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Opines Stimulate Induction of the vir Genes of the
Agrobacterium tumefaciens Ti Plasmid
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Upon incubation of Agrobacterium tumefaciens A348 with acetosyringone, the vir genes encoded by the Ti
(tumor-inducing) plasmid are induced. The addition of certain opines, including octopine, nopaline, leucino-
pine, and succinamopine, enhanced this induction 2- to 10-fold. The compounds mannopine, acetopine,
arginine, pyruvate, and leucine did not stimulate the induction of the vir genes to such an extent. The
enhancement of vir gene induction by opines depended on acetosyringone and the genes virA and virG. Opines
stimulated the activity of the vir genes, the double-stranded cleavage of the T (transferred)-DNA at the border
repeat sequences, and the production of T-strands by the bacterium. The transformation efficiency of cotton
shoot tips was markedly increased by the addition of acetosyringone and nopaline at the time of infection.

Phenolic compounds secreted by wounded plant cells can
induce the activity of certain genes encoded by the Ti
(ttmor-inducing) plasmid of Agrobacteriiin tuimeficiens (3,
37, 39). These inducible genes include the vir genes, which
function in the process of T (transferred)-DNA excision and
transfer, and the gene pinF, of unknown function (38). This
induction process is mediated by the genes viirA and virG
(42). VirA, a constitutively expressed gene, encodes an inner
membrane-localized protein (22) that most likely functions
as the receptor (42, 51) for such phenolic inducers as
acetosyringone (37). The virG locus, which is expressed at a
low basal level, is subsequently induced to higher levels of
expression (38). This gene presumably encodes a transcrip-
tional activator that induces its own expression and the
expression of the genes 1i'rB, virC, virD, virE, and pinF (27,
42, 51). The virD locus encodes a T-DNA border-specific
endonuclease (1, 17, 41, 49, 52, 53) that nicks the T-DNA
border repeat sequences on the bottom strand, generating
single-stranded T-DNA molecules called T-strands (1, 40,
48). T-strands can be coated with a virE-encoded single-
stranded-DNA-binding protein (6, 8, 11, 15) and have been
hypothesized to be the form of the T-DNA transferred to the
plant cell (43). The virD endonuclease also generates double-
stranded scissions at the T-DNA borders (17, 47, 48). The
regulation of the genes *irC and virD by the chromosomal
locus ros has also been described (9, 10, 44).

Following insertion into plant nuclear DNA, T-DNA
genes are transcribed and direct the synthesis of enzymes
involved in the production of phytohormones and unusual
low-molecular-weight compounds termed opines (for re-
views, see references 2, 16, and 31). The phytohormones
stimulate the uncontrolled proliferation of plant cells, result-
ing in tumors called crown gall tumors. Opines, which are
crown gall tumor-specific compounds, are secreted into the
rhizosphere where they can be used as an energy source by
the inciting bacterium to the exclusion of most other soil
microorganisms. It has been hypothesized that Agirobacte-
rium species thereby creates for itself an ecological niche by
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"'genetically engineering" the plants to synthesize com-
pounds, the opines, that it can utilize (45, 46).
We are interested in the relationship, if any, between

opines and vir gene induction. We initially hypothesized that
opines may inhibit the induction of these genes by acetosy-
ringone. The rationale was that the bacterium would not
induce the T-DNA transfer machinery if it sensed that a
tumor, recognized by the presence of opines, had already
been formed. The results presented below suggest that many
opines do affect the acetosyringone induction of the vir
genes. The effect, however, is to enhance rather than repress
this induction. The opines octopine, nopaline, leucinopine,
and succinamopine enhance the acetosyringone induction of
the vir genes, the formation of T-strands by the bacterium,
and the transformation efficiency of certain dicotyledonous
plants.

MATERIALS AND METHODS

Bacterial strains and growth conditions. We used A. tume-
faciens A348 (21) harboring the Ti plasmid pTiA6 and
derivatives for these studies. Stachel and Nester (38) gener-
ated strains harboring the transposon Tn3-HoHol in the
virulence region. We used strains mutated in virA
(A348mx211), virB (A348mx243), virC (A348mx365), virD
(A348mx304), virE (A348mx358), virG (A348mx321), and
pinF (A348mx219). Strain A136(pSM405) harbors the
cosmid pSM405 (virB::Tn3-HoHo1 [42]) in the Ti plasmid-
less A. tumefaciens A136. The cosmid pSM405 contains
wild-type copies of pinF, virA, virG, and virC and contains a
Tn3-HoHol insertion in virB (42). We mobilized this cosmid
from Escherichia coli HB101 into A. tumefaciens A136
(which lacks a Ti plasmid) by triparental mating with the
helper plasmid pRK2O13 (12). pRGUS2 (46a), containing a

,B-glucuronidase (GUS) gene cloned between the CaMV 35S
promoter and the nopaline synthase polyadenylation signal,
was similarly mobilized into A. tumefaciens LBA4404 (32).
A. tuimefaciens strains were grown at 30°C on either AB
minimal medium supplemented with 0.5% sucrose or YEP
medium (23). E. coli strains were grown at 37°C on LB
medium (26). The antibiotic concentrations used for A.
tumnefaciens were (micrograms per milliliter): rifampin, 10;
carbenicillin, 100; kanamycin, 100. The antibiotic concentra-
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OPINES STIMULATE A. TUMEFACIENS Ti PLASMID vir GENES

TABLE 1. Induction of VIR and piniF loci by acetosyringone and octopine"

,-Galactosidase (U) Fold induction
Locus

K3 K3 + OCT K3 + AS K3 + AS + OCT AS/K3 AS + OCT/AS

pinF 7.4 + 1.1 10.4 + 1.7 148.0 ± 27.6 332.0 ± 21.5 20.0 2.3
vi'iA 18.3 ± 0.54 18.9 ± 1.1 18.1 + 0.4 20.0 ± 1.5 1.0 1.1
irB 0.6 ± 0.2 0.6 ± 0.16 13.0 ± 3.3 70.1 ± 8.1 22.0 5.4
viiG 41.0 ± 0.89 54.1 ± 1.2 38.2 ± 2.4 54.1 ± 1.15 0.9 1.4"
i'iC 2.0 ± 0.4 2.2 ± 0.4 10.0 ± 0.6 25.5 + 0.6 5.0 2.5
virD 1.4 ± 0.17 1.8 + 0.2 13.8 ± 0.9 44.3 ± 8.2 10.0 3.2
virE 12.7 ± 1.1 14.7 ± 0.8 26.6 + 5.3 133.0 ± 24.6 2.1 5.0

" Acetosyringone (AS) was used as 30 ,uM; octopine (OCT) was used at 10 mM. All values are means of four replicate experiments.
b Induction by octopine was acetosyringone independent.

tions used for E. coli were (micrograms per milliliter):
ampicillin, 100; kanamycin, 50.
Enzymes and reagents. Restriction endonucleases were

purchased from Bethesda Research Laboratories, Inc.
(Gaithersburg, Md.) and used according to the recommen-
dations of the supplier. [c_-32P]dCTP (800 Ci/mmol) and the
nick translation kit were purchased from Amersham Corp.
(Arlington Heights, Ill.). Acetosyringone was purchased
from Aldrich Chemical Co., Inc. (Milwaukee, Wis.). Oc-
topine, nopaline, and mannopine were purchased from
Sigma Chemical Co. (St. Louis, Mo.). [14C]nopaline, chem-
ically synthesized from ox-ketoglutarate and [14C]arginine
(270 mCi/mmol; ICN Pharmaceuticals Inc., Irvine, Calif.) as
previously described (19), and leucinopine, succinamopine,
and acetopine, synthesized chemically, were a kind gift from
W. Scott Chilton.

Induction of vir genes. The vir genes were induced in K3
medium (30) supplemented with 5 mM MES (morpho-
lineethanesulfonic acid) buffer (pH 5.6) with either acetosy-
ringone at the indicated concentrations or regenerating
tobacco protoplasts as previously described (47). K3 me-
dium has the following composition (milligrams per liter):
NaH2PO4. H20, 150; Ca(H2PO4)2. H20, 46. 1; CaCl2
2H20, 900; KNO3, 2,500; NH4NO3, 250; (NH4)2SO4, 134;
MgSO4 7H20, 250; FeSO4 7H,O, 27.8; disodium EDTA,
37.3; MnSO4. H,O, 7.6; H3B03, 3.0; ZnSO4 7H,O, 2.0;
Na2MoO4 2H2O, 0.25; CUSO4, 0.025; CoCl2 6H2O, 0.025;
KI, 0.75; nicotinic acid, 1.0; thiamine hydrochloride, 10.0;
pyridoxine hydrochloride, 1.0; myoinositol, 100.0; ot-naphtha-
leneacetic acid, 2.0; 2,4-dichlorophenoxyacetic acid, 0.1; ben-
zylamino purine, 0.2; xylose, 250; and sucrose, 0.4 M (ad-
justed to pH 5.6 with NaOH). K3 medium has a low buffering
capacity, and we noted that the pH of unsupplemented
medium would often drop rapidly during the incubation
periods. We monitored vir gene activity by measuring 13-
galactosidase activity in strains harboring Tn3-HoHol inser-
tions in the vir genes as previously described (47).

Analysis of DNA. We extracted DNA from A. tiumefaciens
and analyzed it for the presence of T-strands and double-
stranded cleavage at the T-DNA borders as previously
described (48).

Nopaline uptake experiments. A. tiumefaciens A348 was
grown overnight in YEP medium, and 0.2 ml of the culture
was inoculated into 25 ml of AB minimal medium and grown
to a Klett reading of approximately 100. The cells were
harvested and suspended in K3 medium supplemented with
5 mM MES (pH 5.6) at a concentration of 2 x 108 cells per
ml. A 1-ml sample of the bacterial suspension was incubated
at 25°C for various lengths of time in the presence of
unlabeled nopaline (1 ,uM) plus [14Cjnopaline (50,000 cpm,
270 mCi/mmol). When appropriate, the bacteria were incu-

bated with sodium azide (10 mM) for 1 h prior to the addition
of nopaline. At the end of the incubation period, the sample
was filtered through a nitrocellulose membrane (0.2-pm pore
size; GSTF; Millipore Corp., Bedford, Mass.) and the cells
were washed twice with 3 ml of K3 medium. The radiation
on the filter was counted in a liquid scintillation counter.

Transformation of cotton. We infected shoot apex explants
of cotton (Gossypiium hirsutum var. Coker 312) with A.
tllnnefaciens LBA4404(pRGUS2) as described by Ulian et al.
(46a). After 2 days of infection, we transferred the shoot tips
to medium containing 500 p.g of carbenicillin per ml for 1
week and then to medium containing 7.5 ,ug of kanamycin
per ml and 500 pLg of carbenicillin per ml. We subsequently
transferred the shoots weekly to fresh medium containing
500 p.g of carbenicillin per ml. When used, nopaline or
acetosyringone or both were added to the cut surface of the
shoot apices in a drop of dimethyl sulfoxide at the time of
inoculation. Tissue from the newest leaves (2 to 5 mg) was
used to measure GUS activity fluorimetrically with 4-methyl
umbelliferyl glucuronide as the substrate (18).

RESULTS
Characterization of acetosyringone induction. To charac-

terize the induction of Ti plasmid genes by acetosyringone,
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FIG. 1. Effect of octopine concentration on the enhancement of

pinF induction by acetosyringone. A. tumefaciens A348mx219 har-
boring a Tn3-HoHol insertion in the gene pinF was grown to a Klett
reading of 100 in AB medium plus 0.5% glucose containing 100 ,ug of
carbenicillin per ml, centrifuged, and suspended in supplemented
K3 medium containing (-) or lacking (0) 30 p.M acetosyringone and
various concentrations of octopine. After 24 h of incubation at 20°C,
the cells were harvested and assayed for j3-galactosidase activity.
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TABLE 2. Effect of opines and related compounds on vir gene induction"

i}rB pi,nF
Treatment

-AS +AS Fold increase -AS +AS Fold increaseover AS alone over AS alone

K3, Control 0.9 ± 0.5 5.0 ± 0.25 9.8 ± 0.9 126 ± 8.6
K3 + octopine 1.5 ± 0.48 58.0 ± 3.8 11.6 17.4 ± 1.8 365 ± 18.3 2.9
K3 + nopaline 2.6 ± 1.3 189.0 ± 54.7 37.8 40.0 ± 2.7 808 ± 50.0 6.4
K3 + arginine 1.7 ± 0.29 27.0 ± 2.3 5.4 6.1 ± 1.0 167 ± 4.05 1.3
K3 + leucine 0.9 ± 0.25 13.4 ± 2.8 2.7 5.3 + 1.7 161 ± 14.7 1.3
K3 + pyruvate 1.8 ± 0.6 7.6 ± 1.1 1.5 14.4 ± 1.9 109 ± 3.7 0.9

" Acetosyringone (AS) was used at 30 IpM. Opines and other compounds were used at 10 mM. All values are means of four replicate experiments.

we used A. tumefaciens A348mx219. This strain contains the
lacZ fusion transposon Tn3-HoHol (36) inserted into the
gene pinF (38). Although pinF is not involved in virulence,
its transcription is inducible by acetosyringone and coculti-
vation with plant protoplasts in a manner similar to that of
many of the other vir genes (38), and ,-galactosidase activity
was high relative to that seen following the induction of other
vir genes (Table 1). pinF is therefore a useful reporter of
acetosyringone inducibility. The induction of pinF can be
observed at acetosyringone concentrations as low as 3 ,uM
and is maximal at 30 ,uM. These concentrations were there-
fore used in the following experiments for limiting (3 ,uM) or
saturating (30 ,uM) induction conditions. Although a small
amount of induction ofpinF can be observed as early as 2 to
4 h following incubation with acetosyringone, the increase in
pinF activity was most marked after 6 h. We chose 24 h as a
convenient induction time to perform most of the experi-
ments described below. The kinetics of induction and the
concentrations of acetosyringone necessary for limiting and
maximal induction were similar to those observed by Stachel
et al. (37, 41).

Effect of opines on pinF and vir gene induction. We incu-
bated A. tumefaciens A348mx219 with 30 ,uM acetosyrin-
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FIG. 2. Effect of nopaline concentration on the enhancement of
pinF induction by acetosyringone. A. turnefaciens A348mx219 har-
boring a Tn3-HoHol insertion in the gene pinF was grown to a Klett
reading of 100 in AB medium plus 0.5% glucose containing 100 jig of
carbenicillin per ml, centrifuged, and suspended in supplemented
K3 medium containing (0) or lacking (0) 30 ,uM acetosyringone and
various concentrations of nopaline. After 24 h of incubation at 20°C,
the cells were harvested and assayed for ,3-galactosidase activity.

gone for 24 h in K3 medium in the presence or absence of 10
mM octopine. The expression of pinF (as determined by
,B-galactosidase activity) was 2.3-fold greater in the presence
of octopine than in its absence (Table 1). This induction by
octopine depended on the presence of acetosyringone. Oc-
topine alone did not induce pinF (Table 1). The synergistic
effect of octopine on the acetosyringone induction of pinF
was approximately linear in the range investigated (2 to 40
mM) (Fig. 1).
We next investigated the effect of octopine on the aceto-

syringone induction of each vir gene in derivatives of A.
tumejaciens A348. These strains harbored Tn3-HoHol in-
sertions in different vir genes, and we thus monitored ,B-
galactosidase activity in these strains under various incuba-
tion conditions. Each of these strains contained a lacZ fusion
in the sole relevant vir gene harbored by the bacterium. The
activity of virB, virC, virD, and virE in acetosyringone-
induced cells was 2.5- to 5.4-fold higher in the presence of 10
mM octopine than in its absence (Table 1). As with the
induction of pinF, octopine alone did not induce any of the
vir genes. The P-galactosidase activity of the virA::lacZ
fusion gene was not affected by either acetosyringone or
octopine. The constitutive expression of this virA::Tn3-
HoHol fusion gene in A. tumefaciens has been demon-
strated previously by others (38). No significant induction of
virG was seen in the presence of acetosyringone or octopine
or both. The lack of induction of virG can be explained by
the fact that the only copy of the virG gene present in the Ti
plasmid has been disrupted in this strain. The virG gene
product most likely functions as a transcriptional activator of
itself, the other vir genes, and pinF (27, 42, 51), and this
strain therefore would not contain active virG protein.

Neither arginine nor pyruvate, the compounds from which
octopine is formed, nor the neutral amino acid leucine
greatly stimulated the acetosyringone induction of pinF
(Table 2). Arginine and leucine had some stimulatory effects
on the induction of virB. This effect was considerably less
than the effect of octopine and nopaline. We speculate that
the effect of arginine and leucine on virB expression (and to
a small extent on pinF expression) reflects the enrichment of
the minimal K3 medium by these metabolites and the sub-
sequent general metabolic activity of the bacterial cells.
Nopaline had a greater effect on the acetosyringone induc-
tion of these genes than did octopine. This result was
surprising because neither the Ti plasmid harbored by A.
tumefaciens A348 (pTiA6) nor the chromosome in this strain
(C58 chromosomal background) encodes functions that al-
low the catabolism of nopaline (4, 29). We therefore did not
expect that nopaline should have an effect upon this bacterial
strain. Figure 2 shows that, as with octopine, the enhance-
ment of the acetosyringone induction of pinE by nopaline is
not yet saturated at 10 mM.
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TABLE 3. Effect of opines on induction of vir genes"

Il-Galactosidase (U)

Treatment vhi-B piniF
-AS +AS Fold increase -AS +AS Fold increase

over AS alone over AS alone

K3 medium <0.1 27 ± 0.5 5 ± 0.4 160 ± 7.0
K3 + octopine <0.1 143 ± 2.4 5.3 16 ± 0.5 370 ± 5.0 2.3
K3 + nopaline <0.1 343 ± 2.0 12.7 17 ± 0.5 829 ± 30 5.2
K3 + succinamopine <0.1 100 ± 1.3 3.7 34 ± 2.0 450 ± 11 2.8
K3 + leucinopine <0.1 216 ± 9.3 8.0 32 ± 2.4 487 ± 19 3.0
K3 + mannopine <0.1 18 ± 0.6 0.7 16 ± 0.5 176 ± 7.0 1.1

" Acetosyringone (AS) was used at 30 ,uM. Opines were used at 10 mM except for nopaline, which was used at 5 mM. All values are means of four replicate
experiments.

Because we observed the stimulation of acetosyringone
induction of the vir genes and pinF by an opine that is not
catabolized by this strain of A. tumefaciens, we tested the
effects of other opines. Mannopine, an opine that is catabo-
lized by Agrobacterium strains harboring the plasmid pTiA6
(5), did not stimulate the acetosyringone induction of 'irB or
pinF (Table 3). Succinamopine and leucinopine at 10 mM did
stimulate this induction. Neither of these opines is catabo-
lized by Agrobacterium strains harboring pTiA6 (5). The
"opine" acetopine, a compound that is found in certain
nontransformed plant tissues (7), does not enhance the
acetosyringone induction of these genes (data not shown).
We have previously shown that, following incubation of

A. tumefaciens with tobacco protoplasts, the Ti plasmid
copy number can increase relative to that of the bacterial
chromosome (48). A trivial explanation for the octopine
enhancement effect would be a similar increase of the Ti
plasmid copy number following incubation of the bacteria
with acetosyringone and octopine, thereby increasing the
copy number of the vir: :lacZ fusion gene in the bacterial cell.
DNA blot analysis indicated, however, that such a copy
number increase did not occur (data not shown).
Involvement of virA and virG in opine enhancement phe-

nomenon. Because the transposon Tn3-HoHol acts not only
as a reporter of gene activity but also as an insertional
mutagen, the data presented in Table 1 suggest that the genes
virB, virC, virD, virE, and pinF are not involved in the
phenomenon of opine enhancement of vir gene induction.
This is because the only copy of these genes has been
disrupted in the relevant strains, yet octopine could still
stimulate the acetosyringone induction of these genes. The
participation of the genes virA and virG in the opine en-
hancement phenomenon was ambiguous in these experi-
ments because the disruption of these genes would not
permit acetosyringone induction.

To determine the involvement of Ti plasmid-encoded
genes other than virA and virG in the potentiation of aceto-
syringone induction of the vir genes, we introduced the
plasmid pSM405 into A. tumefaciens A136. This Agrobac-
terium strain contains the same chromosomal background as
strain A348 but lacks any Ti plasmid. The plasmid pSM405
contains a Tn3-HoHol transposon in the 5' end of the virB
locus (42) harbored by the cosmid pVK257. This cosmid
harbors the genes pinF, virA, virB, virG, virC, and the first
two open reading frames of the virD locus. The acetosyrin-
gone induction of the virB locus in strain A136(pSM405) was
enhanced approximately twofold by 10 mM octopine (Table
4). Because the first two open reading frames of the virD
locus contained in pSM405 encode a T-DNA border-specific
endonuclease (17, 41, 53), it is likely that the stimulation of
the acetosyringone induction of vir genes requires no Ti
plasmid-encoded genes other than virA and virG. These
experiments do not rule out the possibility of a role for
chromosomal genes in this process.

Effect of opines on T-strand synthesis and T-DNA border
cleavage. We (48) and others (1, 40, 41) have shown that
upon acetosyringone induction of A. tumefaciens cells,
single-stranded T-DNA molecules, termed T-strands, accu-
mulate in the bacteria. All possible combinations of the four
T-DNA borders can be used to generate T-strands of dif-
ferent sizes in A. tumefaciens A348 (41, 48). The first two
open reading frames of the virD region encode proteins
involved in the site-specific production of nicks in the
bottom strand of the T-DNA borders, leading to the produc-
tion of T-strands (17, 41, 53). The proteins encoded by these
two open reading frames also catalyze the double-stranded
cleavage of the T-DNA at these border sequences (17).
Increasing vir gene activity by increasing the copy number of
vir genes resulted in increased T-strand production and
double-stranded border cleavage (48). Because octopine and

TABLE 4. Effect of sir genes on the octopine stimulation of Oir gene activity"

f-Galactosidase (U)'
Gene Wild-type vir genes

Strain disrupted by present in the K3 K3 medium + K3 medium + Fold increase
Tn3-HoHol bacterium medium acetosyringone acetosyringone over K3 +

+ octopine acetosyringone

A348mx219 pinF A, B, C, G, D, E 4 ± 0.4 84 ± 0.6 164 ± 0.6 2.0
A348mx243' virB A, C, G, D, E 4.4 ± 0.4 177 + 0.6 355 ± 0.6 2.0
A136(pSM405)d virB A, C, G 4.4 ± 0.4 221 ± 0.6 413 + 0.6 1.9

"All values are means of three replicate experiments.
b P-Galactosidase activity was measured after incubation at 20°C for 24 h.
This strain harbors a single copy of i'irB::Tn3-HoHol that has been marker exchanged into the Ti plasmid.

d This strain is a merodiploid and harbors multiple copies of i'irB::Tn3-HoHol.
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nopaline enhance the acetosyringone-induced activity of
virD, we tested whether these opines could stimulate the
ability of acetosyringone to induce both the production of
T-strands and the double-stranded cleavage of the T-DNA at
border A.

Figure 3A shows the effect of nopaline on T-strand accu-
mulation in A. tuimefaciens cells. The probe, HinidIII frag-
ment 18c, hybridized with a region of the Ti-plasmid span-
ning the left border of TL (Fig. 3C). This probe should thus
detect T-strands between the T-DNA borders A and B
(A-B), A and C (A-C), and A and D (A-D) (48). With
acetosyringone at limiting concentrations (3 FM), T-strands
could not be detected at these autoradiographic exposures
(Fig. 3A, lanes 1 and 2) unless 5 mM nopaline was included
in the incubation solution (Fig. 3A, lane 3). The use of 30 p.M
acetosyringone without nopaline resulted in approximately
the same level of T-strand accumulation as did 3 ,uM
acetosyringone plus 5 mM nopaline (Fig. 3A, lane 4). Inclu-
sion of nopaline in the incubation solution resulted in in-
creased accumulation of both the A-B and A-C T-strands
(Fig. 3A, lanes 5 and 6). The photographic exposure shown
in Fig. 3A was not sufficient to detect the relatively weak
signal from the A-D T-strand (48).
Double-stranded cleavage of the T-DNA at border A

followed by digestion of the DNA by EcoRI led to the
production of a 3.6-kilobase-pair (kbp) fragment that could
be detected when the DNA blots were hybridized with
HindIII fragment 18c (Fig. 3C) (17, 47). Single-stranded
DNA fragments can also be detected with this hybridization
probe migrating at the equivalent mobility of 2.6 and 2.0 kbp
(47, 48). Figure 3B, lanes 1 to 3, shows that such fragments
could not be detected at limiting acetosyringone concentra-
tions unless 5 mM nopaline was included in the incubation
solution. At saturating acetosyringone concentrations, no-
paline greatly stimulated the accumulation of these frag-
ments in the bacterium (Fig. 3B, lanes 4 to 6). Thus, nopaline
enhances the ability of acetosyringone to induce both T-
strands and the double-stranded cleavage of the T-DNA
borders. We obtained results similar to those described
above using octopine instead of nopaline (data not shown).

Effect of nopaline and acetosyringone on plant transforma-
tion. Although we have shown that opines such as nopaline
enhance the acetosyringone induction of certain vir genes,
the production of T-strands, and the double-stranded cleav-
age of the T-DNA borders, we thought it important to
determine whether nopaline could enhance the transforma-
tion of plants. We chose the system G. hirsltum in which the
A. tumefaciens-mediated transformation efficiency is very
low so that any increase in transformation efficiency by
acetosyringone and opines could be easily detected. We
infected G. hirsutum (cotton) shoot apices (46a) with A.
tumefaciens LBA4404(pRGUS2) containing a T-DNA bi-
nary vector harboring a GUS gene. After 4 to 7 weeks in
culture, tissues from two leaves originating from the primor-
dium present at the time of shoot inoculation and two to
three regenerated leaves were assayed for GUS activity by a
fluorimetric assay (18).
Leaves of cotton shoot apices inoculated with A. tlone-

faciens alone or in the presence of 30 mM nopaline did not
display GUS activity (Table 5). Shoot apices inoculated in
the presence of 10 puM acetosyringone yielded 2 GUS-
positive transformants from 57 plants tested (3.5%). Inocu-
lation of shoot apices in the presence of nopaline plus
acetosyringone, however, yielded 37 of 45 GUS-positive
plants (82%). Thus, incubation of Agriobac teriirn cells in the
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FIG. 3. Effect of nopaline on T-strand production (A) and dou-
ble-stranded cleavage (B) at border A. A. tumefaciens A348 was
grown to a Klett reading of 100 in AB medium plus 0.5% glucose,
centrifuged, and suspended in K3 medium containing the indicated
concentrations of acetosyringone (AS) and nopaline. After 24 h of
incubation at 20°C, the cells were harvested and DNA was extracted
as described previously (48). (A) Samples of 1 ,ug of uncut DNA
were subjected to electrophoresis through a 1.0% agarose gel,
transferred to nitrocellulose under nondenaturing conditions, and
hybridized with 32P-labeled Hindlll fragment 18c (48). The A-C and
A-B T-strands are indicated in the right figure margin. (B) Samples
of 1.0 ,ug were digested with EcoRI, fractionated by electrophoresis
through a 1.0% agarose gel, transferred to nitrocellulose under
denaturing conditions, and hybridized with 32P-labeled HindllI
fragment 18c (48). Size markers in kilobase pairs (bacteriophage X
DNA digested with Hindlil) are indicated in the right figure margin.
The fragment migrating at 3.6 kbp represents the fragment generated
by the double-strand cleavage at border A and at the neighboring
EcoRl site. The fragment migrating at approximately 2.6 kbp
represents a single-stranded DNA fragment released by EcoRl
digestion (48). (C) Restriction endonuclease map of the T-DNA
region of pTiA6. T-DNA border repeat sequences are indicated by
4. The A-D, A-C, and A-B T-strands are indicated above the map.
The 3.6-kbp fragment generated by the double-stranded cleavage at
border A and EcoRl digestion is also indicated above the map.
Hindlll fragment 18c is indicated below the map.

presence of acetosyringone plus nopaline could greatly en-
hance the transformation of cotton.
Uptake of nopaline by A. tumefaciens A348. A. tumefaciens

A348 harboring the C58 chromosomal background and
pTiA6 does not catabolize the opines nopaline, leucinopine,
or succinamopine (4, 5, 29). We were therefore surprised
that these opines should have an effect on the induction of
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TABLE 5. Transformation of cotton shoot apices by
A. ttiewfciens LBA4404(pRGUS2)

No. of No. of No. of % GUS-
Treatment' shoot apices regenerated GUS- positive

inoculated shoots positive
assayed shoots"

None 1,298 93 0 0
Nopaline 60 49 0 0
Acetosyringone 65 57 2 3.5
Nopaline + aceto- 60 45 37 82

syringone

' Nopaline was used at 30 mM. Acetosyringone was used at 1i) g.M. These
chemicals were dissolved in dimethyl sulfoxide and applied to the shoot apex
at the time of inoculation.

' A fluorimetric assay with 4-methyl umbelliferyl glucoronide was em-
ployed. The fluorescent methyl umbelliferone product was visualized after 24
h on a 365-nm UV light box.

the vir genes in this strain. Figure 4 shows, however, that
strain A348 could transport nopaline when the bacteria were
incubated in a medium suitable for sir gene induction.
Preincubation of the bacteria with sodium azide abolished
this uptake, indicating both that active bacterial metabolism
is required for nopaline transport and that nopaline is not
nonspecifically binding to the cells under these assay condi-
tions. The lack of incorporation of 14C into trichloroacetic
acid-insoluble material by this strain (data not shown) indi-
cates that [14C]nopaline is not degraded to [14C]arginine
extracellularly, resulting in uptake by the bacterial cells of
[14c]arginine.

DISCUSSION

The expression of T-DNA in plant cells leads to the
overproduction of the phytohormones auxin and cytokinin

120
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\80 r

x
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00

0 l 2 3 4 5
TIME (min)

FIG. 4. Uptake of nopaline by A. tuluneficiens. A348. The bacte-
ria were incubated in K3 medium containing ['4Clnopaline. either
with (O) or without (0) a 1-h preincubation period in the presence of
sodium azide. The bacteria were harvested and washed, and the
radioactivity of the filters was counted as described in Materials and
Methods.

and to the production of novel compounds, the opines.
Opines are secreted into the rhizosphere where they can be
utilized by the inciting Agrobacteriurn strain as a carbon and
sometimes as a nitrogen source (46). In addition, many
opines can induce the ability of Agrobacteriumn species to
conjugate the Ti plasmid to other, plasmidless Agrobacte-
Hium cells (13, 14, 20, 33). Thus, opines have heretofore been
shown to serve two important functions in the infection
cycle of Agrobacteriumn species: that of an energy source for
the bacterium, and that as a signal molecule to stimulate the
spread of the molecular disease determinant (the Ti plasmid)
to Agrobacteriu,m cells. In this report, we showed that
certain opines can additionally serve to enhance the induc-
tion of the sir genes and thus may play a role in the
tumorigenic process. Although the concentrations of opines
used in this study to potentiate vir gene expression would
appear to be high (1 to 10 mM), such levels can be found in
crown gall tumors. Scott et al. (35) reported that the opines
octopine, octopinic acid, lysopine, nopaline, and nopalinic
acid could accumulate to these concentrations in various
crown gall tumors. It is not known to what levels these
opines accumulate in the rhizosphere. Certain Ti plasmids,
however, harbor the T-DNA gene (ofns, the product of which
is involved in the secretion of octopine and nopaline from
crown gall tumor cells (28). Saint-Pierre and Dion (34) have
determined that nopaline can accumulate to approximately 2
mM in the intercellular fluid of apple crown gall tumors.
The activity of the genes OrirB, 'iOrG, virC, virD, irE, and

piniF was enhanced by the addition of certain opines during
the period of induction (Table 1). The Agrobacterium strain
harboring the X'irA::HoHol insertion used in this study
expresses the OiA gene constitutively (38). The Agrobacte-
rium strain that we utilized to study virG activity did not
contain a wild-type copy of this gene. Because the virG
protein is most likely a transcriptional activator of itself and
the other sir genes, it was not surprising that this strain
showed no acetosyringone induction, either with or without
the addition of opines. The enhancement of acetosyringone
induction by opines required the genes virA and virG (Table
4); no other Ti plasmid-encoded genes were necessary.
Chromosomal genes may also be involved in the enhance-
ment phenomenon.
The extent of the enhancement of vir gene activity was

significant-from 2- to 10-fold, depending on the vir gene
under study and the opine used. Because the strain we used,
A348, utilizes octopine and mannopine, wZe expected that
these two opines may stimulate the acetosyringone induction
of the sir genes. Mannopine, however, did not enhance this
induction. Although octopine did stimulate the induction,
the opines leucinopine, succinamopine, and nopaline were
more effective. This was surprising because none of these
latter opines are catabolized by this Agrobacterium strain.
Experiments utilizing [14C]nopaline indicated, however, that
strain A348 harboring an octopine-type Ti plasmid can take
up nopaline from the medium under the si/ gene induction
conditions utilized in this study (Fig. 4). The opines that
stimulated the acetosyringone induction of the rir genes are
all iminodiacids. Another iminodiacid, acetopine, did not
enhance lii gene induction. This latter compound. however,
can be found in the cells of some nontransformed plants (7)
and is therefore not a true opine.
As well as stimulating the activity of the rir genes, the

opines octopine and nopaline enhanced the double-stranded
cleavage of the T-DNA border sequences and the production
of T-strands by Agrobacterinin species (Fig. 3). This was

expected because these molecular events require the func-
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tion of virD (1, 41, 47, 48). We previously showed that
increased vir gene activity, caused either by induction of the
bacteria by cocultivation with protoplasts rather than incu-
bation with acetosyringone or by the addition of extra copies
of vir genes to the bacteria, resulted in increased T-strand
production (48). The data presented above suggest that the
incubation of Agrobacterium cells with acetosyringone and
opines such as nopaline results in the increased transforma-
tion efficiency of plant cells. Infection of plants with A.
tumefaciens in the presence of acetosyringone and nopaline
did significantly increase the transformation of cotton shoot
tips. Infection in the presence of acetosyringone alone had
only a small effect (Table 5). The treatment of Agrobacte-
rium species with acetosyringone and nopaline has obvious
implications with respect to the transformation of recalci-
trant plant species. The promotion of the rate of crown gall
tumor growth by the addition of opines has been described
previously (24, 25). More recently, Whiteman Runs Him et
al. (50) demonstrated the enhanced transformation efficiency
of carrot root disks by Agrobacterium rhizogenes in the
presence of octopine. Nopaline, however, did not stimulate
this transformation efficiency.
The finding that vir gene induction is influenced by certain

opines suggested to us that the genetic regulation of vir gene
activity and those functions controlled by opines are inter-
connected. We are currently investigating the possibility that
a number of phenomena important in the infection cycle of
Agrobacterium species, including vir gene induction, opine
utilization, and conjugal plasmid transfer, are under the
common control of certain bacterial chromosomal genes.
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