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SUMMARY 

Crown gall disease of dicotylendenous plants, induced by 
Agrobacterium tumefaciens, provides a unique system for the 
study of pathogen-host interplay at the molecular level. By 
means of large Ti plasmids borne by virulent strains of the bac
terium, the pathogen redirects normal plant cell metabolism to 
provide a physiological regime that is beneficial to the patho
gen, and also results in tumor formation on the plant. This 
redirection of plant metabolism is accomplished through the in
corporation, maintenance, and expression of part of the Ti plas
mid in the plant cell; thus crown gall serves as the first nat
urally-occurring example of genetic engineering of a eukaryotic 
cell by a prokaryote. Through the use of i~ vivo or in vitro 
techniques, it may be possible to exploit the crown gall system 
for use in insertion of man-selected genes into higher plants, 
thereby providing plants with genetic makeup not easily avail
able through conventional genetic techniques. 

INTRODUCTION 

Classical approaches to crop plant improvement have in
volved the application of two basic genetic techniques. New 
varieties have been produced primarily by crossing normal plants 
possessing different desirable traits; progeny exhibiting the 
proper combination of traits were then screened and increased 
for commercial production. The other technique involved the 
selection of mutant plants for breeding material, the mutations 
having arisen either spontaneously or as the result of chemical 
or radiation-induced mutagenesis. 

In this paper, I will discuss an exciting new prospect for 
altering the genetic constitution of higher plants. This exper
imental system exploits a naturally-occurring mechanism of gene 
transfer between bacteria and plants as a means of introducing 
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into plant cells genetic traits which may not be obtained 
through conventional genetic manipulations, or could be accomp
lished only with a high degree of difficulty. It is important 
to bear in mind that, to date, the crown gall system that I am 
about to describe has not yet been proven capable of exploit
ation for this type of genetic engineering, but there has been 
accumulated enough indirect evidence of the system's utility 
that one can be hopeful that definitive experiments proving the 
genetic engineering potential of the system will be soon forth
coming. 

BIOLOGY OF CROWN GALL 

That the gram-negative bacterium Agrobacterium tumefaciens 
(SMITH & TOWNSEND, CONN) is capable of inducing n e oplastic out
growths on wounded higher plants was first proven in 1907 (SMITH 
& TOWNSEND 1907). Since that first report, a vast number of 
person-years of scientific effort have been devoted to studies 
of the biology of crown gall disease, and to elucidation of the 
mechanisms that result in turnorigenesis in the infected plant. 
These studies have shown that not only does A . tumefaciens have 
an ~xtremely wide natural distribution, being found in soils 
throughout the world, but also can infect a very diverse range 
of host plants, including representatives of 142 genera and com
prising 61 families (for reviews, s e e BRAUN 1972; LIPPINCOTT & 

LIPPINCOTT 1975; KADO 1976). This wide host range is unusual 
for plant pathogens, and sugge sts that the susceptibility of 
these plants (all of which are dicotyledonous) to this disease 
is the result of a very basic biochemical similarity which is 
substantially different in the nonhost monocotyledonous plants. 

Without going into great detail (which may be found in 
the above mentioned revie ws), I will quickly outline the basic 
features of tumor induction, and then present information which 
suggests the potential use of the crown gall system as a model 
for genetic engineering. 

When a plant is wounded, a complex series of reactions is 
induced to occur in the cells immediately comprising the wound 
site, as well as in undamaged cells adjacent to the wound. The 
ultimate result of these reactions is the proliferation of 
wound-healing cells to form a protective tissue called callus. 
If virulent A . tumefaciens cells are introduced into the wound 
site within a f e w hours after wounding, the proliferative growth 
of the plant cells is removed from the plant's normal control, 
and eventually the callus-like tissue overgrows the wound site 
to form a tumor. 

These tumors are of two basic morphological types, the 
in-du-ct:i:on- of each type- ber n-g contro-11-ed - primariJ:y- by tlre - iden
ti ty of the infecting bacterial strain. Some bacterial strains 
induce teratomas; these tumors possess abnormal- shoots, ouds, 
and roots arising from an undiffere ntiated basal matrix of cal
lus-like tissue. Other strains induce unorganized tumors whose 
morphology resembles the basal matrix of the teratomas, but 
which have no (or little) propensity to organize differentiated 
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plant structures. 

Following excision from the plant, and treatment with 
antibiotics to eliminate contaminating microorganisms, the tumor 
tissues may be placed in axenic culture and therein maintained 
indefinitely. Indeed, the discovery that the maintenance of 
tumorous growth characteristics (growth independent of exogen
ous plant hormones, and proliferative growth following grafting 
to healthy plants) does not require the continued presence of 
the inciting bacteria can be considered one of the significant 
milestones in crown gall research (JENSEN 1910; JENSEN 1918; 
WHITE & BRAUN 1941). It is this feature of growth in the ab
sence of the inciting organism which defines crown galls as true 
tumors and distinguishes them from galls of remissive type, such 
as insect-induced galls. 

Besides maintenance of tumorous growth characteristics and 
tumor morphology (unorganized or teratoma) in culture, another 
trait is commonly used to characterize tumor tissues. This bio
chemical criterion stems from a correlation first noticed by 
workers in the laboratory of the late G. Morel in France, but 
whose extreme biological significance has only recently been 
revealed. These scientists (GOLDMANN et al. 1968; GOLDMANN et 
al. 1969; PETIT et al. 1970) found that crown gall tumor tiss
ues, whether examined immediately after excision from the plant, 
or after establishment in tissue culture, generally contain 
either octopine [N 2 -(D-l-carboxyethyl)-L-arginine] or nopaline 
[N 2 -(1,3-dicarboxypropyl)-L-arginine]. Which, if either, of 
these compounds is produced in the tumor is dependent on the 
identity of the inciting bacterial strain, and does not rely on 
the host plant identity. Furthermore, the correlation was also 
found that bacterial strains which induce octopine (oct) con
taining tumors will rapidly degrade octopine when that compound 
is supplied as the sole exogenous carbon and nitrogen source, 
but will metabolize nopaline (nop) only very slowly. The rev
erse correlation was also found, that is, strains which induce 
nop-producing tumors metabolize nopaline rapidly, but octopine 
only at a much reduced rate. Therefore, when discussing A. tume
faciens strains, it is convenient to group them as oct or nop 
type. Members of a third class of bacteria (null type) utilize 
neither oct nor nop, and the tumors these bacteria induce pro
duce neither compound. 

For at least two decades, much research effort was devoted 
to discovery of the biochemical nature of the tumor-inducing
principle (TIP) hypothesized by BRAUN (1947). Early experiments 
that suggested the involvement of bacterial DNA, RNA, or phages 
were well reviewed by DRLICA and KADO (1975) shortly after the 
proof (CHILTON et al. 1974) that large amounts of A. tumefaciens 
or phage PS8 DNA were not detectable in tobacco tumor tissue 
cultures. At about that time, researchers in Belgium found that 
all virulent A. tumefaciens strains examined harbored large 
plasmids, whereas none of the avirulent strains in the study 
were found to contain plasmids of equal size (ZAENEN etal. 1974). 
The discovery (VAN LAREBEKE et al. 1975; WATSON et al. 1975) 
that on these large plasmids are borne the genes that control 
oncogenicity of the bacteria lead directly to the finding in 
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Seattle (CHILTON et al. 1977) that a portion of the plasmid (Ti 
plasmid, for "tumor-inducing") is inserted into, and stably 
maintained in, the tumor cell during the process of tumor in
duction. This finding, and the proof of transcription of the 
plasmid DNA in the plant tumor cell (DRUMMOND et al. 1977), 
serve as the two basic observations upon which are based the 
current great expectations of development of the crown gall 
system as a controlled vehicle for plant genetic engineering. 
This disease is the only known naturally-occurring system where
in DNA sequences that normally reside in a prokaryotic cell are 
stably transferred to, and expressed in, a eukaryotic cell. No 
equivalent phenomenon is known to occur in animal cells, for the 
origin of animal virus genomes which integrate into cellular DNA 
is obviously not prokaryotic. 

MOLECULAR BIOLOGY OF Ti PLASMIDS 

Piasmid-Controlled Traits 

The determination of genetic traits controlled by Ti-plas
mid-borne genes has been greatly facilitated by the development 
of efficient transformation (HOLSTERS et a~. 1978) and in vitro 
conjugation systems (CHILTON et al. 1976; KERR et al. 1977; 
GENETELLO et al. 1977; HOOYKAAS et al. 1977), and by the avail
ability of plasmidless, avirulent Agrobacterium strains. By 
comparing the phenotypes and biochemical characteristics of 
these strains before and after the introduction of Ti plasmids, 
one gains knowledge of the traits controlled by the plasmid. A 
list of these traits is presented in Table 1. Due to space lim
itations, the reference citations in some cases are rather arbi
trarily assigned; no slight is intended to those authors whose 
works are not cited. 

Of particular interest for discussion of the genetic engi
neering potential of Ti plasmids are the genes controlling Gnco
genicity, octopine/nopaline production/catabolism, and tumor 
morphology. In a later section, I will discuss the possible 
exploitation of these traits. 

Genetic Colonization or Parasitism 

At first glance, the induction of tumors on higher plants 
by A. tumefaciens seems to be no more than a bizarre example of 
a plant-bacterial interaction. Application of modern molecular 
biological techniques has exposed the interaction to be extreme
ly complex, however, and has revealed a truly remarkable case of 
microbial evolution. 

As previously mentioned, A. tumefaciens cells harboring 
appropriate Ti plasmids are capable of inducing tumors on plants. 
Soon after tumor induction, the transformed plant cells begin 
production of octopine, n9paline, or related compounds (collect
ively called opines, TEMPE et al. 1977) that are not present in 
detectable amounts in healthy plants. The opines that have been 
reported to occur in crown gall tissues are listed in Table 2. 
In analyses of the levels of these compounds found in tobacco 
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Table 1. Ti Plasmid-Determined Characteristics 

TRAIT 

1. Oncogenicity 

REFERENCE 

VAN LAREBEKE et al. 1975 
WATSON et al. 1975 

2. Bacterial octopine or VAN LAREBEKE et al. 1975 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

nopaline catabolism BOMHOFF et al. 1976 
(requires permease and oxidase)MONTOYA et al. 1977 

Tumoral octopine or 
nopaline production 

Tumoral production 
of agropine 

Tumor morphology 
(unorganized or teratoma) 

Sensitivity to agrocins 
84 and 396 

Transfer functions 

Exclusion of phage APl 

Adherence to plant cell 

Periplasmic proteins 
per-1 and per-2 

Plasmid incompatibility 

Plant host range 

Arginine catabolism 

Cytokinin production 

walls 

BOMHOFF et al. 1976 
MONTOYA et al. 1977 

FIRMIN & FENWICK 1978 

GRESSHOFF et al. 1979 

VAN LAREBEKE et al. 1975 
ENGLER et al. 1975 

KERR et al. 1977 
GENETELLO et al. 1977 

VAN LAREBEKE et al. 1975 

WHATLEY et al. 1978 
MATTHYSSE et al. 1978 

SONOKI & KADO 1978 

MONTOYA et al. 1978 
GENETELLO 1978 

SONOKI et al. 1978 

ELLIS et al. 1978 

MESSENS & CLAEYS 1978 

tumor tissues excised from plants, KEMP (1976) found 2.4 µmole 
of octopine/20 gram fresh weight tissue, whereas no octopine was 
detected in normal tobacco plants or tissue cultures, utilizing 
a technique capable of assaying less than 0.5 µmole/20 gram fresh 
weight. By contrast, agropine has been detected in tobacco tumor 
tissue cultures in amounts equal to 7% of the tissue dry weight 
FIRMIN & FENWICK 1978), or roughly equal to the nicotine content 
of tobacco plants. Clearly then, these bacterially-induced com
pounds comprise significant metabolites, and indicate a major 
disruption of the normal plant cell's metabolism. 

The molecular basis of this physiological disruption of 



Table 2. Opines Found in Crown Gall Tumors 

Opine 

I. Octopine·Family 

Octopine (oct) 

Octopinic Acid (oca) 

Lysopine (lop) 

Histopine (hop) 

Homooctopine (hoct) 

Agropine 

II. Nopaline Family 

Nopaline (nop) 

Nopalinic Acid, 
or Ornaline (noa) 

Chemical Name 

{N2-(D-l-carboxyethyl)
L-arginine} 

{N2-(D-l-carboxyethyl)
L-orni thine} 

{N2-(D-1-carboxyethyl)
L-lysine} 

{N 2-(D-l-carboxyethyl)
L-histidine} 

{N2-(D-l-carboxyethyl)
L-homoarginine} 

C11H17N07 

{N2-(l,3-dicarboxypropyl)
L-arginine} 

{N2-(l,3-dicarboxypropyl)
L-orni thine} 

Constituents 

Arginine+ 
Pyruvic Acid 

Ornithine + 
Pyruvic Acid 

Lysine+ 
Pyruvic Acid 

Histidine + 
Pyruvic Acid 

Homoarginine + 
Pyruvic Acid 

Amino Acid+ 
Sugar 

Arginine+ 
a-keto-Glutaric Acid 

Ornithine + 
a-keto-Glutaric Acid 

Reference 

MENAGE & MOREL 1964 

MENAGE & MOREL 1965 

BIEMANN et al. 1960 

KEMP 1977 

PETIT & MOREL 1966 

FIRMIN & FENWICK 1978 

GOLDMANN et al. 1969 

FIRMIN & FENWICK 19 77 
KEMP 1978 

-.J 
.is. 

~ 
~ 
0 
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the plant cell lies on the Ti plasmid. As part of the tumor 
induction process, a portion of the Ti plasmid DNA (roughly 7%, 
or 13.6 of an oct-type plasmid's 196 kilo base pairs of DNA; 
MERLO et al., submitted) is transferred to, and thereafter 
maintained in, the plant cell. As will be discussed in detail 
in a later section, the genes controlling opine production in 
the plant cell, as well as those that apparently control main
tenance of the tumorous growth state, are included on the T-DNA •. 
While it is not known if the enzymes responsible for opine pro
duction per se are, in fact, coded by the T-DNA, or are present, 
but repressed, in the healthy plant genome, it is known that 
deletions or insertions in defined portions of the T-DNA elimi
nate opine production. One result of T-DNA transfer to the 
plant cell, therefore, is an altered state of plant cell meta
bolism which results in production of specific compounds. 

The physiological role of the opines in crown gall disease 
has recently been elucidated. Preliminary hypotheses suggested 
that perhaps the opines themselves played a role in determining 
tumorous growth characteristics, but the isolation of oncogenic 
mutant bacteria that failed to induce ·opine synthesis proved 
this hypothesis false. The opines, in fact, have apparently no 
role in plant tumor cell metabolism, but play an important part 
in controlling the physiological state of Agrobacterium cells 
bearing Ti plasmids. This effect is manifested in two ways. 
First, it has been found (BOMHOFF et al. 1976; MONTOYA et al. 
1·977) that the opines can serve as the sole sources of carbon 
and nitrogen for growth of bacteria bearing Ti plasmids, and 
that the major genes allowing utilization of these compounds 
reside on the Ti plasmids themselves. (Recently, other chromo
somal genes which enable opine utilization have been reported, 
MONTOYA et al. 1978). With the exception of Rhizobium trifoZii 
that received a Ti plasmid from A. tumefaciens by means of con
jugation, no other bacteria besides Agrobacterium species have 
been reported capable of utilizing the opines. These metabol
ites are therefore able to be catabolized only by a small group 
of closely related microorganisms, to the apparent exclusion of 
other soil-borne microbes. 

Second, the opines have been found to be potent "aphrodis
iacs" for Agrobacterium strains, inducing the transfer by con
jugation of the Ti plasmid to other bacteria. Indeed, KERRetal. 
(1977) and GENETELLO et al. (1977) found that the frequency of 
conjugational transfer of an oct-type Ti plasmid between Agro
bacterium strains was increased by at least four orders of mag
nitude after seven days' incubation on octopine-containing med
ium, compared to the transfer frequency found with cells grown 
on the same medium minus octopine (less than 1 X 10- 8 per recip
ient cell). 

Taken together, these observations provide strong evidence 
for a naturally-occurring case of genetic engineering. Agrobac
terium tumefaciens, by means of its highly transferable Ti plas
mid, is capable of harnessing the photosynthetic capacity of the 
plant to produce metabolites which are of benefit only to the 
bacteriumo As a further insult to the plant, these metabolites 
promote the spread of the Ti plasmid to other bacterial cells, 
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thus ensuring the plasmids' evolutionary survival. This highly 
evolved system has been called genetic parasitism by Eugene 
Nester (University of Washington, Seattle) or genetic coloniza
tion by Jeff Schell (University of Brussels, Belgium). In 
Figure 1 I have attempted to illustrate the essential features 
of this unique system. 

"GENETIC PARASITISM" or "GENETIC COLONIZATION" 

(~□□ ! 
/' r,11 

Infection 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

of 
Host 

Bact~rial 
Chromosome __ _ _ 

PLANT 

CO 2 + H2O .,.NA Amino acids+ C compounds 
(no Opines) 

\ 
Induction 

of 
Tumor and Opine srnthesis 

Opine syn ~ 
' \ 

I 

\ 

' I 
I 

Tumor synthesized opine 
promotes plasmid 

transfer 

/ 

Figure 1. The concept of genetic colonization as illustrated by 
the crown gall disease represents a natural case of 
genetic engineering. 
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Three Groups of Ti Plasmids 

Based on their physiological characteristics, A. tumefac
iens strains are classified as oct, nop, or null type. Since 
these characteristics are Ti plasmid-determined properties, it 
was of interest to determine the amount of genetic diversity 
represented by plasmids isolated from members of each group. 
If the majority of the genes encoded by the plasmid were involved 
in expressing a common mechanism of tumorigenicity, then one 
would expect a large amount of DNA base sequence homology to be 
present between the Ti plasmids of different strains. In fact, 
however, CURRIER and NESTER (1976) found that oct- and nop-type 
plasmids shared only about 5% of their DNA sequences, when du
plexes formed at 70°c in 0.15 M sodium phosphate were assayed by 
hydroxyapatite chromatography. They found, further, that all 
oct-type plasmids were greater than 90% related to one another, 
whereas the nop-type plasmids, while generally homologous to one 
another, showed a larger amount of diversity. Similar results 
were reported by DRUMMOND and CHILTON (1978), but the lower 
stringency of their hybridization reactions resulted in the assay 
of significantly higher degrees of duplex formation between oct
and nop-type plasmids (around 25%). After examining the restric
tion endonuclease digestion fingerprints of representative Ti 
plasmids, SCIAKY et al. (1978) proposed three classification 
schemes for Ti plasmids: 

1) octopine-type, which all have nearly identical finger
prints, and show little genetic diversity; 

2) nopaline-type, whose fingerprints are diverse and diff
erent from oct-type fingerprints; and 

3) null-type, of which only one plasmid was examined, and 
whose fingerprint pattern was unlike either of the other 
types. 

Taken together, these results show that the Ti plasmids 
comprise an evolutionarily diverse group of plasmids whose pri
mary similarity includes the ability to induce tumors on plants. 
Whereas the oct-type plasmids have diverged only slightly from 
one another, those of the nop-type have apparently either arisen 
from different ancestral plasmids, or have suffered markedly 
different selective pressures, the result being their present 
wide range of genetic diversity. 

Physical and Functional Maps of Ti Plasmids 

Most of the current research efforts in various laborator
ies are concentrated on understanding the oct- and nop-type 
plasmids. Since the DNA sequence homology studies reveal that 
only relatively small amounts of cross-homology exist between 
these plasmids it is of interest to examine the physical maps of 
these plasmids in an effort to determine the locations of these 
common sequences. In particular, one question concerns whether 
the common sequences are randomly dispersed over the plasmid 
physical map, or if they lie in a defined location relative to 
some other physical marker (e.g. the T-DNA). 
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CHILTON et al. (1978) and DEPICKER et al. (1978) found 
that, in fact, the DNA sequences most highly conserved ( fi Tm of 
3-5°C) }between the three plasmid types ("common DNA", compris:: 
ing about 8.9 kilo base pairs, kbp) lies almost entirely within 
the T-DNA of a nop-type plasmid (pTi-C58), and overlaps at least 
part of the T-DNA of an oct-type plasmid (pTi-B6806). Since 
the exact extent of the T-DNA of the latter plasmid is not known, 
it is possible that the most highly conserved DNA sequences lie 
substantially within the T-DNA of this plasmid as well, in a 
manner analogous to that seen in the nop-type plasmid. Because 
these two plasmid types share the common characteristics of 
tumor induction, and insertion of the T-DNA into plant cells, 
it will be of extreme interest to determine the nature of the 
genes which are coded by the common sequence DNA, as the physi
cal location of these sequence s within the T-DNA implies in
volvement in the common processes. 

In Figures 2 and 3 I have sketched the arrangement of the 
common DNA sequences in relation to the T-DNA and other markers 
on drawings representing a nop-type (pTi-C58) and an oct-type 
(pTi-ACHS) plasmid. Areas of DNA sequence homology which are 
characterized by a greater fiTm are also found on the plasmids; 
these- area-s- a-re- seatc-ic-eFed- me-Fe- or- le-ss- F-a-ndoml-y- arou-nd ic-he phys
ical map. 

FUNCTIONAL ORGANIZATION OF pTi-ACH5 

~CTOPINE 
SYNTHESIS 

,.-:-:,,,,,•,:,:,:,, I - D N A 
[==:::J CONSERVED DNA 
~ PARTIALLY 

CONSERVED DNA 

Figure 2. ~ schematic- diagram of a:n- oct-type plasmid showing 
approximate locations of known genes in relation to 
areas of DNA homology between oct- and nop-type plas
mids. Gene locations were determined by insertion or 
deletion mutagenesis (CAT: catabolism, TRA: transfer). 
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FUNCTIONAL ORGANIZATION OF pTi-C58 

I 
I 
\ 

ORIGIN\ 
OF 

REPLICATION"' 

COMPILED FROM• 
SCHELL et al. 1979 
DEPICKER et al. 1978 
CHILTON et al. 1978 
DRUMMOND and CHILTON 1978 

1.,:. .......... :,:,, T- DNA 
c:::=:ICONSERVED DNA 
~PARTIALLY 

CONSERVED DNA 

79 

Figure 3. Schema tic diagram of a .nop-type plasmid showing 
approximate locations of known genes in relation to 
areas of DNA homology between oct- and nop-type plas
mids. Gene locations were determined by insertion or 
deletion mutagenesis. 

One feature of interest concerning these areas of homology 
is the _observation that, within each of the regions of pTi-C58, 
one also finds genetic markers affecting oncogenicity and trans
fer characteristics of the plasmid. This observation suggests 
that these two functions are related in oct- and nop-type plas
mids, and may have emerged from a common ancestral plasmid. 
However, since no insertion mutants of pTi-C58 have been found 
that inactivate simultaneously the transfer and oncogenicity 
functions, apparently the mechanisms involved in conjugational 
transfer of the plasmid between bacterial cells, and between 
bacteria and plant cells, are not controlled by the same plasmid 
genes (SCHELL et al. 1979). On the other hand, the observations 
that oncogenicity and interbacterial plasmid transfer are both 
inhibited at temperatures above 300c (TEMPE et al. 1977)suggests 
that a common, temperature-sensitive step that may be controlled 
by a chromosomal gene is operative in both processes. 

Of primary interest in considerations of the genetic engi
neering potential of Ti plasmids is the physical and genetic 
constitution of the T-DNA. As noted above, the T-DNA includes 
part or all of the common sequence DNA of the oct- and nop-type 
plasmids which have been studied. In the case of tumors incited 
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by strains harboring oct-type plasmids, we have found that the 
size of the T-DNA is different in independently-derived tumor 
tissues (MERLO et al., submitted), but always includes the DNA 
sequences adjacent to the common DNA (on the side toward the 
oct synthesis genes in Figure 2, which we will call the right
hand side). As shown in Figure 2, this DNA includes the genes 
specifying octopine synthesis in the tumor cells. Similarly, 
the DNA that lies to the right of the common DNA in the nop-type 
plasmid (Figure 3) includes the genes specifying nopaline synth
esis. One current hypothesis concerning the use of Ti plasmids 
for genetic engineering, therefore, involves the substitution 
of DNA encoding the desired genes into the T-DNA at the position 
adjacent to the common DNA that is currently occupied by the 
opine-synthesis specifying genes. 

Substitution into this position of the Ti plasmid is desir
able for (at least) three reasons. First, this DNA is dispens
able to tumor maintenance since some tumor tissues do not con
tain these DNA sequences, and KOEKMAN et al. (1979) have found 
that bacteria harboring plasmids from which these sequences have 
been deleted retain virulence, although the strains are highly 
attenuated. Apparently, these sequences are "hitchhikers", and 
a-:i::-e-- -t-:i::-ansferred to the J:J-l-a-n-t- eel-1 only incic:lenca-1-1-y- ce the trans
fer of the oncogenic genes (which we presume to lie within the 
common DNA). The substitution of other DNA for the DNA that 
naturally occurs in this portion of the T-DNA will presumably 
result in the transfer of that DNA into the plant cell via the 
same transfer mechanism operative during tumorigenesis. 

Second, it has been shown that these DNA sequences (to the 
right of the common DNA) are transcribed into RNA in the plant 
cell, although the identity of the translation products, if any, 
is not known (DRUMMOND et al. 1977; LEDEBOER 1978). Since the 
genes specifying opine synthesis lie in this region of the DNA, 
we can presume that the RNA found in the above studies repre
sents mRNA for the opine synthesis enzymes, but this has not 
been proven. The important point to realize is that DNA sequen
ces that normally reside in a prokaryotic cell are transferred 
to, and expressed in, the plant. Hopefully, similar expression 
of any DNA substituted into the T-DNA will occur. 

Third, good evidence exists that suggests that this por
tion of the T-DNA (the right-hand end) is present in multiple 
copies in some lines of act-producing tumors. Indeed, we have 
found (MERLO et al., submitted) that, whereas the left-hand end 
of the T-DNA is present in only about one copy per tumor cell, 
the right-hand end is present in about 30 copies per cell. Al
though the mechanism for this unequal amplification is unknown, 
if the same mechanism is operative in amplifying engineered 
sequences substituted into the T-DNA, we can hope for increased 
expression of these sequences as a resul-t of their higher copy 
number. 

POSSIBLE METHODS OF ENGINEERING Ti PLASMIDS 

The current technology for assembling in vitro engineered 
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plasmids involves the insertion of desired DNA sequences bear
ing appropriate terminal sequences into cloning vehicle plas
mids that also possess appropriate termini. Ideally, the DNA 
to be inserted into the plasmid is cleaved with a restriction 
endonuclease whose cleavage of the DNA results in the formation 
of "sticky ends". This DNA is then enzymatically ligated to 
the plasmid vehicle which has been cut with the same restriction 
enzyme, and therefore also has sticky ends. Through selection 
of appropriate genetic or physical markers, the recombinant 
plasmid can then be screened and further characterized. 

It is important for these types of manipulations that the 
plasmid chosen as the vehicle to accept engineering genes have 
one, or a very few, sites sensitive to cleavage by a particular 
restriction endonuclease. Due to the large size of Ti plasmids 
(196 kbp), it is unlikely that any restriction enzyme will be 
found that cleaves the plasmid only once, and that this cleavage 
site will occur in the proper position in the T-DNA. Therefore, 
other means must be devised that will enable the insertion of 
selected genes into the Ti plasmid. In this section I will dis
cuss preliminary attempts at this feat which show promise, and 
suggest other means which have yet to be tested. 

Formation of Cointegrated Plasmids 

Genetic engineering with Ti plasmids through the possible 
use of cointegrated plasmids is based on the observations of 
HOLSTERS et al. (1978) that Ti plasmids and the broad-host-range, 
drug resistance Pseudomonas plasmid RP4 can form covalent chim
eric plasmids in the appropriate genetic background. Whereas 
several Ti::RP4 cointegrates were found with pTi-B6S3 (an oct
type plasmid), and only one RP4 cointegrate with pTi-C58 was 
isolated, it is not known if this reflects a basic difference 
between the mechanism of formation of cointegrates with RP4 and 
oct-type and nop-type plasmids, or merely represents a differ
ence in sampling frequency in the experiments. At any rate, 
several of the pTi-B6S3::RP4 cointegrated plasmids retained the 
ability to induce tumor formation, while the single pTi-C58::RP4 
cointegrated plasmid had lost oncogenicity. 

As a result of cointegration of RP4 into Ti plasmids, it 
may be possible to use RP4 plasmid as a vehicle to insert cloned 
genes into the Ti plasmid. The desired gene would first be 
cloned in RP4 by standard in vitro recombinant DNA techniques 
(e.g. into the single EcoRI site of RP4). The recombinant RP4 
would then be introduced into cells containing Ti plasmid, and 
cointegrated plasmids selected. Strains bearing the Ti::RP4 
cointegrated plasmids would be used to infect plants, and, hope
fully, the cloned genes borne in RP4 will be carried into the 
plant cell as a result of T-DNA transfer. Expression of the 
engineered genes would presumably occur by the same mechanisms 
responsible for T-DNA expression. By utilizing auxotrophic 
mutants of host plants (e.g. Arabidopsis thaliana), one may be 
able to devise a system wherein positive selective pressure for 
expression of the engineered genes in the plant cells may be 
applied. In this way, one could diminish contamination by cells 
that had not received the cloned genes. 
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The success of this technique will depend on the amount 
of plasmid DNA that is initially transferred to the plant cell. 
To date there is no data which approaches the question of 
whether all the plasmid is transferred to the plant cell, and 
then cleaved to leave only the T-DNA, or if only the T-DNA is 
transferred and then maintained in the plant cell. 

Cloning into Partial Digests of Ti Plasmids 

As mentioned above, an ideal DNA vehicle for acceptance of 
engineered genes would, possess only one or a very few sites for 
cleavage by restriction endonucleases. Ti plasmids clearly do 
not meet these criteria. It may be possible, however, to util
ize an extremely limited digestion by the endonuclease, accomp
lished under sub-optimal conditions for enzyme activity, to gen
erate full-length or nearly f~ll-length linear DNA molecules of 
the Ti plasmid. These molecules could be enriched by centrifug
ation in a neutral sucrose gradient, and then ligated with DNA 
fragments containing the desired cloned genes. If a fraction of 
the Ti plasmid molecules have been cleaved in the appropriate 
T-DNA sites, ligation of these molecules could result in form
ation of biologically ac'tive Ti plasmids, capable of T~DNA trans
fer- -i:-o plant cells with concurrent tran-sfer of the eng-ineered 
genes. 

Cloning Into Ti Plasmids Bearing Partial Deletions 

It is possible that the Ti plasmid may be used to trans
form plant cells in the absence of viable bacteria. FERNANDEZ 
et al. (1978) have provided preliminary evidence for the incor
poration and maintenance of plasmid DNA by plant protoplasts, 
but, to date, there are no confirmed reports of the induction 
of tumor cells by naked Ti plasmid DNA. If this deficiency re
presents merely a shortfall of current science or technology, 
and does not indicate an insurmountable biological barrier, then 
future research should open the way for reliable methods of 
introducing the Ti plasmid DNA into plant cells under controlled 
conditions. 

With the attainment of this technology, a useful vehicle 
for introducing engineered genes into the plant cells, and for 
attaining their expression, might consist of Ti plasmids from 
which large pieces of DNA not concerned with expression and 
maintenance in the plant cell have been deleted. Conceivably, 
the remaining portions of the Ti plasmid would include only 
those genes required for replication and maintenance of the 
plasmid DNA in the plant cell, and a proper promoter region to 
ensure transcription of the engineered genes. Clearly, much 
more research must be accomplished before the genetic and phys
ical constitution of the Ti plasmid is known in sufficient 
detail to allow the tailoring of such an engineering vehicle. 

~ --In- ~hea osenc~ of an aaequate-------p-rant protoplast- transform
ation system, such small plasmid vehicles may yet prove useful. 
Assuming the vehicles retain the ability to replicate in the 
bacterial cell, it is possible that the vehicle could be intro
duced into the plant cell by means of mobilization by an intact 
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Ti plasmid also present in the bacterial cell. In this case, if 
the T-DNA from the intact Ti plasmid were able to be eliminated 
from the plant cells (e.g. by shifting the cells to a higher 
temperature), one would be left with plant cells harboring the 
vehicle plasmid and engineered genes, and possessing (presumably) 
none of the complicating tumorous traits. 

Transposons 

The use of DNA segments which are capable of transposition 
with random integration into DNA has provided molecular biolo
gists with an important tool for genetic engineering (KLECKNER 
& BOTSTEIN 1977). While the majority of the transposons that 
have been characterized thus far carry genes governing antibio
tic resistance (KLECKNER 1977), certain other characters such as 
toluene degradation (JACOBY et al. 1978) and toxin production 
(SO et al. 1979) have also been shown to exist as transposable 
elements. A potentially extremely useful property of these ele
ments is afforded by the observation that, in some transposons, 
internal DNA substitutions can be made in vitro without affect
ing the ability of the elements to transpose to other sites in 
the genome (SO et al. 1979; MEYER et al. 1979). It may be poss
ible to exploit this characteristic of transposons to insert 
engineered genes into the Ti plasmid. 

The genes of interest would first be cloned by standard 
recombinant DNA techniques, and the DNA fragment bearing the 
genes would then be transferred in vitro into the middle of an 
appropriate transposon borne on a plasmid. Following introduc
tion of this plasmid into A. tumefaciens cells bearing Ti plas
mids, one could then, by appropriate genetic manipulations, 
select for Ti plasmids into which the transposon bearing the 
engineered genes has been inserted. Virulent bacteria harboring 
these recombinant Ti plasmids would then be used to infect 
plants, and, if appropriate markers have been chosen, it should 
be possible to select for plant cells expressing the engineered 
genes. 

A first approach to these manipulations has been described 
by SCHELL et al. (1979). Using in vivo methods, these workers 
obtained a Ti plasmid into which the transposon Tn7 had been 
inserted, at a site which destroyed the ability of the T-DNA to 
induce nopaline synthesis in the plant. Following tumor induc
tion by bacteria harboring this altered Ti plasmid, it was found 
that the bacterial DNA that is maintained in the tumor cell now 
includes the Tn7 DNA, as well as Ti plasmid DNA. These experi
ments therefore represent the first instance in which the Ti 
plasmid has been used to insert selected genes into plant cells. 
Unfortunately, no information is available yet regarding the 
degree of transcription or translation of the Tn7 DNA in the 
plant tumor cell. 

Formation of Cointegrated Plasmids in vitro 

I have already discussed the formation of RP4::Ti cointe
grated plasmids in vivo. It might be possible, however, to 
attain formation of other cointegrated plasmids by in vitro 
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techniques. This possibility relies on the observation that 
some cell-free extracts from E. aoli (POTTER & DRESSLER 1978) or 
Xenopus laevis eggs (BENBOW & KRAUSS 1977) are capable of cata
lyzing the formation of fused plasmid molecules in vitro. It 
may be feasible to use either of these systems to generate co
integrated plasmid molecules that consist of a Ti plasmid fused 
with a smaller plasmid bearing the appropriate clone? genes. 

The genes of choice would first be cloned into a small 
plasmid such as pBR322 (BOLIVAR et al. 1977) which bears a non
transposable remnant of the transposon Tnl. Since the activity 
of the in vitro recombination system apparently requires that 
regions of DNA base sequence homology exist between the two 
plasmids to be fused, it is necessary that such a region be gen
erated in the Ti plasmid. This region may be obtained by util
izing transposon mutagenesis with Tnl, as already described by 
SCHELL et al. (1979). By these techniques, one may obtain sev
eral types of Ti plasmids that differ in the site of Tnl inser
tion. A particularly appropriate one for this experiment would 
possess a Tnl insertion into the genes specifying opine synth
esis. Fusion of this Ti plasmid with pBR322 bearing the genes 
of choice would ensure that the latter plasmid is integrated 
into --t-he Ti plasmid in a position- wh-ich seemingly has the high
est probability of transfer to the plant cell. 

CONCLUSIONS 

There are many obstacles yet to be overcome in the devel
opment of a controlled system to be used in genetic engineering 
of plants. Recently, KADO (1979) has discussed several possible 
host-vector systems for plant genetic engineering, and has 
pointed out some of the obstacles currently encountered. In 
this paper, I have attempted to summarize some of the current 
data regarding the molecular biology of Ti plasmids, and to 
highlight those features which appear to make these plasmids the 
system of choice in considerations of nonconventional genetic 
manipulations of plants. There remains, however, one apparent 
drawback to this system which I have failed to address, and this 
concerns the fact that the primary feature of the interaction 
between the A. tumefaaiens genome and the plant genome is the 
formation of tumors. Consequently, it may appear that little 
practical value can be derived from experiments designed to 
produce genetically engineered tumors. 

Research conducted in the laboratories of Armin Braun, 
however, has revealed that the tumorous phenotype of tobacco 
teratomas can be reversibly suppressed by grafting teratoma 
shoots onto healthy tobacco plants (BRAUN & WOOD 1976; TURGEON 
et al. 1976). SACRISTAN & MELCHERS (1977) have also reported 
the regeneration of plants from single-cell derived clones of 
unorganized tobacco tumor. In the former case, it was found 
that, although the regenerated p~ants -were normal in appearance 
and in several biochemical characteristics examined, the tumor
ous traits were merely suppressed, since tissue cultures derived 
from these plants produced nopaline and reverted to the teratoma 
growth habit. Further examination of the tissue cultures (F.M. 
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YANG, unpublished) revealed that cultures derived from vegata
tive plant parts (e.g. sterns and leaves) retained bacterial 
T-DNA, but cultures derived from plant parts having undergone 
meiosis (e.g. anthers or Fl seed) had lost the T-DNA. 

Taken together, these results suggest that it will be 
possible to obtain engineered, otherwise normal plants which 
express no tumorous characteristics as long as they are grown 
as vegetative plants. Since the engineered DNA will presumably 
be lost during meiosis, however, the system may be limited to 
those plants which are able to be clonally propagated. 

A final comment may be made concerning the biological 
safety of the use of Agrobacterium tumefaciens DNA to engineer 
commercially important food plants. Of primary concern is the 
possibility of the Ti-plasmid inducing cancer in humans or other 
animals. To date, no directly relevant experiments have been 
reported. There are three reports in the literature, however, 
which might have some bearing on this question. SMITH (1916) 
reported small overgrowths in the eye sockets of brook trout 
inoculated with A. tumefaciens, but was unable to conclude that 
the nodules were directly caused by the bacteria. Later, HAMIL
TON & HUISINGH (1968) found that A. tumefaciens cells were 
acutely toxic, but noninfectious, when administered intraperi
toneally to mice. No evidence of tumors was found in the dead 
mice. Finally, RILEY & WEAVER (1977) found that many bacterial 
isolates from various human infections were identical to Agro
bacterium radiobacter. This species includes bacteria very 
closely related to A. tumefaciens, but these bacteria do not 
induce plant tumors. No claim is made that the A. radiobacter 
cells were anything other than secondary invaders, but it is 
clear that members of the genus Agrobacte .rium can persist in 
mammalian wounds. 

To summarize, there is clearly much more work to be done 
to firmly establish the potential usefulness and possible haz
ards of the use of Ti plasmids in plant genetic engineering. It 
is certain, however, that the pursuit of this knowledge will 
yield valuable new information regarding the complex interplay 
of the prokaryotic and eukaryotic genomes involved in crown gall 
disease. If for no other reason than this, the crown gall 
disease represents a unique and potentially significant system 
that deserves study on its own merit. Considerations of its 
usefulness in genetic engineering or relation to cancers of ani
mals are indisputably important and socially relevant questions, 
but should not be allowed to overshadow the biological unique
ness of the system itself. 

A few years ago, a television comedy program featured an 
episode which transpired in a town with only one resident, who 
served alternately as postmaster, sheriff, judge, etc., and who 
merely changed hats to assume the appropriate role. Crown gall 
also can be said to wear many hats, some of which undoubtedly 
still have to be taken from the closet. It is our challenge 
to understand the role of the main character beneath these many 
hats, and eventually to discover that at least one of the hats 
is white. 
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