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Introduction and expression of multiple transgenes is frequently
required for basic and applied studies. However, at present, mul-
tigene transformation is very difficult due to technical limitations
of existing methods. Here, we describe a vector system for efficient
multigene assembly and transformation. The system consists of a
transformation-competent artificial chromosome (TAC)-based ac-
ceptor vector together with two donor vectors. By exploiting the
Cre�loxP recombination system and homing endonucleases, mul-
tiple rounds of gene assembly cycling were carried out with
alternate use of the donor vectors, and multiple genes were
sequentially delivered into the TAC vector. With this system, we
created constructs containing as many as 10 foreign DNA frag-
ments. Multiple genes, including six resistant genes stacked in a
construct, were transferred into rice genome by Agrobacterium-
mediated transformation. This system extends the repertoire of
molecular genetic studies and biotechnological endeavors by en-
abling simultaneous manipulation of multiple genes.

Over the past decade, the rapid progress in biotechnology has
made it possible to improve organisms with respect to

agronomic�industrial traits through genetic engineering. The
majority of experiments reported to date involve the manipula-
tion of single genes. However, many important traits, as well as
complex metabolic pathways, depend on interactions among a
number of genes, and so genetic engineering must now advance
from manipulation of single-gene traits to manipulation of
polygenic traits, multiple traits, and multiple gene products.
However, genetic transformation with multiple genes is encum-
bered by technical limitations of the present methods. Therefore,
new and effective technologies are urgently needed.

A number of approaches have been used to introduce multiple
genes into plant genomes and then to coordinate transgene
expression (1). These approaches include sexual crossing be-
tween plants carrying separate transgenes (2, 3), sequential
retransformation (4), and cotransformation with multiple plas-
mids (5–8) or with single plasmids on which several transgenes
are linked (9–14). Each approach has its specific problems. For
example, genetic crossing between transgenic plants and sequen-
tial retransformation are very time-consuming and�or require
the use of different selectable marker genes whereas the effi-
ciency of cotransformation with multiple plasmids decreases
progressively with increasing plasmid number. Cotransforma-
tion with separate multiple plasmids is a by-chance event; thus,
the inserted copy numbers and the relative arrangement among
transgenes cannot be controlled. In addition, multiple plasmids
cotransferred by biolistics are often integrated into a few chro-
mosome loci at high copy number, which is not favorable for
expression of transgenes (5, 8, 15, 16). Cotransformation with
linked transgenes in single vectors is a conventional and reliable
approach. However, this approach is technically demanding. The
lack of unique restriction cloning sites, loss of direct selection, as
well as the relatively low efficiency for ligation of inserts into
larger vectors, become the technical hindrances when three or
more foreign genes are subcloned into a transformation vector

by using existing cloning methods. The binary bacterial artificial
chromosome (BIBAC) and transformation-competent artificial
chromosome (TAC) vector systems are effective for transfer of
large DNA fragments into plant genomes by Agrobacterium-
mediated transformation (17–19); however, these vectors are not
suitable for combining multiple separate DNA fragments to-
gether (20).

In this paper, we present a multigene assembly vector system
that enables stacking of numerous genes from different sources
into a TAC-based vector for subsequent transfer into plant
genomes. By exploiting the Cre�loxP site-specific recombination
system (21) and homing endonucleases (22), multiple rounds of
gene assembly can be carried out indefinitely through alternate
use of two donor vectors to deliver foreign genes sequentially
into the TAC vector. We describe the technology and show the
delivery of as many as 10 genes and functional DNA fragments
into the vector and the transfer of the genes into rice genome by
Agrobacterium-mediated transformation.

Materials and Methods
Vector Construction. The TAC vector backbone sequence (15,680
bp) was isolated from pYLTAC17 (18) by PCR with two primers:
P1, 5�-ACCGGATCCTGTTTACACCACAATATATCCT-
GCCACGTTAAAGACTTCATGATGTCGGAC-3, which
contains a T-DNA (portion of the tumor-inducing plasmid that
is transferred to plant cells) left border (LB) sequence; and P2,
5�-AGGTCTAGACCCTTAATTCTCCGCTCATGATCAGA-
TTGTCGT-3�. The sequence was digested with BamHI and
XbaI to produce cohesive ends, and ligated with a fragment
(5�-gGATCCAAGCTTGTCGACGGCCGGCCGCGGCCGC-
ATAACTTCGTATAGCATACATTATACGAAGTTATGG-
GCCGCATTACCCTGTTATCCCTAGGCCGCAATTAGG-
CCTACCCACTAGt-3�), which contains a BamHI end,
HindIII�SalI�FseI�NotI sites, a loxP site, an I-SceI site, and an
SpeI end (see Fig. 1 for the sites). The resulting plasmid was
designated pYLTAC747 and used as an acceptor vector.

A donor vector pYLSV was constructed by linking three
fragments. The first fragment (1,660 bp), encompassing the
replication origin and the lacZ marker gene, was obtained from
pBluescript SK (Stratagene) by PCR with two primers: P3,
(5�-GTTCTCGCGGTATCATTG-3�); and P4, (5�-CCAT-
TCGCCATTCAGGCTG-3�). The chloramphenicol-resistant
gene was amplified from pCAMBIA1200 with two primers: P5,
(5�-CTTCAATATTACGCAGCA-3�; and P6, (5�-GAG-
CAATATTGTGCTTAG-3�). After treatments with T4 DNA
polymerase and T4 polynucleotide kinase, the two fragments
were ligated together to yield an intermediate plasmid. Multiple
rounds of oligonucleotide-extension with eight primers pro-
duced the third fragment, LSV. LSV contained two BssHII sites,
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one at each end, a loxP site, an I-SceI site, a multicloning site
(MCS) consisting of 22 unique restriction sites, and a PI-SceI site
in order. The intermediate plasmid was digested with BssHII to
excise the MCS fragment from pBluescript SK, and ligated with
BssHII-digested LSV to produce the donor vector pYLSV.
Another donor vector, pYLVS, was derived from pYLSV by
digestion with BglII and religation to make the BglII-fragment
containing the I-SceI�MCS�PI-SceI sites insert back into the
vector in opposite orientation.

Subcloning of Target Genes to Donor Vectors. The target genes were
subcloned into the donor vectors by conventional methods. An

SphI�SpeI fragment (1.2 kb) of the matrix attachment region
(MAR) sequence from pGEM-T-MAR was inserted into
pYLVS to create pYLVS-MAR. An XbaI�KpnI fragment (5.2
kb) containing RSs1promoter�GNA�Nos3� from pRSSGNA1
was inserted into pYLSV to obtain pYLSV-GNA. An HindIII
fragment (3.0 kb) of PinII5��PinII�Nos3� gene was isolated from
pTW-� and subcloned into pYLVS to create pYLVS-PinII. An
ApaI�NotI fragment (6.5 kb) containing Act15��RCH10�Nos3�
and Act15��RAC22�Nos3� from pABC2 was inserted into
pYLSV to create pYLSV-ABC2. A KpnI fragment (9.6 kb)
containing the Xa21 gene from pB822 was ligated into pYLVS
to obtain pYLVS-Xa21. A PmlI fragment (1.8 kb) containing
P35S�Bar�Nos3� from pTAC37 was inserted into pYLSV to
create pYLSV-Bar. A fragment (3.0 kb) composed of RB�P35S�
GUS�Nos3��LB was obtained from pCAMBIA1305.2 by PCR
with two specific primers containing T-DNA right border (RB)
and LBs, respectively. This fragment was ligated into pYLSV to
produce pYLSV-LB�GUS�RB.

Plasmid Cointegration and Vector-Backbone Removal. For plasmid
cointegration, a mixture of acceptor (�5.0–10.0 ng) and donor
(�1.0–2.0 ng) plasmids was electroporated together into Esch-
erichia coli strain NS3529 (23) that expresses the Cre recombi-
nase. Colonies were selected on LB-agar plates supplemented
with kanamycin (20 mg�liter) and chloramphenicol (15 mg�
liter). The resulting plasmid population composed of both
cointegrated and independent parental types was isolated, and
introduced into E. coli strain DH10B. On the selection plates
containing kanamycin (20 mg�liter) and chloramphenicol (15
mg�liter), colonies bearing cointegrates exhibited a more trans-
parent appearance than those bearing separate plasmids, and
were selected for further analysis.

Cointegrative plasmid (�300 ng) purified with a plasmid
purification kit (Qiagen-tip20; Qiagen, Valencia, CA) was di-
gested completely with 5–10 units of I-SceI or PI-SceI (VDE)
(New England Biolabs) in 30 �l for 1 h. An aliquot (3 �l, �30
ng) of the digested plasmid was directly added to a ligation
reaction (10 �l) containing 0.1–0.01 pmol (not more than these
amounts) of a phosphorylated linker LS (for I-SceI ends) or LV
(for PI-SceI ends) and about 30 units (0.25 Weiss unit) of T4
DNA ligase (Takara Shuzo, Kyoto). The recognition site of
I-SceI is 5�-TAGGGATAACAGGGTAAT-3�, and that of PI-
SceI is 5�-ATCTATGTCGGGTGCGGAGAAAGAGGTA-
ATGAAATGGCA-3. Thus, the two cutting ends of opposite
orientation were linked as follows: I-SceI end�LS(lowercase)�
I-SceI end, 5�-TAGGGATAAgcggccgcttatCCCTA-3�, 3�-
ATCCCtattcgccggcgAATAGGGAT-5�; PI-SceI end�LV(lower-
case)�PI-SceI end, 5�-ATCTATGTCGGGTGCgcggccgcgcac-
CCGACATAGAT-3�, 3�-TAGATACAGCCcacgcgccggcgCGT-
GGGCTGTATCTA-5�

The ligated product was dialyzed against 0.3� TE (10 mM
Tris�1 mM EDTA, pH 8.0) and electroporated into DH10B.
Transformants were selected on LB-agar plates containing kana-
mycin (25 mg�liter), and then tested for sensitivity to chloram-
phenicol (20 mg�liter).

Rice Transformation. The construct pYLTAC747H-GMBXR-
RPGM was introduced into Agrobacterium tumefaciens strain
EHA105 by electroporation. Before plant transformation, the
intact of the plasmid in Agrobacterium was confirmed as de-
scribed (18). The Agrobacterium cells were cocultured with
embryogenic calli induced from mature seeds of Japonica rice
varieties Zhonghua11 and Ishikari Shiroke as described (24).
Regenerating calli were selected in the presence of 50 mg�liter
hygromycin and subsequently transferred to rooting medium
containing hygromycin. After further culturing for 3 to 4 wk,
transformed plants were transferred to soil in a greenhouse.

Fig. 1. Physical maps of the acceptor vector pYLTAC747 and donor vectors
pYLVS and pYLSV. (A) Structural features of the pYLTAC747 and sequence
between the T-DNA LB and RB. Four unique restriction sites, a loxP site, and a
recognition site for I-SceI were placed between LB and RB. The plasmid
backbone contains a kanamycin-resistance gene (Kanr, modified NPTI), a P1
plasmid replicon for replication in E. coli, and an Ri replicon for replication in
Agrobacterium. (B) Structural features of the donor vectors and a part of
sequence of pYLVS showing the key sites. The orientation of the segment
between the two BglII sites is reversed in the two constructs. Cmr denotes the
chloramphenicol-resistance gene and Ori denotes the ColE1 replicon.
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Southern Blot Analysis. Genomic DNAs isolated from transgenic
plants were digested with HindIII, fractionated on a 0.7%
agarose gel, and blotted onto Hybond-N� nylon membranes
(Amersham Pharmacia). Transgene fragments were labeled with
[�-32P]dCTP and used as hybridization probes, and hybridization
signals were detected and analyzed by using an FX Molecular
Imager System (Bio-Rad).

RT-PCR. Total RNA was prepared from rice leaf tissue by using
TRIzol reagent (Invitrogen). Reverse transcription was per-
formed by using SuperScript II reverse transcriptase (Invitro-
gen) with a polyT primer. Gene-specific primers for RT-PCR
were: 5�-CATGGATGTTCACAAGGAAGTT-3� and 5�-
CTCTCCTTCACATACAAACTTG-3� for PinII; 5�-GCTA-
AGGCAAGTCTCCTCATTT-3� and 5�-TCACAAGCTT-
TATCTTTCCAGC-3� for GNA; 5�-GCACCATCGTCAAC-
CACTACA-3� and 5�-GTCCAGCTGCCAGAAACCCT-3� for
Bar; 5�-CTGCCTCTGCTGGAGCCAGT-3� and 5�-CGCCGT-
TGATGATGTTGGTGA-3� for RCH10; 5�-GCGATGTTC-
GAGTCGATGCTG-3� and 5�-CTGAGTAAGCTGTAT-
GGGTCCT-3� for RAC22; and 5�-GTCTTGCCTTGC-
ACTTCTGCACGA-3� and 5�-ATTGAATAATTCACTGGG-
TATTGG-3� for Xa21. The Xa21 primers are specific only for
the transgene but not for the endogenous Xa21-homologous
sequence of cultivated rice. PCR amplification was performed
with 35 cycles of 94°C for 30 s, 52–60°C (according to genes) for
60 s, and 72°C for 90 s.

Results
Vector Design and Construction. The Cre recombinase catalyzes
reversible site-specific recombination reactions between loxP
sites; hence, two plasmids each carrying a loxP site can undergo
cointegration via the Cre�loxP system. Theoretically, genes
carried on separate plasmids can be linked together indefinitely
by repeated plasmid cointegration events. However, for this
purpose, several technical issues must first be resolved: (i) the
backbone sequence of the donor vector, which contains a loxP
site, a replication origin, and a bacterial selective marker, must
be removed from the cointegrate before each subsequent round
of plasmid cointegration; and (ii) if endonucleases are used for
this removal, appropriately positioned digestion sites in the
vectors must be available that do not occur elsewhere within the
backbone of acceptor vector and its growing insert(s).

We designed and constructed a vector system that enables the
stacking of multiple genes within a transformation vector by
means of gene-assembly cycling. The vector system consists of an
acceptor vector, pYLTAC747, and two donor vectors, pYLVS
and pYLSV (Fig. 1). The acceptor vector was derived from the
binary TAC vector (18, 19) and contained a loxP site and a
digestion site for the homing endonuclease I-SceI between the
RBs and LBs. The vector is able to accept a large number of
genes by Cre-mediated recombination as described below, stably
maintain that extensive gene tract in both E. coli and A.
tumefaciens, and transfer the genes into plant genomes via
Agrobacterium-mediated transformation. The ColE1-based do-
nor vectors pYLVS and pYLSV contain a well-designed syn-
thetic fragment encompassing a loxP site, an MCS, and two
recognition sites for the homing endonucleases (meganucleases)
I-SceI and PI-SceI (VDE). The arrangement of the sites differs
critically between the two donor vectors: loxP�PI-SceI�MCS�I-
SceI for pYLVS, and loxP�I-SceI�MCS�PI-SceI for pYLSV.
Homing endonucleases are very-rare-cutting enzymes occurring
in nature as inteins or encoded by introns (22). For example, the
two enzymes I-SceI and PI-SceI used in this study recognize
asymmetric sites of 18 bp and 39 bp, respectively. Therefore,
neither the acceptor vector nor inserted genes are digested when
these enzymes are used to remove the backbone sequence of
either donor vector. Although six different homing endonucle-

ases are commercially available, one of the key points of the
system is that the gene-assembly cycling is carried out indefi-
nitely through alternating use of just two of the enzymes. In
addition, a large number of 22 unique restriction enzyme sites
was incorporated into the MCS of the donor vectors for sub-
cloning of target genes. We chose chloramphenicol-resistance
(Cmr) for our donor vectors to facilitate subcloning from more
widely used vectors that generally use ampicillin resistance for
selection.

Multigene Assembly Cycling. Our strategy for multigene assembly
was to alternate use of the two donor vectors to stack genes of
interest into the acceptor vector by multiple rounds of site-
specific recombination. We first inserted a plant-selectable
hygromycin-resistant marker gene (P35S�HPT�Nos3) by con-
ventional ligation into a NotI site in the acceptor vector
pYLTAC747 to yield plasmid pYLTAC747H. This plasmid was
then used as the starting acceptor vector for multiple rounds of
gene-assembly. Fig. 2 shows a schematic diagram for the first and
second cycles of this assembly process.

A MAR sequence (25) was subcloned into the first donor
vector pYLVS to yield pYLVS-MAR. Plasmid integration was
carried out in vivo by cotransfer of pYLVS-MAR and
pYLTAC747H into the E. coli host NS3529 (23) that expresses
Cre recombinase. Because the recombination reaction is revers-
ible, three types of plasmids, i.e., the cointegrate along with the
parents, were present in the host cells. The plasmids were
isolated and retransferred into DH10B, a host strain lacking the
Cre gene. Transformants bearing the cointegrate were obtained
by double-selection with kanamycin and chloramphenicol, and
plasmid was purified. To remove the pYLVS backbone, the
plasmid was subjected to digestion with I-SceI. Cotransformation
of DH10B with both the donor plasmid and cointegrate was
observed in some cases. However, this cotransformation im-
paired neither the homing endonuclease digestion nor the
subsequent ligation. Because the two asymmetric I-SceI sites on
the cointegrative plasmid are arranged in reverse orientation,
the protruding 3� ends are not complementary to each other (see
Materials and Methods), and plasmid circularization requires the
aid of a compatible double-stranded linker LS. The resulting
joining site on the plasmid is no longer recognized by the enzyme
during subsequent gene-assembly cycles. Even though plasmid
circularization required the linker, the ligation efficiency was
high and comparable to that of self-ligating of single fragments
with compatible ends. The ligated product was transferred again
into DH10B, and the desired constructs were obtained by
screening clones that were kanamycin-resistant and chloram-
phenicol-sensitive. The homing endonuclease site I-SceI present
in the starting vector pYLTAC747H was replaced by PI-SceI in
the new construct pYLTAC747H-M (Fig. 2), adapting it for use
with the second donor vector pYLSV in the following cycle of
gene assembly.

The second cycle of gene assembly was carried out to deliver
a snow drop lectin gene (GNA) (26) to pYLTAC747H-M. The
procedures of this cycle were the same as those described above,
except that the homing endonuclease PI-SceI was used for
digestion of the cointegrative plasmid, and a new linker LV
compatible to the ends of the PI-SceI-digested sequence was
used for the circularization ligation. On completion of this cycle,
the resulting construct pYLTAC747H-GM carried the GNA
gene along with an I-SceI site adjacent to the loxP site, just as in
the starting acceptor vector.

By alternating repetition of the process described above with
additional target genes, we obtained a number of constructs
carrying different numbers of foreign genes and functional DNA
sequences (Fig. 3). These genes and DNA fragments included
MAR, GNA, potato proteinase inhibitor II gene (PinII) (27), rice
acidic chitinase-22, and rice basic chitinase-10 genes (RAC22-
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RCH10) (28, 29), rice bacterial blight resistant gene (Xa21) (30),
phosphinotricine acetyltransferase gene (Bar), �-glucuronidase
gene (GUS), cecropin B gene (CecB) (31), and ��endotoxin
gene of Bacillus thuringiensis (Bt) (32). One construct,
pYLTAC747H-GMBXRRPGM, was obtained by eight cycles of
the gene assembly, and carried 10 foreign genes or functional
sequences with a total of 33.6 kb. In this construct, two T-DNA
regions were generated by insertion of the LBs and RBs together
with the GUS gene (Fig. 3A). Another construct pYLTAC747H-
BCXRRPGM contained nine genes or functional sequences.

Multigene Transformation of Rice. The multigene construct
pYLTAC747H-GMBXRRPGM contained two T-DNA regions,
one carrying the HPT marker gene and the other, multiple
resistant transgenes including the Bar gene conferring resistance

to the herbicide Basta. This arrangement was designed to obtain
HPT-free transformants by cotransformation of two T-DNAs
generated from a binary vector followed by locus segregation
(33). The GUS gene was positioned between the two T-DNA
regions and could be used as a probe or reporter for analysis of
T-DNA insertion patterns among transformants. This construct
was introduced into Agrobacterium strain EHA105 by electro-
poration, and used to test multigene transformation of rice.
Embryogenic calli from two Japonica rice varieties, Zhonghua11
and Ishikari Shiroke, were cocultivated with Agrobacterium cells
containing the TAC construct according to established trans-
formation procedures (24). Hygromycin was used for the selec-

Fig. 2. Schematic diagram of the multigene assembly process. Only two
assembly cycles are shown: the first to deliver the MAR and the second to add
the GNA gene into the acceptor vector pYLTAC747H. The linkers LS and LV
were prepared with phosphorylated oligonucleotides 5�-gcggccgcttat-3� and
5�-gcggccgcgcac-3�, respectively, whose self-pairing cores form a NotI site with
compatible ends extending outward for their intended ligation partners.

Fig. 3. Structure and restriction analysis of recombinant constructs. (A)
Structure of a construct pYLTAC747H-GMBXRRPGM containing two LB- and
RB-sandwiched T-DNA regions. The hygromycin-resistant gene (P35S�HPT�
Nos3�) occupied its own T-DNA region, whereas the second T-DNA region
carried the genes�functional sequences MAR, GNA (RSs15��GNA�Nos3�), PinII
(PinII5��PinII�PinII3�), RAC22 (Act5��RAC22�Nos3�), RCH10 (Act5��RCH10�
Nos3�), Xa21(rice genomic sequence), and Bar (P35S�Bar�Nos3�). The GUS
gene (P35S�GUS�Nos3�) flanked by LB and RB in pYLSV-LB�GUS�RB was
inserted between the second MAR and HPT gene to create two T-DNA regions,
and so the GUS gene was located between the two T-DNA regions. Arrows
denote the transcription directions of the genes. The numbers in parentheses
indicate the order of the sequences inserting into the vector. N denotes NotI
sites. (B) Structure of pYLTAC747H-BCXRRPGM, another construct that con-
tained two additional pathogen-resistant genes, i.e., the cecropin B gene
(Ubi5��CecB�Nos3�) and �-endotoxin gene of B. thuringiensis (Act5��Bt�
Nos3�), in addition to the five resistant genes shown in A. (C) Restriction
analysis of a series of TAC constructs containing different numbers of genes.
The pYLTAC747 plasmid (lane 1) and the derived constructs were digested
with NotI and separated on 0.7% agarose gels. Lanes 2–9 and lanes 11 and 12
are intermediate products created during the construction of pYLTAC747H-
GMBXRRPGM (lane 10) as depicted in A and pYLTAC747H-BCXRRPGM (lane
13) as depicted in B, respectively. Lane 11 is the same digest as shown in lane
7. Arrows indicate bands with two comigrating fragments.
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tion of transformed calli. More than 50 T0 transformants were
obtained, and �50% were resistant to both hygromycin and
Basta, indicating that both T-DNAs had integrated into the
genome. The remaining transformants were resistant only to
hygromycin. Southern blot analysis of the T0 plants and their T1
progenies was performed by using the transgenes as probes. The
results indicate that, in most transgenic plants, all transgenes
present in the same T-DNA region were transferred together
into the rice genome, and were inherited stably in the progeny
(Fig. 4). However, it was observed in two transformants that only
part of the T-DNA was integrated into the rice genome, and four
genes (RAC22, RCH10, Xa21, and Bar) adjacent to the LB side
were missed during the T-DNA transfer (Fig. 4, lanes 1 and 2).
The sizes of the hybridized bands of the transgenes were identical
with that of the plasmid (lane P), demonstrating the intact of the
transgenes in the rice genome.

Expression of the Transgenes. Preliminary study of the expression
of the transgenes in two T1 transgenic plants was carried out by
RT-PCR. The predicted cDNA fragments of all transgenes
except the RCH10 gene, that were linked in the same T-DNA
region, could be amplified (Fig. 5). Cosuppression of the trans-
genic and endogenous copies of the RCH10 gene was observed
(Fig. 5, lanes 15 and 16). The function of the transferred Bar gene
was also investigated by herbicide-resistant test. The T0 and T1
transformants hybridized positively by the Bar gene probe were
all Basta-resistant. These results indicate that most of the linked
transgenes were coexpressed. Detailed analyses will be necessary
to investigate the T-DNA insertion patterns and the resistance
of the transgenic plants to pathogens and insects.

Discussion
Although site-specific recombination systems are generally used
for gene subcloning, existing methods can perform only one or
two rounds of recombination (34). Here, we described an
efficient multigene assembly vector system that overcomes the
drawbacks of existing cloning methods and permits the perform-
ing of many rounds of gene recombination. In this study, we

stacked as many as 10 foreign DNA fragments into the vector.
But this demonstration does not exploit the system to its limits,
because the cloning capacity of the TAC-based vector can be
larger than 100 kb, whereas the number of gene-assembly cycling
is not a limiting factor within a reasonable range. The vector
system is flexible and versatile, and the placement and orienta-
tion of transgenes in the vector can be freely designed and readily
achieved in a reliable step-by-step process. Therefore, the system
provides a powerful tool for manipulating multiple genes for
either academic or applied purposes.

DNA engineering based on homologous recombination sys-
tems (recombinogenic engineering) also can be used to manip-
ulate DNA constructs, and recent advances have generated
much excitement (35). However, for the purpose of stacking
multiple genes from different sources into a vector, the method
we describe here using a site-specific recombination system
should be more robust, especially for manipulation of constructs
that carry sequence repeats, whether by design or happenstance
in genome-derived sequences. In designing a multigene con-
struct, one might wish to reuse the same elements such as
promoters, enhancers, or polyA addition signal sequences. For
example, the battery of resistant genes carried by
pYLTAC747H-GMBXRRPGM was flanked with directed re-
peats of the MAR sequence. The entire gene battery would have
been prone to deletion if a homologous recombination system
had been used for making the construct.

In this study, we carried out the Cre-mediated recombination
in vivo to produce the plasmid cointegrate. Alternatively, this
step can be carried out in vitro by using purified Cre recombinase.
Recently, there has been developed a Cre-mediated irreversible
recombination system (Y.-G.L., unpublished data). Further
modification of the vector system should be conducted with this
irreversible recombination system. With this modification, the
steps of plasmid cointegration and removal of donor vector
backbone in each gene-assembly cycle can be completed in a
single recombination reaction. The donor vectors also can be

Fig. 4. Southern blot analysis of the T0 and T1 rice plants obtained by
transformation with the construct pYLTAC747H-GMBXRRPGM. HindIII-
digested genomic DNAs and the construct (lane P) were separated on 0.7%
agarose gels, blotted onto nylon membranes, and hybridized with the trans-
genes as probes. Lanes 1–9 are T0 plants of variety Zhonghua11; lanes 10–16
represent a T0 plant (lane 10) of variety Ishikari Shiroke together with six plants
of its T1 progeny (lanes 11–16).

Fig. 5. Analysis of the expression of the transgenes by RT-PCR. Lanes 1, 5, 9,
13, 17, and 21 are PCR products of the genes amplified from a plasmid
pYLTAC747H-MBXRRPGM with gene-specific primers; lanes 2, 6, 10, 14, 18,
and 22 are controls with untransformed plants; the other lanes are cDNA
fragments amplified from two T1 plants. Lanes 14 and 18 show the expression
of the endogenous RCH10 and RAC22 genes, respectively, and lanes 15 and 16
show the cosuppression of the transgenic and endogenous copies of the
RCH10 gene. The fragments of the PinII (lane 5) and RAC22 (lane 17) amplified
from the plasmid contain an intron, respectively, and show sizes larger than
those of the cDNA fragments.
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modified as BAC-based vectors by replacing the ColE1 Ori with
replicon of the miniF factor, so that larger DNA fragments can
be cloned and delivered into the acceptor vector.

One of our goals is to create transgenic plants that both are
resistant to multiple pathogens, insects, and herbicides and are
antibiotic marker free. In this study, six resistant genes were
linked to a T-DNA region independent of a second T-DNA
region carrying the marker gene HPT. Hygromycin-resistant
transformants are likely to carry the desired resistant genes as
well, but at one or more separate loci that will segregate
independently in their progeny. MAR sequences were set on
both sides of these resistant genes to improve transgene expres-
sion (36). The TAC vectors have been established as an effective
means for transfer of large DNA fragments into plants such as
Arabidopsis thaliana and rice (18, 19, 37, 38). Therefore, similar
performance for large DNA transfer can be expected for the
TAC-based acceptor vector developed in this study. Indeed, our
results showed that multiple transgenes contained within the
same T-DNA region of the TAC vector were all integrated into
the rice genome, except that in a few transformants deletion of
some transgenes was observed. Our preliminary results show
that all but one of the multiple transgenes were expressed as
assayed by RT-PCR and by herbicide-resistant test of the Bar
gene. In addition, two constructs with multiple genes including
the Bar gene were also used to transform Arabidopsis, and a
number of Basta-resistant transformants were obtained (unpub-

lished data), showing the usefulness of the system in this
important model plant.

Both basic and applied biology now require more complex
manipulations for larger or more intricate DNA constructs. The
utility of the technology described here is not restricted to plant
applications. Using this technology, any appropriate DNA com-
ponents can be readily assembled in various vectors modified
according to this study for different purposes, such as transfer of
multiple genes of interest to yeast, insect, or mammalian cells.
For example, the functions and interactions of multiple genes
related to complex metabolic pathways can be studied by trans-
formation with related genes in various combinations, or by
RNA interference through transfer of multiple transcription
units that would undergo intracellular processing to short inter-
fering RNAs for targeting of various combinations of endoge-
nous genes. Furthermore, studies on mammalian and plant
artificial chromosomes require effective and reliable methods to
manipulate such large and complex constructs; our technology
including its improved versions should lend itself to these needs.
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