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hängen von dem individuellen Eisenbedarf jeder Phytoplanktonklasse ab. Bei dem 

Übergang von Kieselalgen zu Prymnesiophyten als dominante 

Phytoplanktongruppen, kann Reduktion und Regulierung von Häm b in der 

schwindenden Kieselalgenpopulation auftreten. 

- Systematische Untersuchungen der Häm b Konzentrationen in verschiedenen 

ozeanographischen Regionen des Atlantiks zeigten, dass das Verhältnis von Häm b 

zur Biomasse (d.h. partikulärer organischer Kohlenstoff) in Gebieten des Atlantiks 

konstant niedrig war, die durch eine geringe Eisenkonzentration charakterisiert 

waren (d.h. im saisonal Eisenlimitierten Irminger Becken und im subtropischen 

südatlantischen Strömungswirbel). Das Häm b zu Biomasse Verhältnis ist ein 

zuverlässiger Indikator für Eisenlimitierung im Ozean für verschiedene 

Phytoplanktongruppen. Darüber hinaus ergab sich aus gemessenen und mit den in 

einem Model simulierten Häm b-Konzentrationen, dass Häm b circa 0,17 bis 9,1 % 

des gesamten biogenen Eisens im Ozean ausmachen kann. 

- Laborversuche mit zwei diazotrophen Phytoplanktonarten Cyanothece und 

Trichodesmium zeigten, dass eine geringe Eisenkonzentration die Bildung von Häm 

b in beiden Arten einschränkte, da die Protoporphyrin-IX Konzentration (Häm b 

Vorprodukt) unter Eisenlimitierung abnahm. Unter Eisenmangel reduzierten 

Trichodesmia den gesamten Eisenbedarf, indem sie das verfügbare Eisen dem im 

Häm b enthaltenden Cytochrom b6f zuführten und die Nitrogenaseproduktion 

unterdrückten. Das letztere führte zu einem Rückgang der Stickstofffixierung. 

Cyanothece erhöhte die intrazellulare Häm b Konzentration unter Eisenlimitierung, 

was jedoch nicht im Zusammenhang steht mit einem Anstieg der Cytochrom b6f  

Konzentrationen in den Zellen. Darüber hinaus war die Bildung von 

Hämoxygenase (HO), die den Abbau von Häm b katalysiert, bei beiden Arten unter 

Eisenlimitierung unterdrückt. Überraschenderweise nahmen die Transkripte einer 

zweiten HO in Cyanothece unter Eisenlimitierung zu und führte zu einer 

Verbesserung des Häm b zu Biomasse Verhältnisses. 

Zusammenfassend hat diese Dissertation gezeigt, dass geringe Häm b Konzentrationen 

ein guter Indikator für Eisenlimitierung in Phytoplankton ist. Folglich könnten Häm b-

Konzentrationen und das Häm b zu Biomasse Verhältnis zur Kartierung von 

eisenlimitierten Gebieten verwendet werden. Darüber hinaus hat diese Studie gezeigt, 

dass viele Phytoplanktonklassen (Kieselalgen, Haptophyten und Diazotrophen) in der 

Lage sind, ihr Häm b Inventar als Reaktion auf die Eisenlimitierung zu regulieren, um 

damit ihr Biomasse-Wachstum und ihre biologische Aktivität aufrechtzuerhalten, indem 

das knapp vorhandene Eisen nur überlebenswichtigen Proteinen zugewiesen wird. Es 

scheint, dass es verschiedene Mechanismen zur Regulierung des Häm b-Pools gibt, 

einschließlich Anpassungen in den Bildungs-, Verarbeitungs- und Abbauprozessen. 

Diese Studie zeigt, dass die Regulierung des Genpools, die die HO kodieren, von 

primärer Bedeutung für die Kontrolle des intrazellulären Häm b Levels sein kann. 

Schließlich wirft die Hochregulation der HO in Cyanothece die Frage auf, ob es weitere 
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Eisen-Akquisitionsmechanismen von Prokaryonten gibt, entweder über internes 

Eisenrecycling oder über den Abbau von extrazellulären Hämen. 

Diese Studie trägt zum Verständnis bei, wie das verfügbare Eisen im Häm b Pool 

genutzt wird, und liefert Informationen über die molekularen Anpassungsmöglichkeiten 

verschiedener Phytoplanktongruppen auf Eisenmangel. Diese Informationen sind 

besonders wertvoll, um die Reaktion von Phytoplankton auf sich  dynamisch 

verändernde Bedingungen im Ozean abzuschätzen. Hierzu zählt insbesondere der 

Atlantische Ozean, der unter dem Einfluss eines sich veränderenden atmosphärischen 

Eintrags von Staub aus der Sahara steht. Dieses vertiefte Wissen über 

Adaptionsmechnismen von Phytoplankton kann uns helfen, die Auswirkungen einer 

veränderten Eisenverfügbarkeit für wichtige biogeochemische Prozesse im Ozean (z.B. 

Kohlenstofffixierung, Stickstofffixierung) vorherzusagen. 
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chemical and biological oceanographic characteristics. Thus this chapter examines a 

series of factors that potentially drive heme b distribution in the ocean. 

Chapter 4 presents a lab study in two common diazotroph species (Cyanothece and 

Trichodesmium) and examines the abundance of heme b and its production, utilization 

and degradation processes under different Fe treatments in culture. This chapter also 

incorporates transcriptomic studies thus it provides insights into the patterns of Fe 

utilization in the hemoprotein pool and its regulation under Fe limitation.  

Chapter 5 presents an overview of the findings, the overall conclusions of the 

dissertation and provides suggestions for future studies required to fill in gaps in the 

existing state of research and answer scientific questions arising from the current 

project. 

 The role of oceanic phytoplankton 1.2

The term phytoplankton refers to photosynthetic organisms which function in a similar 

manner to terrestrial plants - they contain chlorophyll and require sunlight to grow. 

Phytoplankton occupies the upper parts of the ocean because of light availability. 

Phytoplankton species can be grouped into prokaryotes and eukaryotes. Marine 

cyanobacteria (e.g. Prochlorococcus, Synechococcus, Trichodesmium, Crocosphaera, 

Cyanothece, Richelia) belong to the prokaryotic phytoplankton. Eukaryotes include 

among others the Chlorophyta (green algae), Rhodophyta (red algae), Haptophyta, 

Bacillariophyta (diatoms) and Dinophyta (dinoflagellates) (Reynolds, 2006).  

Phytoplankton requires chemical elements and compounds, also known as nutrients, in 

order to grow and function. Nutrients are used as energy sources or as components to 

build up cellular structures and molecules involved in the basic metabolism for survival, 

growth and reproduction (Reynolds, 2006). However, nutrients cannot be synthesized in 

the cells of phytoplankton and must be obtained from the environment. Nutrients can be 

grouped into inorganic macronutrients (carbon, nitrogen, phosphorus, silicon), major 

ions (Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl

-
, and SO4

2-
) and metals and metalloids such as iron, 

manganese, zinc, cobalt, copper, molybdenum and selenium (Sunda et al., 2005).  

Oceanic phytoplankton plays a key role in the biogeochemical cycling of carbon and 

nitrogen on a global scale (Sarmiento and Gruber, 2004). One very important 

biochemical process occurring in the ocean is nitrogen fixation; some marine 

cyanobacteria known as marine diazotrophs are able to convert the biologically 

unavailable atmospheric di-nitrogen (N2) gas to biologically accessible forms of 

nitrogen (NH4). This process is crucial for the oceanic ecosystem because marine 

diazotrophs supply their environment with new nitrogen which is lost through 

denitrification and anammox processes in oxygen deficient waters (Ward et al., 2007; 

Zehr and Ward, 2002). Through exudation, and following death, they provide a nutrient 

so that other organisms are able to grow and function (Fig. 1.1).  





1.3.  Iron uptake and utilization by phytoplankton 

 5 

2009). Volcanic eruptions (Achterberg et al., 2013; Duggen et al., 2010), riverine 

transport (Rijkenberg et al., 2014), glacial melting (Gerringa et al., 2012), hydrothermal 

vents (Resing et al., 2015) and sediments (Elrod et al., 2004) are also considered 

significant sources of Fe in the ocean. However, the Fe that enters surface waters is not 

readily available for uptake by phytoplankton since Fe-bioavailability depends on 

multiple factors like Fe speciation and kinetics, phytoplankton physiology and 

biochemistry or even physical parameters (Shaked and Lis, 2012).  

Regarding Fe speciation, Fe solubility from aerosol particles largely depends on their 

origin (Baker and Croot, 2010) and on physicochemical processes such as redox 

reactions, inorganic and organic complexation, adsorption and precipitation that occur 

in seawater (Liu and Millero, 2002). Dissolved Fe (DFe) occurs in seawater in two 

oxidation states, Fe(II) and Fe(III), either as free ions or complexed with inorganic and 

organic ligands (Liu and Millero, 2002). Thermodynamically, in well oxygenated 

surface waters and under alkaline seawater pH, the dissolved Fe(II) oxidizes to Fe(III) 

(Millero et al., 1987, 1995; Stumm and Morgan, 1995). In turn, the Fe(III) reacts with 

water and forms insoluble Fe oxy-hydroxides which precipitate to deeper waters thus 

leading to low DFe concentrations in the surface (Liu and Millero, 1999, 2002).  

Phytoplankton can acquire Fe directly from seawater in the dissolved form while 

particulate Fe (PFe) is unavailable for uptake. Free inorganic DFe can be used in both 

oxidation states (i.e. Fe(II) and Fe(III)) by phytoplankton and are the most readily 

available forms of Fe (Anderson and Morel, 1982; Morel, 2008; Shaked and Lis, 2012). 

However, in most cases Fe is not free in the marine environment but complexed by one 

or more organic ligands (Gledhill and Buck, 2012; Rue et al., 1997). The biological 

availability of the organic complexed Fe is still uncertain although some studies 

demonstrated that a fraction of the organically complexed Fe pool is bioavailable to 

phytoplankton (Gledhill and Buck, 2012; Lis et al., 2015; Maldonado and Price, 1999; 

Shaked and Lis, 2012; Soria-Dengg and Horstmann, 1995). It has also been suggested 

that the bioavailability of organically complexed Fe strongly depends on ligands 

(Hutchins et al., 1999; Maldonado et al., 2005; Maldonado and Price, 1999). 

Regarding the Fe uptake mechanisms of phytoplankton from seawater, two major 

pathways have been described: a siderophore mediated Fe acquisition and a reductive 

Fe uptake pathway (Shaked and Lis, 2012). Siderophore mediated Fe uptake involves 

the synthesis and secretion of Fe(III) iron chelators which are capable of solubilizing, 

capturing, and delivering Fe(III) to the cell (e.g. Goldman et al. 1983; Kraemer 2004; 

Butler 2005; Butler and Theisen 2010). The reductive Fe uptake pathway applies to 

both free and organically complexed Fe(III) (Allnutt and Bonner, 1987; Maldonado and 

Price, 2001; Shaked et al., 2005). In this case, Fe(III) dissociates from its chelating 

ligand, transforms into Fe(II) by ferric reductases and is then transported as free Fe into 

the cell and reduced to Fe(II) by ferric reductases (Shaked and Lis, 2012).  
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Table 1.1: Iron (Fe) components of the electron transport chains in nitrogen fixation, assimilation and photosynthetic 

apparatus. Adapted from Shi et al. 2007 and including data from Raven 1988. 

Complex 
Fe-containing  

cofactor 

Number of 

Fe atoms per monomer 

 

Nitrogen Fixation 

 

 

Nitrogenase 1[4Fe-4S] 4 

 1 P cluster ([8Fe-7S]) 8 

 1 FeMoCo ([7Fe-9S-Mo]) 7 

 

Nitrogen Assimilation 

 

 

Nitrate Reductase 1 heme 1 

Nitrite Reductase 2 hemes 2 

   

Sulfur assimilation   

Sulfite reductase 1 [2Fe-2S] 2 

 1 siroheme 1 

 

Photosynthetic Apparatus 

 

 

PSII 1 non-heme iron 1 

 1 heme 1 

 1 heme 1 

   

Cyt b6f  3 hemes 3 

 1 hemes 1 

 1 [2Fe-2S] 2 

   

 1FX ([4Fe-4S]) 4 

 1FA ([4Fe-4S]) 4 

 1FB ([4Fe-4S]) 4 

Other   

Cyt c553 1 heme 1 

Ferredoxin 1 [2Fe-2S] centre 2 
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As a next step, asymmetric condensation of two ALA molecules by the action of the 

enzyme porphobilinogen synthase (PbgS) leads to the formation of monopyrrole 

porphobilinogen (Frankenberg et al., 1999; Jaffe, 1995, 2004). Hydroxymethylbilane 

synthase (HmbS) converts the monopyrrole into an intermediate tetrapyrrole called 

hydroxymethylbilane (Hart et al., 1987). Then, the enzyme uroporphyrinogen synthase 

(UroS) transforms hydroxymethylbilane into uroporphyrinogen III (Hart and Battersby, 

1985; Shoolingin-Jordan, 1995).  

 

Fig. 1.3 Heme biosynthesis pathway after (Hogle et al., 2014). Dashed lines indicate multiple enzymatic steps. 

Abbreviations in bold letters indicate the enzyme responsible for each reaction; ALAS: ALA synthase; CoprOX, 

coproporphyrinogen oxidase; GluRS: glutamyl-tRNA synthetase; GluTR: glutamyl-tRNA reductase; GSAT: 

glutamate-1-semialdehyde aminotransferase; HbS: hydroxymethylbilane synthase; PbgS: porphobilinogen synthase; 

PpfC: ferrochelatase; PpoX: protoporphyrinogen IX oxidase; UroD: uroporphyrinogen decarboxylase; UroS: 

uroporphyrinogen III synthase. 

From uroporphyrinogen III, there are two possible pathways; one leading to siroheme, 

heme d1, vitamin B12 and coenzyme F430 production and one leading to heme 

production. In the first case, the enzyme uroporphyrinogen III methyltransferase 

transforms uroporphyrinogen III into precorrin-2. Precorrin-2 is a precursor for heme 

d1, vitamin B12, coenzyme F430 and siroheme (Frankenberg et al., 2003). 

The enzyme uroporphyrinogen III decarboxylase (UroD) catalyses the conversion of 

uroporphyrinogen III into coproporphyrinogen III (Elder and Roberts, 1995). Then, a 

classic pathway leading to heme production starts with coproporphyrinogen III which is 

oxidatively decarboxylated at two propionate groups by the enzyme 

coproporphyrinogen III oxidase (CoprOX) (Layer et al., 2006) and produces an 

intermediate product protoporphyrinogen IX. This intermediate is then oxidized to 

protoporphyrin IX by protoporphyrinogen IX oxidase (PpoX) (Koch et al., 2004; 

Poulson and Polglase, 1975) and is converted into heme upon insertion of an Fe atom 

by ferrochelatase (PpfC) (Ferreira, 1999). The Fe(II) is then bound to four coordinated 

nitrogen atoms in the protoporphyrin ring system. Similarly, chl a is produced by 

insertion of a magnesium (Mg) atom into a porphyrin ring by the enzyme magnesium 

chelatase (Cornah et al., 2003). 
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Fig. 1.4: Heme biosynthesis pathway; Abbreviations in bold letters indicate the enzyme responsible for each reaction; HmbS: Hydroxymethylbilane synthase; UroS: uroporphyrinogen synthase; 

UroD: uroporphyrinogen III decarboxylase; CoprOX: coproporphyrinogen III oxidase; PpOX: protoporphyrinogen IX oxidase; PpfC: ferrochelatase.  
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hydroxyethylfarnesyl (-HFAR) sidechain on C2 of the porphyrin ring and a formyl 

group on C8 (Caughey et al., 1975). Heme a performs electron transfer in a-type 

cytochromes (Chapman et al., 1997; Malatesta et al., 1995). In contrast to hemes a, b 

and c, heme d1 and siroheme have saturated bonds and carboxylic acid groups in the 

ring which make these molecules more water soluble compared to the other heme 

groups (Chapman et al., 1997; Hogle et al., 2014). Heme d1 is utilized within heme-

containing nitrite reductases, whilst siroheme is a component of sulfite and nitrite 

reductases (Stroupe and Getzoff, 2009; Tripathy et al., 2010). 

 

Fig. 1.5 Structures of hemes commonly found in organisms modified from Chapman et al. (1997) and Dailey et al. 

(2017). 

 Heme functions in marine phytoplankton 1.4.2

The heme molecule differs from simple Fe ions in terms of physical and chemical 

properties due to the presence of organic substituents on the porphyrin ring and the 

variety of Fe spin-states (da Silva and Williams, 2001). As cofactors in proteins, hemes 

have the ability to function as electron source and sink and as binding sites for small 

molecules. Thus, hemoproteins exhibit diverse biological functions which include 

electron transfer reactions and redox reactions, oxygenations of organic substrates, 

reduction of peroxides and divalent gas transport and storage (Chapman et al., 1997). 

Regarding the location of hemoproteins within a cell (Fig. 1.6), in eukaryotes they are 

located in major cellular organelles such as the mitochondrion and the chloroplast. In 
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bacteria these proteins may be either in the cytosol, periplasm, or inner and outer 

membranes whilst in cyanobacteria, photosynthetic and respiratory cytochromes reside 

in the thylakoid membrane (Hogle et al., 2014).  

In marine phytoplankton, hemoproteins are involved in two of the most important 

biological processes; respiration and photosynthesis. Hemes are central components of 

the cytochromes involved in respiration and thus perform the electron transport required 

for the production of the Adenosine Triphosphate (ATP) (Richardson, 2000; Richter 

and Ludwig, 2009). Similarly, hemes undertake electron transport during oxygenic 

photosynthesis (Hohmann-Marriott and Blankenship, 2011). The D1 subunit of 

photosystem II (PSII) consists of the heme-containing cytochrome b559, which is a 

heterodimer composed of PsbE (alpha) and PsbF (beta) subunits (Guskov et al., 2009). 

In addition, during photosynthesis, cytochrome b6f shuttles electrons from PSII to PSI; 

cytochrome b6f consists of a Rieske protein [2Fe-2S] and four heme groups (Kurisu, 

2003). 

Hemes are also components of enzymes linked to nutrient uptake in marine 

phytoplankton. Assimilatory nitrate reductase is a heme b- containing protein that 

undertakes the reduction of nitrate to nitrite (Fischer et al., 2005). Nitrate reductase is 

localized in the cytoplasm in marine diatoms (Allen et al., 2005; Gao et al., 1993). 

Ferredoxin nitrite reductases have also been reported for diatoms, which have one 

siroheme and one [4Fe-4S] cluster as cofactors (Bowler et al., 2009; Nakano et al., 

2012). Similarly, for sulfite assimilation, sulfite reductases contain siroheme and Fe-S 

cofactors, they are located in the plastid and participate in the conversion of sulfite to 

sulfide (Giordano et al., 2005; Takahashi et al., 2011). Ferric reductases catalyze the 

reduction of Fe(III) to Fe(II) thus also promoting the solubilisation of extracellular 

complexed Fe (Schröder et al., 2003). Cytochrome b558, cytochrome b5 and cytochrome 

b561 are heme-containing ferric reductases involved in Fe mobilization in organelles and 

at the plasma membrane (Blaby-Haas and Merchant, 2012; Hogle et al., 2014).  

Hemes are the prosthetic groups of catalases, peroxidases and catalase-peroxidases. 

These are all antioxidant enzymes which means that they degrade hydrogen peroxide 

and other organic hydroperoxides by breaking oxygen-oxygen bonds (Bernroitner et al., 

2009; Hogle et al., 2014; Zamocky et al., 2008). Hydrogen peroxide and other reactive 

oxygen species (ROS) occur naturally in seawater after photochemical oxidation of 

dissolved organic matter and may inhibit critical metabolic processes in phytoplankton 

(Diaz and Plummer, 2018). Thus the management of these compounds in microbial 

cells is a highly important procedure. Although in higher plants peroxidases and 

catalases are localized in peroxisomes and vacuoles, respectively, the exact location 

within the cells of algae is not confirmed (Hogle et al., 2014).   

Finally, in bacteria another major role of hemes is sensing and signalling (Chapman et 

al., 1997), which is a feature that induces changes in the expression of specific proteins 

and coordinates cellular metabolism (Wang and Lei, 2018). Heme sensor proteins can 
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Beale, 1992, 1995; Richaud and Zabulon, 1997; Sugishima et al., 2004). The HOs are 

localized in the plastids (Migita et al., 2003; Muramoto, 1999; Terry et al., 2002) or the 

cytoplasm in prokaryotes (Hopkinson et al., 2008; Roe et al., 2013; Septer et al., 2011; 

Weaver et al., 2003) whereas in eukaryotes HOs are in chloroplast (Shekhawat and 

Verma, 2010).  

On the bases of genomic organization, the cyanobacterial and algal HOs can be 

distinguished in two subfamilies (HO1-like and HO2-like) whilst the isoforms HO1, 

HO2, HO3 and HO4 were present in eukaryotic photosynthetic organisms 

(Frankenberg-Dinkel, 2004; Shekhawat and Verma, 2010). In general, known bacterial 

HO isoforms are HO1, HO2, PigA, Isd, HmuO and BphO (Frankenberg-Dinkel, 2004). 

The isoforms HO1 and HO2 were identified in the cyanobacterium Synechocystis sp. 

(Cornejo et al., 1998) and are encoded by two different genes ho1 and ho2, respectively. 

The genes encoding HO1 and HO2 in other cyanobacterial species including Anabaena, 

Thermosynechococcus and Nostoc spp. have also been identified (Frankenberg-Dinkel, 

2004). Furthermore, some studies showed that pathogenic bacteria (Pseudomonas 

aeruginosa and Neisseriae menigitides) employ HO in order to utilize heme from their 

host as an Fe source (Ratliff et al., 2001; Zhu et al., 2000). A similar behavior was 

observed for the marine bacteria Microscilla marina (Hopkinson et al., 2008) and 

Ruegeria sp. (Roe et al., 2013), thus suggesting that HO activity may be linked to Fe-

acquisition processes also in the marine environment (Schmitt, 1997).  

 Heme b in the marine environment 1.5

Heme b is the most versatile heme structure  within an organism (Chapman et al., 1997) 

and as mentioned in previous sections is a component of catalases, peroxidases, the b-

type cytochromes and the cytochrome P-450 in marine phytoplankton (Mochizuki et al., 

2010). Hence, in marine phytoplankton heme b is a key component electron transport 

chains in the respiration and photosynthesis (Hogle et al., 2014). This means that 

disruptions in heme b production, utilization and breakdown processes, potentially 

influence crucial biochemical processes including CO2 uptake in the ocean.   

Despite their importance in the marine environment, there was no published study 

regarding heme b abundance in phytoplankton until 2007 (Gledhill, 2007). In the past, 

analytical methods allowed for the determination of heme containing proteins in human 

tissues, higher plants and cyanobacteria using spectrophotometric techniques (Lübben 

and Morand, 1994; Wolf et al., 1984; Zander et al., 1984). Gledhill (2007) published a 

method for the quantification of heme b in marine particulate material using separation 

with HPLC and detection with diode array (DAD) after extraction with a non-ionic 

detergent. The method was later optimized and quantification of heme b was achieved 

by electrospray ionisation mass spectrometry  (ESI-MS) thus avoiding interferences 

from other pigments and increasing sensitivity (Gledhill, 2007, 2014). The development 

of this analytical technique allowed for the determination of heme b in both field and 
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cultured marine phytoplankton thus improving our knowledge about heme b abundance 

and behavior in the oceanic environment.  

 Heme b in cultured phytoplankton populations 1.5.1

According to theoretical calculations, hemoproteins make up approximately 40% of the 

intracellular Fe pool whilst hemoproteins containing heme b contribute approximately 

half of this amount (Raven, 1990). The first extensive study regarding heme b 

abundance in phytoplankton was carried out in the eukaryotes Dunaliella tertiolecta, 

Emiliania huxleyi, Thalassiosira oceanica and the prokaryote Synechococcus sp. 

(Honey et al., 2013). This study showed that heme b accounts on average for 18±14% 

of total intracellular Fe inventory (Honey et al., 2013), thus confirming the theoretical 

calculations of Raven (1990). However, this proportion varied amongst species and 

growth conditions and ranged from 1 to 40 % (Honey et al., 2013).  For example, under 

low DFe conditions (<0.50 nmol L), 6 to 26% of the available Fe in the media was 

incorporated into heme b for species from temperate ocean areas (Honey et al., 2013), 

whereas this percentage ranged from 0.2 to 16% for species from high latitude areas 

(Gledhill et al., 2015). Furthermore, fluctuations in heme b concentrations among 

different phytoplankton classes and species also implied that heme b abundance in the 

natural environment could potentially vary according to phytoplankton community 

composition (Gledhill et al., 2013, 2015; Honey et al., 2013). 

Heme b quota is defined as the heme b quantity per unit carbon (e.g. ratio heme b:C) 

and constitutes a similar parameter to the Fe quota, which describes the quantity of Fe 

per unit carbon (ratio Fe:C) (Raven, 1990). Hence, the heme b quota refers only to the 

proportion of Fe bound in heme b cofactors. Heme b quotas were variable among 

species and growth conditions in cultured eukaryotic and prokaryotic phytoplankton 

(Gledhill et al., 2015; Honey et al., 2013). In general, the heme b quotas increased in 

nutrient replete cultures and resulted in increased growth rates (Honey et al., 2013).  

The general trend suggested that increased heme b concentrations and quotas indicate a 

healthy status for phytoplankton (Honey et al., 2013). However, similarly to Fe:C ratios 

and Fe use efficiencies, which indicate how many units carbon (i.e. biomass) are 

produced per unit Fe per unit time (Raven, 1988), the fluctuations of heme b relative to 

carbon and PFe did not always correspond to declines in fundamental biological 

functions (Gledhill et al., 2015). Hence, there are likely diverse mechanisms of Fe 

utilization in the hemoprotein pool and that phytoplankton has the flexibility to adapt to 

changing nutrient and particularly Fe supply.  

 Heme b in field phytoplankton populations 1.5.2

A recent mesocosm experiment showed that the abundance of heme b (i.e. heme b 

concentrations) changes with bloom progression under nutrient replete conditions 

(Bellworthy et al., 2017) and follows similar trends with other biomass stocks 
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N2 to biologically accessible forms of nitrogen (Section 1.3). It is thus established that 

due to their high Fe requirements, Fe supply regulates the geographical abundance of 

cyanobacterial diazotrophs in the ocean whilst elevated Fe atmospheric inputs are 

associated with increases in nitrogen fixation rates (Chappell et al., 2012; Luo et al., 

2012; Moore et al., 2009; Moore and Doney, 2007; Snow et al., 2015b; Sohm et al., 

2011).  

Regarding the impact of Fe limitation on diazotrophs, nitrogen fixation rates decline 

when Fe supply is not sufficient (Berman-Frank et al., 2001a; Fu and Bell, 2003; Jacq et 

al., 2014; Kupper et al., 2008; Paczuska and Kosakowska, 2003; Richier et al., 2012; 

Saito et al., 2011; Shi et al., 2007; Snow et al., 2015a). The impact of Fe limitation on 

heme b content of marine diazotrophs is to date not well documented. Honey (2012) 

studied heme b behavior in monocultures of the unicellular Crocosphaera and 

filamentous Trichodesmium. The heme regulation in Crocosphaera was comparable to 

other phytoplankton species since concentrations of heme b decreased with low Fe 

supply. In contrast, Trichodesmium exhibited a unique regulation behavior as heme b 

concentrations remained low throughout the experiments and did not vary among Fe 

treatments. This trend was also observed in the field in the Tropical Atlantic Ocean, 

area where Trichodesmium is highly abundant. Hence, Honey (2012) proposed that 

Trichodesmium potentially possess a relatively low quantity of b-type hemoproteins 

because the available Fe is utilized primarily in nitrogenase and in photosystem I in 

order to accommodate electron transport for the Mehler activity (Bergman et al., 2013; 

Milligan et al., 2007).  

 Thesis objectives and hypotheses 1.6

This thesis investigates the abundance of heme b in cultured and field phytoplankton 

populations aiming to advance the knowledge on how the available Fe is utilized in 

heme b and hemoprotein pools.  

To date there is limited data regarding the spatial distribution patterns of heme b in the 

natural environment and the impact of Fe limitation on the heme b cofactor. This 

dissertation systematically examines the abundance of heme b in the Atlantic Ocean and 

investigates the factors driving the distribution of heme b via two case studies (Chapters 

2 and 3). The Atlantic Ocean is a region that has drawn the scientific interest in the past 

decades because it is subject to fluctuations in Fe supply (Boyd and Ellwood, 2010) that 

potentially influence the nitrogen, carbon and phosphorus cycles (Dutkiewicz et al., 

2005; Mills et al., 2004; Moore et al., 2002; Tagliabue et al., 2017) and the global 

climate (Jickells et al., 2005).  

The first case study (Chapter 2) examines the utility of heme b as a proxy for the 

identification of Fe limited phytoplankton in the post bloom sub-polar North Atlantic 

gyre, which is known for seasonal Fe limitation (Achterberg et al., 2018; Macey et al., 

2014; Nielsdóttir et al., 2009; Poulton et al., 2010; Ryan-Keogh et al., 2013). The author 



1.6.  Thesis objectives and hypotheses 

 21 

also reports for the first time a link between field heme b concentrations and 

phytoplankton community composition for the identification of potential Fe utilization 

strategies employed by extant phytoplankton groups.  

The second case study (Chapter 3) includes an extensive dataset of heme b gathered 

from the Atlantic Ocean aiming to identify the physical, chemical or biological 

processes that drive its spatial distribution. Furthermore, previous laboratory 

measurements (Gledhill et al., 2015; Honey et al., 2013) provided an estimation of the 

proportion of heme b relative to the biogenic Fe, which is the fraction of Fe derived 

from biogenic particles. A comparison of these laboratory measurements with field data 

is also presented in this chapter thus providing information about the proportion of Fe 

that is utilized in heme b by different phytoplankton populations in situ.  Hence, in this 

chapter the applicability of heme b as an approximate indicator for the biogenic Fe pool 

in field studies is examined.    

Although there is some information regarding heme b behavior in diazotrophs under 

varying Fe conditions (Section 1.5.4), the knowledge about heme b abundance, 

production, utilization and degradation is still uncertain. Chapter 4 examines the 

patterns of heme b cycling in two common diazotrophs, the unicellular Cyanothece and 

the globally significant, filamentous Trichodesmium. The investigation incorporates 

transcriptomic studies since heme b concentrations are potentially regulated by 

modifications in the gene expression of heme- associated proteins under certain Fe 

conditions. Finally, according to the information obtained so far, heme b in cultured 

Trichodesmium exhibited very low concentrations which were invariable with Fe 

supply. Hence, the author investigates also whether this behavior is associated with 

heme b degradation from HOs on a transcriptional level.  

Overall, the field and laboratory experiments of the current study are conducted to 

address the following hypotheses: 

1. The overall distribution of heme b concentrations and quotas in the Atlantic 

Ocean is a consequence of Fe availability. 

2. Heme b concentrations in the Atlantic Ocean decrease in low Fe regimes thus 

heme b can act as a proxy for Fe-limited phytoplankton 

3. Low heme b concentrations in the Atlantic Ocean are not necessarily associated 

with decrease in key biological functions suggesting optimization of Fe use by 

the extant phytoplankton species. 

4. Heme b provides a first order indication of the biogenic Fe pool in the field. 

5. Heme b concentrations are low in tropical Atlantic due to the abundance of 

Trichodesmium.  

6. Heme b concentrations and production and degradation processes decline under 

Fe limiting conditions in both Cyanothece and Trichodesmium. 

7. Heme b degradation is regulated by HO gene expression under varying Fe 

treatments. 
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8. Heme b concentrations are low in Trichodesmium Fe-replete cultures due to 

increased HO expression.  

 

The following objectives are set in order to test the hypotheses mentioned above: 

1. The impact of Fe limitation in field phytoplankton populations and the 

optimization potential of Fe utilization by extant phytoplankton groups will be 

assessed by collecting samples in the high productive Subpolar North Atlantic 

Ocean (GEOVIDE cruise) during the spring bloom. Samples will be analyzed 

for heme b, other background parameters indicative of growth (e.g. POC, chl a) 

and for the determination of the microbial community composition (16S rRNA 

amplicon sequencing). 

2. The impact of DFe availability on heme b abundance and the overall distribution 

of heme b concentrations and quotas through the Atlantic Ocean will be 

investigated by synthesis of datasets obtained by research expeditions. Datasets 

will cover various regions of the Atlantic Ocean and will include previously 

published and newly analyzed/ unpublished data. Existing datasets cover the 

Subtropical North Atlantic Gyre, Celtic Sea and Tropical Atlantic. New samples 

and datasets will be obtained from the Subpolar North Atlantic (GEOVIDE 

cruise) and from the South Atlantic (cruises M121, M124).  

3. To assess, if heme b can function as an indicator of the biogenic Fe pool in the 

field, the observed field heme b concentrations will be compared to the total 

biogenic Fe and predicted heme b concentrations calculated by a global 

biogeochemical model (PISCES v2).  

4. Culturing experiments will be conducted in Cyanothece and Trichodesmium. 

Both species will grow in different DFe treatments for the investigation of the 

impact of DFe availability on heme b concentrations, quotas and cycling.  

5. Targeted molecular analysis (i.e. Quantitative Real Time Polymerase Chain 

Reaction) will be implemented for the identification of changes in the 

expression of heme b (e.g. cytochrome b6f) or other Fe-containing proteins (e.g. 

nitrogenase) and of the HOs. 
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 Introduction 2.1

Iron (Fe) is an essential micro-nutrient for marine phytoplankton as it is associated with 

several key biochemical processes including photosynthesis, respiration, reduction of 

oxidized nitrogen species and di-nitrogen (N2) fixation (Geider and La Roche, 1994; 

Morel and Price, 2003; Raven et al., 1999). Iron uptake by phytoplankton occurs 

directly from seawater and the availability of Fe in the surface ocean is largely 

controlled by rates of supply from atmospheric deposition, continental margins, 

upwelling and deep mixing entrainment of sub-surface Fe pools, relative to losses via 

scavenging and biological uptake (Geider, 1999; Sunda and Huntsman, 1995; Tagliabue 

et al., 2017). Dissolved Fe (DFe) concentrations in the open ocean surface waters can be 

very low (<0.1 nmol L
-1

) (Achterberg et al., 2018; Boyd and Ellwood, 2010; Sunda and 

Huntsman, 1995) and it has been well documented that low Fe availability can limit 

phytoplankton growth, N2 fixation rates, and influence community structure (e.g. 

Greene et al. 1992; Geider & La Roche 1994; Kolber et al. 1994; Sunda & Huntsman 

1997; King & Barbeau 2007; Shi et al. 2007). 

In proteins, Fe is bound in Fe-sulfur clusters, Fe-oxygen-Fe clusters, or in Fe-porphyrin 

complexes also known as hemes (Hogle et al., 2014). Hemes function as prosthetic 

groups of the hemoproteins (Chapman et al., 1997) and are involved in electron 

transfers for example during photosynthesis, respiration, nitrate reduction as well as in 

control, storage and transport of oxygen (Hogle et al., 2014). Hemes are produced in a 

similar manner to chlorophyll via the tetrapyrrole synthesis pathway and several heme 

structures are present within an organism (Chapman et al., 1997). The cellular heme 

quota is tightly coordinated, since free hemes are toxic (Espinas et al., 2012). 

Furthermore heme can act as an Fe source for bacteria (Hogle et al., 2016; Roe et al., 

2013) 

Heme b (Fe protoporphyrin IX) is the most versatile heme in organisms (Espinas et al., 

2012) and is a constituent of the b type cytochromes, catalases, peroxidases, 

cytochrome p450, globin and nitrate reductase (Mochizuki et al., 2010; Hogle et al., 

2014). Culturing experiments involving eukaryotes and prokaryotes (Dunaliella 

tertiolecta, Emiliania huxleyi, Thalassiosira oceanica, Synechococcus sp.) have shown 

that heme b accounts for 18±14% of total cellular Fe inventory (Honey et al., 2013).  

The information regarding heme b abundance in the oceans is limited, with only a few 

studies that have reported heme b concentrations in surface waters of the Atlantic and 

Southern Oceans (Gledhill et al., 2013, 2015; Honey et al., 2013). Increased heme b 

concentrations were associated with high biomass in the North Atlantic and Southern 

Oceans (Gledhill et al., 2013). Recent work has also shown that the relative abundance 

of heme b and biomass stocks, as indicated by particulate organic carbon (POC) and 

chlorophyll a (chl a) concentrations, changes with bloom progression under Fe replete 

conditions (Bellworthy et al., 2017). Hence, heme b was observed to decrease rapidly 

post bloom in a mesocosm experiment, although this effect might be dampened in open 
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In our study, the absolute concentrations of DFe and nitrate in IceB and IrmB suggested 

that both systems were DFe and nitrate replete. Therefore, we assumed that the contrast 

in heme b and its ratios arose because of different dominant phytoplankton groups. 

Furthermore, given that the bloom in the subpolar North Atlantic progresses from east 

to west (Olsen et al., 2008), such differences in heme b may also be attributed to 

different phases of the spring bloom between the two regions.  

 Linking heme b concentrations with microbial community composition  2.3.6

Sequencing and analysis of the 16S rRNA and cp16S rRNA showed the relative 

abundance of prokaryotes (Fig. 2.4A) and photosynthetic eukaryotes (Fig. 2.4B) along 

the GEOVIDE section. Proteobacteria made up most of the prokaryotic pool (35-93%, 

median= 74%, n=283) across the five oceanographic regions in the upper 100 m. 

Among the proteobacteria, alphaproteobacteria (mean= 84%, n= 283) were mostly 

abundant in all regions with representative species the Pelagibacter sp.. 

Gammaproteobacteria accounted for 15% (mean, n=283) of the proteobacteria pool. 

Cyanobacteria ranged from 0 to 11% (mean= 1.1%, n= 283) overall, but were mostly 

present in the ESNAG (Mean= 2.3 %, n=85). Since prokaryotes have only a small 

contribution to the total heme b pool (Gledhill, 2007), we proceeded with further data 

processing using the phytoplankton composition.  

 

Fig. 2.4: Relative abundance of A) Prokaryotes, and B) Eukaryotes across the GEOVIDE transect in the five 

oceanographic regions; Eastern Subropical North Atlantic Ocean (ESNAG), Iceland Basin (IceB), Irminger Basin 

(IrmB), Greenland Shelf (GSH) and Labrador Sea (LS). 

Mixed phytoplankton communities were present in all five oceanographic regions (Fig. 

2.4B). Overall, prymnesiophyceae (Mean= 36%, n= 245), bacillariophyceae (diatoms) 

(Mean= 40%, n= 245) and pelagophyceae (Mean= 8%, n=245) were most abundant in 

the upper 100 m during the GEOVIDE expedition (May-June 2014). However, the 

percentage of each class varied among the regions (Fig. 2.4B). In the ESNAG, 

pelagophyceae and prymnesiophyceae were the most abundant classes. In IceB, 
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North Atlantic growth season, since it has now been observed in the field for both 

diatom (current study) and prymnesiophyte (Gledhill et al., 2013; Poulton et al., 2010) 

(Table 4.1). The reduction in heme b quota, could indicate heme b regulation, driven by 

a suboptimal Fe supply and characterized by depletion relative to biomass. Regulation 

potentially occurs in both the declining diatom and prymnesiophyte populations but at a 

different time point with respect to ambient Fe concentrations as a result of differences 

in the absolute Fe requirements of each phytoplankton class. We suggest that once the 

subsistence heme b quotas (and related Fe quota) can no longer be supported, the extant 

population becomes Fe limited. The whole community will become progressively 

limited only when the species with the lowest Fe requirement can no longer satisfy its 

subsistence Fe quota. However, to fully establish the patterns of heme b abundance and 

their relationship to community composition and Fe availability relative to other 

nutrients during the bloom progression determination of heme b in concert with 

community composition over the course of an open ocean phytoplankton bloom is 

required. 

Heme b regulation mechanisms likely include reduction in the abundance of the heme 

b-containing (Hogle et al., 2014) cytochromes b6f and b559 of the PSII apparatus 

(Greene et al., 1992; Strzepek and Harrison, 2004) which in turn result in increases in 

chl a:PSII ratios as observed later in the growth season in the IrmB (Macey et al., 

2014). Indeed, transcriptomic and proteomic analysis in other diatom species 

(Thalassiosira pseudonada, Thalassiosira oceanica and Pseudo-nitzschia granii) 

showed downregulation of the heme b-containing cytochrome b6f and conservation of 

the PSII proteins expression (Cohen et al., 2018; Lommer et al., 2012; Nunn et al., 

2013). Another regulatory mechanism of heme b could be linked to the switch from 

nitrate to ammonium utilization (Price et al., 1991; Timmermans et al., 1994) which 

would in turn lead to decreases in the heme b-containing nitrate reductase in eukaryotes. 

Studies have demonstrated via molecular analyses in field and cultured diatom 

populations that the gene expression and activity of nitrate reductases decreased under 

low Fe conditions and that the abundance of ammonium transporter (AMT) proteins 

increased (Cohen et al., 2017; Marchetti et al., 2012; Nunn et al., 2013; Timmermans et 

al., 1994). We propose that the diatoms of the IrmB had likely shifted to ammonium 

utilization and followed a similar nitrate reductase regulation strategy for Fe 

conservation. Finally, Smith et al. (2016) showed via transcriptomic analysis that the 

expression of the gene encoding heme oxygenase (HO) increased during Fe limitation 

in the diatom Phaodactylum tricornutum. Heme oxygenase is an enzyme that catalyzes 

the conversion of hemes to bilirubin thus producing Fe
2+

 and bile pigments 

(Frankenberg-Dinkel, 2004). Hence, the upregulation of HO may be linked to 

intracellular Fe recovery processes from other porphyrins (Smith et al., 2016). 
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systematically examines the relationship between heme b abundance and phytoplankton 

group assemblages. 

We showed that biomass variability mainly drove the heme b distribution and that low 

heme b quotas characterized Fe-limited phytoplankton communities (case of Irminger 

Basin). Our data suggest that reduction of heme b is not a class or species specific 

response to Fe limitation and that different phytoplankton groups are able to regulate 

heme b in order to optimize Fe use.   

Optimization of the hemoprotein pool may be considered as an adaptation mechanism 

of phytoplankton to changing ambient Fe conditions. The high variability in 

stoichiometric ratios (e.g. Fe:C) suggest diverse mechanisms that phytoplankton 

employs to utilize the available nutrients during replete or limiting conditions (Moore et 

al., 2013). The ability to optimize Fe use and the resultant flexibility in Fe requirements 

needs to be accounted for when assessing areas as Fe limited or when considering the 

impact of Fe limitation on marine productivity and the impact of changes in Fe fluxes to 

the ocean in the past and future.  

Direct comparison of the heme b method with other iron-stress biomarkers (e.g. 

flavodoxin, ferredoxin and IdiA) (LaRoche et al., 1996; Pankowski and McMinn, 2009; 

Saito et al., 2014; Webb et al., 2001) and/or bioassay incubation experiments  

(Browning et al., 2014a; Moore et al., 2008; Nielsdóttir et al., 2009) would reinforce the 

current observations that heme b is a good indicator of Fe limitation. Hence, heme b 

Heme b alongside other genetic (Allen et al., 2008) and proteomic (LaRoche et al., 

1996; Saito et al., 2014) signatures, could be used as a reliable tool for mapping Fe 

limited areas and give an overview of the cellular activity of marine microbes in situ. 

Thus a broader application of heme b could provide information on the molecular 

adaptation responses of diverse phytoplankton groups to low Fe environments. This 

information is particularly valuable for the dynamically changing ocean and specifically 

in the Atlantic Ocean because of the projected altered atmospheric fluxes from the 

Sahara (Jickells et al., 2005; Mahowald and Luo, 2003; Tegen et al., 2004). Knowledge 

of phytoplankton adaptation mechanisms could thus help us predict the implications of 

changing Fe fluxes on key biogeochemical processes in the ocean (e.g. carbon fixation, 

nitrogen fixation) and their impact on global climate.  
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examine to what extent the heme b field data were comparable to heme b estimated 

from the biogenic iron pool as predicted from a global biogeochemical model. Here we 

used the PISCES-v2 (Pelagic Interactions Scheme for Carbon and Ecosystem Studies 

volume 2) biogeochemical model to estimate the biogenic iron pool which is 

determined based on Michaelis Menten uptake kinetics, further regulated by a 

maximum iron-to-carbon (Fe:C) cellular quota and enhanced iron uptake under iron 

limitation (Aumont et al., 2015; Tagliabue et al., 2018; Tagliabue and Resing, 2016). 

Figuge 3.5A illustrates the biogenic iron (Febio) pool from the model which corresponds 

to sum of the diatom and nanophytoplankton iron pools extracted at the same 

geographic position and month as the field data. Values represent the monthly means 

for the upper most layer of the model (depth 10 m) and ranged from 9.20 to 285 pmol L
-

1 
(median= 78.8 pmol L

-1
, n=254). Although a direct comparison of the absolute values 

is questionable due to the large uncertainties associated with model predictions of the 

ocean iron cycle (Tagliabue et al., 2016), there are similar trends between the Febio and 

heme b abundance in the Atlantic Ocean. In particular, both parameters were highest in 

the subpolar North Atlantic (Labrador Sea, Iceland Basin), along the continental 

margins (Celtic Sea, Angola Current) and in the upwelling areas (Coastal Tropical 

North Atlantic, Benguela Current), whilst the lowest values were determined in the 

oligotrophic Subtropical South Atlantic Gyre.  

 

Fig. 3.5: A) Model-based estimation the biogenic iron (Fe) pool deriving from the sum of the nanophytoplankton and 

diatom iron pools in pmol/L. Values represent the monthly mean for the upper most layer of the model at the same 

time as sampling (depth 10m). B) Actual field heme b measurements and predicted heme b concentrations calculated 

from the total biogenic iron concentration in the SML of each station. Calculations follow three scenarios of heme b 

proportion relative to the total biogenic iron according to observations from cultured phytoplankton (Honey et al., 

2013); heme b accounts for 1%, 18%, and 40%.  

According to phytoplankton culture experiments with different phytoplankton species, 

heme b accounts for between 1 and 40% of the particulate Fe (PFe) (averaging 18 ±14 

%) (Gledhill, 2007; Honey et al., 2013; Raven, 1990). We calculated the predicted heme 

b concentrations (in pmol L
-1

) from the modelled Febio of each station in the SML using 

three scenarios (values) 1%, 18% and 40% that represent the range and mean of heme 
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Abstract. Heme b is the most versatile iron (Fe) containing co-factor of hemoproteins 

in marine phytoplankton participating in photosynthesis and respiration. Although it is 

established that heme b concentrations decrease in various phytoplankton species under 

low Fe (<0.50 nmol L
-1

) conditions, the impact of Fe limitation on heme b production, 

utilization and degradation in marine diazotrophs is currently unknown. Here, we 

examined the abundance and cycling of heme b under varying dissolved Fe (DFe) 

treatments (1, 4 and 40 nmol L
-1

) in Cyanothece and Trichodesmium in order to identify 

how Fe is utilized and potentially optimized during Fe limitation. The precursor of 

heme b, protoporphyrin IX (PTP-IX), exhibited a highest abundance during late 

(Cyanothece) and mid (Trichodesmium) exponential phases in Fe-replete cultures (40 

nmol L
-1

 DFe), providing evidence that Fe limitation led to decreases in the production 

of heme b. Regarding heme b utilization patterns, the gene petB encoding the heme-b 

containing cytochrome b6f was downregulated in Cyanothece and upregulated in 

Trichodesmium under low Fe (1 and 4 nmol L
-1

) conditions. This finding implied that 

heme b and Fe utilization in the photosynthetic apparatus increased in Trichodesmium 

and decreased in Cyanothece. Indeed the photochemical efficiencies (Fv:Fm) of 

Trichodesmium were invariable across DFe treatments whereas the photochemical 

efficiencies of Cyanothece decreased in Fe depleted cultures. We showed that 

modifications in the gene expression of heme oxygenases (HOs) likely control 

intracellular heme b concentrations; hence, the transcripts of HOs (genes hmox for 

Trichodesmium, hmo2 for Cyanothece) declined under low Fe suggesting that low Fe 

supply led to also to decreases in heme b metabolism in both species. However, a 

second HO in Cyanothece (gene hmo1) exhibited 1.9 to 161 fold higher transcripts in 

Fe-deplete compared to Fe-replete cultures. An increase in the heme b relative to 

particulate organic carbon (POC) accompanied the upregulation of hmo1 suggesting 

that the activation of this HO was linked to Fe acquisition processes. This study 

demonstrated that both diazotrophs have the ability to regulate their hemoprotein pool 

under Fe limitation. The modification in the expression of genes encoding HOs 

appeared to be critical so that both diazotrophs conserve their intracellular heme b 

content and thus survive. Since, HO are responsible for heme breakdown via cleavage 

of the porphyrin ring and release of ferrous Fe, activation of HOs under Fe limitation 

may be linked on Fe acquisition mechanisms by prokaryotes either via internal Fe 

recycling or from external sources and simultaneous release of ferrous Fe. This study 

demonstrated some of the diverse strategies employed by diazotrophs for Fe 

conservation during Fe limitation and enhanced previous assumptions on bacterial Fe-

acquisition processes.   

 

Keywords. Heme b, iron, limitation, heme oxygenase, Cyanothece, Trichodesmium 
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 Introduction 4.1

Iron (Fe) is an essential micronutrient for phytoplankton growth and functioning as it is 

a component of proteins undertaking fundamental metabolic activities (Geider and La 

Roche, 1994). Iron is bound in proteins either in Fe-sulfur clusters, Fe-oxygen-Fe 

clusters or in hemes (da Silva and Williams, 2001). Hemes are porphyrin structures 

which contain a centrally coordinated Fe atom and act as co-factors in hemoproteins 

(Chapman et al., 1997). Hemes are produced via a tetrapyrrole synthesis pathway from 

a precursor, protoporphyrin IX (Frankenberg et al., 2003). In phytoplankton, hemes 

undertake electron transfer during photosynthesis and respiration (Hogle et al., 2014) 

but other functions related to oxidative stress are also reported (Chapman et al., 1997). 

There are several heme structures within an organism, but heme b (Fe protoporphyrin 

IX) is considered the most versatile structure and is incorporated into a wide variety of 

proteins (Espinas et al., 2012). The degradation of hemes by heme oxygenase (HO) 

results in the production of biliverdin, a precursor of phycobilins and bilirubin 

(Frankenberg-Dinkel, 2004). Phycobilins function as chromophores of 

phycobiliproteins in cyanobacteria, rhodophytes and cryptophytes (Beale and Cornejo, 

1991; Cornejo et al., 1998; Cornejo and Beale, 1997). Several isoforms of bacterial HOs 

have been identified (Frankenberg-Dinkel, 2004), and in some marine bacteria, HO is 

thought to participate in direct Fe acquisition from hemes (Hogle et al., 2016; 

Hopkinson et al., 2008; Roe et al., 2013; Wandersman and Delepelaire, 2004).  

Marine cyanobacterial diazotrophs largely regulate the supply of biologically accessible 

(fixed) nitrogen to the ocean (Capone, 2001). Nitrogen is considered the primary 

limiting nutrient for phytoplankton in many ocean regions (Moore et al., 2013), thus 

marine nitrogen fixation regulates oceanic primary productivity and the gross capacity 

of the biological carbon pump to remove atmospheric carbon (Sohm et al., 2011; Zehr, 

2011). There is evidence that, during geological time periods characterized by high 

nitrogen fixation rates, atmospheric concentrations of carbon dioxide (CO2) declined 

(Falkowski, 1997), suggesting a link between nitrogen fixation and climate change 

(Zehr, 2011).  

A key issue for marine cyanobacterial diazotrophs is the need for Fe, which arises from 

the number of Fe-containing biomolecules they possess, require and employ on a 

cellular level to perform fundamental biochemical processes (Kustka et al., 2003; Sohm 

et al., 2011). Nitrogenase is the enzyme responsible for catalyzing the reduction of 

dinitrogen (N2) to ammonium (Falkowski, 1997). Nitrogenase is a protein complex and 

consists of two Fe-containing proteins; one dimeric protein where Fe is bound in an Fe-

S cluster and a heterotetrameric protein where Fe is bound in an Fe-molybdenum 

(FeCo) (Howard and Rees, 1996). Hence each nitrogenase molecule requires a total of 

30 atoms of Fe (Howard and Rees, 1996; Shi et al., 2007). In addition, the 

photosynthetic apparatus, which includes the photosystem II (PSII), photosystem I (PSI) 

and the cytochrome b6f complex (Cyt b6f), contains a total of 23-24 atoms of Fe per 
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monomer (Raven, 1988; Richier et al., 2012; Shi et al., 2007). Whilst all Fe in 

nitrogenase is present in complex Fe-S and FeMo (Fe-molybdenum) clusters, in the 

photosynthetic apparatus, photosynthetic proteins contain one heme b (i.e. 1 Fe atom) in 

cytochrome b559 (cyt b559) and three heme b structures (i.e. 3 Fe atoms) in cyt b6f  

(Hogle et al., 2014; Shi et al., 2007). Consequently, the Fe demand of diazotrophs is 

high, thus in the ocean Fe supply regulates the geographical abundance of 

cyanobacterial diazotrophs (Chappell et al., 2012; Luo et al., 2012; Moore et al., 2009; 

Moore and Doney, 2007; Snow et al., 2015b; Sohm et al., 2011).  

In culture, studies documented decreases in growth, nitrogen fixation rates and primary 

productivity, and increase of Fe-stress proteins in several cyanobacterial diazotroph 

species (Berman-Frank et al., 2001a; Fu and Bell, 2003; Jacq et al., 2014; Kupper et al., 

2008; Paczuska and Kosakowska, 2003; Richier et al., 2012; Saito et al., 2011; Shi et 

al., 2007; Snow et al., 2015a). However, there is evidence that cyanobacterial 

diazotrophs possess mechanisms to deal with low Fe supply by optimizing the use of 

available Fe under Fe limitation conditions (Berman-Frank et al., 2001a; Kupper et al., 

2008; Saito et al., 2011). Modifications of the proteome (Richier et al., 2012), 

transcriptome (Pfreundt et al., 2014; Shi et al., 2007) and elemental composition 

(Berman-Frank et al., 2001a) are considered adaptation mechanisms of diazotrophs to 

Fe-limitation. For example, Fe-stress in Trichodesmium (Chappell and Webb, 2010; Shi 

et al., 2007) leads to upregulated expression of the genes encoding Fe-stress induced 

proteins (i.e. isiA, Webb et al., 2001), enhancement of the photosystem proteins 

(Chappell and Webb, 2010; Shi et al., 2007) and downregulation of genes encoding 

nitrogenase (Chappell and Webb, 2010; Shi et al., 2007). These mechanisms likely arise 

from the ability of Trichodesmium to grow in oligotrophic environments with 

fluctuating Fe supply. For unicellular cyanobacterial diazotrophs, diurnal oscillations in 

nitrogen fixation and carbon fixation, driven by the need to separate nitrogenase from 

oxygen, have also been shown to allow for Fe recycling (Crocosphaera) and regulation 

of the hemoprotein pool (Saito et al., 2011).   

In this study, we examined whether Fe limitation has an effect on heme b production, 

utilization and breakdown processes in the two common marine diazotroph species 

Cyanothece sp. (ATCC 51142) and Trichodesmium erythraeum (IMS101), which grow 

in different environments. The unicellular Cyanothece sp. (strain ATCC 51142) 

typically grows in coastal habitats (Reddy et al., 1993). In contrast, the filamentous 

multicellular Trichodesmium sp. is highly abundant in tropical and sub-tropical 

oligotrophic regions (Capone et al., 2005) and significantly contributes to the global 

marine nitrogen fixation rates (Capone, 1997; Finzi-Hart et al., 2009; Karl et al., 2002). 

We compare the responses to Fe limitation of two species with potentially different Fe 

utilization efficiencies arising from their cell morphology and different nitrogen fixation 

strategies (Sunda, 2012).  
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Thermo Fisher Scientific). General data processing, statistical analysis and visualization 

were carried out using R Statistical Software (R Core Team, 2016). Mean values of 

biogeochemical parameters (i.e. cell/filament numbers, POC, PON, heme b, chl a) were 

calculated from three individual biological replicates per Fe treatment for each of the 

species, unless stated otherwise.  

  Results and discussion 4.3

  Declines in growth rates during Fe limitation 4.3.1

Cell and filament numbers increased in Cyanothece and Trichodesmium cultures over 

the course of the experiment (Fig. 4.1A,B) and for both species maximum numbers of 

cells and filaments were determined in the highest DFe treatments (i.e. 40 nM). In 

Cyanothece the impact of Fe limitation on cell numbers (Fig. 4.1A) was evident two 

days after the start of the experiment. In contrast, differences in filament numbers in 

Trichodesmium between Fe-deplete and Fe-replete cultures became apparent after eight 

days into the experiment. We observed similar trends in minimum fluorescence F0 (Fig. 

4.1C, D), which is also indicative of biomass (Falkowski and Kiefer, 1985; Falkowski 

and Kolber, 1995), meaning that F0 increased with DFe supply in Cyanothece already 

from the early exponential phase whilst differences in F0 according to DFe of 

Trichodesmium were observed after the mid exponential phase (Fig. 4.1C,D).  

Sampling for biochemical measurements was performed on day 4 and 8 for both 

species. Hence for data interpretation, we refer to the day 4 as early exponential for both 

species whereas day 8 corresponds to late exponential for Cyanothece and mid 

exponential for Trichodesmium.  

For Cyanothece sp., growth rates ranged from 0.115 d
-1

 to 0.526 d
-1

 and for 

Trichodesmium sp. from 0.198 d
-1

 to 0.558 d
-1

 (Fig. 4.2, Table 4.2). The lowest growth 

rates were observed for both species in the 1nM DFe treatment. Growth rates increased 

with increasing DFe (Fig. 4.2). Hence, the differences between growth rates in relation 

to DFe concentrations were statistically significant for both Cyanothece (F(2,6) = 336, p< 

0.01) and Trichodesmium (F (2,6) = 12.6, p<0.01). Furthermore, the growth rates of both 

species were similar to previously reported values in relation to DFe availability 

(Berman-Frank et al., 2001a, 2007).  

 Different Fe use efficiencies of Cyanothece and Trichodesmium influence 4.3.2

nitrogen fixation rates 

The mean (± SD) concentrations POC and PON for both species and all DFe treatments 

are presented on Table 4.2. Similarly to F0, both POC and PON increased gradually 

over the course of the experiment and differences in both POC and PON were evident 

since the early exponential phase in Cyanothece and mid exponential phase for 

Trichodesmium. The analysis of variance of POC and PON according to DFe 
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Regarding the heme b production patterns during Fe limitation, PTP-IX:POC exhibited 

the highest abundance during the mid (Trichodesmium) and late (Cyanothece) 

exponential phase in the 40 nM DFe treatment (Fig. 4.5A). PTP-IX:POC was 

undetectable for the 1 nM and 4 nM DFe treatments in the early exponential phase in 

both species. Lower PTP-IX:POC was determined for the 4 nM Cyanothece culture of 

the late exponential phase compared to the 40 nM culture. These results suggest 

possible disruptions in heme biosynthesis during Fe limitation in both species (Fig. 4.6). 

Furthermore, the high PTP-IX content of the 40 nM Cyanothece cultures during the late 

exponential phase was also indicative of PTP-IX accumulation because of interruption 

of heme b production due to phosphate limitation and thus explaining the low heme b: 

POC values. 

 

Fig. 4.6: Conceptual diagram of heme b production, utilization and degradation processes during Fe replete and Fe 

deplete conditions. Blue and red arrows indicate increase and decrease in intracellular concentrations respectively. 

Under Fe-replete conditions, heme b is synthesized from the precursor protoporphyrin-IX (PTX-IX) after insertion of 

Fe2+ into the porphyrin ring. Once produced, heme b is incorporated into various proteins within the cell. Heme b is 

further metabolized (degraded) by heme oxygenase (HO) for the production of phycobilins and release of Fe2+. Three 

scenarios describe potential changes in heme b production, utilization and degradation patters under Fe-deplete 

conditions. Scenario 1: Heme b production may decline and this will originate from the low Fe2+ concentrations. This 

results in declines in all heme b- containing proteins and in declines of the abundance of the breakdown products.  

Scenario 2: Heme b breakdown may decline which will result in decreases in the phycobilins and Fe2+. In this case 

the levels of heme b-containing proteins remain unchanged. Scenario 3: The HOs are activated for Fe recycling 

purposes. Note that in reality, these processes may occur in combination.  
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 Heme b degradation decreases during Fe limitation 4.3.5

On a transcriptional level, the genes encoding HO (hmox Trichodesmium, hmo2 

Cyanothece) were downregulated in both species in the 1 nM and 4 nM DFe treatments 

compared to the 40 nM treatment (Table 4.3, Fig. 4.8A). The downregulation was more 

pronounced in the 1 nM DFe treatment during the late exponential phase. Despite the 

clear downregulation of the hmo2 and hmox genes for the Fe deficient cultures of 

Cyanothece and Trichodesmium, respectively, there was no statistically significant 

relationship between the fold changes of these genes and heme b concentrations or 

heme b:POC.  

In cyanobacteria hemes are used to produce phycobilins required for light harvesting 

(Richaud and Zabulon, 1997). Hence, the downregulation of HO implied that that heme 

b degradation and thus phycobilin production decreased in the Fe-starved cultures (Fig. 

4.6). Both Cyanothece and Trichodesmium appeared to be able to regulate their heme b 

pool by reducing the HO activity on a transcriptional level in order to maintain energy 

production and photosynthesis. Further analysis on the heme-derived degradation 

products would shed light on whether phycobilin abundance thus phycobilisome 

production decreased during Fe limitation. 

In general, the hemoprotein pool is considered labile and subject to regulations first 

because free hemes are toxic (Espinas et al., 2012) but also to accommodate the basic 

biochemical processes under varying Fe conditions expressed by modifications in the 

HO activity (Saito et al., 2011; Snow et al., 2015a). In Trichodesmium, proteomic 

analysis has shown that HO levels decrease in Fe-deplete conditions (Snow et al., 

2015a) which agrees with our findings. Regarding the unicellular diazotrophs, 

proteomic analyses in Crocosphaera watsonii showed that the diurnal oscillations in the 

hemoprotein pool (required during photosynthesis) were expressed by activation of 

HO2 during the nitrogen fixation time (night) and inactivation during the 

photosynthesis time (day) (Saito et al., 2011). Similar diurnal oscillations between 

nitrogen fixation and photosynthesis were also determined for the unicellular 

Cyanothece (Stöckel et al., 2008; Toepel et al., 2009), implying that Cyanothece likely 

also possesses the ability to regulate the hemoprotein pool via altering the HO 

transcription. Although these studies in unicellular diazotrophs were carried out under 

Fe-replete conditions, diurnal oscillations in HOs may also allow for Fe conservation 

during Fe limitation (Saito et al., 2011). 

The unicellular cyanobacterial diazotrophs possess more than one HO which often 

behave in an opposite manner (Frankenberg-Dinkel, 2004; Saito et al., 2011). In our 

study, the gene encoding hmo1 of Cyanothece, exhibited a contrasting behavior 

compared to hmo2 thus raising questions about its function and link to heme b 

regulation during Fe-limitation.  
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that the two HOs of Crocosphaera behave in an opposite manner, similar to our 

observation.  

Despite complete assimilation of the available Fe from the growth media, the increase 

of the heme b:POC and chl a:POC ratios in both low Fe Cyanothece cultures from the 

early to the late exponential phase pointed to an increase in the heme/Fe reservoirs. We 

thereby suggest that the increase in hmo1 gene expression and activation of HO1 

enzyme was linked to Fe acquisition processes.  

The primary role of the HOs is the removal of the Fe atom from the porphyrin ring 

which leads to cleavage of the porphyrin and production of biliverdin and bilirubin 

(Frankenberg-Dinkel, 2004; Frankenberg et al., 2003). Thus, the activation of HO1 by 

Cyanothece is likely an adaptation strategy to Fe starvation employed for recycling 

purposes of the intracellular heme-bound Fe (Saito et al., 2011). In the unicellular 

Crocosphaera, alternating expression between HO1 and HO2 on a diurnal cycle 

allowed for the release of Fe from hemes and subsequent utilization in other Fe-protein 

pools (Saito et al., 2011). Unicellular Cyanothece may be also employing a similar 

strategy, which can also be diurnal, for more efficient utilization of the available Fe 

during Fe limitation.  

Another potential explanation for the upregulation of hmo2 is that this particular HO is 

localized in the cytoplasm of Cyanothece cells that can be employed during exogenous 

heme uptake and functions after the extracellular hemes are transported through the 

membrane into the cell. This behavior has already been documented for other bacterial 

species (Hopkinson et al., 2008; Roe et al., 2013; Septer et al., 2011; Weaver et al., 

2003). Hence, this implies that HOs in Cyanothece are potentially located in different 

areas within the cell (SI Figure 8); thus phycobilisome production via heme b 

degradation takes place in the plastid (Migita et al., 2003; Muramoto, 1999; Terry et al., 

2002) whereas Fe acquisition takes place in the cytoplasm (Hopkinson et al., 2008; Roe 

et al., 2013; Septer et al., 2011; Weaver et al., 2003).  

 Conclusions 4.4

In this study we examined the heme b production, utilization and degradation processes 

under different DFe treatments in two diazotroph species Cyanothece and 

Trichodesmium in order to identify patterns of Fe utilization in the hemoprotein pool 

and its optimization during Fe-limitation. Cyanothece appeared to experience more 

severe Fe-stress, not being able to its Fe use efficiencies (IUE) under Fe limitation 

whereas Trichodesmium was more efficient in dealing with low DFe supply. This 

contrast likely arises from the different cell morphology or habitat-specific behavior 

since Trichodesmium grows in environments where Fe supply is fluctuating and is able 

to modify its IUE in order to maintain nitrogen production and survive. 
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Regarding heme b, Fe limitation restricts production of the heme b co-factor as both the 

precursor PTP-IX and heme b:POC ratios were low in low Fe cultures. However, our 

data also implied that both species possess Fe optimization strategies which result in 

modifications in the utilization of the heme b cofactor thus in the hemoprotein pool. 

Trichodesmium enhances photosynthetic activity during Fe-limitation by localizing the 

available Fe into the heme b-containing cytochrome b6f and by reducing the Fe 

utilization in nitrogenase. Cyanothece also increased heme b utilization under Fe 

limitation but these increases were not linked to the cytochrome b6f or the 

photosynthetic apparatus.  

The optimization of the hemoprotein pool is likely linked to the regulation of HOs 

under Fe limitation. Here, we confirmed on a transcriptional level that HOs remain 

downregulated under Fe-stress in both species which potentially occurs for conservation 

of the photosynthetic activity and survival. Interestingly, we also observed increase in 

the transcripts in one HO in Cyanothece and in the heme b:POC ratios thus implying 

increase of the heme b cofactor in the low Fe cultures despite the complete assimilation 

of the DFe in the culture media. Hence, HO may also be linked to intracellular Fe 

recycling or extracellular Fe-acquisition processes. Both mechanisms involve on of 

previously produced hemoproteins and release of the Fe atoms from the hemoproteins 

into the cell.  This finding also enhances previous assumptions of Fe acquisition 

mechanisms by prokaryotes using hemophores (Wandersman and Delepelaire, 2004) in 

conjunction with HOs thus raising questions about the exact role of HOs and of hemes 

for Fe nutrition of cyanobacteria.  
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the whole community will become progressively limited when the species with the 

lowest Fe requirement can no longer satisfy its subsistence Fe quota. This reconciles the 

findings presented in Chapter 2 for the diatom dominated Irminger Basin (Chapter 2) 

and in literature for the prymnesiophyte dominated Iceland Basin (Gledhill et al., 2013; 

Poulton et al., 2010). 

 

Fig. 5.3: Heme b abundance and regulation in the high-latitude subpolar North Atlantic Ocean during the bloom 

progression. Shifts in phytoplankton assemblages from diatoms to prymnesiophytes may occur due to the class-

dependent requirements in Fe as the bloom progresses (Boyd et al., 2012; Ryan-Keogh et al., 2013, 2017; Strzepek et 

al., 2012). Heme b regulation is likely to occur when the absolute ambient Fe concentrations decline as an 

adaptation mechanism for more efficient utilization of the available Fe. Regulation will be expressed by depletion of 

cellular heme b relative to POC and chl a thus exhibiting decrease in the heme b:POC and increase in the chl 

a:heme b ratios. 

Diazotrophs also possess the ability of modifying their intracellular Fe quotas (Berman-

Frank et al., 2001a; Sunda and Huntsman, 1995) and of distributing Fe into selected Fe-

protein pools in order to conserve their growth (Berman-Frank et al., 2001a, 2001b; 

Chappell and Webb, 2010; Saito et al., 2011; Shi et al., 2007; Snow et al., 2015a). 

Various studies showed via transcriptomic or proteomic analysis that the filamentous 

diazotroph Trichodesmium localizes the available Fe into the photosynthetic apparatus 

causing reduction in nitrogenase and thus nitrogen fixation activity (Chappell and 

Webb, 2010; Richier et al., 2012; Shi et al., 2007; Snow et al., 2015a). Unicellular 

diazotrophs are known to employ diurnal oscillations in nitrogen fixation and carbon 

fixation (Jacq et al., 2014; Saito et al., 2011; Stöckel et al., 2008) in order to separate 

nitrogenase from oxygen, which however also lead to Fe recycling and regulation of the 

hemoprotein pool (Saito et al., 2011).  

The current study (Chapter 4) examined the impact of Fe limitation on Cyanothece and 

Trichodesmium species. Although Fe limitation resulted in declines in heme b 
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or heme. All of these uptake pathways require an outer-membrane receptor, a periplasmic binding protein (PBP), and 

inner membrane ATP-binding cassette (ABC) transporter. Not all bacteria have all three systems; but some have 

more than one type.  

 Take home messages 5.3

This dissertation enhanced the previously published studies by giving a complete 

overview of the heme b abundance in the Atlantic Ocean, by identifying some of the 

processes driving the heme b abundance in cultured and field phytoplankton 

populations and by demonstrating that the heme b pool is subject to regulations for Fe 

conservation in diverse phytoplankton groups. Hence, this project contributed to the 

field of marine biogeochemistry by advancing the knowledge on the impact of Fe 

limitation on marine phytoplankton and on the physiological responses and adaptation 

potential of phytoplankton to changing Fe supply.  

This study also contributed to the establishment of a simple method for the 

identification of Fe limited phytoplankton in the field which accounts for the ability of 

phytoplankton to optimize Fe use. Therefore, this study can provide a starting point for 

more detailed exploration of other oceanic areas. Finally, findings of this and future 

studies on hemes could potentially be implemented into global biogeochemical models 

and help us predict the implications of altering Fe fluxes on phytoplankton physiology 

and key biogeochemical cycles. 

  Future directions and outlook 5.4

 Validation of heme b cut-off values of Fe limitation 5.4.1

This study demonstrated that heme b concentrations and quotas are a sign of Fe limited 

phytoplankton and provide an overview of the cellular activity of marine microbes in 

situ. Although Chapters 2 and 3 alongside previously published laboratory experiments 

(Gledhill et al., 2013, 2015; Honey et al., 2013) provided a solid documentation of the 

heme b concentrations and quotas that are indicative of Fe limitation, a comparison of 

the heme b method to other biomarkers or methods for mapping Fe limited 

phytoplankton would help establishing the cut-off values for Fe-limited phytoplankton. 

For example, heme b could be measured in field populations and compared to the 

established Fe-stress biomarkers such as flavodoxin (LaRoche et al., 1996), ferredoxin 

(Pankowski and McMinn, 2009), IdiA (Saito et al., 2014; Webb et al., 2001) and ISIP 

(Morrissey et al., 2015). Heme b concentrations and quotas could also be monitored 

during incubation bioassay experiments with Fe additions in field populations 

(Browning et al., 2014a; Moore et al., 2008; Nielsdóttir et al., 2009), even though 

sometimes bioassay experiments may not be representative of the mixed phytoplankton 

communities due to the positive response of faster growing organisms (e.g. diatoms) to 

nutrient additions (Price et al., 1994). Nevertheless, such comparisons with Fe stress 

biomarkers or Fe-addition incubation experiments would reinforce the current 
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observations that heme b is a good indicator of Fe limitation whilst validating this 

straightforward and method for mapping Fe limited phytoplankton.  

 Wider application of heme b  5.4.2

This work documented that heme b can be a reliable indicator of the status of marine 

microbes in terms of Fe availability and can contribute to the identification of Fe 

utilization strategies of marine phytoplankton. To date we possess field data only from 

the Atlantic Ocean thus this is sole oceanic region where we know how microbes utilize 

Fe in the heme b pool and how they respond to Fe supply. Therefore, it would be 

particularly interesting in the future to explore the abundance of heme b in other oceanic 

regions and identify the physiological status or Fe regulation strategies of other 

microbial communities.  

Some areas worth exploring would be the Indian Ocean due to projected increased 

atmospheric Fe fluxes (Fig. 5.6) which may have a significant contribution to marine 

productivity and thus heme b utilization in the photosynthetic apparatus. Finally, 

application of heme b in areas remote from any atmospheric Fe sources like the 

Southern and the Pacific Oceans (Fig. 5.6) would enhance our knowledge about the 

adaptation-potential of other phytoplankton species to Fe limitation. Finally, this 

information could be incorporated into global biogeochemical models and reinforce the 

predictions on how oceanic Fe availability influences carbon sequestration patterns and 

in extent the climate.  

 

Fig. 5.6: Dust fluxes to the world oceans after Jickells et al. (2005). Estimates are based on a composite of three 

published modeling studies that match satellite optical depth, in situ concentration, and deposition observations 

(Ginoux et al., 2001; Mahowald and Luo, 2003; Tegen et al., 2004). Percentage inputs to ocean basins based on this 

figure are as follows: North Atlantic, 43%; South Atlantic, 4%; North Pacific, 15%; South Pacific, 6%; Indian, 25%; 

and Southern Ocean, 6% 
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 Monitoring of heme b during an open-ocean bloom 5.4.3

Chapter 2 demonstrated that heme b depletion may be a regulatory mechanism of Fe 

allocation away from the hemoprotein pool serving for Fe conservation. Heme b 

depletion and regulation is likely to occur during shifts in phytoplankton populations as 

the bloom progresses as a result of the absolute Fe requirements of each phytoplankton 

group (Boyd et al., 2012; Ryan-Keogh et al., 2013, 2017; Strzepek et al., 2012) (e.g. 

shifts from diatoms to haptophytes). This finding suggests that this trend is likely to be 

observed multiple times during the bloom progression (Fig. 5.3) and would depend on 

Fe drawdown rates.  

A limitation of the study presented in Chapter 2 is that sampling was carried out during 

a research expedition thus relying on one sampling point at a specific time. Therefore, a 

short-term effect cannot be eliminated from the findings and the interpretation of the 

results illustrated in Chapter 2. However, Bellworthy et al. (2017) monitored heme b 

abundance in a mesocosm experiment and showed that heme b concentrations were 

variable in time throughout the bloom progression whilst they decreased rapidly under 

nutrient depletion. Taking this into account, as a plan to advance the research presented 

in this thesis, the monitoring of heme b in concert with the community composition 

(e.g. identification of species 16S rDNA amplicon sequencing) over the course of an 

open-ocean phytoplankton bloom would shed light and confirm the statement 

mentioned in Chapter 2 and illustrated in Fig. 5.3. Such experiment would establish the 

idea that once the subsistence heme b quotas (and related Fe quota) can no longer be 

supported, the extant population becomes Fe limited. Hence, the whole community will 

become progressively limited only when the species with the lowest Fe requirement can 

no longer satisfy its subsistence Fe quota.  

 How is heme b regulated? 5.4.4

Heme b is contained in the cytochromes b6f and b559 of photosystem II (PSII) and in 

nitrate reductase (Hogle et al., 2014). Chapter 2 illustrated that eukaryotic 

phytoplankton populations of Irminger Basin exhibited low heme b concentrations 

which, however were regulated for Fe and growth conservation. Hence, the reduction in 

heme b could be ascribed to regulation and decreases in the abundance of the 

cytochromes b6f and b559 of the PSII apparatus (Greene et al., 1992; Strzepek and 

Harrison, 2004), which would reconcile the findings presented in Chapter 2 with the 

findings of Macey et al. (2014) who reported increases in chl a to PSII ratio in the 

Irminger Basin. Furthermore, the reduction of heme b in Irminger Basin (Chapter 2) 

could also be linked to reduction of nitrate reductase due to the switch from nitrate to 

ammonium utilization (Price et al., 1991; Timmermans et al., 1994) by the extant 

diatoms. 

The identification of the molecular strategies of Fe regulation and of the origins of heme 

b regulation in the field was beyond the scope of this project. However, both 
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transcriptomic and proteomic analyses in field phytoplankton populations could be 

powerful tools for identification on how the available ambient Fe is utilized in the heme 

b pool and how production, utilization and degradation processes are influenced during 

Fe limitation.  

To date, transcriptomic and proteomic analysis in diatom species (Thalassiosira 

pseudonada, Thalassiosira oceanica and Pseudo-nitzschia granii) showed that the 

heme b-containing cytochrome b6f is downregulated whilst the expression of the PSII 

proteins remained stable (Cohen et al., 2018; Lommer et al., 2012; Nunn et al., 2013). 

In addition, molecular analysis in diatoms also showed that both the gene expression 

and activity of nitrate reductases decreased under low Fe conditions and that the 

abundance of ammonium transporter (AMT) proteins increased (Cohen et al., 2017; 

Marchetti et al., 2012; Nunn et al., 2013; Timmermans et al., 1994). Therefore, in order 

to fully establish how the ambient Fe is distributed into the heme b inventory and how 

the heme b pool is optimized during Fe limitation, the determination of transcripts and 

abundance of the heme b-containing proteins, such as cytochrome b6 and nitrate 

reductase would provide useful information.  

Finally, apart from the obvious heme b-containing proteins, other molecules are also 

associated with heme b abundance and cycling. For example, molecular analysis on i) 

associated proteins such as the ammonium transporters (AMT), that would indicate 

shifts to ammonium nutrition and declines in the heme b-containing nitrate reductase, 

and/or ii) proteins involved in the production or degradation of heme b (e.g. 

ferrochelatase or HO activity), may also be helpful in establishing heme b cycling 

patterns during Fe limitation in mixed phytoplankton communities. Finally, 

quantification of heme b precursors (e.g. PTP-IX) and breakdown products (e.g. 

bilirubin), which were identified at a preliminarily level in this study, may be useful in 

further investigations. 

 The role of heme oxygenases 5.4.5

This project showed a contrasting behavior between genes encoding two different HOs 

in the diazotroph Cyanothece. However, to date, little information exists regarding the 

processes involving HOs in eukaryotic phytoplankton (Richaud and Zabulon, 1997; 

Smith et al., 2016). Future research projects could incorporate in both field and 

laboratory experiments transcriptomic and proteomic investigations in eukaryotes for 

monitoring of the gene expression of HO, the actual protein levels alongside with the 

concentrations of heme b and its degradation products (e.g. bilirubin). This would 

expand the knowledge regarding HO to other phytoplankton classes and species rather 

than just bacteria.  

We know that HOs are responsible for the cleavage of the porphyrin ring and release of 

Fe(II) (Frankenberg-Dinkel, 2004). Some studies have raised the hypothesis that HOs 

may also be involved in Fe acquisition processes in prokaryotes (Hopkinson et al., 
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2008; Roe et al., 2013; Wandersman and Delepelaire, 2004) and diatoms (Smith et al., 

2016) because of increases in the levels of some HOs during Fe limitation. The current 

project enhanced this hypothesis, thus it would be highly interesting to identify in future 

experiments which exactly is the role of HOs. This could be achieved for example by 

identification of membrane receptors for heme (Hopkinson et al., 2008) or single-cell 

imaging techniques for monitoring the distribution of Fe within the cells of diverse 

phytoplankton species.  

 Further experiments addressing previous assumptions and models 5.4.6

Studies in unicellular diazotrophs indicated that the hemoprotein pool is subject to diel 

variations (Saito et al., 2011) and that hemoproteins are labile protein pools (Espinas et 

al., 2012). Monitoring of heme b in cultured and/or field phytoplankton during day-

night experiments would shed light on potential hemoprotein regulation strategies 

which can also be independent of Fe availability. The ideas mentioned in the previous 

sections (5.4.4, 5.4.5) could be implemented in such experiment (i.e. monitoring of 

HOs, nitrate reductase, cytochrome b6f) providing information on what are the normal 

heme b diel cycling processes and how these potentially change during Fe limitation.  

One limitation mentioned in Chapter 4 was the difficulty in maintaining and collecting 

samples from the two cultured species in the same growth phase thus complicating the 

interspecies comparison. The use of chemostats would improve the experimental 

conditions in studies involving cultured phytoplankton since the cultures would remain 

constantly in the exponential phase thus facilitating the sampling procedures and later 

on the interpretation of results. Furthermore, the use of chemostats would likely 

eliminate the variability in heme b resulting from the acclimation to the media after 

inoculation. 

Finally, heme b is a very essential Fe-containing molecule but not the exclusively 

important heme cofactor within an organism. Future studies and research could focus on 

the development of analytical techniques for the determination of other heme structures 

such as heme c, which is the prosthetic group of the c-type cytochromes performing 

electron transfer (Bowman and Bren, 2008; Chapman et al., 1997). This would advance 

our knowledge regarding Fe utilization in the hemoprotein pool by phytoplankton and 

improve our current assessments of what is the impact of Fe limitation in the 

hemoprotein pool.  
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SI Fig. 2: Cross-sectional distribution of the relative abundance along the GEOVIDE transect of A) Bacillariophyta 

(diatoms), and B) Prymnesiophyceae. Dashed lines indicate the Surface Mixed Layer (SML) and dots indicate the 

stations and depths where samples were taken. Letter annotations indicate the five oceanographic regions; Eastern 

Subtropical North Atlantic Gyre (ESNAG), Iceland Basin (IceB), Irminger Basin (IrmB), Greenland Shelf (GSH) and 

Labrador Sea (LS). 
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SI Table 2: List of accession numbers as determined by Chloroplast (cp) 16S rRNA sequencing. New OTUs will be 

deposited to the GenBank. 

 

 

 

  

AACY020080403 EF575247 GQ452891 HQ671788 JN976406 

AB164407 EF575250 GQ452893 HQ671819 JN977301 

AB196966 EF575303 GQ903342 HQ671832 JP297615 

AB196967 EU005664 GU061402 HQ671857 JQ013153 

AB199885 EU005687 GU061466 HQ671873 JQ013163 

AB199887 EU005693 GU061468 HQ671892 JQ013176 

AB200263 EU268091 GU061833 HQ671893 JQ269285 

AF001655 EU394562 GU062154 HQ671898 JQ347416 

AF172719 EU592338 GU119599 HQ671918 JQ586285 

AF514855 EU805127 GU119711 HQ671968 JQ712399 

AM259746 EU805239 GU119856 HQ672013 JQ753195 

AM690833 EU919835 GU119858 HQ672015 JX015718 

AY135682 EU919855 GU119861 HQ672034 JX015817 

AY702176 FJ002166 GU119871 HQ672070 JX016173 

DQ395642 FJ002174 GU208415 HQ672084 JX016292 

EF573661 FJ002180 GU234935 HQ672098 JX016404 

EF573710 FJ002195 GU940753 HQ672103 JX016417 

EF573851 FJ002202 HM057648 HQ672106 JX016502 

EF573980 FJ002206 HM057655 HQ672112 JX016595 

EF574021 FJ002214 HM057658 HQ672114 JX016622 

EF574253 FJ002228 HM057665 HQ672126 JX016649 

EF574408 FJ002231 HM057706 HQ672137 JX016811 

EF574443 FJ002238 HM057742 HQ672159 JX016902 

EF574473 FJ425629 HM057746 HQ672178 JX016925 

EF574510 FJ456816 HM057791 HQ672197 JX016969 

EF574561 FJ612433 HM127595 HQ672204 JX017139 

EF574585 FJ649257 HM594190 HQ672210 JX017189 

EF574660 FJ745174 HM594191 HQ672216 JX297813 

EF574672 FJ745242 HQ671772 JF272023 JX537814 

EF574676 FJ826098 HQ203795 JF272162 JX537830 

EF574682 FJ826213 HQ203812 JF272166 JX537894 

EF574706 FJ826217 HQ203931 JF277129 JX537910 

EF574730 FJ826341 HQ203940 JF277140 JX559213 

EF574742 FJ826342 HQ203943 JF277152 KC425548 

EF574745 FJ849120 HQ230156 JF344318 KC425580 

EF574836 FN396639 HQ241996 JF830226 NC_007288 

EF574861 FN396684 HQ242008 JN207202 NC_012097 

EF574864 FN396754 HQ242211 JN207221 U32670 

EF574908 GQ250620 HQ242461 JN207230 U32671 

EF574962 GQ340169 HQ242621 JN457994 U70723 

EF575130 GQ347890 HQ242646 JN625650 X82156 

EF575192 GQ348575 HQ671746 JN874342  
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SI Fig. 3: Average depth profiles for particulate organic carbon (POC), chlorophyll a and heme b. Dots represent the 

average concentration of each parameter in each depth horizon from 0 down to 220m. Colours indicate the 

oceanographic region; Labrador Sea (LS), Labrador Sea (LS), Irminger Basin (IrmB), Iceland Basin (IceB), Celtic 

Sea (CS), Subtropical North Atlantic Gyre (SNAG), Tropical North Atlantic (TNA), Coastal Tropical North Atlantic 

(CTNA), Tropical South Atlantic (TSA), Angola Current (AnC), Benguella Current (BnC) and Subtropical South 

Atlantic Gyre (SSAG). 
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SI Fig. 5: Boxplots of distributions in the surface mixed layer (SML) of A) Particulate Organic Carbon (POC), B) 

Chlorophyll a, and C) heme b for the eleven oceanographic regions; Labrador Sea (LS), Labrador Sea (LS), Irminger 

Basin (IrmB), Iceland Basin (IceB), Celtic Sea (CS), Subtropical North Atlantic Gyre (SNAG), Tropical North 

Atlantic (TNA), Coastal Tropical North Atlantic (CTNA), Tropical South Atlantic (TSA), Angola Current (AnC), 

Benguella Current (BnC) and Subtropical South Atlantic Gyre (SSAG). On top of sub-plots A, B and C the result of 

the Kruskal-Wallis test is annotated. Letters (letters a to c) below the boxes indicate the Compact Letter Display (cld) 

of the statistically significant different groups in the SML after a Post-hoc test for multiple comparisons of groups.  
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SI Fig. 6: Boxplots of distributions in the surface mixed layer (SML) of the ratios A) heme b:POC, and B) heme b:chl 

a for the eleven oceanographic regions; Labrador Sea (LS), Labrador Sea (LS), Irminger Basin (IrmB), Iceland Basin 

(IceB), Celtic Sea (CS), Subtropical North Atlantic Gyre (SNAG), Tropical North Atlantic (TNA), Coastal Tropical 

North Atlantic (CTNA), Tropical South Atlantic (TSA), Angola Current (AnC), Benguella Current (BnC) and 

Subtropical South Atlantic Gyre (SSAG). On top of sub-plots A and B the result of the Kruskal-Wallis test is 

annotated. Letters (letters a to c) below the boxes indicate the Compact Letter Display (cld) of the statistically 

significant different groups in the SML after a Post-hoc test for multiple comparisons of groups.  
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SI Fig. 7: Surface plot of the median values in the Surface Mixed Layer (SML) of chlorophyll a to particulate organic 

carbon (chl a:POC) ratio. Dots indicate the sampled stations. 
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SI Fig.8: Schematic of the heme oxygenase (HO) functions within the cells of Cyanothece. Two HOs are potentially 

localized in different areas of the cell; in the cytoplasm HOs are associated with Fe acquisition processes via 

degrading extracellular hemes, which are transported in the cell through the membranes. In the plasmid, HOs are 

responsible for the production of phycobilins which are subsequently used in the phycobiliproteins of the light 

harvesting apparatus. Uptake of the extracelluar hemes occurs potentially via hemophores and transport through the 

membranes is achieved via receptor proteins (Krewulak and Vogel, 2008; Wandersman and Delepelaire, 2004). 
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