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Abstract 

Chemical and microbial iron (Fe) redox processes play important roles in changing the 

fate of many contaminants (e.g. arsenic, cadmium) and nutrients. Fe(II)-oxidizing bacteria 

(FeOB) are widespread in the environment, being able to utilize several different electron 

acceptors, including nitrate. Autotrophic nitrate-reducing FeOB can remove nitrate and fix 

carbon, which leads to the production of greenhouse gases, i.e. nitrous oxide and carbon 

dioxide. Nitrate-reducing FeOB have been found in various types of environments such 

as freshwater sediments and groundwater, where they can potentially contribute to the 

removal of nitrate. To date, the autotrophic growth of nitrate-reducing FeOB is poorly 

investigated. The most prominent model system to study these microbes are enrichment 

cultures, i.e. mixed microbial communities performing nitrate reduction coupled to Fe(II) 

oxidation (NRFeOx) via metabolic exchange within the community. For example, 

enrichment cultures KS and BP from freshwater sediment in Bremen, Germany and 

culture AG from groundwater in Altingen, Germany were reported as autotrophic nitrate-

reducing FeOB enrichment cultures.  

The studies in chapter 2 and 3 provide evidence that individual species in the nitrate-

reducing FeOB enrichment cultures KS and BP perform Fe(II) oxidation, denitrification, 

carbon fixation and oxidative phosphorylation, and further propose interspecies 

interaction in each enrichment culture. In chapter 3, we report the geochemistry, the 

community relative abundance, the existence, and activity of the microorganisms in the 

original sampling site of BP culture. In addition to these results, we compared and 

analyzed the taxonomic position of three, so far, unclassified Gallionellaceae spp., that 

dominate in all currently existing autotrophic nitrate-reducing FeOB enrichment cultures, 

KS, BP, and AG. In chapter 4, we further classified these Gallionellaceae spp. as 

representatives of novel candidate taxa and proposed Candidatus (Ca.) names, ‘Ca. 

Ferrigenium straubiae’ sp. nov., ‘Ca. Ferrigenium bremense’ sp. nov. and ‘Ca. 

Ferrigenium altingense’ sp. nov. for bacteria growing in cultures KS, BP, and AG, 

respectively. The mechanisms, ecology, and environmental implications of microbial 

anaerobic Fe(II) oxidation were discussed in chapter 5. 

Meta-omic (i.e., metagenomics, metatranscriptomics, and metaproteomics) analyses 

were applied to both cultures KS and BP. For culture KS, the meta-omic analyses 

demonstrated that Gallionellaceae sp. and Rhodanobacter sp. were the key players 

performing Fe(II) oxidation coupled to denitrification under anoxic autotrophic conditions. 
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‘Ca. Ferrigenium straubiae’ might oxidize Fe(II), fix CO2, perform partial denitrification and 

produce nitric oxide (NO). The Rhodanobacter sp. may use the organic carbon fixed by 

‘Ca. Ferrigenium straubiae’ and help ‘Ca. Ferrigenium straubiae’ to further detoxify the 

NO. This indicates that ‘Ca. Ferrigenium straubiae’ and Rhodanobacter sp. in culture KS 

are interdependent. In culture BP, the dominant ‘Ca. Ferrigenium bremense’ might play 

a similar role as ‘Ca. Ferrigenium straubiae’. However, ‘Ca. Ferrigenium bremense’ only 

possess the genes encoding nitrite reductase (nirK/S) and nitric oxide reductase (norBC). 

Therefore, the initiation and completion of the denitrification pathway by this species 

would require cooperation with other community members, e.g. the Noviherbaspirillum 

sp. and Thiobacillus sp., which possess the missing denitrification genes. In theory, the 

Noviherbaspirillum sp. and Thiobacillus sp. in culture BP have the ability to proceed 

NRFeOx autotrophically, i.e. all genes and transcripts potentially involved in metal 

oxidation (e.g. cyc2 or mtoA), denitrification and carbon fixation (e.g. rbcL) were detected. 

In addition to NRFeOx, the detection of the transcripts and partial proteins of cbb3- and 

aa3-type cytochrome c in both enrichment culture KS and BP, suggest that ‘Ca. 

Ferrigenium straubiae’ and ‘Ca. Ferrigenium bremense’ have an adaptation for growing 

under microoxic conditions. In ‘Ca. Ferrigenium altingense’ (culture AG), the genes 

encoding cbb3- and aa3-type types cytochrome c were also detected. However, these 

three enrichment cultures KS, BP, and AG were grown under anoxic autotrophic 

conditions. We proposed the further experiments to provide the evidence for the 

microaerophilic lifestyle of these three Ca. Gallionellaceae spp. in chapter 6.  

As for the environmental relevance, ‘Ca. Ferrigenium bremense’ accounted for 

approximately 0.13% relative abundance in situ. The other flanking members in culture 

BP were also detected in situ except for the Noviherbaspirillum sp. Additionally, 36 distinct 

Gallionellaceae taxa were detected in situ, suggesting that the diversity of 

microorganisms affiliated to Gallionellaceae that can potentially contribute to NRFeOx 

might be even higher than currently known. Overall, the studies in this dissertation 

improve our understanding of the metabolic mechanism of microbial survival strategies 

of nitrate-reducing FeOB in the enrichment cultures and its original environment, and 

could serve as the foundation for the further studies of nitrate-reducing FeOB and for the 

application of nitrate-reducing FeOB for the decontamination of polluted environments. 
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Zusammenfassung 

Chemische und mikrobielle Eisen (Fe)-Redoxprozesse spielen eine wichtige Rolle zum 

Verbleib vieler Schadstoffe (z.B. Arsen, Cadmium) und Nährstoffe in der Umwelt. Fe(II)-

oxidierende Bakterien (FeOB) sind in der Umwelt weit verbreitet und können mehrere 

verschiedene Elektronenakzeptoren, einschließlich Nitrat, nutzen. Autotrophe 

nitratreduzierende FeOB können Nitrat abbauen und Kohlenstoff fixieren, was zur 

Produktion von Treibhausgasen, z.B. Lachgas und Kohlenstoffdioxid, führt. 

Nitratreduzierende FeOB wurden in verschiedenen Gebieten wie Süßwassersedimenten 

und Grundwasser gefunden und als mögliche Behandlung für Nitratverunreinigungen in 

Aquiferen und Abwässern untersucht. Bis heute ist das autotrophe Wachstum von 

nitratreduzierenden FeOB nur wenig erforscht. Das prominenteste Modellsystem zur 

Untersuchung dieser Mikroben sind Anreicherungskulturen, d.h mikrobielle 

Gemeinschaften, die Nitratreduktion gekoppelt an die Fe(II)-Oxidation (NRFeOx) 

gemeinsam durchführen. Zum Beispiel wurden die Anreicherungskulturen KS und BP aus 

einem Süßwassersediment in Bremen, Deutschland, und die Kultur AG aus dem 

Grundwasser in Altingen, Deutschland, als autotrophe nitratreduzierende FeOB-

Anreicherungskulturen berichtet.  

Die Studien in Kapitel 2 und 3 belegen die Fähigkeit zur Durchführung von Fe(II)-

Oxidation, Denitrifikation, Kohlenstofffixierung und oxidativer Phosphorylierung in den 

einzelnen Spezies in den nitratreduzierenden FeOB-Anreicherungskulturen KS und BP, 

und deuten außerdem auf Interaktionen zwischen den Spezies jeder Anreicherungskultur 

hin. In Kapitel 3 berichten wir über die Geochemie, die relative Häufigkeit in der 

Gemeinschaft sowie über die Existenz und Aktivität der Mikroorganismen in der 

ursprünglichen Probenahmestelle der Kultur BP. Zusätzlich zu diesen Ergebnissen 

verglichen und analysierten wir die taxonomische Position von drei bisher nicht 

klassifizierten Gallionellaceae spp., die alle derzeit existierenden autotrophen 

nitratreduzierenden FeOB-Anreicherungskulturen, KS, BP und AG, dominieren. In Kapitel 

4 haben wir diese Gallionellaceae spp. als Vertreter neuer Kandidatentaxa klassifiziert 

und die Candidatus (Ca.)-Namen "Candidatus Ferrigenium straubiae" sp. nov., 

"Candidatus Ferrigenium bremense" sp. nov. und "Candidatus Ferrigenium altingense" 

sp. nov. für die in den Kulturen KS, BP und AG wachsenden Bakterien vorgeschlagen. 
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Die Mechanismen, Ökologie und Umweltauswirkungen der mikrobiellen anaeroben 

Fe(II)-Oxidation wurden in Kapitel 5 diskutiert.  

Die Metaomics-Analysen (d.h. Metagenomics, Metatranscriptomics und Metaproteomics) 

wurde auf die beiden Kulturen KS und BP angewendet. Für die Kultur KS zeigte die 

Metaomics-Analyse, dass Gallionellaceae sp. und Rhodanobacter sp. die Hauptakteure 

bei der Fe(II)-Oxidation in Verbindung mit Denitrifikation unter anoxischen autotrophen 

Bedingungen waren. 'Ca. Ferrigenium straubiae' könnte Fe(II) oxidieren, CO2 fixieren, 

eine partielle Denitrifikation durchführen und Stickstoffoxid (NO) produzieren. 

Rhodanobacter sp. könnte den von 'Ca. Ferrigenium straubiae' fixierten organischen 

Kohlenstoff nutzen und 'Ca. Ferrigenium straubiae' bei der weiteren Entgiftung des NO 

helfen. Dies deutet darauf hin, dass 'Ca. Ferrigenium straubiae' und Rhodanobacter sp. 

in der Kultur KS voneinander abhängig sind. In der Kultur BP könnte das dominante 'Ca. 

Ferrigenium bremense' eine ähnliche Rolle spielen wie 'Ca. Ferrigenium straubiae'. 

Jedoch besitzt 'Ca. Ferrigenium bremense' nur die Gene, die für Nitritreduktase (nirK/S) 

und Stickoxidreduktase (norBC) kodieren. Daher würde die Initiierung und 

Vervollständigung des Denitrifikationsweges durch diese Spezies die Zusammenarbeit 

mit anderen Mitgliedern der Gemeinschaft erfordern, z.B. mit Noviherbaspirillum sp. und 

Thiobacillus sp., die die fehlenden Denitrifikationsgene besitzen. Theoretisch haben die 

Noviherbaspirillum sp. und Thiobacillus sp. in der Kultur BP die Fähigkeit, die NRFeOx 

autotroph durchzuführen, d.h. es wurden alle Gene und Transkripte nachgewiesen, die 

potentiell an der Metalloxidation (z.B. cyc2 oder mtoA), Denitrifikation und 

Kohlenstofffixierung (z.B. rbcL) beteiligt sind. Der Nachweis der Transkripte und 

Teilproteine des cbb3- und aa3-Typs von Cytochrom c sowohl in der Anreicherungskultur 

KS als auch in BP lässt neben NRFeOx darauf schließen, dass 'Ca. Ferrigenium 

straubiae' und 'Ca. Ferrigenium bremense' eine Anpassung an das Wachstum unter 

mikrooxischen Bedingungen aufweisen könnten. In 'Ca. Ferrigenium altingense' (Kultur 

AG) wurden auch die Gene, die für die Cytochrom c-Typen cbb3 und aa3 kodieren, 

nachgewiesen. Die drei Anreicherungskulturen KS, BP und AG wurden jedoch unter 

anoxischen autotrophen Bedingungen kultiviert. In Kapitel 6 schlagen wir weitere 

Experimente mit den drei Candidatus Gallionellaceae spp. vor, die ihre Fähigkeit zur 

mikroaerophilen Lebensweise untersuchen.  
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Was die Umweltrelevanz betrifft, macht 'Ca. Ferrigenium bremense' 0,13 % der relativen 

Abundanz in situ aus. Die anderen flankierenden Mitglieder in der Kultur BP wurden mit 

Ausnahme von Noviherbaspirillum sp. auch in situ nachgewiesen. Darüber hinaus 

wurden 36 verschiedene Gallionellaceae-Taxa in situ nachgewiesen, was darauf 

hindeutet, dass die Vielfalt der mit Gallionellaceae verbundenen Mikroorganismen, die 

potenziell zu NRFeOx beitragen können, noch größer sein könnte als derzeit bekannt. 

Insgesamt haben die Untersuchungen in dieser Dissertation unser Verständnis des 

Stoffwechselmechanismus der mikrobiellen Überlebensstrategien von 

nitratreduzierenden FeOB in den Anreicherungskulturen und ihrer ursprünglichen 

Umgebung verbessert und könnten als Grundlage für den Einsatz von 

nitratreduzierenden FeOB zur Dekontamination verschmutzter Umgebungen dienen. 

 

 
  



 
 

1. Introduction  

1.1. Microbial iron cycling in the environment 

Iron (Fe) is the fourth most abundant element in the Earth’s crust (Clarke and Washington, 

1924) and is an essential element for living organisms since it is incorporated as a 

cofactor in many enzymes (Ilbert and Bonnefoy, 2013). Oxidation of ferrous iron [Fe(II)] 

and reduction of ferric iron [Fe(III)] contribute to biogeochemical carbon, nitrogen, oxygen 

and sulfur cycles and can be mediated by specific microorganisms within soils and 

sediments (Cornell and Schwertmann, 1996). Fe can be used as an energy and electron 

source or electron sink by a broad diversity of bacteria and archaea (Fig. 1.1) (Bird et al., 

2011; Melton et al., 2014). In many habitats, e.g. hot, cold, freshwater, marine, terrestrial, 

aquatic, contaminated or pristine, these microorganisms play important roles in Fe redox 

cycling (Ehrlich et al., 2015; Kappler et al., 2021).  

 

 

Fig. 1.1: Microbial and abiotic Fe cycling in the environment 

Several microorganisms, e.g. Shewanella spp. (Myers and Nealson, 1990; Hau and 

Gralnick, 2007) and Geobacter spp. (Lovley and Phillips, 1988; Lovley et al., 2011) can 

reduce Fe(III) with different electron donors, such as H2, acetate, lactate and humic 

substances (Fig. 1.1). Compared to Fe(III), Fe(II) is more bioavailable, since it is relatively 

soluble at circumneutral pH; however, it gets rapidly oxidized by O2, resulting in the 
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formation of poorly soluble Fe(III) (oxyhydr)oxides (Davison and Seed, 1983). Whereas, 

Fe(II) is more stable with O2 at low pH and ambient temperature (Porsch and Kappler, 

2011). There are some well-studied acidophilic autotrophic Fe(II)-oxidizing bacteria 

(FeOB), such as Acidithiobacillus ferrooxidans (previously called Thiobacillus 

ferrooxidans) (Temple and Colmer, 1951) and Leptospirillum ferriphilum (Coram and 

Rawlings, 2002) isolated from acid mine drainage, demonstrating the presence of FeOB 

under extreme conditions. At neutral pH conditions, neutrophilic FeOB can use both 

dissolved and solid Fe(II) as an electron donor (Ehrenberg, 1838), under either oxic 

conditions, i.e., microaerophilic and acidophilic FeOB, or anoxic conditions, i.e., nitrate-

reducing and phototrophic FeOB (Widdel et al., 1993; Straub et al., 1996; Hedrich et al., 

2011; Emerson, 2012). There are three physiological types of neutrophilic FeOB, i.e. 

microaerophiles, photoferrotrophs and nitrate-reducing Fe(II) oxidizers (Fig. 1.1).  

Microaerophilic FeOB were often found in oxic/anoxic interfaces with low oxygen 

concentrations (<50 µM) (Emerson and Moyer, 1997; Emerson, 2012). Microaerophilic 

FeOB grow lithoautotrophically using Fe(II) as an electron donor and O2 as electron 

acceptor (Equation 1) (Emerson et al., 2010). These bacteria are members of 

Betaproteobacteria in freshwater, including Gallionella, Sideroxydans, Ferrigenium, 

Ferriphaselus, Ferritrophicum and Leptothrix (Emerson et al., 2010; Khalifa et al., 2018), 

or the marine Zetaproteobacteria, e.g. Mariprofundus spp. and Ghiorsea spp. (Emerson 

et al., 2010; Chan et al., 2016; Mori et al., 2017). 

4Fe2+ + O2 +10H2O → 4Fe(OH)3 + 8H+ (1) 

Photoautotrophic FeOB (Photoferrotrophs) use light as energy and Fe(II) as electron 

donor to fix bicarbonate into organic carbon (Equation 2). There are three 

photoautotrophic FeOB: (i) purple sulfur bacteria, e.g. phylum Gammaproteobacteria, 

represented by the Thiodictyon spp. (Winogradsky, 1888; Peduzzi et al., 2012); (ii) purple 

non-sulfur bacteria, e.g. phylum Alphaproteobacteria, including Rhodobacter 

ferrooxidans SW2 (Ehrenreich and Widdel, 1994), Rhodopseudomonas palustris TIE-1 

(Jiao et al., 2005) and two marine strains (Rhodovulum iodosum and Rhodovulum 

robiginosum) (Straub et al., 1999); (iii) green sulfur bacteria represented by Chlorobium 
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ferrooxidans strain KoFox (Heising et al., 1999), and the marine Chlorobium sp. strain N1 

(Llirós et al., 2015) are all members of the family Chlorobiaceae. 

4Fe2+ + HCO3
- + 10H2O + hv → CH2O + 4Fe(OH)3 + 7H+ (2) 

Fe(II) oxidation coupled to the reduction of nitrate to N2 under anoxic conditions was first 

described by Straub et al. (1996) (Equation 3). In general, several microbes were 

proposed as nitrate-reducing FeOB, such as Thiobacillus denitrificans, various members 

of the genera Acidovorax and a Marinobacter-related isolate (Straub et al., 1996; Edwards 

et al., 2003; Kappler et al., 2005; Beller et al., 2006b; Chakraborty et al., 2011; Carlson 

et al., 2013). However, most of them are mixotrophic FeOB, i.e. they require additional 

carbon sources to survive and reproduce. Only a minority of the nitrate-reducing FeOB 

are chemolithoautotrophic bacteria, which perform Fe(II) oxidation coupled to CO2 fixation 

for biomass production and to energy generation by nitrate reduction, such as culture KS 

(Blöthe and Roden, 2009; Bryce et al., 2018; Tominski et al., 2018b). The existence of 

the chemolithoautotrophic nitrate-reducing FeOB is under debate. Therefore, more 

detailed description is in the following paragraphs.  

10Fe2+ + 2NO3
- + 24H2O →10Fe(OH)3 + N2 + 18H+ (3) 

1.2. Microbial Fe(II) oxidation coupled to nitrate reduction  

Nitrate (NO3
-) is widely used in fertilizers. At high concentrations, nitrate can contaminate 

water sources, e.g. groundwater, rivers or lakes, causing severe health issues (Widdison 

and Burt, 2008). Denitrification (Equation 4), the complete reduction of nitrate to 

dinitrogen (N2) by microbes, can reduce environmental nitrate contamination. However, 

incomplete denitrification and carbon utilization may have more detrimental than 

beneficial effects: by producing greenhouse gases such as nitrous oxide (N2O) and 

carbon dioxide (CO2), it can further increase environmental pollution (Intergovernmental 

Panel on Climate Change, 2015). Thus, complete denitrification and CO2 fixation are 

beneficial for both air and water decontamination.  

NO3
- → NO2

- → NO → N2O → N2 (4) 
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Neutrophilic nitrate reduction coupled to Fe(II) oxidation (NRFeOx) is known to be an 

important biochemical process in natural environments, such as soils, sediments and 

aquifers (Hafenbradl et al., 1996; Straub et al., 1996; Benz et al., 1998; Straub and 

Buchholz-Cleven, 1998; Straub et al., 2004; Shelobolina et al., 2012; Laufer et al., 2015; 

Laufer et al., 2016; Bryce et al., 2018; Jakus et al., 2021), and was studied as a treatment 

for contaminated groundwater (Su et al., 2016; Zhang et al., 2016; Kiskira et al., 2017) 

and wastewater treatment systems (i.e. constructed wetlands) (Song et al., 2016). Nitrate-

reducing FeOB could grow under different conditions: heterotrophic, with organic carbon 

as sole energy and carbon source; mixotrophic, with Fe(II) in addition to organic carbon 

as energy, electron and carbon source; and autotrophic, with Fe(II) as sole energy and 

electron source. Based on several laboratory studies on autotrophic and mixotrophic 

nitrate-reducing FeOB (ZoBell, 1944; Rabus and Widdel, 1995; Straub et al., 1996; 

Buchholz-Cleven et al., 1997; Edwards et al., 2003; Beller et al., 2006b; Kumaraswamy 

et al., 2006; Weber et al., 2006; Su et al., 2015; Zhang et al., 2015; Zhou et al., 2016), it 

was proposed that true autotrophic nitrate-reducing Fe(II) oxidizing cultures (i) do not 

require an additional organic carbon source, (ii) can maintain Fe(II) oxidation over three 

transfers without organic carbon addition, (iii) confirm growth of cells with only Fe(II), 

nitrate and CO2 provided, and (iv) show CO2 uptake by incorporating labelled CO2 into 

biomass during Fe(II) oxidation (Bryce et al., 2018). To date, only enrichment culture KS 

has been the example of a stable autotrophic nitrate-reducing Fe(II)-oxidizing bacterial 

culture that fits all of the above criteria (Straub et al., 1996; He et al., 2016; Tominski et 

al., 2018a; Tominski et al., 2018b). In addition, except the fifth criteria, the novel 

enrichment culture BP (Huang et al., 2021b) and the novel enrichment culture AG (Jakus 

et al., 2021) fit four of the above criteria. Autotrophic nitrate-reducing Fe(II) oxidizers have 

the ability to fix carbon dioxide (CO2) and to oxidize Fe(II) coupled with complete or 

incomplete denitrification. Thus, NRFeOx could influence the fate of the groundwater 

pollutant nitrate and the greenhouse gases nitrous oxide (N2O) and carbon dioxide (CO2). 

Cultures KS and BP originate from a freshwater ecosystem in Bremen, Germany (Straub 

et al., 1996; Huang et al., 2021b). Under autotrophic growth conditions (i.e. using Fe(II) 

and nitrate) and under heterotrophic conditions (i.e. using acetate and nitrate), the 

community members of culture KS were analyzed (He et al., 2016; Tominski et al., 2018a). 
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Culture KS was dominated by an unclassified FeOB Gallionellaceae sp. with almost 96% 

relative abundance of 16S rRNA gene sequence and flanked with several denitrifiers, i.e. 

Rhodanobacter sp. and Bradyrhizobium sp. under autotrophic conditions (He et al., 2016). 

The top closely related organisms to the unclassified Gallionellaceae sp. in culture KS 

are the microaerophilic FeOB, Ferrigenium kumadai with 16S rRNA gene sequence 

identity of 96.45% (Khalifa et al., 2018) and Sideroxydans lithotrophicus ES-1 with 16S 

rRNA gene sequence identity of 95.23% (Emerson and Moyer, 1997) as well as another 

unclassified Gallionellaceae sp. with 16S rRNA gene sequence identity of 97.88% (Huang 

et al., 2021b) from culture BP, which originates from the same environment as culture KS. 

Despite several cultivation attempts, the unclassified Gallionellaceae sp. of culture KS 

has so far not yet been isolated (He et al., 2016; Tominski et al., 2018a). Furthermore, 

microorganisms of the family Gallionellaceae were widely found in a variety of natural 

environments, such as sediments (Straub et al., 1996), aquifers (Jewell et al., 2016), 

wetland soil (Wang et al., 2009), groundwater (Emerson and Moyer, 1997) and metal-rich 

mine water discharge (Fabisch et al., 2016). Several observations pointed towards an 

involvement of Gallionellaceae spp. in NRFeOx processes in different habitats (Emerson 

et al., 2016; Jewell et al., 2016; Bethencourt et al., 2020). There is an increasing number 

of available genomes derived from omics studies of so far uncultured members of the 

family Gallionellaceae (Jewell et al., 2016; Kadnikov et al., 2016; Bethencourt et al., 2020). 

These FeOB in the family Gallionellaceae have the potential of partial denitrification 

coupled to Fe(II) oxidation, which demonstrates the importance of classifying new taxa of 

these not-yet isolated species. In addition, the key FeOB of the stable nitrate-reducing 

Fe(II)-oxidizing cultures that exist to date (i.e. cultures KS, BP and AG) remain to be 

classified, especially considering that they are frequently used as model systems to study 

autotrophic nitrate reduction coupled to Fe(II) oxidation. 

1.3. Meta-omics of nitrate-reducing Fe(II) oxidizers 

Meta-omic (metagenomic, metatranscriptomic and metaproteomic) analysis is often used 

for exploring the genetic, transcript and protein potential of a certain microbial 

metabolism, electron transfer pathways in microorganisms and microbial interactions 

(Wilmes et al., 2015; He et al., 2016; McAllister et al., 2020). In the metagenome-
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assembled genomes (MAGs) produced during the analysis of culture KS, several genes 

encoding protein complexes were found, which potentially are involved in extracellular 

electron transfer pathways during Fe(II) oxidation (He et al., 2016). Among the genes 

were cyc2, encoding for the outer membrane cytochrome c, which has been detected in 

marine microaerophiles (McAllister et al., 2020; Keffer et al., 2021), pcoAB, encoding for 

the porin-cytochrome c protein complexes, which are known for catalyzing Fe(II) oxidation 

in Pseudomonas aeruginosa (Huston et al., 2002), and the mtoAB gene cluster, which 

has been detected in several microaerophiles, including Gallionella lithotrophicus ES-2 

and Sideroxydans lithotrophicus ES-1 (Carlson et al., 2012; Emerson et al., 2013; He et 

al., 2016; Bethencourt et al., 2020). Yet, the genes and proteins ultimately involved in 

NRFeOx have remained largely unknown. Furthermore, in culture KS, the genes 

encoding for the nitrate reductase (narGHI), the nitrite reductase (nirKS), the nitric oxide 

reductase (norBC) and the nitrous oxide reductase (nosZ) for full denitrification were only 

found in the MAGs of the heterotrophic organisms, i.e., the Bradyrhizobium sp. and 

Rhodanobacter sp. (He et al., 2016). In contrast, only the genes narGHI and nirK/S were 

identified in the Gallionellaceae sp. MAG of culture KS (He et al., 2016). Since the product 

of nitrite reduction, i.e. nitric oxide (NO), is generally toxic to organisms without NO 

detoxification genes (He et al., 2016), this was unexpected. Therefore, it remained 

uncertain how the unclassified Gallionellaceae sp. in culture KS detoxify NO to survive. 

In addition to denitrification and Fe(II)-oxidizing genes, the carbon fixation gene, rbcL, 

encoding for a form II ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) was 

detected in the Gallionellaceae sp. MAG, and the genes, rbcS, encoding form IC 

RuBisCO were identified in the Rhizobium sp., Bradyrhizobium sp., and Rhodanobacter 

sp. MAGs in culture KS (He et al., 2016). Unlike the Bradyrhizobium sp., the unclassified 

Gallionellaceae sp. in culture KS was further reported that it is able to fix CO2 during Fe(II) 

oxidation, confirming its chemolithoautotrophic lifestyle (Tominski et al., 2018b). 

Moreover, the high oxygen affinity genes (i.e., encoding cbb3-type cytochrome c oxidase) 

along with the low oxygen affinity genes (i.e., encoding aa3-type cytochrome c oxidase), 

which require low and high oxygen concentrations to be activated, respectively (Arai et 

al., 2014; He et al., 2016) were detected in unclassified Gallionellaceae spp. from culture 
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KS. This reveals that the unclassified Gallionellaceae spp. in culture KS might be a 

microaerophilic Fe(II)-oxidizer, which is able to respire oxygen (He et al., 2016).  

1.4. Objective of this study 

Based on previous work, several mechanisms were proposed for Fe(II) oxidation in 

culture KS (He et al., 2016; Tominski et al., 2018b). However, the role of the community 

members in culture KS for Fe(II) oxidation, denitrification, CO2 fixation and oxygen 

respiration remained unclear. Besides culture KS, we explored a novel autotrophic nitrate-

reducing Fe(II)-oxidizing enrichment culture, named culture BP (Bremen Pond), that 

originated from freshwater sediment in Bremen, Germany, and was obtained in 2015 from 

a pond close to the sampling site of culture KS.  

Therefore, the goals of this thesis were: 

(i) To identify and compare gene expression and protein production by members of 

cultures KS and BP under autotrophic and heterotrophic conditions (chapter 2 and 

3). 

(ii) To study the potential metabolism for Fe(II) oxidation, denitrification, carbon 

fixation and oxidative phosphorylation of cultures KS and BP (chapter 2 and 3). 

(iii) To create a hypothesis of the interaction between the species based on the 

expressed genes and produced proteins, which enables survival under 

autotrophic NRFeOx conditions in cultures KS and BP (chapter 2 and 3). 

(iv) To assess the in-situ diversity and relative abundance of potential key players 

involved in NRFeOx at the original habitat of culture BP (chapter 3). 

(v) To compare and classify three unclassified Gallionellaceae spp. in cultures KS, 

BP and AG (chapter 4). 

  



 
 

2. Meta-omics reveal Gallionellaceae and Rhodanobacter as interdependent key 

players for Fe(II) oxidation and nitrate reduction in the autotrophic enrichment 

culture KS 

 

Yu-Ming Huanga, b, Daniel Strauba, c, Nia Blackwella, Andreas Kapplerb,d and Sara 

Kleindiensta 

 

a Microbial Ecology, Center for Applied Geoscience, University of Tuebingen, Germany 

b Geomicrobiology, Center for Applied Geoscience, University of Tuebingen, Germany  

c Quantitative Biology Center (QBiC), University of Tuebingen, Germany 

d Cluster of Excellence: EXC 2124: Controlling Microbes to Fight Infections, University of 

Tübingen, Tübingen, Germany 

 

 

Slightly modified version published in  

Applied and Environmental Microbiology 

Huang, Y., Straub, D., Blackwell, N., Kappler, A., and Kleindienst, S. (2021) Meta-omics 

reveal Gallionellaceae and Rhodanobacter as interdependent key players for Fe(II) 

oxidation and nitrate reduction in the autotrophic enrichment culture KS. 

https://doi.org/10.1128/AEM.00496-21 

 

  



21 
 

2.1. Abstract  

Nitrate reduction coupled to Fe(II) oxidation (NRFeOx) has been recognized as an 

environmentally important microbial process in many freshwater ecosystems. However, 

well-characterized examples of autotrophic nitrate-reducing Fe(II)-oxidizing bacteria are 

rare and their pathway of electron transfer as well as their interaction with flanking 

community members remain largely unknown. Here, we applied meta-omics (i.e., 

metagenomics, metatranscriptomics and metaproteomics) to the nitrate-reducing Fe(II)-

oxidizing enrichment culture KS, growing under autotrophic compared to heterotrophic 

conditions, and originating from a freshwater sediment. We constructed four 

metagenome-assembled genomes with an estimated completeness of ≥95%, including 

the key players of NRFeOx in culture KS, identified as the Gallionellaceae sp. and 

Rhodanobacter sp. The presence of Gallionellaceae sp. and Rhodanobacter sp. 

transcripts and proteins likely involved in Fe(II) oxidation (e.g., mtoAB, cyc2, mofA), 

denitrification (e.g., napGHI) and oxidative phosphorylation (e.g., respiratory chain 

complexes I-V), along with the Gallionellaceae sp. transcripts and proteins for carbon 

fixation (e.g., rbcL) were detected. Overall, our results indicate that in culture KS, the 

Gallionellaceae sp. and Rhodanobacter sp. are interdependent: while the Gallionellaceae 

sp. fixes CO2 and provides organic compounds for the Rhodanobacter sp., the 

Rhodanobacter sp. likely detoxifies NO through NO reduction and completes 

denitrification, which cannot be done by the Gallionellaceae sp. alone. Additionally, the 

transcripts and partial proteins of cbb3- and aa3- type cytochrome c suggest the possibility 

for a microaerophilic lifestyle of the Gallionellaceae sp., yet culture KS grows under anoxic 

conditions. Our findings demonstrate that autotrophic NRFeOx is performed through 

cooperation among denitrifying and Fe(II)-oxidizing bacteria, which might resemble 

microbial interactions in freshwater environments.  
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2.2. Introduction 

Neutrophilic nitrate reduction coupled to iron(II) [Fe(II)] oxidation (NRFeOx) by nitrate-

reducing Fe(II)-oxidizing bacteria is known as a vital biochemical process in different 

natural environments, such as sediments and soils (Hafenbradl et al., 1996; Straub et al., 

1996; Benz et al., 1998; Straub and Buchholz-Cleven, 1998; Straub et al., 2004; 

Shelobolina et al., 2012; Laufer et al., 2015; Laufer et al., 2016; Bryce et al., 2018). 

Nitrate-reducing Fe(II)-oxidizing bacteria can thrive under different conditions: autotrophic, 

with Fe(II) as sole energy and electron source; mixotrophic, with Fe(II) and additional 

organic carbon as energy, electron and carbon source; and heterotrophic, with organic 

carbon as sole energy and carbon source. Chemolithotrophic Fe(II)-oxidizing bacteria 

(FeOB) use both solid and dissolved Fe(II) as an electron donor (Ehrenberg, 1838), under 

either oxic conditions, i.e., microaerophilic FeOB, or anoxic conditions, i.e., nitrate-

reducing FeOB (Widdel et al., 1993; Straub et al., 1996; Hedrich et al., 2011; Emerson, 

2012). Despite the current knowledge of NRFeOx, for instance, as studied using the 

autotrophic nitrate-reducing Fe(II)-oxidizing bacterial enrichment culture KS (Straub et al., 

1996), whether autotrophic NRFeOx can be performed by an individual strain or requires 

cooperation between different strains remains elusive (Liu et al., 2019). 

Culture KS originates from a freshwater ecosystem in Bremen, Germany, and was first 

published in 1996 (Straub et al., 1996). The community composition of culture KS was 

analyzed under autotrophic growth conditions (using Fe(II) and nitrate) and under 

heterotrophic conditions (using acetate and nitrate) (He et al., 2016; Tominski et al., 

2018a). Under autotrophic conditions, culture KS was found to be enriched for an 

unclassified FeOB Gallionellaceae sp., which dominated with almost 96% relative 16S 

rRNA gene sequence abundance. The most closely related organisms to this unclassified 

Gallionellaceae sp. are the microaerophilic FeOB, Ferrigenium kumadai An22 (16S rRNA 

gene sequence identity: 96.45%) (Khalifa et al., 2018) and Sideroxydans lithotrophicus 

strain ES-1 (16S rRNA gene sequence identity: 95.23%) (Emerson and Moyer, 1997) as 

well as another unclassified Gallionellaceae sp. (16S rRNA gene sequence identity: 

97.88%) (Huang et al., 2021b) from the novel autotrophic NRFeOx enrichment culture BP 

that originates from the same environment as culture KS, i.e., a freshwater ecosystem in 

Bremen. However, despite elaborate cultivation attempts, the unclassified 
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Gallionellaceae sp. of culture KS has so far not been isolated (He et al., 2016; Tominski 

et al., 2018a).  

Metagenomic analysis of culture KS, including metagenome-assembled genomes 

(MAGs), uncovered several genes encoding for protein complexes potentially involved in 

extracellular electron transfer (EET) pathways during neutrophilic Fe(II) oxidation (He et 

al., 2016). Among the genes were those encoding for the outer membrane cytochrome c 

(cyc2) detected in marine microaerophiles (McAllister et al., 2020; Keffer et al., 2021), as 

well as the porin-cytochrome c protein complexes (PcoAB) known for Fe(II) oxidation in 

Pseudomonas aeruginosa (Huston et al., 2002), and the mtoAB gene cluster shown in 

several microaerophiles, including Gallionella sp. strain ES-2 and Sideroxydans sp. strain 

ES-1 (Carlson et al., 2012; Emerson et al., 2013; He et al., 2016; Bethencourt et al., 

2020). However, it remained largely unknown which genes and proteins are ultimately 

involved in NRFeOx. Furthermore, in culture KS, the full denitrification gene complex, 

which consists of the genes encoding for the nitrate reductase (narGHI), the nitrite 

reductase (nirKS), the nitric oxide reductase (norBC) and the nitrous oxide reductase 

(nosZ), was only found in the MAGs of the heterotrophic organisms, i.e., the 

Bradyrhizobium sp. and Rhodanobacter sp. (He et al., 2016). In contrast, in the 

Gallionellaceae sp. MAG of culture KS, only the genes narGHI and nirKS were identified. 

This was unexpected since the product of nitrite reduction, nitric oxide (NO), is generally 

toxic to organisms without detoxification genes (He et al., 2016). Therefore, it remained 

unclear how the unclassified Gallionellaceae sp. in culture KS deals with this toxic 

compound and survives under this condition. Apart from NRFeOx genes, the carbon 

fixation gene encoding for a form II ribulose 1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO) was identified in the Gallionellaceae sp. MAG, and genes encoding form IC 

RuBisCO were identified in the Rhizobium sp., Bradyrhizobium sp., and Rhodanobacter 

sp. MAGs in culture KS (He et al., 2016). It was further shown that, unlike the 

Bradyrhizobium sp., the unclassified Gallionellaceae sp. in culture KS is capable of CO2 

fixation during Fe(II) oxidation, confirming its chemolithoautotrophic lifestyle (Tominski et 

al., 2018b). In addition, the unclassified Gallionellaceae sp. from culture KS possesses 

high oxygen affinity genes (i.e., encoding cbb3-type cytochrome c oxidase) as well as low 

oxygen affinity genes (i.e., encoding aa3-type cytochrome c oxidase), which require low 
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and high oxygen concentrations, respectively (Arai et al., 2014; He et al., 2016). This 

indicates that the unclassified Gallionellaceae sp. in culture KS might have the ability to 

respire oxygen, as a microaerophilic Fe(II)-oxidizer, however it remained unknown 

whether these cytochrome c oxidases are expressed.  

Based on this previous work, several mechanisms were proposed for Fe(II) oxidation in 

culture KS. Yet, the individual role of the culture KS community members in Fe(II) 

oxidation, CO2 fixation, reduction of the individual N species and potential oxygen 

respiration remained elusive. Therefore, the aims of this study were (i) to identify genes 

expressed and proteins produced by the FeOB and other community members of culture 

KS under autotrophic compared to heterotrophic conditions, (ii) to create a concept of 

interspecies interaction based on the expressed genes and proteins which enables 

survival under autotrophic NRFeOx conditions in culture KS and (iii) to obtain information 

from these expressed genes and produced proteins, allowing to develop potential 

isolation strategies of the unclassified Gallionellaceae sp. from culture KS for future 

studies. To answer these questions, we applied a meta-omics approach (i.e., 

metagenomics, metatranscriptomics and metaproteomics) to culture KS under 

autotrophic and heterotrophic conditions. The physiology of the culture and population 

dynamics in these experiments were furthermore determined by monitoring Fe(II), nitrate, 

and acetate consumption as well as cell counts and 16S rRNA gene amplicon 

sequencing. 
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2.3. Results and discussion 

Physiology of culture KS  

For the meta-omics approach, culture KS was grown under anoxic autotrophic or anoxic 

heterotrophic conditions. Under autotrophic conditions, 9.34 mM of Fe(II) was oxidized 

with an average Fe(II) oxidation rate of 3.25 mM/day during the exponential growth phase 

(i.e., between day 1 and 4; Fig. 2.1A). This co-occurred with a reduction of 2.18 mM of 

nitrate and an average nitrate reduction rate of 0.77 mM/day, without detectable nitrite 

production (Fig. 2.1A), suggesting either a potentially rapid consumption of nitrite by the 

enzyme nitrite reductase (NirK/S), or the involvement of nitrite in abiotic Fe(II) oxidation. 

The average Fe(II)oxidized/nitratereduced stoichiometric ratio was 4.28, indicative of 

autotrophic NRFeOx, albeit at a ratio that is slightly lower than the previously reported 

Fe(II)oxidized/nitratereduced ratios of 4.5-4.8 (Tominski et al., 2018a). The theoretical 

stoichiometry, however, suggests that the Fe(II)oxidized/nitratereduced ratio should be around 

5 or even greater than 5 if the electrons used for CO2 fixation were also considered 

(Blöthe and Roden, 2009). We suggest two possible explanations for this phenomenon. 

First, the product of nitrate reduction might be not only the final end member of 

denitrification, i.e., N2, but can also be one of the less reduced N-intermediates, i.e., NO 

or N2O, which potentially leads to greenhouse gas emission. Second, heterotrophs might 

contribute to nitrate reduction not only using the electrons from Fe(II) but also from the 

trace amount of organic carbon present in Milli-Q water (determined at 2.17 mg/L; 

triplicate measurements) used for media preparation. In our experiments, cell numbers 

increased from 5.16 × 105 cells/mL to 2.82 × 107 cells/mL within 3 days (Fig. 2.1B). Given 

that 1 mg/L of dissolved organic carbon in Milli-Q water could in theory produce 2.5 × 

106 cells/mL (see calculation in supplementary calculation 2.6.2), cell growth in our 

cultivation experiments clearly derive not only from the trace amount of organic carbon 

but mainly from the carbon fixation using electrons donated from Fe(II).  
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Fig. 2.1. Geochemistry of culture KS under autotrophic (left) and heterotrophic (right) conditions. 
Changes in Fe(II), nitrate and nitrite concentrations (A), acetate, nitrate and nitrite concentrations 
(C), estimated absolute cell numbers from total cell number (calculated with triplicate samples at 
all time points) and microbial community relative abundance of 16S rRNA gene amplicon 
sequencing (performed with triplicate samples, except for T0) (B and D), as monitored over time. 
Error bars represent the standard deviation of three to four replicates (day 0 had no replicates in 
16S rRNA gene amplicon sequencing).  

 

Under autotrophic growth conditions, the microbial community composition revealed that 

the unclassified Gallionellaceae sp. dominated with 95-98% relative 16S rRNA gene 

sequence abundance (Fig. 2.1B). Conversely, lower abundances were detected for the 

Rhodanobacter sp. (2-3%), Bradyrhizobium sp. (up to 1%), Nocardioides sp. (<1%), and 

another Gallionella sp. (<1%; Fig. 2.1B), in agreement with previous studies (Blöthe and 

Roden, 2009; He et al., 2016; Tominski et al., 2018a). The total cell numbers and the 
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relative abundance of the unclassified Gallionellaceae sp. were higher than in a previous 

growth and population dynamics study (Tominski et al., 2018a), which reported total cell 

growth from 4 × 104 cells/mL to 2 × 106 cells/mL and an increase in the unclassified 

Gallionellaceae sp. relative abundance from 58% to 83% in 10 days (Tominski et al., 

2018a). In line with previous studies, the cell number increased 55 times over three days 

and the unclassified Gallionellaceae sp. always accounted for the majority of the microbial 

community during the process of NRFeOx (Fig. 2.1B). Therefore, under autotrophic 

growth conditions, culture KS appeared reproducible, with only slight fluctuations among 

the different transfers. 

Under heterotrophic conditions, 4.02 mM of acetate was consumed with an average 

acetate oxidation rate of 0.72 mM/day during the exponential growth phase (i.e., between 

day 2 and day 7). This co-occurred with an average reduction of 4.16 mM of nitrate and 

an average nitrate reduction rate of 0.82 mM/day. Nitrite was detected between day 4 

and day 9 at concentrations ranging from 0.04 to 0.36 mM (Fig. 2.1C), pointing towards 

inefficient enzymatic nitrite reduction of the dominating microbial populations. The 

average ratio yield acetateoxidized/nitratereduced of 0.99 was similar to previously reported 

ratios (0.9-1.4) (Tominski et al., 2018a). Throughout the experiment, cell numbers 

increased from 7.85 × 105 cells/mL to 1.30 × 108 cells/mL within 9 days (Fig. 2.1D). The 

Bradyrhizobium sp. dominated under heterotrophic conditions with 85-97% relative 16S 

rRNA gene sequence abundance, while lower abundances were detected for the 

Nocardioides sp. (3-13%), unclassified Gallionellaceae sp. (<1%), Rhodanobacter sp. 

(<1%), and Pseudomonas sp. (<1%) (Fig. 2.1D). Thus, the unclassified Gallionellaceae 

sp. and Rhodanobacter sp. were still detectable, albeit at low relative abundance (i.e., 

0.09-0.38% and 0.08-1.13%, respectively).  

Our data confirmed the population dynamics of the unclassified Gallionellaceae sp. and 

Bradyrhizobium sp. under heterotrophic and autotrophic conditions in culture KS, which 

have previously been determined via fluorescence in situ hybridization (FISH) (Tominski 

et al., 2018a), indicating that culture KS sustains a stable microbial consortium over time 

(i.e., several years). Our results also allowed to determine optimal sampling points for 

meta-omics analysis, i.e., during the exponential growth phase of culture KS under both 

autotrophic and heterotrophic conditions. 
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Overview of the four assembled MAGs in culture KS under autotrophic and 

heterotrophic conditions 

Four high-quality MAGs of the Gallionellaceae sp., Rhodanobacter sp., Bradyrhizobium 

sp. and Nocardioides sp. were recovered from the metagenomic data from culture KS 

with estimated completeness of ≥95% and estimated contamination of 0% (Table 2.1).  

 

Table 2.1. Summary of Metagenome-Assembled Genomes (MAGs) 

  Gallionellaceae Rhodanobacter Bradyrhizobium Nocardioides 

Information of genome bins  

Estimated 
completeness (%) 

99.3 95.3 95.3 96.6 

Estimated 
contamination (%) 

0 0 0 0 

Genome size (bp) 2,659,708 3,841,026 6,667,305 4,380,799 

No. contigs 
(scaffold) 

5 5 1 3 

Gene count 2610 3533 6605 4365 

GC (%) 60.26 67.64 64.44 72.03 

No. of CDS 2545 3458 6515 4297 

Taxonomy ID 90627 75309 374 1839 

IMG Submission ID 235568 235569 235570 235571 

IMG Genome ID  2878407288 2878409899 2878413433 2878420039 

GOLD Analysis 
Project ID 

Ga0439409 Ga0439410 Ga0439411 Ga0439412 

16S rRNA identity of 
closest related 
isolated species  

Ferrigenium 
kumadai 
(96.45%) (Khalifa 
et al., 2018) 

Rhodanobacter 
denitrificans strain 
2APBS1 
(99.32%) 
(Prakash et al., 
2012) 

Bradyrhizobium 
neotropicale BR 
10247 (99.69%) 
(Zilli et al., 2014) 

Nocardioides sp. 
JS614 (99.10%) 
(Coleman et al., 
2011) 

Community composition (exponential phase) (%)  

Autotrophic 96.42 2.47 0.63 0.04 

Heterotrophic 0.12 0.08 96.74 2.87 

Number of significantly changed (adjusted p ≤ 0.05) transcripts under autotrophic conditions 
compared to heterotrophic conditions 

Total  2666 3259 420 928 

Significant-up 2666 3258 287 0 

Significant-down 0 1 133 928 

Number of significantly changed proteins (adjusted p ≤ 0.05) under autotrophic conditions 
compared to heterotrophic conditions 

Total  52 8 610 20 

Significant-up 35 5 28 7 

Significant-down 17 3 582 13 
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Several genes involved in carbon, nitrate, and oxygen metabolisms as well as in Fe(II) 

oxidation were identified (Fig. 2.2). Carbon metabolism pathway genes for the reductive 

pentose phosphate (CBB) cycle, the glycolysis pathway, tricarboxylic acid (TCA) cycle, 

and the pentose phosphate pathway (PPP) were identified in the four MAGs. 

Furthermore, the genes encoding RuBisCO were only identified in the MAGs of the 

Gallionellaceae sp. and Bradyrhizobium sp., but not in the Rhodanobacter sp., which is 

different from a previous report (He et al., 2016). The lack of RuBisCO in the 

Rhodanobacter sp. might be explained by evolutionary gene loss over time, or 

incompleteness of the Rhodanobacter sp. MAG. 

Regarding Fe(II) oxidation, the genes encoding for outer membrane and porin-

cytochrome c proteins of putative EET systems, i.e., cyc2, mtoAB, pcoAB, and outer 

membrane multi-copper oxidases (an ompB homolog, mofA), were detected in the MAGs 

of the Gallionellaceae sp. and Rhodanobacter sp., suggesting that both organisms might 

have the ability to oxidize Fe(II). Concerning the further electron acceptor pathway in the 

periplasm and inner membrane, the dissimilatory nitrate reductase complex narGHI and 

nitrite reductase nirKS were detected in all of the four MAGs. The additional genes to 

complete denitrification, i.e., norBC and nosZ, were only detected in the MAGs of the 

Rhodanobacter sp., Bradyrhizobium sp. and Nocardioides sp. Another set of electron 

acceptors at the inner membrane of the cell are the oxidative phosphorylation complexes, 

i.e., the respiratory chain complexes I (NADH quinone oxidoreductase), II (succinate 

dehydrogenase), III (cytochrome bc1 complex), IV (cbb3- and aa3- type cytochrome c 

oxidases) and V (F-type ATPase). We identified the genes encoding for these oxidative 

phosphorylation systems in all four MAGs.  

To determine the nutritional requirements of the bacterial populations in culture KS, 

particularly for the Gallionellaceae sp., we examined the amino acid biosynthesis 

pathways. The Gallionellaceae sp. MAG in culture KS encodes the complete synthesis 

pathways for the essential amino acids, suggesting that the Gallionellaceae sp. does not 

depend on other organisms regarding amino acid biosynthesis, which is in line with a 

previous metagenomic study (He et al., 2016).  
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Fig. 2.2. Fold changes of normalized counts (log2) of key transcripts and proteins involved in 
Fe(II) oxidation, CO2 fixation, acetate oxidation, denitrification and potential oxygen respiration 
under autotrophic conditions compared to heterotrophic conditions. Genes with several copy 
numbers are listed multiple times. MT: metatranscriptomic analysis; MP: metaproteomic analysis. 
A star “*” indicates significant changes (adjusted p ≤ 0.05). A white “A” indicates the protein was 
only detected under autotrophic conditions. A white “H” indicates the protein was only detected 
under heterotrophic conditions. 

 

 



31 
 

Carbon fixation by the dominant Gallionellaceae sp. supports the survival of 

heterotrophic community members under autotrophic conditions 

To advance the knowledge beyond the previous work (Blöthe and Roden, 2009; He et 

al., 2016; Tominski, 2016; Nordhoff et al., 2017; Tominski et al., 2018a; Tominski et al., 

2018b), we now also performed metatranscriptomic and metaproteomic analyses, which 

has not been done with culture KS before. For a comparison of total transcript and protein 

abundances under autotrophic to heterotrophic conditions, differential abundance 

analysis was performed which were the main basis of our interpretations (Fig. 2.2). In 

addition, normalized gene expression per MAG (i.e., Gallionellaceae sp., Rhodanobacter 

sp., Bradyrhizobium sp. and Nocardioides sp.) was calculated for both growth conditions 

using housekeeping genes as reference, and resulting in normalized transcripts per 

kilobase million (TPM) (Fig. 2.3); however, these normalized results were interpreted with 

caution if data were obtained from one sample only out of triplicates (a value of 0 TPM 

was interpreted as missing data). The metatranscriptomic analysis revealed the presence 

of several transcripts associated with carbon metabolic pathways under autotrophic 

NRFeOx conditions. Some of those transcripts showed significantly higher abundances 

under autotrophic compared to heterotrophic conditions (Fig. 2.2): more specifically, the 

essential carbon fixation gene transcripts, encoding form II RuBisCO (rbcL), and form IC 

RuBisCO (rbcL/S), of the Gallionellaceae sp. and Bradyrhizobium sp., respectively (Fig. 

2.2). However, of these carbon fixation genes only the rbcL transcript of the 

Gallionellaceae sp. was significantly (p ≤ 0.05) more abundant under autotrophic 

conditions compared to heterotrophic conditions, and the RbcL protein of the 

Gallionellaceae sp. was only detected under autotrophic conditions (Fig. 2.2). In addition, 

the highest normalized gene expression of rbcL per MAG was calculated for the 

Gallionellaceae sp. under autotrophic conditions (4.78 averaged normalized TPM; Fig. 

2.3) and under heterotrophic conditions (however, with data from one sample only). In 

previous studies, form II RuBisCO was found in the nitrate-reducing FeOB Thiobacillus 

denitrificans as well as the microaerophilic FeOB Sideroxydans lithotrophicus ES-1 and  

Gallionella capsiferriformans ES-2 (Beller et al., 2006a; Emerson et al., 2013). This gene 

usually has a low affinity to CO2 and is adapted to high CO2 and low O2 environments; 

hence, it could function well under the anoxic, bicarbonate-buffered cultivation conditions 
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in culture KS (Badger and Bek, 2008; Emerson et al., 2013). Form IC RuBisCO was 

mostly found in the microorganisms living in environments with oxic conditions and 

reduced levels of CO2 (Badger and Bek, 2008). Based on our findings, the expression 

level of form IC RuBisCO in the Bradyrhizobium sp. might rather be low under anoxic 

conditions (see 0-0.18 averaged normalized TPM per MAG; Fig. 2.3), and this could 

explain why we were unable to detect the corresponding protein in our dataset (Fig. 2.2). 

Our meta-omics data demonstrate, at both transcriptional and protein levels, that the 

Gallionellaceae sp. is the key organism responsible for carbon fixation under autotrophic 

conditions in culture KS, supporting the hypothesis of Tominski et al. (2018b), based on 

uptake studies of 13C-labeled bicarbonate (Tominski et al., 2018b). In addition, under 

autotrophic conditions we detected most of the transcripts and some of the proteins 

involved in the CBB cycle, the TCA cycle, the glycolysis pathway, and the PPP from the 

Gallionellaceae sp. and Rhodanobacter sp. (Fig. 2.2 and Fig. 2.3). Based on these 

detected carbon metabolism pathways, we propose that the Gallionellaceae sp. may 

proceed carbon fixation to produce the key component, i.e., organic carbon, 3-

phosphoglycerate, for heterotrophic community members to survive under autotrophic 

conditions. These heterotrophs may subsequently metabolize 3-phosphoglycerate in the 

TCA cycle for further energy generation (Fig. 2.2) and for their survival in culture KS under 

autotrophic conditions. Hence, our data demonstrate that metabolic cooperation among 

microbial community members likely plays an essential role in the organic carbon-limited 

cultivation of the autotrophic culture KS, which might resemble the conditions in an 

organic carbon-poor aquifer (Jewell et al., 2016) or even in a more organic carbon-rich 

coastal marine sediment (Norsminde, Denmark) (Laufer et al., 2016). 
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Fig. 2.3. Heatmap of normalized transcripts per kilobase million (TPM) of the Gallionellaceae sp., 
Rhodanobacter sp., Bradyrhizobium sp. and Nocardioides sp. metagenome-assembled 
genomes. Visualized are normalized TPM values for the pathways of Fe(II) oxidation, carbon 
fixation, denitrification and oxygen respiration. AC: autotrophic conditions; HC: heterotrophic 
conditions; #: data obtained from one sample out of triplicates (i.e. two data points out of three 
were 0 TPM and treated as missing data, therefore data have to be interpreted with caution also 
indicated by the gray font of these data); ##: data obtained from two samples out of triplicates; 
numbers without #: data obtained from all three triplicates; light gray-colored cell: no transcript of 
the identified gene detected among triplicate samples; dark gray-colored cell: no gene and no 
transcript detected. 
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The Gallionellaceae sp. and Rhodanobacter sp. likely perform Fe(II) oxidation in 

culture KS 

The enzymatic Fe(II) oxidation by microaerophilic FeOB under pH-neutrophilic conditions 

has been proposed to occur at the outer membrane of the cell via EET instead of 

cytoplasmic Fe(II) oxidation to avoid intracellular mineral encrustation (Emerson and 

Moyer, 1997; Kappler et al., 2005; Carlson et al., 2013; Nordhoff et al., 2017; Bryce et al., 

2018). Our transcriptomic data revealed that most of the detected putative EET system 

genes were expressed by the Gallionellaceae sp. and Rhodanobacter sp. (Fig. 2.2). For 

these two populations, the transcripts encoding Cyc2, MtoA, MtoB, Cytc1, Cytc2, Cytbc 

and MofA were detected at a significantly higher abundance under autotrophic conditions 

compared to heterotrophic conditions (Fig. 2.2). Additionally, in the Rhodanobacter sp., 

the transcripts encoding PcoA and PcoB were detected at significantly higher abundance 

levels under autotrophic conditions (Fig. 2.2). Furthermore, among the detected putative 

EET system transcripts highest normalized gene expression per MAG was calculated for 

the cyc2 in the Gallionellaceae sp. (12.83 averaged normalized TPM; Fig. 2.3) and for the 

pcoB in the Rhodanobacter sp. (12.13 and 29.97 averaged normalized TPM of two pcoB 

copies; Fig. 2.3) under autotrophic conditions, respectively. The normalized gene 

expression of cyc2 in the Gallionellaceae sp. was also high under heterotrophic 

conditions, however with data from one sample only. Homologs of the mtoAB and cyc2 

genes from the Gallionellaceae sp. in culture KS were found in the most closely related 

and publicly available genomes of Sideroxydans lithotrophicus ES-1 and  Gallionella 

capsiferriformans ES-2 (Emerson et al., 2013; He et al., 2016; He et al., 2017). MtoA and 

MtoB were shown to perform Fe(II) oxidation in the Sideroxydans lithotrophicus strain ES-

1 (Liu et al., 2012). Furthermore, the cyc2 gene encoding the putative Fe oxidase was 

identified in several FeOB genomes (He et al., 2017), cyc2 transcripts were highly 

abundant in situ in Zetaproteobacteria-dominated Fe mats at marine hydrothermal vents 

(McAllister et al., 2020), and cyc2 transcripts as well as the Cyc2 protein were detected 

in the unclassified Gallionellaceae sp. of the novel autotrophic NRFeOx enrichment 

culture BP (Huang et al., 2021b). Moreover, PcoA and PcoB were shown to use a broad 

range of redox substrates, and pcoAB homologs were widely identified in FeOB that have 

the genetic ability to oxidize Fe(II) (Huston et al., 2002; He et al., 2017), e.g., in P. 
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aeruginosa, for which the Fe(II) oxidation function of PcoA was demonstrated (Huston et 

al., 2002). It was therefore hypothesized that homologs of pcoAB might function in Fe(II) 

oxidation in many Betaproteobacteria (Huston et al., 2002; He et al., 2017). The proteins 

MofA, MofB and MofC were identified in Leptothrix discophora SS-1, and were speculated 

to be involved in Mn(II) and Fe(II) oxidation (Corstjens et al., 1992; Corstjens et al., 1997; 

Brouwers et al., 2000; El Gheriany et al., 2009). Under our growth conditions, no Mn(II) 

was added besides the trace amounts that originated from trace metals in the growth 

medium (0.50 µM); thus, it is unlikely that Mn(II) is the main electron donor in the KS 

culture, and we propose that the detected putative EET system transcripts are directly 

involved in Fe(II) oxidation. At the proteome level, we detected only the OmpB homolog, 

MofA, which was assigned to the Gallionellaceae sp. MAG (Fig. 2.2). Even though we 

used a total protein extraction method, membrane proteins are difficult to extract (Singer, 

1990) and we might have missed those EET proteins that reside in the membrane.  

Collectively, the data from our meta-omics analyses combined with previous studies 

strengthen the concept that cyc2, mtoAB, mofABC and pcoAB might be involved in EET 

to oxidize Fe(II) in not only the Gallionellaceae sp. but also the Rhodanobacter sp. (Fig. 

2.2 and Fig. 2.3). However, according to the metaproteomic data, the Gallionellaceae sp. 

might be the key FeOB potentially employing MofA to oxidize Fe(II) and to transfer 

electrons from Fe(II) to the periplasm via MofB and MofC (Corstjens et al., 1992; 

Brouwers et al., 2000; El Gheriany et al., 2009; He et al., 2017). Indeed, the isolated 

Rhodanobacter sp. from culture KS was unable to oxidize FeCl2 and Fe(II)-EDTA either 

under autotrophic or mixotrophic conditions (Tominski, 2016). This indicates that the 

Rhodanobacter sp. might be dependent on the Gallionellaceae sp. to survive in culture 

KS under autotrophic conditions, as previously proposed (He et al., 2016; Tominski et al., 

2018a).  

With respect to the other flanking community members under both autotrophic and 

heterotrophic conditions, the only EET transcripts detected for the Bradyrhizobium sp. 

and Nocardioides sp. were those of mofA (Fig. 2.2). The results overall indicate that the 

Gallionellaceae sp. might not depend on the Rhodanobacter sp. for the process of 

electron donation, i.e., Fe(II) oxidation, but might depend on the Rhodanobacter sp. for 

other metabolic steps, e.g., for accepting electrons from oxidation of organic carbon 
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provided by the Gallionellaceae sp. at the periplasm and the inner membrane. 

Furthermore, in order to survive (and even grow) under carbon-limited and Fe(II)-rich 

conditions, heterotrophs such as the Bradyrhizobium sp. and Nocardioides sp. depend 

on the Gallionellaceae sp. that uses electrons from Fe(II) oxidation to fix carbon and, thus, 

provides organic compounds to the heterotrophs.  

 

The Rhodanobacter sp. in culture KS likely detoxifies NO under autotrophic 

conditions 

Among the processes able to accept the electrons donated by Fe(II) oxidation at the 

periplasm and the inner membrane of the bacterial populations in culture KS is the 

reduction of nitrate, also known as denitrification. The transcripts of the denitrification 

pathway genes, i.e., narGHI and nirKS of the Gallionellaceae sp. as well as narGHI, nirK, 

norB and nosZ of the Rhodanobacter sp., were detected at significantly higher 

abundances under autotrophic conditions (Fig. 2.2). The proteins NarGHI and NirKS of 

the Gallionellaceae sp. as well as NirK and NosZ of the Rhodanobacter sp. were detected 

only under autotrophic conditions (Fig. 2.2). The Rhodanobacter sp. expressed all three 

copies of the nitric oxide reductase (norB) gene. In addition, normalized gene expression 

per MAG revealed highly expressed norB in the Rhodanobacter sp. under autotrophic 

conditions (439.88 averaged normalized TPM; Fig. 2.3). Therefore, the Rhodanobacter 

sp. might play a role in NO detoxification which is critical for the survival of the 

Gallionellaceae sp. (Fig. 2.2). It was previously suggested that the NO produced by the 

Gallionellaceae sp. could be reduced either via biotic processes by flanking community 

members or via abiotic processes, i.e., nitric oxide reduction coupled to Fe(II) oxidation 

(He et al., 2016). Based on our findings, the biotic process of NO detoxification by the 

Rhodanobacter sp. seems likely, and might be essential for the survival of the 

Gallionellaceae sp. in the presence of toxic NO. This implies that the lack of the nor gene 

could be the barrier that prevents isolation of the Gallionellaceae sp. from culture KS. 

Thus, constant removal of NO may help for the isolation of the Gallionellaceae sp. in 

culture KS. Furthermore, the product derived from NO reduction is a greenhouse gas, 

N2O, which is harmful to the environment. The proteins required for completing the 

denitrification pathway - NosZ by the Rhodanobacter sp. and the other heterotrophic 
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community members - were detected in culture KS under autotrophic conditions, further 

highlighting the critical role of interspecies interactions in the process of reducing N2O. In 

naturally occurring microbial communities, the process of complete denitrification is vital 

to decrease N2O greenhouse gas emissions which derive from incomplete microbial 

denitrification. 

 

Oxidative phosphorylation pathway under anoxic conditions 

Oxidative phosphorylation could also take part in accepting the electrons and transfer the 

electrons at the inner membrane to generate cellular energy. The metatranscriptome 

analysis revealed the presence of significantly higher abundances of oxidative 

phosphorylation gene transcripts under autotrophic compared to heterotrophic conditions 

for both, the Gallionellaceae sp. and Rhodanobacter sp. (Fig. 2.2). In addition, normalized 

gene expression per MAG showed high expression of cytB in the Gallionellaceae sp. (up 

to 34.31 averaged normalized TPM; Fig. 2.3) and of ccoQ in the Rhodanobacter sp. 

(142.16 averaged normalized TPM) under autotrophic conditions, respectively. 

Interestingly, the Gallionellaceae sp. homologs proteins for the cbb3- and aa3- type 

cytochrome c oxidases of complex IV, which have high and low affinity to oxygen, 

respectively (Arai et al., 2014), were detected under autotrophic conditions (Fig. 2.2). 

These cbb3- and aa3- type cytochrome c oxidases are typically found in microaerophilic 

FeOB, such as Sideroxydans lithotrophicus strain ES-1, and aerobic acidophilic FeOB, 

such as Acidthiobacillus ferrooxidans spp., respectively (Castelle et al., 2008; Emerson 

et al., 2013). Under heterotrophic conditions, only the transcripts of the Bradyrhizobium 

sp. genes encoding for the protein complexes II, IV and V were detected, and only a few 

of them had significantly higher abundances compared to autotrophic conditions (Fig. 

2.2). Furthermore, normalized gene expression per MAG revealed high levels of ccoQ in 

the Bradyrhizobium sp. (0.65-73.50 averaged normalized TPM; Fig. 2.3) and of coxB in 

the Nocardioides sp. (369.27-579.49 averaged normalized TPM) under both growth 

conditions, respectively. These data suggest that under both growth conditions, oxidative 

phosphorylation with O2 as electron acceptor might occur in culture KS. However, our 

growth experiments were performed under anoxic conditions using N2/CO2 in the 

headspace and amended with FeCl2 prior to inoculation, which would have consumed 
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any atmosphere O2 contamination during the preparation procedure. Hypothetically, there 

might be a similar mechanism as proposed for the nitric oxide reductase (Nod). Nod was 

suggested to produce oxygen and dinitrogen in aerobic methane oxidizing bacteria under 

anoxic conditions (Ettwig et al., 2010) and the corresponding gene was widely detected 

in the environment (Ettwig et al., 2010; Zhang et al., 2018; Hu et al., 2019; Zhu et al., 

2019). However, evidence of nod gene homologs was confirmed to be vague in culture 

KS and the most similar protein in culture KS, compared to the published nod genes, has 

only 34% amino acids identity (in the Rhodanobacter sp.). Hence, to confirm the 

production of O2 by an enzyme similar to Nod or the production of reactive oxygen species 

such as hydroxyl radicals, superoxide, and hydrogen peroxide in the culture KS system, 

further physiological experiments are required, as already suggested in a previous study 

(Mumford et al., 2016). Another possible scenario might be constitutive expression of the 

oxidative phosphorylation complex III genes. 

Overall, the microorganisms in culture KS may in theory have a microaerophilic living 

style, and the electrons accepted from the EET system may not only be transferred to the 

denitrification pathway but also to the oxidative phosphorylation pathway (Fig. 2.4). 

Indeed, several microoxic cultivation approaches, e.g., gradient tube and zero-valent iron 

plate, were used to grow culture KS and to isolate the Gallionellaceae sp. (Blöthe and 

Roden, 2009; Tominski et al., 2018a). It was found that under these microoxic conditions, 

the Gallionellaceae sp. grew for the first few transfers, but the growth was not as stable 

as the culture under autotrophic anoxic NRFeOx conditions (Tominski, 2016; Tominski et 

al., 2018a), suggesting that the Gallionellaceae sp. prefers an autotrophic anoxic 

NRFeOx environment or requires the microbial network that thrives under these 

conditions. 
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Fig. 2.4. Overview of the proposed microbial interactions of the Gallionellaceae sp. and 
Rhodanobacter sp. in culture KS under autotrophic conditions. The depicted putative reactions 
are based on the meta-omics data for extracellular electron transfer system, denitrification, carbon 
metabolism and oxidative phosphorylation in the Gallionellaceae sp. and Rhodanobacter sp. Most 
of the transcripts in this figure were detected under autotrophic conditions. Lighter blue color 
filling: incomplete pathway of proteins detected under autotrophic conditions; intense blue color 
filling: all proteins of the complete pathway detected under autotrophic conditions. 
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2.4. Conclusion 

Overall, our meta-omics analysis demonstrated that the microbial mechanism of NRFeOx 

occurs in the neutrophilic, autotrophic enrichment culture KS at the transcript and protein 

levels. Based on this, both the Gallionellaceae sp. and Rhodanobacter sp. likely take part 

in the processes of Fe(II) oxidation and denitrification (Fig. 2.4). Carbon fixation by the 

Gallionellaceae sp. is probably required for the survival of the Rhodanobacter sp. (Fig. 

2.4). In return, the Rhodanobacter sp. likely removes the toxic product, NO, that the 

Gallionellaceae sp. produces through incomplete denitrification (Fig. 2.4). This indicates 

that the Gallionellaceae sp. and Rhodanobacter sp. have established a symbiotic 

relationship to survive in the organic carbon source-limited but Fe(II)- and nitrate-rich 

environment of culture KS under autotrophic conditions. While we cannot provide direct 

proof of enzymatic NRFeOx and NO detoxification, our meta-omics analysis strengthens 

previous evidence of these mechanisms and sheds more light on the fascinating 

metabolisms and interdependencies of the microbial key players in culture KS. 

Furthermore, our meta-omics analysis revealed transcripts and proteins in culture KS that 

are an important basis for follow-up studies. For instance, our data provide hints on the 

conditions that might be required to isolate the nitrate-reducing Fe(II)-oxidizing 

Gallionellaceae sp. One promising approach employs a growth chamber with a periplasm 

membrane in between which might be used to grow the isolated Rhodanobacter sp. and 

the Gallionellaceae sp. via serial dilution from culture KS. This method would allow 

chemicals (e.g., organic carbon and NO) to pass through the membrane while separating 

the two species, resulting in a co-culture with complete pathways of NRFeOx and carbon 

fixation. Considering the environmental impact of microbial NRFeOx, a better knowledge 

of the physiology and the metabolism of members of the culture KS will be additionally 

valuable for the understanding of NRFeOx processes in the natural environment, 

particularly in organic carbon-limited but Fe(II)- and nitrate-containing habitats, such as 

aquifers. This knowledge may furthermore be used for treatment strategies of 

contaminated groundwater, wastewaters (Su et al., 2016; Zhang et al., 2016; Kiskira et 

al., 2017) or constructed wetlands (i.e., wastewater treatment systems) (Song et al., 

2016).   



41 
 

2.5. Experimental proceedures 

Cultivation, analytical methods and cell counts 

Culture KS originates from a freshwater pond in Bremen, Germany (Straub et al., 1996). 

Since then, culture KS has been transferred for more than 20 years under autotrophic 

conditions. For at least three years, culture KS was transferred with 1% (vol/vol) inoculum, 

including more than 10 transfers per year. The culture was grown in 58 mL serum bottles 

with 25 mL bicarbonate-buffered, anoxic, unfiltered medium, containing 10 mM FeCl2, 

4 mM NaNO3, vitamins, and trace elements with a final pH of 6.9 to 7.2 (Hegler et al., 

2008; Blöthe and Roden, 2009). The incubation temperature was 28°C without light 

source and agitation, and the N2/CO2 ratio in the headspace was 90/10. Under 

heterotrophic conditions, 5 mM acetate was used instead of 10 mM FeCl2 as electron 

donor. The analytic methods used to determine the concentrations of Fe(II), Fe(total), 

nitrate, nitrite and acetate as well as DAPI cell counts were described previously 

(Tominski et al., 2018a). 

 

Experimental setup for meta-omics 

In order to achieve a high-quality metagenome, we used a hybrid approach with both, 

short read (Illumina) and long read (Nanopore) sequencing technologies. Also, to 

assemble genomes optimally that dominate either under autotrophic or heterotrophic 

growth conditions, we sequenced samples of both treatments. Therefore, metagenome 

samples were obtained at day 2 (Illumina) and 7 (Nanopore) under autotrophic conditions 

and at day 13 (Illumina) under heterotrophic conditions.  

For the metatranscriptomics and metaproteomics analysis, both autotrophic and 

heterotrophic conditions were used with biological triplicates, respectively. Under 

autotrophic conditions, within 4 days on average 80% of Fe(II) was oxidized and 75% of 

nitrate was reduced. Therefore, samples under autotrophic conditions were taken at the 

2nd day (remaining Fe(II) and NO3
- was 8.7 mM and 3.8 mM, respectively; 

7.95 × 106 cells/mL). Under heterotrophic conditions, in a first step a pre-culture was 

grown for two transfers with 1% (vol/vol) inoculum for 10 days each, allowing more than 

seven generations under pre-culture conditions, considering an average doubling time of 

1.5 days, to avoid carryover of signals from gene and protein expression under 



42 
 

autotrophic conditions. In a second step, the 3rd transfer under heterotrophic conditions 

was used for the experimental setup: within 7 days, 72% of acetate was oxidized and 

97.5% of nitrate was reduced. Therefore, samples under heterotrophic conditions were 

taken at the 5th day (remaining: acetate - 3.68 mM; NO3
- - 2.84 mM; NO2

- - 0.04 mM; 

5.29 × 107 cells/mL).   

 

Biomass sampling 

At the sampling time points, biomass of culture KS with total cell numbers ranging from 

109 to 1010 cells was collected under sterile conditions on cellulose filters (mixed cellulose 

ester sterile filter membrane, 0.22 µm pore size, 47 mm filter diameter; Millipore) using 

vacuum filtration. The filters were cut into pieces and either stored in 15 mL falcon tubes 

at -80°C before proceeding with DNA and RNA extractions or stored in 50 mL falcon tubes 

at -80°C before proceeding with the protein extractions. 

 

DNA and RNA co-extraction 

DNA/RNA co-extraction was done according to the protocol of Lueders et al. (2004) with 

the following modifications: two tubes of “MP Bio Lysis Matrix E” beads were added into 

a 15 mL falcon tube including the filter pieces with the collected biomass. To disrupt the 

cells, 3.75 mL PB buffer (with 112.87 mM Na2HPO4 and 7.12 mM NaH2PO4) and 1.25 mL 

TNS buffer (with 500 mM Tris-HCL, 100 mM NaCl and 10% w/v SDS) were added, 

followed by bead beating for 4 minutes on the vortex adapter (maximum power) at room 

temperature (RT). The following centrifugation steps were all at maximum speed (7,197 

×g; Eppendorf Centrifuge 5430 with Rotor F35-6-30) at 4°C. All transfer steps were done 

on ice. The samples were centrifuged twice for 15 minutes and transferred to a new 15 mL 

falcon tube in between centrifugation steps, to obtain a clear supernatant. Then, the 

supernatant was split into new sterile 2 mL tubes (1 mL per tube) to proceed with phenol-

chloroform-isoamyl alcohol and chloroform-isoamyl alcohol extractions according to 

Lueders et al. (2004). Subsequently, all aqueous phases were pooled again into a new 

15 mL tube for polyethylene glycol (with 30% w/v polyethylene glycol 6000 and 1.6 M 

NaCl) precipitation overnight. From the ethanol-washing step, the extraction was done 

under a clean bench. The ethanol was removed carefully with a pipette with filter tips and 
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the pellet was dried at RT for ca. 10 minutes. The DNA/RNA pellet was dissolved in 20-

50 µl diethyl pyrocarbonate (DEPC) treated water with Invitrogen™ Ambion™ RNase 

inhibitor (40 Unit/µl, 1 ul RNase inhibitor/ 40 µl), at RT for 30 min. For RNA samples, DNA 

digestion with TURBO DNA-free™ Kit was performed following the users’ manual 

protocol for rigorous treatment. Successful DNA removal was confirmed by 30-cycle PCR 

using universal bacterial primers (see below). All samples were stored at -80°C before 

sequencing. 

 

Protein extraction 

Protein extraction was performed according to the “Protein extraction method B” from 

Spät et al. (2015) with the following modifications: 5 mL and 2 mL lysis buffer were added 

to the samples from autotrophic and heterotrophic conditions, respectively, to dissolve 

cell pellets. The samples were incubated for 10 minutes at 95°C in a water bath, vortexed 

briefly and chilled on ice with 2 minute-intervals in total 5 times and, subsequently, 

sonicated on ice for 30 seconds with an ultrasonic homogenizer (Bandelin Sonopuls) at 

output control 4 and 40% duty cycle. The lysate was centrifuged at 7,197 ×g for 1 minute 

at RT and the supernatant was then transferred into several 1.5 mL Eppendorf tubes and 

centrifuged at 20,817 ×g (Eppendorf Centrifuge 5430 with Rotor 30x1,5/2,0 mL) for 10 

minutes at RT. Samples were pooled again into sterile 50 mL solvent-resistant tubes. 

After the 8:1 acetone:methanol precipitation and incubation overnight step, the precipitate 

was washed with 5 mL ice-cold 80% (v/v) acetone in water and centrifuged at 7,197 ×g 

for 5 minutes at 4°C. The protein pellets were air-dried at RT and later dissolved in urea 

buffer and stored at -20°C. 

 

Illumina 16S rRNA amplicon sequencing 

Bacterial 16S rRNA genes were amplified using universal primers, i.e., 515f: 

GTGYCAGCMGCCGCGGTAA (Parada et al., 2016) and 806r: 

GGACTACNVGGGTWTCTAAT (Apprill et al., 2015) fused to Illumina adapters. The PCR 

cycling conditions were as follows: 95°C for 3 min, 25 or 30 cycles of 95°C for 30 s, 55°C 

for 30 s, and 75°C for 30 s, and it was followed by a final elongation step at 72°C for 3 

min. The quality of the purified amplicons was determined using agarose gel 
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electrophoresis. Subsequent library preparation steps, i.e., Nextera 2nd step PCR 

including pooling, and sequencing were performed on an Illumina MiSeq sequencing 

system (Illumina, San Diego, CA, USA) using the 2 × 250 bp MiSeq Reagent Kit v2 by 

Microsynth AG (Balgach, Switzerland). Between 68,651 and 219,333 sequencing read 

pairs were generated for each sample. Quality control, reconstruction of 16S rRNA gene 

sequences and taxonomic annotation was performed with nf-core/ampliseq v1.1.0 (Ewels 

et al., 2020; Straub et al., 2020) with Nextflow v20.04.1 (Di Tommaso et al., 2017) using 

containerized software with singularity v3.0.3 (Kurtzer et al., 2017). Primers were 

trimmed, and untrimmed sequences were discarded (< 8%) with Cutadapt v1.16 (Martin, 

2011). Adapter and primer-free sequences were imported into QIIME2 version 2018.06 

(Bolyen et al., 2019), their quality was checked with demux (https://github.com/qiime2/q2-

demux), and they were processed with DADA2 version 1.6.0 (Callahan et al., 2016) to 

eliminate PhiX contamination, trim reads (position 200 in forward reads and 160 in 

reverse reads), correct errors, merge read pairs, and remove PCR chimeras; ultimately, 

164 amplicon sequencing variants (ASVs) were obtained across all samples. Alpha 

rarefaction curves were produced with the QIIME2 diversity alpha-rarefaction plugin, 

which indicated that the richness of the samples had been fully observed. A Naive Bayes 

classifier was fitted with 16S rRNA gene sequences extracted with the PCR primer 

sequences from the QIIME compatible 99% identity clustered SILVA v132 database 

(Pruesse et al., 2007). ASVs were classified by taxon using the fitted classifier (Bokulich 

et al., 2018). Two ASVs that classified as chloroplasts or mitochondria were removed, 

totaling to < 0.1% relative abundance per sample, and the remaining ASVs had their 

abundances extracted by feature-table (https://github.com/qiime2/q2-feature-table).  

 

Metagenome sequencing, assembly and annotation 

Library preparation and shotgun Illumina sequencing of culture KS grown under 

autotrophic and heterotrophic conditions were performed by CeGaT, Tuebingen, 

Germany. 1 µg of DNA was used for library preparation with the TruSeq DNA PCR-Free 

Kit from Illumina without modifications. Libraries were sequenced on the Illumina 

NovaSeq 6000 platform to generate paired-end (2 × 150-bp) reads. 55.8 and 48.8 Gbp 

raw sequences were generated for autotrophic and heterotrophic growth conditions, 

https://github.com/qiime2/q2-feature-table
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respectively. Nanopore sequencing (Oxford Nanopore Technologies; ONT) on culture KS 

under autotrophic conditions was performed by the NGS Competence Center Tuebingen 

(NCCT) in the University of Tuebingen, Germany. The DNA concentration was measured 

with Qubit 4.0 dsDNA BR Assay Kit and Nanodrop. The library was prepared according 

to the standard protocol of ONT. A PromethION flow cell (version 9.4.1) was loaded and 

run for 72h with standard settings (basecalling with HAC mode, bias voltage -180 mV) 

(Goldstein et al., 2019; Moss et al., 2020), producing 53 Gbp in 5 million reads. 

Short and long read quality control, hybrid assembly, metagenome assembled genome 

binning and taxonomic annotation was performed with nf-core/mag v1.0.0 (https://nf-

co.re/mag, DOI: 10.5281/zenodo.3589528) (Ewels et al., 2020) with Nextflow v20.04.1 

(Di Tommaso et al., 2017) using containerized software with singularity v3.0.3 (Kurtzer et 

al., 2017). Short read quality was assessed with FastQC v0.11.8 (Andrews, 2010), quality 

filtering and Illumina adapter removal was performed with fastp v0.20.0 (Chen et al., 

2018), and reads mapped with Bowtie2 v2.3.5 (Langmead and Salzberg, 2012) to the 

PhiX genome (Enterobacteria phage WA11, GCA_002596845.1, ASM259684v1) were 

removed. Long read quality was assessed with NanoPlot v1.26.3 (De Coster et al., 2018), 

adapter trimming was done with Porechop v0.2.3_seqan2.1.1 

(https://github.com/rrwick/Porechop), Escherichia virus Lambda (PRJNA485481, 

GCA_000840245.1) contamination was removed with Nanolyse v1.1.0 (De Coster et al., 

2018), and quality filtering was performed with Filtlong v0.2.0 

(https://github.com/rrwick/Filtlong) using short reads retaining 75% of all long reads (nf-

core/mag parameters “--longreads_keep_percent 75 --longreads_length_weight 1”). 

Finally, processed short and long reads were assembled with metaSPAdes v3.13.1 (Nurk 

et al., 2017) and the assembly was evaluated with QUAST v5.0.2 (Gurevich et al., 2013). 

MAGs were binned with MetaBAT2 v2.13 (Kang et al., 2019) aided by the sequencing 

depth in libraries from autotrophic and heterotrophic conditions, checked for their 

completeness and contamination with BUSCO v3.0.2 (Waterhouse et al., 2018) using 148 

near-universal single-copy orthologs of bacteria 

(http://busco.ezlab.org/v3/datasets/bacteria_odb9.tar.gz) selected from OrthoDB v9 

(Zdobnov et al., 2017), summary statistics were obtained with QUAST for each MAG, and 

finally MAGs were taxonomically annotated with CAT v4.6 (von Meijenfeldt et al., 2019), 

https://nf-co.re/mag
https://nf-co.re/mag
https://github.com/rrwick/Porechop
http://busco.ezlab.org/v3/datasets/bacteria_odb9.tar.gz


46 
 

using a reference database created 04 March 2020 from NCBI nr using the command 

"CAT prepare --fresh". Characteristics of the assembled metagenome can be found in 

Table 2.2. Four high-quality MAGs were obtained from the metagenome, with an 

estimated completeness of 95.3-99.3% and with no detectable contamination (Table 2.1).  

Table 2.2. Summary of (A) metagenome, (B) metatranscriptome and (C) metaproteome 
data 

  Culture KS Co-assembly 

(A) Metagenome 

Genome size (Mbp) 18.17 

No. contigs (scaffold) 117 

Gene count 18082 

GC (%) 66.21 

No. of CDS 17832 

IMG Submission ID 235566 

IMG Genome ID  3300040739 

GOLD Analysis Project ID Ga0439407 

rRNA 17 

16S rRNA Count 6 

(B)  Metatranscriptome (range / average) 

Sequences [million] 21-62 / 46 

% duplicates 75-94 / 85 

GC% 54-61 / 56 

% rRNA 4-94 / 65 

% mapped to metagenome 46-95 / 78 

mapped to metagenome [million] 1.7-16.8 / 11.2 

Total no. of detected transcripts  17888 

No. of significant higher expression level 
transcripts under autotrophic condition 

6237 

No. of significant higher expression level 
transcripts under heterotrophic condition 

1068 

(C) Metaproteome (range / average)  

Analyzed MS/MS spectra [thousand] 88-92 / 90 

Identified MS/MS spectra (%) 16-37 / 28 

Total no. of detected proteins  5833 

No. of significant higher abundant proteins under 
autotrophic condition 

77 

No. of significant higher abundant proteins under 
heterotrophic condition 

616 
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The assembled metagenome and MAGs were uploaded in June 2020 to the Joint 

Genome Institute’s Integrated Microbial Genome and Microbiome Expert Review 

(IMG/MER) pipeline (IMGAP v5.0.18) for annotation (available online at 

https://img.jgi.doe.gov/cgi-bin/mer/main.cgi; Chen et al. (2019)). FeGenie (Garber et al., 

2020), National Center for Biotechnology Information (NCBI) basic local alignment search 

tool (BLAST) function (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1990) and 

the IMG database (Chen et al., 2019) were used to confirm potential Fe(II) oxidation 

genes. Metabolic pathways were searched by using KEGG database 

(https://www.genome.jp/kegg/pathway.html) (Kanehisa and Goto, 2000). GapMind was 

used for confirming complete gene pathways for essential amino acid biosynthesis (all 

with high confidence of best gene candidate) (https://papers.genomics.lbl.gov/cgi-

bin/gapView.cgi) (Price et al., 2020). Table S2.1 is a list of IMG accession numbers for 

genes of Fe(II) oxidation, carbon fixation, denitrification and complex IV of oxidative 

phosphorylation from four MAGs of culture KS. Supplementary text 2.6.1 described newly 

assembled MAG of the Nocardioides sp. in culture KS.  

 

RNA sequencing, mapping and differential RNA abundance 

For metatranscriptomes, DNAse treatment, library preparation including bacterial 

ribodepletion (with the NuGen Universal Prokaryotic RNA-Seq kit) and sequencing with 

2 × 75 bp and 21 to 62 Mio clusters per sample were performed by Microsynth AG 

(Balgach, Switzerland) using triplicate samples of culture KS grown under autotrophic and 

heterotrophic conditions, respectively. For data analysis, nf-core/rnaseq v1.4.2 (https://nf-

co.re/rnaseq) (Ewels et al., 2020; Straub et al., 2020) and its containerized software was 

used with singularity v3.0.3 (Kurtzer et al., 2017). Firstly, an index database adjusted to 

small genomes (--genomeSAindexNbases 10) was created with Spliced Transcripts 

Alignment to a Reference (STAR) v2.6.1d (Dobin et al., 2013) on the IMGAP annotation 

of the metagenome. Next, nf-core/rnaseq was executed with Nextflow v20.04.1 (Di 

Tommaso et al., 2017) and performed quality checks with FastQC v0.11.8 (Andrews, 

2010), removed around 1% basepairs per sample due to adapter contamination and 

trimming of low quality regions with Trim Galore! v0.6.4, removed 4% to 94% (average: 

64%) rRNA sequences with SortMeRNA v2.1b (Kopylova et al., 2012), aligned with STAR 
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v2.6.1d 93-95% and 46-74% reads for autotrophic and heterotrophic conditions, 

respectively, and finally summarized 13.2-16.8 and 1.7-16.3 million counts per sample for 

autotrophic and heterotrophic conditions, respectively, to genes by featureCounts v1.6.4 

(Liao et al., 2014). Transcripts per kilobase million (TPM) (Li and Dewey, 2011) were 

calculated by StringTie v2.0 (Pertea et al., 2016). For the comparison of total transcript 

abundances under autotrophic compared to heterotrophic conditions, gene counts were 

used in differential abundance analysis in R v3.5.1 with DESeq2 v1.22.1 including median 

of ratios normalization (Love et al., 2014) and a significant difference was postulated for 

transcripts with Benjamini and Hochberg adjusted p ≤ 0.05. Normalized gene expression 

(normalized TPM) per MAG was calculated according to a previous study (McAllister et 

al., 2020). Reference genes were selected from the list of genes validated for constitutive 

expression (Rocha et al., 2015), but the 16S rRNA gene was excluded from consideration 

given that we did ribosomal RNA depletion. Further genes were excluded because either 

they were not detected in all MAGs or had undetectable expression (0 TPM) in all samples 

of at least one growth condition. Finally, the TPM values of the selected reference genes 

(gapA, rpoA, rpoB, rpoC, and rpoD) were averaged for each growth condition and MAG. 

Normalized TPM values for each gene were calculated by dividing its average TPM value 

per condition by the average TPM of the reference genes for the corresponding MAG and 

growth condition. For all calculations, a value of 0 TPM was treated as missing value. A 

summary of features of the metatranscriptome can be found in Fig. 2.2, Fig. 2.3 and Table 

2.2. 

 

Metaproteome analysis  

The metaproteome analysis was conducted by the Quantitative Proteomics & Proteome 

Center, Tuebingen (PCT) (Schmitt et al., 2019). Protein concentrations were determined 

via the Bradford assay (Bio-Rad) according to the user's manual. SDS PAGE short gel 

purification (Invitrogen) was run and in-gel digestion with Trypsin was conducted as 

described previously (Borchert et al., 2010). Extracted peptides were desalted using C18 

StageTips (Rappsilber et al., 2007) and subjected to LC-MS/MS analysis. LC-MS/MS 

analyses were performed on an Easy-nLC 1200 UHPLC (Thermo Fisher Scientific) 

coupled to an QExactive HF Orbitrap mass spectrometer (Thermo Fisher Scientific) as 
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described elsewhere (Schmitt et al., 2019). Peptides were eluted with a 127 min 

segmented gradient at a flow rate of 200 nl/min, selecting 12 most intensive peaks for 

fragmentation with HCD. The MS data was processed with MaxQuant software suite 

1.6.7.0 (Cox and Mann, 2008). The iBAQ and LFQ algorithms were enabled, samples of 

the same treatment (autotrophic or heterotrophic conditions, respectively) were matched. 

Database search against protein sequences predicted by IMGAP on the metagenome 

assembly was performed using the Andromeda search engine (Cox et al., 2011). 41,819 

identified peptides by MaxQuant were loaded with R package proteus v0.2.13 (Gierlinski 

et al., 2018) (https://github.com/bartongroup/Proteus) in R v3.6.0 (Team, 2020) 

(https://www.R-project.org/.) and subsequently assigned to 5,833 proteins, accumulated 

protein intensities were normalized by each samples median and transformed by log2. 

For the comparison of total protein abundances under autotrophic compared to 

heterotrophic conditions, differential protein abundance analysis was performed for the 

triplicates of autotrophic and heterotrophic conditions and the significance level for 

rejecting the null hypothesis was set to 0.05. Key characteristics of the metaproteomes 

can be found in Fig. 2.2 and Table 2.2.  

 

Metagenome, draft genome accession numbers and data availability 

The metagenome and MAGs are available through Integrated Microbial Genomes & 

Microbiomes (IMG) (https://img.jgi.doe.gov/), with the taxon identification (IMG Genome 

ID) 3300040739 for the culture KS metagenome, and IMG Genome ID 2878407288, 

2878409899, 2878413433 and 2878420039 for the MAGs of the Gallionellaceae sp., 

Rhodanobacter sp., Bradyrhizobium sp. and Nocardioides sp., respectively. 

Raw sequencing data have been deposited with links to BioProject accession number 

PRJNA682552 in the NCBI BioProject database 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA682552). The raw mass spectrometry 

proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier 

PXD023186. Accession numbers for each sample can be found in Table S2.2. 

  

https://img.jgi.doe.gov/
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2.6. Supplementary information 

2.6.1. Supplementary text 

Nocardioides sp. metagenome assembled genome  

In this study, a MAG of the Nocardioides sp. was recovered with 96.6% completeness 

(Table 2.1). This MAG is an addition to the MAGs retrieved in a previous metagenomic 

study of culture KS (He et al., 2016). The closest related isolated organism to the 

Nocardioides sp. in culture KS was Nocardioides sp. JS614 (with 16S rRNA gene 

sequence identity of 99.10% and average nucleotide identity of 87.16%; Table 2.1) which 

utilizes vinyl chloride and ethene as carbon and energy sources (Coleman et al., 2002). 

Moreover, another closely related organism, Nocardioides sp. strain in31 (with 16S rRNA 

gene sequence identity of 98.48%), was previously identified as mixotrophic nitrate-

reducing Fe(II)-oxidizing bacterium (Benzine et al., 2013).  

The MAG analysis of the Nocardioides sp. in our study revealed the putative Fe(II) 

oxidation gene mofA (i.e., manganese oxidation gene), an ompB homolog, which 

encodes a manganese-oxidizing protein with copper domains, i.e., a multicopper oxidase 

(Corstjens et al., 1997; Brouwers et al., 2000). Transcripts of mofA were detected under 

both, autotrophic and heterotrophic conditions (Fig. 2.2). For denitrification genes and 

transcripts, nitrate reductase (narGHI), nitrite reductase (nirK) and nitric oxide reductase 

(norB) were detected under both conditions. In addition, NarGH, NirK and NorB proteins 

were detected under heterotrophic conditions (Fig. 2.2). Carbon metabolism pathway 

genes for the glycolysis pathway, the tricarboxylic acid cycle, and the pentose phosphate 

pathway were identified in the MAG of the Nocardioides sp. However, no essential carbon 

fixation genes, i.e. rbcL or rbcS, were detected in the Nocardioides sp. MAG. For the 

oxidative phosphorylation pathway, the genes for the respiratory chain complexes I 

(NADH quinone oxidoreductase), II (succinate dehydrogenase), III (cytochrome bc1 

complex), IV (cbb3- and aa3-type cytochrome c oxidases) and V (F-type ATPase) were all 

identified. However, only partial transcripts encoding aa3-type cytochrome c oxidases 

were detected under both conditions (Fig. 2.2). For the genes of amino acid biosynthesis, 

most of the genes were identified in the MAG of the Nocardioides sp. One exemption was 

the gene encoding the anthranilate synthase subunit TrpE, for tryptophan biosynthesis, 

that was identified at low confidence, i.e. with low identity to related gene homologs.  
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The meta-omics findings of the Nocardioides sp. mostly align with the physiological data 

from previous studies (Tominski, 2016). An isolate of the Nocardioides sp. grew under 

oxic conditions on agar plates and showed no growth under autotrophic conditions with 

nitrate as electron acceptor and Fe(II) or Fe(II)-EDTA as electron donors (Tominski, 

2016). The Nocardioides sp. only consumed substrates under mixotrophic conditions with 

Fe(II)-EDTA and acetate as electron donor and under heterotrophic growth conditions 

with acetate as electron donor (Tominski, 2016). Overall, our results suggest that the 

Nocardioides sp. in culture KS might be a facultative aerobe, which cannot proceed 

carbon fixation and autotrophic Fe(II) oxidation.  

 

2.6.2. Supplementary calculation  

The calculation of 1 mg/L of dissolved organic carbon in Milli-Q water producing 

approximately 106 cells/mL is as follows: 

Estimated cell weight: 1 pg = 1×10-9 mg.  

The proportion of carbon in biomass (CH2O) = (12 g/mol)/ ((12+2×1+16) g/mol) = 40%  

Therefore, in 1×10-9 mg cell weight, 0.4×10-9 mg is carbon. Assuming 100% of carbon 

from dissolved organic carbon goes to biomass formation, biomass can be produced from 

carbon: (1 mg/L)/ 0.4×109 mg = 2.5×109 cells/L = 2.5×106 cells/mL. 
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Supplementary tables 

Table S2.1. List of IMG accession numbers (Locus Tag) for genes of Fe(II) oxidation, carbon fixation, denitrification and 
complex IV of oxidative phosphorylation  

Gene Product Name Gallionellaceae  Rhodanobacter  Bradyrhizobium  Norcardioides  

Fe oxidation     

hypothetical protein (cyc2) Ga0439409_05_803_2095 Ga0439410_03_678072_679457   

hypothetical protein (cyc2)  Ga0439410_03_1055160_10565
15 

  

DmsE family decaheme c-type 
cytochrome; CXXCH motif (mtoA) 

Ga0439409_01_391371_392324 Ga0439410_05_601238_602269   

MtrB/PioB family decaheme-
associated outer membrane 
protein - DUF3374 (mtoB) 

Ga0439409_01_392345_395107 Ga0439410_05_602285_604669   

FtsP/CotA-like multicopper 
oxidase with cupredoxin domain 
(mofA) 

Ga0439409_01_575045_579349 Ga0439410_01_148354_150402 
Ga0439411_01_2113509_21146
09 

Ga0439412_01_891723_893246 

FKBP-type peptidyl-prolyl cis-trans 
isomerase FklB (mofB) 

Ga0439409_01_573660_574349 Ga0439410_05_428698_429420   

CopA family copper-resistance 
protein (pcoA) 

 Ga0439410_01_153335_155176   

CopA family copper-resistance 
protein (pcoA) 

 Ga0439410_03_386483_388243   

copper resistance protein B 
(pcoB) 

 Ga0439410_01_152079_153338   

copper resistance protein B 
(pcoB) 

 Ga0439410_03_385272_386486   

Carbon fixation (RuBisCo)     

ribulose-bisphosphate 
carboxylase large chain (rbcL) 

Ga0439409_02_196386_197765  Ga0439411_01_379596_381056  

ribulose-bisphosphate 
carboxylase large chain (rbcL) 

  Ga0439411_01_4594611_45960
71 

 

ribulose-bisphosphate 
carboxylase small chain (rbcS) 

  Ga0439411_01_381068_381475  

ribulose-bisphosphate 
carboxylase small chain (rbcS) 

  Ga0439411_01_4594171_45945
39 
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Table S2.1. (continued) List of IMG accession numbers (Locus Tag) for genes of Fe(II) oxidation, carbon fixation, 
denitrification and complex IV of oxidative phosphorylation  

Gene Product Name Gallionellaceae  Rhodanobacter  Bradyrhizobium  Norcardioides  

Denitrification     

nitrate reductase alpha subunit 
(narG) 

Ga0439409_01_988048_9918
09 

Ga0439410_05_206908_210666 
Ga0439411_01_3918566_39223
18 

Ga0439412_02_472082_475804 

nitrate reductase beta subunit (narH) 
Ga0439409_01_986465_9880
12 

Ga0439410_05_210666_212210 
Ga0439411_01_3917025_39185
69 

Ga0439412_02_475885_477627 

nitrate reductase gamma subunit 
(narI) 

Ga0439409_01_985168_9859
14 

Ga0439410_05_212887_213591 
Ga0439411_01_3915578_39163
03 

Ga0439412_02_478367_479098 

nitrite reductase (NO-forming) (nirK) 
Ga0439409_02_432389_4334
26 

Ga0439410_04_176086_178065 
Ga0439411_01_6412199_64132
96 

Ga0439412_03_304576_307281 

nitrite reductase (NO-forming) (nirK)  Ga0439410_05_185392_186909   

nitrite reductase (NO-forming) / 
hydroxylamine reductase (nirS) 

Ga0439409_02_592761_5944
22 

 Ga0439411_01_6628345_66300
63 

 

nitrite reductase (NO-forming) / 
hydroxylamine reductase (nirS) 

Ga0439409_02_595219_5968
53 

   

nitric oxide reductase subunit B 
(norB) 

 Ga0439410_05_227274_229556 
Ga0439411_01_1063984_10653
30 

Ga0439412_01_127239_129620 

nitric oxide reductase subunit B 
(norB) 

 Ga0439410_05_233733_235430 
Ga0439411_01_3808647_38109
80 

 

nitric oxide reductase subunit B 
(norB) 

 Ga0439410_05_696543_698840 
Ga0439411_01_3832715_38344
27 

 

nitric oxide reductase subunit C 
(norC) 

  Ga0439411_01_1063489_10639
41 

 

nitrous-oxide reductase (nosZ)  Ga0439410_05_268657_270606 
Ga0439411_01_3826691_38289
82 

 

nitrous-oxide reductase (nosZ)   Ga0439411_01_44822_46765  

Oxydative phosphorylation complex IV (cytochrome bc1 complex) 

ubiquinol-cytochrome c reductase 
cytochrome b/c1 subunit (fbcH) 

 Ga0439410_05_165068_165673 Ga0439411_01_252978_255041  

ubiquinol-cytochrome c reductase 
iron-sulfur subunit (UQCRFS1, 
RIP1, petA) 

Ga0439409_03_62071_62664 Ga0439410_05_165673_166974 Ga0439411_01_252382_252912  

ubiquinol-cytochrome c reductase 
iron-sulfur subunit (UQCRFS1, 
RIP1, petA) 

Ga0439409_04_38335_38928    

ubiquinol-cytochrome c reductase 
cytochrome b subunit (CYTB, petB) 

Ga0439409_03_60836_62074 Ga0439410_05_166967_167725   

ubiquinol-cytochrome c reductase 
cytochrome b subunit (CYTB, petB) 

Ga0439409_04_37100_38338    

ubiquinol-cytochrome c reductase 
cytochrome c1 subunit (CYC1, 
CYT1, petC) 

Ga0439409_03_60066_60818    

ubiquinol-cytochrome c reductase 
cytochrome c1 subunit (CYC1, 
CYT1, petC) 

Ga0439409_04_36361_37077    
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Table S2.1. (continued) List of IMG accession numbers (Locus Tag) for genes of Fe(II) oxidation, carbon fixation, 
denitrification and complex IV of oxidative phosphorylation  

Gene Product Name Gallionellaceae  Rhodanobacter  Bradyrhizobium  Norcardioides  

Oxydative phosphorylation complex IV (cbb3-type) 

cytochrome c oxidase cbb3-type 
subunit I (ccoN) 

Ga0439409_04_82617_84011 Ga0439410_05_818919_820385 Ga0439411_01_510756_512414  

cytochrome c oxidase cbb3-type 
subunit I (ccoN) 

  Ga0439411_01_659138_660787  

cytochrome c oxidase cbb3-type 
subunit II (ccoO) 

Ga0439409_04_84022_84780 Ga0439410_05_818243_818905 Ga0439411_01_512418_513149  

cytochrome c oxidase cbb3-type 
subunit II (ccoO) 

  Ga0439411_01_660800_661534  

cytochrome c oxidase cbb3-type 
subunit III (ccoP) 

Ga0439409_04_175472_175831 Ga0439410_05_817159_818067 Ga0439411_01_513312_514190  

cytochrome c oxidase cbb3-type 
subunit III (ccoP) 

Ga0439409_04_84979_85887  Ga0439411_01_661719_662591  

cytochrome c oxidase cbb3-type 
subunit IV (ccoQ) 

 Ga0439410_05_818064_818246 Ga0439411_01_513154_513321  

cytochrome c oxidase cbb3-type 
subunit IV (ccoQ) 

  Ga0439411_01_661548_661712  

Oxydative phosphorylation complex IV (aa3-type) 

cytochrome c oxidase subunit I 
(coxA) 

Ga0439409_01_25959_27665 Ga0439410_02_392830_394446 
Ga0439411_01_1729373_17309
95 

Ga0439412_01_2213719_22154
70 

cytochrome c oxidase subunit I 
(coxA) 

Ga0439409_01_498172_499758  Ga0439411_01_518788_520398 Ga0439412_02_747973_749649 

cytochrome c oxidase subunit I 
(coxA) 

  Ga0439411_01_6026147_60277
72 

 

cytochrome c oxidase subunit I 
(coxA) 

  Ga0439411_01_6618588_66203
09 

 

cytochrome c oxidase subunit II 
(coxB) 

Ga0439409_01_25395_25952 Ga0439410_02_391858_392757 
Ga0439411_01_1730982_17315
57 

Ga0439412_01_2212790_22137
22 

cytochrome c oxidase subunit II 
(coxB) 

Ga0439409_01_499768_500811  Ga0439411_01_6025226_60260
65 

Ga0439412_02_747386_747976 

cytochrome c oxidase subunit II 
(coxB) 

  Ga0439411_01_6618008_66185
83 

 

cytochrome c oxidase subunit III 
(coxC) 

Ga0439409_01_496628_497482 Ga0439410_02_394759_395646 
Ga0439411_01_6029668_60305
64 

Ga0439412_01_2221152_22217
21 



 
 

Table S2.2. Overview of multi-omics samples, archived in the Sequencing Read Archive 

(SRA, bioproject PRJNA682552) or ProteomeXchange Consortium (via the PRIDE 

partner repository, identifier PXD023186).  

Conditions 
Time-
point 

Replicate 
Amplicon 

sequencing 
Metagenomics Metatranscriptomics Metaproteomics 

Autotrophic 

D0 1 SRR13197605    

D2 1 SRR13197604 

SAMN17088344 
(Illumina) 

SRR13245408 R17 

D2 2 SRR13197593 SRR13245407 R18 

D2 3 SRR13197591 SRR13245406 R19 

D2 4 SRR13197590    

D3 1 SRR13197589    

D3 2 SRR13197588    

D3 3 SRR13197587    

D7 1 SRR13197586 

SAMN17088346 
(Nanopore) 

  

D7 2 SRR13197585   

D7 3 SRR13197603   

Heterotrophic 

D00 1 SRR13197602    

D05 1 SRR13197601  SRR13245405 R20 

D05 2 SRR13197600  SRR13245404 R21 

D05 3 SRR13197599  SRR13245403 R22 

D09 1 SRR13197598    

D09 2 SRR13197597    

D09 3 SRR13197596    

D13 1 SRR13197595 

SAMN17088345 
(Illumina) 

  

D13 2 SRR13197594   

D13 3 SRR13197592   
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3.1. Abstract 

Fe(II) oxidation coupled to nitrate reduction (NRFeOx) has been described for many 

environments. Yet, very few autotrophic microorganisms catalysing NRFeOx have been 

cultivated and their diversity, as well as their mechanisms for NRFeOx in situ, remain 

unclear. A novel autotrophic NRFeOx enrichment culture, named culture BP, was 

obtained from a freshwater sediment. After more than 20 transfers per year from 2018, 

culture BP oxidized 8.22 mM of Fe(II) and reduced 2.42 mM of nitrate within 6.5 days 

under autotrophic conditions. We applied metagenomic, metatranscriptomic and 

metaproteomic analyses to culture BP to identify the microorganisms involved in 

autotrophic NRFeOx and to unravel their metabolism. Overall, twelve metagenome-

assembled genomes (MAGs) were constructed, including a dominant Gallionellaceae sp. 

MAG (≥71% relative abundance). Genes and transcripts associated with potential Fe(II) 

oxidizers in culture BP, identified as a Gallionellaceae sp., Noviherbaspirillum sp., and 

Thiobacillus sp., were likely involved in metal oxidation (e.g. cyc2, mtoA), denitrification 

(e.g. nirK/S, norBC), carbon fixation (e.g. rbcL) and oxidative phosphorylation. The 

putative Fe(II)-oxidizing protein Cyc2 was detected for the Gallionellaceae sp. and 

Noviherbaspirillum sp., respectively. Overall, a complex network of microbial interactions 

among several Fe(II) oxidizers and denitrifiers was deciphered in culture BP that might 

resemble NRFeOx mechanisms in situ. Furthermore, 16S rRNA gene amplicon 

sequencing from environmental samples revealed 36 distinct Gallionellaceae taxa, 

including the key player of NRFeOx from culture BP (~0.13% relative abundance in situ). 

Since several of these in situ detected Gallionellaceae taxa were closely related to the 

key player in culture BP, this suggests that the diversity of organisms contributing to 

NRFeOx might be higher than currently known. 
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3.2. Introduction 

Oxidation of ferrous iron [Fe(II)] and reduction of ferric iron [Fe(III)] contribute to 

biogeochemical carbon, nitrogen, oxygen and sulfur cycles and can be mediated by 

specific microorganisms. There are three physiological types of Fe(II)-oxidizing bacteria 

(FeOB), i.e. microaerophiles, photoferrotrophs and nitrate-reducing Fe(II) oxidizers. 

Autotrophic nitrate-reducing Fe(II) oxidizers have the ability to fix carbon dioxide (CO2) 

and to oxidize Fe(II) coupled with complete or incomplete denitrification and can, thus, 

influence the fate of the groundwater pollutant nitrate and the greenhouse gases nitrous 

oxide (N2O) and carbon dioxide (CO2). However, detailed knowledge about the enzymatic 

mechanisms of autotrophic Fe(II) oxidation coupled to nitrate reduction (NRFeOx) in the 

environment is missing.  

Based on several laboratory studies on autotrophic and mixotrophic nitrate-reducing 

Fe(II)-oxidizing bacteria (ZoBell, 1944; Rabus and Widdel, 1995; Straub et al., 1996; 

Buchholz-Cleven et al., 1997; Edwards et al., 2003; Beller et al., 2006b; Kumaraswamy 

et al., 2006; Weber et al., 2006; Su et al., 2015; Zhang et al., 2015; Zhou et al., 2016), it 

was proposed that to be classified as true autotrophic nitrate-reducing Fe(II) oxidizing 

cultures, the cultures must (i) have no need of an additional organic carbon source, (ii) 

maintain Fe(II) oxidation over several (>3) transfers without organic carbon addition, (iii) 

have confirmed growth of cells with only Fe(II), nitrate and CO2 provided, and (iv) show 

CO2 uptake by incorporation of labelled CO2 into biomass during Fe(II) oxidation (Bryce 

et al., 2018). To date, there has only been one example of a stable autotrophic nitrate-

reducing Fe(II)-oxidizing bacterial culture that fits all of the above criteria, enrichment 

culture KS (Straub et al., 1996; He et al., 2016; Tominski et al., 2018a; Tominski et al., 

2018b). Culture KS was initially described in Straub et al. (1996), originates from Bremen, 

Germany, and is composed of FeOB, i.e. an unclassified Gallionellaceae sp., and 

denitrifiers, i.e. Rhodanobacter sp. and Bradyrhizobium sp. (He et al., 2016). These FeOB 

and denitrifiers in culture KS showed that species interdependencies are used as a 

survival strategy under the carbon limited but Fe(II)- and nitrate-rich culture conditions 

(Huang et al., 2021a). Yet, it remains unknown whether additional autotrophic nitrate-

reducing Fe(II)-oxidizing cultures, aside from culture KS, can be cultivated to expand the 

diversity of known key players of autotrophic NRFeOx. 
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Nitrate-reducing Fe(II)-oxidizing bacteria were found in various types of environments 

(Straub and Buchholz-Cleven, 1998; Laufer et al., 2016) and were studied as treatments 

for contaminated groundwater (Su et al., 2016; Zhang et al., 2016; Kiskira et al., 2017) 

and constructed wetlands (i.e. wastewater treatment systems) (Song et al., 2016). 

Furthermore, microorganisms of the family Gallionellaceae were widely found in a variety 

of natural environments (Wang et al., 2009; McBeth et al., 2013; Emerson et al., 2016; 

Fabisch et al., 2016; Jewell et al., 2016; Li et al., 2017). In addition, several observations 

pointed towards an involvement of Gallionellaceae spp. in NRFeOx processes in different 

habitats (Emerson et al., 2016; Jewell et al., 2016; Bethencourt et al., 2020). However, it 

remained largely unknown whether these FeOB are dependent on other microbial 

community members, similar to the interdependencies described for culture KS (He et al., 

2016). 

Here, we explored a novel autotrophic NRFeOx enrichment culture, named culture BP 

(Bremen Pond), that originated from a freshwater sediment in Bremen, Germany, and was 

obtained in 2015 from a pond close to the sampling site of culture KS. We studied the 

physiology of culture BP by analysing its geochemistry, cell numbers and microbial 

community composition (via 16S rRNA gene amplicon sequencing). In addition, we used 

metagenomic, metatranscriptomic and metaproteomic (meta-omics) analysis to (i) identify 

the key players of NRFeOx in culture BP, (ii) study their potential metabolism, particularly 

for Fe(II) oxidation, denitrification and carbon fixation, (iii) explore possible microbial 

interspecies interactions in culture BP, and (iv) compare the more recent culture BP that 

might resemble environmental NRFeOx processes more closely to the long-term 

established culture KS. We furthermore performed DNA- and RNA-based 16S rRNA 

(gene) amplicon sequencing of six sites at the original habitat of culture BP to (v) assess 

the in-situ diversity and relative abundance of potential key players involved in NRFeOx. 
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3.3. Results 

Physiology and microbial community composition of the novel enrichment culture 

BP 

To explore the diversity of cultivable autotrophic FeOB contributing to NRFeOx in the 

environment, we sampled a freshwater habitat, a pond in Bremen (Germany), which is in 

the vicinity of the origin of the existing NRFeOx culture KS (a connected ditch nearby). 

We established the novel culture BP, maintained under the same autotrophic growth 

conditions as culture KS (Tominski et al., 2018a). Culture BP was grown under autotrophic 

conditions (i.e. with 10 mM Fe(II) as an electron donor and 4 mM nitrate as an electron 

acceptor in bicarbonate-buffered medium) and under heterotrophic conditions (i.e. with 5 

mM acetate as an electron donor and 4 mM nitrate as an electron acceptor) as alternative 

growth condition for three successive transfers in triplicates, respectively. Samples for 

meta-omics analyses were collected on the 2nd day under autotrophic conditions, and at 

18 hours under heterotrophic conditions; optimum sampling points were determined 

based on geochemical and short-read 16S rRNA gene amplicon sequencing analyses 

conducted in parallel. 

Under autotrophic conditions, 8.22 mM of Fe(II) was oxidized in 6.5 days with an average 

Fe(II) oxidation rate of 1.66 mM/day during the active growth phase (i.e. between 23 and 

90 hours) (Fig. 3.1A). This co-occurred with a reduction of 2.42 mM of nitrate and an 

average nitrate reduction rate of 0.53 mM/day, without detectable nitrite production (Fig. 

3.1A). The average Fe(II)oxidized/nitratereduced stoichiometric ratio was 3.4, which was lower 

than theoretical ration 5, indicating incomplete denitrification, and cell numbers increased 

from 1.04 × 106 cells/mL to 4.31 × 106 cells/mL within 3.75 days (Fig. 3.1C).  

Under heterotrophic conditions, 3.4 mM of acetate was consumed with an average 

acetate oxidation rate of 2.7 mM/day during the exponential growth phase (i.e. between 

11 to 37 hours). This co-occurred with a reduction of 4.0 mM nitrate and an average nitrate 

reduction rate of 3.5 mM/day. Nitrite increased from 0.02 to 0.8 mM from 11 to 18 hours, 

but decreased again afterwards (Fig. 3.1B). The average ratio for 

acetateoxidized/nitratereduced was 0.85, which is higher than the theoretical stoichiometry 

value of 0.625, suggesting that acetate was oxidized not only for energy generation but 

also used for biomass production and nitrate was eventually reduced completely to N2. 
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Throughout the experiment, cell numbers increased from 3.89 × 104 cells/mL to 3.68 × 

107 cells/mL within 37 hours (Fig. 3.1D).  

Fig. 3.1. Geochemistry of culture BP under autotrophic (left) and heterotrophic (right) conditions. 
Changes in (A) Fe(II), nitrate and nitrite concentrations, (B) acetate, nitrate and nitrite 
concentrations, (C and D) estimated absolute cell numbers (calculated using total cell numbers 
and short-read 16S rRNA gene amplicon sequencing relative abundance data), as monitored over 
time. Error bars represent the standard deviation of three biological replicates (except for T0).  

Under autotrophic conditions, an amplicon sequencing variant (ASV) classified as 

Gallionellaceae sp. dominated with 71-78% relative abundance at days 1, 2, 4 and 7 

(corresponding to ca. up to 3.1 × 106 cells/mL; Fig. 3.1C). In addition to short-reads, long-

read 16S rRNA gene amplicon sequencing was performed to obtain improved taxonomic 

identification of the microbial populations in culture BP (long-read and short-read 16S 

rRNA gene sequences are presented in the supplementary data S1 and S2, respectively). 
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Based on long-reads, the novel unclassified Gallionellaceae sp. in culture BP shared 

97.88% sequence identity with the unclassified Gallionellaceae sp. in culture KS and 

96.17% with Ferrigenium kumadai (Table S3.1). Other abundant ASVs were classified as 

Noviherbaspirillum (9-15%; corresponding to ca. up to 5.3 × 105 cells/mL), Geothrix (2-

7%; ca. up to 1.9 × 105 cells/mL), Rhodoferax (ASV-1 with 2-3%; ca. up to 7.5 × 104 

cells/mL), Thiobacillus (two ASVs with 0.4-1.6%; ca. up to 4.1 × 104 cells/mL) and 

Rhodoblastus (1-5%; ca. up to 1.9 × 105 cells/mL) (Fig. 3.1C). Under heterotrophic growth 

conditions, a Rhodoferax sp. (ASV-1) dominated with 84-94% relative abundance 

(corresponding to ca. up to 3.5 × 107 cells/mL) throughout the 3rd transfer under 

heterotrophic conditions, while lower relative abundances were detected for ASVs 

classified as Noviherbaspirillum (2-11%; ca. up to 8.6 × 105 cells/mL), Rhodoferax (ASV-

2, only 1 nucleotide difference to ASV-1; 2-3%; ca. up to 1.3 × 106 cells/mL), 

Gallionellaceae (up to 0.1%; ca. up to 3.2 × 104 cells/mL) and Geothrix (up to 0.03%; ca. 

up to 4.0 × 103 cells/mL) (Fig. 3.1D). The long-read 16S rRNA gene amplicon sequence 

of Rhodoferax sp. was closely related to Curvibacter delicatus strain NBRC 14919 

(98.56% sequence identity; Table S3.1).  

We identified highly similar 16S rRNA gene sequences of the Rhodoblastus sp. using 

short- and long-read 16S rRNA amplicon sequencing compared to the metagenome-

assembled genome (MAG), see below. However, for the Gallionellaceae sp., 

Noviherbaspirillum sp., Rhodoferax sp., Thiobacillus sp., Geothrix sp. and 

Betaproteobacteria bacterium, only short- and long-read sequencing offered 16S rRNA 

gene sequences of the respective taxa. The phylogenetic relationships of the 16S rRNA 

gene sequences of the amplicon sequencing approach and the MAG is shown in 

supplementary Fig. S3.1.  

General characteristics of the metagenome-assembled genomes in culture BP  

In order to study the genomic potential of key players involved in NRFeOx and to use this 

information as reference for our meta-omics approach, twelve MAGs were retrieved from 

the metagenome of culture BP (supplementary data S3). Among these twelve MAGs, six 

had high-quality with completeness >90% (Gallionellaceae sp., Noviherbaspirillum sp., 

Rhodoferax sp., Rhodoblastus sp., Thiobacillus sp. and Betaproteobacteria bacterium; 

Table S3.1.), two had medium-quality with 88% and 64.8% completeness (Ramlibacter 
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sp. and Geothrix sp., respectively; Table S3.1), and four had low-quality with <50% 

completeness (Geothrix sp., Mesorhizobium sp. and two unclassified MAGs), according 

to the definition of Bowers et al. (2017). The four low-quality MAGs and one medium-

quality MAG (Geothrix sp.) did not contain Fe(II) oxidation genes and showed only partial 

genes for denitrification. Thus, these five MAGs were not explored further. Additionally, 

the classification of the Betaproteobacteria bacterium MAG was vague, and it did not 

express any denitrification genes in culture BP. Therefore, we mainly focused on the 

remaining six MAGs, i.e. the Gallionellaceae sp., Noviherbaspirillum sp., Rhodoferax sp., 

Rhodoblastus sp., Thiobacillus sp. and Ramlibacter sp., representing up to 98% of the 

microbial community during the Fe(II) oxidation phase. These MAGs harboured genes 

associated with key biogeochemical cycles, including carbon, nitrogen, oxygen and iron, 

in particular Fe(II) oxidation (Fig. 3.2). In order to add more evidence to gene level 

information, we conducted metatranscriptomic and metaproteomic analyses to gain 

additional evidence at RNA and protein levels. The detection of a protein confirmed its 

presence and therefore suggested that the catalysed reaction of this particular protein 

was likely happening. Statistical meta-omics data are presented in supplementary table 

S3.2. 

Fe(II) oxidation 

To explore the pathways of Fe(II) oxidation in culture BP, we searched for homologues of 

known and putative Fe(II) oxidation genes in the six MAGs, such as cyc2, mtoA and mofA 

(Corstjens et al., 1997; Castelle et al., 2008; El Gheriany et al., 2009; Liu et al., 2012; He 

et al., 2017). Specifically, the cyc2 gene was identified in the MAGs of the Gallionellaceae 

sp., Rhodoblastus sp., Thiobacillus sp. and Ramlibacter sp. At the transcript level, cyc2 

was detected for the Gallionellaceae sp. and Thiobacillus sp. with significantly higher 

abundance (i.e. amount of detected transcript) under autotrophic conditions compared to 

heterotrophic conditions. In addition, the Cyc2 protein from the Gallionellaceae sp. was 

detected under autotrophic conditions (Fig. 3.2 and Fig. 3.3). To uncover the evolutionary 

relationship of Cyc2 between culture BP and other studied organisms, we performed 

phylogenetic analysis of Cyc2 amino acids sequences, including those of the 

Gallionellaceae sp., Rhodoblastus sp. and Ramlibacter sp. (Fig. S3.2).  
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Fig. 3.2. The relative and estimated absolute abundance (calculated using total cell numbers and 
short-read 16S rRNA gene amplicon sequencing relative abundance data) of related ASVs under 
autotrophic conditions accompanied by fold changes (log2) of key transcripts and proteins 
involved in Fe(II) oxidation, CO2 fixation, acetate oxidation, denitrification and potential oxygen 
respiration genes under autotrophic conditions compared to heterotrophic conditions. Genes with 
several copy numbers are listed multiple times. MT: metatranscriptomic analysis; MP: 
metaproteomic analysis. A star “*” indicates significant changes (adjusted p ≤ 0.05). A white “A” 
indicates the protein was only detected under autotrophic conditions. A white “H” indicates the 
protein was only detected under heterotrophic conditions. A hashtag a “#a” means: two short-read 
Rhodoferax ASVs were combined, which had 100% and 99.6% sequence identity, respectively, 
to the long-read Rhodoferax sp. (only one nucleotide difference). A hashtag b “#b” means: two 
short-read Thiobacillus ASVs were combined, which had three nucleotides difference to each 
other). 
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The Cyc2 of the Gallionellaceae sp. in culture BP and of Sideroxydans lithotrophicus ES-

1 were closely related to each other. Overall, there appeared to be distinct clusters within 

the Cyc2 tree, which consisted of Gallionellaceae spp. and Zetaproteobacteria spp. 

(related to Mariprofundus spp.), respectively (Fig. S3.2). In addition, mtoAB genes were 

identified for the Noviherbaspirillum sp. MAG and the transcripts were at a significantly 

higher abundance (Fig. 3.2). Phylogenetic analysis of MtoAB from Noviherbaspirillum sp. 

demonstrated that they are closely related to the MtoAB from other proposed 

microaerophilic FeOB (Fig. S3.3) (Liu et al., 2012). Particularly for MtoB, there appeared 

to a be a distinct cluster for Noviherbaspirillum (Fig. S3.3). Furthermore, mofA genes were 

identified in the Thiobacillus sp. MAG and the transcripts were also significantly higher 

abundant under autotrophic compared to heterotrophic conditions (Fig. 3.2).  

 

Denitrification (nirK/S, norBC) 

To investigate the mechanisms of denitrification in culture BP, we identified genes 

encoding the nitrate reductase (narGHI), nitrite reductase (nirK or nirS), nitric oxide 

reductase (norBC) and nitrous oxide reductase (nosZ) in the MAGs of Noviherbaspirillum 

sp., Thiobacillus sp., Rhodoblastus sp. and Ramlibacter sp. Among these organisms, the 

transcripts of detected denitrification genes had significantly higher abundance under 

autotrophic conditions compared to heterotrophic conditions (Fig. 3.2). Although the 

denitrification pathway was incomplete in the Gallionellaceae sp., it appeared to contribute 

to nitrite reduction and nitric oxide reduction. Both nitrite reductase (nirK and nirS) and 

nitric oxide reductase (norB and norC) transcripts from the Gallionellaceae sp. were 

detected at significantly higher abundance under autotrophic conditions compared to 

heterotrophic conditions, and the proteins of NirK/S were detected under autotrophic 

conditions (Fig. 3.2). Since the transcripts and proteins of these nirK/S genes in the MAGs 

of the dominant Gallionellaceae sp. were detected under autotrophic conditions (Fig. 3.2 

and 3.3), this suggests that the reduction of nitrite coupled to biotic Fe(II) oxidation in 

culture BP might have occurred enzymatically. However, an abiotic contribution to the 

reduction of nitrite and nitric oxide by Fe(II) cannot be ruled out. Alternatively, it is possible 

that the Gallionellaceae sp. was expressing nitrite reductase genes to detoxify the 

products derived from nitrate reduction performed by other community members. 
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Fig. 3.3. Overview of the meta-omics results for the extracellular electron transfer system, 
denitrification, carbon metabolism and oxidative phosphorylation in the three proposed key players 
for Fe(II) oxidation, i.e. the (A) Gallionellaceae-BP sp., (B) Noviherbaspirillum sp. and (C) 
Thiobacillus sp. under autotrophic conditions. Black font and line: complete pathway of transcripts 
detected under autotrophic conditions; grey font and line: incomplete pathway of transcripts 
detected under autotrophic conditions; intense blue color filling: all proteins of the complete 
pathway detected under autotrophic conditions; lighter blue color filling: incomplete pathway of 
proteins detected under autotrophic conditions. 
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Carbon fixation  

Carbon fixation is essential for the growth of autotrophic microorganisms; thus, we 

explored carbon fixation pathways in culture BP under autotrophic conditions. All six 

MAGs contained genes involved in carbon metabolism pathways, i.e. the reductive 

pentose phosphate (CBB) cycle, glycolysis, tricarboxylic acid (TCA) cycle and pentose 

phosphate pathway (PPP) (Table S3.3). More specifically, genes responsible for carbon 

fixation (rbcL/S), encoding ribulose-1,5-bisphosphate carboxylase-oxygenase 

(RuBisCO), were identified in the MAGs of the Gallionellaceae sp., Noviherbaspirillum sp., 

Rhodoblastus sp., Thiobacillus sp. and Ramlibacter sp. (Fig. 3.2, 3.3 and Fig. S3.4). The 

transcripts of rbcL were detected at a significantly higher level under autotrophic 

conditions compared to heterotrophic conditions for Gallionellaceae sp., 

Noviherbaspirillum sp., Thiobacillus sp. and Rhodoblastus sp., as well as rbcS for the 

Noviherbaspirillum sp. and Thiobacillus sp. (Fig. 3.2). However, none of the RuBisCO 

related proteins were detected (Fig. 3.2). Phylogenetic analysis of the large chain 

RuBisCO (RbcL) (Fig. S3.4A) and small chain RuBisCO (RbcS) (Fig. S3.4B) revealed that 

the RbcL of the Gallionellaceae spp. from culture BP and culture KS were closely related 

to each other as well as to other FeOB (Fig. S3.4A). This indicates that the RbcL of the 

Gallionellaceae sp. in culture BP might have the same function as the RbcL of the 

Gallionellaceae sp. in culture KS (Fig. S3.4A).  

 

Amino acid biosynthesis pathways 

Essential amino acids are vital for the survival of individual isolated organisms and, 

therefore, the biosynthesis of the essential amino acids of the bacterial community 

members in culture BP was analysed. Except for the Geothrix sp., all community members 

had most, if not all, essential amino acid biosynthesis pathways at least partially encoded. 

However, the gene encoding histidine isomerase (hisA) was detected at medium 

confidence for the MAG of the Gallionellaceae sp. and Rhodoferax sp. with the tool of 

GapMind (Price et al., 2020). The genes encoding ribose-phosphate diphosphokinase 

(prs) for histidine biosynthesis and homoserine kinase (thrB) for threonine biosynthesis 

were missing in the MAG of the Thiobacillus sp. Furthermore, the gene encoding 

glutamine synthetase (glnA) for glutamine biosynthesis was missing in the MAG of the 
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Rhodoblastus sp. In addition, the genes encoding homoserine dehydrogenase (hom) and 

vitamin B12-dependent methionine synthase (metH) for methionine biosynthesis were 

missing in the MAG of the Ramlibacter sp. Almost all of the essential amino acid 

biosynthesis pathways in the MAGs of both Gallionellaceae sp. and Noviherbaspirillum 

sp. were expressed (i.e. the transcripts were detected).  

 

Energy generation and electron transport phosphorylation 

In order to identify energy generation pathways in culture BP, we explored the different 

levels of gene expression and proteins for terminal electron acceptors. The genes 

involved in oxidative phosphorylation complexes I-V, were found in the MAGs of the 

Gallionellaceae sp., Noviherbaspirillum sp., Rhodoferax sp., Thiobacillus sp., 

Rhodoblastus sp. and Ramlibacter sp. Under autotrophic conditions, the Gallionellaceae 

sp., Noviherbaspirillum sp. and Rhodoblastus sp. had significantly higher expression of 

these respiration genes in comparison to heterotrophic conditions (Fig. 3.2). On the 

protein level, partial oxidative phosphorylation proteins were detected under autotrophic 

conditions for the Gallionellaceae sp. and Noviherbaspirillum sp. (Fig. 3.2 and Fig. 3.3). 

In addition, cbb3-type and aa3-type cytochrome c oxidase-related transcripts and proteins 

of complex IV, that typically have high and low affinities to oxygen, were detected under 

both conditions (Fig. 3.2), even though culture BP was grown under anoxic conditions.  

 

In-situ microbial community analysis   

In order to identify the in-situ distribution and relative abundance of the enriched 

populations in culture BP, field studies were conducted in 2017. The microbial community 

was investigated at the sampling site of the origin of culture BP (and culture KS). To this 

end, sediment cores of a pond and a ditch were obtained, and DNA- and RNA-based 

short-read 16S rRNA (gene) sequencing was performed from a total of 50 samples. At the 

sampling sites, 37 different ASVs were classified as Gallionellaceae (20 ASVs were 

detected at the pond and 23 ASVs at the ditch; Fig. S3.6); of these, eight were identified 

as Gallionella spp., eleven as Sideroxydans spp., three as Candidatus Nitrotoga spp. and 

fifteen as unclassified spp. (Fig. S3.5). In the environmental samples, among these ASVs 

assigned to the family Gallionellaceae (accounting for up to 3.13% relative abundance for 
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the whole family; Fig. S3.6), nine DNA-based and two RNA-based samples, 

corresponding to three sediment cores, revealed the same ASV (100% sequence identity) 

as the dominant Gallionellaceae sp. ASV in culture BP. It accounted for up to 0.13% 

relative abundance and was found both, at the pond and at the ditch (Fig. S3.6). 

Therefore, the Gallionellaceae sp. in culture BP (i.e. the investigated sequence) was 

detectable, relatively widespread and likely active at the sampling sites. The 37 different 

Gallionellaceae ASVs were furthermore quite diverse and affiliated, based on 

phylogenetic analysis, for instance with Sideroxydans lithotrophicus ES-1, Gallionella 

capsiferriformans ES-2 and Ferrigenium kumadai (Fig. S3.5). The other members in 

culture BP, i.e. the Rhodoferax sp., Thiobacillus sp. and Rhodoblastus sp. were also found 

at the pond and the ditch with up to 0.13% relative abundance for identical ASVs as in 

culture BP, respectively, and up to 2.0% relative abundance for the whole genus, i.e. 

Rhodoblastus (Fig. S3.6). Neither the Noviherbaspirillum sp. and Ramlibacter sp. in 

culture BP nor the Gallionellaceae sp. in culture KS were found within these sediment 

samples. However, our sampling procedure might just have missed them, in terms of 

methodological detection limit, sampling location or season. 

 

3.4. Discussion 

A novel autotrophic nitrate-reducing Fe(II)-oxidizing enrichment culture 

Microbial NRFeOx is considered to be an important pathway for nitrate removal in organic-

poor, Fe-abundant environments, whereby microorganisms gain electrons from Fe(II) for 

carbon fixation and for energy generation (by nitrate reduction) which is utilized for growth, 

ultimately transforming CO2 into biomass (Weber et al., 2006). The enrichment of two 

autotrophic NRFeOx cultures (i.e. the culture KS and in this study culture BP) from two 

close-by organic-rich environments (e.g. total organic carbon (TOC) in sediment: 0.16-

0.45% (wt%), and dissolved organic carbon (DOC): 0.6-0.7 mg/L in pond water next to 

Max Plank Institute Bremen in 2017) suggests that this process might be more widespread 

than expected and might therefore be occurring in diverse habitats.  

The physiology in growing cultures of culture BP was slightly different from the results for 

culture KS described in previous studies. The ratio of Fe(II)oxidized/nitratereduced was 

reported in the range of 4.3-4.8 in culture KS (Straub et al., 1996; Tominski, 2016; 

Tominski et al., 2018a), which was higher than the Fe(II)oxidized/nitratereduced ratio of 3.4 in 
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this study. Theoretically, the stoichiometry suggests that the Fe(II)oxidized/nitratereduced ratio 

should be around 5 or even higher than 5, when the electrons required from Fe(II) for 

carbon fixation are also considered, potentially indicating incomplete denitrification or an 

additional electron donor (i.e. traces of DOC, in the growth medium, theoretically, 1 mg/L 

can produce 2.5×106 cells/mL) (Huang et al., 2021a). However, cell numbers increased 

from 1.04 × 106 cells/mL to 4.31 × 106 cells/mL within 4 days, and therefore the electrons 

must not only have derived from the DOC but also from Fe(II) oxidation.  

In this study, we show that culture BP fulfils the following three criteria of autotrophic 

NRFeOx (Bryce et al., 2018): (i) there is no need for an additional organic carbon substrate 

for continuous growth, (ii) the culture is able to maintain Fe(II) oxidation over several 

transfers without organic carbon addition, (iii) there is confirmed growth of cells with only 

Fe(II), nitrate and CO2 provided. Additionally, our meta-omics data demonstrated that 

culture BP not only has the genetic potential but also expresses carbon fixation genes. 

Especially the rbcL gene of the Gallionellaceae sp. in culture BP (hereafter 

Gallionellaceae-BP sp.) was closely related to the rbcL gene of the Gallionellaceae sp. in 

culture KS (hereafter Gallionellaceae-KS sp.), which was proven to fix 13C-labeld inorganic 

carbon (Tominski et al., 2018b). Culture BP is therefore a novel autotrophic nitrate-

reducing, Fe(II)-oxidizing enrichment culture that provides the opportunity to study 

NRFeOx under more environmentally relevant conditions, i.e. in a more complex microbial 

network with probably less laboratory evolutionary influence, compared to the long-term 

established culture KS. 

Role of Gallionellaceae for Fe(II) oxidation in culture BP and beyond  

In this study, the dominant Gallionellaceae-BP sp. in culture BP (51-87% relative 

abundance) was identified as an Fe(II) oxidizer and was shown to be closely related to 

known FeOB, such as the unclassified Gallionellaceae-KS sp. from culture KS, a nitrate-

reducing Fe(II)-oxidizing culture enriched from the same freshwater habitat as culture BP 

(Straub et al., 1996). Comparing meta-omics analysis of culture KS from previous studies 

(He et al., 2016) with those of culture BP in this study, some interesting differences were 

observed for the Gallionellaceae spp. Although both, the Gallionellaceae-KS sp. and 

Gallionellaceae-BP sp., likely perform Fe(II) oxidation, partial denitrification and carbon 

fixation, the genes encoding these functions differed. For example, the proposed Fe(II) 
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oxidation genes, cyc2, mtoAB and mofAB, were identified in the Gallionellaceae-KS sp. 

(He et al., 2016; Huang et al., 2021a). In addition, the transcripts of cyc2, mtoAB and 

mofAB were all detected, and the MofA protein of the Gallionellaceae-KS sp. was shown 

to be present (Huang et al., 2021a). For the Gallionellaceae-BP sp. cyc2 was detected at 

DNA, RNA and protein levels in this study. In a previous study (Castelle et al., 2008), the 

outer membrane-bound cytochrome c Cyc2 of acidophilic Fe(II) oxidizing bacteria, 

Acidithiobacillus ferrooxidans, was purified and shown to be responsible to perform Fe(II) 

oxidation. Therefore, combined with the fact that the Gallionellaceae-BP sp. dominates 

culture BP, these results indicate that the Cyc2 of the Gallionellaceae-BP sp. likely plays 

the main role for Fe(II) oxidation in culture BP under autotrophic conditions. As for 

denitrification, the Gallionellaceae-BP sp. harboured the genes encoding nitrite reductase 

(nirK/S) and nitric oxide reductase (norBC), whereas, the Gallionellaceae-KS sp. 

harboured the genes encoding nitrate reductase (narGHI) and nitrite reductase (nirK/S). 

In contrast to the Gallionellaceae-KS sp., the Gallionellaceae-BP sp. possesses an NO 

reductase and can reduce NO to N2O. However, both Gallionellaceae spp. in culture BP 

and culture KS require other flanking community members to complete denitrification (i.e. 

they are missing the nosZ gene). To investigate whether nitrite or NO can serve as 

electron acceptors and generate energy in the Gallionellaceae-BP sp., further 

experiments are required. Moreover, we detected coxABC encoding for aa3-type 

cytochrome c oxidases and belonging to the Gallionellaceae-BP sp. and additional 

community members in culture BP, both at the transcript level and some at the protein 

level. Interestingly, normally coxABC are observed under oxic conditions [Krab and Slater, 

1979]. In contrast, in our cultivation system under autotrophic and heterotrophic 

conditions, we used N2/CO2 in the headspace and amended with FeCl2 prior to 

inoculation, which would have consumed any atmosphere O2 contamination during the 

preparation procedure. However, one possible scenario might be that the coxABC genes 

in the organisms in culture BP do not require oxygen to be expressed. Alternatively, there 

might be a so far undetected internal oxygen production pathway in at least one of the 

organisms in culture BP, similar to the proposed aerobic methane oxidation under anoxic 

conditions (Ettwig et al., 2010). The latter hypothesis was already discussed for culture 

KS by He et al. (2016). Nevertheless, these possible scenarios remain highly speculative 

at this point and require further investigation.  
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Based on 16S rRNA gene sequences, the Gallionellaceae-BP sp. was closely related to 

Ferrigenium kumadai, and Sideroxydans lithotrophicus strain ES-1. While Ferrigenium 

kumadai was isolated from rice paddy soils (Khalifa et al., 2018; Nakagawa et al., 2020), 

Sideroxydans lithotrophicus strain ES-1 was isolated from a groundwater-fed iron seep 

(Emerson and Moyer, 1997). It is apparent, when combining our results with other studies, 

that Gallionellaceae spp. play important roles as FeOB within freshwater ecosystems. 

Furthermore, our in-situ survey indicated a high diversity of Gallionellaceae spp. at the 

field site, suggesting that, in addition to the microbial populations in culture KS and culture 

BP, there might be a higher diversity of organisms contributing to NRFeOx in freshwater 

environments and other habitats than currently known from cultivation approaches. 

Contribution of Noviherbaspirillum sp. and Thiobacillus sp. to NRFeOx in culture 

BP 

The second most abundant organism in culture BP under autotrophic conditions was the 

Noviherbaspirillum sp. (9-15%). Based on 16S rRNA gene sequences, the top three 

closest related isolates were Noviherbaspirillum autotrophicum strain TSA66 (Ishii et al., 

2017), Noviherbaspirillum agri K-1-15 (Chaudhary and Kim, 2017), and 

Noviherbaspirillum denitrificans TSA40 (Ishii et al., 2017) (Table S3.1). Among these 

isolates, only Noviherbaspirillum autotrophicum strain TSA66 was reported to be able to 

grow autotrophically by using H2 as an energy source to perform denitrification (Ishii et al., 

2017). However, a gene search on the Joint Genome Institute’s Integrated Microbial 

Genome (JGI/IMG) database showed that the genome of Noviherbaspirillum 

autotrophicum strain TSA66 has genes encoding RuBisCO but does not have Fe(II) 

oxidation gene homologues, neither mtoA nor cyc2, which were detected in the 

Noviherbaspirillum sp. from culture BP. Therefore, the Noviherbaspirillum sp. from culture 

BP might have unique capabilities for NRFeOx within this genus. 

Another potential FeOB in culture BP was the Thiobacillus sp., which accounted for only 

up to 1.6% relative abundance in culture BP and possessed the potential Fe(II) oxidation 

gene homologues cyc2 and mofA. The top three closest related isolates based on 16S 

rRNA gene sequences with an available genome sequence were Thiobacillus thioparus 

strain THI 111, Thiobacillus thioparus DSM 505, and Thiobacillus thioparus strain Starkey 

(Boden et al., 2012) (Table S3.1). Additionally, Thiobacillus denitrificans ATCC 25259 was 
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previously proposed as an autotrophic nitrate-reducing Fe(II)-oxidizing organism (Straub 

et al., 1996; Beller et al., 2006b). Interestingly, only Thiobacillus thioparus DSM 505 has 

the Fe(II) oxidation gene cyc2, and neither Thiobacillus denitrificans ATCC 25259 and 

Thiobacillus denitrificans RG nor Thiobacillus thiophilus DSM 19892 revealed potential 

Fe(II) oxidation genes. The copper resistance genes, copAB, i.e. the homologues of the 

putative Fe(II)-oxidizing genes, pcoAB (He et al., 2017), were detected in Thiobacillus 

denitrificans ATCC 25259, Thiobacillus denitrificans RG, Thiobacillus denitrificans DSM 

12475 and Thiobacillus thiophilus DSM 19892 (Beller et al., 2006b; Beller et al., 2013). 

We therefore suggest that the Thiobacillus sp. in culture BP was also actively contributing 

to NRFeOx. 

Interestingly, in culture KS, there seems to be no community member with a similar role 

to that of the Noviherbaspirillum sp. and Thiobacillus sp. in culture BP. For example, the 

second most abundant organism in culture KS under autotrophic conditions, a 

Rhodanobacter sp., was the main organism cooperating with Gallionellaceae-KS, which 

is likely able to perform NRFeOx under autotrophic conditions (Huang et al., 2021a). The 

Rhodanobacter sp. likely performs Fe(II) oxidation and complete denitrification but does 

not have the ability to conduct carbon fixation (He et al., 2016; Huang et al., 2021a).   

Therefore, the isolation and the study of Noviherbaspirillum sp. and Thiobacillus sp. in 

culture BP, which likely contribute to Fe(II) oxidation and CO2 fixation, would be beneficial 

in order to broaden our knowledge of autotrophic nitrate-reducing Fe(II)-oxidizing bacteria. 

Expanding the microbial network for NRFeOx in culture BP  

Besides the Gallionellaceae-BP sp., Noviherbaspirillum sp. and Thiobacillus sp., other 

flanking members potentially also play a relevant role in culture BP: Rhodoblastus sp. (up 

to 5% relative abundance), Rhodoferax sp. (up to 3%), and Ramlibacter sp. (up to 1%). 

We identified Fe(II) oxidation gene homologues in the MAGs of the Rhodoblastus sp. 

(cyc2 and mofA) and the Ramlibacter sp. (cyc2 and mtoB), indicating that they can 

potentially play a role in Fe(II) oxidation, despite the fact that cyc2 transcripts were not 

detected for the Rhodoblastus sp., and neither cyc2 nor mtoB transcripts for the 

Ramlibacter sp. were detected at significant levels. Furthermore, we observed that the 

genes necessary to perform full denitrification were present in these three flanking 

members, i.e. the Rhodoblastus sp., Rhodoferax sp. and Ramlibacter sp., and some of 
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them were detected at significantly higher transcript levels. Regarding carbon fixation, 

there was a complete CBB reductive pentose phosphate cycle detected in both, the 

Rhodoblastus sp. and Ramlibacter sp., while only a partial cycle was found for the 

Rhodoferax sp. (Table S3.3). As a result, although the relative abundance of these three 

flanking community members accounted for less than 5% (respectively) throughout the 

autotrophic growth conditions, our findings suggest that they play partial roles in NRFeOx 

and carbon fixation (Fig. 3.4).  

To summarize, there were five potential Fe(II)-oxidizing microbial key players in culture 

BP: the Gallionellaceae-BP sp., Noviherbaspirillum sp., Thiobacillus sp., Rhodoblastus 

sp. and Ramlibacter sp. (Fig. 3.4). Among these, the Gallionellaceae-BP sp., 

Noviherbaspirillum sp. and Thiobacillus sp., may not only perform Fe(II) oxidation but also 

carbon fixation (Fig. 3 and Fig. 3.4). The resulting fixed organic carbon was likely provided 

to other heterotrophic community members and used for their growth (Fig. 3.4). During 

denitrification, the nitrate may be reduced by flanking community members, while the 

Gallionellaceae-BP sp. may contribute to partial denitrification, i.e. nitrite and nitric oxide 

reduction, and the remaining flanking community members complete the denitrification 

(Fig. 3.4). Therefore, in order to survive and indeed thrive, the dominant Gallionellaceae-

BP sp. has to cooperate with other community members under autotrophic conditions (Fig. 

3.4). In turn, the heterotrophic community members may have to rely for their survival on 

Fe detoxification and carbon fixation likely performed by the Gallionellaceae-BP sp., 

Noviherbaspirillum sp. and Thiobacillus sp. (Fig. 3.4). In addition, our findings highlighted 

potential interdependencies between the microbial community members regarding amino 

acid biosynthesis that might be crucial for their survival as well. 

Comparing the microbial network of culture BP with that of culture KS, the most active 

species in culture KS were the Gallionellaceae-KS sp. and the Rhodanobacter sp. under 

autotrophic conditions (He et al., 2016; Huang et al., 2021a). However, in culture BP, there 

were several active populations involved in NRFeOx under autotrophic conditions, i.e. the 

Gallionellaceae-BP sp., Noviherbaspirillum sp., Thiobacillus sp., Rhodoblastus sp., 

Rhodoferax sp. and Ramlibacter sp. (Fig. 3.2 and Fig. 3.3). Therefore, in contrast to 

culture BP, culture KS is likely characterized by a reduced microbial network, which may 

be due to long-term cultivation and selection of specialized organisms. The occurrence of 

the lower relative abundance, yet active, organisms (i.e. the Rhodoblastus sp., 
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Rhodoferax and Ramlibacter sp.) in culture BP expands the microbial network contributing 

to NRFeOx processes which might be more similar to the complex microbial interactions 

in the environment. 

 
Fig. 3.4. Overview of the proposed microbial interactions in culture BP, mainly essential for the 
organisms’ survival under autotrophic conditions. The depicted putative reactions are based on 
the meta-omics data for Fe(II) oxidation (red arrows and font), denitrification (blue arrows and 
font), and CO2 fixation (black arrows and font), for the Gallionellaceae-BP sp., Noviherbaspirillum 
sp., Thiobacillus sp., Rhodoblastus sp. and Rhodoferax sp. The cells in blue indicate Fe(II)-
oxidizing bacteria with carbon fixation ability, in grey indicate heterotrophs and in green indicate 
that the organism can conduct carbon fixation and potentially Fe(II) oxidation. The detected 
transcripts are in italic font, and a combination of both detected transcripts and proteins are with 
underlined font. The transcripts with significantly higher expression under autotrophic conditions 
compared to heterotrophic conditions are in bold font. 

NRFeOx core features of complex microbial networks including Gallionellaceae 

spp. 

There seems to be several core features that might be similar for autotrophic NRFeOx 

processes carried out by complex microbial networks including Gallionellaceae spp. (Fig. 

3.4): (i) NRFeOx requires Fe(II) oxidation features, with several possible electron transfer 

pathways (i.e. different putative Fe(II)-oxidizing proteins might be used). (ii) During 

denitrification, the Gallionellaceae spp. may contribute to partial denitrification (e.g. 

reducing nitrate to nitric oxide or nitrite to nitrous oxide), while the flanking microbial 

community members complete the denitrification. (iii) Fixed organic carbon from the 

autotrophic lifestyle of Gallionellaceae spp. is provided to other heterotrophic community 

members and used for their growth. Therefore, the key FeOB (i.e. the Gallionellaceae sp.) 
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has to cooperate with other community members under autotrophic conditions, however, 

(iv) the identity of these flanking community members seems interchangeable. We 

suggest that these core features are relevant for NRFeOx processes in the environment 

as well, that nitrate-reducing FeOB is widespread including organic-rich habitats, that 

several microbial key players of NRFeOx in situ thrive in complex microbial networks and 

are yet-to-be discovered. 

 

3.5. Experimental procedures 

Cultivation, analytical methods and cell counts 

Culture BP originated from sediments of a freshwater pond (latitude 53°06'36.7"N and 

longitude 8°50'48.6"E) at the Max Planck Institute for Marine Microbiology, located in 

Bremen, Germany, sampled in 2015. Sediments from ca. 10 cm depth were taken and 

stored in Schott bottles (filled up completely with half sediment and half pond water) at 

4°C. The sediment was transferred into 25 mL mineral medium (Hegler et al., 2008; Blöthe 

and Roden, 2009) growing with anoxic headspace (N2/CO2 ratio was 90/10), unfiltered 

bicarbonate-buffered medium, containing 10 mM FeCl2, 4 mM NaNO3, vitamins and trace 

elements with a final pH of 6.9 to 7.2 in 58 mL serum bottles. The culture BP was incubated 

at temperature 28°C in the dark starting in February 2016 and was first transferred in 

March 2016 with 10% (v/v) inoculum with the same medium and additives under 

autotrophic conditions. Since 2018, it was transferred for more than 20 times per year until 

2020. Under heterotrophic conditions, 5 mM acetate was used instead of 10 mM FeCl2 as 

the electron donor. Analytical methods of Fe(II), Fe(total), nitrate, nitrite and acetate 

concentrations were described in Tominski et al. (2018a).  

For the cell counts under autotrophic growth conditions, using the protocols obtained from 

personal communication with Stefanie Becker, 200 µL of cell samples from the enrichment 

culture BP were taken and cells were fixed with 10 µL of 20% (w/v) paraformaldehyde 

(PFA) (Sigma-Aldrich). In addition, the sample was treated with 590 µL oxalate solution 

(oxic; 2.8 g ammonium oxalate, 1.5 g oxalic acid, total volume 100 mL, pH 3, filtered 

sterile, Sigma-Aldrich) and 200 µL ferrous ethylenediammonium sulfate (Fe-EDAS, 100 

mM, anoxic, filtered into an anoxic autoclaved serum bottle, Sigma-Aldrich) to dissolve 

the Fe minerals prior to the cell counts (personal communication with Stefanie Becker). 

For the heterotrophic conditions, 1 mL of sample of the enrichment culture BP was taken 
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and the cells were fixed with 50 µL of 20% PFA. The cell samples of heterotrophic 

conditions were diluted to the range of 100-1,300 cells/µL prior to the measurement. For 

flow cytometry, cells were stained with BacLight Green stain (Thermo Fisher Scientific, 1 

mM stain/1mL sample). Cell numbers were determined with an Attune NxT Flow 

Cytometer (Thermo Fisher Scientific) with the setting adapted from Schmidt et al. (2020). 

The results were reported as average from the measurements conducted in triplicates. 

Estimated absolute cell numbers were calculated by multiplying flow cytometer-based 

total cell numbers with short-read 16S rRNA gene amplicon sequencing relative 

abundance data (described below). 

Experimental setup and biomass sampling of culture BP 

The metagenome sample was obtained in 2019, at the 2nd day of incubation under 

autotrophic conditions with 10 mM of Fe(II) and 4 mM of nitrate in a 22 mM bicarbonate-

buffered medium. For the metatranscriptomics and metaproteomics analysis, conducted 

in 2020, both autotrophic and heterotrophic conditions were used with biological 

triplicates, respectively. Under autotrophic conditions, within 4 days on average 80% of 

Fe(II) was oxidized and 50% of nitrate was reduced. Therefore, samples under autotrophic 

conditions were taken at the 2nd day (remaining Fe(II) and NO3
- was 7.1 mM and 3.7 mM, 

respectively; 2.91 × 106 cells/mL, Fig. 3.1A, 3.1C). Under heterotrophic conditions, in a 

first step a pre-culture was grown for two transfers with 10% and 1% (vol/vol) inoculum for 

24 hours each, allowing more than seven generations under pre-culture conditions, 

considering an average doubling time of 3 hours, to avoid carryover of signals from gene 

and protein expression under autotrophic conditions. In a second step, the 3rd transfer 

under heterotrophic conditions with 1% (vol/vol) inoculum was used for the experimental 

setup: within 37 hours, 66% of acetate was oxidized and 96% of nitrate was reduced. 

Therefore, samples of the cultures grown under heterotrophic conditions were taken after 

approximately 18 hours (remaining acetate, NO3
- and NO2

- was 3.94 mM, 2.69 mM and 

0.82 mM, respectively; 2.78 × 106 cells/mL, 3.1B, 3.1D).  At the sampling time points, 

biomass of culture BP with total cell numbers ranging from 108 (for DNA/RNA extraction) 

to 109 cells (for protein extraction) was collected under sterile conditions on cellulose filters 

(EMD Millipore S-Pak mixed cellulose ester sterile filter membrane, 0.22 µm pore size, 

47mm filter diameter; Millipore) using vacuum filtration. The filters were cut into pieces 
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under sterile conditions and either stored in 15 mL falcon tubes at -80°C before 

proceeding with DNA and RNA extractions or stored in 50 mL falcon tubes at -80°C before 

proceeding with the protein extractions. 

DNA/RNA co-extraction for metagenomics and metatranscriptomics 

DNA/RNA co-extraction was done according to the protocol of Lueders et al. (2004) with 

the following modifications: two tubes of “MP Bio Lysis Matrix E” beads were added into 

a 15 mL falcon tube, including the filter pieces with the collected biomass. To disrupt the 

cells, 3.75 mL PB buffer (with 112.87 mM Na2HPO4 and 7.12 mM NaH2PO4) and 1.25 mL 

TNS buffer (with 500 mM Tris-HCL, 100 mM NaCl and 10% w/v SDS) were added, 

followed by bead beating for 4 minutes on the vortex adapter (maximum power) at room 

temperature (RT). The following centrifugation steps were all at maximum speed (7,197 

×g; Eppendorf Centrifuge 5430 with Rotor F35-6-30) at 4°C. All transfer steps were done 

on ice. The samples were centrifuged twice for 15 minutes and transferred to a new 15 mL 

falcon tube in between centrifugation steps, to obtain a clear supernatant. Then, the 

supernatant was split into new sterile 2 mL tubes (1 mL per tube) to proceed with phenol-

chloroform-isoamyl alcohol and chloroform-isoamyl alcohol extractions according to 

Lueders et al. (2004). Subsequently, all aqueous phases were pooled again into a new 

15 mL tube for polyethylene glycol (with 30% w/v polyethylene glycol 6000 and 1.6 M 

NaCl) precipitation overnight. From the ethanol-washing step on, the extraction was done 

under a clean bench. The ethanol was removed carefully with a pipette with filter tips and 

the pellet was dried at RT for ca. 10 minutes. The DNA/RNA pellet was dissolved in 20-

50 µl DEPC-treated water with Invitrogen™ Ambion™ RNase inhibitor (40 Unit/µl, 1 µl 

RNase inhibitor/ 40 µl), at RT for 30 min. All samples were stored at -80°C before 

sequencing. 

Protein extraction for metaproteomics 

Protein extraction was performed according to the “Protein extraction method B” from Spät 

et al. (2015) with the following modifications: 5 mL and 2 mL lysis buffer were added to 

the samples from autotrophic and heterotrophic conditions, respectively, to dissolve cell 

pellets. The samples were incubated for 10 minutes at 95°C in a water bath, vortexed 

briefly and chilled on ice with 2 minute-intervals in total 5 times and, subsequently, 
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sonicated on ice for 30 seconds with an ultrasonic homogenizer (Bandelin Sonopuls) at 

output control 4 and 40% duty cycle. The lysate was centrifuged at 7,197 ×g for 1 minute 

at RT and the supernatant was then transferred into several 1.5 mL Eppendorf tubes and 

centrifuged at 20,817 ×g (Eppendorf Centrifuge 5430 with Rotor 30x1,5/2,0 mL) for 10 

minutes at RT. Samples were pooled again into sterile 50 mL solvent-resistant tubes. After 

the 8:1 acetone:methanol precipitation and incubation step, the precipitate was washed 

with 5 mL ice-cold 80% (v/v) acetone in water and centrifuged at 7,197 ×g for 5 minutes 

at 4°C. The protein pellets were air-dried at RT and later dissolved in urea buffer and 

stored at -20°C. 

Sampling, DNA/RNA co-extraction and cDNA synthesis for in situ analysis 

In order to investigate the relative abundance of microorganisms in environmental 

samples, six cores were obtained in 2017. The three cores were from a pond and other 

three cores from a ditch near the Max Planck Institute for Marine Microbiology in Bremen. 

The sediment cores were separated into six different depths: 0-0.5 cm, 0.5-1 cm, 1-2 cm, 

2-4 cm, 4-7 cm, and 7-10 cm. DNA and RNA were co-extracted using the method 

published by Griffiths et al. (2000) with the following modifications. At the first step, we 

used 1 g of sediment wet sample in the tubes of “MP Bio Lysis Matrix E” beads, followed 

by bead beating for 10 minutes on the vortex adapter (maximum power) at RT. At 

precipitation step, we used 2 volumes of 10% (w/v) polyethylene glycol 8000 with 1.2 M 

NaCl. To synthesize cDNA from the extracted RNA samples, DNA digestion was 

proceeded by following a rigorous DNase treatment of the TURBO DNA-free™ kit 

(Invitrogen, Thermo Fisher Scientific) and reverse transcription was conducted following 

the user manual of SuperScript™ III Reverse Transcriptase (Invitrogen, Thermo Fisher 

Scientific). All centrifugation steps were performed with 16,100 ×g in an Eppendorf 

Centrifuge 5430 with Rotor FA-45-30. 

Short-read 16S rRNA (gene) amplicon sequencing 

PCR on DNA and cDNA with universal primers 515f: GTGYCAGCMGCCGCGGTAA 

(Parada et al., 2016) and 806r: GGACTACNVGGGTWTCTAAT (Apprill et al., 2015) fused 

to Illumina adapters was performed with cycling conditions as follows: 95°C for 3 min, 24 

or 30 cycles of 95°C for 30 s, 55°C for 30 s, and 75°C for 30 s, and it was followed by a 
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final elongation step at 72°C for 3 min. The quality of the purified amplicons was 

determined using agarose gel electrophoresis. Subsequent library preparation steps and 

sequencing steps of the 16S rRNA (gene) amplicons were performed on an Illumina 

MiSeq sequencing system (Illumina, San Diego, CA, USA) using the 2 × 250 bp MiSeq 

Reagent Kit v2 by Microsynth AG (Balgach, Switzerland). From 9,852 to 224,723 (average 

95,455) read pairs were generated per sample in two separate sequencing runs on the 

same MiSeq machine, resulting in total in 6.7 million read pairs. Quality control, 

reconstruction of 16S rRNA (gene) sequences and taxonomic annotation was performed 

with nf-core/ampliseq v1.1.0 (Ewels et al., 2020; Straub et al., 2020) with Nextflow 

v20.10.0 (Di Tommaso et al., 2017) using containerized software with singularity v3.4.2 

(Kurtzer et al., 2017). Data from the two sequencing runs were treated initially separately 

by the pipeline using the option “mulipleSequencingRuns” and ASV tables were merged. 

Primers were trimmed, and untrimmed sequences were discarded (one sample 71%, 

others < 30%, on average 8.6%) with Cutadapt v1.16 (Martin, 2011). Adapter and primer-

free sequences were imported into QIIME2 version 2018.06 (Bolyen et al., 2019), their 

quality was checked with demux (https://github.com/qiime2/q2-demux), and they were 

processed with DADA2 version 1.6.0 (Callahan et al., 2016) to eliminate PhiX 

contamination, trim reads (position 230 in forward reads and 170 in reverse reads), correct 

errors, merge read pairs, and remove PCR chimeras; ultimately, 30,936 amplicon 

sequencing variants (ASVs) were obtained across all samples. Alpha rarefaction curves 

were produced with the QIIME2 diversity alpha-rarefaction plugin, which indicated that the 

richness of the samples had been fully observed. A Naive Bayes classifier was fitted with 

16S rRNA (gene) sequences extracted with the PCR primer sequences from the QIIME 

compatible, 99%-identity clustered SILVA v132 database (Pruesse et al., 2007). ASVs 

were classified by taxon using the fitted classifier (Bokulich et al., 2018). 273 ASVs that 

classified as chloroplasts or mitochondria were removed, totalling to < 21% (average 

1.2%) relative abundance per sample, and the remaining ASVs had their abundances 

extracted by feature-table (https://github.com/qiime2/q2-feature-table).  

Long-read 16S rRNA gene amplicon sequencing 

DNA for long-read 16S rRNA gene amplicon sequencing was extracted using the DNEasy 

UltraClean Microbial Kit (QIAGEN, Hilden, Germany), according to the user's manual. 

https://github.com/qiime2/q2-feature-table
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DNA from culture BP was amplified in two rounds and sequenced at the Helmholtz 

Zentrum München, Germany. At the first round, the KAPA HiFi Hot Start ReadyMix PCR 

Kit (KAPA BioSystems, Cape Town, South Africa) was used with primers universal for 

bacterial 16S rRNA gene, tailed with PacBio universal sequencing adapters (universal 

tags) and 5' amino modifiers (27F 

gcagtcgaacatgtagctgactcaggtcacAGRGTTYGATYMTGGCTCAG,1492R 

tggatcacttgtgcaagcatcacatcgtagRGYTACCTTGTTACGACTT) (Biomers.net, Ulm, 

Germany) to amplify the long-read 16S rRNA gene from the genomic DNA extracted for 

culture BP. The first PCR amplification program was performed with 26 cycles: initial 

denaturation at 95°C for 3 minutes, denaturation at 95°C for 30 seconds, annealing at 

57°C for 30 seconds and extension at 72°C for 60 seconds. Amplicons were purified with 

the QIAquick PCR purification kit (QIAGEN, Hilden, Germany) according to the user's 

manual. The second PCR was performed using the PacBio Barcoded Universal F/R 

Primers Plate – 96 (Pacific Biosciences, California, USA) with KAPA HiFi ReadyMix PCR 

Kit, followed by AMPure PB bead kit (Pacific biosciences, California, USA) purification 

according to the user manual. The second PCR amplification program was performed with 

20 cycles: denaturation at 95°C for 30 seconds, annealing at 57°C for 30 seconds and 

extension at 72°C for 60 seconds. The quality and quantity of PCR products were checked 

using an Agilent 2100 Bioanalyzer System (Agilent, California, USA) after both PCR 

rounds. SMRTbell Template Prep Kit (PacBio biosciences, California, USA) with user 

manual instructions was used for SMRTbell library preparation (Franzén et al., 2015). 

Subsequently, 20,635 circular consensus sequencing reads were analyzed with DADA2 

v1.10.0  (Callahan et al., 2016; Callahan et al., 2019) in R v 3.5.1 (Team, 2018) by 

sequentially orienting reads and removing primers, filtering (no ambiguous nucleotides 

and maximum 2 expected errors) and trimming (1000 bp to 1600 bp read length; leading 

to 11,978 sequences), dereplicating sequences (7,161 unique sequences), learning error 

rates, removing bimera de novo and finally assigning taxonomy to the detected sequences 

based on SILVA v132 (Callahan, 2018). Lastly, 25 ASVs with 7,831 total counts were 

obtained. 
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Metagenome analysis and draft genome recovery 

Approximately 1 µg of DNA was used for library preparation with the TruSeq DNA PCR-

Free Kit from Illumina without modifications and libraries were sequenced on the Illumina 

NovaSeq 6000 platform to generate 91,056,140 paired-end (2 × 150-bp) reads (27.48 

giga base pairs) by CeGaT, Tuebingen, Germany. Raw read quality control, assembly, 

metagenome assembled genome binning and taxonomic annotation was performed with 

nf-core/mag v1.0.0 (https://nf-co.re/mag, DOI: 10.5281/zenodo.3589528) (Ewels et al., 

2020) with Nextflow v20.04.1 (Di Tommaso et al., 2017) using containerized software with 

singularity v3.0.3 (Kurtzer et al., 2017). Read quality was assessed with FastQC v0.11.8 

(Andrews, 2010), quality filtering and Illumina adapter removal was performed with fastp 

v0.20.0 (Chen et al., 2018), and reads mapped with Bowtie2 v2.3.5 (Langmead and 

Salzberg, 2012) to the PhiX genome (Enterobacteria phage WA11, GCA_002596845.1, 

ASM259684v1) were removed. Finally, 90,303,622 processed read pairs (27.25 giga base 

pairs) were assembled with MEGAHIT v1.2.7 (Li et al., 2015) and the assembly was 

evaluated with QUAST v5.0.2 (Gurevich et al., 2013), 99.35% reads were represented in 

the assembly. Metagenome assembled genomes (MAGs) were binned with MetaBAT2 

v2.13 (Kang et al., 2019) aided by the sequencing depth, checked for their completeness 

and contamination with BUSCO v3.0.2 (Waterhouse et al., 2018) using 148 near-universal 

single-copy orthologues (http://busco.ezlab.org/v3/datasets/bacteria_odb9.tar.gz) 

selected from OrthoDB v9 (Zdobnov et al., 2017), and summary statistics were obtained 

with QUAST for each MAG.  

Characteristics of the assembled metagenome can be found in Table S3.2. Twelve MAGs 

were obtained from the metagenome, of which eleven had ≤2% estimated contamination, 

of these, seven had ≥88% estimated completeness and four had from 11% to 45% 

completeness. Selected MAGs are presented in Table S3.1. The assembled metagenome 

and MAGs were uploaded to the Joint Genome Institute’s Integrated Microbial Genome 

and Microbiome Expert Review (IMG/MER) pipeline (IMGAP v5.0.8) for annotation 

(available online at https://img.jgi.doe.gov/cgi-bin/mer/main.cgi; (Chen et al., 2019)).  

FeGenie (Garber et al., 2020) and the IMG database (Chen et al., 2019) were used to 

search for potential Fe(II) oxidation genes, i.e. cyc2, mtoAB, pcoAB, mofA (He et al., 

2017), for the closely related species of the community in culture BP. 

http://busco.ezlab.org/v3/datasets/bacteria_odb9.tar.gz
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Metatranscriptome analysis. 

For RNA analysis, DNAse treatment, library preparation including bacterial ribodepletion 

(with Illumina Stranded Total RNA Prep with Ribo-Zero Plus kit) and sequencing with 2 × 

75 bp and 6 to 53 Mio clusters per sample were performed by Microsynth AG (Balgach, 

Switzerland) using triplicate samples of culture BP grown under autotrophic and 

heterotrophic conditions, respectively. Nf-core/rnaseq v1.4.2 (https://nf-co.re/rnaseq, DOI: 

10.5281/zenodo.3503887) (Ewels et al., 2020) and its containerized software was used 

with singularity v3.0.3 (Kurtzer et al., 2017) and executed with Nextflow v20.04.1 (Di 

Tommaso et al., 2017). The pipeline performed quality checks with FastQC v0.11.8 

(Andrews, 2010), removed 0.1% to 3.7% base pairs per sample due to adapter 

contamination and trimming of low quality regions with Trim Galore! v0.6.4, removed 35% 

to 76% (average: 54%) rRNA sequences with SortMeRNA v2.1b (Kopylova et al., 2012), 

aligned with STAR v2.6.1d 88-91% and 9-92% (9%, 90%, 92%) reads for autotrophic and 

heterotrophic conditions, respectively, to the metagenome and finally summarized 2.7-

16.8 and 0.3-27.1 million counts per sample for autotrophic and heterotrophic conditions, 

respectively, to genes based on the IMGAP annotation by featureCounts v1.6.4 (Liao et 

al., 2014). The definition of a significant difference was postulated for transcripts with 

Benjamini and Hochberg adjusted p ≤ 0.05. A summary of features of the 

metatranscriptome is described in Table S3.2. 

Metaproteome analysis  

The metaproteome measurement with LC-MS/MS and MaxQuant software suite 1.6.7.0 

(Cox and Mann, 2008) was conducted by the Quantitative Proteomics & Proteome Center, 

Tuebingen (PCT) as described in Schmitt et al. (2019). Protein concentrations were 

determined via the Bradford assay (Bio-Rad) according to the user's manual. As for 

autotrophic samples, the entire protein extract was used for digestion. SDS PAGE short 

gel purification (Invitrogen) was run and in-gel digestion with Trypsin was conducted as 

described previously (Borchert et al., 2010). Extracted peptides were desalted using C18 

StageTips (Rappsilber et al., 2007). The entire sample for autotrophic samples and 

calculated 4 µg of peptides for heterotrophic samples were subjected to LC-MS/MS 

analysis. Peptides were separated on a 20 cm analytical column packed in house with 

ReprosSil-Pur C18-AQ 1.9 µm resin (Dr. Maisch GmbH (Ltd.), Ammerbuch, Germany) 
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using Easy-nLC 1200 UHPLC (Thermo Fisher Scientific). It was coupled to an QExactive 

HF-X Orbitrap mass spectrometer (Thermo Fisher Scientific) with nano-electrospray 

source. The peptides were injected in HPLC solvent A (0.1% formic acid) and 

subsequently eluted with a 127 min segmented gradient of 10-33-50-90% of HPLC 

solvent B (80% acetonitrile in 0.1% formic acid) at a flow rate of 200 nl/min. The 12 most 

intense precursor ions were selected for fragmentation with HCD, sequenced mass 

precursors were excluded from further fragmentation for 30 s. Target values were 

3,000,000 charges for the MS scan with a resolution of 60,000 and 100,000 charges for 

the MS/MS fragmentation scan with a resolution of 30,000. The MS data was processed 

with MaxQuant software suite v.1.6.7.0. (Cox and Mann, 2008). The iBAQ and LFQ 

algorithms were enabled, and samples of the same treatment were matched. Database 

search against provided database (IMG metagenome ID: 3300036710) was performed 

using the Andromeda search engine (Cox et al., 2011). 23,626 identified peptides by 

MaxQuant were loaded with R package proteus v0.2.13 

(https://github.com/bartongroup/Proteus) (Gierlinski et al., 2018) in R v3.6.0 

(https://www.R-project.org/) (Team, 2018) and subsequently assigned to 3,792 proteins, 

accumulated protein intensities were normalized by each samples median, transformed 

by log2, and finally differential protein abundance analysis was performed for the two 

conditions with three samples each. Key characteristics of the metaproteomes are 

described in Fig. 3.2 and Fig. 3.3 as well as in Tables S1 and S2. The definition of a 

significant difference was postulated for proteins with Benjamini and Hochberg adjusted 

p ≤ 0.05. 

Phylogenetic analysis, figure illustration and data availability 

Phylogenetic analysis of Cyc2, MtoA/B, RbcL/S protein sequences of culture BP and 

related Fe(II)-oxidizing bacteria (FeOB), as well as 16S rRNA genes of culture BP, 

Gallionellaceae spp. identified in environmental samples and isolated Gallionellaceae 

spp. were conducted (Fig. S3.1, S3.2, S3.3, S3.4 and S3.5). Analyses were conducted in 

MEGA X using the Maximum Likelihood method and the Tamura-Nei model with bootstrap 

values of 1000 for each tree (Felsenstein, 1985; Tamura and Nei, 1993; Kumar et al., 

2018). The tree with the highest log likelihood and the percentage of trees in which the 

associated taxa clustered together was indicated next to the branches. Initial trees for the 

https://github.com/bartongroup/Proteus
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heuristic search were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model, and 

then selecting the topology with superior log likelihood value. The tree was drawn to scale, 

with branch lengths measured in the number of substitutions per site. These analyses 

involved 68 16S rRNA nucleotide sequences (Fig. S3.1), 38 RbcL, 23 RbcS, 38 Cyc2, 7 

MtoA, 16 MtoB amino acid sequences, respectively (Fig. S3.2, S3.3, and S3.4) and 49 

nucleotide sequences (Fig. S3.5).  

The amino acid biosynthesis pathways were determined by using the tool: GapMind: 

Automated annotation of Amino acid biosynthesis (https://papers.genomics.lbl.gov/cgi-

bin/gapView.cgi) (Price et al., 2020). The physiological growth plots, cell count plots, heat 

map and bubble plots (Fig. 3.1, Fig. 3.2 and Fig. S3.6)  were constructed via R v.3.6.1 

and its working interface RStudio (https://www.R-project.org/ and 

http://www.rstudio.com/) (Team, 2019; Team, 2020). Figure illustrations of cell shapes 

(Fig. 3.3 and Fig. 3.4) were adapted from “Icons > Cell Membranes > Simplified Bilayer 

Membranes” and “Icons > Cell Structures > Organelles”, respectively, by using 

BioRender.com (2021, https://app.biorender.com/biorender-templates). 

The datasets presented in this study can be found in online repositories. The names of 

the repositories and accession numbers are described below and in Table S3.4. Raw 

sequencing data and metagenome assembly were deposited at the Sequence Reads 

Archive (SRA, https://www.ncbi.nlm.nih.gov/bioproject/PRJNA693457). The mass 

spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier 

PXD023710. The IMG metagenome ID for BP culture is 3300036710 and the 

corresponding accession numbers of MAGs are: Gallionellaceae sp.: 2831290873, 

Noviherbaspirillum sp.: 2831285802, Rhodoferax sp.: 2840079448, Thiobacillus sp.: 

2840071692, Rhodoblastus sp.: 2840074988, Ramlibacter sp.: 2840082686, Geothrix 

sp.: 2840087968 and Betaproteobacteria bacterium: 2840090052 (Table S3.1 and S3.2) 

(Chen et al., 2019). The other four MAGs did not reach the quality criteria for submission 

to IMG; therefore, these MAGs were deposited in SRA database. 

 

  

https://papers.genomics.lbl.gov/cgi-bin/gapView.cgi
https://papers.genomics.lbl.gov/cgi-bin/gapView.cgi
https://www.r-project.org/
http://www.rstudio.com/
https://app.biorender.com/biorender-templates
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3.6. Supplementary information 

Supplementary Tables 

Table S3.1. Metagenome assembled genome (MAG) quality and data statistics with 
mapped number of significantly changed (adjusted p ≤ 0.05) transcripts and proteins 
under autotrophic conditions compared to heterotrophic conditions. 

  Gallionellaceae  Noviherbaspirillum  Rhodoferax  Thiobacillus Rhodoblastus  Ramlibacter  
Information of genome bins 
Estimated 
completeness 
(%) 

93.2 90.5 98 90.6 94.6 88.5 

Estimated 
contamination 
(%) 

0 2 0.7 1.4 0 2 

No. contigs 
(scaffold) 

42 41 14 15 88 458 

Largest contig 241555 621421 1452120 926960 324380 78674 
Gene count 2374 5070 3237 3295 4459 5281 
Genome size 
(bp) 

2,408,093 5,429,401 3,368,592 3,249,831 4,511,103 5,100,867 

Sequencing 
depth 

6757 1506 121 24 17 9 

GC (%) 59.05 59.52 63.91 62.7 62.96 66.61 
No. of CDS 2325 5002 3177 3241 4376 5222 
Taxonomy ID 96 1344552 28065 919 168658 174951 
IMG 
Submission ID 

215615 215613 221513 221511 221512 221514 

IMG Genome 
ID 

2831290873 2831285802 2840079448 2840071692 2840074988 2840082686 

GOLD Analysis 
Project ID 

Ga0394452 Ga0394450 Ga0401103 Ga0401101 Ga0401102 Ga0401104 

16S rRNA 
gene similarity 
(%) of closest 
related isolated 
species*  

Ferrigenium 
kumadai 
(96.17)  

Noviherbaspirillum 
autotrophicum 
strain TSA66 
(98.97) 

Curvibacter 
delicatus 
strain NBRC 
14919 
(98.56)  

Thiobacillus 
thioparus 
strain THI 111 
(99.66) 

Rhodoblastus 
sphagnicola 
strain RS 
(97.94) 

Xenophilus 
aerolatus 
 strain 
5516S-2 
(97.68) 

Community composition (exponential phase) (%) 
Autotrophic 77.11 14.76 2.24 1.42 1.11 0.27 
Heterotrophic 0.08 4.93 94.87 0 0 0 
Number of significantly changed (adjusted p ≤ 0.05) transcripts under autotrophic conditions compared to heterotrophic 
conditions  
Total  2396 4546 216 696 747 532 
Significant-up 2396 4546 59 696 747 532 
Significant-
down 

0 0 157 0 0 0 

Number of significantly changed proteins (adjusted p ≤ 0.05) under autotrophic conditions compared to heterotrophic 
conditions  
Total  12 122 103 0 1 2 
Significant-up 3 96 5 0 0 1 

Significant-
down 

9 26 98 0 1 1 

*16S rRNA gene similarities are based on PacBio long-read amplicon sequencing 
  

https://img.jgi.doe.gov/cgi-bin/submit/main.cgi?section=ERSubmission&page=displaySubmission&submission_id=215615
https://img.jgi.doe.gov/cgi-bin/submit/main.cgi?section=ERSubmission&page=displaySubmission&submission_id=215613
https://img.jgi.doe.gov/cgi-bin/submit/main.cgi?section=ERSubmission&page=displaySubmission&submission_id=221513
https://img.jgi.doe.gov/cgi-bin/submit/main.cgi?section=ERSubmission&page=displaySubmission&submission_id=221511
https://img.jgi.doe.gov/cgi-bin/submit/main.cgi?section=ERSubmission&page=displaySubmission&submission_id=221512
https://img.jgi.doe.gov/cgi-bin/submit/main.cgi?section=ERSubmission&page=displaySubmission&submission_id=221514
https://gold.jgi.doe.gov/analysis_projects?id=Ga0394452
https://gold.jgi.doe.gov/analysis_projects?id=Ga0394450
https://gold.jgi.doe.gov/analysis_projects?id=Ga0401103
https://gold.jgi.doe.gov/analysis_projects?id=Ga0401101
https://gold.jgi.doe.gov/analysis_projects?id=Ga0401102
https://gold.jgi.doe.gov/analysis_projects?id=Ga0401104
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117864.1?report=genbank&log$=nucltop&blast_rank=1&RID=TV8Z986Z015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117864.1?report=genbank&log$=nucltop&blast_rank=1&RID=TV8Z986Z015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117864.1?report=genbank&log$=nucltop&blast_rank=1&RID=TV8Z986Z015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117864.1?report=genbank&log$=nucltop&blast_rank=1&RID=TV8Z986Z015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116099.1?report=genbank&log$=nucltop&blast_rank=1&RID=TVPM14CD014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116099.1?report=genbank&log$=nucltop&blast_rank=1&RID=TVPM14CD014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116099.1?report=genbank&log$=nucltop&blast_rank=1&RID=TVPM14CD014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116099.1?report=genbank&log$=nucltop&blast_rank=1&RID=TVPM14CD014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116099.1?report=genbank&log$=nucltop&blast_rank=1&RID=TVPM14CD014
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Table S3.2. Metagenome (A), metatranscriptome (B) and metaproteome (C) data 
statistics. 

  Culture BP 

(A) Metagenome   

Raw read pairs 91,056,140  
(27.48 × 109 base pairs) 

Read pairs that passed QC 90,303,622  
(27.25 × 109 base pairs) 

Genome size (106 base pairs, Mbp) 57,442,683 

Proportion of reads assembled (%) 99.35 

No. contigs (scaffold) 25083 

Gene count 75943 

GC (%) 64.01 

No. of CDS 75105 

IMG Submission ID 221510 

IMG Genome ID  3300036710 

GOLD Analysis Project ID Ga0394449 

rRNA 103 

16S rRNA Count 34 

(B)  Metatranscriptome (range / average)   

Sequences [million] 6.3 – 53.3 / 25 

% duplicates 94 – 99 / 98 

GC% 52 - 54 / 53 

% rRNA 35 – 76 / 54 

% mapped to metagenome 9.5 – 92.6 / 77 

mapped to metagenome [million] 0.3 – 30.2 / 10 

Total no. of detected transcripts  17,471 

No. of significant higher expression level 
transcripts under autotrophic condition 

10,503 

No. of significant higher expression level 
transcripts under heterotrophic condition 

157 

(C) Metaproteome (range / average)    

Analyzed MS/MS spectra [thousand] 85 – 89 / 87 

Identified MS/MS spectra (%) 3.7 – 27.8 / 16 

Total no. of detected proteins  3792 

No. of significant higher abundant proteins under 
autotrophic condition 

126 

No. of significant higher abundant proteins under 
heterotrophic condition 

150 

 
  



 
 

Table S3.3. Summary of key metabolic pathways in selected NRFeOx-related metagenome assembled genomes (MAGs). 
 

  

Function Gallionellaceae 
-KS 

Gallionellaceae
-BP 

Noviherbaspiril
lum 

Rhodoblastus Thiobacillus Rhodoferax Ramlibacter 

Carbon Metabolism  

CBB reductive 
pentose 
phosphate cycle  

+ + + + + (+) + 

Glycolysis 
(Embden-
Meyerhof 
pathway) 

+ + + + + + + 

Pyruvate 
oxidation to 
acetyl-CoA 
through 
pyruvate 
dehydrogenase  

+ + + + + + + 

Citrate cycle 
(TCA cycle, 
Krebs cycle) 

+ + + + (+) + + 

Pentose 
phosphate 
pathway 

+ + (+) (+) + (+) (+) 

Glyoxylate cycle - (+) + (+) (+) (+) + 

Nitrogen Metabolism 

Nitrogen fixation, 
nitrogen → 
ammonia 

- - - (+) - - - 

Dissimilatory 
nitrate reduction 

- (+) + + + + + 

Assimilatory 
Nitrate reduction  

- - (+) (+) (+) (+) (+) 

Nitrification, 
ammonia → nitrite 

- - - - - - - 
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Table S3.3. (Continued) Summary of key metabolic pathways in selected NRFeOx-related metagenome assembled genomes 
(MAGs). 

Denitrification  

Nitrate → nitrite + - + + + + + 

Nitrite → nitric 
oxide 

+ + + + + + + 

Nitric oxide → 
nitrous oxide 

- + + + + + + 

Nitrous oxide → 
nitrogen gas 

- - + + + + + 

Complete 
denitrification  

No No Yes Yes Yes Yes Yes 

Oxidative Phosphorylation 

Complex I, 
NADH: quinone 
oxidoreductase 

+ + + + + + (+) 

Complex II, 
succinate 
dehydrogenase  

+ + + + + + + 

Complex III, 
cytochrome bc1 
complex 

+ + + + + + + 

Alternative 
complex III (ACIII) 

- - - - - - - 

aa3-type 
cytochrome c 
oxidase  

+ + + + + + + 

Cytochrome bd 
ubiquinol oxidase  

- - (+) (+) (+) - (+) 

cbb3-type 
cytochrome c 
oxidase 

+ + + + + + + 

F-type ATPase + + + + + + + 

V-type ATPase - - - - - - - 



 
 

Table S3.4. Overview of meta-omics samples from culture BP, archived in the 
Sequencing Read Archive (SRA, bioproject PRJNA693457) or ProteomeXchange 
Consortium (via the PRIDE partner repository, identifier PXD023710). All amplicon 
sequencing was performed with primers 515f and 805r, except SRR13504099, that was 
amplified with primers 27F and 1492R. 
 

 
 

Conditions 
Time- 
points 

Replicate 
Amplicon 
sequencing 

Metagenomics Metatranscriptomics Metaproteomics 

Autotrophic T3 1 SRR13504099    

Autotrophic T1 1  SRR13494970   

Autotrophic 

T0 1 SRR13489090    

T1 1 SRR13489089  SRR13494978 R23 

T1 2 SRR13489148  SRR13494977 R24 

T1 3 SRR13489137  SRR13494976 R25 

T2 1 SRR13489126    

T2 2 SRR13489115    

T2 3 SRR13489104    

T3 1 SRR13489093    

T3 2 SRR13489092    

T3 3 SRR13489091    

Heterotrophic 

T0 1 SRR13489088    

T1 1 SRR13489087    

T1 2 SRR13489156    

T1 3 SRR13489155    

T2 1 SRR13489154  SRR13494975 R26 

T2 2 SRR13489153  SRR13494974 R27 

T2 3 SRR13489152  SRR13494973 R28 

T3 1 SRR13489151    

T3 2 SRR13489150    

T3 3 SRR13489149    
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Supplementary Figures 

 
Fig. S3.1. Phylogenetic tree showing the relationships between 68 16S rRNA nucleotide 
sequences obtained by different methods. 1. Long-read ASVs (“ASV-L-x”), 2. short-read ASVs 
(“ASV-x”), 3. MAG sequence (“MAG”), and 4. metagenome sequences (“Ga0394449”). If there 
were more ASVs, the number “x” was added right after the “ASV-L-” or “ASV-”. 16S rRNA 
sequences retrieved from the MAG and metagenome were only included if their length was ≥300 
bp and if they overlapped with the V4 region of the 16S rRNA gene (i.e. with the short-read 
amplicons). The taxa related to the organisms mentioned in this study are marked with boxes. 
Evolutionary analyses were conducted in MEGA-X and the bootstrap values were calculated on 
100 replicates using the Maximum Likelihood method. 
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Fig. S3.2. Phylogenetic tree of Cyc2 from the organisms in culture BP and other Fe(II)-oxidizing 
bacteria based on amino acid sequences with bootstrap values, calculated on 1000 replicates 
using the Maximum Likelihood method. The organisms in culture BP are marked with boxes. 
The scale bar indicates branch lengths measured by the number of substitutions per site. 
Numbers in brackets show the identifier of each gene in IMG. 
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Fig. S3.3. Phylogenetic trees of MtoA (A) and MtoB (B) of Noviherbaspirillum sp. and other Fe(II)-
oxidizing bacteria based on amino acid sequences with bootstrap values, calculated on 1000 
replicates using the Maximum Likelihood method. The organisms in culture BP are marked with 
boxes. The scale bar indicates branch lengths measured by the number of substitutions per site. 
Numbers in brackets show the identifier of each gene in IMG. 
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Fig. S3.4. Phylogenetic trees of RuBisCO from culture BP, flanking members and other Fe(II)-
oxidizing bacteria: RbcL (A) and RbcS (B) based on amino acid sequences with bootstrap 
values, calculated on 1000 replicates using the Maximum Likelihood method. The organisms in 
culture BP are marked with boxes. The scale bar indicates branch lengths measured by the 
number of substitutions per site. Numbers in brackets show the identifier of each gene in IMG.  
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Fig. S3.5. Phylogenetic tree of the Gallionellaceae spp. ASVs detected in the environmental 
sediments compared to isolated Gallionellaceae spp. and Fe(II)-oxidizing bacteria based on 
nucleotide sequences with bootstrap values, calculated on 1000 replicates using the Maximum 
Likelihood method. The Gallionellaceae sp. in culture BP is marked with a box. The scale bar 
indicates branch lengths measured by the number of substitutions per site. Numbers in brackets 
show accession numbers. 
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Fig. S3.6. Bubble plot showing the relative abundance of amplicon sequence variants (ASVs) of 
microbial populations from culture BP (identical ASV and genus or family level, respectively), 
detected in environmental sediments. Samples were taken (A) at an organic-rich freshwater 
pond and (B) at an organic-rich peat ditch in Bremen, Germany. Sediments were taken from 
three different cores per site and from 0-10 cm depth. Dark and light grey bubbles demonstrate 
DNA- and RNA-based short-read 16S rRNA (gene) amplicon sequencing data, respectively. 
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Fig. S3.7.  Heatmap of normalized transcripts per kilobase million (TPM) of the Gallionellaceae 
sp., Noviherbaspirillum sp., Thiobacillus sp., Rhodoferax sp. and Ramlibacter sp. metagenome-
assembled genomes. Visualized are normalized TPM values for the pathways of Fe(II) oxidation, 
carbon fixation, denitrification and oxygen respiration. AC: autotrophic conditions; HC: 
heterotrophic conditions; #: data obtained from one sample out of triplicates (i.e. two data points 
out of three were 0 TPM and treated as missing data, therefore data have to be interpreted with 
caution also indicated by the gray font of these data); ##: data obtained from two samples out of 
triplicates; numbers without #: data obtained from all three triplicates; light gray-colored cell: no 
transcript of the identified gene detected among triplicate samples; dark gray-colored cell: no gene 
and no transcript detected. 
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4. ‘Candidatus Ferrigenium straubiae’ sp. nov., ‘Candidatus Ferrigenium 

bremense’ sp. nov., ‘Candidatus Ferrigenium altingense’ sp. nov., are 

autotrophic Fe(II)-oxidizing bacteria of the family Gallionellaceae. 
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Abstract 

Iron(II) [Fe(II)] oxidation coupled to denitrification is recognized as an environmentally 

important process in many ecosystems. However, the autotrophic denitrifying Fe(II)-

oxidizing bacteria (FeOB) dominating these enrichment cultures, affiliated with the family 

Gallionellaceae, remain poorly taxonomically defined due to lack of representative isolates. 

We describe the taxonomic classification of three novel FeOB based on metagenome-

assembled genomes (MAGs) acquired from the autotrophic nitrate-reducing enrichment 

cultures KS, BP and AG, originating from freshwater sediments in Bremen, Northern 

Germany (cultures KS and BP), and groundwater in Altingen, Ammerbuch, Southern 

Germany (culture AG). Phylogenetic analysis of nearly full-length 16S rRNA gene 

sequences demonstrated that these three FeOB were most closely affiliated to the genera 

Ferrigenium, Sideroxydans and Gallionella, with up to 96.5%, 95.4% and 96.2% 

16S rRNA gene sequence identities to representative isolates of these genera, 

respectively. In addition, average amino acid identities (AAI) of the genomes compared to 

the most closely related genera revealed highest AAI with Ferrigenium kumadai An22 

(76.35-76.74%), suggesting that the three FeOB are members of this genus. Phylogenetic 

analysis of conserved functional genes further supported that these FeOB represent three 

novel species of the genus Ferrigenium. Physiological observations of the FeOB revealed 

unique features, such as the ability to perform partial denitrification coupled to Fe(II) 

oxidation and carbon fixation. Scanning electron microscopy of the enrichment cultures 

showed slightly curved rod-shaped cells, ranging from 0.2-0.7 μm in width and 0.5-2.3 μm 

in length. Based on the phylogenetic, genomic, and physiological characteristics, we 

propose that these FeOB represent three novel species, ‘Candidatus Ferrigenium 

straubiae’ sp. nov., ‘Candidatus Ferrigenium bremense’ sp. nov. and ‘Candidatus 

Ferrigenium altingense’ sp. nov. that might have unique metabolic features among the 

genus Ferrigenium. 
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Introduction 

Ferrous iron [Fe(II)] oxidation can be mediated by specific microorganisms and plays a 

crucial role in biogeochemical nitrogen, carbon, oxygen and sulfur cycles of natural and 

engineered ecosystems (Kappler et al., 2021), such as freshwater sediment (Straub et al., 

1996; Straub and Buchholz-Cleven, 1998; Straub et al., 2004), marine coastal sediment 

(Laufer et al., 2015; Laufer et al., 2016) and constructed wetlands (Zhimiao et al., 2020). 

Fe(II)-oxidizing bacteria (FeOB) are capable of oxidizing both solid and dissolved Fe(II) 

as electron donors. Studies of FeOB living at circumneutral pH have demonstrated that 

these organisms flourish within the zone in which ferrous ions are stable, i.e. at microoxic 

to anoxic conditions at which abiotic Fe(II) oxidation is limited enough for microorganisms 

to compete (Rentz et al., 2007; Jewell et al., 2016). Most known FeOB are members of 

Proteobacteria and are grouped into three physiological types, depending on the electron 

acceptor and energy source used for Fe(II) oxidation: light-dependent (photoferrotrophs), 

O2-dependent (microaerophiles), and nitrate-reducing (Ehrenberg, 1838; Widdel et al., 

1993; Straub et al., 1996).  

Many of the common neutrophilic Fe(II)-oxidizing bacteria belong to the family 

Gallionellaceae, which are divided into eight defined genera. Four of these are 

represented entirely by FeOB: Ferrigenium, Ferriphaselus, Gallionella and Sideroxydans. 

These bacteria typically oxidize Fe(II) under microoxic conditions (Hallbeck and Pedersen, 

1991; Emerson and Moyer, 1997; Emerson and Merrill Floyd, 2005; Weiss et al., 2007; 

Krepski et al., 2012; Emerson et al., 2013; Kato et al., 2013; Kato et al., 2015; Kadnikov 

et al., 2016; Khalifa et al., 2018) and a few of them, unclassified Gallionellaceae spp., 

were suggested to coupled Fe(II) oxidation to partial denitrification under anoxic 

conditions (Straub et al., 1996; He et al., 2016; Jewell et al., 2016; Huang et al., 2021a; 

Huang et al., 2021b; Jakus et al., 2021). Additionally, some of the FeOB in the 

Gallionellaceae family were reported to perform carbon fixation (Hallbeck and Pedersen, 

1991; Emerson and Moyer, 1997; Emerson and Merrill Floyd, 2005; Weiss et al., 2007; 

Krepski et al., 2012; Emerson et al., 2013; Kato et al., 2013; Kato et al., 2015; Jewell et 

al., 2016; Kadnikov et al., 2016; Khalifa et al., 2018), as they are very often inhabiting 

organic carbon depleted environments such as aquifers (Jewell et al., 2016), geysers and 

high-CO2 subsurface wetland soils (Emerson et al., 2016), inactive seafloor hydrothermal 

sulfide chimneys (Li et al., 2017), as well as mine water discharges (Fabisch et al., 2016). 
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Despite the genetic potential of these bacteria and the broad variety of habitats that 

members of the family Gallionellaceae occupy, there is no reported isolate of neutrophilic 

autotrophic nitrate-reducing Fe(II)-oxidizing (NRFeOx) bacteria. However, members of the 

family Gallionellaceae were found to dominate microbial communities of known 

neutrophilic autotrophic NRFeOx enrichment cultures (Straub et al., 1996; Huang et al., 

2021b; Jakus et al., 2021). 

So far there are only three published examples of stable autotrophic NRFeOx enrichment 

cultures. Two of the cultures were obtained from freshwater sediments in Bremen, 

northern Germany (cultures KS and BP) (Straub et al., 1996; Huang et al., 2021b), and 

one was obtained from an anoxic groundwater monitoring well in Altingen, southern 

Germany (culture AG) (Jakus et al., 2021). Recent metagenomic analysis revealed that 

all of these unclassified Gallionellaceae spp. in the three enrichment cultures share many 

common features. They possess the genes encoding putative Fe(II) oxidases such as 

Cyc2 and/or MtoAB, and genes involved in denitrification such as nitrate reductase 

(narGHI), nitrite reductase (nirK/S) and/or nitric oxide reductase (norBC) (He et al., 2016; 

Huang et al., 2021a; Huang et al., 2021b; Jakus et al., under review; and provided to the 

reviewers with this submission). The bacteria were also found to possess the large subunit 

ribulose-1,5-bisphosphate carboxylase-oxygenase gene (rbcL), a key gene for carbon 

dioxide fixation during the Calvin–Benson–Bassham (CBB) cycle (He et al., 2016; 

Tominski et al., 2018a; Huang et al., 2021a; Huang et al., 2021b; Jakus et al., under 

review; and provided to the reviewers with this submission). Thus, they likely have the 

ability to perform autotrophic Fe(II) oxidation coupled to partial denitrification. Based on 

nearly full-length 16S rRNA gene sequence (~1460 bp) analysis, most closely related 

isolated species of the dominating Gallionellaceae spp. present in these cultures are 

Ferrigenium kumadai An22, Sideroxydans lithotrophicus ES-1 and Gallionella 

capsiferriformans ES-2. Despite elaborate cultivation attempts, these three FeOB 

Gallionellaceae spp. have so far not been isolated (He et al., 2016; Tominski et al., 2018a; 

Huang et al., 2021b; Jakus et al., 2021). Furthermore, the exact phylogenetic placement 

and taxonomic description for these FeOB in the Gallionellaceae family remains 

unresolved.  

An increasing number of available genomes derived from metagenomics studies of so far 

uncultured members of the family Gallionellaceae, sharing the potential of coupling Fe(II) 
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oxidation to partial denitrification, shows the importance of classifying these new taxa of 

FeOB (Jewell et al., 2016; Kadnikov et al., 2016; Bethencourt et al., 2020). In addition, the 

key FeOB of the only stable NRFeOx cultures that exist to date (i.e. cultures KS, BP and 

AG) and that are currently frequently used as model systems to study autotrophic nitrate 

reduction coupled to Fe(II) oxidation remain to be classified. Moreover, the advancement 

of methods in (meta)genomics complement traditional approaches and promote the 

assessment of the existing taxonomic system (Konstantinidis and Tiedje, 2007; Murray et 

al., 2020). For example, a widely applied approach is to use the category of ‘Candidatus’ 

to propose putative taxa (Stackebrandt et al., 2002). These yet-to-be isolated 

microorganisms do not meet all requirements of the International Code of Nomenclature 

of Prokaryotes (2019); however, there is sufficient evidence to justify their classification 

through (meta)genomic data (Murray and Stackebrandt, 1995; Konstantinidis and 

Rosselló-Móra, 2015; Konstantinidis et al., 2017; 2019; Murray et al., 2020). Here, we 

describe phylogenetic, genomic, and phenotypic analyses to suggest the designation of 

the three novel FeOB species within the family Gallionellaceae.  
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Experimental procedures 

Cultivation and isolation strategies 

Culture KS, named after Kristina Straub who reported the first study on this culture (Straub 

et al., 1996) (dominated by ‘Ca. Ferrigenium straubiae’ strain KS) originated from a 

freshwater ditch in Bremen, Germany. Since then, culture KS has been transferred for 

more than 20 years under autotrophic conditions with 1-10% (v/v) inoculum (He et al., 

2016; Tominski et al., 2018a; Huang et al., 2021a). Several cultivation and isolation 

techniques have been used, e.g. cultivation under microoxic conditions in gradient tubes 

and zero-valent iron (ZVI) plates (Tominski et al., 2018a), or growth with different 

substrates under anoxic conditions in serum bottles, such as FeCl2, Fe(II)-EDTA, and 

FeSO4 as the electron donor with nitrate as the electron acceptor (Straub et al., 1996; 

Blöthe and Roden, 2009; Tominski et al., 2018a). 

Culture BP, named after Bremen Pond, (dominated by ‘Ca. Ferrigenium bremense’ strain 

BP) originated from a freshwater pond in the backyard of the Max Planck Institute for 

Marine Microbiology, Bremen, Germany in 2015 (Huang et al., 2021b). Since then, culture 

BP has been transferred for more than 2 years (>20 times/year since 2018) under 

autotrophic conditions with 4-10% (v/v) inoculum. Both culture KS and BP were stored 

and transferred continuously in 25 mL mineral medium (Hegler et al., 2008; Blöthe and 

Roden, 2009), pH 6.9-7.2, with 10 mM FeCl2 and 4 mM NaNO3 in 58 mL serum bottles 

and incubated in the dark at 28°C. 

Culture AG, named after Altingen Groundwater, (dominated by ‘Ca. Ferrigenium 

altingense’ strain AG) originated from an anoxic groundwater monitoring well in Altingen, 

southern Germany (Jakus et al., 2021). Since then, culture AG has been transferred for 

more than 3 years (>20 times/year since 2018) under autotrophic conditions with 2 mM 

FeCl2 and 2 mM NaNO3 in 58 mL serum bottles containing 25 mL of medium and with 

10% (v/v) inoculum (Jakus et al., 2021). 

PacBio 16S rRNA gene amplicon sequencing 

DNA extraction for culture KS, culture BP and culture AG was reported previously (Huang 

et al., 2021b; Jakus et al., 2021). PacBio Sequel SMRT long-read amplicon sequencing 

was performed at the Helmholtz Zentrum München, Germany. DNA amplification was 

conducted twice using two rounds of PCR with primers universal for bacterial 16S rRNA, 
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tailed with PacBio universal sequencing adapters (universal tags) and 5' amino modifiers 

(27F gcagtcgaacatgtagctgactcaggtcacAGRGTTYGATYMTGGCTCAG, 1492R 

tggatcacttgtgcaagcatcacatcgtagRGYTACCTTGTTACGACTT) (Biomers.net, Ulm, 

Germany) to amplify the nearly full-length 16S rRNA genes from the genomic DNA 

extracted of all three cultures, respectively (Huang et al., 2021b; Jakus et al., 2021). The 

PCR amplification protocol was described in detail previously (Huang et al., 2021b; Jakus 

et al., 2021). For the SMRTbell library preparation (Franzen et al., 2015), the SMRTbell 

Template Prep Kit (PacBio biosciences, California, USA) was applied according to the 

user’s manual instructions.  

Subsequently, 11,688 circular consensus sequencing reads were analyzed with DADA2 

v1.10.0  (Callahan et al., 2016; Callahan et al., 2019) in R v3.5.1 (Team, 2018) by 

sequentially orienting reads and removing primers, filtering (no ambiguous nucleotides 

and maximum 2 expected errors) and trimming (1000 bp to 1600 bp read length; leading 

to 7,475 sequences), dereplicating sequences (4,138 unique sequences), learning error 

rates, removing bimera de novo and finally assigning taxonomy to the detected sequences 

based on SILVA v132 (Callahan, 2018). Lastly, 8 ASVs with 5,543 total counts were 

obtained. 

Phylogenetic tree construction  

The evolutionary history was inferred by using the Maximum Likelihood method and the 

Tamura-Nei model (Tamura and Nei, 1993). This analysis involved 14 nearly full-length 

16S rRNA gene nucleotide sequences and 9 concatenated house-keeping, protein-

coding, amino acid gene sequences. There were a total of 1622 and 4529 positions in the 

final dataset, respectively. The tree with the highest log likelihood was selected with 1000 

bootstraps of nucleotide and amino acid sequences. The percentage of trees in which the 

associated taxa clustered together was indicated next to the branches. Initial trees for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model, and 

then selecting the topology with superior log likelihood value. The tree was drawn to scale, 

with branch lengths measured in the number of substitutions per site. Evolutionary 

analyses were conducted in MEGA X (Kumar et al., 2018). The house-keeping genes, i.e. 

RNA polymerase α subunit (rpoA), DNA gyrase α subunit (gyrA), protein translocase 
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subunit (secA), isoleucyl-tRNA synthetase (ileS), rho termination factor (rho) and 

translation initiation factor IF-2 (infB), were selected via the gene sequence availability of 

the top three closest related isolated genomes and other physiological related species 

(i.e. FeOB of the family Gallionellaceae and nitrate-reducing FeOB), to generate a 

concatenated maximum likelihood phylogenetic tree (Holmes et al., 2004; Emerson et al., 

2013; Glaeser and Kämpfer, 2015; Rocha et al., 2015).  

Average nucleotide identity (ANI) and Average amino acid identity (AAI) 

The average nucleotide identity (ANI) and alignment fraction (AF) was analyzed via the 

online tool IMG/MER Pairwise ANI (https://img.jgi.doe.gov/cgi-

bin/mer/main.cgi?section=ANI&page=pairwise) (Varghese et al., 2015; Chen et al., 2017; 

Chen et al., 2019). Average amino acid identity (AAI) was conducted via the online tool 

AAI calculator, developed by the Environmental Microbial Genomics Laboratory (enve-

omics lab) at the Georgia Institute of Technology (Kostas lab) (http://enve-

omics.ce.gatech.edu/) (Rodriguez-R and Konstantinidis, 2016). 

Metagenome assembly genome (MAGs) analysis 

Three metagenome-assembled genomes (MAGs) of strain KS, strain BP and strain AG 

were obtained from the Joint Genome Institute’s Integrated Microbial Genome and 

Microbiome Expert Review (IMG/MER) database (https://img.jgi.doe.gov/; (Chen et al., 

2019)). FeGenie (Garber et al., 2020) was used to search for potential Fe(II) oxidation 

genes, e.g. cyc2, mtoAB, mofA (He et al., 2017), and the IMG (Chen et al., 2019) and the 

National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/; 

(Coordinators, 2016; Schoch et al., 2020) databases were used for obtaining genomes 

and 16S rRNA gene sequences of closely related taxa. The basic local alignment search 

tool (BLAST) (Altschul et al., 1990) was used to compare the nearly full-length 16S rRNA 

gene sequences of the Gallionellaceae spp. of cultures KS, BP and AG to those gene 

sequences of Gallionellaceae spp. that were isolated or identified in environmental 

samples. 

Scanning electron microscopy  

For scanning electron microscopy (SEM) analysis, samples of the enrichment cultures 

KS, BP and AG were taken during the mid Fe(II)-oxidizing phase (after 3 days of 

incubation under autotrophic conditions) and at the end of the Fe(II) oxidation phase (after 

https://img.jgi.doe.gov/cgi-bin/mer/main.cgi?section=ANI&page=pairwise
https://img.jgi.doe.gov/cgi-bin/mer/main.cgi?section=ANI&page=pairwise
http://enve-omics.ce.gatech.edu/
http://enve-omics.ce.gatech.edu/
https://www.ncbi.nlm.nih.gov/
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6 days of incubation under autotrophic conditions). SEM samples were fixed in 2.5% 

glutaraldehyde for three hours on ice, by adding 100 µl of a 25% glutaraldehyde solution 

directly to 900 µl of centrifuged cell suspension in culture medium. After fixation, the 

samples were centrifuged (1 min, 2348x g) to concentrate the cells and approximately 900 

µl of supernatant was removed and replaced by MQ H2O to wash out the glutaraldehyde 

from the sample. This procedure was repeated twice. 25 µl of each sample was dropped 

onto Poly-l-Lysine coated cover glass slides [coated each with 75 µl 0.1% Poly-L-Lysine 

solution (PLANO, Wetzlar, item number 18026) and air dried over night before usage], 

placed in a 12-well plate. The plate was then covered with the plate lid and left for 15 

minutes for the samples to settle. In the following, the samples were dehydrated by a 

graded ethanol series (30%, 70%, 95% for 5 min each; 2 x 100% for 30 min). In a final 

step, the samples were dipped into hexamethyldisilazane (HMDS) in two separated 

continuous-flow analysis vials in sequence for 30 seconds each and left to dry on filter 

paper afterwards. The cover glass slides were then fixed onto aluminum stubs with carbon 

tape (PLANO, Wetzlar, item numbers G301 & G3347) and sputter-coated with ~ 8 nm Pt 

by use of a BAL-TEC SCD 005. The SEM examination was performed at a Crossbeam 

550L FIB-SEM (Zeiss, Oberkochen, Germany) using the InLens detector at an 

acceleration voltage of 2 kV and working distances of 4–5 mm. 

Data availability and figure illustration 

The heat maps were constructed via R v3.6.1 and its graphical user interface RStudio 

(https://www.R-project.org/ and http://www.rstudio.com/) (Team, 2019; Team, 2020). 

The datasets presented in this study can be found in online repositories: SRR13504099 

for culture BP including ‘Ca. Ferrigenium bremense’ strain BP, and SRR10568922 for 

culture AG including ‘Ca. Ferrigenium altingense’ strain AG (Table 4.1). The three nearly 

full-length 16S rRNA sequences of strain KS, strain BP and strain AG are provided in the 

supplementary file. The IMG metagenome IDs for cultures KS, BP and AG are 

3300040739, 3300036710, and 3300041015 and the corresponding accession numbers 

of the MAGs of ‘Ca. Ferrigenium straubiae’, ‘Ca. Ferrigenium bremense’, and ‘Ca. 

Ferrigenium altingense’ in IMG are 2878407288, 2831290873, and 2860363623, 

respectively (Table 4.1). 

https://www.r-project.org/
http://www.rstudio.com/
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Table 4.1. Description table of ‘Candidatus Ferrigenium straubiae’ sp. nov., ‘Candidatus 

Ferrigenium bremense’ sp. nov. and ‘Candidatus Ferrigenium altingense’ sp. nov. 

Genus name Candidatus Ferrigenium Candidatus Ferrigenium Candidatus Ferrigenium 

Species name straubiae bremense altingense 
Type species 
of the genus 

Ferrigenium kumadai 
An22 

Ferrigenium kumadai 
An22 

Ferrigenium kumadai 
An22 

Specific 
epithet 

straubiae bremense altingense 

Species status sp. nov. sp. nov. sp. nov. 

Species 
etymology 

strau'bi.ae. N.L. gen. n. 
straubiae, of Straub, 

honouring Dr. Kristina 
Straub who enriched, 

cultured and studied the 
culture KS in 1993-1996. 

bre.men'se. M.L. neut. 
adj. bremense, the 
enrichment sample 

originating from Bremen, 
Germany. 

al.tin.gen'se. N.L. neut. 
adj. altingense, the 
enrichment sample 

originating from Altingen, 
Germany. 

Description of 
the new taxon 
and diagnostic 
traits 

Found in freshwater 
habitats. Cells are rod 
shaped. Fimbriae and 

flagella were not 
observed. Cells are 0.8–
2.2 μm long and 0.2–0.7 

μm wide. In silico genome 
analysis indicated that the 

species possesses 
potential Fe(II) oxidation 

genes: cyc2, mtoAB, 
mofABC; denitrification 
genes: narGHIJ, nirK/S; 
and the carbon fixation 

gene: rbcL. 

Found in freshwater 
habitats. Cells are rod 
shaped. Fimbriae and 

flagella were not 
observed. Cells are 1.1–
2.3 μm long and 0.2–0.6 

μm wide. In silico genome 
analysis indicated that the 

species possesses 
potential Fe(II) oxidation 

genes: cyc2; 
denitrification genes: 

narGHIJ, nirK/S; and the 
carbon fixation gene: 

rbcL. 

Found in freshwater 
habitats. Cells are rod 
shaped. Fimbriae and 

flagella were not 
observed. Cells are 0.5–
1.8 μm long and 0.2–0.6 

μm wide. In silico genome 
analysis indicated that the 

species possesses 
potential Fe(II) oxidation 

genes: cyc2, mofAB 
(distant homologs); 

denitrification genes: 
narGHIJ, nirK/S, norBC; 
and the carbon fixation 

gene: rbcL. 
Country of 
origin 

Germany Germany Germany 

Region of 
origin 

Bremen, Bremen Bremen, Bremen 
Altingen, Baden-
Wuerttemberg 

Source of 
isolation 

freshwater sediment freshwater sediment 
aquifer, groundwater 

monitoring well 
Sampling date 
(dd/mm/yyyy) 

1993 25/09/2015 12/09/2017 

Latitude  - 53°06'36.7"N 48° 33' 47.52"N 
Longitude  - 8°50'48.6"E 8° 53' 59.28"W 
16S rRNA 
gene 
accession nr. 

IMG gene ID: 
2878408845 

Sequence listed in 
supplementary file 

IMG gene ID: 
2860363887 

IMG Genome 
ID 

2878407288 2831290873 2860363623 

Genome 
status 

incomplete (MAG) 
completeness: 99.3% 

incomplete (MAG) 
completeness: 93.2% 

incomplete (MAG) 
completeness: 89.9% 
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Results and discussion 

The novel strains represent dominant taxa of autotrophic NRFeOx enrichment 

cultures 

Based on the near full-length 16S rRNA gene sequences analysis all three 

Gallionellaceae spp., strain KS, strain BP and strain AG, dominated the autotrophic 

NRFeOx enrichment cultures KS, BP and AG, with ≥95%, ≥71% and ≥50% relative 

sequence abundance, respectively (He et al., 2016; Huang et al., 2021a; Huang et al., 

2021b; Jakus et al., 2021). Highest abundance of these strains was observed during the 

exponential phase of growth, i.e. during the most active Fe(II) oxidation and nitrate 

reduction phase. All three NRFeOx cultures were cultivated under anoxic autotrophic 

conditions with FeCl2 and NaNO3 (Straub et al., 1996; Huang et al., 2021b; Jakus et al., 

2021) as electron donor and acceptor, respectively. The average Fe(II)oxidized/nitratereduced 

stoichiometric ratio was 4.28 in culture KS, 3.4 in culture BP and 5.0 in culture AG. 

(Tominski et al., 2018a; Huang et al., 2021a; Huang et al., 2021b; Jakus et al., 2021). 

Both culture KS and culture BP originate from freshwater sediments collected in Bremen 

from a ditch (Straub et al., 1996) and a pond (Huang et al., 2021b), respectively, while 

culture AG was obtained from an aquifer (Jakus et al., 2021). The geochemistry at the 

habitat of enrichment culture KS’s origin was neither stated in the first publication (Straub 

et al., 1996) nor in subsequent publications. However, since the ditch of culture KS’s origin 

is close by and connected to the pond of culture BP’s origin, the geochemistry might be 

similar. The physiochemical conditions at the area of the sampling site, where culture BP 

was obtained, were measured in 2017 as follows; temperature: 11.7-11.9°C, pH: 6.0-6.3, 

oxygen saturation: 8.5-74.3%, conductivity: 32.5-36.8 μS/m, Fe(II)pore water: 0.324-4.85 μM, 

Fe(III)pore water: 2.51-1 μM, nitrate: 0.714 μM, total organic carbon (TOC) in sediment: 0.16-

0.45% (wt%), and dissolved organic carbon (DOC) in pond water: 0.6-0.7 mg/L (Sauter, 

2018). The physico-chemical parameters of the groundwater accessed via the monitoring 

well in Altingen were continuously monitored during observation periods (2004-2018) and 

the average values were calculated as follows; temperature: 12.5±1.6°C, pH: 7.1±0.1, 

dissolved O2: 0.1±0.1 mg/L, conductivity: 885.1±75.1 μS/cm, nitrate concentration: 

0.02±0.01 mM and DOC: 1.2±0.3 mg/L (Jakus et al., 2021). 
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Despite the different isolation habitats of the three cultures, all three FeOB unite a unique 

feature within the family Gallionellaceae, i.e. the ability to grow under autotrophic anoxic 

conditions and perform partial nitrate reduction coupled to Fe(II) oxidation (Straub et al., 

1996; Huang et al., 2021b; Jakus et al., 2021). This unique capability differentiates them 

from all the isolated strains of the family Gallionellaceae, which typically perform 

microaerophilic Fe(II) oxidation using oxygen as electron acceptor (Kucera and Wolfe, 

1957; Straub et al., 1996; Emerson and Moyer, 1997; Krepski et al., 2012; Kato et al., 

2014; Khalifa et al., 2018; Huang et al., 2021b; Jakus et al., 2021).  

Phylogenetic and genome (MAG) identity analysis of FeOB within the 

Gallionellaceae 

In order to classify the three Gallionellaceae spp., strain KS, strain BP and strain AG, we 

performed phylogenetic analysis, using nearly full-length 16S rRNA gene sequences and 

available MAGs in the family Gallionellaceae (Fig. 4.1 and Fig. 4.2). Strain KS, strain BP 

and strain AG were closely related to each other and formed a novel clade within the 

phylogenetic tree (Fig. 4.1).  

The most closely related isolated species was Ferrigenium kumadai, which is a 

microaerophilic Fe(II)-oxidizing bacterium and was cultivated using gradient tubes (Khalifa 

et al., 2018). Ferrigenium kumadai has 96.45%, 96.17% and 96.24% of nearly full-length 

16S rRNA gene sequence identity with strain KS, strain BP and strain AG, respectively 

(Fig. 4.2A) (Huang et al., 2021a; Huang et al., 2021b; Jakus et al., 2021). The second 

most closely related isolated species of strain KS and strain BP was Sideroxydans 

lithotrophicus ES-1, with 95.9% and 95.30% identity of nearly full-length 16S rRNA gene 

sequences, respectively (Fig. 4.2A) (Huang et al., 2021a; Huang et al., 2021b). The 

second most closely related isolated species of strain AG was Gallionella 

capsiferriformans ES-2, sharing 96.17% of nearly full-length 16S rRNA gene sequence 

identity (Fig. 4.2A) (Jakus et al., 2021).  
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Figure 4.1. Phylogenetic tree of seven isolated Gallionellaceae spp. and six metagenome 
assembled genomes (Candidatus species), using available full or nearly full-length 16S rRNA 
gene sequences and calculated on 1000 replicates using the Maximum Likelihood method. The 
box highlights the species classified in this study. The scale bar represents branch lengths 
measured by the number of substitutions per site. The numbers in brackets show the identifier of 
each gene in the IMG or NCBI databases. 

 

As with Ferrigenium kumadai, both Sideroxydans lithotrophicus ES-1 and Gallionella 

capsiferriformans ES-2 are microaerophilic Fe(II)-oxidizing bacteria (Emerson and Moyer, 

1997) and have been cultivated using gradient tubes. While Ferrigenium kumadai An22 

originated from rice paddy soil (Khalifa et al., 2018), Sideroxydans lithotrophicus ES-1 and 

Gallionella capsiferriformans ES-2 were both from a groundwater-fed iron seep (Emerson 

and Moyer, 1997). The three Gallionellaceae spp., strain KS, strain BP and strain AG, 

revealed 16S rRNA gene similarities of 97.06-97.88% among each other indicating that 

they represent distinct species within the same genus (Fig. 4.2).  
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Figure 4.2. Nearly full-length 16S rRNA gene identity, average amino acid identity (AAI), average 
nucleotide identity (ANI), alignment fraction (AF; genome x aligned to genome y [upper no.], 
genome y aligned to genome x [lower no.]) of strains from ‘Candidatus Ferrigenium straubiae’ 
(strain KS) sp. nov., ‘Candidatus Ferrigenium bremense’ (strain BP) sp. nov. and ‘Candidatus 
Ferrigenium altingense’ (strain AG) sp. nov. compared to their top three closely related isolated 
strains affiliating with the genera Ferrigenium, Sideroxydans and Gallionella. Recommended 
thresholds: nearly full-length 16S rRNA gene sequence identity: genus >95%, species >98.6%; 
AAI: genus 65–95%, species ≥95% (Konstantinidis et al., 2017); ANI: species >96.5%; AF: 
species ≥60% (Varghese et al., 2015; Barco et al., 2020). 

 
In addition, using metagenome binning methods, nearly complete and high-quality 

genomes (MAGs) were obtained for the Gallionellaceae spp. strain KS, strain BP and 

strain AG, with a completeness of 99.3%, 93.2% and 89.9%, respectively (Table 4.1) 

(Huang et al., 2021a; Huang et al., 2021b; Jakus et al., 2021). Further, we compared the 

AAI and ANI of all five isolated Gallionellaceae spp. to the MAGs of strain KS, strain BP 

and strain AG. Based on the AAI and ANI results, the closest related, isolated strains 

affiliated with the genera Ferrigenium, Sideroxydans and Gallionella (Fig. 4.2A, 4.2B). All 

three of the novel Gallionellaceae spp., i.e. strain KS, strain BP and strain AG, displayed 

AAI values in the range between 76.35% to 76.74% for Ferrigenium kumadai and 67.12% 

to 70.97% for Sideroxydans lithotrophicus ES-1 and Gallionella capsiferriformans ES-2 

(Fig. 4.2A). As the AAI of the three novel Gallionellaceae spp. compared to Ferrigenium 

kumadai were higher in comparison to Sideroxydans lithotrophicus ES-1 and Gallionella 

capsiferriformans ES-2, this indicates that all three strains (i.e. strain KS, strain BP and 

strain AG ) belong to the same genus (AAI threshold >65%), postulated as genus 
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Ferrigenium, but represent different species (AAI threshold <95%) (Rodriguez-R and 

Konstantinidis, 2016). Notably, these results are consistent with the 16S rRNA gene-

based results mentioned above. Moreover, these novel species, i.e. strain KS, strain BP 

and strain AG, have AAI values in the range of 82.51% to 85.02% compared to each other 

(Fig. 4.2A), suggesting that they are more closely related to each other than to any 

described isolate. This result suggests that they should be probably consisted as distinct 

species of the same genus. As for ANI, a threshold of ANI ≥ 96.5% (alignment fraction: 

AF ≥ 60%) was proposed for the same species (Varghese et al., 2015; Barco et al., 2020). 

Our results showed that the ANI values between the three novel Gallionellaceae spp. and 

the most closely related isolate, Ferrigenium kumadai, range between 81.12% to 81.38% 

(Fig. 4.2B), while the ANI to Sideroxydans lithotrophicus ES-1 and Gallionella 

capsiferriformans ES-2 are in the range of 75.05% to 79.47% (Fig. 4.2B).  

For more evidence of the genealogical position, the amino acid sequences of house-

keeping genes, which encode the RNA polymerase α subunit (rpoA), DNA gyrase α 

subunit (gyrA), protein translocase subunit (secA), isoleucyl-tRNA synthetase (ileS), rho 

termination factor (rho), and translation initiation factor IF-2 (infB), were selected to 

generate a concatenated maximum likelihood phylogenetic tree (Fig. 4.3) (Holmes et al., 

2004; Emerson et al., 2013; Glaeser and Kämpfer, 2015; Rocha et al., 2015). The 

phylogenetic analysis of concatenated house-keeping genes indicated that strain KS, 

strain BP and strain AG were closely affiliated to Ferrigenium kumadai An22, and were 

more distantly related to other isolated members of Gallionellaceae genera, a proposed 

neutrophilic mixotrophic nitrate-reducing FeOB, i.e. Thiobacillus denitrificans (Beller et al., 

2006b) and an acidophilic aerobic FeOB, i.e. Acidithiobacillus ferrooxidans (Fig. 4.3) 

(Valdés et al., 2008). Taken together the results of nearly full-length 16S rRNA gene 

identity and phylogeny as well as AAI, ANI and house-keeping gene phylogenetic 

analyses indicated strain KS, strain BP and strain AG, belong to the same genus, 

postulated as Ferrigenium, but represent different species. 
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Figure 4.3. Phylogenetic tree of nine concatenated house-keeping genes amino acid sequences 
of rpoA, gyrA, secA, ileS, rho and infB of isolated and Candidatus members of the Gallionellaceae 
family and other FeOB, calculated on 1000 replicates using the Maximum Likelihood method. The 
box highlights the species classified in this study. The scale bar represents branch lengths 
measured by the number of substitutions per site. The numbers in brackets show the identifier of 
each gene in IMG. 

 

Putative metabolic and physiological features 

The metagenomic results showed that all three Gallionellaceae MAGs of strain KS, strain 

BP and strain AG have at least one putative Fe(II) oxidation gene, which could accept the 

electrons from the Fe(II) substrate, i.e. cyc2 and mofA for all three MAGs and mtoA in the 

MAG of strain KS (Fig. 4.4) (He et al., 2016; He et al., 2017; Huang et al., 2021b; Jakus 

et al., under review; and provided to the reviewers with this submission). Among these 

genes, cyc2, mtoA and mofA were detected at transcript level and MofA was detected at 

protein level in culture KS (Huang et al., 2021a). On the other hand, both transcript and 

protein of cyc2 were detected in culture BP (Huang et al., 2021b). To date, a metagenome 

was constructed and analyzed for culture AG (Jakus et al., under review; and provided to 

the reviewers with this submission), while metatranscriptomic and metaproteomic analysis 

for culture AG have not yet been done. 
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Figure 4.4. Summary of key gene copy numbers involved in putative Fe(II)-oxidation, 
denitrification and carbon fixation of ‘Ca. Ferrigenium straubiae’, ‘Ca. Ferrigenium bremense’ and 
‘Ca. Ferrigenium altingense’, Ferrigenium kumadai An22, Sideroxydans lithotrophicus ES-1, 
Gallionella capsiferriformans ES-2, Ferriphaselus sp. R-1, Ferriphaselus amnicola OYT1. 

As for the electron acceptor, the genes for a partial denitrification pathway detected in 

MAGs of the strain KS, strain BP and strain AG were different. For strain KS, the genes, 

transcripts and proteins encoding nitrate reductase (NarGHI) and nitrite reductase 

(NirK/S) were detected under autotrophic conditions (Fig. 4.4) (Huang et al., 2021a). For 

strain BP, the genes, transcripts and proteins encoding NirK/S were detected and the 

genes and transcripts encoding nitric oxide reductase (NorBC) were detected under 

autotrophic conditions (Fig. 4.4) (Huang et al., 2021b). The genes encoding NarGHI, 

NirK/S and NorBC were all detected in strain AG (Fig. 4.4) (Jakus et al., under review; 

and provided to the reviewers with this submission). These results indicated that strain 

KS, strain BP and strain AG have the ability to perform only partial denitrification. As 

previously suggested (Huang et al., 2021a; Huang et al., 2021b; Jakus et al., under 

review; and provided to the reviewers with this submission), they might require other 

denitrifiers to complete the denitrification pathways. 

An alternative electron accepting pathway was speculated to be oxidative phosphorylation 

(e.g., via respiratory chain complexes I-V) (Mitchell, 1961; Kalckar, 1991; He et al., 2016). 

The genetic potential for energy generation via respiratory chain complexes I-V were 

detected in strain KS, strain BP and strain AG (He et al., 2016; Huang et al., 2021b; Jakus 

et al., under review; and provided to the reviewers with this submission). Interestingly, the 
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detection of homologous genes encoding the cbb3- and aa3- type cytochrome c oxidases 

of complex IV indicates that strain KS, strain BP and strain AG could have the ability to 

respire oxygen (Huang et al., 2021a; Huang et al., 2021b; Jakus et al., under review; and 

provided to the reviewers with this submission). Some microoxic growth conditions were 

tested for culture KS (Tominski et al., 2018a), as well as culture AG (Jakus et al., 2021), 

i.e. in gradient tubes or zero valent iron plates, but a stable growth was not yet observed.  

Moreover, due to the detection of the essential gene of carbon fixation, i.e. the large 

subunit ribulose-1,5-bisphosphate carboxylase-oxygenase gene (rbcL), it was proposed 

that strain KS, strain BP and strain AG have the ability to fix carbon to grow under 

autotrophic conditions (He et al., 2016; Tominski et al., 2018b; Huang et al., 2021a; Huang 

et al., 2021b; Jakus et al., under review; and provided to the reviewers with this 

submission). The dominance of strain KS, strain BP and strain AG in the different NRFeOx 

enrichment cultures, i.e. culture KS, culture BP and culture AG, respectively, was likely 

caused by the ability to fix carbon by these three strains. In culture KS, carbon fixation by 

strain KS was additionally reported using nanoscale secondary ion mass spectrometry 

(NanoSIMS) to monitor the fate of 13C-labeled bicarbonate (Tominski et al., 2018b) and 

the transcript and protein encoding the essential carbon fixation enzyme, RbcL, were 

detected for strain KS under autotrophic conditions (Huang et al., 2021a). For strain BP, 

the transcript of rbcL was also detected (Huang et al., 2021b), while there are currently 

no transcript and protein data available for culture AG . 

Morphology of the three Gallionellaceae spp. 

In this study, we analyzed the cell morphology by scanning electron microscopy (SEM) 

(Fig. 4.5). It should be noted, however, that the timepoint for SEM sampling was 

determined based on relative nearly full-length 16S rRNA gene sequence abundance to 

capture the most dominant strains (i.e. Fe(II) oxidizers); the relative abundance of strain 

KS, strain BP, and strain AG in the three cultures KS, BP and AG were ≥95%, ≥71% and 

≥50% (Huang et al., 2021b; Jakus et al., 2021). For strain KS, the cell sizes (averaged for 

17 cells) ranged from 0.8-2.2 μm in length and 0.2-0.7 μm in width (Table 4.2). For strain 

BP, the cell sizes (averaged for 27 cells) ranged from 1.1-2.3 μm in length and 0.2-0.6 μm 

in width (Table 4.2). As for strain AG, the cell sizes (averaged for 15 cells) ranged from 

0.5-1.8 μm in length and 0.2-0.6 μm in width (Table 4.2). In the SEM images of the three 
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enrichment cultures, the observed cells were either rod shaped or they revealed a slightly 

curved rod shape (Fig. 4.5). Given the fact that strain KS, strain BP and strain AG 

dominate the enrichment cultures KS, BP and AG, respectively, we estimated the 

morphology of strain KS, strain BP and strain AG based on the dominating morphological 

type of the culture, i.e. the rod or slightly curved rod-shaped cells. For culture KS, there 

were in addition several different imaging analyses performed in previous studies: 4',6-

diamidino-2-phenylindole (DAPI) staining (Tominski et al., 2018a; Tominski et al., 2018b) 

and fluorescence in situ hybridization (FISH) in combination with fluorescence 

microscopy, and helium ion microscopy (HIM) (Nordhoff et al., 2017). The results for cell 

sizes and cell morphology of these imaging analyses corresponded to the SEM 

observations for strain KS in this study. No diagnostic stalks or capsules were observed 

for the three cultures using SEM. Most of the cells we observed in all three cultures (i.e. 

16 out of 17 cells analyzed for culture KS, 25 out of 27 cells for culture BP and 15 out of 

15 cells for culture AG) were closely associated with minerals and in a few cases, cells 

even seemed to be partly or completely encrusted in Fe minerals, although it remains 

unknown whether these cells were still alive or whether such encrustation only happened 

with dead or inactive cells. Additionally, although the genes for flagellar assembly were 

detected in the three MAGs of strain KS, strain BP and strain AG, the fimbriae and flagella 

were not observed under SEM. However, during the chemical preparation, the fimbriae 

and flagella might have been destroyed and, thus, we cannot rule out the existence of 

fimbriae and flagella. Motility was furthermore not observed for cells of cultures KS, BP 

and AG using light microscopy. 
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Figure 5. Scanning electron microscopy (SEM) pictures of culture KS, culture BP and culture AG 
during the mid Fe(II)-oxidation stage (exponential growth phase) and at the end of the Fe(II)-
oxidation stage (lag phase). The scale bars represent 1 µm. Cells were slightly curved rod shaped 
and partly encrusted with putative Fe(III) minerals in cultures BP and AG (and to a minor extent in 
culture KS; not shown), especially at end of the Fe(II)-oxidation stage. 

 

  



 
 

Table 4.2. Phenotypic and genotypic information of ‘Candidatus Ferrigenium straubiae’ sp. nov., ‘Candidatus Ferrigenium 
bremense’ sp. nov. and ‘Candidatus Ferrigenium altingense’ sp. nov. compared with closely related strains of different 
genera in the family Gallionellaceae. 

Characteris-tics 
Candidatus 
Ferrigenium 
straubiae 

Candidatus 
Ferrigenium 
bremense 

Candidatus 
Ferrigenium 
altingense 

Ferrigenium 
kumadai An22 

Sideroxydans 
lithotrophicus ES-1 

Gallionella 
capsiferriformans 
ES-2 

Isolation source Sediment Sediment Aquifer Rice paddy soil Groundwater Groundwater 
Geographic 
location 

Bremen, Germany Bremen, Germany Altingen, Germany Anjo, Japan Michigan, USA Michigan, USA 

Cell morphology curved rod curved rod curved rod curved rod helical rod curved rod 
Cell size (LxW, in 
μm) 

0.8–2.2 x 0.2–0.7† 1.1–2.3 x 0.2–0.6† 0.5–1.8 x 0.2–0.6† 0.9–2.0 x 0.2–0.4 0.3 diameter 0.7 diameter 

Stalk formation N/O N/O N/O - - - 
Motile/Flagella N/O N/O N/O + + + 

Doubling time (h) 9.4±2.9 46.11
#
 34.98

#
 6.2 8 12.5 

highest relative 
abundance in the 
culture 

98% 86% 68% N/A N/A N/A 

Genome size (bp) 2,659,708 2,446,084 2,180,025 2,572,603 3,003,656 3,162,471 
G + C content (mol 
%) 

60.13 58.92 57.97 61.4 57.5 52.8 

16S rRNA gene 
copies 

2 1 1 2 2 3 

Fe(II) oxidation + + + + + + 
Carbon fixation + + + + + + 
Growth 
temperature 

28°C* 28°C* 25°C* 12 - 37°C 10 - 35°C 4 - 30°C 

Growth pH  6.8-7.2* 6.9-7.2* 6.0-7.0* 5.2–6.8 5.5-7.0 5.5-7.0 

Reference 

(Straub et al., 1996; 
He et al., 2016; 
Tominski et al., 
2018b; Huang et al., 
2021a) 

(Huang et al., 
2021b) 

(Jakus et al., 2021; 
Jakus et al., under 
review; and 
provided to the 
reviewers with this 
submission) 

(Khalifa et al., 2018) 
(Emerson et al., 
2013) 

(Emerson et al., 
2013) 

† Cell size was estimated using SEM analysis of enrichment culture at a time point where the strain dominated the culture 
N/A: not applicable; N/O: not observed 
# Doubling time of ‘Ca. Ferrigenium bremense’ and ‘Ca. Ferrigenium altingense’ was estimated by multiplying total cell counts of the enrichment 
culture obtained by flow cytometry with relative abundance data determined by V4 region 16S rRNA gene amplicon sequencing, respectively, as 
reported previously (Huang et al., 2021b; Jakus et al., 2021). 
* Temperature and pH of the whole enrichment culture KS, BP and AG was measured. 



 
 

Environmental occurrence 

To estimate the environmental occurrence, i.e. potential niches and preferred habitats, of 

the three FeOB and closely related organisms that affiliate with the same species (and 

the same strain), nearly full-length 16S rRNA gene sequences that showed a similarity 

>98.6% (and >99.5%) compared to strain KS, strain BP or strain AG were identified using 

the BLAST function and the NCBI database. For strain KS, the highest similarity (nearly 

full-length 16S rRNA gene identity 99.52-99.93%) was found for sequences originating 

from a parallel culture to culture KS cultivated at the University of Wisconsin - Madison 

and identified as uncultured betaproteobacterium sp. (acc. nos. FN430662.1, 

FN430666.1, FN430669.1, FN430668.1, FN430670.1, FN430663.1 and FN430659.1; 

clones F25F63, F29F67, F32F70, F31F69, F33F71, F26F64  and F21F59 ) (Blöthe and 

Roden, 2009). In addition, an uncultured bacterial sequence from an iron-rich microbial 

mat revealed 99.43% nearly full-length 16S rRNA gene identity (acc. no. LN870688.1; 

clone Hoffnungsstollen_#4-1A_D09) (Zeitvogel et al., unpublished). For strain BP, the 

most closely related sequence (nearly full-length 16S rRNA gene identity of 99.26%) was 

identified as an uncultured bacterium from a polycyclic aromatic hydrocarbon (PAH) 

degrading bacterial community of a PAH-contaminated soil (acc. no. FQ659636.1; clone 

I1AB101) (Martin et al., 2012). For strain AG, closely related sequences (nearly full-length 

16S rRNA gene identity of 100% and 99.93%) were retrieved from a stratified freshwater 

lake, Lake Mizugaki, in Japan (acc. nos. AB754138.1 and AB754154.1; clones rS43m_43 

and rS43m_63) (Kojima et al., 2014). Additional closely related sequences were identified 

as an uncultured Gallionella sp. (99.93% nearly full-length 16S rRNA gene sequence 

identity; acc. no. AM167950.1; clone BB03) from spring water consisting mostly of 

groundwater (Wagner et al., 2007), an uncultured betaproteobacterium sp. (99.80%, 

99.53% and 99.53% nearly full-length 16S rRNA gene sequence identity; acc. nos. 

JQ278897.1, JQ278948.1 and JQ279049.1; clones hmx-114, sf-34 and sz-131) from 

groundwater (Guan et al., 2013), and an uncultured bacterium sp. (99.67% nearly full-

length 16S rRNA gene sequence identity; acc. no. AY662038.1; clone 015C-C11) from 

nitric acid-bearing uranium waste contaminated groundwater (Fields et al., 2005). The 

uncultured bacterial sequence from the iron-rich microbial mat (acc. no. LN870688.1; 

clone Hoffnungsstollen_#4-1A_D09) had 99.79% nearly full-length 16S rRNA gene 



122 
 

identity compared to strain AG (Zeitvogel et al., unpublished). From previous studies, it 

was reported that strain BP has ca. 0.13% relative abundance in situ at the origin (i.e. the 

freshwater pond) (Huang et al., 2021b) and strain AG has ca. 14% relative abundance in 

situ at the origin (i.e. in groundwater samples from the Ammer catchment; Blackwell et al, 

unpublished), while no in situ abundance data were reported for strain KS. In summary, 

closely related sequences of strain KS, strain BP and strain AG were mainly identified in 

freshwater ecosystems, e.g. groundwater, pond or ditch sediments, as well as aquifer and 

wetland soils. 

 



 
 

Table 4.3. Standard nucleotide BLAST search results to NCBI nucleotide collection (nr/nt) (June 8, 2021) of closely related 
sequences (>98.6% nearly full-length 16S rRNA gene identity) of strain KS, strain BP and strain AG. 

 

Description 
Query 
Cover 

Identity 
(%) 

Length 
(bp) 

Accession 
No. 

Habitat Location  Refernce 

Sequences >98.6% identical to strain KS 

Uncultured beta proteobacterium 
16S rRNA gene, clone F25F63 

100% 100 1464 FN430662.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured beta proteobacterium 
16S rRNA gene, clone F29F67 

100% 99.93 1464 FN430666.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured beta proteobacterium 
16S rRNA gene, clone F32F70 

100% 99.86 1464 FN430669.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured beta proteobacterium 
16S rRNA gene, clone F31F69 

100% 99.73 1464 FN430668.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured beta proteobacterium 
16S rRNA gene, clone F33F71 

100% 99.59 1464 FN430670.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured beta proteobacterium 
16S rRNA gene, clone F26F64 

100% 99.59 1464 FN430663.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured bacterium partial 16S 
rRNA gene, clone Iron-rich 
microbial mat clone 
Hoffnungsstollen_#4-1A_D09 

94% 99.56 1396 LN870688.1  

environmental Fe-rich 
microbial mats, abandoned 
pyrrhotite mine 
Hoffnungsstollen 

Black 
Forest, 
Germany 

(Zeitvogel 
et al, 
unpublishe
d) 

Uncultured beta proteobacterium 
16S rRNA gene, clone F21F59 

100% 99.52 1464 FN430659.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured beta proteobacterium 
16S rRNA gene, clone F28F66 

100% 99.38 1464 FN430665.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

Uncultured beta proteobacterium 
16S rRNA gene, clone F22F60 

100% 99.38 1464 FN430660.1  

autotrophic Fe(II)-oxidizing, 
nitrate-reducing enrichment 
culture KS 

Bremen, 
Germany 

(Blöthe and 
Roden, 
2009)  

https://www.ncbi.nlm.nih.gov/nucleotide/FN430662.1?report=genbank&log$=nucltop&blast_rank=1&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430666.1?report=genbank&log$=nucltop&blast_rank=2&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430669.1?report=genbank&log$=nucltop&blast_rank=3&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430668.1?report=genbank&log$=nucltop&blast_rank=4&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430670.1?report=genbank&log$=nucltop&blast_rank=5&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430663.1?report=genbank&log$=nucltop&blast_rank=6&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/LN870688.1?report=genbank&log$=nucltop&blast_rank=7&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430659.1?report=genbank&log$=nucltop&blast_rank=8&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430665.1?report=genbank&log$=nucltop&blast_rank=9&RID=BYTEEZDK013
https://www.ncbi.nlm.nih.gov/nucleotide/FN430660.1?report=genbank&log$=nucltop&blast_rank=10&RID=BYTEEZDK013
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Table 4.3. (continued) Standard nucleotide BLAST search results to NCBI nucleotide collection (nr/nt) (June 8, 2021) of 
closely related sequences (>98.6% nearly full-length 16S rRNA gene identity) of strain KS, strain BP and strain AG. 

 

Description 
Query 
Cover 

Identity 
(%) 

Length 
(bp) 

Accession 
No. 

Habitat Location  Refernce 

Sequences >98.6% identical to strain BP 

Uncultured bacterium 16S 
ribosomal RNA gene clone 
I1AB101, partial sequence 

93% 99.26 1359 FQ659636.1  

PAH degrading bacterial 
community of a 
contaminate soil 

Chambéry, 
France 

(Martin et 
al., 2012)  

Uncultured bacterium clone 
VE08-104-BAC 16S ribosomal 
RNA gene, partial sequence 

94% 98.77 1398 GQ340331.1  Drinking water reservoir 
Marathonas, 
Greece 

(Lymperopo
ulou et al., 
2012)  

Uncultured bacterium gene for 
16S rRNA, partial sequence, 
clone: RB112 

97% 98.74 1444 AB240306.1  rhizosphere of Phragmites 
Sapporo, 
Japan 

(Okabe et 
al, 
unpublishe
d) 

Sequences >98.6% identical to strain AG 

Uncultured bacterium gene for 
16S ribosomal RNA, partial 
sequence, clone: rS43m_43 

94% 100 1460 AB754138.1  stratified freshwater lake 
Yamanashi, 
Japan 

(Kojima et 
al., 2014) 

Uncultured Gallionella sp. partial 
16S rRNA gene, clone BB03 

96% 99.93 1491 AM167950.1  deep igneous rock aquifers 
Bad 
Brambach, 
Germany 

(Wagner et 
al., 2007)  

Uncultured bacterium gene for 
16S ribosomal RNA, partial 
sequence, clone: rS43m_63 

94% 99.93 1460 AB754154.1  stratified freshwater lake 
Yamanashi, 
Japan 

(Kojima et 
al., 2014) 

Uncultured beta proteobacterium 
clone hmx-114 16S ribosomal 
RNA gene, partial sequence 

97% 99.8 1497 JQ278897.1  groundwater China 
(Guan et 
al., 2013)  

Uncultured bacterium partial 16S 
rRNA gene, clone Iron-rich 
microbial mat clone 
Hoffnungsstollen_#5-1B_E10 

90% 99.79 1396 LN870871.1  

environmental Fe-rich 
microbial mats 

Black 
Forest, 
Germany 

(Zeitvogel 
et al, 
unpublishe
d) 

Uncultured bacterium clone 
015C-C11 small subunit 
ribosomal RNA gene, partial 
sequence 

99% 99.67 1529 AY662038.1  groundwater USA 
(Fields et 
al., 2005)  

https://www.ncbi.nlm.nih.gov/nucleotide/FQ659636.1?report=genbank&log$=nucltop&blast_rank=1&RID=BWC51DPR013
https://www.ncbi.nlm.nih.gov/nucleotide/GQ340331.1?report=genbank&log$=nucltop&blast_rank=2&RID=BWC51DPR013
https://www.ncbi.nlm.nih.gov/nucleotide/AB240306.1?report=genbank&log$=nucltop&blast_rank=3&RID=BWC51DPR013
https://www.semanticscholar.org/paper/Community-Structure-and-In-Situ-Activity-of-in-Okabe-Nakamura/081f89fd76e6c31bcaaf13b05e8f47e5e0ea807d
https://www.semanticscholar.org/paper/Community-Structure-and-In-Situ-Activity-of-in-Okabe-Nakamura/081f89fd76e6c31bcaaf13b05e8f47e5e0ea807d
https://www.semanticscholar.org/paper/Community-Structure-and-In-Situ-Activity-of-in-Okabe-Nakamura/081f89fd76e6c31bcaaf13b05e8f47e5e0ea807d
https://www.semanticscholar.org/paper/Community-Structure-and-In-Situ-Activity-of-in-Okabe-Nakamura/081f89fd76e6c31bcaaf13b05e8f47e5e0ea807d
https://www.ncbi.nlm.nih.gov/nucleotide/AB754138.1?report=genbank&log$=nucltop&blast_rank=1&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/AM167950.1?report=genbank&log$=nucltop&blast_rank=2&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/AB754154.1?report=genbank&log$=nucltop&blast_rank=3&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/JQ278897.1?report=genbank&log$=nucltop&blast_rank=4&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/LN870871.1?report=genbank&log$=nucltop&blast_rank=5&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/AY662038.1?report=genbank&log$=nucltop&blast_rank=6&RID=BWC4NF74013
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Table 4.3. (continued) Standard nucleotide BLAST search results to NCBI nucleotide collection (nr/nt) (June 8, 2021) of 
closely related sequences (>98.6% nearly full-length 16S rRNA gene identity) of strain KS, strain BP and strain AG. 

Description 
Query 
Cover 

Identity 
(%) 

Length 
(bp) 

Accession 
No. 

Habitat Location  Refernce 

Sequences >98.6% identical to strain AG 

Uncultured beta proteobacterium 
clone sf-34 16S ribosomal RNA 
gene, partial sequence 

97% 99.53 1498 JQ278948.1  groundwater China 
(Guan et 
al., 2013)  

Uncultured beta proteobacterium 
clone sz-131 16S ribosomal RNA 
gene, partial sequence 

97% 99.53 1497 JQ279049.1  groundwater China 
(Guan et 
al., 2013)  

Uncultured Gallionella sp. partial 
16S rRNA gene, clone BB49 

99% 99.22 1529 AM167944.1  deep igneous rock aquifers 
Bad 
Brambach, 
Germany 

(Wagner et 
al., 2007)  

Uncultured Gallionella sp. partial 
16S rRNA gene, clone BB28 

96% 99.13 1491 AM167970.1  deep igneous rock aquifers 
Bad 
Brambach, 
Germany 

(Wagner et 
al., 2007)  

Uncultured beta proteobacterium 
clone sf-73 16S ribosomal RNA 
gene, partial sequence 

97% 99.06 1494 JQ278969.1  groundwater China 
(Guan et 
al., 2013) 

Uncultured bacterium clone 
EMIRGE_OTU_s5t4a_5708 16S 
ribosomal RNA gene, partial 
sequence 

97% 99.06 1499 JX223560.1  

subsurface aquifer 
sediment 

Rifle, USA 

(Handley et 
al, 
unpublishe
d) 

Uncultured beta proteobacterium 
clone fjc-85 16S ribosomal RNA 
gene, partial sequence 

97% 99 1495 JQ278828.1  groundwater China 
(Guan et 
al., 2013) 

Uncultured bacterium clone 
EMIRGE_OTU_s3t2d_3118 16S 
ribosomal RNA gene, partial 
sequence 

97% 99 1500 JX222776.1  

subsurface aquifer 
sediment 

Rifle, USA 

(Handley et 
al, 
unpublishe
d) 

Uncultured Gallionella sp. partial 
16S rRNA gene, clone BB46 

99% 98.95 1528 AM167953.1  deep igneous rock aquifers 
Bad 
Brambach, 
Germany 

(Wagner et 
al., 2007)  

Uncultured Gallionella sp. partial 
16S rRNA gene, clone BB59 

99% 98.89 1530 AM167946.1  deep igneous rock aquifers 
Bad 
Brambach, 
Germany 

(Wagner et 
al., 2007)  
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https://www.ncbi.nlm.nih.gov/nucleotide/AM167944.1?report=genbank&log$=nucltop&blast_rank=9&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/AM167970.1?report=genbank&log$=nucltop&blast_rank=10&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/JQ278969.1?report=genbank&log$=nucltop&blast_rank=11&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/JX223560.1?report=genbank&log$=nucltop&blast_rank=12&RID=BWC4NF74013
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://www.ncbi.nlm.nih.gov/nucleotide/JQ278828.1?report=genbank&log$=nucltop&blast_rank=13&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/JX222776.1?report=genbank&log$=nucltop&blast_rank=14&RID=BWC4NF74013
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.12467
https://www.ncbi.nlm.nih.gov/nucleotide/AM167953.1?report=genbank&log$=nucltop&blast_rank=15&RID=BWC4NF74013
https://www.ncbi.nlm.nih.gov/nucleotide/AM167946.1?report=genbank&log$=nucltop&blast_rank=16&RID=BWC4NF74013


 
 

Conclusion 

Overall, from the ecological traits, unique metabolic and physiological features, 

phylogenetic and MAG identity analyses, we propose the name of these three FeOB 

species as ‘Candidatus Ferrigenium straubiae’ sp. nov., ‘Candidatus Ferrigenium 

bremense’ sp. nov. and ‘Candidatus Ferrigenium altingense’ sp. nov., named after 

‘Kristina Straub’ who originally isolated culture KS, ‘Bremen Pond’ the location of culture 

BP’s isolation and ‘Altingen Groundwater’ the location of culture AG’s isolation. The 

detailed description of the proposed species is shown in table 4.1 and the phenotypic and 

genotypic information compared to closely related isolates of the proposed species are 

described in table 4.2. 
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5. Microbial anaerobic Fe(II) oxidation – ecology, mechanisms and environmental 
implications 
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6. Discussion, conclusion and outlook 

Microbial Fe redox transformations coupled to carbon, nitrogen and oxygen 

biogeochemical cycles play vital roles in the natural environment (Kappler et al., 2021). 

Many studies have increased knowledge regarding microbial Fe redox transformation, for 

example, microbial Fe(II) oxidation coupled to the reduction of nitrate (NRFeOx) has been 

studied for more than two decades (Straub et al., 1996; Tominski et al., 2018b; Huang et 

al., 2021a).  One of the most commonly used models for studying this process is culture 

KS consisting of several key microorganisms such as Gallionellaceae sp. and 

Rhodanobacter sp. (He et al., 2016; Tominski et al., 2018b). This dissertation further 

elucidates the role of individual culture KS community members in Fe(II) oxidation, 

reduction of the nitrogen species, and potential oxygen respiration in chapter 2 (Huang et 

al., 2021a). In addition to culture KS, the metabolic functions and microbial physiology of 

a novel autotrophic nitrate-reducing Fe(II)-oxidizing enrichment, culture BP, is reported in 

chapter 3 (Huang et al., 2021b). In particularly, this dissertation reports (i) the genes 

expressed and proteins produced by Fe(II)-oxidizing bacteria (FeOB) and other 

community members of cultures KS and BP under autotrophic and heterotrophic 

conditions (chapters 2 and 3), (ii) the potential mechanisms for Fe(II) oxidation, 

denitrification, carbon fixation, and oxidative phosphorylation in each key player of 

cultures KS and BP (chapters 2 and 3), (iii) the potential interspecies interactions that 

enables FeOB to survive under autotrophic NRFeOx conditions in cultures KS and BP 

(chapters 2 and 3), (iv) the microbial diversity and relative abundance of potential key 

players involved in NRFeOx at the original habitat of culture BP (chapter 3), and (v) the 

classification and comparison of the three unclassified Gallionellaceae spp. in enrichment 

cultures KS, BP and AG (chapter 4). 

6.1. Meta-omics and microbial interaction in the enrichment cultures 

This dissertation presents new knowledge on metabolic mechanisms, which occur in the 

neutrophilic autotrophic NRFeOx enrichment cultures KS (chapter 2) and BP (chapter 3) 

at the gene, transcript, and protein level (Huang et al., 2021a; Huang et al., 2021b). Both 

cultures contain different species affiliated with the genus Ferrigenium in the family 

Gallionellaceae, i.e. ‘Candidatus Ferrigenium straubiae’ in culture KS and ‘Candidatus 
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Ferrigenium bremense’ in culture BP, and both of them are able to perform Fe(II) oxidation 

and carbon fixation. However, they require other flanking members to complete 

denitrification, i.e. syntrophic interaction between ‘Ca. Ferrigenium straubiae’ and 

Rhodanobacter sp. (Huang et al., 2021a) or ‘Ca. Ferrigenium bremense’ and any of the 

Noviherbaspirillum sp., Thiobacillus sp. or other flanking members (Huang et al., 2021b). 

Tight couplings between the key microorganisms in both culture KS and BP enhance the 

growth of the dominant microbial taxa. Chapter 2 results suggest that both the ‘Ca. 

Ferrigenium straubiae’ and Rhodanobacter sp. in culture KS are likely involved in the 

processes of Fe(II) oxidation and partial or full denitrification. While the Rhodanobacter 

sp. likely requires organic carbon fixed by the ‘Ca. Ferrigenium straubiae’ for survival, in 

return, likely removes NO, the toxic product of incomplete denitrification produced by ‘Ca. 

Ferrigenium straubiae’. This indicates that ‘Ca. Ferrigenium straubiae’ and the 

Rhodanobacter sp. use a syntrophic relationship to survive in culture KS under autotrophic 

conditions in Fe(II)- and nitrate-rich environment (Huang et al., 2021a). Based on the 

results of chapter 3, ‘Ca. Ferrigenium bremense’, the Noviherbaspirillum sp., Thiobacillus 

sp., and Rhodoblastus sp. could be involved in partial or full denitrification, coupled to 

Fe(II) oxidation and carbon fixation (Huang et al., 2021b). The most probable denitrifiers, 

Rhodoferax sp. and Ramlibacter sp., appear to rely on an organic carbon source fixed by 

‘Ca. Ferrigenium bremense’, the Noviherbaspirillum sp., Thiobacillus sp. or Rhodoblastus 

sp. Thus, NRFeOx seems to be performed by a consortium of microorganisms. These 

data, the community complexity combined with the low abundance of dominant microbial 

taxa of culture BP in the origin environment, e.g. 0.13% of ‘Ca. Ferrigenium bremense’ 

and 0.08% of the Thiobacillus sp., demonstrate that culture BP might better emulate the 

complex microbial interactions in the environment when compared to culture KS. 

Additional environmental studies, isolation of each species into pure culture, and 

subsequent physiological experiments with these purified cultures are required to test this 

hypothesis. Despite the fact that we cannot prove direct enzymatic NRFeOx and NO 

detoxification, our meta-omics analyses strengthen the evidence of these mechanisms 

and reveals the metabolic interdependencies of the microbial key players in cultures KS 

and BP. 
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6.2. Comparison and nomenclature of the three Gallionellaceae spp. 

The increasing number of available genomes derived from meta-omics studies of still 

uncultured members of the family Gallionellaceae, demonstrates the potential for coupled 

Fe(II)-oxidation and partial denitrification. Therefore, it is important to classify new taxa of 

FeOB (Jewell et al., 2016; Kadnikov et al., 2016; Bethencourt et al., 2020). In addition, the 

key FeOB of the only stable NRFeOx cultures that exist to date, i.e. Gallionellaceae spp. 

strains in cultures KS, BP and AG, are currently frequently used as model systems to 

study autotrophic NRFeOx. These strains remain unclassified. Therefore, based on the 

ecological, phylogenetic, genomic, and physiological traits, we suggested the designation 

of three novel FeOB species within the family Gallionellaceae. These three 

Gallionellaceae spp. are part of the genus Ferrigenium in cultures KS, BP and AG and 

were classified as ‘Candidatus Ferrigenium straubiae’ sp. nov., ‘Candidatus Ferrigenium 

bremense’ sp. nov. and ‘Candidatus Ferrigenium altingense’ sp. nov. respectively.  

6.3.  Future implications and environmental relevance 

This dissertation revealed transcripts and proteins in cultures KS and BP via the meta-

omics analysis that are a vital baseline for follow-up studies (chapters 2 and 3). For 

instance, chapter 2 results could provide insights into a method to isolate the NRFeOx 

microorganism, ‘Ca. Ferrigenium straubiae’ from NRFeOx enrichment cultures by using a 

growth chamber with a permeable membrane, e.g. a diffusion growth chamber 

(Kaeberlein et al., 2002; Steinert et al., 2014). One side of the growth chamber could be 

used to grow ‘Ca. Ferrigenium straubiae’ via serial dilution from culture KS and the other 

side of the growth chamber, separated by a permeable membrane, could be used to grow 

isolated Rhodanobacter sp. to detoxify the NO produced from ‘Ca. Ferrigenium straubiae’. 

This method would allow chemicals (e.g. organic carbon and NO) to permeate through 

the permeable membrane, creating a spatially separated co-culture with complete 

pathways of NRFeOx and carbon metabolism (Kaeberlein et al., 2002; Steinert et al., 

2014). Furthermore, the Noviherbaspirillum sp. and Thiobacillus sp. seem to be new 

strains of potential autotrophic NRFeOx microorganisms (chapter 3). The meta-omic 

results indicated that the Noviherbaspirillum sp. and Thiobacillus sp. have the ability to 

conduct full NRFeOx, carbon fixation and oxygen respiration. Thus, they could be isolated 
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under oxic or anoxic, autotrophic NRFeOx conditions (chapter 3). So far, the only true 

autotrophic NRFeOx microorganisms are enrichment cultures with several different 

microorganisms (chapters 3 and 5) (Laufer et al., 2016; Tominski, 2016; Bryce et al., 2018; 

Tominski et al., 2018a; Huang et al., 2021b; Jakus et al., 2021). Therefore, the isolation 

of true autotrophic NRFeOx microorganism isolates is of primary interest. The isolation of 

the Noviherbaspirillum sp. or Thiobacillus sp., and their subsequent cultivation in a 

diffusion growth chamber can contribute to obtaining isolates of ‘Ca. Ferrigenium 

bremense’ and ‘Ca. Ferrigenium altingense’. Ultimately, these isolates would facilitate a 

more detailed study of their metabolic capabilities. 

To confirm whether ‘Ca. Ferrigenium bremense’, Noviherbaspirillum sp. and Thiobacillus 

sp. can perform carbon fixation, the experiment of fixing 13C-labelld inorganic carbon, i.e. 

nanoscale secondary ion mass spectrometry (NanoSIMS) combining with fluorescence in 

situ hybridization (CARD-FISH) can be used in culture BP by referencing the methods in 

Tominski et al. (2018b). 

Additionally, in both cultures KS and BP, we found genes and transcripts homologs 

encoding the cbb3- and aa3- type cytochrome c oxidases of complex IV, which have high 

and low affinity to oxygen, respectively. Additionally, the potential homolog of nitric oxide 

dismutase (nod) genes were identified in both cultures. Nitric oxide dismutase can 

possibly produce oxygen and dinitrogen and is wide spread in the environments (Ettwig 

et al., 2010; Zhu et al., 2017). Even though the oxygen affinity genes could be 

constitutively expressed, and the most similar gene to the published nod genes has only 

34% amino acid identity in the Rhodanobacter sp. in culture KS and 36% amino acid 

identity in the Geothrix sp. in culture BP, an enzyme similar to Nod producing O2 or 

reactive oxygen species, e.g. hydroxyl radicals, superoxide, and hydrogen peroxide, might 

occur in the cultures KS and BP system (Mumford et al., 2016). Therefore, to understand 

the energy generation process in these anoxic enrichment cultures, optical, 

electrochemical and isotope methods or knock-out mutants of the specific expressed 

genes (e.g. cytochrome cbb3- and aa3- type oxidases, or bd quinol oxidase) could be 

performed to detect and quantify the potential internal oxygen production and respiration 

in enrichment cultures KS and BP. 

Considering the environmental influence of NRFeOx microorganisms, e.g. turnover of 

nitrate in the pyrite-rich nitrate-contaminated groundwater (Jakus et al., 2021), the 
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exploration of the physiology and the metabolism of members of the cultures KS and BP 

will add new knowledge to the role of NRFeOx in the natural habitats, such as Fe(II)- and 

nitrate-containing but organic carbon-limited aquifers. The knowledge about operation of 

NRFeOx in oligotrophic aquifers may furthermore be used for development of treatment 

strategies of contaminated groundwater (Su et al., 2016; Zhang et al., 2016; Kiskira et al., 

2017). In addition, determination of the survival limits of NRFeOx microorganisms is 

especially interesting for astrobiology. Thus, the detection of Fe- (Hoefen et al., 2003) and 

nitrate-containing minerals (Stern et al., 2015), water (Michalski et al., 2013), organic 

(Ming et al., 2014) and inorganic carbon (Mahaffy et al., 2013) on Mars, suggests that 

NRFeOx microorganisms could potentially exist and participate in primary production in 

subsurface environments on Mars (Price et al., 2018). Therefore, our research results 

could also serve as a foundation for knowledge about the potential mechanism of 

microbial interactions on Mars. 
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8. Appendix 
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ASVs amplicon sequencing variants  

AG Altingen groundwater 

BLAST basic local alignment search tool 

BP Bremen pond 

Ca. Candidatus 

CO2 carbon dioxide 

DAPI 4′,6-Diamidino-2-phenylindole 

DNA deoxyribonucleic acid 

DOC  dissolved organic carbon 

EET extracellular electron transfer  

EPS  extracellular polymeric substances 

F. Ferrigenium  

FC  log2 fold change 

Fe iron  

Fe-EDAS ferrous ethylenediammonium sulfate  

FeOB Fe(II)-oxidizing bacteria  

Fig. figure 

FISH fluorescence in situ hybridization  

GC-MC  gas chromatography coupled to mass spectrometry 

HPLC high-performance liquid chromatography 

IMG Integrated Microbial Genomes & Microbiomes 

IMG/MER 
Joint Genome Institute’s Integrated Microbial Genome and 
Microbiome Expert Review 

KS Kristina Straub 

LC-MS/MS  liquid chromatography–mass spectrometry/mass spectrometry 

MAG  metagenome-assembled genomes  

N2  nitrogen 

N2O  nitrous oxide 

NCBI  National Center for Biotechnology Information 

NO  nitric oxide 

NO2
- nitrite  

NO3
- nitrate  

NRFeOx nitrate reduction coupled to Fe(II) oxidation  

PacBio  Pacific Biosciences 

PCR polymerase chain reaction 
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PCT Quantitative Proteomics & Proteome Center, Tuebingen 

PFA paraformaldehyde  

QBiC Quantitative Biology Center  

RNA ribonucleic acid 

RT room temperature  

RuBisCO ribulose 1,5-bisphosphate carboxylase/oxygenase  

SI supplementary information 

TPM transcripts per kilobase million  
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