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Pseudomonas aeruginosa PA14 cells resistant to the novel antimicrobial gallium nitrate (Ga) were devel-
oped using transposon mutagenesis and by selecting spontaneous mutants. The mutants showing the
highest growth in the presence of Ga were selected for further characterization. These mutants showed 4-
to 12-fold higher Ga minimal inhibitory growth concentrations and a greater than 8-fold increase in the
minimum biofilm eliminating Ga concentration. Both types of mutants produced Ga resistant biofilms
whereas the formation of wild-type biofilms was strongly inhibited by Ga. The gene interrupted in the

Keywords: . transposon mutant was hitA, which encodes a periplasmic iron binding protein that delivers Fe3* to the
Pseudomonas aeruginosa . . . . . P .
Gallium HitB iron permease; complementation of the mutant with the hitA gene restored the Ga sensitivity. This
Resistance hitA mutant showed a 14-fold decrease in Ga internalization versus the wild-type strain, indicating that
HitAB permease the HitAB system is also involved in the Ga uptake. Ga uptake in the spontaneous mutant was also lower,
Pyocyanin although no mutations were found in the hitAB genes. Instead, this mutant harbored 64 non-silent muta-
tions in several genes including those of the phenazine pyocyanin biosynthesis. The spontaneous mutant
produced 2-fold higher pyocyanin basal levels than the wild-type; the addition of this phenazine to wild-
type cultures protected them from the Ga bacteriostatic effect. The present data indicate that mutations
affecting Ga transport and probably pyocyanin biosynthesis enable cells to develop resistance to Ga.
© 2013 Elsevier GmbH. All rights reserved.
Introduction infections (Hidron et al.,2008; Jones et al.,2009; Zhanel et al.,2010).

Pseudomonas aeruginosa, an opportunistic pathogen that causes
infections with high mortality rate in individuals with severe
burns, cancer, AIDS, immunosuppression or cystic fibrosis (Mutlu
and Wunderink, 2006; Kerr and Snelling, 2009; Mahar et al., 2010;
Lambert et al., 2011), is responsible for a plethora of infections, like
those associated with ventilator-associated pneumonia, urinary
and peritoneal dialysis, catheter infections, bacterial Kkeratitis,
otitis, burns, and wound and lung infections (Macé et al., 2008).
It is therefore one of the main agents responsible for nosocomial
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In addition, it exhibits intrinsically high resistance to antimicrobials
(Lambert,2002; Poole, 2002) and develops fast antibiotic resistance
(Poole, 2011). Recently, we demonstrated that P. aeruginosa can
also acquire resistance to virulence inhibitors (Maeda et al., 2011),
which were supposed to be impervious to resistance (Bjarnsholt
et al., 2010; Rasko and Sperandio, 2010). In addition, there has
been a notorious increase in multidrug resistant clinical strains
(Paterson, 2006; Kerr and Snelling, 2009), and there are several
pan-resistant strains treatable only with colistin. However, colistin
is highly nephrotoxic and resistance against it has also been found
in clinical and laboratory P. aeruginosa strains (Poole, 2011). Hence,
it is expected that clinical, pan-resistant strains sensitive to colistin
will eventually become resistant to colistin (Poole, 2011).
Therefore, it is relevant to develop novel anti-pseudomonal
therapies. As an alternative to the utilization of current antibiotics,
new approaches have been proposed such as (i) phage therapy
(Wright et al., 2009); (ii) virulence inhibitors, including those
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that inhibit either quorum sensing (Lesic et al., 2007; Rasko and
Sperandio, 2010; Bjarnsholt et al., 2011), or the toxin secretion
systems (Page and Heim, 2009); (iii) inhibitors of the antibiotic
resistance pathways such as blockers of the drug efflux systems
(Veesenmeyer et al., 2009); and (iv) gallium (Ga3*), a “Trojan horse”
which is a non reducible Fe3* analog, that exerts both bacterio-
static and bactericidal effects against laboratory strains and clinical
isolates (Kaneko et al., 2007).

Ga3* promotes healing of pulmonary infections in mice (Kaneko
etal., 2007), and bacterial keratitis in rabbits, when coupled to des-
ferrioxamine and gentamicin (Banin et al., 2008). It inhibits biofilm
formation at concentrations innocuous for bacterial growth, and
gallium nitrate is already used in the clinical practice at high doses
to treat malignant hypercalcemia (Kaneko et al., 2007). Resistance
against Ga3* was not found in 115 clinical isolates from cystic fibro-
sis patients (except for 1 outlier that exhibited a MIC90 which
is approximately 24-fold higher than the PAO1 wild-type strain),
and 23 of them were multi-resistant to antibiotics (Kaneko et al.,
2007), suggesting that the mechanisms that confer antibiotic multi-
resistance do not confer cross resistance against Ga3*.

Ga3* enters the cell by unknown transporters and disrupts the
iron uptake systems leading to cellular arrest or death (Kaneko
etal.,2007). However, as it has detrimental effects on the survival of
bacteria, itis anticipated that exposure to Ga3* will cause the cells to
develop resistance. In order to determine whether P. aeruginosa can
develop resistance to Ga3*, transposon-induced and spontaneous
mutants able to tolerate high Ga3* concentrations were generated,
and the mutants were characterized.

Material and methods
Strains and growth conditions

The strains used are listed in Table S1. Wild-type P. aeruginosa
PA14 and isogenic mutants were kindly provided by Dr. Frederick
Ausubel (Liberati et al., 2006). Cells were cultured for all exper-
iments in minimal succinate medium (Ren et al., 2005) at 37°C
with orbital shaking at 200 rpm. All cultures were inoculated with
overnight (15h) pre-cultures in the same medium. Pre-cultures
were started from single colonies grown on LB plates; the ini-
tial turbidity of each culture was adjusted to ~0.05. Cell turbidity
was measured at 600 nm with a spectrophotometer (UV-1800,
Shimadzu). Gentamicin (15 wg/mL) was added for culturing the
isogenic mutants, and tetracycline (75 pg/mL) was added for cul-
turing the transposon Ga3* resistant mutants. Escherichia coli S17-1
(\pir)/pUT-miniTn5 luxAB-TcR used for the generation of the trans-
poson mutants was provided by Dr. de Lorenzo (1990) and grown
in LB with tetracycline (10 pg/mL). Cell growth was evaluated by
measuring turbidity at 600 nm. Gallium nitrate was from Sigma (St.
Louis, MO, USA). All other chemicals were at least of reagent grade.

Isolation of spontaneous gallium resistant mutants

Cultures in succinate medium with 100 uM Ga(NOs)3 were
inoculated with the PA14 wild-type strain at an initial 0.D. 600 nm
of 0.05 and further incubated at 37°C with orbital shaking at
200rpm. Under these conditions, no appreciable growth of the
wild-type strain was apparent for about one week; afterwards
growth became evident. After five sequential sub-cultures in the
presence of 100 wM Ga(NOs)3;, which were carried out by trans-
ferring an aliquot of the previous culture that had reached an
0.D. of ~2.0 to fresh succinate medium (~16 generations; ~1:60
dilution), a significant increase in growth rates and final densities
with turbidities higher than 2.0 was apparent for the Ga-resistant
cultures (last 2 sub-cultures). This last step allowed the putative

spontaneous Ga3* resistant mutants to be purified by growing
colonies on LB agar plates.

Isolation of transposon gallium resistant mutants

A PA14 mutant library was generated using conjugation with
E. coli S17-1 (\pir)/pUT-miniTn5 luxAB-TcR, which delivered the
Tn5-luxAB transposon (Ueda and Wood, 2009). After conjugation,
cells (0.05 turbidity) were added to succinate medium with 100 wM
Ga(NO3)3 and 75 g tetracycline/mL to select for the transposon-
carrying cells. After four sequential sub-cultures as described above
(~16 generations), the transposon mutants were purified using
LB tetracycline 75 wg/mL plates. The donor of the transposon
E. coli S17-1 (Apir)/pUT-miniTn5 luxAB-TcR was eliminated from
the selective medium via the high tetracycline concentration.

Minimal concentration of Ga(NO3 )3 to attain 50% inhibition of
growth (MIC50)

Succinate medium (Ren et al., 2005) supplemented with 2.5 uM
FeCl; was used in order to obtain higher cell densities, since this
medium is iron limited. Cultures (12.5mL in 125 mL flasks) were
inoculated with pre-cultures of the wild-type, TC5 transposon or
E12 spontaneous mutants at an initial turbidity of 0.05, and dif-
ferent concentrations of gallium nitrate were added. The solubility
of Ga(NO3)3 in H,0 and succinate medium was verified by recor-
ding a decrease of less than 1% in the transmittance at 500 nm for
solutions with up to 1mM of gallium nitrate relative to water or
medium.

Biofilm formation

Biofilms were generated on 1 g of glass wool (Corning, NY, USA)
soaked in 50 mL of succinate medium supplemented with 2.5 uM
FeCl; in 250 mL flasks. Prior to its utilization, the glass wool was
washed three times with 50 mL of deionized water to remove con-
taminants. The cells were inoculated at a turbidity of ~0.05 and
cultured at 37 °C and 200 rpm shaking for 15 h. To quantify the cells
in the biofilms, the glass wool was removed and washed with 50 mL
of deionized water and then another 50 mL of water was added
and the glass wool was sonicated in a bath cleaner at 40 kHz (Bran-
son 2510 Ultrasonic Cleaner, Branson) for 5 min. The turbidity at
600 nm was recorded to estimate the amount of cells in biofilms.
The total cell numbers (planktonic + biofilm) were calculated from
the turbidities of all the fractions (planktonic + wash + biofilm). For
the cell density calculations, it was assumed that 1 mL of liquid with
turbidity at 600 nm =1 contains 1 x 10° cells (Ramos-Gonzalez and
Molin, 1998).

To determine the Ga minimum biofilm eliminating concentra-
tion (MBEC) (Sepandj et al., 2004), biofilm formation in 96 well
plates was assessed with crystal violet staining (O'Toole et al.,
1999). Biofilms were developed by adding planktonic cells from
overnight pre-cultures to minimal succinate medium (without the
addition of extra iron) at 37°C for 24 h under static conditions.
Thereafter, each well was washed with sterile 0.9% NaCl to remove
planktonic cells and then Ga(NOs3); dissolved in 0.9% NaCl was
added at different concentrations (including a control with no Ga).
The remaining well-wall attached cells (i.e., biofilms) were fur-
ther incubated for 24 h under the same conditions, washed with
sterile 0.9% NaCl and re-incubated with fresh minimal succinate
medium (Ga-free) for 24 h more. The final growth (0.D. 600 nm)
was recorded. Ga-MBEC was determined as the lowest Ga concen-
tration required to avoid cell re-growth in the last incubation (by
killing all biofilm cells).
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Pyoverdine

The production of pyoverdine was assayed in cell cultures with-
out and with 10 or 25 wM gallium nitrate. Pyoverdine in the cell
culture supernatants (in Tris 20 mM buffer, pH 8.0 at 37°C) was
determined spectrophotometrically by absorbance at 407 nm (Ren
et al., 2005) and fluorometrically at 407 nm excitation and 460 nm
emission. For the fluorescence measurements, all samples were
assayed without and with gallium nitrate (up to 40 pM), to correct
for the increase in the pyoverdine fluorescence due to the presence
of Ga3* (Greenwald et al., 2008).

Pyocyanin

This phenazine was determined spectrophotometrically after its
extraction with chloroform and 0.2 N HCl (Essar et al., 1990). For
the estimation of the pyocyanin concentration, the absorbance at
520 nmwas used witha g 0f2.46 mM~1 cm~! (0'Malley et al.,2004).

Gallium and iron determinations

To determine the extracellular and intracellular gallium and
iron concentrations, cell cultures (0.05 initial turbidity at 600 nm)
of 100mL in succinate medium with 2.5 uM FeCls, and with or
without 10 or 25 uM gallium nitrate, were grown to a turbidity
of 2.5, approximately for 15 h, for all strains/Ga3* concentrations,
except for wild-type with 25 wM Ga3* that needed ~40 h to reach
that turbidity, due the growth inhibitory Ga3* effect. Thereafter,
cells were centrifuged at 6000 rpm for 10 min at 4 °C. The cell-free
supernatants were pooled, and the cell pellets were washed with
20mM Tris pH 8.0 and 2 mM EGTA to remove the metals loosely
bound to cells. The cells were again centrifuged, the washing buffer
collected, and the cells re-suspended in Milli-Q H,0. Aliquots of
medium without cells, cell-free supernatants, washing buffer and
cell pellets were digested with a mixture of nitric acid-sulfuric
acid for iron determination or only with nitric acid for approxi-
mately seven days for gallium (the presence of H,SO,4 interfered
with this measurement). The volumes of the digested samples were
adjusted with Milli-Q H,O and the iron and gallium contents deter-
mined by atomic absorption spectrophotometry (AA-99 Varian)
using calibration curves with AAS standard solutions of Ga(NOs);3
and Fe(NOs3); from SIGMA (St. Louis Missouri, USA). The metal
content-absorbance relationship was linear up to 0.036 wM iron
and 0.29 pM gallium.

In addition, high density cultures of exponentially growing wild-
type and TC5 cells were exposed to 50 uM Ga3* for 1h. For this
experiment, cells were cultured as described above until a tur-
bidity 600 nm ~ 1.0. Then, cells from four 100 mL cultures were
centrifuged at 6000 rpm for 10 min at 4°C and resuspended in a
total volume of 100 mL (concentrated 4-fold) of minimal succinate
medium (without extra FeCl3). Initial O.D. at 600 nm was deter-
mined and half of the culture was removed, centrifuged and the
supernatant and cell pellet used for the determination of Ga (as a
control to determine any unspecific Ga signal). The other half of the
cultures was supplemented with 50 wM Ga(NOs )3 and further cul-
tured for 1 h. Growth was determined after 1h of incubation and
then the culture was centrifuged, and Ga in the supernatant and
cell pellets was determined. For these last experiments, Ga was
determined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) using an ICPS-8000 (SHIMADZU) with argon
as a carrier gas and emission at 294.3 nm specific for Ga. Calibra-
tion curves with AAS standard solutions of Ga(NOs3 )3 were used to
estimate the concentration, where the metal content-absorbance
relationship was linear up to 0.1 .M of gallium.

Pyocyanin protection assay

To determine whether pyocyanin was able to protect cells
against the bacteriostatic effect of Ga3*, cultures of the PA14
wild-type or mutant feoB (unable to transport Fe2*) strains were
supplemented with 200 uM Ga(NOs3)s; at the mid-exponential
phase (turbidity at 600 nm~0.5). The addition of Ga3* arrested
growth within the next cell division (approximately after 3.5h).
Where indicated, pyocyanin (Sigma) was added at 130 wM, and cell
growth was monitored.

hitA cloning and complementation of hitA and TC5 mutants with
pUCP20-hitA

The gene hitA was amplified by PCR using the oligonucleotides
F-hitA (5'-GCG CGC GAA TTCAAC GGC ATC TAT ATC GAC GAA-3'),
R-hitA (5-GCG CGC AAG CTT GGCAGG AACAGC CAG AAT G-3’)and
genomic DNA from strain PA14 as the template. The PCR product
(1306 bp) was cloned into the pGEM-T Easy Vector (Promega, Madi-
son, WI, USA) and subcloned into EcoRI/HindIII digested pUCP20
plasmid (West et al., 1994), generating the plasmid pUCP20-hitA.
The cloned hitA gene was sequenced and one synonymous muta-
tion was found (A687G). The pUCP20-hitA plasmid was used to
transform the strains hitA (Liberati et al., 2006), and TC5. The con-
trols hitA-pUCP20 and TC5-pUCP20 strains were constructed by
transforming the strains with the pUCP20 plasmid. Transforma-
tions were done as previously reported (Chakrabarty et al., 1975).
All transformants were selected with 200 g carbenicillin/mL.

Statistical analysis

The Student’s ¢ test (1-tailed) for non-paired samples was used.

Results
Isolation of Ga3* resistant mutants

As Ga(NOs3)3 is used at high doses to treat malignant hyper-
calcemia (Kaneko et al., 2007) and since it was the first Ga3*
formulation used as an antipseudomonal (Kaneko et al., 2007), this
compound was selected for the generation of resistant mutants. We
hypothesized that under the strong selective pressure imposed by
this bacteriostatic/bactericidal metal, resistance would emerge by
single or multiple mutations. To assess validity of this hypothesis,
two different approaches were used. The first was to continuously
expose wild-type cells to high, growth-inhibiting Ga3* concen-
trations to induce, and select, spontaneous mutants. The second
was to generate a PA14 transposon mutant library which was
exposed to a high Ga3* concentration to detect, and select, resis-
tant transconjugants. Minimal succinate medium was used for the
isolation of resistant mutants, because its low iron content limits
growth (Fig. S1) and allows for strong growth inhibition by Ga3*.
PA14 wild-type cells were exposed to 100 uM Ga(NOs3)3, a con-
centration at which there is no appreciable growth (no increase of
0.D. 600 nm) for this strain after several days. However, after a lag
phase of a week, growth was attained in the wild type strain and
after five further sequential sub-cultures of growing cells in the
same medium (~16 generations), spontaneous mutants emerged.
In turn, PA14 Tn mutants were identified by their faster growth
rates in sequential liquid sub-cultures with 100 wM Ga(NOs )3 and
75 ug tetracycline/mL; hence, Ga3* resistant Tn mutants were iso-
lated after four sequential sub-cultures.
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Fig. 1. Effect of Ga3* on cell growth and biofilm formation. (A) PA14 wild-type strain (solid triangles), the Ga3* resistant mutant generated by transposition “TC5” (solid
squares), and the Ga3* resistant mutant generated spontaneously “E12” (empty circles) were cultured with Ga(NOs3); for 24 h. (B) Biofilms were allowed to develop in glass
wool for 15 h with or without 10 wM or 25 wM of Ga(NOs )3. Total cells indicate the total number of planktonic cells + cells in the biofilm. Data shown represent the mean + SD

of three independent experiments.

The isolated mutants and their biofilms are gallium resistant

The Tn mutant TC5 and spontaneous mutant E12 were selected
for assessing the degrees of resistance to Ga3*, because these
showed the highest growth rates and maximal cell densities in the
presence of 50 WM Ga3* (data not shown), which were similar to
those of the wild type without Ga3*. Indeed, high levels of resis-
tance to Ga3* were achieved by the mutants analyzed (Fig. 1A);
the MIC50 after 24h were 16+2 puM (n=3) for the wild-type,
64 + 1.4 wM (n =3) for TC5 (4-fold higher than wild-type; P<0.001)
and 194+ 16 uM (n=3) for E12 (12-fold higher than wild-type;
P<0.001).

In addition to its antibiotic properties, Ga3* also shows inhibi-
tion on the formation of bacterial biofilms (Kaneko et al., 2007).
Therefore, the effect of Ga3* on the biofilm formation of the wild-
type and the E12 and TC5 mutants was tested by two different
assays: biofilms generated on glass wool (Fig. 1B) and the standard
96-well plate biofilm method (Fig. S2). As expected, at 10 wM and
25 1M, the biofilm cell number of the wild-type decreased by

40-60% and 50-85%, respectively (P<0.005), whereas the biofilms
of the TC5 and E12 mutants remained unaltered (Fig. 1B), with no
significant changes in total cell numbers (Fig. S3). Moreover, the
MBEC for Ga3* in the wild-type strain was 200 wM, and for both
the TC5 and E12 mutants the MBEC was greater than 1600 M.
However, the relationship of an OD of 1 being equivalent to 1 x 10°
cells (Ramos-Gonzalez and Molin, 1998) might not hold for cells
under Ga3* stress; hence, the Ga3* resistance values determined
might slightly change.

Molecular characterization of the transposon mutant

To gain insights into the molecular mechanisms involved in the
resistance to Ga3*, the identification of the interrupted gene in the
transposon mutant was determined (see supplementary materi-
als). The gene interrupted in TC5 was hitA (1008 bp) at position
800 bp (Arg 266) from the start of the coding region. This gene cod-
ifies a periplasmic protein that in Haemophilus influenzae is part
of the Fe3* transporter HitABC (Adhikari et al., 1995), suggesting
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that this transporter may internalizes Ga3* and that, once dis-
rupted, Ga3* uptake is prevented. This is in agreement with the
lower intracellular levels of Ga3* found in the TC5 mutant (see
below). To further assess the role of the hitA disruption in Ga3*
resistance, the effect of Ga3* on independent hitA and hitB mutants,
both acquired from the transposon mutant library (Liberati et al.,
2006), was determined. In agreement with the TC5 results, both
hit mutants were resistant to 25 uM Ga3* (P<0.005) and showed
MIC50 values 2.8-fold higher than the wild-type (Fig. 3).

Complementation of the TC5 mutant

To further establish that the interruption of hitA in the TC5
mutant was responsible for the Ga3* resistance, the Ga3* resis-
tance phenotype of the TC5 mutant was reversed by the addition

of the wild-type hitA gene. In addition, the isogenic PA14 hitA
mutant from the transposon mutant library (Liberati et al., 2006)
was also complemented using the same construction. The presence
of 50 wM Ga3* severely arrested wild-type strain growth while the
hitA and TC5 mutants showed 6.5- and 9-fold higher cell density
after 24 h (Fig. 4; P<0.005 for both mutants). Complementation
of the mutants with the hitA gene decreasedGa3* resistance as
expected (P<0.005).

Molecular characterization of the spontaneous mutant

To characterize the molecular changes that led to the high
Ga3* resistance in the spontaneous mutant E12, its complete
genome was sequenced (see supplementary materials). The anal-
ysis showed 64 non-silent point mutations in the following
functional categories: amino acid and lipid metabolism, trans-
port, cell division, detoxification, DNA recombination/repair, signal
transduction, energy production, synthesis of siderophores, and
phenazines biosyntheses (Table S2). The mutations identified in the
last two categories and the phenotypes associated with Ga3* resis-
tance for E12 (increase in the pyocyanin and pyoverdine contents)
may be linked, since mutations were found in the genes that
encode enzymes for the biosynthesis of pyoverdine and pyocyanin
including pyoverdine synthetase D (PvdD; K2233E), phenazine
biosynthesis protein D (PhzD2; K28E) and phenazine biosynthesis
protein E (PhzE2; F231L and 1266L).

Production of pyoverdine and pyocyanin and Ga intracellular
contents

In order to assess the mechanisms involved in the high resis-
tance to Ga3*, phenotypes linked to this resistance were examined.
Pyoverdine was determined since (i) it is the main siderophore of
P. aeruginosa; (ii) it is required for capturing extracellular Fe3*; and
(iii) its over-production by the induction of the sigma factor pvdS
or its addition to cultures confers protection against Ga (Kaneko
etal.,2007). Pyoverdine basal levels were similar between the wild-
type and both mutants, and remained unchanged in the presence
of 10 M Ga3* (Fig. S4A). With 25 uM Ga3*, the pyoverdine con-
tent decreased by 0.5-fold in the wild-type, as expected (Kaneko
etal.,2007), but was unchanged in the Tn mutant, and increased by
1.4-fold in the spontaneous mutant. With 50 uM Ga3*, pyoverdine
levels further increased in the spontaneous mutant (2.3 + 0.48-fold;
n=3; P<0.005). These results indicated that pyoverdine over-
production is not involved in TC5 resistance but it may be a
mechanism used by the spontaneous mutant at high Ga3* concen-
trations.

As pyocyanin is involved in the delivery of iron to the cell by
promoting the reduction of transferrin-bound Fe3* to FeZ*, and by
directly reducing free Fe3* (Cox, 1986), the levels of this phenazine
were determined. The E12 mutant showed significantly higher lev-
els of pyocyanin (2 +0.32-fold, n=3, P<0.005) compared to both
the wild-type and Tn mutant in the absence of Ga3*. The presence
of 10 wuM Ga3* increased pyocyanin by ~50% in the wild-type and
TC5 and 80% in the E12 mutant (Fig. S4B). Although the addition
of 200 uM Ga3* to wild-type during the mid-exponential phase
arrested cell growth, the simultaneous addition of pyocyanin and
Ga3* rescued the growth (Fig. S5A). Furthermore, the isogenic
feoB mutant, unable to transport Fe2* (Wang et al., 2011) was
not protected by pyocyanin (Fig. S5B). Two independent mutants
unable to produce pyocyanin (phzM and phzS) showed lower resis-
tance to Ga3* than the wild-type (Fig. S6). These results revealed
that pyocyanin overproduction can help cells to cope against Ga3*
growth inhibitory effects.

Rhamnolipids and the exopolysaccharide alginate secreted by
PA14 are both able to bind metals; the levels of these two types of
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compounds were similar in all strains in the absence of gallium, and
their concentrations in TC5 and E12 remained unchanged upon the
addition of 10 and 25 wM Ga (data not shown), indicating that the
overproduction of these compounds is not linked to Ga3* resistance
in the mutants.

The intracellular iron levels in both mutants were similar to
those of the wild-type (Fig. 2A), whereas the intracellular Ga3* lev-
els were 7- and 14-fold lower (P<0.05) in the E12 and TC5 mutants,
respectively, than in the wild-type in the presence of 10 uM Ga3*
(Fig. 2B). Upon addition of 25 uM Ga, the intracellular content of Ga
in the E12 mutant was also 2-fold lower than in the wild type (data
not shown). Accordingly, the external Ga3* remaining after 1h-
incubations with 50 WM Ga3* in the high cell density experiments
was 2-fold higher (24 + 10 wM; n=3; P<0.05) in the Tn strain than
in the wild-type (12 £0.3 wM; n=3). These results indicated that
decreasing intracellular levels of Ga3* contribute to the resistance
observed in both mutants.
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0.5 -

.

Discussion

The development of antimicrobials with novel action mech-
anisms against P. aeruginosa is urgent. In this regard Ga3* is
a novel antipseudomonal that decreases bacterial Fe3* uptake
and interferes with iron signaling through the alternative sigma
factor PvdS (Kaneko et al., 2007). Indeed, Ga3* and Fe3* have
nearly identical ionic radii, but oxidation/reduction cycling of
iron occurs, which is critical for many of its biological func-
tions (Chitambar and Narasimhan, 1991), whereas Ga3* cannot be
reduced. Thus, Ga3* might interfere with several processes requir-
ing the reduction-oxidation of iron (Kaneko et al., 2007) such as (a)
DNA synthesis, since the ribonucleotide reductase is iron depend-
ent (Fontecave et al., 1990), (b) protection against oxidative stress
by catalase (Frederick et al., 2001) and superoxide dismutase, since
both enzymes are iron-dependent (Hassett et al., 1993), and (c)
electron transport by the respiratory chain since the cytochromes

Growth (O.D. 600)
o "

Fig. 4. Complementation of TC5 and hitA mutants. Final cell growth (0.D. 600 nm) of the strains in minimal succinate medium (supplemented with 2.5 uM of FeCl3) in the
presence of 50 uM Ga(NOs); after 24 h. pUCP20 indicates the presence of the empty vector and pUCP20-hitA is the plasmid with hitA+ of P. aeruginosa PA14. Data shown

represent the mean & SEM of three independent experiments.
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and Fe-S proteins in the respiratory complexes engage in redox
reactions mediated by iron (Anraku, 1988).

In contrast, single inactivation of the pyoverdine, pyochelin or
ferric citrate iron transport systems and double inactivation of the
pyoverdine and pyochelin systems neither prevent the entrance of
Ga3" to the cell nor render PAO1 resistant. These observations agree
with the hypothesis that mutations in single targets will not gen-
erate high resistance and also indicate that Ga3* is not internalized
by the major iron uptake systems (Kaneko et al., 2007).

However, we demonstrate here that resistance against the inhi-
bition of both planktonic growth and biofilms exerted by Ga3* can
readily emerge, either by transposon inactivation of a single target
(hitA) or by an undefined number of gene changes in the spon-
taneous mutant. For the transposon TC5 mutant, our results show
that the main resistance mechanism is a decrease in the Ga3* intake
via the HitAB system. This finding is relevant since this is the first
report in which a putative Ga3* transporter is described.

Interestingly, the addition of pUPC20-hitA to the hitA mutant
was able to increase the Ga3* sensitivity to levels similar to those
of the wild-type strain; these results firmly establish one molecular
mechanism of Ga3* resistance in P. aeruginosa. Complementation of
the TC5 mutant with hitA also increased Ga3* sensitivity although at
significantly lower levels than that shown by the wild-type strain.
This TC5 mutant behavior may be related to a polar effect of the
transposon insertion on the expression of hitB, since TC5 DNA
microarrays showed a 18-fold decrease in its expression relative
to wt strain (data not shown).
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In the spontaneous E12 mutant, high levels of pyocyanin were
induced and mutations in two pyocyanin biosynthetic genes were
found. This phenazine, which is a marker of P. aeruginosa viru-
lence (McDermott et al., 2012), catalyzes the reduction of either
free or protein bound Fe3* to Fe2* (Cox, 1986). However, addition
of pyocyanin protected cells from Ga3* only for the wild-type strain
but not for the feoB mutant (cf. Fig. S5). The explanation is that feoB
mutants are unable to take up FeZ*, a transport reaction catalyzed
by the Fe2* FeoB transporter (Marlovits et al., 2002); the transporter
is expected not to be inhibited by Ga3* (Logan et al., 1981). There-
fore, iron can only be internalized in these mutants as Fe3* (Wang
et al,, 2011), and hence Ga3* can competitively inhibit the Fe3*
transporter activity (Kaneko et al., 2007) and affect growth in feoB
mutants. In contrast, in the spontaneous E12 mutant, with unal-
tered FeoB transporter, excess pyocyanin promotes Fe2* generation
and uptake, attenuating Ga3* toxicity.

Thus, a strain with enhanced Fe?* uptake capacity (for example
by overproducing FeoB or other heterologous Fe2* transporters) is
expected to show increased Ga3* resistance, as compared to the
wild-type strain; and pyocyanin would exert a stronger protection
against Ga3* stress. On the other hand, inhibition of pyocyanin pro-
duction, by deleting pyocyanin biosynthesis genes in wild type, TC5
or E12, is expected to decrease Ga3* resistance.

In contrast to the significantly lower intracellular levels of Ga
(7-14 fold), the iron content in both mutants was similar to that
of wild type cells. This observation suggests that iron homeostasis
is not involved while prevention of Ga3* accumulation is indeed
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Fig. 5. Gallium and Iron transport model and the possible Ga3* resistance mechanisms in Pseudomonas aeruginosa. (A) Gallium and Iron internalization: Outside the cell, Ga3*
and Fe3* bind the siderophore pyoverdine (Pvd), and these complexes enter the periplasm via the FpvA transporter (Wandersman and Delepelaire, 2004). Fe** is reduced
to Fe?* intracellularly by a yet unknown protein, Fe?* is released by pyoverdine, and free pyoverdine is pumped outside the cell by the OmpQ efflux system (Yeats et al.,
2004). As Ga3* cannot be reduced, it remains sequestered in the periplasmic space bound to pyoverdine. In addition, Fe3* can be reduced by pyocyanin (Cox, 1986), and then
enter the periplasm via a porin. Fe2* can also enter the cell by the FeoB transporter (Marlovits et al., 2002). Ga3* may also enter the periplasm via porins and then the cytosol

via an unknown transporter or the HitB permease, if presented by HitA (Adhikari et al., 1995). (B)

Ga3* resistance mechanisms: (1) An increase in pyoverdine has the dual

effect of increasing Fe3* and decreasing Ga>* internalization by its sequestration in the periplasm (Kaneko et al., 2007). (2) An increase in pyocyanin contributes to increase
the reduction of Fe3* to Fe?*, a metal ion species that would be impervious to the Ga3* competitive inhibition effects. (3) An inactivation of the Ga3* uptake transporters
(crossed), including the HitAB transporter mutated in TC5. (4) The activation of a putative Ga3* efflux mechanism. Abbreviations: Pvd; pyoverdine; OM; outer membrane;

CM; cytoplasmic membrane.
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part of the resistance mechanisms toward Ga3* in both mutants.
Therefore, diminished Ga3* uptake, active Ga3* efflux, or both pro-
cesses are very likely involved in the resistance to Ga3* shown by
the spontaneous mutant. In this regard, it is noteworthy that nine
mutations in four transport proteins were found in the E12 sponta-
neous mutant, four in the multidrug efflux pump component ArmB
(MexY) and two in a putative permease.

Pyoverdine was apparently not involved in the resistance devel-
oped by TC5 because its levels were not different from those of
the wild-type in the presence of 10 uM Ga3*. However, at 25 uM
Ga3*, pyoverdine production of the wild-type was inhibited but not
that of TC5, suggesting involvement of this process in the develop-
ment of resistance toward Ga3*. On the other hand, the pyoverdine
levels in the spontaneous E12 mutant were significantly higher
at 50 .M Ga3*. It is plausible that high pyoverdine levels confer
Ga3* resistance since the addition of exogenous pyoverdine as well
as its overproduction lead to Ga3* tolerance, likely mediated by
sequestration of the extracellular Ga3* (Kaneko et al., 2007).

Future work with the Ga3* resistant mutants cultured with dif-
ferent carbon sources (Rzhepishevskaetal.,2011)and, in particular
with an artificial sputum medium which may mimic the conditions
faced by the bacterium in the human host, may allow understand-
ing of the emergence and nature of the Ga3* resistance mechanisms
under a more physiological context.

Fig. 5 indicates how Ga3* may enter the cell and interfere
with Fe3* delivery and Fe?* uptake as well as the potential Ga3*
resistant mechanisms described in this work: (i) decrease in Ga3*
uptake due inactivation of the HitAB transporter in the transpo-
son mutant, (ii) decrease in Ga3* uptake due the inactivation of
other unknown transporters/activation of efflux in the sponta-
neous mutant, and (iii) increase in Fe2* concentration mediated
by pyocyanin Fe3* reduction. Thus, the present work demonstrates
for the first time that resistance against the novel antimicrobial gal-
lium nitrate can readily develop in P. aeruginosa. In addition, this
is the first report unveiling the molecular basis of the resistance
mechanisms involved. This knowledge may have clinical relevance
if Ga3* is used as an antipseudomonal drug.
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