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ABSTRACT Iron is essential for most life forms. Under iron-limiting conditions,

many bacteria produce and release siderophores—molecules with high affinity for

iron—which are then transported into the cell in their iron-bound form, allowing in-

corporation of the metal into a wide range of cellular processes. However, free iron

can also be a source of reactive oxygen species that cause DNA, protein, and lipid

damage. Not surprisingly, iron capture is finely regulated and linked to oxidative-

stress responses. Here, we provide evidence indicating that in the plant-beneficial

bacterium Pseudomonas putida KT2440, the amino acid L-arginine is a metabolic con-

nector between iron capture and oxidative stress. Mutants defective in arginine bio-

synthesis show reduced production and release of the siderophore pyoverdine and

altered expression of certain pyoverdine-related genes, resulting in higher sensitivity

to iron limitation. Although the amino acid is not part of the siderophore side chain,

addition of exogenous L-arginine restores pyoverdine release in the mutants, and in-

creased pyoverdine production is observed in the presence of polyamines (agmatine

and spermidine), of which arginine is a precursor. Spermidine also has a protective

role against hydrogen peroxide in P. putida, whereas defects in arginine and pyover-

dine synthesis result in increased production of reactive oxygen species.

IMPORTANCE The results of this study show a previously unidentified connection

between arginine metabolism, siderophore turnover, and oxidative stress in Pseu-

domonas putida. Although the precise molecular mechanisms involved have yet to

be characterized in full detail, our data are consistent with a model in which argi-

nine biosynthesis and the derived pathway leading to polyamine production func-

tion as a homeostasis mechanism that helps maintain the balance between iron up-

take and oxidative-stress response systems.

KEYWORDS amino acid biosynthesis, iron acquisition, iron regulation, oxidative

stress, siderophores

Iron plays an essential role in many cellular processes as a key element associated with

proteins and enzymes participating in electron transport, energy metabolism, redox

sensing, or DNA repair (1–4). Accordingly, the expression of numerous genes is regu-

lated by iron availability in different microorganisms, and many bacteria display a

battery of iron-sensing, iron uptake, and iron-scavenging mechanisms that often reflect

their ecological niches and lifestyles (5–9). These mechanisms include the production

and release of siderophores, a structurally diverse group of molecules, usually produced

through nonribosomal peptide synthetases, that allow bacteria to efficiently acquire

iron from the environment (reviewed in references 10 and 11). Siderophore production

can influence bacterial fitness in environments as diverse as the rhizospheres of plants
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(12) and the human gut (13) and has also been implicated in cross talk between

bacterial species (14–16).

Despite its essential nature, excess free iron can have a detrimental effect on cell

viability under aerobic conditions. It potentiates oxygen toxicity by causing an increase

in hydroxyl (·OH) radicals through the Fenton reaction (17), in which hydrogen peroxide

can react with ferrous iron, rendering ·OH and OH�. Further reactions of ferrous or ferric

iron can also take place (17), causing an overall increase in reactive oxygen species

(ROS), which then leads to lipid, protein, and DNA damage. Thus, it is not surprising that

iron metabolism is not only tightly regulated but also coupled with the regulation of

defense mechanisms against oxidative stress (18–20).

In the soil- and plant root-colonizing bacterium Pseudomonas putida KT2440, iron

uptake has been shown to be relevant for attachment to corn seeds and bacterial

fitness in the rhizosphere and in competition with other Pseudomonas species

(21–23). Under iron-limiting conditions, the strain produces three forms of the

siderophore pyoverdine, with slight structural differences (24). The most abundant

form (PVD2) shows the following composition: succinamide-chromophore (2,3-diamino-

6,7-dihydroxyquinoline)-Asp-ornithine-[hydroxyAsp-diaminobutanoic]-Gly-Ser-cyclohydro-

xyornithine, where the square brackets indicate a cyclic portion of the peptide chain.

This portion is linear in the PVD1 variant, whereas the PVD3 variant contains succinic

acid instead of succinamide (24).

Pyoverdine-mediated iron uptake is essential for surface motility of P. putida KT2440

(25) and has been described as a key factor involved in growth inhibition of the plant

pathogen Xanthomonas fragariae by KT2440 (26). Increased siderophore production

has been reported to take place during growth on the aromatic compound benzyl

alcohol as a carbon and energy source (27). Besides an increase in pyoverdine produc-

tion, iron limitation also results in changes in the metabolic flux and increased gluco-

nate secretion during growth of P. putida KT2440 on glucose (28).

In a previous work, random transposon mutagenesis allowed the identification of

the genes argG and argH, encoding the enzymes required for the last two steps of the

arginine biosynthesis pathway (see Fig. S1 in the supplemental material), among a

number of genetic elements involved in signaling mediated by the second messenger

cyclic diguanylate (c-di-GMP) in P. putida KT2440 (29). c-di-GMP regulates the transition

between motile and sessile lifestyles, biofilm development, and other cellular processes

in a large number of bacterial species (recently reviewed in reference 30).

In the course of their characterization, we observed that mutants in argG and argH

exhibited changes in the color of colonies and liquid cultures, as well as reduced fluores-

cence, suggestive of altered siderophore production (Fig. 1A). These observations

prompted us to explore the connection between arginine biosynthesis and pyoverdine

production, which is presented in this work.

RESULTS

Arginine auxotrophy causes reduced pyoverdine release and increased sensi-

tivity to iron depletion. As an initial step to establish the potential link between

arginine and pyoverdine synthesis, null mutants in argG and argH were constructed by

deletion of the complete open reading frames (PP_1088 and PP_0184, respectively).

These mutants, which are auxotrophs for arginine but grow normally in King’s B medium

(see Fig. S2 in the supplemental material), exhibited reduced fluorescence under UV

light with respect to the wild type after overnight growth in liquid King’s B medium

(Fig. 1A), a phenotype similar to that of a mutant in pvdD (PP_4219; previously

annotated as ppsD), which does not produce pyoverdine (25) and was used as a

negative control. Addition of 5 mM L-arginine to the growth medium restored fluores-

cence in the ΔargG and ΔargH mutants (Fig. 1A).

Further analysis of siderophore production was done by a chrome azurol S (CAS)

assay (Fig. 1B). The ΔargG and ΔargH mutants grew normally, but the characteristic

yellow-orange halo indicative of pyoverdine diffusion into CAS medium was nearly

absent, in contrast with the wild-type strain. This defect was restored by addition of
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5 mM L-arginine to the growth medium, as well as by complementing the mutations

with plasmids pME1088 and pME0184, bearing the wild-type loci (29). Addition of

fumarate (also produced in the last step of arginine biosynthesis) or gamma-aminobutyrate

(one of the main metabolites into which different arginine catabolism routes converge)

did not restore the appearance of the pyoverdine halo in either mutant (Fig. 1B).

Interestingly, neither did L-ornithine or L-aspartic acid, both of which are structural

components of pyoverdine (Fig. 1B) and substrates in arginine synthesis (see Fig. S1).

Pyoverdine production was further analyzed in several mutants affected in different

steps of the arginine biosynthetic route. As indicated in Fig. 2, mutations in argA, argB,

and argF caused essentially the same reduction in pyoverdine release as the argG and

argH mutations, and halo production was restored to different extents by addition of

5 mM L-arginine. Interestingly, mutations affecting argD, argE, and argJ resulted in

either no change or a minor decrease in the halo area. It should be noted that these

three mutants do not display arginine auxotrophy, unlike the rest of the mutants

tested, which are unable to grow in minimal medium in the absence of exogenous

arginine (see Fig. S2).

Although P. putida KT2440 has a range of other iron complex uptake mechanisms,

the observed reduction in siderophore production might be expected to result in less

efficient iron uptake by the arginine biosynthesis mutants. To check if this was the case,

inductively coupled plasma-optical emission spectrometry (ICP-OES) was used to de-

FIG 1 Analysis of pyoverdine production and release in KT2440, ΔargG, ΔargH, and pvdD (negative-
control) strains. (A) Fluorescence detection in liquid cultures grown in King’s B medium in the absence
(control) or presence of 5 mM L-arginine. wt, wild type. (B) CAS assay detection of pyoverdine release
(orange halo) in the absence or presence of different compounds related to arginine metabolism added
at a final concentration of 5 mM. The ΔargG and ΔargH mutants complemented with plasmids carrying
each wild-type gene (pME1088 and pME0184, respectively) were also included. Experiments were
repeated three times, with three replicates each; representative images are shown. GABA, gamma-
aminobutyric acid.
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termine the concentration of iron remaining in the supernatants of cultures after

overnight growth in King’s B medium, as described in Materials and Methods. As shown

in Fig. 3A, the relative amount of iron that had not been incorporated into the cells was

higher in the argG and argHmutants than in the wild type, as was the case for the pvdD

mutant.

Bacterial strains that are defective or limited in iron uptake are generally sensitive to

nonmetabolizable iron chelators (22, 23). We therefore decided to compare the growth

of the ΔargG and ΔargH mutants with that of the wild type in the presence of

increasing concentrations of 2,2=-bipyridyl. The results presented in Fig. 3B show that

growth of both mutants was impaired at chelator concentrations above 1.3 to 1.5 mM,

whereas the parental strain was able to grow at higher concentrations of 2,2=-bipyridyl.

Expression of some pyoverdine-related genes is altered in �argG and �argH

mutants. One possibility to explain the results described above could be that expres-

sion of pyoverdine-related genes was altered in the arginine auxotrophs. Several genes

involved in pyoverdine synthesis, transport, and regulation (their genetic context is

shown in Fig. S3 in the supplemental material) were selected to analyze their mRNA

levels in the ΔargG and ΔargH mutants compared to the parental strain by quantitative

real-time PCR (qRT-PCR) after growth in King’s B medium. The genes analyzed were

pvdD and pvdA, encoding a pyoverdine nonribosomal peptide synthetase and a protein

involved in pyoverdine side chain synthesis, respectively (31); pvdE, encoding an

ATP-binding membrane protein presumably required for pyoverdine translocation to

the periplasm (32, 33); pvdP, which encodes a tyrosinase involved in chromophore

FIG 2 Analysis of pyoverdine production and release in different mutants in the arginine biosynthesis
pathway. CAS assays similar to those shown in Fig. 1 were performed in the presence or absence of 5 mM
L-arginine (top), and the area of the halo produced by each strain was calculated after subtracting the
area covered by the culture growth patch (bottom). The data correspond to averages and standard
deviations from three independent experiments with three replicates each. Statistically significant
differences from the wild type are indicated by asterisks (Student’s t test; P � 0.05).
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maturation (34); and two regulatory genes, pvdS, encoding an alternative sigma factor

whose homologue in Pseudomonas aeruginosa constitutes the master transcriptional

regulator for pyoverdine synthesis and transport (35, 36), and algQ (named pfrA in

Pseudomonas fluorescens [37]), which has been reported to sequester the housekeeping

sigma factor �70 to allow increased availability of RNA polymerase for PvdS binding

(38).

The results of the qRT-PCR analysis are shown in Fig. 4. Intriguingly, both the ΔargG

and ΔargH mutants showed increased (between 3- and 5-fold) expression of the

pyoverdine structural genes pvdA and pvdD with respect to the wild type, whereas

expression of pvdE was reduced (around �2.5-fold). Expression of pvdP and the

regulatory genes pvdS and algQ, on the other hand, did not show significant changes

in the mutants with respect to the wild type.

Arginine biosynthesis mutants retain pyoverdine intracellularly. The expression

data suggested that the differences observed in the CAS assays and in liquid cultures

FIG 3 (A) Quantification of residual iron in King’s B medium after overnight growth of cultures of KT2440,
ΔargG, ΔargH, and pvdD strains. The data were corrected for growth (OD660), and average relative values
and standard deviations are presented, corresponding to two biological replicates with three technical
replicates each. Differences between the wild type and the three mutants were statistically significant
(Student’s t test; P � 0.01). (B) Effect of iron chelation on growth of KT2440 and the ΔargG and ΔargH
mutants. Cultures were inoculated at an initial OD660 of 0.05 in liquid LB medium with increasing
concentrations of 2,2=-bipyridyl, in duplicate. Growth was analyzed after 24 h by measuring the turbidity
(OD660) of the cultures. The data correspond to averages and standard deviations of three independent
experiments.
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were not simply due to limited pyoverdine synthesis, which could actually be increased

in the ΔargG and ΔargH mutants, but rather to reduced transport of the siderophore to

the periplasm for its full maturation and further release from bacterial cells. To confirm

this idea, extracellular and intracellular pyoverdine were separately quantified, as

described in Materials and Methods, in overnight cultures of the ΔargG and ΔargH

mutants, with wild-type KT2440 and the pvdDmutant as positive and negative controls,

respectively (Fig. 5A). Both the ΔargG and the ΔargH mutants displayed reduced fluores-

cence in the culture supernatant, whereas it was increased in disrupted cells. These data

indicate that although the mutants produce less mature pyoverdine, a larger propor-

tion of it is retained inside the cells (around 5% is retained in the wild type, whereas

between 40 and 20% is retained in the argG and argH mutants, respectively).

Further support for this result was obtained through observation of cells by fluo-

rescence microscopy (see Fig. S4 in the supplemental material): the parental strain

showed intense fluorescence, background and around the perimeters of the cells,

indicative of pyoverdine maturation in the periplasm and release into the medium.

Background and cell fluorescence was significantly less intense in the ΔargG and ΔargH

mutants, although heterogeneity was observed among the cells, with many of them

showing uniform fluorescence while in others fluorescence was more evident in the

perimeter.

One potential explanation for these results is that the argG and argH mutants are

defective in sensing reduced iron availability. To test this possibility, intracellular and

extracellular pyoverdine were quantified in cultures grown under further iron-limiting

conditions by adding a subinhibitory concentration (200 �M) of the iron chelator

2,2=-bipyridyl. As shown in Fig. 5B, under these conditions, there was an increase in

extracellular pyoverdine in both mutants. Although the values were still below those of

the wild type, the relative increase was higher in the mutants (4- to 6-fold) than in the

parental strain (around 2.5-fold).

Some polyamines promote pyoverdine release and alleviate oxidative stress.

As mentioned in the introduction, despite its essential nature, free iron enhances

oxidative damage in cells. Several reports have indicated that polyamines can have a

protective function against oxidative stress (39, 40). Since arginine is the main precursor

of polyamine synthesis (see Fig. S5 in the supplemental material), we hypothesized that

limited pyoverdine release in the arginine biosynthesis mutants might reflect the

existence of a balancing mechanism between oxidative-stress protection and fulfilling

cellular iron requirements. Thus, under conditions in which arginine availability is limited or

polyamine synthesis is disfavored, iron entry into cells would be reduced and/or

FIG 4 Expression levels of pyoverdine-related genes in ΔargG and ΔargH mutants with respect to the
wild type, analyzed by qRT-PCR after growth in King’s B medium. The data are averages and standard
deviations from three biological replicates with three technical replicates each. The asterisks indicate
relevant changes based on statistically significant differences from the wild type (Student’s t test;
P � 0.05) and considering a �1.5-fold change as the cutoff value (dashed lines).
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pyoverdine would be retained to aid in intracellular iron sequestration. If this hypoth-

esis were correct, it would be expected that addition of exogenous polyamines would

result in higher tolerance for oxidative stress, along with increased pyoverdine release.

We therefore decided to check if polyamines had an effect similar to that of arginine in

terms of pyoverdine production. As shown in Fig. 6, addition of 5 mM agmatine or

spermidine caused a significant increase in pyoverdine production in KT2440 and to a

lesser extent in the argG and argH mutants. Intriguingly, putrescine had no clear effect

in any of the strains. These results are not likely to be a consequence of polyamine

metabolism being able to reestablish cellular arginine pools, since spermidine supplemen-

tation did not restore growth of the mutants in minimal medium in the absence of

arginine (data not shown).

We next tested if oxidative stress might be alleviated by exogenously added

polyamines. For that purpose, exponentially growing cultures of KT2440, with or

without spermidine supplementation (5 mM), were exposed to 5 mM H2O2, and further

growth was monitored over several hours. The results presented in Fig. 7 show that

FIG 5 Quantification of extracellular and intracellular pyoverdine fractions in liquid cultures grown in
King’s B medium in the absence (A) or presence (B) of 200 �M 2,2=-bipyridyl. Fluorescence was measured
using a Varioskan Lux microplate reader by recording emission at 455 nm upon excitation at 398 nm.
Fluorescence readings were corrected for growth (OD660), and average relative values and standard
deviations are presented, corresponding to three biological replicates with three technical replicates
each. Statistically significant differences with respect to the corresponding value in the wild type are
indicated by asterisks (Student’s t test; P � 0.01).
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addition of the stressor caused complete growth arrest in the absence of spermidine for

at least 3 h. Spermidine supplementation nearly abolished this inhibitory effect, even

though the presence of spermidine reduced the growth rate of KT2440. This reduction

may derive from the detrimental effect of spermidine on protein synthesis, reported in

other bacteria (41, 42).

The above-described results made us explore further the possible interplay between

arginine biosynthesis, pyoverdine, and oxidative stress. Thus, if the siderophore did play

a role in oxidative-stress tolerance, a pyoverdine-deficient mutant should show in-

creased ROS production. The same would be expected for the argG and argH mutants,

where polyamine synthesis would be hampered. To test this, cultures of KT2440 and

FIG 6 Quantification of fluorescence resulting from extracellular pyoverdine in KT2440 and the ΔargG
and ΔargH mutants after 24 h of growth in King’s B medium supplemented with different polyamines,
using a Varioskan Lux fluorimeter. Fluorescence readings were normalized for growth (OD660). Average
relative values and standard deviations are presented, corresponding to three biological replicates with
three technical replicates each. The asterisks indicate statistically significant differences from the control
without addition (Student’s t test; P � 0.01).

FIG 7 Growth of P. putida KT2440 in the absence (open symbols) and presence (closed symbols) of 5 mM
H2O2, without (circles) or with (triangles) 5 mM spermidine. Cultures were grown as described in Materials
and Methods. The results are averages and standard errors from two independent assays with 4
replicates.
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the argG, argH, and pvdD mutants were exposed to CellROX Deep Red reagent (Life

Technologies), a fluorogenic sensor for ROS, and fluorescence was followed during

growth, as detailed in Materials and Methods. The three mutants showed higher

fluorescence than the wild-type strain (Fig. 8), indicating increased ROS production or

reduced detoxification.

DISCUSSION

In this work, we have exposed the connection between arginine metabolism and

pyoverdine, a siderophore with high affinity for iron. Mutants deficient in arginine

synthesis are also deficient in the production of mature extracellular siderophore, a

defect that is restored by addition of the amino acid to the culture medium. It is worth

noting that not all the mutations in the genes that encode enzymes of the arginine

biosynthesis pathway lead to auxotrophy for the amino acid. Particularly interesting

was the fact that an argD mutant was still able to grow in the absence of arginine,

indicating that another transaminase can participate in the conversion of N-acetyl-

glutamate semialdehyde into N-acetyl ornithine, thus compensating for the defect in

argD. Such promiscuity has been previously reported in other transaminases (43), and

it is not uncommon for P. putida to have redundant or promiscuous enzymes involved

in metabolism (44).

Arginine is a constituent of the peptide chain of type 1 pyoverdine in P. aeruginosa

(45). However, the siderophore produced by P. putida KT2440 does not include the

amino acid in its structure (24), and the same has been predicted for other P. putida

strains (46). Thus, altered production of pyoverdine in the arginine-auxotrophic mu-

tants is not due to limitation in one of its building blocks, and neither is it restored by

addition of other compounds, such as L-aspartic acid or L-ornithine, which are inter-

mediaries in the arginine biosynthesis pathway, can be efficiently transported into the

cell and used as carbon and nitrogen sources, and are structural constituents of the

siderophore. While we cannot exclude the possibility that altered metabolic fluxes

resulting from these mutations influence pyoverdine synthesis, our data are compatible

with other possibilities. In fact, the ΔargG and ΔargH mutants do produce pyoverdine

and even show increased expression of the pyoverdine structural genes pvdD and pvdA

with respect to the wild-type strain, but the total amount of mature siderophore is

smaller, and it is in part retained within the cell and not released into the extracellular

FIG 8 Fluorescence-based measurement of reactive oxygen species in KT2440 and the pvdD, ΔargG, and
ΔargH mutants, using CellROX Deep Red reagent. The data correspond to fluorescence readings
normalized with respect to the OD660 at each time point and are the averages and standard errors from
two independent assays with 6 replicates.
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medium. This is consistent with the reduced expression of pvdE in both mutants. PvdE

has been reported to transport immature pyoverdine across the inner membrane into

the periplasm, where full maturation of the molecule takes place (33). The ΔargG and

ΔargH mutants would therefore show inefficient transport and maturation of the

siderophore. The precise mechanisms underlying these alterations have yet to be fully

characterized. They are not associated with relevant changes in the expression of the

regulatory gene pvdS or algQ or with the mutants being insensitive to iron deprivation,

since addition of an iron chelator increases their production and release of siderophore.

Our data also suggest that mature pyoverdine can be present in the cytosol and

might function along with other proteins, such as bacterioferritins, as an additional iron

scavenger. In this respect, it is worth mentioning that pyoverdine has been reported to

efficiently bind and oxidize ferrous iron (47), the form responsible for the Fenton

reaction leading to ROS production. Hence, our hypothesis was that the retention of

pyoverdine in these mutants could reflect the existence of a balancing mechanism that

connects iron uptake and oxidative stress, and we postulate that polyamines partici-

pate in it, considering that the lack of arginine synthesis would result in reduced

synthesis of polyamines. These molecules are involved in different relevant physiolo-

gical processes, including biofilm formation, symbiosis, and virulence mechanisms, and

have been reported to play a protective role against ROS in different organisms (40, 48).

It is worth mentioning that connections have previously been established between

polyamines, iron, and stress: polyamine synthesis and transport genes have been

identified in P. aeruginosa as part of the BqsR regulon (20). The BqsS/BqsR two-

component signal transduction system responds to ferrous iron and has been impli-

cated in the adaptation and stress response of P. aeruginosa to the conditions found

during lung colonization.

Consistent with our hypothesis, a pyoverdine-deficient mutant showed increased

production of reactive oxygen species (which are involved in oxidative damage,

although they can also play a signaling role) with respect to the wild type, and the same

was observed with the arginine biosynthesis mutants, which are presumably hampered

in polyamine synthesis. Furthermore, the presence of certain polyamines in the growth

medium can reduce oxidative stress and promote pyoverdine release. The fact that

spermidine and agmatine, but not putrescine, had this stimulatory effect on pyoverdine

release is intriguing and will require further analysis. It may result from different transport

efficiencies for each polyamine, or it could be related to the structural differences between

the molecules; the additional NH group in agmatine and spermidine, absent in pu-

trescine, might hold the clue. Our data, summarized in Fig. 9, indicate that the

arginine/polyamine biosynthesis pathway functions as a homeostasis device responsi-

ble for maintaining the equilibrium between iron uptake and oxidative-stress responses

in P. putida. Further work will be required to fully reveal the underlying molecular

mechanisms and to determine if similar connections are present in other bacteria with

different environmental lifestyles, particularly in species such as P. aeruginosa, where

iron metabolism and regulation are much better known.

MATERIALS AND METHODS

Bacterial strains, culture media, and growth conditions. The strains and plasmids used in this
work are listed in Table 1. P. putida KT2440 (49) and its derivatives were routinely grown at 30°C and
Escherichia coli strains at 37°C in LB medium (50). Alternatively, M9 minimal medium supplemented with
trace metals (51) and glucose or citrate as a carbon source was used. King’s B medium was used to
analyze pyoverdine production (52). When appropriate, antibiotics were used at the following concen-
trations (micrograms per milliliter): chloramphenicol (Cm), 30; kanamycin (Km), 25; rifampin, 10; pipera-
cillin (Pip), 30; ampicillin (Ap), 100; streptomycin (Sm), 50 (for E. coli) or 100 (for P. putida); nitrofurantoin
(Nit), 100. Amino acids and other reagents (Sigma-Aldrich and Fluka Chemicals) were added at the
indicated concentrations in each case.

Molecular biology techniques. DNA preparation, digestion with restriction enzymes, plasmid
dephosphorylation, ligation, and cell transformations were done using standard protocols (53, 54).
Plasmid purification and DNA extraction from agarose gels (NZY Tech and Qiagen kits, respectively) were
carried out following the manufacturers’ instructions. A digoxigenin (DIG)-DNA labeling and detection kit
(Roche) was used for Southern hybridization as recommended by the manufacturer.
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FIG 9 Schematic summary of the proposed connections between arginine/polyamines, iron uptake, and oxidative stress.
(A) In the wild-type strain, low iron activates pyoverdine (PVD) production and maturation (dark-green pentagons) to
restore intracellular iron pools. The siderophore sequesters extracellular and intracellular iron, while polyamines protect
against ROS that can derive from iron chemistry. (B) When polyamine production is disfavored, such as in the arginine
biosynthesis mutants, protection against ROS is hampered. This leads to reduced pyoverdine release and therefore limited
iron capture, as a proposed mechanism to control intracellular free iron and minimize ROS production. (C) In a
pyoverdine-deficient mutant, polyamine synthesis would be intact but insufficient for full protection against ROS due to
the lack of siderophore available to sequester free iron.
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Triparental conjugation. Transfer of plasmids from E. coli to P. putida strains was performed by
triparental mating using E. coli(pRK600) as a helper, as previously described (55). For each strain, 0.5 ml
of overnight cultures grown in LB medium was collected by centrifugation, resuspended in 50 �l of fresh
LB medium after several washing steps, and spotted on a nitrocellulose filter (0.22-�m pore diameter) on
LB agar plates, which were incubated overnight at 30°C. Then, the cells were scraped off the mating filter
and resuspended in 1.5 ml of diluted M9 salts medium. Serial dilutions were plated on selective LB
medium supplemented with the appropriate antibiotics to select exconjugants and counterselect donor,
helper, and recipient strains.

Generation of null mutants. Null mutants were generated by gene replacement via homologous
recombination without incorporating any antibiotic resistance marker. Upstream and downstream
regions surrounding the gene to be replaced were amplified by overlapping PCR, using Phusion
high-fidelity DNA polymerase (Thermo Fisher Scientific). PCR amplification was done in two steps. First,
flanking regions of the gene to be eliminated were amplified separately using primers designed to
include a NotI restriction site on one end and a complementary tail on the other (Table 2). The resulting
upstream and downstream fragments were then used as a template in a second PCR amplification, taking
advantage of the overlapping tails present in both amplicons. The resulting product was cloned into a
pCR2.1-TOPO vector after adenylation, introduced by transformation into E. coli DH5� (56), and se-
quenced to ensure the absence of mutations. This fragment was then subcloned into the NotI site of
pKNG101, a suicide vector unable to replicate in Pseudomonas that allows the generation of double-
recombination events (57). Plasmid pKNG101 containing the mutation was mobilized from E. coli

CC118�pir to P. putida KT2440 by conjugation, as previously described. Merodiploid exconjugants were
selected in minimal medium with citrate and streptomycin. One of these clones was grown in LB medium
with 14% sucrose to obtain clones in which a double-recombination event had taken place. Mutants
were sucrose resistant and streptomycin sensitive. Null mutants were checked by Southern hybridization
and by PCR amplification and sequencing of the corresponding region.

RNA purification and cDNA synthesis. Cultures grown in King’s B medium at 30°C for 24 h were
centrifuged, the medium was removed, and the pellets were immediately frozen in liquid nitrogen and
stored at �80°C until use. Total RNA was extracted using TRI Reagent (Ambion, Austin, TX) according to
the manufacturer’s protocol, with the exception that the reaction mixture was preheated at 65°C before
adding it to the samples, which were incubated for 10 min at 65°C immediately. Samples were treated
with RNase-free DNase I (Turbo RNA free; Ambion) plus RNaseOut (Invitrogen), followed by enzyme
inactivation with inactivation reagent (Invitrogen). The RNA concentration was determined with a
NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE). Sample quality
was evaluated through agarose gel electrophoresis, and the absence of residual DNA was checked by
PCR. SuperScript II reverse transcriptase (Invitrogen) was used to generate cDNA, with 500 ng of RNA and
random hexamers as primers.

qRT-PCR. Quantitative real-time PCR amplifications were performed using iCycler Iq (Bio-Rad,
Hercules, CA). The primers used are listed in Table 2. 16S rRNA was used as an internal control for
normalization. Each 12.5-�l reaction mixture contained 1 �l of template cDNA and iQ SYBR green
Supermix (Bio-Rad). Thermal-cycling conditions were as follows: initial denaturation at 95°C for 10 min,

TABLE 1 Strains and plasmids used in this work

Strain or plasmid Relevant featuresa Reference or sourceb

P. putida

KT2440 Wild-type strain; mt-2 derivative cured of pWW0 49
�argG strain Null mutant in argG (PP_1088); complete deletion This work
�argH strain Null mutant in argH (PP_0184), complete deletion This work
�argF strain Null mutant in argF (PP_1079), complete deletion This work
argJ�Km strain Kmr; mini-Tn5 transposon insertion mutant in argJ (PP_1346) PRCC
argA�Km strain Kmr; mini-Tn5 transposon insertion mutant in argA (PP_5185) PRCC
argB�Km strain Kmr; mini-Tn5 transposon insertion mutant in argB (PP_5289) PRCC
argD�Km strain Kmr; mini-Tn5 transposon insertion mutant in argD (�astC [PP_4481]) PRCC
argE�Km strain Kmr; pCHESI-�-Km insertion mutant in argE (PP_5186) PRCC
pvdD�Km strain Kmr; mini-Tn5 transposon insertion mutant in pvdD (PP_4219) 25

E. coli

DH5� supE44 lacU169 (�80lacZΔM15) hsdR17 (rK� mK
�) recA1 endA1 gyrA96

thi-1 relA1; cloning host
56

CC118�pir Rifr �pir for stable maintenance of pKNG101 derivatives 55
HB101(pRK600) Cmr mob tra; helper strain for triparental conjugation 55

Plasmids
pCR2.1 TOPO Kmr; cloning vector for PCR products Invitrogen
pKNG101 Smr oriR6K mobRK2 sacBR 57
pME1088 Apr Pipr; argG open reading frame cloned in pMMB67HE 29
pME0184 Apr Pipr; argH open reading frame cloned in pMMB67HE 29

aRif, rifampin; Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; Pip, piperacillin; Ap, ampicillin.
bPRCC, Pseudomonas Reference Culture Collection (http://artemisa.eez.csic.es/prcc/).
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then 40 cycles of amplification (95°C for 10 min; 61°C [for pfrA, pvdS, pvdA, and pvdP], 58°C [for pvdD], or
56°C [for pvdE] for 30 s; and 72°C for 20 s) and a final extension at 72°C for 1 min, with a single
fluorescence per reading. The melting curve was obtained by gradually heating the PCR mixture from
55°C to 95°C at a rate of 0.5°C every 10 s for 80 cycles, with continuous fluorescence scanning.
Quantification was based on analysis of the threshold cycle (CT) value (58). Analysis was done using three
independent biological replicates, with three technical replicates each.

Detection of siderophore production. To visualize the fluorescence indicative of pyoverdine
production in liquid cultures, strains were grown overnight in King’s B medium, and the optical density
at 660 nm (OD660) was then adjusted to 1 to compare their fluorescences under UV light. Alternatively,
the CAS assay was used. CAS-agar plates for siderophore detection were prepared according to the
method of Louden and colleagues (59). Plates have a blue color when the dye is complexed with iron(III).
The release of siderophore by bacteria and subsequent iron chelation cause a color change, so that an
orange halo is produced around colonies. The CAS assay was carried out as follows. Overnight LB cultures
were diluted to an OD660 of 0.5, and 2-�l drops were spotted in triplicate on CAS-agar plates (square
plates containing 30 ml of medium). After incubation at 30°C for 24 h, the halo areas were measured and
pictures were taken. Where indicated, solutions of the different compounds at 5 mM final concentration,
previously adjusted to pH 6.8, were added to the medium to test their influence upon siderophore
production.

Pyoverdine quantification in intracellular/extracellular fractions. Intracellular and extracellular
pyoverdine determinations were made as described by Imperi and colleagues (60), with modifications.
Cultures of each strain were grown in triplicate in King’s B medium in the absence or presence of 5 mM
L-arginine for 24 h, and turbidity was measured. Three aliquots of each culture were then taken to obtain
extracellular pyoverdine, after centrifugation (9,000 rpm, 5 min, 4°C) to remove bacterial contents.
Another three aliquots were used to obtain intracellular pyoverdine as follows: cultures were washed
three times with 30 mM Tris-HCl [pH 7], 150 mM NaCl, with centrifuging between washes. Finally, the
bacterial pellets were resuspended in 1.2 ml of 10 mM Tris-HCl [pH 8], 100 mM NaCl and lysed by
sonication. Cell debris was removed by centrifugation (9,000 rpm, 5 min, 4°C).

TABLE 2 Primers used in the study

Primer name Sequence (5=¡3=)a Use

argG-UpF ATTGCGGCCGCGGTATCGAGCTGGACGCAGC Null argG mutant construction
argG-UpR CCGGGGTTTTCGCACACGCCAGCAAGCCATCACTCCACGGGGTTG
argG-DwF CGTACAACCCCGTGGAGTGATGGCTTGCTGGCGTGTGCGAAAACC
argG-DwR ATTGCGGCCGCTGGCGCGGCGATTTACCAG

argH-UpF ATTGCGGCCGCTCGGTCAGCAACTACTACA Null argH mutant construction
argH-UpR CGCCACTTTTTCGTTCACGCCTGCATCCCCCAAGGCGAGGGCT
argH-DwF AGGGCGAAGCCCTCGCCTTGGGGGATGCAGGCGTGAACGAAAAAG
argH-DwR ATTGCGGCCGCACATACTTGTGGTCGGCAA

argF-UpF ATTGCGGCCGCGTAATTGTGCACGCTCGGGT Null argF mutant construction
argF-UpR TTGAGCAGTAGGGGTTGACTCATGAGTGACTACCTTATCTGCAAC
argF-DwF CGTTGCAGATAAGGTAGTCACTCATGAGTCAACCCCTACTGCTC
argF-DwR ATTGCGGCCGCGATGAAACTCGCCACGAATG

qRTpvdS-F GCGGAACAACTATCCACAAG qRT-PCR; pvdS
qRTpvdS-R GAACGATGAGGTGATCTGCG

qRTpvdA-F GCACTGTTCATCGACAAGCAG qRT-PCR; pvdA
qRTpvdA-R GGTGCAGGTAGTTGACGAAG

qRTpvdE-F TGCTCAAACCCTTCTGGC qRT-PCR; pvdE
qRTpvdE-R AGCAGATCGAGCTGAACAG

qRTpfrA-F GTTCACAAGCTGATCGACC qRT-PCR; pfrA (�algQ)
qRTpfrA-R GCTCGCAGACTTCGAAGT

qRTpvdD-F CTCGATTCCGTGGAGTCAC qRT-PCR; pvdD
qRTpvdD-R GTCCAGTTGCCAGAGAAAC

qRTpvdP-F GTATGTCCAGCGTCAGCTC qRT-PCR; pvdP
qRTpvdP-R GAACAATTCCAGCGTCTCG

qRT16S-F AAAGCCTGATCCAGCCAT qRT-PCR control; 16S RNA
qRT16S-R GAAATTCCACCACCCTCTACC

aRestriction sites inserted in the primer for the cloning strategy are underlined. Complementary bases between upstream and downstream fragments of the gene to
replace are shown in boldface.
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Pyoverdine-based fluorescence in extracellular and intracellular fractions was quantified using a
Varioskan Lux microplate reader by recording emission at 455 nm upon excitation at 398 nm. Fluores-
cence readings were corrected for growth (OD660), and average relative values are presented.

Iron determination in culture supernatants. To determine the concentration of iron remaining in
the medium after overnight growth, cultures were grown in triplicate in 5 ml liquid King’s B medium, and
their absorbance (OD660) was measured before centrifugation (9,000 rpm, 5 min, 4°C). Supernatants were
collected, and the iron concentration was analyzed by ICP-OES at the Scientific Instrumentation Services
of the Estación Experimental del Zaidín.

Oxidative-stress assays. Overnight cultures were diluted to an OD660 of 0.05 and grown for 2 h in
King’s B medium at 30°C with orbital agitation (200 rpm). The cultures were then split in two, one
supplied with spermidine at a final concentration of 5 mM and the other with water as a control, and
grown for another 30 min before H2O2 was added at a final concentration of 5 mM. The cultures were
immediately transferred to 96-well microplates (Nunc 96 flat transparent-bottom black polystyrol well
plates; Thermo Fisher). Growth (OD660) was monitored every 10 min for 4 h using a Varioskan Lux plate
reader (Thermo Fisher).

To determine the oxidative stress of wild-type and mutant strains caused by elevated production or
reduced detoxification of ROS in cells during growth, overnight cultures were diluted as described above
and grown for 2 h before adding 8 �M CellROX Deep Red reagent 640/665 (Life Technologies). The
cultures were incubated for 30 min under the same conditions to allow incorporation of the dye into the
cytoplasm and transferred to 96-well microplates (Nunc 96 flat-bottom black polystyrol well plates;
Thermo Fisher). Growth (OD660) and fluorescence (excitation at 640 nm and emission at 665 nm) were
then monitored every 10 min for 4 h using a Varioskan Lux plate reader (Thermo Fisher). Fluorescence
data were normalized with respect to the OD660 to correct for potential growth differences.
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