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The use of transgenic technologies for the genetic
manipulation of plant species has had a profound
impact on basic plant research and biotechnology.
Overexpression of heterogonous genes, for example,
is widely used for the introduction of novel traits into
transgenic crop plants. Overexpression can also be
used in combination with down-regulation and con-
trolled expression (e.g. induced, developmentally reg-
ulated, or tissue specific) studies as a tool for basic plant
research and for functional analysis of native genes in
various model plants. Two crucial components are
required for the transient and/or stable expression of
foreign genes in plant cells. The first is a plasmid vector
capable of carrying the foreign gene-encoding se-
quence and the regulatory elements, i.e. promoter and
terminator sequences, needed for its expression in
plant cells (thus collectively referred to as an expression
cassette). The second is the biological or physical
methods by which the vector can be delivered into
the target plant cells. With the exception of virus-
mediated gene expression, where the distinction be-
tween the plasmid vector and the vehicle itself is rather
blurry, biolistics, polyethylene glycol, and Agrobacterium-
mediated gene transfer all require plasmid vectors,
some of which have been specifically designed for
optimal use by a particular method. Thus, for example,
small and multicopy plasmids are most useful vectors
for biolistics and polyethylene glycol-mediated genetic
transformation where large quantities of DNA are
typically used in each experiment. On the other hand,
single-copy plasmids carrying certain biological fea-
tures have been specifically designed for use with
Agrobacterium as the transformation vehicle.

In the past several decades, a remarkable variety of
plasmids suitable for the cloning, transfer, and expres-
sion of foreign genes in plant cells has been developed
(e.g. Simoens et al., 1986, Hajdukiewicz et al., 1994;
Hamilton, 1997; Xiang et al., 1999; Hellens et al., 2000b;
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Earley et al., 2006; Coutu et al.,, 2007). While these
plasmids have proven instrumental in plant biology
research and biotechnology, the basic designs of many
of these vectors are quite restrictive and rarely permit
the cloning and transfer of more than a single target
gene (excluding the selection gene, which may or may
not be present on the transformation vector) as a single
unit into plant cells. The growing interest in dissecting
and analyzing complex metabolic pathways and the
need to exploit the full potential of multigene traits for
plant biotechnology (for review, see Halpin et al., 2001;
Halpin and Boerjan, 2003; Capell and Christou, 2004;
Tyo et al.,, 2007) mandate the development of new
methods and tools for the delivery and stacking of mul-
tiple genes in plant cells. Here, we review some of the
methods that can be used for the delivery of multiple
genes into plant cells, while focusing mainly on sys-
tems that allow the assembly of multigene plant trans-
formation vectors.

AGROBACTERIUM BINARY PLASMIDS FOR
DELIVERY OF A SINGLE TRANSGENE

Being the dominant method for plant genetic trans-
formation, Agrobacterium vectors (Hellens et al., 2000a)
have been the target of constant improvements and
modifications over the past several decades. (For a
unique and interesting historical perspective on the
genesis of Agrobacterium vectors, the reader is referred
to the excellent chronicle written by Chilton in 2001.)
Agrobacterium vectors, commonly referred to as binary
vectors, must carry the target gene’s expression cas-
settes in a specialized area, designated the transferred
DNA (T-DNA) region. When delivered into Agrobac-
terium’s cells, binary plasmids replicate as the bacterial
cell divides, but it is the T-DNA region that is typically
transferred into the plant cells (for review, see Gelvin,
2003). Thus, the gene of interest and its regulatory se-
quences need to be placed within the borders (desig-
nated as left and right borders) of the T-DNA. Some of
the early features seen on binary plasmids (e.g. Bevan,
1984) were the introduction of a plant selection cas-
sette, a simple and narrow multiple-cloning site (MCS)
region suitable for limited cloning of target sequences
directly into the T-DNA region, and the addition of an
Escherichia coli origin of replication (ori), which made it
possible to propagate and manipulate these vectors in
a friendlier and simpler environment. A crucial improve-
ment made to the first generation of binary plasmids
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was the introduction of an empty plant expression
cassette (e.g. Velten and Schell, 1985), a feature that
allowed the plant biologist a simple and more direct
route for cloning his/her gene of interest under the
control of a plant-expressing constitutive promoter.
Nevertheless, these vectors did not offer much flexi-
bility in terms of target gene cloning, as they were
typically constructed with a very narrow MCS (e.g. the
number of unique restriction sites on the binary vectors
developed back in 1985 by Velten and Schell ranged
from one to a maximum of four). These pioneered
constructs were soon followed by many other vectors
offering new and improved features that included
different bacterial ori, extended MCSs and various
bacterial and plant selection markers, and even plant
reporter genes (e.g. An et al., 1985; Simoens et al., 1986;
Becker et al., 1992). The constant improvements in
binary vectors even included the most famous binary
vector, one which has been dominating the landscape
of binary plasmids for several decades: pBin19 (Komori
et al., 2007). This plasmid, the first to be commercial-
ized for use in plant genetic transformation, to our
knowledge, offers several features, including incorpo-
ration of the LacZ gene into the MCS to facilitate
identification of recombinant plasmids using a colori-
metric assay, a bacterial kanamycin-resistance gene, an
E. coli ori, a complete plant selection marker expres-
sion cassette, and an extended MCS. One modification
to this plasmid, for example, was the creation of
pBINPLUS, a pBin19 derivative capable of producing
a much higher copy number in E. coli and with a plant-
selectable marker located near the T-DNA’s left border
(van Engelen et al., 1995), a feature that was found
useful for integrating complete T-DNA sequences into
the plant genome. Another modification to pBin19 was
the incorporation of the GUS reporter gene and the
creation of the even more popular vector pBI121,
which has been used in many transformation studies
and has just recently been reconstructed and com-
pletely sequenced (Chen et al., 2003).

With the advancement of transgenic technologies
into nearly every niche of basic plant research and the
ever-growing number of reports on the genetic trans-
formation of various plant species came further ad-
vancement in vector technologies. New vectors were
designed and constructed to provide the users with a
more specialized set of tools suitable for performing
various tasks in plant cells (e.g. the transfer of ex-
tremely long DNA molecules [Hamilton, 1997], the
expression of fluorescent protein fusions [Goodin et al.,
2002], and the detection of protein-protein interactions
[Bracha-Drori et al., 2004]), while others were specif-
ically designed for versatility and simplicity, allow-
ing plant biologists not only a choice, but also the
ability to manipulate these vectors for their own needs.
The latter group of vectors are typically constructed as
families of plasmids and include, for example, the pCB
minibinary vector series that featured a collection of
extremely small pBinl9-derivative vectors (Xiang
et al., 1999), the pGreen series of plasmids featuring
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a versatile and flexible series of binary vectors (Hellens
et al, 2000b), and the pCAMBIA vectors featuring
plasmids for GUSintron and GFP reporting, promoter
cloning, and much more (http://www.cambia.org/
daisy/cambia/materials/vectors/). These and many
other families of vectors (e.g. McCormac et al., 1997;
Curtis and Grossniklaus, 2003; Bracha-Drori et al., 2004;
Earley et al., 2006; Coutu et al., 2007) provide the plant
research community with a vast number of versatile
tools for various plant expression analyses. (For a re-
cent update on binary vectors, the reader is referred to
an update by Komori et al., 2007).

DELIVERY OF MULTIPLE GENES BY
SINGLE-GENE VECTORS

Most of the plasmids and families of plasmids that
exist today are limited to the expression of a single gene
(excluding the selection marker, when present). Real-
izing that many agronomical traits are polygenic in
nature, the use of such plasmids for the coordinated
manipulation of multiple traits presents a unique chal-
lenge for the plant genetic engineer. Several approaches
can be considered when using single-gene vectors for
the delivery of multiple genes into plant cells (for
review, see Halpin et al., 2001; Daniell and Dhingra,
2002; Halpin and Boerjan, 2003). Some of the ap-
proaches used for the production of transgenic plants
carrying multiple new traits include (1) retransforma-
tion (e.g. Singla-Pareek et al., 2003; Seitz et al., 2007),
the stacking of several transgenes by successive deliv-
ery of single genes into transgenic plants; (2) cotrans-
formation (e.g. Li et al., 2003), the combined delivery of
several transgenes in a single transformation experi-
ment; and (3) sexual crosses (e.g. Ma et al., 1995; Zhao
et al., 2003; Lucker et al., 2004) between transgenic
plants carrying different transgenes.

The manipulation of wood composition in forest
trees is just one example of a challenge faced by mo-
lecular biologists while planning the engineering of
forest trees with altered lignin content (Halpin and
Boerjan, 2003). Rationalized by the complex, costly, and
polluting process of cellulose removal during the
pulping process, metabolic engineering of lignin struc-
ture and content is expected to yield transgenic trees
with improved lignin properties, and Li et al. (2003)
chose a cotransformation approach for the delivery of
two different transgenes for the combinatorial modifi-
cation of several lignin genes in aspen (Populus spp.)
plants. The transgenes were cloned on independent
binary vectors and were shuttled by two different
Agrobacterium strains. Transgenic aspen plants carrying
a variety of transgene combinations were recovered
and revealed the additive affect of the analyzed lignin-
biosynthesis pathway genes in forest trees (Li et al.,
2003). The authors also reported that transformation of
tobacco (Nicotiana tabacum) plants with a combination
of four independent Agrobacterium strains even re-
sulted in the recovery of transgenic plants carrying all
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four transgene constructs (Li et al., 2003). They thus
suggested that cotransformation can be a useful
method for the delivery of multiple transgenes into
plant cells using single or dual gene-transformation
vectors. Cotransformation was also used in the devel-
opment of golden rice (Oryza sativa), in which four
different genes (including a single selectable marker)
were delivered from two independent constructs (Ye
et al., 2000), and in the metabolic engineering for poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) production in
Arabidopsis (Arabidopsis thaliana), where six transgenes
(which included two different selectable markers)
were delivered by two independent T-DNA molecules
(Slater et al., 1999).

For all the benefits and simplicity of combining
cotransformation, retransformation, and crosses while
using single-gene vectors for the delivery of multiple
genes into plant species, these methods suffer from
several drawbacks. These include the undesirable in-
corporation of a complex T-DNA integration pattern,
often observed during integration of T-DNA molecules
from multiple sources (De Neve et al., 1997; De Buck
et al., 1999), and the time needed for retransformation
or crosses between transgenic plants. More importantly,
transgenes derived from different sources typically
integrate at different locations in the plant genome,
which may lead to various expression patterns and
possible segregation of the transgenes in the offspring.

Interestingly, a record number of transgenes was
actually introduced into plant cells by codelivery of
multiple single-gene plasmids using the particle bom-
bardment transformation method. A mixture of 12
different plasmids was used for the delivery of 12
different gene constructs into soybean (Glycine max)
embryogenic suspension culture (Hadi et al.,, 1996),
and the bombardment of rice embryogenic culture
with a mixture of 14 different plasmids resulted in the
production of transgenic lines with up to 11 different
transgenes (Chen et al., 1998). While expression of the
transgenes delivered by this method proved stable
across several generations, the independent segrega-
tion of the transgenes that integrated at different
genomic locations and the limited efficiency of particle
bombardment for the production of transgenic plants
are just two of the major drawbacks for the use of such
methods in plant biotechnology and research.

METHODS FOR SINGLE-VECTOR-BASED DELIVERY
OF MULTIPLE TRANSGENES INTO PLANT CELLS

Delivering multiple genes by a single vector has a
profound advantage over the use of multiple vectors,
because only a single DNA molecule needs to be
transferred into the cells. Thus, a smaller number of
plants typically need to be generated, as compared
with the transformation methods discussed above.
Furthermore, because a single DNA molecule will
finally integrate into the plant genome, all genes
cloned into that molecule will most likely be inherited
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together. When using Agrobacterium, there is an addi-
tional advantage for launching a single T-DNA mol-
ecule from a single Agrobacterium strain, because the
delivery of multiple T-DNA molecules by several
Agrobacterium strains is more prone to complex inte-
gration patterns (De Neve et al., 1997; De Buck et al.,
1999). Indeed, several methods and various vectors
have been designed to facilitate the transfer of multi-
ple genes using a single vector. One such design calls
for the assembly of a special expression cassette in
which the coding sequences (CDSs) of several proteins
are fused together to produce a single transcriptional
unit. Upon translation, the coded polyprotein can be
processed and cleaved by specific proteases, giving
rise to individual proteins. This method was used, for
example, to coordinate the expression of multiple
enzymes into various subcellular compartments in
transgenic plants (Dasgupta et al., 1998). This was
achieved by fusing together the CDSs of two reporter
genes and of the tobacco vein mottling virus (TVMYV)
Nla proteinase and expressing them as a single tran-
script in plant cells. The proteins’” CDSs were sepa-
rated by TVMV Nla recognition sequences that
allowed the digestion of the polyprotein by TVMV
Nla and the release of processed proteins, which were
properly targeted to different subcellular compart-
ments. In another approach, the CDSs of two protein-
ase inhibitors were linked together by a sequence
known to be sensitive to an as yet unidentified plant
proteinase, which cleaved the polyprotein and pro-
duced two distinct proteins conferring plant resistance
to nematodes (Urwin et al., 1998).

Several reports have demonstrated the expression of
multiple proteins via a polyprotein construct in vari-
ous plant species (e.g. Marcos and Beachy, 1994; von
Bodman et al., 1995; Halpin et al., 1999; El Amrani
et al., 2004; Ralley et al., 2004). The main advantages of
these approaches are that they allow the production of
multiple proteins at a controlled molar ratio and
require the transfer of only a single expression cassette
into the plant cells. However, the assembly of a fused
transcript (which may be tedious and somewhat com-
plicated), the translation of a long polyprotein (which
may fold improperly), and the reliance on the cleaving
activity of specific proteinases (that need to be present
and active at the time and/or location of polyprotein
production) may hinder the use of this technology for
the routine expression of multiple genes in plant cells.

ASSEMBLY OF MULTIPLE-GENE
EXPRESSION CASSETTES

Various strategies have been employed for the de-
livery of several transgenes into plant cells using
single- and double-cassette vectors, each with its own
advantages and disadvantages. One obvious solu-
tion for the delivery of multigenes into plant cells is
the assembly of large, multicassette, plant transforma-
tion vectors. Nevertheless, the rigid design of many
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binary-vector systems and the limitations of type II
restriction enzyme-mediated cloning hinder the user’s
ability to redesign and reconstruct these plasmids to
carry several genes as a single transformable unit.
Thus, while one cannot rule out the possibility of using
traditional cloning methods and existing sets of binary
vectors for the assembly of multiple-gene transforma-
tion vectors (as exemplified below), novel vectors and
construction methods would certainly facilitate this
task, making the assembly of complex vectors simpler
and more straightforward.

VECTOR ASSEMBLY BY TRADITIONAL
CLONING METHODS

In a recent report, Zhong et al. (2007) chose the
option of assembling a triple-cassette binary vector to
analyze the role of two NAC domain transcription
factors, SECONDARY WALL-ASSOCIATED NAC
DOMAIN PROTEIN1 (SND1) and NAC SECOND-
ARY WALL-THICKENING PROMOTING FACTOR1
(NST1), in the regulation of secondary wall synthesis.
The vector was composed of a single selectable marker
and two SND1 and NST1 RNA interference (RNAIi)
cassettes. The construct was then used for the produc-
tion of transgenic Arabidopsis plants in which the
simultaneous RNAI inhibition of SND1 and NST1 led
to loss of secondary wall formation in stem fibers
(Zhong et al., 2007). While the specific technical details
on the construction of this ternary plasmid were not
clear, it can be assumed that conventional type II
restriction enzymes and regular cloning techniques
were applied. Indeed, conventional enzymes and
common recombinant DNA techniques have also
proven instrumental in the assembly of large binary
plasmids, carrying four (Bohmert et al., 2000) and even
five (Bohmert et al., 2002) different expression cas-
settes. A quadruple vector was assembled using a
combination of EcoRI and HindlIlIl digestions, with or
without filling in of the restriction site overhangs by T4
DNA polymerase, and by successive cloning of three
phb (polyhydroxybutyrate biosynthesis) expression
cassettes into an acceptor vector carrying a plant-
selectable marker. Although all three phb genes were
cloned under the control of the same regulatory ele-
ments (i.e. cauliflower mosaic virus [CaMV] 35S pro-
moters and nopaline terminators) in each cassette,
expression of all genes was stable in transgenic Arabi-
dopsis plants, which exhibited an accumulation of
polyhydroxybutyrate to up to 4% of their fresh weight
(Bohmert et al., 2000). Using a slightly different strat-
egy and with the help of PCR amplification of specific
DNA fragments, the same group of researchers later
described the assembly of several more quadruple
binary plasmids and even the assembly of a quintuple
binary plasmid. The latter plasmid carried, in addition
to the plant selection marker (under the control of
the nopaline synthase promoter), three phb genes and
the phasing gene from Ralstonia eutropha, all driven
by the CaMV 35S constitutive promoter (Bohmert et al.,
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2002). The assembly of these multigene expression cas-
sette vectors was proven useful for the production of
multitransgene plants and for the development of a
strategy for overproducing polyhydroxybutyrate in
transgenic plants. Interestingly, the authors reported
that constitutive expression of the B-ketothiolase (phbA)
gene may cause certain problems during the transfor-
mation of Arabidopsis, potato (Solanum tuberosum), and
tobacco plants (Bohmert et al., 2002). They thus sug-
gested an inducible promoter or a somatically activated
expression system as a possible strategy to overcome
the transformation issues (Bohmert et al., 2002), thus
emphasizing the need for the development of easy-
to-use, flexible, and modular systems for the assembly
of multiple-gene expression cassettes with various reg-
ulatory elements, as described further on.

A CRE/LOXP RECOMBINATION SYSTEM FOR
VECTOR ASSEMBLY

One of the major drawbacks of using conventional
type II restriction enzymes for the cloning of large
DNA fragments is the high occurrence of their restric-
tion recognition sites within many DNA sequences.
Thus, the use of these restriction enzymes for the
assembly of multiple-gene expression cassettes can be
rather tedious, limited, and sometimes even impossi-
ble. One interesting approach to overcoming these
limitations was recently presented by Lin et al. (2003),
who used a combination of the Cre/loxP recombina-
tion system and two rare-cutter (PI-Scel and I-Scel)
endonucleases for the sequential assembly of multiple
genes onto a transformation-competent artificial chro-
mosome (TAC)-based vector. The system is based on
the function of Cre as a reversible site-specific recom-
binase capable of recombining two loxP sites and on
the idea that a pair of DNA sequences, located on two
separate plasmids, can be linked together indefinitely
by repeated recombination events. An acceptor, TAC-
based binary vector, designated pYLTAC747, was
constructed to contain loxP and I-Scel sites on the
T-DNA region. The same loxP site was also placed next
to the MCS of two small high-replicating donor vec-
tors, pYLVS and pYLSV. Assembly of a multiple-gene
binary vector begins with recombination between a
pYLVS donor vector and pYLTAC747 and results in
the incorporation of the entire donor plasmid onto the
T-DNA region (Fig. 1A, step i). The unwanted donor
plasmid backbone is removed by I-Scel digestion of the
recombined plasmid (Fig. 1A, step ii), the cutter hav-
ing been engineered to flank the MCS, together with
PI-Scel, in both pYLVS and pYLSV. Ligation of the
digested I-Scel with a suitable linker eliminates this
site from the recombined plasmid, leaving it with the
original loxP site and a new PI-Scel site, creating the
binary plasmid pYLTAC747-A (Fig. 1A). These sites
can now be used for new recombination and digestion
steps using a pYLSV-based donor plasmid (Fig. 1A,
step iii). Alternating between pYLVS and pYLSV and
using multiple rounds of recombination and backbone
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Figure 1. Methods for the assembly of multiple-gene binary plasmids. A, The Cre/loxP-mediated multigene assembly process. i,
Cre/loxPrecombination of the pYLVS-A plasmid into the pYLTAC747 acceptor binary plasmid. ii, Release of the pYLVS backbone
by I-Scel digestion and ligation with a LS linker. This ligation abolishes the I-Scel site from pYLTAC747-A. iii, Cre/loxP
recombination of the pYLSV-B plasmid into the pYLTAC747-A and release of the pYLSV backbone by PI-Scel digestion and
ligation with a LV linker (iv). B, The MultiRound Gateway assembly process. i, Gateway recombination between attL1 and attR1
and between attL1 and attR1 sites by LR clonase and conversion of the ccdB-based binary pDEST vector into a sacB-based
Destination vector. ii, Gateway recombination between attL3 and attR3 and between attL4 and attR4 sites by LR clonase and
reconversion of the destination binary vector into a ccdB-based plasmid. C, The homing endonucleases pRCS/pAUX vector
system. Assembly of a multigene binary plasmid is achieved by successive cloning of various gene expression cassettes using

rare-cutting homing endonucleases.

removal, the authors assembled a binary vector carry-
ing a set of 10 foreign or functional DNA sequences
and used it for the successful transformation of rice
plants.

GATEWAY-BASED METHODS FOR
VECTOR ASSEMBLY

Gateway-mediated DNA cloning is another
recombination-based system that can offer an alterna-
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tive to the use of Cre/loxP and rare cutters for the
assembly of multiple-gene vectors. Similar to Cre/
loxP-mediated recombination, the Gateway technol-
ogy is based on the action of recombinases that are
capable of recombining compatible DNA sequences.
Thus, for example, the LR clonase can recombine attL
with a#R sites in an irreversible fashion and is typi-
cally used for the delivery of DNA fragments from an
Entry clone into a Destination vector (Walhout et al.,
2000). The simplicity of the Gateway technology led to
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the development of various Gateway-compatible plant
transformation vectors. While these vectors were de-
signed to perform various tasks, such as protein local-
ization studies, constitutive and inducible expression
of foreign genes, and promoter analysis (e.g. Karimi
et al., 2002; Curtis and Grossniklaus, 2003; Walter et al.,
2004; Earley et al., 2006), they were not designed with
the intention of allowing the stacking of several cas-
settes in a single plant transformation vector. The
introduction of Multisite Gateway as a method for
recombining multiple DNA segments in a single re-
combination step (Cheo et al., 2004; Sasaki et al., 2004;
Karimi et al., 2005) led to the development of new
multigene stacking systems. Using a set of Destination
binary vectors that were specifically designed for the
Multisite Gateway LR clonase reaction and a set of
three Entry plasmids (each carrying a different att site),
a four-expression-cassette vector was recently assem-
bled (Wakasa et al., 2006). The vector carried, in ad-
dition to a plant selection marker, three independent
modified glutelin gene cassettes, and its introduction
into rice plants resulted in high-level accumulation of
the hypocholesterolemic peptide lactostatin (IIAEK) in
the seed endosperm (Wakasa et al., 2006). While useful
for the delivery of several transgenes into plant cells,
the use of Multisite Gateway for the stacking of mul-
tiple genes is still limited by the complexity of the LR
reactions and the small number of available att sites.
Another Gateway-based system describes the as-
sembly of multigene vectors through a series of re-
combination steps while alternating between two
different Gateway Entry vectors (Chen et al., 2006).
This MultiRound Gateway cloning strategy is based
on two unique Gateway Entry vectors that can be used
in conjunction with virtually any type of Gateway
Destination vector that carries the attR1-attR2 or attR3-
attR4 recombination sites (e.g. pMDC99, Curtis and
Grossniklaus, 2003; pHWG, Karimi et al.,, 2002; or
pHm43GW, Karimi et al., 2005). The two entry vectors,
pL12R34-sacB and pL34R12-ccdB, were designed for a
Gateway negative screening strategy using sacB and
ccdB. (The SacB protein synthesizes a substrate, in the
presence of Suc, that is toxic to gram-negative bacteria,
while the product of the cddB gene is poisonous to
most E. coli strains.) Each vector also featured a unique
pair of attL and attR recombination sites: The pL12R34-
sacB carried the attR3-attR4 recombination sites flanked
by a pair of attL1-attL2 sites, while the pL34R12-ccdB
carried attR1-attR2 recombination sites flanked by a
pair of attL3-attL 4 sites and several restriction sites for
the cloning of target genes (Fig. 1B). Assembly of a
multiple-gene vector begins with LR recombination
between one of the pL Entry vectors and a Destination
vector (exemplified by the introduction of pL12R34-
sacB-A into the empty binary Destination vector pDEST;
Fig. 1B, step i). This recombination step results in (1)
transfer of the first target DNA sequence into the Des-
tination vector; (2) replacement of the Destination vec-
tor’s negative selection gene with that of the Entry
vector (e.g. ccdB with sacB; Fig. 1B); and (3) the incor-
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poration of a new pair of atfR recombination sites (e.g.
the insertion of attR3-attR4; Fig. 1B). A second recom-
bination LR step can now take place between the
second Entry vector and the recombinant Destination
vector (exemplified by the introduction of pL34R12-
ccdB-B into pDEST-A; Fig. 1B, step ii). This step leads
to the transfer of the second target DNA sequence into
the Destination vector. It also leads to the replacement
of the negative selection gene (e.g. sacB with ccdB; Fig.
1B) and the incorporation of a new pair of attR recom-
bination sites (e.g. the attR1-attR2; Fig. 1B) into the
Destination vector. The resulting vector (pDEST-AB;
Fig. 1B) can now be used for a third recombination step
with the proper Entry vector (e.g. pL12R34-sacB-C). Using
multiple recombination cycles, Chen et al. (2006) re-
ported the assembly of a plant transformation vector
containing seven functional DNA fragments and its
use for the stable genetic transformation of Arabidop-
sis and tobacco plants. The authors also constructed
pL12R34-Ap and pL34R12-Cm, a compatible pair for
pL12R34-sacB and pL34R12-ccdB, which were designed
for a positive screening strategy with chloramphenicol
and ampicillin and an additional two pairs of plasmids
suitable for negative and positive selection, but which
also contained I-Scel sites. The latter sites can be used
for linearizing Entry vectors prior to their use in a
recombination experiment, a practice that is consid-
ered to assist in LR recombination efficiency.

UTILIZING RARE CUTTERS FOR
VECTOR ASSEMBLY

The use of rare cutters for removal of the plasmid
backbone following Cre/loxP-mediated recombina-
tion (Lin et al., 2003), or for plasmid linearization prior
to Gateway recombination (Chen et al., 2006), is pos-
sible due to the low occurrence of their recognition
sequences within natural and artificial DNA sequences.
Indeed, rare cutter recognitions sites have been incor-
porated into other plant vectors, typically within their
MCSs, where they assist with the cloning of large DNA
fragments (e.g. Lonsdale et al., 1995; Uberlacker and
Werr, 1996; de Maknik et al., 1997). In a unique ap-
proach, Goderis et al. (2002) addressed the issue of
multigene stacking by constructing a system in which
several expression cassettes can be mounted together
into specifically designed binary vectors using a set of
different rare-cutting enzymes. The system featured
two binary vectors (designated pPZP-RCS1 and pPZP-
RCS2) with a MCS consisting of 11 rare-cutting (six
octanucleotide and five homing endonuclease) recog-
nition sites (Fig. 1C) and the addition of 13 hexa-
nucleotide restriction sites. It also included a set of
auxiliary (pAUX) plasmids that allowed the cloning of
DNA sequences between pairs of homing endonucle-
ase recognition sites (Fig. 1C) and thus the stacking
of up to seven different target DNA sequences into
the MCS of the pPZP-RCS1 and pPZP-RCS2 binary
plasmids. The authors next assembled six different
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expression cassettes carrying various genes into dif-
ferent pAUX plasmids and successively mounted all
six expression cassettes onto pPZP-RCS2. Biochemical
and molecular analyses confirmed that all genes were
stably expressed in transgenic Arabidopsis plants
obtained by Agrobacterium-mediated transformation
of the recombinant pPZP-RCS2 plasmid (Goderis et al.,
2002).

One of the main advantages of the pAUX system
over recombinase-based vector systems is that it is
somewhat modular and allows the replacement of
expression cassettes without interfering with the other
elements already present in the vector. Nevertheless, it
still suffers from one crucial drawback: Its original
design limits its capacity to seven pAUX plasmids,
and while other expression cassettes and functional
DNA fragments can still be cloned into the remaining
octanucleotide and hexanucleotide restriction sites,
these sites do not feature the flexibility provided by
the homing endonucleases and their corresponding
pAUX plasmids. Furthermore, the pAUX plasmids
were originally designed with a rather limited MCS
and did not contain any regulatory elements for plant
expression. Thus, additional cloning and reconstruc-
tion of functional expression cassettes are required
from those who plan to use this system for the assem-
bly of multigene binary vectors.

THE pSAT FAMILY OF PLASMIDS

Appreciating the power of rare cutters for the as-
sembly of binary vectors, several reports described the
conversion of the pAUX series of plasmids into ver-
satile and modular collections of plasmids useful for
executing various tasks in plant cells (summarized in
Table I). The first set of pAUX-based vectors, desig-
nated pSAT (satellite)-AFP plasmids (Tzfira et al., 2005),
were constructed to support the N- and C-terminal
fusion of five different autofluorescent tags. Devel-
oped with the intention of providing a flexible design
(Fig. 2), the vectors carry expanded MCSs that allow
easy exchange of target genes between different auto-
fluorescent tags. Expression of the tagged proteins is
controlled by tandem CaMV 35S promoter and termi-
nator and each of these regulatory elements can be
replaced using a single, simple cloning step. Finally, all
expression cassettes can be mobilized between the
seven different pAUX/pSAT plasmids using simple,
one-step cloning by Agel and NotI (Fig. 2). The pSAT-
AFP series of plasmids was supplemented with a set
of plasmids (pSAT-MCS) suitable for overexpression
of untagged, free proteins under the control of the
tandem CaMV 35S promoter. The flexibility of the
PSAT-MCS design proved useful during the extension
of the pSAT family of plasmids to carry various pro-
moters and terminators (Chung et al.,, 2005). The
pSAT.pro.MCS.ter series of plasmids supported the
expression of untagged proteins under the control of
five additional constitutive promoters (Table I). Further-
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more, it also allowed easy modification and removal of
the ATG-containing Ncol site from several pSAT-AFP
and pSAT.pro.MCS.ter plasmids, allowing for greater
versatility while cloning ATG-containing target genes
into these vectors (Chung et al., 2005). Other modifi-
cations of the basic pSAT-AFP plasmids (Table I) in-
cluded the introduction of the pSAT-BiFC family of
plasmids, useful for the bimolecular fluorescence com-
plementation assay (Citovsky et al., 2006), the construc-
tion of pSAT-red fluorescent protein (RFP), for the N- and
C-terminal fusion of RFP (enhanced cyan variant of
GFP-enhanced cyan fluorescent protein [ECFP], or the
monomeric form of DsRed2; Chung et al., 2005; Citovsky
et al., 2006), and the assembly of pSAT-RNAI|, a set of
vectors useful for the expression of hairpin structures
for RNAi in plant cells (Dafny-Yelin et al., 2007).
Additional plasmids, specifically designed to facilitate
the expression of epitope-tagged proteins in plant cells,
have also been constructed (T. Tzfira, unpublished data),
as have two sets of plant selection-marker expression
cassettes, controlled under two different constitutive
promoters (Chung et al.,, 2005; Tzfira et al., 2005), al-
lowing the user the freedom of choosing the preferred
selection marker while assembling a multigene binary
vector. Finally, to accommodate the need for Gateway-
mediated gene cloning, the pSAT-DEST plasmids, which
were originally designed to support N- and C-terminal
fusion to enhanced GFP (EGFP) and promoter-
expression analysis (Tzfira et al., 2005), were recently
expanded by the introduction of the pSITE family of
vectors (Chakrabarty et al., 2007). In this last expansion,
the authors mounted the Gateway-ready expression
cassettes onto a pRCS-based plasmid, making the use
of these plasmids more straightforward. Future plans
for the extension of the pSAT family of plasmids in-
clude the assembly of subcellular markers tagged with
various autofluorescent tags, the construction of tissue-
specific expression cassettes, and the assembly of whole-
plant and tissue-specific inducible systems.

EXPANDING CLONING POSSIBILITIES WITH
ARTIFICIAL RESTRICTION ENZYMES

While the expansion of the pSAT family of plasmids
provides the user with a comprehensive and versatile
collection of plant expression vectors, the original
design of the pAUX and pRCS vectors was limited to
only seven auxiliary plasmids. Several approaches can
be taken to increase the capacity of the pAUX/pSAT
cloning system. One of our recent approaches was to
expand the pRCS-based binary plasmids” MCS cloning
capacity by adding a new site for the PI-Scel homing
endonuclease (V. Zeevi, R. Dafny, and T. Tzfira, unpub-
lished data). In addition, we observed that we cannot
obtain double digestion of the pRCS-based MCS using
a pair of homing endonucleases, a problem that can be
attributed to the lack of appropriate space between these
enzymes’ recognition sites on the T-DNA region to en-
able successive digestion by these enzymes. We thus
began modifying the T-DNA region by incorporating
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Table 1. pSAT family of plasmids

T, Tags; G, genes; P, promoters. EYFP, Enhanced yellow fluorescent protein; citrine-YFP, citrine yellow fluorescent protein; nEYFP, amino-terminal
half of EYFP; cEYFP, carboxy-terminal half of EYFP; GST, glutathione S-transferase.

Plasmid Series Uses and Features

Tags, Genes, or Promoters

References

T: EGFP, EYFP, citrine-YFP,

Goderis et al. (2002)
Tzfira et al. (2005)

ECFP, and DsRed2

P: Tandem CaMV 35S with a
translational enhancer

pAUX Empty auxiliary plasmids n/a

pSAT-AFP N- and C-terminal fusion to
autofluorescent tags

pSAT-MCS Overexpression of untagged

proteins

pSAT-pro.MCS.ter  Overexpression of untagged
proteins from various

constitutive promoters

P: Tandem CaMV 35S with a
translational enhancer

P: Actin, agropine synthase,
manopine synthase, nopaline
synthase, octopine synthase,

Tzfira et al. (2005)

Chung et al. (2005)

Rubisco small subunit,
tandem CaMV 35S with a
translational enhancer

pSAT-selection Overexpression of plant

selection markers

G: nptll, bar, hpt
P: Tandem CaMV 35S with a

Chung et al. (2005); Tfira et al. (2005)

translational enhancer; octopine

synthase

Subcellular localization of
interacting proteins by
bimolecular fluorescence
complementation

pSAT-BiFC

N- and C-terminal fusion to T: RFP

autofluorescent mRFP tag

pPSAT-RFP

T: nEYFP, cEYFP
P: Tandem CaMV 35S with a
translational enhancer

Citovsky et al. (2006)

Chung et al. (2005); Citovsky et al. (2006)

P: Tandem CaMV 35S with a

translational enhancer

pSAT-RNAI Expression of hairpin structures T: RNAI
for RNAI; expression is
controlled by various

constitutive promoters

Dafny-Yelin et al. (2007)

P: Manopine synthase, nopaline
synthase, Rubisco small
subunit, tandem CaMV 35S,

superpromoter

N- and C-terminal fusion to
various epitope tags

pSAT-epitope

T: TxFLAG, 3xFLAG, His,
HA, Xpress, MYC, GST

T. Tzfira, unpublished data

P: Tandem CaMV 35S with a
translational enhancer

pSAT-DEST Promoter analysis and N- and T: EGFP
C-terminal fusion to EGFP,

Gateway Destination vectors

pSITE Gateway-mediated N- and
C-terminal fusion to
autofluorescent tags and
expression of untagged proteins

Tzfira et al. (2005)

P: Tandem CaMV 35S with a
translational enhancer

T: EGFP, EYFP, ECFP, RFP
P: Tandem CaMV 35S with a
translational enhancer

Chakrabarty et al. (2007)

long spacers between the I-Popl, I-Scel, I-Ceul, PI-Pspl,
PI-Scel, and PI-TIil, and assembling pSAT vectors with
compatible sites (V. Zeevi, R. Dafny, and T. Tzfira, un-
published data), which would increase the capacity of
the modified pRCS binary plasmids to a total number
of 13 expression cassettes. The constant search for new
and modified homing endonucleases (e.g. Arnould
et al., 2006; Smith et al., 2006) could potentially lead to
the commercial release of new enzymes that can be
harnessed to further expand the pRCS MCS with new
and rare-cutting recognition sites.

A second, more revolutionary approach to increas-
ing the cloning capacity of the pRCS/pSAT multisite

Plant Physiol. Vol. 145, 2007

vector system is the use of artificial restriction en-
zymes, i.e. zinc finger nucleases (ZFNs). ZFNs are
hybrid synthetic restriction enzymes that can be spe-
cifically designed to bind and cleave long (typically
24-30 bp) stretches of DNA sequences (Mani et al.,
2005). ZFNs have been successfully used for various
purposes of genome engineering in various organisms
(Durai et al., 2005), but their potential for DNA re-
combination was never explored. We have recently
designed, assembled, and expressed several ZFNs and
demonstrated their potential for cloning of long DNA
molecules (V. Zeevi, A. Tovach, and T. Tzfira, unpub-
lished data). Furthermore, we are currently exploring
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assembly of multigene binary vector

A

-~ m
replacement of expression cassettes

between pSAT backbones
A

rare cutter rare cutter
promoter |'[| MCS mterminator
Agel Ncol Xbal Notl

promoter replace:ment lermiriator replacement

——
Specialized MCS for:
untagged gene cloning
AFP fusion
RNAi
epitope tag
gateway destination cassette

Figure 2. The general structure of a pSAT-based plant expression vector.
A typical vector is composed of promoter and terminator sequences,
flanked by Agel and Ncol and Xbal and Notl sites, respectively. This
arrangement allows for easy replacement of these regulatory elements
in nearly all of the pSAT-based vectors as well as the construction of
various specialized tags and functional constructs between the Ncol
and Xbal sites. Fully assembled expression cassettes can be mobilized
between different pSAT backbones by Agel-Notl and be cloned into
pRCS-based vectors using various rare cutters. [See online article for
color version of this figure.]

the possibilities of introducing novel sequences into
the T-DNA region of pRCS-based vectors, assembling
and expressing ZFNs to target these 24-bp-long DNA
sequences, and constructing the pSAT plasmids to be
used in conjunction with these enzymes. The ability to
design ZFNs to bind and specifically cleave virtually
any target DNA sequence makes these enzymes most
powerful for DNA cloning purposes and they may
hold great potential for the assembly of future multi-
gene plant genetic transformation vectors.

FUTURE PROSPECTS

The simultaneous manipulation of multiple genes in
transgenic plants presents a clear challenge for plant
biologists and biotechnologists. Although several ap-
proaches can be used for the delivery of multiple genes
into plant cells, the stacking of multiple expression
cassettes onto a single binary plasmid seems to be the
most straightforward method. The availability of the
aforementioned multigene vector assembly systems
will most likely facilitate the introduction of multiple
genes into plant species. Nevertheless, several ques-
tions still remain open and technical issues need to be
addressed before these systems, and others that may
follow, can be routinely used for plant research and
biotechnology. One of these questions, for example, is
whether it is wise to use the same promoter and
terminator sequences to control the expression of
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multiple genes in large vectors. While it has been
shown that stable expression of four different genes
can be achieved in transgenic plants, even when all
genes are driven by the same constitutive promoter
(Bohmert et al., 2002), further research is needed to
determine whether such long constructs with repeti-
tive elements remain stable in both bacteria and plant
cells. Naturally, new strong constitutive promoters
need to be identified to expand the user’s choice of
regulatory elements beyond the rather limited number
of constitutive promoters that exist today.

The construction of large binary vectors also raises
the issue of vector size limitations and the efficiency
of delivering long T-DNA molecules into plant cells.
These issues can be addressed, for example, by using
vectors based on binary bacterial artificial chromo-
somes (Hamilton, 1997) or TAC (Liu et al., 1999), as
these vectors possess the capacity to clone very large
DNA fragments. Indeed, the Cre/LoxP-based vector
system (Lin et al., 2003) utilizes TAC vectors as the
acceptor plasmids for the plant expression cassettes
and a Gateway-compatible TAC vector has also been
constructed to support the transfer of long DNA
fragments via the MultiRound Gateway cloning strat-
egy (Chen et al., 2006). Similar vectors will need to be
designed and constructed to support the use of rare-
cutter cloning strategies for the assembly of large
multigene plant transformation vectors.

Finally, the modularity of the rare-cutter-based cloning
PSAT system is limited only by the small number of
commercially available rare-cutting restriction enzymes.
ZFNs, which can be artificially assembled and used for
cloning long DNA molecules (V. Zeevi, A. Tovach, and
T. Tzfira, unpublished data), can facilitate the expan-
sion of the pSAT system beyond its current capacity
of seven expression cassettes. Thus, further research
should be directed toward the development of novel
ZFNs, as well as toward the establishment of protocols
for their assembly, purification, and use for DNA clon-
ing purposes.

Received July 24, 2007; accepted August 23, 2007; published December 6, 2007.
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