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ABSTRACT
The locus sun on the short arm of tomato chromosome 7 controls morphology of the fruit. Alleles from

wild relatives impart a round shape, while alleles from certain cultivated varieties impart an oval shape
typical of roma-type tomatoes. We fine mapped the locus in two populations and investigated the genome
organization of the region spanning and flanking sun. The first high-resolution genetic map of the sun
locus was constructed using a nearly isogenic F2 population derived from a cross between Lycopersicon
pennellii introgression line IL7-4 and L. esculentum cv Sun1642. The mapping combined with results from
pachytene FISH experiments demonstrated that the top of chromosome 7 is inverted in L. pennellii
accession LA716. sun was located close to the chromosomal breakpoint and within the inversion, thereby
precluding map-based cloning of the gene using this population. The fruit-shape locus was subsequently
fine mapped in a population derived from a cross between L. esculentum Sun1642 and L. pimpinellifolium
LA1589. Chromosome walking using clones identified from several large genomic insert libraries resulted
in two noncontiguous contigs flanking sun. Fiber-FISH analysis showed that distance between the two
contigs measured 68 kb in L. esculentum Sun1642 and 38 kb in L. pimpinellifolium LA1589, respectively.
The sun locus mapped between the two contigs, suggesting that allelic variation at this locus may be due
to an insertion/deletion event. The results demonstrate that sun is located in a highly dynamic region of
the tomato genome.

FRUIT development commences with the develop- morphology (Grandillo et al. 1999). The subsequent
ment of carpel or gynoecium primordia within the cloning of genes underlying fruit morphology traits is

floral meristem. The ovary, located at the base of the of high importance, as those genes would reveal the
gynoecium, houses the ovules, which, after fertilization, molecular basis of tomato domestication, while also re-
promote the ovary to develop into a fruit. In recent vealing the developmental pathways affected by alleles
years, molecular genetic approaches to dissect complex of these loci. Typically in tomato, successful map-based
pathways of floral and fruit development have largely cloning experiments have relied on a set of introgres-
focused on a few model species. This research has re- sion lines, each containing a segment of a distant wild
sulted in a considerable increase in knowledge of plant relative of tomato, L. pennellii accession LA716, in an
development and the realization that genes and path- otherwise Lycopersicon esculentum background (Eshed
ways regulating development have been largely con- and Zamir 1994). The level of nucleotide polymor-
served within the plant kingdom. However, relatively phisms is sufficiently high between L. esculentum and
little focus has been placed on molecular processes un- L. pennellii, thus greatly expediting molecular marker
derlying biological diversity. A greater understanding of development and hence map-based cloning of the gene
the molecular nature underlying variation and diversity of interest. These tomato introgression lines have been
can provide additional insights into the regulation of used extensively to clone genes underlying quantitative
biological processes. (Frary et al. 2000; Fridman et al. 2000) as well as qualita-

Years of domestication and selection for its fruit char- tive (Pnueli et al. 1998; Isaacson et al. 2002) traits.
acters have resulted in a substantial diversification of Chromosomal rearrangements occur during evolu-
tomato fruit form. Quantitative genetic analyses have tion and may involve major structural changes such as
led to the identification of loci that control tomato fruit inversions and translocations as has been outlined in

the grasses (Wilson et al. 1999). Between tomato and
potato (Solanum tuberosum), there are thought to be five

1Corresponding author: Department of Horticulture and Crop Sci- major inversions involving chromosomes 5, 9, 10, 11,ence, Ohio State University/OARDC, 1680 Madison Ave., Wooster,
OH 44691. E-mail: vanderknaap.1@osu.edu and 12 (Tanksley et al. 1992). At least 28 rearrange-
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of DNA extraction buffer (Fulton et al. 1995), tissues werements differentiate the tomato and eggplant (S. mel-
ground with a 96-pestle (HyPure, Wallac, Norton, OH) andongena) genomes (Doganlar et al. 2002). Even more
incubated at 65� for 20 min. Extraction buffer containing DNA

chromosomal rearrangements are reported between was transferred to a round-bottom microtiter plate. DNA was
the more distant Solanaceous genera Lycopersicon and precipitated by adding 2� volume of ethanol/0.2 m NaOAc,

pH 7, to the samples followed by centrifugation at 3400 � g.Capsicum, including extensive gene duplication (Liv-
The supernatant was poured off and pellets were allowed toingstone et al. 1999). However, within the genus Lyco-
dry at room temperature. Pellets were resuspended in 100 �lpersicon, few major chromosomal rearrangements have
TE, and 3 �l of resuspended DNA was used for each PCR

been reported to date. reaction. CT52 and TG576 were converted to codominant
This study was undertaken to fine map sun, a locus PCR-based markers as described previously for cleaved ampli-

fied polymorphic sequences (CAPS; Konieczny and Ausubelcontrolling tomato fruit shape from a round to an oval
1993; Table 1).shape typical of roma-type tomatoes (van der Knaap

DNA from plants of the EPM population was isolated usingand Tanksley 2001). sun maps near marker CT52 on
the microprep method (Fulton et al. 1995) and digested with

the middle of the short arm of chromosome 7 and is ScaI. Digested DNA was subjected to DNA gel-blot analysis as
the only major locus identified in the population de- previously described (Bernatzky and Tanksley 1986). The

blots were sequentially hybridized to GP121 and Le76E24-Urived from a cross between L. esculentum Sun1642 and L.
probes to identify plants with a recombination breakpointpimpinellifolium LA1589, a close wild relative of cultivated
between these two markers.tomato. The phenotypic variance explained by CT52 is

Large genomic insert isolation: Genomic clones spanning
58%, and the LOD score is nearly 18 (van der Knaap sun were identified from three large insert libraries. All L.
and Tanksley 2001). Progeny tests of recombinant F2 esculentum clones were identified from a Heinz 1706 library

constructed with a pBeloBAC11 vector (Budiman et al. 2000).plants in the interval LED21J7 and T42 placed sun pre-
These clones are denoted as Le followed by the address ofcisely to the 6-cM interval between TG576 and GP121
the clone in the library. All other clones contained L. pennellii(Figure 2A). Results from the current study demon-
accession LA716 genomic DNA, and the clones are denoted

strated the location of sun to a 38- to 68-kb region of as Lp followed by the address of the clone in the library. The
the short arm of chromosome 7. sun was located near L. pennellii clones were from a library constructed with the
an inversion breakpoint in a wild relative of tomato, L. cosmid vector pCLD04541 (accession no. AF184978), except

Lp12L2 clone, which was identified from a library with pBelo-pennellii accession LA716. Furthermore, the locus itself
BAC11 as vector. Both L. pennellii libraries were kindly pro-underwent an insertion/deletion event of �30 kb,
vided by J. J. Giovannoni, U.S. Department of Agriculturewhich may be the cause of allelic variation at sun. The Plant, Soil, and Nutrition Research Laboratory (Ithaca, NY).

powerful combination of genome structure analysis and Sequential hybridization of the following probes to the library
high-resolution fine mapping demonstrated that sun filters were done as described for DNA gel-blot analysis and

resulted in identification of the following clones: TG576 re-is located in a highly dynamic region of the tomato
sulted in identification of clone Le76E24; LPT4D21 resulted ingenome.
identification of clones Lp81B9, Lp103E7, Lp104D16, Le27J5,
Le37F23, Le124E22, Le236C15, and Le278H2; Lp81B9-FF and
Lp103E7-R resulted in identification of clones Le33O1,MATERIALS AND METHODS
Lp12L2, and Lp61O2.

End-clone sequences and probes: DNA fragments of thePlant material: Populations derived from a single cross be-
ends of clones Le27J5, Le76E24, Le124E22, Le236C15, andtween inbred lines L. pimpinellifolium accession LA1589 and
Le278H2 were obtained by NsiI digestion of BAC DNA, fol-L. esculentum cv Sun1642 are hereafter denoted as EPM (Figure
lowed by transformation of the self-ligated product in Esche-1). The nearly isogenic F2 population derived from a cross
richia coli using standard molecular biology techniques (Sam-between Sun1642 and IL7-4, an L. esculentum line, which har-
brook et al. 1989). The pBeloBAC11 vector does not containbors a segment of chromosome 7 from L. pennellii accession
NsiI sites, thus allowing subcloning of BAC ends. RemainingLA716 (Eshed and Zamir 1994) is hereafter denoted as EPN.
inserts �3 kb were amplified with the M13F and M13R prim-Recombinants identified from the EPN population were
ers, digested with NsiI, and run on agarose gel to isolate eachgrown in greenhouses of the Boyce Thompson Institute on
end separately. Of the two fragments obtained, the largerthe Cornell University campus (Figure 1).
DNA fragment is called U (upper) and the smaller fragmentFor the second high-resolution recombinant screen, 18 F2
is called L (lower). For inserts too large to be amplified, endEPM plants, heterozygous for the interval CD57-TG342 (short
fragments were isolated after HindIII (the cloning site of in-arm of chromosome 7) were selected. Seventy-two seeds from
serts) and NsiI digestion of the plasmid and separation oneach heterozygous F2 plant were sown to select recombinants
agarose gel. NsiI digestion and self-ligation of the cosmid clonefrom these F3 families. One additional line, 00T281, obtained
Lp103E7 allowed subcloning of only the M13F end of thiswhile backcrossing the Sun1642 allele of sun in the LA1589
clone. Insert from the subcloned Lp103E7 clone was isolatedbackground, showed high levels of recombination in its BC2
from agarose gel following plasmid digestion with HindIII andprogeny. Selfed 00T281 seed, constituting the 19th family,
NsiI. These fragments were used for DNA gel-blot analysis andwere germinated and screened for additional recombinants
denoted as the clone name with the “U” or “L” extension (i.e.,(Figure 1). Testing of F4 progeny of F3 recombinants was
Le124E22-U).performed in the greenhouse or in the field at the Ohio

The end sequences of clones Le33O1, Le37F23, Lp12L2,Agricultural Research and Development Center (OARDC,
Lp61O2, Lp81B9, Lp103E7, and Lp104D16 were obtained byWooster, OH).
direct sequencing of the large insert clones [Amplicon ExpressHigh-resolution recombinant screens: DNA from plants of
(Pullman, WA) and the Cornell DNA Sequencing Facility],the EPN population was isolated by placing leaves from seed-

lings in flat-bottom, 96-well microtiter plates. After addition using the M13F and M13R primers. The end fragments were
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Figure 1.—Diagram of the populations used to fine map sun. EPN, population derived from a cross between nearly isogenic
L. esculentum Sun1642 and IL7-4. EPM, population derived from a cross between L. esculentum Sun1642 and L. pimpinellifolium
LA1589. Thin and thick lines represent alleles of either parent. Two thick or thin lines represent homozygosity at that locus,
while a thick and a thin line represent heterozygosity at the locus. Circled �’s indicate selfing of the plant. sun was initially
mapped in a population of 100 F2 plants. For high-resolution fine mapping, recombinant screens were conducted in 3509 and
1320 seedlings of the EPN and EPM population, respectively. The recombinants thus identified were progeny tested and
phenotypically analyzed to verify the precise location of sun.

denoted as F and R, respectively (i.e., Le33O1-F). Locus-spe- procedures (Zhong et al. 1996), except that 22-�m nylon mesh
was used for the last filtration. The extended DNA fibers werecific primers were designed to amplify each end from genomic

DNA and the resulting fragments were used as template to prepared on poly-l-lysine (Sigma, St. Louis) microscope slides
following previously detailed protocols ( Jackson et al. 1998).generate radioactively labeled probe for DNA gel-blot analysis

or sequenced to identify nucleotide polymorphisms between Pachytene chromosomes were prepared from anthers fixed
in 3:1 ethanol to glacial acetic acid. To extrude the meiocytes,the parents for PCR-based mapping. Fragments �350 bp were

labeled using the random primer labeling method (Feinberg the anthers were nicked at the end. The meiocytes were
squashed in 45% acetic acid, and the integrity of the chromo-and Vogelstein 1983). Fragments �350 bp were labeled by

a three-cycle amplification step (94� for 1 min, 50� for 10 min, somes was checked with a phase-contrast microscope.
To label probes, 1 �g of plasmid DNA was used for nick72� for 1 min) in 10 mm Tris-Hcl, pH 8.3, 50 mm KCl, 3 mm

MgCl2, 75 �m of each dATP, dGTP and dTTP, 25 �Ci of [�-32P] translation incorporating either biotin-UTP or digoxigenin-
UTP. FISH was done following previously published protocolsdCTP (3000 �Ci /�mol), 50 ng of template DNA, 125 nm of

each primer, and 1 unit of Taq polymerase in a total volume ( Jiang et al. 1996). Briefly, probe was added to the slides, a
coverslip was mounted and sealed with rubber cement, andof 25 �l.

Mapping of ends of large genomic insert clones: Most end the slides were incubated at 37� in a humid environment over-
night. Biotin-labeled probes were detected using AlexaFluorfragments were mapped in the recombinant population as

RFLP markers (Table 1). End fragments in the near vicinity 488 strepavidin (Molecular Probes, Eugene, OR) and digoxi-
genin-labeled probes were detected using mouse antidigoxi-of sun were mapped as single nucleotide polymorphism (SNP)

or as insertion or deletion (indels). The three SNPs between genin followed by AlexaFluor 568 anti-mouse (Molecular
Probes). Coverslips were mounted in VectaShield (Vectorthe alleles of marker Lp81B9-F were scored by using dHPLC

(Underhill et al. 1997) at the Institute for Genomic Diversity, Labs, Burlingame, CA). Slides were analyzed and digital im-
ages captured using either an Olympus BX60 with a Hami-Cornell University (Ithaca, NY). In addition, the map position

of Lp81B9-F was confirmed by RFLP analysis. Markers matsu Orca ER CCD camera controlled with MetaMorph (Uni-
versal Imaging, West Chester, PA) or a Nikon E400 with anLp103E7-R, Le33O1-F, and Le37F23-R showed indels between

alleles amplified from Sun1642 and LA1589 parents (Table 1). Optronics MagnaFire CCD camera controlled by ImagePro
(Media Cybernetics). Images were further analyzed using Meta-Amplified Lp103E7-R, Le33O1-F, and Le37F23-R fragments

from DNA isolated from recombinant plants were separated, Morph and final publication images were prepared using
Adobe Photoshop v7.0 for Macintosh. To calculate the insertvisualized, and scored on a Perkin-Elmer (Norwalk, CT)

ABI377 at the Molecular and Cellular Imaging Center, size of each clone and the physical distance between the con-
tigs, at least 20 measurements were taken. The bracketed num-OARDC (Wooster, OH). Le33O1-R was mapped as a SNP by

sequencing the alleles amplified from DNA of recombinant ber preceding the physical size indicates standard deviation.
The significance of differences in physical length were deter-plants in the interval Lp81B9-F and Lp61O2-F. The dominant

marker Lp61O2-R (61R1 and 61R2 primers fail to amplify the mined by Student’s t-test.
Genetic distance and phenotypic and statistical analyses:LA1589 allele) was scored for the presence or absence of

an amplification product in the F4 progeny, thus allowing The genetic distance between markers in centimorgans was
calculated as the number of recombinants between two mark-reconstitution of the Lp61O2-R genotype in the F3 recombi-

nant plant. ers divided by the number of gametes screened, multiplied by
100. Using marker-assisted selection, at least four homozygousFluorescence in situ hybridization analysis: For fiber fluo-

rescence in situ hybridization (FISH) analysis, nuclei were recombinant and four homozygous nonrecombinant seed-
lings were identified in each of two EPN single recombinant-isolated from young leaf tissue taken from greenhouse-grown

Sun1642 and LA1589 plants following previously published derived F3 families (Table 2) and in 27 of the EPM single
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TABLE 1

Markers used in the high-resolution fine mapping of sun

Copy
Marker name Size Origin number Primers Use

TG576 1.3 kb Genomic clone, tomato 1 TG576-R1: AAGGTCAAATGGCAGTCACC CAPS marker in
map (Pillen et al. 1996) TG576-F2: CCGAAACGGGGAAAAATAAT EPN/SNP in EPM

CT52 1.2 kb cDNA clone, tomato map 1 CT52-F2: GGCAAAATCAAGATCCAAGC CAPS marker in
(Pillen et al. 1996) CT52-R4: GGTTTGTGGGAGAGATGAGG EPN/RFLP

marker in EPM
GP121 0.95 kb Genomic clone potato map 1 RFLP marker in EPM

(Gebhardt et al. 1991)
cLPT4D21 1.2 kb Tomato EST 1 RFLP marker in EPM
Le33O1-R 306 bp PCR product from Le33O1, 1 33R1: CATGAGAGGAGACCCCTTTTT RFLP and SNP in

M13R end 33R2: GGGTTGCATCTCATTTGTCA EPM
Le33O1-F 278 bp PCR product from Le33O1, Multiple 33F1: CAAATCTCACATCGAAAAGACA SNP and indel in

M13F end copy 33F3: TTGTATATCAAATCAGATGGCAAAA EPM
Le37F23-F 397 bp PCR product from 1 37F1: ACAAGGTGCCAACAACACTG RFLP marker in EPN

Le37F23, M13F end 37F2: GCCAGAACGAAGCAGCTTTA
Le37F23-R 287 bp PCR product from 2–3 37R3: TTTCTCCTTGCCAAGTCTGG Indel in EPM

Le37F23, M13R end 37R4: TGGTATGGCTGCCCTAAGAC
Le76E24-U 2.9 kb NsiI-digested subclone of 1 RFLP marker in EPM

Le76E24, large fragment
Le76E24-L 0.6 kb NsiI-digested subclone of 1 RFLP marker in EPM

Le76E24, small fragment
Le124E22-U 1.6 kb NsiI-digested subclone of 1 RFLP marker in EPM

Le124E22, large and EPN
fragment
Identical to Le278H2-U

Le236C15-U 1.2 kb NsiI-digested subclone of 1 RFLP marker in EPM
Le236C15, large frag-
ment. Identical to
Le278H2-L, Le27J5-L

Le236C15-UU 400 bp PCR product from 1 236R1: TCGACGTGGTGAAGAGTCAA SNP in EPM
Le236C15, M13R end 236R2: TGTTTGGGTTGTTTGGTGAA

Le236C15-L 0.6 kb NsiI-digested subclone of 1 RFLP marker in EPN
Le236C15, small
fragment

Lp12L2-F 306 bp PCR product from Lp12L2, 1 12F1: ACCGATTCCTCAAGTTCAGC RFLP marker in EPM
M13F end 12F2: TTCCAAGACCAAGAGCATCC

Lp61O2-F 297 bp PCR product from Lp61O2, 1 61F1: CATCCTCGTTCGGCTGTAAT RFLP marker in EPM
M13F end

61F2: ACCCCATCTTCACTGACTCC
Lp61O2-R 298 bp PCR product from Lp61O2, Multiple 61R1: TGCATCAACTAGCTGACCCTTA Dominant marker in

M13R end copy 61R2: TCGTCATATTGCGCTTATCG EPM
Lp81B9-F 290 bp PCR product from Lp81B9, Smear 81F1: GCTTGCTATTGGGACCTTCA SNP in EPM, temper-

M13F end 81F2: CCCATAACCTCCTCGTTTGA ature for dHPLC
is 55�

Lp81B9-FF 473 bp PCR product from Lp81B9, 2 81R3: TTTCCAGGGGCATTTATTGA RFLP marker in EPM
probe for library screen. 81R4: AAGCCATGATTAATACACAAAAAGC
Amplifies only L. pennellii
allele

Lp103E7-F 1 kb NsiI-digested subclone of RFLP marker in EPM
Lp103E7, HIII fragment

Lp103E7-R 275 bp PCR product from 2 103R1: GGGGAAGGTCCATCACAGTA RFLP marker and
Lp103E7, M13R end 103R2: TTCCTAAGGTTCATTAATCCAAAA indel in EPM

Lp104D16-F 287 bp PCR product from 1 104F1: GCTTCATCGAAATGTGAGATGT RFLP marker in EPM
Lp104D16, M13F end 104F3: CAAAATTCCAACATAAATGACGAA

TGR1 162 bp Subtelomeric repeat Multiple EP65: CCAACCGTATGCATAGACAA NA
(Schweizer et al. 1988) copy EP66: CGTTTGGAAGGTCAAACGAG

CAPS, cleaved amplified polymorphic sequence; EPM, esculentum-pimpinellifolium population; EPN, esculentum-pennellii popula-
tion.
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TABLE 2

Phenotypic analysis of progeny of sun locus recombinants of the EPN population

Marker Average fruit-shape index of progeny a

Recombinant LPT4D21/Le236C15-U
F2 parent TG576 Le76E24-U Le37F23-F Le236C15-L /GP121/CT52/sun Recombinant Nonrecombinant P b

00T869B-816 3 3 3 3 2 1.49 0.93 ***
00T869C-279 2 2 2 2 3 0.96 0.93 NS

A score of 2 indicates heterozygous; 3 indicates homozygous LA716.
a Fruit shape is measured as the average ratio of length to diameter of fruit in the recombinant and nonrecombinant class,

respectively.
b Significance of Student’s t-test: ***, P � 0.001; NS, not significant. Only parents heterozygous for sun show significant

differences in progeny tests for genotypic classes.

recombinant-derived F4 families (Figure 1, Table 3). Mean clones. Equally, Lp103E7-F hybridized to the three L.
fruit-shape index (measured as the ratio of length to diameter pennellii clones and not to any of the L. esculentum clones.
of the fruit) of plants in the recombinant class was contrasted

Mapping of sun and end markers: To further delineateto shape index of the nonrecombinant class in each family
the map position of sun, we placed the large insert endusing Student’s t-test at P � 0.01 (van der Knaap and Tank-

sley 2001). fragments as markers onto the high-resolution genetic
map. As shown in Figure 2B, the end markers Le236C15-
L and Le124E22-U mapped 0.03 and 0.12 cM from

RESULTS
CT52, respectively, and Le76E24-U mapped 0.03 cM
from TG576 in the EPN population. However, endPreviously, we mapped the fruit-shape locus sun be-

tween marker CT52 and LED21J7 on the short arm of markers Le236C15-U and Lp103E7-R cosegregated with
CT52, as did markers LPT4D21 and GP121 (Figure 2B).tomato chromosome 7 (van der Knaap and Tanksley

2001). We placed additional markers on the linkage These results indicated that recombination appeared
evenly distributed in the TG576-LPT4D21 interval, al-map constructed with the original population of 100 F2

plants that identified sun (Figure 2A). Markers TG576 beit occurring at low frequencies, while no recombina-
tion event occurred in the LPT4D21-CT52 interval. Theand GP121 clearly flank sun as is demonstrated by the

occurrence of several recombinants between these mark- fruit-shape locus sun was also mapped in the high-resolu-
tion recombinant EPN population. F3 families deriveders and the locus.

High-resolution fine mapping of sun in the EPN popu- from the two F2 plants that are recombinant in the
interval Le236C15-L-CT52 were analyzed for variationlation: To reduce the effect of minor loci confounding

phenotypic analysis and increase the level of nucleotide in fruit shape within each family. Fruit-shape index was
calculated as the ratio of the length to the width ofpolymorphisms for efficient marker development, a high-

resolution genetic map of the sun locus was constructed the fruit. Significant differences in fruit-shape index
between the recombinant and nonrecombinant classusing a nearly isogenic F2 population derived from a

cross between Sun1642 and IL7-4, an L. esculentum line, within each family indicated that the F3 family consisted
of plants producing either round or elongated fruit,which harbors a segment of chromosome 7 from L.

pennellii accession LA716. A total of 3509 F2 seedlings and the genotype of sun was heterozygous in the recom-
binant F2 plant. On the other hand, similar fruit-shapescreened for recombination events between markers

TG576 and CT52 resulted in the identification of 25 indices between recombinant and nonrecombinant
classes indicate homozygosity at the sun locus. Pheno-recombinants in this interval (Figure 1, Figure 2B).

Identification of large genomic insert clones near sun: The typic analysis of fruit shape in the progeny of these two
recombinant EPN plants clearly demonstrated that sunmarker most closely linked to sun, LPT4D21, was used

to screen L. esculentum and L. pennellii large genomic cosegregated with LPT4D21, GP121, and CT52 (Table
2). The lack of recombination events delineating theinsert libraries and resulted in the identification of eight

clones. Inserts of these eight clones were aligned relative sun locus in the EPN population precludes the identifi-
cation of the gene encoded by sun using this population.to each other by DNA gel-blot analysis with end probes

of each insert, and PCR analysis using primers derived To investigate the potential cause of the drop in re-
combination frequency in the interval LPT4D21-CT52,from the end sequences (bottom of Figure 2C, LPT4D21

contig). Despite hybridization of clone ends in the direc- the end fragments of L. pennellii clone Lp103E7 were
mapped in the EPM population (Figure 2A). As indi-tion proximal to sun, no hybridization of L. pennellii and

L. esculentum clone ends distal to sun were detected cated above, the Lp103E7 end fragment distal to sun,
Lp103E7-F, did not overlap with any of the L. esculentum(Figure 2C). For example, Le27J5-U hybridized to all

L. esculentum clones and not to any of the L. pennellii large insert clones, and vice versa. The mapping results
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Figure 2.—Genetic map of the sun locus. (A) Low-resolution map position of sun and markers on the short arm of chromosome
7 inferred from the EPM population. Solid circle on the left of the chromosome denotes the centromere. The telomere is located
on the right. Numbers above the line indicate centimorgan distance between markers. (B) High-resolution genetic map of sun
locus inferred from the EPN population. Number above the chromosome indicates centimorgan distance between markers;
number below the chromosome indicates number of recombinant plants identified in the respective interval. Markers used for
high-resolution recombinant screening are underlined. (C) High-resolution genetic map of sun locus inferred from the EPM
population. Thick horizontal line indicates the chromosome; thin lines below the chromosome indicate genomic large insert
clones. Vertical lines from the large insert ends to the chromosome indicate the genetic position of these ends as RFLP markers
on the high-resolution map. Arrows from the large insert ends to the chromosome indicate the genetic position of these ends
as SNP or indel markers. Numbers above the chromosome indicates centimorgan distance between markers; numbers below
the chromosome indicates number of recombinant plants identified in the respective interval. Connectors among Le278H2-L,
Le236C15-U, and Le27J5-L, for example, indicate identical ends of large insert clones.
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demonstrated that while Lp103E7-R cosegregated with analysis using TGR1-specific primers as well as Southern
blot analysis. PCR analysis showed that the L. pennelliisun, Lp103E7-F mapped to the top of chromosome 7,

16 cM away from sun (Figure 2A). Therefore, the sudden clones Lp81B9 and Lp103E7, which span the breakpoint
and show pachytene FISH localization at the telomericdrop in recombination frequency in the interval LPT-

4D21-CT52, combined with the large genetic distance end of tomato chromosomes, contain the subtelomeric
repeat TGR1, while the L. esculentum clones Le37F23between the ends of L. pennellii clone Lp103E7 in the

EPM population (Figure 2, A and B), suggested the and Le236C15 lack the TGR1 repeat (Figure 3F). TGR1
was hybridized as probe to blots containing EcoRV-presence of a paracentric inversion in the L. pennellii

genome compared to the LA1589 and Sun1642 ge- digested large insert DNA of the clones shown in Figure
2C, and identical results were obtained: the TGR1 probenomes.

FISH analysis of the sun locus: To further investigate hybridized to a high molecular weight fragment present
in L. pennellii clones Lp81B9, Lp103E7, and Lp104D16,the inversion of the top part of chromosome 7 in L.

pennellii LA716, we conducted pachytene FISH with and not to any of the other clones (data not shown).
These results support the notion of the telomeric originclones Le37F23 and Le33O1 as probe (Figure 3, A–C).

These clones map partly and entirely within the inver- of L. pennellii clones Lp81B9 and Lp103E7 as these
clones harbor the subtelomere-specific sequence TGR1.sion, respectively (Figure 2, B and C). As shown in Figure

3A, results from the FISH analysis demonstrated that High-resolution fine mapping of sun in the EPM popu-
lation: Due to the lack of recombination events delineat-clones Le37F23 and Le33O1 colocalized to the telomere

of chromosome 7 in L. pennellii LA716, while the same ing the sun locus, fine mapping of sun in the EPN popu-
lation was unsuccessful. We then proceeded to fine mapclones colocalized well below the telomere and to the

euchromatic region of chromosome 7 in L. esculentum sun in the EPM population. To reduce the confounding
effect of minor segregating loci, a high-resolution ge-Sun1642 and L. pimpinellifolium LA1589 (Figure 3, B

and C, respectively). The FISH results were consistent netic map of the sun locus was constructed using a large
F3 population derived from F2 plants heterozygous forwith results from the genetic experiments, which sug-

gested that the large genetic distance between the ends the entire short arm of chromosome 7. A total of 1320
EPM plants were screened, resulting in 234 recombi-of L. pennellii clone Lp103E7 in the EPM population and

the complete absence of recombination in the interval nants between markers Le76E24-U and GP121 (Figures
1 and 2C).LPT4D21-CT52 in the EPN population was due to a

paracentric inversion in L. pennellii accession LA716 Construction of a contig of the sun locus: The physical
map was extended farther by using DNA fragmentscompared to the Sun1642 and LA1589 genomes. We

also hybridized the L. pennellii clones Lp103E7 and Lp81B9-FF and Lp103E7-R as probes to screen large
genomic insert libraries for additional clones. Hybrid-Lp81B9, which span the inversion breakpoint, to L.

pennellii pachytene chromosomes. The hybridization sig- ization with Lp81B9-FF and Lp103E7-R probes resulted
in the identification of one L. esculentum and two L.nal of these probes colocalized to the telomeric ends

of L. pennellii chromosomes (Figure 3D). Tomato telo- pennellii clones (Figure 2C). The clones were aligned
relative to each other via DNA gel-blot analysis with themeres consist of a telomeric repeat (TR) at the very end

of the chromosome followed by a subtelomeric repeat end probes and PCR analysis using primers derived from
the end sequences. Mapping of the ends showed that(TGR1), and each chromosome end displays an organi-

zation pattern of TR and TGR1 unique to that chromo- the most distal fragment, Lp12L2-F, mapped one recom-
bination event distal to and past sun in the original F2some (Zhong et al. 1998). As shown in Figure 3E, FISH

analysis of extended DNA fibers using Lp81B9 as probe population (Figure 2A). These results suggested that
the identified large genomic insert clones spanned therevealed a hybridization pattern strikingly similar to that

observed with TGR1 as probe (Zhong et al. 1998). To fruit-shape locus sun. However, despite hybridization of
Lp81B9-FF and Lp103E7-R probes to DNA from theexamine whether the subtelomeric repeat TGR1 is pres-

ent on clones Lp81B9 and Lp103E7, we conducted PCR three new clones, no hybridization was observed of

�
Figure 3.—FISH analysis of the sun locus. The chromosomes are colored in blue (A) Mitotic chomosomes of L. pennellii

LA716. The fluorescently labeled probes Le37F23 (green) and Le33O1 (red) colocalize to the tip of LA716 chromosome 7. Bar,
5 �m. (B) Meiotic chromosomes of L. esculentum Sun1642. The fluorescently labeled probes Le37F23 (green) and Le33O1 (red)
colocalize (arrow) well below the telomere (arrowhead). Note the intense blue staining of the telomeric end indicative of
heterochromatin. (C) Meiotic chromosomes of L. pimpinellifolium LA1589. The fluorescently labeled probes Le37F23 (green)
and Le33O1 (red) colocalize (arrow) well below the telomere (arrowhead). (D) Mitotic chromosomes of L. pennellii LA716. The
bright staining of the colocalized fluorescently labeled probes Lp81B9 and Lp103E7 map to the tips of many chromosomes. (E)
Fluorescently labeled Lp81B9 probe hybridized to L. esculentum Sun1642 chromatin fibers. Note the repetitive hybridization
signal. (F) PCR and agarose gel analysis indicating the presence or absence of the subtelomeric repeat TGR1 on the large insert
clones indicated above the lanes. The numbers on the left of the gel indicate the molecular weight in base pairs. The lower
band shows the expected size of the repeat (162 bp) while the upper band appears to be a TGR1 doublet (�320 bp).
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tomato DNA fibers using fluorescently labeled probes
derived from the L. esculentum clones Le37F23 and
Le33O1 that flank sun (Figure 2C). As shown in Figure
4, the fiber FISH results pointed to a distance between
clones Le37F23 and Le33O1 of 68 kb (�10.9) in Sun-
1642 (Figure 4A) and 38 kb (�6.1) in LA1589 (Figure
4B), respectively, and this difference was highly signifi-
cant (t-test, P � 0.0001). This result indicated that the
genomic region lacking from the large insert libraries
was relatively small. Furthermore, the sun locus was �30
kb larger in the L. esculentum cv Sun1642 compared to
the wild relative, L. pimpinellifolium LA1589. Thus, this
result suggested that allelic variation at sun may be due
to an insertion/deletion event in this region of the
tomato genome. Although the L. pennellii clones Lp81B9
and Lp61O2 mapped closer to sun, the occurrence of

Figure 4.—Fiber FISH analysis of the sun locus. (A) Fluores- genome rearrangements in this region of the L. pennellii
cently labeled probes derived from clones Le37F23 (green)

genome (see above) prompted us to conduct fiber FISHand Le33O1 (red) were hybridized to L. esculentum Sun1642
analysis with the L. esculentum clones instead. In addi-chromatin fibers. Three representative images are shown and

the average size of the clones and the gap are indicated below tion, the telomeric origin of the insert of clone Lp81B9
the probe signals. (B) Fluorescently labeled probes derived resulted in a highly repetitive hybridization signal, ren-
from clones Le37F23 (green) and Le33O1 (red) were hybrid- dering this clone difficult to use for fiber FISH analysis
ized to L. pimpinellifolium LA1589 chromatin fibers. Three

(Figure 3, E and F).representative images are shown and the average size of the
Fiber FISH hybridization signals of probes Le37F23 andclones and the gap are indicated below the probe signals. (A

and B) Bar, 20 �m; the conversion is 2.9 kb/�m. Le33O1: Clone Le37F23 is located on the centromeric
side of sun, and fiber FISH analysis shows that this clone
measured 193 kb (�11.7) in Sun1642 and 196 kb (�9.7)

Lp61O2-R, Lp12L2-R, and Le33O1-R probes to DNA in LA1589 (Figure 4, A and B). DNA of clone Le37F23
from clones in the first contig. These results indicated was also run on a CHEF gel and the insert size of this
the presence of a gap in the contig. The alignment of the clone was estimated at 177 kb (data not shown), support-
genomic inserts, the orientation of the contig relative to ing the results obtained from fiber FISH.
sun, and the presence of the gap were confirmed by The fiber FISH hybridization signal obtained using
mapping the ends of the large insert clones onto the clone Le33O1, located on the telomeric side of sun,
high-resolution map of the EPM population (Figure 2C). appeared more complicated. Fluorescently labeled

Fine mapping of sun: The precise genomic location Le33O1 probe hybridized to tomato DNA fibers showed
of sun was determined by progeny testing of F3 EPM a short signal overlapping with and adjacent to the signal
recombinant plants that map to contiguous intervals of probe Le37F23, a gap, and a larger signal (Figure 4,
near sun (Table 3). F4 families derived from individual F3 A and B). The most likely explanation for the short
recombinants were analyzed for variation in fruit shape signal from probe Le33O1 overlapping with and adja-
within each family. Fruit-shape indices for plants homo- cent to the signal of probe Le37F23 was that the end
zygous for the Sun1642 allele at sun (scored as 1 in of the first contig (contig LPT4D21) proximal to sun was
Table 3) ranged from 1.15 to 1.99 with an average index repeated in the second contig (Lp81B9-F/Lp103E7-R
of 1.5. Fruit-shape indices for plants homozygous for contig) and that this short signal from Le33O1 merely
the LA1589 allele at sun (scored as 3 in Table 3) ranged represented the duplicated segment. This hypothesis
from 0.79 to 1.22 with an average index of 0.97. The was supported by the fact that probes Lp103E7-R and
small but notable overlap in fruit-shape indices suggests Lp81B9-FF hybridized to clone Le33O1, even though
the existence of other minor loci present in this popula- the contigs failed to overlap (Figure 2C). Therefore, it
tion and/or environmental effects on the degree of fruit is likely that the larger signal represents the actual
elongation. Progeny testing clearly demonstrated that length of clone Le33O1 in the Sun1642 and LA1589
sun was located in the interval Lp81B9-F and Lp61O2-R, genomes. The larger signal measured 38 kb (�8.9) in
two recombination events from either marker. Unfortu- Sun1642 and 33 kb (�5.8) in LA1589, respectively, and
nately, clones containing this region of the genome are this difference was not significant at the 5% level (t-test,
absent from the genomic libraries that were screened P � 0.07). CHEF gel analysis of clone Le33O1 indicated
(Figure 2C and Table 3). that the insert of this clone measured 42 kb (data not

Genome structure analysis of the sun locus: To deter- shown), consistent with the insert size estimated by fiber
mine the physical distance between the two contigs FISH analysis to Sun1642 DNA.

Duplication flanking sun: To confirm that sun is flankedflanking the sun locus, we conducted FISH analysis of
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by a genome duplication and that the unusual fiber
FISH hybridization pattern of Le33O1 is not due to an
aberrant and rearranged clone, Southern blot analyses
were performed using markers flanking sun. The South-
ern blot contained restriction-enzyme-digested genomic
DNA isolated from Sun1642 and LA1589 leaf tissue.
The hybridization results with probe Lp81B9-FF showed
two characteristic bands for each parent, indicating the
duplicated nature of Lp81B9-FF (Table 1 and Figure
5). Hybridizing probe Lp104D16-F, which maps very
close to Lp81B9-FF, to the same blot showed only one of
the characteristic EcoRI and ScaI bands for each parent,
while probe Le33O1-R, on the other side of the sun
locus, hybridized to the other EcoRI and ScaI fragments
(Figure 5). Several recombination events separated
markers Lp104D16-F and Le33O1-R, which indicated
that the two characteristic EcoRI and ScaI bands were
not due to an EcoRI or a ScaI restriction enzyme site
within the RFLP probe. Fiber FISH analysis conducted
with L. pennellii clone Lp61O2, which overlapped with
Le33O1 (Figure 2C), showed a similar fiber FISH pat- Figure 5.—Southern blot analysis with probes derived from
tern as Le33O1 (data not shown). Combined, these genomic DNA fragments flanking sun. The left lane depicts
results strongly suggest that the disrupted fiber FISH the DNA size marker. Southern blot-transferred genomic DNA

cut with restriction enzymes indicated above the lane showedsignal of probe Le33O1 is not due to a rearranged clone.
hybridization of probe Lp81B9-FF (left) to two restriction frag-Instead these results demonstrate the presence of a du-
ments in both Sun1642 and LA1589. Probe Lp104D16-Fplicated region flanking sun. showed hybridization to one of the restriction fragments (mid-
dle), while probe Le33O1-R showed hybridization to the other
restriction fragment (right).DISCUSSION

High-resolution recombinant screens demonstrated
the precise map location of sun to a region on the short resulted in a similar fruit-shape phenotype; i.e., the wild

alleles imparted a round-shaped fruit, while the Sun-arm of chromosome 7 comprising �68 kb. The two
recombinant screens combined with cytogenetic, ge- 1642 allele imparted an elongated-shaped fruit (Tables

2 and 3). This result indicates that the inversion in L.netic, and Southern blot analyses provided detailed in-
sights into the chromosome structure of this locus. Our pennellii LA716 per se does not affect fruit morphology.

Paracentric inversion in L. pennellii: The cosegrega-results showed that sun is located in a region of the
tomato genome that appears to be prone to DNA re- tion of several markers in the high-resolution recombi-

nant screen of the EPN population, the large geneticarrangements. First, the locus experienced an �30-kb
insertion/deletion event. Second, sun maps close to an distance between the ends of L. pennellii clone Lp103E7

in the EPM population (Figure 2A), and the pachyteneinversion breakpoint that occurred in a distant wild
relative, L. pennellii accession LA716. Third, the sun FISH analysis results provide strong evidence for the

presence of an inversion of a portion of the short armlocus appears to interrupt a tandem duplication.
The size of the sun locus measured 38 kb in the wild of chromosome 7 in the L. pennellii accession LA716

genome compared to Sun1642 and LA1589 genomes.relative L. pimpinellifolium LA1589, while this locus mea-
sured 68 kb in the cultivated counterpart L. esculentum The presence of a chromosome 7 inversion in LA716

was suspected because many markers on the short armcv Sun1642. The insertion/deletion may be the cause
of allelic variation at this locus. For example, duplication of chromosome 7 cosegregate in the tomato high-den-

sity molecular map, which is based on an F2 populationof a gene(s) in Sun1642 may result in higher gene dos-
age effects in Sun1642 and, hence, increased fruit elon- derived from a LA716 and L. esculentum cross (Pillen

et al. 1996). Instead, populations derived from L. pimpi-gation. Alternatively, deletion of a gene limiting growth
may also result in increased fruit elongation. On the nellifolium LA1589 and L. esculentum (Grandillo and

Tanksley 1996; this study) and from L. peruvianumother hand, allelic variation may be due to the position
effect of the insertion/deletion resulting in disruption LA2157 and L. esculentum (van Heusden et al. 1999)

show comparable levels of recombination between theseor changes in the regulation of the affected gene.
The inversion breakpoint and sun are located in close markers, indicating absence of a similar inversion in

other Lycopersicon species. Other regions of the L.proximity to each other. Allelic variation at sun between
Sun1642 and LA1589 and between Sun1642 and LA716 pennellii LA716 genome have been suspected to harbor
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DNA arrangements as well (Bonnema et al. 1997). On genomes. Similar differences in recombination fre-
quency between different crosses were reported for thethe short arm of chromosome 1 near the Cf-4/Cf-9 gene

cluster, several markers are found to map together in an nematode resistance gene Mi-1 (Kaloshian et al. 1998).
The 550-kb region surrounding Mi-1 could not be re-F2 population derived from the LA716 and L. esculentum

cross. These same markers span a 13-cM region in a solved in near-isogenic lines differing for the Mi-1 allele.
However, an intraspecific cross between a susceptiblepopulation derived from a cross between L. peruvianum

LA2157 and L. esculentum (Bonnema et al. 1997). and resistant accession of L. peruvianum showed suffi-
cient rates of recombination that allowed map-basedLike tomato, potato (S. tuberosum) and eggplant (S.

melongena) belong to the Solanum clade within the Sola- cloning of Mi-1 despite its location near the centromere
of chromosome 6 (Kaloshian et al. 1998). As in ournaceae family (Olmstead and Palmer 1997). The

marker order in potato, a very close relative of tomato, study, the Mi-1 fine-mapping results indicate a reduction
in recombination frequencies when working with nearlyappears the same as in the EPM population, given that

potato marker CP52 maps toward the telomere and isogenic lines and populations derived from crosses be-
tween more distant parents compared to F2 and F3 popu-GP121 toward the centromere of potato chromosome

7 (Gebhardt et al. 1991). This suggests that the LA716 lations derived from closely related parents.
Genome position affects variation in recombinationchromosome 7 inversion is not present in cultivated

potato. However, the marker order in eggplant, a more frequency and distribution (Schnable et al. 1998). In
tomato and other plant species, greatly reduced ratesdistant relative of tomato and potato, is reversed com-

pared to the marker order in the EPM population, and of recombination are observed near and on centromeric
regions (Ganal et al. 1989; Frary et al. 1996; Zhong etthe breakpoint of the inversion is located to a similar

position as in LA716 (Doganlar et al. 2002). This would al. 1999) and in retroelements, transposons, and other
highly repetitive regions (Yao et al. 2002). It has beensuggest that the inversion in eggplant and L. pennellii

occurred independently during evolution. The occur- shown that gene-rich regions and intergenic regions
containing unique DNA generally show several ordersrence of independent breakpoints in the near vicinity

of each other implies the presence of a genomic region of magnitude higher-than-average recombination rates
(Faris et al. 2000); however, not every gene comprisesat which chromosomal breakpoints may occur relatively

easily. a recombination hotspot (Yao et al. 2002). sun is located
neither in or near the centromere of tomato chromo-Recombination frequencies at and near the sun locus:

Fiber FISH analysis showed that the region encom- some 7, which maps right below CD57 (Figure 2A;
Frary et al. 1996), nor in the telomere in the Sun1642passing sun measures 193 (Le37F23) � 38 (gap) � 33

(Le33O1) 	 264 kb. The CHEF gel analysis showed and LA1589 genome (Figure 3). Furthermore, sun does
not appear to be located in a region of highly repetitiveresults that are similar to the fiber FISH results; i.e., the

sun region measures 177 � 38 (gap measured by fiber DNA, since nearly all clone ends showed unique or two
bands on DNA blots (Table 1). Therefore, the resultsFISH analysis) � 42 	 257 kb. The 67 recombination

events that occurred in this interval indicated an average suggest that sun is located in a relatively unique region
of the tomato genome, which is perhaps gene rich asrate of 1 recombination event/3.8–3.9 kb and a physical-

to-genetic distance ratio of 103–106 kb/cM. This physi- well.
Unfortunately, we were unable to identify clones span-cal-to-genetic distance ratio of the sun region is well

below the genome average of 750 kb/cM (Tanksley et ning this genomic region from several tomato large
genomic insert libraries, impeding our progress towardal. 1992), but similar to recombination hotspots ob-

served at I2 on chromosome 11 (43 kb/cM; Segal et al. map-based cloning of SUN. The libraries screened re-
portedly cover the genome up to 15 times (Budiman et1992) and at jointless on chromosome 11 (�50 kb/cM;

Mao et al. 2001). al. 2000). The reason for missing genomic regions in
these libraries may be due to reduced efficiency in clon-Population-specific differences in recombination fre-

quencies: The genetic distance between markers ing of certain fragments, the inherent instability of the
clone, or the preparation of genomic DNA, i.e., partialLe76E24-U and Le124E22-U in the EPN population was

10-fold lower than the genetic distance between these HindIII digestion, prior to ligation of these fragments
to the vector. For example, multiple HindIII sites withinsame markers in the EPM population: 0.2 vs. 2.3 cM,

respectively (Figure 2, B and C). The 10-fold difference a short genomic distance may prevent cloning of contig-
uous segments of a genome. In addition, we observedin recombination frequency is likely due to the often-

observed decrease in recombination frequencies when that several ends of L. esculentum clones identified in
the LPT4D21 contig were identical to one another. Forworking with near-isogenic lines such as the EPN popu-

lation compared to the F3 lines of the EPM population example, Le236C15-U was identical to Le27J5-L and
Le278H2-L (Figure 2C). Likewise, Le124E22-U was(Alpert and Tanksley 1996). In addition, decreased

frequencies may be due to increased base-pair heterolo- identical to Le278H2-U. These results may suggest Hin-
dIII digestion “hotspots” in the genome. Currently, wegies between the more distant L. esculentum and L. pen-

nellii rather than L. esculentum and L. pimpinellifolium are progressing with the map-based cloning of SUN via
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for the production of beta-carotene and xanthophylls in plants.screening of phage 
 genomic libraries (E. van der
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