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The MerR-Like Regulator BrIR Confers Biofilm Tolerance by
Activating Multidrug Efflux Pumps in Pseudomonas aeruginosa

Biofilms
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A defining characteristic of biofilms is antibiotic tolerance that can be up to 1,000-fold greater than that of planktonic cells. In
Pseudomonas aeruginosa, biofilm tolerance to antimicrobial agents requires the biofilm-specific MerR-type transcriptional reg-
ulator BrlR. However, the mechanism by which BrIR mediates biofilm tolerance has not been elucidated. Genome-wide tran-
scriptional profiling indicated that brIR was required for maximal expression of genes associated with antibiotic resistance, in
particular those encoding the multidrug efflux pumps MexAB-OprM and MexEF-OprN. Chromatin immunoprecipitation
(ChIP) analysis revealed a direct regulation of these genes by BrIR, with DNA binding assays confirming BrIR binding to the pro-
moter regions of the mexAB-oprM and mexEF-oprN operons. Quantitative reverse transcriptase PCR (qQRT-PCR) analysis fur-
ther indicated BrIR to be an activator of mexAB-oprM and mexEF-oprN gene expression. Moreover, immunoblot analysis con-
firmed increased MexA abundance in cells overexpressing brIR. Inactivation of both efflux pumps rendered biofilms significantly
more susceptible to five different classes of antibiotics by affecting MIC but not the recalcitrance of biofilms to killing by bacteri-
cidal agents. Overexpression of either efflux pump in a AbrIR strain partly restored tolerance of AbrIR biofilms to antibiotics.
Expression of brIR in mutant biofilms lacking both efflux pumps partly restored antimicrobial tolerance of biofilms to wild-type
levels. Our results indicate that BrIR acts as an activator of multidrug efflux pumps to confer tolerance to P. aeruginosa biofilms

and to resist the action of antimicrobial agents.

Pseudomonas aeruginosa is one of the principal human patho-
gens associated with cystic fibrosis (CF) pulmonary infection
and chronic and burn wounds. The capacity of P. aeruginosa to
form biofilms is an important requirement for chronic coloniza-
tion of human tissues. Once established, P. aeruginosa biofilms are
difficult to eradicate by antimicrobial treatment. Biofilms are sur-
face-adhered bacterial communities encased in an extracellular
matrix composed of DNA, bacterial polysaccharides, and pro-
teins, and they are up to 1,000-fold more tolerant to antimicrobial
agents than are their planktonic counterparts. Bacterial biofilms
show enormous levels of antibiotic tolerance. Despite biofilms
having been recognized as the predominant mode of bacterial
growth in nature and for being responsible for the majority of
refractory bacterial infections (1), little is known regarding the
mechanisms of biofilm-specific antibiotic tolerance. It is likely
that multiple mechanisms operate simultaneously in biofilms to
contribute to antibiotic tolerance. Cells in a biofilm may be pro-
tected from antibiotic exposure due to the restricted penetration
of antibiotics through the biofilm matrix (2-9). However, while
B-lactams and aminoglycosides have been shown to be limited in
their diffusion into biofilms, the penetration of fluoroquinolones
occurs immediately and without delay (2-9). Moreover, once the
matrix becomes saturated, diffusion and antimicrobial activity of
the drug resume; thus, there is only a short-term protective effect.
Other contributing mechanisms include the of subpopulations of
multidrug-tolerant persister cells that neither grow nor die in the
presence of bactericidal agents (10-14), reduced metabolic and
divisional rates (15-18), and drug indifference of slow-growing,
nutrient-limited cells (19), Recent reports further suggest that
biofilm bacteria express specific protective factors such as multi-
drug efflux pumps and stress response regulons to counter the
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action of antimicrobial agents (7, 16, 20-27). In addition, we re-
cently identified the transcriptional regulator BrIR to be required
for P. aeruginosa biofilm tolerance to five classes of antimicrobial
agents. BrIR conferred resistance by (indirectly) affecting the MIC
required to inhibit P. aeruginosa growth and by contributing to
the recalcitrance of P. aeruginosa biofilms to killing by bactericidal
agents (28). However, the mechanism by which BrIR confers re-
sistance to biofilms is unknown.

BrlR shares sequence similarities with members of the MerR
family of multidrug efflux pump activators, including MerR,
BmrR, BItR, and MtaN from Bacillus subtilis and TipA from Strep-
tomyces lividans (28, 29). The MerR family regulators have homol-
ogous N-terminal DNA binding domains but differ in their vari-
able C-terminal modulation or “coactivator” binding domains.
These regulators are involved in modulating transcriptional acti-
vation of their own expression, as well as that of their target genes
in response to an inducer(s) (30-32). They are also functionally
similar, as they are all involved in controlling the expression of
bacterial genes providing resistance to toxins via the induction of
multidrug transporters. The MerR protein has been shown to ac-
tivate the expression of mercury resistance genes upon binding of
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TABLE 1 Bacterial strains and plasmids used in this study

BrIR and MDR Pumps

Strain or plasmid Relevant genotype or description

Source or reference

Strains
Escherichia coli
DH5a F~ $80dlacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17(ry ™ my ") phoA supE44 thi-1 gyrA96 relAl tonA  Invitrogen Corp.
BL21 F~ ompT hsdSy (ry~ my~ ) gal dem rnel31 (DE3) Invitrogen Corp.
P. aeruginosa
PAO1 Wild type B. H. Holloway
AbrIR mutant PAO1, AbrIR (PA4878) 28
PAO255 PAO1, AmexAB-oprM-AmexEF-oprN 67
Plasmids
pCR2.1-TOPO TA cloning vector; Km" Ap® Invitrogen Corp.
pRK2013 Helper plasmid for triparental mating; mob tra; Km" 75
pJIN105 Arabinose-inducible gene expression vector; pPBRR-1 MCS; araC-Py, ,; Gm" 41
pMJT1 Arabinose-inducible gene expression vector; pUCP18 MCS; araC-Py, ,; Amp'/Carb® 76
pIN-briR briR cloned into pJN105 28
pMJT-brIR-V5/Hisg  brIR-V5/Hisg cloned into pMJT1 28
pmexAB-oprM mexAB-oprM operon, cloned into pJN105 at Nhel-Sacl; Gm* This study
pmexEF-oprN mexEF-oprN operon, cloned into pMJT1 at Nhel-Sacl; Amp'/Carb" This study

mercury ions (33), while TipA is induced upon thiostrepton bind-
ing (34, 35). Similarly, BmrR is induced upon exposure to rhoda-
mine and tetraphenylphosphonium, while BItR is induced by rho-
damine binding to the C-terminal domain, resulting in activation
of transcription of multidrug transporters that export these toxic
substances (30, 34, 36—40). Thus, MerR inducers are substrates of
multidrug transporters, which are activated upon binding of the
transporter substrate by the MerR regulatory proteins (38, 39),
with multidrug resistance pumps being responsible for the extru-
sion of chemically unrelated antimicrobials from the bacterial cell.

While BrlR shares significant sequence similarity to the N-ter-
minal DNA binding domain of MerR proteins and contributes to
P. aeruginosa biofilm tolerance (28), BrIR differs from known
MerR proteins in that brIR expression is specific to the biofilm
mode of growth. This raised the question of whether BrIR confers
resistance in a manner similar to that of known MerR proteins, via
the activation of multidrug efflux pumps. To answer this question,
we made use of genome-wide transcriptional profiling and chro-
matin immunoprecipitation (ChIP) to identify BrlR-regulated
target genes and to initiate elucidation of the mechanism by which
BrIR confers tolerance on P. aeruginosa biofilms. Here, we report
that the transcriptional regulator BrIR plays a role in the high-level
tolerance of biofilms formed by P. aeruginosa by activating the
expression of genes encoding the multidrug efflux pumps
MexAB-OprM and MexEF-OprN, thus establishing BrlR as a
novel member of the MerR family of multidrug transport activa-
tors, and the first MerR-like protein in a Gram-negative bacte-
rium.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and culture conditions. All bacterial
strains and plasmids used in this study are listed in Table 1. P. aeruginosa
strain PAO1 was used as the parental strain. All planktonic strains were
grown in Lennox broth (LB; BD Biosciences) in Erlenmeyer flasks at 220
rpm. Escherichia coli cultures were grown in LB in the absence or presence
of 1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG). For plasmid
maintenance, antibiotics were used at the following concentrations: 50 to
75 pg/ml of gentamicin and 200 to 250 pg/ml of carbenicillin for P.
aeruginosa and 20 pg/ml of gentamicin and 50 wg/ml of ampicillin for E.
coli.
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Strain construction. Complementation and overexpression of briR,
mexAB-oprM, and mexEF-oprN were accomplished by placing the respec-
tive genes under the control of an arabinose-inducible promoter in the
pMJT1 or pJN105 vector (41). The identity of vector inserts was con-
firmed by sequencing. Plasmids were introduced into P. aeruginosa via
conjugation or electroporation. Primers used for strain construction are
listed in Table 2.

Biofilm growth. Biofilms were grown using a once-through continu-
ous-flow tube reactor system for 1 day for biofilm antibiotic tolerance
testing and for up to 6 days for biofilm sample collection as previously
described (21, 28, 42, 43). Biofilms were grown at 22°C in 20-fold-diluted
LB medium.

RNA isolation and preparation for Affymetrix GeneChip analysis.
Samples were prepared identically as previously described (44, 45). For
biofilm growth experiments, three independent replicates of the P. aerugi-
nosa PAO1 parent strain and AbrIR mutant were grown as biofilms in a
flowthrough system for 6 days as described above. Cells were treated with
RNAprotect (Qiagen), and total RNA was extracted using an RNeasy
minikit (Qiagen) per the manufacturer’s instructions. RNA quality and
the presence of residual DNA were checked on an Agilent Bioanalyzer
2100 electrophoretic system pre- and post-DNase treatment. Ten micro-
grams of total RNA was used for cDNA synthesis, fragmentation, and
labeling according to the Affymetrix GeneChip P. aeruginosa genome ar-
ray expression analysis protocol. Briefly, random hexamers (Invitrogen)
were added (final concentration, 25 ng ul ™) to the 10 wg of total RNA
along with in vitro-transcribed Bacillus subtilis control spikes (as described
in the Affymetrix GeneChip P. aeruginosa genome array expression anal-
ysis protocol).

c¢DNA was synthesized using Superscript II (Invitrogen) according to
the manufacturer’s instructions under the following conditions: 25°C for
10 min, 37°C for 60 min, 42°C for 60 min, and 70°C for 10 min. RNA was
removed by alkaline treatment and subsequent neutralization. The cDNA
was purified with use of the QIAquick PCR purification kit (Qiagen) and
eluted in 40 pl of buffer EB (10 mM Tris-HCI, pH 8.5). The cDNA was
fragmented by DNase I (0.6 U g™ ' of cDNA; Amersham) at 37°C for 10
min and then end labeled with biotin-ddUTP with use of the Enzo Bio-
Array terminal labeling kit (Affymetrix) at 37°C for 60 min. Proper cDNA
fragmentation and biotin labeling were determined by gel mobility shift
assay with NeutrAvadin (Pierce) followed by electrophoresis through a
5% polyacrylamide gel and subsequent DNA staining with SYBR green I
(Roche).
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TABLE 2 Primers used in this study

Oligonucleotide Sequence”
RT-PCR, PCR, or cloning
mreB-for CTGTCGATCGACCTGGG
mreB-rev CAGCCATCGGCTCTTCG
16S rDNA_f GACTCCTACGGGAGGCAGCAGT
16S rDNA_r GTATTACCGCGGCTGCTGGCAC
mexA-for CAGCAGCTCTACCAGATCGAC
mexA-rev GTATTGGCTACCGTCCTCCAG
mexE-for GTCATCGAACAACCGCTG
mexE-rev GTCGAAGTAGGCGTAGACC
mexAB-oprM-for Nhel GCGCGCGCTAGCGTAAGTATTTTGCCTG
CCTTCTTC
mexAB-oprM-rev Sacl GCGCGCGAGCTCGATCAAGCCTGGGG
ATCTTCC
mexEF-oprN-for GCGCGCGCTAGCGAGTCAAGCATGGAA
CAGTCATC
mexEF-oprN-rev GCGCGCGAGCTCCTGGAGTGGCCGATT
TCCATC
EMSA and streptavidin
bead binding assays
PmexAF® GTAGTTCATTGGTTTGGCC
PmexAR CATAGCGTTGTCCTCATG
PmexEF’ GGATCAGCATGTTCATCG
PmexER CTGTTCCATGCTTGACTC
mexA_F4 TTTTGCCTGCCTTCTTCG
mexA_R4 TCGCTTTTTCCGCACCCG
pscE_GS_F AAGGCGGTCTCGGCATTCTTTC
pscF_GS_R CCACGGTATCGAGGGTATTC
ChIP or ChIP enrichment
PmexAF GTAGTTCATTGGTTTGGCC
PmexAR CATAGCGTTGTCCTCATG
PmexEF GGATCAGCATGTTCATCG
PmexER CTGTTCCATGCTTGACTC
pscE_GS_F AAGGCGGTCTCGGCATTCTTTC
pscF_GS_R CCACGGTATCGAGGGTATTC

@ Restriction sites are underlined.
b Primer was biotinylated. Unbiotinylated primers were used for competition.

Microarray data analysis. Microarray data were generated using Af-
fymetrix protocols as previously described (44, 46, 47). Absolute expres-
sion transcript levels were normalized for each chip by globally scaling all
probe sets to a target signal intensity of 500. Three statistical algorithms
(detection, change call, and signal log ratio) were then used to identify
differential gene expression in experimental and control samples. The
detection metric (presence, absence, or marginal status) for a particular
gene was determined using default parameters in MAS software (version
5.0; Affymetrix). Batch analysis was performed in MAS to make pairwise
comparisons between individual experimental and control GeneChips in
order to generate change calls and a signal log ratio for each transcript.
These data were imported into Data Mining Tools (version 3.0; Af-
fymetrix). Transcripts that were absent under both control and experi-
mental conditions were eliminated from further consideration. Statistical
significance of signals between the control and experimental conditions
(P < 0.05) for individual transcripts was determined using the ¢ test. We
defined a positive change call as one in which greater than 50% of the
transcripts had a call of increased (I) or marginally increased (MI) for
upregulated genes and decreased (D) or marginally decreased (MD) for
downregulated genes. Finally, the mean value of the signal log ratios from
each comparison file was calculated. Only those genes that met the above
criteria and had a mean signal log ratio of greater than or equal to 1 for
upregulated transcripts and less than or equal to 1 for downregulated
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transcripts were kept in the final list of genes. Signal log ratio values were
converted from log 2 and expressed as fold changes.

qRT-PCR. Quantitative reverse transcriptase PCR (qRT-PCR) was
used to determine the expression levels of mexA and mexE using 1 pg of
total RNA isolated from the P. aeruginosa PAO1 wild type and strains
inactivated in or overexpressing briR (AbrIR and PAO1/pJN-briR strains)
grown as biofilms and planktonically to exponential phase. Isolation of
mRNA and cDNA synthesis were carried out as previously described (43,
48-50). qRT-PCR was performed using the Eppendorf Mastercycler ep
realplex (Eppendorf AG, Hamburg, Germany) and the KAPA SYBR FAST
qPCR kit (Kapa Biosystems, Woburn, MA), with oligonucleotides listed
in Table 2. qRT-PCR and relative transcript quantitation were performed
as previously described (51). mreB and 16S rRNA were used as controls.

Enrichment and detection of MexA. Periplasmic proteins were ob-
tained from P. aeruginosa PAO1, AbrIR mutant, and PAO1/pJN-brIR bio-
films using the cold osmotic shock method described by Hiniker and
Bardwell (52). Briefly, 3-day-old biofilm cells were harvested by centrifu-
gation at 5,000 rpm for 10 min at 4°C and the pellets gently resuspended in
1 ml of TSE buffer (0.2 M Tris [pH 8.0], 0.5 M sucrose, | mM EDTA). The
resuspended cells were incubated on ice for 30 min and centrifuged at
16,000 rpm for 30 min at 4°C, and supernatants were subsequently re-
moved to a new microcentrifuge tube; this supernatant constituted the
periplasmic extract. Trichloroacetic acid (100%) was added to these
periplasmic extracts to a final concentration of 10%, followed by incuba-
tion at 4°C under static conditions for 15 to 16 h. Samples were centri-
fuged at 16,000 X g for 30 min at 4°C, and the resulting precipitate was
washed twice with ice-cold acetone. Following acetone removal, the sam-
ples were dried using a SpeedVac and then resuspended in TE buffer (10
mM Tris [pH 8.0], 1 mM EDTA). Protein determination was carried out
as previously described (50) using a modified Lowry assay. SDS loading
buffer was mixed with the periplasmic protein fraction, followed by heat
denaturation at 100°C for 10 min. The samples were resolved on an 11%
polyacrylamide gel and subsequently transferred onto a polyvinylidene
difluoride (PVDF) membrane using a TurboTransblot apparatus (Bio-
Rad). Western blots were probed with anti-MexA antibodies (53) and
developed with LumiGlo detection reagents (Cell Signaling). Quantita-
tion of MexA abundance was done by determining the band intensity
using Image] analysis software.

ChIP analysis. In order to determine whether BrIR binds to the pro-
moter region of mexAB-oprM (P,,,...) and mexEF-oprN (P,,..;) in vivo,
24-h-old biofilms of P. aeruginosa PAO1/pMJT-brIR-V5/Hisg, bearing
Hisg/V5-tagged BrlR, were subjected to chromatin immunoprecipitation
(ChIP) analysis as previously described (45). P. aeruginosa PAO1 express-
ing untagged brIR was used as a control. Briefly, in vivo DNA-protein
cross-linking using 1% formaldehyde for 10 min at 37°C and immuno-
precipitation using anti-V5 antibodies (Invitrogen Corp.) were done es-
sentially as previously described (54-56). Following immunoprecipita-
tion, DNA was liberated by reversing the cross-linking via incubation with
0.5M NaClin TE at 65°C for 4 h. Purified DNA from PAO1/pJN-brIR and
PAO1/pM]JT-brIR-V5/Hisg samples was subjected to gPCR using primers
listed in Table 2. The promoter region of pscEF was used as a control using
primers pscE_GS_F/pscF_GS_R (Table 2). Relative transcript quantita-
tion was accomplished using the ep realplex software (Eppendorf AG) by
first normalizing transcript abundance (based on threshold cycle [C;]
value) to mreB followed by determining transcript abundance ratios.
Melting-curve analyses were employed to verify specific single product
amplification.

Purification of His-tagged BrIR proteins. V5/His,-tagged BrIR pro-
teins were purified from E. coli supernatants following sonication of LB-
grown planktonic cells and centrifugation at 21,200 X g. The supernatant
was loaded onto nickel-nitrilotriacetic acid (Ni-NTA) affinity resin (Qia-
gen), washed with buffer, and eluted with an imidazole gradient according
to the manufacturer’s instructions for native protein purification. Protein
preparations were examined for purity by SDS-PAGE, and fractions con-
taining pure protein were pooled and desalted using VivaSpin centrifugal
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concentrator columns (10-kDa cutoff; Sartorius) and 10 mM Tris-HCI,
pH 8. Protein determination was carried out as previously described (50)
using a modified Lowry assay.

DNA binding assays. BrIR binding to the putative brIR promoter was
confirmed using the streptavidin magnetic bead DNA binding assay as
previously described (45). Briefly, biotinylated target DNA fragments
P, .ca (—283 to +3 relative to translational start site) and P,,,,.; (—269 to
+9 relative to translational start site) were amplified using the primer
pairs PmexAF/PmexAR and PmexEF/PmexER (Table 2). A total of 2.5
pmol of target DNA was incubated for 30 min at room temperature with
5 pmol of purified V5/His-tagged BrIR in 25 mM Tris-HCI (pH 8), 5 mM
MgCl,, 0.5 mM dithiothreitol, 1 mM EDTA, and 50 ng/pul of poly(dI-dC)
as nonspecific competitor DNA. For specific competition, nonbiotiny-
lated target DNA (0 to 50 pmol) was used. Streptavidin magnetic beads
(Thermo Scientific; 100 wg) were used to capture biotinylated DNA. Fol-
lowing three washes, the proteins copurified with the biotinylated DNA
were separated by 11% SDS-PAGE and assessed by immunoblot analysis
for the presence of BrIR using anti-V5 antibodies (Invitrogen). An aliquot
prior to addition of streptavidin magnetic beads was used to determine
total BrIR present in each DNA binding assay.

DNA binding of BrIR to the region upstream of the mexA start codon
was furthermore confirmed using electrophoretic mobility shift assays
(EMSA) as described previously (57, 58) using purified V5/His -tagged
BrlR. Radiolabeled DNA promoter probes were generated by PCR using
mexA_F4/mexA_R4 primers (Table 2) and end labeled using 10 n.Ci of
[y-32P]ATP (GE Healthcare) and 10 U of T4 polynucleotide kinase (New
England BioLabs). The labeled DNA was subsequently separated from
unincorporated nucleotides using Illustra microspin G-25 columns (GE
Healthcare). Probes using pscE_GS_F/pscF_GS_R primers were gener-
ated accordingly and used as a control. Binding assays were performed for
30 min at 25°C in 25 mM Tris (pH 8.0), 25 mM KCl, 5% glycerol, 0.5 mM
EDTA, 0.5 mM dithiothreitol, 2.5 ng/ul of poly(dI-dC), and 0.1 pg/pl of
bovine serum albumin (BSA), using the protein and DNA concentrations
indicated below. Samples were subjected to electrophoresis on a 6% poly-
acrylamide glycine gel (10 mM Tris [pH 7.5], 380 mM glycine, 1 mM
EDTA) at 4°C. Imaging and data analyses were performed using a Molec-
ular Imager FX phosphorimager (Bio-Rad) and Quantity One software
(Bio-Rad).

MICs. MICs of tobramycin, chloramphenicol, and trimethoprim were
determined by 2-fold serial broth dilution in LB medium using 96-well
microtiter plates. LB medium was used 10-fold diluted. The antibiotic
concentrations used ranged from 0.02 to 200 wg/ml. The inoculum was
~10* cells per well, and the results were read after overnight incubation at
37°C with shaking at 220 rpm. The MIC was defined as the lowest antibi-
otic concentration that yielded no visible growth. To ensure overexpres-
sion of brIR, PAO1/pJN-brIR and PAO255/pJN-brIR were grown in the
presence of 0.5% arabinose. PAO1/pJN105 was used as a control.

Biofilm antibiotic tolerance assays. Biofilms grown for 1 day under
flowing conditions were treated for 1 h under flowing conditions with the
following antimicrobial agents: tobramycin (50 to 150 pg/ml), norfloxa-
cin (450 pg/ml), chloramphenicol (50 pg/ml), kanamycin (150 pg/ml),
tetracycline (100 wg/ml), and trimethoprim (150 wg/ml). Following ex-
posure of biofilms to the respective antimicrobial agents, biofilms were
harvested, homogenized, serially diluted, and spread plated onto LB agar.
Viability was determined via CFU counts. Susceptibility is expressed as log
reduction. Biofilm MBC has been defined as the concentration of antibi-
otic at which no further increase in log reduction, i.e., decrease in CFU, is
measured after addition of higher concentrations of antibiotic (59-61).
To determine whether the two MDR pumps MexAB-OprM and MexEF-
OprN contribute to resistance of biofilms to killing by bactericidal agents,
PAO1, AbrIR mutant, and PAO255 biofilms were grown for 3 days, after
which time the medium was switched to the same medium containing
increasing concentrations of tobramycin or norfloxacin, ranging from 0.5
to 400 pg/ml. After 24 h of exposure to the antibiotic under continuous
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flow at 0.1 ml/min, biofilms were harvested and the surviving bacteria
enumerated.

Statistical analysis. Student’s t test was performed for pairwise com-
parisons of groups, and multivariant analyses were performed using a
1-way analysis of variance (ANOVA) followed by a posteriori test using
Sigma Stat software.

RESULTS

To initiate the characterization of the mechanism by which BrIR
confers antimicrobial tolerance on P. aeruginosa biofilms, DNA
microarray analysis was conducted (see Tables S1 and S2 in the
supplemental material). Compared to wild-type biofilms, the
transcriptomic study revealed decreased expression of genes in-
volved in carbon catabolism and metabolism, secreted factors,
and type I to III secretion (see Fig. S1 and Table S1 in the supple-
mental material). Even though AbrIR mutant biofilms were pre-
viously demonstrated to be more susceptible to hydrogen perox-
ide (28), none of the genes encoding catalases (katA, katB, katE,
and katN) were differentially expressed, with the exception of
katE, which decreased 2.3-fold in a AbrIR mutant compared to the
wild type. Moreover, the organic hydroperoxide resistance pro-
tein (PA2850) was significantly less expressed in AbrIR mutant
biofilms. No difference in the expression of ps/ genes required for
Psl polysaccharide production and ndvB, required for glucan syn-
thesis (26), was noted. The findings confirmed our previous re-
sults (28) and further indicated that BrIR-regulated biofilm resis-
tance is independent of Psl and glucan synthesis. Moreover, AbrIR
mutant biofilms were characterized by reduced expression of
genes involved in adaptation, transport of small molecules, cell
wall and lipopolysaccharide (LPS) biosynthesis, lipoproteins, and
outer membrane proteins as well as genes involved in antimicro-
bial resistance (see Fig. S1). The latter included genes encoding
probable resistance-nodulation-division (RND) efflux pumps
(PA1435, PA3522-PA3523), MexAB-OprM, MexGHI-OpmD,
and MexEF-OprN efflux pumps (Table S1). The tripartite multi-
drug resistance (MDR) pump MexAB-OprM has broad-range
specificity. Substrates include aminoglycosides, tetracycline,
B-lactams, SDS, and other compounds. The MDR pump MexEF-
OprN has a different substrate specificity, including fluoroquino-
lones, trimethoprim, and chloramphenicol. While the expression
of the mexAB-oprM and mexEF-oprN operons was reduced, ex-
pression of the oprH-phoPQ operon was increased in brI[R mutant
biofilms (see Tables S1 and S2). OprH-PhoPQ has been shown to
be essential for resistance to cationic peptides, aminoglycosides,
and polymyxin B (62-65). In addition, PA1874 was found to be
less expressed in AbrIR biofilms. The gene is part of an operon
(PA1874-PA1877) encoding a novel efflux pump which has re-
cently been demonstrated to be involved in biofilm-specific resis-
tance to a subset of antibiotics (66). However, PA1874 was found
not to contribute to the tolerance of P. aeruginosa biofilms to
antimicrobial agents.

Expression of mex efflux pumps is BrIR dependent. Based on
sequence homology, BrIR has been previously characterized as a
member of the MerR family of regulatory proteins that activate
gene expression of multidrug efflux pumps. To determine
whether BrlR is involved in the activation of multidrug efflux
pumps in a manner similar to that of other MerR proteins, genes
encoding efflux pumps were analyzed for BrIR-dependent expres-
sion. Of the efflux pumps that were detected by DNA microarray
analysis to have decreased expression in AbrIR mutant biofilms,
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FIG 1 BrlR-dependent expression of the multidrug efflux pumps MexAB-oprM and MexEF-OprN. (A) Expression levels of efflux genes mexA and mexE are BrIR
dependent. mexA and mexE transcripts were quantified by real-time qRT-PCR in the AbrIR mutant and PAO1/pJN-briR. Relative transcript levels were based on
comparison to PAO1. (B) No difference in mexA and mexE transcript levels are noted under planktonic growth conditions upon inactivation of brIR compared
to the wild type. (C) Abundance of MexA in wild-type biofilms (PAO1) and strains inactivated in or overexpressing brIR (AbrIR mutant and PAO1/pJN-briR) as
determined by immunoblot analysis using 5 g of the periplasmic protein fraction and anti-MexA antibody. Lane M, protein marker. (D) Quantitative analysis
of MexA levels in AbrIR mutant and PAO1/pJN-brIR biofilms relative to P. aeruginosa PAO1 biofilms. %, significantly different from the values for P. aeruginosa
PAOL1 (P = 0.01). Experiments were carried out at least in triplicate. Error bars denote standard deviations.

we chose to focus on the MexAB-OprM and MexEF-OprN MDR
pumps, as inactivation of brIR had the greatest effect on the ex-
pression of the respective genes (see Table S1). The reduced ex-
pression of mexA and mexE in brIR mutant biofilms was con-
firmed by qRT-PCR (—3.3 £ 0.2 and —3.8 % 0.3, respectively)
(Fig. 1A). In contrast, significantly increased transcript levels of
mexA and mexE were observed in biofilms overexpressing brIR
(Fig. 1A). No difference in mexA and mexE transcript levels in the
AbrIR mutant was noted under planktonic growth conditions
(Fig. 1B).

The differences in transcript levels observed for mexA corre-
lated with MexA abundance. Immunoblot analysis using periplas-
mic fractions indicated reduced MexA levels in AbrIR biofilms but
significantly increased MexA levels in PAO1/pJN-brIR biofilms
compared to wild-type biofilms (Fig. 1C). Compared to wild-type
biofilms, 4-fold-reduced MexA levels were detected in AbrIR mu-
tant biofilms, while overexpression of brIR coincided with a 2-fold
increase in MexA abundance (Fig. 1D). The findings indicated
that both mexAB-oprM and mexEF-oprN are expressed in a BrlR-
dependent manner.

BrlR is an activator of multidrug efflux pumps. To determine
whether the mex operons are direct targets of BrlR, chromatin
immunoprecipitation was performed. DNA was enriched by us-
ing a strain expressing a V5/His; C-terminally tagged BrIR con-
struct (BrlR-V5/Hisg). A P. aeruginosa strain overexpressing the
untagged protein was used as a control. DNA isolated via anti-V5
antibody immunoprecipitation from PAO1/pJN-brIR and PAO1/
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pMJT-brIR-V5/His, biofilm samples was subjected to qPCR to
determine whether the promoter regions of mexAB-oprM and
mexEF-oprN were enriched compared to the control. On average,
the promoter region of mexAB-oprM was enriched 120-fold, while
the promoter region of mexEF-oprN was enriched 60-fold, com-
pared to the control (Fig. 2A). In contrast, no enrichment was
noted for pscEF operon encoding components of the type III se-
cretion system (Fig. 2A).

The respective promoter regions were subsequently used in
streptavidin bead pulldown assays to further confirm DNA bind-
ing of the BrlR protein to the promoter regions of the MexAB-
OprM and MexEF-OprN efflux pumps. To do so, biotinylated
promoter DNA and purified V5/His,-tagged BrlR (BrIR-V5/His)
(Fig. 2B) were used. BrIR binding to both promoter regions was
observed and outcompeted by nonbiotinylated competitor DNA
(Fig. 2C). In addition, electrophoretic mobility shift assays were
performed using P, ., and V5/His, C-terminally tagged BrlR.
BrIR binding to P,,,,,.4, was evident at 50 pmol of BrIR and outcom-
peted by nonradioactive competitor DNA (Fig. 2D). No specific
binding to the PpscEF promoter region, which was used as nega-
tive control, was observed. These results indicate that BrIR binds
specifically to the mexA and mexE promoter regions. Taken to-
gether with the expression results, our findings indicate that BrIR
is involved in transcriptional regulation of the mexAB-oprM and
mexEF-oprN operons.

MexAB-OprM and MexEF-OprN contribute to tolerance of
biofilms to antimicrobial agents. Considering the BrlR-depen-
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FIG 2 BrlR binds to the promoters of mexAB-oprM and mexEF-oprN. (A) Fold enrichment of the promoter sequences of mexA and mexE by ChIP compared to
control (ChIP carried out in the absence of BrIR-V5/His,) as determined by gPCR. (B) Purification of BrlR-V5/His,. Lane M, protein marker; lane 1, lysate
obtained from E. coli BL21/pET-brIR-V5/Hisg; lane 2, blank; lanes 3 and 4, eluates (fractions 1 and 2) obtained from Ni-NTA resin. Purified protein shown in lane
4 was used for EMSA and streptavidin binding assays. The molecular mass of tagged BrlR is 33 kDa. (C) Streptavidin magnetic bead binding assay demonstrating
binding of V5/His-tagged BrlR protein to 2.5 pmol of biotinylated P,,,.., and P,,,... Nonbiotinylated P,,.., and P, ..;. (P,,.cxa/mexs-NB) were used as specific
competitor DNAs in 5-, 10-, and 20-fold excesses. BrIR binding to P,,,..., and P,,,... was detected by immunoblot analysis using anti-V5 antibodies. +, presence
of P eca/mexg-biotinor P, .., o-NB; —, absence of P4 /exg-biotin or P .. .. --NB. Control, purified BrIR-V5/His,. (D) First gel, EMSA demonstrating
BrIR binding to the 159-bp-longP,,.., promoter region. BrIR concentrations were increased 10-fold over three concentrations. Second gel, BrIR binding to P,,,....,
was outcompeted by increasing the concentration of unlabeled P, competitor DNA. Third gel, BrIR binding to the 92-bp-long P, zr promoter region used

as a control was not detected regardless of the BrIR concentration used. All experiments were carried out in triplicate.

dent regulation of mexAB-oprM and mexEF-oprN gene expres-
sion, we next wished to determine whether the MexAB-OprM and
MexEF-OprN efflux pumps contribute to P. aeruginosa biofilm
tolerance to antimicrobial agents. To do so, we made use of the
mutant strain PAO255 lacking both mex operons. Compared to
wild-type biofilms, PAO255 biofilms were more susceptible to
tobramycin, as treatment of 1-day-old biofilms with tobramycin
(Tob; 150 pg/ml) for 1 h resulted in a 0.8-log reduction for the
wild type but a 2.55-fold log reduction for PAO255 (Fig. 3). We
reasoned that if BrIR-dependent biofilm resistance required only
the presence of both the MexAB-OprM and MexEF-OprN efflux
pumps, biofilms lacking both mex operons should be comparable
to AbrIR mutant biofilms with respect to their susceptibility to
antimicrobial agents. However, PAO255 biofilms were less sus-
ceptible than AbrIR biofilms to tobramycin. Similar results were
obtained upon treatment with trimethoprim, tetracycline, and ka-
namycin but not with norfloxacin (Fig. 3).

Multicopy expression of mexAB-oprM and mexEF-oprN par-
tially restores biofilm antibiotic resistance to the AblrR mutant.
To further elucidate the role of the MexAB-OprM and MexEF-
OprN efflux pumps in BrlR-dependent antibiotic tolerance of P.
aeruginosa biofilms, the mexAB-oprM and the mexEF-oprN oper-
ons were cloned into pJN105 and pMJT1, respectively, under the
control of the P, ,, promoter and mated into a AbrIR mutant. The
resulting strains were subsequently tested for their susceptibility
to tobramycin. Treatment of AbrIR biofilms with tobramycin for 1
hresulted in a 3.5-log reduction, in contrast to wild-type biofilms,
which were reduced by only 0.6 log after the same treatment. Plas-
mid-borne expression of mexAB-oprM or mexEF-oprN in AbrIR
only partly restored the resistance phenotype (Fig. 4A). Similarly,
overexpression of efflux pumps only partially restored AbrIR sus-
ceptibility to kanamycin (Fig. 4B). Overexpression of mexAB-
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oprM or mexEF-oprN rendered AbrIR mutant biofilms as resistant
to tetracycline and trimethoprim as wild-type biofilms (Fig. 4).
Likewise, resistance to norfloxacin was partly restored by expres-
sion of mexEF-oprN or mexAB-oprM (Fig. 4D). It is of interest to
note that expression of the mexAB-oprM operon in a AbrIR mu-
tant restored MexA to levels comparable to those detected in wild-
type biofilms (Fig. S2), indicating that plasmid-borne expression

5.5 4
m PAO1 x
4.5 m AbriR
PAO255
35

25

Log reduction

1.5

0.5

-0.5
Km Nor Tet

FIG 3 The MexAB-OprM or MexEF-OprN efflux pumps contribute to the
tolerance of P. aeruginosa biofilms to antimicrobial agents. P. aeruginosa
PAOI, the AbrIR mutant, and PAO255 (inactivated in mexAB-oprM and
mexEF-oprN) were grown for 1 day as biofilms and subsequently treated for 1
h with tobramycin (150 pg/ml; Tob), kanamycin (150 pg/ml; Km), trim-
ethoprim (150 pg/ml; Trim), tetracycline (100 pg/ml; Tet), and norfloxacin
(450 wg/ml; Nor). *, significantly different from the values for the P. aeruginosa
AbrIR mutant (P < 0.01). Experiments were carried out at least three times.
Error bars denote standard deviations.
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FIG 4 Expression of mexAB-oprM or mexEF-oprN partially restores AbrIR susceptibility to antimicrobial agents. Biofilms of P. aeruginosa PAO1, the AbrIR
mutant, and the AbrIR mutant overexpressing mexAB-oprM or mexEF-oprN were grown for 1 day and subsequently treated for 1 h with tobramycin (150 pg/ml)
(A), kanamycin (150 pg/ml) (B), trimethoprim (150 pg/ml) and tetracycline (100 pg/ml) (C), and norfloxacin (400 pwg/ml) (D). Biofilms of P. aeruginosa PAO1,
the AbrIR mutant, and the AbrIR mutant coexpressing both mexAB-oprM and mexEF-oprN were grown for 1 day and subsequently treated for 1 h with
tobramycin (150 wg/ml) (E) and norfloxacin (400 pg/ml) (F). P. aeruginosa PAOL1 isolates harboring empty vectors (pMJT1 and pJN105) were used as controls.
Experiments were carried out at least five times. Error bars denote standard deviations. * and **, significantly different from the values for P. aeruginosa PAO1

(P =0.05and P = 0.01, respectively).

of mexAB-oprM (induced with low levels of arabinose present in
LB medium) results in wild-type-like levels of MexAB-OprM.
To determine whether both efflux pumps are required to restore
AbrIR mutant biofilm tolerance to wild-type levels, mexEF-oprN and
mexAB-oprM were coexpressed in AbriR and the respective strains
tested for susceptibility to tobramycin and norfloxacin. While no dif-
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ference in susceptibility to tobramycin or norfloxacin was noted for
the vector controls compared to the wild type (Fig. 4E and F), coex-
pression of both mex pump operons rendered the AbrIR mutant less
susceptible to tobramycin than AbriR biofilms expressing mexEF-
oprN or mexAB-oprM alone. However, the resulting strain was still
more susceptible to tobramycin than wild-type biofilms (Fig. 4E). In
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TABLE 3 MexAB-OprM and MexEF-OprN partly contribute to the
BrlR-dependent resistance phenotype of P. aeruginosa”

MIC (pg/ml)

Strain Tobramycin Trimethoprim Chloramphenicol
PAO1 1.25 12.5 6.25
PAOL1/brIR 10 50 50

Fold change 6X 4% 6X
PAO255 0.3 3.1 2
PAO255/brIR 0.6 6.25 4

Fold change 2X 2X 2X

“ Experiments were carried out in in triplicate.
Y PAO255, AmexAB-oprM AmexEF-oprN.

contrast, coexpression of both mex pumps rendered AbrIR mutant
biofilms tolerant to norfloxacin, with norfloxacin treatment not af-
fecting viability. The tolerance upon coexpression of both mex oper-
ons in the AbrIR strain was comparable to that observed for AbrIR
mutant biofilms expressing mexEF-oprN or mexAB-oprM alone (Fig.
4D and E).

MexAB-OprM and MexEF-OprN contribute to antimicro-
bial tolerance of P. aeruginosa by altering the MIC but not re-
calcitrance to killing by bactericidal agents. To further deter-
mine the contribution of mexAB-oprM and mexEF-oprN to
antimicrobial tolerance, MIC studies were carried out. Antimicro-
bial tolerance is the ability of a microorganism to grow in the
presence of an elevated level of an antimicrobial agent, as indi-
cated by an increased MIC. In particular, three different classes of
antibiotics, including chloramphenicol, tobramycin, and trim-
ethoprim, were tested. MICs were determined by 2-fold serial
broth dilution in LB medium using 96-well microtiter plates and
an inoculum of ~10* cells per well. MICs of planktonic P. aerugi-
nosa PAO1 and strain PAO255, a mutant harboring deletions in
the respective efflux pumps (AmexAB-oprM and AmexEF-oprN
([67]), were compared. Lower MICs were consistently detected
for PAO255 than for the wild type (Table 3).

Previous findings indicated that BrIR contributed to P. aerugi-
nosa antimicrobial tolerance by altering the MIC. To further de-
termine whether the MexAB-OprM and MexEF-OprN efflux
pumps are the only contributors to BrlR-dependent resistance of
P. aeruginosa biofilms, PAO255 was complemented with brIR and
the resulting strain tested using MIC assays. We reasoned that if
BrlR-dependent biofilm resistance required only the presence of
both MexAB-OprM and MexEF-OprN efflux pumps, expression
of brIR in PAO255 should have no effect on the MIC. However,
despite the lower MIC detected for PAO255, overexpression of
briR still resulted in an increase in MICs. For instance, overexpres-
sion of brIR in P. aeruginosa PAO255 resulted in a 2-fold-higher
MIC (Table 3). In contrast, brIR expression in PAO1 correlated
with a 6-fold increase in MIC to tobramycin and 4-fold increases
in MIC to chloramphenicol and trimethoprim (Table 3).

Biofilm MBC has been defined by Monzon et al. (59), Villain-
Guillot et al. (60), and Moriarty et al. (61) as the concentration at
which no further increase in log reduction following antimicro-
bial treatment is observed. We previously demonstrated that for P.
aeruginosa wild-type biofilms, no further increase in log reduction
was observed at concentrations higher than ~75 pg/ml of tobra-
mycin following 24 h of treatment. Higher concentrations re-
sulted neither in increased log reduction nor in complete killing of
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P. aeruginosa wild-type biofilms (Fig. 5) (28). In contrast, inacti-
vation of brIR rendered biofilms susceptible to tobramycin, as
concentrations of tobramycin exceeding 30 pg/ml resulted in
complete killing of the mutant biofilms. The finding indicated that
BrIR contributes to the recalcitrance of P. aeruginosa biofilms to
killing by bactericidal agents (Fig. 5) (28). To determine whether
MexAB-OprM and MexEF-OprN efflux pumps contribute to this
recalcitrant phenotype, biofilm MBC assays using tube reactor-
grown biofilms were performed. Biofilms were grown for 3 days,
after which time the medium was switched to the same medium
containing increasing concentrations of tobramycin, ranging
from 0.5 to 400 pg/ml. After 24 h of exposure to the antibiotic
under continuous flow at 0.1 ml/min, biofilms were harvested and
the surviving bacteria enumerated. Resistance of P. aeruginosa
biofilms to tobramycin was dependent on the expression of
MexAB-OprM and MexEF-OprN but only in the low concentra-
tion range (Fig. 5A and B). No difference in susceptibility com-
pared to that of wild-type biofilms was noted at higher concentra-
tions. In contrast, complete killing of AbrIR mutant biofilms was
accomplished following treatment with tobramycin concentra-
tions exceeding 30 pg/ml (Fig. 5A). Similar results were obtained
when biofilms were treated with norfloxacin (Fig. 5C and D). The
findings indicated that while MexAB-OprM and MexEF-OprN
contribute to the resistance of biofilms at lower antibiotic concen-
trations, they do not contribute to the observed BrlR-dependent
recalcitrance to killing by bactericidal agents.

Expression of briR partly restores resistance in biofilms lack-
ing MexAB-OprM and MexEF-OprN. Our findings suggested
BrIR confers biofilm tolerance by activating the expression of the
two multidrug efflux pumps, MexAB-OprM and MexEF-OprN.
We hypothesized that if BrIR confers resistance only through the
action of MexAB-OprM and MexEF-OprN, expression of brIR in
PAO255 lacking both mexAB-oprM and mexEF-oprN operons
would not render this mutant more resistant. However, while
PAQO255 mutant biofilms expressing brIR were more susceptible
to tobramycin than wild-type biofilms, PAO255/pJN-brIR bio-
films were more resistant than PAO255 biofilms (Fig. 6A). Similar
results were obtained upon treatment with tetracycline, trim-
ethoprim, and norfloxacin (Fig. 6C and D). In contrast, expres-
sion of brIR rendered PAO255 biofilms as resistant to kanamycin
as wild-type biofilms (Fig. 6B). The findings suggested that while
BrlR contributes to biofilm tolerance through the activation of
genes encoding the MexAB-OprM and MexEF-OprN multidrug
efflux pumps, the regulon controlled by BrIR is not limited to
these two multidrug efflux pumps.

DISCUSSION

A common feature of MerR-like regulatory proteins playing a role
in tolerance to antibiotics, including BmrR, BltR, and MtaN from
Bacillus subtilis and TipA from Streptomyces lividans, is activating
expression of multidrug transporter genes upon binding of the
transporter substrate (40, 68, 69). While the pattern of brIR ex-
pression is uncommon among members of the MerR family in
that brIR transcription is biofilm specific (28), we nevertheless
demonstrated that BrIR, similarly to known MerR proteins, acti-
vates the expression of operons encoding two multidrug efflux
pumps, MexAB-OprM and MexEF-OprN. Moreover, our find-
ings strongly suggested a contribution of both MexAB-OprM and
MexEF-OprN to the BrlR-dependent tolerance of P. aeruginosa
biofilms to antimicrobial agents.
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FIG 5 MexAB-OprM and MexEF-OprN do not contribute to resistance to killing of P. aeruginosa biofilms. P. aeruginosa PAO1, PAO255, and AbrIR mutant
biofilms were grown as 3-day biofilms and subsequently treated for 24 h under continuous-flow conditions before surviving cells were recovered and enumer-
ated. (A) Biofilm susceptibility to tobramycin as determined by viable counts (CFU). Viable AbrIR mutant cells were below the detection limit at the highest
concentrations of tobramycin tested. (B) Biofilm susceptibility to tobramycin as determined by log reduction. Total killing of AbrIR biofilm cells was achieved at
40 pg/ml of tobramycin. In contrast, P. aeruginosa PAO1 and PAO255 biofilms maintained a steady level of persisting survivors at concentrations higher than 40
wg/ml of tobramycin. (C and D) Biofilm susceptibility to norfloxacin was determined similarly. Total killing of AbrIR biofilm cells was achieved at 30 pg/ml of
norfloxacin, while PAO1 and PAO255 biofilms maintained a steady level of survivors through the highest concentrations tested. Error bars denote standard

deviations.

While previous observations suggested that in P. aeruginosa,
MexAB-OprM, MexCD-Opr]J, MexEF-OprN, and MexXY had no
impact on biofilm-specific resistance when mature biofilms were
tested (70), we were able to demonstrate that MexAB-OprM and
MexEF-OprN do contribute to biofilm resistance. However, the
contribution of MexAB-OprM and MexEF-OprN was limited to
biofilm tolerance upon short-term exposure, limited to 1 h. In
addition, MexAB-OprM and MexEF-OprN only appeared to con-
tribute to biofilm tolerance at lower concentrations of antibiotics,
as inactivation of both efflux pumps did not eliminate the recalci-
trance of P. aeruginosa biofilms to killing by bactericidal agents.
Our findings, however, are in agreement with results obtained by
Brooun et al. (12) indicating that resistance of P. aeruginosa bio-
films to ofloxacin was dependent on the expression of mexAB-
oprM but only in the low concentration range.

Previous findings indicated mexAB-oprM gene expression to
be induced by quorum sensing. Maseda et al. (71) demonstrated
that the quorum-sensing autoinducer N-butyryl-L-homoserine
lactone (C4-HSL) enhanced the expression of mexAB-oprM,
whereas N-(3-oxododecanoyl)-L-homoserine lactone had only a
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slight effect. Furthermore, this C4-HSL-mediated enhancement
of mexAB-oprM expression was repressed by MexT, a positive
regulator of the mexEF-oprN operon. Expression of mexAB-oprM
is further regulated by the negative regulator of this efflux system,
MexR (72). MexR binding to two sites in the mexR-mexA inter-
genic region (region of overlapping promoters for mexR and
mexAB-oprM) was shown to repress expression of mexAB-oprM
and mexR itself, which is located upstream of mexA and is tran-
scribed in the opposite direction (72, 73). Recent evidence further
suggested that MexR is a redox regulator that senses peroxide
stress to mediate antibiotic resistance in P. aeruginosa, with MexR
oxidation leading to its dissociation from promoter DNA, dere-
pression of the mexAB-oprM operon, and increased antibiotic re-
sistance of P. aeruginosa (74). The finding of BrIR functioning as
an activator of mexAB-oprM and mexEF-oprN gene expression
provides an additional level of control to the regulation of these
two multidrug efflux pumps, enabling increased expression of
both upon induction of brIR expression.

The expression of two highly similar multidrug transporters of
Bacillus subtilis, Bmr and Blt, is regulated by specific MerR tran-
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FIG 6 Expression of briR partially restores resistance in the absence of MexAB-OprM and MexEF-OprN. P. aeruginosa PAO1, PAO255, and PAO255 biofilms
overexpressing brIR (PAO255/pJN-brIR) were grown for 1 day and subsequently treated for 1 h with tobramycin (50 wg/ml) (A), kanamycin (150 pg/ml) (B),
trimethoprim (150 pg/ml) and tetracycline (100 pg/ml) (C), and norfloxacin (400 pg/ml) (D). Experiments were carried out at least five times. Error bars denote
standard deviations. * and **, significantly different from the values for P. aeruginosa PAO1 (P =< 0.05 and P = 0.01, respectively).

scriptional activators, BmrR and BItR, respectively. Unlike BmrR
and BItR, P. aeruginosa BrlR appears to be involved in the tran-
scriptional regulation of more than one multidrug efflux pump,
including MexAB-OprM and MexEF-OprN. Instead, the regula-
tion of MDR pumps by BrlR is more reminiscent of the global
transcriptional activator Mta, which interacts directly with the
promoters of bmr and blt and induces transcription of these genes
(39). However, the BrIR regulon does not appear to be limited to
the promoters of mexAB-oprM and mexEF-oprN, as expression of
brIR in P. aeruginosa PAO255 partly restored biofilm tolerance
and increased MIC. Based on our transcriptomic and ChIP anal-
yses, additional factors that may be regulated by BrIR to confer
tolerance to biofilms may include the novel efflux pump PA1874-
PA1877 (only PA1874 was detected). Previous studies indicated
that expression of this efflux pump was 10-fold higher in biofilm
cells than in planktonic cells (66). Complete deletion of the genes
encoding this pump in a P. aeruginosa PA14 background resulted
in a biofilm-specific increase in sensitivity to tobramycin, genta-
micin, and ciprofloxacin (66). Analysis of additional efflux pumps
that were found to be differentially expressed in AbrIR compared
to wild-type biofilms may lead to a more complete understanding
of BrlR-regulated antibiotic tolerance.

We have previously demonstrated that bacteria within micro-
bial communities employ a specific regulatory mechanism to re-
sist the action of antimicrobial agents in a BrIR-dependent man-
ner, which affects MIC and recalcitrance to killing by bactericidal
agents. The present work demonstrates that this is accomplished
in part by BrlR activating the expression of two multidrug efflux
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pump systems, with indication of BrlR likely activating more than
just mexAB-oprM and mexEF-oprN expression. Moreover, our
findings establish BrlR as a true member of the MerR family of
multidrug transporter activators. To our knowledge, this is the
first description of a MerR-like multidrug transporter activator in
a Gram-negative bacterium.
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