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Abstract 

In order to find their preferred growth conditions, the so called magnetotactic 

bacteria (MTB) evolved the ability to biomineralize membrane-enveloped magnetic 

nanoparticles for navigation along the Earth’s magnetic field lines. Because of their 

unprecedented uniformity in size and shape, chemical purity of the magnetite crystal 

magnetosomes have become a model for bacterial organelle biosynthesis, biotechnology 

and synthetic biology. The investigation of the alphaproteobacterium Magnetospirillum 

gryphiswaldense as a model organism for the complex process of magnetosome 

biosynthesis led to the identification of >30 genes organized in five putative operons all 

located in the genomic magnetosome island, which exert tight control of magnetite 

biomineralization. However, the transcriptional organization and regulation of 

magnetosome gene clusters during magnetosome biosynthesis is only poorly 

understood. In addition, the influence of auxiliary metabolic processes and the effect of 

growth conditions on magnetosome formation and magnetite crystal maturation remains 

elusive. 

To address these questions, highly controlled growth conditions are needed to 

ensure reproducible magnetosome biosynthesis. Hence, during the first part of this 

thesis, an automatic oxystat cultivation regime in a 3 L bioreactor was developed. The 

programmed automated cascade regulation enabled highly reproducible growth and 

analysis of magnetosome biosynthesis over a wide range of precisely controlled oxygen 

concentrations. The precise oxygen control resulted in improved properties as 

demonstrated by a combination of complementary analytical techniques including 

quantitative transmission electron microscopy (TEM) and small-angle X-ray scattering 

(SAXS). Additionally, based on the precise analysis of substrate consumption, fed-batch 

fermentation processes will result in higher cell and magnetosome yields. 

The established oxystat regime was then utilized in the second part of the study 

for the comparative investigation of the global transcriptome during magnetosome 

formation. Up-to-date RNA-sequencing techniques including Cappable-sequencing, 

whole transcriptome shotgun sequencing and 3’ end sequencing revealed (i) a much 

more complex architecture of the large magnetosome operons (MagOPs) and (ii) 

internal transcription start sites (TSS) originating from biologically meaningful 

promoters drive their proper transcription. Although different oxygen concentrations led 
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to differences in TSS detection, most of the magnetosome biosynthesis specific genes 

were expressed constitutively. 

Furthermore, transcriptome-wide analysis showed that genes with direct or 

indirect function in respiratory processes were highly upregulated under magnetosome 

formation conditions, and a complex interplay between generic metabolic processes 

such as intracellular redox control and denitrification, and magnetosome biosynthesis 

was uncovered. The first global and comparative promoter analysis in an MTB during 

this study revealed that the transcriptional complexity of the magnetosome gene clusters 

depended on the applied oxygen conditions. Altogether, the results demonstrate that the 

transcriptional organization of magnetosome gene clusters is more complex than 

previously assumed. 

In future, the gathered insights could be used for rational reengineering of 

synthetic magnetosome gene clusters for enhanced as well as inducible expression for 

higher magnetosome yields in homologous and potentially in heterologous hosts. 
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Zusammenfassung 

Magnetotaktische Bakterien (MTB) haben die Fähigkeit entwickelt, entlang des 

Erdmagnetfeldes zu navigieren, um Sedimentzonen zu erreichen, die ihnen optimale 

Wachstumsbedingungen bieten. Dieses magnetotaktische Verhalten ist auf 

membranumhüllte magnetische Nanopartikel, die Magnetosomen, zurückzuführen. 

Aufgrund ihrer Uniformität, Monodispersität, chemischen Reinheit des 

Magnetitkristalls sowie ihres großen Potenzials in der biomedizinischen Anwendung 

sind Magnetosomen zu einem Modell für die Biosynthese bakterieller Organellen in der 

Biotechnologie und synthetischen Biologie geworden. 

Als einer dieser Organismen wurde das Alphaproteobakterium 

Magnetospirillum gryphiswaldense zum Modellorganismus zur Erforschung des 

komplexen Prozesses der Magnetosomenbiosynthese. Es wurde ein hohes Maß an 

Regulation durch mehr als 30 Gene identifiziert, die in fünf mutmaßlichen Operons auf 

der chromosomalen Magnetosomeninsel organisiert sind. Die transkriptionelle 

Organisation und Regulation der Magnetosomenbiosynthese ist jedoch nur 

unzureichend verstanden, wodurch auch der Einfluss von Stoffwechselprozessen und 

Wachstumsbedingungen auf die Biomineralisation unbekannt bleibt. 

Um diese offenen Fragen zu beantworten, ist eine reproduzierbare 

Magnetosomenbiosynthese notwendig, die nur durch hochgradig kontrollierte 

Wachstumsbedingungen zu gewährleisten ist. Daher wurde im ersten Teil dieser Arbeit 

zunächst ein automatisches Oxystat-Kultivierungsregime in einem 3 L-Bioreaktor 

mithilfe einer Sauerstoffkaskade entwickelt. Dies ermöglichte die Kontrolle des 

Sauerstoffs in einem weiten Sauerstoffbereich und damit ein reproduzierbares 

Wachstum. Durch Kombination komplementärer Analysetechniken, wie quantitativer 

Transmissionselektronenmikroskopie (TEM) und Kleinwinkel-Röntgenstreuung 

(SAXS) wurde gezeigt, dass die präzise Sauerstoffkontrolle zu einem homogenen 

Magnetitpartikeldurchmesser führte. Weiterhin könnten basierend auf der präzisen 

Analyse des Substratverbrauchs fed-batch-Fermentationsprozesse entwickelt werden, 

die in höheren Zell- und Magnetosomenausbeuten resultieren würden. 

Das etablierte Oxystat-Regime wurde dann im zweiten Teil der Studie zur 

vergleichenden Untersuchung des globalen Transkriptoms während der 

Magnetosomenbildung genutzt. 
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Modernsten RNA-Sequenzierungstechniken, einschließlich Cappable-

Sequenzierung, Whole transcriptome shotgun sequencing und 3'-Endsequenzierung, 

zeigten (i) eine komplexere Architektur von Magnetosomen-Operons (MagOPs) sowie 

(ii) Operon-interne Transcription Start Sites (TSS), die von aktiven Promotoren 

stammen. Obwohl die betrachteten Sauerstoffkonzentrationen zu Unterschieden im 

TSS-Nachweis führten, wurden die meisten Magnetosomenbiosynthese-spezifischen 

Gene konstitutiv exprimiert. Weiterhin zeigte die transkriptomweite Analyse, dass Gene 

mit direkter oder indirekter Funktion in Atmungsprozessen unter 

Magnetosomenbildungsbedingungen stark hochreguliert waren. Hier wurde ein 

komplexes Zusammenspiel zwischen Stoffwechselprozessen wie der intrazellulären 

Redoxkontrolle sowie der Denitrifikation und Magnetosomenbiosynthese aufgedeckt. 

Die erste globale und vergleichende Promotoranalyse, die während dieser Studie 

in einem MTB durchgeführt wurde, zeigte, dass die transkriptionelle Komplexität der 

Magnetosom-Gen-Cluster von den Sauerstoffbedingungen abhängig sind. 

Zusammenfassend zeigen die Ergebnisse, dass die transkriptionelle Organisation und 

Regulation komplexer ist als bisher angenommen. In Zukunft könnten aufgrund der 

gesammelten Daten synthetische Magnetosomenoperons mit verbesserter und 

induzierbarer Expression entwickelt werden, die zu höheren Magnetosomenausbeuten 

in homologen und auch heterologen Wirtsorganismen führen könnte. 
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1 Introduction 

1.1 Magnetospirillum gryphiswaldense: A model organism for 
magnetosome biomineralization 

The magneto-responsive behavior of some aquatic bacteria, first described by 

Salvatore Bellini in 1963 1 and rediscovered in 1975 by Richard Blakemore 2, is based 

on the presence of membrane-enveloped magnetite (Fe3O4) or greigite (Fe3S4) crystals 

called magnetosomes. These are formed by all members of the highly diverse 

polyphyletic group of magnetotactic bacteria (MTB) for orientation along the Earth’s 

magnetic field to find the favorable oxic-anoxic transition zone of their natural aquatic 

habitats 3,4. MTB are ubiquitously found in many freshwater and marine sediments, 

however they are difficult to cultivate in laboratory environments 3. Among the few 

strains grown in axenic cultures are mostly members of the Alphaproteobacteria 

including the three best studied organisms Magnetospirillum magneticum AMB-1 5, M. 

magnetotacticum MS-1 6 and M. gryphiswaldense MSR-1 7. Because of its rather simple 

cultivation, genetical accessibility, its relatively fast growth and high magnetosome 

yields, M. gryphiswaldense has emerged to the best studied model organism for 

magnetosome biosynthesis 8. M. gryphiswaldense (Figure 1 A) was isolated from the 

muddy sediments of the small river Ryck near Greifswald 7 and has a helical cell shape 

with a single flagellum at each pole 7,9. It can be grown chemoorganoheterotrophically 

by utilizing short organic acids as carbon and electron sources 9 to relatively high cell 

densities under anoxic and microoxic conditions 10. Although, M. gryphiswaldense is a 

microaerophilic organism, it exhibits relatively high oxygen tolerance and utilizes 

oxygen as electron acceptor for respiration and energy generation 10. In the absence of 

oxygen, nitrate can be utilized for anaerobic respiration by denitrification 11. Nitrate is 

stepwise reduced to nitrite, nitrous oxide and nitrogen by the periplasmic nitrate 

reductase (NapAB), the Fe2+–nitrite oxidoreductase (NirS) and the nitric oxide 

reductase (NorBC), respectively. 
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Figure 1: A) Transmission electron microscopy of M. gryphiswaldense B) Detailed view on 
two Magnetosomes with the Magnetosome Membrane (MM) and the magnetite crystal core 
indicated by black arrows (Article 4 modified). C) 3D rendering of a cell examined by cryo-
electron tomography with the MM (yellow) surrounding the magnetite crystal core (red). The 
linear configuration of the magnetosomes is facilitated by the MamK filament (green) 12. 

 

Up to 60 magnetosomes per cell with monocrystalline chemically pure 

magnetite cores are synthesized under microoxic to anoxic conditions as explained 

below (see 1.2) (Figure 1 B + C) 3,10. Their diameter can vary between 20 – 50 nm 

depending on the oxygen concentration 8,10,13. 

 

1.2 Genetic and biochemical control of magnetosome biosynthesis in M. 
gryphiswaldense 

Magnetosome biosynthesis is a complex, stepwise process starting with the 

formation of a dedicated magnetosome vesicle, followed by uptake of iron into the 

lumen and biomineralization of chemically pure magnetite monocrystals with defined 

size and shape 8,14. This process has been found to be orchestrated by Mam 

(magnetosome membrane), Mms (magnetosome particle membrane-specific) and Feo 

(magnetosome specific Fe2+ transport system) proteins. Magnetosome vesicle formation 

begins by introducing curvature into the cytoplasmic membrane caused by a network of 

distinct Mam proteins (Figure 2). Interactions between MamBEILMOQ, where MamB 

serves as essential landmark protein, are thought to be responsible for rapid 

magnetosome membrane invagination to form the magnetosome lumen 8,15,16. Ferrous 

iron (Fe2+), taken up from the environment by the import systems FeoAB1 and 2, is 

subsequently transported into the magnetosome vesicles 17,18. This process is then 

facilitated by the magnetosome specific ferrous iron transporters MamB and MamM 
16,19. MamH and MamZ are thought to oxidize ferric iron (Fe3+) from the cytoplasma 

and release Fe2+ into the magnetosome vesicle 20. MamE, MamT, MamP, MamX and 
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MamZ, which are located in the magnetosome membrane, are thought to provide the 

environment for magnetite nucleation 20,22,24. 

 

 

Figure 2: Overview of the magnetosome biosynthesis in M. gryphiswaldense. Precipitation of 
iron that is imported into the magnetosome membrane vesicle is probably mediated by proteins 
that are located on the magnetosome membrane, such as MamO and MamI. The Fe2+/Fe3+ ratio 
inside magnetosome membrane vesicles is regulated by MamE, MamP, MamT and MamX. 
Magnetite crystal maturation is regulated by MamG, MamF, MamD, MamC, MamS, MamR, 
MamN, Mms6, MmsF, Mms36 and Mms48. 

 

Since the formation of magnetite, as a mixed-valence iron oxide, is highly 

dependent on a stable redox condition for biomineralization, minor perturbations caused 

by high oxygen levels or highly oxidized carbon sources were found to disturb the 

strictly needed 2/1 Fe2+/Fe3+ ratio and result in smaller and disformed magnetite crystals 
10,11,23. Additionally, generic respiratory processes such as denitrification were found to 

participate in magnetosome biomineralization probably by contributing to oxidation of 

ferrous iron to ferric iron under oxygen-limited conditions thereby 11,23. Mutants of M. 

gryphiswaldense that lack enzymes of the denitrification pathway, such as the 

periplasmic nitrate reductase (NapAB), Fe2+–nitrite oxidoreductase (NirS) or nitric 

oxide reductase (NorBC) were severely impaired in magnetite biomineralization 11,23. 

Fusion experiments of gusA, which encodes a β-glucoronidase, with the denitrification 

genes as transcriptional reporters revealed that except for the nitrate reductase nap, 

highest expression of the denitrification genes coincided with conditions permitting 

maximum magnetite synthesis 11,23. In a follow up study, a fumarate and nitrate 

reduction regulator (Fnr) -like protein was identified in M. gryphiswaldense, which was 
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named MgFnr 24. In Escherichia coli and other bacteria, Fnr proteins are known to be 

global anaerobic regulators in controlling the switch between microoxic and oxic 

metabolism 25,26. Beside this function, MgFnr was found to repress expression of the 

denitrification genes under aerobic conditions putatively by an MTB-Fnr specific amino 

acid residue 24. Overproduction and deletion of this regulator resulted in fewer 

magnetosomes and less regular shaped crystals 24. A similar phenotype was also 

observed by deletion of the high affinity, terminal cbb3-type oxygen reductase, which 

putatively functions as an oxygen sensor and redox control 27. 

After nucleation, which is probably initiated by MamO and MamI 13,21,28, the 

complex interplay of various proteins including Mms36, Mms48, MamG, MamF, 

MamD and MamC exerts strict control over the growth of the crystal, and their 

arrangement into well-ordered chains 8,13,29,30. Furthermore, MamA is suggested to form 

a proteinaceous scaffold surrounding the magnetosome membrane and “activate” the 

magnetosomes for magnetite biomineralization 31,32. 

To efficiently function as a cellular “compass needle”, magnetosomes are 

assembled mid-cell into a chain. This process is controlled by the actin-like MamK, 

which polymerizes into dynamic, cytoskeletal filaments that are connected to 

magnetosomes through the acidic MamJ and MamY protein to form the 

magnetoskeleton. To ensure equal organelle inheritance during cytokinesis, 

magnetosome chains are directed to the cell division site by MamK filaments. Equal 

splitting of magnetosome chains to the daughter cells occurs with high accuracy, and 

particle chains undergo rapid intracellular repositioning towards midcell to the new-

born daughter cells by pole-to-midcell treadmilling growth of MamK filaments 33. 

 

1.3 Genomic and transcriptional organization and regulation of 
magnetosome genes 

1.3.1 The Magnetosome Island (MAI) 

All mam- and mms-genes described above are encoded in five major putative 

polycistronic operons (MagOPs), namely mamABop (16.4 kb), mamGFDCop (2.1 kb), 

mms6op (3.6 kb), mamXYop (5 kb) and feoAB1op (2.4 kb) 12,16,19,33 within the larger 

genomic magnetosome island (MAI) that extends over ~110 kb (Figure 3) 16,35. 
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Figure 3: A simplified overview of the magnetosome island (MAI) of M. 
gryphiswaldense comprising the five major magnetosome operons with their respective 
size. Known promoters, which were identified in previous studies, are indicated by 
arrows. 

 

The precise spatiotemporal control of the expression and targeting of 

magnetosome proteins at proper stoichiometry is required for the biosynthesis of such 

an intricate organelle. For example, copy numbers were found to range from 2 (e.g. 

MamX and MamZ) to 100 or 121 copies (Mms6 and MamC, respectively) per 

magnetosome particle in the magnetosome membrane 36. To orchestrate proper 

expression, one fundamental layer of regulation is the level of gene transcription. The 

large mamABop with its 17 genes is the longest operon (16.4 kb) and harbors all 

essential genes for magnetosome biosynthesis. The other four MagOPs encode genes 

with accessory roles in magnetite crystal size control, magnetosome chain formation 

and intracellular positioning 12,13,15. The transfer of all these MagOPs from M. 

gryphiswaldense resulted in magnetosome biosynthesis in other different hitherto 

nonmagnetic host organisms, which underlines the key roles of this gene set 37,38. 

Recently, an additional putative operon was identified namely mms5op, which 

comprises the two genes mms5 and mmxF. Both genes are thought to be involved in 

crystal size control during magnetite biomineralization 39,40,41.  

Previous studies focused on the elucidation of operon architecture including 

transcription start sites (TSS) as well as operon organization. Schübbe and colleagues 

demonstrated by reverse transcription-PCR (RT-PCR) that genes from the three 

magnetosome gene clusters known at the time, mamABop, mms6op, and mamGFDCop, 

are co-transcribed and thus represent genuine operons in M. gryphiswaldense 34. 

Additionally, the study also identified a single transcription start site for each transcript 

by primer extension analysis, which suggested that each operon is transcribed as a 

single unit driven by a primary promoter residing upstream of the first gene of each 

operon 34. Although internal promoters within the investigated operons, especially in the 

16.4 kb long mamABop, were assumed, no additional promoters could be found. 

However, the presence of such were not ruled out based on the gathered data. Later, the 
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activity of a primary promoter (PmamY) upstream of the newly discovered mamXYop 

was demonstrated by a green fluorescent protein (GFP) reporter, whereas no additional 

promoters were identified 20. In feoAB1op, a primary promoter (PfeoA1) was revealed 

by a LacZ reporter gene fusion in M. gryphiswaldense 17. 

 

1.3.2 Generic pathways involved in magnetosome biosynthesis 

Although many studies underlined the key role of the MagOPs in the process of 

magnetosome biosynthesis, an increasing interest in auxiliary genes encoding generic 

cellular functions outside of the MAI were addressed during a genome-wide transposon 

mutagenesis screen. Here, Silva et al identified genes with auxiliary function in 

magnetosome biosynthesis including cytochrome c maturation, sulfate assimilation, 

oxidative protein folding and nitrate respiration 42. Consistently, Li and colleagues 

showed in several studies a linkage between anaerobic as well as microoxic respiration 

and magnetosome biosynthesis 11,22,23,26. The deletion of the essential enzymes of the 

denitrification pathway such as the periplasmic nitrate reductase (NapAB), Fe2+–nitrite 

oxidoreductase (NirS) or nitric oxide reductase (NorBC) resulted in a prohibited 

anaerobic growth of M. gryphiswaldense cells with nitrate as electron acceptor as well 

as severely impaired magnetosome biosynthesis 11,22. However, the operon architecture 

and transcriptional organization of genes involved in magnetosome biosynthesis outside 

the MAI has remained unknown. 

1.3.3 Regulation of magnetosome biosynthesis 

The most crucial factor influencing magnetosome biosynthesis was found to be 

the dissolved oxygen concentration (dO2) 10. However, the molecular mechanisms and 

determinants of oxygen regulation on transcription and magnetite biomineralization 

have remained poorly understood. Several studies observed only weak effects of 

MagOP transcription by oxygen based on qRT-PCR and microarray experiments 34,43. 

Furthermore, empty magnetosome vesicles and nearly unchanged abundances of 

magnetosome proteins such as MamC were detected between oxically cultivated non-

magnetic and microoxically grown magnetic cells 15,34. By investigation of the 

transcriptome of M. gryphiswaldense cells cultured under magnetosome forming 

microoxic (dO2 0.5% of air saturation) conditions in comparison to non-magnetic semi-

oxic (30% dO2 of air saturation) conditions by RNA-sequencing, Wang and colleagues 



Introduction 19 

44 essentially confirmed the findings of the previous studies that mam- as well as mms-

genes were constitutively expressed and not directly regulated by oxygen. The 

identified 77 genes, which were significantly upregulated under microoxic conditions, 

are involved primarily in various cellular processes as microoxic respiration, transport 

and regulation 44. 

Despite preliminary insights granted by the previous studies, the majority of the 

transcriptional landscape including TSS and operon architecture as well as the role of 

oxygen in transcriptional regulation are still poorly understood. Since M. 

gryphiswaldense advanced to a well-established model organism for bacterial organelle 

biosynthesis and biomineralization, detailed knowledge about transcriptional 

organization and global regulatory features such as promoter structure beyond the MAI 

is highly required. This can be achieved by high-resolution RNA-sequencing techniques 

such as the novel Cappable-sequencing technique, which is based on the enrichment of 

the triphosphorylated primary transcripts for determination of TSS with single base 

resolution 45. Here, instead of processed transcripts depletion, the primary transcripts are 

capped by the Vaccinia capping enzyme and subsequently enriched by streptavidin 

beads resulting in an increase of mapping resolution. Since an intricate transcriptional 

regulation seems more common for large polycistronic operons such as the mamABop, 

MagOP landscape may be more complex than previously thought. Thus, a detailed 

reassessment focused on transcriptional regulatory elements would increase the 

understanding of magnetosome biosynthesis. Furthermore, previous studies focused on 

microoxic conditions, which support fastest growth but already show impaired 

magnetosome phenotypes concerning uniform size and shape 10,44. Additionally, defined 

growth conditions are required for uniform magnetosome biosynthesis. Therefore, the 

application fermenter systems would enable strictly controlled standardized culturing 

regimes, which are needed for reproducibility of magnetosome biosynthesis. 

 

1.4 Magnetosomes in biotechnology: applications and production 

1.4.1 Potential applications of magnetosomes in biotechnology and biomedicine 

The strict control during the complex magnetosome biosynthesis results in 

highly uniform magnetite particles regarding their size, shape, magnetic properties and 

crystallinity, exceeding synthetically produced magnetic nanoparticles 46,47,48. 

Furthermore, purified magnetosomes exhibit a relatively low toxicity 49. In the last 
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decades, magnetosomes have become of increasing interest for biotechnological and 

biomedical applications. Consequently, magnetosomes have already been tested in 

biomedical approaches including hyperthermia 50,51, phototherapy 52 and 

radiosensitization 53, as contrast agents for magnetic particle imaging 54,55 and magnetic 

resonance imaging 56 or in particle-based immunoassays 30,57,58, in which they 

outperformed the routinely used reference techniques. Additionally, magnetosomes 

were functionalized by genetic or chemical coupling of additional functional moieties to 

magnetosome membrane targeted anchor proteins, such as enzymes for immobilization 

of enzymatic cascades 59–62, fluorophores, antibodies for diagnostic purposes e.g. 

Immuno- polymerase chain reaction (PCR) 61,63–65 or immunostimulatory ligands 66. The 

potential biocompatibility of magnetosomes can be further enhanced by coating of the 

membrane with silica 67 or expression of spider silk peptides 68. Very recently, 

magnetosomes have been successfully applied to mouse hippocampal neurons to 

stimulate axonal outgrowth by mechanically induced stretch-growth 69. This might 

enable future applications of bacterial magnetosomes even in regeneration of nerves. 

However, practical applications of magnetosomes have among other reasons been 

limited by their poor availability, which is due to the lack of precise techniques for 

highly controlled large-scale production with defined process parameters. Since many 

of the described applications depend on the characteristics and membrane composition, 

it is crucial to know how magnetosome gene clusters are organized and regulated on the 

transcriptional level, which enables future reconstitution, engineering, and tuning by 

synthetic biology approaches in homologous and heterologous hosts. 

 

1.4.2 Cultivation of M. gryphiswaldense and production of magnetosomes: 
Previous approaches and their limitations 

Despite application of magnetosomes in various fields is constantly expanding, 

limitations arise caused by their poor availability. The development of precise 

techniques for highly controlled large-scale production in bioreactors so far has been 

hampered by the fastidious microaerophilic to anoxic lifestyle of M. gryphiswaldense 

and related MTB 3. Whereas fastest growth occurs at low dO2 concentrations of 0.1 –

 1% of air saturation (equivalent to oxygen partial pressures (pO2) of 0.25 – 2 mbar), 

optimal magnetosome biosynthesis is achieved under denitrifying conditions with 

nitrate as the only electron acceptor for respiration in the entire absence of oxygen 
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10,11,24,27,70. However, anoxic shaking flask cultivation is ineffective with respect to high-

yield cultivation with highest OD565 of about 0.3 11. Hence, many studies focused on the 

cultivation of M. gryphiswaldense under microoxic conditions, where oxygen and 

nitrate respiration overlap 10,11,24,27,70. However, stable control of microoxic conditions 

with dO2 concentrations below 10% required for magnetosome biosynthesis is 

technically demanding and requires the use of fermentation systems, which is often 

customized for this special application. There are two major strategies to achieve 

optimal dO2 adjustment: First, by programming an automatic control cascade for 

dynamical response to the culture’s changing oxygen requirements or second, by 

empirical testing and manual adjustment of the process parameters such as agitation or 

gas rate. The first strategy was only used in two studies so far. In the first systematic 

study, Heyen and Schüler 10 achieved stable oxygen control in a 4 L bioreactor at 

various dO2 concentrations from 0.1 to 100% of air saturation (pO2 0.25 – 212 mbar) 

using an automated oxygen regulation with pO2 measurement and gas supply setup. 

They could show a clear correlation between lower pO2 tensions and magnetite 

formation 10. During this study, a customized changes in the bioreactor setup as well as 

the pO2-probe for signal amplification were made. The second study used an automated 

cascade during the analysis of oxygen dependent gene expression in a 1 L bioreactor. 

dO2 concentration was adjusted by gas mixing of nitrogen and air, whereas gas flow rate 

and agitation speed were kept constant 71. Limitations of this cascade was reached at set 

dO2 values above 15% leading to a steady decrease in oxygen concentration during the 

cultivation 71.  

The second strategy, where dO2 is adjusted manually, was used in the majority 

of all other studies so far. During fed-batch oxystat fermentations of M. 

gryphiswaldense, Sun et al kept the dO2 concentration permanently below the dO2-

probe’s sensitivity to achieve microoxic conditions by variable agitation speed with a 

fixed airflow in a 42 L bioreactor 72. In this study, the stirrer speed was manually 

increased independently of the measured dO2 concentration in increments of 40 rounds 

per minute (rpm), whenever the growth rate decreased significantly. This regime was 

then used in follow-up studies by Liu et al 73 and Zhang et al 74, where the feeding 

strategy was further improved. Similar approaches were used by Fernandez-Castané et 

al as well as Berny et al 75,76, where the dO2 was adjusted by manually increasing both 

the airflow rate and the agitation speed to keep the dO2 below the probe’s sensitivity in 
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a 5 L bioreactor. Although these studies improved fermentation of M. gryphiswaldense 

resulting in OD565 from 16 to 42 and magnetosome yields higher than 35 mg magnetite 

per L 74,77, the manually and thereby discontinuous dO2 control based on highly specific, 

empirically determined parameters impede application independent of the bioreactor 

system used in the respective study as well as scale-up of the fermentation regime. 

Consequently, an automated dO2 adjustment would overcome these limitations 

enhancing reproducibility and handling by standardization of the complete process 

including preculture from stock to inoculation (i.e. the ‘seed-train’) as important but so 

far neglected aspect. This enables detailed analysis of oxygen impact on gene 

expression as well as magnetite crystal growth during magnetosome biosynthesis. 

Moreover, previous studies focused on the characterization and optimization of growth 

parameters rather than magnetosome characteristics, despite the well-known effect of 

oxygen on magnetosome size and shape. Magnetosome formation was typically 

investigated by the Cmag (i.e. a light-scattering parameter for the semiquantative 

estimation of average magnetic alignment of cells 78), the intracellular iron content and 

qualitative transmission electron microscopy (TEM). Although these techniques are 

well established, they do not provide information about magnetite particle size, shape 

and number within the cell. Taken together, application of the previous cultivation 

regimes has been hampered by the discontinuous dO2 control throughout cultivation. 

This in turn makes scale-up and transfer of protocols to other fermenter systems 

difficult, due to the highly specific, empirically determined parameters optimized for the 

particular type of bioreactor used in these studies. 

 

1.5 Scope of this thesis 

In summary, major parts of the regulation of magnetosome biosynthesis on the 

transcriptional as well as on the particle level are only poorly understood. Addressing 

these questions are needed to provide valuable insights into transcriptional regulation of 

prokaryotic biosynthesis of organelles as intricate as the magnetosome. This advances 

future synthetic biology approaches on reconstitution and tuning of the magnetosome 

biosynthesis in homologous as well as heterologous hosts. 

The major goal of this study was the elucidation of the transcriptional 

organization and regulation of magnetosome biosynthesis in M. gryphiswaldense. To 

this end, magnetosome formation was studied by under various defined oxygen 
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conditions, which enable or inhibit magnetite biomineralization. Since the available 

techniques for cultivation under defined oxygen concentration were not suitable for 

controlled and dynamic dO2 adjustment, the first part of the thesis was dedicated to the 

establishment of an automated cascade regulation for precise control of dO2 

concentration. 

The second part the thesis was devoted to the elucidation of the transcriptional 

architecture of the major magnetosome gene clusters by a unique combination of RNA-

sequencing techniques including TSS detection by Cappable-sequencing 45, whole 

transcriptome shotgun sequencing (WTSS) and 3’-end sequencing for mapping of 

termination sites 79. The identified known and unknown promoter regions of the mapped 

TSS were further characterized by bioluminescence reporter assay as well as promoter 

knockouts for their biological significance. Furthermore, transcriptional profiles of cells 

grown under oxygen conditions either favoring or inhibiting magnetosome 

biomineralization were compared. 
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2 Synopsis 

To address the open questions of magnetosome biosynthesis regulation on the 

transcriptional as well as magnetite particle level, up-to-date techniques involving 

strictly controlled fermentation processes, high-throughput analytics and high-resolution 

transcriptomics were explored. In chapter 1, a standardized oxystat fermentation regime 

was established including a characterized seed-train procedure from stock to 

inoculation, which resulted in stable oxygen regulation for a wide range of dO2 

concentrations (1 – 95% of air saturation). Subsequently, magnetosome biosynthesis 

was investigated under three oxygen concentrations (dO2 0%, 1% and 95% of air 

saturation). This is described in detail in Manuscript 1. Significant differences in 

substrate consumption of the carbon source lactate as well as the alternative electron 

acceptor nitrate under the three oxygen conditions were observed. Additionally, particle 

uniformity increased during fermenter growth compared to uncontrolled oxygen 

conditions in shaking flasks. 

Chapter 2 summarizes the investigation of the magnetosome operon architecture 

under routinely used microoxic shaking flask cultivation by exploring novel RNA-

sequencing techniques (e.g. Cappable-sequencing 45), as described in detail in 

Manuscript 2. In addition to the already known primary promoters upstream of the first 

gene of the five mam-operons, new transcription start sites (TSS) within the operons 

were identified resulting in a new layer of magnetosome biosynthesis gene expression. 

One key finding of this study is the discovery of the secondary promoter P(mamH) 

residing within the coding sequences of mamABop, which drives the expression of 

essential genes for biomineralization. 

In chapter 3, the transcriptomic landscape under conditions enabling 

magnetosome formation was investigated for the determination of key and auxiliary 

cellular functions involved in magnetosome biosynthesis. Here, a complex interplay 

between generic metabolic processes (e.g. aerobic and anaerobic respiration), cellular 

redox control, and the biosynthesis of specific magnetosome structures was observed. 

This is described in detail in Manuscript 3. Here, we found that transcription of about 

300 genes was significantly increased under anaerobic magnetosome forming 

conditions, where 41 were found particular highly upregulated, most of which have 

functions key magnetosome forming functions in the cell. However, specific mam and 

mms-genes directly controlling magnetosome biosynthesis were found among the most 
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highly transcribed genes in the cell but their regulation was very poor across growth 

conditions. 

Chapter 4 shortly summarizes preliminary data of the establishment of the 

bacteriophage T7-based expression system in M. gryphiswaldense. The successful 

expression of the T7-RNA polymerase and a codon optimized version codon optimized 

version of gfp (oegfp) was shown by fluorescence microscopy and Western blot 

experiments. Although this is the first time that the functionality of the induced T7-

espression system is shown in M. gryphiswaldenes, only low amounts of the reporter 

were detected. However, this system shows great potential for future induced expression 

of large DNA cassettes. 
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2.1 Chapter 1: An automated oxystat fermentation regime for microoxic 
cultivation and magnetosome production in Magnetospirillum 
gryphiswaldense 

The first research article addresses the development of a well characterized, 

automated oxystat fermentation regime summarized in Figure 4, which enables both 

highly reproducible cultivation of M. gryphiswaldense over a wide range of oxygen 

conditions as well as highly uniform magnetosome biosynthesis (Article 1). First, a 

seed-train was established starting with two passages of initial subcultivation followed 

by a stepwise scale-up under suboxic conditions. This procedure resulted in highly 

viable cells as judged by their motility for inoculation. Next, we developed an oxystat 

batch fermentation regime for microoxic cultivation of Magnetospirillum 

gryphiswaldense in a 3 L bioreactor. Subsequently, a cascade was designed, which 

maintained the cell culture’s requirements for low oxygen concentrations by keeping 

stirrer speed and airflow rate at low levels at the beginning and increased them in a 

stepwise manner to sustain the cells at growing densities. The cascade proofed to stably 

control oxic (95% dO2) and microoxic (1 – 10% dO2) conditions. In the case of 95% 

and 10% dO2 concentrations, stable control was achieved throughout the process, 

whereas only sporadic fluctuations during the main growth phase in dO2 occurred at a 

set value of 1% dO2. Since these fluctuations most likely caused by a combination of 

dO2 probe sensitivity, and cascade reactivity might result in unstable oxygen conditions, 

the cascade was not further tested at lower dO2 values below 1%. The application of the 

described regime in batch fermentations at 95%, 1% and 0% dO2 concentration in 

biological triplicates resulted in highly consistent growth behavior, which confirmed the 

stability of the process (Figure 5 A). In addition, consumption of lactate as the carbon 

source and nitrate as alternative electron acceptor were monitored during cultivation. 

While nitrate became growth limiting during anaerobic growth, lactate was the growth 

limiting factor during microoxic cultivation. However, achievable, maximal cell 

densities are limited by the accumulation of toxic metabolic intermediates during 

denitrification 24, which inhibits increasing the initial nitrate concentration for 

prolonging the growth phase.  

Analysis of microoxic magnetosome biomineralization by TEM and SAXS 

revealed magnetosomal magnetite crystals were highly uniform in size and shape 

characteristic for the respective oxygen concentration. Additionally, particle uniformity 
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increased during fermenter growth, whereas uncontrolled oxygen conditions in shaking 

flasks resulted in a much wider distribution in particle diameter (Figure 5 B).  

In summary, the streamlined seed-train and automated oxystat regime presented 

in our study provides well characterized and stable culturing environments for 

reproducible magnetosome biosynthesis. Furthermore, the process can be used to 

produce ‘tailored’ magnetite particles with distinct sizes for the desired application by 

adjustment of the oxygen concentration. 

 

 

Figure 4: Overview of the oxystat fermentation regime beginning with the standardized seed-
train. During the production phase dO2 concentration was adjusted by stirrer speed (rounds per 
minute = rpm) and airflow rate (standard liter per minute = SLPM). Subsequently, the 
produced magnetosomes were characterized by transmission electron microscopy (TEM) and 
small-angle X-ray scattering (SAXS). Adapted from Manuscript 1 (Article 1). 
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Figure 5: A) Growth triplicates at dO2 concentrations of 95% (red), 1% (orange) and 0% 
(blue). Adapted from Riese et al 2020 (Article 1) and modified. B) Transmission electron 
micrographs and magnetosome particle sizes at process end among seed-train (n=2925), 
microoxic (1% dO2) (n=3180) and anoxic (0% dO2) conditions (n=3025) with representative 
TEM micrographs of cells under the respective conditions (scale bar 200 nm). In box plots, the 
box indicates the interquartile range, the bar indicates the median, and the red dot represents 
the mean. Grey dots represent data points above or below the 95th and 5th percentile. The 
violin plots show the magnetosome particle size distribution of measured particle sizes. For 
statistical comparison of particle sizes, Wilcoxon rank sum test was performed (****, p < 
0.0001). Adapted from Manuscript 1 (Article 1). 

 

2.2 Chapter 2: The complex transcriptional landscape of magnetosome 
gene clusters in Magnetospirillum gryphiswaldense 

Magnetosomes have emerged as a model system to study prokaryotic organelles. 

Understanding the mechanisms underlying control over magnetosome formation has 

several important practical implications. Transcriptionally engineering of the MagOPs 

by synthetic biology approaches for enhanced and controlled magnetosome production 
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would further improve magnetosome biosynthesis in homologous and heterologous host 

organisms. However, the transcriptional organization of the magnetosome gene clusters 

has remained poorly understood. Hence, the second article (Article 2) addresses the 

architecture of mamABop, mamGFDCop, mms6op, mamXYop and feoAB1op, which 

were previously considered to follow the simple operon model proposed by Jacob and 

Monod 80 with transcription driven by a single primary promoter upstream of the first 

gene in the operon 17,20,34. By applying Cappable-sequencing 45 and whole-transcriptome 

shotgun sequencing, we show that mamGFDCop and feoAB1op are transcribed as single 

transcriptional units, whereas multiple transcription start sites (TSS) are present in 

mms6op, mamXYop, and the long mamABop (>16 kb).  

The mms6op comprises two transcriptional units, mms6-mmsF and mms36-

mms48, which are separated by a terminator, and each driven by a separate promoter 

(Figure 6). Interestingly, in all known magnetotactic Magnetospirillum species, mms36 

and mms48 are always preceded by mms6-mmsF, suggesting that this coupled 

organization might be preserved by natural selection. The mamXYop comprises also two 

transcriptional units, mamY and mamX-mamZ-ftsZm, where a very active promoter was 

identified in the intergenic region of mamY and mamX (Figure 6). Using a 

bioluminescence reporter assay and promoter knockouts, we demonstrated that most of 

the identified TSS originate from biologically meaningful promoters. Intriguingly, the 

identified promoter within the large intergenic region of mamXYop showed no reporter 

expression with the natural ribosome binding site (RBS), whereas strong light emission 

became detectable after insertion of an optimized Shine-Dalgarno sequence. This 

strongly argues against translation of the produced transcript in the native context, 

including potential leaderless translation 81 and likely suggests transcription of a 

noncoding RNA.  

One further key finding of this study is the discovery of multiple promoters 

residing within the coding sequences of mamABop. For instance, P(mamH), which is 

located in the coding sequence of mamH, was identified among the most crucial internal 

promoters as the downstream genes (mamI and mamE) are essential for magnetosome 

formation. The reporter assay demonstrated that P(mamH) is one of the most active 

promoters among the ones measured in the current study and the strongest in 

mamABop, with the activity exceeding that of the primary promoter PmamH. To our 

knowledge, this is the first demonstration that intragenic promoters can exceed primary 
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promoters in activity and potentially play a major role in driving expression of large 

operons. 

In conclusion, our study has unveiled how a genetically complex pathway is 

orchestrated at the transcriptional level to ensure the proper assembly of one of the most 

intricate prokaryotic organelles. In this study, we provide a previously unappreciated 

transcriptional landscape of the magnetosome operons, which will enable synthetic 

biology approaches to rationally reengineer the magnetosome operons for enhanced and 

controlled magnetosome production. Moreover, our study provides a catalog of well-

characterized promoters with different strengths for constructing expression cassettes in 

magnetospirilla and other Alphaproteobacteria. 

 

 

Figure 6: Comparison between A) the previously known MagOP architecture and B) the 
architecture based on the present study. B) Position of the promoters, whose activities were 
confirmed by the bioluminescence assay, terminators, and asTSS in the MagOPs. Arrow height 
indicates the promoter strength measured by luminescence. A slash separates a TSS number 
designation and the corresponding promoter. Adapted from Manuscript 2 (Article 2). 

 

2.3 Chapter 3: The transcriptome of Magnetospirillum gryphiswaldense during 
magnetosome biomineralization 

To form an organelle as intricate as the magnetosome, the transcription of the 

>30 magnetosome specific genes clustered within the MAI has to be coordinated with 

the expression of an as-yet unknown number of auxiliary genes encoding several 

generic metabolic functions. While reverse and forward genetic analysis has implicated 
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many genes and pathways with essential and auxiliary functions in magnetosome 

biosynthesis, their global regulation in response to varying growth conditions is much 

less understood. In addition, global regulatory features, such as promoter and operon 

structures have remained poorly characterized in M. gryphiswaldense. Therefore, this 

study compares transcriptional profiles of anaerobically (0% dO2) grown magnetosome 

forming cells with those in which magnetosome biosynthesis has been inhibited by 

aerobic (95% dO2) conditions (Article 3). 

Here, we found that from the >4300 genes comprised in the genome, 

transcription of about 300 genes was significantly increased under anaerobic conditions. 

Among these genes, 41 were found particular highly upregulated, most of which have 

functions in denitrification and cytochrome c maturation. These cellular processes were 

already indirectly linked to magnetite biomineralization by poising proper redox 

conditions by oxidation of ferrous iron within the cell 11,22,42. Additionally, several 

hemerythrin-like proteins encoded outside of the MAI were upregulated under 0% dO2. 

Hemerythrins were previously implicated in magnetosome biosynthesis because of their 

conspicuous high number in the MAI of M. gryphiswaldense and their known function 

in oxygen sensing as well as iron transport in other bacteria 82,83. However, the exact 

role in metabolism and possibly magnetosome biosynthesis, needs to be further 

investigated. Furthermore, several highly upregulated genes with so far unknown 

function, such as MSR1_19280, MSR1_19290 and MSR1_04470 represent novel 

candidates that might be involved in magnetosome biosynthesis. 

By Cappable-sequencing, we found that the predominant promoter structures 

active under all tested conditions were highly similar to sigma factor σ70 dependent 

promoters in other Alphaproteobacteria such as Gluconobacter oxydans 84. 

Furthermore, with decreasing oxygen concentrations, the transcriptional complexity is 

reduced with respect to intragenic TSS, and with that sub-operon number as well as 5’-

untranslated region (5’-UTR) length. Although new elements with a clear regulatory 

function, such as a glycine-riboswitch or so far unknown function were detected, they 

only represent a relatively small fraction compared to the high number of long 5’-UTRs, 

suggesting that most regulators remain unidentified. It seems that expression regulation 

under the tested conditions in M. gryphiswaldense is based to a significant degree on 

cis-regulatory elements, as suggested by the 5’-UTR length. 
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Specific mam and mms-genes directly controlling magnetosome biosynthesis 

were found among the most highly transcribed genes in the cell at comparable to, or 

even exceeding highly expressed housekeeping genes, but their regulation was very 

poor independent of the growth condition. This high constitutive expression level 

indicates that magnetosome biosynthesis is among the key cellular functions even under 

conditions inhibiting magnetosome formation. Furthermore, more TSS within the 

MagOPs were identified under oxic conditions (Figure 7). Taken together, the absence 

of magnetite crystals in oxic cells, cannot be explained by downregulation or 

incomplete transcription of the MagOPs. Additionally, during the investigation of 

magnetosome biosynthesis by cryo-electron tomography in a previous study, MagOP 

expression was observed by identification of empty magnetosome vesicles under oxic 

conditions 15. This shows magnetosome genes are not only transcribed, but also 

translated leading at least to vesicle formation.  

In summary, the transcriptional regulation and architecture was analyzed 

genome-wide as well as for the MagOPs by application of high-resolution RNA-

sequencing techniques, e.g. Cappable-seq, on samples cultivated under highly 

controlled oxygen conditions. We showed that the transcriptional complexity of the 

MagOPs depended on the applied oxygen conditions. Our transcriptome-wide analysis 

revealed that magnetite biomineralization relies on a complex interplay between generic 

metabolic processes such as aerobic and anaerobic respiration, cellular redox control, 

and the biosynthesis of specific magnetosome structures. 
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Figure 7: Overview over the MagOPs with previously identified TSS (Article 2). B) 
Differential expression of genes under anoxic (0% dO2) vs. oxic (95% dO2) conditions with 
upregulated and downregulated (M-value ≤ -1, M-value ≥ 1, black dots) as well as top highly 
upregulated (M-value ≥ 4, red dots) and highly downregulated (M-value ≤ -3, green dots) 
genes. Grey dots indicate insignificant differential expression (M-value ≤ 1, M-value ≥ -1). 
MAI genes are highlighted in yellow. Adapted from Manuscript 3 (Article 3). 

 

2.4 Chapter 4: Establishment of a T7-based expression system 

For metabolic engineering of magnetosome biosynthesis genes through 

overexpression or rational design of synthetic versions of MagOPs, a robust gene 

expression toolbox is essential. So far in M. gryphiswaldense the tetracycline- and 

lactate- induced promoters are the only two inducible expression systems, which were 

successfully established 85,86. These two promoters are routinely used for expression of 

single genes, however induced expression of complex operons such as the mamABop is 

limited. To this end, the bacteriophage T7-based expression system was explored 

because of its high effectivity as well as processivity and its independence of the host’s 

transcription machinery (i.e. orthogonal) 87. 
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The T7-RNA polymerase was placed under the regulation of the lactose-

promoter (Plac), which is tightly repressed in M. gryphiswaldense, and the tetracycline 

promoter (Ptet). Expression of the T7-RNA polymerase was investigated by quantitative 

Western blotting, which show high expression of the T7-RNA polymerase after 

induction, even exceeding the expression level in the expression strain E. coli BL21. 

Furthermore, the Plac was used for all further experiments since high levels of T7-RNA 

polymerase were detected in uninduced cells and only minimal increase after induction, 

when controlled by Ptet. 

Next, a codon optimized version of gfp (oegfp) was applied as reporter for 

estimating the expression efficiency by both fluorescence microscopy and Western 

blotting (Figure 8). A subtle increase in fluorescence was observed after induction 

suggesting a low expression level. Western blot experiments as more sensitive 

technique showed low levels of oeGFP in cell lysate, thereby supporting the previous 

observation. 

 

 

Figure 8: A) Fluorescence microscopy of M. gryphiswaldense wildtype (WT) and strains 
containing the T7 Polymerase under control of the lactose induced Promoter from E. coli (Plac-
T7) as well as a codon optimized version of egfp under the control of the T7-promoter (PT7-
oegfp). Expression was induced by addition of IPTG and pictures were taken after 8 h of 
induction. B) Western blot of M. gryphiswaldense WT and Plac-T7-PT7-oegfp. T7 expression 
was induced by addition of IPTG and samples were taken after 0 h, 4 h and 8h after induction 
and enriched to an OD565 of 10. Detection was performed using an anti-T7-polymerase-antibody 
(upper half) and anti-GFP-antibody (lower half). T7-polymerase concentration was highest after 
8 h. GFP signal was detected after 8 h (red rectangle). 
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However, only low amounts of oeGFP were detected in fluorescence and 

Western blot experiments. This might be due to the copy number of the reporter. The 

T7-expression system in E. coli is also based on a chromosomal copy of the T7-

polymerase but the gene of interest is coded on a high copy plasmid 87, thereby 

providing multiple targets for the T7-polymerase. Hence, the use of a multicopy 

plasmid in M. gryphiswaldense with the gene of interest would possibly enable to 

overcome this limitation. 

In summary, a T7-expression system for M. gryphiswaldense was constructed 

and successfully applied for oegfp expression. Although more experiments are needed 

for estimation of the activity as well as efficiency, this system shows great potential for 

future induced expression of large DNA cassettes such as the magnetosome 

biosynthesis gene clusters. 

 

2.5 Conclusion and Outlook 

The first part of (Chapter 1) the thesis focused on the development of a 

streamlined seed-train and an automated oxystat fermentation regime, which will be of 

great value for future studies by providing a characterized fermentation regime for 

reproducible magnetosome biosynthesis. Despite this, cell yields of the batch process 

were significantly lower compared to the previous described fed-batch processes 

reaching OD565 up to 42 74. However, future application of feeds based on the calculated 

substrate consumption rates in this study, optimization of impeller arrangement and 

application of air and nitrogen gas mixtures would overcome growth limitations leading 

to higher magnetosome yields. These developments may pave the way for scale-up to 

industrial production for wide-spread application in various fields. 

The second part (Chapters 2 & 3) shed light on the previously unappreciated 

transcriptional organization of magnetosome gene clusters and the global regulation in 

response to anoxic conditions most favorable for magnetite biomineralization. This 

thesis provides a high-resolution image of the transcriptional landscape of the 

magnetosome operons including a list of well characterized promoters for future 

applications in the rational reengineering of magnetic bacteria for improved 

bioproduction of tunable magnetic nanoparticles. This could be achieved, e.g., through 

replacing the native promoters of individual transcriptional units by stronger and 
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tunable promoters such as the lactose induced expression system 85. Furthermore, the 

T7-based expression system 87 would enable targeted orthogonal expression of several 

transcriptional units without the need for multiple inducers. 

By comparing global transcriptional profiles of anaerobically grown 

magnetosome forming cells with those in which magnetosome biosynthesis has been 

suppressed by aerobic condition, a relaxed transcriptional regulation under oxic 

conditions was observed. This may originate from the natural habitat of M. 

gryphiswaldense, the oxic-anoxic transition zone. This habitat is influenced by many 

external parameters such as day-night cycle, metabolic activities of the complete 

microbial community as well as mechanical disturbances of the sediment itself. In 

combination with the necessity for magnetosomes as important organelles for targeted 

motility along substrate gradients, fast changes of the protein composition within the 

magnetosome membrane may be required to maintain the correct redox potential for 

magnetosome biosynthesis. Furthermore, the data shows an increasing transcriptional 

complexity with respect to TSS number and 5’-UTR length increasing oxygen 

concentrations. A possible explanation might lie in the more frequently occurring 

fluctuations in oxygen concentration characteristic in these habitats, which might lead to 

a higher need of regulation to ensure proper expression of the MagOPs. The observed 

tendency for longer 5’-UTRs under oxic coditions implicating an increase in transcripts 

with cis-regulatory elements that potentially influence translation, faster responses on 

changing environmental conditions are facilitated to putatively stabilize the redox 

potential within the cells. Our analysis predicted new riboswitches in addition to the 

previously annotated ones in the most recent version of the M. gryphiswaldense genome 
16. Although some new cis-regulatory elements were found, they only represent a 

relatively small fraction, which suggests that regulation under the tested conditions in 

M. gryphiswaldense is based to a significant degree on cis-regulatory elements like 

riboswitches as sensors for environmental cues. Future studies may focus on the 

regulation elements influencing magnetosome formation to better understand how the 

proper assembly of one of the most intricate prokaryotic organelles is orchestrated at the 

transcriptional level, which in turn enables rational design of synthetic magnetosome 

operons for targeted magnetosome production in homologous and heterologous hosts. 

Future biomedical applications would greatly benefit from enhancement of 

biocompatibility by for example depletion of lipopolysaccharide production in M. 
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gryphiswaldense or high yield magnetosome production of correctly sized particles in 

naturally biocompatible host organisms. 
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An automated oxystat fermentation regime 
for microoxic cultivation of Magnetospirillum 
gryphiswaldense
Cornelius N. Riese1  , René Uebe1, Sabine Rosenfeldt2,3, Anna S. Schenk3,4, Valérie Jérôme5, Ruth Freitag5* 
and Dirk Schüler1*

Abstract 

Background:  Magnetosomes produced by magnetotactic bacteria represent magnetic nanoparticles with unprec-
edented characteristics. However, their use in many biotechnological applications has so far been hampered by their 
challenging bioproduction at larger scales.

Results:  Here, we developed an oxystat batch fermentation regime for microoxic cultivation of Magnetospirillum 
gryphiswaldense in a 3 L bioreactor. An automated cascade regulation enabled highly reproducible growth over a 
wide range of precisely controlled oxygen concentrations (1–95% of air saturation). In addition, consumption of lac-
tate as the carbon source and nitrate as alternative electron acceptor were monitored during cultivation. While nitrate 
became growth limiting during anaerobic growth, lactate was the growth limiting factor during microoxic cultiva-
tion. Analysis of microoxic magnetosome biomineralization by cellular iron content, magnetic response, transmission 
electron microscopy and small-angle X-ray scattering revealed magnetosomal magnetite crystals were highly uniform 
in size and shape.

Conclusion:  The fermentation regime established in this study facilitates stable oxygen control during culturing 
of Magnetospirillum gryphiswaldense. Further scale-up seems feasible by combining the stable oxygen control with 
feeding strategies employed in previous studies. Results of this study will facilitate the highly reproducible laboratory-
scale bioproduction of magnetosomes for a diverse range of future applications in the fields of biotechnology and 
biomedicine.

Keywords:  Magnetosomes, Magnetospirillum gryphiswaldense, Oxystat fermentation, Magnetosome 
biomineralization
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is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat​iveco​
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zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Magnetosomes are membrane-enveloped magnetite 
(Fe3O4) or greigite (Fe3S4) crystals produced by magneto-
tactic bacteria for orientation along the Earth’s magnetic 

field [1]. Magnetosome biosynthesis is a complex, step-
wise process involving the formation of a dedicated mag-
netosome vesicle, which serves as a nanoreactor for the 
subsequent uptake of iron and the biomineralization of 
magnetic crystals [2, 3].

In the widely studied alphaproteobacterium Magneto-
spirillum gryphiswaldense each step is highly regulated 
by a set of more than 30 genes leading to the formation 
of single crystalline magnetite particles with defined 
size, shape and magnetic properties, which are so far 
unmatched by magnetic nanoparticles produced by 

Open Access

Microbial Cell Factories

*Correspondence:  Ruth.Freitag@uni‑bayreuth.de; Dirk.
Schueler@uni‑bayreuth.de
1 Department of Microbiology, University of Bayreuth, Universitätsstraße 
30, 95447 Bayreuth, Germany
5 Chair for Process Biotechnology, University of Bayreuth, 
Universitätsstraße 30, Bayreuth 95447, Germany
Full list of author information is available at the end of the article

51

http://orcid.org/0000-0003-0800-4543
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-020-01469-z&domain=pdf


Page 2 of 15Riese et al. Microb Cell Fact          (2020) 19:206 

chemical synthesis [4–7]. Hence, magnetosomes are 
of great potential in the biomedical and biotechnologi-
cal field, and isolated magnetosomes were already suc-
cessfully applied for cancer treatment, such as magnetic 
hyperthermia [8–10], phototherapy [11] and radiosensi-
tization [12], as contrast agent for magnetic imaging [13–
16] and as a tool in immune assays [17]. Furthermore, 
the proteinaceous membrane of magnetosomes from 
M. gryphiswaldense and related organisms can be func-
tionalized by genetic or chemical coupling of additional 
functional moieties, such as enzymes for immobilization 
of enzymatic cascades [18–21], fluorophores, antibodies 
for diagnostic purposes e.g. Immuno-PCR [20, 22–24], 
immunostimulatory ligands [25], or various inorganic 
and organic coating materials for enhancement of bio-
compatibility [26, 27].

Practical applications of magnetosomes have so far 
been limited by their poor availability, which is due to 
the lack of precise techniques for highly controlled large-
scale production with defined process parameters. Mass 
cultivation of the available magnetobacterial strains is 
challenging due to their fastidious microaerophilic to 
anoxic lifestyle, and the dependence of magnetosome 
biosynthesis on suboxic conditions, which results in slow 
growth and low biomass as well as magnetosome yields 
in routine batch cultivation [1]. The most robust and 
widely used strain for magnetosome engineering and bio-
production is M. gryphiswaldense, which produces up to 
60 cuboctahedral magnetite crystals with 20–50  nm in 
diameter [28, 29].

As for other magnetotactic bacteria, magnetite biomin-
eralization in M. gryphiswaldense is strongly affected by 
growth conditions [30, 31]. While fastest growth occurs 
at moderately low oxygen partial pressures (pO2) of 
0.25–2  mbar (equivalent to a dissolved oxygen (dO2) 
concentration of 0.1–1% of air saturation), magnetite 
biomineralization is increasingly stimulated by a decrease 
in oxygen concentration [30, 32]. Highest quantity and 
largest magnetite crystals are formed under denitrifying 
conditions in the entire absence of oxygen with nitrate 
(NO3

−) as the only electron acceptor for respiration 
[30, 32–35]. However, anoxic flask cultivation to yields 
higher than about 0.3 OD565 is difficult due to the result-
ing toxic effects of denitrification intermediates such as 
nitrite (NO2

−), which accumulate at NO3
− concentra-

tions higher than 10  mM [33, 34]. This tradeoff can be 
alleviated by microaerobic cultivation, where oxygen and 
nitrate respiration overlap [32–35]. Nonetheless, the con-
trolled microoxic conditions below 10% dO2, needed for 
optimal magnetosome production, are difficult to main-
tain and often require specific adaptations for the stable 
regulation, such as the programming of a reliable auto-
mated control cascade, and the bioreactor setup has to be 

characterized and optimized to enable homogenous mix-
ing as well as precise and stable dO2 adjustment.

In the first systematic study, Heyen and Schüler [32] 
investigated growth and magnetosome biosynthesis of 
M. gryphiswaldense, M. magnetotacticum and M. mag-
neticum in a 4 L bioreactor at various pO2 tensions from 
0.25 mbar to 212 mbar (dO2 of 0.1% to 100% of air sat-
uration) using an automated oxygen regulation with 
a specialized pO2 measurement and gas supply setup. 
They showed a clear correlation between pO2 and mag-
netosome biosynthesis in all three magnetospirilla and a 
maximum magnetosome yield of 7.9 mg L−1 was reached 
with M. gryphiswaldense at 0.25 mbar pO2 with a biomass 
yield of 0.4  g dry weight per liter (gdw  L−1) (OD565 1,4) 
[32].

Sun et  al. [36] applied a microoxic fed-batch oxystat 
strategy, where oxygen intake into the medium was regu-
lated solely by agitation with a fixed airflow rate. High-
est biomass and magnetosome yields of 2.17  gdw  L−1 
(OD565 7.24) and 41.7 mg L−1, respectively, were reached 
in a 42  L bioreactor, where stirrer speed was increased 
manually in increments of 40 rpm whenever the growth 
rate decreased markedly. Furthermore, dO2 was per-
manently kept below the dO2-probe’s sensitivity. In 
follow-up studies by Liu et al. [37] and Zhang et al. [38], 
the feeding strategy was further improved, resulting in 
biomass and magnetosome yields of OD565 12.2 and 
82.23 ± 5.36  mg  L−1 up to 9.16  gdw  L−1 (OD565 42) and 
356.52  mg  L−1, respectively. Again, in these studies, 
the stirrer speed was increased in pre-set time intervals 
independent of measured dO2. A different approach was 
applied by Fernandez-Castané et  al. [39] in a 5 L biore-
actor, where dO2 was controlled by manual adjustment 
of airflow between 0 and 0.1  standard liter per minute 
(SLPM) and agitation between 100 and 500 rpm, thereby 
keeping the dO2 permanently below the dO2-probe’s sen-
sitivity (dO2 below 1% of air saturation). This resulted 
in biomass and magnetosome yields of OD565 16.6 and 
54.3 ± 0.4 mg L−1, respectively [39]. Moreover, cell mor-
phology and viability were further investigated by flow 
cytometry, thereby showing viable cells throughout the 
fermentation process [40].

The most recent study conducted by Berny et  al. [41] 
employed a manual regulation regime to cultivate M. 
gryphiswaldense in a minimal medium avoiding com-
plex, non-defined constituents such as peptone and yeast 
extract. Maximal biomass and magnetosome yields were 
2.4 gdw L−1 (OD565 8) and 10 mg L−1, respectively [41].

During an investigation of oxygen and iron impact 
on gene expression, an automated oxystat regime in 
a 1  L bioreactor based on dynamic gas blending of 
nitrogen and air was applied, whereas agitation and 
maximal gas flow remained constant at 120  rpm and 
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1 SLPM, respectively [42]. In this study, set dO2 values 
of 0.5% and 5% were kept stable over the fermentation, 
however this regime led to a steady decrease of oxygen 
concentration during growth at set dO2 values above 
15% [42].

Despite the impressive improvements in M. gryph-
iswaldense fermentation, which resulted in ODs as 
high as 16–42 and magnetosome yields > 35  mg  mag-
netite  L−1 [38, 39], respectively, application has been 
hampered by the discontinuous dO2 control through-
out cultivation. This in turn makes scale-up and trans-
fer of protocols to other fermenter systems difficult, 
due to the highly specific, empirically determined 
parameters optimized for the particular type of biore-
actor used in these studies. By contrast, an automated 
oxygen regulation regime would allow to overcome 
these limitations and thereby enhances reproducibil-
ity and handling through standardization of the pro-
cess. Moreover, while it is well known that dissolved 
oxygen concentrations also greatly affect the size, 
shape and crystallinity of magnetite particles, previous 
studies mostly focused on the analysis and optimiza-
tion of growth parameters rather than magnetosome 
characteristics. Typically, the Cmag (i.e. a light-scat-
tering parameter for the semiquantative estimation 
of average magnetic alignment of cells [29]) and the 
intracellular iron content were used as proxies to 
quantify magnetosome bioproduction, even though 
these techniques do not provide precise information 
on the number, size and shape of magnetite particles. 
Finally, another important, but so far neglected aspect 
of process reproducibility is the preparation and treat-
ment of precultures from stock to inoculation (i.e. the 
‘seed-train’).

The aim of this study was the establishment and 
characterization of an oxystat fermentation regime for 
cultivation of M. gryphiswaldense employing an auto-
matic cascade regulation for precise control of dO2, 
which was successfully applied for 95%, 10% and 1% 
dO2 values. Additionally, magnetosome biosynthesis 
was monitored throughout cultivation employing a 
combination of complementary analytical techniques 
including atomic absorption spectroscopy (AAS), 
quantitative transmission electron microscopy (TEM) 
and small-angle X-ray scattering (SAXS) [43] to study 
the composition and structure of the forming nano-
particles. To the best of our knowledge, the unique 
combination of complementary analytical techniques 
employed in this study provides the first truly quan-
titative assessment of magnetosome bioproduction 
at well-defined oxygen concentrations, thus enhanc-
ing the understanding of oxygen impact in magnetite 
biomineralization.

Results
Establishment of an automated oxystat fermentation 
regime
The seed-train used in this study encompassed two pas-
sages for initial subcultures incubated in 10 mL at room 
temperature (24 °C) for 40 h. Further subcultivation was 
performed by step-wise scale-up in screw-capped bottles 
of different sizes to reach the final inoculum of 300 mL at 
an OD565 of 0.8 (equivalent to about 1.8 × 108 cells mL−1) 
after 16 h with magnetic (Cmag = 1.20), highly viable cells 
(as judged by their motility), encompassing ~ 15 genera-
tions from stock to final inoculum. This seed-train (as 
summarized in Fig. 1) was used in all subsequent fermen-
tation experiments.

To ensure optimal and reproducible oxygen input and 
dispersion, we first characterized and optimized the setup 
of the 3 L bioreactor. Mixing and oxygen transfer could 
be greatly improved by combining a radial (Rushton) and 
axial mixing (pitched blade) impeller type [44].

Next, we aimed to establish a controlled oxystat fer-
mentation regime for a wide range of oxygen concentra-
tions. To ensure constant dO2 throughout growth, we 
used a Proportional Integral (PI) controller mediated cas-
cade for automated regulation by combining control of 
airflow and stirrer speed. The cascade was programmed 
to match the requirements that both stirrer speed and 
airflow have to precisely maintained at low levels in the 
beginning, but need to be sufficiently high to sustain 
increasing cell densities throughout cultivation. Accord-
ingly, stirring as well as airflow were increased in a step-
wise manner independently from each other, exclusively 
regulated by the PI-controller output (Fig. 2a). To test the 
precision of the optimized dO2 regulation, fermentations 
were performed at oxic (dO2 95%) and microoxic (dO2 
10% and 1%) conditions.

With a set value of 95% (200  mbar), dO2 was main-
tained precisely over the entire cultivation, with only 
minor fluctuations (median of 94.9%) (Fig. 2b). The final 
OD565 of 0.76 was reached after 30  h, but as expected 
only a weak Cmag of 0.1 was detectable, due to known 
inhibition of magnetite biomineralization by dO2 above 
5% (10 mbar) [32].

At 10% (20 mbar) set dO2 value, monitored oxygen was 
consistently stable with a median of 10% dO2. Larger fluc-
tuations at 10% dO2 were observed during main growth 
phase between 10–16 h of incubation, where the control 
cascade has to cope with increasing oxygen requirements 
of the culture (Fig.  2b). Although growth was greatly 
enhanced (maximal OD565 of 1.2 after 35 h) compared to 
oxic conditions (95% dO2), magnetosome biomineraliza-
tion was still inhibited as indicated by a low Cmag value of 
0.1 at the end of process, similar as previously described 
[32].
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At 1% (2  mbar) set dO2 value, the median of meas-
ured dO2 was 0.9%. Here, most of the sporadically 
occurring fluctuations in dO2 were also observed dur-
ing main growth phase between 11–20 h of incubation. 
These fluctuations result most likely by a combination 
of both probe sensitivity, visible by higher background 
fluctuations at 1% dO2 in comparison to higher set dO2 

values and cascade reactivity, indicated by a higher 
fluctuation frequency during the main growth phase. 
Despite of the sporadic dO2 fluctuations (Fig.  2b), 
growth and magnetosome formation (Cmag) were con-
sistent in duplicate experiments with maximal OD565 
of 1.1 after 18  h and highest Cmag of 0.7 (Additional 
file  1: Figure S2). Since at dO2 concentrations below 
1%, the frequency of these sporadic fluctuations would 

Fig. 1  Overview over the oxystat fermentation approach including seed-train, production with different stirrer speeds (rounds per minute = rpm) 
as well as airflow rates (standard liter per minute = SLPM) and magnetosome characterization by transmission electron microscopy (TEM) and 
small-angle X-ray scattering (SAXS). See text for more details

Fig. 2  a Programmed cascade for automated dO2 control by dynamic adjustment of agitation (black) and aeration (grey) with compressed air (21% 
dO2). b Representative fermentations at 95% (red circles), 10% (blue squares) and 1% (orange diamonds) dO2. OD565 is indicated by filled symbols. 
dO2 is indicated by solid lines
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increase, thereby disrupting stable oxygen control, 1% 
dO2 was investigated as lowest oxygen condition in the 
following experiments.

Effect of the oxygen concentration on growth, substrate 
consumption and biomineralization
In order to estimate the effect of different dO2 tensions 
on growth and magnetosome biomineralization, we per-
formed batch fermentations in biological triplicates and 
with independent seed-trains at oxic (95% dO2) and 
microoxic (1% dO2) conditions. For comparison, anoxic 
(0% dO2) fermentations were performed, which were 
expected to sustain optimal magnetosome biosynthesis. 
For anoxic (denitrifying) growth, the concentration of 
nitrate as electron acceptor was increased to 10  mM to 
enable higher cell yields, while 4 mM nitrate was supple-
mented at microoxic and oxic growth conditions.

Under all tested conditions, growth was highly consist-
ent among replicates as shown in Fig.  3d. As observed 
before, growth was lowest at 95% dO2 with a growth rate 
of 0.07 ± 0.009  h−1 (doubling time of 9.61 ± 1.3  h). The 
maximal OD565 under this condition of 0.71 ± 0.05 was 
reached after 35  h. Maximal growth among all tested 
conditions was observed at 1% dO2 with a growth rate 
of 0.15 ± 0.007  h−1 (doubling time of 4.76 ± 0.23  h) and 
a maximal OD565 of 1.06 ± 0.06 after ca. 18  h. In the 
absence of O2 (0% dO2), the growth rate was reduced to 
0.13 ± 0.005  h−1 (doubling time of 5.24 ± 0.21  h) with a 
maximal OD565 of 0.49 ± 0.01 after 25 h. In all three cases, 
cells were highly motile (i.e. viable) and showed appar-
ently identical sizes and helical cell shapes at the end of 
growth (average cell length of 3.4 ± 0.9 µm) (Fig. 3a–c).

Consistent with the observed growth rates, lactate as 
the main carbon source and nitrate as the main nitro-
gen source as well as the main electron acceptor under 
anoxic and oxygen-limited conditions were depleted 
from the medium with different rates during the main 
growth phase (Fig. 3e, f ). Both oxic (95% dO2) and anoxic 
(0% dO2) cultures showed low lactate consumption 
rates with 2.67 ± 1.17 and 3.12 ± 1.17  mM  h−1  OD−1

565, 
respectively. The highest lactate consumption was 
observed under microoxic (1% dO2) conditions with 
4.76 ± 0.23 mM h−1 OD−1

565, whereas biomass yields in mg 
dry-weight per mmol substrate (Yx/s) did not significantly 
differ between oxygen conditions (Table 1).

The lowest NO3
− consumption was observed during 

aerobic growth (0.71 ± 0.28  mM  h−1  OD−1
565), because 

here nitrate serves only as nitrogen source, due to repres-
sion of respiratory nitrate reduction by O2 as electron 
acceptor (Fig. 3f ) [33, 34].

At low (1%) dO2 tensions, nitrate as well as oxygen 
were both simultaneously used as electron acceptors for 
respiration [34, 35], which is consistent with an increased 

NO3
− consumption of 1.09 ± 0.15  mM  h−1  OD−1

565 
(Table 1).

Highest nitrate consumption was observed dur-
ing anaerobic growth. After 25  h, nitrate ini-
tially present at 10  mM was completely consumed 
(6.13 ± 0.83 mM h−1 OD−1

565), resulting in limited growth 
under these conditions as indicated by the early onset 
of the stationary phase marked by the slight decrease 
of OD565 as typically observed for M. gryphiswaldense 
(Fig. 3d, f ). Although a clear correlation between growth 
and nitrate concentration was observed, the use of a 
higher initial amount of nitrate is prohibited by the accu-
mulation of toxic intermediates during denitrification 
[33, 34]. Alternatively, addition of nitrate upon depletion 
could theoretically prolong the main growth phase, since 
substrates such as lactate and iron are still sufficiently 
present in the fermentation medium.

For evaluation of the oxygen impact on magnet-
ite biomineralization, we characterized magnetosome 
quality at 95%, 1% and 0% dO2 by the at line techniques 
Cmag and AAS (Fig.  3g, h) as well as the quantitative 
techniques TEM and SAXS (Additional file  2: Figure 
S3). Different oxygen conditions had a clear effect on 
biomineralization: A Cmag value of 0.99 ± 0.01 was meas-
ured under anoxic conditions, indicating optimal mag-
netosome production of the culture, which was also 
confirmed by TEM (Fig. 4a, TEM). Here, largest magne-
tosome particles were observed with average diameters 
of 33.8 ± 9.4 nm at the end of the process after 34 h. At 
the start of growth, magnetosome particle sizes originat-
ing from the microoxic inoculum were at 25.8 ± 8.9 nm 
with a wide distribution including both smaller and 
larger particles (Fig.  4a, seed-train). Already after 15  h 
in mid-growth phase, particle sizes steadily increased 
to 32.0 ± 9.5  nm with fewer smaller particles (Fig.  4a, 
mid-growth). At the end of growth after 20 h, a further 
increase to 33.5 ± 9.1 nm was observed (Table 2), whereas 
longer incubation did not lead to a significant increase in 
magnetosome size, thus marking the maximum of mag-
netosome particle sizes in the batch fermentation experi-
ment (Fig.  4a, end of growth). To further estimate O2 
effects on biomineralization during cell elongation, the 
determined average magnetosome number per cell was 
normalized to cell length. Throughout cultivation num-
bers of magnetosomes remained constant at around 25 
with approximately 8 magnetosomes (MS) per µm cell 
length (= MS µm−1). Only in mid-growth phase, a slight 
increase of around 0.7  MS  µm−1 was observed, most 
likely caused by smaller cells during faster division in this 
growth phase (Table  2). Additionally, particle morphol-
ogy was much more homogeneous at the end of the pro-
cess in comparison to the start (Fig. 4a, TEMs). Overall 
magnetite crystals appeared more evenly shaped under 
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Fig. 3  TEM micrographs of cells grown under a oxic (95% dO2, scalebar 1 µm), b microoxic (1% dO2, scalebar, 500 nm) and b anoxic (0% dO2, 
scalebar 1 µm) conditions. Growth and substrate consumption triplicates at dO2 tensions of 95% (red), 1% (orange) and 0% (blue). d Growth by 
OD565. e Lactate concentration in mM. f Nitrate concentration in mM. g Magnetic response Cmag. h Iron content of the cell pellet in µg mgdw

−1
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anoxic conditions. Consistently, throughout growth also 
the intracellular iron content increased steadily, reaching 
up to 25.3 ± 0.9 mg gdw

−1 (Fig. 3h).
At 1% dO2 a medium Cmag of 0.74 ± 0.007 was meas-

ured. Accordingly, microoxic conditions led to inter-
mediate-sized magnetosome particles of 29.3 ± 7.9  nm 
in comparison to anoxic and oxic conditions (Table  2). 
Here, particle sizes increased throughout the fermenta-
tion process. Seed-train cultures under uncontrolled dO2 
conditions showed particle sizes of 26.7 ± 8.5 nm (Fig. 4b, 
seed-train). In mid-growth phase after 14 h of incubation, 
average particle diameter was 26.7 ± 8.4 nm (Fig. 4b, mid-
growth), but reached a maximum of 29.3 ± 7.9 nm after 
18 h incubation. Due to the fact that no further increase 
in magnetosome size was observed under anoxic con-
ditions as optimal magnetosome forming conditions 
between mid-growth and stationary phase, final mag-
netosome sizes were investigated at the end of the main 
growth phase. Cells contained ca. 28 magnetosome par-
ticles per cell with ca. 8 MS µm−1. Furthermore, particle 
and chain morphology became more regular throughout 
the process (Fig.  4b, TEMs). The intracellular iron con-
tent steadily increased up to 14.4 ± 0.4 mg gdw

−1 (Fig. 3h).
Oxic (95% dO2) conditions entirely abolished magne-

tosome bioproduction, as indicated by a steady decrease 
of Cmag down to nearly 0 (Table 3). Additionally, in TEM 
analyses only 10% of the cells showed up to three mag-
netosomes per cell likely originating from the microoxic 

inoculum. Further a steady decrease of iron content in 
the biomass was detected to 3.3 ± 0.7 mg gdw

−1 (Fig. 3h).
To further verify average magnetosome sizes deter-

mined by TEM image analysis, we applied SAXS as a 
volume-sensitive non-destructive bulk technique for the 
quantitative assessment of nanostructural parameters. 
Most importantly, SAXS analysis enables us to extract 
the radii of both, the magnetosome core (Rcore) and the 
surrounding magnetosome membrane (Rmembrane), while 
avoiding possible artifacts caused by sample preparation.

Average magnetosome radii (R, R = Rcore + Rmembrane) 
analyzed by SAXS were derived from the first form fac-
tor minimum at q ≈ 0.03  Å−1 resulting in overall mag-
netosome diameters of 2R = 39 ± 7  nm for 0% dO2 and 
2R = 34 ± 7 nm for 1% dO2 (both Gaussian size distribu-
tion, Additional file 2: Figure S3 A solid blue and yellow 
line). The contribution of surrounding vesicles to the 
magnetosome radius R was estimated by modeling the 
Guinier law representative of small spherical objects to 
the SAXS profile of aerobically cultivated samples, which 
do contain little or no magnetite within the empty vesi-
cle. In this model, the proteinaceous vesicle membrane 
is regarded as an envelope composed of spherical pro-
tein structures with radii smaller than the magnetite core 
(Additional file 2: Figure S3 B, solid green line). Since the 
sharp phase boundary in the excess electron density dis-
tribution between magnetite crystal and its surrounding 
membrane blurs in polydisperse multi-particle systems, 

Table 1  Growth and  substrate consumption rates of  cells during  main growth phase at  95% (12–18  h), 1% (10–17  h) 
and 0% (17–23 h) dO2

Rates were measured in biological triplicates. Iron content of the biomass was measured after the end of cultivation at 35 h. Biomass productivity per mol substrate 
for lactate and nitrate (Yx/s) was calculated for the end of growth, where OD565 reached the maximum

95% dO2 1% dO2 0% dO2

Growth rate µ [h−1] 0.07 ± 0.009 0.15 ± 0.007 0.13 ± 0.005

Doubling time [h] 9.61 ± 1.3 4.76 ± 0.23 5.24 ± 0.21

Maximal OD565 0.71 ± 0.05 1.06 ± 0.06 0.49 ± 0.01

Lactate consumption rate [mM h−1 OD−1
565] 2.67 ± 1.17 4.63 ± 1.02 3.12 ± 1.17

Yx/s [mgdw mmol−1
lactate] 4.59 ± 0.88 4.08 ± 0.43 5.40 ± 1.04

Nitrate consumption rate [mM h−1 OD−1
565] 0.71 ± 0.28 1.09 ± 0.15 6.13 ± 0.83

Yx/s [mgdw mmol−1
nitrate] 26.5 ± 4.6 21.1 ± 4.2 2.5 ± 0.9

Cellular iron content [mg gdw
−1] 3.3 ± 0.7 14.4 ± 0.4 25.3 ± 0.9

Fig. 4  a Transmission electron micrographs of representative cells (scale bar 200 nm) and magnetosome particle sizes under anoxic (0% dO2) 
conditions at different timepoints of the process. Seed-train = 0 h (n = 2925), mid-growth = 15 h (n = 3069) and end of growth = 20 h (n = 3058). 
b Transmission electron micrographs (scale bar 1 µm (left micrograph) and 200 nm) and magnetosome particle sizes under microoxic (1% dO2) 
conditions at different timepoints of the process. Seed-train = 0 h (n = 3421), mid-growth = 14 h (n = 2267) and end of growth = 18 h (n = 3180). 
In box plots, the box indicates the interquartile range, the bar indicates the median, and the red dot represents the mean. Grey dots represent data 
points above or below the 95th and 5th percentile. The violin plots show the magnetosome particle size distribution of measured particle sizes. For 
statistical comparison of particle sizes, Wilcoxon rank sum test was performed (****, p < 0.0001; ns, not significant)

(See figure on next page.)
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the membrane thickness of Rmembrane = 1.7 nm estimated 
from the radius of gyration (Rg = 1.3 nm), has to be sub-
tracted prior to comparison with TEM data, which are 
predominantly sensitive to the high contrast magnet-
ite core. Taking the thickness of the biomembrane into 
account, the dimensions extracted from SAXS measure-
ments are in very good agreement with the TEM results 
(Table 3).

Discussion
Since optimum growth and magnetosome biosynthesis 
only occur within a narrow range of oxygen concentra-
tion, reproducibility of both greatly suffers from unstable 
O2 control. In this study we established a well character-
ized, automated oxystat fermentation regime, which ena-
bles both reproducible cultivation of M. gryphiswaldense 
over several oxygen conditions (0%, 1% and 95% dO2) as 
well as highly uniform magnetosome production. The 
regime was designed to solve three major limitations: 
First, a standardized microoxic seed-train procedure 
was developed to enhance process stability by inocula-
tion of the bioreactor with highly viable cells resulting in 
highly reproducible growth behavior among biological 

triplicates (Fig.  3a). Second, a cultivation process with 
an automated oxygen control cascade was designed and 
successfully applied for stable regulation of oxic and 
microoxic dO2 concentrations. Even at 1% as lowest 
dO2 condition tested, cultures showed highly consist-
ent growth behavior (Additional file 1: Figure S2). Third, 
a comprehensive analytical workflow for magnetosome 
particle characterization combining a variety of different 
techniques was established for evaluation of magneto-
some quality. Additionally, magnetosome production was 
assessed by theoretically calculated productivities of pure 
magnetite based on intracellular iron measurements.

Our automated cultivation regime thus enabled higher 
reproducibility and more precise regulation of cultiva-
tion conditions in comparison to manually controlled 
fermentation regimes [36–39, 41]. This was achieved by 
a dynamic response to changing oxygen requirements of 
the culture using an up-to-date fermentation system with 
standard oxygen electrodes and thermal mass flow con-
trollers for gas inlet instead of specialized custom biore-
actor modifications [32].

As already observed in previous studies [30, 32] differ-
ences in growth and magnetosome biosynthesis between 
O2 conditions were confirmed. Maximal growth rates 
during the main growth phase were reached at 1% dO2. 
Growth became limited by the depletion of lactate, 
whereas the depletion of nitrate could be compensated by 
oxygen as electron acceptor and other nitrogen sources.

With increasing oxygen concentration, growth became 
impaired by oxidative stress, as indicated by a decrease in 
growth rate at 95% dO2. Again, growth was inhibited by 
lactate depletion, whereas nitrate consumption was much 
lower because of repression of denitrification by high 
oxygen access regulated by a homologue of the oxygen-
sensing transcription factor Fnr called MgFnr [34]. In M. 
gryphiswaldense nitrate reduction is the only pathway 
for energy production instead of oxygen respiration in 
anoxia resulting in rapid nitrate depletion [33]. Accord-
ingly, anoxic growth was limited by nitrate depletion in 
the growth medium. Additionally, weakest growth was 
observed under anoxic conditions, caused by consump-
tion of nitrate as the sole electron acceptor [33]. Since the 
results show rapid nitrate depletion and increasing the 
initial nitrate concentration is limited due to the accumu-
lation of toxic intermediates in batch processes, a way to 
increase biomass yield would be a dynamic nitrate feed-
ing strategy in future studies. While ammonium seems to 
be the preferred nitrogen source for several bacteria like 
Escherichia coli [45, 46], nitrate enabled highest growth 
and magnetite yields in magnetospirilla under microoxic 
conditions [33, 47].

The main scope of our study was the automation 
of the process and characterization of magnetosome 

Table 2  Characteristics of  magnetosomes produced 
under anoxic and microoxic conditions

Magnetosome diameter was measured with approximately 1000 particles per 
triplicate. Cell length was determined for 100 cells

Process 
time

MS 
diameter
[nm]

Cell length
[µm]

MS/Cell MS/cell length
[µm−1]

Anoxic

 0 h 25.8 ± 8.9 3.0 ± 0.7 24.4 ± 2.3 8.1 ± 0.5

 15 h 32.0 ± 9.5 2.9 ± 0.6 25.6 ± 0.6 8.8 ± 0.8

 20 h 33.5 ± 9.1 3.0 ± 0.8 25.5 ± 2.1 8.4 ± 0.2

 34 h 33.8 ± 9.4 3.1 ± 0.7 25.3 ± 0.6 8.1 ± 0.2

Microoxic

 0 h 26.7 ± 8.5 3.3 ± 0.8 29.2 ± 2.7 8.8 ± 0.1

 14 h 26.7 ± 8.4 3.1 ± 0.8 27.9 ± 0.9 8.9 ± 1.1

 18 h 29.3 ± 7.9 3.4 ± 0.9 28.4 ± 2.8 7.7 ± 0.6

Table 3  Cmag and  magnetite particle sizes measured 
by  quantitative TEM and  SAXS under  the  three tested 
dO2 conditions at  the  end of  cultivation after  34  h (95% 
dO2),18 h (1% dO2) and 34 h (0% dO2)

Cmag TEM SAXS [nm]

Median
[nm]

Average 
diameter 
[nm]

Oxic (95% dO2) 0.13 ± 0.005 – – –

Microoxic (1% dO2) 0.74 ± 0.07 29.7 29.3 ± 7.9 30.6 ± 7

Anoxic (0% dO2) 0.99 ± 0.01 35.0 33.8 ± 9.4 35.6 ± 7

59



Page 10 of 15Riese et al. Microb Cell Fact          (2020) 19:206 

parameters, rather optimization of high cell yields. 
Indeed, despite of the high reproducibility of our method, 
yields of biomass were still substantially lower (1 OD565) 
compared to previous fed-batch processes (14–42 OD565) 
[38, 39]. However, by employing feeding strategies based 
on the substrate consumption rates determined in our 
study, and an improved understanding of the metabolic 
mechanisms affecting cell growth and magnetosome 
formation, e.g. by metabolomic studies of M. gryph-
iswaldense [48], also biomass production can likely be 
substantially increased in future efforts using our oxystat 
regime.

Oxically grown cells (95% dO2) were essentially devoid of 
magnetosomes and displayed a Cmag of nearly 0 and a cel-
lular iron content of 3.3 mg gdw

−1. Decreasing the dO2 led to 
initiation of magnetosome biomineralization with an iron 
content of 14.4 mgiron gdw

−1 at 1% dO2 and 25.3 mgiron gdw
−1 at 

0% dO2 marking maximal magnetosome production. The 
size of magnetite particles increased during anoxic and 
microoxic fermenter growth, as well as the uniformity of 
both size and morphology, whereas uncontrolled oxygen 
conditions, such as in shaking flasks, led to a much wider 
distribution in magnetite particle diameter (Fig. 4).

Taken together, if we assume, that as much as 99% of 
the intracellular iron content is bound in magnetite [49], 
the highest overall magnetite productivity of the complete 
process was obtained at a dO2 of 1% of 0.109 mg L−1 h−1 
resulting from the highest maximal cell densities meas-
ured in this study (OD565 of 1). In contrast optimal mag-
netosome biosynthesis was reached anaerobically, yielding 
0.048 mg L−1 h−1. Highest proportion (66.4%) of magneto-
somes larger than 30 nm in diameter was obtained at 0% 
dO2, compared to 48.0% at 1% dO2 (Fig. 5). Furthermore, 
smaller magnetosomes (< 30 nm) are lost during magneto-
some isolation and purification [50].

Small-angle X-ray scattering (SAXS) intensities I(q) of 
magnetite producing cells (0% and 1% dO2, Additional 
file  2: Figure S3 A symbols) exhibited pronounced oscil-
lations at low and intermediate q, which are not visible in 
the scattering pattern of magnetosome deficient cells (95% 
dO2, Additional file 2: Figure S3 B solid lines). In contrast 
to these magnetosome-deficient samples, the scattering 
intensities of different batches of magnetosome-rich bac-
teria produced at identical dO2 conditions was remarkably 
reproducible concerning the size and polydispersity of the 
magnetosomes, which underlines the precise biological 
control of magnetite biomineralization (Additional file  2: 
Figure S3 B symbols, 3 batches, 0% dO2).

Although nearly no magnetosomes were detected in 
aerobically grown cells, differences between oxic samples 
(Additional file 2: Fig S3 B solid lines) in the q range of 
0.01-0.15 Å−1 hint towards the presence of flake-like par-
ticles with a radius of about R = 10  nm and a thickness 

of about 3.5  nm, which may point to precursor parti-
cles of hematite resulting from the disturbed magnetite 
biomineralization.

Conclusion
The streamlined seed-train and automated oxystat 
regime presented in this study provides well character-
ized and stable culturing environments for reproduc-
ible magnetosome production. By further expanding 
this regime with an optimized feeding strategy, future 
approaches can overcome growth limitations caused by 
substrate depletion. This would lead to higher yields with 
improved and reproducible magnetosome characteris-
tics. In addition, variable oxygen control may be used to 
adjust the size of magnetite particles with distinct mag-
netic characteristics ‘tailored’ for the desired applica-
tion. The future development of high-yield fermentation 
protocols combined with high process reproducibility 
and magnetosome characteristics, will pave the way for 
industrial production for wide-spread application in vari-
ous fields.

Materials and methods
Bacterial strains
Magnetospirillum gryphiswaldense strain MSR-1 (DSM 
6361; [28, 51]) was used in all experiments.

Determination of storage influence on cell viability
For investigation of effects on cell viability after pro-
longed storage at 4 °C, the number of passages, which are 
needed for minimal lag-phase length, was determined. 
Therefore, cells were inoculated from 4 °C stock cultures 
in 30  mL FSM in 50  mL conical centrifuge tubes incu-
bated shaking at 120 rpm and 28 °C for 24 h. After each 
passage (maximal 4 passages), cell growth was monitored 
with an initial OD565 of 0.01 using an Infinite 200pro 
microplate reader (Tecan, Männedorf, Switzerland) in 
24-well microtiter plates with 1 mL FSM and incubated 
shaking at 28 °C. In case of first passage, growth experi-
ments were inoculated directly from 4 °C stock cultures.

Seed‑train standardization
We first sought to establish a robust seed-train under 
microoxic conditions by optimizing scale up, incubation 
conditions, aeration (by variation of agitation, headspace 
to volume ratio, and closed lids vs. free exchange with 
air) and media composition (peptone and iron concen-
trations). Microoxic conditions were chosen for practi-
cal reasons, since they are known to provide a reasonable 
trade-off between growth and magnetosome biomineral-
ization, whereas anoxic and oxic conditions cause limited 
or impaired growth, respectively [32].
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As first step of the seed-train, M. gryphiswaldense 
cells were incubated at 24 °C in 15 mL conical centrifuge 
tubes with 10  mL flask standard medium (FSM) com-
prising: 10  mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid (HEPES) (pH 7.0), 15  mM potas-
sium lactate, 4 mM NaNO3, 0.74 mM KH2PO4, 0.6 mM 
MgSO4 x 7H2O, 50 µM iron citrate, 3 g L−1 soy peptone 
and 0.1 g L−1 yeast extract [32] . For cultivation in screw-
cap bottles, preculture medium was used comprising of 
10 mM HEPES (pH 7.0), 15 mM potassium lactate, 4 mM 
NaNO3, 0.74  mM KH2PO4, 0.6  mM MgSO4 × 7H2O, 
150  µM iron citrate, 1  g  L−1 soy peptone and 0.1  g  L−1 
yeast extract.

For standardization of the flask cultivation, growth 
and Cmag were tested of cultures cultivated in 50 mL and 
100  mL firmly closed screw-capped bottles with 30  mL 
medium incubated at 24 °C for 24, 40 and 48 h. Cultures 
were inoculated 1:10 with cells cultured in 15 mL tubes 
as described before. Samples were taken at the end of 
incubation to not disturb growth conditions by the sam-
pling procedure. The same experimental setup was used 
for cultivation in 500  mL and 1000  mL slightly opened 

screw-capped bottles with 300 mL medium incubated at 
28 °C for 16 or 20 h.

For routine cultivation, liquid stock cultures of 10 mL 
are usually stored at 4  °C, which however gradually 
decreases viability after prolonged storage (4–9  weeks) 
as observed in growth experiments (Additional file 3: Fig-
ure S1). We found that incubation of two successive pas-
sages at 28 °C for 24 h with slight agitation exposed to air 
resulted in efficient reactivation and robust outgrowth. 
Accordingly, the two passages were adapted for initial 
subcultures incubated in 10  mL at room temperature 
(24 °C) for 40 h, followed by one step in a 100 mL screw-
capped bottle with 30 mL medium at 24 °C for 40 h and 
one step in a 500 mL slightly opened screw-capped bot-
tle with 300  mL at 28  °C for 16  h. All culturing steps 
described in this section were inoculated with a culture 
to medium ratio of 1/10 and incubated at 120 rpm in an 
orbital shaking incubator.

Oxystat cultivation
A stirred-tank 3  L jacketed bioreactor was employed in 
this study (Bioflo™ 320, Eppendorf Bioprocess, Jülich, 

Fig. 5  Transmission electron micrographs and magnetosome particle sizes at process end among seed-train (n = 2925), microoxic (1% dO2) 
(n = 3180) and anoxic (0% dO2) conditions (n = 3025) with representative TEM micrographs of cells under the respective conditions (scale bar 
200 nm). In box plots, the box indicates the interquartile range, the bar indicates the median, and the red dot represents the mean. Grey dots 
represent data points above or below the 95th and 5th percentile. The violin plots show the magnetosome particle size distribution of measured 
particle sizes. For statistical comparison of particle sizes, Wilcoxon rank sum test was performed (****, p < 0.0001)
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Germany) equipped with four baffles and a stirrer with 
one pitched-blade impeller at the end of the agitator shaft 
and one Rushton impeller 4 cm above the pitched-blade 
impeller. Two cable ties were installed at the headspace 
part of the stirrer shaft leading to adequate, mechanical 
foam dispersion in fermentation experiments. The con-
trol units of the fermenter system were equipped with 
thermal mass flow controllers for gas inlet.

During the process, pH was monitored online with an 
InPro3253i (Mettler-Toledo, Columbus, USA) pH probe 
and was controlled at pH = 7 ± 0.1 by automated addi-
tion of 1  M H2SO4 to compensate for the basification 
during main growth or 1  M KOH in stationary phase. 
Oxygen concentration was measured online with an 
InPro6850i (Mettler-Toledo, Columbus, USA) O2 sensor 
with a lower limit of 6 parts per billion (ppb) an accuracy 
of ± 1%. After sterilization and cooling of the fermenter 
vessel to process temperature (28  °C), the medium was 
sparged first with nitrogen (dO2 0%) until measured raw 
current values were stable prior to zero calibration, fol-
lowed by sparging with air to saturation (dO2 100%) for 
O2 probe calibration.

Cultivation in bioreactors was carried out in 2.8  L of 
large-scale medium (LSM) comprising 15  mM potas-
sium lactate, 4 mM NaNO3, 0.74 mM KH2PO4, 0.6 mM 
MgSO4 x 7H2O, 150 µM iron citrate, 3 g L−1 soy peptone 
and 0.1  g  L−1 yeast extract. For anaerobic fermentation 
processes, additional sodium nitrate was supplemented 
to 10 mM to prolong the main growth phase due to the 
increased nitrate requirement. Prior to inoculation of 
anoxic and microoxic processes, oxygen was gassed out 
with nitrogen. During anaerobic processes, the medium 
was continuously sparged with 0.2  SLPM nitrogen to 
prevent oxygen diffusion into the system. Agitation was 
kept constant at 100  rpm. For processes under con-
trolled oxygen conditions (dO2 set point 1% and 95%), 
a programmed cascade controlled dO2 by automated 
adjustment of agitation (100–300  rpm) and airflow 
(0–10  SLPM) with compressed air (see results for cas-
cade specifications).

Cell growth and magnetic response
Cell growth and magnetic response was monitored turbi-
dimetrically by measuring the optical density at 565 nm 
(OD565) with an Ultrospec2000 pro spectrophotom-
eter. Magnetic response of the culture was measured as 
described in Schüler et  al. [29]. Briefly, cells were mag-
netically aligned perpendicular and vertical to the light 
beam of a photometer resulting in a change of the OD565. 
The ratio of maximal and minimal scattering intensi-
ties subtracted by 1 (Cmag) represents the magnetic 
response of the cells as estimation for magnetosome 
biomineralization.

Substrate monitoring
The lactate concentration was measured with the hand-
held device DiaSpect Tm (EKF Diagnostics, Germany) 
according manufacturer’s instructions.

The nitrate concentration was measured using the 
Szechrome NAS reagent (Polysciences inc., Warrington, 
USA) according to manufacturer’s instructions. Briefly, 
the working solution was prepared by mixing 85–86% 
phosphoric acid and 95–97% sulfuric acid in equimolar 
amounts. Afterwards 5  g  L−1 reagent were added and 
mixed until the reagent was completely dissolved. Sam-
ples were diluted with ddH2O to the expected sensitivity 
ratio (1–20  mg  L−1) of the reagent, followed by mixing 
of 100  µL of diluted sample with 1000  µL of the work-
ing solution in a cuvette. After 5 min of incubation, the 
absorption at 570  nm was measured using an Ultro-
spec2000 pro spectrophotometer.

Nitrite concentration was determined by using the 
Griess reagent kit (Sigma-Aldrich, st. Louis, USA) 
according to manufacturer’s instructions. Briefly, 1  g 
of Griess reagent was mixed with 25 mL ddH2O. After-
wards, 500 µL of the working solution were mixed with 
500 µL of the sample and after 5 min of incubation, meas-
ured photometrically at 540 nm.

Determination of iron content
To follow iron enrichment within cell pellets of M. 
gryphiswaldense, iron content was determined by 
atomic absorption spectroscopy (AAS) throughout 
the cultivation. 10  mL of fermentation broth from the 
bioreactor were pelleted at 3700 g for 10 min at room 
temperature using an Allegra® X-15R centrifuge (Beck-
man Coulter, Brea, USA). The pellet was resuspended 
in 5  mL 0.5  M HEPES pH 7.0 and was subsequently 
analyzed using an Analytic Jena contrAA300 high-res-
olution atomic absorption spectrometer (Analytik Jena, 
Jena, Germany) equipped with a 300  W xenon short-
arc lamp (XBO 301, GLE, Berlin, Germany) as contin-
uum radiation source. Detection was carried out with 
a compact high-resolution double monochromator and 
a charge-coupled device (CCD) array detector with a 
resolution of 2 pm per pixel in the far ultraviolet range. 
The wavelength for detection was set to 248.3 nm using 
an oxidizing air/acetylene flame. The measured val-
ues are given in mean values representing averaged 
values from three experiments measured in technical 
quintuplicates.

Transmission electron microscopy (TEM)
Transmission electron microscopy of whole cells was 
performed with specimens directly deposited onto 
carbon-coated copper grids (Science Services, Munich, 

62



Page 13 of 15Riese et al. Microb Cell Fact          (2020) 19:206 	

Germany). For TEM imaging a Jeol Jem 1400 + (Freis-
ing, Germany) was operated at an acceleration volt-
age of 80  kV. Image acquisition was performed with 
a Gatan Erlangshen ES500W CCD camera. Aver-
age particle sizes were measured by data processing 
with ImageJ software package v1.52i. For quantitative 
assessment of magnetite particle biomineralization at 
different timepoints, specifically at the process start, 
in the mid-exponential growth phase and at end of 
growth 1000 magnetosome particles per triplicate were 
counted and combined for evaluation.

Small‑angle X‑ray scattering (SAXS)
Nanostructural investigation of magnetosomes was per-
formed as described in Rosenfeldt et al. [43]. Briefly, har-
vested cells were centrifuged at 8300 g for 10 min using a 
Sorvall RC-5B Plus centrifuge (Thermo Fisher Scientific, 
Waltham, USA), resuspended in 50  mM HEPES buffer 
pH 7.0 and filled into glass capillaries (ø = 1 mm, Hilgen-
berg, Germany). Samples were measured using a Double 
Ganesha AIR system (SAXSLAB, Skovlunder, Denmark). 
A rotating anode (Cu, MicroMax 007HF, Rigaku Corpo-
ration, Japan) served as source for monochromatic radia-
tion with a wavelength of λ = 1.54  Å. Two dimensional 
scattering patterns were recorded with a position-sen-
sitive detector (PILATUS 300 K, Dectris) and converted 
into 1-dimensional intensity profiles of I(q) vs q by radial 
averaging. The obtained 1D-SAXS data were normalized 
to accumulation time, sample thickness and transmission 
before subtraction of the scattering contributions of the 
solvent. A glass capillary filled with HEPES buffer was 
used for background correction. The scattering curves 
were analyzed based on a model of monodispersed, non-
interacting spheres arranged in a chain using the soft-
ware SasView 4.2.

Statistical analyses
Group data are reported as mean ± standard deviation. 
For determination of statistical significance, Wilcoxon 
rank sum test was performed using R-software.
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ABSTRACT Magnetosomes are complex membrane organelles synthesized by mag-
netotactic bacteria (MTB) for navigation in the Earth’s magnetic field. In the alphap-
roteobacterium Magnetospirillum gryphiswaldense, all steps of magnetosome forma-
tion are tightly controlled by .30 specific genes arranged in several gene clusters.
However, the transcriptional organization of the magnetosome gene clusters has
remained poorly understood. Here, by applying Cappable-seq and whole-transcrip-
tome shotgun RNA sequencing, we show that mamGFDCop and feoAB1op are tran-
scribed as single transcriptional units, whereas multiple transcription start sites (TSS)
are present in mms6op, mamXYop, and the long (.16 kb) mamABop. Using a biolu-
minescence reporter assay and promoter knockouts, we demonstrate that most of
the identified TSS originate from biologically meaningful promoters which mediate
production of multiple transcripts and are functionally relevant for proper magneto-
some biosynthesis. In addition, we identified a strong promoter in a large intergenic
region within mamXYop, which likely drives transcription of a noncoding RNA impor-
tant for gene expression in this operon. In summary, our data suggest a more com-
plex transcriptional architecture of the magnetosome operons than previously recog-
nized, which is largely conserved in other magnetotactic Magnetospirillum species
and, thus, is likely fundamental for magnetosome biosynthesis in these organisms.

IMPORTANCE Magnetosomes have emerged as a model system to study prokaryotic
organelles and a source of biocompatible magnetic nanoparticles for various bio-
medical applications. However, the lack of knowledge about the transcriptional or-
ganization of magnetosome gene clusters has severely impeded the engineering,
manipulation, and transfer of this highly complex biosynthetic pathway into other
organisms. Here, we provide a high-resolution image of the previously unappreci-
ated transcriptional landscape of the magnetosome operons. Our findings are im-
portant for further unraveling the complex genetic framework of magnetosome
biosynthesis. In addition, they will facilitate the rational reengineering of magnetic
bacteria for improved bioproduction of tunable magnetic nanoparticles, as well as
transplantation of magnetosome biosynthesis into foreign hosts by synthetic biol-
ogy approaches. Overall, our study exemplifies how a genetically complex pathway
is orchestrated at the transcriptional level to ensure the balanced expression of the
numerous constituents required for the proper assembly of one of the most intri-
cate prokaryotic organelles.

KEYWORDS MTB,Magnetospirillum, magnetosomes, operons, promoters, transcription,
transcriptome
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One of the most complex organelles found in prokaryotic cells is the magnetosome,
which serves in magnetotactic bacteria (MTB) as a sensor for navigation in the

Earth’s magnetic field (1). In the long-standing model organism Magnetospirillum gry-
phiswaldense strain MSR-1 (referred to here as MSR-1) and related MTB, magnetosomes
consist of a monocrystalline core of magnetite (Fe3O4) enclosed within a membrane.
The unprecedented crystalline and magnetic properties of bacterial magnetosomes
make them highly attractive in several biotechnical and biomedical settings, such as
magnetic imaging and hyperthermia, as well as magnetic separation and drug target-
ing (2). Their application potential can be further enhanced by genetic or chemical
coupling of functional moieties to the magnetosome membrane (3). Furthermore, it
has been suggested to build magnetic nanostructures within eukaryotic cells for local
heat generation or as reporters for magnetic imaging by borrowing genetic parts from
bacterial magnetosome biosynthesis in the field of “magnetogenetics” (4, 5).

In MSR-1, biosynthesis of magnetosomes proceeds in several steps, including (i)
invagination of the cytoplasmic membrane to form a magnetosome membrane (MM)
vesicle; (ii) sorting and dense packing of specific magnetosome proteins (MAP) into the
MM; (iii) uptake of iron and biomineralization of well-ordered magnetite crystals; and
(iv) the assembly and positioning of nascent magnetosomes into linear chains (6–8).
Besides some functions contributed by generic metabolic pathways (9), all these proc-
esses are governed by more than 30 proteins designated as Mam (magnetosome mem-
brane), Mms (magnetosome particle membrane-specific), and Feo (magnetosome-specific
Fe21 transport system), which together constitute a sophisticated machinery exerting strict
control over each step of magnetosome biosynthesis. In MSR-1, all MAPs are encoded
within five major polycistronic operons (MagOPs, Fig. 1A) as follows: mamABop (16.4 kb),
mamGFDCop (2.1 kb), mms6op (3.6 kb), mamXYop (5 kb), and feoAB1op (2.4 kb) (10–13).
The MagOPs are clustered within an ;110-kb chromosomal region termed the genomic
magnetosome island (MAI), where they are interspersed with genes irrelevant for magne-
tosome biosynthesis (14–17). The long mamABop comprises 17 genes and encodes all the
essential factors for magnetosome biosynthesis, whereas the other four operons play impor-
tant but accessory roles in magnetite biomineralization, chain assembly, and its intracellular
positioning (10, 17, 18). Transfer and expression of all five MagOPs from MSR-1 caused mag-
netosome biosynthesis in two different nonmagnetic bacteria, further substantiating the key
roles of this gene set in the process (19, 20). However, several further attempts to transplant
magnetosome biosynthesis to other bacteria have so far failed, partly owing to the poor and
imbalanced transcription from the as-yet-uncharacterized native promoters (Dziuba and
Schüler, unpublished).

In order to build such an intricate organelle, the MAPs have to be properly expressed
and targeted to the MM in defined and highly balanced stoichiometries that range, for
example, from 2 (e.g., MamX and MamZ) to 120 copies (Mms6) per magnetosome particle
(21), which requires a precise control over expression. One fundamental layer of regulation
is expected to act at the level of gene transcription, which has been addressed by only
few studies so far. Schübbe et al. demonstrated by reverse transcription-PCR (RT-PCR) that
genes from the three magnetosome gene clusters known at the time,mamABop,mms6op,
and mamGFDCop, are cotranscribed and thus represent genuine operons in MSR-1 (11).
Additionally, the study also identified a single transcription start site (TSS) for each transcript
by primer extension analysis, which suggested that each operon is transcribed as a single
unit (TU) driven by a primary promoter residing upstream of the first gene of each operon.
(11). Although no additional promoters could be identified within the operons in that study,
the presence of internal promoters, especially in mamABop (16.4 kb), could not be ruled out
based on the data available at that time (11). Later, the activity of a primary promoter
(PmamY) upstream of the newly discoveredmamXYop was demonstrated by a green flu-
orescent protein (GFP) reporter, whereas no additional promoters were identified (12). In
feoAB1op, a primary promoter (PfeoA1) was revealed by a LacZ reporter gene fusion in
MSR-1 (13). Despite that magnetosomes are synthesized only within a narrow range of
growth conditions, i.e., microoxic to anaerobic and in the presence of sufficient iron (22, 23),
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magnetosome genes have been found to be mostly constitutively expressed, where growth
conditions only weakly affected the abundance of magnetosome proteins, as demonstrated
by quantitative reverse transcription-PCR (qRT-PCR), Western blotting (11), and transcriptome
analysis (Riese et al., in preparation).

While these previous studies seemed to indicate a rather simple transcriptional or-
ganization of magnetosome genes, a growing amount of data suggest that a large
fraction of operons in other prokaryotes are complex, i.e., contain more than one inter-
nal promoter, terminator, or both, and hence are transcribed as mutually overlapping
TUs (24–27). For instance, studies on the 14-kb photosynthetic gene cluster in purple
nonsulfur Proteobacteria and the 27-kb fla/che cluster in Bacillus subtilis (28, 29), sug-
gested that an intricate landscape of transcriptional regulatory elements may be common
to such long polycistronic operons. Understanding of the transcriptional organization of
MagOPs in comparable detail is not only essential for unraveling the magnetosome bio-
synthesis regulation, but also for its future reconstitution, engineering, and tuning by syn-
thetic biology approaches in homologous and heterologous hosts. All of this prompted us
to reassess the architecture of the major magnetosome operons in MSR-1 by a compre-
hensive approach that included various RNA sequencing techniques, bioluminescence re-
porter assays, and promoter knockouts. By this, we confirmed the activity of the primary
promoters suggested before and revealed multiple novel promoters within the MagOPs.
We further show that these internal promoters can drive expression of downstream genes
in the absence of primary promoters. Taken together, our data suggest a much more com-
plex transcriptional organization of the MagOPs than deemed before and thus contribute
to unveiling the fundamentals of magnetosome biosynthesis.

FIG 1 Molecular organization and transcriptional architecture of the MagOPs revealed in this study. (A) Position of the promoters, whose activities were
confirmed by the bioluminescence assay, terminators, and asTSS in the MagOPs. Arrow height indicates the promoter strength measured by luminescence
(see the text for details). A slash separates a TSS number designation and the corresponding promoter (as in Table S2 in the supplemental material). (B)
Localization of TSS and TTS predicted by the transcriptome data sets. Numbers indicate TSS as in Table S2. “T” in the 39-end panel indicate TTS.

Architecture of Magnetosome Operons in MSR-1
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RESULTS
Identification of putative TSS and TTS in magnetosome operons by RNA sequencing.

Transcription start sites (TSS) were determined across the genome by the Cappable-seq
technique and whole transcriptome shotgun sequencing (WTSS). Cappable-seq is a
method of enriching for the 59 end of primary transcripts by enzymatically tagging the
triphosphorylated 59 end of RNA, which enables the determination of TSS at single-base
resolution (30). In addition, transcription termination sites (TTS) were determined using 39
end sequencing, by unambiguous peaks in combination with a read coverage decrease in
the WTSS data set (31). The identified TSS were classified into four groups using an auto-
mated script: (i) primary TSS (pTSS, i.e., positioned in front of the coding sequence), (ii) intra-
genic TSS in sense (iTSS) or (iii) antisense orientation (asTSS), and (iv) other TSS (oTSS) (Fig.
S1 in the supplemental material). From a total of 9,639 TSS identified in the entire transcrip-
tome, 319 were found in the MAI (position bp 269182 to 371200 in the genome), and 77
within the MagOPs (Summarized in Table S2 and Fig. 1B). Similar to the previously reported
prevalence of intragenic TSS in bacterial and archaeal transcriptomes (25, 30), the majority
(69.3%/6,674 TSS) of the TSS defined across the genome of MSR-1 occur within coding
sequences, with 3,273 TSS (34.0%) in sense orientation (iTSS), 3,401 TSS (35.3%) in antisense
orientation (asTSS), and 319 (3.3%) classified as others (oTSS) (Fig. S1). Only 2,646 (27.4%)
represented primary TSS (pTSS). The distribution of TSS within the MAI and the MagOPs was
largely similar (Fig. S1), with a total of 23 pTSS (25.0%), 39 iTSS (42.4%), and 27 asTSS (29.3%)
identified within the MagOPs. For enhancement of the TSS detection specificity, we
increased the enrichment score threshold to 1.4 and compared the putative TSS to the other
RNA-seq data sets (see Materials and Methods), resulting in 8 pTSS (32%), 7 iTSS (28%), 9
asTSS (36%), and 1 oTSS (4%) within the MagOPs (positions and number designations are
shown in Table S2 and Fig. 1B).

Among the MagOPs, feoAB1op and mamGFDCop appear to have a canonical structure,
with only a single pTSS located immediately upstream of the first gene of each operon (TSS
1 and TSS 4), but no internal TSS were found. Transcriptional terminations within the last
180 bp of feoB (feoAB1op) and 10 bp downstream ofmamC (mamGFDCop) were detected in
the 39 end data set.

In mms6op, a single pTSS (TSS 3) was detected 346 nucleotides (nt) upstream of mms6. In
addition, another unambiguous pTSS (TSS 2) is present within the intergenic 175-bp region
between mmsF and mms36. Furthermore, a putative TTS immediately downstream of mmsF
was found, whereas no TTS was determined after mms48 in the 39 end sequencing data set.
These observations indicate that mms6op might be transcribed as two separate TUs, mms6-
mmsF andmms36-mms48, each driven by its own TSS and separated by a terminator.

In mamXYop, two pTSS were located upstream of mamY (TSS 15 and TSS 16). An
additional pTSS (TSS 14) was found 102 bp upstream of mamX. The presence of a pro-
moter in this region was hypothesized previously, but could not be confirmed by a
GFP reporter assay (12). Besides, two asTSS were identified at positions 369,133 bp and
370,214 bp within mamXYop. The read coverage in the WTSS data set showed steady
transcription throughout the complete operon, gradually declining at the end of ftsZm,
but with no unambiguous TTS suggested by the 39 end sequencing (Fig. 1B).

Although the single pTSS (TSS 5), which was found 17 bp upstream of mamH, the
first gene in mamABop, did not exceed the thresholds applied for TSS identification, it
was added since its position is associated with the promoter “PmamAB” (referred to as
PmamH in this study) determined in the previous studies (11, 32). Furthermore, eight
iTSS were detected within the coding sequences of mamH (TSS 6), mamE (TSS 7),
mamL (TSS 8), mamO (TSS 10), mamP (TSS 11), mamA (TSS 12), and mamQ (TSS 13).
Additionally, a second putative iTSS (TSS 9) in mamL, which was identified by a con-
spicuous rise in read coverage in the WTSS data set, was further investigated. In addi-
tion, seven asTSS with significant read coverage in the Cappable-seq as well as the
WTSS data set were detected within mamH, mamO, mamA, and mamQ. The asTSS at
the position 330,492 bp was assigned due to the overlapping read coverage to the
neighboring asTSS (330,355 bp), despite being below the applied threshold of 1.4.
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Sequencing of 39 ends revealed no distinct TTS within or at the end of the operon.
Although a conspicuous increase in the 39 end sequencing read coverage was
observed within mamE, this was not accompanied by a decrease of read coverage in
the downstream genes in the WTSS data. The continuous read coverage of the
mamABop in WTSS argues for its uninterrupted transcription and the possible genera-
tion of at least one single long transcript, as suggested by Schübbe et al. (11).
However, the presence of multiple additional TSS within mamABop implies the exis-
tence of several overlapping TUs along with this potential long transcript.

Evaluation of predicted TSS by luminescence reporter assay. Next, we wanted
to experimentally verify the predicted sense TSS and estimate the activities of the
potential corresponding promoters. Bacterial luminescence was chosen as a reporter
because of its extremely high sensitivity in comparison to fluorescence and chromo-
genic reporters previously used in magnetospirilla (33–35). The maximal value of nor-
malized light units (RLUmax) was used to compare the relative strength of the tested
promoters (Fig. 1A, Table S3). By precise chromosomal integration of all cassettes into
the attTn7 site by Tn7 transposition (R. Uebe, manuscript in preparation), we aimed to
eliminate potential positional effects (Fig. 2A). Two terminator sequences, tr2 of phage
lambda and rrnB T1 from Escherichia coli, were inserted immediately upstream of the
promoter of interest (POI) to insulate it. However, preliminary tests of promoterless (P-
less) control cassettes revealed a weak (3,213.64 6 496.32 RLUmax) but detectable light
signal (Fig. 2Bi). This was likely caused by transcriptional activity of the neighboring
promoter(s) and indicated that the efficiency of termination by tr2 and T1 in MSR-1
was much lower than in E. coli, in which it can approach 100% (36). Nonetheless, tests
of several clones containing the control cassette demonstrated that this activity
remained roughly identical in at least three independent experiments. Therefore, these
signals were treated as background that would be predictably reproduced in all meas-
ured promoters, and only those POI that exceeded the RLUmax of the P-less control
were assumed to be active promoters (Fig. 2Bi to 2Bvii).

Reporter fusions exhibited significant transcriptional activity for all tested TSS, con-
firming that they are generated by genuine promoters. Thus, the activities of PfeoA1
and PmamG ranged from 100,592.9 to 143,000.8 RLUmax and 131,925.3 to 325,856.8
RLUmax, respectively (Table S3). This result was consistent with previous observations of
high activities estimated by a GFP reporter for PmamG and lacZ for PfeoA1 (13, 34). In
mms6op, both putative promoters associated with TSS 2 and TSS 3 (Pmms6 and
Pmms36, respectively) exhibited significant activities: 29,347.87 to 36,089.24 RLUmax for
Pmms36 and 35,956.18 to 66,616.58 RLUmax for Pmms6. This substantiates the putative
existence of two bicistronic mRNAs, as suggested by RNA sequencing.

In mamXYop, the primary promoter PmamY generated 69,670.43 to 88,076.17
RLUmax. Previously, PmamY was estimated to exhibit only 22.5% of PmamG activity by
GFP and GusA reporters (12). Here, the use of bioluminescence revealed a slightly higher, but
still comparable, activity of approximately 35.3% of PmamG. Previously, fusion of the inter-
genic fragment between mamY and mamX (PmamX) to a GFP reporter failed to reveal pro-
moter activity (12). Consistently, we were unable to detect any activity of this region with our
bioluminescence reporter, even when up to 20 nt from the 59 end of the mamX coding
sequence was included in the leader (data not shown). Inspection of this region did not reveal
any sequence resembling a canonical ribosome binding site (RBS) (59-AGGAGA-39) between
25 to 210 nt ahead of the start codon of mamX (Table S4). However, when the fusion con-
struct was augmented by insertion of the optimized Shine-Dalgarno sequence (optRBS, see
Materials and Methods, [34]), strong light emission became detectable (174,463.3 to 337,600.0
RLUmax). This confirmed the high transcriptional activity of this region as predicted by the tran-
scriptomic data but suggested that translation is inefficient due to the absence of a native RBS
and, hence, PmamX might rather generate an as-yet-unidentified species of noncoding RNA
(ncRNA) in its native context.

The predicted primary promoter PmamH of the mamABop demonstrated relatively
weak but significant activity (10,467.7 to 23,270.1 RLUmax). The activity of the potential
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FIG 2 Activity of promoters from the MagOPs evaluated by the bioluminescence assay. (A) Schematic representation of the cloning strategy for the in vivo
measurement of the promoter activity. Tr2 and T1, terminators; POI, promoter of interest. (B) Growth and luminescence curves of representative clones:

(Continued on next page)
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intragenic promoters corresponding to the predicted TSS 6 to 11 and TSS 13 (Table S2), i.e., P
(mamH), P(mamE), P(mamL1), P(mamL2), P(mamO), P(mamP), and P(mamQ), were first meas-
ured with their native leader sequences. Indeed, inspection of the regions directly upstream of
the next genes immediately following each intragenic promoter revealed sequences that may
function as an RBS for translation of the mamI,mamJ,mamM, andmamA products (hereafter
referred to as natRBS [native RBS]). However, no natRBS close to the start codons of mamP,
mamQ, or mamR could be predicted with confidence (Table S4). Nonetheless, all promoter
regions were cloned according to the same procedure, i.e., with the leader sequence spanning
to the start codon of the next downstream gene.

Within mamL, iTSS 8 and 9 were found separated by 161 nt, suggesting that two
different promoters reside within the gene, which, however, have overlapping leader
sequences with a shared natRBS upstream of mamM. Therefore, a longer sequence compris-
ing both promoters, P(mamL1)1 P(mamL2), and a shorter sequence harboring only the puta-
tive second promoter (PmamL2), were individually fused to the luxAE reporter.

When tested with their potential natRBS, P(mamH), P(mamL1)1P(mamL2), PmamP,
and PmamQ demonstrated significant activity, whereas the signals generated from P
(mamE) and P(mamL2) were very weak, and no activity above the background could
be detected for P(mamO) (Fig. 1A, Fig. 2Bv). Among these promoters, P(mamH) demon-
strated the highest RLUmax, ranging from 117,963.0 to 215,346.9, which is approxi-
mately 75% of the PmamG activity. The activity of P(mamA) with the natRBS was not
estimated; however, it exceeded the threshold signal when cloned with the optRBS
(see below). In summary, we confirmed transcriptional activity for most of the tested
intragenic promoters which was also coupled to translation of the bioluminescence reporter,
likely due to the presence of natRBS in the leader sequences of the corresponding tran-
scripts. This also suggests that multiple mRNAs are likely produced within themamABop.

The activity of the predicted intragenic promoters was also evaluated after aug-
menting the sequences with optRBS. This allowed us to estimate the activity of the
promoters independent of the efficiency of naturally occurring RBS. The activity of P
(mamH) and P(mamE) measured with optRBS did not differ significantly from the
natRBS, whereas the light emission with optRBS was enhanced approximately 1.5-fold
in P(mamP), and 2-fold in P(mamQ) (Fig. 2C). This was likely caused by different ribo-
some-binding efficiencies of the natRBS in comparison to the optRBS. Interestingly, P
(mamO) did not cause any significant bioluminescence when cloned with its native
leader, but demonstrated considerable activity with optRBS, ranging from 35,344.6 to
55,643.9 RLUmax. As in the case of PmamX, this correlates with the absence of a canoni-
cal RBS in the putative leader downstream of the iTSS within mamO (Table S4) and
implies the lack of efficient translation despite the significant transcriptional activity.
Similarly, this suggests that an ncRNA might be generated from this promoter. In addi-
tion, the use of optRBS allowed us to independently measure the activity of P(mamL1),
which reached up to 22,164.3 RLUmax, and the activity of a putative promoter corre-
sponding to TSS 12, P(mamA), which demonstrated only weak activity ranging from
5,741.4 to 6,874.2 RLUmax.

Exploration of the newly identified promoters in vivo by promoter knockout.
Next, we asked whether the promoters revealed within the magnetosome operons can
drive transcription of downstream genes independently of the primary promoters located
immediately upstream of their operons. In this case, one would expect that inactivation of
PmamH, Pmms6, and PmamY will not completely abolish transcription of the corresponding
operons, resulting in weaker phenotypes resembling the DmamH, Dmms6DmmsF, and
DmamY mutants (10, 12, 18). On the contrary, if PmamH, Pmms6, and PmamY are the

FIG 2 Legend (Continued)
(i) P-less control. Five clones are shown to demonstrate reproducibility of the maximal background light signal that was used as a threshold for all the
subsequent measurements; (ii) feoAB1op; (iii) mms6op; (iv) mamGFDCop; (v) mamABop, with native RBS (natRBS); (vi) mamABop, with optimized RBS
(optRBS); (vii) mamXYop. Dotted line indicates the background activity derived from the RLUmax of the P-less control. Standard deviations are shadowed in
gray. (C) Comparison of the maximal RLU (RLUmax) generated by the tested promoters with their native RBS (natRBS) with those augmented with the
optimized RBS (optRBS). Statistical significance was estimated using the t test. Asterisks indicate the points of significance, **, P value , 0.01; ***, P
value , 0.001.
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only or main promoters driving the transcription of the entire operons, their elimination
would result in significantly more severe impairments of magnetosome formation, likely
phenocopying DmamABop, Dmms6op, and DmamXYop deletions, respectively (10, 17).
Likewise, by knockout of Pmms36 and PmamX, the phenotypes of Dmms36Dmms48 and
DmamXDmamZDftsZm, respectively, would be expected (10, 12, 37). To test this hypothesis,
promoter knockouts were generated by replacing the promoter-comprising sequences by
an artificial promoter-free sequence (PFS) of equal length (except PmamY, see Materials and
Methods) (Fig. 3A).

Elimination of the primary promoter PmamH resulted in a mutant (DPmamH) forming
smaller (26.9 6 8.3 nm versus 32.3 6 10.5 nm in the wild type [WT]) and fewer magneto-
somes in comparison to the WT (Fig. 3B and C), but not with complete absence of magneto-
somes, as in DmamABop (10). Instead, the phenotype of DPmamH was virtually identical to
that previously described for DmamH, in which the magnetosome size and number were also
significantly reduced (12). This suggests that only mamH was silenced by the PmamH knock-
out, whereas transcription of the remaining 16 genes of mamABop was still driven by intra-
genic promoters. Since mamH is immediately followed by the essential magnetosome genes
mamI and mamE, whose deletion entirely eliminates magnetosome formation (10), this
implies that their expression has to be mediated primarily by P(mamH) (TSS 6). Consistently,
complementation of the DPmamH with PmamH-mamH in trans essentially restored the mag-
netosome diameter and number to WT levels (Fig. 3C, Fig. S2).

In DPmms6, neither the magnetosome number nor magnetic response of cells was
affected (Fig. 3B, Fig. S3), whereas magnetosomes appeared to be smaller than in the
WT (29.9 6 9.8 nm versus 32.3 6 10.5 nm in the WT) (Fig. 3B and 3Ci). This moderate
decrease in the size reproduced the phenotype of the Dmms6DmmsF mutant, but was
unlike the more severe decrease in magnetosome size and number that was described
for the mutant lacking the entire mms6op (10). Complementation of DPmms6 with
Pmms6-mms6-mmsF restored the magnetosome size back to the WT level (Fig. 3C, Fig.
S2). Furthermore, elimination of Pmms36 resulted in a significantly reduced magneto-
some number in comparison to the WT, which also could be restored by complemen-
tation with Pmms36-mms36-mms48 (Fig. 3B and C, Fig. S2). Taken together, these
results suggest that transcription of mms36 and mms48 is primarily driven by Pmms36.
Notably, the phenotypic effect of simultaneous silencing ofmms36 and mms48 was dif-
ferent from their individual deletions, which had previously demonstrated enlarged
magnetosomes with up to a 10 to 30% increase in the average diameter (10).

The DPmamY strain demonstrated the characteristically displaced magnetosome chains
of DmamY in 77% of analyzed cells, which also correlated with a reduced cellular magnetic
response (Cmag 1.01 6 0.09, Fig. S3) (18). Under standard conditions, the cells had an incon-
sistent phenotype, with most cells having regular magnetosomes and a minor proportion
containing aberrant flake-like magnetosomes, reminiscent of the mutant with the entire
mamXYop eliminated (Fig. 3B) (17). It has been demonstrated that the formation of flake-like
magnetosomes observed after the individual deletions of mamX, mamZ and ftsZm is more
pronounced under nitrate-deprived conditions, likely due to the shared redox control over
the biomineralization by their products and the denitrifying enzymes (12, 37). Therefore, to
check whether PmamY drives transcription of the entire mamXYop operon, we grew
DPmamY cells under microoxic conditions in a medium in which sodium nitrate was
replaced by an equimolar amount of ammonium chloride. As expected, under these condi-
tions, DPmamY mutants showed severely impaired biomineralization and the displaced
magnetosome chains (Fig. 4), suggesting that elimination of PmamY affects transcription of
the entire operon. It also indicates that, unlike the additional promoters in mms6op and
mamABop, the intergenic promoter PmamX does not compensate for the absence of
PmamY. Under standard conditions, cells of DPmamX were virtually indistinguishable from
the WT with respect to magnetic response, magnetosome biomineralization, or chain organi-
zation (Fig. 3B, Fig. S3). However, cultivation of them with ammonium resulted in flake-like
magnetosomes as in DPmamY (Fig. 4). This implies that both PmamY and PmamX are
required for proper expression ofmamX-mamZ-ftsZm genes.
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FIG 3 Exploration of the newly identified promoters in vivo by promoter knockout. (A) Schematic representation of the mutagenesis
strategy. Yellow bars indicate the regions that were replaced with the promoter-free sequences (PFS). (B) TEM micrographs of the

(Continued on next page)
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The complementation of DPmamY with PmamY-mamY restored the regular chain
position. However, frequent flake formation was still observed, suggesting a lack or
low expression of mamX, mamZ, and ftsZm (Fig. S2). Interestingly, complementation of
DPmamX with PmamX-mamXZftsZm essentially restored the WT-like appearance of the
magnetosomes observed in cells cultivated with ammonium (Fig. S2). Hence, the result
reinforces that PmamX can modulate the expression of the mamX-mamZ-ftsZm genes
in addition to PmamY, although the exact role of the generated transcript is not clear.
Since mamX, mamZ, and ftsZm seem to be especially important for magnetosome bio-
mineralization under nitrate deprivation conditions, we next tested whether the activ-
ity of either PmamY or PmamX is regulated by nitrate. To this end, bioluminescence
was measured in clones harboring PmamY and PmamX fused to luxABCDE in the ab-
sence or presence of nitrate. However, no significant difference in light emission was
detected (Fig. S4), suggesting that the activity of these promoters is not regulated in
response to nitrate deprivation.

Promoter sequences within magnetosome operons are conserved across
Magnetospirillum spp. The complex landscape of transcription initiation in the
MagOPs revealed in MSR-1 raised the question of whether such an organization is significant
for proper magnetosome formation. If so, it would be expected to be conserved to a certain
degree across different species. In other MTB, genes associated with magnetosome biosynthe-
sis are also found in operon-like gene clusters (38–42). Although the gene content and order
vary between different taxonomic lineages, some magnetosome genes have higher synteny
rates even in distantly related groups (38, 39). Interestingly, in many cases, the first gene in
syntenic gene groups is an orthologue of the gene found to comprise a functional promoter

FIG 3 Legend (Continued)
promoter mutants grown in the standard medium. TEM micrographs of the DmamH, Dmms6DmmsF, and DmamXYop published
previously are shown for comparison (*, from reference 12 [© John Wiley & Sons Ltd., reproduced with permission]; **, republished
from reference 10; ***, republished from PLoS One [17]). In DPmamY, three typical cell types occurring in the population are indicated
by arrows: black, cells with magnetosome chains indistinguishable from the WT; green, a chain mispositioned to the geodetic line
within the cells; orange, magnetosome chains with prevailing flake-like magnetosomes. (C) (i) Violin plots displaying magnetosome
diameter in the mutants in which the promoters were substituted with PFS and the corresponding complemented mutants. Numbers
of the measured particles are indicated at the bottom of each violin plot. (ii) Boxplots demonstrating the magnetosome number per
cell in the promoter substitution and complemented mutants. Significance values were calculated by Kruskal-Wallis test; ****, P value
of less than 0.0001; ns, not significant. Boxplots display the minimum, maximum, and median of each data set. Red points indicate
mean. At least 50 cells were measured for each strain.

FIG 4 TEM micrographs of the DPmamY and DPmamX mutants grown under nitrate deprivation. Two representative cells
of the DPmamY are shown. Arrows indicate flake-like magnetosomes.
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in the current research. For instance, mamL is followed by mamM in many phyla in which
these genes are present (except Nitrospirae and Omnitrophica), and the order mamQ-(mamR)-
mamB is preserved in Nitrospirae, Nitrospinae, and Proteobacteria. This prompted us to estimate
the sequence conservation of the promoter-containing regions in various phylogenetic groups
of MTB (Fig. 5). To this end, sequences positioned 25 to 250 to a confirmed TSS were
extracted from promoters tested in MSR-1 and compared to the orthologous sequences in
other species.

As expected, sequence conservation was highest across Magnetospirillum species, where
high similarity was found for PmamH, Pmms6, PmamY, PmamX, and all intragenic promoters,
whereas PmamG, Pmms36, and PfeoAB1 regions were more variable. This implies functional
conservation of most of the promoters and, in general, similar organization of transcriptional
landscape in MagOPs for different magnetospirilla. A notorious exception is Magnetospirillum
strain UT-4, in which only several intragenic promoter sequences, P(mamE), P(mamO), P
(mamP), P(mamA), P(mamQ), were conserved. This correlates with the distant, ancestral posi-
tion of the magnetosome genes from this strain to other known Magnetospirillum spp. (42).
Although relatively high similarity of the sequences orthologous to promoters within mamE
and mamP were found in alphaproteobacterial MTB, in general, the promoters from the
MagOPs were not conserved outside ofMagnetospirillum spp.

DISCUSSION

By combination of various techniques, we were able to map multiple TSS within the
magnetosome operons with high precision, evaluate the transcriptional activity of the
corresponding promoters, and estimate their function in magnetosome biosynthesis.

FIG 5 Conservation of the promoter sequences from magnetosome operons as identified in MSR-1 across MTB (see the text for details). White regions
indicate that the region is not found in a genome.
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The results suggested that mamGFDCop and feoAB1op are organized as classic polycis-
tronic operons, in which transcription is driven by a single conventional promoter and
intercepted by a terminator at the 39 end. The other three operons turned out to have
a more complex transcriptional landscape.

One of the key findings of this study is the discovery of multiple promoters residing
within the coding sequences of the long mamABop operon. Knockout of PmamH, the
primary promoter of this operon, had only a minor effect on magnetosome formation
and silenced only the gene that is located immediately downstream of it, i.e., mamH,
suggesting that PmamH is not essential for transcription of the major part of
mamABop. At the same time, the transcription of the following genes, including all the
essential ones in the operon, were maintained by the intragenic promoters. One of the
most crucial internal promoters must be P(mamH), as the downstream genes (mamI
and mamE) are essential for magnetosome formation. Moreover, the reporter assay
demonstrated that P(mamH) is one of the most active promoters among the ones
measured in the current study and the strongest in mamABop, with the activity exceed-
ing that of the primary promoter PmamH ;10 times. Interestingly, the unintended
elimination of P(mamH) concurrent with the deletion of mamH by Raschdorf et al. did
not entirely abolish magnetosome biosynthesis, but only caused the formation of
fewer and smaller particles (12). This effect was attributed to the absence of mamH,
suggesting that the primary promoter PmamH can also drive low-level transcription of
following genes in the absence of the intragenic P(mamH), thus supporting the exis-
tence of a long polycistronic transcript, as previously suggested (11). Nonetheless,
complementation with mamH in trans only partially restored the magnetosome size
and number in the DmamHmutant according to Raschdorf et al. (12), whereas comple-
mentation of the PmamH knockout mutant in this study restored the magnetosome
size to the WT levels (12). Therefore, the weaker activity of PmamH putatively compen-
sates the lack of P(mamH) only to some extent, which emphasizes the importance of
the latter for proper transcription of the essential magnetosome genes in mamABop
(12). To our knowledge, this is the first demonstration that intragenic promoters can
exceed primary promoters in activity and potentially play a major role in driving
expression of large operons.

The adaptive role of multiple transcripts generated in the mamABop is not yet clear.
On the one hand, the multiple promoters residing within the 16-kb mamABop operon
might compensate the potential instability of the single long mRNA by splitting the
operon into several smaller TUs, thus making the transcription of the whole operon
more efficient. On the other hand, this might represent one of the mechanisms to
ensure a certain stoichiometric ratio of gene products required for the proper assembly
of the magnetosome organelle. As we found no obvious correlation between the MAP
abundance (21) and the promoter strengths defined either by Cappable-seq scores or
RLUmax (data not shown), the highly divergent copy numbers of MAPs are likely to be
further regulated at the translational level. This has been shown to be largely inde-
pendent of the growth conditions, suggesting that the promoters within the operons,
like the primary promoters of the MagOPs, are unlikely to be subjected to any condi-
tional regulation.

Mms6op comprises two TUs, mms6-mmsF and mms36-mms48, separated by a termi-
nator and each driven by a separate promoter. The presence of a terminator does not
mean per se that the TUs are independent, since the transcriptional readthrough due
to the inefficient termination can still occur, and hence their transcription can be
coupled (24, 43). Interestingly, in all known magnetotactic Magnetospirillum species,
mms36 and mms48 are always preceded by mms6-mmsF, suggesting that this coupled
organization might be preserved by natural selection.

We also revealed a very active additional promoter within the mamXYop (PmamX).
However, the lack of reporter expression in the absence of optRBS strongly argues
against translation of the produced transcript in the native context, including potential
leaderless translation (44). Nonetheless, the knockout of PmamX resulted in the
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production of aberrant flake-like magnetosomes under nitrate deprivation, which
implies that the expression of one or all of mamX, mamZ, and/or ftsZm was affected
and, hence, PmamX activity is necessary for proper magnetosome biosynthesis under
these conditions. At the same time, the adverse effect of this deletion on magneto-
some formation was compensated by transfer of PmamX-mamXZftsZm. The lack of
translation of the generated transcript from PmamX on the one hand, and its func-
tional importance on the other hand, suggests that it might represent a noncoding
RNA (ncRNA) with a potential regulatory function. However, identification of the exact type
and characteristics of the produced RNA species will require further experimentation.

Comparison of the promoter sequences in various MTB suggests that the transcrip-
tional organization of mamABop and mamXYop revealed in MSR-1 is conserved across
the species of Magnetospirillum. A notable exception was strain UT-4, in which the pro-
moter sequences were the least conserved. According to Monteil et al. (42), UT-4 pos-
sesses the magnetosome genes that are ancestral for Magnetospirillum, whereas the
evolutional history of magnetosome operons in other Magnetospirillum strains was
shaped by repeated loss and regain by horizontal transfer. Therefore, the transcrip-
tional organization of magnetosome operons as in MSR-1 likely evolved not in the
common ancestor of magnetospirilla, but after their speciation. At the same time, the
lack of conservation outside Magnetospirillum suggests independent evolution of tran-
scriptional regulation of the MagOPs in different phylogenetic groups. This is a plausi-
ble scenario, considering the long evolutionary distances between the MTB genomes
and the evidence that new promoters can evolve rapidly (45, 46).

Besides shedding light on the mechanisms underlying control over magnetosome
formation, the insights into the transcriptional architecture of the MagOPs obtained in
this study have several important practical implications. First, the high-resolution map
of transcription initiation will enable synthetic biology approaches to transcriptionally
engineer the magnetosome operons for enhanced and controlled magnetosome pro-
duction, e.g., through replacing the native promoters of individual transcriptional units
by stronger and tunable promoters. Likewise, data gained in this study will facilitate
the rational design of synthetic versions of magnetosome operons optimized for the
expression in foreign organisms (19, 20), as poor transcription of native magnetosome
clusters has proven to be one of the key hurdles for successful transplantation of mag-
netosome biosynthesis to different bacteria. Second, our study provides a catalog of
well-characterized promoters with different strengths for constructing expression cas-
settes in magnetospirilla and other Alphaproteobacteria. In conclusion, our study
unveils how a genetically complex pathway is orchestrated at the transcriptional level
to ensure the proper assembly of one of the most intricate prokaryotic organelles.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. If not specified otherwise, Magnetospirillum gryphiswal-

dense strain MSR-1 (DSM 6361) (47, 48) was routinely cultivated in flask standard medium (FSM, 10 mM
HEPES [pH 7.0], 15 mM potassium lactate, 4 mM NaNO3, 0.74 mM KH2PO4, 0.6 mM MgSO4�7H2O, 50 mM
iron citrate, 3 g/liter soy peptone, 0.1 g/liter yeast extract), in flasks containing 2% (vol/vol) O2 in the
headspace, at 120 rpm agitation (49). Selection for the mutants was carried on solid FSM with 1.5% (wt/
vol) agar and 5mg/ml kanamycin (Km).

E. coli WM3064 strains carrying plasmids were cultivated in lysogeny broth (LB) supplemented with
0.1 mM DL-a,« -diaminopimelic acid (DAP) and 25 mg/ml Km at 37°C, with 180 rpm agitation. Characteristics of
the strains used in this study are summarized in Table 1.

RNA isolation, library preparation, sequencing, and mapping to the reference genome.
Transcription initiation, expression coverage, and transcription termination were investigated by
Cappable-seq, whole-transcriptome shotgun sequencing (WTSS), and 39 end sequencing, respectively.
For RNA isolation, cells of MSR-1 were cultivated in 5-liter screw-cap bottles at 25°C. Cells were harvested
at mid-growth phase (optical density at 565 nm [OD565] = 0.2) by centrifugation at 8,300 � g and 4°C for
10 min using a Sorvall RC-5B Plus centrifuge (Thermo Fisher Scientific, Waltham, USA) and flash frozen
with liquid nitrogen prior to total RNA isolation. Magnetosome biosynthesis was verified using magneti-
cally induced differential light scattering method Cmag as described previously (50) and transmission
electron microscopy (TEM). RNA isolated from biological duplicates using the mirVana RNA isolation kit
(Thermo Fisher Scientific, Waltham, USA) was treated by DNase, checked by capillary electrophoresis,
pooled together, and subsequently used for all library preparations and sequencing by Vertis Biotechnologie AG
(Freising, Germany).
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For the enrichment of primary 59 ends, a modified version of the Cappable-sequencing technique
was used (30). Briefly, 59 triphosphorylated RNA was capped with 39-desthiobiotin-TEG-guanosine 59 tri-
phosphate (DTBGTP) (New England BioLabs, Ipswich, MA, USA) using the vaccinia capping enzyme (New
England BioLabs, Ipswich, MA, USA). The biotinylated RNA was then enriched by reversible binding to a
streptavidin column, followed by washing and elution of the 59 fragments. The uncapped control was
also applied to the streptavidin column to control for unspecific binding to the column matrix.
Afterward, adapter ligation, reverse transcription, and amplification of the cDNA were performed accord-
ing to the instructions for the TrueSeq Stranded mRNA library (Illumina, San Diego, USA) for both libra-
ries. Single-end sequencing for the two libraries was performed on an Illumina NextSeq 500 system
using 1 � 75 bp read length.

For the WTSS library, rRNA was depleted from the pooled RNA sample using the Ribo-Zero rRNA re-
moval kit for bacteria (Illumina, San Diego, CA, USA). The remaining mRNA was purified using the
Agencourt AMPure XP kit (Beckman Coulter Genomics, Chaska, MN, USA) and analyzed by capillary elec-
trophoresis. Fragmentation of mRNA, reverse transcription, adapter ligation, and PCR amplification were
performed according to the TrueSeq Stranded mRNA library instructions (Illumina). Single-end sequenc-
ing was performed on an Illumina NextSeq 500 system using 1 � 75 bp read length.

For the 39 end library preparation, a 39 Illumina sequencing adapter was ligated to the 39-OH ends of
the rRNA-depleted RNA sample prior to reverse transcription, cDNA fragmentation, sequencing adapter
ligation, and cDNA purification using the Agencourt AMPure XP kit (Beckman Coulter Genomics, Chaska,
MN, USA). The paired-end sequencing of the PCR amplified cDNA fragments was performed on an
Illumina NextSeq 500 system using 2 � 75 bp read length.

The sequencing reads of the four library preparations were trimmed for sequencing adapters as well
as low-quality bases prior to mapping to the M. gryphiswaldense genome (accession no. CP027526) using
the CLC Bio’s Genomic Workbench software package (Qiagen, Venlo, Netherlands).

Annotation of TSS and TTS. TSS were automatically detected using the Cappable-tools with stand-
ard parameters as previously described (30). Briefly, for each position in the genome, the read coverage
was normalized to the sequencing depth, resulting in the relative read score (RRS). For TSS identification,
the enrichment score was calculated according to the formula enrichment score = log2(RRS/RRScontrol),
where RRScontrol is the relative read score in the control library for the same position as in the TSS-
enriched library. When the enrichment score was above 1, a putative TSS was annotated. Subsequently,
TSS classification was performed based on the localization of the TSS relative to the genome annotation
using an in-house script. Subsequently, the putative TSS were curated manually by comparison of read
coverage of the TSS to the background, as well as by applying an enrichment score of 1.4 as a threshold.
Afterward, the filtered TSS were then evaluated by comparing the putative TSS with the coverage of the
other transcriptome sequencing (RNA-seq) data sets using the software ReadXplorer for visualization
(62). At least one of the following criteria had to be met for assigning a confident TSS: (i) a read coverage
increase in the WTSS data set downstream and (ii) a 39-end enrichment upstream of the putative TSS. In
the cases of TSS 5 and TSS 9 (Fig. 1A), although a conspicuous rise in read coverage could be detected
manually in both Cappable-seq and WTSS, they did not pass the applied threshold. Nonetheless, since
the promoter associated with TSS 5 (PmamH) had already been identified in previous research (11, 32),
and TSS 9 could be easily identified in the Cappable-seq and WTSS data sets by manual curation, both
TSS were included in the subsequent experimental evaluation.

TTS were manually identified by a significant increase in read coverage above a threshold of 2,500
uniquely mapped reads in the 39 end sequencing data set combined with a decrease in WTSS coverage
up to 150 bp downstream of a coding sequence.

TABLE 1 Bacterial strains and vectors used in this work

Strain or vector Characteristics/application Source/reference
Strains
Magnetospirillum gryphiswaldenseMSR-1 WT, archetype Lab collection, DSM 6361
E. coliWM3064 thrB1004 pro thi rpsL hsdS lacZDM15 RP4-1360

D(araBAD) 567 DdapA1341::[erm pir]. Donor strain for
transformation by conjugation, a,« -diaminopimelic
acid (DAP) auxotroph.

William Metcalf, UIUC, unpublished

Vectors
pBamII-Tn7-P-luxAE KmR, AmpR, p15A ori, Tn7, tr2, T1, luxABCDE; a plasmid

for the transcriptional fusion of a promoter (P) and
the lux operon. Suicide vector, a cassette is
introduced by chromosomal insertion mediated by
Tn7 into the attTn7 site.

This work

pORFM-galK KmR, npt, galK, tetR, mobRK2; general vector for GalK
counterselection

55

pBamII-Tn5 KmR, AmpR, p15A ori, mini-Tn5; general vector used for
complementation experiments. Suicide vector, a
cassette is introduced by random chromosomal
insertion mediated by mini-Tn5

Uebe, manuscript in preparation
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Molecular and genetic techniques. Oligonucleotides applied in this study are listed in Table S1 in
the supplemental material. To verify and measure the activity of promoters, regions of varying lengths
(Table S3) from maximal 1450 bp to 2112 bp relative to the predicted TSS were PCR amplified and
cloned by NdeI and XhoI restriction sites into a suicide vector pBamII-Tn7-P-luxAE (Table 1) upstream of
the Photorhabdus luminescens luxABCDE operon, which was cloned from pAH328 (51, 52). The vector
enables precise and orientation-specific genomic integration of the expression cassette into the attTn7
site downstream of glmS gene by means of the Tn7 transposase (53), (Uebe, manuscript in preparation).
Integration of the cassette in the attTn7 site was verified by PCR with specific primers.

The promoters PmamH, Pmms6, and PmamY were inactivated by replacing 100-bp regions (except
PmamY, where a 160-bp fragment was exchanged) located immediately upstream of the start codon
with an inert artificial sequence of equal length that was free of any regulatory elements (the “promoter-
free sequence” [PFS]). In case of the intergenic Pmms36 and PmamX, the regions upstream of the
220 bp position to the start codon were replaced with the PFS, to keep putative natural RBSs.
Maintaining the native sequence lengths was important to avoid potential effects caused by shorter dis-
tances to the neighbor promoters located upstream or with altered gene expression due to the reduced
leader length.

The PFS (59-CATTACTCGCATCCATTCTCAGGCTGTCTCGTCTCGTCTCGCTGGGAGTTCGTAGACGGAAACAA
ACGCAGAATCCAAGCGCACTGAAGGTCCTCAATCG-39) was designed as a concatenate of the unique nucle-
otide sequences UNS1, UNS2, and the first 20 nt of UNS3 that were used previously to generate regulation
signature-free homology arms for Gibson assembly (54). The oligonucleotide was inserted by overlapping
PCR between two 1- to 1.3-kb sequences flanking the target promoters. The resulting PCR products were
phosphorylated by T4 polynucleotide kinase and blunt ligated into the vector for homologous recombina-
tion (pORFM-GalK) digested with EcoRV (55). The plasmids were transferred into the wild-type MSR-1 by
conjugation, as described elsewhere (56). Selection, counterselection, and screening of the deletion
mutants were performed essentially as described previously (55). For genetic complementation, the
silenced genes and the corresponding missing promoters were inserted randomly into the mutant chro-
mosome by Tn5 transposition. To this end, the PmamH-mamH, Pmms6-mms6-mmsF, Pmms36-mms36-
mms48, PmamY-mamY, and PmamX-mamX-mamZ-mamFtsZm regions were PCR amplified from the MSR-1
WT genomic DNA (gDNA), digested with XhoI/BamHI, PacI/BamHI, or XhoI/SacI and ligated into a vector
derivate of pBam1, pBamII (57), (Uebe, manuscript in preparation). Positive clones were selected by Km re-
sistance and screened by PCR.

Luminescence measurements. At least three randomly selected transconjugants harboring vector
pBamII-Tn7-P-luxAE were analyzed in three biological replicates for luminescence. The luminescence sig-
nal was detected as arbitrary light units by a multiwell plate reader equipped with a luminometer mod-
ule (Tecan Infinite M200 PRO) during growth of the cultures in FSM at 28°C and 280 rpm, every 20 min
over 200 cycles (72 h). Arbitrary light units were normalized to optical density measured at the wave-
length of 565 nm (OD565) to obtain relative light units, according to the formula:

RLU ¼ Light AU
OD565 AU

Maxima of the RLU curves (RLUmax) were used to compare promoter activities.
Transmission electronmicroscopy (TEM). Cells were concentrated from 2 to 3 ml of culture by cen-

trifugation, adsorbed onto carbon-coated copper grids, and washed twice with deionized water.
Samples were imaged with a JEOL-1400 Plus TEM (Japan) at 80 kV acceleration. Micrographs were ana-
lyzed with tools implemented in the ImageJ software (58).

Analysis of promoter sequence conservation. For each TSS identified by Cappable-seq with the lu-
minescence-confirmed promoter activity, 300 nt upstream of the TSS, a leader sequence and a gene
positioned next to TSS, were extracted. Regions homologous to the extracted ones were identified in
the genomes of other MTB by blastp (59) of the gene product amino acid sequence (E value cut-off
threshold 1025) and inspected manually. Homologous DNA sequences were aligned by MAFFT with the
default parameters (60) and the sequence identity between the regions aligned to the fragment posi-
tioned 25 to250 to the TSS in MSR-1 were calculated.

Statistical analysis. Statistical analysis was carried out by R version 3.6.1 (http://www.r-project.org).
Significance in comparison of magnetosome size and number was estimated by Kruskal-Wallis test.
Violin and box plots were created using the following R packages: ggplot (https://CRAN.R-project.org/
package=ggplot2), ggpubr (https://CRAN.R-project.org/package=ggpubr), dplyr (https://CRAN.R-project
.org/package=dplyr), and EnvStats (https://cran.r-project.org/web/packages/EnvStats/index.html). The
bioluminescence and growth curves were plotted using GraphPad Prism software (v. 6.01 for Windows).

Data availability. The data discussed in this publication have been deposited in NCBI's Gene
Expression Omnibus (61) and are accessible through GEO Series accession number GSE168986.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.4 MB.
FIG S2, TIF file, 6.9 MB.
FIG S3, TIF file, 0.8 MB.
FIG S4, TIF file, 0.4 MB.
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Abstract 

Background:  One of the most complex prokaryotic organelles are magnetosomes, which are formed by magne-
totactic bacteria as sensors for navigation in the Earth’s magnetic field. In the alphaproteobacterium Magnetospiril-
lum gryphiswaldense magnetosomes consist of chains of magnetite crystals (Fe3O4) that under microoxic to anoxic 
conditions are biomineralized within membrane vesicles. To form such an intricate structure, the transcription of > 30 
specific structural genes clustered within the genomic magnetosome island (MAI) has to be coordinated with the 
expression of an as-yet unknown number of auxiliary genes encoding several generic metabolic functions. However, 
their global regulation and transcriptional organization in response to anoxic conditions most favorable for magnetite 
biomineralization are still unclear.

Results:  Here, we compared transcriptional profiles of anaerobically grown magnetosome forming cells with those 
in which magnetosome biosynthesis has been suppressed by aerobic condition. Using whole transcriptome shotgun 
sequencing, we found that transcription of about 300 of the > 4300 genes was significantly enhanced during magne-
tosome formation. About 40 of the top upregulated genes are directly or indirectly linked to aerobic and anaerobic 
respiration (denitrification) or unknown functions. The mam and mms gene clusters, specifically controlling magneto-
some biosynthesis, were highly transcribed, but constitutively expressed irrespective of the growth condition. By Cap-
pable-sequencing, we show that the transcriptional complexity of both the MAI and the entire genome decreased 
under anaerobic conditions optimal for magnetosome formation. In addition, predominant promoter structures were 
highly similar to sigma factor σ70 dependent promoters in other Alphaproteobacteria.

Conclusions:  Our transcriptome-wide analysis revealed that magnetite biomineralization relies on a complex inter-
play between generic metabolic processes such as aerobic and anaerobic respiration, cellular redox control, and the 
biosynthesis of specific magnetosome structures. In addition, we provide insights into global regulatory features that 
have remained uncharacterized in the widely studied model organism M. gryphiswaldense, including a comprehensive 
dataset of newly annotated transcription start sites and genome-wide operon detection as a community resource 
(GEO Series accession number GSE197098).

Keywords:  Magnetospirillum, Magnetosomes, Operons, Promoters, Transcription, Transcriptome
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Background
Magnetosomes, which are formed by magnetotactic bac-
teria (MTB) as sensors for geomagnetic navigation in 
their aquatic habitat, represent an example for one of the 
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most complex organelles found in prokaryotic cells [1–3]. 
Their unprecedented magnetic properties make bacte-
rial magnetosomes also highly attractive as biomaterial in 
several biotechnical and biomedical applications, such as 
magnetic imaging [4] and hyperthermia [5–7], as well as 
magnetic separation and drug targeting [8–10].

In the well-studied alphaproteobacterium Magneto-
spirillum gryphiswaldense and related MTB, magne-
tosomes consist of a monocrystalline core of magnetite 
(Fe3O4) bounded by a dedicated proteo-lipid membrane 
[2, 11]. Magnetosome biosynthesis starts with the invagi-
nation of the magnetosome membrane (MM) vesicle, 
followed by sorting of specific magnetosome proteins 
into the MM, the accumulation of large amounts of iron 
within the MM vesicles and the biomineralization of 
well-ordered crystals of magnetite (Fe3O4), and finally, 
their assembly and positioning into linear chains along 
the dedicated cytoskeletal network [2, 12].

Magnetosome biosynthesis has been found to be 
orchestrated by numerous proteins [2], which together 
build a sophisticated machinery that exerts strict control 
over each step of magnetosome formation. Most specific 
functions are encoded by the > 30 genes termed mam 
(magnetosome membrane), mms (magnetosome particle 
membrane-specific) and feoAB1 (a magnetosome-specific 
Fe2+ transport system) [2, 13, 14]. These are all clustered 
in five major operons within a larger genomic magneto-
some island (MAI) that extends over ~ 110 kb [14, 15]. 
Transfer of all five mam- and mms-operons (MagOPs) 
from M. gryphiswaldense, conferred magnetosome bio-
synthesis to various foreign, hitherto non-magnetic bac-
teria, thereby confirming the essential role of this gene 
set [16, 17]. A recent analysis by RNA-sequencing, bio-
luminescence reporter assays and promoter knockouts 
revealed that the transcriptional architecture of mag-
netosome operons is complex [18]: in microaerobically 
grown cells, the mamGFDCop (2.1 kb) and feoAB1op 
(2.4 kb) operons are transcribed as single transcriptional 
units, whereas multiple transcription start sites (TSS) 
were present in the mms6op (3.6 kb), mamXYop (5 kb) 
and the long mamABop (> 16 kb), which comprises 17 
genes and encodes all the essential factors for magneto-
some biosynthesis [13, 19].

An increasing number of studies indicated that in addi-
tion to key functions encoded by the MAI genes, fur-
ther auxiliary genes encoding generic cellular functions 
located outside the MAI are required for proper magne-
tosome biosynthesis. For example, aerobic and anaerobic 
respiration pathways were shown to participate in mag-
netite biomineralization, probably by contributing to oxi-
dation of ferrous iron to ferric iron under oxygen-limited 
conditions [20, 21]. Mutants of M. gryphiswaldense that 
lack enzymes of the denitrification pathway, such as the 

periplasmic nitrate reductase (NapAB), Fe2+–nitrite oxi-
doreductase (NirS) or nitric oxide reductase (NorBC) 
were severely impaired in magnetite biomineralization 
[20, 21]. The importance of respiratory pathways was 
confirmed by a genome-wide transposon mutagenesis 
screen, in which also further genes with additional aux-
iliary functions were implicated in magnetosome bio-
synthesis, such as sulfate assimilation, oxidative protein 
folding and cytochrome c maturation [22].

In addition to the availability of micromolar amounts 
of iron [23, 24], the O2 concentration was found to be the 
crucial factor affecting magnetite biomineralization in M. 
gryphiswaldense [25, 26]. Magnetite crystals are formed 
only under microoxic to anoxic conditions, whereas dis-
solved oxygen concentration (dO2) > 10% air saturation 
were found to entirely inhibit the formation of magne-
tosomes [25, 26]. However, the molecular mechanisms 
and determinants of oxygen regulation and redox control 
of magnetite biomineralization have remained unclear. 
Several early studies suggested that the transcription of 
magnetosome genes comprised in the MagOPs is only 
weakly affected by oxygen (and iron) [13, 27]. This was 
also observed in a whole-transcriptomic study by Wang 
and colleagues, which found that MagOP expression was 
neither affected by oxygen nor iron. Whereas genes cod-
ing for iron regulation, transport and metabolism were 
differentially expressed under high iron conditions, oxy-
gen mainly affected genes encoding nitrate respiration 
[28, 29].

However, although these previous studies already 
revealed valuable insights into the transcriptional organi-
zation and the role of oxygen, major parts of the regula-
tion and transcriptional architecture are still unknown. 
Most importantly, previous studies [18, 28] employed 
microoxic conditions supporting fastest growth, but sub-
optimal magnetosome formation, as indicated by the for-
mation of fewer, less regular and smaller magnetosomes 
compared to anoxic conditions [25, 26]. Furthermore, 
the operon architecture and transcriptional organization 
of genes involved in magnetosome biosynthesis outside 
the MAI has remained unknown. In addition, given the 
importance of M. gryphiswaldense as a widely studied 
model organism for biomineralization, organelle forma-
tion and magnetotaxis, knowledge about global regula-
tory features, such as promoter and operon structures 
within the MAI and in the entire genome is needed.

Here, we studied the transcriptional profiles of M. 
gryphiswaldense during magnetosome biomineralization 
under anaerobic conditions, favoring highest magnetite 
biomineralization, compared to oxic conditions entirely 
inhibiting magnetite synthesis [25, 26]. In addition, we 
present new candidates for further magnetosome bio-
synthesis-associated genes, and reveal genome-wide 
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structures and positions of promoters, operons and other 
regulatory elements.

Results
Cultivation and RNA‑sequencing of M. gryphiswaldense
To compare transcriptomic profiles between magnetic 
and non-magnetic cells, we mainly focused on the anal-
ysis of cells grown under two conditions: i) the entire 
absence of oxygen (0% dO2) with 10 mM nitrate as elec-
tron-acceptor for anaerobic denitrifying growth [20]. 
These anoxic conditions are known to support optimal 
magnetosome biosynthesis [20, 25, 26]. For compari-
son, cells were grown under ii) oxic conditions (95% 
dO2), which were shown to entirely suppress magneto-
some biosynthesis [24, 25]. In addition, the anaerobic 
electron acceptor nitrate was replaced by an equimolar 
amount of ammonium as the nitrogen source (see Fig. 1 
for a summary of growth experiments and library con-
struction). For each condition, cells were cultured in 
triplicates at 28 °C within an oxystat fermenter allowing 
precise control of all growth parameters [26]. Anoxic 
cultures reached a final optical density (OD565) of 
approximately 0.5 after 25 h (Fig. S1), and as expected, 
exhibited the highest magnetic response (Cmag, a light-
scattering proxy for magnetosome biomineralization 
[30]) of > 0.7 as well as the largest average crystal size 
(34 nm) with 25 magnetosomes per cell (Fig.  1). For 
comparison, oxic cultures grew to an OD565 of 0.8 after 
26 h and did not form magnetite crystals, as indicated 
by a Cmag of nearly 0 and the absence of electron dense 
particles in electron micrographs in most cells (Fig. 1). 
Growth was highly consistent between all replicates per 
condition (Fig. S1).

To minimize putative effects of media depletion, we 
chose sampling points during early growth, which was 
OD565 0.1 for anoxic, and OD565 0.2 for oxic conditions. 
Upon sampling, triplicates from anoxic and oxic condi-
tions were pooled, respectively, and used for genome-
wide TSS identification by Cappable-sequencing [31]. In 
addition, for the genome-wide identification of transcrip-
tion termination sites (TTSs) as well as elucidation of 
operon structures, 3’end-sequencing technique [32] and 
whole transcriptome shotgun sequencing (WTSS) were 
applied. The WTSS libraries were separately constructed 
from each replicate of conditions i) 0% dO2 with 10 mM 
nitrate and ii) 95% dO2 for evaluation of differential tran-
scription. For the detection of maximal numbers of oper-
ons and termination events, results from two additional 
conditions were considered: iii) microoxic conditions (1% 
dO2, 4 mM nitrate) as used for high yield routine cultiva-
tion and magnetosome production [25], iv) as well as oxic 
conditions (95% dO2) with 4 mM nitrate as an alternative 
nitrogen source to separate effects of electron acceptor 

from nitrogen-source (Fig. S1). Samples of triplicates 
from all four growth conditions were pooled and used for 
WTSS and 3′ end-sequencing.

Effects of anoxic growth conditions permitting 
magnetosome biosynthesis on gene expression
We first compared the genome-wide abundance of tran-
scripts under anoxic and oxic conditions. For the iden-
tification of highly differentially expressed genes, the 
M-value (log2 of the calculated foldchange) was plot-
ted against the A-value (log2 of the base mean) as proxy 
for the expression level of each gene (Fig.  2). From the 
> 4300 genes in total, about 300 were found significantly 
upregulated.

To capture only the most significantly regulated genes, 
the M-value threshold of ≥4 for stronger and ≤ − 3 for 
downregulated genes were qualitatively chosen from the 
MA-plot (Fig. 2). Using these thresholds, 41 genes were 
found highly upregulated in magnetic cells under anoxic 
conditions and 11 genes downregulated compared to 
oxic conditions (Table S3).

Highest upregulation of all (319.6 -fold, M-value: 8.32) 
was detected for cycA_1, which encodes a cytochrome 
c4-precursor. Further genes highly upregulated (16 to 
256-fold, M-value 4–8, see Table S3 for details) in anoxic 
magnetic cells are linked to various steps of denitrification 
such as napABCHG (nitrate reduction) nirCDEFGHJLST, 
nnrS [33] (nitrite reduction), norBCDQ (nitric oxide 
reduction) and nosZ (nitrous oxide reduction) [20, 21, 34].

Expression of various oxygen-dependent cytochrome 
c terminal oxidases was also affected by anoxic condi-
tions: genes ccoNOQP encoding the subunits of the cbb3-
type cytochrome c oxidase [35], were upregulated under 
anoxic conditions by 2.1, 2.4, 2.2 and 1.6-fold (M-value 
1.04, 1.27, 1.12 and 0.66), respectively. In previous stud-
ies, an aa3-type cytochrome c terminal oxidase was 
found only active under oxic conditions [35]. Consist-
ently, we found coxBAC and ctaG encoding this oxidase 
downregulated by 4.2, 6.7, 5.0 and 6.2-fold (M-value 
− 2.07, − 2.75, − 2.32 and − 2.63), respectively. A third 
type of cytochrome oxidase, the bd-type cytochrome c 
oxidase, encoded by the genes cydBA [35], was actively 
transcribed under anoxic conditions with an A-value of 
ca. 7 but genes were not differentially expressed across 
conditions. Further highly upregulated genes were 
MSR1_08970 (M-value 5.27) and MSR1_08150 (M-value 
8.09), which may putatively encode a cytochrome c and a 
cytochrome c oxidase, supported by their co-localization 
with genes of related functions within common operons. 
However, no heme-binding motif (CXXCH) was found 
during sequence analysis.

Some of these respiratory genes were previously found 
to be regulated by the oxygen-sensing transcription factor 
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called MgFnr, which represses denitrification genes with 
increasing oxygen concentration [36]. We found Mgfnr 
itself to be only weakly regulated (M-value − 0.44), thus 
ensuring the presence of this regulator under all growth 

conditions. Two other homologues of the fnr-family 
MSR1_08370 and MSR1_08380 were highly upregu-
lated in magnetic cells (M-value 6.04 and 2.37), thus 

Fig. 1  Overview of the study design. A Cultivation of M. gryphiswaldense under controlled oxic (95% dO2) and anoxic (0% dO2) conditions resulting 
in nonmagnetic and magnetosome forming cells, respectively, as visible by transmission electron microscopy imaging (scale bar 1 μm). B Extraction 
of the total RNA in technical triplicates, followed by C pooling of the samples for the three different library preparations andlibrary preparation prior 
to RNA-sequencing. * All conditions encompassing anoxic, microoxic and oxic growth with nitrate (NO3

−) or ammonium (NH4
+) were pooled for 

this analysis
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representing additional potential regulators of magneto-
some biosynthesis-associated genes.

Because of the involvement of many cytochrome 
c-like proteins in magnetosome biosynthesis [2, 31, 35, 
37, 38], and also their abundance among highly upregu-
lated genes in anoxic magnetic cells, we further focused 
on genes responsible for cytochrome c biosynthe-
sis and maturation. For example, resA, which enables 
heme to bind by breakage of the disulfide bonds in apo-
cytochrome c [39], was highly upregulated by 19.8-fold 
(M-value 4.31). The genes ccmG (disulfide bond forma-
tion) and ccmI (apo-cytochrome c chaperon) [40] from 
the operons ccmABop and ccmCDEFGHIop were weakly, 
but significantly downregulated by 1.4 and 1.2-fold 
(M-value − 0.51 and − 0.26), respectively, whereas ccmA 
was 1.4-fold upregulated (M-value 0.44). Transcription 
of other genes from these operons remained unchanged 
between anoxic and oxic conditions. Further genes that 
are associated with cytochrome c biogenesis and were 
previously implicated in magnetosome biosynthesis [22] 
are dsbA and dsbB, which function in disulfide bond 
formation during translocation of proteins across the 
cytoplasmic membrane [41]. However, their transcrip-
tion was essentially unaffected between anoxic and oxic 
conditions.

Another highly upregulated gene (49.9-fold, M-value 
5.64) was MSR1_19280, which encodes an HHE cation 
binding domain containing protein with unknown func-
tion. This domain is found in bacteriohemerythrins 
known for binding oxygen during import processes, but 
is also found in proteins that play a part in transcrip-
tional regulation in response to oxygen or nitrate [42, 
43]. Several other hemerythrin-like genes were upregu-
lated under anoxic conditions, including MSR1_34750, 
MSR1_33560 and MSR1_04470 by 4.0, 2.3 and 18.7-fold 
(M-value 2.00, 1.22 and 4.32), respectively.

Among the most highly downregulated genes under 
anoxic conditions were exbD_2 (M-value − 4.45), exbB_2 
(M- value − 3.99) and tonB (M-value − 3.97), all of them 
involved in import of various substrates, including iron 
siderophores [44]. Likewise, hmuV and hmuU involved in 
the import of hemin, another putative iron source, were 
also downregulated 13.9 and 10.3-fold (M-value − 3.80 
and − 3.37), respectively. Since ferrous iron becomes 
oxidized to insoluble ferric iron in the presence of oxy-
gen, this might lead to the exploitation of alternative iron 
sources (e.g. siderophores and heme) in anticipation of 
iron shortage under oxic conditions. On the other hand, 
the lower transcription of siderophore and heme uptake 
genes under anoxic conditions suggests only a minor role 
of these proteins in magnetosome biosynthesis. Other 

Fig. 2  Differential expression of genes under anoxic (0% dO2) vs. oxic (95% dO2) conditions with upregulated and downregulated (M-value ≤ − 1, 
M-value ≥1, black dots), highly upregulated (M-value ≥4, red dots), and highly downregulated (M-value ≤ − 3, green dots) genes under anoxic 
conditions. The grey dots represent unsignificant differential expression (M-value ≤1, M-value ≥ − 1)
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genes with a function in iron homeostasis are bacteri-
oferritins bfr1 and bfr2, which were previously implicated 
in magnetosome biosynthesis by Mößbauer spectroscopy 
[45]; this, however, was questioned more recently by a 
genetic approach [46]. Here, single and double deletions 
of bfr1 and bfr2 did not impact magnetite formation in 
M. gryphiswaldense [46]. Consistent with the latter bfr1 
and bfr2 were downregulated under anoxic conditions 
by − 7.0 and − 8.5-fold (M-value − 2.81 and –3.08), 
respectively. However, this interesting observation does 
not necessarily indicate whether bacterioferritins are 
involved in magnetosome biosynthesis or not. Since the 
oxic conditions were likely to impose oxidative stress to 
the microaerophilic M. gryphiswaldense, we expected 
genes involved in tolerance to reactive oxygen species to 
be among the differentially transcribed genes (Fig. 2). In 
fact, tpx and sodB,coding for putative peroxidases were 
downregulated under anoxic conditions by 3.2 and 2.3-
fold (M-value − 1.68 and − 1.17), respectively. Addition-
ally, MSR1_07950 coding for rubrerythrin, and tsA, a 
putative peroxidase, were both downregulated by 2.1 and 
2.9 -fold (M-value − 1.04 and − 1.52). Furthermore, rpoE 
(σ24) a sigma factor for cell envelope and oxidative stress 
[47, 48] was downregulated by 2.1-fold (M-value − 1.10), 
whereas the putative peroxide sensing transcription fac-
tor encoded by perR_1 was significantly upregulated by 
2.4-fold (M-value 1.26).

Expression of magnetosome gene clusters
The well-established mam- and mms-gene clusters, 
which are directly linked to magnetosome biomineraliza-
tion, were not among the most differentially transcribed 
genes by applying routinely used thresholds (i.e. M-value 
≥1 or ≤ − 1). However, as indicated by their high A-value, 
all mam- and mms-genes were among genes with high-
est overall expression levels (A-value of 12–14) across all 
investigated conditions (Fig. 3). Transcription of mamA-
Bop, which harbors all essential genes for magnetosome 
biosynthesis [19], was largely unaffected between anoxic 
and oxic conditions. Strongest upregulation among 
mamABop genes was observed for mamE, mamO and 
mamP 1.4 (M-value 0.53), 1.6 (M-value 0.67) and 1.4-fold 
(M-value 0.44), respectively, while mamH, mamJ, mamN, 
mamA, mamB and mamT showed only low upregula-
tion by 1.2-fold (M-value 0.26–0.3). Only genes from two 
magnetosome operons were upregulated under anoxia: 
1) mms5 and mmxF from the mms5op (M-value 1.54 
and 0.98) and 2) mms6, mmsF, mms36, and mms48 from 
mms6op (M-value 1.56, 1.17, 1.09, 0.6) that are all impor-
tant for magnetite particle size regulation [19, 49–51]. 
The accessory genes mamGFDC [52] were only weakly 
upregulated ca. 1.4-fold (M-value 0.73, 0.38, 0.49, 0.5).

From mamXYop genes, no significant differential 
expression was observed for mamZ and ftsZm, while 
mamY and mamX showed weak, but opposite regulation 
patterns. Under anoxic conditions mamY was 1.3-fold 
(M-value − 0.36) downregulated, whereas mamX was 
upregulated 1.2-fold (M-value 0.21). This seems to be in 
agreement with their suggested functions, where a possi-
ble link between denitrification, the cellular redox poten-
tial and biomineralization was suggested for mamX, 
mamZ and ftsZm [53, 54], while mamY was shown to 
encode a cytoskeletal protein involved in magnetosome 
chain positioning rather than biomineralization [55]. 
In addition to the already observed primary promoter 
upstream of mamY (PmamY), an intergenic promoter 
(PmamX) between mamY and mamX was detected 
under both conditions, which might drive the different 
transcription of mamX, mamZ and ftsZm [18].

The feoAB1op, one of the two ferrous iron uptake sys-
tems present in M. gryphiswaldense, is thought to be 
mainly responsible for ferrous iron uptake for mag-
netosome biosynthesis [2, 56]. Under anoxic condi-
tions, feoB1, which encodes a ferrous iron transporting 
transmembrane GTPase, was 2.3-fold downregulated 
(M-value − 1.2), while feoA1 encoding a Fe2+ trans-
port related protein of unknown function [57] remained 
unchanged.

Genome‑wide analysis of promoter architectures
Next, all TSS present under anoxic and oxic conditions 
were identified with Cappable-seq [31]. After empirical 
testing, the thresholds providing high specificity as well 
as reasonable reduction of false positives were set to an 
enrichment factor of 2.5. By applying this threshold, 5200 
and 5002 TSS were identified for oxic and anoxic condi-
tions, respectively, with 2755 (95% dO2) and 2579 (0% 
dO2) TSS exclusively found in each respective condition. 
Identified TSS were classified as primary TSS upstream 
of the corresponding coding regions (pTSS), intragenic 
TSS (iTSS), anti-sense TSS (asTSS) and other TSS (oTSS) 
not part of any of the classes mentioned before.

Since promoter motifs are most highly preserved in 
intergenic regions, which do not obey the evolutionary 
restrictions of protein coding regions, motif analysis was 
performed with the identified pTSS using the software 
Improbizer [58]. Under both oxic and anoxic conditions, 
a conserved TATaaT motif was identified (Fig. 4A). Fur-
thermore, a second motif was recognized with the con-
sensus sequence of cTTGcc. Both motifs are separated by 
a 11–20 bp interspacing region. In most genes, transcrip-
tion starts with a conserved adenine 6–9 bp downstream 
of the corresponding − 10 region. For both conditions, a 
conserved aaGGAG motif as ribosome binding site (RBS) 

90



Page 7 of 16Riese et al. BMC Genomics          (2022) 23:699 	

with a 2–19 nt spacer to the start codon was detected 
(Fig.  4B). Consensus sequences were calculated sepa-
rately for pTSS within the MAI (inMAI) and the rest of 
the genome (exMAI). However, no differences were 
found (Fig. S3).

To further identify putative regulatory elements of 
translation apart from the RBS, the region between the 
identified pTSS and the translation start site (TLS), the 
so called 5′-untranslated region (5′-UTR) was extracted 
and further analyzed (Fig. S2). From the 1522 (95% 
dO2) and 1534 (0% dO2) extracted 5′-UTRs, 5% (Num-
ber of 5′-UTRs under 95% dO2 51 and 0% dO2 60) were 
considered as leaderless transcripts (5′-UTR length 

0–9 nt), since 5’UTRs below 9 nt are considered too 
short to harbor an RBS with a corresponding spacer 
region. Short 5′-UTRs with a length of 25–35 nt were 
the dominant fraction with 20.8% (317) and 23.4% (353) 
of the investigated sequences under oxic and anoxic 
conditions, respectively (Fig.  4C). These 5′-UTRs are 
sufficiently long to comprise an RBS with the corre-
sponding spacer to the TLS.

A second dominant fraction (406 5′-UTRs under 
95% dO2 (26.7%), and 353 under 0% dO2 (23.0%)) 
ranging from 150 to 300 nt in 5′-UTR length was 
identified. This suggests a high degree of regulation 
at both the transcriptional and translational level by 

Fig. 3  A Overview of the MagOPs with previously identified [18] and novel (this study) TSS. B Differential expression of genes under anoxic (0% dO2) vs. 
oxic (95% dO2) conditions with upregulated and downregulated (M-value ≤ − 1, M-value ≥1, black dots) as well as top highly upregulated (M-value 
≥4, red dots) and highly downregulated (M-value ≤ − 3, green dot) genes. Grey dots indicate insignificant differential expression (M-value ≤1, 
M-value ≥ − 1). MAI genes are highlighted in yellow. The magnetosome gene clusters are colored as following: feoABop in orange, mms5op in light 
green, mms6op in purple, mamGFDCop in red, mamABop in blue and mamXYop in dark green
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cis-regulatory elements such as riboswitches, second-
ary structures or attenuators since 5′-UTR of these 
lengths are known to enable such complex structures 
[60, 61]. Analysis of the genome sequence with the 
Rfam database [62, 63] identified three putative ribos-
witches (Table 1), in addition to the previously identi-
fied putative regulatory elements in the 5′-UTR [15]. 
Additionally, one small RNA (sRNA) was identified in 
the genome.

Elucidation of the global operon architecture
We further investigated genome-wide operon organi-
zation by combining Cappable-seq, WTSS as well as 
3′-end-sequencing. To enhance the detection of oper-
ons and termination events, results from microoxic and 
oxic conditions, with nitrate as a nitrogen source, were 
considered, in addition to the main oxic and anoxic con-
ditions. Initial analysis was conducted using the auto-
matic operon prediction tool as part of the ReadXplorer 

Fig. 4  A Promoter architecture of identified primary transcription start sites (pTSS) under anoxic (0% dO2) and oxic (95% dO2) conditions including 
−35, −10 regions and TSS as well as spacer region lengths. B Consensus sequences of the ribosome binding site (RBS) and the translation start site 
(TLS) with the distances of the interspacing region. C Distribution of 5′ untranslated region (5’UTR) lengths for anoxic and oxic conditions. The motif 
logos were created with Weblogo [59]
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software [64] with the threshold of at least three span-
ning reads for assigning two neighboring genes into a 
primary operon (i.e., a polycistronic transcript harboring 
at least two genes). If additional TSS were located within 
a presumed primary operon, a sub-operon was assumed. 
Using this procedure, 643 genes were found expressed as 
monocistronic transcripts, and 853 as primary operons 
comprising between 2 and 23 genes, and 3254 genes in 
total (Fig. 5). The majority (89% / 764 primary operons) 
of the polycistronic transcripts comprised 2–6 genes 
with 357 primary operons coding for two genes (41.9%), 

followed by transcripts with three genes (22% / 189 pri-
mary operons). Among the longest operons was the 
well-studied mamABop with 17 genes involved in mag-
netosome biosynthesis. Other examples for long operons 
comprised 16 genes (17 kb) encoding NADH-quinone 
oxidoreductase subunits, and 21 genes encoding riboso-
mal proteins (9 kb).

Different sub-operon profiles were identified in mag-
netic (anoxic) and non-magnetic (oxic) cells. Under oxic 
conditions 1545 sub-operons were identified with 814 
sub-operons exclusive for this condition. Anoxic datasets 

Table 1  Predicted cis-regulatory elements by using the Rfam database [62, 63]

The newly predicted cis-regulatory elements are highlighted by an asterisk

Name Start Stop Bit Score Strand 0% dO2 TSS 95% dO2 TSS

Cobalamin riboswitch 530,889 531,128 118.2 + 530,905 530,801

Guanidine-I riboswitch* 119,571 119,680 75.6 – 119,678

SAM riboswitch 3,457,791 3,457,868 69.5 – 3,457,976 3,457,976

Glycine riboswitch 3,661,824 3,661,919 68.7 + 3,661,819 3,661,819

TPP riboswitch 72,546 72,658 70.6 + 72,467 72,558

manganese riboswitch* 2,189,415 2,189,528 49 – 2,189,523 2,189,523

rpsB* 1,038,575 1,038,671 46.8 + 1,038,568 1,038,569

Guanidine-II riboswitch* 3,082,026 3,082,072 45.7 + 3,082,019 3,082,019

BjrC80 sRNA* 1,456,741 1,456,921 43.4 –

Fig. 5  Distribution of identified operons by gene number. Monocistronic and polycistronic transcripts were identified from the pooled dataset 
including all tested conditions. Sub-operons were defined by transcription start site (TSS) identification within a primary operon for the respective 
condition (95 and 0% dO2). The number of genes within the monocistronic and polycistronic as well as the sub-operons is coded by color
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showed 1504 sub-operons of which 836 were exclusively 
identified under this condition. In both conditions, the 
majority of sub-operons encompass a single gene (oxic: 
36.1% /anoxic: 36.1%), followed by two genes (20.1% / 
20.4%), whereas 43.8% / 43.8% of the identified sub-oper-
ons consist of more than three genes (Fig. 3).

Within the MAI, 28 monocistronic transcripts and 30 
primary operons (including the MagOPs) were identified 
under all four investigated conditions, the majority of 
which encompass two genes (21 primary operons). Fur-
thermore, 47 sub-operons dataset were identified within 
the oxic dataset, whereas only 29 within the anoxic data-
set, suggesting a lower transcriptional complexity under 
anoxic conditions. Whereas the architecture of the two 
primary feoAB1op and mms5op did not change, showing 
two and no sub-operons, respectively, the other MagOPs 
exhibited condition-dependent changes in TSS num-
bers resulting in different sub-operonic structures. The 
smaller primary operons mms6op (3 / 2) and mamGFD-
Cop (2 / 1) showed a decreased complexity by one sub-
operon under anoxic conditions. The most striking effect 
was observed for mamABop, in which the number of 36 
sub-operons under oxic conditions decreased to only 13 
under anoxic conditions. The same was observed in the 
case of mamXYop, where the number of sub-operons 
decreased from 6 to 3 sub-operons.

Discussion
Here, we employed a combination of various RNA-
seq techniques to identify the transcriptional land-
scape, promoter structure and operon architecture of 
M. gryphiswaldense during anaerobic conditions favor-
ing magnetosome formation. As expected, many of the 
upregulated genes are directly or indirectly linked to 
anaerobic respiration and most of these genes (23) have 
functions in various steps of denitrification. Determi-
nants of aerobic respiration were also among the top 
upregulated genes in anoxic magnetic cells, such as the 
cbb3 oxidase encoded by ccoNOQP operon. Besides 
encoding the primary cytochrome c terminal oxidase for 
aerobic respiration, cbb3-type oxidase was also linked 
to the redox balance control required for magnetosome 
biomineralization, which was severely impaired upon 
deletion [35]. By contrast, the aa3-type cytochrome c 
oxidase encoded by coxBAC and ctaG with a suggested 
function in oxygen detoxification, but no role in mag-
netosome biosynthesis [35] was significantly downregu-
lated, and the bd-type cytochrome c terminal oxidase 
encoded by cydBA did not show any differential expres-
sion. Additionally, we also found several genes involved 
in cytochrome c maturation and disulfide bond forma-
tion among upregulated genes. Since several key pro-
teins involved in magnetosome biosynthesis are c-type 

cytochromes exhibiting a unique so called “magne-
tochrome” fold [37, 38], regulation of the cytochrome c 
maturation system may affect magnetosome biosynthesis 
directly, in addition to the more indirect effects on many 
cytochrome c domain containing respiratory enzymes. 
Indeed, genetic impairment of cytochrome maturation 
resulted in aberrant magnetite crystal morphologies in 
a genome wide transposon mutagenesis screen [22]. The 
genes dsbA and dsbB are involved in the proper folding 
of periplasmic proteins through disulfide bond forma-
tion [65], but also have a suspected auxiliary function in 
magnetosomes biosynthesis [22]. For example, several 
magnetosome proteins, such as MamE/F/G/H/N/P/S/T/
X/Z, contain more than two cysteines in their proposed 
luminal domains [66], rendering them putative substrates 
of DsbA and DsbB. In our analysis, the constitutive high 
expression of dsbA and dsbB (A-value 9–10) would agree 
with such an important function.

Genes for respiratory functions were also found 
enriched among the 77 upregulated genes in microoxic 
(0.5% dO2) magnetic M. gryphiswaldense cells compared 
to semi-oxically grown cells (30% dO2) by Wang and col-
leagues [28]. In the same study, 95 genes, involved in 
various generic cellular processes, were downregulated 
under 0.5% dO2 compared to cells grown under 30% 
dO2 [28]. The top upregulated cycA_1 and putatively 
transcriptional regulators such as crp_1 or crp_3 identi-
fied in our study escaped detection in the previous study 
[28]. Furthermore, motility associated genes found to 
be highly regulated by Wang et al. [28], were not among 
the top-upregulated genes in our study. Since overlap-
ping expression of aerobic and anaerobic key genes was 
observed under microoxic conditions [20], our compari-
son between highly controlled inhibitory oxic and fully 
anoxic conditions favoring highest magnetite biomineral-
ization can be expected to reveal more pronounced regu-
latory differences between magnetic and non-magnetic 
cells, which likely explains the higher number of differ-
entially expressed genes (300 up-, and 164 downregu-
lated) identified in our study. Among them, several genes 
with so far unknown function, such as MSR1_19280, 
MSR1_19290 and MSR1_04470 represent novel can-
didates for respiration-linked genes, but as such might 
also be putatively involved in magnetosome biosynthesis 
because of their high upregulation in magnetic cells.

Hemerythrins were previously implicated in magneto-
some biosynthesis because of their known function in 
oxygen sensing as well as iron transport in other bacte-
ria [43]. In addition, the conspicuously high numbers 
of genes encoding bacteriohemerythrins present in the 
genome (26 copies), and in particular within the MAI of 
M. gryphiswaldense led to speculations about a possible 
function in magnetosome biosynthesis [42, 67]. Thus, 
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their upregulation in magnetic ells observed in our and a 
previous study [28] would be consistent with such a func-
tion, which however needs to be further investigated.

Regulation of magnetosome genes
A remarkable finding was that the magnetosome spe-
cific genes comprised within the feoAB1op, mms5op, 
mms6op, mamGFDCop, mamABop and mamXYop oper-
ons were among the most highly transcribed genes in the 
cell, comparable to, or even exceeding highly expressed 
housekeeping genes, such as those coding for DNA-poly-
merase subunits (dnaE and dnaN, A-value 12.2 and 12.1), 
as well as ribosomal proteins (rplD and rplE, A-values 
13.0 and 11.4). The overall weak regulation of the major-
ity of the mam- and mms-genes confirmed earlier stud-
ies, which suggested a constitutive expression of specific 
magnetosome biosynthesis genes [13, 28]. In addition, 
previous studies showed that key magnetosome proteins 
as well as empty magnetosome membrane vesicles were 
highly abundant in non-magnetic cells in which magnet-
ite biomineralization was entirely suppressed by aerobic 
cultivation [13, 68]. Expression of the large mamABop 
encoding key functions in magnetosome membrane 
formation, assembly and crystal nucleation, remained 
largely unchanged at high expression levels between our 
tested conditions. Only mms6op, feoAB1op and mms5op, 
which are not essential, but have redundant or accessory 
function in iron transport or magnetite crystal size regu-
lation, were upregulated in magnetic cells. The high and 
constitutive expression of magnetosome genes indicates 
that magnetosome biosynthesis is among the key cellular 
functions under all conditions. Thus, the absence of mag-
netite crystals in oxic cells cannot be explained by the 
lack or poor transcription of magnetosome specific pro-
teins but instead possibly by abiotic direct oxidation of 
the cellular ferrous iron, thus disturbing the proper Fe2+/
Fe3+ ratio required for magnetite precipitation, which 
cannot be compensated by the cellular reductase activi-
ties. Alternatively, or in addition, highly aerobic condi-
tions may damage oxygen-sensitive cofactors important 
for the magnetite biomineralization, such as Fe-S-cluster 
containing respiratory enzymes, as observed by Imlay 
and colleagues in E. coli [69, 70].

Oxic conditions cause increasing transcriptional 
complexity
We found substantial differences in the number and posi-
tion of TSSs between anoxic and oxic conditions, and to 
some degree, also between each of those and a previous 
study [18]. A higher number of TSSs (5200) was identi-
fied in oxic, non-magnetic cells vs. 5002 in anoxic mag-
netic cells. A possible reason for the increased number of 
TSS in oxic cells could be the compensation of instability 

of long transcripts induced by reactive oxygen species, 
thus possibly ensuring transcription from additional sites 
within the operon. However, since we identified only a 
4% difference in TSS-number between conditions with 
pooled replicates, it might be worth to clarify oxygen 
impact on transcriptional organization in future studies. 
Within the MAI, anoxic conditions also resulted in fewer 
TSSs than detected in the previous study [18], whereas 
under oxic conditions most of the previously detected 
TSSs were confirmed [18]. The absence of the previously 
detected intergenic TSS upstream of mms36 [18] sug-
gests that this TSS is only active under the rather unde-
fined oxygen conditions used in the previous study [18], 
resulting in cells at diverse stages of growth.

Comparative analysis of global promoter structure
Under both anoxic and oxic conditions, conserved motifs 
at − 35 (cTTGcc) and − 10 regions (TATaaT) separated 
by an interspacing region of 11–20 bp were detected. A 
similar promoter architecture was also identified in the 
σ70-dependent promoters in other Alphaproteobacteria 
such as Gluconobacter oxydans [71], and with sequence 
similarity to the − 35 (TTG​ACA​) and − 10 (TAT​AAT​) 
motifs characteristic for the E. coli house-keeping sigma 
factor σ70 [72]. Thus, the vast majority of M. gryphiswal-
dense primary promoters during the investigated growth 
phase conditions is likely σ70-dependent as well. The 
identification of conserved promoter structures also has 
practical implications. For instance, the PmamDC45 pro-
moter driving transcription of the mamGFDCop shows 
a canonical σ70 promoter architecture with TTCGC for 
− 35 region and TAA​ATT​ for − 10 region separated by 
an approximately 20 bp spacer, and a 6 bp spacer to the 
corresponding TSS [13]. The high similarity between 
PmamDC45 sequence to the promoter motifs that we 
found to exhibit highest activity confirms that the 
PmamDC45 represents an appropriate promoter for high 
expression in M. gryphiswaldense [10, 53, 73].

Within the 5′-UTR we found a conserved aaGGAG 
motif serving as an RBS with in average 8 nt as spacer to 
the corresponding start codon in both oxic and anoxic 
datasets. This architecture resembles the optimized 
RBS (AGGAG followed by an 8 nt spacer) for expres-
sion in M. gryphiswaldense, which has been experimen-
tally identified [10, 73]. Noteworthy, longer 5′-UTRs 
were more common in transcripts from oxic conditions, 
whereas significantly shorter 5′-UTRs were found under 
anoxic conditions. This may suggest a higher potential 
for regulation by cis-regulatory elements and is con-
sistent with the increased transcriptional complexity 
in oxic cells, possibly suggesting an overall increased 
regulatory potential under these conditions. Our analy-
sis of 5′-UTR for regulatory RNA structures, based on 
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the Rfam database, predicted new riboswitches in addi-
tion to the previously annotated ones in the most recent 
version of the M. gryphiswaldense genome [15]. New 
elements with a clear regulatory function, such as a 
glycine-riboswitch upstream of the glycine degradation 
system (gcvTHPAPB-operon), but also elements with so 
far unknown function were detected such as the BjrC80 
sRNA upstream of hypothetical proteins. Although some 
new cis-regulatory elements were found, they only rep-
resent a relatively small fraction (2.5% of 5′-UTR length 
150–300 nt under anoxic conditions) compared to the 
high number of long 5′-UTRs (26.7 [95% dO2]/23% [0% 
dO2]), suggesting that most regulators remain unidenti-
fied. Taken together, it seems that expression regulation 
under the tested conditions in M. gryphiswaldense is 
based to a significant degree on cis-regulatory elements 
like riboswitches as sensors for environmental cues, as 
suggested by the 5′-UTR length.

Conclusions
The transcriptome under conditions of highest mag-
netosome biosynthesis revealed an interplay between 
generic metabolic processes, such as anaerobic respira-
tion, as well as increased biosynthesis and maturation of 
cytochrome c proteins and hemerythrins; some of these 
pathways have already been implicated in magnetosome 
biosynthesis. In addition, in highly magnetic cells, the 
transcriptional complexity is reduced compared to oxic, 
nonmagnetic cells. Furthermore, magnetosome genes 
mostly exhibit a constitutively high expression, which is 
only weakly affected by growth conditions.

Our study sheds light on the genome-wide complex 
transcriptional organization during magnetosome bio-
synthesis as a model for the formation of an intricate 
prokaryotic organelle with relevance for the research at 
system level. Furthermore, the insights can be used for 
engineering promoters as well as entire cellular pathways, 
thereby enabling rational design of synthetic magneto-
some operons for targeted magnetosome production.

Materials and methods
Bacterial strains, culturing conditions and cell sampling
Magnetospirillum gryphiswaldense strain MSR-1 (DSM 
6361) [74, 75] was cultivated in flask standard medium 
(FSM) comprising 10 mM 2-[4-(2-hydroxyethyl) piper-
azin-1-yl] ethanesulfonic acid (HEPES) (pH 7.0), 15 Mm 
potassium lactate, 4 mM NaNO3, 0.74 mM KH2PO4, 
0.6 mM MgSO4 x 7H2O, 50 μM iron citrate, 3 g L− 1 soy 
peptone and 0.1 g L− 1 yeast extract.

Cells used for RNA isolation and cDNA library 
preparation were cultivated in a stirred-tank 3 L bio-
reactor (BioFlo™ 320, Eppendorf Bioprocess, Jülich, Ger-
many) equipped with an InPro3253i (Mettler-Toledo, 

Columbus, USA) pH probe and an InPro6850i (Mettler-
Toledo, Columbus, USA) O2 sensor, according to the 
previously established oxystat fermentation regime [26]. 
Briefly, the seed-train encompassed two passages in 
10 mL FSM in 15 mL conical centrifugation tubes at room 
temperature for 40 h after inoculation from 4 °C stock 
cultures. Afterwards, stepwise scale-up was performed 
in screw-capped bottles with subsequent cultivation in 
30 mL preculturing medium (FSM with 150 μM iron cit-
rate and 1 g L− 1 soy peptone) at room temperature for 
40 h followed by a second preculturing step with 300 mL 
preculturing medium at 28 °C for 16 h with slightly 
unscrewed lid for air exchange. For the second step, the 
incubation was performed at 120 rpm in an orbital shak-
ing incubator, which were then used for inoculation of 
the bioreactor.

Oxystat fermentations were conducted under oxic 
(95% dO2), microoxic (1% dO2) and anoxic (0% dO2) in 
large-scale medium (LSM) comprising 15 mM potas-
sium lactate, 4 mM NaNO3, 0.74 mM KH2PO4, 0.6 mM 
MgSO4 x 7H2O, 150 μM iron citrate, 3 g L− 1 soy peptone 
and 0.1 g L− 1 yeast extract. For anaerobic fermentations, 
the medium was supplemented with additional sodium 
nitrate to 10 mM to further prolong the main growth 
phase. Prior to inoculation of the microoxic and anoxic 
processes, oxygen was gassed out with nitrogen. During 
microoxic and oxic fermentations dO2 was controlled 
by automated adjustment of agitation (100–300 rpm) 
and airflow (0–10 SLPM) with compressed air [26]. For 
anoxic conditions, the medium was continuously sparged 
with 0.2 standard liter per minute (SLPM) nitrogen to 
prevent oxygen diffusion into the system and agitation 
was kept constant at 100 rpm.

Cells were harvested during main growth phase by 
pumping 400 mL of the fermentation broth through an 
ice cooled silicon tube for quick cooling to 4 °C. Sub-
sequently the cells were pelleted at 8300 g and 4 °C for 
10 min using a Sorvall RC-5B Plus centrifuge (Thermo 
Fisher Scientific, Waltham, USA) and shock-frozen with 
liquid nitrogen. The cell pellets were then shipped on dry 
ice to Vertis Biotechnologie AG (Freising) for RNA isola-
tion, library preparation and sequencing.

Cell growth and magnetic response
Both optical density (OD) as measure for cell growth 
and magnetic response were measured with an Ultro-
spec2000 pro spectrophotometer at 565 nm. The mag-
netic response was measured according to Schüler et al., 
1995 [30]. Briefly, cells were magnetically aligned per-
pendicular and vertical to the light beam of a photometer 
resulting in a change of the OD565. The ratio of maximal 
and minimal scattering intensities subtracted by 1 (Cmag) 
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represents the magnetic response of the cells as estima-
tion for magnetosome biomineralization.

RNA isolation, cDNA library preparations and sequencing
The RNA isolation, cDNA library preparation and 
sequencing were performed by Vertis Biotechnolo-
gie AG (Freising). Different RNA-seq techniques were 
employed, such as 3′-end sequencing [32], whole tran-
scriptome shotgun sequencing (WTSS) and Cappable-
sequencing [31].

For the elucidation of genome wide transcription ini-
tiation, expression coverage and transcription termina-
tion, Cappable-seq [31], whole transcriptome shotgun 
sequencing (WTSS) and 3′-end sequencing [32] tech-
niques were applied, respectively.

Total RNA was isolated from samples using the mir-
Vana RNA isolation kit (Thermo Fisher Scientific, 
Waltham, USA) followed by a DNase treatment step. 
RNA quality was checked by capillary electrophoresis.

For the identification of transcription start sites (TSS), 
the extracted RNA of the oxic and anoxic triplicates were 
pooled resulting in two pooled RNA samples for primary 
5′-end enrichment by using a modified version of the 
Cappable-sequencing technique [31]. Briefly, 5′ triphos-
phorylated RNA was capped with 3′-desthiobiotin-TEG-
guanosine 5′ triphosphate (DTBGTP) (New England 
Biolabs, Ipswitch, USA) facilitated by the vaccinia cap-
ping enzyme (New England Biolabs, Ipswitch, USA). For 
enrichment of the primary 5′-ends, the biotinylated RNA 
was applied to a streptavidin column, washed and eluted. 
An uncapped control was also applied to the column 
to check for unspecific binding to the column matrix. 
Subsequently, the sequencing adapter ligation, reverse 
transcription and PCR amplification of the cDNA were 
performed according to TrueSeq Stranded mRNA library 
instructions (Illumina, San Diego, USA).

The WTSS library preparation was performed for bio-
logical triplicates of the four investigated conditions and 
a pooled RNA sample of all extracted RNAs. The ribo-
somal RNA was then depleted by an in-house protocol 
(Vertis Biotechnologie AG, Freising, Germany) for the 
13 RNA samples. The remaining mRNA was purified 
using the Agencourt AMPure XP kit (Beckman Coul-
ter Genomics, Chaska, USA) and quality checked by 
capillary electrophoresis. Fragmentation of the mRNA, 
reverse transcription, adapter ligation and PCR amplifi-
cation were performed according to TrueSeq Stranded 
mRNA library instructions (Illumina, San Diego, USA).

For the 3′-end library preparation a 3′ Illumina 
sequencing adapter was ligated to the 3′-OH ends of the 
rRNA depleted RNA sample prior to reverse transcrip-
tion, cDNA fragmentation, sequencing adapter ligation 

and cDNA purification using the Agencourt AMPure XP 
kit (Beckman Coulter Genomics, Chaska, USA).

All cDNA libraries (in total 15 libraries) were single-
end sequenced on an Illumina NextSeq 500 system (Illu-
mina, San Diego, USA) using 1 × 75 bp read length.

Bioinformatic methods
Read mapping and visualization
The sequencing reads from all 15 libraries were trimmed 
for sequencing adapters and low-quality bases before 
mapping to the current M. gryphiswaldense genome 
(Accession No. CP027526) using the CLC Bio’s Genomic 
Workbench software package (Qiagen, Venlo, Neth-
erlands) with a mapping efficiency between 93 to 98% 
(Table S1). The resulting datasets were then visualized 
and investigated with ReadXplorer [64].

Transcriptional start site detection and motif analysis
Transcriptional start sites (TSS) were automatically 
detected with the Cappable-seq tools [31]. Briefly, the rel-
ative read score (RRS) is calculated for both Cappable-seq 
datasets by normalizing the read coverage for each base 
in the reference genome to the sequencing depth. Sub-
sequently, the enrichment score for the corresponding 
position is calculated according to the formular enrich-
ment score = log2(RRS/RRScontrol), where RRScontrol is 
the relative read score in the control library at the same 
genomic position as in the TSS enriched library. After 
empirical testing, the optimal threshold for highly spe-
cific TSS detection was determined with 2.5 for both 
datasets (oxic and anoxic conditions). Afterwards, the 
identified TSS were classified based on the localization in 
the genome by using an automated in-house script.

For identification of the conserved σ70-promoter 
motives, sequences 70 bp upstream of the assigned 
pTSSs were extracted and taken as input for the motif-
analysis software Improbizer [58]. To identify the con-
sensus sequence of the ribosome binding site (RBS) the 
region 20 bp upstream of the translation start site (TLS) 
assigned to a pTSS was analyzed by Improbizer.

The identified consensus sequences for the − 10 
and − 35-region were visualized with WebLogo 3 [59].

Elucidation of operon structure
The operon detection was performed with the automated 
prediction tool implemented in ReadXplorer [64]. When 
at least three reads connecting two coding sequences 
were counted the corresponding genes were assigned into 
a primary operon. This process was continued for the fol-
lowing genes until no more genes could be assigned to 
that operon.

Sub-operons were assigned, when a TSS (pTSS or iTSS) 
was identified within a primary operon.
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Differential gene expression analysis
Prior to differential expression analysis, the reads of the 
replicates were normalized by transcripts per kilobase 
million (TPM) [76] and checked by Pearson correlation 
coefficient (R2) to ensure the suitability for comparison. 
All replicates among each condition show R2-values 
above 0.8 indicating the high consistency among the 
different experiments (Table S2). Differential expression 
analysis was conducted with the whole transcriptome 
datasets cells grown under different growth conditions 
described under ‘Bacterial strains, culturing condi-
tions and cell sampling’. The reads mapped to genes of 
three biological replicates per condition were counted 
by the implemented tool in the ReadXplorer software 
and tested for differential expression with DESeq2 [77] 
using default settings. In case the false discovery cor-
rected p-value was below 0.01, the corresponding gene 
was considered as differentially expressed under the 
compared conditions.
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Additional file 1: Figure S1. Cell growth and magnetic response (Cmag) 
under A) anoxic (dO2 0%, 10 mM nitrate), B) oxic (dO2 95%, 4 mM ammo-
nium), C) microoxic (dO2 1%, 4 mM nitrate), D) oxic with nitrate (dO2 95%, 
4 mM nitrate) conditions. (Scale bar 1 μm). Growth (black and grey lines) 
and Cmag (colored lines) were depicted for each replicate (circles, dia-
monds and triangles). The black arrow indicates the sampling timepoint 
for the RNA-seq experiments.

Additional file 2: Table S3. List of top 41 up- and downregulated genes 
under anoxic in comparison to oxic conditions.

Additional file 3: Figure S3. Comparison between promoter motives 
of TSS located within (inMAI) and outside (exMAI) of the magnetosome 
island, cultivated under anoxic (0% dO2) and oxic (95% dO2) conditions. 
The motif logos were created with Weblogo [58].

Additional file 4: Figure S2. Distribution of classified transcription start 
sites (TSS) under anoxic (0% dO2) and oxic (95% dO2) conditions in the 
whole genome (pTSS, primary TSS; asTSS, antisense TSS; iTSS, intragenic 
TSS; oTSS; other TSS).

Additional file 5: Table S1. Mapping statistics of the different RNA-seq 
datasets including the three library preparation techniques, namely 
Cappable-seq, whole transcriptomic shotgun sequencing and term-seq 
sequencing.

Additional file 6: Table S2. Pearson correlation coefficients R2 of the 
biological replicates.
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