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Abstract

Rice is a leading grain crop and the staple food for over half of the “world” population. Rice is also
an ideal species for genetic and biological studies of cereal crops and other monocotyledonous plants
because of its small genome and well developed genetic system. To facilitate rice genome analysis leading
to physical mapping, the identification of molecular markers closely linked to economic traits, and
map-based cloning, we have constructed two rice bacterial artificial chromosome (BAC) libraries from
the parents of a permanent mapping population (Lemont and Teqing) consisting of 400 F9 recombinant
inbred lines (RILs). Lemont (japonica) and Teqing (indica) represent the two major genomes of culti-
vated rice, both are leading commercial varieties and widely used germplasm in rice breeding programs.
The Lemont library contains 7296 clones with an average insert size of 150 kb, which represents 2.6 rice
haploid genome equivalents. The Teqing library contains 14208 clones with an average insert size of
130 kb, which represents 4.4 rice haploid genome equivalents. Three single-copy DNA probes were used
to screen the libraries and at least two overlapping BAC clones were isolated with each probe from each
library, ranging from 45 to 260 kb in insert size. Hybridization of BAC clones with chloroplast DNA
probes and fluorescent in situ hybridization using BAC DNA as probes demonstrated that both librar-
ies contain very few clones of chloroplast DNA origin and are likely free of chimeric clones. These data
indicate that both BAC libraries should be suitable for map-based cloning of rice genes and physical
mapping of the rice genome.

Introduction cotyledonous plants not only because of their bio-

logical differences with dicotyledonous plants but

Arabidopsis thaliana has been used as a model
species for genetic and biological studies of di-
cotyledonous plants because of its well developed
genetic system and small genome (C = 145 Mb)
[5]. Such a model species is needed for mono-

also their economic importance. Monocotyledon-
ous plants include many important grain, forage,
and other economic crops. The best known grain
crops are wheat, rice, maize, barley, sorghum,
pearl millet, oats, and rye, which provide almost
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all of the grain food for man and domestic ani-
mals. Rice, Oryza sativa L., is an ideal species
for genetic and biological studies in monocotyle-
donous plant species [33, 34]. It is diploid
(2n=2x=24,) and has the smallest genome
among all grain crop species (C =420 Mb) [5].
Rice has a genome size about 3-fold larger than
A. thaliana, but over 5-fold smaller than maize,
and over 37-fold smaller than bread wheat. Rice
has a well established classical genetic map [24],
two high-density molecular linkage maps [ 12, 26],
a yeast artificial chromosome library [41], and a
well developed genetic transformation system [6,
11, 21, 22]. The rice map of Causse et al. [12]
contains 720 DNA markers, the average physical
distance of which is 290 kb/cM and 580 kb be-
tween adjacent DNA markers. The rice map of
Kurata et al. [26] contains 1383 DNA markers
including 883 expressed sequences, with an aver-
age physical distance of 270 kb/cM and an inter-
val of 300 kb between adjacent DNA markers.
These physical distances are comparable to that
of A. thaliana. Recent comparative genome map-
ping has revealed that the rice genome has many
homeologous and conservative regions with other
cereal crop genomes [2, 3]. Therefore, rice ge-
nome analysis, the construction of overlap con-
tigs, and map-based gene cloning will directly
contribute to the genetic and biological studies of
rice and other monocotyledonous plants.

The Arabidopsis genome project has led to a
rapid progress in plant genetics and biology. An
essential element for such research is a large in-
sert DNA library. Two vector systems have been
developed for cloning large DNA fragments
(> 100 kb): yeast artificial chromosome (YAC)
[10] and bacterial artificial chromosome (BAC)
[39] cloning vectors. In the YAC cloning system,
large fragments of exogenous DNA are cloned
into a linearized YAC cloning vector and main-
tained in yeast. In the BAC cloning system, large
fragments of exogenous DNA are cloned into an
Escherichia coli F factor-based plasmid vector and
are maintained in E. coli. In comparison, BAC
libraries are relatively easy to construct, have
lower levels of chimeric clones [36, 39, 45], and
a large amount of pure BAC DNA is easier to

isolate than YAC DNA. These attributes are very
important when the library is used for map-based
cloning, genome analysis, and the construction of
overlap contigs.

YAC DNA libraries have been constructed for
a number of plant species including A. thaliana
[14, 15, 20, 43], maize [16], sugarbeet [17], to-
mato [31], rice [41], and barley [25]. Some of
these YAC libraries have been successfully used
for map-based cloning of genes of economic im-
portance [4, 7, 13, 28, 32, 35], the isolation of
molecular markers closely linked to or cosegre-
gating with economic traits [25, 31, 37, 47], and
the analysis of large genes or specific chromo-
some regions [37, 47]. Recently, a BAC library
has been constructed for sorghum, which has an
average insert size equivalent to those of a ma-
jority of the plant YAC libraries [45].

To facilitate rice genome research, we have
constructed two rice BAC libraries from the par-
ents of a permanent recombinant inbred line
(RIL) mapping population [29, 30]. A RIL map-
ping population is extremely important for genetic
studies since it can be easily reproduced and dis-
tributed without significant genetic changes. The
mapping population consists of 400 F9 RILs and
has been developed from a cross between two
leading commercial rice varieties, Lemont and
Teqing. Lemont is a US variety which has desir-
able productivity and high quality while Teqing is
a Chinese variety which has high productivity.
Lemont belongs to ssp. japonica and Teqing be-
longs to ssp. indica, which represent the two major
genomes of cultivated rice. These two varieties
show a high level of polymorphism at the RFLP
level [29] and the RIL mapping population seg-
regates for many traits of agronomic importance,
including heading date, disease resistance (bac-
terial blight and blast), fertility, and many com-
ponent traits for plant type and yield [29, 30, and
Z. Li, unpublished]. A molecular linkage map has
been developed for this population [29] and a
saturated molecular linkage map is under devel-
opment (Z. Li, unpublished). In this paper, we
report the construction and characterization of
these two rice BAC libraries and their applica-
tions for rice genome research.



Materials and methods
Plant materials

Two rice varieties, Lemont and Teqing, were
grown in a greenhouse. Plants 4 to 6 weeks old
were transferred into a dark condition and kept
for 24-48 h to reduce the carbohydrate content.
Whole plants were harvested, cut into small

pieces, frozen in liquid nitrogen, and stored at
-80 °C.

Enzymes and chemicals

T4 DNA ligase was purchased from US Bio-
chemicals (USA), f-agarase from New England
Biolabs (USA), and proteinase K from
Boehringer Mannheim (Germany). Restriction
enzymes, calf intestine alkaline phosphatase
(CIAP), ultra pure agarose, low-melting-point
(LMP) agarose, Luria broth (LB) base, and Elec-
troMAX DHI10B E. coli cells were purchased
from Gibco BRL (USA). Spermine, spermidine,
sucrose (molecular biology grade), and other
chemicals were obtained from Sigma (USA).

DNA probes

Nuclear DNA probes RG348 and TGMSI1.2 are
single-copy RFLP markers from rice, which were
kindly provided by Dr S. McCouch, Cornell Uni-
versity and Dr H. Nguyen, Texas Tech Univer-
sity, USA, respectively. pcSh2-1a is a portion of
a cDNA of the Shrunken-2 gene from maize [9],
kindly provided by Dr J. Bennetzen, Purdue Uni-
versity, USA. The three barley chloroplast DNA
probes, pBHP20, pPBPH134, and pBHE319, were
kindly provided by Dr J. Mullet, Texas A&M
University, USA. pBHP20 is a clone for the ndh4
gene, pBHP134 for the rbcL gene, and pPBHE319
for the psbA gene. The three probes space almost
equally apart in the barley chloroplast genome,
ca. 50 kb apart. In all cases, the inserts of the
clones were purified on an agarose gel, radioac-
tively labeled [18], and used as probes.
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Preparation of BAC vector

pBeloBAC 11 was used as the cloning vector for
the construction of the BAC libraries, which was
kindly provided by Drs M. Simon and H. Shi-
zuya (unpublished; for address, see [39]). The
vector DNA was isolated from a 2 liter overnight
culture by the alkaline lysis method as described
by Sambrook efal. [38]. RNA was removed by
incubating with 20 ug/ml DNase free RNase for
45 min followed by extraction with an equal vol-
ume of equilibrated phenol once and phenol/
chloroform/iscamyl alcohol (25:24:1) once. The
DNA was precipitated with ethanol, dried, and
dissolved in H,0.

The pBeloBAC 11 DNA was digested with 3
units of Hind III per microgram DNA at 37 °C.
After 2 h of incubation, an additional 2 units of
Hind I1I per microgram DNA was added and the
incubation continued for additional 2 h. The di-
gestion was tested on an agarose gel and by trans-
formation to ensure that the digestion was indeed
complete (circular plasmid DNA molecules were
<29%). The digest was extracted with phenol/
chloroform (1:1), precipitated, dried, and dis-
solved in H,O. To dephosphorylate the ends of
linearized vector DNA, a preliminary experiment
was performed to optimize the dephosphoryla-
tion conditions to obtain over 95% recombinant
clones when the vector DNA was ligated with a
Hind 111 digest of lambda DNA and transformed
into E. coli. Using the optimal conditions, a large
scale of linearized vector DNA was dephospho-
rylated at 0.1 units of CIAP per pmol of DNA at
37 °C for 30 min. The reaction was stopped by
adding 5 mM EDTA, pH 8.0, 0.5% SDS (so-
dium dodecyl sulfate), and 0.1 mg/ml proteinase
K and incubating at 56 °C for 30 min, extracted
twice with phenol, once with phenol/chloroform/
iso-amy alcohol (25:24:1), precipitated with etha-
nol, dried, and dissolved in H,O at 10 ng/ul. The
dephosphorylation was tested as above and the
vector DNA was stored in 10 ul aliquots at
-80 °C.



14

Isolation of high-molecular-weight (HMW) DNA
from rice nuclei

Rice HMW DNA from Lemont and Teqing was
isolated from nuclei according to Zhang et al.
[48]. Nuclei prepared from 240 g (fresh weight) of
the tissue of each variety were embedded in 8 ml
LMP agarose microbeads.

Preparation of Hind IlI-partially digested rice
HMW DNA

The partial digestion of rice HMW DNA embed-
ded in LMP agarose microbeads was conducted
and analyzed according to Zhang et al. [48] with
modifications. Previous studies showed that it is
necessary to perform a preliminary experiment
for each preparation of HMW DNA to determine
the optimal conditions for partial digestion. The
digestion reaction of HMW DNA in microbeads
was prepared as that for conventional aqueous
phase DNA digestion. Before adding the Hind III
enzyme, the mixture, including DNA in micro-
beads, 1 X reaction buffer, and 2 mM spermidine,
was incubated on ice for one hour and then ali-
quoted into different tubes. A series of dilutions
of Hind III was added to different tubes at 1/50
of the total reaction volume, except for one tube
which was used as a control (no enzyme was
added). The reactions were incubated on ice for
additional 30 min, then transferred into a 37 °C
water bath, and incubated for one hour. The re-
actions were transferred onto ice first and then
stopped by adding 1/10 volume of 0.5 M EDTA,
pH 8.0. The partial digests were analyzed by
pulsed-field gel electrophoresis (PFGE). The par-
tial digestion conditions that showed a majority
of restricted DNA fragments from 120 to 400 kb
in size on the pulsed-field gel were selected for
large-scale partial digestion of HMW DNA used
for the construction of the BAC libraries. The
large scale Hind III partial digest was tested on a
pulsed-field gel to confirm the partial digestion
and the digest was stored at 4 °C before size
selection.

Size selection of partially digested HMW DNA by
PFGE

Size selection of partial digests of rice HMW
DNA was performed on a pulsed-field gel using
the CHEF Mapper (BioRad, USA). The gel was
prepared with 1%, LMP agarose in 1x TAE
(40 mM Tris-acetate, | mM EDTA, pH 8.0) with
a sample trough ca. 4 mm wide at the top of the
gel. The microbeads containing the partially di-
gested DNA fell to the bottom of the tube during
storage. The supernatant fluid of digestion mix-
ture was gently removed with a pipette, and the
microbeads were loaded into the trough and
sealed in position with the molten LMP agarose.
The lambda DNA concatemer ladder (ICN,
USA) was used as the molecular weight marker
and loaded in the wells adjacent to each side of
the sample trough. The gel was subjected to
PFGEin 1 x TAE buffer and at 5 V/cm, 12.5 °C,
and 120° angle with a 90 s pulse for 15h (for
Lemont BAC library) or a 110 s pulse for 22 h
(for Teqing BAC library). After electrophoresis,
the lanes containing the lambda DNA ladder were
removed and stained with ethidium bromide. The
regions of the lanes containing lambda DNA lad-
ders from 120 to 400 kb in size were marked and
used for locating the region of the gel containing
rice restricted DNA fragments of the same size
range. The region containing the rice DNA frag-
ments from 120 to 400 kb was excised from the
gel using a glass coverslip. For the construction
of the Teging BAC library, this gel region was
sliced into pieces of ca. 80 ulin volume and stored
in 50 mM EDTA, pH 8.0, 30 mM NaCl at 4 °C.
For the construction of the Lemont BAC library,
this gel region was replaced in the sample trough
of anew 19, LMP agarose gel prepared as above
for the second size selection. The gel was sub-
jected to PFGE at 4.0 V/em, 12.5 °C, and a 5 s
pulse for 9 h. As described above, the compressed
portion of DNA in the gel was localized, excised
from the gel, sliced into pieces of ca. 80 ul, and
stored at 4 °C.



Ligation of rice DNA fragments into the BAC vec-
tor

The LMP agarose gel slices containing the size-
selected rice DNA fragments were diatyzed with
ice~-cold TE (10 mM Tris, 1 mM EDTA pH 8.0)
plus 30 mM Nacl three times, one hour each
time. After the last wash, the solution was com-
pletely removed. The gel slice was melted at 68 °C
for 10-15 min, transferred to a 40 °C water bath,
and digested with f-agarase for 2 h as specified
by the manufacturer. After one hoyr of digestion,
the DNA concentration of the reaction was de-
termined by electrophoresing an aliquot of 20 ul
on an 1% agarose gel using lambda DNA of
known concentration as a standard. When the gel
was completely digested, the vector DNA was
added at 5:1 molar ratio of vector DNA/rice DNA
and incubated at 56 °C for 10 min, The mixture
was cooled to room temperature, a'pd 1/10 vol-
ume of 10 x ligation buffer supplied by the manu-
facturer and 2 units of T4 DNA ligase were added
per 100 ul of reaction containing approximately
40 ng rice DNA.. To test the ligatiop, 20 ul of the
reaction was gently removed with a cut-off pipette
tip and mixed with 1pul 0.5 ug/ul Hind III-
digested lambda DNA. The reactlon was incu-
bated at 16 °C overnight. The hga;)on was con-
firmed by analyzing the test ligation on an agarose
gel using the unligated Hind III-digested lambda
DNA as a control.

Transformation of the recombinant DNA molecules
(BAC} into E. coli by electroporation

Escherichia coli strain DHI10B was used as the
host [39]. The ligated DNA was transformed into
the ElectroMAX DH10B cells by electroporation
using a Cell Porator and Voltage Booster system
(BRL, USA) as specified by the cell provider
(BRL, USA): 1 ul of ligation was added to 24 ul
of the cells for a single electroporation. The Cell
Porator settings are 400 V, 330 uF capacitance,
low ohms impedance, and fast charge rate, and
the Voltage Booster setting is 4 kQQ resistance.
After electroporation, the cells were resuspended
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in SOC medium (2% bacto-tryptone, 0.5%,
bacto-yeast extract, 10 mM NaCl, 2.5 mM KCI,
10 mM MgCl,, 10 mM MgSO,, 20 mM glucose
pH 7.0) and incubated at 37 °C for one hour with
shaking at 200 rpm. The cells were then plated on
LB medium (19, bacto-tryptone, 0.5% bacto-
yeast extract, 19, NaCl pH 7.5, 1.59, agar) con-
taining 12.5 pg/ml chloramphenicol, 7 ul 200 ug/
ml isopropyithio-f-D-galactoside (IPTG) and
70 ul 20 ug/ml  S-bromo-4-chloro-3-indolyl-g-
galactoside (X-gal) per 100 mm diameter plate
(28 p1200 pg/ml IPTG apd 280 ul 20 pg/ml X-gal
for each 150 mm diameter plate), and grown at
37 °C for 35—-48 h. At this time, the recombinant
clones (BACs) could be clearly identified by a
blue (nonrecombinant) or white (recombinant)
phenotype.

Individual BAC analysis

Individual BAC clones were inoculated into 5 ml
of LB broth containing 12.5 yg/ml chlorampheni-
¢ol and grown at 37 °C with shaking at 250 rpm
overnight. The circular BAC DNA was isolated
by the alkaline lysis method used for the prepa-
ration of plasmid DNA [38]. One quarter of the
BAC DNA from the 5 ml overnight culture was
digested with Not I to release the rice DNA insert
from the cloning vector for at least 3 h. The di-
gested BAC DNA was analyzed by PFGE with
the CHEF Maper (BioRad, USA) or the CHEF
(CBS Scientific HEX CHEF 6000, BioRad,
USA) using lambda concatemer DNA ladder as
the molecular weight marker. The conditions of
PFGE for the CHEF Maper were: 19, agarose
gel, 0.5 x TBE (1 x TBE is 89 mM Tris-borate,
2mM EDTA pH 8.0), 12.5 °C, 5 V/cm, 5 s initial
pulse time, 15 s final pulse time, linear ramp, and
120° angle for 13 h. The PFGE conditions for the
CHEF were: 19, agarose, 0.5x TBE, 12.5 °C,
175V, and 15 s pulse for 16 h. The gel was stained
with ethidium bromide and photographed. The
insert size of each BAC clone was determined as
described in the figure legends.

For Southern blotting, the BAC DNA in the
gel was nicked with 60 mJ of UV light (254 nm)
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using the GS Gene Linker (BioRad, USA) and
blotted onto Hybond-N+ membrane (Amer-
sham, USA) with 1.5 NaCl, 0.4 M NaOH for
24-40 h. The Southern blot was hybridized with
Lemont (for clones from the Lemont library) or
Teqing (for clones from the Teqing library) total
DNA. The probe DNA was labeled with **P-
dCTP according to Feinberg and Vogelstein [ 18]
and Southern blot hybridization was performed
according to Bernatzky and Tanksley {8].

Storage of BAC clones into ordered BAC libraries

Since over 909, of clones on the medium were
recombinant (white), the white colonies as indi-
vidual clones were directly transferred into a mi-
crotiter plate, each well containing 50 ul (for 384-
well plates) or 200 ul (for 96-well plates) of LB
broth with 35 mM K,HPO,, 13.2 mM KH,PO,,
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1.7 mM sodium citrate, 0.4 mM MgSO,, 5.8 mM
(NH,),S0,, and 4.4%, (v/v) glycerol. The cells in
the plates were incubated at 37 °C until the me-
dium became cloudy (from 20 to 30 hours), and
then stored at —80 °C. To prevent the ordered
Lemont and Teqing BAC libraries from contami-
nation and loss and to facilitate library screening
by robotics, each library was stored in triplicate,
two in 384-well microtiter plates and one in 96-
well microtiter plates.

BAC library screening

The ordered Lemont and Teqing BAC libraries
stored in 384-well microtiter plates were repli-
cated using a 384-pin replicating device (Genetix,
UK) onto Hybond N + membrane of 7.5 cm X
11.0cm laid on the LB medium containing
12.5 pg/ml chloramphenicol in a Nunc bio-assay
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Fig. 1. Random BAC clones from the Teqing BAC library. A. BAC clones analyzed by pulsed-field gel electrophoresis (PFGE).
The BAC DNA was isolated, digested with Nor1 to release the insert DNA from the cloning vector, and fractionated on a
pulsed-field gel. The 7.4 kb band crossing all lanes of the gel is from the cloning vector pBeloBAC 11 and the insert size of each
BAC clone is sum of sizes of all the remaining bands in a lane. B. The BACs blotted from the gel shown in A and hybridized
with Teqing total DNA. Note that the fragments only containing repeated sequence elements are able to show hybridization sig-

nals when hybridized with total DNA.



dish (24.5cm x 24.5cm x 1.2cm) (NUNC
140835, Denmark), 384 clones on each filter and
6 filters in each dish. The inoculate was incubated
at 37 °C until the colonies were ca. 2 mm in di-
ameter (14-16 h). The colony filter was prepared
as specified by the membrane manufacturer with
modification. The filter was placed colony side up
onto two layers of Whatman 3 MM paper satu-
rated with the following solutions, incubated at
room temperature, and transferred in order:
(1)10% SDS, 4min; (2)1.5M NaCl, 0.5M
NaOH, 7min; (3)1.5M NaCl, 0.5M Tris
pH7.2, 1mM EDTA pH 8.0, 2 x3 minutes;
(4) 2x SSC, 1 min; (5) on a stack of dried paper
towels, 4 min; (6) 0.4 M NaOH, 20 min. The fil-
ter was then washed twice in 1000 ml of 5 x SSC,
5 min each time, and twice in 1000 ml of 1 x
SSC, 0.1% SDS, 5 min each time. Afterwards,
the filter was either stored wet at 4 °C or directly
used for Southern blot hybridization as described
above.

Results
Construction of Lemont and Teqing BAC libraries

Two rice BAC libraries were constructed, one
from Lemont and the other from Teqing, both of
which are the parents of a permanent RIL map-
ping population. The Lemont BAC library con-
tains 7296 clones, which were constructed from
the Hind 111 partially digested fragments that were
size-selected twice on pulsed-field gels. The Te-
qing BAC library contains 14208 clones, which
were constructed from the Hind IIT partially di-
gested fragments that were size-selected once on
a pulsed-field gel. Approximately 0.5 ng/ul of
size-selected DNA fragments was obtained from
the first size selection. For construction of the
Teqing library, when the ligation reaction was
transformed into E. coli, 94%, of the transfor-
mants were recombinant. Approximately 200 re-
combinant clones were obtained from each elec-
troporation and 400 recombinant clones from
each nanogram of ligated DNA. For construction
of the Lemont library, the transformation effi-
ciency of the recombinant DNA was only ap-
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proximately one quarter of that for the Teqing
library. Both the Lemont and Teqing BAC librar-
ies were constructed from single ligations.

Characterization of the BAC libraries

To test the utility of the BAC libraries for map-
based cloning, genome analysis, and construction
of overlap contigs, both BAC libraries were ana-
lyzed for insert size distribution, clone represen-
tation, and level of chloroplast DNA content.

Insert size distribution of the clones from the Lemont
and Teqing BAC libraries

To determine the distribution of BAC insert sizes
and the average insert size of the two BAC li-
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Fig. 2. Insert size distribution of BAC clones randomly taken
from the Teqing BAC library. To estimate the insert size of
Teqing BAC library, BAC DNA was isolated from 142 ran-
dom clones and analyzed as shown in Fig. 1A. The clones
were grouped by insert size and the insert size of each clone
was plotted versus its frequency present in the library. The
result shows that the clones in the Teging library have an in-
sert size range from 40 kb to 315 kb and over 60% of the
clones have inserts of larger than 120 kb. The average insert
size of the Teqing BAC library is 130 kb.
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braries, DNA was isolated from 142 random BAC
clones from the Teqing library and 130 random
clones from the Lemont library. The BAC DNA
was digested with Not I to release the rice DNA
insert from the cloning vector and analyzed by
PFGE (e.g., see Figs. 1A and 3A). The insert size
of each clone was determined by adding up the
sizes of all fragments in each lane except for the
7.4kb BAC vector band. The clones were
grouped by insert size and the insert size of each
clone was plotted versus the frequency of each
group of clones present in each library (Figs. 2
and 4). The Teqing BAC library has an average
insert size of 130 kb, which is equivalent to 4.4
haploid genomes of rice. The insert sizes of clones
in this library range from 40 to 315 kb, and over
609, of the clones have inserts larger than 120 kb
(Fig. 2). Theoretically, the probability of obtain-
ing a particular clone from this library is greater
than 989,. The Lemont BAC library has an av-
erage insert size of 150 kb, which is equivalent to
2.6 haploid genomes of rice. The insert sizes of
clones in this library range from 45 to 310 kb, and

Insert size (kb)
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over 809, of the clones have inserts larger than
120 kb (Fig. 4). The probability of obtaining a
particular BAC clone from the Lemont library is
greater than 979%.

To further confirm that the insert DNA in the
BACs was from rice and to estimate the repeated
nucleotide element contents in the BAC clones,
the BAC DNA on the gels shown in Figs. 1A and
3A was Southern-blotted and hybridized with
total genomic DNA of Teqing for Fig. 1A
(Fig. 1B) or Lemont for Fig. 3A (Fig. 3B). All
BAC clones gave hybridization signals, which
suggests that the insert DNA of all the BAC
clones is from rice. The hybridization of the BACs
with rice total DNA also suggests that repeated
nucleotide elements are contained in the insert
DNA of all BACs.

Representation of the Lemont and Teqing BAC [i-
braries for rice genomes

The above analysis of insert size of the two BAC
libraries indicated that the Lemont library is
equivalent to 2.6 rice haploid genomes and the

12 345678910111213141516171819
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Fig. 3. Random BAC clones of the Lemont library analyzed with PFGE (A) and hybridized with Lemont total DNA (B). The
insert size of each clone was estimated as that of Teqing BAC library. Note that some bands of each BAC hybridized with total
Lemont DNA and others did not, indicating the distribution of repeated elements and single or low copy sequences in the DNA
inserts of the clones.
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Fig. 4. Insert size distribution of BAC clones randomly taken
from the Lemont BAC library. To estimate the insert size of
Lemont BAC library, BAC DNA was isolated from 130 ran-
dom clones and analyzed as shown in Fig. 2. The Lemont
library has an insert size range from 45 kb to 310 kb and over
809 of the clones have inserts of larger than 120 kb. The
average insert size of this library is 150 kb.

Teqing library is equivalent to 4.4 rice haploid
genomes. Theoretically, the probability of obtain-
ing a particular clone from each library is over
979%,. To further confirm these inferences, 11520
clones (30 x 384) of the Teqing BAC library and
5912 (18 x 384) clones of the Lemont BAC li-
brary were inoculated, grown, and colony-blotted.
The filters were hybridized with a RFLP marker
RG348 mapped on rice chromosome 3 [29] and
a probe set from the combined molecular mark-
ers TGMS1.2 and pcSh2-1a. TGMS1.2is a single
copy RFLP marker from rice and pcSh2-lais a
cDNA clone for the maize Shrunken-2 gene [9].
The probe set was prepared by mixing TGMS1.2
and pcSh2-1a at a DNA weight ratio of 1:1 la-
beled with **P-dCTP. Five positive clones were
isolated with RG348, ranging from 115 to 260 kb
in insert size (Fig. 5). Two of the BAC clones are
from the Lemont library and 3 from the Teqing
library. Fourteen positive clones were isolated
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Fig. 5. BAC clones isolated with RG348 from the Lemont
(lanes 1 and 2) and Teqing (lanes 3-5) BAC libraries. A. BAC
clones analyzed by pulsed-field gel electrophoresis. BAC DNA
was isolated, digested with Not I to release the insert DNA
from the BAC vector and fractionated on a pulsed-field gel.
The insert size of each BAC was estimated as Fig. 1A. Pan-
el B. The BACs blotted from the gel shown in A and hybrid-
ized with the purified insert of RG348.

with the probe set of TGMS1.2 and pcSh2-1a.
To confirm this result and classify these clones
based on their homology with the probe, DNA
was isolated from these clones, digested with
Not 1, fractionated on a pulsed-field gel, Southern-
blotted, and hybridized with TGMS1.2 and
pcSh2-1a, respectively. The result showed that
seven clones hybridized with TGMS1.2, ranging
from 45 to 210 kb in insert size, 3 of which are
from the Lemont library and 4 from the Teqing
library. Six clones hybridized with pcSh2-1a,
ranging from 70 to 250 kb in insert size, three of
which are from each library (not shown). These
results confirm the above inferences and suggest
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that both BAC libraries are suitable for map-
based cloning of rice genes, physical mapping of
the rice genome, and construction of overlap con-
tigs. The results also show that multiple RFLP
markers, even from different species, can be com-
bined together and used for screening the BAC
libraries.

Ratio of chloroplast DNA clones in the rice BAC
libraries

The two BAC libraries were investigated in terms
of contamination with clones originating from
chloroplast DNA. The degree of contamination
with chloroplast DNA clones is an important
characteristic for a large insert DNA library, es-
pecially when the library is used for map-based
cloning. This is because chloroplast DNA clones
may mislead a chromosome walk toward a target
gene when a seriously contaminated library is
used for map-based cloning due to homology be-
tween some organellar and nuclear DNA se-
quences [40]. Additionally, if a large insert DNA
library has a higher percentage of clones contain-
ing chloroplast DNA, more clones need to be
generated, screened, and maintained to have an
equal chance of isolating a particular nuclear
DNA clone. Therefore, little or no contamination
from chloroplast DNA clones is preferred for a
large insert DNA library. Both Lemont and Te-
qing BAC libraries were constructed from DNA
isolated from rice nuclei. It is expected that both
libraries contain few clones generated from chlo-
roplast DNA. To test this prediction, 1920 clones
from the Lemont BAC library and 3072 clones
from the Teqing BAC library were hybridized with
3 barley chloroplast DNA probes, adh A, rbc L,
psbA, simultaneously. These three probes space
approximately equally apart in the chloroplast ge-
nome such that any BAC insert larger than 50 kb
should hybridize to one of the probes, indicating
that the insert is probably of chloroplast DNA
origin. The results showed that 2.89%; (55 clones)
of the Lemont clones and 0.94%, (29 clones) of
the Teqing clones hybridized with this probe set,
indicating that 2.89% clones of the Lemont li-

brary and 0.949, clones of the Teqing library
originated from chloroplast DNA. These percent-
ages of chloroplast DNA clones are 4-15 fold
lower than those of the available plant YAC and
BAC libraries which were constructed from the
HMW DNA isolated from protoplasts [31, 44,
45, 46]. This suggests that both libraries are well
suited for map-based cloning of rice genes.

Discussion
The Lemont and Teqing BAC libraries

Large-insert DNA libraries are essential for ge-
nome analysis, construction of overlapping con-
tigs, and map-based gene cloning. Critical com-
ponents of such libraries are large insert size,
genome representation and clone stability. Low
levels of organellar DNA and chimeric clones
also enhance the quality of the library by reduc-
ing the number of clones required for library
screening. The Lemont and Tequing BAC librar-
ies constructed in this study meet most of the
above criteria and thus should be useful for many
aspects of genome research.

The average DNA insert size of the Lemont
and Tequing BAClibraries are 150 kb and 130 kb,
respectively. These insert sizes are comparable to
the majority of plant YAC and BAC libraries [ 16,
17, 20, 25, 31, 42, 43, 45] except for the recently
reported rice and two A. thaliana YAC libraries
with insert sizes of 350 {41] and 250 [15] and
420 kb [14], respectively. The combined Lemont
and Tequing BAC libraries represent about seven
haploid equivalents of the rice genome which sta-
tistically means that one has a 999, chance of
obtaining at least one specific BAC clone during
library screening with a specific sequence. Al-
though the insert size of the Lemont and Tequing
BAC libraries are about 2.5-fold smaller than the
Japanese rice BAC library, the BAC libraries
should be very useful for many aspects of rice
genome research either alone or in conjunction
with the rice YAC library [41]. The relatively
small insert sizes of BACs to YACs might be
compensated for by constructing several BAC li-
braries with different restriction enzymes. Such



libraries may be more suitable for assembling long
continuous contigs than a single library con-
structed with one enzyme.

To demonstrate the estimated clone represen-
tation of both BAC libraries, each library was
screened with three unlinked RFLP markers. In
each case and at least two BAC clones was ob-
tained from each library which suggests that our
numerical estimates for clone representation are
correct. Although this study did not specifically
test the stability of large rice DNA inserts in
E. coli, data from other BAC libraries with human
[39] and sorghum [45] DNA have shown that
DNA inserts larger than 300 kb can be stably
maintained over 100 generations without detect-
able rearrangements. Such results suggest that
the BAC cloning vector can faithfully maintain
most large foreign DNA in E. coli. We have not
detected any changes in insert size or restriction
patterns of over 300 rice BAC clones so far ana-
lyzed by CHEF electrophoresis.

The Lemont and Teqing BAC libraries were
constructed from DNA isolated from the nuclei
of healthy growing plants. This is in contrast to
the material used for the construction of the rice
YAC library reported by Umehara et al. [41], for
which the DNA was isolated from cultured cal-
lus cells of O. sativa cv. Nipponbare. DNA iso-
lated from nuclei decreases the amount of chlo-
roplast DNA sequences in a library, 2.9%, and
0.949% for the Lemont and Teqing BAC libraries,
respectively, and thus reduces the number of
clones required to have a representative genomic
library. Additionally, constructing a library with
DNA from healthy plant tissue versus callus may
help to prevent potential problems associated
with the use of DNA from a tissue that is prone
to DNA rearrangements and mutations [27].

Many YAC libraries have been shown to have
significant levels of chimeric DNA clones [1].
For example the rice YAC library has reported
that ca. 409, of the library is chimeric [41]. Al-
though chimeric clones can be eliminated quickly
by DNA fingerprinting, the use of large insert
DNA libraries free of chimerism for map-based
cloning and physical mapping are highly desir-
able. The results from all of the available BAC
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libraries, one human [39] and two plant [23, 45],
indicate that BAC libraries have few, if any, chi-
meric clones as determined by fluorescent in sifu
hybridization (FISH). Preliminary FISH to in-
terphase and metaphase rice nuclei with 15 BAC
clones from the Teqing library indicate that 14
BAC clones hybridize to single pairs of uniden-
tified rice chromosomes whereas a single BAC
clone, TQ7A4 (135 kb), hybridizes strongly to a
single pair of chromosomes and weakly to an-
other pair ([23], B. S. Gill personal communica-
tion). It is uncertain whether the FISH pattern for
BAC TQ7A4 indicates it is a chimera or hybrid-
izes to a related second sequence in the rice ge-
nome. Further analysis will be required to deter-
mine between these two possibilities. The FISH
analysis suggests that the Tequing BAC library
constructed in this study is relatively free of chi-
meric clones. Additionally, a similar FISH study
in progress to determine the level of chimerism in
the Lemont BAC library.

Utility of the Lemont and Teqing BAC libraries for
rice genomics

As described earlier, rice has a small genome
(C=420Mb [5], and two high density RFLP
maps which have a combined total of 2103 loci
[12, 26]. Physically, the rice map developed by
Causse et al. [12] is ca. 580 kb/DNA marker and
290 kb/cM. The rice map developed by Kurata
et al. [26] is approximately 300 kb/DNA marker
and 270 kb/cM. Therefore, if a target locus is
linked to a RFLP marker one centiMorgan away,
the locus could be isolated by walking 1-3 steps
using the two rice BAC libraries.

The two rice BAC libraries were constructed
from the parents, Lemont and Teqing, of a per-
manent mapping population consisting of 400 F9
RILs which segregates for many traits of agro-
nomic importance [29, 30]. Lemont belongs to
ssp. japonica and Tequing belongs to ssp. indica,
which represent the two major genomes of culti-
vated rice. Both Lemont and Teqing are leading
commercial varieties and used as germplasm for
the development of many other commercial vari-
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eties. The RIL permanent mapping population is
maintained as seed and is thus much easier to
distribute than a F2 mapping population. There-
fore, the RIL mapping population should provide
an invaluable framework for rice genome re-
search. Similarly, the libraries constructed from
the parents of such a widely available RIL map-
ping population could provide a common frame-
work for physical mapping of the rice genome.
Since the target genes and the RFLP markers
isolated from a chromosome walking experiment
can be more accurately mapped using this large
population, the BAC libraries can be readily used
to clone the target genes by map-based cloning
and assemble long range overlapping contigs.

Notes from the construction of the Lemont and
Teqing BAC libraries

The Lemont and Teqing BAC libraries were con-
structed from two single ligations, one for each
library. The transformation efficiency of recom-
binant BAC DNA was 4 x 10° cfu/ug ligated
DNA, which is ca. 100-fold higher than that of
YAC constructs with the similar insert size (ca.
10° cfu/mg ligated DNA) [16, 20, 31, 43, 44, 46].
This result indicates that a BAC library can be
constructed more rapidly and needs less amount
of clonable DNA than a YAC library. It was
noted that the size-selected rice DNA fragments
from 120 to 400 kb were ligated into the BAC
cloning vector and transformed into E. coli by
electroporation, however, no BAC with a rice
DNA insert of up to 400 kb was obtained in this
study. The same result was obtained in the con-
struction of a sorghum BAC library [45]. Since
E. coli can maintain its own genome of several
million base pairs, it is theoretically possible to
obtain BACs with a Mb size insert. Further in-
vestigation is needed to answer the question
whether BACs larger than 400 kb can be obtained
by using the current method for BAC cloning.
The Teqing and Lemont BAC libraries were
constructed with the DNA fragments from single
or double-size selections by PFGE, respectively.
The average insert size of the Lemont library was

increased by 20 kb over that of the Teqing library.
The portion of clones larger than 120 kb in insert
size in the Lemont BAC library was increased to
809, from 60% in the Teqing BAC library. A
similar result was obtained by Woo er al. [45] for
the construction of a sorghum BAC library. These
results suggest that a double size selection is nec-
essary to increase the insert size of a BAC library.
However, it was observed that the transformation
efficiency of the ligated DNA was decreased by
about 4 to 10 fold. This was partially due to elimi-
nation of smaller, trapped DNA fragments dur-
ingthe second size selection, the BACs with which
might be more efficiently transformed than the
BACs with larger inserts.
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