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ABSTRACT

With current plant transformation methods (Agro-
bacterium, biolistics and protoplast fusion), insertion
of DNA into the genome occurs randomly and in
many instances at multiple sites. Associated position
effects, copy number differences and multigene
interactions can make gene expression experiments
difficult to interpret and plant phenotypes less
predictable. An alternative approach to random
integration of large DNA fragments into plants is to
utilize one of several site-specific recombination
(SSR) systems, such as Cre/lox. Cre has been shown
in numerous instances to mediate lox site-specific
recombination in animal and plant cells. By incor-
porating the Cre/lox SSR system into a bacterial arti-
ficial chromosome (BAC) vector, a more precise
evaluation of large DNA inserts for genetic comple-
mentation should be possible. Site-specific insertion
of DNA into predefined sites in the genome may
eliminate unwanted ‘position effects’ caused by the
random integration of exogenously introduced DNA.
In an effort to make the Cre/lox system an effective
tool for site-directed integration of large DNAs, we
constructed and tested a new vector potentially
capable of integrating large DNA inserts into plant
and fungal genomes. In this study, we present the
construction of a new BAC vector, pBACwich, for the
system and the use of this vector to demonstrate
SSR of large DNA inserts (up to 230 kb) into plant and
fungal genomes.

INTRODUCTION

The isolation of agriculturally important genes is an important
goal in plant molecular biology. Since most agriculturally
important genes are known only by phenotype, techniques
have been developed to isolate such genes. Currently, map-
based cloning (or positional cloning), insertional mutagenesis
and subtraction cloning are three of the best-developed
strategies (1). Since the late 1980s, map-based cloning has

been successfully used to isolate human genetic disease genes
(2–6) and plant genes (7–9). Map-based gene cloning is based
on prior knowledge of the location of a target gene on a genetic
map. For successful map-based cloning of a gene, one must
complete the following steps: (i) isolate molecular markers
genetically linked to the target gene; (ii) generate a physical
map of the region surrounding the target gene with the most
closely linked molecular markers; (iii) isolate a set of over-
lapping DNA fragments that encompass the target gene,
i.e. chromosome walking/landing; (iv) identify the target gene
using a variety of techniques (e.g. sequencing and genetic
complementation).

Once a contig of overlapping clones has been assembled, it
then becomes necessary to determine which of the overlapping
clones contains the target gene. This step, ‘the gene identification
step’, is daunting and tedious. It normally requires subcloning of a
large DNA fragment containing a target gene and introduction of
each small fragment into a plant. By developing a vector that
can accommodate large DNA fragments and is suitable for
plant transformation, we can significantly streamline the process
of gene identification. The ability to introduce relatively large
fragments of DNA into plant cells also increases the chance
that an entire gene is contained within the introduced DNA.

With current plant transformation methods (Agrobacterium,
biolistics and protoplast fusion), insertion of DNA into the
genome occurs randomly and in many instances at multiple
sites. Associated position effects, copy number differences and
multigene interactions can make gene expression experiments
difficult to interpret and plant phenotypes less predictable.
Agrobacterium-mediated transformation is the most commonly
used method and relies on the efficient transfer of DNA from
bacteria to plants. Hamilton et al. (10) constructed a binary
plant transformation vector that is capable of transferring large
DNA fragments from Agrobacterium into plants. However, the
primary drawback to Agrobacterium transformation is that
integration is random throughout the genome and multiple
transformants have to be generated to compensate for variation
in position effects. In addition, the stability of large plant DNA
sequences in Agrobacterium has not been fully tested and may
pose other potential problems.

An alternative approach to random integration of large DNA
fragments into plants is to utilize one of several site-specific
recombination systems such as Cre/lox. Site-specific
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recombination (SSR) is the enzyme-mediated cleavage and
ligation of two defined deoxynucleotide sequences. A number
of conservative site-specific recombination systems have been
described in both prokaryotic and eukaryotic organisms (11).
These systems generally use one or more proteins and act on
unique asymmetric DNA sequences (12). Cre, the product of
the cre gene, is a 38.5 kDa recombinase that can reciprocally
exchange the DNA at 34 bp lox sites (13). Cre has been shown
in numerous instances to mediate lox site-specific recombination
in animal and plant cells (14–18). The products of the recom-
bination event depend on the relative orientation of these
asymmetric sequences (12). If well-characterized recombination
systems function in higher eukaryotic cells, it should be
possible to use the reciprocal exchange of strategically placed
recombination sites for a variety of applications. By incorporating
the Cre/lox SSR system into a BAC vector, a more precise
evaluation of large DNA inserts for genetic complementation
should be possible. Site-specific insertion of DNA into predefined
sites in the genome may eliminate unwanted ‘position effects’
caused by the random integration of exogenously introduced
DNA.

The bacteriophage P1 Cre/lox site-specific recombination
system has been used to integrate DNA specifically at lox sites
previously placed in the tobacco genome (14). When the Cre
recombinase is supplied by transient cre expression, the lox
site yields integration events. Integration of the insertion
plasmid results in promoter displacement and the presumed
termination of cre transcription.

In an effort to make the Cre/lox system an effective tool for
site-directed integration of large DNAs, we constructed and
tested a new vector potentially capable of integrating large
DNA inserts into plant and fungal genomes. In this study, we
present the construction of a new BAC vector for the system
and the use of this vector to demonstrate SSR of large DNA
inserts into plant and fungal genomes.

MATERIALS AND METHODS

Vector constructs

The pBeloBAC11 vector (19) was first modified to have a 35S
promoter plus the NPTII (neomycin phosphotransferase
coding region) gene (pBACKAN; Dr S. Reddy, Texas A&M
University, unpublished). pBACKAN was digested with NotI
and purified with a Qiaex II Gel Extraction Kit (Qiagen, USA).
Plasmid p24 (containing a lox site, a promoterless hpt gene and
a nos 3′ terminator in pUC19; Drs H. Koshinsky and D. Ow,
USDA/ARS Plant Gene Expression Center) was digested with
NotI and HindIII. After gel electrophoresis, a 1.9 kb DNA
fragment containing a lox site, a promoterless hpt (hygromycin
phosphotransferase coding region) gene and a nos 3′ terminator
from plasmid p24 was isolated, gel purified and ligated on the
3′-end at the NotI site of pBACKAN with T4 DNA ligase (US
Biochemical) (1× ligation buffer comprising 66 mM Tris–HCl,
pH 7.6, 6.6 mM MgCl2, 10 mM DTT, 66 mM ATP). At the 5′-end,
the fragment was inserted by site-specific recombination in vitro
at the lox site already present on pBACKAN using Cre recombinase
(Dr D. Ow). The Cre reaction was carried out in the same ligation
solution (after overnight ligation) with the addition of 33 mM
NaCl and 0.2 µg of Cre enzyme in a 20 µl reaction volume for
2 h. After construction, all of the cloning junctions and the hpt

gene were verified by DNA sequencing. The new vector is
called pBACwich.

Generation of a promoter–lox–Cre integration site

Tobacco. In tobacco, a line (1999.5) harboring a 35S–lox–cre
construct was used (14), kindly provided by Dr D. Ow.

Magnaporthe grisea. Plasmid pGGB1001 (Drs E. Fang and R.
Dean, Clemson University) was digested with NcoI and treated
with mung bean nuclease (Promega) to remove the protruding
5′-ends. A 5.8 kb fragment containing BAR (Basta resistance),
Pgpd (the glyceraldehyde 3-phosphate dehydrogenase
promoter from Aspergillus nidulans) and TtrpC (the A.nidulans
trpC terminator) was gel purified. A 1.1 kb fragment
containing lox76–cre was amplified from plasmid pED98
(Dr D. Ow) by PCR. PCR reactions were performed in a total
volume of 25 µl containing 10 mM Tris–HCl, pH 8.3, 50 mM
KCl, 1.5 mM MgCl, 0.1 mg/ml gelatin, 200 mM dNTPs, 1 mM
primers (lox, 5′-P-GAG GAT CCA TAA CTT CGT ATA GC-3′;
nos, 5′-P-CTT GCC TTT CCC CGC ATG AA-3′) and 1 U Taq
DNA polymerase. The following PCR program was used:
94°C for 1 min for 1 cycle, then 94°C for 1 min, 55°C for 1 min
10 s, 72°C for 2 min for 30 cycles. After the last cycle, the
polymerization step at 72°C was extended for an additional
7 min. Both the 5.8 and 1.1 kb fragments were ligated to create
plasmid pSD. pSD was transformed into M.grisea by electro-
poration (Mr H. Zhu of Dr R. Dean’s laboratory). Several
transgenic M.grisea harboring a copy of pSD and expressing
the cre gene were confirmed by Southern analysis of pSD and
northern analysis of cre mRNA.

Tobacco transformation

Tobacco seeds (1999.5, harboring a single 35S–loxP–npt
construct) were sterilized in 100% ethanol for 1 min and in
bleach solution (1:2 dilution of household bleach in sterile
ddH2O with one drop of Tween 20 per 10 ml of diluted solution).
The seeds were washed three to four times with sterile ddH2O
and then germinated on Murashige Minimal Organics Medium
(Gibco BRL) containing kanamycin at 100 µg/ml to select
against segregants.

Biolistic transformation conditions for tobacco were selected
as 1 µm diameter gold microparticles and a helium pressure of
900 p.s.i., based on preliminary experiments. Gold microparticles
were prepared and coated with plasmid pBACwich (2 µg/
bombardment) essentially as described by Sanford et al. (20).
After biolistic bombardment (Bio-Rad, USA) with
pBACwich50, -150 and -230, leaf explants (≈1 cm2) were
placed on shoot-inducing Murashige-Skoog medium
containing hygromycin at 20 µg/ml. Plants from leaf explants
which gave rise to shoots were considered as having hygromycin-
resistant cells.

Molecular analyses

PCR analysis incorporated two primer pairs (s and c; w and h),
with one primer from the 35S sequence (primer s, 5′-GTT CAT
TTC ATT TGG AGA GG-3′), one from the pBACwich hpt
gene (primer h, 5′-GGT GTC GTC CAT CAC AGT TTG CCA
G-3′), one from the pBACwich backbone (primer w, 5′-GAT
GGC CTC CAC GCA CGT TGT G-3′) and the other from the
cre gene (primer c, 5′-CTA ATC GCC ATC TTC CAG CAG
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G-3′). The reaction conditions were 94°C for 1 min, 55°C for
1 min, 72°C for 1 min 10 s, 35 cycles, and 72°C for 10 min.

For Southern analysis, tobacco DNA was isolated from
young leaves (21), digested with various restriction enzymes
(~8 µg for each sample), separated on 0.9% agarose gels and
probed with various probes, including internal fragments from the
cotton DNA inserts. For CHEF (contour-clamped homogeneous
electric field) electrophoresis analysis, tobacco nuclei were
isolated from young leaves and embedded in agarose plugs.
After enzyme digestion, DNA fragments were separated with a
CHEF Mapper (Bio-Rad).

DOP (partially degenerate oligonucleotide primer) PCR

To isolate the vector–insert junction sequences from BAC
clones, DOP (22,23) was used in combination with vector
primers. The DOP primer (5′-CCG ACT CGA GNN NNN NAT
GTG G-3′) has six bases specified at the 3′-end, six degenerate
bases in the middle and 10 arbitrary bases at the 5′-end. An
aliquot of 1 µl (5 ng/µl) of the BAC DNA was added to 7 µl of
DOP1 mix [2 µl of 5× Sequenase buffer (100 mM potassium
phosphate, pH 7.4, 5 mM DTT, 0.5 mM EDTA; US Biochemical),
1 µl of 2.5 mM dNTP, 1 µl of 10 mM DOP primer and 3 µl of
water]. The following thermocycler program was used: 96°C
for 3 min, 30°C pause (at this step, 2 µl of 1 U/µl Sequenase
was added), a 30–37°C ramp over 1 min, 37°C for 3 min and
72°C for 10 min.

An aliquot of 40 µl of DOP2 mix [5 µl of 10× PCR buffer
(500 mM KCl, 100 mM Tris–HCl, pH 8.3, 0.01% gelatin;
Perkin-Elmer), 2 µl of 2.5 mM dNTP, 1 µl of 10 µM DOP
primer, 1 µl of 10 µM BAC vector forward (5′-TGG GTA
ACG CCA GGG TTT TC-3′) or backward (5′-CGG CTC GTA
TGT TGT GTG GAA-3′) primer, 1 µl of 1 U/µl AmpliTaq
(Perkin-Elmer) and 30 µl of water] was added to each tube.
PCR was executed for 35 cycles at 94°C for 30 s, 58°C for 30 s
and 72°C for 1 min. In the secondary PCR for further enrichment
of junction sequences, 0.5 µl of primary PCR product was used
in a 50 µl reaction under the same conditions except that the
nested forward (5′-CCT GCA GGC ATG CAA GCT T-3′) or
nested backward (5′-CAC TAT AGA ATA CTC AAG C-3′)
vector primer was used.

RESULTS

pBACwich vector construction

We constructed a new BAC vector with a promoterless hygro-
mycin phosphotransferase gene that was designed to be acti-
vated and selected for in a plant cell upon site-specific
integration. As outlined in Figure 1, plasmid p24, which contains
a lox site, a promoterless hpt gene and a nos 3′ terminator, was
digested with NotI and HindIII to obtain a 1.9 kb DNA
fragment containing a lox site, a promoterless hpt gene and a
nos 3′ terminator. The 1.9 kb fragment was ligated on the 3′-end at
the NotI site of pBACKAN with T4 DNA ligase. The 5′-end of
the fragment was inserted by SSR in vitro at the lox site already
present on pBACKAN using Cre recombinase as diagrammed
in Figure 1. The new vector was named pBACwich (derived
from the constructors, Wing and Choi) (Fig. 2). After construction,
all of the cloning junctions were verified by DNA sequencing.

pBACwich library construction

We used pBACwich to construct a 32 729 clone cotton BAC
library with an average insert size of 110 kb as described in
Choi and Wing (21). pBACwich is designed to integrate into a
lox site, located in a plant or fungal genome, by Cre/lox site-
specific recombination.

To verify the transformation potential of the pBACwich
system within a convenient time period and to apply the system
to fungal genome research, we chose the fungus Magnaporthe
grisea, which is known as the causal agent of blast disease of
rice (24). A plasmid (pSD) containing the A.nidulans gpdA

Figure 1. Construction of pBACwich. pBACKAN was modified by inserting a
DNA fragment that contains a lox site, a promoterless hpt (hygromycin phos-
photransferase coding region) gene and the nos 3′ polyadenylation sequence
(lox–hpt–nos 3′). The DNA fragment from plasmid p24 (Dr D. Ow, Plant Gene
Expression Center) was ligated on the 3′-end at the NotI restriction site. At the
5′-end, the fragment was inserted by site-specific recombination in vitro at the
lox site already present on the BAC vector using Cre recombinase. After
construction, all of the cloning junctions were verified by DNA sequencing.

Figure 2. Diagram of the pBACwich vector. The plasmid is based on
pBeloBAC11. CMR, chloramphenicol resistance; 35S, 35S dual enhancer
promoter; KANR, kanamycin resistance; hpt, hygromycin resistance. 35S and
KANR can be used for random transformation in plants and hpt can be used for
site-specific integration in plants or animals.
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(constitutively regulated) promoter fused to a lox76–hpt
cassette using the bar gene as a selectable marker was
constructed as outlined in Figures 3 and 4. Plasmid pGGB1001
was digested with NcoI and treated with mung bean nuclease
(Promega) to remove the protruding 5′-ends. The 5.8 kb fragment
containing BAR, Pgpd and TtrpC was ligated into the 1.1 kb
fragment (containing lox76–cre) PCR amplified from plasmid
pED98. The new vector was named pSD.

Six appropriate recipient M.grisea strains were created by
transformation with pSD. These recipient strains were trans-
formed with pBACwich while selecting for hygromycin resistance
to test the efficiency of Cre/lox recombination in M.grisea.
Five Magnaporthe transformants resistant to hygromycin
(HptR) were propagated and the DNAs were isolated and
analyzed by PCR and Southern hybridization to verify that
pBACwich integrated into the Magnaporthe genome by site-
specific recombination. pBACwich (two out of five transformants)
was successfully integrated into the lox site of M.grisea
(H.Zhu, personal communication). These results demonstrate
that pBACwich can be integrated into a fungal genome by SSR.

To determine if this system could be used for integration of
large insert DNA, we tested the system in tobacco. We selected
three cotton pBACwich clones containing DNA inserts of
increasing size, 50 (pBACwich50), 150 (pBACwich150) and
230 kb (pBACwich230), to transform into a lox site within the
tobacco genome using biolistic transformation. We trans-
formed tobacco plants previously transformed with a 35S–lox–cre
construct with these test constructs by biolistic particle
bombardment. Transformants were selected for growth on
hygromycin, the plants regenerated and the cotton DNA inserts
analyzed to determine if the entire cotton DNA fragment was
transferred into tobacco.

Figure 5 shows a diagram of how pBACwich is predicted to
integrate into the plant genome. A 35S–lox–cre construct,
where 35S is a cauliflower mosaic virus promoter, was placed
in the tobacco genome (14). The pBACwich plasmid bears a
promoterless lox–hpt gene, where hpt encodes hygromycin
phosphotransferase, followed by a nos 3′ polyadenylation site.
Integration of the plasmid via lox site recombination would

Figure 3. Construction of pSD. Details are provided in Materials and Methods.

Figure 4. The structure of plasmid pSD to create a lox site in M.grisea. Pgpd,
A.nidulans gpdA (glyceraldehyde-3-phosphate dehydrogenase) promoter;
lox76, 5′-ATAACTTCGTATAGCATACATTATACGcccggta-3′; cre, Cre
recombinase; hpt, hygromycin phosphotransferase; TtrpC, A.nidulans trpC
terminator; AMPR, ampicillin resistance; BAR, Basta resistance.

Figure 5. Experimental design of Cre-mediated site-specific recombination.
PCR primers (s, h, w and c) are shown as triangles, with the numbers indicating
the sizes in kb of the expected PCR products and the DNA fragments after
digestion with EcoRI (E) and BamHI (B).
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produce a 35S–lox–hpt–lox–cre linkage, resulting in a hygro-
mycin-resistant (HptR) phenotype. Termination of cre tran-
scription should result in an insertion event that is stably
maintained.

Particle bombardment of tobacco line 1999.5 with the
selected pBACwich clones resulted in tens of HptR calli per
transformation. Table 1 shows the number of hygromycin-
resistant calli obtained per bombardment. The reason why we
recovered fewer resistant calli for the 50 kb BAC may be that
increased degradation by vortexing of pBACwich50 occurred
during the bombardment step (data not shown).

We verified the presence of the cotton pBACwich DNA
(150 kb) in the tobacco genome using PCR and Southern blot
hybridization. PCR analysis incorporated two primer pairs
(s and c; w and h; Fig. 5), with one primer from the 35S
promoter region (primer s) and another from the pBACwich
hygromycin resistance region (primer h). The other primers
were from the pBACwich backbone region (primer w) and the
cre coding region (primer c). Figure 6 shows PCR and restriction
digestion analysis of the PCR products. A specific band (1.1 kb)
was amplified using primers s (5′-GTT CAT TTC ATT TGG
AGA GG-3′) and c (5′-CTA ATC GCC ATC TTC CAG CAG
G-3′) from the recipient plant (1999.5, harboring a single 35S–
loxP–npt construct), but not from plants transformed with
pBACwich150. Two bands, obtained with the primer combinations
s and h (5′-GGT GTC GTC CAT CAC AGT TTG CCA G-3′)
(0.61 kb) and w (5′-GAT GGC CTC CAC GCA CGT TGT G-3′)
and c (1.37 kb), were amplified from pBACwich150-transformed
tobacco but not from the recipient tobacco. The size distribution
of the PCR products indicates that there was a lox site-specific
recombination event between pBACwich and the recipient
tobacco plant. In addition, these PCR products have a single
characteristic EcoRI or BamHI site, respectively (Fig. 5).
BamHI cleaved the 1.1 kb s+c product from the recipient into
three fragments of 0.02, 0.41 and 0.67 kb. The 0.61 kb s+h
product from the pBACwich150-transformed plant was
cleaved by EcoRI into two fragments of 0.35 and 0.26 kb. The
1.37 kb w+c product from the pBACwich150-transformed
tobacco was also cleaved by BamHI into two fragments of 0.7
and 0.67 kb (Fig. 6). The same analysis was performed with 14
individual pBACwich150-transformed plants showing HygR

(12 from one explant, one from another explant and one from
the third explant). In all cases the DNAs produced the exact
predicted PCR pattern (data not shown).

Plants containing the pBACwich DNA in a random position
are sensitive to hygromycin due to the lack of hpt transcription.
The recipient plant (1999.5) has the construct 35S–loxP–cre,
where the coding region of the Cre recombinase (cre) is
preceded by a loxP site (wild-type lox site) followed by the 35S
promoter. Expression of the cre gene upon integration of

pBACwich into the lox site will promote recombination
between the lox sites in pBACwich and in plants. The 35S
promoter is disengaged from the cre coding region and fused to
the hpt (hygromycin phosphotransferase) coding sequence.
The lack of a functional promoter in front of the cre gene will
terminate de novo synthesis of Cre enzyme and will eventually
curtail further recombination of the lox sites. All PCR products
have a predicted insert size and should be present if the BAC
clone has integrated at the lox site within the tobacco genome
(Fig. 6).

To determine if the entire 150 kb fragment integrated intact
into the SSR site of tobacco line 1999.5, Southern blot analysis
was performed on tobacco DNA digested with various restriction
enzymes and hybridized with various probes (hpt and cre),
including the internal cotton insert fragments (Figs 7 and 8).
Figure 7 shows Southern blot analyses of tobacco genomic
DNA from five R0 tobacco plants transformed with
pBACwich150. The recipient tobacco is referred to as 1999.5
and 3, 12, 4, A and B refer to tobacco plants transformed with
pBACwich150. As shown in Figure 7, the restriction fragments
that hybridized with the cre probe were shifted in all trans-
formants, indicating DNA rearrangement in the cre gene area.
In 1999.5 the HindIII digest shows a 6.1 kb band when hybridized
with either 35S or cre probes (Dr H. Koshinsky, personal
communication). In the pBACwich150 transformants the
HindIII digest gave a band of a different size when probed with
cre. The hpt probe hybridized to the transformants but not to
the recipient, indicating the presence of hpt in the transformants.

Table 1. Tobacco transformants obtained from biolistic bombardment

pBACwich50 pBACwich150 pBACwich230

Bombardment 1 10–20 40–50 <10

Bombardment 2 30–40 40–50 10–20

Bombardment 3 20–30 60–70 10–20
Figure 6. PCR analysis and restriction analysis of the PCR products. A specific
band (1.1 kb) was amplified using primers s and c (sc) from the recipient plant
(1999.5, harboring a single 35S–loxP–npt construct) but not from the
pBACwich150-transformed plants (tobacco 3, 4 and 6) (see Fig. 5). All primers
(s, c, h and w) were used in lane a for each DNA to see if any fragments would
be amplified by any combinations. Two bands, obtained with primers s and h
(sh, 0.61 kb) and w and c (wc, 1.37 kb), were amplified from pBACwich150-
transformed tobacco but not from the recipient tobacco. BamHI cleaved the
1.1 kb sc product from the recipient into three fragments of 0.02, 0.41 and 0.67 kb
(b in recipient). The 0.61 kb sh product from the pBACwich150-transformed
plant was cleaved by EcoRI into two fragments of 0.35 and 0.26 kb (e in
tobacco 3, 4 and 6). The 1.37 kb wc product from the pBACwich150-transformed
tobacco was also cleaved by BamHI into two fragments of 0.7 and 0.67 kb
(b in tobacco 3, 4 and 6).
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Figure 8 shows that the transformants hybridized with the
forward and backward DOP PCR products of pBACwich150,
indicating the presence of the ends of the 150 kb cotton DNA
fragment in the tobacco transformants.

No significant differences in the numbers of integration
events recovered were found among the 50, 150 and 230 kb
pBACwich transformants. Between two and 14 independent
integration events from each type of transformation were
assayed for the correct border sequences on either side by
PCR. In every case the 35S–lox–cre junction was no longer
present and a new 35S–lox–hpt junction was found (Fig. 6).
Southern blotting also confirmed DNA rearrangements, as
shown in Figure 7. Copy number was assessed from Southern
analysis of the integrant plants (one band on hpt probing;
Fig. 7B). In all cases, only a single copy of the pBACwich
insert was found integrated at the genomic lox target. The
stability of the large DNA inserts is being assessed by
analyzing tobacco genomic DNA from hygromycin-resistant
plants over several generations of selfing and crossing with the
wild-type (Wi38).

DISCUSSION

The pBACwich system

We have provided preliminary evidence that the Cre/lox
system can be used to integrate large intact foreign DNA (up to
230 kb, Table 1) into a specific lox site in tobacco. Taken
together, these preliminary results with the pBACwich system
using Cre/lox recombination may offer a method for precise,

single copy insertion of large DNA fragments into genomic
targets.

Site-specific integration events are now rapidly being
achieved in plant cells (14,16,17). The introduction of site-
specific recombination systems into cells of higher eukaryotes
presents many exciting new possibilities in molecular biology.
The advantage of site-specific recombination versus alterna-
tive integration methods is that plant DNA will always inte-
grate into a specific genomic location. Thus the phenotype of
all integrated DNA is assessed from a single genomic location
instead of several locations, as with Agrobacterium-mediated
transformation. Site-specific integration will enable insertion
of large DNA fragments at predetermined locations in a
genome and may thereby allow avoidance of the so-called
‘position effects’ by selection of well-placed insertion sites.

By introducing all candidate BAC clones into the same
genomic locus, site-specific integration of large genomic
clones can be used to streamline the positional cloning and
transfer of agronomically important genes into crop plants. The
ability of pBACwich to clone large fragments (up to 350 kb)
will reduce the number of subclones and transgenic plants
required to determine which clones contain the target gene. By
streamlining the gene identification step, target genes could be
identified more rapidly, thus leading to progress in the isolation of
genes based solely on map position and a more efficient system
with which to identify agriculturally important genes isolated
by map-based cloning strategies. It will also make possible the
cloning and manipulation of large enough DNA fragments to

Figure 7. Southern blot analysis of tobacco genomic DNA from R0 tobacco
plants transformed with pBACwich150. All samples were digested with HindIII.
(A) The restriction fragments hybridized with cre probe were shifted in all
transformants, indicating DNA rearrangement (see Fig. 5). (B) The hpt probe
hybridized to transformants that included the hpt gene but not to the recipient.
The recipient tobacco is referred to as 1999.5, and 3, 12, 4, A and B refer to
transformed tobaccos with pBACwich150. Figure 8. Analysis of tobacco genomic DNA from R0 tobacco plants transformed

with the cotton pBACwich150 insert. (A) All samples were digested with HindIII
and hybridized with the left forward DOP PCR product of pBACwich150. (B) All
samples were digested with HindIII and EcoRV and hybridized with the right
backward DOP PCR product of pBACwich150. 1999.5, recipient; 3, 12, 4, A
and B, transformants.
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study the composition and function of elements such as hetero-
chromatin, centromeres and telomeric regions. Recently Choi
developed an improved method of construction of BAC
libraries and began constructing a series of BAC libraries with
much larger insert size from human (202 kb) and a variety of
organisms, including Arabidopsis (190 kb) and maize (164 kb)
(25,26; http://www.tree.caltech.edu ). Currently Choi has
constructed the Caltech Arabidopsis pBACwich library and is
working on developing this technique in Arabidopsis.

A set (eight) of 35S–lox–cre transgenic Arabidopsis lines,
where 35S is the cauliflower mosaic virus (CaMV) 35S RNA
promoter and lox is placed in the leader sequence of the cre
gene, has already been produced (27). The map locations of six
35S–lox–cre insertions have been determined by RFLP
mapping and YAC library hybridization. Site-specific integration
into these lines will enable insertion of large DNA fragments at
predetermined locations in the Arabidopsis genome and avoid
‘position effects’ by the selection of specific insertion sites.
The pBACwich vector also has a CaMV 35S promoter and the
NPTII gene and can be used for random transformation of any
plants (successful with the 150 kb insert in cotton; unpublished
work).

The use of site-specific recombination in conjunction with
transposable elements (the maize Ac–Ds element) opens the
way to many additional applications, especially for gene
complementation and gene identification. If the maize dissociation
element (Ds) is present within pBACwich, it can be induced to
transpose in the presence of the maize Activator (Ac), which
provides a transposase. Since the maize transposons Ac and Ds
tend to transpose to genetically linked sites close to their
original position in several plant systems, including maize
(28), tobacco (29), tomato (30,31) and Arabidopsis (32), once
Ds is activated by a stable allele of Ac (31) there is a high
probability that it will transpose into the large DNA insert that
has been shown to contain a target gene. In some instances the
Ds element will transpose into the target gene, thereby creating
a mutation in the target gene. By combining site-specific
integration with transposon mutagenesis, not only can it be
proved that the target gene has been cloned by genetic comple-
mentation, but the target gene can also be identified by trans-
poson tagging. In addition, transposon mutagenesis will also
create new mutant alleles which may help pinpoint important
regulatory or coding regions not yet discovered within the
target locus.
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