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The vir genes expression of Ti plasmid is induced by a family of related phenolic compounds.
We investigated the effects of various phenolic compounds, Ti plasmids and hosts on the expres-
sion of the vir genes in the same type of octopine Ti plasmids, pTiKU12, pTiAchS and pTiAé.
The vir gene induction of pTiKU12 was remarkably stimulated by p-coumaric acid in relation
to acetosyringone, but those of pTiAch5 and pTiA6 were more stimulated by acetosyringone
than by p-coumaric acid. The effect of phenolic compound on the vir gene induction was different
according to the kind of Ti plasmids. Also, the vir gene expression of A. tumefaciens KU913,
which has pTiKU12 was about 6.2 times as much as that of A. mumefaciens KU915, which
has pTiKU12 in KU12 host, in the presence of ferulic acid. But no difference was shown
in the presence of p-coumaric acid. The vir gene induction abilities of phenolic compounds
are different according to the kinds of phenolic compounds, Ti plasmids and hosts.
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Agrobacterium tumefaciens containing Ti plasmid
can incite crown gall tumors on most dicotyledonous
and some monocotyledonous plants (Hooykaas-Van
Slogteren, 1984). Two regions of the Ti plasmid, the
transferred DNA (T-DNA) and vir regions, are ne-
cessary for tumor formation (Thomashow ez al., 1980
b; Hagiya et al., 1985). During infection of wounded
plant tissue, the T~DNA is transferred and integra-
ted into the plant nuclear DNA, where its expression
results in crown gall tumor formation (Chilton er
al., 1977; Drummond er al.,, 1977; Thomashow et al.,
1980a; Gelvin er al., 1982; Willmitzer er al, 1982).
The mechanism of T-DNA transfer has not been
fully clarified, but a gene cluster at virulence loci
(A, B, C, D, E and G) which are located outside
of T-DNA plays a critical role in the T-DNA trans-
fer, and their translation products take part in the
following T-DNA transfer into plant cells (Garfinkel
and Nester, 1980; Klee et al., 1983).

All vir genes are inducible by a variety of plant
phenolic compounds and by a group of plant mo-
nosaccharides that act synergistically (Melchers et
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al., 1989; Ankenbauer and Nester, 1990; Cangelosi
er al., 1990; Messens et al., 1990; Shimoda er al., 1990;
Hess et al., 1991). Whereas an assortment of mono-
saccharides is probably responsible for the long-dis-
tance aftraction of virulent and non-virulent strains
of Agrobacterium to the rhizosphere of wounded pla-
nts (Shaw, 1991), phenolic compounds play a more
specific role such as specific chemoattractant and
inducer (Shaw er al., 1988; Stachel and Zambryski,
1986a, 1986b). The induction system is controlled
by two of the vir genes such as virA and virG, and
by chvE gene (Stachel and Zambryski, 1986a; Wi-
nans er al, 1986; Huang er al, 1990a). virA codes
for an inner membrane protein believed to detect
the signal molecules, virG codes for a cytoplasmic
protein believed to be a transcriptional activator, and
ChvE is thought to interact with the periplasmic do-
main of VirA.

Hess er al. (1991) previously proposed a model in
which phenolic compounds act to activate a putative
receptor protein by transferring a proton from an
acidic residue at one position on the VirA protein
to a basic amino acid on another part of the VirA
protein. Binding of an appropriate signal molecule
then induces a conformational change of the VirA
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protein and its subsequent autophosphorylation at
a histidine residue in the cytoplasmic C-terminal
domain (Jin er al, 1990b; Huang e al, 1990b). In
its autophosphorylated form the VirA protein beco-
mes competent to phosphorylate the virG product
(Jin et al., 1990a).

Evidence has been presented to indicate a strong
correlation between the vir-inducing ability and the
structural specificity of phenolic compounds (Ashby
et al., 1988). As a part of the studies to identify the
effects of phenolic compounds, the hosts and Ti pla-
smids on the vir genes expression, we investigated
the vir-inducing activity by using the same type of
octopine Ti plasmids, pTiKUI12, pTiAch5 and pTiA
6, and the hosts, nopaline-type strain 4. tumefaciens
Al136 and octopine-type strain 4. tumefaciens KUI2.

MATERIALS AND METHODS
Bacterial Strains and Plasmid
The bacterial strains and plasmids used in this
study are listed in Table 1. pSM358cd carrying virE::

lacZ fusion was transformed into A. tumefaciens KU
12 and AchS5 to make 4. twmefaciens KU915 and KU

Table 1. Bacterial strains and plasmid used in this
study

Strains and

. Relevant characteristics Reference
plasmid
Straing
KU12 wild type. octopine-type  Cha et al., 1983
pTiKUI2
cryptic plasmid pTil2
Al36 C58 cured of pTiC58 Watson er al.,
1975
Ach5 wild type. octopine-type  Klapwijk e al.,
pTiAchS 1978
KU913 A136 with pTiKUI12 and in this study
pSM358cd
KU915 KU12 with pSM358cd in this study

KU916 Ach5 with pSM358cd in this study
KU917 A136 with pTiAchS and  in this study

pSM358cd
KU918 Al136 with pTiAé and in this study
pSM358¢cd
Plasmid
pSM358cd virE:Tn3-HoHol Stachel and

(virE:lacZ fusion, Zambryski, 1986a

kanamycin resistant)
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916 by direct transformation (An, 1987), respectively.
pTiKU12, pTiAch5 and pTiA6 were transformed
into A. tumefaciens Al136 strain containing pSM358cd
to make A. tumefaciens KU913, KU217 and KU918
by direct transformation (An, 1987), respectively.
These strains were used for the vir gene induction
assay.

Media and Antibiotics

A tumefaciens strains were maintained on MG/L
medium (Chilton ef al., 1974) supplemented with 100
ng of kanamycin per mL. The induction medium
contains AB salts, 0.02XAB buffer, 50 mM sodium
2-(N-morpholino) ethanesulfonic acid (MES) (pH
5.5) and 0.5% glucose (Cangelosi er al, 1990).

Phenolic Compounds

The phenolic compounds used in this study are
listed in Table 2. Phenolic compound was dissolved
in dimethyl sulfoxide at a concentration of 0.5 M
and diluted to 70 pg/ml in induction medium,

vir Gene Induction Assay

Table 2. Phenolic compounds used in this study

Phenolic compounds M.W. Structural Chemical
formula formula
AcctosyTingone 196.20 CioH 204
(3'.5'-dimethoxy-4'- COCH;,
hydroxyacetophenone)
H:CO OCH;
OH
p-Coumanc. acid _ 164.15 CHCOOH CsH0O;4
p-Hydroxycinnamic "
acid) CH
OH
Ferulic acid 194.18 CHCOOH C|0H|004
(4 -hydroxy-3'- "
methoxycinnamic CH
acid)
OCH;
OH
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A. tumefaciens cells containing pSM358cd (Stachel
and Zambryski, 1986a) were grown overnight on
MG/L medium supplemented with kanamycin (100
pg/mL), pelleted, and resuspended to the original
volume in induction medium. The cells were diluted
1:50 into 2 mL of induction medium supplemented
with 70 pg/ml. of phenolic compound. Tubes were
shaken for 24 h at 28C and vir gene induction was
determined as a function of B-galactosidase activity
in the cultures (Stachel er al, 1985b). Cell density
was determined by measuring the absorbanee at 600
nm and 250 pL of bacterial broth was mixed with
250 pL of Z-buffer. The mixed bacterial culture was
vortexed with 10 pL 0.1% SDS and 20 yL CHCL;
for 10 sec. and then incubated for 10 min at 2§T.
100 pL of o-nitrophenyl-p-D galactopyranoside (4
mg/mL) was added to start the assay reaction. Reac-
tions were then performed at 28C and terminated
by adding 250 pL of 1 M NayCO;. Bacteria were
removed by centrifugation and the absorbance of
the solution at 420 nm was determined. Specific
units of [B-galactosidase activity were calculated
using the formula:

A X 10°
Agoo X T(min) X< 0.5

Specific units=

RESULTS AND DISCUSSION

Effects of Phenolic Compounds and Ti plasmids
on the vir Genes Expression

Phenolic compounds are active substances which
have been known to play a central role in vir gene
induction of A mmefaciens. It was shown that the
substitution of a 4'-hydroxyl group (OH) and 3’ or
5" O-methyl group (OCHj) in the benzene ring of
phenolic compound are very important for vir indu-
ction (Stachel er al., 1985a; Ashby er al, 1988). In
order to study the effect of phenolic compound with
this structural specificity on vir gene induction, two
phenolic compounds were analyzed for their ability
to act as an inducer of virulence operons of A. fume-
Jaciens KU915, KU916 and KU918 at the concentra-
tion of 70 pg/mlL.

The expression of the vir genes of A wmefaciens
strain KU915 was remarkably induced by p-couma-
ric acid, and was about 7.3 times greater than the
vir induction by acetosyringone. However, the induc-
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Fig. 1. Effects of various 4. fumefaciens strains on the virE::
lacZ induction during cultivation with phenolic compou-
nds. Bacteria were grown in induction medium containing
70 pg/mL either acetosyringone or p-coumaric acid. Each
data is relative value to that of control with 0 pug/mlL. phe-
nolic compound. The values given are the averages of two
experiments. 70 pug/mL acetosyringonc was used as indu-
cer; 70 uyg/mlL p-coumaric acid was used as inducer.

tion of the vir genes of 4. tumefaciens strains KU916
and KU918 in the presence of acetosyringone was
about 3.2 and 2.5 times greater than the vir induction
by p-coumaric acid, respectively (Fig. 1). According
to these results, it was concluded-that the vir gene
induction was influenced by Agrobacterium strains
in the presence of the identical phenolic compound,
and that the effects of the various phenolic compou-
nds on the vir genes expression in each A. tumefaciens
strain were different.

It is not certain whether the different effects of
each A rumefaciens strains are due to Ti plasmid
or not. In order to study the effect of Ti plasmids,
the vir-expression was investigated by using A. tume-
faciens strains KU913, KU917 and KU918 which co-
ntain the same type of octopine Ti plasmids in the
identical strain A. fumefaciens Al36.

As shown in Fig. 2, the vir gene expression of
pTiA6 in the presence of acetosyringon was most
striking as compared with those of pTiKUI2 and
pTiAchS. However, the vir gene expression of pTiKU
12 in the presence of p-coumaric acid was most re-
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Fig. 2. Effects of Ti plasmids on the virE:lacZ induction
during cultivation with phenolic compounds. Bacteria were
grown in induction medium containing 70 pg/mL either
acetosyringone or p~coumaric acid. Each data is relative
value to that of control with 0 ug/mL phenolic compound.
The values given are the averages of two experiments. 70
pg/mL acetosyringone was used as inducer; 70 pg/mL p-
coumaric acid was used as inducer.

markable. These observations comespond with the
result of Fig. 1. Therefore, it could be concluded that
the effect of Ti plasmids on the vir gene expression
was different according to the kind of Ti plasmids.
The effects of phenolic compounds on the vir gene
expression of particular Ti plasmid were different
according to the kind of phenolic compounds (Figs.
1, 2 and 3).

These results disagree with the previous report that
phenolic compounds necessary for vir gene induc-
tion were similar to each other among the same type
of octopine Ti plasmids (Sciaky et al., 1977). Howe-
ver, it is concluded on the grounds of our present
data that the vir gene induction of pTiKUI2 was
stimulated by p-coumaric acid without 3" or 5" O-
methyl group (OCH;), but those of pTiAch5 and
pTiA6 were stimulated by acetosyringone with 3’ or
5" O-methyl group (OCHj;). This might be due to
functional difference among the transmembrane se-
nsor protein VirA of pTiKU12, pTiAch5 and pTiA6
(Cangelosi et al., 1990).
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Fig. 3. Effects of the hosts on the vir gene expression of
pTiKU12. Bacteria were grown in induction medium con-
taining 70 pg/mL either p-coumaric acid or ferulic acid.
Each data is relative value to that of control with 0 pg/mL
phenolic compound. The values given are the averages
of two experiments. 70 pg/ml. p—coumaric acid was used
as inducer; 70 pg/mL ferulic acid was used as inducer.

Effects of the hosts on the vir Genes Expres-
sion

In order to study the effect of the host on the
vir gene induction by phenolic compounds, vir-indu-
cing activity was investigated by using 4. tumefaciens
KU913 and KU915, which have the octopine pTiKU
12 in the different strain 4. tumefaciens A136 and
KU12, respectively.

The vir gene expression of 4. tumefaciens KU913
and KU915 was equally induced by p-coumaric
acid, but that of A. tumefaciens KU913 by ferulic acid
was about 6.2 times greater than that of A tumefa-
ciens KU915 (Fig. 3). It was shown that the vir gene
induction by ferulic acid was different depending
on the kind of hosts such as A fumefaciens strain
KUI12 and Al36, a derivative of 4. tumefaciens C58
cured of its pTiC58. Taken together these results,
it was concluded that the vir gene induction by phe-
nolic compound was influenced by the host accor-
ding to the kind of phenolic compounds.
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