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Abstract

Mad for magnetosomes: Uncovering the mechanism for synthesizing and organizing tooth-
shaped magnetosomes in Desulfovibrio magneticus RS-1

by
Virginia Vandever Russell
Doctor of Philosophy in Microbiology
University of California, Berkeley
Professor Arash Komeili, Chair

Magnetotactic Bacteria (MTB) are a diverse, ubiquitous group of bacteria that navigate along the
Earth's geomagnetic field in search of optimal environments with low or no oxygen. They
achieve this by producing magnetosomes, organelles made up of magnetite or greigite typically
enclosed in a lipid membrane. The process of magnetosome formation is extensively studied in
two alpha-Proteobacterial species, known for their cubooctahedral magnetite crystals encased in
lipid membranes. Alternatively, the synthesis mechanisms for tooth-shaped magnetosomes,
believed to be the ancestral form of magnetosomes, remain largely unexplored. We used
Desulfovibrio magneticus RS-1, a delta-Proteobacterium, as a model organism to understand the
mechanisms of synthesizing magnetosomes in deeper branching MTB. This study has revealed
that when RS-1 is cultivated in hydrogen-rich environments, magnetosomes fail to form, though
iron uptake is not impacted. When hydrogen is substituted with nitrogen, the process of
magnetite biomineralization begins and can be monitored with different techniques. We observe
that early in the biomineralization cycle, cells predominantly contain equidimensional crystals,
which later elongate and take on the distinctive tooth shape as the cycle progresses. Additionally,
we discovered that chain formation occurs concurrently with biomineralization. Early in the
cycle, cells possess one or a few crystals, while in later stages, they develop the typical long
chains composed of several smaller sub-chains. Next, we pinpointed various genes and proteins
that play roles in different stages of magnetosome synthesis through proteomic and genetic
analyses. The findings show that magnetosomes extracted from cells at various stages of
biomineralization contain different proportions of magnetosome proteins. MamA, MamB,
MamEO, FmpA, FmpB, Mad4, and Mad10 are more abundant in the initial stages of
biomineralization, while Mad20, Mad23, Mad28, and MamK are more abundant in the later
stages of the process. Subsequently, we employed genetic techniques to investigate if these
different cohorts of proteins have specific functions in magnetosome chain formation. Mutants of
fmpA and fmpB exhibit significant disruptions in the early phases of magnetosome production
and fail to develop into longer chains. Conversely, deletion mutants of mad10, mad20, mad23,
mad25, mad26, mad28, and mamK exhibited a range of defects in the organization of the chains.
Based on these results, we propose a model that RS-1 produces magnetosomes consecutively
using the early biomineralization genes and actively transports these crystals to the positive
curvature of the cell to construct a mature magnetosome chain. Notably, this method of chain
organization is significantly different from that seen in alpha-Proteobacterial MTB. Our study



highlights the shared as well as distinct evolutionary paths for magnetosome formation in deep-
branching MTB. It also emphasizes the critical need for direct molecular genetic studies of
magnetosome formation in diverse MTB model systems.



Table of Contents

Abbreviations/Definitions iv

Introduction v

Acknowledgements Vi

Chapter 1 1

Exploring the diversity of magnetotactic bacteria using deep-branching model organisms. 1

Section 1: Broader diversity of MTB 2

Section 2: Developing RS-1 as a model 3

2.1 The discovery of RS-1 and other deep-branching MTB 3

2.2 Magnetosomes Formation in RS-1 3

Section 3: Future directions 5

Figures: 6

Figure 1. Phylogeny and gene comparison of deep-branching Magnetotactic Bacteria 6

Figure 2. Differences in biomineralization 8

Figure 3. Steps of biomineralization in Desulfovibrio magneticus RS-1 9

Supplemental Figure S1. Positive vs. Negative curvature of a cell 10

Chapter 2 11
Mad for magnetosomes: Uncovering the mechanism for synthesizing and organizing tooth-

shaped magnetosomes in Desulfovibrio magneticus RS-1 11

Section 1: Abstract 12

Section 2: Introduction 12

Section 3: Results 14

3.1 Hydrogen inhibits magnetosome synthesis 14

3.2 Observations of early and late stages of biomineralization 15

3.3 Early magnetosome production involves membranes and is not located at the chain 17

3.4 A module for assembly of the magnetosome sub-chains 18

3.5 The role of chain and sub-chain placement directed by Mad28 and MamK 19

Section 4: Discussion 20

Section 5: Methods 23

5.1 Multiple-sequence alignments and tree construction 23

5.2 General Culturing for RS-1 23

5.3 Culturing for growing RS-1 in different concentrations of hydrogen 23

5.4 Culturing for proteomics 24

5.5 Collecting proteins associated with magnetosomes using a magnetic column 24

5.6 Liquid chromatography-mass spectrometry 25

5.7 Plasmid and cloning and deletion 25

5.8 Biomineralization time course using hydrogen 25

5.9 Electron microscopy 25



Section 6: Acknowledgement

Figures
Figure 1. Phylogenetic Tree of MTB with magnetosome genes and crystal shape data
Figure 2. Hydrogen inhibits magnetosome synthesis but not Ferrosome production
Figure 3. Proteomic analysis of magnetosome proteins at different stages of
biomineralization
Figure 4. Characterization of fmpA and fmpB mutants
Figure 5. Magnetosome gene deletions in RS-1
Figure 6. Characterization of Magnetosome gene deletions in RS-1
Figure 7. Biomineralization time course of Amad28, AmamK and WT
Figure 8. Model of Magnetosome synthesis and chain organization in RS-1

Supplemental Figures
Supplemental S1. Protein domain of proteins from proteomics and deletions.
Supplemental S2. Predicted crystal Structures of Mad proteins deleted in RS-1
Supplemental S3. TEM images of Complementation of deletion mutants
Supplemental S4. Additional mutant phenotypes and magnetosome chain and sub-chain
categories
Supplemental S5. Additional fmpA and fmpB mutant phenotypes
Supplemental S6. Proteomics of Nitrogen vs. Hydrogen non-magnetosome proteins
Supplemental S7. Additional proteomics data of magnetosome proteins in lysate vs.
magnetosomes
Supplemental S8. Alignments of MamK and Mad28 in Desulfovibrio magneticus RS-1
Supplemental S9. Additional TEM images of Amad20 in RS-1
Supplemental S10. Additional TEM images of Amad23 in RS-1

Supplemental Tables
Supplemental Table 1. Table of species and reference used for phylogenetic tree
construction
Supplemental Table 2. Table of all strains used in this study
Supplemental Table 3. Table of all plasmids used in this study
Supplemental Table 4. Table of all primers used in this study
Supplemental Table 5. Table of all statistical tests used for figure 3 in this study
Supplemental Table 6. Table of all statistical tests used for figure 4 in this study
Supplemental Table 7. Table of all statistical tests used for figure 6 in this study
Supplemental Table 8. Table of all statistical tests used for figure 7 in this study

Chapter 3

Uncovering the mechanisms for magnetosome inhibition in a hydrogen environment
Section 1: Introduction
Section 2: Results/Discussion:

Section 3: Methods
3.1 General Culturing for RS-1
3.2 Evolution experiment
3.3 Variant calling to find mutations

Section 4: Acknowledgements

26

27
27
30

32
33
34
35
37
38

39
39
41
42

43
44
45

46
48
49
50

51

52
53
54
57
58
59
60
61

62
62
63
63

64
64
65
65

66



Figures
Figure 1. Water column model
Figure 2. Diagram of Evolution experiment in hydrogen environment
Figure 3. Magnetic response before and after magnetic columns for each transfer
Figure 4. Mutations for community B and C
Figure 5. Domain map and 3D protein structure of HAMP containing gene

Chapter 4

Concluding remarks
Conclusion

References

67
67
68
70
72
73

74
74
75
77



Abbreviations/Definitions

MTB:
MAI:
MGC:
mam:
mms:
mad:
man:
WT:
CMag:

Positive curvature:

Magnetotactic Bacteria

Magnetosome Gene Island
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Introduction

Microbial biomineralization, the process by which microbes can synthesize minerals, is a
phenomenon associated with a wide range of bacterial species. The notion of regulated
biomineralization, the process where a set of genes direct mineralization as opposed to it being
merely a byproduct of an organism's activity, was first characterized by Mann in 1983 (1). This
description was based on the principle of 'organic matrix mediation,’ a term originally introduced
by Lowenstam in 1981 (2). Controlled biomineralization can take place within a cell, outside of a
cell, or in both locations, where the process begins inside the cell and is then moved to an
external location during the final stages (3). Microbes may synthesize minerals for a variety of
advantageous functions. The range of functions includes: (i) serving as a reservoir for elements
like iron, sulfur, or carbon, (ii) facilitating movement by utilizing Earth's geomagnetic fields with
magnetic minerals or ascending through the water column via the buoyancy of amorphous
calcium carbonate (ACC), (iii) enabling adhesion, as seen in iron oxidizers that produce iron
stalks, and (iv) acting as electron acceptors, with extracellular magnetite or (ACC) being
examples of minerals with this capacity (3). The most studied and best example of controlled
biomineralization in prokaryotes is the biomineralization of intracellular iron minerals by
magnetotactic bacteria (3).

Magnetotatic Bacteria (MTB) are a diverse, ubiquitous group of bacteria capable of
navigating along the Earth’s geomagnetic field in search of the optimal environment with low to
no oxygen. A typical magnetosome consists of a lipid bilayer membrane with a unique set of
proteins that synthesizes and encloses a magnetic crystal composed of either magnetite (FesO4)
or greigite (FesS4) (4). In a cell, magnetosomes are usually present as a single chain or multiple
chains depending on the species. This chain arrangement maximizes the magnetic dipole
moment of the cell allowing it to align along the magnetic field (5). Individual magnetosomes
usually measure 50-70 nm in diameter, but can have many different morphologies (5) including
cubooctohedral, pseudo-hexagonal, truncated hexa-octahedral and tooth-shaped. The most well-
characterized models of magnetotactic bacteria Magnetospirillum magneticum AMB-1 and
Magnetospirillum gryphiswaldense MSR-1 belong to the sub-phyla of alpha-Proteobacteria and
synthesize cubooctohedral magnetite crystals. Extensive and valuable research has emerged from
the study of these models, yet they constitute only a fraction of the diversity found within MTB.
Here, we used an alternative model organism, Desulfovibrio magneticus RS-1, a member of
delta-Proteobacteria, to uncover the mechanism for producing and organizing tooth-shaped
magnetite magnetosomes in deep-branching MTB.

Chapter 1, a review of the current literature, will discuss the diversity of MTB and the
need for models outside of the sub-phyla of alpha-Proteobacteria. Chapter 2 will explore the
process of magnetosome assembly in RS-1. It unveils genetic and mechanistic perspectives on
the process by which deep-branching MTB synthesize and arrange magnetosomes, presenting a
distinct contrast to the established mechanisms observed in alpha-Proteobacteria. Furthermore, it
delves into the newly uncovered phenomenon of magnetosome formation being hindered when
hydrogen is present. Lastly, Chapter 3 presents a genetic screening strategy to investigate the
mechanism of magnetosome inhibition in the presence of hydrogen.
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Chapter 1

Exploring the diversity of magnetotactic bacteria using deep-branching model organisms.

Virginia V. Russell* and Arash Komeilit

! Plant and Microbiology, University of California Berkeley, Berkeley, California, USA.



Section 1: Broader diversity of MTB

Magnetotactic bacteria (MTB) represent a diverse and ubiquitous collective of bacteria that
possess the unique ability to orient and move along the Earth's geomagnetic lines, enabling them
to locate environments with reduced or absent levels of oxygen. MTB achieve this by orienting
themselves along geomagnetic fields in tandem with aerotaxis and chemotaxis, which guides
them to the most suitable oxygen zone within a sediment or water column (5). The ability to
implement this magnetotaxis behavior is mediated by a specialized organelle, the magnetosome.
A typical magnetosome consists of a lipid bilayer membrane with a unique set of proteins that
synthesizes and encloses a magnetic crystal composed of either magnetite (FesO4) or greigite
(FesS4) (6). In a cell, magnetosomes are usually present as a chain or multiple chains depending
on the species. This chain arrangement maximizes the magnetic dipole moment of the cell
allowing it to align along the magnetic field (5). The mechanisms by which MTB synthesize and
organize their magnetosomes has been most well-studied in two closely related species,
Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1, even
though the number of identified MTB has been growing exponentially since their discover in the
1970s (7-9).

The phylogenetic diversity of magnetotactic bacteria is vast and encompasses several
different phyla of bacteria (Figure 1). MTB comprise a polyphyletic group of microorganisms
that belong within four subdivisions of Proteobacteria (Alpha, Gamma, Eta and Delta) and the
phyla of Nitrospirae, Omnitrophica and Elusimicrobiota (6, 10, 11). In addition, metagenomic
analysis has suggested Latescribacteria and Planctomyetes phyla may also contain MTB species
(12). Magnetotactic Eukaryotes have also been described. In some cases they acquire
magnetosomes through the ingestion of MTB (13), or free magnetosomes after cell lysis. In other
cases, they have formed a mutualistic relationship with ectosymbiotic MTB (14). There is also
evidence for eukaryotic protists that may independently form magnetosome-like chains (15).
Thus far, magnetotactic Archaea or Gram-positive bacteria have not been discovered. In addition
to this phylogenetic diversity, there is great morphological variation amongst MTB. This
diversity encompasses differences in crystal geometry, cell structure, oxygen preference, chain
arrangement, magnetosome quantity per cell, and crystal composition across various MTB
species (b).

The most notable type of diversity among MTB is the arrangement and geometry of
magnetosomes within the cell. The geometry of magnetosome crystals is significant because it
exemplifies the precise connection between biological factors and controlled synthesis of
inorganic crystals. Based on extensive surveys, there seems to be a correlation between
phylogeny and crystal shape. For example, alpha-Proteobacteria are known to biomineralize
cubooctahedral and elongated prismatic magnetite crystals (5) In contrast, delta-Proteobacteria
and other deeply divergent MTB groups, like Nitrospirae, OP3 and Elusimicrobiota, which
synthesize magnetite magnetosomes, produce irregular, tooth-like crystal shapes. This implies
that the tooth-shaped magnetosome crystals might represent the ancestral form of magnetosomes.
Moreover, everything that is known regarding the molecular mechanism for magnetosome
synthesis has come out of research on two model organisms for MTB, Magnetospirillum
magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1. However, that is only a
small representation of all known MTB. The diversity of known magnetotactic bacteria (MTB) is
continuously expanding, yet the selection of model organisms for investigating the biosynthesis
of magnetosomes still remains quite limited.



Section 2: Developing RS-1 as a model

2.1 The discovery of RS-1 and other deep-branching MTB

Desulfovibrio magneticus RS-1 was first described in 1993 by T. Sakaguchi et al. (16). It
was isolated from sediments near the Kameno River in Wakayama Prefecture, in Western Japan
(17). RS-1 is a dissimilatory sulfate-reducing bacterium, belonging to the delta-Proteobacteria
sub-phylum, that is capable of synthesizing a single chain of irregular tooth-shaped magnetite
magnetosomes. Discovering that a dissimilatory sulfate-reducing bacterium was among those
able to produce magnetite instead of the sulfur-containing greigite magnetosomes was surprising.
Initially, upon cultivation, RS-1 demonstrated a subdued magnetic response, likely attributed to
its growth in a sulfate-enriched environment. Desulfovibrios generate hydrogen sulfide as a
byproduct of sulfate metabolism. This hydrogen sulfide can react with iron to form iron sulfide
precipitate, thus reducing the amount of free iron available for magnetosome formation. RS-1
can use sulfate for growth (16), but fumarate can also serve as an alternative electron acceptor
(17). Replacement of sulfate with fumarate, resulted in an increased production of magnetosomes
(17). The detection of magnetite magnetosomes in RS-1 broadened the scientific perspective,
leading to the development of new hypotheses regarding the evolutionary origins of
magnetosomes (18).

Concurrent with the uncovering of RS-1, several other deep-branching MTB were also
identified. One of those was Ca. Magnetoglobus multicellularis, an obligately multicellular
bacterium, was discovered before the isolation of RS-1, and also belongs to the delta-
Proteobacteria (19). However, M. multicellularis produces greigite magnetosomes exclusively
(19). The finding of greigite magnetosomes in M. multicellularis gave rise to the hypothesis that
magnetite magnetosomes were unigue to alpha-Proteobacteria and had evolved independently
from greigite magnetosome containing MTB (20). However, the identification of RS-1
possessing magnetite magnetosomes called this theory into question. Then one month after RS-1
was isolated and described another deep-branching MTB from microaerobic freshwaters was
discovered to also contain tooth-shaped magnetite magnetosomes (21). This MTB,
Magnetobacterium bavaricum, belongs to another phyla entirely, Nitrospirae, further widening
the diversity of MTB (7). Since M. bavaricum has not been cultured, research into its
magnetosome production has been primarily limited to transmission electron microscopy (TEM)
(21). Finally, the discovery of another deep-branching MTB, Desulfamplus magnetovallimortis
BW-1, an organism capable of producing both magnetite and greigite magnetosomes, even
further challenged the idea of a separate evolution for greigite and magnetite magnetosomes (22).
The initial isolation of RS-1, followed by the identification of various other deep-branching
MTB, ignited a wave of curiosity regarding the true diversity and evolution of magnetotactic
bacteria. But the limiting factor was the current model organisms for all MTB, AMB-1 and
MSR-1, were not sufficient to study these newly discovered diverse MTB, especially in regards
to the unique morphology and chemical composition of their crystals.

2.2 Magnetosomes Formation in RS-1

The process by which magnetosomes are formed in the cell has only been studied in a two
species of alpha-Proteobacteria, AMB-1 and MSR-1, which have cubooctohedral shaped
magnetosomes surrounded by a lipid membrane. However, this model of magnetosome
formation does not hold true for deep-branching magnetotatic bacteria. A core set of 7 or 8
magnetosome genes, mamA, B, I, K, M, E, O (mamO and mamP or mamP-like are disputed



among different literatures), and Q, found in the mamAB operon of AMB-1 and MSR-1 are
present in all sequenced MTB ((8, 23), Figure 1B). However, many of the genes necessary for
magnetosome formation in the alpha-Proteobacteria are absent from other MTB. Other sets of
conserved genes, called mad (deep branching magnetosome) and man (Nitrospirae
magnetosome) genes, exist in all deep-branching MTB and only Nitrospirae MTB respectively
instead (Figure 1A and C). The mad genes are completely absent from the alpha-, gamma- and
eta-Proteobacteria, yet they are present in all deeply divergent MTB. This observation has led to
the hypothesis that the mad genes govern the process of synthesizing and organizing tooth-
shaped magnetosome in the deep-branching MTB. However, little to nothing is known about the
function of any of the mad genes or the production of irregular, tooth-shaped magnetosomes.

As mentioned previously, Desulfovibrio magneticus RS-1, a delta-Proteobacterium,
synthesizes a single chain of irregular tooth-shaped magnetite magnetosomes. The magnetosome
chain is positioned along the cell's positive curvature (Supplemental Figure S1), extending the
full cell length with intermittent spaces between clusters of adjacent crystals. A notable feature
of magnetosomes in RS-1 is the absence of a membrane encasing the fully formed crystal (24),
despite the presence of magnetosome-associated genes that include transmembrane domains.
Considering RS-1 possesses magnetosome genes with membrane domains, it is logical to infer
that membranes play a role in some stage of magnetosome formation, yet the specifics of this
involvement are still not fully understood. Furthermore, Desulfamplus magnetomortis BW-1,
which harbors both greigite cubooctahedral and tooth-shaped magnetite magnetosomes, has been
demonstrated to have membranes encircling the greigite magnetosomes (22). However, no
imagery has depicted membranes encasing the tooth-shaped magnetite magnetosomes (22).

Previous studies have shown that in contrast to AMB-1 and MSR-1, which synchronize the
synthesis of their magnetosomes when transitioning out of iron starvation (Figure 2, (4)), RS-1
produces its magnetosomes sequentially (Figure 2, (24, 25)). This significant contrast supports
the view that the process of magnetosome production in RS-1 diverges markedly from the
synthesis mechanism in AMB-1 and MSR-1. Moreover, RS-1 lacks certain crucial genes that are
involved in magnetosome formation in AMB-1 and MSR-1, and it possesses additional
magnetosome genes that are unique to deep-branching MTB (Figure 1C). Clues to the
importance of these genes emerged from a chemical and UV mutagenesis-based forward genetics
screen that identified non-magnetic mutants of RS-1 (25). This screen identified mutations in
mam genes such as mamL and mamB, highlighting the importance and functionality of the core
magnetosome genes in RS-1. It also revealed that mutations in genes conserved in deep-
branching MTB can impair magnetosome formation. For instance, fmpA and fmpB mutations
resulted in mutants with significantly fewer and smaller magnetosomes (25). Moreover,
mutations in madl and mad2 led to magnetosomes that were aberrant in size and shape
compared to the wild type (25). Findings from these studies identified a group of genes
implicated in the initial phases of biomineralizing tooth-shaped magnetosomes, controlling the
size and morphology of the crystals (25). Based on these studies we have hypothesized that
magnetosome formation in RS-1 consists of three stages: 1) Crystal nucleation, where the
formation of crystals is initiated. 2) Growth, size, and shape control, during which crystals
continue to grow and specific genes dictate the size and shape of each crystal. 3) Chain
alignment and organization, where another set of genes aligns the chain to the cell's positive
curvature and arranges it linearly along the cell's length (Figure 3).

RS-1 stands as the sole magnetotactic bacterium, cultured from beyond the alpha-
Proteobacteria sub-phylum, that not only has its genome sequenced but also has genetic tools at



its disposal (26). As such, RS-1 is a good model organism to study the diversity of magnetosome
formation and uncover the mechanisms behind the biomineralization of tooth-shaped magnetite
particles. Understanding the mechanism for synthesizing tooth-shaped magnetosomes is critical
because they constitute the bulk of magnetism found in sediment environments (5). Studying
tooth-shaped magnetite magnetosomes is pivotal as they are likely the ancestral form of
magnetosomes, given that all magnetite magnetosomes in deeply divergent MTB exhibit this
shape (12). Thus, new research using RS-1 as a model organism could reveal the evolution of the
biomineralization processes of magnetosomes in MTB. Finally, while recent experiments have
utilized magnetosome genes from distantly related MTB to complement gene deletions in MSR-
1, the effectiveness of these complementations were weaker in proportion to the evolutionary
distance of the source organism (27, 28). This underscores the importance of examining
magnetosome genes and protein functions within their native systems and ensuring
representation from the deeper-branching MTB. Therefore, Desulfovibrio magneticus RS-1
serves as an ideal model organism for elucidating the processes involved in the synthesis and
organization of tooth-shaped magnetosomes in a more evolutionarily ancient MTB.

Section 3: Future directions

In conclusion, incorporating models from more distantly related organisms is crucial for
addressing questions regarding the mechanisms for formation of morphogically diverse varieties
of magnetosome. Beyond the well-characterized alpha-Proteobacterial models of magnetotactic
bacteria, Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1,
Desulfovibrio magneticus RS-1 offers a superior model for investigating the mechanisms at play
in the deep-branching MTB. At present, it is possible to generate single gene deletions in RS-1
via an allelic exchange, but further advancements in this system are necessary. Enhancing the
genetic and molecular tools in RS-1 will enable more comprehensive studies into the intricate
mechanisms of synthesizing and organizing tooth-shaped magnetite magnetosomes. Moreover, it
would be advantageous to develop additional model systems from various deep-branching MTB
in the future. Such models could provide insights into whether the process of synthesizing and
organizing tooth-shaped magnetosomes is controlled among many deep-branching MTB or if
diverse mechanisms are employed. This, in turn, could yield even greater understanding of how
magnetosome synthesis has evolved across multiple bacterial phyla.
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Figure 1. Phylogeny and gene comparison of deep-branching Magnetotactic Bacteria

(A). 16S maximum likelihood phylogenetic tree of magnetotactic bacteria representing four
different sub groups of Proteobacteria as well as the deeper branching phyla of Nitrospirae. The
tree was rooted with Omnitrophus magneticus SKK-01. MAFFT was used for alignment of 16S
genes and maximum likelihood tree was built using PhyML Tree with GTR substitution model



and 1000 bootstraps. (B) Gene map of magnetosome gene cluster found in Desulfovibrio
magneticus RS-1. (C). Gene comparison for all deep branching MTB from tree in A, focusing on
the mad (deep branching magnetosome) genes (8, 23, 29). Red asterisks represent uncertainty as
there was no complete genome available on NCBI.
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Figure 2. Differences in biomineralization

Model of differences in stages of biomineralization post iron starvation. In AMB-1, the synthesis
of crystals occurs simultaneously, while in RS-1, they are produced sequentially, indicating that
a markedly different process governs the formation of magnetosomes in RS-1.
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Stages of Biomineralization

1. Crystal nucleation
2. Crystal growth and shape control
3. Chain alignment and organization

Figure 3. Steps of biomineralization in Desulfovibrio magneticus RS-1

Model of the different stages of biomineralization in Desulfovibrio magneticus RS-1. The stages
are as follows: 1) Crystal nucleation where crystal synthesis is initiated. 2) Crystal growth and
shape and control, where the ongoing growth as well as the dimensions and form of the crystals,
are governed by a specific suite of magnetosome proteins until crystal maturation. 3) Chain
alignment and organization the systematic organization of magnetosomes into a chain along the
cell's positive curvature, which is directed by a distinct array of proteins.
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Supplemental Figure S1. Positive vs. Negative curvature of a cell

Model showing the location of the positive curvature of a cell in comparison to the negative

curvature of a cell. The magnetosome chains are located at the positive curvature of the cell for
RS-1, AMB-1 and MSR-1.

10



Chapter 2

Mad for magnetosomes: Uncovering the mechanism for synthesizing and organizing tooth-
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Section 1: Abstract

Magnetotactic Bacteria (MTB) are a diverse group of bacteria capable of navigating along the
geomagnetic field in search of the optimal environment. To do this they synthesize
magnetosomes, an organelle composed of magnetite or greigite usually enclosed in a lipid
membrane. Studies into the molecular mechanisms for magnetosome formation have been almost
exclusively limited to two closely related species of alpha-Proteobacteria, which produce
cubooctohedral-shaped magnetite crystals surrounded by a lipid membrane. In contrast, little is
known about the mechanisms for synthesis of tooth-shaped magnetosomes, which are thought to
be the ancestral form of magnetosomes. Here, we use Desulfovibrio magneticus RS-1, a delta-
Proteobacterium, as a model organism to uncover distinct mechanisms of magnetosome
formation in deep-branching MTB. We first devised a method to visualize different stages of
biomineralization in RS-1. When cells are grown in the presence of hydrogen magnetosomes are
not formed while iron uptake is not impacted. Once hydrogen is replaced with nitrogen,
magnetite biomineralization is initiated and proceeds synchronously within the culture. We find
that early in the biomineralization cycle cells contain predominantly equidimensional crystals
which then grow in length and adopt the characteristic tooth shape. We also find that chain
formation proceeds in step with biomineralization such that early in the cycle cells have one or a
few crystals and in later stages adopt the characteristic long chains composed of multiple smaller
sub-chains. Immature crystals can be found in any location within the cell while mature crystals
are localized to the positive curvature. Using proteomics, we show that different populations of
proteins are associated with magnetosomes collected at early versus late biomineralization
stages. MamA, MamB, MamEO, FmpA, FmpB, Mad4 and Mad10 are more abundant at the
early stages of biomineralization, whereas Mad20, Mad23, Mad28, as well as MamK, are more
abundant at the late stage of biomineralization. We then used genetics to see if these different
cohorts of proteins play distinct roles in magnetosome chain formation. fmpA and fmpB mutants
display severe defects in the early stages of magnetosome production, do not localize to the
positive cell curvature, and cannot form longer chains. On the other hand, deletion mutants of
mad10, mad20, mad23, mad25, mad26, mad28 and mamK displayed a variety of defects in chain
organization. Importantly, MamK and Mad28, both of which encode for actin-like proteins
perform distinct functions in chain formation. MamK, limits the number of magnetite particles
formed and helps to spread smaller sub-chains across the cell length. Mad28 is responsible for
localizing the chain to the positive cell curvature. Based on these results, we propose a model
that RS-1 produces magnetosomes consecutively using the early biomineralization genes and
actively transports these crystals to the positive curvature of the cell to construct a mature
magnetosome chain. Notably, this mode of chain organization is substantially different from that
found alpha-Proteobacterial MTB, highlighting the importance of direct molecular genetic study
of magnetosome formation in deep-branching MTB model systems.

Section 2: Introduction

Magnetotatic Bacteria (MTB) are a diverse, ubiquitous group of microorganisms capable of
navigating along the Earth’s geomagnetic field in search of the optimal low to no oxygen
environments. This behavior, termed magneto-aerotaxis, is mediated by a specialized organelle,
the magnetosome. A typical magnetosome consists of a lipid bilayer membrane with a unique set
of proteins that synthesizes and encloses a magnetic crystal, 50-70 nm in diameter, composed of
either magnetite (FesOa4) or greigite (FesSa4) (6, 30). Depending on the species, magnetosomes are
usually present as single or multiple chains that maximize the magnetic dipole moment of the
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cell allowing it to align with external magnetic fields (5). The fascinating biological features of
magnetosomes have made MTB models for the mechanistic study of organelle formation and
biomineralization in bacteria. These studies have in turn fueled an explosion of metagenomic and
ecological surveys that hint at a deep history of diverse MTB on Earth and their potentially
outsized impact on present-day biogeochemical cycles of iron. However, the narrow selection of
current model systems has created a barrier to understanding the mechanistic diversity and
evolutionary trajectory of magnetosome formation.

All known MTB are a polyphyletic group of microorganisms that belong to four subdivisions
of Proteobacteria (Alpha-, Gamma-, Eta- and Delta-Proteobacteria) and the phyla of Nitrospirae,
Omnitrophica and Elusimicrobiota (6, 10, 11) (Figure 1B). Metagenomic analysis has suggested
Latescibacteria and Planctomyetes phyla may also contain MTB species (12). The phylogenetic
diversity of MTB is matched by a dazzling array of phenotypic variations. The geometry of the
crystals, cell morphology, oxygen preference, chain organization, quantity of magnetosomes per
cell, and crystal composition can vary amongst different groups of MTB (5). Based on extensive
surveys, there seems to be a correlation between phylogeny and crystal shape. For example,
alpha-Proteobacteria are known to biomineralize cubooctahedral and elongated prismatic
magnetite crystals (5), whereas all known delta-Proteobacteria and other deep-branching MTB
(Nitrospirae, OP3 and Elusimicrobiota) synthesize irregular tooth-shaped magnetite crystals,
suggesting that tooth-shaped crystals are the ancestral form of magnetosomes (Figure 1B).

Despite the discovery of numerous magnetotactic bacterial species, research into the genetic
basis of magnetosome formation has been limited to only a two species of alpha-Proteobacteria
(Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1). This
work has identified a large number of genes contained within a discrete magnetosome gene
cluster (MGC). The MGC is typically around 100 kilobases long and, depending on the species,
contains somewhere between 50 to 100 genes, 32 of which are necessary and sufficient for
magnetosome formation (31). Molecular genetic studies have shown that MGC genes participate
in distinct steps to form and localize proteins to the magnetosome membrane, initiate and control
magnetite biomineralization, and direct the subcellular arrangement of magnetosomes into
chains. Of these 35 genes, only a core set of 8 magnetosome genes, mamA, B, I, K, M, E, O, and
Q, are shared among all MTB (8). In fact, many of the genes necessary for critical steps of
magnetosome formation in the alpha-Proteobacteria are absent from other MTB. Other sets of
conserved genes, called mad (magnetosome deep branching) are found in all deep-branching
MTB and man (magnetosome nitrospirae) genes are found in Nitrospirae MTB. The
phylogenetic distribution of magnetosome genes suggests that group specific mad and man genes
are responsible for the unique phenotypes of deep-branching MTB. However, only a handful of
MTB outside of the alpha-Proteobacteria are in culture and practically none have established
genetic systems. As a result, very little is known about the function of mad genes or the
production of irregular, tooth-shaped magnetosomes.

The most promising candidate as a model for deep-branching MTB is Desulfovibrio
magneticus RS-1. RS-1 is a sulfate reducing obligate anaerobe, belongs to the delta-
Proteobacteria class and synthesizes a single chain of irregular tooth-shaped magnetite
magnetosomes. The chain is localized to the positive curvature (Supplemental Figure S4 E) of
the cell and it is displayed along the entire length of the cell with gaps in between sets of
contiguous crystals (Figure 2Dii). RS-1 is one of a handful of cultured MTB outside of the
alpha-Proteobacteria phylum with a sequenced genome and the only deep-branching organism
with a toolkit for heterologous gene expression and targeted genome editing (25, 26). Previous
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studies of RS-1 have highlighted a number of unusual features setting it apart from the
commonly studied MTB. First, RS-1 produces tooth-shaped crystals whose biomineralization
mechanisms are currently unknown. Tooth-shaped crystals account for the majority of
magnetism in natural environments highlighting the importance of investigating the molecular
basis for their production. Second, previous work has suggested that unlike the alpha-
Proteobacterial models, mature magnetite crystals of RS-1 are not surrounded by a lipid
membrane (24). However, the RS-1 MGC contains numerous conserved MGC genes that encode
transmembrane domain-containing proteins. Forward genetic studies have shown that mutations
in some of these genes disrupt magnetite formation suggesting that a magnetosome membrane
must be present at some stage of biomineralization (25). Finally, like all deep-branching MTB,
RS-1 contains a large number of mad genes, the majority of which have no known functions.
Here, we conduct a comprehensive characterization of the RS-1 biomineralization process
using proteomics and genetics to define new pathways of magnetosome formation in deep-
branching MTB. Using a conditional biomineralization assay, we identify intermediates in the
growth and subcellular localization of magnetosomes in RS-1. We next show that different
subsets of proteins are enriched on magnetosomes during various stages of biomineralization.
Finally, using genetic analysis, we uncover a suite of mad and mam genes involved in the
development of the RS-1 magnetosome chain. In particular, we show that MamK and Mad28,
two actin-like proteins encoded by the RS-1 MGC, have separate functions in organizing the
magnetosome chain and localizing it to the positive curvature of the inner cell membrane. These
findings stand in stark contrast to the established models of magnetosome formation and
highlight the divergent evolutionary paths taken by phylogenetically distinct groups of MTB.

Section 3: Results

3.1 Hydrogen inhibits magnetosome synthesis

Our first goal was to develop a robust system to visualize the progression of
magnetosome formation and chain organization in RS-1. In other MTB, growth under iron-
limiting conditions inhibits magnetite formation. Addition of iron into the medium triggers
biomineralization leading to the synchronized development of magnetosome chains. In RS-1,
transition from iron-limited to iron-replete conditions triggers the accumulation of an iron-
containing organelle called the ferrosome (24). Ferrosomes are electron dense granules
composed of iron, phosphorus and oxygen with a possible role in iron storage and detoxification
in a variety of organisms (32, 33). Due to their large number and appearance in electron
microscopy, the accumulation of ferrosomes makes it nearly impossible to monitor the early
stages of magnetosome biomineralization in RS-1. Therefore, we aimed to develop another
method to study the steps of magnetosomes formation that did not involve iron limitation.

Serendipitously, we discovered that when RS-1 cells are grown without shaking in a
hydrogen rather than nitrogen headspace, the overall magnetic response is dramatically
decreased (Figure 2A). Under these conditions, the magnetic response of the culture (measured
as the coefficient of magnetism (Cwmag)) drops as the amount of hydrogen in the headspace is
increased (Figure 2A). Since the magnetic response was not completely eliminated, we
speculated that cells needed to be exposed to hydrogen throughout the culture medium.
Therefore, the headspace and the medium were flushed with 5% hydrogen and cells were grown
spinning on a wheel. In this condition, the cultures have no magnetic response as indicated by a
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Cwmag Of 1 (Figure 2C). Transmission Electron Microscopy images confirmed that no
magnetosomes are present when RS-1 is grown in the presence of hydrogen (Figure 2D).

One possible explanation for these observations is that hydrogen hinders the growth of
RS-1 leading to an indirect inhibition of magnetosome formation. However, growth curve
measurements show that RS-1 reaches the same final cell density in hydrogen as compared to
nitrogen (Figure 2B). Additionally, cells grown in hydrogen have a faster doubling time (6 hours
doubling time) as compared to cells grown in nitrogen (8 hours doubling time) (Figure 2B).
Another possibility is that hydrogen inhibits iron uptake thus limiting RS-1’s ability to produce
magnetosome. To test this possibility, we used the post-iron-starvation accumulation of
ferrosomes as a proxy for iron uptake by RS-1. Cells were grown in iron-limited medium with
hydrogen and then transferred into iron-replete medium with either nitrogen or hydrogen in the
headspace. In post-iron starvation experiments, ferrosomes are present in both nitrogen and
hydrogen conditions (Figure 2E iii and iv), whereas magnetosomes are only present in the
nitrogen condition (Figure 2E iv). These data show that hydrogen does not inhibit iron uptake.

Lastly, we asked if hydrogen growth lowers or inhibits the expression of magnetosome
proteins. To do this, the proteomes of cultures grown in hydrogen or nitrogen were compared by
liquid chromatography-mass spectrometry. There was little difference in the abundance of
proteins encoded from the MGC with the unusual exception of Mad10 (Figure 2F). Mad10 was
over 20 times more abundant in the nitrogen condition in comparison to the hydrogen condition.
However, as seen below, Mad10 is not responsible for the inhibition of magnetosome formation
in hydrogen conditions. Other proteins outside of the magnetosome gene cluster that are more
abundant in the hydrogen condition mostly consist of hydrogenases, along with a response
regulator, a signaling protein and the ferric uptake regulator protein, Fur (Supplemental figure
S4). In the nitrogen condition de-hydrogenases were more abundant as well as a carbon storage
regulator protein (Supplemental figure S4). These differences may indicate the molecular
repertoire for hydrogen control of magnetosome formation, a process which we will investigate
in the future.

3.2 Observations of early and late stages of biomineralization

Collectively, these data indicate that hydrogen growth conditions inhibit magnetosome
formation but do not impact iron uptake by RS-1. Therefore, we hypothesized that a transition
from hydrogen to nitrogen growth culture conditions should restore magnetosome formation
without the appearance of ferrosome granules that obscure the early stages of biomineralization.
To address this, RS-1 was grown shaking with 10% hydrogen to remove all magnetosomes and
then transferred into medium with nitrogen in the headspace. In contrast to transition out of iron-
limited medium, a shift from hydrogen to nitrogen produces no ferrosomes and only results in
magnetosome formation (Figure 2E i-ii). As expected, following the transfer into nitrogen-
infused medium, the magnetic response of the culture increases over time (Figure 2G).
Therefore, hydrogen to nitrogen transfer is a robust tool to synchronize magnetosome formation
and study early stages of biomineralization without interference from ferrosomes.

To capture early stages of biomineralization, RS-1 was grown for several passages in
bottles with medium infused with hydrogen and incubated shaking. As expected, cultures did not
have a magnetic response and individual cells lacked biominerals as assessed by TEM imaging
(Figure 2D i). Thereafter, cultures were transferred into a medium infused with nitrogen gas.
When a reliable magnetic response could be measured (Cmag ranging from 1.05-1.15), cells were
harvested by centrifugation and examined by TEM imaging. The early stages of
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biomineralization in RS-1 are characterized by the presence of very few magnetosomes in each
cell (Figure 3A, Figure 3C), with an average of 3 crystals per cell for over 200 cells counted
(Figure 3C). Many of the cells contained mature crystals alongside smaller immature crystals
(Figure 3A ii). This was also evident when observing the length of each crystal present in these
cells (Figure 3D). Although the median for crystal length in this condition is 38 nm, the length
for all of the crystals measured in the early stages of biomineralization has a bimodal distribution
with two peaks that represent the average immature and mature crystal size (Figure 3D). This
feature is also present when calculating the shape factor (width to length ratio) of each crystal
measured in the early stages of biomineralization, where there is also a bimodal distribution with
one peak around 1 which would represent the immature crystals, and anther peak closer to 2,
which would represent the mature crystals (Figure 3E).

During the late stages of biomineralization (Cmag 0of 1.3-1.5), RS-1 cells harbored
complete chains of crystals (Figure 3B), with an average of 12 magnetosomes per cell observed
across more than 200 counted cells (Figure 3C), all situated at the positive curvature of the cell.
In addition, the average crystal length was 51 nm with an average shape factor of 1.7 (Figure D
and E). The distribution for both crystal length and shape factor fit a normal distribution because
there were much fewer immature crystals at this stage of biomineralization (Figure 3B and
Figure 2G ii). Another notable feature of the late stages of magnetosome formation in RS-1 is
that the chain is not continuous and is composed of smaller chains which we will refer to as sub-
chains for the rest of this report.

To understand process of crystal growth in RS-1 crystal measurements taken from both
early and late stages of biomineralization. The pattern that has been observed in other deep-
branching MTB is also present in RS-1, where the crystals grow equidimensionally until they
reach approximately 30 nm after which they elongate with an anisotropic crystal growth pattern
(34) (Figure 3G). In addition to crystal measurements, high magnification TEM images of
several crystals were captured to visualize the different stages of crystal growth (Figure 3F).
Notably, there are two main morphologies of mature magnetosomes, curved and straight (Figure
Fix and Fx). Based on these observations we propose different stages of crystal growth: initial,
symmetrical, elongation, growth, and maturation. We speculate that during the elongation
process, crystals can mature into either a straight or curved form (Figure 3F-v and F-vi).

Subsequently, while investigating the distinct stages of biomineralization, we also
discovered that the cellular location of magnetosomes is correlated with the maturation of the
crystal. This is most evident during the early biomineralization stages where nearly all mature
crystals are found at the positive cell curvature which marks the location of the magnetosome
chain. However, only ~25% of the immature crystals are at the positive cell curvature (Figure 3H
and 3I1). These results stand in stark contrast to the process of magnetosome formation in alpha-
Proteobacterial MTB (35). For instance, in AMB-1, magnetosome membranes are assembled
into chains at the positive cell curvature even prior to the initiation of biomineralization (36). Our
data suggest that in RS-1, crystal nucleation does not occur at the positive curvature but instead
magnetosomes are synthesized in one location and then localized to their final destination as they
mature.

Given the clear progression of magnetosome chain development, we hypothesized that
differing sets of magnetosome proteins might be involved at each stage of biomineralization.
Therefore, we harvested and lysed cells at early and late stages of biomineralization and
separated magnetosomes using a magnetic column. The proteomes of cell lysates and
magnetosome fractions at early and late stages were analyzed by liquid chromatography-mass
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spectrometry. Since the magnetosome fractions are only enrichments and not deeply purified
samples, we focused our analysis on proteins encoded by genes within the RS-1 MGC that were
enriched on magnetosomes at the early or late biomineralization stages. One set of MAI
(Magnetosome gene Island)-encoded proteins (Mad10, MamB, MamA, Mad4, FmpA, FmpB,
and MamEO-Cter) were more abundant in the early biomineralization stage magnetosome
fraction as compared to the late stage magnetosome fraction (Figure 3J). A different set of MAI-
encoded proteins (Mad20, Mad23, Mad28 and MamK) were more abundant at the
magnetosomes in the late stage compared to the early stage (Figure 3J). Many of the proteins that
are more abundant at the early stage have annotated transmembrane domains (Supplemental
Figure S1), supporting previous hypotheses that even though membranes are not found
surrounding mature crystals, they are still important and necessary for the early stages of crystal
synthesis. However, none of the late-stage enriched proteins have transmembrane domains,
supporting a transition in the physical state and membrane-association of mature crystals. In
addition, two proteins more abundant in the late stage, Mad28 and MamK, have actin-like
domains (Supplemental Figure S1), leading to the hypothesis that chain alignment and
organization is a central step in the late stages of biomineralization.

3.3 Early magnetosome production involves membranes and is not located at the chain

In previous work, we used chemical and UV mutagenesis to enrich for RS-1 mutants with
severe defects in biomineralization. This screen yielded several alleles of mamB most of which
do not have a magnetic response and do not produce crystals (25). This result corroborates the
proteomic finding that MamB preferentially associates with magnetosomes in early stages of
biomineralization (Figure 3J).

Some of the mutants isolated in our previous work can still produce magnetic particles
providing us the opportunity to study the link between specific proteins and the early stage of
biomineralization. We focused on two mutants in the fmpA and fmpB genes. In our proteomic
analysis, we find that FmpA and FmpB are more abundant at the magnetosome in the early stage
compared to the late stage of biomineralization (Figure 3J). These proteins both have
transmembrane domains as well as serine protease and denitrogenase Fe-Mo domains
(Supplemental Figure S1). To follow up with the previous study, TEM was used to obtain crystal
placement and crystal size measurements for both mutants with over 200 cells counted for each.
We find that the fmpA mutant often has circular or symmetrical crystals (Figure 4A and 4G),
whereas the fmpB mutant has crystals resembling smaller versions of WT magnetosomes (Figure
4B), although on some occasions they were misshapen and symmetrical as well (Figure 4H).
Consistent to what was briefly described previously (25), both mutants exhibited significantly
fewer crystals per cell, averaging 1.6 and 2.7 crystals per cell for fmpA and fmpB mutants,
respectively, whereas the wild type (WT) had an average of 12 magnetosomes per cell (Figure
4D). Furthermore, both mutants also produced smaller crystals compared to the WT (Figure 4E),
with an average length of 35 nm for fmpA and 31 nm for fmpB crystals, in contrast to the WT's
average magnetosome length of 51 nm. Furthermore, both mutants have an average shape factor
of 1.3, whereas the average shape factor for WT is 1.7 (Figure 4F).

In addition to the defects in the shape and size of magnetite, these mutants displayed a
conspicuous aberration in the placement of the crystals within the cell. The majority of the
crystals in both fmpA and fmpB mutants were not localized to the positive curvature of the cell
(Figure 4J). In addition, the crystals in the fmpA mutant were never organized in a chain and the
crystals in the fmpB mutant were only organized in a chain in 5% of the cells counted (Figure
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41). This data leads to the hypothesis that FmpA and FmpB are important proteins for early
stages of magnetosome synthesis. Additionally, they show that the initial stages of
biomineralization likely do not occur at the positive curvature. Hence, we propose that crystal
nucleation occurs at different locations throughout the cell and the crystals are shuttled to the
positive curvature post-maturation. It is likely that in the absence of FmpA and FmpB crystals
get “stuck” at crystal nucleation sites and are not available to be transported to the site of the
magnetosome chain. This stalled translocation prevents the initiation of biomineralization for
new crystals leading to the much fewer crystal numbers seen in these mutants (Figure 4D).

Mad10 is another protein that displays an increase in abundance at the magnetosomes in
the early stages of biomineralization compared to the late stages. It is also notable for having the
largest abundance ration of an MAI protein at the magnetosome as compared to the cell lysate
under all biomineralization conditions (Supplemental Figure S7). Previous studies identified
Mad10 from various MTB as a magnetite binding protein and hypothesized that it would
participate in controlling magnetosome shape (37, 38). To uncover the role of Mad10 in
magnetosome production we deleted mad10 in RS-1. In a Amad10 mutant, the magnetic
response is greatly reduced as compared to the WT (Figure 6B), a phenotype that can be trans-
complemented by expression of mad10 from a plasmid (Figure 6B and Supplemental S3). The
lower Cwmag, however, is not due to a biomineralization defect since the shape and size properties
of individual crystals are unaffected in the Amad10 mutant. Instead, we find that in the absence
of mad10 all magnetosomes are aggregated and cluster together at one location in the cell
(Figure 5A and 61). The number of crystals per cell also varies dramatically (Figure 6D), likely
due to the asymmetric positioning of the magnetosome clusters in the cell and their unequal
distribution to daughter cells during cell division. These results show that Mad10 is not
responsible for regulating the size and shape of the crystals but rather plays a crucial role in
chain organization (Figure 5A).

3.4 A module for assembly of the magnetosome sub-chains

We next targeted genes encoding proteins found to be more abundant at the
magnetosome in late stages of biomineralization (Figure 3J). In addition, some neighboring
genes (Figure 1A) that may be part of an operon were also chosen for deletion analysis. All
deletions were successfully complemented using heterologous expression of the targeted gene on
a plasmid (Supplemental Figure S3 and Figure 6C). These mutants display a variety of defects in
organization and placement of magnetosome chains. To facilitate a more quantitative analysis,
we created several categories to describe the placement of the chain in the cell, the distribution of
magnetosomes across the cell length, the organizational appearance of the chain, and the
phenotype of sub-chains (Supplemental Figure S4E-H).

This analysis identified one group of genes, mad20, mad23, mad25 and mad26 as a
module responsible for assembly of magnetosome sub-chains in RS-1. Mad20 and Mad23 were
both identified in our proteomic analysis as late stage magnetosome-associated proteins (Figure
3J). Mad25 is encoded from the same putative operon and present at the magnetosome in our
proteomic analysis. However, unlike Mad20 and Mad23, it is more abundant in cell lysates as
compared to magnetosomes in all conditions (Supplemental Figure S7). Finally, Mad26 was
chosen as it is encoded by the same putative operon as the other genes (Figure 1A). Deletions of
each of these genes result in magnetosomes that are dispersed, not localized to the positive
curvature of the cell, often found in a transverse orientation, and not aligned as a chain spanning
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the length of the cell (Figure 5 and Supplemental Figure S4). There are also specific phenotypes
for each strain that hint at more specialized roles for these proteins.

In the absence of Mad23, for instance, single magnetosomes are dispersed throughout the
cell and the number of crystals in a sub-chain is the lowest amongst all other mutants and WT
(Figure 5C and Figure 6E and Supplemental Figure S10). Accordingly, the Amad23 mutant has
the lowest Cmag amongst all chain organization mutants in our study (Figure 6B). We
hypothesize that Mad23 is responsible for connecting individual magnetosomes to form a sub-
chain.

The Amad20 mutant, in contrast, contains clear sub-chains, some of which are organized
as a linear segment and others appear as rings, clusters, or curved lines (Figure 5B). Intriguingly,
this mutant has fewer sub-chains than the WT (Figure 6F and Supplemental Figure S9) with each
segment containing more magnetosomes (Figure 6E). Perhaps, Mad20 regulates the influx of
new crystals into a sub-chain. In its absence, sub-chains acquire an excessive number of crystals
that curl and distort into a ring or curved line (Supplemental figure S9).

The Amad25 and Amad26 mutants have somewhat comparable phenotypes (Figure 5D
and 5E). These strains contain similar numbers of sub-chains and crystals as wildtype (Figure 6F
and 6D). However, the majority of sub-chains in these two mutants are clustered or present as
rings. This is most evident for the Amad26 in which ~80% of sub-chains are clustered and
another 15% are in rings (Supplemental Figure S4 D). These severe phenotypes implicate Mad25
and Mad26 in maintaining the overall linear configuration of the magnetosome chain.

Overall, these mutants highlight an organizational pattern for the RS-1 magnetosome
chain that is distinct from the commonly studied alpha-Proteobacterial MTB. For instance, in
AMB-1, sub-chains of magnetic particles are observed via TEM. However, magnetosome
membranes are still organized as a chain in these species (39). Additionally, chain organization
mutants do not have the sub-chain-related phenotypes and mutants with a distorted chain
generally have one cluster or ring in the cell. In RS-1, some mutants can have multiple clusters,
rings or curved sub-chains in the same cell. Thus, we argue that sub-chains are a fundamental
organizational unit of the magnetosome chain in RS-1. Proteins like Mad20, Mad23, Mad25, and
Mad26 work together to set the length of individual sub-chains and to ensure their overall
stability. All of these proteins, as well as Mad10, contain one or multiple coiled-coil domains
(Supplemental Figure S1 and S2) hinting at cytoskeletal features and an interaction network to
organize the chain. Finally, we note that in all of these mutants, localization of magnetosomes to
the positive curvature of the cell is disrupted. Thus, sub-chain organizing proteins may also
interface with factors mediating the placement of magnetosomes at the positive cell curvature.

3.5 The role of chain and sub-chain placement directed by Mad28 and MamK

Subsequently, Mad28 and MamK were chosen for genetic analyses because they are both
more abundant at the late stage of biomineralization at the magnetosomes (Figure 3J), and
because they both have actin-like domains (Supplemental Figure S1). mamK is a gene found in
nearly all MTB and has a well described function in both AMB-1 and MSR-1 (40-42). Deletion
of mamK in AMB-1 leads to a loss of cohesion in the chain (41), where large gaps appear
between groups of magnetosomes. These gaps also lead to lateral diffusion and mobility of
magnetosomes which compromises their equal distribution during cell division (43). The
deletion of mamK in MSR-1 has a more dramatic phenotype, where the chain is no longer
localized to the mid-cell in the majority of cells (44). Nevertheless, studies on both AMB-1 and
MSR-1 have demonstrated the significance of MamK in orchestrating the arrangement of
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magnetosomes, and ensuring equal distribution of magnetosomes among daughter cells (39, 42,
43). Similar to these results, we find that MamK in RS-1 also plays a role in chain organization.
In RS-1 AmamK mutant, magnetosome sub-chains are no longer observed (Figure 6F). Instead,
magnetosomes are organized as one long continuous chain (Figure 5G) that in some cases are so
long that it wraps around itself and appears as multiple chains. Additionally, there are more
crystals on average in AmamK cells in comparison to WT (Figure 6D). RS-1 contains another
magnetosome gene that also encodes an actin-like domain, mad28 (8, 28) (Supplemental Figure
S1) that is found in all deep-branching MTB. Previous studies have hypothesized that it might
play a similar role as MamK in chain organization (28). However, when we delete mad28, the
mutants have a distinct phenotype from the AmamK strain. Amad28 has a linear chain with sub-
chains as seen in WT, but the chain is no longer localized to the positive curvature of the cell
(Figure 5F). The chain has a few different arrangements including pole to pole in the middle of
the cell, diagonal line, or transverse line as seen in Figure 7. Therefore, Mad28 is required for
positioning the chain at the positive curvature of the cell, whereas MamK is responsible for
organizing the sub-chains along the length of the cell.

To examine the differences of chain organization in Amad28 and AmamK mutants
further, we did a biomineralization time course experiment as described above. Monitoring
different stages of biomineralization allowed us to visualize how the chains were organized as it
was forming in both mutants. In Amad28, the chain assembly process resembles that of WT.
Initially, a single mature crystal is observed, followed by the formation of sub-chains as the
number of mature crystals increases in the cell. Subsequently, additional crystals are
incorporated into the sub-chains as biomineralization proceeds (Figure 7A, B and C). The only
difference between chain formation in Amad28 and WT is the placement of the chain even at the
earliest stages of biomineralization (Figure 7A, B and C). Figure 7B shows the chain formation
of Amad28 when the chain is located pole to pole but in the middle of the cell and Figure 7C
demonstrates the process of chain formation in Amad28 when the chain forms in a transverse or
diagonal position in the cell. In contrast, the chain of AmamK forms very differently (Figure
7D). The first stages in biomineralization of AmamK looks similar to WT, but as more mature
crystals start to form the process of chain organization starts to differ. Instead of sub-chains
forming, new mature crystals are added to the same chain and sub-chains are never observed
(Figure 7D). In addition, AmamK has significantly more magnetosomes in each cell at both
stages of biomineralization (Figure 7E and F) and the Cwmag for this mutant is greater than WT
(Figure 6B and C). This is an unusual phenotype for MamK that has not been observed in other
MTB mamK mutants (41, 44). Additionally, when complementing mamK on a plasmid, cells
now have fewer magnetosomes in comparison to WT, with a lower Cwmag than WT (Figure 6C).
This is possibly because the expression of mamK is not controlled in the same manner when it is
on a plasmid as it would be natively in the chromosome. The biomineralization time course of
AmamK and Amad28 allowed us to have a better idea of how these proteins are affecting chain
organization in RS-1. This data indicates that Mad28 is involved in aligning magnetosomes
towards the positive curvature of the cell starting at the early stages of chain formation, while
MamK is responsible for distributing the sub-chains of magnetosomes along the cell's length to
ensure the magnetosome chain spans from one pole to pole. Additionally, MamK may play a role
in regulating the amount of magnetosomes produced.

Section 4: Discussion
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With the rapid expansion of genomic and metagenomic studies (8, 11, 45), it has become
clear that major differences exist between the genetic components of magnetosome formation in
various phylogenetic families of MTB. In this study, we developed a new workflow to monitor
the process of biomineralization in Desulfovibrio magneticus RS-1 and use proteomic and
genetic analyses to reveal a mode of organelle assembly distinct from commonly studied models
of MTB. Our work underscores the importance of developing a diversity of model systems even
for processes that share a seemingly common evolutionary origin.

A key breakthrough in our work was the discovery that RS-1 magnetosome formation is
inhibited in the presence of hydrogen. A similar phenotype is also observed in Magnetospirillum
magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1 in which elevated oxygen
concentrations lead to the cessation or significant reduction in magnetosome production (46, 47).
Thus far it is unclear if the inhibition of magnetosome formation in these cases is due to
differential regulation of the expression or activity of some genes. For AMB-1 and MSR-1,
magnetosome proteins are still present even though magnetosomes are not synthesized (Schiibbe
et al., 2006). Similarly, magnetosome proteins in RS-1 seem to be present under hydrogen or
nitrogen growth conditions (Figure 2F). However, our proteomic analysis may have missed some
magnetosome proteins and is not sensitive enough to catch small changes in protein abundance.
In the future, we plan to analyze global gene expression under hydrogen and nitrogen growth
conditions and use genetic analyses to identify potential genes involved in this magnetosome
formation switch. We also note that the lack of magnetosomes is not due to growth inhibition as
RS-1 grows even faster under hydrogen conditions (Figure 2B). Additionally, iron uptake is not
affected since RS-1 can still make ferrosomes, iron-rich granules, during hydrogen growth
(Figure 2E).

While mechanisms or selective advantages of hydrogen-mediated magnetosome
inhibition are unknown, it provides a powerful method to track biomineralization from its earliest
starting points. Previously, the synchronization of biomineralization relied on addition of iron to
iron-starved cells. However, this method triggers the production of ferrosomes, which makes it
impossible to identify immature magnetosomes. Using the hydrogen to nitrogen switch, we
replicated aspects of previous iron addition studies which mainly monitored mature crystals.
Most importantly, our results are consistent with previous findings that RS-1 cells produce
magnetosomes one or a few crystals at a time (24, 25). Furthermore, we show that magnetite
particles grow symmetrically until they reach a length of approximately 30 nm. After this point,
the crystals grow in length but not width until they reach their characteristic elongated tooth-
shape (Figure 3G). We also find that the initial stages of biomineralization occur at sites that are
distinct from the final location of the chain. Once a crystal attains a specific size, it is localized to
the chain at the positive cell curvature. These features are distinct from alpha-Proteobacterial
MTB. In AMB-1, for instance, magnetosome membranes are located at the positive cell
curvature even prior to biomineralization (36). When biomineralization is triggered multiple
adjacent magnetosomes initiate biomineralization simultaneously. These differences in the mode
of biomineralization and the assembly of magnetosome chains suggest the existence of a distinct
mechanistic pathway for magnetosome formation in RS-1. We identified some of these factors
using differential proteomic analysis of magnetosomes from RS-1 cells at early and late
biomineralization stages.

In previous studies, we have failed to detect lipid membranes surrounding mature crystals
in RS-1 (24). However, we had also identified mutations in transmembrane domain-containing
magnetosome genes that abolished or significantly impacted magnetosome formation indicating
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that membranes are needed at some stage of biomineralization (25). Our proteomic analysis
supports this model since most MAI-encoded proteins enriched on early stage magnetosomes are
predicted to contain transmembrane domains (Figure 3J and Supplemental Figure S1). Two of
these membrane proteins are FmpA and FmpB. The mutants for fmpA and fmpB have statistically
fewer crystals and the majority of those crystals are not located at the positive curvature of the
cell (Figure 4D and J). These results link specific factors to the general observations of
biomineralization progression. Namely, the one-by-one biomineralization of magnetite and
localization to the positive curvature are both blocked in fmpA and fmpB mutants.

Mad10 is another protein that is abundant at the early stages of biomineralization. In fact,
it is the most abundant MAI-encoded protein at the magnetosome fraction in comparison to the
whole cell lysate fraction (Supplemental figure S7). Previous work had hypothesized a role for
Mad10 in control of magnetite size or shape. However, we do not observe a biomineralization
defect in a Amad10 mutant. Instead, the particles are aggregated in a single cluster within the
cell. Hence, we propose that Mad10 coats magnetic particles and serves as a tether to facilitate
interactions between magnetite and other proteins. Curiously we also find that Mad10 is found at
a much higher abundance in nitrogen conditions as compared to hydrogen conditions (Figure
2F). We hypothesize that Mad10 is overproduced prior to biomineralization in order to mediate
interactions with the crystals and prevent their aggregation as soon as they are formed. That is
likely why it is more abundant at the early stages. In addition, Mad10 might be regulated by
biomineralization (Figure 2F).

Mad28 and MamK are two bacterial actin-like proteins that are more abundant at the
magnetosomes at the late stage in comparison to the early stages of biomineralization. MamK
has been shown to be involved in centering magnetosome chains in the alpha-Proteobacterial
MTB to ensure its equal segregation during cell division. In contrast, the loss of MamK in RS-1
results in an overproduction of magnetosomes and the loss of separation between sub-chains.
Despite these differences, at least one general function of MamK in all organisms tested may be
to ensure the most efficient distribution of magnetosomes to form a centered chain within the
cell. Previous studies do provide some support for a conserved MamK function. For instance,
RS-1 MamK is able to partially complement the AmamK mutant of MSR-1 (28). This study also
found that Mad28 from several deep-branching species can partially complement the loss of
MamK in MSR-1. In our work, we find that the phenotype of AmamK is distinct from that of
Amad28. In the absence of Mad28, a full chain composed of multiple separated sub-chains is
found in nearly all cells. However, the chain does not localize to the cell’s positive curvature.
These results further punctuate the power of studying magnetosome genes directly in diverse
organisms.

In conclusion, this study has significantly enhanced our understanding of the mechanism
behind magnetosome synthesis and organization in Desulfovibrio magneticus RS-1. We propose
the stages for biomineralization in RS-1 are as follows. Step one involves crystal nucleation,
which does not take place at the positive curvature of the cell (Figure 8i) and instead is
distributed to a few sites at different positions. In step two, the crystals are continuing to grow at
the site where crystal nucleation occurs (Figure 8ii). Previously, we have hypothesized that these
sites are a membrane-limited magnetosome factory. In step three, crystals near maturation are
transported to the positive curvature of the cell (Figure 8iii). During this stage, it is likely that
Mad10 coats the crystal to facilitate the interaction of chain organization proteins as the crystal
transitions from the synthesis site to the chain assembly site. After Mad10 coats the crystal,
Mad28, with the possible assistance of other proteins, can interact with the magnetosome and
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direct it to the positive curvature of the cell (Figure 8iii). As crystals are transported to the
positive curvature of the cell, the biomineralization process transitions into chain organization.
During the initial phases of chain organization, specifically in step four, we detect one or two
mature crystals at the positive curvature (Figure 8iv). As more than one crystal converge, Mad23
connects them, initiating the formation of the sub-chains. In step five, additional sub-chains form
(Figure 8v) and are distributed along the length of the cell by MamK. Ultimately, in step six,
additional crystals are continuously incorporated into the existing sub-chains to form the
completed magnetosome chain (Figure 8vi). The suggested mechanism for magnetosome
synthesis and organization in RS-1 differs significantly from the established mechanism
observed in both AMB-1 and MSR-1, underscoring the importance of studying magnetosome
formation across a broader spectrum of magnetotactic bacterial species.

Section 5: Methods

5.1 Multiple-sequence alignments and tree construction

Data set was designed by first searching for all known MTB by searching IMG/M ER for species
with homologs for all five of the core mam genes selected: mamK, mamA, mamB, mamM and
mamQ. Next, the dataset was refined to encompass only species with available genomes and
accessible TEM images, enabling the identification of magnetosome gene sets (mam, mms, mad
and man) for each species, along with their respective crystal shapes and compositions.
Supplemental table 1 is a list of all species included in designing the phylogenetic tree for this
analysis. Once the data set is the assembled DNA sequences of 16S for each species obtained
from NCBI or IMG-M (49) (Supplemental table 1). Sequences were aligned using MAFFT
version 7.490 using the scoring matrix 1IPAM/ k=2 (50). Next, the aligned sequences were used
to generate the maximum likelihood tree using PhyMLTree version 3.3.20180621 using GTR
substitution model with 1000 bootstraps (51). Additionally, the tree was rooted with
Omnitrophus magneticus SKK-01.

5.2 General Culturing for RS-1

Desulfovibrio magneticus RS-1 strains were grown at 30°C anaerobically in RS-1 growth
medium (RGM), as described previously (24, 25). For growth with hydrogen, the medium was
gassed with 10% hydrogen balanced with Nitrogen prior to autoclaving the medium.
Additionally, after inoculating, the headspace was re-gassed with the same concentration of
hydrogen/nitrogen gas mixture for 10 minutes. All hydrogen cultures were grown spinning on a
wheel in the 30°C incubator. Only nitrogen cultures that were used as controls for hydrogen
cultures were grown on a wheel in the incubator; all other nitrogen cultures were grown without
shaking.

5.3 Culturing for growing RS-1 in different concentrations of hydrogen

RS-1 WT strain was grown at 30°C anaerobically in RS-1 growth medium (RGM), as described
above. Initially, all culture tubes were purged with nitrogen gas. Subsequently, prior to
inoculation, varying volumes of nitrogen from the headspace were displaced and substituted with
an equivalent volume of 100% hydrogen gas, aiming to achieve distinct concentrations of
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hydrogen in the headspace. Afterwards, RS-1 was inoculated into the culture tubes. Optical
density and magnetic response via Cmag Was monitored throughout growth as previously
described (25).

5.4 Culturing for proteomics

Culture for hydrogen vs. nitrogen consisted of 350 mL cultures with 2/3 volume of headspace,
which were prepared by gassing either with nitrogen or 10% hydrogen and grown shaking at
room temperature. At late exponential phase cultures were harvested by centrifugation at 8,000
rpm using the Beckman Model J2-21M/E centrifuge. Cell pellets were stored at -80°C until it
was time to lyse and prepare samples for proteomic analysis. For culturing for different stages of
biomineralization, 300 mL initial cultures were grown with hydrogen in the headspace to remove
all magnetosomes. Cmag Was measured and TEM images were taken of initial cultures to ensure
no magnetosomes were present. Then 10 1L bottles of RGM-X medium was prepared by
infusing the medium with nitrogen and gassing the headspace with nitrogen. Each biological
replicate consisted of 10 1L bottles, which was inoculated with the same starting culture. Three
of those bottles were used for late biomineralization, which were inoculated with 10 mL of
starting culture, and seven bottles were used for early biomineralization samples, which were
inoculated with 20 mL of the starting culture. The cultures were grown in a 30°C incubator and
ODs and Cwmags Were taken 2X daily. When cultures had a Cwmag 0f 1.05-1.15 seven of the bottles
were harvested for early biomineralization samples by centrifugation at 8,000 RPM.
Subsequently, when the final 3 bottles had a Cmag between 1.30-1.5 they were harvested for late
stages of biomineralization samples also by centrifugation at 8,000 RPM. Cell pellets were
stored at -80°C until it was time to prepare samples for proteomics. This was repeated 2 times for
the three biological replicates, so in total 30L of culture was used to prepare samples for the
proteomics (for each run). Each biological replicate came from a different starting colony of RS-
1, but the 10 1L bottles that represented one biological replicate had an inoculum that originated
from the same starting colony.

5.5 Collecting proteins associated with magnetosomes using a magnetic column

After harvesting cultures, cell pellets were resuspended in buffer A (25 mM Tris, pH 7.0, 100
mM sucrose, 1000 mg/mL Leupeptin, 1000 mg/mL Pepstatin A, and 10 M PMSF. Then cells
were lysed using a single shot (reference?). Afterward, the cell lysate were passaged through a
magnetic column to separate the magnetosomes from the entire cell lysate. Initially, magnetic
columns underwent a wash with buffer A, followed by the attachment of magnetics to the
columns. Subsequently, the cell lysate was passed through the column. After three cycles of
passing the cell lysate through the column, buffer A was used for three additional washes.
Following these wash cycles, the magnets were detached from the column, and 500 pL of buffer
A was pipetted into the column. The column was then plunged to use force to collect all of the
magnetosomes. Some of the cell lysate from each sample was also saved as a control. Next, a
Bradford assay was conducted on all samples to determine the protein concentration, and if
necessary, samples were concentrated during this stage. Lastly all samples were trypsin digested
to prepare samples for liquid chromatography-mass spectrometry.
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5.6 Liquid chromatography-mass spectrometry

Trypsin-digested protein samples were analyzed using an Acquity M-class ultra-performance
liquid chromatography (UPLC) system that was connected in line with a Synapt G2-Si mass
spectrometer (Waters, Milford, MA) as described elsewhere . Data acquisition and analysis were
performed using MassLynx (version 4.1, Waters) and Progenesis QI for Proteomics software
(version 4.2, Waters Nonlinear Dynamics). Data were searched against the Desulfovibrio
magneticus strain RS-1 translated protein database to identify peptides.?

5.7 Plasmid and cloning and deletion

All plasmids used in this study for generating deletions as well as for the complementations are
listed in Supplemental table 3. In-frame deletion vectors targeting mad10, mad20, mad23,
mad25, mad26 mad28 and mamK were constructed by amplifying upstream and downstream
homology regions by amplifying RS-1's genomic DNA, using the primers listed in
Supplementary Table 3. The homology regions were then inserted into the Xbal site of pAK1127
using the Gibson cloning method. Next, the Pnpt -strAB cassette was subsequently inserted
between the upstream and downstream homology regions of the deletion vector. Plasmids were
transformed into E. coli WM3064 and then transferred to D. magneticus RS-1 using conjugation
methods as described previously (26). Allelic replacement of mad10, mad20, mad23, mad25,
mad26 mad28 or mamK with strAB was achieved with streptomycin selection and using two
counterselections, 5-Flurouracil and sucrose. All deletions were confirmed by PCR followed by
full genomic illumina sequencing.

5.8 Biomineralization time course using hydrogen

RS-1 strains were grown at 30°C anaerobically, as described above. Initial cultures were all
grown with medium infused with 10% hydrogen and after inoculation headspace was purged
with 10% hydrogen. The hydrogen cultures were all grown on a wheel in the incubator.
Additionally, all cultures were transferred for supplementary growth into hydrogen tubes to
ensure the removal of all magnetosomes. After growth in hydrogen cultures, they were
transferred into nitrogen-infused medium with varying volumes of initial inoculum added into
the nitrogen experiment tubes (1mL, 0.5 mL, 0.2 mL, and 0.1 mL), aiming to capture all stages
of biomineralization more effectively. Optical density and magnetic response via Cmag Was
monitored throughout growth as previously described (25) and at different stages of
biomineralization samples were saved for TEM imaging. The progression of biomineralization
stages was tracked using Cmag, With Cmags ranging from 1.05 to 1.10 classified as early stages,
1.15to 1.20 as middle stages, and 1.3 to 1.6 as late stages.

5.9 Electron microscopy

Whole-cell TEM imaging was performed as described previously (24). All TEM was done using
the Tecnai 12 at the EM-Lab at the University of California, Berkeley. Magnetosomes were
measured manually using ImageJ. Cells were also counted manually.
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Figure 1. Phylogenetic Tree of MTB with magnetosome genes and crystal shape data

(A) Magnetosome gene cluster in RS-1. All mam genes are in yellow, all mad genes are in purple
and fmp genes are in blue. Genes outlined in red (mamK, mad10, mad20, mad23, mad25, mad26
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and mad28) are genes from this study. (B) 16S maximum likelihood tree. MAFFT was used for
alignment of 16S genes. Maximum likelihood tree was built using PhyML Tree (51) with GTR
substitution model and 1000 bootstraps. (C). For each MTB species the classification of the type
of magnetosome genes (mam, mms, mad or man) are provided as well as the magnetosome
chemical composition and shape. Supplemental table 1 shows where that data was gathered
from, NCBI genome ID and literature with crystal TEM images and description. (D). Shows
which deep-branching MTB species that contain the mad genes in this study.
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Figure 2. Hydrogen inhibits magnetosome synthesis but not Ferrosome production

(A). Different concentration of Hydrogen gas was added to the headspace and the magnetic
response, Cmag Was measured over growth. See methods section for how Cwmag Was calculated.
(B). Growth curve of WT RS-1 grown with Nitrogen (blue) or Hydrogen (orange) in the
headspace. Inlet graph shows the doubling time for both conditions. (C). RS-1 grown spinning
on a wheel with either Nitrogen (blue) or Hydrogen (orange) and Cwmag values were measured
showing no magnetic response for cultures grown with Hydrogen in the headspace. (D). Shows
TEM images of cultures from (C). (E). Cells were grown with Hydrogen and (F). Abundance of
magnetosome proteins in both nitrogen and hydrogen conditions. Blue bars represent proteins
more abundant in nitrogen condition and orange bars represent proteins more abundant in
hydrogen condition. (G). Growth curve (blue line) of a culture coming out of hydrogen condition
and growing with Nitrogen to initiate biomineralization. Cmag curve (orange line) of the same
culture to show that biomineralization is initiated and increasing throughout growth.
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Figure 3. Proteomic analysis of magnetosome proteins at different stages of biomineralization

(A-B). TEM images of chain representing early stage and late stage of biomineralization. (C).
Number of magnetosomes per cell for cells in early stages and lates stages of biomineralization.
(D-E). Magnetosome measurements for crystals found in early stages vs. late stages of
biomineralization, n=212 for early stages and n=214 for late stages. (F). TEM images of RS-1
magnetosomes at different stages of growth. All scale bars are 25 nm. (G). Each point is one
crystal from WT (AK80) showing the measurement of the length and width for each crystal.
Yellow dots represent crystals measured from cells at early stages of biomineralization. Blue
dots represent crystals measured from cells at late stages of biomineralization. The dotted line
represents the median width of crystals from late stages of biomineralization. Dashed line shows
a slope of 1. (H). TEM images of early stage biomineralization of WT cells. Yellow triangles are
pointing to immature crystals and the zoomed in images of those crystals are included for each.
The white scale bars for the zoomed in crystals are all 25 nm. (I). Immature and mature
magnetosomes were counted at early stage biomineralization. This graph shows the proportion of
magnetosomes localized at the positive curvature of the cell for both immature and mature
crystal, 140 cells counted; n=254 immature crystals, and n=394 mature crystals. (J).
Magnetosome proteins more abundant at crystal fraction at different stages of biomineralization.
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Figure 4. Characterization of fmpA and fmpB mutants

(A-C). (i). TEM images of each strain, and (ii) is the diagram of each strain. (D). Number of
crystals per cell counted for each strain. (E-F) Crystal measurements n=200 for each strain. (E)
are the measurements of crystal length for each strain and (F) are the calculated shape factor
(length/width) of each crystal for each strain. (G-H). Crystal morphology for each mutant, scale
bars are 25 nm. (1). Percent of cells with a chain phenotype, with more than one crystal in a line,
for each strain. (J). Percent of cells with crystals located at the positive curvature in the cell. (I-J).
Over 200 cells were counted.
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Figure 5. Magnetosome gene deletions in RS-1

(A-G) TEM images of different magnetosome gene deletion mutants in RS-1. (H). TEM image
of wild type RS-1. (i) is the TEM representation of the strain and (ii) shows a diagram of the
strain.
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Figure 6. Characterization of Magnetosome gene deletions in RS-1

(A). Diagram of each strain. (B). Cwmag values for each strain. Cells grown in triplicates. No
plasmids in the cells. (C). Cmag values for each mutant with an empty plasmid and for each
mutant with their complementation plasmid. WT has an empty plasmid. (D). Number of crystal
per cell for each strain. (E). Number of crystals for each sub-chain for each strain. (F). Number
of sub-chains per cell for each strain. (G-1). Shows the percentage of cells with a particular
phenotype. 200 cells were counted for each strain. (G) shows the percent of cells with crystals
localized at the positive curvature, (H) shows the percent of cells with a chain phenotype and (1)
shows the percent of cells with crystals all clustered together.
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Figure 7. Biomineralization time course of Amad28, AmamK and WT

(A). Biomineralization time course of wildtype. (B-C). Biomineralization time course of
Amad28. (B) shows the phenotype for Amad28 where the chain localizes to the mid-cell, whereas
(C) shows the phenotype for Amad28 where the chain localizes diagonally or transversally. (D).
Biomineralization time course for AmamK, show no sub-chains forming. (E). Growth curve and
Cwmag curve for WT, Amad28 and AmamK. (F). Number of crystals per cell for WT, Amad28 and
AmamK at early stages of biomineralization, over 100 cells counted for each strain. (G). Number
of crystals per cell for WT, Amad28 and AmamK at late stages of biomineralization, over 100
cells counted for each strain.
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Stages of Biomineralization

4)

-

< Linking crystals in a subchain together Mad23
‘ Organizing sub-chains Mad25 Mad26 Mad20
Positioning sub-chains across cell MamK
/ Aligning chains to positive curvature Mad28

3 Crystal nucleation

‘T Crystal growth and shape FmpA FmpB
/ Positioning immature crystals Mad28

[J Crystal coating Mad10

Figure 8. Model of Magnetosome synthesis and chain organization in RS-1

Model of different stages of biomineralization. Early stages of biomineralization includes: stage
1, where crystal nucleation occurs, stage 2, crystal growth and shape control occurs, and stage 3,
whereby immature crystals at a certain stage are positioned to the positive curvature of the cell.
This proposed model shows at the early stages the ‘magnetosome factory’ is actually distributed
throughout the cell, then at a certain growth stage crystals are repositioned to the positive
curvature of cell. Late stages of biomineralization involves chain organization. Stage 4 is where
small sub-chains start to form, then in stage 5 more crystals are being added to the different sub-
chains, and finally in step 6 the sub-chains are complete and in line with each other.
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Supplemental Figures
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Supplemental S1. Protein domain of proteins from proteomics and deletions.

Protein domains were identified using InterPro (52) and uploaded on to Geneious (53) to
generate domain maps. Red Asterix represent proteins that were not part of the proteomic
analysis in Figure 3J. Mad25 was present in raw data from proteomics, but it was more abundant
in cell lysate in comparison to at magnetosome fraction. Mad26 was not present in proteomics
data. Mad28 shows an alternative start site that was not included in the original NCBI annotation
and Amad28 could only be complemented when including the alternative start site.
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Supplemental S2. Predicted crystal Structures of Mad proteins deleted in RS-1

Predicted protein structures of Mad proteins in this study made with Alphafold2 using ColabFold
(54) and visualized with ChimeraX (55). 3D structures are colored according to Alphafold2
confidence values, with blue at 100% confident and red 0% confidence.
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Supplemental S3. TEM images of Complementation of deletion mutants
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Supplemental S4. Additional mutant phenotypes and magnetosome chain and sub-chain
categories

(A-D) Additional phenotype categories for all mutants. (E-H) Categories used to calculate
mutant phenotypes in Figure 4, Figure 5 and in Supplemental Figure S5, as well as (A-D) in this
figure.

43



fmpA

TGO

B Magnetosome Distribution

100

801

60 -

40-

201

0-

- ®
\(“Q ‘&\’Q 4§

=
=
=
[
[

D Chain Phenotype

1001

80

60 -

40

201

0-

««"v

=
=
—
[

Chain mid cell
Chain one side
One pole

Chain pole to pole

No Crystals

Dispersed
Chain in line
No Chain
No Crystals

o

c Chain Placement

100+

80

60+

404

20

fmpB

il

\s
<“Q \(“Q

E Subchain Phenotype

100

804

60

40+

204

&

Supplemental S5. Additional fmpA and fmpB mutant phenotypes
Additional phenotypes for fmpA and fmpB mutants

@ Positive curvature
[ Mid cell

] Transverse

Il Negative curvature
Bl No Crystals

= Sub chains in line
[ Sub-chain clustered
[ Sub-chain rings

Bl No sub-chain

Bl No Crystal

44



>

Bl More abundant in Hydrogen

B More abundant in Nitrogen

Max fold change
N W ]
o o o

y
o
1

0_
@ & f £ & & S .l T L L 2 o 2 o
&9 & &9 &e &9 & \&o 6@'\ &_9 \@o &e 2 &9; Q'zf’ &p &9 &g’
& () (2 () 6} Q‘ & CS} & () @ & & &
&o &° 609 bo 8‘0 @7 8‘0 & b":a L2 QO 6“0 6‘0 e}o e}o
W o & & F oV
<® ) RO S 4
& ° o <
< &
N
?
B Protein name Highest abundance

1 |IDMR_07840: NAD-reducing Hydrogenase Hydrogen

2 |IDMR_07060 hemerythrin family protein Hydrogen

3 |[DMR_07830: Fe Hydrogenase Hydrogen

4 |IDMR_07850: NAD-reducing Hydrogenase Hydrogen

5 [IDMR_27790: NADH deHydrogenase Hydrogen

6 |[Fur ferric uptake regulation Hydrogen

7 IDMR_12790: response regulator receiver Hydrogen

8 |DMR_09360: putative signaling protein Hydrogen

9 [DMR 01930 methyl-viologen-reducing Hydrogenase | Hydrogen

10 [CsrA carbon storage regulator Nitrogen

11 IDMR_27790: NADH deHydrogenase Nitrogen

12 |IDMR_02750: Ech Hydrogenase EchC Nitrogen

13 |IDMR_01890: deHydrogenase Nitrogen

14 |XdhA xanthine deHydrogenase Nitrogen

15 [aspartate-semialdehyde deHydrogenase Nitrogen

16 [DMR_02740: Ech Hydrogenase EchB Nitrogen

17 |[FwdE formylmethanofuran deHydrogenase Nitrogen

Supplemental S6. Proteomics of Nitrogen vs. Hydrogen non-magnetosome proteins
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Supplemental S7. Additional proteomics data of magnetosome proteins in lysate vs.
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Supplemental S8. Alignments of MamK and Mad28 in Desulfovibrio magneticus RS-1

(A). 3D alignment of protein structures of Mad28 and MamK from RS-1. Protein structures were
made with alphafold2 using ColabFold (54) and then a 3D alignment was preformed using
ChimeraX (55). Purple is the 3D predicted structure for MamK, yellow is the predicted structure
for Mad28 and green is the structure that includes the alternative start site for Mad28. Amad28
would only complement with this sequence included in the plasmid. (B) 2D protein sequence
alignment of MamK and Mad28 using MAFFT v7.490 plug-in on Geneious (53). Blue
highlighted residues show similarities between sequences and red dashes represent gaps. Green
letters show the sequence for the alternative start in Mad28.
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Additional images of Amad20

Supplemental S9. Additional TEM images of Amad20 in RS-1

These images are to illustrate the fewer sub-chains in each cell and more crystals per sub-chain
in each cell to complement the statistical data from Figure 6. Perhaps rings form in this mutant
because sub-chains are too long, similar to AmamK phenotype.
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Additional images of Amad23

Supplemental S10. Additional TEM images of Amad23 in RS-1

These images are to illustrate the more sub-chains in each cell and less crystals per sub-chain in

each cell to complement the statistical data from figure 6. Sub-chains look more broken up in
Amad23.
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Supplemental Tables

Shape MGC
Phyla | Organiam 16S gene ID | Genome ID | reference | reference
Magnetospirillum NCBI:txid3
Alpha | magneticum AMB-1 D17514.1 42108 (56) (57)
Magnetospirillum IMG: NCBI:txid2
Alpha | magnetotacticum MS-1 2647169949 | 72627 (58) (59)
Magnetospirillum NCBI:txid1l
Alpha | caucaseum SO-1 JX502622.2 | 244869 (60) (8, 60, 61)
IMG: NCBI:txidl
Alpha | Magnetospirillum ME-1 2676550241 | 639348 (62) (8, 61, 63)
NCBI:txid1
Alpha | Magnetospirillum XM-1 KP966105.1 | 663591 (64) (8, 65)
Magnetospirillum NCBI:txidl
Alpha | marisnigri SP-1 KC252630.3 | 285242 (60) (61, 66)
Magnetospirillum NR_180134. | NCBI:txid2
Alpha | kuznetsovii LBB-42 1 053833 (67) (8, 67)
Magnetospirillum NR_121771. | NCBI:txid4
Alpha | gryphiswaldense MSR-1 | 1 31944 (68, 69) (70)
Magnetospirillum NCBI:txidl
Alpha | moscoviense BB-1 KF712468.2 | 437059 (60) (61, 66)
Magnetospirillum sp. LM- | IMG: NCBI:txid2
Alpha |5 2894467686 | 681466 (71) (61)
Magnetospirillum sp. SS- | IMG: NCBI:txid2
Alpha [ 4 2894461381 | 681465 (71) (61)
Magnetospirillum sp. UT- | IMG: NCBI:txid2
Alpha |4 2894472958 | 681467 (71) (61)
NCBI:txid1
Alpha | Rhodospirillaceae LM-1 | JF490044.1 | 008128 (71) (61)
NCBI:txidl
Alpha | Magnetospira QH-2 EU675666.1 | 288970 (72) (73)
Ca. Terasakiella IMG: NCBI:txidl
Alpha | magnetica PR1 2752957094 | 867952 (74) (74)
Magnetovibrio blakemorei NCBI:txid2
Alpha | MV-1 L06455.1 8181 (75) (76)
NCBI:txid9
Gamma | Strain BW-2 HQ595728.1 | 47515 () (78)
NCBI:txidl
Gamma | SHHR-1 KX344069.1 | 899433 (79 (8)
NCBI:txid9
Gamma | Strain SS-5 HQ595729.1 | 47516 (17 (80)
Ca. Magnetococcus NCBI:txid4
Eta massalia MO-1 EF643520.2 | 51514 (81) (82)
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IMG: NCBI:txidl
Eta Magnetococcus MC-1 640720050 56889 (83) (84)
Magnetofaba australis IT- NCBI:txid1l
Eta 1 JX534168.1 | 434232 (85) (85)
Ca. Magnetaquicoccus IMG: NCBI:txid2
Eta inordinatus UR-1 2881921666 | 496818 (86) (86)
Ca. Magnetoglobus IMG: NCBI:txid8
Delta multicellularis 2559591426 | 90399 (87, 88) (89)
Ca. Magnetananas NCBI:txidl
Delta rongchenensis RPA KF925363.1 | 463558 (90) (90)
IMG: NCBI:txid1
Delta Ca. Magnetomorum HK-1 | 2648890082 | 509431 (91) (92)
Desulfamplus NCBI:txidl
Delta magnetovallimortis BW-1 | JN252194.1 | 073250 (22) (23)
Desulfovibrio magneticus | NR_074958. | NCBI:txid5
Delta RS-1 1 73370 (16, 17) (93)
NCBI:txid2
Delta Desulfovibrio FSS-1 LC311577.1 | 730080 (29) (29)
Delta Proteobacterium NCBI:txid9
Delta FH-1 JF330268 99117 (23) (23)
NCBI:txid9
Delta Desulfonatronum ML-1 HQ595725.1 | 47513 (94) (23)
Nitro- | Ca. Magnetoovum NCBI:txidl
spirae | chiemensis WYHC-5 0L423397.1 | 609970 (95) (95)
Nitro- | Ca. Magnetobacterium NCBI:txidl
spirae | casensis MYR-1 MT703955.1 | 455061 (34) (96)
Nitro- | Ca. Magnetobacterium NCBI:txid2
spirae | bavaricum TM-1 X71838.1 9290 (21) (97)
Nitro-
spirae | Ca. Nitrospirae YOQR-1 ON340538.1 (8) (8)
Nitro- | Ca. Magnetomonas
spirae | plexicatena LBB-01 MK632185.1 | CP049016.1 | (98) (98)
Nitro- | Ca. Magnetominusculus
spirae | linsii LBB-02 MK632186.1 (98) (98)
Nitro-
spirae | Ca. Nitrospirae MYC-10 | ON342894.1 (8) (8)
Nitro- | Ca. Magnetocorallium NCBI:txid3
spirae | paracelense XS-1 00Q281288.1 | 021403 (99) (99)
Ca. Omnitrophus NCBI:txid1l
OP3 magneticus SKK-01 JN412733.1 | 74292 (100) (97)

Supplemental Table 1. Table of species and reference used for phylogenetic tree construction
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Strain Description Reference
AKS80 WT (25)

AK268 WT, Aupp (26)

AK350 Amad23, Aupp This study
AK377 Amad20, Aupp This study
AK378 Amad25, Aupp This study
AK380 Amad10, Aupp This study
AK382 Amad28, Aupp This study
AK383 Amad26, Aupp This study
AK220 AmamK This study

Supplemental Table 2. Table of all strains used in this study
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Plasmid Description Backbone Reference
PAK906 Complementation backbone with Pnpt (25)
PAK907 Complementation backbone with PmamA (25)
pAK914 Deletion backbone with SacB only (25)
pAK1127 | Deletion backbone with Upp and SacB (26)
pAK1452 | pVRO71: mad10 deletion plasmid with Strep | pAK1127 This study
pAK1384 | pVR022: mad20 deletion plasmid with strAB | pAK1127 This study
mad23 deletion with strAB for selection and
pAK1268 | upp counterselection (pCG116) pAK1127 This study
pAK1386 | pVR026: mad25 deletion plasmid with strAB | pAK1127 This study
pAK1387 | pVR028: mad26 deletion plasmid with strAB | pAK1127 This study
pAK1388 | pVR031: mad28 deletion plasmid with strAB | pAK1127 This study
mamK deletion plasmid with strAB in
pAK966 pAK914 pAK914 This study
pAK1481 | pVRO77: pAK906— mad10 complementation | pAK906 This study
pAK1454 | pVR073: pAK906— mad20 complementation | pAK906 This study
pAK1507 | pVR008: p906— mad23 complementation pAK906 This study
pAK1480 | pVR076: pAK907— mad25 complementation | pAK907 This study
pAK1488 | pVR084: pAK907— mad26 complementation | pAK907 This study
pPVR096: pAK907— mad28 complementation
pAK1518 | (with alternative start site) pAK907 This study
pAK1489 | pVR085: pAK906— mamK complementation | pAK906 This study

Supplemental Table 3. Table of all plasmids used in this study

All of the plasmids used for this study and the previously published backbones used to generate
the plasmids used for this research.
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Primer | Sequence Description
AAACGCAAAAGAAAATGCCGATATCC
TATTGGCCTCTAGAGGAATTCCAGGAT

VR123-F | TCCCTCA mad20 deletion upstream

VR124- | GGATCCCCCATCCACTAAATTTAAATA

R GGATCCTCTGTCCTTAATCTTGGCC mad20 deletion upstream
GGATCCTATTTAAATTTAGTGGATGGG

VR125-F | GGATCCAGGATCGCCAACAATGCCTG | mad20 deletion downstream
TGGCGGTCATGGTCTTTTCGGCGAGCT

VR126- | TCTCTAGAAGCTCCGCTTCAAGAACCA

R C mad20 deletion downstream
AAACGCAAAAGAAAATGCCGATATCC
TATTGGCCTCTAGACAAGTGGAGTTAG

VR127-F | GGTGATT mad25 deletion upstream

VR128- | CATATGCCCATCCACTAAATTTAAATA

R CATATGGTCAGCTTTAAAAAGGGCCA | mad25 deletion upstream
CATATGTATTTAAATTTAGTGGATGGG

VR129-F | CATATGTGTTCGGCCATTGCCGTTAT mad25 deletion downstream
TGGTGGCGGTCATGGTCTTTTCGGCGA

VR130- | GCTTCTCTAGACCTCGTCTCTCTAACA

R CAAA mad25 deletion downstream
AAACGCAAAAGAAAATGCCGATATCC
TATTGGCCTCTAGACATCAAAAGCATG

VR131-F | GAAGGGC mad26 deletion upstream

VR132- | GGATCCCCCATCCACTAAATTTAAATA

R GGATCCTTCGCGCTGCATTCCGTCCA mad26 deletion upstream
GGATCCTATTTAAATTTAGTGGATGGG

VR133-F | GGATCCACTATTGCCTTGAATAAATG mad26 deletion downstream
TGGTGGCGGTCATGGTCTTTTCGGCGA

VR134- | GCTTCTCTAGAGCATCCAAGCGTTCTT

R TTTG mad26 deletion downstream
AAACGCAAAAGAAAATGCCGATATCC
TATTGGCCTCTAGAAACGGTTTACAGC

VR135-F | GGATACA mad28 deletion upstream

VR136- | GGATCCCCCATCCACTAAATTTAAATA

R GGATCCGCATCCAAGCGTTCTTTTTG mad28 deletion upstream
GGATCCTATTTAAATTTAGTGGATGGG

VR137-F | GGATCCGGCCCTGACCGAGGCGGATT | mad28 deletion downstream
TGGCGGTCATGGTCTTTTCGGCGAGCT

VR138- | TCTCTAGACAAAATGGAGATTGGAGG

R AA mad28 deletion downstream
AGGCGGGCATGGCCAAGATTAAGGAC
AGAGGATCCCTGCTAAAGGAAGCGGA

VR147-F | ACACG Add strAB-mad20-F
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ATTCGCTATCAGGCATTGTTGGCGATC

VR148- | CTGGATCCCTAGTATGACGTCTGTCGC

R ACCT Add strAB-mad20-R
AGGGGCCATGGCCCTTTTTAAAGCTGA
CCATATGCTGCTAAAGGAAGCGGAAC

VR149-F | ACG Add strAB-mad25-F
GAAAAAGCATAACGGCAATGGCCGAA

VR150- | CACATATGCTAGTATGACGTCTGTCGC

R ACCT Add strAB-mad25-R
GGGCAAACACTCCCGGTCGATTCCGGA
CAGGATCCCTGCTAAAGGAAGCGGAA

VR151-F | CACG Add strAB-mad26-F
ATCACAGTTCATTTATTCAAGGCAATA

VR152- | GTGGATCCCTAGTATGACGTCTGTCGC

R ACCT Add strAB-mad26-R
ATATTCGAGCAAAAAGAACGCTTGGA
TGCGGATCCCTGCTAAAGGAAGCGGA

VR153-F | ACACG Add strAB-mad28-F
GGTATGGCTAATCCGCCTCGGTCAGGG

VR154- | CCGGATCCCTAGTATGACGTCTGTCGC

R ACCT Add strAB-mad28-R
GTCATGGTCTTTTCGGCGAGCTTCTCT

VR319-F | AGAATCTCCAAAAAGTTGCTGGGC mad10 deletion upstream

VR320- | CCCATCCACTAAATTTAAATAGGATCC

R TCTTCCATGGCGTCCTCCG mad10 deletion upstream
TATTTAAATTTAGTGGATGGGGGATCC

VR321-F | CCAGTGCGCAGCCGGCCTGA mad10 deletion downstream

VR322- | GAAAATGCCGATATCCTATTGGCCTCT

R AGATCGCGGCCTGGGCC mad10 deletion downstream
CGACAATGCGCGGAGGACGCCATGGA

VR323-F | AGAGCTGCTAAAGGAAGCGGAACAC Add strAB-mad10-F

VR324- | GAGATGATCTCAGGCCGGCTGCGCACT

R GGGCTAGTATGACGTCTGTCGCACC Add strAB-mad10-R
AGACAGGATGAGGATCGTTTCGCGTCG | mad20 complementation in

VR277-F | ACTGATCATCTCCCGGCGGG pAK906

VR278- | GGGAATTCGAGCTCGGTACCCGGGGA | mad20 complementation in

R TCCTGCGCCGCTCCTGGATTC pAK906

CG220- | GAGCTCGGTACCCGGGGATCCTCTAGA | mad23 complementation in

R ACTTGCTTTTCCGCCGTCATAC pAK906
CAAGAGACAGGATGAGGATCGTTTCG | mad23 complementation in

CG221-F | CGATGGAAGACGCCATGAGCTC pAK906
AAGCCAAGAAAAACGTCGCCAACGTC | mad25 complementation in

VR335-F | GACTATGGCCCTTTTTAAAGCTGACG pAK907

VR336- | GGGAATTCGAGCTCGGTACCCGGGGA | mad25 complementation in

R TCCTCTACCCGTCTGCGACGTC pAK907
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VR337-F

AGACAGGATGAGGATCGTTTCGCGTCG
ACTATGGAAGAAAATACCCGCTACA

mad10 complementation in
pAK906

GGGAATTCGAGCTCGGTACCCGGGGA

mad10 complementation in

VR338R | TCCTTCAGGCCGGCTGCG pAK906
AAGCCAAGAAAAACGTCGCCAACGTC | mad26 complementation in
VR355-F | GACTATGGACGGAATGCAGCGC pAK907
GGGAATTCGAGCTCGGTACCCGGGGA
VR356- | TCCTTCATTTATTCAAGGCAATAGTCA | mad26 complementation in
R GT pAK907
AGACAGGATGAGGATCGTTTCGCGTCG | mamK complementation in
VR357-F | ACTATGTCCGGAAGCAACGTGC pAK906
VR358- | GGGAATTCGAGCTCGGTACCCGGGGA | mamK complementation in
R TCCTTTAATCCTTTCGCAGCTCGTC pAK906
mad28 complementation in
AAGCCAAGAAAAACGTCGCCAACGTC | pAK907 (with Pmad28 &
VR375-F | GACTACAGCTCTGGCGCTCTTG alt-start)
mad28 complementation in
VR372- | GGGAATTCGAGCTCGGTACCCGGGGA | pAK907 (with Pmad28 &
R TCCTCTAATCCGCCTCGGTCAGG alt-start)

Supplemental Table 4. Table of all primers used in this study
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Compared
with:

Mann-Whitney U test

Welch's T-Test

Strain/ Strain/
Figure Condition | Condition | pValue Significance | pValue | Significance
Figure 3C | Early Late <0.0001 faleioll <0.0001 | ****
Figure 3D | Early Late <0.0001 Fkk <0.0001 | ****
Figure 3E | Early Late <0.0001 faloiekl <0.0001 | ****
Immature | Mature
Figure 31 | crystals crystals 0.0006 | ***

Supplemental Table 5. Table of all statistical tests used for figure 3 in this study
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Compared

with: One way ANOVA test | Mann-Whitney U test
Strain/ Strain/
Figure Condition | Condition | pValue | Significance | pValue | Significance
Figure 4D | fmpA WT <0.0001 | **** <0.0001 | ****
Figure 4D | fmpB WT <0.0001 | **** <0.0001 | ****
Figure 4E | fmpA WT <0.0001 | **** <0.0001 | ****
Figure 4E | fmpB WT <0.0001 | **** <0.0001 | ****
Figure 4F | fmpA WT <0.0001 | **** <0.0001 | ****
Figure 4F | fmpB WT <0.0001 | **** <0.0001 | ****

Supplemental Table 6. Table of all statistical tests used for figure 4 in this study
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Compared
with: One way ANOVA test | Mann-Whitney U test
Strain/ Strain/

Figure Condition | Condition pValue | Significance | pValue | Significance
Figure 6D | Amad10 WT 0.1364 ns 0.0005 | ***
Figure 6D | Amad20 | WT 0.7606 ns 0.3754 | ns
Figure 6D | Amad23 | WT 0.7606 ns 0.5328 | ns
Figure 6D | Amad25 WT 0.3521 ns 0.0147 | *
Figure 6D | Amad26 WT 0.4881 ns 0.111 ns
Figure 6D | Amad28 WT 0.7606 ns 0.3365 | ns
Figure 6D | AmamK WT <0.0001 | **** <0.0001 | ****

Compared with: | One way ANOVA test
Figure Strain/Condition | Strain/Condition | pValue | Significance
Figure 6E | Amad10 WT <0.0001 | ****
Figure 6E | Amad20 WT 0.0001 | ***
Figure 6E | Amad23 WT 0.5127 |ns
Figure 6E | Amad25 WT 0.9895 | ns
Figure 6E | Amad26 WT 0.0953 | ns
Figure 6E | Amad28 WT 0.0381 | *
Figure 6E | AmamK WT <0.0001 | ****

Compared with: | Kruskal-Wallis test
Figure Strain/Condition | Strain/Condition | pValue | Significance
Figure 6F | Amad10 WT <0.0001 | ****
Figure 6F | Amad20 WT <0.0001 | ****
Figure 6F | Amad23 WT 0.2744 | ns
Figure 6F | Amad25 WT 0.0073 | **
Figure 6F | Amad26 WT 0.0805 | ns
Figure 6F | Amad28 WT 0.0007 | ***
Figure 6F | AmamK WT <0.0001 | ****

Supplemental Table 7. Table of all statistical tests used for figure 6 in this study
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Compared

with: One way ANOVA test | Mann-Whitney U test
Strain/ Strain/
Figure Condition | Condition pValue | Significance | pValue | Significance
Figure 7F | AmamK WT <0.0001 | **** <0.0001 | ****
Figure 7F | Amad28 WT 0.9378 ns 0.4697 | ns
Figure 7G | AmamK WT <0.0001 | **** <0.0001 | ****
Figure 7G | Amad28 WT 0.0703 ns 0.0053 | **

Supplemental Table 8. Table of all statistical tests used for figure 7 in this study
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Chapter 3
Uncovering the mechanisms for magnetosome inhibition in a hydrogen environment

Virginia V. Russell*, Shannon O’Brien? and Arash Komeilit

1 Plant and Microbiology, University of California Berkeley, Berkeley, California, USA.
Berkeley City College, Berkeley, California, USA.
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Section 1: Introduction

Magnetotactic Bacteria (MTB) constitute a diverse, ubiquitous group of bacteria adept at
navigating along the Earth’s geomagnetic field in search of the optimal environment, employing
a specialized organelle known as the magnetosome. This organelle consists of a lipid bilayer
membrane that encases a magnetic crystal, usually composed of either magnetite (FesOa) or
greigite (FesSa) (4). It is believed that magnetotaxis, the capacity to align in magnetic fields,
operates in conjunction with chemotaxis, enabling MTB to position themselves in the most
favorable oxygen zone within a sediment or water column. This zone is typically at or just below
the oxic/anoxic interface, depending on the species (5) (Figure 1). However, for strictly
anaerobic MTB, it may also involve seeking zones that have, or lack, other elemental species,
located at deeper levels within the water column (Figure 1). In a study conducted by Bidaud et
al., it was posited that certain MTB utilize their magnetosomes to navigate towards varied redox
gradients that facilitate diverse metabolic processes, such as sulfur and phosphorus metabolisms
(101). This stands in contrast to microaerobic MTB, which have been demonstrated to employ
magnetosomes for magneto-aerotaxis, navigating along geomagnetic field lines to locate the
most favorable oxygen concentrations (102-104).

Desulfovibrio magneticus RS-1 is a dissimilatory sulfate-reducing bacterium, belonging to
the delta-Proteobacteria sub-phylum, that synthesizes a single chain of irregular tooth-shaped
magnetite magnetosomes. At the time of its discovery in 1993 (16), researchers were fascinated
to find an MTB at lower levels in the water column where sulfate reduction is occurring (16).
One cause is that the bacterial reduction of sulfate leads to the generation of hydrogen sulfide,
which can then react with iron to create a precipitate of iron sulfide (16). Therefore, finding
sulfate reducing bacteria that are capable of producing magnetite magnetosomes was intriguing.
Furthermore, the isolation of magnetotactic bacteria in strictly anaerobic settings supports the
hypothesis that some MTB might employ magnetosomes for magnetotaxis to locate the ideal
redox environment instead of varying concentrations of oxygen. In chapter 2, we discovered that
when RS-1 is grown in the presence of hydrogen it no longer synthesizes magnetosomes. We
were also able to show that in hydrogen conditions magnetosome synthesis is not limited by iron
availability as is seen when RS-1 is grown in the presence of sulfate (17). Here, in this study, we
are aiming to uncover the mechanism for the regulation of magnetosome production in a
hydrogen environment, which might help shed light onto the function of magnetosomes in
strictly anaerobic environments. We used an evolution experiment to search for a gene or set of
genes that are responsible for controlling magnetosomes production in different environmental
conditions.

Section 2: Results/Discussion:

In chapter 2 we discovered when Desulfovibrio magneticus RS-1 is grown in the
presence of hydrogen it no longer synthesizes magnetosomes. Additionally, we showed that
another iron organelle, the ferrosome, can be synthesized in a hydrogen environment leading us
the conclusion that iron availability is not hindering the production of magnetosomes (Chapter
2). Therefore, our subsequent question was whether the synthesis of magnetosomes is genetically
regulated under varying conditions. To address this, we did an evolution experiment (Figure 2),
where we grew 3 cultures of WT RS-1 (samples A, B, and C) in a medium infused with
hydrogen. To select for magnetic cells, during each transfer we passed the entire 10 mL cultures
through a magnetic column (Figure 2). During growth we measured the optical density and the
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magnetic response. We were looking for a culture that had a significant magnetic response
(CMag).

The initial several transfers using the magnetic columns did not exhibit a significant rise
in Cwmag; however, by the fifth and sixth columns transfers, samples B and C began to show a
magnetic reaction (Figure 3). Sample A never became magnetic (Figure 3). These results
indicate that samples B and C are dominated by RS-1 mutants that can synthesize magnetosomes
under hydrogen conditions. Therefore, we isolated genomic DNA from the cultures and
sequenced them to find possible mutations. Interestingly, there was one gene that showed several
mutations in both the B and C communities. This gene is annotated with a HAMP domain, a
PAS domain, and a Methyl accepting chemotaxis sensing protein domain. In addition, there are
two transmembrane domains. (Figure 4 and Figure 5). HAMP (histidine kinases, adenylyl
cyclases, methyl-accepting chemotaxis proteins, and phosphatases) domains are a common
component in numerous bacterial signal transduction proteins (105). This result suggests that
RS-1 can detect hydrogen in its surroundings and that when cultivated in a hydrogen-rich
environment, there may be a genetic response that controls magnetosome synthesis, ceasing the
production of magnetosomes in that environment.

In conclusion, when Desulfovibrio magneticus RS-1 is cultured in an environment
containing hydrogen, it inhibits the production of magnetosomes. A similar feature is noted in
Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1, both
microaerobic alpha-Proteobacteria MTB. However, in these species, the phenomenon is
triggered by elevated oxygen levels rather than hydrogen, leading to a cessation or significant
reduction in magnetosome production under oxygen-rich conditions (46, 47). It is believed that
the function of magnetosomes, magnetotaxis, enables MTB to use the Earth’s geomagnetic fields
to align themselves in the most favorable oxygen zone within a sediment or water column. Yet, it
is curious why in the presence of high levels of oxygen AMB-1 and MSR-1 ceases the
production of magnetosomes because if the cells are in environments with higher concentrations
of oxygen it would make it more difficult to move to a more favorable environment. In a similar
way it is curious why RS-1 would stop the production of magnetosomes in hydrogen
environments. Here, we showed there might be a potential genetic regulation occurring to
prevent magnetosomes from forming, yet more research is necessary to prove this phenomenon.
Looking deeper into the mechanism for inhibiting magnetosomes synthesis, in future studies,
will likely shed light into the question regarding not only what the mechanism is, but also why
this might be happening.

Section 3: Methods

3.1 General Culturing for RS-1

Desulfovibrio magneticus RS-1 strains were grown at 30°C anaerobically in RS-1 growth
medium (RGM)), as described previously (24, 25). For growth with hydrogen, the medium was
gassed with 10% hydrogen balanced with Nitrogen prior to autoclaving the medium.
Additionally, after inoculating, the headspace was re-gassed with the same concentration of
hydrogen nitrogen gas for 10 minutes. All hydrogen cultures were grown spinning on a wheel in
the 30°C incubator. Only nitrogen cultures that were used as controls for hydrogen cultures were
grown on a wheel in the incubator; all other nitrogen cultures were not grown shaking. Optical
density and magnetic response via Cmag Were monitored throughout growth for all experiments
as previously described (25).
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3.2 Evolution experiment

Wild-type strain of Desulfovibrio magneticus RS-1 was cultured from a colony into Balch tubes
containing 10 mL of nitrogen-infused medium to confirm magnetosome production as previously
detailed. Subsequently, these cultures were transferred into Balch tubes with 10 mL of hydrogen-
infused medium, using the procedure outlined earlier. Before the evolution experiment
commenced, the culture underwent an additional transfer into 10 mL of hydrogen-infused
medium to guarantee the absence of magnetosomes, making this culture the initial inoculum for
the experiment. To verify the lack of magnetosomes, a magnetic response was measured using
Cwmag. This initial culture was used to inoculate three Balch tubes with 10 mL of hydrogen
infused medium with 0.5 mL of inoculum (Figure 2). Four days later, in the anaerobic chamber,
each culture tube was passed through a magnetic column with magnets added to the sides of the
column. The flow through was collected and the columns were washed with the same volume of
sterile media (RGM), then the magnets were removed and 3 mL of RGM was used to elute any
magnetic cells from the column (Figure 2). That elution was used to inoculate the next set of
Balch tubes with 10 mL of hydrogen infused medium (Figure 2). This procedure was carried out
for each transfer, occurring biweekly. For each transfer, the cultures were assessed by measuring
optical density and magnetic response using Cwmag, aiming to detect any cultures exhibiting a
magnetic response, an indicator of mutations permitting magnetosome production.

3.3 Variant calling to find mutations

During the evolution experiment, when a culture was found to have a magnetic response, 1 mL
of that culture was streaked onto RGM plates, while the remaining 9 mL was harvested for DNA
extraction to sequence the entire community. When the plates grew up, individual colonies were
used to inoculate Balch tubes with 10 mL of hydrogen infused RGM. Subsequently, when the
cultures tubes grew up optical density and magnetic response via Cmag Were measured and
magnetic cultures were saved for DNA extractions to send for sequencing as well. All
sequencing was performed by SeqCenter in Pittsburgh, PA, with 200 Mbp Illumina Whole
Genome Sequencing and mutations were searched for using variant calling with Breseq (106).
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Figure 3. Magnetic response before and after magnetic columns for each transfer

Each culture transfer during the evolution experiment the magnetic response was measured and
calculated using Cwmag as described previously (25). The Cvag was measured before and after the
culture was passed through the column. 1.0 represents no magnetic response, whereas 1.3
represents a good magnetic response. WT RS-1 grown in nitrogen conditions can have a
magnetic response ranging from 1.4 to 1.8.
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A

Predicted mutations

Sample B

evidence seqid position mutation annotation gene description
RA contig_13 | 12,458|2 bp—GT |intergenic (+245/+586) tmfM — | « NAEEGL_04360 tRNA-fMet(cat)/hypothetical protein
BRA contig_13 | 13,024 C—T | intergenic (+811/+21) tmfM — | « NAEEGL_04360 tRNA-fMet(cat)/hypothetical protein
RA contig_13 | 13,038 T—G intergenic (+825/+7) trnfM — | « NAEEGL_04360 tRNA-fMet(cat)/hypothetical protein
RA contig 13 | 13,051| G—A | A66A (GCC—GCT) NAEEGL_04360 hypothetical protein
RA |contig_13| 13,054 G—A | S85T (TCC—ACT) NAEEGL_04360 hypothetical protein
RA contig_13 | 13,056 A—T S65T (TCC—ACT) NAEEGL_04360 « hypothetical protein
RA |contig_133 38| C-G intergenic (~/-61) —~/ — NAEEGL_19480 ~/Superoxide dismutase
RA |contig_136 74| G-T intergenic (-/+213) ~/ « NAEEGL_19685 ~/4Fe-4S ferredoxin-type domain-containing protein
RA contig_23 4,181 A-G K70K (AAA—AAG) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,208/ A-C E79D (GAA—GAC) NAEEGL_06995 — HAMP domain-containing protein
BA contig_23 4,220 G—A | R83R (CGG—CGA) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,286/ C—T | N105N (AAC—AAT) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,440| G—A | A157T (GCT—ACT) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,451 G—A L160L (TTG—TTA) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4475 C—-T | T168T (ACC—ACT) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,517| A1bp | coding (546/2469 nt) NAEEGL_06995 — HAMP domain-containing protein
BA contig_23 5249 C—A |G426G (GGC—GGA) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 5,282| A1bp |coding (1311/2469 nt) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 5,288 +T coding (1317/2469 nt) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 5318 T—C 1449] (ATT—ATC) NAEEGL_06995 — HAMP domain-containing protein
MC |contig_286 1| A398 bp intergenic (~/~) - - -/~
MC |contig_296 1| A287 bp intergenic (~/-) -/ - —/-
MC  |contig_297 1| A287 bp intergenic (—/-) -/= —i-
RA contig_3 61/2bp—CC| intergenic (-/+328) -/« purM ~/Phosphoribosylformylglycinamidine cyclo-ligase
MC  |contig_307 1| A219 bp intergenic (—/-) -/ = —t-
RA |contig_312 72| T-C intergenic (~/-) -/= -4
MC |contig_314 1| A164 bp intergenic (~/~) - - -/-

Predicted mutations

Sample C

evidence seqid position mutation annotation gene description
BA contig_13 | 12,458|2 bp—GT |intergenic (+245/+586) trnfM — | — NAEEGL_04360 tRNA-fMet(cat)/hypothetical protein
RA contig_13 | 13,024 C—T | intergenic (+811/+21) tmfM — | — NAEEGL_04360 tRNA-fMet(cat)/hypothetical protein
RA contig_13 | 13,038 T—G intergenic (+825/+7) trnfM — | « NAEEGL_04360 tRNA-fMet(cat)/hypothetical protein
RA contig_13 | 13,051| G—A | AB6A (GCC—GCT) NAEEGL_04360 « hypothetical protein
RA contig_13 | 13,054 G—A S65T (TCC—ACT) NAEEGL_04360 « hypothetical protein
RA contig_13 | 13,056| A—T S65T (TCC—ACT) NAEEGL_04360 « hypothetical protein
RA contig_23 4112 T-A R47R (CGT—CGA) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,142 TG | G57G (GGT—GGG) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,181 A-G K70K (AAA—AAG) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,208/ A-C E79D (GAA—GAC) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,220| G—A | R83R (CGG—CGA) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4,286| C—T | N105N (AAC—AAT) NAEEGL_06995 — HAMP domain-containing protein
BA contig_23 4,440, G—A | A157T (GCT—ACT) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4451 G—A L160L (TTG—TTA) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4475 C—T | T168T (ACC—ACT) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 4517| A1bp | coding (546/2469 nt) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 5249 C—A |G426G (GGC—GGA) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 5,282| A1bp |coding (1311/2469 nt) NAEEGL_06995 — HAMP domain-containing protein
RA contig_23 5,288 +T coding (1317/2469 nt) NAEEGL_06995 — HAMP domain-containing protein
RBRA contig_23 5318 T-C 1449] (ATT—ATC) NAEEGL_06995 — HAMP domain-containing protein
MC |contig_286 1| A398 bp intergenic (~/-) -/= -/~
MC  |contig_296 1| A287 bp intergenic (-/-) -/ = -/~
MC |contig_297 1| A287 bp intergenic (~/-) -/= -
RA contig_3 61/2 bp—~CC| intergenic (~/+328) =/ « purM ~/Phosphoribosylformylglycinamidine cyclo-ligase
MC |contig_307 1| A219 bp intergenic (~/-) -/ - —I-
MC  |contig_314 1| A164 bp intergenic (—/-) -/ —I-
MC  |contig_316 1| A116 bp intergenic (—/-) -/ = /-
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Figure 4. Mutations for community B and C

Using a variant calling program, BreSeq (106), sequencing reads for both communities, Sample
B and Sample C, were compared to the WT annotated genome. (A) shows the predicted
mutations with the highest confidence for sample B and (B) shows the predicted mutations for
sample C.
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Figure 5. Domain map and 3D protein structure of HAMP containing gene

(A) Domain map of the gene with predicted mutations from evolution experiment. This gene
contains a HAMP domain, a PAS domain, and a Methyl accepting chemotaxis sensing protein
domain. In addition, there are two transmembrane domains. The domains were predicted using
InterPro (52). (B). 3D protein structure of gene mutated in evolution experiment. Protein
structure was generated using Alphafold2 with Colabs (54) and visualized using ChimeraX (55).
The protein structure is colored according to the confidence level with blue being 100%
confident and red representing 0% confident.
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Conclusion

In conclusion, this study has greatly enhanced our knowledge of the mechanisms
involved in magnetosome synthesis and organization in Desulfovibrio magneticus RS-1, a
representative of the deep-branching magnetotactic bacteria (MTB). Prior to this work, our
understanding of magnetosome formation and alignment was primarily derived from studies on
two key model organisms: Magnetospirillum magneticum AMB-1 and Magnetospirillum
gryphiswaldense MSR-1. Both of these MTB are part of the alpha-Proteobacteria sub-phylum
and generate cubooctahedral magnetite crystals. However, as the phylogenetic tree of MTB
expands, it becomes crucial to include representation from other MTB groups. In chapter 1 we
discussed the diversity of magnetotactic bacteria and the need for models outside of the sub-
phyla of alpha-Proteobacteria.

In Chapter 2, based on proteomic and genetic analyses, we have developed the following
model for the stages of magnetosome formation in RS-1. The first step involves crystal
nucleation, which occurs not at the cell's positive curvature but at several distinct sites. In the
second step, crystal growth continues at the nucleation sites. Once the crystals reach a certain
size in step three, the immature crystals are moved to the positive curvature of the cell. At this
stage, it is likely that Mad10 envelops the crystal, aiding the binding of chain organization
proteins. After Mad10 has coated the crystal, Mad28 then engages with the magnetosome,
guiding it towards the positive curvature. As the crystals migrate to this curvature, the
biomineralization shifts towards chain organization. During the initial stage of this organization
in step four, we observe one or two mature crystals at the positive curvature. When multiple
crystals come together, Mad23 links them, sparking the creation of sub-chains. In step five,
further sub-chains begin to form. MamK plays a crucial role in separating these sub-chains and
arranging them along the cell’s length. Finally, in step six, more crystals are progressively
integrated into the existing sub-chains to complete the magnetosome chain.

Additionally, Chapter 2 reveals that when Desulfovibrio magneticus RS-1 is cultivated in
the presence of hydrogen, it ceases to produce magnetosomes. A similar behavior is noted in
AMB-1 and MSR-1, although in these cases, the suppression occurs under conditions of high
oxygen rather than hydrogen (46, 47). In both instances, magnetosome proteins remain present
even though magnetosomes are not formed (48). Similar to MSR-1 and AMB-1, a set of
magnetosome proteins in RS-1 are constitutively translated. Subsequently, in Chapter 3 we
implemented an alternative method to explore the inhibition of magnetosome synthesis in the
presence of hydrogen, using a genetic screening approach. This investigation identified a
potential gene featuring a HAMP-domain, which could play a role in controlling magnetosome
production under hydrogen-rich conditions. Thus, it appears that magnetosome production is
regulated at the transcriptional or translational level, yet the proteomics analysis suggests that not
all magnetosome proteins cease translation, indicating that the regulation might be more specific
and targeted. Furthermore, the absence of magnetosomes is not due to a lack of iron availability
since RS-1 can still produce ferrosomes, iron-rich granules, under these conditions (Chapter 2).
Therefore, beyond iron availability and translation of magnetosome protein, there must be an
additional regulatory mechanism affecting magnetosome synthesis. Additionally, a benefit of
discovering magnetosome production is inhibited in hydrogen, is the possibility of using this
feature as a tool for investigating different phases of biomineralization. Prior to this revelation,
the synchronization of biomineralization relied on inducing iron starvation. However, this
approach led to the production of ferrosomes, making it impossible to distinguish immature
magnetosomes from ferrosomes. Therefore, it made observing early stages of biomineralization
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nearly impossible. Utilizing hydrogen, we are able to capture the early stages of
biomineralization in much more detail.

In closing, this research has greatly expanded our knowledge of the mechanism behind
magnetosome synthesis and organization in Desulfovibrio magneticus RS-1. The proposed
model for magnetosome synthesis and organization in RS-1, outlined in Chapter 2, is remarkably
different from the established mechanisms in both AMB-1 and MSR-1. This highlights the
significance of investigating magnetosome formation across a wider range of Magnetotactic
bacterial species, especially in the deeper branching MTB. As the phylogenetic tree of MTB
continues to grow, it has become more and more evident that we require additional model
systems beyond those in the alpha-Proteobacteria sub-phyla.
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