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Agrobacterium tumefaciens ExoR Controls Acid Response Genes and
Impacts Exopolysaccharide Synthesis, Horizontal Gene Transfer, and
Virulence Gene Expression
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Agrobacterium tumefaciens is a facultative plant pathogen and the causative agent of crown gall disease. The initial stage of in-
fection involves attachment to plant tissues, and subsequently, biofilms may form at these sites. This study focuses on the
periplasmic ExoR regulator, which was identified based on the severe biofilm deficiency of A. tumefaciens exoR mutants.
Genome-wide expression analysis was performed to elucidate the complete ExoR regulon. Overproduction of the exopolysaccha-
ride succinoglycan is a dramatic phenotype of exoR mutants. Comparative expression analyses revealed that the core ExoR regu-
lon is unaffected by succinoglycan synthesis. Several findings are consistent with previous observations: genes involved in succi-
noglycan biosynthesis, motility, and type VI secretion are differentially expressed in the AexoR mutant. In addition, these
studies revealed new functional categories regulated by ExoR, including genes related to virulence, conjugation of the pAtC58
megaplasmid, ABC transporters, and cell envelope architecture. To address how ExoR exerts a broad impact on gene expression
from its periplasmic location, a genetic screen was performed to isolate suppressor mutants that mitigate the exoR motility phe-
notype and identify downstream components of the ExoR regulatory pathway. This suppression analysis identified the acid-
sensing two-component system ChvG-Chvl, and the suppressor mutant phenotypes suggest that all or most of the characteristic
exoR properties are mediated through ChvG-Chvl. Subsequent analysis indicates that exoR mutants are simulating a response to

acidic conditions, even in neutral media. This work expands the model for ExoR regulation in A. tumefaciens and underscores

the global role that this regulator plays on gene expression.

lant-associated and rhizosphere bacteria must sense and re-

spond to many aspects of their local environment, including
but not restricted to those cues released from host plants. Some of
the best-studied host-responsive signal transduction systems have
been identified in members of the family Rhizobiaceae, specifically
the symbiotic nitrogen-fixing rhizobia and the plant-pathogenic
agrobacteria. These bacteria continuously monitor many features
of their environment to control their interactions with host plants
and calibrate their physiology to the prevailing conditions. For the
rhizobia, leguminous host plants release specific flavonoid deriv-
atives into the environment, to which the rhizobia respond by
initiating the complex exchange of morphogenic signals culmi-
nating in the formation of symbiotic, nitrogen-fixing nodules (1).
In contrast, agrobacteria such as Agrobacterium tumefaciens re-
spond to phenolic lignin precursors released from plant tissues,
engaging in an intricate and carefully coordinated transfer of ge-
netic material from the infecting bacterium to plant cell nuclei,
one of the only examples of cross-kingdom gene transfer (2-5). In
addition to these primary host response pathways, members of the
Rhizobiaceae employ a series of other regulatory networks to mod-
ulate their interactions with plants and the environmental conse-
quences of host association.

The ExoR regulator represents one of these additional regula-
tory pathways that can contribute to host interactions (6). The
exoR gene was identified originally in Sinorhizobium meliloti
through transposon mutant screens for colonies that fluoresced
differently from the wild type when grown on medium containing
calcofluor white, a reagent that specifically labels several B-linked
polysaccharides (7). Subsequent work revealed that the exoR mu-
tation resulted in elevated production of the exopolysaccharide
succinoglycan (SCG; also called EPS I in S. meliloti) and that the
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genes encoding SCG synthesis were derepressed in this mutant
(8). The exoR mutant was also shown to be compromised for
symbiotic interactions with alfalfa (9, 10). Interestingly, S. meliloti
mutants that produced no SCG were also symbiotically deficient,
failing to invade nodules during plant colonization (11).

Despite its genetic identification as a repressor of SCG synthe-
sis, ExoR is not a DNA binding protein but rather has an N-ter-
minal secretion signal and in S. meliloti has been shown to be
periplasmically localized (12). ExoR also contains tetratricopep-
tide repeat (TPR) motifs, known to promote protein-protein in-
teractions (13, 14). In a series of elegant genetic and biochemical
studies, Long and coworkers found that in S. meliloti the exoR
mutant requires the ExoS-Chvl two-component system to drive
elevated SCG synthesis (12, 15, 16). ExoR immunoprecipitates
with ExoS and is thought to form a physical complex with the
periplasmic domain of ExoS, inhibiting its activity (15). ExoS
phosphorylates its cognate response regulator ChvI, which is re-
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sponsible for regulating the expression of a number of target
genes. ExoR and ExoS-Chvl also positively regulate flagellar gene
expressionin S. meliloti (16, 17). Despite being nonmotile, S. meli-
loti exoR mutants are reported to be hyperadherent and form
thicker biofilms than the wild type (12).

A diversity of Alphaproteobacteria have an ExoR homologue,
including mammalian pathogens such as Brucella abortus and
free-living bacteria such as Nitrobacter hamburgensis, in all cases
with a well-supported N-terminal secretion signal and TPRs (18).
A. tumefaciens has an ExoR homologue that is highly similar to
that from S. meliloti, and A. tumefaciens exoR mutants derepress
SCG production and lack flagella, due at least in part by the mu-
tation affecting the transcription of exo and motility genes (18). In
contrast to S. meliloti, an A. tumefaciens exoR mutant was isolated
by virtue of its inability to form biofilms (18). The exoR mutant is
significantly less adherent than an aflagellate A. tumefaciens mu-
tant (lacking fIgE) and fails to form biofilms in static cultures, flow
cells, and root binding assays (18). Both decreased biofilm forma-
tion and loss of motility are independent of SCG, as an exoA exoR
double mutant that does not synthesize the polysaccharide retains
these phenotypes (18).

In A. tumefaciens, the ChvG-Chvl two-component system is
similar to ExoS-Chvl and is required for plant virulence (19, 20).
ChvG-Chvl becomes active under low-pH conditions to elicit
their cellular responses. ExoR represses ChvG under neutral con-
ditions, but when A. tumefaciens cells encounter acid, ExoR is
proteolyzed to allow the two-component system to become active
(21, 22). Known targets of regulation by ChvG-ChvI include mo-
tility and chemotaxis genes, SCG biosynthesis genes, a type VI
secretion system (T6SS), and various virulence genes (22, 23).

The basis for the A. tumefaciens exoR mutant’s inability to at-
tach to surfaces remains unclear, and its effects on SCG synthesis
and motility do not provide the complete explanation. In this
study, we performed DNA microarray expression analysis com-
paring the exoR mutant to the wild type. We observed that close to
10% of the A. tumefaciens genome is impacted in an exoR mutant,
with many unexpected genes under ExoR control, including vir-
ulence functions, type VI and type IV secretion systems, and a
wide range of transporter systems. We substantiate the expression
results with a range of phenotypic assays that confirm the impact
of the exoR mutation on A. tumefaciens physiology. In addition,
we demonstrate that approximately 45% of those genes affected
for expression in the exoR mutant are responding to the vast over-
production of SCG, which may deplete the nutritional reserves of
the bacterium. Genetic analysis also clearly supports the model in
which the exoR mutant phenotypes are largely due to unregulated
activity of the ChvG-Chvl two-component system.

MATERIALS AND METHODS

Strains, plasmids, reagents, and growth conditions. All strains and plas-
mids used in this study are described in Table S1 in the supplemental
material. Buffers, antibiotics, and media were obtained from Fisher Sci-
entific (Pittsburgh, PA) and Sigma Chemical Co. (St. Louis, MO). DNA
manipulations were performed in accordance with standard protocols
(24). DNA sequencing was performed with ABI BigDye Terminator ver-
sion 3.1 on an ABI 3730 sequencer operated by the Indiana Molecular
Biology Institute. Oligonucleotides (see Table S2 in the supplemental ma-
terial) were obtained from Integrated DNA Technologies (Coralville, IA).
Plasmids were electroporated into A. tumefaciens by a standard method
(25). A. tumefaciens derivatives were grown in AT minimal salts medium
with 15 mM (NH,),SO,, buffered to pH 7 with KH,PO, to a final con-
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centration of 79 mM, and either 0.5% (wt/vol) glucose (ATGN) or 0.4%
(wt/vol) succinic acid (ATSucN) as the carbon source (26). Acidic me-
dium was prepared with 200 mM MES (morpholineethanesulfonic acid)
hydrate buffered to pH 5.5. Virulence-inducing medium is buffered with
MES to pH 5.5 and contains 200 pM acetosyringone. Antibiotics were
used at the following concentrations (pg/ml): for A. tumefaciens, ampicil-
lin (Ap), 100; gentamicin (Gm), 300; kanamycin (Km), 150; spectinomy-
cin (Sp), 150; streptomycin (Sm), 2,000; and for Escherichia coli, Ap, 100;
Gm, 25; Km, 25; Sp, 50. Antibiotic selection was maintained throughout
all experiments when using mutants generated by plasmid insertion.

Transposon mutagenesis and isolation of suppressor mutants. To
create a transposon mutant library of A. tumefaciens C58 AexoA AexoR
cells, we used the mariner minitransposon (Himarl) carried by donor
strain E. coli SM10/\pir pFD1 (27). Donor and recipient strains were
inoculated into 2 ml LB broth and allowed to grow overnight at 37°C and
28°C, respectively. Turbid cultures were diluted 1:10 into 2 ml of LB and
incubated for another 4 h. One milliliter of each outgrown culture was
removed, and the cells were collected by centrifugation (7,000 X g). The
cells were washed in 1 ml of LB and recollected. The supernatant was
discarded, and the cell pellets were resuspended in 100 pl of LB. Three
independent matings were performed by spotting 25 pl each of the E. coli
donor and A. tumefaciens recipient cells onto 0.2-pwm cellulose acetate
filter disks on LB plates. The remaining 25 pl of each independent sus-
pension was spotted in isolation onto filter disks as controls. Once the
spots had dried, the plates were incubated overnight at 28°C to allow
mating to occur and transfer of the mariner transposon into A. tumefa-
ciens. The cells were collected off the filter disks after an overnight incu-
bation by placing the filters in Microfuge tubes with ATGN liquid me-
dium and vortexing vigorously. The collected cells were then frozen in
25% glycerol at —80°C for permanent storage. We plated (on ATGN-Km)
enough of the libraries to approximate the generation of 20,000 isolated
colonies and collected the cells by scraping the colonies into liquid
ATGN-Km medium. Collected cells were frozen in 25% glycerol for per-
manent storage at —80°C. To enrich for suppressor mutants of the parent
AexoA AexoR strain, 5 pl of the collected colonies was inoculated into
motility plates (ATGN-Km with 0.3% agar). After 3 days of incubation at
room temperature, cells were picked from the outer edge of swim rings
formed by motile suppressor mutants. Cells picked from the swim plates
were struck for isolation on ATGN-Km plates. Single colonies were rein-
oculated into motility agar to confirm a motile phenotype. Motile sup-
pressor mutants were then grown in liquid ATGN-Km and frozen in 25%
glycerol at —80°C for permanent storage.

Touchdown PCR and sequencing. To determine the insertion site of
the mariner transposon in our mutants of interest, genomic DNA was
first isolated from the strains that were determined to have suppressed
the motility defect of the parent AexoA AexoR strain. Genomic DNA
was isolated by using a Wizard genomic DNA purification kit (Pro-
mega Corp) and quantified using a NanoDrop 1000 spectrophotome-
ter (Thermo Scientific). The insertion site of mariner was mapped
using touchdown PCR. The reaction mixture contained a genomic
DNA template concentration of 80 to 120 ng; sequence-specific prim-
ers MarRSeq and MarLSeq paired with arbitrary primers MarTDL2
and MarTDRI (see Table S2 in the supplemental material) and Phu-
sion high-fidelity polymerase with HF buffer (New England BioLabs).
The reaction was run with a touchdown PCR program as follows: (i)
98°C for 30s, (ii) 25 cycles 0of 98°C for 10's, 60°C for 45 s, decreasing by
0.5°C each cycle, and 72°C for 2 min, (iii) 25 cycles of 98°C for 10 s,
50°C for 45 s, and 72°C for 2 min, and (iv) 72°C for 1 min. A portion of
the reactions was subjected to electrophoresis on an agarose gel to
confirm amplification products prior to purifying the reaction mix-
tures via an E.Z.N.A. Cycle Pure kit by Omega Bio-Tek. The purified
touchdown PCRs were used as the templates for sequencing with the
MarRSeq and MarLSeq primers following the recommended protocol
of the Indiana Molecular Biology Institute using BigDye 3.1 sequenc-
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ing reagent (http://imbi.indiana.edu/index.php?page_id=DNA%20
Sequencing%?20Facilities&features=1).

Constructing deletion strains. Creating markerless deletion strains
was performed as previously described (28, 29). Fragments upstream and
downstream of the genes of interest (0.5 to 1 kb in size) were amplified
using primers P1 and P2 (upstream) and P3 and P4 (downstream) (see
Table S2 in the supplemental material). These fragments were stitched
together via 18-bp complementary sequences by a splicing by overhang
extension (SOE) PCR. The deletion construct was first ligated into the
pGEM T-Easy (Invitrogen) vector for amplification in E. coli strain
ToplOF'. Miniprepped pGEM plasmids (collected with the E.Z.N.A.
Omega Bio-Tek plasmid minikit) were digested with the appropriate en-
zymes (see Table S2 in the supplemental material), and the insert was
ligated into the suicide vector pNPTS138 (30). This vector was trans-
formed into the E. coli mating strain S17-1\pir in order to conjugate the
deletion plasmid into the appropriate A. tumefaciens strain. A. tumefaciens
recipient and E. coli donor strains were spotted onto cellulose acetate filter
disks as described previously (28, 29). Primary integrants were selected by
plating cells collected from filter disks onto ATGN-Km plates. Cells that
subsequently lost the integrated plasmid but retained the introduced de-
letion were selected by plating onto AT medium with 5% sucrose and
confirmed by PCR across the deletion junction.

Constructing controlled-expression plasmids. Complementation
analyses were performed by cloning wild-type A. tumefaciens coding se-
quences into the LacI9-encoding, IPTG (isopropyl-B-p-thiogalactopyra-
noside)-inducible expression vector with a gentamicin resistance cassette,
pSRKGm (31). Coding sequences were amplified using Phusion polymer-
ase (New England BioLabs) from wild-type C58 genomic DNA, using the
primers corresponding to each gene, specified in Table S2 in the supple-
mental material. Amplified fragments were ligated into the cloning vector
pGEM-T Easy (Invitrogen), and the inserts were confirmed by sequenc-
ing. Coding sequences were excised from pGEM-T by restriction enzyme
cleavage and ligated into the appropriately cleaved expression vector us-
ing T4 DNA ligase (New England BioLabs). Derived plasmids were veri-
fied by PCR amplification across the insert prior to transformation into A.
tumefaciens cells via electroporation.

Microarrays. Custom 60mer oligonucleotide microarrays were pur-
chased from Agilent Technologies. Unique oligonucleotides representing
open reading frames were identified using Featurama, a program designed
by the Institute for Systems Biology in Seattle, WA. Arrays were produced
by Agilent Technologies and consist of 8,455 features that represent 5,419
predicted protein-encoding open reading frames, tRNA- and rRNA-en-
coding genes, and 2,983 duplicate spots.

To prepare samples, cultures were grown to mid-log phase at 28°C in
liquid ATSucN. A culture volume equivalent to 11 ml at an optical density
at 600 nm (ODy,) of 0.6 was incubated with 2 volumes of RNAProtect
reagent (QIAgen) for 15 min at room temperature. Cells were lysed with
10 mg lysozyme, and RNA was extracted using the QIAgen RNEasy Midi
kits. Samples were treated with QIAgen on-column DNase. First-strand
labeling and reverse transcription were performed using the Invitrogen
SuperScript indirect labeling kit, and ¢cDNA was purified on QIAgen
QIAQuick columns. cDNA was labeled with Alexa Fluor 542 and 655 dyes
using the Invitrogen SuperScript cDNA labeling kit and repurified on
QIAQuick columns. cDNA was quantified on a NanoDrop spectropho-
tometer. Hybridization reactions were performed using the Agilent in situ
hybridization kit Plus; the products were boiled for 5 min at 95°C, applied
to Agilent custom arrays for A. tumefaciens C58, and hybridized overnight
at 65°C. Hybridized arrays were washed with Agilent wash solutions 1 and
2, rinsed with acetonitrile, and incubated in the Agilent stabilization and
drying solution immediately prior to scanning the arrays. Four indepen-
dent biological replicates were performed for each comparison, with dye
swaps. Hybridized arrays were scanned on a GenePix Scanner 4200 in the
Center for Genomics and Bioinformatics (CGB) at Indiana University.
GenePix software was used to define the borders of hybridized spots,
subtract background, measure dye intensity at each spot, and calculate the
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ratio of dye intensities for each spot. Statistical analyses of the raw data as
well as processed data were performed in the Indiana University Center
for Genomics and Bioinformatics. Genes with significant P values
(=0.05), a false-discovery rate (Q value) of less than or equal to 0.3, and
log, fold change (FC) ratios (M values) of =0.5 or less than or equal to
—0.5 (representing an FC of *1.4) are reported here.

Real-time qRT-PCR. For real-time quantitative reverse transcription-
PCR (qRT-PCR), cultures were grown at 28°C in ATGN to mid-log phase.
A culture volume equivalent to I mlatan OD, of 0.8 was incubated with
2 volumes of RNAProtect reagent for 15 min at room temperature, lysed
with 10 mg lysozyme, and RNA extracted using the QIAgen RNEasy mini-
kit. Samples were treated with DNase (Ambion Inc., Austin, TX) to re-
move contamination. cDNA was prepared using the qScript cDNA Super
Mix kit (Quanta Biosciences, Gaithersburg, MD). qPCR was performed
with PerfeCta SYBR green FastMix Low Rox reagent (Quanta Biosci-
ences), on a Stratagene MX3000P instrument. Sample values were nor-
malized using a ”° primer set (see Table S2 in the supplemental material)
and calibrated against wild-type results. Data are representative of two
biological replicates, each of which consisted of three technical replicates.

Conjugation assays. Antibiotic-resistant, genetically marked strains
for conjugation assays were utilized. Donor strains were transformed with
pSRK-Km to provide a selectable marker of donor cells postconjugation.
A Gm"-marked pAtC58 was conjugated into wild-type strain C58 and the
different mutant derivatives (AexoR mutant, PMM1; AexoA mutant,
MLL2; AexoA AexoR mutant, PMM?2) already harboring the pSRK-Km
plasmid. Transfer of pAtC58Gm" evicted the native pAtC58 to create the
corresponding pAtC58Gm" donors, which are Gm" and Km". These A.
tumefaciens derivatives harboring pAtC58Gm" were conjugated with A.
tumefaciens ERM52, lacking both pTiC58 and pAtC58, with a chromo-
somally integrated Sp/Sm" cassette (32). Conjugation assays were per-
formed by mixing suspensions of donor and recipient strains each nor-
malized to an ODy, of 0.8, spotting 100 pl onto cellulose acetate filters on
ATGN plates, and incubating the plates for 18 h at 28°C. Sp/Sm" Gm"
transconjugants and Km" Gm" donors were selected by plating serial di-
lutions of the suspended mating mixture on AT medium with appropriate
antibiotics, and conjugation efficiency was determined as the ratio of
transconjugants per output donor. Genomic DNA of all transconjugants
was collected, and PCR was performed to confirm the presence or absence
of exoR and exoA, as appropriate.

Calcofluor white staining. ATGN plates were supplemented with 20
pg/ml of calcofluor white (fluorescent white) dye from a stock solution of
200 p.g/ml as previously described (28). A. tumefaciens strains were inoc-
ulated into ATGN liquid medium from colonies and grown overnight at
28°C with shaking. Cultures were normalized to an OD of 0.2, and 5 pl
was spotted onto each plate. Plates were incubated for 2 days at 28°C and
then imaged inside a light cabinet with UV light excitation. All strains
were grown and imaged on the same plate.

Acid tolerance/pH sensitivity assays. All strains were grown to expo-
nential phase and frozen at —80°C in 25% glycerol at an ODyg, of 12. AT
media of pH 7.0 (AT buffer) or pH 5.5 (MES buffer) were inoculated at an
initial density of 0.012 (1:1,000) in 1 ml of medium per well in a 48-well
flat-bottomed Falcon plate. Each strain and each condition were repre-
sented in quadruplicate; wells 1 to 4 of each row held a strain in neutral
medium, and wells 5 to 8 held the same strain in acidic medium. The plate
was incubated in a Bio-TEK Synergy HT plate reader for 72 h. Cell culture
densities were measured hourly with Bio-TEK Gen5 (version 1.07) soft-
ware. To calculate the growth yield in acidic medium compared to neutral
medium, the growth yield (ODy,) of cultures in low-pH medium was
divided by the growth yield in neutral medium, with 4 biological replicates
under each condition. The average ratio and standard error were calcu-
lated from the four growth ratios determined in this way.

Virulence (vir) gene expression measurement with lacZ fusions.
Plasmids carrying vir-lacZ fusions generated by Winans (33) were electro-
porated into A. tumefaciens cells following a standard procedure (25).
Colonies containing plasmids were selected on antibiotic plates. Cells
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were grown to exponential phase (ODg, between 0.3 and 0.8) and frozen
at —80°C in 25% glycerol to a final ODg, of 12. Frozen stocks were
inoculated into ATGN minimal medium at pH 7.0, acidic medium of pH
5.5, and vir-inducing medium at pH 5.5 with 200 uM acetosyringone.
Cultures were grown to exponential phase, their ODy,, was recorded, and
they were frozen at —20°C prior to further processing. 3-Galactosidase
assays were performed as described previously (34), using 100 .l of cell
culture per reaction. Reactions were terminated with addition of 600 .l of
1 M NaCO,, intact cells and debris were removed by centrifugation, and
free ortho-nitrophenol (ONP) was measured by A,,, units using a Bio-
TEK Synergy-HT reader with Gen5 (version 1.07) software. Specific ac-
tivity was reported in Miller units, according to the equation MU = 1,000
[A450/(ODgyo tf) ], where ¢ is the reaction time in minutes and fis the ratio
of cell volume to total reaction volume.

Starvation assays/carbon limitation. Frozen stocks (ODy, of 12) of
each strain were inoculated into 2 ml of medium at an initial density of
0.012 (1:1,000). Medium was prepared as described previously but with
variable concentrations of glucose: 1 wM, 2 uM, and 5 uM glucose as
opposed to the 29 pM (0.5%) glucose of ATGN. The OD,, was measured
at13.5,18.5,22.5,40.5,and 71 h postinoculation by spectrophotometry in
a Spectronic Genesys (model 5) spectrophotometer.

Biofilm assays. Biofilm assays were performed as described previously
(28, 29). Briefly, polyvinyl chloride (PVC) coverslips were placed upright
in 12-well PVC plates. Overnight cultures were diluted to an initial ODy,
of 0.05 in ATGN. Each well was inoculated with 3 ml of culture, and the
plates were incubated at room temperature for 48 h. Coverslips were
stained with 0.1% crystal violet dye. The adherent dye was solubilized with
33% acetic acid. The ODy, of the 48-hour cultures and the Ay, of the
solubilized crystal violet were measured with a Bio-TEK Synergy HT plate
reader using Bio-TEK Gen5 (version 1.07) software.

Swim assays. Motility medium was prepared as described for ATGN
with an agar concentration of 0.3%. Twenty milliliters of medium was
added to each petri dish. One microliter of frozen cells (OD, = 12) was
inoculated into the center of the swim plate. Plates were kept at room
temperature in a sealed container with an open vial of a saturated solution
of K,SO, to keep the plates hydrated. Swim ring diameters were measured
using a standard ruler.

Microarray data accession number. Microarray data have been de-
posited into the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm
.nih.gov/geo/) database under accession number GSE59790.

RESULTS

The regulon of ExoR. To identify all genes directly and indirectly
affected by ExoR, we compared the transcriptome of wild-type
C58 to a AexoR mutant using Agilent custom oligonucleotide mi-
croarrays. This analysis identified 491 genes that were differen-
tially expressed between strain C58 and the AexoR mutant, with a
Pvalue ofless than 0.05 and an M value of at least 0.5, indicating
aminimum fold change (FC) of 1.4 (see Fig. S1 in the supplemen-
tal material). A subset of these genes are listed in Table 1 (see Table
S3 in the supplemental material for the full lists of genes). The
distribution of these 491 genes is roughly proportional to the per-
centage of the genome represented by each replicon: 262 genes
(53.4%) are located on the circular chromosome (51.9% of ge-
nome), 173 genes (35.2%) on the linear chromosome (34.5% of
genome), 40 genes (8.1%) on the At plasmid (9.9% of genome),
and 16 genes (3.3%) on the Ti plasmid (3.6% of genome).

The lists of genes that met the cutoff values were characterized
using the Blast2GO software. Figure S2 in the supplemental ma-
terial displays the distribution of the genes at level 2 of the “bio-
logical process” category. Many gene sequences were given more
than one gene ontology (GO) identification and so are repre-
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TABLE 1 Gene groups of interest in the core ExoR regulon”

Log, FCin
AexoR
No. of Regulation %
Functional category genes by ExoR >0 <0
Motility and chemotaxis 47 (9) + 0 47
Succinoglycan biosynthesis 15 - 15 0
Type VI secretion 19 (2) - 19
ABC transporters 20 * 2 18
Virulence 2 - 2 0
Cell envelope proteins 19 + 14 5
Transcription factors and 8 + 5 3
two-component systems

Heat/cold shock proteins” 7 + 4? 3t
Plasmid conjugation® 15 + 1° 14¢

“ These genes are represented in both “AexoR versus wild-type” and “AexoA AexoR
versus AexoA” microarrays, except for the last two rows. The functional groups contain
annotated genes that correspond to each category, with the number of unannotated
genes falling within defined operons in parentheses.

b Only in the category “AexoA AexoR versus AexoA.” It is of note that heat shock
proteins display increased expression and cold shock proteins display decreased
expression in the analysis.

¢ Plasmid conjugation genes—only in the category “AexoR versus wild-type.” The only
upregulated gene in this category is trbL (atu6035), involved in pTi conjugation; all
others are related to pAtC58 conjugation.

sented more than once in this analysis. Genes not assigned any GO
identification were omitted from the analysis.

For the bulk of our analyses of the ExoR regulon, we chose to
group the genes into functional categories that correspond to the
phenotypes that we and others have previously observed for exoR
mutants (Fig. 1 and Table 1). There are numerical differences
between our functional categories and the GO analysis, as our
functional categories include only annotated genes, whereas the
Blast2GO software assigns GO IDs to many hypothetical genes. By
either analysis, the regulon of ExoR is vast in terms of both breadth
and diversity, and many aspects of cell physiology are impacted by
this regulator. Notably, the expressions of a large number of reg-
ulators are under the control of ExoR (51 in GO analysis and 27 in
our analysis in the “transcription factor, GGDEF/EAL protein,
and two-component system” category), suggesting that it func-
tions as a global regulator.

The greatest (log,) FC observed in AexoR mutants was 5.25 for
the unannotated gene atu1221, which is predicted to code for an
NIpC/p60 superfamily protein (35-37) by the blastp algorithm on
the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). While
this gene has not been characterized in A. tumefaciens, proteins of
the NIpC/p60 family have been studied in other systems and are
largely implicated in peptidoglycan maintenance, specifically
playing a role in septation (35, 37-39). A small number of anno-
tated genes (6) implicated in cell wall synthesis and maintenance
are represented in the microarray and appear as both positively (5)
and negatively (1) regulated by ExoR. The most highly upregu-
lated annotated gene in the AexoR mutant with empirically dem-
onstrated functions is aopB (Agrobacterium outer-membrane pro-
tein), with an FC of 4.99. This gene is highly similar to a family of
outer membrane proteins in the Rhizobiaceae that have been
shown to influence outer membrane stability, permeability, and
topology (40-42). Homologues of aopB are regulated by a variety
of environmental conditions, including low pH (23, 40, 41), pep-
tides (42), and calcium (43).
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FIG 1 Analysis of the ExoR regulon via microarray. Annotated genes were assigned to functional groups of interest. Microarray analysis of the AexoR mutant
versus the wild type (182 hypothetical proteins were excluded) (A) and of the AexoA AexoR double mutant versus the AexoA mutant (132 hypothetical proteins

were excluded) (B).

The most dramatic decrease in gene expression in the AexoR
mutant is for fliN, which encodes the flagellar motor switch pro-
tein (log, FC = —4.58) (see Table S3 in the supplemental mate-
rial). This is representative of many motility and chemotaxis
genes, which make up the largest functional group of genes regu-
lated by ExoR by our characterization (Fig. 1 and Table 1). The
genes in this category are not restricted only to the large operons
that direct flagellum biosynthesis but also include various genes
distributed across the genome involved in chemotaxis, including
10 methyl-accepting chemotaxis proteins.

Relationship to previously identified targets. Several major
groups of genes identified as targets of ExoR regulation were im-
plicated in our previous findings describing the role of exoR in A.
tumefaciens (18). These include 16 exo genes, responsible for suc-
cinoglycan (SCG) biosynthesis (higher expression in AexoR mu-
tants), 51 annotated—and 10 unannotated—motility and che-
motaxis genes (lower expression in AexoR mutants), and 22 imp
or hep genes, associated with the type VI secretion system (over-
expressed in AexoR mutants). These trends agree with the estab-
lished hypermucoid and nonmotile phenotypes of AexoR mutants
(7,17, 18, 44) and with the role that ExoR plays in regulating the
T6SS presented by Wu et al. (22). Noticeably absent from the
motility gene category are the class I flagellar synthesis regulators
visN, visR (class Ia), and rem (class Ib). In contrast, it has been
observed in S. meliloti that ExoR-ExoS-Chvl affects flagellar syn-
thesis and motility via regulation of the class I genes in response to
low pH (45, 46).

These three functional categories of genes—SCG biosynthesis,
motility/chemotaxis, and T6S—are known to be regulated by low
pH, as described by Yuan et al. (23). Indeed, we noticed a striking
overlap between the acid regulon and the ExoR regulon that ex-
tends beyond motility, SCG biosynthesis, and T6S gene expres-
sion. Furthermore, regulation of T6S genes by ExoR appears to be
mediated by ChvG-Chvl (22), and our data demonstrate that
many more genes identified as part of the acid regulon (23) are
similarly regulated by ExoR. The common genes shared by the
acid regulon and the ExoR regulon are noted in Table S3 in the
supplemental material.

Novel regulated gene groups. Four particularly intriguing
ExoR-regulated gene categories are ABC transporters, type IV se-
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cretion systems, including the At plasmid AvhB conjugation sys-
tem, virulence genes, and genes related to cell envelope architec-
ture. Thirty-five genes annotated as ABC transporter components
were differentially expressed in the AexoR mutant compared to
the wild type. The majority of these (11) are annotated as amino
acid transporters, and all but one are decreased in the exoR mu-
tant. Nine of the ABC transporter genes are annotated as sugar
transporters, seven of which are increased in the exoR mutant.
This suggests that ExoR can influence the flux of material in and
out of the cell by modulating ABC transport gene expression.

Intriguingly, the expression of 15 genes involved in plasmid
conjugation was identified as being significantly different in the
exoR mutant. Fourteen of these genes are downregulated (log, FC,
between —1.4 and —1.9), and they are all located on the AtC58
plasmid. These genes are involved in synthesis of a type IV conju-
gal pilus—11 genes belong to the avhB operon (atu5162-
5172)—or are otherwise associated with conjugation: 3 genes are
annotated as pAtC58 tra genes traG, traD, and traC (atu5108,
atu5109, and atu5110, respectively) (47). Additionally, upstream
of avhBI1 (atu5162), there is an unannotated gene that appears to
be in the same operon, and expression of this gene is significantly
decreased (log, FC, —2.1; not included in Fig. 1A due to lack of
annotation). A homologue of an activator of conjugal transfer of
the Rhizobium etli symbiotic plasmid, rctB (atu5116) (48), is also
downregulated in the AexoR strain relative to the wild type (log,
FC, —2.43); this gene is grouped with transcriptional regulators
and not with pAtC58 conjugation genes. This relationship be-
tween exoR and pAtC58 conjugation is of great interest to us be-
cause we have observed nearly constitutive conjugation of pAtC58
under laboratory conditions, and this is the first hint of a regula-
tory mechanism.

Besides virG, virHI, and virH2 (log, FC, 3.3, 1.1, and 0.9, re-
spectively), other genes related to virulence were upregulated in
the AexoR mutant, including the agrobacterium chromosomal
virulence gene acvB (log, FC, 0.8) and the trans-zeatin synthase
gene 1zs (log, FC, 0.63) (49, 50). The chvI-chvG locus, which re-
sponds to low pH and is required for virulence (20), was also
upregulated, though we included these genes in the “transcription
factor, GGDEF/EAL, and two-component system” group, not the
“virulence” group. This locus was also expected to be increased for
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expression because of the central role of ChvG and Chvl in regu-
lating the acid response (23, 51).

The most highly upregulated annotated gene in our analysis,
aopB, falls into another functional category of interest: cell enve-
lope-related genes. There were 28 genes in this category. One-half
of the genes in this category are annotated as porins or transport-
ers, which suggests that there is a significant change in the perme-
ability of the cell envelope in exoR mutants. Of the other 14 genes,
3 are annotated as lipoproteins: 2 as rplA, encoding Rare lipopro-
tein A (atu0290 and atu1500; log, FC, 2.44 and 1.08, respectively),
and 1 as palA (atu3713,log, FC 0.88), encoding Omp16, which has
been characterized as an outer membrane lipoprotein in Brucella
spp. (52). Two more genes in the cell envelope category are anno-
tated as modifiers of cell surface-associated factors: IpiA (atu2521;
log, FC, 0.95) is involved in membrane lipid synthesis (53) and
low-pH tolerance (45) in rhizobia, and glf (atu3975; log, FC,
—1.54) is required for galactofuranose synthesis, a cell surface
component in pathogens (54, 55). These results are consistent
with the role that Chvl plays in regulating phospholipid biosyn-
thesis in S. meliloti (56). The appearance of these lipoproteins and
cell surface-modifying genes in the expression profile suggests that
the architecture of the cell envelope in exoR mutants is distinct
from that of wild-type A. tumefaciens.

Overproduction of succinoglycan impacts the transcriptome
of exoR mutants. The role of ExoR in repressing SCG biosynthesis
is well established (7, 8, 57). The hypermucoid phenotype of exoR
mutants is quite striking: it is clear that cells are allocating signif-
icant resources to the production of this exopolysaccharide (18).
Therefore, a question of particular interest was whether the over-
production of SCG in an exoR mutant would lead to downstream
transcriptional effects. To identify genes that were affected by SCG
overproduction, we performed a second microarray comparison
with a mutant unable to synthesize SCG due to deletion of the
SCG biosynthesis gene exoA (atu4053). We compared the AexoA
mutant to the AexoA AexoR double mutant. The genes identified
in this comparison represent those that ExoR impacts indepen-
dently from the effects of SCG overproduction. The annotated
genes identified in this comparison that met our cutoff values are
represented in Fig. 1B, the entire list can be found in Table S3 in
the supplemental material, and the full analysis is displayed in Fig.
S1 in the supplemental material.

Most of the genes that fall into the functional categories that we
defined above are maintained in the AexoA to AexoA AexoR com-
parison. All of the SCG biosynthesis genes are still represented in
this comparison with the exception of exo0A itself. The vast major-
ity of motility and chemotaxis-related genes are maintained, with
the exception of three methyl-accepting chemotaxis protein-en-
coding genes scattered across the genome; one on the circular
chromosome (atu0646), one on the At plasmid (atu5442), and
one on the Ti plasmid (atu6132). All of the type VI secretion genes
identified in the AexoR mutant versus wild-type strain analysis are
similarly regulated in the AexoA mutant analysis.

Despite similar numbers of ABC transporter genes represented
in each analysis, there are significant differences in the trends of
regulation between the two comparisons. Only one-half of the
ABC transport-related genes discovered in the AexoA AexoR ver-
sus AexoA comparison are shared with the AexoR versus wild-type
comparison (20/39 genes). These include the liv operon (atu4515-
4519) for transport of branched-chain amino acids (58), which
is downregulated in both comparisons, and the genes rbsA
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(atu4321) and rbsC (atu4322), involved in ribose transport (59),
which are upregulated in both comparisons (consistent with ri-
bose utilization patterns in the exoS and chvl mutants of S. meli-
loti) (60). The pattern of sugar transporters is markedly different
between comparisons: 12/14 genes predicted to transport sugars
in the AexoR versus wild-type comparison are increased in expres-
sion, but only 4/24 genes predicted to transport sugars in the
AexoA AexoR versus AexoA comparison are increased. This may
underlie the carbon-starved condition of AexoR mutants as they
overproduce SCG, versus the AexoA strains, which allocate few if
any resources to SCG synthesis.

Another difference between the two microarray experiments is
that fewer virulence-related genes are differentially regulated in
the AexoA AexoR versus AexoA comparison versus the AexoR ver-
sus wild-type comparison. Only two of the five virulence genes
revealed in the latter comparison appear in the former: acvB
(atu2522; log, FC, 0.74), encoding chromosomal virulence pro-
tein, and virG (atu6178; log, FC, 3.12).

Aninteresting trend emerges when we analyze the cell envelope
gene category for our two microarray experiments: the composi-
tion of the membrane itself differs, while the majority of embed-
ded machinery (porins and transporters) remains similar. The
gene palA (atu3713; log, FC, 0.88), encoding the lipoprotein
Ompl6 (52), is not present in the AexoA AexoR versus AexoA
comparison, whereas another annotated lipoprotein, atul789, is
present (log, FC, —0.83). Additionally, the cell surface-modifying
genes IpiA (atu2521; log, FC,= 0.95) and glf (aru3975, log, FC,
—1.94) are not present in the AexoA AexoR versus AexoA microar-
ray. These differences in gene expression suggest that overproduc-
tion of SCG is, in and of itself, contributing to the architecture of
the cell membrane in exoR mutants. Of course, there is also no
SCG on the outside of the exoA mutant cells, despite the overex-
pression of most of the SCG biosynthetic genes.

The AexoA AexoR versus AexoA microarray experiment con-
tained a functional group that was absent in the AexoR versus
wild-type microarray: temperature stress response genes. Four
heat shock proteins were upregulated, and three cold shock pro-
teins were downregulated in the AexoA AexoR strain versus AexoA
experiment. The presence of these temperature-dependent stress
response genes in the exoA comparison may suggest that the over-
production of SCG offers a protective benefit to exoR mutants that
is lost when SCG biosynthesis is inhibited. We recognize not only
the presence of a unique functional gene group in the AexoA
AexoR versus AexoA comparison but also the absence of another
gene group: the type IV conjugation machinery of pAtC58.

Succinoglycan overproduction inhibits conjugal transfer of
the At plasmid. An unexpected result of the AexoR versus wild-
type comparison is that an exoR mutation leads to a decrease in
expression of rctB and avhBI to avhB11, the activator and type IV
secretion system associated with pAtC58 conjugation, respec-
tively. However, when SCG production is eliminated, expression
of these genes returns to wild-type levels. Curious as to whether
these changes in transcription led to measurable differences in
conjugation rates, we performed conjugation assays using wild-
type C58 and exo gene mutants as donor strains of a gentamicin-
resistant copy of pAtC58. These assays demonstrated a wild-type
conjugation rate of 1.9 X 10~ * transconjugants per output donor.
The AexoR mutant was dramatically less efficient, with a conjuga-
tion rate decreased by nearly 4 orders of magnitude, to 4.4 X 10~*
transconjugants per donor. The AexoA mutant, deficient for SCG
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TABLE 2 qPCR verification of microarray results

Agrobacterium tumefaciens ExoR Regulon

Log, FC (range) of transcript quantity relative to wild type”

Strain SCG biosynthesis (exoY)

Motility (flgD)

Virulence (virG) pAt conjugation (rctB)

C58
AexoR mutant

1.00 (0.81-1.24)
13.45 (11.06-16.37)
2.31 (1.91-2.80)
23.59 (19.38-28.70)

AexoA mutant
AexoA AexoR double mutant

1.00 (0.84-1.10)
0.02 (002-0.03)
3.12 (2.66-3.65)
0.04 (0.03-0.05)

1.00 (0.79-1.26)
10.20 (8.26-12.59)
1.60 (1.35-1.91)
18.51 (15.51-22.08)

1.00 (0.84-0.19)
0.25 (0.20-0.30)
4.32 (3.60-5.17)
1.13 (0.94-1.38)

“ Transcript quantity was calculated by comparing the threshold cycle (C;) of each transcript to the threshold cycle of sigma 70 in each strain. The AC- for each transcript was
compared to the AC; of that transcript in the wild type to yield AAC, which was used to calculate the fold change (FC) of each transcript in each strain. The fluorescence threshold

was set to 3,000.

production, conjugated at a rate similar to that of the wild type, at
9.5 X 1077 transconjugants per donor. The AexoA AexoR double
mutant had a conjugation rate of 2.9 X 10~ transconjugants per
donor, much closer to that of the wild type than the AexoR mu-
tant. These results are consistent with predictions derived from
expression data and suggest a relationship between SCG produc-
tion and conjugation of pAtC58. The mechanism by which succi-
noglycan production influences pAtC58 conjugation is currently
being investigated.

Overproduction of succinoglycan causes reduced growth
yield. The most striking phenotype of exoR mutants is their hy-
permucoidy due to SCG overproduction. We also observed that
an exoR mutation leads to massive upregulation of sugar transport
systems and that many differentially regulated genes in the AexoR
mutant are specifically affected by the overproduction of SCG
(Fig. 1). We hypothesized that this massive overproduction of
exopolysaccharide may cause AexoR cells to become carbon lim-
ited more quickly than the wild type and result in lower overall
growth yield. To test this, we compared the growth yield of the
AexoR and AexoA AexoR strains to that of wild-type cells in car-
bon-replete medium (ATGN medium, 29 uM glucose) and in
low-carbon media containing 1 pM, 2 uM, and 5 uM glucose.
Indeed, we saw an overall reduction in growth yield in the AexoR
mutant, an effect that was reversed in the AexoA AexoR double
mutant (see Fig. S3 in the supplemental material). However, this
trend was consistent across all concentrations of glucose tested.
These data indicate that the reduced growth in an exoR mutant is
directly related to SCG overproduction but is not sensitive to
exogenous carbon availability.

qPCR analysis of predicted regulatory targets. To verify the
validity of our microarray results, we performed quantitative PCR
(qPCR) on four genes. These genes were exoY, which encodes an
SCG biosynthetic enzyme, flgD, a flagellar hook formation pro-
tein, virG, a response regulator activated by VirA, and rctB, an
activator of pAtC58 conjugation. The results were consistent with
the microarray and phenotypic results that we observed (Table 2).
The AexoR mutant displayed enhanced expression (FC = 13.5) of
exoY, as predicted by its hypermucoid phenotype and the mi-
croarray analysis (log, FC = 3.8). Similarly, we saw a marked
reduction in expression of the flgD promoter (FC = 0.02) in the
AexoR mutant compared to the wild type, corresponding to the
reduction in motility gene expression in the microarray (log,
FC = —1.15) and the nonmotile phenotype. The increased ex-
pression of virG (log, FC = 3.35) in the AexoR mutant relative to
the wild type is mirrored in the enhanced level of transcript mea-
sured by qPCR (FC = 10.20). We observed a reduction in rctB
transcript in the AexoR mutant, as expected from the microarray
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and phenotypic results of pAtC58 conjugation. Also in agreement
with the microarray and phenotypic results, we saw a similar pat-
tern of expression of exoY (FC = 23.59), flgD (FC = 0.04), and
virG (FC = 18.51) in the AexoA AexoR mutant relative to the wild
type and an insignificant change in the transcript level of rctB
(FC =1.13). The AexoA mutant displayed transcript levels similar
to those in the wild type for all the genes tested, with a slight
increase in rctB (FC = 4.32), which is consistent with the slight
increase in pAtC58 conjugation efficiency.

The ChvG-Chvl two-component system is identified as a tar-
get of ExoR regulation in a transposon mutagenesis screen. To
discover downstream components of the ExoR regulatory path-
way, a screen was performed on a mariner transposon mutant
library of the AexoA AexoR mutant. The screen was designed to
isolate suppressor mutants that restored the mutant’s ability to
swim in motility agar. We used the AexoA AexoR double mutant as
the parent to avoid complications caused by the hypermucoid
phenotype of the AexoR mutant. The transposon mutants were
plated, and colonies were scraped off selective plates en masse into
ATGN broth with glycerol and stored frozen.

To enrich for transposon mutants that suppressed the nonmo-
tile phenotype of the AexoA AexoR parent, 5 pl of the mutant
library was inoculated into 0.3% swim agar and incubated for 3
days (Fig. 2A). Cells were streaked from the outer edge of the
resulting swim ring onto solid media. Isolated colonies were then
reinoculated into swim plates to confirm their motility phenotype
before the site of the transposon was mapped by touchdown PCR
and sequencing.

Twenty-one transposon mutants were initially sequenced, re-
vealing seven independent insertions in the chvI-chvG locus: two
insertions in the chvI open reading frame (ORF) and five inser-
tions in the chvG ORF (Fig. 2B). No other genes were identified to
be disrupted in more than one mutant; therefore, we focused on
chvG-chvl. We continued to characterize the chvl and chvG mu-
tants in AexoR mutant backgrounds. It is important to note that
transposon mutants with insertions at the far C terminus of chvG
could be complemented with a copy of chvG in trans (data not
shown), indicating that suppression of the AexoA AexoR pheno-
type is not due to polar effects on downstream genes.

Activity of the two-component system ChvG-Chvl causes the
characteristic exoR phenotypes. In-frame deletions were created
for both the sensor kinase chvG gene and the response regulator
chvI gene in wild-type and AexoR backgrounds. The AexoR AchvI
double mutant exhibited full motility compared to the wild-type
and the nonmotile AexoR parent strains (Fig. 2D). The single
AchvI mutant displayed motility phenotypes similar to those of
the wild type. We observed the same trends for AexoR AchvG and
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FIG 2 Activity of the two-component system ChvG-Chvl directs exoR phe-
notypes. (A) Image of swim plate 3 days postinoculation of the parent AexoA
AexoR strain and suppressor transposon mutants in chvl and chvG. (B)
Genomic organization of the chvI-chvG locus and positions of independent
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AchvG strains (data not shown). This suggests that the ChvG-Chvl
system functions to repress motility in the absence of ExoR.

To determine if the hypermucoidy caused by SCG overproduc-
tion and the biofilm defect of the AexoR strain were also regulated
via ChvG-Chvl, we investigated these phenotypes in the AexoR
AchvI double mutant strain. SCG production can be qualitatively
observed by growing cells on solid medium containing calcofluor
white. The colony morphology of the AexoR AchvI strain—as well
as that of the AexoR AchvG strain (data not shown)—is compara-
ble to that of the wild type and distinct from the hypermucoid
AexoR mutant morphology (Fig. 2C). Additionally, an anthrone
assay—which measures the levels of free reducing sugars—re-
vealed a return to wild-type levels of polysaccharide synthesis
when either chvG or chvl was deleted in the AexoR background
(data not shown).

The attachment defect exhibited by the exoR mutant is also
suppressed when either chvG (data not shown) or chvIis deleted in
an exoR background. AexoR Achvl double mutants displayed a
wild-type biofilm phenotype, in stark contrast to the nonadherent
AexoR mutant (Fig. 2E). Single-mutant strains of chvI exhibit a
biofilm phenotype similar to that of the wild type (Fig. 2E). Ex-
pression of chvl in trans in the AexoR Achvl mutant led to a reduc-
tion of swimming motility (Fig. 2D) and biofilm formation (Fig.
2E), recapitulating the phenotypes of the single AexoR mutant. All
of these phenotypes are consistent between chvl and chvG mutants
(data not shown). These observations suggest that ChvG-Chvl
plays a substantial role in inhibiting attachment and biofilm for-
mation when active in the exoR mutant.

exoR mutants mimic acid-exposed cells. Both the exoR-chvG
or -chvl epistasis evidence and the microarray data support the
model by which ExoR directly inhibits the activity of ChvG-Chvl
and thus suppresses the acid regulon in the absence of an external
low-pH signal (22). We hypothesized that when ExoR was absent
in A. tumefaciens cells, they would artificially respond to acidic
conditions via hyperactivity of ChvG-Chvl. To test this, we exam-
ined characteristic exoR phenotypes under neutral and acidic con-
ditions to determine if wild-type cells mimic exoR mutants when
exposed to acid. We saw a severe deficiency of biofilm formation
in wild-type cells when grown in acidic medium (pH 5.5) com-
pared to neutral medium (Fig. 3A). This mimics the attachment
deficiency observed for exoR mutants under neutral conditions
and further supports the model that ChvG-Chvl actively represses
biofilm formation in the absence of ExoR or in the presence of
acid. In a strain lacking chvI, the response to acid is abolished, as
predicted (Fig. 3A).

To examine the effect of low pH on motility, we measured the

transposon insertions. (C) Calcofluor white fluorescence under UV light ex-
posure as a qualitative representation of the level of SCG biosynthesis. (D)
Quantification of flagellar locomotion through swim agar (0.3%) 3 days post-
inoculation. Single asterisks denote a significant difference relative to the wild
type (P < 0.05 with Bonferroni’s correction). Double asterisks denote a signif-
icant difference between AexoR AchvI (plac-chvl) strains without and with
IPTG (P = 0.009). Error bars represent standard deviations of the means of
three biological replicates. (E) Biofilm formation on PVC coverslips in static
culture. The Agy/ODg, unit represents biofilm biomass as measured by
solubilized crystal violet staining of biofilms formed on coverslips normalized
to culture density. Asterisks denote a significant difference (P < 0.05 with
Bonferroni’s correction) compared to the wild type. Error bars represent stan-
dard deviations of the means of three biological replicates of a representative
experiment.
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FIG 3 ExoR mutants mimic acid-exposed cells. (A) Biofilm formation is in-
hibited under acidic conditions. Asterisks denote a significant difference (P <
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promoter activity of the flagellar hook gene fIgE in neutral and
acidic (pH 5.5) media by a B-galactosidase assay. At low pH,
growth is substantially slower, precluding a direct comparison us-
ing standard motility agar assays. Based on the nonmotile pheno-
type of exoR, our microarray data, and the acid regulon data of
Yuan et al. (23), we predicted that flagellar gene expression would
be reduced under acidic conditions, and this is in fact what we
observed (Fig. 3B). Accordingly, we saw a blindness to acidic con-
ditions in chvl mutants (Fig. 3B), confirming that repression of
flagellar gene expression depends on ChvG-Chvl activity in exoR
mutants or under acidic conditions.

The ability of exoR mutants to proliferate in low-pH media was
also tested. We measured the density of wild-type and exoR mu-
tants grown in liquid culture in neutral and acidic media for 72 h.
The data are presented as a ratio of growth yield in acidic medium
(pH 5.5) relative to growth yield in neutral medium (Fig. 3C). The
AexoR mutant shows decreased overall growth yield compared to
that of the wild type under neutral conditions (see Fig. S3 in the
supplemental material). However, the AexoR mutant’s growth
yield in low pH relative to neutral pH is less dramatically affected
than that of the wild-type strain, as reflected in a higher ratio (Fig.
3C). The growth yield of the AexoA AexoR mutant at low pH
relative to neutral medium is similar to that of the wild type at 24
h but is substantially greater at 48 and 72 h, suggesting that succi-
noglycan biosynthesis is not necessary for survival in acid. Alto-
gether, these data support the model whereby exoR mutants
artificially experience exposure to low pH through activity of
ChvG-ChvI and suggest that an aspect of SCG overproduction in
the exoR mutant dampens its ability to tolerate acid pH.

exoR mutants show enhanced expression of virG. Phosphor-
ylated VirG is limiting for virulence gene induction in A. tumefa-
ciens (61). The virG gene is under the control of two promoters
designated P1 and P2 (Fig. 4A); P1 responds to plant signals such
as acetosyringone and low phosphate, and P2 responds to low pH
(33, 62). Since exoR mutants appear to mimic acid-exposed cells,
we hypothesized that expression of virG may be enhanced in exoR
mutant strains in a P2-dependent fashion. To test this hypothesis,
we used various plasmid-borne virG-lacZ fusions (derived from
the octopine-type A. tumefaciens R10 virG gene [Fig. 4A]); one
construct contains the entire promoter region of virG, one has a
truncated P1 missing the upstream vir boxes (P2 only), and one
has a 10-bp deletion between the —10 element and the translation
start site of P2 (P1 only) (33). We determined the relative levels of
B-galactosidase activity in the wild type and in the AexoR mutant
in neutral, acidic (pH 5.5), and vir-inducing acidic media. The
AexoR strain shows enhanced activity of the virG promoter in
neutral minimal medium (Fig. 4B). Expression of virG was en-
hanced with the intact-promoter construct and when only P2 was
present but not with the P1-only construct in the AexoR mutant
(Fig. 4B). This enhanced expression in the AexoR mutant was also
observed in pH 5.5 medium—when the P2 promoter was nor-

Asterisks denote a significant difference (P < 0.05) in each strain’s expression
of flgE in acidic pH compared to neutral pH. Error bars represent standard
deviations of the means of three biological replicates. (C) Long-term acid
tolerance assay. Each column represents a strain’s growth in medium buffered
to pH 5.5 relative to its growth in neutral medium. Asterisks denote a signifi-
cant difference (P < 0.05) in the growth ratio relative to that of the wild type at
each time point. Error bars represent standard errors of the means of at least
three biological replicates.
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FIG 4 ExoR mutants display enhanced expression of virG through the acid-sensing promoter. (A) Promoter structure of virG showing the relative positions of
the vir boxes upstream of P1, which responds to plant signals, and P2, which responds to low pH (33). (B) AexoR mutants display enhanced expression of virG
through the acid-sensing promoter P2, even under neutral conditions. 3-Galactosidase assays were performed on strains harboring plasmid-borne PvirG- and
PvirB-lacZ fusions under the conditions indicated. Asterisks denote a significant difference (P < 0.05) in expression in the AexoR mutant relative to the wild type
for each condition. Error bars represent standard errors of the means of at least three biological replicates.

mally induced—and in vir-inducing medium when both promot-
ers were induced (Fig. 4B). It appears that the enhanced expres-
sion of virG in the AexoR mutant is also manifested at the level of
vir target gene expression, as the expression of a virB::lacZ fusion is
markedly higher in inducing medium in the AexoR mutant than in
the wild type (Fig. 4B). The same trends were observed in the
AexoA AexoR background, so the effect of ExoR on virG expres-
sion is independent of SCG synthesis (data not shown). The en-
hanced expression of virG in exoR mutants and under acidic con-
ditions is dependent on the activity of ChvG-Chvl, as no virulence
gene expression was observed under any condition in a AchvI or
AexoR Achvl mutant (data not shown). This confirms the long-
standing observation that ChvG-Chvl is required for strong viru-
lence gene expression in A. tumefaciens (20). The identifying fea-
ture for chvG and chvl mutants was in fact their avirulent
phenotype (20).

DISCUSSION

This study reveals the great number and variety of genes regulated
through ExoR. We show that the characteristic phenotypes of exoR
mutants are caused by hyperactivity of the ChvG-Chvl two-compo-
nent system. The two-component system is responsive to and active
under acidic conditions, and we find that cells lacking ExoR behave
similarly to cells exposed to an acidic environment. These results
agree well with the study by Wu et al. (22), which showed a direct
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interaction between ExoR and ChvG that is disrupted when cells are
exposed to acidic medium. Accordingly, we see a substantial overlap
between the genes defined in the “acid regulon” by Yuan et al. (23)
and the ExoR regulon. The exo genes responsible for SCG biosynthe-
sis, the imp type VI secretion system genes, various motility- and
chemotaxis-related genes, and virG are common to our defined ExoR
regulon and the acid regulon. These commonalities are consistent
with a tentative model of ExoR control and low-pH response (Fig. 5).
However, there are some noticeable differences that manifest them-
selves at the defined functional category. For example, none of the
acid-repressed genes categorized as “amino acid synthesis and degra-
dation” or “nucleic acid synthesis and metabolism” genes and very
few of the acid-repressed “metabolism and cofactor synthesis genes”
described by Yuan et al. (23) are represented in our data set. These
differences may reflect an integration of other regulatory circuits in
low-pH media that are unaffected in our exoR mutants. Additionally,
these differences may reflect the different carbon sources used in cul-
ture media in the two experiments, i.e., glucose in the Yuan et al. study
(23) and succinate in our study.

A portion of the trends that we have observed for the AexoR
mutant are consistent with previous studies in S. meliloti (10, 15,
17, 56, 63). However, our results expand and add to these obser-
vations, including an analysis of the effects of SCG overproduc-
tion. Also, in contrast to S. meliloti, in A. tumefaciens, an exoR
mutant is deficient for both motility and biofilm formation,
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FIG 5 Model of ExoR regulation. Under neutral environmental conditions,
ExoR represses the sensor kinase ChvG by direct interaction, preventing the
phosphorylation cascade to ChvI and the regulation, both repression and ac-
tivation, of Chvl-regulated genes. Under acidic environmental conditions,
ExoR is cleaved by a periplasmic protease, relieving its inhibition of ChvG. This
allows ChvG autophosphorylation and transfer of phosphate to Chvl, which
then can bind DNA and regulate its target promoters. The T-bar line repre-
sents repression, the straight arrow represents activation, and the wavy arrow
represents changes in these functional categories in both directions.

whereas S. meliloti exoR mutants are nonmotile but elevated for
biofilms. Furthermore, the A. tumefaciens AexoR mutant is un-
affected for expression of the class I motility regulators visN-visR
and rem. These data are consistent with the regulation of motility
genes by ExoR and ExoS in S. meliloti as reported by Yao et al. (17)
but inconsistent with trends reported by other groups, who sug-
gest that ExoS and low pH directly influence the expression of
class I motility genes (45, 46). Finally, ExoR influences genes on
replicons unique to A. tumefaciens, including vir genes on the Ti
plasmid and conjugation genes on the At plasmid.

Most of the functional groups that we designated in the “AexoR
versus wild-type” comparison are maintained in the absence of
SCG overproduction, as evidenced by the AexoA AexoR versus
AexoA microarray experiment. The functional groups that are
common to both analyses comprise the core ExoR regulon (Table
1), and many of these core groups are represented by the pheno-
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types exhibited by exoR mutants (18). All of the characteristic exoR
phenotypes are suppressed when the two-component system
ChvG-Chvl is disrupted. However, many genes in our data set are
not present in the acid regulon. Since it is clear that the acid regu-
lon is mediated by ChvG-Chvl (22, 23, 51), we suspect that some
of the genes that fall outside it may be influenced by additional
pathways. Our previous study identified exoR suppressor muta-
tions that were not in chvG or chvI, but these were spontaneous
mutants and the site(s) of these mutations was not identified (18).
Using transposon mutagenesis and engineered in-frame dele-
tions, it is clear that disruption and loss of function of either chvI
or chvG efficiently suppress many of the exoR mutant phenotypes.

We initially characterized ExoR because of its impact on sur-
face adhesion and biofilm formation (18). No obvious regulators
of biofilm formation appeared in the AexoR versus wild-type anal-
ysis, but sinR (atu2394), a fumarate and nitrate reduction regula-
tor (FNR)-type regulator of biofilm formation (64), was greatly
decreased in the AexoA AexoR mutant relative to the AexoA mu-
tant (log, FC = 2.0). We have described SinR’s role in biofilm
maturation, but it does not appear to be required for attachment,
so its reduced gene expression likely does not account for the
attachment defect of the AexoA AexoR mutant, especially consid-
ering its absence in the microarray analysis of the equally attach-
ment-deficient AexoR mutant (18, 64). We also observed modest
downregulation of furN (atul602) in the AexoA AexoR versus
AexoA microarray (log, FC = —0.6), which we have shown regu-
lates sinR expression (64). This finding contributes another po-
tential step in the pathway of oxygen-dependent modulation of
biofilm formation that we previously described (64).

Our findings regarding the influence of ExoR on virulence
through acid induction of the virG gene now provide a mechanis-
tic link between the response to low pH and potentiation of virG
expression (62). Our previous findings revealed that despite its
profound attachment defects and its lack of motility, the exoR
mutant was as virulent as the wild type in crude tumorigenesis
assays. The enhanced level of vir gene expression in the exoR mu-
tant may very well compensate for any deficiencies during surface
colonization in these crude assays.

A recent study characterized the role that ntrX, encoding a
response regulator, plays in regulating SCG biosynthesis and mo-
tility in S. meliloti (65, 66). The study finds that NtrX negatively
regulates expression of SCG biosynthesis genes and positively reg-
ulates flagellin and the motility regulators visN and visR (65).
These authors posit that there is no interaction between NtrY-X
and ExoR-Exo0S-Chvl because overexpression of chvI or exoR does
not rescue the ntrX mutant phenotypes (65). An annotated homo-
logue of this gene (atu1448) appears as part of the core ExoR
regulon in our study, its expression being modestly increased in
our AexoR mutants (log, FCs, 0.6 in the AexoR mutant versus the
wild type and 0.59 in the AexoA AexoR versus the AexoA mutants).
Though we have not characterized this response regulator in A.
tumefaciens C58, it is interesting that it appears as part of the ExoR
regulon, given its relationship to described exoR phenotypes in S.
meliloti. While the NtrY-X system may not influence the expres-
sion of ExoR-ExoS/ChvG-Chvl in S. meliloti, this does not pre-
clude the possibility that ExoR-ChvG-Chvl modulates the expres-
sion of ntrX in A. tumefaciens.

The role that the periplasmic regulator ExoR plays in control-
ling gene expression in A. tumefaciens is substantial. We have elab-
orated on its intimate control of the acid-responsive two-compo-
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nent system ChvG-Chvl and lent further support to the model
that ExoR is required for repressing the acid response under neu-
tral conditions (Fig. 5). The scope of the genes regulated by ExoR
extends beyond those included in the acid regulon and, presum-
ably, beyond those directly regulated by ChvG-Chvl. Because
ExoR has multiple predicted protein-protein interaction do-
mains—a tetratricopeptide repeat (TPR) domain and two Sell
domains—there exists the distinct possibility that it has multiple
interacting partners in the periplasm and exerts control over other
regulatory pathways. The connection between low pH and ExoR
regulation is clear, but some genes in the ExoR regulon are influ-
enced by other environmental signals such as low oxygen concen-
tration (sinR [64] and n#rX [66]) and temperature (heat shock and
cold shock genes [67—69]). This raises the question, does ExoR
control responses to a variety of environmental signals? Another
enigma about ExoR is its positive influence on both biofilm for-
mation and motility. Motile bacteria can exist in either a motile or
a sessile state, and at some point during interactions with surfaces
they make a switch to one lifestyle or the other. ExoR contributes
to both these states, and we are now in a position to test whether
specific environmental conditions encountered by A. tumefaciens
may influence its activity, global gene expression, and the state of
the bacterial cell.
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