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Abstract Cucumber (Cucumis sativus L.) has served as
the model system for sex expression in flowering plants and
its sex type is predominantly controlled by two genetic loci,
F and M. Ethylene is the major plant hormone that regu-
lates sex expression in cucumber. The current model pre-
dicts that ethylene serves as both a promoter of femaleness
via the F locus and an inhibitor of the male sex via the M
locus. In support of this model, genetic, genomic, and tran-
script analyses indicate that the F gene encodes a key
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enzyme in ethylene biosynthesis. In this study, we discov-
ered that the M locus co-segregates with an ETHYLENE-
INSENSITIVE3 (EIN3)-like genomic sequence in an F,
population of 96 individuals. This genetic association
agrees with the prediction that the M locus is involved in
ethylene signaling, thus providing another line of evidence
in favor of the model. In addition, we generated an ampli-
fied fragment length polymorphism (AFLP®) map of the M
locus, which was delimited into a genetic interval of 2.5
cM. The genetic association and the local map will assist
the molecular isolation of the M gene using the combina-
tion of positional cloning and candidate gene approach.

Introduction

Sex determination in plants is a fundamental developmental
process of economic importance since the sexual pheno-
types of crops determine the processes of breeding and cul-
tivation (Tanurdzic and Banks 2004). The diverse sex types
of cucumber (Cucumis sativus L.) allow this organism to
serve as a model system for studying the genetic, physio-
logical and molecular basis of sex expression in flowering
plants. The cucumber has three types of flowers: male,
female, and bisexual. Morphologically, all cucumber floral
buds are initially hermaphroditic with both male and female
reproductive organs. Pistil development is then arrested in
floral buds that develop into male flowers, whereas stamen
development is arrested in floral buds that develop into
female flowers. Bisexual flowers form from the buds in
which neither pistil nor stamen development is arrested
(Kubicki 1969a, 1969d). The distribution of these three
flower types on the plant results in seven sex types of
cucumber plants (Shifriss 1961): androecious (only male
flowers), gynoecious (only female flowers), monoecious
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(male flowers at the base and female flowers at the top of
the main stem), hermaphroditic (only bisexual flowers),
andromonoecious (male and bisexual flowers), gynomo-
noecious (female and bisexual flowers), and trimonoecious
(male, female, and bisexual flowers). Several genes that
influence sex expression in cucumber have been described
including A, F, gy, In-F, M, M-2, and Tr (Kubicki 1969a, b,
¢, d; Malepszy and Niemirowicz-Szczytt 1991; Perl-Treves
1999; Pierce and Wehner 1990; Shifriss 1961). In addition,
sex expression is also influenced by environmental condi-
tions and plant hormones. Long days, high temperatures,
and gibberellic acid promote the formation of male flowers,
whereas short days, low temperatures, auxins, and ethylene
enhance the development of female flowers (Galun 1961;
Kubicki 1969d; Takahashi etal. 1983; Yamasaki et al.
2003; Yin and Quinn 1995).

Ethylene is highly correlated with femaleness in cucum-
ber (Rudich et al. 1972). Yin and Quinn (1995) proposed a
model of sex determination in cucumber in which ethylene
serves as both a promoter of the female sex and an inhibitor
of the male sex. The model predicts that the F' gene encodes
a molecule that influences the range and gradient of ethyl-
ene production along the shoot, thereby acting to promote
femaleness. In addition, the model predicts that the M gene
encodes a molecule that detects this ethylene signal and
inhibits stamen development when ethylene levels reach a
threshold. Recent studies have provided molecular evi-
dence in favor of the ethylene model of sex determination
in cucumber. Trebitsh et al. (1997) found the monoecious
(MMff) cucumber genome had only one copy of 1-amino-
cyclopropane-1-carboxylic acid (ACC) synthase gene (Cs-
ACS1), while in gynoecious (MMFF) lines an additional
ACC synthase (Cs-ACSIG) was discovered and subse-
quently mapped to the F locus. The expression of Cs-
ACSIG as well as Cs-ACS1 correlates with sexual pheno-
type, with gynoecious plants accumulating more transcript
than monoecious or andromonoecious (mmff) plants
(Kamachi et al. 1997; Yamasaki et al. 2001). In addition,
Yamasaki et al. (2001) suggested that the product of the M
locus mediates the inhibition of stamen development by
ethylene. Thus, the F locus likely controls ethylene concen-
tration, and the M locus controls the differential sensitivity
of males and females to ethylene. Both of these processes
are important in regulating sexual phenotype in cucumber.
Molecular cloning of the M and F genes will allow the
model to be tested directly. While genetic, genomic, and
transcript analyses strongly suggest that the F' gene encodes
an ACC synthase (Kamachi et al. 1997; Knopf and Trebitsh
2006; Mibus and Tatlioglu 2004; Trebitsh etal. 1997,
Yamasaki et al. 2001), the identity of the M gene remains
unknown despite markers that have been identified in link-
age with the gene (Deng etal. 2006; Witkowicz et al.
2003).
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The ethylene signaling pathway has been well character-
ized in the model plant Arabidopsis (Stepanova and Alonso
2005). A central component of this pathway is a group of
plant-specific transcription factors encoded by the ETHYL-
ENE-INSENSITIVE3 (EIN3) gene family. In this paper, we
report the identification of an EIN3-like genomic sequence
in cucumber that co-segregates with the M locus. In addi-
tion, we delimited the M locus to a genetic interval of 2.5
cM with AFLP markers.

Materials and methods
Plant material

Seeds of gynoecious (Cucumis sativus L. var sativus cv WI
1983G; MMFF) and hermaphrodite (Cucumis sativus L. var
sativus cv W1 1983H; mmFF) nearly isogenic cucumber
lines were kindly provided by Dr J. E. Staub (Agricultural
Research Service, U.S. Department of Agriculture, Horti-
culture Department, University of Wisconsin, Madison,
USA.). WI 1983G originated from a cross between inbred
WI 5821 and WI 5822 (Peterson et al. 1986). An andromo-
noecious near-isogenic line WI 1983A (mmff) was devel-
oped using a hermaphrodite line as the donor parent. Five
direct backcrosses to WI 1983G were made followed by
three subsequent generations of self-pollination. The her-
maphrodite WI 1983H line was selected from a cross
between WI 1983G and WI 1983A (J.E. Staub, personal
communication). The mapping population consisted of 96
individual F, plants derived from a cross between the WI
1983G and WI 1983H lines. Seeds were germinated and
grown in trays containing a soil mixture (peat: sand: pum-
ice, 1:1:1, v/v/v). Plants were adequately watered and
grown at day/night temperatures of 24/18°C with a 16-h
photoperiod. Sex type for each individual F, plant was
determined by recording the flower type along the first 20
main-stem nodes as well as the morphology of the fruits.

Molecular markers

DNA was isolated from fresh leaves using the modified
CTAB method (Murray and Thompson 1980). The cleaved
amplified polymorphic sequence marker CsEILI (Table 1)
was developed according to the CmEILI gene sequence
(accession: AB063191) in melon (Cucumis melo L.). For
PCR analysis, 15 pl reaction mixtures contained 20 ng
DNA template, 7.5 ng of each primer, 0.1 mM of each
dNTP, 0.3 units Taq polymerase (Tiangen Biotech Co. Ltd,
Beijing China), 10 mM Tris-HCI pH 9, 1.5 mM MgCl,, 50
mM KCI, 0.1% Triton X-100, and 0.01% (w/v) gelatin.
PCR-amplification protocol was as following: an initial
DNA denaturation for 5 min at 94°C, followed by 35 cycles
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Table 1 CAPS and AFLP markers linked to M locus. AFLP markers are listed according to their position on the genetic map (Fig. 4)

Markers Primer combinations Type Size (bp) and linkage
with M/m alleles

CsEILI Sense: 5'-GGA AGT CTG TAA TGC TCA AGG TT-3’ Codominant 380/327(M/m)*
Antisense: 5'-GAC CTT GGT CCT TCG GCA-3’

PGGMCCC_450/453 Pstl primer: 5'-GAC TGC GTA CAT GCA GGG-3’ Codominant 450(m)/453(M)
Msel primer: 5'-GAT GAG TCC TGA GTA ACC C-3'

PAGMCTC_122 Pstl primer: 5'-GAC TGC GTA CAT GCA GAG-3’ Dominant 122(M)
Msel primer: 5'-GAT GAG TCC TGA GTA ACT C-3’

EACAMCAT_202/203 EcoRI primer: 5'-GAC TGC GTA CCA ATT CAC A-3’ Codominant 202(M)/203(m)
Msel primer: 5'-GAT GAG TCC TGA GTA ACA T-3'

EATGMCAA_380 EcoRI primer: 5'-GAC TGC GTA CCA ATT CAT G-3' Dominant 380(M)
Msel primer: 5'-GAT GAG TCC TGA GTA ACA A-3'

PGTMCTA_185 Pst primer: 5'-GAC TGC GTA CAT GCA GGT-3' Dominant 185(M)

Msel primer: 5'-GAT GAG TCC TGA GTA ACT A-3'

The primer combinations, type (dominant or codominant), size of polymorphism bands, and linkage to the M or m alleles are indicated

# The association between the 380 and 327-bp bands with the M and m alleles refers to the results

of 30 s DNA denaturation at 94°C, 30 s annealing at 61°C,
and 45 s elongation at 72°C, then a final seven minute elon-
gation at 72°C. The amplification reactions were performed
using a GeneAmp 9700 thermocycler (Applied Biosystems,
Foster City, California, USA.). The PCR products were
digested with appropriate restriction enzymes and subse-
quently analysed by electrophoresis in agarose gels.

AFLP analysis (Vos etal. 1995) was performed on a
Licor sequencer (LI-COR, Lincoln Nebraska) using fluo-
rescently labeled EcoRI or Pstl primers. Experiments were
performed following a published protocol (Myburg et al.
2001). Bands that were polymorphic (Table 1) in the paren-
tal lines were scored for all F, progeny.

Linkage and statistical analyses

A X test was used to test the goodness-of-fit of the Mende-
lian segregation of the M gene classes. Marker orders and
map distances for the F, population were calculated using
the software JoinMap Ver. 3.0 with a LOD threshold of 3.0
and the mapping function of Kosambi (Kosambi 1944;
Stam 1993).

Results
The phenotypes of flowers and fruits

The mother plant WI 1983G bears only pistillate flowers
and white spined, slightly tapered fruits, whereas the
mother plant WI 1983H bears bisexual flowers that typi-
cally produce nearly round fruit (Fig. 1). All F; progeny
that were derived from the cross between WI 1983G and

WI 1983H lines bore pistillate flowers and slightly tapered
fruits. This finding confirmed the complete dominance of
the maternal sex type over the paternal sex type. Hereafter,
we designate the genotype of WI 1983G as MMFF (gynoe-
cious) and of WI 1983 H as mmFF (hermaphroditic). In the
96 F, individuals, 71 had only pistillate flowers and were
scored as gynoecious (M_FF). In addition, 25 F, individu-
als had only bisexual flowers and were, thus, scored as her-
maphroditic (immFF). These results fit the Mendelian 3:1
ratio (12 = 0.056; p > 0.8), indicating the single M locus
controlled the segregation of the sex expression in the F,
progeny. Therefore this population is ideal for genetic map-
ping of the M locus.

Development of the CsEILI markers co-segregating
with the M locus

As the M locus is presumed to be involved in perceiving the
ethylene signal and the EHTYLENE-INSENSTIVE3 (EIN3)
and EIN3-LIKE (EIL) gene families are key components in
the ethylene signaling pathway, we investigated whether
the M locus and the EIN3/EIL genes are genetically associ-
ated in cucumber. A pair of primers was designed from the
sequence of the CmEILI gene (AB063191) from melon (C.
melo) to amplify a single 380-bp fragment (Table 1). The
PCR products of WI 1983G and WI 1983H were cloned
and sequenced. Two amplicons from WI 1983H were found
and they differ by a single nucleotide polymorphism (SNP)
(Fig. 2), while only one amplicon from WI 1983G was
found and it is identical to one of the amplicon from WI
1983H. This SNP, when cleaved with the restriction
enzyme Sfcl, resulted in a cleaved amplified polymorphic
sequence (CAPS) marker, CsEILI (Fig. 3a). This marker
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Genotype:

Flower

Fruit

Fig. 1 The effects of the M gene on the sexual type and fruit shape of
cucumber. Gynoecious plants (MMFF), bearing the dominant M allele,
develop only female flowers and slightly tapered fruits, while her-
maphroditic plants (mmFF), bearing the homozygous m recessive alle-
les, develop hermaphrodite flowers and round fruits. Scale represents
0.2 cm in flower plates and 1 cm in fruit plates

can be co-dominantly scored. After digestion with Sfcl, the
cleaved 327-bp fragment was present in WI 1983H and F,
individuals but absent in WI 1983G individuals. The inten-
sity of the 327-bp fragment in WI 1983H, however, was
more than two times greater than that in F; individuals.

Due to the near isogenic nature of WI 1983G and WI
1983H, the presence of the SNP suggested the association
of the CsEILI marker and the M locus. To confirm this
association, we analyzed the 96 F, progeny with CsEILI
and discovered that the marker and the M locus co-segre-
gated.

Construction of an AFLP map of the M locus

To develop more markers for fine mapping, we generated a
local map for the M locus using high-throughput AFLP
technology. We screened 256 primer combinations (128
EcoRI/Msel plus 128 Pstl/Msel, three selective bases for
EcoRI and Msel primers and two selective bases for Pstl
primers) for polymorphisms using WI 1983G, WI 1983H,
and the F, plants. These primer combinations resulted in
approximately 15,000 bands with an average of about 58
bands per primer combination. Only ten bands (<0.1% of
the total number of bands) from eight primer combinations
revealed polymorphisms between the parental lines in con-
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1 GGAAGTCTGTAATGCTCAAGGTTTTGTATACGGAATAATTCCTGAGARGGGARAACCAGT CsEIL1-G
1 GGAAGTCTGTAATGCTCAAGGTTTTGTATACGGAATAATTCCTGAGAAGGGAAAACCAGT CsEIL1-HI1
1 GGAAGTCTGTAATGCTCAAGGTTTTGTATACGGAATAATTCCTGAGAAGGGARAACCAGT CsEIL1-H2

61 AACCGGGGCATCGGATAATCTGCGAGAGTGGTGGAAAGACAAAGTCAGATTTGATAGARA CsEIL1-G
61 AACCGGGGCATCGGATAATCTGCGAGAGTGGTGGAAAGACAAAGTCAGATTTGATAGARA CsEIL1-HL
61 AACCGGGGCATCGGATAATCTGCGAGAGTGGTGGAAAGACAAAGTCAGATTTGATAGAARA CsEIL1-H2

121 CGGACCAGCTGCCATAGCCAAGTACCAGGCAGACAATGCAATTCCTGGACGAAATGATGG CsEIL1-G
121 CGGACCAGCTGCCATAGCCAAGTACCAGGCAGACAATGCAATTCCTGGACGARATGATGG CsEIL1-HI1
121 CGGACCAGCTGCCATAGCCAAGTACCAGGCAGACAATGCAATTCCTGGACGAARATGATGG CsEIL1-H2

181 CTGTAATTCAATCGGTCCAACCCCTCACACCTTGCAGGAACTTCAGGATACCACCTTAGG CsEIL1-G
181 CTGTAATTCAATCGGTCCAACCCCTCACACCTTGCAGGAACTTCAGGATACCACCTTAGG CsEIL1-HI1
181 CTGTAATTCAATCGGTCCAACCCCTCACACCTTGCAGGAACTTCAGGATACCACCTTAGG CsEIL1-H2

241 TTCTCTTTTATCAGCTCTGATGCAGCACTGTGACCCTCCTCARAGAAGATTTCCATTGGA CSEIL1-G
241 TTCTCTTTTATCAGCTCTGATGCAGCACTGTGACCCTCCTCAAAGRAGATTTCCATTGGA CsEIL1-H1
241 TTCTCTTTTATCAGCTCTGATGCAGCACTGTGACCCTCCTCAAAGAAGATTTCCATTGGA CsEIL1-H2

301 GRAAGGAGTTCCTCCGCCATGGTGGCCTACTGGAGTCGAGGAATGGTGGCCTCAGCTTGG CSEIL1-G
301 GAAAGGAGTTCCTCCGCCATGGTGGCCTACTGGAGTCGAGGAATGGTGGCCTCAGCTTGG CsEIL1-HI1
301 GAAAGGAGTTCCTCCGCCATGGTGGCCTACAGGAGTCGAGGAATGGTGGCCTCAGCTTGG CsEIL1-H2

361 ATTGCCGAAGGACCAAGGTC CsEIL1-G
361 ATTGCCGAAGGACCAAGGTC CsEIL1-H1
361 ATTGCCGAAGGACCAAGGTC CsEIL1-H2

Fig. 2 Sequence alignment of the CsEILI fragments from WI 1983G
(CsEIL1-G, accession: EU814481) and WI 1983H (CsEIL1-HI,
accession: EU814482 and CsEIL1-H2, accession: EU814483).
CsEILI1-G is identical to CsEIL1-H1, both differ from CsEIL1-H2 by
an SNP that is denoted with an arrow. The SNP creates an Sfcl restric-

tion site in CsEIL1-H2

380 bp —

C

Fig. 3 Molecular markers linked to the M locus. a CsEILI, b EA-
CAMCAT_202/203, and ¢ EATGMCAA_380. Analyzed plants in-
cluded the parental WI 1983G and WI 1983H lines, F;, and 18 F,
progenies (14 gynoecious and 4 hermaphrodite). The sizes of the diag-
nostic bands are indicated on the left. Asterisks (*) show recombinant
events between the M locus and the markers

firmation of their near isogenic nature. Further analysis was
conducted with the eight primer combinations on an F,
population subset that consisted of 30 gynoecious and 10
hermaphroditic plants. Three of the ten bands, however,
were not linked to the locus. This result indicated that addi-
tional genomic fragments from the donor parent remained
in the genome of WI 1983H. The remaining seven bands
that were derived from five primer combinations were sig-
nificantly associated with the sex phenotype in the subset.
Thus, three dominant and two codominant AFLP markers
were linked to the M locus (Table 1).

Subsequently, five AFLP markers were scored on the
remaining 56 plants of the F, population to generate a link-
age map for the M locus (Fig. 4). The local map spanned a
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Distance (cM) Marker
0.0~ PGGMCCC_450/453
0.1-11- PAGMCTC_122

0-2711" EACAMCAT_202/203

M
|CsEIL1

1.1

2.7 EATGMCAA_380

5.0——PGTMCTA_185

Fig. 4 Genetic map of the M locus. Genetic distances in cM on the left
were estimated based on the linkage analysis of 96 F, plants derived
from the cross between WI 1983G and WI 1983H

genetic interval of 5.0 centimorgans (cM), which was defi-
ned by the AFLP markers PGGMCCC_450/453 and PAG-
MCTC_122 on one side and PGTMCTA_185 on the other
side. The M locus co-segregated with the CsEILI marker
and was flanked by the AFLP markers EACAMCAT_202/
203 and EATGMCAA_380 that defined a 2.5-cM interval
(Figs. 3b, c and 4). The linkage map provides a solid basis
for high-resolution mapping and ultimately for molecular
isolation of the M gene.

Discussion

In this report, we describe the finding that the sex-determin-
ing M locus in cucumber genetically associates with an
EIN3/EIL genomic sequence and construct an AFLP map
of the locus. The association provides another line of evi-
dence to support the ethylene model of sex determination,
which predicts that the M locus mediates the ethylene sig-
nal and inhibits stamen development in cucumber. Together
with the local map, this finding will assist the molecular
isolation of the M gene via a combined strategy of posi-
tional cloning and the candidate gene approach.
Information gained in model species will be an indis-
pensable tool for deciphering the genetic and molecular
basis of agronomical traits in ‘orphan’ crops such as cucur-
bits. Ethylene is a plant hormone involved in the regulation

of various stress responses and developmental adaptations.
Ethylene biosynthetic and signaling pathways have been
well characterized, particularly in the model species Ara-
bidopsis (Guo and Ecker 2004; Kende 1993). The direct
relationship between sex expression and ethylene has long
been established in cucurbits. Therefore, application of
comparative genetics to uncover the mechanism of sex
expression in cucumber and other cucurbits is valid using
the large body of knowledge on ethylene biosynthesis and
signaling available for Arabidopsis and other model spe-
cies. Using these methods, the Female (F) locus of cucum-
ber was found to correspond to an ACC synthase, a key
enzyme in the ethylene biosynthetic pathway (Trebitsh
etal. 1997). Here, our results suggest that the M locus,
another sex-determining locus of cucumber, may corre-
spond to the EIN3-like transcription factors. Clearly, com-
parative genomics are a powerful tool for unveiling the sex-
determining pathways.

Two additional lines of evidence support our working
hypothesis that the M locus of cucumber may correspond to
the EIN3/EIL gene. Firstly, Arabidopsis EIN3 mutants are
insensitive to ethylene-mediated inhibition of hypocotyl
and root elongation (Chao et al. 1997). In cucumber, the
inhibitory effect of ethylene on hypocotyls elongation in
andromonoecious (mmff) plants is less than that in monoe-
cious (MMff) and gynoecious (MMFF) plants (Yamasaki
et al. 2001), suggesting that the m allele confers reduced
response to ethylene response. Although mutants of other
genes in the signaling pathway may also lack an inhibitory
effect, we detected no polymorphisms between the near-iso-
genic WI 1983G and WI 1983H lines in the surveyed
region of other ethylene signaling genes as ETRI, ETR2,
CTRI, ERF, and ERS (data not shown); however, we can-
not exclude the possibility that polymorphisms occur
beyond the regions defined by the PCR primers used. Sec-
ondly, the EIN3- or EILI-overexpressing transgenic lines of
Arabidopsis exhibited greatly reduced fertility, and the
gynoecium protruded from a flower while the pollen was
still immature (Chao et al. 1997). Thus, we offer a prelimi-
nary hypothesis that the stimulated gynoecium develop-
ment by FEIN3 inhibits stamen development. Further
experiments are critical to address this hypothesis.

However, the reduced response to ethylene response of
the m allele is unlikely related to the lower transcriptional
level of EIN3/EIL in cucumber. Recently we performed
deep EST sequencing on flower buds of these two cultivars
using the 454 pyro-sequencing technology (Margulies et al.
2005) and obtained ~195,000 and ~171,000 ESTs for the
near-isogenic WI 1983G and WI 1983H, respectively (Fei
et al. unpublished data). Digital expression information
derived from these ESTs indicates that there is no signifi-
cant difference of EIN3/EIL expression in the flower buds
of the two cultivars as the same number of ESTs (16) were
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from EIN3/EIL in both lines. Similarly, tomato EIN3/EIL
gene expression is not regulated by exogenous ethylene
(Tieman et al. 2001).

At least two copies of EIN3/EIL occur in the genome of
the hermaphrodite cucumber line (Fig.2). From the 2x
genome shotgun sequences of a monoecious cucumber
inbred line(MMff) (Huang et al. unpublished data), we dis-
covered three EIN3/EIL fragments with about 90% homol-
ogy to the CmEILI gene (data not shown). Therefore, the
cucumber genome may also contain a family of EIN3-like
genes similar to Arabidopsis (Chao et al. 1997) and other
plants (Iordachescu and Verlinden 2005; Rieu et al. 2003;
Tieman et al. 2001). These EIN3-like genes may fine tune
the ethylene response to environmental and developmental
adaptation. Isolation of full-length EIN3/EIL genes in MM
lines and functional complementation in mm lines are
required to conclude whether these genes indeed involve in
sex determination of cucumber.

The current map (Fig. 4) provides a basis for high-reso-
lution mapping of the M locus. In future experiments, we
will screen a large population using the flanking markers
and identify rare recombination events that can further nar-
row down the genetic interval of the M locus. We will also
screen and sequence cucumber genomic clones carrying
EIN3-like genes. These efforts will result in the molecular
cloning of the M locus and a model of its origin as well.
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