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ABSTRACT Iron-sulfur [Fe-S] clusters are essential protein cofactors allowing bacteria 
to perceive environmental redox modification and to adapt to iron limitation. Escher­
ichia coli, which served as a bacterial model, contains two [Fe-S] cluster biogenesis 
systems, ISC and SUF, which ensure [Fe-S] cluster synthesis under balanced and stress 
conditions, respectively. However, our recent phylogenomic analyses revealed that 
most bacteria possess only one [Fe-S] cluster biogenesis system, most often SUF. The 
opportunist human pathogen Pseudomonas aeruginosa is atypical as it harbors only 
ISC. Here, we confirmed the essentiality of ISC in P. aeruginosa under both normal and 
stress conditions. Moreover, P. aeruginosa ISC restored viability, under balanced growth 
conditions, to an E. coli strain lacking both ISC and SUF. Reciprocally, the E. coli SUF 
system sustained growth and [Fe-S] cluster-dependent enzyme activities of ISC-deficient 
P. aeruginosa. Surprisingly, an ISC-deficient P. aeruginosa strain expressing E. coli SUF 
showed defects in resistance to H2O2 stress and paraquat, a superoxide generator. 
Similarly, the P. aeruginosa ISC system did not confer stress resistance to a SUF-deficient 
E. coli mutant. A survey of 120 Pseudomonadales genomes confirmed that all but five 
species have selected ISC over SUF. While highlighting the great versatility of bacterial 
[Fe-S] cluster biogenesis systems, this study emphasizes that their contribution to cellular 
homeostasis must be assessed in the context of each species and its own repertoire of 
stress adaptation functions. As a matter of fact, despite having only one ISC system, P. 
aeruginosa shows higher fitness in the face of ROS and iron limitation than E. coli.

IMPORTANCE ISC and SUF molecular systems build and transfer Fe-S cluster to cellular 
apo protein clients. The model Escherichia coli has both ISC and SUF and study of the 
interplay between the two systems established that the ISC system is the house-keeping 
one and SUF the stress-responding one. Unexpectedly, our recent phylogenomic analysis 
revealed that in contrast to E. coli (and related enterobacteria such as Salmonella), most 
bacteria have only one system, and, in most cases, it is SUF. Pseudomonas aeruginosa fits 
the general rule of having only one system but stands against the rule by having ISC. 
This study aims at engineering P. aeruginosa harboring E. coli systems and vice versa. 
Comparison of the recombinants allowed to assess the functional versatility of each 
system while appreciating their contribution to cellular homeostasis in different species 
context.

KEYWORDS stress adaptation, Escherichia coli, Pseudomonas aeruginosa, iron-sulfur 
biogenesis

I n their environment, bacteria are continuously thriving among fluctuating conditions, 
yielding to frequent unbalanced stressful situations. The capacity to sustain such 

sudden and frequent changes stems from the ability to detect them and to modify 
cellular pathways such as to reach a new homeostatic state. Most frequent stresses 
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encountered by bacteria include those derived from reactive chemical species or those 
due to nutrient limitation. Reactive oxygen species (ROS) or reactive nitrogen species 
(RNS) and iron limitation are typical examples of such stresses, in particular, for patho­
gens multiplying in their host. In this context, iron-sulfur [Fe-S] clusters are of great 
relevance as these protein cofactors are often used by bacteria to detect and cope with 
ROS/RNS and iron limitation (1, 2). Moreover, [Fe-S] cluster-bound proteins are targets of 
ROS/RNS and iron limitation because the former might destabilize clusters and the latter 
could make them difficult to build.

[Fe-S] cluster bound proteins, which are involved in multiple conserved cellular 
processes, acquire their clusters from dedicated [Fe-S] cluster biogenesis systems (3, 
4). Five [Fe-S] cluster biogenesis systems have been identified in prokaryotes, namely, 
NIF (NItrogen Fixation), ISC (Iron–Sulfur Cluster), SUF (mobilization of SUlFur), MIS 
(Minimal Isc System), and SMS (Suf-like Minimal System) (5). The NIF system is specific 
for nitrogenase maturation and has been well studied in the nitrogen-fixing bacterium 
Azotobacter vinelandii (6–8). The SUF and ISC systems are both present in Escherichia 
coli and shown to be responsible for the maturation of all cellular [Fe-S] cluster pro­
teins although exhibiting differential target-specific efficiency (9–13). All [Fe-S] cluster 
biogenesis systems, but SMS, include a cysteine desulfurase (IscS, SufSE, NifS, MisS), 
which provides sulfur to build a [Fe-S] cluster on a scaffold protein (IscU, SufBCD, NifU, 
MisU, and possibly SmsBC). Then, carriers of the A-type (IscA, SufA, ErpA, NfuA) or 
other types of transporters (Grx, Mrp) deliver the newly synthesized [Fe-S] clusters to 
apo-proteins (3, 11).

Our perception of [Fe-S] cluster homeostasis is mostly derived from studies in E. 
coli. This bacterium switches from ISC under normal conditions to SUF under stress 
conditions thanks to two transcriptional regulators, Fur and IscR, and a non-coding RNA, 
RyhB. Fur and IscR act as repressors in their Fe-bound or [Fe-S] cluster-bound form, 
respectively. When the level of [Fe-S] clusters synthesized meets with the overall cellular 
demand, the [Fe-S] cluster-bound IscR represses the isc operon, preventing additional 
[Fe-S] cluster biosynthesis. The suf operon is under Fur repression. Under iron limitation, 
Fur is mainly present in the apo form and Fur repression alleviation allows activation 
of the suf operon while the non-coding RNA RyhB inhibits iscSUA gene translation and 
promotes iscSUA mRNA degradation. RyhB-binding site lies in the iscR-iscSUA intergenic 
region and stabilizes upstream iscR mRNA, allowing for a steady production of IscR 
under its apo-form, which binds upstream of the suf operon and activates its expression. 
Moreover, under oxidative stress, the OxyR transcriptional regulator activates the suf 
operon expression (4). Consistent with these specific regulatory patterns, the SUF system 
was found to be used under oxidative stress and iron limitation, while the efficiency of 
the ISC system appeared to be compromised under such stress conditions (4). Thus, in E. 
coli, the presence of both ISC and SUF ensures [Fe-S] cluster synthesis to be maintained 
under a wide array of different growth conditions in order to meet with the essential­
ity of [Fe-S] clusters. Yet, this model was from the beginning bound to be restricted 
to E. coli and other Enterobacteriaceae, such as Salmonella Typhimurium or Dickeya 
dadantii (14–16), as some important human pathogens were found to possess only the 
SUF system, such as Mycobacterium tuberculosis (17), Staphylococcus aureus (18), and 
Enterococcus faecalis (19), or the only ISC system, such as Pseudomonas aeruginosa (20) 
and Acinetobacter baumannii (21). Moreover, very recently, we carried out a thorough 
analysis of [Fe-S] cluster biogenesis system distribution in prokaryotes and found that 
a vast majority of bacteria have only one system, most of the time SUF (5). Hence, 
besides illustrating the particularity of enterobacteria [Fe-S] cluster-based biology, these 
observations call for a broadening of our studies in order to embrace the biodiversity 
emerging in the bacterial world, focusing on bacterial models equipped with different 
combinations of [Fe-S] cluster biogenesis systems.

The opportunistic human pathogen P. aeruginosa genome contains the iscRSUA-
hscBA-fdx2-iscX operon (20, 22). The lack of a stress responding SUF system that would 
intervene under oxidative stress conditions as observed in E. coli is surprising, as P. 
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aeruginosa confronts ROS produced by host phagocytes during acute and chronic 
infections. The isc operon was found to be upregulated under oxidative stress, thanks to 
the alleviation of the transcriptional repression mediated by IscR, which acts as a sensor 
of cellular [Fe-S] cluster levels under both balanced and stressful conditions (20). This 
suggests that ISC might be sufficient to keep up with different environmental conditions, 
particularly those encountered during multiplication in the host. P. aeruginosa was also 
found to synthesize the [Fe-S] cluster carriers NfuA and GrxD, which were proposed to be 
contributing to [Fe-S] cluster targeting to apo-clients under oxidative stress (23).

In this study, we established the essentiality of the ISC system in P. aeruginosa and its 
role in antibiotic and stress resistance; then, we tested the interchangeability between 
the ISC and/or SUF systems of E. coli and P. aeruginosa, performing different analyses 
in several growth conditions, especially by mimicking the stressful environment that 
P. aeruginosa cells handle in the host during infection. This thorough and exhaustive 
comparison revealed unsuspected property of each machinery, like the reduced ability 
of E. coli SUF as compared with ISC to sustain a high level of ROS-mediated stress in P. 
aeruginosa or capacity of P. aeruginosa ISC to rescue a strain of E. coli lacking both ISC and 
SUF. Altogether this study allows us to discuss and, in part, reassess the contribution of 
[Fe-S] cluster biogenesis systems to bacterial homeostasis control.

RESULTS

The ISC system is essential in P. aeruginosa

As [Fe-S] clusters are essential, inactivating the only system that P. aeruginosa possesses 
was predicted to be lethal. To test this, we generated a P. aeruginosa PAO1 conditional 
mutant in the iscU gene, encoding the ISC [Fe-S] cluster scaffold protein. This mutant, 
hereafter named ΔiscU ParaiscU, carries an arabinose-inducible copy of the iscU coding 
sequence inserted into a neutral site (attB) of the genome and an in-frame deletion of 
the endogenous iscU coding sequence (Fig. 1A).

Planktonic growth assays demonstrated that the ΔiscU ParaiscU conditional mutant 
cannot grow in the absence of arabinose and that the inducer promotes the growth of 
the mutant in a dose-dependent manner (Fig. 1B). Next, ΔiscU ParaiscU mutant cells were 
collected under non-permissive conditions, using the culturing strategy shown in Fig. 1C, 
and Western blot analysis confirmed the full depletion of IscU (Fig. 1D). Importantly, the 
IscS protein was detected, showing that deletion of the endogenous copy of iscU did not 
hamper the expression of the upstream adjacent iscS gene. Moreover, the intracellular 
levels of IscS were markedly increased in IscU-depleted cells (Fig. 1D). This was expected 
as the isc operon is under the control of the transcriptional repressor IscR, which is an 
IscU target and, therefore, is predicted to arise mostly in its non-repressing apo-form in 
IscU-depleted cells (20).

Colony growth assays showed that IscU is important for P. aeruginosa growth also 
under anaerobic conditions in the presence of nitrate as electron acceptor (Fig. 1E), 
presumably because the ISC system matures [Fe-S] cluster-containing nitrate reductase 
(24). Microtiter plate assays showed that the ΔiscU ParaiscU conditional mutant was also 
strongly impaired in biofilm formation under non-inducing conditions (Fig. 1F). Consis­
tently, flow-cell assay confirmed that IscU-depleted cells were only able to adhere to the 
surface without developing mature, mushrooms-like biofilms (Fig. 1G). The biofilm 
biomass and structure were comparable to the wild type when the ΔiscU ParaiscU 
conditional mutant was cultured in the presence of arabinose (Fig. 1F and G), confirming 
that the impairment in biofilm formation was specifically due to IscU depletion. Alto­
gether these results demonstrated that the ISC system is essential for P. aeruginosa.

Effect of IscU depletion on antibiotic resistance in P. aeruginosa

P. aeruginosa causes severe infections in humans and understanding its mechanisms of 
antibiotic resistance is a necessity. Therefore, we investigated whether IscU depletion 
and the resulting impairment in [Fe-S] cluster biogenesis affects P. aeruginosa sensitivity 
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to aminoglycosides. This was tested because E. coli cells with inefficient [Fe-S] cluster 
biogenesis are more resistant to aminoglycosides owing to impaired maturation of 
respiratory complexes and decreased level of the proton motive force (pmf) required for 
aminoglycoside uptake (12). First, we confirmed by Western blot analysis that IscU level 
in the conditional mutant decreases with decreasing concentrations of arabinose (Fig. 
2A). Afterward, we performed disc diffusion assays on agar plates supplemented with 
arabinose at the lowest concentrations that sustain growth of the ΔiscU ParaiscU 
conditional mutant (Fig. 2B). Surprisingly, varying IscU levels did not influence resistance 
to aminoglycosides (gentamicin, kanamycin, streptomycin). Levels of resistance to 
antibiotics belonging to other classes were also unchanged (Fig. 2B). However, time-
killing experiments revealed that IscU-depleted cells are much more tolerant to the 
aminoglycoside gentamicin, the fluoroquinolone ofloxacin, and the β-lactam merope­
nem than IscU-replete ones (Fig. 2C; Fig. S1). The observed pleiotropic tolerance of IscU-
depleted cells to different antibiotics targeting different pathways could be due to poor 
metabolic activity (25, 26). This was tested using colistin, an antibiotic reported to kill 
both growing and resting cells (27, 28). Colistin was found to kill equally efficiently IscU-
depleted and -replete cells (Fig. 2C; Fig. S1). To corroborate the link between cell 
metabolic state and antibiotic susceptibility, we incubated wild-type cells in saline 
overnight at 4°C to reduce cell metabolism (29) and then treated them with the same 
antibiotics. As expected, metabolically inactive P. aeruginosa cells acquired tolerance to 
all antibiotics except colistin (Fig. 2D) similar to IscU-depleted cells. These results showed 

FIG 1 Essentiality of the ISC system in P. aeruginosa. (A) Schematic representation of the P. aeruginosa isc operon in the wild-type strain PAO1 and in the 

arabinose (ARA)-dependent ΔiscU ParaiscU conditional mutant. Genes are not in scale. (B) Growth curves of PAO1 and ΔiscU ParaiscU at 37°C in MH supplemented 

or not with increasing concentrations of ARA. (C) Growth of PAO1 and ΔiscU ParaiscU at 37°C in MH upon subsequent refreshes with or without ARA (see Materials 

and Methods for details). (D) Western blot analysis for IscU, IscS, and the loading control LptC in IscU-replete and -depleted cells obtained as shown in panel C. 

(E) Colony growth of PAO1 and ΔiscU ParaiscU at 37°C on MH agar plates under aerobic and anaerobic conditions. (F and G) Biofilm formation by PAO1 and ΔiscU 

ParaiscU in (F) microtiter plates or (G) flow cells. The asterisk indicates a statistically significant difference (P < 0.05) with respect to the wild type. Data are the 

mean (±SD) or are representative of at least three independent assays.
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that low levels of IscU and, thus, impaired production of [Fe-S] clusters yield to a 
pleiotropic tolerance to multiple antibiotics of different classes, likely by lowering cell 
metabolic activity.

The E. coli SUF system can functionally replace a defective P. aeruginosa ISC 
system under normal conditions but not under stress conditions

P. aeruginosa has only ISC. Therefore, we were curious to investigate how it would behave 
if its ISC system was changed for a heterologous SUF system. To this aim, we cloned 
the entire suf operon (sufABCDSE) of E. coli (hereafter renamed sufEC) downstream of an 
IPTG-dependent promoter into the shuttle vector pME6032, yielding to the pMEsufEC 
plasmid, which was transformed into the P. aeruginosa ΔiscU ParaiscU conditional mutant. 
In parallel, we verified that the E. coli ISC system was able to substitute for the P. 
aeruginosa ISC. We cloned the iscU gene (hereafter renamed iscUEC) or the entire isc 
operon (iscSUAhscBAfdx, hereafter renamed iscEC) of E. coli downstream of the IPTG-
dependent promoter into pME6032, yielding to the pMEiscUEC and pMEiscEC plasmids, 
which were subsequently transformed into the P. aeruginosa ΔiscU ParaiscU conditional 
mutant (Table S1). Colony growth assays revealed that the expression of both E. coli 

FIG 2 Effect of IscU depletion on P. aeruginosa antibiotic susceptibility. (A) Western blot analysis for IscU and the loading control LptC in PAO1 and ΔiscU ParaiscU 

conditional mutant cells cultured with different arabinose (ARA) concentrations. (B) Inhibition halos in the Kirby-Bauer disc diffusion assay of gentamicin (Gm), 

kanamycin (Km), streptomycin (Sm), tetracycline (Tc), ciprofloxacin (Cip), ceftazidime (Caz), and imipenem (Ipm) for PAO1 and ΔiscU ParaiscU cells cultured in the 

presence of the indicated ARA concentrations. (C) Survival curves of IscU-replete and -depleted cells, obtained as described in Fig. 1C, exposed to 4× MIC of 

gentamicin, rifampicin, meropenem or colistin, corresponding to 2 µg/mL for all antibiotics against PAO1. Curves obtained for antibiotic treatments at 1× and 

2× MIC are shown in Fig. S1. (D) Survival curves of metabolically inactive PAO1 cells exposed to the indicated antibiotics at 4 × MIC. Cells were resuspended in 

saline and incubated at 4°C for 14 h (29) and then subjected to antibiotic treatment in saline. Data are the mean (±SD) or are representative of at least three 

independent assays.
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ISC and SUF restored the growth of the conditional mutant although the growth was 
slightly impaired in the ΔiscU ParaiscU conditional mutant expressing E. coli SUF (Fig. 
3A). As expected, the expression of IscUEC alone was also able to rescue the growth 
of the P. aeruginosa ΔiscU ParaiscU conditional mutant in the absence of arabinose (Fig. 
3A). In contrast, the expression of the [Fe-S] cluster scaffold proteins of the E. coli SUF 
system (SufBCD) from the plasmid pMEsufBCDEC did not promote the growth of the 
ΔiscU ParaiscU conditional mutant (Fig. 3A), confirming that ISC and SUF components are 
not functionally exchangeable (3, 11). Some growth-promoting effect on IscU-depleted 
cells was also observed for pMEiscUEC, pMEiscEC, and pMEsufEC under non-inducing 
conditions (i.e. without IPTG) (Fig. 3A), likely because of leaky expression from pME6032 
(30). This allowed us to further compare the functionality of the different [Fe-S] cluster 
biogenesis systems in P. aeruginosa. While the basal level of expression of the iscEC 
operon was sufficient to fully restore P. aeruginosa ΔiscU ParaiscU growth, E. coli SUF failed 
to restore P. aeruginosa ΔiscU ParaiscU growth at low-expression levels (Fig. 3A), implying 
that the heterologous SUF system only partially compensates for the non-functionality 
of the endogenous P. aeruginosa ISC system. This was corroborated by (i) planktonic 
growth assays, which revealed a delayed growth of IscU-depleted P. aeruginosa cells 
expressing E. coli SUF as compared to IscU-replete controls (Fig. 3B) and (ii) biochemical 
assays, demonstrating that the activity of the [Fe-S] enzymes succinate dehydrogenase, 
aconitase, and fumarase A was slightly lower in the ΔiscU ParaiscU conditional mutant 
that expresses SUF with respect to the wild type control (Fig. 3C). Interestingly, E. coli 
SUF expression fully restored susceptibility to antibiotic killing in the ΔiscU ParaiscU 
conditional mutant (Fig. S2).

To rule out that growth restoration by E. coli SUF could be influenced by residual IscU 
expression in the conditional mutant, we generated P. aeruginosa PAO1 ΔiscU strains 
carrying either pMEsufEC or pMEiscEC (Table S1). Colony and planktonic growth assays 
demonstrated that the effect of E. coli ISC or SUF expression is very similar between the 
ΔiscU strain and the ΔiscU ParaiscU conditional mutant (Fig. S3), confirming that E. coli 
SUF is sufficient to sustain growth of ISC-deficient P. aeruginosa cells. The ΔiscU strain 
carrying the pMEiscEC was also used to monitor the basal level of expression from the 
IPTG-inducible promoter by Western blot using the anti-IscU antibody (Fig. S4). This 
analysis showed that the growth restoration effect of ISC expressing plasmids observed 
in the absence of IPTG (Fig. 3) occurs at very low levels of expression of E. coli isc genes.

Since in E. coli SUF is thought to be the stress responding system, we investigated 
whether SUF-mediated [Fe-S] cluster biogenesis in P. aeruginosa had any positive effect 
on oxidative stress resistance. The P. aeruginosa ΔiscU ParaiscU conditional mutant and 
the ∆iscU strain carrying either pMEiscEC or pMEsufEC were grown in the presence of 
hydrogen peroxide (H2O2) or paraquat (PQ), a superoxide generating compound, at sub-
MIC concentrations. Expression of the E. coli ISC system allowed growth of P. aeruginosa 
iscU mutants both in the presence of PQ and H2O2 (Fig. 4A) even if rescue was less 
efficient on PQ-containing plates than on H2O2. This indicated that E. coli ISC is capable 
of sustaining ROS challenge when expressed in P. aeruginosa. Surprisingly, E. coli SUF 
expression largely failed to rescue IscU-depleted P. aeruginosa cells on PQ-containing 
plates, while it was able to sustain growth on H2O2 containing plates (Fig. 4A; Fig. S5).

We also compared the growth complementing activity of E. coli SUF and ISC systems 
in IscU-depleted P. aeruginosa under anaerobiosis, which is expected to reduce endoge­
nous ROS formation (31, 32). Anaerobic growth of IscU-depleted or ΔiscU P. aeruginosa 
cells was found to be equally promoted by the expression of either E. coli ISC or SUF (Fig. 
4B). Interestingly, under anaerobic conditions, the growth of ISC-defective P. aeruginosa 
mutants carrying the pMEsufEC construct was almost fully restored even in the absence 
of IPTG (Fig. 4B) in contrast to what was observed in aerobiosis (Fig. 3A; Fig. S3). Western 
blot analysis showed that IPTG-inducible expression from pME6032 derivatives is similar 
in both aerobic and anaerobic conditions (Fig. S4).

Altogether these results revealed that E. coli SUF can substitute for the endogenous 
ISC system of P. aeruginosa in promoting [Fe-S] cluster biogenesis and growth. A 
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surprising observation though is that SUF appears to be less efficient for helping P. 
aeruginosa to cope with ROS than the ISC system of either P. aeruginosa or E. coli.

P. aeruginosa ISC can replace the E. coli ISC system

Results above demonstrated that ISC of E. coli can substitute for ISC of P. aeruginosa. 
Conversely, we tested whether the P. aeruginosa ISC can replace the E. coli endogenous 
ISC. To do this, the entire isc operon (iscSUAhscBAfdx) of P. aeruginosa was cloned in the 
pME6032 vector, generating the pMEiscPA plasmid, which was introduced into an E. coli 
∆isc strain lacking the genes iscSUAhscBAfdx (Table S1). The E. coli Δisc mutant grows very 
poorly in M9 minimal medium because of the inefficient functioning of several [Fe-S] 
cluster proteins required for synthesizing amino acids, vitamins, and cofactors (33). As a 
side comment, this implies a poor efficiency of the SUF system in maturing the set of [Fe-
S] proteins involved in these biosynthetic processes. Our results showed that the ISC 
system of P. aeruginosa rescued the growth defect of the E. coli ∆isc strain both in liquid 
and solid minimal medium M9 (Fig. 5A and B).

Next, we tested the capacity of P. aeruginosa ISC to support the activity of two E. coli 
[Fe-S] cluster-containing transcriptional regulators, IscR, repressor of the isc operon, and 
NsrR, repressor of several genes among which hmpA, involved in cell protection against 
nitric oxide (34). Assays were performed in the rich medium LB. In the E. coli ΔiscU mutant 

FIG 3 E. coli ISC and SUF systems functionally replace P. aeruginosa ISC. (A) Colony growth of the P. aeruginosa ΔiscU ParaiscU conditional mutant carrying the 

plasmid pME6032 with the entire isc operon (iscEC), the entire suf operon (sufEC), the iscU gene or sufBCD genes from E. coli under an IPTG-inducible promoter 

on MH agar plates. PAO1 and ΔiscU ParaiscU with the empty plasmid pME6032 were used as positive and negative controls, respectively. (B) Planktonic growth 

of PAO1 and ΔiscU ParaiscU carrying pMEsufEC or the empty plasmid at 37°C in MH. When indicated, arabinose (ARA) and IPTG were added at 0.5% and 0.5 mM, 

respectively. (C) Enzymatic activity, expressed as percentage relative to PAO1 pME6032, of succinate dehydrogenase (SDH), fumarase A (FumA), and aconitase 

(Acn) in ΔiscU ParaiscU pMEsufEC cultured in MH with 0.5 mM IPTG. IscU-depleted cells carrying the empty plasmid were obtained as described in Fig. 1C and 

used as the negative control. Data are the mean (±SD) or are representative of at least three independent assays. The asterisks indicate statistically significant 

differences (P < 0.05) with respect to the wild type carrying the empty plasmid.
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carrying the pME6032 plasmid, a fourfold increase in promoter activity with respect of 
the corresponding wild-type control was observed (Fig. 5C). This activity was due to 
alleviation of the repression exerted by IscR and NsrR on iscR and hmpA promoters, 
respectively. Expression of the ISC system of P. aeruginosa caused a decrease in the 
activity of both iscR and hmpA promoters (Fig. 5C), indicating maturation of IscR and 
NsrR. Finally, we tested the ability of P. aeruginosa ISC to efficiently mature the E. coli 
respiratory complexes I and II. As described above, E. coli lacking a functional ISC system 
exhibits an increased tolerance to aminoglycoside due to inefficient maturation of both 
complexes and associated decrease in pmf level (12). Therefore, gentamycin killing 
assays were run with E. coli wild type and ΔiscUA strains expressing or not the P. aerugi­
nosa ISC system. While the ΔiscUA carrying the empty plasmid displayed tolerance to 
gentamycin, expression of P. aeruginosa ISC was able to restore susceptibility to antibiot­
ics at levels comparable to the wild-type strain (Fig. 5D). These results showed that E. coli 

FIG 4 Effect of E. coli ISC and SUF systems on P. aeruginosa oxidative stress resistance and anaerobiosis. (A) Colony growth of the P. aeruginosa ΔiscU ParaiscU 

conditional mutant or the ΔiscU deletion mutant carrying the plasmid pME6032 with the entire isc operon (iscEC) or the entire suf operon (sufEC) of E. coli 

under an IPTG-inducible promoter on MH agar plates supplemented with H2O2 or paraquat (PQ) at 0.25 × MIC for the wild type (corresponding to 0.25 mM 

and 0.125 mM, respectively). (B) Colony growth of the strains described in panel A grown under anaerobiosis conditions. PAO1 and ΔiscU ParaiscU with the 

empty plasmid pME6032 were used as positive and negative controls, respectively. When indicated, arabinose (ARA) and IPTG were added at 0.5% and 0.5 mM, 

respectively. Images are representative of three independent assays.
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is equally efficient at making [Fe-S] clusters with either the endogenous or the P. 
aeruginosa ISC system.

E. coli lacking both ISC and SUF but using the P. aeruginosa ISC system is 
viable

We tested whether the ISC system of P. aeruginosa would be able to substitute for the 
lack of both ISC and SUF systems in E. coli. To assess this, the pMEiscPA plasmid was 
inserted into the E. coli ∆iscUA ∆suf double mutant. First, colony growth assays were 
used to test the ability of pMEiscPA to sustain the growth of the non-viable E. coli 
double-mutant ΔiscUAΔsuf on a rich medium under aerobic conditions. Note that this 
mutant can be cultivated if grown in the presence of mevalonate (MVA) and arabinose 
as it contains the genes for the [Fe-S]-independent eukaryotic isoprenoid biosynthesis 
pathway under an arabinose-dependent promoter (35). This mutant, transformed with 
pME6032 empty plasmid, was not able to grow in LB supplemented with IPTG (Fig. 6A). 
Interestingly, the growth of the ΔiscUAΔsuf mutant was restored when transformed with 
pMEiscPA, showing the ability of P. aeruginosa ISC to support [Fe-S] cluster biogenesis in 
E. coli lacking functional endogenous systems. The same observation was obtained when 
performing growth assays in a liquid medium, as the ∆iscUA ∆suf E. coli strain could grow 
solely if expressing the P. aeruginosa ISC system (Fig. 6B). These results demonstrated 
that, when expressed in E. coli, the P. aeruginosa ISC system is able to mature all E. 
coli [Fe-S] cluster proteins required to grow in the conditions used, in particular IspG 
and IspH, the two [Fe-S] cluster proteins required for synthesizing isoprenoids that are 
precursors for peptidoglycan biosynthesis and essential for growth.

FIG 5 P. aeruginosa ISC system can replace the endogenous ISC system in E. coli. (A) Colony growth of the E. coli wild type (WT) and Δisc mutant, carrying the 

empty plasmid pME6032 or the one with the entire isc operon from P. aeruginosa (pMEiscPA), on M9 glucose agar plates. (B) Planktonic growth of E. coli WT and 

Δisc strains carrying pMEiscPA or the empty plasmid at 37°C in M9 glucose. (C) β-Galactosidase activity of the E. coli WT (black bars) and ΔiscU (gray bars) strains 

carrying the chromosomal fusions PhmpA::lacZ (left panel) or PiscR::lacZ (right panel) and the empty plasmid pME6032 or pMEiscPA cultured in LB. The plasmid 

containing the E. coli iscU (pMEiscUEC) was used as control. β-Galactosidase activity is expressed as Miller units. The asterisks indicate statistically significant 

differences (P < 0.05) with respect to the ΔiscU mutants carrying the empty plasmid. (D) Survival curves of WT and ΔiscUA mutant carrying the empty plasmid 

pME6032 or pMEiscPA, exposed to 5 µg/mL gentamycin (Gm) in LB medium. The dotted lines represent the survival of the same strains without Gm addiction. For 

all the experiments, IPTG was added at the concentration of 100 µM. Data are the mean (±SD) or are representative of at least three independent assays.
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P. aeruginosa ISC is not able to replace the E. coli SUF under stress conditions

Next, we tested whether P. aeruginosa ISC would be able to substitute for SUF when 
E. coli is exposed to ROS. We first measured the activity of the transcriptional regulator 
SoxR, an [Fe-S] cluster-dependent transcriptional activator responding to redox cycling 
drugs. Previous work showed that, under exposure to the ROS activator phenazine 
methosulfate (PMS), only SUF can mature SoxR and permit expression of PsoxS::lacZ 
transcriptional fusion target (13). Fig. 7A shows that PsoxS activity is similar in the wild 
type and Δsuf backgrounds for the first 2 h of growth (because ISC is still active) (13), but 
after 3 h, the activity decreases as SoxR loses its cluster since ISC is not efficient anymore 
and SUF is missing (Fig. 7A). Interestingly, in the ∆suf strain expressing the P. aeruginosa 
ISC system, no PsoxS::lacZ associated activity was observed either, indicating that the P. 
aeruginosa ISC system was unable to deliver [Fe-S] cluster onto SoxR under PMS-induced 
oxidative stress (Fig. 7A). To further explore this issue, we tested the capacity of the P. 
aeruginosa ISC system to rescue the growth of the E. coli ∆suf strain under both oxidative 
stress and iron starvation. P. aeruginosa ISC was unable to support growth of the ∆suf 
strain on plates supplemented with PMS or the iron chelator dipyridyl (DIP) (Fig. 7B). 
These results strongly support the view that P. aeruginosa ISC is not efficient in sustaining 
[Fe-S] cluster biogenesis under stress conditions in E. coli.

Comparison of E. coli and P. aeruginosa abilities to sustain stress

The above results point to differential capacities of ISC and SUF systems to operate under 
stress conditions. The fact that P. aeruginosa does not possess the stress-responding 
SUF system led us to compare capacities of both strains to thrive in the presence of 
stressors targeting [Fe-S] clusters, i.e., PMS, PQ, H2O2, and DIP. Comparison of the growth 
of E. coli MG1655 and P. aeruginosa PAO1 wild-type strains in the presence of varying 
concentrations of stressors revealed unexpected differences, pointing to an overall 
higher resistance of P. aeruginosa PAO1 than E. coli MG1655. At 125 and 250 µM PQ, E. coli 
exhibited a marked delay in resuming growth upon inoculation, which was only marginal 
for P. aeruginosa; moreover, at 500 µM PQ, E. coli growth ceased, whereas P. aeruginosa 
growth slowed down but remained effective (Fig. 8A). E. coli showed a drastic increased 
time period before to resume growth at 100 µM PMS and did not grow at 400 µM 
PMS, whereas P. aeruginosa was modestly altered until 200 µM PMS and exhibited some 
residual growth also at 400 µM PMS (Fig. 8B). Regarding resistance to iron depletion, E. 
coli showed atypical multiphasic growth profiles as well as extended lag phases from 
500 µM DIP, whereas P. aeruginosa was almost not affected until 2 mM DIP (Fig. 8C). 

FIG 6 P. aeruginosa ISC functionally replaces E. coli ISC and SUF systems. (A) Colony growth of the E. coli wild type (WT) and ΔiscUA Δsuf strains carrying the 

plasmid pME6032 empty or containing the entire isc operon from P. aeruginosa (pMEiscPA), on LB agar plates. The single mutants ΔiscUA Δsuf carrying pME6032 

were used as controls. (B) Planktonic growth of E. coli WT and ΔiscUA Δsuf strains carrying pMEiscPA or the empty plasmid at 37°C in LB. For all the experiments, 

IPTG was added at the concentration of 100 µM. Data are the mean (±SD) or are representative of at least three independent assays.
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In contrast, PAO1 showed delayed growth in the presence of all H2O2 concentrations 
tested that was not observed for MG1655 (Fig. S6). Thus, overall P. aeruginosa showed a 
much better capacity to resist to challenges imposed by chemicals predicted to lead to 
superoxide increase (PMS, PQ) and iron limitation (DIP).

Distribution of ISC, SUF, and NIF systems in Pseudomonadales

Our recent thorough analysis of over 9,000 bacterial genomes revealed that the vast 
majority of bacteria had only one [Fe-S] cluster biogenesis system and that it was most of 
the time SUF rather than ISC (5). Therefore, we wondered how SUF, ISC, and NIF were 
distributed specifically in the Pseudomonadales clade. For this, we searched for the 
homologs of components of [Fe-S] cluster biosynthesis machineries in 139 genomes of 
Pseudomonadales and mapped their presence/absence on the associated species tree 
(Fig. 9). Concerning the species tree, we observed that Pseudomonadales are not forming 
a monophyletic group, Marinobacter, Pseudohongiella, Permianibacter, and Ketobacter 
being mixed to Oceanospirillales (in the outgroup, see Supplementary data). 
Furthermore, Pseudomonas are also polyphyletic, with Entomomonas, Azotobacter, 

FIG 7 P. aeruginosa ISC is not able to replace the E. coli SUF under oxidative stress conditions. (A) The E. coli wild type (WT) and Δsuf strains carrying the 

chromosomal fusion PsoxS::lacZ were transformed with the empty plasmid pME6032 or pMEiscPA. At time zero, phenazine methosulfate (PMS, 30 µM) was added, 

and β-galactosidase activity was monitored at the indicated time points and expressed as Miller units. The dotted lines represent β-galactosidase activity of the 

same strains without PMS addiction. (B) Colony growth on LB agar, supplemented or not with PMS (50 µM) or dipyridyl (DIP, 300 µM), of the E. coli Δsuf mutant 

strain carrying the empty plasmid pME6032 or pMEiscPA. WT or Δsuf transformed with the plasmid carrying the suf operon of E. coli (pMEsufEC) were used as 

controls. For all the experiments, IPTG was added at the concentration of 100 µM. Data are the mean (±SD) or are representative of at least three independent 

assays.
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Stutzerimonas branching within Pseudomonas. The large majority of Pseudomonadales 
possesses an ISC system, with the exception of the basal lineages (P. phragmitis and 
Halopseudomonas) that have only one SUF similar to the E. coli type (SufABCDSET). A few 
organisms have an additional system: Azotobacter possess the NIF system that has been 
extensively studied in A. vinelandii (6–8) and two Pseudomonas species (P. cavernae and P. 
frederiksbergensis) have a SUF system that is similar to SUF from Terrabacteria, i.e., 
SufBCDSTU (5). This type of SUF has been likely acquired by horizontal gene transfer from 
this group. Altogether, this analysis reveals the heterogeneity of the Pseudomonadales 
clade, with all except three Pseudomonas species having selected ISC over SUF.

DISCUSSION

[Fe-S] clusters are essential and [Fe-S] cluster biogenesis machineries ISC and SUF have 
been the focus of multiple investigations in the E. coli bacterium model. Principles 
derived from these studies are that ISC and SUF share targets but operate under different 
conditions such as to insure a continuum synthesis of [Fe-S] clusters across a wide variety 
of conditions. In this regard, the human pathogen P. aeruginosa deserves specific 
attention for two reasons. First, studies in E. coli indicated that SUF is a better fit for 
oxidative stress and iron limiting conditions, as met by P. aeruginosa during its multiplica­
tion in its hosts. Yet, P. aeruginosa has only ISC. Second, a recent thorough phylogenomic 
investigation revealed that the vast majority of bacteria have only one [Fe-S] cluster 

FIG 8 Comparison of E. coli and P. aeruginosa abilities to sustain stress. Planktonic growth of the E. coli MG1655 (left graphs) and P. aeruginosa PAO1 (right graphs) 

strains in LB supplemented or not with the concentrations indicated in the graphs (expressed in μM) of (A) PQ, (B) PMS, and (C) DIP. Data are the mean (±SD) of at 

least three independent assays.
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biogenesis machinery that, in most cases, is SUF (5), again in contradiction with the 
situation observed in P. aeruginosa.

Here, we observed that the E. coli and P. aeruginosa ISC were fully exchangeable, 
i.e., both a P. aeruginosa (resp. E. coli) lacking its own ISC but expressing the E. coli 
(resp. P. aeruginosa) ISC exhibited wild type like physiological features. Such interspecies 
complementation is consistent with the molecular conservation of ISC systems and 

FIG 9 Taxonomic distribution of ISC, SUF, and NIF components in Pseudomonadales. The reference tree 

has been inferred using a concatenation of If2, RpoB, and RpoC (IQ-TREE, LG + R10, 3,573 amino-acid 

positions, 201 sequences). The group of Oceanospirillales has been collapsed and used as an outgroup 

(represented as a gray triangle). The dots on branches indicate an ultrafast bootstrap value ≥0.95. 

The scale bar indicates the average number of substitutions per site. The numbers after species name 

correspond to the NCBI taxonomic ID. The presence of proteins in proteomes is indicated by dark-colored 

squares.

Research Article mBio

Month XXXX  Volume 0  Issue 0 10.1128/mbio.01206-2413

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

3 
O

ct
ob

er
 2

02
4 

by
 1

93
.2

04
.1

67
.1

69
.

https://doi.org/10.1128/mbio.01206-24


demonstrates that ISC can catalyze [Fe-S] cluster biogenesis in phylogenetically distant 
genetic backgrounds. Importantly, P. aeruginosa lacking endogenous ISC but expressing 
E. coli ISC showed resistance to stressors such as H2O2 and, to some extent, PQ. However, 
we noticed that overproduction of ISC was necessary for such complementation, yet this 
definitively demonstrated that both systems are exchangeable under both normal and 
stress conditions.

P. aeruginosa has no stress responding SUF and, in E. coli, ISC and SUF are thought 
to be redundant in maturating the same set of cellular targets, though in different 
conditions. The question then arose of how P. aeruginosa would grow if relying on a SUF, 
rather than an ISC system. From the redundancy observed between ISC and SUF in E. coli, 
a possible expectation was that SUF would be able to substitute for ISC in P. aeruginosa. 
This prediction was met according to several biochemical, physiological, and genetic 
readouts, showing that ISC-deficient P. aeruginosa expressing E. coli SUF is viable and 
almost behaves like the wild type under normal conditions. From the alleged intrinsic 
stress-resistance character of SUF in E. coli, one would predict that SUF might endow 
P. aeruginosa with an enhanced capacity to handle oxidative stress. This prediction 
fell short, as E. coli SUF was unable to complement ISC-deficient P. aeruginosa for PQ 
sensitivity and overproduction of SUF was necessary for reaching full complementation 
for H2O2 resistance. Thus, these experiments showed that P. aeruginosa making [Fe-S] 
clusters with SUF might be less efficient in adapting to stress than when making them 
with ISC, providing an experimental rationale for the evidence that P. aeruginosa strains, 
and as a matter of fact most Pseudomonas species, retained ISC over SUF. Moreover, 
this suggested that the enhanced resistance, which SUF provides E. coli with, is not 
only due to intrinsic features of the SUF machinery but has to be appreciated within 
the context of the cellular system. Presumably, expression and maturation of heterolo­
gous protein complexes, interactions with other [Fe-S] cluster biogenesis factors acting 
downstream the SUF system, and intrinsic features of targeted substrates (such as [Fe-S] 
cluster stability) have to be put into the equation to fully predict outcome of [Fe-S] 
cluster-dependent phenotype under stress conditions. Interestingly, we found that E. coli 
SUF was much more efficient in complementing growth of ISC-deficient P. aeruginosa 
under anaerobic conditions. This suggests that P. aeruginosa may have a lower demand 
for [Fe-S] clusters when growing anaerobically or that the E. coli SUF system works better 
under low oxygen conditions in the P. aeruginosa cellular context.

The necessity to consider the whole cellular system is, furthermore, indicated by our 
experiments in E. coli as the host. We observed that the P. aeruginosa ISC system was able 
to provide ∆iscUA ∆suf E. coli with capacity to grow under normal conditions. In essence, 
this is confirmatory of the capacity of ISC systems to be exchanged, as under balanced 
growth conditions only ISC is required. In contrast, under oxidative stress conditions, 
wherein the SUF system is used by E. coli, the P. aeruginosa ISC system was unable to 
rescue E. coli lacking both ISC and SUF. This means that while when operating in its native 
cellular context, the ISC system of P. aeruginosa allows growth under stress conditions, it 
is unable to bring in along this “stress resistance” capacity into the E. coli context. This is 
perfectly symmetric to the fact that whereas in its “native” cellular context, the E. coli SUF 
system is required for “stress resistance,” it is unable to transfer this trait to P. aeruginosa. 
This indicates that the contribution of [Fe-S] cluster biogenesis system is only one of the 
many stress adaptation systems used by bacteria. As a matter of fact, a simple compari­
son of E. coli and P. aeruginosa capacities to sustain ROS and iron limitation challenges 
revealed how the latter is better armed than the former. Presumably in Pseudomonas, 
the potential weakness in having one single ISC system has been compensated by 
acquiring other adaptation devices such as ROS-detoxifying enzymes and siderophores 
to help the bacterium resist to ROS and iron limitation. It is tempting to hypothesize 
that P. aeruginosa may have evolved resistance to redox agents also because it must 
tolerate the pyocyanin it makes. We previously speculated on the structural, and possibly 
functional, relatedness between redox cycling drugs and pyocyanin export system (13).
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Since many [Fe-S] cluster-containing proteins play important roles in bacterial 
metabolism, stress response, and resistance, [Fe-S] cluster biogenesis systems are 
expected to be essential for growth and pathogenicity and, therefore, could represent 
exploitable targets for the development of new antibacterial. As expected here, we 
demonstrated that the ISC system is essential in the pathogen P. aeruginosa. This is 
consistent with several independent transposon mutagenesis projects that generally 
failed to obtain P. aeruginosa transposon mutants in isc genes (36–39). While this 
evidence supports the notion that cluster biogenesis is a potential target for antibac­
terial drug discovery, there are at least two important issues that could potentially 
hinder the development of antipseudomonal drugs targeting [Fe-S] cluster biogenesis. 
First, a homolog of the bacterial ISC system is also present in mitochondria (40). This 
implies that any potential ISC inhibitor should be accurately evaluated and developed 
to avoid or reduce the probable inherent toxicity toward eukaryotic cells. Moreover, 
in this study, we have observed that IscU depletion, which should mirror the effect of 
ISC inhibition, blocks bacterial growth without killing the cells and makes P. aeruginosa 
cells more tolerant to bactericidal antibiotics, likely due to a general inhibitory effect on 
bacterial metabolism. If this were also true for ISC inhibitors, such compounds would 
not represent a suitable therapeutic strategy for immunocompromised patients, whose 
immune system is not able to clear the infection on its own. These findings highlight the 
requirement for exhaustive genetic-phenotypic analysis of a putative antibacterial target 
before to embark on further dedicated strategies.

MATERIALS AND METHODS

Bacterial strains and growth media

Bacterial strains and plasmids used in this study are listed in Table S1. Bacteria were 
cultured in Lysogeny Broth, Lennox formulation (LB; Acumedia) for genetic manipula­
tion. Growth assays were performed in Mueller-Hinton broth (MH; Difco), LB or M9 
supplemented with glucose (0.4%), CaCl2 (100 µM), and MgSO4 (1 mM). Solid media 
contained 1.5% agar. Biofilm assays were performed in MH or Tryptic soy broth (TSB) as 
indicated. When specified, growth media were supplemented with arabinose, isopropyl-
β-D-thiogalactopyranoside (IPTG), hydrogen peroxide (H2O2), phenazine methosulfate 
(PMS), dipyridyl (DIP), and/or paraquat (PQ) at the indicated concentrations. Mevalonate 
(MVA) at 0.5 mM was added when indicated. When required, antibiotics were added 
at the following concentration for E. coli (the concentration used for P. aeruginosa are 
shown between brackets): ampicillin 100 µg/mL, kanamycin 50 µg/mL, nalidixic acid 
20 µg/mL, gentamycin 5 µg/mL, chloramphenicol 30 µg/mL (350 µg/mL), tetracycline 
12 µg/mL (50–100 µg/mL). Mevalolactone (MVL) was purchased from Sigma-Aldrich and 
resuspended in H2O at final concentrations of 1 M. To prepare MVA, an equal volume of 1 
M KOH was added to 1 M MVL and incubated at 37°C for 30 min.

Growth assays

Growth assays in liquid media were performed in 96-well microtiter plates (200 µL of 
total volume in each well) or in flasks at 37°C and vigorous shaking (200 rpm). Growth 
was measured as the optical density at 600 nm (OD600) of bacterial cultures in a Tecan 
Spark 10 M microtiter plate reader for microtiter plates or of appropriate dilutions in a 
sterile growth medium in a spectrophotometer for flask cultures. To obtain IscU-depleted 
P. aeruginosa cells for further analyses, a previously described dual-refresh culturing 
strategy in flasks was used (41). Briefly, cells were cultured overnight in the presence of 
0.5% arabinose and then refreshed at high cell density (1:20 dilution) in the absence of 
arabinose, or in the presence of 0.5% arabinose as control, cultured for 2 h and then 
refreshed again (1:30 dilution) in the same medium. IscU-depleted cells were collected as 
soon as a growth defect was observed with respect to control cultures. For experiments 
with the E. coli double-mutant ΔiscUA Δsuf, overnight cultures were prepared in the 
presence of 0.5 mM of MVA in the medium and then refreshed in the absence of MVA, 
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or in the presence of 0.5 mM of MVA as control. For growth in M9, overnight cultures 
were prepared in LB and then refreshed in M9 Glucose. Growth assays on solid media 
were performed by spotting 5 µL of serial 10-fold dilutions from bacterial suspensions 
normalized in saline at an OD600 = 1, from late-exponential cultures grown in the 
presence or in the absence of compounds indicated in the text, in MH, LB, or M9 glucose, 
as reported in the text. For anaerobic growth, agar plates were supplemented with 0.1% 
NaNO3 and incubated in a GENBox Jar 2.5 L in the presence of a GENbox anaerobic 
generator (bioMérieux, Marcy l'Etoile, France).

Generation of plasmids and recombinant strains

Recombinant DNA procedures have been described elsewhere (42). All DNA fragments 
for cloning were amplified by PCR with Pfu (Promega) or Q5 Hot Start High-Fidelity (New 
England Biolabs) DNA Polymerases, using the genomic DNA of P. aeruginosa PAO1 or of 
E. coli MG1655 as the template. Primers and restriction enzymes used for cloning are 
described in Table S2. All constructs generated in this study were verified by restriction 
analysis and DNA sequencing.

The integration-proficient construct mini-CTX1-araCParaBADiscUPA was generated by 
replacing the tolB gene in mini-CTX1-araCPBADtolB (41) with the coding sequence of 
the iscUPA gene. In this construct, the iscUPA coding sequence is cloned downstream of 
an arabinose-dependent regulatory element araC-ParaBAD optimized for P. aeruginosa by 
the modification of the ribosome-binding site (43). The deletion mutagenesis construct 
pDM4ΔiscUPA was obtained by directionally cloning two DNA regions upstream and 
downstream of the iscUPA coding sequence into pBluescript II KS+ (Stratagene), followed 
by DNA sequencing and subcloning of the entire insert encompassing the iscUPA 
upstream and downstream regions into the suicide vector pDM4 (44).

The P. aeruginosa PAO1 ΔiscU ParaiscU conditional mutant was generated using 
a previously described strategy (41). Briefly, the iscUPA coding sequence under the 
control of modified arabinose-dependent regulatory element araC-PBAD (see above) 
was integrated into the attB neutral site of the P. aeruginosa PAO1 chromosome, and 
excision of the mini-CTX1 plasmid backbone was obtained by Flp-mediated recombina­
tion as described (45). In-frame deletion of the endogenous copy of iscUPA was obtained 
under permissive condition (i.e., growth in the presence of 0.5% arabinose) using the 
sacB-based suicide construct pDM4Δ iscUPA as previously described (46).

The expressing constructs pMEiscUEC, pMEiscEC, pMEsufEC and pMEsufBCDEC, and 
pMEiscPA (Table S1) were generated by directionally cloning the PCR-amplified gene(s) or 
operon of interest, without the endogenous promoter, into the IPTG-inducible shuttle 
vector pME6032 (47), downstream of the Ptac promoter. The pME6032 derivatives 
were introduced into P. aeruginosa or E. coli strains by transformation using chemically 
competent cells.

Biofilm assays

Biofilm assays were performed as previously described (48), with few modifications. For 
the microtiter plate biofilm assay, P. aeruginosa strains were cultured overnight in MH 
supplemented with 0.5% arabinose, refreshed at an OD600 = 0.002 in fresh MH contain­
ing or not 0.5% arabinose, and dispensed in 96-well polystyrene plates (150 µL per well). 
After 24 h incubation at 37°C under static conditions, the wells were washed several 
times with distilled water. Attached cells were stained with 0.1% crystal violet (175 µL) 
at room temperature (RT) for 15 min and washed several times with distilled water to 
remove unbound dye. Biofilm-bound crystal violet was eluted in absolute ethanol (200 
µL) at RT for 15 min, and for each well, 100 µL of the resulting solution was aliquoted in 
a sterile microtiter plate. The released crystal violet was measured as OD600 in a Tecan 
Spark 10M microtiter plate reader. Triplicate independent experiments with at least three 
wells per condition were performed.
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For the flow-cell biofilm assay, biofilm flow chambers were inoculated with over­
night cultures in TSB containing 0.5% arabinose of P. aeruginosa strains constitutively 
expressing GFP from pMRP9-1 (Table S1), which were diluted at an OD600 of 0.15 in 1% 
TSB. A flow of 1% TSB (supplemented with 0.5% arabinose when required) was initiated 
after 2 h using a peristaltic pump and a flow rate of ∼10 mL/h. An upright Leica SPE TCS 
Laser Scanning Confocal Microscope (LSCM) was used to image biofilms. GFP was excited 
at 488 nm, and fluorescence emission was collected in the range of 504–530 nm. Z-stacks 
of 2D confocal images were rendered in three dimensions using Imaris (Bitplane) (49). 
Biofilm volumes were quantified using Imaris, by calculating the cumulative volume of 
each z-stack, and expressed in µm³.

Antibiotic sensitivity assay

Resistance to the growth inhibitory activity of several antibiotics was assessed by the 
Kirby-Bauer disc diffusion test. Bacterial cell suspensions in saline were normalized at 
0.5 McFarland Standard and swabbed onto MH agar plates supplemented or not with 
arabinose at the indicated concentration, using disks containing gentamicin (10 µg), 
kanamycin (30 µg), streptomycin (10 µg), tetracycline (30 µg), ciprofloxacin (5 µg), 
ceftazidime (30 µg), or imipenem (10 µg) (Becton Dickinson). Growth inhibition halo 
diameters were measured after 24 h of growth at 37°C.

For time-killing assays experiments in P. aeruginosa strains, bacterial cells were diluted 
at about 5 × 106 CFU/mL in MH in the presence or absence of different antibiotics at 1×, 
2×, or 4× MIC. Bacterial cultures were incubated at 37°C and, at different time points, 
serial dilutions were prepared in saline and plated onto MH agar plates supplemented 
with 0.5% arabinose for CFU counting. For the same experiments with E. coli strains, 
bacteria were grown overnight in LB and Tc and the morning refreshed 1/100 in LB. The 
cultures were grown to an OD600 of 0.2 (time zero; CFU ± 109) and were each split into 
two series, one with Gm 5 µg/mL, while the others were left untreated. Cultures were 
incubated at 37°C and, at different time points, 1:10 serial dilutions were prepared in 
LB and 5 µL were spotted onto LB plates. The plates were incubated overnight at 37 ˚C 
before CFU were counted.

β-Galactosidase activity

β-Galactosidase assays were carried out as previously described (50). Briefly, strains with 
hmpA and iscR promoter were refreshed 1:100 in LB supplemented with 100 µM IPTG, 
after an overnight culture, and β-galactosidase assay was performed when OD600 ±2 was 
reached. Strains with soxS promoter were refreshed 1:100 in LB after an overnight culture 
and then, after 2 h, 100 µM IPTG and 30 µM PMS have been added, and β-galactosidase 
assays were performed at different time points. Cultures without PMS were used as 
untreated controls.

Western blot analysis

Appropriate volumes of bacterial cultures or bacterial suspensions were centrifuged, 
and pellets were suspended in SDS-PAGE loading buffer (0.25 M Tris-HCl [pH 6.8], 2% 
SDS, 10% β-mercaptoethanol, 20% glycerol) for SDS-PAGE analysis of whole-cell extracts. 
Pellets from identical culture volumes were also collected to determine the cellular 
protein concentration for each sample by using the DC protein assay kit (Bio-Rad) with 
bovine serum albumin as the standard. Volumes of SDS-PAGE samples corresponding 
to 20 µg of proteins were loaded onto the gels. Proteins resolved by SDS-PAGE were 
electrotransferred onto a nitrocellulose filter (Hybond-C extra, Amersham) and probed 
for IscU, IscS, or LptC using polyclonal rabbit antibodies (51, 52) and a goat anti-rabbit 
IgG HRP-conjugated secondary antibody (Sigma-Aldrich). Filters were developed with 
ECL chemiluminescent reagents (Amersham) and visualized on a ChemiDoc XRS + 
system (Bio-Rad).
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Enzymatic assays

Bacterial cells were resuspended in 30 mM Tris/HCl (pH 8) containing 100 µg/mL 
lysozyme and lysed by sonication. Cell debris was removed by low-speed centrifugation 
(5,000 × g for 20 min), and the resulting supernatants were used to perform enzymatic 
assays. SDH and aconitase activities were measured using Succinate Dehydrogenase 
Assay Kit and the Aconitase Activity Assay Kit (Sigma-Aldrich), respectively. Fumarase A 
activity was measured as previously described (53). Enzymatic activities were normalized 
to the protein content of the corresponding cell lysates, determined with the DC protein 
assay kit (Bio-Rad), and expressed as percentage relative to the wild-type control.

Statistical analysis

Statistical analysis was performed with the software GraphPad Instat, using one-way 
analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparison tests.

Bioinformatic analysis

We downloaded 139 complete reference proteomes of Pseudomonadales available on 
NCBI Assembly in November 2023 and also gathered 62 genomes of Oceanospirillales as 
it corresponds to the sister clade of Pseudomonadales (54) (for details, see Supplementary 
data). The protein data sets of homologs of SUF, ISC, and NIF components built by 
Garcia et al. (5) were aligned using MAFFT v7.419 (auto option, 55). The alignments 
were used to build HMM profiles using hmmbuild from HMMER suite v3.2.1 (56). The 
homologs present in the database were identified using hmmsearch, and sequences 
presenting an e-value <0.01 were selected and aligned. Preliminary phylogenies were 
inferred using Fasttree v2.1.10 (LG + G4 [57]). The synteny with other components was 
mapped on trees, and the groups corresponding to the different components were 
delineated accordingly (supplementary data available on Figshare at 10.6084/m9.fig-
share.27094924). For the species tree, we used If2, RpoB, and RpoC as phylogenetic 
markers. We searched the homologs using BLASTP v2.8.1+ (58) starting from E. coli 
sequences. The sequences were aligned and trimmed using BMGE v1.12 (59), and the 
alignments were concatenated into a supermatrix. A phylogeny was inferred from the 
supermatrix using IQ-TREE v1.6.12 (60) with LG + R10 model according to the BIC criteria. 
The robustness of branches was assessed using 1,000 ultrafast bootstrap replicates. The 
species tree of Pseudomonadales was rooted using Oceanospirillales mixed with a few 
genomes annotated as Pseudomonadales as an outgroup (supplementary data available 
on Figshare at 10.6084/m9.figshare.27094924). The distribution of SUF, ISC, and NIF 
components was then mapped on the tree using iTOL (61).
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