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Abstract: Utilizing improved methods, two bacterial artificial chromosome (BAC) libraries were constructed for the
multidisease-resistant line of melon MR-1. TheHindIII library consists of 177 microtiter plates in a 384-well format,
while the EcoRI library consists of 222 microtiter plates. Approximately 95.6% of theHindIII library clones contain
nuclear DNA inserts with an average size of 118 kb, providing a coverage of 15.4 genome equivalents. Similarly, 96%
of the EcoRI library clones contain nuclear DNA inserts with an average size of 114 kb, providing a coverage of 18.7
genome equivalents. Both libraries were evaluated for contamination with high-copy vector, empty pIndigoBac536 vec-
tor, and organellar DNA sequences. High-density filters were screened with two genetic markers FM and AM that co-
segregate withFom-2, a gene conferring resistance to races 0 and 1 of Fusarium wilt. Fourteen and 18 candidate BAC
clones were identified for the FM and AM probes, respectively, from theHindIII library, while 34 were identified for
the AM probe from filters A, B, and C of theEcoRI library.

Key words: bacterial artificial chromosome (BAC) library, Fusarium wilt, melon, pCUGIBAC1, resistant gene.

Résumé: À l’aide de méthodes améliorées, deux banques de chromosomes bactériennes artificielles, « bacterial artifi-
cial chromosome » (BAC), ont été produites à partir de la lignée de melon MR-1, laquelle est résistante à de nombreu-
ses maladies. La banqueHindIII compte 177 plaques de titration à 384 puits, tandis que la banqueEcoRI comprend
222 plaques. Environ 95,6 % des clonesHindIII contiennent des inserts d’ADN nucléaire d’une taille moyenne de
118 kb, ce qui procure une couverture équivalente à 15,4 génomes. De façon semblable, 96 % des clones de la banque
EcoRI sont porteurs d’inserts constitués d’ADN nucléaire dont la taille moyenne est de 114 kb pour une couverture de
18,7 génomes. Les deux banques ont été évaluées pour le degré de contamination avec du vecteur en grand nombre de
copies ou avec du vecteur pIndigoBac536 vide ou encore avec des séquences d’ADN provenant des organites. Des
membranes à haute densité ont été criblées avec deux marqueurs moléculaires, FM et AM, qui montrent une coségréga-
tion avecFom-2, un gène qui confère la résistance aux races 0 et 1 de la flétrissure fusarienne. Quatorze et 18 clones
BAC candidats ont été identifiés parmi la banqueHindIII à l’aide des sondes FM et AM respectivement. Chez la
banqueEcoRI, 34 clones ont été identifiés parmi les membranes A, B et C à l’aide de la sonde AM.

Mots clés: banque de « bacterial artificial chromosome » BAC, flétrissure fusarienne, melon, pCUGIBAC1, gène de
résistance.
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Introduction

Libraries with large genomic DNA inserts are essential for
physical mapping, positional cloning, and genome sequenc-

ing, particularly for higher eukaryotes (Hosoda et al. 1990;
Shizuya et al. 1992; Tanksley et al. 1995; Zhang et al.
1994). The BAC (bacterial artificial chromosome) cloning
system has become an invaluable tool in genomics studies
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because of its ability to stably maintain large DNA frag-
ments and its ease of manipulation (Shizuya et al. 1992;
Wang et al. 1995; Woo et al. 1994). However, although
there have been recent advances in robotics and improve-
ments in the methodology (Osoegawa et al. 1998), the
process of BAC library construction remains relatively chal-
lenging and time consuming.

A good vector preparation is essential for the success in
BAC library construction. However because of the low copy
number of the BAC vectors (one to two copies per cell;
Shizuya et al. 1992), it is difficult to obtain large quantities
of high-quality plasmid DNA. The group of de Jong et al.
(Frengen et al. 1999) produced a high-copy derivative of
pBAC108L, which contained the lethal SacBII gene for pos-
itive selection. The low-copy pBAC108L SacBII derivative
was ligated with the high-copy pUC vector to improve
plasmid yield. Since the resulting high-copy vector
(pBACe3.6) has the SacBII gene disrupted with a pUC
plasmid, it was no longer possible to distinguish high-copy
vector (pBACe3.6) colonies from recombinant BAC clones
by selection. In order to eliminate contamination of the li-
brary with the high-copy vector clones, all undigested vector
has to be carefully removed from the BAC vector prepara-
tion (Osoegawa et al. 1998). A vector propagating in a high-
copy manner that can then be readily processed to yield the
appropriate BAC cloning vector is highly desirable.

Another challenge in BAC library construction is the pre-
vention of DNA degradation. Megabase DNA embedded in
agarose plugs and size-selected high-molecular-weight
(HMW) genomic DNA in agarose slices tend to shear when
frozen. In our hands, restriction-digested and size-selected
genomic DNA in agarose slices also deteriorate rapidly
when stored at 4°C. After about 2 weeks of storage, the di-
gested DNA is usually no longer ligatable. The instability of
the size-selected insert DNA impedes library construction,
because the DNA can degrade significantly in storage during
the ~6 consecutive days required to go from DNA elution to
checking of insert size in BAC clones of test ligations.
Therefore, methods to stabilize HMW DNA fragments in
agarose slices would be valuable. Also megabase DNA plugs
are important resources. For those species whose materials
are extremely precious or difficult to obtain, such as endan-
gered species and mutants, long-term storage of the DNA is
extremely important. High concentration of EDTA can be
used to store DNA plugs and HMW DNA inserts in agarose
slices at 4°C (Osoegawa et al. 1998) for up to half a year.
However, thorough washes are required before each use be-
cause EDTA is a strong inhibitor of enzymes. Also slow de-
terioration of the DNA quality can still be observed, and
longer storage by this way is not expected. Jacobs and
Neilan (1995) and Laniel et al. (1997) stored DNA in
agarose gels in 70% ethanol at 4°C or 25°C for 3–4 days to
evaluate stability. We extended this method to store DNA
plugs and HMW DNA inserts in agarose slices for BAC li-
brary construction.

Melon (Cucumis meloL.) is an important economic crop
worldwide. It is a diploid plant with an estimated genome
size of 4.5–5.0 × 108 bp, very similar to that of rice
(Arumuganathan and Earle 1991). The genome contains
about 30% of repeated sequences (Bendich and Anderson
1974). One of the most important diseases of melon is

Fusarium wilt caused byFusarium oxysporumf.sp. melonis
(Martyn and Gordon 1996). Four races of the fungal patho-
gen 0, 1, 2, and 1,2 were identified by differential varieties.
Two independent single dominant genesFom-1 and Fom-2
control resistance to races 0 and 2 and races 0 and 1. Cur-
rently no genes have been identified to resist race 1,2 (Zink
and Thomas 1990).

The melon breeding line MR-1 resists several melon dis-
eases. It carriesFom-1 and Fom-2 as well as genes confer-
ring resistance to downy and powdery mildew (Zink and
Thomas 1990). Previously, Wechter et al. (1995, 1998) iden-
tified a randomly amplified polymorphic DNA (RAPD)
marker tightly linked to theFom-2gene. Wang et al. (2000)
identified an amplified fragment length polymorphism
(AFLP) marker also tightly linked to this gene. Both RAPD
and AFLP markers were then converted to co-dominant
markers by isolating the corresponding sequences from both
MR-1 and the susceptible parent AY and renamed FM and
AM, respectively. FM and AM appear to be closely linked to
the Fom-2 gene and co-segregated with the gene in a
backcross population of 60 progeny (Wang 1999).

Many plant-resistant genes (R genes) have been cloned
(Dixon et al. 1996; Martin et al. 1993; Meyers et al. 1998;
Song et al. 1995) and they are usually organized in clusters
containing DNA fragments related in either sequence or
function. Usually, R genes function via a signal transduction
pathway and contain motifs for receptors. According to the
organization and combination of motifs, cloned plant R
genes could be classified into four groups: (i) containing a
nucleotide-binding site (NBS) and a leucine-rich repeat
(LRR) region; (ii ) containing an LRR region and a
transmembrane (TM) domain; (iii ) containing an LRR re-
gion and a protein kinase domain; and (iv) containing only a
protein kinase domain but required an NBS-LRR-containing
gene for its function. Most of the plant R genes cloned so far
fall in the NBS-LRR group (reviewed in Michelmore and
Meyers 1998).

In this paper, we describe methods for preparing large
quantities of vector DNA and long-term storage of HMW
DNA samples for BAC library construction. Also, we report
the construction of two BAC libraries for a multidisease-
resistant line MR-1 of melon using these methods. BAC li-
braries have been developed for many crop species, such as
sorghum (Woo et al. 1994), rice (Wang et al. 1995; Zhang et
al. 1996), soybean (Danesh et al. 1998; Marek and Shoe-
maker 1997; Tomkins et al. 1999), wheat (Lijavetzky et al.
1999), common bean (Vanhouten and MacKenzie 1999), and
tomato (Budiman et al. 2000). However, to our knowledge,
the BAC libraries presented in this paper are the first BAC
libraries constructed from members of the Cucurbitaceae
family. These libraries are facilitating the cloning ofFom-2.
We describe the identification of candidate BACs in the
Fom-2 region identified by co-segregating markers FM and
AM.

Materials and methods

Biological materials
Melon MR-1 seeds were from Dr. C.E. Thomas, USDA-ARS,

U.S. Vegetable Laboratory, Charleston, S.C. Restriction enzyme
NotI, MidRange I & II PFG molecular weight markers, Lambda
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ladder PFG marker, 1-kb DNA ladder, calf intestinal alkaline
phosphatase (CIAP) were obtained from New England Biolabs
(Beverly, Mass.). All other restriction enzymes except forNotI, T4
DNA ligase, and the vector pGEM-4Z were obtained from
Promega (Madison, Wis.). BAC vector pIndigoBac536 was a gift
from H. Shizuya and M. Simon (Caltech, Calif.). DH10B compe-
tent cells were purchased from Life Technologies (Rockville, Md.).

High-copy BAC vector pCUGIBAC1 construction
High-copy BAC vector construction was performed following

standard procedures (Sambrook et al. 1989). High-copy plasmid
vector pGEM-4Z and low-copy BAC vector pIndigoBac536 were
digested withHindIII or EcoRI. The linearized pIndigoBac536
vector was dephosphorylated, gel purified, and then ligated with
pGEM-4Z linearized with the same enzyme. The ligated DNA was
used to transform DH10B-competent cells. Transformants were
selected on LB–X-gal–IPTG (X-gal: 5-bromo-4-chloro-3-indolyl-β-
D-galactopyranoside; IPTG: isopropyl-β-thiogalactopyranoside)
plates containing both 50 mg/L of ampicillin and 12.5 mg/L of
chloramphenicol. DNA was prepared for analysis using an
Autogen 740 according to the manufacturer′s instruction (AutoGen,
Framingham, Mass.).

BAC vector preparation
High-copy pCUGIBAC1 plasmid DNA was isolated using

Qiagen plasmid midi kit (Qiagen, Valencia, Calif.) according to the
manufacturer′s instruction, except that after adding solution P2, the
sample was incubated at room temperature for not more than 3 min
instead of 5 min. The plasmid DNA was digested withHindIII or
EcoRI at 37°C for 1 h. After adding 1 U/5µg DNA (0.33 U/pmol
ends) of CIAP phosphatase, the sample was incubated again at
37°C for 1 h. Enzymes were inactivated by heating the sample at
75°C for 15 min in the presence of 5 mM of EDTA. DNA was pre-
cipitated, self-ligated at 16°C overnight, and separated on 1% of
agarose gel in 1× TAE buffer (40 mM Tris-acetate, 1 mM EDTA)
as modified from Osoegawa et al. (1998). After electrophoresis, the
two sides of the gel were stained with ethidium bromide and
aligned to the center part to recover the pIndigoBac536 gel band of
7.5 kb. The linear, dephosphorylated pIndigoBac536 DNA was
electroeluted in 1× TAE buffer and stored in 1:1 glycerol at –20°C
(for frequent use) or –80°C (for long-term storage) in aliquots. The
quality of the prepared vector was evaluated by cloning lambda
DNA restriction fragments.

Preparation of high-molecular-weight insert DNA
Melon plants were grown in the greenhouse. Young leaves were

collected and stored at –80°C. DNA plugs were prepared by em-
bedding nuclei into 0.5% of low-melting agarose followed by a se-
ries of treatments as described by Zhang et al. (1995). Washed
DNA plugs were stored in Tris-EDTA (TE) buffer at 4°C (for fre-
quent use) or in 70% of ethanol (about 20 volumes) at –20°C (for
long-term storage). Before partial digestion, TE-stored plugs were
soaked in distilled H2O for 30 min, while ethanol-stored plugs
were transferred to TE buffer or directly in distilled H2O (about 20
volumes) at 4°C the previous day. Partial digestions and two size
selections were as described by Budiman et al. (2000) and
Tomkins et al. (1999) with modifications. A series of pilot partial
digestions at 37°C were performed for a fixed time using different
enzyme concentrations. The results guided the scaled up partial di-
gestions used for library construction. Each half plug (about 50µL)
was chopped to fine pieces separately and transferred into an
eppendorf tube containing (inµL): 24.5 H2O, 9.5 of 10× restriction
buffer, 10 of 40 mM spermidine, and 1 of 10 mg/mL BSA. After
30 min incubation on ice, 5µL of 0.9 U/µL HindIII or 1.4 U/µL
EcoRI diluted in 1× buffer was added, and a further 30 min of in-
cubation on ice was performed. Digestion was performed at 37°C

for 20 min and stopped by adding 10µL of 0.5 M EDTA. The par-
tially digested DNA fragments were separated on a 1% agarose
CHEF (Bio-Rad, Hercules, Calif.) gel with 1- to 50-s linear ramp
at 6 V/cm at 14°C in 0.5× TBE buffer for 20 h using a lambda lad-
der as the marker. Two fractions between 120 and 250 kb were cut
out and subjected to the second size selection in 1% low-melting
agarose gel with 4 s constant time at 6 V/cm at 14°C in 0.5× TBE
buffer for 20 h. Gel fractions were recovered and used immediately
or stored at –20°C in 70% ethanol (about 20 volumes). Gel slices
were allowed to stand in 70% ethanol at room temperature for
about 30 min or at 4°C overnight before being transferred to –20°C
to avoid freezing the center part of the gel slices.

BAC library construction
HMW insert DNA was electroeluted from the gel slices as

described by Strong et al. (1997). Ethanol-stored gel fractions were
soaked in 1× TAE buffer for about 3 h or overnight before
electroelution. Ligations were performed as described by Budiman
et al. (2000) except that they were stopped at 65°C for 15 min and
desalted in 0.1 M glucose : 1% agarose cones for 1.5 h on ice as
described by Atrazhev and Elliott (1996) or on Millipore filters
floating on 5% PEG8000 in Petri dishes set on ice for 1.5 h as
modified from Osoegawa et al. (1998). Transformations were per-
formed as described by Tomkins et al. (1999). Transformants were
selected on LB–X-gal–IPTG plates containing 12.5 mg/L of
chloramphenicol. White colonies were picked using a Genetix Q-
bot (Genetix Ltd., Christchurch, Dorset, U.K.) and stored in 384-
well microtiter plates (Genetix Ltd.) at –80°C. We found that light
blue color colonies did not contain inserts and the Genetix Q-bot
could not distinguish the light blue color from the white color.
Light blue colonies were destroyed manually before robotic picking.

BAC insert sizing
DNA was prepared as described above for vector colony analy-

sis, digested withNotI and separated on 1% agarose CHEF (Bio-
Rad) gels with a 5- to 15-s linear ramp time at 6 V/cm and 14°C in
0.5× TBE buffer for 16 h.

BAC library evaluation
Colonies from random 384-well plates were replicated on both

LB–X-gal–IPTG plates containing 50 mg/L of ampicillin and LB–
X-gal–IPTG plates containing 12.5 mg/L of chloramphenicol using
a 384-pin hand replicator (Fisher Scientific Co., Pittsburgh, Pa.).
Colonies that grew on both ampicillin and chloramphenicol plates
were classified as high-copy pCUGIBAC1 contamination. Blue and
light blue colonies that grew on chloramphenicol plates were clas-
sified as empty vector contamination. Evaluation of the library for
contamination by organellar DNA clones was performed by hy-
bridization of the libraries with organellar DNA probes.

BAC library screening
Colonies were doubly spotted in high density onto Hybond N+

filters in a 4 × 4 pattern with the Genetix Q-bot as described by
Budiman et al. (2000) and Tomkins et al. (1999). Each 22.5 × 22.5 cm
filter contained 18 432 clones in its six fields (6 fields × 8 plates/field ×
384 wells/plate; also see our web site <www.genome.clemson.edu>).
Hybridization was performed as described by Budiman et al.
(2000). Three barley chloroplast probesndhA, rbcL, and psbA,
which are equally spaced around the 133-kb barley chloroplast ge-
nome, were originally from Dr. J. Mullet (Texas A&M University,
College Station, Tex.). Four rice mitochondria probesatpA, cob,
atp9, and coxI were from T. Sasaki (Rice Genome Research Pro-
gram, Institute of Society for Techno-innovation of Agriculture,
Forestry and Fisheries, Tsukuba, Ibaraki, Japan). A 352-bp of
melon HindIII repeat sequence (Brennicke and Hemleben 1983)
was reconstructed (Y.H. Wang, C.E. Thomas, and R.A. Dean, un-
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published data). Two melon genetic markers FM and AM co-
segregating with the resistant geneFom-2 were available from the
work of Wechter et al. (1998) and Wang et al. (2000).

Results

High-copy vector construction for BAC vector preparation
We converted the low-copy BAC vector into a high-copy

vector to facilitate vector preparation. Upon digestion and
isolation, the low-copy BAC vector is reconstituted for use in li-
brary construction. The low-copy BAC vectorpIndigoBac536
and the high-copy cloning vector pGEM-4Z were digested
with HindIII and ligated. To prevent the possible co-
transformation of the two self-ligated plasmids,
pIndigoBac536 was dephosphorylated before ligation. The
pIndigoBac536 vector is a derivative of pBeloBAC11, whose
lacZ gene and multiple cloning site regions were derived
from pGEM-3Z/4Z (Wang et al. 1997). Ligation of
pIndigoBac536 with pGEM-4Z could result in two possible
products, and the transformants were expected to have about
equal blue and white colonies on X-gal–IPTG containing se-
lection medium (Fig. 1). To our surprise, the results showed
that only the ligation product containing two reconstituted
lacZ genes and multiple cloning site sequences in a head-to-
tail orientation, i.e., in tandem, was able to replicate. On

double antibiotics (12.5 mg/L of chloramphenicol and
50 mg/L of ampicillin) and X-gal–IPTG-containing selection
medium, all transformants were dark blue in color (data not
shown). DNA analysis of 20 randomly picked single colo-
nies indicated that DNA was replicated in high-copy num-
ber. Digestion of these DNA samples withHindIII, EcoRI,
andBamHI released fragments corresponding to the sizes of
pIndigoBac536 and pGEM-4Z. DNA from eight randomly
chosen clones digested withHindIII is presented in Fig. 2.

We also ligated pIndigoBac536 with pGEM-4Z at the
EcoRI site. As expected in Fig. 1, it resulted in the same
plasmid. DNA analysis of six randomly picked colonies
showed the same characteristics as clones constructed using
HindIII (data not shown).

The new vector, designated pCUGIBAC1, retained all
three cloning sites of the original pIndigoBac536 (HindIII,
EcoRI, and BamHI) and had a deep blue color on X-gal–
IPTG medium.

We tested whether the pIndigoBac536 vector released
from pCUGIBAC1 by restriction enzyme digestion main-
tained the blue or white selection phenotype. When
pCUGIBAC1 was digested withHindIII, EcoRI, or BamHI
and the digested products were religated without fragment
separation, less than 2% white colonies were found in each
transformation on medium containing chloramphenicol
(12.5 mg/L) and X-gal–IPTG (data not shown). DNA analy-
sis showed that the white colonies contained damaged
pIndigoBac536 vector or pIndigoBac536 vector with uniden-
tified inserts, while the blue clones contained self-ligated
pIndigoBac536 or undigested (or) religated pCUGIBAC1.

© 2001 NRC Canada
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Fig. 1. Schematic outline for the construction of the plasmid
pCUGIBAC1. The BAC vector pIndigoBac536 has thelacZ gene
and multiple cloning site region identical to those of the high-
copy cloning vector pGEM-4Z. When the two vectors were di-
gested withHindIII and ligated with each other, two ligation
products were expected (A and B). However only the ligation
product A (pCUGIBAC1) that contained two reconstitutedlacZ
genes and multiple cloning site regions was observed. On double
antibiotics (12.5 mg/L of chloramphenicol and 50 mg/L of
ampicillin) and X-gal–IPTG-containing plates, only blue
transformants were found.

Fig. 2. DNA analysis of randomly picked colonies transformed
with pIndigoBac536 (lane 9) and with pIndigoBac536-pGEM-4Z
ligated atHindIII site (lanes 1–8). DNA samples were prepared
from 3 mL overnight cultures by an Autogen 740 robot and re-
suspended in 30µL of TE. Aliquots of 4 µL (lanes 1–8) or
10 µL (lane 9) were digested withHindIII and loaded on 1%
agarose gel. M is a 1-kb ladder marker (New England Biolabs).

I:\gen\gen44\gen-02\G00-117.vp
Thursday, March 01, 2001 10:20:24 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



© 2001 NRC Canada

158 Genome Vol. 44, 2001

No cells harboring self-ligated pGEM-4Z alone were de-
tected because they could not grow on chloramphenicol-
containing medium. We also did not detect co-transformed
colonies on this single antibiotic selection medium. Cells
containing pCUGIBAC1 (containing twolacZ genes) were
darker blue in color than the self-ligated pIndigoBac536
(data not shown) and grew more slowly. The results indi-
cated that pIndigoBac536 was unchanged during construc-
tion. With the new high-copy pCUGIBAC1 vector, 100µg
of pure plasmid was obtained from 100 mL of culture (37°C
for 20 h) following purification on a Qiagen midi column.
To obtain 100µg of DNA from the low-copy BAC vectors
requires isolating DNA from more than 8 L of culture. Large
quantities of vector were prepared for BAC library construc-
tion by digesting pCUGIBAC1 followed by dephosphoryl-
ation and gel purification.

Improvements on DNA storage for BAC library
construction

Improvements in the storage of vector preparations and
HMW DNA samples could save time and costs. During stor-
age, HMW DNA should be prevented from both shearing
and degrading. Freezing HMW DNA without a protectant
results in DNA shearing and should be avoided. We found
that size-selected HMW genomic DNA fragments in agarose
slices could be stored in 70% ethanol at –20°C for long peri-
ods of time without change of qualities. DNA stored in
agarose slices for long periods of time can be eluted and
cloned. Sometimes the quality even improved possibly due
to diffusing-out of salts, trapped small DNA fragments, and
inhibitors during the storage (data not shown). We also ex-
tended this method to store megabase DNA plugs. Size-
selected HMW DNA fragments in agarose slices and DNA
plugs that have been stored in this manner for many months
are routinely used for BAC library construction in our labo-
ratory. Ethanol can be used to preserve DNA for long-term

storage (Sambrook et al. 1989) and is a clear solution that
can be easily removed.

Even though the BAC vector is only 7.5 kb in size,
freeze–thaw cycles still need to be avoided. We stored the
prepared vector at –20°C (for frequent use) or –80°C (for
long-term storage) in 40–50% of glycerol in aliquots and ef-
fectively avoided deterioration of the prepared vector during
freeze–thaw cycles.

Construction and insert sizing of two melon BAC libraries
With the goal of isolating melon disease-resistant genes,

we constructed two BAC libraries (HindIII and EcoRI) for a
multidisease-resistant line MR-1 of melon using our im-
proved BAC library construction methods.

The HindIII library consisted of 177 × 384 well microtiter
plates. DNA of 530 clones randomly picked from the library
was analyzed. Figure 3 shows theNotI restriction pattern of
38 randomly picked clones. The pIndigoBac536 vector
maintained the twoNotI restriction sites of its ancestor
pBeloBAC11 at the flanks of the multiple cloning site to fa-
cilitate releasing the inserts. Analysis indicated that about
97% of clones contained inserts with an average insert size
of 118 kb.

The EcoRI library consisted of 222 × 384 well microtiter
plates. A total of 422 randomly picked clones were checked
by NotI digestion (data not shown). Approximately 97% of
clones were recombinant with an average insert size of
114 kb.

The insert size data for the 530HindIII BACs and 422
EcoRI BACs above are summarized in Fig. 4. The data
shows that 84.6% ofHindIII BACs (black columns) con-
tained inserts greater than 110 kb; 81.6% ofEcoRI BACs
(white columns) contain inserts greater than 100 kb.

Evaluation of the melon HindIII and EcoRI BAC libraries
The two melon libraries were constructed with vector pre-

Fig. 3. DNA analysis of random BAC clones from the melonHindIII BAC library by pulse-field gel electrophoresis. Autogen-prepared
DNA samples were digested withNotI and separated on 1% agarose gel with ramp pulse time of 5–15 s at 6 V/cm at 14°C in 0.5×
TBE buffer for 16 h. Markers used are midrange I (outside lanes) and lambda ladder (New England Biolabs). The 7.5-kb common
band is the vector pIndigoBac536.
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pared from our high-copy vector pCUGIBAC1 and picked
by a Genetix Q-bot. To determine whether the libraries
picked were of high quality and were not contaminated with
the high-copy vector, colonies from 12 randomly selected
384-well microtiter plates (4608 colonies) of each library
were replicated on both LB plates containing ampicillin–X-
gal–IPTG and LB plates containing chloramphenicol–X-gal–
IPTG with a 384-pin hand replicator (see Materials and
methods). Colonies harboring pCUGIBAC1 should grow on
both chloramphenicol- and ampicillin-containing plates,
while those harboring pIndigoBac536, with or without in-
sert, could grow only on chloramphenicol-containing plates.
No colonies harboring pGEM-4Z vector were expected on
ampicillin-containing plates, because the libraries were from
chloramphenicol selection.

Our results showed that no colonies were found on
ampicillin-containing plates for bothHindIII and EcoRI li -
braries indicating no contamination of the high-copy vector
pCUGIBAC1 in these libraries (data not shown). On
chloramphenicol-containing plates, 17 (0.37%) pin spots
from theHindIII library and 23 (0.50%) from theEcoRI li -
brary did not grow colonies. Among the colonies that grew,
51 (1.11%) from theHindIII library and 95 (2.07%) from
theEcoRI library were blue or light blue in color and did not
contain inserts.

To estimate the representation of organellar DNA and re-
peat sequences in the libraries, high-density colony filters
were prepared and screened with respective probes. Highly
conserved barley chloroplast genes and rice mitochondrial
genes (see Methods) are usually used as the probes to
roughly estimate the representation of chloroplast and mito-
chondrial DNA inserts in plant BAC libraries, respectively.
With the probe mixture of three barley chloroplast genes,
2.78% and 1.17% of chloroplast DNA clones were detected
from theHindIII and EcoRI libraries, respectively. With the
probe mixture of four rice mitochondrial genes, 0.18% and

0.20% of mitochondrial DNA clones were detected in the
HindIII and EcoRI libraries, respectively. With a melon
HindIII repeat sequence as probe, 2.80% and 3.19% of re-
peat sequence clones were identified from theHindIII and
EcoRI libraries, respectively.

It is reported that the melon haploid genome size is 5 ×
108 bp (Arumuganathan and Earle 1991). After subtracting
the number of empty wells, blue and light blue clones and
organellar DNA clones, theHindIII library contains 64 961
nuclear DNA-containing clones (118 kb in average) and pro-
vides a 15.4 genome coverage. TheEcoRI library contains
81 904 nuclear DNA-containing clones (114 kb in average)
and provides 18.7 genome coverage.

Isolation of Fom-2 candidate BAC clones
High-density colony filters for the two melon BAC librar-

ies were screened with two melon genetic markers, FM and
AM, that co-segregate with theFom-2 gene. When the whole
HindIII library was probed with the two markers, 14 and 18
positive BACs were identified for FM and AM, respectively
(data not shown). The marker AM identified 34 positive
BACs from filters A, B, and C (containing 65% of the clones
of the library) of theEcoRI library. Figure 5 shows the hy-
bridization image of the filter C of theEcoRI library using
the marker AM as probe. Positive BACs from theHindIII li-
brary were fingerprinted and end-sequenced. R gene homo-
logues containing NBS or LRR motifs were found in the
BAC end sequences (Wang 1999).

The hybridization data demonstrate the utility of our li-
braries for facilitating the isolation of disease resistance
genes as well as the utility of our modifications to vector
preparation and DNA storage for library construction.

Discussion

BAC libraries provide a necessary tool for physical map-
ping, genome sequencing, and positional cloning. However
BAC library construction is still a time-consuming endeavor.
Good preparations of vector and size-selected HMW DNA
inserts share in the success of BAC library construction.
While ligation, transformation, insert size checking, etc. are
technically routine, most of the time is spent on repeatedly
optimizing the preparation of vector and HMW inserts. Im-
provements in methodologies facilitating the preparation of
the vector and storage of HMW DNA could save time and
costs.

The BAC vector replicates in one to two copies per cell
(Shizuya et al. 1992). To obtain sufficient plasmid DNA for
optimizing the vector preparation and constructing BAC li-
braries, a large volume of culture is required. Vector DNA
purified from large volumes of culture using a Qiagen kit
was usually contaminated with bacterial genomic DNA, and
further purification with CsCl centrifugation was needed. We
cloned the low-copy BAC vector in a conventional high-
copy plasmid vector pGEM-4Z. The resultant plasmid,
named as pCUGIBAC1, replicates as a high-copy plasmid.
From 100 mL of culture, 100µg of plasmid DNA can be
easily purified using a Qiagen kit. An important feature of
the modified high-copy vector is that it retains the ability to
produce blue color on X-gal–IPTG selection plates. This al-
lows for the discrimination of contaminating pCUGIBAC1
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Fig. 4. Insert size distributions of the melon MR-1HindIII
(black columns) andEcoRI (white columns) BAC libraries. DNA
samples of 530 clones randomly picked from the melonHindIII
BAC library and 422 clones randomly picked from the melon
EcoRI BAC library were analyzed (see Materials and methods)
and grouped.
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from the recombinant clones (white color). It is interesting
that the replication is unidirectional and only the ligation
product containing two reconstitutedlazZ genes and multi-
ple cloning site sequences can be replicated. This provides a
second level of protection. Even if the linearized and
dephosphorylated pIndigoBac536 is contaminated with
poorly dephosphorylated pGEM-4Z, the transformants of the
ligation will reproduce pCUGIBAC1 which produces blue
colonies on selective medium and can be excluded from
picking (self-ligated pGEM-4Z would not grow on
chloramphenicol-containing plates). Furthermore,pCUGIBAC1
facilitated the purification of the vector while retaining all
the properties of the BAC vector pIndigoBac536. This
method can also be used to prepare other BAC vectors such
as pBAC108L, pBeloBAC11, and their derivatives.

Even though pCUGIBAC1 contains a duplicated region
(lacZ gene and the multiple cloning site region), it appears
to be very stable in the cell line DH10B. We have main-
tained this clone for multiple generations and used it suc-
cessfully for nearly 2 years. We have not observed any
rearrangements. It was reported that DH10B can stably
maintain high-copy plasmid DNA (Tao and Zhang 1998).

The pCUGIBAC1 vector has been used for constructing
BAC libraries for many agriculturally important crops such
as rice (EcoRI libray, M. Luo and M.A. Budiman, Clemson
University; HindIII library, Y.-H. Wang, Chinese Academy
of Sciences), wheat (HindIII library, C.E. Thomas, Zurich
University, Switzerland), corn (HindIII library, J.P. Tomkins;
EcoRI library, M. Luo, Clemson University), sorghum
(HindIII library, D. Begum, Clemson University), soybean
(EcoRI library, J.P. Tomkins, Clemson University), cotton
(HindIII library, D. Peterson, Georgia University), and
melon (HindIII and EcoRI libraries, this paper). The vector
has been also used recently for constructing a mouse BAC
library (M. Luo, unpublished data). We did not find any
problems related to the use of this vector. Sampling colonies
from 12 × 384 well microtiter plates from each of the melon
HindIII and EcoRI libraries on ampicillin (50 mg/L) con-
taining medium did not detect any contamination of this
high-copy vector. Osoegawa et al. (1998) observed that the
contaminating clones of their high-copy pBACe3.6 vector in
the BAC library turned out as strong signals on auto-
radiograms of the high-density BAC library filters. One
clone with a strong hybridization signal was found in the
melon HindIII library. However, when this clone was trans-
ferred onto the X-gal–IPTG-containing plate, it had a blue
color, indicating that it was incorrectly picked by the robot.

The quality of the size-selected HMW DNA inserts is also
critical in BAC library construction, and the DNA must be
maintained in a condition that prevents shearing and degra-
dation. Jacobs and Neilan (1995) and Laniel et al. (1997)
stored DNA in agarose gels in 70% ethanol at 4°C or 25°C
for 3–4 days to evaluate stability. We found that the size-
selected HMW DNA inserts in agarose slices can be stored
in 70% ethanol at –20°C for extended periods of time with-
out a decreased ligation efficiency. We also adopted this
method to store megabase DNA plugs. This simple method
for storage of high molecular weight DNA facilitates the
construction of BAC libraries.

We constructed two BAC libraries for the multidisease-
resistant line MR-1 of melon. About 95.6% of theHindIII li -

brary and 96% of theEcoRI library contained nuclear DNA
inserts with the average insert sizes of 118 and 114 kb, re-
spectively. The two libraries together provide total of 34 ge-
nome equivalents.

Melon is a member of Cucurbitaceae family and an im-
portant economic crop. Genome studies of the Cucurbitaceae
family have lagged behind those of other crops. We con-
structed the first two BAC libraries in this family. These li-
braries can be used for comparative studies of cucurbits,
including homologous gene cloning, because homology
among the species within the family at the DNA level has
been reported to be over 70% (Pasha and Sen 1998). It also
has been shown that the FM primer can amplify cucumber
DNA and that the PCR products are highly homologous, if
not identical, based on hybridization (Wang 1999). This
homology is reasonable, because melon and cucumber are
members of the same subtribe (Robinson and Decker-
Walters 1997). Being able to exploit this homologous rela-
tionship among the cucurbits is advantageous considering
that the cucurbits are understudied despite their economic
value.

We screened the libraries for candidate clones potentially
containing theFom-2gene using the linked markers FM and
AM as probes. The marker FM hybridized to 14 BACs from
the HindIII library, while the marker AM hybridized to 18
BACs from theHindIII library and 34 BACs from filters A,
B, and C of theEcoRI library. Many cloned R genes are or-
ganized in clusters and contain an NBS motif and an LRR
region (reviewed in Michelmore and Meyers 1998). The
ends of the positive BACs from theHindIII library were se-
quenced. The preliminary BAC end sequence data showed
that 4 out of the 14 BACs identified by marker FM had an
identical end sequence with LRR homology and that 5 out of
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Fig. 5. Hybridization image of filter C of the melonEcoRI BAC
library using as probe the marker AM that co-segregated with
the melon Fusarium wilt resistant geneFom-2. Colonies were
doubly spotted in high density with the Genetix Q-bot on a 22.5 ×
22.5 cm filter in a 4 × 4 pattern (inset). Each filter contains
18 432 clones.
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18 BACs identified by marker AM had an identical end se-
quence with NBS homology (Wang 1999). We are charac-
terizing these clones further to find a fragment that contains
both NBS and LRR motifs. The clones identified by the two
genetic markers linked toFom-2 also found homologues to
retroelements and cytochrome P450. Retroelements are asso-
ciated with plant R gene diversification (Ronald 1998) and
cytochrome P450 has also been shown to be related to R
gene functioning (Oh et al. 1999).

When a 352-bp of melonHindIII repeat sequence
(Brennicke and Hemleben 1983) was used to screen the li-
braries, about 3% of clones were detected in both libraries.
The HindIII repeat sequence does not contain anEcoRI site.
The data from theEcoRI library indicated the dispersed dis-
tribution of this repeat sequence. It was reported that melon
contained about 30% of repeat sequences (Bendich and An-
derson 1974). TheHindIII repeat sequence probe detected
only about 1/10 of them. It is possible that most of the dis-
persed repeat sequences do not contain theHindIII and
EcoRI sites for cloning or melon contains different repeat
sequences that could not be detected by the probe we used.
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