
Communicated by R. Hagemann

J. Giouannoni ( ) ' H. Yen ' B. Shelton S. Miller
J. Vrebalov ' P. Kannan
Department of Horticultural Sciences and Crop
Biotechnology Center, Texas A&M University,
College Station, TX 77843-2133, USA
Fax: 409-845-0627
E-mail: jjg@unix.tamu.edu

D. Tieman ' H. Klee
Department of Horticultural Sciences, University of Florida,
Gainsville, FL 32611, USA

R. Hackett ' D. Grierson
Department of Physiology and Environmental Science,
University of Nottingham, Sutton Bonnington Campus,
Loughborough LE12 5RD, UK

Theor Appl Genet (1999) 98 : 1005}1013 ( Springer-Verlag 1999

J. Giovannoni ' H. Yen ' B. Shelton ' S. Miller
J. Vrebalov ' P. Kannan ' D. Tieman ' R. Hackett
D. Grierson ' H. Klee

Genetic mapping of ripening and ethylene-related loci in tomato

Received: 26 October 1998 / Accepted: 13 November 1998

Abstract The regulation of tomato fruit development
and ripening is in#uenced by a large number of loci as
demonstrated by the number of existing non-allelic
fruit development mutations and a multitude of genes
showing ripening-related expression patterns. Further-
more, analysis of transgenic and naturally occurring
tomato mutants con"rms the pivotal role of the gas-
eous hormone ethylene in the regulation of climacteric
ripening. Here we report RFLP mapping of 32 inde-
pendent tomato loci corresponding to genes known or
hypothesized to in#uence fruit ripening and/or ethylene
response. Mapped ethylene-response sequences fall
into the categories of genes involved in either hormone
biosynthesis or perception, while additional ripening-
related genes include those involved in cell-wall meta-
bolism and pigment biosynthesis. The placement of
ripening and ethylene-response loci on the tomato
RFLP map will facilitate both the identi"cation and
exclusion of candidate gene sequences corresponding
to identi"ed single gene and quantitative trait loci con-
tributing to fruit development and ethylene response.
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Introduction

The development and ripening of #esh fruits represents
the coordinated regulation of numerous biochemical
pathways which in summation are manifested as the
ripe phenotype. While speci"c ripening phenomena
vary among fruiting species, ripening can be generally
characterized as changes in pigmentation, texture, cell-
wall ultrastructure, carbohydrate metabolism, accumu-
lation of aromatic and #avor volatiles, and susceptibility
to opportunistic pathogens. Many of these character-
istics are inter-related. Physiologists have historically
divided ripening into two general classi"cations, cli-
macteric and non-climacteric, based on the presence
or absence of dramatic ripening-related increases in
respiration, respectively (Baile and Young 1981). In
general, climacteric ripening is also associated with
substantially increased ethylene biosynthesis and sensi-
tivity. Ethylene produced during climacteric fruit ripen-
ing has a profound in#uence on the ripening process, as
demonstrated by the inhibition of ripening in fruits
blocked in ethylene biosynthesis or perception via
chemical (Davies et al. 1988) or genetic means (Hamil-
ton et al. 1990; Oeller et al. 1991). Numerous fruiting
species of agricultural and scienti"c importance, in-
cluding apples, pears, most stone fruits, tomatoes, ba-
nanas, melons, and many others, utilize the gaseous
hormone ethylene as a coordinator of expression for
genes contributing to the ripening process (Hobson and
Grierson 1993). Additional aspects of ripening in both
climacteric and non-climacteric fruit are controlled by
developmental signals (Theologis et al. 1993).

The most extensively studied model system of fruit
development and ripening to date is tomato. The physi-
ology, molecular biology, and genetics of tomato ripen-
ing has been facilitated by the dramatic phenotype, and
relatively uniform and rapid ripening, particularly of
small-fruited cultivars. Continuous e!ort for many
years and by numerous groups has resulted in the



isolation of a large number of ripening-related genes
(many of which are regulated by ethylene) and genetic
loci de"ned by mutation. Tomato gene isolation e!orts
have primarily targeted genes involved in cell-wall-
metabolism (DellaPenna et al. 1986; Grierson et al.
1986; Harriman et al. 1991; Lashbrook et al. 1994) and
ethylene biosynthesis or perception (Theologis 1992:
Wilkinson et al. 1995) in addition to genes whose
expression is regulated during ripening and/or by ethyl-
ene (reviewed in Gray et al. 1994). Analysis of trans-
genic tomato plants altered in ethylene biosynthesis
(Hamilton et al. 1990; Oeller et al. 1991; Klee et al.
1991), cell-wall metabolism (Smith et al. 1988; Teiman
and Handa; 1994), and carotenoid biosynthesis (Bird
et al. 1991; Fray et al. 1995) has provided genetic
veri"cation of function for candidate genes in said
biochemical pathways in addition to representing some
of the "rst demonstrations of antisense and sense gene
repression in plants.

While ethylene biosynthesis has been extensively
characterized in tomato, analysis of ethylene signal
transduction has been performed primarily in the
model plant Arabidopsis. Numerous mutants altered in
ethylene perception and signal transduction have been
identi"ed by screening for defects in the seedling
&&triple-response'' to ethylene, and in many instances
corresponding genes have been cloned (reviewed in
Ecker 1995). For example, the E¹R1 gene encodes
a &&two-component'' sensor-histidine kinase which has
been shown to bind ethylene and which when mutated
can confer dominant insensitivity to ethylene in Ara-
bidopsis, tomato, and petunia (Chang et al. 1993; Wil-
kinson et al. 1995; 1997). Similar e!ects are observed in
Arabidopsis when a related gene, ERS, is in#icted with
a mutation analogous to that observed in the Etr1-1
mutant (Hua et al. 1995). The inability of the mutant
E¹R1-1 gene product to bind ethylene is correlated
with ethylene insensitivity (Schaller and Bleeker 1995).
These results in combination with analyses of epistasis
among ethylene signal transduction mutants which
place E¹R1 at the initial stage of the pathway (Ecker
1995) provide strong evidence that this gene encodes an
ethylene receptor.

Genetic mapping of gene sequences related to a par-
ticular biological phenomenon or response represents
a simple, yet powerful tool for gaining insight into
speci"c gene function. This approach is particularly
useful for species such as tomato in which a large
number of single gene loci and quantitative trait loci
(QTLs) related to fruit development, ripening, and
quality have been mapped. For example, mapping of
tomato loci homologous to the Arabidopsis E¹R1 gene
revealed co-segregation of a related sequence with the
Never-ripe (Nr) locus also characterized by insensitivity
to ethylene (Lanahan et al. 1994; Yen et al. 1995).
Subsequent isolation of the Nr-linked tomato E¹R1
locus led to veri"cation that the NR gene in fact repres-
ents a tomato ethylene receptor most similar in struc-

ture to the Arabidopsis ERS gene (Wilkinson et al.
1995). Another example is mapping of the tomato
TOM5 phytoene synthase gene to the same location as
the r (yellow--esh) locus on chromosome 3 (Kinzer
et al. 1990).

Here we present RFLP mapping data for 47 tomato
loci homologous to DNA sequences related to fruit
ripening and/or ethylene biosynthesis or perception,
including 32 sequences which had not been previously
mapped. Mapped sequences can generally be classi"ed
in terms of (1) ethylene biosynthesis, (2) ethylene signal
transduction, or (3) ripening- (and often ethylene)-in-
duced. Our results suggest that both ripening and ethyl-
ene-related loci are dispersed throughout the tomato
genome. Placement of these loci on the tomato DNA
marker map facilitates both the identi"cation and elim-
ination of candidate genes for characterized QTL and
single-gene mutant loci related to fruit development
and ethylene hormone responses.

Materials and methods

Plant material

Inbred cultivated tomato (¸ycopersicon esculentum, cv &Ailsa Craig')
and the wild relative ¸. pennellii (accession TA56) were grown under
standard greenhouse conditions from seed as needed. TA56 seed was
kindly provided by the Tomato Genetics Stock Center at the Uni-
versity of Calfornia, Davis. Thirty-two individuals from the F

2
mapping population described by Tanksley et al. (1992) were gener-
ously provided by Steve Tanksley (Cornell University) and
propagated as cuttings. Expanding leaves from all plants were har-
vested and frozen in liquid nitrogen on a bi-monthly basis.

Isolation and hybridization of plant nucleic acids

Procedures for both genomic DNA extraction from expanding tom-
ato leaves and DNA gel-blot hybridization were performed as de-
scribed previously (Fulton et al. 1995; Tanksley et al. 1992). Alkaline
DNA gel blotting was as described by the supplier of the nylon
membrane used (Hybond-N`, Amersham). High-stringency hybrid-
izations were for 36 h at 653C in 5]SSC, 0.5% (w/v) SDS, 50 mM
Na-P (pH 7.5), and 5]Denhardt's solution, and were followed by
20-min 653C washes "rst in 2]SSC, 0.1% (w/v) SDS, then in
1]SSC, 0.05% (w/v) SDS, and "nally in 0.5]SSC, 0.05% (w/v)
SDS. Identi"cation of restriction fragment length polymorphisms
(RFLPs) was as described by Tanksley et al. (1992), including addi-
tional restriction endonucleases as in Yen et al. (1995). Restriction
enzymes yielding RFLPs were used to digest genomic DNA extrac-
ted from individual members of segregating populations for sub-
sequent linkage analysis.

DNA marker probes

All probes used for linkage analysis were cDNAs previously cloned
into various vectors containing M13 forward/reverse and/or T3/T7
primers. Chemistry for polymerase chain reaction (PCR) ampli"ca-
tion of RFLP probe templates was as described by the ¹aq poly-
merase supplier (Promega) in a 100-ll total reaction volume and
performed in a Perkin Elmer 4800 DNA thermocycler. Thermocycler
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conditions were, 28 cycles of 1 min. 953C; 1 min, 553C; 2 min, 723C,
followed by 1 cycle of 1 min, 953C; 1 min, 553C; 10 min, 723C and
terminating in a 43C hold. PCR products were quantitated on
agarose gels with known amounts of lambda DNA (BRL) as stan-
dards and puri"ed from unincorporated nucleotides by passage
through a sephadex G-50 (Sigma) spin column constructed from
a 1-ml syringe. Radiolabeling was performed using random hexa-
mers as described previously (Tanksleyet al. 1992).

Genetic linkage analysis

Autoradiograms resulting from hybridization of radiolabeled cDNA
probes for F

2
genomic DNAs were scored for segregation of RFLP

alleles by at least two individuals. Con#icting scores were resolved
by re-examining the autorads or scored as &&no data'' if unclear.
Genetic linkage analysis was performed using MapMaker software
(Lander et al. 1987) and the RFLP marker segregation database
used to construct the tomato RFLP map in the larger population of
which our materials were a subset (Tanksley et al. 1992). RFLPs
corresponding to cDNAs of interest here were added to the map
using the &&try'' and &&ripple'' commands, respectively. Only those
markers which mapped with a LOD score of 3.0 or higher were
included in the map. CentiMorgan distances were calculated using
the Kosambi (1944) function.

Results and discussion

Placement of loci corresponding to gene sequences of
known or hypothesized function was carried out using
a subset of the F

2
DNA marker mapping population

described by Tanksley (1992) and maintained by veg-
etative propagation. Over 1200 DNA, isozyme, and
morphological markers have been mapped in this
population, and the resulting database of segregation
data was used for placement of the loci mapped in this
report.

Sources of ripening and ethylene-related cDNAs

Mapped cDNAs were provided from several laborator-
ies and fall into three general categories: (1) ripening-
induced (most of which are also ethylene-induced);
(2) ethylene biosynthesis; and (3) ethylene signal trans-
duction. These categorical distinctions are not com-
pletely descriptive as some sequences fall into multiple
categories. Examples include ACC oxidase (TOM13)
and TETR-3 (NR), which are both induced during
ripening and involved in ethylene biosynthesis and
ethylene perception, respectively (Hamilton et al. 1990;
Wilkinson et al. 1995). A tomato pedicel abscission
zone polygalacturonase (TAPG1; Kalaitzis et al. 1997)
which responds to ethylene but is apparently not in-
duced in ripening fruit tissues was also mapped during
this study.

Table 1 lists the speci"c loci whose map position is
reported here. Most of these loci correspond to cDNAs
which were isolated via di!erential screening for genes
induced during ripening. Speci"cally, DDTFR (Di!er-

ential Display Tomato Fruit Ripening) clones were
isolated by di!erential displays of mature green versus
early breaker-stage tomato fruit and con"rmed for ex-
pression pattern by RNA gel-blot analysis (P. Kannan
and J. Giovannoni, unpublished). E and J cDNAs were
isolated from di!erential screens of mature green versus
ethylene-treated mature green tomato fruit (Lincoln et
al. 1987), while ERT cDNAs resulted from di!erential
screens of normal breaker-stage fruit versus equivalent-
age fruit homozygous for the ripening-inhibitor (rin)
mutation which greatly impairs the ripening process
(Tigchellar et al. 1978; Picton et al. 1993). TOM cDNAs
were originally isolated via di!erential screening of
mature green versus ripe fruit mRNAs (Slater et al.
1985) with many of the corresponding genes sub-
sequently tested for function via targeted gene repres-
sion or over-expression in transgenic tomato plants
(reviewed in Gray et al. 1992, 1994).

The remainder of the tomato loci reported here
correspond to genes isolated either on the basis of
homology to previously isolated genes or biochemical
activity. Putative ethylene signal transduction loci des-
ignated Le-ETR, TCTR, and TEIN3 were isolated based
on homology to the E¹R1 (Chang et al. 1993), C¹R1
(Keiber et al. 1993), and EIN3 (Chao et al. 1997) genes
of Arabidopsis, respectively. A number of loci corres-
ponding to ETR and CTR sequences were originally
mapped by Yen et al. (1995) using Arabidopsis
E¹R1 and C¹R1 genes as probes, while positions
of gene-speci"c probes derived from their tomato
counterparts are reported here. Tomato ACC synthase
(ACS) genes were also isolated based on homology to
previously isolated ACS genes (Theologis 1992 and
references therein). The tomato polygalacturonase
(PGAL) and beta-subunit (B-PG) genes were isolated
using immunological probes speci"c to the correspond-
ing protein products (DellaPenna et al. 1986; Zheng et
al. 1994). PGAL was simultaneously identi"ed as
TOM6 (Grierson et al. 1986).

Estimation of copy number of ripening-
and ethylene-related genes

Representation in the genome of each sequence map-
ped was estimated using at least one of the following
methods. First, all sequences were hybridized to tom-
ato genomic DNA digested with a minimum of four
di!erent restriction enzymes to determine the min-
imum number of hybridizing bands which could be
detected for each probe sequence. Tomato genomic
DNA from cultivated tomato (¸. esculentum), in addi-
tion to that from the wild relatives ¸. pennellii and ¸.
cheesmannii, were digested with each restriction enzyme
and analyzed side-by-side for RFLPs (Fig. 1a). ¸. es-
culentum and ¸. pennellii represent the parents of the
cross used to generate the F

2
mapping population

employed for linkage analysis, while ¸. cheesmannii has
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Table 1 Summary of mapped ripening- and ethylene-related cDNA clones from tomato. All loci listed including those which had been
mapped previously were mapped again in this study

Clone Copy no. Chromosome! Function (homology) Reference

ACS '5 1*, 5*, 5, 8, 8* ACC synthase Rottmann et al. 1991
Theologis et al. unpublished

B-PG 1 5 Beta-subunit polygalacturonase Watson et al. 1994
DDTFR1 1 9 None Kannan and Giovannoni, unpublished
DDTFR5 1 10 None Kannan and Giovannoni, unpublished
DDTFR8 1 4 (Progesterone receptor) Kannan and Giovannoni, unpublished
DDTFR10 1}2 7 (Translation elongation factor 1b) Kannan and Giovannoni, unpublished
DDTFR10 A 2}3 5 (EREBP) Kannan and Giovannoni, unpublished
DDTFR13 1 11 None Kannan and Giovannoni, unpublished
DDTFR18 1 4 None Kannan and Giovannoni, unpublished
E4 1 3* (Drosophilia ecdysone responsive gene) Cordes et al. 1989
E8 2}3 3*, 9* (Ethylene perception) Penarrubia et al. 1992
E17 1 8 (Proteinase inhibitor) Margossian et al. 1987
ERT1 1}2 10 (UDP-glucosyl transferase) Picton et al. 1993
ERT10 1 10 (Dehydrogenases) Picton et al. 1993
ERT13 1 11 (TUB8, stolin-tip induced) Picton et al. 1993
ERT14 1 7 None Picton et al. 1993
ERT15 1}2 10 None Picton et al. 1993
ERT16 2 4 (ABA stress-related protein) Picton et al. 1993
ERTD1 3 3 NA Picton, Whotton and Grierson, unpublished
ERTS2 1}2 2 NA Picton, Whotton and Grierson, unpublished
J49/DDTFR4 2 2, 8 (NP24 protein) Lincoln et al. 1987

Kannan and Giovannoni, unpublished
Le-ETR 5 6, 7t, 9t, 11t, 12t Ethylene receptor-kinase Wilkinsen et al. 1995

Lashbrook et al. 1998
PHYS/TOM5 3 2&, 3&,7 Phytoene synthase Ray et al. 1987

Bird et al. 1991
PGAL 1 10* Fruit polygalacturonase DellaPenna et al. 1986

Grierson et al. 1986
Smith et al. 1988

SENU5 1}2 1 Senescence upregulated John et al. 1997
TAPG1 2}3 12 (Abscission polygalacturonase) Kalaitzis et al. 1997
TCTR 2 1, 2t (CTR1 kinase; A thaliana) (1) Lee and Giovannoni, unpublished

(2) Lin et al. 1998
TEIN3 3 1, 1, 6 (A. thaliana nuclear-localized

ethylene response regulator)
Chao et al. 1997
Tieman and Klee, unpublished

TOM13 3 7& ACC Oxidase Holdsworth et al. 1987
Hamilton et al. 1990

TOM66 1 6 (Heat-shock protein) Fray et al. 1990
TOM75 1}3 1 (Membrane solute transporter) Fray et al. 1990
TOM92 2}4 8 (Histidine decarboxylase) Picton et al. 1993b

!Loci previously mapped by Kinzer et al. (1990) (&), Tanksley et al. (1992) (*), and Yen et al. (1995) (t) are indicated
Sequences for which no putative function was identi"ed via a GENBANK search are designated NA (not available) under function

been used to create a number of mapping populations
segregating for speci"c fruit-ripening loci (Giovannoni
et al. 1995, rin, nor; Yen et al. 1995, Nr, 1997, hp-1).
Analysis of all three genotypes permits not only the
estimation of genome copy number, but also the simul-
taneous identi"cation of RFLPs that are useful in de-
termining chromosome position (¸. esculentum]¸.
pennellii) and the possible relationship to a number of
known ripening mutants should a clone map in the
vicinity (¸. esculentum]¸. cheesmannii).

Second, all probes which showed RFLPs between
¸. esculentum and ¸. pennellii were hybridized to
genomic DNAs extracted from individuals comprising

the F
2

mapping population (Fig. 1b). Segregation anal-
ysis indicated that some sequences of interest such as
DDTFR13 and ACS8 were clearly single-copy (Figs. 1b
and 2a, respectively), while others such as TOM5
(phytoene synthase) were represented multiple times in
the tomato genome (Fig. 2b). Placement of more than
one locus at LOD'3 was also considered to be
a strong indication of multiple loci. In some instances
hybridization to mapping population genomic DNAs
digested with alternative enzymes was used to localize
additional loci. For example, TOM5 A (PSY) and
TOM5B were mapped to chromosomes 3 and 2, re-
spectively (Fig. 2b, 3), using F

2
genomic DNAs digested
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Fig. 1a, b RFLP identi"cation and mapping of ripening and ethyl-
ene-related sequences. DNA makers were initially surveyed for
RFLPs by hybridizing [32P]-labeled marker sequences to DNA
gel-blots containing genomic DNA extracted from the parents of
RFLP mapping populations and digested with several di!erent
restriction enzymes. Following identi"cation of an RFLP(s) the
same probe was utilized on a subset of the F

2
mapping population

described by Tanksley et al. (1992) to determine chromosomal as-
signment and position. a Autoradiogram resulting from hybridiza-
tion of [32P]-labeled DDTFR13 to a DNA gel-blot containing ¸.
esculentum (E), ¸. pennellii (P), and ¸. cheesmannii (C) genomic DNA
digested with either DraI, EcoRI, BstoI, or HeaIII. BstoI RFLPs
between the E and P parents of the mapping population are desig-
nated by the asterisks. b Autoradiogram resulting from DDTFR13
hybridization to the Tanksley et al. (1992) F

2
mapping population

subset following digestion with BstoI. P and E designate the
¸. pennellii and ¸. esculentum alleles of DDTFR13, respectively

Fig. 2a, b RFLP segregation of single and multiple-copy loci.
a RFLP segregation of a single-copy sequence derived from the
ACC Synthase 8 (ACS8) gene. Genomic DNA extracted from a sub-
set of the Tanksley et al. 1992) RFLP mapping population was
digested with HaeIII. E and P designate the ¸. esculentum and
¸. pennellii alleles of ACS8, respectively. b RFLP segregation of the
multi-copy tomato phytoene synthase (pTOM5) cDNA. Genomic
DNA extracted from a subset of the Tanksley et al. (1992) RFLP
mapping population was digested with BstoI. E

a
and P

a
correspond

to the pTOM5 locus on chromosome 3 (PSY), while E
b
and P

b
cor-

respond to the chromosome 2 locus (TOM5B). Note that additional
non-segregating bands could represent additional restriction frag-
ments located at the two mapped loci or could represent additional
independent loci. Using DraI we positioned an additional TOM5-
related locus (TOM5C) on chromosome 7 (data not shown)

with BstoI, while the TOM5 C locus was mapped to
chromosome 7 using DraI (data not shown).

Finally, for some sequences such as ACS and ACO
(TOM13) more unique gene sequences corresponding
to each gene family have been isolated and sequenced
than could be positioned on the genetic map. For
example, at least three unique tomato ACO genes have
been isolated (Barry et al. 1996) while LOD'3 segre-
gation data could only be generated for the chromo-
some 7 locus. In instances such as this the number of
known family members is indicated in Table 1 along
with chromosomes containing any mapped loci whose
speci"c position is shown in Fig. 3.

Placement of ripening- and ethylene-related loci
on the tomato RFLP map

Localization of 47 ripening- and/or ethylene-related
loci relative to DNA marker loci comprising the tom-
ato RFLP map constructed by Tanksley et al. (1992) is

shown in Fig. 3. Thirty-two loci represent gene se-
quence positions which have not been reported pre-
viously, while the remaining 15 represent either
a con"rmation of previous mapping results (Kinzer et
al. 1990; Tanksley et al. 1992) or a mapping of gene-
speci"c tomato probes corresponding to loci that had
been previously positioned based on hybridization to a
single tomato or heterologous sequence. In the latter
case 5 tomato loci which hybridized to an Arabidopsis
E¹R1 cDNA, and 1 locus hybridizing to an Arabidop-
sis C¹R1 cDNA had been identi"ed previously in
tomato (Yen et al. 1995). Five corresponding tomato
ETR1-like genes (Le-ETR1, 2, 3, 4, 5) have been iso-
lated (Lashbrook et al. 1998), and four have been posi-
tioned at loci mapped originally with the Arabidopsis
gene. One of these loci, Le-ETR3, represents the tomato
NE<ER-RIPE gene known via mutation to regulate
ethylene perception most likely via ethylene receptor
function (Wilkinson et al. 1995). The additional locus,
Le-ETR4, maps to chromosome 6 and was not detected
using E¹R1 (Fig. 3). A tomato CTR1-like cDNA
(TCTR1; Kannan and Giovannoni, unpublished)
was mapped to tomato chromosome 2 at the identical
location indicated by the Arabidopsis C¹R1 gene,
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Fig. 3 Position of mapped fruit-ripening and ethylene-related loci
on the tomato RFLP map. All 47 loci listed in Table 1 are positioned
relative to DNA marker loci described by Tanksley et al. (1992).
Positions of underlined DNA marker loci have not been reported
previously, while those in parenthesis have been con"rmed for pre-
viously reported map positions. Loci corresponding to tomato fruit-
ripening and ethylene-related mutants are based on previously re-
ported positions. Mutant loci listed at the bottom of linkage groups
have been assigned to said group based on linkage to morphological
markers (Rick 1980) but have not been positioned relative to DNA
marker loci

while a second tomato CTR1-like gene (TCTR2;
Hackett, Payton, and Grierson, unpublished), more
divergent from CTR1 than TCTR1, was localized to
chromosome 1 (Fig. 3).

Genes involved in ripening and/or ethylene response
are not generally clustered

Mapped genes can be grouped on a number of bases,
including the basis for isolation (eg. di!erential screen:
TOM, DDTFR), speci"c function (eg. ACS genes), or
general function (eg. ethylene signal transduction genes:
Le-ETR, TCTR, EIN). However, there does not appear to
be any substantial clustering of ripening or ethylene-
response loci as has been observed, for example, for loci
regulating self-incompatibility (Boyes and Nasrallah
1993) or disease resistance (Witsenboer et al. 1995) in
plants or the major histocompatibility loci of animals
(Graser et al. 1998). This may be due in part to the fact
that ripening represents the convergence of numerous
distinct biochemical pathways (and thus very di!erent
gene sequences) that have been selected for coordinate
regulation at the terminal stages of fruit development
to yield the &&ripe'' phenotype. Examples of a functional
clustering of loci as those mentioned above tend
to represent biological systems where divergence
and selection of related gene sequences is required to
maintain or maximize viability and thus are likely
to represent a very di!erent type of biological mecha-
nism than the control of fruit development or ethylene
responses.

Candidate gene function based on genetic linkage

One of the major bene"ts from determining chromo-
somal positions of ripening/ethylene-response genes is
the ability to hypothesize corresponding gene function
based on linkage with characterized ripening mutants.
As more isolated genes and mutant loci are mapped
relative to a common set of DNA marker loci the
probability for identifying genes corresponding to func-
tionally characterized loci will increase, thus circum-
venting the need for intensive gene isolation and

functional characterization approaches (such as map-
based cloning and antisense), in at least some instances.

A number of ripening-related and ethylene-response
mutants have been identi"ed and mapped relative to
morphological markers in tomato (Rick et al. 1980 and
references therein). In addition, a number of these loci
have been mapped relative to RFLP markers, including
those which in#uence most aspects of fruit develop-
ment (rin, nor, Giovannoni et al. 1995), ethylene re-
sponse (Nr, Yen et al. 1995), pigment accumulation (r,
Kinser et al. 1990; B, Tanksley et al. 1992), and fruit
development responses related to light quality and
intensity (hp-1, Yen et al. 1992; hp-2, van Tiunen et al.
1997). A number of additional loci including Nr-2, y, at,
gs, gf, u, and t remain to be localized to speci"c chromo-
somal regions relative to DNA marker loci.

Positioning of fruit ripening-related loci on the
genetic map has and will continue to facilitate the
determination of speci"c gene function. For example,
co-segregation of the Nr locus with a RFLP locus
homologous to the Arabidopsis ETR1 gene provided the
"rst molecular evidence that Nr represents an ethylene
receptor mutation (Yen et al. 1995), as was later con-
"rmed by cloning and analysis of the corresponding
Le-TETR3/NR gene (Wilkinson et al. 1995). Here we
show that two putative ethylene-response loci, ¹EIN3-
8 and ¹C¹R2, map to chromosome 1 (Fig. 3) which
also harbors the dominant Nr-2 locus whose fruit are
phenotypically similar to those from plants containing
the Nr ethylene-receptor mutation (Kerr 1982). Map-
ping of Nr-2 relative to RFLP loci will help to support
or dismiss the possibility that Nr-2 corresponds to
a mutation in either of these genes.

Map position also allows for the exclusion of certain
candidate genes for known mutations. The rin and nor
mutants, for example, have been hypothesized to rep-
resent components of ethylene signal transduction or
perception systems based on observations that fruit of
plants homozygous for either mutation fail to ripen in
response to exogenous ethylene. We have mapped 12
loci corresponding to genes of hypothesized or known
roles in ethylene perception and/or signaling (5 Le-ETR,
2 TCTR, 2 E8 and 3 TEIN3 loci), none of which show
linkage to rin or nor, thus eliminating all 12 as candi-
date RIN or NOR genes (Fig. 3).

A major limitation in identifying candidate genes at
present is the signi"cant number of mutations which
remain to be positioned relative to DNA marker loci.
Consequently, though positioning relative to other
morphological loci on known chromosomes makes it
possible to eliminate numerous candidate genes based
on linkage to di!ering chromosomes, identi"cation of
tightly linked candidate genes is viable only for those
mutant loci which have been mapped relative to DNA
marker loci. Figure 3 shows the positions of 7 ripening-
related morphological loci and 7 additional loci which
remain to be mapped relative to DNA markers yet
have been assigned to speci"c chromosomes based on
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linkage to other morphological markers (Rick 1980).
Additional ripening-related mutants not reported and
characterized to varying degrees here have also been
identi"ed by our group and others.

Summary

Forty-seven tomato loci homologous to 32 di!erent
ripening-related or ethylene response-related DNA se-
quences were ordered on the existing tomato RFLP
map of Tanksley et al. (1992). Mapped loci correspond-
ing to DNA sequences implied or directly shown to be
related to ethylene biosynthesis and signaling, cell wall
metabolism, carotenoid biosynthesis, and various
stress-related responses were found on all 12 tomato
chromosomes and did not demonstrate any signi"cant
clustering. Seven of the mapped loci are known to be
ripening-related only by virtue of their expression pat-
tern as no signi"cant DNA or amino acid sequence
homologies were identi"ed.

The positioning of genes related to fruit development
and ethylene response in tomato will facilitate the
identi"cation of candidate genes as more QTL and
single gene mutant loci are localized relative to DNA
marker loci. Of equal importance is the fact that the
positioning of ripening-related and ethylene response-
related loci to speci"c chromosomal regions also per-
mits the exclusion of most genes as candidates for any
particular locus of interest which has been accurately
mapped to a speci"c chromosome using morphological
markers.

Plant genome analysis and technology is rapidly
approaching the juncture where the e$ciency of isolat-
ing, characterizing, and mapping gene sequences
related to a developmental stage or response of interest
can be merged with the accurate and e$cient mapping
of QTL and single-gene mutant loci to predict
candidate genes sequences which can be speci"-
cally targeted for con"rmation via transgenic or
genetic means. The data shown herein for example
points to two tomato EIN3-like loci and one CTR1-
like locus on chromosome 1 as candidates for
sequences harbored at the Nr-2 locus, and further
dismiss 11 additional ethylene signal transduction-
related sequences as candidate genes. Also, as shown
previously in the case of the NR ethylene receptor
and the P>S carotenoid biosynthesis gene, knowledge
of candidate gene map position relative to loci of
known QTLs or mutations can both accelerate gene
identi"cation and facilitate the characterization of gene
function.
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