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Biofilms consist of surface-adhered bacterial communities encased in an extracellular matrix composed of DNA, exopolysaccha-
rides, and proteins. Extracellular DNA (eDNA) has a structural role in the formation of biofilms, can bind and shield biofilms
from aminoglycosides, and induces antimicrobial peptide resistance mechanisms. Here, we provide evidence that eDNA is re-
sponsible for the acidification of Pseudomonas aeruginosa planktonic cultures and biofilms. Further, we show that acidic pH and
acidification via eDNA constitute a signal that is perceived by P. aeruginosa to induce the expression of genes regulated by the
PhoPQ and PmrAB two-component regulatory systems. Planktonic P. aeruginosa cultured in exogenous 0.2% DNA or under
acidic conditions demonstrates a 2- to 8-fold increase in aminoglycoside resistance. This resistance phenotype requires the ami-
noarabinose modification of lipid A and the production of spermidine on the bacterial outer membrane, which likely reduce the
entry of aminoglycosides. Interestingly, the additions of the basic amino acid L-arginine and sodium bicarbonate neutralize the
pH and restore P. aeruginosa susceptibility to aminoglycosides, even in the presence of eDNA. These data illustrate that the ac-
cumulation of eDNA in biofilms and infection sites can acidify the local environment and that acidic pH promotes the P. aerugi-

nosa antibiotic resistance phenotype.

P5eudomonas aeruginosa is an opportunistic pathogen that
causes persistent infections in immunocompromised patients,
such as those with cystic fibrosis (CF). The capacity of P. aerugi-
nosa to form a bacterial biofilm is thought to directly promote
chronic P. aeruginosa infection of the CF lung. Biofilms consist of
communities of bacteria encased in an extracellular matrix that
resist host immune clearance or eradication using available anti-
microbial therapies. The extracellular biofilm matrix components
contribute to the robust resistance exhibited by biofilm commu-
nities. Therefore, understanding how biofilm polymers contrib-
ute to fostering bacterial resistance to antibiotics is paramount to
expanding the treatment options available to patients with
chronic biofilm infections.

The biofilm matrix consists predominantly of polysaccharides,
proteins, and nucleic acids (1-4). Despite macromolecule hetero-
geneity, most research has focused on the role of bacterially pro-
duced exopolysaccharides (EPSs) in biofilm establishment and
maturation. The integral role of extracellular DNA (eDNA) in
biofilm formation was first identified in P. aeruginosa (2), but
eDNA has since been shown to be a ubiquitous biofilm matrix
polymer across most Gram-positive and Gram-negative bacterial
species (3, 5-7). In fact, within P. aeruginosa biofilms, eDNA is the
most abundant matrix polymer (8, 9).

Extracellular DNA has multiple functions in biofilm formation
and stability: it promotes biofilm formation by aiding in initial
bacterium-surface adhesion by modulating charge and hydro-
phobicity interactions between the bacteria and the abiotic surface
(10, 11). In addition to mediating cell-substrate interactions,
eDNA also influences 3-dimensional biofilm architecture and sta-
bility by acting as a cell-cell interaction polymer (2, 3, 12-14).
Recent elegant research furthers our understanding of the integral
role of eDNA in biofilm organization, where the polymer ensures
proper cellular alignment within the biofilm, facilitating efficient
movement of bacterial cells to the microcolony periphery and
allowing biofilm expansion (15). In addition to adhesion and or-
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ganization, eDNA has a central role in the structural maturation
exhibited by flow cell-cultivated, mushroom-shaped P. aeruginosa
microcolonies. Flow cell microcolonies demonstrate that eDNA
localizes to the surface and stalk of the microcolonies and when
absent arrests microcolony maturation (3, 16).

The origin of eDNA in the matrix of in vitro-grown, single-
species biofilms is genomic DNA released from cell lysis, pro-
phage-mediated cell death, quorum sensing (QS) release, or
DNA-containing outer membrane vesicles (OMVs) (3, 17-21).
However, in human sites of infection, such as the CF lung, the
eDNA detected is almost entirely derived from human polymor-
phonuclear leukocytes (PMNs) that are recruited heavily to quell
infection (22). This abundance of neutrophil DNA likely results
from a combination of the PMN immune response of NETosis
and leukocyte lysis mediated by bacterial virulence factors
(23-28).

Given the abundance and importance of eDNA in P. aerugi-
nosa biofilm structures, current research has sought to assess how
this matrix polymer influences bacterial persistence in the pres-
ence of sustained antibiotic treatment. Initial research highlighted
that eDNA derived from CF lung sputum was capable of binding
to and sequestering aminoglycosides (29-33). Interestingly, more
recent research has illustrated that PMN-derived genomic DNA
can be incorporated into P. aeruginosa biofilms and confer in-
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TABLE 1 Strains and plasmid used in this study

DNA and Acidic pH Induce Aminoglycoside Resistance

Source or
Strain or plasmid Description reference
Strain name or relevant genotype
PAO1L Wild-type P. aeruginosa R. E. Hancock
PAO1:p16Slux PAOI expressing lux reporter to16S rRNA gene 64
AbmfR Deletion of bfmR regulator, DNA-overproducing mutant of PAO1 44
PA3553:lux Transcriptional lux fusion due to mini-Tn5-lux insertion in PA3553 (arnC); aminoarabinose 51
modification of lipid A phosphates
PA4773:lux Transcriptional Jux fusion due to mini-Tn5-lux insertion between PA4773 and PA4774 51
spermidine synthesis genes
oprH-lux PAO1 with oprH-luxCDABE reporter integrated in the chromosome with CTX 65
pgsB::lux Mini-Tn5-lux insertion mutant in pgsB 51
phoP::xylE phoP insertion mutant with xy/E-Gm" cassette 66
phoQ::xylE phoQ insertion mutant with xylE-Gm" cassette 66
pmrA:xylE pmrA insertion mutant with xy/E-Gm" cassette 36
pmrBixylE pmrB insertion mutant with xylE-Gm" cassette 36
PA4773::lux, phoP PA4773::lux fusion in phoP::xylE background 36
PA4773::lux, phoQ PA4773::lux fusion in phoQ::xylE background 36
PA4773:lux, pmrA PA4773::lux fusion in pmrA::xylE background 36
PA4773::lux, pmrB PA4773::lux fusion in pmrB::xylE background 36
Plasmid p3552-lux PA3552 promoter-lux transcriptional fusion in broad-host-range pUCP23 plasmid 36

creased bacterial resistance to aminoglycoside treatment (16). An
unidentified component of the biofilm matrix is required to limit
the diffusion of tobramycin to the interior of the microcolony,
temporarily protecting the matrix-encapsulated bacteria from ex-
posure to the antibiotic (34).

In addition to acting as a passive shield, eDNA is a highly effi-
cient divalent metal cation chelator, activating the PhoPQ and
PmrAB two-component systems (TCS) that detect limiting Mg*™".
Cation chelation by eDNA leads the expression of genes con-
trolled by PhoPQ and PmrAB, including the pmr operon
(PA3552-PA3559), which is required for the addition of amino-
arabinose to the phosphates of the lipopolysaccharide (LPS) lipid
A moiety (35-37). DNA also induces expression of the PA4773-
PA4774 genes (speDE homologs), which are required to produce
spermidine on the outer surface of the bacterial membrane (38).
Both eDNA-induced surface modifications function to mask the
negative surface charges and are required to limit antimicrobial
peptide binding, membrane damage and killing (35, 38).

In this report, we describe a novel function of extracellular
DNA in acidifying culture media and biofilm cultures. We also
show that acidic pH is an environmental signal that activates the
PhoPQ and PmrAB TCS, leading to significant increases in amin-
oglycoside resistance under acidic conditions. Further, we dem-
onstrate that acidic culture conditions produced by eDNA can be
neutralized by L-arginine or sodium bicarbonate to restore amin-
oglycoside sensitivity, highlighting a possible treatment strategy
for acidic sites of chronic infection by P. aeruginosa, including the
CF lung.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids employed in this study are listed in Table 1. For the experiments
presented, P. aeruginosa was cultured in unbuffered LB or HEPES-buff-
ered BM2 medium (38) at 37°C. Pseudomonas aeruginosa PAO1 and lux-
tagged PAO1:p16Slux were used as wild-type (wt) strains. The pH val-
ues of all the media used in this study were measured and are shown in
Table 2.
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Gene expression assays. Gene expression from Jux-tagged strains was
performed in a high-throughput format using 96-well microplates as pre-
viously described (38). Briefly, overnight cultures were grown in LB me-
dium, diluted 1/1,000 into 150 pl of LB medium adjusted to pH 5.5 or pH
7.0 in black, 96-well clear bottom microtiter plates (Thermo Fisher, USA),
and overlaid with 75 p.l of mineral oil to prevent evaporation. Microplate
planktonic cultures were incubated at 37°C in a Wallac Victor® lumines-
cence plate reader (PerkinElmer, USA), and optical density at 600 nm
(ODggp; growth) and luminescence (counts per second [CPS]; gene ex-
pression) readings were taken every 20 min throughout 18 h of growth.
Data are shown from mid-log-phase, 7-h time points.

MIC assays. P. aeruginosa strains were cultured overnight in LB alone,
LB supplemented with 0.2% (wt/vol) salmon sperm DNA (USB, USA;

TABLE 2 Influence of the addition of extracellular DNA on the pH of
bacterial growth media

Medium pH

LB 7.02
LB + 0.03% DNA 6.51
LB + 0.06% DNA 6.4

LB + 0.125% DNA 6.12
LB + 0.20% DNA 5.75
LB + 0.25% DNA 5.52
LB + 0.50% DNA 4.81
LB + 1.00% DNA 4.22

BM2 7

BM2 + 0.03% DNA 7.02
BM2 + 0.06% DNA 6.95
BM2 + 0.125% DNA 6.91
BM2 + 0.25% DNA 6.78
BM2 + 0.50% DNA 6.4

BM2 + 1.00% DNA 5.73
LB (pH 5.5) 5.5

LB (pH 5.5) + L-Arg (0.4%) 8.25
LB + 0.20% DNA + 10 uM Mg>* 5.76

LB + 0.20% DNA + 10 pM Mg** + 10 mM Tris 7
LB + 0.20% DNA + 10 mM NaHCO, 7.4
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UB14405S2), or acidic LB at pH 5.5. Overnight cultures were normalized
and diluted 1,000-fold into fresh LB media of the same culturing condi-
tions (LB alone, supplemented with DNA, or at pH 5.5) in 96-well micro-
titer trays (Thermo Fisher, USA; 100 wl/well) containing a 2-fold dilution
series of antibiotic. Microplates were incubated for 24 h at 37°C to assess
the MIC of antibiotic required to inhibit bacterial growth below an OD,
of 0.1. MIC experiments were also performed in LB medium containing
0.2% (wt/vol) salmon sperm DNA and 0.4% (wt/vol) L-arginine (Sigma-
Aldrich, USA). Each MIC assay was performed at least three times, and
representative values are presented in the tables as specified below.

lux assay of antibiotic killing. Killing assays were carried out as pre-
viously described (35, 39). Briefly, mid-log-phase P. aeruginosa PAO1::
p16Slux cultures from LB alone, LB supplemented with 0.2% (wt/vol)
salmon sperm DNA, or acidic LB at pH 5.5 were washed and resuspended
in LB alone and added to each well of a microtiter plate containing various
concentrations of gentamicin or tobramycin (150 wl/well). Bacterial via-
bility was assessed by measuring luminescence (CPS) in the Wallac
Victor’ microplate reader every 2 to 5 min for 1 h at room temperature
(20°C). Relative survival was calculated by comparing antibiotic-treated
PAO1::p16Slux and untreated control bacterial suspensions. Each killing
experiment was performed at least five times, and representative curves
are shown.

Cultivation, imaging, and analysis of pH in flow cell biofilms. Bio-
films were cultivated in single-channel flow cells and stained with
C-SNARF-4 to measure the pH of biofilms as previously described (40).
Briefly, P. aeruginosa PAO1 was grown to mid-log phase at 37°C in LB
supplemented with 30 pg/ml of gentamicin (ODg,, = 0.6) and then sy-
ringe inoculated upstream of the sterilized flow chambers. After inocula-
tion, flow was arrested to promote bacterial adhesion for 2 h. Biofilms
were cultivated in 3 g/liter of dilute Trypticase soy broth (dTSB) with 5
pg/ml of gentamicin at a flow rate of 0.05 ml/min for 6 days. Once bio-
films reached maturity, flow cell inputs were clamped and the flow cham-
bers were injected with dTSB containing 10 uM C-SNARF-4 for biofilm
imaging within 15 min of C-SNARF-4 staining. Biofilm microcolonies
were visualized with a Leica DMIREB2 inverted microscope equipped
with an ORCA-ER digital camera and Openlab software (Improvision)
with the 100X objective. Z-stack slices of microcolony structure were
captured from the biofilm substratum to the bulk fluid layer above using
0.4-pm increments. Captured images of C-SNARF-4 fluorescence/pixel
intensity were analyzed using Quorum Angstrom Optigrid software. The
pH of biofilm microenvironments was quantified as previously described
(40). We calibrated 10 uM C-SNARF-4 in 1/10 TSB at pHs 5.6, 5.8, 6.0,
6.2, 6.4, 6.6, 6.8, 7.0, and 7.2 to assess the dye fluorescence profile at
488-nm excitation and emission in two channels, 525 nm and 605 nm
(Em 525 and Em 605, respectively). This combination of emission chan-
nels was used to generate a standard curve of ratios that represent specific
pH values as previously described (40). The pH microenvironments in
cultivated biofilms were determined from a series of two-channel optical
images by calculating the ratio of emission intensities between the two
channels (Em 605/Em 525) and comparing this value to the standard
curve generated as described above. Each biofilm cultivation experiment
was conducted two times, and 10 fields of view, consisting of 15 to 40
Z-stack slices, were acquired under each condition. The C-SNARF-4 flu-
orescence ratio was analyzed in 10 separate locations of 10 um?, in posi-
tions corresponding to the bulk fluid, biofilm periphery, and interior of
the microcolonies. Representative images are presented.

Cultivation, imaging, and analysis of pH in coverslip biofilms. Bio-
films were cultivated on 22-mm by 22-mm glass coverslips (VWR, USA)
submerged in 3 ml of LB medium in a six-well plate (Nunc, USA) at 37°C.
After 24 h, conditioned medium was replaced, and after 48 and 72 h of
incubation, coverslips were rinsed and stained (10 min) in the dark with
10 wM C-SNARF-4 (Life Technologies, USA) and 1 pg/ml of 4’,6-di-
amidino-2-phenylindole (DAPI; Life Technologies). After excess stain
was removed, coverslip biofilms were visualized with a Leica DMIREB2
inverted microscope equipped with an ORCA-ER digital camera and
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Openlab software (Improvision) with the 100X objective as described
above. The pH of biofilm microenvironments was quantified as described
above.

RESULTS

P. aeruginosa biofilms contain acidic microdomains. Biofilms
are bacterial aggregates that contain heterogeneous microenvi-
ronments due to the limited diffusion of oxygen, nutrients, and
metabolic waste products through the exopolysaccharide and
DNA matrix polymer structure (41). Several studies have em-
ployed ratiometric dyes and sensors to measure the pH gradients
occurring in microenvironments within biofilms (40, 42, 43). Al-
though these studies indicate that P. aeruginosa biofilms contain
acidic microdomains, the source and effects of the acidic condi-
tions on P. aeruginosa remain unknown. We hypothesized that the
accumulation of extracellular DNA (eDNA) in the biofilm matrix
may contribute to the formation of acidic microenvironments.
We first quantified how the addition of eDNA alters the pH of
common bacterial growth media. Addition of eDNA rapidly acid-
ified nonbuffered LB medium and was still able to acidify HEPES-
buffered BM2 defined medium, but to a lesser extent (Table 2).
The acidification is likely due to the phosphates on the phosphodi-
ester backbone acting as a source of protons.

In order to determine whether eDNA influences the acidifica-
tion of P. aeruginosa biofilms, we assessed the pH of structurally
simple, glass slide-adhered biofilms formed by the wild-type
PAOL strain. DAPI stain was used to show the accumulation of
eDNA in biofilm aggregates but not in the planktonic cells present
in the bulk fluid (Fig. 1A). The biofilm pH was determined using
the pH-sensitive ratiometric dye C-SNARF-4 as previously de-
scribed (40). After 2 days of biofilm cultivation, the DNA-staining
biofilm regions attained a reduced pH of 6.3 to 6.5, compared to
the neutral pH of 6.7 to 6.9 in the bulk fluid (Fig. 1A). After 3 days
of cultivation, the biofilm regions became increasingly acidic and
the pH was reduced to 6 (Fig. 1A). Interestingly, supplementation
of the growth media with 10 mM HEPES (pH 7) buffer neutralized
the interior of the biofilms over the course of 3 days (data not
shown). These results demonstrate that DNA-staining regions of
biofilms accumulate a reduced pH compared to that of the bulk
fluid.

To further examine the relationship between eDNA produc-
tion and biofilm pH, we cultivated flow chamber biofilms of wild-
type PAO1, as well as bacterial strains that were previously shown
to overproduce or underproduce eDNA as a secreted matrix poly-
mer. The P. aeruginosa bfmR gene encodes an essential regulator of
biofilm development, where mutation of this gene leads to biofilm
structures with increased bacterial cell lysis and eDNA release
(44). Conversely, the Pseudomonas quinolone signal (pgs) operon
is part of a biosynthetic pathway involved in Pseudomonas aerugi-
nosa quorum signaling, and mutation of this pathway leads to
biofilm structures that possess markedly less eDNA and are more
sensitive to detergent-mediated disruption (3). Flow chamber cul-
tivation of these bacterial strains for 6 days allowed us to assess the
pH within bacterial microcolonies in a steady state (40). Within
the flow chamber biofilms, we determined the pH in distinct re-
gions of the microcolony edges, the microcolony centers, and the
bulk fluid regions (Fig. 1B). Wild-type P. aeruginosa PAO1 micro-
colonies attained a reduced biofilm pH of 6 to 6.2, while the bio-
film pH in the AbfmR mutant had a more acidic interior of pH 5.5
to 5.8. We also demonstrated that biofilms formed by the pgsB::lux
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FIG 1 Visualization of acidic microdomains in glass-adhered and flow cham-
ber-cultivated Pseudomonas aeruginosa biofilms. (A) Bright-field image (left)
of DAPI-stained, glass-adhered biofilm (right). pH measurements were made
using the ratiometric pH dye C-SNARF in P. aeruginosa wild-type biofilms that
were costained with DAPI. Representative micrographs were captured at 48
and 72 h of biofilm cultivation. The data shown are the pH values in a 10-um?
area of either the bulk fluid, the biofilm periphery, or biofilm interior. Scale
bar, 10 pm. (B) Bright-field image slices of P. aeruginosa wild-type, AbfmR
(eDNA overproducer), and pgsB:lux (eDNA underproducer) microcolonies
after 6 days of flow chamber cultivation. pH measurements using C-SNARF in
P. aeruginosa wild-type, AbfmR, and pgsB::lux microcolonies were determined
in the bulk fluid, the biofilm-fluid interface, and biofilm core in the middle
depth of the microcolony. The white dotted lines delineate the adhered micro-
colony edges. Representative micrographs are presented, and data are the pH
values within a 10-pm? area. Scale bar, 10 wm.

mutant, which releases less eDNA than wild-type cultures, pro-
duced microcolonies with a relatively neutral pH, 6.2 to 6.6 (Fig.
1B). In general, the pH values in the bulk fluid and near the pe-
riphery of microcolonies tended to remain more neutral than in
the interior of biofilm microcolonies, except for the acidic bulk
fluid from the AbfmR strain, which may be due to the increased
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DNA and Acidic pH Induce Aminoglycoside Resistance

release of eDNA (44). Together, these results suggest a process
whereby the accumulation of bacterial eDNA contributes to the
formation of acidic microenvironments within biofilms.

Exogenous DNA acidifies planktonic cultures to induce P.
aeruginosa resistance to aminoglycosides. It is well known that
multiple bacterial species are aminoglycoside resistant when
grown under acidic pH conditions (45, 46). Since extracellular
DNA acidifies culture media and biofilms (Table 2; Fig. 1), we
wanted to decipher the contribution of acidification by eDNA to
aminoglycoside resistance. P. aeruginosa cultures supplemented
with eDNA (0.2%; 2 mg/ml) resulted in substantially higher MICs
for several aminoglycosides (Table 3). The addition of 0.2% DNA
reduced the pH of LB medium to ~5.75. There was no effect of
eDNA on the MIC for chloramphenicol or tetracycline, but inter-
estingly, there was a 2- to 8-fold increase in resistance to carbeni-
cillin (Table 3).

P. aeruginosa also demonstrated increased aminoglycoside re-
sistance under acidic (pH 5.5) conditions (Table 3), and there was
a gradual increase in the MIC of tobramycin as the pH decreased.
The MIC of tobramycin is 1 pg/ml at the neutral pH of 7 and
increases to 2, 4, and 8 pg/ml with corresponding decreases in pH
t0 6.5, 6, and 5.5. To confirm that acidification by eDNA was the
cause of increased aminoglycoside resistance, we attempted to
neutralize the pH in the presence of eDNA by adding 10 mM Tris
(pH 7.0) to the growth media, which partially restored the sensi-
tivity of the aminoglycosides (Table 4). Similarly, quenching the
cation chelation effects by addition of excess cations also partially
restored aminoglycoside susceptibility (Table 4). A low concen-
tration of magnesium was used (10 wM), since millimolar con-
centrations of cations antagonize aminoglycoside binding and in-
crease resistance (47). When we combined neutralizing the pH of
eDNA to 7 with Tris buffer with the addition of magnesium, ami-
noglycoside susceptibility was fully restored to the levels observed
in the absence of eDNA (Table 4). These results suggest that the
cation chelating and acidifying properties of eDNA act in a syner-
gistic fashion to promote resistance of planktonic P. aeruginosa to
aminoglycosides.

Under neutral pH with the addition of excess magnesium, it
does not appear that eDNA has the ability to bind and sequester
aminoglycosides (Table 4). However, previous research has high-
lighted that alginate, extracellular DNA, or other biofilm matrix
components can act as a shield that binds to aminoglycosides and
limits their penetration into the interior of biofilms (16, 34, 48).
To confirm that eDNA was not sequestering aminoglycosides un-
der these conditions, we performed kill curves of P. aeruginosa
PAOL1:p16Slux cultured in the presence and absence of 0.2%
eDNA, resuspended in LB alone, and challenged with gentamicin
or tobramycin for 1 h. Aminoglycosides quickly killed bacteria

TABLE 3 Acidification and extracellular DNA increases P. aeruginosa
resistance to aminoglycosides

MIC (p.g/ml)*
Growth condition Gm Tm Km Ak Sm Nm Cm Tet Cb
LB (pH 7) 4 1 4 4 50 60 80 20 40
LB (pH 5.5) 32 8 16 16 100 >128 80 20 80

LB +0.2% DNA 32 8 16 32 >200 >128 80 20 160

% Gm, gentamicin; Tm, tobramycin; Km, kanamycin; Ak, amikacin; Sm, streptomycin;
Nm, neomycin; Cm, chloramphenicol; Tet, tetracycline; Cb, carbenicillin.
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TABLE 4 DNA- and pH-induced aminoglycoside resistance in P.
aeruginosa PAOL1 is blocked by neutralizing the pH

MIC (pg/ml)

Medium condition pH Gm Tm
eDNA

LB + DNA (0.2%) 5.75 16 16

LB 7 4 2

LB + DNA + 10 pM Mg*™" 5.76 8 8

LB + DNA + 10 mM Tris 7.02 8 4

LB + DNA + 10 pM Mg** + 10 mM Tris 7 2 2

LB + DNA + L-Arg (0.4%) 8.25 4 2

LB + DNA + 10 mM NaHCO, 7.4 2 1
Acid pH

LB (pH 5.5) 5.5 8 8

LB 7 1

LB (pH 5.5) + 1-Arg (0.4%) 8.25 2 1

precultured in LB at pH 7, as measured by the rapid loss of lumi-
nescence over time (Fig. 2A and B). In contrast, PAO1::p16Slux
precultured in the presence of eDNA demonstrated greater toler-
ance to aminoglycosides, which was also true of cells precultured
atacidic pH (5.5) (Fig. 2A and B). Importantly, resistance was due
to an active resistance mechanism and not a loss of antibiotic
activity, since aminoglycosides incubated in acidic pH 5.5
maintained their antimicrobial activity in the disk diffusion
assay (Fig. 2C).

Acidic pH induces the expression of protective surface mod-
ifications through PhoPQ and PmrAB signaling. We have previ-
ously shown that eDNA binds and sequesters divalent cations,
which mimics a Mg** limiting environment and strongly induces
the expression of PhoPQ- and PmrAB-regulated genes (35, 38,
49). Since the accumulation of eDNA also leads to the acidifica-
tion of biofilms (Fig. 1), we wanted to determine if acidic pH was
itself an environmental condition that activates the PhoPQ and
PmrAB systems. We monitored the expression of multiple tran-
scriptional reporters under acidic pH conditions, including the
spermidine synthesis PA4773::lux reporter, which is controlled
solely by PmrAB (38), and the PA3553::lux reporter of the pmr
operon, which is controlled by both PhoPQ and PmrAB (50). We
also included an oprH-lux reporter of the outer membrane porin
because PhoPQ solely regulates oprH (50). We first tested their
expression in defined BM2 medium at neutral pH with limiting
concentrations of Mg“ (125 wM), and all three reporters were
strongly induced (Fig. 3A). We also demonstrated that all three
reporters of the PhoPQ and PmrAB systems were strongly in-
duced in defined BM2 medium with acidic pH compared to neu-
tral pH (Fig. 3B). We next tested the influence of acidic pH in rich
LB medium, and interestingly, only PA3553::lux and PA4773::lux
were highly induced (15- to 38-fold), while oprH showed a modest
(<2-fold) increase (Fig. 3C). The effect of pH was not limited to
pH 5.5, as both PA3553::lux and PA4773::lux reporters showed a
progressive gene induction response as the pH was gradually de-
creased from neutral to 5.5 (Fig. 3D).

To confirm the ability of PhoPQ or PmrAB to sense acidic (pH
5.5) conditions in P. aeruginosa, we measured the gene expression
of a plasmid-encoded PA3552 promoter-lux fusion introduced
into wt, phoP::xylE, phoQ::xylE, pmrA::xylE or pmrB::xylE mutant
backgrounds (Fig. 4A). The chromosomal PA3553::lux and plas-
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mid pPA3352-lux reporters have similar expression patterns un-
der the control of the promoter in front of PA3552. This analysis
revealed that pPA3552-1ux expression partially required PhoP but
was strictly dependent on PhoQ and PmrAB for expression at pH
5.5 (Fig. 4A). We performed a similar experiment measuring the
expression of the spermidine synthesis gene from a chromo-
somally encoded PA4773::lux fusion, as well as in double mutants
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FIG 2 Growth in the presence of extracellular DNA or under acidic conditions
promotes aminoglycoside resistance in Pseudomonas aeruginosa. Mid-log-
phase PAO1:p16Slux cells were grown in LB, LB at pH 5.5, or LB plus 0.2%
DNA, resuspended in LB (5 X 10” CFU), and treated with various concentra-
tions of gentamicin (A) or tobramycin (B). Luminescence (CPS) was mea-
sured as an indication of viability in Jux kill-curve experiments throughout 1 h
of antibiotic exposure. Cells were resuspended in LB buffer alone as a negative
control, and all data are expressed as percent survival relative to the untreated
control. Values shown are the means for at least 3 replicates. The standard
deviation was within *10% of the mean. (C) Aminoglycoside antibiotics were
resuspended in LB medium with a pH of 7 or 5.5 for 18 h and then spotted at
10 wg/disk or 5 pg/disk and applied to the aminoglycoside-sensitive Esche-
richia coli in a disk diffusion assay.
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in a phoPuxylE, phoQ:xylE, pmrA:xylE, or pmrB:xylE back-
ground. PmrAB was exclusively required to induce the spermidine
synthesis genes under acidic (pH 5.5) conditions (Fig. 4B).

Since PhoPQ and PmrAB both respond to limiting cations as
well as acidic pH, we wanted to determine if excess cations could
suppress the acid-mediated induction of PhoPQ- and PmrAB-
controlled genes. Indeed, the addition of increasing concentra-
tions of excess Mg>" did reduce the overall expression levels in
acidic media (Fig. 4C). However, even in the presence of 2 mM
Mg*", which normally represses expression at neutral pH (Fig.
3A), there was still an acid pH-mediated induction of all three
reporters of PhoPQ- and PmrAB-regulated genes (Fig. 4D). Col-
lectively, these data indicate that the PhoPQ and PmrAB systems
respond to acidic pH by inducing the expression of target genes
and that there is complex interplay between the two independent
environmental signals of acid pH and the cation concentration in
the growth media.

Spermidine and aminoarabinose modifications protect
planktonic P. aeruginosa from aminoglycoside killing. Given
our observations that acidic conditions increased P. aeruginosa
resistance to aminoglycosides (Tables 3 and 4) and induced the
expression of protective bacterial surface modifications (Fig. 3),
we hypothesized that resistance to aminoglycosides could be due
to a restricted outer membrane permeability mechanism. There-
fore, we compared the MICs of wild-type P. aeruginosa and mu-
tants with changes in the aminoarabinose modification of LPS and
spermidine synthesis pathways cultured under mildly acidic (pH
5.5) conditions or in the presence of eDNA. Under both condi-
tions, the aminoglycoside MICs were substantially lower for mu-
tants with changes in the aminoarabinose-modified LPS or sper-
midine synthesis pathways than for the wild-type P. aeruginosa
(Table 5). Acidic pH also promoted P. aeruginosa resistance to
polymyxin B (Table 5), reinforcing the observation that these
modifications protect the outer membrane from antimicrobial
peptides in limiting Mg*" or DNA-rich conditions (49, 51). These
data highlight a novel P. aeruginosa response under acidic condi-
tions, where spermidine production and the aminoarabinose-
modified LPS contribute to reducing the outer membrane perme-
ability and entry of aminoglycosides.

L-Arginine and sodium bicarbonate neutralize the pH and
restore P. aeruginosa sensitivity to aminoglycosides. A previous
report demonstrated that medium alkalinization upon addition of
the amino acid L-arginine enhanced the effects of aminoglycosides
on killing Gram-negative and Gram-positive bacteria in vitro and
in vivo during an infection (52). Therefore, to determine whether
L-arginine was capable of restoring aminoglycoside susceptibility
in the presence of eDNA, we assessed the MIC of P. aeruginosa in
the presence of gentamicin and tobramycin. The addition of 0.4%
unbuffered L-arginine neutralized the pH and completely restored
the aminoglycoside susceptibility of planktonic P. aeruginosa in

oprH-lux, PA3553::lux, and PA4774::lux compared to that in BM2 defined
medium at neutral pH 7 with 2 mM Mg>". (B) Influence of acidic pH (5.5) on
the expression of oprH-lux, PA3553::lux, and PA4774::lux compared to that in
BM2 defined medium at neutral pH 7. (C) Influence of mildly acidic pH (5.5)
in rich LB medium on the expression of oprH-lux, PA3553::lux, and PA4774::
lux. (D) Effects of various pH values ranging between 5.5 and 7 on the expres-
sion of PA3553::lux and PA4774:lux. All values shown are the averages and
standard deviations from 4 replicates. Gene expression is shown at ~7 h of
growth under the respective conditions.
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oprH-lux, PA3553:lux, and PA4773::lux reporters in BM2 defined medium adjusted to pH 5.5 with a range of exogenous Mg”* concentrations. (D) Despite the
presence of repressing levels of 2 mM Mg*", the oprH-lux, PA3553:lux, and PA4773:lux reporters are induced in BM2 defined medium adjusted to pH 5.5

compared to pH 7. All values are the averages and standard deviations from 4
conditions.

the presence of eDNA (Table 4). L-Arginine addition also neutral-
ized pH 5.5 conditions and restored sensitivity to gentamicin and
tobramycin (Table 4). We also tested the ability of sodium bicar-
bonate to restore aminoglycoside sensitivity, as sodium bicarbon-
ate production is deficient in CF airways, which results in acidic
airway surfaces. Similar to L-arginine, the addition of 10 mM so-
dium bicarbonate (NaHCO;) neutralized the pH and restored
aminoglycoside sensitivity in the presence of eDNA (Table 4).
These results demonstrate possible treatment strategies to en-
hance aminoglycoside killing of Pseudomonas aeruginosa, espe-
cially for DNA-rich infection sites, like the CF lung.

DISCUSSION

Biofilm structures are comprised of heterogeneous microenvi-
ronments and bacterial growth states due to the limited diffu-

TABLE 5 Spermidine and aminoarabinose cell surface modifications are
required for P. aeruginosa resistance to aminoglycosides under acidic
and DNA-enriched conditions

Strain or relevant MIC (pg/mb

genotype Growth condition Gm Tm PxnB*
PAOI LB (pH 5.5) 32 16 8
PA3553::lux LB (pH 5.5) 4 4 4
PA4774::lux LB (pH 5.5) 8 4 4
PAOIL LB + DNA (0.2%) 32 16 8
PA3553:lux LB + DNA (0.2%) <2 <2 2
PA4774::lux LB + DNA (0.2%) 2 2 2

“ PxnB, polymyxin B.

550 aac.asm.org

Antimicrobial Agents and Chemotherapy

replicates. Gene expression is shown at ~7 h of growth under the respective

sion of nutrients and oxygen, as well as the accumulation of
waste products (41). Previous research illustrated that secreted
EPS matrix polymers are responsible for the creation of distinct
exopolysaccharide microdomains within biofilms (53). Here,
we provide evidence that the accumulation of bacterial eDNA
in the extracellular matrix contributes to the generation of
acidic microdomains within P. aeruginosa biofilms. Depending
on the amount of eDNA released, biofilms can achieve pH values
ranging anywhere between pH 5.5 and 6.6 (Fig. 1).

We also demonstrate that acidic conditions act as a signal
that is perceived by and activates the P. aeruginosa PhoPQ and
PmrAB two-component systems. Previous research indicated
that mildly acidic conditions (pH 5.8) did not affect the expres-
sion of the P. aeruginosa pmrB::xylE transcriptional reporter (36).
However, we now realize that due to the sensor inactivation in the
pmrBuxylE reporter strain, this strain was incapable of responding
to pH 5.8 (36) (Fig. 4). P. aeruginosa responds to acidic pH simi-
larly to the Salmonella enterica PhoPQ and PmrAB homologs (54—
56). It is not yet clear why these Pseudomonas TCS appear to have
redundant functions in sensing magnesium limitation and acidic
pH, but the Salmonella PhoQ and PmrB sensors are well known to
detect multiple independent signals (55, 56). Despite this similar-
ity, these organisms employ distinct pathogenesis strategies as ex-
tracellular and intracellular pathogens and therefore encounter
acidic conditions in different niches. Salmonella enterica survives
transit through the acidic mammalian stomach and tolerates
the acidified phagosome of professional phagocytes (54, 55). In
contrast, P. aeruginosa likely encounters acidic pH when growing
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in DNA-rich biofilms and infection sites, such as the CF lung (49,
57, 58).

Acidic pH has long been known to confer resistance to ami-
noglycosides (45, 46). One possible mechanism indicated that
acidic conditions attenuate the inner membrane proton motive
force (PMF), thus reducing the active uptake of positively
charged antibiotics (45). Our results provide another mecha-
nism involving reduced binding and entry of aminoglycosides
across the outer membrane. Aminoglycosides are known to
bind to the same negative surface charges as antimicrobial pep-
tides and use the self-promoted uptake pathway to enter Gram-
negative cells (47). Therefore, it is not surprising that masking
these binding sites with aminoarabinose or spermidine con-
tributes to aminoglycoside resistance. This is the first report
linking aminoglycoside resistance to acidic or DNA-rich con-
ditions with the PhoPQ- and PmrAB-controlled surface mod-
ifications. The accumulating evidence suggests that aminoara-
binose-modified LPS and spermidine production act as a
generic shield to counter multiple outer membrane threats,
including protection from aminoglycosides and antimicrobial
peptides (49) and from the antimicrobial, membrane-targeting
action of DNA within neutrophil extracellular traps (NETs)
(59).

The CF patient lung can contain up to 20 mg/ml of DNA
(2%), which increases sputum viscosity and impedes sputum
clearance (22, 32). The importance of eDNA in CF disease pro-
gression is underscored by the use of inhaled DNase (Pul-
mozyme) that reduces sputum viscosity, inflammation, and
exacerbations and improves lung function and patient survival
(57, 58). CF patient sputum is enriched in eDNA, which is
largely derived from neutrophils and, to a lesser extent, bacte-
rial sources (22). Recent evidence suggests that neutrophil ex-
tracellular traps are deployed in the CF lung, indicating that
DNA accumulation is not solely due to cellular death but is also
derived from a NETosis immune response (2628, 60). Multi-
ple studies have reported that the airway pH, as determined by
measuring the pH of exhaled breath condensate, is more acidic
in CF patients than control measurements from healthy indi-
viduals without CF (61, 62). Other chronic respiratory condi-
tions also result in acidic pH measurements from the lung,
including bronchiectasis, chronic obstructive pulmonary dis-
ease, and asthma (62, 63). Therefore, the accumulation of
eDNA may contribute to acidification of sputum and amin-
oglycoside resistance in CF patients. An increased understand-
ing of the diverse functions of extracellular DNA helps to ex-
plain the antibiotic resistance phenotypes exhibited by biofilms
and during chronic CF lung infections. The use of simple pH-
buffering agents alongside aminoglycosides may be a novel
treatment strategy to combat chronic infection in the acidic,
DNA-enriched lungs of cystic fibrosis patients.
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