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Abstract Cucumber is a typical monoecious having
separate male and female flowers on the same plant,
and sex expression in cucumber is mainly determined
by three major genes: F/f, M/m and A/a. Gynoecy
plays an important role in cucumber hybrid breeding,
and the use of gynoecious lines as maternal parents
ensures high productivity. This study aimed to identify
a co-dominant marker linked to Female (F) locus to
distinguish homozygous and heterozygous gynoe-
cious lines for efficient selection of gynoecy in
cucumber breeding. Firstly, we analyzed a 50-kb
genomic sequence of five gynoecious and five monoe-
cious inbred lines to detect the polymorphism linked to
F locus. A pair of specific primers, Cs-BCAT-F/Cs-
BCAT-R, based on an In/Del polymorphism at 3’-UTR
of branched-chain amino acid transaminase (BCAT)
gene was designed to examine the polymorphism in
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gynoecious and monoecious parents, their F; hybrids
and two F, segregating populations. The PCR frag-
ments amplified with Cs-BCAT-F/Cs-BCAT-R co-seg-
regated with sexual phenotypes in the F, populations,
behaving as a co-dominant marker with two alleles:
F (gynoecious) and f (monoecious). When we further
verified the consistency of the co-dominant marker
using additional 55 diverse inbred lines, it can explain
~90 % of accessions. Linkage analysis also showed
that the gene which enhances the number of female
flowers co-segregated with the co-dominant marker on
the long arm of chromosome 6. This is the first report
for the development of F locus-specific co-dominant
marker which can distinguish perfectly homozygous
and heterozygous gynoecious, and it could be used in
marker-assisted selection in cucumber breeding.

Keywords Molecular marker - Gynoecy - Sex
expression - Linkage map - Branched-chain amino
acid transaminase

Introduction

Cucumber (Cucumis sativus L.) is a typical monoe-
cious plant which composed of separate male and
female flowers on the same plant. In addition,
cucumber has additional three different sex types of
flower; gynoecious, andromonoecious and hermaph-
roditic. Sex expression in cucumber is controlled by
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combinatory effect of genetic, environmental and
hormonal factors (Malepszy and Niemirowicz-Szczytt
1991; Perl-Treves 1999). Inheritance and molecular
mechanisms of sex expression in cucumber have been
well characterized. Sex expression of cucumber
flowers have been mainly determined by three sex-
determination genes; a dominant Female (F) locus,
and two other recessive loci andromonoecious (m,
staminate and hermaphrodite flowers) and androe-
cious (a, staminate flowers).

Female sex expression (gynoecy) plays an impor-
tant role in cucumber breeding program because the
commercial F; hybrid seeds were generated by
crossing two different unisexual cucumber breeding
lines. Therefore, selection of gynoecious cucumber
lines used for maternal parents is the essential process
in cucumber breeding. Traditional selection of gynoe-
cious cucumber line has been based on observation of
flower sex expression in breeding fields. The tradi-
tional method has several limitations in terms of
selection accuracy, early identification and mainte-
nance. Besides, unfavorable environmental conditions
can reduce the selection accuracy under field condi-
tions since sex expression in cucumber is affected by
environmental conditions. Therefore molecular selec-
tion of gynoecy becomes essential to improve the
efficiency and precision of conventional cucumber
breeding.

Gynoecy is regulated by a single dominant gene,
Female (F) (Shifriss 1961; Kubicki 1969), and the
F locus encodes an additional copy of 1-aminocyclo-
propane-1-carboxylic acid synthase (ACS) gene, Cs-
ACSIG, a key regulator of ethylene biosynthesis
(Trebitsh et al. 1997). Cs-ACSIG appears to be the
result of gene duplication and recombination between
Cs-ACS1 and Cs-BCAT gene (Mibus and Tatlioglu
2004; Knopf and Trebitsh 2006), and the cis-regula-
tory elements needed for cucumber female-specific
expression might be located in the distal promoter
region of Cs-ACSIG (Trebitsh et al. 1997; Wu et al.
2012).

To date, it has been considered that structural
variation of cucumber genome control the female sex
expression. The recent 30.2-kb duplication causes a
copy number variation involving four genes; Cs-
ACSI, one unknown gene, a truncated MYB tran-
scription factor and part of Cs-BCAT gene that defines
the F locus (Zhang et al. 2015). Therefore, PCR
amplicon could detect only gynoecious by using the
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two primer sequences spanning the breakpoint of the
duplicated region. The molecular markers linked to
F locus have been previously reported; such as the
primer pair P2S/P3A covering the full length-specific
genomic sequence of Cs-ACSIG (Knopf and Trebitsh
2006), the primer pair amplified the upstream of Cs-
ACSIG gene covering the recombination event
between Cs-ACSI and Cs-BCAT genes (Wu et al.
2012), and the marker Primer F/Primer R spanning the
breakpoint of the 30.2-kb duplicated region which
defines the F locus (Zhang et al. 2015). Although those
molecular markers could identify gynoecious lines,
dominant characteristics of this marker could not
distinguish homozygous and heterozygous gynoe-
cious lines. Since heterozygous gynoecious lines
could exhibit a less stable gynoecious phenotype
compared with homozygous lines, it still needs the
updated molecular marker to overcome this trouble-
some. Currently, some SSR markers linked to gynoe-
cious locus in cucumber have been reported (Zhou
et al. 2013). However, the applicability of these
markers is still limited because there were several
genetic distances between the markers and the F locus.
Therefore, we analyzed the 50-kb genomic sequence
including the 30.2-kb duplication of monoecious and
gynoecious lines to develop F locus-specific co-
dominant markers.

In this paper, we identify a new co-dominant
molecular maker which can distinguish homozygous
and heterozygous gynoecious cucumber lines. We also
exploit the sequence polymorphism of gynoecious and
monoecious lines in the duplicated region which
defines the F locus. For the verification of F locus-
specific identification, we also mapped the co-domi-
nant marker onto the F, mapping population and
screened the diverse cucumber accessions.

Materials and methods
Plant materials and growth conditions

Two Korean gynoecious lines of cucumber (C. sativus
L.) ‘WIE F10’ and ‘WIJE F11’ were used as female
parents, and the monoecious line “‘WNE F8’ was used
as a pollinator to generate F, segregating populations.
The F hybrids that resulted from each cross-combi-
nation were self-pollinated in summer 2014. Both
parents, their F; hybrids and two F, populations



Mol Breeding (2015) 35:229

Page 3 of 10 229

consisting of 160 individuals derived from ‘WJE F11’
and ‘WNE F8’ and 60 individuals derived from “WJE
F10’ and ‘“WNE F8’ were cultivated in summer 2015
in a greenhouse in Sejong University, Seoul, South
Korea. All plant materials were grown in pea bags
with drip irrigation of nutrient solution, following
plant protection practices as necessary. Furthermore,
55 accessions of diverse inbred lines with different
sexual phenotypes from different origins (Table S1)
were cultivated in a greenhouse in Sejong University
for five continuous years from 2010 to 2014 to
determine their sexual phenotypes.

Evaluation of sex expression

The sexual phenotype of individual plant was deter-
mined by recording the sex type of the first 25 nodes
along the main stem in summer season from early June
to late July. The plants with female flowers at every
node were scored as gynoecious and those which bear
male flowers at early 3-5 nodes and female flowers at
all the remaining nodes were scored as subgynoecious,
whereas the plants which produced both male and
female flowers were scored as monoecious.

Whole genome sequencing

Genomic DNA from four gynoecious lines (TH169,
WDSGD, WFEJ and WIJE F11) and three monoecious
lines (TH118FLM, WMEJ and WNE F8) was isolated
from young leaves using DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany). A library of ~280-bp
insert size was constructed at Theragen BiO Institute
(TBI, TheragenEtex, Korea) and pair-end sequenced
(2 x 100 bp) on an Ilumina HiSeq2000 using HiSeq
Sequencing Kits. Raw pair-end reads were generated
by applying a base-calling pipeline [Sequencing
Control Software (SCS), Illumina]. Raw paired-end
reads were aligned to the Chinese long inbred line
9930 reference genome (Huang et al. 2009) using the
program Bowtie 2 (Langmead and Salzberg 2012).

Sequence analysis to detect polymorphism
between gynoecious and monoecious lines

Sequence of a 50-kb region including the 30.2-kb
duplication which defines the F locus on cucumber
chromosome 6 of 5 gynoecious lines: THI169,
WDSGD, WFEJ, WJE F11 and North American

inbred line ‘Gyl4’ (genome annotation is available
at http://www.phytozome.net/cucumber.php#A) and 5
monoecious lines: TH118FLM, WMEJ, WNE F8,
Chinese long inbred line ‘9930’ (Huang et al. 2009)
and North-European Borszczagowski cultivar ‘B10’
(Woycicki et al. 2011) were analyzed using Geneious
Pro7.1.3 (Biomatters, Auckland, New Zealand).
Firstly, sequences of five accessions of each group
were aligned using the multiple sequence alignment
program, MAFFT, and then two consensus sequences
derived from each sequence group were analyzed to
detect the sequence polymorphisms between gynoe-
cious and monoecious lines to develop the molecular
marker linked to F locus.

DNA extraction and genotyping

Genomic DNA from individual plant was isolated
from young leaves and extracted according to Della-
porta et al. (1983) with minor modifications for F,
populations, and using DNeasy Plant Mini Kit (Qia-
gen, Hilden, Germany) for inbred lines, total DNA was
resuspended in 100 pL of sterile distilled water and
concentration was checked after electrophoresis in
1 % agarose gels with 1 x TAE buffer and stained with
SYBR green.

Total twelve molecular markers were used in this
study; all SSR markers were previously published
(Fazio et al. 2002; Ren et al. 2009). Additional three
Indel markers; Cs-Femalel, Cs-Female4 and Cs-
Female7 (Table 1) were designed based on the
sequence polymorphisms between gynoecious inbred
line, Gyl4 (http://www.phytozome.net/cucumber.
php#A) and monoecious Chinese long inbred line
‘9930’ from the cucumber genomics database (http://
www.icugi.org). A pair of specific primers for F locus,
Cs-BCAT-F/Cs-BCAT-R, which was designed based
on an insertion/deletion (In/Del) polymorphism
between monoecious and gynoecious lines on the
analyzed 50-kb genomic region. Furthermore, a
dominant marker Cs-ACS1G-pro, which is spanning
the breakpoint of duplication between Cs-ACSI and
part of Cs-BCAT genes, previously developed by Wu
et al. (2012) was used to detect the presence or absence
of 30.2-kb duplication.

PCR reactions were in a final volume of 20 pL with
5 pmol of each primer, 20 ng of DNA and 2 x Premix
solution Genet Bio [Prime Taq DNA Polymerase
1 unit/10 pL, Tris=HCl (pH 9.0), PCR enhancer,
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Table 1 New Indel markers used in this study

Marker Marker type ~ Forward primer sequence (5'-3") Reverse primer sequence (5'-3") PCR fragment
size® (bp)
Cs-BCAT Co-dominant CATTGTGTGAATGAAGACAAG CTTCAACGCAAAACCTTCATC 216/160
Cs-Femalel =~ Co-dominant TGGAGATAAAGCGTAAGGGAA CCTCCAACGTCATAGAGTAAA 197/163
Cs-Female4  Co-dominant CGATCAGATATAACTGCAGCAGT TAATAGTCGCTGCCAAGTAAAGC  204/220
Cs-Female7  Co-dominant TGGTTTGGTTTTTAGGGGAGA CCCCACGTTACAAAATAGAAG 122/110

% Approximate PCR fragment size shown before and after slash (/) is from monoecious and gynoecious lines, respectively

(NH,),SO4, 4 mM MgCl,, enzyme stabilizer, sedi-
ment, loading dye, 2.0 mM dNTPs mixture]. Amplifi-
cation was carried out in a BIORAD TI100™
Thermocycler (Hercules, CA, USA) as follows: an
initial cycle at 94 °C for 3 min, followed by 35 cycles at
94 °C for 30 s, 50-57 °C (for different markers) for
30 sand 72 °C for 1 min, and a final cycle at 72 °C for
5 min. Amplified fragments were visually analyzed
after electrophoresis in 2 % Agarose gel with
0.5x TBE buffer and stained with SYBR green. The
PCR reactions for specific primers, Cs-BCAT-F/Cs-
BCAT-R, were as above, except the annealing temper-
ature is 63 °C. The PCR reactions for Cs-ACSI1G-pro
were also as above, except the annealing temperature is
57 °C with 2-min extension time for each cycle.

Linkage mapping

To perform linkage analysis of the new co-dominant
markers in relation to the F locus, we analyzed the F,
segregating population (WJE F11/WNE F8) using six
SSR markers and four Indel markers on cucumber
chromosome 6 (Table 1). All F, plants were geno-
typed using total ten markers and evaluated for sexual
phenotype. Linkage relationships between the F locus
and the molecular markers were calculated using
MAPMAKER 3.0 program (Lander et al. 1987) with
the Kosambi’s mapping function (Kosambi 1944).
Linkage map was determined with a minimum loga-
rithm of the odds (LOD) ratio of 3.0 and a maximum
recombination fraction of 0.5.

For linkage mapping in another F, segregating
population (WJE F10/WNE F8), 60 F, plants were
genotyped using two SSR and four Indel markers
(Table 1). Recombination values between the F locus
and the molecular markers were estimated using the
maximum-likelihood equation (Allard 1956) and
transformed into genetic map distances (cM) using
Kosambi’s mapping function (Kosambi 1944).
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Results
Evaluation of sex expression

The female parents of two F, populations (WJE F10/
WNE F8 and WJE F11/WNE F8), ‘WJE F10* and
‘WIJE F11’ showed 100 % pistillate flowers and the
common male parent “‘WNE F8’ showed 41 % pistil-
late flowers, while their F; hybrids showed 100 %
pistillate flowers similar to female parents. The F,
population (WJE FI11/WNE F8) consisting of 160
individuals, segregated into 119 gynoecious and 41
monoecious plants, which fits well to a 3:1 ratio
(Table S2). Another F, population (WJE F10/WNE
F8) consisting of 60 individuals, segregated into 36
gynoecious and 24 monoecious plants, which does not
fit the theoretical 3:1 ratio (Table S2). On the other
hand, 55 diverse inbred lines were classified into 17
gynoecious, 30 monoecious, 2 subgynoecious and the
remaining six lines (SJ15, SJ41, SJ43, SJ45, SJ51 and
SJ55) exhibited a less stable gynoecious phenotype
because they showed subgynoecious phenotype in
some years, so we designated them as subgynoecious
to gynoecious phenotype, according to 5 years phe-
notype data (Table S1).

Sequence analysis of 50-kb genomic region
of gynoecious and monoecious lines

Since F locus encodes an additional copy of Cs-ACS1
gene, Cs-ACSIG and the 30.2-kb duplication involv-
ing Cs-ACSIG defines the F locus, we analyzed the
50-kb genomic sequence including 30.2-kb duplica-
tion from five accessions of each of the two different
sex types: gynoecious and monoecious. The sequence
analysis showed a total of 71 In/Del polymorphisms
ranging from 1 to 76 bp and 109 single nucleotide
polymorphisms (SNPs) (Fig. 1; Table S3a). Among
25 insertions and 46 deletions in gynoecious lines
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compared with monoecious lines, seven insertions and
ten deletions were conserved in all five gynoecious
lines; two deletions were located in the intron of Cs-
BCAT gene, one insertion and one deletion were
located in the 3'-UTR of Cs-BCAT gene and the
remaining six insertions and seven deletions were
located in the noncoding regions (Fig. 1; Table S3a).
Among 109 SNPs, 50 SNPs were conserved in all five
gynoecious lines: 1 SNP and 3 SNPs were located in
the 6th exon and 3'-UTR of Csa6M496980 gene,
respectively, 5 SNPs, 2 SNPs and 1 SNP were located
in the intron, 3’-UTR and 5’-UTR of Cs-BCAT gene,
respectively, and the remaining 38 SNPs were located
in the noncoding regions (Fig. 1; Table S3a). Among
them, the In/Del of 3’-UTR of Cs-BCAT gene was the
significant conserved (the most lengthy) polymor-
phism between gynoecious and monoecious lines
(Table S3b).

The sequences of four gynoecious and three
monoecious lines reported in this paper were depos-
ited in the Genbank/NCBI database under Accession
Nos. KT885085, KT885086, KT885087, KT885088,
KT885089, KT885090 and KT885091.

Development of an F' locus-specific co-dominant
marker

A pair of specific primers was designed based on a

56-bp In/Del, which located on the 3’-UTR region of
BCAT gene, conserved in all five monoecious and

______________________

gynoecious lines (Fig. 2), to examine the polymor-
phism of the parents, their F; hybrids and F,
populations as well as to construct the linkage map
conferring the F locus. The polymorphism of the
primer pairs Cs-BCAT-F/Cs-BCAT-R was analyzed
using the parents and F; hybrids. The PCR fragments
exhibited a polymorphism between parents, with an
approximately 216-bp band in the monoecious but an
approximately 160-bp band in the two gynoecious
lines while F; plants amplified both bands (Fig. 3a).
This result showed that the 160- and 216-bp bands
indicated homozygous-dominant genotype (FF) and
homozygous recessive genotype (ff), respectively,
while both bands were given by heterozygous (Ff).

The banding pattern was conserved when the two
F, populations were analyzed using the specific primer
pair. In the F, population (WJE F11/WNE F8), all the
41 monoecious individuals showed the 216-bp band,
while among 119 gynoecious individuals, 40 of them
had only one 160-bp band, but 79 individuals had two
bands from 216 to 160 bp (partially shown in Fig. 3a;
Table S2). In the F, population (WJE F10/WNE F8),
all the 24 monoecious individuals showed the 216-bp
band, while among 36 gynoecious individuals, 12
plants had only one 160-bp band and 24 plants showed
two bands (Table S2). These results indicated that the
PCR fragments of 160 and 216 bp amplified with Cs-
BCAT-F/Cs-BCAT-R co-segregated with the F/f gene,
behaving as a co-dominant molecular marker with two
alleles: F (gynoecious) and f (monoecious).

______________________

i CsabM CsabM CsabM
j ACST 496950 496960 BCAT 496980

Monoecious : i i‘]

|

Cs-BCAT
. (X ]
Gynoecious
| T - v Ml
i i
5 kb

Fig. 1 Genomic DNA structure of monoecious and gynoecious
lines of the analyzed 50-kb region on chromosome 6. Black
boxes represent the genes including introns and exons. Bent
arrows indicate the directions of genes. White arrowheads
above and below the line indicate the conserved insertion and

deletion of nucleotides, respectively, and vertical lines show
conserved nucleotide differences between monoecious and
gynoecious lines. Black arrowheads represent the locations
and directions of the F' locus-specific primers Cs-BCAT-F and
Cs-BCAT-R
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Fig. 2 Multiple alignment

ATTTTTAATACATTGTGTGAATGAAGACAAGAAAATAAGTACTTAACAAAAAAGATTGA

ATTTTTAATACATTGTGTGAATGAAGACAAGAAAATAAGTACTTAACAAAAAAGATTGA
ATTTTTAATACATTGTGTGAATGAAGACAAGAAAATAAGTACTTAACAAAAAAGATTGA

TATTTTTAATACATTGTGTGAATGAAGACAAGAAAATAAGTACTTAACAAAAAAGATTGA

TATTTTTAATACATTGTGTGAATGAAGACAAGAAAATAAGTACTTAACAAAAAAGATTGA

R R R T

NS NN Y T TGAAATCGAAACAGAAAAATAAATGTTAATAGTAAATTTTTAA
NN NG SES NN T TGARATCGARACAGAAAAATARATGTTAATAGTAAATTTTTAA
NGRSV NN - - GAAATCGARACAGAAAAATARATGTTAATAGTAARATTTTTAA
NSNS NIUNINYY - - GAAATCGAAACAGAAAAATAAATGTTAATAGTAAATTTTTAA
NSNSV T TGAAATCGAAACAGAAAAATAAATGTTAATAGTARATTTT-AA

B \ACTGAATTAAAAT TARACT THARAAT T T TARAAGTRGTGAAT ]
. /ACTGAATTALAATTARACT TAARATTTTARAAGTH

B 1 CTGAATTALAATTAAACT I AARATTTTARAAGTHOTGAATT
EAAACTGAATTAAAATTAAACTTINAAAATTTTAAAAGTEG

B ncTcan A AT TARACT T AR A TTTTAAAGTOTGAATT

S UNNNNGSBINY 111117, 1A C T80 TTTTAAAACTGTGARTT
raTTTTARAACCT A VeI NNV SN
TATTTTAAAACCTAA AAACTGAATTAAAATTAAACTTAAAATTTTAAAAGT
raTTTTARAACCT A NN - A NN VYN - SN
raTTTTARAACCT A Ve (RN VYN SN

Kok Kok ok ok ok ok ok ok ok ok ok kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

AAATAGAAACTAGATTCARMAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]
AAATAGAAACTAGATTCARAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]
AAATAGAAACTAGATTCARAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]

AAATAGAAACTAGATTCAIRAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]
AAATAGAAACTAGATTCARAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]
AAATAGAAACTAGATTCAIRMAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]

AAATAGAAACTAGATTCAIMAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]
IAAATAGAAACTAGATTCARAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]
IAAATAGAAACTAGATTCAMAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]

of the nucleotide sequences WEEJ
of 3’-UTR region of Cs- WJE Fll
BCAT gene in 5 gynoecious Gyl4
lines (WFEJ, WJE F11, ggfgg
American inbred line 9930
Gyl14’, WDSGD and . THL18FLM:
TH169) and 5 monoecious WMET
l¥nes (Chinese long inbred WNE F8
line ‘9930’, TH118FLM, B10
WMEIJ, WNE F8 and North-
European Borszczagowski WEEJ [AATTAAGATGTAAATAR
cultivar ‘B10°). Black WJE F11 [AATTAAGATGTAAATAR
background indicates Gyl4 [AATTAAGATGTAAATARE
nucleotide sequences WDSGD AATTAAGATGTAAATAR
conserved among the TH169 AATTAAGATGTAAATARE
accessions. Gray 9930
background indicates 56-bp TH118FLM:
deletion in gynoecious lines. WHE.] g
Black arrows show the g?g F
locations and directions of ———————
the specific primers Cis- WEEJ
BCAT-F and Cs-BCAT-R WIE F11
Gyl4
WDSGD
TH169
9930
TH118FLM:
WMEJ
WNE F8
B10
WFEJ
WJE F11
Gyl
WDSGD
TH169
9930
TH118FLM:
WMEJ
WNE F8
B10

AAATAGAAACTAGATTCARAATTAAAAAGATGAAGGTTTTGCGTTGAAGTATAATTTTTT]

Kohkkhkhk Ak kA Ak h Ak hhkk kA khk Ak kA Ak kA hhkhk Ak kA kA Ak kA Ak hkkhhkkk kA kk ok kkk

Construction of linkage map

To verify the F locus specificity of the co-dominant
marker (Cs-BCAT), linkage analysis was performed in
F, segregating population (WJE F11/WNE F8) using
six SSR markers and four Indel markers; Cs-BCAT,
Cs-femalel, Cs-female4 and Cs-female?7, on the chro-
mosome 6 (Table 1; Fig. 4a). The segregation ratio of
gynoecious to monoecious plants (119:41) in F,
population fits the theoretical 3:1 ratio (y* = 0.033,
P = 0.855) expected for dominant inheritance of a
gene which promotes the femaleness in cucumber. All
of the gynoecious plants were homozygous (GG) and

@ Springer

heterozygous gynoecious (GM), whereas all monoe-
cious plants were homozygous monoecious (MM)
based on the genotype at the marker Cs-BCAT
(Table S4). The observed segregation ratio of geno-
types fits the theoretical 1:2:1 ratio (y* = 0.038,
P = 0.981) at Cs-BCAT marker, expected for the
dominant inheritance of single gene related to female-
ness in cucumber (Table S4). Linkage analysis showed
that a single gene for femaleness co-segregated with
the markers Cs-BCAT, Cs-Femalel and Cs-Female4,
and was located between SSR18956 and Cs-Female7,
at distances of 0.3 and 2.3 cM, respectively (Fig. 4a).
This result confirms that F locus was tightly linked to
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Fig. 3 PCR amplification a
of Cs-BCAT-F/Cs-BCAT-R.

F, population

a PCR products of two

parents, F; and F, M G
individuals. M: monoecious

parent ‘WNE F8’; G:

gynoecious parent “WJE

F11’; Fo-1-F>-10: F, 216DD B

F o1 F,10

-

Inbred lines

individuals. b PCR products 160 bp B
of cucumber inbred lines. /—
13: Accession names are
listed in Table S1
b
1 2
216 bp p=

e
TE0 DD Bim e - - e

a b
Chromosome6 Chromosome6
cM ] oM M
-+ SSR16020
20.0
— SSR00134
6.9
—_ Cs41
19.7
L SSR11985
SSR18956
15.4 SR18956 ___/_— Cs-Female4
Cs-Female4 gg __f. Cs-Female1
03 —H Cs-Female1 08 e Cs-BCAT
23 | Cs-BCAT 25 || F
F 3.4 [ ~——Cs-Female7
14.0 Cs-Female7 T CSWCT25
= SSR00193 L

Fig. 4 Linkage map showing the location of F locus on
chromosome 6 using two F, populations. a 160 F, individuals
derived from WIJE F11 and WNE F8. b 60 F, individuals
derived from WJE F10 and WNE F8

Cs-BCAT marker on the chromosome 6 and enhanced
femaleness in cucumber.

In another F, population (WJE F10/WNE F8), two
SSR markers and four new Indel markers were used
for linkage analysis. The observed segregation ratio of
gynoecious to monoecious plants (36:24) in this
population does not fit the theoretical 3:1 ratio
(f* = 7.2, P = 0.0073). It might be because of small
population size. All gynoecious plants were homozy-
gous (GG) and heterozygous (GM) gynoecious,
whereas all monoecious plants were homozygous
monoecious (MM) at the marker Cs-BCAT (Table S5).
The observed segregation ratio of genotypes is slightly
significant from the theoretical 1:2:1 ratio (3* = 7.2,
P = 0.03) at Cs-BCAT marker (Table S5) because
small population size would affect the segregation
ratio. Linkage analysis indicated that F locus co-
segregated with Cs-BCAT and was located between
Cs-Femalel and Cs-Female7, at distances of 0.8 and
2.5 cM, respectively (Fig. 4b). In this population, Cs-
Femalel and Cs-Female4 were located at distances of
0.8 and 1.6 cM, respectively, from the F locus. Two
previously reported SSR markers linked to the
gynoecious locus; SSR18956 and CSWCT25 (Zhou
et al. 2013) were located at distances of 2.5 and
5.9 cM, respectively, from the F locus.
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Screening of diverse cucumber inbred lines

To further confirm the consistency of F locus-specific
co-dominant marker (Cs-BCAT), we tested 55 inbred
lines with different sexual phenotypes from different
origins. 28 accessions had 160-bp band and among
them, 17 accessions showed gynoecious, six acces-
sions showed subgynoecious to gynoecious; but five
accessions showed monoecious phenotype according
to 5-year phenotype data (partially shown in Fig. 3b;
Table S1). In contrast, 27 accessions had 216-bp band,
and among them, 25 accessions showed monoecious
and two accessions showed subgynoecious pheno-
types (Table S1). Therefore, Cs-BCAT-based marker
can explain ~90 % of accessions; however, ~ 10 %
show discrepancy in which 5 accessions with homozy-
gous gynoecious genotype at the Cs-BCAT marker
showed monoecious phenotype. In two new co-
dominant markers Cs-Femalel and Cs-Female4, 9
accessions and 10 accessions, respectively, showed
inconsistency between marker genotypes and sexual
phenotypes (Table S1).

Detection of presence or absence of 30.2-kb
duplication and comparison with F locus-specific
co-dominant marker

Since the F locus-specific co-dominant marker was
located in the 30.2-kb duplication, we examined the
presence or absence of 30.2-kb duplication in two F;
segregating populations and additional 55 cucumber
accessions using a dominant marker, Cs-ACSIG-pro
(Wu et al. 2012). In both F, populations, all F,
individuals showed the consistency of presence or
absence of the duplication with sexual phenotypes
(partially shown in Fig. S1; Table S6). Moreover, the
co-dominant marker, Cs-BCAT, absolutely co-segre-
gated with Cs-ACS1G-pro which detects the presence
or absence of duplication; the presence of duplication
corresponded to homozygous and heterozygous
gynoecious, whereas the absence of duplication cor-
responded to homozygous monoecious at Cs-BCAT
marker (Table S7). In additional 55 diverse acces-
sions, the presence or absence of the duplication
perfectly associated with gynoecious and subgynoe-
cious to gynoecious, or monoecious phenotypes;
however, two subgynoecious lines (SJ22 and SJ23)
lacked the duplication (Table S1). Among 55
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cucumber inbred lines, the Cs-BCAT marker co-
segregated with Cs-ACSIG-pro in 50 accessions;
however, five accessions showed homozygous gynoe-
cious genotype at Cs-BCAT marker, but no duplication
occurred. These results show that the F locus-specific
Cs-BCAT marker perfectly correlated with the dom-
inant marker, Cs-ACS1G-pro, in two F, segregating
populations, whereas some diverse inbred lines show
discrepancy between co-dominant and dominant
marker genotypes. Although Cs-ACS1G-pro marker
co-segregated with the sexual phenotype in both F,
populations and diverse inbred lines, the applicability
of this marker is still limited because it cannot
distinguish homozygous and heterozygous gynoe-
cious in segregating populations. The Cs-BCAT
marker can distinguish perfectly homozygous and
heterozygous gynoecious in the F, segregating pop-
ulations, and it could be used for marker-assisted
selection in cucumber breeding program.

Discussion

One of the primary advantages of gynoecy is to facilitate
cucumber hybrid seed production by ensuring all
harvested seeds are from outcrossing. Since the F locus
which enhances femaleness is a partial dominant gene
(Perl-Treves and Rajagopalan 2006), heterozygous (Ff)
plants can exhibit a less stable gynoecious phenotype
compared with homozygous (FF) plants in field condi-
tions. Nowadays, many studies had well characterized
the F locus. In addition, the dominant markers and SSR
markers linked to F locus have been previously
reported. However, the applicability of those makers is
still limited for marker-assisted selection in cucumber
breeding program because dominant markers cannot
distinguish homozygous and heterozygous gynoecious
lines and SSR markers were located at several genetic
distances from the F locus.

Here, we reported an F locus-specific co-dominant
marker which can completely distinguish homozygous
and heterozygous gynoecious individuals. The marker
genotypes are absolutely corresponded with the sexual
phenotypes in two different F, populations. This
marker has complete linkage to the F/flocus alleles in
the present study. Among the tested cucumber acces-
sions, some accessions showed subgynoecious phe-
notype whether the homozygous gynoecious (FF) or
homozygous monoecious (ff) at F locus-specific co-
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dominant marker. Therefore, the co-dominant marker
could not explain well the subgynoecious phenotype in
cucumber. The genetic mechanism of subgynoecium
in cucumber had rarely been described. Until now, two
subgynoecious genes (one recessive gene and one
dominant gene) which enhance the intensity of
femaleness were reported and inherited independently
with F and M genes (Chen et al. 2011). Recently, a
major quantitative trait locus conferring subgynoecy in
cucumber has been identified and delimited to a
genomic region of 799-kb on chromosome 3 (Bu
et al. 2015). It could be speculated that subgynoecious
trait inherits independently with F and M genes. Our
data also support the hypothesis that subgynoecious
trait inherits independently with F gene because
subgynoecious occurred nevertheless the genotype at
F locus, such as FF or ff, in the present study.

When we examined the correlation of the F locus-
specific co-dominant marker, Cs-BCAT and the dom-
inant marker, Cs-ACS1G-pro, the co-dominant marker
absolutely co-segregated with the dominant marker
except the dominant marker cannot distinguish
homozygous and heterozygous gynoecious in the two
F, populations. When using diverse cucumber acces-
sions, the presence or absence of duplication corre-
sponded to homozygous gynoecious or homozygous
monoecious at the co-dominant marker, respectively, in
most cases with some exceptions in which some
accessions with homozygous gynoecious genotype at
the co-dominant marker showed monoecious pheno-
type. It could be speculated that the 56-bp deletion in
these accessions might occur before 30.2-kb duplica-
tion during the evolutionary process, and it needs
further investigation to explain this divergence. For
such accessions, the F' locus-specific marker combina-
tion (Cs-BCAT and Cs-ACSIG-pro) would be better
applicable for selection of cucumber breeding lines. We
further verified the F locus specificity of the co-
dominant marker by linkage analysis using two F,
segregating populations. The F locus-specific co-dom-
inant marker showed complete linkage to F locus.
Taken all together, the F locus-specific co-dominant
marker could enable us to distinguish between homozy-
gous and heterozygous gynoecious individuals and for
faster and more efficient selection of cucumber breed-
ing lines in contrast with the previously reported
dominant markers and SSR markers for F locus because
no recombination events occurred between the F' locus-
specific co-dominant marker and the F locus. It is also

suitable for high-throughput screening or marker-
assisted selection in cucumber breeding program
because of its low cost and convenient PCR operation.

So far, no functional evidence of F gene in
cucumber was revealed even though several studies
have been done for the F locus in cucumber. Because
30.2-kb duplicated region including the additional
copy of Cs-ACS1 (Cs-ACS1G) is defined as the F'locus
(Zhang et al. 2015) and we found the F locus-specific
co-dominant marker is located on the 3’-UTR region
of Cs-BCAT on chromosome 6 in this study, an
important question is whether Cs-BCAT involves in
determination of cucumber sex types. In Arabidopsis,
BCATSs encoded by at least six genes (BCATI to
BCAT®6) act as aminotransferase proteins in Ile, Leu
and Val metabolic pathways (Diebold et al. 2002).
However, non-rescued phenotype of yeast mutant
lacking endogenous BCAT activity by BCAT4 (Less
and Galili 2008; Schuster and Binder 2005) and
significant amino acid similarity of Arabidopsis
BCAT with yeast Batlp or Bat2p acting in 2-keto-4-
methyl-thiobutyrate (KMTB) transamination of
methionine (Met) salvage pathway (Pommerrenig
et al. 2011) suggests that BCAT may function in
recycling of Met during ethylene biosynthesis in
plants. This possibility is supported by the observa-
tions that the expression levels of Arabidopsis BCAT
homologs in banana and melon were changed during
fruit ripening or with ethylene treatment, respectively
(Yan 2012; Yang et al. 2011). However, the function
of Cs-BCAT homologs has not yet to be determined in
cucumber, even though cucumber genome has at least
three Arabidopsis BCAT homologs. Thus, further
investigation is required to elucidate the role of Cs-
BCAT in ethylene biosynthesis pathway in cucumber.
Also, further investigation on the role of the 56-bp In/
Del variation at 3’-UTR region of Cs-BCAT would
provide a better understanding on determination of
reproductive morphology in cucumber.
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