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Pseudomonas aeruginosa (PA) is a common cause of chronic infections, particularly feared by cystic fibrosis patients. PA colonizes the lung where it adapts to the local environment, and/or to treatments by drugs. This genotypic and phenotypic adaptation, in turns, influences its interaction with its environment, like bacteria from the microbiota. As an example, to access iron, PA produces and secretes two siderophores, pyoverdine and pyochelin that are iron chelators scavenging iron from the environment and bringing it back into the bacterial cells.

Siderophores production depends on the level of iron starvation, on the presence of other bacteria, etc. this latter component being less well investigated. Even if studies on bacterial interactions, and their evolution, have been increasing since several years, we are still facing a lack of tools, for example, to specifically follow the growth of PA isolates in such competitive environments. We thus improved a cloning method to gain time in the cloning steps, to lower the polar effects, and to accurately follow the interactions of any PA isolate with other bacteria.

For that, a fluorescent reporter gene was inserted between two genes, the glutamine-fructose-6-phosphate transaminase (glmS) and PA5548. This reporter was efficiently produced either from an inducible or a house-keeping promoter, and its expression did not lead to polar effects.

We used this strain to study intra and inter-specific bacterial competitions for iron between different lung pathogens. We thus grew wild-type PA together either with an isogenic PA pvdS variant, that does not produce the most efficient siderophore pyoverdine, or with Klebsiella pneumoniae or Acinetobacter baumanii, two other lung pathogens. We finally monitored the effect of the loss of pvdS on the competition between PA and the other bacterial species. These studies enabled us to differentiate intra from inter specific competitions, both arising in the lung environment, and pinpoint the importance of the bacterial specie for the adaptation of pyoverdine production.

Introduction

Pseudomonas aeruginosa (PA) is a common cause of hospital-acquired infections including respiratory-associated pneumonias, bacteremias, urinary tract and surgical site infections, and is particularly feared by cystic-fibrosis (CF) patients [START_REF] Bhagirath | Cystic fibrosis lung environment and Pseudomonas aeruginosa infection[END_REF][START_REF] Giske | Clinical and economic impact of common multidrug-resistant gram-negative bacilli[END_REF].

In chronic disease, like CF, PA may settle in the lung where it evolves to adapt even better to the local environment, and/or to drug treatment [START_REF] Rossi | Pseudomonas aeruginosa adaptation and evolution in patients with cystic fibrosis[END_REF]. This adaptation influences its interaction with the other bacteria of the microbiota [START_REF] Eberl | Pseudomonas aeruginosa and Burkholderia cepacia in cystic fibrosis: genome evolution, interactions and adaptation[END_REF], the composition of the microbiota itself, and its response to antibiotic cure [START_REF] Clark | Diversification of Pseudomonas aeruginosa within the cystic fibrosis lung and its effects on antibiotic resistance[END_REF].

In addition of this genomic stable evolution, bacteria are able to directly accomodate some traits, or phenotypes, such as the secretion of metabolites, the supply of nutrients, to biotic or abiotic changes in the environment [START_REF] Cornforth | Competition sensing: the social side of bacterial stress responses[END_REF][START_REF] Oliveira | Biofilm Formation As a Response to Ecological Competition[END_REF][START_REF] Tashiro | Interspecies Interaction between Pseudomonas aeruginosa and Other Microorganisms[END_REF]. These phenotypic adaptable traits may play a pivotal role in the fate of bacterial interactions. Nevertheless, fully appreciating the importance of these adaptive changes for bacterial interactions will still require additional studies.

Among these phenotypic adaptations is the production of siderophores, small metabolites produced by bacteria to import iron [START_REF] Cornelis | Pseudomonas aeruginosa adapts its iron uptake strategies in function of the type of infections[END_REF][START_REF] Miethke | Siderophore-Based Iron Acquisition and Pathogen Control[END_REF][START_REF] Schalk | An overview of the biological metal uptake pathways in Pseudomonas aeruginosa[END_REF]. Iron is of utmost importance for most living organisms, and due to its poor bioavailability, a battle for its supply is engaged within the microbiotum, and at the interface with the host [START_REF] Golonka | The Iron Tug-of-War between Bacterial Siderophores and Innate Immunity[END_REF][START_REF] Konings | Pseudomonas aeruginosa Uses Multiple Pathways To Acquire Iron during Chronic Infection in Cystic Fibrosis Lungs[END_REF][START_REF] Nairz | Iron and innate antimicrobial immunity-Depriving the pathogen, defending the host[END_REF].

Siderophores are produced by bacteria, secreted in the environment where they chelate iron, the resulting ferri-siderophore complex being then actively imported into bacterial cells [START_REF] Cornelis | Iron uptake and metabolism in pseudomonads[END_REF][START_REF] Schalk | An overview of the biological metal uptake pathways in Pseudomonas aeruginosa[END_REF]. During a chronic infection, PA faces two types of bacterial competitions, either from isogenic strains that evolved in the host environment (termed intraspecific competitors), or from bacteria of other species (termed inter-specific competitors).

Previous research showed that siderophores play a crucial role in these two types of fights for iron, and that their production can be accordingly regulated. In an inter-specific competition, the secretion of specific siderophores seems to represent an efficient way to outcompete the other bacteria in the race for iron [START_REF] Filkins | Coculture of Staphylococcus aureus with Pseudomonas aeruginosa Drives S. aureus towards Fermentative Metabolism and Reduced Viability in a Cystic Fibrosis Model[END_REF][START_REF] Schiessl | Magnitude and Mechanism of Siderophore-Mediated Competition at Low Iron Solubility in the Pseudomonas aeruginosa Pyochelin System[END_REF]. In an intra-specific competition, the secreted siderophores can be shared between bacteria that possess a compatible iron uptake transporter, one bacterium producing the siderophore while the other does not, but that capitalizes on the available siderophore [START_REF] Ross-Gillespie | Evolutionary dynamics of interlinked public goods traits: an experimental study of siderophore production in Pseudomonas aeruginosa[END_REF][START_REF] Scholz | Sociality in Escherichia coli: Enterochelin Is a Private Good at Low Cell Density and Can Be Shared at High Cell Density[END_REF][START_REF] West | Social evolution theory for microorganisms[END_REF]. Such non-siderophore-producer strains are called 'cheater' as they benefit from the resources of other bacteria without having to pay the metabolic price of siderophore synthesis [START_REF] Griffin | Cooperation and competition in pathogenic bacteria[END_REF][START_REF] Jiricny | Fitness correlates with the extent of cheating in a bacterium[END_REF].

Even if studies on the role played by PA siderophores in bacterial interactions have been increasing since several years, we are still lacking tools to specifically follow the growth of PA (when grown in the presence of other bacteria) and correlate them to the production of siderophores. These studies are dependent on either a vector carrying the gene of a fluorescent (or any other) reporter, but having the inconveniency to add an antibiotic resistance gene; or on high throughput sequencing [START_REF] Cramer | Intraclonal competitive fitness of longitudinal cystic fibrosis Pseudomonas aeruginosa airway isolates in liquid cultures[END_REF], more complex to set up and more expensive; or on selective plates, but that may not discriminate all bacteria. Recently, Tn7-based vectors have been developed to this end [START_REF] Choi | A Tn7-based broad-range bacterial cloning and expression system[END_REF]. These vectors integrate into the chromosome, downstream of the highly conserved glmS gene, and the selection markers may subsequently be excised by the yeast Flp recombinase through a second cloning/mating step. This method still requires two steps (recombination then excision) and does not avoid polar effects, especially in PA, where both flanking genes (glmS and PA5548) are close to the cloning site. In the present work, we improve this method, in order to gain time and lower the polar effects.

We have applied this new method to incorporate a reporter gene (mcherry) in different isolates of PA, even in a strain resistant to different antibiotics, and monitored the adaptation of the production of pyoverdine (PVD) in the presence of different bacterial competitors [START_REF] Leinweber | The bacterium Pseudomonas aeruginosa senses and gradually responds to interspecific competition for iron[END_REF][START_REF] Tyrrell | Iron acquisition in the cystic fibrosis lung and potential for novel therapeutic strategies[END_REF]. We grew PA with an isogenic PA pvdS non-PVD producing variant, but that still imports iron if the siderophore is produced by other variants (intra-specific competition). We further grew PA together with Klebsiella pneumoniae (KP) or Acinetobacter baumanii (AB), two other pathogens present in the lung, to evaluate the interspecific competition and quantified the variation in the PA PVD production. We finally monitored the effect of the loss of pvdS on the competition between PA and the other bacterial species.

Materials and Methods

Bacteria and media

The PA and Escherichia coli strains and plasmids used in this study are listed in Table S1. E. coli strains were routinely grown in LB (BD-Difco) at 37°C. Strains were first grown overnight at 30°C in LB broth, then washed, re-suspended and cultured at 30°C in appropriate medium: LB or MHII-chelex + 1% FBS (Gibco Fetal Bovine Serum Ref A3160801). MHII chelex was obtained by the addition of a chelating agent (chelex 100 sodium form, Ref C790, Sigma-Aldrich) to MHII (Mueller Hinton BD), according to the manufacturer's recommendation.

When required, gentamycin (30 g.ml -1 ) was added to PA cultures. The cells are then pelleted by centrifugation and re-suspended in fresh medium, and the resulting suspension was diluted to the required OD600nm. KP and AB are from the collection of the Strasbourg University Hospital.

Vector construction

All enzymes for DNA manipulation were purchased from ThermoFisher Scientific and were used in accordance with the manufacturer's instructions. E. coli strain TOP10 (Invitrogen) was used as the host strain for all plasmids. The DNA fragments used for cloning were amplified with Phusion High-Fidelity DNA polymerase (ThermoFisher Scientific). The primers used are listed in Table S2. To insert the spacers fragments, the In-Fusion HD cloning kit (Clontech) has been used, following the manufacturer's recommendations.

The DNA fragment corresponding to the constitutive promoter of the gentamicin-3acetyltransferase (antibiotic resistance gene) was amplified from the pEXG2 vector, the DNA fragment corresponding to the promoter araC was amplified from the pBAD24 vector, the terminator was amplified from the pUC18T-mini-Tn7T-Gm-mcherry, and the two spacer sequences used to frame the insert were amplified from pUCP18 and pMMB190 vector. The mcherry sequence was amplified from the pcDNA3 mcherry vector. Finally, the DNA fragment used to amplify the flanking region (glmS, PA5548 gene) originated from PAO1 ATCC15692. All these fragments were inserted at the appropriate place in the vector pEXG2.

Selection of mutants

Mutations in the chromosomal genome of PA were generated by transferring the pEXG2 suicide vector from E. coli SM10 strains into the PAO1 strains and allowing the plasmid to integrate into the chromosome, with selection for gentamycin resistance. Insertion mutants were selected by streaking the gentamicin resistant clones on no-salt LB agar containing 6% (w/v) sucrose. The sucrose-resistant clones were verified by PCR and the presence of the insert was confirmed by sequencing.

Bacterial growth monitoring

To confirm the production of mCherry in the different strains, and in different media, the cells were cultured overnight in LB medium, pelleted by centrifugation, re-suspended in the appropriate medium, and the resulting suspension was diluted to obtain an OD600nm of 0.01 units. 200 μl of the suspension were dispensed per well into a 96-well plate (Greiner, Ubottomed microplate). The plate was incubated with shaking at 30°C in a Tecan microplate reader (Infinite M200, Tecan) for measurements of OD600nm and mCherry fluorescence (excitation/emission wavelengths: 570 nm/610 nm) at 30 min intervals, for 24h.

For all other experiments, the cells were cultured overnight in LB medium, pelleted by centrifugation, re-suspended in the appropriate medium, and the resulting suspension was diluted at an OD600nm of 0.02 units (LB or MHII-chelex + 1%FBS). 10 ml of this suspension were cultured at 30°C in Falcon tubes.

For the following sections, each experiments have been reproduced three times.

RT-qPCR

Specific gene expression was measured by RT-qPCR. PA cells were cultivated alone or in the presence of a competitive strain, in 10 ml of medium in falcons for 8h or 24h of culture. RNAs were then extracted and purified as described previously [START_REF] Gasser | Catechol siderophores repress the pyochelin pathway and activate the enterobactin pathway in Pseudomonas aeruginosa: an opportunity for siderophore-antibiotic conjugates development[END_REF]. We then reverse transcribed 1 μg of total RNA, with a High-Capacity RNA-to-cDNA Kit, in accordance to the manufacturer's instructions (Applied Biosystems). The amounts of specific complementary DNAs were assessed in a StepOne Plus instrument (Applied Biosystems) with Power Sybr Green PCR Master Mix (Applied Biosystems) and the appropriate primers (Table S2). The transcript levels for a given gene in a given strain were normalized with respect to those for uvrD and are expressed as a ratio (fold change) relative to the reference conditions.

Enumeration

Bacteria were grown in falcons, aliquots of 100 µl was removed every hours and serially diluted in LB. 50µl, 100µl or 200µl of the dilution 10 4 , 10 5 , 10 6 , or 10 7 were plated on LB-agar. mCherry-producing strains were visualized thanks to a Typhoon with filter Cy3 excitation/emission 550-570.

Pyoverdine production measurement

After each hour of culture in falcons, 200 µl was collected to measure in a Tecan microplate reader (Infinite M200, Tecan), the OD400nm as well as pyoverdine fluorescence (excitation/emission 400-447nm)

CAS assays

Chrome Azurol S (CAS) assay, adapted from Schwyn and Neilands [START_REF] Schwyn | Universal chemical assay for the detection and determination of siderophores[END_REF], was used to assess the production of strong iron chelators by the different strains. CAS (Sigma-Aldrich) was prepared as described and 4.4 mg of sulfosalicylic acid was added to 5 mL of CAS to accelerate chemicals reactions. 100 µL of this solution are dispensed into 96well plate and 100 µL of serial dilution of culture supernatants added. The plate was incubated 24 hours in the dark and OD630nm is measured. The blue CAS-iron solution turned pink in the presence of stronger iron chelators than CAS. 

Statistical analysis

Results

Results

Construction of the insert

We have chosen to insert the pEGX2 vector in the PA intergenic region between the glmS and PA5548 genes. This site, well conserved across PA isolates, has already been used to insert the 4500 bp of the pUC18T mini-Tn7T-Gm vector, derived from the Tn7 transposon [START_REF] Choi | A Tn7-based broad-range bacterial cloning and expression system[END_REF].

The vector is described in Figure 1. Different fragments were sequentially inserted into pEXG2 vector. First, 700 bp of the flanking region corresponding to glmS, to which a SpeI restriction site was added, were inserted into HindIII/XbaI sites of the pEXG2 vector. 700 bp of the flanking region corresponding to PA5548, with addition of EcoRI and NcoI restriction sites were inserted between the XhoI/KpnI sites. The promoter region (the constitutive Pc promoter from pEXG2 vector or alternatively the inductible AraC promoter from pBAD) was then inserted between the SpeI and XhoI sites, and subsequently the rrnB terminator from the plasmid pUC18T-mini-Tn7T-Gm-mCherry was added between the EcoRI and NcoI sites. Two spacer sequences of 500 bp, i.e. two non-coding sequences from pUCP18 and pMMB190 vectors, were further added into the SpeI and NcoI sites to limit any polar effect (In Fusion, Gibson).

Finally, the mcherry ORF was added to this construction with the aim to add a fluorescent marker to different PAO1 isolates, and to specifically follow them in co-culture with other bacteria.

Construction of P. aeruginosa insertion mutants

Insertion of the mcherry ORF between the glmS and PA5548 genes of PA was achieved by transferring the allelic exchange vector from the E. coli strain (SM10) into the PA strains by biparental mating, with a first selection for gentamicin resistance. Insertion mutants were then selected by streaking gentamicin resistant clones on LB agar plates that contain no salt, but 6% (w/v) sucrose. Indeed, the presence of sacB gene on the vector will allow a positive selection on sucrose of bacteria having carried out the double recombination event. The sucrose-resistant clones were finally verified by PCR and sequencing.

In a first trial, we cloned the mcherry gene in a construction lacking the two spacer regions (PA without spacer-mcherry). With this construction, we observed a strong polar effect when the bacteria were grown in LB or in MHII-chelex supplemented with FBS. By RT-qPCR, we observed that, if the glmS gene was weakly overexpressed (< 2.5 fold), the PA5548 gene was heavily overexpressed (>20 fold). In contrast, the insertion of the spacer regions at both ends of the construction, limited the polar effects in the final PA-mcherry (< 2.5 fold) (Figure 2A). Thus, this method enabled the incorporation of the mcherry gene with a constitutive promoter (see Materials and Methods). We equally obtained an efficient incorporation of mcherry into different PAs, showing that this method can be applied to different backgrounds. Fluorescent clones could even be detected with a Typhoon scanner (filter Cy3 excitation/emission 550-570), so that it may be possible to clone our construction into strains with gentamicin resistant background.

We then followed the growth of the strains, as well as the production of PVD, in different constructions to make sure that the insertion of DNA fragments at this site does not affect other traits of the bacteria, that will be studied in the following section. We thus followed the growth and PVD production of PA, PA in which was inserted the empty construct pAF46 and PAmcherry. Effectively, the insertion affected neither the growth of the bacteria nor the production of PVD (Figure 2B andC).

Finally, we used the same strategy to construct the mutants PA pvdS mcherry and PA pvdA mcherry. For both mutants, again, the insertion of mcherry did not affect the growth of the strain. These mutants will be used in follow up experiments (see below).

Co-cultures between PA strains and the competitor bacterial strains AB and KP

We then co-cultured PA-mcherry either with the isogenic PA mutant (pvdS) that does not produce PVD, to follow intra-specific competition (Figure 4B), or with KP and AB bacteria, both pathogens of the lung, to follow inter-specific competition (Figure 4C andD). KP produces different siderophores, among them aerobactin and yersinabactin, while AB produces acinetobactin, baumannoferrins, and fimsbactins. To study the adaptation of PVD production by PA in the presence of competitors producing their own siderophores, we cultivated the bacteria in an iron-limited media (MHII-chelex) in which FBS (1%) was added. FBS contains iron, but the metal is chelated by eukaryotic molecules like ferritin, heme, etc., and thus, adding FBS mimics the bioavailability of iron in a host environment. We performed comparative mono-culture and co-culture in falcon tubes with 10 ml of medium, with all strains inoculated at an OD600nm = 0.02. It means that in co-culture, the final overall OD was 0.04. As the enumeration (see below) did not reveal differences in the growth or in the ratio between the competitors when the inocula were two times lower, we continued to use this ratio.

Enumeration to estimate the proportion of P. aeruginosa in co-culture with different competitors Every hour, an aliquot of the cultures was plated, and the OD600nm as well as the mCherry fluorescence was measured. The fluorescence of the PA-mcherry allowed us to distinguish visually on plates, this strain from any of the competitors (Figure 3A). The first objective was to determine a correlation between mCherry production and PA growth (from OD600 nm), to facilitate the studies on co-cultured bacteria. By measuring the OD600nm and the mCherry fluorescence, we correlate both measures (PA-mcherry OD600nm and mCherry fluorescence), in order to be able to deduce the proportion of PA presence in further co-culture experiments.

To ensure the feasibility, we first verified whether the mCherry production per bacteria was similar if PA-mcherry was cultivated in mono or in co-culture (Figure 3B). At different culture times, we calculated the mCherry fluorescence / CFUPAO1 (from plating) ratio, when PAmcherry was grown either in mono-culture, or in co-culture with KP, AB, and the isogenic PA pvdS strains. We observed that, whatever the culture/co-culture tested, this ratio was similar in the lag phase, but was different during the exponential phase, with almost a 2-fold difference in some instances. This meant that the mCherry production might vary, depending on the stress imposed (here, presence of competing bacteria). As a consequence, it is not accurate to extract the proportion of PAO1 from the OD600nm through the measurement of mCherry fluorescence.

We thus have to rely on the enumeration on plates to differentiate the different bacteria grown in co-culture.

PA outcompeted both AB and KP but not PA pvdS

The enumeration enabled us to compare the growth profile of each strains, cultivated alone or in co-culture (Figure 4B-D). In the conditions tested (medium in which iron is limiting and mainly available as chelates with host molecules), when the strains PA-mcherry, AB or KP were grown individually, the growth of AB and KP was better than that of PA-mcherry. In coculture (the competitor strains are inoculated at a ratio 1:1), the growth of PA-mcherry was not significantly affected by the presence of AB or KP. On the opposite, the growth of both competitors was significantly decreased in the presence of PA-mcherry. The co-culture between PA-mcherry and PA pvdS did not show the same profile. We always observed the same growth of the PA-mcherry strain, cultivated alone or in the presence of PA pvdS. On the other hand, the growth of the PA strain pvdS was significantly favoured by the presence of PA.

Regulation of pyoverdine production when P. aeruginosa is engaged in a bacterial competition

Before performing competition experiments, we compared the strength of the iron chelators produced by the bacteria used in this study, through a CAS assay. This assay is based on a competition for iron between chrome azurol S and the siderophore present in the supernatant of the tested bacteria. We applied this test to monitor the strength of iron chelation by the supernatants of the different bacterial cultures grown in MHII-chelex (PA-mcherry, KP, AB).

PA-mcherry chelated iron much more efficiently than the isogenic PA pvdS mutant and the two competitive bacteria, KP and AB (Figure 4A), reflecting a higher iron scavenging potential in wild-type PA. While the supernatants of PA pvdS and AB shared a similar strength for iron chelation, the siderophores in the supernatant of KP were not able to compete with chrome azurol S.

We then measured the level of PVD production by PA-mcherry, in monoculture as well as in competition conditions. For all conditions, the level of PVD production increased during the exponential phase of growth, and diminished at the stationary phase (24h). While PA-mcherry significantly overproduced PVD when cultivated with PA pvdS, as already reported in the literature, i.e. [START_REF] Ross-Gillespie | Evolutionary dynamics of interlinked public goods traits: an experimental study of siderophore production in Pseudomonas aeruginosa[END_REF], the difference in PVD production has not been found significantly different when PA was cultivated alone or in the presence of AB or KP, neither at the end of the exponential growth phase (8h), nor at the stationary growth phase (24h) (Figure 4E).

To consolidate these results, we studied the expression of mRNAs of the PVD pathway under mono-or co-culture conditions (Figure 4F). Four mRNAs were monitored, pvdS (PvdS is the key regulator of the PVD pathway), pvdA (PvdA protein is involved in PVD biosynthesis), fpvA (FpvA is involved in iron-PVD import) and fpvF (FpvF is involved in iron reduction once PVD-iron is imported). We ensured that the primers used (Table S2) could not amplify genes from AB or KP, by performing RT-qPCR on mRNAs isolated from KP or AB grown in monoculture. We also tested two reference genes, uvrD and clpX. The expression of both genes did not vary depending on the competition, so we finally used uvrD as a reference. The RT-qPCR results were analysed at the end of the exponential phase and at the stationary phase of culture (Figure 4F). For inter-species competition (PA and AB or KP), we did not find any significant differences in gene expression at the end of the growth phase, neither at the stationary phase concerning genes involved in the production of PVD (pvdS and pvdA). We still found a weak but significant overexpression of genes involved in import of PVD-Fe (fpvA and fpvE) at the stationary phase. These results were in line with the results described above, obtained when monitoring PVD production (Figure 4E).

We then wanted to confirm the overproduction of PVD when PA was co-cultivated with the PA mutant pvdS. We first measured the expression of the four genes in the PA pvdS strain.

As expected, pvdS and pvdA were hardly detected, while the two genes involved in the import of PVD-FE, were still expressed. This is in line with the literature, the regulation of the expression of both genes being dependant not on PvdS, but on FpvI/FpvR [START_REF] Rédly | FpvIR control of fpvA ferric pyoverdine receptor gene expression in Pseudomonas aeruginosa: demonstration of an interaction between FpvI and FpvR and identification of mutations in each compromising this interaction[END_REF]. This also explains why the mutant PA pvdS even if it is not a PVD producer, is still capable of using it from other PA strains. We then analysed the results at the end of the growth phase, at which both strains are present at similar concentration (Figure 4B, left). In these conditions, the expression of pvdS and pvdA genes did not confirm an overproduction of PVD (although these results should be interpreted with caution as both PA and PA pvdS expressed uvrD).

Effect of the pyoverdine pathway on competitor growth

To further appreciate the role of PVD in the interaction with a competitor siderophore, we performed co-cultures between the isogenic PA variant pvdS and the two inter-specific competitor bacteria, KP and AB (Figure 5). In both cases, no significant differences of growth were found in PA pvdS growth, cultivated alone or in the presence of any of the competitors.

In the case of competition with AB, the PA mutant allowed the growth of AB, while this was not the case with PA (compare Figure 5A to 4C). However, on the opposite, the interaction between the PA mutant and KP is almost not affected by the inhibition of the PVD pathway. Indeed, KP grew weakly in the presence of the PA pvdS strain, as previously in the presence of a wt PA (compare Figure 5B to 4D).

Discussion

The new vector enabled an easy transformation of PA isolates, leading to a constitutive production of mCherry, thereby facilitating the specific monitoring of PA in bacterial co-culture experiments. It has nevertheless to be mentioned that enumeration is required to accurately estimate the ratio of PA in co-cultures. This vector may be used to induce the production of any protein, under any promoter, as a single copy in a chromosomic region without extensive side polar effects.

This construction allowed us to detail the role of the PVD pathway in a competition example between PA and an isogenic variant, PA pvdS, in which the principal transcription factor of the PVD pathway has been deleted. We deleted specifically this gene, as mutants in the pvdS gene often arise in the lung environment of CF patients [START_REF] De Vos | Study of pyoverdine type and production by Pseudomonas aeruginosa isolated from cystic fibrosis patients: prevalence of type II pyoverdine isolates and accumulation of pyoverdine-negative mutations[END_REF][START_REF] Tyrrell | Iron acquisition in the cystic fibrosis lung and potential for novel therapeutic strategies[END_REF]. We further monitored the level of PVD production in the presence of interspecific competitor bacteria that also may infect the lung, KP and AB. To assess that the effects observed were effectively carried by PVD, and not by the regulation of the production of other genes under the dependence of pvdS [START_REF] Cornelis | The 'core' and 'accessory' regulons of Pseudomonas-specific extracytoplasmic sigma factors[END_REF][START_REF] Llamas | Cell-surface signaling in Pseudomonas: stress responses, iron transport, and pathogenicity[END_REF], we confirmed that the effects were similar while using a deletion mutant of the gene pvdA, a gene only involved in the biosynthesis of PVD.

For intra-specific competition (between isogenic PA variants), PVD is considered as a public good, providing a benefit to both strains. The cheater bacterium avoids the high metabolic cost of PVD production, but retains its capacity to use PVD produced by the cooperator strain.

Consequently, the latter has to compensate for the deficit in soluble iron created by the cheat consumption by upregulating PVD production, as shown in [START_REF] Ross-Gillespie | Evolutionary dynamics of interlinked public goods traits: an experimental study of siderophore production in Pseudomonas aeruginosa[END_REF]. We indeed observed this increase of PVD production by the wild-type PA, enabling a better growth of the cheater strain (even if they could not be confirmed by RT-qPCR). It was still important to repeat them as the medium changed (i.e. the iron deprivation conditions), and for comparison purposes with inter-specific competition. Thus, in that case, PVD had only a role in iron import, used by both strains. PA did not seem to benefit from this 'cooperation', the advantage if any should probably be looked elsewhere than in relation with iron import [START_REF] Marvig | Convergent evolution and adaptation of Pseudomonas aeruginosa within patients with cystic fibrosis[END_REF][START_REF] Moradali | Pseudomonas aeruginosa Lifestyle: A Paradigm for Adaptation, Survival, and Persistence[END_REF][START_REF] Winstanley | Pseudomonas aeruginosa Evolutionary Adaptation and Diversification in Cystic Fibrosis Chronic Lung Infections[END_REF].

On the other hand, in inter-specific competitions, PVD may have two roles, scavenging iron for the own benefit of the producer, and also restricting the access of the other bacteria to iron.

PVD can be considered as an efficient iron scavenger (Ka = 10 32 M -1 , [START_REF] Albrecht-Gary | Bacterial Iron Transport: Coordination Properties of Pyoverdin PaA, a Peptidic Siderophore of Pseudomonas aeruginosa[END_REF]), as shown by the CAS assay, and would indeed confer a fitness advantage in competition with other bacteria, despite the cost of PVD synthesis. The results obtained with the growth competition between PA and AB enabled to infer the weight of the two roles of PVD in this competition. PVD production was not increased due to the presence of AB, as shown by the RT-qPCR and PVD production measurement results. AB did thus not appear to be a source of stress for iron import by PA. The role of PVD in iron import appeared even not essential in this context. Indeed, the PA pvdS grew as efficiently alone or in the presence of AB. In these conditions, PA accessed iron probably through other routes (via the second siderophore pyochelin, or by hijacking the eukaryote iron chelators…), that agreed with the CAS assays, where the supernatants of both strains, AB and PA pvdS, were similarly able to chelate iron On the other hand, the importance of PVD in restricting AB iron access is highlighted by the capacity of AB to grow in the presence of PA pvdS, but not in the presence of PA.

The importance of PVD in the interaction between PA and KP did also not rely on the role of PVD in iron import. Again, PA did not overproduce PVD in this context, neither the PA pvdS failed to grow in the presence of KP. Nevertheless, as KP was unable to grow with either PA or PA pvdS, in that case, we could not infer about the importance of PVD in iron deprivation.

Other results also established the role of PVD in iron import when the competition involved a competitor with strong iron chelation capacity (i.e. [START_REF] Leinweber | The bacterium Pseudomonas aeruginosa senses and gradually responds to interspecific competition for iron[END_REF]. These results reflected the potential roles of PVD in bacterial interaction, but also stressed out the necessity to conduct studies on many different strains to get a better idea of the role(s) of siderophores in each of these competitions. We hope that the improvement of this cloning method will facilitate such kind of studies.

Thus, siderophores are important agents in intra and inter-specific competitions, but their roles diverge: on one hand, they may have a role of growth promoting public goods which can be cooperatively shared between intra-specific competitors, on the other hand, they have an important role in leading the competition in inter-specific competitions. In the lung, both types of competitions are prevalent: the presence of a PVD producer could favour the growth of isogenic cheaters while preventing the growth of inter-specific competitors. On the other hand, the presence of cheaters could promote a higher diversity in the microbiota. The loss of metabolic fitness in PA could indeed make the growth of bacteria from other phylae easier, and also favour a higher intra-diversity [START_REF] Cramer | Intraclonal competitive fitness of longitudinal cystic fibrosis Pseudomonas aeruginosa airway isolates in liquid cultures[END_REF], that may be crucial to the adaptation of the strain to the local environments.

Modeling intra-competition of isogenic variants is nevertheless a simplified vision of such competitions in microbiota. Indeed, bacterial genome sequencing has shown that most bacteria can produce siderophores and have genes that encode transporters involved in the import of ferri-siderophore complexes, either specific to their own siderophore, or involved in the uptake of exo-siderophores: bacteria have thus the ability to hijack siderophores produced by other bacteria, and even iron chelated by host factors [START_REF] Gasser | Catechol siderophores repress the pyochelin pathway and activate the enterobactin pathway in Pseudomonas aeruginosa: an opportunity for siderophore-antibiotic conjugates development[END_REF][START_REF] Normant | Nocardamine-Dependent Iron Uptake in Pseudomonas aeruginosa: Exclusive Involvement of the FoxA Outer Membrane Transporter[END_REF]Perraud et al., 2020bPerraud et al., , 2020a)). In that sense, siderophores may present properties of intra or inter-specific competitors against any bacteria, adding another layer of complexity to their role in the battle for iron ; they could play a predative role in the competition between some bacteria, but also in some instances be involved in synergisms, that are another crucial trait of bacterial interactions. Considering all these features, the use by the bacteria of their different iron uptake pathways has to be finely regulated to make the most of the local environment, while avoiding the toxic effect of higher iron loads. This will depend on the availability of iron, on the nature, the strength, the amount and kinetic of production of the different iron chelators from the organisms present in the microbiota [START_REF] Cornelis | Pseudomonas aeruginosa adapts its iron uptake strategies in function of the type of infections[END_REF][START_REF] Leinweber | The bacterium Pseudomonas aeruginosa senses and gradually responds to interspecific competition for iron[END_REF][START_REF] Reinhart | Regulation of Pseudomonas aeruginosa Virulence by Distinct Iron Sources[END_REF], the growth parameters [START_REF] Leinweber | The bacterium Pseudomonas aeruginosa senses and gradually responds to interspecific competition for iron[END_REF][START_REF] Scholz | Sociality in Escherichia coli: Enterochelin Is a Private Good at Low Cell Density and Can Be Shared at High Cell Density[END_REF], and even on cell-to-cell contact [START_REF] Lin | A Pseudomonas T6SS effector recruits PQS-containing outer membrane vesicles for iron acquisition[END_REF]. Further, all these local phenotypic adaptations will also have consequences on the virulence of the bacteria, through cross-talk between regulation pathways [START_REF] Kang | Interdependence between iron acquisition and biofilm formation in Pseudomonas aeruginosa[END_REF][START_REF] Llamas | Cell-surface signaling in Pseudomonas: stress responses, iron transport, and pathogenicity[END_REF].

Different transcription factors sensitive to iron concentration (going from global regulatory factors like Fur to specific regulators dedicated to siderophore production like PvdS) may thus connect iron availability to virulence traits. Far more studies will thus be required to fully schematize the battle for iron in a microbiota.

Conclusion

Due to both the diversity of bacterial species and the abundance of the community present in microbiota, competition between species for space and nutrients is established through physical and chemical interactions. These interactions can be mutualistic or synergistic, and siderophores take an important part in their establishment. Nevertheless, despite an increasing interest in characterizing the interactions between species, the phenotypic plasticity linked to the expression of iron-uptake pathways in complex environments and more generally the molecular mechanisms underlining these bacterial interactions, the potential implications of these interactions in the progression of polymicrobial infections are still poorly understood.

Such studies have to be enlarged to many different interaction examples, that still appeal for improved methodologies to follow these complex bacterial mixtures. (A) Analysis of changes in transcription of glmS and PA5548 genes due to the insertion of constructs with/without spacer regions, depending on the medium used. (B) Measurement of growth and PVD production of PA, PA transformed with pAF46, the empty construct and PAmcherry in LB after 10h and 20h of culture. Growth of the strains was followed at 600 nm (left panel), and the production of PVD was monitored at 400 nm, then normalized to the growth (OD600nm; right panel). (C) The same parameters were followed when bacteria were grown in MH-chelex-FBS.

Figure 3. mCherry production as a function of competition. (A) Images of plates inoculated

with aliquots of co-cultures of PA with AB (left), KP (right), PA pvdS (right). In some cases, the difference in size between the colonies can be sufficient to distinguish between the two strains, as it was the case for PA and AB, AB colonies being bigger than that of PA. For the two others, the plates were scanned for mCherry signal (emission at 610 nm, excitation at 570 nm). The PA-mcherry bacteria appeared in black, while the other non mCherry producers appeared in grey. (B) The strain PA-mcherry was grown in MH-chelex-FBS and in the presence/absence of bacterial competitors. The production of mCherry was followed at 610 nm (excitation at 570 nm), and normalized to the enumeration of P. aeruginosa at different time of growth. (B) Growth of the two strains PA and pvdS cultivated in MH-chelex-FBS alone (PA, pvdS; filled forms) or in mixed culture (PA+pvdS; opened forms, the strain enumerated is underlined and in bold). (C) Growth of the two strains PA and AB cultivated in MH-chelex-FBS alone (PA, AB; filled forms) or in mixed culture (PA+AB; opened forms, the strain enumerated is underlined and in bold). (D) Growth of the two strains PA and KP cultivated in MH-chelex-FBS alone (PA, KP; filled forms) or in mixed culture (PA KP; opened forms, the strain enumerated is underlined and in bold). Growth was given in CFU/ml at different time, after enumeration of the colonies from plated culture aliquots. (E) As PVD is fluorescent, its production can be followed at 450nm (excitation 400 nm) at different time of growth, in the presence or absence of competitors. PVD production has been normalized to the enumeration of PA in the different conditions tested. (F) RT-qPCR analysis of four genes of PA involved in iron import: pvdS (regulation), pvdA (biosynthesis), fpvA (import), and fpvF (iron-PVD dissociation). Bacterial strains were cultivated alone (PA, PApvdS) or co-cultivated (PA + KP, AB, or PApvdS), as described in the Materials and Methods. RNAs were extracted at the end of the exponential phase of growth (left) or at the stationary phase of growth (right). A dotted line serves as a reference to compare the expression of the different genes in a given condition to that of the PA strain cultivated alone. P values were determined by two-tailed Mann-Whitney U-test (** P<0,05). filled forms) or in mixed culture (pvdS + AB; opened forms, the strain enumerated is underlined and in bold). (B) Growth of the two strains pvdS and KP cultivated alone (pvdS, KP; filled forms) or in mixed culture (pvdS + KP; opened forms, the strain enumerated is underlined and in bold). Growth was given in CFU/ml at different time, after enumeration of the colonies from plated culture aliquots. 

  were expressed as mean ± standard deviation. Data represented in Fig 4 and 5 were submitted to statistical analysis. Mann-Whitney U-tests were used to analyze the significance of the results. P values lower than 0.05 were considered as statistically significant. For histograms, the results of the tests are represented on the Figures. For growth curves, statistical analysis has been used for values at 8h and 24h of growth, and results mentioned in the body of the text.
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Table S1 .

 S1 Strains and plasmids used in this study

	Strains	and	Collection ID Relevant characteristic	references
	plasmids				
	Strains				
	E.coli Top10			F-mcrA Δ(mrr-hsdRMS-	Invitrogen
				mcrBC)	φ80lacZΔM15
				ΔlacX74 nupG recA1 araD139
				Δ(ara-leu)7697 galE15 galK16
				rpsL(StrR ) endA1 λ
	PAO1 ATCC15692	Wild-type		
	(PA)				
				PAO1 with chromosomally
	PA-Pc prom mcherry	PAS685	insertion of Pc prom +	This Study
				mcherry through pAF43
	PA-AraC mcherry	prom	PAS686	PAO1 with chromosomally mcherry through pAF44 insertion of AraC prom +	This Study
				PAO1 with chromosomally
	PA-mcherry		PAS688	insertion of spacer sequence + Pc prom + mcherry through	This Study
				pAF48	
	PA ∆pvdS		PAS386	PAO1; pvdS chromosomally
				deleted	
	Expression plasmids			
	pEXG2			allelic exchange vector with
				pBR	origin,	gentamicin
				resistance, sacB
	pEXG2-intergenic	pAF41	pEXG2 carrying the sequence	This study
	region-Pc prom		to insert Pc promoter +
				terminator in the intergenic
				region between glmS-PA5548
	pEXG2-intergenic	pAF42	pEXG2 carrying the sequence	This study
	region -araC prom		to insert araC promoter +
				terminator in the intergenic
				region between glmS-PA5548
	pEXG2-intergenic	pAF43	pEXG2 carrying the sequence	This study
	region-Pc	prom-		to insert Pc promoter +
	mcherry			mcherry + terminator in the
				intergenic region between
				glmS-PA5548
	pEXG2-intergenic	pAF44	pEXG2 carrying the sequence	This study
	region-AraC prom-		to insert AraC promoter +
	mcherry			mcherry + terminator in the

Table S2 .

 S2 Oligonucleotides used in this study

		mCherry Ser XbaI for ATGCTATCTAGA AGCAAGGGCGAGGAGGATAACATGG	For	cloning
				mcherry	int
				pEXG2
		mCherry EcoRI rev	ATGCTAGAATTC TTACTTGTACAGCTCGTCCATGCC	For	cloning
				mcherry into
		Oligonucleotides	Sequences 5'-3'	Used for the pEXG2
		pUCP18 For Phus	CGAGAAGCCGACTAGCATTTTTAATTTAAAAGGATCTAGGT	following For cloning the
			GA	construct spacer
		Cloning		sequences
		glmS For_HindIII	ATGCTAAAGCTTGATCTGCAACGTTGCCACCAG	For from pUCP18 cloning
				glmS into pEXG2 and
		pUCP18 Rev Phus	GCGTAATAAGACTAGTTACGTGGCCTGTAGACG	inergenic region For cloning the
				into pEXG2 spacer
		glmS	ATGCTATCTAGACTGCTCACTAGTCGGCTTCTCGGGCACGC For sequences cloning
		Rev_XbaI_SpeI PA5548 For_XhoI_EcoRI_NcoI pMMB190 For Phus PA5548 Rev_KpnI pMMB190 Rev Phus ATGCCTGCCCCCATGCGGGCTTTGCCCGCCTTTC ATGCTACTCGAGCTGCTCGAATTCCTGCTCCCATGGGGGCA GGCATGCGGC TCATCGCAGTCCATGGCTCGGGTCGGTGGCTCTG ATGCTAGGTACCTCTCGGACTTCTTCGGCTGG prom pEX SpeI For2 ATGCTAACTAGTCTTATTACGCGTAATTCTCGAATTG	glmS from pUCP18 and inergenic region into pEXG2 into pEXG2 For For cloning the cloning PA5548 spacer and sequences inergenic region from into pEXG2 For pMMB190 cloning PA5548 into pEXG2 and For cloning the inergenic region spacer into pEXG2 For sequences cloning from constitutive Pc pMMB190 promoter into pEXG2 into pEXG2
		prom pEX XhoI Rev2 ATGCTACTCGAGCCCGGGGATCCTCTAGACAT CGTTGCTGCTCCATAACATCAAAC RT-qPCR Sequence uvrD F CTACGGTAGCGAGACCTACAACAA uvrD R GCGGCTGACGGTATTGGA prom araC SpeI for 2 ATGCTAACTAGTATCGATGCATAATGTGCCTGTCAA clpX F CTGCGCTCATGCAGATCCT clpX R TCGAACAGCTTGGCGTACTG glmS for qRT GGGCATGCCGCACATC glmS rev qRT ACATGGTACGAGAGCAATTGCA prom araC XhoI rev 2 AGGCTACTCGAGCCCGGGGATCCTCTAGACATGGAAATCA CCTTGCTGTTAGCCCAAAAAAACGGGTATGGAG PA5548 For qRT ATTTCCCCGCCTTCACAGA PA5548 Rev qRT GGTCACGCCGACGAAGAATA pvdA F qRT CGCCGAAGTTCACCGATCT pvdA R qRT TGGTATTCGCGCAGCAAAC pvdS F1 CAGGCGCTCGAACAGAAATA	For Gene constitutive Pc cloning uvrD promoter into uvrD pEXG2 For clpX cloning clpX inductible glmS AraC promoter glmS into pEXG2 For PA5548 cloning PA5548 inductible pvdA AraC promoter pvdA into pEXG2 pvdS
	670	Term Tn7 EcoRI for pvdS R1 fpvA R qRT fpvA F qRT fpvF F qRT Term Tn7 NcoI rev2 fpvF R qRT	ATGCTAGAATTC TCGTCCGGGCCGCAAGCTC CGTAGTTGATGTGCGAGGTT TGCCGTAATAGACGCTGGTTT GCGCCTGGGCTACAAGATC CGACGCTGAAGAAGCAATTG ATGCTACCATGG ACTGCGATGAGTGGCAGGGC GCTGATCACGCTGAGGTTGTC	pvdS For cloning the fpvA rrnB fpvA terminator into fpvF pEXG2 fpvF For cloning the rrnB
				terminator into
				pEXG2
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