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Abstract 

 

 Iron is an essential but limiting nutrient for phytoplankton growth in the marine 

environment. In some oceanic bodies like the Southern Ocean, the chlorophyll levels 

are low even if the nutrients are replete in these waters. These areas, otherwise known 

as high nutrient low chlorophyll (HNLC) regions, have very low Fe levels (Butler 

2005). Previous works have shown evidence that dissolved Fe is generally present 

complexed with organic ligands (Rue and Bruland, 1997; Boye et al., 2001; Vraspir 

and Butler, 2009). These ligands prevent the Fe from precipitating under aerobic 

conditions and at near-neutral pH and thereby make them more bioavailable to 

organisms. The similarities of the stability constants of these ligands with the stability 

constants of known siderophores, or those that were isolated from cultured organisms, 

led to the assumption that these ligands may be or include siderophores (Rue and 

Bruland, 1995; Macrellis et al., 2001; Gledhill et al., 2004). Siderophores are low 

molecular-weight, organic compounds with a high affinity to Fe
3+

. Due to 

contamination problems and the difficulty in sampling, only a small number of marine 

siderophores have been chemically characterized. However, taking into consideration 

that these organic compounds could possibly be one of the driving factors that control 

productivity in the ocean and have influence on Fe biogeochemical cycling, a study 

focusing on the determination of their chemical nature is very important. 

 In the present study, both fieldwork and experiments were conducted to determine 

the chemical nature of the marine siderophores in different water masses around New 

Zealand. Analytical methods were initially tested by characterizing siderophores 

biosynthesized by cultured bacteria isolated from thermoalkaphilic terrestrial system 

and marine bacteria grown under low Fe media. 
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Catechol and hydroxamate moieties were detected from the thermoalkaphilc 

Caldalkalibacillus thermarum strain TA2.A1 by chemical assays. However, only a 

hydroxamate-type siderophore was identified by HPLC-MS analysis. A catechol 

siderophore was produced and detected from the heterotrophic marine organism Vibrio 

alginolyticus PWH3a. The enterobactin hydrolysis dimer, dihydroxy benzoylserine 

((DHBS)2) was recognized from the MSMS fragmentation of the compound. 

Furthermore, a carboxylate-type similar to the known siderophore rhizofferin was 

detected from a culture of the aerobic marine proteobacteria roseobacter Silicibacter 

pomeroyi DSS-3. 

In neritic and Sub-Antarctic waters off the south eastern coast of New Zealand, 

a total of six hydroxamate type siderophores were detected and identified in surface 

waters. The Sub-Antarctic water represents a Fe-deplete body of water while neritic 

waters were considered Fe-replete. A large proportion of strong L1 class Fe-binding 

ligands were found in surface waters corroborating the detection of siderophores at the 

same depths and the assumptions that most of the strong ligands will be dominant at 

the surface. Furthermore, seasonal and water-mass-specific differences were observed 

for the ratio of L1 to the sum of ligands present in the surface water.  

In the mesotrophic and Fe replete subtropical waters off the eastern coast of 

New Zealand, hydroxamate-type siderophores, which all exhibit ferrioxamine 

fragmentation patterns, were identified together with their Na adducts in surface 

waters. Two among the five hydroxamate siderophores were suspected to also contain 

carboxylate groups, however, due to sample limitation this was not confirmed. The 

results were strongly supported by chemical assays, estimates of siderophore- 

producing bacterial abundance using CAS agar plate experiments and electrochemical 

measurements of the complexing capacity. The strong L1 class was found to dominate 
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the Fe-binding ligand distribution in surface waters. Furthermore, a catechol-type 

siderophore was likewise qualitatively detected using chemical assay but as with 

neritic and Sub-Antarctic samples, this was not confirmed or detected by HPLC 

separation and mass spectrometry measurements. 

On board incubation experiments focusing on the origin of the ligands were 

also conducted during the Fe Cycle II cruise in the sub tropical waters off the eastern 

coast of New Zealand. The goal was to determine whether siderophores are produced 

during the bioremineralization of marine particles. Results showed the presence of a 

known open-chained ferrioxamine B and G siderophore among two more hydroxamate 

siderophore types found. The chemical assays and CAS agar test experiments strongly 

agreed with the HPLC-MS results. The electrochemistry analysis, however, failed to 

detect strong L1 class Fe-binding ligands.  

 In general, this study has successfully identified the major functional groups 

of siderophores found in both Fe-deplete and Fe-replete water bodies around New 

Zealand. It can be concluded that hydroxamate (mainly ferrioxamine types) 

siderophores are present and potentially dominant in this area. The exact chemical 

structures of most siderophore were not confirmed. However, two known open- 

chained ferrioxamines (i.e. B and G) were detected from the particle remineralization 

experiment conducted during the Fe Cycle II cruise in sub tropical waters.  
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Chapter 1: Introduction 

1.1. Overview 

Iron (Fe) is the fourth most abundant element on earth; however it is present in 

extremely low concentration in seawater (Turner et al., 2001; Vraspir and Butler, 

2009). Iron is essential for many life processes including photosynthesis, respiration, 

and nitrogen fixation (Vraspir and Butler, 2009). It is already well documented that 

approximately 99% of Fe present in seawater is bound to organic ligands (Rue and 

Bruland, 1997; Boye et al., 2001; Vraspir and Butler, 2009).  The presence of these 

organic Fe (III)-binding ligands increases the solubility and bioavailability of Fe (III) 

in seawater. These organic compounds are comprised of various substances and may 

include siderophores. Siderophores are chelating compounds that are biosynthesized by 

bacteria to sequester Fe (III) that are present in the environment (Albrecht-Gary and 

Crumbliss, 1998; Winkelmann , 2002).  More information on siderophores is provided 

at section 1.3 of this chapter. 

 Due to similarities between the conditional stability constants of the strong 

natural organic Fe (III)-binding ligands in seawater and siderophores (Gledhill et al., 

2004; Macrellis et al., 2001; Rue and Bruland, 1995), it had been assumed that these 

ubiquitous strong Fe (III)-binding ligands found in surface ocean water are, or include, 

siderophores. To date, despite progress in detecting and characterizing siderophores 

from cultured organisms, the sources and nature of these natural marine ligands still 

remain mostly uncertain. In this regard, the overall objective of the present study was 

to determine the chemical nature of naturally occurring siderophores in high nutrient 

low chlorophyll (HNLC) region of the ocean.  

 This thesis is a multi-disciplinary study which involved collaborations 

between different scientists and research groups within the Chemistry Department and 
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the Microbiology Department of the University of Otago, the National Institute of 

Water and Atmospheric Research (NIWA), New Zealand, the Medicinal Chemistry 

Department of the University of Washington, USA and the Department of 

Microbiology of the University of Tennessee, USA. 

 

1.2. Iron biogeochemistry in the ocean 

The extremely low concentration of Fe in seawater on the one hand, and its 

ubiquitous nature elsewhere in the environment, causes a high risk of contamination 

during sampling and analysis. It was only with the introduction of stringent trace metal 

clean techniques over two decades ago that reliable measurements were applicable 

(Bruland et al., 1979; Price and Morel, 1998).  As a result of this development, the 

different processes and mechanisms that may regulate Fe availability in the ocean have 

recently been examined. The major forms of Fe in coastal waters and the open ocean 

are dissolved Fe (II), dissolved Fe (III) and Fe (III) in oxyhydroxides, silicates and 

aluminosilicates (Price and Morel, 1998). The presence of sparsely soluble Fe under 

aerobic conditions and at neutral pH, coupled with limited input results in ultralow Fe 

concentrations in seawater (Boye et al., 2001; Watson, 2001; Kraemer, 2004; Vraspir 

and Butler, 2009). The poor bioavailability of iron is also known to limit biological 

productivity in vast regions of the surface ocean (Behrenfeld et al., 1996). 

Furthermore, low primary production in regions of the world oceans, where major 

nutrients are replete, is associated with low Fe concentration (Butler and Martin, 

2005). These regions, otherwise regarded as high nutrient low chlorophyll (HNLC) 

regions, constitute 40% of the world’s ocean (Falkowski et al., 1998; Boyd et al., 2000; 

Moore et al., 2002). These oceanic bodies include the sub-Arctic Pacific, the equatorial 

Pacific and the Southern Ocean.  
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The hypothesis that Fe limits primary productivity was successfully tested in 

the equatorial Pacific, eastern sub-Arctic Pacific and the Southern Ocean (Butler and 

Martin, 2005). Various in situ mesoscale Fe fertilization experiments resulted in a 

significant increase in primary productivity (Cullen, 1994; Martin et al., 1995; Coale et 

al., 1996; Wells, 2003; Tsuda et al., 2003; Boyd et al., 2004). Likewise, shipboard 

incubation experiments yielded similar findings indicating increased productivity with 

addition of Fe (Takeda and Obata, 1995; Fitzwater et al., 1996; Timmermans et al., 

1998). Interestingly, results of the Iron-Ex II experiment showed that organic ligands 

were immediately produced in response to small scale Fe addition (Rue and Bruland, 

1997).  Studies show that the bulk of iron in seawater exists in the particulate phase but 

approximately 99% of dissolved Fe (III) is bound by organic ligands (Hutchins et al. 

1999; Rue & Bruland, 1995; Wu and Luther, 1995). During the sub-Arctic Ecosystem 

Response to Iron Enrichment Study (SERIES) iron fertilization experiment, a decrease 

in colloidal Fe and an increase in dissolved Fe were observed (Wong et al., 2006). It 

was assumed that this was due to the sequestration of the colloidal Fe by the organic 

ligands (Vraspir and Butler 2009). Hence, it has been hypothesized that these organic 

ligands are biologically derived (Rue and Bruland, 1997).  

Many microorganisms that grow under aerobic condition need at least 1 µM of 

Fe to grow (Das et al., 2007). However, the concentration of Fe in the surface ocean 

ranges only from 0.02 to 1.0 nM (Vraspir and Butler, 2009), which is way below the 

concentration required by living organisms. Hence, due to this environmental 

restriction, microorganisms excrete organic compounds to solubilize and facilitate 

acquisition of Fe
3+

 in the environment (Vala et al., 2006).  
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1.3. Siderophores 

The name siderophore derives from the Greek for ―iron carrier’. Siderophores 

are defined as low molecular-weight organic compounds with high binding affinity to 

ferric ions (Fe
3+

) (Neilands, 1995).  Siderophores are produced as free ligands in cell 

cultures or the natural environment, where they preferably bind to Fe
3+

. However, they 

also exhibit affinity to other metals. They are produced by bacteria, fungi and some 

monocotyledonous plants (Drechsel and Winkelmann, 1997; Das et al., 2007). They 

solubilize Fe
3+

 and transport it into the cell through siderophore-specific receptors 

(Drechsel and Winkelmann, 1997; Diaz de Villegas, 2007). 

Research in the field of siderophores started six decades ago when Neilands 

discovered fungal ferrichrome in 1952 (Neilands, 1952). Since then, over 500 

structurally different siderophores have been discovered in terrestrial and aquatic 

systems (Drechsel and Winkelmann, 1997; Butler and Martin, 2005; Das et al., 2007).  

So far, the historical development of siderophore studies showed that some bacterium 

and fungi can produce more than one type of siderophore (Wilhelm and Trick, 1994; 

Granger and Price, 1999; Cendrowski et al., 2004; Das et al., 2007). It has likewise 

been shown that a broad range of structural variations have been observed within 

different siderophore classes (Neilands, 1995; Drechsel and Winkelmann, 1997). 

Siderophores are classified based on different criteria (e.g. linear or cyclic; or 

according to the organisms that produce the siderophores), however most studies base 

their classification on the chemical nature of the functional groups donating the oxygen 

ligands for Fe
3+

.  The three common functional groups that coordinate to Fe
3+

 in 

siderophores are hydroxamic acids, catechols, and α-hydroxy-carboxylic acids (Figures 

1.1 – 1.3) (Ito and Butler, 2005; Zawadzka et al., 2006; Butler and Theisen, 2010). To 
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form a complex with Fe, the hydroxamate functional group loses a proton from the 

hydroxylamine (-NOH) group and forms a bidentate bond with the carbonyl and  

-NOH groups (Crumbliss, 1990; Feistner et al., 1993). The catecholate functional 

groups lose two protons and form a five-membered ring with Fe through the phenolic 

oxygen groups at neutral to alkaline pH (Kraemer, 2004). Chelation of Fe
3+

 with 

carboxylate groups relies solely on the oxygen donor atoms (Drechsel and 

Winkelmann, 1997). 

   

 

 

 

   

   

Figure 1.1 Ferriochrome (here shown in its Fe bound form, a) and Rhodotulic acid 

(free form, b) as representative siderophores with hydromate functional groups 

(adopted from Drechsel and Winkelmann 1997). 

a)  Ferrichrome  

b) Rhodotoluric acid  
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Figure 1.2 Enterobactin, a representative siderophore exhibiting catecholate 

functionality (adopted from Drechsel and Winkelmann 1997). 
 

 

 

 

   

 

Figure 1.3 Rhizoferrin, a representative siderophore with carboxylic acid groups 

(adopted from Drechsel and Winkelmann 1997). 
 

 

The high Fe
3+ 

affinity of siderophores is regulated by the principle of hard and soft 

acids and bases as proposed by Pearson in 1969 (Pearson, 1969). This allows the 

formation of a Fe complex with the hard oxygen donor groups of siderophores 

Enterobactin  

Rhizoferrin 
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(Dhungana and Crumbliss, 2005; Simionato et al., 2006). The redox potentials of Fe-

complexes and the chelation and redox processes, relating to the formation of Fe-

sidorophore complexes, have been summarized and illustrated by Dhungana and 

Crumbliss (2005) (Figure 1.4). Siderophores stabilize the trivalent state of Fe because 

of their higher affinity for Fe
3+

. Stabilized Fe (III)-complexes have more negative 

redox potentials and Fe (II) complexes more positive redox potentials relative to the 

aquo ion (Boukhalfa and Crumbliss, 2002; Dhungana and Crumbliss, 2005). Since 

redox potentials of siderophores are found in the negative range, it is apparent that 

siderophores are very selective to Fe
3+

. Redox potential shifts of Fe-complexes (e.g. 

with changing pH) were shown to have implications on exchange of Fe (III) to Fe (II) 

in the biological systems (Harrington and Crumbliss, 2009). 
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Figure 1.4 Diagram showing redox potentials of various Fe-complexes as modified by 

Fe-binding ligands.The ability of the ligand to promote high affinity to Fe
3+

 over Fe
2+

 

is indicated by a negative Fe-complex redox potential (reproduced from Dhungana and 

Crumbliss, 2005). 
 

 

1.4. Marine siderophores 

Earlier studies have shown that several marine heterotrophic and cyanobacteria 

grown under Fe-limiting conditions produce siderophores (Wilhelm and Trick, 1994; 

Granger and Price, 1999; Hutchins et al., 1999). In 1979, Armstrong and Van Baalen 

isolated the first hydroxamate-type siderophore from the culture of Agmenellum 

quadruplicatum PR6 (Synechococcus PCC 7002) (Armstrong and Van Baalen, 1979). 

Over the past decade, several marine siderophores from cultured organisms have been 
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structurally characterized (Table 1). Marine siderophores can be grouped as (a) 

siderophores which exhibit α-hydroxy carboxylic acid moiety (e.g. β-hydroxy aspartic 

acid or citric acid) and (b) siderophores that are produced as suites of amphiphiles with 

variation in the chain length of a fatty acid appendage (Figure 1.5) (Butler and Martin, 

2005; Vraspir and Butler, 2009). Siderophores with α-hydroxy carboxylic acid moiety 

are photoreactive when they form the Fe-complex (Butler, 2005; Butler and Martin, 

2005; Butler and Theisen, 2009). On the other hand, some marine siderophores 

produced as suites of amphiphiles and their Fe-complexes can also be photoreactive 

due to the presence of carboxylate group (Butler, 2005; Butler and Theisen, 2009). 

Even if marine siderophores have been isolated and characterized from cultured 

organisms, uncertainties still remain with the chemical nature of the naturally 

occurring Fe-binding ligands in the ocean. Evidence shows that siderophore-like 

organic compounds are present in the natural seawater and these compounds exhibit 

high affinity to Fe (Rue and Bruland, 1995; Macrellis et al., 2001). In 2001, Macrellis 

et al. successfully detected Fe-binding compounds with hydroxamate and catecholate-

type functional groups from the central California coastal upwelling system. In 2008, 

for the first time, Mawji and co-workers successfully identified and quantified 

ferrioxamine E and G from the Atlantic Ocean (Mawji et al., 2008a). To date, there are 

still insufficient numbers of isolated, identified and characterized siderophores from 

various regions of the ocean to fully assess the biological importance of these 

compounds and their role in regulating Fe availability to marine organisms.  

Siderophores could possibly be one of the driving factors that control primary 

productivity in the World’s oceans. Based on the study by Rue and Bruland (1997), it 

is assumed that a significant fraction of the ligands that bind Fe in the ocean is 

comprised of siderophores. If it is true that these compounds can increase Fe 
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availability to microorganisms, it is plausible that they play a significant role in fueling 

production in the surface ocean. 

 

Table 1.1 List of structurally characterized marine siderophores from cultured 

organisms (Based on Vraspir and Butler, 2009). 

 

Marine siderophores 
 

 

Source organisms 

 

References 

Alterobactin A and B Pseudoalteromonas 

luteoviolacea 

Reid et al., 1993 

Anguibactin Vibrio anguilarum Jalal et al., 1989 

Haygood et al., 1993 

Lorenzo et al., 2004 

Aerobactin Pseudomonas sp. and  

E. coli 

Vibrio sp. strain 

DS40M5 

Buyer et al., 1991 

 

Haygood et al., 1993 

Putrebactin Shewanella sp. Ledyard and Butler 

1997 

Aquachelins  Halomonas aquamarina Martinez et al., 2000 

Marinobactin Marinobacter sp. 

DS40M6 

Martinez et al., 2000 

Desferrioxamine G Vibrio sp. Martinez et al., 2001 

Petrobactin Marinobacter  

hydrocarbonoclasticus 

Barbeau et al., 2002 

Amphibactins Vibrio sp. Martinez et al., 2003 

Pseudoalterobactin Pseudoalteromonas 

luteoviolacea 

Kanoh et al., 2003 

Petrobactin-SO3 Marinobacter  

hydrocarbonoclasticus 

Hickford et al., 2004 

Synechobactins Synechococcus PCC7002 Ito & Butler 2005 

Marinobactin A-E Marinobacter Owen et al., 2005 

Vibrioferrin Marionobacter sp. 

PG870, 893, 979 

Amin et al., 2007 
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Figure 1.5 Representative (a) citrate-based marine siderophores containing the α-

hydroxy carboxylate group and (b) amphiphilic marine siderophores. 

 

1.5. Siderophore mediated Fe uptake mechanism 

The organisms evolved a mechanism to take up Fe by producing siderophores. 

To date, there is still very little information on how Fe is taken in by the organisms. 

Earlier study showed that the mechanism may involve reduction of Fe
3+ 

to Fe
2+

, 

however, the efficiency of uptake will depend on the Fe-siderophore complex (e.g. 

photoreactive  Fe-siderophores) (Butler and Martin, 2005; Volker and Wolf-Gladrow, 

1999; Hopkinson and Morel, 2009).  Volker and Wolf-Gladrow (1999) showed that the 

efficiency of siderophore excretion and Fe-siderophore uptake can be affected by 

physics of diffusion, chemical kinetics of coordination reaction and by kinetics of 

(a) Aerobactin  (Haygood et al., 1993) 

(b)  Amphibactin (Martinez et al., 2003) 
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uptake by the cell (Volker and Wolf-Gladrow, 1999). For bacteria, the organisms 

typically obtained Fe from the Fe-siderophore complexes. The Fe-siderophore 

compounds are transported through their outer membranes using a receptor, which 

recognize the Fe-complex compounds (Postle and Kadner, 2003). In the periplastic 

space, a transporter is used to internalize Fe (Schalk, 2008). For organisms which lack 

the outer membrane receptors, the likely Fe uptake mechanisms involved reduction of 

Fe
3+

 to Fe
2+

 (Figure 1.6) (Hopkinson and Morel, 2009). The Fe-siderophore becomes 

available through cell surface reduction or by photoreduction of the photolabile Fe-

siderophore complex (Hopkinson and Morel, 2009). The reducible forms (Fe’, FeY 

and FeSid) diffuse to the cell, which are reduced by an enzyme (cell surface reductase). 

This weakens the complex and aids Fe transport (Hopkinson and Morel, 2009). 

   

 

Figure 1.6 Diagram showing Fe uptake by the organisms through reductive Fe-uptake 

pathway mechanism (adopted from Hopkinson and Morel 2009). 
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1.6. Thesis outline and objectives 

In general more than 500 siderophore structures from terrestrial systems are 

known but very limited marine siderophores have been characterized. These are mostly 

siderophores produced by cultured organisms from the marine environment, in which 

the conditions may not necessarily reflect the natural conditions in the ocean.  

Previous studies on marine bacterial siderophores provided an overview on the 

diverse nature of marine siderophores. However, up to now, there are too many 

uncertainties on the chemical nature of these compounds, because naturally occurring 

siderophores in seawater are still insufficiently identified and structurally 

characterized. Considering the role these compounds play in the Fe speciation, cycling 

and acquisition by marine organisms, the study of siderophores in the natural seawater 

system is clearly very important. As a contribution to the biogeochemical cycling of Fe 

in the marine environment, the goal of the study were (1) to determine the presence of 

siderophores and (2) to characterize the chemical nature of marine siderophores 

present in an Fe-limited, high-nutrient, low-chlorophyll (HNLC) region. The study 

areas were in Southern Ocean waters within the vicinity of New Zealand. 

The ability of the marine bacteria to produce siderophores in culture media 

under Fe-limited conditions led to various assumptions of this study. These are (1) that 

siderophores are present in the open ocean; (2) siderophores are complexed with Fe; 

and (3) all types (catechol, hydroxamate and carboxylate types) including the mixed-

type sdierophore will be present in surface waters, specifically in HNLC regions of the 

ocean. 
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Chapter 2: Presents a detailed discussion of sampling techniques used in the 

collection of water samples and siderophores from the open ocean.  The methods used for 

the detection and identification of siderophores are also described in this chapter. 

 

Chapter 3: Assesses the efficiency of the optimized methods (described in chapter 

2) to identify different, thus far unknown siderophores produced by three different cultured 

organisms; one thermoalkaliphilic bacteria and two marine bacteria.  Potential structures of 

siderophores produced by all of these organisms are presented. 

  

Chapter 4: Evaluates the presence and structural nature of naturally occurring 

siderophores in neritic and Sub-Antarctic waters off the southeastern coast of New 

Zealand.  The stability constants of different Fe-binding ligand classes were 

determined and possible correlations with different types of siderophores explored.  

 

Chapter 5: Compares in situ and particle derived ligands. This was achieved by 

isolating siderophore samples from the surface waters of the Subtropical Pacific and 

from bioremineralized particles collected from surface and subsurface waters.  

 

Chapter 6: Presents the overall conclusions/summary resulting from the study and 

recommendations for further studies related to the research. 
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Chapter 2: Materials and methods 

 

The work involved a multidisciplinary approach and the use of various top of 

the line instrumentations. Hence different collaborations were established with various 

scientists and scientific groups within the department, the University of Otago and 

other universities.  

This chapter provides a detailed discussion of the methodology used to address 

the objectives of the study. The capability to characterize the siderophores was initially 

established by testing the analytical tools using standards and siderophore compounds 

produced by cultured organisms. The selection of organisms isolated from the 

terrestrial systems and marine environments was made by our collaborators, Professor 

Gregory Cook from the Microbiology Department of the University of Otago and 

Professor Steven Wilhelm from the University of Tennessee, Knoxville, Tennessee, 

USA. Both collaborators were interested in characterizing the so far unknown 

siderophores produced by some of their cultured organisms. Thus beside the 

availability of relatively large amounts (milligrams) of siderophores we needed for 

method development, the fact that these siderophores had not been characterized 

before provided us with the opportunity to produce novel results.  

In determining marine siderophores in the natural systems two sites in the 

Southern Ocean within the vicinity of New Zealand were studied. The first site was 

along the 70 km transect off the coast of the SE coast of Otago Peninsula. This site 

generally represented a Fe-deplete body of water. The second site was in the 

mesotrophic and Fe replete subtropical waters off the eastern coast of New Zealand 

and samples were taken during the FeCycle II cruise. This cruise coincided with the 

onset of a spring algal bloom in this Fe-replete body of water. For the present study, 
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the specific objectives for this cruise were to determine if (a) the concentration of more 

siderophores produced during a bloom condition would vary and (b) the presence of a 

dominant microorganism species in the area may affect the type of siderophores 

present. 
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2.1. Materials 

A. List of chemicals used in the entire study on the characterization of siderophore-

type compounds from the marine environment. 

Chemicals Grade Source 

   

Acetonitrile HPLC Merck 

Amberlite XAD-16 resin  Sigma 

Ammonium fluoride AR AnalaR BDH 

Anhydrous piperazine AR Aldrich 

Chrome Azurol S  

Fine 

Chemicals 

2,3-dihydroxy benzoic acid Laboratory Grade Fluka 

Ethyl acetate HPLC BDH 

Ferric acetylacetonate AR Merck 

Ferric ammonium citrate AR 

Riedel-De 

Haen 

Ferric chloride hexahydrate AR BDH 

Formic acid AR Merck 

Hexadecyltrimethylammonium bromide USP Sigma 

Hexamethylene tetamine ACS reagent 

Sigma-

Aldrich 

Hydrochloric acid AR Merck 

Iodine solution AR Univar 

Methanol SpS Super Purity  Romil 

N-(2-hydroxyethyl)-piperazine-N´-2-

propanesulfonic acid 

AR Sigma-

Aldrich 

N-(1-Naphthyl)ethylenediamine AR Sigma 

Phenanthroline AR Aldrich 

Potassium iodide AR LabServ 

Sodium acetate AR 

Fisher 

Scietific 

Sodium hydroxide AR Fisher 

Sodium molybdate AR JT Baker 

Sodium hydrogen carbonate AR SCharlau 

Sodium nitrite AnalaR BDH 

Sodium thiosulfate AnalaR BDH 

Sodium sulfate AR Merck 
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Chemicals Grade Source 

   

Sulfanilamide  AR ProLabo 

5-sulfosalicylic acid Laboratory grade GPR 

Sulfuric acid AR JT Baker 

TAC ((2-(2-thiazolylazo)-p-cresol) AR Aldrich 

trifluoroacetic acid AR Merck 

   

 

 

B. List of model siderophores used in the entire study. 

Name Source 

Aerobactin EMC microcollection GmbH 

Des-ferrioxamine B (unbound) Sigma 

Enterobactin EMC microcollection GmbH 

Ferrichrome Sigma 

Ferrioxamine B, G, D2, E (bound to Fe
3+

) EMC microcollection GmbH 

  

 

2.1.1. Cleaning 

All pre-field preparation, sample collection and sample processing were 

conducted in a trace metal clean manner. To prevent metal contamination, specifically 

of Fe, all bottles, Teflon columns, pipette tips and other laboratory ware used were 

cleaned thoroughly prior to use. The first cleaning step involved soaking in 1% 

detergent solution prepared using distilled water for at least 3 days. This was followed 

by at least 3x distilled water rinses. The next step was to soak in a 6 M hydrochloric 

acid (HCl) solution for two weeks, followed by at least 3x rinses using Milli-Q water 

(≥18MΩ, Millipore). When materials were all free of HCl, they were soaked in 7 M 

quartz distilled nitric acid (q-HNO3) for another two weeks. At the end of two weeks 

everything was rinsed at least 3x with Milli-Q water. Q-acids were purified from 

analytical grade chemicals by sub-boiling distillation using quartz apparatus. Teflon 

columns and other laboratory ware were dried inside a laminar flow hood and kept in 
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double plastic bags until use. Sample bottles were stored filled with 0.1% quartz sub-

boiling distilled HCl (q-HCl), and placed in double bags until use.  

The 0.45-µm filter cartridges (AquaPrep
TM

 600 Capsules) for in-line filtration 

were cleaned by filling the cartridges (approximately ¾ full) with 1 M HCl solution for 

two weeks. The 0.45-µm filters were used instead of 0.20 µm filters to minimize back 

pressure when collecting large volume samples and to be consistent with the first 

sample which was collected in May 2007. To ensure that the acid won’t flow out of the 

outlet of the cartridge, the two ends of the cartridge were connected by acid-cleaned 

silicon Masterflex
TM

 tubing. After two weeks the acid was pumped out of the cartridge 

using a peristaltic pump and rinsed thoroughly with Milli-Q water. A 0.1% q-HCl 

solution was pumped into the cartridge, both ends connected by tubing and stored in 

double bags until they were used for sample collection. Cartridges were flushed with 

sample water for approximately 5 minutes before sample collection. 

The polycarbonate filters (0.45 µm) used in the sampling were soaked in ~0.1% 

q-HCl for at least 6-hours. The filters were rinsed thoroughly with Milli-Q water and 

the seawater sample before samples were collected. 

The use of plastic containers was minimized when processing samples for 

HPLC-MS analyses to prevent contamination from plasticizers. However, eppendorf 

tubes and pipette tips were still routinely used to process samples. In this case, only 

Eppendorf brand was used and the plasticizers that may come from the tubes and 

pipette tips were previously determined by the technician in-charge of the mass 

spectrometer. 

All solvents were kept in Schott bottles, which were cleaned with 10 % HCl 

and thoroughly rinsed with Milli-Q water. This was subsequently followed by 
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methanol and acetonitrile washings. The containers used for the HPLC-MS analyses 

were not washed with detergent. 

 

2.2. Methods 

2.2.1.  Study Sites 

2.2.1.1. Oceanography  

The oceanography of the study areas is shown in Figure 2.1. The Tasman 

Current which has a subtropical origin flows eastward towards New Zealand (Currie, 

1998). This water meets the Sub-Antarctic Surface water which is driven northward by 

a west wind drift within the Circumpolar Current south of New Zealand (Heath, 1985). 

The Subtropical Front separates a band of relatively warm, salty Subtropical Water 

(STW) on the continental shelf from cold, fresh Sub-Antarctic Water (SA) offshore to 

the east (Sutton, 2003). The mixing of the two water masses leads to a decrease in 

temperature and salinity of the tropical water, known as the Southland Current (Butler 

et al., 1992). This is a northward flow of water that moves along the southeastern coast 

of New Zealand. Southland Current water is diluted by river runoff mainly coming 

from the Clutha River which is located 100 km further south of the Otago Peninsula 

(Hawke and Hunter, 1992). Neritic water is located up to approximately 15 km off the 

coast of Otago Peninsula (Figure 2.2). The Southland Current (SC) advects 90% of SA 

and 10% of STW (Sutton, 2003). The northward flow of SA in the SC forms the 

western extreme of the New Zealand Subantarctic region (Figure 2.1) (Morris et al., 

2001). 

The biological and chemical characteristics of the STW show high chlorophyll 

a but are nutrient limited (Bradford and Taylor, 1980; Vincent et al., 1991). On the 
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other hand, SA is characterized by high nitrogen and low chlorophyll a (Martin et al., 

1994; Behrenfeld and Kolber, 1999). 

 

  

 

Figure 2.1 Ocean circulation patterns around New Zealand (adopted from Sutton, 

2003). Sampling sites marked A (Otago transect) and B (Fe Cycle II-Spring Bloom 

Voyage). 
 

2.2.1.2. Neritic and Sub-Antarctic waters 

Sample collection was done along the Otago Transect off the south east coast 

of the Otago Peninsula, South Island, New Zealand. This is the same transect used in 

an on-going study by Currie et al. (2009) on carbon dioxide variability in seawater 

(Figure 2.2). The transect cuts across four major water masses: the neritic water (NW; 

from the coast to 15 km offshore), Southland current (SC; 15 to 45 km), the subtropical 

front (STF; 45 km) and the Sub-Antarctic water (SA; beyond 45 km) (Currie et al., 
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2009). The physical properties of the water masses traversed by the transect stations 

are generally characterized by a strong temperature gradient from the subtropical 

frontal zone (STFZ) to the SA (Uddstrom and Oien, 1999; Currie et al., 2009). The 

biochemical characteristics of water within the vicinity of the transect can be described 

with increasing macro-nutrients and decreasing chlorophyll biomass from the STF to 

SA waters (Bradford and Taylor, 1980; Hawke, 1989; Vincent et al., 1991; Croot and 

Hunter, 1998; Murphy, Pinkerton et al., 2001; Boyd et al., 2002; Boyd et al., 2004). 

For this study, the neritic water represented a Fe-replete body of water and the 

SA was considered Fe-limited water. The characteristic of NW and SA merits the 

conduct of this study, which aims to determine siderophore production by marine 

microbes in response to Fe limitation. 

 

2.2.1.3. Sub-tropical water 

The sample collection in the subtropical water off the east coast of New 

Zealand (Figure 2.4) was conducted as part of a collaborative research with the multi-

disciplinary Fe Cycle II-Spring Bloom Voyage led by National Institute of Water and 

Atmospheric Research (NIWA), Wellington, NZ. The timing of the cruise coincided 

with a plankton bloom. The aim of the research cruise was to follow the bloom event 

and to study Fe biogeochemistry during the event. For the present study, this served as 

a good opportunity to collect samples from the high–Fe mesotrophic STW.  
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2.2.2.  Sample collection 

2.2.2.1. Sampling along the Otago Transect 

Three sampling trips were done in 2007 and 2008 along the 60 km transect off 

the Otago Peninsula, southeastern coast of the South Island of New Zealand (Figure 

2.1 and 2.2). The first collection in May 2007 was done only in the NW (45.775
o
 S,  

170.843
o
E) due to rough waters. In July 2007, a sample from surface NW to SC 

(45.796
o
S, 171.279

o
E), surface SA water and subsurface SA (45.801

o
S, 171.573

o
E) 

water was collected. In May 2008, another batch of samples was collected from the 

same areas as in July 2007.  

Approximately 200 L of seawater samples were collected on board the 

University of Otago research vessel, R/V Polaris II. The surface samples were 

collected using an acid-cleaned Teflon pump (Almatec) and polyethylene (PE) tubing 

attached to the ―fish‖ sampler. The ―fish‖ is an epoxy coated torpedo-like metal 

structure that holds the tubing in place, while the boat is steaming at approx. 5 knots, 

pushing the sample inlet into clean water. Surface samples were taken at 3 to 5 m 

depth. Subsurface samples (between 40 and 80 m) were collected by attaching the PE 

tubing to a Kevlar rope with the intake point 5 m above a powder-coated lead weight. 

Subsurface samples were taken while the boat was stationary. The lead weight was 

used to ensure that the rope at which the tubing was attached was straight without 

introducing contamination. All samples were filtered in-line using an acid cleaned 

0.45-µm filter cartridge (AquaPrep
TM

 600 Capsules, Alphatech) and directly pre-

concentrated onto pre-conditioned Amberlite XAD-16 resin (Sigma). The XAD-16 

resin was housed in a homemade 300-mL polypropylene solid phase extraction (SPE) 

column. Immediately after sampling, all resultant XAD-16 columns were packed in 

double plastic bags and kept frozen until extraction. 
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Figure 2.2 Map showing the Otago Transect (dashed line) sampling areas off the 

southeastern coast of the South Island in New Zealand (July 2007 and May 2008). 

 

 

In May 2008, due to time constraints, only 100 L of seawater samples were 

filtered and collected in two separate acid-cleaned 50 L capacity carboys. These 

samples were acidified with q-HCl to a pH between 1 and 2 to dissociate the Fe-

siderophore complex. The rational to add acid was based on an experiment on pre-

concentration of dihydroxybenzoic acid standard to XAD-16 resin at low pH. 

Additionally, our sample pretreatment for the siderophore derived from TA2 cultures 

included the dissociation of the Fe-siderophore complex at acidic pHs. In that study we 

achieved very good results when retaining the dissociated siderophore on the XAD-16 

column.  

XAD-16 resin (50 g) was later added into the samples and kept overnight at 4 

°C before processing. However, as results from chemical analysis (assays and MS) did 

not show any siderophore activity we have excluded the samples taken in May 2008 

from the Results and Discussion part in Chapter xyz. We assume that the efficiency of 
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the XAD-16 resin application added as batch to the 50L carboys (rather than by 

applying the sample through a XAD-16 filled column as for the other samples) was 

bad and the amount of Fe-free siderophores recovered from the already relatively small 

sample volume (i.e. 100L) was insufficient.   

Extraction of pre-concentrated organic compounds from the resin was done at 

the Department of Chemistry following the procedure discussed in section 2.2.5 of this 

chapter. On each trip a separate set of filtered (0.45 µm) surface seawater samples was 

collected for the determination of the concentration of Fe-binding ligands, dissolved Fe 

and total Fe. The samples for Fe-binding ligands and dissolved Fe measurements were 

stored frozen in acid cleaned high density polyethylene (HDPE) bottles while the 

samples for total Fe determination were acidified to pH 2 using q-HCl. All samples in 

bottles were stored in double plastic bags to minimize possible contamination. 

Changes in temperature (T) and salinity (S) measurements were measured in 

situ using a SBE21 thermosalinograph (Sea-Bird Electronics, Inc.) connected to a 

continuous surface seawater supply of the boat while steaming. The different water 

masses were determined using the T-S plots; however the horizontal profile of 

temperature provided a clearer distinction of the different water masses than salinity. 

Hence, the change in temperature along transect was monitored to distinguish the NW 

from SA waters (Figure 2.3). 
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Figure 2.3 Graph from thermosalinograph showing surface temperature (    ) and 

salinity (    ) profile during the July 2007 sampling.The sharp changes in temperature 

and to a lesser extent salinity were used to distinguish the different water masses as 

indicated by the vertical lines in the graph. 

 

2.2.2.1. Sampling within the eddy 

 The Fe Cycle II-Spring Bloom Voyage aboard NIWA’s research vessel, RV 

Tangaroa, lasted for 24 days (14 September 2008 to 7 October 2008). The voyage was 

carried out to determine productivity and carbon export in New Zealand waters. The 

cruise was conducted in the subtropical waters off the eastern seaboard of New 

Zealand. The timing of the cruise was based on the 8-year ocean color climatological 

data (Nodder et al, 2005). The study site is characterized by an algal bloom in spring 

which can last for several weeks. This event was previously observed to provide large 

biogeochemical signals within New Zealand waters (Murphy et al., 2001; Nodder et 

al., 2005). The data analysis of the 10 year SeaWIFS and MODIS data conducted by 

NIWA showed that the bloom event initiates in mid-September and the peak is 

normally observed after 14 days.  
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A previous Fe Cycle I study was conducted to examine Fe biogeochemistry in 

the low Fe HNLC waters east of the South Island.  However, in Fe Cycle II Fe 

biogeochemistry was investigated in the high Fe waters E of the North island. The 

cruise activities also focused on the examination of the degree of coupling with C 

biogeochemistry at a range of levels (time-series, Fe & C uptake, mixed layer particles, 

exported particles, Fe & C remineralisation).  Furthermore, earlier Fe biogeochemistry 

studies were done in oligotrophic sub-tropical waters and low-Fe HNLC Sub-Arctic 

waters. The Fe Cycle II-Spring Bloom voyage was conducted in high–Fe mesotrophic 

sub-tropical waters. 

The sampling location was in deep waters (>2000 m), 100-200 km east of New 

Zealand. The track of the boat followed a drifter, deployed at the beginning of the 

study in the centre of an eddy in the area where first indications of an algae bloom 

were found. Remaining in an eddy was chosen to assure a constant water mass 

throughout the study. However, due to the occurrence of a strong wind event the drifter 

was spun out of the eddy during the last part of the voyage (Figure 2.4).  
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Figure 2.4 Map showing the track of the RV Tangaroa (white solid line) following the 

direction of eddy (shown in arrows) generated during the spring bloom, which was 

captured during the 24- days Spring Bloom voyage from 14 September 2008 to 7 

October 2008. The numbers 1 – 5 indicate the sampling stations for the collection of 

siderophore samples. 

 

 

Seawater samples for siderophore determinations were collected from surface 

waters five times during the voyage. Table 2.1 provides the summary of samples 

collected at different times. Approximately 300 to 600 L of seawater samples were pre-

concentrated onto 300 g Amberlite XAD-16 in 300 mL capacity Teflon columns. 

Surface seawater samples were collected using the ―fish‖ sampler between 1 to 2 m 

depth while the boat was steaming at about 5 knots.  
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Table 2.1 Surface seawater samples collected for pre-concentration of siderophore 

during the Spring Bloom Voyage in September to October 2008. 

Date Station 

No. 

Longitude 

(W) 

Latitude 

(S) 

Volume 

(L) 

18 Sept 2008 1 178.604 39.371 197 

19 Sept 2008 2 178.607 39.239 376 

23 Sept 2008 3 178.667 39.353 670 

26 Sept 2008 4 178.806 39.378 483 

02 Oct 2008 5 178.420 39.232 505 

 

2.2.3.  Bioremineralization experiment 

A shipboard experiment on the bioremineralization of sinking particles was also 

conducted during the voyage in collaboration with Enitan Ibisanmi as part of his PhD 

thesis in the Chemistry Department, University of Otago with the aim to elucidate the 

origin of Fe-binding ligands in the ocean. It was hypothesized that (1) the 

bioremineralization of marine particles is a source of Fe-binding ligand; and (2) that 

the ligands produced during this process are similar in strength to ligands found at the 

ambient depth (30 and 100 m) of particle collection. The aim for the present work was 

to characterize the Fe-binding ligands produced during this process and to determine if 

they have siderophore-type structures.  

The experiment was repeated twice during the Fe Cycle II Spring bloom cruise 

and each involved the collection of two marine particle and seawater samples, one in 

the mixed layer and one below. The particles were resuspended in seawater and 

incubated in the dark for at least 7 days before processing. All experimental work on 

board ship, including the preparation of samples for Eni Ibisanmi’s analysis was 

conducted by me. Details of the experiments are provided below. 

Suspended particulate samples were collected at 39°12.66‖ S latitude and 

178°47.52‖ W longitude in 20 Sept 2008 and 39° 24.13‖ S latitude and 178° 32.92‖ W 

longitude on 27 Sept 2008. Particulate samples were collected at two depths, 30 and 
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100 m, by filtering simultaneously 200–300 L of seawater through acid washed 5.0 µm 

polycarbonate filters using a trace metal clean in situ particle pump (McLane pump). A 

fraction of each filter (~ 2 – 4 % of total area of the filter) was cut off from the whole 

filter for particulate organic carbon (POC) analysis. The remaining portion of the 

filters loaded with particles were re-suspended separately into a 250-mL volumetric 

flask containing seawater collected from the same depth (30 and 100 m) using a trace 

metal rosette (General Oceanics Inc.). A 70-mL aliquot from the 250-mL suspension 

was taken and diluted to 10 L with corresponding seawater. The diluted samples were 

incubated in the dark (bottles covered with black bags) at the in-situ temperature at 

depths where the samples were collected. The temperature for the incubator for the 

surface samples (collected from 30 m) was maintained by continuously pumping 

surface seawater into the deckboard flow through incubator. The incubator for the sub-

surface samples (collected from 100 m) was an ordinary refrigerated chilly bin 

operated at 10 to 15 
o
C. The first set of the experiment was done for 8 days however 

the second experiment was done with 7 days incubation period only, due to logistic 

constraints. At the end of the incubation period the samples were filtered through acid 

washed 0.45 µm polycarbonate filters. Dissolved organic ligands were pre-

concentrated by passing through in-house prepared SPE columns (using 50 mL acid-

cleaned plastic syringes) each containing 30 g pre-conditioned XAD-16 resin. The 

columns with the samples were kept frozen until they were extracted at the Department 

of Chemistry. 
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2.2.4.  Samples collected from cultured microorganisms 

Caldalkalibacillus thermarum strain TA2.A1  

Culture supernatant samples of Caldalkalibacillus thermarum strain TA2.A1 

was provided by Professor Gregory Cook from the Microbiology Department, 

University of Otago. The Caldalkalibacillus thermarum strain TA2.A1 (hereafter 

referred to as TA2) belongs to a unique group of microorganisms that survive at high 

pH and high temperature which is known as thermoalkaphiles. The TA2.A1 strain is a 

facultative thermoalkaphilic bacteria that grows in aerobic conditions at pH 10 and at 

65
o
C (Cook et al., 2003; Olsson et al., 2003). An earlier study by McMillan (2008) 

showed that the Chrome Azurol Sulfonate (CAS) agar culture plate on which the 

organisms were grown produced orange halo indicative of the presence of a 

siderophore. Chemical assays conducted on extracts from the TA2 culture supernatant 

suggested that the organism is producing one or more substances that bind strongly 

with Fe. Given the initial findings by McMillan (2008) the organic substances 

produced by these organisms were included in this study  

 

Vibrio alginolyticus 

Siderophore samples produced by Vibrio alginolyticus PWH3a were received 

from Professor Steven Wilhelm (University of Tennessee, Knoxville, Tennessee, 

USA). Vibrio alginolyticus PWH3a is a marine heterotrophic bacteria which was 

grown in an enriched medium of natural and artificial seawater that had been 

supplemented, with carbon  (Berges et al., 2001) containing a final concentration of 1.0 

nM total Fe, no EDTA, 1/10
th

 the standard vitamin stock and glycerol. Siderophore 

samples from the cell-free medium of the cultured organisms were pre-concentrated 

onto XAD-16, extracted with methanol and then dried at the University of Tennessee. 
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The concentrated siderophore sample was initially tested for Fe-binding using 

chemical assays before it was shipped to the University of Otago for characterization. 

Earlier studies showed that a heterotrophic marine bacterium V. alginolyticus PWH3a 

produced a catechol-type siderophore (Mioni et al., 2005), which regulates Fe-

transport through their membranes into cells. 

Vibrio alginolyticus PWH3a used in this study was previously isolated from the 

Gulf of Mexico (Wilhelm et al., 2002). The organism belongs to - proteobacterium 

Vibrio alginolyticus. Study by Bird et al. (2005), showed that  - proteobacteria are 

extensive and likely to be an important component of the heterotrophic microbial 

community of the tropical and subtropical oceans (Bird et al., 2005). V. alginolyticus 

have the ability to utilize Fe-siderophore complexes (Weaver et al., 2003). 

 

Roseobacter 

A sample containing a siderophore produced by roseobacter Silicibacter 

pomeroyi DSS-3 was also given by Professor Steven Wilhelm. The CAS test for the 

compounds produced by the bacteria likewise indicated presence of Fe-binding ability. 

These compounds are of interest since roseobacter belong to the largest group of 

heterotrophic marine bacteria making up 10-25% of the entire marine bacterial 

community (Salje et al, 2004; Tang et al., 2009). Other roseobacter strains were also 

shown to have the ability to fix CO2 in the ocean (Moran et al., 2004; Tang et al., 

2009). The biogeographical distribution of this type of bacterium in temperate and 

polar waters (Salje et al., 2004) and the characterization of the compound they produce 

can provide a significant link to fully understand the biogeochemistry of the Southern 

Ocean waters. This organism could have a role in the predicted ocean acidification as 

well as in controlling Fe bioavailability in the area. Genetic studies of Silicibacter 
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pomeroyi showed that it has associations with plankton and suspended particles, gene 

expression showing uptake of algal-derived compounds, the use of metabolites from 

reducing microzones, rapid growth and cell-density-dependent regulation (Moran et 

al., 2004). Furthermore, Moran et al. (2004) showed that it is physiologically distinct 

from that of marine oligotrophs, which enhance mechanisms to cope with nutrient-poor 

oceanic system (Moran et al., 2004). 

Silicibacter pomeroyi DSS-3 belongs to α-proteobacterium in the roseobacter 

clade. It was isolated in 1998 from coastal Georgia. It was cultured using seawater 

medium enriched with an organic sulfur compound, dimethylsulfoniopropionate 

(DMSP),  at low Fe concentration (http://www.roseobase.org/roseo/pomeroyi.html 

Date accessed 18 August 2010). The group of Professor Steven Wilhelm (University of 

Tennessee) used the same media to culture the Silicibacter pomeroyi DSS-3 which 

produced the siderophore analyzed in this study. 

 

2.2.5.  Preparation of resin 

Conditioning and cleaning of XAD-16 resin 

Dissolved Fe-binding compounds were concentrated on a non-ionic 

hydrophobic resin (XAD-16). The choice of the resin and the solid-phase extraction 

technique were based on the method provided by Macrellis et al. (2001). Treatment of 

the resin was based on the manufacturer’s instruction with slight modification to 

remove possible metal contamination.  

Approximately 300 g of the resin was rinsed thoroughly with 1 to 2 L of Milli-

Q water followed by washing the resin with 300 mL of 100% methanol. To remove 

potential metal contamination, the resin was further rinsed with 1 L acidified Milli-Q 

water (pH 2; acidified with q-distilled HCl). The resin was then continuously rinsed 

http://www.roseobase.org/roseo/pomeroyi.html
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with Milli-Q water until the pH of the rinse solution was close to the actual pH of 

Milli-Q water (pH > 5). The resin was packed in acid-cleaned 300 mL capacity 

columns. The columns used in 2007 were made of acrylic and the columns used in 

2008 were made of Teflon. The XAD-16 columns were then double bagged and stored 

inside the refrigerator (~4
o
C) until use.  

 

Extraction of siderophores from XAD-16 resin 

The XAD-16 column onto which organic compounds (siderophores and 

siderophore-like compounds) were pre-concentrated was removed from the freezer and 

thawed inside a laminar flow hood on the day of extraction. Prior to extraction, the 

resins were washed thoroughly with 2-3 L of Milli-Q water to remove salt. The organic 

compounds were eluted with three bed volumes of 95 % methanol (Macrellis et al., 

2001). The eluents were collected in q-HCl cleaned Teflon bottles and kept 

refrigerated for further processing.  

 

2.2.6.  Chemical assays 

Chrome Azurol Sulphonate   

The chrome azurol sulphonate (CAS) assay is a universal method for the 

detection of siderophores, based on their affinity with Fe
3+

 (Schwyn, 1986). This 

involves the reaction of a strong ligand with a colored Fe-dye complex forming a Fe-

ligand complex and resulting in the release of the free dye. A color change from blue 

(due to the color of CAS solution) to orange indicates formation of the Fe-ligand 

complex. 

The test comprised the addition of equal volumes (e.g. 0.5 mL) of 2 mM CAS 

solution and the sample (e.g. after XAD-16 extraction). To obtain a quantitative 
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measurement, the color change was detected by monitoring the absorbance at 630 nm 

using a UV-Vis spectrophotometer (JASCO V-550). Methanol was used as a blank. 

The reaction kinetics was monitored from a few minutes to a maximum of 24 h. The 

different reaction kinetics of specific functional groups within siderophores was used 

to distinguish between those groups. Hydroxylamine was used as standard for 

hydroxamate while dihydroxy benzoic acid was used for catechol-type compounds. 

 

Arnow colorimetric test for catechol 

The Arnow test enables the selective detection of simple catechol-type 

siderophores. The principle is based on the formation of a yellow color by catechol in 

the presence of nitrous acid. The color turns red with excess sodium hydroxide 

(Arnow, 1937). 

A 1.0 mL sample was acidified with 1.0 mL of 0.5 M HCl. This was followed 

by the addition of 1.0 mL of the nitrite-molybdate solution (mixture of sodium nitrite 

and sodium molybdate). After mixing, a yellow color was produced. An equal volume 

of 1.0 M sodium hydroxide (NaOH) was added, mixed and diluted to 5.0 mL by 

addition of Milli-Q water. The positive result was indicated by the production or a red 

color. Absorbance was measured at 510 nm using a UV-Vis spectrophotometer 

(JASCO V-550). 

Dihydroxy benzoic acid was used as a standard for the assay. Milli-Q water 

was used as a blank for the test and methanol for the elution of the sample from  

XAD-16. 
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Rioux colorimetric test for catechol 

The principle of this chemical assay is based on the reduction of Fe
3+

 to Fe
2+

 by 

the vicinal hydroxyl group in a catechol (Rioux et al., 1983). The assay is performed 

under acidic condition, pH < 3, to ensure a constant absorbance measurement of Fe
2+

. 

The addition of the hexamethylenetetramine raises the pH to the desired final pH of 

5.2. The substrate specificity of the method is highly dependent on the pH of the 

solution. Linear range of the method is observed from 0.16 to 0.60 µM 2,3-

dihydroxybenzoic acid (Rioux et al., 1983).  

A 1.0 mL aliquot of the sample XAD-16 eluent was added and thoroughly 

mixed with acidified Milli-Q water (2.3 mL and 0.20 mL of 20% (v/v) sulphuric acid 

(H2SO4) solution). This was followed by the addition of 0.10 mL of 1% (v/v) ferric 

ammonium citrate. A 0.40 mL of 2 M ammonium fluoride was subsequently added 

into the solution. This was followed by the addition of 0.4 mL of 1% (v/v) 

phenanthroline then with 0.60 mL of 3 M hexamethylene tetramine. The mixture was 

mixed thoroughly after each addition. The mixture was then heated for 1 hour at 60
o
C 

in a laboratory oven (Clayson OM550). The absorbance was read at 510 nm using a 

UV-Vis spectrophotometer (JASCO V-550). 

The same standard and blanks were used for the Arnow and Rioux tests. 

 

Csaky test of hydroxamate or hydroxylamine functional group 

The principle of the assay involves the hydrolysis of the sample at 100
o
C with 

H2SO4. This is followed by the oxidation of hydroxylamine to nitrite using iodine 

under a buffered pH condition (Gillam et al., 1981). The detection limit of the method 

is 1x10
-5

 M. 
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Equal volumes (2.0 mL) of sample and 3 M H2SO4 were mixed. The hydrolysis 

reaction was achieved by heating the mixture to 120
o
C for 4 h. The original method 

uses an autoclave; however, due to contamination issues we exchanged this for a 

Teflon bomb inside a laboratory oven. After hydrolysis, the mixture was allowed to 

cool to room temperature; 7.0 mL of 2 M sodium acetate were added and mixed 

thoroughly. This was followed by the addition of 2.0 mL 1% (w/v) sulfanilamide 

solution and 2.0 mL 0.65% (w/v) iodine solution in (1% w/v potassium iodide). The 

mixture was set aside for 5 minutes to allow oxidation to take place. Sodium 

thiosulfate solution (1.5%; 2 mL) was subsequently added and mixed thoroughly. 

Sodium arsenite, which was originally used in the Gillam (1981) method, was replaced 

with sodium thiosulfate in this study in order to avoid accumulation of toxic waste 

coming from sodium arsenite. Finally 2 mL of 0.05% (w/v) 1,1-naphthylethylene- 

diamine solution was added. The solution was mixed thoroughly and set aside for 30 

minutes for the full pale pink color to develop. The absorbance was read at 543 nm. 

The standard used for the assay was hydroxylamine hydrochloride. Milli-Q 

water and methanol were used as blanks depending on the solvent of the sample. 

 

2.2.7. Determination of stability constants and concentrations of Fe binding ligands 

by voltammetry 

Electrochemical analyses were done by Dr. Enitan Ibisanmi as part of a 

collaborative research program on Fe biogeochemistry in the Southern Ocean. The 

technique used was based on competing ligand equilibration-cathodic stripping 

voltammetry (CLE-CSV). TAC ((2-(2-thiazolylazo)-p-cresol) was used as the 

competing ligand to measure the concentration of Fe-binding ligands [L] and their 

stability constant (logKFeL,Fe3+). 
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The method is described in detail in Croot and Johansson (2000) and Ibisanmi 

et al. (accepted). The voltammetric equipment consisted of a Metrohm VA 663 stand 

(Herisau, Switzerland) including the multi-mode electrode. The electrode stand was 

connected via the IME 663 interface to a μAutolab type III potentiostat (Metrohm 

Autolab, Utrecht, The Netherlands). The working electrode was a hanging mercury 

(Hg) drop electrode (HMDE, medium drop size), the reference electrode was 

AgAgCl3 M KCl, and the counter electrode was a glassy carbon rod. All samples 

were contained in Teflon cells (Metrohm) during CSV analysis and stirred with the in-

built all-PTFE stirring tip (1500 rpm) of the VA 663. The voltammetry system was 

computer controlled using GPES software (Metrohm Autolab, Version 4.9, 2001-

2009).  

All sample manipulations were performed in a Class 100 laminar flow hood at 

room temperature. Milli-Q water was used throughout this study. Buffer solution of N-

(2-hydroxyethyl)-piperazine-N´-2-propanesulfonic acid (EPPS, Sigma-Aldrich, St 

Louis, MO) was adjusted with ammonium hydroxide (NH4OH) to pH 8.0. NH4OH was 

purified by passive vapor phase equilibration in an open container of concentrated 

NH4OH (analytical grade) placed inside a sealed plastic container alongside an open 

Teflon bottle containing Milli-Q water. 10 µM Fe (III) stock solution was prepared 

from FeCl3·6H2O (Sigma) (ready-made standard, 1 g/L), and acidified (≤ pH 2). 

Working Fe standard solutions (0.4 µM) were prepared weekly from the stock solution 

(10 µM) and acidified to ≤ pH 2 with q-HCl. 5.5 mM stock solution of 2-(2-

thiazolylazo)-p-cresol (TAC) (Aldrich) was prepared in q-methanol every two to four 

weeks. Q-methanol and q-HCl were purified from analytical grade chemicals by sub-

boiling distillation using quartz apparatus.  



39 

 

For the Fe-ligand titration, subsamples (12 mL) of seawater were pipetted into 

a series of 14 Teflon bottles and buffered at pH 8.0 with 50 µL of 1.0 M buffer 

solution of EPPS. Iron was added to twelve of the bottles, yielding concentrations from 

0.2 to 6 nM. The added Fe was allowed to equilibrate with the natural ligands for 30–

60 min at room temperature. After this equilibration period, 3.5 µM or 10 µM 

methanolic TAC solutions were added, and the sample was left to equilibrate for at 

least 8 hours (often overnight, 15–18 hours). Starting from the lowest concentration, 

the equilibrated solutions were then subsequently transferred to the Teflon cell cup. 

CSV analysis began by deaerating each solution for 3 min with oxygen-free nitrogen 

gas. A fresh Hg drop was made, and Fe(TAC)2 complex species were adsorbed at an 

applied potential of −0.4 V for 120 s, while stirring at 1500 rpm. The stirrer was 

switched off for a 5 s quiescence period. The potential was then scanned in the 

differential pulse mode (potential step = 2.55 mV, pulse amplitude = 49.95 mV) from 

−0.38 to −0.60 V and the cathodic stripping current was recorded. The peak current Ip 

from the reduction of Fe in the Fe(TAC) complex appears under these conditions at  

−0.458 ± 0.005 V. Cell cups were rinsed with Milli-Q water between two subsequent 

concentrations within one titration and with dilute acid between different titrations to 

avoid carry-over. Specific Teflon bottles were always used for the same Fe 

concentration added. They were only rinsed with either Milli-Q or the sample itself in 

between titrations to keep them in equilibrium. Two to three scans were usually 

obtained for each sample.  

The dissolved Fe (DFe) in the ligand samples were determined by acidifying a 

sub-sample to pH 2 prior to UV digestion for 6 h using a Photoreactor Model APQ 40 

(Photochemical Reactors) with a 400-W medium-pressure Hg lamp. The pH of the 
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samples was brought back to pH 8.0 with isothermally distilled NH4OH prior to 

analysis using the CSV protocols (as described above). 

 

2.2.8.  Purification 

Extraction and purification of siderophores from Caldalkalibacillus thermarum strain 

TA2.A1 

The extraction of the siderophore from the culture supernatant of Bacillus sp. 

strain TA2 was completed following methods by Tait et al. (1974) and Lam et al. 

(2006). Briefly, 750 mL of the culture supernatant (pH 9) was transferred into a 

separating funnel, acidified with q- HCl to pH 2.7, and extracted with 100 mL of ethyl 

acetate. The bottom aqueous layer was discarded, while the top ethyl acetate layer 

containing the siderophore fraction was collected. This procedure was repeated 3 more 

times. The pooled organic phase was purified by extraction with 75 mL of 10% (w/v) 

sodium hydrogen carbonate twice; the aqueous layer was again discarded, while the 

ethyl acetate layer was retained. The pooled organic phase was transferred into an acid-

cleaned high-density polyethylene (HDPE) bottle and dried over sodium sulfate  

(~10 g) at 4°C overnight. The organic phase was filtered through 0.45-μm 

polytetrafluoroethylene (PTFE) syringe filter (Sartorius Minisart) and evaporated to 

dryness using a rotary evaporator. The resulting red residue was dissolved in acidified 

Milli-Q water (pH 1) in an ultrasonic bath.  

Solid phase extraction of the siderophore fraction was completed on a 50-mL 

column (prepared in-house) containing pre-conditioned 40 g XAD-16 resin, pH ~4. 

The siderophore extract was slowly transferred onto the XAD-16 column. The 

compounds bound to the resin were eluted with four bed volumes of methanol.  The 

volume was reduced to ~10 mL using a rotary evaporator at <30°C,  transferred to a 15 
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mL test tube and evaporated to dryness using a SAVANT Speed Vac Plus SC210A. 

The resulting siderophore residue was stored frozen at -20°C.  

 

De-salting and sequential purification 

 Two methods were used for sequential purification and HPLC-MS analysis. 

During the initial stage of the study, the optimized method from the University of 

Washington was used since the HPLC-MS instrument at the University of Otago was 

not yet available. The work done by Dr. B. Nunn and Dr. S. Sander at the University of 

Washington also gave us the training and experience in optimizing the methods for 

characterization. Samples received since the beginning of 2008 were purified and 

analyzed at the University of Otago. These methods were based on those developed at 

the University of Washington but modified to suit the instruments used at the 

University of Otago. 

 

Method used in the Medicinal Chemistry Department, University of Washington, USA 

Prior to mass spectrometry analyses, the sample was thawed and re-dissolved in 

250 μL of 50% methanol. Methanol was removed using a Speed Vac, and equal 

amounts of 10% methanol and 0.2% trifluoroacetic acid (TFA) were added to yield a 

final solution of 5% methanol, 0.1% TFA. For desalting and further purification of the 

siderophore, we performed a sequential extraction with increasing methanol:water 

ratios (i.e. 10%, 20%, 30%, 70%) using an Ultra micro-spin C18 column (Vydac: # 

SUM8818V Nest group, USA). Micro-columns were conditioned with 200 μL 80% 

methanol, 0.1% TFA, centrifuged for 3 minutes at 1000 g, then equilibrated with 200 

µL 5% methanol, 0.1% TFA and again centrifuged. This was repeated 3 times. Sample 

was pipetted onto the columns, centrifuged through the column (3 minutes, 1000 g), 
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collected and then put through the column twice more to insure binding. The column 

was then washed 3 times with 200 μL 5% methanol, 0.1 % TFA. Care was taken to 

insure that no wash solution was carried over to the next step. New vials were used for 

each of the fractionation steps with 10%, 20%, 30% and 70% of methanol to prevent 

potential contamination. The four fractions were evaporated to near dryness using a 

Speed Vac, dissolved in 5% acetonitrile, 0.1% TFA, and centrifuged (1000 g, 20 min) 

to remove any particles present prior to analysis on the mass spectrometer.  

 

Method used at the Chemistry Department, University of Otago  

Approximately 1.0 mg sample was dissolved in 1.0 mL 5% acetonitrile. For 

desalting and sequential extraction the sample was passed through a 1 g solid-phase 

extraction column (VARIAN Bond Elut C18-SPE). As for the micro-spin C18 

columns, the sample was eluted sequentially by increasing the methanol:water ratio 

(10%, 20%, 30% and 70%). The different eluents were collected separately. The 

various methanol fractions were transferred in several 1 mL Eppendorf tubes, and then 

evaporated to dryness using SAVANT Speed Vac Plus SC210A. The dried samples 

were re-dissolved using 50 µL Milli-Q water and centrifuged for 1 to 3 minutes to 

ensure that all precipitates were dissolved. The re-dissolved samples of the same 

methanol fractions were transferred to a new Eppendorf tube using a micro pipette, 

combined and mixed thoroughly, prior to high performance liquid chromatography-

mass spectrometry (HPLC-MS) analysis.  
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2.2.9. Separation and mass analysis 

Analysis at the University of Washington  

A nanoflow HPLC-MS method using high performance liquid 

chromatography-linear ion trap orbit trap (HPLC-LTQ-OT) was developed at the 

Medicinal Chemistry Department of the University of Washington, USA by Dr. Brook 

Nunn and Dr. Sylvia Sander. The nanoflow HPLC-LTQ-OT was used because it is 

available at the Medicinal Chemistry Department, and because of its high sensitivity, 

which is advantageous for the characterization of small amounts of organic 

compounds. The HPLC separation and mass spectrometry analyses of siderophores 

produced by TA2 and siderophores in samples from the Otago transect were analysed 

using this method at the University of Washington. Details of the method are provided 

below. 

After sequential purification using Ultra Micro-Spin C18 SPE columns, final 

chromatographic separations and mass spectrometry analyses were performed on a 

nanoflow HPLC system (NanoAquity, Waters Corp., Milford, MA) attached to a 

hybrid linear ion trap – orbitrap mass spectrometer (LTQ-OT, ThermoFisher, San Jose, 

CA). All capillary columns for HPLC separations were made in-house with silica 

tubing (75 mm i.d.). Siderophores were first trapped on a 100 μm i.d. × 20 mm long 

pre-column packed with 200 Å (5 μ) Magic C18 particles (C18AQ; Michrom), 

followed by separation on a gravity-pulled 75 μm i.d. × 120 mm long analytical 

column packed with 100 Å Magic C18 particles (5 μm, C18AQ; Michrom). 

Chromatography was performed using mobile phase consisting of: A) water, 0.1% 

(v/v) formic acid and B) acetonitrile, 0.1% (v/v) formic acid. Siderophore samples 

were loaded onto the pre-column in A:B (95:5) at 7 µL min
-1

 for 7 minutes and 

subsequently separated on the analytical column with a flow rate of 250 nL min
-1

. The 



44 

 

programmed gradient was: 0 min: A (95%), B (5%), 55 min: A (65%), B (35%), 60 

min: A (15%), B (85%), 65 min: A (5%), B (95%), 75–95 min: A (95%), B (5%). 

Concentration of the samples were incrementally increased by adding more samples 

for each injection to achieve a total ion current > 1E7. The LTQ-OT was run in the 

positive ion mode where electrospray voltage was applied using a micro T-junction 

with a gold wire in contact with the liquid between the pre-column and analytical 

column. The gold wire acts as a conductive metal. Several siderophore standards were 

analyzed after tuning and calibrating the instrument (capillary temp 275
o
C, collision 

energy (CE) 35%). Enterobactin, desferrioxamine, and ferrichrome M+H ions were all 

achieved with mass accuracy below 2 ppm. An analysis of pyoverdine using these 

settings, however, was not observed. Since the structures of the natural seawater 

siderophores were unknown, we optimized the instrument to better observe either the 

+2 or +1 charge state of all four standards. Capillary temperature and voltage were 

optimized to 325
o
C and 44 V, respectively. These settings provided either the [M+H]

+
 

or [M+2H]
2+

 ions for the four siderophore standards. Tuning was performed on the 

[M+2H]
2+

 ion of a pyoverdine standard. MS survey scans were completed using the 

Orbitrap (m/z 200-2000). Using a data-dependent strategy, the five most intense ions 

were selected for collision induced dissociation (CID) in the LTQ (CE: 45%). Only 

ions with +1, +2 or unassigned charge state were selected for fragmentations; ions with 

charge states 3+ and higher were rejected.   

Prior to the analysis of the natural seawater siderophores, enterobactin, 

desferrioxamine and pyoverdine standards were analyzed using the above parameters 

and identical tune file. Injections of 100 pg enterobactin demonstrated that 

siderophores bound with Fe elute before (50 min) the Fe-free siderophore (52 min). 

Direct infusion of a mixed pyoverdine and enterobactin standard yielded the [M+H]
+
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and [M+2H]
2+

 pyoverdine ions, and enterobactin +Na and enterobactin +K ions. To 

ensure there was no column carry-over from the analysis of siderophore standards, new 

analytical and pre-columns were installed for the analysis of natural seawater samples. 

Angiotensin II peptide (DRVYIHPF) was intermittently used as an internal standard to 

check mass accuracy and ensure consistency. Mass accuracy on angiotensin was at or 

below 1.0 ppm throughout the analyses. In addition, 90-minute full-gradient blanks 

were completed between the samples in order to clean the column. At the end of the 

sequence the mass accuracy of a 100 pg enterobactin standard was determined to be 

below 2 ppm. 

Natural seawater samples were spiked with FeSO4 to ensure most siderophore 

species present were bound to Fe. The theoretical ratio of 
56

Fe to 
54

Fe (100%:6%) 

provided a unique signature to search the MS1 spectra. Each mass combination that 

demonstrated the approximate Fe isotope signature was investigated. The Fe isotope 

distribution is as follows: 5.8% 
54

Fe, 91.72% 
56

Fe, 2.20% 
57

Fe and 0.28% 
58

Fe (Mc 

Lafferty and Turecek, 1993). Potential masses were rejected as possible siderophores if 

the mass was present 1) in a repeating ion series, 2) in a blank, or 3) in blanks with 

FeSO4.  

 

Analysis at the University of Otago  

Another HPLC-MS method was optimized at the Department of Chemistry, 

University of Otago. All samples collected from the Fe Cycle II-Spring Bloom 

Voyage, siderophore samples extracted from V. alginolyticus PWH3a, roseobacter and 

desferrioxamine B solutions, which were used for the experiments on photo-reactivity 

of siderophores, were analyzed using the method provided below. 

The HPLC and mass spectrometry analyses were performed on an analytical 
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HPLC system (DIONEX Ultimate 3000 System) attached to a Quadrupole Time-of-

Flight mass spectrometer (microTOF-Q, Bruker Daltonics). Chromatographic 

separations were carried out using a reversed phase column (250 mm x 4.6 mm, 

GraceSmart RP18 5 µm, Grace Davison Discovery Sciences). Twenty microliter 

samples were injected into the column using an auto sampler and solvent gradient was 

regulated by the gradient controller. The HPLC separation was done using a linear 

gradient of 6-95% acetonitrile:water with 0.1% formic acid. Two wavelengths (220 nm 

and 435 nm) were monitored to detect total hydrolysis and ferric hydroxamate 

complexes respectively. The complete analysis was done in 52 minutes. 

The Quadrupole Time-of-Flight mass spectrometer used in this study utilized 

electronspray ionization (ESI) as its ion source and operated under positive mode.  The 

scan range was set from 50 m/z to 1000. The capillary voltage was set at 4500 V and 

the end-plate offset was -500 V. The collision cell RF was 90.0 Vpp, the nebulizer 

pressure was set at 3.0 bar and the dry heater temperature was at 200
o
C. Throughout 

the analysis the dry gas flow rate was set at 7.0 L min
-1

.  The method was tested using 

mixed ferrioxamine (B, G, D2 and E), enterobactin and aerobactin standards. Figures 

2.5 and 2.6 show the chemical structure of standard used in the analysis and Figures 

2.7 to Figures 2.15 show the HPLC trace and MS spectra and the molecular ions of 

these known siderophores which were generated using the optimized method in the 

Chemistry Department.   

For the determination of the fragmentation pattern of the molecule, the 

instrument was optimized and set to MSMS Auto mode. Since the concentration of the 

siderophore-like compounds present in the sample were expected to be very low, the 

MSMS (second mass spectra obtained after fragmentation) absolute threshold was set 

to intensity equal to 500. To obtain more fragments the machine was optimized to 
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include chromatographic peaks with peak widths 12 seconds. A summation factor of 

3 was used to increase the MSMS spectra. The data for both single MS and MSMS 

analyses were obtained and processed using Bruker software.  

The mass spectrometer was calibrated using sodium formate calibrant. 

However, to ensure an accuracy of <10 ppm, desferrioxamine B (DFB) was also 

injected directly to the mass spectrometer for calibration. In this calibration, an 

accuracy of <2 ppm was generally obtained for the analysis. 

Desferrioxamine B was routinely used as a standard in the HPLC-MSMS 

analysis because it is commonly used as model siderophore and its low cost compared 

with other commercially available siderophore standards. Additional standards like 

mixed ferrioxamine, enterobactin and aerobactin were interchangeably used as 

additional standard for the HPLC-MS analysis. The MS and MSMS spectra of the 

standards (1.0 mg/mL) used to test the method, for routine analysis and to help in the 

data interpretation are given in Appendix 1 (Figures A1-1 to A1-8). 

To test for Fe binding, aliquot samples were collected and allowed to react with 

ferric acetylacetonate (FeAcAc) by ligand competition between acetylacetonate and 

the ligand present in the sample. Ferric acetylacetonate was used based on the 

suggestions by Professor Mervin Miller of the Department of Chemistry and 

Biochemistry, University of Notre Dame, USA. The stability of FeAcAc was not tested 

in this study, but it can be assumed that the freshly produced Fe
3+

 would bind to any 

unbound siderophore (Bergero and Weirmar, 1990). 

 The amount of FeAcAc added was based on an estimated 1:1 molar ratio of 

ligand and ferric ion. The mixture was allowed to equilibriate for at least one hour 

before the measurement was done. Evidence of reaction of FeAcAc with hydroxamate 

ligand (DFB) is shown in Figure 2.16. 
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Methanol and/or only Milli-Q water blanks were included during analysis to 

detect contamination or possible carryover of the standard during the HPLC-MS 

analysis (Figure 2.17 a and b). 

 

 

  

 

 

 

Figure 2.5 Chemical structure of a) ferrioxamine B, a linear hydroxamate, and Fe-

bound b) ferrioxamine E and c) ferrioxamine D2, both cyclic hydroxamate 

siderophores. 
 

 

 

 

(a) 

(b) (c) 
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Figure 2.6 Chemical structure of a) the catechol-type siderophore enterobactin and b) 

the citrate-hydroxamate siderophore aerobactin, whith R =COOH and n = 4. 
 

 

  

Figure 2.7 HPLC trace showing separation of ferrioxamine G, B, D2 and E, eluting at 

8.2, 8.3, 12.5 and 13.6 minutes respectively. The separation was done using 6-95% 

acetonitrile:water gradient with 0.1% formic acid and absorbance was monitored at 

220 and 435nm. 

(a) 

(b) 
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Figure 2.8 HPLC trace showing 1.0 mg/mL of uncomplexed enterobactin eluting 

between 22 to 23 minutes. The separation was done using 6-95% acetonitrile:water 

gradient with 0.1% formic acid and absorbance was monitored at 220 and 435nm.  
 

  
 

Figure 2.9 HPLC trace showing 1.0 mg/mL of uncomplexed aerobactin eluting 

between 8 to 9 minutes. The separation was done using 6-95% acetonitrile:water 

gradient with 0.1% formic acid and absorbance was monitored at 220 and 435nm. 
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Figure 2.10 MS spectra showing molecular mass of  Fe-bound [M+H+Fe-3H]
+
 

ferrioxamine G (m/z 672) and B (m/z 614) from a mixed ferrioxamine standard, eluting 

at 8.2 minutes. 
 

 

 
 

   

Figure 2.11 MS spectra showing molecular mass Fe-bound [M+H+Fe-3H]
+
 

ferrioxamine B from a mixed ferrioxamine standard, eluting at 8.5 minutes. 
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Figure 2.12 MS spectra showing molecular mass Fe-bound [M+H+Fe-3H]
+
 

ferrioxamine D2 (m/z 640) from a mixed ferrioxamine standard, eluting at 12.9 

minutes. 
 

 

 

 

  
 

Figure 2.13 MS spectra showing molecular mass Fe-bound [M+H+Fe-3H]
+
 

ferrioxamine E (m/z 654) from a mixed ferrioxamine standard, eluting at 13.6 minutes. 

 

320.6295

352.3360 436.7027

640.2467

662.2285

+MS, 12.9min #765

0.0

0.5

1.0

1.5

2.0

2.5

4x10

Intens.

300 400 500 600 700 800 m/z

2.5

2.0

1.5

1.0

0.5

0.0

In
te

n
si

ty
 (

1
 x

 1
0

4
)

300 400 500 600 700

m/z

640.25

662.23

436.70352.34

320.63

327.6372

654.2650

676.2464

+MS, 13.6min #811

0

2

4

6

8

4x10

Intens.

300 350 400 450 500 550 600 650 700 750 m/z

8

6

4

2

0

In
te

n
si

ty
 (

1
 x

 1
0

4
)

654.27

300 350 400  450 500 550 600 650           700

m/z

327.64

676.25



53 

 

  
 

Figure 2.14 MS spectra showing molecular mass of protonated [M+H]
+
 enterobactin 

(m/z 670) eluting at 23.1 minutes. The enterobactin standard used in the analysis was 

not bound to Fe. 
 

 

 

 

  
 

Figure 2.15 MS spectra showing molecular mass of protonated [M+H]
+
 aerobactin 

(m/z 565) eluting between 8.3 and 8.7 minutes. The aerobactin standard used in the 

analysis was not bound to Fe. 
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Figure 2.16 HPLC trace showing a) peaks of Fe bound ferrioxamine B and DFB and 

b) DFB peaks after addition of ferric acetylacetonate. The RT of DFB-Fe peak changed 

from 8.9 to 7.4 minutes, the peak became sharper and the peak height increased by 1.5 

times after addition of ferric acetylacetonate. 
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Figure 2.17 Representative HPLC trace showing methanol and Milli-Q water blanks 

during HPLC-MS analyses.  Molecular masses of potential siderophore-types were not 

observed in the MS spectra. The separation was done using 6-95% acetonitrile:water 

gradient with 0.1% formic acid and absorbance was monitored at 220 and 435nm. 
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pattern; the 
54

Fe isotope is confirmed if natural abundance is within the range of 1 to 7 

% and the mass accuracy is within <10 ppm (parts per million) and; no molecular ion 

that is bound to Fe is present at the relevant retention time were observed in the blank. 

The first criteria was used in the interpretation of mass spectra using the 

MicroQ-Tof while the second criteria was used for detecting ions bound to Fe in the 

mass spectra obtained from the orbit trap. The decision to use different criteria for 

samples analyzed in different machines was based on the standards analyzed using the 

two mass spectrometers. 

 

 

 

Figure 2.18 Mass spectra of ferrioxamine G showing the characteristic Fe-isotope 

pattern. 
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Prior to use, Aquil was passed through a Chelex-100 (Biorad) column to remove 

potential metal contamination. The concentration of DFB used for this experiment was 

based on the detection limit (0.09 M) of the microQ-TOF mass spectrometer to be 

used in the analysis. The detection limit was obtained by analyzing different 

concentration of DFB.  The value is equivalent to twice the lowest concentration of 

DFB at which the mass spectrometer can detect the m/z of DFB and its fragments at 

intensity greater than 10
3
. 

A 30-mL aliquot was collected from the solution and kept frozen. This sample 

was called time zero (T0) or the control sample. Two aliquot samples of the same 

volume were placed in quartz tubes (sealed with Parafilm
TM

) covered with a clean 

paper. These two samples were kept inside the laminar flow hood for 8 h without 

exposure to the Solar Simulator and are further referred to as Blank A and B samples. 

Another 10 aliquot samples of the same volumes were placed in individual quartz 

tubes, sealed with Parafilm
TM

 and radiated using the Solar Simulator at 450 W and at 

varying exposure time (11 min, 22 min, 48 min, 1 h, 2 h, 3 h, 4 h, 6 h and 8 h). After 

exposure, samples were transferred to acid-cleaned polyethylene (PE) bottles, double 

bagged and stored frozen (-20
o
C). The time intervals were decided based on a pilot 

study using a UV-digester for 30 minutes in which a higher concentration DFB was 

radiated. 
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Chapter 3: Siderophores produced by cultured organisms 

 

The detailed purification and characterization methods using high performance 

liquid chromatography separation with mass spectrometry (HPLC-MS) were presented 

in Chapter 2 of this thesis. In the present Chapter, the methods were tested using 

extracts produced by cultured organisms from terrestrial and marine environments.  In 

order to accomplish the task collaborations with Professor Gregory Cook 

(Microbiology and Immunology Department, University of Otago) and Professor 

Steven Wilhelm (Department of Microbiology, University of Tennessee) were 

established. Siderophore extracts from terrestrial organism was given by Professor 

Cook and siderophore extracts isolated from marine organisms were given by 

Professor Wilhelm. It was very fortunate that the identities of the siderophore 

compounds characterized in this study were still unknown. Hence aside from testing 

the HPLC-MS methods discussed in Chapter 2, novel results were obtained in this 

chapter. The partial characterization of siderophore compounds produced by 

Caldalkalibacillus thermarum strain TA2.A1, Vibrio alginolyticus PWH3a and 

Silicibacter pomeroyi DSS-3 for the first time was presented in this chapter. 

Some of the results presented in this chapter were included in two papers as 

follows: 

(a) ―Acquisition of Iron by Alkaliphilic Bacillus Species‖ by Duncan G. G. McMillan, 

Imelda Velasquez, Brook L. Nunn, David R. Goodlett, Keith A. Hunter, Iain Lamon, 

Sylvia G. Sander and Gregory M. Cook (2010). Applied and Environmental 

Microbiology, 76:20, doi:10.1128/AEM.01393-10; 

(b) ―A Comparison of Fe bioavailability and binding of a catecholate siderophore with 

virus-mediated lysates from the marine bacterium Vibrio alginolyticus PWH3a‖ by 
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Leo Poorvin, Sylvia G. Sander, Imelda Velasquez, Gary R. LeCleir and Steven W. 

Wilhelm (2011). The Journal of Experimental Marine Biology and Ecology, 

doi:10.1016/j.jembe.2011.01.016. 
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3.1. Introduction 

In the natural environment, we expect a broad range of different siderophore 

structures and a widespread bacterial siderophore production during periods when Fe 

levels are low (Wilhelm and Trick, 1994; Drechsel and Winkelmann, 1997). Since the 

discoveries of siderophores in the early 1950s, the number of structurally known 

siderophores has reached 500 (Drechsel and Winkelmann, 1997; Ito and Butler, 2005). 

Unfortunately, there is still no uniform isolation and identification method available 

due to the structural difference of these siderophores (Neilands, 1995). Siderophores 

are commonly detected using chemical assays (e.g., the chrome azurol S test, the 

Arnow assay, and the Csaky test). However, these assays may not be sufficiently 

sensitive when applied to marine-derived siderophores. To fully understand the 

behaviour and importance of these compounds, rapid and more sensitive techniques 

with the capability to separate different siderophores have been utilized (Winkelmann, 

1994; McCormack et al, 2003). Hence, to address the complexity of detection and 

identification of siderophores from the natural system, we used a combination of 

analytical techniques in the analysis. Purification protocols were established and the 

high performance liquid chromatography, coupled with tandem mass spectrometry 

(HPLC-MS/MS) techniques was optimized to meet the sensitivity needed to detect 

siderophores from the marine environment. As an initial attempt to detect 

siderophores, samples isolated from cultured organisms were analysed.  

Siderophores produced by Caldalkalibacillus thermarum strain TA2.A1, and 

Silicibacter pomeroyi DSS-3 have not been characterized yet. The Vibrio alginolyticus 

PWH3a was earlier detected to produce hydroxamate siderophore (Granger and Price, 

1999) but Poorvin et al. (2011) detected catecholate from the V. alginolyticus culture 

extract. So far, the chemical structure of this catecholate siderophore is not yet known. 
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We present in this study the type and the potential structure of the siderophores 

extracted from the cultures of these three organisms. Chemical assays, liquid 

chromatography and mass spectrometry were used. Electrochemical determination of 

the stability constant for the Fe-siderophore complex was only done for the Vibrio 

alginolyticus PWH3a extract.  

 

3.2. Siderophore produced by Caldalkalibacillus thermarum strain TA2.A1  

There is extensive information from the literature on the Fe acquisition 

mechanisms of bacteria living at neutral pH values (Das et al., 2007). However, 

information on the molecular and biochemical properties of bacteria thriving under 

aerobic conditions and at extremely high pH (i.e. pH 9 to 11) is still very limited. In 

neutral or slightly alkaline pH and aerobic conditions, Fe (III) becomes sparingly 

soluble and forms ferric hydroxide (solubility product Ksp = 10
-39

) (Drechsel and 

Winkelmann, 1997). This makes Fe less bioavailable to the organisms and limits free 

Fe concentration to around 10
-18

 M (Drechsel and Winkelmann, 1997). Taking into 

account that available Fe is deficient in conditions under which TA2.A1 grows; an 

earlier study by McMillan (PhD thesis, 2008) showed that TA2.A1 has evolved a 

sequestering mechanism to take in Fe.  

In this study, we demonstrate using chemical assays and mass spectrometry that 

TA2.A1 produces Fe-chelating ligand to acquire Fe from the environment. Cell-free 

TA2 culture supernatant was provided by Professor G. Cook and Dr. Duncan 

McMillan (Department of Microbiology, University of Otago). The purification and 

HPLC-MS analysis of the extract was done by Dr. Sylvia Sander (Department of 

Chemistry, University of Otago) and Dr. Brook Nunn (Medicinal Chemistry 

Department, University of Washington). I have done all the sample processing and 
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performed the chemical assays. I have also done the interpretation of MS spectra under 

supervision of Dr. Sylvia Sander and Dr. Brook Nunn. 

The supernatant was tested for siderophore production using different chemical 

assays (CAS, Csaky and Rioux test) before purification for HPLC-MS analysis. 

Detailed description of the methods used for purification, chemical assays, HPLC 

separation and mass spectrometry analyses are provided in the methods chapter of this 

thesis (Chapter 2). 

 

3.2.1. Methods 

Samples were purified and processed as described in Chapter 2.2.8 (extraction 

and purification of siderophores from TA2.A1). An aliquot of the purified TA2.A1 was 

set aside for chemical assays. The remaining sample was dried and brought to the 

University of Washington for sequential purification followed by HPLC-MS analysis. 

Details of the method are described in Chapter 2.2.8 (de-salting and sequential 

purification) and Chapter 2.2.9 (separation and mass analysis: analysis at University of 

Washington). 

 

Chemical assays 

Aliquots of sample obtained after XAD-16 pre-concentration were collected for 

chemical assays. The CAS test was performed to determine the presence of 

siderophore in the extract. Csaky, Rioux and Arnow assays were done to find out if 

hydroxamate and catecholate groups were present respectively in the sample. 
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3.2.2. Results 

Detection of siderophore by chemical assays 

The extract from TA2 culture supernatant had a dark orange color. After adding 

CAS reagent the solution turned brownish orangey color after a few minutes, 

indicating positive result. Likewise, the Rioux assay produced orange colored solutions 

at the end of the reaction time, which indicated the presence of a catechol functional 

group. However, the Arnow assay which is also a test for catechol, showed a negative 

result (Arnow, 1937). For Csaky test, the extracted organic compound from TA2.A1 

gave a pale pink color with positive absorbance at 543 nm which suggested the 

presence of another functional group (e.g. hydroxylamine or hydroxamate).  

 

HPLC-Mass spectrometry 

During sequential purification using Ultra Micro Spin C18 column, a red 

fraction of the TA2 extract accumulated at the upper part of the micro-column and 

eluted off with 20% methanol. Bacterial Fe-bound siderophores have previously been 

observed to be yellow-brown to red-brown in color (Drechsel and Jung, 1998). It was 

therefore hypothesized that the reddish material eluting off at 20% methanol was the 

Fe-bound siderophore. Interestingly, although over 10,000 MS1 data scans from  all 

methanolic fractions were investigated to identify the unique Fe isotope pattern of 
56

Fe 

to 
54

Fe (100%:6%) ratio separated by 2 Da, evidence for Fe-bound  compounds were 

only found in the mass spectrometry analyses from the red 20% methanol fraction 

(Figure 3.2.1A and 3.2.1B). The MS data from other methanol fractions (10%, 30% 

and 70% methanol) did not exhibit Fe-isotope patterns in the MS1 scans. In the 20% 

methanol fraction a protonated ferri-siderophore complex [M+H+Fe-3H]
+ 

was 

identified by the unique Fe-isotopic pattern (Figure 3.2.1C). The mass of interest was 
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searched for in blanks with and in aliquots without Fe additions to ensure that the 

unique mass distribution was not a result of Fe-bound contaminants. During the HPLC 

separation of the 20% methanol fraction, the Fe-siderophore compound eluted off the 

C18 column at 58.6 minutes producing the ferri-siderophore [M+H+Fe-3H]
+
 of m/z 

597.27 (Figures 3.2.1B and 3.2.1C) in the MS. The primary ion resulting from the 

fragmentation of m/z 597.27 was m/z 301.17, which retained the bound Fe. Another 

fragment ion is also present at 297.16, which does not exhibit the Fe isotopic pattern. 

This pattern suggests that this siderophore nearly fragmented in half yielding the two 

fragment ions 301.17 and 297.16.  

 

3.2.3. Discussion 

The chemical assays produced consistent results indicating the presence of one 

or more Fe-chelating ligands. In fact, assays suggested that TA2.A1 produces two 

kinds of siderophores, or alternatively a single compound which is a mixed catechol 

and hydroxamate functional siderophore. The Arnow test for catecholates (Arnow, 

1937) was negative, possibly due to the presence of steric hindrance between hydroxyl 

groups attached to the molecule. It is also possible that the vicinal hydroxyl groups in 

cathecols at positions 3 and 4 are substituted e.g. 2,3-dihydroxynapthalene (Rioux et 

al., 1983). The major fragment ions of the Fe-bound siderophore m/z 597.27, m/z 

301.17 and 297.16, were present in both the precursor scan (MS) and in the tandem 

mass spectra (MSMS). The presence of the m/z 297.16, which was not bound to Fe and 

present at lower intensity compared with m/z 301.17, may suggest possibility of two 

competing pathways. Unfortunately, the intensity of m/z 297.16 was not high enough 

to conduct MSMS to investigate if it will yield fragment ions that are similar to 

fragments produced by m/z 301.  
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Given the available data it was hypothesized that this siderophore was unstable. 

The compound was possibly fragmenting and co-eluting in solution, or fragmenting as 

the siderophore was introduced to the mass spectrometer through electrospray 

ionization. As a result of the apparent non-stable structure of the TA2596 siderophore in 

solution, we observed that many of the fragment ions resulting from collision induced 

dissociation (CID) of TA2596 (Table 3.2.1; m/z 301, 257, 297) individually eluted from 

the chromatography column. These fragments eluted at the same retention time (58 

minutes) providing additional fragmentation spectra (Table 3.1). Several studies 

examining siderophores in solution using HPLC in-line with electrospray–based mass 

spectrometry have noted that siderophores can have unstable structures when they are 

in acidic conditions (Feistner et al., 1993; Gledhill, 2001; Mawji et al., 2008b). The 

extraction and purification of the compound was done under acidic condition prior to 

LC-MSMS analysis. The tandem mass spectra collected on these in-solution fragments 

provided excellent multistage tandem mass spectra (simulated MS3). These fragments 

were observed in the orbitrap during the precursor scan; hence, higher mass accuracy 

data (<10 ppm accuracy) was collected on these fragments. Fragment ions resulting 

from the fragmentation of TA596 included m/z 301, 341, and 257, each of which 

retained Fe and exhibited Fe isotopic patterns. These ions have strong affinity for Fe 

that is a typical characteristic of siderophore-type compounds. Neutral losses of 18 Da, 

17 Da, 44 Da, 28 Da and 56 Da were observed. These resulted from common losses of 

H2O, NH3, CONH2, CO, and C4H8 that are frequently observed during the 

fragmentation of siderophores (De Hoffmann and Stroobant, 1991; McLafferty and 

Turecek, 1993). Large neutral losses that were creating the primary fragment ions, 

such as 256 Da and 296 Da, were searched extensively from previously published 

fragmentation spectra of known siderophores (Feistner et al., 1993; Gledhill, 2001; 
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Mawji et al., 2008). None of the large neutral losses or the resulting fragment ions 

observed from the fragmentation of TA2596 has been previously observed. 

 

Table 3.2.1 Retention time and m/z ratio of TA2596 precursor ions measured in the 

orbitrap (OT) and the fragment ions measured in the linear ion trap (LTQ) 

Retention time (min) 

        TA2596 

Precursor ion 

scan in OT (m/z) 

Fragment ion scan          

in LTQ 

                  (m/z) 

58.6 597.27* 301*, 257*, 341*, 297, 

553 

58.7 301.17* 257*, 245*, 284, 273, 

132 

34.5 257.13* 132*, 211*, 229, 239 

58.3 297.16 280, 240, 269 
Masses with a * indicate that the iron isotopic pattern was observed in either the precursor scan or the tandem mass 

spectrum. Underlined fragment masses are indicative of ions where tandem mass spectra were collected as a result 

of the primary siderophore, TA2596, fragmenting prior to entering the collision cell. 

 

 

  

Figure 3.2.1 (A) Chromatographic peak that was shown to retain all Fe-bound 

siderophore fragments, (B) zoomed [M+H+Fe-3H]
+
 showing Fe-isotopic pattern 

observed, and (C) precursor mass spectrum collected in orbitrap Fe(III)-siderophore 

complex, with molecular ion peak [M+ H+Fe-3H]
+ 

at m/z 597.27. Asterisk (*) specifies 
54

Fe isotope that has mass difference of 2 Da to the next Fe isotope (
56

Fe). 



67 

 

3.2.3. Summary 

Purification and mass spectrometric characterization of the siderophore 

produced by Caldalkalibacillus thermarum strain TA2.A1 confirmed that this 

alkaliphilic bacterium synthesizes a siderophore containing at least one hydroxamate 

group. The siderophore compound has an integral mass of 596 (TA2596) when it is 

bound to iron. Fragmentation of TA2596 failed to identify any matches to previously 

observed fragmentation spectra of known siderophores suggesting that the siderophore 

from strain TA2.A1 has an unknown structure. 

 

3.3. Catechol siderophore produced by Vibrio aliginolyticus PWH3a  

It is known that many bacterial species including marine bacteria can secrete 

organic Fe-binding ligands including siderophores (Reid and Butler, 1991; Butler and 

Theisen, 2010) due to Fe limitation. Studies have shown that siderophores appear to 

regulate Fe speciation and availability in the open ocean (See Chapter 1.1 to 1.3). It has 

been reported that some bacteria can produce more than one type of siderophore 

(Wilhelm and Trick, 1994; Granger and Price, 1999; Cendrowski et al., 2004). An 

earlier study had shown that a heterotrophic marine bacterium Vibrio aliginolyticus 

PWH3a produced hydroxamate-type ligands (Granger and Price, 1999). However, 

Poorvin et al. (2011) detected a catechol-type of siderophore from the same organism. 

The structure of the catechol-type ligand produced by the organism is still unknown. 

Hence, in this study, we tried to determine and characterize one or more siderophores 

produced by PWH3a using chemical assays, electrochemistry, and HPLC coupled to 

mass spectrometry.  
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3.3.1. Methods 

Production and isolation of siderophores from V. aliginolyticus   

Vibrio alginolyticus PWH3a was cultured and siderophore extract was collected 

and pre-concentrated by the group of Professor Steven Wilhelm (University of 

Tennessee, Knoxville, Tennessee, USA). Chemical assays to test for siderophore 

activity were conducted before the extract was dried and sent to the Chemistry 

Department (University of Otago). A summary of the culture procedure, siderophore 

isolation and pre-concentration used by Professor Wilhelm’s group is described below. 

Siderophores produced by the marine bacterium PWH3a, were isolated 

following previous protocols used for marine prokaryotes (Wilhelm and Trick, 1994). 

To induce siderophore production, a low Fe-adapted-culture of the heterotrophic 

bacterium Vibrio aliginolyticus PWH3a was inoculated into 10 L of modified ESAW 

(enriched seawater, artificial water) (Berges et al., 2001). The media was prepared to 

have a final concentration of 1.0 nM total Fe, and no EDTA was added. The V. 

aliginolyticus PWH3a culture was incubated on the bench top with gentle agitation at ~ 

24 °C. After 24 hrs, cells were removed from the culture by centrifugation (~10,000 g 

for 10 min) and the supernatant was filtered through a 0.22 µm Millex-GV PVDF 

membrane to remove residual cells and debris. After the pH was reduced to 3.0 (via the 

addition of q-HCl) to dissociate Fe-siderophore complexes, it was gravity fed through 

a Amberlite XAD-16 resin column (approximately 100 mL total bed volume) to bind 

organic molecules. The column was then rinsed with 1 L of Chelex-100 treated Milli-Q 

water to remove any salts or other unbound materials (Wilhelm and Trick, 1994). 

Organic material, containing the Fe-free siderophores bound to the column was eluted 

with 300 mL of methanol (Fisher Optima trace metal grade). The siderophore-enriched 
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eluent was concentrated by rotary evaporation to a final volume of ~ 15 mL, 

transferred to Eppendorf tubes and evaporated to dryness. 

The dried extract, which we received from our collaborators, was further 

purified before HPLC-MS analysis as follows, the extract was re-dissolved using 5 % 

acetonitrile:water and passed through 1.0 g SPE (Bond Elut, Variant). The sequential 

purification was done using 10, 20, 30, 70 and 100% methanol extraction. Eluents 

were evaporated to dryness using a Seed Vac (SAVANT Speed Vac Plus SC210A). 

The precipitates were re-dissolved in 500 µL Milli-Q water and analyzed for Fe-

binding capacity and HPLC-MS. 

 

Detection of siderophore produced by V. aliginolyticus using chemical assays 

The theory and detailed discussion of the different chemical assays used in the 

study are provided in Chapter 2.2.6. Briefly, CAS, Csaky and Rioux tests were 

performed on cell-free culture supernatant that was pre-concentrated on pre-

conditioned XAD-16 resin and extracted with methanol. The chemical assays of the 

extract from XAD-16 pre-concentration were done at the University of Tennessee. 

The, CAS test following the SPE sequential methanol extraction was performed 

in our laboratory. The additional test was done to determine the presence of 

siderophore activity on any of the methanol extracts from the SPE C18. 

 

Electrochemical measurement of the binding capacity  

The electrochemical measurement of the binding capacity of the siderophore 

extract was done by Dr. Enitan Ibisanmi at the Department of Chemistry, University of 

Otago. Aliquots of sample from the 10%-methanol fraction obtained from the C18 SPE 

purification were used for the electrochemical measurement. The ferric stability 
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constant of the siderophore was measured using competing ligand equilibration-

cathodic stripping voltammetry (CLE-CSV) with TAC ((2-(2-thiazolylazo)-p-cresol) 

as the competing ligand. Approximately 0.5 mL sample aliquot dried and re-dissolved 

in 250 mL Aquil (artificial seawater, ―Chelexed‖ or passed through chelex column to 

remove metal contaminants). The siderophore solution was transferred into 12 

different Teflon bottles each containing 10 mL of the sample solution. The metal 

ligand titrations were performed as described in the method section (Chapter 2). The 

total dissolved Fe was also measured by CSV after UV digestion. 

 

Analytical HPLC - micro Quadruple Time-Of-Flight mass spectrometer (HPLC-

microQ-TOF)  identification of siderophore from V.aliginolyticus. 

 

The HPLC separation was done using a linear gradient of 6 to 95% 

acetonitrile:water with 0.1 % formic acid. Two wavelengths (220 and 435 nm) were 

monitored to detect total hydrolysis and ferric hydroxamate complexes respectively. 

The complete analysis was done in 52 minutes. The Quadruple Time-of-Flight mass 

spectrometer used in this study, utilized electrospray ionization (ESI) as its ion source 

and this was operated under positive mode. The scan range was set from m/z 50 to 

1000. The capillary voltage was set at 4500 V and the end plate off-set was 500 V. The 

collision cell RF was 90.0 Volts per pole (Vpp), the nebulizer pressure was set at 3 bar 

and the dry heater temperature was at 200 
0
C. Throughout the analysis the dry gas flow 

was set at 7.0 L min
-1

. 

A 20-µL aliquot from the solution was used to test for siderophore activity by 

CAS assay solution. 
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3.3.2. Results 

Detection of siderophore by chemical assays 

The Rioux test performed at the University of Tennessee on the culture extract 

showed a positive result. This result indicated the presence of catecholate type species. 

The Csaky assay failed to detect hydroxamate-type moieties. All fractions collected 

from the sequential purification in C18 SPE column were also tested for CAS 

siderophore activity but only the 10%-methanol fraction showed a positive result to 

CAS assay, suggesting presence of siderophore. 

 

Electrochemistry analysis 

The purified compound (10%-methanol fraction obtained from C18 SPE 

extraction) showed a conditional stability constant of logKFeL,Fe3+=
 

22.16. The 

concentration of ligand based on electrochemistry is 1.19 nM. This value was obtained 

from a solution which was prepared by dissolving <1.0 mg semi-dried sample in 250 

mL Aquil. The ligand concentration of the concentrated sample which was analyzed by 

HPLC-MS was ~2 X 10
-3

 M,. This concentration was greater than the detection limit 

of the microQ-TOF 

 

Catechol siderophore from V. aliginolyticus 

The dried and extracted siderophore compound from V. alginolyticus had a 

brownish red color. The precipitate was re-dissolved in 5 % acetonitrile solution and 

passed through the C18 column. A light brownish color was observed in the upper 

layer of the column.  

The compound was extracted using 10, 20, 30, 70 and 100 % methanol 

solution. The brownish layer eluted off the column after passing 10%-methanol 
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solution. An aliquot of the extracted 10%-methanol fraction showed positive result to 

CAS test.  

The HPLC separation of the 10%- SPE-methanol fraction from the sequential 

extraction did not show any peak at 435 nm at which, presence of ferric-hydroxamate 

complexes was monitored. At 220 nm, HPLC peaks were observed and a good 

separation of various components of the organic material from the 10%-SPE-methanol 

fraction was obtained.  Figure 3.3.1 shows HPLC chromatogram of the 10%-SPE-

methanol fraction with and without addition of Fe (III) acetylacetonate (FeAcAc). Both 

analyses yielded exactly the same HPLC spectra. However, a significant decrease in 

the peak intensities was observed, indicative of Fe-complexation. There was no 

noticeable change in the peak height on peak K. Peaks A, D, G, I and K which were 

observed from 5 to 26 minutes, appeared to be part of a bigger molecule that has been 

separated into smaller components during the HPLC separation (Figure 3.3.1). The 

remaining peaks that were detected in HPLC showed very low intensity in the mass 

spectrometer. No distinct additional peak was observed in the chromatogram after 

addition of FeAcAc. Moreover, no peak was observed at 435 nm where Fe-

hydroxamate type complexes were expected to be visible if present.  

The electrospray ionization mass spectrometry (ESI-MS) analysis of the 

siderophore compound in the 10% SPE methanol fraction yielded primary ions m/z 

137, 137, 224, 224 and 224 (and m/z 499) in the MS spectra (Table 3.3.1). These 

correspond with HPLC peaks A, D, G, I and K respectively (Table 3.3.1). After 

addition of equi-molar ratio of ferric acetylacetonate, an additional peak (m/z 518) was 

observed in the MS of the compound but was not visible in the HPLC chromatogram 

(Figure 3.3.2). Molecular ions (m/z 137, 224, 447 and 465) found in the MS spectra of 

V. alginolyticus PWH3a (Figures 3.3.3 and 3.3.4) are analogous to molecular ions 
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produced by linear dimer hydrolysis product of the cyclic trilactone enterobactin 

(Berner et al., 1991). The ion peak m/z 447 [M+H]
+
 was found at low intensity with 

m/z 465 [M+H+H2O]
+
 eluting at 14.9 minutes. The ion m/z 499 which could be the 

(DHBS)2 dimer reacting with alkenes (e.g. C4H4) or N and O heterocycles (McLafferty 

and Turecek, 1993) has eluted at 26.1 minutes (Figure 3.3.5). The additional peak m/z 

518 appeared to be Fe
+3

 bound to [M+H+H2O]
+
 eluting earlier than m/z 499. 

Unfortunately, the peak (m/z 518) was too small to confirm the presence of the Fe-

isotopic pattern. The retention time of enterobactin standard was only 3 minutes earlier 

compared to the Fe-siderophore ion peaks obtained from the V. aliginolyticus extract. 

 

Table 3.3.1 Identified HPLC peaks from the 10% SPE methanol fraction which yielded 

high intensity ion peak in the mass spectrometer. 

HPLC peak assignment MS ion peak (m/z) 

A 137 

D 137 

G 224 

I 224 

K 224/499* 

* ion peak which exhibited Fe-isotopic pattern. 
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Figure 3.3.1 HPLC trace showing compounds that exhibit siderophore properties, 

eluting at 14.45 and at 25.97 min. Separation was done using 6-95% acetonitrile: water 

gradient and absorbance monitored at 220 nm and 435 nm. The left spectra (without 

Fe-addition) showed higher peak intensities than the right spectra (with Fe-addition). 

The difference in the intensities was ≤ 25 % (*Peak D was broad and was almost 

divied into 2 individual peaks. Mass spectra showed the same mass for the divided D-

peak). 
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Figure 3.3.2 MS spectra of 10% methanol fraction of purified Vibrio aliginolyticus 

PWH3a cell-culture supernatant showing the additional peak m/z 518 (RT 14.6 

minutes) observed after the addition of FeAcAc 
 

  

Figure 3.3.3 MS spectra of 10% methanol fraction showing molecular ion peak m/z 

137, 120, 102 at RT of 9.6 minutes. 
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Figure 3.3.4 MS spectra showing molecular ion peak m/z 224 and 465 eluting at 14.6 

minutes. Insert shows the zoomed portion of the spectra showing [M+H] (m/z 447) and 

[M+Na] (m/z 487). 
 

  

  
Figure 3.3.5 MS spectra of 10% methanol fraction of purified Vibrio aliginolyticus 

PWH3a cell-culture supernatant showing m/z 499 (RT 26.1 minutes) with 

dihydroxybenzoylserine (DHBS)-monomer (m/z 224). Mass m/z 258 is ion formed 

with additional H2O and CH4. 
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The tandem mass spectrometry (MSMS) of m/z 465 and 499 produced very 

similar fragment ions (Figures 3.3.6 and 3.3.7; Table 3.3.2). However the primary 

fragment ion produced by m/z 465 was m/z 137 while m/z 499 resulted to m/z 224. The 

dissociation of enterobactin standard that was analyzed using the same method yielded 

primary fragment ion m/z 224 eluting at 22.3 minutes (Figure 3.3.8). Three other 

fragments (m/z 178, 150, 137) observed in the MSMS of enterobactin were also 

observed in the MSMS spectra of m/z 465 and 449 (Table 3.3.2). 

 

Table 3.3.2 Fragmentation pattern of major ions generated from the ESI-MS of the 

10% SPE methanol fraction of V. aliginolyticus compared to the standard enterobactin 

siderophore. 

MS ion peak (m/z) MSMS fragment ion (m/z) 

465 224, 178, 150, 137, 123 

499 224, 178, 150, 137, 123, 84 

670enterobactin 224, 178, 150, 137 
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Figure 3.3.6 MSMS spectra of m/z 465 showing fragment ions analogous to fragments 

produced by dissociation of cyclic enterobactin siderophore (See Figure 3.3.7). 
 

 

  
 

Figure 3.3.7 MSMS spectra of m/z 499 showing fragment ions analogous to fragments 

produced by dissociation of cyclic enterobactin siderophore. 
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Figure 3.3.8 MSMS spectra of cyclic enterobactin siderophore showing fragment ions. 

 

 

 

3.3.3. Discussion 

The chemical assays have consistently provided initial indications of the 

presence of siderophore activity in the extract of V. aliginolyticus cell culture. The 

extract from the culture supernatant, prior to purification, was positive to the CAS test 

which confirmed siderophore production. The Rioux test indicated presence of 

siderophore-type catechol (Poorvin et al., 2011). The 10%-methanol fraction 

containing the materials present in brownish layer on the SPE column likewise gave 

positive CAS test. The brownish color formed is also an indication of the presence of 

Fe-bound siderophores (Drechsel and Jung, 1998). 

The stability constant of Fe-catechol siderophore complex (logKFeL,Fe3+ =
 

22.16) is consistent with the values of strong Fe-binding ligands (L1) in the marine 

environment (Rue and Bruland, 1997; Ibisanmi et al., 2010). Wu and Luther (1995) 

reported a stability constant of enterobactin in seawater of logKFe(ent) = 20.8. However, 
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the earlier study by Loomis and Raymond (1991) reported a higher value for the 

stability constant of enterobactin (of logKFe(ent) = 49). The difference was discussed by 

Wu and Luther (1995) as being an indication that enterobactin has a large side reaction 

due to catechol-proton reaction. The cyclic enterobactin forms a tris-catecholate 

siderophores complex with Fe (III) with remarkably tight affinity (Butler and Theisen, 

2010), resulting in a very high stability constant. In contrast, the enterobactin linear 

trimer hydrolysis product tends to lose its conformational flexibility when bound to Fe, 

causing an entropy change (Scarrow et al., 1991). The change in entropy makes the Fe 

complex of the linear trimer less stable compared to Fe-enterobactin complex. The 

same mechanism possibly applies to the linear dimer of 2,3-dihydroxybenzoylserine 

(DHBS)2.  

V. aliginolyticus was previously reported to produce hydroxamate siderophore 

(Granger and Price, 1999), however, our HPLC and mass spectra of the isolated 

compound produced by V. alginolyticus showed abundant monomer (m/z 224, DHBS) 

and small amount of dimer (m/z 447, DHBS)2). It was earlier reported by Gram (1996) 

that the type of media used to culture the bacteria can have an effect on the type of 

siderophore that the organism can biosynthesize. For this study, the V. aliginolyticus 

was grown under a medium enriched only with glycerol, which is different from the 

media used by Granger and Price (1999). 

Evidence of iron-binding was also confirmed when peak intensities of Fe-free 

compounds in the HPLC trace decrease after addition of ferric acetylacetonate 

(FeAcAc). Similar findings were also observed by Berner et al. (1991) when they 

added Fe to the catechol siderophore. Additional ion peak m/z 518 was observed in the 

MS spectra of 10% SPE methanol fraction with FeAcAc addition (Figure 3.3.2). This 

was observed at the same retention time (14.8 minutes) with m/z 465 but at low 
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intensity. The additional peak is most likely a result of the Fe complexation with m/z 

465. Hence m/z 518 can be represented as [M+H+H2O+Fe-3H]. The formation of m/z 

465 is shown in Figure 3.3.9 as observed by Berner et al. in 1991. 

 

 

Figure 3.3.9 Diagram showing various fragmentation mechanisms of (DHBS)2 

(adopted from Berner et al., 1991). The encircled portion was shown to produce a peak 

of m/z 465. The addition Fe can result to (m/z 465+ m/z 53) m/z 518. 

 

The formation of molecular ion m/z 137 was observed in petrobactin and 

enterobactin after cleavage of N-CO bonds adjacent to the dihydroxybenzoxyl group 

(Berner et al., 1991; Koppisch et al., 2005; Lee et al., 2007; Liu and Hakansson 2007). 

The HPLC peak I (MS m/z 224) is equivalent to 1/3 [M+H] of enterobactin (Berner et 

al., 1991; Winkelmann et al., 1994). Furthermore, the ion peaks, m/z 465 and 487 (RT 

at 14.9 minutes), even if they were detected at lower intensity than m/z 224 exhibit 

presence of 2/3 [M+H] of enterobactin molecule with m/z 447. Berner (1991) showed 

that m/z 465 [M+H+H2O]
+
 and m/z 487 [M+Na]

+
 ions match to the hydrated and 

sodiated peaks of the linear dimer (DHBS)2 hydrolysis product of enterobactin. The 

ESI-MS/MS (MS2) analysis of m/z 465 yielded fragment ions m/z 224.06 and 137.02. 

The mechanism involves splitting of the ester bonds during the CID dissociation 

(Berner et al., 1991; Valdebenito et al., 2005). The above findings were confirmed in 

this study using entrobactin standard, which produced molecular ions including m/z 
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224, 487 and 465 at the same retention time. Similar fragmentation pattern was 

observed with MSMS of m/z 499. Figure 3.3.10 shows the potential structure of linear 

dimer (DHBS)2 produced by V. aliginolyticus PWH3a. Overall the HPLC-MS results 

obtained in this study showed evidence of (DHBS)2 production by the marine 

bacterium Vibrio aliginolyticus PWH3a.  

The trimer (DHBS)3 or cyclic enterobactin was not observed in the HPLC and 

MS spectra, but it is likely that what we saw was a degradation product of a trimer or 

the cyclic enterobactin. In the study by Berner et al. (1991), it was reported that the 

formation of a monomer (DHBS) or a dimer ((DHBS)2) is expected during trimer 

degradation. It was also observed that the amount of Fe deficiency in the media and 

length of cultivation may influence the composition of the siderophore (Berner et al., 

1991). 

 

   

 

Figure 3.3.10 Molecular structure of linear dimer (DHBS)2 hydrolysis product of 

enterobactin showing fragment ions. 

 

3.3.4. Summary 

In this study, we confirmed the production of a catecholate-type of siderophore 

by V. aliginolyticus PWH3a using combined analytical techniques. The stability 

constant of the catechol siderophore is consistent with the previously measured binding 

constants of strong organic ligands in the marine environment. The knowledge of the 
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nature of organic ligand (DHBS)2, and the information on the binding capacity, are 

critical in understanding Fe uptake mechanisms by heterotrophic organisms, as well as 

the bioavailability of the Fe in areas dominated by V. aliginolyticus PWH3a. This is the 

first time that evidence of the presence of linear dimer (DHBS)2 produced by V. 

aliginolyticus PWH3a has been reported. 

 

3.4. Siderophore produced by roseobacter strain DSS3 

The siderophore sample analyzed in this section was produced by an aerobic 

marine proteobacteria, roseobacter Silicibacter pomeroyi DSS-3. The organism was 

cultured and cell culture extracts were pre-concentrated by Professor Steven Wilhelm’s 

group at the University of Tennessee.   

Roseobacter are found widespread in the marine environment and compose 

around 25% of the bacterial community (Martens et al., 2007; Tang et al., 2009). These 

organisms are likewise found in abundance in the Southern Ocean (Selje et al., 2004). 

In general, organisms belonging to roseobacter strain are heterotrophic and have shown 

the ability to utilize a variety of organic substances (Selje et al., 2004; Martens et al., 

2007). In recent years these organisms were reported of potentially producing 

secondary metabolites and acylated homoserine lactone (AHL), which is involved in 

the production of antibiotics (Buchan et al., 2005; Martens et al., 2007). 

During the Fe Cycle II-Spring Bloom Voyage conducted in 2008 in the 

subtropical waters on the eastern seaboard of New Zealand, the water column was 

dominated by roseobacter organisms. Information and the experience gained through 

the determination of siderophore from the Silicibacter pomeroyi DSS-3 cell culture are 

essential for the analyses and interpretation of natural seawater samples obtained 

during the Spring Bloom Voyage (see Chapter 5). 
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3.4.1. Methods 

At the University of Tennessee, Silicibacter pomeroyi was grown in a 5-L low- 

Fe medium. The siderophore was preconcentrated and extracted from cell culture 

following the method described above (Chapter 3.3). The extract was dried before it 

was sent to the Chemistry Department, University of Otago.   

The dried extract was dissolved in 5% acetonitrile:water, passed through C18 

SPE (Bond Elut) column and extracted sequentially using 10, 20, 30, 70 and 100% 

methanol:water. The methanol extracts were dried and re-dissolved using Milli-Q 

water and underwent HPLC-MS and tandem MSMS analyses using the same method 

and instrument used for V. aligonolyticus. Aliquot samples from the different methanol 

extracts (dried and re-dissolved in Milli-Q water) were tested for siderophore activity 

using CAS test (described above). Due to a limited amount of sample, Rioux, Arnow, 

Csaky and electrochemical tests were not done. 

 

3.4.2. Results 

CAS assay and sequential detection of the siderophore 

The dried extract of Silicibacter pomeroyi DSS-3 had a brownish color. This 

brownish substance eluted off the C18 SPE (Bond Elut) with 30% methanol:water 

ratio. The CAS test of the 30%- methanol fraction yielded light brown-orangey color 

after more than 3 hours. The result of the CAS assay test suggests that the 30% 

methanol fraction contains siderophore-type compound. No other assays or 

electrochemical measurements were done. The test for Fe binding by the addition of 

Fe-AcAc was omitted, too. 
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Carboxylate -type siderophore from Silicibacter pomeroyi DSS-3 

The 30% SPE methanol fraction was subjected to HPLC-MS analysis to obtain 

component separation and peak identification. The HPLC trace shows the different 

peak eluting from the material (Figure 3.4.1). All peaks eluted in less than 20 minutes. 

The three major HPLC peaks (D, E and F) correspond to m/z 437, 459 (and 481) and 

503 (and 525) in the MS spectra (Figures 3.4.2 to 3.4.4), while peaks A, B and C 

correspond to m/z 244, 393 and 309 in the MS spectra.    

 

 

  

Figure 3.4.1 HPLC separation of the 30% methanol fraction of the roseobacter strain 

DSS3 using a reverse phase C18 column. The separation was obtained using a linear 

methanol:water gradient of 6-95%. The complete analysis was done in 52 minutes and 

the peaks were monitored at 220 and 435 nm. 
 

 

The molecular ion peak [M+H]
+
 m/z 437 is consistent with the molecular mass 

436 Da for rhizoferrin (Drechsel  et al., 1991; Sullivan et al., 2006). A total of four Na 

- adduct ion peaks (m/z 459 [M+1Na]
+
; m/z 481 [M+2Na]

+
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525 [M+4Na]+) were observed (Figures 3.4.3 and 3.4.4). This suggests presence of 

four carboxylic acid groups where Na can attach (Drechsel et al., 1991).  

 

 

Figure 3.4.2 Mass spectra showing molecular ion peak m/z 437 [M+H]
+
 eluting at 13 

minutes. 

 

 

 

 
   

Figure 3.4.3 Mass spectra showing molecular ion peak m/z 459 [M+1Na]
+
 and 481 

[M+2Na]
+
 eluting at 14.2 minutes. 
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Figure 3.4.4 Mass spectra showing molecular ion peak m/z 503 [M+3Na]
+
 and 525 

[M+4Na]
+
 eluting at 15.2 minutes. 

  

The MSMS analysis of the 30%-methanol fraction yielded very low intensity 

fragments. Hence, it is very difficult to evaluate fragment ions from the parent ions. 

However, the presence of other species that were isolated from the 30% SPE methanol 

fraction (peaks A, B and C from the HPLC trace) was used in evaluating whether the 

identified [M+H]
+
 is consistent with the rhizoferrin molecule or not. The ion peak m/z 

244 (peak A) obtained from the MS spectra, could be a result of the removal of citryl 

and H2O from [M+H]
+
 m/z 437 (Sullivan et al., 2006). Peak B (m/z 393) was 

potentially a result of the loss of 44 Da which correspond to CO2 (McLafferty and 

Turecek, 1993; Sullivan et al., 2006; Amin et al., 2009). For peak C, the corresponding 

m/z 309 in MS spectra, was produced by the removal of 2H2O and 2COO (m/z 437 – 

2H2O – 2COO). These parent ions (peaks A, B and C) were also observed by Sullivan 

et al (2006) and they also co-eluted with either [M+H]
+
 or [M+Na]

+
. 
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3.4.3. Discussion 

The CAS assay only indicates the presence of siderophores but does not 

distinguish between functional Fe-binding groups. Since the amount of sample was 

very limited, the assays for specific functional group present in the compound were not 

done. However, the duration at which the CAS reaction was observed was noted.  

Schwyn (1987) suggested that the rate of reaction for CAS test would be fast (minutes) 

for catechols. However, hydroxamate or carboxylate type siderophore would take 

hours or even longer to react with CAS. Since it took nearly 3 hours to obtain a 

complete reaction, it was assumed that no catechol group was present in the 

siderophore.  

In the literature, members of the roseobacter group of organisms were shown to 

produce acylated homoserine lactones (AHL) and secondary metabolites (Martens et 

al., 2007). The production of secondary metabolites was associated with antibiotic 

production but the production of Fe-binding ligand siderophores was not identified so 

far for roseobacter. Extensive caution was taken to ensure that the identified parent ion 

[M+H]
+
 m/z 437 is truly a carboxylate siderophore and not related to AHL. Jemal and 

Ouyang (2000) showed similar MS spectra of lactone and hydroxyl acids to the MS 

spectra that we obtained.  

All the materials present in the 30%-methanol fraction eluted off the reverse 

phase C18 column in < 20 minutes. The protonated [M+H]
+
 ion eluted in 13 minutes, 

which is consistent with the findings of Drechsel et al. (1991) for rhizoferrin. The 

majority of ion peaks that were produced in this study were consistent with ions 

present in the MS analysis of rhizoferrin by Sullivan et al. (2006). The structure of 

rhizoferrin clearly shows that due to the presence of four carboxylic groups, it can 

potentially pick up as much as 4Na to produce four Na-adduct (Figure 3.4.5). 
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Roseobacter Silicibacter pomeroyi DSS3 was cultured under Fe-limited 

conditions following a trace-metal-clean procedure. Thus, it was expected that Fe 

contamination would be very low. None of the MS spectra of the 30%-SPE- methanol 

fraction showed the Fe-isotopic pattern. Concentrations of Fe-bound siderophore might 

have been too low to obtain a clear Fe-isotope pattern. It is also possible that Fe-

complexes produced by the compound underwent photolysis resulting in a loss of 

carboxylate and the reduction of Fe (III) to Fe (II) (Amin et al., 2009). Likewise, the 

photoproduct may have reduced, or lost the, affinity to bind with Fe (III) (Amin et al., 

2009). 

 

   

 

Figure 3.4.5 Structure of a carboxylate-type siderophore, rhizoferrin. The oxygen in 

the carboxylate group acts as the oxygen donor for the binding of Fe. 
 

 

3.4.4. Summary 

In this study the roseobacter strain DSS3 exhibited the production of 

siderophore compounds. The molecular ions generated from mass spectrometry 

analysis of the 30%-methanol fraction of Silicibacter pomeroyi consistently suggest 

that the molecule is the known carboxylate siderophore rhizoferrin. The mass 

spectrometry analysis was done with high confidence at an accuracy of < 10 ppm. 

However, a complete characterization, which includes electrochemical and NMR 

analysis, is desired to validate the findings of this study. An extensive study on the 
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determination of the secondary metabolites or ligands produced by the roseobacter 

clade is of great importance. Since it comprises around 10-25% of the total marine 

bacterial community and has the ability to fix CO2 (Tang et al., 2009), information on 

the substances produced by these organisms will potentially help in understanding the 

impacts of the anticipated global ocean acidification.  

 

3.5. Conclusion 

The extraction and purification methods coupled with HPLC techniques used in 

this study are efficient for isolating siderophores from cell culture extracts. The 

optimized mass spectrometry settings for orbit trap (LTQ-OT) and quadrupole 

(microQ-ToF) showed evidence of good sensitivity and accuracy. Comparable masses 

(ion peaks and fragment ions) and mass differences from published data were obtained. 

The functional groups or identity of the siderophores produced by cultured organisms 

were determined. Combined with excellent sampling techniques and the laboratory 

techniques used in this chapter, we are well equipped to detect and identify 

siderophores in Sub-Antarctic and Subtropical waters located east of New Zealand. 

Interestingly, the unknown siderophores produced by Caldalkalibacillus 

thermarum strain TA2.A1, Vibrio aliginolyticus PWH3a and Silicibacter pomeroyi 

DSS-3 were partially characterized and reported for the first time.  
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Chapter 4: Marine siderophores from Neritic and Sub-Antarctic 

waters 

 

Six hydroxamate-type siderophores that were detected in neritic and Sub-

Antarctic waters off the South Eastern Coast of New Zealand are presented in this 

chapter. The analysis of the Fe concentration and stability constants were done by Dr. 

Ibisanmi at the Department of Chemistry, University of Otago, while the HPLC-MS 

analyses were done by Dr. Sylvia Sander and Dr. Brook Nunn at the Medicinal 

Chemistry Department, University of Washington. I have done the collection of 

siderophores, sample processing and the interpretation of the mass spectra.  

A paper based on this work entitled ―Detection of hydroxamate siderophores in 

neritic and Sub-Antarctic waters off the South Eastern Coast of New Zealand‖ by 

Imelda Velasquez, Brook L. Nunn, Enitan Ibisanmi, David R. Goodlett, Keith A. 

Hunter and Sylvia G. Sander was submitted Marine Chemistry in August 2010 and 

after peer review accepted for submission subject to moderate to major changes in 

October 2010. 
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4.1. Introduction 

Iron (Fe) is the fourth most abundant element in the terrestrial environment 

(Drechsel and Winkelmann, 1997), however, its concentration in the open ocean is 

extremely low (Rue and Bruland, 1997; Johnson et al., 1997; Boye et al., 2001) 

because of iron’s low solubility at neutral pH under aerobic conditions (Kraemer, 

2004). The concentration of Fe in the surface ocean ranges from 0.02 to <1.0 nM (Rue 

and Bruland, 1997; Boye et al, 2001). Interestingly, approximately 99% of Fe is bound 

to organic ligands (Rue and Bruland, 1997; Boye et al., 2001;). The poor 

bioavailability of iron is known to limit biological productivity in the vast surface 

ocean regions (Behrenfeld et al., 1996). This was confirmed in Fe-enrichment 

experiments in the high-nutrient, low-chlorophyll (HNLC) regions of the Southern 

Ocean (Boyd et al., 2000) and shipboard incubation experiments (Timmermans et al., 

1998). In the Southern Ocean, Fe concentration ranges from 0.10 to 0.60 nM (Boye et 

al., 2001). In response to Fe deficiency, bacterioplankton secrete organic compounds to 

solubilise and facilitate acquisition of Fe
3+

 in the environment (Vala et al., 2006). 

These compounds, known as siderophores, are low-molecular weight (< 1kDa) organic 

compounds (Reid and Butler, 1991) with high Fe
3+

 affinity constants (Matzanke et. al., 

1989). The typical Fe
3+

 coordinating groups in siderophores are hydroxamates (e.g. 

ferrichrome), catecholates (e.g. enterobactin) and the α-hydroxy carboxylates (e.g. 

rhizoferrin) (Ito and Butler, 2005; Zawadzka et al., 2006). Since the binding capacities 

of siderophore compounds are similar to those for Fe-complexing ligands detected in 

seawater by electrochemical methods (Rue and Bruland, 1997), it is typically assumed 

that these ligands are or include siderophores. Iron-siderophore complexes increase 

iron bioavailability and uptake for many organisms. In bacteria, Fe-siderophore 

complexes are recognized by a cognate receptor on the bacterial outer membrane that 
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transports them through the cytoplasmic membrane (Neilands, 1995; Volkmar and 

Hantke, 1997; Winkelmann, 2001). However, the iron acquisition mechanism of 

phytoplankton involving siderophores is not yet entirely understood (Maldonado et al., 

2005). To date there is also no report that documented production of siderophores by 

phytoplankton (Hopkinson and Morel, 2009; Boyd and Ellwood, 2010). 

In the Southern Ocean, the Fe-binding ligand was found to be in excess of the 

dissolved Fe concentration (0.70 to 3.0 nM) (Boye et al., 2001; Croot et al., 2004), 

however the concentration is still very low (i.e. low nM range) making their 

characterization difficult. Recent methodological advancements have provided an 

increase in siderophore knowledge by improving field sampling techniques, and the 

detection and identification of in situ Fe-binding ligands (Macrellis et al., 2001; Mawji 

et al., 2008a, 2008b). The presence of a known hydroxamate - type marine siderophore 

was recently confirmed via mass spectrometry-based characterization in natural 

seawater (Mawji et al., 2008a). Evidence suggests that more than one type of 

siderophore may be present (Macrellis et al., 2001) in Fe-limited regions of the ocean 

like the Southern Ocean. This transect is represents a good natural laboratory to 

identify the presence of siderophores in different water masses a) iron replete coastal 

waters and b) Fe-depleted open ocean Sub-Antarctic water.  

In this study, we identified and characterized siderophores by chemical assays, 

electrochemical measurements and high performance liquid chromatography coupled 

with tandem mass spectrometry (HPLC-MSMS). Here, we report for the first time the 

presence of siderophores in Southern Ocean waters. 
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4.2. Materials and methods 

Detailed description of the sampling, sampling area and analytical methods 

used in this chapter is presented in the Materials and Methods – Chapter 2 of this 

thesis. 

The preconcentrated siderophore samples on the XAD-16 resins were extracted 

(Chapter 2.2.5: Extraction of siderophores from XAD-16 resin) in the chemistry 

laboratory at the University of Otago. Sub-samples were set aside for chemical assays 

(Chapter 2.2.6) and the remaining samples were evaporated to dryness using a rotary 

evaporator followed by a speedvac. The dried samples were individually packed and 

brought to University of Washington for purification and HPLC-MSMS analysis 

(Chapter 2.2.8 and 2.2.9).  

Ambient surface seawater samples were also collected for electrochemical 

analysis. A detailed description of the electrochemical method used is provided in 

Chapter 2.2.7 of this thesis. 

 

4.3. Results 

Chemical assays 

Table 4.1 summarizes the results of the chemical assays. The assays were used 

as a qualitative test to indicate presence or absence of siderophore-like compounds and 

the potential functional groups present in the compounds. Samples obtained in May 

2007 from surface Sub-Antarctic (SA) water, subsurface Sub-Antarctic water (SSA) 

and neritic water (NM collected in May 2007 and NJ which was collected in July 

2007) indicated siderophore production through CAS assay. SA and SSA samples 

yielded positive results to the Csaky test. However, NM and NJ resulted in a very weak 



95 

 

response to the assay. Arnow and Rioux assays, which are both tests for the presence 

of catechol-type siderophores showed contrasting results. 

 

Table 4.1 Results of chemical assays showing siderophore production in the Southern 

Ocean. 

Sample CAS Csaky Arnow Rioux 

NJ + (-) - + 

NM + (-) - + 

SA + + - + 

SSA + + - + 

+ positive assay; - negative assay; (-) assay result inconclusive, absorbance very close to blank (methanol) 

 

Electrochemical characterization 

Table 4.2 summarizes the results of electrochemical analysis of stability 

constants and ligand concentrations measured and detected from ambient surface 

seawater under the conditions used in the CLE-CSV with TAC as the competing 

ligand. The titration curves were fitted for two ligand classes: the strong ligand (L1) 

and the sum of all ligands (ΣL) detectable using the chosen detection window (i.e. 

αFe(TAC)x = 31 (Ibisanmi et al., 2010, accepted). The data were fitted using the non-

linear Gerringa method (Gerringa et al., 1995). Ligand classifications were made based 

on Ibisanmi et al. (accepted). The term L1 was operationally defined by Ibisanmi at al. 

(accepted) as a ligand having log KFeL1,Fe3+  ≥ 22 and L1 > DFe; whereas,  L was 

operationally defined as the sum of all of the ligands, which represents all Fe-

complexing ligands detectable under the chosen analytical conditions.  

The concentrations of DFe observed in this study in neritic waters were 

generally about 5x lower compared with concentrations from 2002 to 2005 which was 

reported by Tian in 2006 (Tian, 2006). However, DFe concentrations in surface neritic 

waters were ~0.03 nM higher than in surface Sub-Antarctic waters.  
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The concentrations of the strong Fe-binding ligand (L1) in the study areas were 

found in excess of the dissolved iron (DFe) concentration. 34-76% of ΣL measured in 

all samples comprised of L1. Comparing the two water masses, the ΣL in neritic water 

samples had a higher proportion of L1 (NJ = 43%, NM = 76%) than subantarctic water 

265 (SA = 34%). That said, the L1 present in NM was present at higher overall 

concentration than NJ. Likewise SSA (~56%) has more L1 than SA. The stability 

constants for L1 ranged from log KFeL1,Fe3+ = 22.0 –22.81 and for ΣL from log 

KFeΣL,Fe3+ = 21.38 – 22.24. The binding strengths of L1 from the study areas were 

comparable to published values of ligands from the open ocean (Macrellis et al., 2001) 

and those of siderophores from laboratory cultured bacteria (Lewis et al., 1995; Rue 

and Bruland 1997). 

  

Table 4.2 Table showing dissolved Fe concentration [DFe], ligand concentration [L] 

and stability constant of strong ligand (L1) and the sum of detectable ligands ΣL as 

measured by voltammetry in ambient surface seawater samples obtained in the study 

areas. 
Sample  Strong ligand Sum of ligands  

 [DFe] nM [L1] nM   logKFeL1,Fe3+      [ΣL] nM  logKFe∑L,Fe3+ 
NJ 0.25 0.23 22.0 0.53 21.4 
NM 0.28 0.65 22.6 0.85 22.1 
SA 0.22 0.23 22.2 0.63 21.4 
SSA 0.45 0.69 22.8 1.23 22.2 

 

 

HPLC-MS characterization 

Six siderophore–like molecules were detected in high volume sample extracts 

from the Southern Ocean; one from neritic water (NM), four from surface Sub-

Antarctic (SA1–SA4) and one from sub-surface Sub-Antarctic (SSA) waters. The 

naturally occurring Fe isotopic pattern was used to discern the Fe- complexes in the 

mass spectra (Fig. 4.1a – 4.1f). Six siderophore candidates were identified from the 
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two sites sampled (Table 4.3). Based on the assay results and the MS spectra, 

siderophores appear to have a hydroxamate functional group. In general, their 

fragmentation patterns show analogous mass differences observed in known 

hydroxamate siderophores (De Hoffmann and Stroobant, 1991; Feistner et al., 1993); 

assay results agree with the findings suggested by the mass spectra (Table 4.1). The 

MS and MSMS of representative siderophores detected from the study areas are shown 

in Appendix A (Figures A2-1 to A2-4). The MSMS spectra of detected siderophores 

were compared with published information on known siderophores and from available 

siderophore standards/models. The mass spectra from site NM waters produced m/z 

494.27 [M+H+Fe-3H]
+

 of a ferrisiderophore ion and desferri-siderophore m/z 441.20 

[M+H]
+
, which were detected at the same retention time (RT) (Figure 4.1a); however, 

the Fe-free [M+H]
+
 ion was observed to have a very low intensity. The MSMS of the 

m/z 494.27 generated three major peaks typified by an initial loss of H2O. This 

fragment was followed by an additional loss of 80.02 Da (C6H8), and again the 

removal of another H2O. The remaining fragments, which were observed at lower 

intensities (m/z 301.34, 283.27, 201.21 and 187.19), were previously observed in 

ferrioxamine hydroxamate siderophores (Feistner et al., 1993; Zawadzka et al., 2006). 

The ferri-siderophores from SA were found at the same retention times as their 

protonated Fe-free counterparts. As observed in NM MS spectra, the protonated 

desferri-siderophores were found at lower intensities. For SSA, Fe-bound and Fe-free 

siderophores eluted 12 seconds apart from one another (Table 4.3). All fragmentation 

patterns of the molecules from SA were initiated by a neutral loss of H2O except for 

SA1, which lost NH3. Molecular ions from SA1 (m/z 620.42) and SA2 (m/z 603.39) 

were detected separately, but they were from the same methanol fractions of the 

sequential purification (i.e. 10% methanol fraction). It is possible that SA2 is a 
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fragment of SA1 and results from in-solution fragmentation. With this study, we 

cannot discern whether or not SA1, SA2 and SA3 are each unique siderophores or the 

same hydroxamate siderophore fragmenting in solution or with small modifications 

and adducts. The retention times of these three molecules were very close to each other 

(Table 4.3). Likewise, the MSMS fragments of SA1, SA2 and SA3 produced some 

common major (Table 4.3) and minor (not shown in the paper) fragment ions. The CID 

fragmentation of SA1 resulted in primary ion m/z 603.28 and several other fragments; 

these were the same ions that were observed in the MSMS spectra of SA2 (Table 4.3) 

(See Appendix 2, Figures A2-5, A2-6a and 6b, which show MSMS spectra of m/z 

620.42 (SA1) and the simulated MS3). The MSMS fragmentation pattern of SA1 and 

SA2 showed common losses of 146 and 44 Da. The mass loss of 44 suggests the loss 

of CO2 which is typical of cyclic hydroxamates (Essen et al., 2007; Ito and Butler 

2005) and that SA1 and SA2 are more than likely related. A mass loss of 146 Da was 

observed by De Hoffmann and Stroobant (1991) during the fragmentation of 

ferrioxamine B bound to Fe. Fragment ions produced from MSMS of SA3 are also 

shown in Table 4.3. After the initial loss of water, subsequent losses of 116 

(C5H12N2O), 88 (C4H8O2) and 146 (C7H16NO2) were observed. For SA4, some similar 

fragments were seen as those observed in the other siderophore molecules from SA, 

however the mass losses generated through the fragmentation of SA4 were different 

from SA1, 2 and 3. For the SSA, the MSMS of the molecule generated fragments with 

lower intensities compared with NM and SA siderophore molecules. After initially 

losing H2O to produce the major fragment (m/z 587.26), the molecule demonstrated 

subsequent losses of 40 Da (C3H4), 18 (H2O), 106 (C6H6N2) and a repeated loss of 88 

Da (C4H8O2) (McLafferty, 1993; Table 4.3).  
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Major fragments observed from the CID of siderophores from SA1, SA2, SA4 

and SSA were also created during in-solution dissociation, prior to being analyzed in 

the first mass spectrometer. This was done to determine if the fragments will still show 

Fe chelation. The MSMS of these major fragments resulted in smaller fragment ions 

(Table 4.4). This process resembles targeted MS3 analyses and is, therefore, termed 

simulated MS3. Appendix 2 (Figures A2-5 to A2-6a and b) shows an example of 

MSMS spectra of m/z 620.42 and the simulated MS3. Each of these simulated MS3 

fragments still exhibited the Fe-isotopic pattern, however the 
54

Fe peak intensity 

slightly decreased and the proportion of other peaks have changed. The presence of the 

Fe-isotope pattern suggests that smaller fragments from the parent molecules retained 

Fe and their Fe-binding capacities. Note that no such dissociation products were found 

for the siderophore from NM. 

 

Table 4.3 List of isolated and identified siderophores from two sampling sites in the 

Southern Ocean. 

Sample 

ID 

[M+H+Fe-3H]
+ 

 

    (m/z) 

[M+H]
+ 

 

(m/z) 

RT  

 

(minutes) 

MSMS Fragment ions 

of [M+H+Fe-3H]
+ 

           (m/z) 

NM 494.27 441.20 61.42 476,  396,  378,  301,  

283,  201, 187  

SA1 620.42 567.26 43.21 603,  527, 381,  337, 

191, 177 

SA2 603.39 550.57 41.83 585, 545, 381,  337, 

191, 177 

SA3 559.37 506.55 40.91 541,  425,  337, 191, 

177 

SA4 501.33 448.75 35.95 483,  443,  425, 293, 

235,  177 

SSA 605.37 552.25 34.70* / 

34.58** 

587,  547, 441,  353,  

265,  177 
*RT of m/z 605 

** RT of m/z 552 
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Figure 4.1 LTQ-OT mass spectra showing masses and Fe-isotopic pattern of 

siderophore-type molecules [M+H+Fe-3H]+ in sequential eluents from different 

samples. 
54

Fe isotopic abundance range from > 1.0 % to 7.0 %. 

a) 30% methanol fraction of surface NM sample, m/z 494, eluted at 61.42 minutes;  

b) 10% methanol fraction of surface SA1 sample, m/z 620, eluted at 43.21 minutes; 

c) 10% methanol fraction of surface SA2 sample, m/z 603, eluted at 41.83 minutes;  

d) 20% methanol fraction of surface SA3 sample, m/z 559, eluted at 40.91 minutes; 

e) 30% methanol fraction of surface SA4 sample, m/z 501, eluted at 35.95 minute;  

f) 30% methanol fraction of surface SSA sample, m/z 605, eluted at 34.58 minutes. 
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Table 4.4 Multiple MS analysis (MSMS and simulated MS3) of Fe-bound siderophores 

from the Southern Ocean.  

Sample ID [M+H+Fe-3H]
+ 

     (m/z) 

Major fragment of 

[M+H+Fe-3H]
+
 (m/z) 

MS3* fragments   

      (m/z) 

SA1 620.42 603.35 584.33 

SA2 603.39 545.31 526.53 

SA4 501.33 483.28 465.16 

SSA 605.37 587.26 568.34 

*MSMS of ions with m/z equal to major fragments from CID of [M+H+Fe-3H]+ 601 created during in-

solution dissociation (i.e. prior to being analyzed in the first mass spectrometer, see also text). All 

simulated MS3 fragments listed here show Fe-isotopic pattern. 

 

 

4.4. Discussion 

Detection of siderophores in SA, SSA and NW using chemical assays 

Reissbrodt et al. (1990) have reported hydroxamate production from the 

Enterobacteriaceae family, which previously were reported to biosynthesize 

catecholate siderophores in culture experiments. Likewise, Wilhelm (1995) and 

Granger and Price (1999) have shown that marine prokaryotes have ligands with 

catechol, hydroxamate, or mixed functional groups. A couple of marine siderophores, 

exhibiting a mixed-type functional groups, are summarized in Table 1.1 in Chapter 1.4 

of this thesis. Provided this evidence, it is highly plausible that the microbial 

community in the Southern Ocean produces siderophores with catecholate, 

hydroxamate, carboxylate, or mixed functional groups in order to access Fe from the 

environment. Based on the assay results observed in this study, samples from the Sub-

Antarctic and neritic waters contain both catecholate- and hydroxamate-type 

compounds. The CAS assay demonstrates the presence of siderophore activity in 

samples obtained from SA, SSA, NJ and NM, while positive Csaky tests for SA and 

SSA suggest the presence of hydroxamate-type siderophores. For NJ and NM, the 

results were close to the detection limit (Table 4.1). The negative Arnow test results for 

all samples indicate the absence of 2,3-dihydroxybenzoic acid residue (Rioux et al., 
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1983). However the presence of vicinal hydroxyl groups in a catechol, where the 3,4 

positions are possibly substituted, were detected using the Rioux assay (Rioux et al., 

1983). The results suggest that a variety of organic compounds with high affinity for 

Fe are present. Hydroxamates, substituted aromatic catecholates, or mixed functional 

group siderophores are also potentially present in the seawater. It is possible that the 

dominant type of ligand available in the ligand pool may vary with different types of 

water masses, controlled by blooms dominating during the time of collection. 

 

Electrochemical evidence of presence of strong iron-binding ligands in the SA and NW 

The lower DFe concentrations in this study compared with previous work in the 

same study sites was discussed in detailed by Ibisanmi, 2010 (Ibisanmi 2010, PhD 

Thesis). Briefly, it was observed that the higher input of Fe from various sources (e.g 

Otago Harbour) coupled with strong seasonal flux of Fe, have influenced the Fe 

concentrations within the study sites.. 

The electrochemical analysis of ambient surface waters showed production of 

excess amounts of ligands that bind Fe. To distinguish the ligand with the strongest 

affinity to Fe, L1 was calculated from the titration curve as described in Ibisanmi et al. 

(accepted). This showed that a large source of L1 was available in the surface waters of 

the Southern Ocean. However, differences in the amount of L1 were observed in 

different water masses. For samples from neritic waters, the variation in L1 and log 

KFeL1,Fe3+ could be due to different water masses being present during sampling 

periods. NM sample was collected in autumn (May 2007), while NJ was collected in 

winter (July 2007). Like NM, SA and SSA samples were obtained in winter, 

suggesting the observed difference in the proportion in L1 and log KFeL1,Fe3+ values 

reflect different water masses. The log KFeL1,Fe3+ values obtained in this study were 
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comparable to published stability constants of siderophores (log K’,Fe3+L ranged from 

21.6  to  >24)  (Witter et al., 2000; Butler and Martin, 2005). Since the HPLC-MS 

assay is not quantitative, the concentration of the siderophores in the sample was 

estimated using the concentrations obtained from the chemical assay. The calculated 

hydroxamate concentration using values obtained from the Csaky test showed that the 

hydroxamate-type siderophores comprised only 0.4 to 10 % of L1. The rest of the L1 

may still be siderophores (e.g. catechol- or mixed-type siderophore) and other 

compounds like humics. Humic substances would especially be expected in neritic 

waters receiving riverine input (Laglera and van den Berg, 2009). Thus, the excess 

ligands in the waters specifically from neritic waters can be a combination of all strong 

ligands that can bind with Fe. Only the contribution from the hydroxamate was 

calculated, since catechol was not identified from the mass spectrometry analysis. The 

electrochemically derived parameters corroborate the results of assays demonstrating 

the presence of siderophore activity. Comparison of available proportions of L1 with 

chemical assays may be a useful tool to predict the abundance of a particular type of 

siderophore from a wider and diverse pool of ligands. 

 

Identification of hydroxamate-type siderophores by mass spectrometry 

Although assays suggested the presence of hydroxamate and catecholate 

moieties, the HPLC-MSMS analyses isolated and detected molecular fragments and 

mass differences obtained from the fragmentation of hydroxamate siderophores only. 

We were not able to detect other siderophore-type compounds. This may result from 

sample pretreatment or analytical conditions used in this study. The XAD-16 resin can 

retain hydrophobic complexes; hydrophilic complexes were not retained. It is also 

possible that during our manual assessment of the tens of thousands of spectra we 
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missed detecting characteristic fragmentation patterns observed in other siderophore 

studies. The limited information on fragmentation patterns of different siderophore-

types in HPLC-MSMS systems made it difficult to judge and detect if the fragments 

belong to specific type of siderophores. Siderophores detected might also include 

photolysis products of bigger siderophore molecules, which rechelated with Fe(III) or 

truncated parts of siderophores (Barbeau et al., 2001). It was previously shown that 

marine siderophores tend to have α-hydroxycarboxylic acid which are photoreactive 

(Barbeau et al., 2001, 2002)  These features of marine siderophores make it difficult to 

determine the actual structure of these ligands. The molecular size range (494 – 620 

Da) of siderophores identified by MS in this study is within the molecular size of 

known hydroxamate siderophores (Feistner et al., 1993; Gledhill 2001; Mawji et al., 

2008b). The complete structures of the siderophores discovered in this study cannot be 

deciphered from this data set, but the tandem MS spectra yielded fragment losses that 

were previously exhibited by MS studies of known ferrioxamine hydroxamates (De 

Hoffmann and Stroobant, 1991). De Hoffmann and Stroobant (1991) illustrated 

different fragmentation pathways desferrioxamine B and ferri-ferrioxamine B can 

undergo. Different fragments were formed for the two molecules, however common 

mass differences were observed (e.g. 146 Da). The fragmentation schemes presented 

for ferrioxamine siderophores by Fiestner et al. (1993) also suggest the same mass 

differences. As an example for different fractionation pattern of siderophore being 

bound, or unbound to Fe we analyzed ferrioxamine B standards. The MS spectra of the 

Fe-free ferrioxamine B yielded different fragments from the Fe-bound ferrioxamine B 

complex analyzed as single component standard or as part of a mixed standard 

ferrioxamine standard (ferrioxamine B, G, D2 and E from EMC microcollection 

GmbH) (Figures 4.2a and 4.2b). Beside the different fragment ions and mass losses 
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observed, we also found that the Fe was retained with the charged molecular ion. 

These observations agree with De Hoffman and Stroobant’s (1991) results. In the 

marine environment, the siderophores are present in very small amounts and mixed 

with other organic materials that can bind to Fe (Feistner et al., 1993; Macrellis et al. 

2001). In the MSMS analysis of the ferri-siderophore found in the study area, it was 

observed that the Fe was retained even after the molecule was subjected to high energy 

collision induced dissociation. The Fe isotopic pattern was persistently observed in the 

simulated MS3 spectra of major fragments produced by the siderophore candidates in 

this study (Table 4.4). The strong affinity for Fe exhibited even by smaller fragments 

of the parent molecules is a typical characteristic of siderophore-type compounds. The 

siderophores from NM demonstrated fragmentation patterns typical of a cyclic 

hydroxamate. This was initiated by the cleavage and loss of one or two major 

fragments followed by smaller, low intensity fragments (Feistner et al., 1993; Mawji et 

al., 2008b). Fragments observed resulted from a possible cleavage of 

hydroxyaminoalkanes or diketones (Feistner et al., 1993). This compound eluted at a 

longer retention time and at higher acetonitrile concentration which suggests that it is 

more hydrophobic than the other compounds. It is possible that the siderophore from 

NM was already a truncated part of a bigger and more hydrophobic molecule (Barbeau 

et al., 2001). The siderophore-type molecules found in the sub-surface sample SSA 

generally exhibited fragments of equal abundance, comparable to a peptide fragment 

(Feistner et al., 1993). Samples from SA1, SA2, SA3 and SA4 appear to follow the 

heterolytic cleavage of O-Fe bonds of a hydroxamate, yielding a charged ketene and a 

neutral amine fragment (De Hoffmann and Stroobant, 1991). 

Although the assays were only used as a qualitative test in this study, the 

combined results of chemical assays and electrochemistry strongly support that the 
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compounds isolated using tandem mass spectrometry are siderophores with a very 

strong affinity to Fe. 

 

 

  

  

  

 

 

Figure 4.2 Fragmentation pattern of a) ferrioxamine B bound to Fe from a mixed 

ferrioxamine standard and b) unbound pure desferri-ferrioxamine B (DFB) analyzed 

using microQTOF- mass spectrometer. 
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4.5. Conclusion 

The variety of analyses used in this study clearly identifies the presence of 

dissolved siderophore compounds in the south eastern part of the South Island of New 

Zealand reaching the Sub-Antarctic part of the Southern Ocean. Hydroxamate-type 

siderophores were isolated and identified through HPLC-MSMS, however, it is very 

likely that other types of ligands are also present and jointly regulate Fe availability to 

marine organisms including phytoplankton in the area. These organic compounds 

could possibly be one of the driving factors that control productivity in the ocean. 

Considering that there are different water masses in the offshore area of the south 

eastern part of the South Island in New Zealand, the information on the presence and 

distribution of  these siderophores coupled with physical properties of the water and Fe 

speciation could help in understanding Fe biochemical cycling in the area. Information 

on the siderophores’ availability, structures, physical and chemical properties may help 

predict how factors such as global ocean acidification and oxygen minimum zones 

affect the binding capacity of dissolved Fe-ligands. This, in turn, would enhance our 

understanding of global Fe bioavailability in the marine environment. 
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Chapter 5: Determination of siderophores in Subtropical waters and 

particle remineralization experiments 

 

This chapter presents results from the FeCycle II cruise in Subtropical waters 

east of New Zealand. Hydroxamate siderophores were detected in undisturbed surface 

seawater samples and in samples from particle remineralization experiments. This 

study was a multi-disciplinary collaboration which involved different scientific groups 

and scientists. The cruise voyage on board the RV Tangaroa (NIWA vessel) was under 

the scientific leadership of Professor Philip Boyd of the National Institute of Water and 

Atmospheric Research of New Zealand (NIWA). The electrochemical analysis of 

ambient seawater samples was done by Dr. Sylvia Sander, while the measurements in 

samples from bioremineralization experiments were done by Dr. Enitan Ibisanmi. The 

bacterial abundance analysis was done by Dr. Els Maas of NIWA. I conducted the 

incubation experiments on board the ship, collected the siderophore samples and 

characterized the chemical nature of the siderophores using chemical assays and 

HPLC-MS. 
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5.1. Introduction 

Six hydroxamate-type siderophores, which exhibit ferrioxamine fragmentation 

patterns, were identified in neritic and Sub-Antarctic waters off the South Eastern 

Coast of New Zealand (Chapter 4). Taking into account the presence of different water 

masses present in the oceanic water surrounding New Zealand, the findings from 

Chapter 4 provide insights of the type and distribution of the Fe-binding ligands 

present in the area. Likewise, the presence of strong Fe ligand (L1) and their relative 

proportion against the sum of ligands (L) strengthen the idea that in HNLC waters, 

like the Southern Ocean, organisms biosynthesize organic compounds to sequester Fe. 

The detection of one siderophore present in neritic, Fe-replete water suggested that the 

ligand production may not be limited to Fe-limited regions of the ocean. Similarly, 

Mawji et al. (2008a) identified siderophores from an area that is not depleted with Fe. 

To further determine the presence of siderophore compounds in waters surrounding 

New Zealand, an additional study focusing on the high–Fe mesotrophic sub-tropical 

waters was conducted. Since the chemical structures of siderophores can vary 

substantially and their biochemical cycling can be complex (Butler et al., 2003; Amin 

et al., 2009), a multi-disciplinary approach was undertaken.  

Shipboard experiments focusing on the determination of the origin of L1 and 

structurally characterizing the chemical nature of the ligands were conducted. These 

were based on the hypothesis that the strong L1-type ligands (which may be or include 

siderophores) are mostly distributed in the surface water and the weaker L2-type 

ligands could be degradation products of decay processes in the deeper waters (Hunter 

and Boyd 2007; Boyd et al, 2010). 

A spatial study on the presence of siderophores in surface waters within the 

mesotrophic waters by HPLC-MS, complemented with the electrochemical 
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determination of the binding capacity of organic ligands present, and the determination 

of siderophore-producing bacteria was conducted. The overall goals of the study were: 

(1) to determine whether siderophores were produced during the bioremineralization of 

marine particles and, if so, what is their chemical structure and (2) to decipher the 

presence and chemical nature of siderophores present in Fe-replete mesotrophic 

subtropical waters. 

 

5.2. Methods 

Detailed descriptions of the sample collection methods of siderophores from the 

surface waters and the incubation experiments for particle remineralization are found 

in Chapter 2.2.2. The chemical assays and electrochemistry methods are found in 

Chapter 2.2.6 and 2.2.7 respectively. 

The particles and seawater used for the two incubations were collected at 

different dates and sites during the Fe Cycle II Spring Bloom Voyage.  The first 

sampling site was located at Lat 39.21 
o
S; Long 181.21 

o
E which was named BE (1 and 

2 for 30 m and 100 m depths respectively)  (Figure. 5.1) on the 20
th

 Sept 2008, and at 

another site located at Lat 39.40 
o
S; Long 181.42 

o
E, named BE3 and 4 (30 m and 100 

m respectively) (Figure 5.1), on the 27
th

 Sept 2008.  

All bacteria analyses were conducted at the microbiology laboratory of NIWA. 

Analysis of bacteria abundance was determined by Flow Cytometry using a FACS 

Calibur instrument (Becton Dickinson) with Cell Quest Vers. 3.3 software. Samples 

for the isolation of culturable marine bacteria (MA) were spread-plated in duplicate on 

Marine Agar (Difco Laboratories). Chrome azurol S (CAS) Agar assay and plate 

preparation were conducted according to the procedures described by Schwyn and 

Neilands (1987). Samples for the isolation of siderophore-producing bacteria (CAS) 
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were spread-plated in duplicate using 30 mL of the CAS Agar plates. Both Marine 

Agar and CAS Agar Plates were incubated at 15°C and were counted after 4 weeks for 

colony forming units. 

 

 

 

Figure 5.1 Map showing sampling stations X (BE130m and BE2100m) and O (BE330m 

and BE4100m), where particles and seawater were collected for the particle 

bioremineralization experiment. The white solid line is the track taken by this vessel 

during the voyage while arrows represent the direction of the eddy current. Numbers 1 

to 5 indicate the spatial stations where surface seawater and siderophore samples were 

collected. 

 

 

5.3. Results 

5.3.1. Chemical assays 

Four different chemical assays were conducted to detect the presence of 

siderophores in seawater and particle remineralization experiments. The assays were 
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done on the organic material extracted from the XAD-16 columns. The results of the 

assays are summarized in Table 5.1.  

All samples collected during the incubation experiments and from ambient 

seawater were positive to siderophore activity. On the contrary, the Arnow test failed 

in all samples.  The Csaky test failed in S2 but turned positive for the presence of 

hydroxamate-type group for the other 8 samples. The Rioux assay, which is another 

test for the presence of catechol functional groups, produced negative results to more 

than half of the samples.  

 

Table 5.1  Chemical assays of siderophore samples extracted from XAD-16 resin. 

Source  Sample CAS Csaky Arnow Rioux 

Bioremineralization  

Experiment 1 

BE130m (+) (+) (-) (-) 

BE2100m (+) (+) (-) (-) 

 

Bioremineralization  

Experiment 2 

BE330m (+) (+) (-) (+) 

BE4100m (+) (+) (-) (+) 

 

Surface seawater  

samples  

S1 (+) (+) (-) (+) 

S2 (+)   (-)* (-) (+) 

S3 (+) (+) (-) (-) 

S4 (+) (+) (-) (-) 

S5 (+) (+) (-) (-) 

 
* absorbance very close to blank  

 

5.3.2. Bacterial abundance measurements  

Particle remineralization experiment 

Bacterial count measurements of marine bacteria and the CAS- positive 

bacteria were done for both particle bioremineralization experiments. Marine bacteria 

are all bacteria that grew in agar plates and CAS positive bacteria are bacteria that 

grew in agar plates sprayed with CAS solution.The samples were collected from 

different aliquots incubated under the same conditions as those for siderophore 

analysis. Figure 5.2 (A to D) shows the bacterial abundance at the start of the particle 
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incubation and at the end of the incubations.  An increase in the bacterial abundance 

was observed from the start to the end of both particle remineralization experiments. In 

general the CAS-positive bacteria abundance was higher than marine bacteria observed 

except in plot B. In the beginning of the remineralization experiment, the CAS positive 

bacterial abundance was constant for all samples. At the end of the experiment, the 

CAS-positive bacterial abundance in the first incubation period (BE130m and BE2100m) 

decreased from the surface to the sub-surface depths (Figures 5.2. A and B). However, 

the CAS bacterial abundance in the second incubation set up (BE330m and BE4100m) did 

not change.  
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Figure 5.2 Marine bacterial abundance and CAS positive bacteria in (A) BE130m, (B) 

BE2100m, (C) BE330m and (D) BE4100m, before the particle incubation and at the end of 

incubation period. 

 

Two classes of bacteria were examined in the incubation experiments namely 

(a) general marine bacteria and siderophore-producing bacteria (termed here as CAS- 

positive bacteria). For the marine bacteria, the abundance did vary significantly 

between surface and sub-surface for both experiments at the start of the incubation 

experiments. However, at the end of the incubation periods, different results were 

obtained. The marine bacterial abundance was higher in BE2100m than inBE130m by 

four times. In the second incubation experiment, BE330m was 2x was higher tha the 

bacterial counts in BE4100m.  

In general, an increase in the marine bacterial abundance was observed from 

the start to the end of the incubation. The largest increase in the marine bacterial 

abundance was observed in BE2100m (Figure 5.2.B.).  
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Presence of CAS producing bacteria in the open ocean 

The CAS-reactive bacteria were detected in the surface and sub-surface waters 

of the sub-tropical water off the east coast of New Zealand. Figure 5.3 shows the 

variability in abundance of siderophore-producing bacteria at different collection times 

within the eddy during the Fe Cycle II Spring Bloom Voyage. The bacterial abundance 

decreased after the first collection in 18 September, and then an increase was observed 

on the fourth day of the sample collection.  On the last collection day, a drastic drop in 

abundance was observed. Likewise, marked variation was also observed from the 

surface down to the mixed layer depth. Siderophore- producing bacteria were in 

general more abundant at the surface than the sub-surface layer of the water column. 

  

 

 

Figure 5.3 CAS-positive bacterial abundance observed at different sampling periods 

during the Fe Cycle Spring Bloom Voyage for surface samples and subsurface 

samples. Values for subsurface samples are an average for samples taken at 5, 30 and 

60m depth. 
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5.3.3. Electrochemical measurements of Fe-binding ligands 

Evidence of ligand production from particle remineralization 

The electrochemistry measurements of dissolved iron (DFe) and ligand 

concentrations were made by Dr. Enitan Ibisanmi at three time points during the 

particle bioremineralization experiment. A detailed description of these results is given 

in his PhD thesis (submitted 2010). To support the present results of the 

characterization of siderophores in those samples a brief summary is given here; values 

for dissolved Fe release and ligand release over the entire duration of the experiments 

are shown in Table 5.2, and Fe and ligand fluxes are shown in Table 5.3. The 

electrochemical measurements were made using aliquots of samples that were 

incubated separately in 250 mL q-acid cleaned HDPE bottles (Table 5.2).  The 

absolute ∑L released in surface water was generally higher than in sub-surface water. 

Similarly, the absolute DFe released in BE130m is higher than in BE2100m. However, for 

BE330m and BE4100m, there was no notable difference in the concentration of absolute 

DFe released. Despite the increase in ∑L, strong Fe-binding ligand (L1) was not 

detected.  

 

Table 5.2 Dissolved iron (DFe) and ∑L release during two particle remineralization 

experiments.   Adapted from Ibisanmi, 2010. 

Station I.D ∑L 

released (nM) 

DFe 

released (nM) 

BE130m 1.97 0.25 

BE2100m 1.02 0.09 

BE330m 1.68 0.21 

BE4100m 1.37 0.20 
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The estimated ligand and DFe production in pM per liter seawater per day 

showed similar trends (Table 5.3). However, it is evident from the calculated ligand 

production that the BE2100m has the lowest ligand produced per particle. 

 

Table 5.3 Ligand and DFe production per day for the natural particle concentration in 

seawater, i.e. not preconcentrated. The ligand and DFe productions were calculated 

from the PFe and POC in the particles. According to Frew et al., 2006 it was assumed 

that approximately 75% of all particles were  5 μm. Details are available in Ibisanmi, 

2010(Raw DFe and FeL data showing replicate analysis is available in Appendix 3). 

Station ID Ligand production 

(pM L
-1

 d
-1

) 

DFe  (pM L
-1

 d
-1

) 

BE130m 11.0 1.4 

BE2100m   3.0 0.2 

BE330m 11.0 1.4 

BE4100m   9.0 1.3 

 

Evidence of ligand production in surface seawater 

Table 5.4 summarizes the results of electrochemical analysis in ambient surface 

seawater using the CLE-CSV method described in Chapter2 section 2.2.7 for the 

detection of strong ligands (L1) and the sum of all ligands (ΣL) detectable using the 

chosen detection window (i.e. αFe(TAC)x = 31) (Ibisanmi et al., in press, see also Chapter 

4). The electrochemistry data presented for S5 was obtained one day earlier than the 

collection date of the last siderophore sample from the same area. There was no sample 

collected for electrochemistry analysis on the same date that S5 siderophore sample 

was collected. The sampling was aborted (2 October 2008) due to bad weather. 

The total dissolved Fe (DFe) in the sampling area ranged from 0.03 to 0.60 nM 

and the L1 concentration ranged from 0.65 to 1.55 nM which comprised 53 to 87 % of 

the measured [ΣL]. The stability constants of L1 ranged from log K’FeL1,Fe3+ = 21.58 –

22.92. These values were comparable with values obtained for the Otago Transect 

(Chapter 4), published values of ligands from the open ocean (Macrellis et al., 2001) 
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and those of siderophores from laboratory cultured bacteria (Lewis et al., 1995; Rue 

and Bruland,1997). 

 

Table 5.4 Fe-binding ligands in the surface waters (1 to 2 m depth) during the Fe Cycle 

II Voyage 

Sample 

ID 

Strong ligand Sum of ligands 

FeT (nM) [L1] nM logK’FeL1,Fe3+ [ΣL] nM logK’Fe∑L,Fe3+ 

S1 0.06 0.65 21.58 0.75 21.16 

S2 0.60 1.54 21.61 2.90 21.07 

S3 0.12 1.55 22.08 2.45 21.57 

S4 0.03 0.88 21.92 1.11 21.48 

S5 0.18 n.d. n.d. 1.18 22.44 
n.d.: not detected; analysis done by Dr. S. Sander

 

 

5.3.4. Siderophores produced from particle remineralization in the open ocean 

Siderophores present in samples collected in this study were analysed using an 

analytical HPLC system (DIONEX Ultimate 3000 System) attached to a Quadrupole 

Time-of-Flight mass spectrometer (micrOTOF-Q, Bruker Daltonics) (Chapter 2.2.9). 

The sample volumes collected from the particle bioremineralization experiments were 

very small; hence, in most cases the tandem MSMS analyses generated only low 

intensity fragments. To address the problem, replicate measurements at different times 

were done to ensure that the same peaks, intensity and retention times were observed. 

The HPLC-MS analysis of the samples from the first experiment identified four 

siderophore compounds in the upper 30 m (BE130m) and one in the 100 m (BE2100m) 

(Table 5.5). Three siderophore compounds m/z 585.31, 614.26 and 672.28 eluted off 

the C18-reverse phase column between 8 and 9 minutes (BE130m sample) while m/z 

371.21 was observed at 11.3 minutes (BE2100m sample). The natural Fe-isotopic pattern 

was observed in m/z 614.26 and 672.28 ([M+H+Fe-3H]
+
). The tandem MSMS analysis 

of m/z 614.26 yielded low intensity fragments, however, the mass differences were 

similar to those commonly observed in hydroxamate siderophores. The simulated 
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molecular formula for m/z 614.26 was within 10 ppm accuracy for ferrioxamine B 

(Figure 5.4a and 5.5). Likewise MSMS of m/z 672.28 yielded very low intensity 

fragments but the simulated molecular formula was in agreement with ferrioxamine G 

(simulation within 10 ppm accuracy) (Figure 5.4b and 5.5). Furthermore, ferrioxamine 

B and G in a mixed ferrioxamine standard were observed to co-elute in approximately 

8.0 minutes (EMC, GmbH ) (Figure 5.5). The ion peak m/z 585.31 did not exhibit the 

Fe-isotopic pattern but the MSMS fragments suggested a hydroxamate-type 

siderophore. The ion m/z 585 was also observed when DFB standard was analyzed. 

Fiestner and Hsieh in 1995 have shown that protonation at the N-terminal 

diaminopentane moiety followed by charge-driven fragmentation of the N-terminal 

hydroxamate bond will give rise to the Ys acylium ion (m/z 585). Since it was 

observed together with m/z 614.26 and 672.28 it is likely associated with the two 

siderophores. The fourth siderophore (m/z 371.21, [M+H]
+
) detected in BE130m also 

did not show the Fe-isotopic pattern. The MSMS analysis of this precursor ion yielded 

very low intensity fragments. Hence, it is very difficult to evaluate fragment ions from 

the m/z 371.21. However, the presence of other species that were isolated from the 

same SPE-methanol fractions were used in evaluating the compound. High intensity 

Na adducts were observed ([M+Na] m/z 393; [M+2Na] m/z 415; [M+3Na] m/z 437; 

[M+4Na] m/z 459) after the elution of the parent ion (m/z 371.21). 

The MS spectra of 30% SPE methanol fraction of BE2100m yielded m/z 371.23 

and its Na adducts. The [M+3Na] MSMS showed mass difference which suggests 

hydroxamate-type siderophore. 

For the second incubation experiment, the upper 30 m sample (BE330m) MS 

spectra likewise showed presence of m/z 371.21. However, an additional peak m/z 

551.11 [M+H]
+
 was observed together with its [M+Na]

+
 m/z 573.09. Mass differences 
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of the fragment ions indicated the presence of hydroxamate moieties, typical for 

ferrioxamine fragmentation. 

The sample from the 100 m depth (BE4100m) yielded sodiated m/z 371.21 

([M+2Na] m/z 415.24; [M+3Na] m/z 437.23) and two ferri-siderophore ions 

([M+H+Fe-3H]
+
) m/z 473.27 and m/z 495.24. The MSMS fragments of both precursor 

ions suggest that the siderophore is a hydroxamate. 

 

Table 5.5 List of isolated and identified siderophores from the particle 

bioremineralization experiment.  

Sample Retention time 

(minutes) 

*Precursor ion 

(m/z) 

BE130m 8.0               614.26 

BE130m 8.3 672.28 

BE130m 8.0 585.31 

BE130m 11.3 371.21 

BE2100m 11.3 371.23 

BE330m 11.3 371.23 

BE330m 30.8 551.11 

BE4100m 12.9 415.24 

BE4100m 12.9 437.23 

BE4100m 14.3 473.27 

BE4100m 14.3 495.24 
*Molecular ion (also known as parent ion) that dissociates to form fragments 
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Figure 5.4 Mass spectra of (A) ferrioxamine B and (B) G detected from the BE130m 

particle bioremineralization experiment eluting at 8.0 and 8.3 minutes respectively. 
 

 

 

  

Figure 5.5 MS spectra showing molecular mass of Fe-bound [M+H+Fe-3H]
+
 

ferrioxamine B (m/z 614) and G (m/z 672) from a mixed ferrioxamine standard eluting 

at 8.2 minutes. 
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5.3.5. Siderophores from the Subtropical ambient surface seawater 

Five siderophore samples from preconcentrated seawater obtained at different 

dates during the voyage yielded both unbound and Fe-bound siderophores. 

Representative MS and MSMS spectra of identified siderophores are shown in 

Appendix C. The MSMS of the compound of interest was compared with published 

spectra of known siderophores and with the spectra of different standards used in the 

analysis. All samples commonly produced MS ions m/z 413.26 [M+H+Fe-3H]
+
, m/z 

435.25 [M+H+Fe-3H+H]
+
, m/z 501.35 [M+H+Fe-3H]

+
 and m/z 371.22 [M+H]

+
 

(together with their Na adducts). An additional ion with m/z 591.35 [M+H+Fe-3H]
+ 

was found, but no corresponding Na adduct. Since larger sample volumes were 

preconcentrated for the surface waters than for the particle remineralizaiton 

experiments, the MSMS fragments obtained for the surface waters showed slightly 

higher intensities for the fragmentation of the precursor ions. The mass difference of 

fragments produced by tandem MSMS analysis of m/z 413.26 and m/z 435.25 are 

commonly observed for hydroxamate ferrioxamine siderophores. Common mass losses 

of 146 and 118 Da were observed for m/z 413.26 (De Hoffman and Stroobant, 1991; 

Essen et al 2007; Mawji et al 2008b). Similarly a loss of 118 Da (De Hoffman and 

Stroobant, 1991; Mawji et al., 2008b) and 82 Da (Feistner et al., 1993) were observed 

in the MSMS spectra of m/z 435.25. For m/z 501.35, common hydroxamate fragment 

ions (401 and 301), and mass differences (100 and 200 Da) typical for ferrioxamine 

hydroxamate siderophores were observed (Feistner et al., 1993; Gledhill 2001; Mawji 

et al., 2008b). The MSMS fragments of m/z 371.22 and 591.35 were slightly 

ambiguous however their Na adducts yielded fragments ions with mass differences 

similar to hydroxamate siderophore.  
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5.3.6. Experiment on exposure of siderophores to solar radiation 

To assess the effect of exposure to solar radiation on the molecular nature of 

siderophores, we conducted both UV irradiation and solar simulation experiments. The 

ferrioxamine B standard used in this experiment was supposedly not bound to Fe, 

however HPLC-MS analysis prior to UV-irradiation experiment showed presence of 

the Fe-bound ferrioxamine B. Details of these experiments were discussed in Chapter 

2.2.10. The results of UV digestion showed that the intensity of ferrioxamine B (DFB) 

in the HPLC chromatogram decreased after exposure to UV at full power over 30 

minutes (Figure 5.6). The MS spectra of the DFB standard showed the disappearance 

of the Fe-bound (m/z 614) ferrioxamine B (Figure 5.7). The solar simulation 

experiment using a Sciencetech Solar Simulator over 1 hour exposure at 500 W also 

resulted in significant decreases in the intensities of m/z 561 and m/z 614 (Figure 5.8).  

 

Table 5.6 List of isolated and identified siderophores samples collected in surface 

waters off the east coast of the sub-tropical waters of New Zealand. 

Sample ID Retention time      

(minutes) 

Precursor ion  

      (m/z) 

S1 19.1 413.26 

S1 19.1 435.25 

S1 19.1 501.32 

 

S2 19.1 413.26 

S2 19.1 435.25 

S2 19.1 501.32 

 

S3 11.3 371.22 

S3 17.4 591.35 

 

S4 11.8 371.22 

S4 17.0 413.26 

S4 17.0 435.25 

S4 19.3 501.32 

 

S5 17.0 413.26 

S5 17.0 435.25 
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Figure 5.6 HPLC chromatogram of desferrioxamine B (DFB) standard analysed 

before and after UV irradiation experiment. The sigma standard is supposedly unbound 

ferrioxamine B, however the bound ferrioxamine was observed in HPLC-MS analyses. 

The UV digester was set at full power (450 W) and standard solution was exposed for 

30 minutes. 
 

 

         

  
Figure 5.7 MS spectrum of DFB standard (1.0 mg/mL) after UV-irradiation under full 

power setting for 30 minutes. 
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Figure 5.8 Mass spectra of DFB, showing different ion peaks generated after 1 hour 

exposure to solar simulator. The intensity of ferrioxamine B (m/z 614) slightly 

decreased compared with desferrioxamine B (m/z 561).  

 

5.4.  Discussion 

5.4.1.  Detection of siderophore by chemical assays 

All samples turned positive to CAS test suggesting the presence of siderophore 

activity. Similar to Sub-Antarctic waters discussed in Chapter 4, chemical assays 
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Reissbrodt et al. (1990), Wilhelm (1995) and Granger and Price (1999), it is likely that 

more than one type of siderophore can be observed in an aquatic system.  

Arnow test was negative to all samples; it is less sensitive to catchol that are possibly 
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from the OH group. This problem was addressed by using Rioux test which is not 

affected by the orientation of the molecule. 
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(catechol) tests (Table 5.1). Thus, the siderophores present in both samples appear to 

be hydroxamates. However, samples BE330m and BE4100m from the second 

bioremineralization experiment may either contain two types of siderophores 

(hydroxamate and catechol type siderophores) or siderophores with mixed functional 

groups.  

Assays of all but one (S2) surface-water sample clearly showed presence of 

hydroxamate siderophores; the result for for S2 was very close to the blank. Stations 

S3 to S5 were potentially dominated by hydroxamate-type siderophores since the 

Rioux and Arnow tests failed to detect the catechol group. However, S1 and possibly 

S4 were composed of a mixture of different types of siderophore.  

The overall result of the chemical assays for subtropical water samples 

collected east of New Zealand exhibited spatial and temporal variability in terms of the 

distribution and dominance of particular types of siderophores. This must have been 

influenced by the changes in the plankton community distribution, which were 

observed during the time course of the Fe Cycle II cruise (Bergero and Weirmar, 

1990). 

 

5.4.2.  Biological evidence of siderophore production 

Neilands in 1995 mentioned that the CAS test is widely used due to its 

comprehensive, sensitive nature and can specifically detect Fe
3+

 (Neilands, 1995). The 

application of the assay is not only limited to test solutions but it can also be 

incorporated into agar media. Hence, the assay was used during the Fe Cycle II voyage 

to detect the presence of culturable organisms producing Fe-binding ligands. The 

counts of the CAS active bacteria for samples collected from the first 

bioremineralization experiment were considerably higher in the upper 30m (BE130m) 
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than in the deeper water (100m BE2100m). However, it should be noted that the 

numbers may reflect both live and dead organisms as flow cytometry cannot 

distinguish between them. On the contrary, in the second bioremineralization 

experiment the abundance of CAS-active bacteria was similar for both depths (i.e. 

BE330m and BE4100m). The CAS-active bacteria were likewise detected in all surface 

water samples S1 to S5 (Figure 5.3) which, were collected between 1 to 2 m using a 

―fish‖ sampler 

Abundance in the surface water was higher than in the bioremineralization 

experiments.  

 

5.4.3.  Electrochemical evidence of the presence of siderophores 

The release of weak ligands during bioremineralization of marine particles 

confirms the Hunter and Boyd (2007) hypothesis. This hypothesis predicted that the 

breakdown products of organic material will inevitably produce materials able to bind 

iron and keep it in solution. These weak ligands would then be replaced by strong 

ligands (probably siderophores).  The electrochemical analysis also showed that 

dissolved iron (DFe) is released at the same time.  

Vertical differences in ligand and DFe production from the surface to deeper 

water (Table 5.2 and 5.3) could be associated with: (1) change in the microbial 

community with depth (Boyd et al., 2010) and/or (2) changes in bacterial and 

bacterivore abundances with depth (Boyd et al., 1999; Ploug and Grossart, 2000). 

The detection of CAS-active bacteria, but the absence of detectable amounts of 

any strong ligand (L1) in the bioremineralization experiment is inconsistent with the 

common perception that siderophores can be representative of strong ligands. 

However, it should be kept in mind that the CAS agar test is very sensitive and specific 
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to Fe
3+

 - binding ligands, but can neither distinguish between real siderophores and 

other Fe-binding ligands, nor between strong and weak ligands. The detected 

hydroxamte siderophores in the bioremineralization experiments only ranged from 9 to 

24 % of the [ΣL]. This indicates presence of other ligands or different siderophore-

types that can bind with Fe. 

The electrochemical analysis of ambient surface waters showed the presence of 

excess amounts of ligands (Table 5.4), with a high proportion of strong ligands within 

the measurable ligand pool, i.e. 87 % at S1 and 79 % at S4. Moreover, CAS active 

bacteria abundance was higher at S1 and S4 compared to the three other sites. These 

results were in good agreement with the electrochemical measurements and chemical 

assays strongly suggesting the presence of siderophore compounds. However, the 

hydroxamate-type siderophore that was detected by Csaky test only constitutes < 10 % 

of L1 ligands. As observed in Chapter 4, it is likely that other siderophore types that 

were not detected in the study and other organic ligands were present which had high 

Fe (III) affinity. 

 

5.4.4.  Identification of siderophores by HPLC-MS 

Molecular ions m/z 614.26 and m/z 672.28 were detected in BE130m sample 

from particle bioremineralization experiment. These correspond to the linear 

hydroxamate ferrioxamine B (FOB) [M+H+Fe-3H]
+
 and ferrioxamine G [M+H+Fe-

3H]
+
. The compounds were present at low intensity however the Fe-isotopic pattern 

was very clear and the retention times fall within the elution time of the ferrioxamine B 

and G standards (Figures 5.4 A and B).  The ion m/z 585.31 did not exhibit the Fe-

isotope pattern but the ion (m/z 585.81) was previously observed in the MS spectra of 

DFB standard also eluting at the same RT; it was assumed that it could be an acylated 
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DFB (Feistner and Hsieh, 1995). Mawji and co-workers previously reported the 

occurrence of ferrioxamine G (Mawji et al., 2008a) but so far, no one has reported the 

presence of ferrioxamine B in seawater. This is not surprising considering that there 

could be organisms in seawater that can produce more than one type of siderophores. 

Fiestner et al. (1993) reported that biosynthetic capabilities of an organism to produce 

siderophore can be flexible and considered the open-chained ferrioxamines as 

biosynthetic intermediates of cyclic ferrioxamines (Feistner et al., 1993). 

The ion peak m/z 371.21 was found in BE130m, BE2100m and BE330m. Although 

it did not exhibit the Fe-isotopic pattern, the mass difference of its MSMS fragments 

are those also obtained for ferrioxamines (Fiestner et al., 1993; Mawji et al., 2008b).  

For BE4100m only the 2Na and 3Na adducts (m/z 415.24 and 437.23) of m/z 371.21 

were obtained. Although the ion peak m/z 551.11 [M+H]
+
 found in BE330m, did not 

show the iron isotopic pattern (i.e. was not bound to Fe), the mass difference observed 

for the MSMS fragments were identical to those shown by Feistner et al. (1993). Fe-

bound siderophores were observed in sample BE4100m. These compounds also showed 

fragmentation patterns typical of hydroxamate ferrioxamine-type siderophores. 

Several siderophores were identified in the subtropical surface waters samples 

taken during the Fe Cycle II cruise. All results of chemical assays, CAS agar test for 

siderophore producing bacteria and the electrochemistry measurements corroborate the 

HPLC-MS analysis. Table 5.6 summarizes the identified siderophores. It shows that 

there was only little variability throughout the stations S1, S2, S4 and S5. This is not 

surprising since the sampling stations were taken within one water mass around the 

center of an eddy over the time course of 24 days. A strong wind event that occurred 

during collection of the last sample thus appeared to have no effect on the type of 

siderophores found. However, only two compounds were detected in S5, which was 
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fewer compared with other sampling stations. Due to the absence of replicate sample 

outside the eddy, it is difficult to determine if the decrease in the number of 

compounds detected at S5 is a manifestation of degradation of the compounds. 

However, the observed decrease can be associated with the drop in abundance of 

siderophore-producing bacteria.  

Among the five sampling stations, S3 appeared to be slightly different. 

Siderophore compound m/z 591.35 was only observed in S3, which was located very 

close to the center of the eddy (Figure 5.1). The chemical and biological parameters 

measured did not show any pattern that may explain the difference but the physical 

dynamics of the water very close to the center may explain why a different compound 

was detected. Earlier study showed that a variation in phytoplankton population can be 

observed inside and outside an eddy (Olaizola et al., 1993). It is possible that within 

the center, other bacterial species may also be present which produce different ligands. 

Precursor ions m/z 423.26 and 501.32 were bound to Fe while m/z 371.22 and 

591.35 were not bound to Fe. The ion m/z 435.25 is the sodiated m/z 413.26. The 

MSMS fragments of all these compounds yielded mass differences previously 

observed with hydroxamate ferrioxamine siderophores (De Hoffmann and Stroobant, 

1991; Feistner et al., 1993; Mawji et al., 2008b).  

In Chapter 4, a compound with similar molecular mass to m/z 501.32 was also 

found in Sub-Antarctic waters using HPLC-linear ion trap orbit trap (HPLC-LTQ-OT). 

The siderophore was also bound to Fe and exhibited the fragmentation pattern of a 

hydroxamate-type. Since two different instruments were used in both studies, retention 

times cannot be compared. Thus, although the masses are identical within the precision 

of both instruments more evidence (e.g. more MSMS analysis to compare common 
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fragments and mass losses) would be needed to unambiguously prove that it is one and 

the same compound.  

The sampling station for the first particle bioremineralization experiment 

(shown as X in Figure 5.1) was almost identical to surface sampling station S4 (See 

Chapter 2.2.2, Figure 5.4). The ion peak m/z 371.22 was found in the surface water 

sample and in both samples (BE130m and BE2100m) of the bioremineralization 

experiment. This could either mean that this compound was produced during the 

bioremineralization experiment or that it was already present in the water taken at 30 

and 100m to resuspend marine particles for the experiment. It was also initially 

predicted that all siderophores would be present as Fe complexes, and that we would 

detect no, or very few, unbound siderophores (i.e. m/z 371 and 591). However, the 

results of our solar simulation experiment using DFB standard showed that after 30 

minutes of UV irradiation the Fe bound [M+H+Fe-3H]
+
 compound may dissociate 

leaving only the Fe-free siderophore [M+H]
+
 (Figure 5.6 and 5.7) or produce smaller 

and low intensity ions (Figure 5.8). Hydroxamate and catechol siderophores are not 

photoreactive (Barbeau et al., 2003), however the exposure of these siderophores to 

UV light can somehow affect the molecules. Our observation is still consistent with 

Barbeau and associates’ (Barbeau et al., 2001) conclusion that the photoproduct can 

still coordinate Fe(III). In the open ocean, it is likely that siderophores are exposed to 

solar radiation at varying intensities and periods. There is a high probability that some 

of the identified siderophores are mixed with carboxylate groups that are 

photoreactive. It is likely that the siderophores that we detected were photoproducts of 

stronger siderophore molecules. The Fe(III)-siderophore complex  may have been 

truncated or undergone ligand oxidation due to photolysis (Barbeau et al., 2001). The 
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truncated portion of the siderophore may still complex with Fe but it is possible that 

the stability constant will decrease (Barbeau et al., 2001). 

 

5.2.  Conclusion 

In this chapter, the detection and identification of the chemical nature of 

siderophores, produced during a bioremineralization process and those that are 

biosynthesized by marine bacteria, were facilitated by coupling biological and 

chemical parameters. Open-chained ferrioxamine B and G as well as other unknown 

hydroxamate siderophores have been identified in samples from both particle 

remineralization experiments. The presence of siderophore-producing bacteria and 

results from other chemical assays support the mass spectrometric observations of 

siderophore production. The failure to detect strong Fe-binding ligands (L1) by 

electrochemistry disagrees with the concept that siderophores are thought to be strong 

iron-binding ligands; however, it does not necessarily disprove any of the above 

findings.  However, while all the tentatively identified ferrioxamines were found to be 

bound to iron, other siderophore-like molecules identified by MS were unbound. This 

is contrary to findings in surface seawater, where all identified siderophores were 

mostly bound to Fe. It may suggest differences in sources, types, including mixed 

siderophore types, or biosynthetic mechanisms. It is also possible that the range of 

binding strengths of siderophores with Fe is not limited to the strong type (L1) but may 

include L2-type ligands. Future particle bioremineralization experiments need to be 

designed to answer these questions.  

In general, the results of chemical assays, biological analysis, electrochemistry 

and HPLC-MS are in accordance with each other. Four hydroxamate-type siderophores 

were detected together with their Na adducts.  All exhibited ferrioxamine 
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fragmentation patterns. A second, mixed-type (carboxylate – hydroxamate) 

siderophore appears to be present in surface seawater. This siderophore was present in 

its Fe-free form. Although assays suggested the presence of catechol-type siderophores 

none were found by HPLC-MS analysis.  

Overall, the findings in this chapter provide an insight into the complexity of 

the production, presence and chemistry of Fe binding lignds and specifically 

siderophores in the marine environment. Hence, a better knowledge of the availability, 

structures, physical and chemical properties of siderophores in different water masses 

and depths will help to better understand the cycling of Fe in the open ocean. 
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Chapter 6: Summary and future works 

6.1. Summary  

The study of siderophore chemistry has been the focus of research in 

understanding iron (Fe) acquisition and transfer in Fe limited systems. More than a 

hundred siderophores structures from terrestrial systems are known (Ito and Butler, 

2005), but a very limited number of marine siderophores have been isolated directly 

from the marine environment. So far, a number of studies have shown that more than 

99 % of Fe in seawater is complexed by strong organic ligands and that these 

compounds seemed important for the biogeochemical cycling of Fe (Rue and Bruland, 

1997; Boye et al., 2001; Vraspir and Butler, 2009). On the basis of the similarities of 

the binding capacity of these organic compounds, it has been postulated that these 

compounds might be siderophores (Rue and Bruland, 1997) or that siderophore-like 

compounds comprised a significant fraction of the ligand pool. However until now, 

there is still very limited information on the chemical nature of marine siderophores. 

To fill some of the data gaps on marine siderophores, this study has focused on (1) 

detecting the presence of siderophores in a variety of surface waters of the Southern 

Ocean from Fe-limited high-nutrient, low-chlorophyll waters to Fe-replete waters and 

(2) characterizing their chemical nature using combined analytical techniques 

(chemical assays, electrochemistry and HPLC-MS). These objectives were addressed 

by conducting laboratory and field experiments.  

 

Chapter 1 examined the biogeochemical role played by organic ligands 

(siderophores for this study) on the speciation of Fe in the aquatic systems, and 

identified the data gaps in the actual chemical nature of the marine siderophores. 
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Chapter 2 presented analytical tools and methods that were used in this study to 

(a) collect and preconcentrate siderophores following trace metal clean protocols (b) 

qualitatively screen for the presence of siderophores isolated from culture experiments 

and from ambient seawater using chemical assays (c) measure dissolved Fe, stability 

constants and ligand concentrations by electrochemistry, and (d) characterize the 

molecular mass and structure by two different HPLC separation and mass spectrometry 

systems. 

 

Chapter 3 tested the preconcentration methods and HPLC-MS techniques 

presented in Chapter 2, and explored the feasibility of predicting the chemical structure 

of the siderophore using the combined information obtained from chemical assays, 

electrochemistry and HPLC-MS analyses. Partial characterization of unknown 

sidrophores produced by cultured organisms from terrestrial and marine environments 

were reported for the first time. The presence of a hydroxamate-type of siderophore 

was detected from the isolated compound produced by a thermoalkaphilic 

microorganism Caldalkalibacillus thermarum strain TA2.A1. The presence of 

enterobactin hydrolysis dimer (DHBS)2 was detected and identified from a 

heterotrophic marine organisms Vibrio alginolyticus PWH3a. Furthermore, ion peaks 

from the culture of the aerobic marine proteobacteria roseobacter Silicibacter pomeroyi 

DSS-3 were consistently detected suggesting the presence of a known carboxylate 

siderophore (rhizoferrin). 

 

Chapter 4 dealt with the detection and identification of six hydroxamate – type 

siderophores in two different water masses off the South Eastern Coast of New 

Zealand. These hydroxamate siderophores exhibited fragmentation patterns similar to 
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ferrioxamines. The combined results of chemical assays and electrochemistry 

corroborate the detection of siderophores. Variation in the strong ligand (L1) stability 

constants were demonstrated in different water masses and in different seasons. The 

presence of the catechol type siderophore was qualitatively determined using chemical 

assays however no catechol siderophore was found by HPLC-MS. 

 

Chapter 5 demonstrated the production of the known open-chained 

ferrioxamine B and G siderophore through remineralization process in the open ocean 

using chemical assays, CAS agar test and HPLC-MS characterization. However, the 

presence of strong ligands (L1), which was expected if siderophore was produced, was 

not detected. This inconsistency might be due to artefacts of the electrochemical 

method or associated with inadequate sample representation.  

Furthermore, four hydroxamate-type siderophores, which all exhibited 

ferrioxamine fragmentation patterns,were identified together with their sodium adducts 

in subtropical surface water off the east coast of New Zealand. The determination of 

siderophore-producing bacteria and other chemical assays confirmed the presence of 

the Fe-binding ligands. The electrochemical analysis of ambient surface waters showed 

the presence of excess amounts of ligands with a high proportion of strong ligands (79 

to 87 %). The presence of catechol-type siderophores was also qualitatively determined 

beside a dominating fraction of hydroxamate-type siderophores. No catechol 

siderophore was identified using HPLC-MS analysis. 

Comparing Fe-deplete (Sub-Antarctic) and Fe-replete (neritic and sub tropical) 

water masses, there appeared to be a greater number of siderophores produced in Fe-

depleted water.  
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Summarizing all findings, hydroxamate-type siderophores dominate the study 

area. Although most siderophores found have not been reported before, two known 

open chained ferrioxamines (i.e. ferrioxamine B and G) were detected from the particle 

remineralization experiment conducted in sub-tropical water. Although most of the 

siderphore-type compounds found in the area were only partially characterized, 

evidences were obtained to confirm that siderophores and their breakdown products 

constitute a fraction of the ligand pool in the eastern coast of New Zealand. The 

dominance of the hydroxamate siderophores specifically the ferrioxamine-types may 

suggest that the organisms in the area preferentially produced hydroxamate-type 

siderophores to facilitate Fe uptake. Unfortunately, the microbial community structure 

in both study sites was not determined in this study to identify the dominant organism 

that produced the hydroxamate siderophores. In case, there are differences in the 

microbial community in both sites, the results of this study suggest that hydroxamate 

siderophores were commonly produced by the organisms possibly in response to the 

physic-chemical characteristics of the water in the area. 

 

6.2  Future works 

This study provided information on the presence of siderophores in surface 

waters off the east coast of New Zealand. However in the conduct of this study 

additional research questions were raised. 

In Chapter 3, unknown siderophores produced by Caldalkalibacillus 

thermarum strain TA2.A1, Vibrio alginolyticus PWH3a and Silicibacter pomeroyi 

DSS-3 were partially characterized. Interest from both collaboration partners to fully 

characterize the respective siderophores was expressed. Further purification would be 

necessary to perform electrochemical analysis of the binding capacity. It was also 
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suggested to perform NMR (proton and 
13

C) analysis to pin down the exact structure of 

the molecules. Likewise, the use of Mossbauer spectroscopy should be considered in 

case the presence of Fe
3+

 interferes with NMR or it is not feasible to obtain enough 

samples for NMR analysis. 

In Chapter 4 and 5, hydroxamate siderophores were positively identified in 

surface waters of different water masses surrounding New Zealand. Taking into 

account that > 99 % of Fe are bound to organic ligands, it can be assumed that these 

compounds play a significant role in regulating biogeochemical Fe cycling and 

bioavailability in the water. Hence, additional laboratory experiments to show their 

potential function could be done, which involve testing the effect of siderophores on 

the growth rates of local plankton and bacterial populations, while monitoring the flux 

and transfer of Fe from dissolved phases to the plankton and bacteria. 

Furthermore, it was shown in this study that strong L1-type ligands from 

surface waters east of New Zealand have stability constants similar to known 

siderophores. Additionally, HPLC-MS analyses identified the presence of siderophores 

in the study areas. These combined findings are necessary conditions to suggest that 

siderophores could comprise a significant fraction of L1, but the information is not 

sufficient to conclude that L1-type ligands are exclusively siderophores. Hence, more 

work is needed to determine the stability constants of siderophores extracted and 

purified from natural seawater and correlate them with the chemical structure and 

specific Fe-binding ligands (i.e. hydroxamate, catecholate or mixed).  

Bacterial and phytoplankton abundance and species distribution should be 

routinely incorporated into the analysis scheme to determine the source organisms of 

siderophores. Likewise, the incorporation of proteomics can provide more information 

in linking siderophore production and Fe-siderophore utilization with organisms. 
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Additional mineralization experiments are necessary to validate findings on the 

production of siderophores during particle remineralization in the deep sea. Since the 

experiment involving HPLC-MS characterization was only done during the Fe Cycle II 

voyage, it is important to test if it can be replicated and the findings were not 

accidental. 

It is recognized that the use of Ga to replace Fe in the Fe-siderophore complex 

can be used to quantify the ligand. However, for this thesis the quantitation of the 

ligand was not included due to time and sample limitations. Hence, the study was 

focused on the detection and characterization of siderphores in the area. It is necessary 

for future work to quantify siderophores and estmate the contribution of siderophores 

in the ligand pool.  
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Appendix 1. Mass spectra and MSMS spectra of siderophore 

standards used in the HPLC-MS analysis  

 

 

 

 
Figure A1-1. Mass spectra of desferrioxamine B (Sigma) showing precursor ion m/z 

561.36 and a small peak of the bound ferrioxamine B (m/z 614.27). Fragments of m/z 

561 (m/z 319, 243, 201, 144 and 102) were already observed in the single MS of the 

compound. The analysis was done using Analytical HPLC (Dionex) – microQTof mass 

spectrometry (Bruker), analystical settings and conditions were discussed in method 

chapter (Chapter 2) of this thesis. The compound eluted in 9 minutes. 

 

 

 

 
Figure A1-2. Tandem MSMS spectra of desferrioxamine B m/z 561.36 showing major 

fragment ions (RT 9 minutes). 
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Figure A1-3. Mass spectra of enterobactin (m/z 670.16) (EMC microcollection 

GmbH). The compounds eluted at 8 minutes and analysis was done using HPLC-

microQTof mass spectrometer. 

 

 

 

 

 

 
 

Figure A1-4. Tandem MSMS spectra of Fe bound ferrioxamine B (m/z 614.28) from 

the mixed-ferrioxamine standard (RT 7 minutes). Ferrioxamine G did not produce any 

fragment ions under the conditions of this analysis. 
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Figure A1-5. Mass spectra of aerobactin standard m/z 565.24 (EMC microcollection 

GmbH) which eluted at 9 minutes using HPLC-microQTof mass spectrometer. 

 

 

 

 

 
 

Figure A1-6. Tandem MSMS spectra of aerobactin (m/z 565.24) showing its fragment 

ions (RT 8 minutes).  
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Figure A1-7. Mass spectra of enterobactin standared (EMC microcollection GmbH) 

with its fragment ions which eluted at 22 minutes using HPLC-microQTof mass 

spectrometer. 

 

 

 

 

 
 

Figure A1-8. Tandem MSMS spectra of enterobactin (m/z 670.16) showing its major 

fragments (RT 23 minutes). 
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Appendix 2. Representative MS and MSMS spectra of siderophores 

from Polaris transect 

  
Figure A2-1. Representative mass spectra of detected siderophore NM (m/z 494.27) 

which exhibit Fe-isotopic pattern (RT 61 minutes; Intensity 5.6 x10
6
). The compound 

was identified from other compounds eluting at the same RT due to its Fe isotope 

pattern. Analysis was done using nanoflow HPLC-linear ion trap orbit trap mass 

spectrometer (HPLC-LTQ-OT). 

 

 
Figure A2-2. Tandem MSMS spectra of m/z 494.27 showing fragments produced after 

high energy collision dissociation (RT 61.42 minutes; Intensity 4x10
4
). Encircled 

fragments present at low intensity are similar to observed fragments (Feistner et al., 

1993). 
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Figure A2-3. Representative mass spectra of detected siderophore SA3 (m/z 559.37) 

which exhibit Fe-isotopic pattern (RT 40.91 minutes; Intensity 1.0 x10
7
). The 

compound was identified from other compounds eluting at the same RT due to its Fe 

isotope pattern. Analysis was done using nanoflow HPLC-linear ion trap orbit trap 

mass spectrometer (HPLC-LTQ-OT). 
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Figure A2-4. Tandem MSMS spectra of m/z 559.37 showing fragments produced after 

high energy collision dissociation (RT 41 minutes; Intensity 7.8 x10
3
). Mass 

differences observed between fragment ions analogous to observed mass differences 

from fragmentation of ferrioxamine-type hydroxamates (Feistner et al., 1993) and from 

ferrioxamine B present in mixed standard. 
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Figure A2-5. Tandem MSMS (zoomed) of m/z 620.42 (SA1; RT 43 minutes; Intensity 

4.5x10
3
).  
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Figure A2-6. (a) MSMS spectra of m/z 603.35 which is a major fragment produced by 

m/z 620.42. The fragment ion m/z 584.33 still showed Fe isotope pattern (b) however 
54

Fe peak was already low (RT 42 minutes; Intensity 2x10
3
). 
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Appendix 3. Summary of DFe and FeL from Bioremineralization 

experiments (Adopted from Ibisanmi 2010) 

(a) First experiment 
Days (Depths) DFe (nM) L1 (nM) ∑ L (nM) LogKFeL1, 

Fe3+ 

LogKFe∑L Fe3+ 

Control (23 m) 0.18 ± 0.14 — 0.32 ± 0.06 — 21.28 ± 0.40 

30m      

0 0.27 ± 0.04 — 0.92 ± 0.26  20.92 ± 0.34 

4 

 

0.41 ± 0.05 

0.49 ±0.09 

0.60 ± 0.05 

— 

— 

— 

1.91 ± 0.56 

1.90 ± 0.52 

3.59 ± 1.20 

— 

— 

— 

20.72 ± 0.38 

20.96 ± 0.52 

21.15 ± 0.40 

8 0.53 ± 0.06 

0.63 ± 0.08 

— 

— 

1.75 ± 0.10 

4.01 ± 0.78 

— 

— 

21.98 ± 0.10 

20.59 ± 0.20 

      

Control (95 m) 0.26 ± 0.06 — 0.67 ± 0.18 — 21.14 ± 0.40 

100m      

0 0.29 ± 0.04 — 1.17 ± 0.24  20.59 ± 0.26 

4 0.36 ± 0.05 

0.30 ± 0.06 

— 

— 

1.76 ± 0.38 

1.70 ± 0.16 

— 

— 

21.03 ± 0.24 

20.63 ± 0.20 

8 0.41 ± 0.08 

0.34 ± 0.04 

— 

— 

2.19 ± 1.00 

1.39 ± 0.19 

— 

— 

20.47 ± 0.40 

20.52 ± 0.32 

 

 

     

 (b) Second experiment 
Days (Depths) DFe (nM) L1 (nM) ∑ L (nM)  LogKFeL1, 

Fe3+ 

LogKFe∑L, Fe3+  

Control (30 m) 0.20 ± 0.18 — 1.05 ± 0.50 — 20.76 ± 0.50 

samples (30 m)      

0 0.26 ± 0.02 — 0.88 ± 0.12 — 21.06 ± 0.22 

4 0.37 ± 0.10 

0.44 ± 0.07 

— 

— 

1.87 ± 0.58 

1.74 ± 0.30 

— 

— 

20.88 ± 0.36 

21.18 ± 0.24 

7 0.52 ± 0.04 

0.42 ± 0.02 

— 

— 

2.57 ± 1.80 

1.70 ± 0.26 

— 

— 

20.97 ± 0.74  

20.74 ± 0.20  

 

100 m 

     

0 0.29 ± 0.06 

0.26 ± 0.08 

— 

— 

1.37 ± 0.24 

1.06 ± 0.22 

— 

— 

20.57 ± 0.22 

20.97 ± 0.26 

4 0.40 ± 0.02 

0.51 ± 0.15 

— 

— 

1.83 ± 0.34 

2.16 ± 0.52 

— 

— 

20.76 ± 0.50 

20.85 ± 0.26 

7 0.47 ± 0.08 — 1.64 ± 0.58 — 20.35 ± 0.30 
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Appendix 4. Representative MS and MSMS spectra of siderophores 

from Bioremineralization experiment and FeCycle II-Cruise 

 

 

 
Figure A4-1. Mass spectra of m/z 371.21 [M+H]

+
 and m/z 393.19 [M+H+Na]

+
 detected 

from the bioremineralization experiment (BE130m) (RT 11.3 minutes). Sample was 

analyzed using HPLC-MS microQTof. 

 

 

 

 
Figure A4-2. Mass spectra of m/z 551.11 [M+H]

+
 and m/z 573.10 [M+H+Na]

+
 

detected from bioremineralization experiment (BE330m) (RT 12.9 minutes). Sample 

was analyzed using HPLC-MS microQTof. 

 

 

 

 

 
Figure A4-4. Mass spectra of m/z 415.23 [M+H+Na]

+
 and m/z 437.23 [M+H+2Na]

+
 

detected from bioremineralization experiment (BE430m) (RT 30.8 minutes). Sample 

was analyzed using HPLC-MS microQT. 
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Figure A4-5. Mass spectra of m/z 473.25 [M+H]

+
 and m/z 495.24 [M+H+Na]

+
 detected 

from bioremineralization experiment (BE4100m) (RT 14.3 minutes). Sample was 

analyzed using HPLC-MS microQTof. 

 

 

 

 

 
Figure A4-5. MSMS spectra of m/z 495.24 detected from bioremineralization 

experiment (BE4100m). Sample was analyzed using HPLC-MS microQTof. 
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Figure A4-6. Mass spectra of m/z 413.27 and m/z 435.25 (RT 13 minutes) showing Fe 

isotopic pattern. The compound was detected from sample collected from S4 during 

the Fe Cycle II voyage. 

 

 

 

 

 

 
Figure A4-7. MSMS spectra of m/z 435.25 showing fragments produced after high 

energy collision dissociation. Mass differences between fragments are analogous to 

observed differences by Fiestner et al., 1993; Mawji et al., 2008b and from 

fragmentation of ferrioxamine standards used in the analysis. 

 

411.27
414.28

415.26
433.24

436.252

437.26

In
te

n
si

ty
 (1

x1
0

4
)

m/z

435.25

413.27

1.5

1.0

0.5

0.0

410                 415                420                425                 430                 435                440

316.87

229.13146.45

In
te

n
si

ty
 (1

x1
0

2
) 6

4

2

0

m/z

435.25

-118 Da
-88Da-82 Da

100                        200                       300                        400


