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ABSTRACT 

In 1907, Smith and Townsend identified Agrobacterium as the causative agent of crown gall, the 
most common form of neoplasia in plants. Armin Braun, elaborating on Smith's idea about 
infectious plant cancer, predicted during the early fifties that Agrobacteriurn transfers a Tumor 
Inducing Principle (TIP) into plants that incites the proliferation of crown gall tumors by 
triggering the autonomous synthesis of plant growth hormones auxin and cytokinin. Also in 
1970, Morel's group in France suggested that TIP is an Agrobactwiurn-derived DNA that 
specifies the production of unique compounds in crown galls termed opines that are 
characteristic for and catabolized by the tumor-inciting bacteria. That the TIP is indeed carried 
by a large tumor-inducing (Ti) plasmid of Agrobacterium tumefaciens was demonstrated in 1973 
by my research group in Gent, Belgium. We and others later showed that TIP corresponds to a 
segment of the Ti plasmid which is transferred by agrobacteria and stably integrated into the 
nuclear genome of plant cells. The transferred DNA (T-DNA) was found to encode eukaryotic 
genes required for the production of opines and plant hormones in crown galls. Inactivation of 
the T-DNA encoded oncogenes involved in hormone synthesis allowed us in 1981 to obtain 
fertile transgenic plants showing stable Mendelian inheritance of a T-DNA encoded opine 
synthase gene. These results opened the way to broad range exploitation of T-DNA in plant 
transformation, physiology and genetics. 

Agrobacterium and the Tumor-Inducing Principle 

After obtaining an undergraduate degree in zoology (1957), I (J. Schell) 
studied microbiology and taxonomy in Prof. De Ley's laboratory in Gent 
before proceeding on to Prof. K. C. Winkler's laboratory at the State 
University of Utrecht to finish both my PhD thesis and my formal training 
in microbiology. This was the blossoming period of bacterial phage 
genetics. Thus, I decided to learn more about phages A, PI, T2, T3, host 
restriction-modification systems and circular DNA species in bacteria as a 
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postdoctoral fellow in the laboratories of Prof. W. Hayes (Hammersmith 
Hospital, London), A. Weissbach and J. Hurwitz (NM and Albert Einstein 
College of Medicine), and L. Siminovitch (University of Toronto). The 
emergence of molecular biology and the advent of recombinant DNA 
techniques found me again in Belgium, where I became a professor and 
director of the Laboratory of General Genetics at the University of Gent in 
1967. Based on my basic zoology education and experience in bacterial and 
phage genetics, I started to work with the plant pathogenic Agrobacterium 
that was already well-known as the causative agent of plant tumors. 
Together with my colleague and friend, Marc Van Montagu, and a small 
group of enthusiastic students, including initially M. Holsters, M. Zabeau, . 

N. Van Larebeke, I. Zaenen, and G. Engler, we jointly surveyed and verified 
the data available in 1969 on Agrobacterium, plant tumors and 
transformation. At that time, crown gall was still considered as a potential 
model for cancer research as the etiology of animal and plant tumors 
appeared to be similar. A supporting argument for this was the experiment 
of the Danish oncologist, Carl 0. Jensen in 1910 who successfully 
transplanted bacterium-free red mange1 crown gall tumor tissues onto white 
sugarbeet stems. In particular, the American plant pathologist, Erwin F. 
Smith devoted his life work to verlfy a relationship between crown gall and 
cancer. His ideas were followed by Armin Braun, who between 1941 and 
1978 published many seminal observations concerning the possible 
mechanism of Agrobacterium-induced tumor formation in plants. 

Braun wished to resolve the controversy raised by Riker and Berge in 
1935 who stated that primary and secondary crown gall tumor formation 
results from a continuous stimulation of plant cells by agrobacteria, rather 
than from stable neoplastic transformation of normal cells to tumor cells. In 
his experiments, Braun used an observation of Riker (1926) who recognized 
that crown gall tumor formation occurs only in a narrow window of 
temperature between 26 "C and 28 "C. Braun demonstrated that the 
incitement of crown galls by Agrobacteriurn requires a wounding of plants 
and subsequent wound healing for at least 24 to 48 h. Furthermore, he 
found in 1947 that the exposure of plants to 32 "C at any time within four to 
five days after Agrobacterium infection inhibits tumor formation. Based on 
these observations, Braun (1950) proposed that Agrobacteriurn can cause a 
permanent change in the growth of plant cells by temperaturesensitive 
transmission of a Tumor Inducing Principle (TIP) which is responsible for 
the neoplastic transformation. Braun (1959) also repeated Jensen's 
experiments with clonal, bacterium-free crown gall tissues demonstrating 
that plant tumors are indeed transplantable, as well as that neoplastic 
transformation is due to a stable genetic alteration of transformed plant 

cells. He noticed that different bacterial strains incite tumors with a 
characteristic morphology, e.g., that strain B2 incites compact tumors in 
contrast to strain T37 which leads to the formation of shooting teratomas 
(Braun, 1948). On the eve of the discovery of cell division promoting 
cytokinins, Braun and Naf (1954) and Braun (1956) reported that crown gall 
tumors overproduce auxin (the old leptohormone of Haberlandt) as well as 
cytokinesins (i.e., cytokinins) which were proposed to be N6-substituted 
hypoxanthine derivatives. Braun thus demonstrated that crown gall tissues 
synthesize auxin and cytokinin, and that they can be maintained indefinitely 
in hormone-, and bacterium-free axenic cultures in vitro. The TIP was 
therefore defined more precisely by Braun as a hypothetical principle which 
is required for the maintenance of cell division activity of crown galls via the 
production of plant growth factors. 

Further suggestions about the nature of TIP were derived from the work 
of French chemists, Lioret (1956) and Morel (Menag6 and Morel, 1964; 
Goldman et al., 1969), who found that crown galls produce unique arginine 
derivatives termed opines. Petit et al. (1970) demonstrated that the chemical 
nature of these opines, such as octopine and nopaline, strictly depended on 
which type of Agrobacteriurn strain was used for tumor induction. They also 
showed that the opine synthesized by a crown gall is specifically catabolized 
by the bacterial strain which incited the tumor. Together, these data 
suggested that Braun's TIP might be bacterial DNA which, in addition to 
carrying genetic information required for oncogenic plant hormone 
production, would also be responsible for directing the synthesis of specific 
opines in crown gall tumors. 

An additional line of evidence indicating that TIP could be a 
transmissible bacterial DNA, was provided by the Australian 
microbiologist, A. Kerr. His experiments were based on the early 
observations of Hendrickson et al. (1934) and Locke et al. (1939) who isolated 
an avirulent derivative (A66) of Agrobacteviurn strain A6 and found that co- 
inoculation of the avirulent and virulent strains in different positions along 
the stem allowed the avirulent A66 strain to incite tumors. In 1953, Klein 
and Klein also reported on the transfer of tumor-inducing ability to 
avirulent agrobacteria. However, Kerr (1969, 1971) was the first to use 
properly marked bacterial strains for co-infection of plant wound sites and 
thereby unequivocally demonstrated the transfer of the virulence trait 
between pathogenic and non-pathogenic isolates of Agrobacterium. Later, 
together with ours (Genetello et al., 1977) and J. Tempe's group in France, 
Kerr et al. (1977) also demonstrated that the transfer of virulence traits 
between agrobacteria is induced by the opines present in crown galls incited 
by virulent agrobaderia. 
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The Discovery of Tumor-Inducing (Ti) Plasmids 

In the early 1960s, little attention was paid to the crown gall problem in 
plant research. Between 1965 and 1974, L. Ledoux reported on the direct 
transformation of many animal and plant organs with exogenous DNA. 
Thus, the resolution of the crown gall problem seemed to be very simple to 
many researchers who accepted the view that nucleic acids could be freely 
taken up and expressed by plant cells. In fact, Braun's TIP was soon 
identified as bacterial chromosomal and phage DNA, as well as infective - 

RNA of various size and origin. Parsons and Bearsley reported in 1968 that 
temperate Agrobacterium phages, such as PS8 present in axenic crown gall 
cultures, may play a role in tumor induction. Because'of our experience in 
phage genetics, we examined this hypothesis. We identified numerous 
inducible lysogenic phages closely related to phage Q of Bearsley (1955), as 
well as defective non-plaque-forming prophages, which could only be 
observed under the electronmicroscope, in various Agrobacterium strains. 
The phage isolates were classified using virulent and avirulent 
Agrobacterium hosts as well as by detecting DNA sequence homology by 
filter hybridization. Although certain results obtained in collaboration with 
others suggested that some phage DNAs hybridized with crown gall DNA 
(Schilperoort et al., 1974), we were unable to find a clear correlation between 
the presence of common phages in virulent Agrobacterium strains and their 
absence in non-pathogenic avirulent isolates (Schell, 1975). Despite these 
negative results, our studies of prophage DNAs led to the recognition that 
Agrobacterium contained one or more large circular plasmids that could be 
separated from the chromosomal and phage DNAs on alkaline sucrose 
gradients and purified by ehdium bromide-cesium chloride dye-buoyant 
density centrifugation. In addition to these separation methods, we 
characterized the plasmids and defective prophages by electron microscopy 
(EM), assayed for Q-type prophage content and pathogenicity of many 
different Agrobacterium species, including virulent strains of A. turnefaciens 
(B, B,A, 11158, TT-111, A, 396, 3/1 and 925), A. rubi (TR-2), A. rhizogenes 
(Kerr 38) and A. species (0362)) as well as avirulent strains of A. radiobader 
(S1005, TR1, 4718, 8149,417, Q,,) and A. species (0363). Q-phage was found 
only in A. turnefaciens B, and Bfi, but not in other virulent strains, whereas 
defective prophages were detected by EM e.g., in the avirulent A. radiobacter 
strains TR1 and 8149, but not in some virulent strains. Thus, these data 
showed no correlation between pathogenicity and the presence of phages in 
Agrobacterium. On the contrary, our analysis revealed that all virulent 
strains contained a large plasmid which was absent from avirulent 
agrobacteria. 

To demonstrate that a large plasmid carried the TIP defined by Braun, 
we obtained isogenic avirulent derivatives of virulent Agrobacterium strains. 
First, we examined the A. tumefaciens strains IIB and IIBNV6 provided by 
Braun and found that the crown gall-inducing IIB strain carried a large 
plasmid in contrast to the isogenic avirulent IIBNV6 isolate. At about this 
time, Hamilton and Fall (1971) reported that A. tumefaciens strains C58 and 
Ach-5, in which we also detected large plasmids, lost their virulence when 
grown at 37 "C. We grew these strains for five days at 37 OC and, after 
plating, tested 150 independent colonies for tumor-inducing ability: all of 
them were avirulent! Twelve of these avirulent isolates were tested for 
plasmids with the above described methods and we found that all had lost 
their large plasmids. Similar observations made with strain C58 supported 
our conclusion that the crown gall-inducing ability was indeed carried by a 
large plasmid which was therefore named tumor-inducing (Ti) plasmid. 
Following these experiments, we also assigned other genetic markers to the 
Ti plasmids. Kerr and Htay (1974) found that avirulent A. radiobacter strains 
84 and S1005, which carried no plasmid, produced a bacteriocin termed 
agrocin 84 which efficiently killed the crown gall-inducing A. tumefaciens 
strains, but not their avirulent derivatives. As we knew that the loss of 
virulence was due to the loss of Ti plasmids, we isolated and tested an 
agrocin 84-resistant derivative (B6S3) of virulent A. tumefaciens strain B6. 
The B6S3 strain proved to be non-oncogenic and contained no Ti plasmid. 
During our phage studies, we had isolated a particular phage, AP1, whch 
formed plaques only on a Ti plasmid cured avirulent strain C58C9, but not 
on its virulent Ti plasmid containing derivative C58. This observation 
showed that genes responsible for the AP1 phage exclusion were also 
encoded by the Ti plasmid. In collaboration with R. A. Schilperoort 
(University of Leiden), we tested the model proposed by Petit (1970) in the 
group of G. Morel and J. Tempe, which predicted that the TIP (i.e., the Ti 
plasmid) was responsible for the production of specific opines in crown 
galls, as well as for the degradation of opines by the tumor-inducing 
bacteria. This group in France showed that strain 86 induces octopine 
synthesizing compact tumors, whereas C58 incites shooting teratomas 
producing nopaline. Indeed, it was found that B6, but not its Ti plasmid 
cued  derivative B6S3, catabolized octopine but not nopaline, whereas strain 
C58 grew on nopaline but not on octopine, whereas its avirulent derivative 
C58C9 could grow on neither. The Ti plasmids in these strains thus had to 
encode specific genes for both opine biosynthesis in crown galls and opine 
degradation in bacteria, and had a different specificity in B6 and C58. 
Therefore, the agrobacterium strains could be simply classified based on the 
type of opine synthesis and degradation genes carried by their Ti plasmids. 
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To unequivocally demonstrate that all these traits were indeed encoded by 
the Ti plasmid, we exploited Ken's technique demonstrating the transfer of 
crown gall-inducing ability between properly marked, but otherwise 
isogenic, virulent and avirulent derivatives of A. tumefaciens strains B6 and 
C58. Upon mixed infection of tumors, the transfer of virulence from strains 
B6 and C58 correlated with the transfer of Ti plasmids to the cured B6S3 and 
C58C9 strains, which also gained the properties of pathogenicity, AP1 phage 
exclusion, agrocin 84 sensitivity and opine catabolism characteristic for B6 
and C58. 

In 1973, I reported these studies at a NATO Symposium on "Genetic 
Manipulation with Plant Materials" in Liege and the data were subsequently 
published by Schell (1975), Van Larebeke et al. (1974, 3975), Zaenen et al. 
(1974), and Engler et al. (1975), as well as together with R. A. Schilperoort by 
Bomhoff et al. (1976), and independently confirmed by Watson et al. (1975). 
The sigruficance of these reports might have remained unnoticed by the 
plant research community which was busily testing Ledoux's DNA 
transformation data. However, in 1974 at a congress in Szeged (Hungary), 
G. P. Redei (1976) provided the ultimate genetic evidence that 
transformation with bacterial DNA in Ledoux's experiments did not lead to 
complementation of the Arabidopsis thiamine mutants, as Ledoux had 
reported (1974) and F. P. Lurquin (1976) demonstrated that Ledoux's 
transformations did not resultd in the integration of exogeneous DNA into 
either cytoplasmic or nuclear genomes of plants. Thus, the problem of plant 
transformation was placed in the focus of general scientific attention and the 
Ti plasmid evolved to be a chief candidate as a potentiaI transformation 
vehicle, in addition to some plant DNA and RNA viruses (for review see 
Howell, 1982). 

Identification of the Transferred DNA (T-DNA) 

The years of discoveries, 1971-1975, provided us with basic molecular 
biology tools, including DNA reassociation kinetic analysis, restriction 
endonucleases, DNA fragment separation by gel electrophoresis, labeling of 
nucleic acids with 32P, detection of nucleotide sequence homologies by 
Southern blotting and hybridization, and cloning in plasmids and DNA 
sequencing (Nathans and Smith, 1975; Southern, 1975; Sinsheimer, 1977). 
Since all earlier DNA hybridization data were proven to be artificial 
(Schilperoort et al., 1974; Chilton et al., 1974a; Eden et al., 1974) and the Ti 
plasmids were found to carry the TIP, recurrent efforts were devoted to 
detect the presence of Agrobacterium-derived DNA in crown galls. However, 
using the whole Ti plasmid as a probe in reassociation kinetic analysis, 

I Chilton et al. (1974b) and Merlo and Kemp (1976) were unable to detect the 
integration of Ti plasmid in crown gall DNA. A more detailed analysis 
using individually isolated, and later cloned, restriction endonuclease 
fragments of the Ti plasmid however demonstrated that DNA from a well- 
defined and conserved region of octopine- and nopaline-type Ti plasmids 
was present in different crown gall tumors (Chilton et al., 1977, 1978a; 
Depicker et al., 1978). To determine the boundaries of transferred DNA 
(termed thereafter T-DNA), the Ti plasmids were mapped by restriction 
endonucleases using different cloned fragments as probes in Southern 
hybridizations with crown gall DNAs (Chilton et al., 1978b; Depicker et al., 
1980; Lemrners et al. 1980; Thomashow et al., 1980; De Vos et al., 1981). 
Cellular localization and reisolation of T-DNA fragments from crown gall 
tumors subsequently demonstrated that the T-DNA was covalently linked 
to plant nuclear DNA and flanked within the Ti plasmids by two imperfect 
25-bp repeats (Chilton et al., 1980; Willmitzer et al., 1980; Yadav et al., 1980; 
Zambryski et al., 1980). Hybridizations of crown gall RNAs with T-DNA 
fragments also revealed that the T-DNA carries genes that are transcribed to 
poly A+ mRNA by RNA polymerase I1 in plant tumors (Drumrnond et al., 
1977; Gurley et al., 1979; Willmitzer et al., 1981). 

To precisely map and determine the function of T-DNA encoded genes, 
the transcript mapping and DNA sequencing methods were coupled with 
suitable insertional mutagenesis techniques allowing the modification of 
these genes in Agrobacteriurn. To perform mutagenesis using site-specific 
recombination, it was necessary to ident.lfy the mutant Ti plasmids after 
conjugation into a cured recipient strain. As Ti plasmid transfer could be 
previously achieved only in crown gall tissues obtained by mixed infection 
with donor and recipient strains, bacterial genetic techniques were 
developed to establish an efficient conjugation transfer of Ti plasmids in 
vitro. The observation of Kerr et al. (1977) and Genetello et al. (1977), which 
shows that Ti plasmid conjugation could be specifically stimulated by 
opines (e.g., by octopine for B6, Ach-5 and nopaline for C58), facilitated the 
isolation of transfer constitutive (Tra') Ti plasmid mutants. These studies 
also demonstrated that conjugation and opine catabolism are coordinately 
regulated in Agrobacterium (Klapwijk et al., 1978). Agrobacteria "colonize" 
plants by inducing tumors to synthesize opines, which in turn provide a 
selective stimulation for bacteria living in the tumor to utilize the opines as 
sole carbon and nitrogen source, as well as to maintain the virulence by 
inducing the conjugation of Ti plasmids to avirulent bacteria. This ' mechanism was formulated as the concept of "genetic colonization" (Schell 
et al., 1979) and as the "opine" concept by J. Temp6 (Temp6 and Schell, 1977; 
Temp6 et al., 1979). 
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The application of transposon insertion and site-specific mutagenesis 
techniques in conjunction with transcript mapping and sequencing studies 
led us and others to precise mapping, mutagenesis and functional analysis 
of T-DNA encoded genes. In one of the pioneering experiments, my 
colleague and former student, J.-P. Hernalsteens, introduced a Tn7 
transposon into a gene located close to the right boundary of the T-region of 
a nopaline Ti plasmid. Tumor tissues induced with the Agrobacterium strain 
carrying this construct failed to synthesize nopaline, confirming that the 
insertion was located in the nopaline synthase gene (nos) carried by the 
T-DNA. On the other hand, mapping of the T-DNA in transformed plants 
confirmed the presence of this large Tn7 transposon insert within the 
T-DNA transferred to crown gall cells demonstrating that the T-DNA of Ti 
plasmid can be used as a versatile tool to transform plant cells with foreign 
DNA (Hernalsteens et al., 1980). This was the real beginning for us of the 
era of genetic engineering of plants. 

The Use of T-DNA as Plant Transformation Vector 

In 1978, I (J. Schell) was invited to be the director of the Max-Planck Institute 
for Plant Breeding in Cologne, Germany and encouraged to develop a new 
project based on the use of T-DNA in plant transformation and genetic 
engineering. As in Gent, I also found enthusiastic collaborators in Cologne, 
including the biochemists L. Willmitzer, J. Schroder and L. Otten; cell 
biologists H.-H. Steinbib, 0. Schieder, and newly arriving post-docs, C. 
Shaw, C. Koncz, D. Llewellyn, B. Baker and later many others. In addition, I 
received support not only from the Max-Planck Society, but also from the 
Genetics Institute of the University of Cologne, in particular from P. 
Starlinger, a well-known expert in plant transposon genetics. I was also able 
to maintain a strong bond and collaboration with the group in Gent until the 
late 1980s. Thus, we set up a very productive team to develop T-DNA as a 
tool for the study of molecular aspects of plant biology. 

Functional analysis of the T-DNA encoded oncogenes and their protein 
products provided us with the possibility of studying the molecular action 
of plant hormones auxin and cytokinin, as it allowed us to show that the T- 
DNA encodes the genes for enzymes involved in the synthesis of these 
hormones. Inactivation of the IaaH and IaaM genes required for auxin 
synthesis was observed to decrease the auxin to cytokinin ratio leading to 
teratoma shoot formation. In contrast, abolishing the function of the ipt 
gene resulted in high auxin to cytokinin ratio promoting root formation. In 
addition to the functional analysis of T-DNA genes, which has been 
extensively reviewed (see e.g., Nester and Kosuge, 1981; Bevan and Chilton, 

1982; Nester et al., 1984; Morris, 1986; Binns and Thomashow, 1988; 
Zambryski et al., 1989), we could devise various approaches to study cell 
differentiation and organ development, and use these tools to attempt the 
regeneration of fertile transformed plants. Braun and Wood (1976) claimed 
that teratoma shoots regenerate to fertile plants by suppression of the 
neoplastic state, and these results were supported by data of Sacristan and 
Melchers (1977) who achieved regeneration of plants from Agrobacterium- 
transformed single cell clones. However, repetition of these experiments 
showed that plants regenerated from teratoma shoots contained no T-DNA 
(see e.g., Yang et al., 1980). These negative results led to the conclusion that 
"T-DNA cannot pass meiosis." Using a "brute force" approach, we assayed 
a large number of shoots regenerated from a teratoma which was induced 
with a T-DNA construct carrying inactivated IaaM and IaaH genes. We 
found, to our surprise, fertile plants which produced octopine and inherited 
this character in a Mendelian fashion (Otten et al., 1981). The molecular 
analysis of these plants revealed that except for the octopine synthase gene, 
all other T-DNA encoded genes were deleted in these first transgenic plants. 
Thus, we learnt the lesson that by removal or inactivation of the T-DNA 
encoded oncogenes, T-DNA transformed plants can easily be obtained @e 
Greve et al., 1982). Based on the observation that the Ti plasmid T37 incites 
shooting teratomas, showing very low activity of IaaM and IaaH genes, 
Barton et al. (1983) inserted a yeast alcohol dehydrogenase gene in the ipt 
gene inactivating cytokinin production. Their effort resulted in a 
transformed plant carrying a full-length T-DNA with the ADH gene, 
confirming the conclusion that T-DNA can successfully be used as a plant 
transformation vector if its oncogenes are removed and the T-DNAs are 
thus "disarmed." 

To facilitate the introduction of foreign DNA sequences into the T-DNA, 
we built a commonly used cloning vector, pBR322, into the nopaline 
synthase gene. Foreign genes cloned in pBR322, were introduced into 
Agrobacterium by pBR322 mobilization and, because this vector was unable 
to replicate in Agrobacterium, could be stabilized by homologous 
recombination with pBR322 sequences within the T-DNA (Koncz et al., 
1984). To construct a disarmed vector, pGV3850, all DNA sequences 
between the T-DNA border repeats were replaced by pBR322 (Zarnbryski et 
al., 1983). To select for T-DNA transformed cells, however, suitable plant 
selectable marker genes had to be constructed. Our experiments showed 
that bacterial, yeast and animal genes were either not expressed, or not 
properly expressed, in plants. L. Herrera-Estrella (a Mexican student) and 
A. Depicker used the promoter and polyadenylation signal sequences of the 
nopaline synthase gene and linked them to bacterial antibiotic resistance 
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genes to construct chimeric selectable marker genes, and introduced them 
into tobacco using the pGV3850 vector. Following a simple selection for 
antibiotic resistance, they could regenerate fully normal and fertile 
transgenic plants from transformed tobacco calli (Herrera-Estrella et al., 
1983a, b). These experiments enabled wide-range application of T-DNA as a 
plant transformation vector. 

The Birth and Growth of Plant Molecular Biology 

in the early 1 9 8 0 ~ ~  many of us working in tough competition on 
Agrobacterium, the Ti plasmid and T-DNA realized that the real potential for 
further development lays in the application of these tools to explore the 
function and regulation of plant genes involved in metabolism, 
differentiation and development. Our experience with Agrobacterium could 
be immediately applied to the study of mechanisms by which plants 
recognize and mount a defense against pathogens. The construction of 
chimeric genes and the study of their expression in plants provided a tool to 
examine cis-regulatory DNA sequences of promoters controlling the 
expression of plant genes in response to developmental, hormonal and 
environmental stimuli, as well as the nature of regulatory factors binding to 
these sequences. It was also clear that these approaches would never reach 
their goals without agricultural application, and industrial and political 
interest. The potential of using transgenic plants as a suitable replacement 
for herbicides, insecticides, fungicides, and the use of them for 
environmentally friendly raw material production was recognized by plant 
breeders and industry. This was reflected in the publication of an overview 
on Agrobacterium-mediated plant transformation and its further applications 
in the 1987 Annual Review of Plant Physiology by a leading industrial 
laboratory (Klee et al., 1987). Concerning the recent fate of Agrobacterium 
and Ti plasmid research, we wish to emphasize only a few developments 
which we think merit hghhghting. 

Among those who devoted their research activity to clanfylng the 
mechanisms by which Agrobacterium recognizes plant cells and transfers its 
T-DNA into the plant cell nucleus, E. W. Nester and P. Zarnbryski and their 
students and collaborators have made outstanding contributions throughout 
the last decade. The biology of Agrobacterium-mediated gene transfer has 
been worked out in fine detail, with the exception of the T-DNA integration 
mechanism which still awaits the identification of plant nuclear factors 
mediating this process (for review see Zambryski 1988,1989,1992; Lynn and 
Chang, 1990; Citovsky and Zambryski, 1993; Lanka and Wilkins, 1995). 
T-DNA vectors and Agrobacterium helper strains are available for plant 

laboratories all over the world. Simplification of the use of T-DNA vectors 
goes back to the recognition that the T-DNA does not carry any gene 
necessary for its transfer to the plant nucleus. For DNA transfer, it is 
sufficient to insert genes between the two border repeats of the T-DNA 
which can be maintained in a plasrnid replicon separated from the Ti 
plasmid providing the virulence (vir) gene functions in Agrobacterium. 
(Hoekema et al., 1983). There is a wealth of different T-DNA vectors which 
can be simply used for cloning in such a binary vector system in order to 

, , study the activity of plant promoters with different reporter genes, or to 
construct chimeric genes for engineering new traits in plants, or to use 
antisense and overexpression approaches for inhibition or suppression of a 
particular gene activity by transformation. (for review see e.g., Weising et al., 
1988; Mazur and Falco, 1989; Klee and Estelle, 1991; Schell, 1992; Walden et 
al., 1997). 

The Use of T-DNA in Plant Genetics 

Since 1983, plant molecular biology has gradually overtaken various fields 
of plant biology. Today, the analysis of plant gene functions, physiological 
and developmental processes, and many other aspects of plant biology 
cannot be meaningfully performed without the use of transgenic plants. 
Although several other transformation technologies, such as PEG-mediated 
direct DNA uptake into protoplasts and biolistic methods, are also available, 
an overwhelming majority of transformed plants are generated with T-DNA 
as gene vector (Birch, 1997). 

In addition to the major impact of T-DNA transformation in the analysis 
of regulation of plant gene expression and engineering of plants with 
agriculturally useful properties, the use of T-DNA has contributed to 
substantial achievements in plant genetics. It was earlier realized that 
T-DNA integration into plant chromosomal DNA could occur within genes 
and thus cause gene mutations. To test the efficiency of T-DNA as an 
insertional mutagen, we used a gene fusion technology by linking 
promoterless reporter genes to the T-DNA end, such that T-DNA insertions 
in plant genes could easily be identified either by selecting or screening for 
the activation of reporter genes. Measurement of the frequency of T-DNA- 
induced gene fusions in various plants showed that 20% to 30% of all T- 
DNA inserts were located in genes (Koncz et al., 1989)! T-DNAs carrying 
known DNA sequences, plant marker genes and, optionally, bacterial 
plasmid replicons could thus be used as efficient insertional mutagens for 
gene tagging, allowing simple isolation and characterization of mutant plant 
genes. As first examples of the application of this genetic technique, we 
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reported on the T-DNA tagging of the CH42 gene (Koncz et al., 1990), 
whereas others found T-DNA inserts in the GLI and AG1 loci of Arabidopsis 
(Marks and Feldmann, 1989; Yanofski et al., 1990). In our laboratory, B. 
Baker was the first to use T-DNA to deliver the maize Ac and Ds 
transposons into tobacco and to develop this method to a highly efficient 
insertional mutagenesis system, later together with others (Baker et al., 1986, 
1987). 

Based on the pioneering work of G. P. R6dei (1970,1974), Arabidospsis, a 
species with the smallest known genome among angiosperms and a short 
generation time, became the model system in plant biology during the late 
1980s (Koncz et al., 1992a; Meyerowitz and Somenrille, 1994). Today, 
thousands of T-DNA- and transposon-tagged genes are available in 
Arabidopsis and soon T-DNA tags will be isolated in each gene of this species 
(Koncz et al., 1992b; Forsthoefel et al., 1992; Bechtold et al., 1993; Feldmann et 
al., 1994). As shown recently, genes can be identified by sequencing the 
junctions of T-DNA inserts in the plant DNA (Mathur et al., 1998). 
Alternatively, insertions in sequenced genes can be found by screening 
approaches based on the polymerase chain reaction. After sequencing over 
30,000 Arabidopsis cDNAs, genornic research is expected to yield the 
complete sequence of the Arabidopsis genome within a few years. We who 
were amazed by the speed of research developments following the "green 
revolution," are presently faced with a new metamorphosis in plant biology 
termed "functional genomics," which allows sequence-based identification 
of plant gene mutations and subsequent analysis of plant gene functions. It 
is now possible for plant biologists to gain immediate information about a 
favorite gene just by turning on their computers; they can begin deciphering 
in a systematic way the protein interactions controlling such basic cellular 
functions as signaling pathways and cell division. Will this type of research 
leave space for intuition, fantasy, and creativity leading to basic discoveries 
as during earlier times? In our view, certainly. Nonetheless, we agree with 
G. P. Redei, who taught his students an old Indian proverb concerning 
history: "who does not look back, can easily lose his path." 
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