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Abstract 

The TA regions of biotype III octopine/cucumopine (OC) Ti plasmids are closely related to the TL region 
of the biotype I octopine Ti plasmids pTiAch5 and pTi15955. Sequence analysis shows that the limited 
and wide host range biotype III OC TA regions are derived from a common ancestor structure which 
lacked the 6a gene found in the biotype I octopine TL region. The TA region of the wide host range OC 
Ti plasmids has conserved most of the original TL-like structure. In most wide host range OC isolates 
the TA-iaaH gene is inactivated by the insertion of an IS866 element. However, the TA region of the 
wide host range isolate H m l  carries an intact TA-iaaH gene. This gene encodes a biologically active 
product, as shown by root induction tests and indole-3-acetic acid measurements. 

The limited host range OC Ti plasmids pTiAB3 and pTiAg57 have shorter TA regions which are 
derived from a wide host range TA region. The AB3 type arose by an IS868-mediated, internal TA region 
deletion which removed the iaa genes and part of  the ipt gene and left a copy of IS868 at the position 
of the deleted fragment. The pTiAB3 iaa/ipt deletion was followed by insertion of  a second IS element, 
IS869, immediately 3' of the ipt gene. pTiAg57 underwent the same iaa-ipt deletion as pTiAB3, but lacks 
the IS868 and IS869 elements. 

Analysis of the various TA region structures provides a detailed insight into the evolution of the 
biotype III OC strains. 

Introduction 

The transformation of plant cells by Agrobacte- 
rium tumefaciens results from a complex inter- 
action between a procaryotic and a eucaryotic 

organism. The process of tumour induction is 
controlled by bacterial virulence (vir) genes which 
are located on a large plasmid (Ti plasmid). Part 
of the plasmid D N A  (the T-region) is nicked at 
two border sequences and transferred to the plant 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number X53945. 
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nuclei, where the DNA is integrated as T-DNA 
and expressed (reviewed in [12, 20, 38]). Little is 
known about the evolutionary origin of this re- 
markable and unique system. Sequence homology 
between the iaa and ipt genes of the T-DNA and 
the bacterially expressed iaa and ipt genes found 
in Agrobacterium and Pseudomonas syringae ssp. 
savastanoi [2, 20, 24, 35] indicate that the genes 
carried by the T-regions were originally not trans- 
ferred to plant cells but expressed in the bacteria. 
Experiments showing that the T-region borders 
can be replaced by a bacterial origin of transfer 
[5] suggest that the DNA transfer mechanism 
could have arisen by modification of a bacterial 
conjugation system. 

The evolutionary origin of the Ti plasmids and 
their T-regions might be reconstructed, both on 
the structural and functional level, if a sufficient 
number of different Ti plasmids could be isolated 
and compared. Common features would be primi- 
tive, whereas elements specific for a given Ti plas- 
mid type would be more recent. 

We have studied a group of Ti plasmids which 
enables such a comparative analysis [23]. This 
paper describes several features of the biotype III 
octopine/cucumopine Ti plasmids which allow 

the reconstruction of the evolutionary history of 
this family. 

Materials and methods 

Bacterial strains 
The strains used in this study are listed in Table 1. 

Analysis of total bacterial DNA and plasmid DNA 
Total Agrobacterium DNA and plasmid DNA 
was isolated and analysed by Southern hybridiza- 
tion as described previously [22, 23]. 

Introduction of genes in disarmed Ti vector 
Transfer of genes from Escherichia coli to Agro- 
bacterium was carried out by cloning into inter- 
mediate vectors carrying a kanamycin resistance 
gene and mobilization with a helper strain. 
Cointegrates were selected on minimal medium 
with neomycin as described [32]. Cointegrate 
structures were analysed by digestion of total bac- 
terial DNA and Southern hybridization, using 
appropriate DNA fragments as probes [9]. 

Cloning, sequencing and sequence analysis 
Cloning and sequencing procedures were as de- 

Table I. Strains and plasmids. 

Number Description Reference 

E. coli strains 
BMH71/18 

G J23 

A. tumefaciens strains 
GV3101 (pPM6000) 
GV3101 (pPM6000: : 
-pPM1023-39 
-pPM1025-25 
-pPM 1042 
-pPM4000-53 

Plasmids 
pPM3 
pPM 1040 
pPM1042 
T-134 

host for pUC derivatives: A (lac pro) thi SupE/laclqZ - AM15 pro + 

mobilizing strain, JC2926(pGJ28) (R64drdl 1), ColE1 Mob +, Tra + 

disarmed pTiAch5 derivative 

A-iaaH in pPM6000 
TA-iaaM in pPM6000 
HA-iaaH in pPM6000 
TB-iaaH in pPM6000 

4.4 kb Hind I l l  (TA Tm4) in pBR322 
5.0 kb Hind III (TA Hml) in pUC18 
5.0 kb Hind III (TA Hml) in pKC7 
partial Hind III clone TA Tm4 

Milller-Hill, University 
of Cologne, Germany 
[32] 

[3] 

[13] 
[141 
this study 
[131 

this study 
this study 
this study 
[41 



scribed [25]. Sequences were determined by the 
Sanger method, using M13 derivatives [26] and 
analysed with a MicroVAXwith the GCG software 
[8]. 

1AA measurements 
IAA synthesis was determined as described pre- 
viously [15]. Briefly, Kalanchoe daigremontiana 
stem fragments were inoculated with an Agrobac- 
terium suspension, and IAA levels of transformed 
tissues were determined by extraction, partial 
purification and quantification by HPLC 
fluorometry. 

Inoculation of plants 
Greenhouse plants were inoculated by puncturing 
stems with a Pasteur pipette and infecting the 
wounds with 50 #1 of an overnight suspension of 
Agrobacterium. 

Results 

Ipt region structure of octopine/cucumopine strains 

The Agrobacterium tumefaciens biotype III octo- 
pine/cucumopine (OC) strains have been divided 
into limited and wide host range strains [ 16, 17, 
29]. The TA region structure of the wide host 
range strain Tm4 and its ipt region have been 
described [3, 13, 14]. The Tm4 ipt gene [3] is 
highly homologous to the biotype I Ach5 ipt gene 
[ 1, 10], but has suffered a deletion in the 3' region 
which includes the polyadenylation site. In spite 
of this, the Tm4 ipt gene is biologically active [ 3]. 
The wide host range strain Hm 1 has the same ipt 
region as Tm4, but differs in the iaa region (see 
below). 

The TA region of the limited host range 
strains AB3 and Ag57 is a deleted version of the 
Tm4 TA region. The deletion has removed the 
TA-iaaH and TA-iaaM genes and part of the 
T-ipt gene. The limited host range strains have 
retained the 6b oncogene and the octopine syn- 
thase gene. The unique strain Ag57 [ 11, 16] has a 
unique TA region structure [ 22 ]. The five different 
types of octopine T-region (15955, Tm4, Hml ,  
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AB3 and Ag57) are shown in Fig. 1. The TB 
regions of the octopine/cucumopine strains are 
less well known; they are similar for the five differ- 
ent strain types and carry a set of iaa genes [37] 
which are functional [ 13]. 

Earlier comparison of the 3' coding region of 
the truncated ipt gene of Ag162 and the corre- 
sponding ipt gene fragment of 15955 [36] had 
shown both sequences to be homologous. The ipt 
gene sequences of Agl62 and Tm4 [3] are identi- 
cal (223 bp), indicating a very recent origin for the 
latter two Ti plasmids. In spite of this, the se- 
quences found 3' to the coding region of the trun- 
cated ipt gene of Ag162 did not show any signifi- 
cant homology with Ach5 or Tm4 T-region se- 
quences [36]. 

We therefore sequenced the AB3 TA region 3' 
of the ipt gene up to the well-conserved 6b gene 
region. The 0.7 kb and the two 2.2 kb Hind III 
fragments, and the 0.55 and 0.7 kb Eco RV frag- 
ments (Fig. 1) were sequenced. Position + 1 of 
the sequence shown in Fig. 2a was chosen arbi- 
trarily and corresponds to the fifth nucleotide 5' 
to the ipt stop codon. 

Figure 2a shows the sequence of the region 
comprised between positions 1 and 863. From 
position - 206 to + 8 the sequence is identical to 
the published Ag162 sequence [36] and the Tin4 
sequence [3] and 87% homologous to the 15955 
sequence [1]. This region is followed by a se- 
quence not found in either Tm4 or Ach5 and 
situated between positions 9 and 855. From po- 
sition 856 to 2452, the AB3 TA region sequence 
is homologous to the region situated to the right 
of the ipt gene of 15955 (75 % homology) and Tm4 
(99.7 % homology). 

Thus, compared to 15955 and Tm4, AB3 
carries an additional, 851 bp sequence which is 
inserted immediately after the stop codon of the 
ipt gene. Further analysis revealed the presence of 
a 15 bp inverted repeat with two mismatches si- 
tuated at the borders of this AB3-specific frag- 
ment and a small, 4 bp repeat flanking the element 
and found as a single 4 bp sequence (CTAG) in 
the ipt gene of Tm4. These features show that the 
sequence corresponds to a 847 bp bacterial in- 
sertion element. We propose to call this sequence 
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LB 5 7 iaaH iaaM 
7 ~ BB ~ 

1 5 9 5 5 i  I 27 i 2 ,  i i i 

i p t  6a 6b ocs 1t3 

12.6 

sequenced region 

LB 5 iaaH iaaH iaaM ip t 6b 
] m m IS866  i ~ ~ , ,~  

Tm41 2.0 I 2.9 I 3.5 II I 4.4 I I  

sequenced region 

RB 
OCS 

] IS867 

3.7 I I  

LB IS ? + 5 iaaH iaaM ip t  6b 

Hmll 20 I 50 II [ 4, II 
m 

sequenced region 

RB 
0C$ 

] IS867 

3.7 I I  

LBi t p 6b ocs l i IS867  

A g 5 7 i  I it 2 ,  [o. i  ! 

sequenced region 

LB ip t 6b ocs RB 
l • m i I Isa6z 

IS868 IS869  
A B 3 [  t 2.2 io.,i , . ,  I I 3., I I I 

sequenced region 

Fig. 1. Maps of the TA regions ofpTi15955 [1], pTiTm4 [3, 4 and G. Bonnard, unpublished], pTiHml, pTiAg57 and pTiAB3. 
The maps are centred on the stop codon of the ipt gene. LB, left border; RB, right border. Vertical lines: Hind III restriction 

sites. Sizes are indicated in kb. The sequenced regions are indicated by horizontal lines under the restriction maps. 

IS869. Fig. 2a shows the open reading frames of 
IS869 and their deduced amino acid sequences as 
well as a number of different putative regulatory 
elements. Comparison with the recently establish- 
ed sequence of the insertion elements IS427 of 
A. tumefaciens strain T37 [7] showed significant 
homology (65 %) (Fig. 2b). Fig. 2c shows a com- 
parison of the open reading frame organization of 
IS869 and IS427. ORF 3 and ORF 4 of IS869 
correspond to ORF 4 and ORF 1 oflS427.  Only 
the 3' end o f O R F  1 of lS869 is present in IS427. 
ORF 2 of IS869 is absent from IS427, whereas 
ORF 2 of IS427 is lacking in IS869. Computer 
search also revealed homology (82 %) between the 
left end of IS869 (coordinates 20-371) and a 

0.3 kb sequence upstream of the virB operon of 
the biotype I octopine strain A6 (coordi- 
nates 6-354 [33, 34], inverted with respect to the 
orientation of IS869 in the AB3 TA region and 
indicated by V in Fig. 2c). Homology starts within 
the left inverted repeat of IS869. 

Ag57 lacks the IS869 element 

Previously obtained hybridization data with a 
pTiAch5 TL probe [22] enabled us to study the 
presence of IS869 in 21 limited host range iso- 
lates. The presence of the IS869 element in the TA 
region generates a characteristic 2.2 kb Hind III 



fragment which hybridizes to the Ach5 TL region 
probe pGV153 because of its homology with the 
Ach5 6b gene [22]. All isolates except Ag57 show- 
ed this 2.2 kb Hind III fragment. Since the TA 
region of pTiAg57 had a different Hind III restric- 
tion pattern, it was studied in more detail. 

The TA ipt region of Ag57 was cloned as a 2.9 
Hind III fragment and sequenced using oligonu- 
cleotides synthesized on the basis of the earlier 
obtained AB3 sequence. Sequence analysis (not 
shown) of a 663 bp sequence situated between the 
corresponding AB3 positions - 206 and 1308 (ipt 
gene, 6b gene and 5' of 6b gene) and comparison 
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with the Tm4 sequences showed that the Ag57 
sequences were 99.7 % homologous to the corre- 
sponding Tm4 sequences and lack the IS869 ele- 
ment and the 4 bp target site duplication found in 
AB3. 

Occurrence of lS869-1ike sequences outside the TA 
region of AB3-like strains 

Insertion sequences have been found in a number 
of Agrobacterium T regions [18,31]. These 
studies did not establish whether the strains 

a 

1 CGTACT-q~-~GCCGTAGACTCATA~GATCTGATCC~ATTCTTACTGCTGCCAATTTGACAGCGGCGAGAAAGTTCAATGGGTCTTTGTCGTAACGGG~TG I00 
G~ATGAT~GGCATCT~AT~CTAGACTAGGTTTAAG~TGACGACGGTTAAACTGTCGCCGCTCTTTC~TACCCAG~ACAGCATTGCCCAAC 

* L S R I W I R V A A L K V A A L F N L P D K D Y R T A  
* H T K T T V p Q  

I01 CGATGCCTCTGAACTGTTTGAGTTTGCTGAAGAAACGCTC~CGAGATTGCGCTGTCGGTAAACCCATTGGCTGAAAGGGAAGCTTCCCTTCCGATTGCT 200 
GCTACGGAGACTTGAC~ACTC~ACGACTTCTTTGCGAGTTGCTCTAACGCGACAGCCATTTGGGTAACCGACTTTCCCTTCGAAGGGAAGGCT~CGA 

I G R F Q K L K S F F R E V L N R Q R Y V W Q S F P F S G K R N S  
S A E S S N S N A S S V S L S I A S D T F G N A S L S A E R G I A  

201 CTTGG~AGGAATATTGGCCCATGCCTGCCTTTGCTTTGCA~TGCTCTGATCGCGTTGGTATCGTAGGCCTTGTCCGCCAGCAGGATCGCACCCTTGGAG 300 
GAACCGTCCTTATAACCGGGTACGGACGGAAACG~ACGTTTACGAGACTAGCGCAACCATAGCATCCGGAACAGGCGGTCGTCCTA~C~TGGGAACCTC 
K A P I N A W A Q R Q K A F A R I A N T D Y A K D A L L I A G K S  

R P L F I P G H R G K S Q L H E S R T P I T P R T R W C S R V R P S  

301 ATTGTCTGTAACAATGGTTCTGCCATGCGACCATCATGGGCTTGACCGGCTGTGAGTGCGAGACGGATCGGTCGGCCATCGGCATCGAC~CGGCGTGGA 400 

TAACAGACATTGTTACCAAGACGGTACGCTGGTAGTACCCGAACTGGCCGACACTCACGCTCTGCCTAGCCAGCCGGTAGC~I~GCTGTTGCCGCACC T 
I T Q L L P E A M R G D H A Q G A T L A L R I P R G D A D V V A H I  
Q R Y C H N Q W A V M M P K V P Q S H S V S R D A M P M O R F 2  

O R F 4 M L M N T D T G A  
401 T~TT~GTG~C~AGCCGCCACGGGAACGTCCCATGCAG~CA~CGTGTTTATCCCCCTTTTTCCCGTGGCCG(~TTGATGAACACGGACACAGGAGCTG 500 

AAAACCACC~G~TCGGCGGTGCCCTTGCAG~GTA~GTCGGTAGCACAAATAGGGGGAAA~GGGCAC~GGCGTACAACTACTTGTGCCTGTGT~CTCGAC 
K T T L G G R S R G M C G D H K D G K K G H G C T S S C P C L L Q  

* A A V P V D W A A M T N I G R K G T A A H Q H V R V C S S  

V D H N D I A V E S L G N L A Q N M I P D T R L S P S H E P V V A G  
501 TCGATCATAACGATATCGCCGTCGAAAGCCTTGG~ATCTCGCCCAGAACATGATCCCAGACACCCGCCTTTCGCCATCGCACGAACCGGTTGTAGCAGG 600 

AGCTAGTATTGCTATAGCGG~AGCTTTCGGAACCTTTAGAGCGGGTCTTGTACTAGGGTCTGTGGGCGGAAAGC~GCGTGCTTGGCCAA~ATCGTCC 
R D Y R Y R R R F G Q F D R G S C S G L C G G K A M O R F I  

D I M V I D G D F A K S I E G L V H D W V G A K R W R V F R N Y C T  

C I W T I S I R N V C P G ~  
601 TTGTATATGGACCATATCGATCAGGAA~GTCTGCCCAGG~ACCTGTCCGA~CCGCCACAAGATGC~GTTGATCACCCGCCGGTCGTCAACCCGTGG 700 

AACATATACCTGGTATAGCTAGTCCTTGCAGACGGGTCCCACTTGGACAGGCTTTGGCGGTGTTCTACGGC~CTAGTGGGCGGCCAGCAGTTGGGCACC 
T Y P G Y R D P V D A W P S G T R F R W L I G N I V R R D D V R P  

701 CACCCCACGCGGCTTGTTGGGC~CAAGGGCTGGATGACAGTCCATTCGAAATCGGTGAGATCA~CCGGCGACGGGTCATGAGAGGCCTCCAAATCAAG 800 

GTGGGGTGCGCCGAAC~CCCGTTGTTCCCGACCTACTGTCAGGTAAGCTTTAGCCACTCTAGTTTGGCCGCTGCCC/~2TCTCCGGAGGTTTAGTTC 
V G R P K N P L L P Q I V T W E F D T L D F R R R T M O R F 3  

801 GCCTCAGTGAATCAAAATCAGGCCGATTTGCAAACCCGG~ATGAGTGTGCGG~TAGTTTA 863 

CGGAGTCACTTAGTTTTAGTCCGGCTAAACGTTTGGGCC~TACTCACACGCC~ATCAAAT 

Fig. 2. a. Sequence o f l S 8 ~  ofpTiAB3. The ORFs are indicated. Boxes ~ r  one s tr~d:  s t~ t  codons. Dashed boxes: stop codons. 
Underlined: - 35 sequences. Heavily underlined: - 10 sequences. Doubly underlined: Shine and D ~ g ~ n o  sequences. Boxed 
~ r  both s tr~ds:  inverted repeats. Underlined ~ r  both strands: target site d ~ l i c ~ i o n s ,  b. Comp~ison  ofnucleotide sequences 
of IS869 and I S ~ 7  [7]. Only the homologous regions ~ e  shown. Boxed: inve~ed repe ls ,  c. Comp~ison  of open reading ~ame 

organiz~ion of I S 8 ~  ~ d  I S ~ 7 .  V: r e , o n  of h o m o l o ~  ~ t h  virB [33.34]. 
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b 
.9 

IS869 ~GCCGTAGACTCATA~GATCTGATCCAAATTCTTACTGCTGCCAATTTGACAGCGGCGAGAAAGTTCAATGGGTCTTTGTCGTAACGGGTTGCGATGCC 
lilllllirlllll 1 I I ill I I I II lltll I PII lillii EIIIJ i lilIlllP illll fill i 

IS427 GGCCGTAGACTCATA~.GCCCGCAGCCACAGGCGCATTGACGCCAACTGGACCATGGCGAGGAAGTTTTCCGCCAGCTTGTCGTAGCGGGTAGCGACCCG 
.I 

TCTGAACTGTTTGAGTTTGCTGAAGAAACGCTCAACGAGATTGCGCTGTCGGTAAACCCATTGGCTGAAAGGGAAGCTTC•CTTCCGATTG•TCTTGGCA 
l ill II II II iFI IIilll llill f il il II i It ~I I fill llfl[l II II [I It IIili 

ACGGAAATGCTT•AGCTTGGAGAAGAACCGCTCGATCAGGTTCCGTTCGCGATATAGCCATGTGCTGAAGTACGGTTTTGACCTACGGTTTGCCTTGGGC 

GGAATATTGGCCCATGCCTGCCTTTGCTTTGCAAATGCTCTGATCGCGTTGGTATCGTAGGCCTTGTCCGCCAGCAGGATCGCACCCTTGGAGATTGTCT 
;IlllliilIl IIII I I I II ill I]I I li III lllllllitli II illL Ill I If I [ 
GGAATATTGGCGAACGCCCCCTTCTCGCGGAGAGACGCCCGGATGCGATCGGCATCATAGGCCTTGTCAGCGAGCACGATGGTTCCGGCACCCACATGGT 

GTAACAATGGTTCTGCCATGCGACCATCATGGGCTTGACCGGCTGTGAGTGCGAGACGGATCGGTCGGCCATCGGCATCGACAACGGCGTGGATTTTGGT 
I lil II III i II II III III I[ II II If II I lJlill I ill IfIl]If fl lillllllllIlfl 

CAAGCAAACCGTCAGCCGCTTGCCCGTCGTGGCTTTGCCCAGCGGTTAGGCTCAGCCTGATCGGGAGACCCTGCCCATCGACGACCGCGTGGATTTTGGT 

GGTCAAGCCGCCACGGGAACGTCCCATGCAGCCATCGTGTTTATCCCCCTTTTTCCCGTGGCCGCATGTTGATGAACACGGACACAGGAGCTGTCGATCA 
It I ]IIPI Illillil I i l II I I fi11111illll llIl II if fl II If I il II l 1 llllIllllll 

CGTGAGCCCGCCTCGGGAACGGC...CGAGACAATGATCTCGATCCCCCTTTTTGCCGTCGCAGCCTGCTGGTGGGCGCGAACGGAAGTGCTGTCGATCA 

TAACGATATCGCCGTCGAAAGCCTTGGAAATCTCGCCCAGAACATGATCCCAGACACCCGCCTTTCGC•ATCGCACGAACCGGTTGTAGCAGGTTGTATA 
I lli Ilill [I I 11 I II If ill I l liilIlll LI il LI llilllll i i~i llllflllllllll 11 
TCTGGATGTCGCCATCATAGGCAGCAGTGATGGCGTCCATCATTCGGTCCCAGACGCCTGCTTTCCGCCATCGTATGAATCGGTTGTAGCAGGTGGTTCG 

TGGACCATATCGATCAGGAACGTCTGCCCAGGGTGAACCTGTCCGAAACCGCCACAAGATGCCGTTGATCACCCGCCGGTCGTCAACCCGTGGCACCCCA 
IlllIlil II II II I llf lli ill IIII III I III ilill II II I III II lllil il If II llflllll 

CGGACCATAGCGTTCGGGCAGGTCGCGCCACGGCGCACCGGATCGGAGCACCCAGAAGATTCCATTCAGCACGCGACGGTCATCGACGCGCGGCACCCCT 

.771 .834 .855 
C G C G G C T T G T T G G G C A A C A A G G G C T G G A T G A C A G T C C A T T C G A A A T C G G T G A G A T C A A A C C G G C  . . . . . . . . . .  ACCCGGI~ITTATGAGTGTGCGGC ] 
t llllllllJll II I illl II il lliIll llllllIl II Ill I llil Ifll I liIl ii llll 

CTTGGCTTGTTGGGTAAAAGTGGCTCAATCACGCGCCATTCAAAATCGGTCAGGTCATATCGGC ......... ACCCAG~TTATGGGTTCACGGCq 
.760 .1256 .1271 

C 
V 

L 

ORF 4 _'~ 
9 8 5 5  

IS869  I I 

ORF 1 

i i  

ORF 2 

ORF 3 

ORF 2 

ORF 1 D 
1 1271 

I S 4 2 7  I J 

ORF 3 

• ORF 4 

Fig. 2. 

containing these elements were rare mutants or 
represented ecologically significant plasmid 
types. The occurrence of IS869 or IS869-1ike ele- 
ments in different Agrobacterium strains was 
studied by hybridizing Southern blots of  total and 
plasmid D N A  with an internal 0.6 kb Hind III- 

Hinf I IS869 fragment. The results are shown in 
Table 2. Biotype I and biotype II strains do not 
contain I S869-1ike elements (with the exception of 
2654 and 2655 which carry pTiAB3-1ike plasmids 
in a biotype I background, [22]). Within the 
biotype III strains, all nopaline strains carry 
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Table 2. Presence of IS869-1ike elements in various Agrobacterium strains. Positive strains are indicated in bold face. References 
for the various strains: [4, 22, 23]. l biotype I strains with an AB3-1ike pTi plasmid [22]. 

Tested strains Localization of IS869 homology 

Agrobacterium rubi 
ATCC13335 

Agrobacterium tumefaciens 
1: biotype I. 
A6, AT3, B6S3, C58C1 (cured C58), 2654 l, 26551. 

2: biotype II. 
AT181, EU6, K599, PPI-1, 
281 (pTiBo542 in cured A6), 8196, 15834. 

3: biotype III. 
a - octopine/cucumopine strains, AB3 type. 
AB3, AT6, BI0/7, Zw2, 2612, 2613, 2614, 2617, 2644, 2650, 2651, 2653, 2656, 2675, 
2676, 2677. 
b - octopine/cucumopine strains, Ag57 type. 
LBA649 (pTiAg57 in cured C58). 
c - octopine/cucumopine strains, Tm4 and Hml type. 
Hml, K305, K308, Tm4, 2615, 2616, 2645, 2646, 2647, 2648, 2649, 2652, 2657, 2678, 
2679, 2680, 2686. 
d - nopaline strains. 
AB4, ATI, AT66, EK2, ISI.I, NI.1, 2179, 2609. 
e - vitopine strains. 
NWll ,  NW221, Szl, Sz2, $4, 2681. 

Two copies on pTi 

Two copies on pTi and various 
copies on chromosome 

Various copies on chromosome 

Various copies on chromosome 

IS869-1ike sequences, which are located on the 
chromosome. Of the biotype III vitopine strains, 
$4 and 2681 carry chromosomal IS869-1ike se- 
quences, the other strains do not. Within the oc- 
topine/cucumopine groups, Tm4-1ike strains and 
C58C9(pTiAg57) i.e. LBA649, do not contain 
IS869-1ike sequences. The AB3-1ike strains carry 
two I $869 elements on their Ti plasmid (one in the 
TA region, the other on a unidentified, 6.9 kb 
Hind III fragment), and a variable number of 
IS869-1ike elements on their chromosome. 

Iaa region structure of octopine/cucumopine strains 

The wide host range OC strain Tm4 carries an 
intact, functional TA-iaaM gene and an inactive, 
interrupted TA-iaaH gene [4, 14]. The Tm4 iaa 
region was sequenced in order to compare them 
with biotype I octopine iaa genes. Internal restric- 
tion fragments of the 8.5 kb partial Hind III insert 

of T134 [4] and of the 4.4 kb Hind III insert of 
pPM3 were subcloned into various M 13 vectors. 

A 10 200 bp region was sequenced which corre- 
sponds to part of the 2.9 kb Hind III fragment, 
the entire 3474 bp, 174 bp, 524 bp, 4394 bp and 
322 bp Hind III fragments. This sequence will be 
presented elsewhere. DNA homology between 
the 15955 TL region [1] and the Tm4 TA region 
is 60~  in the 3' region of the TA-iaaH gene, 89~o 
in the TA-iaaH coding region, 84~o in the non- 
coding region between TA-iaaH and TA-iaaM, 
90 ~o in the TA-iaaM coding region and 74 ~o in 
the non-coding region between TA-iaaM and 
T-ipt. The TA-iaaH gene (468 codons) is inter- 
rupted at codon 317 by the insertion sequence 
IS866, the sequence of which has been described 
[4]. The insertion oflS866 generated a 8 bp target 
site duplication (TCTTTTTC), as shown by com- 
parison with the 15955 sequence, which is identi- 
cal to the Tm4 sequence at this position. 

Since the TA region of Hm 1 was found to lack 



608 

homology to the IS866 element [23], the pTiHml 
iaaH region was cloned as a 5.0 kb Hind III frag- 
ment in pUC18 (pPM1040) and compared to the 
corresponding Tm4 TA region by restriction 
mapping. The restriction map of pPM1040 (not 
shown) indicated that the Hml  HA-iaaH gene 
lacks most or all of the IS866 sequence, and 
carries an additional 1.3 kb sequence to the left of 
the HA-iaaH coding region, not found in Tm4. 

To determine whether the HA-iaaH gene 
retained a trace of the IS866 element or of the 8 bp 
target site duplication found in Tm4, the relevant 
part of pPM1040 was sequenced by using two 
oligonucleotides chosen on the basis of the earlier 
obtained Tm4 sequences; 326 nucleotides around 
the IS866 insertion site were sequenced (results 
not shown). They were 100~o homologous to the 
Tm4 sequence and showed that the HA-iaaH 
gene was intact and did not contain traces of an 
insertion event. 

The biological activity of HA-iaaH was tested 
in two ways: by measuring its capacity to induce 
roots on Kalanchoe tubiflora and by measuring the 
amount of IAA produced in coinoculation experi- 
ments with the TA-iaaM gene of Tm4. 

Biological activity of the Hml HA-iaaH gene 

The HA-iaaH gene was recloned from pPM1040 
into the mobilizable, kanamycin-resistant 
pBR322 derivative pKC7, yielding pPM1042. 
This intermediate vector was recombined into the 

disarmed Ti vector pPM6000 carried by GV3101 
[3], yielding GV3101 (pPM6000 : : pPM1042). 
Stems of Kalanchoe tubiflora plants were infected 
with the HA-iaaH strain, with the TA-iaaM 
strain GV3101 (pPM6000: : pPM1025-25) and 
by a mixture of the two strains. 

Plants infected with the TA-iaaM/HA-iaaH 
strain mixture showed root formation, the control 
plants did not (not shown). Thus, the HA-iaaH 
gene is biologically active. Like the well charac- 
terized A-iaaH gene of Ach5 [27, 30], HA-iaaH 
most probably encodes an indoleacetamide hy- 
drolase which converts the IAM synthesized un- 
der control of the TA-iaaM gene [ 14] into IAA. 

The HA-iaaH gene was compared with the 
Ach5 A-iaaH gene and the Tm4 TB-iaaH gene by 
measuring IAA levels in Kalanchoe stem segments 
infected with the following mixtures: TA-iaaM/ 
HA-iaaH, TA-iaaM/A-iaaH and TA-iaaM/ 
TB-iaaH [ 13]. On Kalanchoe stem fragments, the 
HA-iaaH gene was less efficient than the closely 
related A-iaaH gene, and of about the same ef- 
ficiency as the TB-iaaH gene of Tm4 (Table 3). 

Limited and wide host range Ti plasmids have the 
same 6a deletion 

Comparison of the Tm4 TA region sequence with 
the 15955 TL region sequence showed that the 
Tm4 TA region derives from a TL-like region 
which underwent a 0.9 kb deletion comprising the 
3' non-translated region of the ipt gene (including 

Table 3. IAA production by various strain combinations. Values are average values with standard deviations calculated for five 
independent infections. 

Strain(s) Genes IAA (pmols/segment) 

GV3101 (pPM6000) 
GV310 I(pPM6000 : : pPM 1025-25) + 
GV3101 (pPM6000) 
GV3101 (pPM6000 :: pPM 1025-25) + 
GV3101 (pPM6000 : : pPM 1042) 
GV3101 (pPM6000 :: pPM 1025-25) + 
GV3101 (pPM6000 : : pPM 1023-39) 
GV3101 (pPM6000 :: pPM 1025-25) + 
GV310 I(pPM6000 :: pPM4000-53) 

- 0.36 + 0.08 
TA-iaaM + 
- 0.38 + 0.06 
TA-iaaM + 
HA-iaaH 3.04 + 0.40 
TA-iaaM + 
A-iaaH 13.88 + 1.08 
TA-iaaM + 
TB-iaaH 4.19 + 0.65 
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Fig. 3. Organization of the ipt region of pTi15955 [1], pTiTm4 [3], pTiAg57 and pTiAB3 (this study). Boxed: coding regions. 
Arrows indicate direction of transcription. Dotted line: deleted regions. Vertical black bars: 27 bp sequence. The insertion 

elements IS868 and IS869 are not drawn to scale. 

its putative polyadenylation site) and the major 
part of the coding sequence of the 6a gene [ 3 ]. In 
spite of the modification of its 3' end, the Tm4 
T-ipt gene induces shoots on tobacco, but less so 
than the Ach5 ipt gene. To establish whether the 
6a deletion also occurred in the limited host range 
strains, the corresponding regions of pTiAB 3 and 
pTiAg57 were sequenced and compared with the 
pTiTm4 sequences. The results (not shown) 
demonstrate that pTiAB3 and pTiAg57 carry the 
same 6a deletion as pTiTm4. Therefore, the dele- 
tion which led to the modification of the ipt gene 
and to the loss of the 6a gene must have occurred 
before the limited and wide host range Ti plas- 
mids diverged. The different structural features of 
the ipt regions of the different octopine T regions 
are summarized in Fig. 3. 

Discussion 

Earlier obtained data and results presented in this 
paper permit a reconstruction of the major events 
which led to the present-day octopine Ti plasmid 
structures. These events are summarized in 
Fig. 4. The biotype I octopine TL region found in 
15955 (Arh5, A6, B6S3) and the TA region of the 
octopine/cucumopine biotype III strains are de- 

rived from an ancestor T-region which carried the 
iaaH, iaaM, ipt, 6a, 6b and ocs genes. In biotype I 
octopine strains, the region to the left of the iaaH 
gene contains genes 5 and 7. The left part of the 
biotype III TA region has only low homology to 
gene 5 (F. Paulus, unpublished). 

To the right of the octopine synthase gene the 
sequences of the biotype I and biotype III strains 
differ. Interestingly, in both cases an insertion 
element is situated immediately to the right of the 
border sequence: the composite TC region ele- 
ment in the case of the biotype I strains [6] and 
the IS867 element in the case of the biotype III 
strains [23]. Further homology studies may indi- 
cate how two very similar T regions have come to 
be surrounded by unrelated sequences. After the 
separation of the TL and TA regions, the TA 
region evolved into different directions and gener- 
ated strains like Tm4, Hml ,  AB3 and Ag57. As 
the common areas of the Tm4, Hml ,  AB3 and 
Ag57 TA regions are nearly 100% identical, the 
separation between the different strain types has 
taken place very recently (see below). Previous 
data and data from this study show that the 
precursor TA region which gave rise to the 
present-day TA region structures was composed 
of a 12.5 kb region, carrying intact TA-iaaH, TA- 
iaaM, T-ipt, T-6b and T-ocs genes and a deletion 



610 

IS66 
, _ _ - - ~  

5 7 iaaH iaaM 

m m m  

ipt 6a 6b 

IS66 

I 

ocs 

I l l  I I I  I I I  

5 7 iaaH iaaM 

t 
? 

ipt 6a 6b ocs 

I - I  

AB3 

7- 

A66 t 
15955/Ach5 

f u r t h e r  I S 8 6 7  and IS869 transposition 

IS869 

AB3-1 ike  s t r a i n s  A 6b ocs 

IS869--~. . . . . . . . . . . . . . . .  

6b ocs 

IS868 IS868 

iaaH iaaM ipt 6b 

IS868~ 

6b 

A 

IS? 

Tm4 

T ,T m 
I 

further IS866 and IS867 transposition 

IS866 I 

iaaH iaaM ipt 6b ocs 

Tm4-1 ike  s t r a i n s  

Hml 

OCS 

iaaH iaaM ipt 6b ocs 

IS?~ IS866 

IS867 

iaaH iaaM ipt 6b ocs 

- IS867, A 

o c t o p i n e  T - r e g i o n  p r e c u r s o r  I . . . .  II • • m ~ I I I I I I I 5 kb 

iaaH iaaM ipt 6a 6b ocs 

Fig. 4. Evolution of the octopine TL and octopine/cucumopine TA regions. Black areas: coding regions within the T-regions. 
Dashed lines: alternative pathways. The left parts of TA and TL regions are different; therefore, the left part of the precursor 
T-region is shown in dashed lines. Black filled-in rectangles: strains with different IS866 and IS867 copy numbers, simplified 
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in the 6a region which removed the 6a gene and 
the polyadenylation site of  the ipt gene. The 6a 
gene has been shown to code for opine secretion 
[19]; it remains to be tested how the absence of 
the 6a gene in OC strains affects opine export 

from the tumours. We have earlier postulated [3] 
that the weak shoot-induction properties of the 
Tm4 ipt gene result from the deletion in its 3' 
region and could have decreased the tumour-inhi- 
biting effect of  an originally strong ipt gene on 



grapevine. The 6a deletion must have occurred 
before Tm4, Hml ,  AB3 and Ag57 diverged, since 
the same deletion is found in all four Ti plasmids. 

The precursor TA region evolved along three 
lines: 
1. In the unique Hungarian isolate Hml  [28], a 
1.3 kb DNA fragment, probably an IS element, 
was inserted in the region to the left of the TA- 
iaaH gene, leaving the iaaH gene intact and 
functional. 
2. In a second line, the IS866 element [4] was 
inserted into the TA-iaaH gene, inactivating the 
gene, but still allowing IAA production by tumour 
cells through the activity of the TA-iaaM, TB- 
iaaM and TB-iaaH genes [ 14]. This type of strain 
is common on grapevine and is represented by 
Tm4. Tm4 and Hml  both induce undifferentiated 
tumours on grapevine, Kalanchoe daigremontiana 
and Kalanchoe tubiflora stems, but we have noted 
that Hml  induces undifferentiated tumours on 
K. daigremontiana leaves, whereas Tm4 induces 
shooty structures (L. Otten, unpublished). This 
indicates that Hml  induces higher levels of IAA 
in transformed cells than Tm4. Isolates with the 
Tm4 TA region structure can be further dis- 
tinguished by the presence of different copy num- 
bers of IS866 and IS867 elements, inserted at 
different positions in the genome. Comparison of 
the isolates has shown, that the appearance of the 
additional IS866 and IS867 copies in the chromo- 
somal DNA occurred after the insertion of IS866 
into the TA-iaaH gene [23]. 
3. In a third line, the iaa/ipt region was deleted. 
The internal deletion of the TA region was most 
probably due to the insertion of two IS868 ele- 
ments in direct orientation, one to the left of the 
iaaH gene, the other within the ipt gene. These 
elements then recombined, leading to the loss of 
the internal region and to the presence of a single 
IS868 element (F. Paulus, unpublished results). 
The loss of the iaa and ipt gene functions changed 
the host range of the strains; they became limited 
host range strains. Within the limited host range 
strains, three subtypes can be distinguished. 

a. The most common one (20/23 isolates) is 
represented by AB3 [23]. As in the case of Tm4- 
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like strains, the AB3-like isolates can be further 
distinguished by different copy numbers of the 
IS867 element. The AB3- and Tm4-1ike strains do 
not have common chromosomal IS867 copies 
[23]. Thus, chromosomal transposition of IS867 
occurred after the AB3/Tm4 divergence. At the 
same time, this suggests that the two IS867 ele- 
ments located on all OC Ti plasmids (to the right 
of the TA region and to the right of the TB region) 
were introduced shortly before the AB3/Tm4 
divergence since otherwise, the AB3/Tm4 precur- 
sor strain would have been able to accumulate 
chromosomal IS867 copies which would then be- 
come common elements in the AB3- and Tm4- 
like strains. 

After the iaa/ipt deletion, the AB3 TA region 
was interrupted by another IS element, IS869, 
which is related to IS427. All AB3-1ike strains 
carry a second copy of IS869 on their Ti plasmid, 
and several copies on their chromosomes. IS869 
sequences are not present in Tm4-1ike strains or 
on pTiAg57 but have been found in variable num- 
bers on the chromosomes (but not on the Ti plas- 
mids) of all biotype III nopaline strains. The dif- 
ferent chromosomal hybridization patterns of 
biotype III nopaline strains and AB3-1ike strains 
may be used to refine the classification of these 
strains and to reconstruct their evolution as we 
have done for octopine/cucumopine strains by 
using the IS866 and IS867 patterns [23]. None of 
the biotype I (except 2654 and 2655) or biotype II 
strains investigated showed IS869-1ike sequences. 
The IS869 element of the AB3 TA region may 
thus have been acquired from a biotype III 
nopaline strain. It is interesting to note that one 
of the two copies was inserted in a region which 
had probably already lost its function after the 
iaa/ipt gene deletion. It may be asked why the 
particular strain in which this happened now 
represents a major type of grapevine strain. It may 
not be necessary to postulate that the TA-asso- 
ciated IS869 element brought a selective advan- 
tage to AB3-1ike strains, since this element may 
have been co-selected with some other, unidenti- 
fied selective trait. 
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b. The other type of limited host range OC strain 
which we have studied in detail, Ag57, lacks 
IS868, as shown by sequencing (F. Paulus, un- 
published), pTiAg57 has nearly the same iaa/ipt 
deletion as pTiAB3, which most probably resulted 
from insertion of two IS868 copies which subse- 
quently recombined. Therefore, we propose that 
pTiAg57 originally carried IS868 elements, which 
were lost by excision, pTiAg57 also lacks the two 
IS869 elements found in pTiAB3, indicating that 
both IS869 insertions took place after the iaa/ipt 
deletion. Finally, the Ag57 TA region underwent 
a deletion of its right TA border, probably through 
transposition of the TA-associated IS867 element 
into the octopine synthase gene and recombi- 
nation between the two copies (F. Paulus, unpub- 
lished). Ag57 is the only isolate of this kind. 

c. Two limited host range strains, represented by 
NW233, lack the iaa and ipt genes [23]. Their 
precise TA region structure is unknown and de- 
serves further study. 

It is remarkable that the TA regions of the 
different octopine/cucumopine Ti plasmids have 
extremely well conserved nucleotide sequences. 
The differences in TA region structure result from 
the activity of insertion sequences (IS866, IS867, 
IS868, IS869, an unknown element in Hml  and 
a putative IS element which caused the deletion 
of the 6a gene and the modification of the ipt 
gene). It remains unknown what caused the rapid 
and recent divergence. The structural changes 
may be the result of selection for T-regions with 
a particular oncogene composition, adapted to 
different grapevine varieties or to different envi- 
ronmental conditions. However, under 
greenhouse conditions, the different strain types 
are equally virulent on grapevine [22]. Alterna- 
tively, the various insertion and deletion events 
result from accidental insertions of IS elements 
which were selectively neutral. This model pre- 
dicts that the TA-iaaH, TA-iaaM and T-ipt genes 
of wide host range strains are not required for 
tumour induction on grapevine. A study of 
various Tm4 mutants confirmed that grapevine 
tumour induction only requires a T-6b gene and 
the iaaH/iaaM gene set [ 14]. Thus, neither the 

T-ipt nor the TA iaa genes are required for tumour 
induction and can be mutated or lost without a 
change in oncogenic properties. It is tempting to 
speculate that the recent divergence of the OC Ti 
plasmids is due to the development of viticulture. 
The grapevine plant, grown in monocultures at 
vast quantities, may have become colonized by 
a strain carrying the OC precursor Ti plasmid 
in a favourable, biotype III chromosomal 
background. Non-essential T-region genes would 
subsequently have started to 'degenerate'. The 
shortening of the TA region observed for limited 
host range strains (from 12.5 kb for precursor Ti 
plasmid to 6.8 kb for the AB3 TA region and 
about 5.0 kb for the Ag57 TA region) may be 
thought to represent an advantage. However, the 
large size of the TA region of the common Tm4 
strain type (15.2 kb)indicates that small size does 
not constitute a strong selective advantage. 

The insertion of a bacterial IS sequence in a 
T-region is unlikely to convey a selective advan- 
tage in itself. However, the iaa/ipt deletion caused 
by IS868 shows that the insertion and survival of 
an IS element in a non-essential region followed 
by transposition into a nearby, equally non-essen- 
tial site and irreversible loss of the internal region 
through recombination between the two I S copies 
will gradually lead to the removal of non-essential 
DNA fragments. 
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