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ABSTRACT High-throughput screening of transposon insertion libraries is a useful
strategy for unveiling bacterial genes whose inactivation results in an altered sus-
ceptibility to antibiotics. A potential drawback of these studies is they are usually
based on just one model antibiotic for each structural family, under the assumption
that the results can be extrapolated to all members of said family. To determine if
this simplification is appropriate, we have analyzed the susceptibility of mutants of
Pseudomonas aeruginosa to four aminoglycosides. Our results indicate that each mu-
tation produces different effects on susceptibility to the tested aminoglycosides,
with only two mutants showing similar changes in the susceptibility to all studied amin-
oglycosides. This indicates that the role of a particular gene in the resistome of a given
antibiotic should not be generalized to other members of the same structural family.
Five aminoglycoside-hypersusceptible mutants inactivating glnD, hflK, PA2798, PA3016,
and hpf were chosen for further analysis in order to elucidate if lower aminoglycoside
susceptibility correlates with cross-hypersusceptibility to other antibiotics and with im-
paired virulence. Our results indicate that glnD inactivation leads to increased cross-
susceptibility to different antibiotics. The mutant in this gene is strongly impaired in
virulence traits such as pyocyanin production, biofilm formation, elastase activity,
and swarming motility and the ability to kill Caenorhabditis elegans. Thus, GlnD
might be an interesting target for developing antibiotic coadjuvants with antiresis-
tance and antivirulence properties against P. aeruginosa.
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Pseudomonas aeruginosa is an opportunistic pathogen, widely distributed in nature
(1), which causes a variety of nosocomial infections. It is the main cause of chronic

infections in patients with cystic fibrosis (CF) or patients afflicted by chronic obstructive
pulmonary disease (2, 3). These infections are usually treated with a set of antibiotics
that include �-lactams, polymyxins, and aminoglycosides (4), such as tobramycin or
amikacin (5, 6). Acquisition of antibiotic-inactivating enzymes through horizontal gene
transfer is fundamental in the development of antibiotic resistance by P. aeruginosa (7).
In addition, resistant mutants are frequently selected during antibiotic treatment, particu-
larly in the case of chronic infections (8–10), which hinder the efficacy of antipseudomonal
therapy. Identification of the elements that contribute to a reduced susceptibility to
antibiotics, as well as those whose inactivation increases resistance, is relevant for
understanding the mechanisms involved in P. aeruginosa antibiotic resistance. To this
end, high-throughput screening of transposon insertion mutants in search for mutants
presenting altered susceptibilities to antimicrobial agents has been shown to be a
fruitful strategy (11, 12). Different studies based in the use of transposon-insertion
mutants have identified P. aeruginosa genes whose inactivation modifies the suscep-
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tibility to antibiotics of this pathogen (13–18). However, these studies are frequently
performed using only one antibiotic for each studied group, under the assumption that
the results can be extrapolated to other members of the same structural family of
antimicrobials (14, 17–19). In the current article, we challenge this hypothesis by
analyzing the susceptibility of a large set of P. aeruginosa mutants to four aminogly-
cosides, namely, tobramycin, amikacin, streptomycin, and kanamycin, by using data
obtained from in-house screening and previously published data (16, 18). Our studies
may help to elucidate whether the use of one antibiotic provides enough information
to conclusively assess the implication of a gene in resistance to a whole family of
antimicrobials. It is important to highlight that this type of generalization is applied
only in the case of mutations in the elements of the intrinsic resistome and not in the
case of the acquisition of antibiotic resistance genes. Indeed, it is known that antibiotic-
inactivating enzymes (and, in particular, aminoglycoside-inactivating enzymes) are
antibiotic specific. We and others have shown that inactivation of the genes that
constitute the intrinsic resistome usually produces pleiotropic effects on the suscepti-
bility to antibiotics from different families (17, 20). Consequently, an additional objec-
tive of this study was to identify mutants with cross-hypersusceptibility to antibiotics
from different structural families. Since inactivation of these genes increases the
susceptibility to different antimicrobials, they could be considered suitable targets for
the search of antibiotics’ coadjuvants.

Taking into consideration that the ever-increasing burden of resistance erodes the
efficacy of conventional antibiotics, copious efforts are being made to develop novel
therapeutics that block virulence mechanisms, to be used alone or in combination with
classical antibiotics (21, 22). The characterization of targets whose inhibition could
simultaneously suppress the expression of virulence factors and antibiotic resistance
might fuel a field (23) that remains incipient, in spite of recent studies with exactly this
focus (24). In this study, we characterized a set of aminoglycoside-hypersusceptible
mutants to identify hypothetical connections between hypersusceptibility and im-
paired virulence. The genes inactivated in these mutants encode potential targets for
the development of P. aeruginosa antivirulence/antiresistance coadjuvants.

RESULTS
The intrinsic resistome of P. aeruginosa to amikacin. An ordered, comprehensive,

nonredundant PA14 transposon insertion library (25) was screened to find genes whose
inactivation modifies P. aeruginosa susceptibility to amikacin. From this screening, 118
mutants displayed changes in their susceptibility to amikacin of at least 2-fold, as
determined using an agar dilution method (15, 26). These results included bona fide
intrinsic resistance genes (genes that contribute to the characteristic phenotype of P.
aeruginosa susceptibility to amikacin) and genes whose mutation results in low-level
amikacin resistance in this pathogen (see Table S1 in the supplemental material).

The shared intrinsic resistome to aminoglycosides of P. aeruginosa. Several
publications on the intrinsic resistome of bacterial pathogens analyzed only one
antibiotic belonging to each structural family in the understanding that the data
obtained with one antibiotic might be extrapolated to other members in the family (14,
17–19). To decipher whether or not this was indeed the situation in our case, we
included in the analysis genes whose inactivation has been previously reported to
modify P. aeruginosa susceptibility to aminoglycosides (16, 18). The final number of
selected genes was 243 (Table S1). Strains 1 to 118 are the mutants provided from our
screening, whereas strains 119 to 122 came from Krahn’s work (16) and strains 123 to
243 from Schurek’s (18). We chose to use the PAO1 codes of the orthologue counter-
parts to name the PA14 screened mutants.

The susceptibility of these 243 P. aeruginosa PA14 insertion mutants to tobramycin,
amikacin, streptomycin, and kanamycin was determined using MIC strips. As shown, 80
transposon-tagged insertion mutants showed changes of at least 3-fold compared to
the wild-type strain in their susceptibility to at least one aminoglycoside. Among these,
only two mutants showed changes in the MICS of all four studied aminoglycosides (the
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ones inactivating pilC and clpS, the latter being already related to the intrinsic resistome
to aminoglycosides of P. aeruginosa [27]), 16 in the MICs of three, 19 in the MICs of two,
and 43 in the MIC of one (Fig. 1a and b). Notably, these changes were not equally
distributed for all aminoglycosides/mutants, and a variety of susceptibility patterns was
observed among the studied mutants (Fig. 1c). These results suggest that a change in
susceptibility to one antimicrobial agent associated with the inactivation of a given
gene does not necessarily imply a similar change in the phenotype of susceptibility to
other antibiotics, even when the latter belong to the same structural family.

Cross-susceptibility of P. aeruginosa aminoglycoside-hypersusceptible mu-
tants. Among the P. aeruginosa PA14 transposon insertion mutants, we selected for
further analysis those that exhibited at least a 3-fold increase in susceptibility to at least
one aminoglycoside compared to the wild-type strain. The mutants with mutations in
genes PA3658, PA4942, PA2798, PA3016, and PA4463 met those requirements. These
genes encode GlnD (a protein implicated in N2 metabolism) (28), HflK (an FtsH protease
accessory factor) (29), a probable two-component regulator, a hypothetical protein
already described to be involved in intrinsic aminoglycoside resistance (30), and a
hibernation-promoting factor (Hpf) that is required for rRNA preservation during star-
vation (31, 32), respectively (Table S1). Two other mutants, one with a mutation in mucD
and another with a mutation in amgS, were also hypersusceptible but were excluded
from further analysis. The mucD mutant was excluded because it exhibited an increase
in susceptibility to tobramycin and a decrease in susceptibility to kanamycin (Table S1).
The role of amgS in virulence and resistance to different antibiotics, namely, aminogly-

FIG 1 Susceptibility to four aminoglycosides of P. aeruginosa mutants. (a and b) Venn diagrams with the number of
mutants with changes in their susceptibility to the four aminoglycosides 3-fold above (a) or below (b) the MIC of the
parental strain. (c) Hierarchical clustering of the MICs obtained from the aminoglycoside susceptibility screening of 243 P.
aeruginosa PA14 transposon insertion mutants. The values were represented as log2 [MICmutant/MICPA14], using Gene
Cluster 3.0 software and Java Treeview for the graphic display. TOB, tobramycin; KAN, kanamycin. STR, streptomycin; AMK,
amikacin. Green represents increased susceptibility and red reduced susceptibility.
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cosides, macrolides, quinolones, and �-lactams (30, 33, 34), as well as the nexus
between the two-component system it belongs to and the aminoglycoside-promoted
expression of the multidrug efflux pump MexXY (35), has already been analyzed in
detail and further analysis would thus be redundant. To further confirm the presence
of the transposon in these genes, the regions holding it were amplified using specific
oligonucleotides (Table S2). To determine if the selected mutants were cross-
hypersusceptible to other antibiotics, the MICs of a set of representative antimicrobials
were determined. Every mutant, except for the PA3016 mutant, showed higher sus-
ceptibility to antibiotics from different structural families (Table 1), implying that the
effect of the inactivated genes on antibiotic resistance may not be aminoglycoside
specific. All the mutants, except for the PA3016 mutant, presented increased suscep-
tibility to fosfomycin. In addition, all the mutants, except for PA3016 and PA4942,
exhibited an increase in susceptibility to tigecycline and tetracycline. The PA3658
mutant displayed the most hypersusceptible phenotype.

P. aeruginosa aminoglycoside-hypersusceptible mutants are impaired in their
virulence potential. Besides contributing to P. aeruginosa intrinsic antibiotic resis-
tance, the analyzed genes might also impact the production of elements relevant to
infection by this bacterial pathogen. To address this possibility, levels of biofilm,
elastase, and pyocyanin production, as well as swarming motility phenotypes, were
compared between the mutants and the wild-type strain. All the mutants were im-
paired in biofilm formation, a situation that was especially remarkable in the case of the
PA3658, PA2798, and PA4942 mutants (Fig. 2). Additionally, all the mutants exhibited
lower elastinolytic activity; however, in this case, the levels of all the mutants were akin
(Fig. 2). Concerning pyocyanin synthesis, the level of impairment displayed by the
mutants was lower. The PA3016 and PA4463 mutants maintained levels of pyocyanin
production similar to those maintained by the parental strain, whereas the mutants
with mutations in PA2798, PA3658, and PA4942 showed moderate and yet statistically
significant reductions in such production (Fig. 2). Swarming motility was also lessened,
with the PA3658 and PA2798 mutants (also largely impaired in biofilm formation and
elastinolytic activity) presenting the most anomalous motility patterns (Fig. 3). To
determine whether the lower production of virulence factors by the aminoglycoside-
hypersusceptible mutants correlates to impaired virulence in an infection model, we
performed a Caenorhabditis elegans killing assay. As shown in Fig. 4, P. aeruginosa PA14
and the PA2798 and PA4463 mutants were the most lethal to C. elegans; almost the
entire population of worms died within 4 to 5 days. In contrast, the PA3658 mutant
appeared to be less lethal, with 9 to 11 nematodes still alive at the end of the
experiment. The PA4942 and PA3016 mutants also presented a less lethal phenotype
than P. aeruginosa PA14, albeit the results were not as clear as the ones obtained with
the PA3658 mutant.

DISCUSSION

Within this work, we define new members of the P. aeruginosa intrinsic resistome
and new potential mechanisms for mutation-driven acquisition of resistance to amin-

TABLE 1 MICs of antibiotics of different structural families in the selected P. aeruginosa
PA14 aminoglycoside-hypersusceptible mutants

Mutant

MIC (�g/ml)a

TGC TET CIP CAZ IPM ATM FOF ERY CHL

PA14 8.0 2.0 0.125 1.0 0.75 2.0 8.0 96.0 24.0
PA3016 6.0 1.5 0.094 1.5 0.75 3.0 6.0 96.0 24.0
hpf 4.0 0.38 0.094 0.5 0.75 2.0 3.0 48.0 24.0
PA2798 3.0 0.5 0.064 1.0 0.75 2.0 1.5 48.0 16.0
hflK 6.0 1.5 0.125 0.75 0.75 1.0 4.0 96.0 24.0
glnD 0.75 0.25 0.064 0.75 0.75 1.5 4.0 64.0 24.0
aTGC, tigecycline; TET, tetracycline; CIP, ciprofloxacin; CAZ, ceftazidime; IPM, imipenem; ATM, aztreonam; FOF,
fosfomycin; ERY, erythromycin; CHL, chloramphenicol.
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oglycosides. In addition to genes already known to be involved in P. aeruginosa intrinsic
resistance to aminoglycosides, we identified two novel loci (glnD and mucD) in the
chromosome of P. aeruginosa PA14 that contribute to intrinsic resistance to at least one
aminoglycoside (see Table S1 in the supplemental material), although inactivation of
mucD increases susceptibility to one aminoglycoside and reduces susceptibility to
another. Interestingly, both genes have been proposed to play a potential role in
�-lactam resistance (26, 36). Further, 14 novel loci could potentially be involved in the
acquisition of mutational resistance to at least one aminoglycoside, since their inacti-
vation increases the MICs of such aminoglycosides by at least 3-fold compared with the
wild-type parental strain. These loci are PA5183, waaL, PA1440, PA3844, PA4874, PA1411,
pilC, PA3350, nppB, flgH, flgI, nosR, ppsA, and purF (Table S1). It is worth mentioning that
pilC mutant was one of the two mutants that showed a 3-fold MIC increase associated
with the four tested aminoglycosides. To date, this gene required for the biogenesis of
the P. aeruginosa pili has not been reported to be involved in antibiotic resistance. The
higher resistance of the mutant could be explained by changes in the membrane
potential and permeability due to an anomalous pilus structure, which would affect
aminoglycoside uptake.

Note here that mutation-driven resistance is mainly relevant in the case of chronic
infections and that resistance to aminoglycosides is frequently due to the acquisition of
inactivating enzymes, a feature not analyzed in the current work.

Notably, only a few mutants exhibited simultaneous susceptibility changes with
respect to the aminoglycosides included in our study (Fig. 1). This indicates that, while
these antibiotics share a mechanism of action, the potential mechanisms of acquiring
resistance due to gene inactivation and the elements contributing to intrinsic resistance

FIG 2 Quantification of different phenotypes with relevance for the virulence of P. aeruginosa in aminoglycoside-hypersusceptible mutants. The
graphs show (a) biofilm formation assay data, (b) elastase activity data, and (c) pyocyanin production of P. aeruginosa PA14 and aminoglycoside-
hypersusceptible mutants selected from the screening of the transposon insertion library of this strain. Error bars indicate standard deviations of
the results from eight independent experiments in the biofilm formation assay and from three experiments in the other tests. Statistically
significant differences with P values of �0.05 in the assayed features with respect to the wild-type strain were evaluated using Student’s t test
and are highlighted with one asterisk, whereas P values of �0.005 are indicated with two asterisks.
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are not necessarily the same for each of these antibiotics. These results support the idea
that, at least in the case of aminoglycosides, the role of a particular gene in the
resistome of a given antibiotic cannot be generalized to all members within its family.

The genes whose inactivation increases the susceptibility to antibiotics are suitable

FIG 3 Swarming assay of P. aeruginosa PA14 and aminoglycoside-hypersusceptible mutants. The figure
shows the swarming of a set of selected mutants in comparison with the PA14 wild-type strain. Three
replicates of each mutant were assayed, and pictures were taken after 17 h of incubation at 37°C. The
diameters displayed represent means of results from the three replicates.

FIG 4 Virulence of P. aeruginosa aminoglycoside-hypersusceptible mutants in a C. elegans model system.
Data present the growth kinetics of C. elegans in the presence of either the PA14 wild-type strain or the
P. aeruginosa hypersusceptible mutants. Error bars indicate standard deviations of the results from four
independent experiments. Statistically significant differences (P � 0.005) in the survival of nematodes
with respect to the wild-type strain were evaluated using Student’s t test and are highlighted with two
asterisks.
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targets in the search of coadjuvants able to sensitize bacteria to such elements. Hence,
we focused our studies on those mutants that exhibited at least a 3-fold increase in
aminoglycosides’ susceptibility. In addition to an increase in susceptibility to antibiotics
from other structural families, these chosen mutants presented defective phenotypes in
biofilm formation, elastase activity, and swarming motility. The PA4463 mutant has
increased susceptibility to aminoglycosides and to tetracycline. The mutant is also
impaired in biofilm formation and in the production of elastase. PA4463 (hpf) codes for a
hibernation-promoting factor that is required for rRNA preservation under prolonged
nutrient starvation conditions, including the dormant state of certain subpopulations that
are present in P. aeruginosa biofilms (31, 32). Interestingly, these biofilms have been shown
to tolerate the antibiotics ceftazidime and tobramycin at levels far greater than those
necessary to eliminate planktonic bacteria (37, 38). In fact, it is believed that this phenom-
enon may be due in part to the persistent subpopulations within the biofilms mentioned
above, which are able to repopulate them when the treatment finishes (39, 40).

Concerning hflK (PA4942) and PA2798, their role in aminoglycoside resistance has been
described previously by Krahn et al. (16) and Hinz et al. (29), respectively. Our results show
that, in addition, these mutants are more susceptible to various antimicrobials, in particular,
tigecycline, tetracycline, fosfomycin, erythromycin (PA2798), and aztreonam and fosfomycin
(hflK), and are impaired in the production of virulence determinants. The fact that PA2798
codes for a two-component regulator might be the reason for the effects observed in
almost every tested phenotype. Actually, coregulation of biofilm formation, elastase activ-
ity, and swimming motility by another common regulator has been recently described in
P. aeruginosa (41), suggesting these processes to be interconnected. Conversely, HflK is one
subunit of the inner membrane protein complex HflKC, which participates in quality control
of integral membrane and cytosolic proteins (42). Consequently, one possible cause of the
phenotype shown by the mutant lacking this protein may be represented by the pleiotro-
pic effects of the alteration in the complex network of proteases to which HflK belongs,
which seems to affect the susceptibility to several classes of antibiotics and to other
stressors such as alkaline pH and other compounds (29).

Finally, the PA3658 mutant exhibits increased susceptibility to aminoglycosides,
tigecycline, tetracycline, ciprofloxacin, and fosfomycin. In addition, it displays a less
lethal action against C. elegans, produces less pyocyanin than P. aeruginosa PA14, and
is strongly impaired in the development of such phenotypes with relevance for
infection as biofilm formation, elastase activity, and swarming motility. Thus, inactiva-
tion of glnD (PA3658) results in nonvirulent and nonresistant behavior, although the
mechanisms behind this phenotype remain to be established. Note the increased
susceptibility to tigecycline and fosfomycin that this mutant showed, because P.
aeruginosa is intrinsically resistant to tigecycline (43); whereas fosfomycin is one of the
antibiotics of choice for the treatment of P. aeruginosa infections (4). Very little is known
about glnD in P. aeruginosa, aside from the fact that it encodes an uridylyltransferase
associated with the glycine betaine catabolism (44) and its relationship with N2

catabolism in other bacteria (28). Therefore, further research is needed for understand-
ing the molecular basis of the increased susceptibility to antibiotics and reduced
virulence displayed by P. aeruginosa when glnD is inactivated.

Our results allow the identification of genes that are likely to be simultaneously
involved in intrinsic antibiotic resistance and virulence of P. aeruginosa. This may unlock
new ways of managing and treating infections of this pathogen; for instance, targeting
the locus PA3658 with a proper inhibitor might prevent P. aeruginosa from developing
a virulent behavior and a resistance phenotype against clinically important antibiotics,
such as tobramycin, amikacin, and fosfomycin, or might even dissipate its intrinsic
resistance to tigecycline, which would lead us to reconsider the clinical use of this
antibiotic upon GlnD inhibition.

MATERIALS AND METHODS
Identification of mutants with altered susceptibility to amikacin. The screening was performed

using an agar dilution method as described previously (15, 26). A nonredundant transposon insertion
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library of P. aeruginosa PA14 (25) harboring 5,850 mutations representing 4,596 genes was used for the
screening. PCR amplification was used to verify the presence of the transposon MAR2xT7 in the
inactivated genes of five selected hypersusceptible mutants. Five primer pairs, which amplified 150-to-
300-bp regions surrounding the transposon in each of the analyzed mutants, were designed (see Table
S2 in the supplemental material). After PCR amplification, the sizes of the corresponding amplicons were
assessed in comparison to the amplifications in P. aeruginosa PA14 strain in a 1% agarose gel.

Analysis of susceptibility to antibiotics. The susceptibility to amikacin, tobramycin, kanamycin, and
streptomycin in all selected mutants and to tigecycline, tetracycline, aztreonam, ceftazidime, imipenem,
ciprofloxacin, erythromycin, chloramphenicol, and fosfomycin in a subset of strains was determined
using MIC strips (MIC Test Strip; Liofilchem) in Mueller-Hinton agar (MHA) (Sigma) at 37°C. The mutants
were grouped as a function of their aminoglycoside MICs using Gene Cluster 3.0 software. The
hierarchical cluster was displayed using Java Treeview software. MICs were normalized to the value of the
wild-type strain using the formula log2 [MICmutant/MICPA14].

Elastase activity and pyocyanin production. The different bacterial strains were cultured at 37°C
in 10 ml of LB broth. After 24 h of culture, 1-ml samples were collected and centrifuged for 10 min at
7,000 rpm, and the supernatants were filtered through 0.2-�m-pore-size filters (Whatman). The elastase
assay was adapted from a method previously described by Kessler and Safrin (45) as follows: 1 ml of
Congo red elastin (Sigma-Aldrich) was added to 100 �l of each sample, and the mixture was incubated
at 37°C and 250 rpm for 2 h. Subsequently, samples were centrifuged (10 min, 7,000 rpm) and the optical
density at 495 nm (OD495) of 100 �l of the filtered supernatants was determined using a 96-well
microtiter plate (Nunc) in a Tecan Infinite M200 plate reader (Tecan). Pyocyanin production was
determined by measuring the OD690 of 100 �l of filtered supernatants using the same plate reader. Three
replicates of each strain were included in the analyses.

Biofilm formation. Biofilm formation was tested using 96-well microtiter plates (Falcon 3911
Microtest III flexible assay plate) previously sterilized with UV light. A modification of a previously
reported protocol (46) was followed. A 1:100 dilution of overnight LB broth bacterial cultures was
inoculated into the microtiter plate (100 �l/well) and incubated at 37°C for 48 h. Next, 25 �l of a 0.1%
crystal violet solution was added to each well (5 min), and the excess dye was repeatedly and thoroughly
rinsed with distilled water (4 times). Triton X-100 (0.25%) was added to detach the biofilm from the wells,
and 100 �l of each sample was transferred to a 96-well microtiter plate (Nunc). The biofilm quantification
was performed by measuring the OD570 in a Tecan Infinite M200 plate reader (Tecan). Eight replicates of
each strain were included in the assay.

Swarming assay. Swarming assays were performed in petri dishes with 25 ml of a Casamino Acids
medium that contained 0.5% Casamino Acids, 0.5% Bacto agar, 0.5% filtered glucose, 3.3 mM K2HPO4,
and 3 mM MgSO4. A 4-�l inoculum (OD600 of 1) of either P. aeruginosa PA14 or one of the mutant strains
was placed on the center of the agar surface. Three replicates of each strain were incubated for 17 h at
37°C. The diameter of the swarming motility zone was measured and a picture was recorded of every
plate.

Caenorhabditis elegans virulence assay. The kinetics of C. elegans killing by P. aeruginosa PA14 and
its derivatives was assessed by using the method previously described by Tan et al. (47), with some
modifications. A 50-�l inoculum from each strain (four replicates of each) was grown in 6-cm-diameter
plates with potato dextrose agar (PDA; Sigma-Aldrich) for 24 h at 37°C, in order to form a bacterial lawn.
Each plate was subsequently seeded with 5 L4-stage hermaphrodite C. elegans N2 Bristol worms (48), and
plates were incubated at 18°C for a week. Plates were examined for living worms every day during this
period. A worm was considered dead when it no longer responded to touch. E. coli OP50 was used as
a positive control of the preferred food source known to have reduced virulence in P. aeruginosa.

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

.00185-19.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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