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ABSTRACT
In an effort to determine the genetic basis of exceptionally large tomato fruits, QTL analysis was

performed on a population derived from a cross between the wild species Lycopersicon pimpinellifolium
(average fruit weight, 1 g) and the L. esculentum cultivar var. Giant Heirloom, which bears fruit in excess
of 1000 g. QTL analysis revealed that the majority (67%) of phenotypic variation in fruit size could be
attributed to six major loci localized on chromosomes 1–3 and 11. None of the QTL map to novel regions
of the genome—all have been reported in previous studies involving moderately sized tomatoes. This
result suggests that no major QTL beyond those already reported were involved in the evolution of
extremely large fruit. However, this is the first time that all six QTL have emerged in a single population,
suggesting that exceptionally large-fruited varieties, such as Giant Heirloom, are the result of a novel
combination of preexisting QTL alleles. One of the detected QTL, fw2.2, has been cloned and exerts its
effect on fruit size through global control of cell division early in carpel/fruit development. However, the
most significant QTL detected in this study ( fw11.3, lcn11.1) maps to the bottom of chromosome 11 and
seems to exert its effect on fruit size through control of carpel/locule number. A second major locus,
also affecting carpel number (and hence fruit size), was mapped to chromosome 2 ( fw2.1, lcn2.1). We
propose that these two carpel number QTL correspond to the loci described by early classical geneticists
as fasciated ( f ) and locule number (lc), respectively.

Agreat improvement in tomato fruit size has been Fogle and Currence 1950; Ibarbia and Lambeth
achieved in the centuries since cultivated tomatoes 1969). It is likely that these genes are involved in a

were first domesticated from their supposed wild pro- variety of distinct fruit developmental pathways, each
genitors, Lycopersicon pimpinellifolium and/or L. esculen- contributing to final fruit size. For example, develop-
tum var. cerasiforme (Luckwill 1943; Jenkins 1948; mental studies have indicated that tomato size is a func-
Rick 1976). Classical breeders of ancient and modern tion of the number of cells within the ovary prior to
times have searched for and exploited tomato germ- fertilization, the number of successful fertilizations, the
plasm in attempts to create larger-fruited varieties and number of cell divisions that occur within the devel-
attain higher crop yields. As a result, tremendous vari- oping fruit following fertilization, and the extent of cell
ability in fruit size exists within Lycopersicon from the enlargement (Bohner and Bangerth 1988; Gillapsy
extremely small-fruited wild species L. pimpinellifolium et al. 1993).
(fruit 1–2 g) to L. esculentum lines, some of which pro- With the advent of molecular markers, such as restric-
duce fruit that reach 1000 g. tion fragment length polymorphisms (RFLPs), plant ge-

While improvement in tomato fruit size has been rela- neticists have acquired the tools to break down quantita-
tively easy to achieve due to high heritability (Khalf- tive traits, such as fruit size, into Mendelian factors to
Allah and Pierce 1963; Khalf-Allah and Mousa study their genetic basis (Paterson et al. 1988; Lander
1972), inheritance studies reveal that this trait is quite and Botstein 1989; Knapp et al. 1990). In tomato, a
complex and determined by multiple loci (MacArthur high-density molecular linkage map was created to facili-
and Butler 1938; Powers 1941; Fogle and Currence tate the mapping and identification of biologically and
1950; Ibarbia and Lambeth 1969). Classical genetics horticulturally significant genes underlying quantitative
have suggested that at least 5–6 genes and possibly as traits (Tanksley et al. 1992). This highly efficient tool
many as 10–20 genes govern the trait (Powers 1941; has already served as a basis for quantitative trait loci

(QTL) characterization in over 15 mapping studies in-
volving many complex traits of L. esculentum, including
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Figure 1.—Evolution of fruit
size in tomato. (Left) A fruit
from the small-fruited wild to-
mato species L. pimpinellifol-
ium. Like most wild tomato spe-
cies, L. pimpinellifolium bears
fruit with only 2 locules. (Bot-
tom) A fruit from a commercial
processing variety of the do-
mesticated species L. esculen-
tum, which typically contain
2–4 locules (arrows). (Right) A
fruit from L. esculentum var. Gi-
ant Heirloom Tomato, a fresh-
market variety bred for ex-
tremely large size. Fruit from
this variety and most extremely
large-fruited varieties contain
10 or more locules (arrows).
(A) Major QTL contributing to
the evolution of processing-
type fruit from wild forms.
None of these loci have been
shown to affect locule number
(Grandillo et al. 1999). The
percentage of phenotypic vari-
ance attributable to each locus
is in parentheses (based on
Grandillo et al. 1999). (B)

Major QTL contributing to the evolution of exceptionally large-fruited tomatoes (detected together for the first time in this
study; Table 1). Two of these loci, fasciated and locule number, are associated with an increase in locule number (Table 1; see
results and discussion).

crosses between very small-fruited wild tomatoes (1–2 g) objectives of this study were the following: (1) to identify
the QTL responsible for the exceptionally large fruitsand tomato cultivars producing medium-sized fruit

(,100 g). As a result, we now know which loci are involved of the Giant Heirloom tomato; (2) to compare the num-
ber, chromosome position, magnitude of effects, genein the genetic pathway leading from very small wild tomato

fruit to medium-sized domesticated fruit—an z100-fold action, and gene interaction with previously reported
fruit size and shape QTL; and (3) to use this informationincrease in size (Figure 1A; Grandillo et al. 1999).

However, as mentioned previously, some tomato culti- to hypothesize which evolutionary events contributed
to the extremely large fruit size now observed in mod-vars produce fruit up to 1000 g—another 10-fold in-

crease in size beyond what is seen in medium-sized toma- ern-day fresh-market tomatoes.
toes (Figure 1B). As none of the QTL studies heretofore
have involved crosses to such large-fruited cultivars, we

MATERIALS AND METHODSlack knowledge of the genetic loci that have enabled
modern varieties to reach extreme sizes. One hypothesis Population development: The small-fruited wild tomato spe-

cies L. pimpinellifolium (LA1589), native to Peru (hereafteris that the size increase is the result of combining
designated as PM), was crossed as the pistillate parent to the(through selection) previous QTL alleles already pres-
large-fruited inbred L. esculentum var. Giant Heirloom (hereaf-ent in tomato germplasm. An alternative hypothesis is ter referred to as GHT). A single interspecific F1 hybrid was

that one or more new mutations occurred at other loci selfed to produce an F2 population suitable for molecular
in the genome, and it was due to these enabling new mapping. A total of 200 F2 plants, 5 of each parental control,

and 5 F1 plants were transplanted to field plots in Ithaca, Newmutations that fruit were able to reach such extreme
York, in a completely randomized design on May 27, 1999.sizes.

Phenotypic analysis: Following fruit maturity, a minimumTo shed light on the issue of evolution and selection of 10 ripe tomatoes were harvested from each individual F2
of extreme fruit size in tomato, we have studied, via plant (except for 12 plants that did not produce enough fruit
QTL analysis, the inheritance of fruit size and associated suitable for analysis) and were evaluated for a series of pheno-

typic traits related to fruit size. Average fruit weight, in grams,traits in a cross between one of the smallest-fruited wild
was determined from a sample of 10 representative fruits pertomatoes (L. pimpinellifolium LA1589) and the largest-
plant. Five of the 10 harvested fruits were cut transversely tofruited (to our knowledge) cultivated tomato, L. esculen- calculate the average locule number per fruit and average

tum cv. Giant Heirloom. These two accessions differ by fruit. Fruit length was obtained by cutting the remaining 5
fruits longitudinally and measuring, in centimeters, from stemas much 1000-fold in their fruit size (Figure 1B). The
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to blossom end. Dividing the average fruit length by the aver- A tremendous difference in fruit weight was observed
age fruit width provided the values for fruit shape index. All between the two parents where PM fruit averaged 1.1 g
the seeds were extracted from each set of 10 fruits and used

in weight as compared to an average fruit weight ofto calculate hundred-seed weight, in grams, and average num-
z500 g for GHT (Figure 1B). The F1 hybrid producedber of seeds per fruit. Each sample of 10 sliced fruits was

scanned on a computer scanner and stored as a digital image. fruit averaging only 10.5 g, and the average fruit weight
Average values for each F2 plant, for each trait described for the F2 population was 11.1 g (Figure 2A). These

above, were used for plotting trait distributions and QTL anal- observations are consistent with classical studies in
yses.

which F1 hybrids resulting from a cross between a large-Genotypic analysis: Leaf tissue was used to extract total
and small-fruited cultivar typically exhibited weights sim-genomic DNA from each F2 field-grown plant. F2 plants repre-

senting the two extremes in fruit weight (smallest and largest ilar to that of the smaller-fruited parent (MacArthur
fruits) were chosen to facilitate the identification of major and Butler 1938). Consequently, it has been postulated
fruit weight QTL based on the fruit weight distribution derived that small-fruit alleles are semidominant to large-fruit
from 188 suitable F2 plants. Thus, 114 phenotypic extremes

alleles, which may explain the skewed distribution inwere selected for molecular mapping.
favor of small fruit size that was observed in this studyTo prepare filters for the mapping analysis, DNA was di-

gested with one of seven restriction enzymes (BstNI, DraI, (Figure 2A). Fruit weight QTL studies support this no-
EcoRI, EcoRV, HindIII, ScaI, and XbaI) and subjected to South- tion as most small-fruit alleles showed semidominance
ern blot analysis as described by Bernatzky and Tanksley to large-fruit alleles (Grandillo et al. 1999). A similarly
(1986). The polymorphic markers used in this study were

skewed distribution was obtained for locule number,identified using marker data from previous studies involving
which is likely due to semidominance of few-loculedthe interspecific cross L. esculentum 3 L. pimpinellifolium (Gran-

dillo and Tanksley 1996; A. Frary, personal communication). fruit over many-loculed fruit (MacArthur and Butler
Entire genome coverage was obtained by mapping a total 1938). Fruit length, fruit diameter, fruit shape, number
of 90 segregating genetic markers (89 RFLP and 1 cleaved of seeds per fruit, and seed weight were all distributed
amplified polymorphism marker) on the 12 tomato chromo-

normally (data not shown), which is consistent withsomes, which corresponded to an average spacing of 12 cM.
previous findings (Grandillo and Tanksley 1996).Statistical analysis: MAPMAKER V2.0 was used to create

linkage maps from the 90 markers spanning the 12 tomato According to Lander and Botstein (1989), selective
chromosomes (Lander et al. 1987). Markers were included genotyping of the extreme progeny in a population
on the map only if the LOD value obtained from the ripple was can increase the power of QTL mapping. Therefore, to
.3 with the exception of four pairs of markers (CT50:TG500,

facilitate molecular mapping and to more clearly defineTG174:TG183, CT92:CD40, and TG403:CT95) that were tightly
the major genomic regions contributing to large fruitlinked. The Kosambi mapping function (Kosambi 1944) was

used to convert recombination frequencies to map distances size, 114 plants representing the extremes in fruit weight
in centimorgans. were selected for genotypic analysis. As a result of this

Pearson correlation coefficients were calculated for each modest selection, fruit weight exhibited a bimodal distri-
trait using the program QGENE. The same program was used

bution in the mapping population and the average fruitto identify putative fruit size and shape QTL using single-point
weight of F2 changed from 11.1 to 11.9 g (Figure 2B).linear regression models where the genetic markers served as

independent variables and phenotypes served as dependent Fruit length and fruit diameter showed similar changes
variables (Nelson 1997). To minimize the number of type-I in their distributions (i.e., from continuous to bimodal),
errors leading to QTL false positives and to compensate for while locule number, fruit shape, number of seeds per
nonrandom selection of plants used for molecular mapping,

fruit, and seed weight maintained distributions compa-we chose a strict probability level of P , 0.001 as the threshold
rable to those that were observed prior to selection (datato indicate a significant association of a QTL with a particular

marker locus. The percentage of phenotypic variation ex- not shown).
plained (R 2) was also obtained from QGENE and used to Correlations between traits: Nearly all fruit size char-
show the relative contribution of particular loci to fruit size acters measured in this study showed significant correla-
characters. In addition, multiple regression was used from the

tion with one another (P , 0.001; Figure 3). The mostsame software program to estimate the percentage of pheno-
highly correlated were fruit weight, fruit length, andtypic variation accounted for by all significant QTL in each

trait. Interval analysis was carried out using QGENE to confirm fruit diameter (r . 0.90 for all pairwise combinations).
the presence of putative fruit size QTL on the framework map. This result was expected because as fruit length and
A LOD score of .2.4, which corresponds to a significance fruit diameter increase, there will obviously be a corre-
level of 0.001, was chosen to indicate significant results in the

sponding increase in overall fruit size. Fruit weight andinterval analyses. Finally, using the program StatView, two-way
locule number were also positively correlated (r 5 0.73).ANOVAs were performed on all significant markers for each

trait in pairwise combinations to determine interaction be- Previous studies have shown that locule number can
tween loci. exert significant effects on fruit size, and is therefore

likely to be a major factor contributing to large-fruited
tomato varieties (Houghtaling 1935; Yeager 1937).

RESULTS AND DISCUSSION
An additional, but smaller, correlation was found for
fruit weight and number of seeds per fruit (NSF; r 5Phenotypic distributions of fruit size characters: A

total of seven fruit-size-related traits were scored from 188 0.36). These results can be explained in part by develop-
mental studies, which suggest that the total number ofF2 plants derived from the interspecific cross PM 3 GHT.
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Figure 2.—Frequency dis-
tributions for fruit weight in
(A) the F2 progeny prior to
selection and (B) the F2

progeny following selec-
tion. Fruit weight means for
parentals are designated as
L. esculentum (LEG) and
PM, and the F1 hybrid mean
is designated as F1.

developing seeds influence final fruit size and weight 4). The general order of the markers agreed with the
previously published high-density tomato linkage map(Nitsch 1970). Seeds produce and act as sinks for hor-

mones such as cytokinin and auxin, which induce rapid (Tanksley et al. 1992). An exception was TG260, which
mapped to chromosome 1 despite having been origi-growth of the developing ovary by increasing cell divi-

sion and cell expansion (Bohner and Bangerth 1988). nally mapped to chromosome 4. These results were con-
sistent with previous studies, which showed that TG260Hence, the greater the number of seeds, the larger the

fruit. However, we cannot rule out the possibility that is multiple copy and, therefore, maps to two distinct
loci (Fulton et al. 1997).this correlation is due to linkage of separate genes con-

trolling fruit weight and NSF. Given the large number In addition, the linear order and genetic distances
presented here correspond to mapping results involvingof QTL for both traits, this scenario is quite likely. Two

highly significant negative correlations were observed a similar interspecific cross between a processing esculen-
tum variety and PM (Grandillo and Tanksley 1996).between fruit weight and fruit shape index (r 5 20.38)

and locule number and fruit shape (r 5 20.7). Fruit Five low-density marker regions ranging in size from 30
to 45 cM were distributed on chromosomes 1, 4, 7, 10,shape is calculated by dividing fruit length by fruit diam-

eter. The negative correlations observed here might be and 12 and correspond to previous marker linkage gaps
involving esculentum 3 pimpinellifolium crosses (Gran-due to an increase in locule number, which changes

width more than length and translates into a reduction dillo and Tanksley 1996). Two large regions on the
tops of chromosomes 7 (TG183–CT52) and 11 (TG384–in the fruit shape index.

Genetic map: The linkage maps generated in this TG497) deviated significantly from the expected 1:2:1
allele frequency (P , 0.05). In both cases, the markersstudy are the result of scoring 90 genetic markers (89

RFLP and 1 CAPs marker) spanning the 12 tomato involved became progressively more skewed toward the
PM alleles (i.e., a greater number of heterozygous andchromosomes at an average spacing of 12 cM (Figure
homozygous PM genotypes) upon moving north (to-
ward the telomeres) on the chromosomes. Two addi-
tional markers, TG421 and TG1A, on chromosomes 9
and 10, respectively, diverged from the expected segre-
gation ratios, again in favor of the PM alleles. Such
skewed segregation in favor of alleles originating from
the wild parent are consistent with previous analyses of
interspecific crosses (Zamir and Tadmor 1986) and has
been detected in the same region of chromosome 7 in
another esculentum 3 PM cross (E. van der Knaap,
personal communication).

QTL analysis: Thirty highly significant fruit-size-
related QTL (P , 0.001) were detected on the basis of
single-point linear regression analyses (Table 1). It is
important to recognize that the selection of extreme
plant progeny based on fruit weight may have resulted

Figure 3.—Correlations (R) between all fruit size characters in QTL with slightly reduced significance levels and
in the selected F2 population (P , 0.001). NS, not significant; increased R 2 values. This effect is due to changes inFW, fruit weight; LCN, locule number; FL, fruit length; FD,

gene frequency and the corresponding overestimationfruit diameter; FS, fruit shape index; NSF, number of seeds
per fruit; SW, hundred-seed weight. of phenotypic effects (Lander and Botstein 1989). In
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Figure 4.—Linkage map derived from the F2 population resulting from the interspecific cross L. pimpinellifolium 3 L. esculentum
var. Giant Heirloom. Only those chromosomes with QTL are shown. The numbers on the left side of each chromosome indicate
the map distances (in centimorgans) between linked markers. Solid bars indicate marker-trait associations (P # 0.001) based
on single-point regression analyses (see Table 1 and text for details).

our case, it is unlikely that progeny selection signifi- were detected. In addition, even if progeny selection
resulted in the overestimation of QTL R 2 values, it didcantly affected the QTL analyses for two reasons: (1)

selection was minor (i.e., only 73 plants were eliminated not affect the identification and ranking of major fruit
size QTL, which were the overall goals of the study.out of 188 available for QTL analysis) and (2) significant

deviations (P , 0.05) from the expected gene frequency However, to compensate for plant selection, a stringent
significance level of P , 0.001 was adopted for single-of 1:2:1 were not found in any regions where major QTL
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point analysis to avoid false positives. Interval analyses fit of the seven QTL explained 78% of the phenotypic
variation. All seven fruit diameter QTL exhibited genebased on the maximum likelihood method were per-

formed and yielded significance levels and R 2 values action values corresponding to their fruit length coun-
terparts. Five of the seven fruit diameter QTL occupiedsimilar to those obtained for single-point analyses. For

this reason, only the results from single-point analyses similar positions as the QTL mapped for fruit weight.
Since nearly all of the fruit length and fruit diameterare presented.

Fruit weight ( fw): Six QTL for fruit weight were identi- QTL localized to regions containing major fruit weight
QTL, it is likely that their effects are pleiotropic. Suchfied on chromosome 1 ( fw1.1 and fw1.2), chromosome

2 ( fw2.1 and fw2.2), chromosome 3 ( fw3.1), and chro- reasoning is logical because as fruit weight increases,
there is a corresponding increase in fruit length andmosome 11 ( fw11.3). The most significant QTL were

fw1.1, fw2.2, and fw11.3, which exhibited R 2 values of fruit diameter. It should be noted that despite lacking
a major fruit weight QTL corresponding to fl4.1 and17, 22, and 37%, respectively. The remaining fruit

weight QTL showed R 2 values of z12%. When fit simul- fd4.1 in our study, previous results revealed a relatively
large QTL for fruit weight ( fw4.1) in the same regiontaneously, the six QTL explained 67% of the phenotypic

variation. Each fruit weight QTL was attributable to the (Grandillo et al. 1999). In our study, the region of
chromosome 4 corresponding to fl4.1 and fd4.1 wasGHT alleles, which served to increase fruit weight. Gene

action for the GHT alleles ranged from largely recessive also associated with a change in fruit weight, but at a
significance (P , 0.002) slightly less than the establishedfor fw1.2 (d/a 5 20.9) and fw2.2 (d/a 5 20.7) to largely

additive for the remaining fruit weight QTL. The most threshold (P , 0.001). A similar situation exists for fl9.1
and fd7.1. Both correspond to chromosomal positionssignificant fruit weight QTL, fw11.3, exhibited additive

gene action (d/a 5 20.1). previously reported to contain fruit weight QTL (Gran-
dillo et al. 1999) and both were associated with changesThe map positions of the six fruit weight QTL de-

tected in this study correspond to map positions of ma- in fruit weight in this study at significance levels just
below the declared threshold. Given the prior mappingjor fruit weight QTL detected in past studies involving

crosses between small-fruited wild tomatoes and me- of fruit weight QTL to these chromosomal regions and
the borderline significance observed in our study, itdium-sized domesticated types (Grandillo et al. 1999).

In previous studies, the corresponding QTL also ac- seems likely that these chromosomal regions are in-
volved in modulating fruit size in the GHT 3 PM popula-counted for a relatively large proportion of the pheno-

typic variance (.10%), as observed in this study. How- tion. However, the allelic effects of these three loci are
not as great as the other major fruit weight QTL de-ever, two aspects of the results presented here are novel.

First, this study is the first in which all six of these major scribed previously. In fact, when these three threshold
QTL were fitted simultaneously with the six major fruitfruit weight QTL have been found to be segregating in

a single population. Second, two of these loci ( fw2.1 weight QTL, the R 2 value increased modestly to 72%.
Fruit shape index ( fs): A single QTL with a large effectand fw11.3) appear to exert their effect on fruit size

through modulation of carpel/locule number (see the on fruit shape that has not been detected previously
was found on chromosome 11. fs11.1 explained 30%following sections).

Fruit length (fl) and fruit diameter ( fd): Seven QTL for of the phenotypic variation and exhibited a partially
recessive PM allele (d/a 5 20.6), which is associatedfruit length were distributed on chromosomes 1–4, 9,

and 11 and had R 2 values ranging from 13 to 30%. The with the formation of more spherical fruit and, there-
fore, higher fruit shape (fruit length/fruit diameter)most significant QTL were detected on chromosomes

2 (fl2.1) and 11 (fl11.1), which explained 25 and 30% values. In contrast, the GHT allele, when homozygous,
was associated with much wider fruits without an equiva-of the phenotypic variation, respectively. The simultane-

ous fit of the seven QTL explained 70% of the pheno- lent increase in fruit length. The result is a fruit that is
less rounded and more flattened, like those producedtypic variation. The increases in fruit length were all

due to GHT alleles. A gene action value of 3.8 was by the GHT parent (Figure 1).
Number of seeds per fruit (nsf): Two QTL located oncalculated for fl4.1, which indicated that this QTL might

be overdominant in effect. Recessive gene action was chromosomes 1 and 11 affected NSF. nsf1.1, controlled
by the GHT allele, explained 14% of the phenotypicidentified for fl1.2 (d/a 5 21.2), fl2.1 (d/a 5 20.7),

and fl9.1 (d/a 5 20.7), while the remaining GHT QTL variation and exhibited recessive gene action (d/a 5
21.1). The GHT allele controlling nsf11.1 was larger inalleles were more additive in effect.

Seven QTL were detected for fruit diameter, which, magnitude of effect (R 2 5 19%) and more additive in
gene action (d/a 5 0.16). Simultaneous fit of the twoas expected, were coincidental with QTL detected for

fruit length, except for fd7.1. The GHT alleles were QTL explained 20% of the phenotypic variation. It
should be noted that both of these QTL were coinciden-responsible for an increase in fruit diameters at each

QTL. Again, the largest QTL were found on chromo- tal with fw1.1 and fw11.3, indicating that they may be
associated with increases in fruit size.somes 2 and 11; fd2.1 and fd11.1 explained 24 and 40%

of the phenotypic variation, respectively. Simultaneous Seed weight (sw): A total of four highly significant seed
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weight QTL were identified on chromosome 1 (sw1.3), the fruit shape index (fruit length/fruit diameter; see
previous section). A greater increase in fruit diameterchromosome 2 (sw2.1 and sw2.5), and chromosome 4

(sw4.1). Among the QTL, sw4.1 had the greatest effect compared to fruit length might be expected if the pri-
mary effect of this locus was to specify more loculeson the trait, accounting for 23% of the phenotypic varia-

tion. Previous studies involving seed weight support this (or carpels). In a similar manner the increased seed
production associated with the GHT allele would beresult (Doganlar et al. 2000). The four QTL fitted

simultaneously explained 55% of the phenotypic varia- expected as a secondary effect of greater locule number.
Thus, all the QTL effects ascribed to the lcn2.1 andtion. It has been reported that many seed weight QTL

colocalize with fruit weight QTL (Doganlar et al. 2000). lcn11.1 regions of the genome could be explained as a
direct result of the modulation of carpel number.In this study sw1.3, sw2.1, and sw2.5 were found in the

vicinity of corresponding fruit weight QTL, which is Hence, all the evidence is consistent with the identifica-
tion of lcn2.1 and lcn11.1 as locule number and fasciated,consistent with the high correlation seen between fruit

weight and seed weight. However, it has not yet been respectively.
Finally, as mentioned earlier, fruit weight QTL map-determined if these associations are the result of pleio-

tropy or QTL linkage. ping to the same chromosomal regions as fw2.1 and
fw11.3 have been reported in crosses between wild to-Locule number : Three QTL were detected for locule

number (lcn). Two were identified on chromosome 2 mato species and processing varieties (Grandillo et al.
1999). However, this is the first time that “alleles” of(lcn2.1 and lcn2.2) and one on chromosome 11 (lcn11.1).

By far the most significant of the three was lcn11.1, which these QTL have shown an effect on both fruit weight
and locule number. The following possibilities thereforeaccounted for 65% of the phenotypic variation and was

partially recessive in nature (d/a 5 20.5). lcn2.1 and exist: (1) multiple alleles exist for both loci, some of
which affect locule number and others of which do not;lcn2.2 had R 2 values of 13 and 12%, respectively, and

both exhibited partially recessive gene action. When the or (2) one or both of these QTL correspond to two or
more tightly linked genes with different effects on fruitthree QTL were fitted simultaneously they explained

up to 66% of the phenotypic variation. Map positions weight and locule number. Data from this study cannot
distinguish between these two hypotheses.for the three locule number QTL coincide with fruit

length, fruit diameter, and fruit weight QTL. All three Epistatic interactions involving lcn2.1 and lcn11.1: To
determine whether the QTL detected in this study inter-QTL were explained by the GHT alleles, which served

to increase the number of locules per fruit. acted epistatically with each other, two-way ANOVAs
were performed among all significant markers withinlcn2.1 and lcn11.1 map to regions of the genome

where early tomato geneticists described two fruit muta- each trait (excluding seed weight) for a total of 56 two-
way tests. A probability threshold of P , 0.01 was usedtions, fasciated ( f; chromosome 11; MacArthur 1934)

and locule number (lc ; chromosome 2; Yeager 1937). for declaring an interaction significant. A single highly
significant (P , 0.005) interaction was detected betweenBoth loci are reported to affect locule number as well

as fruit weight, with the largest effect being ascribed lcn2.1 (TG337) and lcn11.1 (I2) for the control of locule
number. Figure 5 graphically depicts the interactionto fasciated. Given the similar location and phenotypic

effects, we propose that lcn2.1 in this study is the same between these two loci. While either locus alone can
increase locule number, a disproportionate increase inas locule number reported by Yeager (1937) and that

lcn11.1 is the same as fasciated reported by MacArthur locule number is seen when both loci are homozygous
for GHT alleles. Such results would be expected if lcn2.1(1934). Moreover, because of the large effect both loci

have on fruit weight in our population (12 and 37%, and lcn11.1 code for genes with a similar function in
carpel development. A similar type of epistasis was re-respectively), we propose that the increase in carpel/

locule number associated with GHT alleles of these loci cently reported for the sepallata 1/2/3 genes, which
encode redundant functions in formation of floral or-was essential to the evolution of the extreme fruit size

now manifest in large tomato varieties such as GHT. gan identity (Pelaz et al. 2000). However, in this case,
all three genes needed to be fixed for mutant allelesThe chromosomal locations for lcn2.1 and lcn11.1 are

associated with QTL that influence a wide range of other before a modified phenotype was observed.
The finding that lcn2.1 and lcn11.1 interact in anfruit traits. In addition to increasing locule number, the

GHT allele for the lcn2.1 region of chromosome 2 is epistatic manner in determining locule number has im-
plications for the manner in which the mutant formsassociated with increased fruit weight, length, and diam-

eter (Figure 4). If the primary effect of lcn2.1 is to specify of these genes (i.e., those alleles that result in increased
locule number) might have been selected following do-more locules (carpels), then the secondary effect of

increased fruit size might be expected. Likewise, the mestication. In the absence of mutant alleles at lcn11.1,
lcn2.1 has only a marginal effect on increasing carpelGHT allele for the lcn11.1 region of chromosome 11

was associated with an increase in these same characters. number (Figure 5). However, lcn2.1 has a much larger
effect on increasing carpel number in a backgroundIn addition, the GHT allele of lcn11.1 was associated

with an increase in seed number and a decrease in already fixed for mutant alleles at lcn11.1 (Figure 5).
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Figure 5.—(A) lcn2.1 (lc) 3 lcn11.1 ( f) locule number interaction plot. (B) lcn11.1 ( f) 3 lcn2.1 (lc) locule number interaction
plot. PM/PM, homozygous for pimpinellifolium alleles; GHT/GHT, homozygous for esculentum alleles; PM/GHT, heterozygous;
lc, locule number (TG337); f, fasciated (I2).

This raises the possibility that humans first selected for selection relatively recently and have been the crucial
genetic determinants increasing fruit size, particularlymutations at lcn11.1, followed by selection at lcn2.1,

which would produce a mutant phenotype with a larger in the case of the exceptionally large fresh-market escu-
lentum variety Giant Heirloom.visible effect on locule number (Figure 5). However,

if this scenario is correct, selection would have been The largest QTL to date has been fw2.2, which in early
tomato mapping work appeared often and explained asprimarily for a multilocular phenotype rather than fruit

size, since no epistasis was observed for lcn11.1 and much as 30% of total fruit weight variation (Grandillo
et al. 1999). The current study confirms fw2.2 to belcn2.1 with respect to fruit weight ( fw11.1 and fw2.1).
a significant factor in the generation of large-fruited
tomatoes as well as processing types. However, for the

CONCLUSION
first time, fw2.2 does not have the largest effect on fruit
weight. Rather, the QTL with the greatest effect wasA unique set of six major fruit weight QTL is responsi-

ble for conditioning large-fruited tomato varieties: L. fw11.3. The majority of the effect of this QTL is likely
a result of the fasciated gene, which has been mappedpimpinellifolium is the closest living wild relative of the

cultivated tomato, and it is thought that large-fruited to the same region as fw11.3 on chromosome 11.
Role of changes in locule number in permitting evolu-tomatoes evolved through the accumulation of numer-

ous mutations in the genome of this small-fruited ances- tion of extreme-sized fruit: This is the first QTL study
in which changes in carpel/locule number have beentor (Luckwill 1943; Rick 1976). This study has further

elucidated the major genetic mutations that account for implicated as major contributors to fruit size. Classical
studies have shown that genes that modify locule num-the evolution of very large-fruited, cultivated tomatoes.

Previous studies have presented QTL results revealing ber in tomato influence final fruit weight (Yeager 1937;
MacArthur and Butler 1938). In particular, two loci,fruit weight evolution from small wild tomato ancestors

to medium-sized processing types only. This study is the fasciated (f) and locule number (lc) appear to play crucial
roles in specifying the number of carpels/locules and,first to address the primary set of fruit size and shape

QTL that have given rise to the extreme phenotype hence, overall fruit size. The phenotypic effects and
chromosomal location of several QTL, fw11.3, fl11.1,seen in large fresh-market tomato types. In so doing,

we detected six major fruit weight QTL dispersed on fd11.1, lcn11.1, fs11.1, and nsf11.1, are consistent with
fasciated, and therefore these effects may be the resultchromosomes 1–3, and 11. The unique combination

and order of magnitude of this group is key in under- of the fasciated locus. For example, fasciated is associated
with a change in fruit shape whereby fruits with multiplestanding the evolution and selection of large fresh-mar-

ket tomato varieties such as Giant Heirloom. Our results locules assume a lower value for fruit shape index (fruit
length/fruit diameter). The second QTL affecting loc-show that these six major fruit weight QTL, while re-

ported in previous literature, have emerged together ule number, corresponding to lc, also carried with it
an additional set of fruit-size-related QTL ( fw2.1, fl2.1,for the first time in a single interspecific tomato cross.

Therefore, it is unlikely that any of the fruit weight fd2.1, and lcn2.1). fw2.2 was also associated with a
change in locule number, but the primary effect of thisQTL we detected were due to mutations at previously

unreported loci. Rather, we propose that preexisting locus was on fruit weight rather than locule number
(Table 1).alleles of fw1.1, fw1.2, fw2.1, fw2.2, fw3.1, and fw11.3

came together in unique combination through human The gene responsible for the fw2.2 QTL has been
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