Microbial Iron Acquisition in Cowpea Rhizosphere: A Gateway to Horticultural Advancement
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Abstract 
Nutrient acquisition is fundamental to the growth and productivity of cowpea (Vigna unguiculata), yet essential nutrients such as phosphorus and iron frequently occur in soil in forms that are not readily accessible to plants. The reliance on synthetic fertilizers to overcome these limitations poses environmental and health concerns, highlighting the need for sustainable alternatives. This study investigated the functional potential and seasonal dynamics of cowpea rhizosphere microbial communities capable of transforming inorganic phosphorus and iron into plant-available forms. A culture-independent approach employing shotgun high-throughput sequencing and in-silico analysis was used to identify genes associated with nutrient metabolism. Functional annotation revealed several genes and open reading frames (ORFs) encoding putative proteins involved in iron acquisition, transport, and regulation. Notably, fhuA and AHA_1953 genes encoding ferrichrome-iron receptor proteins responsible for siderophore-mediated transmembrane transport and iron ion homeostasis were identified. Additionally, ferric uptake regulatory genes (Fur) and related ORFs (b0683, JW0669, PA4764, VAA_03429, and VP0833) associated with ferrous iron binding and siderophore biosynthesis were detected. Seasonal comparisons demonstrated that microbial taxa including Pseudomonas aeruginosa, Synechocystis sp., Escherichia coli, and Bacillus subtilis were significantly more abundant in the Winter Season (WS) than in the Summer Season (SS), whereas Mycobacterium tuberculosis showed slightly higher abundance in SS. Overall, iron metabolism-related functional diversity and activity were significantly greater in WS. These findings highlight the potential of rhizosphere microorganisms as biofertilizer candidates for sustainable nutrient management and enhanced cowpea-based farming systems.
Keywords: Iron metabolism; functional diversity, Winter season (WS), Summer season (SS),





Introduction 
One of the richest environments where a large volume of microbes which commonly form communities are found in the soil and there are several internal and external forces such as available nutrients, soil temperature, moisture and pH of the soil, the type of cultivation practices among others shaping the microbial communities. Other forces are the additional complexity created by the root of plant which establishes resourceful rich hotspots at the adjacent part of the soil called the rhizosphere making it a region that comprises of the majority of microbes found in the soil usually different from the bulk soil (Fan et al., 2017). Rhizosphere is the part of soil directly under the influence of the root of plants and consists of the root deposits. These deposits are commonly very rich in exudates and minerals which are responsible for the numerous number of microbes found in the rhizosphere. Similarly, plant and microbes form symbiotic association especially the rhizosphere and this facilitates the growth of plants and reproduction of the microbes. Hence rhizosphere can also be said to be the ecological niche that accommodates the microbial activities by interconnecting the soil, root of plant and microbes (Uzoh and Babalola, 2018). In the rhizosphere, a number of metabolic activities such as iron acquisition among others are found influencing the growth and development of plant. Soil microbes have confirmed to possess attributes to metabolise elements that are present in the soil in order to make these elements available for plants as nutrients. 
Iron acquisition metabolism is a very indispensable metabolism in the soil because of its importance to all forms of life. Generally, in the soil iron is in the state that is not readily available for plants utilisation, however, microbes have the ability of acquiring iron by secreting a low molecular weight iron chelators called siderophores (Ahemad and Kibret, 2014). Siderophores always form association with iron in order to complex and solubilise it and make it readily available for plants. Also, siderophore is another metabolite plants adopt to inhibit the growth of phytopathogens. Thus, in order to have the holistic understanding of genes, functional protein products and microbes involved in the metabolism of  iron acquisition in the soil we employed shotgun high-throughput sequencing. Shotgun high-throughput sequencing usually considers the entire genomic content of a sample, by extracting and sequencing the total DNA. The method affords us tendency to identify both microbial compositions and structure and equally characterise the function of the microbial communities (Gkorezis et al., 2016, Escobar-Zepeda et al., 2015). Therefore, in this study we annotated and characterised microbes, genes encoding protein products responsible for molecular functions and processes in iron acquisition metabolisms of the cowpea rhizosphere soil samples collected during winter (WS) and summer seasons (SS) using shotgun high-throughput sequencing.
Materials and Method
Soil Sampling and Sequencing of Genomic DNA 
The soil that tightly adhered to the roots regarded as rhizospheric soil was collected and this was done in three replicates. All soil samples were mixed together, representing a composite sample of each of the season and bulk. The soil samples were labelled as WS, SS and BS that is soil sample collected at winter, summer and soil outside the cowpea field respectively. All samples transported on ice to be stored at 4˚C before analysis in the lab. The metagenomics DNA was extracted in triplicates from 0.25 g of the composite sample using the Power Soil DNA Isolation Kit (USA, MOBIO) CA, USA) and following the manufacturer’s protocol. The concentration and quality of the extracted total DNA were examined by UV spectrophotometry (Nanodrop 1000, Thermo, USA). DNA was pooled before being subjected to high throughput sequencing on the illumina NovaSeq 6000 platform to generate a paired-end sequencing (2 × 150 bp paired-end chemistry) library using the Nextera DNA Flex library preparation kit (Illumina).
In silico bioinformatics analysis
 The metagenome sequence data of a rhizospheric soil sample from WS, SS and BS were submitted to the MG-RAST (version 3.3.6) server for automated annotation and analysis. MG-RAST (Meta Genome Rapid Annotation using Subsystem Technology) is a widely used online tool, being employed for taxonomic classification and function annotation (Pal et al., 2018). The data were subjected to quality control (QC) including quality filtering (removing sequences with ambiguous nucleotide), length filtering (removing sequences more than 2.0 standard deviations from the mean sequences’ length) and dereplication (removing similar sequences that are artifacts of shotgun sequencing). 
The hierarchical classification option was used as the data type and SEEDbased subsystems as the taxonomic and functional annotation source (with parameters of identity cut-off – 60%, e-value cut off – 15 and alignment length cut-off – 15 for amino acids). Taxonomic annotations were assigned by using the parameters described above, against the M5NR annotation source and best classification as a data type. A rarefaction curve was generated by plotting a number of reads versus the number of species. This curve also yields a total number of species being annotated for the WS, SS and BS metagenome data. Functional taxonomy of agricultural enzymes, genes and putative protein products coding sequences was identified by BLAT against the M5NR protein database in the MG-RAST tool. In order to understand the microbial molecular functions and biological processes of phosphorus and iron acquisition metabolisms, the genes, putative protein products and enzymes present in WS, SS and BS metagenome sequence reads retrieved from SEED subsystem database of MG-RAST were further functionally annotated using the BLASTP program in UniProt Knowledgebase (UniProtKB) conserved domain database (Consortium, 2015). UniProtKB is the central hub for the collection of functional information on proteins, with accurate consistent and rich annotation. The genes, protein products and ORF genes were annotated using Kyoto Encyclopedia of Genes and Genomes (KEGG), molecular functional and biological processes were annotated from the Gene Ontology (GO) in the and the taxonomy hierarchical classifications were annotated using the NCBI in the UniProt. Additionally, for functional activities and processes of metagenome data, heatmap depicting the compositions, distributions and richness of the genes, enzymes, putative protein products and ORF genes in WS, SS and BS were generated using the online tool Morpheus at the website of https://software. OR broadinstitute.org/morpheus/ (Xia et al., 2019). 
Also, we characterised using excel sheet the microbes involved in the functional activities of phosphorus and iron acquisition metabolisms in WS, SS and BS. Additionally, by selecting the default blast search selection (blastp) which signifies the key phylogenetic ancestral lineage, the inference of the evolutionary historical trend of the microbes possessing phoB gene at similarity index 95% from UniProt database was conducted using the Neighbour-Joining Tree method (Yang and Rannala, 2012). The evolutionary distances computations were done via the method of Poisson correction (Leigh and Bryant, 2015) and are in the entities of amino acid number replacements in each site. For each of the sequence pair, every uncertain position was removed using the option of pairwise deletion. The analyses of evolutionary phylogenetic relationship were performed in MEGA X (Kumar et al., 2018).
Results
Iron acquisition oxidation metabolism in the soil samples (WS, SS and BS)
In the iron acquisition metabolism of the cowpea soil samples collected, the main energy sources are the reduced iron compounds, mainly formed as ferric and iron ion that are continuously supplied to the rhizosphere of the cowpea plant. To verify if the soil samples possess iron oxidation metabolism, we attempted to identify the genes associated with iron oxidation in the soil samples from the results of metagenomic data retrieved from the MGRAST subsystem database. Using the BLASTP program, genes encoding the putative iron compounds oxidizing enzymes were successfully identified as follows: heme efflux system ATPase HrtA (hrtA) involved in ATPase activity, ATP binding and transport; iron-regulated protein A precursor (irpA) involved in iron acquisition, uptake or storage; electron transfer flavoprotein, beta subunit (etfB) involved in electron transfer activity and nucleotide binding; iron-uptake factor (piuB and piuC) catalysing iron uptake and homeostasis; outer membrane receptor proteins, mostly Fe transport (fecA) involved in iron ion homeostasis and transport; tonB-dependent hemin , ferrichrome receptor (hemR and hupA) involved in heme transporter activity and iron aquisition yersiniabactin synthesis enzyme (Irp1,polyketide synthetase) (Irp1, angR and Irp2) catalysing iron uptake, transport and homeostasis in the soil Table 1 and Figure 1.
Table 1: Functional putative protein products, genes and predictive microbes involved in iron acquisition metabolism
	Functional putative protein products
	Putative Gene/ORF names
	Predictive Microbes
	Molecular functions
	Biological processes

	Electron transfer flavoprotein, beta subunit

	etfB
	Methylophilus methylotrophus (Bacterium W3A1)
	Electron transfer activity, nucleotide binding
	Electron transport

	Ferric uptake regulation protein fur

	Fur (b0683, JW0669, PA4764, VAA_03429, VP0833)
	Escherichia coli (strain K12), Pseudomonas aeruginosa (strain ATCC 15692), Vibrio anguillarum (strain ATCC 68554), Vibrio parahaemolyticus serotype O3:K6 (strain RIMD 2210633), Bacillus subtilis (strain 168)
	DNA binding, DNA-binding transcription activator activity, DNA-binding transcription factor activity, DNA-binding transcription repressor activity, sequence-specific DNA binding, transcription regulatory region DNA binding, transcription regulatory region sequence-specific DNA binding, zinc ion binding, ferrous iron binding
	 Regulation of siderophore biosynthetic process, negative regulation of transcription, DNA-templated, regulation of secondary metabolite biosynthetic process, siderophore biosynthetic process, positive regulation of peroxidase activity, regulation of superoxide dismutase activity



Likewise, the ORFs (no. b0683, JW0669, PA4764, VAA_03429, VP0833) encoding ferric uptake regulation protein fur was located in the catabolism of Fur gene; an ORF (no. AHA_1953) encoding ferrichrome-iron receptor was located in the catabolism of fhuA gene; an ORF (no. RPA1348) encoding iron siderophore sensor protein was located in the catabolism of fecR3 gene; an ORF (no. MTCY05A6.32) encoding iron-dependent repressor IdeR/DtxR was located in the catabolism of ideR gene Table 1. In addition, an ORF (no. ETAE_1794) encoding putative heme iron utilization protein; an ORF (no. PAS_chr2-1_0427) encoding putative high-affinity iron permease; the ORFs (no. CTEST_08040, BN137_1358) encoding siderophore synthetase component, ligase and the ORFs (no. EGS71_07105, PROVRETT_07949, Avin_09350, HMPREF0010_01753, Sde_3611) encoding TonB-dependent siderophore receptor were identified Table 1.   
Furthermore, the richness abundance of these putative products, enzymes, gene and open reading frame (ORF) in the iron acquisition metabolism present in the three soil samples (WS, SS and BS) were shown in figure 1. The results indicated that there were substantial iron acquisition metabolic processes and activities in all the soil sample of WS, SS and BS though they were abundant in WS than SS.  From figure 1, iron-uptake factor PiuC (piuC), putative heme iron utilization protein (ETAE_1794), Putative high-affinity iron permease (PAS_chr2-1_0427), siderophore synthetase component, ligase (CTEST_08040, BN137_1358), TonB-dependent hemin , ferrichrome receptor (hemR, hupA), iron aquisition yersiniabactin synthesis enzyme (Irp1,polyketide synthetase) (angR) and iron aquisition yersiniabactin synthesis enzyme (Irp2) were significantly richer in both SS and BS than WS figure 1, slightly rich in SS than BS.
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Figure 1: Iron acquisition metabolism putative products, enzymes, genes and ORF names abundance in WS, SS and BS        
Similarly, Ferric uptake regulation protein FUR (Fur (b0683, JW0669, PA4764, VAA_03429, VP0833)), Ferrichrome-iron receptor (fhuA, AHA_1953), Heme efflux system ATPase HrtA (hrtA), Iron siderophore sensor protein (fecR3 (RPA1348)), Iron-regulated protein A precursor (irpA), Iron-uptake factor PiuB (piuB), Outer membrane receptor proteins, mostly Fe transport (fecA), Probable thiol oxidoreductase with 2 cytochrome c heme-binding sites, TonB-dependent siderophore receptor (EGS71_07105, PROVRETT_07949, Avin_09350, HMPREF0010_01753, Sde_3611) and Zn-dependent hydrolase YycJ/WalJ, required for cell wall metabolism and coordination of cell division with DNA replication were significantly richer in WS than both SS and BS figure 1. 
Furthermore, the functional diversity of microbes expressing these putative products, enzymes, genes and ORF genes were further characterised and their involvement in the molecular functions and biological processes in the iron acquisition metabolism were functionally annotated using BLASTP program. 

Figure 2: Functional diversity of predictive microbes involved in iron acquisition metabolism and their level of metabolic activities in WS, SS and BS
The level of their metabolic activities in WS, SS and BS were revealed in figure 2. Among all the microbes functionally annotated, Escherichia coli followed with Aeromonas hydrophila subsp. Hydrophila, Synechocystis sp., Pseudomonas aeruginosa, Xanthomonas axonopodis pv. Citri, Bacillus subtilis, Vibrio anguillarum, Vibrio parahaemolyticus, Staphylococcus aureus, Synechococcus elongatus and Rhodopseudomonas palustris have significant metabolic activities in the cowpea rhizosphere, however, their activities were significantly richer in WS than both SS and BS figure 2. Also, Mycobacterium tuberculosis, Mycobacterium bovis were significantly involved in the iron acquisition of metabolic processes in the cowpea rhizosphere, though their activities were significantly rich in BS and SS than WS. From figure 2, the result showed that Methylophilus methylotrophus and Pseudomonas aeruginosa were also substantially contributed to the iron acquisition metabolism.    
Discussion
In the soil iron is in the state that is not readily available for plants utilisation, however, microbes have the ability of acquiring iron by secreting a low molecular weight iron chelators called siderophores (Fahad, 2012). Siderophores always form association with iron in order to complex and solubilise it and make it readily available for plants. Hence, we annotated and characterised microbes, genes encoding protein products responsible for molecular functions and processes in iron acquisition metabolism of the cowpea rhizosphere soil samples collected during winter (WS) and summer seasons (SS) Table 1. etfB gene coding for electron transfer flavoprotein, beta subunit protein in Methylophilus methylotrophus (Bacterium W3A1) responsible for electron transfer activity and  nucleotide binding was established in this study Table 1 (Costas et al., 2017). We also found in the cowpea soil samples gene and ORF genes (Fur, b0683, JW0669, PA4764, VAA_03429, VP0833) coding for ferric uptake regulation protein fur in Escherichia coli (strain K12), Pseudomonas aeruginosa (strain ATCC 15692), Vibrio anguillarum (strain ATCC 68554), Vibrio parahaemolyticus serotype O3:K6 (strain RIMD 2210633), Bacillus subtilis (strain 168) accountable for zinc ion binding, ferrous iron binding and involved in siderophore biosynthetic process and positive regulation of peroxidase activity (Fillat, 2014). Similarly, we were able to establish gene and ORF gene fhuA and AHA_1953 that encoded ferrichrome-iron receptor protein in Aeromonas hydrophila subsp. hydrophila (strain ATCC 7966), Synechocystis sp. (strain PCC 6803 / Kazusa), Escherichia coli (strain K12) in the soil samples and they were responsible for siderophore uptake transmembrane transporter activity and iron ion homeostasis (Gresock and Postle, 2017). From Table 1 we found Mycobacterium tuberculosis (strain ATCC 25618) and Mycobacterium bovis (strain ATCC BAA-935) possessing ideR and MTCY05A6.32 gene and ORF gene coding for iron-dependent repressor IdeR/DtxR protein which were responsible for meta (cadmium, cobalt, manganese, nickel and zinc) binding, response to oxidative stress and siderophore biosynthetic process from catechol in the soil samples (Wells et al., 2013). In addition, irpA genes encoding iron-regulated protein A precursor in Synechococcus elongatus (strain PCC 7942) responsible for metal ion binding and iron acquisition, uptake or storage were characterised in the soil samples Table 5 (Kranzler et al., 2013).
Likewise, for the iron acquisition metabolism, the richness of these genes, enzymes, ORF genes and functional putative protein products in the three soil samples were determined. From observation in Figure 1, the functional activities were prominent in all the soil samples, though they were more noticeable in WS than SS and BS. In conjunction with Figure 2, the microbes involved in the iron acquisition metabolism were functionally more diverse in WS than both SS and BS. Generally, the highest functional diversity was found in the following; Escherichia coli, Aeromonas hydrophila subsp. Hydrophila, Synechocystis sp., Pseudomonas aeruginosa, Xanthomonas axonopodis pv. Citri, Bacillus subtilis, Vibrio anguillarum, Vibrio parahaemolyticus, Synechococcus elongates, Staphylococcus aureus and Rhodopseudomonas palustris and they were significantly abundant in WS than both SS and BS Figure 2. Some microbes were functionally diverse in SS than WS and they are; Mycobacterium tuberculosis and Mycobacterium bovis while Methylophilus methylotrophus was slightly higher in SS than WS. Thus, the functional activities and diversity were significantly prominent in WS than both SS and BS. This result obtained correlate with several studies which have linked iron acquisition to members of Staphylococcus, Pseudomonas, Enterobacter and Bacillus (Kobylarz et al., 2014; Gi et al., 2015). 
Conclusion
The metagenome sequence analysis from this research has proven to be helpful in understanding the functional diversity and attributes of microbes’ characteristics to cowpea rhizosphere at different seasons. The differential distinctiveness in the functional activities and diversity of the metagenome sequence data of the winter and summer soil samples collected was revealed physiologically. From this study, the genes, putative protein products, enzymes, ORF genes and microbial molecular functions and biological processes linked to iron acquisition metabolisms were characterised functionally in the two soil samples of cowpea collected at both winter and summer. The findings obtained indicated that iron acquisition metabolisms were vividly represented in the two seasons; this is potentially responsible for the ability of cowpea to thrive in both seasons. However, the metabolic activities, processes and microbial functional diversity of iron acquisition metabolic activities, processes and microbes responsible for the metabolism of iron acquisition were more prominent in the winter soil sample than summer sample. The investigation from this study exposed us to understanding which and how agricultural iron acquisition metabolisms thrive in each season. The findings from this research would enable us to explore genes, enzymes and microbes for agricultural and pharmaceutical improvements.  
References 
1. AHEMAD, M. & KIBRET, M. 2014. Mechanisms and applications of plant growth promoting rhizobacteria: current perspective. Journal of King saud University-science, 26, 1-20.
2. CONSORTIUM, U. 2015. UniProt: a hub for protein information. Nucleic Acids Res, 43, D204-12.
3. ESCOBAR-ZEPEDA, A., VERA-PONCE DE LEON, A. & SANCHEZ-FLORES, A. 2015. The road to metagenomics: from microbiology to DNA sequencing technologies and bioinformatics. Frontiers in genetics, 6, 348.
4. FAHAD, S. 2012. Growth promotion by P-solubilizing, siderophore and bacteriocin producing rhizobacteria in Zea mays L. Journal of Medicinal Plants Research, 6, 553-559.
5. FAN, K., CARDONA, C., LI, Y., SHI, Y., XIANG, X., SHEN, C., WANG, H., GILBERT, J. A. & CHU, H. 2017. Rhizosphere-associated bacterial network structure and spatial distribution differ significantly from bulk soil in wheat crop fields. Soil Biology and Biochemistry, 113, 275-284.
6. FILLAT, M. F. 2014. The FUR (ferric uptake regulator) superfamily: diversity and versatility of key transcriptional regulators. Archives of biochemistry and biophysics, 546, 41-52.
7. GI, M., LEE, K.-M., KIM, S. C., YOON, J.-H., YOON, S. S. & CHOI, J. Y. 2015. A novel     siderophore system is essential for the growth of Pseudomonas aeruginosa in airway mucus. Scientific reports, 5, 1-15.
8. GKOREZIS, P., DAGHIO, M., FRANZETTI, A., VAN HAMME, J. D., SILLEN, W. & VANGRONSVELD, J. 2016. The interaction between plants and bacteria in the remediation of petroleum hydrocarbons: an environmental perspective. Frontiers in microbiology, 7, 1836.
9. KOBYLARZ, M. J., GRIGG, J. C., SHIN-ICHI, J. T., RAI, D. K., HEINRICHS, D. E. & MURPHY, M. E. 2014. Synthesis of L-2, 3-diaminopropionic acid, a siderophore and antibiotic precursor. Chemistry & biology, 21, 379-388.
10. KRANZLER, C., RUDOLF, M., KEREN, N. & SCHLEIFF, E. 2013. Iron in cyanobacteria. Advances in botanical research. Elsevier.
11. LEIGH, J. W. & BRYANT, D. 2015. popart: full‐feature software for haplotype network construction. Methods in Ecology and Evolution, 6, 1110-1116.
12. PAL, R. R., MORE, R. P. & PUROHIT, H. J. 2018. Bioinformatics tools for shotgun metagenomic data analysis. Soft Computing for Biological Systems. Springer.
13. UZOH, I. M. & BABALOLA, O. O. 2018. Rhizosphere biodiversity as a premise for application in bio-economy. Agriculture, Ecosystems & Environment, 265, 524-534.
14. WELLS, R. M., JONES, C. M., XI, Z., SPEER, A., DANILCHANKA, O., DOORNBOS, K. S., SUN, P., WU, F., TIAN, C. & NIEDERWEIS, M. 2013. Discovery of a siderophore export system essential for virulence of Mycobacterium tuberculosis. PLoS pathogens, 9.
15. XIA, F., ZHOU, X., LIU, Y., LI, Y., BAI, X. & ZHOU, X. 2019. Composition and predictive functional analysis of bacterial communities inhabiting Chinese Cordyceps insight into conserved core microbiome. BMC microbiology, 19, 105.

WS	Escherichia coli	Vibrio kanaloae	Methylophilus methylotrophus	Edwardsiella tarda	Vibrio anguillarum (Listonella anguillarum)	Rhodopseudomonas palustris	Candida albicans (Yeast), Komagataella phaffii	Xanthomonas axonopodis pv. Citri	Pseudomonas aeruginosa	Vibrio vulnificus, Edwardsiella tarda	Corynebacterium testudinoris, Cronobacter condimenti	Mycobacterium tuberculosis, Mycobacterium bovis	Aeromonas hydrophila subsp. Hydrophila, Synechocystis sp.	Synechococcus elongatus	Bacillus subtilis, Vibrio anguillarum, Vibrio parahaemolyticus	Acinetobacter sp., Azotobacter vinelandii, Providencia rettgeri, Acinetobacter baumannii, Saccharophagus degradans	2357	18	940	4	37	209	37	425	781	2	6	9	1285	242	332	129	SS	Escherichia coli	Vibrio kanaloae	Methylophilus methylotrophus	Edwardsiella tarda	Vibrio anguillarum (Listonella anguillarum)	Rhodopseudomonas palustris	Candida albicans (Yeast), Komagataella phaffii	Xanthomonas axonopodis pv. Citri	Pseudomonas aeruginosa	Vibrio vulnificus, Edwardsiella tarda	Corynebacterium testudinoris, Cronobacter condimenti	Mycobacterium tuberculosis, Mycobacterium bovis	Aeromonas hydrophila subsp. Hydrophila, Synechocystis sp.	Synechococcus elongatus	Bacillus subtilis, Vibrio anguillarum, Vibrio parahaemolyticus	Acinetobacter sp., Azotobacter vinelandii, Providencia rettgeri, Acinetobacter baumannii, Saccharophagus degradans	1572	116	949	72	102	31	66	183	739	67	68	179	757	90	234	90	BS	Escherichia coli	Vibrio kanaloae	Methylophilus methylotrophus	Edwardsiella tarda	Vibrio anguillarum (Listonella anguillarum)	Rhodopseudomonas palustris	Candida albicans (Yeast), Komagataella phaffii	Xanthomonas axonopodis pv. Citri	Pseudomonas aeruginosa	Vibrio vulnificus, Edwardsiella tarda	Corynebacterium testudinoris, Cronobacter condimenti	Mycobacterium tuberculosis, Mycobacterium bovis	Aeromonas hydrophila subsp. Hydrophila, Synechocystis sp.	Synechococcus elongatus	Bacillus subtilis, Vibrio anguillarum, Vibrio parahaemolyticus	Acinetobacter sp., Azotobacter vinelandii, Providencia rettgeri, Acinetobacter baumannii, Saccharophagus degradans	1231	100	1091	79	64	16	48	163	438	51	49	251	649	52	154	94	11

image1.png
L
B Electron transfer flavoprotein, beta subunit (&48)
W Feric uptake regulation protein FUR (Fur (00683, JWOGG9, PA4764, VAA_03429, VP0833))
Ferrichrome-iron receplor (uA, AHA_1953)
Heme efflux system ATPase HItA (itA)
Iron siderophore sensor protein (fecR3 (RPA1348)
Iron-dependent repressor IdeR/DBR (ideR (MTCY05A6.32))
Iron-regulated protein A precursor (iA)
Iron-uptake factor PIUB (piuB)
Iron-uptake factor PiuC (piuC)
Outer membrane receptor proteins, mostly Fe transpor (fecA)
Probable tiol oxidoreductase with 2 cyiochrome ¢ heme-binding sites
Putative heme iron utiization protein (ETAE_1794)
Putative high-afinity fon permease (PAS_chr2-1_0427)
Siderophore synthetase component, ligase (CTEST_08040, BN137_1358)
TonB-dependent hemin, fertichrome receptor (hemR, hupA)
‘TonB-dependent siderophore receptor (EGS71_07105, PROVRETT_07949, Avin_09350, HMPREF0010_01753, Sde_3611)
Zn-dependent hydrolase YycJ/WalJ required for cellwall metabolisi and coordination of celldivision with DNA replication
ifon aquistion yersiniabactin synthesis enzyme (rp1 polyketide synthetase) (angR)
W iron aquisition yersiniabactin synthesis enzyme (Irp2)





