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The role of FoxA, FiuA, 
and FpvB in iron acquisition 
via hydroxamate‑type siderophores 
in Pseudomonas aeruginosa
Virginie Will 1,2, Chloé Frey 1,2, Vincent Normant 1,2, Lauriane Kuhn 3, Johana Chicher 3, 
Florian Volck 1,2 & Isabelle J. Schalk 1,2*

Siderophores are specialized molecules produced by bacteria and fungi to scavenge iron, a crucial 
nutrient for growth and metabolism. Catecholate‑type siderophores are mainly produced by bacteria, 
while hydroxamates are mostly from fungi. This study investigates the capacity of nine hydroxamate‑
type siderophores from fungi and Streptomyces to facilitate iron acquisition by the human pathogen 
Pseudomonas aeruginosa. Growth assays under iron limitation and 55Fe incorporation tests showed 
that all nine siderophores promoted bacterial growth and iron transport. The study also aimed to 
identify the TonB‑dependent transporters (TBDTs) involved in iron import by these siderophores. 
Using mutant strains lacking specific TBDT genes, it was found that iron is imported into P. aeruginosa 
cells by FpvB for coprogen, triacetylfusarinine, fusigen, ferrirhodin, and ferrirubin. Iron complexed 
by desferioxamine G is transported by FpvB and FoxA, ferricrocin‑Fe and ferrichrycin‑Fe by FpvB and 
FiuA, and rhodotoluric acid‑Fe by FpvB, FiuA, and another unidentified TBDT. These findings highlight 
the effectiveness of hydroxamate‑type siderophores in iron transport into P. aeruginosa and provide 
insights into the complex molecular mechanisms involved, which are important for understanding 
microbial interactions and ecological balance.

Keywords Siderophore, Iron homeostasis, Pseudomonas aeruginosa, TonB-dependent transporters, 
Hydroxamate siderophores, FpvB

Siderophores are specialized small molecules produced by bacteria and fungi, to facilitate the acquisition of iron, 
an essential  nutrient1. Indeed, iron plays a key role in biology as a cofactor for numerous enzymes and proteins 
involved in critical cellular processes, including oxygen transport, DNA synthesis, and energy  metabolism2. As 
iron is often present in limited concentrations because sequestered by host organisms in the context of infec-
tions or immobilized in insoluble forms in the environment at neutral pH and in aerobic conditions, the ability 
to produce and utilize siderophores is a key adaptation for microorganisms. This capability influences their 
competitiveness for iron resources and, consequently, their survival and growth in different  environments3,4.

Import of iron into Gram negative bacteria by siderophores involves several molecular steps. The stable 
ferri-siderophores complexes formed in the bacterial environment are imported from the environment into the 
periplasm by specific outer membrane transporters called TonB-dependent transporters (TBDT)5. It is an active 
transport depending on the inner membrane TonB molecular machinery, composed of the proteins TonB, ExbB, 
and  ExbD6–8. This TonB complex couples the proton motive force of the cytoplasmic membrane to the TBDTs 
located in the outer membrane, and that way energizes the transport  process6–8. TonB interacts with TBDTs that 
bind iron-siderophore complexes, initiating a series of conformational changes in the TBDT allowing the release 
of the bound ferri-siderophore complex into the periplasm. Once inside the periplasm, two scenarios are pos-
sible. Either the ferric iron is released from the siderophore in the bacterial periplasm or the ferri-siderophore 
complex is transported further into the cytoplasm via specific inner membrane  transporters9.

In iron chelation by siderophores, iron is typically surrounded by six coordinating oxygens belonging mostly 
to hydroxamate, catecholate, or carboxylate groups present in the siderophore  structure1,10. Consequently, 
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siderophores can be broadly classified into four families based on their functional groups chelating  iron1,10. 
One major family is composed of siderophores having only hydroxamic acid functional groups for ferric iron 
chelation. Notable examples include ferrichrome and  ferrichrysin11,12. Another prominent family consists of 
catecholate siderophores, featuring catechol or its derivatives as the iron-binding moiety. Enterobactin, produced 
by enteric bacteria, is the archetype siderophore of this  family13. Carboxylate siderophores, such as citrate and 
staphyloferrin, represent another group that utilizes carboxylic acid groups for iron  coordination14–16. In addi-
tion, there are mixed-function siderophores that incorporate multiple different iron-binding moieties within 
the same molecule, like pyoverdine produced by Pseudomonas aeruginosa17, which is composed of a catechol 
group and two hydroxamate groups for iron chelation, or aerobactin, schizokinen and arthrobactin, which are 
mixed α-carboxylate/hydroxamate type  siderophores18–20. In their general chemical structures, siderophores 
exhibit remarkable diversity across microbial species, reflecting adaptation to specific ecological niches and iron 
availability in their respective environments.

Tris-hydroxamate siderophores are produced mostly by  fungi21–23. Interestingly, bacteria have evolved the abil-
ity to exploit these fungal tris-hydroxamate siderophores for their own iron acquisition strategies. This interking-
dom iron-scavenging system underscores the complexity and adaptability of microbial communities, showcasing 
how organisms collaborate to overcome nutritional challenges in their ecosystems.

In the present work, we have investigated the ability of the opportunist pathogen P. aeruginosa to use hydroxa-
mate siderophores produced by Fungi and Streptomyces to access iron. It is well known that P. aeruginosa pro-
duces two siderophores pyoverdine and pyochelin and is able in addition to use many siderophores produced 
by other microorganisms (xenosiderophores)24. The possibility to use diverse xenosiderophores is due to the 
presence in the genome of P. aeruginosa of diverse genes encoding  TBDTs25,26. Currently, the only hydroxamate-
type xenosiderophores known to facilitate iron import into P. aeruginosa cells, with their corresponding TBDT 
identified, are ferrichrome, nocardamine and desferrioxamine B, bisucaberin and the α-carboxylate/hydroxam-
ate mixed siderophores aerobactin, schizokinen and  arthrobactin27–31. The TBDTs involved are FiuA and FpvB 
for ferrichrome, FoxA for nocardamine and bisucaberin, FoxA and FpvB for  DFOB29, and ChtA for aerobactin, 
schizokinen and  arthrobactin27–31. Additionally, P. aeruginosa can utilize coprogen, ferrirubin, ferricrocin, and 
ferrichrysin to access iron, though the specific TBDTs involved have not yet been  identified32.

In the present study we demonstrated that nine hydroxamate-type siderophores effectively stimulated P. 
aeruginosa growth and transported iron into P. aeruginosa cells, with varying efficiencies and tried to identify 
the TBDTs involved. The results also indicated that four TBDTs, FpvB, FiuA, FoxA and an additional unidenti-
fied TBDTs, are involved in facilitating iron import by these different siderophores, but with different transport 
specificities. Proteomic and RT-qPCR approaches showed that some of these siderophores, when present in the 
environment of P. aeruginosa are able to induce the transcription and expression of fiuA and foxA.

Results
Description of the xenosiderophores used in the present study
Catecholate-type siderophores are exclusively produced by bacteria, while hydroxamates are predominantly 
produced by Fungi but are also found in several bacterial species, including actinomycetes 23,33,34. The family of 
hydroxamate-type siderophores can be classified into 5 subfamilies based on their chemical structure, includ-
ing rhodotorulic acid, coprogen-, fusarinine-, ferrioxamine-, and ferrichrome-type  siderophores35. Among the 
commercially available siderophores (Biophore Research Product), we selected several representatives from each 
of the 5 subfamilies for our study. Their chemical structures are presented in Fig. 1.

Rhodotorulic acid (RHODO) possesses a unique chemical structure featuring a pyridine ring and a long acyl 
chain. Its iron-chelating ability is attributed to the two hydroxamate groups within the molecule. RHODO is 
produced by species of yeasts of the genus Rhodotorula36,37. Coprogens are a subfamily of siderophores produced 
by fungi, and different species or strains of fungi may produce coprogens with distinct structures. The general 
features comprise a pyridine ring in a trimeric linear tris-hydroxamate backbone, with specific modifications 
or substitutions leading to variations in the chemical structure among different coprogens. Here, we tested the 
coprogen produced by Neurospora crassa38. Triacetylfusarinine C (TAFC) and fusigen belong to the fusarin 
subfamily and share the same trimeric cyclic ester backbone with three endo-hydroxamate groups for iron 
coordination but differ in specific modifications or substitutions in the  molecule39. TAFC is produced by spe-
cies of the genus Aspergillus40, while fusigen is produced by Ascomycota, such as species of the genus Fusarium, 
and by Basidiomycota, such as species of the genus Laccaria41–43, Desferrioxamine G (DFOG) is a linear tris-
hydroxamate siderophore with the same tris-hydroxamate backbone as the well-known desferrioxamine E, also 
called nocardamine, except that in the case of nocardamine, it is a cyclic tris-hydroxamate siderophore. DFOG 
is produced by Hafnia alvei44. We have also tested ferricrocin, ferrichrysin, ferrirhodin, and ferrirubin, having a 
chemical structure composed of a peptide macrocycle as the one found in the ferrichrome and with three exo-
hydroxamate groups for iron chelation. Ferrichrome is a cyclic hexapeptide composed of three glycines and three 
acylated ∂-N-hydroxyornithyl residues, with the hydroxamate groups of the ornithines chelating iron. In contrast, 
ferricrocin is a cyclic hexapeptide composed of two glycines, one serine, and three modified ornithine residues 
with hydroxamate groups. Ferrichrysin, ferrirhodin, and ferrirubin all share a cyclic hexapeptide composed of 
one glycine, two serines, and three modified ornithine residues. The differences lie in the modification of the 
acetylated ornithines, as shown in Fig. 1. Ferricrocin, ferrichrysin, ferrirhodin, and ferrirubin are produced by 
species of the genus Aspergillus such as A. fumigatus or A. ochraceus45–47. Ferrirhodin is also produced by plant 
pathogens of the phylum Ascomycota such as Fusarium sacchari or Botrytis cinerea48,49. The affinities for iron of 
these nine different siderophores are summarized in Table S1.
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All the xenosiderophores tested were able to supply P. aeruginosa with iron
We initially assessed the ability of the siderophores presented in Fig. 1 to function as xenosiderophores for 
iron acquisition by P. aeruginosa. Two distinct approaches were employed. The first is based on the capacity to 
promote the growth of P. aeruginosa in an iron-deficient medium, while the second involves the incorporation 
of 55Fe. Both assays have been comprehensively described in previously published studies and have proven 
 effective31,50–52. For the growth assay, we employed a strain of P. aeruginosa (∆pvdF∆pchA) incapable of producing 

Figure 1.  Chemical structures of the hydroxamate siderophores tested in the present study. For ferricrocin, 
ferrichrysin, ferrirhodin and ferrirubin, the differences in their chemical structures are highlighted in 
pink. Ferrirhodin and ferrirubin have the same chemical structures except that ferrirhodin has three cys-
anhydromevalonyl groups and ferrirubin three trans-anhydromevalonyl groups.
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its own siderophores, pyoverdine, and pyochelin, due to the deletion of two genes encoding enzymes involved 
in the biosynthesis of these  siderophores53. This mutant is cultivated in CAA medium, which is iron-deficient 
(approximately 20 nM iron  concentration54), and in the presence of 10 µM of the tested siderophore. The excess 
siderophore chelates all the iron present in the CAA medium. If the bacteria are able to use the siderophore, 
growth is observed, as with pyochelin (PCH), one of the two siderophores produced by P. aeruginosa (Fig. 2A). 
If the bacteria cannot utilize the siderophore for iron acquisition, complete growth inhibition is observed. Bacil-
libactin, for instance, serves as an illustration as it completely inhibits the growth of P. aeruginosa under the 
conditions of the test  culture52. For the nine xenosiderophores we tested, we observed stimulation of P. aeruginosa 
growth, indicating that these molecules can be used as siderophores by this pathogen (Fig. 2 data with strain 
∆pvdF∆pchA).

Figure 2.  Growth of ∆pvdF∆pchA mutants in the presence of RHODO, coprogen, DFOG, TAFC, fusigen, 
ferricrocin, ferrichrysin, ferrirhodin, or ferrirubin. ∆pvdF∆pchA and its corresponding fpvB, fiuA and foxA 
deletion mutants were grown in CAA medium in the absence (growth kinetics in blue) or presence (kinetics 
in orange) of 10 µM pyochelin (PCH), RHODO, coprogen, DFOG, TAFC, fusigen, Ferricrocin, ferrichrysin, 
ferrirhodin, and ferrirubin. Growth was followed by monitoring the optical density at 600 nm. Error bars were 
calculated from three independent biological replicates. Since a growth stimulation was observed for some 
siderophores tested, the OD scales are not the same in all the strains tested.
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The results were further validated by the 55Fe incorporation assay. In this test, siderophore-55Fe complexes 
were formed with each of the different siderophores from Fig. 1 by mixing the siderophores with 55Fe as described 
in the Experimental Procedures. These complexes were incubated with ∆pvdF∆pchA cells, and radioactivity 
incorporated into the bacteria was measured over time. All nine tested molecules demonstrated the ability to 
transport 55Fe into P. aeruginosa cells, albeit with variations in efficiency (Fig. 3A). RHODO imported around 
210 pmol.mL-1.OD600 nm

-1 of 55Fe when incubated during 3 h with ∆pvdF∆pchA cells, ferricrocin 360 pmol.mL-1.
OD600 nm

-1, ferrichrysin, 250 pmol.mL-1.OD600 nm
-1, and TAFC 50 pmol.mL-1.OD600 nm

-1. All other xenosidero-
phores tested transported between 95 and 150 pmol.mL-1.OD600 nm

-1. These uptakes of 55Fe are due to an active 
transport and not to diffusion via porins, as the presence of carbonyl cyanide m-chlorophenyl hydrazone (CCCP), 
an inhibitor of bacterial proton motive force, inhibits the transport.

In conclusion, both approaches demonstrated that the nine hydroxamate-type siderophores can effectively 
transport iron into P. aeruginosa cells.

FpvB, FiuA, and FoxB are the TonB‑dependent transporters (TBDTs) involved in the import of 
iron by the 9 hydroxamate siderophores tested
The growth assay under iron-deficient conditions also serves to identify the TBDTs responsible for iron import 
by the tested siderophores. To achieve this, strains of P. aeruginosa that are incapable of producing pyoverdine 
and pyochelin and are mutated for one or more gene(s) encoding a (or several) TBDT(s) must be employed. 
If the deletion of a gene encoding a TBDT affects bacterial growth in the presence of a specific siderophore, it 
implies that the tested siderophore can no longer import iron into the bacteria because it utilizes the mutated 
TBDT. If growth inhibition is total, it indicates that this mutated TBDT is the sole participant in the iron import 
mediated by the tested siderophore. If partial inhibition is observed, one or more additional TBDTs are involved. 
In addition to this growth test, we also used the 55Fe incorporation test with strains mutated for one or more 
genes encoding one or several TBDTs.

For RHODO, the results obtained are intricate. Deletion of either fpvB or fiuA alone has no effect on bacterial 
growth (Fig. 2B). In contrast, the double mutation fpvB/fiuA almost completely inhibits growth, but a very low 
residual growth seems to persist. The growth inhibition observed with the double fpvB/fiuA mutation indicates 
that both TBDTs encoded by these genes are involved in iron import by RHODO. If one is absent, the other can 
compensate without affecting bacterial growth. FoxA deletion has no additional effect on growth inhibition. 
Concerning the import of 55Fe, double deletions of fiuA and fpvB do not completely inhibit 55Fe import (Fig. 3), 
suggesting that another unidentified TBDT is also involved. We have tested the deletion of some other genes 
encoding TBDTs (chtA and PA0151), but without success (Figure SM1). In conclusion, iron is transported into 
P. aeruginosa cells by FpvB, FiuA, and another unidentified TBDT. However, iron import by this third TBDT 
does not seem very effective in supporting bacterial growth, as the deletion of fiuA and fpvB nearly inhibits 
bacterial growth.

For coprogen, TAFC, fusigen, ferrirhodin and ferrirubin, complete growth inhibition is observed with the sole 
deletion of the fpvB gene, indicating that the ferric complexes of these five xenosiderophores enter P. aeruginosa 
cells through the TBDT FpvB (Fig. 2C,E–G,I). These results are confirmed by the 55Fe import test (Fig. 3). When 
fpvB is deleted, no incorporation of 55Fe is observed with any of these five xenosiderophores. FpvB is the only 
TBDT involved in iron import by coprogen, TAFC, fusigen, ferrirhodin and ferrirubin.

For DFOG, the single deletion of fpvB or foxA had no effect on the bacterial growth. A complete growth inhi-
bition is observed only for the double mutant foxA/fpvB, indicating that both TBDTs are involved in the import 
of DFOG-Fe complexes, and if one is absent, the other can replace it (Fig. 2D). The 55Fe import tests is consistent 
with these results (Fig. 3). The deletion of both foxA and fpvB is required to completely inhibit bacterial growth.

For ferricrocin and ferrichrysin, complete growth inhibition is observed for the double mutant fiuA and fpvB, 
and not for the corresponding single mutants, indicating that both TBDTs are responsible for iron import by fer-
ricrocin and ferrichrysin, and one can replace the other if absent (Fig. 2H,J). The 55Fe import tests are consistent 
with these results (Fig. 3), there is total inhibition with the double mutation fiuA/fpvB. But it is interesting to 
note that the simple deletion of fpvB does not affect the import of iron by these two siderophores, whereas the 
mutation of fiuA affects it by 40% after 3 h of incubation, indicating that iron import primarily occurs through 
FiuA and less through FpvB. Such a difference was not observed for iron import via DFOG through the TBDTs 
FoxA and FpvB.

Altogether, the data show that RHODO-Fe is imported into bacterial cells by FpvB, FiuA, and another uniden-
tified TBDT. Coprogen-Fe, TAFC-Fe, fusigen-Fe, ferrirhodin-Fe, and ferrirubin-Fe are imported solely by FpvB. 
DFOG-Fe is imported by FpvB and FoxA. Ferricrocin-Fe and ferrichrycin-Fe are imported by FpvB and FiuA.

RHODO, ferricrocin and ferrichrysin induce the transcription and expression of fiuA and DFOG 
of foxA
The transcriptional regulation of genes encoding TBDTs is primarily controlled by the Ferric uptake regulator 
(Fur) protein in most  bacteria55–58. Fur is a global regulatory protein that responds to iron availability in the 
bacterial cells. When iron is abundant, Fur binds to iron and forms a complex that can attach to specific DNA 
sequences called Fur boxes, which are located in the promoter regions of genes encoding TBDTs. This bind-
ing represses the transcription of these genes, preventing the synthesis of TBDTs. Conversely, under low iron 
conditions, the Fur-iron complex dissociates, leading to derepression of TBDT genes transcription. This allows 
the bacteria to express TBDTs, facilitating the uptake of iron from the environment to meet cellular needs. In 
addition, it is well known that certain genes encoding TBDTs have their transcription regulated by the pres-
ence of their corresponding iron-loaded xenosiderophores in the environment of P. aeruginosa, in iron defi-
ciency growth  conditions28,31,50,52,59. These transcriptional regulations necessitating the presence of iron-loaded 
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Figure 3.  55Fe uptake by P. aeruginosa strains mediated by RHODO, coprogen, DFOG, TAFC, fusigen, 
ferricrocin, ferrichrysin, ferrirhodin, or ferrirubin. P. aeruginosa ∆pvdF∆pchA cells were grown in iron-
restricted CAA medium in the presence of 10 µM RHODO, coprogen, DFOG, TAFC, fusigen, ferricrocin, 
ferrichrysin, ferrirhodin, and ferrirubin to induce expression of the corresponding uptake pathway. Afterwards, 
bacteria were incubated with 500 nM RHODO-55Fe, coprogen-55Fe, TAFC-55Fe, fusigen-55Fe, DFOG-55Fe, 
ferricrocin-55Fe, ferrichrysin-55Fe, ferrirhodin-55Fe, and ferrirubin-55Fe. The amount of 55Fe taken up by the 
bacteria was measured as a function of time. As a control, the experiment was repeated in the presence of the 
protonophore CCCP (200 μM). The experiment was also repeated with the corresponding fpvB, fiuA and foxA 
deletion mutants of ∆pvdF∆pchA. Error bars were calculated from three independent biological replicates. In 
the case of fusigen, a high level of radioactivity in the cell pellet was already observed at time zero due to the 
precipitation of either uncomplexed 55Fe or fusigen-55Fe complexes.
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xenosiderophores involve sigma and anti-sigma factors, two-component systems, and transcriptional regulators 
of the AraC  family60–66. The transcription of fiuA and foxA is regulated by Fur and by the sigma and anti-sigma 
factors FiuI/FiuR and FoxI/FoxR  respectively63. For the fpvB gene, only regulation by Fur is present according 
to genome  analysis67.

To verify if the transcription of fiuA, foxA, and fpvB could be regulated by certain siderophores tested 
in this study, a qRT-PCR study was conducted (Fig. 4). We examined the transcription of three genes fiuA, 
foxA, and fpvB, as well as fptA and fpvB, because often the induction of the transcription of a gene encoding 
TBDTs goes hand in hand with the repression of the transcription of fptA, the gene encoding for the TBDT 
involved in iron import by pyochelin, and more rarely, repression of fpvA, the gene encoding for iron import 
by  pyoverdine28,31,50,52,59. This study was conducted on the strain not producing pyoverdine and pyochelin 
(∆pvdF∆pchA), in the presence of 10 µM of one of the tested xenosiderophores, and after 8 h of culture under iron 
restricted conditions (the preculture of ∆pvdF∆pchA was already carried out under iron restricted conditions).

No significant induction of the transcription of the genes fpvB, foxA, and fiuA was observed in the presence 
of coprogen, TAFC, fusigen, ferrirhodin and ferrirubin (Fig. 4): log2 fold change (FC) around 1. However, in the 
presence of 10 µM DFOG, we observed a strong induction of foxA transcription (log2 (FC) = 5,9). In the presence 
of 10 µM ferricrocin, and ferrichrysin, an induction of fiuA transcription was observed (log2 (FC) of 3,5 and 
2,5 respectively) as well as in the presence of 10 µM RHODO but in a lesser extent (log2 (FC) = 1,4). A strong 
repression of fptA transcription was observed with TAFC, and a repression of both fptA and fpvA transcription 
was observed with ferrirhodin and ferrirubin. All the other xenosiderophores had no effect on the transcription 
of fpvA and fptA.

A differential proteomic approach was used to confirm the RT-qPCR data for ferricrocin and ferrichrysin, 
which induce the transcription of fiuA (Fig. 5). Additionally, this approach aimed to determine if, in the case of 
RHODO, we could identify another TBDT besides FoxA or FiuA whose expression is induced by the presence 
of this molecule. The proteomic approach could not be carried out with DFOG and the other xenosiderophores 
because we had no more of these molecules available. In the case of RHODO, aside from FiuA (log2 fold change 
of 3.72), no other TBDT was identified with induced expression in the presence of this molecule. Moreover, the 
presence of RHODO had no effect on the expression levels of the various proteins in the pyoverdine and pyo-
chelin pathways. Ferricrocin and ferrichrysin both induced only the expression of fiuA, with log2 fold changes 
of 7.75 and 6.09 respectively, confirming the RT-qPCR data. Regarding the expression levels of the proteins in 
the pyochelin and pyoverdine iron uptake pathways, only an induction of FpvR expression was observed in the 
presence of ferrichrysin. No other effects were seen. The molecular mechanism by which this xenosiderophore 
modulates FpvR expression, an anti-sigma factor involved in regulating the transcription of various genes in the 
pyoverdine pathways, remains unclear.

In conclusion, RT-qPCR data showed an induction of foxA transcription in the presence of DFOG and of 
fiuA transcription in the presence of ferricrocin and ferrichrysin, which was confirmed by proteomic analysis. 
RHODO also seems to induce the transcription of fiuA according to proteomic data, but with lower efficiency 
than ferricrocin and ferrichrysin. This leads to the conclusion that all xenosiderophores utilizing the TBDT FiuA 
and FoxA are probably able to induce its transcription and expression with varying efficiencies. These regula-
tions certainly involve the sigma and anti-sigma factors FiuI/FiuR and FoxI/FoxR for fiuA and foxA respectively.

Figure 4.  Modulation of TBDT gene transcription by RHODO, coprogen, DFOG, TAFC, fusigen, ferricrocin, 
ferrichrysin, ferrirhodin, or ferrirubin. P. aeruginosa ∆pvdF∆pchA cells were grown for 8 h in the presence 
or absence of 10 µM of one of the xenosiderophores. The transcription of fpvA, fpvB, fptA, foxA and fiuA was 
followed by qRT-PCR53. fpvA and fpvB encodes the ferri-pyoverdine TBDT, fptA the ferri-pyochelin TBDT, foxA 
the ferri-nocardamine TBDT and fiuA the ferri-ferrichrome  TBDT24.
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Discussion
According to the nature of the chemical groups that chelate iron, siderophores can be classified into four classes: 
hydroxamates, catechols, carboxylic acids, and mixed siderophores, which contain at least two chelating groups 
of different  natures10,68. Regarding hydroxamate-type siderophores, this group can be further subdivided into five 
subtypes (rhodotorulic acid, coprogen, fusarinine, ferrioxamine, and ferrichrome type siderophores) based on 
their chemical structure, with the chelating functions being exclusively hydroxamates in all five  subtypes35. In this 
study, we demonstrated that P. aeruginosa can utilize siderophores from each of these five subtypes to access iron.

The import of iron by these nine xenosiderophores into P. aeruginosa cells occurs via four different TBDTs: 
FiuA, FoxA, FpvB and another unidentified TBDT that we were unable to identify (Fig. 6). Coprogen, triacetyl-
fusarinine C, fusigen, ferrirhodin, and ferrirubin siderophores import iron into P. aeruginosa cells exclusively 
via FpvB. Iron complexed by DFOG is imported as previously shown for desferioxamine B-Fe (DFOB)29 by two 
TBDTs, FpvB and FoxA. As previously shown for ferrichrome-Fe29, ferricrocin-Fe and ferrichrysin-Fe complexes, 
enter the bacteria through FpvB and FiuA. Finally, rhodotorulic acid-Fe complexes are imported by FpvB, FiuA, 
and another unidentified TBDT.

Figure 5.  Analysis of changes in the expression of proteins involved in iron-uptake pathways in P. aeruginosa 
cells grown under iron-limited conditions in the presence of RHODO, ferricrocin or ferrichrysin. A. Proteomic 
analyses were performed on the pyoverdine- and pyochelin-deficient P. aeruginosa strains (∆pvdF∆pchA) grown 
overnight in CAA supplemented, or not, with 10 µM RHODO, ferricrocin or ferrichrysin. Average values 
measured in the presence of 10 µM RHODO, ferricrocin or ferrichrysin are plotted against average values 
measured in the absence of any supplementation with xenosiderophores. Median values represent the median 
of the relative intensity of each protein, normalized against all proteins detected by shotgun analysis (n = 3). The 
proteins of the pyochelin pathway are represented by orange dots, those of the pyoverdine pathway by green 
dots, and the TBDTs by blue dots. B. Heat maps of various TBDTs and proteins involved in the pyochelin and 
pyoverdine iron uptake pathways: the darker the shade of blue, the higher the expression of the protein; the 
darker the shade of red, the more the expression of the protein is repressed. NS, not significant.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18795  | https://doi.org/10.1038/s41598-024-69152-6

www.nature.com/scientificreports/

These data also confirm that FpvB, FiuA, and FoxA have distinct selectivities for siderophore-Fe uptake. 
FpvB can import the ferric complexes of all nine hydroxamate-type xenosiderophores tested, indicating a broad 
uptake and certainly binding selectivity. Initially described as an alternative TBDT for iron uptake by the sidero-
phore pyoverdine, with FpvA being the primary transporter, FpvB has more recently been identified as a TBDT 

Figure 6.  FiuA, FpvB, FoxA and FpvA transport selectivity. FiuA is the TBDT of the ferric forms of 
ferrichrome, ferricrocin, ferrichrysin and RHODO; FpvB of the ferric forms of ferrichrome, ferricrocin, 
ferrichrysin, RHODO, TAFC, fusigen, coprogen, ferrirhodin, ferrirubin, pyoverdine, DFOB and DFOG; 
FoxA of the ferric forms of nocardamine, bisucaberin, DFOB and DFOG; and at last FpvA of the ferric form 
of pyoverdine. In pink are highlighted the differences in the chemical structures of ferrichrome, ferricrocin, 
ferrichrysin, ferrirhodin and ferrirubin.
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involved in the uptake of iron by ferrichrome and  DFOB29,69. The same authors determined the affinity of FpvB 
for iron-chelated ferrichrome, DFOB, and pyoverdine, showing that FpvB has a higher affinity for iron-chelated 
ferrichrome and DFOB than for pyoverdine-Fe29. In the case of DFOB-Fe, they observed a two-site binding 
model, which was not seen for the other two  siderophores29. Additionally, a structural model of FpvB generated by 
AlphaFold2, combined with docking studies and site-directed mutagenesis experiments conducted by the same 
group, suggests that all three ligands bind to a similar hydrophobic pocket in  FpvB29. Since FpvB imports iron via 
all nine hydroxamate-type siderophores tested in the present study without exception, it is likely that this trans-
porter is capable of recognizing and transporting many other hydroxamate-type siderophores found in nature.

Our data show that FiuA specifically recognizes and transports ferrichrome-type xenosiderophores: fer-
richrome as already previously  described27,29, ferrichrysin, and ferricrocin. The cyclic hexapeptide structure of 
these compounds appears crucial for recognition and uptake by FiuA, as this TBDT exclusively transports xeno-
siderophores with such a structure. A certain variability in the sequence of this hexacyclic structure is tolerated, 
as the three cyclic hexapeptide sequences Gly-Gly-Gly-Orn-Orn-Orn (ferrichrome), Gly-Gly-Ser-Orn-Orn-Orn 
(ferrichrocin), and Gly-Ser-Ser-Orn-Orn-Orn (ferrichrycin) can all be recognized and transported by FiuA when 
complexed with iron. The three-dimensional X-ray structure of the cyclic iron(III)-containing hexapeptide fer-
richrysin shows similarities with that of the related ferrichrome, which probably explains why both compounds 
can be recognized by  FiuA12. In both structures, the iron(III) ions are coordinated by three hydroxamate groups 
in an octahedral cis-Λ  arrangement12. However, if the three acylated δ-N-hydroxyornithyl residues are modified 
or bulky, as seen in ferrirubin or ferrirhodin, it affects recognition by FiuA without impacting binding to FpvB. 
FiuA also recognizes ferric forms of RHODO, which likely have a distinct 3D structure compared to the ferric 
forms of ferrichrome, ferrichrysine, and ferricrocin, and may bind to FiuA differently.

FoxA transports iron chelated by DFOG, DFOB, and nocardamine (also known as DFOE), which are hydroxa-
mate xenosiderophores of the desferrioxamine family, as well as  bisucaberin28,30,30. Although DFOG and DFOB 
are linear tris-hydroxamate siderophores with the same tris-hydroxamate backbone as the cyclic nocardamine, 
this structural difference does not seem to affect recognition and transport by FoxA, because these compounds 
form a similar iron-binding shell as shown by the FoxA X-ray structures solved in complex with DFOB-Fe and 
nocardamine-Fe28,70. These structures show that NOCA-Fe and DFOB-Fe perfectly superimpose in the FoxA 
binding site, with the Fe atoms located in exactly the same position in both complexes, suggesting that DFOG 
could have a similar binding mode. Fluorescence titration experiments showed that the binding affinities for 
DFOB-Fe and nocardamine-Fe to FoxA are of the same order of magnitude. The dissociation constant (Kd) of 
nocardamine-Fe for FoxA is 178 ± 16 nM, and that of DFOB-Fe is 100 ± 10 nM, both forming 1:1 siderophore-Fe 
stoichiometry complexes  with28,70. Additionally, the same team that solved the structures of FoxA also dem-
onstrated, through structural and biophysical interaction studies, that ferri-DFOB binds to the transporter 
via a two-step TonB-binding  mechanism70. The X-ray structure of the FoxA-bisucaberin-Fe complex has also 
been solved, showing that the bisucaberin-Fe complex is distinct from the two other siderophore-Fe com-
plexes because it forms a 3:2 rather than a 1:1 siderophore-iron  complex30. The X-ray structure also reveals that 
bisucaberin-Fe mimics the binding conformation of nocardamine-Fe but forms different hydrogen bonds with 
the  transporter30. Chan et al. also demonstrated that extracellular loop 8 of FoxA plays a role in the binding 
and uptake of all three  ligands30. It is also important to note that the thiopeptide antibiotic thiocillin, which 
has a different chemical structure than DFOB, nocardamine, and bisucaberin, also exploits FoxA for uptake. 
Molecular docking approaches suggest that thiocillin has a binding mode similar to that of nocardamine-Fe29,30. 
Thiocillin uses FoxA to cross the outer membrane and inhibit the growth of P. aeruginosa71. Our data show that 
the ferric forms of fusigen and coprogen are only recognized and transported by FpvB and not by FoxA. These 
compounds have unsaturations in their carbon chains, which can cause rigidities in their structures, affecting 
their interaction with FoxA.

The efficiency of 55Fe uptake varies among the different xenosiderophores tested, between TAFC importing 50 
pmol·mL−1·OD600 nm

−1 and ferricrocin importing 360 pmol·mL−1·OD600 nm
−1. The lowest amount of 55Fe imported 

is observed for the xenosiderophores using only FpvB for transport: TAFC, fusigen, ferrirubin, and coprogen 
(between 50 to 100 pmol·mL−1·OD600 nm

−1). The highest amount of 55Fe imported was observed for ferricrocin and 
ferrichrysin, which use both FpvB and FiuA (360 and 250 pmol·mL−1·OD600 nm

−1 respectively). It should be noted 
that this difference in the amount of 55Fe imported into P. aeruginosa cells, depending on the xenosiderophore 
used, does not affect bacterial growth (Figs. 2, 3). At this stage, it is not possible to conclude whether FiuA has a 
higher uptake rate of ferri-siderophore complexes compared to FpvB and FoxA, or if the observed differences in 
the amount of imported 55Fe are due to varying expression levels of these transporters. However, it is important to 
note that, according to genome annotation, fpvB transcription is solely regulated by Fur, whereas the transcription 
of fiuA and foxA is regulated by Fur and sigma/anti-sigma factors (FiuI/FiuR and FoxI/FoxR, respectively)63,65. 
Through RT-qPCR and proteomics approaches, we observed an induction of foxA transcription in the presence 
of DFOG and an induction of fiuA transcription and expression in the presence of ferricrocin, ferrichrysin, and 
RHODO. These regulations likely involve the sigma and anti-sigma factors FiuI/FiuR for fiuA and FoxI/FoxR for 
foxA (for more details concerning the molecular mechanisms involved, see 63–65,72). It can be hypothesized that 
this positive regulation by sigma and anti-sigma factors results in a higher number of FoxA and FiuA transporters 
compared to FpvB in the outer membranes of P. aeruginosa. However, this remains a hypothesis and needs to be 
verified with additional studies quantifying the TBDTs in the membranes of P. aeruginosa.

This screening of nine different xenosiderophores already provides a good overview of the transport selectivi-
ties among FpvB, FiuA, and FoxA. These data also significantly extend the list of xenosiderophores that P. aer-
uginosa can utilize: 29 xenosiderophores are currently listed as usable by P. aeruginosa (Table S5 in Supplemental 
Materials). The broad transport selectivity of FpvB highlights the importance of obtaining the X-ray structure of 
this transporter to gain insight into the recognition and binding mechanisms between FpvB and various hydroxa-
mate siderophores. With more than 40 structures of TBDTs currently described in the literature, elucidating 
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the structure of FpvB with different siderophores bound to its binding site(s) would help understand why this 
transporter, unlike other TBDTs, recognizes so many different siderophores. Given the low specificity of FpvB’s 
recognition capabilities, this transporter could potentially be used to import siderophore-antibiotic conjugates. 
One of the major challenges in developing new antibiotics against Gram-negative bacteria is ensuring that these 
drugs can enter the bacterium to reach their biological targets. Due to the low binding and uptake selectivity 
of FpvB for hydroxamate-type siderophores, this transporter could serve as an entry point for siderophore-
conjugated antibiotics (for reviews concerning this strategy, see Ref. 73–77). In addition, FpvB sequence is highly 
conserved in the various isolates of P. aeruginosa that have been fully sequenced: 99–100% sequence identity for 
270 different  isolates67, indicating that siderophore-antibiotic conjugates targeting this transports could be used 
against many isolates of P. aeruginosa.

Pseudomonas aeruginosa is a common opportunistic pathogen that can cause infections in immunocompro-
mised individuals, particularly those with cystic fibrosis, burns, or compromised immune  systems78,79. Fungi, 
including Candida species and Aspergillus species, are also known to cause opportunistic infections in similar 
patient  populations80. Co-infections involving P. aeruginosa and fungi can occur in various clinical settings and 
often lead to more severe disease outcomes compared to infections with either pathogen  alone81–83. The interac-
tions between P. aeruginosa and fungi in co-infections are complex and can involve competition for nutrients, 
production of virulence factors, and modulation of host immune responses. Both P. aeruginosa and fungi produce 
and use siderophores to acquire iron from host tissues, competing for these essential resources. P. aeruginosa pro-
duces pyoverdine and  pyochelin84–86. Aspergillus species, including Aspergillus fumigatus, produce siderophores 
such as ferricrocin and fusarinine C to acquire iron from the environment. In the context of co-infections, the 
production and utilization of siderophores by P. aeruginosa and fungi can influence the dynamics of microbial 
growth and  virulence87. Moreover, using a neutropenic mouse model of microbial gastrointestinal colonization 
and dissemination, Lopez-Medina and collaborators demonstrated that the fungus Candida albicans inhibits 
the virulence of the bacterium P. aeruginosa by suppressing the expression of pyochelin and pyoverdine genes, 
which are critical for iron acquisition and  virulence88. Furthermore, deletion of the fiuA gene in P. aeruginosa was 
shown to affect biofilm formation under sublethal carbenicillin stress conditions and to reduce the production 
of elastase, a major virulence  determinant89. Understanding the interactions between P. aeruginosa, fungi, and 
siderophores in co-infections is crucial for developing strategies to prevent and treat infections caused by these 
pathogens and to combat multidrug-resistant infections in clinical settings.

P. aeruginosa is also known to coexist with various Streptomyces species and fungi in different environments, 
like soil and rhizosphere ecosystems, with synergistic or competitive interactions depending on the specific 
strains and environmental  conditions90–92. One significant aspect of these interactions involves the production 
and utilization of siderophores. Each organism produces siderophores to scavenge iron from the surroundings, 
thereby reducing the availability of iron for the others. In some cases, as demonstrated in the present work for 
P. aeruginosa and in previous studies by Jurkevitch et al. on P. aeruginosa and P. putida32,93, Pseudomonas and 
fungi or Streptomyces may engage in cooperative interactions regarding siderophore production and utilization. 
Indeed, the siderophores produced by fungi and Streptomyces can be used by P. aeruginosa, leading to cooperative 
relationships where both partners benefit from increased iron acquisition. These interactions between P. aer-
uginosa, P. putida, fungi, Streptomyces, and the siderophores they produce are dynamic and can vary depending 
on factors such as environmental conditions, nutrient availability, and the specific microbial species involved. 
Understanding these interactions is important not only for elucidating microbial ecology but also for potential 
applications in agriculture, bioremediation, and medical microbiology.

In conclusion, we have demonstrated that P. aeruginosa can utilize the nine hydroxamate siderophores tested 
to access iron, with the TBDTs involved being FpvB, FiuA, FoxA and another unidentified TBDT. These TBDTs 
exhibit distinct transport selectivities: FpvB transports and imports ferric complexes of all nine siderophores 
tested, FiuA predominantly recognizes siderophores of the ferrichrome subtype, and FoxA recognizes those of 
the DFOB family. The expression of FiuA and FoxA is regulated by the absence of iron and the presence of the 
siderophores they transport, unlike FpvB, which appears to be consistently expressed at the same levels under 
iron-restricted conditions.

These findings (i) demonstrate that hydroxamate siderophores must play a key role in the dynamics of fungal-
bacterial interactions, (ii) provide insights into the ecological balance of microbial communities, and (iii) may 
have implications for various fields, including agriculture and medicine, where iron availability plays a critical 
role in microbial pathogenesis and nutrient cycling. For example, our data suggest that FpvB could be an inter-
esting transporter for facilitating the uptake of antibiotics via siderophore vectorization due to its broad binding 
and transport selectivity. Consequently, understanding the biochemistry and physiological roles of hydroxamate 
siderophores offers valuable insights into microbial iron homeostasis and opens avenues for the development of 
innovative strategies to combat bacterial infections.

Methods
Chemicals
The siderophores rhodotoluric acid (RHODO), coprogen, Desferrioxamine G (DFOG), Triacetylfusarinine C 
(TAFC), fusigen, ferricrocin, ferrichrysin, ferrirhodin and ferrirubin were obtained from Biophore Research 
Products. The 55FeCl3 was purchased from Perkin Elmer Life and Analytical Science (Waltham, MA, USA) and 
the protonophore CCCP (carbonyl cyanide m-chlorophenylhydrazone) was purchased from Sigma-Aldrich 
(Saint-Louis, MO, USA).
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Bacterial strains and growth conditions
The P. aeruginosa strains used in this study are listed in Table S2 (Supplemental Materials). For all experiments 
in iron restricted conditions, the strains were first grown overnight in LB medium with shaking (220 rpm) at 
30°C. Bacteria were then washed and resuspended in iron-restricted casamino acid (CAA) medium composed 
of 5 g  l-1 low-iron CAA (Difco, Franklin Lakes, NJ, USA), 1.46 g  l-1  K2HPO4  3H2O, and 0.25 g.l-1  MgSO4  7H2O.

Plasmids and strains construction
Enzymes were obtained from ThermoFisher Scientific and Eurofins Genomics and oligonucleotides used in 
this study are listed in Table S3 (Supplemental Materials). Escherichia coli TOP10 strain (Invitrogen, MS, USA) 
was used as the host strain for the plasmids. Plasmid construction and mutation in the chromosomal genome 
of P. aeruginosa were carried out as detailed  before94. Briefly, 1400 bp of flanking sequences of the genes fiuA, 
foxA or fpvB were inserted into the suicide vector pEXG2 using a blunt-end ligation strategy. The plasmids were 
sequenced and then used to generate chromosomal mutations into P. aeruginosa strain. All deletion mutants 
were confirmed by Polymerase Chain Reaction (PCR) and sequencing.

Growth assays in iron‑restricted conditions
To monitor growth in microplates in the presence of hydroxamate siderophores, P. aeruginosa strains were first 
grown as described above. After an overnight culture in CAA medium at 30°C, bacteria cultures were then 
washed and resuspended in CAA medium at an optical density of 0,01 at 600 nm in 96-well plates (Greiner, 
U-bottom microplate, Frickenhausen, Germany) and in the presence or absence of 10 µM RHODO, coprogen, 
TAFC, fusigen, DFOG, ferricrocin, ferrichrysin, ferrirhodin or  ferrirubin50–52,94. Plates were incubated with 
shaking at 30°C, in a microplate reader (Infinite M200, Tecan). The bacterial growth was monitored every 30 
min for 24 h by measuring the optical density at 600 nm. The data for each measurement represents the mean 
of three biological replicates.

Iron uptake assay
As for the growth assay, P. aeruginosa strains were first grown overnight in LB broth, followed by a second over-
night in CAA medium, all at 30°C. Bacterial cultures were then washed and resuspended in CAA medium at an 
optical density of 0,1 at 600 nm in the presence of 10 µM of one of the siderophores RHODO, coprogen, TAFC, 
fusigen, DFOG, ferricrocin, ferrichrysin, ferrirhodin or ferrirubin to induce the expression of the corresponding 
 TBDT24,50,60,61,65. Siderophore-55Fe complexes and 55Fe uptake kinetics were carried out as described  previously95. 
Briefly, the uptake of 55Fe into P. aeruginosa cells was monitored for 3 h at a concentration of xenosiderophore-
55Fe complexes of 500 nM, and in the presence or absence of 200 µM CCCP, a proton motive force  inhibitor96. 
Xenosiderophore-55Fe complexes were prepared with the siderophore:iron (mol:mol) ratio of 20:1 for coprogen, 
TAFC, ferricrocin, ferrirhodin, ferrichrysin et ferrirubin, 30:1 for DFOG and 40:1 for RHODO and fusigen to 
avoid any 55Fe precipitation because not chelated by the xenosiderophores.

Quantitative real‑time PCR
To monitor the expression of genes of interest, P. aeruginosa ∆pvdF∆pchA cells were grown as described above. 
After an overnight culture at 30°C in CAA medium, bacterial cultures were washed and resuspended in CAA 
medium at an optical density of 0,1 at 600 nm in the absence or presence of 10 µM of RHODO, coprogen, TAFC, 
fusigen, DFOG, ferricrocin, ferrichrysin, ferrirhodin or ferrirubin. After 8 h of incubation with shaking (220 rpm) 
at 30°C, 2.5 X  108 cells were harvested from each culture and 2 volumes of RNAprotect Bacteria Reagent (Qiagen, 
Hilden, Germany) was added. The RNeasy Plus Mini Kit (Qiagen) was used to extract total RNA from the pellet 
following the manufacturer instructions. 1 µg of RNA was reverse transcribed using the iScript cDNA Synthesis 
Kit (Biorad, Hercules, CA, USA). Expression of specific genes was measured in a CFX Opus 96 device (Biorad) 
using the iTaq Universal SYBR Green Supermix (Biorad) and the appropriate primers (Table S4). The transcript 
levels were normalized using those of uvrD and rpsl. The data are expressed as a log2 ratio (fold-change) relative 
to the reference condition and are collected from three biological replicates.

Proteomic analysis
P. aeruginosa ∆pvdF∆pchA cells were grown as for quantitative real-time PCR experiment in the absence or 
presence of 10 µM of RHODO, ferricrocin or ferrichrysin. After 8 h of incubation at 30°C, 5 ×  108 cells were 
collected and used for proteomic analysis. Each cell-culture condition was prepared in biological triplicates and 
the peptide mixture of every sample was prepared for injection as described  previously31.

Ferricrocin treated and untreated samples were prepared and analyzed on a Qexactive Plus (Thermo-Fisher 
Scientific) mass spectrometer as described  in50.

The RHODO and ferrichrysin treated and untreated samples were injected on a reversed phase nanoElute 
2 coupled to a TIMS-TOF Pro 2 mass spectrometer (Bruker Daltonik Gmbh) using a DDA-PASEF acquisition 
strategy. Peptides were separated on the integrated emitter column IonOpticks Aurora Elite (25 cm × 75μM, 
1.7μm particle size and 120 Å pore size; AUR3–15075C18-CSI) with 70 min gradients.

Proteins were identified via comparison to the Uniprot, P. aeruginosa database (v 2020_04, strain PAO1, 5564 
forward protein sequences) using Mascot algorithm (version 2.8, Matrix Science) with a decoy strategy. Mass 
error was set to 20 ppm for precursor ions and 30 ppm for fragment ions. Oxidation (M), carbamidomethylation 
FCR and its untreated controls (C) and acetylation (protein Nter) were considered as variable modifications. 
Data were then imported into Proline v2.0  software97, proteins were validated with a Mascot pretty rank equal 
to 1, a Mascot score threshold set at 25 and 1% FDR (False Discovery Rate) on both peptide spectrum matches 
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(PSM score) and protein sets (Protein Set score) and MS1 eXtracted Ion Chromatograms (XIC) were used to 
quantify each protein. An exhaustive map alignment followed by a median ratio normalization of the intensities 
was computed on Proline. A 50s cross assignment was carried out within groups only.

For the statistical analyses of the data, Prostar 1.26.4 was used. Partially observed values (POV) were imputed 
with structured least square adaptative regression (SLSA) method while values missing in the entire condition 
(MEC) were imputed with det quantile 1%. A LIMMA statistical test with a log (FC) threshold of 1 and a Ben-
jamini–Hochberg correction were used to generate log2(FC) and adjusted p-values. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository 
with the dataset identifier PXD052483, Token: BLPXzP6mEmEX.

Data availability
Proteomic data are available via ProteomeXchange with identifier PXD052483. Project accession: PXD052483  
Token: BLPXzP6mEmEX.
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