study for ATW and ATL 
shared similar positions with those found for fruit size. 
This suggests that independent evolutionary paths 
might have been involved in the increased sizes of the 
two interrelated plant organs. 

Implications for crop improvement 

Domestication of crop species from their wild relatives 
and the intense breeding of crop varieties by modern 
science has resulted in very limited genetic variation 
among modern cultivars (Simmonds 1976; Ladizinsky 
1985). This problem is especially acute in self-pollina- 
ted crops where the level of genetic variation in 
cultivated varieties often drops below 5% of that avail- 
able in nature (Miller and Tanksley 1990; Wang et al. 
1992). 

Wild and unadapted germplasm represent a rich 
source of variation that could be efficiently exploited by 
means of the newly available molecular techniques. 
Molecular markers can counter the negative conse- 
quences of linkage drag and can detect valuable alleles 
contributed by wild and unadapted species, even when 
hidden in unfavorable phenotypes (Paterson et al. 1988, 
1991; Weller et al. 1988; Tanksley et al. 1989; de Vicente 
and Tanksley 1993). In the current study QTL alleles 
from L. pimpinellifoIium were detected that might be 
valuable in breeding for both the processing industry 
and the fresh market tomato industry. A few examples 
are given below. 

The quality of tomatoes for processing is determined 
mainly by total solids content, color, pH and firmness. 
Soluble solids directly influence flavor and the degree of 
concentration required to manufacture products (e.g. 
pulp and paste) whose standards of quality are deter- 

mined by solids content. Thus, one of the main goals of 
tomato breeders is to develop cultivars with a higher 
fruit solids contents. Considerable genotypic variation 
in solids exists within L. esculentum and its wild relatives. 
Lambeth et al. (1966) surveyed the soluble solids content 
of 175 L. esculentum lines and 25 L. pimpinellifolium lines 
and found soluble solids ranging from 4.1% to 8.9 % and 
4.9% to 9.2% respectively. Even higher values can be 
found among certain green-fruited species, though these 
tend to be avoided in tomato breeding programs be- 
cause of sterility problems and other undesirable genes. 
Rick (1974) developed high-sugars lines from an inter- 
specific cross between a commercial cultivar and L. 
chmielewskii. The L. pimpinellifolium accession (LA 1589) 
used in the current study had a mean value of 8.2 ~ 
significantly higher than the average 4.5 ~ of the 
cultivated counterparts. The major QTL, ssc6.1, found 
for this trait is unlikely to be useful in breeding since it is 
probably a pleiotropic effect of the gene for the indeter- 
minate growth habit (sp/+ ). Indeterminate growth is an 
undesirable character in processing tomatoes. However, 
the other 2 significant QTLs for this trait, ssc3.1 and 
ssc9.1, are both of potential breeding interest since the 
PM allele apparently increases soluble solids content 
with little or no effect on fruit size. In order to define the 
real value of these QTLs to improve solids content of 
modern cultivars, they need to be tested in different 
genetic backgrounds and environments as well as in 
combination with yield and other fruit quality charac- 
ters (Tanksley and Hewitt 1988). 

Among other quality requirements, the fresh market 
demands large, round fruits. The current study revealed 
a major QTL affecting fruit shape,fsS.I (PVE = 27.4%). 
The L. pimpinellifolium alle forfs8.1 is able to convert a 
blocky-shaped fruit (FS=1.12) to a round fruit 
(FS = 1.0) without any major undesirable effect on fruit 
size. This QTL could thus be used to convert blocky- 
shaped processing tomato types to round fresh market 
types. 

Earliness in tomato cultivars is very desirable es- 
pecially in order to extend the production period in 
short-season area. However, a negative correlation be- 
tween earliness and fruit weight is generally found 
(Pierce and Currence 1959; Khalf-Allah and Pierce 
1963, 1964; Baneljee and Kalloo 1989). Recently, Lin- 
dhout et al. (1994) found markers for 3 loci associated 
with earliness in tomato; 2 of them, however, resulted 
also in a reduction in fruit weight. The authors explained 
these data as likely being due to pleiotropic effects. The 
earliness QTL associated with fruit ripening time map- 
ped at the lower end of chromosome 2. Interestingly, this 
region was introgressed from L. pimpinellifolium and 
explained 4% of the earliness variation and 21% of the 
fruit weight variation. These data are in agreement with 
the results obtained in the current study since dr2.1 
explained 9% of the variation in days to fruit ripening 
and was associated with the fruit weight QTL, fw2.2, 
which explained 32% of the fruit weight variation of the 
BC~. The clustering of these 2 QTLs is likely due to the 
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p le io t ropic  effects of  a single gene on  b o t h  traits, and  
thus  dr2.1 m a y  be of  little b reeding  value. Three  Q T L s  
were detected which  affect different stages of  earliness 
bu t  which  had  no  detectable  effect on  fruit size. The  L. 
pimpineIlifolium allele for de1.1 caused  a significant re- 
duc t ion  in days  to emergence  and  appears  also to have  
favorable  p le io t ropic  effects on  D T L  and  D F L ,  with 
only  a m i n o r  effect on  fruit size. The  L. pimpinellifolium 
allele for dfr4.I resulted in a significant r educ t ion  in the 
days  to first fruit with no  detectable  effect on  fruit 
weight.  Final ly,  dr9.1 explained 11% of  the var ia t ion  for 
days  to ripening, with no  significant effect on  fruit 
weight  and  with significant favorable  effect on  soluble 
solids. 

Q T L  m a p p i n g  studies ex tended  to a wider  range of  
t o m a t o  wild relatives are a l lowing the detec t ion of  com-  
m o n  key Q T L s  affecting quant i ta t ive  traits of  ag- 
r o n o m i c  impor tance .  F o r  some characters ,  such as fruit 
weight,  the analysis has  a l ready been c o n d u c t e d  on  
several wild relatives. To  date  at least two regions o f  the 
genome,  c o r r e s p o n d i n g  to fwl.1 and  fw11.I, seem to 
affect the same trai t  in a m i n i m u m  of  four  wild species: L. 
pennellii, L. cheesmanii, L. chmielewskii and  L. pimpinel- 
IifoIium. The m a j o r  Q T L  m a p p e d  in the present  s tudy,  
fw2.2, has potent ia l  o r t h o l o g o u s  coun te rpa r t s  in at least 
o ther  two wild relatives: L. pennellii and  L. cheesmanii. 
C o m m o n  Q T L s  f rom different species tha t  affect the 
same charac te r  and  tha t  have  been tested in different 
localities and  diffeent p o p u l a t i o n  s t ructures  represent  
ideal targets  for molecu la r  marker -ass i s ted  selection as 
well as for the es tab l i shment  of  Q T L - N I L s  (near- 
isogenic lines) tha t  cou ld  be utilized in the character i -  
zat ion,  fine m a p p i n g  and  ul t imate  m a p - b a s e d  cloning. 
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