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Abstract. The octopine/cucumopine (o/c) Ti plasmids of
the grapevine-associated Agrobacterium vitis strains con-
stitute a family of related DNA molecules. Restriction
maps were established of two limited-host-range o/c Ti
plasmids, pTiAg57 and pTiAB3, and of the wide-host-
range o/c Ti plasmid pTiHm1. Together with the previ-
ously obtained map of the wide-host-range o/c Ti plas-
mid pTiTm4, about 1000 kb were mapped with a resolu-
tion of 0.2 kb, allowing a detailed comparison of the var-
ious structures. One region of the o/c Ti plasmids is high-
ly conserved and differs mainly by the presence or ab-
sence of relatively small DNA fragments (0.9-2.7 kb); the
other region has been modified more extensively and car-
ries large sequences specific for each Ti plasmid type. The
'sequence similarity within large conserved regions shows
that these plasmids have diverged recently and that their
evolution was driven by large-scale genetic events rather
than single nucleotide changes. These results have impor-
tant implications for studies on bacterial evolution.

Key words: Agrobacterium ~ Microbial evolution —
RFLP analysis — Ti plasmids

Introduction

Agrobacterium tumefaciens induces plant tumours by
transferring part of its DNA into the cells of infected
plants. The transferred DNA or T-DNA carries growth-
inducing genes and genes coding for the synthesis of
small molecules (collectively called opines), which can be
metabolized by the bacterium. The T-DNAs are located
on a large plasmid, the tumour-inducing or Ti plasmid,
which also carries genes necessary for T-DNA transfer
(virulence genes), opine utilization, plasmid replication
and conjugational transfer (reviewed in Kado 1991).
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The species A. vitis (previously called A. tumefaciens
biotype III; Ophel and Kerr 1990) is specifically asso-
ciated with grapevine (Vitis vinifera) and can be distin-
guished from the well-known biotype I and 1I strains on
the basis of chromosomally encoded properties (Kerr
and Panagopoulos 1977). Opine utilization characteris-
tics and hybridization studies with different T-DNA
probes define three 4. vitis subgroups: octopine/cucu-
mopine (o/c), nopaline and vitopine strains, with o/c,
nopaline and vitopine Ti plasmids, respectively (Szegedi
1985; Paulus et al. 1989a). The o/c strains occur world-
wide; they have been divided into wide-host-range
(WHR) strains, which induce tumours on tobacco and
tomato, and limited-host-range (LHR) strains which do
not (Knauf et al. 1982). WHR plasmids and LHR plas-
mids differ in host range and Smal fingerprints but share
extensive DNA homology (Knauf et al. 1983; Thoma-
show et al. 1981). The host range of LHR o/c Ti plasmids
can be extended by the introduction of a cytokinin syn-
thesis (ipt) gene from the T-DNA of WHR biotype 1
plasmids (Yanofsky et al. 1985a; Buchholz and Tho-
mashow 1984; Hoekema et al. 1984). The vird and virC
genes from biotype I strains further enlarge the host
range of LHR strains (Yanofsky et al. 1985b). These host
range studies were carried out with the LHR strains
Agl62 (Yanofsky et al. 1985b), Ag63 (Buchholz and
Thomashow 1984) and Ag57 (Hoekema et al. 1984). The
restriction map of pTiAgl62 has been published (Knauf
et al. 1984).

The LHR and WHR o/c Ti plasmids carry two T
regions, TA and TB (Knauf et al. 1984; Buchholz and
Thomashow 1984; Yanofsky et al. 1985a). The TA re-
gion is highly homologous to the TL region of the oc-
topine Ti plasmids of the biotype 1 strains and has the
same overall organization; the TB region is unique for
o/c Ti plasmids and carries a set of auxin genes (Knauf
et al. 1984; Buchholz and Thomashow 1984; Yanofsky
et al. 1985a) and the cucumopine synthase gene (Paulus
et al. 1989a; Fournier et al. 1993). The structures of these
regions differ in different strain types, but the sequences
in the common regions are more than 99.7% homolo-
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Table 1. Bacterial strains and plasmids

Bacteria Description

Escherichia coli:

NM522 Host for pUC clones

Agrobacterium:

AB3, Zw2 A. vitis, o/c, small TA
2607, 2612, 2613, 2614, 2617,
2644, 2651, 2653, 2656, 2676 A. vitis, ofc, small TA
NW90, NW102 A. vitis, ofc, small TA
Tm4, Hml A. vitis, ofc, large TA
Ag82 A. vitis, ofc, large TA
2686 A. vitis, ofc, large TA
NCPPB3554 A. vitis, reference strain
550-22 A. vitis, ofc, large TA
48, 49 A. vitis, ofc, large TA
Ag57 A. vitis, ofc, small TA
LBA649 C58-C9(pTiAg57), exconjugant
Plasmids:
pUCI8 Cloning vector
pPM1016 Kanamycin-resistant
pUC18 derivative
H176

Partial HindIII clone pTiTm4 (coordinates 51.2-69.0)

Reference or origin

Gough and Murray (1983)

Szegedi (1985)

Paulus et al. (1989a)
Paulus et al. (1989b)
Szegedi (1985)

C. Panagopoulos
Paulus et al. (1989a)
Ophel and Kerr (1990)
M. Lopez

M. Ridé
Panagopoulos and
Psallidas (1973)
Hoekema et al. (1984)

Yanisch-Perron et al. (1985)
Huss et al. (1989)

Otten et al. (1992b)

gous. A detailed comparison of the TA regions of five
different o/c Ti plasmids (LHR: pTiAg57, pTiAB3 and
pTiNW233; WHR: pTiHm1 and pTiTm4) revealed that
they can be derived from a common large ancestral TA
region by insertion of and recombination between bac-
terial insertion elements (reviewed in Otten et al. 1992a).
pTiAg57, pTiAB3 and pTiNW233 have a small TA re-
gion, whereas pTiHm1 and pTiTm4 have conserved a
large TA region. The IS elements that contributed to the
divergence of the TA region (IS866, 1S868, 18869, ISX
and ISY) are not present in other lineages and were
probably introduced by horizontal gene transfer (Otten
et al. 1992a). Up to now, we have found the TA region
structure of pTiAB3 in 24 isolates, that of pTiTm4 in 31
isolates and that of pTiNW233 in two isolates. The TA
regions of pTiAg57 and pTiHmI1 are unique. The TA and
TB regions of pTiAB3 (cloned by our group) are very
similar and possibly identical to those of pTiAgl62
(Knauf et al. 1984). Here we present the complete restric-
tion maps of pTiAg57, pTiAB3 and pTiHm1 and a de-
tailed comparison of the four main o/c Ti plasmid types.

Materials and methods

Bacterial strains and plasmids. Bacterial strains and plas-
mids used in this study are listed in Table 1.

Construction of pTi maps. Ti plasmid DNA of strain
LBA649 [C58-C9(pTiAg57)], AB3 and Hm1 was isolated
according to Currier and Nester (1976) and partially
digested with various restriction enzymes. Fragments
were separated on a sucrose gradient and 15-25 kb frag-
ments were ligated to pPM1016 (a kanamycin-resistant
pUCI18 derivative) or pUCI18. Restriction analysis of

about 200 overlapping clones per Ti plasmid yielded
partial restriction maps for Pstl, EcoRI and HindIIL.
Remaining gaps were closed by using end fragments of
unlinked groups as probes against clone banks or by
hybridizing probes from related Ti plasmids to Southern
blots of Ti plasmid DNA digested with different enzymes
(for general methods see Sambrook et al. 1989).

Results

Cloning and restriction mapping of pTiAg57, pTiAB3
and pTiHml

In previous studies it was established that pTiAg57,
pTiAB3, pTiHml and pTiTm4 represent four major
types of o/c Ti plasmids, whereas pTiNW233 is closely
related to pTiAg57 (summarized in Otten et al. 1992a).
The restriction map of pTiTm4 (256.5 kb) has been pub-
lished recently (Otten et al. 1992b), those of pTiAg57
(224.5kb), pTiAB3 (234.5kb) and pTiHm1 (258.0 kb)
were established by the same methods. Different regions
were cloned with different frequencies: one region con-
served in all three plasmids (between coordinates 0 and

Fig. 1a, b. Restriction maps of pTiAg57, pTiAB3, pTiHm! and
pTiTm4. Abbreviations: H; HindIIl; P, PstI; E, EcoRI. Sizes are
in kb. a Region I. The right TB border of the o/c Ti plasmids has
been localized to within 2 kb inside the 7.3 kb HindIII fragment
(Yanofsky et al. 19852). VIR, Virulence region (Knauf et al. 1984);
OCC, octopine catabolism region (Knauf et al. 1984). The num-
bers indicate the different features of the Ti plasmids, detailed in
Table 3. b Region II. B, BamHI sites of clone AB1; INC, incom-
patibility region of pTiAgl62 (Knauf et al. 1984); ORI, region of
pTiTm4 containing origin of replication (Otten et al. 1992b)
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7, see below) was particularly difficult to clone and found
only once: Ap199 from Ag57. The reason for this was not
further investigated. Hybridization of Ap199 to HindIII-,
Pstl- and EcoRI-digested DNA from pTiAB3 and
pTiHm1 yielded the same restriction patterns as for
pTiAg57. A 0.7 kb gap in pTiAB3 was closed by first
establishing detailed restriction maps for the clones
flanking this gap and then hybridizing Southern blots of
restricted pTiAB3 DNA with each of the two flanking
regions. To eliminate possible cloning artefacts due to
ligation of non-contiguous fragments, representative
clones covering the entire Ti plasmid were hybridized
against plasmid DNA digested with EcoRI, Pst or
HindIIl. The hybridization patterns (not shown) con-
firmed the maps derived from comparison of the clones.
In general, very few clones with aberrant restriction pat-
terns were found. The maps of the three Ti plasmids are
shown in Fig. 1a and b together with the map of pTiTm4
(Otten et al. 1992b). The EcoRI map of pTiAB3 showed
several differences from the EcoRI map of pTiAgl62
(Knauf et al. 1984). Since we did not have Agl62 or
pTiAgl62 clones available, these differences could not be
investigated further.

The 0 coordinate of pTiTm4 has been defined as the
right HindI1I site of the 0.94 kb HindIII fragment located
to the right of the TB region (Otten et al. 1992b). This
site is also present in pTiAg57, pTiAB3 and pTiHm1 and
can therefore be used as the general 0 coordinate for all
four o/c Ti plasmids. The 0 coordinate chosen earlier for
pTiAgl62 (Knauf et al. 1984) is an Xhol site, which is
only found in plasmids of the pTiAB3/pTiAgl62 type
and corresponds to coordinate 166.0 of pTiAB3. The
alignment of the four o/c Ti plasmid maps showed that
about one-half of the o/c Ti plasmids is well-conserved
(see below). This region was called region I and contains
the virulence region, the TA region, the octopine utiliza-
tion region and the TB region (Fig. 1a). The other half
is much less conserved and was called region II. In
pTiAgl62, this region contains the incompatibility func-
tions (Knauf et al. 1984) and in pTiTm4 was shown
(Otten et al. 1992b) to contain the origin of replication
(Fig. 1b). In the following comparisons, different Ti frag-
ments are indicated with a letter (A, B, H and T for
pTiAg57, pTiAB3, pTiHml and pTiTm4 respectively),
followed by the corresponding coordinates in kb within
brackets.

Region I

The restriction maps of regions I of the four Ti plasmids,
defined as A (108-224.5), B(115-234.5), H(129-258) and
T(131.5-256.5), show a number of differences which are
indicated by numbers 1 to 20 in Fig. 1a (see also Table
3). The left end of region I is highly conserved:
T(131.5-174) and H(129.5~171.5) are identical (all 48
restriction sites, covering 42.5 kb, are conserved, indicat-
ing a DNA homology of more than 99%). A(108-150.5)
and B(115-158) differ from pTiTm4 and pTiHm1: they
lack a Psi site (number 2, Fig. 1a); pTiAB3 carries in
addition an extra DNA fragment of 1.3 kb (number 1,

Table 2. Selected pTi clones

Clone Restriction fragments (in kb)

pTiAg57 clones:

Ap199 9.2

Ap21 1.47-6.5

Ap292 3.6-0.35-4.0-0.2-4.3-2.6-5.3+(1.7-0.5)
Abl 8.0

Ap23 3.7-6.05-1.7-1.5-6.1-2.9

Ahl36 10.7-0.9-10.0-0.95-1.1-2.21.4-2.1)
Ah88 1.1-2.2+(1.4-2.1)-0.4-8.9

Ahll 0.4-8.9-3.9-13.5-44

Ap93 3.0-6.0-2.6-5.4

Ap2 2.6-5.4-5.35-2.4-0.87

Ah201* 2.8-0.7-2.9-0.8-10.2

Ahl148 0.8-10.2-0.2-4.0-1.3

Ahl0 1.3-8.1-1.7-3.5-7.5-1.1-5.1

Ah203* 5.1-2.8-0.35-0.5-0.35-6.84.2
pTiAB3 clones:

[Ap199] 9.2

Bp31 7.5-3.6-0.35-4.0

Bh1* 2.6-8.4-2.85-0.82

Bp200 5.1

Bh2* 12.2-1.65-1.7-(1.3-2.3)

Bh3* 1.9-3.4-0.35-1.45-2.1-10.7

Bp40 1.8-(0.5-0.3)-3.7-4.8-0.2-5.0-0.35
Bp! 5.0-0.35-1.45-2.9-3.5-1.3-3.8

Bp201 4.2

Bh4* 2.6-13.5

Bp39 1.5-3.2-1.3-3.0~7.05

Bp66 2.6-5.4-5.352.40.8-4.75-2.4-0.2
Bh5* 1.8-0.654.1-2.2-0.7-2.2-0.3-3.7-0.35
Bp42 8.25-3.0

Bp4l 3.0-2.1-4.8

Bho6* 1.3-8.1-1.7-3.5-7.5

Bh7* 3.5-7.5-1.1-6.5-0.35-0.52-0.35

Bh8* 0.35-0.6-0.35-7.3

Bho* 7.3-4.2-0.94

pTiHml clones:

[Ap199] 9.2

[Ap21] 1.47-6.5

Hel21 7.9-12.25-2.3-2.5-0.4-3.2-0.95
Hel34 0.4-3.2-0.95-0.40.7-4.2-5.6

Hel83 0.95-0.4-0.7-4.2-5.6-2.2-1.6-3.9-1.55-2.3
Hel56 2.3-10.4-5.2

Hel52 5.2-3.2-4.9-1.4-0.5-0.2-0.9-7.2-0.75-0.7
He208 7.2-0.75-0.7-2.0-0.9-0.9-2.1-7.8-5.2
He225 0.9-2.1-7.8-5.2-1.75-1.6-6.2-3.5
He93 3.5-1.9-5.0-0.4-5.07-5.4

Hpl51 3.0-6.0-2.6-5.4-5.35-2.4

He51 2.0-6.05-3.85-1.55-2.0~0.2-3.9-1.5
Hel82 1.5-0.2-4.3-4.8-4.8-4.75-2.5

He65 2.5-0.2-104-3.2

He35 0.2-10.4-3.2-6.2-2.0-3.5-0.5

Hel4s 3.5-0.5-0.3-0.9-1.6-2.34.1-1.15-1.47-5.5
Hel38 1.47-5.5-16.5-6.1

A, B, H: pTiAg57, pTiAB3 and pTiHml clones. b, ¢, h and p:
BamHI, EcoR], HindIII and PstI partials

Fragments in parentheses represent non-ordered fragments; clones
shown in square brackets represent heterologous clones with an
identical structure; an asterisk indicates pPM 1016 derivatives and
the other clones are pUCI8 derivatives
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Position pTi coordinates Nature of difference Reference
1 B +1.3 kb fragment This work
2 T, H Extra Pst site This work
3 T Lack of 3.2 kb fragment This work
4 H +1.3 kb fragment This work
5 A, B 1S868-induced deletion (8 kb) Paulus et al. (1991b)
6 B +1.3 kb (1S868) Paulus et al. (1991b)
7 B +0.9 kb (IS869) Paulus et al. (1991c)
8 H +1.3 kb (ISX) Paulus et al. (1992)
9 T +2.7 kb (IS866) Bonnard et al. (1989)
10 A 1S867-induced deletion (0.6 kb) Paulus et al. (1991a)
11 A 0.1 kb deletion Paulus et al. (1991a)
12 T Additional PstI site This work
13 T Lack of Pst site This work
14 T Additional 0.15 kb fragment This work
15 T Lack of 0.5 kb fragment This work
16 T Additional 1.0 kb This work
17 T,H Additional 1.3 kb This work
18 A +1.1 kb (IS870) Fournier et al. (1993)
19 B + 0.9 kb (IS869-like) This work
20 H + 1.3 kb (ISX-like) This work

A, B, H and T, pTiAg57, pTiAB3, pTiHm! and pTiTm4

Fig. la). Mutation analysis of pTiAgl62 (Knauf et al.
1984) and hybridization with the biotype I Ti plasmid
pTiB;806 (Thomashow et al. 1981) showed the
pTiAgl62 vir genes to be located as indicated in Fig. 1a.
This region is conserved between pTiAgl62 and the four
Ti plasmids. To the right of it, the regions corresponding
to A(150.5-157.5) and ending at the left TA border
(Paulus et al. 1991a) differ in size: 7.1 kb for pTiAg57
and pTiAB3, 8.4 and 3.9 kb for pTiHm! and pTiTm4
respectively. The exact nature of these differences (3 and
4 in Fig. 1a) requires further study.

The TA regions of the four plasmids have been de-
scribed earlier and the differences within these regions
(5-10, Fig. 1a) have been explained as insertions and
deletions due to bacterial insertion sequences (Otten et
al. 1992a; Table 2). Between the TA and TB region,
pTiAgl62 carries the genes for octopine utilization
(Knauf et al. 1984) and hybridizes to the octopine catab-
olism region of pTiB¢806 (Thomashow et al. 1981) as
does the corresponding region of pTiTm4 (Otten et al.
1992b). The 27.5 kb region from the common HindIII
site at A(164.5) up to the left border of the TB region
(identified in pTiAB3 by sequence analysis, Fournier et
al. 1993) is identical in pTiHml, pTiAB3 and pTiAg57
(all 28 sites conserved, indicating more than 99%
sequence identity). pTiTm4 differs from the three other
Ti plasmids at four positions (numbers 1215 in Fig. la,
Table 3).

The TB regions of pTiAg57, pTiAB3, pTiHml and
pTiTm4 have recently been compared in detail (Fournier
et al. 1993); the differences are due to insertions and/or
deletions within a common ancestral structure (numbers
16-20 in Fig. la, Table 3).

Considered overall, the nucleotide sequences of the
ancestral parts of region I are extremely well conserved:
only three restriction site differences (numbers 2, 12 and
13 in pTiTm4) may result from single nucleotide changes.

For a total of about 100 common sites per Ti plasmid
this represents a nucleotide sequence conservation of
99.5-99.9%.

Region IT

Whereas the restriction maps of region I can be aligned
without difficulty, those of region I cannot. On the basis
of their restriction patterns the following subregions can
be distinguished (Figs. 1b and Fig. 2):

Subregion a. A 38 kb fragment to the right of the TB
region (indicated by the letter a in Fig. 2) is identical for
pTiHm1 and pTiAg57: H(252.5-32.5) and A(219-32.5).
B(229-32.5) is very similar; it is slightly shorter at its
right end and carries an additional 1.0 kb fragment in-
dicated by the number 22 in Fig. 1b. Only 14 kb of
pTiTm4 [T(251.0-7.0)] (indicated by a’ in Fig. 2) can be
aligned with subregion a, with an additional Ps¢I site at
T(0.7) (Fig. 1b, number 21).

Subregion b. To the right of subregion a, pTiAg57 and
pTiAB3 differ considerably for 6 and 11.5 kb respective-
ly. To the right of this region, A(37.5-83.5) and
B(44.5-90.5) are again identical for 46 kb (53 out of 53
sites conserved, subregion b). The restriction pattern of
subregion b is not found in pTiHm1 or pTiTm4.

Subregion c. To the right of subregion b, pTiAg57 and
pTiAB3 differ for over 13 kb. Subsequently, they are
again identical for 13.5 kb [subregion ¢, A(96.5-110.0)
and B(103.5-117.0)]. Homology with pTiHml and
pTiTm4 only exists for the right part of this region (c’).

Subregion d. To the right of subregion a of pTiHml,
H(34.5-38.0) is identical to T(66.0-69.5) in subregion d.
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homology to:
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T(66.0-69.5) is situated to the right of a 57.5 kb pTiTm4
region which has a unique restriction pattern.

Subregion e. The 15kb regions H(63.0-78.0) and
T(82.0-97.0), although not completely identical, have
several restriction sites in common.

Subregions [ and g. Two additional small regions of
pTiHml and pTiTm4 have common restriction sites:
subregion f, H(110.0-113.0) and T(105.0-108.0), and
subregion g, H(114.5-119.5) and T(117.0-121.5).

DNA homology between the ofc Ti plasmids

Regions that lack common restriction sites may still be
related; this was investigated by hybridizing clones of
pTiHm! with pTiTm4, pTiAB3 and pTiAg57. The DNA
homology between pTiHml and pTiTm4 covers
H(0.0-9.0), H(15.0-51.0), except the 0.95 kb EcoRI frag-
ment at 38.0-39.0, H(59.5-78.0) and H(104.0-132.0)
whereas the homology between pTiHml and pTiAB3/
pTiAGS57 covers H(0.0-31.5) and H(122.5-132.0). In an
earlier study, different pTiTm4 clones were hybridized
with pTiAB3 and pTiAg57 (Otten et al. 1992b).
T(0.0-10.0), T(17.0-18.5), T(26.0-33.0), T(46.5-63.5)
and T(125.0-134.5) hybridized. Clone H176 of pTiTm4
(Table 1) was hybridized with pTiAg57 and pTiAB3 to
establish the end of the homologous region. H176 hy-
‘bridizes to the end of subregion a; at this position all
plasmids have a 2.85 kb HindIIl fragment in common.
In pTiAgl62 this region has been shown to carry incom-
patibility genes (Knauf et al. 1984). The results of the
hybridization studies of region: Il are summarized in
Fig. 2. Compared with pTiAg57, pTiAB3 and pTiHml,
pTiTm4 seems to have a modified subregion a with about

30 kb of additional DNA. To the right of subregion a,
pTiHm1 shows partial homology with pTiTm4 interrup-
ted by specific regions (between subregions d and ¢ and
between ¢ and f). Compared to pTiHml, pTiTm4 has an
additional fragment between subregions f and g. Region
I seems to have undergone more large-scale changes
than region I. The precise nature of these changes re-
quires further investigation.

Divergence pattern of the o/c Ti plasmids

The genetic distance between related DNAs is often
measured by comparing the restriction fragment patterns
of homologous regions (restriction fragment length poly-
morphism or RFLP analysis, Nei and Li 1979). This
analysis is based on the assumption that divergence
mainly results from single nucleotide changes (point
mutations). However, the o/c Ti plasmids obviously do
not evolve in this way and classical RFLP analysis
therefore leads to an erroneous estimate of the divergence
rates. In the case of pTiAg57 and pTiHm1 for example,
the proportion of shared fragments (also called similarity
coefficient, F) is 0.50 which would indicate 4% nucleotide
divergence. However, only one out of 101 ancestral sites
has been changed by nucleotide substitution (marked by
number 2 in Fig. 1a). This yields a nucleotide substitution
value per site of only 0.05%.

Due to the very low sequence divergence, a phy-
logenetic tree for the o/c Ti plasmids can only be con-
structed by comparing distinguishing features shared by
the various regions I (shared feature analysis). As an
example, consider the 1.3 kb fragment in the TB region
indicated by number 17 (Fig. la). This fragment is
present in pTiHm1 and pTiTm4, but not in pTiAg57 and
pTiAB3. Therefore, pTiTm4 and pTiHm1 share a com-
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Fig. 3a, b. Phylogenetic trees of the four main o/c Ti plasmid types.
a Reconstruction on the basis of shared restriction fragments (Nei
and Li 1979). Proportion of shared fragments (F) between two Ti
plasmids was calculated according to the formula F = 2nyy/
(nx + ny) where ny and ny are the numbers of fragments in plasmids
X and Y respectively, whereas ngy is the number of fragments
shared by the two plasmids. F values were (A, Ag57; B, AB3; H,
Hml; T, Tm4): A/B, 0.79; A/H, 0.50; A/T, 0.38; B/H, 0.47; B/T,
0.39; H/T, 0.47. Divergence values (8) calculated from F values
according to Nei and Li (1979) were 1.31, 4.03, 5.49, 4.38, 5.6 and
4.4 respectively. b Reconstruction on the basis of shared features
within region I. The numbers refer to the positions indicated in
Fig. 1a

mon ancestor (X) which contained this fragment, where-
as pTiAg57 and pTiAB3 share a common ancestor (Y)
which lacked it. Until more is known about the fragment
and its surrounding region, whether or not the common
ancestor of X and Y contained this fragment cannot be
decided. In the case of features 5-11 of the TA region
(Otten et al. 1992) and 18-20 of the TB region (Fournier
et al. 1993) sequence analysis showed that all features are
due to secondary events. The analysis of the distribution
of the 20 discriminating features of region I (Fig. la,
Table 3) yields a coherent branching pattern. Since the
various features do not result from the same types of
event, the relative sizes of the branches remain unknown.
It should be noted that the branching pattern thus ob-
tained differs from the pattern derived from RFLP analy-
sis: whereas classical RFLP analysis suggests that
pTiHm! should be grouped with pTiAB3 and pTiAg57,
shared feature analysis groups pTiHml with pTiTm4
(Fig. 3a and b).

Other ofc Ti plasmids

The TA region structures of pTiAB3 and pTiTm4 were
also found in several other o/c isolates. These strains
were therefore called “AB3-like” and “Tm4-like” strains.
To establish whether the maps of pTiAB3 and pTiTm4
were representative, total DNAs of a number of AB3-
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and Tm4-like strains were hybridized with cloned Ti
fragments. A Southern blot with PstI-digested DNA of
seven Tm4-like strains (all containing 1S866 within their
TA region: Paulus et al. 1989b; L. Otten, unpublished
data) was hybridized with pTiAB3 clone Bp42 which
covers the pTiTm4-specific 1.941.0 PstI fragments
(Fig. la, number 12). Whereas 550-22, NCPPB3554,
2686 and Tm4 show the pTiTm4 pattern, 48, 49 and
Ag82 show the 3.0 kb Ps¢I fragment of pTiAg57, pT1AB3
and pTiHmI1 (results not shown). This strongly suggests
that the 3.0 kb fragment belongs to the ancestral o/c Ti
plasmid and underwent a mutation after the insertion of
the pTiTm4-characteristic IS866 element in the TA re-
gion had occurred.

In a second experiment, a Southern blot was prepared
with PstI-digested total DNA of 14 AB3-like strains
(AB3, Zw2, NW102, NW90, 2607, 2612, 2613, 2614,
2617, 2644, 2651, 2653, 2656 and 2676), which are
characterized by the presence of 1S868 within their TA
region: Paulus et al. 1989b; L. Otten, unpublished data).
The blot was hybridized to Bp39 which covers the
pTiAB3-specific 7.05 kb PstI fragment (Fig. la, number
1): all strains had the characteristic pTiAB3 pattern.
Finally, hybridization of the same set of DNAs to anoth-
er pTiAB3 clone, BhS, yiclded the expected Pst1 patterns,
except for 2612 which showed a 13 kb Ps¢I fragment
instead of a 8.25 kb fragment (results not shown). This
indicates that one of the immediate ancestors of pTi2612
underwent a mutation within the region covered by Bh5.

Discussion

In this study we have compared four related Ti plasmids
of the o/c group: pTiAg57, pTiAB3, pTiHml and
pTiTm4. In certain arcas these plasmids are more than
99.9% homologous as shown by sequence analysis (TA
regions: Paulus et al. 1991a and b; TB regions: Fournier
et al. 1993). The same conclusion emerges from com-
parisons of the restriction maps of common areas. Never-
theless many differences exist between the Ti plasmids,
although these differences are not distributed evenly.
Region I with the vir genes and the two T-regions (about
125 kb) is well conserved : almost all of the differences are
due to relatively small (0.9-2.7 kb) insertions and/or de-
letions. If it is assumed that each insertion/deletion re-
presents a single molecular event, region 1 has diverged
in only a few steps. The origin of the various region II
structures is more complicated ; this region contains large
fragments specific for each Ti plasmid type. However
many o/c isolates are available (Paulus et al. 1989a, b)
and further analysis may allow the reconstruction of the
evolutionary history of region II.

Classical phylogenetic analysis relies on nucleotide
sequence divergence between related organisms. Diver-
gence values can be obtained by the alignment of well-
defined and generally relatively short DNA regions (like
16S RNA genes), or by counting common restriction
fragments, mostly by using randomly chosen DNA frag-
ments as probes (Upholt 1977; Nei and Li 1979; McFad-
den et al. 1987; Clark-Curtiss and Walsh 1989; Gabriel
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et al. 1988; Cook et al. 1989; Regnery et al. 1991).
Neither of these methods can be used for the o/c Ti
plasmids since homologous regions do not show suf-
ficiently high levels of nucleotide sequence divergence.
Restriction fragment analysis yields similarity values, but
these cannot be used to calculate percentages of single
nucleotide changes necessary for the construction of a
phylogenetic tree. The possible occurrence of large-scale
alterations in bacterial genomes and the resulting prob-
lems for phylogenetic studies have been noted before (see
for example Arber 1991). The present study of four
related plasmids with sizes between 225 and 258 kb con-
stitutes one of the first demonstrations that such com-
plications do occur within natural populations of a com-
mon bacterial species and that such cases cannot be
studied by RFLP analysis.

The phylogeny of DNA molecules in which large-scale
changes predominate can only be obtained by a painstak-
ing comparison of related structures and detailed
sequence analysis of crucial areas. Such studies may or
may not reveal the nature and the temporal sequence of
the events that were required to produce the observed
differences. Rapid divergence of the type observed here
might make if difficult to find surviving intermediates.
Reconstruction (as was done for the evolution of the o/c
TA regions; Otten et al. 1992a) may still be carried out
if divergence has occurred recently, but the low amount
of sequence divergence makes it very difficult to obtain
a time-scale for the phylogenetic tree. If the phenomena
reported here occur more generally the reconstruction of
bacterial phylogeny becomes much more difficult than
anticipated. The changes leading to the different o/c Ti
plasmids have taken place recently. We have postulated
(Paulus et al. 1991b) that the rapid divergence of an
ancestral o/c Ti plasmid coincided with the development
of large-scale grapevine culture. Further studies are re-
quired to define the functional consequences of these
changes under both natural and laboratory conditions.
It would also be worthwile to extend the analysis of o/c
strains to a consideration of the evolution of their chro-
mosomes.
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