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Abstract

Magnetotactic bacteria (MTB) are a diverse group of highly motile Gram-negative microorganisms with the common ability
to orient along magnetic field lines, a behavior known as magnetotaxis. Ubiquitous in aquatic sediment environments, MTB
are often microaerophilic and abundant at the oxic/anoxic interface. Magnetic field sensing is accomplished using intracel-
lular, membrane-encased, iron-containing minerals known as magnetosomes. The chemistry, morphology and arrangement
of magnetosomes differs substantially among different MTB. Although magnetic field sensing mechanisms, genetic bases
and protein functions have been elucidated in select model organisms such as the Magnetospirillum strains and Desulfovi-
brio RS-1, not all findings are applicable to diverse clades of MTB. As the number of identified species has increased, it
has become evident that many of the characteristics and mechanisms once presumed to be prototypical of MTB are in fact
not universal. Here we present a general overview of the current state of MTB research for readers outside of the realm of
prokaryotic research, focusing on recent discoveries, knowledge gaps and future directions. In addition, we report new insights
acquired using holographic technology to observe and quantify microbial responses in magnetic fields that are earth-strength
or weaker, providing a new ecophysiological approach to in situ MTB research.

Keywords Magnetotactic bacteria - Magnetotaxis - Digital holographic microscopy (DHM) - Off-axis holography -
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The following article consists of two sections: a broad-

scale overview of magnetotactic bacteria to familiarize read-
ers outside of prokaryotic research with the subject matter,
and the specific findings of a novel approach to the in situ
study of MTB. Here we report the first use of digital holo-
graphic microscopy (DHM) in the study of magnetotaxis
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dynamics in MTB. This novel approach combines a non-
invasive imaging technique with a magnetic coil system to
control the strength and direction of an imposed magnetic
field. This methodology provides three-dimensional track-
ing of individual microorganisms and the ability to quantify
their motile behaviors of living cells. Using DHM technol-
ogy in conjunction with the magnetic coil system, we report
the ability to directly observe and characterize the magneto-
taxis response of MTB in the absence and sudden presence
of low magnetic field strengths (<50 pT).

The magnetotactic bacteria

First reported to the larger scientific community by the
pioneering work of Richard Blakemore in 1975, the exist-
ence of magnetotactic bacteria was initially observed by
the Italian physician Salvatore Bellini in 1963 (Frankel and
Bazylinski 2009; Komeili 2012). Translated and published
in 2009 through the efforts of Richard Frankel, the observa-
tions of Bellini describe freshwater bacteria that he termed
‘magnetosensitive’ (Bellini 2009). MTB are a diverse poly-
phyletic group of organisms that share the ability to sense,
orientate and respond to the presence of magnetic fields (a
motile response known colloquially as magnetotaxis), with
members having been identified from many taxa including:
the Candidatus Etaproteobacteria, Alphaproteobacteria,
Gammaprotetobacteria, Desulfobacterota (previously Del-
taproteobacteria), Nitrospira, the candidate divisions WS3
(candidate phyla Latescibacteria) and OP3 (Omnitrophica)
(Uebe and Schiiler 2016; Waite et al. 2020; Liu et al. 2021).
Many of the early observations from model MTB organisms
have led to widespread assumptions that are later revised as
more MTB are discovered, brought into culture, sequenced
through genomics and targeted with new technologies. With
the discovery of larger, more complex MTB such as the Can-
didatus Magnetobacterium bavaricum, or Candidatus Mag-
netoglobus multicellularis, still more assumptions have had
to be reconsidered; undoubtably, many discoveries remain to
be made (Jogler et al. 2010; Lefevre and Bazylinski 2013).
Magnetotactic bacteria and their ability to biomineralize
highly regulated iron minerals within their magnetosome
organelles have been of immense interest to a variety of
academic fields, from microsensors and material science
to applied medicine and geology; however, studying these
organisms both in the laboratory and in the environment has
been difficult.

MTB are largely considered ‘gradient’ organisms: bac-
teria that thrive in geochemically stratified environments
that are difficult to reproduce in the laboratory (Jogler et al.
2010). MTB are often most abundant in the oxic/anoxic
transition zone of sediments, where oxygen concentration
is scarce, and the polarity (preferred magnetic orientation)
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of MTB in each hemisphere often directs the bacteria deeper
into the sediments they inhabit (Barber-Zucker et al. 2016).
However, the presence of MTB demonstrating both polari-
ties near the equator (where the magnetic field vector is par-
allel to the Earth’s surface), as well as south-trending MTB
in the Northern hemisphere, has raised questions about the
true function of magnetotaxis (Frankel et al. 1981; Simmons
et al. 2006). In addition, a recent study focused on identi-
fying genes fundamental to iron cycling and utilization in
metagenomic assemblies found the putative genes associated
with magnetite biomineralization in magnetosome produc-
tion (mam) were only seen in 1 of 27 environmental metage-
nomes analyzed, although MTB are considered ubiquitous in
aquatic sediments (Garber et al. 2020). This lack of genomic
representation perhaps alludes to a larger undescribed diver-
sity of magnetic field sensitive organisms that may rely on
yet to be identified mechanisms.

The evolution of magnetosome organelles has been pro-
posed to have occurred around the time of the Archean
Eon divergence of the Proteobacteria and Nitrospirae (Lin
et al. 2017b). Magnetofossils, the preserved magnetic min-
erals of MTB in the fossil record, have been reported up
to 1.9 Ga in age (Kopp and Kirschvink, 2008). The pres-
ence of “oxygen oases”, or localized pockets of oxic micro-
environments, have been proposed to have existed in the
early anoxic ocean around 2.8-3.2 Ga, perhaps facilitating
the formation of redox gradients and stratified systems in
which MTB may have adapted to exploit (Lin et al. 2017b).
Potentially of interest to the experiments reported in this
article, concentrations of magnetofossils are notably dimin-
ished during times of low magnetic field intensity associated
with geomagnetic field reversals (Kirschvink 1982). As the
intensity of the Earth’s magnetic field and orientation has
changed throughout at least the last 3.5 Ga, the adaption and
evolution of MTB throughout geological history remains a
tantalizing question to ponder (Biggin et al. 2011). Recent
metagenomic analysis of 28 uncultured MTB suggests that
the magnetotactic behavior is an ancient monophyletic trait
that may have been common to the last universal common
ancestor of the various bacterial clades that contain extant
MTB. It has been proposed that the loss of the magnetosome
genes and functions has occurred many times throughout the
evolution of the various clades giving rise to lineages of non-
magnetotactic bacteria within the various MTB-containing
clades (Lin et al. 2018). As the origin of the magnetosome
organelle in prokaryotes appears to be ancient, the variety
of extant MTB organisms and their clade-specific nuances
is not surprising. Some of the ideas that have come and gone
with regard to microbial magnetotaxis are discussed below,
along with the inconsistencies that have arisen with the dis-
covery and study of new microbes.

Magnetosomes consist of pure single-domain crystals of
the magnetic minerals magnetite (Fe;O,) or greigite (Fe;S,)
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that are encased within a lipid-bilayer membrane vesicle.
Mature crystals are typically 50-120 nm in diameter and are
biomineralized directly within the magnetosome membrane
(Komeili 2012; Barber-Zucker et al. 2016) Just as MTB are
found in multiple bacterial taxa, the shape and arrangement
of the magnetosome crystals exhibit remarkable diversity
among the various clades (Fig. 1). Although many MTB
arrange the magnetosome crystals in a single chain within
the cytoplasm, other MTB species utilize multiple magneto-
some chains and non-chained configurations (Li et al. 2020;
Liu et al. 2021). The type of iron mineral utilized may be dic-
tated by the location of MTB along the O,/H,S gradient of
sediment ecosystems, with greigite (Fe;S,) MTB preferring
more reduced environments (Kopp and Kirschvink 2008).
Functionally, a chain of magnetosomes is thought to act as
an internal compass needle, allowing a bacterium to orient
along the Earth's magnetic field. The magnetosomes thus
provide a detection sensor for the magnetotaxis response.
Magnetosome minerals within many MTB are aligned in a
chain arrangement and oriented with parallel axes of mag-
netization, giving the entire chain the behavior of a single
magnetic dipole. However, the presence of the non-chained
organized magnetosomes commonly found in magnetotactic
cocci and other recent work suggests that additional or alter-
native functions of the magnetosome structures exist among
the MTB. Some hypotheses include providing an indirect
method of measuring the gravitational vector, detoxifying
metal ions or reactive oxygen species and storing energy
by functioning as 'geobatteries’ (Uebe and Schiiler 2016).

Proposed functions of magnetosomes

The concept of prokaryotes using magnetosome minerals as
a redox ‘geobattery’ was proposed by Vali and Kirschvink
(1991). Although little direct evidence for this ability has
emerged so far, the concept is not unfeasible and may be
of use to MTB that do not orientate their magnetosomes in
a chained arrangement. Just as many sulfur bacteria have
been observed storing intracellular sulfur globules for meta-
bolic use at a later time, Vali and Kirschvink envision the
partial oxidation and reduction of the magnetosome miner-
als in conjunction with the reduction potential of the cell’s
environment (Vali and Kirschvink 1991). According to
this hypothesis, when a MTB cell is in an environment that
favors oxidation, the magnetic mineral is partially oxidized
giving the cell a source of an intracellular electron acceptor.
Alternatively, when the cell migrates to a more reducing
environment, the minerals could be used for respiration and
transformed back to the steady-state mineral stoichiometry
(Kopp and Kirschvink 2008). Following this line of thought,
the authors raise the possibility that intracellular greigite
minerals might have evolved first as an iron-sulfide based

redox energy storage system and later evolved into the extant
magnetotaxis system as the minerals became aligned within
the cell to produce a magnetic dipole effect. In contrast,
Abreu et al. (2011) using genomic comparisons, proposed
that the bullet-shaped magnetite magnetosomes produced in
the deep-rooted clades (Nitrospirae and Desulfobacterota)
represent the earliest magnetosome organelles.

Philippe and Wu (2010) proposed that a magnetic torque
is generated on the magnetosome chain when the bacterium
is not aligned with the geomagnetic field. This torque affects
the MamK cytoskeletal filaments and its interaction with the
MCP-like protein Amb0994, eliciting a response from the
CheA—CheY signal transduction system to control flagellar
rotation. Although this work proposes a novel function of
magnetosomes in Magnetospirillum AMB-1, it may actu-
ally provide clues as to how the detection of the geomag-
netic field by the magnetosome chain is translated to active
motility in some magnetosensing clades. Once again, the
enigmatic magnetococci and their lack of magnetosome
crystal arrangement provides an exception to this hypoth-
esis for MTB as a whole (Li et al. 2020). The large range
of MTB taxonomic diversity and magnetosome geometries
has prompted much scientific interest in magnetotactic bac-
teria. MTB are studied in hopes of elucidating fundamental
mechanisms of how organisms sense magnetic fields, the
evolution of prokaryotic organelles and biomineralization.

The magnetotactic response of MTB often display a
‘polarity’ related to the latitudinal location of the bacteria
on Earth. In the northern hemisphere, MTB typically, but
not always, swim in the direction that magnetic field lines
point; from a physics perspective this means that they move
toward the south pole of a bar magnet (i.e. the magnetic
pole located in the northern hemisphere). In the southern
hemisphere, MTB typically swim against magnetic field
lines, which means that they move toward the north pole
of a bar magnet (i.e. the magnetic pole located in the south-
ern hemisphere, where the Earth’s magnetic field emerges).
Because geomagnetic field lines in the northern hemisphere
are angled downward (into the Earth), while those in the
southern hemisphere are angled upward (out of the Earth),
polarity has been proposed to aid the bacteria in navigat-
ing a three-dimensional environment by focusing motility
in a more linear (up and down) fashion allowing for a more
efficient method of navigating vertical chemical gradients of
stratified redox environments (Fig. 2).

The magnetotactic response of MTB is deeply inte-
grated with other environmental stimuli/response pathways
including oxygen (aerotaxis), light (phototaxis) and general
chemosensory (chemotaxis) cues. This is evident as both
magneto-aerotaxis and magneto-phototaxis responses have
been observed. MTB that display magneto-aerotaxis behav-
iors can be differentiated into two types, polar and axial.
Microbes that undergo polar magneto-aerotaxis swim in a

@ Springer



110

Journal of Comparative Physiology A (2022) 208:107-124

—————— 500 nm ———— 500 nm ————————i 500 nm

Fig. 1 Magnetotactic bacteria with visible magnetosomes. a Assorted
MTB collected from Baldwin Lake, CA. b Magnetospirillum
(Lefevre and Bazylinski 2013). ¢ MTB with ‘bullet-shaped’ mag-
netosome minerology (Rosenberg et al. 2013). d Rod-shaped MTB
reported by Blakemore (1982). e Multicellular magnetotactic prokar-
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yote (MMP) from (Rosenberg et al. 2013). f Magnetotactic coc-
cus (MYC-3) with unchained magnetosome arrangement (from Liu
et al. 2021). g Magnetotactic coccus (DMHC-6) with semi-chained
arrangement (from Liu et al. 2021)
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Fig.2 General conception of MTB behavior in aquatic environments.
It is important to recall that global dipole of the Earth’s geomagnetic
field is inverted with regard to the nomenclature of the geographi-
cal pole. The southern magnetic pole of the earth is, from a physics
standpoint, the north pole of a magnet, inasmuch as field lines emerge
from the southern hemisphere, wrap around the earth, and re-enter

single direction along the magnetic field lines, dependent
on oxygen concentrations (high O, concentration = move-
ment in the preferential magnetic field direction). MTB
that are capable of axial magneto-aerotaxis are known to
switch between magnetic field orientations (northward vs
southward) depending on local O, concentrations, eventu-
ally finding zones of optimal O, gradients. Lefévre et al.
(2014) observed six different variations of the polar and
axial magneto-aerotaxis in cultured MTB strains, demon-
strating that although oxygen gradient and magnetic field
sensing can be used together, the navigational inputs for
the motile responses of magnetotaxing bacteria are more
complex than simply regulating these two environmental
factors (Barber-Zucker et al. 2016). Further evidence of the
close coupling between general chemotaxis and magnetic
field sensing comes from the high number of chemotaxis
and signal transduction proteins found in MTB, as multi-
ple copies of the chemotaxis operon and dozens of putative
chemoreceptor genes have been seen in MTB genomes when
compared to non-magnetotactic bacteria (Uebe and Schiiler
2016).

How cultivated magnetotactic bacteria have
shaped our understanding, until recently

While MTB are easy to magnetically enrich with a magnet,
and identify in environmental samples, they are notoriously
difficult to grow as pure cultures in the laboratory. As a

Southern Hemisphere
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the planet in the northern hemisphere. For this reason, MTB in the
northern hemisphere (that exhibit northward polarity) are attracted
towards the southern pole of a bar magnet. In the environment, MTB
are thought to use the geomagnetic field as a method of locating the
oxic/anoxic transition zone. Based on Uebe and Schiiler (2016)

result, many of early reporting, hypotheses and models are
based on the few representatives that had been successfully
cultivated and maintained in the laboratory environment.
INlustrative of the difficulties inherent to MTB research, the
first successful isolate of a MTB strain (Magnetospirillum
magnetotacticum MS-1) was cultivated by Blakemore in the
late 70s; 4 decades later, the conditions required to facili-
tate growth of MS-1 on solid substrate is still undetermined,
limiting more traditional genetic investigations of this strain
until the genomics era (Blakemore et al. 1979; Smalley et al.
2016; McCausland and Komeili 2020). Closely related, cul-
tured model strain organisms like the Alphaproteobacteria
M. magneticum AMB-1 and M. gryphiswaldense MSR-1
have dominated genetics-based MTB research for decades;
however, with more recent advances like the cultivation of
greigite producing strains, the -omics revolution, and new
technologies to identify and investigate MTB like FISH-
TEM and the CRISPR-Cas9 system, the diversity and clade-
specific nuances of the larger MTB community has begun to
come into focus with many discoveries and advances forth-
coming (Li et al. 2017; Chen et al. 2018).

In the early 2010s, the use of single cell sorting via opti-
cal tweezers and whole genome amplification provided a
methodology in which draft genomes of individual cells
of uncultivated MTB clades from could be assembled de
novo (Kolinko et al. 2012, 2013, 2016). Additional tech-
nological progress has been made in the identification of
elusive and non-cultivated MTB through the combination of
electron microscopy and fluorescence in situ hybridization
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analyses (FISH-SEM and FISH-TEM). In combining fluo-
rescence-based phylogenetic identification with scanning or
transmission electron microscopy, both the identity and the
magnetosome mineral characterization of individual MTB
cells can be accomplished (Li et al. 2017). This technique
has since been used to successfully identify and further
characterize numerous novel MTB from within the Nitros-
pirae, Gammaproteobacteria and Etaproteobacteria clades
(Li et al. 2017, 2020; Qian et al. 2019). Another promis-
ing approach to uncovering previously unknown MTB has
been the use of open genomic and metagenomic databases
to uncover magnetosome-associated genes in previously
unreported and unrepresented clades. Using this approach,
Uzun et al. (2020) report the presence of magnetosome for-
mation genes in the genomes of members of the Elusimi-
crobia, Nitrospinae, and Ca. Hydrogenedentes, phyla that
have no or very few axenic cultures, as well as novel genera
within the Alphaproteobacteria that had lacked known MTB
representation.

Diversity of magnetosome-associated genes
among the magnetotactic bacteria

As the diversity of MTB strains and the quantity of reported
MTB genomes has increased rapidly in the last decade, much
has changed in our understanding of the genetic basis of
magnetosome formation among the various MTB clades. As
this overview is intended for a broader audience, we refer to
McCausland and Komeili (2020) for a more detailed account
and review of magnetosome associated genes.

The essential mam genes (MamA, -B, -E, -1, -K, -M, -O,
-P and -Q) have been identified as the core magnetosome-
associated genes found in virtually all MTB regardless of
clade and have been used to infer phylogeny and shared
ancestry among the Proteobacteria, Desulfobacterota, Nitro-
spirae, and Omnitrophica phyla (Lefévre and Bazylinski
2013; Lin et al. 2018; Uzun et al. 2020). It is likely that the
common ancestor of all these groups could produce mag-
netic biominerals and that the various non-magnetotactic
species within the MTB-containing clades are the result of
genetic loss of function events (Lin et al. 2018). However,
these core shared genes are not the only genes responsi-
ble for magnetosome formation, with the existence of both
shared and unique magnetosome associated genes amongst
and between the various clades.

The gene clusters responsible for the formation of the
magnetosome organelles under the Magnetospirillum model
(species that form cubooctahedral magnetite minerals) have
been termed the magnetosome gene island (MAI), a~ 130 kb
genomic region (determined in M. gryphiswaldense MSR-
1) that has been show to have homology in many of the
closely related MTB (Ullrich et al. 2005; Lin et al. 2018).
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Using the genes located in the MAI, Kolinko et al. (2014)
were able to successfully induce magnetosome production
in a non-magnetotactic species Rhodospirillum rubrum by
inserting combinations of the MAI genes in expression cas-
settes, a large step in our understanding of the vital genes
within the MSR-1 MAI and for the application and syn-
thesis of magnetite biominerals. Although there is general
homology between the MAI of the closely related MSR-1
and AMB-1 model strains, there are unique differences in
necessary expression and number of functional paralogs
found within the genome of each organism (McCausland
and Komeili 2020).

A number of the mam genes identified in the MAI of
MTB within the Alphaproteobacteria (e.g., MSR-1 and
AMB-1) were identified within the Desulfobacterota MTB
model organism Desulfovibrio magneticus RS-1, (which
biomineralizes bullet-shaped magnetite minerals); however,
many of the necessary genes and an entire operon required in
the Alphaproteobacteria are missing from the RS-1 genome.
A collection of ~30 mad genes were identified as required
for magnetosome synthesis in RS-1 (Lefevre et al. 2013).
The magnetosome formation proteins produced by the mad
genes do not share a homology to the MAI proteins (Bar-
ber-Zucker et al. 2016). Another Desulfobacterota MTB,
Desulfamplus magnetovallimortis BW-1 was determined to
produce both magnetite and greigite bullet-shaped biomin-
erals with two distinct magnetosome gene clusters (MGCs,
similar in function to the earlier termed MAI), one with a
close homology to magnetite producing MTB and the other
with genes associated with greigite biomineralizing spe-
cies, both clusters containing the mad genes required for
bullet-shaped biominerals (Lefévre et al. 2011b, 2013). As
both gene sets appear to be regulated differentially, the mag-
netosome composition differs between individual cells of
BW-1 dependent on the external environment, specifically
the amount of hydrogen sulfide available to the organism
(Lefevre et al. 2011a).

The mad genes have also been identified in MTB from
within the Nitrospirae and Omnitrophica clades. In addi-
tion to the mad genes, the MTB within the Nitrospirae also
contain a set of man genes that are involved in magnetosome
development and arrangement, with recent metagenome
analysis suggesting man genes may also be present in mem-
bers of the Desulfobacterota (Lin et al. 2014; Uzun et al.
2020). Unlike the Alphaproteobacteria and Desulfobacte-
rota examples, the magnetotactic Nitrospirae strains appear
to contain a highly conserved magnetosome gene cluster
with little variation between members (Lin et al. 2017b).

Unique among the clades of MTB-containing bacteria,
the Etaproteobacteria represent a rapidly expanding class of
organisms in which all members thus identified are capable
of magnetotaxis (Liu et al. 2021). Although these magne-
totactic coccoid and ovoid bacteria all produce magnetite
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crystals within their magnetosomes, the arrangement of the
organelles varies. The Etaproteobacteria have been observed
utilizing single chain, double chain, partial chain and non-
chained organization (Liu et al. 2021). As only three mem-
bers of this group have been successfully cultured axeni-
cally, all of which arrange magnetosomes within a single
chain, the Etaproteobacteria remain an enigmatic group
of MTB. Draft genome analysis of a freshwater uncultured
strain, Ca. Magnetaquicoccus inordinatus UR-1, a species
that exhibits the non-chained magnetosome arrangement,
show that UR-1 shares many of the core mam genes associ-
ated with the cultured magnetotactic cocci. However, several
differences in the gene organization, the lack of certain gene
clusters and the presence of a novel gene within the mamAB
magnetosome gene cluster lend support to the novel fam-
ily Ca.Magnetaquicoccaceae designation of UR-1 within
the Etaproteobacteria and are ripe targets for understand-
ing the non-chained arrangement exhibited by the strain
(Koziaeva et al. 2019). Given the diversity seen within the
Etaproteobacteria, it is not surprising that this group has
been the focus of much ongoing research and are sure to pro-
duce many advances into the genetic basis of magnetosome
arrangement as well as the physioecological implications of
the different arrangements observed in these strains.

Magnetosome biomineralization

Given the diversity of MTB and the numerous variations
of magnetosome associated genes, it is not surprising that
different organisms utilize different magnetosome biomin-
eralization pathways. Although much of our understand
has changed in recent years, there are a number of impor-
tant points into the magnetic properties of magnetosome
minerals, especially in regard to the classic chained-
arrangement morphology. As both magnetite and greigite
minerals are of mixed valence state (containing both ferric
and ferrous iron), the ability to initiate and regulate tightly
controlled crystals of consistent morphology and size has
been subject to much debate. As the magnetic properties
of magnetite nanoparticles change with the size and shape
of the crystals, it appears that bioregulation of this mineral
synthesis may occur later in the process as the crystals
mature and grow in size (Bennet et al. 2015). Magnetite
nanoparticles < 30 nm are considered superparamagnetic
and contain no permanent magnetic signal at ambient tem-
perature in the absence of an external magnetic field. Iso-
metric, isolated magnetite particles larger than 100 nm are
multidomain, resulting in a lowered magnetic coercivity
as individual magnetic dipoles within the overall particle
are not uniformly aligned. Between superparamagnetic and
multidomain minerals lies the range in which magnetite
crystals have a single magnetic domain with the highest

magnetic response per unit; this is the range in which
most MTB magnetosome minerals are found. Faivre et al.
(2008) followed magnetite mineralization within Mag-
netospirillum gryphiswaldense MSR-1 magnetosomes
over a times series and observed that the first magnetite
synthesis occurred around 55 min after Fe-deprived cells
were inoculated into an Fe-containing, low growth media.
The earliest magnetite minerals were observed to be small
(<10 nm) and irregular in morphology, with little homo-
geneity. Magnetite crystals were deemed ‘mature’ after
340 min, when the average magnetosome mineral reached
that of the characteristic size and shape traditionally
reported for MSR-1. When crystal nucleation within the
magnetosome begins, the initial growth of the magnetite
mineral occurs too rapidly for the cells to control biologi-
cally. As the crystal reaches maturity, the rate of growth
diminishes (through a proposed decrease in Fe-import
rates, or due to the physics of overall growth slowing with
increasing surface area). As the rate of growth decreases,
the cells appear to have more biological control on the
crystal morphology of the magnetite particles. Experimen-
tal growth conditions have also been determined to impact
magnetosome mineral geometry and biological control as
a higher external Fe concentration results in faster grow-
ing (and less controlled) biomineralization. A fast rate of
crystal growth was found to produce cuboidal minerals
with less surface area than the cubooctahedral magnetite
particles formed during slower growth rates (Faivre et al.
2008).

Many researchers have tried to investigate how magne-
tosome biomineralization occurs from a chemical perspec-
tive. Early evidence supported hypotheses that included the
oxidation of soluble intracellular iron to a ferrihydrite pre-
cursor that is transported to the magnetosome membrane
and reduced to magnetite (Frankel et al. 1983) or the co-
precipitation of ferritin-like proteins with soluble ferrous
iron to form magnetite (Faivre et al. 2007); neither of these
mechanisms, however, has been confirmed to occur in any
MTB. In 2013, Baumgartner et al. (2013) successfully deter-
mined the method in which Magnetospirillum magneticum
AMB-1 accomplishes magnetite biomineralization. Fe is
brought into the magnetosome compartments in the form
of a phosphate-rich ferric hydroxide at which point the
phosphate is removed and the iron takes a transitional ferric
oxide (ferrihydrite) form before ultimately being reduced to
magnetite (Faivre et al. 2007). Although this method of mag-
netite biomineralization may not occur in all MTB, it is the
first example of a confirmed mechanism for magnetosome
mineral formation chemistry in a MTB species. For more
detailed accounts of magnetosome biomineralization and
the formation of magnetosome chains in various MTB spe-
cies, see Le Nagard et al.(2019), McCausland and Komeili
(2020), and Li (2021).
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Limitations of the current approaches
to magnetotactic bacteria research

Although much has been discovered through the use of
model MTB organisms and more recently through various
omics-related tools, these approaches have some limita-
tions, especially in the context of elucidating the behavior
of MTB in the natural environment. The use of model
organisms like the Magnetospirillum strains has facilitated
major progress in understanding the biological mecha-
nisms and pathways utilized by certain clades of MTB. At
the same time, the majority of MTB are not in culture, and
the impacts of the laboratory environment on pure culture
may, in some ways, have skewed our understanding of the
microorganisms in the natural environment. The magneto-
some island (MAI) genes are easily lost in MTB cultures
when grown under rich media and/or oxic conditions and
multiple growth cultures must be inoculated to ensure that
at least some of the MTB produce magnetosomes. Even
the polarity of bacteria grown in the laboratory can differ
from the organisms in the natural environment (Frankel
et al. 1981). The magnetotactic response of MTB studied
in the laboratory may thus be a reflection and manifesta-
tion of the laboratory environment and growth conditions
used rather than their natural behavior. To understand the
larger picture and artifact-free behavior of MTB, in situ
experiments are an important piece of MTB research that
has been lacking substantially in the last few decades.

Little is known about the ecophysiology of magneto-
tactic bacteria in the natural environment. MTB have long
been considered important in the iron cycle of aquatic sys-
tems, as they remove dissolved Fe from the biologically
available Fe budget through biomineralization and sedi-
mentation (McCausland and Komeili 2020). Although bio-
logically important for all life forms, an estimated 1-50%
of all Fe input into ecosystems may be removed through
MTB activity (Amor et al. 2020). The lack of magneto-
tactic Archaea is another looming question into the initial
and extant function(s) of the magnetotaxis response in the
environment. It is plausible (and likely) that magnetosome
biomineralization initially evolved not as a way of sens-
ing the external environment, but instead as a method of
rapidly scavenging Fe; only later, once enough magneto-
somes were produced within cells, did the emergent mag-
netic properties of magnetosome chains likely take effect
and lead to magnetic field sensing abilities. Although this
does not adequately answer the ‘Why?’ of extant MTB
microbes, the true ecophysiology of MTB will never be
understood without comparative investigations of MTB
under realistic field strengths.

When the dynamics of the magnetotaxis response of
MTB have been studied in the laboratory, high-powered
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magnets (100-1000’s uT) are often used. These are orders
of magnitude higher than the Earths nominal geomagnetic
field (about 50 uT). Observations of living cells with iron
containing microscopes introduce magnetic field dis-
tortions and many of the early (and quickly canonized)
research explored MTB response to imposed magnetic
fields while ignoring the ever-present geomagnetic field.
Although the pioneering work by Blakemore, Frankel and
Kirschvink, among others, demonstrated the sensitivity of
detection for MTB in changing magnetic fields, the work
does not provide a full picture of the bacterial behavior
in the natural environment. Considering these technologi-
cal and experimental hurdles, most modern MTB research
has not focused on the magnetotactic response of various
MTB organisms, but instead on the genomic, functional
and signal transduction pathways used by specific mem-
bers within the MTB.

In an effort to push MTB research into a more compara-
tive and environmentally relatable context, we undertook
a first attempt to determine the sensitivity limits and mini-
mal magnetic field intensity required to elicit the magneto-
taxis response from environmental (rather than lab-reared)
MTB. Using a magnetic coil system in combination with
the promising new technological approach known as digi-
tal holographic microscopy (DHM) we report the ability to
identify, track and quantify the magnetotaxis response of
diverse MTB from within a heterogenous sample of bacte-
ria. The use of a ‘magnetically agnostic’ imaging system,
in which sub-micron resolution is obtained without the use
of iron-containing materials provides a noninvasive, real-
time exploration of uncultured MTB. Understanding how
the dynamics of the magnetotaxis response changes under
environmentally relevant magnetic field regimes, as well as
how the behavior differs among different MTB, provides
new insights into the role of MTB (and magnetotaxis) in
the natural setting.

Digital holographic microscopy
and microbial motility studies

Digital holographic microscopy is a volumetric, laser-based
imaging technology built on the principles of off-axis holog-
raphy and optical interferometry. A single laser diode is split
into two separate-but-equal path length beams, one of which
passes through a fluid sample (sample beam) while the other
is unobstructed (reference beam). Both beams are passed
through objective lenses, increasing the magnification and
ultimately providing sub-micron resolution. By recombin-
ing the two beams on a CCD or CMOS detector surface, a
wave front displacement pattern of constructive and destruc-
tive interference is created. This interferogram encodes the
displacement of light that occurs as bacteria swim through
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the optical path of the sample beam. A computer is used to
digitally reconstruct the wave front (which can be viewed
in either phase or amplitude) into a three-dimensional data
set commonly known as a hologram. See Kiihn et al. (2014)
and Nadeau et al. (2016) for additional information on DHM
technology and development of these systems for microbial
studies.

There are several advantages gained by implementing
DHM technology into the study of bacterial motility: 1.
DHM is a non-invasive technology. This passive imaging
system allows researcher to observe, record and characterize
individual microorganisms’ behavior and motile responses
without the use of stains, fixatives, or drastic changes in
environmental condition. Samples can be collected directly
from the environment or culturing media, placed into a sam-
ple chamber and viewed in real time; 2. Volumetric imaging
and three-dimensional tracking. The field-of-view, depth-of-
field and axial resolution of a DHM system is dependent on
both the illumination source wavelength and the geometry
of the objective lenses that are integrated into the optical
pathway. DHM instruments designed and constructed by the
authors for motility experiments typically range between 110
and 360 um? in field-of-view with a depth-of-field between
600 and 900 um. The digital reconstruction capabilities of
the DHM platform ensure that any focal plane within the
imaging volume (e.g. 360 pm X 360 um x 900 um) can be
‘digitally refocused’ and reconstructed with sub-micron
resolution. This ability allows researchers the capability
of tracking organisms or particles (< 1 um in size) as they
navigate an imaging volume of ~ 1 pl in three-dimensions.
Current DHM systems utilize CCD or CMOS cameras and
record data at a maximum of 15 frames per second, provid-
ing 15 (X, Y, Z, t) coordinates per second, from with which
bacterial swimming trajectories, velocities and motility
characteristics can be determined; 3. Experimental flexibil-
ity. The DHM platform is robust yet adaptable, capable of
hosting a variety of experimental designs. Experiments have
been conducted in the laboratory (both on the bench top
and in anaerobic chambers) as well as in situ experiments in
the field. Additional DHM work has focuses on establishing
limits of detection (< 10° cells m1™"), and the presence of
motility in extreme environments (Lindensmith et al. 2016;
Bedrossian et al. 2017).

Digital holographic microscopy in the study
of magnetotactic bacteria

Unlike transmission electron microscopy (TEM, by far the
most utilized microscopy technique in the field of MTB
research), DHM allows for the imaging of living organisms.
TEM provides unparalleled evidence of magnetosome struc-
ture and arrangement within preserved cells, but cannot be

used in in situ experiments, as the electron beam requires a
vacuum environment and accelerating voltage far beyond
sustainable for the fluid samples in which live MTB cells are
suspended. Off -axis electron holography (a technique based
upon the same principles as DHM; albeit with an electron
beam rather than a laser) has been used in previously in
MTB research as method of discerning the localized mag-
netic fields of the magnetosome minerals within preserved
and chemically fixed MTB cells (Dunin-Borkowski et al.
1998; Kasama et al. 2006). Although TEM is an invalu-
able tool in the areas of MTB research that focus on mag-
netosome biomineralization, biomineral arrangements, and
more recently FISH-TEM; for experiments that investigate
the ecophysiology and behavior of living cells, we believe
DHM can provide a unique and unaltered view of stimuli
and response dynamics in MTB.

In an effort to determine if the DHM platform was appli-
cable to the study of magnetotactic bacteria, the authors
designed and built a DHM system that replaced all iron-con-
taining components with non-ferric materials. The ability to
use a ‘magnetically agnostic’ imaging system, in which local
and imposed magnetic fields are not altered or distorted by
the instrument, provides the ability to observe and record
magnetotactic responses of bacteria without fundamentally
altering the stimuli and inadvertently impacting behavior
of the MTB.

Magnetic coil and digital holography
microscopy experiments

Here we describe the use of digital holographic microscopy
for the study of environmental magnetotactic bacteria at low
magnetic field strengths (<50 uT). The DHM optics sys-
tem and magnetic coil design provide real-time observation,
tracking, and quantification of the magnetotaxis response of
individual MTB as they respond to magnetic field intensities
that are earth-strength and lower. Measuring the detection
sensitivities, response times, and dynamics of the magneto-
taxis response under environmental conditions (and in situ)
is an important first step towards understanding the funda-
mental biology and ecology of magnetotactic bacteria.
Described more thoroughly in the Supplementary Materi-
als, the experimental design, in brief, consisted of placing an
off-axis DHM (constructed out of non-ferric components)
within a tri-axial magnetic field coil system based on the
design of Alldred and Scollar (1967) (Fig. 3). Magnetically
enriched lacustrine environmental samples (Baldwin Lake,
Arcadia, CA) consisting of both MTB and non-magneto-
tactic bacteria were exposed to magnetic fields of 50, 40,
30, 20 and 10 pT during data acquisition. Data were also
acquired under a null-field condition in which the magnetic
coil system was used to reduce the ambient magnetic field to
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Fig.3 Experimental design. a Magnetic coil system (red coils) in
which DHM instrument was placed and experiments were conducted.
b Digital holographic microscope optical pathway diagram and
instrumentation (Lindensmith et al. 2016). ¢ Hologram data ampli-

less than 0.1 uT. Data were processed, tracked, and quanti-
fied through the use of Manual Tracking plugin of the open-
source image processing software, FIJI (Schindelin et al.
2012), and MATLAB (R2019a). A set of abiotic control
experiments involved micron-sized magnetite particles that
were subjected to the same experimental conditions. Videos
of processed amplitude holograms for each of these experi-
mental runs are shown in Movies S1-S6.

All cells displaying non-random movement (i.e. non-
Brownian motion) within the focal range were tracked and
analyzed to determine directionality and velocity for each
magnetic field intensity. Collectively, these microbes were
designated as the “bulk community” (i.e., all tracked liv-
ing organisms that displayed active motility). The overall
trend in the turning angle of each tracked cell was then
categorized as either displaying positive northward polar-
ity (north trending) or no notable magnetotactic bias in
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tude reconstruction (left) and TEM micrographs (right) of positively
identified magnetotactic bacteria used in this study. Black scale bar
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direction of travel (no south trending cells were observed).
The cells that displayed a magnetotactic response were
subsampled from the bulk community for further analy-
sis (Fig. S1). Micron-sized particles of magnetite were
used as an abiotic control to ensure that any observed
northern polarity in the environmental samples was not
simply the migration of magnetic minerals through the
fluid. Calculated mean speeds for each group are displayed
in Table 1. The bulk community (i.e. all cells display-
ing active motility) demonstrate a higher rate of swim-
ming when compared to the cells identified as MTB (the
northern polarity group), as the non-MTB microorganisms
are not responding to the imposed magnetic field and are
expected to swim at their natural appropriate rate regard-
less of imposed field conditions. Figure 4 displays the
directionality of the bulk community, northward polar-
ity group, and abiotic controls under each magnetic field
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Table 1 Mean speeds of tracked
cells and magnetite particles

Mean speed (um/s)

at different magnetic field

Bulk community

Northern polarity Abiotic control

intensities
Magnetic field

intensity

Null field
50 uT 49.2 +32.9 (n =20)
40 uT 2.67 +21.0 (n=20)
30 uT 324 +19.3 (n=26)
20 uT 224 +13.0(n=19)
10 uT 265+ 164 (n=19)

552 +318(n=12) N/A

23+ 0.6(n=18)
29. + 1.1 (n = 16)
2.1+ 0.6 (n = 20)
2.1+ 0.5 (n = 20)
50+ 1.3 (n=15)
4.6+ 1.1 (n=19)

32.9 +24.9 (n=12)
214+ 139 (n=17)
221499 (n=16)
172 £2.9 (n=13)
17.9 + 3.3 (n =19)

intensity. Of note is the observable trend that, at lower
magnetic field strengths, the northern polarity group has
a broader direction of travel (i.e. less fidelity in following
the field lines directly in the northern direction).

Prior investigations of the field site’s MTB community
had only reported the presence of coccoid magnetotactic
bacteria, further characterized and designated as ARB-1
(Cox et al. 2002). Nevertheless, both coccoid and non-coc-
coid cells were observed responding to the establishment of
imposed magnetic fields and exhibiting a northern polarity in
reconstructed holograms, with the presence of magnetosome
containing non-coccoid cells being later confirmed through
TEM (Fig. 3c). Community microbial diversity was inves-
tigated using 16S rRNA sequences via Illumina sequenc-
ing; results are shown in Fig. 5 and illustrate the diversity
of bacterial sequences throughout the magnetic enrich-
ment process at the order and genus taxonomic levels. The
identity of the non-coccoid MTB could not be determined
through sequencing, suggesting the value of future cultur-
ing efforts from this location. Magnetosome alignment and
cell morphology are consistent with the possibility that it is
a member of the Magnetovibrio group, however, sequence
representation of the genus was not observed in any of the
samples. Although visually abundant in the environmental
samples, traditional familial-level clades of non-coccoid
MTB (the Nitrospiraceae, Rhodospirllaceae and Desulfo-
vibrionaceae) were detected at less than 0.4% of sequences
in the bulk sediment, and even lower representation in the
magnetically enriched samples (< 0.2%). The Magnetococ-
caceae represent over 89% of sequences at the family level
taxa (Fig. S2). Taxonomic classification of MTB sequences
within communities is often dominated by a single taxon,
with species diversity correlated in part by the local strength
of the geomagnetic field (Lin et al. 2013). It is important to
note that the bar magnet enrichment technique utilized in
the work reported here selects for and concentrates MTB
that demonstrate polar magnetotaxis. MTB in the environ-
ment that utilize an axial magnetotactic response will be
underrepresented or missing entirely. It is expected that the
sequencing results and magnetotactic responses reported

here would change depending on the enrichment methodol-
ogy, warranting further investigation.

Tracked microbes that were identified as exhibiting mag-
netotaxis (in the northern-trending direction) were further
characterized by morphology allowing for a more nuanced
description of the cells’ magnetotactic responses. Upon
clustering the tracked cells by simple morphology (coccus
and non-coccus), a few trends were distinguishable: (1) a
correlation between rate of swimming and field strength
is suggested, but is not statistically significant, due to the
limited number of cells; (2) the cocci demonstrate a much
higher variability in swimming speeds; whereas, the non-
coccus microbes have a much tighter range of swimming
velocities; and, 3) the observed speeds and velocity vari-
ability of the coccus cells appear to have a correlation with
magnetic field intensity, while the non-coccoid cells have
a much more uniform response (Fig. 6). As a qualitative
proof-of-concept experimental design, a 50 pT field was
rotated 1080° uniformly at three revolutions per minute
(Movie S7, Fig. 7). MTB of both morphotypes were seen
to follow the rotating field with varying fidelity. Addition-
ally, the presence of southern-trending MTB was observed
in the field rotation experiments (Fig. 7b). The observation
of southern-trending MTB was not readily apparent in the
fixed magnetic field experiments; however, in the presence
of the rotating magnetic field, multiple coccoid bacteria were
seen following the 1080° rotation but following the Southern
magnetic pole (continuously orienting 180° opposite of the
direction of the magnetic field). Given the magnetic enrich-
ment of samples prior to imaging, it is hypothesized that the
southern-trending MTB observed were likely axial MTB, as
southern-trending polar MTB were unlikely to congregate
and concentrate near the bar magnet during enrichment. The
presence of these magnetotactic bacteria that was observed
only during the rotating field experiments highlights the
numerous lines of investigation that the DHM and magnetic
coil design is applicable to explore.

This work provides direct observation and quantification
of the magnetotaxis response of a diverse set of environ-
mental MTB under realistic magnetic field strengths. As the
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netic enrichment step. Samples N2 and N3 reflect sequence diversity
after each additional round of magnetic enrichment. In theory, each
additional step increases the concentration of MTB within the sample

DHM instrument was constructed in a way that prevents
any localized magnetic field disturbances around the bac-
teria, this technique provides the first view of MTB and
the magnetotaxis response under environmentally relevant
conditions with both sub-micron spatial and high tempo-
ral resolution. The experimental design used in this work
allowed us to record, characterize and elucidate differences
in how MTB respond to the same stimuli, and how the MTB
responses change as a function of field strength. This is the
first time that in situ identification, tracking and quantifica-
tion of the magnetotactic response of individual MTB from
within a heterogenous, magnetically enriched sample has
been accomplished at intensities below the Earth’s nomi-
nal field strength (50 uT) with confirmed positive responses
down to 10 uT. By exploring the lower bounds of environ-
mental MTBs’ magnetic field perceptions, sensitivities, and
responses we can begin to understand and explain what
aspects of magnetotaxis appear universal among MTB and

@ Springer



120 Journal of Comparative Physiology A (2022) 208:107-124

Fig.7 Composite amplitude

reconstruction of a) Northern a E'S é, S O Uth
polarity MTB (75 images) and » 5N e

b) Southern polarity MTB (225 5 o i o

images) during 1080° rota- & ' :

tion of a 50 uT magnetic field. 3 B e
Magnetic North is located in the
bottom left of each hologram, ¥
Tyar: and Ty, designate starting
and ending location of MTB.
Both images account for the
same total elapsed time (75 s).
Inset images contain close

up amplitude reconstructions
showing cell morphology. See
Movie S7 for video file

@ Springer



Journal of Comparative Physiology A (2022) 208:107-124

121

how diverse the response is among the MTB clades. Using
this approach, it may be possible to reassess the “why” of
magnetotaxis, which has so far been an area of some disa-
greement and confusion. Examining behavior in situ, and
under natural conditions may provide a pathway for further
understanding, and a sense of whether the MTB may have a
number of uses for this ability. For example, discrepancies in
the temporal scale of the sensing and response mechanisms
related to magnetotaxis between morphotypes is suggested,
but not verified by the behaviors described here. Some cells
appear capable of instantaneously orienting and following
the magnetic field lines continuously, while others appear
to take a magnetic bearing periodically and adjust their tra-
jectories in accordance to the new bearing. Our technique
also provides a means of elucidating the impacts of regional
magnetic field intensities on the MTB community, as the
magnitude of the local magnetic field has been suggested
to affect both the magnetotactic behavior and community
composition of MTB-rich environments (Lin et al. 2013).

The observations and analysis conducted in this report
provide evidence that recently harvested MTBs are capable
of responding to magnetic fields down to approximately 20%
of the Earth’s nominal field strength (and perhaps lower).
The response (i.e. swimming velocities) of the MTB may be
correlated weakly with field intensity, but this relationship
may also vary among different bacterial morphotypes. As
previously identified, the magnetococci ARB-1 group rep-
resents a diverse set of cocci that vary both in size and mag-
netosome arrangement (Cox et al. 2002), which may explain
the large range of swimming velocities at higher magnetic
fields. As the field strength intensity is lowered, the swim-
ming speeds of the coccus cluster. One possible interpretation
is that differences in magnetosome organization impact the
ability of ARB-1 cells to sense lower field strengths. The high
velocities of swimming (often 70-100 body lengths/second)
typically reported for magnetotactic cocci cells is notably
diminished at lower magnetic field intensities, suggesting
that the observed behaviors might be an artifact of previous
experimental designs, instead of reflecting the natural behav-
ior of the organisms in the environment.

The non-coccoid MTBs showed a slower rate of swim-
ming under all magnetic field regimes but were still capable
of sensing field strengths down to 10 uT. The differences
observed between these two morphotypes may have under-
pinnings in unique chemical pathways which underlie how
the cells sense the magnetic field orientation, and/or how
this information is translated to the flagella. Our experimen-
tal design allowed us to visually identify and later confirm
the existence of additional MTB through TEM. The dis-
crepancy between the lack of representation of traditional
MTB clades within the community analysis and the presence
of the non-coccoid bacteria suggests that a larger diversity
of bacteria capable of sensing and responding to magnetic

fields may exist in nature. Through the direct observation of
heterogenous environmental samples, it is evident that MTB
that are not identified through sequencing are present in the
environment and that magnetotaxis may be more widespread
than previously appreciated.

Using a combination of environmental samples, digital
holography, and a magnetic coil system, this work provides
a promising and novel approach to exploring the dynamics
of magnetotaxis of individual cells under environmentally
relevant conditions. A diverse set of MTB were capable of
sensing and orienting to magnetic fields down to 20% of
the Earth’s nominal field strength. In addition to this direct
observation, tracking of individual cells allowed for the
quantification and analysis of cell velocities, turning angles
and directionality while providing visual confirmation of
cell morphology which elucidated differences in how two
distinct MTB morphotypes respond to the same stimuli. This
work provides the foundation of a new direction and meth-
odology with which to study MTB and the dynamics of the
magnetotaxis response at environmentally relevant magnetic
field strengths in real time.
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