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Plant-inducible virulence promoter of the
Agrobacterium tumefaciens Ti plasmid

Robert J. H. Okker*, Herman Spaink*,
Jacques Hille†, Ton A. N. van Brussel‡,
Ben Lugtenberg‡ & Rob A. Schilperoort*

Department of Plant Molecular Biology, University of Leiden,
* Wassenaarseweg 64, 2333 AL Leiden,
‡ Nonnensteeg 3, 2311 VJ Leiden, The Netherlands

Agrobacterium tumefaciens is the causative agent of crown gall,a
plant tumour that can arise on most species of dicotyledonous
plants. The tumour-inducing capacity of the bacterium requires
the presence of a large plasmid, designated the Ti plasmid1,2, which
itself contains two regions essential for tumour formation-the
T(umour)-region and the Vir(ulence)-region3. The T-region is
transferred to plant cells by an unknown mechanism, and becomes
stably integrated into the plant genome4-9. The Vir-region has
been identified by transposon mutagenesisl0-16, but the DNA of
this region has never been detected in tumour Iines4,s. However,
trans-complementation of Vir mutants17 indicates that genes of
the Vir-region are functional in the bacterium. Moreover, the Vir·
and T-regions can be physically separated in A. tumefaciens
without loss of tumour-inducing capacity18,19. Seven loci, desig-
nated virA-F and virO (refs 17, 20-22), have been identified in
the Vir-region of the octopine Ti plasmid, but their functions are
unknown. As virC mutants in the octopine-type plasmid pTiB6
are invariably avirulent in tests on various plant species17

, this
gene seems to be essential for virulence and we are studying it in
detail. We report here that the promoter of virC shows no detect·
able activity in A. tumefaciens and Escherichia coli K-12 grown
in standard medium, but that its activity is induced by a plant
product.

To investigate the promoter activity of the virC gene, we
constructed plasmid pMP30 (Fig, 1), which contains the com-
plete lacZ gene of E. coli coding for β-galactosidase (Ee
3,2,1.23), including the translational start signals, but lacks the
lacP-lacO regulatory sequences. E. coli strains harbouring this
plasmid show no detectable β-galactosidase activity, indicating
the absence of read through events from plasmid promoters.
Fragments of interest can be screened for promoter activity by
cloning them in the unique HindIII site upstream of lacZ.

A 2.6-kilobase (kb) HindIII fragment containing the promoter
region and part of the structural gene of virC was cloned in
pMP30_ Figure I shows the orientation of this fragment in

†Present address: Department of Molecular Biology, Agricultural University, de Dreijen Il,
6703 Be Wageningen, The Netherlands.
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Fig, I Construction of plasmids. The broad
openbar indicates the lac genes. The solid bars
indicate DNA derived from the Vir-region. The
BamHI-HindIII fragment of bacteriophage
Mud (Ap', lac) (refs 30, 31) containing the lac
genesZ, Y and A of E. coli was cloned into
pK04(ref. 32). pRAL355I contains the PstI-O
fragment from the Vir-region17. A 2.6-kb Hin-
dill fragment was isolated from this plasmid,
containing parts of virO, the promoter of virC
andpart of the structural gene of virC, but not
thetranscriptional stop of virC (ref. 17). This
HindIII fragment was cloned in pMP30, result-
ingin pMP31. pMP31 was transformed into E.
coliKMBL1164 (R772) and crossed with E. coli
KMBL1224 (Str') with a frequency of 10-6.
Sixteen transconjugants were crossed with A.
tumefaciens LBAI010 Rif', Ti+ using Rif', Km',
Ap' selection in order to select for stable
R772::pMP31 co-integrates. As pMP31-a pBR322 derivative-is not maintained in A. tumefaciens15,18, Ap' transconjugants should carry a
stable co-integrate. A backcross to E. coli KMBL1164 confirmed this (100% co-transfer of the Ap' and Km' markers). One isolate, the
R772::pMP31 co-integrate pMP33, was used to construct A. tumefaciens LBA288 (Rif', Ti-), The co-integrate R772::pMP30 (pMP32) was
constructed in an analogous way, The insert shows the HindIII virC fragment present in pMP31 with the direction of transcription. Restriction
endonuclease sites are indicated as follows: H, HindIII; B, BamHI; S, Sma; P, PstI; E, EcoRI; p.T. is the promoter region of virC; 0.T.f. is
theopen reading frame of vire.

Table 1 Induction of β-galactosidase by virC-containing plasmids in the presence of plant exudates

Bacterial strain/plasmid

E. coli KMBL1164 A. tumefaciens LBAIOIO, LBA88 No bacteria
Source of exudate pMP31 pMP30 pMP33 pMP32

Pisumsativum 'Finale' (Leguminosae) ++ + ±
Viciahirsuta (Leguminosae) ++ NO NO
Daucus carota, root culture ++ - + ±

(Umbelliferae)
Nicotiana plumbaginifolia, root culture ++ - NO NO -

(Solanaceae)
Allium cepa 'Rijnsburger' (Liliaceae) ++ + ±
lea mays 'Zoete Bantammer' +/± ±

(Gramineae)
Minimal medium ± ± -

Seedsof P. sativum, V. hirsuta, A. cepa and Z. mays were sterilized27 and grown axenically for 4-8 days at 20 DC in the dark. Axenic root cultures
werederived from Agrobacterium rhizogenes (hairy root disease)-infected plants of N. plumbaginifolia and from infected carrot disks (D. carota).
Exudateswere prepared by first washing the seedlings or root cultures in minimal medium for E. COli28or A. tumefaciens29 for 5 min, followed by
soakingfor 4-5 h in the same medium. Exudates of V. hirsuta and A. cepa were prepared with I seedling per ml medium; exudates of P. sativum
andZ. mays with 1 seedling per 3 ml medium. Exudates of root cultures were prepared with 0.1 g roots per ml medium. To eliminate plant fragments
oontainingβ-galactosidase activity, exudates were filter-sterilized before use. The pH of the medium did not change during incubation with the
,Iantmaterial. The sterilized exudates were inoculated with 5 x 107 bacteria ml-1 and incubated for 16 hat 29 DC in the presence of 120 µg ml-1
X·gal.The bacterial concentration after incubation was ~2 x 108 ml-I. In a control experiment, Iysates of E. coli (5 x 107 bacteria ml-1) were tested
for β-galactosidase activity with O-nitrophenyl-β-D-galactopyronosidase (ONPG). A lysate of E. coli (pMP31) incubated with the exudate of P.
sativumshowed an A420 of 0.1-0,15 after 16 h of incubation at 37 DC with ONPG. Lysates of E. coli (pMP31) incubated in minimal medium and
lysatesof E. coli (pMP30) incubated in exudate showed an A420 of < 0.001 in the same conditions. The intensity of the blue colour after reaction
lithX-gal was estimated and was correlated with the quantitative X-gal assay as described in Fig, 2 legend. ++, Deep blue colour (A620≥ 0.4);
+,blue colour (A620≥0,05); ±, supernatant colourless (A620<0.01) and bacterial pellet very faint blue; -, no blue colour detectable; NO, not
determined.E. coli KMBL1164 is F- del(lac pro) thi; A. tumefaciens LBAIOIO is Rif', Ti+; LBA288 is Rifr, Ti-.

pMP31. It is possible that the virO promoter is also present in
thecloned fragment, as the position of this promoter is unknown,
buttranscription from the virO promoter over the virC promoter
into thelacZ gene seems unlikely. The direction of transcription
of virC17 suggests that any β-galactosidase induction from
,MP31 is due to the virC promoter,

Plasmid pMP31 in an E. coli del(lac) background showed a
very weak but significant β-galactosidase activity after incuba-
tion for at least 60 h on indicator plates containing 5-bromo-4-
cbIo ro-3-indolyl-I3-D-galactopyranoside (X-gal), No β-galac-
tosidaseactivity was detected after growth for 48 h in minimal
medium,pMP30, a pBR322 derivative, cannot be maintained
in A. tumefaciens. In order to transfer and maintain pMP30 and
,MP31, co-integrates with the broad host range plasmid R772
(ref.23) were selected and crossed to A tumefaciens strains
LBAlOl0(Rifr, Ti+) and LBA288 (Rifr, Tn (co-integrates
,MP32 and pMP33, respectively), Neither co-integrate induced
βgalactosidase activity in A tumefaciens.

We tested whether virC induction was caused by the presence
of plant factors (Table I). A strong increase in virC promoter
activity was detected in both E. coli and A tumefaciens in the
presence of exudates from a wide range of dicotyledonous
varieties. The response in E. coli was stronger than that observed
for A tumefaciens, probably because the copy number of the
expression vector is high (-40) in E. coli and low (-4) in A
tumefaciens. The response of the virC promoter on exudates of
monocotyledonous plants varied with the species used. Exudates
of Allium cepa were as effective as dicotyledonous exudates in
stimulating the virC promoter, whereas exudates of Zea mays
showed little stimulatory activity (Table I). I3-Galactosidase
activity was undetectable in most exudates but those which did
contain some activity were not used for promoter-activating
studies. As the cells of the plants used contain substantial
β-galactosidase activity, homogenates of plant material were
not tested. No β-galactosidase activity was detected in control
E. coli containing pMP30 or pMP32. The activity in A



566 LETTERS TO NATURE NATURE VOL. 312 6 DECEMBER 1984

Fig. 2 Thermo-inactivation curve of Pisum sativum exudate.
Exudate of 8-day-old seedlings was filter-sterilized and kept for
15min at the indicated temperatures. The tubes were transferred
to 29°C and E. coli KMBL1I64 (pMP31) and X-gal were added.
After reaction, the bacteria were lysed with lysozyme, 400 µg ml-1
for 10min at 20 °C, followed by 20mM NaOH, 0.1% SDS for
5 min at 100  oe. After centrifugation for 5 min at 15,000 r.p.m., the
extinction of the coloured supernatant was determined at 620 nm.
The thermo-inactivation was used in a control experiment to deter-
mine whether the induction factor works on the bacteria per se or
on a component of the bacterial culture medium. Root exudate of
P. sativum (filter-sterilized) and filter-sterilized culture medium of
E. coli pMP31 were mixed I : I and incubated in the presence of
X-gal for 3 h. No blue colour developed, indicating that bacteria
are needed for β-galactosidase induction. Subsequently, the mix-
ture was heat-inactivated for 15min at 55  oe, cooled at 29  oe and
E. coli pMP31 added. The bacteria were incubated for 16h at
29  oe.No blue colour developed, indicating that the inducer works
directly on the bacteria and not on a component of the bacterial

medium.

tumefaciens (pMP32) was not above the very low background
due to A. tumefaciens β-galactosidase itself. In conclusion, a
factor present in plant exudates strongly activates the promoter
of the A. tumefaciens virC gene.

In an attempt to identify factors that could be responsible for
the promoter-activating property of exudates, several com-
pounds which could be excreted by plants and could thus be
present in exudates were tested with E. coli KMB 1164 (pMP31).
None of the compounds tested-amino acids (casamino acids
0.3 %), pantothenate, nicotinic acid, p-aminobenzoic acid,
pyridoxine, thiamine (400 ng ml-I each), arabinose, lactose,
galactose, sorbitol, mannitol, xylose, melibiose, cellobiose myo-
inositol (6.6 mg ml-I each) and the plant growth substances
kinetin (6.5 µg ml-I) and naphthalene acetic acid
(6.5 µg ml-1 )-showed promoter-inducing activity.

Control experiments (Fig. 2 legend) showed that the inducer
works on the bacteria per se and not on a component of the
bacterial culture medium. The exudate is heat-labile, showing
a sharp decline in activity on incubation at 46  oCor higher and
becoming completely inactivated after 15 min at 55°C (Fig. 2).
The inducing activity is not affected by treatment with RNase
I, DNase, phospholipase A2 or phospholipase D, but was abol-
ished completely on incubation with 20 µg ml-1 pronase or
trypsin. Control experiments with E. coli CSH23-F'lac+ del(lac
pro) in the presence of the lac inducer isopropyl-β- D-thiogalac-
topyranoside showed that treatment of the exudate with the
enzymes did not affect the viability or β-galactosidase-inducing
capacity of E. coli.

The exudate factor was retained on equilibrium dialysis using
membranes (Spectrapore) with an indicated cut-off for globular

molecules of relative molecular mass (Mr) > 7,000. Thus, the
inducer is probably proteinaceous in nature, with an estimated
Mr> 7,000. Further purification and characterization of the
inducer is under way in our laboratory.

Our results demonstrate for the first time the existence of a
plant product that regulates the virulence of a plant pathogenic
bacterium. The plant product does not require the presence of
the bacterium for its appearance nor to inflict severe wounding,
which is known to be a prerequisite for tumour induction. We
believe that the mechanism of promoter induction is indirect
because the inducer is too large to pass through the pores of
the outer membrane of E. coli, which in general are not per-
meable to molecules of Mr> 700 d (for a recent review see ref,
24). The promoter described here could be of practical use in
the construction of bacterial strains meant to produce substances
only on contact with the plant, for example siderophores25.26,
The method described can be applied to the detection of other
plant-regulated promoters in bacteria that interact with plants,
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