succinamopine, a structnral analog of nopaline (Chilton et &l, 1984). The
plasmids that code for the catabolism of this opine have been called
SAP-type Ti-plasmids. In addition to the nitrogenous opines above de=-
scribed, there are phosphorilated sugar derivatives that fit the defi-
nition of opine. Such opines were discovered by Murphy and Roberts (1979)
while searching for the legitimate substrate of the permease involved in
t%e hign atlinity agrocin B84 uptake system, and called agrocinopin s.
Later, a gene determining the permease required for the uptake of
agrocinopine A and/o. agrocin 84 was identified on the pTiC58 plasmid
(Murphy et al., 1981) indicating that agrocinopines are the legitimate
substrate of the permease for agrocin 84 uptake, which would explain the
high specificity of agrocin 84. Since agrocinop .nes were detected in crown
gall tissue induced by a mutant nopaline strain unable to ip.uce nopaline
synthesis in tumors, Ellis and Murpky (17281) defined & third independent

functiona! unit of the nopaline plasmid T-DNA: agrocinopine synthesis,

in addition to the existing nopaline synthesis and oncogenicity regicns.
Messens et al. (1985) suggested that the efficient conversion of

phosphate to agrocinopine A and its secretion from tumor cells is probably
advantageous for the associated bacteria since a phosphorus-containing
nutrient would become available in addition to the nitrogen-rich

nopaline.

In addition to the nutritional advantage conferred by agrccinopine A it
has been shown that certain agrocinopines (A and B) but not nopaline
promote the transfer of nopaline type Ti-plasmids (Fllis et a&al., 1982).
Octopine and the related compounds octopinic acid and lysopine promcte
transfer of octopine Ti-plasmids (Petit et «l., 1978; Klapwijk et al.,
1978).

Since almo~t all wild typ: Ti-plasmids specify opine synthesis they wmay
be considered as a key feature in crowin gall disease and the ecology of

the Ti-plasmid. COpines are the substrate of Ti-encoded catabolic path-




ways, therefore they provide an ecological advantage to the Ti-plasmid
in terms of nutrient suppliy . Opines also promote conjugal transfer of
the Ti-plasmid, which therefore takes place in an established ecologial
niche. Production of opines has been appropriately suggested to be the

biological rationale for the existence of crown gall tumors.

1.3.5 ROLE OF TI-PLASMIDS IN DETERMINING THE HOST RANGE OF
CRUWN GALL

Virulent strains of A. tumefeciens can be classified based on the host
plants on which they can incite tumors. For example strains carrying the
octopine Ti-plasmid pTiA6 induce galls in a broad range of hosts (Le
Cleene and De Ley, 1976) in contrast, those carrying the octopine Ti-
plasmid pTiAg63 have a narrow-host- range restricted almost xclusively

to grapevines (Panagopoulos and Psallidas, 1973; Thomashow et &l., 1980).

Some of the earl' evidence that the Ti-plasmid is responsible, at least
in part, for the host rarge of virulent A. tumefaciens strains came from
the work of Loper and Kado (197¢). They extended the host range of
A.tumefaciens 1D1109 (knorm to induce crown gall only on grapevines) to
include many plant species by treausferring a Ti-plasmid from a broad-host
range pathogen. Transconjugants induceu tumors on the same 28 plant spe-
cies as those of the original Ti-plasmid donor strain ID1 (pRK2)(pTi).
In addition, Thomashow et al., (1%80) transformed strain A136, which is
a broad-host-range strain that had been cured of its Ti-plasmid while
retaining its cryptic plasmid, with the Ti-plasmid pTiAg63 from the
narrow-host-range strain Ag63. Strain Al136 was unable to induce tumors
on the test plants whereas the transformants showed the same narrow host
range than strain Agé63, forming large active galls on grapevines. These
authors also reported to have found considerable differences in the
endonuclease restriction pattern between narrow and broad-host-range

octopine Ti-plasmids.
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Depicker et &1., (1978) and Knauf et &l, (1983) showed that even distantly
related Ti-plasmids contain DNA sequences that are closely related to the
oncogene region of the broad-tost-range pTiA6. The seneral rule of highly
conserved T-region DNA sequences does not hold with the pTiAgé3 plasmid
family, where the DNA homology between these limited-host-range Ti-
plasmids and the TL-DNA region of the pTiA6 plasmids is barely detected
under standard hybridisation conditions (Thomashow et &l., 1981). With
this work as backgrrund Buchholz and Thomashow (1984) postulated that
there were specific regionrs of the Ti-plasmid accounting for the host
range of virulent A. tumefaciens strains. As a first step to identifying
such host range-specifying regions in Ti-plasmids they compared the
oncogene complements of A. tumefaciens Ti-plasmids with limited (pTiAgé3)
and broad (pTiA6) host ranges and also defined the regions of the pTiAgé3
that are transferred to plant cells. Their results showed that pTiAgé3
has DNA sequences related to most of the genes crncoded by the oncogene
region, the TL-DNA, of pTiA6 and that these sequences are divided between
two T-DNA regions: (i) the TA-DNA, which encoded sequences related to
pTiA5 genes 4, 6a, 6b, and a portion of gene 3 and (ii) the TB-DNA, which
encodes sequences telsted to genes 1 and 2. Buchholz and Thomashow ob-
served that although pTiAgé3 has DNA sequences related to mest of the
gene. of the TL-DNA of pTiA6 the two plasmids incited tumors with dif-
ferent morphologies, a clear indication that the overall effects »f the
pTiAg63 and pTiA6 oncogenes differ. In contrast to the tumors incited by
pTiA6é (unorganised callus) the plant tissues transformed with pTiAgé3
grew as clumps of root-like structures. This is typical of a relatively
high auxin to cytokinin ratio and indica:ive of inactivation or ineffi~
cient expressicn of oncogene 4 (cyt). These observations together with
findings by Ga.finkel et aJ. (1980; 1981), who reported that agrobacteria
harboring pTiA6 derivatives with a mutated oncogene # incite tumors in
fewer hosts than do strains harboring the wild-type Ti-plasmid, lead
Buchholz and Thomashow to postulate that if the oncogene 4 sequences of

pTiAg63 are inactive, at least in some plant species, it could exnlain




the characteristic host range of this plasmid. In order to support this
hypothesis buchholz and Thomashow (1984 b) constructed derivatives of
pTiAg63 containing pTiA6 oncogenes 4, Ga, and 6b in the TB-NNA region and
showed that strains harboring these pTiAg63 derivatives incited
unorganised tumors on Nicotiana rustica whereas agrobacteria harboring
pTiAg63 incited rooty tumors. Strains harboring pTiAgé63 derivatives were
not able to induce galls in some of the test plant species in which pTiAé
incited tumors. Therefore , Buchholz and Tomashow (1984 b) have suggested
that factors other than oncogene 4 sequeaces also contribute to the dif-

ferent host range characteristics of pTiA6 and pTiAg63.

Additional evidence supporting the role of oncogene 4 in determining host
range was obtained by Hoekema et al., (1984). They extended the host range
of A. tumefaciens strain LBA649 (pTiAg57), limited to grapevines and a
few other species, through the introduction of the T-region from the wide
host range octopine plasmid pTiAch5. The genes responsible for the host
range extension were then detected using site directed mutagenesis.
Hoekema et &1. (1984) found that inactivation of the cyt gene abolished
the capacity of the T-region to extend the host range of LBA649. They then
cloned the cyt gene into a disarmed T-region plant vector and used it in
complementation studies with pTiAg57 via the binary vector strategy
(Fraley et al., 1983) and showed that the presence of the ¢yt gene from
a wide-host-range Ti-plasmid was sufficient to expand the host-range of

the narrow-host-range.

Although the addition of the wide-host-range TL-DNA (Knauf et al., 1983),
and specifically the addition of the wide-host-range cyt gene (Buchholz
and Thomashow, 1984; Hoeckema et al., 1984) expands the host-range of a
narrow-host-range strain, the resulting host range is less than that
conferred by the donor wide-host-range Ti-plasmid. The cyt gene hypoth-
esis does not explain, as well, the fact that certain Vitis cultivars

which are susceptible to limited-host-range Agrobacierium strains are

-
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resistant to tumor formation by wide host range strains (Thomashow et
al., 1980; Knauf et al., 1982). Other factors, in addition to cyt gene
expression must play a role in determining host range. In this regard,
Yanofsky et al. (1985) reported that in addition to the cyt gene, two
genes from the virulence region of pTiAé (vir A and vir C) must be in-
troduced into a limited host range strain harboring the plasmid pTiAgl62
in order to restore a wide host range phenotype. Recently a chromosomal
virulence region (Douglas et al, 1985) and a chromosomal locus regulating
Ti-plasmid virulence genes have been identified adding new elements which
may play a role in host range.

Biotypes or biovars must be included when considering factors affecting
host range of crown gall but the information available is difficult to
interpret. Biochemical characteristics on which biotypes are based are
not determined by the Ti-plasmid, yet there is correlation among the three
biotypes actually recognised and their host ranges. On the other hand the
capacity of the cyt gene of a broad-host-range Ti-plasmid to expand the
host range of limited-host-range-strains implies that the biotype cannot
determine the host range of po. hogenic agrobacteria. Thomson (1985),

stated the need to study the ecology of the three biotypes with or without

Ti- plasmids, in soil and on root and crown surfaces. Since sensitivity
to agrocin can be affected by both Ti-plasmid and strain biotype, this
information is vital to the effeclive implementation of biclogical con-

trol of crown gall (Thomson, 1985).

Although mostly under laboratory conditions, some aspects of relevance
to the host plant-agrobacteria ecological interactions have been studied.
Som: insight has been gained, for example, into the lipcpolissacharide
(LPS) mediated adhesion of Agrobacter.ium strains (New et al., 1983). Loss
of adhesion leads to suppression of tumorigenicity (Farrand et al., 1981)
and the ability to produce site-binding LFS can be transferred with the

Ti-plasmid but this character can seemingly be determined by cther bac-
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terial information as well (Whatley et al., 1978). It is possibkle that
adhesion may play a role in determining host range but it is difficult

to postulate a mechanism that would act at a very specific level.

Some progress has been made in the elucidation of the plant molecular
signals that induce expression of the A. tumefaciens loci needed for
virulence (Stachel et al., 1985; Stachel and Zambrisky, 1986; Bolton et
al., 1986). The work of the above mentioned authors has shown that certain
plant signal-molecules activate T-DNA transfer in A. tumefaciens. Bolton
et al. (1986) identified seven commercially available plant-derived
phenolic compounds that were able to induce ihe virulence leci of A.
tumefaciens strains. In a more ecological sppreoach Stachel et al. (1985)
worked with exudates of wounded lants. They showed that two phenolic
compounds (acetosyringone and a-Hvdroxyacetosyringone) induce the entire
vir regulon in Agrobacterium as well as the formation of T-DNA interme-
diate molecules. This, they postulated, would allow Agrobacterium strains
to recognise susceptible cells in nature. Further work carried out in the
same laboratory (Stachel and Zambrisky, 1986) showed that the pTiA6 vir
loci are organised as a single regulon whose induction by plant signal-
molecules is controlled by vir A and virG. Stachel and Zambrisky (1986)
proposed that wir A encodes a transport protein for the plant signal-

molecule, and vir G a positive regulatory protein chat togetier with the

- plant molecule activates vir expression. It is interesting to recall the
:$K*= R findings of Yanofsky et al. (1985), namely thut in addition to the cyt
: gene, genes vir A and vir G of pTiA6 had to be introduced into a
limited-host-range strain carrying pTiAglé62 in order to restore a wide-
host-range phenotype. Since vir A encodes a transport protein for the
plant signal-molecule it can be hypothesised that pTiAgl62 was unable to

respond to a specific plant signal.

The recognition of plant molecular signals and the response to them by

A tumefaciens is likely te be a new element playing a role in determi-
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nation of host range. Homology studies of the vir region of Ti-plasmids
with different host ranges difficult to explain by the ¢yt gene hypothesis
are an important first step to determine if elements of recognition play
a role in host range. For example, the limited host range of strains
carrying pTiAgé3 could be a reflection of a vir region able to recognise
and/or respond to a limited spectrum of plant molecular signals. If this
is so, DNA homology studies between pTiA6 and pTiAg63 should indicate

differences in the DNA seyuences of their virulence regions.

1.3.6 THE TI-PLASMID AS A PLANT GENE VECTOR

The potential of the Ti-plasmid of A. tumefaciens for the introduction
of genes into higher plants was postulated when it was shown that the
Ti-region becomes integrated into the nuclear DNA cf plant cells (Chilton,
1977). Since then every major step taken towards the elucidation of the
structural and functional organizacion of the Ti-plasmid has been, in some
way, instrumental in the improvement of Ti-plasmid-derived plant vectors.
The general characeristics that an efficient gene vector for the genetic
engineering of higher plants should possess have bden defined by the pi-
oneers in the field, Schell and Montagu(1983). Basically the gene vector
should provide an easy and efficient system for the introduction of genes
into the genome of plant cells and the foreign genes should be expressed
in the transformed cells and stably transmitted to the offspring of the
initially transformed cells. In addition an ideal gene vector should also
make it possible to introduce, maintain and express genes of diverse or-
igins. Finally the gene vector should have a very broad host range.
pTi-derived vectors for transferring genes into higher plants are not
necessarily useful vectors for the genetic engineering of higher plants.
Of the several pTi-derived vectors that have been developed for the
transfer of genes into higher plants only two types are useful for genetic

engineering purposes.




l1termediate vectors

The first plant vector system based on a Ti-plasmid (Leemans et al., 1981)
was designed with the purpose of studying aspects of the molecular ge-
netics of crown gall , particularly to construct a functional map of T-
region DNA utilising site specific mutagenesis. The intermediate vector
constructed by Leemans et &l. (1981) contained specific Ti-plasmid se-
quences and were capable of replication in both £ coli and A.
tumefaciens. 1solated DNA fragments could then be introduced in vitro into
predetermined sites of the T-region-derived fragment. Then, site-specific
inserts and/or deletions-substitutions in Ti-plasmids were produced by
exchange of the modified T-region sequences for the wild-type sequence
by in vive recombination between intermediate vectors and resident Ti-
plasmids. Co-integrates could be discriminated from mutated pTi (double

o | cross over) by selectable markers. Leemans et al. (1981) showed, using

these intermediate vectors, that the foreign DNA fragments in the T-region
f*f""~; were co-transferred without rearrangements, a very important requisite

for plant genetic engineering. At this stage, however, oncogenes were

i _._ : being transferred along with the inserted foreign DNA, a major drawback
-;fv' since it was not possible to regenerate normal plants from tumorous

s [ ) growths.

Mutant pTi vectors

Following the development of intermediate vectors important facts of
crown gall disease were revealed, among them; (i) the functions encoded
by the T-DNA that prevent normal differentiation were deciphered and (ii)
the T-region DNA sequences which define the border regions of the trans-
ferred DNA in nopaline and octopine Ti-plasmids were accurately deter-
mined, and their function established. Capitalising on these findings,

Zambrisky et al. (1983) constructe. the first Ti-plasmid vector for the




introduction of DNA into plants cells without altering their normal re-

generation capacity.

The deletion vector pGV3850 developed by Zambrisky et al. (1983) has the
following cutstanding features. (i) T-region DNA border sequences, (ii)
no genes which prevent normal differentiation of transformed cells and
(iii) it has a genetic marker (the nopaline synthase gene, which maps
immediately adjacent to the right T-region DNA borde.) to monitor the
presence of T-DNA. pGV3850 contains, between the 2 T-region borders,
pBR322. Therefore, besides insertion into it of defined clones containing
a pBR322 sequence by a single cross over event this vector can be used

as a recipient for cloned banks of DNA in pBR322 or its derivatives in

“;{ _‘rifi“ "shot gun cloning". The total population of hybrid plasmids in
- Agrobacterium can be used to infect plant cells and can be subsequently
screened for expression of the genes of interest. In addition, the de-
R - velopment of the ColE mobilisation system for direct mobilisation of
plasmids containing pBR322 sequences to Agrobacterium (Van Haute et a&l.,
1983) eliminates the subcloning step required by the intermediate vectors

developed by Leemans et al. (1981).

2 N Chimaeric genes

3 : Herrera-Estrella et al. (1983) have constructed plasmids for the ex-
pression of genes behind the nopaline synthase (NOS) pronoter. They had

g urisuccessfully attempted to obtain expression of foreign genes intro-

duced, and showed to be i‘ntegrated, into the tobacco genome using Leemans
et al. (1981) intermediate vectors. They attributed their failure to the
possibility that the plant transcription mecnanism was unable to
}Q‘ 5 recognise the transcription signals (promoter sequences) carried by these
foreign genes. In order to overcome these expression barriers Herrera-
i f? Estrella er al. (1983) constructed a number of chimer.c jenes consisting

of (i) promoter sequences derived from the nos gene and (ii)coding se-




quences d rived from foreign genes. They induced tumors in tobacco
seedlings and the tumors had the activity of the foreign gene inserted
in the chimeric gene. Thus, foreign genes are not only transferred but
also functionally expressed when the appropriate constructs are made,
using promoters known to be active in plants. The NOS promoter is par-
ticularly vseful because of its wide host range. It is functional in calli
derived from most dicotyledoneous plants so far tested (Herrera-Estrella
et 4., 1983) and it also appeared to be expressed in most tissue of re-

generated NOS-containing plants.

The vectors described so far in this discussion are useful tools for
studying the molecular biology of crown gall but their application to
plant genetic engineering is limited. In some cases there is tumorous
growth associated with the integration of the genes of interest

(Herrera-Estrella et a&l., 1983; Leemans et &l., 1981) or integration of

N hs

i ) pBR322 sequences in the transformed cell (Zambrisky et al., 1983). These

T two problems were overcome with the development of two powerful gener-
ations of vectors, the split end vectors (SEV) and the binary vector

T i system.
Split end vectors (SEV)

g& . In the SEV system constructed by Fraley et &l. (1985) they used a deriv~

b ' ative of an octopine Ti-plasmid. In this anceptor plasmid all the TL-DNA

. . N oncogenic functions, the TL-DNA right border and all of the TR-DNA were
! T4 deleted and replaced with a kanamycin antibiotic resistance marker. The
| resulting a-virulent plasmid contained only the TL-DNA left border se-
quence and a region of humologous DNA to allow recombination with inter-
mediate vectors such as pMON200. Following conjugal transfer of pMON20O
into A. tumefaciens cells recombination via the homologous LIH (left inner
! K hemnology) regions results in the production of a co-integrate plasmid

' . called SEV because the T-region DNA border sequences are present on sep=




arate plasmids. The SEV system is powerful and versatile for plant
transformation experiments because of the following properties. (i) Fully
functional a-virulent T-region DNA is formed via a single cross over.
(i1) Transfer of such VA can be monitored by both selectable (kanauycin
resistance) and scorable (NOS, carried by the intermediate vector
pMON200) marker genes. (iii) Finally, pMUN200 (intermediate vector) con=
tains a synthetic DNA multilinker with several unique restriction sites
for insertion of foreign DNA sequences. The SEV system has been tested
by introducin; and expressing a number of genes of different origin in
plants (mouse dehydrofolate reductase, human chorionic gonadotropin,
bacterial hygromycin phosphotransferase and chloranphenicol acetyl
transferase, and soybean 7s storage protein, among others) (Fraley et

al., 1985).

Binary or shuttle vectors

:)}. , Binary vectors are the most perfectioned type of vector currently avail-
able for genetic engineering of higher plants. Their name derives from
R their capacity to replicate in both A. tumefaciens and E. coli in addition

to being easily mobilised between thase bacterial strains. The develop-

a ment of these veciors took place as a consequence of the finding thatthe

T-region DNA does not have to be physically linked to the virulence region
i | of the Ti-plasmid in order to be transferred (Stachel et &l., 1985) and
ff 4 this can be achieved as long as virulence region and T-region are main-
tained in the same cell. It follows that there is no need for recombi-
:E - nation of the plant transformation vector into a resident Ti-plasmid. This
| ] has allowed the construction of vectors which can be used for cloning the

fragments of interest in £. coli,and mobilised to an adequate

W

1 4 3 Agrobacterium strain which provides the vir functions in trans in order
to promote transfer of the binary vector to receptive plant cells. The
binary vector pEND4K developed by Klee et al. (1985) has several out-

standing features that make it a powerful and elegant plant vector. pEND4K
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was derived from a wide host range derivative which contai.ied an origin
of replication an origin of transfer and a neomycin phosphotransferase
(NPTI) gene. pEND4K has no internal T-region DNA sequences, it only has

the loft and right borders derived from the TL-DNA of pTiA6.

In order to detect transformed cells , Klee et al., (1985) incorporated
a chimeric gene which confers kanamycin resistance on transformed plant
cells (Fraley et al. 1383). Another important feature of pEND4K is that
it allows the cloj r large fragments because it contains the lambda
cohesive ends . pENDAlL. uso has the alpha complementation sequence of the
PUC series plasmids (Vierra and Mossing, 1982) which facilitate cloning.
pEND4K retains the ability to screan for inserts .tnto the unique re-
striction sites on X-gal plates, the high copy PC” plasmid replication
origin and the gene conferring chloramphenicol resistance (Klee et al.,
1985). In addition, the presence of the PUC plasmid replication origin
results in plasmid yields five times greater than that of constructs

lacking this origin (Klee et ai., 1985).

It is clear that the development of pTi-derived vectors for the genetic
engineering of plants will have a great impact in plant biotechnology
(Schell and Montagu, 1983, have discussed such potential). The host range
of Ti-plasmids, unable to transform most of the economically important
plants, namely cereals, together with the fact that only few species of
plants can be regenerated from single protoplasts (which are easily
transformed with naked DNA) are t. current bottleneck in plant genetic
engineering. Use of sophisticated vectors, therefore awaits developments
in these areas to fulfil their potential in biotechnology. Basic research
in plant molecular biology wJll certainly benefit from pTi—-derived plant

vectors.

1.4 BIOLOGICAL CONTROL OF CROWN GALL




































