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Isolation and characterization 
of an ipt gene from the Ti plasmid Bo542 
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Summary. A 1.9 kb clone of the T-DNA region of the Agro- 
bacterium tumefaciens Ti plasmid Bo542 which exhibited 
homology to the isopentenyl transferase (ipt) locus of 
pTiA6 was identified by low stringency DNA hybridization. 
Introduction of this segment of pTiBo542 DNA into cells 
of Nicotiana tabacum or N. glauca caused tumor formation 
in vivo, and allowed hormone independent growth in vitro. 
Furthermore, this DNA segment complemented ipt mutant 
strains of A. tumefaciens, restoring their ability to cause 
tumors on Kalanch6e leaves and tomato stems. The com- 
plete DNA sequence of this segment has been determined, 
revealing an open reading frame homologous to other 
known Agrobacterium ipt genes. 
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Introduction 

Agrobacterium tumefaciens is a free-living soil bacterium 
capable of  transforming wounded plant tissues into tumor- 
ous growths known as crown galls (for reviews, see Nester 
et,al. 1984; Weiler and Schr6der 1987). Tumors are caused 
by the aberrant production of the plant growth substances 
auxin and cytokinin in infected tissues. This condition is 
brought about by the transfer of  a segment of DNA, known 
as the T-DNA (transferred DNA), of the Ti (tumor induc- 
ing) plasmid from the bacterium into a wounded plant cell. 
Once in the plant cell, the T-DNA becomes integrated into 
the plant genome and is transcribed by endogenous plant 
proteins. Certain T-DNA encoded proteins catalyze the 
production of auxin and cytokinin. Although these com- 
pounds are normally produced by plants, their T-DNA di- 
rected biosynthesis in transformed tissues is independent 
of normal plant regulatory mechanisms, thus causing tu- 
morous growth of the transformed cells. 

The T-DNA regions of many Ti plasmids appear very 
similar by Southern blot analysis in a ' core '  region which 
includes the iaaH, iaaM, ipt and tml loci (Chilton et al. 
1978; Nester et al. 1984). However, exceptions do exist; 
in particular, some Ti plasmids have been shown to lack 
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ipt (Yanofsky et al. 1985), a gene encoding isopentenyl 
transferase, an enzyme involved in cytokinin biosynthesis 
(Morris 1986; Weiler and Schr6der 1987). In a recent study, 
it was observed that a probe consisting of part of the coding 
region of the pTiA6 ipt gene failed to hybridize to pTiBo542 
DNA under high stringency conditions (Komari et al. 
1986). However, A. tumefaciens strains harboring pTiBo542 
are highly virulent on soybean (Hood et al. 1987), and soy- 
bean cells stringently require both auxin and cytokinin for 
cell proliferation (Miller 1968). Thus, based on the host 
range data, we reasoned that pTiBo542 is unlikely to be 
a member of  the group of Ti plasmids which lacks genes 
involved in cytokinin biosynthesis, and that it would be 
of interest to investigate which pTiBo542 gene or genes 
are involved in cytokinin metabolism in transformed plant 
cells. We therefore searched for sequences homologous to 
the ipt gene of pTiA6 by low stringency hybridization of 
this gene to cloned fragments of  the pTiBo542 T-DNA. 
This analysis revealed a 1.9 kb BamHI/HindIII fragment 
which hybridized to the pTiA6 ipt probe. The 1.9 kb frag- 
ment was found to complement an ipt mutant strain of 
A. tumefaciens. The fragment also produced a tumorous 
phenotype in the absence of other T-DNA genes on certain 
hosts. 

Nucleotide sequence analysis of  the ipt homologous 
DNA segment revealed homology to both octopine- and 
nopaline-type Ti plasmid ipt genes. Analysis of the major 
open reading frame predicted a highly conserved amino 
acid sequence in the putative protein, relative to octopine 
and nopaline ipt coding sequences. Based on these data, 
we report here that the plasmid pTiBo542 indeed carries 
a gene encoding the enzyme isopentenyl transferase. 

Materials and methods 

Bacterial strains. A. tumefaciens strains A281, A348 and 
A208 contain, respectively, the wild-type Bo542, A6 and 
T37 Ti plasmids (Montoya et al. 1977; Nester et al. 1984). 
A. tumefaciens strains 2760 and A338 contain, respectively, 
the T-DNA deleted Ti plasmid, pAL4404 (Hoekema et al. 
1983) and an A6 Ti plasmid containing an insertion muta- 
tion in the ipt gene (Lichtenstein et al. 1984). All Agrobac- 
terium strains were in the A136 chromosomal background 
(Montoya et al. 1977) and were maintained on AB minimal 
agar (Chilton et al. 1974) with antibiotics added where ap- 
propriate. Escherichia coli strain DH5e (Hanahan 1985) 
was used for plasmid manipulations excluding those involv- 
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ing plasmids pGA583 and pAL109, for which strain 
MC1000 was used. Plasmids were transferred from E. coli 
to A. tumefaciens via triparental mating as described by 
An (1987) using the helper plasmid pRK2073 (Leong et al. 
1982). 

Plasmid constructs. A 1.9 kb BamHI-HindIII fragment of 
the cosmid clone pEHC65 (Hood et al. 1984) was isolated 
by electroelution from an agarose gel. To create pALl10A 
and B, the fragment ends were filled in utilizing DNA poly- 
merase I Klenow fragment, followed by ligation of EcoRI 
linkers (GGAATTCC),  which restored the BamHI site of 
the fragment, and EcoRI digestion. The resulting fragments 
were ligated in both orientations into EcoRI digested, de- 
phosphorylated pUC118 (Vieira and Messing 1987). To 
create pAL109, the BamHI-HindIII 1.9 kb fragment was 
cloned directly into HindIII/BglII digested pGA583 (An 
1987). 

The plasmid pEND1 :tmr contains the ipt gene of pTiA6 
in the binary vector pEND1 (Klee et al. 1985). 

Restriction analysis, probe synthesis, and Southern blot hy- 
bridization. Two micrograms of total Agrobacterium or 
CsCl-purified plasmid DNA was digested with 6 units of 
restriction enzyme as specified by the manufacturer (New 
England Biolabs, Beverly, Mass or Bethesda Research Lab- 
oratories, Gaithersburg, Md). The digested DNAs were size 
fractionated through a 1% agarose gel in Tris-borate- 
EDTA running buffer (Maniatis et al. 1982) at 3 V/cm, then 
stained and blotted onto nylon membranes as described 
(Reid et al. 1988). The membrane was hybridized at low 
stringency to uniformly 3Zp-labeled RNA probes at 50 ° C 
in the following hybridization buffer: 0.25 M Sodium phos- 
phate buffer (see Amasino 1986 for preparation), 5% (w/v) 
SDS, 0.5% (w/v) nonfat dry milk, 10% (w/v) polyethylene 
glycol 8000, 2.5 mM EDTA, 100 I~g/ml sheared, double- 
stranded salmon sperm DNA. The blot was prehybridized 
in this buffer for 4 h, then 106 cpm/ml of probe was added 
and hybridization was continued for 15 h. Blots were 
washed at 50 ° C in 0.25 M Sodium phosphate buffer, 1% 
SDS, 1 mM EDTA with 5 buffer changes at 30 min inter- 
vals. The blots were then exposed to Kodak XAR film 
for 15 30 h at room temperature. 

The 3zp-labeled RNA probe complementary to the PstI 
"fragment A "  of the pTiA6 ipt gene was synthesized as 
described previously (John and Amasino 1988) from the 
plasmid pRA127. 

Infection of plants with A. tumefaciens, and tumor culture. 
Kalanch6e daigremontiana and Lycopersicum esculentum 
(tomato variety Better Boy) plants were grown in a green- 
house in Jiffy Mix (Jiffy Products of America, West Chi- 
cago, Ill) and fertilized weekly with Hoagland's solution. 
Plants 10-20 cm in height were used for inoculation. Nico- 
tiana tabacum and N. glauca plants were grown in sterile 
culture on Murashige-Skoog medium lacking auxin and cy- 
tokinin (MS 0/0) as described (Amasino et al. 1984). Plants 
were inoculated by wounding stems or leaves with a needle 
which had been dipped into a colony of Agrobacterium 
grown for 2 days on AB medium. 

Tumors resulting from infection of N. glauca and N. ta- 
bacum were excised from the plant and cultured in the dark 
for 2 passages on MS 0/0 medium containing 500 gg/ml 
carbenicillin and 250 gg/ml cefotaxime. This treatment ren- 

dered the tissues free of bacteria, whereupon they were cul- 
tured on MS 0/0 medium without antibiotics. 

Bacterial DNA isolation. Plasmid DNA from E. coli for sub- 
cloning, blotting or hybridization probe production was 
prepared by alkaline lysis and CsC1 gradient ultracentrifu- 
gation (Maniatis et al. 1982). For plasmid confirmation in 
Agrobacterium the alkaline lysis protocol described by An 
(1987) was used. Total Agrobacterium DNA was isolated 
as follows. A 10 ml culture of cells was grown for 10-12 h 
in Mg/L medium (Garfinkel and Nester 1980), pelleted at 
3000 × g for 5 min and resuspended in 4 ml of 20 mM Tris- 
HC1, 20 mM EDTA, 50 mM glucose pH 8.0. Four milli- 
liters of 100 mM Tris-HC1, 20 mM EDTA, 0.5% SDS, 
0.5 M NaC1 pH 8.0 and 0.1 ml of  a 10 mg/ml solution of 
pronase (Sigma Chemical Co. St. Louis, Mo) were added 
to the cells and the mixture was incubated at 37°C for 
1 h. The solution was extracted once with phenol: chloro- 
form: isobutanol (25: 24:1) then once with chloroform :iso- 
butanol (24:1). The nucleic acids were then ethanol precipi- 
tated, collected by centrifugation at 3000 x g for 5 rain, re- 
suspended in 4 ml of TE (TE is 10 mM Tris-HC1, 1 mM 
EDTA pH 8.0) containing 100 ~tg/ml pre-boiled RNase A 
and incubated at 37 ° C for 30 rain. Ammonium acetate was 
then added to a final concentration of 2 M and the DNA 
was ethanol precipitated, collected by centrifugation, rinsed 
in 70% and 100% ethanol, resuspended in TE and quanti- 
rated by UV absorbance. 

DNA sequence analysis. Deletion templates of the BamHI- 
HindIII fragment used in the sequence determination were 
generated as described by Henikoff (1984) except that mung 
bean nuclease was used to generate blunt ends. Sequencing 
was performed by the method of Sanger et al. (1977), with 
modifications as specified by Chen and Seeburg (1985). Nu- 
cleotide stock mixes, mung bean nuclease, and Klenow frag- 
ment were purchased from New England Biolabs, Beverly, 
Mass. Computer analysis of the sequence data (Figs. 4, 5) 
was performed utilizing University of Wisconsin Genetics 
Computer Group software as described by Devereux et al. 
(1984). 

Results 

Detection of a pTiBo542 sequence homologous 
to the ipt gene of  pTiA6 

Southern blot hybridizations were performed to determine 
if any DNA sequences carried by Agrobaeterium strain 
A281, which contains the Ti plasmid Bo542, exhibited ho- 
mology to the ipt locus of pTiA6. Total DNA from A281 
was isolated and cleaved with the restriction enzymes Hin- 
dIII, BamHI, or EcoRI. After size-fractionation in agarose 
gels, the DNA was blotted to nylon membranes. The blots 
were incubated under low stringency conditions with a 
probe complementary to the 3' end of the pTiA6 ipt mRNA 
(see Materials and methods). No hybridization of this probe 
to A281 DNA was detected under conditions which resulted 
in a strong hybridization signal to total DNA isolated from 
Agrobacterium strains A348 and A208 (Fig. 1). DNA from 
all three strains hybridized strongly to a probe correspond- 
ing to the virG region of the pTiA6 plasmid (data not 
shown), demonstrating that the lack of hybridization of 
A281 DNA to the ipt probe was not due to A281 DNA 
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Fig. 1. Low stringency Southern blot hybridization analysis of se- 
quence homology between the pTiA6 ipt gene and pTiBo542 and 
pTiT37 DNA. One microgram of total DNA from Agrobacterium 
tumefaciens harboring the A6 (A348), T37 (A208), or Bo542 (A281) 
Ti plasmids or 1 ~g of purified plasmid EHC65 containing a region 
of the pTiBo542 TL-DNA was digested to completion with HindIII 
(A208, A281), HindIII and BamHI (pEHC65) or PstI (A348), frac- 
tionated by electrophoresis through a 1% agarose gel, denatured, 
transferred to a nylon membrane and incubated at 50°C with a 
uniformly 32P-labeled RNA probe from the pTiA6 ipt gene. The 
size in kb of the hybridizing fragments is indicated on the right 
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Fig. 2. Construction of plasmids containing the ipt cross-hybridiz- 
ing 1.9 kb pTiBo542 T-DNA fragment. The 1.9 kb BamHI/HindIII 
ipt homologous fragment (shaded) was subcloned from pEHC65. 
Restriction map is from Hood et al. (1986). BamHI sites in the 
pEHC65 insert are indicated by thin lines and HindlII sites are 
indicated by thick lines. Abbreviations: bla, fl-lactamase gene; cat, 
chloramphenicol acetyltransferase gene; ipt, isopentenyl transfer- 
ase gene; lac i, Escherichia coli lactose operon gene i in pUC] 18; 
mcs, multiple cloning site; npt, neomycin phosphotransferase II 
gene; ori T, RK2-derived origin of conjugal transfer; ori V, RK2- 
derived origin of replication; RB and LB, A. tumefaciens T-DNA 
right and left border sequences respectively; tet, RK2-derived tetra- 
cycline resistance gene 

degradation or inefficient transfer of  D N A  to the mem- 
brane. However, when purified plasmid D N A  of  a 
pTiBo542 TL region subclone (pEHC65) was hybridized 
under identical conditions, a hybridization signal was ob- 
served (Fig. 1). The location o f  this cross-hybridizing frag- 
ment was mapped to a unique BamHI/HindIII restriction 
fragment;  the location of  this region of  pEHC65 is shown 
in Fig. 2. The same unique restriction fragment also hybrid- 
ized at low stringency to a probe corresponding to the 5' 
end of  the pTiA6 gene (The BamHI 29 fragment of  pTiA6; 
Lichtenstein et al. 1984; data not shown). The observation 
of  a hybridization signal in a blot of  a T - D N A  clone in 
a purified plasmid preparation but not in a blot from total 
Agrobacterium D N A  is probably due to the greater quantity 
o f  D N A  per restriction fragment in the plasmid blot. The 
hybridization signal to the cloned pTiBo542 ipt fragment 
is not  observed when the hybridization is carried out under 
increased stringency at 65 ° C, although the strong hybrid- 
ization signal to A348 and A208 D N A  is still observed 
under these conditions (data not  shown). 

Tumorigenic properties 
of  the ipt-homologous pTiBo542 DNA 

The cross-hybridization of  the 1.9 kb fragment of  pTiBo542 
to the pTiA6 ipt gene suggested that the fragment might 

contain a gene involved in cytokinin metabolism in plant 
cells. This hypothesis was tested by assessing the ability 
of  the 1.9 kb fragment to complement Agrobacterium strain 
A338 which contains an inactive mutant  ipt gene on the 
A6 Ti plasmid (Lichtenstein et al. 1984). Inactivation of  
the pTiA6 ipt gene has been shown to render agrobacteria 
harboring the mutant  plasmid incapable of  causing tumor- 
ous outgrowth on K. daigremontiana leaves and tomato 
stems (Garfinkel and Nester 1980; Garfinkel et al. 1981). 
Thus, the 1.9 kb fragment was cloned between the T - D N A  
borders of  the binary vector pGA583 to create plasmid 
pAL109 (Fig. 2). The presence of  pAL 109 in Agrobaeterium 
strain A338 restored the ability of  this strain to form tumors 
on Kalanchre leaves and tomato stems (Fig. 3A, B). Fur- 
thermore, the rate of  tumor  development was identical to 
that observed when the ipt mutat ion o f  A338 was comple- 
mented by the ipt gene of  pTiA6 on the binary vector 
p E N D I  (pEND1 : tmr;  Fig. 3A, B). 

Also tested was the ability of  the putative gene product  
of  the 1.9 kb fragment to cause tumorous growth in the 
absence of  other T - D N A  genes in transformed N. glauea 
and N. tabacum cells in vivo and in vitro. The binary vectors 
containing the pTiBo542 fragment (pAL109) and the pTiA6 
ipt gene ( p E N D l : t m r )  were introduced into a strain o f  
Agrobacterium which contains a Ti plasmid lacking the en- 
tire T - D N A  region (pAL4404; Hoekema et al. 1983). Infec- 



Fig. 3A-C. Oncogenic activity of the pTiBo542 T-DNA fragment 
is similar to that of the wild-type pTiA6 ipt gene. Kalanch6e leaves 
(A) or tomato stems (B) were inoculated with the ipt mutant strain 
A338 harboring either a binary vector containing the pTiA6 ipt 
gene (pEND1 :tmr) or a binary vector containing the cross-hybrid- 
izing 1.9 kb fragment of pTiBo542 T-DNA (pAL109) as indicated. 
C shows stems of Nicotiana glauca inoculated with an Agrobacter- 
ium strain containing a Ti plasmid which lacks all T-DNA genes 
(pAL4404) and the binary vectors described above. Tumor devel- 
opment is shown 4 weeks after inoculation 

tion with Agrobacterium containing either pAL109 or 
p E N D l : t m r  resulted in rapid tumor proliferation on 
N. glauca and N. tabacurn stems; infection with Agrobacter- 
ium containing only the binary cloning vector pGA583 did 
not result in any response (Fig. 3 C). The tumors developed 
as a mass of  distorted shoots, and the phenotypes of tumors 
resulting from inoculation with agrobacteria containing 
pAL109 and p E N D l : t m r  were indistinguishable. When 
these tumors were established in axenic culture on medium 
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without auxin or cytokinin, they continued to proliferate 
as shoot-forming tissues. In a soybean callus bioassay (Mil- 
ler 1968), elevated levels of cytokinins characteristic of  
crown gall tumors (Amasino and Miller 1982) were readily 
detectable from extracts of these axenic tumor lines (data 
not shown). 

Nucleotide sequence of the pTiBo542 ipt gene 

The 1.9 kb ipt homologous fragment of pTiBo542 was sub- 
cloned in both orientations into the EcoRI site of pUC118, 
thus creating pAL110A and B (Fig. 2). A series of deletions 
of the inserts was constructed and the resulting templates 
were utilized to determine the entire sequence of both 
strands of the 1.9 kb fragment (Fig. 4). To determine if 
the fragment contained a diverged ipt gene, the sequence 
was compared to ipt sequences from pTiT37, a nopaline- 
type strain, and pTiAch5, an octopine-type strain (Fig. 4). 
Since the ipt genes and flanking sequences are virtually 
identical in all octopine-type strains analyzed to date 
(Barker et al. 1983; Gielen et al. 1984; Lichtenstein et al. 
1984), no other octopine-type ipt genes were included in 
the comparison. The 1.9 kb fragment displays a high degree 
of sequence identity to the ipt genes and flanking sequences 
of pTiT37 and pTiAch5 at the level of 79% and 76%, re- 
spectively (Fig. 4). For comparison, the pTiT37 and 
pTiAch5 sequences are 86% identical to each other. Identity 
among the 3 sequences is highest toward the 5' ends of 
the genes including the 5' noncoding sequences. However, 
an interesting difference is observed at the 3' noncoding 
ends of the sequences: whereas pTiT37 and pTiAch5 retain 
relatively high DNA sequence conservation with one an- 
other, at the level of 77% identity, the pTiBo542 sequence, 
although clearly related to the pTiAch5 and pTiT37 ipt 
genes, retains only approximately 50% identity with them. 

The derived amino acid sequence of the major open 
reading frame in the 1.9 kb fragment is shown in Fig. 5. 
The predicted protein contains 239 amino acids and has 
an approximate molecular weight of 27 kDa, consistent 
with the pTiAch5 and pTiT37 isopentenyl transferase pro- 
teins, both of which contain 240 amino acids. At the amino 
acid level, the pTiBo542 sequence displays 87% and 81% 
identity to the pTiT37 and pTiAch5 sequences, respectively 
(Fig. 5), demonstrating that the 1.9 kb pTiBo542 fragment 
contains an ipt gene. For comparison, the pTiAch5 and 
pTiT37 ipt amino acid sequences are 87% identical to one 
another. 

Discussion 

Our initial interest in the cytokinin biosynthetic gene of 
pTiBo542 resulted from the observation by Komari  et al. 
(1986) that nucleic acid hybridization between pTiBo542 
DNA and a probe containing a portion of the pTiA6 ipt 
gene was not observed at high stringency. In our studies, 
even at reduced stringency of hybridization, we did not 
detect hybridization of the 3' end of the pTiA6 ipt gene 
to DNA from an A. tumefaciens strain containing pTiBo542 
under conditions in which DNA from octopine- and nopa- 
line-type Agrobacterium strains hybridized strongly (Fig. 1). 
However, based on host range data, we suspected that 
pTiBo542 probably carried a gene or genes involved in cyto- 
kinin metabolism. Utilizing low stringency hybridization to 
plasmid blots, we detected a 1.9 kb fragment of pTiBo542 
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pTiBo542 
pTiAch5 
pTiT37 

GGAT~----~CCGT}Aq..AAGTATT~CAC~T~TG}A~A.TT~CAT~TTAATGCAA~C~GGATG~TAACGAA~GTAATGGCG~AG . . . .  AAA~ATGTATTTT~ 
$GATCCTGTTACAAGTATTGCAAGTTTTATAAATTGCATATTAATGCAATCTTGATTTTTAACAACGAACGTAATGGCGTA ..... AAAAATGTATGTTA 
GGATCCTGTTACAAGTATTGCACGTTTTATAAATTGCATATTAATGCAATCTTGATTTTCAACAACGAAGGTAATGGCGTAAAAGAAAAAATGTATGTTA 
TTGTATTTA~CTTTCACTA~GTTGAAGTT~GCAATAATA~GCTAATGTA~AATTAAAAA~TTATGTACT~CCGCATTTG~TTCAAATGG~GCCGTTATT~ 

TTGTATTGATCTTTCATGATGTTGAAGCGTGCCATAATATGATGATGTATAATTAAAA... TATTAACTGTCGCATTTTATTGAAATGGCACTGTTATTT 
C ,AAAAA~TAT: .... CTTTG~TTTTGTTAC~AGGACAACG~CTGCAGGAA~ TAAATAAAA~ACGC TG TTG~TAAGAAATT~C TATCATAT~ TGCCCAGC T~ 
~CCATGAAATTTTGTTGATTTTTTTAQAATAACAATA~.T%GCAGGAAG TAAATAATAGACGCCGTTGTTAAAAAATTGCAATCATATG TGCC T AAC TA 
CAACCATAT ..... CTTTGATTCTGTTACATG.. ACACGACTGCAAGAAGTAAATAATAGACGCCGTTGTTAAAGAATTGCTATCATATGTGCCTAACTA 

T AGGGACAATTAAGT . CAATTGT . .AATAGTCTCCCTTATTTTAACGACTCACCTAATCAAGTATTACAAAATATCTCACT .TTTC~GTCA~GTAATGATGT 
GAGGG ................................ AATTTGAGCGTCAGACC TAATCAAATATTACAAAATATCTCACTC TGTCGCCAGCAATGGTGT 
AATAACCGC~GAAAAG TGA~AGTAA. ATCSCGGAAAAAC; TCGCCGAGT~ GCATGAATA~CGGCC TCCG~ATTGCTGAT~TAGTCAGC T~TATTTGACT~ 
AATCAGAAC TGAATAGTACAAGTAA. AACGTGGAAAAACGTCATAGAGTGGCATGATTATATTCCTCTGCATTGCCAATTTATTCAGCTTTATTTGAC TT 
AATCAGCGCAGACAAATGGCG TAAAGATCGCGGAAAAACCTCCCCGAG TGGCATG. ATAGC TGCC TC TGTATTGC TGATTTAGTCAGCC TTATTTGAC TT 
AAGGGTGCC~TCGTTAG TG~CAAATTGC T~TCAAGGAGA~AGCCATGCC~ CACAC TTTG~TGAAAAACA~GTTGCC TTT~GGGAAGAAC~TAAAGCCAC ~ 
AGGTGTGCC TTCG T_TAGCGACAAATTGCTTTCAAGGAGACAGCCATGCCC CACAC TTTGTTGAAAAACAAGTTGCC TTTTGGG. ATACGGT~GC~AGT 
AAGGGTGCCCTCGTTAGTGACAAATTGCTTTCAAGGAGACAGCCATGCCC CACACTTTGTTGAAAAACAAATTGCC. TTTGGGGAGACGGTAAAGCCAGT 
TGC TCTTCAI~GGAGGAATA}CGAGGA~A~AATATAACA~CC TC TGGT. ~ CAGAC TTC T~TTGTGCAAA~TCAATTTG}ATTCAACAT~TCG~C.. AAG'A 
TGCAC TTCAATAATGAATTTCAAGG. AGACAATATAACCGCC TCTGATAA CACAATTC TC TAATATAAAAATCAG TTTGTATTCAATATAC TGCAAAAAA 
TGCTCTTCAATAAGGAATCTCGAGG. AGGCAATATAACCGCCTCTGGTAG TACACTTC TC TAATCCAAAAATCAATTTGTATTCAAGATACCGCTtAAAAA 
CC~T~ TACG TC TAA~TTTCGGTCC~AC TTGCACA~GAAAGACAT~ GAC TGCGAT~GC TCTTGCC~AGCAGAC TG~CCTCCCAG T~CTCTCGC TC~ 

~TI~..GJGATCTG~GTCTAATTTTCGG TCCAAC TTGCACAGGAAAGACGTC GACC-GCGGTAGC TC TTGCC oCAGCAGACTGGGC TTeCAGT~oCCTTTC GC TCG 
ATCGC GTCCAATGC TGTCC TCAAC~TATCAACCGGAAGCGGGCGACCAACAG TC-GAAGAACTGAAAGG ,AACGAC TCG TCTGTACC TTGATGATCGCCC TT.T 
ATCGGG TCCAATGCTG TCCTCAAC TATCAACCGGAAGCGGACGACCAACAGTGGAAGAAC TGAAAGGAACGACGCGTC TC TACC TTGATGATCGGCC TCT 
ATCGGGTCCAATG TTGTCC TCAGC TGTCAACCGGAAGCGGACGACCAACAGTGGAAGAAC TGAAAGGAACGAGCCG TC TATACC TTGATGATCGGCCTCT 
GGTAAAGGG TATCATTACAGCCAAGC~GCTCATGAACGGCTCATTGCGG AGGTGCACAATCACGAGGCCAAAGGCGGGC TTATTCTTGAGGGAGGATC T 
GG TGGAGGG TATCATCGCAGCCAAGCAAGC TCATCATAGGC TGATCGAGG AGG TG TATAATCATGAGGCCAACGGCGGGC TTATTC TTGAGGGAGGATCC 
GGTGAAGGG TATCATCGCAGCCAAGCAAGC TCATGAAAGGCTGATGGGGG AGG TGTATAATTATGAGGCCCACGGCGGGC TTATTC TTGAGGGAGGATC T 
ATC TCGTTG~ TCAGGTGCA~GGCGCAAAG ~CG TTATTGG~kACGCGGATT~ TCGTTGGCA~ATTATTCGC~ACGAGTTAG~AGACGAGGA~AGCTTCATG~ 
ACCTCGTTGC-~-~T-q-AACTGCATGGCGCGAAACA~CTATTGGAGTGCAGATTTTCGTTGGCATATTATTCGCCA~AAG-~CCGACCAAGAGACCTTCATGA 
ATCTCGTTGCTCAAGTGCATGGCGCAAAGCAGTTATTGGAGTGCGGATTTTCGTTGGCATATTATTCGCCACGAGTTAGCAGACGAAGAGACCTTCATGA 
TCTATTATCCAAGAGTTGGTTCAAqT~TG~GGG~AGCCTCGG~TG~GG~GC~TGGCCAAGACCAGAGTTAAGC~GA~GT~AC-GCC~CCTCTGCAGGTCT~ 
TCTATTATTCAAGAGTTGGTTTAT•TTTGGAATGAACCTCGGCTGAGGCCAAGCGGCCAAGGCCAGAGTTAAGCAGATGTTGCACCCCGCTGCAGGCCAT 
TCTATTATCCAAGAGTTGGTTGATCTTTGGAAAGAGCCTCGGCTGAGGCCACGTGGCCAAGGCCAGAGTTAAGCAGATGTTACGCCCTGCTGCAGGCCTT 
CATACTGGAAGGGATCGATGGATATCGATATGCCCTGCTATTTGCTACCCAGAACCAGATCACGC~CGATATGCTATTGCAGCTCGACGCAGATATGGAG 
CATTCTG~G~GATCGATGGATATCGATATGCCATGTTGTTTGCTAGCCAGAACCAGATCACGG~AGATATGCTATTGCAGCTTGACGCAAATATGGAA 
CATACTGAAAGAGATCGATGGATATCGATATGCCATGTTGTTTGCTAGCCAGAACCAGATCACATCCGA~ATGCTATTG~AGCTTGACG~AGATATGGA~ 
AATAAATTGATTCACGGTATCGCTCAGGAGTT~C~A~TCCATGCGCGTCGACAGGAACAGA~A"T~CTTTG~TGGGCGCGACAGCTGTCGAAGCGTTTG 
GGT~GTTGATTA~TGGGATCGCT~AGGAGTA-TT~CA-~TC~ATGCGCGCCA-A~CAGGAACAGAAATTCCCCCAA~TTAA~GCAGCCGCTTTCG-q~AC~GAT~TC~ 
GATAAGTTGATTCATGGGATCGCTCAGGAGTATCTCATCCATGCACGCCGACAAGAACAGAAATTCCCTCGAGTTAACGCAGCCGCTTACGACGGATTCG 

~GGGACCAC~ATTTCGAAT AGATT~CACCAGTTT}GTTTCAGAC~TGTCGCTAT}TGAATAAGA}GTTCGTTCT}TGTTGTGTT~GT-~ GTGTTGT[ 
T~AT~'~G~C G ~ Z A ~ G  C'~C CC T~CG~'~GC~'~CT"~T TC~C~'~GATAAGATG T TC G TAA~'~GT~'~T~GGC T T TG TC C T~T 

....................... G~AT~GAGGCAAGTGGTTTGAAACTTGTTTTTACTGGTTTAT~TTCAGTC_T_C .......................... 
GTGGCAGGGCGGCAAATACTTCCGAC-AATCCATCGTGTCTTCAAACTTTA-TGC~GGT~AACAAG~CTTAGTTTCC..ACGAAAGTATTATGTTAAATTTT 
GTGGCAGGGCGGCAAGTGCTTCAGACA..TCATTCTGTTTTCAAATTTTATGCTGGAGAACAGCTTCTTAATTCCTTTGGAAATAATAGACTGCGTCTT~ 

• • • • • • • 

• ~GGACGATGTTT ACAAATATAATATTG~GAAAA~TG .................. T T TGGTTTTATAT .TCGTAG 
AAAATTT~GATGTATAATGTG~TATAATTGTAAAAATAA~-cTAT~G~A~-GTG~GcGTGTTATGTATAATTTGTcTAAATGTTTAATATATA..Tc--A~A~ 
AAATTCAGATGTCTGGATATAGATATGATTGTAAAT..AACCTATTTAAGTGTCATTTAGAACATAAGTTTTATGAATGTTCTTCCATTTTCGTcATCG 
AACGAAATA~ATGGTAAGT~TAGCCGTTA}CAAA~TTTA~CAAAAA~TG~TAAAGGTT---C~TTTATGCGG~GAGGTT~TC~A~TTTT---~CAT~ATTG~CG~G} 
AACGCAATAAATATTAAATATAGCGCTTTTATGA~ATATAA~TACATCATTACAAGTTGTTT ...... AT ATTTCGGGTAC~TTTTCCATTA~T~TGCGC 
AACGAATAAGAGTAAATACACCTTTTTTAACATTATAAATAAGTTCTTATAC---GTTGTTT ...... ATACACCGGGAATCATTTCCATTATTTTCGCG 
AAGGAGTTA~GGATATCCA~AACTGTAA~CG~CGCA~AATTTA~GG---.~TG~TG~ATT~AGTTTGC~G~TCAACA.TG~TTTTGG~AA~AGTTGGTAA~ 
AA-CAAG-~TCACGGATATT~G~G~AAAACG-ACA---AAAA-CTG-~CGAAATTTGCG--q~GGCAGTGCCT-~TCAGTTTTCC TATTAATATTTAGTT--~TGACACCAG~CT.~AT~ 
CAAAAGTCACGGATATTCGTGAAAGCGACAAAAACTGCGAAAT~GCGGGGAGTGTCTT~AGTTTGCCT~TTAATATTT~GTTTGACAC~AATTGTTAC~ 

• • • • • 

CAAGCACTAGCCAA~C~T~CGATAATCACTT..AATCGATGG--~CGTTCAGCT~TCC-~TTC~TGAGGCTGCTCTTGATGATGAGC~G~CGTCTAGTTTTT 
ATTGCGGCCAAGCTCAGCTGTTTCTTTTCTTG.AAACGATGGATCGAATGAGCATGGCTCGGCAAGGTTGG~TTGTACCATGTCTTT~TCATGGCAAAGA 
ATT~AGCCAAGCT~A~C~GTTTCTTTTCTTAAAAACGCAGGATCGAAAGAGCATGACTCGGCAAGGTTGGCTTGTACCATGCCTTTCTCATGGCAAAGA 

• • • • 

ATAACGCCGGGTTACGCATTATAGACAAGCTT ......... 
TGATCAA~T~CAG ............................ 
TGATCAACTGCAGGATGAACTCTCGGAGCTTTCAAAAGCTT 

Fig. 4. Nucleic acid sequence comparisons of pTiBo542, pTiT37, and pTiAch5 ~t  gene regions. Nucleotide sequence of the pTiBo542 
1.9 kb @t-homologous BamHI-HmdIII fragment has been aligned to @t tenons ~om pTiT37 and pTiAch5. Start and stop codons 
of pTiAch5 and pTiT37 genes and those of the m~or  open reading Lame of the pTiBo542 sequence are boxed. The identity among 
all three sequences is emphasized 

T - D N A  which weakly cross-hybridized to a pTiA6 ipt 
probe.  We have isolated and character ized this 1.9 kb cross- 
hybridizing f ragment  and found it to contain  a T - D N A  
oncogene which encodes an isopentenyl  transferase enzyme 
of  cytokinin biosynthesis.  We reach this conclusion since: 

(1) the pTiBo542 and pTiA6 ipt genes are indist inguishable 
in their abil i ty to complement  an ipt muta t ion  in the pTiA6 
plasmid on Kalaneh6e leaves and tomato  stems and to cause 
te ra tomous  tumors  independent  of  other T - D N A  genes on 
N. glauca and N. tabaeum (Fig. 3); (2) compar ison  of  the 



393 

pTiBo542 MDLRLIFGPT CTGKTSTAIA LA~TGLPVL SLDRV~CCP~ LSTGSGRPTV EELKGTTRLY LDDRPLVKGI ITAK~AHERL IAEVHNHEAK GGLILEGGSI 
pTiAch5 MDLHLIFGPT CTGKTTTAIA LAOQTGLPVL SLDRVOCCPO LSTGSGRPTV EELKGTT~Y LDDRPLVEG,~ ~AAK~,AHHR~ IEEVY~HE~N GGLILEGGST 
pTiT37 MDLRLIFGPT CTGKTSTAVA LAQQTGLPVL SLDRVQCCPQ LSTGSGRPTV EELKGTSRLY LDDRPLVKGI IAAKQAHERL MGEVYNYEAH GGLILEGGSI 

SLLR...~QSR YWNADFRWHI IRNELADEES F.MSV~TR~ QMLR~SAGLS IIQ, ELVQ~R EPRLRPILEG ID.GYRYALLF., ATQNQITP~~N 
SLLNCMARNS YWSADFR,WH~.,f~HK~PDQ~T F ~ V K  QNLH~GHS IIQELVYLWN EPRLRPILKE IDGYRYAMLF ASQNQITADM LLOLD~G 
SLLKCMAQSS YWSADFRWHI IRHELADEET FMNVAKARVK QMLRPAAGLS IIQELVDLWK EPRLRPILKE IDGYRYAMLF ASQNQITSDM LLQLDADMED 

~IHGIAQEF LIH~H~RQEQK FPLVGATAVE AFEGPPFRM* * 
~,!Ng_L_Ag~Y FZHAROQ~OK FPO.VNA~.FD GFEG~ZF%~Y * 
KLIHGIAQEY LIHARRQEQK FPRVNAAAYD GFEGHPFGMY * 

Fig. 5. Amino add sequence comparisons of pTiBo542, pTiT37, and pTiAch5 proteins. Amino acid sequences of the pTiT37 and 
pTiAch5 ipt genes have been aligned to the pTiBo542 BamHI-HindlII fragment major open reading frame. The identity among all 
three sequences is emphasized 

nucleotide sequence of  the pTiBo542 1.9 kb fragment With 
other ipt gene regions reveals substantial  sequence identity 
(Fig. 4); and (3) conservat ion of  the predicted pTiBo542 
isopentenyl transferase amino acid sequence relative to 
other known isopentenyl transferase proteins is about  85% 
(Fig. 5). 

In  addi t ion to the high level o f  conservation between 
the coding sequence of  the pTiBo542 ipt gene and other 
known Agrobacterium ipt genes, analysis of  the flanking 
nucleotide sequences reveals substantial  regions of  identity 
in the 5' noncoding sequence (Fig. 4). P romoter  function 
has been a t t r ibuted to a conserved sequence in the 5' region 
of  the pTiA6 ipt gene (de Pater  et al. 1987). However,  the 
conserved sequences in the 5' noncoding region of  all the 
ipt genes characterized to date are more extensive than this 
par t icular  p romote r  element, suggesting that  other regions 
of  sequence conservation may also be involved in transcrip- 
t ional  regulat ion o f  the ipt gene. It is unlikely that  this 
sequence conservat ion is due to recent evolut ionary diver- 
gence of  these Ti plasmids from a common ancestor, given 
the striking sequence divergence of  the 3' noncoding region 
relative to its octopine- and nopal ine-type Ti plasmid homo-  
logs (Fig. 4). 

We have observed a striking decrease of  sequence iden- 
tity of  the pTiBo542 ipt 3' noncoding sequence relative to 
corresponding octopine- and nopal ine- type sequences, be- 
ginning within a few nucleotides after the end of  the coding 
segments of  the genes. At  the level of  hybr idizat ion analysis, 
Chil ton et al. (1978) demonst ra ted  that  no octopine-type 
T - D N A  sequences extending from the 3' half  of  the ipt 
coding sequence to the right border  of  the T - D N A  were 
capable of  cross-hybridizing with pTiBo542 D N A .  Since 
the por t ion  of  this region which we have compared  at the 
nucleotide sequence level is clearly related to, but  quite di- 
vergent from its octopine-type analog, it will be of  interest 
to determine if  pTiBo542 contains sequences related to the 
remainder  of  the octopine-type T -DNA.  
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