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Thesis Abstract

Magnetosomes, membrane-bound magnetic nanocrystals produced by magnetotactic bacteria, offer
a promising alternative to chemically synthesized magnetic nanoparticles due to their unique
properties, enabling great potential in nanobiotechnology and biomedicine. However, several
challenges hinder their large-scale production, including limited understanding of the
biomineralization processes, cell physiology, batch-to-batch reproducibility, and lack of rapid and
efficient characterization techniques. This thesis addresses these challenges by exploring ironuptake
and its role in biomineralization, assessing the impact of oxidative stress on magnetosome formation,
and evaluating cell disruption techniques on magnetosome chain integrity.

Correlative microscopy, combined with a range of analytical methods, was employed to elucidate
magnetosome biomineralization and the associated physiological changes of Magnetospirillum
gryphiswaldense MSR-1 under various stress conditions. The research revealed a direct correlation
between the labile Fe?* pool size and magnetosome content, as higher intracellular iron concentrations
were associated with increased magnetosome production. An intracellular iron pool, distinct from
magnetite, was identified, being present throughout all stages of biomineralization. The potential role
of magnetosomes in mitigating oxidative stress is further evidenced as magnetosome-producing cells
maintained high levels of intracellular iron with minimal oxidative stress, while non-producing cells
exhibited reduced magnetosome and iron content alongside elevated reactive oxygen species levels.

The observed changes in MSR-1 cell morphology and viability under external stress conditions
highlight the importance of monitoring physiological changes to enhance bioprocess efficiency and
robustness, crucial for the production of high-quality magnetosomes. Furthermore, downstream
processing technologies were shown to compromise magnetosome chain integrity, essential for
certain applications. Among the tested disruption techniques, high-pressure homogenization was
found to be the most effective in preserving magnetosome chain length, while nano-flow cytometry
emerged as a promising technique for rapid quality assessment of single-magnetosome preparations.
The findings contribute to a broader understanding of magnetosome production, emphasizing the
importance of optimizing culture conditions and developing reliable characterization methods.

Keywords: magnetic nanoparticles, magnetotactic bacteria, magnetosomes, biomineralization,
bioprocessing, correlative microscopy, oxidative stress, cell disruption, iron transport dynamics.
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Chapter 1. Introduction

1.1. Background and motivation

In recent years, nanomaterials, especially nanoparticles, have gained attention in many disciplines
because of their physicochemical properties different from those seen in bulk materials [1].
Particularly, iron oxide magnetic nanoparticles have gathered significant attention due to their
susceptibility to magnetic fields, their unique properties and diverse applications in
nanobiotechnology and nanomedicine [2]. The magnetic properties of these particles combined with
their small size, enable precise control and targeting which is crucial for applications such as drug
delivery, magnetic resonance imaging (MRI), and hyperthermia treatment for cancer. The widespread
adoption of chemically synthesized magnetic nanoparticles has been somewhat limited by issues

related to biocompatibility, size uniformity, and the environmental impact of their synthesis [3].

In contrast, magnetosomes, which are produced by magnetotactic bacteria (MTB), present a promising
alternative to chemically synthesized magnetic nanoparticles. These intracellular, membrane-
enveloped, magnetic nanocrystals are typically composed of magnetite (Fes04) or greigite (FesSa) [4].
Unlike synthetic magnetic nanoparticles, magnetosomes offer a range of superior properties, including
narrow size distribution, uniform morphology, high purity, and intrinsic biocompatibility [5]. The lipid
membrane surrounding magnetosomes facilitates surface functionalization, making them particularly
attractive for biomedical applications where biocompatibility and stability are crucial [6], [7]. Among
MTB, Magnetospirillum gryphiswaldense MSR-1 has emerged as one of the most widely used model
strains, largely due to its relative ease of cultivation compared to other strains, as well as the availability

of already developed bioprocessing methods and genetic tools.

Despite the promising potential of magnetosomes and significant efforts to develop high-yield
production platforms, scaling up their production to an industrial level remains challenging [8]-[11].
MTB are difficult to culture due to their specific growth requirements and their sensitivity to
environmental conditions (e.g. some species require microaerophilic or anoxic conditions) [12]. Figure
1.1 shows a schematic representation of the key steps in magnetosome bioprocessing using MTB.
Enhancing overall magnetosome vyields require optimization at multiple stages, not only through
improvements in upstream processes—such as the development of new culture strategies and genetic
engineering enabling bacterial and magnetosome high-yields [11], [13], [14]—but also, through
advancements in downstream processes, including cell disruption and magnetosome purification,

which are crucial for producing high-quality magnetosome preparations [10], [15], [16].
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Overall, the future widespread application of magnetosomes in industry is currently hindered by
several critical factors. Firstly, there is a limited understanding of the biomineralization process in MTB,
which restricts our ability to manipulate and enhance magnetosome formation. Secondly,
identification of growth and physiological bottlenecks in MTB cultures makes it challenging to achieve
high biomass and magnetosome yields [17]. Thirdly, producing magnetosome batches with consistent
structure, chain length, and functionality (batch-to-batch reproducibility) remains a significant hurdle
[16]. Finally, the development of rapid and reliable characterization techniques for assessing
magnetosome preparations is still at an early stage, further complicating the standardization and

quality control needed for industrial production.
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Figure 1.1. Schematic representation of magnetosome bioprocessing steps, including upstream and downstream
processes.

1.2. Context of the thesis

This PhD project builds on the foundation of prior research conducted within our research group,
which has focused on advancing industrially relevant bioprocesses for the production of
magnetosomes. Significant efforts have been devoted to understanding the physiology and

metabolism of MTB to optimize magnetosome production through enhanced bioprocessing strategies.

In previous work, MSR-1 was employed as a model microorganism to study key physiological processes
in MTB, with flow cytometry (FCM) being established as a pivotal analytical technique [18]. FCM
enabled the rapid assessment of critical parameters, including cell concentration, cell size distribution,
intracellular iron content, and the accumulation of polyhydroxyalkanoate (PHA) granules. This led to

the development of novel FCM methods tailored to MSR-1, but broadly applicable to other MTB
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species, facilitating the monitoring of cellular health and physiology under various environmental
conditions. This thesis extends these FCM methods by incorporating the detection of reactive oxygen
species (ROS) into the array of physiological parameters, further enhancing the capability to analyse

and optimize MTB cultures for magnetosome production.

A notable achievement was the development of a pH-stat fermentation approach that optimized the
growth conditions for MSR-1, resulting in enhanced biomass yield, magnetosome formation, and
intracellular iron accumulation [11]. By fine-tuning the concentrations of key substrates, such as lactic
acid and sodium nitrate, a significant increase in both cellular magnetism and iron content was
achieved, thus advancing the scalability of magnetosome production. This work demonstrated the
importance of monitoring bacterial physiology during bioprocess development, which remains a

fundamental element of subsequent research in this area.

In addition to fermentation process optimization, the group has also pioneered an integrated
bioprocessing platform that includes downstream processing innovations. This includes the
development of high-efficiency magnetosome recovery methods using high-gradient magnetic
separation and an aqueous micellar two-phase system, providing a low-cost alternative to more
traditional techniques, such as sucrose gradient ultracentrifugation [16]. These efforts not only
improved the purity of magnetosome preparations but also enabled a continuous production platform,

which is vital for future industrial applications.

Beyond magnetosome production, the group's research also explored the valorisation of microbial
biomass waste generated during MSR-1 cultivation [19]. This microbial biomass waste, which is rich in
proteins and PHA, presents an opportunity for further biotechnological applications, including
biodegradable bioplastics and biofuels. The integration of these approaches into a magnetosome-
based biorefinery concept has opened new avenues for sustainable magnetosome production,

emphasizing the versatility and industrial potential of MTB-derived products.

This PhD project is designed to build on this body of work, particularly focusing on advancing our
understanding of MTB physiology and bioprocess optimization. While some of the methodologies
employed in this study differ from those previously used, including the introduction of new analytical
techniques and process parameters, the overall aim remains aligned with the group’s core research
interests. Specifically, this project seeks to further explore key steps in magnetosome
biomanufacturing by generating insights that can be used in future work to develop improved

strategies for more efficient and robust production processes.
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1.3. Aims and objectives

Key factors limiting the industrial-scale production and application of magnetosomes are:

¢ Alimited understanding of the biomineralization process.

¢ ldentification of growth and physiological bottlenecks in MTB cultures.

¢ Inconsistencies in batch-to-batch reproducibility of magnetosome preparations.

e The lack of quick and reliable characterization techniques for assessing magnetosome

preparations quality.

This thesis aims to address some of these challenges by exploring iron dynamics and the effects of
oxidative stress on magnetosome biomineralization and bacterial growth, as well as assessing the

impact of cell disruption on the integrity of magnetosome chains.
The specific research objectives of this PhD study are:

e To analyse the impact of varying extracellular iron concentrations on MSR-1 growth and
magnetosome biomineralization.

¢ Toinvestigate intracellular iron dynamics, focusing on the correlation between the intracellular
iron pool and magnetosome content at the single-cell level.

¢ To assess the effects of different external stress factors, such as excess iron and exposure to
hydrogen peroxide, on MSR-1 physiology and biomineralization processes.

¢ To examine the relationship between ROS and magnetosome biomineralization.

¢ To evaluate the efficiency and impact of various cell disruption techniques on magnetosome
chain integrity.

¢ To evaluate the feasibility of nano-flow cytometry (nFCM) as a rapid quality assurance method

for magnetosome preparations.
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1.4. Thesis structure

This thesis is organized into six chapters, with each of the three experimental chapters addressing

specific challenges that limit magnetosome production, as outlined in 1.3. section. The experimental

chapters follow a “journal paper” format and structure, each including an introduction, materials and

methods, results and discussion, and conclusions sections.

Chapter 1: This introductory chapter provides the context and background that motivates the
research presented in this thesis. It includes an overview of the main aims and objectives of
the project and outlines the structure of the thesis.

Chapter 2: This chapter provides a comprehensive literature review that establishes the
foundation for the research. It covers essential concepts related to MTB and magnetosome
biomineralization, discusses the key limiting factors in magnetosome production, and provides
background on the structural microscopy techniques employed in the experimental chapters.
Chapter 3: This chapter explores the critical role of iron in magnetosome biogenesis, focusing
on the study of the different intracellular iron pools and their relationship with magnetosome
formation at the single-cell level. By utilizing a multi-scale approach that combines advanced
imaging techniques with analytical methods, this chapter contributes to the understanding of
the magnetosome biomineralization process.

Chapter 4: This chapter examines the physiological responses of MTB to oxidative stress and
its impact on magnetosome biomineralization. It also explores the potential role of
magnetosomes as ROS scavenging agents, contributing to a deeper understanding of the
physiological and growth dynamics of these bacteria.

Chapter 5: This chapter evaluates the efficiency and impact of various cell disruption
techniques on magnetosome chain length and integrity. It also explores the potential of nNFCM
as a quality assurance method for magnetosome preparations. The findings provide valuable
insights into batch-to-batch reproducibility of magnetosomes preparations and propose nFCM
as a promising characterization technique to facilitate quality check-points in magnetosome
production platforms.

Chapter 6: The final chapter presents the overall conclusions of this research and suggests

potential directions for future studies.

M. Masé-Martinez, PhD Thesis, Aston University 2024 27



Chapter 2. Literature review

Part of the content of this chapter has been adapted from the following publication:

Marta Masd-Martinez, Paul D Topham, and Alfred Fernandez-Castané, “Magnetosomes: Biological
Synthesis of Magnetic Nanostructures,” in Fundamentals of Low Dimensional Magnets, R. K. Gupta, S.

R. Mishra, and T. A. Nguyen, Eds. CRC Press, 2022.

2.1. Magnetotactic bacteria

MTB are a group of Gram-negative bacteria that possess the distinctive ability to orient themselves in
a magnetic field. This behaviour is attributed to the presence of a type of intracellular magnetic
nanoparticles called magnetosomes. Magnetosomes consist of nanosized magnetic crystals of greigite
(FesS4) or magnetite (Fes0Q,), arranged in a needle-like chain, and are naturally synthesized by these

bacteria through a process called biomineralization.

MTB were independently discovered by Salvatore Bellini in 1963 and Richard Blakemore in 1974. In
freshwater sites around Pavia, Bellini observed that certain microorganisms exhibited magnetic
sensitivity, persistently swimming towards the magnetic North Pole. Bellini proposed the term
"Magnetosensitive Bacteria" and hypothesized the existence of a biomagnetic compass within each
cell [20]. This discovery initially did not receive much attention until Blakemore observed the presence
of magnetosomes chains using electron microscopy [21]. Since then, MTB species have been used as

a model organism to study biomineralization.

MTB species exhibit a wide range of diversity in terms of morphology, physiology, and phylogeny. Cell
morphologies include rods, vibrios, spirilla, cocci, and ovoid bacteria, as well as giant and
magnetotactic multicellular bacteria (Table 2.1). Usually, bacteria swim in run-and-tumbling
movements in all directions. However, MTB are able to passively orient themselves in the Earth’s
magnetic field, which results in their movements being described by a run-and-reverse mechanism. It
is hypothesized that orientation within a magnetic field provides an advantage over non-magnetic

bacteria by helping them locate the optimal position within a vertical concentration gradient.
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Table 2.1. Examples of morphological characteristics of magnetotactic bacteria and magnetosomes crystals.

Magnetotactic bacteria strain cell Magnetosome F:rystal Ref
morphology morphology size (nm)
A,\Zggnle topirillum gryphiswaldense Spirillum Cuboctahedral crystals 30-50 [22]
Magnetospirillum magneticum AMB-1 Spirillum Cuboctahedral crystals 30-50 [23]
Elongated
Magnetovibrio blakemorei MV-1 Vibrioid pseudohexagonal prismatic 60 [24]
crystals
Elongated
Magnetococcus marinus MC-1 Cocci pseudohexagonal prismatic 30-110 [25]
crystals
Desulfovibrio magneticus RS-1 Rod Bullet-shaped crystals 40-70 [26]
Candl('jatus Magnetobacterium Giant-rod Tooth-shaped 110-150 [27]
bavaricum
Magnetococcus massalia MO-1 Cocci Elongated cubo-octahedral 64 [28]

MTB are ubiquitous and globally distributed in nearly all aquatic habitats [12], [29]. These prokaryotes
are found in both the Northern and Southern Hemispheres, in fresh and saline waters [30], [31].
Geographic location does not appear to be a conditional factor for MTB, but the chemical composition
of the environment typically shares common characteristics [32]. All known MTB are microaerophiles,
anaerobes or facultative anaerobes, and are predominantly found in sediments or chemically stratified
water columns, specifically around the oxic-anoxic interface [4]. MTB have the capacity to swim in
either direction along the magnetic field and maintain their position at their preferred oxygen

concentration, due to a unique tactic response known as magneto-aerotaxis [5].

MTB are a phylogenetically diverse group of microorganisms affiliated to various groups within
Proteobacteria phylum (including Alphaproteobacteria, Deltaproteobacteria and
Gammaproteobacteria), Nitrospirae phylum and candidate division OP3 [12]. Only a few MTB strains,
mainly found in the Alphaproteobacteria class such as Magnetospirillum griphiswaldense MSR-1 and
Magnetospirillum magneticum AMB-1, have been successfully isolated and cultivated.
Magnetospirillum genus is one of the most studied MTB groups, and both MSR-1 and AMB-1 are
considered model strains for studying magnetosome biomineralization due to the availability of

genetic engineering tools and laboratory cultivation protocols [33]—[35].

M. Masé-Martinez, PhD Thesis, Aston University 2024 29



2.2. Magnetosomes

Magnetosomes can be found in all MTB species and are essential for their magnetotactic lifestyle.
Whilst the use of magnetosomes as a navigational system seems to be the main function, there are
studies that suggest other roles. For instance, the protective role of magnetosomes against metal

stress [36], ROS [37], [38] and UV-B radiation has been studied [39], [40].

2.2.1. Structure and composition

Magnetosomes consist of an inorganic core (either magnetite or greigite) enveloped in a lipidic
membrane (Figure 2.1). The chemical composition of the crystal core is species-specific and remains
consistent, even when greigite-producing conditions are provided to a magnetite-producing MTB
strain, and vice versa. [24]. Electron microscopy studies have revealed the wide diversity in
magnetosome crystal shapes, including hexagonal, elongated prismatic, tooth-shaped, arrowhead-
shaped, rectangular, and bullet-shaped morphologies [41]. In addition to morphology, crystal size is
also a species-specific feature, ranging from 35 to 120 nm (Table 2.1). Cubo-octahedral shaped
magnetosomes from Magnetospirrillum species are the most common and well-studied crystals
among MTB. Magnetite is a mixed-valence iron oxide mineral that contains both ferrous (Fe?*) and

ferric (Fe3*) iron in a 1 to 2 ratio, respectively [Fe(Il)Fe(l11),04].

The lipidic bilayer sorrounding the crystal is called magnetosome membrane and it is composed of
various types of phospholipids and proteins, with a thickness of 5 to 6 nm [42], [43]. The lipid

distribution within the magnetosome membrane closely resembles that observed in the cytoplasmic
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Figure 2.1. (A) Schematic structure of a single magnetosome. It is composed by a magnetic mineral crystal core
encapsulated by a lipidic bilayer. Magnetosome membrane contains magnetosome-associated membrane
proteins (Mam). Variation of shape and colour denote the variability of the Mam proteins. (B) Cryo-electron
microscopy image of a magnetosome chain. Scale bar = 100 nm.
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membrane. However, the protein content is distinct from that typically found in the cytoplasmic

membrane, with over 25 magnetosome-associated membrane (Mam) proteins identified [44]-[46].

2.2.2. Genetics of magnetosome biogenesis

The genes involved in magnetosome formation are localized in a specific region of the bacterial
chromosome called the genomic magnetosome island (MAI). It is estimated that around 30 mam and
magnetic particle membrane-specific (mms) genes are involved in magnetosome biogenesis [44], [45],
[471-[49]. In Magnetospirillum species, MAI constitutes approximately 2% of their genomes. This
region presents many features associated with genomic islands, such as putative insertion sites near
tRNA genes, distinct levels of GC enrichment compared to the rest of the genome, and a large number
of mobile genetic elements [50]. These features contribute to genetic instability, causing the MAI to
undergo frequent genetic rearrangements, which can lead to various mutations and new phenotypes

(including non-magnetic ones) when the bacteria are subjected to stress [51], [52].

Although gene size may vary between MTB species, the MAI is generally conserved and grouped in
four different operons: mamGFDC, mms6, mamXY and mamAB [53]. While the mamAB operon is
sufficient for rudimentary biomineralization, the other operons encode non-essential proteins that
play crucial roles in controlling magnetosome size, morphology, and arrangement [54], [55]. Table 2.2

lists the proteins encoded by these operons and their respective functions.

2.2.3. Magnetosome biomineralization

The mechanism underlying magnetosome formation in MTB is not yet fully understood. However, it is
widely accepted that the process involves four key steps: (i) invagination of the cytoplasmic
membrane; (ii) sorting of magnetosome proteins into the magnetosome membrane; (iii) iron transport
into the magnetosome vesicle and subsequent mineralization into magnetite crystals and; (iv)
magnetosome chain formation. These steps can occur simultaneously instead of one after the other.
For instance, the sorting of magnetosome proteins and the appearance of small magnetite crystals can
occur while the cytoplasmic membrane is still invaginating [56]. Figure 2.2 provides a schematic

overview of the pathways of iron uptake and biomineralization in MTB.
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Table 2.2. Function of magnetosome-associated membrane (Mam) and magnetosome-
specific (Mms) proteins in the process of magnetite biomineralization.

Function Proteins Encoding operon Ref
Membrane invagination MamB mamAB [54]
Maml mamAB [45], [54], [57]
MamL mamAB [54], [57]
MamQ mamAB [54], [57]
MamY mamXY [58]
Protein sorting MamA mamAB [59]
MamE mamAB [54], [60]
Iron transport MamB mamAB [45], [61]
MamH mamAB [45], [62]
MamM mamAB [61], [63]
MamZ mamXY [62]
Redox control MamE mamAB [64]
MamP mamAB [54]
MamT mamAB [54]
MamX mamXY [62]
MamZ mamXY [62]
Crystal nucleation MamO mamAB [65]
MamE mamAB [65]
MamM mamAB [61]
Maml mamAB [46]
pH control MamN mamAB [45], [54]
Crystal size and shape control MamD mamGFDC [35]
MamG mamGFDC [66]
MamR mamAB [54]
Mam$ mamAB [54]
FtsZm mamXY [67]
Mms6 mms6 [68]
MmsF mms6 [67]
Chain assembly MamK mamAB [69]
Mam) mamAB [70]

Variability in membrane invagination and detachment from the cellular membrane is observed among
MTB species. For example, in Magnetospirillum magneticum AMB-1 the magnetosome vesicle remains
connected to the cytoplasmic membrane, establishing a continuous connection between the
magnetosome vesicle lumen and the periplasmic space, which may facilitate iron transport [56].
However, strains such as Magnetospirillum gryphiswaldense MSR-1 [43] or Candidatus

Magnetobacterium bavaricum [71] exhibit fully detached magnetosome vesicles.
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Compartmentalization of cellular processes prevents the mixing of contents between two
compartments and allows the obtention of a strictly regulated chemical environment needed for some
cellular mechanisms such as biomineralization. The formation of the magnetosome membrane is
considered essential for magnetite biogenesis, as mutant strains incapable of forming magnetosome
vesicles are unable to produce magnetite crystals [54]. Despite being indispensable, the formation of
magnetosome vesicles is independent of magnetite formation, as studies have observed the presence

of empty magnetosome vesicles under iron-starving conditions [56], [72], [73].

Unlike eukaryotic cells, which rely on specific proteins for membrane remodelling activities such as
vesicle biogenesis, endocytosis, and cell division [74], MTB appears to employ distinct mechanisms for
membrane bending. No homologous factors involved in eukaryotic membrane remodelling have been
identified in MTB [43]. In species like MSR-1, membrane invagination can occur along the entire cell
length without a defined initiation site [43]. Magnetosome membrane invagination is thought to
involve Mam proteins, which are summarized in Table 2.2. These proteins may participate in
membrane bending, given their structural similarities to proteins involved in membrane remodelling
in other organisms [45], [54], [57], [75]. It is likely that larger protein complexes generate lateral

pressure to deform the magnetosome membrane [76].
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Figure 2.2. Schematic representation of cellular iron uptake and magnetosome biogenesis. Firstly, iron is taken
up from the extracellular environment with the help of specific outer membrane transporters (T) or porin (P)
transporters into the periplasm. In there, periplasmatic binding proteins (PBPs) sequester ferric iron and
transport it to ABC transporters. In the case of ferrous iron, FeoB transporters are in charge of delivering the iron
into the cytoplasm. Secondly, cytoplasmic membrane is invaginated and forms a vesicle with the help of Mam
proteins. Thirdly, in the vesicle lumen iron is accumulated and crystal nucleation starts. Finally, once the crystal
is formed, magnetosomes align themselves as a needle-like chain arrangement. If not specified, single capital
letters denote respective Mam proteins. F, ferritin; FR, ferric reductase; O, unknown organic compound; ?,
unknown mechanism.
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Most of Mam proteins are localised on the magnetosome membrane or on the cytoplasmatic side of
the cellular membrane [54], [77]. However, the mechanisms involved in their transport to the
magnetosome membrane remain unclear. No specific localization signals have been identified, but

some Mam proteins are suspected to be involved in this protein sorting process (Table 2.2).

An accumulation of intracellular iron is required before crystal nucleation starts. The mechanisms
employed by MTB for iron uptake from the extracellular environment will be furthered discussed in

section 2.3.

Magnetite crystal nucleation is more dependent on specific reaction conditions than other iron oxides
due to the dual ferrous and ferric iron composition of magnetite. Nucleation requires an alkaline
environment (pH>7), low redox potential, and a minimum iron concentration of 30 mM within the
magnetosome vesicle [78]. The oxygen in magnetite originates from water rather than molecular

oxygen [79].

Two models have been proposed for magnetite nucleation: one suggests direct co-precipitation of Fe?*
and Fe3* to originate magnetite, while the other suggests the formation of intermediate precursor
mineral phases prior to magnetite synthesis [80]. Regardless of the pathway, magnetite nucleation is
highly regulated, with each vesicle containing only a single crystal, which nucleates preferentially near
the magnetosome membrane rather than randomly within the vesicle lumen [56]. After nucleation,

the crystal continues to grow until it reaches a species-specific size and shape.

During crystal maturation, MTB align magnetosomes into a linear chain with the help of a Mam actin-
like protein, named MamkK, that forms a filament analogous to the cytoskeleton, extending from one
cell pole to the other and running close to the magnetosome chain [56]. The individual magnetic dipole
moments of each magnetite crystal are insufficient to interact with magnetic fields, but the collective

dipole moment of the aligned magnetosomes enables the cell to orient within a magnetic field [81].

2.2.4. Magnetosomes and magnetotactic bacteria applications

Magnetosomes exhibit properties that exceed those offered by synthetic magnetic nanoparticles [3],
including narrow size distribution, high crystal purity, low aggregation tendency, facile
functionalization and high biocompatibility [5]. These characteristics make magnetosomes highly
attractive in a wide range of fields, particularly in nanomedicine, diagnostics, and environmental

remediation.
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In drug delivery, magnetosomes serve as promising carriers due to the relatively easy conjugation of
drugs or other therapeutical agents to their lipidic magnetosome membrane [82]. For example, Sun
et al. conjugated the commonly used antitumoral drug doxorubicin to the magnetosome membrane,
effectively inhibiting cancer cell growth [83]; Deng et al. used magnetosomes to treat leukemia [84];
and Raguraman et al. proposed a magnetosome-based oral insulin delivery system to treat diabetes
[85]. Magnetosomes have also been employed for gene delivery, offering potential in cancer treatment
through the transportation of genetic material [86], [87]. Additionally, whole MTB cells have also been
explored as drug carriers and showed tremendous potential due to their magneto-aerotactic
behaviour that enables them to reach hypoxic tumour regions where other carriers struggle to

penetrate [88].

Magnetosomes are also valuable as MRI contrast agents [89], [90]. They can enhance imaging
sensitivity and target specific tissues by binding specific proteins on the magnetosome surface [91]-

[93].

In biosensing, magnetosomes have been employed to detect proteins or DNA [94], as seen in the
development of Magneto Immuno-PCR for Hepatitis B detection, which offers higher sensitivity than
traditional methods [95]. Magnetosomes are also used in food industry applications for the detection
of food-borne pathogens like Salmonella [96], Staphylococcal enterotoxins [97] or Vibrio
parahaemolyticus [98] through immune-magnetic separation techniques that improve the accuracy of

PCR-based tests.

Magnetic hyperthermia therapy consists of applying heat into tumoral cells to induce cell apoptosis
[99]. The use of magnetosomes presents advantages over synthetic magnetic nanoparticles due to
their capacity to functionalize the magnetosome membrane with specific proteins that will only target
the cancerous tissue. The efficiency of magnetic hyperthermia using magnetosomes has been
successfully demonstrated using various cell lines as well as in mice to treat several types of cancers

such as breast cancer [100] and intracranial glioblastomas [101]-[103].

In bioremediation, MTB offer a sustainable approach to wastewater treatment by using magnetic
separation to recover heavy metals adsorbed on their cell surfaces [104], [105], or by doping
magnetosomes with some of these heavy metals [106], [107]. Magnetospirillum strains have also been

applied to recover metals from electronic waste, indicating their potential in e-waste processing [108].

Overall, despite the wide range of potential magnetosome applications, availability of magnetosomes
still remains a challenge because of low biomass and magnetosome yields, difficulty in scaling up the

cultivation process and the complex purification process.
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2.3. Iron uptake dynamics in magnetotactic bacteria

Iron is the fourth most abundant element on Earth’s crust and is ubiquitous in all living organisms. It
plays a vital role in biological systems due to its involvement in a wide array of essential biological
processes, including redox reactions, due to its ability to donate and accept electrons [109]. Iron
frequently functions as a cofactor in key metabolic pathways such as respiration, photosynthesis,
nitrogen fixation, and methanogenesis. Its critical importance to living organisms is best exemplified
by its role in DNA synthesis, where it serves as a cofactor for ribonucleotide reductase, the enzyme

responsible for converting ribonucleotides to deoxyribonucleotides, the building blocks of DNA [110].

In the case of MTB, iron is particularly crucial due to the large quantities required for the synthesis of
magnetosomes. Despite significant advances in understanding the biological and chemical pathways
leading to magnetite biomineralization, the mechanisms by which MTB acquire iron from the

environment and transport it to the magnetosome vesicles remain poorly understood.

Currently, there are three iron uptake models proposed (Figure 2.2). The first model suggests that iron
is directly transported into magnetosome vesicles from the periplasm while the vesicle lumen remains
connected to the cytoplasmic membrane, allowing direct transport or diffusion [111]. The second
model proposes that once iron enters the cytosol, it binds to an unknown organic substrate and ferritin
proteins for transportation, subsequently being released into the magnetosome vesicle [112]. Finally,
The third model suggests that iron is transported through the cytoplasmatic membrane via general
iron uptake systems and then transferred into magnetosome vesicles with the assistance of
magnetosome-specific transporters [46]. The Mam proteins proposed to be involved in this transport
include MamB and MamM for Fe?*, and MamH and MamZ for Fe** transport [46]. MamB and MamM
share a 47% sequence similarity and they both have been classified as CDF (cation diffusion facilitator)
proteins, which are known for having the capacity of transporting divalent transition-metal cations
using a proton motive force [49]. During magnetite formation, pH tends to drop due to the release of
H* into the magnetosome lumen. The H* pumping activity of CDF proteins helps maintain optimal
alkaline and redox conditions within the magnetosome compartment, which are necessary for

magnetite biomineralization [113].

MamH and MamZ are also hypothesized to participate in magnetosome iron transport, as both contain
major facilitator superfamily domains typical of membrane transporters found in bacteria [55]. MamH
has the ability to bind to cations and transfer them into magnetosome vesicle [45], whereas MamZ
presents a ferric reductase domain that suggests that it might participate in the control of redox

balance.
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Although evidence suggests the involvement of general iron uptake systems in intracellular iron
transport, it has been proposed that an additional, magnetosome-specific iron uptake pathway exists.
Moreover, general iron uptake mechanisms and homeostasis systems vary between MTB species. For
instance, siderophore synthesis has been observed in species such as AMB-1, MV-1, and MS-1, but not
in MSR-1 [114]-[116]. Supporting this hypothesis, deletion of the FeoB1 ferrous iron transporter in
MSR-1 reduced but did not completely inhibit biomineralization, suggesting the existence of another,

yet unidentified, iron uptake mechanism [117].

Moreover, earlier studies demonstrates that distinct intracellular iron pools exist: one pool supporting
general biochemical reactions and the other dedicated to magnetite formation [112]. Previous
assumptions proposed that 99.5% of intracellular iron was sequestered in magnetite crystals, but
recent studies indicate that only 25-45% of intracellular iron corresponds to magnetite particles [118],
[119]. To avoid iron toxicity, bacteria must tightly regulate iron homeostasis. In MTB, the Fur regulator
plays a significant role in maintaining iron balance, as Fur-deletion mutants demonstrate reduced iron
uptake and produce smaller, fewer magnetite crystals [120]. Additionally, MTB may mitigate toxic iron
accumulation by storing excess iron in proteins such as ferritin or Dps. Uebe et al. reported the
presence of ferritin-like proteins, bacterioferritins, and Dps proteins in MSR-1 [121]. Contrary to earlier
suggestions that ferritin-like complexes are involved in intracellular iron transport to the magnetosome
vesicle, Uebe et al. concluded that these proteins are not required for biomineralization but are instead
involved in oxidative stress responses [121]. To further support this hypothesis, it has been observed

that some bacterioferritins are regulated by the OxyR ROS regulator [38].

As seen throughout this section, significant knowledge gaps remain regarding how MTB acquire iron
from their environment and transform it into magnetite crystals while keeping iron homeostasis. This
thesis aims to further explore the iron dynamics and its correlation to magnetosome formation in MTB

through advanced characterization techniques (Chapter 3).

2.4. Limitations and parameters affecting magnetosome bioprocessing systems

The bioprocessing of MTB and magnetosome purification involves both upstream and downstream
challenges that significantly impact their production and quality. Addressing these limitations is key for
the future development of efficient and sustainable production of high-quality magnetosome-based

products.
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2.4.1. Factors affecting MTB physiology and magnetosome formation

The growth and the formation of magnetosomes in MTB are influenced by several key environmental
factors, including nutrient composition, iron availability, oxygen concentration, pH, temperature, and

redox conditions (Figure 2.3).
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Figure 2.3. Main factors influencing magnetotactic bacteria growth and magnetosome production yields at flask
and bioreactor scale.

Nutrient composition in the growth medium is crucial, with carbon and nitrogen being key elements.
Carbon serves as an energy source, and its limitation can slow cell metabolism and halt non-essential
processes like magnetosome formation [122]. MTB species use organic acids such as lactate, succinate,
acetate or pyruvate as electron donors and main source of carbon, with lactate being the most
commonly used in both small and large-scale cultures [8], [9], [11], [123]. Nitrogen is vital not only for
biosynthesis of biomolecules such as amino acids [124], but can also be used as a terminal electron

acceptor when oxygen is scarce [123].

Iron availability is a crucial factor for magnetosome synthesis, as MTB can accumulate iron up to 4% of
their dry weight [4]. Commonly used iron sources include ferric citrate, ferric quinate, ferric malate,
and ferrous sulfate [12], [125]. Ferrous or ferric salts at 20 to 50 UM concentrations are generally
sufficient to allow for both growth and magnetosome formation [32]. However, iron concentrations
above 200 uM have been reported to inhibit cell growth [126], [127]. Nevertheless, as explored in
Chapter 3, higher iron concentrations do not necessarily exhibit toxicity under certain conditions.
Additionally, iron availability influences gene expression in MTB, particularly genes involved in

oxidation-reduction processes, ion binding and transport, and iron metabolism [128].

M. Masé-Martinez, PhD Thesis, Aston University 2024 38



One of the most important factors that affects magnetite biomineralization is the oxygen
concentration. MSR-1 can grow under aerobic, microaerobic and anaerobic conditions [33]. Under
aerobic conditions, magnetite formation is inhibited and higher cell densities are obtained, whereas
under limiting oxygen conditions, magnetosome synthesis is induced but lower cell growth is generally
observed [11], [33]. Comparative transcriptomics analysis between microaerobic and aerobic cultures
revealed differences in gene expression regulation of genes involved in cell metabolism, nutrient
transport and cellular regulation [129]. Under microaerobic conditions, nutrient transport and
physiological metabolism were reduced, whereas dissimilatory denitrification pathways were
activated. MSR-1 can also employ nitrate as a terminal electron acceptor, leading to the formation of
larger and more units of magnetite crystals (longer chain), although growth may be limited by toxic
intermediates from denitrification [123], [130], [131]. The study of the extracellular metabolome of
microaerobic and aerobic cultures revealed differences in catabolic and anabolic metabolic routes
related to cell growth, protein synthesis of proteins involved in magnetosome biogenesis, and

butanoate metabolism involved in the synthesis of PHA granules [17].

pH and temperature are also two parameters that require monitoring as they affect cell growth and
magnetosome synthesis. The model strain MSR-1 thrives at temperatures around 28-30°C and a pH of
6.8-7. Deviations in pH can result in aberrant magnetosome crystals, while temperature fluctuations
within the range of 10-20°C have less impact on magnetosome formation. However, temperatures

outside this range can abolish magnetosome production [132].

Oxidation-reduction potential is an important parameter to monitor during bacterial cell growth, as
small changes can affect its growth [133]. Reducing conditions were found to be best for magnetosome
formation, ranging from -250 mV to -500 mV [134], and perturbation of these conditions inhibited
magnetosome biomineralization [132]. While redox conditions do not alter the genetic regulation of
magnetosome-associated genes, they can affect other metabolic pathways involved in magnetosome
formation, such as denitrification, the respiratory chain, and iron uptake [129], [135]. For instance, the
deletion of the cbb3 terminal oxygen reductase in MSR-1 impairs biomineralization, indicating that this
oxidase may act as an oxygen sensor, helping to maintain appropriate redox balance for magnetosome

formation [136].

Oxidative stress, a consequence of excessive ROS production, is another critical factor that influences
cell physiology. ROS, which are by-products of oxygen reduction in metabolic processes, can cause
significant cellular damage when their accumulation surpasses the antioxidant cellular defence
mechanisms [137]. This damage includes the oxidation of nucleic acids, proteins, and lipids, which

directly compromises cell viability [138]. In the context of magnetosome formation, elevated
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intracellular levels of iron, necessary for magnetosome synthesis, can accentuate ROS production
through the Fenton reaction, where hydrogen peroxide (H,0;) reacts with ferrous iron to generate
highly toxic hydroxyl radicals (¢OH) [139]. Consequently, controlling ROS levels and iron homeostasis
during MTB growth is crucial not only for maintaining cell health and viability but also for ensuring
efficient magnetosome production. In Magnetospirillum strains, it has been seen that the global
regulator OxyR participates in magnetosome biomineralization regulation as it is involved in the
expression of antioxidant genes, iron-metabolism regulator genes and iron storage proteins genes [38],
[40], [140]. Additionally, magnetosomes may have a ROS scavenging role, contributing to lowering
overall ROS levels and further protecting the cell from oxidative stress, as they possess peroxidase-like
activity [37]. The impact of oxidative stress in MSR-1 physiology and magnetosome synthesis is further

explored in Chapter 4.

Other metabolic pathways, such as PHA synthesis, also participate in the overall physiology of MTB.
PHA synthesis is upregulated under nutrient-limited conditions or oxidative stress, particularly when
there is an excess of carbon source [141]. Monitoring PHA synthesis is important because PHAs serve
as reservoirs of reducing power, which helps maintain intracellular redox balance and mitigate the
formation of ROS [142]. By sequestering reducing equivalents (e.g. NADH, NADPH), PHAs prevent the
accumulation of excessive reducing agents that could otherwise participate in redox reactions, leading
to uncontrolled ROS production and oxidative damage [143]. Additionally, there is evidence that
suggests the existence of an energy competition between magnetosome and PHA synthesis [13], [18],
[144]. For instance, when PHA synthesis was genetically suppressed, an increase in magnetosome
production was observed, indicating that the resources allocated to PHA synthesis can directly
influence magnetosome biosynthesis [145]. Research carried out on AMB-1, showed that under
anaerobic conditions, PHA content decreases, while under aerobic conditions, PHA production
increases. [144]. This demonstrates that oxygen availability not only influences magnetosome
formation but also impacts PHA metabolism, further highlighting the intricate balance between these

two key physiological processes.

2.4.2. Cultivation strategies for mass production of magnetosomes

The use of bioreactors enables the growth of MTB at relatively high cell densities. MSR-1 flask cultures
yield a maximum cell growth of 1-1.5 ODses [33], [126], whereas bioreactor cultures can yield
approximately 10-fold higher biomass concentrations. Table 2.3 shows a summary of biomass and
magnetosome vyields obtained using different culture strategies carried out at bioreactor scale.

Increasing cell growth yield is advantageous, as a higher number of available cells can lead to greater
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magnetosome production. Bioprocessing parameters such as the oxygen levels, nutrient supply and
pH can only be controlled using bioreactors. Most laboratory scale fermenter studies are performed in
volumes between 1 —7.5 L. However, there is a small number of reports in which the process is scaled

up to 42 L to demonstrate that cultivation can be applied to pilot plant production scale [8], [9], [118].

Table 2.3. Summary of magnetosome and cell yields of various MTB strains cultured using different strategies
and culture media.

. Cultivation . Scale Cell yield Magnetosome

Strain strategy Medium ) (g DCXN 1Y) ODses yielg (mg Fe L) Reference
MSR-1 Batch FSM 4 0.4 1.4 7.9 [33]
AMB-1 Batch FSM 4 0.48 2.5 4.7 [33]
MSR-1 Fed-Batch OFM 42 2.17 7.24 41.7 [8]
MSR-1 pH-stat OFM 42 - 12.2 83.23 [146]
MV-1 Batch OoGM 5 - - 64.35 [147]
MSR-1  Semicontinuous OFM 42 9,6 42 356.52 [9]
MSR-1  Semicontinuous OFM 7.5 7.59 30.4 225.53 [9]
MSR-1 Fed-batch MGM 40 2.4 8 10 [10]
MSR-1 pH-stat FSM 5 4.2 16.6 54.3 [11]

OFM = Optimized flask medium; OGM = Optimized growth medium; MGM = Minimal growth medium; FSM = Flask
Standard Medium.

Heyen and Schiiler carried out what is considered to be the first bioreactor-type study that optimized
cultivation conditions for various MTB strains applying different dissolved oxygen (dO3) concentrations
and optimized flask standard media (FSM) [33]. Oxygen was regulated by establishing an automatic
cascade control system by gassing nitrogen and air separately. The authors determined that magnetite
biomineralization is optimal under a 20 mbar O, threshold. Sun et al. opted for a microoxic fed-batch
oxystat strategy in a 42 L fermenter [8]. In this aeration approach a fixed airflow rate was used and
regulation of dO, was manually controlled by changing the agitation speed when a decrease of cell
growth was detected. Liu et al. improved the feeding strategy by proposing a pH-stat feeding system
to maintain optimal carbon, nitrogen and iron concentrations [146]. In this strategy, a feeding solution
containing carbon, nitrogen and iron sources was employed to regulate and maintain the pH. Different
sodium lactate concentrations and nitrogen sources were tested, and the work concluded that MSR-1
growth yield was higher when low concentrations of sodium lactate were used. Zhang et al. proposed
a semi-continuous nutrient-balance feeding culture strategy [9]. In this approach, OFM (optimized flask
medium) was modified to reduce the accumulation of Na* and ClI" ions, thereby preventing an increase
in osmotic potential, which can inhibit cellular growth and, consequently, magnetosome formation.
Following this strategy, the authors reached the highest magnetosome and cellular growth vyields

shown to date. Our group reported the second highest production yields after Zhang et al. by
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developing a simple pH-stat cultivation strategy without the need for sophisticated control tools, such
as extremely sensitive dO, probes [11]. dO, was maintained below 1% air saturation by manually
adjusting the airflow and agitation between 100 and 500 rpm. The effect of lactic acid and nitrate was
also studied: cell growth was enhanced at lower lactic acid concentrations, whereas magnetosome
production increased at high lactic acid concentration. Therefore, a balance must be reached between
biomass and magnetosome production when designing new fermentation strategies. Cell physiology
was also monitored throughout all the fermentation experiments with the help of FCM analysis [11],
[18]. The study of MTB physiology of high-density cultures has not been investigated enough.
Understanding which physiological parameters limit biomass and magnetosome yields could enhance

industrial magnetosome production.

2.4.3. Cell disruption

Magnetosomes are intracellular products, and therefore they need to be released from the cells prior
to their purification. This process involves breaking the cell wall and membrane while preserving the
functional integrity of magnetosome chains, which is important for certain applications. For instance,
in the biomedical industry, batch-to-batch consistency is essential, and a solution containing

magnetosome chains of varying lengths is not ideal for standardization and reliable performance.

Cell disruption techniques are classified into mechanical and non-mechanical methods (Figure 2.4).
Mechanical methods involve physical forces to break the cell structure (e.g. sonication, French press,
bead milling), while non-mechanical methods rely on chemical or enzymatic processes to achieve cell

lysis [148].

Sonication, which employs high-frequency sound waves to generate shear forces, is widely used for
cell disruption due to its effectiveness in lysing cells. However, improper optimization can lead to
damage of sensitive intracellular components. [149]. Kobayashi et al. optimised probe sonication for
the disruption of Magnetospirillum magnetotacticum MS-1 [150], while Alphandéry et al. employed
an ultrasonic bath to disrupt AMB-1 [100], [151]. It is important to note that prolonged ultrasonication

can cause extensive breakage of magnetosome chains and agglomeration [15], [151].

The French press is another mechanical technique that employs high pressure to force cells through a
narrow valve, causing them to burst [152]. This method has been extensively applied to MTB, including
MS-1 [42], MSR-1 [49], [153], [154] and AMB-1 strains [155]. High-pressure homogenization (HPH), a

technique similar to the French press, is widely used for microbial cell disruption due to its high
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efficiency, versatility of operation (batch or continuous) and scalability [156]. HPH has also been

employed in the disruption of MSR-1 [157]—-[159].

Chemical disruption of MTB has been less frequently reported, primarily due to the potential damage
to magnetosome membranes [49], [150], [151]. Enzymatic treatment, such as using lysozyme, has
been applied mainly to study periplasmic and cytoplasmic fractions in MTB cells, rather than for

efficient cell disruption[160]-[162].

Overall, although various cell disruption techniques are available, selecting the most suitable method
for MTB downstream processing is critical to balancing efficient cell lysis with the preservation of
magnetosome chain integrity. A detailed discussion of some of these approaches and their

implications for magnetosome recovery is presented in Chapter 5.
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Figure 2.4. Overview of the cell disruption process in magnetotactic bacteria, highlighting both mechanical and
non-mechanical methods. The figure illustrates the most highly employed cell disruption techniques, including
enzymatic lysis, sonication, high-pressure homogenization and French press.
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2.5. Biomineralization characterization

There are several approaches to studying magnetosome biomineralization. To determine whether a
culture is producing magnetosomes, researchers often employ rapid qualitative tests to distinguish
between magnetic and non-magnetic cell populations. For example, magnetic bacteria display a
shimmering effect when cell suspensions are placed on magnetic stirrer plates [163]. The presence of
dark-coloured cell pellets (Figure 2.5) and dark bacterial colonies are also indicators of magnetosome
production. The magneto-spectrophotometric assay of suspended cells provides an indirect
assessment of cellular magnetosome content by rapidly evaluating the cellular magnetic response

(Cmag) of the culture [164]-[166].

Non-magnetic Magnetic

J

Figure 2.5. Cell pellets of Magnetospirillum gryphiswaldense MSR-1, illustrating the colour differences between
non-magnetosome-producing (non-magnetic) and magnetosome-producing (magnetic) cells.

Monitoring iron content is also a crucial aspect of studying biomineralization. Spectroscopic
techniques, such as inductively coupled plasma spectrometry (ICP) and atomic absorption
spectroscopy (AAS), are widely used to estimate total intracellulariron content. When applied to whole
cells, these measurements provide an approximation of magnetosome content, as they do not
distinguish between iron contained within magnetosomes and iron present in other cellular
components. However, when measured in purified magnetosome samples, total iron content closely
correlates with magnetosome content, providing a more accurate assessment [11], [117], [167]. To
measure ferrous iron concentrations ferrozine assay is also commonly employed [119]. FCM has also
been used as a rapid and efficient analytical technique, offering insights into cell physiology and

providing information about the intracellular iron pool by using a fluorescent iron probe [168].

Nevertheless, microscopy techniques, particularly transmission electron microscopy (TEM), are among
the most widely used and direct methods for determining magnetosome content. TEM allows for the
visualization of magnetosomes at high resolution, providing detailed information on their structure

and organization within the cells [41], [169].
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2.5.1. Microscopy-based techniques

Structural information is key to understand biomolecular functions and cellular processes. The field of
structural biology is continuously evolving with advancements in techniques and methodologies to
better unravel how the cellular machinery operates [170]. Due to the inherent complexity of biological
systems, no single technique can capture all structural, dynamical, and functional information [171].
Therefore, integrating multiple techniques often provides a more accurate and holistic view of cellular

events.

Microscopy-based techniques are fundamental to understand intracellular structural organization and
its dynamic reorganization during cellular processes [172]. A variety of microscopy methods are
available, each tailored to specific sample types and research needs. Conventional light microscopy,
although widely accessible and suitable for imaging live samples, is limited in resolution, particularly
for structures smaller than 1 um. Fluorescence tags can enhance resolution up to 200 nm [173],
especially in techniques like confocal microscopy and structured illumination microscopy (SIM) [174],
[175]. However, fluorescence microscopy is limited to visualizing tagged regions, leaving other cellular

structures undetected.

2.5.1.1. Electron-based microscopy techniques

Electron microscopy (EM) offers superior spatial resolution, revealing ultrastructural details at the
nanoscale. Techniques such as scanning electron microscopy (SEM) and atomic force microscopy

(AFM) provide topographical information, while TEM reveals intracellular structures.

Although conventional electron-based microscopy techniques are ideal to visualize highly resolved
structures (down to 5 nm), they present some limitations. Sample preparation is often labour-intensive
and time-consuming, with critical sample thickness requirements, typically around 100 nm. In
addition, achieving sufficient contrast to visualize cell structures often necessitates chemical fixation,
which may alter the sample [176]. In biological studies, preserving specimens in their near-native,
hydrated state is crucial for gaining accurate structural, functional, and organizational insights. The
development of cryo-electron microscopy (cryoEM) addressed this need by vitrifying the samples,
enabling imaging in a near-native state without staining or sectioning [177]. CryoEM has become a
popular tool for determining the three-dimensional structures of macromolecules, often in
combination with cryo-electron tomography (CET) for detailed 3D reconstructions [178]. This approach

has been instrumental in revealing cellular mechanisms, such as the determination of SARS-CoV-2
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spike glycoprotein structure, a critical factor in virus-host cell attachment, that facilitated the

development of therapies and diagnostics tools [179].

However, CET has limitations, particularly the low penetration power of electrons, which reduces
resolution for samples thicker than 0.5 um. This limitation has been evident in the imaging of whole
eukaryotic cells, where the sample thickness compromises resolution [180]—-[182]. Techniques such as
focusedion beam (FIB) milling can be employed to reduce sample thickness but carry the risk of sample

damage.

MTB and magnetosomes have been characterized using a variety of these techniques. TEM remains
the primary method for examining magnetosome morphology and crystal structure [41], while energy-
dispersive X-ray spectroscopy (EDX), often coupled with SEM or electron energy-loss spectroscopy
(EELS), is used to determine the chemical composition [183]-[186]. Although not an electron-based
technique, X-ray diffraction (XRD) has also been employed to analyse magnetosome crystal structure
and purity in various MTB strains [187], [188]. Similarly, electron diffraction provides structural
information but at the single-particle level. Besides magnetosomes, TEM enabled the identification of
intracellular inclusion bodies (e.g., sulfur, polyphosphate, and PHA granules) [145], [189], [190] and
diverse flagellar systems in MTB [191].

CryoEM and CET have also been employed to study magnetosome formation. Raschdorf et al. used
CET to elucidate the role of Mam proteins in redox balance control and magnetosome membrane
invagination [43], [62]. 3D reconstructions demonstrated that MSR-1 magnetosome vesicles detach
completely from the cytoplasmatic membrane at the end of the invagination process [43]. Katzmann
et al. studied magnetosome chain arrangement through CET, characterizing the associated cytoskeletal
filament in various MSR-1 mutant strains [69]. Cornejo et al. employed CET to investigate
magnetosome vesicle growth in AMB-1, proposing a two-step growth mechanism regulated by a
biomineralization-dependent checkpoint [73]. Thus, structural characterization has played a significant

role in understanding the cell biology behind magnetosome formation and its regulation.

2.5.1.2. Soft X-rays microscopy

Cryo-soft X-ray tomography (cryoSXT) represents an attractive alternative to CET. This synchrotron-
based technique achieves resolutions down to 25 nm [192] and uses X-rays instead of electrons as its
illumination source. Unlike electrons, X-rays can penetrate deeper, allowing for imaging of thicker

samples, such as whole cells, without the need for sectioning.
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Currently, cryoSXT is available at four synchrotron facilities: U41-TXM Bessy |l (Berlin, Germany), XM2
Advanced Light Source (Berkeley, California, USA), Mistral ALBA (Barcelona, Spain) and B24 Diamond
Light Source (Didcot, UK). Sample preparation for cryoSXT follows the same vitrification protocol used
for cryoEM, preserving samples in a near-native state. An added advantage of cryopreservation is

enhanced sample resistance to radiation damage, allowing for longer exposure times [193].

Soft X-rays have been successfully used to image a wide variety of specimens, including bacteria like
Escherichia coli [194], yeasts such as Saccharomyces cerevisiae and Saccharomyces pombe [195], algae
[196], Hepatitis C virus [197], and eukaryotic cells [198]. Unlike, hard X-rays, which have energies
between 5 and 30 keV and are highly penetrating, soft X-rays have lower penetration depths, but are
particularly advantageous for imaging biological samples. This is due to their ability to interact with
light elements abundant in these organic materials (e.g. carbon, nitrogen, oxygen), as these elements
absorption K-edges fall within the soft X-ray spectrum (0.1-1 keV) [199], providing element-specific
contrast and detailed chemical information. In particular, the "water window", a spectral region
between the carbon (284 eV) and oxygen (543 eV) absorption edges (Figure 2.6A), is commonly used

for imaging [200]. This range takes advantage of the natural absorption characteristics of biological
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Figure 2.6. (A) K-absorption edges of carbon (284 eV) and oxygen (543 eV) within the "water window," where
water (blue) is transparent, allowing carbon-rich structures (red) to produce sufficient contrast for imaging. (B)
Schematic representation of a soft X-ray microscope. Images were adapted from (A) Groen et al. 2019 [176] and
(B) Bayguinov et al. 2020 [202].
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materials—carbon-rich elements absorb strongly, while water, which is oxygen-rich, absorbs weakly—
creating high-contrast images of biological structures without the need to add any staining agents
[201]. Figure 2.6B illustrates the principle of a cryoSXT microscopy. Briefly, X-rays from a synchrotron
radiation source are passed through a bend magnet on the synchrotron ring and led to the microscope
via a mirror. Once inside the microscope, x-rays are delivered to the sample, which is mounted on a
cryo-stage, via a condenser zone plate. The resulting projections are directed via an objective zone

plate to the detector or camera [202].

Soft X-rays-based techniques, such as scanning transmission X-ray microscopy (STXM), soft X-ray
ptychography and cryoSXT have been also employed to characterize magnetosome biomineralization,
as well as for characterizing magnetotactic holobiont specimens [203]-[205]. For instance, Zhu et al.
employed soft X-ray ptychography to achieve a record spatial resolution of 7 nm, the highest reported
for soft X-ray imaging below 1 keV, providing unprecedented detail in the study of magnetosome
structures both intracellularly and extracellularly, with high chemical sensitivity [204]. Similarly, Le
Nagard et al. employed STXM to conduct time-course chemical mapping, revealing that Fe3*-rich
particles are initially produced and gradually reduced to form magnetite, with organized chains of
magnetosomes forming during later growth stages [203]. Furthermore, Chevrier et al.'s cryoSXT
characterization of magnetotactic holobionts emphasized the evolutionary significance of collective
magnetotaxis, raising important questions regarding the origins of symbiosis between eukaryotes and

magnetotactic bacteria [205].

2.5.1.3. Correlative microscopy studies

Correlative microscopy studies combine the capabilities of two imaging techniques that complement
each other to answer complex biological questions that otherwise could not be resolved by a single

technique [206].

Most correlative studies synergise fluorescence microscopy and a high-resolution technique.
Fluorescence microscopy is used to identify and localize molecules of interest, allowing the study of
molecular interactions and dynamics within a biological system [207], while the high-resolution
technique provides detailed ultrastructural information. Originally, correlative microscopy was
developed to combine visible light microscopy with electron microscopy, but different modalities can
be combined depending on the specific research question. A common correlative approach in biology,
particularly for eukaryotic cells [208] and microorganisms [209], is the combination of cryo-

fluorescence microscopy with cryoEM (CryoCLEM — correlative light and electron microscopy). Cryo-
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fixation protects against radiation damage and extends the lifespan of fluorescent labels [210].
However, data correlation can be challenging due to differences in volume, thickness, and spatial
resolution between light and electron microscopy. CryoSXT emerges as a bridge between these two
techniques as the resolution gap is not as large [211]. When combined with super-resolution
techniques like 3D-SIM, cryoSXT can be particularly powerful, as 3D fluorescence data can be

correlated with tomographic images [212].

Although still relatively new, correlative light and soft X-ray microscopy have been employed to
investigate various cellular processes, including mitochondrial fission in mammalian cells [213],
reovirus intracellular release pathway [212] or the cellular structural changes that causes Hepatitis C
virus during infection [197]. However, this approach has not yet been applied to MTB, presenting
exciting opportunities for characterizing MTB and advancing our understanding of magnetosome
formation at the single-cell level. In Chapter 3, a correlative light and soft X-ray microscopy study on

MTB is presented, demonstrating its potential in this field.

Some correlative microscopy studies combining different microscopy techniques have been conducted
on MTB. Ginter et al. used a combination of fluorescence lifetime imaging microscopy-Forster
resonance energy transfer (FLIM-FRET) and stimulated emission depletion (STED) microscopy to
further investigate the role of MamK and MamJ in the arrangement of magnetosome chains in MSR-1
[214]. Woehl et al. performed in vivo imaging of AMB-1 cells immobilized in a fluid cell, using scanning-
TEM and fluorescence imaging to assess cell membrane integrity. Surprisingly, the cell membranes
exhibited minimal radiation damage when exposed to low electron doses [215]. Finally, Li et al.
developed a strategy for the phylogenetic and structural characterization of uncultured MTB at the
single-cell level by pairing fluorescence microscopy and SEM [216], [217]. These studies highlight the
significant potential of correlative microscopy techniques for characterizing, investigating dynamic
cellular processes and elucidating the intricate interactions and functions of magnetosomes in MTB,
regardless of the specific combinations of microscopy techniques used. Chapters 3 and 4 exemplify
this potential; while each presents distinct advantages and limitations, the correlative microscopy
techniques employed in these chapters provided valuable insights tailored to their respective research

objectives.
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Chapter 3.

An integrated approach to elucidate the interplay between
iron uptake dynamics and magnetosome formation at the

single-cell level in Magnetospirillum gryphiswaldense

The content of this chapter has been adapted from the following publication:

“An integrated approach to elucidate the interplay between iron uptake dynamics and magnetosome

formation at the single-cell level in Magnetospirillum gryphiswaldense”. M. Masé-Martinez, J. Bond,

C. A. Okolo, A. C. Jadhav, M. Harkiolaki, P. D. Topham, A. Fernandez-Castané. ACS Appl. Mater.
Interfaces, vol. 16, 2024. DOI: 10.1021/acsami.4c15975

3.1. Introduction

Iron constitutes an essential element in all living organisms due to its participation in a wide range of
fundamental biological processes such as respiration, nitrogen fixation and DNA synthesis [109].
Particularly, iron plays a crucial role in a group of Gram-negative bacteria known as MTB. These
bacteria biomineralize large amounts of iron (up to 4% of their dry weight) to form a type of magnetic

nanoparticles, known as magnetosomes, through a complex metabolic process.

Magnetosomes are nanoscale organelles consisting of membrane-coated magnetic crystals of
magnetite (Fes304) or greigite (FesSa) usually arranged as a needle-like chain and their main function is
to act as geomagnetic navigational systems [46]. Magnetosomes have tremendous potential for
biotechnological and biomedical applications due to their unique properties such as narrow size
distribution and biocompatibility [218]. However, their industrial biomanufacturing potential is
hindered by their relatively limited growth and low magnetosome production yields [11], [219]. This
limitation is likely due to the insufficient understanding of the magnetosome biomineralization process
at the single-cell level, which may involve several factors, such as intrinsic energetic constraints (e.g.,

ATP generation/consumption), nutrient availability, the influence of secondary metabolites, or
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environmental conditions [11]. Addressing these knowledge gaps could help unlock the full production

potential of magnetosomes.

Despite the efforts invested in understanding the metabolic and biochemical pathways responsible for
magnetite biomineralization, the mechanisms by which MTB uptake iron from the environment, its
intracellular storage, and internalisation into the magnetosome vesicle remain poorly understood.
Several models have been proposed. The first model suggests that iron is directly transported into
magnetosome vesicles from the periplasm when the vesicle lumen is still in contact with the
cytoplasmatic membrane by direct transport or diffusion [5]. The second model proposes intracellular
accumulation of Fe?* and ferritin and subsequent transportation to the magnetosome vesicle for its
co-precipitation into magnetite [112]. Finally, the third model suggests that Fe** and Fe®" are
transported through the cytoplasmatic membrane via general iron uptake systems, such as the Feo
(ferrous iron transport) system [117], [220] and transported into magnetosome vesicles with the help
of magnetosome-specific transporters (MamB, MamM, MamH, MamZ) [46], [49], [55] with or without
the help of ferric reductases that convert Fe®* to soluble Fe?* [221], [222].

Previous transmission TEM analyses combined with X-ray absorption spectroscopy and Mdéssbauer
spectroscopy studies revealed the presence of other iron species besides magnetite involved in early
stages of magnetite biogenesis (e.g. ferrihydrite, ferritin proteins, hematite) [112], [121], [223]-[225].
This led to the hypothesis that 99% of the intracellular iron corresponded to magnetite as most of
these distinct iron species were no longer detected in the intracellular iron pool by the end of the
biomineralization process. However, recent studies demonstrated that magnetite constitutes only 25-
45% of the total intracellular iron content [10], [119], [226], [227], evidencing the heterogeneity of the

intracellular iron pool in MTB.

The use of single-cell analysis tools has yielded valuable information regarding the intracellular iron
pool and magnetosome biomineralization [226]. For instance, fluorescence microscopy has been used
to characterize intracellular iron speciation and subcellular localization [119], [228]; FCM to monitor
physiological parameters, including the intracellular iron pool [18]; and single-cell ICP-MS to quantify
the intracellular iron content of individual MTB cells [167]. Despite providing valuable information on
the intracellular iron pool, these techniques are limited in their ability to measure magnetosome
content at the single-cell level. In contrast, techniques that can quantify magnetosome content at the
single-cell level (e.g. TEM) cannot measure the intracellular iron pool [169]. Therefore, using a
combination of these techniques compensates for the limitations of each method. For example, FCM
is a high-throughput technique that enables real-time single-cell analysis of thousands of cells within

a brief timeframe, examines heterogeneous cell populations within a single sample, and provides
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physiological information such as cell size and complexity [229]. However, FCM only provides relative
measurements of cellular characteristics but lacks detailed morphological information compared to
microscopic techniques. Bulk quantification of magnetosome content is typically done by ICP-OES or
AAS and supported by TEM magnetosome visualization [230]. Both methods require offline
measurements, impeding real-time data acquisition while performing the experiment, and involving
tedious sample preparation procedures. TEM analysis typically involves sample drying, staining, and
sectioning, potentially inducing sample damage and compromising the visualization of cells under their

native conditions, which may influence the resultant data [231].

Here, we propose for the first time the utilization of a correlative microscopy approach involving
cryoSIM and synchrotron-based cryoSXT [212] on Magnetospirillum gryphiswaldense MSR-1,
alongside the use of FCM, ICP-OES, and TEM to enhance our understanding of this intracellular iron
pool and its relationship with magnetosome synthesis at single-cell level under different oxygen and
iron dosage regimes. CryoSIM was employed to obtain information on the labile Fe?*intracellular pool,
utilizing a fluorescent iron probe, and cryoSXT enabled the acquisition of structural cell information
and the characterization of magnetosome content for each cell. Another important advantage of using
a technique such as cryoSXT, where samples are cryo-fixed, is the preservation of their native-hydrated
state, which is crucial for obtaining valuable structural and functional information. Although other
correlative cryo-imaging techniques, such as the combination of cryo-fluorescence and cryo-electron
microscopy, are widely used to study relevant cellular structures and dynamic processes such as
bacteria-cell interactions [172], the resolution gap between visible light and electron microscopy can
make data correlation challenging. CryoSXT therefore bridges the gap between these two techniques
as a mesoscale imaging method, occupying this resolution gap and facilitating more effective data
integration [201]. This combinatorial toolkit of quantitative and qualitative methodologies spans
multiple scales, from population analysis and observation of physiological cell behaviours to elemental
analysis and the examination of individual cells. The combined application of these techniques
mitigates the inherent limitations through the strengths of the other complementary methods. This
strategy has led to the acquisition of more robust datasets and yields valuable insights that might

otherwise have gone unnoticed.

Overall, the use of this holistic multi-scale approach not only allows a deeper comprehension of the
relationship between intracellular iron pools and magnetosome content at a single-cell level, but also
enables the investigation of the effects of varying iron and oxygen concentrations on cellular growth,

magnetosome synthesis and the formation of PHA granules.
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3.2. Materials and methods

3.2.1. Strains, growth media and culture conditions

Magnetospirillum gryphiswaldense MSR-1 (DMSZ 6631) was grown in FSM, comprising 3.5 g-L™
potassium L-Lactate, 0.1 g-L™* KH,POQ,, 0.15 g-L™* MgS04-7H,0, 2.38 g-L"* HEPES, 0.34 g-L"* NaNOs, 0.1
g-L™? yeast extract, 3 g:-L™! soy bean peptone, 5 mL-L™? EDTA-chelated trace elements solution (EDTA-
TES) and 0 — 1 mM iron citrate (C¢HsFeOy). For all experiments, an iron-free modified version of EDTA-
TES solution was employed, consisting of 5.2 g-L™* EDTA disodium salt; 30 mg-L™* H3BOs; 85.4 mg-L™
MnS0;-H,0; 190 mg-L™; CoCl, g-L™%; 4 mg-L™* NiCl,-6H,0; 2 mg-L™* CuCl,-2H,0; 44 mg-L™* ZnS04-7H,0
and 36 mg-L™* Na,Mo0,-2H,0. The pH of FSM and EDTA-TES was adjusted to 7.0 and 6.5, respectively,

with NaOH prior to autoclaving.

For the first experiment, aerobic and microaerobic MSR-1 cultures were grown under different iron
citrate dosages (0 — 50 — 100 — 300 puM) to compare the effects caused by these environmental factors
on magnetosome formation and the intracellular iron pool. An additional experiment investigating
MSR-1 microaerobic growth under a broader range of iron citrate dosages (0 — 100 — 300 — 500 — 1000
uM) was conducted to further explore iron tolerance. Both experiments were performed in hungate-
type tubes (16x125 mm, Chemglass Life Sciences) with working volumes of 10 mL. Each tube was
inoculated at a 1:10 ratio, and samples were collected before the end of the exponential growth phase

(approximately at 72h).

For the time course experiment in which the evolution of the intracellulariron pool and magnetosome
formation was monitored over time, 100 mL DURAN® bottles with working volumes of 40 mL were
used. To study the time-dependent evolution of magnetosome formation, non-magnetic MSR-1 cells
were used to inoculate aerobic and microaerobic cultures supplemented with 100 uM iron citrate at

an initial ODsgs of 0.1. Samples were then collected at various time points (0, 4, 8, 24, 28h).

All MSR-1 cultures were grown in triplicate at 30 °C in an Incu-Shake MAXI® (SciQuip Ltd, Newtown,
UK) orbital shaker incubator operated at 150 rpm. To create microaerobic conditions, both bottles and
hungate tubes were purged with N; for 10-30 min to remove all the dissolved O, and sealed with
bromobutyl rubber stoppers. Subsequently, the necessary volume of sterile air was injected to achieve

an oxygen concentration of 1%.
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3.2.2. Bacterial growth and magnetic cellular response

Bacterial growth was determined by measuring the optical density of cultures in an Evolution 300 UV-
Vis spectrophotometer (Thermo Fisher Scientific, Hemel Hempstead, Herts, UK) at a wavelength of 565
nm (ODses). Cellular magnetic response (Cmag) Was measured as described elsewhere immediately after
obtaining the ODsgs values [18]. Briefly, the spectrophotometer was equipped with two pairs of
Helmholtz coils positioned around the cuvette holder — one pair perpendicular to the light beam and
the other one parallel. The ODses values were measured under each condition. In the presence of
magnetic cells, the alignment with the two orientations leads to different optical densities, while non-
magnetic cells will not be affected by the switch of the magnetic field, resulting in no change in optical
density. Cmag values were calculated by dividing the ODses values for cells aligned parallel and
perpendicular to the light beam. Cmsg values range from 1 to 3, with a value greater than 1 indicating

the presence of magnetic cells.

3.2.3. Flow cytometry

Bacterial samples were collected from the liquid cultures, diluted in phosphate-buffered saline
solution (PBS), and directly analysed in a BD Accuri C6 flow cytometer (Becton, Dickinson and
Company, Oxford, UK). FCM was used to determine relative cell size (FSC-A), cell
granularity/complexity (SSC-A), intracellular iron concentration and PHA formation. The intracellular
iron concentration was detected using the Phen Green™ SK fluorophore (PG-SK), and PHA granules
were stained with Pyrromethene-546 (Pyr-546). Details of the fluorescent probe staining conditions
are provided in Chapter 4 (section 4.2.3). Fluorescent labelled cells were excited using a 488 nm solid-

state laser and fluorescence was detected using a 533/30 BP filter (FL1-A).

3.2.4. Determination of iron content

The intracellular and extracellular iron concentrations of MSR-1 cultures were analysed using ICP-OES
(Thermo Scientific iCAP 7000) as an offline analysis. The iron concentration was determined at a
wavelength of 259.94 nm. One mL of the sample was collected and centrifuged to separate cells from
the culture media. The supernatant was acidified by adding 10 uL of 70% (v/v) nitric acid prior to
analysis. Cell pellets were first washed using PBS to remove iron traces from the media and
subsequently digested with nitric acid (70% v/v) at 98°C for 2h with shaking at 300 rpm in a Thermo
Mixer HC (Starlab, Blakelands, UK) prior to analysis. All values obtained were then normalized using

the dry cell weight (DCW) to avoid discrepancies due to different cell biomass.
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3.2.5. Transmission electron microscopy

Transmission electron microscopy images of magnetic MSR-1 cells grown under various iron dosages
(0—100-300-500- 1000 uM iron citrate) were captured using a JEOL 2100F FEG microscope (JEOL,
Herts, UK) operated at 200 kV and equipped with a Gatan K3 IS camera. MSR-1 cells (2 pL) were
deposited on a lacey carbon 300 mesh copper supported grid (GOLC300Cu50, EM Resolutions,
Sheffield, UK) and vacuum-dried before analysis. To determine the mean length of the magnetosome
chains, 100 cells were randomly selected for each condition, and the number of magnetosome crystals
per chain was counted. Statistical analysis was conducted using one-way analyses of variance (ANOVA)
followed by Bonferroni’s post-test to compare the effect of the different iron dosages on the

magnetosome chain length. The cut-off value for statistical significance was set at p < 0.01.

3.2.6. CryoSIM and CryoSXT correlative microscopy collection and analysis

Vitrification of samples was done at Diamond Light Source synchrotron at beamline B24 (Figure Al).
Grids (QUANTIFOIL® R 2/2 Au G200F1) were glow discharged before sample deposition using a PELCO
easiGlowTM system. Before plunge freezing, samples were incubated with either PG-SK (1 mM —5 min
incubation) or Pyr-546 (0.1 mg-mL™?) at room temperature. The grid was then mounted in the plunging
apparatus (Leica EM GP) and 2-4 uL of sample was deposited on top of the carbon surface of the grid.
Before fiducial deposition, manual blotting from behind was performed using Whatman® filter paper.
Once fiducials were deposited (2 pL of either 150 nm or 250 nm gold nanoparticles), the sample was
automatically blotted from behind (on one side) for 0.5 — 1 s at room temperature in an
environmentally controlled chamber at 70% humidity. Vitrification was achieved by rapidly plunging
the grid into liquid ethane maintained at —170 °C. Finally, the grids were stored in liquid nitrogen until

further analysis. Three replicates were prepared for each experimental condition.

Vitrified samples were loaded in a Linkam cryostage coupled to the cryoSIM microscope at beamline
B24 for SIM data collection [212]. To identify regions of interest (ROIs), each grid was mapped by
acquiring 2D brightfield transmission mosaics. Once ROls were annotated, brightfield and SIM 3D data
were collected along the z-axis. PG-SK and Pyr-546 fluorescence data were collected using a green
laser (488 nm wavelength) for 40 ms (exposure time) at 50 mW of power. Fluorescence was collected

through a 525 nm filter on a CCD camera.

For cryoSXT data collection, the vitrified samples were transferred to the UltraXRM-S/L220c
transmission soft X-ray microscope (Carl Zeiss) at beamline B24. Grids were firstly visualised using an

inline visible-light 20x objective to identify previously annotated ROls. For cryoSXT collection, the
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transmitted light was focused using a 25 nm zone plate (X-ray objective), resulting in a 10 x 10 um field
of view. 2D X-ray mosaics of ROls were captured to identify interesting areas for tomography collection.
Tilt series were collected using an incident beam of 500 eV (‘Water Window’) or 710 eV (Fe Ls-edge)

at tilt angles from -60° to +60° with a step size of 0.5° and an exposure time of 0.5 s per frame.

After tilt series were acquired, tomograms were reconstructed either manually using IMOD®
(University of Colorado) [232] or by an automated pipeline based on IMOD (batchruntomo) using a
simultaneous iterative reconstruction technique. To correlate both cryoSTX and cryoSIM data sets, eC-
CLEM software was employed [233], [234]. To measure individual cell PG-SK fluorescence intensity, Fiji
(Imagel) software was used. SuURVos2 Workbench [235] was used to segment cellular features such as
the magnetosome chain, PHA granules or the cellular membrane and the 3D volume render was

visualized using UCSF ChimeraX [236].

3.3. Results and discussion

3.3.1. Effect of iron and oxygen availability on MSR-1 growth and magnetosome biogenesis

Given the key roles that iron and oxygen play in magnetosome biomineralization [33], MSR-1 was
grown under different oxygen and iron conditions. Samples were then collected at the end of the

exponential growth phase for each condition and analysed.

The effect of oxygen on MSR-1 growth is depicted in Figure 3.1A and Figure 3.1C. As can be observed,
there is a growth reduction in microaerobic (low oxygen) compared to aerobic conditions. This
observation is in line with previously reported data [33]. In all known MTB, when oxygen is abundant,
magnetite formation is suppressed, allowing the bacteria to allocate more energy towards cell growth
and aerobic respiration [11]. For instance, it has been demonstrated that genes related to nutrient
transport and physiological metabolism are down-regulated under microaerobic conditions as energy

is redirected for magnetosome synthesis [129].
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As for the iron concentration effect on cell growth, several observations were noted. First, the absence
of iron in the media hinders cell growth, as evidenced in Figure 3.1A and Figure 3.1F [126]. A significant
decrease in the cellular growth of MTB is not surprising given that iron is a key player in many biological
reactions and metabolic pathways [109]. Importantly, aerobic cell growth was shown to be more
significantly affected by the absence of iron than microaerobic cultures, given that a complete lack of
growth was observed for this condition. This trend has been consistently observed when utilizing an
EDTA-TES iron-free solution for aerobic cultures in preliminary experiments (data not presented).
Secondly, the increase of iron citrate dosage did not exhibit any detrimental impact on cellular growth
up to 300 uM (Figure 3.1A). Despite literature suggesting that iron toxicity for MSR-1 is set at

concentrations exceeding 200 UM, [126], [127] such effects were not observed in our experimental set
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Figure 3.1. Effect of iron and oxygen availability on MSR-1 cell growth and magnetosome synthesis. (A-B) MSR-1
cells were grown under different iron dosages (0-50-100-300 uM iron citrate) either under microaerobic or
aerobic conditions. (C-E) Time-course experiment in which MSR-1 cells were grown at 100 uM iron citrate under
microaerobic or aerobic conditions over a period of 28h. (F-H) Iron tolerance test of MSR-1 cells grown under
microaerobic conditions. The iron dosage range for this experiment was 0-100-300-500-1000 uM iron citrate. (A,
C, F) Cell growth was monitored by measuring the optical density of the different cultures (ODsgs). (D) Cellular
magnetic response (Cmag) Values obtained from time-course experiment. (B, E) Representation of magnetosome
content of the two main correlative microscopy experiments (ng= 102; ng= 204). For each condition,
magnetosome content was classified according to the magnetosome chain length: long chain (>11 MS), short
chain (1-10 MS) or no chain (0 MS). (G) Mean magnetosome chain length of iron tolerance test (n=500). (H) TEM
images of iron tolerance test of MSR-1 cells. Error bars are standard deviation of triplicates. MS = magnetosomes;
PT = Pre-transfer. Scale bar = 500 nm.
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up. This discrepancy may be due to differences in experimental methodology, particularly the buffering
capacity of the media. Consequently, a further experiment was conducted to assess MSR-1 iron
tolerance. The results of this complementary experiment (Figure 3.1F) showed that cell growth
remained unaffected even with an increase of iron concentration up to 1 mM. This observation, along
with previous findings in MSR-1 fermentation experiments [11], [146], supports our hypothesis that
MSR-1 endures greater iron tolerance than initially presumed. This suggests the existence of robust
iron regulatory mechanisms (that remain poorly understood), such as iron deposition into

bacterioferritins [121] and molecular processes that prevent the accumulation of ROS [38].

The number of magnetosomes per cell for each iron and oxygen condition was determined using
cryoSXT (Figure 3.1B). Due to the resolution limitations of this technique, only magnetosomes
containing magnetite crystals, and not empty magnetosome vesicles, can be detected. Therefore, from
this point forward, any reference to the number of magnetosomes pertains exclusively to those
containing a magnetite crystal. It should be noted that, unfortunately, grids corresponding to the 300
UM conditions have not be screened by cryoSXT due to time constraints. Magnetosome chains from
all other conditions successfully screened by cryoSXT were then classified as short or long, depending
on whether they contain less than or more than 10 magnetite crystals, respectively. Based on our
analysis, microaerobic cells grown under a low iron concentration (50 uM) exhibited shorter chains
and a more heterogeneous chain length distribution, as only 50% were considered long. In contrast,
95% of cells grown at a higher iron dosage (100 uM) presented long chains (Movie 3.1), reflecting a
more homogeneous chain length distribution. These results suggest that higher extracellular iron
concentrations may lead to the production of longer magnetosome chains. Nonetheless, iron
tolerance test results (Figure 3.1G) showed that for iron citrate concentrations higher than 300 uM,
magnetosome chains were not significantly longer (one-way ANOVA with Bonferroni test, p < 0.01).
Other studies have reported that magnetosome vyields do not improve when using iron citrate
concentrations higher than 200 uM [127]. Around 80% of microaerobic cells grown without iron did
not contain any magnetosome chain. However, some cells still had short magnetosome chains because
of the presence of trace amounts of iron in the media carried over from pre-cultures (Figure 3.1H and

Movie 3.4).

Although it is widely known that magnetite formation is suppressed under aerobic conditions [33],
[126], some magnetosome production can still be observed under our experimental conditions. Since
iron-starved aerobic cells did not grow, the amount of magnetosomes per cell (reflected in Figure 3.1B)
corresponds to the initial presence of magnetic cells in the starting culture for this experiment. The
presence of magnetite crystals in the 50 and 100 uM aerobic conditions can be attributed to the air

transfer restriction caused by the use of sealed tubes with only 38% of headspace. As cell growth
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progressed, the oxygen contained in the tubes was consumed, prompting cells to switch to
microaerobic metabolism and activate magnetosome production. This increase in magnetosome
formation due to oxygen depletion has been observed at both flask and bioreactor scales either by
limiting the flask headspace volume [18] or ceasing bioreactor aeration [11], [219]. In line with recent
findings by Pang et al., oxygen depletion triggers denitrification pathways that allow for the generation
of nitric oxide (NO), which is crucial for the expression of biomineralization genes. Under aerobic
conditions, oxygen respiration may compete with nitrification/denitrification pathways and thereby

impairing magnetite formation [130].

Due to the complexity of controlling oxygen limitation in tubes, a separate experiment was performed
using 100 mL bottles where the headspace was larger (70%) and aerobic conditions could be prolonged
over time. In this experiment, MSR-1 cells were grown using 100 uM iron citrate either under aerobic
or microaerobic conditions. Then, parameters such as cell growth (Figure 3.1C), magnetic cellular
response (Cmsg) (Figure 3.1D) and magnetosome content (Figure 3.1E) were monitored over time. To
facilitate the monitoring of magnetosome biomineralization from its onset, a low-magnetic pre-culture
was used (Cmag = 1.1). Both Cmsg values (Figure 3.1D) and magnetosome content (Figure 3.1E) clearly
show that magnetosome production increased for cells under microaerobic conditions and reduced to
Cmag ~ 1for cells exposed to aerobic conditions. The peak of magnetosome production in microaerobic
cultures occurred at the end of the exponential phase as previously observed by others [11], [219].
Magnetosome content in aerobic cells was roughly halved at every sampling time point. During MSR-
1 cell division, the magnetosome chain is cleaved into two and each fragment passed onto a daughter
cell [237]. Therefore, the magnetosome chains present in the magnetic cells of the starting culture did
not disappear immediately after continuous exposure to air. As cells divide, the chains are split and

become shorter until cells are depleted of magnetosomes.

3.3.2. Effect of iron and oxygen availability on the intracellular iron pool

While magnetosomes were previously considered to account for nearly all intracellular iron content
[49], more recent studies suggest that a substantial portion remains in other intracellular iron pools
[10], [119]. The remaining iron is used in general iron-dependent biochemical reactions [112], [227] or
deposited in iron-storing proteins such as bacterioferritins to prevent toxicity [121]. The existence of
these different intracellular iron pools adds more complexity and difficulty in elucidating the

relationship between the intracellular iron pool and magnetosome formation. To this end, an
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Figure 3.2. Effects of iron concentration and oxygen availability on the intracellular iron pool of MSR-1 cells grown
under different iron dosages (0-50-100-300 UM iron citrate) under microaerobic and aerobic conditions. (A) Total
intracellular iron concentration normalized to biomass (DCW=dry cell weight). Error bars represent standard
deviation of triplicates. (B) PG-SK fluorescence intensity values obtained from flow cytometry (FCM) analysis. A
total of 25,000 events were analysed per sample by FCM; Error bars show covariance. Insets images show
cryoSIM images of MSR-1 cells stained with PG-SK (scale bar = 2 um). (C) gr. iron uptake rates. (D) Correlation
between the total intracellular iron concentration and magnetosome units per cell. (E) Correlation between the
total intracellular iron concentration and PG-SK fluorescence intensity from FCM. (F) PG-SK fluorescence
histograms from FCM analysis. AU = arbitrary units; FCM = Flow Cytometry.

innovative multipronged approach involving different techniques was combined to obtain a holistic
view of the effects of the extracellular iron concentration of magnetic and non-magnetic MSR-1 cells

on the intracellular iron pool and how this correlates with magnetosome formation.

Quantification of the total amount of intracellular iron was done by ICP-OES, whereas FCM was used
to assess the labile Fe?* intracellular pool by using PG-SK fluorescence probe. PG-SK is a chelatable
fluorophore that has high affinity for Fe?* and is quenched when it binds to it. PG-SK has been a useful
tool for the detection of the intracellular iron pool in MSR-1 [18], [228], as well as in other eukaryotes

[238] and bacteria [239].

The quantitative estimation of the total amount of iron in MSR-1 cells grown under microaerobic

conditions (Figure 3.2A) revealed a clear correlation between the intracellular iron pool and the
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supplemented iron from the growth media. This indicates that an increase in extracellular iron leads
to a corresponding increase in intracellular iron concentration. However, it was found that under
conditions where the initial iron levels in the media exceeded 300 uM, a plateau was reached, and the
intracellular iron concentrations remained unchanged despite further increases in iron
supplementation (Figure A2). Similar results have also been observed for the AMB-1 strain grown
under different iron dosages [167]. Notably, our measurements of gr. iron uptake rates (Figure 3.2C)
demonstrates a correlation with the extracellular iron concentration, indicating that MSR-1 enhances
its iron uptake capacity as more iron becomes available in the environment, most likely by active
transport mechanisms such as ABC or FeoB membrane proteins [240]. Amor et al. reported that iron
incorporation in the phylogenetically close strain AMB-1 was 10-fold higher under high iron conditions
(150 uM) compared to low iron conditions (30 uM) [119]. In contrast, under aerobic conditions,
intracellular iron concentrations were notably lower compared to those observed under microaerobic
conditions and remained stable despite increases in the initial iron concentration in the media (Figure
3.2A). As mentioned in the previous section, the depletion of oxygen in the tube headspace leads to a
metabolic shift from aerobic to microaerobic metabolism. This explains why we observed a similar
trend in aerobic gr iron uptake rates, but with lower values and a less steep fitting slope. For all the
graphs with fitted lines (R? value provided), it is important to note that the lines represent best fits
used solely to display trends, and not to provide physical or mathematical interpretation. This
approach applies to all fitted graphs presented in the thesis, where the fittings are included only for

visualizing trends rather than offering specific physical or mathematical significance

Additionally, a clear linear correlation was observed between magnetosome content and intracellular
iron concentration (Figure 3.2D). Specifically, as the length of magnetosome chains increased, there

was a corresponding increase in the concentration of the total intracellular iron.

Upon examination of the intracellular labile Fe?* pool using FCM, aerobic PG-SK fluorescence values
were higher than in microaerobic conditions (Figure 3.2B and Figure A3). Considering that PG-SK
quenches upon Fe?* bonding, the decrease of green fluorescence is proportional to the size of the
labile Fe?* pool. Similar to the findings observed in the total iron concentration (Figure 3.2A), an
indirect positive correlation was found in microaerobic conditions between the initial iron dosage in
the media and the corresponding intracellular Fe?* concentrations, in which the increase of the initial
iron dosages caused the increase of the intracellular Fe?* levels. Despite Fe3* (iron citrate) being the
only source of iron provided in the media, it has been proven that MSR-1 employs ferric reductases to
convert Fe*to Fe?* [221], [222] and uses general iron uptake systems such as Feo system to incorporate
ferrous iron [117], [220]. Gene expression studies during cell growth and magnetosome synthesis

revealed that under high-iron conditions, ferric reductase genes, ferrous transport system-related
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genes, and ROS scavenging related genes are highly expressed whereas under poor iron conditions
only iron transport-related genes are expressed [241]. This enhanced expression of ROS scavenging-
related genes might be the key to understanding how MTB are able to uptake such high amounts of

iron or live within these excessive iron concentrations.

Comparison of ICP-OES and FCM data reveal an inverse correlation between the total iron
concentration and PG-SK fluorescence values (Figure 3.2E). Due to the quenching nature of PG-SK
upon iron binding, this inverse correlation implies an actual direct relationship with Fe?* concentration.
Fluorescence intensity histograms (Figure 3.2F) also reflected the distinct variations in PG-SK
fluorescence in microaerobic conditions with respect to the non-variant fluorescence profiles of the
aerobic conditions. While all conditions displayed a unimodal distribution, the broadness of the peaks
indicated significant variability in fluorescence intensity among cells within the same sample. This
suggests a degree of heterogeneity in fluorescence across the population, which was further
confirmed by fluorescence microscopy observations (Figure 3.2B insets). FCM population analysis
(Figure A4) indicated that this variability in fluorescence could be attributed to the presence of two
distinct cell populations. The first population was comprised of smaller cells with elevated intracellular
Fe?* levels, while the second consisted of larger cells with diminished intracellular iron concentrations.

This pattern was consistent across all experimental growth conditions.

Based on the findings, cells with higher intracellular labile Fe?* concentrations are likely to possess a
higher number of magnetosomes compared to those with lower iron levels. Despite the evidence
provided by ICP-OES and FCM data, this hypothesis could not be verified. Therefore, to corroborate
this hypothesis, we performed, for the first time in MTB, a single-cell analysis using a synchrotron-
based correlative microscopy approach involving cryoSXT and cryoSIM [212]. CryoSXT enabled direct
visualization and characterization of magnetite formation, while cryoSIM was employed to indirectly

examine the intracellular distribution of iron by locating its chemical signals of PG-SK-stained cells.

MSR-1 cells grown under varying iron and oxygen regimes were vitrified and screened by cryoSXT and
cryoSIM at beamline B24 at the UK synchrotron, Diamond Light Source. However, preliminary
correlative data was also acquired at MISTRAL beamline at ALBA synchrotron facilities (Figure A5) that
significantly contributed to the success of our subsequent experiments at Diamond. Within the soft X-
rays spectrum (0.1-1 keV), it is feasible to distinguish elements based on their absorption properties.
There is a particular spectral region known as the "water window" located between the absorption
edges of carbon (284 eV) and oxygen (543 eV) that is especially advantageous for visualizing biological
specimens because carbon- and nitrogen-rich components absorb X-rays strongly, compared to the

oxygen-rich media that surround them, without the need to add any contrast staining reagents [176].
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Figure 3.3. (A) Representative tomogram slices of MSR-1 magnetosome-producing cell grown under
microaerobic conditions imaged by cryoSIM and cryoSXT, including a 3D volumetric representation of this cell
using SuRVos2 workbench. Magnetosomes are coloured in pink, PHA granules in blue and the cell membrane in
purple. (B) Single-cell correlation between cryoSIM PG-SK fluorescence and number of magnetosome crystals
per cell of microaerobic and aerobic MSR-1 cells (n=63). (C) Mean cryoSIM PG-SK fluorescence values of MSR-1
cells with no magnetosomes, short magnetosomes chains (1-10) and long magnetosome chains (>11) (n = 104).
AU = arbitrary units; CryoSIM = Cryo-structured illumination microscopy; CryoSXT = Cryo-soft X-ray tomography.

X-ray tomographs of MSR-1 imaged at the “water window” (500-510 eV) were acquired alongside 3D
cryoSIM data from the same cells (Figure 3.3A and Movie 3.2). PG-SK green fluorescence was
homogeneously distributed in the cytoplasm except in regions containing PHA granules that remained
unstained. For each individual cell, the number of magnetosomes was counted and PG-SK fluorescence
intensity measured using the Fiji imaging software. The corresponding single-cell correlation data is
shown in Figure 3.3B. Cells with a higher count of magnetosomes displayed lower levels of PG-SK
fluorescence, indicating elevated intracellular Fe?* iron concentrations. Inversely, a decrease in the

number of magnetosomes per cell caused a reduction in the intracellular Fe?* pool under both
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microaerobic and aerobic conditions. However, it is important to note that in the aerobic condition,
cells likely entered a microaerobic state during growth due to oxygen consumption and limited oxygen
exchange in the hungate tubes. This transition may have influenced the intracellular iron
concentrations observed in the aerobic samples. The number of magnetosomes per cell and their
correlation with PG-SK fluorescence values was consistent whether PG-SK fluorescence was obtained

via flow cytometry (Figure A6) or from cryoSIM data (Figure 3.3B), as similar trends were observed.

Moreover, when cells were analysed solely based on the length of the magnetosome chain, regardless
of the different growth conditions, significant differences were observed (one-way ANOVA with
Bonferroni test, p < 0.01) with regards to the PG-SK fluorescence intensities among cells classed as
“no” (zero), “long” (> 11), or “short” (1 — 10) magnetosome chain length (Figure 3.3C). Cells with long
magnetosome chains exhibited the highest intracellular Fe?* iron concentrations, while those without
presented the lowest Fe?* levels. Notably, 85% of cells with long magnetosome chains were grown
under microaerobic conditions, whereas 65% of magnetosome-lacking cells were grown aerobically
(Figure A7). Cells with short magnetosome chains had a more balanced distribution between cells
grown under microaerobic (56%) or aerobic conditions (44%). To the best of our knowledge, this level
of analyses has not been performed before this work, hence, we provide new insights into the

elucidation of iron uptake dynamics and its correlation with magnetosome formation in MSR-1.

3.3.3. Evolution of the intracellular iron pool during biomineralization

In the previous section, the focus was on the impact of iron and oxygen availability on the intracellular
iron pool and magnetosome formation. MSR-1 cells were harvested at the end of their exponential
growth phase, when magnetosome chain length is typically maximal in their cell cycle [219]. To further
explore the relationship between the intracellular iron pool and magnetosome formation, we
conducted a time-course study aiming to monitor the changes in the intracellular iron pool as
magnetosome chains form in time. MSR-1 cells were grown under identical initial iron citrate
conditions (100 uM) under microaerobic and aerobic conditions. Samples were subsequently taken at
several time points and analysed using the same analytical and correlative microscopy techniques

employed in the preceding experiment.

Figure 3.4A illustrates the magnetosome biomineralization process over time. Visual inspection of the
cryoSIM images (bottom row) revealed a striking decrease in PG-SK fluorescence as magnetosome

chains elongated under microaerobic conditions. It was also observed that some of the cells containing
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the longest chains barely exhibited any fluorescence, indicating a potential substantial accumulation
of Fe?*. Contrary to what Amor et al. observed when using another ferrous fluorescent probe (FIP-1)
[119], we did not observe localized fluorescence. They reported Fe?* accumulation around the
magnetosome chain and at the cell poles during cell division. However, due to the quenching
properties of the PG-SK fluorophore, we were unable to quantify any localization. Our observations

were limited to the turn-off nature of the fluorophore when quenched by Fe?*.

One advantage of using soft X-rays for imaging cellular structures is the ability to visualize different
elements depending on the chosen X-ray energy within the spectrum [242]. In this experiment, in
addition to imaging at an energy within the “water window” (Figure 3.4A — top row), where water is
transparent and carbon absorbs X-rays heavily thus generating contrast, we also imaged our samples
by changing the energy of the transmission X-ray microscope at beamline B24 to the Fe L3 absorption
edge (Figure 3.4A — middle row). Magnetosomes presented higher contrast at the Fe Ls absorption
edge (circa 710 eV), making them more discernible compared to the “water window” (Movie 3.3

versus Movie 3.4), as iron-rich elements selectively absorbed X-rays at this energy [205]. Additionally,
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Figure 3.4. (A) Representation of magnetosome biomineralization evolution illustrated by cryoSXT and cryoSIM
images of MSR-1 cells grown under microaerobic or aerobic conditions over a period of 24h. Two different
photonic energies were employed for cryoSXT acquisition: 500 eV (top row) and 710 eV (middle row). MSR-1
cells were stained with a PG-SK fluorescent probe before cryoSIM data acquisition. Arrows indicate the presence
of magnetosome chains. Evolution of (B) the total intracellular iron concentrations and (C) PG-SK mean
fluorescence intensity values (FCM) of MSR-1 cells grown with 100 uM iron citrate under microaerobic or aerobic
conditions. (D) Single-cell correlation between PG-SK fluorescence (cryoSIM) and number of magnetosome
crystals per cell of microaerobic and aerobic MSR-1 cells grown under 100 uM iron citrate (n = 62). Error bars
indicate standard deviation (n = 3). A total of 25 000 events were analysed per sample by FCM. Scale bar =2 um.
PT = Pre-transfer. AU= arbitrary units; CryoSIM = Cryo-structured illumination microscopy; CryoSXT = Cryo-soft
X-ray tomography; FCM = Flow Cytometry.
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microaerobic cells appeared darker overtime at the Fe L; edge (Figure 3.4A — middle row), indicating
an increase in cellular iron content during magnetosome formation. This increased dark contrast due
to iron accumulation in the cytoplasm, also enhanced the visibility of cell structures such as PHA
granules or cell membranes by the end of the biomineralization process. In contrast, as aerobic cells
exhibited low intracellular iron content, the cytoplasm had less contrast and cells appeared less

defined, which challenged the visualization of cell structural details compared to microaerobic cells.

Total intracellular iron concentration results (Figure 3.4B) determined by ICP-OES confirmed the
variance in iron content observed between microaerobic and aerobic conditions already evidenced in
the Fe Ls-edge data. Results shown in Figure 3.4B are consistent with Cmag results (Figure 3.1D). In both
graphs, it is apparent that the start of iron accumulation occurred at the beginning of the exponential
growth phase (t = 8h), a period in which magnetosome production started to be significant, while the
iron concentration and Cmag values under aerobic conditions remained at consistent low levels
throughout the duration of the experiment, as biomineralization is inhibited in the presence of oxygen

[33].

Time-course PG-SK fluorescence intensity results obtained by FCM (Figure 3.4C) were consistent with
cryoSIM fluorescence measurements (Figure A8). Microaerobic cells exhibited a 1.5-fold decrease in
green fluorescence, indicating an increase in Fe?*. This modest increase in labile Fe?* concentration
compared to the 9-fold increase observed in the total amount of intracellular iron (Figure 3.4B)
suggests that labile Fe?* is not the only form of iron present at the end of the biomineralization process
distinct from magnetite. As reported by Amor et al. and Berny et al. in separate studies, only 25 - 45%
of the total intracellular iron corresponds to magnetite [118], [119] and this study supports this
hypothesis. The other suggested iron species constituting the intracellular iron pool, aside from
magnetite, are likely to be associated with proteins that contain heme-binding domains [243] or iron
storage proteins, such as bacterioferritins [112], [121]. Nevertheless, further analytical and
spectroscopic studies (e.g. STXM) are required to identify the presence of these compounds during
biomineralization to verify this hypothesis. The identification of all iron-uptake and regulation
mechanisms involved in magnetosome synthesis can also enhance our comprehension of the
composition of the intracellular iron pool and the specific roles each component plays in the
biomineralization process. Evidence indicates that general iron uptake systems participate in
transporting iron into the intracellular space [244]. However, it has been suggested that an additional
iron uptake pathway specific to biomineralization may exist. The variability of different general iron
uptake mechanisms and homeostasis systems among MTB species supports this hypothesis. For
instance, siderophore synthesis has been reported for AMB-1, MV-1, and MS-1 strains, but not for

MSR-1 [114]-[116]. To further support this hypothesis, suppression of FeoB1 ferrous iron transporter
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[117] or ferritin expression in MSR-1 [43], [121], led to reduced, but not completely supressed,
biomineralization, suggesting the existence of additional, yet unidentified, iron uptake mechanisms.
Figure 3.4D shows the correlation between the number of magnetosomes per cell and PG-SK intensity
values at the single-cell level. This correlation was comparable to that observed between
magnetosomes per cell and PG-SK intensity values obtained using FCM (Figure A9). Additionally, the
relationship between magnetosome content and PG-SK fluorescence is consistent to the one observed
in the previous correlative microscopy experiment shown on Figure 3.3B. Cells with a greater number
of magnetosomes per cell displayed lower green fluorescence, indicating higher concentrations of Fe?*
compared to the cells with fewer magnetosomes. However, it is worth noting that other non-producing
magnetosome cells followed a different correlation pattern. Such cells displayed the highest
fluorescence values, but as shown in Figure 3.4D, some of these cells exhibited three times more
fluorescence than other non-producing magnetosome cells. This observed increase in fluorescence
only occurs from 24 h onwards and it further highlights the variability in fluorescence among the cell

population [11], [18].

Among the various models proposed for MTB iron uptake, our results discarded the possibility of direct
iron transport into the magnetosome vesicle lumen during membrane invagination, as no iron
localization was detected in those areas prior to magnetite synthesis [5]. Instead, our findings align
with MTB iron uptake models suggesting that iron is first accumulated in the cytoplasm before being
transported to the magnetosome vesicles [112], [117], [227]. Earlier studies on magnetosome
biomineralization primarily involved bulk spectroscopic characterization and assumed that the iron
species, other than magnetite, that were detected during the early stages of magnetosome formation
(e.g., ferritin, hematite) did not persist until the end of the biomineralization process [112], [223]-
[225]. These analyses conducted using cells in bulk rather than single-cell analysis, likely resulted in
the magnetite signal overshadowing other iron species present in the cells, making it difficult to detect
these additional signals. Hence, this emphasizes the significance and merit of employing single-cell
analysis. Chevrier et al. also observed a significant presence of intracellular iron species different from
magnetite in MSR-1 cells during biomineralization through single-cell analysis using nano-X-ray
fluorescence mapping and nano-X-ray absorption near-edge structure analysis (nano-XANES) [226].
Consistent with our results, the authors also observed that the intracellular iron pool does not deplete
after the synthesis of magnetosome chains. While nano-XANES is effective for chemical identification
of iron species, its time-consuming nature limits the number of cells that can be analysed, making it
challenging to obtain statistically significant data. Additionally, the process of drying cells prior to
analysis means that the observations may not fully represent their native conditions. In contrast, our

study utilized cryo-preservation to maintain samples in a fully hydrated near-native state, allowing for
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observations that more accurately reflect physiological conditions within MSR-1 cells. Furthermore,
the efficiency of our approach enabled the screening of a larger number of cells at the single-cell level.
The use of a fluorophore specific for Fe?* also provided qualitative iron speciation under near-native

conditions, offering additional insights into the cellular processes.

3.3.4. Effect of iron dosage and oxygen regime on PHA formation

Itis widely known that PHAs are intracellular inclusions synthesized under conditions of carbon excess,
nutrient limitation, or environmental stress [142]. Although extensive research has been conducted
on PHA synthesis in various microorganisms, studies focusing on PHA production in MTB remain
limited. Here, the fluorescent probe Pyr-546, which stains PHA granules green, was used to assess PHA
content by FCM. Pyr-546 dye is a commonly used probe to detect PHA granules [245] and has
previously been used in studies involving MSR-1 [11], [18].
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Figure 3.5. Analysis of the effect of iron and oxygen availability on PHA formation using FCM. (A) Comparison of
Pyr-546 fluorescence values of MSR-1 cells grown under different iron dosages (0-50-100-300 uM iron citrate)
under microaerobic or aerobic conditions. Errors bars indicate covariance. A total of 25 000 events were analysed
per sample by FCM. (B) Evolution of Pyr-546 fluorescence values between microaerobic or aerobic MSR-1 cells
grown with 100 uM iron citrate over a period of 28h. Error bars are standard deviation. (C) Comparison between
fluorescence intensity histograms of microaerobic and aerobic MSR-1 cells stained with Pyr-546. (D) CryoSXT and
cryoSIM images of MSR-1 cells stained with Pyr-546. Scale bar = 2 um. AU = arbitrary units; CryoSIM = Cryo-
structured illumination microscopy; CryoSXT = Cryo-soft X-ray tomography; Pyr-546 = Pyrromethene-546. FCM =
Flow Cytometry.
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Our results indicate that aerobic conditions favour PHA formation in MSR-1 cells over microaerobic
conditions, independent of the initial iron concentration in the media (Figure 3.5A and Figure 3.5B).
Su et al. studied the effects of aerobic and anaerobic conditions on PHA production in AMB-1 strain
and observed a reduction in PHA content when switching to anaerobic conditions, and an increase
when switching to aerobic conditions [144]. Notably, the absence of iron led to the highest PHA
content under oxygen-limited conditions (Figure 3.5A and Figure A10), suggesting that iron limitation
may induce stress responses that promote PHA synthesis as a carbon storage mechanism. Previous
work in the group also observed higher Pyr-546 fluorescence values in MSR-1 cells grown in the
absence of iron compared to cells grown with iron [18]. Interestingly, iron did not accumulate in or
around PHA granules (Figure 3.4A — middle row) and the additional stress of being grown under high
iron concentrations did not cause an increase in PHA content (Figure A10). These results suggest that
oxygen may play a more important role in PHA synthesis and regulation than other stress factors such

as high iron concentration.

The evolution of PHA content over time when comparing aerobic and microaerobic conditions (Figure
3.5B) is highly relevant and enables to understand the relationship between PHA and magnetosome
synthesis. Previous studies have suggested the existence of an energy competition between
magnetosome and PHA formation [11], [13], [18], [144]. When PHA synthesis was suppressed by
genetic modification, magnetosome production was increased [145]. Our results also reflect this
competitive relationship. As shown in Figure 3.5B, PHA formation was reduced when significant
magnetosome production started (t = 8h), while under conditions inhibiting magnetosome synthesis

(aerobic cultures), PHA content remained stable over time.

Pyr-546 fluorescence histograms (Figure 3.5C) reveal heterogeneity in PHA content. A prominent peak
is observed accompanied by a smaller peak or tail, which indicates the presence of a sub-population
with significantly higher PHA levels. Such variability, has been observed in other studies carried out
with MSR-1 [18] as well as in other bacterial species [246], [247]. Figure 3.5D shows evidence of this
variability in PHA content among cells grown under the same conditions. Karmann et al. suggested
that these differences could be due to different cellular growth rates, distinct ability to degrade PHA

or an asymmetric PHA distribution during cell division [246].

FCM population analysis identified two distinct cell populations: smaller, less complex cells with higher
intracellular Fe** and lower PHA content, and larger, more complex cells with lower Fe?* and higher
PHA levels (Figure A4). Our results suggest that cells with higher intracellular labile Fe?* content
typically exhibit higher magnetosome presence. Moreover, according to FCM population analysis,

these high Fe?* cells presented lower PHA levels, supporting the proposed hypothesis of the existence
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of an energy competition between magnetosome and PHA production. Nevertheless, further research
is required to verify this relationship and to more comprehensively determine the specific conditions

that stimulate PHA formation in MTB.

The observed differences in cell size, complexity, intracellular iron concentration, and PHA content
among these populations can be attributed to several factors. Variability in the cell cycle and growth
phase, as well as phenotypic heterogeneity, can result in differences in cell morphology and
intracellular contents. Environmental microgradients, such as variations in nutrient or oxygen
availability, may also create localized differences in bacterial behavior. Furthermore, different stages of
magnetosome formation and metabolic imbalances can influence iron and PHA accumulation. Finally,
stress responses and genetic diversity within the population can further contribute to the observed

heterogeneity [248].

3.4. Conclusions

The present study explored the effects of iron and oxygen availability on MSR-1 growth, magnetosome
biogenesis and the dynamics of its intracellular iron pool at a multi-scale level, to gain further insights
into the magnetosome biomineralization process. A correlative microscopy approach was conducted
by employing cryoSIM and cryoSXT for the first time in MSR-1 and further complemented with FCM,
ICP-OES and TEM. Our findings confirm the critical role of iron for both MSR-1 growth and
magnetosome formation. Data obtained from FCM and ICP-OES suggested a potential association in
which higher intracellular iron levels facilitate greater magnetosome production. This relationship was
demonstrated at the single-cell level by employing correlative microscopy analysis revealing a direct
correlation between the labile intracellular Fe?* pool and magnetosome content. This demonstrated
that cells exhibiting higher intracellular labile Fe?* concentrations possessed a greater number of
magnetosomes than those with lower iron levels. Additionally, the variation of iron dosages in the
media directly impacted both magnetosome chain length and the intracellular iron concentration, with
higher extracellular iron concentrations resulting in longer chains and increased iron uptake. We have
identified a saturation point at approximately 300 uM iron citrate, beyond which additional iron
supplementation did not further increase magnetosome chain length or total intracellular iron
concentrations. Moreover, our results also demonstrated that only a fraction of the total intracellular
iron content corresponded to magnetite as the intracellular labile Fe?* pool persisted without depletion

throughout the biomineralization process. These findings align with proposed MTB iron uptake models
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suggesting that iron is first accumulated in the cytoplasm before being transported to the
magnetosome vesicles. Overall, these findings highlight the value of single-cell analysis and the
necessity of adopting a holistic methodology across different scales to enhance our comprehension of

magnetosome biomineralization necessary for efficient future biomanufacturing.
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Chapter 4.

Impact of oxidative stress on Magnetospirillum
gryphiswaldense MSR-1 physiology and magnetosome

biomineralization

4.1. Introduction

Oxidative stress is a consequence of the excessive production of ROS, which are by-products of oxygen
reduction in metabolic processes [137]. Organisms residing in oxygen-rich environments have
developed scavenging systems to mitigate this oxidative stress [249]. However, when ROS
accumulation surpasses the cellular antioxidant defence mechanisms, it can lead to damage of nucleic
acids, proteins, lipids, and other cellular components, directly compromising cell viability [138].
Controlling ROS accumulation is thus a critical parameter in bioprocessing. Excessive ROS not only
affects cell health and viability, but also induces oxidative modifications that can affect product quality,
introduces variability in cell growth and limits productivity. Therefore, the activation of cellular stress
responses that alter metabolism and cell behaviour can further impact the efficiency and consistency

of the bioprocess.

The magnetic nanoparticles naturally produced by MTB, called magnetosomes, represent an attractive
alternative to chemically synthesized magnetic nanoparticles for biomedical and biotechnological
applications due to their unique properties [5]. Magnetosomes are intracellular membrane-enveloped
magnetic nanosized crystals of either magnetite (Fes04) or greigite (FesSs) depending on the species,
typically arranged in a needle-like chain that acts as a compass needle enabling an active orientation

within the Earth's magnetic field.

Magnetosome synthesis involves a complex and highly regulated biomineralization process that
requires large amounts of iron [46]. However, elevated intracellular levels of iron ions can lead to
significant oxidative stress as hydrogen peroxide (H,0,) reacts with ferrous iron (Fe?*) in the so-called
“Fenton reaction” to produce hydroxyl radicals (¢OH) [139], which are among the most toxic ROS.
Therefore, monitoring cell physiology during cell growth and magnetosome production is crucial to
ensure cell viability and to control iron homeostasis to avoid the formation of specific physiological

inhibitors, such as excessive ROS accumulation.
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The mechanisms by which MTB tackle oxidative stress remain a significant and unresolved research
qguestion. Several studies have identified oxidative stress regulation mechanisms in these bacteria that
are similar to those in other prokaryotic organisms. For instance, the presence of an OxyR-like redox-
sensing transcription factor has been identified in some MTB species such as Magnetospirillum
gryphiswaldense MSR-1 and Magnetospirillum magneticum AMB-1 [38], [40], [140]. Additionally, it
has been observed that magnetosomes possess peroxidase-like activity, which could contribute to
lowering overall ROS levels [37]. This potential ROS scavenging role of magnetosomes has suggested
additional functions for magnetosome chains beyond merely aiding in orientation within a magnetic

field.

In this study, changes in magnetosome biomineralization and cell physiology in the MTB species
Magnetospirillum gryphiswaldense MSR-1 were monitored upon exposure to external oxidative stress
conditions, such as the addition of H,0, and high levels of extracellular iron (in the form of Fe(lll)-
citrate). To evaluate the effects of these stress factors, both magnetosome-producing and non-
magnetosome-producing cells were used to further explore the potential role of magnetosomes as
ROS scavenging agents by tracking changes in key physiological parameters, including cell viability, cell

growth, intracellular iron accumulation, PHA formation, and ROS accumulation.

To this end, FCM was employed as an in-line tool for the rapid assessment of the physiological state of
MSR-1 cells, focusing on parameters such as cell viability, intracellular ROS levels, and PHA formation.
Additionally, ICP-OES was used as an offline tool to quantify magnetosome and iron content. To further
complement this dataset, a correlative light and electron microscopy (CLEM) study was conducted. To
the best of our knowledge, only a few correlative microscopy studies had been performed on MTB
[215]-[217], and none have combined cryoEM with cryo-fluorescence microscopy before. In this study,
cryoEM provided detailed structural information on MSR-1 cells and enabled the characterization of
magnetosome content, while cryo-fluorescence microscopy was employed to evaluate ROS and
intracellular iron accumulation. This strategy aimed to elucidate the relationship between ROS, the
intercellular labile iron pool and magnetosome content at the single-cell level. Ultimately,
understanding these interactions will enhance the consistency and efficiency of bioprocesses, ensuring

cell health and optimizing the production of high-quality magnetosomes.
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4.2. Materials and methods

4.2.1. Strains, growth media and culture conditions

Magnetospirillum gryphiswaldense MSR-1 (DMSZ 6631) was grown in FSM, comprising 3.5 g-L™
potassium L-Lactate, 0.1 g-L™ KH,PO4, 0.15 g-L™! MgS04-7H,0, 2.38 g-L™* HEPES, 0.34 g-L-1 NaNOs, 0.1
gLt yeast extract, 3 g-L™* soy bean peptone, 100 uM iron citrate (CsHsFeO;) and 5 mL-L™* EDTA-chelated
trace elements solution (EDTA-TES). EDTA-TES solution consisted of 5.2 g-L™* EDTA disodium salt; 30
mg-L™" H3BOs; 85.4 mg-L™" MnSO4-H,0; 190 mg-L%; 2.1 gL' FeSOs7H,0, CoCl, gL'y 4 mg.L™
NiCl,-6H,0; 2 mg-L™ CuCl,-2H,0; 44 mg-L™! ZnS04-7H,0 and 36 mg-L™* Na,Mo0,-2H,0. The pH of FSM

and EDTA-TES was adjusted to 7.0 and 6.5, respectively, using 1 M NaOH prior to autoclaving.

MSR-1 cultures were grown in 100 mL DURAN® bottles, each with a working volume of 90 mL, under
aerobic and microaerobic conditions in an Incu-Shake MAXI° (SciQuip Ltd, Newtown, UK) orbital shaker
incubator set at 150 rpm and 30°C. To generate microaerobic conditions, bottles were purged with N,
for 30 min to remove all the dissolved O, and sealed with bromobutyl rubber stoppers, and later
injected with the necessary sterile air volume to achieve ~ 1% O,. Aerobic bottles were left with their

lids slightly loosened to allow free air exchange.

Each bottle was inoculated at a 1:10 ratio and incubated for 60 hours, with samples taken every 6-12
hours for analysis. During the early exponential growth phase, a pulse of iron citrate (final iron
concentration of 400 uM) or H,0; (final concentration of 150 uM) were added to both aerobic and

microaerobic cultures to induce oxidative stress. Experiments were carried out in triplicate.

4.2.2. Bacterial growth and magnetic cellular response

Bacterial growth was assessed by measuring the optical density of cultures using an Evolution 300 UV-
Vis spectrophotometer (Thermo Fisher Scientific, Hemel Hempstead, Herts, UK) at a wavelength of 565
nm (ODsgs). The cellular magnetic response (Cmag) Was evaluated according to a previously described
method immediately after the ODsgs measurements [23]. In brief, the spectrophotometer has two pairs
of Helmholtz coils mounted on the cuvette holder, one pair oriented perpendicular to the light beam
and the other parallel. For magnetic cells, the different alignments result in varying optical densities
due to cell migration as a result of the applied magnetic field, whereas non-magnetic cells show no
change when the magnetic field orientation is altered, thus maintaining constant optical density. Cmag
values are then determined by the ratio of ODsgs measurements for cells aligned parallel and
perpendicular to the light beam. Cmsg values range between 1 and 3, with values exceeding 1 indicating

the presence of magnetic cells.
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4.2.3. Flow cytometry

Bacterial samples were collected from the liquid cultures, diluted in PBS, and directly analysed in a BD
Accuri C6 flow cytometer (Becton, Dickinson and Company, Oxford, UK). FCM was employed to
determine relative cell size (FSC-A), cell granularity/complexity (SSC-A), intracellular soluble iron
concentration, cell viability, PHA formation and ROS accumulation. The soluble intracellular iron pool
was detected by incubating the cells with PG-SK fluorophore (5 uM) for 10 min; PHA granules were
stained with Pyr-546 (0.5 pg/mL); cell viability was assessed by incubating the cells with propidium
iodide (PI) (100 ng/mL) and bis (1.3-dibutybarbituric acid) trimethine oxonol (BOX) (100 ng/mL) for 2
min; and the presence of ROS was detected by incubating the cells for 30 min at 30°C with CellROX™
Deep Red (CRDR) fluorophore (5 uM). Cells stained with green (PG-SK, Pyr-546, BOX) and red
fluorophores (Pl) were excited with a 488 nm solid-state laser, with fluorescence detected using a
533/30 BP filter and a 670 LP filter, respectively. Far-red fluorescent labelled cells (CRDR) were excited
with a 640 nm solid-state laser and detected through a 675/25 BP filter. Details of MSR-1 CRDR staining

optimization are provided in the Appendix B1.

4.2.4. Determination of iron content

ICP-OES (Thermo Scientific iCAP 7000) was employed as an offline analysis to monitor the changes in
the intracellular and extracellular iron concentrations of MSR-1 cultures. One mL of each sample was
centrifuged to separate cells from the culture media. Supernatants were acidified by adding 10 pL of
the nitric acid solution, while cell pellets were digested using 500 L of a nitric acid (70% v/v) solution
and incubated at 98°C for 2 h with shaking at 300 rpm. After digestion, the final volume was re-adjusted

to 1 mL by adding deionized water. Samples preparation was done and analysed in triplicate.

4.2.5. Correlative light and electron microscopy

MSR-1 cells were grown until just before the end of their exponential growth phase. To detect
intracellular iron and ROS accumulation, cells were incubated with PG-SK and CRDR, respectively.
Vitrification of the samples was performed at The Electron Bio-Imaging Centre (eBIC) located at
Diamond Light Source UK'’s synchrotron (Figure B4). Approximately 4 plL of the cell suspension was
applied to the front of Quantifoil R2/2 grids, with 0.5 pL applied to the back. The grids were then
blotted for 6 seconds using an EM GP2 Automatic Plunge Freezer (Leica Microsystems) before plunge

freezing.
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After sample vitrification, the grids were transferred to a Leica EM cryoCLEM microscope (Leica
Microsystems) to acquire fluorescence data. ROIs were identified based on fluorescence signals
indicative of intracellular iron and ROS accumulation. The identified ROIs were subsequently imaged
using a Titan Krios microscope (Thermo Fisher Scientific), operated at 300 kV with a Gatan K3 detector.
Two-dimensional search maps were acquired at a magnification of 4800X. For tomographic data
collection, a magnification of 8700X was used, corresponding to a pixel size of 10.51 A. The total
electron dose was 27.53 e /A2 Tilt series were acquired from +60° to -60° in 3° increments, with a
defocus value of -25 um. Tomograms were reconstructed using the IMOD software package (University
of Colorado, Boulder, CO). Microscopy Image Browser and UCSF ChimeraX were employed for volume

segmentation and visualization of tomograms [236], [250].

From 2D search maps, several parameters were measured using Fiji (Imagel) software, including cell
length (n = 50 cells per condition), number of magnetosomes per cell (n = 50 cells per condition),
percentage of area occupied by PHA granules relative to the total cell surface area (n = 20 cells per

condition), and magnetite crystal size (n = 500 crystals per condition).

4.3. Results and Discussion

4.3.1. MSR-1 physiological responses to stress conditions

This section describes the effects of external oxidative stress conditions, induced by the addition of
H,0, and iron citrate mid-growth, on MSR-1 physiology by assessing various parameters, such as

cellular growth, cell viability, cell morphology and size, PHA formation and ROS accumulation.

4.3.1.1. MSR-1 growth and viability

MSR-1 was grown under microaerobic and aerobic conditions to obtain magnetosome-producing cells
and non-magnetosome-producing cells, respectively. When the bacterial cells reached the early
exponential growth phase (ODsgs =~ 0.15) a pulse of iron citrate (400 uM) or H,0, (150 puM) was
introduced to induce oxidative stress. The concentrations of iron citrate and H,0, used in this
experiment were selected based on literature data [38], [40], [126], [127], [251] and H,0; tolerance

tests performed on MSR-1 (Figure B5).

Bacterial growth and cell viability were monitored over a period of 60 h. In microaerobic cultures, the
addition of iron citrate did not impact bacterial growth (Figure 4.1A) or cell viability (Figure 4.1B). The

extracellular iron concentration increased from 6 mg/L to approximately 20 mg/L following the iron
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citrate pulse (Figure B6). Although previous work suggests that a 20 mg/L concentration should be
toxic for MSR-1 [126], [127], our findings reported in Chapter 3 and again herein, indicate that neither
bacterial growth (Figure 3.1F) nor cell viability (Figure B7A) were affected by the increase of the
extracellular iron concentration (across the studied concentration range up to 55 mg/L). In contrast,

while bacterial growth in aerobic cultures remained unaffected by the addition of iron citrate (Figure
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Figure 4.1. Effects of iron citrate and H,0, addition on the physiology of MSR-1 cells grown under microaerobic
and aerobic conditions. (A) Time course of cell growth. (B) Cell viability over time, determined by FCM. Vertical
lines in graphs A and B indicate the addition of iron and H,0; pulses in microaerobic (black) and aerobic (red)
cultures. (C) Percentage of PHA area relative to the total cell area, measured from cryoEM images when MSR-1
cells were at the end of the exponential growth phase (n=20 cells/condition). Inset cryoEM images: (a)
microaerobic condition and (b) microaerobic condition with iron addition. Scale bar = 300 nm. (D) Analysis of
PHA content by FCM using Pyr-546 fluorophore. (E) CryoEM images of MSR-1 cells grown under aerobic and
microaerobic conditions after the addition of H,0, (~¥150 uM). The cryo-fluorescence image shows MRS-1 cells
exposed to H,0,, incubated with the CellROX Deep Red fluorophore, which detects the presence of reactive
oxygen species (ROS). The areas labelled (a-e) in the cryo-fluorescence images correspond to the cells highlighted
in the cryoEM images with the same labels. Scale bar = 1 pum (cryoEM) and 10 um (cryo-fluorescence). 25 000
events were analysed per sample by FCM. Error bars represent the standard deviation of triplicates. FCM = Flow
Cytometry; CryoEM = cryo-electron microscopy; Pyr-546 = Pyrromethene-546.
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4.1A), cell viability declined more rapidly compared to control conditions (Figure 4.1B). This
accelerated decline is tentatively attributed to potential cellular damage caused by the the Fenton

reaction [139].

In contrast, the addition of H,0, significantly impacted bacterial growth (Figure 4.1A). Aerobic growth
was completely ceased as the ODsgs values dropped from 0.19 to 0.13, likely due to cell lysis.
Meanwhile, the growth rate under microaerobic conditions was reduced but not completely restrained
(ODsgs = 0.22) compared to the control conditions (ODsgs = 0.37). Furthermore, aerobic cultures
exhibited a steeper decline in cell viability compared to microaerobic cultures (Figure 4.1B). Following
H,0, addition, cell viability in microaerobic cultures decreased by only 25% relative to the control,
while the viability of aerobic cultures dropped sharply from 85% to less than 10% immediately after
the H,0; pulse. Maintaining cellular viability, membrane selective permeability, and proton motive
force are features of intact membranes [252]. When H,0; is added, it can interact with the bacterial
cell membrane, causing lipid peroxidation [253]. Oxidative stress can also reduce proton motive force
by inhibiting transport across the cell membrane, which reduces ATP production, and consequently

inhibits cell growth leading to cell death [254].

There are only a few studies published on the impact of H,0, on MTB growth. The majority of which
were performed under microaerobic conditions solely and started to see a significant impact on
bacterial growth at 200-300 UM concentrations in the media [40], [251], [255]. However, these studies
typically grew the bacteria with different H,0, concentrations from the start, whereas our study
introduces a pulse of H,0, during mid-growth, which may explain the differences in the observed

behaviour.

4.3.1.2. MSR-1 cell morphology, size and complexity

The impact of external oxidative stress on the morphology, size, and complexity of MSR-1 cells was
analysed, with a focus on the changes induced by doping high iron and H,0, concentrations. FCM
analysis provides insights into cell size and granularity, while cryoEM images offer high-resolution
details of cellular structures. Together, these methodologies reveal the extent to which oxidative stress

affects MSR-1 cells, highlighting differences in their structural and intracellular organisation.

The obtained results indicate that the addition of iron does not result in any noticeable morphological
differences when grown under microaerobic or aerobic conditions. In contrast, as shown in Figure
4.1E, H,0, doping induces various effects on MSR-1 morphology. Aerobic cells subjected to H,0,

exhibited significantly more structural cell damage compared to microaerobic cells. The cell membrane
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of aerobic cells was notably compromised, with many cells losing their characteristic spirillum shape
and becoming smaller and more rounded (Movie 4.1). Some cells also appeared to be broken.
Although some damage was observed in microaerobic cells exposed to H,0,, it was considerably less
severe compared to the damage seen in aerobic conditions (Figure 4.1E). This difference in structural
cellular damage correlates with the larger decrease in cell viability observed in Figure 4.1B under H,0,-
doped aerobic conditions, where viability was reduced by 80%, compared to a 25% reduction in H,0,-
doped microaerobic cultures. The sensitivity of bacterial cells to H,0, has been documented in other
bacterial species. For instance, Campylobacter jejuni changes from a spiral-shaped to a coccoid form
upon interaction with ROS [256], while Escherichia coli turns from a bacillus form to a coccoid form
[257]. These morphological changes occur as bacteria attempt to repair the membrane damage caused
by ROS, which, if unrepaired, may lead to DNA damage and cell death [258]. Table 4.1 displays the
differences in cell length under iron and H,0, doping conditions, with cell length measured from
cryoEM 2D search maps using Fiji software. The results revealed that exposure to H,0; led to
significantly shorter cells, about half the size of those in the control group, while iron exposure had no
effect on cell size. This reduction in size is likely due to morphological changes caused by lipid
peroxidation of the cell membrane from H,0; exposure. Our findings also indicate that aerobic cells
were significantly longer (8.3 + 3.1 um) than microaerobic cells (6.1 = 1.8 um) (one-way ANOVA with
Tukey test, p < 0.01). Some aerobic cells even reached double the size of some microaerobic cells,
measuring up to 16 um, which has also been previously reported by others [33]. The analysis of the
forward scatter (FSC-A) data from the FCM which provides information regarding cell size, are in line
with the microscopy results, showing that aerobic cells generally exhibited longer dimensions than
microaerobic cells (Figure B8A). Besides oxygen availability, other changes in the growth conditions or
other stress factors, such as variations in lactic acid and nitrate concentrations in the media [11], the
method of cultivation (plates vs. liquid cultures) [18], or exposure to UV-B radiation [39], have been
shown to affect the size and morphology of MTB. Monitoring and controlling cell size is therefore
important, as this phenotypic feature can significantly impact bioprocess efficiency, influencing both
upstream factors like nutrient uptake and downstream processes such as cell disruption and product

recovery [16].
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FCM was also used to obtain information regarding the intracellular cell complexity or granularity,
assessed through side scatter (SSC-A) measurements. In MSR-1, aside from magnetosome chains, cells
typically accumulate intracellular inclusions such as phosphate or PHA granules [259]. As well known,
PHA synthesis is notably enhanced under conditions of nutrient deficiency or oxidative stress,
particularly when there is an excess of carbon source. Monitoring PHA synthesis is important because

PHAs serve as reservoirs for reducing power, thereby helping to manage intracellular redox balance

Table 4.1. Effects of doping iron citrate and H,0, on cell length (n=50/condition), magnetosome
content (n=50/condition) and magnetite crystal size (n=500/condition) in microaerobic and aerobic
MSR-1 cells. All measurements were obtained from cryoEM 2D search maps using Fiji software.

Cell length (um) Magnetosomes/cell Magnetite size (nm)
Microaerobic  Aerobic Microaerobic  Aerobic Microaerobic Aerobic
Control 6.1+1.8 8.3+3.1 246 £5.5 11.8+7.9 48.6 +10.5 345+9.4
H,0, addition 3.7+1.8 45+1.8 20.7+7.2 8.0+4.7 43.4+10.6 43.1+10.7
Iron addition 5.9+1.0 7.5+2.1 31.8+7.0 8.4+5.0 48.2+11.4 35.0+8.1

and mitigate ROS formation [142]. By sequestering reducing equivalents (e.g. NADH, NADPH), PHA
synthesis prevent the accumulation of excessive reducing agents, which could otherwise contribute to
redox reactions and promote uncontrolled ROS production, leading to oxidative damage. During
periods of starvation, cells can degrade PHAs to release monomers that enter central metabolic
pathways, such as the TCA cycle and glycolysis, thereby restoring the cellular reducing power necessary
for maintaining redox balance [143]. Here, PHA granules were stained with the Pyr-546 fluorophore,
and their accumulation was monitored through FCM analysis. The changes in cell granularity (SSC-A)
and Pyr-546 intensity values over time are shown in Figure B8B and Figure B8C, respectively. Both
plots clearly indicate that aerobic conditions exhibited higher fluorescence and SSC-A values,
suggesting increased PHA granule synthesis under these conditions. Our results are in accordance with
the investigation of Su et al. using the AMB-1 strain in which they observed a decrease in PHA content
under anaerobic conditions and an increase under aerobic conditions [144]. Figure 4.1C and Figure
4.1D display the percentage of PHA inclusions in the cytoplasmic space and Pyr-546 fluorescence
intensity values, respectively, for MSR-1 cells at the end of the exponential growth phase. Both
analytical approaches (FCM and cryoEM) showed similar trends in PHA content across the different
conditions. Under aerobic conditions, iron addition did not result in significant differences in PHA
content as cells exhibited similar values to the control conditions (16% PHA area/cell area). However,

under microaerobic conditions, the PHA area relative to total cell area decreased significantly from
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14% to 8% with iron addition (one-way ANOVA with Tukey test, p < 0.01). CryoEM images in Figure
4.1C further demonstrate that the size of PHA granules was significantly reduced after iron addition
under microaerobic conditions. The higher PHA content observed in H,0,-exposed cells (22% and 28%
for microaerobic and aerobic cultures, respectively) is likely biased by the changes in cell size and
morphology resulting from H,0.-induced cell damage. For instance, broken cells had cytoplasmic
leakage, reducing the total cell area and thereby increasing the ratio of PHA to cytoplasmic space, due

to the cell damage rather than increased PHA production.

4.3.1.3. Intracellular ROS accumulation

MSR-1 cells were stained with CellROX Deep Red (CRDR) fluorophore and analysed by FCM to
investigate the accumulation of ROS. This fluorescent probe has been effectively employed for ROS
detection in other Gram-negative bacteria such as Escherichia coli [260] and Fusobacterium nucleatum

[261].

Figure 4.2A illustrates ROS accumulation of MSR-1 cells exposed to oxidative stress conditions over
time. Generally, cells under aerobic conditions exhibited significantly higher levels of intracellular ROS
compared to those under microaerobic conditions. In microaerobic cultures, the addition of iron did
not lead to an increase in ROS production. This was consistent with complementary experiments in
which MSR-1 cells were grown with varying iron concentration (up to 1 mM) as shown in Figure B7B.
In previous work, gene expression analysis performed during cell growth and magnetosome synthesis
revealed that genes associated with ferric reductases, ferrous transport system and ROS scavenging
are highly expressed when exposed to high iron concentrations [39]. The upregulation of ROS
scavenging-related genes under high iron concentration presumably facilitates the ability of MTB to
uptake large amounts of iron and thrive in iron-rich environments. However, under aerobic conditions,
anincrease in ROS production was observed towards the end of the exponential growth phase in cells

subjected to an iron pulse, likely due to the Fenton reaction.

The addition of H,0; resulted in a moderate increase in ROS accumulation for microaerobic conditions
compared to the control (Figure 4.2A and Figure 4.1E). Surprisingly, H,0,-aerobic cultures exhibited
lower CRDR fluorescence values compared to the control conditions when analysed by FCM. However,
fluorescence microscopy images (insets in Figure 4.2A) revealed similar fluorescence levels to those
achieved in aerobic control conditions. Aerobic cells were significantly damaged under the influence

of H,0,, resulting in smaller, more compact, and even fragmented cells (Figure 4.1E). This
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Figure 4.2. (A) Accumulation of ROS in CRDR-stained MSR-1 cells by FCM. Inset cryo-fluorescence images: (a)
aerobic control condition and (b) aerobic condition with H,0, addition. Scale bar = 2 um. (B) Magnetosome
chain length histogram distribution of aerobic and microaerobic cells. The inset graph corresponds to CRDR
fluorescence histograms obtained from FCM analysis of aerobic and microaerobic cells. Comparison between
aerobic and microaerobic MSR-1 cells of (C) the percentage of CRDR-stained cells and (D) the fluorescence
intensity values of the CRDR-stained cells only. Vertical lines in graph (A) indicate the addition of iron and H,0,
pulses in microaerobic (black) and aerobic (red) cultures. 25 000 events were analysed per sample by FCM.
Error bars represent the standard deviation of triplicates. CRDR = CellROX Deep Red; FCM = Flow Cytometry;
AU = arbitrary units.

morphological change may explain the decrease in CRDR fluorescence detected by FCM, as the

fragmented cells have reduced overall fluorescent content compared to intact cells.

Using the gating capability of FCM, a more in-depth analysis of ROS distribution was conducted by
comparing low magnetosome-producing cells (aerobic) with high magnetosome-producing cells
(microaerobic), as magnetosomes are believed to decrease and eliminate ROS due to their peroxidase-
like activity [37]. Analysis of the proportion of CRDR-stained cells (ROS*) in Figure 4.2C revealed only a
20% difference between these two conditions, with 55% of ROS*-microaerobic cells compared to 75%
ROS*-aerobic cells. However, a closer examination of the mean fluorescence intensity values of ROS*
cells (Figure 4.2D) reveals that ROS*-aerobic cells showed double the fluorescence compared to ROS*-

microaerobic cells, indicating clear contrast in ROS levels between the two conditions.
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Additionally, based on FSC-A (cell size) and SSC-A (cell granulometry) plots, two distinct populations
can be identified for both microaerobic and aerobic conditions (Figure B9A). The first population (P1)
consists of smaller cells with fewer granules, constituting approximately 70% of the total cell
population, while the second population (P2) consists of larger cells with higher granule content,
representing the remaining 30%. Both aerobic populations also exhibited a much higher percentage
of ROS* cells (P1: 70%; P2: 90%) compared to microaerobic populations (P1: 45%; P2: 70%) (Figure
B9B). A similar trend to the one previously observed is clear, with aerobic populations displaying at
least twice the level of fluorescence compared to microaerobic populations (Figure B9C). It is also
noteworthy to mention that the difference in fluorescence values between P1 and P2 under
microaerobic conditions is only 1.6-fold, whereas under aerobic conditions, it is 2.2-fold. This indicates
lower fluorescence heterogeneity, and thus lower ROS levels, in magnetosome-producing cells
(microaerobic) compared to non-magnetosome-producing cells (aerobic). This fluorescence
heterogeneity is also reflected in the FCM fluorescence histograms (Figure 4.2B inset). The CRDR
fluorescence peak observed in the CRDR histograms for microaerobic cells was narrower compared to
the broader distribution observed for aerobic cells. This pattern was in line with the magnetosome
chain length distribution plots for both conditions (Figure 4.2B), where the distribution of
magnetosome chain lengths in aerobic cells was much more dispersed than in microaerobic cells. The
aerobic distribution has a coefficient of variation (CV) of 135%, indicating higher relative dispersion
compared to the microaerobic distribution, which has a CV of 96%. This suggests that the higher
fluorescence heterogeneity observed in aerobic conditions is potentially correlated with greater
heterogeneity in magnetosome content. Considering that prior studies have demonstrated that MSR-
1 mutants deficient in magnetosome production exhibit significantly higher ROS levels compared to
the wild-type MSR-1 strains capable of magnetosome production [37], our findings suggest a potential
correlation between the heterogeneity in magnetosome content and ROS levels, as reflected by the

observed fluorescence heterogeneity.

4.3.2. Impact of stress conditions on magnetosome biomineralization

The regulation of iron homeostasis is intrinsically linked with the bacterial response to oxidative stress,
reflecting a coordinated control system to manage these demands [262]. In MTB this coordination is
particularly crucial, as iron is a key component in magnetosome biomineralization. In here, the impact
of stress conditions on magnetosome formation in magnetosome-producing and non-magnetosome-

producing MSR-1 cells is further explored. Understanding these interactions and regulatory
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mechanisms is vital for elucidating how MTB manage iron homeostasis while minimizing oxidative

damage. Thus, it is of special interest to improve current bioprocessing strategies.

4.3.2.1. Magnetosome chain length, morphology and crystal size

Changes in the culture media and external environmental factors, such as temperature, pH, dissolved
oxygen and iron concentration can affect the number and shape of the magnetosome crystals [5],
[132], [263], [264]. In this study, the impact of adding H,0, and iron citrate on magnetosome content,

chain morphology, and crystal size was analyzed using cryoEM (Table 4.1).

Despite the suppression of magnetosome biomineralization under aerobic conditions [33],
magnetosome chains were still present due to the high magnetism of the inoculum used (Cmag = 2.7,
Movie 4.2). However, as displayed in Table 4.1, the chains in aerobic cells were only half as long (11.8
+ 7.9 magnetosomes/cell) as those in microaerobic cells (24.6 + 5.5 magnetosomes/cell) (Movie 4.3).
The addition of iron and H,0; to aerobic cells did not significantly alter the number of magnetosomes
per cell. In contrast, under microaerobic conditions, the iron pulse resulted in the formation of
significantly (one-way ANOVA with Tukey test, p < 0.01) longer magnetosome chains (31.8 + 2.1
magnetosomes/cell). These findings align with our previous observations in Chapter 3, which
demonstrated that increasing extracellular iron content promotes the formation of longer

magnetosome chains.

As shown in Figure 4.3G, the spacing between magnetite crystals in aerobic cells was larger compared
to microaerobic cells [33]. While the addition of iron did not induce any noticeable changes in
magnetosome chain morphology, the exposure to H,0, affected the chain structure. The oxidative
stress induced by H,0, led to the loss or deformation of the typical needle-like shape and, in some
cases, caused chain fragmentation. MamK is an actin-like protein responsible for organizing the
magnetosome chain along the cell axis [45]. Similar to what has been observed in eukaryotic cells,
where H,0, disrupts actin dynamics [25], oxidative stress from H,0, could have impaired the function

of MamK, leading to the observed structural alterations.

Measurement of magnetite crystal size under the different culture conditions (Table 4.1) from 2D
cryoEM search maps, revealed that microaerobic magnetosomes were significantly larger (48.6 + 10.5
nm) than those present in aerobic cells (34.5 + 9.4 nm) [219]. Iron addition did not enlarge
magnetosome crystals under microaerobic conditions, but H,0, exposure resulted in significantly
smaller crystals (one-way ANOVA with Tukey test, p < 0.01). This reduction in magnetite crystal size

caused by H,0; is consistent with previous studies in which MSR-1 cells were exposed to similar H,0,
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concentrations (200 uM) [130]. Although other research has reported a correlation between increased
extracellular iron concentration and larger magnetite crystals in AMB-1 strain [167], our results did not
show an increase in magnetite size upon iron addition (48.2 + 11.4 nm). This discrepancy may be due
to differences in experimental protocols, as bacteria were grown at different iron concentrations from
the start, while in this study the iron pulse was added mid-growth, potentially affecting magnetite
growth differently. Other studies have reported that increasing extracellular iron concentration can
alter the morphology of magnetosome crystals rather than their size when iron uptake rates are
affected [263]. Specifically, magnetosomes grown under high iron uptake rates displayed cuboidal
morphologies, while those grown with slower iron uptake rates exhibited the classical cubo-octahedral
morphology. These observations highlight the complexity of magnetosome biomineralization and

emphasize the critical role of environmental factors in shaping magnetosome morphology.

4.3.2.2. Interplay between iron content and ROS accumulation

Figure 4.3A shows Cnag Values recorded at regular intervals to enable online analysis of magnetosome
content over time. The determination of the number of magnetosomes per cell by cryoEM was
conducted at a single time point (at the end of the exponential growth phase), thus the collection of
Cmag Values ensured a more continuous assessment of magnetosome content, complementing the
cryoEM data. As aforementioned, the inoculum used was highly magnetic, so Cmag values for
microaerobic conditions were consistently high from the beginning and maintained throughout the
experiment (Cmag = 2.3 - 2.9). For aerobic cultures there was a period of adaptation of approximately
20 hours in which cells switched to their aerobic metabolism. Afterwards, Cmag values began to
decrease, down to 1.3, indicating the suppression of magnetosome production [11], [33]. There were
practically no Cmag differences between the control and the iron-doping conditions for both
microaerobic and aerobic conditions. Notably, differences in Cms; values were only observed in
conditions where H,0, was added (Figure 4.3A). These observations showed some inconsistencies
with the cryoEM magnetosome content results displayed in Table 4.1, where no significant differences
in magnetosome content were found upon H,0, addition. Although Cmsg measurements provide a
qualitative and rapid assessment of magnetosome content, this technique is based on optical density,
which can be influenced by other factors beyond magnetosome content alone, such as cell length and
morphology [18]. The morphological changes induced by H,O, were likely responsible for the

discrepancies noted between the Cmse values and cryoEM data.

Total intracellular iron content results (Figure 4.3B) followed a trend similar to that observed in the

Cmag results. In aerobic cultures, the iron concentration decreased up to 7 mg/g DCW, whereas in
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microaerobic cultures, the iron concentration remained consistently high, around 30 mg/g DCW over
time [33], [219]. Unlike Cmag data, microaerobic conditions with added iron displayed higher
intracellular iron concentrations (38 mg/gDCW), likely due to the presence of longer magnetosome
chains (Table 4.1). After H,0O; addition in aerobic conditions, the intracellular iron levels remained
constant. This was attributed to the cease of cell growth and significant cell viability reduction (Figure

4.1) that these cells suffered under these conditions.

Measurement of the total intracellular iron content has been commonly used to assess magnetosome
content. However, as noted in Chapter 3 and by others, there are different intracellular iron pools
distinct from magnetite [10], [119], [265]. In addition to its role in magnetite biomineralization, iron is
also required for other general iron-dependent biochemical reactions [112], [227] or stored in proteins

such as ferritins to prevent toxicity [121]. Consequently, some studies have suggested that only a
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Figure 4.3. Analysis of iron dynamics and ROS accumulation during magnetosome biomineralization. (A) Cmag, (B)
total intracellular iron content, and (C) labile ferrous iron levels in MSR-1 cells grown under various stress
conditions over a period of 60 hours. Vertical lines in (A-C) indicate the addition of iron and H,0, pulses in
microaerobic (black) and aerobic (red) cultures. (D-F) Correlation of Cnag (n=30), total intracellular iron content
(n=36), and labile ferrous iron levels (n=35) with intracellular ROS accumulation of microaerobic and aerobic cells,
respectively. (G) Effects of the addition of iron citrate (+ Fe), hydrogen peroxide (+ H,0,) or aerobic conditions (+
0,) on the magnetosome chain structure. Scale bar = 300 nm. (H) Comparison between non-magnetic (aerobic)
and magnetic (microaerobic) MSR-1 cells using PG-SK and CRDR fluorescence, alongside their corresponding cryo-
EM images. Scale bar = 2 um. Labile ferrous iron levels and ROS accumulation were measured using (C-F) flow
cytometry (FCM) or (H) cryo-fluorescence microscopy with PG-SK (green fluorescence) and CRDR (red
fluorescence) fluorophores, respectively. 25 000 events were analysed per sample by FCM. Error bars represent
the standard deviation of triplicates. CRDR = CellROX Deep Red; PG-SK = PhenGreen SK; AU = arbitrary units.
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fraction of the total intracellular iron (25-45%) corresponds to magnetite [10], [119]. Hence the
importance on also tracking changes of the soluble Fe?* intracellular iron pool. This is particularly

important because free iron (Fe?*) can react with H,0, to generate hydroxyl radicals.

Labile Fe?* intracellular iron concentration was monitored by FCM using PG-SK fluorophore, which
quenches upon binding to free Fe** ions [18], [228]. As shown in Figure 4.3C, aerobic cultures displayed
higher green fluorescence values compared to microaerobic cultures, indicating a notably lower
presence of Fe** under aerobic conditions. This observation was corroborated by cryo-fluorescence
microscopy, as shown in Figure 4.3H. Under microaerobic conditions, the addition of H,0O, led to a
decrease in Fe?* levels. This decrease was likely due to oxidation of Fe?*to Fe3* via the Fenton reaction,

as ROS levels also increased (Figure 4.2A).

In Chapter 3, a direct correlation between the number of magnetosomes and the intracellular Fe*iron
pool was reported [265]. Cells with longer magnetosome chains exhibited higher Fe?* levels than those
with shorter chains (Figure 3.3). Additionally, not all internalized Fe?* was used for magnetite synthesis,
as a substantial labile Fe?* pool remains even after biomineralization is complete [226]. Given these
observations, in this chapter, we aimed to elucidate the relationship between ROS accumulation, the
intracellular soluble iron pool and magnetosome content. To this end, Cmsg values (Figure 4.3D), total
intracellular iron content (Figure 4.3E) and intracellular Fe?* levels (Figure 4.3F) were correlated with
ROS accumulation. Furthermore, the cryoCLEM approach was employed to obtain data at the single
cell level (Figure 4.3H and Figure 4.4) by comparing magnetic (microaerobic) and non-magnetic

(aerobic) cells.

Evidence suggests that MSR-1 possesses homologues for the global regulators Fur [244], OxyR [251],
and IrrB [266], indicating that these regulators work together to fine-tune iron homeostasis and
oxidative stress responses during magnetosome biomineralization. In MSR-1, Fur is involved in
regulating the transcription of Fe?* transport systems feoAB1 and feoAB2, as well as genes involved in
oxidative stress responses, such as katG (catalase) and sodB (superoxide dismutase) [220], [244]. This
highlights Fur’s dual role in managing both iron levels and oxidative stress. OxyR, a key regulator of the
oxidative stress response, responds to H,0, by upregulating genes that mitigate ROS damage such as
katG and dps (iron storage protein) [267]. Therefore, OxyR also indirectly influences iron metabolism
by promoting iron sequestration and reducing free iron levels, thus helping to lower ROS formation
[38]. The combined actions of Fur and OxyR underscore the complex interplay between iron regulation

and oxidative stress management.

Our results shown in Figure 4.3D revealed an inverse correlation between Cms values and ROS

accumulation. Specifically, higher Cmag values, which indicate greater magnetosome content, were

M. Masé-Martinez, PhD Thesis, Aston University 2024 87



associated with lower ROS levels. This suggests that increased magnetosome formation might be
linked to reduced oxidative stress, potentially due to iron sequestration within magnetite or their
peroxidase-like activity [37]. This trend is further supported by single-cell correlative microscopy
images presented in Figure 4.4, where MSR-1 cells with higher magnetosome content exhibited lower

CRDR fluorescence than cells with lower magnetosome content.

By analysing the correlation between the total intracellular iron content and ROS levels (Figure 4.3E),
distinct patterns between microaerobic and aerobic conditions were observed. It was expected that,
due to the Fenton reaction, cells with higher intracellular iron concentrations would exhibit elevated

ROS levels, as excess iron can catalyse ROS formation. However, under microaerobic conditions, which

Low magnetosome content

High magnetosome content
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Figure 4.4. Comparison of intracellular ROS accumulation of MSR-1 cells containing high or low magnetosome
content. Cells were stained with CellROX Deep Red fluorophore to detect ROS presence. CryoEM images of
selected cells are matched to the corresponding cryo-fluorescence images as indicated by the same letter labels.
A representative 3D volumetric representation of a highly magnetic cell is included. Magnetosome chain is
coloured in blue, PHA granules in green, outer membrane in orange and inner membrane in light orange (Movie
4.4). Scale bar = 2 um (cryoEM) and 10 um (cryo-fluorescence).

M. Maso6-Martinez, PhD Thesis, Aston University 2024 88



exhibited high intracellular iron concentrations over time, did not show a significant correlation
between total iron content and ROS accumulation. This lack of correlation demonstrates the efficiency
of MSR-1’s regulatory systems in managing high iron levels without apparent oxidative harm. In
contrast, in aerobic conditions, a decrease in total intracellular iron content corresponded with an
increase in ROS levels. This may result from a reduction in the number of magnetosomes per cell,
thereby diminishing the capacity of MSR-1 cells to mitigate oxidative stress through magnetosome-
associated ROS scavenging activity [37], [40]. Despite Fur acting directly as a global regulator
responding to iron levels [268], oxidative stress (such as that caused by high oxygen conditions) can
influence iron homeostasis and indirectly affect Fur activity. Cells might respond by more tightly
regulating iron uptake and storage to minimize the availability of free iron that could participate in ROS
generation. This response could hypothetically involve Fur-mediated pathways to ensure iron levels
are kept within a safe range, even though Fur's primary direct response is to iron rather than to ROS

or oxygen levels [244].

The correlation between labile Fe?* (detected by PG-SK fluorescence) and ROS levels also varied
notably depending on oxygen availability (Figure 4.3F). Under microaerobic conditions, no significant
correlation was observed. However, under aerobic conditions, a clear inverse correlation was
observed: lower Fe?* levels, indicated by higher PG-SK fluorescence, were associated with increased
ROS accumulation. This relationship can be explained by the Fenton reaction. Since PG-SK has a high
affinity for Fe?* but not for Fe3* [269], its fluorescence increases as Fe?* is oxidized and becomes less
detectable by PG-SK, while ROS levels rise. Correlative microscopy images in Figure 4.3H further
illustrate this situation, showing that magnetic cells exhibited low PG-SK and CRDR fluorescence, while

non-magnetic cells exhibited high fluorescence.

Overall, these results suggests that magnetosomes likely play a significant role in mitigating oxidative
stress and highlight the complex interplay between antioxidant mechanisms, iron homeostasis, and

magnetosome biomineralization in MTB.

4.4. Conclusions

In this study, the effects of important stress factors - extracellular iron concentration and H,0; - on
MSR-1 cell physiology and magnetosome biomineralization were explored through the integration of
advanced microscopy with high-throughput and elemental analysis methodologies (e.g. FCM, ICP-OES

and cryoCLEM imaging). These techniques enable the capture of dynamic cellular responses in real-
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time and at the single-cell level, providing a detailed view of how MSR-1 cells respond to such external
factors. Our findings reveal distinct differences in how magnetosomes-producing (microaerobic
cultures) and non-producing (aerobic cultures) MSR-1 cells manage magnetosome production, iron
content, and oxidative stress under varying oxygen regimes. Under microaerobic conditions, cells
maintained high levels of magnetosomes and intracellular iron, with minimal oxidative stress, whereas
aerobic conditions led to reduced magnetosome production and intracellular iron content, alongside
increased ROS levels. These results underscore the crucial role of magnetosomes in mitigating
oxidative stress and highlight the complex interaction between antioxidant mechanisms, iron
regulation, and magnetosome biomineralization. Additionally, the observed changes in MSR-1 cell
morphology and viability exposed to external stress factors emphasize the importance of monitoring
physiological changes to improve bioprocess efficiency and robustness, which is vital for advancing the
production of high-quality magnetosomes. This is of utmost importance for future large-scale
production and application of magnetosomes in biomedicine and biotechnology. Overall, this study
not only contributes to the understanding of oxidative stress responses in MTB but also demonstrates
the value of integrating cutting-edge analytical techniques to advance in the development of more

consistent and efficient bioprocesses.
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Chapter 5.

Evaluation of cell disruption technologies on magnetosome
chain length and aggregation behaviour from

Magnetospirillum gryphiswaldense

The content of this chapter has been adapted from the following publication:

“Evaluation of cell disruption technologies on magnetosome chain length and aggregation behaviour

from Magnetospirillum gryphiswaldense MSR-1". M. Masd-Martinez, B. Fryer, D. Aubert, B. Peacock,

R. Lees, G. A. Rance, M. W. Fay, P. D. Topham, A. Fernandez-Castané. Front. Bioeng. Biotechnol., vol.
11, no. May, pp. 1-13, 2023, doi: 10.3389/fbioe.2023.1172457.

5.1. Introduction

Chemically-synthesized magnetic nanoparticles (MNPs) have been widely studied for their potential
application in nanomedicine and biotechnology [99]. However, synthetic MNPs face various
drawbacks, such as high toxicity, lack of biocompatibility and harsh conditions required for their
synthesis [3]. Some of these issues can be remediated by adding extra steps in the synthesis process,
but these often come at the expense of production complexity and increasing costs. Therefore,
research interests are shifting towards finding more efficient and sustainable biomanufacturing

approaches to synthesize biocompatible MNPs.

The discovery of the biological MNPs, termed ‘magnetosomes’ back in the 1970s, attracted the
attention of the scientific community for their potential to replace synthetic MNPs [21].
Magnetosomes are magnetic nanoparticles within the size range of 35-120 nm and are naturally
produced by MTB [5]. Usually, magnetosomes are arranged in a needle-like chain and their main
attributed function is to act as a geomagnetic navigation system. A typical magnetosome composition
consists of an inorganic core (Fes04 or FesSs) enveloped in a lipid membrane bilayer containing

transmembrane proteins [49]. Some of the unique properties of magnetosomes include their narrow
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size distribution, high crystal purity, high heating capacity, facile functionalization, and high
biocompatibility. These properties collectively make magnetosomes an attractive alternative to
synthetic MNPs with great potential for biomedical, biotechnological and environmental application
[218]. Unfortunately, the ability to implement a robust large-scale magnetosome biomanufacturing
system has proven to be challenging despite the best efforts to enhance magnetosome vyield [11],
[219], [270]. The future widespread application of industrial magnetosome biomanufacturing is
currently hindered by: (i) the limited understanding of magnetosome biomineralization; (ii) the
identification of MTB growth and physiological bottlenecks [17], [18], [132]; (iii) the ability to produce
magnetosome batches with the same structure, chain length and functionality (i.e. batch-to-batch
reproducibility); and (iv) the development of characterization techniques allowing rapid assessment of

magnetosomes preparation.

Magnetosomes have the potential to become the next generation of therapeutic agents but there is a
critical need to scale-up the biomanufacturing process, whilst achieving homogeneous chain length
preparation and preserving the envelope of embedded transmembrane proteins that can be used for
functionalization purposes. The first step in the downstream process that compromises the size of
magnetosome chains is cell disruption. Different lab-scale mechanical cell disruption techniques such
as ultrasonication [83], [85], French Press [49], [153] or high-pressure homogenization [157], [158] are
commonly used for MTB disruption thus rendering magnetosomes accessible for recovery. However,
very few studies have been conducted to systematically compare different cell disruption treatments,
and thus evaluate their efficiency and impact on the length and integrity of the isolated magnetosome
chains [162], [271]. The integrity of the magnetosome chain is particularly relevant for certain
applications, as variations in chain size and arrangement can lead to distinct characteristic and
influence their magnetic properties [100], [271], [272]. Additionally, in biomedical and industrial
applications, achieving uniform and stable magnetosome preparations is essential to ensure consistent
performance and efficacy, irrespective of whether they consist of individual magnetosomes, long

chains, or magnetosome aggregates.

In this study, we employ three nanoparticle (NP) characterization techniques—TEM, dynamic light
scattering (DLS), and nano-flow cytometry (nFCM)—to evaluate the effect of three different cell
disruption techniques on magnetosome chains. The combination of such complementary techniques
allows one to obtain a holistic picture of the composition of the magnetosome preparation as each
technique has its own advantages and disadvantages. For instance, TEM offers high size resolution but
low throughput, whereas the opposite is observed in DLS analysis. nFCM was used for the first time to
characterize magnetosomes and we have evaluated its potential to become a rapid quality assurance

technique for magnetosome preparation. The combination of light scattering and fluorescence
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detection from nFCM allows the facile collection of data to inform the particle size distribution, particle
concentration and identification of sub-populations labelled with fluorescent markers, which makes

nFCM a very powerful and innovative technique [168].

5.2. Materials and methods

5.2.1. Bacterial strains and culture conditions

Magnetospirillum  gryphiswaldense MSR-1 was obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ, Germany). MSR-1 was grown in a 5-L Biostat B
(Sartorius Stedim UK Ltd, Surrey, UK) bioreactor following a pH-stat strategy described elsewhere [11].
Briefly, MSR-1 cells were grown at 30°C, under microaerobic conditions (pO2 < 1%.), in FSM without
iron citrate at a pH of 7. The pH was maintained by automated addition of an acidic iron-rich feeding
solution. Once the culture reached stationary phase, MSR-1 cells were harvested by centrifugation
(4000 rpm, 20 min, 4°C) in a Heraeus Multifuge X1R centrifuge (Thermo Scientific, Massachusetts,

USA). The supernatant was removed and the pellet was stored at -80°C until further use.

5.2.2. Cell disruption

MSR-1 biomass was thawed overnight at 4°C and cells were disrupted using three different methods:
(i) enzymatic disruption (EZ); (ii) sonic probe disruption (SP); and (iii) high-pressure homogenization
(HPH). Prior to disruption, MSR-1 biomass for HPH and SP samples were suspended in a HEPES-EDTA
buffer solution (50 mM HEPES, 5 mM EDTA, pH 7.4) to afinal concentration of 10% (w/v). High-pressure
homogenizer disruption was conducted using a bench top CF1 Cell Disruptor (Constant Systems Ltd.,
Daventry, Northants, UK). Suspended cells were disrupted in a single pass at 10 kpsi at 4°C [273]. Sonic
probe disruption was completed by sonicating the cells for 20 minutes at 4°C using 70% amplitude
with a pulse setting of 1 second on / 1 second off using the Fisherbrand™ Model 120 Sonic
Dismembrator (500 W, 20 kHz) (Figure C3). The enzymatic disruption protocol was adapted from the
manufacturer’s instructions. Briefly, cells were suspended (10% (w/v) with B-PER™ Complete Bacterial
Protein Extraction Reagent (Thermo Scientific), which contained a mild non-ionic detergent and

lysozyme, for 60 min at 25°C at 100 rpm.
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5.2.3. Magnetosome purification

Regardless of the methodology employed to disrupt MSR-1 cells, magnetosomes were recovered
following the same purification protocol adapted from Fernandez-Castane et al. [15]. The disrupted
cell suspensions were subjected to magnetic separation using a NdFeB N45 magnet by performing at
least a series of 10 washes. The magnet was placed vertically against the tube containing the cell
homogenate for 30-45 min at 4°C, except for the first wash which was left overnight. The magnet
attracts any magnetic material and cell debris remains in the suspension or sedimented at the bottom
of the tube. Using a pipette, the MSR-1 cell debris fraction was carefully removed before adding 20 mL
of fresh HEPES-EDTA buffer. Then, the solution was resuspended and left with the magnet for another
30-45 min. The same procedure was repeated 10 times except only 6 mL of HEPES-EDTA buffer was
used to resuspend the magnetosomes in the final wash. To remove remaining impurities,
ultracentrifugation of the recovered magnetosomes was performed using a Ti 70.1 Rotor on the
Optima™ L-80 XP Ultracentrifuge (Beckman Coulter). One mL portions of the recovered
magnetosomes were layered onto a 5 mL 60% (w/v) sucrose cushion using 10.4 mL Polycarbonate
Bottles with Cap Assembly (Model 355603, Beckman Coulter, Indianapolis, United States) and
ultracentrifuged at 45,000 rpm, 4 °C for 2.5 h. After centrifugation, the ‘light’ sucrose top phase was
carefully removed using a Pasteur pipette, and the ‘heavy’ fraction at the bottom containing
magnetosomes was resuspended in PBS (pH 7.4). Samples were subsequently collected and stored at

4°Cin a reducing environment to avoid magnetosome oxidation until further analysis.

5.2.4. Treatment of purified magnetosomes

Purified magnetosomes were analysed by TEM, DLS and nFCM. A fraction of these purified
magnetosome solutions were split and used to obtain (i) single magnetosomes with intact membrane
and (ii) membrane-stripped magnetosomes. To obtain single magnetosomes, the preparations were
vortexed for 1 min and sonicated for 5 min in a Clifton SW1H Ultrasonic bath (200 W, 37 kHz).
Membrane-stripped magnetosomes were generated as described elsewhere [274]. Briefly, purified
magnetosomes were treated with a series of detergents and organic solvents and after each
treatment, magnetosomes were isolated from non-magnetic organic debris using a NdFeB N45 magnet
as follows: (i) 20 s sonication of PBS-resuspended magnetosomes in an ultrasonic bath; (ii) overnight
resuspension of magnetosomes in a 1% SDS solution at 60°C; (iii) sonication of magnetosomes in
phenol solution (pH 8) for 2 h at 60°C in an ultrasonic bath; (iv) chloroform-resuspension of

magnetosomes for 2 h at 60°C; and (v) sonication of magnetosomes resuspended in a 1 M NaOH

M. Masé-Martinez, PhD Thesis, Aston University 2024 94



solution for 1 h at 60°C in an ultrasonic bath. Subsequently, membrane-stripped magnetosomes were

resuspended in PBS.

5.2.5. Transmission electron microscopy

TEM was used to image magnetosome chains. Magnetosome preparations (2 pL) were drop cast on a
graphene oxide on lacey carbon 300 mesh copper supported grid (GOLC300Cu50, EM Resolutions,
Sheffield, UK) and vacuum-dried before analysis. TEM images were obtained using a JEM-2100 F
microscope (JEOL, Herts, UK) operating at 200 kV and equipped with a Gatan Orius CCD camera
(Pleasanton, USA). To determine the length distribution of the purified magnetosome chains, 100
magnetosome chains per sample were selected randomly and the number of magnetosome units of
each chain was counted. Magnetosome chains were also classified into three different categories:
short (1-5 magnetosome units), medium (6-10 magnetosome units) and long chains (>11
magnetosome units). Other relevant parameters, such as mean values and cumulative frequency
distributions were also calculated and analysed for each sample. From cumulative frequency data,
relevant percentiles, Pos (Lso, median) and Po1 (Lio), were calculated. Microscope images of the pre-

disrupted MSR-1 cells were analysed as described above.

5.2.6. Dynamic light scattering

DLS was used for the characterization of the size distribution of the purified magnetosome solutions.
The size of particles, as hydrodynamic diameter, is calculated from the translational diffusion
coefficient related to the velocity of Brownian motion by using the Stokes-Einstein equation [275].
Each sample was analysed using a Zetasizer Nano-ZS (Malvern Panalytical, Worcs, UK) in a standard
capillary cell with a backscattering angle of 173°. PBS was used as the suspension buffer (viscosity
0.8872 cP, 1.330 refractive index, 25°C). A total of 6 measurements per sample were performed and

average size values are presented.

5.2.7. Determination of iron concentration

ICP-OES (Thermo Scientific iCAP 7000) coupled to a Teledyne CETAC ASX-520 Random Access
Autosampler was used to determine the iron concentration of magnetosome preparations at a

wavelength of 259.94 nm. 100 puL of purified magnetosome preparation were used and digested with
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500 pL of nitric acid (70% v/v) solution. Samples were prepared in triplicate, incubated at 98°C for 2 h

with shaking at 300 rpm prior to be analysed by ICP-OES.

5.2.8. Flow cytometry

Samples were taken before and after cell disruption, diluted in PBS and immediately analysed in a BD
Accuri C6 Flow Cytometer (Becton, Dickinson and Company, Oxford, UK). Samples were stained with
Syto®62 (0.4 uM), a permeant DNA dye, to stain MSR-1 cells to determine cell disruption efficiency.
Syto®62 was excited with a 640 nm solid-state laser and detected through a 675/25 BP filter (FL4-A).

5.2.9. Nano-Flow Cytometry

A NanoAnalyzer U30 instrument (NanoFCM Inc., Nottingham, UK) equipped with dual 488/640 nm
lasers and single-photon counting avalanche photodiode detection (SPCM APD) was used for
simultaneous detection of side scatter (SSC) and fluorescence of individual particles. Bandpass filters
allowed for collection of light in specific channels (SSC - 488/10; FL1 — 525/40; FL2 — 670/30). HPLC-
grade water served as the sheath-fluid via a gravity feed, reducing the sample core stream diameter
to ~1.4 um. Measurements were taken over a one-minute interval at a sampling pressure of 1.0 kPa,
maintained by an air-based pressure module. All samples were diluted in PBS to attain a particle count
within the optimal range of 2,000 — 12,000/min. During sample acquisition, the sample stream is fully
illuminated within the central region of the focused laser beam, resulting in approximately 100%
detection efficiency, which leads to accurate particle concentration measurement via single-particle
enumeration. The concentration of samples was determined by comparison to 250 nm silica
nanoparticles of known concentration to calibrate the sample flow rate. Particle sizing was carried out
according to standard operating procedures using a proprietary 4-modal silica nanosphere cocktail
(NanoFCM Inc., S16M-Exo — 68, 91, 113 and 155 nm). Using the NanoFCM software (NanoFCM
Profession V1.8), a standard curve was generated based on the side scattering intensity of the different
silica particle populations. In order to detect the whole particle size distribution of the different
samples, the laser was set to 10 or 20 mW and the SS (side scatter) decay to either 10% (40 — 200 nm
particle range) or 0.2% (200 — 1000 nm particle range). Data processing was handled within the nFCM
Professional Suite v1.8 software, with dot plots, histograms, and statistical data. Gating within the
software allows for proportional analysis of subpopulations separated by fluorescent intensities with
size distribution and concentration available for each sub-population. To homogenize magnetosome

preparations, to avoid clumps and aggregates, and to obtain a uniform particle concentration, the
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solutions were subjected to 5 s vortexing and 10 s gentle sonication using a Clifton SW1H Ultrasonic

bath.

5.2.9.1. Magnetosome labelling

Purified and treated preparations of single magnetosomes were used to conduct this experiment. To
avoid aggregates, samples were homogenized by vortexing and sonication as described above every
time sample manipulation was required (e.g. diluting, staining). Purified magnetosome preparations
were labelled using the fluorophore CellMask™ Deep Red (Invitrogen™, UK), which is a lipid membrane
stain, adapting a protocol described elsewhere [276], [277]. To determine the optimal concentration
of CellMask™ Deep Red, different fluorophore concentrations were used (1.25, 6.25, 20, 25, and 100
pg/mL). Incubation conditions were maintained constant: after dye was added, samples were
incubated for 30 min at room temperature. After 15 min of incubation, samples were again briefly

sonicated and vortexed. Three replicates were prepared per each staining condition.

5.2.10. Statistical analysis

Unless otherwise indicated, results are represented as means + standard error of the mean. One-way
analyses of variance (ANOVA) followed by Bonferroni’s post-test were performed to compare the

different groups. The cut-off value for statistical significance was set at P < 0.05.

5.3. Results and discussion

In this study, the effect of cell disruption treatment on the length and integrity of the magnetosome
chain was studied. Three different cell disruption treatments (EZ, SP and HPH) and three different
magnetosome characterisation techniques (TEM, DLS and nFCM) were employed to determine

magnetosome chain length from MSR-1 cells cultivated at relatively high cell densities.

5.3.1. Bioreactor cultures

MSR-1 was cultured in a 5-liter bioreactor using a pH-stat strategy, where the pH was automatically
maintained by the controlled addition of an acidic feeding solution, to ensure stable growth conditions
and avoid nutrient limitations. Initially, no oxygen supply was provided until the pO, decreased to 0.1%.

At this point, air supply was initiated and manually adjusted by increasing the airflow in response to
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the cellular oxygen demand. This aeration strategy enables MSR-1 to start growing rapidly under
aerobic conditions, then gradually adapt to the decreasing pO,, and finally resulting in optimal
microaerobic conditions necessary for magnetosome biomineralization [11]. As the biomass increased,
the pH raised; however, the automated addition of the acidic feeding solution - containing carbon
source and other nutrients such are iron - maintained the optimal pH (set point 7). As illustrated in
Figure 5.1, the fermentation process lasted over 59 hours, reaching a maximum ODsgs of 8.5 and
yielding 2.3 g DCW. Cmsg Values and the total intracellular iron concentration increased following the
initiation of magnetosome production at around 10 h and reached maximum values of 2.4 and 10.6
mg Fe/g DCW, respectively. The colour of the fermentation broth also progressively darkened
throughout the experiment, indicating an increase in magnetosome formation (Figure C1). Figure C2
illustrates the time profile of key process parameters, including pO,, feeding rate, temperature, pH,

and stirring speed during the fermentation.

12 3.0
—8— ODgg;s A~ Crgg —®— mgFe/g DCW

’

ODsg; mg Fe/g DCW

Time (h)

Figure 5.1. Cellular growth (ODsgs), cellular magnetic response (Cmsg) and intracellular iron content (mg Fe/g
DCW) profile of MSR-1 grown in a 5L bioreactor under pH-stat mode. DCW = Dry cell weight.

5.3.2. Disruption efficiency

Breaking down the cell membrane is necessary to release the intracellular contents and thus extract
and isolate magnetosome chains. To determine the efficiency of each disruption treatment, cells were
stained with Syto 62 and analysed by FCM. Efficient magnetosome recovery requires a high disruption
efficiency, but to accomplish this, the magnetosome chain integrity might be compromised. Figure
5.2A shows that all three disruption techniques exhibit high efficiency (>89%) in terms of cell lysis. This

is due to the fact that all three techniques and operation conditions were carried out under optimal
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Figure 5.2. (A) MSR-1 cell disruption efficiencies of EZ, SP and HPH cell disruption treatments. (B) Estimation of
iron concentration of purified magnetosome solutions. Error bars represent standard deviation of triplicates. EZ
(enzymatic), SP (sonication probe) and HPH (high-pressure homogenizer) treatments.

conditions for efficient MSR-1 disruption. As no significant differences in cell disruption efficiencies
were observed, other factors, such as time, scalability or availability of resources, must be considered
and are further discussed in this work. EZ treatment displayed the lowest efficiency (89%) among all
treatments. As expected, SP treatment resulted in the highest disruption efficiency (>99%) followed
by HPH treatment (96%). Previous work done by Li and co-workers reported a similar disruption
efficiency of 92% using a high-pressure homogenizer and also reported that it was easier to disrupt
MSR-1 cells when they were harvested at the exponential phase rather than when cells were in
stationary phase [273]. Cell wall strength, shape and size can play an important role in cell disruption

efficiency, especially in high-pressure homogenisation [278].

Usually, ICP-OES or other spectroscopic techniques are commonly used to obtain a quantitative
estimation of magnetosome content. In this case, the analysis of iron content of the purified
magnetosome solutions using ICP-OES also provided information regarding the cell disruption
efficiency. Figure 5.2B shows that magnetosome samples isolated using SP and HPH contain similar
iron content, however, for those samples using EZ higher iron levels were observed. All steps after
MSR-1 cell disruption were fixed to evaluate solely the effect of the disruption step. EZ disruption was
the least efficient cell disruption method, which indicated that a higher number of cells remained intact
after the disruption and purification processes compared with the other treatments. In fact, whole
cells were observed in some of the EZ TEM images (Figure C4) whereas the presence of whole cells
was not observed in TEM images from SP and HPH samples. The presence of whole cells in the EZ
magnetosome preparation could explain the superior iron levels in those samples. Until recently, it
was believed that 99.5% of the intracellular iron content of MTB cells corresponded to magnetite
crystals [49]. However, recent studies estimated that only 25-45% of the bulk cellular iron
corresponded to magnetite [118], [119]. The remainingintracellulariron is believed to be used to carry

out general biochemical reactions that require iron. Therefore, all the intracellular iron content of
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undisrupted cells in the EZ treatment that do not correspond to magnetite was added up to the final

iron concentration.

The EZ commercial kit used contained lysozyme in combination with a mild non-ionic detergent.
Lysozyme had previously been used to study periplasmatic and cytoplasmatic fractions in MTB cells
[160], [161], but very few studies have used this enzyme for magnetosome extraction [162]. French
press [49], [279], high-pressure homogenization [15], [158], [280] or sonication [150], [151] are more
commonly used for disruption of MTB due to their simplicity and cost-effectiveness. The effect of these
disruption techniques on magnetosome chains has not been studied in detail yet, but large aggregates
have been observed when the magnetosome membrane is removed. Extensive ultrasonication time
or enzymatic treatments can cause the loss of the magnetosome membrane [100], [162], which
prevents a homogeneous particle distribution. Increasing the number of passes in HPH treatment also
enhances chain breakage [273]. Very little has been reported in terms of systematic and comparative

cell disruption studies in MTB, hence the importance of the work herein.

5.3.3. Effect of cell disruption method on magnetosome chain length and aggregation state

The effect of cell disruption treatment on magnetosome chain length was first examined by TEM
(Figure 5.3). Micrographs of the purified magnetosome solutions were analysed to assess chain
integrity and length. Up to 100 magnetosome chains per treatment were randomly selected and the
number of magnetosome units in each chain was quantified. The variation of the mean values of
magnetosome chain length revealed the existence of significant differences among some of the
disruption treatments (Figure 5.3D). EZ treatment generated statistically significant shorter
magnetosome chains compared with the rest of the treatments (one-way ANOVA with Bonferroni test,
P < 0.05). However, there are no significant differences between SP and HPH treatments or between
HPH and pre-disrupted chains. As Figure 5.3A-C shows, the distributions of magnetosome chain sizes
in all the disruption treatments are broad, displaying heterogeneity in the magnetosome preparations

and the existence of different chain-size populations.

Table 5.1 classifies magnetosome chains in three different groups based on their length: short,
medium, and long. Considering that 80% of the magnetosome chains were long before cell disruption,
it can be observed that cell disruption caused chain cleavage in all three treatments as the prevalence
of long chains was reduced by at least 15% in each case (Table 5.1). As a result of chain breakage, short
chains which were not present in pre-disrupted MSR-1 cells were detected after cell disruption. HPH

treatment seemed to be the technique that generated less damage to the chains, yielding the lowest
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Figure 5.3. Transmission electron microscopy (TEM) analysis of purified magnetosome chains of M.
gryphiswaldense MSR-1. (A-C) Magnetosome chain length frequency distribution plots and TEM images of
purified magnetosome preparations in which (A) enzymatic treatment, (B) sonication and (C) high-pressure
homogenizer were employed to disrupt MSR-1 cells. (D) Cumulative frequency curves of magnetosome chain
length before and after magnetosome purification. The table includes the mean values of the length of the
magnetosome chains pre- and post- cell disruption, as well as relevant statistical parameters, Lso and Lio. EZ
(enzymatic), SP (sonication probe) and HPH (high-pressure homogenizer) treatments. Scale bar = 500 nm.

short-chain frequency (4%) and the highest long-chain frequency (66%) [15], [271], [273]. The results
also revealed that EZ treatment most significantly affected the chain integrity as only 34% of the chains
were considered long and 17% short. These results suggest that the enzymatic cocktail used could be
compromising the cell membrane as well as the magnetosome membrane. In addition, MamK, the
actin-like protein that arranges magnetosomes in a chain, could also be affected by the EZ treatment
as it has been seen that actin polymerization can be affected by the presence of detergents [281]. The
EZ kit used contained a mild non-ionic detergent that may contribute to MamK degradation, causing

more magnetosome chain cleavage.
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Table 5.1. Classification of magnetosome chains length frequency (%) into short, medium or long
chains before (pre-disruption) and after magnetosome purification based on TEM analysis.

Short Medium Long
Pre-disruption 0 20 80
EZ 17 49 34
Disruption Treatment SP 14 24 62
HPH 4 30 66

Cumulative frequency is used to determine the number of observations that lie above or below a
particular value in a data set. Determination of relevant cumulative frequency percentiles such as Lso
(median) and Ly are particularly useful in cases like this study in which the distribution of events is
asymmetric, as these percentiles are less sensitive to extreme values and provides a more precise
estimate of the size distribution. Cumulative frequency curves (Figure 5.3D) indicated that SP and HPH
followed similar chain length distributions, whereas the EZ treatment deviated from them by
displaying shorter magnetosome chains. SP and HPH Lso values showed no differences between them
(11.5 magnetosome per chain), but smaller percentile values such as Lo revealed disparities in chain
length between these two magnetosome preparations (4.5 and 6.9 magnetosomes per chain,
respectively), which suggested the presence of higher quantities of short chains in the SP preparation.
It is known that uncoated or partially coated magnetosomes are prone to self-aggregation [150].
Previous studies revealed extensive chain breakage and magnetosome agglomeration as a direct
consequence of magnetosome ultrasonication over an extended period of time [15], [151]. Nakamura
and co-workers compared ultrasonication and lysozyme disruption treatments by studying the particle
sizes as well as magnetosome membrane thickness [162]. TEM images revealed that the degree of
chain aggregation in the EZ preparation was higher than in the SP preparation. In addition,
magnetosome membrane thicknesses in lysozyme-treated magnetosomes were thinner than
ultrasonicated magnetosomes, indicating the effect of the EZ treatment not only on MTB cells but also
on the magnetosome membrane [162]. Nakamura combined the lysozyme treatment with either the
addition of SDS, which can denature some Mam proteins [282], or incubation with NaOH for 12 h,
which can be time consuming. The MTB species used is not specifically identified in their study either,
so to our knowledge, our study is the first one to use a lysozyme treatment on MSR-1 for cell disruption

purposes.

Powerful techniques, such as TEM, allow the determination of the exact number of magnetosome
crystals per chain and the study of the chain and crystal morphology. However, this technique only

scrutinizes a small fraction of the sample, hence there is a clear need to combine this with different
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Figure 5.4. Dynamic light scattering (DLS) analysis of purified magnetosome chains extracted from M.
gryphiswaldense MSR-1. Intensity and number distributions of purified magnetosome solutions obtained from
disrupting MSR-1 cells using either (A) enzymatic, (B) sonication or (C) high-pressure homogenization treatments.
Polydispersity index (Pdl) values for each magnetosome preparation are included.

techniques to obtain a broader picture. In this study we used DLS and nFCM to address the limitations
of TEM analysis. One advantage of employing DLS is that this technique can analyse the whole
preparation and study the particles behaviour in solution in a short period of time. DLS and TEM results
are often complementary to each other but, given the two techniques fundamentally measure
attributes such as size in different ways, they do not always directly correlate with one another. For
instance, DLS provides an estimate of the average length/size of the chains as a hydrodynamic
diameter; as this assumes a spherical morphology, it cannot readily account for the absolute shape of
the chains (e.g., curved, straight, closed loops, agglomerates). Moreover, as they are in suspension,
magnetosomes are free to move, rotate and interact with each other, providing an opportunity to
study aggregation dynamics in real time [283]. Figure 5.4 shows the intensity and number distributions

of the three different magnetosome solutions. In both distributions, the same peaks can be observed.
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Number distributions emphasize the species with highest number of particles (usually smaller
particles) whereas intensity distributions highlight the species with the largest scattering intensity
(usually the larger particles), hence the difference in height of the peaks. Since the particle size
distribution of the magnetosome preparations produced in this work is not narrow, the presence of
larger particles, such as aggregates or long chains, will contribute to an increase in light scattering,
shifting the measured particles size towards larger values [284]. While analysis of HPH (Figure 5.4C)
only resulted in one peak, EZ (Figure 5.4A) and SP (Figure 5.4B) bimodal size distributions indicate the
presence of two magnetosome populations: one consisting of short chains or single magnetosomes
and the other of long magnetosome chains [285], [286]. The higher prevalence of short chains in EZ
and SP treatments compared to HPH is consistent with TEM results (4% HPH, 14% SP, 17% EZ frequency
of short chains) (Table 5.1). The polydispersity index (Pdl) of a solution measures the uniformity of
particle sizes in a solution, with values closer to 1 generally indicating higher polydispersity. The high
Pdl of the EZ magnetosome preparation (PdI=0.74) (Figure 5.4) reflects the existence of a broader size
distribution and indicates that the peak corresponding to single magnetosomes might represent a
much larger population of short magnetosome chains than the one from SP treatment. Our results
show that the chain integrity and agglomeration can be tuned as a function of the cell disruption
technique, potentially impacting their suitability for specific applications. For some applications in
which single magnetosomes are preferred or when the magnetosome membrane needs to be stripped
to cover the magnetite crystals with different polymers, preserving chain length is less relevant [103],
[274], [287]. Therefore, the chain cleavage effect of EZ treatment is not concerning in these cases. For
other applications, such as alternative magnetic field cancer therapy [100] or magnetic hyperthermia
treatment of tumours [271], magnetosome chains are more effective than using single magnetosomes.
Other studies reported the benefits of using clustered magnetosomes as contrast agents for magnetic

particle imaging instead of linear chains [272].

Scalability, time consumption and the cost of the different cell disruption treatments, among other
factors, are also important elements to consider when determining the optimal magnetosome
downstream processing for each intended application. SP is typically used in laboratories because of
its simplicity, low operational costs and ease of use to treat small volumes [148]. HPH treatments are
more effective and easier to adapt for large-scale processes but usually require higher energy input
[288], contrary to EZ treatments, which require less energy consumption. The possibility of scaling-up
is feasible for all three technologies in terms of industrial equipment; however, SP is usually less
scalable and EZ generates higher costs for long term use on an industrial scale [289]. One advantage
of the EZ treatment over SP and HPH is that heat is not generated while operating and does not require

a refrigeration system to avoid sample damage [290]. At smaller scale, time is not that detrimental as
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working with smaller volumes and lower cell concentrations usually ease the process. However, time
costs and the amount of personnel needed to operate the system is more important at industrial scale
when choosing the preferred disruption method as it will significantly contribute to the final costs of

the process.

5.3.4. Suitability of nanoflow cytometry analysis for the characterisation of magnetosome

preparations

Conventional characterization techniques such as TEM and DLS are powerful and commonly used for
nanoparticle characterization studies, yet they can be time consuming and have a low detection
sensitivity, respectively. In this study, we assessed nanoflow cytometry as a tool for rapid
characterisation of magnetosome preparations with high sensitivity, which, to the best of our
knowledge, has never been used before. The detection of nanoparticles by scatter and fluorescence
allows the capture of real time data of nanoparticle size populations, size distribution, concentration

and biochemical properties.

5.3.4.1. Effect of ultrasonication on magnetosomes concentration

Magnetosome preparations were diluted to be within the optimal particle count range of 2000-
12,000/min. Due to the nature of the samples, dilution to suitable and uniform concentrations proved
to be difficult. If the solution is not properly resuspended when diluting, magnetosome aggregates can
be taken from the sample, and later when they are disaggregated the concentration increases. To solve
this problem, a protocol was established in which samples were vortexed for 5 s, sonicated for 10 s,
and immediately diluted or analysed before aggregates started to form. Following this methodology,
data obtained for particle concentration was more stable and reproducible. If samples are sonicated
too many times or for too long, it can affect the integrity of the magnetosome membrane, which can

lead to the formation of more aggregates and cause constant changes in sample concentration [150].

5.3.4.2. nFCM analysis of the effect of cell disruption on magnetosome chains

The effect of cell disruption treatment on magnetosome chain length and the particle concentration
of each preparation was examined by nFCM. To detect all magnetosome chain sizes, different laser
settings were required to distinguish smaller particles (40-200 nm) from larger particles (200-1000

nm). nFCM particle concentration results revealed a vast difference in sample concentration when the
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Figure 5.5. (A) MSR-1 magnetosomes chain size mean values and (B) particle concentrations of magnetosome
preparations measured by nFCM using a smaller (40-200 nm) and larger (200-1000 nm) particle detection range.
Each sample was analysed for 1 minute by nFCM and the number of events collected ranged from 5000 to 6000
depending on the sample. Error bars represent the standard deviation of triplicates. EZ (enzymatic), SP
(sonication probe) and HPH (high-pressure homogenizer) treatments. nFCM = Nano-flow cytometry.

preparations were analysed using the small or the large particles detection ranges (Figure 5.5B). For
the smaller particles range, the concentrations obtained were much higher than for the larger
particles. EZ, SP and HPH samples were 20, 7 and 3 times more concentrated when measured using
the smaller particles detection range than when using the large particles range, respectively. The three-
fold particle concentration difference of the HPH preparation compared to the 20-fold difference of
the EZ sample indicated the presence of a higher amount of short magnetosome chains from the EZ
conditions, which matched the 4% and 17% short magnetosome chains measure from TEM results,
respectively (Table 5.1). However, the EZ preparation showed the lowest concentrations among all
three treatments. Magnetosomes with damaged or stripped membranes tend to aggregate to form
clusters, which are not suitable for nFCM analysis [150], [151]. When analysing membrane-stripped
magnetosomes, clusters larger than 1 um were observed and impeded the analysis with nFCM.

Therefore, if EZ cell disruption affects not only the cell membrane but the magnetosome membrane

6
——EZ e SP ——-HPH B
5 4
S R 4
-
= S 3
[
= z
g g 2
[} (S5
1
0 3
40 80 120 160 200 200 400 600 800 1000

Size (nm) Size (nm)
Figure 5.6. nFCM analysis of MSR-1 magnetosome chain size distributions using different detection ranges for

(A) smaller particles (40-200 nm) and (B) larger particles (200-1000 nm). Enzymatic (EZ), sonication (SP) or high-
pressure homogenization (HPH) treatments.
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too, membrane-stripped magnetosomes cannot be detected during nFCM analysis, which explains the

decrease in the overall EZ particle concentration [162].

Particle size distribution plots (Figure 5.6) did not show significant differences among the three
different disruption treatments. Only the small particles plots (Figure 5.6A) exhibited a clear peak
around 60 nm, which likely corresponded to single magnetosomes. Mean size values (Figure 5.5A) did
not show significant differences among the treatments either (one-way ANOVA, P < 0.05). The results
suggest the better suitability of nFCM to characterize single magnetosomes than longer magnetosome
chains. In addition, the necessity of having to acquire two size ranges (40-200 nm and 200-1000 nm)
and the sample preparation protocol may bias the actual size distributions as well as the particle
concentrations of the different magnetosome preparations, which may represent a disadvantage over
other similar techniques such as Nanoparticle Tracking Analysis (NTA) [15]. nFCM is a reliable
technique to determine nanoparticle concentrations but due to the heterogeneity in the
magnetosome chain length and the nature of the technology, this technique is not suited to
characterize the size distribution of untreated magnetosome preparations. Individual membrane-
encapsulated magnetosomes have a larger surface area-to-volume ratio, which might be an advantage

for certain applications [291]. Table 5.2 shows a summary of all the results obtained using the different
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Figure 5.7. (A) Transmission electron microscopy (TEM) image of single magnetosomes. Example of (B)
CellMask™Deep Red-stained magnetosomes and (C) size distribution of single magnetosomes analysed by
NanoFCM Profession V1.8. In (B), the line represents the threshold separating magnetosomes stained by
CellMask™ Deep Red from the unstained ones. Scale bar =200 nm.

characterization and disruption techniques.
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Table 5.2. Summary of the magnetosome preparation characterization results for each disruption technique. MS = magnetosomes; TEM = Transmission electron microscopy;
DLS = Dynamic light scattering; Pdl = Polydispersity index; nFCm = Nano-flow cytometry; EZ = Enzymatic disruption, SP = Sonic probe disruption; HPH = High-pressure

homogenization.

EZ SP HPH
Disruption efficiency (%) 89.2+0.6 99.6 £ 0.2 95.9+1
TEM MS per chain 9.9+5.2 12.3+5.2 13.3+5.7
Pdl 0.74 0.40 0.31
DLS Intensity Peak (nm) Peak 1 Peak 2 Peak 1 Peak 2 Peak 1
40 530 80 830 530
Particle Mean Size 40-200 nm 200 —-1000 nm 40-200 nm 200—-1000 nm 40-200 nm 200—-1000 nm
nFCM (nm) 74.34+1.36 406.37 +36.75 77.11+0.66 404.63 + 15.97 100.44 +7.43 414.66 +17.41
Particle/mL 1.84x108 9.27x10° 2.18x108 3.03x107 1.81x108 5.23x107
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5.3.4.3. nFCM analysis as a promising tool for characterising fluorescent magnetosomes

CellMask™ Deep Red has been previously used to stain both cells and extracellular vesicle lipidic
membranes [276], [292]. In this study, we tested a range of different fluorophore concentrations to
determine the optimal magnetosome membrane staining conditions using nFCM technology. It was
previously established that nFCM is best suited for single magnetosomes, therefore, the 40-200 nm
detection range and single magnetosomes were employed for this analysis (Figure 5.7). Figure 5.8A
showed the fluorescence positivity of CellMask™ Deep Red stained magnetosomes. Over 90% of the
magnetosomes were successfully labelled, and the optimal dye concentration was found to be at 20
pg/mL reaching 100% of stained magnetosomes. For higher concentrations, fluorophore saturation
caused a fluorescence positivity decrease [261]. When every molecule is consistently in an excited
state, fluorophore saturation can occur, in which an increase in excitation light does not result in a
proportional increase in fluorescence emission [293]. Figure 5.8B showed similar particle
concentrations between stained and unstained magnetosomes preparations, proving the capacity of
CellMask™ Deep Red to specifically stain the magnetosome membrane. The successful detection of
labelled magnetosomes shows the promising capacity of this technique to be used as a quality
assurance tool for magnetosome preparations. In future studies, being able to directly quantify
fluorescently labelled magnetosomes using nFCM will be advantageous for a wide range of different
applications (e.g. identification different magnetosome populations, immunofluorescence studies or

detection of fluorescent recombinant proteins expressed on the magnetosome surface) [294]-[296].
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Figure 5.8. nFCM analysis of magnetosome labelled using CellMask™ Deep Red lipophilic dye. (A) Percentage of
positive fluorescently labelled magnetosomes using different CellMask™ Deep Red concentrations. (B) Particle
concentrations of unstained and stained magnetosome solutions. Error bars represent the standard deviation of
triplicates.
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5.4. Conclusions

Studying the effect of different cell disruption treatments on magnetosome chain length is the key to
unlock the potential of magnetosomes to become the next generation of functional materials. In this
study, we systematically compared three optimized disruption techniques for MSR-1 and studied their
effects on isolated magnetosome chain length, integrity and aggregation behaviour. The results from
this study will directly contribute to develop better magnetosome production systems for future
applications. Experimental results revealed that EZ treatment caused the highest magnetosome chain
breakage, reducing the prevalence of long chains by 46%, whereas HPH best preserved chain integrity,
with only a 14% reduction in long chains. Herein, we have employed nFCM for the characterization of
magnetosome for the first time and whereas the tool can be used for quality assurance to determine
nanoparticle concentration, we conclude that this novel technology is best suited to characterize single
magnetosomes with the particular advantage of being able to reliably determine labelled
magnetosomes. Hence nFCM has the potential to become a rapid analytical tool to assess the quality

of single magnetosome preparations prior to application studies.
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Chapter 6.

Conclusions and future work

6.1. Conclusions

The research presented in this thesis has provided significant insights into key challenges of
magnetosome bioprocessing that currently hinder the development of large-scale industrial
magnetosome production. Chapters 3 and 4 concentrated on early upstream processes, aiming to
elucidate the mechanisms of biomineralization and to identify physiological bottlenecks in MTB, while
Chapter 5 primarily examined the early stages of downstream processes, particularly the cell

disruption step, utilizing biomass derived from scale-up fermentation experiments.

Despite addressing distinct topics, Chapters 3 and 4 employed a similar experimental approach, with
some variations in methodology. Both chapters involved altering environmental conditions (e.g.
oxygen availability, iron concentration and H,0, addition) and employed a combination of analytical
techniques and correlative microscopy studies to assess the impact of these conditions on
Magnetospirillum gryphiswaldense MSR-1 physiology and biomineralization. These findings provide
critical insights that contribute to bioprocess development, specifically guiding fermentation

experiments in more controlled environments, such as bioreactors.

The analysis of the physiological data obtained from all the tested conditions highlighted the critical
role of oxygen availability in magnetosome biomineralization, as well as in other physiological
parameters, such as cell growth and PHA production. Under aerobic regimes, higher biomass and PHA
yields could be obtained but at the expense of reduced cell viability compared to microaerobic
environments. Regarding the effects of different iron dosages in the media, the absence of iron was
found to hinder cell growth, while increasing iron levels did not negatively impact cellular proliferation.
MSR-1 demonstrated a higher iron tolerance under microaerobic conditions than initially presumed,
maintaining stable cell viability without signs of toxicity even at elevated iron concentrations (up to 1
mM iron citrate), while in aerobic environments, cell viability declined more rapidly under high iron
concentrations. Additionally, the addition of H,0, affected bacterial growth, and consequently, cell
viability. In H,0,-doped aerobic cultures, growth was completely inhibited, and cell viability was
severely compromised, whereas in H,0,-doped microaerobic cultures, the growth was slowed but not

ceased, and cell viability was less compromised than in aerobic cultures. Monitoring physiological
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parameters during cell growth is crucial, as it provides insights into the metabolic state of the cells and
helps identify potential stress conditions that may compromise their viability. A thorough
understanding of these dynamics allows for the optimization of culture conditions, ultimately

improving bioproduct yields by preventing unnecessary cellular stress.

In terms of magnetosome biomineralization, the increase of the extracellular iron concentration
enhanced magnetosome production up to a saturation point at 300 uM iron citrate. Beyond this
threshold, magnetosome production and the total intracellular iron content did not increase, even
when additional iron was provided. This highlighted the efficiency and robustness of the iron
regulation systems in MSR-1. A correlation was also elucidated between the intracellular labile Fe?*
concentration and magnetosome content, whereby cells with higher numbers of magnetosomes
presented higher levels of labile Fe?* compared to cells with fewer magnetosomes. Furthermore, even
after biomineralization was completed, a substantial pool of intracellular labile Fe?* remained unused,
indicating the presence of distinct intracellular iron pools apart from magnetite. This observation
aligned with iron uptake models suggesting that iron is first accumulated in the cytoplasm before being
transported to the magnetosome vesicles. The presence of distinct intracellular iron pools, including
the unused labile Fe?*, further supports the idea that cytoplasmic iron accumulation plays a critical
role in regulating magnetosome formation, rather than direct iron transport during membrane

invagination.

This detailed single-cell analysis to study the relationship between magnetosome content and the
intracellular iron pool was only possible through the use of correlative microscopy techniques, which
also facilitated the exploration of relationships between ROS accumulation, intracellular labile Fe?*,
and magnetosome content. The results showed that cells with higher magnetosome content exhibited
elevated levels of labile Fe?* and lower intracellular ROS compared to cells with fewer magnetosomes,
supporting the hypothesis that magnetosomes help mitigate ROS levels due to their peroxidase
activity. These results stressed the crucial role of magnetosomes in reducing oxidative stress and
highlighted the complex interaction between antioxidant mechanisms, iron regulation, and

magnetosome biomineralization.

The oxidative stress induced by environmental changes had significant effects on magnetosome
formation. Under aerobic conditions, cells exhibited increased length, with larger spacing between
magnetite crystals and significantly smaller crystals compared to those grown under microaerobic
conditions. The addition of H,0, led to alterations in the magnetosome chain arrangement, disrupting
the needle-like configuration and resulting in the formation of smaller magnetite crystals. Cells

exposed to H,0, under aerobic conditions experienced more substantial cellular damage, losing their
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characteristic spirillum-like morphology, likely due to lipid peroxidation and a reduced magnetosome
content. In contrast, increasing the extracellular iron concentration at mid-exponential growth phase
did not induce any changes in cellular morphology, the arrangement of the magnetosome chain, or
the size of the magnetite crystals, but the size of the PHA granules was reduced under microaerobic
conditions. These observations emphasise the importance of closely monitoring physiological
parameters, such as PHA granule formation, ROS levels and cell size, during bioprocessing. The
presence of PHA granules can hamper magnetosome purification, while excessive ROS accumulation
can compromise cell health, triggering oxidative stress modifications that may reduce product quality,
and introduce variability in cell population (e.g. morphological and physiological variability), ultimately
limiting magnetosome productivity. Therefore, an understanding of how cellular stress responses alter

metabolic activity and behaviour is essential for maintaining bioprocess efficiency and robustness.

Preserving the integrity of the magnetosome chain is crucial for certain applications, yet it can be
compromised by environmental factors, such as ROS-induced damage, as well as downstream
processing steps like cell disruption. Cell lysis is inherently non-selective, targeting the cell membrane
but also potentially damaging other cellular structures, including the magnetosome chain. Cell shape
and size can also influence the efficiency of cell disruption methods in preserving key structures. In
Chapter 5, three cell disruption techniques (enzymatic, sonication and high-pressure homogenization
disruption) were evaluated to assess their impact on the magnetosome chain. Although all treatments
showed high disruption efficiencies, EZ treatment caused the most significant cleavage of
magnetosome chains, while HPH was the most effective in preserving chain length. nFCM was
employed for the first time to characterize magnetosomes. The results revealed that this technique is
more suitable for determining the concentration of magnetosome preparations and for characterizing
single magnetosomes rather than long chains. Moreover, nFCM offers the unique advantage of
accurately detecting fluorescent-labelled magnetosomes, positioning this technology as a promising
rapid analytical tool for evaluating the quality of magnetosome preparations prior to their use in

application studies.

While many aspects of magnetosome biomineralization still remain unknown, significant research
efforts have been directed toward understanding this complex and unique process. In this thesis,
contributions were made to the study of magnetosome biomineralization, with a focus on less-
explored parameters, such as the impact of ROS on cell physiology and the effects of various cell
disruption methods on the integrity of the magnetosome chain. These areas had been relatively
underexplored, highlighting the importance of our findings in broadening the understanding of

magnetosome production and standardization.
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Overall, this thesis employed a diverse range of techniques, illustrating the value of an integrated multi-
scale research approach. The complementary use of different techniques enabled the strengths of one
method to compensate the limitations of another, allowing for a synergistic and more comprehensive
examination of the research questions. This multi-dimensional strategy facilitated the investigation of
various aspects at different scales, from population-level analysis to single-cell characterization, and
down to elemental quantification. Such an approach provides a holistic understanding of the complex

processes under study, yielding a more complete and detailed perspective on the topics addressed.

6.2. Future work

Given the inherent limitations of this work, further research opportunities remain open. Potential

future directions include:

e Investigating iron toxicity thresholds in MSR-1: As demonstrated in Chapter 3, an iron toxicity
threshold for MSR-1 could not be determined. Future studies could further explore this by
scaling up experiments from flask-level to larger-scale bioreactors, where critical parameters
such as pH and dO, can be precisely controlled. Understanding how iron toxicity affects at
different scales could provide insights into optimizing growth conditions and magnetosome

production.

e Applying the integrated methodology from Chapter 3 to other phenomena in MTB: The
correlative microscopy approach combining cryoSIM and cryoSXT could be extended to
explore additional phenomena in MTB. Taking advantage of using different energies within the
soft X-rays spectrum, other elements besides iron can be tracked. Additionally, this method
would not only aid in characterizing MTB but also facilitate advances in biomedical applications
of magnetosomes. As X-ray penetrate deeper than electrons, they enable direct imaging of
whole cells, making it easier to study tissues treated with magnetosome-loaded agents or to
observe interactions between MTB and cellular systems, compared to high-resolution electron

microscopy.

¢ Modelling iron uptake in MSR-1: Developing a mathematical model to describe iron uptake
dynamics from experimental data (Chapter 3) could provide a deeper understanding of how
these bacteria manage and utilize iron. Such insights could reveal the mechanisms
underpinning efficient biomineralization and develop strategies for enhancing magnetosome

yield.
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e Exploring PHA synthesis in MTB: Although in Chapter 3 and 4 PHA content was monitored,
PHA synthesis has received little attention in MTB, despite its potential relevance to the
organism's stress responses and its relationship with magnetosome formation. Further studies
could investigate how PHA synthesis is regulated, particularly under stress conditions, and how

it may affect magnetosome production.

e Improving correlative microscopy techniques: In Chapter 4, combining cryoEM with cryo-
fluorescence microscopy yielded valuable data, but the disparity in resolution between these
techniques posed challenges for effective data correlation. Future work could focus on
integrating cryoEM with higher-resolution fluorescence techniques to bridge this gap and

enhance data quality.

e Studying ROS accumulation at a bioreactor scale: Given the more controlled environment that
bioreactors provide, it would be valuable to study ROS accumulation and the corresponding
behaviour of MSR-1 at this scale. This investigation was initially planned for Chapter 4 but was
hindered by persistent contamination issues in our bioreactors. Such research could clarify

how MSR-1 responds to oxidative stress under industrially relevant conditions.

e Engineering MTB strains with fluorescent recombinant proteins on magnetosomes surface:
Instead of using a fluorophore to stain magnetosome membranes, as done in Chapter 5,
developing genetically modified strains of MTB that express fluorescent proteins on the
magnetosome surface could be used as reporters and enable rapid characterization using
nFCM. This would facilitate the identification of distinct magnetosome populations for various
applications, including biomedical and environmental studies, as well as for basic research

purposes.

e Metabolic characterization of MSR-1 during magnetosome formation: A detailed analysis of
the metabolic pathways involved in magnetosome formation is crucial for identifying
bottlenecks that limit biomass and magnetosome production. Metabolomic studies on high-
density MSR-1 cultures, initially planned for this thesis, were not performed due to persistent
contamination issues and time constraints. However, such studies could provide a
comprehensive understanding of the regulatory mechanisms governing magnetosome

synthesis.

By pursuing these future directions, researchers can build upon the findings of this thesis to further
advance the understanding of magnetosome biomineralization and improve the efficiency of

magnetosome production for various applications.
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Finally, such an understanding of biomineralization in a simplified system, such as that of MTB, is crucial
not only for enhancing magnetosome production processes, but also for offering broader insights that
could have significant implications across multiple fields. By studying biomineralization in these
microorganisms, we can gain a better understanding of the evolution and mechanisms of mineral
formation in living organisms, including the processes underlying cell compartmentalization and
mineral storage. This knowledge can guide material scientists in replicating these natural principles to
design novel, biomimetic materials with unique properties. Furthermore, insights gained from MTB
can help biogeologists unravel the role of these microorganisms in the biogeochemical cycling of
metallic elements, particularly iron, influencing nutrient availability and environmental chemistry.
Additionally, the study of magnetosome biomineralization sheds light onto magnetofossils, providing
insights about the Earth's ancient magnetic fields and the role of microorganisms in shaping our

planet's geological and environmental history.
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Plunge Cryo-structured Cryo-soft X-ray tomography
Freezing illumination microscopy microscopy

Figure Al. Correlative light and X-rays microscopy instruments of beamline B24 at Diamond Light Source UK’s
synchrotron. (A) Plunge Freezer; (B) Cryo-Structured Illlumination Microscopy (CryoSIM); (C) Cryo-correlative stage
that maintains vitrified samples under cryogenic temperatures during cryoSIM collection. (D) Soft X-ray microscope;
(E) SXT sampling mounting cryo-stage.
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Figure A2. Total intracellular iron concentrations results of MSR-1 iron tolerance test. MSR-1 cells were grown

under microaerobic conditions and different iron dosages (0-100-300-500-1000 uM iron citrate). Error bars are
standard deviation (n=3).
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Figure A3. CryoSIM images of Magnetospirillum gryphiswaldense MSR-1 cells stained with PG-SK grown under
differentiron (0—50- 100 — 300 uM iron citrate) and oxygen (aerobic or microaerobic conditions) concentrations.
Scale bar =10 um.
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Figure A4. FCM population analysis of MSR-1 cells grown under different iron concentrations (0-50-100-300 uM
iron citrate) at microaerobic or aerobic conditions. (A) Representative forward scatter (FSC-A) vs side scatter (SSC-
A) dot plot in which two distinct populations (P1 and P2) can be distinguished. For all conditions these two
populations could be observed. (B) PG-SK mean fluorescence intensity values. Percentage values represent the
size of each population. (C) Pyr-546 mean fluorescence intensity values. (D) Mean FSC-A values. (E) Mean SSC-A
values. Error bars are covariance. 25 000 events were analysed per sample by FCM. AU= arbitrary units; P1 =

Population 1; P2 =Population P2.
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Figure A5. Correlative microscopy images taken at MISTRAL beamline at ALBA synchrotron of Magnetospirillum
gryphiswaldense MSR-1 cells stained with PhenGreen SK grown under microaerobic and aerobic conditions.
Imaging techniques: cryo-fluorescence microscopy and soft X-rays microscopy (cryoSXT). Two different photonic
energies were employed for cryoSXT acquisition: 520 eV (Water Window) and 708 eV (Fe Ls-edge). Arrow

indicates the presence of magnetosome chains. Scale bar =2 um.
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Figure A6. Correlation between mean PG-SK fluorescence values obtained by FCM and the mean number of
magnetosome crystals per cell of microaerobic and aerobic MSR-1 cells grown under different iron

concentrations (0-50-100-300 uM iron citrate). AU= arbitrary units.
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Figure A7. Classification of aerobic and microaerobic MSR-1 cells containing different magnetosome content
(long, short or no chain) from Figure 3C (n=104).
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Figure A8. PG-SK mean fluorescence intensity values obtained by measuring fluorescence intensity from
cryoSIM data of MSR-1 cells grown under 100 uM iron citrate under microaerobic (white) or aerobic
(black) conditions over a period of 28h. AU= arbitrary units.
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Figure A9. Correlation between mean PG-SK fluorescence values obtained by FCM and the mean

number of magnetosome crystals per cell of time-course experiment in which MSR-1 cells were grown
under microaerobic or aerobic conditions at a 100 uM iron citrate concentration. AU= arbitrary units.
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microaerobic conditions and different iron dosages (0-100-300-500-1000 uM iron citrate) and stained
with Pyr-546 to be analysed by FCM. Error bars are standard deviation (n=3). AU= arbitrary units.

Supporting Movies descriptions

Movie 3.1. Example of a cryoSXT tomogram of a MSR-1 cell containing a long magnetosome chain acquired at
500 eV. Scale bar 2 um.

Movie 3.2. CryoSXT tomogram (500 eV) correlated with 3D cryoSIM data of a MSR-1 magnetosome-producing
cell. PG-SK was the iron fluorescent probe used. A 3D volumetric representation of this cell is included in which

magnetosomes are coloured in pink, PHA granules in blue and the cell membrane in purple.

Movie 3.3. Example of a cryoSXT tomogram of MSR-1 cells containing a short magnetosome chains acquired at
500 eV. Scale bar 2 um.

Movie 3.4. Example of a cryoSXT tomogram of MSR-1 cells containing a short magnetosome chains acquired at
710 eV. Scale bar 2 um.
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Appendix B1: MSR-1 CellROX Deep Red Staining Optimization

Methodology:

Before any experimental procedures were conducted, the health of MSR-1 cells was verified using
P1/BOX staining by flow cytometry (FCM) to ensure that only healthy cells were employed. To induce
oxidative stress, MSR-1 samples were incubated with 60 UM hydrogen peroxide (H,0,) for 15 minutes
at room temperature. Following this, the samples were incubated with varying concentrations of
CellROX Deep Red (CRDR) fluorophore (0, 0.5, 1, 2, 4, 5, 8, and 10 uM). These samples were then
analysed using flow cytometry at different incubation times (0, 2, 5, 10, 20, and 30 minutes).
Experiments were conducted at three different temperatures: room temperature (~25°C), 30°C, and

37°C to determine the optimal fluorophore incubation temperature for MSR-1 cells.
Results:

To determine the optimal CRDR staining conditions for MSR-1, various incubation times, temperatures,
and dye concentrations were tested. Figure B1 shows the CRDR fluorescence intensity values for all

the conditions tested.

Figure B1 presents the CRDR fluorescence intensity values for all conditions examined. It is evident
from Figure B1 that incubation temperature significantly influenced fluorescence intensity. The lowest
fluorescence intensity values were observed at room temperature. In contrast, MSR-1 cells incubated

at 30°C and 37°C exhibited higher fluorescence values, with 30°C appearing to be the optimal
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30°C | 37°C
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Figure B1. Magnetic MSR-1 cells incubated with CellROX Deep Red under varying dye concentrations,
temperatures, and incubation times. Prior to staining, cells were exposed to 60 UM H,0,. Error bars are
covariance.
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temperature. To confirm this, further testing was conducted using aerobic cells at both temperatures

(Figure B3).

Incubation time was also a crucial parameter, as fluorescence intensity increased with longer

incubation periods. An incubation time of 30 minutes was identified as optimal, aligning with the

manufacturer's recommendation.
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Figure B2. CellROX Deep Red (CRDR) fluorescence histogram distributions of MSR-1 cells stained with different
CRDR concentrations and different incubation temperatures for 30 min.

Regarding CRDR concentrations, significant differences in fluorescence patterns were observed when

comparing room temperature with higher temperatures. However, the fluorescence distributions at

30°C and 37°C were very similar (Figure B2), and this similarity persisted regardless of dye

concentration. Based on these observations, additional tests were conducted using the more

significant dye concentrations (0, 4, 5, 8, and 10 uM) at 30°C and 37°C with aerobic MSR-1 cells (Figure

B3). At 30°C, no significant differences were observed between the 4 and 8 uM concentrations, with

10 uM showing the highest fluorescence intensity (Figure B3). At 37°C, no significant differences were

found between the 4, 5, and 10 uM concentrations, with 8 UM resulting in the highest fluorescence

intensity.
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From Figure B3, it was concluded that 30°C is the optimal CRDR incubation temperature for MSR-1, as

no significant differences were observed between incubating at 30°C or 37°C. Since the optimal growth

temperature for MSR-1 is 30°C, using this temperature would likely cause less stress to the cells,
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Figure B3. Comparison between CellROX Deep Red fluorescence intensities of aerobic MSR-1 cells incubated for
30 min with CRDR dye at different concentrations and incubation temperatures.

potentially leading to more accurate ROS staining levels, as incubating the cells at 37°C might impose

additional stress. Regarding the optimal fluorophore concentration, the manufacturer's recommended

concentration of 5 uM was chosen, as no significant differences were observed between the 4-10 uM

CRDR concentrations.

In conclusion, the optimal conditions for accurate and effective staining were identified as a 30-min

incubation at 30°C, with a CRDR concentration of 5 uM.
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Appendix B2: Supporting Figures

Plunge Cryo-Fluorescence Cryo-Electron
Freezing microscopy microscopy

SOIY NYLIL

Figure B4. Correlative light and electron microscopy instruments of the Electron Bio-Imaging Centre (eBIC)
located at Diamond Light Source UK'’s synchrotron. (A) Plunge Freezer; (B) Leica EM cryoCLEM microscope used
to acquire cryo-fluorescence data; (C) Titan Krios cryo-electron microscope.
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Figure B5. (A) MSR-1 H,0; tolerance test results. MSR-1 cells were grown under aerobic conditions and exposed
to different H,0, concentrations (0-5 mM) and incubated at room temperature for 5, 15 and 30 min. (B) Effects
of 60 UM H,0; on cellular growth, ROS accumulation and cell viability of MSR-1 cells grown under microaerobic
and aerobic conditions with or without 60 uM H,0, for 48 h. Cell viability and ROS accumulation were determined
using flow cytometry (FCM). 25 000 events were analysed per sample by FCM.
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Figure B6. Extracellular iron citrate concentrations present in FSM media during a period of 60 h in which MSR-
1 was grown under different stress conditions. Error bars are standard deviation (n=3).
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Figure B7. (A) Cell viability and (B) ROS accumulation FCM analysis of MSR-1 cells grown at various iron dosages
(0-100-300-500-1000 uM iron citrate) under microaerobic conditions. Error bars are standard deviation (n=3).
AU= arbitrary units.
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Figure B8. Flow cytometry analysis of scatter and PHA content of MSR-1 cells exposed to a sudden iron citrate or
H,0, pulse mid-growth. (A) Forward scatter (FSC-A), (B) side scatter (SSC-A), and (C) Pyr-546 fluorescence
intensity values over time. Vertical lines in graph indicate the addition of iron and H,0; pulses. AU = arbitrary
units.
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Figure B9. (A) Representative forward scatter (FSC-A) vs side scatter (SSC-A) dot plot of aerobic and microaerobic
MSR-1 cells, in which two distinct populations (P1 and P2) can be distinguished. Comparison between aerobic and
microaerobic MSR-1 cells of (B) the percentage of CRDR-stained cells and (C) the fluorescence intensity values of
the CRDR-stained cells only of P1 and P2. CRDR = CellROX Deep Red; AU = arbitrary units; P1= population 1; P2 =
population 2.

Supporting Movies descriptions

Movie 4.1. MSR-1 cryo-electron tomography showing the damaging effects of H,0,-exposition. Scale bar = 1 um.

Movie 4.2. Representative cryo-electron tomography of MSR-1 cells grown aerobically presenting low
magnetosome content. Scale bar =1 um.

Movie 4.3. Representative cryo-electron tomography of an MSR-1 cell grown under microaerobic conditions
presenting high magnetosome content. Scale bar =1 um.

Movie 4.4. Representative cryo-electron tomography and its 3D volumetric segmentation of an MSR-1 cell grown

under microaerobic conditions presenting high magnetosome content. Magnetosomes are coloured in blue, PHA
granules in green, outer membrane in orange and inner membrane in light orange. Scale bar 1 um.
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Appendix C

Supporting information for Chapter 5

Figure C1. Evolution of broth colour of MSR-1 grown in a 5-liter bioreactor using a pH-stat growth strategy over
time. The progressive darkening of the broth indicates increased magnetosome production.
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Figure C2. Evolution of the MSR-1 pH-stat fermentation parameters. pO, (pink); stirring (purple); temperature (dark
blue); pH (light blue); feeding solution added (green).
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Figure C3. Optimization of MSR-1 cell disruption using probe sonication. Different biomass concentrations (10%
or 20% (w/v)), sonication pulse settings (1-5 second ON/ 1-5 second OFF), working volumes (1 mL or 20 mL) and
sonication times were tested. Disruption efficiency of: (A) 1 mL of 10% WCW biomass with a pulse setting of 5
second ON / 5 second OFF pulse; (B) 1 mL of 10% WCW biomass with a pulse setting of 1 second ON / 1 second
OFF pulse; (C) 1 mL of 20% WCW biomass with a pulse setting of 1 second ON / 1 second OFF pulse; (D) 20 mL
of 20% WCW biomass with a pulse setting of 1 second ON / 1 second OFF pulse.

Figure C4. Transmission electron microscopy images of undisrupted M. gryphiswaldense MSR-1 cells after
enzymatic cell disruption treatment and magnetosome purification. Scale = 1 um.
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