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Abstract Bacterial artificial chromosome (BAC) libraries
have been an essential tool for physical analyses of ge-
nomes of many crops. We constructed and characterized
the first large-insert DNA library forArachis hypogaea L.
The HindIII BAC library contains 182,784 clones; only
5,484 (3%) had no inserts; and the average insert size is
104.05 kb. Chloroplast DNA contamination was very
low, only nine clones, and r-DNA content was 1,208,
0.66% of clones. The depth of coverage is estimated to be
6.5 genome-equivalents, allowing the isolation of virtu-
ally any single-copy locus. This rate of coverage was
confirmed with the application of 20 overgos, which
identified 305 positive clones from the library. The
identification of multiple loci by most probes in polyp-
loids complicates anchoring of physical and genetic
maps. We explored the practicality of a hybridization-
based approach for determination of map locations of
BAC clones in peanut by analyzing 94 clones detected by
seven different overgos. The banding patterns on
Southern blots were good predictors of contig composi-
tion; that is, the clones that shared the same size bands
and ascribed to the same overgos usually also located in
the same contigs. This BAC library has great potential to
advance future research about the peanut genome.

Introduction

Peanut (Arachis hypogaea L.) is one of the most eco-
nomically important food and oil-seed crops with

37,057,652 Gg produced world-wide (Food and Agri-
culture Organization 2003), with China and India the
leading producers. The section Arachis of genus Arachis
comprises about 69 species, most of which are A- and B-
genome diploids with the exception of the D-genome
diploid A. glandulifera (Stalker 1991; Stalker et al. 1991).
The cultivated peanut A. hypogaea L. and its wild rela-
tive A. monticola (2 n=4, x=40) are the only known
AABB tetraploids (Fernandez and Krapovickas 1994).

Like other monophyletic amphidiploid species, the
genetic variation within and between tetraploid peanut
species is very limited, consequently hindering genome
analysis by genetic mapping. A large-insert DNA clone
library will be valuable for detailed analysis of the pea-
nut genome by permitting the use of physical mapping
approaches that are not dependent upon genetic poly-
morphism.

Bacterial artificial chromosome libraries (BAC) have
emerged as the preferred method for constructing large-
insert size clone libraries, supplanting yeast (YACs)
(Burke et al. 1987) because the former is easier to
manipulate (Anderson 1993), has lower levels of insta-
bilities, and has less rearrangement in highly repetitive
DNA (Dunford et al. 1993; Neil et al. 1990). An addi-
tional disadvantage of YACs is their abundance of chi-
meric clones (Larionov et al. 1994; Schmidt et al. 1996).
The first F-factor-based vector in Escherichia coli for the
propagation of large inserts has been described by
O’Connor et al. (1989). The F-factor-based genes parA
and parB ensure the single-copy maintenance of the
plasmid, thereby preventing co-transformation and re-
combinant clones that are common in YACs (Larionov
et al. 1994; Willets and Skurray 1987). Overall, bacteria
grow much faster than yeast, and bacterial clones are
much easier to work with. Although BAC clones with
insert sizes up to 300 kb have been reported, the average
size of BAC libraries is usually between 100 kb and
150 kb.

BAC libraries for many important crops from very
diverse plant families already exist: Sorghum bicolor
(sorghum; Woo et al. 1994), Arabidopsis thaliana (Choi
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et al. 1995), Sorghum propinquum (Lin et al. 1999),Carica
papaya (papaya; Ming et al. 2001), Helianthus annuus
(sunflower; Gentzbittel et al. 2002), Lactuca sativa (let-
tuce; Frijters et al. 1997), Prunus persica (peach; Wang
et al. 2001a), Triticum aestivum (wheat; Cenci et al. 2003),
Musa acuminata (banana; Vilarinhos et al. 2003), and
Brassica oleracea var. botrytis (broccoli; Li et al. 2003). In
the Leguminosae, multiple libraries have been made for
Glycine max (soybean), Medicago truncatula (Danesh
et al. 1998;Meksem et al. 2000; Nam et al. 1999; Salimath
and Bhattacharyya 1999; Tomkins et al. 1999), and
Phaseolus vulgaris (common bean; Vanhouten and Mac-
Kenzie 1999). However, no BAC libraries have been
previously constructed for Arachis spp.

The main approach for the screening of arrayed BAC
libraries has been the application of radioactively la-
beled probes to high-density BAC filters. While indi-
vidual probes such as cDNA or genomic clones can be
used, oligonucleotide-based probes, called ‘‘overgo’’,
improve screening due to more efficient radiolabeling
and low cost. Overgos are two 24-bp oligonucleotides
with an 8-bp overlapping region at the 3¢ end, thereby
allowing the synthesis of complementary strands with
radioactive nucleotides (Ross et al. 1999). In addition to
the single probe-based approaches, the overgos also
enable multiplexing designs, significantly improving the
efficiency of library screening. For example, 10,642
overgos designed from expressed sequence tags (ESTs)
were applied to 165,888 maize BACs in a 24·24 multi-
plex with a 88% success rate (Gardiner et al. 2004).

The primary objective of this study was the con-
struction and characterization of an A. hypogaea BAC
library with sufficient genome coverage for genomic
analyses.

Materials and methods

Plant material

Arachis hypogaea L. cv. Florunner UF-439-16-1003-2
was grown in the greenhouse, and leaf material was
collected at the seedling stage. The collected leaf tissue
was washed in ddH2O and frozen in liquid nitrogen in
packages of 3–4 g, then stored at �80�C until needed.

Preparation of high-molecular weight (HMW) DNA

The protocol for isolating peanut nuclei is a modifica-
tion of the DNA extraction method originally developed
by Burow et al. (2001). The frozen plant material was
ground in liquid nitrogen with a mortar and pestle until
very fine powder was obtained; the powdered sample
was then dissolved in extraction buffer [0.005 M citric
acid, 0.5 M glucose, 0.01 M Na2EDTA, 2.0% (w/v)
polyvinylpyrrolidone-40 (PVP-40), 5% (v/v) Triton X-
100, 0.25% (w/v) spermidine, titrated to pH 6.5 with
NaOH] to which fresh antioxidants [0.1% (w/v) ascorbic

acid, 0.2% (v/v) 2-mercaptoethanol, 0.1% (w/v) diso-
dium diethylthiocarbamate (Na2Et2dtc), and 0.4% (w/v)
NaHSO3] were added. The samples were dissolved on ice
for about 10 min and filtered twice through eight layers
of cheese cloth and two layers of miracloth (instead of
filtering once as DNA extraction). The filtrates were
centrifuged for 20 min at 160 g, which is a much lower
speed than normal DNA extraction (500 g), to prevent
the precipitation of organelles but to precipitate the
nuclei. The precipitated nuclei were dissolved in extrac-
tion buffer and centrifuged at the same speed three to
four times until the nuclei looked clean, The final wash
of the nuclei was in the same extraction buffer without
Triton X-100. The washing steps were necessary to en-
sure the purity of the final product, which is required for
a successful digestion of the embedded HMW DNA
with a minimal amount of enzyme. The quality of the
DNA used by Burow et al. (2001) was not required to be
as good as that required for BAC library construction;
thus, they were able to omit extra washing steps. Instead
of being lysed directly in the liquid medium, the nuclei
were pre-warmed at 42�C for 5 min before being mixed
with an equal volume of 1% LMP agarose. The plugs
were formed in order to provide a solid supporting
matrix to keep DNA intact after lysing. The following
steps were only followed for HMW DNA extraction: the
plugs were incubated at 50�C for 24 h in lysis buffer
[0.005 M citric acid, 0.14 M NaCl, 0.05 M Na2EDTA,
2% (w/v) PVP-40, 1% (w/v) sodium dodecyl sulfate
(SDS), 1% sodium lauryl sarcosine titrated to pH 6.5
with NaOH, and autoclaved] and the same antioxidants
at similar proportions as in the extraction buffer, and
0.06 mg/ml Proteinase K (added to ensure the intactness
of the final product) was added. The buffer was replaced,
and plugs were incubated at the same temperature for
another 24 h. The plugs were incubated at room tem-
perature for at least 4 h in 70% ethanol then stored at
�20�C until use.

We increased the pH of the extraction and lysis
buffers from 5.0 to 6.5 following our observation that
the low pH damaged the DNA and resulted in low
ligation efficiency. HMW DNA larger than 1,000 kb is
necessary.

Test digestion, size selection, and elution

The protocols developed by Ming et al. (2001) and
Peterson et al. (2000) were followed. Briefly, the plugs
were incubated in 0.05 M EDTA on ice until ethanol
effused, following which they were incubated for 1 h at
50�C in 0.5 M EDTA, pH 9.3, for 1 h on ice in 0.05 M
EDTA, for 30 min on ice in T10E10, and finally for 1 h in
a 0.1 lM PMSF, T10E10solution. The plugs were then
washed with T10E10 for 2 h on ice. The washed plugs
were minced and incubated in a 1-ml aliquot of buffer
cocktail (1· NEB buffer 2, 1 m M BSA, 1 m M DTT,
and 4 m M spermidine) for 30 min, following which the
buffer was refreshed and incubated another 30 min on
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ice. The buffer cocktail was removed a second time, and
250 ll fresh buffer cocktail was added to each sample.
Serial dilutions ofHindIII (NEB, Beverly, Mass.) (0, 0.1,
0.15, 0.2, 0.3, 0.5, 0.75, 1, and 2 U per milligram of plug)
were added to the samples and the samples incubated at
4�C for 4 h. Partial digestion was carried out at 37�C for
7 min; 0.5 M EDTA was added to the tubes to stop the
reactions. The partially digested samples were resolved
on 1% agarose gels run in 0.5· TBE buffer by pulsed
field gel electrophoresis (PFGE) at 6 V/cm, with 1- to
40-s switch times and a linear ramp, for 18 h. Optimum
enzyme concentration was determined by visualizing
maximum fragment concentration in the 150- to 350-kb
range.

The plugs were treated as described for the test
digestions, partially digested in pre-determined enzyme
concentrations and the DNA electrophoresed under the
same conditions. Markers on the gel were stained, and
the gel retaining the 125- to 350-kb fraction was excised.
This gel fraction was divided into three different equal
sub-fractions, X, Y, and Z. A second round of size
selection was applied to the X, Y, and Z fractions in
order to augment the desired size DNA fragments and
purge small fragments that had been stuck behind large
fragments after the first size selection. Electrophoresis
parameters were set to 3- to 5-s switch times, 6 V/cm, a
linear ramp, and a 18-h run time. In the second size
selection gel, the gel containing the size fraction larger
than 125 kb was excised and the gel fragments saturated
in 70% ethanol at room temperature for 4 h before
being stored at �20�C until use. Excised gel pieces were
washed in 1· TAE buffer on ice until ethanol diffused
out of them. The DNA was eluted with an Electro-
Eluter (Bio-Rad, Hercules, Calif.) by applying a con-
stant 10 mA of current for each cuvette for 2 h. The
concentration of the eluted DNA was checked and
concentrated with 0.025-lm nitrocellulose membranes
(Millipore, Billerica, Mass.) on 10% PEG if needed.

BAC vector

Three types of BAC vector were used in the construction
of the library: pBeloBAC (prepared at our laboratory),
pCUGIBAC1 (kindly provided by Dr. J. Tomkins,
Clemson University Genomics Institute, S.C.), a pIndi-
go536 cloned into pGEM-4Z vector (Luo et al. 2001)
and pIndigoBAC-5 (Epicentre Technologies, Madison,
Wis.). The vector used in each ligation and number of
colonies picked are denoted in Table 1.

The pBeloBAC plasmid was isolated by an alkaline-
lysis method (Sambrook and Russell 2001) from 10 l of
LB CM culture. Isolated plasmid was dissolved in TE
overnight at 4�, and closed-circle plasmid was purified
by two passages through a CsCl-ethidium bromide
gradient (Sambrook and Russell 2001). The purified
plasmid samples were dialyzed twice in TE for 24 h at
4�, and plasmid was precipitated with 95% ethanol, 1/10
(v/v) of 7.5 M NH4CH3CO2, and washed once in 70%

ethanol. Ten micrograms of the plasmid was digested
with HindIII and dephosphorylated with HK phospha-
tase (Epicentre Technologies). The dephosphorylated
vector was self-ligated and run on a 0.8%, 1· TAE gel,
following which the open-circle plasmid band was ex-
cised and eluted. kHIII fragments were ligated into the
vector to test the efficiency of dephosphorylation.

The pCUGIBAC1 vector was isolated in the same
manner as pBeloBAC except that a much smaller
amount of culture (1 l) was required because of the high-
copy nature of the plasmid. The CsCl-ethidium bromide
gradient was not applied, but the vector was digested,
dephosphorylated, and tested in the same manner as
described for the pBeloBAC plasmid.

Ligation, transformation, insert-size characterization,
and picking

For ligation, a constant 15 ng of vector was used, and
varying amounts of insert ranging from 60 to 120 ng were
tested for each size selection. The vector/insert (V/I) ratio,
which gave the best efficiency and average insert size, was
chosen. Ligation reactions were performed in 60-ll vol-
umes and incubated at 16� for 10 h. After desalting, 2–
3 ll of reactions were transformed into Escherichia coli
DH10B competent cells (DH10B ElectroMAXT1 phage-
resistant and ElectroMAX DH10B-competent cells; In-
vitrogen, Carlsbad, Calif.) by electroporation (BioRad
Gene Pulser II). For electroporation, 2.5 kV and 200 X
of resistance was used. The electroporated cells were
immediately mixed with 1 ml of SOC media (Sambrook
and Russell 2001) and grown for 1 h at 37�C before
separation on selective medium (LB medium) with
12.5 lg chloroamphenicol, 0.55 m M IPTG, and 80 lg/
ml X-gal. After 18 h of incubation at 37�C, a sampling of
10–20 colonies were picked and tested.

Randomly selected white colonies were inoculated
into 1 ml LB CM liquid medium and grown for 16 h at
37�C. The liquid cultures were miniprepped by an alka-
line lysis protocol, and the DNA was digested with 10 U
of NotI (NEB) for 4 h at 37�C. The digested samples
were resolved on 1%, 0.5· TBE agarose by PFGE with
the following parameters: 3- to 20-s linear ramp, 6 V/cm,
and a 16-h run time. The ligation reactions with average
insert size of 100 kb or more were mass-transformed,
plated, and directly picked with a Q BOT (Genetix,
Dorset, UK) into 384-well plates. The clones were stored
in FM medium [LB+36 m M K2HPO4, 13.2 m M
KH2PO4, 1.7 m M sodium citrate, 0.4 m M MgSO4,
6.8 m M (NH4)2SO4, and 4.4% glycerol] at �80�C.

Gridding the peanut BAC library and preparing
high-density filters for hybridization

A total of 182,784 A. hypogaea BAC clones were gridded
on 22.5-cm2 Hybond N+ membranes (Amersham Life
Sciences, Arlington Heights, Ill.) with a Q BOT (Genet-
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ix). Each clone was double-spotted in 4·4 arrays, thereby
allowing representation of 18,432 different clones per
filter. Thus, the whole peanut library fit onto ten filters.
The filters were incubated on 1% LB agar containing
12.5 lg/ll CM at 37�C for 12–18 h until an optimal
colony growth-size was obtained. The high-density BAC
filters were processed according to a standard alkaline-
lysis method (Sambrook and Russell 2001). The filters
were dried overnight and stored at �4�C.

Fingerprinting, blotting, and labeling

BAC clones were inoculated into 1.5 ml 2· YT medium
(Sambrook and Russell 2001) containing 12.5 lg/ll CM
and grown at 37�C for 18 h. Minipreps were performed
according to a standard alkaline-lysis method. The
samples were then digested with 40 U of HindIII (NEB)
at 37�C for 4.5 h and the digestion products resolved on
1% agarose gels in 1· TAE buffer for 16 h at 95 V. The
gel was stained with SYBR Green and imaged. Fol-
lowing the analysis of the gel image with IMAGE software
(Sulston et al. 1989), the contigs were built with
FPC ver. 4.7 (Soderlund et al. 2000).

The fingerprinting gel was blotted onto Hybond N+
filters (Amersham-Pharmacia, Piscataway, N.J.) in
0.4 N NaOH solutions.

Overgo labeling reactions were set in a total volume of
15 ll containing 0.0067 n M forward and reverse oligo-
nucleotide primers that were denatured at 94�C for 5 min
and cooled on ice, 1 lg BSA, 2.5 U Taq polymerase, 1 ll
a-[32]-dATP (6,000 Ci/mmol) (MP Biomedicals, Irvine,
Calif.), and 3 ll OLB (Oligo labeling buffer without
dATP, dCTP, and random hexamers) (Ross et al. 1999).
The reaction mixture was incubated at 37�C for 2 h
(Fig. 1). The labeled overgos were filtered through

Sephadex columns to remove any unincorporated
radioactive nucleotides and then heat denatured at 94�C
for 5 min before being added to the hybridization bottle.

A 100-ng aliquot of four cotton chloroplast sequences
(300–400 bp) were labeled by the random hexamer
protocol using 25 lCi of a-[32]-dCTP(6,000 Ci/mmol)
and the Klenow fragment for primer extension at 37�C
for 2 h (Chittenden et al. 1994). The unincorporated
radioactivity was removed by filtering through a
Sephadex column.

The membranes separated by a nylon mesh were
placed into the rotisserie bottles with 15 ml (Southern
blot) and 85 ml (BAC filters) of hybridization buffer
[0.5 M sodium phosphate, pH 7.2, 7% (w/v) SDS, 1 m
M EDTA, and 0.01% (w/v) BSA] and incubated at 58�C
for Southern and 55�C for BAC filters before being ad-
ded to the denatured radioactive overgo probes.
Hybridizations were performed at 58�C and 55�C (for
BAC filters) with a rotation speed of 4.5 rpm for 18–36 h
in a rotisserie oven. Following the hybridization process,
the membranes were washed at 55�C for 30 min each
treatment with constant shaking in a tray; first at low
stringency in wash buffer II [1· SSPE (0.15 M NaCl,
10 mMNaH2PO4ÆH2O, and 1 mMNa2EDTA, pH 7.4),
1% (w/v) SDS)], then at high stringency in wash buf-
fer III (same as wash buffer II except for 0.5· SSPE),
followed by one last wash in wash buffer II in order to
remove nonspecific bindings to reduce background
without effecting the specific probe hybridization.

Table 1 Specificities of the peanut BAC library derived from randomly picked colonies

Ligation
number

Vector Total no. of
colonies picked

Number of 0 (kb)a

inserts/tested (%)
Average insert
sizeb

Total Mb
cloned

1 PBeloBAC 3,072 0/26 (0%) 95.20 292.45
2 PBeloBAC 4,224 0/8 (0%) 106.25 448.80
3 PBeloBAC 3,456 ½0 (5%) 94.20 309.28
4 PBeloBAC 2,688 0/13 (0%) 90.23 242.54
5 PBeloBAC 8,832 0/13 (0%) 105.30 930.01
6 PCUGIBAC 2,688 3/21 (14%) 96.00 221.18
7 PIndigoBAC-5 18,048 1/42 (2%) 108.46 1,910.96
8 PIndigoBAC-5 14,592 0/9 (0%) 106.35 1,551.86
9 PCUGIBAC 8,832 0/10 (0%) 100.00 883.20
10 PIndigoBAC-5 14,208 0/14 (0%) 100.05 1,421.51
11 PIndigoBAC-5 4,992 0/10 (0%) 99.78 498.10
12c PIndigoBAC-5 36,864 0/21 (0%) 111.90 4,125.08
13c PIndigoBAC-5 16,128 0/8 (0%) 114.37 1,844.56
14e PIndigoBAC-5 13,056 0/7 (0%) 90.33 1,179.35
15c PIndigoBAC-5 17,664 1/7 (14%) 90.33 1,367.65
16c PIndigoBAC-5 13,440 1/7 (14%) 106.10 1,222.30
Total 182,784 5,484.07d 104.05e 18,448.83

Fig. 1 Schematic representation of an overgo structure and
labeling. Dashed lines indicate the [32P] labeled portion of the probe

aFalse positives (i.e., white colonies without inserts)
bColonies without an insert were included in the calculation of the
average insert size
cT1 phage-resistant host cells were used for these ligations

dhe total number of colonies without an insert = R I=1–16 [(%) of 0
(kb) inserts·(number of colonies picked)], where I=ligation number
eGrand average={R I=1–16 [(average insert size·(total no. of col-
onies picked)I]/total number of colonies}
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Afterwards, the membranes were blotted dry, wrapped in
a sheet protector, and autoradiographed with two
intensifying screens (10·12-inch L-Plus, Optonix, N.J.)
and X-ray film (Blue, Medical X-ray film, SourceOne,
Calif.) for 10 days at 80�C before developing.

For hybridization of the chloroplast clones, BAC
membranes were prepared the same way as for the ov-
ergo and Southern hybridizations. Before the addition of
the radioactively labeled probes, the membranes were
pre-hybridized in 85 ml of hybridization buffer [0.5 M
Na2HPO4, 1 m M EDTA, and 7% SDS] for 4 h at 62�C,
and the hybridization was performed at the same tem-
perature for another 20 h. Following hybridization, the
membranes were washed twice at 62�C with washing
solution [0.5· SSPE (0.15 M NaCl, 10 m M NaH2-

PO4ÆH2O, and 1 m M Na2EDTA, pH 7.4), 0.5% SDS]
for 15 min each. Subsequently, the membranes were
autoradiographed as described above.

Results

Construction and characterization of the peanut BAC
library

Size selections

The number of plugs used for the size selection of suit-
able fragments for ligations was adjusted according to
the quality of the DNA and its concentration. Even
though three different equal fractions from the first size
selection, in the range of 125–350 kb, were subjected to
the second size selection for further purging of the
smaller fragments, the best results were always obtained
from the middle fraction, which corresponds to the
fragments between approximately 160 kb and 200 kb.
The lowest fraction usually produced an insert size that
was too small, while the top fraction yielded too much
variation in insert size.

Ligation

For most of the ligation reactions, a 1/4 V/I ratio pro-
duced the best average insert size and the best ligation
efficiency, but we adjusted this ratio for each size
selection.

BAC library of A. hypogaea

We used 16 ligation reactions for constructing the pea-
nut BAC library. Efficiency was variable from ligation to
ligation (Table 1) due to the intactness and cleanliness of
the HMW DNA used. The proportion of colonies
without an insert was also significantly different between
ligations, ranging from 0 to 14%. Overall, we estimated
that 5,484 (3%) of the 182,784 total clones picked had
no inserts. This percentage is typical of lacZ-gene based
cloning systems (Li et al. 2003)

Three kinds of vector were used, pBeloBAC,
pCUGIBAC1, and pIndigoBAC-5 (Table 1). The host
cells of 97,152 clones were T1 phage-resistant. The best
efficiency was obtained from pIndigoBAC-5 in terms of
the blue/white ratio and number of colonies.

Assuming that the genome size of A. hypogaea is
about 2,813 Mb (Arumuganathan and Earle 1991; Singh
et al. 1996; Temsch and Greihulber 2000), the library
provides a coverage of about 6.5 genome equivalents,
resulting in a 99.88% probability of recovering any
single-copy sequence from the genome.

DNA from 206 randomly sampled colonies was di-
gested with NotI and resolved by PFGE; a sample of 28
of these clones is shown in Fig. 2. Only 8 out of 206
colonies contained a insert smaller than 20 kb or had no
insert at all (Fig. 3). The insert sizes of about 50% of
colonies were between 100 kb and 110 kb, and less than
2% of the colonies contained inserts of 160 kb or larger
(Fig. 3).

Assessment of the depth of genome coverage
by hybridization

A sample of 24 overgos (40-bp oligonucleotides) derived
from genetically mapped peanut restriction fragment
length polymorphism (RFLP) probe sequences (Burow
et al. 2001) were applied to the peanut BAC library to
assess the depth of the genome coverage. Overgos that
are likely to be present as a single locus in the tetraploid
peanut genome were chosen on the basis of number of
HindIII bands (i.e., two or three bands for tetraploid
genome) on survey blots (Burow et al. 2001). A total of
655 hits were identified by the 24 overgos (Table 2). The
number of hits obtained from overgos POVS1131 (41
hits), POVS1161 (42 hits), POVS1129 (106 hits), and

Fig. 2 Characterization of the
peanut BAC library. DNA was
extracted from randomly
selected clones and digested
with NotI. The first and last
lanes are MidRange II PFG
marker (NEB)
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POVS1265 (161 hits) was significantly different than the
expectation at the presumed depths of genome coverage
(P=0.001), suggesting possible multiple locus recogni-
tion by these overgos. Thus, these overgos were not
considered for further calculations. The average number
of hits from the remaining 20 overgos was 15.25
(±7.49), which suggests a genome coverage of the pea-
nut genome of 7.6 equivalents. The range of number of

hits observed, from 5 to 28, is consistent with a range of
library coverage from 6 to 9.5 genome equivalence based
on a Poisson distribution and a likelihood threshold of
95%.

Four clones (300- to 400-bp long sequences) were
included from different segments of the G. arboreum
chloroplast (Garb6VRC12, Garb11VRA06,
Garb19VRC09, and Garb29VRG08) having high
homology to Fabaceae chloroplast sequences to ensure
the completeness of the screening (Table 2). In addition,
two overgos specific to the sorghum chloroplast
(SOG6231 and SOG2761) were used to screen the pea-
nut high-density BAC filters to elucidate the level of
chloroplast DNA contamination in the library.
Hybridization of neither cotton chloroplast-based
probes nor the sorghum chloroplast overgo, SOG2761,
yielded any hits, but one overgo, SOG6231, had nine
hits. This could mean that the percentage of chloroplast
clones is very low. To rule out possible problems during
the labeling stage of the cotton probes, we counted the
total incorporated a-[P32]; this was on average
2.3·10�6 dpm which, based on past experience, is more
than enough to produce a signal on BAC filters.

Two sorghum overgos with good homology to Fab-
aceae 45S rDNA sequences were employed to assess the
copy number and organization of rDNA clusters in
peanut. One of the overgos, SOG6768, identified 866
BAC clones and the other one, SOG6770, had 1,123 hits
(Table 2). Since both of these targeted the same cluster,
the hits overlapped, and the total number of unique hits
was 1,208. SOG6768 detected fewer loci, possibly due to
its homology to the ITS (internal transcribed sequence),
which is comparatively less conserved than transcribed
rDNA sequences (Nickrent and Doyle 1995). Never-
theless, about 0.66% of the BAC clones contain rDNA
clusters, which means that at least 0.1% of the peanut
genome is composed of rDNA clusters, assuming a 6.5
genome equivalence of the peanut BAC library.

Determination of the subgenomic specificity
of individual BACs

To test the practicality of a hybridization-based ap-
proach for peanut physical mapping, we selected 94
BAC clones, which were identified by seven different
probes. These BAC clones were first subjected to fin-
gerprinting (Fig. 4b), and contig analyses were

Table 2 The results of the peanut BAC library screening with dif-
ferent types of probes

Overgo Id GenBank Ida Number
of hits

Number
of HindIIIb

POVS1170 CX018126 2 3
POVS1279 CX018168 5 2
POVS1091 CX018167 7 3
POVS1098 CX018165 9 3
POVS1114 CX018163 9 2
POVS1130 CX018162 10 3
POVS1090 CX018160 11 2
POVS1186 CX018154 11 3
POVS1066 CX018153 13 2
POVS1159 CX018151 13 2
POVS1178 CX018150 14 2
POVS1105 CX018148 18 3
POVS1108 CX018146 18 3
POVS1071 CX018145 19 2
POVS1034 CX018144 21 3
POVS1027 CX018143 22 2
POVS1136 CX018142 23 2
POVS1002 CX018123 25 3
POVS1053 CX018138 27 2
POVS1067 CX018152 28 3
POVS1131 CX018136 41 3
POVS1161 CX018134 42 2
POVS1129 CX018129 106 3
POVS1265 CX018127 161 3
SOG6231c – 9 –
SOG2761c – 0 –
Garb6VRC12d – 0 –
Garb11VRA06d – 0 –
Garb19VRC09d – 0 –
Garb29VRG08d – 0 –
SOG6768e – 866 –
SOG6770e – 1,123 –

aGenBank accession number for the template sequences from
which overgo is designed
bThe bands were obtained from surveying blots, where HindIII-
digested peanut genomic DNA was hybridized to the probes that
were used for derivation of the overgos (Burow et al. 2001).
cThese overgos are specific to the sorghum chloroplast
dThese probes were derived from a G. arboreum chloroplast se-
quence
eThese overgos are specific to sorghum rDNA (45S)

Fig. 3 Randomly selected BAC
clones from each ligation were
digested and the percentage of
colonies in different size ranges
calculated
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performed with FPC V4.7. The results of the contig
analysis are shown in Table 3. However, grouping of
BACs into contigs does not anchor contigs to genetic

maps. To resolve this, the fingerprinting gel was blotted
and labeled with the same overgos. The expectation was
that the BAC clones belonging to different map loca-
tions would produce different banding patterns when
labeled with respective overgos, which can be directly
compared with RFLP patterns from the genetic map.
This would assist in integration of physical and genetic
maps, making subgenomic chromosome walking rela-
tively plausible. The results of the experiment are shown
in Fig. 4a. For example, positive BAC clones for
POVR2609 produced two distinctive banding patterns,
suggesting different subgenomic localization, and the
contig data from the fingerprinting gel confirmed the
dual characteristics of the clones (Table 3). The contig
data for overgo POVR2080 was almost 100% in agree-
ment with the observed banding pattern; the only
exceptional clone had no fingerprint data. Likewise,
another overgo, POVR2100, produced very similar re-
sults. However, some of the clones in POVR2100
showed more than one band on the film (at least four),
suggesting a possible partial digestion. For overgo
POVR2029, only 50% of the banding patterns agreed
with the contig information; however; it needs to be

Fig. 4 a BAC-RF (Lin et al. 2000) on single BAC clones
hybridizing to low-copy probes. Starting from the first lane every
fifth lane is a marker (M). The second lane is kHIII, where the sizes
of the fragments are indicated (in kilobases) The number of clones
for the overgos, POVR2609, POVR168, POVR2006, POVR2029,
POVR2090, POVR2080, and POVR2100 are 10, 12, 12, 12, 12, 12,
and 24, respectively. The gel was hybridized with corresponding
overgo primers. The polymorphic bands on the autoradiograph
depict possible contigs belonging to different loci. The approximate
positions of positive clones for each probe are indicated. The
numbers (i.e., 1, 2, 3, and 4) denote possible polymorphic bands
between contigs within the same probe, and ‘‘0’’ indicates the
clones that were recognized as positives at screening the BAC
library but failed to produce hybridization in the southern blot.
The numbers for the clones specific to the consecutive overgos were
depicted in alternating black and red colors. b HindIII-digested
BACs from peanut. Starting from the first lane, every fifth lane is a
marker. The first ten samples are for overgo POVR2609, and next
60 samples are, respectively, for POVR168, POVR2006,
POVR2029, POVR2090, and POVR2080 overgos, where each
probe has 12 positives. The last 24 sample lanes are positive clones
for POVR210
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noted that the resolution of the film may not be sufficient
to discern very closely spaced bands. Some of the other
disagreements might have also been caused by an
insufficient resolution on the fingerprinting gel (Fig. 4a).
Overall, the banding pattern on the Southern blot was
usually concordant with the contig association of the
clones (71% overall average). We believe that with a
better resolution of samples, the technique could be
further improved.

It can be concluded that this technique can be em-
ployed for large-scale applications. Perhaps the biggest
advantage of this approach is that it allows the hybrid-
ization of multiple probes in a single hybridization
experiment. The subgenomic identity of contigs could be
determined with this method rather efficiently.

Discussion

We describe the construction and characterization of the
first BAC library for any Arachis spp. This BAC library
will considerably advance genomic studies in peanut.
The amount of coverage, 6.5-fold, will enable the iso-
lation of clones containing virtually any gene of interest;
consequently, in the near future, map-based cloning may
become a reality in peanut. Because of its low level of
diversity at the DNA level, the identification and char-
acterization of economically significant genes is urgent
for the future of peanut cultivation. This BAC library
will also be a very useful tool for comparative evolu-
tionary analysis among different legume species.

Optimization of the enzyme concentration and
digestion time was pivotal for the maximization of the
numbers of DNA fragments that contain cohesive ends

in the desired size range. The cleanliness of the embed-
ded DNA in the plugs was one of the major factors
determining the success of a partial digestion reaction.
In terms of the efficiency of digestion, we usually ob-
tained more promising results by increasing the amount
of enzyme rather than increasing the duration of the
digestion

Adjusting the DNA concentration during size frac-
tionation was very critical. Too much DNA caused a
wide variation in insert size, probably due to poor res-
olution during gel electrophoresis. Therefore, the higher
the DNA concentration, the higher the number of small
fragments ‘stuck’ in the desired size range. Even a sec-
ond round of size selection is not enough to completely
purge the small fragments, since the small fragments
tend to ligate better. At high concentrations of DNA,
the uniformity and average size of the inserts dropped
dramatically. On the other hand, a low concentration of
DNA usually makes it impossible to obtain a sufficient
amount of DNA for ligation. Therefore, it is necessary
to optimize the amount of DNA used in size selection.
Another major problem we observed was that if the
initial DNA was too degraded, size selections usually
failed to produce DNA fragments of sufficient quality to
ligate. We could not obtain any successful ligation from
inserts isolated by the b-agarose method, perhaps be-
cause large DNA fragments may be damaged during the
process (Osoegawa et al. 1998; Strong et al. 1997).

Although the DNA fragments used for ligations were
selected to be in the range of 150–190 kb, the final
average insert size was much lower, 104 kb. Similar re-
sults were observed in the construction of other BAC
libraries (Danesh et al. 1998; Meksem et al. 2000). This
result is consistent with the suggestions made by Frijters

Table 3 The listing of the contigs per overgo and their relationship with the polymorphic bands on the autoradiograph (Fig. 4a)

Probe Fragment
sizea

Number
of clones

Number of clones
that form a contig

False
positivesb

Agreement
(%)c

POVR2609 1 5 5 1 89
2 4 3

POVR168 –d – – – –
POVR2006 1 3 0 5 57

2 4 4
POVR2029 1 5 2 0 50

2 2 2
3 3 2
4 2 0

POVR2090 1 1 0 0 50
2 6 4
3 5 2

POVR2080 1 3 2 0 92
2 7 7
3 2 2

POVR2100 1 14 14 1 88
2 9e 9

aThe polymorphic fragments within the probe are shown on Fig. 4a
bNormal clones that were recognized as positives in BAC library
screening but failed to show hybridization in the Southern blot
cThe overall percentage of the clones that were contiged within the
overgo

d–, Not able to discern the different band sizes where three different
contigs were formed
eSome fragments were not clearly discernible, perhaps due to par-
tial digestion
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et al. (1997); that is, the resolution of the agarose gels is
not sufficient to remove all the ‘trapped’ smaller frag-
ments, resulting in a much smaller average insert size
than expected. A more effective way of purging the
trapped fragments might significantly improve the
average insert size.

The efficiency of the ligation reactions was highly
variable depending on the quality of the source DNA
and efficiency of the size selections. More than 10 h of
ligation at 16�C usually produced more false positives
(clones with no insert and rearranged vector). The
proportion of false positives in BAC libraries has been
a problem, with up to 17% being reported (Wang
et al. 2001b). In our library, only 3% of the clones
were false positives. The V/I ratio had to be adjusted
for each size selection, suggesting that the quality (i.e.,
the ratio of fragments with damaged ends) was vari-
able among the insert DNA samples used for library
construction.

The depth of coverage was confirmed by screening of
the library with 24 probes (Table 2). The average num-
ber of hits was 15.25, which is somewhat more than the
expected number of hits per probe for an estimated 6.5
genome equivalence. The inflated number of hits could
mean that some of these overgos might have targeted
multiple loci. This is not unusual, especially for overgos
derived from evolutionarily conserved domains. Never-
theless, the hybridization results approximately confirm
the presumed coverage depth. Typically around 1% of
most BAC libraries are chloroplast clones (Ming et al.
2001; Wu et al. 2004). The level of chloroplast DNA
contamination in our library was very low, which may
be a result of the technique utilized for the isolation of
HMW DNA in which the nuclei were precipitated at a
very low centrifugal force, 160 g, possibly preventing
precipitation of any organelle.

rDNA sequences are very well conserved across dis-
tantly related plant taxa, even though the length and
composition of the clusters vary greatly (Shi et al. 1996).
By relying on this assumption, we used two sorghum
45S rDNA sequence-derived overgos for screening the
peanut BAC library. The total number of BAC clones
recognized by the two overgos was 1,208. Raina et al.
(1999) has detected two major clusters that are associ-
ated with nucleolar organizer regions (NORs; regions of
the chromosomes involved in nucleolus organization
and rRNA synthesis) of the chromosomes, and six
inactive condensed rDNA sites in the A. hypogaea gen-
ome. In addition to the number of ribosomal RNA
cluster sites, the number of HindIII sites within the re-
peat would also affect the ratio of BAC clones carrying
rDNA repeats. A segment of the 45S rDNA repeat unit
in peanut has been cloned and sequenced (Bhagwat et al.
2001), and a single HindIII restriction site was found
within the 12-kb rDNA unit; thus, the frequency of
HindIII sites is less than the expected average of one per
4 kb for a six-cutter. In conclusion, the length of the
clusters in peanut could be an explanation for the
anomaly in the observed number of hits. Alternatively,

one of these overgos, SOG 6770, could have detected
other loci as well as the rDNA clusters. Nevertheless, the
number of hits roughly verifies previous assessments
about the depth of library coverage.

Like many agriculturally important plants, cultivated
peanut is polyploid. A complication in the physical
mapping of polyploids is the presence of ambiguities
associated with anchoring contigs to genetic loci due to
presence of multiple loci that hybridize to most probes.
Several strategies have been devised to deal with this
issue; however, approaches based on hybridization have
been the most promising for high-throughput applica-
tions. We investigated possible high-throughput tech-
niques for the assignment of subgenomic specificity of
the probes with multiple hits in the peanut genome.
Although very little genetic variation exists among the
A. hypogaea cultivars, the A and B subgenomes usually
differ with regard to most loci, thereby increasing the
chance of success for subgenomic assignment on the
basis of polymorphism. The technique tested in this
paper was rather easy and would allow the testing of
multiple contigs in a single experiment. The overall
success rate, 71%, was acceptable, and this rate could be
improved with better resolution. Hence, the integration
of physical and genetic maps for polyploid species such
as A. hypogaea becomes more manageable.
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