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INTRODUCTION

Pseudomonas putida GB-1 is a Mn(ll)-oxidizing bacterium that produces pyoverdine-type
siderophores (PVDs), which facilitate the uptake of Fe(lll) but also influence MnO,
formation. Recently, a non-ribosomal peptide synthetase mutant that does not synthesize
PVD was described. Here we identified a gene encoding the PVDgg-1 (PVD produced by
strain GB-1) uptake receptor (PputGB1_4082) of strain GB-1 and confirmed its function by
in-frame mutagenesis. Growth and other physiological responses of these two mutants
and of wild type were compared during cultivation in the presence of three chemically
distinct sets of PVDs (siderotypes n°1, n°2, and n°4) derived from various pseudomonads.
Under iron-limiting conditions, Fe(lll) complexes of various siderotype n°1 PVDs (including
PVDGgpg.1) allowed growth of wild type and the synthetase mutant, but not the receptor
mutant, confirming that iron uptake with any tested siderotype n°1 PVD depended on
PputGB1_4082. Fe(lll) complexes of a siderotype n°2 PVD were not utilized by any strain
and strongly induced PVD synthesis. In contrast, Fe(lll) complexes of siderotype n°4 PVDs
promoted the growth of all three strains and did not induce PVD synthesis by the wild type,
implying these complexes were utilized for iron uptake independent of PputGB1_4082.
These differing properties of the three PVD types provided a way to differentiate between
effects on MnO, formation that resulted from iron limitation and others that required
participation of the PVDgg_q receptor. Specifically, MnO, production was inhibited by
siderotype n°1 but not n°4 PVDs indicating PVD synthesis or PputGB1_4082 involvement
rather than iron-limitation caused the inhibition. In contrast, iron limitation was sufficient to
explain the inhibition of Mn(ll) oxidation by siderotype n°2 PVDs. Collectively, our results
provide insight into how competition for iron via siderophores influences growth, iron
nutrition and MnQO, formation in more complex environmental systems.

Keywords: pyoverdine, Fe availability, iron requirement, iron limitation, siderotyping, MnO>, pyoverdine receptor,
biofilm

with high affinity for Fe(III) (Parker et al., 2004). The PVDs

Manganese (III, IV) oxides are naturally abundant minerals that
control the environmental fate of various organic compounds
and metals through adsorption and redox processes (Tebo et al.,
2004; Webb et al., 2005). Although manganese oxides can be
produced via both biological and abiotic oxidation of Mn(II),
biological oxidation of manganese has been reported to be orders
of magnitude faster (Hastings and Emerson, 1986). One of the
model organisms used to study bacterial oxidation of Mn(II) is
Pseudomonas putida GB-1, a bacterium isolated from a freshwater
environment (Okazaki et al., 1997; Brouwers et al., 1999; Murray
et al., 2005; Toner et al., 2005).

In aerobic and neutral pH environments where most Mn(II)-
oxidizing bacteria have been isolated, iron is mainly found as
insoluble Fe(III) with limited bioavailability. To overcome iron
limitation, fluorescent pseudomonads, which include P. putida
GB-1, produce pyoverdines (PVDs), fluorescent siderophores

produced by different Pseudomonas isolates generally share the
same quinoleinic chromophore joined to a polypeptide chain that
varies in length and composition from strain to strain (Hohnadel
and Meyer, 1988). Fe(IIl) bound by a particular PVD enters the
cell via a specific PVD-Fe(III) cognate receptor that ordinarily
recognizes the polypeptide portion of only that PVD (Clement
et al., 2004), although rarely a receptor may recognize more than
one PVD (Meyer et al., 1999, 2002b) or a strain may produce a
receptor for a PVD that it does not synthesize (Koster et al., 1995).
The usual specificity of each PVD for a particular cognate receptor
forms the basis of siderotyping, which assigns the PVDs produced
by different Pseudomonas isolates into groups of identical isoelec-
tric focusing properties and identical cellular uptake by reference
strains (Fuchs et al., 2001; Meyer et al., 2002a).

It was previously shown that PVDs can form stable and sol-
uble complexes of Mn(III) with high stability constants (logK)
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comparable or slightly higher than that for Fe(III), 47.5 and
44.6, respectively (Parker et al., 2004). In fact, the addition of
purified homologous PVD to iron-replete cultures of P. putida
GB-1 inhibited MnO, formation, with the extent and duration
of inhibition depending on the PVD concentration and cor-
relating with the concentration of the PVD-Mn(III) complex
(Parker et al., 2007). The PVD-Mn(III) complex was stable and
MnO; production was inhibited for >30 days at 25°C when the
PVD concentration exceeded the sum of the Mn and Fe con-
centrations in the culture. If the PVD concentration was less
than the Mn concentration, however, MnO; formed slowly and
the PVD was apparently degraded or modified, as indicated by
altered absorption and fluorescence spectra (Parker et al., 2007).
The formation of the PVD-Mn(III) complex did not require the
presence of P. putida GB-1 cells [e.g., it was observed in ster-
ile aerated medium containing only Mn(II) and purified PVD]
and occurred with the Mn(II)-oxidation-deficient mutant GB-1-
007 (Parker et al., 2007), suggesting a non-enzymatic mechanism
resembling other ligand-promoted reactions of Fe(II) or Mn(II)
with oxygen (Klewicki and Morgan, 1998; Xiao and Kisaalita,
1998; Duckworth and Sposito, 2005).

The studies above involved cultures of single strains, each chal-
lenged with PVD it synthesized. In the environment, however,
various organisms can share the same habitat and experience
the same environmental conditions, e.g., iron-limitation. In such
cases, organisms that are capable of producing siderophores or
other ligands will do so, exposing all community members to iron
bound by diverse siderophores. In these situations, the ability to
use available heterologous siderophores (siderophores different
from ones the organism produces) becomes crucial in dictat-
ing the actual iron availability to a particular organism. Under
these circumstances, “cheaters” (Griffin et al., 2004; Harrison
et al., 2008; Harrison and Buckling, 2009) or “predators” (Meyer
et al., 2002b) that can use heterologous siderophores could gain
competitive advantage.

Recently, the PVDs produced by several Mn(II)-oxidizing
pseudomonads have been siderotyped and placed into three
groups, n°l, n°2, and n°4, with the most important PVD
similarities being confirmed by MS/MS (Parker et al., 2014).
Here we investigated the effects of these three PVD siderotypes
on iron availability and MnO; formation by P. putida GB-1,
extending previous studies of the PVD-mediated inhibition of
MnO; production, which had all involved only the homolo-
gous PVD. Data for homologous PVDs are hard to interpret
because homologous PVD could conceivably influence Mn(II)
oxidation through at least two mechanisms: simple effects on
iron availability and more complex regulatory phenomena involv-
ing interactions of homologous PVD-Fe(IlI) complexes with
their cognate uptake receptor, which has been reported to sig-
nal PVD synthesis in Pseudomonas aeruginosa (Lamont et al.,
2002). We begin to disentangle these two possibilities by uti-
lizing PVDs of siderotypes n°2 and n°4, which differ in their
receptor specificities from the PVD produced by strain GB-1
(siderotype n°1). Another goal of this study was to investigate
how exposure to heterologous PVDs at various conditions influ-
ences the synthesis of homologous PVD, MnO,, and biofilms by
strain GB-1, in an attempt to understand effects that could occur

naturally within mixed microbial communities in iron-limited
habitats.

METHODS AND MATERIALS

MEDIA

To determine the effects of exogenous PVD on PVD synthesis
and biofilm formation, succinate medium (Meyer et al., 1997)
and MSGFeMn medium (Parker et al., 2007) were used, respec-
tively. Succinate medium, pH 7, included (per L) 6 g K;HPOy4, 3 g
KH,POy4, 1g (NH4)2S04, 0.2g MgSO4e7H,0, 4 g succinic acid
with 2 WM FeSO407H,0 or 2 uM FeCl3 with 10 uM PVD. PVD
was added prior to the addition of freshly made (0.2 pm filtered)
Fe solution to prevent precipitation of iron. MSGFeMn medium
contained (per L) 0.24 g (NHy4),SOy4, 0.06 g MgSO407H,0, 0.06 g
CaCl,e2H,0, 0.02g KH,POy4, 0.3 g Na,HPO4, 5mM glucose,
2 WM FeSO4e7H,0 100 M MnCl,, and was aseptically adjusted
to pH 7.1 and then buffered with 50 mM HEPES (pH 7.5). To
test the effect of exogenous PVD on the growth of an NRPS
mutant of P putida GB-1 (KG163, PputGB1_4083::pKG220,
GmR), CAA media supplemented with 100 uM 2, 2’-dipyridyl
(Moon et al., 2008) was used. CAA medium (per L) con-
sisted of 5¢g casamino acid, 1.18 g K;HPO4e3H,0, and 0.25g
MgSO4e7H;0. The Leptothrix (Lept) agar used for co-cultivation
experiments (Boogerd and de Vrind, 1987) consisted of 0.5g
yeast extract, 0.5 g casamino acids, 5mM D(+)-glucose, 10 mM
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid),
pH 7.5, 048mM CaCl,, 0.83mM MgSOy4, 3.7uM FeCls,
100uM MnCl,,1.5% Noble agar and 1mL of a trace ele-
ment solution containing (per L) 10 mg CuSO4e5H,;0, 44 mg
ZnSO4e7H;0, 20 mg CoCl,e6H,0, and 13 mg NaMoO4e2H,O.

MNO, FORMATION DURING CO-GROWTH OF P. putida GB-1 WITH
VARIOUS PVD PRODUCERS

Leptothrix (Lept) agar, supplemented with 2 uM FeCls from a
freshly-prepared and filtered (0.2 pm pore size) stock of 10 mM
FeCl3, was poured in precise 20 mL portions into 100 x 15 mm
plastic Petri plates. Before inoculation, all plates were placed in
a sealed bag and aseptically stored for >1 week at 4°C to allow
the chemical speciation of iron to equilibrate so that siderophore
synthesis was reproducible in inoculated plates. Replicate plates
(duplicate, triplicate, or quintuplicate in three replicate experi-
ments) were inoculated from overnight cultures grown in liquid
Lept medium (Boogerd and de Vrind, 1987). In the two initial
experiments, the test organism (P. putida GB-1) was streaked
in one direction and then a challenge strain (a PVD-producing
pseudomonad or a control that could not make PVD) was
streaked at right angles to it (cross-streak plates). In the third
experiment, a somewhat different streaking geometry was used
(see Figures 1C-F). Duplicate control plates were inoculated
with each organism alone. All plates were sealed with parafilm,
inverted, and incubated at 23-25°C in the dark. At 1, 2, 3, 4,
5, and 10 days of incubation, experimental and control plates
were illuminated from the top and side by Silvania F40W/SS flu-
orescent lights and photographed with the Dimage X60 camera
(JPEG; red/green/blue; 2560 x 1920 pixels). Results were scored
as inhibition of MnO; formation if either of the following was
observed: (1) a pronounced gradient of decreased MnO; density
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FIGURE 1 | MnO; formation by P putida GB-1 after exposure to
purified PVDgp_1 (A,B) and to PVD released during the growth of
another siderotype n°1 strain, P putida CFML90-49 (E,F). (A,C,E) Visible
light illumination to show brown MnO,. (B,D,F) UV light illumination to
detect blue-green PVD fluorescence. (A,B) Effect of 75 uL of purified
PVDgg.1 (200mM, siderotype n°1) applied at one edge of a plate
containing 20 ml of solid medium and a single streak of P putida GB-1. The
plate was incubated vertically so that the liquid remained localized, although
it did spread as a crescent at the edge of the plate on the downward side,
taking some inoculum with it. Note that areas of the strain GB-1 streak line
near the zone of PVDgR.1 application showed considerable blue-green
PVD fluorescence, whereas growth zones further from the PVD drop
contained brown MnO, with no visible fluorescence. (C,D) Full MnO,
production when strain GB-1 was cultured alone. (E,F) Inhibited MnO»,
production when strain GB-1 was co-cultivated with P putida CFML90-49,
which cannot oxidize Mn(ll) and produces a siderotype n°1 PVD resembling
PVDgg.1 - Note the increased PVD fluorescence and decreased MnO;
within strain GB-1 growth zones in the presence of strain CFML90-49 (E,F)
as compared to the control without strain CFML90-49 (C,D).

beginning near the challenge strain and changing with distance
from it or (2) a difference of at least 3-fold in the average density
of MnO; (measured on photographs) in a cross streak plate vs.
the appropriate controls with test organism only. Table 1 presents
the pooled data for experiments 1 and 2 and combines the results
observed for each plate at 3, 4, 5, and 10 days, since the scored
result did not change after 3 days. Photographs in Figure 1 were
taken at day 4 of experiment 3.

Table 1 | Effect of PVD-producing organisms with various siderotypes
on MnO; formation by P putida GB-1 (siderotype n°1) during
co-cultivation conditions.

Challenge organism Siderotype® Effect on MnO,

formation by P, putida

Strain Forms Mn0,?? GB-1 (PVD n°1)¢
MnB1 Slow 1 1(2/2)
CFML90-45 No 1 1(2/2)
CFML90-48 No 1 1(1/2), N(1/2)
CFML90-49 No 1 1(2/2)
CFML90-50 No 1 1(2/2)
CFML90-51 No 1 | (4/5), N (1/5)
KT2440 At low Oy only 2 I (3/5), N (2/5)
1SO6 Slow 4 N (5/5)

aQualitative rate of MnQO, production is reported relative to that by P putida
GB-1.

bDetermined previously (Parker et al., 2014).

¢l, inhibition of MnO, formation; S, stimulation of MnQO, formation; N, no
detectable effect. Effects were read, in comparison to controls with strain GB-
1 only, at 4 days of growth at 23-25°C, but results at 5 and 10 days were the
same as those at 4 days. Results were confirmed from photographs (examples
in Figure 1) taken at multiple times during growth. Numbers in parentheses indi-
cate ratio of Petri plates that showed the reported result among the total number
of plates tested.

PURIFICATION OF PVD

P. putida GB-1, P. putida CFML 90-51, P. putida KT2440,
Pseudomonas sp. PCP1, and Pseudomonas sp. ISO6 were grown
in CAA media at room temperature. Cultures were centrifuged,
filtered, and then adjusted to pH 5.5 with HNOj3. PVD was puri-
fied using previously reported methods (Parker et al., 2014). The
filtrates were run through SepPak C18 columns, washed with
5 volumes of Milli-Q deionized water (18.2MS2), eluted with
50% methanol in Milli-Q water, lyophilized and resuspended in
Milli-Q water.

EFFECT OF EXOGENOUS PVDs ON GROWTH OF A PVD SYNTHESIS
MUTANT OF STRAIN GB-1

A non-ribosomal peptide synthetase (NRPS) mutant was cre-
ated previously with a plasmid integration into PputGB1_4083,
which was shown to be the NRPS for synthesis of the peptide
backbone of PVDgp_1 (Parker et al., 2014). This mutant is defi-
cient in PVD synthesis (Parker et al., 2014). The mutant was
grown overnight in LB medium supplemented with 50 pgml™!
gentamicin. It was subcultured in LB broth and grown until it
reached mid-exponential phase, at which point it was spread onto
a CAA plate amended with 100 uM dipyridyl (Moon et al., 2008).
Filtered disks soaked with 20 pl of various 1 mM PVDs were then
put on top of the overlay to check for growth inhibition around
the disks.

IN-FRAME DELETION OF A GENE ENCODING THE PUTATIVE RECEPTOR
OF PVDgg 4

In-frame deletion of the putative ferri-PVDGR_1 receptor gene
PputGB1_4082 followed previously described methods (Geszvain
and Tebo, 2010). Table2 lists the primers used to amplify
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Table 2 | Primers used for in-frame deletion of putative ferri-PVD
receptor, PputGB1_4082.

Table 3 | Strains and plasmids used for in-frame deletion of
PputGB1_4082 in this study.

Primer Sequence (5'-3')
4081F CAA GAC CAC CGG CAAACCCT
4083R ATC GAG GCC GTT CGT GCT G

TCC AAG TCC TTG CCC GGC GTG TCA CTG CGC
TAC GACTTC TGA

TCA GAA GTC GTA GCG CAG TGA CAC GCC GGG
CAA GGA CTT GGA

4082_conjunction_F

4082_conjuction_R

~500 bp regions upstream and downstream of the targeted gene
PputGB1_4082. These regions were then fused. Strains and plas-
mids used in this study are listed in Table 3. To determine whether
the target gene was indeed deleted, genomic DNA was extracted
from the candidate strains using a commercially available kit
(Wizard® Genomic DNA isolation system, Promega), and PCR
was then performed using primers 4081F and 4083R (Table 2).

EFFECT OF EXOGENOUS PVDs ON GROWTH OF THE FERRI-PVD
RECEPTOR MUTANT OF STRAIN GB-1

The ferri-PVD receptor mutant described in the preceding section
was inoculated into succinate medium supplemented with 2 pM
FeCls. Portions of this culture were supplemented to 10 uM with
various PVDs collected from P. putida GB-1, P. putida KT2440,
or Pseudomonas sp. PCP1 and grown for ~ 40h at 220 rpm and
room temperature. The effect of each exogenous PVD on the
growth of the ferri-PVD receptor mutant was visually observed.

EFFECT OF EXOGENOUS PVDs ON BIOFILM FORMATION BY

P. putida GB-1

To assess the effect of exogenous PVDs on biofilm formation
by P. putida GB-1, crystal violet staining was used (Yamaguchi,
2009). Briefly, P. putida GB-1 were grown in MSGFeMn medium
(Parker et al., 2007) for 1 day, then ODggp was adjusted to ~0.1 in
MSGFeMn media in a series of microtiter plate wells. Each well
of 200 1 of this culture was amended with 10 uM PVD from
varying Pseudomonas species. After 2 days of static incubation,
cultures were discarded and the wells were washed with 300 .l
PBS three times, air dried, supplemented with 150 pl crystal violet
and incubated for 15 min. The plate was then washed under run-
ning water, air dried, and 150 pl ethanol (95%) was added to each
well. After 30 min of incubation the absorbance was measured
at 570 nm using SpectraMax M2 scanning spectrophotometer-
fluorimeter (Molecular Devices).

EFFECTS OF EXOGENOUS PVDs ON PVD PRODUCTION BY

P. putida GB-1

P. putida GB-1 was inoculated by diluting a loopful of cells into
1 mL of succinate medium and transferring 10 uL-5mL of suc-
cinate medium amended with 2 uM FeCls and 10 uM various
PVDs collected from different strains. To assess the effects of
the varying concentration of PVD, 2uM Fe(II) was achieved
using either FeSO4e7H;0 or FeCls with 0-10 wM PVD. To deter-
mine the effects of varying concentrations of Fe(III) between 0

Strain of Genotype, characteristics, or Source or
plasmid construction references
STRAINS
E. coli TAM1 mcrA _(mrr-hsdRMS-mcrBC) Active motif
_80/acZ_M15 _lacX74 recA1
araD139 (ara-leu) 7697 galU galK
rpsL endA1 nupG
P, putida
GB-1 Wild type Corstjens et al., 1992
KG163 PputGB1_4083::pKG220, GmR  Parker et al., 2014
GB-1 APputGB1_4082 This study
PLASMIDS
pEX18Gm Gene replacement vector; Gm";  Hoang et al., 1998
oriT sacB
pJET1.2/blunt Commercial cloning vector Fermentas
pEX18Gm_4082 Plasmid for deleting 4082 This study

and 15uM, FeCl; was added with 10 M PVD. In all exper-
iments, PVD was added prior to supplementing the media
with Fe to enhance the formation of Fe-PVD complexes. PVDs
were collected using methods described above from previously
siderotyped cultures (Parker et al., 2014). The PVD amended
cultures were shaken at 150 rpm and room temperature for 2
days. After 2 days, cells were centrifuged at 13,000 g for 5min
and the supernatant was measured for PVDs. The amount of
PVD was estimated by measuring the absorbance at 400 nm (¢ =
19,000 M~ !.cm™!) (Parker et al., 2004). All glassware used was
soaked in an acid bath for at least 2 days and then rinsed 67 times
with MilliQ water.

RESULTS
Mn0, FORMATION DURING CO-GROWTH OF P. putida GB-1 WITH
VARIOUS PVD PRODUCERS
To examine whether co-growth with a strong PVD producer
would inhibit MnO, formation by P. putida GB-1, various PVD-
producing organisms (“challenge strains”) were streaked in pair-
wise combinations with P. putida GB-1 on Lept agar plates
containing 2 WM FeCls (Figure 1, Table 1), an iron concentra-
tion at which P. putida GB-1 was sufficiently iron replete to
form MnO, (Figure 1) even though the challenge strains were
iron limited enough to synthesize some PVD (Supplementary
Information, Figure 1S). Since the inhibitory effect of homol-
ogous PVD (PVDGR_1) has already been described in liquid
cultures supplemented with purified PVD at a variety of growth
conditions (Parker et al., 2007), the current experiments can
indicate whether similar phenomena occur on solid media and
whether other PVD types have the same effect as PVDgp_1.
When the challenging PVD producer was P. putida CFML90-
49, an organism that does not oxidize Mn(II) but is of the same
siderotype (n°1) as strain GB-1, MnO; production was inhibited,
particularly in strain GB-1 growth zones close to strain CFML90-
49 (Figure 1E), which coincided with the areas of PVD fluores-
cence (Figure 1F). This pattern of inhibition and fluorescence
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resembled that observed for a solution of purified PVD added
to one side of a parallel Petri plate (Figures 1A,B). These results
indicate that the inhibition previously reported for liquid media
(Parker et al., 2007) is also observed on solid media and that solid
media reveal spatially localized effects not easily detected in liquid
cultures.

The above experiment was repeated with 6 different challenge
strains including strain CFML 90-49 and five other P. putida
strains that also produced siderotype n°1 PVDs. MnO; forma-
tion by strain GB-1 was clearly inhibited in 13 out of the 15
Petri plates examined (Table 1). Thus, there is no indication that
the inhibitory phenomenon is limited to the previously-studied
PVDGp.1 and PVDypp1 but apparently applies more generally
within siderotype n°1.

MnO; production by strain GB-1 was next examined dur-
ing co-cultivation with organisms that produced heterologous
PVDs, i.e., siderotypes n°2 and n°4. It was hypothesized that
heterologous PVDs would not be utilized by strain GB-1 and
therefore would reduce iron availability to P. putida GB-1,
resulting in decreased growth and inhibited MnO, produc-
tion. These expectations were upheld for challenge by P. putida
KT2440 (siderotype n°2), but were contradicted for Pseudomonas
sp. 1SO6 (siderotype n°4) (Tablel). That is, MnO, forma-
tion by strain GB-1 was inhibited in the presence of P. putida
KT2440, but was unaffected by the presence of Pseudomonas
sp. ISO6 (Table 1). Subsequent sections of this paper investi-
gate why the predictions above were not upheld for siderotype
n°4, particularly exploring the possibility that P. putida GB-1
(siderotype n°1) might be able to utilize siderotype n°4 PVDs
for iron nutrition, as well as the predicted outcomes of that
possibility.

EFFECT OF EXOGENOUS PVDs ON GROWTH OF A PVD SYNTHESIS
MUTANT OF P. putida GB-1
To assess whether PVDs of various siderotypes can support the
growth of P. putida GB-1 (siderotype n°1) in a medium with
low iron availability, we utilized liquid cultures of the non-PVD-
producing mutant KG163 (PputGB1_4083::pKG220, Gm®), in
which the NRPS that assembles the PVD backbone has been
inactivated by insertion (Parker et al., 2014). Strain KG163 cul-
tures containing the strong Fe(III)-complexing agent dipyridyl
were supplemented with PVD solutions representing siderotypes
n°l, n°2, and n°4 (Figure2). As expected, growth was sup-
ported by PVDcpmrgo—51 (siderotype n°1), which is indistin-
guishable from PVDgp_1 by several criteria (Parker et al., 2014).
In contrast, growth was absent in the presence of the PVDgr2440
(siderotype n°2), thus showing that P. putida GB-1 cannot uti-
lize PVDxr2440 for iron uptake. However, growth was observed
with PVDpcp (siderotype n°4), suggesting that strain GB-1 was
capable of utilizing this heterologous PVD for growth (Figure 2).
The mechanism through which P. putida GB-1 utilizes
PVDpcp; to stimulate growth in iron limiting media could
involve Fe-PVDpcp; uptake via the receptor for PVDgp_1, but
it could also involve another receptor or process. To investi-
gate whether the PVDGp_1 receptor was required for uptake
of PVDpcp) (siderotype n°4), it was first necessary to obtain a
mutant deficient in the PVDGp_1 receptor.

FIGURE 2 | The P putida GB-1 NRPS mutant KG163, which does not
produce PVD, was overlayed on CAA plates supplemented with

100 .M dipyridyl, an agent that strongly complexes Fe. 20 |l of PVD
solutions from R putida GB-1, R putida KT2440, and Pseudomonas sp.
PCP1 or MilliQ water were put on filter disks to determine the ability of
exogenous PVDs to release Fe from it dipyridyl complex and to support the
growth (observed as visual turbidity) of a P putida GB-1 mutant that lacks
the ability to produce PVD.

IN-FRAME DELETION OF A GENE ENCODING THE PUTATIVE RECEPTOR
OF PVDgg 4

In the annotation of the genome of P. putida GB-1 available
on the IMG website, (http://img.jgi.doe.gov/cgi-bin/w/main.cgi),
44 genes encoding putative TonB-dependent receptors were
found (McCarthy and Tebo, unpublished data). Out of these
genes, PputGB1_4082 was located adjacent to the PVD syn-
thase responsible for producing the peptide backbone of the
PVDGR.1 (Parker et al, 2014). Since it was expected that
PputGB1_4082 might therefore encode the ferri-PVD uptake
receptor for PVDGR.1, in-frame deletion of PputGB1_4082 was
performed. This mutant did not grow when it was cultured in
a medium containing 2 M FeCl3 in combination with excess
(10 wM) purified PVDGp_1 (Figure 3). Since excess PVD can be
expected to sequester Fe(III) in PVD complexes that are internal-
ized only by its cognate Fe-PVD receptor, this result confirms that
APputGB1_4082 is deficient in the PVDGR_1 receptor and also
indicates that P. putida GB-1 possesses only one cognate recep-
tor, unlike P. aeruginosa PAO1, which has two, FpvA and FpvB
(Ghysels et al., 2004).

EFFECT OF EXOGENOUS PVDs ON GROWTH OF THE RECEPTOR
MUTANT APputGB1_4082

To test whether PVDs not produced by strain GB-1 were accessi-
ble to this receptor mutant, cultures of APputGB1_4082 contain-
ing 2 uM FeCls were supplemented with an excess (10 uM) of
either PVDgT2449 (siderotype n°2) or PVDpcp; (siderotype n°4).
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FIGURE 3 | Effect of exogenous PVDs on the growth of the P putida
GB-1 mutant APputGB1_4082. The medium was supplemented with

2 uM FeClz and 10 uM of either: (i) no PVDs, (i) PVDgpg_1. (i) PVDkT2440,
or (iv) PVDpcpq .

PVDkr2449 did not support growth of the receptor mutant
(Figure 3), just as it had not been accessible to the PVD syn-
thesis mutant (Figure 2), further supporting the interpretation
above that Fe-PVDkr449 complexes cannot be detectably used
by strain GB-1 via any pathway. In contrast, PVDpcp; supported
normal growth of both the receptor mutant (Figure 3) and the
PVD synthesis mutant (Figure 2). Therefore, the utilization of Fe-
PVDpcpicomplexes by strain GB-1 must involve a system that
is independent of the cognate (siderotype n°l) PVD receptor
(PputGB1_4082).

EFFECT OF EXOGENOUS PVDs ON BIOFILM FORMATION BY

P. putida GB-1

As iron metabolism can affect biofilm formation (Banin et al.,
2005), the effect of exogenous PVDs on biofilm formation by
P. putida GB-1 was tested. It was hypothesized that if the PVD
could be utilized by P. putida GB-1 then biofilm formation
would not be affected, whereas the sequestration of Fe within a
non-utilizable PVD complex would inhibit biofilm production.
Only PVDgr440 (siderotype n°2) inhibited biofilm formation
by P. putida GB-1, with the effect statistically significant at the
99% confidence interval (Figure 4), although two siderotype n°1
PVDs (PVDGp.1 and PVDcemigo—s1) and two siderotype n°4
PVDs (PVDpcp; and PVDiso6) did not (Figure 4). This result
supports the data in preceding sections, suggesting that only
PVDkr2440 (siderotype n°2) sequesters Fe(III) in a form that
is inaccessible to strain GB-1, whereas the iron complexes of
siderotype n°1 and n°4 PVDs can be utilized by this strain.

EFFECT OF EXOGENOUS PVDs ON PVD SYNTHESIS BY P. putida GB-1
PVD synthesis by strain GB-1 after challenge with siderotype n°1,
n°2, and n°4 PVDs was also tested as an indicator of iron stress
(Figure 5), with PVD concentrations being measured after 48 h
of growth in triplicate cultures supplemented at 0 h with 2 uM
FeCl; and a 5-fold excess of each tested PVD (Figure 5). These
results support the conclusions above concerning the action
of each PVD siderotype. Specifically, the addition of the non-
utilizable PVDgr244¢ (siderotype n°2) stimulated PVD synthesis,
whereas the addition of utilizable PVDs representing siderotype
n°1 (PVDGR_1 or PVDcpMmL90—51) or siderotype n°4 (PVDpcpy
or PVDig06) substantially reduced the final PVD concentration,
in comparison to the control without added PVD (Figure 5).

2.5

L L

No PVD B-1 90-51 KT2440 PCP1 I1SO6

l ] ]| J
(n°1) (n°2) (n°4)

Origin of PVD

Abs@570nm
=

FIGURE 4 | The effect of exogenous PVDs on biofilm formation by
P, putida GB-1. Biofilm formation was estimated using crystal violet
staining. [Fe(lll)] = 2 wM (added as FeCl3) and [PVD] = 10 uM (if added).
Error bars indicate the standard deviation of measurements of triplicate
samples.
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FIGURE 5 | Concentration of PVD observed 2 days after the addition of
various exogenous PVDs to P putida GB-1 cultures. [Fe] = 2 uM [added
as FeCls (dark bars) or FeSO4e7H;0 (light bars)] and added [PVD] = 10 uM
(if added). The exogenous PVDs were: siderotype n°1, PVDgpg_q and
PVDcemLgo—15; Siderotype n°2, PVDkr2440; siderotype n°4, PVDpcpy and
PVDisos. Error bars indicate the standard deviation of measurements of
triplicate samples.

The above relationships also held true when several addi-
tional siderotype n°1 organisms (P. putida strains CFML90-51,
MnB1 and BC) were challenged with PVDGR.1, PVDkr2440
and PVDpcp; (Figure 6). The one exception was that P. putida
CFML90-51 synthesized considerably more PVD in the presence
of PVDpcp; than did the other strains (Figure 6), raising the
possibility that strain CFML90-51 might utilize siderotype n°4
PVDs much less efficiently, if at all, in comparison to the three
other siderotype n°1 organisms tested, strains GB-1, MnB1, and
BC. This conclusion is consistent with the previous report that
P. putida CFML90-51 cannot efficiently incorporate *°Fe-labeled
PVDpcp; when this property was measured as a part of the ini-
tial siderotyping of strain PCP1 and its PVD (Parker et al., 2014).
Thus, the ability to utilize siderotype n°4 PVDs may be limited
to some, but not all, siderotype n°1 strains of P. putida. Such a
difference, which perhaps involves the acquisition of additional
receptor(s) for certain heterologous PVDs, is not too surprising
because strain CFML90-51 comes from a very different habitat
and location from the other strains: strain CFML90-51 is a clinical
isolate from France (Meyer et al., 2007) whereas the other strains
are derived from freshwater habitats in the United States (Francis
and Tebo, 2001).
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FIGURE 6 | Concentration of PVD present 2 days after the addition of
various exogenous PVDs to each of four different siderotype
n°1-producing strains: P putida GB-1 (open), P putida CFML90-49
(horizontal lines), P putida MnB1 (dots), and P putida BC (vertical
lines). [Fe(lll)] = 2 wM (added as FeCl3) and added [PVD] = 10 wM. Error
bars indicate the standard deviation of triplicate samples.

Whether the initial form of iron, i.e., Fe(II) vs. Fe(III), influ-
ences PVD synthesis with added exogenous PVD was also tested.
As PVD can complex Fe(Il) to form Fe(II)-PVD which air oxi-
dizes to Fe(IlI)-PVD (Xiao and Kisaalita, 1998), it was hypoth-
esized that in the presence of PVD, PVD synthesis would be
independent of the form of iron used. This hypothesis was upheld
as shown in Figure 5, where PVD synthesis by P. putida GB-1 in
the presence of exogenous PVDs did not differ when the initial
form of iron was changed. However, in the absence of added PVD,
Fe(II) could be directly utilized by the cells and therefore PVD
synthesis was repressed.

EFFECT OF THE RATIO OF EXOGENOUS PVDGg_q TO Fe ON PVD
SYNTHESIS

An initially puzzling result in Figure 5 was that various homol-
ogous (siderotype n°1) PVDs only partially inhibited PVD syn-
thesis in strain GB-1 (final PVD concentration = 27 £ 0.8 uM),
whereas the heterologous siderotype n°4 PVDs almost com-
pletely suppressed PVD synthesis by P. putida GB-1 (final PVD
concentration = 13 =& 0.1 M, similar to the concentration
of added PVD, 10 uM). This observation might hint toward
a phenomenon reported in P. aeruginosa PAO1, for which the
interaction of homologous PVD-Fe complex with its cognate
receptor initiates a signaling pathway that up-regulates PVD
synthesis (Lamont et al., 2002). To explore this idea, we cul-
tured strain GB-1 in a medium containing 2 uM FeSO4e7H,0
because Fe(II) at this concentration does not induce PVD syn-
thesis in the absence of exogenous PVD, whereas Fe(III) does
(Figure 5). In the presence of exogenous PVD, however, Fe(II)
and Fe(III) have similar effects on PVD synthesis as also shown
in Figure 5. Thus, the addition of Fe(II) rather than Fe(III) pro-
vided continuing iron nutrition and eliminated any effects arising
from intracellular iron limitation in control samples without
added PVD.

In Figure 7, P. putida GB-1 cultures growing on Fe(II) were
exposed to PVDp_1 at varying PVD/Fe ratios. In the absence of
added PVD, PVD synthesis was negligible supporting the results
in Figure 5. Of particular interest were the cultures with a PVD/Fe

FIGURE 7 | Concentration of PVD observed 2 days after the addition of
varying amounts of PVDgpg_4 to P putida GB-1 cultures. [Fe(ll)] = 2 .M
(added as FeSO4e7H,0). The concentration of the added PVD was varied
from 0 to 10 WM. Error bars indicate the standard deviation of measurement
of triplicate samples. Fe(ll) was added to fully repress PVD synthesis at the
condition without added PVD. For all samples containing PVD, however, the
initial Fe(l1)-PVD complex was expected to be rapidly air oxidized to
Fe(ll)-PVD (Xiao and Kisaalita, 1998), consistent with data in Figure 5.

ratio of 0.5 (2 uM Fe(II) and 1 wM PVDGR_1), corresponding
to an initial excess of unbound Fe of 1 wM, which is ordinar-
ily enough Fe(Il) to repress PVD synthesis in the absence of
exogenous PVD at these conditions. Nonetheless, these cultures
exhibited considerable PVD synthesis (Figure 7) with a final PVD
concentration of 39 &+ 6.1 wM roughly comparable to what was
observed earlier with homologous PVD (Figures 5, 6) and more
than what was observed with siderotype n°4 PVD (13 uM) in
Figure 5. Taken together, the results in Figure 7 suggest that the
addition of homologous PVD stimulated a moderate amount of
PVD synthesis in P. putida GB- 1. Furthermore, the concentration
of synthesized PVD appeared more closely related to the concen-
tration of PVD-Fe complex than the concentration of total PVD
or the PVD/Fe ratio (Figure 7).

EFFECT ON PVD SYNTHESIS OF THE PVD/Fe RATIO FROM EXOGENOUS
PVDs OF VARIOUS SIDEROTYPES

When the total [Fe] was varied (0-15puM) with a fixed
amount of various exogenous PVDs (10 M), the presence
of a utilizable PVD (PVDGgg.1 or PVDpcp1) increased the
degree of repression at the intermediate FeCl; concentra-
tions whereas the presence of non-utilizable PVDgr440 had
the opposite effect (Figure8), as would be expected if the
utilizable PVDs provided another pathway of Fe uptake in
addition to those available to FeCl; alone, whereas the non-
utilizable PVD decreased the concentration of bioavailable Fe.
When the exogenous PVD was PVDpcp; the final amount
of PVD was the same for all Fe/PVDpcp; ratios between 0.2
and 1.5 (Figure 8). In contrast, this degree of repressed PVD
synthesis was not seen with exogenous PVDgp_1 until the
Fe/PVDGR_1 ratio was 0.5 (5 uM FeClzwith 10 uM PVDGR_1),
consistent with results in Figure 5 showing more residual PVD
synthesis in the presence of siderotype n°1 than siderotype
n°4 PVDs.
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FIGURE 8 | Concentration of PVD observed 2 days after the addition of
varying concentrations of FeCl3 to P putida GB-1 cultures
supplemented with 10 xM of each indicated PVD. No PVD (open bars),
PVDgg.1 (horizontal lines), PVDkr2440 (diagonal lines), and PVDpcpy (filled).
[Fe(ll)l =0, 2, 5, and 15 M (added as FeCl3) and added [PVD] = 10 uM.
Error bars indicate the standard deviation of PVD assays of triplicate
samples.

DISCUSSION

Inhibition by pyoverdine-type (PVD) siderophores of the forma-
tion of MnO, has been previously demonstrated for the closely
related bacterial strains P. putida GB-1 and MnB1 challenged by
their own PVDs (Parker et al., 2004), including purified PVD
solutions (Parker et al., 2007). In this paper we have extended
those studies to PVDs produced by other pseudomonads of
various siderotypes.

Siderotyping examines the chemical similarities among PVDs
produced by different pseudomonads, places the PVDs into
groups of similar or identical structure and predicts which PVDs
can substitute for each other in cellular utilization (Fuchs et al.,
2001; Meyer et al., 2002a). Ordinarily, one expects that an organ-
ism will be able to utilize only those PVDs of the same siderotype
that it produces and not those of other siderotypes. However, our
results indicate that this prediction does not hold for P. putida
GB-1. Instead, multiple lines of evidence indicated that strain
GB-1, which produces siderotype n°1 PVDs, could also utilize
siderotype n°4 PVDs for growth, iron nutrition, and the repres-
sion of PVD synthesis (Figures 2—5). Certain other pseudomon-
ads have been reported either to synthesize additional PVD recep-
tors that differ from the homologous PVD receptor (Matthijs
et al., 2009; Hartney et al., 2012) or to produce a receptor that
recognizes more than one PVD (Meyer et al., 1999, 2002b);
other iron uptake mechanisms such as Fe(III) exchange (Stintzi
et al., 2000) or reduction (Kranzler et al., 2011) are also possi-
ble. In the case of strain GB-1, its homologous PVD receptor that
recognizes PVDGp_1 (siderotype n°1) is not required for the uti-
lization of PVDpcp; (siderotype n°4) because in-frame deletion
of that receptor in the mutant APputGB-1_4082 did not block the
ability of PVDpcp; to support growth (Figure 3). Furthermore,
general mechanisms like Fe(III) exchange or reduction, which
can be expected to affect all foreign PVDs fairly equally, are
unlikely explanations of siderotype n°4 utilization because strain
GB-1 could not utilize a siderotype n°2 PVD (Figures 2-5).
Multiple genes encoding putative TonB-dependent receptors are
present in the P putida GB-1 genome, including some that
might be responsible for the uptake of various siderophores

(McCarthy and Tebo, unpublished). Therefore, as in other pseu-
domonads such as P. fluorescens Pf-5 or P. entomophila 148
(Matthijs et al., 2009; Hartney et al., 2012), P. putida GB-1 has
the potential to utilize heterologous siderophores via receptors
other than its homologous PVD receptor (Cornelis and Matthijs,
2002).

The Fe-PVD complexes of various PVDs, each added as the
sole Fe source, were tested for their ability to support the growth
of wild type P. putida GB-1 and two of its mutants: strain KG163,
which has been shown not to synthesize PVD and to be defec-
tive in the NRPS that assembles the backbone of PVDgpR_y
(Parker et al., 2014) and the mutant APputGB-1_4082, which
we here demonstrate to be defective in the uptake receptor for
PVDGR-1. The results (Figures 2, 3) indicate that representa-
tives of the three tested PVD siderotypes comprise three distinct
iron uptake groups. That is, Fe-PVDGpR_1 (siderotype n°1) sup-
ports the growth of strain wild type GB-1 and requires PputGB-
1_4082 for its uptake because no growth is observed for the
mutant APputGB-1_4082. Fe-PVDxr744¢ (siderotype n°2) is not
detectably utilized by wild type or any of the mutants and thus
cannot be incorporated via the PputGB-1_4082 receptor or any
other process active at our conditions. In contrast, Fe-PVDpcp;
(siderotype n°4) supports the growth of the wild type and both
mutants, including APputGB-1_4082, and thus does not require
this receptor for its incorporation. The differing uptake pat-
terns of these three Fe-PVD complexes establish the possibility of
distinguishing between metabolic phenomena that require partic-
ipation of the PVDgp_ receptor (PputGB1_4082) vs. those that
depend on simple iron nutrition without obligatory involvement
of that receptor.

As explained above, the Fe complexes of siderotype n°2 and
n°4 PVDs do not interact with the PputGB1_4082 receptor and
thus can be used to explore phenomena not involving that recep-
tor. Among all tested Fe-PVD complexes of these two groups,
those that repress PVD synthesis by P. putida GB-1, suggesting
iron sufficiency, also support biofilm and MnO, production. In
contrast, those that strongly stimulate PVD synthesis, suggesting
iron limitation, can not support biofilm or MnO, production.
These data imply a role of iron availability in both biofilm
synthesis and Mn(II) oxidation by strain GB-1.

For siderotype n°1 PVDs, which do interact with the PputGB-
1_4082 receptor, the situation is more complicated than that
of the two siderotypes of heterologous PVDs. For example, the
partial induction of PVD synthesis in the presence of added
siderotype n°1 PVDs (Figures 5, 7, and 8) implies involvement
of this receptor, a phenomenon that may be related to a mecha-
nism reported for P. aeruginosa PAO1, in which the interaction of
homologous Fe-PVD with its cognate receptor signals PVD syn-
thesis (Lamont et al., 2002). Some support for this idea comes
from the observed effects of the ratio of added Fe/exogenous
PVDGR-1 on subsequent PVD synthesis by strain GB-1: the con-
centration of synthesized PVD seemed to be more strongly related
to Fe-PVDGR_1 than the PVDGR_1 concentration (Figure 7).
In any case, the simplest interpretation of the inhibition of
MnO, formation by siderotype n°l but not siderotype n°4
PVDs is that the inhibition by siderotype n°1 PVD involves
PputGB1_4082 in some way, since both PVD types can support
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growth under iron-limited conditions but only siderotype n°1
requires PputGB1_4082 for Fe-PVD uptake. It remains to be
determined whether this phenomenon is directly or indirectly
related to a signaling of PVD synthesis via the PputGB1_4082
receptor system or to some other regulatory mechanism. In
fact, even for the heterologous, non-utilized siderotype n°2
PVDxr2440, it is unclear whether iron itself or the absence of
homologous PVD synthesis is the proximal factor required for
Mn(II) oxidation in P. putida GB-1.

An alternative hypothesis to explain PVD effects on MnO;
formation is the reductive dissolution of MnO, by PVD, partic-
ularly if the oxides contain substantial Mn(III) (Duckworth and
Sposito, 2005). This may not be a valid explanation since the aver-
age oxidation state of Mn oxides formed by a closely related strain
P. putida MnBl is 3.9, indicating that most of the Mn would
be Mn(IV) (Villalobos et al., 2003). In any case, siderophore-
mediated dissolution of MnO; likely plays only a minor role,
if any, for the results described here because the presence of
utilizable heterologous PVD (siderotype n°4) did not inhibit
the appearance of MnO,. If affinity for Mn(III) of siderotype
n°4 PVDs is comparable to that of siderotype n°1 PVD (i.e.,
PVDGR.1), dissolution of Mn minerals mediated by PVDpcp;
would be at relatively similar levels promoted by PVDGR_1-
However, the affinity of siderotype n°4 PVD for different Mn oxi-
dation states or minerals have not been specifically investigated,
nor has the average oxidation state of the MnO; in our system
been measured.

Experiments involving co-growth of the Mn(II)-oxidizer
P. putida GB-1 with various PVD producers suggest that the
type of siderophore produced by a competing organism may
be important in influencing Mn and biofilm metabolism in
strain GB-1 (Table 1, Supplementary Information, Figure 1S).
Principles related to “cheating” and “predation” in siderophore-
based competition among environmental organisms (Meyer et al.,
2002b; Griffin et al., 2004; Harrison et al., 2008; Harrison and
Buckling, 2009) seem applicable to P. putida GB-1 and by exten-
sion to other fluorescent pseudomonads, which are widely dis-
tributed and prevalent bacteria in many habitats. For example,
the ability of PVDpcp; to support the growth of strain GB-1 with-
out stimulating its PVD synthesis can be considered an example
of how P. putida can “cheat” by not wasting resources to produce
homologous PVD when a utilizable heterologous PVD is avail-
able, thus conserving resources for other metabolic processes.
Our studies suggest that situations involving such cheating are
likely to influence whether certain metabolic capabilities, such as
Mn(II) oxidation or biofilm formation, are actually expressed by
the pseudomonads in a specific environment. In particular, we
predict that utilizable heterologous siderophores should stimu-
late Mn(II) oxidation and even partially counteract the inhibitory
effect of homologous PVD on Mn(II) oxidation in pseudomon-
ads, whereas non-utilizable heterologous siderophores would be
expected to strongly inhibit Mn(II) oxidation.

Effects of iron concentration and its ratio to the external
PVD concentration would also influence both the growth of
pseudomonads and their Mn(II) oxidation. Thus, effects of
non-utilizable PVDxr244¢ are overcome with increased [Fe] (or
[Fe]/[PVD]) while those of the utilizable PVDpcp; are the same

with varying [Fe] for [Fe]/[PVD] between 0.2 and 1.5 (Figure 8).
The addition of exogenous homologous PVD to GB-1 cultures
results in an increase in final [PVD] (Figure 5), perhaps due to
signaling of PVD synthesis mediated by homologous Fe-PVD
binding to its cognate receptor (Lamont et al., 2002). However,
this stimulatory effect is not as large as that observed for the
non-utilized heterologous PVD, PVDgro449 (Figure 5). Unlike
the case with PVDxgr2440, the initial concentration of homologous
PVD does not affect the final concentration of synthesized PVD,
suggesting that the signaling of PVD synthesis induced by homol-
ogous PVD is tightly regulated for conservation of resources
(Figure 7). All of these factors should be considered in predict-
ing whether a pseudomonad is likely to oxidize Mn, or express
other iron-requiring metabolic capabilities like biofilm forma-
tion, in a particular iron-limited environment in the presence
of competing exogenous siderophores. Siderophores have been
detected in various terrestrial and marine environments (Powell
et al., 1980; Essen et al., 2006; Mawji et al., 2008; Duckworth
et al., 2009). Therefore, some of these siderophores would form
Fe-siderophore complexes that may be taken up by a particu-
lar Mn(II)-oxidizing bacterium without additional siderophore
synthesis and consequently influence Mn oxide formation. In
contrast, if new siderophore synthesis is induced due to the
presence of a Fe-siderophore complex that a certain group of
siderophore-producing organisms cannot utilize, the additional
supply of siderophores can promote formation of various metal-
siderophore complexes. Such Mn(IIl) siderophore complexes
could contribute to the soluble Mn(III) concentrations found
in the suboxic zones of environments like the water column of
the Black Sea or sediments of the Lower St. Lawrence Estuary
(Trouwborst et al., 2006; Madison et al., 2011).

ACKNOWLEDGMENTS

This publication was made possible by grant numbers
MCB-0630355 and OCE-1154307 from the National Science
Foundation (NSF), and P42ES010337 from National Institute of
Environmental Health Sciences (NIEHS). Authors would also like
to thank James K. McCarthy for sharing information on genomic
analyses of P. putida GB-1 and K. Barbeau for sponsoring D.
Parker at SIO.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fmicb.
2014.00301/abstract

REFERENCES

Banin, E., Vasil, M. L., and Greenberg, E. P. (2005). Iron and Pseudomonas aerug-
inosa biofilm formation. Proc. Natl. Acad. Sci. U.S.A. 102, 11076-11081. doi:
10.1073/pnas.0504266102

Boogerd, F. C,, and de Vrind, J. P. (1987). Manganese oxidation by Leptothrix
discophora. J. Bacteriol. 169, 489-494.

Brouwers, G. J., de Vrind, J. P., Corstjens, P. L., Cornelis, P., Baysse, C., and de Vrind-
De Jong, E. W. (1999). cumaA, a gene encoding a multicopper oxidase, is involved
in Mn?* oxidation in Pseudomonas putida GB-1. Appl. Environ. Microbiol. 65,
1762-1768.

Clement, E., Mesini, P. J., Pattus, F, and Schalk, I. J. (2004). The binding mech-
anism of pyoverdin with the outer membrane receptor FpvA in Pseudomonas
aeruginosa is dependent on its iron-loaded status. Biochemistry 43, 7954-7965.
doi: 10.1021/bi049768¢

www.frontiersin.org

June 2014 | Volume 5 | Article 301 | 9


http://www.frontiersin.org/journal/10.3389/fmicb.2014.00301/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2014.00301/abstract
http://www.frontiersin.org
http://www.frontiersin.org/Microbiological_Chemistry/archive

Lee et al.

Exogenous siderophores and Mn(ll) oxidation

Cornelis, P., and Matthijs, S. (2002). Diversity of siderophore-mediated iron uptake
systems in fluorescent pseudomonads: not only pyoverdines. Environ. Microbiol.
4, 787-798. doi: 10.1046/j.1462-2920.2002.00369.x

Corstjens, P. L., de Vrind, J. P, Westbroek, P., and de Vrind-De Jong, E. W. (1992).
Enzymatic iron oxidation by Leptothrix discophora: identification of an iron-
oxidizing protein. Appl. Environ. Microbiol. 58, 450-454.

Duckworth, O. W., Holmstrom, S. J. M., Pena, J., and Sposito, G. (2009).
Biogeochemistry of iron oxidation in a circumneutral freshwater habitat. Chem.
Geol. 260, 149-158. doi: 10.1016/j.chemgeo.2008.08.027

Duckworth, O. W., and Sposito, G. (2005). Siderophore-manganese(III) inter-
actions. I. Air-oxidation of manganese(II) promoted by desferrioxamine B.
Environ. Sci. Technol. 39, 6037—6044. doi: 10.1021/es050275k

Essen, S. A., Bylund, D., Holmstrom, S. J. M., Moberg, M., and Lundstrom, U.
S. (2006). Quantification of hydroxamate siderophores in soil solutions of
podzolic soil profiles in Sweden. BioMetals 19, 269-282. doi: 10.1007/s10534-
005-8418-8

Francis, C. A., and Tebo, B. M. (2001). cumA Multicopper Oxidase Genes
from Diverse Mn(II)-Oxidizing and Non-Mn(II)-Oxidizing Pseudomonas
Strains. Appl. Environ. Microbiol. 67, 4272—4278. doi: 10.1128/AEM.67.9.4272-
4278.2001

Fuchs, R., Schafer, M., Geoffroy, V., and Meyer, J. M. (2001). Siderotyping a power-
ful tool for the characterization of pyoverdines. Curr. Top. Med. Chem. 1, 31-57.
doi: 10.2174/1568026013395542

Geszvain, K., and Tebo, B. M. (2010). Identification of a Two-Component
Regulatory Pathway Essential for Mn(II) Oxidation in Pseudomonas putida
GB-1. Appl. Environ. Microbiol. 76, 1224-1231. doi: 10.1128/AEM.02473-09

Ghysels, B., Dieu, B. T. M., Beatson, S. A., Pirnay, J.-P., Ochsner, U. A,
Vasil, M. L., et al. (2004). FpvB, an alternative type I ferripyoverdine
receptor of Pseudomonas aeruginosa. Microbiology 150, 1671-1680. doi:
10.1099/mic.0.27035-0

Griffin, A. S., West, S. A., and Buckling, A. (2004). Cooperation and competition
in pathogenic bacteria. Nature 430, 1024-1027. doi: 10.1038/nature02744

Harrison, E, and Buckling, A. (2009). Siderophore production and biofilm forma-
tion as linked social traits. ISME J. 3, 632—-634. doi: 10.1038/ismej.2009.9

Harrison, E, Paul, J., Massey, R. C., and Buckling, A. (2008). Interspecific competi-
tion and siderophore-mediated cooperation in Pseudomonas aeruginosa. ISME
J. 2,49-55. doi: 10.1038/ismej.2007.96

Hartney, S., Mazurier, S., Kidarsa, T., Quecine, M., Lemanceau, P., and Loper, J.
(2012). TonB-dependent outer-membrane proteins and siderophore utilization
in Pseudomonas fluorescens Pf-5. BioMetals 24, 193-213. doi: 10.1007/s10534-
010-9385-2

Hastings, D., and Emerson, S. (1986). Oxidation of manganese by spores of
a marine bacillus - kinetic and thermodynamic considerations. Geochim.
Cosmochim. Acta 50, 1819-1824. doi: 10.1016/0016-7037(86)90141-9

Hoang, T. T., Karkhoff-Schweizer, R. R., Kutchma, A. J., and Schweizer, H. P.
(1998). A broad-host-range Flp-FRT recombination system for site-specific
excision of chromosomally-located DNA sequences: application for isola-
tion of unmarked Pseudomonas aeruginosa mutants. Gene 212, 77-86. doi:
10.1016/50378-1119(98)00130-9

Hohnadel, D., and Meyer, J. M. (1988). Specificity of pyoverdine-mediated iron
uptake among fluorescent Pseudomonas strains. J. Bacteriol. 170, 4865—4873.

Klewicki, J. K., and Morgan, J. J. (1998). Kinetic behavior of Mn(III) complexes
of pyrophosphate, EDTA, and citrate. Environ. Sci. Technol. 32, 2916-2922. doi:
10.1021/es980308e

Koster, M., Ovaa, W., Bitter, W., and Weisbeek, P. (1995). Multiple outer-membrane
receptors for uptake of ferric pseudobactins in Pseudomonas putida WCS358.
Mol. Gen. Genet. 248, 735-743. doi: 10.1007/BF02191714

Kranzler, C., Lis, H., Shaked, Y., and Keren, N. (2011). The role of reduction in
iron uptake processes in a unicellular, planktonic cyanobacterium. Environ.
Microbiol. 13, 2990-2999. doi: 10.1111/j.1462-2920.2011.02572.x

Lamont, 1. L., Beare, P. A., Ochsner, U, Vasil, A. I, and Vasil, M. L.
(2002). Siderophore-mediated signaling regulates virulence factor production
in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U.S.A. 99, 7072-7077. doi:
10.1073/pnas.092016999

Madison, A. S., Tebo, B. M., and Luther Iii, G. W. (2011). Simultaneous determina-
tion of soluble manganese(III), manganese(II) and total manganese in natural
(pore)waters. Talanta 84, 374-381. doi: 10.1016/j.talanta.2011.01.025

Matthijs, S., Laus, G., Meyer, J.-M., Abbaspour-Tehrani, K., Schifer, M.,
Budzikiewicz, H., et al. (2009). Siderophore-mediated iron acquisition in the

entomopathogenic bacterium Pseudomonas entomophila L48 and its close rela-
tive Pseudomonas putida KT2440. BioMetals 22, 951-964. doi: 10.1007/s10534-
009-9247-y

Mawji, E., Gledhill, M., Milton, J. A., Tarran, G. A., Ussher, S., Thompson, A, et al.
(2008). Hydroxamate siderophores: occurrence and importance in the Atlantic
Ocean. Environ. Sci. Technol. 42, 8675-8680. doi: 10.1021/es801884r

Meyer, J.-M., Geoffroy, V. A., Baida, N., Gardan, L., Izard, D., Lemanceau, P., et al.
(2002a). Siderophore typing, a powerful tool for the identification of fluorescent
and nonfluorescent pseudomonads. Appl. Environ. Microbiol. 68, 2745-2753.
doi: 10.1128/AEM.68.6.2745-2753.2002

Meyer, J.-M., Geoffroy, V. A., Baysse, C., Cornelis, P.,, Barelmann, I., Taraz, K,
et al. (2002b). Siderophore-mediated iron uptake in fluorescent Pseudomonas:
characterization of the pyoverdine-receptor binding site of three cross-reacting
pyoverdines. Arch. Biochem. Biophys. 397, 179-183. doi: 10.1006/abbi.2001.2667

Meyer, J.-M., Gruffaz, C., Tulkki, T., and Izard, D. (2007). Taxonomic heterogeneity,
as shown by siderotyping, of strains primarily identified as Pseudomonas putida.
Int. J. Syst. Evol. Microbiol. 57, 2543-2556. doi: 10.1099/ijs.0.65233-0

Meyer, J.-M.,, Stintzi, A., de Vos, D., Cornelis, P., Tappe, R., Taraz, K., et al. (1997).
Use of siderophores to type pseudomonads: the three Pseudomonas aeruginosa
pyoverdine systems. Microbiology 143, 35—43. doi: 10.1099/00221287-143-1-35

Meyer, J.-M., Stintzi, A., and Poole, K. (1999). The ferripyoverdine receptor FpvA of
Pseudomonas aeruginosa PAO1 recognizes the ferripyoverdines of P.aeruginosa
PAO1 and P. fluorescens ATCC 13525. FEMS Microbiol. Lett. 170, 145-150. doi:
10.1111/j.1574-6968.1999.tb13367.x

Moon, C., Zhang, X.-X., Matthijs, S., Schafer, M., Budzikiewicz, H., and Rainey, P.
(2008). Genomic, genetic and structural analysis of pyoverdine-mediated iron
acquisition in the plant growth-promoting bacterium Pseudomonas fluorescens
SBW25. BMC Microbiol. 8:7. doi: 10.1186/1471-2180-8-7

Murray, K. J., Mozafarzadeh, M. L., and Tebo, B. M. (2005). Cr(III) oxidation
and Cr toxicity in cultures of the manganese(II)-oxidizing Pseudomonas putida
strain GB-1. Geomicrobiol. J. 22, 151-159. doi: 10.1080/01490450590945988

Okazaki, M., Sugita, T., Shimizu, M., Ohode, Y., Iwamoto, K., de Vrind-De Jong,
E. W, et al. (1997). Partial purification and characterization of manganese-
oxidizing factors of Pseudomonas fluorescens GB-1. Appl. Environ. Microbiol. 63,
4793-4799.

Parker, D. L., Lee, S.-W., Geszvain, K., Davis, R. E., Gruffaz, C., Meyer, J. M., et al.
(2014). Pyoverdine synthesis by the Mn(II)-oxidizing bacterium Pseudomonas
putida GB-1. Front. Microbiol. 5:202. doi: 10.3389/fmicb.2014.00202

Parker, D. L., Morita, T., Mozafarzadeh, M. L., Verity, R., McCarthy, J. K., and
Tebo, B. M. (2007). Inter-relationships of MnO, precipitation, siderophore-
Mn-(IIT) complex formation, siderophore degradation, and iron limitation in
Mn-(II)-oxidizing bacterial cultures. Geochim. Cosmochim. Acta 71, 5672-5683.
doi: 10.1016/j.gca.2007.03.042

Parker, D. L., Sposito, G., and Tebo, B. M. (2004). Manganese(III) binding to
a pyoverdine siderophore produced by a manganese(II)-oxidizing bacterium.
Geochim. Cosmochim. Acta 68, 4809—-4820. doi: 10.1016/j.gca.2004.05.038

Powell, P. E., Cline, G. R., Reid, C. P. P,, and Szaniszlo, P. J. (1980). Occurrence
of hydroxamate siderophore iron chelators in soils. Nature 287, 833—834. doi:
10.1038/287833a0

Stintzi, A., Barnes, C., Xu, J., and Raymond, K. N. (2000). Microbial iron transport
via a siderophore shuttle: a membrane ion transport paradigm. Proc. Natl. Acad.
Sci. U.S.A. 97, 10691-10696. doi: 10.1073/pnas.200318797

Tebo, B. M., Bargar, J. R.,, Clement, B. G., Dick, G. J., Murray, K. J,
Parker, D., et al. (2004). Biogenic manganese oxides: properties and mech-
anisms of formation. Annu. Rev. Earth Planet. Sci. 32, 287-328. doi:
10.1146/annurev.earth.32.101802.120213

Toner, B., Fakra, S., Villalobos, M., Warwick, T., and Sposito, G. (2005).
Spatially resolved characterization of biogenic manganese oxide production
within a bacterial biofilm. Appl. Environ. Microbiol. 71, 1300-1310. doi:
10.1128/AEM.71.3.1300-1310.2005

Trouwborst, R. E., Clement, B. G., Tebo, B. M., Glazer, B. T., and Luther, G.
W. (2006). Soluble Mn(III) in suboxic zones. Science 313, 1955-1957. doi:
10.1126/science.1132876

Villalobos, M., Toner, B., Bargar, J., and Sposito, G. (2003). Characterization
of the manganese oxide produced by Pseudomonas putida strain MnBl.
Geochim. Cosmochim. Acta 67, 2649-2662. doi: 10.1016/S0016-7037(03)
00217-5

Webb, S., Tebo, B. M., and Bargar, J. R. (2005). Structural influences of sodium and
calcium ions on the biogenic manganese oxides produced by the marine Bacillus

Frontiers in Microbiology | Microbiological Chemistry

June 2014 | Volume 5 | Article 301 | 10


http://www.frontiersin.org/Microbiological_Chemistry
http://www.frontiersin.org/Microbiological_Chemistry
http://www.frontiersin.org/Microbiological_Chemistry/archive

Lee et al.

Exogenous siderophores and Mn(ll) oxidation

sp., strain SG-1. Geomicrobiol. ]. 22, 181-193. doi: 10.1080/014904505909
46013

Xiao, R., and Kisaalita, W. S. (1998). Fluorescent pseudomonad
pyoverdines bind and oxidize ferrous ion. Appl. Environ. Microbiol. 64,
1472-1476.

Yamaguchi, A. (2009). Genetic Analysis Reveals Complex Mn(II)-Oxidation
Regulation in Pseudomonas putida GB-1. Beaverton, OR: Oregon Health &
Science University.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 18 March 2014; accepted: 02 June 2014; published online: 25 June 2014.
Citation: Lee S-W, Parker DL, Geszvain K and Tebo BM (2014) Effects of exogenous
pyoverdines on Fe availability and their impacts on Mn(II) oxidation by Pseudomonas
putida GB-1. Front. Microbiol. 5:301. doi: 10.3389/fmicb.2014.00301

This article was submitted to Microbiological Chemistry, a section of the journal
Frontiers in Microbiology.

Copyright © 2014 Lee, Parker, Geszvain and Tebo. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

June 2014 | Volume 5 | Article 301 | 11


http://dx.doi.org/10.3389/fmicb.2014.00301
http://dx.doi.org/10.3389/fmicb.2014.00301
http://dx.doi.org/10.3389/fmicb.2014.00301
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Microbiological_Chemistry/archive

	Effects of exogenous pyoverdines on Fe availability and their impacts on Mn(II) oxidation by Pseudomonas putida GB-1
	Introduction
	Methods and Materials
	Media
	MnO2 Formation During Co-Growth of P. putida GB-1 with Various PVD Producers
	Purification of PVD
	Effect of Exogenous PVDs on Growth of a PVD Synthesis Mutant of Strain GB-1
	In-Frame Deletion of a Gene Encoding the Putative Receptor of PVDGB-1
	Effect of Exogenous PVDs on Growth of the FERRI-PVD Receptor Mutant of Strain GB-1
	Effect of Exogenous PVDs on Biofilm Formation by P. putida GB-1
	Effects of Exogenous PVDs on PVD Production by P. putida GB-1

	Results
	MnO2 Formation During Co-Growth of P. putida GB-1 with Various PVD Producers
	Effect of Exogenous PVDs on Growth of a PVD Synthesis Mutant of P. putida GB-1
	In-Frame Deletion of a Gene Encoding the Putative Receptor of PVDGB-1
	Effect of Exogenous PVDs on Growth of the Receptor Mutant ΔPputGB1_4082
	Effect of Exogenous PVDs on Biofilm Formation BY P. putida GB-1
	Effect of Exogenous PVDs on PVD Synthesis BY P. putida GB-1
	Effect of the Ratio of Exogenous PVDGB-1 to Fe on PVD Synthesis
	Effect on PVD Synthesis of the PVD/Fe Ratio from Exogenous PVDs of Various Siderotypes

	Discussion
	Acknowledgments
	Supplementary Material
	References


