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Abstract Greigite magnetosomes produced by magnetotactic bacteria (MTB) are widely distributed in
natural environments, but large uncertainties remain regarding their magnetic biosignatures. Here, we have
constructed micromagnetic models with realistic biogenic greigite particles to quantify the magnetic properties
and magnetotaxis efficiency of greigite-producing MTB cells. Our calculations suggest coercivity (B,) of
~15-21 mT for intact greigite-producing rod-shaped MTB and many-celled magnetotactic prokaryotes, with
B, decreasing to ~11 mT for greigite magnetofossils with clumped particles. These magnetic signatures make
biogenic greigite distinguishable from typical biogenic magnetite and inorganic greigite, providing reliable
magnetic criteria to detect biogenic greigite in a wide range of environmental and geological settings. Our
numerical calculations suggest that rod-shaped greigite-producing MTB have a similar magnetotaxis efficiency
to magnetite MTB, likely by biomineralizing more greigite crystals to compensate for the lower saturation
magnetization of greigite and less ordered chains in greigite MTB cells, demonstrating biological-controlled
optimization of their magnetic nanostructure.

Plain Language Summary Magnetic bacteria can produce greigite (Fe,S,) or magnetite (Fe,0,)
nanoparticles arranged in chains and use them as nano-compass for navigating along the geomagnetic field
lines. Dead magnetic bacteria can be fossilized in the geological records that retain important signals of

past geomagnetic field, environmental conditions, and biochemical processes in the Earth surface. Until

now magnetic biosignatures of bacterial greigite are unclear because it is difficult to obtain pure greigite
magnetotactic bacteria samples to measure their magnetic properties. Here, we constructed computer models
that mimic those found in living greigite-producing magnetic bacteria. Model calculations determined
robust magnetic fingerprints of biogenic greigite that can be used to search for fossilized biogenic greigite
nanoparticles in natural environments. Moreover, according to our calculations, greigite-producing magnetic
bacteria have similar navigational ability to bacterial magnetite counterparts by producing more biogenic
greigite crystals in the bacterial cells, suggesting that magnetic nanostructures are optimized by those magnetic
microorganisms.

1. Introduction

Magnetotactic bacteria (MTB) produce intracellular ferrimagnetic crystals (magnetosomes) consisting of
magnetite (Fe,O,) or greigite (Fe,S,) aligned in chains (e.g., Faivre & Schiiler, 2008). These magnetosomes
provide MTB a permanent magnetic dipole that orients the bacteria along geomagnetic field lines (magneto-
taxis) to navigate toward optimal living conditions (Bazylinski & Frankel, 2004). Signatures from MTB can be
used to trace Earth surface environmental conditions and biogeochemical cycles (e.g., Amor et al., 2020; Chen
et al., 2014; Rivas-Lamelo et al., 2017). After MTB die, magnetosomes can be preserved in sediments as magne-
tofossils (Kopp & Kirschvink, 2008) that carry important paleomagnetic and paleoenvironmental signals (Chang,
Roberts, et al., 2014, Chang et al., 2018; Roberts, Florindo, et al., 2011; Vasiliev et al., 2008; Yamazaki, 2012;
Yamazaki & Ikehara, 2012).

Two typical types of greigite-producing MTB have been identified over the last decades: large rod-shaped bacte-
ria (e.g., Bazylinski et al., 1991; Heywood et al., 1990; Lefevre et al., 2011) and many-celled magnetotactic
prokaryotes (MMP; e.g., Farina et al., 1990; Mann et al., 1990; Simmons et al., 2004; Zhou et al., 2012). Previous
determinations of their magnetic properties are largely based on experimental measurements (Chen et al., 2014;
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Kasama et al., 2006; Penninga et al., 1995; Winklhofer et al., 2007). In addition, numerical calculations were
implemented to calculate magnetic energy and magnetic moments of MMP (Acosta-Avalos et al., 2012) and
critical single domain (SD) threshold sizes in greigite magnetosome chains (Muxworthy et al., 2013). Yet, the
magnetic properties of greigite magnetosomes are much less known compared to the extensively investigated
magnetite counterparts (e.g., Li et al., 2010; Moskowitz et al., 1993, 1989; Pan et al., 2005) and abiotic greigite
crystals (e.g., Chang et al., 2007, 2008; Roberts, Chang, et al., 2011; Snowball, 1991, 1997a, 1997b; Valdez-Gri-
jalva et al., 2018, 2020), because of the difficulties in isolating and culturing greigite MTB (Bazylinski & Fran-
kel, 2004; Lefévre et al., 2011) to obtain pure biogenic greigite samples. Moreover, greigite magnetosome chains
often appear to be disordered and the magnetic consequences of this remain unclear. Therefore, knowledge of
the magnetic biosignatures of biogenic greigite is lacking, which limits robust identifications of biogenic greigite
in natural environments. As a result, the presence of greigite magnetofossils in the geological records are highly
controversial (Chang, Vasiliev, et al., 2014; Reinholdsson et al., 2013; Vasiliev et al., 2008) compared to the well
documented magnetite magnetofossils (e.g., Kopp & Kirschvink, 2008; Roberts et al., 2012).

Here, we construct three-dimensional micromagnetic models to calculate the magnetic properties of magneto-
somal greigite. Microstructures used in our micromagnetic models are constructed directly from transmission
electron microscope (TEM) observations, allowing a direct comparison with available experimental data. Effects
of easy axis orientations, crystal arrangement, and collapse of greigite magnetosome chains on the magnetic
properties are quantitatively investigated. Magnetotaxis efficiency for greigite MTB is quantitatively assessed.

2. Methods
2.1. Micromagnetic Models

We have identified ~2000 magnetosome particles in published TEM images of greigite MTB cells (Figures 1
and S1 in Supporting Information S1). TEM images were processed to improve their contrast. Then the size and
in-situ position of greigite magnetosomes were determined with thresholding particle-edge recognition algorithm
based on the OpenCV-Python package, where we used minimum area bounding rectangle to estimate magne-
tosome particle size (see Text S1 in Supporting Information S1). The spacing between adjacent magnetosome
crystals (defined here as the distance from grain center to grain center) was calculated. Because greigite magne-
tosomes appear to align more randomly with respect to the chain axis (Kasama et al., 2006), we use the average
nearest distance between magnetosomes as spacing (d). Morphological data of greigite magnetosomes in intact
MTB cells are presented in Table S1 of Supporting Information S1.

Micromagnetic models were constructed based on seven TEM images (Figures 1 and S1 in Supporting Informa-
tion S1): model rod-1 (Figures 1a and S2a in Supporting Information S1), rod-2 (Figure 1b), rod-3 (Figure S1c in
Supporting Information S1), rod-4 (Figure S1d in Supporting Information S1), rod-5 (Figure Sle in Supporting
Information S1), MMP-1 (Figure 1c), and MMP-2 (Figure 1d). Model rod-1-ordered was constructed with the
long axis of each magnetosome aligning along the chain axis based on model rod-1 (Figures S2¢ and S2d in
Supporting Information S1). All the above models were simulated with random orientations of magnetocrystal-
line easy axes. Models rod-1 and rod-1-ordered were also simulated with the magnetocrystalline easy axis parallel
to the elongation direction of each magnetosome in chains (Figures S2b and S2d in Supporting Information S1).
Models rod-1 and rod-3 were disrupted to generate: (a) model rod-1-collapsed with randomly distributed magne-
tosomes (d = 85 nm; Figure S2e in Supporting Information S1); (b) model rod-1-clumped and rod-3-clumped
with randomly distributed magnetosomes close to each other (d = 65 and 89 nm, respectively; Figures S2f and
S3a in Supporting Information S1). We attempt to model fully disrupted chain structures as an end member
considering the large variable disrupted chain structures (Amor et al., 2022; Chang et al., 2019; Pei et al., 2022).

Greigite magnetosome crystals in our models were cubo-octahedra (Figure S1c in Supporting Information S1) and
rectangular prisms (Figures 1 and S1 in Supporting Information S1; Heywood et al., 1990; Kasama et al., 2006).
All models were generated using Trelis (Trelis, 2021) and meshed with an element size of 7.5 nm. Finite element
micromagnetic model MERRILL (version 1.3.3; O Conbhuf et al., 2018) was used to perform all micromag-
netic simulations. Magnetic parameters of greigite used in the simulations are: exchange stiffness constant
A =2x10""2Jm"!, saturation magnetization M, = 241 x 10> Am~' (Chang et al., 2008), and magnetocrystalline
anisotropy constant K, = —1.7 x 10* J/m? with <111> crystallographic easy axes (Winklhofer et al., 2014). Para-
View (Ayachit, 2015) was used to visualize calculated domain states.
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Figure 1. Transmission electron microscopy (TEM) images of greigite-producing magnetotactic bacteria (left in each
subplot): (a) reprinted from Chen et al. (2014), Copyright 2014, with permission from Springer Nature, (b) reprinted

from Heywood et al. (1990), Copyright 1990, with permission from Springer Nature, (c) reprinted from Monteil and

Lefevre (2020), Copyright 2020, with permission from Elsevier, and (d) reprinted from Winklhofer et al. (2007), Copyright
2007, with permission from Elsevier. The corresponding constructed micromagnetic models (right in each subplot) are rod-1,
rod-2, MMP-1, and MMP-2, respectively. Scale bars for models and TEM images are the same.

2.2. Micromagnetic Calculation

We have calculated hysteresis loops, back-field isothermal remanent magnetization (IRM) curves for all models,
and first-order reversal curves (FORC; Roberts et al., 2000) for model rod-2. We generated 30 (for hysteresis
loops and back-field IRM curves) and 80 (for FORCs) random field directions evenly distributed over a sphere
(Berndt et al., 2020) and then averaged the simulation results.

We estimated magnetotaxis efficiency using (cos 8) (Frankel, 1984): {cos 0) = coth(mBlkgT) — kzT/mB , where
0 is the angle between the total magnetic dipole moment m of the MTB (calculated as the vector sum of the
magnetic moments of the individual magnetosomes inside the cell) and external magnetic field B, kg is Boltz-
mann constant, and 7 is temperature in Kelvin (see Text S2 in Supporting Information S1).
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Figure 2. (a and b) Averaged simulated hysteresis loops and back-field isothermal remanent magnetization curves. (c) Simulated FORC diagram processed using
FORCinel (Harrison & Feinberg, 2008) for model rod-2 with a smoothing factor of 5. (d) Summary of dispersion parameter (DP) against B, for our simulation results,
uncultivated greigite-producing magnetotactic bacteria (MTB) in Chen et al. (2014), and biogenic magnetite components (biogenic soft; biogenic hard) identified

by Egli (2004). Data point of Chen et al. (2014) is derived from anhysteretic remanent magnetization coercivity distribution. The blue arrow means DP values for

bulk greigite MTB samples are likely larger than our modeled results. Gray areas are 95% confidence ellipse. (e and f) Day plot (Day et al., 1977) and Néel plot

(Néel, 1955) with mixing lines for magnetite following Dunlop et al. (2002) and Tauxe et al. (2002), respectively. Data points in the plots are our modeling results and
published experimental data: putative greigite magnetofossils (square, Reinholdsson et al., 2013; triangle, Chang, Vasiliev, et al., 2014; diamond, Vasiliev et al., 2008),
sedimentary SD greigite (Chang, Vasiliev, et al., 2014; Duan et al., 2017; Fu et al., 2015; Horng et al., 1992; Reinholdsson et al., 2013; Snowball, 1991, 1997a, 1997b),
synthetic greigite (Chang et al., 2007; Snowball, 1991), and magnetosomal magnetite (Chang et al., 2018; Jovane et al., 2012; Kind et al., 2011; Li et al., 2010;
Moskowitz et al., 1989; Pan et al., 2005; Roberts, Florindo, et al., 2011; Snowball, 1994). Black solid line in (f) indicates trend defined by a linear function with 95%

confidence interval (gray area) for our simulation results and experimental data in Reinholdsson et al. (2013). CSD, cubic single domain; USD, uniaxial single domain;
SP, superparamagnetic.

3. Magnetic Biosignatures of Magnetosomal Greigite: Implications for Their
Detection

All simulated curves are shown in Figures 2a and 2b, and S3-S6 of Supporting Information S1. Calculated back-
field IRM curves for greigite magnetosomes show a gradual change (Figure 2b) compared to a sudden rema-
nent magnetization reverse for a single chain in magnetite-producing MTB cells (Hanzlik et al., 2002; Penninga
et al., 1995), but similar to those for magnetite magnetosomes in multiple strands (Hanzlik et al., 2002). This is
likely because randomly aligned magnetosomes with respect to the chain axis cause incoherent magnetization

rotation. In contrast, magnetosomes that are well aligned in straight single chains result in coherent magnetization
rotation.

Hysteresis parameters (B, B, and M, /M) are extracted from averaged simulated curves (Table 1). Compared
to model rod-1 with random magnetocrystalline easy axis orientations, models rod-1-ordered regardless of easy
axis orientations have larger variations in hysteresis parameters than those for model rod-1 with easy axis along
each magnetosome elongation direction (Figure S7 in Supporting Information S1; Table 1). This indicates that

the effect of magnetocrystalline anisotropy (K,) on magnetic properties of greigite magnetosome chains is small
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Table 1
Calculated Hysteresis Parameters and Degree of Magnetic Alignment for Different Modelled Greigite Magnetosome Chains and Experimental Data

Greigite magnetosomes B, (mT) B, (mT) M, /M, m (10~5Am?) <cos 0>

Micromagnetic models

Rod-1 (random easy axis orientations) 20.3 23.9 0.61 2.19 0.94
Rod-1 (easy axis along elongation directions of magnetosomes) 21.8 254 0.59 - 0.94
Rod-1-ordered (random easy axis orientations) 23.0 29.0 0.55 - 0.94
Rod-1-ordered (easy axis along elongation directions of magnetosomes) 26.6 30.7 0.51 - 0.95
Rod-1-collapsed 18.7 23.1 0.68 - -
Rod-1-clumped 15.6 214 0.45 - -
Rod-2 18.8 232 0.51 1.42 0.91
Rod-3 18.0 21.9 0.51 1.58 0.91
Rod-3-clumped 11.2 15.4 0.36 - =
Rod-4 17.1 19.8 0.51 2.26 0.94
Rod-5 18.1 20.7 0.52 3.22 0.96
MMP-1 15.1 18.1 0.57 ~18.0 (~0.044 per crystal) ~0.99
MMP-2 17.3 20.7 0.53 ~11.5 (~0.034 per crystal) ~0.99
Experimental data
Putative greigite magnetofossils (Reinholdsson et al., 2013) 13+2 25+2 0.3 +0.1 - -
Putative greigite magnetofossils (Vasiliev et al., 2008) 28.8 62.4 0.3 - -
Putative greigite magnetofossils (Hiising et al., 2009) - >60 - - -

(Kasama et al., 2006) compared to that of crystal arrangement. This is different to the calculated stronger K,
effect on individual greigite particles (Winklhofer et al., 2014), which is due to magnetostatic interactions in
chains (Muxworthy et al., 2013). Model rod-1-ordered with aligned easy axis has the most stable remanent
state with M mostly along the chain axis (Figures 3d and 3f) and largest B, and B_, values compared to other
cases (Figures 3a—3c and 3e). Moreover, the model has the smallest value of M, /M_ (~0.5) because when shape
and magnetocrystalline anisotropy are aligned, the particles behave more like randomly oriented uniaxial parti-
cles with M /M_ of 0.5. When the two anisotropies are not aligned, it is likely increasing the availability of
magnetocrystalline easy axis directions that are closer to the field, the magnetocrystalline anisotropy wins out
over shape anisotropy (Winklhofer et al., 2014). Therefore, M /M, values would trend larger than 0.5. When
magnetosome chains are collapsed and clumped, values of B, and B_, decrease (Table 1). Hysteresis parameters
for model rod-3-clumped are smaller than those for model rod-1-clumped (Table 1) because particles in model
rod-3-clumped are mostly equidimensional.

A few experimental hysteresis data for greigite magnetosomes were reported. Modeled B, value (B, =23.9 mT)
in this study for the greigite MTB in Chen et al. (2014) is similar to the reported experimental coercivity data
(~27.7 mT) determined from the median destructive field (MDF) of anhysteretic remanent magnetization (ARM)
demagnetization curves, where their samples are dominated by greigite MTB cells. The slight difference in coer-
civity values is probably because ARM coercivity is generally larger than IRM coercivity (Egli, 2004). Hyster-
esis parameters for model rod-1-clumped and rod-3-clumped are similar to reported values for putative greigite
magnetofossils within young Baltic Sea sediments (Table 1; Reinholdsson et al., 2013). For MMP models, B_,
values (Table 1) are similar to the experimental data on individual MMP cells (B_, = 20 mT; Penninga et al., 1995)
and slightly smaller than experimental data with the minimum B, = 25 mT (Winklhofer et al., 2007). Such
smaller difference may be caused by: (a) The experimental B_, data were measured on the in-vivo state of magne-
tosome chains with a straight shape in intact MMP cells (Winklhofer et al., 2007). The simulated B_, values are
derived from magnetosome chains in dead MMPs, where some particles deviate from the straight configuration
due to cell shrinking (Shcherbakov et al., 1997). B_, values for deformed chain structures are smaller than those
for straight chains (Amor et al., 2022; Chang et al., 2019; Pei et al., 2022); (b) Magnetosome chain axis would
have an angle with the pulsed magnetic field in situ during experiment measurements due to their particular
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distributions (Acosta-Avalos et al., 2012; Winklhofer et al., 2007). In contrast, modeled B, values are averaged
over randomly oriented field angles which would reduce the angle effect (Bai et al., 2021). Simulated FORC
diagram for model rod-2 (Figure 2¢) shows a SD peak at ~23 mT and is consistent with the experimental data in
Chen et al. (2014). Moreover, the main peak is slightly offset to negative B, axis and two low-coercivity peaks
due to vortex states are asymmetric about B, = 0 axis. Positive contributions below the horizontal axis are due
to cubic anisotropy (Valdez-Grijalva & Muxworthy, 2019), and those above the horizontal axis are likely due to
magnetostatic interactions between magnetosomes and some particles with vortex states in model rod-2 (Figure
S8b in Supporting Information S1).

Our simulation results provide a reasonable estimate of bulk magnetic properties of greigite-producing MTB.
First, greigite magnetosomes typically have similar morphologies (i.e., cubo-octahedron and rectangular prism)
in different MTB species. Second, modeled greigite magnetosomes have overall similar hysteresis parame-
ters irrespective of their different chain structures (Figures 2d-2f; Table 1). Moreover, most of our modeled
magnetosome particles are in stable SD states (Figures S8 and S9 in Supporting Information S1; Muxworthy
et al., 2013), indicating that thermal fluctuation, which can reduce B, and B, values, is not expected to affect
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1 ' ' ' ° e our calculated hysteresis properties. Our calculations show “softer” biogenic
0.9 . Wl = y * x greigite component (Figure 2d) compared to the magnetite “biogenic soft”
: Egg:; ,f@/v rod-shaped MTB MMP and “biogenic hard” components identified by Egli (2004). Small dispersion
08r : Eggj i parameter (DP) values are mainly due to constant length of chains and narrow
: m(l’i grain size distribution in our models, unlike bulk natural samples containing
u MMP-2 various greigite magnetosome chains with different chain lengths and broad
08 i grain size distribution (Chen et al., 2014). Therefore, DP values for natural
% biogenic greigite samples are expected to be larger than our simulated DP
v values here and similar to that derived from ARM coercivity distribution in
o4r 1 Chenetal. (2014) (Figure 2d).

Day plot and Néel plot (Day et al., 1977; Néel, 1955) indicate character-
istic data regions for biogenic greigite. Simulated hysteresis parameters of
|i?masmg greigite magnetosomes broadly follow the SD and MD mixing lines for
magnetotaxis efficiency inorganic magnetite (Dunlop, 2002) in the Day plot (Figure 2e). Calculated

Figure 4. Calculated alignment <cos &> of magnetosome chains with the
geomagnetic field (30 pT) for different modeled greigite magnetosome chains

at room temperature.

1

mB / k,T

0 100 M /M versus B, data fall more to the left of the USD + SP mixing line
(Tauxe et al., 2002) than those for magnetite magnetosomes in the Néel
plot (Figure 2f). For intact greigite magnetosome chains, B, values are
generally in the narrow range of 15-21 mT (Figure 2f and Table 1). When
chains are disrupted to form particle clumps, B, decreases to about 11 mT.
Combined with published experimental data for putative greigite magne-
tofossils (Chang, Vasiliev, et al., 2014; Reinholdsson et al., 2013; Vasiliev
et al., 2008), B, values for greigite magnetosome chains are often larger than
those for synthetic ultrafine-grained superparamagnetic and coarse-grained PSD/MD greigite samples (Chang
etal.,2007; Snowball, 1991), but are significantly smaller than those for typical diagenetic sedimentary SD greig-
ite (e.g., Chang, Vasiliev, et al., 2014; Horng et al., 1992; Reinholdsson et al., 2013; Roberts, Chang, et al., 2011;
Snowball, 1991, 1997a, 1997b) and biogenic magnetite (e.g., Chang et al., 2018, 2019; Kind et al., 2011; Pan
et al., 2005; Roberts, Florindo, et al., 2011) with the exception of bulk samples containing putative greigite
magnetofossils from the Carpathian foredeep, Romania (Table 1; Vasiliev et al., 2008). Putative greigite magne-
tofossils were also reported with B larger than 60 mT for sediment samples from Monte dei Corvi, northern Italy
(Hiising et al., 2009). Our modeled B, and B, values are smaller than 21 and 25 mT, respectively, indicating that
some reported putative greigite magnetofossils may have contributions from diagenetic greigite. Moreover, the
relationship between modeled values of B, and M, /M_ combined with data in Reinholdsson et al. (2013) can be
well described by a linear function: M, /M = 0.04B_ - 0.24 (Figure 2f), which may indicate a trend of B_ and M,/
M, variation from generally intact greigite magnetosome chains to increasing degree of chain collapse.

4. Magnetotaxis Efficiency of Greigite-Producing MTB Cells and Indication on
Intracellular Assembly of Greigite Magnetosomes

Our calculations show that greigite magnetosome chains of rod-shaped bacteria have a magnetotaxis efficiency
with <cos 6> around 0.9 (Figure 4 and Table 1), similar to magnetite counterparts (Frankel & Blakemore, 1980;
Klumpp et al., 2019). This indicates that despite less well-organized chains in greigite-producing MTB (Kasama
etal., 2006) and the smaller M, value of greigite (Chang et al., 2008) which reduce the cellular magnetic moment,
rod-shaped greigite MTB strains biomineralize more greigite magnetosomes to form longer or multiple chains to
obtain enough cellular magnetic moment for efficient magnetotaxis (Bazylinski et al., 1995; Chen et al., 2014;
Kasama et al., 2006; Lefévre et al., 2011). Rod-shaped greigite MTB species may also have optimized the maxi-
mum production of greigite magnetosome crystals, that is, the number of magnetosomes will not increase too
much once a sufficient total magnetic moment for navigation has been obtained (Figure 4), similar to magnetite
MTB species (Frankel & Blakemore, 1980). This indicates that the evolution and natural selection have maxi-
mized the efficiency of magnetic orientation along the geomagnetic field in magnetic microorganisms.

Our micromagnetic simulations provide another powerful method to obtain magnetic moment of MTB in addition
to experimental methods such as the u-turn method (Frankel, 1984; Kalmijn, 1981; Keim et al., 2006) and numer-
ical calculation (Acosta-Avalos et al., 2012). Simulated total magnetic moments for MMP are about 18 x 10713
and 11.5 X 10715 Am?, respectively, which are on the same order as calculated by Winklhofer et al. (2007) and
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Acosta-Avalos et al. (2012). These values for MMP are one-order of magnitude larger than those for rod-shaped
greigite-producing MTB (Table 1), producing <cos &> close to 1 (Figure 4). This indicates that greigite magne-
tosomes in MMP may serve other purposes (Kopp & Kirschvink, 2008). Moreover, MTB living in sediments
require much larger magnetic moments to have efficient magnetotaxis compared to those living in water columns,
which should also be taken into consideration (Mao et al., 2014).

5. Conclusions

Micromagnetic calculations indicate that greigite magnetosome chains fall within narrow hysteresis parameter
regions that are distinct from their magnetite counterparts and inorganic greigite particles, making magnetic
methods a useful diagnostic tool to detect magnetosomal greigite in natural environments. Our simulations indi-
cate B, values are in a range of 15-21 mT for chains in rod-shaped greigite-producing MTB and MMP. Values
of B, and M, /M_ would decrease to about 11 mT and 0.36 for greigite magnetofossils with clumped particles. It
is found that the effect of magnetocrystalline anisotropy for greigite magnetosome chains is far less important
compared to magnetosome arrangements in chains. Magnetotaxis efficiency can be assessed based on simulated
magnetic moments of magnetosomes. Rod-shaped greigite MTB strains have similar magnetotaxis efficiency to
magnetite MTB, indicating optimized greigite magnetosome production in MTB cells. Our study provides impor-
tant magnetic criteria for biogenic greigite detection and improves understandings of the intracellular assembly of
magnetosomes in greigite-producing MTB species.

Data Availability Statement

All meshed micromagnetic models used for simulations can be downloaded from https://doi.org/10.18170/DVN/
E4HQOM.
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