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ABSTRACT The virulence (vir) genes of Agrobacterium
tumefaciens are induced by low-molecular-weight phenolic
compounds and monosaccharides through a two-component
regulatory system consisting of the VirA and VirG proteins.
However, it is not clear how the phenolic compounds are
sensed by the VirA/VirG system. We tested the vir-inducing
abilities of 15 different phenolic compounds using four wild-
type strains ofA. tumefaciens-KU12, C58, A6, and Bo542. We
analyzed the relationship between structures of the phenolic
compounds and levels of vir gene expression in these strains.
In strain KU12, vir genes were not induced by phenolic
compounds containing 4'-hydroxy, 3'-methoxy, and 5'-methoxy
groups, such as acetosyringone, which strongly induced vir
genes of the other three strains. On the other hand, vir genes
of strain KU12 were induced by phenolic compounds contain-
ing only a 4'-hydroxy group, such as 4-hydroxyacetophenone,
which did not induce vir genes of the other three strains. The
vir genes of strains KU12, A6, and Bo542 were all induced by
phenolic compounds containing 4'-hydroxy and 3'-methoxy
groups, such as acetovanillone. By transferring different Ti
plasmids into isogenic chromosomal backgrounds, we showed
that the phenolic-sensing determinant is associated with Ti
plasmid. Subcloning ofTi plasmid indicates that the virA locus
determines which phenolic compounds can function as vir
gene inducers. These results suggest that the VirA protein
directly senses the phenolic compounds for vir gene activation.

The Gram-negative soil bacterium Agrobacterium tumefaciens
causes crown gall tumors after infecting the wound sites of
most dicotyledonous and a restricted number of monocotyle-
donous plants. Virulent strains of A. tumefaciens harbor Ti
(tumor-inducing) plasmids. A specific segment of the Ti plas-
mid, the T-DNA, is transferred to host plant cells and is then
integrated into the plant nuclear genome. The virulence (vir)
genes, also located on the Ti plasmid, are specifically involved
in the processing and transfer of T-DNA (for reviews, see refs.
1 and 2).
The vir genes are transcriptionally regulated by two mem-

bers, virA and virG, which belong to a family of two-component
regulatory systems (1). VirA protein senses plant signal mol-
ecules and then transduces the signal by phosphate transfer to
VirG protein, the response regulator. This protein then binds
to upstream regions of each of the vir genes and transcription-
ally activates this regulon. vir genes are induced at an acidic pH
by phenolic compounds that function in concert with monosac-
charides synthesized and exuded from wounded plant cells.
The VirA protein spans the inner membrane with its C-

terminal region localized in the cytoplasm and its N-terminal
domain in the periplasm. The C-terminal region can be divided
into three domains: a linker, a protein kinase, and a phosphoryl
receiver (3). The N-terminal region of the VirA protein,
including the periplasmic domain, is not essential for vir gene
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induction by phenolic compounds, but the linker domain is
required (3, 4). However, these conclusions are based on the
inducing properties of modified VirA molecules in vivo that
lack these specific domains. No reports have appeared that
demonstrate that the unmutated VirA protein can bind a
phenolic compound. Lee et al. (5) reported on experiments
using a radiolabeled brominated derivative of the inducing
phenolic compound, acetosyringone, which inhibits vir gene
induction. The VirA protein was not labeled by this inhibitor,
but two low-molecular-weight proteins encoded by the bacte-
rial chromosome, plO and p21, were labeled. These observa-
tions suggest that these proteins may interact with phenolic
compounds and then presumably interact with VirA protein.
However, the chromosomal genes that encode plO and p21
proteins have not been cloned, nor have noninducible mutants
that are unable to bind phenolic compounds been isolated.

In Rhizobium, which has been grouped with Agrobacterium
into the family Rhizobiaceae (6), expressions of the nodulation
(nod) genes are essential for nodule formation. This expression
requires plant signals, generally flavonoids, and the regulatory
NodD proteins. In the presence of plant signals, the NodD
proteins act as a transcriptional activator of nod genes. Like the
VirA protein, the NodD proteins are localized in the cyto-
plasmic membrane and interact with flavonoids in the inner
membrane (for review, see ref. 7). Considerable genetic evi-
dence suggests that flavonoid inducers bind directly to NodD
proteins, although this binding has not been observed bio-
chemically. Point mutations in NodD can change the specificity
of certain flavonoids to induce (8). Exchange of a nodD gene
between Rhizobium strains that differ in their sensitivity to
different flavonoids changes the sensitivity of the recipient
strain to the flavonoid (9, 10).
To gain genetic data in Agrobacterium on the question of

whether or not VirA protein interacts directly with phenolic
compounds, four A. tumefaciens strains were studied for their
ability to be induced by different phenolic compounds. Here
we report on vir gene induction in different A. tumefaciens
strains by three groups of phenolic compounds classified
according to their chemical structures. We show that the vir
genes of one A. tumefaciens strain (KU12) are induced by
phenolic compounds that do not induce other strains. Also, we
provide genetic evidence that the abilities of phenolic com-
pounds to induce vir genes ofA. tumefaciens strains are related
to the VirA protein. Genetic analysis of KU12 and three other
A. tumefaciens strains suggests that the VirA protein senses
phenolic compounds directly.

MATERIALS AND METHODS

Strains, Plasmids, and Media. AllA. tumefacienis strains and
plasmids used are listed in Table 1. A. tumefaciens strains were
grown in MG/L medium (23) or AB minimal medium (23) at
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Table 1. Strains of A. tumefaciens and plasmids used

Strain and Source
plasmid Characteristics and refs.

Strain
KU12 Octopine type pTiKU12 11
C58 Nopline type pTiC58 12
A6 Octopine type pTiA6 12
Bo542 Succinamopine type pTiBo542 12
A136 C58, Ti plasmid cured 12
KU12C3 KU12, Ti plasmid cured 13
A348 A136(pTiA6) 14
KU911 A136(pTiKU12) 15
KU9412 KU13C3(pTiA6) This study
C58AvirA C58(AvirA) D. Raineri*
Atl1068 A348(AvirA) T. Charlest

Plasmid
pSM243cd virB::lacZ translational fusion (Cbr) 16
pUFRO47 IncW broad-host-range-vector (Cbr) 17
pTC110 IncW derivative of pUCD2 (Kmr) 18
pTC11OBL IncW derivative of pTC110 (Kmr) This study
pGP159 virA, virG, virB::lacZ of pTiA6 19

(Cbr,Tcr) in IncP vector
pSG9401 virA of pTiA6 in pUCD2 (Cbr,Tcr) This study
pSG9403 virG of pTiA6 in pUCD2 (Cbr,Tcr) This study
pYW9503 virA of pTiKU12 in pUFRO47 (Cbr) This study
pKUBF1501 virG of pTiKU12 in pTC11OBL This study

(Kmr)
pUCD2 IncW broad-host-range-vector 20

(Kmr,Cbr,Tcr)
pIB50 virB::lacZ, virE::cat of pTiA6 in 21

IncP vector (Kmr)
pJD101W virA of pTiC58 in pUCD2 (Cbr,Tcr) J. D. Heatht
pTB108 virA of pTiA6 in pUCD2 (Cbr,Tcr) 22

Cb, carbenicillin; Km, kanamycin; and Tc, tetracycline.
*Department of Microbiology, University of Illinois, Urbana.
tDepartment of Natural Resource Sciences, McGill University, Que-
bec, Canada.
*Department of Microbiology, University of Washington, Seattle.

28°C. Escherichia coli strain DH5a (24) was grown in LB
medium (24) at 37°C and used as the cloning host.
Plasmid Constructions. pTC1 10BL was constructed by self-

ligation of the 8.2-kb BamHI fragment of pTC110 (18), and
pKUBF1501 was constructed by introducing a 5.0-kb BamHI
fragment of pTiKU12 that contains the virG gene into the
unique BamHI site of pTC1 10BL. To construct pSG9401 and
pSG9403, pSW169 (25) and pSW167 (26) containing wild-type
virA and virG of pTiA6, respectively, were linearized by
digestion with EcoRI and ligated with pUCD2 (20) cleaved
with EcoRI. Plasmids were introduced into A. tumefaciens by
triparental mating or electroporation using a Bio-Rad elec-
troporator as described (18).
Enzymes and Reagents. Restriction enzymes and T4 DNA

ligase were purchased from Bethesda Research Laboratories
and used according to the supplier's recommendations. All
phenolic compounds were purchased from Aldrich. Antibiot-
ics and other reagents were purchased from Sigma.

Cloning of virA Gene of pTiKU12. The virA gene of KU12
was cloned into pUFRO47 (17) by the following procedure. The
pTiKU12, isolated from KU12, was partially digested with
Sau3A1; 5- to 20-kb fragments were isolated by electroelution
(24), ligated to the BamHI site of pUFRO47, and transformed
into E. coli DH5a. Recombinant plasmids isolated from
transformed E. coli DH5a were introduced intoA. tumefaciens
C58AvirA containing plasmid pIB50. TheA. tumefaciens strain
containing virA of pTiKU12 was selected by plating bacteria on
induction medium (27) supplemented with carbenicillin (100
,ug/ml), kanamycin (100 ,ug/ml), chloramphenicol (100 jig/
ml), 5-bromo-4-chloro-3-indolyl f3-D-galactoside (40 j,g/ml),

and 100 ,uM 4-hydroxyacetophenone and then screening for
blue colonies. The presence of virA was verified by demon-
strating that the strain was tumorigenic on leaves ofKalanchoe
diagremontiana.

f3-Galactosidase Assay. ,3-Galactosidase activities were as-

sayed by the method described by Stachel et al. (28).

RESULTS

Induction of vir Genes in Wild-Type A. tumefaciens Strains
by Phenolic Compounds. Although a number of studies have
been reported on the inducing activity of a wide variety of
phenolic compounds, these studies involved only one or two
tester strains. To determine whether different wild-type strains
of A. tumefaciens were similar in their response to different
phenolic-inducing compounds, we introduced pSM243cd,
which contains a virB::lacZ fusion, into four different wild-type
strains. These four strains were then tested for vir gene
expression after induction by a variety of possible vir gene-
inducing phenolic compounds. The compounds differed in the
substituents in position 1, as well as in the presence of the
methoxy group in positions 3 and 5. The four different
wild-type strains ofA. tumefaciens differ in their opine-utilizing
ability. The strains included the widely studied strains A6, C58,
Bo542, and a less well-studied strain KU12, a soil isolate from
Korea (Table 1). The phenolic compounds were divided into
three groups with five phenolic compounds in each group. The
results of Table 2 show that the induction response to different
phenolic compounds varies among the different strains.
Under our standard induction conditions, vir genes in both

the octopine-type strain A6 and the succinamopine-type strain
Bo542 were strongly induced by all phenolic compounds in
group A. The nopaline-type strain C58 showed a moderate
level of vir gene induction by acetosyringone and sinapinic
acid. However, no response to syringaldehyde, syringic acid,
and 2,6-dimethoxyphenol was observed. Surprisingly, we
found that all phenolic compounds in group A, including
acetosyringone, the most commonly used vir gene inducer in
the laboratory, were unable to induce the vir genes of strain
KU12. All strains except C58 responded to acetovanillone and
ferulic acid of group B, and strains KU12 and Bo542 were both
induced by guaiacol. However, only strain Bo542 was induced
by vanillin of group B. In our hands, strain A6 was not induced
by vanillin, a phenolic compound classified as a strong vir gene
inducer by Melchers et al. (29) using A. tumefaciens strain
LBA2516, which contains an octopine-type Ti plasmid, pTiB6,
that is closely related to pTiA6 (12). The reason for this
discrepancy is not clear. Of special interest is the observation
that the vir genes of strain KU12 were highly induced by a
group of compounds in group C that lack both methoxy
groups. These compounds included 4-hydroxyacetophenone,
p-coumaric acid, and phenol, which had previously been
reported to be non-vir gene inducers (29). In support of this
latter report, the three otherA. tumefaciens strains were indeed
not induced by the phenolic compounds in group C.
We tested vir gene induction by other phenolic compounds

that lacked the hydroxyl group at the R4 position. None of the
four strains were induced by any of these phenolic compounds
(data not shown), including 3,4,5-trimethoxybenzaldehyde,
which has been classified as a weak vir gene inducer (29). These
results indicate that thep-hydroxyl group is absolutely essential
for induction in strain KU12, as it is for other strains, in
agreement with a published report (30).

Induction of vir Genes by Phenolic Compounds Correlates
with Their Ti Plasmid. Lee et al. (5) reported that proteins not
encoded on the Ti plasmid mediate vir gene activation by
phenolic compounds in a step before the VirA/VirG two-
component regulatory system. To explore this possibility fur-
ther, we constructed, by triparental mating (17), strain
KU9412, which contains pTiA6 in the same chromosomal
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Table 2. Induction of virB::lacZ in wild-type A. tumefaciens strains by phenolic compounds

,B-Galactosidase activity,* units

Group Basic structure Substituents (R) Name KU12 C58 A6 Bo542

A R COCH3 Acetosyringone 3.2 259 910 1864
CHO Syringaldehyde 3.3 9.9 722 1373
COOH Syringic acid 3.9 5.4 190 823
CH=CHCOOH Sinapinic acid 5.6 142 657 1707

H3CO OCH3 H 2,6-Dimethoxyphenol 4.2 20.0 410 1208
OH

B R COCH3 Acetovanillone 157 8.1 359 1043
CHO Vanillin 9.1 3.4 7.0 186

(jjX COOH Vanillic acid 6.5 3.2 4.5 4.7

OCH3 CH=CHCOOH Ferulic acid 167 10.9 78.5 830
OH H Guaiacol 55.7 4.5 7.4 232

R
C COCH3 4-Hydroxyacetophenone 238 4.8 6.5 7.5

CHO 4-Hydroxybenzaldehyde 14.1 2.2 3.4 4.7
COOH 4-Hydroxybenzoic acid 3.5 3.1 2.5 3.3
CH=CHCOOH p-Coumaric acid 295 2.0 1.7 3.9

OH H Phenol 188 2.8 2.7 3.1

*Strains KU12(pSM243cd), C58(pSM243cd), A6(pSM243cd), and Bo542(pSM243cd) were grown for 18 hr in induction medium/10 mM
glucose/100 ,uM phenolic compound at pH 5.5, and ,B-galactosidase activities (Miller units) were measured as described. pSM243cd contains a

virB::lacZ fusion. Values are averages of three independent experiments; ,3-galactosidase activities of cultures lacking phenolic compounds were

<5 units.

background as KU12. Despite the fact that strain KU9412 has
a different chromosomal background than strain A348, the vir
genes of strain KU9412, like A348, were still induced by
acetosyringone and sinapinic acid but were not induced by
4-hydroxyacetophenone and p-coumaric acid. Furthermore,
strain KU91 1, which contains pTiKU12 in A136 (which has the
same chromosomal background as A348) was not induced by
acetosyringone and sinapinic acid but was induced by 4-hy-
droxyacetophenone andp-coumaric acid just like KU12 (Table
3). These results strongly suggest that the molecule that senses

phenolic compounds is encoded by the Ti plasmid. However,
levels of vir gene expression in strains KU9412 and KU12 were

consistently -2-fold lower than that of strains A348 and
KU91 1, respectively. These results suggest that a factor coded
by the C58 chromosome activates vir gene induction by phe-
nolic compounds 2-fold. What the nature of this factor is and
how it functions is unknown. One possible candidate is the
product of the chvE gene, which might differ in the two
chromosomal backgrounds.

Effect ofvirA and/or virG on vir Gene Induction by Phenolic
Compounds. The most likely gene on the Ti plasmid that senses

phenolic compounds is virA. To confirm the virA and virG
effect on vir gene induction by phenolic compounds, we

introduced pGP159 containing virA, virG, and virB::lacZ of
pTiA6 into A136, KU12C3, KU911, and A348. The vir genes
of A. tumefaciens strain A136(pGP159), KU12C3(pGP159),
and A348(pGP159) were induced by acetosyringone and sina-
pinic acid but were not induced by 4-hydroxyacetophenone and
p-coumaric acid. However, vir genes of KU911(pGP159) were

induced by acetosyringone, sinapinic acid, 4-hydroxyacetophe-
none, and p-coumaric acid, although the induction levels were
only about one-half the levels when plasmids were present
singly in a strain (Table 4). This result is probably explained by

the fact that the VirA protein functions as a dimer, and the
VirA hybrid of strains A6 and KU12 is not functional (31).
Such results show that only virA and virG are necessary for vir
gene induction by phenolic compounds and that virA and virG
determine which phenolic compounds can function as vir gene
inducers. The l3-galactosidase activity in strain A136(pGP159)
is -2-fold higher than that in strain KU12C3(pGP159), similar
to strains A348 and KU9412, again demonstrating that vir gene
induction in the C58 chromosomal background is -2-fold
higher than in the background of the Korean strain.
To determine whether the phenol-sensing function resulted

from differences in virA or virG, we introduced each of these
genes separately into several different strains. We introduced
pSG9401 containing virA of pTiA6, pYW9503 containing virA
of pTiKU12, pSG9403 containing virG of pTiA6, or pKUBF1501
containing virG of pTiKU12 into A. tumefaciens strains A136,
KU911, and A348, respectively. f3-Galactosidase activities ofA.
tumefaciens strains induced by acetosyringone, sinapinic acid,
4-hydroxyacetophenone, andp-coumaric acid are presented in
Table 5. Because strain A136 containing pSG9401 does not
have virG, A136(pSG9401) was not induced by phenolic com-
pounds. Strain KU911(pSG9401) has two types of virA genes,
one derived from pTiA6 and the other from pTiKU12. The vir
genes of this strain were induced by acetosyringone, sinapinic
acid, 4-hydroxyacetophenone, and p-coumaric acid. However,
for A348(pSG9401), which contains only the virA gene from
pTiA6, neither 4-hydroxyacetophenone nor p-coumaric acid
could induce vir genes. Because strain KU911(pYW9503) has
only the virA gene from pTiKU12, vir genes in this strain were
not induced by acetosyringone and sinapinic acid. In contrast,
the vir genes of strain A348(pYW9503), which contains virA
genes derived from both pTiA6 and pTiKU12, were induced by
acetosyringone, sinapinic acid, 4-hydroxyacetophenone, and

Table 3. Induction of virB::lacZ in A. tumefaciens strains with isogenic chromosomal background

Chromosomal -3Galactosidase activity, units

Strain background Ti plasmid None AS SP HAP CA

A348(pTiA6, pSM243cd) C58 pTiA6 6.3 1287 1227 5.7 5.8
KU9412(pTiA6, pSM243cd) KU12 pTiA6 4.7 716 646 3.4 3.2
KU12(pTiKU12, pSM243cd) KU12 pTiKU12 2.9 3.2 5.6 505 493
KU911(pTiKU12, pSM243cd) C58 pTiKU12 4.1 3.6 5.4 925 772

AS, acetosyringone; SP, sinapinic acid; HAP, 4-hydroxyacetophenone; and CA, p-coumaric acid.
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Table 4. Effect of virA and virG on induction of vir genes of
A. tlumefaciens strains by phenolic compounds

,B-Galactosidase activity, units

Strain None AS SP HAP CA

A136(pGP159)* 3.8 1095 1045 6.6 6.5
KU12C3(pGP159) 8.3 564 456 10.0 9.5
KU911(pGP159) 11.8 619 436 205 154
A348(pGP159) 9.7 1106 912 8.9 10.1

*pGP159 contains virA, virG, and virB::lacZ of pTiA6. AS, acetosy-
ringone; SP, sinapinic acid; HAP, 4-hydroxyacetophenone; and CA,
p-coumaric acid.

p-coumaric acid. As reported (32), the virG of pTiA6 and virG
of pTiKU12 had little influence on vir gene induction by
phenolic compounds.

Further Evidence That VirA Protein Is the Phenolic-
Sensing Molecule. Although the vir genes of strains A6 and
Bo542 were induced by two members of group A, sinapinic
acid and 2,6-dimethoxyphenol, the vir genes of strain C58 were
not induced by these same two members of group A (Table 1).
To confirm that these differences in strains A6 and C58 were
due to differences in their virA genes, we introduced pTB108,
containing the virA gene of pTiA6, or pJDIOIW, containing
the virA gene of pTiC58, into A. tumefaciens strain C58AvirA,
which contains pTiC58 deleted of virA or AtllO68, which
contains pTiA6 deleted of virA, respectively. Strains trans-
formed by pJDIOlW containing the virA gene of pTiC58 were
not induced by sinapinic acid and 2,6-dimethoxyphenol, the
same as found for wild-type C58 (Table 6). However, both
C58virA and AtliO68 strains transformed by pTB108 were
induced by sinapinic acid and 2,6-dimethoxyphenol. These
data support our previous observations that differences in
induction by phenolic compounds track with the virA gene.

DISCUSSION
The results reported in this paper provide the best genetic
evidence available on the question of whether the phenolic-
inducing compounds are recognized directly by the VirA
protein or whether they first bind to a protein that then
interacts with VirA. This latter model is similar to the situation
for the inducing activity of monosaccharides. In this case the
monosaccharides first interact with the glucose-galactose bind-
ing protein, which in turn interacts with the periplasmic
domain of the VirA protein. Whereas the importance of the
monosaccharides in vir gene induction was recognized after
the isolation of a mutant defective in the glucose-galactose
binding protein, no noninducible mutants have been isolated
that lack the ability to bind acetosyringone, although numerous
attempts have been made to isolate such mutants (S.J., un-

published data). The present genetic data suggest that our

inability to isolate such mutants can be explained by the
hypothesis that such proteins are not required for the induction
of vir genes. If such binding proteins exist, there must be
different ones for those phenolic compounds, such as aceto-
syringone and 4-hydroxyacetophenone, that differ in their
inducing activity for strains KU12 and C58. These different
phenolic-binding proteins must be present in strain KU12, as

well as strain C58, even though the strain is not induced by that
phenolic compound. We have looked for other functions of
these inducing compounds in the physiology of the cell, such
as serving as a carbon and energy source or a chemoattractant
(or repellent). Such activities could very well require a binding
protein. None of the phenolic compounds that induce vir gene
expression in these studies could serve as a carbon source or

chemoattractant for any of the four strains of Agrobacterium
(Y.-W.L., unpublished observations). Thus, why a strain
should synthesize proteins that have no obvious function is not
clear. This result contrasts markedly with the situation for the
glucose-galactose binding protein, which plays a role in che-
moattraction, intracellular transport, as well as vir gene induc-
tion.

In all studied cases, the inducing activity of a particular
phenolic compound is directly related to the virA gene in the
strain. Because these vir gene inducers have no apparent
function in the physiology ofAgrobacterium, except as inducers
of vir genes, it seems likely that the differences in the VirA
protein in the various strains relate to differences in their
ability to interact with the phenolic compound directly rather
than with a protein that has bound the phenolic compound. A
similar conclusion has been reached for nod gene induction in
Rhizobium, also based on genetic data (9, 10).

These studies compare a large number of different phenolic
compounds in their ability to induce vir genes of several
unrelated strains of Agrobacterium. Previous studies reported
testing of one or two strains as the assay organism to identify
compounds that induce vir genes. Stachel et al. (30) used the
octopine-utilizing strain A348 to identify acetosyringone and
hydroxyacetosyringone as natural inducing compounds in cul-
tured tobacco cells. Messens et al. (33) isolated ethyl ferulate
as the major inducing compound in wheat, again using strain
A348 for assay. Obviously quite different answers would have
been obtained had strain KU12, which is not induced by
acetosyringone, been used to identify inducing compounds
from tobacco and had strain C58, which is not induced by
ferulic acid, been used as the assay organism for identification
of inducing compounds from wheat. Because strain C58 can

transfer T-DNA into wheat as measured by agroinfection (34),
there must be other inducing compounds not yet identified in
this plant.

Table 5. Effect of virA or virG on induction of vir genes of A. tumefaciens strains by
phenolic compounds

Complementing f,-Galactosidase activity, units

Strain* Oir gene None AS SP HAP CA

A136(pSG9401) virA of pTiA6 8.2 8.7 12.0 8.4 7.7
KU911(pSG9401) virA of pTiA6 7.8 501 430 103 70
A348(pSG940(1) OirA of pTiA6 11.0 1424 1208 11.6 13.2
KU9I (pYW9503) WirA of pTiKU12 10.5 20.4 8.1 650 592
A348(pYW9503) virA of pTiKU12 5.3 689 387 722 668
A136(pSG9403) virG of pTiA6 4.8 6.6 6.1 5.7 3.6
KU9I (pSG9403) virG of pTiA6 2.5 3.9 6.9 392 209
A348(pSG9403) virG of pTiA6 4.6 1097 831 5.9 9.1
KU911(pKUBF1501) virG of pTiKU12 13.3 22.7 11.1 622 536
A348(pKUBF1501) virG of pTiKU12 3.1 656 279 4.5 4.0

*All strains contained pSM243cd. AS, acetosyringone; SP, sinapinic acid; HAP, 4-hydroxyacetophenone;
and CA, p-coumaric acid.

12248 Microbiology: Lee et al.



Proc. Natl. Acad. Sci. USA 92 (1995) 12249

Table 6. Effect of virA on induction of vir genes of A. tumefaciens strains

Chromosome/Ti f,-Galactosidase activity, units

Strain* plasmid/origin of virA None AS SP SA DP

C58AvirA(pUCD2) C58/pTiC58(AvirA)/none 2.4 2.0 6.0 2.9 2.5
C58AvirA(pTB108) C58/pTiC58(AvirA)/pTiA6 4.7 306 284 185 240
C58AvirA(pJD1O1W) C58/pTiC58(AvirA)/pTiC58 2.9 247 147 6.7 39.0
At1068(pUCD2) C58/pTiA6(A&virA)/none 2.5 2.6 6.6 4.2 2.8
At11O68(pTB108) C58/pTiA6(AvirA)/pTiA6 3.4 925 710 260 502
Atl 1068(pJD101W) C58/pTiA6(AvirA)/pTiC58 2.8 787 581 4.0 22.0

*All strains contained pIB50. AS, acetosyringone; SP, sinapinic acid; SA, syringic acid; DP, 2,6-
dimethoxyphenol.

Inducing compounds were identified in grapevine plants,
using a limited host-range Agrobacterium strain as the assay
organism (35). This strain was induced by syringic acid methyl
ester and by acetosyringone but only at very high concentra-
tions. The question arises as to whether the acetosyringone and
syringic acid methyl ester concentrations reach high enough
levels in wounded plants that infected by this Agrobacterium
strain to allow plant infection. The present studies raise the
possibility that another inducer(s), as yet unidentified, is
present in these plants.
Although the phenolic compounds chosen for study have not

all been isolated from plants, many of the most active inducers
have been identified as naturally occurring in plants, often as
a component of the phenolic cell-wall-polymer lignin or its
precursors. The cell walls of all plants contain various amounts
of lignin, which is synthesized by the oxidative coupling of
three major phenylpropanoid units, p-coumaryl alcohol, co-
niferyl alcohol, and syringyl alcohol. Ferulic acid is an impor-
tant constituent of lignin in the monocots. Our study shows
that each of these compounds or a close derivative is a vir gene
inducer in one or more strains tested. Coniferyl alcohol is a
strong inducer of all strains tested here (ref. 36; Y.-W.L.,
unpublished observations). Considering the range of naturally
occurring compounds that induce and the ubiquity of lignin in
all plants, it is not surprising that two strains that respond to
different signal molecules are nevertheless virulent on the
same plants and that all four strains can infect a broad range
of plants. Interestingly, strain KU12 has been reported to have
a broader host range than strain A348 (37).
The structural requirements for vir gene inducers have been

expanded with these studies on strain KU12. Previously,
several groups noted that one or two methoxy groups in the
ortho position are required, and a wide variety of substituents
are permitted in the position para to the hydroxyl group of the
phenol (29, 38). However, the vir genes of strain KU12 are
induced by several compounds, including 4-hydroxyacetophe-
none, p-coumaric acid, and phenol, that lack any methoxy
groups. In agreement with previous studies, none of the
common laboratory strains, such as C58, A6, and Bo542, were
induced by these compounds.
One obvious question raised by these studies is whether or

not the vir gene-induction properties of the common laboratory
strains A6 and C58 can be altered, so that these strains gain the
ability to recognize new inducers and perhaps lose the ability to
be induced by compounds that previously served as inducers.

This work was supported by National Institutes of Health Grant
GM32618-24 (E.W.N.), the Graduate School Fund of the University
of Washington (S.J.), and a postdoctoral fellowship from the Korea
Science and Engineering Foundation (Y.-W.L.).

1. Heath, J. D., Charles, T. C. & Nester, E. W. (1995) in Two-Component
Signal Transduction, eds. Hoch, J. A. & Silhavy, T. J. (Am. Soc.
Microbiol., Washington, DC), pp. 367-385.

2. Winans, S. C. (1992) Microbiol. Rev. 56, 12-31.
3. Chang, C.-H. & Winans, S. C. (1992) J. Bacteriol. 174, 7033-7039.
4. Turk, S. C. H. J., Lange, R. P., Regensburg-Tuink, T. J. G. & Hooy-

kaas, P. J. J. (1994) Plant Mol. Biol. 25, 899-907.

5. Lee, K., Dudley, M. W., Hess, K. M., Lynn, D. G., Joerger, R. D. &
Binns, A. N. (1992) Proc. Natl. Acad. Sci. USA 89, 8666-8670.

6. Lippincott, J. A., Lippincott, B. B. & Starr, M. P. (1981) in The
Prokaryotes, eds. Starr, M. P., Stoip, H., Trupper, H. G., Balows, A. &
Schiegel, H. G. (Springer, New York), Vol. 1, pp. 842-855.

7. Rhijn, P. & Vanderleyden, J. (1995) Microbiol. Rev. 59, 124-142.
8. Burn, J. E., Hamilton, W. D., Wootton, J. C. & Johnston, A. W. B.

(1989) Mol. Microbiol. 3, 1567-1577.
9. Horvath, B., Bachem, C. W. B., Schell, J. & Kondorosi, A. (1987)

EMBO J. 6, 841-848.
10. Spaink, H. P., Wijffelman, C. A., Pees, E., Okker, R. J. H. & Lugten-

berg, B. J. J. (1987) Nature (London) 328, 337-340.
11. Cha, Y. J., Eum, J. S., Hong, S. B. & Sim, W. S. (1983) Kor. J.

Microbiol. 21, 238-244.
12. Sciaky, D., Montoya, A. L. & Chilton, M.-D. (1978) Plasmid 1,

238-253.
13. Ha, U. H., Lee, Y. W., Mun, H. Y. & Sim, W. S. (1994) Kor. J.

Microbiol. 32, 53-59.
14. Garfinkel, D. J. & Nester, E. W. (1980) J. Bacteriol. 144, 732-743.
15. Lee, Y. W., Eum, J. S. & Sim, W. S. (1993) Kor. J. Microbiol. 31,

292-299.
16. Stachel, S. E. & Zambryski, P. (1986) Cell 46, 325-333.
17. Feyter, R. D., Yang, Y. & Gabriel, D. W. (1993) Mol. Plant Microbe

Interact. 6, 225-237.
18. Cangelosi, G. A., Best, E. A., Martinetti, G. & Nester, E. W. (1991)

Methods Enzymol. 204, 384-397.
19. Das, A. & Pazour, G. J. (1989) Nucleic Acids Res. 17, 4541-4550.
20. Close, T. J., Zaitlin, D. & Kado, C. I. (1984) Plasmid 12, 111-118.
21. Ankenbauer, R. G., Best, E. A., Palanca, C. A. & Nester, E. W. (1991)

Mol. Plant Microbe Interact. 4, 400-406.
22. Winans, S. C., Kerstetter, R. A. & Nester, E. W. (1988) J. Bacteriol.

170, 4047-4054.
23. Chilton, M.-D., Currier, T. C., Farrand, S. K., Bendich, A. J., Gordon,

M. P. & Nester, E. W. (1974) Proc. Natl. Acad. Sci. USA 71, 3672-
3676.

24. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular Cloning:
A Laboratory Manual (Cold Spring Harbor Lab. Press, Plainview,
NY), 2nd Ed.

25. Winans, S. C., Kerstetter, R. A., Ward, J. E. & Nester, E. W. (1989)
J. Bacteriol. 171, 1616-1622.

26. Jin, S., Roitsch, T., Christie, P. J. & Nester, E. W. (1990) J. Bacteriol.
172, 531-537.

27. Winans, S. C., Ebert, P. R., Stachel, S. E., Gordon, M. P. & Nester,
E. W. (1986) Proc. Natl. Acad. Sci. USA 83, 8278-8282.

28. Stachel, S. E., An, G., Flores, C. & Nester, E. W. (1985) EMBO J. 4,
891-898.

29. Melchers, L. S., Regensburg-Tuink, A. J. G., Schilperoort, R. A. &
Hooykaas, P. J. J. (1989) Mol. Microbiol. 3, 969-977.

30. Stachel, S. E., Messens, E., Montagu, M. V. & Zambryski, P. (1985)
Nature (London) 318, 624-629.

31. Pan, S. Q., Charles, C., Jin, S., Wu, Z. & Nester, E. W. (1993) Proc.
Natl. Acad. Sci. USA 90, 9939-9943.

32. Jin, S., Song, Y. N., Pan, S. Q. & Nester, E. W. (1993) Mol. Microbiol.
7, 555-562.

33. Messens, E., Dekeyser, R. & Stachel, S. E. (1990) Proc. Natl. Acad.
Sci. USA 87, 4368-4372.

34. Boulton, M. I., Buchholz, W. G., Marks, M. S., Markham, P. G. &
Davies, J. W. (1989) Plant Mol. Biol. 12, 31-40.

35. Spencer, P. A., Tanaka, A. & Towers, G. H. N. (1990) Phytochemistry
29, 3785-3788.

36. Morris, J. W. & Morris, R. 0. (1990) Proc. Natl. Acad. Sci. USA 87,
3614-3618.

37. Jun, G. A., Lee, Y. N. & Sim, W. S. (1990) Kor. J. Bot. 33, 97-104.
38. Duban, M. E., Lee, K. & Lynn, D. G. (1993) Mol. Microbiol. 7,

637-645.

Microbiology: Lee et al.


