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Summary

The magnetotactic lifestyle represents one of the
most complex traits found in many bacteria from
aquatic environments and depends on magnetic
organelles, the magnetosomes. Genetic transfer of
magnetosome biosynthesis operons to a non-
magnetotactic bacterium has only been reported
once so far, but it is unclear whether this may also
occur in other recipients. Besides magnetotactic
species from freshwater, the genus
Magnetospirillum of the Alphaproteobacteria also
comprises a number of strains lacking
magnetosomes, which are abundant in diverse
microbial communities. Their close phylogenetic
interrelationships raise the question whether the
non-magnetotactic magnetospirilla may have the
potential to (re)gain a magnetotactic lifestyle upon
acquisition of magnetosome gene clusters. Here,
we studied the transfer of magnetosome gene
operons into several non-magnetotactic environ-
mental magnetospirilla. Single-step transfer of a
compact vector harbouring >30 major magnetosome
genes from M. gryphiswaldense induced magnetosome
biosynthesis in a Magnetospirillum strain from a con-
structed wetland. However, the resulting magnetic cellu-
lar alignment was insufficient for efficient magnetotaxis
under conditions mimicking the weak geomagnetic field.
Our work provides insights into possible evolutionary
scenarios and potential limitations for the dissemina-
tion of magnetotaxis by horizontal gene transfer and

expands the range of foreign recipients that can be
genetically magnetized.

Introduction

The genus Magnetospirillum of the Alphaproteobacteria
was described in 1991 based on the first cultured
magnetotactic bacteria (MTB) that had been isolated
from freshwater sediments by taking advantage of their
active, directed motility in magnetic fields (Schleifer
et al., 1991). The first species found to be affiliated with
this genus by 16S rRNA sequence analysis were
Magnetospirillum magnetotacticum MS-1 (formerly
Aquaspirillum magnetotacticum) (Blakemore et al.,
1979; Frankel et al., 1979; Maratea and Blakemore,
1981), M. gryphiswaldense MSR-1 (Schüler and Köh-
ler, 1992) and M. magneticum AMB-1 (Matsunaga
et al., 1991). By exploiting their magnetotaxis, a number
of further magnetotactic spiral bacteria were later iso-
lated and identified as members of Magnetospirillum
(Schüler et al., 1999; Lefevre et al., 2012; Wang et al.,
2015; Dziuba et al., 2016; Ke et al., 2018).

All magnetotactic magnetospirilla share a helical cell
morphology, motility by means of a single flagellum at
each pole and the ability of microoxic or anoxic den-
itrifying growth on short-chained fatty acids. Their
magnetotactic behaviour is caused by the presence of
dedicated magnetic organelles, termed magnetosomes,
which consist of membrane-enveloped cuboctahedral
magnetite (Fe3O4) crystals aligned in a single chain. The
magnetosomes are thought to align MTB cells along ver-
tically inclined geomagnetic magnetic field lines, which in
conjunction with aerotactic sensing and active swimming
facilitate their navigation along redox gradients towards
suboxic layers within chemically stratified aquatic sedi-
ments (Popp et al., 2014; Uebe and Schüler, 2016). To
date, members of the genus Magnetospirillum represent
the best-studied MTB in terms of physiology and
magnetosome biosynthesis (Komeili, 2012; Uebe and
Schüler, 2016). In M. gryphiswaldense MSR-1,
magnetosome biomineralization was found to be strictly
controlled by gene clusters comprising >30 genes that
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are located within a chromosome region termed the
genomic magnetosome island (MAI) (Schübbe et al.,
2003), which later was found to be conserved in all mag-
netic members of this genus (Matsunaga et al., 2005;
Koziaeva et al., 2016, 2019; Smalley et al., 2016).
Whereas the presence of magnetosomes was initially pro-
posed as a distinct feature of Magnetospirillum species,
more recently a number of non-magnetic helical-shaped
bacteria were isolated from various habitats, including
freshwater sediments and wetlands, by selection for spe-
cific metabolic properties rather than by magnetic collec-
tion. Although the non-magnetic strains were affiliated to
Magnetospirillum based on 16S rRNA phylogeny and
shared the characteristic morphological and physiological
features of the genus, they were unable to produce mag-
netosomes. Several non-magnetotactic Magnetospirillum
spp. were isolated based on their ability to anaerobically
degrade recalcitrant aromatic compounds that make them
interesting for bioremediation applications (Shinoda et al.,
2000, 2005; Lahme et al., 2014; Meyer-Cifuentes et al.,
2017b). For instance, a strain Magnetospirillum sp. 15-1
was isolated from a toluene-degrading consortium in a
reconstructed wetland (Meyer-Cifuentes et al., 2017b).
Another strain, M. bellicus VDY, isolated from a bioelectri-
cal reactor is distinguished by its ability of respiration using
perchlorate (Thrash et al., 2010). The non-magnetic strain
M. aberrantis SpK was isolated in the attempt to obtain
MTB by magnetic enrichment, however in fact it did not
demonstrate magnetotaxis and contained only rare and
irregular iron-containing inclusions, but no magnetosomes,
suggesting that it was likely isolated due to its high motility
and strong negative aerotaxis rather than magnetic
response (Gorlenko et al., 2011). In addition, many
uncultivated Magnetospirillum spp. were identified in
metagenomic libraries from freshwater sediments, soils
and rhizosphere samples, indicating their high abundance
and activity in a number of habitats (Lu et al., 2006; Borole
et al., 2009; van der Lelie et al., 2012; Lin et al., 2013; Yin
et al., 2015; Bourceret et al., 2018; Mediavilla et al., 2019).
The absence of magnetosomes in the non-

magnetotacticMagnetospirillum spp. is consistent with the
lack of conserved magnetosome genes as revealed by
genome sequencing for several of the isolates (Dzyuba
et al., 2012; Meyer-Cifuentes et al., 2017a), (unpublished
genome is also available forM. bellicus VDY from the Inte-
grated Microbial Genomes and Microbiomes(IMG/M)
under the link: https://img.jgi.doe.gov/cgi-bin/m/main.cgi?
section=TaxonDetail&page=taxonDetail&taxon_oid=2546
825520). However, non-magnetotactic Magnetospirillum
spp. interlace with the magnetotactic species in the phylo-
genetic tree, rather than form a separate cluster (Fig. 1A).
This suggests that several independent events of
magnetosome gene losses may have happened within the
genus in the evolutionary past, and indeed spontaneous

losses of magnetosome gene clusters have been frequently
observed in MSR-1 and other magnetic magnetospirilla
under stress conditions (Schübbe et al., 2003; Fukuda
et al., 2006).

On the other hand, the recently reported evidence for
the horizontal transfer (HGT) of magnetosome genes
between different species of Magnetospirillum suggests a
complex evolutionary history of magnetotaxis within the
genus, which includes both losses and (re)gains of the
magnetosome genes (Lefevre et al., 2012). This raises the
question of whether the non-magnetotactic magnetospirilla
still retain the potential to switch to a magnetotactic life-
style upon acquisition of magnetosome gene clusters that
has not been experimentally addressed yet. Successful
functional expression of major magnetosome gene
operons has been limited so far to the only foreign organ-
ism, i.e. photosynthetic Rhodospirillum rubrum (Kolinko
et al., 2014), but remained an unsolved challenge in all
other tested Alphaproteobacteria, possibly because of so
far underestimated complexity of the process (Dziuba and
Schüler, in preparation).

In this study, we addressed this question by attempting
chromosomal integration of the major magnetosome
operons from MSR-1 into three non-magnetotactic
Magnetospirillum spp.: M. bellicus VDY, M. aberrantis
SpK and Magnetospirillum sp. 15-1. To facilitate the
gene transfer, we constructed a compact vector that
enabled the single-step transfer of all magnetosome
operons. While the transformation of VDY and SpK was
prevented by the presence of a restriction–modification
system(s), chromosomal insertion of the magnetosome
gene cassette in Magnetospirillum sp. 15-1 induced the
biosynthesis of magnetosomes causing a magnetic
response. However, magnetite crystals produced by 15-1
were smaller and lacked the regular chain organization of
the donor, probably due to unbalanced expression of
several magnetosome proteins, and were insufficient for
efficient magnetotaxis under conditions mimicking the
weak geomagnetic field. Our work provides insights into
possible evolutionary scenarios and potential limitations
for the dissemination of magnetotaxis by horizontal gene
transfer and will stimulate future studies on the functional
reconstruction of magnetosome biosynthesis in other
organisms. Given the ability of many non-magnetotactic
magnetospirilla to degrade xenobiotics, our study also
opens routes towards engineering of magnetically con-
trollable organisms for bioremediation.

Materials and methods

Strains and cultivation condition

Bacterial strains are listed in Table 1. Unless specified other-
wise, Magnetospirillum gryphiswaldense, Magnetospirillum
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Fig. 1. (A) Maximum likelihood phylogenetic tree based on 16S rRNA demonstrating relationships within the genus Magnetospirillum spp.
Magnetotactic strains marked in brown, non-magnetotactic—in blue. Strains used in this study are highlighted in bold. Arrows indicate the direc-
tion of magnetosome genes transfer in this study. B. Vector map of pTpsMAG1. In green—mamAB operon, orange—mamYXZ, blue—feoAB1,
yellow—mms6op, dark green—mamGFDC. RIR and LIR, right and left inverted repeats; oriT, the origin of transfer; p15a, the origin of replication.
The mamAB operon includes several genes that are essential for magnetosome formation, e.g. mamB, mamM, mamE, mamO, mamQ, mamL
and mamI. The genes mamK, mamJ and mamY are responsible for magnetosome chain assembly and positioning. The feoAB1 operon encodes
an additional system for transport of ferrous iron, and the other genes encode accessory factors regulating size and shape of crystals. C. TEM
micrographs of MSR wild type (MSR-1 WT), non-magnetic spontaneous mutant MSR-1B and the same mutant complemented with pTpsMAG1
(MSR-1B tpsMAG). D. Construction and complementation of MSR Δmam/Δmms mutant: (i) regions deleted in the spontaneous non-
magnetotactic mutant MSR-1B (beige baulks) and in MSR Δmam/Δmms (grey baulks); (ii) TEM micrographs of MSR Δmam/Δmms and the same
mutant complemented with pTpsMAG1 (MSR Δmam/Δmms tpsMAG). E. Reconstruction of the magnetosome overproducing MSR strain with
pTpsMAG1: (i) TEM micrograph of the mutant, (ii) magnetosome size (Nmag ≥ 500), and (iii) number (Ncell ≥ 100) in MSR ΔrecA tpsMAG in com-
parison to the parental strain and MSR-1B tpsMAG.
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aberrantis, Magnetospirillum bellicus and Magnetospirillum
sp. 15-1 were cultivated microaerobically in modified flask
standard medium (FSM) at 30 �C and 120 rpm agitation
(Heyen and Schüler, 2003). Escherichia coli strains were
cultivated in lysogeny broth as described elsewhere
(Sambrook and Russell, 2001). Cultures of E. coli WM3064
(W. Metcalf, unpublished) were supplemented with 0.1 mM
of DL-α,ε-diaminopimelic acid and supplied with 25 μg/ml of
kanamycin when necessary. Selection for transconjugants
was carried out on agar-solidified media (1.5% (w/v)), sup-
plemented with 5 μg/ml kanamycin. Optical densities were
measured photometrically at 565 nm for Magnetospirillum
spp. and 600 nm for E. coli. The coefficient of magnetically
induced differential light scattering (Cmag) was measured
as reported (Schüler et al., 1995).

Molecular and genetic techniques

Plasmids used for this study are listed in Table 2, primers
are listed in Table S1. The vector pTpsMAG1, comprising

the set of five major magnetosome operons from MSR-1,
was constructed on the basis of plasmid pTpsABG6
(29.95 kb) that already contained mamAB, mamGFDC
and mms6 operons (Kolinko et al., 2014). First, mamXYZ
and feoAB1 operons together with approximately
200–300 bp of upstream and downstream regions con-
taining putative native regulatory elements were amplified
by a high fidelity polymerase Q5 (New England Biolabs,
New England USA) from the genomic DNA of MSR-1
using primers with NotI restriction sites and unique nucle-
otide sequences as overhangs for subsequent Gibson
assembly (Torella et al., 2014). The fragments were
assembled into a pUC19 derivative cloning vector by Gib-
son reaction as described (Torella et al., 2014) and cloned
into E. coli DH5α. The fragment containing both operons
was excised from the vector by NotI and ligated into NotI-
digested pTpsABG6 resulting in plasmid pTpsMAG1
(37.8 kb). Because of the p15a ori, pTpsMAG1 is unable
to replicate in the target hosts but integrates its expres-
sion cassette randomly into a chromosome by MycoMar

Table 1. Bacterial strains used in the study.

Name Genotype Characteristics Source/References

Magnetospirillum
gryphiswaldense
MSR-1

WT Model magnetotactic organism,
donor of magnetosome genes for
the genetic construct

(Schleifer et al., 1991), DSM-6361

Magnetospirillum
aberrantis SpK

WT Non-magnetotactic member of
genus Magnetospirillum

(Gorlenko et al., 2011), from the
strain collection of Laboratory of
molecular identification, FRC
Fundamentals of Biotechnology
RAS, Moscow, Russia

Magnetospirillum
bellicus DSM21662

WT Non-magnetotactic member of
genus Magnetospirillum

DSMZ, (Thrash et al., 2010)

Magnetospirillum
sp. 15-1 ‘Meyer’

WT Non-magnetotactic member of
genus Magnetospirillum

(Meyer-Cifuentes, Martinez-
Lavanchy, et al., 2017), kindly
provided by Dr. Heipieper and
Dr. Meyer-Cifuentes (Helmholtz
Centre for Environmental
Research – UFZ), Leipzig,
Germany

E. coli NEB10β F− mcrA Δ(mrr-hsd-RMS-mcrBC)
Φ80dlacZΔM15 ΔlacX74 endA1
recA1 deoR Δ(ara,leu)7697
araD139 galU galK nupG rpsL λ−

The strain was used for
construction and cloning of
pTpsMAG1

Purchased from NEB BioLabs (MA,
USA)

E. coli WM3064 thrB1004 pro thi rpsL hsdS
lacZΔM15 RP4-1360 Δ(araBAD)
567 ΔdapA1341::[erm pir]

Donor strain for transformation by
conjugation, α,ε-diaminopimelic
acid (DAP) auxotroph

William Metcalf, UIUC, unpublished

Table 2. Plasmids used in the study.

Plasmid Characteristics Source/Reference

pSC101-BAD-gbaA TcR, replicative plasmid containing redα/redβ recombinases under the control of a L-arabinose
inducible promoter for recombineering

(Wang et al., 2006)

pTpsABG6 CmR, KmR, p15A ori, mariner tps mamAB, mamGFDC, mms6 (Kolinko et al., 2014)
pTpsMAG1 CmR, KmR, p15A ori, mariner tps mamAB, mamGFDC, mms6, mamYXZ, feoAB1 This study
pORdmms5-mmxF pORFM-Galk derivative (Raschdorf et al., 2014), mms5 (mamD2F2) operon up- and down-stream

regions for its in-frame deletion
This study

pTZ051 pORFM-Galk derivative (Raschdorf et al., 2014), mamXY upstream and mms6 downstream regions
for its in-frame deletion

This study
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mariner transposase (tps). Cloning of pTpsMAG1 was
conducted in E. coli NEB10β due to its improved ability
to stably maintain large vectors.

Construction of MSR-1 Δmam/Δmms mutant

To analyse the restoration of a magnetic phenotype in
MSR-1 as the positive control, a non-magnetic, unmarked
mam/mms null mutant was generated using RecA-
mediated homologous recombination (Raschdorf et al.,
2014). Therefore, 1–1.5 kb up- and down-stream regions
of the mms5, mms6 and mamXY operons were amplified,
fused by an overlapping PCR and ligated into an EcoRV
digested pORFM-GalK vector. The plasmids were suc-
cessively transferred into the ΔA13 mutant, which
already lacked mamAB and mamGFDC operons (Lohße
et al., 2011), by conjugation using E. coli WM3064 as a
donor strain. Insertion mutants were selected using kana-
mycin agar plates and scaled up to 1 ml. After counter-
selection with galactose, correct Δmam/Δmms deletions
were verified by PCR.

Screening of transconjugants and PCR-test for the
cassette integrity

All plasmids were transferred into the target hosts by
biparental conjugation using E. coli WM3064 as donor
strain, generally according to the procedure described in
Schultheiss and Schüler (2003). After conjugation,
kanamycin-resistant transconjugants were transferred
into 96-well plates filled with 200-μl of the corresponding
medium containing the appropriate kanamycin concentra-
tion. Transconjugants were then screened for the integra-
tion of the magnetosome expression cassette using
primers that bind within mamY and feoA respectively
(primers 5 and 6 in Table S1). Subsequently, PCR tests
for the integrity of the transferred operons in the mutants
were conducted using primers designed in a way that the
resulting PCR fragments cover most of the transferred
cassette (primers 5–22 in Table S1).

Transmission electron microscopy

For transmission electron microscopy (TEM) analyses,
the strains were cultivated under microoxic conditions in
FSM to enable potential magnetosome formation. Cells
were harvested from overnight cultures by centrifugation,
adsorbed onto carbon-coated cupper-mesh grids and
washed two times with water. Samples were imaged with
a JEOL 1400 TEM (Japan) at 80 kV acceleration. Micro-
graphs were analysed with tools implemented in the
ImageJ software (Abràmoff et al., 2004).

Analysis of cell response to external magnetic field

Magnetic response of cells was analysed by semisolid
swarm agar plate assays or microscopic observations
employing adjustable external magnetic fields. For swarm
agar assays, 5 μl of overnight cultures diluted to OD 0.1
were stabbed into semisolid 0.3% FSM agar and incu-
bated at 28 �C for 1–7 days in the horizontal magnetic
field (600 μT) generated by a pair of coils.

Swimming behaviour of cells in external magnetic field
was also observed and recorded using dark-field micros-
copy under an upright FN1 Eclipse (Nikon) microscope at
20× magnification. To this end, 3 μl cell suspensions
were placed under a coverslip and sealed with wax.
Homogeneous magnetic fields of 400 μT were applied
using a custom-manufactured (Claricent, Munich, Ger-
many) magnetic coil cage (‘magnetodrom’, (Popp et al.,
2014)) consisting of three pairs of coils positioned along
X-, Y- and Z-axes. To observe the switch of cells swim-
ming direction, the magnetic field direction was altered
between X- and Y-axes at a frequency of 0.1 s−1. Videos
were recorded with a pco.edge 4.2 sCMOS camera at a
frame rate of 25 fps controlled by NIS-Elements 5.1 soft-
ware (Nikon).

Magnetosome isolation

Cells were cultivated in 8 l of FSM medium in screw-cap
bottles for 1–2 days. All steps of isolation were performed
at 4 �C. Cells were harvested by centrifugation at
4000 rpm (Sorvall RC5B Plus, Thermo Scientific), re-
suspended in 30 ml of re-suspension buffer [50 mM
Hepes, 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluo-
ride (PMSF)], homogenized and lysed by several pas-
sages through a Microfluidizer Laboratory Homogenizer
(Microfluidics Corp., MA, USA). Cell lysates were cen-
trifuged for 10 min at 1000 rpm to remove cell debris.
Magnetosomes were separated in 5 ml MACS columns
(Miltenyi Biotec) placed between neodymium-iron-boron
cube magnets (gravity flow), essentially as described in
Raschdorf and colleagues (2018b). The magnetically
enriched magnetosome fraction was additionally purified
and concentrated by ultracentrifugation at 100 000g with
a 60% sucrose cushion (Sorvall WX Ultra 80, Thermo
Scientific).

SDS-PAGE and western blot

Bacterial cells for SDS-PAGE were concentrated to opti-
cal density of 10, whereas magnetosome samples were
normalized to OD400 of 0.025 per loading, mixed with
sample buffer (58 mM Tris–HCl pH 6.8, 2% SDS, 5%
glycerol, 0.1 M DTT, 0.01% bromophenol blue) and
heated at 99 �C for 10 min. Proteins were resolved in
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12%–22.5% SDS-PAGE gels (0.5 mA cm−2) using Tris-
glycine running buffer (50 mM Tris–HCl pH 8.5, 0.19 M gly-
cine, 0.1% SDS) as described (Fling and Gregerson, 1986).
For stain-free imaging of proteins, 2,2,2-trichloroethanol was
added to all gels at a final concentration of 0.5% (w/v).
Proteins were detected in gels and on blotted membranes
by the stain-free technique according to the method
described by Ladner and colleagues (2004). Separated
proteins were blotted onto 0.22 or 0.45 μm PVDF mem-
branes by the semi-dry technique at 2 mA cm−2 for 2 h,
with Bjerrum–Schafer-Nielsen transfer buffer (48 mM Tris-
base, 39 mM glycine, 0.0375% SDS, 20% methanol)
(Bjerrum and Schafer-Nielsen, 1986). After transfer, mem-
branes were blocked in 5% non-fat milk in TBS (50 mM
Tris–HCl pH 7.5, 150 mM NaCl) for 1 h and subsequently
incubated with primary antibodies overnight. Custom rabbit
polyclonal primary antibodies used in this study were pur-
chased from companies Pineda Antikörper-Service
(Germany) and ProteoGenix (France). Membranes were
washed four times with TTBS (buffer) (0.05% Tween
20, 50 mM Tris–HCl pH 7.5, 150 mM NaCl) and incubated
with HRP-labelled anti-rabbit secondary antibodies for 1 h,
followed by subsequent washing with TTBS. Immu-
nodetection was performed by a chemiluminescent tech-
nique using the commercial Western BLoT
Chemiluminescence HRP Substrate by Takara Bio (USA).
Gel and blot documentation was performed using
ChemiDoc™ XRS+ System (Bio-Rad, USA), and the
images were processed with ImageLab 6.0.1 software.

Bacterial cell extract preparation

Cells were grown in 100 ml of FSM at 30 �C ON,
harvested by centrifugation (4500 rpm, 4 �C, 10 min).
The pellets were washed by sterile PBS (137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2)
supplied with 0.1 mM PMSF and re-suspended in 5 ml of
the same buffer, which was additionally supplied with
0.25 mg/ml of lysozyme and 5 mM EDTA. The cells were
lysed by 3 cycles of freezing at −80 �C and thawing. The
cell debris was centrifuged at 5000g (4 �C, 10 min) and
cell extracts in the supernatant were collected. The cell
extracts were used immediately or supplied with 10%
glycerol and stored at −80 �C.

Treatment of plasmid DNA with bacterial cell extract

For the DNA digestion experiments the cell extracts were
mixed with 1× Tango buffer (33 mM Tris-acetate, pH 7.9,
10 mM magnesium acetate, 66 mM potassium acetate,
0.1 mg/ml BSA, Thermo Fisher Scientific) and 0.5–1 μg
plasmid DNA isolated from E. coli strain NEB10β or
MSR-1 in total volume of 20 μl. The reactions were incu-
bated at 37 �C for 30 min. As a control, plasmid DNA

was incubated with water, without cell extract. The
resulting fragments were visualized by 1% agarose
electrophoresis.

Phylogenetic inference and bioinformatics methods

The maximum-likelihood phylogenetic tree based on the
partial sequences of 16S rRNA genes (1314 bp) was
reconstructed using IQ-Tree under TIM2 + I + G model
suggested by ModelFinder (Nguyen et al., 2015;
Kalyaanamoorthy et al., 2017). Sequences for the phylo-
genetic analysis were taken from GeneBank. The phylo-
genetic trees were visualized and annotated by iTOL
online tool (Letunic and Bork, 2019). All sequences we
edited and analysed using Geneious 8.1.4 (https://www.
geneious.com/).

Statistical methods

Plotting of graphs and basic statistical analysis was
implemented in GraphPad Software (v. 6.01 for Win-
dows). The statistical significance of the differences in
magnetosome size and number were evaluated by one-
way analysis of variance and Kruskal–Wallis test followed
by unpaired t-test with Welch’s correction and Mann–
Whitney U test, with the p-value threshold of 0.05.

Images processing

The raster images were processed in PaintNET software
(v. 4.2), the figures were prepared using scalable vector
graphic (SVG) software Inkscape 0.92 (https://inkscape.
org). The vector map was prepared using SnapGene
software (GSL Biotech; available at snapgene.com).

Results

A single compact vector comprising the major
magnetosome biosynthesis gene clusters restores
magnetosome formation in MSR Δmam/Δmms and
causes magnetosome overproduction in MSR ΔrecA

To simplify the transfer of magnetosome genes into the
target hosts, a single vector harbouring the five most
important operons for magnetosome formation in MSR-1,
mamAB, mamGFDC, mamYXZ, mms6 and feoAB1,
including their native promoters, was constructed. This
was achieved by incorporation of mamYXZ and feoAB1
into plasmid pTpsABG6, which already harboured the
other three operons (Kolinko et al., 2014). The resulting
vector, designated pTpsMAG1 (refers to magnetosome
biosynthesis), shares the basic features intrinsic to the
parental vector, e.g. p15a origin, mariner transposase tps
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for chromosomal insertion and the gene for kanamycin
resistance (Fig. 1B).

In order to test pTpsMAG1 for the ability to functionally
reconstitute magnetosome formation, it was first conju-
gated into the spontaneous non-magnetotactic mutant of
MSR-1, termed MSR-1B (Schübbe et al., 2003). The
resulting mutants formed wild type-like (WT-like) mag-
netosomes, as expected (Fig. 1C). However, it was
important to further include into transformation experi-
ments as positive control a strain, in which magnetosome
formation can be easily monitored and the magnetic phe-
notype is immediately evident by biomass colour or cell
magnetic response since spontaneous mutations of
magnetosome biosynthesis genes were occasionally
observed in the vector during propagation in the donor E.
coli strain (data not shown). However, since MSR-1B still
possesses the mamYXZ operon (Schübbe et al., 2003), it
could not serve as ‘clean’ positive control. Therefore, we
set out to construct a Δmam/Δmms mutant of MSR-1.
This was achieved by allelic replacement resulting in the
mutant lacking all mam and mms operons including their
interspacing regions with ~66 kb extent of deletion
(Fig. 1D-i). As expected, the mutant was non-magnetic
and entirely devoid of magnetosomes. As in MSR-1B,
complementation with pTpsMAG1 virtually restored a
WT-like magnetosome phenotype in MSR Δmam/Δmms
(Fig. 1D-ii). Next, we transferred pTpsMAG1 into MSR-1
ΔrecA, a strain forming WT-like magnetosomes that
resulted in strains having two copies of all five operons in
its chromosome (Kolinko et al., 2011). As expected, the
resulting mutant was able to produce multiple
magnetosome chains with >100 magnetosomes per cell,
similar to the phenotype reported previously (Lohße
et al., 2016) (Fig. 1E).

Genetic transfer of pTpsMAG1 into M. aberrantis and M.
bellicus is prevented by a putative restriction–
modification barrier

Next, we attempted to transfer pTpsMAG1 vector into
three naturally non-magnetotactic Magnetospirillum strains
by conjugation. However, despite repeated attempts to
transform M. aberrantis and M. bellicus, no transconjugant
colonies for these two species could be obtained, indepen-
dent of variations in growth conditions. Therefore, we
hypothesized that some kind of restriction–modification
system might prevent transformation in case of these two
Magnetospirillum species. Indeed, treatment of plasmid
DNA isolated from E. coli WM3064 (pTpsMAG1) or a
broad-host vector plasmid isolated from MSR-1 (pBBR-
MCS2) with cell extracts from the strains sheared it into
smearing fragments within 30 min of incubation at 37 �C
(Fig. 2). In contrast, cell extracts prepared from MSR-1, a
strain that can be transformed with high rates, and

Magnetospirillum sp. 15-1 did not digest DNA under the
same conditions. This suggested that M. bellicus and M.
aberrantis may employ one or several efficient restriction-
modification (RM) system(s) for self-protection from the
invading foreign DNA that is known to hamper genetic
manipulation of some non-model bacterial species
(Donahue et al., 2000). Therefore, further attempts to
transform M. aberrantis and M. bellicus were aban-
doned in the current study.

Transfer of pTpsMAG1 into Magnetospirillum sp. 15-1
induces magnetosome formation in the strain

In contrast to M. aberrantis and M. bellicus, after 10 days
of incubation under microoxic conditions (2% O2, 98%
N2), a few colonies of transconjugants appeared on agar
plates in case of Magnetospirillum sp. 15-1. Three out of
five clones, in which the integrity of the magnetosome
gene expression cassette was confirmed by PCR
(Fig. S1), were selected for further analysis (clones C5,
C7 and C9). Remarkably, the cell pellets of the
Magnetospirillum sp. 15-1 tpsMAG1 mutants exhibited
dark brown colour, in contrast to the beige colour of the
WT (Fig. 3A). However, the difference in colour between
WT and tpsMAG1 mutants was less prominent in
Magnetospirillum sp. 15-1 than in the complemented
MSR Δmam/Δmms strain, which cell pellets had a clearly
blackish colour (Fig. 3A). Consistently, the cultures of
Magnetospirillum sp. 15-1 tpsMAG1 demonstrated mag-
netic alignment measured by means of the light scatter-
ing method, with Cmag values of 0.5 � 0.15 versus
1.3 � 0.3 in MSR-1 (Fig. 3B) (Schüler et al., 1995).
Indeed, TEM analysis revealed the presence of electron-
dense particles within the cells that confirmed the suc-
cessful functional expression of the transferred genes
(Fig. 3C). However, the ‘magnetized’ Magnetospirillum
sp. 15-1 tpsMAG mutants did not fully phenocopy the
donor of magnetosome genes MSR-1. Instead, they syn-
thesized magnetic particles that were not arranged in
straight long chains, as in MSR-1, but were agglomer-
ated, scattered, or occasionally formed short chains
within the cells (Fig. 3C). Furthermore, the mag-
netosomes produced in Magnetospirillum sp. 15-1
tpsMAG were significantly smaller than in the donor
strain or the complemented Δmam/Δmms tpsMAG
mutant, having magnetite crystal diameters of 21.5 � 7.4,
23.2 � 7.1 and 23.9 � 8.1 nm as measured in clones C5,
C7 and C9 versus 34.5 � 10.1 and 34.2 � 9.6 nm in
MSR-1 Δmam/Δmms tpsMAG clones (Fig. 3D).

All three tested clones of Magnetospirillum sp. 15-1
tpsMAG demonstrated impaired growth in comparison to
the WT (Fig. 4Ai-ii). They could reach approximately two-
fold lower optical density in comparison to the wild type
of Magnetospirillum sp. 15-1, whereas complementation
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of MSR Δmam/Δmms with pTpsMAG1 did not change
the growth curves significantly in comparison to the
parental strain MSR Δmam/Δmms. The decrease of fit-
ness in the Magnetospirillum sp. 15-1 tpsMAG mutants
was also indicated by a remarkable increase of doubling
time, which varied among the clones ranging from 5.2 to
10.5 h versus ~3.6 h in the wild type (Fig. 4A-iii). In con-
trast, the growth rate in MSR Δmam/Δmms tpsMAG
remained mostly unaffected in comparison to the parental
strain. This suggested that expression of magnetosome
genes and/or magnetosome biosynthesis may impose a
higher metabolic burden on Magnetospirillum sp. 15-1
than on the native host.
It has been well established that in the donor MSR-1

magnetosome production is stimulated by denitrifying
conditions with nitrate as terminal electron acceptor
(Heyen and Schüler, 2003). In the Δnap (lacking the
periplasmic nitrate reductase) and ΔnirS (lacking the
cytochrome cd1 nitrite reductase) deletion strains of
MSR-1 the magnetosome formation was severely
impaired (Li et al., 2012, 2013). Magnetospirillum
sp. 15-1 was also capable of growth under anaerobic
conditions with nitrate as a sole terminal electron
acceptor (Fig. S2). However, in contrast to MSR-1,
magnetosome production in Magnetospirillum sp. 15-1
tpsMAG mutants was not stimulated by dissimilatory
nitrate reduction. On the contrary, the average
magnetosome diameter in Magnetospirillum sp. 15-1
tpsMAG even slightly decreased with elevated nitrate

concentrations, which was also accompanied by
decreased Cmag (Fig. S2). This result suggests that
magnetosome biomineralization in Magnetospirillum
sp. 15-1 tpsMAG is either not interlinked with nitrate
respiration of the host, or their link is less efficient than
in MSR-1.

Deficient magnetosome formation in Magnetospirillum
sp. 15-1 tpsMAG is insufficient for effective magnetotaxis
in Earth-range magnetic fields

Although the detectable Cmag indicated the ability of the
Magnetospirillum sp. 15-1 tpsMAG to align in magnetic
fields, the magnets commonly used for Cmag detection
generate an artificially strong magnetic field of approxi-
mately 100 mT. Therefore, we studied whether mag-
netosomes formed in Magnetospirillum sp. 15-1 tpsMAG
are sufficient to enable magnetotaxis in magnetic fields
close to the strength of ambient geomagnetic fields (μT
range). To this end, we subjected the mutants to swarm
agar assays with constant magnetic field of 600 μT. In
contrast to MSR-1, which formed swarming halos after
1–2 days after inoculation, the appearance of visible
halos for Magnetospirillum sp. 15-1 required 7–8 days.
However, unlike in MSR-1, Magnetospirillum sp. 15-1
tpsMAG swarming halos did not become distorted in the
magnetic field direction but retained their spherical
appearance (Fig. 4B). In consistence to this, no change

Fig. 2. Detection of putative restriction endonuclease activity in the cell extracts of M. bellicus and M. aberrantis. pTpsMAG isolated from E. coli
(A, C) and a broad-host range vector pBBR-MCS2 isolated from MSR (B) were treated by cell extracts prepared from different strains: M. bellicus
(‘Mb’), M. aberrantis (‘Ma’), M. gryphiswaldense (‘MSR’) and Magnetospirillum sp. 15-1 (‘15-1’) in 1× Tango buffer at 37 �C for 30 min. M,
marker; Co- cell extract was replaced with water. Note the digestion of the plasmids treated by the cell extracts from M. bellicus and M.
aberrantis (red arrowheads); the plasmids were not digested by cell extracts from MSR and Magnetospirillum sp. 15-1 (black arrowheads).
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in cell orientation and swimming behaviour could be
observed during microscopic real-time recordings in the
presence of alternating magnetic fields of 400 μT
(Movies S1–6). Taken together, this indicates that the
magnetic moments of magnetosomes synthesized in
Magnetospirillum sp. 15-1 tpsMAG did not endow the
cells with effective magnetotaxis, at least in magnetic fields
with the strengths ~8–12 times of the geomagnetic field.

Western blot analysis reveals differences in expression
levels of magnetosome proteins MamB, MamY and
Mms6 between Magnetospirillum sp. 15-1 tpsMAG and
MSR-1

We reasoned that deficient chain organization and small
magnetosome sizes in Magnetospirillum sp. 15-1
tpsMAG might be caused by imbalanced expression of
one or more magnetosome proteins. Therefore, we

assessed the patterns of magnetosome proteins in the
magnetosome membrane (MM) from the ‘magnetized’
mutants of Magnetospirillum sp. 15-1 by Western blot.
First, we analysed intact magnetosomes isolated from
the Magnetospirillum sp. 15-1 tpsMAG mutants for the
expression of 11 magnetosome proteins encoded in the
transferred cassette: MamJ, MamK, MamM, MamO,
MamP, MamA, MamB, MamC, Mms6, MmsF and MamY
(Fig. 5). The 1D SDS-PAGE proteins profile visualized by
a stain-free method revealed many protein bands of the
same molecular weight in the magnetosomes isolated
from MSR-1 WT, MSR-1 Δmam/Δmms tpsMAG and
Magnetospirillum sp. 15-1 tpsMAG (Fig. 5A). However,
there were also differences in the patterns and relative
intensities of the bands. This fact can be partly attri-
buted to the inevitable presence of contaminating cyto-
plasmic membrane proteins in the purified magnetosome
samples (Raschdorf et al., 2018a), which might differ

Fig. 3. Heterologous magnetosome biosynthesis by Magnetospirillum sp. 15-1. A. Biomass of the mutants of MSR-1 and Magnetospirillum
sp. 15-1 in comparison to wild types (WT). B. Magnetic response of the cells measured by Cmag. Error bars represent standard deviations of the
measurements made in three replicates, in three independent experiments. C. TEM micrographs of Magnetospirillum sp. 15-1 WT and tpsMAG
mutants, exemplary cells and magnified magnetosomes. The heterogeneity of magnetosome organization within the cells is highlighted as the fol-
lowing: scattered (SM), agglomerated (Ag) and chain-like (Ch). D. Comparison of magnetosome crystal sizes between pTpsMAG1 transformed
MSR and Magnetospirillum sp. 15-1 mutants. The asterisks represent points of significance (Mann–Whitney test).
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in the two species and between preparations. On
the other hand, this might also hint towards potential vari-
ations in gene expression levels between MSR-1 and
Magnetospirillum sp. 15-1.
Among the tested proteins, MamJ and MamK were of

particular interest with respect to the irregular magnetosome
organization observed in Magnetospirillum sp. 15-1, as they
represent the well-established key players of magnetosome
chain assembly (Scheffel and Schüler, 2007; Katzmann
et al., 2010). The analysis showed that the band intensi-
ties of MamJ, detected in magnetosome samples of
Magnetospirillum sp. 15-1, were similar to those in
MSR-1 WT (Fig. 5B). Curiously, MamJ could not be
detected in MSR-1 Δmam/Δmms tpsMAG, although the
observed WT-like magnetosome chain formation in

the mutant argues for the expression of the protein in
the cells (Fig. 5B). In addition, MamK could be detected
only in magnetosomes of MSR-1 WT, but not in MSR-1
Δmam/Δmms tpsMAG and Magnetospirillum sp. 15-1
tpsMAG mutants, despite the regular magnetosome
chains in MSR-1 Δmam/Δmms tpsMAG. Although both
MamJ and MamK are known to be associated with mag-
netosomes, they lack trans-membrane helices and are
not bona fide MM proteins (Raschdorf et al., 2018a),
hence their virtual abundance in the magnetosome sam-
ples could be preparation-dependent. Therefore, we
also estimated the abundance of these proteins in the
crude cell extracts of Magnetospirillum sp. 15-1
tpsMAG mutants by Western blotting. The result rev-
ealed similar expression levels of MamJ and MamK in

Fig. 4. (A) Growth tpsMAG mutants of: (i) MSR and (ii) Magnetospirillum sp. 15-1; (iii) doubling time of the mutants, MSR in grey,
Magnetospirillum sp. 15-1 in red. Parental strains are highlighted with pattern. B. Swarm agar assay of the cultures in magnetic field (600 μT).
Each well represents a biological replicate. B with arrow indicates the vector of the magnetic field lines. The results were reproduced in three
independent experiments performed on different days.
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Magnetospirillum sp. 15-1 tpsMAG compared to both
MSR-1 WT and MSR-1 Δmam/Δmms (Fig. 5C), implying
that MamK and MamJ were produced at sufficient
levels.

Among the other proteins tested in the magnetosome
samples, the signals detected for MamM, MmsF,
MamC, MamA and MamP had similar intensities in
Magnetospirillum sp. 15-1, MSR-1 WT and MSR-1
Δmam/Δmms tpsMAG. The signals of MamB and
MamY, however, appeared to be significantly weaker
in Magnetospirillum sp. 15-1 in comparison to both
MSR-1 WT and the complemented MSR-1 Δmam/
Δmms mutant (Fig. 5B). At the same time, Mms6,
which usually appears as three bands presumably
corresponding to dimers (~12 kDa), trimers (~18 kDa) and
tetramers (~24 kDa) of the processed peptide (6 kDa),
appeared to be more abundant in the magnetosomes from
Magnetospirillum sp. 15-1 tpsMAG than in those from
MSR-1 WT and MSR-1 Δmam/Δmms tpsMAG. Intrigu-
ingly, in Magnetospirillum sp. 15-1 two additional bands,
~20 and ~100 kDa, were detected with anti-Mms6 anti-
bodies, where the former might represent a product of
degradation of a larger oligomer and the latter might corre-
spond to a multiprotein complex, which includes Mms6.
Taken together, the results of Western blot hint towards
imbalanced expression of several magnetosome proteins
in Magnetospirillum sp. 15-1 tpsMAG that could contribute
to the observed magnetosome formation phenotype in the
mutant.

Discussion

In the current study, we assessed the potential of three
non-magnetotactic members of the genus Magnetospirillum
to synthesize magnetosomes upon transfer of the key

magnetosome operons from MSR-1. Up to now, success-
ful functional reconstruction of magnetosome biosynthesis
has been achieved only in a single foreign organism,
namely R. rubrum, while it failed so far in all other tested
Alphaproteobacteria (Kolinko et al., 2014; Dziuba and
Schüler, in preparation). This suggests that some other
factors outside the major biosynthetic operons might be
important for successful biomineralization by a new host.
In R. rubrum magnetosome operons were transferred in
several sequential steps. In this study, to facilitate the
transfer, we combined the five key magnetosome operons
into a single vector (pTpsMAG1). The resulting plasmid
can be applied in future studies to screen other foreign
hosts applicable for magnetosome production in one-step
transfer experiments. Transformation with pTpsMAG1
successfully endowed a non-magnetotactic strain
Magnetospirillum sp. 15-1 with the ability for
magnetosome biomineralization, thereby expanding
the current set of foreign hosts for heterologous
magnetosome biosynthesis. This also suggests that in
addition to the ability of the host’s transcription machin-
ery to recognize the regulatory elements of the donor,
the strain is likely to possess some yet unknown auxil-
iary genes in the genome that are essential for
magnetosome biomineralization.

How non-magnetotactic species evolved within genus
Magnetospirillum is still not clear. Several scenarios were
proposed to explain the absence of magnetotaxis in
these strains (Lefevre et al., 2012). First, since cases of
spontaneous loss of magnetosome genes and occur-
rence of non-magnetotactic phenotypes have been
described in magnetospirilla MSR-1 and AMB-1 during
cultivation in laboratory, deletion of magnetosome genes
due to the inappropriate conditions upon isolation of the
non-magnetotactic species cannot be excluded.

Fig. 5. Analysis of the magnetosome protein production in Magnetospirillum sp. 15-1 tpsMAG by Western blot. A. Protein profiles of the mag-
netosomes imaged by stain-free technique in 1D SDS-PAGE (left) and after transfer to the blot membrane (right). B. Western blot detection of
magnetosome proteins in magnetosomes isolated from MSR-1 WT, MSR Δmam/Δmms tpsMAG and Magnetospirillum sp. 15-1 tpsMAG C5.
C. Western blot detection of MamJ and MamK in whole-cell lysates of MSR WT, MSR Δmam/Δmms tpsMAG C1 and Magnetospirillum sp. 15-1
tpsMAG C5. Red circles indicate the weak bands for MamB and MamY.
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However, genetic analysis of spontaneous mutants of
MSR-1 rather revealed diverse, mosaic-like deletion pat-
terns, whereas simultaneous excision of all
magnetosome genes at once has never been observed
in MSR-1 (Schübbe et al., 2003). Even in AMB-1, where
a large 98 kb deletion spanning almost the entire MAI
occurred systematically, several genes belonging to a
smaller magnetosome ‘islet’ were not affected by the
mutation (Fukuda et al., 2006; Rioux et al., 2010). In con-
trast, no remnants of MAI were found in the genomes of
VDY, SpK and 15-1, and therefore it appears less likely
that they lost the magnetotactic trait by a single deletion
event due to the stress caused by laboratory cultivation.
Considering this, a second scenario is highly plausible,
which implicates that the spread of magnetosome genes
in Magnetospirillum occurred by vertical transfer from a
common magnetotactic ancestor followed by losses of
the genes in particular groups within the genus. On the
other hand, in addition to vertical inheritance, evidence
for the recent horizontal transfer (HGT) of magnetosome
genes between species within genus Magnetospirillum has
been described in at least one case (Lefevre et al., 2012).
Taken together, this suggests a complex evolutional history
of magnetotaxis genes among Magnetospirillum spp. that
includes a common magnetotactic ancestor, potential
losses of the ability for magnetosome biosynthesis in sev-
eral groups and occasional recent HGT of magnetosome
genes between species. Our study demonstrates that
non-magnetotactic members of genus Magnetospirillum
can potentially acquire at least rudimentary ability for
magnetosome biomineralization, which may similarly
occur in the natural environment by HGT.
However, despite its close phylogenetic relationship to

MSR-1, magnetosomes formed by Magnetospirillum
sp. 15-1 appeared to be significantly smaller and less reg-
ularly organized within the cells. Swarm agar assay and
growth-independent observations under the microscope in
the presence of a magnetic field showed that the mutants
did not respond to magnetic fields of μT range. Although
we did not measure the magnetic properties of the mag-
netosomes produced in Magnetospirillum sp. 15-1 directly,
their small size (<25 nm) suggests that they are likely
superparamagnetic and, thus, are not efficiently magne-
tized by the weak geomagnetic field. Together with the
poor arrangement within the cells, this seems to lead to
the lack of cell alignment under the tested conditions. The
fields applied in the current research were ~8–12-fold
stronger than the geomagnetic field, suggesting that
the benefits of magnetotaxis as a navigation tool would
not be used by the strain to the fullest extent in the nat-
ural environment. Although the source from which
Magnetospirillum sp. 15-1 was isolated, represented a
constructed wetland model system (planted fixed-bed
reactor) devoid of chemical gradients by generating a

macro-gradient-free flow (Martínez-Lavanchy et al., 2015),
native wetlands form vertically stratified redox gradi-
ents, similar to aquatic sediments (Noll et al., 2005).
Therefore, they represent a type of environments in
which magnetotaxis may provide an advantage.

Differences in the expression levels of at least several
magnetosome proteins in comparison to MSR-1 could
account for the weak magnetic phenotype in
Magnetospirillum sp. 15-1. Western blot analysis of
11 magnetosome proteins in Magnetospirillum sp. 15-1
tpsMAG revealed somewhat imbalanced expression of
magnetosome proteins. Thus, the expression of MamB
and MamY was weaker, than for the other tested pro-
teins. MamB is an essential protein for magnetosome bio-
synthesis due to its two important functions: initiation of
MM vesicles formation and transport of ferrous iron into
magnetosomes (Keren-Khadmy et al., 2018). Therefore,
relatively low abundance of MamB can explain small
magnetite crystals in Magnetospirillum sp. 15-1. Very
recently, MamY was demonstrated to determine the
position of the magnetosome chain along the positive
inner cell curvature of helically shaped MSR-1 cells
(Toro-Nahuelpan et al., 2019). It, therefore, seems
plausible that insufficient synthesis of MamY in
Magnetospirillum sp. 15-1 may be one of the reasons
for the poor magnetosome arrangement. One explana-
tion for the differences in the expression can be inade-
quate recognition of transcription regulatory elements,
e.g. promoters and transcriptional regulators binding
sites, by the new host. On the other hand, partial
degradation of the heterologous proteins is also possi-
ble. Besides, we cannot rule out accumulation of
point mutations or small indels in the cassette. The
sequence of pTpsMAG1 was verified prior to transfer
(data not shown); however, acquisition of such muta-
tions could happen in the host after integration of the
cassette into the chromosome.

Despite repeated attempts, we failed to transfer
pTpsMAG1 into M. aberrantis and M. bellicus. Besides
conjugation, various electroporation protocols were also
tried in both strains with no positive result (data not
shown). Further investigation on the possible reasons
showed evidence for some mechanisms of self-protection
against foreign DNA, likely a RM system, involved. Treat-
ment of plasmid DNA isolated from E. coli, or even more
closely related MSR-1, with cell extracts prepared from M.
aberrantis and M. bellicus efficiently digested DNA, and
analysis of genome sequences of the strains revealed the
presence of several RM systems belonging to different
types making it difficult to predict the one in action for each
strain (Table S2). Considering the concurrent absence of
the MAI in both strains, it seems reasonable that a putative
RM system(s) might prevent M. aberrantis and M. bellicus
from re-acquiring magnetosome genes by HGT. This may
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generally represent a limiting factor for the horizontal
expansion of magnetosome genes, even within groups of
closely related species under natural environmental
conditions.

In conclusion, we demonstrated that the single-step
transfer of the known magnetosome operons from a
freshwater sediment-dwelling magnetotactic strain
MSR-1 to a non-magnetotactic wetland-inhabiting spe-
cies of Magnetospirillum was sufficient to ‘magnetize’
the latter. The observed magnetosomes and inefficient
magnetotaxis in relatively weak magnetic fields high-
light the potential limitations in the ability of horizontally
transferred genes to endow a new host with magnetotactic
lifestyle. However, the ability of Magnetospirillum sp. 15-1
tpsMAG to respond to strong magnets, in combination
with the capacity of the strain to degrade toluene and other
aromatic compounds under anaerobic conditions (Meyer-
Cifuentes et al., 2017b), opens new possibilities to engi-
neer magnetically controllable strains for bioremedia-
tion. In addition, we provide evidence for a putative RM
system(s) in magnetospirilla that might represent a natu-
ral barrier for the horizontal expansion of magnetosome
genes within the genus in their natural habitats. Overall,
our findings will stimulate future attempts to reconstitute
the magnetosome biomineralization in foreign non-
magnetotactic organisms.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Movie S1. Swimming behaviour of M. gryphiswaldense in
the absence of the applied magnetic field*. Note the random
movement of the cells.
Movie S2. Swimming behaviour of M. gryphiswaldense in
the magnetic field of 400 μT directed along the X axis.
Movie S3. Swimming behaviour of M. gryphiswaldense in
the magnetic field of 400 μT directed along the Y axis
Movie S4. Swimming behaviour of Magnetospirillum
sp. 15–1 tpsMAG in the absence of the applied mag-
netic field.
Movie S5. Swimming behavior of Magnetospirillum sp. 15–1
tpsMAG in the magnetic field of 400 μT directed along the
X axis.
Movie S6. Swimming behaviour of Magnetospirillum
sp. 15–1 tpsMAG in the magnetic field of 400 μT directed
along the Y axis *Geomagnetic field was not compensated
in all experiments
Table S1. Oligonucleotides used in the study
Table S2. Annotated genes for potential restrictases belong-
ing to various restriction-modification systems in the
genomes of M. bellicus VDY and M. aberrantis SpK
Fig. S1. PCR-test for the integrity of the magnetosome
gene expression cassette in Magnetospirillum sp. 15–1
mutants. The PCR fragments cover different regions of the
transferred magnetosome operons. (M) marker, (+) plasmid
pTpsMAG1 was used as positive control, wild type strain
was used as negative control. The selected mutants are
highlighted by red circles.

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 22, 1603–1618

"Magnetization" of a non-magnetic Magnetospirillum 1617



Fig. S2. Effect of anaerobic nitrate respiration on
magnetosome biomineralization in Magnetospirillum
sp. 15–1. (A) Cultivation in FSM medium with 0.2% agar and
8 mM NaNO3 shows microaerophilic band (white arrow
head) and nitrogen bubbles (green arrow) as indication of
the activity of dissimilatory nitrate reduction pathway.

(B) Effect of different nitrate concentrations on Cmag (i),
magnetosome diameter (ii) and number (iii) in
Magnetospirillum sp. 15–1 tpsMAG C5 under anaerobic
conditions. (C) TEM micrographs with exemplary cells dem-
onstrating magnetosomes in the cells grown with different
nitrate concentrations under anaerobic conditions.
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