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Agrobacterium tumefaciens strain C58 can transform plant cells to produce and secrete the sugar-phosphate
conjugate opines agrocinopines A and B. The bacterium then moves in response to the opines and utilizes them
as exclusive sources of carbon, energy, and phosphate via the functions encoded by the acc operon. These
privileged opine-involved activities contribute to the formation of agrobacterial niches in the environment. We
found that the expression of the acc operon is induced by agrocinopines and also by limitation of phosphate.
The main promoter is present in front of the first gene, accR, which codes for a repressor. This operon structure
enables efficient repression when opine levels are low. The promoter contains two putative operators, one
overlapping the —10 sequence and the other in the further upstream from it; two partly overlapped putative
Ppho boxes between the two operators; and two consecutive transcription start sites. DNA fragments containing
either of the operators bound purified repressor AccR in the absence of agrocinopines but not in the presence
of the opines, demonstrating the on-off switch of the promoter. Induction of the acc operon can occur under
low-phosphate conditions in the absence of agrocinopines and further increases when the opines also are
present. Such opine-phosphate dual regulatory system of the operon may ensure maximum utilization of
agrocinopines when available and thereby increase the chances of agrobacterial survival in the highly com-
petitive environment with limited general food sources.

During agrobacterial infection of susceptible plants, a copy
of the T region in a tumor-inducing plasmid (Ti plasmid),
called the T-DNA, is transferred from the bacterium to the
plant where it becomes integrated into the chromosome (10—
12, 25). Expression of the genes on the integrated T-DNA
results in the tumorous phenotype and also the production of
unusual low-molecular-weight carbon compounds that belong
to a large group of plant tumor-specific metabolites collectively
called opines (15, 20, 58, 66).

Crown gall tumors induced by the classic nopaline-type
Agrobacterium tumefaciens strain C58 synthesize and secrete
two families of tumor metabolites: agrocinopines A and B and
nopaline (20, 43). The genes responsible for the biosynthesis of
agrocinopines and of nopaline are carried on the T region of
pTiC58, harbored by the strain C58 (7, 14, 29). Strain C58 can
catabolize nopaline and agrocinopines by using functions en-
coded by two different sets of genes located on the nontrans-
ferred region of the Ti plasmid (6, 27, 34, 76). These loci, called
acc (agrocinopine catabolism) and noc (nopaline catabolism),
code for the transport and catabolism of, as well as chemotaxis
to, their cognate opines (34, 35, 51, 76).

The process by which A. tumefaciens transforms plant cells
to produce opines has been termed genetic colonization of the
plant (60). The genetic colonization theory leads to the opine
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concept, proposed by Tempé et al. (68), which states that the
opines are the chemical mediators of the interaction between
Agrobacterium spp. and its plant host. There are nonagrobac-
terial opine utilizers, including various pseudomonads and
coryneforms, that can grow on common opines, such as octo-
pine, indoleacetic acid, and succinamopine (49, 57, 69). How-
ever, these opines still comprise a small portion in the bacterial
community in the rhizosphere and, further, the ability to utilize
certain opines, including mannopine, is uncommon (49).
Therefore, these compounds may serve as specific sources of
nutrition to opine-utilizing agrobacteria, promoting their
growth and dissemination.

Our previous studies revealed that acc is composed of eight
genes: accR and accABCDEFG (34). accR codes for a repres-
sor that regulates this locus, as well as the conjugative transfer
of pTiC58 in response to the presence of agrocinopines A and
B (3, 27, 34). The first five structural genes, accABCDE, code
for an ABC-type transport system that takes up agrocinopines
as well as a unique antibiotic called agrocin 84 (27, 34). Agro-
cin 84 is produced by A. radiobacter strain K84, which is an-
tagonistic to A. tumefaciens strain C58 competing for agroci-
nopines that are produced by plants transformed by A.
tumefaciens strain C58 (19, 36, 47, 48, 56, 64, 67). The last two
genes, accF and accG, code for agrocinopine phosphodiester-
ase and arabinose phosphate phosphatase, respectively (34,
73). They are required to initiate catabolism of the opines in
splitting them into an arabinose 2-phosphate and a fructose or
a sucrose, depending on the type of the agrocinopine, and in
further dephosphorylating the arabinose 2-phosphate. Inter-
estingly, the product of accF also is required to activate agrocin
84, which most likely is not toxic to C58 in its native form (34).
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Strains with mutations in accF take up agrocin 84 but remain
resistant to the antibiotic.

acc is expressed at a relatively high basal level in the absence
of agrocinopines (28). In the presence of the opines, or when
accR is mutated, the expression of acc is increased severalfold
(3, 28). Analysis of lacZ fusions identified a second transcrip-
tion unit located just 5’ to accR (34). This locus, which is
oriented in the direction opposite to that of acc, contains the
traR gene (55). traR codes for a transcriptional activator re-
quired for the expression of the fra and b genes responsible
for conjugative transfer of the Ti plasmid (54, 55). Expression
of this set of genes also is regulated by AccR (50, 51, 55).

DNA sequence analyses revealed cis elements that might be
involved in regulating acc (34). These include two related in-
verted repeat (IR) sequences located in the regions upstream
of accR and accF. There also is a sequence similar to these IR
sequences located upstream of the IR present in the 5'-un-
translated region of accR. The intergenic region between accR
and accA contains an unrelated IR (3). Finally, two overlap-
ping putative pho boxes, related to those in Escherichia coli and
to that associated with virG in the octopine type plasmid pTiA6
harbored by another A. tumefaciens strain (41, 42, 72), also
were identified in the 5'-untranslated region of accR by Kim et
al. and later by Yuan et al. (34, 75). This observation suggested
that expression of acc is regulated by availability of phosphate,
as well as by the opines (34).

In this report, we present genetic data showing that (i) the
acc operon indeed is regulated by both agrocinopines and
phosphate starvation, (ii) the main promoter is in the region
upstream of accR, (iii) both of the IRs in the promoter are
required for the full repression of the operon, and (iv) induc-
tion under low-phosphate conditions occurs in the absence of
agrocinopines and further increases when the opines are also
present. We also present other data showing that (i) two tran-
scription start sites are present in the main promoter; (ii) two
IRs in this promoter most likely are functional operators that
bind repressor AccR in the absence of agrocinopines, but not
when agrocinopines are present; and (iii) intact opines are the
true inducers and that agrocin 84, which is another substrate of
the acc operon, and L-arabinose and sucrose, the constituent
sugars of agrocinopines, neither serve as inducers nor affect
derepression of the operon by the opines.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains and plasmids used in the
present study are described in Table 1.

Media. Strains of A. tumefaciens were grown in Luria-Bertani (LB) medium
(Gibco-BRL, Gaithersburg, MD), nutrient agar (Difco Laboratories, Detroit,
MI), or AB minimal (ABM) medium (9). Unless otherwise specified, mannitol at
a final concentration of 0.25% was used as a carbon source in ABM medium. For
studies of cells grown in low phosphate, ABM medium containing 0.1 mM
phosphate and supplemented with 40 mM 4-morpholine-ethanesulfonic acid (pH
7.0) was used (72). E. coli strains were cultured in LB medium supplemented,
when necessary, with antibiotics at the following concentrations: tetracycline, 10
pg/ml; ampicillin, 100 wg/ml; and kanamycin, 50 wg/ml. For A. tumefaciens,
antibiotics were used at the following concentrations: kanamycin, 50 or 100
pg/ml; tetracycline, 2 pg/ml; and carbenicillin, 100 or 200 pg/ml.

Preparation of agrocinopines. A mixture of agrocinopines A and B was puri-
fied from tomato crown galls induced by A. tumefaciens strain T37 as described
by Ryder et al. (58). The agrocinopine opines were quantified by the phloroglu-
cinol method (16) with arabinose (Sigma Chemical Co., St. Louis, MO) as the
standard.
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Genetic manipulations. E. coli strains were transformed by using the CaCl,
procedure of Sambrook et al. (59). A. tumefaciens strains were electroporated
according to the procedure of Cangelosi et al. (8). Recombinant plasmids based
on IncP1 vectors were mobilized into A. tumefaciens by a biparental method
using E. coli strain S17-1 (21). Tn3HoHol insertion mutant 11 of pTHB112 (for
the map, see Fig. 1A) was marker exchanged into pTiC58AaccR as described
previously (24), and the lacZY fusion to accF on pKFG (34) was marker ex-
changed into pTiC58AaccR and pTHH206 as described previously (34). The
marker exchange mutations were confirmed by restriction endonuclease analysis
of purified plasmid DNAs.

Cell culture, induction, and 3-galactosidase assays. Each strain to be tested
was grown in 4.5 ml of ABM medium containing appropriate antibiotics to an
optical density at 600 nm of 0.3 to 0.4. A 1-ml volume of each culture was
transferred to two sterile culture tubes, and agrocinopines were added to a final
concentration of 20 pM to one subculture. These cultures were grown in parallel
for an additional 2 h, and the bacteria were harvested by centrifugation and
resuspended in 300 pl of 0.9% NaCl. B-Galactosidase activities were quantified
as described by Miller (45). To assay for the induction by phosphate starvation,
cells were collected by centrifugation from a 2-ml sample of culture as described
above, washed twice with 0.9% NaCl, and resuspended in 2 ml of low-phosphate
ABM medium. The bacterial suspension was split, and agrocinopines were added
to one portion as described above. The subcultures were incubated for 12 h, and
the cells were assayed for B-galactosidase activities as described above. B-Ga-
lactosidase activities of each strain incubated under all four conditions described
above were confirmed in at least two separate experiments.

Primer extension assay. Primer extension reactions were conducted as de-
scribed by Piper et al. (55). The primer used was 5'-GTCGCGCCTCGCAGTG
GCCACCG-3'. The primers were 5’ end labeled with [y-*P]JATP using T4
polynucleotide kinase (BRL Life Technologies) as directed by the manufacturer.
Dideoxy sequencing reactions were performed using the same primer and pKPS7
(55) as the template. The products of primer extension reactions and sequencing
reactions were separated by electrophoresis on 6% polyacrylamide sequencing
gels and visualized by exposing the gel to X-ray films.

Construction of His-tagged AccR. The accR gene was cloned into pET29b
(Novagen, Inc.) to add a tag of six histidine residues to the C terminus. The
primers used to amplify the accR fragment were 5'-CTCTGGGAAGCGCATA
TGTTCAACTC-3' (rightward) and 5'-CTCTCGTCGAACCTCGAGCGCAAC
AA-3' (leftward). The underlined bases represent Ndel and Xhol sites incorpo-
rated into the primers by changing four bases (rightward primer) or three bases
(leftward primer). The boldface ATG represents the translational start codon of
the accR gene. Base substitutions in the leftward primer change the last two
codons of accR from those for asparagine and termination to those for leucine
and glutamic acid. The accR fragment was amplified by PCR using purified
pRKW26 (3) as a template. The PCR product was digested with Ndel and Xhol
and ligated with pET29b (Novagen, Inc.) linearized by the same set of enzymes.
The insert in the resulting construct, pEXPR, was confirmed by DNA sequence
analysis, and was used to transform E. coli strain BL21(DE3)(pLysS).

Purification of His-tagged AccR. Strain BL21(DE3)(pLysS, pEXPR) was cul-
tured in 2 liters of L broth containing kanamycin and chloramphenicol to an
optical density at 600 nm of 0.6, IPTG (isopropyl-B-p-thiogalactopyranoside) was
added to a final concentration of 1 mM, and the culture was incubated for an
additional 2 h. Bacteria were collected by centrifugation, and the cell pellet was
frozen overnight at —20°C. The cells were resuspended in 40 ml of cold buffer A
(20 mM Tris-HCI [pH 7.9] and 0.5 M NaCl) containing 5 mM imidazole. The
resulting suspension was sonicated on ice until the sample was no longer viscous.
Cell debris was removed by centrifugation (39,000 X g for 20 min), and the
supernatant was passed through a 0.45-um-pore-size nitrocellulose membrane
filter (Nalgene, Inc.). The filtered supernatant was subjected to Ni** affinity
column chromatography (1.25-ml bed volume) as described by the supplier
(Novagen, Inc.). The column was washed with 25 ml of buffer A containing 5 mM
imidazole and then with the same volume of buffer A containing 60 mM imid-
azole. Bound proteins were eluted by using 20 ml of buffer A containing 1 M
imidazole. Samples from each 1-ml fraction were assayed for the presence of
proteins (BCA protein assay; Promega). The fractions that showed positive
reactions in the protein assays were combined, and a small volume was analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a
12% gel. The elution buffer was exchanged with storage buffer containing 10 mM
Tris-HCI (pH 7.8), 0.5 mM EDTA, 10 mM MgCl,, 1 mM dithiothreitol, and 50%
glycerol by using a spin column (Microcon YM-10; Millipore). The protein
preparation that remained soluble was separated from the insoluble part by
centrifugation and was adjusted to a concentration of 200 nM in a total volume
of about 100 pl. The sample in storage buffer was analyzed by SDS-PAGE on a
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TABLE 1. Bacterial strains and plasmids used

J. BACTERIOL.

Strain or plasmid

Relevant genotype, phenotype, or characteristics®

Source or reference

Strains
E. coli
DHS5a supE44AlacU169($80lacZAM15) hsdR17 recAl endAI gyrA96 thi-1 relAl 59
S17-1 Pro” Res™ Mod" recA; integrated RP4-Tc"::Mu-Kan::Tn7, Mob™; Sm" 63
2174(pPH1JI) met pro Gm" Sm" 5
Sm10:\pir Derivative of C600 with Rp4-2(Tc"::Mu); Km", Thi, Thr, Leu, sulll, RecA 32
BL21(DE3)(pLysS) F~ ompT hsdSg(rg~ mg™) gal dem (DE3) pLysS; Cm" Novagen, Inc.
A. tumefaciens
C58 Agr® Noc™ Acp™® (pTiC58) Our collection
NT1 pTiC58-cured C58 71
NT1(pTiC58AaccR) Agr® Noc™ Acp™ 3
NT1(pAgK84b-Al) Agr" Agr production; Km" 22
C58K476 pTiCS8 (accA::Tn3HoHol 476); Cb" 34
C58KF pTiC58 (accF::lacZY) 34
C58K11 pTiC58 (accG::Tn3HoHol 11); Cb" 34
C58KFAR pTiC58AaccR (accF::lacZY) This study
C58K11AR pTiC58AaccR (accG::Tn3HoHol 11); Cb" This study
T37 Agr® Noc™ Acp™ (pTiT37) Our collection
Plasmids
pLAFR6 pLAFR1 with double terminators flanking polylinker; Tc" 31
pB153 pLAFRG6:part of BamHI fragment containing Tn3HoHol 153; Tc" This study
pBH153 pLAFR6::HindIII fragment 31 containing Tn3HoHo1l 153; Tc" This study
pB476 pLAFRG6::part of BamHI fragment containing Tn3HoHol 476; Tc" This study
pBH476 pLAFR6::HindIII fragment 31 containing Tn3HoHo1l 153; Tc" This study
pBHS476 Sall deletion derivative of pBH476; Tc" This study
pLFZY pLAFRG6:PstI-HindIII fragment containing lacZY; Tc* This study
pTHB476 pTHB112::Tn3HoHol 476; Tc" Cb* 28
pHK11 pTHB112::Tn3HoHol 11; Tc* Cb* 34
pHK115 pTHB112::Tn3HoHol 115; Tc" Cb* 34
pHK153 pTHB112::Tn3HoHol 153; Tc" Cb* 34
pHKF pTHB112(accF::lacZY); Tc* 34
pTHH206 pSa4 containing HindIII partial of pTiC58; Cm" Km" 28
pTHH206F pTHH206 (accF::lacZY); Cm" Km" This study
pKFG pKNG101::HindIII 11ASmal::lacZ; Sm* 34
pRK415 Inc Pla cloning vector; Tc" Km" 33
pRKW26 pRK415K::EcoRI 26 from pTiC58; Km', accR 3
pET29% ATG translational fusion vector for adding C-terminal His tag; Km" Novagen, Inc.
pEXPR pET29b::accR; Km', His-tagged accR This study
pTESTR Cointegrate of pRK415 and pEXPR; Tc" Km', His-tagged accR This study

“ Abbreviations: Amp", ampicillin resistance; Cb", carbenicillin resistance; Cm", chloramphenicol resistance; Km", kanamycin resistance; Sm’, streptomycin resistance;

Tc", tetracycline resistance; Agr®, agrocin 84 sensitivity; Agr’, agrocin 84 resistance; Acp ™, agrocinopine utilization; Noc™, nopaline utilization.

12% gel to determine molecular weight of the His-tagged AccR and was stored
at —20°C.

Gel retardation assays. Complementary pairs of oligonucleotides correspond-
ing to potential cis-acting operator sites were annealed together to make double-
stranded DNA molecules. The 3’ ends of the DNA fragments were labeled using
digoxigenin-11-ddUTP and terminal transferase as recommended by the supplier
(Boehringer Mannheim). Protein-DNA binding reactions in a 20-pl volume
contained 0.4 pmol of DNA probe, 0.05% NP-40, and AccR protein at the
concentrations indicated in a buffer of 10 mM Tris-HCI (pH 7.6), 1 mM EDTA,
50 mM NaCl, and 5% glycerol provided by the supplier (Boehringer Mannheim).
When required, opines (agrocinopines or nopaline) were added as indicated.
After 10 min of incubation at room temperature, samples were subjected to
electrophoresis in 6% polyacrylamide gels at 4°C in Tris-borate-EDTA buffer (89
mM Tris, 89 mM boric acid, 2 mM EDTA [pH 8.0]). After electrophoresis, the
free DNA fragments and the AccR-DNA complexes were transferred by elec-
trophoresis (Trans-Blot cell; Bio-Rad Co.) onto nylon membranes. The digoxi-
genin-labeled probes subsequently were detected by autoradiography using an
enzyme immunoassay with antidigoxigenin-AP, Fab fragments, and the chemi-
luminescent substrate, CSPD (Boehringer Mannheim).

Gene induction assays. Inducibility of accF or accG was tested by a modifi-
cation of the agrocin 84 susceptibility assay described by Hayman et al. (27).
Briefly, reporter assay medium containing the antibiotic was prepared by growing
the agrocin 84-producer strain NT1(pAgK84-Al) as a single colony in the center

of a plate of Stonier’s medium to which X-Gal (5-bromo-4-chloro-3-indolyl-B-
D-galactopyranoside) had been added. The plates were incubated for 48 h.
Indicator strains C58KF or C58K11 that contain lacZ fusions to accF or to accG,
respectively, were grown to late exponential phase and spread as a suspension in
melted agar (0.7%) buffered with 20 mM potassium phosphate (pH 7.0) over the
surface of the Stonier’s medium plates prepared as described above. Paper strips
containing 10 nmol of agrocinopines, L-arabinose, or sucrose were placed on the
surface of the soft-agar overlays to provide a localized source of the substrate
being tested for induction activity. The resulting plates were incubated at 28°C
for 2 to 3 days before we examined the results.

pho box search in the Agrobacterium genome. Upstream sequences of 300 bp
counted from the start codon, or just as much as available if the neighboring gene
is closer than this, of the genes that contain at least 50 bp of untranslated
upstream region were retrieved from the genome of A.tumefaciens C58 (Refseq
numbers NC_003304, NC_003305, NC_003306, and NC_003308) (73). Target
sequences were then scanned for pho box motifs by using a software tool patser
available at Regulatory Sequence Analysis Tools (RSAT [http://rsat.ulb.ac.be
/rsat/]). A weight matrix used in the analysis was generated by using SEQLOGO
(http://ep.ebi.ac.uk/EP/SEQLOGOY/) by aligning 27 putative pho box motifs pre-
viously identified in A. tumefaciens C58 by Yuan et al. (75). (see Tables S1 and
S2 in the supplemental material). Annotated functions of the genes associated
with identified pho boxes were looked up from the NCBI database (http://www
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FIG. 1. Reporter fusions and fragments of acc. (A) Physicogenetic map of pTHB112 which contains acc. Genes in acc, as well as those in the
neighboring arc operon, are shown as open arrows above the restriction map. Matching locus tag numbers to the genes in the sequenced pTiC58,
spanning from Atu6134 to Atu6145, are shown (73). Vertical lines denote the locations of Tn3HoHol insertions and of the lacZY cassette located
in accF. The horizontal top bars indicate the direction of transcription reported by the lacZ fusions. (B) Constructs containing the lacZ reporter
genes from insertions 153, 476, and the lacZY cassette located in accF. The restriction map and genetic organization of each insert fragment is
shown below the name of the corresponding plasmid. The direction of expression of the lacZ gene on the Tn3HoHol insertions and of the lacZY
fusion to accG are shown as red arrows. The open vertical arrows located under the restriction maps of the inserts indicate locations of the
candidate operator sequences, while the closed arrows indicate the location of the pho box-like elements. Fragments that contain the same enzyme
sites at both ends were obtained from pHK153 or pTHB476 by digesting the plasmids either with BamHI or with HindIII. The resulting fragments
of insert DNAs were ligated into the vector pLAFR6, which had been digested with the appropriate enzyme, resulting in clones, pB153, pBH153,
pB476, and pBH476. The reporter insert in pLFZY was obtained from pTHH206F (Table 1) by double digesting the plasmid with PstI and HindIII.
This 2.5-kb fragment containing the reporter fusion was ligated into pLAFRG6 digested with the same enzyme. The insert of pPBHS476 was obtained
as follows. The insert of pPBH476 was cloned into pUC18 as a HindIII fragment, and an internal Sall fragment, which spans from a site in the insert
to a site in the multiple cloning site of the vector, was deleted. The accA::lacZ fragment was recovered from this clone as a BamHI fragment, which
spans from a site in the insert fragment to a site in the MCS of pUC18. This fragment was ligated into pLAFR6, which had been digested with
BamHI.

BamHI|

.ncbi.nlm.nih.gov/) or from the Kyoto Encyclopedia of Genes and Genomes
(http://www.genome.jp/kegg/).

C58KF, NT1(pTHB476), and NT1(pTHH206F)] (34), how-
ever, failed to show the induction by agrocinopines under
phosphate-rich conditions due to the inaccessibility to the in-
ducers. However, these strains demonstrated induction by the
opines under phosphate-limiting conditions, suggesting con-
comitant induction of a secondary means of opine uptake that
is not available when phosphate level is high. Strains with a
mutation in the regulatory gene, accR (i.e., C58KFAR and

RESULTS

The acc operon is regulated by agrocinopines and by phos-
phate limitation. Previous studies showed that acc is induced
in the presence of the agrocinopines or when accR is mutated
(3, 28, 34). Further, sequences closely related to pho boxes in

E. coli and to the one in A. tumefaciens virG gene (41, 42, 72)
were found in the region upstream of accR. This raised the
possibility that the expression of acc may also be controlled by
the availability of phosphate (34, 75). In fact, the reporter
fusions to the acc operon, which do not disrupt the agrocino-
pine uptake system, i.e., C58K11 and NT1(pHK153), showed
increased expression of the operon by agrocinopines and by
phosphate limitation (Table 2).

Others with nonfunctional uptake system [i.e., C58K476,

C58K11AR), showed derepressed levels of expression of the
reporter genes but still exhibited induction by phosphate star-
vation. The clone reporting the expression of the arc operon
(55), pHK115 (for the map, see Fig. 1A), showed induction by
opines but not by low phosphate levels.

A promoter located in the region upstream of accR is re-
sponsible for the regulated expression of the acc operon by
agrocinopines and by phosphate limitation. To dissect the
expression of acc, we cloned fragments from the operon, each
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TABLE 2. B-Galactosidase activities of Agrobacterium strains in response to two environmental cues

B-Galactosidase activity (Miller units)” at:

Strain Reporter fusion 25 mM PO, 2 0.1 mM PO, 2
— Agrocinopines + Agrocinopines — Agrocinopines + Agrocinopines
NT1 1 1 1 1
C58K476 accA:lacZ’ 16 17 272 1,222
C58KF accF::lacZ 8 8 36 1,119
C58K11 accG::lacZ 11 603 27 224
C58KFAR accF:lacZ 168 171 473 527
C58K11AR accG::lacZ 121 113 364 362
NT1(pHK153) accR-lacZ 5 30 11 30
NT1(pTHB476) accA::lacZ 104 103 440 2,008
NT1(pTHH206F) accF::lacZ 14 16 64 398
NT1(pHK115) trall::lacZ 4 15 5 17

“ B-Galactosidase assays were done as described in Materials and Methods.

?lacZ is in the intergenic region between accR and accA just outside the accR coding region.

with its relevant downstream lacZ reporter fusion, into
pLAFRG6 (Fig. 1). This vector contains a set of two transcrip-
tion terminators on either side of the multiple cloning site (31).
The resulting constructs were tested for expression of the
lacZ reporters in three different strains: NT1, C58, and
NT1(pTiC58AaccR). Each strain has the same chromosomal
background but differs with respect to the status of pTiC58.
NT1 is a Ti plasmidless derivative of the wild-type strain C58,
C58 has the wild-type pTiC58, and NT1(pTiC58AaccR) har-
bors a derivative of pTiC58 that contains a 5-bp deletion in the
5" end of the accR coding sequence (3).

C58 and NT1(pTiC58AaccR) harboring pB153, which has a

reporter to accR, exhibited induction of accR by agrocinopines
and by phosphate limitation (Table 3). In contrast, NT1 har-
boring the same plasmid, which lacks the agrocinopine uptake
system coded for by acc, did not show induction under phos-
phate-rich conditions, but it did when starved for phosphate.
pBHS476 contains a lacZ fusion to accA, as well as the inter-
genic region between accR and accA, but lacks most of accR
and all of its 5" sequences (Fig. 1). All three tester strains
harboring this clone expressed the reporter only at a low level
(Table 3). Moreover, expression was not affected by the pres-
ence or absence of accR and did not increase in response to
agrocinopines or to phosphate starvation. This suggests that a

TABLE 3. B-Galactosidase activities of Agrobacterium strains harboring subclones of acc in response to two environmental cues

B-Galactosidase activity (Miller units)* at:

Strain Reporter fusion 25 mM PO, 2 0.1 mM PO, 2
— Agrocinopines + Agrocinopines — Agrocinopines + Agrocinopines
NT1 1 1 1 1
Clones with both IR
NT1(pB153) accR-lacZ? 5 5 10 132
C58(pB153) 5 32 10 34
NT1(pTiC58AaccR, pB153) 5 30 12 32
NT1(pB476) accAz:lacZ 56 58 157 1,405
C58(pB476) 34 182 169 903
NTI1(TiC58AaccR, pB476) 79 143 334 1,336
Clones with only one IR
NT1(pBH153) accR-lacZ 16 15 76 279
C58(pBH153) 22 22 78 100
NT1(pTiC58AaccR, pBH153) 23 23 71 247
NT1(pBH476) accAz:lacZ 295 281 981 2,131
C58(pBH476) 260 270 979 1,763
NT1(pTiC58AaccR, pBH476) 346 367 977 2,182
Clones lacking accR promoter
NT1(pBHS476) accAz:lacZ 4 5 3 4
C58(pBHS476) 3 4 3 5
NT1(pTiC58AaccR, pBHS476) 5 6 4 7
NT1(pLFZY) accF::lacZ 4 4 3 4
C58(pLFZY) 3 9 4 20
NT1(pTiC58AaccR, pLFZY) 17 17 18 19

“ B-Galactosidase assays were done as described in Materials and Methods.

" lacZ is in the intergenic region between accR and accA just outside the accR coding region.
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FIG. 2. Mapping the transcriptional start site for the acc operon.
Two transcription start sites mapped by primer extension analyses
using total RNA isolated from either NT1(pTiC58AaccR) (denoted by
¥c) or C58 under a low phosphate condition (denoted by ) are
marked with two arrows in the gel picture.

weak promoter is located between accR and accA and that
expression from this promoter does not respond to AccR,
opines, or phosphate limitation.

However, expression of the accA::lacZ reporter responded
to opines and to phosphate limitation when tested in a clone
pB476, which contains an insert that includes accR and its 5’
upstream sequences (Table 3). This suggests that the regulated
expression of accA is mediated by the promoter located before
accR. C58 and NT1(pTiC58AaccR) harboring pB476 showed
significant increases in the levels of expression of the lacZ
reporter in response to agrocinopines and to phosphate limi-
tation. Regulated expression in NT1(pTiC58AaccR) was ex-
pected since the reporter clone provides wild-type AccR.
NT1(pB476), which does not express the acc transport system,
did not exhibit induction in response to agrocinopines under
phosphate-rich conditions but did under low-phosphate levels
(Table 3).

Expression of the accF and accG reporters placed in pTiC58
was repressed in the absence of the agrocinopines, but these
same fusions in pTiC58AaccR were expressed at high levels,
even in the absence of the opines (Table 2). This indicates that
accF and accG are part of the acc operon. However, pLFZY,
which lacks the regions upstream of accR and accA (Fig. 1)
showed only low levels of expression of the accF::lacZ reporter
in strain NT1 (Table 3). Interestingly, the same reporter in C58
showed moderate increases in gene expression in response to
agrocinopines. Also, NT1(pTiC58AaccR) harboring pLFZY
expressed the lacZ reporter at a level severalfold higher than
did NT1 harboring the same plasmid in the absence of agro-
cinopines (Table 3). This suggests that the weak promoter in
the region upstream of accF and accG serves as the secondary
promoter that is regulated by agrocinopines. However, none of
the strains harboring pLFZY responded to low phosphate lev-
els.

Consistent with the genetic data, primer extension analyses
for the expression of the acc operon by agrocinopines and for
that by phosphate-limitation mapped the same two transcrip-
tion start sites in the region upstream of accR (Fig. 2). This
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verifies that the accR promoter is responsible for the regulated
expression of acc by both agrocinopines and by low phosphate
levels.

Two operators are required for regulated expression of the
accR promoter by agrocinopines under phosphate-rich condi-
tions. The accR promoter contains a candidate operator in the
form of an IR sequence that overlaps the putative —10 element
(34). We mapped two consecutive transcription start sites as-
sociated with this —10 element (Fig. 2 and 3A). A second,
imperfect copy of this IR is located about 110 bp upstream
from this sequence. Analysis of deletion derivatives suggests
that both IR elements are required for the repression of acc by
AccR; pBH153 and pBH476, which truncate at the leftward
end of HindIII fragment 31 that contains the imperfect IR
(Fig. 1 and 3A), showed severalfold-higher levels of expression
of the lacZ reporters compared to the same strains harboring
pB153 and pB476, respectively, which contain about 2.3 kb of
sequence upstream of this site (Fig. 1 and Table 3). While
strains harboring pB153 and pB476 exhibited induction of the
lacZ reporters in response to agrocinopines, the levels of ex-
pression in the strains harboring pBH153 and pBH476 did not
show further increases when supplemented with the opines,
indicating that the reporter in this plasmid is constitutively
expressed under these conditions. However, strains harboring
pBH153 and pBH476 showed induction in response to low
phosphate levels, and the expression was further increased
when supplemented with the opines.

AccR interacts with the operators in the absence of agroci-
nopines. To study AccR-operator interactions, we purified the
C-terminal His-tagged protein (see Materials and Methods).
The purified protein migrates as band with a size of about 26
kDa in an SDS-polyacrylamide gel (Fig. 4A). The apparent
molecular mass differs from the predicted mass (29 kDa) of
His-tagged AccR. However, the nucleotide sequence of the
accR-His tag fusion fragment was as expected. Visual analysis
of the Coomassie blue-stained SDS-PAGE gel indicates that
the preparation of AccR is better than 95% pure. We con-
firmed that the His-tagged AccR has the wild-type-level activ-
ity in repressing expression of the lacZ reporter fusion to accG
and in decreasing susceptibility to agrocin 84 by repressing acc
expression in the strains tested (data not shown).

In gel mobility-shift assays, fragments O1 and O2, that con-
tain the perfect and imperfect IRs, respectively, each formed
detectable complexes with purified AccR (Fig. 4B and C). The
amount of complex formed increased with increasing amounts
of protein (Fig. 4B). Binding of AccR to fragments O1 and O2
was specific for the DNA; excess amounts of unlabeled calf
thymus DNA did not compete with the labeled probes for
binding by AccR (Fig. 4C). However, addition of unlabeled O1
or O2 DNA to the reactions in amounts as little as twice that
of the probes significantly reduced the amount of complexes
formed between AccR and the labeled fragments. Both frag-
ments yielded two major bands of AccR-DNA complexes in
the gel retardation assays. However, the electrophoretic mo-
bilities of the two bands formed with fragment O1 differed
from those formed with fragment O2, although the sizes of the
two fragments themselves differ by only 1 bp.

We tested the influence of agrocinopines on the binding of
AccR to DNA fragments O1 and O2 (Fig. 5). Addition of a
mixture of agrocinopines A and B to the reaction decreased
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FIG. 3. Nucleotide sequence of the promoter regions of acc. (A) Sequence of the 5'-untranslated region of the acc operon. Two sequences

homologous to the pho box are overlined. The accR promoter, and the two

putative operators, accOI and accO2, are indicated. Putative —10 and

—35 sequences are underlined. The —10-like sequence of the second phosphate-responsive promoter of accR is indicated by a line above the

nucleotide sequence. Other lines above or below the nucleotide sequence

indicate the positions of potential ribosomal binding sites (rbs). The

translational start site of each gene is preceded by its name, a short dashed arrow showing the direction of expression, and by the single-letter
code M for methionine. IR sequences are indicated by divergent arrows above the sequences. Boxes labeled O1, O2, O3, and O4 represent the
double-stranded probes used for gel retardation assays. (B) The sequence of the region containing the putative promoter of accA. (C) Sequence
upstream of accF. (D) Nucleotide sequence similarities among accO1, accO2, and O3. The arrows demark the IR sequences. The asterisk denotes

the central nucleotide which defines the axis of symmetry.

the amounts of complexes formed between AccR and frag-
ments O1 or O2. Moreover, the amounts of complexes formed
decreased in proportion to the amounts of the opines added. In
binding reactions with agrocinopines at 200 wM, virtually no
bands corresponding to the AccR-DNA complexes were de-
tected on the gel. On the other hand, nopaline, another opine
associated with pTiC58, had no detectable influence, inhibitory
or otherwise, on the formation of AccR-DNA complexes at
concentrations as high as 500 M.

We also tested the IR sequence present about 300 bp up-
stream of accF, which is similar to the two IRs from the accR
promoter (Fig. 3B and C). Despite the sequence similarity, the
mobility of the fragment O3 containing this IR sequence was
not affected by His-tagged AccR (data not shown). An imper-
fect IR sequence unrelated to those present upstream of accR
is located in the promoter region of accA (Fig. 3B). Fragment
04, which contains this IR sequence, also did not form detect-
able complexes with AccR (data not shown).

A. tumefaciens C58 genome contains 191 putative pho boxes
associated with 226 genes. Yuan et al. identified 99 putative
pho boxes in the A. tumefaciens strain C58 genome using the

weight matrix generated from known Sinorhizobium and E.
coli pho boxes (75). We generated an Agrobacterium-specific
weight matrix (see Table S2 in the supplemental material)
from 27 Agrobacterium pho boxes identified from the present
study and reanalyzed the Agrobacterium genome. Using a
software tool patser from RSAT with a cutoff score of 8.0,
we found 12 putative pho box motifs associated with 12
genes in pTiCS8, refinding the two previously identified in
the region upstream of accR (34, 75) (Fig. 3A). The same
number of motifs and associated genes were found in
pAtCSS, although it is larger than pTiC58. We also found
121 motifs with 142 genes and 46 motifs with 60 genes in the
circular and the linear chromosomes, respectively. Many of
the genes associated with the putative pho box motifs have
predicted roles in the utilization of phosphate or related
compounds. Some of these genes include Atu0419 (phoR,
two-component sensor kinase), Atu0420 (pstS, a subunit of
ABC transporter for phosphate), Atu0174 (phnC, a subunit
of ABC transporter for phosphonate), Atu6108 (phnA,
alkylphosphonate uptake protein), Atu0305 (ugpA, a sub-
unit of ABC transporter for sn-glycerol-3-phosphate), and
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FIG. 4. Binding of purified AccR to DNA probes Ol and O2.
(A) SDS-PAGE analysis of purified His-tagged AccR protein. A pro-
tein preparation of about 1 pg was electrophoresed in a SDS-12%
polyacrylamide gel. Lanes contain the following: 1, protein size mark-
er; 2, His-tagged AccR. (B) Probe O1 (in the left panel) is a 37-mer,
and probe O2 (in the right panel) is a 36-mer. The two probes corre-
spond to the boxed regions shown in Fig. 2. Binding reactions were
carried out as described in Materials and Methods. Lane 1, DNA
probe only. The other lanes contain probe and His-tagged AccR at
concentrations of 0.04 nM (lane 2), 0.2 nM (lane 3), 1 nM (lane 4), and
5 nM (lane 5). (C) Binding of AccR to DNA probes O1 and O2 is
specific. Probes O1 and O2 show the effect of adding homologous or
heterologous competitor DNA to reactions. All reactions contain 0.4
pmol of labeled DNA. Lane 1, DNA probe only; lanes 2, 3, and 4,
DNA probes mixed with AccR at a final concentration of 1 nM. Lanes
3 and 4 also contain 0.8 pmol of the unlabeled homologous DNA and
3 pg of calf thymus DNA, respectively.

Atull44 (ppk, polyphosphate kinase). On the other hand,
there also are many genes whose known or predicted func-
tions do not appear to be directly connected to phosphate
utilization. These include Atu6178 (virG, two-component
response regulator), which is involved in plant transforma-
tion (72); Atul657 [nadE, NAD(+) synthase] encoding de
novo synthesis of NAD (30); and Atu2085 ([pxC, UDP-3-O-
[3-hydroxymyristoryl] N-acetylglucosamine deacetylase),
which encodes lipopolysaccharide biosynthesis. For a com-

REGULATION OF THE acc OPERON ON pTiC58 3707

A o B o
increasing increasing
NO_Z—Tnop| Protein-DNA |NO_2~"]nop| Protein-DNA
1.2 3 4 5 Complex 12 3 4 5 Complex
™71
‘s ; (] :: 822;:3; <— Complex 1

<— Complex 2

<— Free probe <— Free probe

FIG. 5. Inhibition of binding of AccR to Ol and O2 by agroci-
nopines. Probes O1 and O2 show the effect of adding agrocinopines or
nopaline to the reactions. Each reaction contains AccR at a final
concentration of 1 nM. Agrocinopines were added to the reaction at
final concentrations of 50 pM (lane 2), 100 uM (lane 3), or 200 uM
(lane 4). Lane 1, no opines; lane 5, nopaline at a final concentration of
500 wM. acp, agrocinopines; NO, no opines; nop, nopaline.

plete list of genes with putative pho box sequences, see
Table S3 in the supplemental material.

Agrocin 84 and the sugars that constitute agrocinopine A do
not serve as inducers of acc. That Agrocin 84 is transported
and processed by functions encoded by the acc operon (27, 34)
raises the possibility that the antibiotic may induce the expres-
sion of this operon. We tested this using a modification of the
agrocin 84 susceptibility assay we previously described (34)
(Fig. 6). Strains C58KF and C58K11, containing lacZ reporters
to accF and accG, respectively, were spread over the surface of
the assay plates as indicator strains. Both strains can take up
agrocin 84, whereas only C58K11 can take up agrocinopines
(34). Moreover, while able to take up agrocin 84, strain C58KF
is resistant to the antibiotic, whereas strain C58K11 remains
susceptible. The medium in the assay plate contains agrocin 84,
as well as X-Gal, the chromogenic indicator of the expression
of the lacZ reporters. A paper strip containing agrocinopines
was placed on the surface of the assay plates to assess induction
of the expression of the reporters by the opines. In overlays
containing strain C58K11, which takes up both agrocinopines
and agrocin 84, an intense blue color reaction formed around
the paper strip containing the opines (Fig. 6A). This is consis-
tent with the fact that the opines induce the expression of the
acc operon. However, no such color reaction was observed at
the edge of the inhibition zone caused by agrocin 84, indicating
that the reporter is not induced by subinhibitory levels of
agrocin 84. Strain C58KF, which takes up agrocin 84 but not
agrocinopines, showed no induction of the lacZ reporter either
around the paper strip or in the central area of the plate. Thus,
even at high levels, the antibiotic does not induce the reporter
gene.

Using strain C58K11 as the indicator, we also determined
whether L-arabinose and sucrose, the constituents of agrocino-
pine A (58), can induce the expression of acc (Fig. 6B). Paper
strips containing 10 nmol of L-arabinose, sucrose, or agrocino-
pines were placed separately or in close proximity to each
other in various combinations. Neither arabinose nor sucrose,
separately or together, induced the accG::lacZ reporter or
affected susceptibility of strain C58K11 to agrocin 84. Nor did
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FIG. 6. Inducibility of the acc operon by alternative substrates.
Susceptibility to agrocin 84 was determined as described by Kim and
Farrand (34). Paper strips containing agrocinopines, L-arabinose, or
sucrose were placed on the assay plates containing agrocin 84 and
X-Gal as described in Materials and Methods. (A) Agrocin 84 does not
induce the expression of the acc operon. Strains C58K11 and C58KF,
which contain lacZ reporters located in accF and in accG, respectively,
were used as reporters. (B) L-Arabinose and sucrose do not induce
expression of the acc operon. Strain C58K11 was used as the reporter.
acp, agrocinopines; ara, L-arabinose; suc, sucrose.

either of these sugars, alone or in concert, exert any detectable
influence on the induction of the acc operon by agrocinopines.

DISCUSSION

Studies with lacZ fusions to accR, accA, accF, and accG
showed that expression of each of these genes within the intact
acc operon is inducible by agrocinopines and also by phosphate
starvation (Table 2). We found that the promoter located in
the region upstream of the first gene of the acc operon, accR,
is the main promoter responsible for the regulated expression
of the operon (Table 3). Thus, accR is autoregulated by its own
gene product as part of the acc operon. This results in a high
level of expression of AccR in the presence of agrocinopines
and also under phosphate-limiting conditions. AccR produced
at elevated levels may allow quick repression of the system
when the opines become scarce. It also may serve to keep the
expression of the acc operon below a certain level under con-
ditions of phosphate limitation when the opines are not avail-
able.

Clones pBH153 and pBH476, which contain only the IR
located proximal to accR (Fig. 1 and 3A), expressed the re-
porter at constitutively elevated levels in all strains when tested
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under phosphate-rich conditions (Table 3). This suggests that
both of the IRs are required to repress the expression of
the acc operon under these conditions. The arrangement of the
two IRs in the operon, one in the promoter of accR and the
other about 110 bp upstream from this site, and the require-
ment of both sequences for repression are not without prece-
dent. Full repression of araBAD, the arabinose operon of E.
coli, by AraC requires two operators: aral and araO, (40, 61).
aral is located immediately adjacent to P, the promoter of
araBAD, while araO, is located more than 200 bp upstream
from aral. In the absence of arabinose, AraC represses expres-
sion from Py, through formation of a DNA loop by simul-
taneously binding to aral and araO,. However, closes pBH153
and pBH476 showed further increase in the expression of the
reporter gene under phosphate limitation when agrocinopines
are added (Table 3). This suggests that unlike the repression by
AccR under phosphate-rich conditions, binding of AccR to the
proximal IR alone apparently can exert some repressional ef-
fect under phosphate-limiting conditions.

Gel retardation assays with fragments containing IR se-
quences formed detectable complexes with purified AccR (Fig.
4B and C). Moreover, interaction between AccR and the tar-
get fragments is sequence specific; binding was inhibited by
unlabeled homologous DNA, but heterologous DNA in vast
excess did not detectably compete with the labeled probes.
DNA fragments each formed two complexes with purified
AccR distinguishable by different mobilities (Fig. 4B and C).
DeoR, which is highly homologous to AccR (1), also forms sets
of complexes when tested with DNA fragments containing a
single copy of its cognate operator in gel retardation assays
(46). It is intriguing to note that this protein represses the deo
operon by binding simultaneously to multipartite operators,
thereby forming DNA loops in the process (1, 13, 26, 61).

While there are extra sequences in the fragments used in gel
retardation assays, these IR sequences, that we named accOl
and accO2 (Fig. 3A), most likely comprise the operators that
are responsible for the repression of acc by AccR. First, accO1
highly resembles the structure of the experimentally verified E.
coli lac operator in that each arm consists of long nucleotides
of up to 10, and the arms are separated by a GC base pair (4,
65). Moreover, this IR shows a perfect palindrome structure of
as many as 17 nucleotides that overlaps the —10 sequence of
the acc operon (Fig. 3A). Second, half of accOI is highly
conserved in accO2, whereas the other half is diverged (left
arm, 6/8 match; right arm, 4/8 match). This resembles the
organization of the DeoR-regulated dra-nupC-pdp operon in
Bacillus subtilis, operators of which consist of one perfect IR
and a sequence matching only to one arm of this IR (77).
Third, many repressors bend DNA at the center of their op-
erators (17, 37, 52, 53, 62, 78), and DNA molecules containing
a bend at the end migrate faster in the gels than those with the
same bend in the middle (74). Consistent with this, AccR-O2
complexes, with accO2 at the end of the fragment, migrated
faster than the complexes formed with fragment O1, which
contains accO! in the middle (Fig. 4B and C). Lastly, there is
an IR sequence similar to accOI about 300 bp upstream from
accF (Fig. 3C). Although fragment O3, which contains this IR,
failed to form detectable complexes with AccR in our assays
(Fig. 3D and data not shown), the possibility of this IR coop-
eratively binding AccR with other operators in the operon is
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not excluded. Even if it simply represents an evolutionary rem-
nant, its presence supports the legitimacy of accOI and accO2
as operators. Additional IR sequences notable on fragments
O1 and O2 include GAACGAT-TACGCTC and GAGCGAT-
TTCGATC, which overlap the left arms of accOI and accO2,
respectively. High conservation between these sequences and
their particular locations associated with the putative operators
suggest possible involvement of these IRs in AccR-operator
interactions that warrants future investigations.

That agrocinopines interfere with the formation of AccR-
DNA complexes in gel retardation assays (Fig. 5) suggests that
the opines, not one of the degraded metabolites, are the true
inducers. This is consistent with our observation in that C58KF
that cannot catabolize agrocinopines exhibits induction of the
acc operon by agrocinopines under phosphate-limiting condi-
tions, whereas C58KFAR, lacking the intact AccR, shows de-
repressed levels of expression (Table 2). Under phosphate-rich
conditions, however, C58KF does not show such induction due
to the inaccessibility to the agrocinopines (34) (see below).
Two other opines, octopine and nopaline, also directly interact
with their respective activator proteins OccR and NocR (2, 39,
70). On the other hand, agrocin 84 does not induce the acc
operon (Fig. 5), although this antibiotic is recognized by the
transport and catabolism functions coded for by the operon
(27, 34). This suggests that AccR is more discriminatory with
respect to its substrates than is the opine transport system (34).
L-Arabinose and sucrose, the two sugar components of agro-
cinopine A, did not induce the acc operon, nor did they inhibit
induction of this operon by the opines. The results suggest that
these sugars do not compete with agrocinopines for binding to
AccR or to AccA, the periplasmic agrocinopine-binding pro-
tein coded for by accA (34).

In E. coli and in Sinorhizobium meliloti, which is closely
related to Agrobacterium, a low phosphate concentration in the
environment is sensed by a two-component sensor kinase,
PhoR (38, 41, 75). Then, PhoR activates a cognate response
regulator, PhoB, by phosphorylating the protein. Activated
PhoB then induces the expression of various genes by binding
to pho boxes in their upstream regions. virG of pTi58, a two-
component response regulator of the vir operon involved in
T-DNA transfer into plant genome, is preceded by a pho box
motif in its upstream sequence (the pho box at ca. —148 to
—131 [see Table S3 in the supplemental material]). Its close
homolog (81% identity at DNA level), virG of octopine-type Ti
plasmid pTiA6, was previously shown to be regulated by phos-
phate starvation (72) and has an upstream pho box sequence
that matches 13 of 18 bp from that in pTiS8 virG. In this regard,
it is interesting that the accR promoter contains two putative
18-bp pho boxes, which overlap each other by 7 bp (Fig. 3A and
see Table S3 in the supplemental material) (pho box 1 at ca.
—94 to —77 bp from the start codon, pho box 2 at ca. —83 to
—66). Since acc indeed is induced by phosphate starvation and
phosphate is a constituent of agrocinopines, it appears evident
that it is part of the pho regulon in Agrobacterium. A pair of
phoR (Atu0419) and phoB (Atu0425) is present in the circular
chromosome and also are two additional orphan phoB ho-
mologs (Atu5119 and Atu5121) in pAtCS58. That phoR
(Atu0419) is associated with a putative pho box in the pro-
moter region (see Table S3 in the supplemental material)
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FIG. 7. Model for the regulation of expression of the acc operon in
response to agrocinopines and to phosphate starvation. Genes in acc
and orfA, the first gene of the divergently transcribed arc operon, are
shown as open arrows. A dashed arrow indicates the production of
AccR. Solid arrows indicate the location of the promoters regulated by
AccR or by a putative PhoB homolog. The two operator sequences,
accOl1 and accO2, that bind AccR, —10, and —35 sequences, as well as
a pho box-like sequences located in the region upstream of accR, are
indicated by boxes. @, AccR; M, an unknown transcriptional activator
protein for genes of the pho regulon; @, activation of transcription; @,
repression of transcription by AccR; ?, uncharacterized regulatory
elements.

suggests its role in the pho regulon circuits in A. tumefaciens
strain C58.

The reporters in strains that do not contain the intact agro-
cinopine transport system coded for by acc failed to respond to
agrocinopines under phosphate-rich conditions (Tables 2 and
3). However, all of these strains showed induction by the
opines under phosphate-limiting conditions (Tables 2 and 3).
This indicates that, under conditions of phosphate limitation,
agrocinopines are taken up by other transport systems. In this
regard, it is noteworthy that many chromosomal genes encod-
ing ABC type transporters for inorganic phosphate (Atu0420),
phosphonates (Atu0174, phnC), sn-glycerol 3-phosphate
(Atu0305, ugpA), and iron (Atu0202) are preceded by putative
pho box motifs (see Table S3 in the supplemental material). In
E. coli, the Phn system encoded by phnCDE transports broad
range of substrates, such as phosphonates, phosphates, phos-
phites, and organophosphates (18, 44).

Taking all of the data together, we propose that the expres-
sion of acc is regulated as follows (Fig. 7). In the absence of
agrocinopines, high-level expression of the acc locus from the
accR promoter is repressed by AccR through interactions with
the two operators. Under these conditions, we propose that acc
is expressed at a low basal level from the promoters present in
the regions upstream of accA and accF and perhaps accR.
When agrocinopines are present, expression of acc is increased
most likely because the promoter is freed from the repression
exerted by AccR. On the other hand, under conditions of
phosphate limitation, the promoter is activated, most probably
by a homolog of E. coli PhoB (e.g., Atu0425, Atu5119, or
Atu5121). In the absence of the opines, expression from this
promoter also appears to be influenced by the interaction
between AccR and the two operator sequences. Presumably,
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AccR bound to the operators impedes expression from the
promoter. However, expression of the acc operon is activated
even in the absence of the opines under phosphate-limiting
conditions, indicating that interactions between AccR and the
operators do not fully block expression from the promoter.

In the soil environment, where general nutrient sources of-
ten are limiting (23), opines produced by plant tumors can be
an important source for carbon and energy. While ecological
studies await, we can expect that agrocinopines, which also
serve as a source for phosphate, may play an important role in
survival of A. tumefaciens in the environment. Agrocinopines
induce not only their own uptake by and catabolism in strain
C58 but also spread of pTiC58 among Ti-plasmidless agrobac-
teria in the community by relieving repression exerted by AccR
on the arc operon (3), where traR, a quorum-sensing regulator
for conjugative transfer of pTiC58, is the fourth gene (for the
map, see Fig. 1A) (34, 55). This ensures maximum use of
agrocinopines as specific nutrients for agrobacteria in the en-
vironment. Under phosphate-limiting conditions, coactivation
of the acc operon as part of the pho regulon has a significance
in that it increases the ability of the bacterium to locate a
source of agrocinopines for phosphate, since acc also confers
chemotaxis to the opines (35). The opine-phosphate dual reg-
ulatory system governing the expression of the acc operon is
therefore of a sophisticated design to maximize the survival of
A. tumefaciens in the environment.
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