Concluding Remarks
6.1: Concluding Remarks
The evolution of bacterial iron acquisition systems reflects the pivotal role that iron plays in bacterial survival. The study of Fe3+-siderophore transport systems in Gram-negative bacteria over the past few decades has focused primarily on the highly specific TonB-dependent outer membrane receptors and the less specific periplasmic binding protein dependent transport systems. A model system has emerged for the transport of hydroxamate siderophores across the inner membrane of Gram-negative bacteria, the FhuCDB system of E. coli. However, the investigation of Fe3+-siderophore transport in other bacterial species has revealed the presence of novel families of single unit siderophore transport systems. In P. aeruginosa and S. meliloti the FptX/RhtX family has been identified and are found to constitute MFS hydroxamate siderophore transporters that are not related to the classical ABC hydroxamate siderophore transport system. The FoxB transporter of P. aeruginosa is the first characterised member of another novel family of single unit siderophore transporters. The mechanism of function of the FoxB family remains to be determined; however considering the small size of the protein and the small number of transmembrane segments, it is tempting to speculate that it is a component of a novel TRAP transporter-type system. Thus, the acquisition of Fe3+-siderophores in Gram-negative bacteria relies upon sophisticated transport mechanisms that are more diverse than the model ABC system. 
The work presented in this research thesis constitutes a significant addition to the understanding of the mechanisms and evolution of bacterial iron acquisition systems. Here, a novel ‘dual ABC’ transport system has been identified and characterised. Two structurally different substrates, haem and hydroxamate siderophores, are transported by the action of two distinct periplasmic binding proteins and a single permease complex. S. meliloti 2011 survives in oligotrophic soils during its free-living state. Xenosiderophore utilisation represents a competitive advantage in this environment where up to 1 µM of hydroxamate siderophores are present per gram weight of soil. The competitive nature of this environment and the absence of the model FhuCDB hydroxamate siderophore transport system encoded on the genome may have contributed to the evolution of this dual system. 
Indeed, the hmuUV genes are conserved across a number of bacterial species. Homologues and orthologues of these genes have previously been implicated solely in the transport of haem compounds. The identification of a hydroxamate siderophore transport function by S. meliloti 2011 hmuUV and candidates of homologues and orthologues, namely phuUV of P. aeruginosa PAO1 and hmuUV of R. leguminosarum bv vicae 3841, makes it tempting to speculate that this function is more widespread within the bacterial kingdom. The identification of FhuP homologues in other organisms may indicate the presence of an in vivo functionally active ‘dual ABC’ transport system. Genome annotation and in silico analysis alone are therefore not sufficient for determination of gene function. It can only be by detailed functional characterisation of biological systems that function may be conclusively proven.
In S. aureus a hydroxamate siderophore transport system has been identified whereby an ATPase is capable of interacting with two separate permease systems, FhuBG and SirBC (Sebulsky et al., 2000; Sebulsky and Heinrichs, 2001; Speziali et al., 2006). Thus, the evolution of unified transport systems seems to be more widespread but this system is dissimilar to the ‘dual ABC’ transport system of S. meliloti whereby a common permease interacts with two separate periplasmic binding proteins that display limited sequence identity to each other. Furthermore, the ‘dual ABC’ transport system of S. meliloti facilitates the transport of structurally unrelated compounds, haem and hydroxamate siderophores.
The primary aim in the study of rhizobial iron acquisition is the elucidation of the mechanism by which bacteriods acquire iron. Thus far, the functions of Fe3+-siderophore and haem transport systems have been shown to be important only during the free-living state. In B. japonicum however, the ferrichrome cognate outer membrane receptor FegA has been shown to be necessary for effective symbiosis (Benson et al., 2005). However, this function is not related to iron acquisition but instead functions in a signalling event between the host and bacterium that is necessary for symbiosis. Indeed, across a range of rhizobial species the abrogation of TonB function resulted in effective symbiosis and normal nitrogenase activity, suggesting that Fe3+-siderophore and haem outer membrane receptors are not necessary in symbiosis. Nonetheless, the identification of inner membrane haem transport redundancy underlies the importance of iron acquisition in the nodule. Moreover, the reduced pH environment of the nodule would imply that ferrous iron acquisition systems have a role in satisfying the bacteriods iron demand during symbiosis. There are no homologues of the Feo system encoded on the genome of S. meliloti 2011, however it remains possible that novel ferrous iron uptake systems exist yet remain to be detected. It is also conceivable that leghaemoglobin acquisition in bacteriods may be occurring by a novel mechanism(s) which possibly functions independently of TonB-dependent outer membrane receptors. The inner membrane Dpp permease complexes and HmuTUV system of S. meliloti 2011 could function together to satisfy the bacteriods iron demands. The identification of many homologous putative Dpp permease complexes in S. meliloti 2011 (Chapter 4) makes it tempting to speculate that iron acquisition is significantly redundant reflecting the importance of the element for bacteriods. 
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