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Summary

Magnetotactic multicellular prokaryotes (MMPs) con-
sist of unique microorganisms formed by genetically
identical Gram-negative bacterial that live as a single
individual capable of producing magnetic nano-
particles called magnetosomes. Two distinct morpho-
types of MMPs are known: spherical MMPs (sMMPs)
and ellipsoidal MMPs (eMMPs). sMMPs have been
extensively characterized, but less information exists
for eMMPs. Here, we report the ultrastructure and
organization as well as gene clusters responsible for
magnetosome and flagella biosynthesis in the mag-
netite magnetosome producer eMMP Candidatus
Magnetananas rongchenensis. Transmission elec-
tron microscopy and focused ion beam scanning
electron microscopy (FIB-SEM) 3D reconstruction
reveal that cells with a conspicuous core-periphery
polarity were organized around a central space. Mag-
netosomes were organized in multiple chains aligned
along the periphery of each cell. In the partially
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sequenced genome, magnetite-related mamAB gene
and mad gene clusters were identified. Two cell mor-
phologies were detected: irregular elliptical conical
‘frustum-like’ (IECF) cells and H-shaped cells. IECF
cells merge to form H-shaped cells indicating a more
complex structure and possibly a distinct evolution-
ary position of eMMPs when compared with sMMPs
considering multicellularity.

Introduction

Magnetotactic bacteria (MTB) comprise a morphologically
and phylogenetic diverse group of microorganisms capable
of producing nano-sized, membrane-bound magnetic
organelles called magnetosomes (Bazylinski and Frankel,
2004). Magnetosomes allow the passive orientation to the
geomagnetic field, which is associated with flagellar move-
ment to find the optimal conditions to survive and grow in
stratified aquatic environments in a phenomenon called
magnetotaxis (Frankel et al, 1997). MTB morphotypes
include cocci, vibrio, rods and the conspicuous magneto-
tactic multicellular prokaryotes (MMPs). MMPs are mostly
uncultured, and culture-independent techniques based on
16S rRNA coding gene sequencing are used to determine
the phylogeny. Microscopy is used to characterize the
magnetic behaviour and morphological features of these
microorganisms. Enrichment cultures have been main-
tained in the laboratory for a single strain of MMP named
Candidatus Magnetoglobus multicellularis (Abreu et al.,
2007), but the microorganisms lost their motility and their
capacity of producing magnetosomes (Abreu et al., 2014).

Two distinct morphotypes of MMPs have been described
so far, spherical MMPs (sMMPs; Keim et al., 2004a) and
ellipsoidal MMPs (eMMPs; Lefévre et al, 2007; Zhou
et al,, 2012). sMMPs are distributed globally (Farina et al.,
1983; Rodgers et al., 1990; Keim et al, 2004b; Abreu
et al., 2007; Lins et al., 2007; Wenter et al., 2009; Zhou
et al., 2013; Zhang et al., 2014), whereas eMMPs have
only been reported from: the Yellow Sea, China (Zhou
et al., 2012; Chen et al., 2015); the Mediterranean Sea,
France (Lefevre et al., 2007; Chen et al., 2016); and the
South China Sea (Chen et al, 2016). Phylogenetic



2152 P Leao et al.

analysis based on 16S rRNA coding gene showed that
both sMMPs and eMMPs are affiliated with the Deltapro-
teobacteria class of Bacteria. The sMMPs consist of
several clades, possibly forming numerous species (Farina
et al., 1983; Abreu et al., 2007; Simmons and Edwards,
2007; Wenter et al., 2009; Zhou et al., 2013; Zhang et al.,
2014). eMMPs are closely related to sMMPs, but appear
to belong to different genera (Chen et al, 2015; Chen
et al., 2016). Morphologically, sMMPs and eMMPs are
assemblages of bacterial cells that swim as a unit and
respond to a magnetic field because of the thousands of
magnetosomes organized in chains within their cells (Keim
et al., 2004b; Lins et al, 2007; Wenter et al., 2009).
sMMPs produce pleomorphic greigite (FesS,;) magneto-
somes, bullet-shaped magnetite (Fe3O4) magnetosomes
(Lins et al.,, 2007), tooth-shaped greigite magnetosomes
(Posfai et al., 1998) or both types (Lins et al., 2007; Zhang
et al., 2014), whereas most eMMPs produce only bullet-
shaped magnetite magnetosomes, except for Ca. Mag-
netananas rongchenensis, which produces both bullet-
shaped and parallelipedal magnetite magnetosomes
(Chen et al., 2015; Chen et al., 2016).

In sMMPs, cells within the organism are positioned side
by side with flagella distributed along the cell surface in
direct contact with the external environment and an inter-
nal non-flagellated cellular portion facing an internal
acellular compartment (Keim et al., 2004a). The multicellu-
lar nature of SMMPs is emphasized by the observation that
individual cells are not viable once disaggregated (Abreu
et al., 2006) and its exclusive multicellular life cycle (Keim
et al., 2004b). Winklhofer et al. (2007) showed that the cell
arrangement and magnetosome disposition in the sMMP
Ca. M. multicellularis has a high degree of magnetic opti-
mization that cannot be observed in a random aggregation
of bacterial cells. 3D reconstruction based on serial section
transmission electron microscopy showed that magneto-
some chains within Ca. M. multicellularis cells are
positioned close to the cell surface facing the external envi-
ronment and are arranged mostly parallel to each other
(Abreu et al., 2013). The partial genomic sequencing of
Ca. M. multicellularis showed that the greigite and magne-
tite syntheses have common ancestry and that the

conserved in both processes (Abreu et al., 2011). eMMPs
are composed of approximately 40 to 86 cells organized in
a 10 x 8 um assemblage (Zhou et al., 2012; Chen et al.,
2015; Chen et al., 2016) containing thousands of magneto-
somes organized in chains. Fluorescent lipid staining
showed that an outer layer (Zhou et al., 2012) envelops
the whole organism. Light and scanning electron microsco-
py observations confirmed that eMMPs exhibit a
multicellular life cycle, with eMMP division occurring on
either the long or the short axis (Zhou et al.,, 2012; Chen
etal., 2015).

The morphologies of both sMMPs and eMMPs are con-
sidered unique among prokaryotes, but the morphology of
sMMPs has been better characterized (Abreu et al., 2013).
The cellular internal ultrastructure, detailed multicellular
organization, and magnetosome genes have only been
studied in sMMPs. Here, we used transmission electron
microscopy and focused ion beam scanning electron
microscopy imaging associated with 3D reconstruction to
characterize the ultrastructure and organization of the cells
within the eMMP Ca. M. rongchenensis and the magneto-
some arrangements within each cell and in the whole
organism. Partial genomic data are also provided regard-
ing magnetosome and flagellar genes. These results
provide additional data for a better understanding of bacte-
rial multicellularity and magnetotaxis.

Results
Cell organization and ultrastructure

The ultrathin-section TEM of Ca. M. rongchenensis showed
that cells are organized side by side in a regular pattern
assembled into an ellipsoidal entity with a core-periphery
polarity (Fig. 1A). Bullet-shaped magnetosomes were
observed in the cytoplasm of the cells closer to the outer
surface of the assemblage (Fig. 1A and D; white arrows).
Electron-dense filaments were observed perpendicular to
the cell symmetry axis (Fig. 1A; black arrows). These fila-
ments resembled the so-called striated structures in Ca. M.
multicellularis (Abreu et al., 2013). A single filament was
usually observed for each cell and was located close to the
cell membrane in contact with the external environment. A
round to ovoid region consisting of a fibrillar network struc-
ture was located close to the centre of each cell, possibly
representing the nucleoid (Fig. 1A; N). Most cells seemed
to be triangle-shaped, with a larger surface in contact with
the external environment and a smaller surface facing an
internal acellular region, similar to sMMPs (Keim et al.,
2004a). The surfaces of two adjacent cells were juxta-
posed. A zig-zag pattern was commonly observed, which
is typical of chemically fixed Gram-negative bacterial cell
walls and membranes. Nevertheless, no special adhesive
structures were observed between cells. An internal com-
partment delimited by the cells was present at the centre of
the MMP assemblage (Fig. 1B). The cellular surface in con-
tact with the internal compartment consisted of a
meshwork of thin fibrils distributed around the compartment
and seemed to define an acellular space within the assem-
blage (Fig. 1B). In this space, numerous round vesicles
were observed (Fig. 1C; black arrowheads). The mem-
branes of some vesicles remain connected with the cellular
membrane (Fig. 1C). In the cytoplasm, electron-lucent
round granules (Fig. 1A, B and G), magnetosomes (Fig.
1D) and undescribed tabular structures were observed
(Fig. 1D; T). Highly abundant tabular structures (Fig. 1D,

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 2151-2163
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Fig. 1. Cell ultrastructure and organization in Ca. Magnetananas rongchenensis.
A. Ultrathin section TEM image showing the organization of cells with a large area in contact with the environment and a small acellular region
in the middle (square). Note the filamentous structures (black arrows) and magnetosomes (white arrows). Inside each cell, there is a

translucent region corresponding to the nucleoid (N).

B. High magnification of selected area (square) in A showing fibrillary (F) material and vesicles (black arrowheads). Granules (g) are present

inside cells.

C. High-magnification image of double-membrane vesicles (black arrowheads) filling the space between adjacent cells.
D. Cylindrical translucent structures (T) in cell cytoplasm; inset shows a high-magnification image of the structure. Nucleoids (N) and

magnetosomes (white arrow) can be observed.

E. Tubular membrane profiles (white arrowheads) in the cytoplasm. Inset: cytochemical staining with tannic acid showing electron-dense

material inside the membranous structures (white arrowheads).

inset) were more electron-lucent than the surrounding cyto-
plasm and were 89.6 nm = 8.7 nm wide (n= 10) and 329.2
nm = 58.9 nm long (n= 10). Numerous membrane profiles
were observed in the cytoplasm (Fig. 1E). These profiles
consisted of tubular or flat structures (Fig. 1E, white arrow-
heads). Cytochemical staining with tannic acid showed an
electron-dense material inside the membranous structures

(Fig. 1E inset, white arrowheads), possibly composed of
proteinaceous material.

Cell surface and motility

The scanning electron microscopy of Ca. M. rongchenen-
sis confirmed the presence of numerous cells organized in

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 2151-2163
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Fig. 2. Cell surface, flagellar apparatus and flagellar genes in Ca. Magnetananas rongchenensis.

A. SEM showing a small mouth-like structure on the pole of the assemblage representing a non-cellular region of the surface.

B. Ultrathin section showing a small portion of that mouth-like structure (square).

C. High magnification of selected area (square) in B showing the mouth-like indentation. Black arrows show flagellar filaments.

D. Regular distribution (row of thin black lines) of flagellar filaments on the cell surface; black arrows show broken flagellar filaments.
E. Complex surface structure of Ca. M. rongchenensis showing the cytoplasmic membrane (white arrowhead), outer membrane (black
arrowhead), periplasmic space (black asterisk) and capsular material (white asterisk), filamentous structure (f) and magnetosomes (m).

A granule (g) can be observed.

F. Organization of flagella genes of Ca. M. rongchenensis, the sMMP Ca. M. multicellularis and the unicellular magnetite-producing
D. magneticus RS-1 associated also with Deltaproteobacteria. [Color figure can be viewed at wileyonlinelibrary.com]

a highly complex assemblage (Fig. 2A). At the poles, a
specialized region corresponding to an indentation of the
eMMP surface was observed (Fig. 2A, white arrow). The
ultrathin section TEM of this area revealed the presence of
a region without contact between adjacent cells (Fig. 2B).
High magnification showed that the intercellular connec-
tions between cells were not present in this area (Fig. 2C).
Numerous filamentous structures with the size and struc-
ture consistent with bacterial flagellar filaments already

observed in different bacteria (Chen et al., 2011), including
sMMPs (Silva et al., 2007) were observed at the cell sur-
face facing the external environment (Fig. 2D, black
arrows). The filaments consisted of 18.8 nm = 1.75 nm
(n=39) tubes of variable length, probably because the fila-
ments were broken during the processing for electron
microscopy. Nevertheless, the flagellar bases were pre-
served. It is observed in some areas that the flagella were
distributed regularly on the cell surface at 56.9 nm £ 2.5 nm

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 2151-2163
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(n=24) intervals (Fig. 2D). A complex surface profile with
a Gram-negative cell wall consisting of a plasma mem-
brane (Fig. 2E, white arrowhead), periplasmic space
(Fig. 2E, black asterisk), an external membrane (Fig. 2E,
black arrowhead) and capsular material (Fig. 2E, white
asterisk) was observed (Fig. 2E). Electron-dense filamen-
tous structures near the cell portion in contact with the
external environment (Fig. 2E and F) were associated with
bullet-shaped magnetosomes usually found in chains
(Fig. 2E; m). Several granules were occasionally detected
in the cytoplasm close to the surface (Fig. 2E; g).
Regarding motility, in the currently available partial
genome of Ca. M. rongchenensis, a total of 36 genes
involved in flagellar synthesis were identified in 14 contigs,
with 29 genes forming 7 clusters and the other 7 genes
located on separate contigs (Fig. 2F). Compared with the
thoroughly studied flagellar apparatus of E. coli, 11 genes
encoding chaperones or proteins involved in the basal
body and hook synthesis were missing from the partially
sequenced genome. Most of the flagellar synthesis related
genes have a single copy, while others such as the rotation
switcher fliN and motor motB have two copies, and the fla-
gellin fliC and chaperone fliS have three copies. For the
genes having multiple copies, the identity between homo-
logues varied from 40% to 50%, except for fliC gene. Tens
of thousands of copies of single or multiple flagellins con-
stitute the flagellar filament. The N- and C-termini of FIiC
are highly conserved, while the length and sequence of the
middle region that should be exposed at the surface of
the filament varied considerably between species. Two of
the three fliC genes identified in Ca. M. rongchenensis
have a similar length of 2,000 bp, significantly longer
than that of the third copy of 800 bp. Such character is
conserved in magnetotactic bacteria affiliated with Deltap-
roteobacteria. For Ca. M. multicellularis, five fliC coding
genes are approximately 1,500 bp, and the sixth is less
than 800 bp, and for D. magneticus RS-1, three fliC genes
have a gene length double that of the other two genes.
Genes encoding FIhF and FIhG, which are responsible for
flagellar number and insertion (Altegoer et al., 2014), were
identified in the draft genome of the eMMP. FIhF is a signal
recognition particle-type GTPase. lts homologues Ffh and
FtsY are known to be involved in the targeting and insertion
of membrane proteins into the translocation apparatus.
FIhG is a MinD-like ATPase. It is speculated that FIhG may
stimulate GTP hydrolysis of FIhF and regulate the localiza-
tion of the flagellar MS-ring, which is first assembled during
the synthesis of the flagellar apparatus (Schuhmacher
et al., 2015). According to TBLASTN analysis, the closest
related FIhF homologues were those from two sMMPs (Ca.
Magnetomorum strain HK-1 and Ca. M. multicellularis) with
an identity of approximately 60%, followed by two from
Desulfatibacillum with 47% identities, and the other best
hits were lower than 40%. Interestingly, the identity with
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flhF from the unicellular D. magneticus RS-1 is only 24%,
although both strains belong to Deltaproteobacteria. Similar
as for flhF, flhG is more conserved, sharing an approxi-
mately 67% identity with homologues from the two sMMPs
and 44.44% with those from D. magneticus RS-1. It is plau-
sible that the highly conserved features of FIhF and FIhG
might be responsible for regularly positioning the flagella
only at the outer surface of the MMP cells.

Magnetosome organization and genomic analysis of
magnetotaxis-related genes

Magnetosomes were mostly observed closer to the cell
periphery, forming linear chains (Fig. 3A). A clear mem-
brane could be observed surrounding each magnetosome
(Fig. 3A inset, arrowheads). Two types of magnetosome
arrangement in chains were observed. In most cases, the
magnetosomes were oriented in the same head-tail direc-
tion in the chain (Fig. 3B) and, more rarely, some
neighbouring magnetosomes were aligned with an oppo-
site tail-tail orientation, (Fig. 3C). To better understand the
spatial relationships between magnetosomes in a chain,
we have used scanning transmission electron microscopy
tomography with a high-angle annular dark-field detector.
Figure 3D shows two voxel projections with a 20° differ-
ence in their tomographic reconstructions, revealing the
three-dimensional structure of the magnetosomes in a
chain. It can be observed that the magnetosomes are not
co-planar, showing a variation in the inclination within the
chains.

We have identified a 42,381-bp magnetosome island
(MAI) on a 44,522-bp contig from the draft genome of Ca.
M. rongchenensis (for accession numbers, see Supporting
Information Table S1). It is composed of 13 mam genes
(for ‘magnetosome membrane’) and 19 mad genes (for
‘magnetosome-associated Deltaproteobacteria’) and has a
similar gene order to those of the magnetite-producing
gene clusters found in magnetotactic Deltaproteobacteria,
including one sMMP (Ca. Magnetomorum strain HK-1)
and two unicellular MTBs (Ca. Desulfamplus magnetomor-
tis BW-1 and Desulfovibrio magneticus RS-1) (Fig. 3E;
Supporting Information Table S1). It has been reported
that typical MAI of Deltaproteobacteria consists of two or
three gene clusters. The first one is the mad gene cluster
that is specific to Deltaproteobacteria and some Nitro-
spirae (Blue colour in Fig. 1, Lefévre et al., 2013; Kolinko
et al, 2014; Lin et al, 2014). The second one is a
mamAB:-like operon that is conserved in all magnetite-
producing magnetotactic bacteria and is putatively involved
in magnetite biomineralization (Yellow colour in Fig. 8,
Lefevre et al., 2013; Ji et al., 2014; Kolinko et al., 2014).
The third one is also a mam gene cluster, which is closely
related to the greigite-producing magnetotactic bacteria
and remotely related to the mamAB gene clusters of

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 2151-2163
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Fig. 3. Magnetosome organization and genomic related genes in Ca. Magnetananas rongchenensis.
A. Bullet-shaped magnetosomes in Ca. M. rongchenensis cytoplasm. Inset shows a TEM image of a stained thin section of magnetosomes
within cells of Ca. M. rongchenensis. Note the presence of a layer surrounding both anisotropic magnetite crystals, suggestive of the presence

of a magnetosome membrane (arrowheads).
B. Single chain of magnetosomes close to the cell surface.

C. Bullet-shaped magnetosomes with opposite alignments in the same chain.
D. STEM tomographic reconstruction showing two magnetosome chains rotated by 20 degrees around the major axis of the chains. Note that

the magnetosomes are not coplanar in the chain.

E. Organization of magnetotaxis-related genes, mam and mad clusters, of Ca. M. rongchenensis and other selected MTBs, including the
MMPs in Deltaproteobacteria. [Color figure can be viewed at wileyonlinelibrary.com]

magnetite-producing MTB and is putatively involved in
greigite biomineralization (Orange colour in Fig. 8, Abreu
et al., 2011; Lefevre et al., 2013; Kolinko et al., 2014). The
MAI of Ca. M. rongchenensis contains only the magnetite-
producing mamAB-cluster and the mad gene cluster,
which are highly conserved and display similar gene com-
positions and order compared with the MAI of the
magnetite-producing unicellular D. magneticus RS-1
(Fig. 3E). The greigite-producing mam gene cluster, which
was found in the two sMMP genomes (Abreu et al., 2011;
Kolinko et al., 2014), was not found in the partial genomic

sequence of Ca. M. rongchenensis (Fig. 3E). It might be
on a position of the genome of Ca. M. rongchenensis that
has not been sequenced yet.

Multicellular morphology and magnetosome distribution
based on FIB-SEM 3D reconstruction

The direct TEM imaging of the magnetosome organization
in air-dried whole cells can be misleading because of
shrinking artefacts, which can seriously distort cell posi-
tioning, thickness and magnetosome arrangement. Ultra-

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 2151-2163
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Fig. 4. Magnetosome distribution in Ca. Magnetananas rongchenensis based on FIB-SEM image reconstruction.

A—F. Series of sections of Ca. M. rongchenensis, where the number in the low left represents the section number in the image series.

G. Magnetosome chains (arrows) are organized parallel to each other and are distributed on the periphery of the cells, forming aligned chains
along the long axis of the eMMP assemblage. Lipid granules (g) and nucleoids (N) can be observed. Cell membranes are shown in blue,
magnetosomes in red and lipid granules in pink. [Color figure can be viewed at wileyonlinelibrary.com]

thin sectioning is in this respect a superior approach, but
the three-dimensional relationships between cell compo-
nents are then lost. FIB sectioning associated with 3D
reconstruction is an alternative that overcomes these limi-
tations. Figure 4A-F are images of a partial FIB-SEM
image series of a single eMMP. Magnetosomes (Fig. 4,
arrows), a nucleoid (Fig. 4, N) and granules (Fig. 4, g)
could be observed. The electron-lucent granules appear to
follow the cell shape and can be observed as round struc-
tures inside cells (Fig. 4, g). The 3D reconstruction of the
same image series (Fig. 4G) shows that magnetosomes
are organized in multiple chains arranged along the long
axis of the MMP assemblage. The magnetosomes were
positioned close to the cell surface next to the periphery in
Ca. M. rongchenensis cells (Fig. 4G, red). The chains in
each cell are oriented in the same direction in relation to
other cells in the whole microorganism, which guarantees
that the chain of magnetosomes in one cell maintains the
same direction in the adjacent cells, making all the chains
parallel to each other. This optimized arrangement has
been observed in sMMPs (Winklhofer et al., 2007), which
are also organized as a unit to efficiently orient the whole
organisms in the geomagnetic field.

Two different cell morphologies with small variations
were observed in Ca. M. rongchenensis based on FIB-
SEM imaging (Fig. 5). In the first morphological type (Fig
5A and B), cells are longer and maintain an irregular ellipti-
cal conical ‘frustum-like’ shape (IECF-shaped) to reach the
centre of the whole microorganism. These cells are usually

at the polar region of the MMP assemblage, and this shape
is sometimes referred to as triangle-shaped (Chen et al.,
2015). Figure 5B shows a side-view 3D reconstruction of
the IECF-shaped cells. The second morphological type
comprises the so-called H-shaped cells (Fig. 5C and D;
Chen et al., 2015), which are mostly positioned in the mid-
dle rings of the eMMP. Figure 5D shows a side-view 3D
reconstruction of the H-shaped cells. Serial imaging
showed that most cells are first observed as IECF-shaped
cells. Serial sectioning and imaging revealed that some
IECF-shaped cells continuously show characteristics of a
H-shaped. Reconstruction and modelling of the same
series suggests that this merging of IECF-shaped cells
into H-shaped cell could be either a form of cellular differ-
entiation or a stage in cell division (Fig. 6).

Discussion

Most MTBs are unicellular with one or multiple chains of
magnetosomes aligned along the major cell axis (Bazylin-
ski and Frankel, 2004). One notable exception is the
magnetotactic multicellular prokaryotes (MMPs), which
consist of a highly complex assemblage of bacterial cells
capable of a collective magnetotactic response. Under-
standing the spatial relationship between the cellular
components in MMPs may provide the structural frame-
work for the correct interpretation of the genomic data and
its adaptive roles in the environment. Here, we studied the
cell ultrastructure and magnetosome-related genes in the

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 2151-2163
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eMMP Ca. M. rongchenensis. The overall ultrastructure of
Ca. M. rongchenensis cells is similar to that of SMMP cells
with respect to their cell walls, flagella, magnetosome con-
figuration in chains, presence of a nucleoid, and presence
and position of peripheral flaments (striated structure) and
granules. Abreu et al. (2013) described an extracellular
carbohydrate layer loosely linked to the cell surface and
between adjacent cells in sMMPs. This layer is possibly
responsible for maintaining the formation of the cells, and
the unique cell arrangement in the multicellular morpholo-
gy could be determined by the individual cell variation in
size and shape in the same MMP. In Ca. M. rongchenen-
sis, capsular material was also observed, which is similar
to the structure described for sMMPs. However, it appears
to be thicker in the internal compartment.

Three types of granules are present in Ca. M. multicellu-
laris: polyhydroxyalkanoate-like granules, non-PHA lipid

Fig. 5. Cell specialization in Ca.
Magnetananas rongchenensis. Two
morphological types of cells are
observed, the irregular elliptic conical
frustum (IECF)-shaped cells (A and B)
and H-shaped cells (C and D).

A. Scanning electron microscopy
image of Ca. M. rongchenensis
highlighting two IECF cells.

B. Side view 3D reconstruction of an
IECF-shaped cell.

C. Scanning electron microscopy
image of Ca. M. rongchenensis
highlighting H-shaped cells.

D. Side view 3D reconstruction of an
H-shaped cell. Cell membranes are
shown in blue, and magnetosomes are
shown in red. [Color figure can be
viewed at wileyonlinelibrary.com]

granules, and phosphorus-rich granules (Silva et al.,
2007). In Ca. M. rongchenensis, electron-lucent granules,
probably composed of polyhydroxyalkanoate based on
comparison with sMMP images, were observed. Ca. M.
rongchenensis also has an acellular compartment in the
middle of the organism where cells may communicate with
each other using membrane vesicles, as suggested for Ca.
M. multicellularis (Keim et al., 2004a). The membrane pro-
files observed in the cytoplasm of Ca. M. rongchenensis
have been previously described in magnetotactic bacteria
in the Deltaproteobacteria class (Byrne et al., 2010), but
their function remain unknown. The electron-dense fila-
ments observed close to the cell pole next to the surface of
the eMMP seem to be common to all MMPs. These struc-
tures were denominated striated structures in Ca. M.
multicellularis (Abreu et al., 2013). In Ca. M. rongchenen-
sis, however, no striations were observed in the filament.

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 2151-2163
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Fig. 6. Ca. Magnetananas rongchenensis cells merging to form H-shaped cells. FIB-SEM image series (A-D) and 3D reconstruction (E-H) of

cells in a single eMMP.

A. Image series showing neighbour cells apart before merging; the image to the right shows the next section after they merge.

B-C. Subsequent images showing the same cells shown in A connected.

D. Subsequent images showing fully merged cells.

E-H. 3D side-view models of the cells shown in A-D series displayed at different depths within the eMMP assemblage. Arrows show connecting
points between adjacent cells. Cell membranes are shown in blue, and magnetosomes in red. [Color figure can be viewed at wileyonlinelibrary.com]

The function of these structures remains unknown, but
they resemble the chemoreceptors described in the Bacte-
ria domain (Briegel and Auer, 2013). The undescribed
tabular structures observed in the cytoplasm are unique to
eMMPs, and their high abundance would suggest an
important structural or functional role. These structures

slightly resemble carboxysomes (Rae et al., 2013), but
their typical polyhedral shape is not preserved, and we
could not unequivocally determine the presence of a pro-
tein coat (Rae et al, 2013). Further genomic analysis
could provide information regarding the presence of car-
boxysome coat proteins that can be expressed during
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heterotrophic growth or the ability of eMMPs to produce
carboxysomes and grow autotrophically (Bobik et al.,
1999).

The motility and flagellar distribution on the cellular
external surface seems to be identical in all MMPs. Howev-
er, the flagellar insertion points appear to be regularly
distributed in Ca. M. rongchenensis, which was not clearly
observed in the sMMPs (Silva et al, 2007). Similar
flagella-related genes have been observed in Ca. M. multi-
cellularis. The presence of multiple copies of flagellin and
its chaperone, one more set of a flagellar motor and motor
switching protein, in addition to a full set of flagellar synthe-
sis related genes might be a common feature to all MMPs.
The high similarity of FIhF between eMMPs and sMMPs
(Ca. Magnetomorum strain HK-1 and Ca. M. multicellula-
ris) is remarkable. It is possible that MMPs use different
mechanisms of positioning the flagella from those of uni-
cellular magnetotactic bacteria. Arguably, multiple flagellar
genes could also be used in the characterization of this
group to reflect the multicellular life of MMPs.

The cell shape varies between eMMP and sMMPs. In
Ca. M. rongchenensis, cells are IECF-shaped, also called
triangular-shaped cells (Chen et al., 2015), or H-shaped.
FIB-SEM 3D modelling and reconstruction showed that
the IECF-shaped cells are usually observed at positions
close to the poles of the assemblage, whereas the H-
shaped cells are located closer to the equator. This mor-
phological difference has been previously reported by
Chen et al. (2015), and it suggests a possible differentia-
tion among cells in eMMPs. 3D modelling and TEM
images suggest that, unlike Ca. M. multicellularis (Abreu
et al.,, 2013), not all cells would be in contact with the inter-
nal compartment of Ca. M. rongchenensis. Those cells
that are not in contact are still highly organized within the
elliptical microorganism and are not ‘detached’ cells. Often,
vesicles are observed inside the acellular compartment
and between adjacent cells, indicating that some vesicles
translocate and can be involved in cellular communication,
as suggested for sMMPs (Keim et al., 2004a). Prokaryote
vesicle production has been reported and associated with
cell-to-cell communication (Berleman and Auer, 2013).
The vesicle ultrastructure profiles observed in this study
are compatible with a membrane bilayer; the diameter is in
the range of the previously observed vesicles produced by
prokaryotes (McBroom et al., 2006). The region of vesicle
production requires special properties that are not yet
completely understood (Kulp and Kuehn, 2010). These
properties include a lack of membrane-peptidoglycan
bonds and differences in the concentrations of certain pro-
teins and lipids. In addition to the polarized cell flagellation,
MMP cells could also be polarized in relation to the cell
wall and protein and lipid distribution and create a microen-
vironment where vesicles can be produced in the
membrane potion close to the acellular compartment.

Magnetosome chains are positioned parallel to each
another in the periphery of both the sMMPs and eMMPs,
which results in a net magnetic moment for the whole
assemblage sufficient to efficiently transfer the torque from
the magnetosome chains to the whole organism. In the 3D
reconstruction, we observed that magnetosomes are dis-
tributed on both outer loops of the H-shaped cells, which
face the external environment, suggesting that H-shaped
cells could represent cells in the division process. Cell divi-
sion constrictions between the magnetosome chains within
the IECF-shaped cells were not observed, which supports
the idea that the H-shaped cells are in fact dividing cells.
This would suggest that the separation of the offspring ini-
tiates from the poles of the columnar cells. The cell
division between sMMPs and eMMPs would occur along
different axes, the shorter and longer cell axes respectively.
The difference in the cell division processes could be relat-
ed to the maintenance of the magnetic properties of the
whole microorganism and the transfer of the magnetic
polarity to the offspring in both situations without compro-
mising the magnetotactic behaviour. The magnetic
moment of the whole organism may not be optimized, as
the magnetosomes in a chain are not coplanar or aligned
in the same direction, reducing the net magnetic moment
of the whole cell assemblage.

Because eMMPs produce mostly bullet-shaped magne-
tite and only occasionally irregular-shaped greigite
magnetosomes (Chen et al., 2015), which is different from
the irregular greigite magnetosomes synthesized by most
sMMPs, information regarding the mam gene content and
organization may contribute important data to elucidate the
evolution of magnetotaxis. Greigite magnetosomes are
found in most sMMPs (Wenter et al., 2009; Abreu et al.,
2011) and are organized in several parallel chains. Chen
et al. (2015) reported that most cells of Ca. M. rongche-
nensis produce only magnetite crystals, but some of them
produce both magnetite and greigite magnetosomes. A
single 16S rRNA coding gene sequence has been identi-
fied that indicates the homogenous phylotype of the Ca.
M. rongchenensis in the sample and suggests that an
environmental-physiological control of the greigite produc-
tion may exist. In MTB capable of producing both
magnetite and greigite magnetosomes (Ca. Magnetomo-
rum strain HK-1, Ca. Desulfamplus magnetomortis BW-1),
two sets of magnetosome gene clusters were detected,
one thought to be responsible for greigite biomineralization
whereas the other for magnetite magnetosomes biominer-
alization (Lefevre et al., 2011). In most cases, the greigite-
producing gene cluster is closely associated with the mad
gene cluster (Lefevre et al, 2013). Recently, functional
evidence that mad genes are actually involved in biominer-
alization was reported (Rahn-Lee et al., 2015). However, in
Ca. M. rongchenensis, no greigite-related mam gene clus-
ter has been detected, suggesting plasticity in position for
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the greigite-producing genes in this species. The function
of mad genes in magnetosome formation is still poorly
understood, but three mad genes (madi, mad2 and
mad6), which leads to non-magnetotactic or inefficient
magnetotactic response in Desulfovibrio magneticus RS-1
mutants for these genes (Rahn-Lee et al., 2015) are pre-
sent in Ca. M. rongchenensis. eMMPs from the coastal
lagoon Lake Yuehu and Huiquan Bay (China) are capable
of producing magnetite magnetosomes, either exclusively
or together with greigite magnetosomes (Zhou et al., 2012;
Zhang et al., 2014; Chen et al., 2015). Interestingly, single-
cell genomics of the sMMP Ca. Magnetomorum strain HK-
1 sampled from the same site (Wenter et al, 2009)
showed two divergent magnetosome gene clusters, includ-
ing a set of genes closely related to magnetite-producing
genes. The 16S rRNA coding genes of Ca. Magnetomo-
rum strain HK-1 (Kolinko et al., 2014) were 96.8% identical
to those of Ca. Magnetomorum litorale (Wenter et al.,
2009) and 99.3% identical to a SMMP that produces both
magnetite and greigite magnetosomes (Zhang et al.,
2014), indicating genetic variability or heterogeneity of
MMP populations from the same site, possibly even
beyond the species level.

Experimental procedures
Sampling

Water and sediment were collected from the Yellow Sea in
Rongchen (37°21'N, 122°34’E) using plastic bottles and
stored in the laboratory under dim light at room temperature.
Magnetic enrichment was conducted according to Wolfe et al.
(1987) to obtain enriched samples containing eMMPs, as pre-
viously described (Zhou et al., 2012; Chen et al., 2015).

Transmission electron microscopy

After the magnetic enrichment, eMMPs were fixed in 2.5%
glutaraldehyde in sodium cacodylate buffer 0.1 M (pH 7.2)
prepared in filtered sterilized seawater from the sampling site.
After fixation, the cells were washed in sodium cacodylate
buffer 0.1 M pH 7.2, post-fixed in buffered 1% OsO,, dehy-
drated in an acetone series (30%, 50%, 70%, 90%, 100%),
and embedded in Polybed 812 resin. For cytochemical stain-
ing, 2% tannic acid was added to the fixative solution. For
thin-section transmission electron microscopy, ultrathin sec-
tions were obtained with a Leica ultramicrotome (Leica
Microsystems, Wetzlar, Germany), stained with uranyl acetate
and lead citrate and imaged with a FEI Morgagni TEM (FEI
Company, Hillsboro, OR, USA) operating at 80 kV. Tomogra-
phy data were obtained in Scanning Transmission Electron
Microscopy (STEM) mode using a Tecnai G20 field emission
gun microscope operating at 200 kV. Single tilt axis image
series were acquired from —65° to 65° using the ‘Satox
scheme’ for angle calculation steps at 64,000x direct magnifi-
cation with automatic correction for focus and image shift
variations using TIA software. Images were recorded with a
Fishione high-angle annular dark field (HAADF) detector
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model M3000 with a camera length of 265 mm, resulting in a
pixel size of 0.83 nm. Reconstruction and alignment of STEM
tilt series were conducted using the IMOD package.

Scanning electron microscopy

After magnetic concentration, the Ca. M. rongchenensis were
adhered to poly-L-lysine treated glass slides and fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, pre-
pared in filtered sterilized seawater from the sampling site.
After incubating for 1 h at room temperature, samples were
washed in the same buffer, post-fixed in buffered 1% osmium
tetroxide for 1 h, washed in the same buffer, dehydrated in an
ethanol series (30%, 50%, 70%, 90%, 100%), critical-point
dried with CO,, sputtered with gold and imaged with a
S3400N scanning electron microscope (Hitachi, Tokyo, Japan)
operating at 25 kV.

Focused ion beam scanning electron microscopy
(FIB-SEM) and 3D reconstruction

For FIB-SEM, samples were prepared according to the trans-
mission electron microscopy protocol described above. Resin
blocks containing the samples were attached to aluminium
stubs and coated with a 30-nm thick Au layer. A Zeiss Auriga
FIB/SEM XBeam system (Oberkochen, Germany) was used
for ion milling and electron imaging. FIB milling was initially
performed with a 30-keV Ga ion beam with a 2-nA current to
polish and expose the sample to be milled and imaged. A
trench that enabled viewing the cross-section of the MMPs
was created in each sample. Then, a 600-pA beam was used
to slice the sample at 30-nm intervals and create a slice-and-
view image series of the samples. The final data acquisition
was performed using a mixed electron signal consisting of
50% backscattered electrons and 50% secondary electrons in
immersion lens mode (in-lens detector) with an accelerating
voltage of 1.8 kV. Line averaging (n = 30) was used for noise
reduction at an image resolution of 3073 X 2304, resulting in
a total cycle time of approximately 1 min per image.

3D reconstruction models were obtained from FIB-SEM
images using the IMOD software suite (Boulder Laboratory,
University of Colorado, Boulder, CO, USA). Slice-and-view
series were automatically aligned using the XfAlign IMOD soft-
ware algorithm, and then a fine alignment was performed
using MIDAS software. After image alignment and stacking,
cell membrane, magnetosomes and granule profiles were
manually traced in each slice using an Intuos 3 Wacom digital
table (Vancouver, WA, USA) and used to render 3D models
with 3DMOD software.

Genomic sequencing and analysis

The micromanipulation of single eMMPs was performed as
previously described (Chen et al., 2015). Briefly, five to ten
conspicuous eMMPs were transferred to 3 ul PBS from the
REPLI-g Single Cell Kit (cat # 150343; QIAGEN, Germany).
Subsequently, the PBS-suspended sample was frozen and
thawed repeatedly, and the WGA reaction was carried out
using the REPLI-g Single Cell Kit according to the manufac-
turer’s instructions. The WGA reactions were carried out at
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30°C for 6 h, yielding at least 1 ug DNA. Partial 16S rDNA was
amplified from the WGA genomes using the bacteria-specific
primers 27F and 1492R (Sangon Biotech, Shanghai, China).
The resulting PCR products were cloned into the pMD18-T
vector (Takara, Dalian, China) and transformed into competent
Escherichia coli Top 10 cells. The clones were randomly
selected for sequencing (Nanjing Genscript Biotechnology,
Nanjing, China) to identify the individual single amplified
genomes.

For genome sequencing, DNA libraries were generated and
sequencing of 2 X 100 bp and 2 X 250 bp was performed
with HiSeq 2500 and MiSeq sequencers (lllumina) respective-
ly. After performing quality trimming and filtering, the passed
single and paired reads were assembled using the SPAdes
Genome Assembler. The putative magnetosome gene-
containing contigs and flagellar genes were annotated using
the automated annotation pipeline implemented in the Micro-
Scope platform (Vallenet et al., 2012) and were subsequently
manually checked.
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