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ABSTRACT Expression of the tumor-inducing (Ti) plasmid virulence genes of Agro-
bacterium tumefaciens is required for the transfer of DNA from the bacterium into
plant cells, ultimately resulting in the initiation of plant tumors. The vir genes are in-
duced as a result of exposure to certain phenol derivatives, monosaccharides, and
low pH in the extracellular milieu. The soil, as well as wound sites on a plant—the
usual site of the virulence activity of this bacterium—can contain these signals, but
vir gene expression in the soil would be a wasteful utilization of energy. This sug-
gests that mechanisms may exist to ensure that vir gene expression occurs only at
the higher concentrations of inducers typically found at a plant wound site. In a
search for transposon-mediated mutations that affect sensitivity for the virulence
gene-inducing activity of the phenol, 3,5-dimethoxy-4-hydroxyacetophenone (aceto-
syringone [AS]), an RND-type efflux pump homologous to the MexE/MexF/OprN
pump of Pseudomonas aeruginosa was identified. Phenotypes of mutants carrying an
insertion or deletion of pump components included hypersensitivity to the vir-
inducing effects of AS, hypervirulence in the tobacco leaf explant virulence assay,
and hypersensitivity to the toxic effects of chloramphenicol. Furthermore, the me-
thoxy substituents on the phenol ring of AS appear to be critical for recognition as
a pump substrate. These results support the hypothesis that the regulation of viru-
lence gene expression is integrated with cellular activities that elevate the level of
plant-derived inducers required for induction so that this occurs preferentially, if not
exclusively, in a plant environment.

IMPORTANCE Expression of genes controlling the virulence activities of a bacterial
pathogen is expected to occur preferentially at host sites vulnerable to that patho-
gen. Host-derived molecules that induce such activities in the plant pathogen Agro-
bacterium tumefaciens are found in the soil, as well as in the plant. Here, we tested
the hypothesis that mechanisms exist to suppress the sensitivity of Agrobacterium
species to a virulence gene-inducing molecule by selecting for mutant bacteria that
are hypersensitive to its inducing activity. The mutant genes identified encode an ef-
flux pump whose proposed activity increases the concentration of the inducer nec-
essary for vir gene expression; this pump is also involved in antibiotic resistance,
demonstrating a relationship between cellular defense activities and the control of
virulence in Agrobacterium.

KEYWORDS Agrobacterium, virulence gene expression, RND efflux pump

grobacterium strains thrive in many types of soils around the globe, predominantly
as nonpathogenic forms lacking a Ti (tumor-inducing) plasmid (1, 2). Like many
such microbes, it has evolved a variety of mechanisms to survive in the highly
competitive soil environment, including, for example, a very large number of ABC
transporters used to acquire a variety of nutrients (3). Upon acquisition of a Ti
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plasmid—generally via conjugative transfer from a Ti-containing cell (4)—Agrobacte-
rium gains the capacity to induce tumors at infection sites, generally wound sites, in a
broad range of plant hosts (1, 5). This process requires the activation of Ti plasmid
virulence (vir) gene expression and the utilization of the vir gene products to process
and transfer proteins and a single-stranded DNA (the T-strand) into the host, where the
DNA ultimately integrates into the host genome (for reviews, see references 6 to 9).
There, this transferred DNA (the T-DNA) expresses proteins that (i) cause uncontrolled
cell proliferation and tumor formation and (ii) catalyze the formation of sugar deriva-
tives—the opines—that can be utilized by the Ti-containing inciting strain as a carbon,
nitrogen, phosphate, and/or sulfur source.

The transition to the pathogenic state is tightly controlled (10, 11), as expected
given the energetic expense of processing and transferring proteins and DNA into the
plant cell (12). Exposure of virulent strains of Agrobacterium to a wide variety of phenol
derivatives, certain monosaccharides, and low pH—all found at a plant wound site
(13-18)—is required to activate expression of the vir genes (for reviews, see references
6, 19, 20). These ligands accomplish this via the Ti plasmid-encoded VirA and VirG
two-component regulatory system, in which the phosphorylated form of the VirA
histidine kinase transfers its phosphoryl group to the response regulator VirG. Phospho-
VirG can then activate transcription of all of the vir genes on the Ti plasmid, including
virA and virG. Recognition of the host-derived ligands by VirA is either direct, in the case
of the phenols (21, 22), or indirect, in the case of sugars and low pH (18, 23-25). Critical
to the sugar/pH recognition is the activity of the chromosomally encoded periplasmic
sugar binding protein ChvE (18, 23, 25). In the presence of certain “inducing” sugars, the
ChvE-sugar complex is thought to interact with VirA—likely in a low-pH-dependent
manner (24)—to cause VirA to be sensitive to lower concentrations of the essential
phenol derivatives than would otherwise be the case (23, 26, 27).

One unexpected finding in the analysis of ChvE was that the K, (equilibrium
dissociation constant) for the neutral inducing sugar-ChvE binding is on the order of 0.1
to 1 uM (18, 25), whereas the 50% effective concentration (ECs,) for the vir-inducing
neutral sugars is significantly higher—on the order of 1 to 3 mM (18, 28). Given that
ChvE is encoded on an operon homologous to an ABC transporter involved in neutral
sugar utilization (18, 25, 29, 30), vir induction by neutral sugars was examined in strains
carrying deletions in the transporters but still expressing wild-type ChvE. These studies
found that deletion of the sugar transport capacity—as monitored by a decrease (or
loss) of the capacity those strains have to use that particular sugar as a sole carbon
source for growth—significantly decreased the EC;, for vir induction by that sugar (18,
31). This integration of the sugar transport activity with the sugar sensitivity for vir
induction ensures that (i) at low sugar concentrations, sugar utilization is favored over
vir induction and (ii) the vir system is induced only in environments with high sugar
concentrations—likely found at a plant wound site—and not in soil, where free sugar
is present but at lower concentrations (e.g., 10 to 100 uM [32]) than the EC,, for those
sugars as vir inducers in wild-type Agrobacterium.

Given that vir-inducing phenols can be found in low to moderate concentrations in
the soil (33-36), a similar mechanism(s) to ensure that high(er) levels of phenol are
required for virulence gene expression might be expected. One piece of evidence
supporting this concept is that, as described above, in the absence of high levels of
inducing sugars, high levels of inducing phenols are required for vir induction. Are there
other systems that affect sensitivity of the vir-inducing system for phenols? One
expected phenotype of mutants in this case would be hypersensitivity to the vir-
inducing activities of phenol derivatives such as 3,5-dimethoxy-4-hydroxyaceto-
phenone (acetosyringone [AS]) (14). Campbell et al. (37) used a selectable marker
(neomycin phosphotransferase) under the control of a vir promoter to select for
spontaneous kanamycin-resistant mutants at low, normally noninducing levels of AS.
The isolated mutants were indeed hypersensitive to AS for vir induction and (i) were not
the result of Ti plasmid (and hence virA) genes and (ii) exhibited distinct phenol
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FIG 1 Map showing insertion sites of gfp, B-lactamase, and sacB genes in pTiA6 of A. tumefaciens strain
AB3012.

specificity that suggested some type of ligand/receptor binding interaction. However,
the gene(s) responsible for these phenotypes was not identified.

Here, we used a similar selection method (vir promoter driving a selectable marker)
but employed transposon mutagenesis so as to be able to identify the gene(s)
responsible for the mutant phenotype. This work resulted in the identification of an
RND-type efflux pump homologous to the MexE/MexF/OprN pump in Pseudomonas
aeruginosa. Mutations in this operon confer on the mutant strains AS hypersensitivity
for virulence gene induction, hypersensitivity to the toxic effects of chloramphenicol,
and hypervirulence in the tobacco leaf virulence assay. In addition, we demonstrate
phenol-specific differences in hypersensitivity for virulence gene expression and in
competition with chloramphenicol for the putative efflux pump.

RESULTS

Isolation of mutants hypersensitive to vir-inducing activities of AS. The objec-
tive of selecting mutants generated through transposon mutagenesis that are hyper-
sensitive to AS for vir induction required us to construct selectable and screenable
markers driven by vir promoters. This was achieved by constructing a version of pTiA6
so that it has B-lactamase (bla) fused to the start codon of virB1, levansucrase (sacB)
fused to the start codon of virB2, and green fluorescent protein (GFP; encoded by gfp),
with its own start codon, inserted between virE2 and virE3 (Fig. 1; see Materials and
Methods for constructions). The B-lactamase provides positive selection (carbenicillin
resistance [Carb]) and levansucrase provides negative selection (sucrose toxicity), both
driven by the virB promoter, and GFP expression provides a screenable marker driven
by the virE promoter. Only the positive Carbr selection and GFP expression phenotypes
were utilized in this study. Demonstration of the vir-controlled levansucrase as a
negative selection agent is the subject of other studies in progress. Strain AB3012
carries this modified Ti plasmid in an otherwise wild-type C58 strain and was used as
the target for transposon mutagenesis utilizing pRL27 (38). This plasmid cannot repli-
cate in Agrobacterium but carries a transposon that moves a neomycin-phospho-
transferase gene (nptll) and an oriR6K origin of replication into target DNA, resulting in
kanamycin resistance and the capacity to recover target DNA adjacent to the insertion
(38). Preliminary studies indicated that AB3012 cells can survive carbenicillin challenge
in AB induction (ABI) medium at 10 uM AS but not at lower concentrations (data not
shown). Electrocompetent AB3012 cells were prepared and electroporated with either
PBBRT1MCS-2 (control [39]) or pRL27 and, after recovery, plated directly onto ABI
medium supplemented with carbenicillin, kanamycin, and 0, 1, or 300 uM AS. The cells
electroporated with pBBR1TMCS-2—which replicates in Agrobacterium and carries ka-
namycin resistance, but does not transpose—yielded carbenicillin-resistant colonies
only at 300 uM AS (data not shown). In contrast, a small number of carbenicillin-
resistant colonies grew at 1 uM AS from AB3012 cells electroporated with pRL27 (Fig.
2A). With one exception (indicated by * in Fig. 2A) these colonies also expressed GFP
(Fig. 2B), indicating that constitutive expression from the virB promoter was not
responsible for the carbenicillin resistance phenotype. A total of nine confirmed
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FIG 2 Acetosyringone (AS) sensitivity for induction of carbenicillin resistance of transposon mutants. AB3012 cells
electroporated with pRL27 and plated onto AB induction (ABI) medium supplemented with 100 wg/ml carbenicillin
and AS, as indicated. Approximately 2,500 cells were plated onto the 300 uM AS plate and 25,000 cells were plated
on others. Plates were incubated at 25°C for 5 days (A) Visible light. (B) GFP.

mutants that are AS hypersensitive for vir induction were isolated from approximately
100,000 kanamycin-resistant cells (see Materials and Methods).

Identification of the MexE/MexF/AmeC efflux pump. Genomic DNA samples were
prepared from the transposon-generated mutants, digested with Bfal or BamHI (which
do not cut within the transposon), ligated, and transformed into a PIR2 strain of
Escherichia coli which allows for replication of any plasmid carrying the oriR6K origin of
replication that is present in the transposed DNA (38). The recovered plasmids were
sequenced using primers that read out of the transposon and into the host DNA at the
insertion site. Eight out of the nine insertions mapped to an operon homologous to the
mexE-mexF-oprN operon of Pseudomonas aeruginosa (40), which encodes an efflux
pump of the RND family (Fig. 3; see also Table S1 in the supplemental material).
Interestingly, the Agrobacterium operon carrying the homologs to mexE and mexF does
not include an oprN homolog. The remaining mutant mapped to the ameC (also
sometimes annotated as nodT) gene of C58 (Fig. 3), which is an oprN homolog of
another apparent RND efflux operon (ameA, ameB, and ameC) (41). This mutant
(indicated by # in Fig. 2A) contrasted with the other eight in that it grew very slowly on
agar-solidified medium, although it grew at a similar rate to those of the other mutants
and the wild type when tested in liquid medium (see, e.g., Fig. 4). Because the P.
aeruginosa efflux pump encoded by mexE-mexF-oprN provides chloramphenicol resis-
tance (42), we tested our mutants for chloramphenicol sensitivity. The results show that
insertion mutations in ameC and mexE result in strains that are significantly more
sensitive than the wild-type AB3012 strain to chloramphenicol (Fig. 4), consistent with
a model in which these are components of an efflux pump. Earlier studies using a
similar selection protocol identified spontaneous mutant strains derived from strain
A348 that were AS hypersensitive for virulence gene induction but did not assign an

A Atu2480 Atu2481 mexE mexF . Atu2485

Atu2484

B
— ameR>—| ameA >| ameB

1 kb

FIG 3 Map of mexE-mexF (A) and ameA-ameB-ameC (B) operons.

April 2020 Volume 202 Issue 8 €00609-19 jb.asm.org 4


https://jb.asm.org

MexE/MexF/AmeC Efflux Pump of A. tumefaciens

07 T —e— AB3012
—e— AB3016
0.6 | —0— AB3012::mut5
\ AB3012:mut6
+ -
05 F oo
E 04 T+ =
o —-_—
o
e
o 03 T
o
02 T y I
01 —+ \
\ , ———a—
0 } t } ; T } }
0 2 4 6 8 10 12 14

Chloramphenicol (pg/ml)

FIG 4 Growth of wild-type strain AB3012, AB3012 mutants 5 and 6 with transposon insertions in ameC
and mexE, respectively, and the AmexE mutant AB3016 in various doses of chloramphenicol. Optical
density at 600 nm (ODy,,) of cultures was measured after 20 h of incubation at 25°C. Error bars are
standard deviations (SD); n = 3.

underlying mechanism to them (37). These mutants were therefore tested for chlor-
amphenicol sensitivity and were found to be hypersensitive to this antibiotic (see Fig.
S2 in the supplemental material), suggesting they may be in the mexE-mexF-ameC-
encoded efflux pump as well. Sequencing of the mexE, mexF, and ameC genes in the
mutant strains would be required to confirm this.

To further characterize this proposed pump, an in-frame deletion of mexE was made
in AB3012 (see Materials and Methods). This strain, AB3016, is chloramphenicol hyper-
sensitive (Fig. 4) and is also AS hypersensitive for vir induction, as determined by
carbenicillin resistance assay and quantitative analysis of gfp expression (Fig. 5; see also
Fig. S1 in the supplemental material). To confirm that deletion of mexE is responsible

AB3012 AB3016

FIG 5 Capacity of wild-type (AB3012) or AmexE (AB3016) mutant strains to grow in the presence of 100 pg/ml
carbenicillin and various doses of AS, as shown. Approximately 1,000 cells were inoculated per plate and grown at
25°C for 3 days.
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FIG 6 Complementation of AmexE strain AB3018. Cells of wild-type strain A348 with pYW15c and strain
AB3018 with pYW15c or pAB302 (expressing mexE from the P, promoter of pYW15c) were grown in ABI
medium supplemented with chloramphenicol as indicated. OD, of cultures was measured after 20 h of
incubation. Error bars are SD; n = 3.

for the chloramphenicol hypersensitivity, this deletion was made in the wild-type strain
A348, which carries wild-type pTiA6 and none of the markers present on the Ti plasmid
of AB3012, yielding strain AB3018. This strain exhibited the same chloramphenicol
sensitivity as that of AB3016 (Fig. 6). Additionally, pAB302, which carries the mexE open
reading frame (ORF) driven by the Py,s promoter of pYW15C (43), was tested for its
capacity to complement the mutant phenotype of AB3018. The results show that
complementation is observed, namely, AB3018 with pAB302 is significantly more
resistant than AB3018 carrying the vector pYW15C to chloramphenicol (Fig. 6). It does
not, however, exhibit the same level of resistance as the wild-type strain A348 carrying
pYW15C, suggesting that expression of mexE from a promoter different from the
promoters driving expression of mexF and ameC may result in stoichiometry that does
not yield wild-type levels of pump activity.

If the putative efflux pump in Agrobacterium can export both AS and chloramphen-
icol from the cells, then competition at the pump between these substrates might be
expected. This was tested via growth assays examining a chloramphenicol dose re-
sponse in the presence or absence of AS. Wild-type strain A348 was significantly more
sensitive to the toxic effects of chloramphenicol in the presence of 500 uM AS (Fig. 7A),
whereas the AmexE mutant strain AB3018 was equivalently sensitive to chloramphen-
icol in the presence or absence of 500 uM AS (Fig. 7B), indicating that the competition
is at the efflux pump. The same results were observed when strains AB3016 and AB3012
were used in these competition assays (data not shown). Consistent with the proposed
competition between these putative substrates is the dose-dependent relationship of
AS to chloramphenicol toxicity; as the AS dose increased, the dose of chloramphenicol
required for toxicity toward the wild-type strain A348 decreased (Fig. 7C). This is the
case even though the levels of AS used in this experiment exhibited very modest
growth inhibition (14%, 16%, and 23% for 30, 100, and 300 uM AS, respectively) when
tested in the absence of chloramphenicol.

Substrate specificity of pump activity. The apparent capacity of the MexE/MexF/
AmeC pump to utilize diverse substrates, which include chloramphenicol and AS, is
consistent with previous studies showing the diversity of substrates utilized by the
MexE/MexF/OprN pump of P. aeruginosa (e.g., tetracycline [42]) and by the unidentified
AmeC-containing pump of A. tumefaciens strain C58 (e.g., novobiocin [41]). To further
characterize the range of MexE/MexF/AmeC substrates, the sensitivity of AmexE mutant
strains to tetracycline and novobiocin was tested. Strains A348 and AB3018 (AmexE)
showed the same sensitivity to tetracycline in either the presence or absence of AS
(Fig. S3). Similarly, strains AB3012 (wild type) and AB3016 (AmexE) showed the same
sensitivity to novobiocin (Fig. 8), as did strains A348 and AB3018 (data not shown).
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FIG 7 Competition between AS and chloramphenicol for the MexE/MexF/AmeC efflux pump. (A and B)
A348 (A) or AB3018 (B) cells grown in ABI medium plus or minus 500 uM AS at various chloramphenicol
concentrations. ODg,, measured after 20 h incubation. (C) A348 grown with 0, 30, 100, or 300 uM AS and
various chloramphenicol concentrations. OD,,, was measured after 20 h. Error bars are SD; n = 3.

However, the strain carrying an insertion mutation in ameC (AB3012ameC::kan) was also
tested. Consistent with the results of Peng and Nester (41), this strain was hypersen-
sitive to novobiocin, and AS did not compete with novobiocin when both were
provided to strain AB3012 (Fig. 8). These results suggest that AmeC may be involved in
some pump, other than the MexE/MexF/AmeC pump identified here, that provides
protection from novobiocin.

A key feature of the phenol-mediated induction of vir gene expression in Agrobac-
terium is that a wide variety of phenol derivatives can serve as vir inducers (44), and
within this group there is a broad range of effectiveness. For example, 3,5-dimethoxy-
4-hydroxyacetophenone (AS) (Fig. 9A) is a potent inducer, whereas 3-methoxy-4-
hydroxyacetophenone (acetovanillone [AV]) is required in significantly higher concen-
trations than AS to achieve vir gene expression. 4-Hydroxy-acetophenone (HAP) is
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FIG 8 Growth of wild-type strain AB3012, AB3012 with insertion in ameC, and AmexE strain AB3016 with
various doses of novobiocin. ODg,, of cultures was measured after 20 h of incubation at 25°C. Error bars
are SD; n = 3.

generally not an active vir inducer, although it can serve in this capacity when high
levels of ChvE are present (45) or in the case of certain mutations in the VirA protein
(46). To determine whether disruption of the putative MexE/MexF/AmeC efflux pump
affects the sensitivity to AV and HAP for vir gene expression, these molecules were
tested for their capacity to induce carbenicillin resistance in AB3012 or AB3016 (AB3012
AmexE mutant). The results show that, as expected, AB3016 is hypersensitive to the
vir-inducing activity of AS by 10- to 20-fold compared to AB3012, whereas it is only
slightly more sensitive to AV, and neither strain yields carbenicillin-resistant growth in
response to HAP (Fig. 9B). This result demonstrates that disruption of the MexE/MexF/
AmeC does not cause a general increase in sensitivity to potential vir inducers, a
phenotype also observed in the AS-hypersensitive mutants isolated by Campbell et al.
(37). The phenol specificity profile of the efflux pump was also tested using the competition
assay between the phenol and chloramphenicol described above. The same pattern of
phenol sensitivity was observed. In wild-type strain A348, a lower dose of AS was
required to compete with chloramphenicol—and thereby to increase the toxic effects
of this antibiotic—than that of AV, and HAP did not compete at any of the concen-
trations tested (Fig. 10). The fact that AS, AV, and HAP had similar effects on growth in
the absence of chloramphenicol indicates that general phenol toxicity is not a critical
component involved in the AS-chloramphenicol competition.

Given the vir induction results described above, one possibility for the apparent lack
of competition with chloramphenicol by AV or HAP is that the AS-mediated vir

A LN o, oM Oy _CHs jYN
H
A o
P ) \(\Q\
o ocH, b i i é ° on 5

oH OH OH \ol
Acetosyringone (AS) Acetovanillone (AV) 4-hydroxyacetophenone (HAP) Chloramphenicol (CM)
B AS (uM)

AV (uM) HAP (M)

AB3012 AB3016 AB3012 ' AB306 AB3012 A8316

FIG 9 (A) A Structures of acetosyringone (AS), acetovanillone (AV), 4-hydroxyacetophenone (HAP), and chloram-
phenicol. (B) AB3012 and AB3016 plated (~200 cells per plate) on ABI medium plus 10 mM glucose, 100 pg/ml
carbenicillin, and concentrations of AS, AV, and HAP as indicated. Incubated for 3 days at 25°C.
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FIG 10 Competition between various phenol derivatives and chloramphenicol. Wild-type strain A348
grown in ABI plus various concentrations of phenol derivatives and chloramphenicol, as indicated. ODg,
measured after 20 h. Error bars are SD; n = 3.

induction is indirectly affecting the sensitivity of the bacteria to chloramphenicol
toxicity. This was tested by examining the putative AS-chloramphenicol competition in
strain A136 (lacking the Ti plasmid and therefore incapable of virulence gene expres-
sion) and strain A348 (carrying the wild-type pTiA6). The results show that both strains
exhibit the same response to the AS-chloramphenicol supplements in the medium,
namely, as the AS dose increases, the concentration of chloramphenicol required for
toxicity decreases (see Fig. S4 in the supplemental material). Similar results (data not
shown) were obtained when these two strains were tested at pH 6.8 (nonpermissive for
vir gene expression) rather than at pH 5.5 (permissive for vir induction), used in the
assays presented here. These experiments demonstrate that the proposed competition
between AS and chloramphenicol for the MexE/MexF/AmeC pump is independent of
virulence gene expression. Taken together with results of assays on the phenol spec-
ificity for competition described above, these results suggest that the MexE/MexF/
AmeC pump has a higher capacity to interact with AS than with the other two phenols
tested, indicating that the methoxy groups may play a crucial role in phenol recogni-
tion by the pump. Tests of a broader range of phenolic derivatives is necessary to
confirm this.

Virulence properties of the AmexE mutant. The tumor-inducing activity of strain
A348 in at least some plant tissues is phenol inducer limited, and with these tissues, the
prediction is that the AS-hypersensitive strains would induce greater numbers of
tumors than the wild type strain. For example, exogenous AS provided in the coculti-
vation medium used for transformation of tobacco leaf tissues can dramatically stim-
ulate tumor formation, and strains that are AS hypersensitive for vir induction are
hypervirulent in such assays (26, 37). Therefore, the response of tobacco leaf explants
to AB3018 (AmexE) and A348 when cocultivated in the presence of various AS con-
centrations was tested. The results demonstrate that the explants of young, expanding
leaves (with approximately 50% of the area of fully expanded leaves) cocultivated with
AB3018 in the absence of exogenous AS produce significantly more tumors then when
such explants are cocultivated with A348 (Fig. 11A; see also Fig. S5 in the supplemental
material). Further, supplemental AS in the cocultivation medium stimulates higher
levels of tumor formation in explants cocultivated with A348, whereas this treatment
did not further stimulate tumorigenesis by AB3018 (Fig. 11A). When the same experi-
ment was carried out with explants from an older, fully expanded leaf on the same
plant, AB3018 still induced more tumors than A348 when cocultivated in the absence
of AS, but in this case, the leaf explants responded with more tumors when the
cocultivation medium was supplemented with AS, although at a lower concentration of
AS than that required to stimulate tumor formation in response to A348 (Fig. 11B).
These results demonstrate that, indeed, the AB3018 mutant that is hypersensitive to AS
for virulence gene expression is also hypervirulent in tobacco leaf explants. Moreover,
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FIG 11 Virulence assays of wild-type strain A348 and AB3018 (AmexE). N. tabacum cv. H425 leaf explants
cocultivated with A348 or AB3018 on Murashige and Skoog (MS) medium supplemented with various AS
concentrations, as indicated, for 2 days at 25°C and then transferred to MS medium containing 200 ug/ml
timentin and incubated for a further 12 days at 25°C. Mean number of tumors per explant and the
standard error of the mean (n = 12) are shown. (A) Explants from an expanding leaf. (B) Explants from
a fully expanded leaf. (C) Complementation of AB3018 by pAB302. A348/pYW15c, AB3018/pYW15C, and
AB3018/pAB302 cocultivated with tobacco leaf explants for 48 h at 25°C with or without 200 uM AS, as
shown, followed by transfer to MS medium plus timentin. Mean number of tumors per explant and the
standard error of the mean (n = 12) are shown.

the results suggest that there may be a difference in vir inducer concentration in
expanding versus fully expanded leaves, with the former having significantly higher
levels of endogenous inducer than the latter. Complementation studies using expand-
ing leaves as the source of leaf explants demonstrated that expression of mexE from
plasmid pAB302 significantly reduced the tumor-inducing activity of AB3018 (Fig. 11C),
although, as was the case in the chloramphenicol sensitivity assays described above
(Fig. 6) the complementation was not complete. In contrast to the results with tobacco,
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when Kalanchoe daigremontiana leaves were tested, AB3018 and A348 inoculations
resulted in equivalent tumor formation (see Fig. S6 in the supplemental material),
suggesting that the wound sites on these leaves have either high (nonlimiting) con-
centrations of the phenolic inducer or (possibly) a phenolic inducer that is not a
substrate for the MexE/MexF/AmeC efflux pump.

Competition between AmexE and wild-type strains. Efflux pumps are often
involved in protecting cells from toxic components of the environment (47). Given that
the wound sites on plants—sites that are particularly susceptible to Agrobacterium-
mediated plant transformation—can be a source of potentially toxic phenols (14, 16,
17), we tested the hypothesis that the putative MexE/MexF/AmeC efflux pump provides
protection to Agrobacterium at the wound site by examining the relative fitness of
AmexE and wild-type strains at such sites. To distinguish between the two strains,
plasmid pMP7604, which is stable in Agrobacterium in the absence of selection and
carries a constitutively expressed version of mCherry (48), was electroporated into A348
and AB3018. Nicotiana tabacum cv. H425 stem segments were placed onto water agar
with the basal end up and inoculated with a 1:1 mix of either A348/pMP7604 and
AB3018 or A348 and AB3018/pMP7604 at an optical density at 600 nm (ODg,) of 0.1.
After 5 days of incubation, the bacteria were recovered from the wound site and plated
onto MG/L medium. The results (see Table S2 in the supplemental material) did not
reveal any competitive advantage of the wild-type strain. This suggests that the
phenolic concentration at the wound site is not sufficiently high to affect the survival
of strains lacking the pump and is consistent with the observation that even at very
high concentration, e.g., above saturating concentrations in terms of vir induction
(500 uM), AS is only modestly inhibitory to agrobacterial growth (e.g., see Fig. 7Q).

DISCUSSION

Expression of the Ti plasmid virulence genes in Agrobacterium tumefaciens is a
significant commitment of energy resources (12), suggesting that selective pressures
would yield a system (or systems) to ensure that expression occurs only at sites that
would be productive in terms of plant transformation. Given that soils can contain
significant levels of vir-inducing phenols (33-36), we hypothesized that there could be
mechanisms that cause the bacteria to respond only to high(er) levels of the inducing
phenols, such as those found at the wound sites on host plants. Using a B-lactamase
gene driven by the virB promoter of the Ti plasmid as a selectable marker (Fig. 1), we
carried out transposon mutagenesis and selected for mutants that were hypersensitive
to AS vir-inducing activities (Fig. 2). Eight of the nine mutants isolated carried an
insertion in an operon carrying genes that are homologous to mexE and mexF of the
mexE-mexF-oprN operon of Pseudomonas aeruginosa. This operon encodes an efflux
pump of the RND family (40) in which MexF is the inner membrane-localized trans-
porter and MexE is an “adaptor protein” spanning the periplasmic space, interacting
with MexF and OprN, an outer membrane-localized channel. Substrates are recognized
and transported via the MexF protein via energy supplied by the proton motive force
through the periplasmic space and outer membrane (for a review, see reference 49).

While the Agrobacterium mexE-mexF operon (see Fig. 3A) does not carry an oprN
homolog encoding the outer membrane protein, one transposon mutant was in a gene
(ameC) in a previously examined operon encoding a putative RND family efflux pump
of unknown function (41) (Fig. 3B). Those studies did show, however, that deletion of
ameC resulted in increased sensitivity to several antibiotics and detergents, whereas
deletion of the other genes in that operon (ameA and ameB) did not yield these
sensitive phenotypes. The authors suggested that AmeC may also be the outer mem-
brane protein of some other unknown pump. Based on the data presented here, we
propose that AmeC is the outer membrane protein of an efflux pump that has MexF as
the inner membrane component and MexE as the periplasm-spanning protein that
interacts with MexF and AmeC to construct a functional pump that can export AS and
chloramphenicol. Biochemical assays will be required to confirm this. Additionally,
because insertion mutations in ameC result in a novobiocin-hypersensitive phenotype,
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while deletion of mexE does not (41) (Fig. 9), and because mutations in AmeA and
AmeB do not result in novobiocin resistance, AmeC may be part of three different efflux
pumps. The loss of activity of one of these other pumps might be also responsible for
the “slow growth on agar” phenotype observed in the strain carrying an insertion
mutation in ameC (Fig. 2A). The utilization of an outer membrane component of an RND
family efflux pump encoded on a different operon than the inner membrane and
membrane-spanning components has been observed in other cases (50).

Strains with mutations that disrupt or delete parts or all of the MexE/MexF/AmeC
pump are hypersensitive to the vir-inducing activity of the phenolic acetosyringone
(AS) by approximately 10-fold compared with strains having the wild-type pump intact
(Fig. 5 and 9B; see Fig. S1 in the supplemental material). The pump activity is predicted
to reduce the level of AS that might accumulate in the cytoplasm—the proposed site
of phenol recognition by VirA (51)—thereby setting up a situation in which higher
levels of AS are required for induction than would be the case in the absence of the
pump. The biological significance of the MexE/MexF/AmeC pump activity is demon-
strated by the data showing that in the tobacco leaf explant virulence assay—where
inducing phenols are limiting for tumor initiation (26, 37)—the AmexE strain is hyper-
virulent compared to the wild type (Fig. 11 and Fig. S5). Interestingly, these experi-
ments revealed that younger, expanding tobacco leaves apparently have higher en-
dogenous concentrations of phenolic vir inducers than the fully expanded leaf. An
alternative hypothesis is that the fully expanded leaves produce an inhibitor of the
virulence induction system. When tested on K. daigremontiana leaves, the AmexE strain
was not hypervirulent compared to the wild type (Fig. S6), suggesting that the wound
sites on leaves of this plant are not phenol limited for transformation. Another possi-
bility is that the inducing phenol(s) of these leaves is not a substrate for the MexE/
MexF/AmeC pump.

Given that chloramphenicol is a known substrate for the MexE/MexF/OprN pump of
Pseudomonas aeruginosa (40, 42), we tested the mexE and ameC transposon mutants,
as well as the AmexE strains, and found that they are hypersensitive to this antibiotic
compared to strains with the wild-type pump (Fig. 4). If both AS and chloramphenicol
are substrates for the MexE/MexF/AmeC pump, then competition between them for
that pump might be expected. When provided AS at various concentrations, wild-type
strains, but not the AmexE strains, significantly increase their chloramphenicol sensi-
tivity (Fig. 7). This suggests that there is competition between these substrates and that
the MexE/MexF/AmeC pump is the likely site of that competition. This hypothesis is
supported by the observations that neither general phenol toxicity (Fig. 10) nor vir gene
expression (Fig. S4) is responsible for the proposed competition. Finally, these results
also provide an example of competition between nontoxic (to the bacteria) concen-
trations of a putative efflux pump substrate (AS) and other, more toxic substrates
(chloramphenicol).

Earlier studies (52, 53) have demonstrated the presence of a chloramphenicol
acetyltransferase gene (catB) in the C58 strain of A. tumefaciens, and this was proposed
as a key element in chloramphenicol resistance of this strain. CatB activity is induced by
subinhibitory levels of chloramphenicol via a mechanism proposed to involve transla-
tion attenuation. However, no strains carrying a catB deletion were examined in terms
of sensitivity to chloramphenicol toxicity. The role of the MexE/MexF/AmeC pump in
controlling the chloramphenicol sensitivity observed in our studies demonstrates an
alternative means of providing resistance to the toxic effects of this antibiotic. As in the
case in other systems (54), these results suggest that the efflux pump provides the first
line of defense against antibiotics, and, as their concentrations rise, other metabolic
activities provide yet another line of defense. Further characterization of the role of CAT
activity in the chloramphenicol resistance of C58 derivatives will clarify how these two
mechanisms of resistance are integrated with one another—for example, in the ab-
sence of the efflux pump, is a lower concentration of chloramphenicol required for
induction of CAT activity?

Substrate specificity of RND efflux pumps is generally quite broad (e.g., see refer-
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ences 49 and 55), and the mechanisms underlying this revolve around the capacity of
the substrates to interact with two different binding pockets in the pump. The
observation here that both AS and chloramphenicol can be substrates for the MexE/
MexF/AmeC pump is consistent with this. It was therefore surprising to find that
modest alterations of the phenol structure—elimination of one (AV) or both (HAP) of
the methoxy groups on the phenol ring—reduced or eliminated its capacity to be a
pump substrate, as measured by either activation of the vir genes (Fig. 9B) or compe-
tition with chloramphenicol (Fig. 10). The observation that AV and HAP continue to be
weak or noninducers of vir gene expression in the AmexE strains and are poor or
noncompetitors with chloramphenicol for the MexE/MexF/AmeC pump raises the
possibility that there is selection pressure on the pump to recognize and pump out
active vir inducers. Examination of this hypothesis would entail characterization of the
MexE/MexF/AmeC pump from a range of agrobacterial and related genera and species.
Finally, the fact that the normally weak or noninducers appear not to be substrates of
the MexE/MexF/AmeC pump suggests that they could accumulate to higher levels than
that of AS in the cytoplasm of wild-type strains when provided at the same concen-
tration and thus, on a molar basis, may be even weaker inducers of virulence gene
expression than AS. However, while phenol derivatives such as the ones studied here
are thought to enter the cell via partitioning across the inner membrane, their meta-
bolic fate once they enter the cytoplasm (e.g., see reference 56) and their actual
intracellular concentration have yet to be examined in cells lacking the MexE/MexF/
AmeC efflux pump.

Efflux pump substrates have a variety of functions that range from antibiotic activity
to bacterial virulence and intercellular signaling (47). Given that the MexE/MexF/AmeC
pump substrates described here are involved in two of these functions (chloramphen-
icol toxicity and phenol-mediated virulence gene induction), an important question is
whether both of these activities are crucial for bacterial success. That the pump
provides chloramphenicol resistance to C58 suggests that it can play a protective role
in soil environments, where chloramphenicol production by other bacteria (e.g., Strep-
tomyces venezuelae [57]) could be a significant issue. However, the pump also appears
to play a second key role, that of causing the bacterium to require “higher” levels of vir
inducers in the environment before vir induction can occur. The observation that the
pump mutants are sensitive to the vir-inducing activities of very low AS levels (0.3 to
1 uM AS), in comparison to the wild-type strain, indicates that the pump is clearing low,
nontoxic levels of this phenol. This is consistent with the hypothesis that there is a
selective advantage in suppressing the response to low levels of vir-inducing phenols.
In the soil environment, this would ensure that low levels of phenol would not be able
to induce vir expression that would be of no use to bacteria found in that setting.
A question for future studies is the issue of when and how a pump such as
MexE/MexF/AmeC evolved the capacity to pump alternative substrates that can
then integrate with and help control critical cellular processes that are not appar-
ently related to one another—in this case, chloramphenicol resistance and viru-
lence gene expression.

The conclusion that Agrobacterium is utilizing an “unrelated” cellular activity—in this
case. the MexE/MexF/AmeC pump—to suppress the response to low concentrations of
a vir inducer is consistent with earlier studies on the role of ABC transporters in
modulating the response of Agrobacterium to vir-inducing sugars (18, 31, 58). In all of
these cases, the activity of the transporters appears to keep the inducing ligand
concentration lower at the site of signal perception—the periplasm in the case of ChvE
and sugars and the cytoplasm in the case of VirA and phenols. Taken together, these
studies provide strong evidence that Agrobacterium has integrated cellular transport
activities with the virulence regulating system so as to ensure that vir induction occurs
only in environments that are expected to have high levels of vir inducers, such as at
a wound site on a plant.
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TABLE 1 Strains and plasmids

Journal of Bacteriology

Strain or plasmid Relevant characteristics? Reference or source
Strains
E. coli
XL1-Blue recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAT1 lac[F' proAB laclaZAM15 Tn10 (Tcr)] StrateGene
PIR2 F~ Alac169 rpoS(Am) robA1 creC510 hsdR514 endA recAl uidA(AMIul):pir Invitrogen
A. tumefaciens
A136 C58 background without Ti plasmid 63
A348 C58 background carrying pTiA6 63
AB140 Spontaneous AS-hypersensitive mutant of A348 37
AB144 Spontaneous AS-hypersensitive mutant of A348 37
AB147 Spontaneous AS-hypersensitive mutant of A348 37
AB300 A348 with deletion of chvE 25
AB3003 AB300 with gfp ORF inserted between virE2 and virE3 This study
AB3003C AB3003 with B-lactamase ORF from pBBR1MCS4 inserted after virB1 start codon This study
AB3009 AB3003C with sacB ORF from pK18mobsacB inserted after virB2 start codon This study
AB3012 AB3009 with chvE returned to its chromosomal location This study
AB3016 AB3012 with mexE deletion This study
AB3018 A348 with mexE deletion This study
MDG165 358mx virEz:[lacZ:gfp] 61
Plasmids
pBBR1TMCS2 Broad-host-range plasmid cloning vector; Kan" 39
pBBRTMCS4 Broad-host-range plasmid cloning vector; Amp® 39
pK18mobsacB Suicide plasmid vector; Kan" 62
pYW15C IncW/ColE1 expression vector with Py,s promoter; Carbr 43
pRL27 Tn5-RL27 (Kan' oriR6K) delivery vector 38
pAB302 pYW15C with mexE expressed from Py,s promoter; Carb® This study
pAB303 pK18mobsacB carrying sequences flanking mexE orf; Kan* This study
pJZ150 chvE plus flanking sequences in pK18mobsacB; Kan" This study
pJZ151 B-Lactamase ORF fused to virBT start codon plus flanking upstream and downstream virB1 This study
sequences in pK18mobsacB; Kan*
pJZ152 sacB ORF fused to virB2 start codon plus flanking virB1, virB2, and virB3 sequences in This study
pK18mobsacB; Kan®
pJZ153 gfp ORF (including start codon) plus virE2 and virE3 sequences in pK18mobsacB; Kan" This study

aCarbr, carbenicillin resistance; Kan", kanamycin resistance.

MATERIALS AND METHODS

Bacteria, media, and growth conditions. Escherichia coli strains were grown in Luria-Bertani (LB)
medium (Sigma) with appropriate antibiotics at 37°C. Agrobacterium tumefaciens strains were routinely
maintained on MG/L medium at 25°C (59) (see Table 1 for strains and plasmids). Antibiotics were used
at the following concentrations (in liquid or solid medium, respectively) for A. tumefaciens: 30 or
100 pg/ml (carbenicillin; Sigma) and 10 or 50 wg/ml (kanamycin; Sigma). For vir gene induction, AB
induction (ABI) medium (59) was used, except 3.9 g/liter morpholineethanesulfonic acid (MES; pH 5.5)
was used with Casamino Acids omitted. Growth assays of Agrobacterium strains in the presence of
various antibiotics (chloramphenicol [Tokyo Chemical Industry], novobiocin, and tetracycline [Sigma]) or
phenol derivatives (acetosyringone, acetovanillone, and 4-hydroxyacetophenone; Acros Organics) were
carried out by first growing overnight cultures from single colonies in MG/L medium, followed by
overnight growth in ABI medium supplemented with 10 mM glucose, all at 25°C. Cells from the overnight
ABI cultures were resuspended, added to ABI medium plus various supplements at a starting ODg,, of
0.08, and grown overnight at 25°C on a spinning drum, and their OD,,s were measured. Fluorescence
images of plates were acquired following the procedure of Siryaporn and Goulian (60) using a D50
camera (Nikon, Melville, NY) connected to the fluorescence illuminator from a Zeiss microscope (2FL
fluorescence adapter) with a 100-W mercury lamp and using filter sets for GFP and mCherry.

Construction of strains and plasmids. We used marker exchange eviction mutagenesis (62) as
previously described (30) to create strain AB3003 carrying GFP between virE2 and virE3 in the plasmid
pTiA6. Primer E2GFPE3.P1 was used with E2GFPE3.P2 (see Table S3 in the supplemental material for
primers) to amplify an 800-bp fragment containing the 3’ part of the virE2 sequence and part of the
sequence between virE2 and virE3. Primers E2GFPE3.P3 and E2GFPE3.P4 were used to amplify the GFP
gene with its own ribosomal binding site (RBS) sequence from MDG165 (61). The 5" ends of primers
E2GFPE3.P2 and E2GFPE3.P3 were designed to include complementary sequence so that the products
from the first two PCRs could function as self-annealing templates in a third PCR with primers E2GFPE3.P1
and E2GFPE3.P4 to generate a 1.6-kb fragment carrying part of the virE2 sequence and the whole GFP
gene. Primer E2GFPE3.P5 was used with E2GFPE3.P6 to amplify an 800-bp fragment containing the 5’
part of the virE3 sequence and part of the sequence between virE2 and virE3. This PCR product was mixed
with the previous PCR product (the 1.6-kb fragment) to do the fifth PCR with primers E2GFPE3.P1 and
E2GFPE3.P6 to generate a 2.4-kb fragment carrying the 3’ part of the virE2 sequence, the whole GFP
gene, the virE2 and virE3 intergenic region, and the 5’ part of the virE3 sequence. This 2.4-kb PCR
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fragment was digested with BamHI and Pstl and cloned into pK18mobsacB (59). The resulting construct
(pJZ153) was electroporated into strain AB300 (25). The double-deletion strains were obtained and
confirmed with primers conE2GFPE3.P1 (upstream of the amplified 3’ part of the virE2 sequence) and
conE2GFPE3.P2 (downstream of the amplified 5’ part of the virE3 sequence). The resulting strain was
named AB3003.

To construct AB3003C, the B-lactamase gene from pBBR1MCS-4 (39) was inserted behind the start
codon and RBS of virB1. Therefore, virB1 is inactive, since it is disrupted by the B-lactamase insertion. PCR
using primers PvirB.P2 (Sall) and 4pvirB.P1 and pTiA6 as the substrate amplified the upstream sequence
of virB1, yielding product 1, ending with the start codon of virB1 (ATG). PCR using the primers 4carb.P2
and 4carb.P1 and pBBRTMCS-4 as the substrate yielded product 2, which includes the B-lactamase open
reading frame (exclusive of its start codon) and flanking sequences upstream and downstream of virB1.
PCR using the primers 4virB1.P2 and virB1.P1 (EcoRI) and pTiA6 as the substrate yielded product 3, which
has sequences from the 3’ end of the B-lactamase gene fused to sequences downstream of the virB7 start
codon. PCR using the primers PvirB.P2 (Sall) and 4carb.P1 and products 1 and 2 as the substrates to yield
product 4 (upstream virB1 including the start codon, B-lactamase sequence, and some downstream virB1
sequence). PCR using the primers PvirB.P2 (Sall) and virB1.P1 (EcoRl) and products 3 and 4 yielded
product 5 (upstream virB1 including the start codon and B-lactamase sequence after the virB1 start
codon), which was then digested with EcoRIl and Sall and cloned into pK18mobsacB. This plasmid
(pJZ151) was electroporated into AB3003, and the insertion was selected for as above and confirmed via
PCR using the primers UpvirB and DownvirB1, yielding AB3003C.

The sacB open reading frame from pK18mobsacB (62) was moved into AB3003C behind the virB2 start
codon to yield AB3009, as follows. The upstream sequence of virB2 with the start codon of virB2, which
is used as the start codon of sacB in the final construct, was amplified from pTiA6 using the primers
6virB1.P1 (EcoRl) and 5virB1.P11 (product 1). The sacB ORF from pK18mobsacB without its own start
codon and with overlapping sequence from just before and after the start codon of virB2 was amplified
using the primers 5sacB.P1 and 5sacB.P2 (product 2). The sequences downstream of the virB2 start codon
plus the sacB overlapping sequence at its 3’ end were amplified using the primers 5virB2.p22 and
5virB2.P2 (Sall) (product 3). The primers 6virB1.P1 (EcoRl) and 5sacB.P2 were used with products 1 and
2 to yield the upstream virB1 sequences and the virB2 start codon (product 4). The final product that
included virB1 sequences, the virB2 start codon, the sacB ORF, and downstream virB2 and virB3 sequences
was amplified using products 3 and 4 as the substrate (product 5). This was then cut with EcoRI and Sall
and cloned into pK18mobsacB, yielding pJZ152. This plasmid was electroporated into AB3003 and, after
kanamycin and sucrose selection as above, yielded strain AB3009, which was confirmed using the
primers 5UpvirB1 and 5DownvirB2.

Wild-type chvE, and ~500 bp of upstream and downstream sequences were amplified using the
primers chvE.Pl and chvE.PIV and cloned into the Xmal site of pK18mobsacB, yielding pK18mobsacB::chvE
(=pJZ150). This plasmid was electroporated into AB3009 and, after kanamycin and sucrose selection as
above, yielded strain AB3012. The presence of the wild-type chvE at its original location was confirmed
using the primers K262SconP1 and DOWNDC3.

AmexE strains were constructed by first amplifying AB3012 genomic DNA with the primers dMexEP1
and dMexEP2 to yield fragment A, which carried sequences just upstream of the mexE start codon plus
overlapping sequence just downstream of the stop codon of mexE. Primers dMexEP3 and dMexEP42 and
AB3012 genomic DNA as the template were used to generate fragment B, which carried sequences
downstream of the mexE stop codon and overlapping sequence just upstream of the mexE start codon.
Fragment C, which carried the deletion of the mexE ORF with approximately 500 bp of upstream and
downstream sequences, was amplified from fragments A and B using the primers dMexEP1 and
dMexEP42. Fragment C was digested with EcoRl and Xbal and cloned into pK18mobsacB (=pAB303). This
plasmid was electroporated into strains AB3012 and A348, followed by kanamycin and sucrose selection
as above, yielding AmexE strains AB3016 and AB3018, respectively. The deletion of mexE in sucrose-
resistant (Suc’) kanamycin-sensitive (Kan®) colonies was confirmed via PCR with the primers CondMexEP1
and CondMexEP2, which are outside fragment C.

The mexE open reading frame was amplified with Phusion polymerase (NEB) using the primers
MexEP9 and MexEP10, each of which carries mexE and pYW15C (43) sequences. pYW15C was cut with
Sall and Sacl, treated with calf intestine phosphatase, and gel purified using the Qiagen gel extraction
protocol. The mexE fragment and digested vector were incubated with HiFi DNA assembly master mix
(NEB) per the vendor’s instructions, transformed into E. coli XL1, and plated on LB plates supplemented
with ampicillin (100 wg/ml; Sigma). Plasmid minipreps were made (Qiagen), and those with a diagnostic
520-bp Hindlll fragment were sequenced using the primers pYW15CseqF and pYW15CseqR. The con-
firmed plasmid, pAB302, contains the mexE ORF driven by the Py,s promoter of pYW15C.

Transposon mutagenesis of AB3012 and identification of insertion sites. . coli strain BW20767/
pRL27 (38) was grown on 4 plates of LB medium plus 25 ug/ml kanamycin. Cells were resuspended in
2 ml of LB medium per plate and spun down, and plasmid DNA was prepared via the Qiagen miniprep
protocol. This DNA was concentrated via sodium acetate-ethanol precipitation, washed with 70%
ethanol, and resuspended in 50 ul H,O. The DNA concentration was measured at approximately
100 ng/pl using a Thermo Scientific NanoDrop spectrophotometer. Electrocompetent cells of AB3012
were prepared, electroporated with 2.5 ul of the pRL27 plasmid preparation or 0.5 ul of pBBRTMCS-2
(39), resuspended in 1 ml of MG/L medium (59), and allowed to recover on a spinning drum for 3 h at
25°C. These cells were spun down and resuspended in MES buffer (20 mM, pH 5.5) and plated on agar
plates of ABI medium (59) containing 100 ug/ml carbenicillin (Acros Organics) and 50 ug/ml kanamycin
(Sigma) plus 10 mM glucose and acetosyringone (AS; Acros Organics) at 0, 1, or 200 uM AS. Additionally,
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5l of cells was plated on MG/L medium plus 50 ug/ml kanamycin to estimate the number of cells
carrying a transposon. Plates were examined for growth and GFP expression (via fluorescence micros-
copy) after 5 days.

Colonies that were Kan" (kanamycin resistant), Carb’, and GFP positive on 1 uM AS were restreaked
on ABI medium plus 10 mM glucose, 1 uM AS, 100 ng/ml carbenicillin, and 50 ug/ml kanamycin and
confirmed as Kanr, Carb, and GFP positive. Individual colonies from each transposon hit were grown
overnight in 7 ml of MG/L medium plus 50 ng/ml kanamycin. A 500-ml aliquot of the overnight culture
was used to make —80°C stocks, and the remainder was used for genomic DNA preparation, as follows.
Aliquots (3 ml) were spun down and resuspended in 250 ul Qiagen miniprep buffer 1, followed by
addition of 250 ul of Qiagen miniprep buffer 2 and incubation for 5 min at room temperature. Qiagen
buffer 3 (350 wl) was then added to this, and the entire mixture was subjected to shearing by vortexing,
then 1 pass of the mixture through a 21-gauge needle, followed by three passes of the mixture through
a 25-gauge needle. After centrifugation for 10 min, the supernatant was applied to a Qiagen spin column,
and DNA was washed and eluted per the vendor’s instructions. To recover the transposon and flanking
Agrobacterium sequences, the genomic DNA preparations were digested with either BamHI or Bfal,
neither of which cuts inside the transposon, purified via Qiagen spin column, and ligated with T4 ligase.
This was then purified via a Qiagen spin column and eluted with H,O, and the eluate was electroporated
into E. coli Pir2 electrocompetent cells that allow plasmid replication via the oriR6K sequences in the
transposon (38). After a 1-h recovery period in 1 ml of LB medium at 37°C, the cells were plated onto LB
plates plus 50 ug/ml kanamycin and grown overnight at 37°C. Colonies that grew up were restreaked on
LB plates plus kanamycin and were used to make Qiagen DNA minipreps that were then sequenced
using the primers oriKR6K and TnmodRKan2.

Virulence assays. Analysis of tumor initiation by various Agrobacterium strains on Nicotiana
tabacum cv. H425 leaf explants and Kalanchoe daigremontiana leaves was carried out as described
previously (18).

Bacterial competition assays. Stems from vegetative Nicotiana tabacum cv. H425 greenhouse-
grown plants were surface sterilized via 3 consecutive cycles of 7% chlorox-H,O rinse-70% ethanol and
then 3 rinses in sterile H,0. Stem segments (4 mm thick) were excised and moved onto H,0-0.9% agar
plates (basal cut surface up) and inoculated with 10 ul of a 1:1 mix of Agrobacterium strains A348 and
AB3018/pMP7604 or A348/pMP7604 and AB3018 that had been grown overnight in MG/L medium and
resuspended to an ODg,, of 0.1 in 20 mM MES (pH 5.5). The inoculated stem pieces were incubated in
the dark for 5 days at 25°C. The bacteria on the wound sites were then resuspended in 20 mM MES (pH
5.5), diluted in the same buffer, and plated on MG/L medium; after 3 days, colonies were counted and
pictures of red fluorescence taken.
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