
Chapter Three

Xenosiderophore Mediated Iron Acquisition by 
Sinorhizobium meliloti 2011

3.1: Introduction

The earth’s atmosphere is composed of 79% inert nitrogen gas (N2) that must be reduced to ammonia to become biologically available. Nitrogen is an essential component of nucleic acids, proteins and intracellular organelles. Approximately 65% of the biosphere’s nitrogen is produced via the biological reduction of nitrogen to ammonia (Rudolph et al., 2006) by the action of certain microorganisms that have evolved the capability to fix atmospheric nitrogen. Rhizobia fix nitrogen by forming a symbiotic relationship with a leguminous plant host within root nodules. Once the plant is nodulated, the bacteria differentiate to nitrogen fixing bacteriods. During symbiosis there is a high iron demand since nitrogenase, ferredoxin and other proteins involved in nitrogen fixation contain iron as a co-factor. The understanding of iron acquisition by the rhizobia is essential to elucidating the processes involved in nitrogen fixation and symbiosis. It is of interest to determine if iron availability is a limiting factor in the development of the symbiosis. 
Many bacteria utilise siderophores produced by other microorganisms (xenosiderophores). In this chapter, xenosiderophore mediated iron acquisition is investigated in S. meliloti, the endosymbiont of Medicago sativa. 

Rhizobactin 1021 is a citrate-based dihydroxamate type siderophore produced and secreted by S. meliloti 2011. The rhizobactin 1021 biosynthesis, transport and regulatory genes have previously been determined (Reigh and O'Connell, 1993; Lynch et al., 2001; Ó Cuív et al., 2004). The organisation of the rhizobactin 1021 regulon is illustrated in figure 3.1. The rhtX gene was mutated by insertional inactivation with an Ω-chloramphenicol resistance cassette resulting in the mutant S. meliloti 2011rhtX-3 (Ó Cuív et al., 2007). S. meliloti 2011rhtX-3 is unable to utilise the siderophores rhizobactin 1021 and schizokinen due to the mutation in rhtX. The mutant is also unable to synthesise rhizobactin 1021 due to a polar effect on the biosynthesis genes rhbABCDEF. The availability of the 2011rhtX-3 mutant which is transport defective facilitated the investigation of xenosiderophore utilisation by S. meliloti 2011. 
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Figure 3.1: Organisation and Mutagenesis of the Rhizobactin 1021 Regulon

The ferric hydroxamate uptake (Fhu) system of Escherichia coli (section 1.4) is regarded as the model system for Fe3+-siderophore transport across the periplasm and cytoplasmic membrane. In E. coli, the Fhu system facilitates the transport of hydroxamate siderophores exhibiting a variety of different structures, including ferrichrome, ferrioxamine B, coprogen and aerobactin.  While each siderophore requires a cognate Fe3+-siderophore outer membrane receptor, the Fhu system is a less specific inner membrane transport system. The Fhu system is functionally conserved across many species and has been the subject of numerous investigations. S. meliloti is distinguishable in that it does not encode any FhuCDB orthologues; the transport of xenosiderophores must therefore be occurring via a novel process. While rhizobactin 1021 is the only siderophore produced by S. meliloti 2011, it has been shown to be capable of utilising siderophores produced by other microorganism and the ability to utilise these xenosiderophores possibly gives the bacterium a competitive advantage in its free-living form. 
3.2: Analysis of Xenosiderophore Utilisation by Sinorhizobium meliloti 2011
The ability of S. meliloti 2011 to utilise the xenosiderophores schizokinen, ferrioxamine B and ferrichrome had been shown previously (Lynch et al., 2001; Ó Cuív et al., 2004; Ó Cuív et al., 2007). Schizokinen, a siderophore structurally similar to rhizobactin 1021 (section 1.3.2), was shown to be transported to the periplasm by the iron-regulated outer membrane receptor RhtA and the inner membrane MFS transporter RhtX.  However, the utilisation of ferrioxamine B and ferrichrome continued to occur in rhtA and rhtX mutants. In silico analysis of the S. meliloti 2011 genome suggested the absence of any significant orthologues of FhuC, FhuD or FhuB (Ó Cuív, et al., 2004; Unpublished observations). Utilisation of ferrioxamine B and ferrichrome therefore was hypothesized to occur by a novel mechanism. 

In order to further characterise xenosiderophore utilisation by S. meliloti 2011, iron nutrition bioassays were employed to analyse ferrioxamine B (Df) and ferrichrome (Fr) utilisation. To broaden the range of xenosiderophore analysis, the utilisation of the fungal siderophores coprogen (Cp) and rhodoturilic acid (RtA) were also analysed in S. meliloti 2011. In addition, the utilisation of the catecholate xenosiderophore yersiniabactin (Yb), produced by Yersinia species, was analysed.
In an iron nutrition bioassay, molten agar is seeded with the strain of interest and the iron chelator 2,2′-dipyridyl is supplemented to create an iron deplete environment. The expression of iron regulated genes are induced as a result of the iron deplete conditions. Furthermore, the iron limiting conditions in the medium limits the growth of the organism throughout the plate. Once the medium is solidified in a Petri dish, wells are aseptically pierced in the medium for the addition of control and test solutions such as siderophores, haem and haemoglobin. After incubation for 24 – 48 hours at 30oC, halos of growth appear around wells where the test solutions are being utilised. Ferric chloride is generally added to one of the wells for each bioassay as a positive control. Strains with the ability to produce and utilise their own siderophore can eventually create a level of background growth, nevertheless the halos surrounding wells in which test solutions are being utilised yield a more intense zone of growth. S. meliloti 2011 produces and utilises the hydroxamate siderophore rhizobactin 1021. For this reason, all xenosiderophore transport mutants constructed in this study were created in an rhtX mutated background by using the mutant 2011rhtX-3 (Ó Cuív et al., 2007) (figure 3.1). 
Previous bioassay optimisation experiments indicated 300 μM to be the optimal concentration of the iron chelator 2,2′-dipyridyl required to yield an iron limited environment (Lynch et al., 2001; Ó Cuív et al., 2004). Optimisation experiments were performed to determine the concentration of siderophore necessary to yield a clearly visible halo of utilisation during bioassay analysis. Table 3.1 indicates the optimal siderophore concentration for bioassay analysis in S. meliloti 2011. 

Table 3.1: Optimal Siderophore Concentrations for S. meliloti 2011
	Siderophore
	Concentration ( mM)

	Ferrichrome
	0.05

	Ferrioxamine B
	0.1

	Coprogen
	0.1

	Rhodoturilic acid
	0.5

	Yersiniabactin
	1


Utilisation of these compounds was analysed by the iron nutrition bioassay. Four S. meliloti strains were used in the analysis: wild type S. meliloti 2011, S. meliloti 2011rhtX-3, S. meliloti 2011rhbA62, and S. meliloti Rm818. S. meliloti 2011rhbA62 is a mutant that carries a Tn5lac insertion in the rhizobactin 1021 biosynthesis gene rhbA of S. meliloti 2011 and does not produce rhizobactin 1021.  Uptake of siderophores is not affected by this mutation and S. meliloti 2011rhbA62 is thus suitable for use as an indicator strain for the analysis of iron acquisition. S. meliloti Rm818 is a derivative of S. meliloti 2011 that has been cured of the pSyma megaplasmid leaving intact the other two replicons of the genome, the chromosome and pSymb. S. meliloti Rm818 can therefore give an indication of the genomic location of iron acquisition genes. Utilisation of the siderophores in the iron nutrition bioassay was evident by the growth of the strains in halos around the siderophore compounds. Ferric chloride was used as a positive control and iron-free dH2O as a negative. The results of the bioassays can be seen in table 3.2 and in figures 3.2 and 3.3 below.
Table 3.2: Siderophore Utilisation Analysis in S. meliloti
	S. meliloti
	Genotype
	Rhz
	Shz
	Df
	Fr
	Cp
	RtA
	Yb

	2011
	Wild Type, Nod+, Fix+
	+
	+
	+
	+
	+
	+
	+

	2011rhtX-3
	2011, ΩCm insertion in rhtX
	-
	-
	+
	+
	+
	+
	+

	2011rhbA62
	2011, Tn5lac insertion in rhbA
	+
	+
	+
	+
	+
	+
	+

	Rm818
	pSyma Cured
	-
	-
	+
	+
	-
	+
	+
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Figure 3.2: Utilisation of Xenosiderophores by 2011rhbA62.  Test solutions were loaded into the wells and the bioassay photographed after 24 hours incubation at 30oC. Top row, left to right: ferrichrome, ferrioxamine B and ferric chloride. Bottom row, left to right: yersiniabactin, rhodoturilic acid and coprogen. 
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Figure 3.3: Analysis of Coprogen Utilisation by S. meliloti 2011rhtX3 and Rm818.  Plate A: 2011rhtX3 seeded plate with ferric chloride as positive control (top well), ferrichrome loaded well (bottom left) and coprogen loaded well (bottom right). Plate B: Rm818 seeded plate with ferric chloride as positive control (top well), ferrichrome loaded well (bottom left) and coprogen loaded well (bottom right). 
Analysis of the results indicated that all siderophores tested were utilised by S. meliloti. Some background growth was evident on the plates culturing S. meliloti 2011 which was due to the production and utilisation of the endogenous siderophore rhizobactin 1021. The indicator strain S. meliloti 2011rhbA62 produced the clearest halos because background was eliminated by the mutation in the rhizobactin 1021 biosynthesis operon. The results for S. meliloti 2011rhbA62 confirmed those of S. meliloti 2011. S. meliloti 2011rhtX-3 was shown to be defective in the utilisation of rhizobactin 1021 and schizokinen only. Ferrichrome, ferrioxamine B, coprogen and yersiniabactin were utilised by S. meliloti 2011, 2011rhbA62 and 2011rhtX-3; however coprogen utilisation was abolished in the Rm818 strain which is cured of pSyma. The pSyma megaplasmid encodes many genes involved in nitrogen and carbon metabolism, transport, stress and resistance responses, in addition to the rhizobactin 1021 regulon (Barnett et al., 2001). The abolition of rhizobactin 1021 and schizokinen utilisation in Rm818 confirms the results obtained previously where transport of rhizobactin 1021 and schizokinen utilisation was effected by RhtA and RhtX encoded on pSyma (Lynch et al., 2001; Ó Cuív et al., 2004). The Rm818 result also gives a possible indication of the location of the genes involved in uptake of these xenosiderophores. Since uptake of ferrioxamine B, ferrichrome, rhodoturilic acid and yersiniabactin were unaffected by the deletion of pSyma, it can be concluded that the genes necessary for uptake are encoded on the chromosome or the pSymb plasmid. The genes involved in coprogen utilisation would appear to be encoded on pSyma since there was no utilisation in its absence.

3.3: In Silico Analysis of the Sinorhizobium meliloti Genome in Search of Novel Siderophore Transport Systems
The genome of S. meliloti 1021 has been sequenced and currently is accessible online (Barnett et al., 2001; Finan et al., 2001; Galibert et al., 2001). Analysis of the S. meliloti 1021 genome using a BLASTP search (Altschul et al., 1997) with the FhuA outer membrane receptor protein (accession NP_414692) of E. coli K12 revealed a number of homologous target proteins. 
Table 3.3: S. meliloti Proteins Displaying Significant Homology to FhuA of E. coli K12

	Protein
	Genome Location
	Molecular Mass (kDa)*
	Identity % (Similarity)**

	FhuA1
	Chromosome
	76.43
	35 (51)

	FhuA2
	Chromosome
	76.25
	31 (48)

	Sma1747
	pSyma
	73.81
	26 (44)

	Smc02890
	Chromosome
	70.34
	12 (26)

	RhtA
	pSyma
	78.09
	10 (22)


*Molecular mass of the processed protein was calculated **Homology was determined using the Genedoc program. 

The most significant homologues to FhuA of E. coli are listed in table 3.3. The MultAlin and Genedoc programs (section 2.8) were used to perform global sequence alignment of E. coli K12 FhuA and the results of the BLASTP search are illustrated in figure 3.4. Analysis of the FhuA homologues suggested a putative function in the transport of hydroxamate-type Fe3+-siderophores. To further assess their putative function the homologues with highest identity (>30%) were selected for comprehensive in silico analysis.
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Figure 3.4: Multiple Sequence Alignment of E. coli K12 FhuA with S. meliloti FhuA1, FhuA2, Sma1747, Smc02890 and RhtA. Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
3.3.1: In Silico Analysis of FhuA1
fhuA1 is located at position 2400172-2402373 on the S. meliloti 2011 chromosome. The protein predicted to be encoded by fhuA1 is 733 amino acids in length. The mature protein is predicted to have a molecular weight of 76.43kDa and a pI of 4.41. The amino acid sequence of FhuA1 is shown below in figure 3.5 with the predicted signal sequence highlighted.

Figure 3.5: Amino Acid Sequence of FhuA1

MKCRIRGAHLKTLLASGVALAPLMMSGIALAQEGNATQLERIVVEGGNAAGASATGPVDGYVAKATATGSKTAMPLNEIPQSVSVVGREELDDRAVVNKVDEALRYTPGVLSAPFGTDPDTDWFYIRGFDAAQTGLFLDGLPLFSFGFGNFQVDPFMLERVEVLKGPASVLYGGSNPGGIINLISKRPLDEPLYYTEVGINSNGNAFTGFDVNDKLNDDGTVRYRLTGKVAGGDNYSDYSEDLRGFILPQVTYAPDDATSLTVFGLLQSLDQVHVGNGFLPYVGTVEDAPFGKIDRDAYYSEPDIDEGSYTQQMLGYEFKHDFDNGWTFTQNARYANLHKHEKYPYTYGYVGGAPTGPDYLLNRIGFEATSKVDSFSIDNRTETDFDLGATTHTFLAGLDYKYYRLDHIQACCGATPISATNPVYGTPQGANFVYLDQIVTQQQIGLYAQDQIRFGDGWLVTLNGRYDYVDTKSDAAIGTSYESNDGAFSGRAGLAYEFDNGLTPYVSAATFFNPLVGTGTSDPSDPTNPAKMVALEPEEGYQYEAGVKYEPSFIDGLLTASVFQITKQNVSIAVPGFFVNSQLGEVRSRGVELEGKINLNTNWKIISAFSYTDLEVTEDLNASLIGNTPVLIPETQASLWLDYTVANGTFEGVSLGAGVRYQGESWADAENTKKVPAATLVDAAIRYEKNDWTASLNVANLFDKEYVAGCQGLQTCGYGESRTFTLKLSKKW

The amino acid sequence of FhuA1 was compared against the NCBI database of protein sequences using the BLASTP program. Analysis of the FhuA1 amino acid sequence indicated that the protein showed sequence homology to the TonB-dependent siderophore receptor protein family. The most significant matches to FhuA1 are listed in table 3.4. The MultAlin and Genedoc programs were used to perform global sequence alignment of FhuA1 and the results of the BLASTP search are illustrated in figure 3.6.
Table 3.4: Proteins Displaying Significant Homology to FhuA1

	Protein/Locus Tag
	Homology
	Molecular Mass (kDa)*
	Identity %

(Similarity)**
	Accession

	AGR_C_718
	Agrobacterium tumefaciens str. C58
	76.29
	59 (72)
	NP_353439

	Atu0409
	A. tumefaciens str. C58
	77.07
	60 (72)
	NP_531114

	Nwi_1338
	Nitrobacter winogradskyi Nb-255
	83.90
	35 (49)
	YP_317951

	bll4920
	Bradyrhizobium japonicum USDA 110
	79.92
	37 (51)
	NP_771560

	FegA
	B. japonicum
	80.08
	36 (52)
	AAC44674

	blr4504
	B. japonicum USDA 110
	77.94
	34 (48)
	NP_771144


* Molecular mass of the processed protein was calculated. ** Homology was determined using the GeneDoc program. 
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Figure 3.6: Multiple Sequence Alignment of S. meliloti 2011 (FhuA1) with A. tumefaciens str. C58 (AGR_C_718), A. tumefaciens str. C58 (Atu0409), N. winogradskyi Nb-255 (Nwi_1338), B.  japonicum USDA 110 (bll4920), B.  japonicum (FegA), and B.  japonicum USDA 110 (blr4504). Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
The amino acid sequence of FhuA1 was analysed to determine if the protein contained the amino acid sequence motifs conserved among TonB-dependent receptors, previously designated regions I, II and III (Bitter et al, 1991).  Region І is typically referred to as the ‘TonB box’ and is generally located at the N-terminus of the protein. It has a consensus sequence (D/E)TXXVXA(A/S). A weak ‘TonB box’ like motif, ATGPVDGY, was located at amino acid positions 22 - 30 of the mature FhuA1 protein.  A multiple sequence alignment of Region I of the highest homologues to FhuA1 was analysed to determine if the same degenerate sequence was present.  All of the sequences showed weak homology to the Region I consensus sequence, but showed reasonable homology to each other (figure 3.7).
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Figure 3.7:  TonB Region I Motif.  Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.

Region II is typically located in the C-terminus of outer membrane receptors and has the consensus sequence (F/I/L/M/V)XXX(I/L/V)XNLX(D/N)(K/R)XY.  The amino acid sequence of the mature FhuA1 was analysed and found to contain the motif ASLNVANLFDKEY at position 596 - 609, which shows good homology to the region II consensus sequence (figure 3.8).
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Figure 3.8:  TonB Region II Motif.  Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.

Region III is typically located at a distance of 100 amino acids from region I. The consensus sequence R(V/I)(D/E)(I/V)(I/V/L)(K/R)GXX(G/S/A)XXXG XXXXG(G/A)X(V/I) typically characterises the region.  The amino acid sequence of FhuA1 was analysed and found to contain the motif RVEVLKGPASVLGGSNPGGII at position 128 – 150 (figure 3.9).

[image: image10.png]Fhual (128-150
AGR_C_718
6114920

Nwi_1338

RVEVLAGE wIYGGs PoG66




Figure 3.9:  TonB Region III Motif.  Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.

The presence of these consensus sequences is further evidence to suggest that FhuA1 is a TonB-dependent outer membrane receptor.

Directly upstream of fhuA1 and orientated in the same direction is a putative AraC type transcriptional regulator encoded by smc01610. Further upstream are a gene not predicted to be involved in iron acquisition but coding for 6,7-Dimethyl-8-Ribityllumazine Synthase and genes predicted to be involved in spermidine/putrescine transport. Directly downstream of fhuA1 is an insertion sequence of external origin (smc01672), followed by genes with no predicted function in iron acquisition. The fhuA1 region is illustrated in figure 3.10 where the genes predicted to be involved in iron acquisition are colour coded. 
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Figure 3.10: Genetic Organisation of the fhuA1 Region of S. meliloti
3.3.2: In Silico Analysis of FhuA2
fhuA2 is located at position 2455078-2457252 on the S. meliloti 2011 chromosome. The protein predicted to be encoded by fhuA2 is 724 amino acids in length. The mature protein is predicted to have a molecular weight of 76.25kDa and a pI of 4.62. The amino acid sequence of FhuA2 is shown below in figure 3.11. The predicted signal peptide sequence is highlighted.

The amino acid sequence of fhuA2 was compared against the NCIB database of protein sequences using the BLASTP program. Analysis of the FhuA2 amino acid sequence indicated that the protein showed sequence homology to TonB-dependent siderophore receptor proteins. The most significant matches to FhuA2 are listed in table 3.5. The MultAlin and Genedoc programs were used to perform global sequence alignment of FhuA2 and the results of the BLASTP search (figure 3.12).
Figure 3.11: Amino Acid Sequence of FhuA2

MPSKSALRLPLIRLALAGTSALALVATAQAQEAEQETVSNGDSTALETLVVNGSGGVITAEGYVGTSSATGAKIDTPFLETPQSISTVTEQQLKDRNPQTLLETLAYTPGTRVGAYGFDPRFDAFFVRGFDVTYSGVFRDNLRQPAAVDSIFKNEPYGLEGVSILRGPSSALYGATGAGGLYNLITKRPTEDTLREVQVQYGSHDRYQGQFDFSGPVNENDPVYYRLTGLLRDADTEQVGLADDRAYIAPAFTWKPDEDTKLTVLGEYSRTNSGGTATYYNDPLTGEATDIFAGNPDFNDSVQKQGRVGYEFEHRLNDTFVFRQNARVSTLNIDADWAFAYAPNAADPTLLDSSAGTYDERLTAFVIDNQLEAKFDTGALEHTLLAGVDYTKLRFRALDGRGVSPPLDTKNPTQGRPVDAIDFNTRTVQDQWQLGTYLQDQIRYDAWTLTVGGRYDWVSTDTDTMDLATDSLTTVSQKDKEFSGRIGLTYQTDFGLAPYISYSTAFAPNAGINKETNQPFKPTESEQQEIGVKYLLPNSNTLITAALFNIDQKNGLYLEASGDTAIQVQRGKLRSRGFEIEANTSLDNGISLIASYAYTDVKIIQGPSGTIGNYVSSAPQHMASIWAHYTLPEDGPFYGFSLGGGARFVGSSYGNDQNTFKNSSRVLFDASVGYDFAAIDQKYEGLHLQVNATNLFDRREAVCTAGYCHRDQGRTVIGSLRYNW

Table 3.5: Proteins Displaying Significant Homology to FhuA2

	Protein/Locus Tag
	Homologue
	Molecular Mass (kDa)*
	Identity % (Similarity)**
	Accession

	SmedDRAFT_3300
	S. medicae WSM419
	79.37
	91 (96)
	ZP_01414226

	SI859A1_00563
	Aurantimonas sp. SI85-9A1
	81.58
	41 (58)
	ZP_01226570

	Meso_0338
	Mesorhizobium sp. BNC1
	78.33
	42 (61)
	YP_672907

	EE36_01780
	Sulfitobacter sp. EE-36
	76.38
	38 (56)
	ZP_00956050

	NAS141_00845
	Sulfitobacter sp. NAS-14.1
	76.36
	38 (56)
	ZP_00963652

	Rru_A2374
	Rhodospirillum rubrum ATCC 11170
	89.06
	35 (48)
	YP_427461


* Molecular mass of the processed protein was calculated. ** Homology was determined using the GeneDoc program. 
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Figure 3.12: Multiple Sequence Alignment of S. meliloti 2011 (FhuA2) with S. medicae WSM419 (SmedDRAFT_3300), Aurantimonas sp. SI85-9A1 (SI859A1_00563), Mesorhizobium sp. BNC1 (Meso_0338), Sulfitobacter sp. EE-36 (EE36_01780), Sulfitobacter sp. NAS-14.1 (NAS141_00845), and R. rubrum ATCC 11170 (Rru_A2374). Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
The amino acid sequence of FhuA2 was analysed as described in section 3.3.1 to identify regions I, II and III (Bitter et al, 1991).  Region І located at the N-terminus of the protein has a consensus sequence (D/E)TXXVXA(A/S). A weak ‘TonB box’ like motif, ETLVVNGS, was located at amino acid positions 16 - 24 of the mature FhuA2 protein.  A multiple sequence alignment of Region I of the highest homologues to FhuA2 was analysed to determine if the same degenerate sequence was present.  All of the sequences showed weak homology to the Region I consensus sequence, but showed reasonable homology to each other, with the exception of the Meso_0338 protein of Mesorhizobium sp. BNC1 (figure 3.13).
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Figure 3.13:  TonB Region I Motif.  Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.

Region II is typically located in the C-terminus of outer membrane receptors and has the consensus sequence (F/I/L/M/V)XXX(I/L/V)XNLX(D/N)(K/R)XY.  The amino acid sequence of the mature FhuA2 was analysed as before and found to contain the motif LQVNATNLFDRRE at position 657 - 670, which shows good homology the region II consensus sequence (figure 3.14).
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Figure 3.14:  TonB Region II Motif.  Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.

Region III is typically located at a distance of 100 amino acids from region I. The consensus sequence R(V/I)(D/E)(I/V)(I/V/L)(K/R)GXX(G/S/A)XXXG XXXXG(G/A)X(V/I) typically characterises the region.  The amino acid sequence of FhuA2 was analysed and found to contain the motif GVSILRGPSSALYGATGAGGLY at position 131 – 153 (figure 3.15).
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Figure 3.15:  TonB Region III Motif.  Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.

The presence of these consensus sequences is further evidence to suggest that FhuA2 is a TonB-dependent outer membrane receptor.

Directly upstream of fhuA2 and orientated in the same direction is a gene predicted to be an aldehyde dehydrogenase (smc01656). Further upstream are genes predicted to be involved in sugar transport. None of these genes have putative functions in iron acquisition. Directly downstream of fhuA2 and orientated in the same direction is a gene (smc01658) predicted to code for a ferric iron reductase protein. Adjacent to smc01658 is smc01659 which is a putative iron uptake ABC periplasmic binding transporter. Immediately downstream is encoded a gene of unknown function, smc01660, and three genes (smc01661, smc01662 and smc01663) predicted to be involved in small molecule metabolism. The fhuA2 region is illustrated in figure 3.16 where the genes predicted to be involved in iron acquisition are colour coded. 
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Figure 3.16: Genetic Organisation of the fhuA2 Region of S. meliloti
3.4: The Principles of Triparental Mating and the Mutagenesis of S. meliloti
The availability of sequenced microbial genomes and the rapid advances in PCR has led to the development of mutagenesis strategies targeted to specific genes in microorganisms. Mobilisable elements such as Tn5mob and antibiotic resistance cassettes are now widely used to mutate targeted genes by insertional inactivation. A wide range of these elements/cassettes are available allowing multiply targeted mutations in the same organism. Suicide vectors, such as pJQ200sk (Quandt and Hynes, 1993), have been developed. These vectors lack a broad host range replication function which results in the suicide effect and facilitates the selection of recombination events at a detectable frequency. 
For mutagenesis of the rhizobia, vector constructs are generally made in E. coli and delivered by conjugation from E. coli using a mob based system. The functions that allow transfer are encoded by tra genes and are expressed in trans in the donor by a transmissible narrow host range helper plasmid. A schematic diagram describing the events involved in triparental mating is given in figure 3.17. The suicide vector pJQ200sk then integrates into the chromosomal DNA. A 2 kb region carrying the target gene of interest is required for efficient homologous recombination with the chromosomal DNA. An antibiotic resistance cassette is inserted into the recombinant target gene on pJQ200sk to cause the mutation. Approximately 1 kb of sequence is required on either side of the insertion to facilitate recombination. In addition, the orientation of the resistance cassette should be opposite to that of the target gene to ensure that transcriptional read-through cannot occur. The pJQ200sk encodes gentamicin resistance which allows for selection in the rhizobia and a multiple cloning site taken from the pBluescript ІІ SK vector. pJQ200sk also encodes a mob (oriT) site, which enables mobilization of the plasmid. Second recombination events occur randomly at low frequency whereby the vector is excised from the chromosome, leaving in place the recombinant DNA region. pJQ200sk also encodes the sacB gene that results in a suicide effect in the presence of 5% sucrose. This facilitates the selection of second recombinant events at a detectable level (figure 3.18).
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Figure 3.17: Schematic of Triparental Mating. Transfer genes (tra) are highlighted in red, mobilisation genes (mob) in blue and antibiotic resistance cassettes in green for Chloramphenicol (Cm), yellow for Gentamicin (Gm) and black for Streptomycin (Sm). In the helper strain the tra gene provides transfer functions, which creates the elements required for conjugation. This plasmid is then transferred to the donor strain. In the intermediate stage, the donor strain contains all the elements required to transfer the plasmid of interest to the recipient, i.e. tra and mob. To ensure efficient transfer to the recipient, the transconjugant can be selected for by culturing on media containing antibiotics. Only the transconjugants with the appropriate antibiotic resistance genes (in this case, gentamicin and streptomycin) will survive. For narrow host range plasmids such as pJQ200sk, once the plasmid has been delivered to the recipient, it can be secured and maintained by integration onto the chromosome by homologous recombination (see figure 3.18).
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Figure 3.18: Schematic of Homologous Recombination. Circular suicide vector pJQ200sk is shown  (green lines) with antibiotic resistance gene (yellow), sacB gene (blue) and cloned genomic DNA (Upper Case Letters). The triangle/box (red) indicates the cassette insertion in the target gene. Straight black line indicates a section of chromosomal DNA with parental genes (in lower case letters). Double-ended arrows indicate homologous alleles. 
3.5: Antibiotic Resistant Cassette Mutagenesis of fhuA1 and fhuA2
The fhuA1 and fhuA2 genes were selected for mutagenesis based on the results obtained from their in silico analysis (sections 3.3). This was achieved by insertional inactivation of the genes using antibiotic resistance cassettes. The mutants were constructed in a 2011rhtX-3 background (Ó Cuív et al., 2007) (section 3.2). Since rhtX had been mutated by insertional inactivation with an Ω-chloramphenicol resistance cassette, a kanamycin resistant cassette could be inserted into both fhuA1 and fhuA2 respectively.  

3.5.1: Mutagenesis of fhuA1
Analysis of the region encoding fhuA1 indicated that a BamHІ site located slightly downstream of the start codon was suitable for insertion of an antibiotic resistance cassette. Two primers were designed to amplify a 2 kb region of the S. meliloti 2011 genome encoding fhuA1. The forward primer, FHUA1-F, was designed to incorporate a unique ApaІ site in the PCR product. The reverse primer, FHUA1-R, was designed to incorporate a unique SpeІ site in the PCR product. The BamHІ site would then be positioned centrally in the PCR product, with 1 kb of sequence on either side.

Figure 3.19: PCR Primers for the Amplification of a Region Encoding fhuA1

FhuA1-F: 
5′
gggccccataggcggtctcaaccgccgagagtgg
3′

FhuA1-R: 
5′
actagtttcaggaggtagttcgggccggtaggtg
3′
Total genomic DNA was prepared (section 2.5.4) from S. meliloti 2011 and used as a template in a PCR reaction to amplify the fhuA1 region using RedTaq polymerase. RedTaq polymerase is a non-proofreading enzyme that will add A-overhangs to the 5′ and 3′ ends of PCR products. The PCR conditions for the amplification of the region encoding fhuA1 are indicated in table 3.6. The PCR product was purified (section 2.5.7), ligated to the pCR2.1 vector (TA vector section 2.1), transformed and screened for an insert of the correct size. A clone was confirmed to have the correct fhuA1 insert and named pCR2.0 A/Sp. 

Table 3.6: PCR Conditions for the Amplification of the Region Encoding fhuA1
	PCR Conditions

	Annealing Temp
	68oC

	Annealing Time
	1 min

	Extension Time
	3 min


The suicide vector pJQ200sk (section 2.1) was employed to introduce the fhuA1 fragment containing the kanamycin cassette into the genome of S. meliloti 2011. The pCR2.0 A/Sp vector was restricted with ApaІ and SpeІ to excise the fhuA1 insert from the pCR2.1 vector. The insert was isolated and cleaned by running the restriction digest on an electrophoresis agarose gel and using the gel extraction method (section 2.5.6). In parallel, the suicide vector pJQ200sk was restricted with ApaІ and SpeІ and subsequently phenol extracted to remove the restriction reaction components. The fhuA1 insert was then ligated into pJQ200sk, transformed and screened for the correct insert. A clone was isolated and confirmed to have the correct fhuA1 insert. This was named pDK2.0 A/Sp. 

The unique BamH1 site in fhuA1 could then restricted and ligated to a kanamycin resistance cassette which had been isolated from pUC4K (section 2.1) by BamHІ restriction. The resulting plasmid, pDK2.0K A/Sp, carrying a kanamycin resistance cassette in the BamHI site of fhuA1 was confirmed by restriction analysis. The plasmid pDK2.0K A/Sp was introduced into S. meliloti 2011 by triparental mating. Transconjugants were selected for on TY containing 1000 μg/ml streptomycin and 30 μg/ml gentamicin. Second recombinants were selected by growing a single first recombinant colony in TY broth until early stationary phase. Then this culture was plated on TY agar containing 5% sucrose and kanamycin. Colonies which grew on this medium were individually screened for kanamycin resistance and gentamicin sensitivity. A potential mutant was identified, named 2011rhtX-3fhuA1::Km and analysed further. 

Genomic DNA was prepared from 2011rhtX-3fhuA1::Km and from S. meliloti 2011 and used as templates in a set of PCR reactions to confirm mutant 2011rhtX-3fhuA1::Km. Phusion taq polymerase (NEB) is a high fidelity polymerase that has an extension stage time optimised to 15 – 30 sec/kb DNA. The PCR reactions were set up with Phusion HF Buffer, an annealing time of 10 seconds and an extension time of 2 minutes. The original primers FhuA1-F and FhuA1-R were used to prime amplification of the products.  A ‘no-template’ control was set up to ensure that any product produced was not a result of DNA contamination. Upon completion of the reaction, a sample of the reactions was run on a 0.7% agarose gel. The results (shown in figure 3.20) indicate that the fhuA1 gene on the chromosome of 2011rhtX-3fhuA1::Km has an insert corresponding to the kanamycin resistance cassette. Thus, the mutation of fhuA1 was successful. 

Figure 3.20: Analysis of the fhuA1 Mutant by PCR
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3.5.2: Mutagenesis of fhuA2
A unique XhoІ site was found to be located within the coding sequence for fhuA2 and deemed suitable for the insertion of an antibiotic resistance cassette. A 2.2 kb region of the S. meliloti 2011 genome carrying fhuA2 was amplified by PCR. The forward primer, FHUA2-F, was designed to incorporate a unique SalІ site in the PCR product while the reverse primer, FHUA2-R, was designed to incorporate a unique BamHІ site in the PCR product. The unique XhoІ site was positioned centrally within this 2.2 kb PCR product. 
Figure 3.21: PCR Primers for the Amplification of a Region Encoding fhuA2

FhuA2-F: 
5′
acgcgtcgactgtttaaggttgcgtcgcatg
3′

FhuA2-R: 
5′
cgggatccttaccagttatagcgcagcg

3′
In a similar manner to the mutagenesis of fhuA1, the fhuA2 region was amplified by PCR using RedTaq polymerase and ligated into the pCR2.1 vector. The resulting ligation mixture was transformed and screened for the correct size insert. A clone was confirmed to have the correct fhuA2 insert by diagnostic restriction analysis and named pCR2.2 S/B.

Table 3.7: PCR Conditions for the Amplification of the Region Encoding fhuA2
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	3 min


The suicide vector pJQ200sk was again selected as the vector of choice to introduce the mutated fragment into the genome of S. meliloti 2011. This vector was restricted with the restriction enzymes XhoІ and BamHІ. The pCR2.2 S/B clone was restricted with the enzymes SalІ and BamHІ and the fhuA2 insert was isolated and purified by agarose gel electrophoresis and gel extraction of the DNA. Since the recognition sequence for XhoІ is compatible with that of SalІ, it was possible to ligate the two restricted sites together. In this way, the XhoІ site in pJQ200sk was destroyed when the fhuA2 insert was ligated into the vector. Thus, only the unique XhoІ site remained which was located centrally in the fhuA2 fragment. The ligation mixture was then transformed and a clone was isolated and confirmed to have the correct fhuA2 insert by diagnostic restriction analysis. This clone was named pDK2.2 S/B.

The kanamycin resistance cassette from the pUC4K plasmid was excised and ligated into the unique XhoІ site of the pDK2.2 S/B plasmid. The ligation mixture was transformed and a clone which contained an insert of the appropriate size was confirmed by restrictional analysis. The plasmid pDK2.2K S/B which had been purified was introduced into S. meliloti 2011 by triparental mating and transconjugants were selected on TY containing 1000 μg/ml streptomycin and 30 μg/ml gentamicin. Second recombinants were selected by growing a single first recombinant colony in TY broth until early stationary phase. Then this culture was plated on TY agar containing 5% sucrose and kanamycin. Colonies which grew on this medium were individually screened for kanamycin resistance and gentamicin sensitivity. A potential mutant was identified, named 2011rhtX-3fhuA2::Km and analysed further.

Genomic DNA was prepared from 2011rhtX-3fhuA2::Km and from S. meliloti 2011 and used as templates in a set of PCR reactions to confirm mutant 2011rhtX-3fhuA2::Km. Phusion taq polymerase, Phusion HF Buffer, an annealing time of 10 seconds and an extension time of 2 minutes were the reaction conditions. The original primers FhuA2-F and FhuA2-R were used to prime amplification of the products.  A ‘no-template’ control was set up to ensure that any product produced was not a result of DNA contamination. Upon completion of the reaction, a sample of the reactions was run on a 0.7% agarose gel. The results (shown in figure 3.22) indicate that the fhuA2 gene on the chromosome of 2011rhtX-3fhuA2::Km has an insert corresponding to the kanamycin resistance cassette. Thus, the mutation of fhuA2 was successful. 

Figure 3.22: Analysis of the fhuA2 Mutant by PCR
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3.6: Xenosiderophore Utilisation by fhuA1 and fhuA2 Mutants
In order to determine the function of fhuA1 and fhuA2, the ability of 2011rhtX-3fhuA1::Km and 2011rhtX-3fhuA2::Km to utilise hydroxamate siderophores was analysed by the iron nutrition bioassay, as described in section 3.2. TY agar containing 300 μM of the iron chelator 2,2′-dipyridyl was seeded separately with the fhuA1 and fhuA2 mutants and S. meliloti 2011rhtX3. The bioassay plates were incubated at 30oC overnight and the results analysed. The results of the bioassays experiments are indicated in table 3.8 and illustrated in figure 3.23.
Table 3.8: Analysis of Siderophore Utilisation in 2011rhtX-3fhuA1::Km and 2011rhtX-3fhuA2::Km

	S. meliloti
	Df
	Fr

	2011rhtX3
	+
	+

	2011rhtX-3fhuA1::Km
	+
	-

	2011rhtX-3fhuA2::Km
	-
	+


[image: image23.png]



Figure 3.23: Analysis of Siderophore Utilisation in 2011rhtX-3fhuA1::Km and 2011rhtX-3fhuA2::Km. Plate A: 2011rhtX-3fhuA1::Km seeded bioassay with positive control ferric chloride in top well, ferrichrome in lower left well and ferrioxamine B in lower right well. Plate B: 2011rhtX-3fhuA2::Km seeded bioassay with positive control ferric chloride in top well, ferrichrome in lower left well and ferrioxamine B in lower right well. 
Analysis of the results indicated that mutant 2011rhtX-3 was capable of utilising both ferrioxamine B and ferrichrome. This confirmed previous observations and validated the use of 2011rhtX-3 as the background for xenosiderophore utilisation mutants. The mutations made in fhuA1 and fhuA2 indicated that mutant 2011rhtX-3fhuA1::Km was defective in its ability to utilise ferrichrome, while mutant 2011rhtX-3fhuA2::Km was defective in its ability to utilise ferrioxamine B. These results, coupled with the in silico analysis of the regions (section 3.3), indicate that FhuA1 functions as a Fe3+-siderophore outer membrane receptor specific for ferrichrome, while FhuA2 functions as a Fe3+-siderophore outer membrane receptor specific for ferrioxamine B utilisation.

3.7: In Silico Analysis of the Genes Proximal to fhuA1 and fhuA2
To identify genes encoding potential ABC components or any potential novel inner membrane transport components involved in the utilisation of the xenosiderophores ferrioxamine B and ferrichrome, the genes encoded in propinquity to fhuA1 and fhuA2 were analysed. None of the genes in the region surrounding fhuA1 were predicted to encode inner membrane transport components; however a putative AraC-type transcriptional regulator (smc01610) was identified adjacent to fhuA1 and orientated in the same direction. In silico analysis of the region directly downstream of fhuA2 revealed the presence of genes coding for a putative reductase protein (smc01658), a periplasmic binding protein (smc01659) and a gene of unknown function (smc01660). Thus the genes smc01610, smc01658, smc01659 and smc01660 were selected for comprehensive in silico analysis.
3.7.1: In Silico Analysis of Smc01610
smc01610 is located at position 2399127-2400011 on the S. meliloti 2011 chromosome. The AraC-type protein predicted to be encoded by smc01610 is 294 amino acids in length. The protein is predicted to have a molecular weight of 32.96 kDa and a pI of 8.99. The amino acid sequence of Smc01610 is shown below in figure 3.24.

Figure 3.24: Amino Acid Sequence of Smc01610
MTFQPRMQNRISGFSIIGGLNRREWNGVVADVWDVECVPHAGGYYVAEDPRMFIVLDARGGGNCRVKLAANGKGAVQNYHRQALSYIPAGMELWTDVVDIHYIRHLDLHFDVDALGRRLKEDLDAAAIETPRLMFQDERFLTLAGLIAAECLNPQPLHDLYGDSLTVALFIDLMKIGKRSGRKRSQLAAWQLRRAVDFIEENFARNVRLEELAGLTGLSQSHFSHAFKASTGVAPHQWHMNARVERAKQMLLRSDAPLTSIAAETGFADQAHFTRVFRKAVGTTPALWKKSHTA

The amino acid sequence of smc01610 was compared against the NCIB database of protein sequences using the BLASTP program. Analysis of the Smc01610 amino acid sequence indicated that the protein showed sequence homology to a family of transcriptional regulatory proteins.  The most significant matches to Smc01610 are listed in table 3.9. The MultAlin and Genedoc programs were used to perform global sequence alignment of Smc01610 and the results of the BLASTP search (figure 3.25).

Table 3.9: Proteins Displaying Significant Homology to Smc01610
	Protein/Locus Tag
	Homologue
	Molecular Mass (kDa)*
	Identity % (Similarity)**
	Accession

	Smed_2139
	S. medicae WSM419
	33.07
	93 (97)
	YP_001327807

	Atu0410
	A. tumefaciens str. C58
	32.54
	51 (70)
	NP_353440

	AZC_1627
	Azorhizobium caulinodans ORS 571
	34.02
	52 (66)
	YP_001524543

	Oant_3475
	Ochrobactrum anthropi ATCC 49188
	33.05
	45 (64)
	YP_001372010



	FhuR
	Mesorhizobium sp. R88B
	33.37
	46 (62)
	ABM65841




* Molecular mass of the processed protein was calculated. ** Homology was determined using the GeneDoc program. 
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Figure 3.25: Multiple Sequence Alignment of S. meliloti 2011 (Smc01610) with S. medicae WSM419 (Smed_2139 A. tumefaciens str. C58 (Atu0410), A. caulinodans ORS 571 (AZC_1627), O. anthropi ATCC 49188 (Oant_3475), and Mesorhizobium sp. R88B (FhuR). Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
The nucleotide sequence upstream of smc01610 was analysed for the presence of a promoter using the neural network promoter prediction program (section 2.8). A predicted transcriptional start site was identified within the predicted promoter region. Furthermore, by sequence gazing, two putative repeat binding sites were located upstream of the predicted promoter region. These sites may function as a binding site for Smc01610. Figure 3.26 illustrates the sequence with the repeat binding sites in blue, the predicted promoter region in green, the transcriptional start site in pink and the smc01610 start codon in red. 

Figure 3.26: Promoter Region of Smc01610

CTGAACGGTGCTGCCGCTCATCCGGCCTGCCGGCCACCTTCTCCCCGCAGGCGGGGCGAAGGAGACTCGCGGCAGCCCTCCGGCATTCCAAGGCGCGCGGCCGGCATGGCCGCGCGCCTTGGCATTGAAGCGATTGAAAACCCGCGCGTTGCGCGCTAATAAACTTGACTTAAATGAGAAGGATTGTTGCGGTTTTGCCTTGTAGCCGGCAGGACCGGAGAAAGCGACGATG
3.7.2: In Silico Analysis of Smc01658
smc01658 is located adjacent to fhuA2 on the S. meliloti 2011 chromosome at position 2457282-2458013. The protein predicted to be encoded by smc01658 is 243 amino acids in length. The protein is predicted to have a molecular weight of 26.40 kDa and a pI of 5.51. The amino acid sequence of Smc01658 is shown below in figure 3.27. 

Figure 3.27: Amino Acid Sequence of Smc01658
MAVIDEPKGLSAAFAGPHAWCNEKMMLSENLSDGIPLSDFFASGAFDRTLSHYAGASGGTDRRAVASMWSLYYFSALTIPYVVARVLDHQALPADFDQMTVALSDDGLPRAFGVATAGQWRDDDGRDIFALIGSLMDEHLAKVVPHLKAVGGISPRLAWNNAAVYIDYALRTAGTDPMSDQADAMVGRRLMPNGAPNPFFDCLRQEEEDGTRVCRRKICCLRYLLPGIPSCGSLCALPSQRKQ
The amino acid sequence of Smc01658 was compared against the NCBI database of protein sequences using the BLASTP program. Analysis of the Smc01658 amino acid sequence indicated that the protein showed sequence homology to proteins involved in ferric iron reduction. The most significant matches to Smc01658 are listed in table 3.10. The MultAlin and Genedoc programs were used to perform global sequence alignment of Smc01658 and the results of the BLASTP search are shown in figure 3.28. Analysis of Smc01658 using the PSORT program (Nakai and Horton, 1999) indicated that the protein was predicted to be located in the cytoplasm.
Table 3.10: Proteins Displaying Significant Homology to Smc01658
	Protein
	Homology
	Molecular Mass (kDa)
	Identity % (Similarity)*
	Accession

	FhuF
	Rhizobium leguminosarum bv. viciae
	28.82
	28 (44)
	CAC48055

	FhuF
	R. etli CFN 42
	27.83
	31 (46)
	YP_473085

	FhuF
	Xanthobacter autotrophicus

Py2
	27.08
	26 (41)
	ZP_01198931

	FhuF
	Chromohalobacter salexigens DSM 3043
	28.30
	22 (38)
	YP_575300

	FhuF
	Pseudomonas syringae pv. syringae B728a
	27.18
	22 (40)
	YP_236784

	FhuF
	Burkholderia sp. 383
	28.66
	22 (31)
	YP_369022




* Homology was determined using the GeneDoc program. 
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Figure 3.28: Multiple Sequence Alignment of S. meliloti 2011 (Smc01658) with R. leguminosarum bv. viciae (FhuF), R. etli CFN 42 (FhuF), X. autotrophicus Py2 (FhuF), C. salexigens DSM 3043 (FhuF), P. syringae pv. syringae B728a (FhuF) and Burkholderia sp. 383 (FhuF). Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
Smc01658 was also found to display significant similarity (35%) to the E. coli K-12 FhuF ferrioxamine B siderophore reductase. A motif, Cys-Cys-X10-Cys-X2-Cys, implicated in the binding of a [2Fe-2S] cluster by E. coli K-12 FhuF was investigated in the most significant homologues of Smc01658. A multiple sequence alignment highlighted the conserved regions of the [2Fe-2S]Cys4 motif, (figure 3.29).


[image: image26]
Figure 3.29: Multiple Sequence Alignment of the [2Fe-2S]Cys4 Motif of S. meliloti 2011 (Smc01658), with R. leguminosarum bv viciae (FhuF), R. etli CFN 42 (FhuF) and E. coli (FhuF). 
3.7.3: In Silico Analysis of Smc01659
A putative periplasmic binding protein, smc01659, is located at position 2458016-2459149 on the S. meliloti 2011 chromosome. The protein predicted to be encoded by smc01659 is 377 amino acids in length. The mature protein is predicted to have a molecular weight of 40.82 kDa and a pI of 4.97. The amino acid sequence of the protein encoded by Smc01659 is shown below in figure 3.30 with the predicted signal sequence highlighted.

Figure 3.30: Amino Acid Sequence of Smc01659
MSRLLLCRRSLVRVLAFLAIAFSPLVALAQAQWPMTVTDAVGRQVTIPAPPKAVLLGTGFNLVALSLIHPDPVSLLAGWSGDMKADNPEIYESYLRKFPKLADVPLIDDGSGPGLSFETILTLKADLAVLANWQADTEAGRRAMEYLESTGVPVIVVDFNNEVLKNTPDNMRLLGKVFEREEQAEDFARFYEERLARIRERVAGSSEPGPKVLMEAFPAPDRCCWAYGVGGLGEFIAITGSRNIAEGALPRPGGMMNAEAVMAENPDVYIATSSPGGKYSGFSIGPGVTAEEAETTLTESVDKPVMASIAAVRNGRVHGLWNFFNAVPLNIVAAEAFASWLRPDLFPDVDPAATLAEINRRFAAVPFEGSYWISLKK

The amino acid sequence of Smc01659 was compared against the NCBI database of protein sequences using the BLASTP program. Analysis of the Smc01659 amino acid sequence indicated that the protein showed sequence homology to the periplasmic binding protein family. The most significant matches to Smc01659 are listed in table 3.11.

Table 3.11: Proteins Displaying Significant Homology to Smc01659

	Protein/Locus Tag
	Homology
	Molecular Mass (kDa)
	Identity % (Similarity)*
	Accession

	TroA_f
	Rhodopseudomonas palustris HaA2
	40.49
	39 (58)
	YP_486309

	RPCDRAFT_1905
	R.  palustris BisB18
	40.20
	38 (56)
	ZP_00846936

	PFL_3500
	P. fluorescens Pf-5
	40.69
	35 (57)
	YP_260603

	Plu2853
	Photorhabdus luminescens subsp. Laumondii TTO1
	40.67
	34 (53)
	NP_930087

	YPO1310
	Yersinia pestis CO92
	41.31
	32 (53)
	NP_404905


* Molecular mass of the processed protein was calculated. ** Homology was determined using the GeneDoc program. 
The MultAlin and Genedoc programs were used to perform global sequence alignment of Smc01659 and the results of the BLASTP search are shown in figure 3.31.
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Figure 3.31: Multiple Sequence Alignment of S. meliloti 2011 (Smc01659) with R. palustris HaA2 (TroA_f), R. palustris BisB18 (RPCDRAFT_1905), P. fluorescens Pf-5 (PFL_3500), P. luminescens subsp. laumondii TTO1 (plu2853), and Y. pestis CO92 (YPO1310). Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
3.9.4: In Silico Analysis of Smc01660
smc01660 is located at position 2459256-2459777 on the S. meliloti 2011 chromosome. The protein predicted to be encoded by smc01660 is 173 amino acids in length. The mature protein is predicted to have a molecular weight of 19.14 kDa and a pI of 5.06. The amino acid sequence of the protein encoded by smc01660 is shown below in figure 3.32.

Figure 3.32: Amino Acid Sequence of Smc01660

MAWLIALPLGLAIVYLAARYGRFRSWIEPVLSIAVALALSAAFLVWLNESAPDEIPAPAPDQPETGLTADDIVLENMTVEPSQTRRSYRVRGTAANASDLALEYFRLTVTLEDCPQDACRHIGDDTALILLRVPGGQSRPFETFLTFPFRPDEAPTAPKWSFRVSEVRGSSRR

The amino acid sequence of Smc01660 was compared against the NCBI database of protein sequences using the BLAST program. Analysis of the Smc01660 amino acid sequence indicated that the protein did not display sequence homology with any known protein family. The most significant matches to Smc01660 are listed in table 3.12. Analysis of Smc01660 using the PSORT program (Nakai and Horton, 1999) indicated that the protein was predicted to be located in the periplasmic space with a putative N-terminal signal sequence of 42 residues (highlighted in green, figure 3.32).
Table 3.12: Proteins Displaying Significant Homology to Smc01660

	Protein/Locus Tag
	Homology
	Molecular Mass (kDa)
	Identity % (Similarity)*
	Accession

	SmedDRAFT_3302
	S. medicae WSM419
	19.15
	83 (90)
	ZP_01414228

	NE1199
	Nitrosomonas europaea ATCC 19718
	17.57
	23 (45)
	NP_841254

	AaveDRAFT_3391
	Acidovorax avenae subsp. citrulli AAC00-1
	44.46
	6 (12)
	ZP_01404178

	RHA1_ro00742
	Rhodococcus sp. RHA1
	20.39
	2 (6)
	YP_700735


* Molecular mass of the processed protein was calculated. ** Sequence identity and similarity (in brackets) were determined using the GeneDoc program. 

The MultAlin and Genedoc programs were used to perform global sequence alignment of Smc01660 and the results of the BLASTP search are shown in figure 3.33.
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Figure 3.33: Multiple Sequence Alignment of S. meliloti 2011 (Smc01660), with S. medicae WSM419 (SmedDRAFT_3302), N. europaea ATCC 19718 (NE1199), A. avenae subsp. citrulli AAC00-1 (AaveDRAFT_3391) and Rhodococcus sp. RHA1 (RHA1_ro00742). Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
3.8.: Antibiotic Resistant Cassette Mutagenesis of smc01610
The putative AraC type regulator, smc01610, which is located directly upstream of fhuA1, was selected for mutagenesis to determine its role in iron acquisition in S. meliloti 2011. Analysis of the region encoding smc01610 indicated that two SacІ sites were located within the gene sequence. Once restricted and when the fragment between the two sites was removed, an antibiotic resistance cassette could be inserted. Two primers were designed to amplify a 2.4 kb region of the S. meliloti 2011 genome encoding smc01610. The forward primer, F1610ApaІ, was designed to incorporate a unique ApaІ site in the PCR product. The reverse primer, R1610PstІ, was designed to incorporate a unique PstІ site in the PCR product. The SacІ sites would then be positioned centrally in the PCR product, with 1 kb of sequence on either side.
Figure 3.34: PCR Primers for the Amplification of a Region Encoding smc01610

F1610Apa1: 
5′
atgctagggcccGATATCGTCGACCGTTGCGTCG
3′

R1610Pst1: 
5′
atgctactgcagCGGTAGCGAACCGTTCCGTCATC
3′
Total genomic DNA was prepared (section 2.5.4) from S. meliloti 2011 and used as a template in a PCR reaction to amplify the smc01610 region using GoTaq Flexi DNA polymerase (Promega Cat #M8301). GoTaq polymerase is a non-proofreading enzyme that adds A-overhangs to the 5′ and 3′ ends of PCR products.  PCR conditions for the amplification of the region encoding smc01610 are indicated in table 3.13. The PCR product was then ligated into the pCR2.1 vector (TA vector section 1.2), transformed and screened for an insert of the correct size. A clone was confirmed to have the correct smc01610 insert and named pCR2.4 A/P. 

Table 3.13: PCR Conditions for the Amplification of the Region Encoding smc01610
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	2.5 min


The pJQ200-NS vector (Clarke et al., 2005) is a derivative of pJQ200sk+ which has had the NotІ and Sac І sites in the MCS destroyed. This suicide vector was necessary to introduce the smc01610 fragment, which would ultimately contain an antibiotic resistance cassette, into the genome of S. meliloti 2011. The pCR2.4 A/P vector was restricted with ApaІ and PstІ to isolate the smc01610 fragment from the pCR2.1 vector. Separately, pJQ200-NS was restricted with the enzymes ApaІ and PstІ and the DNA purified from the reaction components. The smc01610 fragment was ligated into this vector, transformed and screened for the correct insert. A clone was isolated, confirmed by diagnostic restrictional analysis and named pDK2.4 A/P. 

An Ω-tetracycline cassette was isolated from the vector pHP45ΩTc by SmaІ digestion and agarose gel excision. In parallel, the unique SacІ sites in the pDK2.4 A/P vector were digested. A klenow reaction (section 2.16.7) was used to blunt end the 3′ overhangs of the SacІ sites. The two blunt ended fragments were ligated together, transformed and screened for the correct insert. A clone named pDK2.4Tc A/P was confirmed to have the correct insert and introduced to S. meliloti 2011 by triparental mating. Transconjugants were selected on TY containing 1000 μg/ml streptomycin and 30 μg/ml gentamicin. Second recombinants were selected by growing a single first recombinant colony in TY broth until early stationary phase. Then this culture was plated on TY agar containing 5% sucrose and tetracycline. Colonies which grew on this medium were individually screened for tetracycline resistance and gentamicin sensitivity. A potential mutant was identified, named 2011rhtX-3smc01610::Tc and analysed further.

Genomic DNA was prepared from 2011rhtX-3smc01610::Tc and from S. meliloti 2011 and used as templates in a set of PCR reactions to confirm mutant 2011rhtX-3smc01610::Tc. Phusion taq polymerase, Phusion HF Buffer, an annealing time of 10 seconds, an annealing temperature of 60oC and an extension time of 2 minutes 15 seconds were the reaction conditions. Primers smc01610_F and smc01610_R (table 2.2) were used to prime amplification of the products. Using S. meliloti 2011 genomic DNA as template was expected to yield a 1 kb product.  A ‘no-template’ control was set up to ensure that any product produced was not a result of DNA contamination. Upon completion of the reaction, a sample of the reactions was run on a 0.7% agarose gel. The results (shown in figure 3.35) indicate that the smc01610 gene on the chromosome of 2011rhtX-3smc01610::Tc has an insert corresponding to the Ω-tetracycline resistance cassette and indicated that the mutation of smc01610 was successful. 

Figure 3.35: Confirmation of Mutant 2011rhtX-3smc01610::Tc
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3.9: Xenosiderophore Utilisation by Mutant 2011rhtX-3smc01610::Tc
The iron nutrition bioassay was used to determine the effect on xenosiderophore mediated iron acquisition by the mutation in smc01610. TY agar containing 300 μM of the iron chelator 2,2′-dipyridyl was seeded with S. meliloti 2011rhtX-3smc01610::Tc and 2011rhtX-3 was used as a positive control strain. Utilisation of ferrioxamine B and ferrichrome was examined with ferric chloride as a positive control indicator. The bioassay plates were incubated at 30oC overnight and the results analysed. The results of the bioassays experiments are indicated in table 3.14.
Table 3.14: Analysis of Siderophore Utilisation in 2011rhtX-3smc01610::Tc
	S. meliloti
	Df
	Fr

	2011rhtX-3
	+
	+

	2011rhtX-3smc01610::Tc
	+
	-


Analysis of the results indicated that the mutation in smc01610 had abolished ferrichrome utilisation but had no effect on that of ferrioxamine B. Smc01610 possibly functions as a transcription regulator of fhuA1 which in itself has been shown to function in the utilisation of ferrichrome. However, the mutation in smc01610 may be exerting a polar effect on fhuA1. To investigate this possibility and to determine if the two genes are arranged in a single operon, complementation studies were deemed necessary. 
3.10: Complementation Analysis of the fhuA1 and smc01610 Mutants
For specific genetic complementation experiments, genes were amplified with their own ribosome binding sites and cloned into the broad host range vector pBBR1MCS-5 (figure 2.2) placing them under the control of the vector borne lac promoter (Kovach et al., 1995). A mob site on the vector enables delivery of the plasmid to a recipient strain by conjugation (section 3.4).  A gentamicin resistance gene encoded on pBBR1MCS-5 allows for selection of the plasmid in Sinorhizobium. The origin of replication on pBBR1MCS vectors enables them to function stably with other broad host range vectors such as IncP, IncQ and IncW derived vectors and also with narrow host range vectors such as ColE1 and P15A derived vectors. The pBBR1MCS vector series contain the region encoding the multiple cloning site from pBluescript II KS+ and enables the utilisation of a blue white screen for inserts.  pBBR1MCS vectors are distinct as broad host range vectors in that they are quite small in size and thus ideal vectors for expression.

3.10.1: Cloning of fhuA1
The entire fhuA1 gene and including its own ribosome binding site was cloned into pBBR1MCS-5. Two primers were designed to amplify fhuA1 from the genome of S. meliloti 2011. The forward primer cFhuA1F was designed to incorporate a unique ApaІ site into the PCR product, while the reverse primer cFhuA1R was designed to incorporate a unique PstІ site. The region containing the ribosome binding site for fhuA1 was encoded within the sequence of the forward primer. Total genomic DNA was prepared from S. meliloti 2011 (section 2.5.4) and used as a template in a PCR reaction (table 3.15) to amplify fhuA1. The PCR product was then digested using the restriction endonucleases ApaІ and PstІ and subsequently cloned into the ApaІ and PstІ sites within the multiple cloning site of pBBR1MCS-5. A clone with the correct 2.2 kb insertion was isolated and confirmed by diagnostic restriction analysis and named pDK101. 

Figure 3.36: PCR Primers for the Amplification of fhuA1 for Cloning and Expression

cFhuA1F:

5′ aaaagggcccGATTTCGGGGCATGAATGAGATG 3′

cFhuA1R:

5′ aaaactgcagTTACCACTTCTTGCTGAGCTTCAG 3′
Table 3.15: PCR Conditions for the Amplification of fhuA1 for Cloning
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	2 min 30 sec


The plasmid pDK101 was introduced into S. meliloti 2011rhtX-3fhuA1::km and 2011rhtX-3smc01610::Tc by triparental mating and the phenotype of the transconjugants was analysed.  

3.10.2: Cloning of smc01610

Smc01610 including its promoter region, 2398901-2400011 of the S. meliloti 2011 chromosome, was PCR amplified using the forward primer smc01610_F and reverse primer smc01610_R (figure 3.37). These primers would incorporate an NcoІ site to the 5′ end and an EcoRІ site to the 3′ end of the fragment. With total genomic DNA from S. meliloti 2011 as template, a Phusion Taq (NEB # F-530L) PCR reaction amplified the region (table 3.16) and the PCR product was restricted with NcoІ and EcoRІ. In parallel, pBBR1MCS-5 was restricted with NcoІ and EcoRІ thereby removing the vector borne lac promoter. The fragments were ligated together, transformed and a clone confirmed and named pDK115. 

Figure 3.37: PCR Primers for the Amplification of smc01610 for Cloning and Expression

smc01610_F:
5′ gatacttaaccatggAACGGTGCTGCCGCTCATCCGG 3′

smc01610_R:
5′ gatacttaagaattcTCAGGCGGTGTGACTTTTCTTCC 3′
Table 3.16: PCR Conditions for the Amplification of smc01610 for Cloning
	PCR Conditions

	Annealing Temp
	65oC

	Annealing Time
	10 sec

	Extension Time
	1 min


The plasmid pDK115 was introduced into S. meliloti 2011rhtX-3smc01610::Tc by triparental mating and the phenotype of the transconjugant was analysed.  

3.10.3: Cloning of smc01610 and fhuA1

The region 2398901-2402373 of the S. meliloti 2011 chromosome contains the genes smc01610 and fhuA1 and also the intergenic regions. This section of the chromosome was PCR amplified using the forward primer 1610fhuA1_F and reverse primer 1610fhuA1_R (figure 3.38). These primers would incorporate an NcoІ site to the 5′ end and an EcoRІ site to the 3′ end of the fragment. Total genomic DNA was prepared from S. meliloti 2011 and used as a template in a Phusion Taq PCR reaction to amplify this region. The PCR product was then digested using the restriction endonucleases NcoІ and EcoRІ and subsequently cloned into the NcoІ and EcoRІ sites within the multiple cloning site of pBBR1MCS-5. A clone with the correct 3.4 kb insertion was isolated and confirmed by diagnostic restriction analysis and named pDK119. NcoІ and EcoRІ digestion of pBBR1MCS-5 would remove the vector borne lac promoter leaving any endogenous promoter on the insert to function. The plasmid pDK119 was introduced into S. meliloti 2011rhtX-3smc01610::Tc by triparental mating and the phenotype of the transconjugant was analysed.  
Figure 3.38: PCR Primers for the Amplification of smc01610-fhuA1 for Cloning and Expression

1610fhuA1_F:

5′ taattaaatccatggAACGGTGCTGCCGCTCATCCG 3′

1610fhuA1_R:

5′ taattaaatgaattcTTACCACTTCTTGCTGAGCTTCAGC 3′
Table 3.17: PCR Conditions for the Amplification of smc01610-fhuA1 for Cloning
	PCR Conditions

	Annealing Temp
	65oC

	Annealing Time
	10 sec

	Extension Time
	1 min


3.10.4: Utilisation Phenotype of smc01610 and fhuA1 Mutants

To determine if the phenotypes observed for 2011rhtX-3smc01610::Tc and 2011rhtX-3fhuA1::Km were the actual phenotype of the genes or a result of a polar effect on the downstream genes, the transconjugants of the complementation studies (figure 3.39) were analysed by the iron nutrition bioassay. Bioassays were set up as previously described (section 3.2) with the exception that for the bioassays seeded with the transconjugants 20 μg/ml gentamicin was added to select for the pBBR1MCS-5 derived plasmids and 1 mM IPTG was added to induce gene expression. The results of the complementation experiments are detailed in table 3.18. 
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Figure 3.39: Mutagenesis and Complementation of smc01610 and fhuA1. Numbers with vertical arrows indicates position in base pair in the genome, inverted black triangles indicate antibiotic resistance cassette, and horizontal arrows represents complementing clones. 
Table 3.18: Utilisation of Ferrioxamine B and Ferrichrome by Mutant Transconjugants
	S. meliloti
	Plasmid
	in trans
	Df
	Fr

	2011rhtX3
	-
	-
	+
	+

	2011rhtX-3fhuA1::Km
	-
	-
	+
	-

	2011rhtX-3fhuA1::Km
	pDK101
	fhuA1
	+
	+

	2011rhtX-3smc01610::Tc
	-
	-
	+
	-

	2011rhtX-3smc01610::Tc
	pDK101
	fhuA1
	+
	+

	2011rhtX-3smc01610::Tc
	pDK115
	smc01610
	+
	-

	2011rhtX-3smc01610::Tc
	pDK119
	smc01610 fhuA1
	+
	+


Analysis of the results indicated that when pDK101 was introduced into 2011rhtX-3fhuA1::Km the ability to utilise ferrichrome was restored. This confirmed that FhuA1 functioned as an outer membrane siderophore receptor specific for the transport of ferrichrome. It also indicated that the mutation in fhuA1 was not having an effect on any downstream genes. Complementation of 2011rhtX-3smc01610::Tc with pDK101 carrying fhuA1 resulted in restoration of ferrichrome transport. When pDK115 carrying smc01610 alone was introduced ferrichrome transport was not restored. Complementation with pDK119 carrying both fhuA1 and smc01610 restored the ability to utilise ferrichrome. As a whole, these results indicated that the mutation in smc01610 was having a polar effect on fhuA1, and as such it was concluded that smc01610 and fhuA1 probably constituted a single transcriptional unit. Thus, smc01610 may be a regulator of fhuA1 expression but further analysis is required to confirm this. 
3.11: Antibiotic Resistant Cassette Mutagenesis of smc01658, smc01659 and smc01660
Based on the results obtained from in silico analysis (sections 3.7), the genes smc01658, smc01659 and smc01660 were selected for mutagenesis to determine their role in xenosiderophore utilisation. In a similar manner to the mutagenesis of fhuA1 and fhuA2 (sections 3.5), the genes were inactivated by insertion of an antibiotic resistance cassette. Kanamycin resistant cassettes were selected for insertion into smc01658, smc01659 and smc01660 separately.  
3.11.2: Mutagenesis of smc01658
Analysis of the region encoding smc01658 indicated that a unique RsrІІ site was located within the gene sequence and was suitable for insertion of an antibiotic resistance cassette. Primers were designed to amplify a 2 kb region of the S. meliloti 2011 genome carrying smc01658. The forward primer, smc01658F, was designed to incorporate a unique BamHІ site in the PCR product and the reverse primer, smc01658R, was designed to incorporate a unique XhoІ site. The RsrІІ site would then be positioned centrally in the PCR product. 

Figure 3.40: PCR Primers for the Amplification of a Region Encoding smc01658


smc01658F: 
5′ ccgcgcccgcgcggatccGCGTGTCGCCGCCGCTCG
3′

smc01658R: 
5′ cgcccgcgcccgctcgagTCGGGATTGTCGGCCTTCATG 3′
Genomic DNA from S. meliloti 2011 was used as template in a PCR reaction (table 3.19) and the 2 kb smc01658 region was amplified using RedTaq polymerase. The PCR product was then isolated from the reaction components by phenol extraction (section 2.5.7) and the purified DNA was ligated into the pCR2.1 vector. After electroporation into E. coli, a clone was isolated and confirmed to have the correct insert by restrictional analysis. This clone was named pCR2.0B/X. 

Plasmid DNA was isolated from pCR2.0B/X (section 2.5.3) and digested with BamHІ and XhoІ to isolate the 2 kb insert. The suicide vector pJQ200sk was used to introduce the mutated fragment into the genome of S. meliloti 2011. This vector was also digested with BamHІ and XhoІ and the 2 kb fragment ligated into the multiple cloning site of pJQ200sk. The ligation mixture was then transformed by electroporation and clones were screened for the correct insert. A clone was isolated and confirmed to have the correct smc01658 insert and was named pDK2.0 B/X.

Table 3.19: PCR Conditions for the Amplification of the Region Carrying smc01658
	PCR Conditions

	Annealing Temp
	70 oC

	Annealing Time
	1 min

	Extension Time
	2 min 30 sec


The pUC4K plasmid was restricted with BamHІ to isolate the kanamycin resistance cassette. A klenow reaction was set up (section 2.16.7) to fill in the nucleotide overhangs at the ends of the cassette, thus creating a blunt end fragment. The unique RsrІІ site in the pDK2.0 B/X plasmid was then restricted with RsrІІ and the reaction was phenol/chloroform extracted to remove the reaction components. A T4 DNA polymerase reaction was performed (section 2.16.8) with the pDK2.0 B/X plasmid in order to fill in the nucleotide overhangs and create a blunt end fragment. The kanamycin resistance cassette was then ligated into the vector at this unique site. The ligation mixture was placed in the fridge at 4oC overnight to enable the blunt ended ligation reaction to occur efficiently. The ligation mixture was transformed by electroporation and clones which contained the smc01658 insert were selected with 20 μg/ml gentamicin and 30 μg/ml kanamycin. A clone was identified and confirmed by restriction analysis and the plasmid was named pDK2.0K B/X.

The construct, pDK2.0K B/X, was introduced to S. meliloti 2011rhtX-3 by triparental mating as described in section 2.11. A potential mutant was identified and named 2011rhtX-3smc01658::Km and analysed further.

Genomic DNA was prepared from S. meliloti 2011rhtX-3smc01658::Km and from S. meliloti 2011 and used as templates in a set of PCR reactions to confirm the mutation in smc01658. Phusion taq polymerase PCR reactions were set up with Phusion HF Buffer, an annealing time of 3 seconds and an extension time of 1 minute 30 seconds. The primers c1658Fapa and c1658Rsac (originally designed for cloning of smc01658, section 3.13.2) were used to prime amplification of the products. A ‘no-template’ control reaction was set up to ensure that any product produced was not a result of DNA contamination. Upon completion of the reactions samples were run on a 0.7% agarose gel. The results (figure 3.41) show an approximate 750 bp product for wild type genomic DNA and an insert in smc01658 corresponding to the size of the kanamycin resistance cassette. Thus, the mutation of smc01658 was successful. 

Figure 3.41: Analysis of the smc01658 Mutant by PCR
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3.11.2: Mutagenesis of smc01659
Analysis of the region encoding smc01659 indicated that a unique SalІ site was located within the gene sequence and was suitable for insertion of an antibiotic resistance cassette. The SalІ site would be positioned centrally in a PCR product with 1 kb of sequence both upstream and downstream. The forward primer, 1659Fapa, was designed to incorporate a unique ApaІ site into the PCR product while the reverse primer, 1659Rsac, was designed to incorporate a unique SacІ site into the PCR product.

Figure 3.42: PCR Primers for the Amplification of a Region Encoding smc01659

1659Fapa: 
5′ aaaagggcccTGATGCTGTCGGAGAATCTTTCC 3′

1659Rsac: 
5′ cgagctcAATCGAAAGAACCGGTTCGATCC 3′
The 2 kb region carrying smc01659 was amplified by PCR using RedTaq polymerase (table 3.20). The PCR product was then isolated from the reaction components by phenol extraction (section 2.5.7). This was necessary to allow the following restriction digestions to be performed efficiently. Sequential restriction digests with ApaІ and SacІ were set up to digest the ends of the PCR product. The pJQ200sk vector was also restricted sequentially with the restriction enzymes ApaІ and SacІ and the digested PCR product was cloned. The ligation mixture was then transformed into competent cells and screened for the correct insert. A clone was isolated and confirmed to have the correct smc01659 insert and was named pDK2.0 A/Sc.

Table 3.20: PCR Conditions for the Amplification of the Region Encoding smc01659
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	3 min


The pUC4K plasmid was restricted with SalІ to isolate a kanamycin resistance cassette. The unique SalІ site in the pDK2.0 A/S plasmid was restricted with SalІ and the SalІ restricted kanamycin resistance cassette was ligated into this site. The ligation mixture was transformed and a clone which contained an insert of the appropriate size was confirmed by restriction analysis. The plasmid pDK2.0K A/S which had been purified was introduced S. meliloti 2011rhtX-3 by triparental mating and transconjugants were selected on TY containing 1000 μg/ml streptomycin and 30 μg/ml gentamicin. Second recombinants were selected by growing a single first recombinant colony in TY broth until early stationary phase. Then this culture was plated on TY agar containing 5% sucrose and 100 μg/ml kanamycin. Colonies which grew on this medium were individually screened for kanamycin resistance and gentamicin sensitivity. A potential mutant was identified, named 2011rhtX-3smc01659::Km and analysed further.

Genomic DNA was prepared from 2011rhtX-3smc01659::Km and from S. meliloti 2011 and used as templates in a set of PCR reactions to confirm the mutant. Phusion taq polymerase PCR reactions were set up with Phusion HF Buffer, an annealing time of 10 seconds and an extension time of 2 minutes. The original primers 1659Fapa and 1659Rsac were used to prime amplification of the products.  A no template control was set up to ensure that any product produced was not a result of DNA contamination. Upon completion of the reaction a sample of the reactions was run on a 0.7% agarose gel. The results (shown in figure 3.43) indicate the presence of an insert in smc01659 corresponding to the size of the kanamycin resistance cassette. Thus, the mutation of smc01659 was successful. 

Figure 3.43: Analysis of the smc01659 Mutant by PCR
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3.11.3: Mutagenesis of smc01660
A unique PstІ site located within the smc01660 gene sequence was selected for insertion of an antibiotic resistance cassette. The forward primer, F1660bamHІ, was designed to incorporate a unique BamHІ site into the PCR product and the reverse primer, R1660apaІ, was designed to incorporate a unique ApaІ site into the PCR product. The PstІ site would then be positioned centrally in the PCR product, with 1 kb of sequence both upstream and downstream. 

Figure 3.44: PCR Primers for the Amplification of a Region Encoding smc01660


F1660bamH1: 

5′ TGCCCGGATCCGCGAGCGCG 3′

R1660apa1: 

5′ atcgatgggcccGGCCATCCAGCCGTCTTCGGC 3′
The 2 kb region carrying smc01660 was amplified by PCR using RedTaq polymerase (table 3.21). The PCR product was sequentially restricted with BamHІ and ApaІ. The pJQ200sk vector was also restricted sequentially with the restriction enzymes BamHІ and ApaІ. The PCR fragment was ligated into the multiple cloning site of pJQ200sk. The ligation mixture was then transformed into competent cells and screened for the correct insert. A clone was isolated and confirmed to have the correct smc01660 insert and was named pDK2.0 B/A.

Table 3.21: PCR Conditions for the Amplification of the Region Carrying smc01660
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	3 min


The pUC4K plasmid was restricted with PstІ to isolate a kanamycin resistance cassette. The unique PstІ site in the pDK2.0 B/A plasmid was restricted with PstІ and the compatible PstІ restricted kanamycin resistance cassette was ligated into this site. The ligation mixture was transformed and a clone which contained an insert of the appropriate size was confirmed by restriction analysis. The plasmid pDK2.0K B/A which had been purified was introduced S. meliloti 2011rhtX-3 by triparental mating. Transconjugants were selected for on TY containing 1000 μg/ml streptomycin and 30 μg/ml gentamicin. Second recombinants were selected by growing a single first recombinant colony in TY broth until early stationary phase. Then this culture was plated on TY agar containing 5% sucrose and 100 μl/ml kanamycin. Colonies which grew on this media were individually screened for kanamycin resistance and gentamicin sensitivity. A potential mutant was identified, named 2011rhtX-3smc01660::Km and analysed further.

Genomic DNA was prepared from 2011rhtX-3smc01660::Km and from S. meliloti 2011 and used as templates in a set of PCR reactions to confirm the mutant. Phusion taq polymerase PCR reactions were set up with Phusion HF Buffer, an annealing time of 10 seconds, annealing temperature of 60oC and an extension time of 2 minutes 15 seconds. The original primers 1659Fapa and 1659Rsac were used to prime amplification of the products.  A ‘no-template’ control was set up to ensure that any product produced was not a result of DNA contamination. Upon completion of the reactions samples of the reactions were run on a 0.7% agarose gel. The results (shown in figure 3.45) indicate the presence of an insert in smc01660 corresponding to the size of the kanamycin resistance cassette. A non-specific product is present at approximately 1.6 kb in both the 2011 and 2011rhtX-3smc01660::Km PCR products. However, the band of interest corresponding to the 2 kb product expected for the smc01660 region is identifiable in lane 3. This product is absent from lane 4 but a larger band is present corresponding to the product size expected for 2011rhtX-3smc01660::Km. Thus, the mutation of smc01660 was successful. 

Figure 3.45: Analysis of the smc01660 Mutant by PCR
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3.12: Xenosiderophore Utilisation by smc01658, smc01659 and smc01660 Mutants
The ability of 2011rhtX-3smc01658::Km, 2011rhtX-3smc01659::Km and 2011rhtX-3smc01660::Km to utilise ferrioxamine B and ferrichrome was examined by the iron nutrition bioassay. Ferric chloride was used as a positive control solution and S. meliloti 2011rhtX-3 was used as a positive control strain. As previously described, 300 μM of the iron chelator 2,2′-dipyridyl was added to TY media to create an iron deplete environment sufficient to inhibit the growth of S. meliloti 2011rhtX-3. Results are indicated in table 3.22. 
Table 3.22: Analysis of Siderophore Utilisation in 2011rhtX-3smc01658::Km, 2011rhtX-3smc01659::Km and 2011rhtX-3smc01660::Km

	S. meliloti
	Df
	Fr

	2011rhtX3
	+
	+

	2011rhtX-3smc01658::Km
	-
	-

	2011rhtX-3smc01659::Km
	-
	-

	2011rhtX-3smc01660::Km
	+
	+


Analysis of the results indicated that 2011rhtX-3smc01658::Km and 2011rhtX-3smc01659::Km were defective in their ability to utilise both ferrioxamine B and ferrichrome, while mutant 2011rhtX-3smc01660::Km was unaffected in its ability to utilise the siderophores.  These results, coupled with the bioinformatic analysis of the genes, indicated that Smc01659 functioned as a periplasmic binding protein for ferrioxamine B and ferrichrome transport. The precise function of Smc01660 remains unknown although it does not participate in ferrioxamine B and ferrichrome transport. The mutation in smc01658 abolishes ferrioxamine B and ferrichrome utilisation in 2011rhtX-3smc01658::Km however this could be a result of a polar effect on smc01659. These two genes are likely to constitute an operon. Complementation analysis is required to clarify the functions of these genes. 
3.13: Complementation Analysis of the fhuA2, smc01658 and smc01659 Mutants
The broad host range vector pBBR1MCS-5 was employed for specific genetic complementation experiments. The genes fhuA2, smc01658 and smc01659 including their own ribosome binding sites were cloned individually into pBBR1MCS-5 placing them under the control of the vector borne lac promoter. Additionally, a clone harbouring smc01658 and smc01659 was created. 
3.13.1: Cloning of fhuA2
The entire fhuA2 gene including its own ribosome binding site was cloned into pBBR1MCS-5. Two primers were designed to amplify fhuA2 from the genome of S. meliloti 2011 (figure 3.46). The forward primer cFhuA2F was designed to incorporate a unique SalІ site into the PCR product, while the reverse primer cFhuA2R was designed to incorporate a unique BamHІ site. The region containing the ribosome binding site for fhuA2 was encoded within the sequence of the forward primer. Total genomic DNA was prepared from S. meliloti 2011 and used as a template in a PCR reaction to amplify fhuA2 (table 3.23). The PCR product was used as a template in a restriction digest reaction with SalІ and BamHІ and subsequently cloned into the SalІ and BamHІ sites within the multiple cloning site of pBBR1MCS-5. A clone with the correct 2.2 kb insertion was isolated and confirmed by diagnostic restriction analysis and named pDK102. 
Figure 3.46: PCR Primers for the Amplification of fhuA2 for Cloning and Expression

cFhuA2F:

5′ acgcgtcgactgtttaaggttgcgtcgcatg 3′

cFhuA2R:

5′ cgggatccttaccagttatagcgcagcg 3′
Table 3.23: PCR Conditions for the Amplification of fhuA2 for Cloning
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	2 min 30 sec


The plasmid pDK102 was introduced into S. meliloti 2011rhtX-3fhuA2::Km by triparental mating and the phenotype of the transconjugant was analysed (section 3.13.5).

3.13.2: Cloning of smc01658

A PCR reaction using S. meliloti 2011 template DNA was set up to amplify a 753 bp region encoding smc01658 and its ribosome binding site (table 3.24). The forward primer, 1658Fapa, incorporated an ApaІ restriction site at the 5′ end of the sequence while the reverse primer, 1658Rsac, incorporated a SacІ restriction site at the 3′ end of the sequence. RedTaq polymerase and the invitrogen PCR optimization kit were used to amplify the region. The PCR product was then cloned into the pCR2.1 vector and called pCR2.0 B/X. 

The 753 bp region carrying smc01658 was isolated from this clone by digestion with ApaІ and SacІ and subsequently subcloned into the multiple cloning site of pBBR1MCS-5. A clone carrying smc01658 was isolated by restriction analysis and named pDK103. This clone was used later for complementation of mutant 2011rhtX-3smc01658::Km and the phenotype analysed (section 3.13.5).
Figure 3.47: PCR Primers for the Amplification of smc01658 for Cloning and Expression

c1658Fapa:
5′ aaaagggcccCAACAGCCCGGCATGAAAGCATG 3′

c1658Rsac: 
5′ ccccgagctcCTATTGTTTCCTTTGGCTTGGAAGG 3′
Table 3.24: PCR Conditions for the Amplification of smc01658 for Cloning
	PCR Conditions

	Annealing Temp
	70oC

	Extension Time
	1 min

	Buffer
	Buffer G


3.13.3: Cloning of smc01659

The entire smc01659 gene including its own ribosome binding site was cloned into pBBR1MCS-5. Two primers were designed to amplify smc01659 from the genome of S. meliloti 2011. The forward primer c1659Fapa was designed to incorporate a unique ApaІ site into the PCR product, while the reverse primer c1659Rsac was designed to incorporate a unique SacІ site. The region containing the ribosome binding site for smc01659 was encoded within the sequence of the forward primer. Total genomic DNA was prepared from S. meliloti 2011 and used as a template in a PCR reaction using RedTaq polymerase to amplify smc01659 for cloning (table 3.25). This PCR product was then used in a ligation reaction with the pCR2.1 cloning vector (Invitrogen TA cloning vector, figure 2.1). The resultant ligation mixture was transformed and a clone with the correct insertion was identified and named pCR1.2 A/S. This plasmid was then used in a restriction digest reaction with ApaІ and SacІ. The smc01659 fragment which had been restricted from the vector was isolated by agarose gel electrophoresis and gel extraction. The fragment was then cloned into the ApaІ and SacІ sites within the multiple cloning site of pBBR1MCS-5. A clone with the correct 1.2 kb insertion was isolated and confirmed by diagnostic restriction analysis and named pDK104. 

Figure 3.48: PCR Primers for the Amplification of smc01659 for Cloning and Expression

c1659Fapa:
5′ aaaaGGGCCCAGCCAAAGGAAACAATAGCCTTGTC 3′

c1659Rsac:
5′ ccccgagctcTCATTTCTTCAAGCTTATCCAATAGG 3′
Table 3.25: PCR Conditions for the Amplification of smc01659 for Cloning
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	1 min


The plasmid pDK104 was introduced into mutants 2011rhtX-3smc01658::Km and 2011rhtX-3smc01659::Km by triparental mating and the phenotype of the transconjugants was analysed (section 3.13.5). 
3.13.4: Cloning of smc01658 and smc01659

The genes smc01658 and smc01659 including the ribosome binding sites were cloned into pBBR1MCS-5. The forward primer c1658Fapa was designed to incorporate a unique ApaІ site into the PCR product. The reverse primer c1659Rsac, as described in section 3.12.3, was designed to incorporate a unique SacІ site. The region containing the ribosome binding site for smc01658 was encoded within the sequence of the forward primer. Using total genomic DNA prepared from S. meliloti 2011 as a template, a PCR reaction to amplify smc01658-smc01659 for cloning was set up (table 3.26). This PCR product was then used in a restriction digest reaction with ApaІ and SacІ and subsequently cloned into the ApaІ and SacІ sites within the multiple cloning site of pBBR1MCS-5. A clone with the correct 1.9 kb insertion was isolated and confirmed by diagnostic restriction analysis and named pDK105. The plasmid pDK105 was introduced into mutant 2011rhtX-3smc01658::Km by triparental mating and the phenotype of the transconjugant was analysed (section 3.13.5).

Figure 3.49: PCR Primers for the Amplification of smc01658-smc01659 for Cloning and Expression

c1658Fapa:
5′ aaaagggcccCAACAGCCCGGCATGAAAGCATG 3′

c1659Rsac:
5′ ccccgagctcTCATTTCTTCAAGCTTATCCAATAGG 3′
Table 3.26: PCR Conditions for the Amplification of smc01658-smc01659 for Cloning
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	1 min

	Extension Time
	2 min


3.13.5: Complementation Analysis of Xenosiderophore Utilisation Mutants

Specific gene complementations were performed to elucidate if the phenotypes for the mutants resulted from the inactivation of the genes or from polar effects. Bioassays were set up as previously described (section 3.2) with the exception that for the transconjugants 20 μg/ml gentamicin was added to select for the pBBR1MCS-5 derived plasmids and 1 mM IPTG was added to induce expression. The genetic organization of the fhuA2 region (figure 3.50) and the specific gene functions were determined. The results of the complementation experiments are detailed in table 3.27.
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Figure 3.50: Mutagenesis and Complementation of fhuA2 Region. Numbers with vertical arrows indicate positions in base pairs in the genome. Horizontal arrows represent complementing clones. Inverted black triangles represent antibiotic resistance cassette insertions. 
Table 3.27: Iron Utilisation in Transconjugants
	S. meliloti
	Plasmid
	Df
	Fr

	2011rhtX3
	-
	+
	+

	2011rhtX-3fhuA2::Km
	-
	-
	+

	2011rhtX-3fhuA2::Km
	pDK102
	+
	+

	2011rhtX-3smc01658::Km
	-
	-
	-

	2011rhtX-3smc01658::Km
	pDK103
	-
	-

	2011rhtX-3smc01658::Km
	pDK104
	+
	+

	2011rhtX-3smc01658::Km
	pDK105
	+
	+

	2011rhtX-3smc01659::Km
	-
	-
	-

	2011rhtX-3smc01659::Km
	pDK104
	+
	+


Analysis of the results indicated that complementation of 2011rhtX-3fhuA2::Km with pDK102 carrying fhuA2 restored the ability to utilise ferrioxamine B. This suggested that the insertion in fhuA2 was not exerting a polar effect on the downstream genes and suggested the presence of a separate promoter directly upstream of smc01658. Coupled with the in silico analysis (section 3.3.2), this confirmed FhuA2 as an outer membrane siderophore receptor specific for the transport of ferrioxamine B. When 2011rhtX-3smc01658::Km was complemented with pDK103 carrying smc01658 alone, the ability to utilise ferrioxamine B was not restored. This suggested that smc01658 and smc01659 were arranged in a single operon and that the insertion in smc01658 was having a polar effect on smc01659. When pDK105 carrying both smc01658 and smc01659 was introduced into 2011rhtX-3smc01658::Km the ability to utilise ferrioxamine B was restored, as expected. However, when pDK104 carrying smc01659 alone, was introduced the ability to utilise the xenosiderophore ferrioxamine B was also restored. This was surprising since in silico analysis (section 3.7.2) indicated a putative function for Smc01658 as a ferric iron siderophore reductase. The possibility remains that this function is redundant on the S. meliloti genome. Analysis of the 2011rhtX-3smc01659::Km transconjugant expressing pDK104 revealed that the ability to utilise ferrichrome and ferrioxamine B was restored. Thus Smc01659 functions as a periplasmic binding protein for both of the hydroxamate siderophores ferrioxamine B and ferrichrome.
3.14: Analysis of Smc01658 Reductase Activity

E. coli H1717 carries a (placMu insertion in fhuF thereby causing its ability to utilise the hydroxamate siderophore ferrioxamine B to be eliminated. The FhuCDB system remains unaffected by this mutation and thus H1717 is a suitable indicator strain for the analysis of siderophore reduction. The reductase function of Smc01658 was examined by cloning and expression in E. coli H1717. However, E. coli K-12 and its derivatives lack a specific high affinity outer membrane receptor for ferrioxamine B. The outer membrane Fe3+-siderophore receptor of Y. enterocolitica O:8 WA-C, FoxA, was therefore introduced, by the pFU2 plasmid, to facilitate transport of ferrioxamine B. 
3.14.1: Cloning of smc01658 and fhuF from E. coli
The plasmid pDK103 carrying smc01658 for expression is incompatible with the pFU2 plasmid carrying FoxA. Therefore, it was necessary to subclone smc01658 into the plasmid pSUP104 which is compatible with pFU2. The plasmid pCR2.0 B/X (section 3.13.2) was used to isolate smc01658 by digestion with EcoRІ. The plasmid pSUP104 contains a unique EcoRІ site within the gene coding for chloramphenicol resistance. This site was restricted and the fragment encoding smc01658 ligated. Plasmids carrying inserts were identified by screening for chloramphenicol sensitivity and tetracycline resistance. The orientation of the inserts was confirmed by diagnostic restriction digestion.  A clone was isolated and named pDK107.
Total genomic DNA was isolated from E. coli H1443 and used as template DNA for a PCR reaction to amplify the fhuF gene (table 3.28). PCR primers were designed to amplify an 809 bp region of the E. coli genome containing the fhuF gene and its ribosome binding site (figure 3.51). The forward primer, FhuFEcoR1F, and the reverse primer, FhuFEcoR1R, were designed to incorporate EcoRІ sites at either end of the sequence. Following optimization of the PCR reaction, the fhuF gene was amplified using Phusion Taq. The resultant PCR product was phenol extracted and restricted with EcoRІ. E. coli fhuF was inserted into the EcoR1 site of pSUP104 and screened in a similar manner to that of the pDK107 clone. The orientation of the inserts was confirmed by restriction digests. A clone was isolated and named pDK106.
Figure 3.51: PCR Primers for the Amplification of fhuF of E. coli 

FhuFEcoR1F:

5′ ccggaattcTTTAGATTACTATCCCGATTatgGCC 3′

FhuFEcoR1R:

5′ ccggaattcTCATTTCAGCGTACAATCGCCACAT 3′
Table 3.28: PCR Conditions for the Amplification of fhuF of E. coli
	PCR Conditions

	Annealing Temp
	70oC

	Annealing Time
	30 sec

	Extension Time
	1 min

	Buffer
	HF Buffer


3.14.2: Substitution of E. coli FhuF with Smc01658

Smc01658 was expressed in trans in an E. coli fhuF mutant to determine if it could functionally substitute for the ferrioxamine B reductase activity of FhuF. The plasmids pDK106 and pDK107 carrying E. coli fhuF and smc01658 respectively were introduced into E. coli H1717. The plasmid pFU2 carrying the FoxA outer membrane receptor was introduced simultaneously with these plasmids.

Additional experimental controls were essential in order to have assurance in the results. Two additional strains were used, E. coli H1443 and E. coli RK4275. E. coli H1443 contains an aroB mutation resulting in an inability to produce the siderophore enterobactin (Gross et al., 1984). This strain was used as a positive control because the entire fhuCDB system and fhuF remain intact. Plasmid pFU2 was introduced to facilitate ferrioxamine B utilisation. E. coli RK4275 in contrast carries a Tn10 mutation in fhuC which results in a polar effect on fhuDB. However, the FhuF reductase is still functional in this strain. This strain was used as a control to show that ferrioxamine B is transported via the FoxA and FhuCDB systems in E. coli. The ability of the transformants to utilise hydroxamate siderophores was examined by the iron nutrition bioassay and the results are described in table 3.29.

Table 3.29: Analysis of Smc01658 Reductase Activity in a Heterologous Host

	E. coli 
	Plasmid
	in trans
	Df
	Fr

	H1443
	-
	-
	-
	+

	H1443
	pFU2
	foxA+
	+
	+

	RK4375
	pFU2
	foxA+
	-
	-

	RK4375
	pJB1
	fhuCDB+
	-
	+

	RK4375
	pFU2/ pJB1
	foxA+ /fhuCDB+
	+
	+

	H1717
	pFU2
	foxA+
	-
	+

	H1717
	pDK106
	fhuF+
	-
	+

	H1717
	pDK107
	smc01658+
	-
	+

	H1717
	pFU2/ pDK106
	foxA+/ fhuF+
	+
	+

	H1717
	pFU2/ pDK107
	foxA+/ smc01658+
	+
	+


Analysis of the results indicated that when pFU2 was introduced into E. coli H1443 it attained the ability to utilise ferrioxamine B. This indicated that the FoxA outer membrane receptor was fully functional in E. coli. When pFU2 and pJB1 were introduced to E. coli RK4375 separately there was no observable utilisation of ferrioxamine B. However, when introduced simultaneously, the strain was capable of ferrioxamine B utilisation indicating that transport occurred via FoxA and FhuCDB. As expected, when pFU2, pDK106 and pDK107 were introduced into E. coli H1717 separately there was no observable utilisation of ferrioxamine B as determined by the iron nutrition bioassay. As expected, when pDK106 was introduced simultaneously with pFU2, the ability to utilise ferrioxamine B was conferred upon E. coli H1717. When pDK107 carrying smc01658 was introduced into E. coli H1717 with pFU2, the ability to utilise ferrioxamine B was conferred upon the strain. Analysis of these results together indicated that Smc01658 can functionally substitute for the E. coli ferrioxamine B specific ferric iron reductase FhuF. This suggests that Smc01658 functions as a ferrioxamine B siderophore reductase in S. meliloti 2011 and that its function is redundant on the genome of S. meliloti 2011.
3.15: Analysis of the hmu Gene Cluster in S. meliloti
The organisation of siderophore family-related genes in operons is a common characteristic of most gram-negative bacteria. In the fhuCDB system of E. coli that has served as the model system for siderophore transport in gram negative bacteria (Koster, 2001), the genes encoding the PBT system are organised in a single operon: fhuC encoding a cytoplasmic membrane associated ATPase, fhuD encoding the periplasmic binding protein component of the system and fhuB encoding a hydrophobic inner membrane protein. The system encoded by fhuCDB and its orthologues show absolute specificity for Fe3+-siderophores and have not been known to be involved in the transport of other substrates.
In addition to the utilisation of Fe3+-siderophores, bacteria are capable of utilising haem-bound iron from sources such as haemoglobin, haemopexin, and haptoglobin. Bacterial haem acquisition systems have features in common with bacterial Fe3+-siderophores acquisition systems. Transport is dependent on TonB-dependent outer membrane haem receptors and inner membrane ABC transporters. However, these haem systems do not display an ability to utilise Fe3+-siderophores. 

A postdoctoral researcher in the laboratory, Dr Páraic Ó Cuív, had previously identified hmuTUV of S. meliloti 2011 (figure 3.52) as being inner membrane ABC components of a haem utilisation system (Ó Cuív, PhD Thesis 2003). This region is located on the chromosome of S. meliloti and five genes predicted to have a role in haem utilisation are found encoded on the locus, hmuPSTUV. The S. meliloti 2011 hmu cluster displays significant homology to the hmu cluster of R. leguminosarum bv vicae 8401. Mutagenesis of the R. leguminosarum bv vicae 8401 hmu gene cluster by Tn5lac revealed that the mutants were unaffected in their ability to grow on ferric dicitrate or low levels of inorganic Fe3+. However, when haem was the sole iron source, these mutants displayed a reduction in growth although it was not entirely abolished. The R. leguminosarum bv vicae 8401 hmu mutants also formed effective nitrogen fixing nodules on their host pea plant (Wexler et al., 2001). 
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Figure 3.52: Organisation and Mutagenesis of the hmu Gene Cluster

Insertion of a kanamycin resistance cassette in hmuT inactivated the gene and had a polar effect on the downstream genes in the operon, hmuU and hmuV. Initially this mutant had been made in a wild type S. meliloti 2011 background (Ó Cuív, PhD Thesis 2003). The resultant phenotype indicated that the mutant was unaffected in its ability to utilise haem and haemoglobin as iron sources under iron deplete conditions. Further analysis of the mutant indicated that it was still capable of effective nodulation and symbiotic nitrogen fixation with the host plant Medicago sativa.  Subsequent to this, the same mutation in hmuT was created in an S. meliloti 2011rhtX-3 background and called 2011rhtX-3hmuT::Km. When the phenotype of 2011rhtX-3hmuT::Km was analysed by the iron nutrition bioassay, it appeared that the utilisation of haem was reduced but not abolished (Unpublished Observations). It was postulated that a second haem utilisation system may be encoded on the genome of S. meliloti.  
3.16: Transport of Ferrioxamine B and Ferrichrome by HmuUV
The identification of the periplasmic binding protein, Smc01659, and confirmation of its role as a hydroxamate siderophore transporter specific for ferrioxamine B and ferrichrome suggested that additional components of an inner membrane transport system existed. The ability of S. meliloti 2011rhtX-3hmuT::Km to utilise ferrioxamine B and ferrichrome was analysed by the iron nutrition bioassay. Interestingly, this mutant was defective in the utilisation of both siderophores tested. This suggested that either all of the hmuTUV genes were involved in hydroxamate siderophore utilisation or that the effect was a result of polarity on the downstream genes. 
Gene complementation experiments were carried out to determine the specific genes involved in utilisation of ferrioxamine B and ferrichrome. The plasmids pPOC12, pPOC13 and pPOC14 carrying hmuT, hmuU and hmuV respectively, pPOC15 carrying hmuUV and pPOC16 carrying hmuTUV were obtained from the laboratory stocks (Ó Cuív, Unpublished) and were introduced separately into S. meliloti 2011rhtX-3hmuT::Km by triparental mating and analysed. The results of the complementation experiments are described in table 3.30.
Table 3.30: Analysis of Siderophore Utilisation by 2011rhtX-3hmuT::Km

	S. meliloti
	Plasmid
	in trans
	Df
	Fr

	2011rhtX3
	-
	-
	+
	+

	2011rhtX3hmuT::Km
	-
	-
	-
	-

	2011rhtX3hmuT::Km
	pPOC12
	hmuT
	-
	-

	2011rhtX3hmuT::Km
	pPOC13
	hmuU
	-
	-

	2011rhtX3hmuT::Km
	pPOC14
	hmuV
	-
	-

	2011rhtX3hmuT::Km
	pPOC15
	hmuUV
	+
	+

	2011rhtX3hmuT::Km
	pPOC16
	hmuTUV
	+
	+


Analysis of the results indicated that when hmuT, hmuU and hmuV were expressed in trans individually the ability to utilise the siderophores was not restored. However, the ability to utilise both siderophores was restored when pPOC16 carrying hmuTUV was introduced and more specifically when pPOC15 carrying only hmuUV was introduced. This indicated that HmuU and HmuV but not HmuT function in the utilisation of ferrichrome and ferrioxamine B.  
Specific mutants were constructed in hmuU and hmuV by insertional inactivation. A Tn5lac and kanamycin resistance cassette were introduced into these genes thereby generating S. meliloti 2011rhtX-3hmuU::Tn5lacZ and S. meliloti 2011rhtX-3hmuV::Km.  The mutants were analysed by the iron nutrition bioassay. The results indicated that both S. meliloti 2011rhtX-3hmuU::Tn5lacZ and S. meliloti 2011rhtX-3hmuV::Km were defective in the utilisation of ferrichrome and ferrioxamine B (table 3.31).  
Table 3.31: Analysis of Siderophore Utilisation by 2011rhtX-3hmuU::Tn5lacZ and 2011rhtX-3hmuV::Km
	S. meliloti
	Plasmid
	in trans
	Df
	Fr

	2011rhtX3
	-
	
	+
	+

	2011rhtX-3hmuU::Tn5lacZ
	-
	
	-
	-

	2011rhtX-3hmuU::Tn5lacZ
	pPOC13
	hmuU
	-
	-

	2011rhtX-3hmuU::Tn5lacZ
	pPOC14
	hmuV
	-
	-

	2011rhtX-3hmuU::Tn5lacZ
	pPOC15
	hmuUV
	+
	+

	2011rhtX-3hmuV::Km
	-
	
	-
	-

	2011rhtX-3hmuV::Km
	pPOC14
	hmuV
	+
	+


The introduction of pPOC13 and pPOC14 into S. meliloti 2011rhtX-3hmuU::Tn5lacZ did not restore ferrichrome and ferrioxamine B utilisation however as expected the introduction of pPOC15 into S. meliloti 2011rhtX-3hmuU::Tn5lacZ did restore the ability to utilise both siderophores.  When pPOC14 was introduced into S. meliloti 2011rhtX-3hmuV::Km the ability to utilise ferrichrome and ferrioxamine B utilisation was restored.  These results coupled with the in silico analysis indicate that HmuU is the permease component of an inner membrane hydroxamate siderophore transport system and HmuV is the ATPase component. The discovery that hmuUV function in ferrichrome and ferrioxamine B transport was initially made by Dr Páraic Ó Cuív and was confirmed in preparation of this thesis. The further investigation of this function for this thesis is described in subsequent sections. 
3.17: Expression of smc01659, hmuU and hmuV in a Heterologous Host

Mutagenesis and complementation analysis of smc01659, hmuU and hmuV suggested that the genes functioned in ferrioxamine B and ferrichrome utilisation. To confirm these results, the genes were cloned and expressed in a heterologous host and their role in siderophore utilisation was investigated. E. coli B1713 carries a (placMu insertion in fhuB and is thus unable to utilise hydroxamate siderophores.  This strain is thus suitable as an indicator strain for the analysis of inner membrane siderophore transport. 
The plasmid pPOC15 is a derivative of pBBR1MCS-5 that carries hmuUV for expression. The periplasmic binding protein Smc01659 had been expressed previously for complementation analysis from pDK104 (section 3.13.3). Since this plasmid is a pBBR1MCS-5 derivative also, it would not have been compatible with pPOC15. Therefore, it was decided to subclone EcoRI restricted smc01659 from pCR1.2 A/S into an EcoRI digested pSUP104 vector. The EcoRI site of pSUP104 is located within the chloramphenicol resistance gene and plasmids carrying inserts were identified by screening for chloramphenicol sensitivity and tetracycline resistance. The orientation of the inserts was confirmed by restriction digests.  A plasmid carrying smc01659 was identified by this means and named pDK108.

The plasmids pPOC15 and pDK108 were introduced to E. coli B1713 by transformation singly and in combination. The ability to utilise ferrichrome but not ferrioxamine B was conferred upon the clones when the plasmids were both expressed in trans. E. coli K12 does not encode a specific outer membrane receptor for ferrioxamine B. The plasmid pFU2 carries foxA of Y. enterocolitica O:8 WA-C coding for the outer membrane receptor FoxA specific for ferrioxamine B utilisation. This plasmid was introduced to E. coli B1713 in conjunction with pPOC15 and pDK108 and conferred upon the clone the ability to utilise ferrioxamine B as an iron source. Thus, smc01659 and hmuUV can substitute for the FhuCDB transport system of E. coli which thus indicates that they form a novel ABC transport system for utilisation of these siderophores. The results are described in table 3.32. 
Table 3.32: Siderophore Utilisation by E. coli B1713
	E. coli
	Plasmid
	in trans
	Fr
	Df

	B1713
	pFU2
	foxA
	-
	-

	B1713
	pDK108
	smc01659
	-
	-

	B1713
	pPOC15
	hmuUV
	-
	-

	B1713
	pDK108

pPOC15
	smc01659

hmuUV
	+
	-

	B1713
	pFU2

pDK108

pPOC15
	foxA

smc01659

hmuUV
	+
	+


3.18: Effects of Xenosiderophore Utilisation Mutants on Symbiotic Nitrogen Fixation
Medicago sativa develops root nodules when infected with its endosymbiont S. meliloti 2011. Within the nodule the bacteria differentiate to their nitrogen fixing bacteriod form. Nitrogen fixation places a large metabolic demand on the bacteriods and iron is an essential component of the metabolic pathways involved in nitrogen fixation. Iron is an essential cofactor for many of the enzymes involved in the reduction of atmospheric nitrogen, such as nitrogenase and nitrogenase reductase. Iron is therefore required in abundance during symbiosis. 

Although previously, S. meliloti 2011 rhtX mutants had been examined for their effect on symbiotic nitrogen fixation (Ó Cuív, PhD Thesis 2003), it was deemed appropriate to confirm these results since subsequent hydroxamate siderophore transport mutants had been made in this background. Previous analysis had indicated that rhtX mutants were capable of forming effective root nodules on M. sativa and were capable of symbiotic nitrogen fixation. The ability of 2011rhtX-3fhuA1::Km, 2011 rhtX-3fhuA2::Km, and 2011rhtX-3smc01659::Km to nodulate and fix nitrogen was examined, table 3.33. Nitrogen fixation was assessed by the acetylene reduction assay as described in section 2.10.3. 

Table 3.33: Effect of Mutants on Symbiotic Nitrogen Fixation
	S. meliloti
	Phenotype

	2011
	Nod+ Fix+

	2011rhtX-3
	Nod+ Fix+

	2011rhtX-3fhuA1::Km
	Nod+ Fix+

	2011rhtX-3fhuA2::Km
	Nod+ Fix+

	2011rhtX-3smc01659Km
	Nod+ Fix+


Nod = Nodulation
Fix = Nitrogen Fixation
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Figure 3.53: Nodulation Analysis of M. sativa Seedlings by S. meliloti 2011. Plate A illustrates 30 day old seedlings which had been inoculated with S. meliloti 2011. Plate B illustrates 30 day old seedlings which were uninoculated and grown under the same conditions as those in photograph A. Plate C shows close up the root nodules present in Plate A.
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Figure 3.54: Nodule Formation Induced by S. meliloti 2011 on a 30 Day Old M. sativa Seedling
Analysis of the results indicated that the S. meliloti 2011 mutants tested formed effective nodules on their host plant M. sativa and were capable of symbiotic nitrogen fixation. This suggested that the genes which had been mutated, fhuA1, fhuA2, and smc01659, were inessential for symbiotic nitrogen fixation. Therefore, S. meliloti 2011 makes use of these genes for iron acquisition while in its free-living state but in planta iron acquisition must be occurring independently of these genes. Analysis of the control plants indicated that the nodule formation on the S. meliloti 2011 induced plants were comparable to the mutant induced plants. Nodules displayed the characteristic red hue indicating the presence of leghaemoglobin, figure 3.54. It was also observed that there was an absence of nodules on the uninoculated control plants. The level of growth of the uninoculated control plants was observably less than that of the wild type S. meliloti 2011 induced plants, figure 3.53. In contrast, the level of growth of the mutant induced plants was comparable to that of the wild type S. meliloti 2011 induced plants thereby indicating an effective symbiosis. Nodulated plants converted acetylene to ethylene in all cases indication that the nitrogenase enzyme was active.
3.19: Xenosiderophore Utilisation by R. leguminosarum and P. aeruginosa
Genome annotation, in silico analysis and previous functional characterisation studies of homologues of the hmuPSTUV locus from bacteria other than S. meliloti has provided no evidence for a role in hydroxamate siderophore utilisation. It was decided to investigate whether the novel ‘dual ABC’ transport system for the utilisation of ferrioxamine B and ferrichrome which had been identified and characterised in this study was unique to S. meliloti 2011 or more widespread. Complementation experiments were performed using cloned genes from the closely related species R. leguminosarum bv vicae 3841 and the opportunistic human pathogen P. aeruginosa PAO1. In contrast to S. meliloti 2011 and P. aeruginosa PAO1, R. leguminosarum encodes a FhuCDB system that functions in the utilisation of the hydroxamate siderophore vicibactin.
3.19.1: Cloning hmuUV of R. leguminosarum bv vicae 3841

The region 3895640-3897586 of the R. leguminosarum bv vicae 3841 chromosome carries the genes hmuUV. Primers were designed (figure 3.55) to amplify the region and incorporate EcoRІ and BamHІ sites for cloning. Total genomic DNA was prepared from R. leguminosarum bv vicae 3841 (section 2.5.5) and used as a template in a PCR reaction (table 3.34) to amplify this region. The PCR product was subsequently digested using the restriction endonucleases EcoRІ and BamHІ and cloned into the EcoRІ and BamHІ digested sites within the multiple cloning site of pBBR1MCS-5. A clone was isolated and restriction analysis confirmed that the R. leguminosarum bv vicae 3841 hmuUV genes had inserted correctly. This clone was named pDK109 and its ability to utilise the siderophores ferrioxamine B and ferrichrome was analysed.
Figure 3.55: PCR Primers for the Amplification of hmuUV of R. leguminosarum bv vicae 3841

Rleg3841hmuU_F:   
5′ ctgcagaaacctgggcccCTACGGGGGCTGATCATGGC 3′

Rleg3841hmuV_R:
5′ ctgcagaaacctgaattcTCAGGGGCGGGAAATGGCGC 3′
Table 3.34: PCR Conditions for the Amplification of hmuUV of R. leguminosarum bv vicae 3841
	PCR Conditions

	Annealing Temp
	65 oC

	Annealing Time
	10 sec

	Extension Time
	1 min

	Buffer
	HF Buffer


3.19.2: Expression of hmuUVRL in S. meliloti 2011rhtX-3hmuU::Tn5lacZ
The plasmid pDK109 carrying the R. leguminosarum bv vicae 3841 hmuUV genes for expression was introduced to S. meliloti 2011rhtX-3hmuU::Tn5lacZ by triparental mating. Complementation of siderophore utilisation by hmuUVRL was determined by the iron nutrition bioassays (section 3.2). The bioassay seeded with the transconjugant was supplemented with 20 μg/ml gentamicin to select for the pDK109 plasmid and 1 mM IPTG to induce gene expression. S. meliloti 2011rhtX-3 was used as a positive control strain while S. meliloti 2011rhtX-3hmuU::Tn5lacZ was used as a negative control strain. The results of the bioassays are shown in table 3.35.
Table 3.35: Analysis of Siderophore Utilisation by 2011rhtX-3hmuU::Tn5lac expression hmuUVRL
	S. meliloti
	Plasmid
	in trans
	Df
	Fr

	2011rhtX-3
	-
	
	+
	+

	2011rhtX-3hmuU::Tn5lacZ
	-
	
	-
	-

	2011rhtX-3hmuU::Tn5lacZ
	pDK109
	hmuUVRL
	+
	+


Analysis of the results indicates that the hmuUV genes of R. leguminosarum bv vicae 3841 are capable of complementing the mutation in S. meliloti 2011rhtX-3hmuU::Tn5lacZ and thereby mediating transport of ferrioxamine B and ferrichrome. This suggests that the periplasmic binding protein Smc01659 is capable of interacting with hmuUVRL to facilitate utilisation.
3.19.3: Cloning phuUV of P. aeruginosa PAO1
The region 5287035-5285268 of the P. aeruginosa PAO1 chromosome contains the genes phuUV. Primers were designed (figure 3.56) to amplify the region and incorporate EcoRІ and BamHІ sites for cloning. Total genomic DNA prepared from P. aeruginosa PAO1 as described in section 2.5.5 was used as a template in a PCR reaction (table 3.36) to amplify the region encoding phuUV. The PCR product was subsequently digested with EcoRІ and BamHІ and cloned into the EcoRІ and BamHІ digested sites within the multiple cloning site of pBBR1MCS-5. A clone was isolated and restriction analysis confirmed the insertion of phuUV. This clone was named pDK118 and ability to utilise hydroxamate siderophores analysed (section 3.19.4).

Figure 3.56: PCR Primers for the Amplification of phuUV of P. aeruginosa PAO1

phuUV_F:
5′ tttaaatcagaattcCGCTGGGGATTTCGCTCG 3′

phuUV_R:
5′ ttaatctaaggatccTCAACGGGCGACGATCAGC 3′
Table 3.36: PCR Conditions for the Amplification of phuUV of P. aeruginosa PAO1
	PCR Conditions

	Annealing Temp
	55 oC

	Annealing Time
	3 sec

	Extension Time
	30 sec

	Buffer
	HF Buffer


3.19.4: Analysis of hmuUVRL and phuUV in a Heterologous Host
E. coli B1713 carries a (placMu insertion in fhuB resulting in an inability to utilise hydroxamate siderophores and it has been successfully used as an indicator strain for the analysis of inner membrane siderophore transport (section 3.17). The plasmid pFU2 encodes foxA of Y. enterocolitica O:8 WA-C coding for the ferrioxamine B cognate outer membrane receptor FoxA. An E. coli B1713 strain harbouring pFU2 and the plasmid pDK108 carrying smc01659 (section 3.17) was used as a recipient in a triparental mating with the plasmids pDK109 and pDK118 individually. The siderophore utilisation phenotype of the transconjugants was analysed by the iron nutrition bioassay. Results are shown in table 3.37.
Table 3.37: Analysis of hmuUVRL and phuUV in E. coli B1713 
	E. coli
	Plasmid
	in trans
	Fr
	Df

	B1713
	pFU2
	foxA
	-
	-

	B1713
	pDK108
	smc01659
	-
	-

	B1713
	pDK109
	hmuUVRL
	-
	-

	B1713
	pDK108

pDK109
	smc01659

hmuUVRL
	+
	-

	B1713
	pFU2

pDK108

pDK109
	foxA

smc01659

hmuUVRL
	+
	+

	B1713
	pFU2

pDK108

pDK118
	foxA

smc01659

phuUV
	-
	+


Analysis of the results confirms that the hmuUV genes of R. leguminosarum bv vicae 3841 are capable of facilitating the transport of ferrioxamine B and ferrichrome. When introduced to E. coli B1713 individually the plasmids pFU2, pDK108 and pDK109 did not confer siderophore utilisation ability. However, when smc01659 and hmuUVRL were expressed in trans, the ability to utilise ferrichrome was restored. The outer membrane receptor FoxA was necessary to restore ferrioxamine B utilisation when present with Smc01659 and HmuUVRL. This confirms that HmuUVRL is capable of interaction with the S. meliloti 2011 periplasmic binding protein Smc01659 to facilitate uptake of ferrioxamine B and ferrichrome. Interestingly, the introduction of phuUV from P. aeruginosa PAO1 resulted in restoration of ferrioxamine B utilisation but not that of ferrichrome. 
3.19.5: In silico Analysis of the R. leguminosarum bv vicae 3841 and P. aeruginosa PAO1 Genomes in Search of Smc01659 Homologues
The genome of R. leguminosarum bv vicae 3841 has been fully sequence (Young et al., 2006) and is available online. Analysis of the genome using a BLASTP search with the periplasmic binding protein Smc01659 of S. meliloti 2011 revealed significant homology with a single protein. The protein RL2713 termed TroA_f (accession number YP_768298) is a putative substrate-binding Fe3+-siderophore binding protein that displays 30% identity and 50% similarity to Smc01659. The mature protein has a molecular weight of 39.11 kDa and a pI of 5.33 which is similar to that of Smc01659. The MultAlin and Genedoc programs were used to perform global sequence alignment of Smc01659 and RL2713. The results of the BLASTP search are shown in figure 3.57 and reveal a number of highly conserved residues.
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Figure 3.57: Multiple Sequence Alignment of S. meliloti 2011 Smc01659 and R. leguminosarum bv vicae 3841 RL2713. Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
Immediately downstream of RL2713 on the R. leguminosarum bv vicae 3841 are genes predicted to encode a permease (RL2714) and ATPase (RL2715) component of a putative iron acquisition ABC transport system. The permease component RL2714 was selected for BLASTP analysis against the S. meliloti 2011 genome to identify any homologous iron acquisition systems. The results of the BLASTP identified only one protein with significant homology Smb21430 72% identity 84% similarity to RL2714. Smb21430 is a putative permease protein predicted to be involved in iron acquisition. Directly upstream of smb21430 is a putative ATPase smb21429 with a predicted function in iron acquisition. While downstream and in the opposite orientation to smb21430 is a gene with unknown function smb21431 and a gene smb21432 predicted to encode a putative periplasmic binding protein involved in iron acquisition. 
The genome of P. aeruginosa PAO1 has been fully sequenced (Stover et al., 2000) and is available online (section 2.8). Analysis of the genome using BLASTP and PSI-BLAST searches with the periplasmic binding protein Smc01659 of S. meliloti 2011 did not reveal any significant homologues with E-values above the threshold. However, a BLASTP search using the Smc01659 protein sequence against the Pseudomonas group revealed homology with a number of proteins (table 3.38 and figure 3.58). 
Table 3.38: Pseudomonadaceae Proteins Displaying Significant Homology to Smc01659

	Protein/Locus Tag
	Homology
	Molecular Mass (kDa)
	Identity % (Similarity)*
	Accession

	PFL_3500
	P. fluorescens Pf-5
	37.28
	35 (57)
	YP_260603

	PputGB1_4771
	P. putida GB-1
	37.31
	32 (51)
	YP_001670993

	Pmen_0797
	P. mendocina ymp
	37.26
	31 (50)
	YP_001186297

	PST_0845
	P. stutzeri A1501
	27.10
	15 (26)
	YP_001171384

	Pmen_3846
	P. mendocina ymp
	27.00
	15 (26)
	YP_001189325


* Molecular mass of the processed protein was calculated. ** Homology was determined using the GeneDoc program. 
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Figure 3.58: Multiple Sequence Alignment of S. meliloti 2011 (Smc01659) with P. fluorescens Pf-5 (PFL_3500), P. putida GB-1 (PputGB1_4771), P. mendocina ymp (Pmen_0797), P. stutzeri A1501 (PST_0845), and P. mendocina ymp (Pmen_3846). Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
3.20: Discussion
Iron is a limiting nutrient in the soil and in response soil microorganisms produce a wide range of siderophores. Previous studies have estimated that the soil environment contains up to 1 µM of hydroxamate siderophores per gram weight (Benson et al., 2005). The asymmetric citrate hydroxamate siderophore rhizobactin 1021 is the only endogenous siderophore produced by S. meliloti 2011. Utilisation of this siderophore has previously been shown to be mediated by the outer membrane receptor RhtA and the inner membrane MFS transporter RhtX (Lynch et al., 2001; Ó Cuív et al., 2004). Mutants with cassette insertions in rhtA and rhtX resulted in nodule formation and nitrogen fixation at levels comparable to that of wild type. This indicated that utilisation of rhizobactin 1021 is important for the free-living state of S. meliloti 2011 in the soil environment and that iron acquisition was occurring by an alternate mechanism in planta. 

The ability to utilise xenosiderophores endows a bacterium with a competitive advantage and possibly enhances survival in oligotrophic environments. Ó Cuív et al. (2004) demonstrated that the S. meliloti 2011 xenosiderophore schizokinen was transported via the RhtA/RhtX transport system in an identical manner to that of the endogenous siderophore rhizobactin 1021. The siderophores rhizobactin 1021 and schizokinen share identical core structures so their co-affinity for this transport system probably reflects a mechanism of siderophore binding and recognition via the siderophore core or iron coordination sites. 
Analysis of xenosiderophore utilisation in S. meliloti 2011 by the iron nutrition bioassay revealed utilisation of a broad range of siderophores of both hydroxamate and phenolate types (section 3.2). Interestingly, in silico analysis of S. meliloti 2011 does not reveal any significant homologues of the E. coli FhuCDB hydroxamate siderophore transport system. Thus, the transport of the hydroxamate xenosiderophores must be occurring via novel mechanisms. E. coli FhuA homologues were identified on the genome of S. meliloti 2011 revealing the location of putative components of siderophore transport systems. Iron nutrition bioassay analysis indicated that the utilisation of coprogen was abolished in a pSyma cured strain. Assessment of this result in light of bioinformatics results in table 3.3, suggested that the putative outer membrane receptor Sma1747 was involved in coprogen transport. Encoded upstream and in the opposite orientation to sma1747 are four genes with putative functions in iron acquisition; sma1741, sma1742, sma1745 and sma1746 possibly encoding a novel coprogen acquisition system (Unpublished observations). Yersiniabactin utilisation potentially occurs via Smc02890 the putative outer membrane receptor which displays 26% similarity to E. coli FhuA (table 3.3). Adjacent to smc02890 is a putative MFS type inner membrane permease (Unpublished observations) that shares homology with RhtX and also interestingly YbtX, a protein of unknown function located within the yersiniabactin siderophore regulon of Y. pestis (Ó Cuív, PhD Thesis 2003).
The outer membrane receptors FhuA1 and FhuA2 were identified by in silico analysis based on homology with the E. coli FhuA receptor sequence and selected for mutagenesis by cassette insertion. Analysis of the amino acid sequences of FhuA1 and FhuA2 revealed strong homology with Fe3+-siderophore receptor proteins and indicated the presence of motifs designated regions I, II and III conserved among TonB-dependent receptors (Bitter et al., 1991). Examination of iron nutrition bioassay results of the mutants (section 3.6) and transconjugants from complementation studies (sections 3.10.4 and 3.13.5) confirm that FhuA1 is a ferrichrome specific outer membrane receptor and that FhuA2 is a ferrioxamine B specific outer membrane receptor. The complementation of the fhuA2 mutant with the plasmid pDK102 harbouring fhuA2 for expression resulted in restoration of ferrioxamine B utilisation. This indicated that the fhuA2 gene and the genes immediately downstream were organised into two separate transcriptional units. 
In silico analysis of the Smc01610 gene indicated that it encoded a putative AraC-type transcriptional regulator with a predicted molecular weight of 36.99 kDa in the range of many AraC-type regulators.  A predicted promoter region was identified in the region upstream of the start codon using the neural network promoter prediction program and putative repeat binding sites (figure 3.26). A mutagenesis cassette was introduced into smc01610 by allelic exchange and analysis of the mutant phenotype indicated that it was defective in ferrichrome utilisation (section 3.9). When fhuA1 individually or smc01610 and fhuA1 together were expressed in trans in the mutant utilisation of ferrichrome was restored. However, when smc01610 alone was introduced, the transconjugant was still defective in its ferrichrome utilisation ability. The results suggest that smc01610 and fhuA1 are in a single transcriptional unit and that the mutation in smc01610 is having a polar effect on fhuA1. The results suggest that smc01610 may be a regulator of fhuA1 expression but to confirm this, further analysis is required. Whole-genome microarray transcriptome analysis of S. meliloti 2011 to identify iron-responsive and rirA-responsive genes had previously been performed (Chao et al., 2005). Under iron stressed conditions smc01610 expression was increased in S. meliloti 2011 confirming its role in iron acquisition. In addition, the expression of fhuA1 was examined in a rirA mutant and found to be increased compared to wild type expression. Taken as a whole, the results suggest that RirA acts as a global iron regulator and influences the expression of fhuA1 independently of smc01610, but it is likely that smc01610 acts at a local level influencing the expression of fhuA1. 
Examination of the region immediately downstream of fhuA2 resulted in the identification of two genes with strong homology to genes involved in iron assimilation. The amino acid sequence of Smc01658 was examined and found to share homology with ferric iron reductase proteins, in particular the FhuF ferrioxamine B siderophore reductase of E. coli. The two proteins share a homologous motif which is implicated in the binding of [2Fe-2S] clusters (figure 3.29). Downstream of this putative reductase is a gene coding for Smc01659 which displayed strong homology to genes involved in Fe3+-siderophore transport across the periplasmic space. Both smc01658 and smc01659 were selected for mutagenesis by insertion of an antibiotic resistance cassette by allelic exchange. Phenotypic analysis of the mutants and transconjugants from complementation studies (sections 3.11 and 3.13.5) indicated that siderophore utilisation appeared unaffected by the cassette insertion in smc01658. Mutagenesis of smc01659 however had resulted in an abrogation in ferrioxamine B and ferrichrome transport confirming the proteins role as a hydroxamate siderophore periplasmic binding protein. Smc01659 was designated as FhuP (ferric hydroxamate uptake periplasmic binding protein) reflecting this function. A gene adjacent to smc01659 with no predicted function was mutated and phenotypic analysis did not implicate smc01660 in hydroxamate siderophore utilisation. 
As Smc01658 did not display an effect in hydroxamate siderophore utilisation when mutated by cassette insertion, the gene was cloned and expressed in a heterologous host for analysis. E. coli H1717 is mutated by a (placMu insertion in fhuF thereby causing its ability to utilise the hydroxamate siderophore ferrioxamine B to be eliminated. The expression of smc01658 in this strain which simultaneously expressed the foxA gene resulted in restoration of the ferrioxamine B assimilation ability. Thus, smc01658 functions as a ferric iron reductase with specificity for the siderophore ferrioxamine B. However, its function in S. meliloti 2011 is redundant and thus detection of further siderophore specificities by smc01658 remains elusive.  Smc01658 was designated as FhuF reflecting its siderophore reduction ability.
The identification of the hydroxamate siderophore specific outer membrane receptors FhuA1 and FhuA2 and the periplasmic binding protein FhuP warranted the search for additional components of the transport system. A postdoctoral researcher in the laboratory, Dr Páraic Ó Cuív, had previously created cassette insertion mutants in the hmuTUV genes of the hmu locus of S. meliloti 2011. Phenotypic analysis of these mutants and transconjugants from complementation studies (section 3.16) indicated that the hmuUV genes alone functioned to mediate transport of ferrioxamine B and ferrichrome across the cytoplasmic membrane. This was surprising since in silico analysis (Chapter 4) and previous characterisation of homologues of hmuTUV (section 1.5) indicates that these genes function in the utilisation of haem compounds. 
The S. meliloti 2011 hmuUV genes were examined for their hydroxamate siderophore utilisation ability in a heterologous host. E. coli B1713 carries a (placMu insertion in fhuB resulting in an inability to utilise hydroxamate siderophores. Expression of hmuUV alone did not restore utilisation of ferrioxamine B or ferrichrome utilisation. However, when smc01659 was expressed in trans together with hmuUV the ability to utilise these siderophores was restored. Thus, FhuP interacts with the previously characterised haem specific homologues HmuUV to bring about hydroxamate siderophore transport. A model of hydroxamate siderophore transport systems in S. meliloti 2011 is illustrated in figure 3.59. 
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Figure 3.59: A Model of Hydroxamate Siderophore Utilisation and Assimilation in S. meliloti 2011. TonB-dependent outer membrane receptor proteins are coloured red, the TonB complex is coloured yellow, inner membrane associated transporters are green and ferric iron reductase proteins are blue. Haem transport is discussed in Chapter 4. 
Analysis of the ferrichrome and ferrioxamine utilisation deficient mutants by nodule formation and nitrogen fixation assays on M. sativa in this study indicated that nodule formation occurred normally and the bacterium entered into an efficient symbiosis. This indicated that neither ferrioxamine B nor ferrichrome iron acquisition are essential for effective symbiosis but are facets of the S. meliloti 2011 free-living state. 
The examination of hydroxamate siderophore utilisation by the previously characterised hmuUV genes of R. leguminosarum bv vicae 8401 (Wexler et al., 2001) and the phuUV genes of P. aeruginosa PAO1 (Ochsner et al., 2000) suggested that the dual haem-siderophore transport system is not limited to S. meliloti 2011. Previous characterization of the R. leguminosarum bv vicae 8401 hmuPSTUV locus and the P. aeruginosa PAO1 phuTUV operon did not demonstrate an ability to transport the siderophores ferrioxamine B and ferrichrome in vivo. When expressed in a heterologous host in combination with the S. meliloti 2011 FhuP protein, the utilisation of both siderophores was mediated by hmuUVRL while only ferrioxamine B utilisation was mediated by phuUV. In silico analysis of the respective genomes reveals few FhuP homologues. Only one homologue was found encoded on the genome of R. leguminosarum bv vicae 3841. There was an absence of significant FhuP homologues on the genome of P. aeruginosa PAO1, however a broader search revealed a number of homologues in closely related Pseudomonas species. It thus appears that the specificity of the novel transport system is determined by the periplasmic binding proteins, specifically, FhuP for ferrichrome and ferrioxamine B utilisation and HmuT for haem utilisation. Similar transport systems may be encoded on the genome of other bacterial species but confirmation by functional analysis is required. 
Thus, genome annotation and in silico analysis alone are not sufficient for determination of gene function. Only by detailed functional characterisation of biological systems can function be conclusively proven.
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