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ABSTRACT Magnetotactic bacteria (MTB) are phylogenetically diverse prokaryotes
that are able to biomineralize intracellular, magnetic chains of magnetite or greigite
nanocrystals called magnetosomes. Simultaneous characterization of MTB phylogeny
and biomineralization is crucial but challenging because most MTB are extremely
difficult to culture. We identify a large rod, bean-like MTB (tentatively named
WYHR-1) from freshwater sediments of Weiyang Lake, Xi’an, China, using a coupled
fluorescence and scanning electron microscopy approach at the single-cell scale.
Phylogenetic analysis of 16S rRNA gene sequences indicates that WYHR-1 is a novel
genus from the Deltaproteobacteria class. Transmission electron microscope observa-
tions reveal that WYHR-1 cells contain tens of magnetite magnetosomes that are or-
ganized into a single chain bundle along the cell long axis. Mature WYHR-1 magne-
tosomes are bullet-shaped, straight, and elongated along the [001] direction, with a
large flat end terminated by a {100} face at the base and a conical top. This crystal
morphology is distinctively different from bullet-shaped magnetosomes produced by
other MTB in the Deltaproteobacteria class and the Nitrospirae phylum. This indicates
that WYHR-1 may have a different crystal growth process and mechanism from
other species, which results from species-specific magnetosome biomineralization
in MTB.

IMPORTANCE Magnetotactic bacteria (MTB) represent a model system for under-
standing biomineralization and are also studied intensively in biogeomagnetic and
paleomagnetic research. However, many uncultured MTB strains have not been
identified phylogenetically or investigated structurally at the single-cell level, which
limits comprehensive understanding of MTB diversity and their role in biomineraliza-
tion. We have identified a novel MTB strain, WYHR-1, from a freshwater lake using a
coupled fluorescence and scanning electron microscopy approach at the single-cell
scale. Our analyses further indicate that strain WYHR-1 represents a novel genus
from the Deltaproteobacteria class. In contrast to bullet-shaped magnetosomes pro-
duced by other MTB in the Deltaproteobacteria class and the Nitrospirae phylum,
WYHR-1 magnetosomes are bullet-shaped, straight, and highly elongated along the
[001] direction, are terminated by a large {100} face at their base, and have a conical
top. Our findings imply that, consistent with phylogenetic diversity of MTB, bullet-
shaped magnetosomes have diverse crystal habits and growth patterns.
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and scanning electron microscopy, magnetosome biomineralization, magnetotactic
deltaproteobacterium, magnetotactic bacteria

Magnetotactic bacteria (MTB) are remarkable organisms. They have the ability to
biomineralize intracellular, nanometer-sized magnetic single domain crystals of

magnetite (Fe3O4) and/or greigite (Fe3S4) called magnetosomes that are each envel-
oped by a lipid bilayer membrane (1–3). Magnetosomes generally assemble into
magnetic chain-like structures, with a magnetic dipole moment in the cell body, which
enables MTB to align with Earth’s magnetic field lines when they swim in aquatic
environments, a phenomenon called magnetotaxis (3). For MTB, magnetotaxis is con-
sidered an efficient mechanism when combined with chemotaxis for optimizing posi-
tion in chemically stratified sediments and water columns by reducing a random search
problem to one dimension (4–6). Their widespread distribution means that MTB can
potentially play a significant role in biogeochemical cycling of several elements,
including C, N, S, and Fe, in natural aquatic environments (7–9). After MTB die and lyse,
magnetosomes can be preserved as magnetofossils within sediments or sedimentary
rocks (10, 11). Compared to detrital and other magnetite crystals not produced by MTB,
magnetofossils have distinctive physical, chemical, crystallographic, and magnetic fea-
tures (12–16), which makes them ideal recorders of paleomagnetic and paleoenviron-
mental information (17–21). They could also be used to calibrate potential biomarker
searches in ancient terrestrial and/or even extraterrestrial environments (10, 22, 23).

A better understanding of paleomagnetic, paleoenvironmental, and paleontological
signals recorded by magnetofossils requires not only accurate identification from
ancient sediments or rocks but also a greater understanding of the diversity of
biomineralization of crystal morphologies produced by MTB in modern environments
(14). Multiple opportunities exist to describe many more MTB by studying natural
environments (8, 24, 25). Microbial ecology studies have shown that MTB are highly
diverse phylogenetically and ecologically. Most known cultured and uncultured MTB
belong to the Alphaproteobacteria, Gammaproteobacteria, and Deltaproteobacteria
classes of the Proteobacteria phylum. Several uncultured species are affiliated with the
Nitrospirae phylum and one (strain SKK-01) was assigned recently to the phylum
“Candidatus Omnitrophica” (formerly the candidate division OP3) (8, 25–27). More
recently, it has been proposed that MTB might expand their phylogenetic diversity to
the Zetaproteobacteria and “Candidatus Lambdaproteobacteria” classes of the Proteo-
bacteria based on a large-scale metagenomic survey of MTB from both the northern
and the southern hemispheres (24).

Although phylogenetic diversity has been well assessed, detailed morphological and
mineralogical studies of diverse MTB remain sparse (28–31). The challenge is that these
strains are extremely difficult to culture, and the chemical and crystallographic prop-
erties of their magnetosomes must therefore be characterized within complex popu-
lations of diverse microbes in environmental samples. Recently, we have developed an
approach that resolves this challenge (29). We combined fluorescence and electron
microscopy at the single-cell scale to characterize the phylogeny and mineralogy of the
novel uncultured MTB Gammaproteobacteria strain SHHR-1 and Alphaproteobacteria
strain SHHC-1 from a natural environment (25, 28). The method generally consists of
four steps: (i) enrichment of MTB cells from an environmental sample, (ii) 16S rRNA gene
sequencing of MTB, and (iii) fluorescence in situ hybridization (FISH) analyses coordi-
nated with (iv) transmission electron microscope (TEM) or scanning electron micro-
scope (SEM) observations of the probe-hybridized cells (29). Once the MTB is identified
phylogenetically and structurally through this so-called coupled FISH-SEM or FISH-TEM
approach, we characterize the mineralogy, crystallography, and magnetism of magne-
tosomes formed by these uncultured MTB as illustrated recently, e.g., by combined
magnetic and advanced TEM analyses from micrometer to atomic scales (30, 32).

Following this strategy, we report here a large rod, bean-like MTB (tentatively named
WYHR-1) from freshwater sediments in Weiyang Lake, Xi’an, China. Phylogenetic anal-
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ysis of 16S rRNA gene sequences indicates that WYHR-1 is a novel genus from the
Deltaproteobacteria class based on the phylogenetic distance to all known 16S rRNA
gene sequences. TEM observations reveal that WYHR-1 cells contain tens of magnetite-
type magnetosomes with a straight bullet-shaped morphology. Particles are organized
into a single-chain bundle along the cell long axis with elongation directions parallel to
the chain. From high-resolution TEM (HRTEM) observations it can be seen that mature
WYHR-1 magnetosomes are straight and elongated along the [001] direction and have
a bullet-shaped morphology with a large flat end terminated by a {100} face at the base
and a conical top. This crystal morphology is distinctively different from bullet-shaped
magnetosomes produced by other magnetotactic Deltaproteobacteria and Nitrospirae
(30, 31, 33–35). This indicates that, consistent with its novel taxonomic status, WYHR-1
may also have a different crystal growth process and mechanism that results from
species-specific magnetosome biomineralization in MTB.

RESULTS
MTB diversity in Weiyang Lake and identification of WYHR-1. Morphological and

phylogenetic diversity of MTB from Weiyang Lake have been reported previously (36).
Briefly, MTB from the beach pool of this lake are dominated by rod-shaped bacteria and
a few other bacterial types, including spirilla and cocci. The rod-shaped bacteria form
either bullet-shaped magnetite-type magnetosomes, greigite-type magnetosomes, or
both in the same MTB cell (36). In total, 26 complete 16S rRNA sequences were
retrieved from the MTB collection. They cluster phylogenetically into eight operational
taxonomic units (OTUs) as proxies for species (sequence similarity/identity, �98%).
OTU1 (two sequences) and OTU2 (one sequence) were affiliated with the Alphaproteo-
bacteria class of the Proteobacteria phylum, while OTU3 to OTU8 (23 sequences) were
affiliated with the Deltaproteobacteria. However, the phylogenetic affiliation and mor-
phological features of these MTB were not linked previously at the single-cell scale. We,
therefore, conducted coupled FISH-SEM studies to identify these uncultured MTB
phylogenetically and morphologically.

As shown in Fig. 1, we separated magnetically diverse MTB from the Weiyang Lake
sediments. They are morphologically comparable to those reported earlier (36); optical
and TEM observations reveal that they are dominated by rod-shaped bacteria (Fig. 1a
to c), along with spirilla and cocci (Fig. 1d to f). The rod-shaped MTB generally form only
bullet-shaped magnetosomes in each cell (Fig. 1b) or both bullet-shaped and
rectangular magnetosomes in the same cell (Fig. 1c). The spirilla and cocci produce
octahedral or prismatic magnetosomes (Fig. 1d to f). We focused here on one
rod-shaped MTB with a bean-like cell morphology because it has larger cells and
produces longer bullet-shaped magnetosomes than other MTB discovered in Wei-
yang Lake (Fig. 1a).

The bean-shaped bacteria could be hybridized by both 5=-Cy3-labeled WYHR656 (a
species-specific probe for uncultured deltaproteobacterium OTU5 16S rRNA genes) and
5=-FAM-labeled EUB338 (a universal bacterial probe) (Fig. 2a to c). Coupled SEM
observations demonstrate that they contain bullet-shaped magnetosomes (Fig. 2d to
g). In contrast, other bacteria hybridized by the EUB338 probe, such as spiral-shaped
cells, were distinguished from WYHR-1 by their intracellular cubo-octahedral or pris-
matic magnetosomes (Fig. 2c, d, and h to j). This demonstrates that the OTU5 16S rRNA
gene sequences originate from the bean-shaped MTB, here tentatively named WYHR-1.

To decipher the phylogenetic position of WYHR-1, a phylogenetic tree was con-
structed with the MEGA software package (version 7.0) using the maximum-likelihood
method (37). Bootstrap values were calculated with 1,000 replicates. As expected from
the gene probe, the identified WYHR-1 strain affiliates with the Deltaproteobacteria class
of the Proteobacteria phylum (Fig. 3). However, it shares a relatively low sequence
identity of 16S rRNA genes to all known magnetotactic Deltaproteobacteria, i.e., it has
only an 89% sequence identity to “Candidatus Magnetomorum litorale,” a multicellular
magnetotactic prokaryote (MMP) detected from coastal North Sea tidal sand flats (38)
and an 86% sequence identity to the rod-shaped Desulfamplus magnetomortis strain
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BW-1 from a brackish spring in Death Valley National Park, CA (39). This indicates that
WYHR-1 is a novel genus from the Deltaproteobacteria class.

Morphological and chemical features of WYHR-1 magnetosomes. Detailed TEM
observations were made to determine morphological and chemical features of MYR-1
cells and their magnetosomes (Fig. 4 and 5). Bean-like WYHR-1 cells have an average
length of 4.3 � 0.7 �m and diameter of 1.4 � 0.1 �m (n � 34). WYHR-1 has a single
polar flagellum and an average of 62 � 12 bullet-shaped magnetosomes per cell
(n � 25), which are organized generally in one chain bundle along the cell long axis
(Fig. 4a, Fig. 5a and b). WYHR-1 cells also contain a few to dozens of irregularly shaped
and variably sized intracellular granules that range from a few to several hundreds of
nanometers (Fig. 4 and 5). Energy dispersive X-ray (EDX) microanalysis, performed in
high-angle annular dark field (HAADF) mode in a scanning TEM (STEM), indicates that
WYHR-1 magnetosomes are rich in Fe and O (i.e., they consist of magnetite). Other
irregular particles are rich in P and O and traces of Ca and Mg, which suggests that they
are Ca-Mg-polyphosphate inclusions (Fig. 4).

WYHR-1 magnetosomes have bullet-shaped, straight morphologies with large flat
bases and a small tip. About 9% of magnetosomes have a kinked morphology (n � 523)
(Fig. 5c). The crystal length of MYHR-1 magnetosomes ranges from a few nanometers
to �180 nm, with �1% of particles having lengths of �280 nm (n � 523) (Fig. 5c and
d), so that crystal length has a positively skewed distribution with a mean of
88.6 � 39.3 nm (Fig. 5d). In contrast, crystal widths are less than �45 nm, and mostly
range from �20 to �40 nm, with a negatively skewed distribution and a mean of
31.0 � 5.5 nm. The width/length ratio of individual particles ranges from �0.13 to �1.0,

FIG 1 Morphological diversity of MTB from Weiyang Lake, Xi’an (China). (a) Optical microscopy image of living MTB cells from Weiyang Lake
sediments. The white dashed arrow indicates the applied magnetic field direction. Black arrows indicate the studied bean-shaped bacteria. (b to
f) TEM images of representative MTB from Weiyang Lake sediments. Magnetosomes (white dashed boxes) within each bacterium are shown in
high-magnification TEM images as an inset in each panel.
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with a mean of 0.41 � 0.11 (Fig. 5d). The negatively skewed crystal width distribution
is consistent with the size distribution of magnetite magnetosomes (40), which indi-
cates that the maximum width of WYHR-1 magnetosomes is controlled strictly, while
maximum length appears to be less controlled.

HRTEM observations revealed that WYHR-1 magnetosomes are single magnetite
crystals without obvious defects (Fig. 6). Mature elongated particles have flat bases that
are terminated by a large {100} face, with a conical top. Crystal edges appear not to be
terminated by any obvious crystal face. WYHR-1 magnetosomes are elongated along
the [001] crystal direction for magnetite.

DISCUSSION

Known MTB from the class Deltaproteobacteria belong to two orders: the Desulfo-
vibrionales and the Desulfobacteriales (8). Desulfovibrionales MTB include the rod-
shaped sulfate reducers Desulfovibrio magneticus strain RS-1 (41) and strain FH-1 (42)

FIG 2 Phylogenetic and structural identification of WYHR-1 cells using the coupled FISH-SEM approach. (a to c) Fluorescence
microscope images of WYHR-1 cells hybridized by the 5=-FAM-labeled universal bacterial probe EUB338 (green) and the 5=-Cy3-labeled
WYHR656 probe (red). All bacteria were labeled fluorescently with the EUB338 probe (green in panel a). Only three bacteria were
labeled fluorescently with the WYHR656 probe (red in panel b), overlapping (yellow-red in panel c). (d) Coupled SEM image of the
same microscopic field as in panel c. (e to g) High-magnification SEM image of WYHR-1 cells labeled 1 to 3 in panel d and marked
by red arrows in panels c and d. (h to j) High-magnification SEM image of other MTB cells labeled 4 to 6 in panel d and marked by
blue arrows in panels c and d.
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and several vibrio strains (e.g., ML-1, AV-1, and ZZ-1) isolated from extremely alkaliphilic
habitats in California (43). They biomineralize only magnetite-type magnetosomes (31,
35, 43). The order Desulfobacteriales contains one group each of uncultured and
cultured (strains BW-1 and SS-2) large rod-shaped bacteria (31, 44), and various forms
of MMPs (38, 45–48). MTB in the order Desulfobacteriales biomineralize either solely
magnetite-type magnetosomes (e.g., “Candidatus Magnetananas tsingtaoensis” and
“Candidatus Magnetananas drummondensis”) (46, 48) or magnetite- and greigite-type
magnetosomes, depending on the environmental conditions during cell growth (e.g.,
“Candidatus Magnetomorum litorale,” “Candidatus Magnetoglobus multicellularis,”
“Candidatus Magnetananas rongchenensis,” and Desulfamplus magnetovallimortis strain
BW-1) (45, 47, 49). Our results reveal that WYHR-1 belongs phylogenetically to the order
Desulfobacteriales and that it forms only magnetite-type magnetosomes. According to
the NCBI nr database, the 16S rRNA sequence of WYHR-1 has at least 10% sequence
divergence compared to all available MTB and nonmagnetic bacterium sequences
within this order. Hence, this large rod-shaped, bean-like, unicellular bacterium from
Weiyang Lake appears to belong to a new genus of freshwater magnetotactic Delta-
proteobacteria. We propose the name “Candidatus Magnetcampylobacter” for this

FIG 3 Phylogenetic tree based on 16S rRNA gene sequences. Strain WYHR-1 occurs in the Desulfobacteriales order of the
Deltaproteobacteria class. Bootstrap values (higher than 50) at nodes are percentages of 1,000 replicates. The bar represents
2% sequence divergence. One of the OTU5 16S rRNA gene sequences (NCBI accession no. JX537765) was selected to represent
that of WYHR-1 to construct the phylogenetic tree.
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genus and “Candidatus Magnetcampylobacter weiyangensis” (strain WYHR-1) for this
novel species, where the genus name “Magnetcampylobacter” indicates the bean-like
rod-shape of the bacteria, and the strain name “weiyangensis” indicates that it was first
discovered in Weiyang Lake, Xi’an, China. MTB closely related to strain WYHR-1 are
multicellular “Candidatus Magnetomorum litorale” (�89% sequence identity) (38, 45)
and unicellular BW-1 (�86% sequence identity) (49), and belong to the Desulfobacte-
raceae family within the order Desulfobacteriales.

We also found that the crystal morphology of WYHR-1 magnetosomes in WYHR-1 is
distinctively different from those of bullet-shaped magnetosomes in the Deltaproteo-
bacteria class and the Nitrospirae phylum (30, 31, 33–35, 50). For example, bullet-shaped
magnetosomes in the alkaliphilic dissimilatory sulfate-reducing Deltaproteobacteria
strain AV-1 and the freshwater Nitrospirae strain LO-1 generally have double-triangle
shapes in two-dimensional projections that can be modeled as a slightly elongated,
half-octahedron (four-sided pyramid) on the base, with an elongated, point section
consisting mostly of high-index faces (31). Bent, bullet-shaped magnetosomes pro-
duced by the moderately thermophilic Nitrospirae strain HSMV-1 generally have pro-
jected images with a flat-triangle shape that can be modeled as elongated prismatic
side faces parallel to [110], a flat bottom end terminated by a {110} face, and a narrow,
rounded top (31, 50). Mature magnetosomes in the freshwater Nitrospirae strain MYR-1

FIG 4 HAADF STEM-EDX elemental mapping of a WYHR-1 cell. (a to g) HAADF-STEM image (a) and corresponding chemical maps of C (K�) (b),
O (O K�) (c), P (P K�) (d), Ca (Ca K�) (e), Mg (Mg K�) (f), and Fe (Fe K�) (g). (h) RGB map with Fe (red), C (blue), and P (green). (i) EDX spectra
extracted from the carbon film covering the TEM grid (black), cell wall (red), polyphosphate inclusion (green), and magnetosomes (blue).
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have elongated-anisotropic, kinked morphologies, which are terminated by a {111} face
at the larger basal end and a small {100} face at the top (30). WYHR-1 magnetosomes
are bullet-shaped (Fig. 6), straight, highly elongated along the [001] direction, and
terminated by a large {100} face at the base and a conical top. Our results further
strengthen the idea that magnetosome magnetite crystal growth and habit are related
closely to MTB taxonomic group and species (50). Considering its unique phylogenetic
position and magnetosome morphology, WYHR-1 deserves future systematic study of
inorganic processes (e.g., crystal growth, chain arrangement, and magnetic properties),
motility (e.g., swimming speed and directionality), and molecular mechanisms (e.g.,
genes and proteins related to magnetosome formation and chain arrangement) of
magnetosome biomineralization through comprehensive TEM imaging and single-cell
genomic sequencing (25, 28–30). Such studies of uncultured MTB by combining
phylogenetics, genomics, and biomineralization at the single-cell scale are crucial to
understand phylogenetic diversity of MTB and magnetosome biomineralization mech-
anisms, and for establishing intrinsic relationships between MTB phylogeny and mag-
netosome biomineralization to provide a basis for quantitative magnetofossil identifi-
cation in ancient sediments for wide-ranging geological applications.

MATERIALS AND METHODS
Sediment sampling, microcosm setup, and sample preparation. The sampling site was the beach

pool of Weiyang Lake (34°24=22.51�N, 108°58=56.91�E) in Xi’an, which is the largest artificial lake in
northwest China. The site had a salinity of 0.41 ppt, pH of 7.4, and temperature of �20°C at the time of
sampling (August 2015). Surface sediment and water samples were collected at a water depth of ca. 1
to 2 m near the shore. One-liter plastic bottles were filled to �60% of their volume with sediment, and
the other 40% was filled with water above the sediments. Bottles were transported to the laboratory and
were incubated in darkness at �20°C without disturbance. MTB cells were checked routinely using an
Olympus microscope (BX51) equipped with a phase-contrast, fluorescence, and DP70 digital camera
system (Olympus Corp., Tokyo, Japan).

FIG 5 Morphological features of WYHR-1 cells and their magnetosomes. (a) Bright-field TEM image of a bean-like WYHR-1 cell with a rod and a single polar
flagellum. (b) Bright-field TEM image of two WYHR-1 cells with intracellular magnetosome chains and spherical phosphate inclusions. (c) Close-up of WYHR-1
magnetosome chains indicated by the white box in panel b. Long (�200 nm) and kinked particles are indicated by solid and dashed arrows, respectively. (d)
Histograms of crystal length, width, and width/length ratio of WYHR-1 magnetosomes.
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MTB collection and sample preparation were performed using methods described previously (29).
Briefly, �200 ml of slurry from the microcosms was deposited in a modified magnetic separation
apparatus and exposed to a strong local magnetic field for �1 h to harvest MTB cells. The collected MTB
cells were washed three times in Milli-Q water and then resuspended in �100 �l of Milli-Q water for
additional experiments: �20 �l of MTB cells was used for TEM analyses, and the remaining �80 �l was
prepared for coupled FISH-SEM analysis. TEM samples were stored in a pure N2 atmosphere at �20°C
prior to TEM observations.

Coupled FISH-SEM analysis. To identify WYHR-1 cells phylogenetically and structurally, fluorescence
microscopy was coupled with SEM observations on probe-hybridized cells using an Olympus BX51
epifluorescence microscope and a Zeiss Ultra-55 field-emission gun SEM (Carl Zeiss, Germany) operating
at 5 kV, respectively. Detailed methods are provided elsewhere (29). Briefly, the probe WYHR656
(5=-TGCGGGCATTACCGTATTTCTA-3=, positions 656 to 677) was designed to specifically target uncultured
deltaproteobacterium OTU5 16S rRNA genes (NCBI accession no. JX537763, JX537765, JX537767,
JX537769, JX537771, JX537781, JX537784, JX537785, and JX537787). Probe specificity was evaluated
using the online probe evaluation tools probeCheck and probeBase (51, 52). Except for deltaproteobac-
terium OTU5, no other sequence in the SILVA111 database has a matching complementary sequence
(the minimum number of mismatches is 2). The calculated melting temperature (Tm) of the probe
SHHR838 was about 63°C (salt adjusted) (53). Bacterial universal probe EUB338 (5=-GCTGCCTCCCGTAG
GAGT-3=) was used as a positive-control probe of bacteria for FISH (54). The WYHR656 and EUB338
probes were labeled fluorescently with the hydrophilic sulfoindocyanine dye Cy3 and the fluorescein
phosphoramidite FAM at their 5= ends, respectively.

TEM observations. Conventional TEM observations were performed using a JEM2100 microscope
(JEOL, Ltd., Tokyo, Japan) operating at 200 kV at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (Beijing, China). HRTEM observations were carried out with a JEOL JEM-2100F TEM
operating at 200 kV at the IMPMC (Paris, France). This microscope is equipped with a field emission gun,
an ultrahigh-resolution pole piece, a JEOL EDX spectrometry detector with ultrathin window, and a STEM
device. STEM Z-contrast images were acquired in HAADF mode. Chemical composition analyses were
performed by EDX elemental mapping in HAADF-STEM mode. Crystal lengths and widths were measured
from the TEM images of individual magnetosomes along their long axis and maximum width perpen-
dicular to the long axis, respectively.

FIG 6 (a) HRTEM image of a mature WYHR-1 magnetosome from the [1-10] zone axis of a magnetite
crystal; the crystal is elongated along the [001] direction. (b) Corresponding indexed FFT (Fast Fourier
transform) image for the particle in panel a. (c) HRTEM image of the base of the crystal in panel a, which
reveals that the particle is terminated by the (001) face. (d) HRTEM image of the top of the crystal in panel
a, which reveals its conical shape.
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