JOURNAL OF BACTERIOLOGY, July 2001, p. 3919-3930
0021-9193/01/$04.00+0 DOI: 10.1128/JB.183.13.3919-3930.2001

Vol. 183, No. 13

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

The Agrobacterium tumefaciens rnd Homolog Is Required for
TraR-Mediated Quorum-Dependent Activation
of Ti Plasmid tra Gene Expression

ZHAO-QING LUO'f anp STEPHEN K. FARRAND'-%*

Departments of Crop Sciences' and Microbiology,” University of Illinois at
Urbana-Champaign, Urbana, Illinois 61801

Received 1 February 2001/Accepted 9 April 2001

Conjugal transfer of Agrobacterium tumefaciens Ti plasmids is regulated by quorum sensing via TraR and its
cognate autoinducer, N-(3-oxo-octanoyl)-L-homoserine lactone. We isolated four Tn5-induced mutants of A.
tumefaciens C58 deficient in TraR-mediated activation of fra genes on pTiC58AaccR. These mutations also
affected the growth of the bacterium but had no detectable influence on the expression of two tester gene
systems that are not regulated by quorum sensing. In all four mutants Tn5 was inserted in a chromosomal open
reading frame (ORF) coding for a product showing high similarity to RNase D, coded for by rnd of Escherichia
coli, an RNase known to be involved in tRNA processing. The wild-type allele of the rnd homolog cloned from
C58 restored the two phenotypes to each mutant. Several ORFs, including a homolog of cya2, surround A.
tumefaciens rnd, but none of these genes exerted a detectable effect on the expression of the fra reporter. In the
mutant, fraR was expressed from the Ti plasmid at a level about twofold lower than that in NT1. The expression
of tra, but not the growth rate, was partially restored by increasing the copy number of fraR or by disrupting
traM, a Ti plasmid gene coding for an antiactivator specific for TraR. The mutation in rnd also slightly reduced
expression of two tested vir genes but had no detectable effect on tumor induction by this mutant. Our data
suggest that the defect in fra gene induction in the mutants results from lowered levels of TraR. In turn,

production of sufficient amounts of TraR apparently is sensitive to a cellular function requiring RNase D.

Quorum-dependent conjugation of Agrobacterium Ti plas-
mids is controlled by a hierarchical cascade designed to sense
environmental conditions conducive to interbacterial transfer
of these virulence elements (22). Activation of expression of
the three operons of the Ti plasmid #ra regulon requires the
LuxR homolog TraR and its acyl-homoserine lactone (acyl-
HSL) ligand, N-(3-oxo-octanoyl)-L-HSL (3-oxo-C8-HSL) (24,
52, 64). However, induction of transfer also requires a plasmid-
specific subset of opines (37), nutritional factors produced by
the crown gall tumors induced by pathogenic agrobacteria
(17). Opines are required for induction of transfer because on
the Ti plasmids traR itself is invariably a member of an operon
regulated by these substrates. For example, conjugal transfer
of the nopaline-type Ti plasmid pTiC58 is induced by the sugar
phosphodiester opines agrocinopines A and B (21). The fraR
gene of this Ti plasmid is a member of the five-gene arc
operon, expression of which is controlled by AccR, a transcrip-
tional repressor that responds to the agrocinopines (5, 53).
Thus, in the absence of the opines, AccR represses expression
of the arc operon and TraR is not produced at levels sufficient
to activate the fra regulon.

Synthesis of functional components of quorum-sensing sys-
tems can be dependent upon specialized host functions.
For example, expression of signal-activatable LuxR requires
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GroESL, suggesting that proper folding during translation is
critical for the activity of this transcription factor (1, 18). To
date, only TraR has been purified in an active form and this has
occurred only with cells grown with the acyl-HSL signal (54,
65). The inability to directly purify other members of the LuxR
family in their native, biologically active form emphasizes the
importance of correct folding in the activities of these proteins.
In addition, specialized transcription factors are required for
expression of some quorum-sensing systems. For example, in
Pseudomonas aeruginosa, a mutation in rpoS diminishes ex-
pression of rall, suggesting that production of the Rhl-associ-
ated quorum-sensing signal, N-butyryl-HSL, is controlled by
this transition-phase sigma factor (60). Since RhIR, the cog-
nate LuxR homolog (40, 47) requires N-butyryl-HSL for acti-
vation (50), quorum-dependent expression of the ril regulon
by activated RhIR is influenced by RpoS.

Several lines of evidence suggest that the TraR-mediated Ti
plasmid quorum-sensing system also is subject to host factors.
First, TraR in conjunction with its acyl-HSL signal does not
activate expression of a fra promoter in heterologous bacteria
such as Escherichia coli (43), suggesting that host-specific fac-
tors play some mechanistic role in the Ti plasmid quorum-
sensing system. Second, TraR expressed in A. tumefaciens in
the absence of its acyl-HSL signal is extremely unstable and
apparently is rapidly degraded by a host proteolysis system (65,
66). Finally, addition of the acyl-HSL signal to saturating levels
at the time of opine induction does not result in immediate
expression of the #ra regulon (51). Instead, expression is de-
layed between 6 and 8 h after simultaneous addition of the two
signals. On the other hand, addition of the acyl-HSL to a
reporter system in which #raR is constitutively expressed results
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in virtually immediate activation of a tra::lacZ reporter fusion
(52). This observation suggests that expression of #raR from the
arc promoter, or accumulation of TraR protein following ex-
pression, is influenced by one or more additional factors.

To approach the question of host factors important to quo-
rum sensing, we developed a genetic screen to search for func-
tions of Agrobacterium tumefaciens that are required for the
TraR-mediated expression of Ti plasmid conjugal transfer
genes. We report here that, of the four mutants defective in
TraR-mediated gene activation that we isolated from this
screen, all mapped to the same chromosomal gene, which by
sequence analysis is a homolog of rnd from E. coli. Genetic and
physiological analyses indicate that the product of the rnd gene
of A. tumefaciens (rnd ), the homolog of which in E. coli
probably participates in tRNA processing, is required for ac-
cumulation of TraR to levels necessary to induce the #ra regulon.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Plasmids and strains of E. coli and A.
tumefaciens used in this study are listed in Table 1. E. coli strains were grown at
37°C in L broth or on L agar plates. Agrobacterium strains were grown at 28°C in
L broth, nutrient agar (NA) (Difco Laboratories, Detroit, Mich.), or MG/L
medium (11). AB medium (13) supplemented with 0.2% mannitol (ABM me-
dium) as the sole carbon source was used as the defined minimal medium for
Agrobacterium strains. To select transconjugants containing pTiC58 and its de-
rivatives, a mixture of nopaline and arginine at final concentrations of 1 and 10
mM respectively, was included in AB agar as the sole carbon source (6). The
following antibiotics were used at the indicated concentrations (in micrograms
per milliliter); for E. coli kanamycin, 50; tetracycline, 10; and ampicillin, 100; and
for A. tumefaciens, kanamycin, 50; carbenicillin, 50 or 100; and tetracycline, 2.
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside; Sigma, St. Louis,
Mo.) was included in the medium at 40 g per ml to monitor the production of
B-galactosidase. When necessary, cell growth was monitored by measuring cul-
ture turbidity by Klett colorimetry (red filter) or by optical density at 600 nm
(ODygq) using a Spectronic 20 spectrophotometer.

General DNA manipulations. Plasmids with sizes less that 50 kb were isolated
from E. coli or A. tumefaciens strains by alkaline lysis methods (29, 55). To isolate
Ti plasmid DNA for restriction analysis or for electroporation, 5-ml cultures of
A. tumefaciens strains were grown in MG/L medium to late exponential phase
(ODggp, ~0.8). The cells were harvested by centrifugation and washed with a
1-ml volume of Agrowash (0.5 M NaCl, 50 mM Tris - HCI, 20 mM Na,EDTA
[pH 8.0], 0.1% Sarkosyl), and the Ti plasmids were extracted by a modified
alkaline lysis method as described previously (30). Following lysis, all extractions,
mixings, and other manipulations were performed as gently as possible to min-
imize shearing of the plasmid DNA.

Cloning was conducted using standard recombinant-DNA techniques (55).
Restriction digestions were carried out according to the instructions of the
manufacturers (Gibco BRL and New England Biolabs). Digestion products were
separated by electrophoresis in 0.8 or 1.5% agarose gels, depending upon the size
of the fragments to be separated, using Tris-borate-Na,EDTA buffer. DNA
fragments were recovered from agarose gels using GenElute spin columns (Su-
pelco, Inc., Bellefonte, Pa.). Plasmids were introduced into E. coli by CaCl,-
mediated transformation (55) and into A. tumefaciens by S17-1-mediated bipa-
rental matings (57) or by electroporation (11).

Preparation of genomic DNA. Genomic DNAs were prepared from Agrobac-
terium strains by a modification of the method of Glickmann et al. (27) as follows.
Bacterial cells grown in 2 ml of MG/L medium to late exponential phase were
collected and washed with 1.5 ml of Agrowash. After incubation at room tem-
perature for 5 min, cells were collected and were subjected to two washes with 1.5
ml of 5 M NaCl. In the second wash, a volume of 50 pl of 5% Sarkosyl was
included in the NaCl solution. Following incubation at room temperature for
another 5 min, cells were collected and resuspended in 900 pl of LTE (55) and
volumes of 300 pl of 5% Sarkosyl and 50 pl of proteinase K (5 mg per ml) were
added to the cell suspension. The mixture was gently vortexed and was incubated
at 37°C for 3 h or until the cells were completely lysed, as judged by the loss of
turbidity of the cell suspension. The DNA was gently sheared by pipetting the
mixture for 5 min, and the lysate was extracted three times with equal volumes
of phenol saturated with 3% NaCl. Following one extraction with 400 pl of
chloroform-isoamyl alcohol (24:1, vol/vol), the supernatant was extracted once
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with diethyl ether. DNA present in the lower, aqueous phase was precipitated
with 2 volumes of ethanol and washed twice with cold 70% ethanol. After drying
in air for 2 h, the DNA was dissolved in 200 to 300 pl of LTE buffer containing
RNase (40 pg per ml) (Ambion, Austin, Tex.).

Reporter strain construction and mutant screening. A derivative of A. tume-
faciens NT1 containing two independent reporters was constructed to reduce the
possibility of obtaining trivial mutants by simply inactivating one of the known
components of the fra quorum-sensing system. The first reporter plasmid,
pDCKIA41, is a derivative of pTiC58AaccR (Table 1), which contains a traG::lacZ
fusion marker-exchanged into the tra region of the Ti plasmid (32). This reporter
expresses the fusion constitutively, since both TraR and the acyl-HSL are pro-
duced at high levels (32, 51, 53). For the second reporter, a gentamicin resistance
cassette was isolated from pMGm (46) as a ca.-1.7-kb EcoRI-Sphl fragment and,
after being blunted with mung bean nuclease, cloned into the unique XmnlI site
of the IncPla plasmid pRK415 (36) to generate the new vector pRK415GIII.
The activator gene traR and a trbE::lacZ fusion from pPLE2-25 (34, 41) were
cloned, respectively, as a 1.8-kb EcoRI fragment and a ca. 8-kb BgII fragment
into pRK415GIII to give pRKL17. Similar to what occurs with pDCKI41, in 4.
tumefaciens NT1 this plasmid constitutively expresses the lacZ reporter fusion.
pRKL17 was transferred into NT1(pDCKI41) to give NT1(pDCKI41, pRKL17),
a strain that contains two plasmids, each with a copy of #aR and tral and each
harboring a lacZ fusion that reports TraR activity.

NT1(pDCKI41, pRKL17) was mutagenized with Tn5 by mating it on filters
with E. coli 1830(pJB4JI) (Table 1) as follows. Saturated cultures of both strains
were diluted 1:10 in L broth, and after a period of regrowth (4 h for E. coli and
6 h for A. tumefaciens), 1-ml volumes of the donor culture were mixed with 1.5-ml
volumes of recipient cells. The cells in the mixtures were collected onto 11
membrane filters (0.2-wm pore size; Millipore, Bedford, Mass.). and the filters
were incubated for 10 h at 28°C on NA plates, after which the cells were washed
off the filters with 0.9% NaCl solution. A portion of cells from each filter were
individually plated onto ABM medium containing X-Gal, 3-oxo-C8-HSL, and
appropriate antibiotics. Pale blue or white colonies growing on this medium
constitute candidate mutants that no longer support expression of the traG::lacZ
and trbE::lacZ fusions.

Conjugal transfer assay. The transfer-constitutive Ti plasmid pTiC58AaccR
was introduced into cured derivatives of the Tn5-induced mutants using the spot
plate mating method as previously described (6). Cells of the mutants were
spread as a confluent lawn onto AB medium containing 1 mM nopaline, 10 mM
arginine, and kanamycin. Five-microliter volumes of serial 10-fold dilutions of
the donor strain NT1(pTiC58AaccR), grown in ABM medium (ODgy, = 0.5 to
~0.6), were then spotted onto the medium on which the recipients had been
spread. After 4 to 5 days, transconjugants appeared within the areas in which the
drops were applied. Transconjugant colonies were purified, and the presence and
integrity of the Ti plasmid were confirmed by restriction endonuclease analysis.
A similar method was used to assess the ability of the mutants to transfer
pTiC58AaccR. The recipient strain C58CIRS was spread as a confluent lawn
over the surface of the selection medium containing rifampin and streptomycin.
Ten-microliter volumes of donor cells at decreasing cell concentrations were
spotted onto the surface of the recipient lawn, and the cultures were incubated
at 28°C for 72 to 96 h. Transconjugant colonies appearing within the donor
inoculum spots were enumerated with the aid of a dissecting microscope. Each
set of matings was repeated twice, and frequencies are expressed as transconju-
gants arising per input donor.

Southern hybridization. After digestion with the appropriate restriction en-
donucleases, DNA fragments were separated on 0.7% agarose gels and trans-
ferred by diffusion to a nitrocellulose membrane. DNA probes were randomly
labeled using a Genius digoxigenin kit (Roche Biochemicals, Indianapolis, Ind.)
by following the manufacturer’s instructions. Protocols for hybridizations, wash-
ings, and detection were those provided by the manufacturer. Hybridization and
washing were performed under conditions of high stringency.

Cloning the Tn5-disrupted locus. Samples of total genomic DNA of the
mutants were digested with EcoRI, an enzyme that does not cleave TnS5 (7), thus
generating fragments that contain the entire transposon and the flanking chro-
mosomal DNA. The digested DNA was ligated to EcoRI-digested pBluescript
SK(+), and the ligation mixtures were transformed into E. coli strain DH5« with
selection for resistance to kanamycin.

Complementation using a genomic clone bank. A small portion of a genomic
bank of NT1 represented by cosmid clones harbored in E. coli strain DH1 (23)
was grown overnight on L agar. Cells were washed off with a 0.9% NaCl solution,
total plasmid DNA was isolated, and the pooled cosmid bank was introduced by
electroporation into one of the mutants, NTM7, harboring pDCKI41 as the
reporter. Cells were spread onto ABM medium plates containing X-Gal, and the
cultures were incubated at 28°C for 3 days. Blue colonies growing on the medium
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TABLE 1. Bacterial strains and plasmids used in this study

Bacterial strains Characteristics? Reference(s)
or plasmid or source
Strains
E. coli
DHS5a F~ $80dlacZAMI15 endAI recAl hsdR17(ry my ") supE44 thi-1 gyrA96 A(lacZYA-argF)U169 55
S17-1 Pro” r~ m" recd, integrated RP4-Tet::Mu-Kan::Tn7, Mob™ 57
1830(pIB4JT) Met-63 Pro-22 Km" Nm', Tn5 donor 8
A. tumefaciens
NT1 Derivative of strain C58 cured of pTiC58 59
NTM4 Tn5-induced mutant of NT1 deficient in TraR/AAl-mediated activation of fra genes This study
NTMS TnS-induced mutant of NT1 deficient in TraR/AAl-mediated activation of fra genes This study
NTM6 Tn5-induced mutant of NT1 deficient in TraR/AAI-mediated activation of fra genes This study
NTM7 TnS-induced mutant of NT1 deficient in TraR/AAl-mediated activation of fra genes This study
Al136 Derivative of NT1 resistant to rifampin and nalixic acid, Rif" Nal" 59
A136(miaA) miaA::Tn5 mutant of A136, deficient in VirA/VirG-mediated activation of vir genes 28
C58C1RS Ti plasmid-cured C58, recipient strain for Ti plasmid conjugation, Rif" Str" 21
Plasmids
pBluescript SK(+) Cloning vector, Ap" Stratagene
pRK415 Broad-host-range cloning vector, InPla Tc” 36
pMGm Source of gentamicin resistance cassette, Ap" Gm" 46
pBBRIMCS-5 Broad-host-range cloning vector, unknown Inc group, Gm" 39
pTiC58AaccR Derivative of pTiC58 with a deletion in the accR gene, Tra® 5,6
pDCKI41 Derivative of pTiC58AaccR with a lacZ fusion to traG, TraR reporter strain, Tra~ Cb" 32
pKPK12 Derivative of pTiC58AaccR with a lacZ fusion to traR, Tra~ Km" 53
pKMI41 Derivative of pDCKI41 with an nprII cassette inserted into the raM gene, Km" Cb* 32
pYPQ lac promoter region of pZLQ (43) cloned by PCR into pBBRIMCS-5 as an SstI-Kpnl Our collection
fragment
pPLE2-25 pDSKS519 carrying a fragment from pTiC58 with a regulated #rbE::lacZ fusion, IncQ Km" Cb" 41
pRK415GIII pRK415 with a gentamicin cassette cloned into the unique Xmnl site as a 1.7-kb end-blunted This study
EcoRI-Sphl fragment, IncPla Tc" Gm"
pRK415GIIIE33 EcoRI fragment 33 of pTiCS8 containing fraR cloned into pRK415GIII This study
pRKL17 Ca. 8-kb Bg/lI fragment containing a trbE::lacZ fusion from pPLE2-25 cloned into This study
pRK415GIIIE33, IncPla Tc" Gm*
pYDH208::lacZ#6 mocE::lacZ fusion in pYDH208, IncPla Tc" Cb" 31, 38
pSOM303::lacZ#39 recA::lacZ fusion cloned in pRK290, IncP1la Tc" Cb* 23
pZLS5E33 EcoRI fragment 33 of pTiC58 containing #aR cloned into pBBRIMCS-5, Gm" This study
pTiA6pinF::lacZ pinF::lacZ (virH::lacZ) fusion in pTiA6 28, 35
pSM358 virE::lacZ fusion from pTiA6 cloned into pVK101, IncPla Ap" Km" 58
pZLQY Cosmid clone of the NT1 genome in pCP13/B that complements the mutation in NTM7, Tc* This study
pZLQ10 Cosmid clone of the NT1 genome in pCP13/B that complements the mutation in NTM7, Tc' This study
pZLB11 11-kb Sall fragment from pZLQ10 cloned into pBluescript SK(+) This study
pZLR11 11-kb Sall fragment from pZLB11 cloned into pRK415GIII This study
pZLB7 7-kb Sall-Bglll fragment from pZLB11 cloned into pBluescript SK(+) This study
pZLG7 7-kb Xbal-Bglll fragment from pZLB7 cloned into pRK415GIII This study
pZLE2.7 2.7-kb EcoRI fragment from pZLB7 cloned into pBluescript SK(+) This study
pZLE252 2.7-kb EcoRI fragment from pZLB7 cloned into pRK415GIII This study
pZLE253 Same as pZLE252, but the fragment is cloned in the opposite orientation This study
pZLP161 1.6-kb PstI fragment containing the rnd gene cloned into pRK415GIII and oriented correctly This study
with respect to the lac promoter of the vector
pZLP162 Same as pZLP162, but the insert is oriented in the opposite direction This study
pZLmeP1 2-kb Ndel-BamHI fragment from pZLQ10 containing the ycaD homolog and 1 kb of This study
downstream DNA cloned into pYPQ
pZlmeP1.9 Same as pZlmeP1, but the insert is oriented in the opposite direction This study
pZLAl Tn5-tagged EcoRI fragment from NTM4 cloned into pBluescript SK(+) This study
pZL51 Tn5-tagged EcoRI fragment from NTMS cloned into pBluescript SK(+) This study
pBSM62 Tn5-tagged EcoRI fragment from NTMG6 cloned into pBluescript SK(+) This study
pBSM72 Tn5-tagged EcoRI fragment from NTM7 cloned into pBluescript SK(+) This study
pZLK6 3.8-kb Sall-EcoRI fragment from pBSM62 cloned into pBluescript SK(+) This study
pZLA6 3.2-kb Sall-EcoRI fragment from pBSM62 cloned into pBluescript SK(+) This study
pZLK7 4.8-kb Sall-EcoRI fragment from pBSM62 cloned into pBluescript SK(+) This study
pZLA7 3.6-kb Sall-EcoRI fragment from pBSM62 cloned into pBluescript SK(+) This study
pDB14 E. coli md gene cloned in pUCI18 62
pZLD14 E. coli rnd gene from pDB14 cloned as a 1.4-kb EcoRI-BamHI fragment into pRK415GIII This study

“ Abbreviations: Ap", ampicillin resistance; Cb”, carbenicillin resistance; Cm", chloramphenicol resistance; Gm', gentamicin resistance; Km", kanamycin resistance;
Nal", naladixic acid resistance; Rif", rifampin resistance; Spc’, spectinomycin resistance; Str', streptomycin resistance; Tc', tetracycline resistance; TraS, transfer
constitutive.
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were retained as harboring candidate cosmids carrying the locus complementing
the TnS5-disrupted gene.

Acyl-HSL detection. ABM agar-based acyl-HSL detection plates were pre-
pared as follows. A 20-ml volume of a saturated culture of the acyl-HSL reporter
strain NT1(pDCKE33141) (56) was mixed with 100 ml of soft ABM medium
(0.7% agar) containing X-Gal, and a 6-ml volume of the culture suspension was
laid over a 25-ml base of ABM agar medium. Culture supernatants, extracts of
culture supernatants, or cells to be tested were spotted onto the solidified indi-
cator medium, and the plates were incubated at 28°C for 14 to 18 h. The presence
of the acyl-HSL was indicated by the appearance of a diffusing blue zone around
the samples.

Virulence assays. Tumorigenesis was assessed on tomato plants using a stem
inoculation method (49). Bacterial strains were grown in ABM medium to
saturation. A 10-fold dilution series of each culture was prepared by diluting the
cell suspensions in a 0.9% solution of NaCl. For each strain, volumes of 10 pl of
several of the dilutions were inoculated into the stems of 3-week-old tomato
plants. Tumors appearing at the inoculation sites were scored 20 days after
inoculation.

Induction media and assays for B-galactosidase activity. For expression of tra
genes, all assays were carried out using cells grown in liquid ABM medium.
Unless otherwise specified, when necessary, the acyl-HSL was added at a final
concentration of 25 nM. To assay for the induction of mannopine utilization
genes, bacterial strains were grown in AT medium supplemented with 0.2%
mannitol and 0.15% (NH,),SO, (16). Cultures at an ODg, of about 0.8 were
diluted 1:10 into fresh medium and were allowed to grow for 4 h. Mannopine
(Sigma Chemical Co.) was added to a final concentration of 10 mM, the cultures
were incubated for another 6 h, and cells were harvested and assayed for the
expression of the reporter gene. Strains used to assay for the expression of the
recA::lacZ fusion were grown in ABM medium. To measure the expression of
vir::lacZ reporters, we employed a method described by Gray et al. (28). Briefly,
A. tumefaciens strains were grown to mid-exponential phase in YEP medium (28)
and diluted to an ODg, of 0.1 in filter-sterilized AB medium-based vir induction
medium. This medium, with the final pH adjusted to 5.6, contains the salts for
AB medium, 0.1% glucose, 2 mM phosphate, and 30 mM morpholine ethane-
sulfonic acid (MES). In all cases, the vir inducer acetosyringone was added to a
final concentration of 200 uM. Cultures were incubated with shaking at 28°C for
12 to 14 h, and cells were harvested for determining culture titers and assayed for
B-galactosidase activity. In all cases, enzyme activity is expressed as units of
B-galactosidase per 10° CFU (48).

Nucleotide sequencing and sequence analysis. Subcloned DNA fragments
were sequenced on both strands using automated methods by the Genetic En-
gineering Facility at the University of Illinois at Urbana-Champaign. To ensure
that no short fragments were present between the restriction sites used for
subcloning, we determined the sequence across each site using pZLB7 (Table 1)
as the template with primers designed from the adjacent regions. Nucleotide
sequences were assembled and analyzed using DNA Strider (45). The BLAST
(2) protocols were used for DNA and protein database searches and analyses.
The GAP subroutine of the GCG program (Genetics Computer Group, Madi-
son, Wis.) was used to compare sequences for similarity.

Determination of the Tn5 insertion sites. The sites of the Tn5 insertions in the
mutants were determined using a primer designed from the end of the transpo-
son as follows. To avoid interference by the repeated DNA sequence at the ends
of TnJ, plasmids harboring the transposon-tagged genomic DNAs from mutants
NTM4, NTMS, and NTM7 were digested with EcoRI and Sall. EcoRI does not
cut within Tn5, and Sall, which cleaves the transposon at one site, does not cut
within the flanking chromosomal DNA (determined by digesting each clone with
appropriate enzymes). The resulting two EcoRI-Sall fragments from each mu-
tant were individually cloned into pBluescript SK(+) (Table 1). A primer ho-
mologous to the end of Tn5 (5'-AAGGTTCCGTTCAGGACGCTAC-3") was
used to sequence through the junction site between the transposon and the
chromosomal DNA. For mutant NTM6, in which the transposon inserted into a
relatively short (~1-kb) EcoRI fragment, the site of insertion was determined by
sequencing through the junction sites with the universal primers from the cloning
vector, pBluescript SK(+).

Nucleotide sequence accession number. The sequence of the 5.3-kb region
containing rnd . from wild-type C58 was deposited in the GenBank database
under accession no. AY026066.

RESULTS

Tn5 mutagenesis of A. tumefaciens and screening of mutants
defective in fra gene induction. To identify functions required
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TABLE 2. The mutants deficient in fra gene induction are altered
in their ability to transfer pTiC58AaccR

Relative level of Conjugal transfer

Strain expression of reporters® frequency”
NT1 ++++ 27X 1072
NTM4 +/— <107®
NTMS +/— <108
NTM6 ++ 35x107°
NTM7 +/—= <1078

“ Assessed on ABM medium containing X-Gal after 2 days of incubation. Each
strain harbored the two reporter plasmids pDCKI41 and pRKL17. ++++,
intensely blue colonies; ++, medium-blue colonies; +/—, very pale blue colo-
nies.

® Conjugal transfer of pTiC58AaccR from the parent and the four mutants to
C58CIRS was tested as described in Materials and Methods. The frequency of
transfer is expressed as the number of transconjugants obtained per input donor.

for quorum sensing, we mutagenized NT1(pDCKI41, pRKL17)
with Tn5 and screened for mutants unable to activate the
tra:lacZ reporters. From approximately 15,000 kanamycin-
resistant mutants recovered, 11 pale blue or white colonies
were chosen for further study. In four of the candidates,
NTM4, NTM5, NTM6, and NTM?7, the insertion did not di-
rectly inactivate traR or the lacZ reporter. The other seven
candidates all contained Tn5 inserted into the raR gene of
pDCKI41 (data not shown).

Based on the level of fra gene induction from the two re-
porters, the four mutants were divided into two groups. The
first, consisting of only NTMG6, is partially deficient in tra gene
induction, expressing the two fusions at a level about half of
that in the parent strain (Table 2). The second group, consist-
ing of NTM4, NTMS, and NTM7, produced barely detectable
levels of B-galactosidase activity (Table 2).

The mutants are defective in Ti plasmid conjugation. To
assess the effect of the mutation on conjugal transfer, we in-
troduced pTiC58AaccR (Table 1) into each of the mutants
which had been cured of their two reporters. NTM6 trans-
ferred pTiC58AaccR at a frequency about 4 orders of magni-
tude lower than that of the parent, while each of the other
three mutants failed to transfer the Ti plasmid at a detectable
level (Table 2).

The mutants grow more slowly than the wild-type parent.
The growth rate of NTM6 was slightly lower than that of the
wild-type strain in minimal and rich media (Fig. 1 and data not
shown). However, NTM4, NTMS5, and NTM7, while all grow-
ing at similar rates, grew considerably more slowly than NT1
and also NTM6 in both media (Fig. 1 and data not shown).

Cloning and characterization of the mutated gene. As as-
sessed by genomic Southern analysis, the Tn5 probe hybridized
with a single fragment in each mutant, indicating that each is
derived from a single transposition event (data not shown). In
three mutants, the probe hybridized with a ca. 8.5-kb fragment,
while in NTM6 the probe hybridized with a ca. 7-kb fragment
(data not shown). We cloned the regions of the chromosomal
DNA tagged by Tn5 from each mutant and determined the
sizes of the chromosomal EcoRI fragments associated with the
transposon. Consistent with the results of the Southern anal-
ysis, in NTM6, the transposon had inserted into a ca. 1.0-kb
EcoRI fragment while in NTM4, NTMS, and NTM?7, the trans-
poson had inserted into a ca. 2.7-kb EcoRI fragment. Mapping
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Klett Units

20

Time (hours)

FIG. 1. Growth properties of the Tn5-induced mutants of A. tume-
faciens NT1. Saturated cultures of the bacterial strains were diluted
into 20 ml of ABM minimal medium to the same population density
(ca. 15 Klett units) in 150-ml sidearm flasks. The cultures were incu-
bated with shaking at 28°C, and culture growth was monitored by Klett
colorimetry (red filter) at 30-min intervals. ¢, NT1; O, NTM4; @,
NTMS5; O, NTM6; A, NTM7.
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experiments (Fig. 2) and nucleotide sequence analysis (see
below) showed that the two EcoRI fragments are contiguous
and that all four Tn5 elements are inserted in the same gene.
Thus, we focused our study on one class II mutant, NTM?7.

Identification and characterization of the gene affected in
NTM?7. To isolate the wild-type version of the TnS-disrupted
gene, we introduced a cosmid bank of NT1 (23) into NTM7
(pDCKIA41) and screened for clones in which expression of the
traG::lacZ reporter on the Ti plasmid was restored. Of about
50 blue colonies obtained, the cosmid clones from 10 were
purified and analyzed. Restriction analysis revealed that the 10
cosmids are representatives of only two different clones, which
we designated pZQL9 and pZQL10 (Table 1). pZQL9 con-
tains an insert of about 28 kb, and pZQL10 contains an insert
of about 23 kb (data not shown).

By reciprocal Southern blot analysis, several fragments com-
mon to both clones were identified, including one 1.6-kb PstI
fragment, two HindIII fragments with sizes of ca. 0.9 and 1.4
kb, and at least three EcoRI fragments with sizes of ca. 2.7, 1.2,
and 0.9 kb (Fig. 2 and data not shown). In a series of subclon-
ings from this common region, we obtained a ca. 7-kb Bg/II-
Sall fragment that, when cloned into pRK415GIII to give
pZLG7, complemented the defect in expression of the
traG:lacZ fusion in NTM7 and in each of the other three
mutants (Fig. 2, Table 3, and data not shown).

We determined the restriction map of this 7-kb fragment

—— 500bp Complementing activity
- - - = — — — pZQLY 89%
o — — PpZQLI10 90%
Sall  BglIl Scal Smal Sphl EcoRV Sall
L I | I |
o | Hincll
_ 1] | | HindIIl
—_ — | I Psil
[ | l I Xmnl
—_ = | | AI AA | l | EcoR1
2z
el o
£ Z 2
i :>—|
orfA mep rud orfX cya2
- - pZLR11 28%
- pZLG7 30%
pZLE251/252 <1%
pZLP161/162 20%
pZLmP1/1.9 <1%

FIG. 2. Genetic organization of the rnd region from the genome of A. tumefaciens CS8. The restriction maps and the locations of the identified
OREFs, shown as open horizontal arrows below the maps, are based on nucleotide sequence analysis as described in Materials and Methods and
the text. The arrowheads show the sites of the Tn5 insertions in the mutants. Tn5-16 corresponds to NTM6, Tn5-17 corresponds to NTM7, and
Tn5-14/5 corresponds to NTM4 and NTMS. The two lines above the map depict the two cosmid genomic clones, with the solid lines denoting those
portions of the inserts that overlap one another in the rnd region. The bold lines below the map show the extents of the various subclones derived
from pZQL10. The percentages to the right indicate the ability of each clone to restore TraR-mediated activation of the traG::lacZ reporter fusion
on pDCKI41 in NTM7 relative to levels of expression in NT1 harboring the same plasmids.
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TABLE 3. Complementation analysis of traG::lacZ induction in
mutant NTM7 with two genomic cosmids and their subclones

Strain Complementing B-Galactosidase activity % of
cosmid or clone from traG::lacZ® complementation”

NT1 pRK415GIII 94 NA¢
NTM7 pRK415GIII <1 NA
NTM7 pZQL9 83 88
NTM7 pZQL10 85 90
NTM7 pZLR11 28 30
NTM7 pZLG7 30 32
NTM7 pZLP162 20 21
NTM7 pZLP163 23 24
NTM7 pZLD14 4 4

¢ B-Galactosidase activity expressed from pDCKI41 present in each mutant
was analyzed as described in Materials and Methods (expressed as units per 10°
CFU). No significant difference was observed when exogenous 3-oxo-C8-HSL
was provided at a final concentration of 25 nM. Similar results were obtained in
three independent experiments.

b Calculated relative to the level of B-galactosidase activity present in
NT1(pDCKI41, pRK415GIII).

¢ NA, not applicable.

(Fig. 2) and subcloned several segments from this region into
pBluescript SK(+) for DNA sequence analysis. Several frag-
ments common to pZQL9 and pZQL10 also were cloned in
both orientations into pRK415GIII to test for their ability to
complement the mutation in NTM7 (Table 3, Fig. 2, and data
not shown). The 1.6-kb PstI fragment present in clones
pZLP161 and pZLP162, but not the 2.7-kb EcoRI fragment in
pZLE251 and pZLE252, partially restored expression of the
traG::lacZ reporter in NTM7 (Table 3 and Fig. 2). The two
clones containing this PstI fragment also completely restored
the growth defect of the mutant (Fig. 3). That such comple-
mentation is independent of the orientation of the insert with
respect to the lac promoter on pRK415GIII suggested that this
DNA fragment harbors at least some of the cis-acting pro-
moter elements necessary for expression of the complementing
gene.

DNA sequence analysis of a 5.3-kb region containing the
1.6-kb PstI fragment and the 2.7-kb EcoRI fragment revealed
four complete open reading frames (ORFs), all transcribed in
the same orientation, and one partial ORF oriented in the
opposite direction (Fig. 2). The incomplete OREF, called orfA,
codes for the first 153 amino acids of a protein that is related
to YabK of E. coli (Table 4) (9). This 536-residue putative
translation product is itself related to permease components of
several transport systems. The first complete ORF, which we
call mep (for membrane protein), is divergently oriented to

J. BACTERIOL.
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FIG. 3. Subclones of rnd , . and E. coli rnd restore wild-type growth
properties to NTM?7. Cultures of NTM7 harboring various clones were
initiated in ABM medium and incubated as described in the legend
to Fig. 1. Growth was monitored at 30-min intervals by spectropho-
tometry at 600 nm (ODgyy). V, NT1(pDCKI41, pRK415GIII); @,
NTM7(pDCKI41, pRK415GIII); O, NTM7(pDCKI41, pZPL162); A,
NTM7(pDCKI41, pZLD14).

orfA (Table 4). The product of this ORF is similar to the
predicted product of the ycaD gene (previously orfY) of E. coli
(Table 4) (9) and also to several putative multidrug efflux
transporter homologs, including the YfkF protein of Bacillus
subtilis (39% similarity and 22% identity; GeneBank accession
no. D83967). Sequences resembling canonical —35 and —10
promoter elements were not present in the 660 bp of sequence
upstream of this ORF (data not shown). The second ORF,
which is preceded by a good ribosomal binding site sequence,
may code for a protein with an M, of 43,209 that is related to
the product of the rnd gene of E. coli (Table 4 and Fig. 4). This
gene, which we designated rnd 4 , is separated from mep by an
82-bp intergenic region that contains the canonical —35 ele-
ment TTGACA and a weak —10 sequence, the two being
separated by an optimal 17-bp interval (data not shown).
Downstream of rnd . is a small ORF, which we call orfX, the
185-residue translation product of which has no significant
homologs in the databases (Table 4). Within the 55-bp inter-
genic region between rnd,, and orfX, there are no DNA
elements significantly similar to standard bacterial promoter
components and there is no recognizable ribosome binding site
candidate sequence adjacent to the putative translation initia-

TABLE 4. Characteristics of the genes and their products coded for by the rnd, , locus of C58

A. tumefaciens Coordinates Size Mass Related GenBank . .
gcr{ c (bp)* (aa)? (kDa) protein Relatedness” ACCESSION NO. Possible function
orfA 459-1 >153 NA° YabK 46/61 AE000117 Putative transport protein
mep 665-1955 394 46.2 YcaD 22/35 AE000192 Putative transport protein
md 2041-3205 388 43.2 RNaseD 30/44 X07055 RNase D
orfX 3262-3816 185 20.1 None NA NA Unknown
cya2 4074-5102 343 37.6 Cya2 53/62 X80991 Adenylate cyclase

“The first number is the first nucleotide of the initiation codon, and the second number is the last nucleotide of the final codon.
> Numbers represent the percentages of identical residues over the percentages of residues exhibiting conserved substitutions between the two proteins.

¢ NA, not applicable.
4 aa, amino acids.
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1 . ...IWERTARNEAEARITELAKSEFRTT LETIREWFERC SPT 46

1 MNYQUENTEDDENRST @EAVRAFPAMALI ITRIGYYIZORGIR I FDGE 50
47 LEVIRVIZEA .BLTIRMFEL FERAROWIBI IVHLCGELIFH 95
51 HLAWRTINZ#. . [eRTWSIZL KATILRDIFS I TIWFLIRG SERTIZVFLNVFEELIZO 98
96 [FIFPIReVAF FGD ISYDQLEQKIKNTQI SRF| JURPLTE| 145
99 | TpNeT LA FeleR PMEIWGFASMYEEY SGIYTLIEES IWARPLTE 148
146 LM ISHTHRRDV YL SIRKAQLEREERSLWLTE ILESRIDTYDMHEDE 195
149 CepelarNe WL,PITA ETIZASIEWL PAALDIXCREMOMAROEVVAIFES 198

196 FITRLKSRLRKPH. ERTIK FYRATEIERIEENS PRSRE@KDDGIFEIH 244
199 ENIRDITNAWQLRGROMICIEOLLADIRTGKINIFIIDLAVNFYVREEHLWS VY 248

245 QOOEKDAEARSRERTIP RSAS
249 RYMZGSLGEMDSHGL . . SESINIRFH

295 SHAPEESGARWELIL LKLTAD
297 LMDMP RKEFKAI SIRITDVSET

340 EWATVAAL R
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EDAL]
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1 SMELLSRROINOLLNWHWKLKD 346
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FIG. 4. Relatedness of the translation products of the rnd genes of A. tumefaciens C58 and E. coli K-12. Alignments of amino acid sequences
were performed using the GAP algorithm from the GCG package as described in Materials and Methods. Identical amino acids are shown as white
letters on a black background, and conserved amino acid substitutions are shown as black letters on a shaded background.

tion codon of this ORF (data not shown). The fourth ORF
codes for a polypeptide exhibiting strong homology with sev-
eral adenyl cyclases from both prokaryotes and eukaryotes,
with highest similarity to the cya2 gene product from Sinorhi-
zobium meliloti strain F34 (4) (Table 4). orfX and the cya2
homolog are separated by a 253-bp intergenic region contain-
ing sequences similar to —35 and —10 elements (data not
shown).

By sequence analysis we located the insertion in mutant
NTM6 at bp 41 of the rnd 5 . gene, whereas in mutant NTM7,
the transposon is inserted at bp 519 of this gene (Fig. 2 and
data not shown). In mutants NTM4 and NTMS5 TnS is inserted
at the same location at bp 572 of the md , , gene (Fig. 2 and
data not shown). We do not know whether these two mutants
are siblings or if each represents an independent insertion
event.

The rnd mutation in NTM7 abolishes the expression of
genes regulated by TraR on the Ti plasmid. NTM7 containing
the two reporter constructs expressed the traG::lacZ and the
trbE::lacZ fusions at levels about sevenfold lower than those
expressed by the wild-type strain (Table 5). However, when
tested alone in NTM?7, expression of traG::lacZ on pDCKI41,
a Ti plasmid that represents the natural, transfer-induced con-
ditions, was completely abolished (Table 5). Addition of excess
exogenous 3-0xo-C8-HSL did not restore the expression of the
fusion. We also examined the production of this acyl-HSL by
NTM?7 harboring pTiC58AaccR. As indicated by the sizes of
the blue zones formed around the tested colonies, NTM?7
(pDCKI41) produced about 10-fold less acyl-HSL than NT
harboring the same plasmid (data not shown). Similar results
were obtained when culture supernatants of these strains were
spotted onto the detection plates (data not shown).

The rnd mutation does not affect expression of rec4 or a
mannopine utilization gene. The four rnd mutants grow con-
siderably more slowly than the wild-type strain (Fig. 1), sug-
gesting that the mutations affect expression of many other

genes or the activities of their products. We tested NTM7 for
expression of two gene systems not regulated by quorum sens-
ing. Plasmids pSOM303, containing a recA::lacZ fusion (23),
and pYDH208-6, a clone containing lacZ fused to the mocE
gene from the mannopine catabolism region of pTil15955 (31),
each were introduced into NTM7. Both reporters were ex-
pressed in the mutant at levels indistinguishable from those
observed in the wild-type strain (data not shown).

Expression of fraR in the mutant is slightly lowered. The
transcriptional activator TraR is indispensable for expression
of tra genes (52). We examined the expression of a transla-
tional fraR::lacZ fusion carried on pKPK12, a derivative of
pTiC58AaccR (53), in NTM7 and in NT1. As judged by levels
of B-galactosidase, the TraR::LacZ fusion protein was ex-
pressed in the mutant at a level about twofold lower than that
in strain NT1 (47 U per 10° CFU in the mutant versus 101 U
per 10° CFU in the parent).

A mutation in fraM or overexpression of fraR partially re-
stores the expression of tra genes in NTM7. The observation
that traR expresses at a lower level in NTM7 raised the possi-

TABLE 5. Mutant NTM?7 fails to express tra genes

B-Galactosidase

Strai Reporter activity”
train fusi _—
usion(s)  without  With
acyl-HSL  acyl-HSL?
NT1(pDCKI41, pRKL17) traG + trbE 332 327
NTM7(pDCKI41, pRKL17) traG + trbE 48 53
NT1(pDCKI41, pRK415GII)  1raG 89 90
NTM7(pDCKI41, pRK415GIIl)  traG <1 <1

“ B-Galactosidase activity from traG::lacZ on pDCKI41 and #rbE::lacZ on
pRKL17 was assayed as described in Materials and Methods and is expressed as
units per 10° CFU. The experiment was repeated two times with a similar pattern
of results.

® Provided at a final concentration of 100 nM.
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TABLE 6. A mutation in traM partially restores the expression of
the traG::lacZ reporter fusion in NTM7

. Reporter traM B-Galactosidase
Test strain md genotype Ti plasmid genotype activity”
NT1 + pDCKI41 + 92
pKMI41° - 114
NTM7 - pDCKI4 + <1
pKMI41° - 46

“ B-Galactosidase activity, assayed as described in Materials and Methods, is
expressed as units per 10 CFU.
> pKMI41 is a derivative of pDCKI41 with an nptll insertion in traM (32).

bility that the deficiency in tra gene induction in the mutant is
due to insufficient amounts of the activator (51). Such a pos-
sibility is likely since pDCKI41, the plasmid we used to analyze
the expression of the traG::lacZ reporter fusion, also codes for
the antiactivator TraM, a protein that specifically inhibits TraR
activity (25, 32, 33, 44). The presence of TraM in a strain
expressing fraR at a level lower than that of normal cells may
lead to amounts of activator insufficient to initiate transcrip-
tion. To examine this hypothesis, pKMI41, a derivative of
pDCKI41 with a null mutation in traM (32) (Table 1), was
introduced into NTM7. Strain NTM7(pKMI41) expressed the
traG::lacZ reporter at a significantly higher level than that
expressed by NTM7(pDCKI41), which is raM™ (Table 6).
These results suggest that in NTM7, TraM completely inhibits
TraR activity expressed from pDCKI41.

The results also suggest that overexpression of the activator
gene in the mutant should at least partially restore the induc-
tion of the traG:lacZ fusion. We tested this hypothesis by
introducing clones of fraR into strain NTM7(pDCKI41). When
pRK415GIIIE33, a low-copy-number clone (5 to 10 copies
[36]), was introduced into this strain, no significant induction
of the traG::lacZ reporter was observed (Table 7). In wild-type
strain NT1, TraR expressed from this plasmid is sufficient to
activate the fra and #rb genes to high levels (Table 7 and data
not shown). However, the mutant harboring pZL5E33, a high-
er-copy-number (25 to 30 copies [3]) clone of traR, expressed
the reporter at a level significantly higher than the level in
NTM7(pKCKIJI41) (Table 7). Thus, the mutation in NTM7
apparently affects tra gene induction by negatively influencing
the amount of TraR present in the cells.

The rnd mutation slightly affects vir gene induction but does
not detectably affect virulence. Disruption of miaA, a gene

TABLE 7. Induction of the traG::lacZ reporter in NTM7
can be restored by overexpressing fraR

B-Galactosidase
activity from

. No. of traG::lacZ of
TraR plasmid traR copies pDCKI4] in:
NT1 NTM7
pRK415GIII - 5-10 89 <1
pRK415GIIIE33 + 5-10 97 3
pBBRIMCS-5 - 25-30 91 <1
pPZL5SE33 + 25-30 105 33

“ B-Galactosidase activity was assayed as described in Materials and Methods
and is expressed as units per 10° CFU. The experiment was repeated once with
a similar pattern of values.

J. BACTERIOL.

coding for a tRNA processing function (62, 63), affects induc-
tion of vir genes (28). Given their similar functions, we deter-
mined if the rnd mutation affects expression of two vir report-
ers, virE2::lacZ and pinF:lacZ (now called virH [35]) (58).
Under conditions necessary for vir induction, the two reporters
expressed at levels about threefold lower in NTM7 than in
the wild-type strain (data not shown). However, when tested
on tomato seedlings, each of the four mutants containing
pTiC58AaccR induced tumors at infective-dose levels indistin-
guishable from those of the wild-type parent strain (data now
shown). We also tested whether the miaA mutation affects
TraR-mediated induction of #ra genes by introducing
pDCKI41 into A136 (miaA) (Table 1) and its parent, A136
(Table 1). The traG::lacZ fusion in A136 (miaA) expressed at
a level about twofold lower than that in the miaA™ parent
(data not shown).

The rnd gene of E. coli complements the growth defect of
NTM?7 but not the defect in induction of tra gene expression.
Given the similarity between the rmd genes from E. coli and A.
tumefaciens, we examined whether the E. coli homolog could
complement the defects exhibited by NTM7. A 1.4-kb EcoRI-
BamHI fragment carrying the E. coli rnd gene with its pro-
moter was cloned from pDB14 (Table 1) into pRK415GIII to
generate pZLD14 (Table 1). This plasmid was introduced into
NTM7(pDCKI41), and the construct was assayed for growth
and for fra gene induction. The E. coli rnd gene restored the
growth rate of the mutant to that of the wild-type parent (Fig.
3). However, expression of the traG::lacZ reporter in NTM7
(pDCKI41, pZLD14) was only slightly higher than that in
NTM7(pDCKI41, pRK415GIII), the vector control (Table 3).

DISCUSSION

Of the three clearly independent mutants that are affected in
TraR-mediated activation of Ti plasmid fra genes, all contain
inserts in a gene homologous to rnd. In E. coli, this gene codes
for RNase D, a 3’-exoribonuclease thought to be involved in
processing the 3’ ends of select tRNA precursors (14, 15, 26).
While we have no direct proof that rnd , , codes for such an
activity, our observation that the rnd gene of E. coli almost
completely complemented the growth rate defect of NTM7
strongly suggests that the products of the genes of the two
organisms have common activities. In turn, these results sug-
gest that functions involved in RNA metabolism and in tRNA
processing in particular are important for quorum-dependent
gene expression controlled by TraR. Ours are not the first
observations concerning the importance of tRNA processing in
regulating gene expression. Also in A. fumefaciens, the product
of the miaA gene, coding for a tRNA:isopentenyltransferase, is
required for efficient expression of the vir regulon necessary for
the processing and transfer of T-strand DNA from the bacte-
rium to its plant host (28). Similarly, miaA is required for
expression of several virulence genes in Shigella flexneri (19).
Mutations in genes coding for other tRNA-modifying enzymes,
including RNase R and a tRNA-guanine transglycosylase, also
negatively affect expression of virulence determinants in S. flex-
neri and in E. coli (12, 20).

How tRNA modification functions influence the regulation
of gene expression remains unknown. However, three lines of
evidence indicate that the rnd mutation in NTM7 affects the
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amount of TraR present in the cells. First, expression of traR is
reduced severalfold in the rnd mutant. Second, expression of
the traG::lacZ reporter on the Ti plasmid can be restored by
overexpressing traR (Table 7). Third, the mutant phenotype
can also be restored by a mutation in traM in pDCKI41 (Table
6). This gene codes for an antiactivator that strongly inhibits
the activity of activated TraR (32, 33, 44). In the rnd ™ parent
strain harboring pDCKI41, fraR is expressed at a level such
that the activator is present in excess over the available TraM.
The facts that the rnd mutation results in the loss of TraR-
mediated gene expression and that this expression can be re-
stored by mutating traM suggest that, in the rnd mutant, TraR
is produced but at a level that is no longer sufficient to over-
come the effect of the antiactivator.

The traR reporter on pKPK12 is a translational fusion be-
tween the activator gene and lacZ (53) and, as such, does not
allow us to differentiate between effects on transcription and
on translation. Furthermore, TraR autoregulates its own ex-
pression at the level of transcription (53), complicating any
differentiation between transcriptional and posttranscriptional
effects of the rmd mutation. Although we cannot rule out an
inhibition of transcription, we favor an effect on translation
since mutations in other tRNA-modifying genes, including
miaA and tgt of S. flexneri, clearly affect virF expression at the
posttranscriptional level (19).

It is not clear what role RNAse D plays in E. coli; strains
with null mutations in rnd do not show any obvious defect in
growth or in the biosynthesis of mature tRNA species (10, 61).
In contrast to these observations, the growth rates of all of the
rmd . mutants are significantly lower than that of the parent
strain (Fig. 1). The association of a phenotype with mutations
in rnd o . may serve as a model for investigating the substrates
of this RNase and the role of the enzyme in the physiology of
the bacterium.

Although the mutation in rnd exerts pleiotropic effects, it
does not affect expression of all genes. The levels of expression
of recA do not differ detectably between NT1 and NTM7 (data
not shown). Moreover, the induction of expression of mocE, a
Ti plasmid gene required for catabolism of the opine manno-
pine (38), is not affected detectably by the rnd mutation (data
not shown). However, the reduced growth rates exhibited by
the four mutants suggest that mutations in rnd affect the ex-
pression of other genes in addition to traR. We know of two
such examples. First, the cryptic chromosomal fet4AR gene unit
of C58, when mutationally derepressed, confers resistance to
high levels of tetracycline to strain C58 and its derivatives,
including NT1, the immediate parent of NTM?7 (42). However,
such derepressed mutants of NTM7 express the tetracycline
resistance phenotype at a considerably lower level than that of
their md ™ parent (42). In the second case, expression of the Ti
plasmid vir regulon, as assessed by lacZ fusions to virE2 and
virH, was reduced some two- to threefold in NTM7 compared
to the level expressed by the parent strain (data not shown).

With respect to mechanism, the effect of the rnd mutation on
expression of the Ti plasmid vir regulon may be significant; a
mutation in miaA also decreases the levels of induction of
expression of several of the vir operons (28). Interestingly, the
mutation in miaA negatively affects the expression of virG,
which codes for the response regulator of the two-component
signal transduction system that controls the vir regulon. This
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observation raises the possibility that the decrease in expres-
sion of the vir operons in the mia4 mutant is due to effects of
the mutation on the production of VirG (28). Thus, like TraR
of the Ti plasmid conjugal transfer system, a mutation in a
tRNA processing function apparently inhibits expression of the
vir system by negatively affecting the expression of a specific
transcription factor. This hypothesis is supported by our ob-
servation that, like its effect on vir, the miaA mutation lowers
the expression of the Ti plasmid traG::lacZ reporter some two-
to threefold (data not shown). Thus, mutations in two genes
associated with tRNA processing negatively affect expression
of two sets of Ti plasmid transfer genes. Moreover, the phe-
notypes are mediated through effects of the mutations on pro-
duction of cognate transcriptional activators: TraR on the one
hand and VirG on the other. However, compared to the effect
of the miaA mutation on vir, the effect of the rnd mutation on
expression of the #ra regulon is much stronger. While a two- to
threefold reduction in production of VirG is not sufficient to
affect tumorigenesis, a similar reduction in the production of
TraR results in a complete loss of conjugal transfer. We sus-
pect that this pronounced effect on expression of the tra regu-
lon results from the TraM-mediated inactivation of TraR.
Thus, because of the inhibitory effect of the antiactivator, it is
not necessary to completely block production of TraR to in-
hibit expression of the fra regulon. This conclusion is consistent
with our observation that a mutation in traM restores the
TraR-mediated induction of #ra genes in the rnd mutant (Table
6).

Insertions in the middle of rnd lead to significantly lower
growth rates and the complete loss of tra gene expression on
the Ti plasmid. However, mutant NTM6, in which Tn5 is in-
serted at the far 5’ end of the gene, grows faster than the other
mutants (Fig. 1) and still expresses the traG::lacZ reporter,
albeit at a level considerably lower than that of the wild-type
parent (Table 2). It is conceivable that the insertion in NTM6
created a configuration that allows the cell to produce a par-
tially active hybrid RNase composed of a peptide coded for by
the transposon fused to the majority of the rnd gene product.
Examination of the insertion site in NTM6 indicates that this
hypothesis indeed is possible. There are three ATG codons in
the sequence of TnS upstream of the junction site with rnd,
each of which is in frame to and may serve as the translational
start site for the downstream Agrobacterium gene (Fig. 5).
Among these potential initiation codons, two are preceded by
a good ribosome binding site spaced at the optimal distance. If
transcribed from an upstream promoter within Tn5, this hybrid
ORF may be translated as a fusion protein in which the first 13
amino acids of RNase D are replaced by a peptide of 22 to 31
residues coded for by the transposon (Fig. 5). Expression of
genes driven by a promoter located in an upstream Tn5 are not
without precedent (7). Of particular relevance, Beck von Bod-
man et al. (6) isolated a transfer-constitutive Ti plasmid in
which the normally repressed #raR gene is expressed from a
promoter associated with a Tn5 inserted just upstream of the
gene (52).

Our analyses indicate that the insertion mutations in rnd are
solely responsible for the defects in growth and tra gene acti-
vation exhibited by the mutants. Each mutant contains a single
copy of TnS, and only clones overlapping the sites of the
insertions complement the phenotypes. Moreover, all clones
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RNase D

ACCGGAGCCCGATCCGCCCGAGAAAAACGATCCTTGAGGCCGGAAAAGCGGECTTTGTAT

-35 -10 S.D

TGACATGCGCCCGGCAAAGGGAAAAGTAAGACGGATAATTTTCACGAGTGGCCATTTGCA
™n5-1I6

ATGATTGAAACGACTGCCGCCCTCGCCGAAGCCTGCACGGAACTGGCCARATCGGAATTC
M I E T TAA AL A E A CTEUL A K S E F

ATTACCACTGACACCGAATTTTTGCGGGAAACAACCTTCTGCCCGGAACTGTCCCTCGTA
I T r b T EVF L RETTVF WPETULC L V

CCCAGCGCCGCCGAAGAGAACACAGATTTAGCCCAGTCGGCCGCACGATGAAGAGCAGAA,
P S A A E ENTDIL A Q S A A R Z R A E

GTTATCATGAACGTTACCATGTTAGGAGGTCACATGGAAGTCAGATCCTGGAAAACGGGA
VvV I M N V T M L G G HME VYV R S W K T G
™Tn5-16

AAGGTTCCGTTCAGGACGCTACTTGTGTATAAGAGTCAggAACTGGCGAAATCGGAATTC
K v P F R T L L V Y K 8 Q E L A K S8 E F
Peptide coded for by Tn5 4— —P RNase D

ATTACCACTCACACCGAATTTTTGCGGGAAACAACCTTCTGGCCGGAACTGTGCCTCGTA
I T TDTEVF L R ETTUFW P ETUL C L V

CAGATGGCGAGCCCGACGCTCGAAGTACTGGTTGATCCGCTGGCCAAGGETATCGATCTT
O M A S P T L E V L V D P L A K G I D L

ACGCCGATGTTCGAACTAATGGCCAATCCAAACGTCGTGAAGGTTTTCCACGCCGCACGE
T P M F E L M A NP NV V KV F HA A R

CAGGACATCGAAATCATCTATCATCTCGGCGGGCTCATTCCCCATCCGATCTTCGACACG
Q b 1T EI I Y HULGSGUL I P H P I F D T

CAGGTCGCCGCCATGETGTGCGGTTTCGGCGATTCGATCTCCTACGACCAGCTGGTCCAG
Q VvV A A MV C GG F G6D S I S YD QUL V ©Q

AAGATCAAGAATGTGCAGATCGACAAATCCTCGCGTTTCACCGACTGGAGCCECCETCCG
K I K NV Q I DK S S R F TDW S R R P
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FIG. 5. The Tn5 insertion in NTM6 may generate a fusion composed of the majority of the rmd, , translation product and an N-terminal
oligopeptide coded for by the transposon. (A) Nucleotide sequence of the 5" region of the rnd gene. The sequence shows the locations of the
putative rnd—10 and —35 promoter elements and a putative ribosome binding (Shine-Dalgarno [S.D]) site, as well as the ATG initiation codon.
The inverted shaded arrowhead indicates the location of the Tn5 insertion in NTM6. (B) Nucleotide and predicted protein sequences resulting
from the fusion formed between Tn5 and the rnd gene in NTM6. The fusion site is indicated by the inverted shaded arrowhead, while the two
horizontal arrows indicate polypeptides of Tn5 origin (pointing left) and of rnd origin (pointing right). The three in-frame ATG codons from Tn5
are underlined, while the two potential ribosomal binding sites are boxed. The translation stop codon from the transposon closest to the first likely

ATG initiation codon is indicated by the vertical filled arrow.

containing the rnd gene tested restored the growth rate of
NTM?7 to wild-type levels (Fig. 3). However, none of the clones
fully complemented the defect in fra gene induction (Fig. 2 and
Table 3). Moreover, it is not clear why the two cosmids con-
taining the rnd gene restored TraR-meditated gene activation
to a level somewhat higher than that in the mutant harboring
smaller subclones of rnd. It is possible that the expression of
rnd on the two cosmids differs from that on the shorter clones
or that overexpression of rnd exerts some deleterious effect on
the expression of fraR. For example, it is conceivable that

RNase D in some way regulates the amount of #raR messenger
RNA. No matter the reason, our results mirror those of Gray
et al. (28); in their study, the cloned miaA gene did not fully
complement the miaA mutant of A. tumefaciens for induction
of the vir regulon. These results suggest that subtle differences
in the amounts or activities of RNA-processing enzymes can
have significant effects on normal cell processes. Consistent
with this interpretation, in E. coli elevated levels of rnd are
subtly deleterious to the cells (62).

The fact that all of our mutants contain insertions in the
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same gene points to the importance of rnd in the production of
TraR and therefore in quorum sensing. Given that it is the only
gene we identified in a screen of better than 15,000 random
insertion events, it is tempting to conclude that rnd is the only
host factor required for proper expression of fraR. However, by
using TnS as the mutagen, we would not have identified mu-
tations in essential genes such as groES or groEL, which are
known to be required for production of functional LuxR (1,
18). In addition, our screen may have other biases of which we
are not aware. However, our results do indicate that tRNA
processing is important for production of TraR, and they re-
inforce the notion that production of the LuxR-like activators
is very sensitive to perturbations in functions required for mes-
senger translation and for proper folding of newly translated
proteins.
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