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Abstract

:

Siderophores are iron-chelating low-molecular-weight compounds that bind iron (Fe3+) with a high affinity for transport into the cell. The newly isolated strain Streptomyces tricolor HM10 secretes a pattern of secondary metabolites. Siderophore molecules are the representatives of such secondary metabolites. S. tricolor HM10 produces catechol, hydroxamate, and carboxylate types of siderophores. Under 20 μM FeCl3 conditions, S. tricolor HM10 produced up to 6.00 µg/mL of catechol siderophore equivalent of 2,3-DHBA (2,3-dihydroxybenzoic acid) after 4 days from incubation. In silico analysis of the S. tricolor HM10 genome revealed three proposed pathways for siderophore biosynthesis. The first pathway, consisting of five genes, predicted the production of catechol-type siderophore similar to petrobactin from Bacillus anthracis str. Ames. The second proposed pathway, consisting of eight genes, is expected to produce a hydroxamate-type siderophore similar to desferrioxamine B/E from Streptomyces sp. ID38640, S. griseus NBRC 13350, and/or S. coelicolor A3(2). The third pathway exhibited a pattern identical to the carboxylate xanthoferrin siderophore from Xanthomonas oryzae. Thus, Streptomyces strain HM10 could produce three different types of siderophore, which could be an incentive to use it as a new source for siderophore production in plant growth-promoting, environmental bioremediation, and drug delivery strategy.
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1. Introduction


On the planet Earth, the atmosphere is very rich in oxygen. Under exposure to this oxygen-rich state, the free ferrous iron (Fe2+) oxidizes to the insoluble ferric iron (Fe3+), reducing the bioavailability of ferric iron. Microorganisms growing in an aerobic environment require iron for many cellular enzymes as cofactors. These primary and secondary metabolic enzymes provide various cellular functions such as DNA replication, reduction of oxygen to generate PMF (proton motive force), and subsequent synthesis of ATP, protecting the cell from oxidative stress and other essential purposes [1,2,3,4]. In an iron-deficient environment, microorganisms acquire iron by producing iron-chelating low-molecular-weight (between 500 and 2000 daltons) compounds called siderophores. Siderophores chelate iron (Fe3+) with high affinity and form a ferric–siderophore complex outside the cell that is imported into the bacterial cytosol through transporters in the extracellular membrane [1,2,4]. Siderophores are generally categorized based on the functional group involved in iron chelating. This active group could be catecholate, hydroxycarboxylate, or hydroxamate [5,6]. Catechol-type chelates Fe3+ via hydroxyl groups of catechol rings, and the compound 2,3-dihydroxybenzoic acid (DHBA) is considered its precursor (i.e., petrobactin from Bacillus anthracis, enterobactin from E. coli, and Pseudomonas aeruginosa) [7,8]. Hydroxamate-type siderophores bind with iron through a carboxyl group that is attached to adjacent nitrogen atoms of thiazoline and oxazoline rings (i.e., desferrioxamine B/E from Streptomyces griseus and/or S. coelicolor A3(2) and ferrichrome from Ustilago sphaerogena) [5,9,10]. In the hydroxycarboxylate type, siderophores utilize the N-hydroxyl group with an oxygen atom to bind with Fe3+ (i.e., staphyloferrin A and B from Staphylococci) [11]. The fourth group with combinations from the above types has also been identified and named “mixed type” [12].



In bacteria, two main pathways for siderophore biosynthesis have been identified [1,13,14,15]. The first pathway utilizes both multienzymes, nonribosomal peptide synthetase (NRPS), and polyketide synthases (PKSsas) and is identified in Streptomyces scabies 87.22 [4]. The second pathway uses NRPS-independent siderophore (NIS) synthetases. Furthermore, the ferric–siderophore complex requires outer membrane receptor protein (i.e., the ferrichrome transporter, FepA) [16]. A periplasmic-binding protein shuttles the Fe3+–siderophore complex to the ABC-type transporter in the cell’s inner membrane through ATP hydrolysis [17].



Siderophores have wide applications and are utilized in multiple fields, including agriculture, pharmacy, medicine, and environmental applications [18,19,20,21,22,23,24]. In agriculture and the environment, siderophores increase the growth and yield of various plants, woods, and textiles through the improvement in iron acquisition [24,25,26]. Moreover, hydroxamate-type siderophore plays an important role in immobilizing the metals in soil [22,27]. In biocontrol, siderophores are considered a growth inhibitor for various phytopathogenic fungi and toxic algal blooms [22,28]. In the medicinal applications and iron-overload diseases (hemosiderosis, ß-thalassemia, hemochromatosis, and accidental iron poisoning), there is a requirement to remove iron from the body that can be treated with siderophore-based drugs. The hydroxamate-based siderophore (desferrioxamine B), which is isolated from Streptomyces pilosus, was used for the first time in the treatment of iron overload (1960) [21,29]. The iron-conveying ability of siderophore is used to deliver drugs. The drug delivery occurred in cells by forming conjugates among antimicrobials such as albomycins and siderophores [20,22,30,31]. Siderophores have potential use as iron chelators in treating cancers, e.g., dexrazoxane, desferriexochelins, desferrithiocin, and O-trensox [32,33].



Furthermore, siderophores can be utilized to rescue non-transferrin-bound iron in the blood serum. Since siderophores produced by Klebsiella pneumoniae can act as an antimalarial agent, siderophores have been used to treat malaria caused by Plasmodium falciparum [33,34]. The bacteria, Streptomyces, produce a wide variety of siderophore types (i.e., hydroxamate-type siderophores [35,36,37,38], catechol-type siderophores [39,40], hydroxycarboxylate-type siderophores [41]). The present work aimed to (i) characterize the siderophore production in S. tricolor HM10 isolated from Qassim, Saudi Arabia; (ii) determine the siderophore types produced by the mentioned strain; (iii) identify the proposed pathways involved in each type of production; and (iv) identify the probability of using strain HM10 as a new source for siderophore production.




2. Materials and Methods


2.1. Media and Growth Condition


Streptomyces tricolor HM10 (Accession: MN527236) [42] was selected for the current study. For regular growth and maintenance, Tryptic Soy Agar/broth (TSA/B) medium (ingredients (g/l), peptic digest of soybean meal, 5.0; sodium chloride, 5.0; agar, 15.0; pH 7.5) was used for hyphae production. Glucose soyabean meal agar (GSA) (soybean meal, 10.0; glucose, 10.0; CaCO3, 1.0; NaCl, 10.0; agar, 15 (g/l) and pH adjusted to 7.0) was applied for sporulation. King’s medium B base comprising (g/l) peptone, 20.0; K2HPO4, 1.50; MgSO4.7H2O, 1.50; agar, 15.0; pH 7.2) was used for siderophore detection and production at 28 °C.




2.2. Detection of Siderophore Production


The universal chemical assay (Chrome Azurol S, CAS assay) was applied to detect siderophore production in S. tricolor HM10 [43]. CAS was prepared by dissolving 60.5 mg from chrome azurol S in 50 mL dH2O, and 72.9 mg from hexadecyltrimethyl ammonium bromide (HDTMA) was dissolved in 40 mL ddH2O and added to 10 mL Fe3+ solution (162 mg from FeCl3 in 83.3 µL/HCL in 100 mL ddH2O). The mixed solution (coming from the addition of HDTMA slowly to CAS with the formation of a dark blue color) was then autoclaved. The autoclaved King’s medium and CAS indicator solution were mixed together after cooling to 50 °C with a 9:1 ratio and poured into sterile Petri dishes. In the liquid medium, siderophore detection was achieved in response to iron concentrations (0, 0.5, and 20 µM).




2.3. Catechol-Type Siderophore


To detect the catechol-type siderophore, Arnow’s assay was performed. Briefly, 1 mL culture supernatant/uninoculated medium, 1 mL HCl (0.5 M), 1 mL nitrite-molybdate reagent (NaNO2, 10 g and Na2MoO4, 10 g dissolved in 100 mL ddH2O), and 1 mL NaOH (1 M) were mixed. Catechol siderophore’s presence is indicated by pink color formation, whereas the control remains colorless [44]. Absorbance was measured at 500 nm (EPOCH2TS, BioTek, Winooski, VT, USA).




2.4. Hydroxamate-Type Siderophore


The culture supernatant was subjected to Atkin’s assay for hydroxamate-type siderophores detection. The assay was performed by combining the following components: 0.5 mL from culture/uninoculated medium and 2.5 mL from Atkin’s reagent (0.1771 g Fe(CIO4)3 in 100 mL ddH2O containing 1.43 mL HClO4 [45]. The reaction was incubated at room temperature for 5 min for full color development. Absorbance at 480 nm was recorded with an EPOCH2TS plate reader (BioTek, Winooski, VT, USA).




2.5. Carboxylate-Type Siderophore


The presence of carboxylate siderophore was detected by spectrophotometric assay with minor modification [46]. Briefly, 50 µL from culture supernatant/uninoculated medium, 50 µL from CuSO4 (250 µM), and 100 µL from acetate buffer (pH 4) were mixed. The absorption peak was monitored in the 200–280-nm wavelength range.




2.6. Growth Pattern and Siderophore Production


In response to iron concentrations, growth was performed for the optimal condition to maximize the catechol-, hydroximate-, and carboxylate-type siderophore production. A fresh seed culture of S. tricolor HM10 was inoculated onto King’s medium at 28 °C for 4 days on a rotary shaker at 170 rpm. Samples for siderophore quantification were taken at different incubation times (days, 0, 1, 2, 3, and 4) in response to different concentrations of FeCl3 (0, 0.5, 1, 5, and 20 µM). Samples were centrifuged at 10,000 rpm for 5 min, and culture filtrates were used to detect siderophore production by Arnow’s and Atkin’s assays. A standard curve was generated by a known concentration of 2,3-dihydroxybenzoic acid (2,3-DHBA).




2.7. Whole-Genome Sequencing


DNA was extracted from S. tricolor HM10 via the CTAB method [47]. The purity of isolated DNA was tested by a NanoDrop spectrophotometer (1000) and QubitTM assay (Life Technologies, Carlsbad, CA, USA). The whole genome was sequenced by Oxford Nanopore technology (Department of Molecular, Cellular, and Biomedical sciences, University of New Hampshire, Durham, NH, USA), assembled (using the EPI2ME Labs platform employing Flye version FLYE 2.8.1-b1676 [48] For assembly, Racon version v1.4.16 for a first-step polishing, followed by a second polishing step using Medaka version 1.5.0) and annotated by NCBI, and given the accession number JAJREA000000000 (https://www.ncbi.nlm.nih.gov/nuccore/JAJREA000000000 (accessed on 16 December 2021) [49]. The statistics of the sequenced genome are presented in Table S1.




2.8. Genome Sequence Analysis of Siderophore Pathways


An in silico analysis of the genome was performed to identify siderophore production pathways and other secondary metabolites and natural compounds. We used blast search at NCBI (https://www.ncbi.nlm.nih.gov/ (accessed on 20 April 2022)), antiSMASH online software [50], Pfam: the protein families database [51], and the Minimum Information about a Biosynthetic Gene cluster (MIBiG) [52].




2.9. Phylogenetic Tree Construction


For molecular phylogenetic tree construction, the amino acid sequences of IucA/IucC family protein from the S. tricolor strain HM10 were aligned with homologous protein sequences recovered from the GenBank database and other similar proteins published in the literature via ClustalW in MEGA11 software [53]. The following parameters were applied in tree construction: Maximum likelihood as a statistical method, Jones–Taylor–Thornton (JTT) model, and nearest-neighbor-interchange (NNI) as an ML heuristic method with 1000 bootstrap replicates [53].




2.10. Statistical Analysis


All data in siderophore production were presented as mean ± standard deviation of the mean using the Student’s t-test. The statistical significance of the differences between treatments was determined using two-way ANOVA and Tukey’s post hoc test (p < 0.0001) in STATISTICA for Windows (StatSoft 2005) [54]. To measure the significant differences between four days of incubation and iron concentrations, the LSD values were calculated to obtain direct comparisons among treatments’ means.





3. Results


3.1. Siderophore Detection in Solid and Liquid Medium


For the initial detection of siderophore production, S. tricolor HM10 was grown on King’s B agar medium supplemented with CAS under low-iron conditions (without the addition of any external iron) for 48 h at 28 °C. A color change around the bacterial inoculum with an orange halo pointed to siderophore production (Figure 1I). In fermented broth, supernatants were collected from cultures growing for 48 h with 0, 0.5, and 20 µM from FeCl3 by centrifugation, and 120 µL was added to the wells in the prepared CAS plates. A color change was observed in the form of an orange halo around the wells, approximately 22 mm in diameter. In contrast, no color change was exhibited around the well containing the uninoculated medium (Figure 1II).




3.2. Chemical and Production Characterization of Siderophore


To detect the chemical type of siderophore produced by the S. tricolor strain HM10, Arnow’s and Atkin’s assays were applied for the catechol and hydroxamate types of siderophore, respectively. The supernatant of the culture broth grown for 48 h with no added iron was subjected to both assays against the uninoculated medium control. A pink/red color developed in the case of Arnow’s assay with the culture broth supernatant, indicating catechol-type siderophore production (Figure 2A(I,II)). In contrast, a wine (faint) color was observed in the Atkin’s assay, pointing to the production of hydroxamate-type siderophore in comparison with the uninoculated medium (Figure 2A(III,IV)).



In the Arnow analysis, a standard curve for siderophore production was generated during the growth curve with a known concentration of 2,3-DHBA. Samples were collected from cultures grown for four days with different iron concentrations. The tested samples indicated that the highest catechol-type siderophore production was achieved after 4 days at 5.45 and 6.00 µg/mL equivalent of 2,3-DHBA at 5 and 20 μM iron, respectively. In contrast, the production under 0, 0.5, and 1 µM iron stayed almost constant during the entire growth period (Figure 2B). The production of hydroximate siderophore continued to increase with an elongated incubation time, and the highest production was measured on day 4 under 5 and 20 µM iron (Figure 2C). Carboxylate siderophore production increased gradually under 0.5 and 1 µM FeCl3 and reached a peak on day 4 while the production under 5 and 20 µM iron increased in the beginning (days 1 and 2) and dropped off on day 4 (Figure 2D). Based on the statistical significance of the differences between treatments, two-way ANOVA determined that no significant differences were detected along with incubation time.




3.3. Genome Analysis for Siderophores Pathways


In silico analysis of the S. tricolor HM10 genome revealed three different possible pathways for siderophore production. One pathway predicted catechol siderophore biosynthesis, the second pathway predicted hydroximate siderophore production, and the third pathway predicted carboxylate siderophore biosynthesis.



3.3.1. Catechol-Type Siderophore Pathway


The proposed catechol pathway is closely related to the petrobactin siderophore pathway found in Bacillus anthracis str. Ames when compared at MIBiG (Figure 3A). This pathway contains 5 genes 4717 bp in length on contig 28.1 with up to 85% similarity to those found in Streptomyces sp. BK340 by ClusterBlast (Figure S1). The first gene is predicted to encode an acetyltransferase (LT493_17645), which is hypothesized to acetylate hydroxyornithine to produce acetylated-hydroxyornithine or hydromevalonyl-hydroxyornithine, and the second gene produces a ferric iron reductase FhuF-like transporter (LT493_17650) that liberates iron from the Fe3+–siderophore complex through the reduction process. The third gene is predicted to encode the siderophore biosynthetic protein (IucA/IucC family protein, LT493_17655), which consists of three domains: (i) a peptidyl carrier protein (thiolation), (ii) an adenylation, and (iii) condensation domains. This enzyme is responsible for the assembly of a wide array of amino, carboxy, and hydroxy acids in variable combinations to produce variety polypeptides. Moreover, the fourth gene encodes an iron transport protein (LT493_17660). The fifth gene product is predicted to be a diaminobutyrate-2-oxoglutarate transaminase family protein with transaminase activity (LT493_17665), which is proposed to convert aspartate to 2,4-diaminobutyrate, transferring the amino group from glutamate (Figure 3B).




3.3.2. Hydroximate-Type Siderophore Pathway


In the continued analysis of the entire genome, a hydroximate siderophore pathway was found in contig_10.2 with an 8775-bp DNA length. The proposed pathway contains eight genes predicted to produce siderophore closely related to desferrioxamine B/E found in Streptomyces sp. ID38640, S. griseus NBRC 13350, and/or S. coelicolor A3(2) (Figure 4A). The similarity between this pathway and those found in S. coelicolor A3(2) and S. griseus NBRC 13,350 reached 83% and 100%, respectively (Figure S2), when compared with KnownClusterBlast at MIBiG. The entire pathway contains the following genes: (1) a siderophore-interacting protein (LT493_03445) with ferric reductase activity and proposed to catalyze the release of iron from iron–siderophore complex; (2) a lysine decarboxylase (LT493_03450, desA) that is hypothesized to decarboxylate L-lysine (lysine is a precursor for desferrioxamine siderophore biosynthesis) to 1,5-pentanediamine (cadaverine); (3) a lysine N(6)-hydroxylase/L-ornithine N(5)-oxygenase family protein (LT493_03455, desB) that N-hydroxylates cadaverine to produce N-hydroxycadaverine; (4) an acetyltransferase (LT493_03460, desC) that is proposed to N-acylate the N-hydroxycadaverine to produce N-hydroxy-N-succinylcadaverine or N-hydroxy-N-acetylcadaverine; (5) an IucA/IucC family protein (LT493_03465, desD) or ATP-dependent siderophore synthetase, which is proposed to produce desferrioxamine E/B siderophore (ferrioxamine B is derived from two units of N-succinyl-N-hydroxycadaverine and one of N-acetyl-N-hydroxycadaverine while three molecules of N-hydroxy-N-succinylcadaverine convert into desferrioxamine E); (6) a ferric iron reductase FhuF-like transporter (LT493_03470), which is suggested to be involved in iron release from the hydroxamate-type siderophore in the cytoplasm; and (7) a beta-N-acetylhexosaminidase (LT493_03475, desF) with hydrolase activity that is proposed to release iron from ferric-siderophore and (8) DUF4429 domain-containing protein (LT493_03480) with an unknown function (Figure 4B).




3.3.3. Carboxylate-Type Siderophore Pathway


The third predicted pathway is involved in carboxylate siderophore biosynthesis. This pathway exists in contig_52.1 with nucleotides 11,052 bp in size. The proposed pathway showed similarity with the xanthoferrin siderophore found in Xanthomonas oryzae pv. Oryzae KACC 10331 (Figure 5A). In ClusterBlast, the most closely related pathway found in S. griseoruber DSM 40281 with similarity reached 81% (Figure S3). The proposed pathway contains seven genes that are predicted to encode the following: (1) a pyridoxal phosphate-dependent aminotransferase (LT493_32205) predicted to transfer an amino group to the siderophore precursor and produce amine substrate; (2) a transcriptional regulator (LT493_32210), which is hypothesized to control siderophore biosynthesis; (3) a VWA domain-containing protein (LT493_32220) with an unknown function; (4) an IucA/IucC family siderophore biosynthesis protein (LT493_32225) predicted to catalyze amide bond formation between an amine substrate and citric acid (monoamide or monoester derivatives) as a source for carboxylate siderophore; (5) IucA/IucC family siderophore biosynthesis protein and ferric iron reductase FhuF-like transporter (LT493_32230), hypothesized to condense different units (from the previous product or mix with other derivatives) based on the final siderophore product while FhuF will act in iron release from siderophore; (6) an Rdx family protein (family of selenoproteins) (LT493_32240) with oxidoreductase function possibility; and (7) nucleotidyltransferase family protein (LT493_32250) with an unknown function in siderophore biosynthesis (Figure 5B).





3.4. Phylogenetic Analysis


The phylogenetic tree (Figure 6) represents the relationship between IucA/IucC family protein from the proposed catechol pathway in S. tricolor HM10 and isochorismate synthase genes (the proposed SidC gene) in identified catechol pathways in other bacteria. The IucA/IucC family protein showed an identity of 74% and positivity of 76% when compared to iron transporter (RhbC) from the type strains S. tricolor and Streptomyces sp. FBKL.4005 (WP_094373031). In the proposed hydroximate pathway, the IucA/IucC family protein is separated into one clade with related proteins from Streptomyces (Gram-positive). In contrast, the similar protein from Gram-negative bacteria (Vibrio mimicus, Pantoea ananatis, Shigella boydii, and Escherichia coli K-12) separated into a second clade (Figure 7).



The IucA/IucC family protein from S. tricolor HM10 exhibited 91% and 92% identities and positives, respectively, with the IucA/IucC family siderophore biosynthesis protein from S. dioscori and S. aurantiacus. In the case of the carboxylate siderophore pathway, the IucA/IucC family protein from S. tricolor HM10 was closely related to a similar protein in Streptomyces sp. FBKL 4005 (Figure 8).





4. Discussion


Siderophores are small and low-molecular-weight metabolites with high affinity to chelate the ferric iron. A variety of microorganisms such as Streptomyces widely produce these secondary metabolites. Streptomyces are numerous soil microbes, widely distributed, and an excellent source of secondary metabolites and bioactive compounds such as antibiotics, siderophores, and extracellular enzymes [55]. The Streptomyces genus can produce a wide variety of siderophore types, and a specific strain can produce more than one siderophore compound [35,38,56].



S. tricolor HM10 produces three different types of siderophores. It can produce a catechol-type siderophore with up to 6 µg/mL equivalent of 2,3-DHBA. Moreover, hydroxamate and carboxylate types are produced by the same strain. Ferreira et al. [57] reported that five strains (Rhizobium radiobacter, Bacillus megaterium, Azotobacter vinelandii, Bacillus subtilis, and Pantoea allii) could produce the maximum siderophore amount (80–140 µmol L−1) after 24–48 h, except A. vinelandii, which produced the same amount after 72 h. The amount of hydroxamate siderophore produced was 18.18 mg/L in Pseudomonas aeruginosa FP6 [58], whereas Gull and Hafeez (2012) [59] reported 15.5 μg/mL of hydroxamate siderophore in Pseudomonas fluorescens Mst 8.2. S. tricolor HM10 produced the hydroximate type with absorbance reaching 0.062 at 480 nm and 0.13 of the carboxylate type when the absorbance was measured in the 200–280-nm range. Using the CAS assay, Rondon et al. [60] measured siderophore production by Agrobacterium tumefaciens C58. The absorbance at OD590 reached 0.6 in wild-type culture. Similar results were detected in catechol production by Rhizobium leguminosarum strain IARI 312 grown in a modified Fiss minimal medium (0.6 at OD500) [61]. The standard curve by Sumei et al. [62] indicated that 0.43 at OD520 reflected the presence of 6 µg/mL from hydroxamate-type siderophores. Furthermore, Rhizobium strain 22 produced the hydroxamate siderophore in a Fiss-glucose medium (0.2 at OD480) [63]. In the case of the catechol siderophore, S. tricolor strain HM10 produced a lower amount (6 µg/mL) compared to the previous mentioned organisms. When compared to other mentioned microbes, S. tricolor HM10 also exhibited a lower absorbance, reflecting less production of hydroximate and carboxylate siderophores. Otherwise, strain HM10 was distinguished by the production of three different siderophore-types (catechol, hydroximate, and carboxylate).



In S. coelicolor A3(2) and S. ambofaciens ATCC 23877, the three tris-hydroxamate iron-chelators desferrioxamine B, E, and coelichelin have been reported to be produced by des and cch clusters. Sequence analyses of both clusters suggested that ferric–siderophore uptake systems are also encoded by each cluster [64,65]. Furthermore, S. viridosporus produces two different siderophores: desferrioxamine B (the linear siderophore) and desferrioxamine E (the cyclic one), whereas the linear desferrioxamine G considers the major product form of S. coelicolor and S. lividans [36]. The familiar desferrioxamine siderophore is produced by both S. chartreusis and S. atratus SCSIOZH16.



The genome analysis of S. tricolor HM10 revealed three possible pathways related to siderophore production. The catechol pathway comprises five genes that encode acetyltransferase, iron transporter, IucA/IucC family protein, ferric iron reductase FhuF, and aminotransferase. N-acetyltransferase enzyme-implicated iron acquisition occurs in Pseudomonas cichorii strain SPC9018 [66]. In Pseudomonas aeruginosa PAO1, aminotransferase catalyzes the aminotransferase reaction by converting aspartate β-semialdehyde and l-2,4-diaminobutyrate during pyoverdine siderophore biosynthesis [67]. IucA and IucC are non-ribosomal peptide synthetase (NRPS)-independent or -dependent enzymes. These enzymes have ligase activity, which activates and assembles a broad range of amino, carboxy, and hydroxy acids, resulting in high structural macrocyclic products [22,28]. Furthermore, hydroxamate and carboxylate siderophores are assembled by NRPS-independent mechanisms. FhuF, a ferric siderophore reductase (FSR), is involved in iron release from the siderophore inside the cell as described in E. coli. Otherwise, siderophore-interacting proteins (SIPs) perform the same process [68].



The asbABCDEF gene cluster from Bacillus anthracis is located in a single operon and is responsible for the biosynthesis of catecholate siderophore petrobactin, which involves iron acquisition and virulence in the murine model of anthrax. A combination of AsbCDEF condenses spermidine and 3,4-dihydroxybenzoic acid. AsbF (3-dehydroshikimate dehydratase) converts 3-dehydroshikimate into 3,4-dihydroxybenzoic acid (DHB). AsbE (petrobactin synthase) functions in condensing 3,4-dihydroxybenzoyl-AsbD with spermidine to yield 3,4-dihydroxybenzoyl-spermidine citrate for petrobactin assembly. Furthermore, AsbC (3,4-dihydroxybenzoic acid-AMP ligase) considers the main component in the biosynthesis of DHB-spermidine (DHB-SP), whereas AsbB (3,4-dihydroxybenzoyl-citryl-spermidine: spermidine ligase) catalyzes the condensation of the second molecule from 3,4-dihydroxybenzoyl spermidine with 3,4-dihydroxybenzoyl spermidinyl citrate to form the mature siderophore. AsbA (spermidine-citrate ligase) performs condensation of 3,4-dihydroxybenzoyl spermidine with citrate to form 3,4-dihydroxybenzoyl spermidinyl citrate [69,70,71,72,73,74,75,76]. When compared with catechol siderophore by S. tricolor HM10, the presented petrobactin pathway shows broad differences. Strain HM10 is predicted to have acetyltransferase and aminotransferase enzymes that are missing in the petrobactin pathway, thus supporting the idea of a new catechol siderophore molecule. Based on bioinformatic analysis, petrobactin is the most closely related siderophore to the catechol type, with a similarity score of 0.17 on the MIBiG website. This value means there is a high probability of new siderophore biosynthesis from strain HM10.



The proposed hydroximate pathway in S. tricolor HM10 involves eight genes that encode a siderophore-interacting protein, lysine decarboxylase, lysine N(6)-hydroxylase/L-ornithine N(5)-oxygenase family protein, acetyltransferase, IucA/IucC family protein, ferric iron reductase FhuF-like transporter, beta-N-acetylhexosaminidase, and DUF4429 domain-containing protein. In S. coelicolor A3 (2), the hydroxamate siderophore desferrioxamine B/E pathways consist of clusters containing four genes (desA-desD). The desired pathway can be summarized: DesA (pyridoxal-dependent decarboxylase), which decarboxylates L-lysine to produce cadaverine; DesB (monooxygenase) oxidizes cadaverine to yield N-hydroxycadaverine; DesC (acyl-CoA-dependent acyltransferase) adds an acetyl group (succinyl group in the case of desferrioxamine E) to N-hydroxycadaverine, resulting in the N-acetyl-N-hydroxycadaverine (N-hydroxy-N-succinylcadaverine in the case of desferrioxamine E); and DesD (desferrioxamine biosynthesis protein) catalyzes the final NTP-dependent reaction between two molecules of N-hydroxy-N-succinylcadaverine and N-acetyl-N-hydroxycadaverine to produce desferrioxamine B (converts three molecules of N-hydroxy-N-succinylcadaverine into desferrioxamine E). The same desferrioxamine pathway was identified in some Streptomyces strains, (i.e., Streptomyces avermitilis K139, S. sviceus, S. atratus SCSIOZH16, and S. pristinaespiralis HCCB10218) [10,77,78,79,80].



From a comparison between the desferrioxamine B/E pathway in S. tricolor HM10 and other bacteria, we conclude that the entire gene cluster exists in the HM10 genome except for the desF gene (siderophore-binding protein), which may be located in another position in the genome. Furthermore, two genes for ferric reductases (siderophore-interacting protein and ferric iron reductase FhuF-like transporter) present in the proposed pathway are in the HM10 genome.



The third pathway has seven coding genes that produce pyridoxal phosphate-dependent aminotransferase, transcriptional regulator, VWA domain-containing protein, IucA/IucC family siderophore biosynthesis protein, IucA/IucC family siderophore biosynthesis protein, ferric iron reductase FhuF-like transporter, Rdx family protein, and nucleotidyltransferase family protein. The carboxylate-type siderophores are formed in various organisms. Rhizopus microspores produce Rhizoferrin [81,82] while Xanthoferrin is synthesized in Xanthomonas campestris pv. campestris and Xanthomonas oryzae pv. oryzae [83,84]. Furthermore, Vibrioferrin has been extracted from Vibrio parahaemolyticus [85]. Based on in silico analysis, the similarity between the identified carboxylate siderophore pathway in strain HM10 and the xanthoferrin pathway in Xanthomonas oryzae reached a score of 0.27 on the MIBiG website. Furthermore, some genes in the identified pathway are absent when compared with the xanthoferrin pathway (i.e., diaminopimelate decarboxylase and 4-hydroxy-2-oxovalerate aldolase) whereas other genes are extra (i.e., pyridoxal phosphate-dependent aminotransferase). This low similarity reflects the possibility of a new carboxylate siderophore.



Siderophores have great importance in many fields. In microbial ecology, siderophores enhance the growth of microorganisms in natural and artificial media and alter the microbial community [19]. In agriculture, siderophores promote plant growth since microbial siderophores might be considered an efficient iron source for plants [86,87]. Siderophores play a significant role in the biological control mechanism against certain phytopathogens via tightly binding with iron and reducing iron that is bioavailable for the plant pathogens, thus killing them [18]. Furthermore, siderophores enhance the bioremediation of heavy metals by detoxifying samples with heavy metal contamination by binding with a wide range of toxic metals, such as Cr3+, Al3+, Cu2+, Eu3+, and Pb2+ [19,88]. Siderophores as medicine can be used in a trojan horse strategy to deliver antibiotics to antibiotic-resistant bacteria [89], as an antimalarial agent against Plasmodium falciparum [90], and in cancer therapy since desferrioxamines were used to significantly decrease the growth of aggressive tumors in patients with neuroblastoma or leukemia [91].




5. Conclusions


Siderophores are secondary metabolites produced by various microorganisms, plants, and animals. Streptomyces produce a wide range of secondary metabolites, such as siderophores. The newly isolated strain S. tricolor HM10 exhibited a diverse production of siderophores types. It produced three different siderophore types: catechol, hydroximate, and carboxylate types. The proposed pathways related to the three types were identified based on complete genome analysis with bioinformatics tools after sequencing. The new strain is considered a promising source for siderophore production with the probability of identifying a new siderophore structure.
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Figure 1. Siderophore production by S. tricolor HM10 on King’s B solid medium (I) and liquid medium (II) was detected by the orange halo around wells. (A) Media control, (B) 0 µM FeCl3, (C) 0.5 µM FeCl3, and (D) 20 µM FeCl3. 
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Figure 2. (A) Arnow’s and Atkin’s assays for catechol- and hydroximate-type siderophore detection. (I and III) indicate no color detection with the uninoculated culture; (II) shows a catechol-type siderophore with a positive color (pink color). In contrast, (IV) indicates hydroximate-type siderophores in culture inoculated with S. tricolor HM10 for 48 h. (B–D) Time course production of siderophores in response to iron. (B) Production of catechol-type siderophore, (C) production of hydroximate-type siderophore, and (D) production of carboxylate-type siderophore. Results are produced from three replicates (n = 3), a,b,c,d,e,f,g: Bars not sharing similar letters are significantly different (p > 0.05). 
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Figure 3. (A) The comparison between the proposed catechol-type siderophore gene cluster (dark red gene) in S. tricolor HM10 and the identified catecholate petrobactin siderophore pathway in Bacillus anthracis str. Ames with a similarity score of 0.17 on the MIBiG website. (B) The proposed gene cluster for the catechol-type siderophore in S. tricolor HM10 was identified based on the Pfam website. (I) The siderophore pathway located in contig_28.1 from the genome sequence; (II) genes involved in siderophore production: A, acetyltransferase; B, Ferric iron reductase FhuF; C, IucA/IucC family protein; D, iron transporter; and E, aminotransferase. 
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Figure 4. (A) The comparison between the proposed hydroximate-type siderophore gene cluster (dark red and orange genes) in S. tricolor HM10 and the identified hydroximate desferrioxamine B/E siderophore from Streptomyces sp. ID38640 and S. griseus, with similarity scores of 0.51 and 0.47, respectively, on the MIBiG website. (B) The proposed hydroximate gene cluster in S. tricolor HM10 was identified based on the Pfam website. (I) Siderophore gene cluster in contig_10.2 from the genome sequence; (II) genes involved in siderophore biosynthesis: A, siderophore-interacting protein; B, lysine decarboxylase; C, lysine N(6)-hydroxylase/L-ornithine N(5)-oxygenase family protein; D, acetyltransferase; E, IucA/IucC family protein; F, ferric iron reductase FhuF-like transporter; G, beta-N-acetylhexosaminidase; and H, DUF4429 domain-containing protein. 
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Figure 5. (A) The comparison between the proposed carboxylate-type siderophore gene cluster (dark red gene) in S. tricolor HM10 and the proposed identified xanthoferrin siderophore pathway in Xanthomonas oryzae with a similarity score of 0.27 on the MIBiG website. (B) The proposed carboxylate gene cluster in S. tricolor HM10 was determined based on the Pfam website. (I) Siderophore gene cluster in contig_52.1 from the genome sequence; (II) genes involved in siderophore biosynthesis: A, pyridoxal phosphate-dependent aminotransferase; B, transcriptional regulator; C, VWA domain-containing protein; D, IucA/IucC family siderophore biosynthesis protein; E, IucA/IucC family siderophore biosynthesis protein and ferric iron reductase FhuF-like transporter; F, Rdx family protein (LT493_32240); and G, nucleotidyltransferase family protein. 
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Figure 6. Constructed phylogenetic tree of the proposed IucA/IucC family protein in the S. tricolor HM10 catechol pathway with 12 protein sequences from other bacteria. The dendrogram was generated by the maximum likelihood, Jones–Taylor–Thornton (JTT) model, and nearest-neighbor-interchange (NNI) with 1000 bootstrap replicates (see the Methods section). The accession numbers of the SidC FASTA sequences are given. 
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Figure 7. Molecular phylogenetic analysis of IucA/IucC family protein in the hydroximate pathway compared with eight protein sequences from other bacteria. The dendrogram was generated by the maximum likelihood, Jones–Taylor–Thornton (JTT) model, and nearest-neighbor-interchange (NNI) with 1000 bootstrap replicates (see the Methods section). The accession numbers of the SidC FASTA sequences are given. 
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Figure 8. Molecular phylogenetic analysis of IucA/IucC family protein in the carboxylate pathway compared with seven protein sequences from other bacteria. The dendrogram was generated by the maximum likelihood, Jones–Taylor–Thornton (JTT) model, and nearest-neighbor-interchange (NNI) with 1000 bootstrap replicates (see the Methods section). The accession numbers of the SidC FASTA sequences are given. 
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