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Abstract Two bacterial artificial chromosome (BAC)
libraries were constructed from an inbred line derived
from a cultivar of cucumber (Cucumis sativus L.). Intact
nuclei were isolated and embedded in agarose plugs, and
high-molecular-weight DNA was subsequently partially
digested with BamHI or EcoRI. Ligation of double size-
selected DNA fragments with the pECBAC1 vector
yielded two libraries containing 23,040 BamHI and
18,432 EcoRI clones. The average BamHI and EcoRI
insert sizes were estimated to be 107.0 kb and 100.8 kb,
respectively, and BAC clones lacking inserts were 1.3%
and 14.5% in the BamHI and EcoRI libraries, respec-
tively. The two libraries together represent approxi-
mately 10.8 haploid cucumber genomes. Hybridization
with a C0t-1 DNA probe revealed that approximately
36% of BAC clones likely carried repetitive sequence-
enriched DNA. The frequencies of BAC clones that
carry chloroplast or mitochondrial DNA range from
0.20% to 0.47%. Four sequence-characterized amplified
region (SCAR), four simple sequence repeat, and an
randomly amplified polymorphic DNA marker linked
with yield component quantitative trait loci were used
either as probes to hybridize high-density colony filters

prepared from both libraries or as primers to screen an
ordered array of pooled BAC DNA prepared from the
BamHI library. Positive BAC clones were identified in
predicted numbers, as screening by polymerase chain
reaction amplification effectively overcame the problems
associated with an overabundance of positives from
hybridization with two SCAR markers. The BAC clones
identified herein that are linked to the de (determinate
habit) and F (gynoecy) locus will be useful for positional
cloning of these economically important genes. These
BAC libraries will also facilitate physical mapping of the
cucumber genome and comparative genome analyses
with other plant species.
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markers Æ PCR screening Æ Quantitative trait loci Æ
Yield components

Introduction

Cucumber (Cucumis sativus L., 2n=2x=14) is one of
the ten most economically important vegetable crops
worldwide (FAO 1993). Cucumber is also a facile
experimental model plant species for genetic studies
(Malepszy and Niemirowicz-Szczytt 1991) because of its
relatively small haploid genome of 367 Mbp/C (Arum-
uganathan and Earle 1991) and its diverse array of
unisexual or bisexual flowering sex phenotypes.
Cucumber has seven pairs of chromosomes (Dane 1991)
and belongs to the dicot family Cucurbitaceae, which
includes melon (C. melo L.), watermelon [Citrullus lan-
atus (Thunburg) Matsumura and Nakai] and zucchini
(Cucurbita pepo L.) (Jeffrey 1980). Although cucumber
plants exhibit an array of sex phenotypes from monoe-
cious to dioecious, the expression of such phenotypes
can shift from gynoecious (all pistillate) to androecious
(all staminate) depending on genetic and environmental
factors (Cantliffe 1981; Grant et al. 1994). The F (gy-
noecy) locus, for instance, controls the expression of
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pistillate flowers when plants develop under non-stress-
ful conditions (e.g., controlled greenhouse), but its
control is altered by the action of modifying genes
potentiated under stressful growing environments typi-
cal of open-field conditions (e.g., low soil moisture and
high temperature) (Serquen et al. 1997b; Fazio et al.
2003b). Such alterations in sex phenotype are stimulated
by environmental conditions that elicit modified pat-
terns of gene expression through the action of ethylene
(Kamachi et al. 2000). In fact, a 1-aminocyclopropane-
1-carboxylic acid (ACC) synthase gene (CsACS1G) that
encodes a key enzyme in the ethylene biosynthetic
pathway is tightly linked with the F locus (Trebitsh et al.
1997).

Sex expression is an important component of yield,
and a major objective of cucumber improvement pro-
grams has been to increase yield (Serquen et al. 1997a).
However, average yield of US processing cucumber has
remained virtually unchanged for the past 20 years
(USDA-NASS 1999) despite early efforts (1950–1980) to
pyramid specific yield, disease resistance, and sex (gy-
noecy) genes in elite breeding lines (Lower and Edwards
1986). Consequently, breeding to incorporate architec-
tural genes such as de (determinate habit) and quanti-
tative trait loci (QTL) for multiple lateral branching
(MLB), days to anthesis, female nodes on the mainstem
and lateral branches, and fruit number and weight have
been the focus of some plant improvement efforts (Ser-
quen et al. 1997a, 1997b; Fazio et al. 2003a, 2003b). As a
result of such efforts, economically important molecular
marker-trait associations have been identified, and a
moderately saturated map spanning 706 cM with a
mean marker interval of 5.6 cM has been constructed
using polymerase chain reaction (PCR)-based randomly
amplified polymorphic DNA (RAPD), sequence-char-
acterized amplified region (SCAR), amplified fragment
length polymorphisms (AFLP), single nucleotide poly-
morphisms (SNP), and simple sequence repeat (SSR)
markers (Bradeen et al. 2001; Fazio et al. 2002, 2003b).
The development of recombinant inbred lines (RILs)
that are essentially homozygous at all loci has facilitated
these mapping efforts (Staub et al. 1996; Fazio et al.
2003b). Many important yield component QTL are lo-
cated in linkage groups 1 and 6, wherein QTL exhibiting
relatively high LOD scores (2.7–13.0) overlap at a lim-
ited number of genomic regions (designated as loci by
Fazio et al. 2003b). The construction of physical contigs
that span these valuable genomic regions would likely
provide for an increased understanding of the genetic
factors controlling yield components at the molecular
level. Moreover, the identification of molecular markers
tightly linked to important architectural genes, such as
de, F, and ll (little leaf) in linkage group 1 has increased
opportunities for their isolation by map-based cloning
for potential use in plant improvement.

To facilitate positional cloning of yield component
genes of cucumber, a genomic library is required that
enables chromosome walking to targeted genes. The
bacterial artificial chromosome (BAC) system has been

effective for constructing such a large-insert library. The
BAC libraries have been proven capable of carrying and
stably maintaining inserts of 100–300 kb in size (Shizuya
et al. 1992; Tao and Zhang 1998). Unlike the previously
introduced yeast artificial chromosome (YAC) system
(Burke et al. 1987), however, the BAC system has a
significantly low rate of chimera formation (Woo et al.
1994). Importantly, the DNA of BACs is much easier to
manipulate than that of YACs. The BAC libraries have
been constructed in a number of plant species including
Arabidopsis (Choi et al. 1995; Mozo et al. 1998), grasses
(Woo et al. 1994; Tao et al. 2002), legumes (Danesh et al.
1998; Nam et al. 1999), the solanaceous plants (Budiman
et al. 2000; Yoo et al. 2003; Chen et al. 2004), and melon
in the Cucurbitaceae family (Luo et al. 2001; van
Leeuwen et al. 2003). The BAC libraries have facilitated
map-based cloning of important plant genes (Song et al.
1995; Li et al. 1996; Frary et al. 2000), and have pro-
vided unique opportunities for whole-genome physical
mapping (Chang et al. 2001; Wu et al. 2004b). Addi-
tionally, the ability to directly sequence BAC ends has
facilitated large-scale local- or whole-genome sequencing
(Venter et al. 1996; Zhang and Wu 2001).

The construction and characterization of cucumber
BAC libraries is an important step leading to a more
complete understanding of its genome. Therefore,
experiments were designed for BAC library construction
that resulted in the establishment of two such libraries in
an inbred line of this species and the derivation of a
sequentially ordered array of BAC DNA pools. During
this process, we identified BAC clones linked to a pre-
viously mapped architectural gene (de) and the F locus
that is associated with an ACC synthase gene. These
clones are expected to serve as the physical landmarks
from which chromosome walking toward the F and de
loci (physical mapping) could be executed for eventual
use in plant improvement and comparative genomic
analyses (e.g., melon vs cucumber).

Materials and methods

Plant material and preparation
of high-molecular-weight DNA

An inbred line (F6) derived from the cucumber cultivar
Suiseifushinari 2-go was used as the source of high-
molecular-weight (HMW) DNA to create the libraries.
Suiseifushinari 2-go, a release from Kurume Vegetable
Breeding, Japan, was obtained from the Cucumber
Crops Experiment Station (http://gurecum.jares.go.kr)
of Jeonnam Agricultural Research and Extension Ser-
vices, Gure, Jeonnam, Korea. This cultivar was chosen
because of its resistance to downy mildew [Pseudopero-
nospora cubensis (Berk. & Curt) Rostow], and its broad
use as an inbred parent for hybrid seed production in
Korea and Japan. Additionally, it is similar in char-
acteristics such as large leaves, gynoecious sex expres-
sion, and determinate growth habit to G421 (synom.
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GY7), which has been used extensively as an inbred
parent for genetic mapping of morphological traits
(Serquen et al. 1997b; Fazio et al. 2003b). Seeds germi-
nated in flats produced seedlings that were grown in a
growth chamber with a daily cycle of 14 h of light at
25�C, and 10 h of dark at 20�C for a week, before
transplanting into pots. After 3 weeks in pots, plants
were kept in the dark for 2 days before nuclei isolation.
The nuclei were isolated from 90 g of leaves and
embedded in low-melting-point agarose plugs as de-
scribed by Zhang et al. (1995). The HMW DNA was
obtained by lysing the nuclear envelope followed by
repeated washing according to Zhang (2000).

Partial digestion and double size selection

Each plug of HMW DNA released from nuclei was
sliced into nine small pieces with a slide cover slip and
incubated in the BamHI or EcoRI reaction buffer con-
taining 2 mM spermidine and 1 mM dithiothreitol on
ice for 30 min. Three slices were then transferred into a
1.5-ml Eppendorf tube, and 170 ll of digestion buffer
was added. To each tube, 0.9, 1.2, or 1.5 U of BamHI or
1.6, 2.0, or 2.4 U of EcoRI were added, and then the
mixture was pre-incubated on ice for 1 h, and subse-
quently incubated at 37�C for 8 min. The resulting DNA
fragments were combined and loaded in a 1% agarose
gel for pulsed field gel electrophoresis (PFGE). The
PFGE was carried out with the CHEF DRIII system
(Bio-Rad, Hercules, Calif., USA) under the conditions
of 120� angle, 6 V/cm, and 90 s of initial and final pulse
times at 12.5�C for 14 h. After PFGE, a zone containing
DNA fragments of 100–400 kb in size was excised from
the gel and divided into two sections horizontally. Each
gel section was placed in a dialysis tube and submerged
in 0.5· 45 mM Tris–borate and 1 mM EDTA, pH 8.0,
in the CHEF chamber. The DNA was electroeluted
under the conditions of 120� angle, 6 V/cm, and 30 s of
initial and final pulse times at 12.5�C for 4 h. The eluted
DNA was subjected to second size selection. The DNA
fragments from the 100- to 250-kb and 250- to 400-kb
zones were loaded separately in a new 1% agarose gel,
and PFGE was carried out at 120� angle, 4 V/cm, and
5 s of initial and final pulse times at 12.5�C for 8 h. After
PFGE, compressed zones containing DNA fragments of
over 100 kb in size were excised from the gel and sub-
jected to electroelution again. Finally, the DNA samples
were recovered and kept on ice before use in ligation
experiments.

Library construction

The pECBAC1 vector (Frijters et al. 1997) was prepared
as previously described (Tao et al. 2002). Size-selected
cucumber DNA fragments were mixed with the BamHI-
digested or EcoRI-digested and dephosphorylated vec-
tor at the molar ratio of approximately 5 (vector) to 1

(insert) in a volume of �100 ll. Ligation was performed
in the presence of T4 DNA ligase (Invitrogen, UK) at
16�C for 12 h. After ligation, the mixture was electro-
porated into Escherichia coli DH10B electrocompetent
cells (Invitrogen) by using the Cell-Porator system (In-
vitrogen) under the conditions of 375 V, 330 lF, low
ohms, and the fast charge rate. Cells were immediately
transferred to 1 ml of 2% Bacto-tryptone, 0.5% yeast
extract, 10 mM NaCl, 2.5 mM KCl, 20 mM MgSO4/
MgCl2, and 10 mM glucose, and shaken at 37�C for 1 h.
Cells were subsequently spread on LB plates that con-
tained 12.5 lg/ll of chloramphenicol, 50 lg/ml of 5-
bromo-4-chloro-3-indolyl-b-galactoside and 25 lg/ml of
isopropyl-b-D-thiogalactopyranoside. After incubation
at 37�C for 24 h, white colonies were transferred into
384-well microtiter plates (Nunc). Each well of the plates
contained 60 ll of LB plus freezing buffer [36 mM
K2HPO4, 13.2 mM KH2PO4, 1.7 mM Na citrate,
0.4 mM MgSO4Æ7H2O, 6.8 mM (NH4)2SO4, 4.4% (v/v)
glycerol]. The plates were then incubated at 37�C for
24 h, and stored at �80�C.

Preparation of specific probes and C0t-1 DNA

The F locus-linked ACC synthase gene (CsACS1G)
probe was amplified from genomic DNA of the
cucumber inbred line using two primers: 5¢-CAA CCA
GCT TTA GAA CAA GC-3¢ (ACS3F) and 5¢-ACT
TCA ATC TTC GGA TAG CG-3¢ (ACS3R). For CTR1
that encodes a negative regulator of the ethylene sig-
naling pathway (Kieber et al. 1993), two degenerate
primers were designed from conserved regions of CTR1
proteins available at the National Center for Biotech-
nology Information GenBank database: 5¢-GMT GYH
TRT CRT ACT WTG AYA AAG TBC CTG-3¢ (for-
ward) and 5’-ADA RYA AAG CWC GAT GYC TRC
ARA GBC CAA-3¢ (reverse), wherein letters other than
A, C, G, and T denote nucleotide mixtures (B: C, G, or
T; D: A, G, or T; H: A, T, or C; K: G or T; M: A or C;
R: A or G; S: C or G; V: A, C, or G; W: A or T; and Y:
C or T). The amplified CTR1 fragment was subcloned
into the pBS SK(�) vector (Stratagene) before being
used as a hybridization probe. Six restriction fragment
length polymorphism (RFLP) markers that belong to
the linkage groups as designated by Bradeen et al. (2001)
were used: CsP094, group G; CsP130, group J; CsP280,
group E; CsP314, group K; CsP347, group H; and
CsC558, group E/F/H. A peroxidase cDNA clone of
zucchini (Cucurbita pepo) was a gift from Dr. C. Penel
(University of Geneva, Geneva, Switzerland). Two
barley (Hordeum vulgare) chloroplast cDNA (rbcL and
psbA) and four pepper (Capsicum annuum) mitochon-
drial cDNA (coxII, coxIII, atp6, and atp9) were gifts
from Dr. M. Kim (Seoul National University, Seoul,
Korea) and Dr. S. Kim (FnP, Suwon, Korea), respec-
tively. To prepare C0t-1 DNA (Zwick et al. 1997), total
genomic DNA was isolated from cucumber leaves, and
then dissolved in one time 10 mM Tris-HCl, 1 mM
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EDTA, pH 8.0, (TE) containing 1.5 M NaCl. Sub-
sequent preparation of C0t-1 DNA was carried out as
previously described by Nam et al. (1999).

QTL-linked molecular markers

Nine QTL-linked markers, including four SCAR, four
SSR, and one RAPD, were employed in this study.
Seven (BC523SCAR, CSWCT28, CSWCTT14,
CSWTAAA01, L19-2-SCAR, NR60, and OP-W7-1)
were described previously (Fazio et al. 2003b), and the
remaining SCARs (AJ6SCAR and M8SCAR) were de-
rived from their corresponding RAPD markers, OP-AJ6
and OP-M8 (Fazio et al. 2003b), respectively (Table 1).
Their primer sequences are 5¢-GAT GGC AGT CTG
ATA ACT ATG TGA-3¢ (AJ6SCARF), 5¢-GAT GGC
AGT CGG GAA GGT CAG TTG-3¢ (AJ6SCARR), 5¢-
TCT GTT CCC CAT ACA AGA ATT AAA-3¢
(M8SCARF), and 5¢-TCT GTT CCC CAT GAT GTA
GAC TTC-3¢ (M8SCARR). Using these primers, probe
DNA was amplified from genomic DNA of the inbred
lines G421 or H19. Alternatively, the primers for the
AJ6SCAR and BC523SCAR markers were directly used
for PCR screening of the BAC library DNA pools.

Filter hybridization and BAC clone analysis

Three sets of double-spotted, high-density BAC clone
filters in a 4·4 format were prepared from 48 plates
(plates 1–48) of the BamHI library constructed herein
using the GeneTAC G3 Robotic Workstation (Ge-
nomicSolutions, Ann Arbor, Mich., USA) at the
GENEfinder Genomic Resources (Texas A&M Uni-
versity, College Station, Tex., USA). Six additional sets
of filters in a 4·4 format were prepared from all the

plates of the BamHI and EcoRI libraries using the Mi-
crogrid II robot (Biorobotics) at FnP. Each filter set was
hybridized with a gene-specific probe. Probe labeling
was carried out with [a-32P]dCTP (New England Nu-
clear) using the Ready-to-Go labeling kit (Amersham
Pharmacia, Piscataway, N.J., USA). Filters were pre-
hybridized in a buffer [0.5 M sodium phosphate, 7% (w/
v) SDS, 1% (w/v) BSA, 1 mM EDTA, pH 8.0] for 2 h.
Hybridization was carried out with labeled probes in the
HIR12 hybridization oven (Grant/Boekel, Cambridge-
shire, UK) at 65�C for 12 h. After hybridization, filters
were washed successively with two times SSC/0.1%
SDS, one time SSC/0.1% SDS, and 0.5 times SSC/0.1%
SDS, 30 min each at 65�C. Washed filters were then
exposed to Kodak MXG-1 films (Kodak) at �80�C for
�48 h and developed to visualize results.

For randomly selected BAC clones or positive BAC
clones obtained from hybridization, DNA was isolated
by an alkaline mini-preparation method according to
Zhang (2000). DNA was digested with NotI and ana-
lyzed by PFGE with the CHEF DRIII system under the
conditions of 120� angle, 6 V/cm, and 5s and 15 s of
initial and final pulse times with a linear ramp at 12.5�C
for 16 h. Gel-separated DNA fragments were then
transferred to Hybond-N+ nylon membrane (Amer-
sham Pharmacia), and the blot was used for hybridiza-
tion.

Pooling of the library for PCR screening

The 23,040 BamHI library clones stored in 60 384-well
microtiter plates were organized into 30 sets, two plates
per set. All the clones from two consecutive plates were
pooled together and designated as set pools. The two
plates from a given set were vertically placed adjacent to
each other, and clones belonging to the same column

Table 1 Characteristics of gene-specific and quantitative trait loci (QTL) markers used to screen the cucumber bacterial artificial chro-
mosome (BAC) libraries

Marker name Typea Parentb MWc Linkage
groupd

Linked QTLe

(LOD score)f
Source or
reference

AJ6SCAR SCAR G 541 1 B (3.3), E (2.7) This study
BC523SCAR SCAR G 879 1 E (2.7) Fazio et al. (2003b)
CSWCT28 SSR G& H 207 1 E (7.1), M (3.6) Fazio et al. (2003b)
CSWCTT14 SSR G& H 263 1 B (11.6), E (6.4), Fl (3.3), Fazio et al. (2003b)

Fm (7.3), M (4.6)
CSWTAAA01 SSR G& H 306 4 B (4.6) Fazio et al. (2003b)
F Geneg G 754 1 Fl (3.8), Fm (13.0) Fazio et al. (2003b)
L19-2-SCAR SCAR H 1009 6 B (4.2) Fazio et al. (2003b)
M8SCAR SCAR H 1400 6 B (2.7) This study
NR60 SSR G& H 170 6 Fazio et al. (2003b)
OP-W7-1 RAPD H 1150 6 Fazio et al. (2003b)

aSCAR Sequence-characterized amplified region, SSR simple se-
quence repeat, RAPD randomly amplified polymorphic DNA
bG present in G421, H present in H19, G& H present in G421 and
H19 (codominant marker)
cEstimated molecular weight in base pairs
dLinkage groups as designated by Fazio et al. (2003b)

eB number of lateral branches, E earliness, Fl female nodes (lat-
eral), Fm female nodes (mainstem), M mean fruit length/diameter
ratio
fHighest LOD score shown from values obtained from multiple
field trials (Serquen et al 1997b; Fazio et al. 2003a, 2003b)
gCsACS1G Genomic DNA fragment
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(across both plates) or row were pooled together. This
gave 24 column pools and 32 (16 from each plate) row
pools that contained 25-ll aliquots from each clone.
Together, 30 set pools and 1,680 [30·(24+32)] primary
column or row pools were produced. The DNA was
isolated from each pool by the alkaline lysis method and
dissolved in 40 ll of one-time TE. To reduce the number
of PCR reactions necessary for identifying positive
BACs, the primary column and row pools from a given
set were pooled again two-dimensionally (see Fig. 4).
Aliquots were taken from either horizontally or verti-
cally arranged tubes and combined. This gave ten (six
horizontal and four vertical)-column and 12 (eight hor-
izontal and four vertical)-row superpools per set,
wherein the final clone complexity was calculated to be
1/192 to 1/96. The resulting superpools contained BAC
DNA at approximately 20 ng/ll per tube.

DNA in each superpool was diluted 1/10 in one time
TE and used as template for PCR screening of the li-
brary. For PCR, 1 ll of diluted BAC DNA template
was added to the reaction mixture (2.5 mM MgCl2,
50 lM dNTPs, 0.25 pmol primers, and 0.1 U Taq
polymerase). A typical amplification condition was
94�C, 30 s; 55�C, 20 s; and 72�C, 1 min, for 35 cycles.
After PCR, the products were analyzed on a 2.0%
agarose gel using the wide-format electrophoresis system
(Owl Scientific, Woburn, Mass., USA).

Results

Construction of BAC libraries

Two cucumber BAC libraries were constructed from
HMW DNA that was isolated from nuclei embedded in
agarose plugs. When prepared, the agarose plugs were
white and opaque, indicating the presence of a relatively
high amount of polysaccharides. After lysis of the nu-
clear envelope, however, large quantities of partially
digested HMW DNA were observed to migrate in the
pulsed field gel. The optimal concentration range of
BamHI for producing the maximum number of DNA
fragments of 100–400 kb in size was 0.9–1.5 U/tube.

To increase the average insert size, two size selections
were carried out. Partially digested DNA fragments
were gel-separated and size-selected once, and then the
resulting electroeluted fragments were gel-separated
again to remove fragments smaller than �80 kb in size.
Two preparations were consequently obtained from 100-
to 250-kb (Cs8B1) and 250- to 400-kb regions (Cs8B2).
These samples contained DNA of at least �1 ng/ll,
which was suitable for ligation with the dephosphoryl-
ated pECBAC1 vector. Ligation mixtures from Cs8B1
and Cs8B2 gave 145 and 25 white colonies per microliter
transformation, respectively. The PFGE analysis of
randomly selected clones from these mixtures showed
that almost every clone carried inserts (Fig. 1a). Another
ligation mixture prepared with DNA fragments from the
250- to 400-kb region after only one round of size

selection also yielded white colonies (160 ll�1). How-
ever, more than 25% of the clones lacked inserts, which,
when present, were significantly small (<50 kb, data not
shown). Therefore, the two-ligation mixtures from
Cs8B1 and Cs8B2 were used exclusively for mass elec-
troporation. Finally, a total of 23,040 clones were ar-
rayed in 60 384-well microtiter plates.

A similar strategy was used to obtain partially di-
gested fragments for the EcoRI library, except that the
optimal enzyme concentration range was 1.6–2.4 U/
tube. Two ligation reactions were carried out with
Cs12E1 (100–250 kb) and Cs12E2 (250–400 kb) to the
dephosphorylated pECBAC1 vector. Mass electropora-
tion produced a library containing 18,432 clones arrayed
in 48 384-well microtiter plates.

Estimation of the average insert sizes
and repetitive DNA content

Seventy-seven BamHI and 117 EcoRI BAC clones were
randomly selected, and their plasmids were isolated.

Fig. 1 The pulsed field gel electrophoresis (PFGE) analysis of
bacterial artificial chromosome (BAC) clones of the BamHI library.
a Twenty-three BAC clones were randomly selected, and their
plasmids were analyzed by NotI digestion and PFGE. Lambda
concatemer markers are shown on the left. b Southern hybridiza-
tion with C0t-1 DNA. Gel-separated DNA fragments in a were
transferred to nylon filter and hybridized with the cucumber C0t-1
DNA probe
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When DNA was analyzed by NotI digestion and PFGE,
76 BamHI and 100 EcoRI BACs carried inserts, and
only one BamHI (1.3%) and 17 EcoRI (14.5%) BACs
had no inserts. As shown in Figs. 1a and 2a, the
majority of DNA inserts fell into the 90- to130-kb range.
The average insert sizes were calculated to be 107.0 kb
for the BamHI library and 100.8 kb for the EcoRI li-
brary (Fig. 3).

To examine the repetitive DNA content of the library
clones, C0t-1 DNA (Zwick et al. 1997) was prepared
from cucumber. The 23 BamHI and 30 EcoRI BAC
DNA fragments separated by PFGE (Figs. 1a, 2a) were
transferred to nylon filters, and the blots were hybridized
with the radiolabeled C0t-1 DNA probe. A total of 25
(12 BamHI and 13 EcoRI) clones hybridized with this
repetitive sequence-enriched DNA (Figs. 1b, 2b). Of
these, 11 (five BamHI and six EcoRI) clones hybridized
strongly, eight (four BamHI and four EcoRI) moder-
ately, and six (three BamHI and three EcoRI) weakly
with the C0t-1 DNA. Simple calculation from these re-
sults indicates that approximately 47% of the library
clones examined contains repetitive sequences. Likewise,
approximately 36% of the clones are likely to carry in-
serts that are derived from moderately or highly re-
peated DNA elements in the cucumber genome.

Library screening with specific probes
and RFLP markers

To further characterize these libraries, high-density col-
ony filters were prepared and used for hybridization with

specific probes. When a 32P-labeled mixture of chloro-
plast rbcL and psbA cDNA was used as the probe, 72
BamHI- and 32 EcoRI-positive clones were identified.
The two genes used as probes are located approximately
60 kb apart from each other in the chloroplast genome
and hybridized with at least two-thirds of cucumber
BAC clones examined that contain chloroplast-derived
DNA inserts of ‡60 kb (Woo et al. 1994). It is therefore
estimated that 108 BamHI clones (0.47% of library) and
48 EcoRI clones (0.26% of library) carry chloroplast-
originated DNA sequences. Hybridization with the
mitochondrial DNA probe containing a radiolabeled
mixture of coxII, coxIII, atp6, and atp9 genes (Yoo et al.
2003) identified 93 BamHI- and 36 EcoRI-positive
clones, respectively. Thus, approximately 0.40% of the
BamHI and 0.20% of the EcoRI libraries likely carry
inserts derived from mitochondrial DNA.

Three gene-specific fragments and six RFLP markers
were used as nuclear DNA-specific probes. A probe
derived from the F locus-linked CsACS1G gene (Tre-
bitsh et al. 1997) hybridized to 79 BamHI and 46 EcoRI
library clones. However, the intensities of the radioac-
tive signals varied, indicating that the probe likely
hybridized to DNA sequences with different levels of
relatedness. Further screening with gene-specific primers
by PCR reduced the number of positives to three (one
BamHI and two EcoRI clones, Table 2). In a subsequent
experiment, an ethylene-signaling pathway gene, CTR1,
was used as the probe, and five BamHI- and three
EcoRI-positive BACs were identified (Table 2). A per-
oxidase cDNA of zucchini was then used as a probe to
verify the genomic relationship between cucumber and
zucchini. This probe hybridized to six BamHI and six
EcoRI BACs (Table 2). Finally, hybridization with six
RFLP clones belonging to six linkage groups (Bradeen
et al. 2001) resulted in zero to ten positive BACs from
each library (data not shown). In total, three gene-spe-
cific and six RFLP probes identified 43 BamHI BACs
and 33 EcoRI BACs, averaging 4.8 (BamHI library) and
3.7 (EcoRI library) clones per probe. The only notable
exception was the RFLP marker, CsC558, with which

Fig. 2 The PFGE analysis of BAC clones of the EcoRI library. a
Thirty-five randomly selected BAC clones were analyzed by NotI
digestion and PFGE. Lambda concatemer markers are shown on
the left. b Southern blot hybridization of the gel in a with the C0t-1
DNA probe

Fig. 3 Distribution of insert sizes of the cucumber BAC library
clones. The BACs isolated from 76 and 100 randomly selected and
insert-carrying clones from the BamHI and EcoRI libraries,
respectively, were analyzed by NotI digestion and PFGE. Esti-
mated insert sizes are plotted vs relative frequencies (percentage)
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no positive BAC clones were identified from the EcoRI
library.

Library screening with QTL-linked markers

Four SCAR, four SSR, and an RAPD marker were used
to identify BACs linked to mapped QTL conditioning
traits important to cucumber yield. These traits include
MLB, earliness, mainstem, and lateral female flowering
nodes, and mean fruit length to diameter ratio (Table 1).
When each PCR-amplified fragment was used as a probe
for filter hybridization, multiple BAC clones hybridized
with predicted numbers of positives (2–20) for seven of
the nine markers (CSWCT28, CSWCTT14,
CSWTAAA01, L19-2-SCAR, M8SCAR, NR60, and
OP-W7-1; Table 2). However, no positive BAC clone
was identified with L19-2-SCAR from the EcoRI li-
brary. For the AJ6SCAR marker, 160 positives were
identified from both libraries (data not shown). Simi-
larly, BC523SCAR hybridized with approximately 1,500
BamHI and 600 EcoRI BACs. Such observations were,

however, not considered unusual, because hybridization
with three other RAPD markers (BC515, OP-AD12-1,
and OP-AI10) also provided thousands of positives
(data not shown). Thus, the identification of a finite
number of positives with these markers through
hybridization screening was not possible.

PCR screening of BAC library DNA pools
with QTL markers

To facilitate PCR-based screening of the BAC libraries,
a multiplex DNA pool system was developed from the
BamHI library (see ‘‘Materials and methods’’). Using
this pool system, three rounds of PCR analysis were
required to identify individual BAC clones. The first
round of 30 reactions on the set pools identified PCR-
positive sets, the second round of PCR on the super-
pools identified the specific column and row intersects,
and the final round of PCR on non-pooled, specific
clones identified positive BAC clones in the original li-
brary. The multiplex system was tested with primers

Table 2 BAC clones of the BamHI (prefixed with B-) and EcoRI (prefixed with E-) libraries identified with gene-specific and molecular
marker probes

Probe Number
of hits

Positive clones
(insert size in kb)a

Gene-specific
CsACS1Gb 3c B35J22 (180), E25E11 (100), E34K19 (90)
CTR1d 7 B09H24 (145), B12F24 (100), B19D01 (90), B56D04 (95), E01E20 (120)

E25D21 (105), E29A10 (100)
Peroxidasee 12 B03F13 (100), B09D03 (120), B18D19 (100), B36G13 (125), B46H01 (105)

B48G15 (100), E08D01 (110), E16P04 (115), E17J01 (115), E19M15 (105)
E27G11 (125), E42P07 (120)

Molecular marker
AJ6SCAR 3f B07A24 (105), B18A07 (100), B50O22 (170)
BC523SCAR 9f B12P24 (110), B14K20 (90), B19M17 (100), B22O22 (90), B44D16 (120)

B47L04 (85), B56O12 (95), B58D06 (110), B60N01 (155)
L19-2-SCAR 2 B08C06 (105), B22B20 (105)
M8SCAR 20 B01E13 (105), B07J14 (105), B09I04 (105), B14F06 (100), B22B19 (100)

B22O04 (155), B24B17 (125), B28O19 (110), B29B20 (105), B32F15 (105)
B35D22 (100), B37K17 (110), B42I09 (105), B43B20 (115), B50D07 (130)
B54F13 (120), B60J19 (120), E06N15 (105), E15E16 (155), E47G15 (95)

CSWCT28 9 B10B02 (120), B12J22 (115), B21C18 (115), B22B18 (110), B23I05 (105)
B44J23 (105), E14M13 (95), E36P12 (100), E41O16 (95)

CSWCTT14 25 B10P11 (85), B18P23 (120), B31C15 (105), E03L13 (105), E05C10 (115)
E10G23 (105), E11J19 (115), E11P14 (105), E12P12 (130), E13I01 (110)
E18J09 (120), E20E11 (100), E22B02 (95), E27J19 (105), E29I11 (100)
E31G01 (95), E33A02 (105), E34M19 (90), E37D08 (105), E38L03 (100)
E40N14 (95), E41P03 (105), E44D24 (95), E46F09 (95), E47P10 (100)

CSWTAAA01 8 B05E10 (110), B15M07 (110), B17C05 (110), B41H18 (110), B42P04 (105)
E11B08 (125), E13K10 (140), E28F03 (125)

NR60 10 B11D14 (120), B11F12 (170), B12A06 (40), B35A18 (120), E02D10 (50)
E19A08 (110), E19N10 (115), E24D02 (105), E35O12 (95), E41O10 (115)

OP-W7-1 15 B10B15(125), B23B20(115), E03K04 (110), E13A08 (50), E17N15 (100)
E22B12 (100), E29G06 (105), E34A09 (95), E38F05 (90), E40B02 (105)
E40G16 (100), E41B24 (100), E42M07 (105), E43H11 (145), E44J08 (130)

aPositive-BAC DNA was isolated and analyzed by NotI digestion
and pulsed field gel electrophoresis
bAn F locus marker probe
cDetermined by confirmative polymerase chain reaction (PCR)
amplification of the initial positive BACs that resulted from
hybridization

dCucumber DNA fragment amplified by degenerate PCR
eZucchini cDNA clone (Carpin et al. 1999)
fDetermined by PCR amplification of the multiplex BAC DNA
pools
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specific to CsACS1G and peroxidase cDNA. As pre-
dicted, the same single and six clones, respectively, as
detected from hybridization screening (Table 2) were
identified from the BamHI library (data not shown).
Subsequently, use of the primers for the AJ6SCAR
marker identified three positives (B07A24, B18A07, and
B50O22), all of which matched those detected from
hybridization (data now shown). Screening of the mul-
tiplex system with yet another marker, BC523SCAR,
with which 1,000 hybridization signals had been de-
tected, identified nine positives (Table 2). The procedure
for screening DNA pools for these positives is shown in
Figs. 4 and 5. These results demonstrate that PCR
screening of the BAC library DNA pools effectively
reduced the number of positive BACs that presumably
resulted from repeat element hybridization with the two
SCAR markers. However, PCR screening with three
other RAPD markers (BC515, OP-AD12-1, and OP-
AI10) whose hybridization had also identified an abun-
dance of positive BAC clones was unsuccessful.

Discussion

Two cucumber BAC libraries were constructed in this
study. These two libraries comprise a total of 2,411 Mbp
(BamHI library) and 1,578 Mbp (EcoRI library) of nu-
clear DNA, equivalent to approximately 6.5 (BamHI

library) and 4.3 (EcoRI library) haploid genomes of
cucumber. The probability of finding any particular se-
quence from the cucumber genome represented at least
once in the BamHI or EcoRI library is greater than 99%
and 95%, respectively (Zhang et al. 1996). Screening of
the libraries with nuclear gene-specific or RFLP probes
resulted in the identification of 4.8 (BamHI library) and
3.7 (EcoRI library) clones per probe on average.
Screening the libraries with QTL-linked markers gave
averages of 5.7 BamHI and 7.1 EcoRI clones per probe,
when considering results from seven of the nine markers
tested (excluding AJ6SCAR and BC523SCAR).
Hybridization and/or PCR screening taken collectively
identified 5.2 clones per probe for each library, which
was slightly smaller (BamHI library) or larger (EcoRI
library) than the values obtained from empirical char-
acterization of these libraries.

One of the most technically difficult parts of BAC
library construction is the isolation of high-quality
HMW DNA. For this purpose, we isolated the nuclei
and embedded them in agarose plugs. Compared with
the previously used agarose microbead method (Nam
et al. 1999), this method has been effective in embedding
abundant amounts of DNA to a unit quantity of agarose
(Zhang et al. 1996). We found the plug method to be
particularly suitable for cucumber, because its relatively
small genome size frequently resulted in a concentration
of final size-selected DNA fragments too low for a
successful ligation reaction. We carried out double size
selection of partially digested HMW DNA to overcome
the problem of small DNA fragments dominating the
ligation step, which results in many BAC clones with
short inserts. Our results demonstrate that DNA frag-
ments obtained from single size-selection alone resulted
in a substantial proportion of ligation products with
inserts smaller than 50 kb in size. The fact that the
EcoRI library contains a relatively high percentage
(14.5%) of false-positive clones when compared to the
BamHI library (1.3%) is likely a reflection of over-
digestion or over-dephosphorylation of the cloning
vector.

The majority of our BAC clones contained single
NotI inserts (Figs. 1, 2). This characteristic is shared by
BAC libraries made from dicotyledonous species (Mozo
et al. 1998; Budiman et al. 2000; Wu et al. 2004a) and is
contrary to those from monocotyledonous species (Woo
et al. 1994; Tao et al. 2002). When a blot prepared from
gel-separated BAC DNA was hybridized with the C0t-1
DNA probe, approximately 36% of the library clones
were shown to carry moderately or highly repetitive se-
quences. These estimates are consistent with the relative
amounts of repetitive sequences predicted in small dip-
loid genomes (The Arabidopsis Genome Initiative 2000)
and with estimates from other plant BAC libraries of
comparable genome sizes (Woo et al. 1994; Nam et al.
1999). Accordingly, additional observations suggest that
the amount of repetitive DNA sequences is compara-
tively high in the cucumber genome. Filter hybridization
with a SCAR and three RAPD probes gave thousands

Fig. 4 Schematic representation of the pooling strategy used to
construct the BAC DNA superpools from the BamHI library. a
Two-dimensional pooling of 24-column DNA pools (1–24 in
squares). b Two-dimensional pooling of 32-row DNA pools (1A–
1P and 2A–2P in squares). By these strategies, ten-column and 12-
row superpools were constructed from each of the 30 set pools.
Arrowheads indicate the pools from set no. 11, from which positive
fragments were amplified as shown in Fig. 5
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of positives, presumably due to the presence of repetitive
sequences in the probes. Sequence analysis of 281 ends
of the BAC clones identified as positive for various
probes revealed that approximately 12.5% of the BAC
ends had retroelement-like sequences, one of the first
types of repetitive DNA recognized in the cucumber
genome (K.-H. Song and Y.-W. Nam, unpublished re-
sults). These observations support the hypothesis that
the cucumber genome is composed of a significant
amount of repetitive DNA.

The F locus-linked ACC synthase gene was chosen as
a marker associated with sex phenotype and yield
components (i.e., early flowering and first-harvest yield,
Fazio et al. 2003a, 2003b). Earlier studies established
that an ACC synthase gene enhanced female sex
expression, and no recombinant genotype was found
between it and the F locus in the segregating population
(Trebitsh et al. 1997). More recently, alleles of the F
locus-linked CsACS1G were isolated and compared be-
tween different genotypes to show that CsACS1G
exclusively amplified from the gynoecious phenotype
was the most likely candidate for the dominant F allele
(Mibus and Tatlioglu 2004). Despite these findings,
however, it is worth verifying whether the F-linked ACC

synthase gene and CsACS1G indeed represent an iden-
tical locus in the genomic context. Initially, filter
hybridization with a genomic fragment amplified from a
long 3¢ exon of CsACS1G as the probe identified 125
positive BAC clones from both libraries (data not pre-
sented). This result was not surprising, because a family
consisting of 10–12 ACC synthase genes is present in
other plant species. In Arabidopsis, for instance, 12
members of this family are located at separate loci on
five chromosomes and share significantly high sequence
homology at the amino acid and even at the nucleotide
levels (Yamagami et al. 2003). Therefore, the hypothesis
that the CsACS1G probe most likely hybridized with
putative members of the ACC synthase gene family in
cucumber is supported by the closeness of the number of
positives to the expected genome coverage of the two
libraries. Indeed, subsequent PCR analysis identified
three BAC clones that carried CsACS1G (Table 2).
These three clones are considered as physical landmarks
linked with the F locus on linkage group 1. An effort
toward positional cloning of the F locus will provide
sequence information around the genomic region span-
ning the putative position of CsACS1G to unequivocally
confirm the genetic location and identity of the F locus.

Fig. 5 The polymerase chain reaction (PCR) amplification of BAC
DNA pools with primers specific to the BC523SCAR marker.
Shown in the agarose gel are amplified fragments from 30 set pools
(upper lanes 1–30), ten-column (C1–C10) and 12-row (R1–R12)
superpools (lower left lanes) as well as the final individual BACs
(B1–B9, lower right lanes). The nine positives from set pools (upper
lanes) were examined further with the corresponding column and
row superpools, of which samples from set no. 11 are shown as an
example (lower left lanes). Positives from the two-dimensional
superpools cross at the 22nd column and the 20th row (see Fig. 4).

Because the row pools are numbered consecutively, starting with
set no. 1 (1A–1P and 2A–2P), the row pools of set no. 11 are 21A–
21P and 22A–22P. Therefore, the final address of the BAC clone is
identified as B22O22 (B from the BamHI library, 22O from row 2O
in set no. 11, and 22 from column 22). M 100-bp DNA size
standards, N negative control without template DNA, P PCR
fragment amplified from genomic DNA. B1 B12P24, B2 B14K20,
B3 B19M17, B4 B22O22, B5 B44D16, B6 B47L04, B7 B56O12, B8
B58D06, B9 B60N01. Arrowheads indicate the expected size
(�880 bp) of the PCR products
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The effects of the F locus and the surrounding region
are actually pleiotropic, exerting substantial influences
on several yield-associated QTL such as earliness
(ear1.2), female nodes on the mainstem (sex1.1) or pri-
mary lateral branches (fnl1.1), and mean fruit
length:diameter ratio (ldr1.1) (Fazio et al. 2003b). A
molecular marker linked simultaneously with two of
these QTL (ear1.2 and ldr1.1) is CSWCT28, which is
5.0 cM from the F locus. Together, F and CSWCT28
delimit a chromosomal region on linkage group 1 en-
riched with genes having various effects on yield com-
ponents. The BACs isolated with these two markers are
expected to provide the physical landmarks with which
to initiate a more in-depth molecular analysis of these
QTL.

Another notable molecular marker on linkage group
1 is CSWCTT14, which is located 0.8 cM from the de
locus. This plant-habit locus has been investigated
extensively due to its potential impact on early yield and
sex stabilization of gynoecy (Serquen et al. 1997b). The
region surrounding de exerts large pleiotropic effects on
MLB (mlb1.1), sex expression (sex1.2 and fnl1.3), earli-
ness (ear1.3), and comparatively smaller effects on
length/diameter ratio (ldr1.2) (Fazio et al. 2003a). As a
genetic distance of 1 cM equals approximately 200 kb in
Arabidopsis (The Arabidopsis Genome Initiative 2000),
an 0.8-cM distance in cucumber might predictably be
equivalent to several hundred kilobases in physical
length. This suggests that our BAC clones are positioned
at a chromosomal location from which a walk towards
the de locus could be implemented. Fingerprinting of the
positive BACs (Chang et al. 2001) for the CSWCTT14
marker will create overlapping clones spanning this lo-
cus. These contigs will assist in more accurately defining
this unique genomic region by facilitating development
of additional specific markers (Chen et al. 2004) and
enhancing the physical mapping and map-based cloning
of F and de.

Screening with markers linked to yield component
QTL further characterized these libraries. Filter
hybridization of four SSR, two SCAR, and an RAPD
marker as probes identified positive BAC clones from
both libraries. The relative abundance of positive Bam-
HI or EcoRI clones varied, depending on the marker
used. For instance, whereas the M8SCAR marker de-
tected more positive BamHI than EcoRI BACs, the
CSWCTT14, NR60, and OP-W7-1 markers revealed
fewer BamHI than EcoRI BACs. In contrast, the Bam-
HI- and EcoRI-positive BACs for the CSWCT28 and
CSWTAAA01 markers were obtained in predicted ra-
tios. This apparent discrepancy likely reflects the differ-
ent accessibility of restriction enzymes to a particular
genomic region (Wu et al. 2004a) and demonstrates the
advantages of employing two complementary libraries
when attempting to cover the cucumber genome. As the
amounts of contaminating chloroplast and mitochon-
drial DNA were lower than 1%, the combined coverage
of approximately 10.8 haploid genomes is essentially
equivalent to the minimal size (10–12 haploid genomes)

of a BAC library required for successful physical map-
ping of a genome (Zhang et al. 1996; Xu et al. 2004).
Previous studies demonstrated that alternative DNA
fragments increased the capacity of genome coverage
significantly (Tao et al. 2002; Chen et al. 2004; Wu et al.
2004a). Therefore, the two libraries described herein are
expected to adequately cover the cucumber genome as
they are applied to fine mapping of QTL and physical
mapping for chromosome localization.

Most of the recently developed molecular markers of
cucumber are PCR-based such as RAPD, SCAR, SNP,
AFLP, and SSR (Bradeen et al. 2001; Fazio et al. 2002,
2003b). Thus, a capability for efficient screening of BAC
clones with these markers would be crucial to positional
cloning strategies. Therefore, the development of the
PCR-based screening system described herein has
accommodated the needs for rapid and reliable screen-
ing of the cucumber BAC libraries. When the system was
used to screen the BamHI library with two primer pairs
for CsACS1G and peroxidase genes per se, results were
obtained consistent with those from filter hybridization
(data not presented). The true value of the BAC library
DNA pool system was, nevertheless, demonstrated when
BACs were amplified with BC523SCAR, a marker clo-
sely linked to QTL for earliness (ear1.4) and mean fruit
length:diameter ratio (ldr1.3), with which thousands of
BACs had been identified by hybridization. The PCR
screening of the BAC library that obviates the use of a
lengthy DNA probe could effectively circumvent this
problem, because one of the likely reasons, presumably,
for the emergence of such a large number of positives is
the presence of unknown repetitive sequences included
in the probe DNA. However, PCR screening for BACs
with three other RAPD markers was unsuccessful. These
results appear to be due to low specificity of the ampli-
fication conditions used for the RAPD markers. We
found it difficult to identify polymorphic bands from
several unspecific amplification fragments co-migrating
on an agarose gel. In addition, the sizes of the poly-
morphic fragments excised from the gel and used as
probes were relatively large (650–1,150 bp) compared
with other markers such as SSRs (170–306 bp) (Ta-
ble 1). This might have aggravated the probability that
repetitive sequences are included in the amplified DNA
fragments. Therefore, continued conversion of impor-
tant RAPD markers to sequence-specific SCARs will be
necessary not only for obtaining codominant markers
for mapping, but also for effectively screening the BAC
libraries with the multiplex system.

The five markers, AJ6SCAR, CSWCTT14,
CSWTAAA01, L19-2-SCAR, and M8SCAR, are indi-
vidually linked with QTL for the number of lateral
branches in three different linkage groups with different
degrees of effects (Table 1). Besides CSWCTT14 that is
linked to mlb1.1 with a comparatively high LOD (11.6),
linkage group 1 has three additional QTL for MLB
(mlb1.2, mlb1.3, and mlb1.4), of which mlb1.3 is linked
with the AJ6SCAR marker at approximately 5 cM. The
CSWTAAA01 marker is linked tightly with mlb4.4 in
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linkage group 4, whereas the M8SCAR and L19-2-
SCAR markers are individually linked with mlb6.1 and
mlb6.2 in linkage group 6, respectively. However, OP-
AD12-1, an RAPD marker closely linked with mlb1.4,
which showed the highest LOD (32.9) (Fazio et al.
2003b), was unsuccessfully used in the BAC screening
described herein. As an important metric trait positively
correlated with yield increase in cucumber, MLB has
been a central target of marker-assisted selection (MAS)
(Fazio et al. 2003a). The end sequences of the BACs
identified as linked with these QTL are currently being
analyzed in order to produce PCR-amplified markers
such as SSR (Cregan et al. 1999; Lichtenzveig et al.
2005) and cleaved amplified polymorphic sequences
(Michaels and Amasino 1998). This will provide a rela-
tively simple and rapid means to develop specific, stra-
tegically based markers for use in MAS for plant
improvement.
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