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ABSTRACT

The degree to which stigmas are exserted above the stamen in flowers is a key determinant of cross-pollination
(and hence allogamy) in many plant species. Most species in the genus Lycopersicon are obligate or facultative
outcrossers and bear flowers with highly exserted stigmas. In contrast, the cultivated tomato (Lycopersicon esculentum)
bears flowers with flush or inserted stigmas promoting self-fertilization. It has been observed that a major
QTL, se2.1, on chromosome 2 is responsible for a large portion of phenotypic variation for this trait and
that mutation(s) at this locus were likely involved in the evolution from allogamy to autogamy in this
genus. To understand the genetic and molecular basis of stigma exsertion, we have conducted a high-resolution
mapping at the chromosome region harboring the se2.1 QTL. The results indicate that this is a compound
locus, comprising at least five tightly linked genes, one controlling style length, three controlling stamen
length, and the other affecting anther dehiscence, a taxonomic character used to distinguish Lycopersicon
species from other solanaceous species. This cluster of genes may represent the vestiges of an ancient
coadapted gene complex in controlling mating behavior.

UTCROSSING is an important and widespread
strategy for maintaining genetic variability in pop-
ulations of sexually reproducing organisms (BARRETT
2002). Unlike animals, most plants are hermaphroditic—
producing flowers with both male and female sex or-
gans. As a result, most plants are potentially capable of
self-reproduction. Genetically controlled self-incompat-
ibility is a common mechanism in many plants, which
prevents self-fertilization and hence enforces outcross-
ing. Two of the most common self-incompatibility mech-
anisms are sporophytic and gametophytic (DE NETTAN-
COURT 1977). Sporophytic self-incompatibility has been
thoroughly studied in the crucifers, where both the fe-
male (STEIN et al. 1991) and the male (SCHOPFER et al.
1999) components on self-incompatibility have been
cloned. Gametophytic self-incompatibility is common
in the nightshade family Solanaceae, where the female
components have been cloned and characterized at the
molecular level (McCLURE et al. 1989).

While self-incompatibility is able to block self-repro-
duction (autogamy), it is not sufficient to ensure cross-
pollination (allogamy). Conversely, lack of selfincom-
patibility does not guarantee self-fertilization. Changes
in floral morphology are normally required to promote
either autogamy or allogamy (KaL1sz et al. 1999). One
common floral polymorphism associated with change
in mating system is the degree to which the female stigma
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surface is either exserted above the anthers (promoting
outcrossing) or recessed below the anthers (promoting
selffertilization; Rick et al. 1977; BARRETT 1992; MOTTEN
and ANTONOVICS 1992; KARRON ¢f al. 1997; RICHARDS
1997; MoTTEN and SToNE 2000).

The tomato genus Lycopersicon is ideal for the stud-
ies of floral variation associated with changes in mating
system. It is composed of nine species that cover the full
range of mating systems: allogamy (obligate cross-polli-
nation, enforced by gametophytic self-incompatibility),
facultative allogamy (self-compatible but with a wide varia-
tion in cross-pollination rate), and autogamy (obligate self-
fertilization; Table 1; Rick 1988). Tomato species can be
roughly classified into three categories according to the
degree of stigma exsertion. The first category is largely
outcrossing species bearing flowers with highly exserted
stigmas and includes Lycopersicon chilense, L. peruvianum,
L. pennellii, L. hirsutum, and L. chmielewskii (Ricx and
LamM 1955; Rick et al. 1976; Rick 1982). It should be
noticed that L. chmielewskii was classified as facultative
allogamy, unlike the other tomato species in this cate-
gory, because L. chmielewskii is self-compatible. L. pimpi-
nellifolium represents the secondary category and varies
greatly among accessions with respect to stigma exser-
tion and outcrossing rate (Rick et al. 1977). The third
category, L. parviflorum, L. cheesmanii, and the cultivated
tomato (L. esculentum), produces flowers in which
stigma surface is only slightly exserted, flush, or recessed
with respect to the anther cone, promoting self-fertiliza-
tion (Rick 1963, 1995; Rick ef al. 1976). On the basis of
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TABLE 1

Mating system classification for species in the tomato genus,
Lycopersicon, adapted from Rick (1988)

Mating system Species

Autogamy L. parviflorum, L. cheesmanii,
L. esculentum
L. chmielewskii, L. pimpinellifolium
L. chilense, L. peruvianum, L. pennellii,

L. hirsutum

Facultative allogamy
Obligate allogamy

the phylogenic relationships (PALMER and ZAMIR 1982;
MiLLER and TANKSLEY 1990), autogamous species most
likely evolved from self-incompatibility ancestors that
have exserted stigmas.

While the autogamous tomato species are thought
to have evolved from self-incompatible ancestors (Rick
1988), only recently have studies begun to address the
genetic basis for the accompanying shift from exserted
stigmas to flush or inserted stigmas. Early reports sug-
gested that stigma exsertion is quantitatively inherited
and controlled by a few genes (Rick and DEMPSEY 1969;
ScorT and GEORGE 1978; LEVIN ef al. 1994). With the
advent of molecular linkage maps, it has been possible
to study the genetic basis of quantitative trait with much
more rigor. Recently, several quantitative trait loci (QTL)
mapping studies for stigma exsertion in tomato have
been reported (BERNAccHI and TANKSLEY 1997; Fur-
TON el al. 1997; GEORGIADY el al. 2002). In the studies
involving crosses between self-incompatible wild species
with the self-compatible cultivated tomato, a major QTL,
se2.1 or stg2.1 (hereafter called se2.1), on tomato chro-
mosome 2 was reported (BERNAcCHI and TANKSLEY
1997; FULTON et al. 1997). In contrast, the self-incompat-
ibility locus maps to chromosome 1 (TANKSLEY and
LoA1zAFIGUEROA 1985). On the basis of these studies it
is proposed that mutation(s) in se2. 1, resulting in more
recessed stigmas, accompanied the evolution from self-
incompatible allogamous species to self-compatible au-
togamous species. If this hypothesis is correct, all self-
incompatible species should contain wild-type alleles
(for exserted stigmas) at the se2.1 QTL.

L. pennelliiis a largely self-incompatibility tomato spe-
cies that produces large showy flowers with exserted
stigmas (Rick and TANKSLEY 1981). Near isogenic lines
(ILs) have been developed in which specific chromo-
somal regions of one accession (LA716) of L. pennellii
have been transferred into a single inbred cultivar to-
mato (EsHED and ZaMIR 1995). The ILs for chromo-
some 2 provide ideal genetic materials for genetic dissec-
tion of the se2.1 QTL. The goal of the current study
was to produce a fine map of the region of chromosome
2 containing the L. pennellii se2.1 QTL in order to: (1)
ascertain whether changes in stigma exsertion modu-
lated by this QTL are due to a single gene or several

tightly linked genes, (2) characterize the individual as-
pects of floral morphology controlled by the se2.1 QTL,
and (3) set the stage for eventual cloning of the gene(s)
underlying the se2.1 QTL.

MATERIALS AND METHODS

Genetic markers: Molecular markers derived from cDNA
and genomic DNA clones were from the tomato high-density
linkage map (TANKSLEY ef al. 1992; FULTON et al. 2002; http:/
www.sgn.cornell.edu). Molecular markers were also derived
from the end sequences of tomato bacterial artificial chromo-
some (BAC) clones LE136C06 and LE27HO05, which were iso-
lated from a BAC library constructed by BubpiMan et al. (2000)
according to published protocols (http:/www.genome.clem
son.edu/groups/bac/protocols/bacmanual.html) and using
cLED19A24 (http:/www.sgn.cornell.edu) as a probe. Positive
BAC clones were obtained from the Clemson University Geno-
mics Institute and confirmed by Southern analysis (SAMBROOK
et al. 1989). BAC ends were isolated using the strategy of either
plasmid rescue (for right end) or inverse PCR (for left end)
as described by Woo et al. (1994). All the molecular markers
were used as RFLP probes for mapping experiments. DNA
from seedling leaf tissue was extracted as described by FuLTON
et al. (1995).

Plant material: IL2-5, an L. pennellii introgression line, was
provided by D. Zamir, Hebrew University of Jerusalem, Israel,
and was generated as described previously in a cross between
the domesticated tomato (L. esculentum) cv. M82-1-8 and the
wild tomato species, L. pennellii (EsSHED and ZAMIR 1995). The
lines contain L. pennellii DNA for a segment of chromosome
2 encompassing the se2.1 QTL (Figure 2A). IL2-5 was crossed
to L. esculentum cv. M82-1-8 and the F, self-fertilized to produce
F, seeds for high-resolution mapping. Two such F, populations
were used in this study: one composed of 1535 plants and
generated in Ithaca, New York, and the other containing 1169
plants provided by D. Zamir. F; seed was generated by self-
fertilization of selected recombinant F, plants. Hereafter indi-
viduals derived from the same F, recombinant individual are
defined in the same “family” and individuals derived from the
same F; recombinant individual are defined in the same “line.”

Recombinant screening and construction of a high-resolu-
tion genetic map: The first set of 1535 F, plants were screened
with markers TG469 and TG167 known to flank the se2.]
region (BERNAccHI and TANKSLEY 1997; FULTON el al. 1997;
Figure 2A). 123 F, plants with crossover in this interval were
thus identified. Three F; individuals bearing homozygous ge-
notypes for both markers TG469 and TG167—one marker for
homozygous L. pennellii genotype and the other for homo-
zygous L. esculentum genotype—were isolated from each re-
combinant F, individual via marker-assisted selection. The
genotypes for all markers in the TG469-TG167 interval were
determined for all F5 progeny to precisely locate the recombi-
nation points in each F, plant and thus develop a high-resolu-
tion genetic map (Figure 2B). In addition, F, seeds were gener-
ated from each F; homozygous recombinant plant for later
phenotypic evaluations.

On the basis of analysis of the above-described Fs, F;, and F,
populations, it was possible to narrow the location of a major
stigma exsertion locus between markers T1301 and CT9 (Fig-
ure 2B, also see REsULTS). Hence, a second set of 1169 F,
plants (also derived from IL2-5 X M82) were screened with
markers T1301 and CT9. An additional six crossovers located
between these two markers were identified (Figure 3A). Ho-
mozygous F; and F, recombinants were derived in a manner
similar to that described for the first F, population. All the F,
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and F; plants were grown in a greenhouse to avoid cross-
pollination by insect pollinators.

Phenotypic and statistical analyses: For phenotypic evalua-
tions, homozygous F, progeny from the first 123 recombinant
plants were field grown in the summer of 2000 in Ithaca, New
York. A randomized block design was used with three blocks,
each block containing a single F, homozygous plant from each
recombinant line plus three plants of each parental control
(IL2-5 and tomato cultivar M82-1-8). Flowers were harvested
at midday on the day of anthesis and inserted, pedicel-side
down, in a water-soaked sponge to keep fresh before dis-
secting. The pistil and stamen cone were separated from each
flower and their images were scanned (Astra 600S, UMAX
Data System) with 800-dpi scanning resolution and saved as
JEPG files. Measurements were taken from scanned images
using Adobe Photoshop v5.5 software. Flower traits were evalu-
ated by measuring 10 flowers from each plant. Style length
and ovary length measurements were taken from each flower
with accuracy =0.05 mm. The length of a single, random
stamen was also measured from each flower. The stamen
length subtracted from the sum of the style length plus the
ovary length was used to calculate stigma exsertion. Anther
dehiscence was also measured. Anther dehiscence is defined
as the degree to which the tips of the stamen curve outward
and can enhance the extent of stigma exsertion (Figure 1A).
Anther dehiscence was scored as 0 for straight stamen tip or as
1 for curved stamen tip in each flower. L. pennellii and I1.2-5
produce curved stamen tips, whereas M82 produces straight
stamen (Figure 1A).

For statistical analyses, recombinant families bearing the same
marker genotypes were grouped together. The least-squares
mean of each trait was calculated for each grouped recombi-
nant family using SAS v8.2 software. Pairwise comparisons
between grouped families and the two parental controls were
conducted using Tukey’s studentized range test to control ex-
perimentwise type I error rate at significance level <0.05 (Fig-
ure 2C). The comparisons of the stamen length between recip-
rocal recombinant groups were conducted using a paired *
test (Table 3). The null hypothesis was that the stamen length
of a PE group is not smaller than that of its reciprocal EP
group.

To further refine the location of se2.1 QTL from the analysis
describe above, two additional trials were conducted. For the
first trial, five F, families from the original 123 recombinants
corresponding to crossovers in the T1301-CT9 interval (Fig-
ure 3, Aand B) were additionally field evaluated in the summer
of 2001. For the second trial, the same five F, families evaluated
in 2001 plus two recombinant families from the first screen
and six additional recombinant families from the second
screen were field evaluated again in the summer of 2002 (Fig-
ure 3, A and C). Each recombinant family was represented
by three derived F; recombinant lines from which 6 plants were
each evaluated. A randomized block design was used with six
blocks, each block containing a single plant from each recombi-
nant line plus three plants of each parental control (IL2-5
and tomato cultivar M82-1-8). Phenotypic evaluations in the
summer of 2001 and 2002 were the same as those employed
in the summer of 2000, but 5 flowers (instead of 10) were
evaluated per plant.

The least-squares mean of each trait was calculated for each
recombinant family using SAS v8.2 software. Pairwise compari-
sons between each family and the two parental controls were
conducted using Tukey’s studentized range test to control
experimentwise type I error rate at significance level <0.05
(Figure 3, B and C).

Construction of subNILs and the test of gene action: An F;
subnear isogenic line (subNIL) containing the L. pennellii in-
trogression only for the 0.53-cM interval between T1301 and

T497 (Figure 2B) was generated by screening 287 F; plants
derived from a single F, recombinant plant containing the
L. pennellii introgression region between markers T1301 and
CT59. From a single plant, heterozygous for only the T1301-
T497 interval, 170 F, progeny were screened and classified
according to their genotype for marker T1301: homozygous L.
pennellii, homozygous L. esculentum, and heterozygous. Twenty-
four plants of each genotype were evaluated in 24 blocks in
the field in the summer of 2001. Each block consisted of
one plant of each genotype. Flower traits were evaluated as
described above by measuring five flowers from each plant.
The least-squares mean of each trait was calculated for each
recombinant family using SAS v8.2 software. Pairwise compari-
sons between different genotypes were conducted using Tu-
key’s studentized range test to control experimentwise type I
error rate at significance level <0.05 (Table 2). Dominance
was also measured by the ratio d/a, where d is the difference
between the phenotypic mean of the heterozygous genotype
and the average of the phenotypic means of the two homozy-
gous genotypes and « is half of the difference between the
phenotypic means of the two homozygous genotypes.

RESULTS AND DISCUSSION

The segment of DNA corresponding to the stigma
exsertion QTL influences several aspects of floral mor-
phology: The L. pennellii LA716-derived introgression
line IL2-5 contains pennellii DNA for the region of chro-
mosome 2 predicted to contain the stigma exsertion
(se2.1) QTL (Figure 2A). Phenotypic evaluations of the
IL2-5 and the M82 controls confirmed this prediction
with the IL2-5 line producing flowers with stigmas sig-
nificantly more exserted (P = 0.0001) compared with
the M82 control (Figure 1, B and C). Moreover, it was
determined that stigma exsertion in IL2-5 is largely due
to an increase in style length, and, to a lesser degree,
a decrease in stamen length (Figure 1, B and C). The
difference in style length between M82 and IL2-5 was
highly significant in both years of evaluation. However,
while the difference in stamen length was also observed
in both years, it was statistically significant only in the
2001 trial and hence may be more environmentally sen-
sitive.

M82 and I1.2-5 also differ for stamen architecture, with
M82 having fused, straight anthers and IL2-5 having more
loosely connected dehiscent anthers with distinctive out-
ward curvature at the tips of the anthers—a characteristic
that further enhances stigma exsertion (Figure 1A). This
anther dehiscence character displayed by IL2-5 is unique
to L. pennellii. All other species in the genus Lycopersicon
have fused anthers (MULLER 1940). Anther dehiscence
is a key taxonomic character used to distinguish Lyco-
persicon species from other solanaceous species includ-
ing species in the closely related and paraphyletic genus
Solanum (MULLER 1940). In fact, L. pennellic was origi-
nally placed in the Solanum genus rather than in the
Lycopersicon genus largely because of its unique anther
dehiscence trait (COrRRELL 1962). The fact that IL2-5
produces dehiscent anthers like L. pennelliz indicates
that the genetic cause of this trait maps to the segment
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of genome represented by the IL2-5 introgression and,
as will be shown shortly, is likely attributable to a single
gene.

Genetic dissection of the stigma exsertion-containing
region of chromosome 2: To fine map the se2.1 QTL,
a large F, derived from a cross between IL2-5 and M82
was screened with molecular markers (TG469 and
TG167) that bracket the region thought to encompass
the QTL (BErNaccHI and TANKSLEY 1997; FULTON et
al. 1997; Figure 2A). From 1535 F, plants, 123 recombi-
nants were confirmed. Further genotyping of the recom-
binant individuals with 40 markers known to be in the
interval allowed ordering of those markers and con-
struction of a high-resolution genetic map for the region
(Figure 2B). The marker order in this study is consistent
with the previous published map; however, due to the
very large number of F, plants examined, the map reso-
lution is greatly enhanced in this area (TANKSLEY ef al.
1992; FuLToN et al. 2002; http:/www.sgn.cornell.edu/).
The major difference between the earlier published
high-density map and the current study is that the ge-
netic distance between TG469 and TG167 is 4 cM in this
study and is approximately ninefold reduced compared
with the earlier study (TANKSLEY ef al. 1992). It is a
well-documented phenomenon that recombination is
reduced in the regions of the genome introgressed from
wild species (Rick 1969; ALPERT et al. 1995; FRIDMAN et
al. 2000).

A total of 123 F, homozygous recombinant families
were phenotypically evaluated for stigma exsertion, style
length, ovary length, stamen length, and anther dehis-
cence (Figure 1A) and, for statistical analyses, were di-
vided into 27 groups (PE1-PE14 and EP1-EP13; Figure
2C) based on their marker genotypes. Anther dehis-
cence was recorded at the degree to which the anthers
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Ficure 1.—Stigma exser-

2001 trial tion and associated floral

traits in L. esculentum cv. M82-
1-8 and the L. pennellii intro-
gression line IL.2-5. M82 and
IL2-5 differ for stigma exser-
tion and style length. (A)
MB82 has straight fused an-
thers vs. the loose and tip-

{25
|omez

1 |

stamen
length

stigma style
exsertion length

ovary
length

curved anthers of IL.2-5. Bars,
1 mm. (B) The measure-
ments of style length, ovary
length, and stamen length in

2002 tial M82 and IL2-5 in 2001 trial.

Error bars represent 95%
confidence interval. Note
that M82 and IL2-5 signifi-
cantly differ in stamen length
(P < 0.0001). (C) The same
measurements as B in 2002
trial. Note that the difference

in stamen length between
M82 and IL2-5 was not sig-

nificant.

style ovary stamen
length length length

stigma
exsertion

splayed apart at the tip of the anther cone and is highly
correlated with the ease with which the anthers separate
from one another (Figure 1A). PE groups represent the
recombinants containing L. pennellii DNA from the proxi-
mal (centromeric) end of the introgression (TG493) up
to the recombination point. EP groups represent the
recombinants containing L. pennelliit DNA from the dis-
tal (telomeric) end of the introgression (CT59) down
to the recombination point (Figure 2A). A statistical
comparison of each group with the M82 and IL2-5 con-
trols allowed fine mapping of each trait in the TG469-
TG167 interval (Figure 2C).

On the basis of analysis of these recombinants it was
possible to deduce that a major genetic determinant of
stigma exsertion resides in the 0.23-cM interval bounded
by markers T1301 and CT9 (Figure 2). In support of
this hypothesis are the following observations. Recombi-
nants in the PE1-7 intervals all displayed stigmas signifi-
cantly less exserted than those of the IL2-5 parent, but
similar to those of the M82 parent (Figure 2C). Con-
versely, recombinants in the PE9-12 intervals had stigma
exsertion values similar to those of the IL2-5 parent, but
significantly greater than those of the M82 parent (Figure
2C). Examination of the reciprocal recombinants re-
vealed that most of EP1-7 recombinants had stigmas
significantly more exserted than those of M82 and simi-
lar to those of IL2-5; and conversely most of EP9-12 recom-
binants had stigmas significantly less exserted than those
of IL.2-5 and similar to those of M82 (Figure 2C). More-
over, the major cause of the stigma exsertion mapping
to the TG469-TG167 interval appears to be style length,
since the major determinant of style length also maps
precisely to the same interval as stigma exsertion (Figure
2C). Hence, we refer to this locus as style 2.1.

Fine mapping of the style 2.1 locus: As described
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F1GURE 2.—Fine mapping the se2.1 QTL on tomato chromosome 2. (A) The genetic map of chromosome 2 showing the L.
pennellii introgressed region (gray) in IL2-5. The genetic distance between markers is from the tomato RFLP high-density map
(TANKSLEY et al. 1992). Two short bars to the left show the location of se2.1 QTL from two previous mapping studies (BERNACCHI
and TANKSLEY 1997; FULTON et al. 1997). The white triangle inside a bar represents the location of the most significant marker
associated with stigma exsertion in each study. Two arrow bars to the right show the portion of the L. pennellii introgression region
(gray) in the PE and EP recombinant groups (esc, L. esculentum cv. M82 DNA; penn, L. pennellii DNA). (B) The high-resolution
genetic map between markers TG469 and TG167 derived from this study. The order and map distance between markers is based
on 123 crossovers in the interval derived from the screening of 1535 F, plants. Markers separated by commas cosegregate. Bars
on the left indicate the location of loci as deduced from this study: style length (style2.1), stamen length (stamen2.1), and anther
dehiscence (dehiscence2.1). (C) The phenotypic means of each traitin different grouped recombinant families. PE groups represent
the recombinants containing pennellii DNA from the proximal end of the introgression (TG493) down to the recombination
point. EP groups represent the recombinants containing L. pennellii DNA from the distal end (CT59) up to the recombination
point. The two numbers in parentheses represent the number of recombinant families in PE type (the first number) or in EP
type (the second number). The numbers in parentheses after IL.2-5 and M82 represent the number of the replicated control

plants.

the T1301-CT9 interval, were evaluated over the 2
years—a subset of 5 lines in 2001 and all 13 lines in
2002. Five of these lines correspond to the 4 PES8 lines
(TA1868, TA1876, TA1879, and TA1882) and 1 EP8
line (TA1996) represented in Figure 2C. The other 8
lines came from further recombinant screening (Figure

above, there is strong evidence for a locus (style 2.1) in
the T1301-CT9 interval controlling style length, which
is a major cause of stigma exsertion. To further charac-
terize and fine map this locus, more detailed evaluations
were made for all recombinants in the T1301-CT9 inter-

val. To have sufficient data for statistical comparisons,

plants with a crossover in the T1301-CT9 interval were 3, A and C). Two F, lines (TA3025 and TA3028) were

subjected to further replications for phenotypic mea- from the same F, population generating recombinants

surements in the field in 2001 and 2002 (Figure 3, B for trial 2000. The other 6 F, lines (TA3031, TA3034,
TA3037, TA3040, TA3043, and TA3046) were obtained

and C; see MATERIALS AND METHODS).
In total, 13 F, lines, with independent crossovers in from a screen of an additional F, population. Each re-
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EP8 recombinants

stamen  dehisence style stamen stamen
2.1 2.1 21 2.2 2.3
i \ \ \
TA1868 TA3031 TA3025 TA3034 TA3037 TA1879 TA1876 TA1882
u L] B ® L " | = | 8 |
(o] (0] (o] m|
TA1996 TA3040 TA3043 TA3046 TA3028
TG469 CcT1 LE27HO5R LE27HO5L CT9
TG131 T1301 LE136C06R cLED19A24 LE136COBL !
RS EEEE PP bl LT e N - went
Tomato chromosome 2 L. pennellii introgression region in IL2-5
B 2001 trial c 2002 trial
y y stigma style stamen ) . stigma style stamen
recombinant recombinant  exsertion  length length recombinant recombinant  exsertion  length length
group family (cm) (cm) {cm) group family {cm) (cm) (cm)
W PES TA1868 -0.01%" 0.79° 1.06 ° W PEs TA1868 0.00" 0.76" 0.99
® PES TA3031 0.03*°  0.75° 094 "
W PES TA3025 0.01*"  081° 1.07 " W PES TA3025 0.03°°®  0.80 1.02
@ PES TA3034 008" 08" 096
® PES TA3037 011 ° 082° 004°
M PE8 TA1879 010 ° 088 ° 1.04 ° W PES TA1879 0.10 ® 0.87 ° 1.00
W FE8 TA1876 0.07*° 0.89 " 1.10° W PES TA1876 0.08 ° 085" 1.02
M PES TA1882 0.12 * 0.90 ° 1.04 ° W FES TA1882 010 ° 0.85 " 0.98
O Eps TA1996 0.05°° 088"  1.06"
control IL2-5 011" 089° 1.04° O EP8 TA3040 0.04°"  0.81 0.98
gontrol M82 0.03° 0.79° 11417 O EP8 TA3043 0.01*" 082° 1.03
O EP8 TA3046 -0.02° 0.77° 1.00
O Eps TA3028 0.01*"  0.78° 1.00
a= signfﬁcantly d?ﬁerent (P < 0.05) from IL2-5 contro IL2-5 011 ® 0.84 ° 0.98
b = significantly different (P < 0.05) from M82 control M82 0.03° 0.77° 1.01

FIGURE 3.—(A) Fine mapping of the style2.1, stamen2.1, -2.2, -2.3, and dehiscence2.1 on chromosome 2. Squares and circles
represent the chromosomal location of crossover events in each recombinant family. Solid squares and circles represent the PES
recombinant families. Open squares and circles represent the EP8 recombinant families. Squares represent the recombinants
derived from the F, population presented in Figure 2. Circles represent the recombinants derived from an additional F, population.
Vertical lines represent the marker locations. For those markers derived from BAC ends, an R or L was added after the BAC
clone name to indicate the right or left ends of the cloned tomato chromosomal fragments, respectively, as defined by Woo et
al. (1994). Two arrow bars at the top show the portion of L. pennellii introgression region (gray) in the PE8 and EP8 recombinant
families (esc, L. esculentum cv. M82 DNA; penn, L. pennelliit DNA). (B) Phenotypic values and comparisons for 2001 trial. (C)

Phenotypic values and comparisons for 2002 trial.

combinant F, line, along with the two parental controls,
was represented by 18 single-plant replications. Each
plant was evaluated for stigma exsertion, style length,
ovary length, and stamen length as described in MATERI-
ALS AND METHODS.

Phenotypic values for all recombinants were statistically
compared with the M82 and IL2-5 controls for both 2001
and 2002 data (Figure 3). Recombinant lines TA1868,
TA3031, and TA3025 contain pennellii DNA from the prox-

imal (centromeric) end of the introgression up to the
crossover point represented by TA3025 (Figure 3B). All
of these lines had style lengths similar to those of M82
but significantly shorter than those of IL2-5 in one or both
years (Figure 3B). These results indicate that style2.1 is
located distal to marker LE136CO6R and the crossover
point represented by TA3025 (Figure 3B). Recombinant
lines TA3034, TA3037, TA1879, TA1876, and TA1882 con-
tain pennellii DNA extending distally (toward the telomere)
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from the TA3025 crossover point. All of these lines pro-
duced styles similar in length to those of IL2-5 but signifi-
cantly longer than those of M82 (Figure 3B). These com-
bined results indicate that style2.1 is located in the interval
bounded by markers LE136C06R and LE27HO05R and be-
tween the crossover points represented by lines TA3025
and TA3034 (Figure 3B). This conclusion is reinforced
by examining the reciprocal (EP) recombinants. For ex-
ample, TA3028 and TA3046 contain pennelliit DNA from
the distal (telomeric) end of the introgression up to
the crossover point represented by TA3046 (Figure 3B).
As expected, both of these lines produced styles similar
to those of M82 and significantly shorter than those of
IL2-5 (Figure 3). TA3043, TA3040, and TA1996 contain
pennellit DNA extending proximally (toward the centro-
mere) from the TA3046 crossover point, and all but
TA3040 produced styles similar in length to those of
IL2-5 and significantly shorter than those of M82. To-
gether, these data support the placement of style2.1 in
the LE136CO6R-LE27HO5R interval (Figure 3). The
marker LE136CO6R corresponds to the right end of a
120-kb BAC (LE136C06). The marker LE27HO5R corre-
sponds to the right end of a second, shorter (65 kb)
BAC (LE27HO05). On the basis of the sizes of the two
BACs and the fact that BAC LE27HO05 is encompassed
entirely by BACLE136C06 (data not shown) we estimate
that the LE136CO6R-LE27HO5R interval containing
style2.11is <bb kb (Figure 3A). The fact that the genetic
determinant of style length maps as a single locus in a
very small genetic and physical interval suggests that this
aspect of stigma exsertion is likely controlled by a single
gene, rather than by several linked genes.

The long style allele of style 2.1 is dominant to the
short style allele: To determine the gene action of the
short and long style alleles of the style2. 11ocus, a subNIL
line containing pennellii DNA only for the 0.56-cM inter-
val bounded by markers TA1301 and T497 was isolated
(see MATERIALS AND METHODS for details). From F,
progeny derived from a cross of this subNIL and M82
it was possible to isolate multiple individuals for all three
genotypes (homozygous L. esculentum, homozygous L.
pennellii, and heterozygous). In 2001, these lines were
evaluated in replicated field trials for style length, ovary
length, stamen length, and stigma exsertion. Heterozy-
gous individuals produced styles indistinguishable in
length from individuals homozygous for pennellii DNA
(Table 2). However, individuals homozygous for esculen-
tum DNA produced styles significantly shorter than
those of either of the aforementioned genotypes (Table
2). On the basis of these data the gene action (d/a) of
the pennellii allele was calculated to be 1.07—a finding
indicative of complete dominance of the long style (pen-
nellii) allele (Table 2).

Evidence for several linked loci controlling stamen
length: Stigma exsertion is a composite trait—the inter-
play between the length of the styles and anthers in a
flower. Hence, variation in either stamen length or style

length (or both) can affect the degree to which the
stigma surface extrudes above the anthers. As described
earlier, a comparison of M82 and IL2-5 revealed that
the stigma exsertion QTL mapping to chromosome 2 is
modulated by both style length and stamen length—the
former being the more significant and the latter being
more environmentally sensitive (see previous section).
The fact that M82 and IL2-5 differ for stamen length
indicates one or more genes controlling this trait are lo-
cated in the region of chromosome 2 encompassed by
the IL2-5 introgression.

In an effort to determine the genetic basis of the stamen
length difference between IL2-5 and M82, we first exam-
ined the phenotypes of recombinants throughout the IL2-
5 region (Figure 2). The most striking observation from
this data is that recombinants containing pennellit DNA
from the proximal (centromeric) end of the introgres-
sion (PE) consistently produced stamens shorter than
those of their reciprocal counterparts (EP), which had
pennellit DNA extending from the distal (telomeric) end
of the introgression (Figure 2). A paired t-test (using
reciprocal recombinants as pairs—e.g., PE1 vs. EP1, PE2
vs. EP2, etc.) revealed that these differences are highly
significant (P < 0.05; Table 3). This result can be ex-
plained by two equally likely hypotheses—the existence
of a stamen length gene either on the proximal end
(beyond marker TG469 and toward the centromere) or
on the distal end (beyond marker TG167 and toward
the telomere) of the IL2-5 introgression. In the first
case (gene on the proximal end) the pennelliv allele
would need to specify stamens shorter than those of the
esculentum allele. In the second case (gene on the distal
end), the pennellii allele would need to specify stamens
longer than those of the esculentum allele. The fact that
IL2-5 has shorter stamens than M82 supports the first
hypothesis—a gene on the proximal end for which the
pennellii allele specifies shorter stamens. This hypothesis
predicts that stocks containing the pennellii allele at the
style2.1 locus, but esculentum DNA at the putative sta-
men length locus proximal to TG469, should have less-
exserted stigmas than stocks containing the pennellii allele
at both loci. The short introgression stock (TA3178),
generated for the evaluation of style2.1 gene action con-
tains pennellii DNA at style2.1, but M82 DNA for TG469
and beyond (see previous section). As predicted, this
stock has less-exserted stigmas (—0.002 cm; Table 2)
than IL2-5 (0.11 cm; Figure 3B). On the basis of these
combined lines of evidence, we hypothesize the exis-
tence of a stamen length-controlling locus (hereafter
referred to as stamen2.1), located at the proximal end
of the introgressed segment and between markers
TG469 and TG266 (Figure 2B).

A more detailed analysis of stamen phenotypes for
recombinants in the PES8 interval also supports the exis-
tence of the stamen2.1 locus and also suggests the exis-
tence of two additional stamen length genes closely
linked to style 2.1. In the 2001 trial of PE8 recombinants,
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TABLE 2

Gene action (d/a) of the se2l QTL and its component traits as determined by phenotypic
evaluation of the chromosome 2 subNIL TA3178

Genotype
TA3178 (L. pennellii subNIL)
M82 control
Homozygous Heterozygous (L. esculentum) Gene action
Trait (n = 24) (n = 24) homozygous (n = 24) (d/a)
Stigma exsertion (cm) —0.002 (a) —0.034 (b) —0.103 (c) 0.37
Style length (cm) 0.850 (a) 0.853 (a) 0.765 (b) 1.07
Ovary length (cm) 0.241 (a) 0.240 (a) 0.223 (b) 0.89
Stamen length (cm) 1.093 (b) 1.126 (a) 1.090 (b) 23.00

Means with a different letter for each trait are significantly different (P < 0.05).

IL2-5 produced stamens significantly shorter than those
of M82 (Figure 3B). In this same year, the PE8 recombi-
nants (with pennellii DNA from the proximal end of the
introgression containing the stamen2.1locus) all produced
stamens with lengths similar to those of IL2-5 but much
shorter than those of M82. This would be expected if
the pennellii allele for stamen2.1 specified short anthers
(compared with the esculentum allele). The only excep-
tion to this observation was TA1876, which also contains
pennellii DNA from the proximal end of the introgres-
sion, but has a point of recombination between markers
LE27HO5L and LE136CO6L. This line was unusual in
that it produced stamens significantly longer than those
of IL2-5 and similar to those of M82, despite the fact
that it contains the pennellii allele for stamen2.1 (Figure
3B). We can imagine two genetic models to explain
these data—both require the existence one or more
stamen length loci in the LE27HO5L-LE136CO6L inter-
val. The first model hypothesizes the existence of two
tightly linked stamen length loci in the interval. We
designate these hypothetical loci as stamen2.2 (more
proximal) and stamen2.3 (more distal). For stamen2.2,
the pennellii allele would need to specify longer stamens
than those of the esculentum allele and the reverse would
need to be true for the stamen2.3locus. When these alleles
are in cis they would largely balance out each other’s ef-
fects. However, a recombination between these loci, which
would put the pennellii and esculentum alleles in cis could
potentially generate longer or shorter stamens. TA1876
is the only stock containing a crossover in the LE27HO05L-
LE136CO6L interval. If the crossover in TA1876 oc-
curred between the hypothetical stamen2.2 and sta-
men2.3loci, itwould contain a pennelliiallele at stamen2.2
in cis with an esculentum allele at stamen2.3—both of
which would specify longer stamens, explaining the long
stamen phenotype of TA1876.

An alternative explanation for these observations
would be for the existence of a single stamen length
gene in the LE27HO5L-LE136CO6L interval. In this
model, the crossover in TA1876 would have to result in
an inactivation or modified gene that must then cause

longer stamens. While this explanation is plausible, it
is contingent upon a very low probability event—a cross-
over in a gene that results in a dysfunctional chimeric
gene. An additional piece of information from the gene
action study may also support the two-gene (stamen2.2
and stamen2.3) hypothesis. The short introgression stock
(TA3178) used for the evaluation of siyle2.1 gene action
contains pennelliit DNA at not only style2.1, but also the
hypothetical stamen2.2 and stamen2.3 loci. While the
gene action for style2.1 was dominant (which is consis-
tent with a single gene), stamen length showed a highly
significant overdominant (heterotic) gene action (d/a =
23) that could be explained by two loci (e.g., stamen2.2
and stamen2.3) each with dominant (or partially domi-
nant) alleles in cis with recessive (or partially recessive)
alleles (Table 2). This interpretation is consistent with
the dominance model for heterosis, which is now sup-
ported by a larger body of empirical data (X1A0 et al.
1995; STUBER 1997; MONFORTE and TANKSLEY 2000). The
overdominance effect is not readily explained by the sin-
gle-gene model. While the issue of one stamen length gene
vs. two tightly linked genes in the LE27H051L-LE136CO6L
interval requires further study, the parsimony principle
favors the two-gene model.

Anther dehiscence is controlled by a locus tightly linked
to, but separated from style2.1: 1L.2-5 produces dehiscent
anthers similar to L. pennellii whereas M82 has fused,
straight anthers characteristic of the cultivated tomato and
other Lycopersicon species (see previous section). On the
basis of the analysis of recombinants in the IL2-5 region,
itis possible to conclude that the genetic cause of anther
dehiscence maps to the TG131-CT1 interval, which is
1.22 cM from the style2.11ocus (Figure 2B). This conclu-
sion is based on the following observations. Recombi-
nants in the PEI-3 intervals produce fused, straight an-
thers similar to the M82 parent but significantly different
from IL2-5, which produces dehiscent, curved anthers
(Figure 2C). Conversely, recombinants in the PE4-14 in-
tervals displayed fused, straight anthers, similar to IL2-5
but significantly different from M82 (Figure 2C). Exami-
nination of the reciprocal recombinants revealed that all
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TABLE 3

Paired ttest for stamen length between
PE and EP recombinant groups

Mean

Group PE“ EP d.f. Pvalue
1 1.02 (3) 1.12 (3) 4 0.0160
2 1.00 (7) 1.11 (6) 11 0.0012
3 0.98 (7) 1.10 (2) 7 0.0007
4 0.96 (3) 1.17 (1) — ND

5 1.01 (9) 1.09 (3) 10 0.0022
6 0.99 (4) 1.10 (6) 8 0.0002
7 1.02 (3) 1.10 (5) 6 0.0260
8 1.05 (4) 1.14 (1) — ND

9 1.06 (4) 1.02 (1) — ND
10 1.02 (3) 1.11 (5) 6 0.0059
11 1.01 (5) 1.12 (9) 12 <0.0001
12 0.95 (4) 1.12 (3) 5 0.0001
13 1.01 (6) 1.16 (6) 10 <0.0001
Combined 1.01 (13) 1.12 (13) 23 <0.0001

ND, not determined, due to lack of multiple genotypes for
either PE or EP groups.

“Numbers in parentheses indicate the number of recombi-
nants in that group.

recombinants in EP1-3 intervals had dehiscent, curved
anthers similar to IL2-5 but different from M82. Con-
versely, all recombinants in EP4-14 intervals had fused,
straight anthers similar to the M82 parent but signifi-
cantly different from IL2-5. We hereafter refer to this
stamen architecture locus designated to the TG131-CT1
interval as dehiscence2.1.

The stigma exsertion region of chromosome 2—rem-
nants of a coadapted gene complex? In the current
study, the phenotype of the stigma exsertion QTL origi-
nally reported on chromosome 2 may be the result of
the action of up to five linked genes, style2.1, stamen2.1,
stamen2.2, stamen2.3, and dehiscence2.1—all with poten-
tial to affect stigma exsertion and hence mating behav-
ior. These genes affect three different characters/com-
ponents of stigma exsertion. style 2.1, with by far the
largest effect, controls the length of styles. stamen2.1,
stamen2.2, and stamen2.3 all affect stamen length; how-
ever, from the data presented, it is not possible to deter-
mine whether or not these genes exercise their control
on stamen growth through common developmental
mechanisms. Finally, dehiscence2.1 controls the degree to
which anthers adhere to each other and thus form either
a straight anther cone (as seen in L. esculentum and most
other tomato species) or loosely connected, curved an-
thers, which might exaggerate stigma exsertion.

The cluster of genes controlling various aspects of
stigma exsertion reported herein is reminiscent of “co-
adapted gene complexes” or “supergenes” conjectured
since the early days of genetics. DARLINGTON and
MATHER (1949) proposed that such groups of genes
might cooperatively produce some adapted characteris-

tics through coadaptation if they mechanically held to-
gether on a chromosome usually inherited as a unit.
Despite the early prediction of coadapted gene com-
plexes, there are still few cases in which the existence
of such clusters has been proven in higher eukaryotes.
Perhaps the best-known example is that of sex chromo-
somes in animals (for review see LAHN et al. 2001).
Sexual dimorphic traits in gonadal tissue and brain are
the adapted characteristics, and the genes on the nonre-
combining region between Y and X chromosomes are
the coadapted gene complex, which differentially ex-
press in male and female in those specific tissues (LAHN
et al. 2001; XU et al. 2002). Another well-known example
is the $locus in Brassica plants (KACHROO et al. 2001;
SaTto et al. 2002). The sporophytic self-incompatibility
is the adapted characteristic and the genes in the Slocus
formed a coadapted gene complex in which male compo-
nents and female components showed the specificity of
ligand (male)-receptor (female) interaction (KACHROO et
al. 2001).

One of the earliest hypothesized and widely known cases
of a coadapted gene complex in plants is that of hetero-
styly. Heterostyly is similar to morphological sex differ-
entiation in animals. Only in this case, the preference
for mating between individuals is governed by discrete
polymorphisms for floral morphology [for review see
BARRETT (1992) and RicHARDs (1997)]. Distyly is the
simplest and more widely occurring form of heterostyly
and was first described and studied in depth by DARWIN
(1877) in the genus Primula. With distyly, two types of
plants occur in a population, those with long stamens
and short styles, and those with short stamens and long
styles. Because of the different juxtaposition of stigma
and anther, mating via insect pollinators is favored be-
tween the two different flower morphs rather than be-
tween individuals of the same morph. Genetic and devel-
opmental studies have shown that distyly is likely due
to tightly linked genes affecting both stamen and style
development (STIRLING 1932; ERNST 1955; DORWRICK
1956). However, despite the fact that heterostyly is one
of the longest known purported examples of a co-
adapted gene complex in eukaryotes, the genes underly-
ing this phenomenon have not yet been identified.

While the current study was directed toward under-
standing the genetic and molecular events that facilitate
the transition from outcrossing to self-pollinating spe-
cies, we cannot help noting some striking similarities
between the genetic control of this phenomenon and
that of heterostyly. We show herein that that modulation
of stigma exsertion in tomato is due to a major gene
for style length (style2.1) as well as closely linked genes
controlling stamen length (stamen2.1, stamen2.2, and
stamen2.3) and stamen architecture (dehiscence2.1). The
tight linkage of genes controlling style and stamen
length is hypothesized to form the genetic basis of the
heterostyly coadapted gene complex. Whether the clus-
ter of genes controlling stigma exsertion in tomato
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shares a common origin with the hypothetical clusters of
genes controlling heterostyly remains to be determined.
However, we cannot help speculating that this is a possi-
bility and that the heterostyly gene cluster arose early
in the evolution of flowering plants and has been main-
tained in at least some lineages with impact on mating
behavior within species (as the case with heterostyly) as
well as on evolution of mating system and reproductive
isolation between species (as the case with stigma exser-
tion in the tomato genus).
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