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Recent developments in plant molecular genetics have received much attention be- 
cause of the potential applications ~f twnsgenic plants in agriculture and biotech- 
nology. Genetic techniques that havg emerged from the study of the natural transfer 
of genes from soil Agrobacterium to plants are now widely employed in both basic 
and applied research. How gene vectors used in Agrobcrcterium mediated transfor- 
mation can be exploited to gain further insight into the molecular biology of plants is 
the focus of this review. I 

INTRODUCTION 

Plant transformation is now a routine procedure 
and can be used to define DNA sequence motifs 
important for determining tissue specific and de- 
velopmentally regulated expression of plant pro- 
moters, achieve the expression of foreign genes, 
elucidate the mechanisms of replication of viral 
genomes, and investigate transposition in heter- 
ologous systems. In addition, transformation 
vectors can be developed to carry out mutage- 
nesis of the plant genome (for revieys, see Ben- 
fey and Chua, 1989; Doring and Starlinger, 1986; 
Klee et a]., 1987a; Schell, 1987; Schell and Vasil, 
1989; Weising et al., 1988, and Walden, 1988). 

Many techniques have been used to introduce 
foreign DNA into plant cells. DNA mediated 
gene transfer (DMGT) has been achieved by fu- 
sion of plant protoplasts with bacterial sphero- 
plasts (Hain et al., 1984; Okada et al., 1985) or 
liposomes containing foreign DNA (Deshayes et 
al., 1985), microinjection (Crossway et al., 1986; 

of protoplasts with DNA in the presence of poly- 
valent cations (Hqin et al., 1985; Paszkowski et 
al., 19841, electroporation (Fromm et al., 1986; 
Prols et al., 1989), or microbombardment of plant 
tissue with particle-linked DNA (Klein et al., 
1987). Although DMGT techniques are widely 
used to assay transient expression of chimeric 
gene constructs, due to frequent rearrangement 
and multimerisation of the transforming DNA 
during insertion into the genome they are less fa- 
vored for the engineering of stably transformed 
transgenic plants. Techniques that exploit the 
natural DNA transfer carried out by the soil bac- 
terium Agrobacterium tumefaciens provide a so- 
lution to these problems, because in this case 
usually unrearranged sequences of DNA can be 
transferred to the plant genome. 

BIOLOGY OF THE AGROBACTERIUM- 
PLANT INTERACTION 

Neuhaus et al., 1987; Reich et al., 19861, ma- ~~~i~~ the interaction of wounded plants with 
croinjection (De la Pena et al., 19871, tr-eatment ~~~~b~~~~~~~~ a region of the bacterial ~ i ,  or ~i 

plasmid, termed the T-DNA is transferred to the 
plant cell and stably integrated into the genome. 

Methods in Molecular and Cellular Biology. 1990, pp. 175-194 This process is initiated by the wound induced 
0 1990 John Wiley &Sons. Inc. ccc 0898-7750/90/051060175-020- 
$04.00 release of plant cell wall compounds which pro- .~ ~~ 
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events, including chemotaxis and the binding of 
the bacteria to the plant cell. The production of 
plant growth hormones by the bacterium triggers 
the plant wound response, while phenolic plant 
metabolites, such as acetosyringone, activate the 
molecular mechanism of DNA transfer (for de- 
tailed reviews, see Draper et al., 1989; Schell, 
1987; Walden, 1988, and Zambryski, 1988, 1989). 

Induction of the virulence (vir) genes of the Ti 
plasmid (Fig. 1) results in the production of vir 
encoded gene products which recognize the 25 
bp boundary sequences of the T-DNA and pro- 
duce a single stranded DNA copy of the T-DNA, 
the T-strand (Albright et al., 1987; Close et al., 
1987a, 1987b; Leroux et al., 1987; Stachel et al., 
1987, and Stachel and Zambryski, 1986). In com- 
mon with conjugative intermediates of other bac- 
terial plasmids, the T-strand is protected against 
nuclease attack by a single stranded DNA bind- 
ing protein (the vir E2 product, Christie et al., 
1988; Gietl et al., 1987) and carries at its 5' end a 
covalently bound mixed function topoisomerase 
(the vir D2 product, Yanofsky et al., 1986). It is 
believed, but not proven, that the T-strand is 
transferred to the plant cell by a conjugational 
process. Recent reports demonstrating Agrobac- 
terium mediated transfer of non-Ti related plas- 
mids into plants as well as the conjugative trans- 
fer of E. coli plasmids into yeast suggest that the 
capability of interspecies gene transfer has not 
evolved uniquely in Agrobacterium (Buchanan- 
Wollaston et al., 1987; Heinemann and Sprague, 
1989). The process of integration of the T-DNA 
into the plant genome is not clear, but single or 
low copy inserts can be obtained with the ends 
delimited by the 25 bp repeats. In one type of 
Agrobacterium strain, C58, tandem copies of the 
T-DNA can be preferentially inserted into the ge- 
nome (Jorgenson et al., 1987) and this might re- 
sult from the Agrobacterium transferring more 
than one copy of the T-DNA into the plant cell 
or its replication prior to integration (Depicker et 
al., 1985). Using T-DNA vectors as gene tags it 
was found recently that integration takes place 
preferentially into sequences that potentially can 
be transcribed (Koncz et al., 1989). The process 
of integration is likely to involve both host en- 
coded proteins as well as those bound to the T- 
strand. Hence this is likely to make the T-strand 
the ideal model of transforming DNA and this in 
itself is an intriguing question. 

T-DNA of the Ti and Ri plasmids encode a va- 
riety of genes the expression of which cause ma- 
jor alterations in the differentiation and develop- 

ment of transformed plant tissue (Fig. 1). The 
conserved core regions of the T-DNAs of tumor 
inducing Ti plasmids encode genes for the syn- 
thesis of the plant hormones, auxin (gene 1 or 
iaaM and gene 2 or iaaH) and cytokinin (gene 4 
or ipt), which incite continuous division of trans- 
formed cells (for review, see Schell, 1986). Genes 
5 and 6b probably deregulate auxin and cytokinin 
levels (Korber and Koncz, unpublished; Spanier 
et al., 1989; Tinland et al., 1989). Other genes 
confer the production and secretion of opines 
which are specifically recognized and metabo- 
lized by the plant colonizing Agrobacterium 
(Kahl and Schell, 1982; Messens et al., 1985). 
The rolA, B, and C genes of the Ri plasmid T- 
DNAs induce root differentiation (hairy root for- 
mation) and dramatically modify both the cellu- 
lar response to auxins and the development of 
transgenic plants (Shen et al., 1988; Spena et al., 
1987; Schmiilling et al., 1988). Promoters of all 
T-DNA genes are recognized by plant transcrip- 
tional factors which modulate their activity in a 
tissue specific fashion (Koncz and Schell, 1986; 
Ellis et al., 1987; An et al., 1988; Langridge et 
al., 1989). Analysis of the function and regulation 
of the expression of the T-DNA encoded genes 
therefore can give insight to the regulation of 
transcription and hormone signal transduction in 
plants. Moreover the promoters of the genes con- 
tained on the T-DNA can be used to direct the 
expression of foreign genes in transgenic tissue. 

VECTORS FOR USE IN AGROBACTERIUM 

A variety of plant transformation vectors which 
exploit the process of tumor formation, yet have 
the sequences responsible for the establishment 
of the tumor phenotype deleted, have been de- 
veloped. Each of them capitalize on the experi- 
mental observations that the DNA transferred to 
the plant cell is defined by the 25 bp T-DNA bor- 
der repeats, that transfer and integration into the 
plant genome does not require the presence of 
any of the genes encoded by the T-DNA and that 
the vir region of the Ti plasmid works in trans. 

There are two types of vector used with 
Agrobacterium, cointegrative or binary vectors. 
While the many transformation protocols utilise 
A. tumefaciens, analogous cointegrative vectors 
have been developed for use in A. rhizogenes 
(Stougaard et al., 1987), whereas binary vectors 
can be used in both types of bacteria (Simpson et 
al., 1986). 
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Figure 1. Functional organization of the Ti piasmid. (A) Map of a nopaline type pTiC58 plasmid. Major func- 
tional regions: ori, origin of replication; Tra, region important in the conjugative transfer of the plasmid; Noc, 
nopaline catabolism; Acc, agrocinophine catabolism. (B] Physical and structural function of the virulence region 
of an octopine Ti plasmid. Arrows indicate the orientation of transcription of the genetically determined vir loci. 
(C] Physical and structural function of the T-DNA. The regions of homology between the T-DNA of a nopaline and 
an octopine T-DNA are shown. Arrows indicate the orientation of transcription of the different genes. The genes 
involved in opine biosynthesis are: nos, nopaline synthase; acs, agrocinopine synthase; ocs, octopine synthase. 
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Figure 2. Introduction of plant transformation vectors into Agrobacterium. (A) Insertion of a defined sequence 
of DNA into a cointegrative vector. DNA to be transferred to the plant cell is cloned into an intermediate vector 
stable in E, coli. The intermediate vector is transferred into E. coli containing helper plasmids which allow conju- 
gational transfer into Agrobacterium which contains the cointegrative Ti plasmid vector. Following transfer to 
Agrobacterium the E, coli plasmids are lost because they are unable to replicate and the foreign DpM is rescued 
by recombination with the cointegrative vector. Transconjugants can then be used in plant transformation. Open 
boxes refer to the border sequences of the T-DNA and the thick line to the DNA to be transferred to the plant cell. 
(B) Use of binary vectors in plant transformation. DNA to be transferred to the plant cell is inserted into a binary 
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Cointegrative vectors are derivatives of the Ti 
plasmid from which the majority of the T-DNA 
between the border repeats has been replaced by 
a defined sequence of DNA (Zambryski et al., 
1983; Fraley et al., 1985). Foreign DNA which is 
to be transferred to the plant genome is cloned 
into an intermediate vector, which contains se- 
lectable markers and a sequence homologous to 
that present between the border repeats of the 
cointegrative vector. The intermediate vector 
containing the foreign DNA is introduced into 
the bacterium harboring the cointegrative vector 
@y conjugation (Ditta et al., 1980; van Haute et 
al., 1983). Due to a lack of the appropriate origins 
of replication the intermediate vector is unable 
to be stably maintained within Agrobacterium. 
Therefore, selection for a marker carried by the 
intermediate vector will select for those bacteria 
in which homologous recombination with coin- 
tegrative vector has resulted in the foreign DNA 
being integrated between the border repeats of 
the T-DNA (see Fig. 2). 

Binary vectors are plasmids containing origins 
of replication that are active in E. coli and A. tu- 
mefaciens as well as selectable markers which 
are functional in both types of bacteria. In addi- 
tion they contain the 25 bp border repeats which 
define the DNA transferred to the plant genome 
and between which are located appropriate clon- 
ing sites for the insertion of foreign DNA, as well 
as markers that allow selection of transgenic tis- 
sue (An et al., 1985; Bevan 1984; Hoekema et al., 
1983; Koncz and Schell, 1986) (Fig. 2). Binary 
vectors can be introduced by either conjugation, 
transformation (Ebert et al., 1987) or electropor- 
ation (Mattanovich et al., 1989) into the host A. 
tumefaciens which harbors a plasmid containing 
a functional vir region. 

While cointegrative vectors have the advan- 
tage that they are generally very stable in Agro- 
bacterium, binary vectors have proven to be ver- 
satile and simple to use. 

THE USE OF AGROBACTERIUM TO 
PRODUCE TRANSGENIC PLANTS 

The production of transgenic plants using Agro- 
bacterium relies on the ability of the bacteria to 
transfer the DNA to an individual plant cell 
which in turn can regenerate into a whole plant. 
Protoplast co-cultivation (Depicker et al., 1985; 
Hain et al., 1985; Marton et al., 1979) involves 
isolating protoplasts, allowing them to initiate 
cell wall formation and then inoculating with 
Agrobacterium carrying an appropriate transfor- 
mation vector. After the co-cultivation the ma- 
jority of the bacteria are removed by washing and 
the protoplasts are cultured further so that they 
begin to divide and form callus. Antibiotics are 
used to prevent the growth of remaining bacteria 
and allow selection of transgenic tissue. Subse- 
quent shoot and root growth is initiated by sub- 
culturing the callus on appropriate media. Pro- 
toplast co-cultivation allows the generation of a 
large number of independent transformants and 
biochemical selection for a particular phenotype. 
However, co-cultivation is currently limited to 
solanaceous species where high frequencies of 
cell division and subsequent growth can be 
achieved. Moreover, as a result of the culture 
process a proportion of the resultant plant popu- 
lation may exhibit somaclonal variation. 

Explant inoculation is the most convenient 
method to produce transgenic plants and its gen- 
eral application has proven useful in an ever in- 
creasing number of plant species (for reviews, 
see Gasser and Fraley, 1989; Walden, 1988; and 
Weising et al., 1988). Explants are incubated with 
Agrobacterium and then placed on media which 
allows the induction of the growth of callus and 
the subsequent induction of growth of shoots. 
The shoots can then be subcultured to form 
roots. Selection for transformants can be applied 
at the stage of callus formation and at the point 
of transfer of the shoots to rooting media. This 

vector by conventional cloning methods and introduced into Agrobacterium containing a Ti plasmid which con- 
tains qn active vir region but from which the T-DNA has been removed. The resulting Agrobacterjum Is used in 
plant transformation. (C) Features of a binary vector. The structure of pPCV002 (Koncz and Schell, 1986) is shown. 
LB and RB, the left and right T-DNA border sequences respectively; orii and ori, origins of replication functional in 
Agrobacterium; ori, bom, ColE1, origin of replication and mobilisation sequences functional in E, coli; Amp, the 
ampicillin resistance gene; pnos, nopaline synthase promoter; NPllI, neomycin phosphotransferase gene; pAocs, 
octopine synthase poly A addition site, Important restriction sites are indicated. 
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approach has proved successful with leaf (Rogers 
et al., 1986), stem (An et al., 1986), roots (Val- 
vekens et a]., 1988), tubers (Ishida et al., 1989), 
and epidermal strips derived from flowering 
branches (Trinh et al., 1987). Moreover, explant 
inoculation can be used with A. rhizogenes (for 
review, see Tepfer et al., 1989). In this case hairy 
roots are induced at the site of inoculation and 
shoot formation from the roots can be obtained 
by manipulation of the culture conditions. While 
explant inoculation can be used to generate 
transgenic tissue containing a specific insert, it is 
not a feasible approach when the aim of the ex- 
periment is to regenerate large numbers of indi- 
vidual transformants, for example, in insertional 
mutagenesis or in attempting to isolate unchar- 
acterized plant genes from a shotgun library by 
complementation. 

An alternative way of generating large num- 
bers of individual transformants and avoiding the 
potential difficulty of somaclonal variation is 
seed inoculation of arabidopsis (Feldmann and 
Marks, 1987). Here arabidopsis seeds are im- 
bibed for 12 h and then incubated with Agrobac- 
terium containing an appropriate transformation 
vector. Resulting plants are selfed and the seeds 
obtained are germinated in the presence of selec- 
tion to obtain transgenic plants. The mechanism 
by which tranformation takes place is not known 
although following selfing the selective marker 
can be inherited in a mendelian manner. This 

TABLE 1. Genetic Markers for Use in Plant Cells. 

procedure has been used successfully to generate 
T-DNA insertional mutants (Feldmann et al., 
1989, see later). 

GENETIC MARKERS FOR USE IN 
PLANT CEUS 

Genetic markers set the criteria by which a plant 
cell is judged to be transformed by providing 
novel nucleic acid sequences that can be de- 
tected by Southern analysis and whose enzyme 
products can be assayed. In general, the genetic 
markers that have been developed for use in 
plant cells are derived from either bacterial or 
plant sources although their expression is di- 
rected by plant-specific promoters (see Table 1). 
Dominant selectable markers allow for the direct 
selection of transgenic tissue, whereas screen- 
able markers can be used for assays in the de- 
tailed analysis of gene expression. 

The choice of marker for a particular experi- 
ment depends very much on its characteristics 
and the response of the plant cell. For example, 
one of the earliest developed selectable markers, 
kanamycin resistance, encoded by the bacterial 
NPTII gene, is used extensively (Herrera-Estrella 
et al., 1983). In tobacco, kanamycin selection 
can be used with isolated protoplasts, callus, tis- 
sue explants, and whole plants (De Block et al., 
1984). Nevertheless, kanamycin might not be ef- 

Enzyme Activity 
Dominant 
Selection Assay Reference 

Neomycin phosphotransferase 
Hygromycin phosphotransferase 
Dihydrofolate reductase 
Chloramphenicol acetyl transferase 
Gentamycin acetyl transferase 
Nopaline synthase 
Octopine synthase 
p-galactosidase 
p-glucuronidase 
Streptomycin phosphotransferase 
Bleomycin resistance 
Firefly luciferase 
Bacterial luciferase 
Threonine dehydratase 
Metallothionein I1 
EPSP synthase 
Phosphinothricin acetyl transferase 
Acetolactate synthase 
Bromoxynil nitrilase 

Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
No 
No 

Reiss et al., 1984 
Waldron et al., 1985 
Herrera-Estrella et al., 1983 
Herrera-Estrella et al., 1983 
Hayford et al., 1988 
Otten and Schilperoort, 1978 
Otten and Schilperoort, 1978 
Helmer et al., 1984 
Jefferson et al., 1984 
Jones et al., 1987 
Hille et al, 1986 
Ow et al., 1986 
Koncz et al., 1987 
Colau et al., 1987 
Lefebvre et al., 1987 
Shah et al., 1986 
Deblock et al., 1987 
Haugh et al., 1988 
Stalker et al., 1988 
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fective in all species, hence before attempting to 
use a dominant selectable marker it is advisable 
to test its effectiveness in a given tissue. 

Significant advances have been made in de- 
veloping markers which allow screening for en- 
zymatic activity in individual cells. P-glucuroni- 
dase (Jefferson et al., 1987), firefly luciferase 
(Ow et al., 1986), bacterial luciferase (Koncz et 
al., 1987; Olsson et al., 1989), and P-galactosid- 
ase (Terri et al., 1989) have been used exten- 
sively to study both cell specific and develop- 
mentally regulated expression of promoters. 
Luciferase has the advantage of a nondestructive 
assay, so enzymatic activity can be visualized in 
living tissue (Langridge et al., 1989). 

PROMOTERS AND EXPRESSION 
CASSEllES FOR USE IN PLANT C E S  

Routinely, T-DNA mediated transformation is 
used to express foreign genes in plants. The 
genes that have been transferred to plants in- 
clude genes from other plants and eucaryotes, 
procaryotic genes, viral genes, and genomes as 
well as plant transposable elements (for an ex- 
haustive review, see Weising et al., 1988). In ad- 
dition, T-DNA vectors have been used to assess 
the potential of antisense RNA in modifying 
plant phenotypes (Rothstein et al., 1987). 

With the exception of those of the T-DNA, 
promoters from nonplant sources work poorly, if 
at all, in plants (Koncz et al., 1984). Hence, in 
order to obtain correct expression the genes to 
be transferred to the plant genome need to be 
linked to plant-specific promoters. Plant pro- 
moters comprise of sequence elements, which 
may or may not overlap, interacting to direct the 
correct qualitative and quantitative gene expres- 
sion. These elements can be interchanged so as 
to confer a specific pattern of expression on the 
gene to which they are linked (for review, see 
Benfey and Chua, 1989). In order to express for- 
eign DNA in plants, the most frequently used 
promoters have been derived from plant patho- 
gens, i.e., the T-DNA itself or Cauliflower Mo- 
saic Virus. These promoters have been well char- 
acterized and although initially they were judged 
to be constitutive in their mode of expression, it 
has become increasingly clear that no promoter 
can be considered as being truly constitutive and 
that the expression that they direct might be af- 
fected by environmental, developmental, and/or 

subtle changes in the levels of growth substances 
present within the plant. 

The approximately 200 bp nopaline synthase 
promoter from T-DNA has been one of the most 
extensively studied (An et al., 1986; Ebert et al., 
1987; Mitra and An, 1989). It contains several se- 
quence motifs which are likely to be important in 
directing expression as well as an upstream ele- 
ment (spanning - 130 to -97) which, when du- 
plicated, increases the level of expression of the 
promoter threefold suggesting that this region 
has the properties of an enhancer (Ebert et al., 
1987). Although expressed in most plant tissues, 
the nos promoter is most active in the basal re- 
gion of transgenic tobacco suggesting that it may 
respond to differing levels of auxin. Once flow- 
ering has taken place, the activity of the pro- 
moter in the vegetative organs decreases dramat- 
ically although in the flower there is a general 
increase in its activity (An et al., 1988). 

The gene 5 promoter of T-DNA is most active 
in callus, stems, and roots while its activity is 
barely detectable in mature leaf tissue. More- 
over, it it can be induced by the addition of aux- 
ins (Koncz and Schell, 1986). 

The divergent dual promoters of the manno- 
pine synthase (mas) genes 1 and 2 of the T-DNA 
are located on a 467 bp fragment (Velten et al., 
1984) and direct the synthesis of the two most 
abundant transcripts of the T-DNA. The expres- 
sion directed by the promoters is developmen- 
tally regulated and they appear to be most active 
in the basal region of the plant (Langridge et 
al., 1989). Moreover, expression is induced by 
wounding. Being closely linked, the relative lev- 
els of expression directed by the two promoters 
remain constant between individual transform- 
ants allowing the development of a selection- 
expression cassette where selection for high lev- 
els of expression of a marker gene driven by one 
promoter ensures high levels of expression of a 
foreign gene linked to the other promoter (Vaeck 
et al., 1987; Velten and Schell, 1985). 

The 35s RNA promoter of Cauliflower Mosaic 
Virus has been used extensively and has been 
found to direct high levels of gene expression in 
a wide variety of plants. The promoter fragment 
generally used is 343 bp long and contains a 
strong transcriptional enhancer (Fang et al., 
1989; Fluhr et al., 1986; Odell et al., 1985) which 
upon duplication results in a 10-fold increase in 
expression (Kay et al., 1987). The enhancement 
in expression appears to be able to take place 
over distances of up to 2 kb. The expression of 
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Figure 3. Expression cassettes functional in plant cells. (A) the pRT series of expression cassettes. Based on 
pUC18/19, the pRT series of plasmids contain a variety of polylinker sequences flanked by the promoter and poly 
A addition sequences of the 35s RNA of CaMV oopfer et al., 1987). Transcriptional fusions can be made with 
pRT101, whereas translational fusions can be made with pRT100,102,103 and 104 where the translation initiation 
codon is located at the Nco I site. (B) Genetic marker cassettes. Based on pRT103, these cassettes consist of the 
NPTll (pRT103neo). CAT (pRT103cat), or GUS (pRT103gus) gene inserted at the polylinker oopfer et al., 1988). Stipled 
boxes, promoter sequences; hatched boxes poly A addition sites. Important restriction sites are shown. 
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the 35s promoter, although generally considered 
to be constitutive, appears to be highest in leaf 
tissue (Jefferson et al., 1987). Recently, it has 
been shown that the constitutive mode of expres- 
sion is a result of the interaction of different do- 
mains in the promoter which individually act to 
direct tissue specific expression (Benfey et al., 
1989). 

A number of expression cassettes have been 

1 1 1  
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I 

constructed which allow the insertion of foreign 
genes, either as transcriptional or  translational 
fusions behind plant specific promoters, and the 
pRT plasmids are typical [Fig. 3(A), Topfer et 
al., 19871. A variety of marker genes have been 
inserted into these cassettes [Fig. 3(B)], and 
these have proven to be active in both transient 
assays in protoplasts following DMGT and in sta- 
ble transgenic tissue (Topfer et al., 1988). 
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PLANT TRANSFORMATION VECTORS 

As described previously, a large number of plant 
transformation vectors have been developed. 
Those that will be described here in detail are bi- 
nary vectors based on the pPCV (plant cloning 
vector) series of plasmids (Fig. 2, Koncz and 
Schell, 1986; Koncz et al., 1987). These vectors 
contain a conditional mini-RK2 replicon which is 
maintained and mobilized by trans-acting func- 
tions derived from the plasmid RK2. The trans- 
acting functions are introduced into both E. coli 
and Agrobacterium so that the plasmid can be 
maintained and transferred between both. Be- 
tween the T-DNA border sequences a variety of 
cloning sites and marker genes have been ar- 
ranged, in addition to the origin of replication 
and a gene encoding ampicillin resistance which 
are both functional in E. coli. This not only al- 
lows the vectors to be transferred between Agro- 

bacterium and E. coli, but also rescue of the T- 
DNA from the plant genome following transfor- 
mation simply by cutting the plant nuclear DNA 
with a restriction enzyme that cuts outside of the 
T-DNA, religating and returning it to E. coli by 
transformation or electroporation. The Agrobac- 
terium host, GV3101, contains a Ti plasmid 
(pMP90RK) from which the T-DNA has been de- 
leted. The pPCV vectors have been used to 
transform a variety of plant species. Following 
integration into the plant genome the T-DNA can 
be present in one, two, or more copies in a 
roughly equal distribution between individual 
transgenics (Koncz et al., 1989). 

Selection/expression vectors contain the dual 
mas 1' 2' promoters of the T-DNA and are de- 
signed to direct high levels of expression of for- 
eign genes (Fig. 4). For example, in the case of 
pCV730, cloning a gene at the Sal I site and se- 
lecting for resistance to high levels of hygromy- 

L6 RB 
pm37 psr p l *PAC'< 6 pn.3 s N F T I I  pAs4 

. . . . .  . . . . .  . . . . .  
I I I 
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-1- 
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Figure 4. Selectionlexpression vectors for plant transformation. The plasmids are based on the pPCV series of 
transformation vectors (Koncz and Schell, 1986, see Fig. 2) which contain the orii and ori, regions of pRK2 allowing 
maintenance in Agrobacteriurn pGV3101 harboring pMP90RK, a mutated Ti plasmid lacking the T-DNA but retain- 
ing an active vir region. The T-DNA regions are shown in detail. Stipled boxes containing arrows, promoters and 
direction of transcription; hatched boxes, poly A addition sequences, open boxes, marker genes; open circle, 
pBR322 origin of replication; Amp, bacterial ampicillin resistance gene; pg5, p2'. pl '  pnos, promoters of gene 5, 
2', l', and nopaline synthase, respectively; pAg7, pAocs, pAg4, poly A addition sites of gene 7, octopine synthase, 
and gene 4, respectiveiy, LB, RB, the left and right T-DNA border sequences; NPT, neomycin phosphotransferase; 
HPT, hygromycin phosphotransferase, Important restriction sites are shown. 



GENE VECTORS IN PLANT MOLECULAR BIOLOGY 

EcokI K m I  ClrI -11 SphI 
S S t I  SmPI XbaI PStI 

pGDW44 I I 1 1 I I  1 1 1  
LB Pl- RE . ~ 9 5  FInp nln NPTII pAirrH pnos HPT 

u I 
I I 

P S t  I PstI SEhI PSt I 

e c o ~ 1  KpnI C1aI SalI SphI 
SstI SnrI XbrI PstI 

p 6 D W 4 4 2 1  

LB RE 

pRiaaH pnos HPT 

I 
PSt I 

p P C U 8 1 I  EcoRI XbrI SrlI 

LB Hind11 BslII RB 
I -++ NCTII P A O C ~ W ~ S  HPT pAno a - ..... ..... ..... 

1 I 
P S ~  I PrtI SphI PstI I 
EcoRI Xbrl PstI XbrI SnrI 

p P C U 8 1 2  Hind111 BgllI 5a116aMI 
LB 

-' 
P S ~  I EcokV EcoRV Pst I 

p P C V 8 1 3  EcoRI XbaI PstI 
HlrldIII Bglll 5a11 

LB I I 1 1  I 1  RU 
A- LU x PI~IWS pnos HPT -. 

I I I I 
Pst I Pst I EcoRI BsnH I PstI 

Figure 5. Promoter test plant transformation vectors. Vectors based on the pPCV series of plasmids are shown 
(Wing et al., 1989; Koncz et al., 1989). piaaH min and pAiaaH, minimal promoter and poly A addition site, respec- 
tively, of gene 2; pAnos. poly A addition site of nopaline synthase; p35S. 35s RNA promoter of CaMV; GUS, p- 
glucuronidase marker gene; Lux, monocistronic bacterial luciferase (Olsson et al.. 1989). For further details see 
Figure 4 legend. 

cin resistance will yield transgenic tissue in either a second dominant marker or  Lux genes 
which foreign genes are also transcribed at high from bacteria as a screenable marker. 
levels. 

The ability of a specific plant sequence to di- 
rect gene expression can be investigated using USE OF T-DNA IN SEQUENCE TAGGING 
promoter test vectors (Fig. 5). One type of vec- 
tor contains a promoter sequence from which By virtue of its insertion into the plant genome, 
regulatory control sequences have been removed, T-DNA in its own right can be considered as an 
i.e., a minimal promoter, linked to a marker insertional mutagen and if engineered appropri- 
gene. Insertion of fragments of DNA into this ately can be used to tag specific genomic se- 
vector allows a test for the ability of a fragment quences. The advantages offered by the T-DNA 
to confer a specific pattern of gene expression as a plant insertional mutagen when compared 
(Wing et al., 1989). The other types of vector with other potential mutagens, for example, 
contain a marker gene with no promoter, in this EMS or transposons, are that single, stable in- 
case fragments of DNA being able to direct gene sertions can be obtained. Moreover, if the T- 
expression can be tested (Koncz et al., 1989). DNA is appropriately engineered, it can be used 

The general purpose vectors shown (Fig. 6) to tag sequences from the genome which carry 
contain different combinations of marker gene out a specific function. In addition, using a vec- 
cassettes inserted into the T-DNA of the pPCV tor such as those based on the pPCV series, al- 
plasmids. Each allows dominant selection on lows rescue of the plant sequences which flank 
kanamycin and provides the opportunity of using the T-DNA in E. coli. 
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Figure 6. General purpose plant transformation vectors. Vectors based on the pPCV series of plasmids are 
shown. Lux A and Lux 8, the a and p subunits of bacterial luciferase, respectivety (Koncz et al., 1987). For further 
details see Figure 4 and 5 legends. 

T-DNA has been used to tag promoter se- markers, or sequences of DNA affecting gene 
quences (Andre et al., 1988; Koncz et al., 1989; expression, so that following plant transforma- 
Teeri et al., 1986), as well as produce novel phe- tion a desired phenotype can either be screened 
notypes (Feldmann et al., 1989; Koncz et al., in or selected for. Without this, creation of a partic- 
press). Using T-DNA to construct transcriptional ular phenotype relies solely on luck. 
and translational fusions with plant genes it was 
found that a high frequency of transformants 
(25%) contained fusions in both arabidopsis and Promoter Sniffing 

tobacco (Koncz et al., 1989). Bearing in mind In these types of experiment the T-DNA is engi- 
that the transgenics contained one, two or more neered so that a marker gene lacking a promoter 
inserts in a 1 : 1 : 1 ratio, the difference in size sequence is located near the right border se- 
(1.6 x lo9 bp and 7 x lo7 bp for tobacco and quence of the T-DNA and a separate selectable 
arabidopsis, respectively) and the relative marker gene is placed in another region of the T- 
amount of repeated sequences of the two ge- DNA (Fig. 7). Following insertion into the plant 
nomes (low in arabidopsis and 60% in tobacco) genome, transformants are selected and the ac- 
this result is surprising. It suggests that the T- tivity of the marker gene can be screened. The 
DNA preferentially integrates into regions of vectors can be used to investigate the activity of 
the genome that potentially can be transcribed. the tagged promoter in different plant tissues, but 
Hence it would seem that T-DNA is ideally care needs to be exercised in screening marker 
suited for gene tagging. activity as only those promoters active at the 

Use of the T-DNA as a specific tag relies on stage of development when screening takes place 
the ability to engineer it to contain either genetic will be observed. Such vectors have been used 
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Figure 7. Using T-DNA as a gene tag. Schematic representation of the use of T-DNA to tag plant genes. A plant 
gene is depicted by an open box. 5' regions controlling expression in a positive (+) or negative (-1 manner are 
shown. T-DNA insertion into the 5' leader sequence (or the coding region) will produce a mutation (A], Insertion 
of a T-DNA containing a marker gene linked to a minimal promoter can be used to detect the expression of the 
marker gene under the influence of either a negative (B) or positive transcriptional control element (C] located 
in the 5' region of the plant gene. A promoterless marker gene fused to the border of the T-DNA can be used to 
produce transcriptional (D) or translational fusions (E). A T-DNA engineered to contain an enhancer sequence 
can influence the expression of flanking plant genes following insertion (F). Open box, plant gene; horizontal 
arrows, transcripts; vertical arrows, T-DNA border sequences; filled box, screenable marker gene; hatched box, 
selectable marker; stipled box, transcriptional enhancer. 

successfully to tag promoters in both tobacco 
and arabidopsis (Andre et a]., 1988 Koncz et al., 
1989). Vectors developed for promoter sniffing 
are shown in Figure 8. 

EnhancerlSilencer Fishing 

These vectors are similar to those used in pro- 
moter sniffing except that the marker gene is 
linked either to a minimal promoter able only to 

direct low levels of gene expression or a normal 
complete promoter. Transgenic tissue is then 
screened for activity of the marker gene. Tagging 
an enhancer will increase levels of expression of 
the marker gene in the former case, whereas in 
the latter a silencer will reduce gene expression 
(Fig. 7). A variation in the strategy to isolate si- 
lencers is to use a marker gene, such as gene 
2 of T-DNA, which allows negative selection 
(Depicker et al., 1988). 
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Figure 8. T-DNA vectors for gene tagging. Ail vectors are based on the pPCV series of vectors; for details see 
Figures 4, 5, and 6. pPCV6NFHyg is engineered to form translational fusions, whereas pPCV631, pPCV6LUXF, and 
pPCV6LUXA&B form transcriptional fusions. 

Production of Over-expression Mutants 

Insertional mutagenesis will disrupt gene expres- 
sion so that in the homozygous state it may prove 
lethal. An alternative is to produce over-expres- 
sion mutants in which the gene in question is not 
disrupted and a dominant phenotype is obtained. 
In order to do this, the T-DNA can be engineered 
so that it contains enhancer sequences which act 
to activate the expression of flanking plant DNA 
sequences following insertion into the plant ge- 
nome. In this way it may be possible to obtain 
mutants which express genes in a develop- 
mentally independent manner (Fig. 7). 

T-DM VECTORS AS DEUVERY SYSTEMS 
FOR TRANSPOSON TAGGING 

In addition to T-DNA itself as a tag, plant trans- 
posons, introduced into the plant genome on 
T-DNA can also be used to tag genes. Using T- 
DNA vectors it has been shown that transpos- 
able elements can transpose in heterologous host 
plants (Baker et al., 1986; Van Sluys et al., 1987 
Knapp et al., 1988; Yoder et al., 1988; Masterson 

et al., 1989). The AclDs system of maize has 
been studied in most detail and this system com- 
prises the autonomous Ac (Activator) element 
which is able to transpose by itself and Ds (Dis- 
sociator) which is nonautonomous and can trans- 
pose only when Ac is present in the genome (for 
review, see Doring and Starlinger, 1986). With an 
increasing clarification of the molecular mecha- 
nism of transposition of these elements, assays 
have been devised so that not only excision 
but also reinsertion of them in a heterologous 
plant genome can be investigated. This can be 
achieved using a transposon tag vector depicted 
in Figure 9. The intermediate vector pKU4 con- 
tains a Ds element inserted into the leader se- 
quence of a chimeric NPTII gene (Baker et al., 
1986, 1987). When this is introduced into tobacco 
cells using a cointegrative vector, the resultant 
tissue is sensitive to kanamycin due to the pres- 
ence of the Ds element within the construct. On 
the other hand, when the construct is transferred 
to cells that contain Ac, a proportion of them 
aquire resistance to kanamycin which is corre- 
lated with the transposition of the Ds element. 
Hence, this provides a simple assay of transpo- 
sition. Furthermore, the Ds element itself can be 
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Figure 9. Vectors for the study of the transposition of transposable elements and gene tagging. pKU4 is based 
on pBR322, and contains a chimeric NPT II gene with a Ds element inserted into the 5' untranslated region so 
that normal transcription is destroyed (Baker et al., 1987). pDs-DHFR-1 is based on pKU4 (only the region of the 
chimeric gene is depicted here) and contains a functional chimeric DHFR gene inserted into the Ds element. 
pgl', p35S, the promoters of gene l', and the 35s RNA of CaMV, respectively; pAocs, pA3' the poly A addition 
site of octopine synthase, and gene 3, respectively. NPT II, neomycin phosphotransferase; DHFR, dihydrofolate 
reductase, Amp, Kan, ampicillin, and kanamycin resistance, respectively; hatched box, the Ds element with the 
ends of the element depicted by flags. 

engineered to contain a selectable marker, such 
as dihydrofolate reductase. Following transfer of 
this construct into an Ac containing cell, selec- 
tion of kanamycin resistant cells on methotrexate 
can be used to assay the frequency of reinsertion 
of the element into the genome (Masterson et al., 
1989). This forms the basis of a gene tagging 
system because tagged genes will be associated 
with a dominant selectable marker that can 
be screened for co-segregation with any novel 
phenotype. 

DISCUSSION 

The properties of T-DNA insertion into the plant 
genome make it the system of choice for the en- 
gineering of stably transformed plants. More- 
over, the versatility of gene vectors that exploit 
this natural process of genetic engineering is 
such that T-DNA can be used for a variety of 
purposes other than simple gene transfer. 

T-DNA, carrying viral genomes or  transposa- 
ble elements may allow the development of fur- 
ther novel gene delivery systems. As yet, work 
on viral vectors remains relatively limited (for re- 
views, see Gronenborn and Matzeit, 1989; Wal- 
den, 1988) although they have already proven 

their worth in being able to transfer foreign DNA 
to plants and replicating to high copy number so  
that high levels of expression of the foreign DNA 
can be detected (Brisson et al., 1984; Lefebvre et 
al., Hayes et al., 1988). 

While the model systems used with Agrobac- 
terium mediated gene transfer remain the dico- 
tyledonous species, it is becoming increasingly 
clear that Agrobacterium can also transfer DNA 
to monocotyledonous plants (Bytebier et al., 
1989; Grimsley et al., 1989; Hernalsteens et al., 
1984; Hooykaas-Van Slogteren et al., 1984; Schger 
et al., 1987). This observation, coupled with the 
advances in the plant regeneration from mono- 
cotyledonous cells (Lorz et al., 1989), suggests 
that in the future the techniques described in this 
review will be extended from the dicotyledonous 
species. 

Finally, as we have discussed, T-DNA vectors 
can be used to probe the structure and organiza- 
tion of the plant genome. While the mechanism 
of insertion of the T-DNA into the genome re- 
mains to be established, it is likely that the con- 
tinued study of this process will yield informa- 
tion concerning chromatin structure, the control 
of transcription as well as  DNA replication. Over 
the years the unique ability of Agrobacterium to 
transfer its DNA to the plant cell has provided us 
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with a means to study planttbacterial interac- 
tions, plant development, gene transfer, and the 
control of gene expression. With the vectors and 
the marker genes that are currently available to 
us it is clear that the power of this intriguing nat- 
ural phenomena to investigate plant biology is far 
from being exhausted. 

Our thanks to Reinhard Topfer, Norbert Martini, 
and David Wing for providing maps of the plas- 
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thank our co-workers in Abteilung Schell for 
valuable discussions and Desy Rosahl, Bob Mas- 
terson, and Ellen Buschfeld for their comments 
on the manuscript. 
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