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ABSTRACT It is generally believed that the Pseudomonas aeruginosa biofilm matrix it-
self acts as a molecular sieve or sink that contributes to significant levels of drug resis-
tance, but it is becoming more apparent that multidrug efflux pumps induced during
biofilm growth significantly enhance resistance levels. We present here a novel transcrip-
tional regulator, PA3898, which controls biofilm formation and multidrug efflux pumps
in P. aeruginosa. A mutant of this regulator significantly reduced the ability of P. aerugi-
nosa to produce biofilm in vitro and affected its in vivo fitness and pathogenesis in Dro-
sophila melanogaster and BALB/c mouse lung infection models. Transcriptome analysis
revealed that PA3898 modulates essential virulence genes/pathways, including multi-
drug efflux pumps and phenazine biosynthesis. Chromatin immunoprecipitation se-
quencing (ChIP-seq) identified its DNA binding sequences and confirmed that PA3898
directly interacts with promoter regions of four genes/operons, two of which are mexAB-
oprM and phz2. Coimmunoprecipitation revealed a regulatory partner of PA3898 as
PA2100, and both are required for binding to DNA in electrophoretic mobility shift as-
says. PA3898 and PA2100 were given the names MdrR1 and MdrR2, respectively, as
novel repressors of the mexAB-oprM multidrug efflux operon and activators for another
multidrug efflux pump, EmrAB. The interaction between MdrR1 and MdrR2 at the pro-
moter regions of their regulons was further characterized via localized surface plasmon
resonance and DNA footprinting. These regulators directly repress the mexAB-oprM
operon, independent of its well-established MexR regulator. Mutants of mdrR1 and
mdrR2 caused increased resistance to multiple antibiotics in P. aeruginosa, validating the
significance of these newly discovered regulators.
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Bacterial biofilms are a source of recurrent problems in clinical and industrial
settings. Mechanical blockages and microbial-induced corrosion result in billions of

dollars of losses each year (1). In the medical fields, infections caused by biofilms are a
significant socioeconomic burden (2, 3). The Centers for Disease Control and Prevention
estimates that 2 million patients suffer from hospital-acquired infections annually,
related mainly to the presence of biofilms, leading to nearly 100,000 mortalities (2, 3).
The source of these problems lies in the particular physiology of the bacteria immo-
bilized within biofilms, which are notoriously difficult to treat because of increased
tolerance to antimicrobial agents (4–6). The biofilm development cycle includes (i)
initial attachment (7), (ii) irreversible attachment, (iii) maturation, and (iv) dispersion
(8–10). Once established, biofilms are extremely difficult to eradicate due to the
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physical barriers that hinder the penetration of antimicrobial compounds as well as the
increased antimicrobial resistance of the bacteria in a biofilm. Therefore, having a
comprehensive understanding of the biofilm formation process is fundamentally im-
portant for effective biofilm treatment strategies in both clinical and industrial settings.

Pseudomonas aeruginosa has been a model organism for the investigation of
biofilms, pathogenesis, and drug resistance (11–17). It is an opportunistic pathogen
responsible for both acute and chronic infections and one of the most frequent and
severe causes of acute nosocomial infections (18). P. aeruginosa has the highest number
of regulatory genes among sequenced bacterial genomes, and regulators and regula-
tory sensors make up almost 10% of all genes in the P. aeruginosa genome (19). This
contributes to a complex regulatory network, controlling genes in response to different
conditions, and facilitates its adaptation to constantly evolving environments. P. aerugi-
nosa is naturally resistant to many antimicrobial compounds, escalated by its ability to
form biofilms in various environments and produce many virulence factors, making it
a dangerous human pathogen, particularly in immunocompromised individuals (17,
20). P. aeruginosa has outstanding antibiotic resistance machineries, and antibiotic
therapies have been severely compromised by its high level of antibiotic resistance (15,
21). P. aeruginosa possesses several multidrug efflux pumps, which are capable of
expelling a number of antimicrobials and enable its survival in harsh environments (15,
21). Many of these multidrug efflux pumps belong to two main families: the resistance-
nodulation-division (RND) family and the major facilitator superfamily (MFS). The RND
family efflux pumps consist of an inner membrane protein component belonging to the
RND superfamily of secondary transporters, a channel-forming outer membrane factor
(OMF), and a periplasmic membrane fusion protein (MFP). These three components
were shown to form a tripartite protein complex that expands across both the inner
and outer membranes, allowing the extrusion of drugs directly into the extracellular
environment (22). Among all the multidrug efflux pumps, MexAB-OprM contributes
most significantly to high levels of resistance to clinically relevant antibiotics, including
most �-lactams and quinolones (15, 23). In this pump, the proteins MexA, MexB, and
OprM act as the MFP, RND transporter, and OMF, respectively. The mexAB-oprM genes
are organized in an operon, and early pioneering studies have identified two potential
transcriptional start sites as well as four transcriptional regulators, MexR, NalD (24, 25),
BrlR (26), and CpxR (27). The mexR gene encodes a transcriptional regulator of the MarR
family, which acts as a repressor of the mexAB-oprM operon and controls one of the two
identified transcriptional start sites (24). Thus far, the control of the second transcrip-
tional start site has not been assigned to any regulator(s), although the TetR family
regulator NalD, the MerR family regulator BrlR, and the response regulator CpxR also
bind directly to the promoter of the operon (25–28). Other regulators have also been
shown to affect the expression of mexAB-oprM indirectly, including NalC (29), ArmR (30),
and PA3225 (31). It is currently unclear if an additional regulator(s) directly controls the
expression of mexAB-oprM, via the second transcriptional start site downstream of the
known binding sites of MexR and NalD. P. aeruginosa also possesses two operons that
encode multidrug efflux pumps in the MFS family: PA3136-PA3137 and PA5157–
PA5160. These genes have not been characterized in detail but are similar to the emrA
and emrB genes of Escherichia coli (32, 33). MFS pumps have been shown to function
with only the drug efflux transporter or as a three-component pump, coupling the
transporter with a MFP and an outer membrane protein (OMP) (34). Both operons in P.
aeruginosa contain genes coding for the membrane fusion protein (PA3136 and
PA5159) and the drug efflux transporter (PA3137 and PA5160); however, the PA5157-
PA5160 operon also contains genes coding for a putative regulator (PA5157) and an
OMP (PA5158). A previous study demonstrated that both operons in P. aeruginosa are
induced in the presence of pentachlorophenol stress (35).

In this study, we set out to investigate a novel transcriptional regulator, PA3898,
which is shown here to be essential for biofilm formation and the pathogenesis of P.
aeruginosa in two animal models. Through detailed analysis, the regulation network of
PA3898 along with its regulatory partner PA2100 was revealed. These novel dual
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regulators play essential roles in regulating biofilm formation, phenazine production,
and the multidrug efflux pumps MexAB-OprM and EmrAB.

RESULTS
A previously uncharacterized transcriptional regulator, PA3898, controls bio-

film formation and pathogenesis. Recent developments in single-prokaryotic-cell
transcriptomic technology (36, 37) have allowed an in-depth global expression profile
within the P. aeruginosa biofilm architecture in three distinct vertical locations (i.e.,
surface, middle, and interior of the biofilm structure) (38). Among genes that have
spatially dependent expression patterns, many were predicted/putative regulators with
unknown regulatory functions (38). One such putative transcriptional regulator,
PA3898, has a distinct spatial expression pattern (Fig. 1A). We hypothesized that
differential expression of such a regulator in biofilms is likely important for controlling
unique aspects of biofilm formation in the different spatial regions. In two phenotypic
screens, a mutant strain with an insertional mutation in the regulator PA3898 (PA3898::
Tn) was shown to be defective in biofilm production under static biofilm growth
conditions for 48 h at 30°C (Fig. 1B and C). This defect in biofilm formation does not
result from a growth defect, as the PA3898::Tn mutant strain grows identically to the
wild type in vitro (Fig. 1D).

Two well-established animal infection models for studying P. aeruginosa virulence,
Drosophila melanogaster and the BALB/c mouse (39, 40), were used to assess PA3898.
It was previously shown in the fruit fly feeding model that the ability of P. aeruginosa
to colonize the fly crop correlates with its ability to form a biofilm (39). As expected, the
PA3898::Tn mutant strain was outcompeted by its complemented strain in the in vivo
fruit fly model (Fig. 2A and B), in agreement with its defect in biofilm formation in vitro
(Fig. 1B). The PA3898::Tn mutant strain shows an increased ability to kill fruit flies (Fig. 2C).

FIG 1 Identification of PA3898 as essential for biofilm formation. (A) Spatial expression pattern of PA3898 in the
surface, middle, and interior of a biofilm from a previous study (38). Fold changes of spatially expressed genes are
shown with a red-black-green double-color gradient. Green indicates upregulation and red indicates downregu-
lation compared to levels under planktonic growth conditions, as shown in the color gradient bar at the top (log2

fold change, 2 to �2). For each location within the biofilm, the first three boxes represent the results from three
biological replicates, and the fourth box represents the average fold changes of the replicates. (B) The PA3898::Tn
mutant strain has significantly reduced biofilm formation via a crystal violet assay compared to wild-type (WT)
PAO1 and the complemented strain (***, P � 0.0005 based on Student’s t test). The biofilm assay was performed
in triplicate, and average amounts of biofilm and standard errors of the means are shown. (C) Defects in biofilm
were observed and validated by confocal microscopy. Microscopic imaging was done in triplicate, and represen-
tative images are shown. (D) The PA3898::Tn mutant strain shows no in vitro growth defect compared to its
complemented strain and wild-type PAO1.
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This is not entirely surprising, as a previous study found that a P. aeruginosa pelB::Tn
mutant is defective in biofilm formation and significantly more virulent than PAO1 (39).
The reduced in vivo fitness of the PA3898::Tn mutant strain in fruit flies was consistent
with the mammalian BALB/c mouse lung infection model (Fig. 2D). PA3898 could
regulate some aspect of virulence, possibly beyond biofilm formation, justifying further
investigation into the genes controlled by the important putative regulator PA3898.

PA3898 directly regulates two multidrug efflux pumps and the phenazine
biosynthesis operon. The AraC family transcriptional regulator PA3898 (41) is de-
scribed above to be essential for biofilm production and pathogenesis of P. aeruginosa.
We hypothesized that PA3898 could control virulence genes and pathways, beyond
biofilm formation, that could contribute to the in vivo pathogenesis shown in Fig. 2.
Therefore, microarray analysis was performed on wild-type PAO1 and PA3898::Tn
mutant strains growing under static biofilm growth conditions for 48 h at 30°C to study
the genes regulated by PA3898. Gene expression comparisons between wild-type
PAO1 and PA3898::Tn mutant strains revealed many genes directly or indirectly regu-
lated by PA3898 (see Tables S1 and S2 in the supplemental material), including two
multidrug efflux pump systems, EmrAB (PA3136-PA3137) (32, 33) and MexAB-OprM
(PA0425-PA0427) (42). Several virulence genes and pathways are also regulated by

FIG 2 Contribution of PA3898 to virulence in fruit fly and mouse lung infection models. (A) In vivo competition
between the mutant strain (tetracycline resistant and red fluorescent protein [RFP] tagged) and its corresponding
complemented strain (gentamicin resistant and green fluorescent protein [GFP] tagged). A control experiment was
performed using a tetracycline-resistant and RFP-tagged PAO1 strain versus a gentamicin-resistant and GFP-tagged
PAO1 strain. The competitive index of bacteria harvested from triplicate groups of five infected flies at 48 h
postinfection shows that the PA3898::Tn mutant has a reduced ability to colonize fruit flies compared to its
complemented strain. The solid red line represents the average CI in each competition group. A competitive index
of �1 indicates that the mutant was outcompeted by its complemented strain in fruit flies (**, P � 0.005 by a
one-sample t test). (B) Microscopic images of crops harvested from infected flies from panel A showing that the
PA3898::Tn mutant was outcompeted by the PA3898::Tn complemented strain, which is displayed by a lack of red
PA3898::Tn mutant bacteria. The control experiment showed equal amounts of RFP- and GFP-tagged bacteria. (C)
Survivals of flies infected by different P. aeruginosa strains were monitored compared to the no-bacterium control.
Survivals were tested in triplicate, and averages are shown. Mutation in PA3898 increased the level of virulence in
fruit flies compared to WT PAO1. (D) The PA3898::Tn mutant exhibits a similar competitive disadvantage against
the complemented strain in the mouse lung infection model (*, P � 0.05 by a one-sample t test).
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PA3898, among which are FtsY/PA0373 (43), Vfr/PA0652 (44), RsmA/PA0905 (45), the
phenazine biosynthesis operon PA1899-PA1905 (46), and PilS/PA4546 (47) (Tables S1
and S2). FtsY, a docking protein involved in protein targeting and membrane biogen-
esis, was shown to be induced in vivo through in vivo expression technology (IVET) in
both a rat lung model and a mouse model of infection (43). Vfr is a global regulator of
virulence factor expression, including exotoxin A and protease production (44). RsmA,
a posttranscriptional regulatory protein, controls the expression of several virulence
genes and was shown to be involved in initial colonization and dissemination in a
mouse lung model (45). The phenazine biosynthesis operon phz2 is produced during
biofilm development and host infection (46). The sensor kinase PilS directly interacts
with and regulates one of the major virulence determinants, the type VI pilus (47).
Although it is too complicated to predict at this stage, the in vivo importance of PA3898
shown in Fig. 2 could be attributed to any combination of these virulence factors.

In order to differentiate between direct and indirect regulation, chromatin immu-
noprecipitation sequencing (ChIP-seq) analysis was performed, because transcriptome
analysis does not delineate between genes that are directly and indirectly regulated by
PA3898. We identified four operons that are directly regulated by PA3898, mexAB-oprM,
phz2, emrAB, and a sensor/response regulator hybrid operon (Table 1 and Fig. 3A).
Additionally, the binding sequence of PA3898 was predicted by the MEME-ChIP suite
(48) to be an 18-bp palindromic binding motif consisting of two conserved 6-bp
sequences forming an inverted repeat separated by a random 6-bp spacer (GCAGCG
N6CGCTGC) (Fig. 3B). These binding sequences are located in the intergenic regions
upstream of these four operons directly regulated by PA3898, and the two 6-bp
inverted repeats are 100% conserved among all four sequences. Two of these four
operons encode proteins that have known functions: mexA (PA0425) and phzA2
(PA1899). mexA (PA0425) is the first gene in the operon encoding the multidrug efflux
pump MexAB-OprM, and phzA2 (PA1899) is the first gene in a seven-gene operon that
encodes phenazine biosynthesis proteins. P. aeruginosa has two phenazine biosynthe-
sis operons, phz1 and phz2 (46). A previous study has shown that the phz1 operon is
mainly expressed under planktonic growth conditions, while phz2 is almost exclusively
produced during biofilm development and host infection (46). Additionally, PA3898
directly regulates another predicted MFS multidrug efflux pump, comprising EmrA
(PA3136) and EmrB (PA3137), as well as a probable sensor/response regulator hybrid,
PA3462. All four directly regulated operons identified via ChIP-seq were present in the
microarray data, with significant fold changes (�2-fold; P � 0.05) (Tables S1 and S2).
Collectively, the ChIP-seq and microarray results present a comprehensive overview of
the PA3898 regulatory network and reveal several key genes/pathways potentially
contributing to biofilm formation and pathogenesis.

Since the predicted binding motif of PA3898 is highly conserved, we also searched
for the existence of additional sequences throughout the whole PAO1 genome (48).
Interestingly, eight additional sequences were found to have 100% identity in the two
6-bp inverted repeats compared to the predicted binding motif. Surrounding genes of
these additional binding motifs include PA1566 (glutamylpolyamine synthetase),
PA2086 (probable epoxide hydrolase), PA2513 (antB) (anthranilate dioxygenase small
subunit), PA3018 (hypothetical protein), PA3358 (hypothetical protein), PA4322 (con-
served hypothetical protein), PA4475 (conserved hypothetical protein), and PA4636

TABLE 1 P. aeruginosa genes/operons directly regulated by MdrR1/PA3898

Operon Gene name and/or function
Activated or repressed
by PA3898

Avg fold change
(fold change by real-time RT-PCR)a

PA0425-PA0427 MexAB-OprM, multidrug efflux pump Repressed 2.2 (3.1)
PA1899-PA1905 Phenazine biosynthesis Activated 2.4 (1.9)
PA3136-PA3137 Multidrug efflux pump Activated 2.1 (2.9)
PA3462-PA3463 Probable sensor/response regulator hybrid Activated 2.4 (2.2)
aShown are average fold increases (repressed genes) or fold-decreases (activated genes) in expression levels of target genes in PA3898::Tn compared to the wild-type
PAO1 strain based on microarray data. Numbers in parentheses are fold changes from real-time RT-PCR validation.
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(hypothetical protein). All of these genes were cross-checked with microarray data, and
surprisingly, none of these additional genes were regulated by PA3898 under these
conditions. We cannot rule out that this is likely a result of the specific growth
conditions under which the microarray and ChIP-seq analyses were performed, static
biofilm. Therefore, it is possible that these additional genes are regulated by PA3898
under other growth conditions, such as planktonic culture, which would be an inter-
esting subject for future investigation.

PA3898 binding to the DNA motif requires an interaction partner, PA2100.
After identification of the predicted DNA binding sequences of PA3898, the next logical
step was to validate the binding of these sequences through an electrophoretic

FIG 3 Genes and operons directly regulated by PA3898 and discovery of the coregulator PA2100. (A)
Mapped peaks from ChIP-seq results. Genes controlled directly by PA3898 are indicated. (B) DNA binding
motifs were predicted using the online software MEME-ChIP. (C) EMSA with P. aeruginosa whole-cell
lysates. Binding was detected only using whole-cell lysates with intact PA3898 (PAO1 and PA3898
complemented strains) and DNA fragments containing the binding motifs. (D) Coimmunoprecipitation
using clarified lysates of the PA3898::Tn mutant strain containing TY1-tagged PA3898 obtained four
bands on SDS-PAGE gels. Two of the bands were determined to be PA3898 (MdrR1) and PA2100 (MdrR2)
via iron trap LC-MS/MS, and the other two were not determined (ND) due to insufficient amounts of
peptides extracted. (E) EMSA with purified regulators MdrR1 and MdrR2. The recombinant regulatory
proteins His6-MdrR1 and His6-MdrR2 together completely shifted the promoter region of mexAB-oprM.
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mobility shift assay (EMSA). Numerous attempts at EMSAs performed by multiple
experimenters failed when the predicted binding regions upstream of operons regu-
lated by PA3898 (mexA, phzA2, PA3136, and PA3462) were used (data not shown).
However, shifting of the mexA promoter (PmexA) DNA fragments was achieved when
clarified whole-cell lysates of PAO1 were used instead of purified His6-PA3898 (Fig. 3C).
As expected, the clarified lysate of the PA3898 deletion mutant was unable to bind and
shift the DNA fragments, verifying the importance of PA3898 in binding to the PmexA

sequences (Fig. 3C). Additionally, deletion of the predicted 18-bp binding motif from
the PmexA fragment completely abolished the shift (PmexA-Δmotif) (Fig. 3C). Taking these
outcomes together, we suspected that other proteins or factors in P. aeruginosa are
necessary for the interaction between PA3898 and the DNA binding motif. To further
evaluate this possibility, we employed a protein coimmunoprecipitation screen, as
previously described (49), to search for a potential protein partner(s) necessary for the
interaction of PA3898 and the binding motif (Fig. 3D). Four protein bands were
observed on an SDS-PAGE gel (Fig. 3D), and two bands were identified via ion trap
liquid chromatography-tandem mass spectrometry (LC-MS/MS) to be PA3898 and
PA2100. The other two protein bands were not successfully identified due to insuffi-
cient amounts of extracted peptide. These new data clearly suggested that PA2100 and
PA3898 interact directly with each other and that both may be required to bind to the
palindromic DNA motif. PA2100 was annotated a GntR family regulator (41), which is
shown in Table S1 in the supplemental material to be activated by PA3898. Therefore,
an EMSA was attempted again by using a combination of purified His6-PA3898 and
His6-PA2100. As shown in Fig. 3E, PA3898 and PA2100 together shifted the PmexA DNA
fragments completely, thereby confirming the interaction of the regulator-coregulator-
DNA complex in vitro. Considering that these two regulators collaboratively control two
multidrug efflux pump systems, we named PA3898 and PA2100 MdrR1 and MdrR2,
respectively, and these names are used throughout this article. The interesting obser-
vation that MdrR1 (PA3898) activates MdrR2 (PA2100) (Table S1) also led us to further
test the correlation between their gene expression levels through real-time reverse
transcription-PCR (RT-PCR). It turns out that MdrR2 also activates the expression of
MdrR1, where the expression level of MdrR1 is 2.1-fold lower in the MdrR2::Tn mutant
strain than in wild-type PAO1. This connection between MdrR1 and MdrR2 expression
is likely indirect through some feedback mechanism, since the specific DNA binding
motif identified above was not found near mdrR1 or mdrR2.

Real-time imaging of MdrR1-MdrR2-DNA interaction and validation of the
MdrR1 and MdrR2 binding motif via DNA footprinting. Besides qualitative confir-
mation of regulator-coregulator-DNA binding by EMSAs, we sought to quantitatively
measure the interaction via localized surface plasmon resonance (LSPR). His6-MdrR2
was coupled to a nitrilotriacetic acid (NTA)-Ni-gold chip, untagged MdrR1 and DNA
containing the binding sequences were then run through the chip, and changes in
absorbance were measured. As negative controls, untagged MdrR1 and DNA contain-
ing the binding motif were run through the MdrR2-coupled chip individually. Neither
DNA nor MdrR1 alone showed any interaction with His6-MdrR2 (Fig. 4A). When a
mixture of DNA and MdrR1 was injected through the chip, concentration-dependent
interactions were observed (Fig. 4A). At all three concentrations (11, 33, and 100 nM
each MdrR1 and DNA), DNA and MdrR1 completely dissociated from the chip within 10
min. The dissociation constant (Kd) for MdrR1 and DNA containing the binding motif
was determined to be 0.17 �M, using the off-rate for the first 50 s (Fig. 4B) and the
on-rate (Fig. 4C). An additional negative control was performed by using untagged
MdrR1 and the DNA fragment with the binding motif deleted, at 100 nM each, showing
no interaction with bound His6-MdrR2 (Fig. 4A). This indicates a specific interaction
between MdrR1, MdrR2, and DNA containing the binding motif.

Taken together, the ChIP-seq and EMSA results indicate that MdrR1 and MdrR2 bind
to DNA sequences upstream of genes and operons that they directly regulate, and LSPR
validates the specific interaction between MdrR1, MdrR2, and DNA. Furthermore, to
verify the exact binding motif predicted by ChIP-seq, DNA footprinting was performed
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with an automated DNA analyzer as previously described (49, 50). A DNA fragment
upstream of PmexA (from bases �189 to �224 relative to the start codon of mexA) was
coincubated with PsrA (PA3006) (a regulator, as a negative control), MdrR1 alone,
MdrR2 alone, and MdrR1 and MdrR2 together (Fig. 5). Only when both MdrR1 and
MdrR2 were incubated with PmexA was a distinct region protected from DNase I
digestion (Fig. 5, boxed region). As shown in Fig. 5, this protected region covers the
entire 18-bp predicted binding sites (underlined and contained within the boxed
region in Fig. 5). Since both regulators have a helix-turn-helix DNA binding domain,
current data are insufficient to determine the binding sequences of MdrR1 and/or
MdrR2. Future studies investigating the crystal structures of MdrR1 and MdrR2 could
yield valuable information on the binding sequence specificity of these regulators.

MdrR1 and MdrR2 regulate the expression of the multidrug efflux pump
mexAB-oprM independent of MexR. Our data suggest that the mexAB-oprM operon
(PA0425-PA0427) was modulated by this MdrR1-MdrR2 dual-regulation system (Fig. 3
and Table 1; see also Table S1 in the supplemental material). Since the mexAB-oprM
operon and its regulation by MexR were extensively studied previously (24, 25, 51), we

FIG 4 Determination of the kinetic parameters (on-rate and off-rate) of the interaction between MdrR1,
MdrR2, and the DNA complex. His6-MdrR2 was covalently immobilized on an NTA sensor. Untagged
MdrR1 and the DNA fragment containing the binding motif functioned as analytes. MdrR1 alone, DNA
containing the binding motif alone, and MdrR1 and DNA with the binding motif deleted were included
as negative controls. (A) Sensorgram data plotted on a dRU/dt-versus-RU plot. (B) Linearized data from
sensorgrams for the determination of the off-rate (slope of the plot). (C) Linearized data from sensor-
grams for the determination of the on-rate (slope of the plot).
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aimed to thoroughly validate the involvement of MdrR1-MdrR2 in the regulation of this
multidrug efflux pump. ChIP-seq and DNA footprinting results indicate that MdrR1-
MdrR2 binds to a different sequence of the promoter region of mexA (Fig. 3 and 5),
which is downstream of both the MexR binding site and the second predicted tran-
scriptional start site of mexA (Fig. 6A). Therefore, we sought to validate if MdrR1-MdrR2
regulates the expression of PmexA independently of MexR. Various combinations, in-
cluding single, double, and triple mutants of the mdrR1, mdrR2, and mexR genes, were
engineered to facilitate this study using an established method (52). All strains were grown
under static growth conditions for 48 h at 30°C and harvested for �-galactosidase (�-Gal)
activity quantification. We hypothesized that gene expression levels of mexAB-oprM, based

FIG 5 Region of binding of MdrR1 and MdrR2 to the mexA promoter (PmexA) identified via DNA
footprinting. The MdrR1- and MdrR2-protected trace in the bottom panel shows the DNA region that is
protected from DNase I digestion. In comparison, the transcriptional regulator PsrA, MdrR1, and MdrR2
individually as controls did not protect the DNA from DNase I digestion, as indicated by the distribution
of DNA fragments across the whole region. The outlined region is the predicted binding sequence of
MdrR1 and MdrR2.

FIG 6 MdrR1 and MdrR2 interact with the mexA promoter region, independent of MexR. (A) Schematic showing the binding positions of the MdrR1-MdrR2
complex and MexR. (B) MdrR1 and MdrR2 significantly repress the expression of mexA, independent of MexR. An additive effect on the derepression of PmexA

was observed in the triple mutant strain, as indicated by the PmexA-lacZ fusion activities in various strain backgrounds. A �-Gal assay was performed in triplicate,
and average activities and standard errors of the means are shown (**, P � 0.005 based on Student’s t test).
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on the promoter activities of mexA, would be affected by the mutations in the mdrR1 and
mdrR2 genes. The mdrR1::Tn and mdrR2::Tn single mutants have mexAB-oprM expres-
sion levels comparable to that of the mdrR1::Tn ΔmdrR2 double mutant (Fig. 6B), in
agreement with the prediction that they work collaboratively in controlling this efflux
pump. There were additive effects of mdrR1, mdrR2, and mexR mutations on the
expression level of mexAB-oprM, indicated by the highest level of activity of PmexA in the
triple mutant background (mexR::Tn ΔmdrR1 ΔmdrR2) (Fig. 6B). These observations
were further corroborated by MIC data for various regulator mutant strains (Table 2),
correlating the expression levels of mexAB-oprM with the functional phenotypes of this
important multidrug efflux pump in P. aeruginosa. Mutation in the regulators MdrR1
and MdrR2 resulted in increased levels of resistance of P. aeruginosa to multiple types
of antibacterial agents, likely via deregulation of mexAB-oprM (Table 2). This increased
resistance is consistent across all classes of antibiotic substrates of MexAB-OprM tested
here, including carbenicillin, chloramphenicol, erythromycin, norfloxacin, novobiocin,
and nalidixic acid (Table 2). In comparison, using an aminoglycoside that is not a
substrate for this pump, such as amikacin, resistance levels were unchanged in all the
mutant and complemented strains tested (Table 2). Since MICs are indicators of the
susceptibility phenotypes of planktonic cells, our data demonstrated that MdrR1 and
MdrR2 could affect the expression of mexAB-oprM under both biofilm and planktonic
growth conditions.

MdrR1 and MdrR2 control EmrAB. Another efflux pump, PA3136-PA3137, was also
regulated by MdrR1-MdrR2. These genes have not been previously described in P.
aeruginosa. However, PA3136 and PA3137 are similar to the emrA and emrB genes of
Escherichia coli, respectively, which encode components of a MFS pump that is able to
confer resistance to heavy metals, carbonylcyanide m-chlorophenylhydrazone, nalidixic
acid, and a number of other toxic compounds (32). Therefore, we do not expect that the
downregulation of emrAB in these mdrR mutants is the cause of the increased MICs of
the tested antibiotics in Table 2. To validate this, we further performed MIC testing for
the emrA::Tn and emrB::Tn mutants as well as their complemented strains. As presented
in Table 2, the emrA::Tn and emrB::Tn mutants have slightly decreased levels of
resistance to carbenicillin, chloramphenicol, and nalidixic acid, which were completely
complemented back to wild-type levels in the complemented strains. Taken together,
these data suggest that MdrR1 and MdrR2 regulate two different multidrug efflux
pump systems, MexAB-OprM and EmrAB, which have unique and overlapping drug
targets (Table 2). Among all the MexAB-OprM substrates tested here, including carben-

TABLE 2 MICs of various P. aeruginosa strains

Strain

Antibiotic MIC (�g/ml)a

Cb Cm Ery Norf Nov Nal Amk

PAO1 16 64 128 0.5 128 64 4
mdrR1::Tn 64 256 512 8 512 128 4
mdrR1::Tn comp 16 64 128 0.5 128 64 4
mdrR2::Tn 64 256 512 8 512 128 4
mdrR2::Tn comp 16 64 128 0.5 128 64 4
mdrR1::Tn ΔmdrR2 64 256 512 8 512 128 4
mdrR1::Tn ΔmdrR2 comp 16 64 128 0.5 128 64 4
mexR::Tn 32 128 256 4 256 256 4
mexR::Tn comp 16 64 128 0.5 128 64 4
mexR::Tn ΔmdrR1 ΔmdrR2 128 512 1,024 16 1,024 256 4
Triple comp 16 64 128 0.5 128 64 4
emrA::Tn 8 32 128 0.5 128 16 4
emrA::Tn comp 16 64 128 0.5 128 64 4
emrB::Tn 8 32 128 0.5 128 16 4
emrB::Tn comp 16 64 128 0.5 128 64 4
aMexAB-OprM substrates were carbenicillin (Cb), chloramphenicol (Cm), erythromycin (Ery), norfloxacin (Norf),
novobiocin (Nov), and nalidixic acid (Nal). EmrAB and MexAB-OprM pump overlapping substrates were
carbenicillin, chloramphenicol, and nalidixic acid. The negative control for MexAB-OprM and EmrAB pumps
was amikacin (Amk). comp, complemented.
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icillin, chloramphenicol, erythromycin, norfloxacin, novobiocin, and nalidixic acid, the
emrAB mutant strains also showed reduced levels of resistance to three of them:
carbenicillin, chloramphenicol, and nalidixic acid.

MdrR1 and MdrR2 modulate the production of biofilm through phenazine
biosynthesis. MdrR1 and MdrR2 were shown to directly regulate phenazine produc-
tion, mexAB-oprM, emrAB, and a putative sensor/response regulator hybrid (Table 1),
and somehow, this leads to a defect in biofilm formation (Fig. 1B and C). We sought to
further investigate the interconnections between these genes/operons (Table 1) that
could be directly linked to this biofilm formation defect. Mutant strains of multiple
genes from each of the operons that MdrR1-MdrR2 directly regulated were tested for
their ability to form biofilms (Fig. 7A). All mutant strains with an individual mutation in
mexA, mexB, oprM, phz2, emrA, emrB, or PA3462 were obtained from the P. aeruginosa
two-allele transposon mutant library (53). As shown in Fig. 7A, the majority of the

FIG 7 MdrR1 and MdrR2 regulate biofilm formation through the phz2 operon. (A) Various mutant strains
of phz2 genes regulated by MdrR1 and MdrR2 have decreased biofilm formation. A biofilm assay was
performed in triplicate, and average amounts of biofilm and standard errors of the means are shown. (B)
Model of the MdrR1 and MdrR2 regulatory network summarizing the genes that they control. Heat maps
display the spatial expression patterns of these genes summarized by using data from a previous study
(38). Fold changes of spatially expressed genes are shown with a red-black-green double-color gradient.
Green indicates upregulation and red indicates downregulation compared to levels under planktonic
growth conditions, as shown in the color gradient bar (log2 fold change, 2 to �2). For each location
within the biofilm, the box represents the average fold change of data from three biological replicates.
MdrR1 and MdrR2 were shown to repress one multidrug efflux pump (MexAB-OprM) while activating
another (EmrAB). Additionally, MdrR1 and MdrR2 act together as an activator for a phenazine biosyn-
thesis operon, phz2, and PA3462, a probable sensor/response regulator hybrid.
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mutant strains showed levels of biofilm production comparable to that of wild-type
PAO1, indicating that the modulation of these genes through MdrR1-MdrR2 likely has
no effect on biofilm formation. On the contrary, the phenazine synthesis genes were
the only ones shown to be involved in biofilm production, as shown in Fig. 7A, as all
three mutant strains that had the individual phz2 gene insertionally mutated had
significantly decreased biofilm formation abilities in vitro. These effects of mutations in
the phz2 genes on biofilm formation are not caused by defects in planktonic growth,
as all mutant and wild-type strains have identical growth characteristics, as shown in
Fig. S1A in the supplemental material. Additionally, the defects in biofilm formation are
complemented by using a single-copy mini-Tn7 integration containing a copy of the
wild-type phz2 gene. This new observation that phz2::Tn mutants are defective in
biofilm formation is consistent with a previous study showing that phz2 is almost
exclusively produced during biofilm development (46). Therefore, our data provided
evidence that the phz2 operon is not only expressed exclusively in biofilm (46) but also
functionally essential for biofilm development.

DISCUSSION

Through these studies, we have identified the intricate connection between biofilm
production and multidrug efflux pumps by the novel dual regulators MdrR1 and MdrR2.
Figure 7B summarizes the model of the MdrR1-MdrR2 regulatory network that our data
suggested. MdrR1 and MdrR2 were shown to modulate biofilm formation through
activating the expression of the phenazine biosynthesis operon phz2. Reduced biofilm
formation in the mdrR1::Tn mutant, through reduced expression of phz2 genes, could
likely explain the defect of the mdrR1::Tn mutant in colonizing fruit flies and BALB/c
mouse lungs. Although not tested here, we suspect that the mdrR2::Tn mutant has a
similar defect in in vivo models, since expressions of mdrR1 and mdrR2 were shown by
real-time RT-PCR to be correlated through an unidentified mechanism. Our microarray
data show that these regulators activate one multidrug efflux pump, EmrAB, while
repressing MexAB-OprM (validated by real-time RT-PCR [Table 1] and gene fusion [Fig.
6B]). Additionally, MdrR1 and MdrR2 act as activators for PA3462, a probable sensor/
response regulator hybrid (Table 1; see also Table S1 in the supplemental material). We
have previously shown global gene expression of genes within the different spatial
regions of biofilms (38); hence, it is curious to see what the spatial expression pattern
of MdrR1 and MdrR2 is and the genes that they regulate. Heat maps showing the spatial
expression patterns of mdrR1, mdrR2, and all the genes that they directly regulate were
reanalyzed from our recent publication (38) (Fig. 7B). MdrR1 and MdrR2 have low to
moderate expression levels on the surface and the middle of biofilms and are down-
regulated in the interior of the biofilm compared to planktonic growth (Fig. 7B). Overall,
the spatial expression patterns of MdrR1 and MdrR2 agree mostly, because the genes
that they activate, including the phz2 operon, the sensor/response regulator hybrid
PA3462, and the emrAB genes, all show similar trends of low to moderate levels of
expression on the surface and middle of biofilms and downregulation in the interior of
biofilms (Fig. 7B). However, the MexAB-OprM operon, on the other hand, shows a
unique spatial expression pattern with relatively high expression levels on the surface
of the biofilm and downregulated expression in the middle, and the expression level in
the interior of the biofilm is then comparable to that of planktonic growth. This unique
spatial expression pattern of mexAB-oprM is likely the result of its complex regulatory
network, involving multiple regulators working together to fine-tune the spatial ex-
pression of this important efflux system, as previous studies have revealed (24–26,
29–31).

The data presented here provide valuable insight into the regulation mechanisms of
P. aeruginosa biofilms and multidrug efflux pumps. The regulation of P. aeruginosa
biofilms and antibiotic resistance is a very complex and sophisticated system that our
data revealed to be connected through the novel dual regulators MdrR1 and MdrR2.
These dual regulators regulate two multidrug efflux pump systems, a phenazine
biosynthesis operon, as well as another putative transcriptional regulator, PA3462.
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Future study on this additional transcriptional regulator could lead to the expansion of
the regulation network controlled by MdrR1 and MdrR2. It is particularly interesting that
MdrR1 and MdrR2 act as repressors for one multidrug efflux pump (MexAB-OprM) and
as activators for another multidrug efflux pump (EmrAB). Since these efflux pumps have
mostly different ranges of substrate specificities, MdrR1 and MdrR2 could act as a
master modulator controlling the activities of various pumps under unique growth
conditions as well as in different microenvironments within the stratified biofilm
structure. Our data showed that emrAB mutations caused decreased MICs of a few
antibiotics that MexAB-OprM also targets (i.e., carbenicillin, nalidixic acid, and chlor-
amphenicol). This observation is somewhat surprising because emr::Tn mutants still
harbor intact MexAB-OprM, which is efficient at expelling these drugs. There are two
possible explanations. One is that EmrAB is very effective in effluxing these antibiotics,
and therefore, the deletion of emrAB resulted in observable reductions in MICs. Another
possibility is that this effect of the emrAB mutation on MICs is due to feedback
inhibition of MexAB-OprM expression through MdrR1 and MdrR2. The first hypothesis
is more simple and direct; however, the second hypothesis is supported by the fact that
the MdrR12 mutant showed increased resistance to carbenicillin, nalidixic acid, and
chloramphenicol through upregulation of MexAB-OprM, masking the effect of EmrAB
downregulation. This suggests that MexAB-OprM is more efficient at expelling these
antibiotics than EmrAB.

Our data directly link the spatial gene expression profiles of MdrR1 and MdrR2 to the
stratified expression patterns of MexAB-OprM and EmrAB. Therefore, these new find-
ings challenge the role of the biofilm matrix passively acting as a molecular sieve or sink
that leads to drug resistance and support the idea that multidrug efflux pumps induced
during biofilm growth under various conditions contribute to drug resistance. Addi-
tionally, MdrR1 and MdrR2 act as an activator for the phz2 operon; this results in
phenazine production genes coregulated with emrAB and reciprocally regulated with
mexAB-oprM. The ability of MdrR1 and MdrR2 to act as activators or repressors for
different genes allows, to some extent, the independent modulation of different
pathways (phenazine production and efflux pumps) and phenotypes (biofilm formation
and drug resistance). These regulation mechanisms suggest the existence of an envi-
ronmental or internal signal(s) that modulates biofilm formation and drug resistance
through MdrR1 and MdrR2. Future studies could focus on this potential environmental
or intracellular signal(s) that affects the regulation mechanism of MdrR1 and MdrR2 and
their biological relevance in vivo. In conclusion, the present study identified a regulation
bridge between diverse virulence processes of P. aeruginosa that furthers the under-
standing of this important opportunistic pathogen.

MATERIALS AND METHODS
Bacterial strains, media, and culture conditions. E. coli EPMax10B-lacIq-pir was routinely used as

a cloning strain. The P. aeruginosa wild-type strain PAO1 and its derivatives were cultured in Luria-Bertani
(LB) medium with appropriate antibiotics, as previously described (38, 49).

Molecular reagents. All reagents and molecular methods used are as previously described (54).
Microarray data analysis and real-time RT-PCR validation. Growth of the wild-type PAO1 strain

and the PA3898::Tn mutant strain, total RNA purification, and microarray analysis were performed as
previously described (38). Strains were grown overnight in LB medium, diluted 200-fold into fresh LB
medium, and grown under static biofilm growth conditions (no shaking) for 48 h at 30°C. Bacteria were
harvested, and total RNA was isolated by using a Qiagen RNeasy minikit (Qiagen), with on-column DNase
I treatment. Final RNA concentrations and purities were determined on a Thermo Scientific NanoDrop
spectrophotometer (A260/280 of between 1.8 and 2.0). cDNA was synthesized and used for microarray
analysis in triplicate as previously described (55).

The same RNA samples as the ones described above were processed with additional off-column
DNase I digestion and then used for real-time RT-PCR validation. Primers for each gene were designed
by using Integrated DNA Technologies Primer Quest software. Supermixes for all reactions were made
and aliquoted into subsupermixes for each gene assayed. Each real-time PCR mixture contained 10 �l of
cDNA, 12.5 �l of iQ SYBR green supermix (Bio-Rad), and 120 nM each forward and reverse primers, in a
final volume of 25 �l. Real-time PCR was performed on the iCycler iQ instrument (Bio-Rad) with the
following protocol: a denaturation step (95°C for 2 min) and 55 cycles of amplification and quantification
(95°C for 20 s, 60°C for 30 s, and 72°C for 20 s). Melt curve analysis was performed for all reactions, and
single peaks for all amplicons confirmed specific PCR amplification. Real-time RT-PCR values were
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averaged over 8 replicates for each gene/condition, and fold changes were calculated by using data
analysis for real-time PCR (DART-PCR) as previously described (56).

Gene fusion and mutant strain construction. All standard genetic manipulations were performed
as previously described (38, 49, 52, 54, 55, 57, 58). All single mutant strains used throughout this study,
including mdrR1::Tn, mdrR2::Tn, mexR::Tn, emrA::Tn, emrB::Tn, and all the mutant strains shown in Fig. 7A,
were obtained from the two-allele P. aeruginosa transposon library (53). The double and triple mutant
strains in Table 2, mdrR1::Tn ΔmdrR2 and mexR::Tn ΔmdrR1 ΔmdrR2, were constructed by using an
established allelic-exchange method in the transposon mutant background (52). Complementation was
done via single-copy mini-Tn7 integration as previously described (38).

Phenotypic studies. A crystal violet biofilm assay and confocal microscopy for static biofilms were
carried out in triplicate as previously described (38, 49). Briefly, wild-type PAO1 and PA3898::Tn mutant
strains were first grown overnight in LB medium with shaking. Cultures grown overnight were then
harvested, washed twice, and subcultured (200� dilution) into fresh LB medium. Biofilm was grown in
triplicate in a 96-well plate with a non-tissue-culture-treated surface for 48 h at 30°C. Planktonic cells
were then washed off, and biofilm formed in the wells was stained with crystal violet and quantitated
according to an established protocol (59). Average amounts of biofilm and standard errors of the means
are shown. Statistical analysis (Student’s t test) was done by using Prism software. Biofilms were grown
identically on non-tissue-culture-treated glass-bottom plates for confocal microscopy. After incubation at
48 h at 30°C, biofilms were washed as described above, fixed using 4% paraformaldehyde, and stained
using Thermo Fisher FilmTracer SYPRO ruby biofilm matrix stain. Images were scanned using an Olympus
FV-1000 confocal microscope and processed with ImageJ software.

D. melanogaster and BALB/c mouse infection studies were performed similarly to methods previously
described (38, 49). Wild-type PAO1, the PA3898::Tn mutant, and its complemented strains were used to
infect D. melanogaster Canton-S strain flies to investigate their in vivo pathogenesis. For easy visualiza-
tion, pUCP20-rfp and pUCP20-gfp were introduced into the PA3898::Tn mutant and complemented
strains, respectively. In vivo competitive index determinations, crop dissection for imaging, and survival
studies were performed in triplicate as previously described (38, 49). All BALB/c mouse experiments were
approved by the University of Hawaii Institutional Animal Care and Use Committee (protocol no. 06 – 023)
and performed in compliance with guidelines of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (60). Six- to eight-week-old male BALB/c mice were purchased from Charles
River Laboratories and used for the study. An in vivo competition study was performed by using 30 �l
of a mixture of the mutant strain and the complemented strain (3 � 107 CFU each) resuspended in
purified bacterium-free alginate as previously described (38, 49). Statistical analysis for competitive index
studies (one-sample t test) was done using Prism software.

Molecular and biochemical characterization of the interaction between the dual regulator and
DNA. ChIP-seq, protein purification, coimmunoprecipitation, electrophoretic mobility shift assays (EM-
SAs), and DNA footprinting were performed as previously described (49).

Kinetics measurements using localized surface plasmon resonance. LSPR was performed by
using an NTA-gold sensor chip on a Nicoya OpenSPR instrument, according to the manufacturer’s
instructions. For studying the binding interaction of the complex, purified His6-MdrR2 was first covalently
immobilized on an NTA sensor in a nonrandom orientation using the capture-coupling method (61).
Untagged MdrR1 was purified by using expression vector pTXB1 as previously described (62). Binding of
untagged MdrR1 and/or DNA containing the predicted binding motif to the immobilized ligand on the
biosensor was performed under the following conditions. Association measurements were obtained by
injecting solutions of purified untagged MdrR1 and DNA containing the binding motif at various
concentrations (11 nM, 33 nM, and 300 nM each MdrR1 and DNA) in HBS buffer (20 mM HEPES, 150 mM
NaCl [pH 7.0]) and measuring the increase in signals for 300 s. Dissociation measurements were obtained
by injecting a fresh solution of HBS buffer and measuring the decrease in signals for 700 s. Three negative
controls were tested, including MdrR1 alone, DNA containing the binding motif alone, as well as MdrR1
and DNA with the binding motif deleted, at 100 nM each.

Antibiotic susceptibility test. The MIC of each antibiotic was determined on Mueller-Hinton agar by
a previously described 2-fold dilution method (27, 63). Mueller-Hinton agar plates containing serial 2-fold
dilutions of each antibiotic were prepared. The range of antibiotic concentrations were as follows: 2 to
256 �g/ml carbenicillin, 8 to 1,024 �g/ml chloramphenicol, 16 to 2,048 �g/ml erythromycin and novo-
biocin, 0.125 to 16 �g/ml norfloxacin, 4 to 512 �g/ml nalidixic acid, and 0.25 to 32 �g/ml amikacin. P.
aeruginosa cultures grown overnight were diluted 100-fold in fresh Mueller-Hinton broth, grown to the
mid-log phase (optical density at 600 nm [OD600] of approximately 0.6), harvested, and washed in 1�
phosphate-buffered saline (PBS). The Mueller-Hinton agar plates were spotted with 3 �l of the diluted
bacterial suspensions (approximately 1 � 104 CFU). The MIC was defined as the concentration of
antibiotic at which bacterial growth was absent after incubation at 37°C for 20 h. The MIC tests were
performed in triplicate.

Data availability. Microarray and ChIP-seq data sets are available in the NCBI Gene Expression
Omnibus (GEO) (64) and accessible through GEO series accession no. GSE120009 and GSE120082,
respectively.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC

.01459-18.
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