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ABSTRACT Magnetotactic bacteria (MTB) form intracellular chain-assembled nano-
crystals of magnetite or greigite termed magnetosomes. The characterization of
magnetosome crystals requires electron microscopy due to their nanoscopic sizes.
However, electron microscopy does not provide phylogenetic information for MTB.
We have developed a strategy for the simultaneous and rapid phylogenetic and biomin-
eralogical characterization of uncultured MTB at the single-cell level. It 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 analyses coordinated
with (iv) transmission or scanning electron microscopy of the probe-hybridized cells.
The application of this strategy identified a magnetotactic Gammaproteobacteria
strain, SHHR-1, from brackish sediments collected from the Shihe River estuary in
Qinhuangdao City, China. SHHR-1 magnetosomes are elongated prismatic magne-
tites which can be idealized as hexagonal prisms. Taxonomic groups of uncultured
MTB were also identified in freshwater sediments from Lake Miyun in northern Bei-
jing via this novel coordinated fluorescence and scanning electron microscopy
method based on four group-specific rRNA-targeted probes. Our analyses revealed
that major magnetotactic taxonomic groups can be accurately determined only with
coordinated scanning electron microscopy observations on fluorescently labeled
single cells due to limited group coverage and specificity for existing group-
specific MTB fluorescence in situ hybridization (FISH) probes. Our reported strat-
egy is simple and efficient, offers great promise toward investigating the diver-
sity and biomineralization of MTB, and may also be applied to other functional
groups of microorganisms.

IMPORTANCE Magnetotactic bacteria (MTB) are phylogenetically diverse and biominer-
alize morphologically diverse magnetic nanocrystals of magnetite or greigite in intra-
cellular structures termed magnetosomes. However, many uncultured MTB strains
have not been phylogenetically identified or structurally investigated at the single-
cell level, which limits our comprehensive understanding of the diversity of MTB and
their role in biomineralization. We developed a fluorescence-coupled electron mi-
croscopy method for the rapid phylogenetic and biomineralogical characterization of
uncultured MTB at the single-cell level. Using this novel method, we successfully
identified taxonomic groups of several uncultured MTB and one novel magnetotactic
Gammaproteobacteria strain, SHHR-1, from natural environments. Our analyses fur-
ther indicate that strain SHHR-1 forms elongated prismatic magnetites. Our findings
provide a promising strategy for the rapid characterization of phylogenetic and
biomineralogical properties of uncultured MTB at the single-cell level. Furthermore,
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due to its simplicity and generalized methodology, this strategy can also be useful
in the study of the diversity and biomineralization properties of microbial taxa in-
volved in other mineralization processes.

KEYWORDS biomineralization, fluorescence-coupled electron microscopy, FISH,
magnetotactic bacteria, TEM

Magnetotactic bacteria (MTB) have been a focus of intense study in biomineraliza-
tion (1–4). They are a phylogenetically, morphologically, and metabolically di-

verse and large group of prokaryotes. In particular, their diversity, mechanisms of
biomineralization, and magnetic properties have been extensively studied since their
discovery in the 1960s and have been of great interest in the fields of biology, geology,
and materials science (5–11). Moreover, they have drawn some preliminary interest in
medical applications due to the use of magnetic nanoparticles in certain treatments, for
example, in magnetic hyperthermia (12).

MTB form intracellular single-domain crystals of magnetite (Fe3O4) or greigite
(Fe3S4) that are surrounded by a lipid bilayer membrane, which together comprise
magnetosomes (4, 7, 10). Magnetosomes are generally organized as single or multiple
chains, which allow MTB to passively align and actively swim along geomagnetic field
lines toward their optimal niches, generally at and just below the oxic-anoxic interface
(OAI) in aquatic environments. This process is referred to as magneto-aerotaxis (13, 14).
Magnetosomes in MTB can be preserved as magnetofossils, which have been used to
retrieve paleomagnetic and paleoenvironmental information from ancient sediments
(15–18). In addition, MTB represent natural model bioreactors, which can be mimicked
to produce well-tailored magnetic nanoparticles with enhanced magnetic properties
(19, 20).

Molecular biology and microscopy have revealed a significant phylogenetic diversity
of MTB and a broad morphological diversity of their magnetosome crystals (8, 10). Most
cultured and uncultured MTB are phylogenetically affiliated with the Alphaproteobac-
teria, Deltaproteobacteria, Gammaproteobacteria, and Nitrospirae (4). Recently, phyloge-
netic and ultrastructural analyses of micromanipulated single cells collected from
sediments of Lake Chiemsee in Upper Bavaria (Germany) detected a large ovoid cell,
SKK-01, that belonged to the proposed phylum “Candidatus Omnitrophica” (formerly
the candidate division OP3) (21, 22). Previous studies have shown that the numbers,
sizes, crystal habits, and chain configurations of magnetosomes are diverse among
species and even individual strains (8, 10). However, magnetosome biomineralization
has only been studied within a few cultured and uncultured MTB strains. Many
uncultured MTB strains have not been phylogenetically identified or structurally inves-
tigated at the single-cell level. This represents a key knowledge gap in our understand-
ing of MTB biomineralization and the corresponding relationship between magneto-
somes and bacterial species or strains. There is therefore a need for a method to rapidly
characterize both the phylogenetic and biomineralogical properties of uncultured MTB
at the single-cell level. Such methodologies would enable an accurate assessment of
the diversity and mechanisms of biomineralization among MTB from various natural
environments.

Fluorescence in situ hybridization (FISH) has been widely used for the phylogenetic
identification of single microbial cells or microbial populations in complex environ-
ments (23–27). This approach has been applied to MTB populations from various
freshwater and marine sediments (28–35). Significant advancements in both the spatial
and energy resolution of transmission electron microscopy (TEM) over the past decade
have provided a powerful platform for obtaining structural, compositional, and mag-
netic information of MTB at the atomic scale (3, 36, 37). For example, Li et al. recently
analyzed the structural and magnetic properties of bullet-shaped magnetosomes in the
uncultured “Candidatus Magnetobacterium casensis” strain MYR-1 using various ad-
vanced TEM techniques. Magnetosome crystal growth in this bacterium was found to
occur in several steps: (i) an initial isotopic growth-forming cuboctahedron (less than

Li et al. Applied and Environmental Microbiology

June 2017 Volume 83 Issue 12 e00409-17 aem.asm.org 2

 on July 23, 2017 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


approximately 40 nm), followed by (ii) anisotropic growth up to �60 to 80 nm and
mostly along the [112], [114], or [111] direction, and finally, (iii) kinking and continuous
growth along the [001] direction (38).

Recently, correlative fluorescence light and electron microscopy has raised great
interest in the life sciences because it combines the specificity of fluorescence labeling
with the high structural resolution and cellular environment by the scanning electron
microscopy (SEM) or TEM (39). The general and most widespread fluorescence targeting
methods use genetically encoded labeling with green fluorescent proteins, immuno-
fluorescent labeling with Nanogold, or a combination of both (40, 41). Oligonucleotide
probes directly labeled with Nanogold or Nanogold-labeled antibodies that targeted
oligonucleotide probes with fluorescein or digoxigenin have also been used to link the
ultrastructure of microbial cells with their phylogenetic affiliations (42–44). Technically,
today’s approaches generally involve complex sample preparation procedures due to
the need for either thin sections or frozen samples for TEM characterization (43, 44).

Here, we developed a strategy for the rapid phylogenetic and biomineralogical
characterization of uncultured MTB at the single-cell level by coordinating fluorescence
and electron microscopy. Using this method, we identified a novel magnetotactic
Gammaproteobacteria strain in brackish sediments collected from the Shihe River
estuary in Qinhuangdao City in eastern China (SHHR-1). The biomineralization features
of SHHR-1 cells and crystal habits of SHHR-1 magnetosomes were investigated in detail
via various advanced TEM approaches. Moreover, we identified several taxonomic
groups of uncultured MTB in freshwater sediments collected from Lake Miyun in north
Beijing in China using fluorescence-coupled SEM observations on enriched MTB cells
that were hybridized with four group-specific rRNA-targeted probes. Our results dem-
onstrate that the fluorescence-coupled electron microscopy method is a simple and
efficient strategy that allows for the rapid characterization of phylogenetic and biomin-
eralogical properties of uncultured MTB at the single-cell level. Thus, this strategy offers
great promise toward investigating the diversity and biomineralization of natural MTB
from various environments, and it may also be applied to other mineralizing functional
groups of microorganisms.

RESULTS
Identification of SHHR-1 by coupled FISH-SEM and FISH-TEM. Live MTB cells were

magnetically extracted using previously described methods from a sediment micro-
cosm in which the dominant MTB are a group of small rod-shaped bacteria (i.e.,
SHHR-1). In order to characterize the SHHR-1 taxonomic group, we identified SHHR-1
cells with FISH using four group-specific rRNA-targeted probes (Table 1). Fluorescent
labeling of SHHR-1 cells and inner-control Magnetospirillum magneticum strain AMB-1
cells were positively bound by the universal bacterial probe EUB338 but negative for
the SRB385Db and BaP probes (Fig. 1 and S1). AMB-1 cells were specifically targeted by
the ALF968 probe because of their phylogenetic affiliation with the Alphaproteobacteria
(Fig. 1b). In contrast, SHHR-1 cells were labeled only by the GAM42a probe but not by
the other three group-specific probes (Fig. 1c and S1), indicating that SHHR-1 likely
belongs to the Gammaproteobacteria class.

We then amplified 16S rRNA genes from a sample containing highly magnetically
concentrated SHHR-1 cells using universal bacterial primers and constructed a clone
library from the 16S rRNA gene amplicons. Thirteen of the 19 sequenced clones
contained identical near-full-length 16S rRNA gene sequences. Phylogenetic analysis of
16S rRNA gene sequences indicated that SHHR-1 belongs to the Gammaproteobacteria
class of the Proteobacteria phylum and was most closely related to the order Chroma-
tiales (Fig. 2). SHHR-1 16S rRNA gene sequences shared �99% nucleotide (nt) sequence
identity with the magnetotactic Gammaproteobacteria strain SS-5 (45). Thus, SHHR-1
may represent the same bacterial species as strain SS-5 but may represent a novel
magnetotactic Gammaproteobacteria strain in brackish sediments collected from the
Shihe River estuary in Qinhuangdao City in eastern China.

Novel Method for MTB Identification Applied and Environmental Microbiology

June 2017 Volume 83 Issue 12 e00409-17 aem.asm.org 3

 on July 23, 2017 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


We then performed coordinated FISH-SEM and FISH-TEM analyses using a 16S
rRNA-specific probe for the SHHR-1 phylogenetic group (SHHR838; Table 1). Since the
same sample had fluorescence microscopy data coupled with electron microscopy,
both the phylogenetic affiliation and nanometer-scale structural features of each single
cell(s) could be determined. The SHHR838 probe specifically targeted SHHR-1 cells but
did not label Escherichia coli control cells. All bacterial cells that were positively labeled
by both the 5=-FAM-labeled (FAM, 6-carboxyfluorescein) universal bacterial probe
EUB338 (green) and the 5=-Cy3-labeled SHHR-1-specific probe SHHR838 (red) contained
magnetosomes. All of the cells that were labeled only by the EUB338 (green) probe (E.
coli control cells) failed to exhibit any magnetosomes (Fig. 3, S2, and S3). These results
confirmed that the 16S rRNA gene sequence originated from the SHHR-1 strain and that
the strain is a magnetotactic gammaproteobacterium.

FIG 1 Morphological and FISH identification of SHHR-1 cells. (a) Optical microscopy image of living
SHHR-1 cells. Cells are swimming out from one small drop of sediment on the left (photograph not
shown) along the applied magnetic field lines (dashed-line arrow) and gathering on the edge of the
water droplets. (b) Fluorescence microscopy images of SHHR-1 cells in situ hybridized with the 5=-FAM-
labeled universal bacterial probe EUB338 and the 5=-Cy3-labeled Alphaproteobacteria-specific probe
ALF968. (c) Fluorescence microscopy images of SHHR-1 cells in situ hybridized with the 5=-FAM-labeled
universal bacterial probe EUB338 and the 5=-Cy3-labeled Gammaproteobacteria-specific probe GAM42a.
For each FISH identification, the same microscopy field is shown. Results of hybridization with the
EUB338 probe are shown in green and in red for the group-specific probes ALF968 and GMA42a,
respectively. Overlapped fluorescence microscopy images are shown for EUB338 plus ALF968 and
EUB338 plus GAM42a. Inner-control AMB-1 cells were targeted by both the EUB338 and ALF968 probes.
SHHR-1 cells were targeted by the GAM42a probe and the EUB338 probe.
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Morphological features and crystal habits of SHHR-1 magnetosomes. TEM obser-
vations indicated that SHHR-1 cells are rod-shaped, with an average cell length of
2.5 �m with a standard deviation of 0.5 �m and a diameter of 0.9 �m with a standard
deviation of 0.07 �m (n � 52). SHHR-1 possesses a single polar flagellum and contains
an average of 15 magnetosomes per cell (n � 142; with a standard deviation of 4
magnetosomes per cell). Magnetosomes are organized as single chains aligned parallel
to the long axis of the cells (Fig. 4a and S4a to f). In addition to magnetosomes, SHHR-1
cells typically contain several intracellular granules that are irregular in shape and
diverse in size, ranging from several nanometers to several hundreds of nanometers
(Fig. 4a and S4b). Energy-dispersive X-ray spectroscopy (EDXS) elemental mapping
operating in the high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) mode showed that the magnetosomes are rich in Fe and O,
suggesting that they are magnetite. Other intracellular granules could be divided into
two groups based on their chemical compositions: some were rich in sulfur, while
others were rich in phosphorus, calcium, and oxygen, indicating that they were sulfur
and polyphosphate inclusions, respectively (Fig. 4b and S5).

SHHR-1 magnetosomes have elongated prismatic shapes, with an average crystal
length of 72.9 nm with a standard deviation of 15.7 nm, a diameter of 52.6 nm with a
standard deviation of 11.0 nm, and a shape factor of 0.73 with a standard deviation of
0.07 (n � 423) (Fig. 4c and S4g to i). SHHR-1 magnetosomes exhibited a crystal size
distribution and growth mode typical of prismatic and cuboctahedral magnetite mag-

FIG 2 Phylogenetic tree of 16S rRNA gene sequences. Bootstrap values at nodes are given as percentages of 1,000 replicates. GenBank accession numbers are
given in parentheses. Scale bar represents 5% sequence divergence.
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netosomes (46, 47). This was indicated by crystal length and width distributions that
were negatively skewed and exhibited a nearly constant width-to-length ratio (Fig. 4d
and S4g to i). These results suggest that magnetosomes within SHHR-1 grow by a
mechanism similar to that of known magnetotactic Alphaproteobacteria, i.e., homo-
thetic growth within magnetosome membranes (46, 48).

The morphologies of 11 individual SHHR-1 magnetosomes from two cells were
investigated using high-resolution TEM (HRTEM) analyses (HRTEM images in the sup-
plemental material). Assuming near-uniform magnetosome morphology with only
minor differences, we derived an idealized crystal habit that can explain the observed
two-dimensional (2D) projections deduced from HRTEM images. These observations
allowed reconstruction of the crystal morphology of the SHHR-1 magnetosomes based
on {111}, {110}, and {100} forms, i.e., a hexagonal prism with six large {110} faces, capped
by two large {111} end faces and truncated by six small {110}, six small {100}, and six
small {111} end faces (Fig. 5). Although other possibilities could exist, this idealized
crystal morphology explains most HRTEM images of mature magnetosomes obtained in
this study. Moreover, this crystal morphology reveals that the crystals of SHHR-1
magnetosomes are hexagonal prisms elongated and aligned along one of the �111�

directions of magnetite (see HRTEM images in the supplemental material).
Coordinated FISH-SEM identification of uncultured MTB from Lake Miyun. In

order to test the ability of the coupled FISH-SEM approach to identify taxonomic groups
and magnetosome types of uncultured MTB, we applied our methods to uncultured
MTB cells from a more complex and diverse environment in sediments collected from
Lake Miyun in north Beijing, China. Miyun MTB are phylogenetically and morphologi-
cally diverse (49). However, none of these MTB have been phylogenetically and

FIG 3 Fluorescence-coupled electron microscopy identification of SHHR-1 cells. (a) Overlapping fluorescence microscopy image of SHHR-1
and E. coli cells mounted on the surface of a cover slide glass and in situ hybridized with the 5=-FAM-labeled universal bacterial probe
EUB338 (green) and the 5=-Cy3-labeled SHHR838 probe (red). (b) Coordinated SEM image of the same field as in panel a. (c) Overlapping
fluorescence microscopy image of SHHR-1 and E. coli cells mounted on the surface of a TEM grid and in situ hybridized with the
5=-FAM-labeled universal bacterial probe EUB338 (green) and the 5=-Cy3-labeled SHHR838 probe (red). (d) Coordinated TEM image of the
same field indicated by dashed-line box (left) as in panel c. (e) Coordinated TEM image of the same field indicated by dashed-line box
(right) as in panel c. Those bacteria that are only fluorescently labeled with the EUB338 probe and do not contain magnetosomes are
inner-control E. coli cells. In contrast, those bacteria that are fluorescently labeled with both the EUB338 and SHHR838 probes (yellow-red
colors) and contain magnetosomes are SHHR-1 cells.
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morphologically characterized using the coupled FISH-SEM method; as a result, the
relationship between magnetotactic taxonomic groups and biomineralization features
has not been understood. As expected, all MTB cells from Lake Miyun were fluores-
cently labeled by the 5=-FAM-labeled universal bacterial probe EUB338 (green) (Fig. 6
and S6 to S9). The MTB community was dominated by magnetotactic Alphaproteobac-
teria and Nitrospirae, which is consistent with previous phylogenetic analyses (49).
Coordinated FISH-SEM analyses indicated that the 5=-Cy3-labeled BaP probe (red)
specifically targeted two magnetotactic Nitrospirae strains: giant rod-shaped MYR-1 (i.e.,
“Candidatus Magnetobacterium casensis”) and watermelon-shaped MWB-1 (Fig. 6a and
b and S6). One small rod-shaped bacterium (tentatively named MYR-2) was also
fluorescently labeled by the BaP probe. Coordinated SEM observations indicated that
this bacterium contains one bundle of bullet-shaped magnetosomes (Fig. 6a and b and
S6). Interestingly, the ALF968 probe targeted only two types of helical MTB that both
produced cuboctahedral or prismatic magnetosome crystals and some nonmagnetot-
actic bacterial cells. Diverse magnetotactic cocci formed single, double, and quadruple
chains of prismatic magnetosomes, dispersed aggregates, or clusters within the cells.
They were not fluorescently labeled by the 5=-Cy3-labeled Alphaproteobacteria-specific
probe ALF968 (red) (Fig. 6c and d and S7). The 5=-Cy3-labeled Gammaproteobacteria-
specific probe GAM42a did not target the magnetotactic Nitrospirae, spirilla, or cocci. In
contrast, one relatively large rod-shaped bacterium (tentatively named MYR-3) that
comprised a single chain of cuboctahedral magnetosomes was labeled by the GAM42a

FIG 4 Morphological and chemical features of SHHR-1 cells. (a) HAADF-STEM image of five SHHR-1 cells.
(b) Chemical composition map of the same five SHHR-1 cells as shown in panel a. HAADF-STEM imaging
and STEM-EDXS mapping analyses show that SHHR-1 cells contain magnetite-type magnetosomes as
single chains, as well as irregular polyphosphate and sulfur-rich inclusions. (c) High-magnification
HAADF-STEM image of SHHR-1 magnetosomes showing their prismatic shapes and chain alignment
along the long axes of individual particles. (d) Plot of crystal length versus width showing a linear
relationship between crystal length and width of SHHR-1 magnetosomes.
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probe (Fig. 6e and f and S8) but not by the three other probes (Fig. 6, S6, S7, and S9).
Some nonmagnetotactic bacteria were also fluorescently labeled by the GAM42a probe
(Fig. 6e and f and S8). Surprisingly, strain MYR-1 and one small magnetotactic coccus,
in which magnetosomes were arranged as dispersed aggregates or clusters, were also
fluorescently labeled by the 5=-Cy3-labeled Desulfobacteraceae-specific probe SRB385Db,
while other MTB cells were fluorescently labeled by the EUB338 probe only (Fig. 6g and
h and S9).

DISCUSSION
Fluorescence-coupled electron microscopy as a novel tool to study MTB at the

single-cell level. Here, we describe a new strategy that allows the rapid phylogenetic
and biomineralogical study of single MTB cells by coupled rRNA-targeting FISH and
SEM/TEM analyses. Our strategy consists of four steps: (i) the enrichment of uncultured

FIG 5 HRTEM images of three representative magnetosomes recorded along different zone axes (first column), their corresponding indexed fast Fourier
transform (FFT) patterns (second column), stereographic projections (third column), and morphological models (fourth column) oriented with respective to the
FFT and HRTEM images. The outlines and lattice fringes of the magnetosomes in their HRTEM images are consistent with prismatic models. (a) For the first
particle imaged along the [01-1] zone axis, four well-developed {111} faces can be identified at both ends and sides of the prism, and two small {100} and {110}
faces were identified at the corners of the prism. (b) For the second particle imaged along the [-1-12] zone axis, two large {111} and {110} faces can be observed
to roughly terminate at both the ends and sides of the prism. (c) The third particle recorded along the [001] zone axis appears to be capped and terminated
by {110} faces at both the ends and sides and truncated by four small {100} faces at the corners.

Li et al. Applied and Environmental Microbiology

June 2017 Volume 83 Issue 12 e00409-17 aem.asm.org 8

 on July 23, 2017 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


FIG 6 Coupled FISH-SEM identifications of uncultured MTB in freshwater sediments collected from Lake Miyun in north Beijing, China.
(a) Overlapping fluorescence microscopy image of Miyun MTB cells in situ hybridized with the 5=-FAM-labeled universal bacterial probe
EUB338 (green) and the 5=-Cy3-labeled BaP probe (red). (b) High-magnification SEM images of the same cell(s) indicated by numbers
in panel a. (c) Overlapped fluorescence microscopy image of Miyun MTB cells hybridized with the 5=-FAM-labeled universal bacterial
probe EUB338 (green) and the 5=-Cy3-labeled Alphaproteobacteria-specific probe ALF968 (red). (d) High-magnification SEM images of
the same cell(s) indicated by numbers in panel c. (e) Overlapped fluorescence microscopy image of Miyun MTB cells in situ hybridized

(Continued on next page)
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MTB cells from an environmental sample, (ii) 16S rRNA gene sequencing of MTB, (iii)
FISH with fluorescently labeled rRNA-targeted oligonucleotide probes and fluorescence
microscopy observations, and (iv) coordinated SEM and TEM analyses on probe-
hybridized MTB cells. The coordinated observations are enhanced by targeting specific
areas, such as the edge of the sample on the cover glass or the center position of the
TEM grid. Our strategy enables fluorescence and electron microscopy observations to
be made on chemically immobilized and ethanol-dehydrated cells. Experimental results
show that the cell morphology is weakly modified and easily recognized by subsequent
SEM or TEM observations after a standard procedure in FISH studies and a vacuum
pretreatment (Fig. 4). It does not provide fluorescent and structural information from
viable cells and ultrathin sections of cells. However, our method has the advantage of
directly linking each MTB 16S rRNA genotype to an important phenotypical feature of
MTB (i.e., magnetosome morphology) using high-specificity oligonucleotide probes
and leveraging the high spatial resolutions of SEM and TEM. Furthermore, our approach
is relatively easy to achieve through routine sample preparation procedures and the
use of conventional fluorescence and electron microscopes, making it feasible to apply
across standard laboratory settings. The approach can be conducted even when a
special SEM equipped with a fluorescence digital camera or a dedicated TEM equipped
with an in situ fluid cell TEM holder is unavailable (41, 50, 51).

Spring et al. (43) developed a method for linking the ultrastructure of enriched MTB
cells with their 16S rRNA sequence via TEM of ultrathin sections that were hybridized
in situ with digoxigenin- and fluorescein-labeled polynucleotide probes. The bound
polynucleotide probe was detected by high-resolution TEM after incubation of sections
with gold-labeled antibodies that were specific for fluorescein or digoxigenin. Using
this method, the authors successfully found one ovoid MTB from the Itaipu Lagoon of
Rio de Janeiro, Brazil, that exhibits an Itaipu I 16S rRNA genotype and forms unusually
large magnetosomes. More recently, Woehl et al. (51) successfully imaged cells and
magnetosomes of Magnetospirillum magneticum AMB-1 in liquid using a correlative
STEM and fluorescence microscopy methodology. These previous studies made valu-
able contributions toward identifying MTB cells and studying magnetosome biomin-
eralization at the single-cell level. However, both methods involved relatively complex
procedures of sample preparation or special equipment, which therefore limit their
application.

The coupled FISH-SEM approach described here is carried out by mounting probe-
hybridized cells on a cover slide glass surface, which is also suitable for coordinated
Raman microspectroscopy and NanoSIMS analyses (52, 53). Coupled FISH-TEM is per-
formed by mounting probe-hybridized cells on the carbon film of a TEM grid, which can
also be used for coordinated analysis by synchrotron-based scanning transmission
X-ray microscopy (54). Therefore, both coupled FISH-SEM and FISH-TEM approaches
may also be combined with other microscopy and spectromicroscopy methods to
provide phylogenetic, morphological, structural, mineralogical, compositional, and iso-
topic information on single cells at the nano- and even atomic-scale levels. Due to its
simplicity and applicability to other biomineralization processes, the strategy devel-
oped here can also be useful for understanding the diversity and biomineralization
processes in microbial taxa other than MTB.

Applications and importance of fluorescence-coupled electron microscopy.
Owing to the limitations of resolution in conventional optical microscopy (�0.2 �m),
fluorescence microscopic observations alone cannot identify MTB taxa from a mixed-
microbe sample. Although bacterial cells labeled by certain group-specific rRNA-

FIG 6 Legend (Continued)
with the 5=-FAM-labeled universal bacterial probe EUB338 (green) and the 5=-Cy3-labeled Gammaproteobacteria-specific probe
GAM42a (red). (f) High-magnification SEM images of the same cell(s) indicated by numbers in panel e. (g) Overlapped fluorescence
microscopy image of Miyun MTB cells in situ hybridized with the 5=-FAM-labeled universal bacterial probe EUB338 (green) and the
5=-Cy3-labeled Desulfobacteraceae-specific probe SRB385Db (red). (h) High-magnification SEM images of the same cell(s) indicated by
numbers in panel g.
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targeted probes are detected via fluorescence microscopy (Fig. 6), SEM observations
were needed to accurately determine their taxonomic groups.

First, we used the coupled FISH-SEM method to identify Nitrospirae MTB using the
BaP probe in freshwater sediments from Lake Miyun. The BaP probe was primarily
designed to target “Candidatus Magnetobacterium bavaricum” (55). Nitrospirae MTB
strains MYR-1, MWB-1, and MY3-5B were first detected in Miyun sediments and later
also observed in freshwater sediments collected from Lake Beihai in Beijing (30, 31). In
this study, strains MYR-1 and MWB-1 were successfully distinguished from other MTB
cells by our coupled FISH-SEM method, i.e., positive FISH tests and unusual structural
features (giant rod cell morphology for MYR-1 and watermelon cell morphology for
MWB-1, and bullet-shaped magnetosomes arranged in several chains for both) (Fig. 6a
and b and S6). Strain MY3-5B, a small coccoid-to-ovoid bacterium that forms bullet-
shaped magnetosomes arranged in several chains (31), was not found in this study,
possibly due to low population abundances. In contrast, strain MYR-2, a small rod-
shaped cell that forms a bundle of bullet-shaped magnetosomes, was detected. MYR-2
is morphologically similar to strain MHB-1 that was detected from lake sediments in
Bremen (Waller See, northern Germany) and which is phylogenetically affiliated with
the Nitrospirae phylum (33). Therefore, MYR-2 may represent a novel species or strain
belonging to the Nitrospirae phylum inhabiting Lake Miyun and warrants further
phylogenetic and biomineralogical analyses.

Second, we identified Alphaproteobacteria MTB using the ALF968 probe that was
originally designed to target Alphaproteobacteria (56). Two types of helical MTB were
fluorescently labeled and morphologically identified by our coupled FISH-SEM analysis
(Fig. 6c and d and S7). Almost all magnetotactic cocci failed to be fluorescently labeled
by the ALF968 probe. Coordinated SEM observations revealed that those cocci gener-
ally formed prismatic magnetosomes that were arranged into single, double, and
quadruple chains, or into dispersed aggregates or clusters within the cells. We then
analyzed the group coverage and specificity of the ALF968 probe on almost all available
high-quality full-length 16S rRNA sequences of MTB from the NCBI GenBank database
(n � 421) (available at https://www.ncbi.nlm.nih.gov/). Our analyses suggest that
ALF968 can target most Magnetospirillum species, but almost all cultured and uncul-
tured magnetotactic cocci of the order Magnetococcales in the Alphaproteobacteria
class cannot hybridize to the ALF968 probe. This is due to a single guanine (G) mismatch
at position 979 in the ALF968 probe and a corresponding adenine (A) in the unmatched
target sequences. In addition, optimization of FISH conditions by using the ALF968
probe at 20% formamide, which has been proven to yield a better fluorescence signal
(56), is worth a try to test its effectiveness. Alternatively, a new probe, FMTCf (5=-TAA
AGCCCTTTYAGTGGGAA-3=, positions 431 to 450), which was used as the forward primer
specific for amplifying freshwater alphaproteobacterial magnetotactic cocci (57), may
be more effective in detecting uncultured alphaproteobacterial magnetotactic cocci.

Finally, we tested for the presence of deltaproteobacterial and gammaproteobac-
terial MTB from surface sediments of Lake Miyun with the coupled FISH-SEM method,
although they have not previously been found there. The SRB385Db probe was
designed to target members of the Desulfovibrionaceae family of the Deltaproteobac-
teria (58). It can hybridize with most magnetotactic Deltaproteobacteria, which are all
sulfate reducers. Interestingly, SRB385Db also hybridizes with the Nitrospirae bacterium
“Candidatus Magnetobacterium casensis” strain MYR-1 (Fig. 6g and h and S9). This
misidentification is likely due to the thymine (T) at position 390 in the SRM385Db probe
weakly binding to the guanine (G) in the target sequence. Based on this result, we
assumed that SRB385Db could target Desulfovibrio magneticus strains RS-1 (accession
no. NR027575) (59) and FH-1 (accession no. JF330268) (10) because of possible T-G
bond formation during hybridization. Such a compromise in base pairing (e.g., T-G
bond or A-C) increases the group coverage of the probe, but it also results in outgroup
hits, as we have shown.

In addition, we found that strain MYR-3, a large rod-shaped bacterium that forms a
single chain of cuboctahedral magnetosomes, was specifically targeted by the GAM42a
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probe rather than by the BaP, ALF968, or SRM385Db probe (Fig. 6 and S8). Due to
possible false-positive identifications (24, 60), the GAM42a probe alone does not
provide unambiguous identification of magnetotactic Gammaproteobacteria. Therefore,
we still cannot conclude whether strain MYR-3 belongs to the magnetotactic Gamma-
proteobacteria or Betaproteobacteria without simultaneously using the 23S rRNA-
targeted probes GAM42a and BET42a or sequencing its 16S rRNA gene.

Identification and biomineralization of Gammaproteobacteria strain SHHR-1.
Using coupled FISH-SEM and FISH-TEM, we successfully identified SHHR-1 in brackish
sediments collected from the Shihe River estuary in Qinhuangdao City, eastern China.
SHHR-1 is phylogenetically affiliated with the Gammaproteobacteria class of the Pro-
teobacteria phylum. In contrast to a large number of MTB species or strains discovered
in the Alphaproteobacteria and Deltaproteobacteria, only six MTB strains have been
recently identified that belong to the Gammaproteobacteria class. Of these six Gam-
maproteobacteria strains, two axenic cultures were isolated from sediments collected
from the Badwater Basin in Death Valley National Park and the Salton Sea in California,
USA (45), and two uncultured MTB operational taxonomic unit 7 (OTU7) and OTU8
strains were detected in the city moat of Xi’an, China (29); another unusually large
uncultured rod-shaped Gammaproteobacteria species was detected from a shallow
freshwater pond in Kanazawa, Japan (28), and one uncultured vibrioid gammaproteo-
bacterium was collected from a brackish lagoon in Brazil (61). However, gammapro-
teobacterial biomineralization of magnetosomes has yet to be studied.

TEM analyses indicated that strain SHHR-1 is morphologically nearly identical to
strain SS-5 in terms of cell morphology, size, the properties of its magnetosome chain,
and the presence of a single polar flagellum and polyphosphate inclusions (45). It has
been suggested that magnetosome crystals in strain SS-5 were slightly distorted
octahedrons (45). However, HRTEM observations performed on dozens of individual
magnetosomes coupled with morphological modeling demonstrated that strain
SHHR-1 forms elongated prismatic magnetites. This difference in crystal habits between
magnetosomes of strains SS-5 and SHHR-1 may reflect a biogeographical effect on
magnetosome biomineralization. It is also possible that the cultivation of strain SS-5 in
an artificial growth medium changes the magnetosome shape. Alternatively, standard
TEM observations generally provide a bright-field image of a crystal outline, much like
a shadow (62, 63). Thus, it is difficult to distinguish a crystal edge from a crystal face;
therefore, this perceived difference may arise from inaccurate reconstruction of crystal
habits from a few two-dimensional TEM images. It is therefore possible that strain SS-5
produces magnetosome crystals with a hexagonal prismatic habit that was not accu-
rately determined by TEM images alone (45). In order to assess whether the crystal
habits of magnetosomes are species/strain-specific and/or affected by the environ-
ment, additional fluorescence-coupled electron microscopy studies on uncultured MTB
cells at the single-cell level, as well as systematic TEM studies of magnetosome
biomineralization, are necessary. Such studies that link the phylogenetic identity of
each MTB with the crystal habits of their magnetosomes are critical for better under-
standing the phylogenetic diversity of MTB and mechanisms of magnetosome biomin-
eralization.

MATERIALS AND METHODS
Sediment sampling, microcosm design, collection of MTB, and sample preparation. Water and

sediment samples were collected in the estuary of the Shihe River in Qinhuangdao City, eastern China.
The sampling site is located inside the estuary (39°57=55.6�N, 119°47=9.4�E) and is a brackish lacustrine
environment. The site was characterized by a salinity of �23.9 ppt, pH 7.5, and a temperature of 19°C at
the time of sampling (July 2015).

Sediment samples (�10-cm depth) and surface water were collected at a water depth of �1 to 2 m
near the shore. One-liter plastic bottles were filled to about 60% of their volume with sediments, and the
other 40% with was filled with water that overlaid the sediments. Once in the laboratory, microcosms
were set up by incubating samples in darkness at ambient temperature (�20°C). MTB in the microcosms
were routinely checked using the hanging-drop technique (64), using an Olympus microscope (BX51)
equipped with a phase-contrast, fluorescence, and DP70 digital camera system (Olympus Corp., Tokyo,
Japan).
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After several weeks of incubation in the laboratory, one microcosm was found to be dominated by
a group of small rod-shaped bacteria (i.e., SHHR-1) that swam toward the south pole of a bar magnet
(North-seeking MTB) (Fig. 1a). Living MTB cells were magnetically extracted from the microcosm using a
homemade magnetic separation apparatus, as previously described (65). MTB cells collected from about
200 ml of MTB-rich slurry were concentrated in a 1.5-ml Eppendorf tube, washed three times with
distilled water, and finally resuspended in �100 �l of Milli-Q water for additional experiments. A
sufficient amount of clean SHHR-1 cells was successfully extracted from sediments for subsequent
experiments.

About 5 �l of SHHR-1 cells was used for TEM analyses. A small drop of cells (�1 to 2 �l) was deposited
on a carbon-coated TEM grid and incubated for about 1 h. The grid was then washed three times with
Milli-Q water, dried within an anaerobic chamber ([O2], �300 ppm; Coy Labs, USA), and finally maintained
in a pure N2 atmosphere prior to TEM observations. About 20 �l of SHHR-1 cells was boiled for 10 min
and stored at �20°C for PCR amplification of 16S rRNA genes. Finally, about 75 �l of MTB cells was
centrifuged and resuspended in 75 �l of 0.22-�m-pore filtered phosphate-buffered saline (PBS) buffer
(0.1 M PBS [pH 7.4]). Twenty-five microliters of 4% paraformaldehyde was added for fixation at 4°C. After
12 h of fixation, the SHHR-1 cells were centrifuged, suspended in a mixed solution of 200 �l of 0.1 M PBS
buffer (pH 7.4) and 200 �l ethanol (100%), and finally stored at �20°C for FISH coordinated with SEM and
TEM analyses.

PCR amplification, 16S rRNA gene sequencing, and phylogenetic analyses. 16S rRNA genes were
amplified using the universal bacterial primers 27F (5=-AGAGTTTGATCCTGGCTCAG-3=) and 1492R (5=-
GGTTACCTTGTTACGACTT-3=) (66), as described previously (49). Briefly, each 50-�l PCR mixture contained
1 �l of template, 25 �l of DreamTaq PCR master mix (MBI Fermentas), 2 �l of each primer (10 �M), and
20 �l of Milli-Q water. The PCR conditions were 95°C for 3 min, 30 cycles at 95°C for 1 min, 55°C for 1.5
min, and 72°C for 1.5 min, and a final 10-min extension at 72°C. To avoid potential amplification biases,
triplicate PCR products for each sample were pooled and purified using 0.8% (wt/vol) agarose gel
electrophoresis (described below). All PCR controls without added template were negative.

PCR products were purified using an E.Z.N.A. gel extraction kit (Omega Bio-tek, Inc. USA), ligated with
the pMD19-T vector (TaKaRa, Japan), and cloned in Escherichia coli (strain DH5�) competent cells
(Tiangen, Beijing, China), according to the manufacturer’s instructions. Thirty clones were randomly
picked and sequenced using the vector primers M13-47 (5=-CGCCAGGGTTTTCCCAGTCACGAC-3=) and
RV-M (5=-GAGCGGATAACAATTTCACACAGG-3=) at the Huada Genome Center (Beijing, China).

In this study, 13 clone sequences were analyzed after discarding sequences of insufficient length or
low quality. The lengths of the sequences were about 1,400 to 1,500 bp, covering nearly the full length
of the 16S rRNA gene. The sequences were compared against the NCBI GenBank database using the
BLASTN algorithm to identify previously published 16S rRNA gene sequences with high nucleotide
identity. Multiple-sequence alignments were performed using the ClustalW algorithm with manual
correction (67). Maximum likelihood phylogenetic analysis was conducted using the alignments in the
MEGA software package (version 7.0) (68). Bootstrap values were calculated with 100 replicates.

Coupled FISH-SEM and FISH-TEM analyses. Four group-specific rRNA-targeted probes, ALF968
(5=-GGTAAGGTTCTGCGCGTT-3=) (56), GAM42a (5=-GCCTTCCCACATCGTTT-3=) (60), SRB385Db (5=-CGGCG
TTGCTGCGTCAGG-3=) (58), and BaP (5=-GCCATCCCCTCGCTTACT-3=) (31, 33, 55), were used to identify the
phylogenetic groups of MTB obtained in this study. Additionally, we designed the probe SHHR838
(5=-ACCCTTTTATGAGTCCAACGGCT-3=, positions 838 to 860) to specifically target 16S rRNA gene se-
quences of SHHR-1-like cells (Table 1). Probe specificity was evaluated by using the online probe
evaluation tools probeCheck and probeBase (69, 70). Except for magnetotactic Gammaproteobacteria
strain SS-5, 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
is about 63°C (salt adjusted) (71). In this study, the universal bacterial probe EUB338 (5=-GCTGCCTCCC
GTAGGAGT-3=) was used as a positive-control probe of bacteria for FISH (26). Probe EUB338 was
synthesized and fluorescently labeled with fluorescein phosphoramidite FAM at the 5= end. All other
probes were synthesized and fluorescently labeled with the hydrophilic sulfoindocyanine dye Cy3 at the
5= end. An appropriate amount of E. coli and Magnetospirillum magneticum AMB-1 cells was pretreated
according to the same protocol used for preparing fixed MTB cells for FISH. They were then mixed with
SHHR-1 cells and used as inner controls for both nonmagnetotactic Gammaproteobacteria and magne-
totactic Alphaproteobacteria.

FISH was carried out as described previously (72). Briefly, 1 �l of cell mixture (E. coli plus SHHR-1 or
AMB-1 plus SHHR-1) was dropped directly on a high-precision cover glass (Paul Marienfeld GmbH & Co.
KG, Germany), dried in air at ambient temperature, and gradually dehydrated in 50, 80, and 100% ethanol

TABLE 1 FISH probes used in this study

Name Target group Target molecule Sequence (5= to 3=) Positions Reference or source

EUB338 Most bacteria 16S rRNA GCTGCCTCCCGTAGGAGT 338–355 Amann et al. (26)
ALF968 Alphaproteobacteria 16S rRNA GGTAAGGTTCTGCGCGTT 968–985 Neef (56)
GAM42a Gammaproteobacteria 23S rRNA GCCTTCCCACATCGTTT 1027–1043 Manz et al. (60)
SRB385Db Desulfobacterales 16S rRNA CGGCGTTGCTGCGTCAGG 385–402 Rabus et al. (58)
BaP M. bavaricum, M. bavaricum-like

MTB
16S rRNA GCCATCCCCTCGCTTACT 655–672 Spring et al. (55);

Lin et al. (49)
SHHR838 SHHR-1 16S rRNA ACCCTTTTATGAGTCCAACGGCT 838–860 This study
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baths (3 min in each bath). To simplify the experiments and increase the comparability, all in situ
hybridization experiments were performed at 46°C for 3 h in 9 �l of hybridization buffer (0.9 M NaCl, 20
mM Tris-HCl [pH 7.5], 0.02% [wt/vol] sodium dodecyl sulfate [SDS], 35% [vol/vol] formamide), which was
mixed with 1 �l of EUB338 probe (50 ng/�l) and 1 �l of the probe of interest (50 ng/�l). The addition
of 35% formamide to the hybridization buffer guarantees that the Tm values of all the tested oligonu-
cleotide probes can be at or slightly lower than 46°C (73). After 3 h of hybridization, samples were
incubated in a washing buffer (0.08 M NaCl, 20 mM Tris-HCl [pH 7.5], 5 mM EDTA [pH 8.0], 0.01% [wt/vol]
SDS) at 48°C for 30 min. Due to simultaneous in situ hybridization of two differently labeled fluorescent
probes, a use of 30 min of washing time was performed as far as possible to wash out unspecific probe
hybridizations. Samples were washed in Milli-Q water three times, dried in air at ambient temperature,
and observed using an Olympus BX51 epifluorescence microscope.

For liquid-based FISH, about 100 �l of fixed cells (E. coli plus SHHR-1) was dehydrated in a graded
ethanol series (50 to 100%) by centrifugation. After the removal of ethanol by centrifugation, the cell
pellets were resuspended in 90 �l of hybridization buffer, 10 �l of EUB338 probe (50 ng/�l), and 10 �l
of the probe of interest (50 ng/�l). They were then incubated for in situ hybridization at 46°C for 3 h.
Afterwards, the samples were washed three times with washing buffer and then three times in Milli-Q
water. Finally, washed cells were deposited onto letter-indexed carbon-coated TEM grids, dried in air at
ambient temperature, and observed using the Olympus BX51 epifluorescence microscope.

After fluorescence microscopy analysis, cells mounted on cover glasses were coated with carbon
using the Leica ACE200 low-vacuum sputter coater (Leica Microsystems, Wetzlar, Germany) and imaged
using a Zeiss Ultra-55 field-emission scanning electron microscope (Carl Zeiss, Germany) operating at 5
kV. Cells mounted onto TEM grids were not sputter coated before the TEM observations. Generally, those
areas/cells of interested which were at the sample edge on the cover glass and at the sample center on
the TEM grid are easily coordinated by subsequent SEM and TEM determination, respectively, after
fluorescence microscopy observations.

STEM-HAADF, STEM-EDXS elemental mapping, and HRTEM analyses. Magnetosome biominer-
alization was investigated using a JEM-2100F microscope (JEOL Ltd., Tokyo, Japan) operating at 200 kV
equipped with a field emission gun, an ultrahigh-resolution (UHR) pole piece, and a Gatan energy filter
(GIF2001) system (Gatan, Inc., Pleasanton, CA, USA). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was used for Z-contrast imaging. Chemical compositional analysis
was performed by energy-dispersive X-ray spectroscopy (EDXS) elemental mapping in the HAADF-STEM
mode. Using this method, nanometer-scale spatial distribution of most elements can be determined, and
the relative abundance of each element at a certain location can be semiquantitatively calculated (74).
The length (along the long axis) and width (perpendicular to the long axis) of the magnetosomes were
measured from TEM images. The shape factor was defined as width/length.

Magnetosome crystal habits were determined by the combination of Fourier analysis of HRTEM
imaging of individual particles and crystallographic investigations, as previously described (38, 62).
Briefly, for each particle, the zone axis and in-plane crystallographic directions were determined from the
2D fast Fourier transform (FFT) of the HRTEM image, allowing deduction of the corresponding stereo-
graphic projection. Idealized shapes that were modeled with the KrystalShaper software package
(JCrystalSoft) were then compared to the observed shapes.

Accession number(s). The sequence of the 16S rRNA gene was deposited in GenBank under
accession no. KX344069.
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