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Agrocinopine synthase genes have so far been detected
only on the 4grobacterium tumefaciens nopaline Ti plas-
mid pTiC58 and on the A. rhizogenes Ri plasmid pRiA4.
The TA region of the octopine/cucumopine (o/c) A. vitis
Ti plasmid pTiTm4 strongly resembles the TL DNA of
biotype I octopine Ti plasmids. In addition, it carries an
intact and functional agrocinopine synthase gene close to
its left border. TA/TL sequence comparison shows that
the biotype I TL region still carries a 5’-deleted acs gene,
strongly indicating that this gene was originally part of
the TL region and belongs to the “common DNA?” region
of octopine and nopaline Ti plasmids. Tm4 and C58C1
(pTiTm4) remove agrocinopine A from the medium indi-
cating that pTiTm4 also carries agrocinopine uptake genes.
In spite of this, Tm4 and related strains are resistant against
agrocin 84. Two o/c Ti plasmids that are closely related
to pTiTmd4, pTiHml1, and pTiAB3, have a mutated acs
gene; whereas Hm1 can still take up agrocinopine A, AB3
cannot. These results yield new insights in the evolution
of octopine, nopaline, and o/ ¢ strains.

Additional keywords: Agrobacterium, agrocin 84 sensi-
tivity, evolution, Ti plasmids, Vitis vinifera.

Agrobacterium tumefaciens and A. rhizogenes cause
crown gall tumors or hairy root disease on susceptible
plant species (reviewed in Kado 1991 and Winans 1992).
Virulent strains contain large tumor-inducing Ti plasmids
or root-inducing Ri plasmids and transfer part of the
plasmid, called T-DNA, to the plant cell during infection.
The T-DNA is integrated and expressed and leads to tumor
or hairy root induction and the production of low molecu-
lar weight compounds, collectively called opines, which
can be degraded by the inciting bacterium. Often, various
genes for opine utilization are located on the Ti/ Ri plasmid.
Some opines have been found to stimulate the conjugative
transfer of the Ti plasmid and are therefore called “con-
jugative opines” (reviewed in Petit and Tempé 1985).

Agrocinopines constitute a family of phosphorylated
sugars found in tumors induced by A. tumefaciens biotype
I nopaline strains and agropine strain Bo542, and in roots
induced by agropine and mannopine strains of A4. rhizo-
genes (Ellis and Murphy 1981). Agrocinopine A consists
of sucrose and L-arabinose linked by a phosphodiester
bond between the 4-OH of fructose and the 2-OH of arabi-
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nose; agrocinopine B can be derived from agrocinopine
A by removal of glucose (Ryder et at. 1984). Synthesis
of agrocinopine A is encoded by the agrocinopine synthase
(acs) gene located on the T-DNA of nopaline Ti plasmids
and on the TL DNA of agropine/ mannopine A. rhizogenes
Ri plasmids (Joos ef al. 1983; Willmitzer et al. 1983; Sligh-
tom et al. 1986). It has been proposed that the agrocinopine
catabolism (acc) genes of strains A4, K84, and C58 differ
(Hayman and Farrand 1990).

The agrocinopine permease genes of pTiC58 play an
important role in the sensitivity of nopaline strains towards
agrocin 84, a highly specific antibiotic produced by the
avirulent biotype II A. radiobacter strain K84. Agrocin
84 is a fraudulent nucleotide (Tate et al. 1979; Murphy
et al. 1981) which is taken up by the agrocinopine permease
of nopaline strains and blocks DNA synthesis (Kerr and
Htay 1974; Das et al. 1978; Ellis et al. 1979). Agrocinopine
A stimulates the uptake of agrocin 84 (Ellis and Murphy
1981).

Agrocinopine A induces the transfer of nopaline-type
Ti plasmids such as pTiC58 (Ellis et al. 1982a, 1982b).
In octopine strains, octopine is the conjugal inducer (Petit
et al. 1978).

The classical octopine and nopaline strains belong to
the biotype 1 group. However, octopine and nopaline
strains are also found in the biotype I1I group. This group
has recently been renamed A. vitis, because of its specific
association with grapevine (Vitis vinifera) (Ophel and Kerr
1990). The o/c Ti plasmids carry two separate T regions,
TA and TB (Buchholz and Thomashow 1984; Knauf ez al.
1984; Yanofsky er al. 1985; Huss et al. 1989; Paulus et al.
1989a). The TA region is very similar to the TL region
of the biotype I octopine strains, whereas the TB region
is specific for the o/ ¢ strains and carries auxin biosynthesis
(iaa) genes and the cucumopine synthase (cus) gene (Paulus
et al. 1989a). O/c Ti plasmids can be divided into “large
TA” and “small TA” plasmids based on the structure of
their TA regions (Paulus et al. 1989a, 1991a, 1991b). “Small
TA” regions result from the insertion of two copies of
the bacterial insertion sequence IS868 in the large ancestral
TA region and loss of the internal region by recombination
between the two IS copies. The sequences that are common
between “large TA” and “small TA” strains are 99.7%
homologous; because of this, the different forms must be
of recent evolutionary origin. The high sequence conser-
vation and the availability of many independent isolates
have enabled us to reconstruct the evolutionary history
of the TA region (Paulus e al. 1991b). In the course of
these studies it was noticed that the large TA region of
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pTiTm4 carried a 1.3-kb region of unknown origin, not
found in the TL region of biotype I octopine Ti plasmids.
Here we show that this region corresponds to a functional
acs gene which was probably part of the ancestor octopine
T-region which gave rise to the TL region of biotype I
octopine Ti plasmids and the TA region of biotype III
o/c Ti plasmids.

RESULTS

Sequence of the Tm4 acs region.

In the course of a sequence project to determine the
left end structure of the pTiAB3 TA region it was noted
(F. Paulus, unpublished) that this region showed nucleotide
homology with the agrocinopine synthase (acs) gene of
the A. rhizogenes Ri plasmid pRiA4 (Slightom et al. 1986).
Since the putative pTiAB3 acs gene was expected to be
truncated due to the large internal TA deletion charac-
teristic for “small TA” strains (Paulus et al. 1991b), we
first determined the sequence of the corresponding area
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of the intact TA region of the “large TA” plasmid pTiTm4.
The restriction map of the TA region of the Ti plasmid
of the wide host range o/c strain Tm4 has been described
(Paulus ez al. 1989a; 1991D). Its organization and that of
the related TL region from octopine-type Ti plasmids
present in biotype I strains (Gielen ez al. 1984) are presented
in Figure 1. The pTiTm4 TA region differs from the TL
region by the absence of genes 6a and 7, the presence
of the insertion element IS866 in the TA-iaaH gene and
a pTiTm4-specific fragment close to the left TA border.

The sequence of this specific fragment was determined
(Fig. 2). It is 1,336 bp long and contains a 1,257-bp open
reading frame with 59.4% DNA homology to the acs gene
of the TL region of the Ri plasmid from A. rhizogenes
strain A4 (Slightom ez al. 1986, Fig. 3). This ORF is pre-
ceded by the sequence CCACTACATTATT resembling the
upstream activator element of the AchS5 ipz gene (de Pater
1987) and a TATA box (TATGAAT) 89 bp in front of
the ATG start codon. Five possible polyadenylation sites
and five transcription termination enhancement sites
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Fig. 1. Maps of T-DNAs used in this work. pRiA4: Slightom er al. (1986). pTiTm4, pTiHml, and pTiAB3: Paulus ez al. (1991b) and this
work. pTlAchS Gielen et al. (1984). Fragments shown are delimited by T-DNA borders. Numbers on pRiA4 TL DNA indicate ORFs.
acs: agrocinopine synthase gene; iaaM: tryptophan monooxygenase gene; iaaH: indole acetamide hydrolase gene; ipr: 1sopentenyl transferase
gene; ocs: octopine synthase gene. Black boxes: ORFs; hatched boxes: insertion elements; gray boxes: areas sequenced in this work. Positions

of pPM clones used in this work are indicated.
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(YGTGTTYY) are found after the stop codon, TAA, at
the positions indicated in Figure 2. The predicted pTiTm4
acs amino acid sequence is compared with the corres-
ponding pRiA4 sequence in Figure 4. The predicted sizes
of the proteins are 419 and 443 amino acid residues, respec-
tively; amino acid homology is 61%.

Biotype I octopine Ti plasmid contains a truncated
acs gene.

The presence of an apparently intact acs gene on the
pTiTm4 TA region prompted us to search for similar se-
quences in the homologous A. tumefaciens biotype I octo-
pine-type TL region of pTiAch5 (Gielen et al. 1984). A

1 GACGGCAGGATATATTGAATTGTAAATGTATCCAGTCTCGAGAATTATAGACGGATCGCCAATGAATATGATGATAAAATTTGAATATAATTAAAACAAT 100
CQECCGTCCTATATAACTTAACATTTACATAGGTCAGAGCTCTTAATATCTGCCTAGCGGTTACT TATACTACTAT TTTAAACTTATATTAATTITGTTA

101 TCTATCTATTTAGTGTAAAGCGGAAATATATGTGAAGCACAGTTTCATTACATTGGGAAAATAAACAGATACATTTCGARAARATACATTGATTTGCTAA 200
AGATAGATARATCACATTTCGCC T T TATATACACT ICGTGICARAGT A TG TAACCCTT T TAT LTGICTATGTARAGCT T TIFATGIAACTARACGATT

201 ACCTAATAAACAAATTATTCTGGTTTCGATATT TCCGACGTTCCTACATCGACATCCAGATGGGGGCTTAGATGAGAAACTTCACGATCGATGCC 300
TGGATTATITGT TLAATARGACCARAGCTATA AGGCTGCAAGGATGTAGCTGTAGGTCTACCCCCGAATCTACTCTTTGAAGTGCTAGCTACGG

301 CTGATTTCGCCATTCCCAGATAGCCATTTCATCTTCAGATCGATCTGAGATTARCCAGTCCGCAATCGTTGCAGAATTTCCTGGTGTTCCTTTTCTCCAA 400
GACTAAAGCGGTAAGGGTCTATCGGTAAAGTAGAAGTCTAGCTAGACTCTAATEGGTCAGGCGTTAGCAACGTCT TAAAGGACCACAAGGARAAGAGGTT

401 CGTATGTGTTTCCGCTCGTCTGTCTCATGAGGTCGAGCCCTGCCTGTGTTAATGTCGATTGAGAACTCAGCCCTCTCGCCGGAATTCAGTAAGGCCGCGA 500
GCATACACAAAGGCGAGCAGACAGAGTACTCCAGCTCGGGACGGACACAATTACAGCTAACTCTTGAGTCGGGAGAGCGGCCTTAAGTCATTCCGGCGCT

501 AGTCGTAGCATCTGGTGACCGCAGCGAACTTTAGGTGAGGGCGTTTAGCTTTGATCATTGTATCCTCCTTGACGTAGTGCGCGAGTCTCACTGCAGCTTG 600
TCAGCATCGTAGACCACTGGCGTCGCTTGARATCCACTCCCGCAAATCGAAACTAGTAACATAGGAGGAACTGCATCACGCGCTCAGAGTGACGTCGAAC

601 ATCAGAGTCGAAAGCCAACAAGACATCTTTATEGACAACCCGATCCAACAAATTTCTGGACACTTCGGAGARAACAACATGTACCGCCACAACCCGCATG 700
TAGTCTCAGCTTTCGGTTGTTCTGTAGARAT ASCTGTTGGGCTAGGTTGTTTAAAGACCTGTGAAGCCTCTTTTGTTGTACATGGCGGTGTTGGGCGTAC

701 TCCTGCATCAGCAAGGAATCAATCCAGGCTTTGCCTGCCAAATACAAATCATCGACTGTGGGTTCACTAACTTGACGCAGACGGGCTAATCGGCARAGTT — 800
AGGACGTAGTCGTTCCTTAGTTAGGTCCGARACGGACGGTTTATGTTTAGTAGCTGACACCCAAGTGAT TGAACTGCGTCTGCCCGATTAGCCGTTTCAA

801 CTTCAGGAAARAGAGCGGGCATCAAAGCGATTGATTTTCTCCAATCAGATGCGGGCTGGGCTGTTAAAACTGCGTCGACAAAGGCACCACCGTCCGGGTA 900
GAAGTCCTTTTTCTCGCCCGTAGTTTCGCTAACTAAAAGAGGTTAGTCTACGCCCGACCCGACAATTTTGACGCAGCTGTTTCCGTGGTGGCAGGCCCAT

901 TTCARATGTGTAGAAAAGTACAACAGCTCTTTGATGGTATACCGGTCGGTGGCTAAGCCAAGCCACAATCACGTGAGCCTCGTAGTTCCTGCCGTCTAGG 1000
AAGTTTACACATCTTTTCATGTTGTCGAGARACTACCATATGGCCAGCCACCGATTCGGTTCGGTGTTAGTGCACTCGGAGCATC AAGGACGGCAGATCC

1001 AAAATGGTGGCATCTGGATTAGCCGAGAATACCTTCCCCAATATTTCGTCTAACAAAGGAATATGATCAATGGTTTCACGATACCTATCCTGTATTATCC — 1100
TTTTACCACCGTAGACCTAATCGGCTCTTATGGAAGGGGTTATAAAGCAGATTGTTTCCTTATACTAGT TACCAAAGTGCTATGGATAGGACATAATAGG

1101 CATTGGACACCTCTCGAATAATAACAGGCACATTATTGATGTCTGATGAGTGAATTTCATTGAARAATTTATCTCCCAGTTTTTCAGACACTCGCCAGGT — 1200
GTAACCTGTGGAGAGCTTATTATTGTCCGTGTAATAACTACAGACTACTCACTTAAAGTAACTTTTTAAATAGAGGGTCAARAAGTCTGTGAGCGGTCCA

1201 ATTAAGATCATGAGAAACCACAGGGATATTATCTGAAGTTAAACAGACGTCTAACTCGCTCAGATTACGTCCTCCTTGCCCCAGCGCGGCTAACAATGAG 1300
TAATTCTAGTACTCTTTGGTGTCCCTATAATAGACTTCAATTTGTCTGCAGATTGAGCGAGTCTAATGCAGGAGGAACGGGGTCGCGCCGATTGTTACTC

1301 CTCGCGGTGCATTCTTGAATGCGGTTCCCTAAATTGAACATTCCTCTATGCTCAATGACCTGTAAGGGCAGGTTCTCCTCGAGCCGCTCTAGAAGCTTTG 1400
GAGCGCCACGTAAGAACTTACGCCAAGGGATTTAACTTGTAAGGAGATACGAGTTACTGGACAT TCCCGTCCAAGAGGAGCTCGGCGAGATCTTCGARAC

1401 GGACAGAATGGCGTGCGAGAACCTCAGGGGGAGTGACGTTTTCTGGAAGATCCCAATGAAGCGTCCAAGCCGGCCAAGCGGTTCCTTCATCTTGTGTGG 1500
CCTGTCTTACCGCACGCTCTTGGAGTCCCCCTCACTGCARAAGACCTTCTAGGGT TACTTCGCAGGT TCGGCCGGTTCGCCAAGGARQGTAGAACACACC

1501 CCTACGCTGACARAGCACCTGCGCAAAAARACGGGACGTCAGGACGCGTCTTGATGAGARAACAACAAAGCATTCTTAJATTCATAGCCATCTGCGAACT — 1600
GGATGCGACTGTTTCGTGGACGCGTTTTTTTGCCCTGCAGTCCTGCGCAGAACTACTCTTTTGTTGTTTCGTAAGAATQTAAGTATCGGTAGACGCTTGA

1601 AAAGCGGATTGCCGGGAGCAARATTTGAATTGTTGCGATCTCGAGCTAARAGTGACAAGCAAAARACTCGGTGCGACGTATAAAAATAGEGGCARGATAT 1700
TTTCGCCTAACGGCCCTCGTTTTAAACTTAACAACGCTAGAGCTCGATTTTCACTGTTCGTTTTTTGAGCCACGCTGCATATTTTTATGSCCGTTCTATA

1701 ATATTTAAATGATGGATAAAGGCTGACAGTTTTAACTAATAATGTAGTGGGGCTCATTAACCTAGCTGGAATCACTGCCCGCCTAATCAGTCAGTGTCTT — 1800
TATABRATTTACTACCTATTTCCGACTGTCAARATTGAITATTACATCACCFCGAGTAATTGGATCGACCTTAGTGACGGGCGGATTAGTCAGTCACAGAR

1801 ATTTTCGGTGTCAGTTTGTCCCCCACTATACGATTAGTTGCGCAAAATACTCAAACTGCAGGCCTCACATCGCGCCGTTGCCGGCGGTTTCACCGAAATG 1900
TAAAAGCCACAGTCAAACAGGGGGTGATATGCTAATCAACGCGTTTTATGAGT TTGACGTCCGGAGTGTAGCGCGGCAACGGCCGCCARAGTGGCTTTAC

1901 TGGGCCCTACTTTGAAAAATCGTCCAACAACATARATTTGATGAGCTAAAAAACGAAATGCTTCGGTGCGTCTCAATTGATTCAAACCGCARTCCCGTGA 2000

ACCCGGGATGAAACTTTTTAGCAGGTTGTTGTATTTAAACTACTCGATTTTTTGCTTTACGAAGCCACGCAGAGTTAACTAAGTTTGGCGTTAGGGCACT

Fig. 2. Sequence of pTiTm4 acs gene. Large boxed region: left TA border; small boxed regions: start and stop codon. Hatched boxes: putative
upstream activator element (large box) and putative TATA box (small box). Doubly underlined: putative polyadenylation sites. Stippled underlined:
putative transcription termination sites. Brackets indicate area deleted in pTiAchS. Large T: site of IS868 insertion in pTiAB3. Underlined:
sequence duplicated in pTiHml, ISX is inserted immediately to the right of this sequence.
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119-nucleotide fragment representing the 3’ part of the is aligned with the corresponding pTiTm4 sequence. The
acs coding sequence, with 90.8% DNA homology to the first possible polyadenylation site after the stop codon (Fig.
pTiTm4 T-acs gene was found at coordinates 547-665 of 2) is conserved in both sequences (not shown). The region
pTiAchS. In Figure 3 the truncated pTiAchS5 acs fragment between the 3’ end of the acs gene and the left border
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ATCAATCCAAGCCTTCCCTGCGGCATAGAGGTCATCGACTGCGATGTCATCAAGATCGAGTAGCTTTGCCAACCTAGGAAGTTCTTGAGGAAAAATCACC
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GGCATGACAGCAACCGTCTCTCGCCAGTCAGTTGCCGGACTGGCTTCCCTAACGCCATCCACGAATGCCTCACCGCTTGCGTATTTGAATGTGTAAAAGA
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GTACAACAGCTCTTTGATGGTATACCGGTCGGTGGCTAAGCCAAGCCACAATCACGTGAGCCTCGTAGTTCCTGCCGTCTAGGAAAATGGTGGCATCTGG

ATTGACCTCGCTGGCCTTGTCGAGAAGAGGTTCCARAAAGGGAACGGTGTCTTTCGTAATAGTACTTAAATCTGTGAGTTCGCCATGCGAAACCTCTCGA
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CGATGGGCACATCGTCGCCGGTGAGTGCGGCATCGAGCTCAGAGAGGTTCCGCCTGCCAACCTCACCGAGAGCAGCTAACAACGAAGTTTCGGTGCATTC
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CTGTATCCCTTTACCCAGATTATACATGCCCCGGTGTTCGATAACTTGAAGAGGCAGTGGCTCCTCAAGATGTTCAAGGAGGT GGGGTACAGAGTGCCGG
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TTGAATGCGGTTCCCTAAATTGAACATTCCTCTATGCTCAATGACCTGTAAGGGCAGGTTCTCCTCGAGCCGCTCTAGAAGCTTTGGGACAGAATGGCGT

GCGAGGACCTCATCCACCGTGACACCAACCGGGAGATCCCATTCGAGTTTCCACTGGGGCCAGCATGTGCCCGCGACGGCGARAGGTTTGCGCTGGCAAR
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GCGAGAACCTCAGGGGGAGTGACGTTTTCTGGAAGATCCCAATGARGCGTCCAAGCCGGCCAAGCGGTTCCTTACATICTTGTGTGGCCTACGCTGACAAA

GAACCCGGCTGCTGCAGGTGGACCTATCCTTACACAT] 2265

I | R | |
GCACCTGCGCAAAAAAACGGGACGTCAGGACGCGTCT 1551

Fig. 3. Sequence comparison between acs genes from three different Ti/Ri plasmids. Sequences of pRiA4 (Slightom e al. 1986), pTiTm4
(this work), and pTiAchS (Gielen et al. 1984) acs genes are compared. Boxed areas: start and stop codon.
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of the T-DNA shows only 60% homology. The 25-bp-
long left borders are found at 208 bp (pTiTm4) and 216
bp (pTiAch5) from the acs stop codon and show only
one mismatch.

acs genes in other o/c strains.

The TA region of the Ti plasmid of strain Hml was
mapped earlier (Paulus er al. 1989a): it differs from that
of pTiTm4 at two positions: it lacks IS866 (inserted in
the TA-iaaH gene) and has an additional, pTiHmI-specific
1.3-kb DNA element located to the left of the TA-iaaH
gene (Paulus et al. 1991b; L. Otten, unpublished). More
precise restriction mapping of the cloned pTiHml TA
region and comparison with pTiTm4 maps enabled us to
locate and sequence the ends of the element: it is situated
104 bp upstream of the acs start codon, 9 bp 5 of the
putative TATA box, and about 150 bp downstream of
an activatorlike sequence (Fig. 2). Comparison of the
pTiHml and pTiTm4 TA sequences shows that the ex-
tremities of the element form an imperfect palindrome of
15 bp (left inverted repeat GACATCTCTAAAAACC right
inverted repeat GGTATTTCGAGGTGT, mismatches un-
derlined); the element is flanked by a direct 7 bp duplication
(CCATCTG). These features strongly indicate that the
element is a bacterial insertion sequence, provisionally
called ISX.

The sequence of the acs region in pTiAB3 was also
determined (Fig. 2). The pTiAB3 acs gene was found to
be partially deleted. A fragment of 398 nucleotides of the
3’end of the coding sequence of the acs gene (corresponding

10 30

. . .

to pTiTm4 TA coordinates 235-632) has been conserved.
The sequence of this fragment is identical to the corres-
ponding pTiTm4 sequence.

Agrocinopine A synthesis in different tumors.

Sterile Tm4-, Hm1-, AB3-, and C58-induced tumor tis-
sues were tested for agrocinopine A synthesis by incuba-
tion of liquid cultures with *PO,” and analysis of the
culture supernatants by paper electrophoresis (Messens
et al. 1985). Agrocinopine A was identified by its electro-
phoretic properties in citrate buffer and by virtue of its
specific removal from culture medium by Agrobacterium
strain C58 but not by the Ti plasmid-cured C58 strain
GV3101. After | and 2 wk of incubation, tumors induced
by C58 and Tm4, but not by AB3 or Hml were found
to release labeled agrocinopine A into the medium (results
not shown). In only two out of 10 Tm4-induced tumor
lines and two out of 10 C58-induced tumor lines agro-
cinopine A could be demonstrated. Variability in agrocino-
pine A synthesis has also been noted by others (Messens
et al. 1985). Incorporation of **P into agrocinopine A was
low: even after 2 wk less than 1% of the radioisotope was
incorporated.

Agrocinopine A uptake.

2p_labeled agrocinopine A was purified from a C58-
induced tumor line incubated with **PO,” by paper electro-
phoresis and used to measure removal from culture me-
dium by various Agrobacterium strains. Silver nitrate
staining and quantification with phloroglucinol showed
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Fig. 4. Deduced amino acid sequences of acs gene of pRiA4 (upper line) and pTiTm4 (lower line).
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that the amounts of labeled agrocinopine A per incubation
experiment were less than 70 pmoles/ul. In initial experi-
ments, samples of the bacterial culture supernatants were
spotted onto paper. These experiments showed that Agro-
bacterium strains GV3101(pTiC58), GV3101(pTiTm4),
Tm4, 2608, 2641, and K305 readily removed agrocinopine
A from the medium (more than 90% within 2 hr), whereas
strains AB3, LBA649, Ag57, and AB4 did not (not shown).
Hm1 only removed small amounts (less than 10%). Since
both Tm4 and GV3101 (pTiTm4) removed agrocinopine
A, pTiTm4 probably encodes agrocinopine A uptake genes.
After 2 hr of incubation, radioactivity in supernatants of
cultures of strains Tmd4, 2608, 2641, and K305 increased
again. Electrophoretic analysis of these supernatants
showed the presence of a new compound migrating twice
as fast as agrocinopine A and representing about 30-40%
of the initial radioactivity after 25 hr of incubation (Fig.
4). This compound may represent an agrocinopine A de-
gradation product. It was not found in supernatants from
strains GV3101(pTiC58) or GV3101(pTiTm4), showing
that its appearance does not depend on the Ti plasmid
but probably on the chromosomal background. Super-
natants from cultures of strain AB3 did not contain this
product, supernatants from strain Hm1I showed traces of
it (Fig. 5). The kinetics for agrocinopine A removal demon-
strate that strains GV3101 and AB3 only remove traces

4

12345678

Fig. 5. Removal of radiolabeled agrocinopine A from the culture
medium by different Agrobacterium strains. Electrophoretogram of
supernatants of bacterial cultures after 25 hr of incubation with *P-
labeled agrocinopine A. 1, AB3; 2, Hml; 3, 2641; 4, 2608; 5, K305;
6, Tmd; 7, GV3101(pTiTmd); 8, GV3101(pTiC58). S, start. AG,
agrocinopine. X, unknown compound. +, anode. Whereas strains
AB3 and Hml remove very little agrocinopine A from the medium,
the other strains do so efficiently. The A. vitis strains 2641, 2608,
K305, and Tm4 (and to a much lesser extent Hm1) release an unknown
compound (X) after prolonged incubation, GV3101(pTiTm4) and
GV3101(pTiC58) do not.
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of agrocinopine A and that removal by strain GV3101
(pTiTm4) is at least as efficient as removal by strain
GV3101 (pTiC58) (Fig. 6). Since in the case of AB3 and
Hm1 agrocinopine A uptake may become measurable only
after preinduction by agrocinopine A, strains GV3101
(pTiC58), GV3101, GV3101(pTiTm4), Tm4, Hml, and
AB3 were grown in precultures containing unlabeled puri-
fied agrocinopine A as described in Materials and Methods.
Agrocinopine A removal was analyzed by paper electro-
phoresis. Whereas GV3101(pTiC58), GV3101(pTiTm4),
Tm4, and Hml had removed agrocinopine A after 24 hr,
GV3101 and AB3 did not remove these compounds, even
after 48 hr. These experiments were carried out in duplicate
(results not shown).

Search for homology between pTiTm4 and
agrocinopine uptake genes of pTiC58.

The results of the studies described above indicate that
pTiTm4 harbors agrocinopine A uptake genes. We there-
fore searched for homology with the corresponding pTiC58
genes. The EcoRI-26 fragment and the HindIII-11 frag-
ment of pTiC58 clone pGV0347 containing the agrocino-
pine catabolism (acc) genes (Holsters et al. 1980; Hayman
and Farrand 1988) were hybridized against EcoRI- and
HindlIll-digested pTiTm4 DNA and against total DNA
from the following strains: C58, Tm4, K305, 2608, 2641,
NW244, Hml, AB3, Ag57, and AB4 (not shown). C58
DNA hybridized strongly as expected. In the case of the
A. vitis strains, only a weakly hybridizing EcoRI band
of 6.8-kb was found for Hml, and weakly hybridizing
HindIll fragments for Hm1 (9 kb), 2608, and 2641 (10.5
kb). These bands were not further investigated.

Sensitivity of acs strains towards K84.

Sensitivity of Agrobacterium strains GV3101, GV3101
(pTiTm4), GV3101(pTiC58), Tm4, 2641, 2608, K305, Hml,
AB3, Ag57, LBA649, and AB4 to agrocin 84 was tested
with the inhibition assay described by Hayman and Far-
rand (1988). Whereas K84 produced large zones of inhibi-
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Fig. 6. Kinetics of agrocinopine A uptake by different strains. Whereas
GV3101(pTiTm4) and GV3101(pTiC58) remove agrocinopine A from
the medium, AB3 and GV3101 do not. Thus, agrocinopine A removal

is encoded by pTiTmd. =, GV3101(pTiTm4); A, GV3101(pTiC58);
B, AB3; O, GV3101; x, no bacteria.

0



tion (mean radius of 15 mm) in the case of GV3101
(pTiC58), no inhibition was observed for the other strains.
In the presence of 30 nmol purified agrocinopine A, the
radius of the inhibition zones for GV3101(pTiC58) in-
creased by 4-5mm; GV3101 or GV3101(pTiTm4) remained
insensitive. Thus, although pTiTm4 confers agrocinopine
A uptake, it does not render cells sensitive to agrocin 84.
It has been reported (Dhanvantari 1983) that some Agro-
bacterium strains isolated from grapevine are sensitive to
agrocin 84 when grown on a modified Stonier medium.
We therefore also tested the following strains on this me-
dium: GV3101, GV3101(pTiTm4), Tm4, K305, 2608, 2641,
AB3, Ag57, Hml, and AB4. All except GV3101(pTiC58)
(inhibition radius of 27 mm) were insensitive to agrocin
84. Growth on the same medium in the presence of 0.4
mM agrocinopine A was tested for GV3101, GV3101
(pTiTm4), Tmd4, AB3, Hml, and GV3101(pTiC58).
Whereas GV3101(pTiC58) showed increased sensitivity in
the presence of agrocinopine A (inhibition radius of 33
mm), the other strains remained insensitive.

DISCUSSION

The TA region of the o/c Agrobacterium Ti plasmid
pTiTm4 carries an intact agrocinopine synthase gene that
encodes agrocinopine A production in Tmé4-induced
tumors. This acs gene has 59.49% DNA homology with
the pRiA4 acs gene, the predicted amino acid sequences
are 61% homologous. The Tm4 acs gene has 89.5% DNA
homology and 88.6% predicted amino acid homology with
the recently sequenced acs gene from the classical nopaline
Ti plasmid pTiC58 (M. Sormann, personal communica-
tion). We propose to name the pTiTm4 acs gene T-acs;
the A4 and C58 gene could be called R-acs and C-acs,
respectively. The Tm4 Ti plasmid most probably also
carries one or several genes for agrocinopine A uptake
as shown by the disappearance of unlabeled and radio-
labeled agrocinopine A from culture supernatants of GV3101
(pTiTm4) but not of GV3101. It should be noted that
binding of agrocinopine A to Agrobacterium cells without
uptake cannot yet be excluded. Three other o/c strains
with Ti plasmids with pTiTm4-like TA regions (2608, 2641,
and K305) likewise remove radiolabeled agrocinopine A
from the medium. After longer incubation, Tm4, K305,
2608, and 2641 release an as yet unidentified **P-labeled
compound which represents up to 40% of the initial label
and may represent an agrocinopine A breakdown product.
The appearance of this compound is dependent on the
chromosomal background and not on the Ti plasmid, and
is not seen in culture supernatants of biotype I strains.

In spite of an agrocinopine A uptake system, K305 and
other biotype III strains have been reported to be resistant
against K84 (Kerr and Panagopoulos 1977; Loubser 1978;
Panagopoulos et al. 1978; Burr and Hurwitz 1981; van
Zyl et al. 1986). The biotype III strains used in this study
are not sensitive to agrocin 84 under conditions in which
strain C58 is sensitive, even in the presence of agrocinopine
A, which increases the sensitivity of C58 to agrocin 84.
Possibly, the uptake of agrocinopine A by Tmd-like strains
does not allow uptake of agrocin 84 or the antibiotic is
inactivated upon entry into the cell. Alternatively, o/c

strains may become sensitive under certain conditions.
Agrobacterium grapevine isolates of unknown opine type
were reported to be sensitive to agrocin 84 (Dhanvantari
1983). Using the conditions described by this author, we
were unable to obtain inhibition, with or without agro-
cinopine A. Possibly, the discrepancy is due to differences
between the strains used.

Although pTiTm4 most likely encodes an agrocinopine
A uptake system, it does not hybridize to the pTiC58 acc
genes. A similar situation has been found for pAtK84,
which encodes agrocinopine A uptake (Ryder et al. 1987)
but has only little homology with the pTiC58 acc region
(Hayman and Farrand 1988). This has led Hayman and
Farrand to propose that the pAtK84-encoded agrocinopine
permease differs from the agrocin 84-sensitive pTiC58
permease. The same may hold for the pTiTm4 permease.

The only A. vitis nopaline strain studied here (AB4)
is insensitive to agrocin 84 and does not take up agro-
cinopine A. Its DNA does not hybridize to acc genes from
pTiC58. Further studies should establish whether pTiAB4
differs in structure from pTiC58 and whether the T-DNA
of pTiAB4 contains an acs gene.

Strains AB3 and Hm1 have lost the capacity to induce
agrocinopine synthesis: A large part of the pTiAB3 acs
gene was deleted, whereas the 5" noncoding region of the
pTiHmI acs gene underwent insertion by an Hm1-specific
bacterial insertion sequence which remains to be char-
acterized. Strain AB3 also lost the capacity to remove agro-
cinopine A from the culture medium; at low agrocinopine
A concentrations the uptake by Hm1 seems to differ from
the uptake properties of other “large TA” strains.

Most probably, the as yet unidentified agrocinopine util-
ization genes were part of the pTiTm4/pTiAB3/pTiHml
ancestor Ti plasmid. The reason for the loss of a functional
agrocinopine A synthesis and utilization system within the
o/c Ti plasmid family is unknown. The loss of both func-
tions in the case of pTiAB3 (and their loss and possible
modification in the case of pTiHm1) may have occurred
in several ways. Agrocinopine A uptake could have become
a handicap in the presence of agrocin 84 producers. In
that case, the loss of the uptake function would have pre-
ceded the loss of the synthesis gene. Alternatively, agro-
cinopine A synthesis may be deleterious to tumor growth
or to the production of other opines. In that case, synthesis
genes may have been lost first. Both possibilities seem
somewhat unlikely since Tm4 and similar strains that
induce agrocinopine A synthesis and take up agrocinopine
A are among the most common o/ c isolates (Paulus et al.
1989a, 1989b).

Possibly, agrocinopine A uptake by A. vitis strains like
Tm4 is not followed by efficient utilization. The secretion
of large amounts of an agrocinopine A-derived compound
by Tm4, but not by C58, points in this direction. If util-
ization is inefficient, both synthesis and uptake genes may
have little selective value and could be lost without severe
consequences. Identification and sequence analysis of the
uptake genes encoded by the Ti plasmids from Tm4, Hm1,
and AB3 may indicate in which order the different func-
tions were lost.

An acs-like sequence is also found in the TL region
of the biotype I octopine Ti plasmid pTiAchS5: This se-
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quence most probably represents a 5’-deleted acs gene and
would have been part of the “common DNA” found on
octopine and nopaline T-DNAs (Engler e al. 1981). The
truncated pTiAch5 acs gene has recently also been noticed
by comparison with the unpublished acs sequence of the
biotype I nopaline T region (M. Sormann, personal com-
munication). TL/TA sequence comparisons did not pro-
vide a clue to how this deletion occurred. If biotype I
octopine Ti plasmids originally induced agrocinopine A
synthesis, they also may have carried an agrocinopine A
uptake and degradation system. Identification of the
pTiTm4 acc sequences may lead to the detection of acc-
like sequences on biotype I octopine Ti plasmids.

In biotype I nopaline bacteria like CS8, agrocinopine
A induces the conjugal transfer of the Ti plasmid. It would
be interesting to test whether the transfer of pTiTm4,
pTiHml, and pTiAB3 can likewise be induced by agro-
cinopine A and/or octopine. Such studies may also shed
light on the differences and similarities between agrocino-
pine A- and octopine-induced transfer systems and on their
respective evolutionary origins.

MATERIALS AND METHODS

Strains and plasmids.
Bacterial strains and plasmids used are listed in Table 1.

Cloning and sequencing procedures.

pTiTm4 TA region. The 2.9-kb EcoRI-BamHI fragment
from the pTiTm4 TA region was isolated, filled in by T4
DNA polymerase and cloned in both orientations in Smal-
digested pKS(—) (Stratagene, La Jolla, CA), yielding

Table 1. Strains and plasmids used in this study

pPM3217 and pPM3218. Deletions were made with exo-
nuclease III and resulting clones were sequenced. The 2.0
HindIll TA fragment was cloned in pKS(—) (pPM3198)
and pKS(+) (pPM3199) in one orientation. The remaining
part of the TA region (including the left border sequence)
was sequenced with oligonucleotides derived from the over-
lapping sequences of pPM3217 and pPM3218 and from
the sequences of pPM3152 and pPM3161 (Paulus et al.
1991a) (Fig. 1).

pTiHml TA region. The 5.0-kb HindIIl fragment of
pTiHml (from pPM1040, Paulus ef al. 1991b) was cloned
in pKS(—) in both orientations, yielding pPM3202 and
pPM3201. pPM3200 was derived from pPM3201 by Xhol
digestion and religation, leaving the Hind111-Xhol TA frag-
ment (Fig. 1). Sequences were established starting from
the HindIIl site of pPM3202 and the Xhol site of
pPM3200.

Sequences were determined as described by Sambrook
et al. (1989) and analyzed with a microVAX using GCG
software (Devereux et al. 1987).

DNA hybridization.
DNA hybridization was performed as described by Sam-
brook et al. (1989).

Labeling of agrocinopine A.

2P-labeled agrocinopine A was prepared according to
Messens et al. (1985). Tumors were induced on Nicotiana
rustica in the greenhouse. One-month-old tumor tissue was
excised, placed on solid Linsmaier and Skoog (LS) medium
(Linsmaier and Skoog 1965) supplemented with 500 mg/L
cefotaxim (Claforan, Hoechst), and subcultured monthly.

Name Description

Reference

E. coli strains
NM522

Agrobacterium strains
CS8 A. tumefaciens nopaline strain
GV3101 Cured C58, rif resistant
GV3101(pTiC58) rif resistant C58 derivative

supE thi A(lac-proAB) hsdAS F’ proAB lacl® lacZAM15

Murray, University of
Edinburgh, U.K.

Zimmerer et al. 1966
Depicker et al. 1980
Depicker et al. 1980

Tm4 A. vitis, “large TA” o/ c strain Szegedi 1985
GV3101(pTiTm4) GV3101 carrying pTiTm4 Huss et al. 1989
Hml A. vitis, “large TA” o/c strain Szegedi 1985
K305 idem Brisbane and Kerr 1983
2608 idem Paulus ef al. 1989a
2641 idem Paulus et al. 1989a
Nw244 idem Paulus ef al. 1989a
AB3 A. vitis, “small TA” o/c strain Szegedi 1985
AgS7 idem Panagopoulos and Psallidas 1973
LBA649 C58C9(pTiAg57) Hoekema et al. 1984
AB4 A. vitis nopaline strain Szegedi 1985
pKS(—) and pKS(+) pBluescript vectors Stratagene, La Jolla, CA
pPM1040 5.0 kb HindIII (TA Hml) in pUCI18 Paulus ez al. 1991b
pPM3152 2.2 kb HindIII (TA AB3) in pKS(—), one orientation Paulus ez al. 1991a
pPM3l161 2.2 kb HindIII (TA AB3) in pKS(—), opposite orientation Paulus et al. 1991a
PPM3198 2.0 kb HindIII (TA Tm4) in pKS(—) This study
pPM3199 2.0 kb HindIII (TA Tm4) in pKS(+) This study
pPM3200 1.6 kb HindIII-Xhol(TA Hml) in pKS(—) This study
pPM3201 5.0 kb HindIII (TA Hml) in pKS(—), acs away from Kpnl polylinker site This study
pPM3202 5.0 kb HindIlI (TA Hml) in pKS(—), opposite orientation This study
pPM3217 2.9 kb EcoRI-BamHI (TA Tm4) in pKS(—), EcoR1I site close to Kpnl This study

polylinker site
pPM3218 2.9 kb EcoRI-BamHI(TA Tm4) in pKS(—), opposite orientation This study
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Small tissue fragments (about 100 mg) were tested for
agrocinopine A synthesis by incubation in 0.2 ml of liquid
K3 medium (Kao et al. 1974) with Claforan, supplemented
with *?PO,” (8 »Ci/ml, 8,500 Ci/ mmole) and buffered with
50 mM MES, pH 5.8. After | or 2 wk, the medium was
analyzed by a modified paper electrophoresis method: 2
u! of medium was spotted on Whatman 3MM paper, and
the paper was carefully wetted with 50 mM citrate buffer
(pH 7.0), without touching the sample positions. The paper
was fitted in a standard DNA electrophoresis tank in such
a way that the part on which the samples were migrating
did not touch the bottom of the tank. Electrophoresis was
carried out at 10 V/cm for 2 hr. After electrophoresis,
the paper was dried and exposed in a cassette with intensi-
fying screens to Kodak X-Omat film for varying periods
of time. Culture supernatants from tumors induced by C58
yielded only two spots: one heavy spot (PO, ") and a weaker
spot corresponding to agrocinopine A (as also noted by
Messens et al. 1985). Agrocinopine A was eluted with water
and stored at —20° C.

Purification of unlabeled agrocinopine A.

Kalanchoe daigremontiana stems were infected with the
wild-type A. tumefaciens strain C58. Agrocinopine A was
extracted from 2-mo-old tumors according to Ellis and
Murphy (1981). Tumor tissue was crushed and macerated
in 70% ethanol (1-2 ml/g fresh weight). The extract was
filtered and cleared by centrifugation, dried by rotatory
evaporation, and dissolved in 70% ethanol (one tenth of
the original volume). Agrocinopine A was purified by pre-
parative paper electrophoresis as follows: 1 ml of con-
centrated extract was applied onto Whatman 3MM paper
in a narrow band over a length of 12 cm. Electrophoresis
in formic acid/acetic acid/water (2:8:90, v/v/v), pH 1.7,
was carried out at 25 mA in a DNA electrophoresis tank
as described above. Xylene cyanol was used as a marker.
Electrophoresis was stopped when the marker had reached
a distance of 6 cm. At the position of the marker, the
paper was cut into four l-cm-wide strips. The liquid was
recovered by centrifugation in Eppendorf tubes, lyophil-
ized with a Speedvac, and dissolved in 100 ul of water.
The different fractions were analyzed by paper electro-
phoresis in 0.1 M NH,HCO; buffer (pH 9.2) at 25 mA.
The paper was dried at 80° C and agrocinopine A was
stained by alcaline silver nitrate (Dahl et al. 1983). Frac-
tions containing agrocinopine A from different preparative
electrophoresis experiments were combined, and in some
cases further purified by preparative paper electrophoresis
in 0.1 M NH,HCO; buffer (pH 9.2). Agrocinopine A was
quantified and expressed in arabinose equivalents by the
phloroglucinol method according to Dische and Boren-
freund (1957) and Ellis and Murphy (1981).

Uptake of **P-agrocinopine A.

Uptake of agrocinopine A by different strains was tested
by adding 40 ul of tenfold concentrated bacteria (harvested
at early stationary phase) to 360 ul of **P-agrocinopine
A-containing YEB (Leemans et al. 1983) medium. After
incubation at 28° C, the cultures were centrifuged in an
Eppendorf centrifuge, and a portion of the supernatant
was electrophoresed as described above or its radioactivity

was determined in a Beckman scintillation counter after
addition of 5 ml of Ready Gel (Beckman).

Uptake of unlabeled agrocinopine A.

Bacteria were pregrown in liquid YEB for 24 hr. These
cultures served to start liquid cultures in 100 ul of AB
glucose medium (Lichtenstein and Draper 1985) with or
without 0.4 mM agrocinopine A. After growth for 24 hr,
optical density was measured, bacteria were concentrated
by centrifugation, and resuspended in AB medium at a
concentration of 10® cells/ml. Three microliter bacterial
suspensions were added to 90 ul AB medium with 0.4
mM agrocinopine A. After 24 and 48 hr, agrocinopine
A content was measured by paper electrophoresis as
described above.

Agrocin 84 inhibition assay.

The inhibition of bacterial growth by agrocin 84, both
in the absence and in the presence of agrocinopine, was
tested according to Hayman and Farrand (1988), using
FMS medium plates (Formica 1990) or plates with the
modified Stonier medium used by Dhanvantari (1983).

GenBank accession numbers.

GenBank accession numbers of sequences determined
in this study are M91189 (pTiTm4 sequences) and M91188
(pTiAB3 sequences).
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