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The Agrobacterium VirG protein is normally expressed from two promoters in response to multiple stimuli,
including plant-released phenolics (at promoter P1) and acidic growth media (at promoter P2). To simplify the
analysis of vir gene induction, we sought to create Agrobacterium strains in which virG could be expressed in
a controllable fashion. To study the possibility of using the lac promoter and repressor, we constructed a
plasmid containing the lac promoter fused to the lacZ structural gene. A derivative of this plasmid containing
the lacI® gene was also constructed. The plasmid not containing lacI? expressed high levels of B-galactosidase.
The plasmid containing lacI? expressed B-galactosidase at very low levels in the absence of o-nitrophenyl-B-
p-galactoside (IPTG) and at moderate levels in the presence of IPTG. We also fused the lac promoter to a
virG :: lacZ translational fusion and found that IPTG elevated expression of this translational fusion to moderate
levels, though not to levels as high as from the stronger of the two native virG promoters. Finally, the lac
promoter was used to express the native virG gene in strains containing a virB ::lacZ translational fusion. virB
expression in this strain depended on addition of IPTG as well as the vir gene inducer acetosyringone. In a
similar strain lacking lacI%, virB expression was greater than in a strain in which virG was expressed from its
native promoters. Expression of virG from the lac promeoter did not alter the acidic pH optimum for vir gene
induction, indicating that the previously observed requirement for acidic media was not due solely to the need

to induce P2.

Models to describe the transcriptional regulation of Agro-
bacterium virulence genes have become steadily more com-
plicated since the phenomenon was first documented just 5
years ago. In 1985, the pioneering work of Stachel and
colleagues indicated that the two dozen Agrobacterium vir
genes required for plant transformation were indeed tran-
scriptionally induced during infection and that virA and virG
were required for this induction (16, 19, 21, 22). Induction
depended absolutely on acidic growth media (21). Subse-
quent studies indicated that VirA and VirG were members of
the family of homologous two-component regulatory sys-
tems (11, 26). Since that time, it has come to light that virC
and virD, unlike other vir genes, are additionally controlled
by the chromosomal locus ros (6). More recently, it was
shown that vir gene expression is potentiated by a variety of
opines (24). Finally, a variety of monosaccharides and
related compounds have been shown to stimulate vir gene
induction in concert with VirA and a sugar-binding periplas-
mic protein encoded by the chromosomal chvE gene (1, 3).

The transcription of the two regulatory genes virA and
virG is also regulated. virA is inducible by acetosyringone in
a VirA-, VirG-dependent manner (27). virG is expressed
from two promoters, one of which (P1) is inducible both by
acetosyringone and by phosphate starvation, and the other
of which (P2) is inducible by various forms of environmental
stress, including acidic media (1la, 22, 23, 25, 27). The
second of these promoters resembles the family of Esche-
richia coli heat shock promoters (8). Induction of these
promoters during infection results in a several hundred-fold
increase in the pool size of VirG. Since the intracellular
concentration of VirG (and possibly of VirA as well) limits
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the efficiency of induction of other vir genes (28), these
changes in the concentration of VirG are of central impor-
tance in the efficiency of vir gene expression. These changes
also complicate studies of induction. We therefore sought to
simplify our analysis of vir gene induction by controlling the
production of VirG, using the regulatable lac promoter.

MATERIALS AND METHODS

Strains and plasmids. Agrobacterium tumefaciens A348 is
a derivative of A136 containing pTiA6NC (18). A136 is a
derivative of strain C58 lacking the nopaline Ti plasmid
pTiC58. pSM243, a Tn3HoHol insertion derivative of
cosmid pVK219, contains virA and a virB::lacZ fusion (20).
pTZ18R was purchased from U.S. Biochemical. The broad-
host-range plasmid pUCD2 was obtained from C. Kado (7).
Strain DHS5a was purchased from Bethesda Research Lab-
oratories. The lac deletion strain MC4100 was obtained from
C. Manoil. pMC1403 (4) was obtained from S. Lory. Plasmid
pTJS75a (10) was obtained from M. Yanofsky. Plasmid
pIC20R (12) was obtained from U. Storb. Plasmid pPC401
(9) was obtained from P. Christie. Plasmid pSW219 was
constructed by ligating the large BamHI fragment of plasmid
pSM243 (which contains virA and a virB::lacZ translational
fusion) to the large BamHI fragment of pUCD2. Antibiotics,
5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-Gal), o-nitro-
phenyl-B-D-galactoside (ONPG), and morpholinoethanesul-
fonic acid (MES) were purchased from Sigma. Isopropyl-B-
D-thiogalactopyranoside (IPTG) was purchased from U.S.
Biochemical. Restriction endonucleases and T4 DNA ligase,
were purchased from Bethesda Research Laboratories. Ac-
etosyringone was purchased from Aldrich Co.

Construction of a broad-host-range plasmid containing Plac
and lacI®. pTIS75a, a 7.5-kb Tc* plasmid of the IncP incom-
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FIG. 1. Physical maps of two broad-host-range plasmids containing the lac a complementation group. pSW213 also contains lacl®.
Restriction sites found at the multiple cloning site (MCS) are EcoRlI, Clal, EcoRV, Xbal, Bglll, Xhol, Sacl, Nrul, Hindlll, Sphl, Pstl, Sall,

Xbal, BamHI, Smal, Kpnl, Sacl, and EcoRI.

patibility group, replicates in E. coli and in Agrobacterium
spp. (17). This plasmid was subjected to partial digestion
with Haell and ligated to Haell fragments of plasmid
pIC20R, a plasmid similar to pUC18 but containing 18
restriction sites at the multiple cloning site (12). From this
ligation was isolated plasmid pSW172, which is a derivative
of pTJS75a containing the multiple cloning site and o« com-
plementation group of pIC20R cloned into the tezR gene and
oriented such that transcription from the lac promoter is the
same direction as that of the zetA promoter (Fig. 1). pSW172
was designed to allow high-level, unregulated expression of
the lac promoter in Agrobacterium strains. To permit con-
trolled expression, a HindIII fragment containing the lacI?
gene from pMMB22 (2) was converted to a blunt-ended form
by treatment with the Klenow fragment of DNA polymerase
I and introduced into pSW172 digested with Stzul, thus giving
rise to plasmid pSW213 (Fig. 1).

Reconstruction of the lac operon on broad-host-range plas-
mids. To create plasmids that permitted assay of the lac
promoter activity in Agrobacterium strains, we cut plasmids
pSW172 and pSW213 with BamHI and introduced BamHI-
digested pMC1403. pMC1403 contains the intact lac operon
beginning at the eighth codon of lacZ but does not contain
lacl, the lac promoter, or the lacZ translation start site. The
resulting plasmids, pCC101 and pCC102, contained the first
27 amino acids of the lac o peptide of pSW172 or pSW213
fused in the correct reading frame to the eighth codon of the
lacZ gene of pMC1403 (Fig. 2).

Construction of broad-host-range plasmids expressing virG.
pSW99 is a derivative of pRK404 cut with BamHI and PstI
into which the native virG gene was introduced as a BgllII-
Pst] fragment (Fig. 2). pSW207 and pSW217 were con-
structed by cutting pSW172 and pSW213, respectively, with
HindIII and treatment with Sequenase and by introducing a
Pvull fragment from pPC401. pPC401 is a pTZ18R deriva-
tive in which the lac promoter strongly transcribes virG (9).
Both the lac promoter and virG are on the same Pvull
fragment. In both pSW207 and pSW217, the lac promoters
which express virG are oriented in the same direction as the
lac promoters of the vectors (Fig. 2). To construct a
virG::lacZ translational fusion expressed from the lac pro-
moter, pSW217 was cut with BamHI and ligated to BamHI-
digested pMC1403, resulting in pCC103 (Fig. 2). pSW174
contains the same virG::lacZ translational fusion, but
expression of this gene fusion is driven from the native virG
promoters (27).

Assay of PB-galactosidase. Agrobacterium strains were
grown in 25 ml of AB medium (5) supplemented with 40 mM

MES (pH 7.0) to an optical density of 0.4 at 600 nm,
centrifuged, resuspended in 1.0 ml of water containing 15%
glycerol, and frozen at —70°C. As needed, cells were
thawed, diluted to an optical density of 0.05 at 600 nm into
5.0 ml of induction medium (AB salts, 25 mM phosphate, 40
mM MES [pH 5.25], 0.5% glucose) and cultured at 30°C in
culture tubes (20 by 150 mm) in a rotary aerator. After the
indicated time intervals, they were assayed for B-galactosi-
dase activity (14).

RESULTS

To create a broad-host-range plasmid that contained the
lac promoter and o complementation group, plasmids
pSW172 and pSW213 were constructed as described above.
Both plasmids contain IncP replication origins, Tc" determi-
nants, and « complementation groups. pSW213 in addition
contains the lacl? gene. DH5a(pSW172) formed blue colo-
nies on solid media containing X-Gal whether or not the
gratuitous lac inducer IPTG was present, while DHS5a

P alpha
pSW172 lec ReRlce
alpha
i lacl Fl)ocﬁtide
R lacZ
pCC101 ——a— —
lac! R lacZ
pCC102 = np—- —
lacl mc 1 VIrG' lacZ
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P waVirG' lacZz
PSW 174 ————————— ez —
R R. virG

FIG. 2. Schematic representations of plasmids used in this
study.
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TABLE 1. Activity of the lac promoter and lac repressor in
E. coli and A. tumefaciens®

Enzyme activity (Miller units)

Plasmid®? E. coli MC4100 A. tumefaciens A136

0 mM¢ 1 mM 0 mM 1 mM
pCC101 2,150 2,200 2,890 3,160
pCC102 2 1,710 3 730

@ E. coli cells containing the indicated plasmids were cultured in AB
medium at 37°C for 3.5 h prior to B-galactosidase assay, while Agrobacterium
cells were cultured at 30°C for 12 h prior to assay.

® pCC101 and pCC102 contain identical Plac::lacZ translational fusions.
pCC102 in addition contains the lacI? gene.

< IPTG concentration.

(pSW213) formed white colonies in the absence of IPTG and
formed blue colonies only if IPTG was added. This result
indicated that the lac promoter and the lacI? gene of these
plasmids functioned in E. coli.

Measuring lac promeoter activity in E. coli and Agrobacte-
rium strains. Testing of the lac promoter of pSW172 or
pSW213 depended on the use of a strain that supports a
complementation. To test this promoter in other strains of E.
coli and in Agrobacterium strains, the lac operon was
introduced into these plasmids as described in Materials and
Methods, forming plasmids pCC101 and pCC102, respec-
tively. Derivatives of strain MC4100 (which has a lac dele-
tion) containing pCC101 or pCC102 were tested for pB-galac-
tosidase activity in the presence or absence of IPTG. After
culturing logarithmically growing cells for 3.5 h with or
without 1 mM IPTG, we obtained the results shown in Table
1. We observed strong expression of the lac promoter in
pCC101 with or without IPTG, strong repression by lac
repressor in pCC102, and virtually complete derepression of
expression by IPTG. These results confirm that the lac
promoter and lacI? gene of these plasmids are fully func-
tional in E. coli and indicate that these plasmids should be
useful to assay quantitatively the activity of these genetic
elements in Agrobacterium spp.

Accordingly, these plasmids were introduced into A.
tumefaciens A136 by transformation and assayed for B-ga-
lactosidase activity. A136(pCC101) showed approximately
3,000 U of B-galactosidase activity in the presence or ab-
sence of IPTG (Table 1). This result indicates that the
activity of the lac promoter in Agrobacterium strains is
approximately the same as or slightly higher than in E. coli.
The fact that IPTG is not required indicates that Agrobac-
terium strains do not contain an endogenous IPTG-sensitive
lac repressor. Similar assays using A136(pCC102) were
undertaken (Table 1). In the absence of IPTG, B-galactosi-
dase was expressed at extremely low levels, indicating that
product of the lacI? gene did indeed effectively repress the
lac promoter. When IPTG was added, B-galactosidase
expression was partially but not fully derepressed. We tested
derepression of Plac by a broad range of IPTG concentra-
tions and found that maximal derepression was achieved if a
concentration equal to or greater than 0.1 mM was used (Fig.
3). These data indicate that IPTG is unable to strongly
derepress the lac promoter in Agrobacterium strains even
though it does so in an E. coli strain containing the same
plasmid. We also tried using lactose in place of IPTG as an
inducer. Addition of 1 mM lactose to complete AB medium
or addition of 0.5% lactose in place of glucose resulted in
B-galactosidase levels approximately half as high as with
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FIG. 3. Expression of Plac::lacZ in an Agrobacterium strain
containing lacI®. Symbols: O, 0 mM IPTG; A, 0.01 mM IPTG; V,
0.05 mM IPTG; +, 0.1 mM IPTG; A, 1 mM IPTG; @, 10 mM IPTG.

IPTG. Incubation of bacteria in AB medium containing 0.5%
glycerol or 0.5% succinate in place of glucose did not affect
enzyme levels. Culturing bacteria in acidic broth (pH 5.25)
also did not affect enzyme levels.

Expression of a virG::lacZ gene fusion from the lac pro-
moter. We wanted to be able to compare directly virG
expression from the lac promoter with that obtained from its
native promoters. We therefore created a plasmid (pCC103)
in which the lac promoter drove the expression of a
virG::lacZ translational fusion and compared it with a plas-
mid (pSW174) containing the same virG::lacZ fusion ex-
pressed from the native virG promoters. A second lac
promoter in pCC103 may also have contributed to virG
expression (see Fig. 1). A136(pCC103) expressed virtually
no B-galactosidase activity in the absence of IPTG, while it
expressed 300 U of B-galactosidase activity in the presence
of IPTG, whether cultured at neutral or acidic pH (Table 2).
Although a similar construct without lac/® was not con-
structed, we speculate from the data presented above that
such a construct might have expressed 900 to 1,200 U of
B-galactosidase activity (since the absence of lacl? resulted
in a three- to fourfold increase of expression of lacZ expres-
sion from pCC102 compared with pCC101). By comparison,
strain A348(pSW174) expressed about 70 U of B-galactosi-
dase activity in response to culturing in acidic pH (which
induces promoter P2). The same strain expressed 700 U of
B-galactosidase in acidic media containing acetosyringone

TABLE 2. Expression of a virG::lacZ fusion gene from artificial
and native promoters®

B-Galactosidase

Plasmid Description Inducing treatment (Miller units)
pCC103 Plac::virG::lacZ, None 2
lacI?

1 mM IPTG 300
pSW174  PvirG::virG::lacZ None 9

pH 5.25 70

pH 5.25, 100 pM 700

acetosyringone

< Bacteria were grown in AB medium (pH 7.0) unless otherwise specified.
Samples were assayed after 12 h of induction.
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FIG. 4. Expression of a virB::lacZ fusion in an Agrobacterium
strain containing Plac::virG and lacl® in the presence of 100 pM
acetosyringone and differing levels of IPTG. Symbols represent the
same concentrations of IPTG as in Fig. 3.

(which induces P1 and P2). Therefore, the lac promoter of a
plasmid containing lacI? expresses a virG::lacZ gene fusion
during IPTG induction somewhat less strongly than do the
native vir promoters. Indirect evidence (comparing pCC101
with pCC102; see above) suggests that the same lac pro-
moter in the absence of the lacI® probably would have
expressed a virG :: lacZ fusion slightly more strongly than did
the native virG promoters. This speculation is supported by
data presented below.

Expression of native virG in Agrobacterium cells using the
lac promoter. Finally, we used the lac promoter to express
the native virG gene in Agrobacterium strains. We used a
derivative of strain A136 containing pSW219, which contains
virA and a virB::lacZ fusion, and pSW217, which contains
Plac::virG and lacl®. Strain A136(pSW219)(pSW217) was
tested for the efficiency of induction of the virB::lacZ fusion
carried by pSW219. Acetosyringone (100 .M) was added to
all cultures. A136(pSW219)(pSW217) expressed virB only in
the presence of IPTG, and increasing amounts of IPTG
resulted in increased expression of virB (Fig. 4).

We used other virG constructs to compare virB induction
in this strain. These virG-containing plasmids were pSW217;
pSW207, which contains Plac::virG and does not contain
lacI?; pSW99, which contains the native virG gene; and
pSW213, a negative control not containing any virG gene.
The abilities of different virG-expressing plasmids to induce
a virB::lacZ fusion are compared in Fig. 5. Strain
A136(pSW219)(pSW217) expressed virB slightly less effi-
ciently than did strain A136(pSW219)(pSW99), even when
the former strain was incubated in the presence of 1 mM
IPTG. In contrast, a strain containing pSW207 expressed
virB about twofold more efficiently than did a strain contain-
ing pSW99. The differences observed are representative of a
large number of trials over a range of pHs and acetosyrin-
gone concentrations. Expression of virB in all strains tested
was strictly dependent on inclusion of acetosyringone (data
for pSW207 are shown in Fig. 6).

We also tested the following hypothesis. It is known that
induction of all vir genes occurs only in acidic growth media.
It is also known that virG promoter P2 is induced by
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FIG. 5. Expression of a virB::lacZ fusion by 100 uM acetosy-
ringone in derivatives of A136(pSW219) containing different virG-
expressing plasmids. pSW99 contains the native virG gene (@);
pSW207 contains Plac::virG; (¥); pSW217 contains Plac::virG and
lacI® (A); pSW213 is a vector control not containing virG (O). All
incubations were carried out in acidic media containing 1 mM IPTG.

environmental stresses which include acidic media. It has
been hypothesized (27) that the underlying reason for this
acidic pH optimum is that an acidic medium is required to
induce P2. If this were true, then the normal low pH
optimum would be lost in a strain containing a plasmid such
as pSW207, because virG expression would no longer be
dependent on acidic pH. We therefore tested induction of
virB of strain A136(pSW219)(pSW207) in nonacidic media.
Under these conditions, absolutely no induction was ob-
served (data not shown). This result indicates that the low
pH optimum cannot be explained solely in terms of a
requirement for expression of promoter P2.
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FIG. 6. Expression of virB by different levels of acetosyringone
in strain A136(pSW219)(pSW207). Symbols: O, 0 uM AS; A, 5 uM
AS; V,10 uM AS; +,20 pnM AS; A, 50 pM AS; @, 100 pM AS; V¥,
200 pM AS.
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DISCUSSION

The lac and tac promoters in combination with the lac
repressor and the inducer IPTG provide a time-honored
means to control gene expression in E. coli but have been
used relatively little in other microorganisms, although their
use in Pseudomonas putida has been reported (2), and the
tac promoter has been used to express virG in an unregu-
lated fashion (15). We have explored the possibilities and
limitations of these tools in Agrobacterium strains. We here
have reported that a plasmid (pCC101) which expresses
B-galactosidase in an uncontrolled fashion confers enzyme
levels that are similar in Agrobacterium strains and E. coli.
The lac promoter is therefore expressed in Agrobacterium
strains at the same or slightly greater levels than in E. coli.
This interpretation is subject to the caveats that we do not
know whether plasmid copy number, message half-life,
translation efficiency, or protein stability is the same in the
two organisms. We have also shown that the lac repressor
protein is an effective repressor of the lac promoter in
Agrobacterium strains and that IPTG derepresses the pro-
moter partially but not fully. The reasons for the lack of full
induction are unknown. We conclude that this system is
useful for controlled gene expression in situations in which
strong gene expression is not required. Strong overproduc-
tion is also possible by using plasmids that do not contain
lacI?, although in that case, one sacrifices the ability to
control gene expression. It is possible that using the wild-
type allele of lacl in place of lacI® might also permit more
complete derepression of the lac promoter.

We were able to compare the strengths of the lac and virG
promoters by using each to express a virG::lacZ transla-
tional fusion. In the presence of lac repressor and IPTG, the
lac promoter was about half strong as the virG promoters
(Table 2). Although direct measurements were not made,
indirect data suggests that in the absence of lac repressor,
the lac promoter is about two- to threefold stronger than the
virG promoters. Therefore, the level of expression of the
native virG promoters is extraordinarily strong compared
with those of other regulatory genes. The reasons for this
strong expression are not known.

We were also able to alter the pool size of the native VirG
protein and measure consequent changes in the expression
of a representative vir promoter (virB). Addition of acetosy-
ringone and increasing amounts of IPTG to a strain contain-
ing Plac::virG and lacl? resulted in increased expression of
virB. In a strain that does not contain lacl®, expression of
virG from the lac promoter resulted in a moderate and
reproducible enhancement of virB transcription. This result
indicates that the intracellular concentration of VirG pro-
duced by the native virG promoters is rate limiting for
induction even when expressed on a multicopy plasmid. It is
possible that still higher levels of VirG protein would result
in still higher levels of vir gene expression. We believe that
the transcription of other vir genes may also be increased
and that virulence itself may also be stimulated. Experi-
ments to test this hypothesis are currently in progress. This
overexpression of vir genes could be exploited to increase
the utility of Agrobacterium strains in creating transgenic
plants.

Finally, while virG is normally expressed only in acidic or
otherwise stressful environments, these constructs allowed
us to express VirG protein in nonacidic and nonstressful
conditions. We found that an acidic medium is a requirement
for vir regulon induction even in a strain containing an
induced Plac::virG fusion. It appears that we must look
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elsewhere to understand the reasons for the acidic pH
optimum for vir gene induction. Recently, it was reported
that a deletion of the periplasmic domain of VirA made this
acidic optimum considerably less severe, suggesting that the
wild-type VirA protein may have an acidic optimum (13).
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