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ABSTRACT Antibiotic tolerance contributes to the inability of standard antimicro-
bial therapies to clear the chronic Pseudomonas aeruginosa lung infections that often
afflict patients with cystic fibrosis (CF). Metabolic potentiation of bactericidal antibi-
otics with carbon sources has emerged as a promising strategy to resensitize toler-
ant bacteria to antibiotic killing. Fumarate (FUM), a C4-dicarboxylate, has been re-
cently shown to resensitize tolerant P. aeruginosa to killing by tobramycin (TOB), an
aminoglycoside antibiotic, when used in combination (TOB�FUM). Fumarate and
other C4-dicarboxylates are taken up intracellularly by transporters regulated by the
alternative sigma factor RpoN. Once in the cell, FUM is metabolized, leading to en-
hanced electron transport chain activity, regeneration of the proton motive force,
and increased TOB uptake. In this work, we demonstrate that a ΔrpoN mutant dis-
plays impaired FUM uptake and, consequently, nonsusceptibility to TOB�FUM treat-
ment. RpoN was also found to be essential for susceptibility to other aminoglycoside
and C4-dicarboxylate combinations. Importantly, RpoN loss-of-function mutations
have been documented to evolve in the CF lung, and these loss-of-function alleles
can also result in TOB�FUM nonsusceptibility. In a mixed-genotype population of
wild-type and ΔrpoN cells, TOB�FUM specifically killed cells with RpoN function and
spared the cells that lacked RpoN function. Unlike C4-dicarboylates, both D-glucose
and L-arginine were able to potentiate TOB killing of ΔrpoN stationary-phase cells.
Our findings raise the question of whether TOB�FUM will be a suitable treatment
option in the future for CF patients infected with P. aeruginosa isolates that lack
RpoN function.
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Pseudomonas aeruginosa is an important pathogen in patients with cystic fibrosis
(CF), and chronic P. aeruginosa lung infection is a significant contributor to mor-

bidity and mortality (1, 2). Treatment with antibiotics such as the aminoglycoside
tobramycin (TOB) can control, but not eradicate, chronic P. aeruginosa infections (3, 4).
There is therefore an urgent need to identify novel treatment strategies that would
improve antibiotic efficacy in treating chronic P. aeruginosa lung infections.

The failure of antibiotics like TOB to clear P. aeruginosa can be attributed to a
combination of genetic determinants and environmental factors (5–7). Environmental
conditions, such as nutrient limitation, can trigger changes in bacterial physiology that
confer phenotypic antibiotic tolerance, which is defined as the survival of bacteria in
the presence of a concentration of a bactericidal antibiotic that would otherwise be
lethal (8). Antibiotic tolerance is reversible once the environmental conditions that
promoted the tolerant phenotype have changed. For instance, growth arrest and
metabolic dormancy triggered by high bacterial density and low nutrient availability
(conditions experienced by cells in stationary-phase cultures, biofilms, and the multi-
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cellular aggregates observed in the CF lung) contribute to tolerance to TOB and many
other antibiotics (9–18).

Nutrient limitation and the ensuing starvation response can promote tolerance to
TOB by reducing TOB entry into the cell. Aminoglycoside uptake into bacteria is energy
dependent and requires a threshold membrane potential (19–21). Cells that are met-
abolically quiescent have a decreased proton motive force (PMF) compared to actively
growing cells, and therefore, TOB entry is significantly reduced in cells that are starved
(22). Thus, nutrient supplementation combined with TOB is a logical strategy to regenerate
PMF, promote TOB uptake, and resensitize the cells to TOB. Indeed, the addition of various
metabolites to starved, tolerant cells in order to promote aminoglycoside uptake and
killing has been successfully employed by other groups (22–30). For instance, Meylan
et al. showed that fumarate (FUM), a C4-dicarboxylate, can sensitize starved, pheno-
typically tolerant P. aeruginosa cells to TOB killing (22).

P. aeruginosa uses two transporters, DctA and DctPQM, to take up C4-dicarboxylates
into the cell (31). Control over dctA and dctPQM transcription involves multiple players,
including the alternative sigma factor RpoN (31, 32). Consequently, RpoN is required for
growth on C4-dicarboxylates (31). Although RpoN is an important regulator of genes
involved in metabolism and virulence (33, 34), several studies have reported that the
loss of RpoN function is, somewhat paradoxically, a relatively common mechanism of
pathoadaptation to the CF lung (35–41). For instance, Smith et al. found that almost
20% of patients in their study had isolates with nonsynonymous or frameshift muta-
tions in rpoN (36).

Given the critical role of RpoN in promoting the expression of FUM transporters, we
hypothesized that P. aeruginosa lacking RpoN function would be nonsusceptible to TOB
and FUM combination treatment (TOB�FUM). We found that loss of RpoN function,
through either gene deletion or clinically observed loss-of-function point mutations,
renders P. aeruginosa nonsusceptible to TOB�FUM due to a lack of FUM uptake. This
finding raises concerns about whether TOB�FUM will be effective as a future treatment
modality for CF patients infected with P. aeruginosa RpoN loss-of-function mutants.

(Portions of this work were presented by C. W. Hall at the 2019 AMMI Canada-
CACMID Annual Conference [Ottawa, ON].)

RESULTS
FUM-mediated potentiation of TOB lethality is RpoN dependent. Survival of

PA14 wild-type and ΔrpoN stationary-phase cells was determined following incubation
for 4 h with or without various concentrations of TOB and/or 15 mM FUM (Fig. 1A), for
4 h with or without 64 �g/ml TOB and various concentrations of FUM (Fig. 1B), and for
various amounts of time with or without 64 �g/ml TOB and/or 15 mM FUM (Fig. 1C). In
the TOB concentration ([TOB])-dependent, FUM concentration ([FUM])-dependent, and
time-dependent killing assays, both wild-type and ΔrpoN cells were tolerant to TOB in
the absence of FUM. Moreover, FUM alone did not cause cell death or significant
growth. Wild-type cells were significantly more susceptible to TOB�FUM than TOB
alone, as previously described (22, 28); however, ΔrpoN cells remained tolerant to TOB
even in the presence of FUM under all [TOB], [FUM], and incubation times tested.
Introduction of the complementation vector pMQ70::rpoN restored susceptibility of
ΔrpoN stationary-phase cells to TOB�FUM (64 �g/ml TOB and 15 mM FUM for 4 h) (Fig.
1D). RpoN was also required for stationary-phase susceptibility to TOB with succinate
(SUC) (Fig. 2A), another C4-dicarboxylate, and to FUM combined with the aminoglyco-
side antibiotic gentamicin (GEN) (Fig. 2B) or amikacin (AMK) (Fig. 2C). Therefore, the
results suggest that RpoN is generally important for potentiation of aminoglycoside
lethality by C4-dicarboxylates in antibiotic-tolerant P. aeruginosa stationary-phase cells.
To ensure that RpoN was important for TOB�FUM susceptibility in another model of
antibiotic tolerance, we assessed TOB�FUM susceptibility of wild-type and ΔrpoN
colony biofilms. While TOB�FUM killed wild-type biofilms to a much greater extent
than TOB alone, there was no significant difference in the survival of ΔrpoN biofilms
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following TOB monotherapy or TOB�FUM combination treatment (see Fig. S1 in the
supplemental material).

Koeva et al. reported that TOB-resistant strains are not susceptible to TOB�FUM
treatment (28). We confirmed that the aminoglycoside MICs for the ΔrpoN mutant were
identical to those for the wild type (Table S1), indicating that increased resistance could
not explain the nonsusceptibility of the ΔrpoN mutant to TOB�FUM. The addition of
2 mM L-glutamine during the killing assay with TOB�FUM also did not render the
ΔrpoN mutant susceptible to TOB�FUM (Fig. S2), demonstrating that the dependence
of PA14 ΔrpoN on exogenous L-glutamine as a nitrogen source (42) did not influence
the lack of ΔrpoN TOB�FUM susceptibility.

Overall, the data presented above support our hypothesis that RpoN plays an
important role in mediating TOB�FUM susceptibility in the PA14 laboratory strain.

FUM is not taken up intracellularly and does not promote respiration or TOB
uptake in the �rpoN mutant. Meylan et al. found that the extracellular FUM concen-
tration decreases when stationary-phase cells are treated with FUM (22), suggesting
that FUM is taken up into the cell, where it is subsequently metabolized. Koeva et al.
made the interesting observation that strains that do not grow with FUM as the sole
carbon source are not susceptible to TOB�FUM treatment (28). FUM uptake through
the DctA and DctPQM transporters is transcriptionally regulated by RpoN (31). Thus,
ΔrpoN mutants, including our PA14 ΔrpoN strain (Fig. S3), fail to grow in minimal
medium with FUM as the sole carbon source (31). We therefore hypothesized that
regulation of FUM uptake by RpoN is an essential step in FUM-mediated potentiation
of TOB lethality.

To assess the extent of FUM uptake by PA14 and ΔrpoN cells, we measured the
concentration of extracellular FUM immediately after the addition of FUM to the
cultures (0 h) and following a 4-h incubation (Fig. 3A). In contrast to PA14/pMQ70,
extracellular [FUM] did not appreciably decrease after 4 h in FUM-treated ΔrpoN/pMQ70
cells, which is consistent with the inability of the ΔrpoN mutant to take up FUM.

FIG 1 Stationary-phase ΔrpoN cells are not susceptible to TOB�FUM treatment. (A) Survival of PA14 wild-type and ΔrpoN stationary-phase cells that were
incubated for 4 h with or without various concentrations of TOB and/or 15 mM FUM. (B) Survival of PA14 wild-type and ΔrpoN stationary-phase cells that were
incubated for 4 h with or without 64 �g/ml TOB and/or various concentrations of FUM. (C) Survival of PA14 wild-type and ΔrpoN stationary-phase cells that
were incubated for various periods of time with or without 64 �g/ml TOB and/or 15 mM FUM. (D) Survival of PA14 wild-type and ΔrpoN stationary-phase cells
carrying pMQ70 or pMQ70::rpoN following incubation for 4 h with or without 64 �g/ml TOB and/or 15 mM FUM. Data in panels A to D are presented as mean
log10 CFU per milliliter � standard errors of the means (SEM) for at least three biological replicates.
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Complementation of the ΔrpoN mutant with pMQ70::rpoN led to a significant reduction
in extracellular [FUM] after 4 h.

FUM potentiates TOB killing by promoting electron transport chain (ETC) activity,
which regenerates the PMF of stationary-phase cells and enables subsequent TOB
uptake across the cytoplasmic membrane (22). We assessed the ability of FUM to
promote respiration using a resazurin assay (Fig. 3B). Resazurin can be reduced to
fluorescent resorufin by components of the ETC. A small, basal increase in fluorescence
over time was observed for all strains in the absence of FUM. When PA14/pMQ70,
PA14/pMQ70::rpoN, and ΔrpoN/pMQ70::rpoN strains were treated with FUM, there was
a rapid increase in resazurin reduction to resorufin (Fig. 3B), which is suggestive of
increased ETC activity and metabolic reduction. In contrast, the addition of FUM to the
ΔrpoN/pMQ70 strain did not lead to an increase in fluorescence relative to the basal
fluorescence in the absence of FUM (Fig. 3B), suggesting that FUM does not promote
respiration in the ΔrpoN mutant. To confirm that the FUM-dependent increase in
resazurin reduction was due to ETC activity, we treated cells with the cytochrome c
oxidase inhibitor sodium azide (NaN3) in the presence or absence of FUM. NaN3

impaired FUM-dependent resazurin reduction in the wild type (Fig. S4).

FIG 2 RpoN is required for stationary-phase susceptibility to aminoglycosides combined with C4-
dicarboxylates. Shown are survival data for PA14 wild-type and ΔrpoN stationary-phase cells that were
incubated for 4 h with no treatment, various concentrations of an aminoglycoside, 15 mM a C4-
dicarboxylate, or an aminoglycoside with a C4-dicarboxylate. The tested aminoglycoside and C4-
dicarboxylate combinations were TOB�SUC (A), GEN�FUM (B), and AMK�FUM (C). Data are presented
as mean log10 CFU per milliliter � SEM for three biological replicates.
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To probe the role of the PMF generated by the ETC in TOB�FUM killing, we treated
cells with TOB�FUM in the presence of carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), a proton ionophore that dissipates the PMF (43). CCCP completely abolished
the ability of pMQ70::rpoN to restore ΔrpoN TOB�FUM susceptibility (Fig. 3C), which is
consistent with a role for the PMF in TOB�FUM killing.

Given that FUM was unable to promote increased ETC activity in the ΔrpoN mutant
(Fig. 3B), we anticipated that FUM treatment would also not lead to increased TOB
uptake in the ΔrpoN mutant. TOB accumulation was determined using a modified
version of a previously described microbiological assay (44). Stationary-phase cells
treated with TOB or TOB�FUM were lysed, and the lysate was added to plates that had
been inoculated with a lawn of TOB-sensitive Escherichia coli cells. Following incuba-
tion, the diameters of the zones of growth inhibition were measured. Larger zones of
inhibition were interpreted as being due to the presence of a relatively higher con-
centration of TOB in the lysate and, thus, a larger amount of intracellular TOB in P.
aeruginosa cells. We observed a larger zone of growth inhibition with lysates from PA14
cells treated with TOB�FUM than with those from PA14 cells treated with TOB alone,
suggesting that wild-type cells accumulated more TOB in the presence of FUM (Fig. 3D).
As predicted, no difference in the diameter of the zone of inhibition and, therefore, in
TOB accumulation was observed in TOB- versus TOB�FUM-treated ΔrpoN cells (Fig. 3D).
A picture of a representative experiment is shown in Fig. S5. Importantly, lysates from
untreated cells or cells treated with FUM alone did not produce zones of growth
inhibition on the lawn of E. coli cells (data not shown).

RpoN-independent expression of the DctA transporter is sufficient to promote
�rpoN TOB�FUM susceptibility. Given that RpoN is required for expression of the

FIG 3 FUM fails to promote respiration and TOB uptake in ΔrpoN cells. (A) Loss of rpoN impairs FUM uptake. Extracellular [FUM] in cultures of PA14 or ΔrpoN
stationary-phase cells carrying pMQ70 or pMQ70::rpoN was measured after 0 or 4 h. Data are presented as mean extracellular [FUM] and SEM for three biological
replicates. (B) FUM promotes respiration in wild-type but not ΔrpoN stationary-phase cells. Reduction of resazurin to resorufin was measured over time in PA14
or ΔrpoN stationary-phase cells carrying pMQ70 or pMQ70::rpoN exposed to 0 or 15 mM FUM. Data are shown as mean fluorescence intensity � SEM for two
independent experiments with 3 technical replicates per experiment. Since some data sets were obscured by others on the graph, roman numerals are used
to show the locations of the data sets. RFU, relative fluorescence units. (C) PMF is required for TOB�FUM killing. Shown are survival data for stationary-phase
cells following 4 h of treatment with or without CCCP and/or TOB�FUM. Data are presented as mean log10 CFU per milliliter � SEM for three biological
replicates. (D) FUM increases intracellular TOB accumulation in wild-type but not ΔrpoN stationary-phase cells. Zones of E. coli DH5� growth inhibition caused
by lysates of PA14 or ΔrpoN cells treated with TOB or TOB�FUM were used to approximate relative amounts of intracellular TOB. Data are shown as mean
diameters and SEM of the growth inhibition zones for two independent experiments. The dashed line indicates the limit of detection (the diameter of the wells).
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dctA and dctPQM FUM transporter genes (31), we hypothesized that the ΔrpoN strain
was not susceptible to TOB�FUM because FUM transporters were not expressed and
FUM was not being taken up by the cell. Thus, restoring FUM uptake by overexpressing
a FUM transporter should restore TOB�FUM susceptibility in the ΔrpoN mutant. We
constructed pMQ70::dctA, which carries the dctA C4-dicarboxylate transporter gene
under the control of PBAD, and introduced this plasmid into the wild-type and ΔrpoN
strains. DctA is a more efficient transporter than DctPQM at the millimolar FUM
concentrations used in the assay (31). The pMQ70::dctA plasmid restored FUM uptake
(indirectly measured as extracellular FUM depletion) in the ΔrpoN strain (Fig. 4A).
Consistent with this finding, pMQ70::dctA also promoted FUM-dependent respiration
(Fig. 4B). The pMQ70::dctA plasmid restored the susceptibility of ΔrpoN stationary-phase
cells to TOB�FUM (Fig. 4C), suggesting that a lack of FUM uptake can explain the
nonsusceptibility of the ΔrpoN mutant to TOB�FUM. CCCP treatment abolished the
ability of the pMQ70::dctA plasmid to promote TOB�FUM susceptibility in the ΔrpoN
mutant (Fig. 4D), indicating that TOB�FUM susceptibility of the ΔrpoN/pMQ70::dctA
strain was PMF dependent.

RpoN alleles from clinical isolates with predicted loss-of-function mutations
cannot rescue TOB�FUM susceptibility in the PA14 �rpoN mutant. Loss of RpoN
function is a recognized means of P. aeruginosa pathoadaptation to the CF lung;
however, only some reports have documented specific rpoN mutations that are ob-
served clinically in CF isolates. The AAJ010 isolates used by Huus et al. (45) carried the
rpoN nonsynonymous amino acid change L343S arising from a T1028C mutation (Alex
Wong, personal communication). The Danish transmissible DK2 lineage carried a
T1256C missense, loss-of-function mutation leading to an L419P amino acid change (37,
46). Smith et al. found rpoN missense, nonsense, and frameshift mutations in isolates
from several CF patients, including a C1346T mutation leading to A449V that was
predicted to negatively impact RpoN function (36). The L343S, L419P, and A449V
mutations all map to the RpoN DNA binding domain (Fig. 5A).

We constructed pMQ70::rpoNL343S, pMQ70::rpoNL419P, and pMQ70::rpoNA449V and
assessed the ability of these plasmids to complement the ΔrpoN mutant in TOB�FUM

FIG 4 RpoN-independent DctA expression restores TOB�FUM susceptibility in ΔrpoN stationary-phase cells. (A) Extracellular [FUM] in cultures of PA14 or ΔrpoN
stationary-phase cells carrying pMQ70 or pMQ70::dctA was measured after 0 or 4 h. Data are presented as mean extracellular [FUM] and SEM for three biological
replicates. (B) Reduction of resazurin to resorufin was measured over time in PA14 or ΔrpoN stationary-phase cells carrying pMQ70 or pMQ70::dctA exposed
to 0 or 15 mM FUM. Data are shown as mean fluorescence intensities � SEM for two independent experiments with 3 technical replicates per experiment. Since
some data sets were obscured by others on the graph, roman numerals are used to indicate the locations of the data sets. (C) Survival of PA14 wild-type and
ΔrpoN stationary-phase cells carrying pMQ70 or pMQ70::dctA following incubation for 4 h with or without 64 �g/ml TOB and/or 15 mM FUM. Data are presented
as mean log10 CFU per milliliter � SEM for three biological replicates.
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killing assays (Fig. 5B). The plasmids carrying the L343S and the L419P rpoN alleles were
unable to restore TOB�FUM susceptibility to an appreciable extent in ΔrpoN stationary-
phase cells, indicating that these were loss-of-function mutations. The A449V mutation
did not lead to a loss of RpoN function in the killing assay given that pMQ70::rpoNA449V

was able to restore TOB�FUM killing of the ΔrpoN strain to wild-type levels (Fig. 5B).
This result was not entirely unexpected given the conservative nature of the A449V
amino acid change. Overall, these data suggest that some rpoN missense mutations
observed in P. aeruginosa CF clinical isolates can lead to TOB�FUM nonsusceptibility.

TOB�FUM kills wild-type cells and spares �rpoN cells in mixed-genotype
cultures. P. aeruginosa within the CF lung is genetically and phenotypically heteroge-
neous. It is therefore likely that bacteria retaining RpoN function (RpoN�) and bacteria
with pathoadaptive loss of RpoN function (RpoN�) coexist in the lungs of a given
patient. To model a heterogeneous population, we mixed stationary-phase PA14-lacZ
(RpoN�) and ΔrpoN (RpoN�) cells at various PA14-lacZ/ΔrpoN starting ratios (1:100,
1:10, 1:1, 10:1, and 100:1) and incubated the populations for 4 h without treatment or
with TOB�FUM treatment (64 �g/ml TOB and 15 mM FUM). Survival of each genotype
was assessed by colony counting on plates supplemented with 5-bromo-4-chloro-3-
indolyl-�-D-galactoside (X-gal) or both X-gal and tetracycline (TET). PA14-lacZ cells were
selectively killed, while ΔrpoN cells were spared upon treatment of the mixed-genotype
populations with TOB�FUM (Fig. 6A to E). The colony counts of the PA14-lacZ and
ΔrpoN strains were also used to calculate log10 PA14-lacZ/ΔrpoN ratios under each
condition (Fig. 6F). The PA14-lacZ/ΔrpoN ratios of the inocula were similar to the
PA14-lacZ/ΔrpoN ratios of the untreated bacteria, indicating that the relative genotype
proportions in the population remained stable over 4 h in the absence of TOB�FUM.
In the presence of TOB�FUM, however, the PA14-lacZ/ΔrpoN ratios decreased. Overall,
these data support the conclusion that in mixed-genotype stationary-phase popula-
tions, cells with intact RpoN function are killed by TOB�FUM, while cells lacking RpoN
function survive treatment with TOB�FUM. The consequence is enrichment of RpoN�

cells within the population relative to RpoN� cells. While the experimental system is

FIG 5 Loss-of-function RpoN alleles from CF clinical isolates impair TOB�FUM killing. (A) Schematic representation of RpoN showing some mutations in the
DNA binding domain that have been previously observed in CF clinical isolates. aa, amino acids. (B) Survival of PA14 wild-type and ΔrpoN stationary-phase cells
carrying pMQ70, pMQ70::rpoN, or pMQ70::rpoN with clinically relevant point mutations following incubation for 4 h with or without 64 �g/ml TOB and/or 15 mM
FUM. Data are presented as mean log10 CFU per milliliter � SEM for three biological replicates.
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simplistic, these data suggest that TOB�FUM treatment may select for RpoN� cell
survival in more complex settings, such as in the CF lung, where RpoN loss of function
is known to evolve. The clinical consequences of a high proportion of RpoN� isolates
in the CF lung are not known and require further study if TOB�FUM is to be used as
a future treatment option for chronic P. aeruginosa lung infections.

L-Arginine or D-glucose can promote TOB killing of �rpoN stationary-phase
cells. Faced with the unsuitability of TOB�FUM and of other aminoglycosides with
C4-dicarboxylate combinations for killing of ΔrpoN cells, we wondered if metabolites
other than C4-dicarboxylates would be able to potentiate TOB killing of the ΔrpoN
mutant. Unbuffered L-arginine (ARG) was previously shown to promote TOB killing of
wild-type P. aeruginosa cells (23, 27). We found that TOB�ARG treatment (64 �g/ml
TOB and 10 mM ARG) was also effective at killing ΔrpoN cells (Fig. 7).

Other than FUM and SUC, Meylan et al. found other carbon sources, such as acetate,
gluconate, and D-glucose (GLC), that potentiated TOB lethality (22). We did not observe
significant killing with 30 mM acetate and 64 �g/ml TOB in either PA14 or ΔrpoN cells

FIG 6 TOB�FUM specifically kills cells with RpoN function in mixed-genotype populations. (A to E) PA14-lacZ and ΔrpoN stationary-phase cells were mixed at
1:100 (A), 1:10 (B), 1:1 (C), 10:1 (D), and 100:1 (E) ratios, and survival of individual genotypes was determined prior to treatment (0 h) or following 4 h of
incubation with either no treatment or TOB�FUM (64 �g/ml TOB and 15 mM FUM). Data are presented as mean log10 CFU per milliliter � SEM for three
biological replicates. (F) Data in panels A to E were used to calculate log10 PA14-lacZ/ΔrpoN ratios of the populations. TOB�FUM treatment consistently reduced
the log10 PA14-lacZ/ΔrpoN ratios, indicating a decrease in PA14-lacZ cells relative to ΔrpoN cells in the population.
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(data not shown). Moreover, we did not test the ability of gluconate to potentiate TOB
killing of ΔrpoN cells because ΔrpoN cultures have been shown to accumulate gluco-
nate, suggesting a defect in gluconate utilization (47). Intriguingly, GLC was able to
potentiate TOB killing of PA14 and, to a slightly lesser extent, the ΔrpoN mutant (Fig.
7). Determining whether ARG and GLC also promote TOB killing by enhancing respi-
ration and TOB uptake will be the topic of future study. TOB combined with either ARG
or GLC may prove to be a more attractive combination therapy than TOB�FUM in the
setting of a high burden of RpoN loss-of-function mutants.

DISCUSSION

Chronic bacterial infections that are recalcitrant to standard antimicrobial treatment
regimens contribute to patient morbidity and mortality, promote the emergence of
antibiotic resistance, and pose a significant cost to the health care system (48–50). It is
important to acknowledge that chronic infections involve a complex combination of
antibiotic tolerance, antibiotic resistance, and host factors (7, 51). Therefore, different
treatment strategies, likely used in combination, will be needed in order to address
these mechanistically different phenomena. Novel therapeutic strategies, such as met-
abolic potentiation of existing antibiotics, have been proposed in order to specifically
combat antibiotic tolerance (29, 52). TOB�FUM was recently identified as a combina-
tion treatment that can kill antibiotic-tolerant P. aeruginosa (22, 28), which contributes
to the chronic lung infections that afflict patients with CF. Genetic requirements for
TOB�FUM susceptibility have not been previously explored.

In this work, we have shown that the sigma factor RpoN is required for susceptibility
of antibiotic-tolerant P. aeruginosa stationary-phase and biofilm cells to TOB�FUM as
well as to other aminoglycoside and C4-dicarboxylate combinations. RpoN is an acti-
vator of C4-dicarboxylate transporter gene expression (31), and we have shown that
the nonsusceptibility of ΔrpoN cells to TOB�FUM is due to a loss of FUM uptake. The
proposed mechanism is presented schematically in Fig. 8. Importantly, RpoN loss-of-
function mutations are often seen in P. aeruginosa strains isolated from the CF lung (38),
and we observed that clinical RpoN loss-of-function mutations result in TOB�FUM
nonsusceptibility. Moreover, TOB�FUM selectively killed cells retaining RpoN function
and spared cells with loss of RpoN function in a heterogenous population, effectively
leading to selection for rpoN mutant survival. Whether TOB�FUM also selects for the
evolution of rpoN mutations will be addressed in the future by experimentally evolving
wild-type populations exposed in vitro to TOB�FUM. Overall, our data suggest that
TOB�FUM might not be an effective strategy to eradicate P. aeruginosa from the lungs
of CF patients with a high burden of RpoN loss-of-function mutants. However, further
in vitro experiments with clinical isolates and clinical data from animal and human trials

FIG 7 L-Arginine or D-glucose can potentiate TOB killing of ΔrpoN cells. Shown are survival data for PA14
wild-type and ΔrpoN stationary-phase cells following incubation for 4 h with or without 64 �g/ml TOB
in the presence or absence of 10 mM L-arginine (ARG) or 10 mM D-glucose (GLC). Data are presented as
mean log10 CFU per milliliter � SEM for three biological replicates.
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will be needed to further validate this concern. In light of our work, we suggest that
clinical trials assessing TOB�FUM effectiveness should consider stratifying patients
based on the relative frequency of isolates with rpoN mutations to determine if this
parameter influences treatment response. Allelic frequency could be determined by
FREQ-Seq (frequency sequencing) (53), which has been previously used to determine
the frequency of lasR mutants in CF sputum samples (54).

Recently, exciting strategies have been proposed to prevent the expression of
RpoN-regulated virulence factors such as flagella in an effort to impair P. aeruginosa
pathogenicity (55–57). While these strategies are likely to be relevant in the context of
acute infectious processes that rely on RpoN-dependent virulence factors, they are
unlikely to be helpful in the context of chronic P. aeruginosa CF lung infections where
RpoN loss of function seems to provide a fitness benefit. Several theories have been
proposed to explain why rpoN mutants evolve in the CF lung. These include immune
evasion (35) and improved anaerobic survival (58). Perhaps rpoN mutation is also
beneficial because it renders bacteria relatively insensitive to antibiotic potentiation by
certain metabolites, like C4-dicarboxylates. Some support for this conjecture can be
found in the recent observation that, unlike for RpoN� strains, TOB susceptibility of the
RpoN� DK2 strain is not increased by host-derived metabolites (30). Indeed, nutritional
conditions in the CF lung have been previously shown to play a role in selection for
antibiotic-tolerant lasR mutants (59). Whatever the underlying reason(s) may be for
pathoadaptive loss of RpoN function in the context of the CF lung, what this means
for patient outcomes has not been investigated and would be an interesting avenue for
future study.

While our data suggest that aminoglycosides combined with C4-dicarboxylates
might not be effective in killing P. aeruginosa isolates with RpoN loss of function, we
have shown that two other carbon sources, ARG and GLC, can potentiate TOB killing of
both wild-type and ΔrpoN antibiotic-tolerant cells. In P. aeruginosa, GLC diffuses across
the outer membrane through the OprB porin into the periplasm (60, 61). From there,
GLC either is directly transported across the inner membrane via the Glt transporter or
is converted to gluconate or 2-ketogluconate, which is transported into the cell
through GntP or KguT, respectively (60, 61). In the cytoplasm, GLC, gluconate, and

FIG 8 Proposed model for RpoN-dependent susceptibility to TOB�FUM. (Left) In the wild-type RpoN� strain, FUM enters the cell through C4-dicarboxylate
transporters (e.g., DctA) that are transcriptionally regulated by RpoN. Once in the cell, FUM is metabolized in the TCA cycle to produce reducing equivalents
that promote ETC activity. Increased respiration leads to regeneration of the membrane potential, TOB uptake, and subsequent TOB-dependent cell death.
(Right) On the other hand, in the ΔrpoN RpoN� strain, the lack of functional RpoN means that C4-dicarboxylate transporters are not expressed, and FUM cannot
enter the cell. As a consequence, TOB uptake is not increased, and the cell remains tolerant to TOB.
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2-ketogluconate are then converted to 6-phosphogluconate, which is metabolized via
the Entner-Doudoroff pathway to produce pyruvate and, ultimately, acetyl-CoA that
can enter the tricarboxylic acid (TCA) cycle (60, 61). Transcription of the genes involved
in GLC uptake and metabolism is highly regulated by several transcription factors,
including the repressors HexR, PtxS, GntR, and GltR as well as the activator PtxR (60, 61).
Additionally, some genes involved in glucose metabolism are under catabolite repres-
sion control (60, 61). GLC (and gluconate) metabolism is dysregulated in ΔrpoN cells,
likely due to the importance of RpoN in alleviating catabolite repression control
imposed by Crc through the two-component system CbrAB and the small RNA (sRNA)
crcZ (47). ARG can be metabolized as a carbon and nitrogen source via four catabolic
pathways in P. aeruginosa (62). Genes involved in ARG uptake and metabolism are
regulated by the ArgR transcriptional regulator and, under anaerobic conditions, by Anr
(63–65). Catabolite repression control also plays an important role in regulating ARG
utilization (66). In spite of the importance of RpoN in indirectly regulating efficient
utilization of GLC and ARG through fine-tuning of catabolite repression control, ΔrpoN
mutants can still use these substrates as carbon sources, unlike the case for C4-
dicarboxylates (67, 68). If TOB�ARG and TOB�GLC proceed down the developmental
pipeline as potential therapeutics for CF patients infected with P. aeruginosa, it will be
important to understand mechanisms of nonsusceptibility to these treatments.

Metabolic potentiation of antibiotic activity has tremendous potential to help
patients who are battling chronic bacterial infections that are tolerant to antibiotics.
Taking the case of TOB�FUM and P. aeruginosa as an example, we propose that when
developing antibiotic and metabolite combinations for a given infection, it will be
important to consider whether genetic mutations impairing sensing, uptake, and/or
metabolism of the metabolite can evolve or are already present in the bacterial
population. Ultimately, we hope that the work presented here will help guide efforts to
personalize TOB�FUM treatment to CF patients who will benefit the most from this
combination therapy.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids are listed in Table S2 in the

supplemental material. Primers used in this study are listed in Table S3. Our laboratory’s wild-type
UCBPP-PA14 (PA14) strain (69) and the isogenic ΔrpoN mutant were routinely cultured aerobically in
LB-Miller broth (Bio Basic) supplemented with 2 mM L-glutamine (Bio Basic). M9 medium was prepared
as a 5� stock (33.9 g/liter Na2HPO4, 15 g/liter KH2PO4, 2.5 g/liter NaCl, 5 g/liter NH4Cl). 1� M9 medium
was sterilized by autoclaving and supplemented with 2 mM MgSO4 and 0.1 mM CaCl2. When needed,
media were solidified with 1.5% agar (Bio Basic). Plasmids were constructed using standard molecular
cloning techniques and mobilized into E. coli DH5� or S17-1 (70) by CaCl2 chemical transformation.
Plasmids were introduced into P. aeruginosa strains by conjugation with E. coli S17-1. When required for
selection or plasmid maintenance, antibiotics were used at the following concentrations: 100 �g/ml
ampicillin (AMP), 20 �g/ml GEN, and 20 �g/ml nalidixic acid (NAL) for E. coli and 150 to 200 �g/ml
carbenicillin (CAR), 50 �g/ml GEN, and 100 �g/ml TET for P. aeruginosa.

Construction of the �rpoN mutant. Deletion of rpoN in PA14 was achieved using two-step allelic
exchange (71). Briefly, regions upstream and downstream of the rpoN coding region were amplified by
PCR using the rpoNdelUF/rpoNdelUR and rpoNdelDF/rpoNdelDR primer pairs. Fragments were cloned
into pEX18Gm (72) using standard molecular cloning techniques to create pEX18Gm::ΔrpoN. pEX18Gm::
ΔrpoN was mobilized into P. aeruginosa by conjugation with E. coli S17-1 and plating onto LB agar
supplemented with 2 mM L-glutamine, 50 �g/ml GEN, and 20 �g/ml NAL. GEN-resistant colonies were
counterselected on no-salt LB agar plates supplemented with 10% sucrose (Wisent) and 2 mM
L-glutamine. Sucrose-resistant, GEN-susceptible colonies were screened by PCR for the ΔrpoN allele with
the rpoNDxF/rpoNDxR primer pair. We further confirmed that our ΔrpoN mutant had decreased pyocy-
anin production compared to wild-type PA14 and was unable to swim and to twitch (data not shown),
since loss of rpoN has been previously reported to lead to these phenotypes (68, 73).

Construction of pMQ70 derivatives. The coding regions of rpoN and dctA were amplified by PCR
from PA14 genomic DNA using primers pMQrpoNF/pMQrpoNR and pMQdctAF/pMQdctAR, respectively.
An engineered ribosomal binding site was included in the forward primers upstream of the start codon.
Point mutations were introduced into rpoN by splicing by overlap extension PCR with complementary
primers carrying the desired mutation. Briefly, upstream fragments were amplified using pMQrpoNF with
L343S_R, L419P_R, or A449V_R, and downstream fragments were amplified using pMQrpoNR with
L343S_F, L419P_F, or A449V_F. Upstream and downstream fragments were then used as the templates
for a second PCR with the pMQrpoNF/pMQrpoNR primer set in order to splice the fragments. Amplified
genes were cloned downstream of the arabinose-inducible PBAD promoter in SacI/HindIII-digested
pMQ70 (74). Plasmids were sequenced using pMQseqF and pMQseqR (StemCore Laboratories, Ottawa
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Hospital Research Institute). Sequence-verified plasmids were mobilized into P. aeruginosa strains by
conjugation with E. coli S17-1, and transconjugants were selected on LB agar supplemented with 2 mM
L-glutamine, 200 �g/ml CAR, and 20 �g/ml NAL.

MIC assays. MIC assays were performed in LB broth with 2 mM L-glutamine using broth macrodi-
lution or broth microdilution methods as outlined in guideline M07-A10 from the Clinical and Laboratory
Standards Institute (CLSI) (Wayne, PA, USA) (75). Assay mixtures were incubated statically at 37°C for
16 to 18 h. The MIC was interpreted as the lowest concentration of antibiotic that prevented visible
growth.

Stationary-phase killing assay. The killing assay for stationary-phase cells was adapted from
previously reported protocols (22, 28). Briefly, 50 ml of LB broth supplemented with 2 mM L-glutamine in
a 250-ml Erlenmeyer flask was inoculated at a 1:10,000 dilution with stationary-phase cultures grown
overnight. A total of 150 �g/ml CAR was added as necessary for maintenance of pMQ70 derivatives.
Cultures were grown aerobically to stationary phase at 37°C at 225 rpm for 16 to 18 h. If bacteria carried
pMQ70 derivatives, PBAD activity was induced in the stationary-phase cultures by adding L-(�)-arabinose
(Sigma) to a final concentration of 0.2% (from a 10% [wt/vol] stock in water) and incubating the cultures
at 37°C at 225 rpm for an additional 2 h. Stationary-phase cells were harvested by centrifugation, washed
in 10 ml phosphate-buffered saline (PBS) (pH 7.4), and then resuspended in 1 volume of M9 medium.
Cells were aliquoted into separate glass culture tubes. When indicated, 50 �M CCCP (Sigma) was added
to the cells 15 min prior to the addition of antibiotics and carbon sources. CCCP was prepared as a 10 mM
stock in dimethyl sulfoxide. Aminoglycoside antibiotics and carbon sources (concentration normalized to
60 mM total carbon unless indicated otherwise) were added to the cells, and the cells were incubated at
37°C at 225 rpm. Tobramycin sulfate (Research Products International), gentamicin sulfate salt (Sigma),
and amikacin hydrate (Sigma) were prepared as 10-mg/ml stocks in sterile water. Sodium fumarate
dibasic (Sigma), sodium succinate dibasic (Sigma), L-arginine monohydrochloride (Sigma), and D-glucose
(Fisher Scientific) were prepared as sterile 1 M stocks in water and used at the indicated concentrations.
Following treatment (4 h unless otherwise indicated), aliquots of cells were washed in PBS. Cell survival
was assessed by serial microdilution in PBS and drop plating triplicate 10-�l spots for each dilution onto
LB agar plates supplemented with 2 mM L-glutamine. A total of 100 �g/ml TET and/or 40 �g/ml X-gal was
added to plates when necessary to differentiate PA14-lacZ (76) and ΔrpoN colonies. Plates were
incubated for 18 h at 37°C prior to colony counting, and survival for each strain under the different
treatment conditions was expressed as log10 CFU per milliliter.

Colony biofilm killing assay. The colony biofilm assay was performed as described previously (22,
28). Briefly, UV-sterilized 0.2-�m polycarbonate membrane discs (GVS Life Sciences) were placed on LB
agar plates supplemented with 2 mM L-glutamine and inoculated with 5 � 105 CFU from PA14 or ΔrpoN
cultures grown overnight. Biofilms were incubated at 37°C for 4 h prior to being transferred to M9 plates
with or without 16 �g/ml TOB and/or 15 mM FUM for an additional 20 h. Biofilms were homogenized in
PBS by vortexing. Survival was assessed by serial microdilution and drop plating of the dilutions onto LB
agar plates supplemented with 2 mM L-glutamine. Plates were incubated for 18 h at 37°C prior to colony
counting, and survival for each strain under the different treatment conditions was expressed as log10

CFU per biofilm.
Extracellular FUM quantification. For extracellular FUM quantification, stationary-phase cells were

prepared in M9 medium as described above for the killing assay. Cells were treated with 15 mM FUM for
0 h or 4 h, after which supernatants were collected and filter sterilized. The concentration of FUM in the
supernatants was determined using the colorimetric fumarate assay kit (Sigma) exactly as described by
the manufacturer.

Respiration assay. For the respiration assay, stationary-phase cells were prepared in M9 medium as
described above for the killing assay. Resazurin sodium salt (Sigma) was prepared as a sterile 1-mg/ml
stock in water and added to a final concentration of 0.1 mg/ml, followed by 0 or 15 mM FUM. When
indicated, 0.1% NaN3 was also added. Cells were aliquoted into a 96-well plate, and the plate was
incubated with shaking at 37°C in a Synergy HT multimode plate reader (BioTek). Resazurin reduction to
resorufin was measured by fluorescence (excitation wavelength [Ex]/emission wavelength [Em] of
550/590 nm, with a gain of 55).

TOB accumulation assay. Intracellular TOB accumulation was indirectly assayed using a modified
version of a previously described qualitative microbiological assay (44). Stationary-phase cells were
prepared as described above for the TOB�FUM killing assay in M9 medium and subsequently treated for
1 h with 64 �g/ml TOB or 64 �g/ml TOB and 15 mM FUM. After treatment, 1 ml of cells was washed once
in PBS to remove extracellular antibiotic, and cells were subsequently lysed for 1 h at room temperature
in 100 �l of 0.1 M glycine (pH 3.0). The lysate was dried using a nitrogen evaporator (Organomation). The
dried lysate was resuspended in 50 �l of sterile water. LB agar plates were freshly inoculated with a lawn
of E. coli DH5� cells, and wells were punched into the agar. The lysate was added to wells. The plates
were incubated at 37°C for 16 h, after which the diameter of the zone of E. coli DH5� growth inhibition
was measured. A larger zone of growth inhibition was interpreted as being due to an increased amount
of tobramycin present in the P. aeruginosa cell lysate.

Statistical analysis. GraphPad Prism 7 software was used to prepare all graphs and to perform all
statistical analyses. Unless otherwise stated, two-way analysis of variance (ANOVA) was performed with
either Tukey’s or Sidak’s multiple-comparison test. The level of statistical significance is presented for
relevant comparisons in the figures (ns, not significant [P � 0.05]; *, P � 0.05; **, P � 0.01; ***, P � 0.001;
****, P � 0.0001).
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