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Abstract In an effort to better understand the dramatic
differences in vegetative and floral morphology that
differentiate species within the genus Lycopersicon,
quantitative trait loci (QTL) for leaflet and perianth size
and shape characters were mapped in an interspecific F,
population of tomato (Lycopersicon esculentum X L.
pennellii). Thirty-six highly significant (P<0.001) QTL
were associated with 18 separate traits. QTL for correlated
traits were generally not colocalized in the genome unless
there was a clear codependence between the traits (e.g.,
organ length and area). Little or no overlap in QTL
positioning between different organs was observed,
suggesting that the genes determining the size and shape
of leaflets, sepals, and petals are organ specific. Thus,
while leaves are considered the developmental and
evolutionary precursors to floral organs, genes acting
late in development to determine certain aspects of
morphology (namely shape and size) must have specia-
lized to exert control over individual organs. Five of the
leaflet-trait QTL map to analogous regions in the genome
of eggplant, and therefore it appears there has been some
conservation in the genes controlling leaf morphology
within the Solanaceae.

Introduction

Tomato has been the focus of a large number of
quantitative trait mapping studies in recent years. These
studies have revealed the genetic basis of many traits of
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agronomic importance, including fruit size and shape,
yield, soluble solids content, and pigmentation (Fulton et
al. 1997, 2000; Grandillo et al. 1999; Bernacchi et al.
1998; Grandillo and Tanksley 1996; Tanksley et al. 1996;
Alpert et al. 1995; Eshed and Zamir 1995). In several
cases, the genes underlying fruit quantitative trait loci
(QTL) have been cloned and characterized at the molec-
ular level (Liu et al. 2002; Frary et al. 2000). Yet, despite
the fact that great diversity in leaf and flower morphology
exists among species within the tomato genus (Lycopersi-
con), the genetic basis of the natural variation found in
these organs has been largely unexplored.

Virtually all of the research on the genetics of leaf and
floral development has used mutagenesis to create loss-of-
function mutations that dramatically alter organ size and
shape. Using this approach, a number of major genes
causing gross abnormalities in tomato leaf and flower
development have been identified and characterized
(Bharathan and Sinha 2001; Kessler et al. 2001; Hareven
et al. 1996; Pnueli et al. 1991, 1994a, b; Dengler 1984).
However, it is unclear whether these same genes shape the
more subtle morphological variation observed in natural
populations.

Our goal was to use QTL mapping to unravel the
genetic basis of the differences in leaf and floral
morphology that characterize two highly divergent tomato
species: cultivated tomato, L. esculentum, and its wild
relative, L. pennellii. These two species differ dramatically
in ecological adaptation, morphology, and floral/pollina-
tion biology. (Rick and Tanksley 1981). L. pennellii is a
xerophytic species occupying desert habitats along the
western coast of Peru. Adapted to arid conditions, the
leaves of L. pennellii are relatively small and consist of
small, rounded, thick leaflets attached to the rachis on
short petiolules. In contrast, the leaves of L. esculentum
are larger and characterized by numerous elongated
leaflets with narrowed tips on elongated petiolules. All
accessions of L. esculentum are self-compatible and
usually produce flowers with flush or recessed stigmas,
conducive to self-pollination. However, most L. pennellii
accessions are self-incompatible and produce flowers with
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exserted stigmas, suited for cross-pollination by insects
(Fig. 1).

Our quantitative analysis examined the lateral leaflets of
tomato’s compound leaves and the most leaflike of the
floral organs, the sepals and petals, which together
comprise the perianth. In this way, we could best gauge
whether the same QTL determine aspects of both vege-
tative and floral morphology. A comparative study of
leaves and flowers is of particular interest, given that
biologists have long subscribed to Goethe’s hypothesis
that leaves are the evolutionary precursors of floral organs
(Arber 1950). The ABC model of floral-organ identity
determination in Arabidopsis provides evidence that leaf
production is indeed a default developmental pathway—
flowers lacking all three classes of the homeotic floral-
organ identity genes consist solely of leaflike organs
(Coen and Meyerowitz 1991). Thus, because all flower
parts are modified leaves or parts of leaves, one might
speculate that the morphology of leaves and floral organs
is regulated by many of the same genes. While the QTL
underlying variation in floral and leaf morphology have
been identified in several plant species—including Arabi-
dopsis, Gossypium, Mimulus, and Populus (Juenger et al.
2000; Jiang et al. 2000; Bradshaw et al. 1998; Wu et al.
1997)—a comprehensive, combined analysis of the genes
controlling natural variation in both these plant organs had
not been undertaken.

In conducting such a combined analysis, we have asked
three questions: (1) How many genes control the differ-
ences in leaf, sepal, and petal morphology between L.
esculentum and L. pennellii? (2) What proportion of these
loci correspond to known mutants? (3) To what degree is
the morphology of different organs shaped by variation in
shared genes? The answers to these questions should help
lay a foundation for an evolutionary, developmental, and
molecular understanding of plant species diversification.

Fig. 1 Representative leaves
and dissected perianths of Ly-
copersicon esculentum (leff) and
L. pennellii (right)

Materials and methods
Plant material

The mapping population consisted of 83 F, individuals derived from
the cross L. esculentum LA925 x L. pennellii LA716 (Fulton et al.
2002; http://www.sgn.cornell.edu). LA716 is a homozygous acces-
sion of L. pennellii. The F, population was generated from a single
F, plant. The population was grown in a greenhouse at Cornell
University in Ithaca, New York, USA. A duplicate population was
generated by in vitro propagation and transplanted to a greenhouse
at Mount Holyoke College in South Hadley, Massachusetts, USA.

Phenotypic analysis

Four leaves from each individual were scanned on a computer
scanner to generate digital images—two leaves from the Ithaca
population and two from the South Hadley population. To ensure
comparison of leaves of similar developmental stages, only leaves
five to nine nodes below the shoot apex were harvested. Nine leaflet
traits were evaluated as illustrated in Fig. 2. The number of ateral
leaflets (LFN) >0.5 cm in diameter was counted for each leaf, and
the primary pairs of leaflets identified and numbered according to
position. Length (LFL) and width (LFW) (at the widest point)
measurements were taken from each of these labeled leaflets. Two
shape indices were calculated. The LR index (LFLR), a measure of
overall shape, was calculated as the ratio of width to length
(deVicente and Tanksley 1993; Wu 2000). The DLR index (LFDLR)
distinguishes between ovate and deltoid shapes by determining
where along the length the widest part of an object is; this was
calculated as the ratio of the distance from the leaflet base to the
maximum width (D):length (L) (Wu 2000). The leaflet apex angle
(LFAA) was evaluated as the angle between two lines drawn
tangential to the tip of the leaflet. Leaflet surface area (LFSA) was
quantified using the public-domain software program NIH Image
(developed at the US National Institutes of Health and available on
the internet at http:/rsb.info.nih.gov/nih-image/). The petiolule
length (PLL) of each leaflet and the leaf rachis length (RAL) were
also measured. Values for each character were averaged in several
ways to account for any differences due to position of the leaflet
pairs along the rachis. Thus, measurements from the left and right
leaflets of a pair at each position along the leaf were averaged, and
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Fig. 2a, b Representative F, generation leaf (a) and perianth (b)
illustrating how traits were measured. Major leaflets were identified
and numbered according to relative position. Length (L), width (),
and apex angle (44) were found for each primary lateral leaflet,
sepal, and petal. Distance from base to widest points (D) was
determined for leaflets and sepals. Petiolule lengths (P) and the
portion of the rachis (R) to which all the lateral leaflets attach were
also measured for each leaf. Ratios to describe shape were calculated
from W:L (LR) and D:L (DLR)

the total average value for all the leaflets belonging to the same
genetic individual was found. Pairwise and total averages were
calculated for each location and across the two locations for the
combined Mount Holyoke and Cornell populations.

Four to six flowers from each individual were dissected and
scanned on a computer scanner and stored as digital images. A total
of 13 perianth (sepal and petal) traits were evaluated from the
images as shown in Fig. 2. The numbers of each floral part [sepal
number (SEN), petal number (PEN)] were counted. Length
measurements were taken from the sepals (SEL) and petals (PEL).
The sepals width (SEW) at their widest point was determined. Petal
width (PEW) was measured at the point of petal fusion. The LR
index was calculated for the sepals (SELR) and petals (PELR) and
the DLR index for the sepals (SEDLR). The apex angles for the
sepals (SEAA) and petals (PEAA) were also found. The surface
areas of the calyx and corolla of each flower were quantified using
NIH Image and divided by the number of floral organs in each whorl
to obtain an estimate of sepal (SESA) and petal surface area (PESA).

Genotypic and statistical analysis

Of the over 1,000 molecular markers genotyped in this population
(Tanksley et al. 1996; Fulton et al. 2002), 391 markers that could be
ordered at LOD>3.0 (RIPPLE function of MAPMAKER) were
selected for QTL analysis. This set of markers, a mixture of
restriction fragment length polymorphism (RFLP), simple sequence
repeat (SSR), and conserved ortholog set (COS) markers derived
from ESTs, covers all 12 tomato chromosomes at an average spacing
of 4 ¢cM. Chromosome maps were constructed using MAPMAKER,
version 2.0 (Lander et al. 1987). Correlation coefficients between
traits were calculated by QGENE (Nelson 1997), version 3.06, and
displayed graphically using the multidimensional scaling function of
SAS (SAS Institute). Single-point regression and interval-mapping
analyses were done using QGENE to identify putative QTL and
estimate their effects. A LOD threshold of 2.8 was used as the
criterion for QTL declaration. Based on marker density and genome
size, this value is approximately equivalent to a locuswise
significance level of P=0.001 (Lander and Botstein 1989). The
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Fig. 3 Correlations between all leaflet and perianth characters
(P<0.001) graphically displayed using multidimensional scaling
analysis. The distance between traits is inversely proportional to the
size of the correlation coefficient; thus, strongly related traits tend to
cluster

percentage of phenotypic variation explained (+* from QGENE),
trait means, and gene actions (d/a) were determined for the most
significant marker for each QTL via single-point analysis. Multiple-
regression analysis was performed with the program StatView (SAS
Institute) to estimate the percentage of phenotypic variation
accounted for by all significant QTLs for each trait. Interactions
between QTL for each trait were assessed via two-way ANOVAs
using StatView.

Results and discussion

A total of 22 traits encompassing differences in organ
shape and size were analyzed in 83 F, individuals derived
from the cross L. esculentum LA925 x L. pennellii LA716.

Correlations between traits

A number of significant (P<0.001) correlations were
observed among the various traits measured. Strong
positive correlations were observed between interrelated
size characters such as width, length, and surface area for
each organ as revealed by the clustering of these traits in
the multidimensional scaling analysis (Fig. 3). Thus, the
highest correlations within the leaflet traits were those
between surface area (LFSA) and leaflet width (LFW)
(+=0.89) and length (LFL) (»=0.84). The size of sepals and
petals (SESA and PESA) was most closely associated with
the width (SEW and PEW) of those organs (»=0.84 and
0.81, respectively).

Two of the parameters describing organ shape, LR
index and apex angle, were also positively correlated for
each organ type, with » values ranging from 0.53 in sepals
to 0.66 in petals, supporting the observation that rounded
leaflets, sepals, and petals tend to have blunter tips.
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A relationship was found between the length of the leaf
axis and the number of organs along the axis. Thus, LFN
was highly correlated with RAL, which in turn, was
significantly correlated with PLL, suggesting some
common control of these traits (Fig. 3).

A few salient correlations that may have implications
with respect to shared genetic control of leaf and floral-
organ development were also noted. One of the most
striking observations was that comparable sepal and petal
parameters were much more likely to be correlated to each
other than to leaf parameters. For example, variation in
SEN and PEN was highly correlated (#=0.98). Similarly,
the shapes (SELR, SEDLR, PELR) of sepals and petals
were associated as were their areas (SESA, PESA) as can
be seen by the clustering of these traits in Fig. 3. In
contrast, leaflet number and shape were not significantly
correlated with their corresponding parameters in petals
and sepals. Surface area and, to a lesser degree, organ
width were the only traits for which correlations were
observed amongst all three organs: leaves, petals and
sepals. However, even in these cases, the correlations were
stronger between petal and sepal traits. Finally, the leaflet
shape parameters (LFLR, LFDLR) were not well corre-
lated with each other, nor with shape parameters of sepals
or petals.

QTL analysis

A total of 36 highly significant (P<0.001) QTL were
associated with 18 of the 22 leaf and flower characters.
These QTL were mapped over 11 of the 12 tomato
chromosomes; Fig. 4 shows their map locations. For
comparative purposes, this figure also depicts the map
positions of previously identified mutants known to affect
one or more of the same traits. Overall, the greatest
number of QTL was detected on chromosome 5 (seven
loci); however, noteworthy numbers of QTL (between four
and six loci) were also found on chromosomes 7, 11, and
12. No QTL were mapped to chromosome 6, and no
significant loci were identified for leaf RAL and three of
the flower traits: sepal length, petal width, and petal width:
length ratio. The QTL for each trait are described below
(see also Table 1).

Leaf traits

LFN Two QTL located on chromosomes 1 (/fnl.1) and 5
(Ifn5.1) affected LFN. At both loci, the L. esculentum (LE)
alleles acted to increase the number of leaflets, as plants
homozygous for LE alleles averaged about 12 leaflets
compared to nine leaflets in the plants homozygous for the
L. pennellii (LP) alleles at these loci. The LE alleles at
Ifn5.1 behaved in a dominant manner, while those at /fin/. ]
showed additive gene action. Simultaneous fit of the two
QTL accounted for 22% of the variation in LFN.

LFW and LFL Two QTL were identified as controlling
LFW in the Comell population only: /fw7.1 and Ifwl2.1.
As predicted from the parental phenotypes, LP alleles at
both loci served to increase LFW. [fw7.1 on chromosome 7
was partially recessive (d/a=—0.3) in nature, whereas the
locus on chromosome 12 (Ifwi2.1) showed a degree of
dominance (d/a=0.75). Together the loci explained 28% of
the phenotypic variation in LFW.

LFL mapped to three QTL on chromosomes 2 (/fI2.1) and
11 (fl11.1 and [fl11.2). These loci showed similar effects
on phenotype with the LP alleles somewhat unexpectedly,
contributing toward longer leaflets. Gene action of the LP
alleles at these loci ranged from partially (/f7/./ and
Ifl11.2) to fully dominant (/f2.7). In addition to the
aforementioned loci, the Mount Holyoke population
supported a fourth QTL, [fl12.1, at which the LE allele
increased LFL and was dominant.

LFLR and LFDLR Leaflet shape—as assessed with the
LFLR and LFDLR indices—was controlled by three loci:
Iflrl. 1, Iflr4.1, and Ifdlr5.1. LP alleles at these loci had the
expected effect of promoting round and ovate leaves
(higher LFLR and LFDLR) and exhibited partial and full
dominance at /flr4.1 and Ifdlr5.1, respectively. When fit
simultaneously, the LFLR QTL explained 18% of the
phenotypic variation.

LFAA QTL on three chromosomes were associated with
the shape of the leaflet tip. lfaa4.1, lfaa5.1, and lfaa5.2
were supported in both populations, while [faa7.1 was
detected only in plants grown at Cornell. LP alleles at all
four loci showed some degree of dominance (d/a values
ranged from —0.2 to —0.76) and, as predicted from the
parental phenotype, contributed toward blunter leaflets
(i.e., increased apex angle). The loci also showed similar
magnitudes of effect.

LFSA Overall leaflet size was affected by three loci that
mapped to chromosomes 10 (Ifsal0.1) and 11 (Ifsall.l
and /fsall.2). While all three QTL were of approximately
equal significance and magnitude of effect, those on
chromosome 11 showed an effect opposite to that
expected. Thus, the leaflet area of plants homozygous
for LP alleles at [fsall.l and [fsall.2 averaged around
14 cm?, while the leaflets of LE homozygotes were
significantly smaller at about 9.5 cm’. Gene action at
Ifsall.2 was additive, while the LP alleles at Ifsall.l were
partially dominant. Dominant LE alleles augmented leaflet
size at Ifsal0.1.

PLL Evidence for loci controlling the length of the leaflet
stalk was obtained only from plants grown at Cornell. Two
QTL were identified, p/[7.1 and pll12.1, which accounted
for approximately 16% of the variation in this trait.
Surprisingly, the mean PLL was greater in the LP
homozygotes at both loci. However, while the LP alleles
were fully dominant at pll7.1, they showed partial
recessivity at pll/12.1.
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Flower traits
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SESA and PESA Single QTL were associated with SESA
and PESA—one on chromosome 3 (sesa3./) and one on
chromosome 12 (pesal2.1). LE alleles at these two loci
served to increase floral-organ size in an additive manner.
The #* values indicated that a substantial proportion of the
phenotypic variance is explained by these loci.

Allelic trends

The two parent species contributed toward organ mor-
phology in different but generally predictable ways. LP
alleles promoted ovate and round forms and blunt tips in
sepals, petals, and leaflets, whereas LE alleles had the
opposite effect on shape. Alleles of LE enhanced the size
of the floral organs and increased the numbers of leaflets,
sepals, and petals. Somewhat surprisingly, LP alleles
lengthened leaflets and petiolules and increased leaflet
surface area (at two of the three detected loci).

QTL with pleiotropic effects on more than one
parameter

QTL controlling many of the correlated traits tended to be
colocalized within the genome. While this could be due to
close linkage of two or more genes, it most likely reflects
the pleiotropic activity of a single gene as, in the majority
of cases, these overlaps involve characters that are
obviously codependent. Thus, not surprisingly, SEW and
SESA mapped to the same region of chromosome 3; PEL
and PESA overlapped on chromosome 12; LFL and LFSA
were found in the same two regions of chromosome 11.
Although they just missed the significance threshold, LFW
QTL were detected on chromosomes 2 and 11, in positions
corresponding to [fI2.1, [flll.1, and [fl11.2 (Fig. 4).
Nevertheless, some regions of the genome did contain
single, independent loci for the organ size traits (e.g.,
pel7.1, Ifw7.1, lfsal0.1). The fact that linkage was not
always observed among these characters suggests that
measurements of width and length along a single axis are
insufficient indicators of total organ surface area.

Interestingly, while the shape and apex angle of perianth
organs were significantly correlated, the major QTL for
these traits did not colocalize on the genetic map (with the
exception of SELR and SEAA on chromosome 5),
suggesting that they are independently inherited para-
meters. If there is any degree of shared genetic control of
these traits, it must be attributed to QTL of lesser effects
that were not detected in this analysis (Fig. 4).

The two major QTL controlling the number of parts
within the perianth appear to be pleiotropic, exerting their
effects in both floral whorls, as SEN and PEN mapped to
the same intervals of chromosomes 11 and 2 (the PEN
chromosome 2 QTL just missed the significance threshold,
Fig. 4). However, colocalization of other QTL for leaflet
and perianth traits would appear to be purely coincidental,
as no strong correlations were observed between those
organs. These results suggest that the genes determining
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the size and shape of leaflets, sepals, and petals are organ
specific. However, one must bear in mind that, because
tomato leaves are compound, leaflets are not precisely
homologous to individual flower parts such as sepals or
petals. Moreover, given the relatively small size of the
mapping population, it is likely that QTL with smaller
effects on the traits of interest were not detected in this
study. Some of these minor QTL may have overlapping
functions in both vegetative and floral organs.

Epistasis between QTL

Two-way ANOVAs were performed between all signifi-
cant markers within each trait to reveal any epistatic
interactions between loci. A single significant (P<0.005)
interaction was detected between sen2.l and senll.l for
the control of SEN. Figure 5 depicts the synergistic
interaction between these loci: when both are homozygous
for LE alleles, a disproportionate increase in SEN results.

Classical genetic studies have described two genes
which affect carpel number in tomato: fasciated (f,
MacArthur 1934) and locule number (lc, Yeager 1937).
QTL analysis then identified these same two loci
(designated /lcnll.l and Icn2.1) as controlling locule
number, mapped the loci to distal portions of chromo-
somes 11 and 2, and revealed that they interact
epistatically (Lippman and Tanksley 2001). The SEN
and PEN QTL detected in the current study occupy
positions close to lcnll.1 and lcn2.1 and exhibit a similar
epistatic interaction (Fig. 5). Given these similarities, and
because fasciation is often manifested in other floral parts
(including the corolla and calyx), it seems probable that f
and Ic are responsible for determining the number of
organs in all whorls of the tomato flower. On the other
hand, LFN is clearly under separate genetic control,
mapping as it does to chromosomes 1 and 5.

Correspondence of QTL to known mutant loci in
tomato

In addition to /c and f, a number of other single genes
controlling leaf and flower characters have been described.
Among the best studied of these are the MADS-box family
of genes that control floral-organ identity (Pnueli et al.
1991, 1994a, b) and the knottedi-like homeobox (KNOXT)
genes that regulate leaf morphogenesis (Avivi et al. 2000;
Janssen et al. 1998; Chen et al. 1997; Parnis et al. 1997;
Hareven et al. 1996). Moreover, a large number of loci
affecting vegetative and floral morphology have been
identified through mutant analysis (Stevens and Rick
1986). To explore the possibility that allelic variation at
these known genes may be responsible for the subtle
differences in leaflet and perianth morphology that were
observed in our population, we compared the approximate
map positions of relevant morphological markers with the
QTL identified in this study (Fig. 4). Significant overlaps
among loci controlling leaflet characters were found and,
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<« Fig. 4 Linkage map derived from the F, population of the cross
L. esculentum LA925 x L. pennellii LA716. Only those chromo-
somes with QTL are shown. Solid black bars indicate significant
(LOD>2.8) QTL for leaflet traits and gray bars mark loci for
perianth traits. Lines designate the position of previously mapped
fruit-shape QTL. The approximate positions of relevant morpho-
logical mutants are indicated to the /eft

based on this positional and functional information,
several candidate genes can be proposed as underlying
the QTL.

Thus, the variation in leaflet number attributed to /fin!. ]
and /fn5.1 may reflect the action of the genes Cochlearis
(Co) on chromosome 1 and Trifoliate (Tf) and Lyrata (Lyr)
on chromosome 5 as co, lyr, and ¢f mutants all display a
drastic reduction in leaflet number. The concurrence of the
leaflet length locus [fI2.1 and the genes Laxa (Lx) and
Prunoidea (Prun) is highly suggestive as, judging from
their mutant phenotypes, both genes appear to have a role
in controlling leaf elongation. The differences in leaflet
shape observed in this study may also be attributable to
two previously characterized loci. Lanceolate and lfaa7.1
are located in the same region of chromosome 7, and both
affect the shape of the leaflet apex (Dengler 1984). On
chromosome 1, the proximity between Irregularis (Irr)
and [flrl.1 would appear to be more than coincidental, as
irr mutants have shortened leaves which will clearly
impact the leaflet shape index LR. The overlaps described
above suggest that, while the mutant forms of single genes
produce major aberrations in form, they may also play a
role in normal development and contribute to quantitative
variation in traits.

Conservation of size and shape QTL in tomato and
related species

While no previous reports regarding the quantitative
genetics of perianth morphology in the Solanaceae have
appeared, a substantial number of QTL influencing ovary
development have been identified. In several instances,
fruit-shape loci map to the same positions as QTL
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governing aspects of leaflet and perianth size. Only one
significant correspondence occurred between genetic fac-
tors governing organ shape: sepal shape QTL on chromo-
some 8 (selr8.1 and sedlr8.1) colocalize with the major
determinant of fruit shape in tomato and pepper, f58.1
(Grandillo et al. 1999; Ben Chaim et al. 2001; Fig. 4). The
intersection of QTL controlling matters of organ size and
shape is not particularly surprising and suggests that these
loci may contain genetic factors affecting the extent or
timing of cell division and/or cell expansion.

A few studies have investigated leaflet traits in tomato
and related solanaceous species. Thus, it seems likely that
Ifirl.1 corresponds to two shape loci, Iria and Irib,
detected in an earlier analysis of an LE x LP F, population
(deVicente and Tanksley 1993). In addition, /fIr4.] may
coincide with the locus /14 described in the same study. A
recent study has identified leaf size and shape QTL in
eggplant, another solanaceous crop (Frary et al. 2003).
Although eggplant has simple leaves, five of the nine loci
that were detected for leaflet width, length, and shape
parameters in tomato overlap with similar QTL in
eggplant. A locus orthologous with /fw7./ mapped to
linkage group 7 of eggplant (/w7.1), and a counterpart of
the shape QTL [flri.I was found on linkage group 1
(Ish1.1). Loci for leaf length in eggplant (//11.1) and leaflet
shape in tomato (/fIr4.1) are located in syntenic regions of
the genome, and an eggplant QTL for leaf shape (Ish5.1)
spans the region occupied by two tomato leaflet QTL:
Ifwl2.1 and [fl12.1 (Frary et al. 2003). These overlaps
indicate that there has been some conservation in the genes
controlling leaf morphology within the Solanaceae. More-
over, given the different form of eggplant and tomato
leaves (simple versus compound), these overlaps suggest
some common genetic control over the determination of
shape in both leaves and leaflets.

Evolutionary implications

Striking differences in vegetative and floral morphology

differentiate species within the genus Lycopersicon
b’

senll. 1

——LE/LE

6.5 —&—LE/LP
5 —A—LP/LP
=
E o
=
=
5y
@ 5.5
)
o0
]
ot
g | J
z 5
45 T
LP/LP LP/LE LE/LE
sen2.1

Fig. 5 a sen2.1 x senll.l sepal number interaction plot. b senll.1 X sen2.1 sepal number interaction plot. LP/LP homozygous for L.
pennellii alleles, LE/LE homozygous for L. esculentum alleles, LP/LE heterozygous
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(Luckwill 1943). The current study has succeeded in
mapping the major QTL accounting for some of the
natural variation in leaf, sepal, and petal morphology that
exists between two species in the genus. While major QTL
were identified for each organ, little or no overlap in QTL
positioning between organs was observed. This finding—
that there is not a shared set of loci controlling traits such
as organ width, length, and shape—has certain evolu-
tionary implications. While leaves have long been
considered the antecedents of the floral organs, genes
determining certain aspects of their morphology (namely
shape and size) must have specialized to exert control over
individual organs. The obvious clustering of QTL
mediating leaflet and floral morphology on chromosomes
5,7, 11, and 12 could lead one to hypothesize that gene
duplication and dispersal events may have generated an
array of organ-specific size and shape genes. However,
DNA sequence information would be needed to ascertain
if there is any degree of conservation among these
clustered loci.

While there is now little overlap in the genetic control
of the shape of different organs within tomato, we do
report common QTLs for control of leaflet shape between
tomato and eggplant. Thus, in the 12 million years or so
since the divergence of eggplant and tomato (Wikstrom et
al. 2001), several of the genes underlying natural variation
in leaf morphology have been conserved.

Acknowledgements We thank Drs. Anne Frary and Jiping Liu for
helpful comments on the manuscript and Dr. Anne Frary for
assistance with the statistical analysis. Russell Billings provided
excellent care of the plant population at Mount Holyoke College.

References

Alpert KB, Grandillo S, Tanksley SD (1995) fw2.2: a major QTL
controlling fruit weight is common to both red- and green-
fruited tomato species. Theor Appl Genet 91:994-1000

Arber A (1950) The natural philosophy of plant form. Cambridge
University Press, Cambridge

Avivi Y, Lev-Yadun S, Morozova N, Libs L, Williams L, Zhao J,
Varghese G, Grafi G (2000) Clausa, a tomato mutant with a
wide range of phenotypic perturbations, displays a cell type-
dependent expression of the homeobox gene LeT6/TKn2. Plant
Physiol 124:541-551

Ben Chaim A, Paran I, Grube RC, Jahn M, van Wijk R, Peleman J
(2001) QTL mapping of fruit-related traits in pepper (Capsicum
annuum). Theor Appl Genet 102:1016-1028

Bernacchi D, Beck-Bunn T, Eshed Y, Lopez J, Petiard V, Uhlig J,
Zamir D, Tanksley S (1998) Advanced backcross QTL analysis
in tomato. I. Identification of QTLs for traits of agronomic
importance from Lycopersicon hirsutum. Theor Appl Genet
97:381-397

Bharathan G, Sinha NR (2001) The regulation of compound leaf
development. Plant Physiol 127:1533-1538

Bradshaw HD Jr, Otto KG, Frewen BE, McKay JK, Schemske DW
(1998) Quantitative trait loci affecting differences in floral
morphology between two species of monkeyflower (Mimulus).
Genetics 149:367-382

Chen J-J, Janssen B-J, Williams A, Sinha N (1997) A gene fusion at
a homeobox locus: alterations in leaf shape and implications for
morphological evolution. Plant Cell 9:1289-1304

Coen ES, Meyerowitz EM (1991) The war of the whorls: genetic
interactions controlling flower development. Nature 353:31-37

Dengler N (1984) Comparison of leaf development in normal (+/+),
entire (e/e), and lanceolate (La/+) plants of tomato, Lycopersi-
con esculentum ‘Ailsa Craig’. Bot Gaz 145:66-77

deVicente MC, Tanksley SD (1993) QTL analysis of transgressive
segregation in an interspecific tomato cross. Genetics 134:585—
596

Eshed Y, Zamir D (1995) An introgression line population of
Lycopersicon pennellii in the cultivated tomato enables the
identification and fine mapping of yield-associated QTL.
Genetics 141:1147-1162

Frary A, Nesbitt TC, Frary A, Grandillo S, van der Knaap E, Cong
B, Liu J, Meller J, Elber R, Alpert KB, Tanksley SD (2000)
fw2.2: a quantitative trait locus key to the evolution of tomato
fruit size. Science 289:85-88

Frary A, Doganlar S, Daunay MC, Tanksley SD (2003) QTL
analysis of morphological traits in eggplant and implications for
conservation of gene function during evolution of solanaceous
species. Theor Appl Genet 107:359-370

Fulton TM, Beck-Bunn T, Emmatty D, Eshed Y, Lopez J, Petiard V,
Uhlig J, Zamir Z, Tanksley SD (1997) QTL analysis of an
advanced backcross of Lycopersicon peruvianum to the
cultivated tomato and comparisons with QTLs found in other
wild species. Theor Appl Genet 95:881-894

Fulton TM, Grandillo S, Beck-Bunn T, Fridman E, Frampton A,
Lopez J, Petiard V, Uhlig J, Zamir D, Tanksley SD (2000)
Advanced backcross QTL analysis of a Lycopersicon
esculentum * Lycopersicon parviflorum cross. Theor Appl
Genet 100:1025-1042

Fulton TM, Van der Hoeven R, Eanetta NT, Tanksley SD (2002)
Identification, analysis and utilization of conserved ortholog set
markers for comparative genomics in higher plants. Plant Cell
14:1457-1467

Grandillo S, Tanksley SD (1996) QTL analysis of horticultural traits
differentiating the cultivated tomato from the closely related
species Lycopersicon pimpinellifolium. Theor Appl Genet
92:935-951

Grandillo S, Ku HM, Tanksley SD (1999) Identifying the loci
responsible for natural variation in fruit size and shape in
tomato. Theor Appl Genet 99:978-987

Hareven D, Gutfinger T, Parnis A, Eshed Y, Lifschitz E (1996) The
making of a compound leaf: genetic manipulation of leaf
architecture in tomato. Cell 84:735-744

Janssen B-J, Lund L, Sinha N (1998) Overexpression of a
homeobox gene, LeT6, reveals indeterminate features of the
tomato compound leaf. Plant Physiol 117:771-786

Jiang C, Wright RJ, Woo SS, DelMonte TA, Paterson AH (2000)
QTL analysis of leaf morphology in tetraploid Gossypium
(cotton). Theor Appl Genet 100:409—418

Juenger T, Purugganan M, Mackay TFC (2000) Quantitative trait
loci for floral morphology in Arabidopsis thaliana. Genetics
156:1379-1392

Kessler S, Kim M, Pham T, Weber N, Sinha N (2001) Mutations
altering leaf morphology in tomato. Int J Plant Sci 162:475-492

Lander ES, Botstein D (1989) Mapping Mendelian factors under-
lying quantitative traits using RFLP linkage maps. Genetics
121:185-199

Lander ES, Green P, Abraham J, Barlow A, Daly MJ, Lincoln SE,
Newburg L (1987) MAPMAKER: an interactive computer
package for constructing primary genetic linkage maps of
experimental and natural populations. Genomics 1:174—181

Lippman Z, Tanksley SD (2001) Dissecting the genetic pathway to
extreme fruit size in tomato using a cross between the small-
fruited wild species Lycopersicon pimpinellifolium and L.
esculentum var. giant heirloom. Genetics 158:413-422

Liu J, Van Eck J, Cong B, Tanksley SD (2002) A new class of
regulatory genes underlying the cause of pear-shaped tomato
fruit. Proc Natl Acad Sci USA 99:13302-13306

Luckwill LC (1943) The genus Lycopersicon, an historical,
biological, and taxonomic survey of the wild and cultivated
tomatoes. Aberdeen University Studies, Scotland, No. 120



MacArthur JW (1934) Fruit size effects of qualitative genes in
tomato. Am Nat 58:73-74

Nelson JC (1997) QGENE: software for marker-based genomic
analysis and breeding. Mol Breed 3:239-245

Parnis A, Cohen O, Gutfinger T, Hareven D, Zamir D, Lifschitz E
(1997) The dominant developmental mutants of tomato,
Mouse-ear and Curl, are associated with distinct modes of
abnormal transcriptional regulation of a Knotfed gene. Plant
Cell 9:2143-2158

Pnueli L, Abu-Abeid M, Zamir D, Nacken W, Schwarz-Sommer Z,
Lifschitz E (1991) The MADS-box gene family in tomato:
temporal expression during floral development, conserved
secondary structures and homology with homeotic genes
from Antirrhinum and Arabidopsis. Plant J 1:255-266

Pnueli L, Hareven D, Rounsley SD, Yanofsky MF, Lifschitz E
(1994a) Isolation of the tomato AGAMOUS gene TAGI and
analysis of its homeotic role in transgenic plants. Plant Cell
6:163-173

Pnueli L, Hareven D, Broday L, Hurwitz C, Lifschitz E (1994b) The
TM5 MADS-box gene mediates organ differentiation in the
three inner whorls of tomato flowers. Plant Cell 6:175-186

533

Rick CM, Tanksley SD (1981) Genetic variation in Solanum
pennellii: comparisons with two other sympatric tomato
species. Pl Syst Evol 139:11-45

Stevens AM, Rick CM (1986) Genetics and breeding. In: Atherton
JG, Rudnick J (eds) The tomato crop. Chapman and Hall, New
York, pp 35-109

Tanksley SD, Grandillo S, Fulton TM, Zamir D, Eshed Y, Petiard V,
Lopez J, Beck-Bunn T (1996) Advanced backcross QTL
analysis in a cross between an elite processing line of tomato
and its wild relative L. pimpinellifolium. Theor Appl Genet
92:213-224

Wikstrom N, Savolainen V, Chase MW (2001) Evolution of the
angiosperms: calibrating the family tree. Proc R Soc Lond B
Biol Sci 268:2211-2220

Wu RL (2000) Quantitative genetic variation of leaf size and shape
in a mixed diploid and triploid population of Populus. Genet
Res Camb 75:215-222

Wu R, Bradshaw HD Jr, Stettler RF (1997) Molecular genetics of
growth and development in Populus (Salicaceae). V. Mapping
quantitative trait loci affecting leaf variation. Am J Bot 84:143—
153

Yeager AF (1937) Studies on the inheritance and development of
fruit size and shape in tomato. J Agric Res 55:141-152



	Sec1
	Sec2
	Sec3
	Sec4
	Fig1
	Sec5
	Sec6
	Sec7
	Fig2
	Fig3
	Sec8
	Sec9
	Tab1
	Sec10
	Sec10
	Sec11
	Sec12
	Sec13
	Sec14
	Sec15
	Sec16
	Fig4
	Fig5
	Bib1
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42

