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Abstract. Magnetotactic bacteria (MTB) are diverse prokaryotes that produce magnetic
nanocrystals within intracellular membranes (magnetosomes). Here, we present a large-
scale analysis of diversity and magnetosome biomineralization in modern
magnetotactic cocci, which are the most abundant MTB morphotypes in nature.
Nineteen novel magnetotactic cocci species are identified phylogenetically and
structurally at the single-cell level. Phylogenetic analysis demonstrates that the cocci
cluster into an independent branch from other Alphaproteobacteria MTB, i.e., within
the Etaproteobacteria class in the Proteobacteria phylum. Statistical analysis reveals
species-specific biomineralization of magnetosomal magnetite morphologies. This
further confirms that magnetosome biomineralization is controlled strictly by the MTB
cell and differs among species or strains. The post-mortem remains of MTB are often
preserved as magnetofossils within sediments or sedimentary rocks, yet paleobiological
and geological interpretation of their fossil record remains challenging. Our results
indicate that magnetofossil morphology could be a promising proxy for retrieving

paleobiological information about ancient MTB.

Keywords. Magnetotactic cocci, Magnetosome, Coordinated FISH-SEM, Morphology,

Phylogeny

Summary. Magnetotactic bacteria (MTB) could be the earliest organisms with

geomagnetic field-sensing and biomineralizing capability on Earth. Understanding the

microbial diversity and biomineralization products of modern MTB is fundamental to
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developing paleoecological, paleobiological, and paleoenvironmental proxies of their
fossil record. Identification of ancient magnetofossils is challenging because the link
between microbial phylogeny and biomineralization is not well documented. We
present a large-scale analysis that combines microbial phylogenesis and nanoscale
mineral characterization to demonstrate a robust relationship between species and
morphology of biomineralized magnetite within magnetotactic bacteria. Experimental
results provide evidence that magnetosome biomineralization differs among different
species or strains. Therefore, magnetofossil morphology is likely to be a promising

proxy for retrieving paleobiological information from ancient MTB.

Introduction

Magnetotactic bacteria (MTB) have long been of interest to biologists and
geologists because they could represent the earliest geomagnetic field-sensing
organisms on Earth (Kopp and Kirschvink, 2008; Uebe and Schuler, 2016; Lin et al.,
2017). They are morphologically and phylogenetically diverse prokaryotes that produce
intracellularly size-tailored and morphologically-defined nanocrystals of magnetite
(Fe304) or/and greigite (FesSa4) each enveloped by a lipid bilayer membrane called a
magnetosome (Bazylinski and Frankel, 2004; Lefevre and Bazylinski, 2013). Fossil
remains of these biominerals (magnetofossils) have been reported widely from
Cenozoic sedimentary environments and have been used to retrieve paleomagnetic and
tentative paleoenvironmental information (Kirschvink and Chang, 1984; Chang and

Kirschvink, 1989; Kopp and Kirschvink, 2008; Roberts et al., 2011; Larrasoafa et al.,
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2014; Savian et al., 2014; Savian et al., 2016; Sakuramoto et al., 2017; Chang et al.,
2018). Studying the biodiversity and biomineralization of MTB is crucial to understand
the evolution of iron mineral-based magnetoreception within higher organisms (Lins et
al., 2006; Linetal., 2018; Linetal., 2019; Monteil et al., 2019; Le&o et al., 2020). Such
studies also provide the principal information needed to develop magnetofossils as
novel biogeochemical proxies for simultaneous paleomagnetic, paleoenvironmental,
and paleobiological reconstructions (Kopp and Kirschvink, 2008; Jovane et al., 2012;
Li et al., 2013a; Rodelli et al., 2018; Yamazaki et al., 2019; Li et al., 2020).
Coccoid-to-ovoid MTB, the so-called magnetotactic cocci, are the most commonly
observed morphotypes in natural environments. However, few have been identified and
studied, possibly due to the fact that they are fastidious with respect to growth and
difficult to distinguish based on their bacterial morphology. So far, only three
magnetotactic cocci from marine environments have been cultured axenically:
Magnetococcus marinus strain MC-1 (Bazylinski et al., 2013), strain MO-1 (Lefévre et
al., 2009), and Magnetofaba australis strain IT-1 (Morillo et al., 2014). In addition,
despite retrieval of a large number of 16S rRNA gene sequences potentially affiliated
with magnetotactic cocci from various environmental samples (Spring et al., 1995;
1998; Lin and Pan, 2009; Kozyaeva et al., 2017; Lin et al., 2018), only a few have been
linked unambiguously to a single MTB morphotype (Pan et al., 2008; Lin and Pan,
2009; Kolinko et al., 2013; Abreu et al., 2016; Koziaeva et al., 2019). The missing link
between bacterial phylogeny and magnetic nanoparticle structure and chain

arrangement at the single-cell level (Li et al., 2017; Zhang et al., 2017) hinders
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understanding of bacterial taxonomy and biomineralization within magnetotactic cocci.

In this study, 19 novel magnetotactic cocci strains from varied freshwater, brackish,
and marine environments were identified phylogenetically and structurally using a
coupled fluorescence in situ hybridization (FISH) and scanning electron microscope
(SEM) method developed for single-cell analysis (Li et al., 2017). Together with strain
SHHC-1 identified by our group in a previous study (Zhang et al., 2017), the number,
size, and morphology of magnetite particles and their chain assembly within these 20
magnetotactic cocci were then determined from detailed transmission electron
microscope (TEM) observations. Finally, the relationship between biomineralization
and bacterial phylogeny is analyzed statistically. Our large-scale identification of novel
magnetotactic cocci strains supports strongly the suggestion that magnetotactic cocci
should be reclassified into an independent class in the Proteobacteria phylum (Ji et al.,
2017; Lin et al., 2018). Our results also test and validate, with the largest assessment
available so far, the assumption of species-specific control of magnetosomal magnetite
biomineralization within MTB, which provides a foundation for using magnetofossil

morphology as a proxy for paleoecological and paleoenvironmental reconstructions.

Results
Bacterial identification and phylogenetic analysis

Fourteen laboratory microcosms dominated by magnetotactic cocci were selected
for magnetic enrichment of living MTB cells. According to molecular analyses of 16S

rRNA gene sequencing, most cells (79.8%) retrieved from the magnetic enrichments
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were identified as magnetotactic cocci, along with other MTB and non-MTB types that
accounted for 13.3% and 6.9% of cells, respectively (Table S4). Specifically, magnetic
enrichments from two microcosms likely contain only one magnetotactic coccus type
based on 16S rRNA gene sequence analyses. They were collected from Shihe Estuary
(Microcosm-12) and Laolongtou Bay (Microscosm-14). Both are dominant by coastal
sandy sediments. In contrast, the other twelve microcosms are dominant by argillaceous
sediments due to that they were collected from one tidal flat environment (Microscosm-
13) and lake or river environments (Microcosms 1-11) (Table S1). They contain diverse
MTB (magnetotactic cocci and other MTB types) and non-MTB species (Table S4).
This result indicates a general coexistence of phylogenetically diverse MTB in nature.
It also indicates that the widely used method of magnetic separation of MTB from
sediments does not avoid contamination by non-MTB cells. Therefore, considering the
generally complex composition of MTB in nature or laboratory microcosms, it is
necessary to link a targeted 16S rRNA gene to a specific MTB morphotype at single-
cell scale. With the help of the recently-developed coupled FISH-SEM approach (Li et
al., 2017), we then identified 19 types of magnetotactic cocci from these 14 enriched
samples.

As shown in Figure 1, targeted MTB were hybridized with both the EUB338
universal bacterial probe (green) and the corresponding species-specific MTB probe
(red), while others (including other types of MTB, non-MTB, and inner control cells of
E. coli or Magneospirillum magneticum AMB-1) were only hybridized with the

EUB338 probe. Subsequent coordinated SEM observations on the fluorescence-labeled
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bacteria further reveal the detailed morphological and structural features of both cells
and their intracellular magnetosomes. With this strategy, we identified 16
magnetotactic cocci from freshwater environments (strains YQC-1, YQC-2, YQC-3,
THC-1, BHC-1, MYC-3, MYC-4, MYC-5, MYC-7, DMHC-1, DMHC-2, DMHC-6,
DMHC-8, WYHC-1, WYHC-2, and WYHC-3), two from marine environments (strains
XJHC-1 and LLTC-1), and one from a brackish environment (strain SHHC-2). Based
on FISH-SEM analyses, the cells identified here can be classified into four groups
according to their magnetosome chain configuration: single chain, double-separated
chains, double parallel chains, and particle aggregates (Figure 1). Careful observations
on more target cells demonstrated that for all the cells hybridized by one species-
specific oligonucleotide probe contain magnetosomes with identical chain arrangement
(Supplementary material S1).

Phylogenetic analysis from 16S rRNA gene sequences indicate that all 19
magnetotactic cocci have a common sequence identity lower than 97%, so they can be
assembled as different species in the phylogenetic tree (Fig. 2A). Further sequence
alignment reveals that eight of the magnetotactic cocci (strains MYC-3, MYC-7,
DMHC-1, DMHC-8, YQC-1, YQC-3, THC-1, and LLTC-1) have high similarity (97-
99% for different strains) to previously known 16S rRNA sequences (Table 1) (Spring
et al., 1998; Flies et al., 2005b; Lin et al., 2009; Lin and Pan, 2010; Wang et al., 2013;
Chen et al., 2015). The other 11 magnetotactic cocci may represent novel species due
to sequence identities lower than 97% with respect to known sequences. TEM

observation was carried out following the coupled FISH-SEM analyses. Phylogenic tree
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and representative TEM images of all 19 magnetotactic cocci are shown in Figure 2.

Chemical and morphological characterization

TEM observations reveal that most of the magnetotactic cocci have spherical
morphologies except for a few ovoid cocci (e.g., WYHC-2 (Fig. 2H) and DMHC-1 (Fig.
2J)), with average sizes ranging from ~1.0 to ~2.5 pum. Most magnetotactic cocci
contain more than 10 magnetite particles per cell. In contrast, strains DMHC-6 (Fig. 2S)

and WYHC-2 (Fig. 2H) produce relatively more magnetosomal particles, i.e., averages

of 70+13 and 103+16 particles per cell, respectively (Table 1). Energy dispersive X-

ray (EDX) spectroscopy coupled with scanning TEM (STEM) observations
demonstrate that these particles are rich in iron and oxygen, which indicates that the
studied magnetotactic cocci biomineralize magnetosomal magnetite crystals (Fig. S1).

The chain configuration and crystal morphology of magnetosomes within each
MTB species were investigated in detail by TEM observations (Fig. 2, Table 1).
Magnetite particles are arranged into a single chain in strains YQC-1, BHC-1, YQC-2,
DMHC-1, WYHC-1, and WYHC-3 (Fig. 2B-D, J, K, T), whereas double separated
chains occur in strains MYC-4, XJHC-1, LLTC-1, MYC-5, and YQC-3 (Fig. 2E-G, M,
0), and two double chains occur in strains DMHC-8 and DMHC-2 (Fig. 2N, P).
Magnetite particles within the other six strains are not arranged into linear single or
multiple chains and consist of dispersed aggregates (strains WYHC-2, THC-1, MYC-
3, and MYC-7; Fig. 2H, L, Q, R), dispersed aggregates and partial chains (strain

DMHC-6; Fig. 2S), and particle clusters and partial chains (strain SHHC-2; Fig. 2U).
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Despite having nearly identical chain configuration in all cells for each MTB species,
there is no obvious correlation between the phylogenetic relatedness and the chain
arrangement. This indicates that the chain configuration of magnetosomes is important
but not unique feature for distinguishing different MTB.

Most of the studied magnetotactic cocci strains produce elongated prismatic
projections with axial ratio (i.e., width/length) values lower than 0.8, except for strains
MYC-5 and WYHC-3, which produce octahedral and cubo-octahedral magnetite
morphologies, respectively (Figs. S2-S5). Strain DMHC-2 appears to form elongated
cubo-octahedral magnetite crystals (Figure S4). Our previous study has shown that
strain SHHC-1 forms elongated octahedral magnetite crystals (Zhang et al., 2017).
Nevertheless, crystal sizes and their axial ratios are different (Table 1). Statistically,
each strain appears to produce magnetite particles with their own crystal size and shape
distributions (Fig. 3). A two-dimensional Kolmogorov-Smirnov test confirms that the
magnetite morphologies are statistically different among the magnetotactic cocci
(Supplementary material S2).

Despite their structural and morphological diversity, magnetite particles produced
by these magnetotactic cocci share common features, as observed in other cultured and
uncultured MTB that produce prismatic, octahedral, or cubo-octahedral magnetite
particles (Devouard et al., 1998; Li et al., 2013b; Posfai et al., 2013). For instance,
structural and morphological features of magnetite within the same magnetotactic
coccus strain are uniform, i.e., identical chain configuration and narrow particle number

distribution (Fig. 3, Figs. S2-S5). Crystal length and width distributions are all skewed
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negatively with skewness values ranging from -0.57 to -1.47 for length and from -0.44
to -1.34 for width. In addition, the magnetite crystals have relatively narrow size
distributions with average lengths ranging from ~60 to ~114 nm and an average width
from ~36 to 86 nm, which fall within the magnetically ideal size range for stable single
domain (SD) particles (Fig. S6) (Muxworthy and Williams, 2009). These observations
confirm that chain configurations and crystal morphologies are diverse in MTB, but
that they are homogeneous for a given MTB species or strain (Posfai et al., 2013).
Notably, magnetotactic cocci appear to organize their magnetosomal magnetite
particles in a relatively more complicated way compared to other MTB (e.g., Kobayashi
etal., 2006). The spatial arrangement of magnetite magnetosomes within magnetotactic
cocci, particularly with non-chain structure and corresponding molecular mechanisms,
deserve further study by electron tomography and comparative genomics (e.g., Zhang
etal., 2017; Lin et al., 2018). In addition, consistent with previous studies (Mann et al.,
1984; Meldrum et al., 1993a, Meldrum et al., 1993b; Li et al., 2013b; Li et al., 2017;
Zhang et al., 2017), small (immature) magnetite particles are often observed at the ends
of magnetosome chains within most magnetotactic cocci. However, tiny magnetite
particles can also be distributed outside magnetosome chains within strain LLTC-1,
resulting in a particularly long tail with smaller length and width distributions (Fig. 3B).

This may suggest that magnetic particles within strain LLTC-1 grow gradually.

Discussion and conclusions

Diversity and taxonomic position of magnetotactic cocci

11
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The taxonomic position of magnetotactic cocci has long been debated, despite their
widespread detection in natural environments since the mid-1970s (Blakemore, 1975;
Lefévre and Bazylinski, 2013). Early cultivation-independent studies based on
phylogenetic analysis of 16S rRNA genes proposed that magnetotactic cocci are
affiliated within the Alphaproteobacteria, but that they form a separate lineage (Spring
et al., 1992; Delong et al., 1993; Spring et al., 1995; Spring et al., 1998; Flies et al.,
2005a), or represent the earliest-diverging Alphaproteobacteria branch (Esser et al.,
2007; Bazylinski et al.,, 2013). Conversely, one early study suggested that
Magnetococcus marinus MC-1 should be assigned to a novel Proteobacteria
subdivision because it appears to be related more closely to the class Zetaproteobacteria
based on a phylogenetic tree of 16S rRNA genes (Singer et al., 2011). From
comparative genomic and metagenomic studies of both cultured and uncultured MTB,
two recent studies further proposed that magnetotactic cocci might represent a novel
monophyletic class of Proteobacteria (i.e., “Candidatus Etaproteobacteria”) (Ji et al.,
2017; Lin et al., 2018). However, most investigators insist that magnetotactic cocci
should be clustered into a new order Magnetococcales, which represents the basal-most
lineage within the Alphaproteobacteria, because the overall topologies of these
phylogenetic trees are based on a limited number of data that preclude definitive
determination of the taxonomic position of magnetotactic cocci (Bazylinski et al., 2013;
Lefévre and Bazylinski, 2013).

The three axenically cultured magnetotactic cocci strains all produce a few to a

dozen magnetite particles that are arranged into a single intracellular chain (Lefévre et

12
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al., 2009; Bazylinski et al., 2013; Morillo et al., 2014). Magnetotactic cocci are
generally small and spherical or ovoid. They are not easy to identify unambiguously
using traditional molecular ecology techniques and fluorescence microscopy (Li et al.,
2017). Our FISH-SEM approach couples fluorescence and electron microscope
observations on the same bacteria targeted with fluorescently labelled oligonucleotide
probes, and has proven to be practicable for single-cell phylogenetic and structural
identification of uncultivated MTB from complex and diverse microbial communities
in environmental samples (Li et al., 2017; Zhang et al., 2017; Li et al., 2019; Qian et
al., 2019; Qian et al., 2020). This study is the first to identify and analyze large numbers
of magnetotactic cocci from varied aquatic environments using the coupled FISH-SEM
method and TEM characterization. Our results provide substantial evidence to better
understand bacterial diversity and the taxonomic position of magnetotactic cocci, as
well as magnetite biomineralization within them. As shown in Figure 4, phylogenetic
analyses based on 16S rRNA gene sequences indicate that all 19 identified strains
cluster into an independent phylogenetic branch along with several previously reported
magnetotactic cocci, which are related distantly to the Alphaproteobacteria,
Gammaproteobacteria, Betaproteobacteria, Deltaproteobacteria, and
Epsilonproteobacteria in the Proteobacteria phylum.

Different from morphologically diverse MTB within other classes or phyla, all
bacteria affiliated with the Etaproteobacteria identified so far have spherical or ovoid
cell morphologies. Also different from the co-classification of non-MTB and MTB

within other classes or phyla, the bacteria discovered so far from the Etaproteobacteria
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class are all MTB (Fig. 4). This suggests that the Etaproteobacteria might consist only
of magnetotactic cocci. One interpretation of this observation is that the magnetosome
gene cluster (MGC, i.e., the genes responsible for magnetosomal biomineralization)
within magnetotactic cocci is more stable than in other MTB due to a lack of
transposable elements around or within the MGC (Schiibbe et al., 2009; Morillo et al.,
2014; Jietal., 2017; Lin et al., 2018). Alternatively, it is possible that non-MTB species
affiliated with the Etaproteobacteria class exist in natural environments, which needs
more extensive survey. In addition, comparative genomic analysis reveals that the
genomes of magnetotactic cocci strains MC-1 and MO-1 have a mosaic origin affiliated
with Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria, or Epsilonproteobacteria (Ji et al., 2017). This suggests that the
Etaproteobacteria class may represent a transition between the Deltaproteobacteria
and the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, or even an
ancestor of the Proteobacteria phylum. Further genomic analyses on the uncultured
magnetotactic cocci identified here will provide more clues to better understand the

origin and evolution of MTB and of magnetoreception within MTB.

Relationship between magnetite biomineralization and bacterial phylogeny

Our study demonstrates that magnetosomal magnetite biomineralization (e.g.,
chain configuration, particle number, crystal size, and morphology) within
magnetotactic cocci is diverse (Fig. 2, Table 1). To understand the relationship between

magnetite biomineralization and MTB species, non-metric multidimensional scaling
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(nMDS) analysis was carried out on four main aspects, including chain configuration,
particle number, crystal width, and axial ratio (Fig. S7). As shown in Figure 5, nMDS
analysis indicates that data for all cells from the same MTB species tend to gather
together in the nMDS plot, and that data for different MTB species are relatively
dispersed from each other. Permutational multivariate analysis (PERMANOVA) based
on the nMDS results further reveals that the difference in magnetite biomineralization
between two random MTB species is significant (P<0.001, Supplementary material S3).

The nature of chain configurations contributes dominantly to the nMDS results for
all MTB species with proportion of variance up to ~84%, so that MTB species with the
same chain configuration cluster into a separate region from others (Fig. 5). For MTB
species with no chains, the number of magnetite particles per cell contributes
dominantly with proportion of variance up to ~84%. For the three other chain
configurations, crystal width or axial ratio provide a primary contribution with
proportion of variance up to ~61% (Supplementary material S3). It has been
demonstrated that biomineralization within MTB is strictly controlled genetically, and
that features such as chain arrangement, particle number, crystal size, and morphology
are related directly or indirectly to certain genes within its MGC (Murat et al., 2010;
Komeili, 2012; Uebe and Schiiler, 2016). The mamK, mamJ, and mamY genes are
responsible for chain construction within magnetotactic spirilla (strains AMB-1 and
MSR-1) ( Scheffel et al., 2006; Katzmann et al., 2010; Toro-Nahuelpan et al., 2019).
The mamC, mamD, mamG, mamF, and mms6 genes are related to crystal size and

morphology (Scheffel et al., 2008; Staniland and Rawlings, 2016), while mamA, mamP,
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mamT, and mamS are associated with the number of particles (Komeili et al., 2004;
Murat et al., 2010; Siponen et al., 2013; Uebe and Schiiler, 2016). In contrast to
Magnetospirilla, only several core genes (mamABFKMOPI) are observed on the
MGCs of three cultured magnetotactic cocci (strains MC-1, MO-1, and IT-1) and one
uncultured strain (Ca. Magnetaquicoccus inordinatus UR-1) (Schiibbe et al., 2009;
Morillo et al., 2014; Ji et al., 2017; Koziaeva et al., 2019). Therefore, the copy number
variation and divergence of these core genes or/and other unknown genes in the MGCs
of different MTB species may result in diverse biomineralization within magnetotactic
cocci, which also needs further genomic study.

Direct analysis of magnetofossil morphology in the ancient sedimentary record is
being used increasingly to reconstruct paleoenvironments (Yamazaki and Kawahata,
1998; Egli, 2004; Usui et al., 2017; Chang et al., 2018; Yamazaki et al., 2019; He and
Pan, 2020). Yamazaki and Kawahata (1998) found that magnetofossils in Pacific deep-
sea sediments are more isotropic in more oxidizing paleo-conditions and are more
anisotropic in more reducing environments. Chang et al. (2018) reconstructed a deep-
sea ecological pattern of coupled MTB increases with an oxygenation decline during
the Paleocene—Eocene Thermal Maximum (PETM) through quantifying magnetofossil
abundance and morphology from the PETM onset to its peak at Walvis Ridge, South
Atlantic Ocean. Studies of modern MTB indicate that the distribution, presence, and
abundance of MTB are affected by environmental parameters such as salinity, oxygen,
temperature, or sulfur compounds (e.g., Lin et al., 2014). The crystal morphology of

biogenic magnetite is associated with MTB phylogenetic group (Posfai et al., 2013).
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For example, MTB affiliated with Etaproteobacteria, Alphaproteobacteria, and
Gammaproteobacteria produce magnetosomal magnetite with octahedral, cubo-
octahedral, or elongated prismatic shapes (Mann et al., 1984; Meldrum et al., 19933,
Meldrum et al.,1993b; Li et al., 2013b; Li et al., 2017; Zhang et al., 2017), while MTB
in the class Deltaproteobacteria, Nitrospirae, and Omnitrophica produce highly
elongated anisotropic magnetite crystals (Posfai et al., 2006; Lefévre et al., 2011,
Kolinko et al., 2012; Li et al., 2015; Li et al., 2020). Our results further demonstrate
that a combination of physical features (i.e., chain configuration, particle number,
crystal morphology, and size) can distinguish MTB groups even at species or strain
level. This indicates that comprehensive analysis of chain assembly, particle number,
crystal morphology, and size should provide a robust basis for MTB classification and
magnetofossil identification. To do this, systematic study of the relationship between
bacterial phylogeny, magnetite biomineralization, and environmental factors (e.g.,
salinity, oxygen, temperature, and pH) in modern MTB is required urgently to develop
the use of magnetofossils as a biogeochemical proxy, i.e., to retrieve information about
the environments in which ancient MTB lived. In concert, larger scale studies of MTB
in various environments are needed to develop a much more extensive database of
phylogenetic information coupled with nanoscale characterization of physical aspects
of the magnetite biomineralized by MTB.

In summary, we present a large-scale bacterial characterization of magnetosomal
magnetite from wild-type magnetotactic cocci. In total, 19 novel strains were identified

phylogenetically and structurally for the first time using a coupled FISH-SEM approach
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at the single-cell level. Phylogenetic analysis demonstrates that these strains cluster into
an independent branch from other Alphaproteobacteria MTB, which supports strongly
the idea that the order Magnetococcales should become a new class, i.e., the
Etaproteobacteria class in the Proteobacteria phylum (Ji et al., 2017; Lin et al., 2018).
Systematic TEM observations demonstrate diverse magnetite biomineralization among
magnetotactic cocci strains in terms of particle number, crystal size, axial ratio, and
chain configuration, whereas these variables are generally homogeneous for a given
species. Statistical analysis between bacterial phylogeny and magnetite
biomineralization further reveals species-specific biomineralization, which indicates
that magnetite production is controlled strictly by the MTB cell with different
morphologies produced by different species or strains. Further extensive studies of the
diversity and ecology of modern MTB, coupled with detailed characterizations of the
size/shape/arrangement of their biomineralized magnetite, are needed to build on the
foundation provided here to develop biogeochemical paleoenvironmental proxies from

the magnetofossil record.

Materials and methods

Sediment sampling, MTB collection, and sample preparation

Surface sediments were collected from nine locations from freshwater, brackish, and
marine environments in China (Table S1). The collected sediments were transferred
into 500-ml plastic bottles with a 2:1 sediment to water ratio. The bottles were shipped

to the laboratory and were stored at ~20°C in dim light to set up the laboratory
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microcosms. MTB in the microcosms were checked routinely with the hanging-drop
technique (Schiler, 2002) using an Olympus BX51 microscope equipped with phase-
contrast, fluorescence, and a DP70 digital camera system (Olympus Corp., Tokyo,
Japan). Sufficient living MTB cells of interest were extracted magnetically from the
sediments, washed three times with Milli-Q water, and were then divided into three
parts for TEM, molecular, and FISH-SEM experiments, respectively, following the
protocol of Li et al. (2017).
Molecular experiments

PCR amplification of 16S rRNA genes of MTB cells was performed using the
universal bacterial primers 27F (5-’AGAGTTTGATCCTGGCTCAG-3') and 1492R
(5"-GGTTACCTTGTTACGACTT-3) (Lane, 1991), following the protocol of Li et al.
(2017). PCR products were purified using an EZNAR Gel Extraction Kit (Omega Bio-
tek, Inc., USA). They are ligated with the pMD19-T vector (TaKaRa, Japan), then
cloned in Escherichia coli (strain DH5a) competent cells (Tiangen, Beijing, China)
according to the manufacturer’s instructions. For each microcosm, 10-80 clones were
picked randomly and were sequenced using the vector primers M13-47 (5'-
CGCCAGGGTTTTCCCAGTCACGAC-3) and RV-M (5-
GAGCGGATAACAATTTCACACAGG-3') at the Huada Genome Center (Beijing,
China). After discarding sequences of insufficient length (<1,300 bp), remaining
sequences were aligned with close relatives using the ClustalW algorithm for manual
correction. A phylogenetic tree was constructed using the maximum likelihood (ML)

method (Tamura and Nei, 1993) in the MEGA software package (version 7.0) (Kumar
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et al., 2016). Bootstrap values were calculated with 1,000 replicates.
Coupled FISH-SEM experiments and MTB identification

Nineteen species-specific oligonucleotide probes were designed to target
specifically the corresponding 16S rRNA genes of magnetotactic cocci identified in this
study (Table S2). Their probe specificity is given in Table S3. The universal bacteria
probe EUB338 (5'-GCTGCCTCCCGTAGGAGT-3') was used as a positive control
probe of bacteria for FISH (Amann et al., 1990; Li et al., 2017). Probe EUB338 was
synthesized and fluorescently labeled with fluorescein phosphoramidite FAM at the 5’
end, while all MTB species-specific probes were synthesized and labeled fluorescently
with hydrophilic sulfoindocyanine dye Cy3 at the 5’ end. In some cases, E. coli or/and
Magnetospirillum magneticum AMB-1 cells were added in appropriate amounts to the
targeted magnetotactic cocci as inner control cells of non-magnetotactic
Gammaproteobacteria or/and magnetotactic Alphaproteobacteria, respectively (Li et
al., 2017). Coupled FISH-SEM analysis was performed using the protocol described by
Li et al. (2017). Fluorescence microscopy experiments were carried out using an
Olympus BX51 microscope. After fluorescence microscope observations, the same
sample was carbon-coated using a Leica ACE200 Low Vacuum Sputter Coater (Leica
Microsystems, Wetzlar, Germany), and was observed using a Zeiss Ultra-55 field-
emission gun SEM (Carl Zeiss, Germany) operating at 5 kV.
TEM Analysis

Conventional TEM observations were performed on a JEM2100 microscope

(JEOL Ltd., Tokyo, Japan) operating at 200 kV at the Institute of Geology and
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Geophysics, Chinese Academy of Sciences (Beijing, China). Cell diameter, particle
number, and crystal length (along the long axis) and width (perpendicular to the long
axis) of the magnetite particles were measured from the TEM images of individual
MTB cells. The axial ratio of particles is the width/length ratio. For each MTB strain,
at least 30 individual cells were selected randomly for statistical analysis of cell
diameter and particle number, with at least 300 individual particles selected randomly
for statistical analysis of crystal length and width. Chemical microanalysis was carried
out with a JEM-2100F microscope (JEOL Ltd., Tokyo, Japan) operating at 200 kV at
the Institut de minéralogie, de physique des matériaux et de cosmochimie (Paris,
France). This microscope is equipped with a field emission gun, a JEOL detector with
an ultrathin window, and a scanning TEM device. EDX elemental mapping was carried
out in high-angle annular dark-field STEM mode.

Data processing and statistical analysis

Probability distribution analysis and 2D Kolmogorov-Smirnov tests were used to
analyze crystal lengths, widths, and axial ratios to estimate differences in particle
morphology among MTB species. To study quantitively the relationship between
bacterial phylogeny and magnetosome biomineralization, nMDS analysis was
performed using four physical features (particle number, chain configuration, crystal
width, and axial ratio) using vegan, a package of community analysis functions for the
statistical software R. NMDS is a rank-based method in which the original distance is
substituted with ranks. The ranks of particle number, crystal width, and axial ratio for

one certain MTB cell are obtained by normalized to the corresponding maximum values
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within all the test cells. For the chain configuration, the rank for two double chains, two
chains, single chain, and non-chain were designed to 1.0, 0.5, 0.25, and 0, respectively.
Permutational analysis of variance (PERMANOVA) (Anderson, 2001) was used to test
for differences in magnetite biomineralization among MTB species. Envfit was further
used to fit biomineralization vector features onto the nMDS ordination to determine

average factor levels.

Data availability. The 16S rRNA gene sequences obtained here have been deposited
in GenBank. Magnetotactic cocci strains MYC-3, MYC-4, MYC-5, MYC-7, DMHC-
1, DMHC-2, DMHC-6, DMHC-8, WYHC-1, WYHC-2, WYHC-3, YQC-1, YQC-2,
YQC-3, BHC-1, LLTC-1, SHHC-2, THC-1, and XJHC-1 are under accession numbers
MN372077, MN372080, MN396678, MN396679, MN396579, MN396560,
MN396584, MN396585, MN396452, MN396580, MN396581, MN396453,
MN396538, MN396541, MN396586, MN396600, MN396451, MN396570, and

MN396582, respectively.
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Figure and Table Captions

Figure 1. Phylogenetic and structural identification of representative magnetotactic
cocci strains A-D. BHC-1, E-H. LLTC-1, I-L. DMHC-2, and M-P. MYC-3 using the
coupled FISH-SEM approach. First column: fluorescence microscope maps (false
colour) of bacteria hybridized by the 5’-FAM-labeled universal bacterial probe EUB338.
Second column: fluorescence microscope maps (false colour) of bacteria hybridized by
the 5’-Cy3-labeled species-specific probes. Third column: SEM images of the same
area as in the first column. Forth column: high-magnification SEM image of targeted
magnetotactic cocci marked by dashed boxes in the third column.

Figure 2. Phylogenetic position and morphology of magnetotactic cocci identified in
this study. Blue background represents strains affiliated with the Magnetococcales order.
A. Phylogenetic tree based on 16S rRNA gene sequences with the positions of
magnetotactic cocci identified in this study in the Magnetoccales order. Bootstrap
values at nodes are percentages of 1,000 replicates. The 16S rRNA gene sequence of
the magnetotactic bacteria Candidatus Omnitrophus magneticus SKK-01 was used to
root the tree. GenBank accession numbers are given in parentheses. B-U. TEM images
of strains B. YQC-1, C. BHC-1, D. YQC-2, E. MYC-4, F. XJHC-1, G. LLTC-1, H.
WYHC-2, I. SHHC-1, J. DMHC-1, K. WYHC-1, L. THC-1, M. MYC-5, N. DMHC-8§,
0. YQC-3, P. DMHC-2, Q. MYC-3, R. MYC-7, S. DMHC-6, T. WYCH-3, and U.
SHHC-2. Strain SHHC-1 (indicated by the * symbol) was discovered in our previous
study (Zhang et al., 2017) from the same location as strain SHHC-2 and was used in

this study for phylogenetic analysis and morphological comparison.
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Figure 3. Cumulative probability distributions for magnetosomal magnetite length
(first column), width (second column), and width to length ratio (axial ratio) (third
column). The mean (colored solid line) and 95% confidence level (colored band) of
each strain is estimated from 10,000 Monte Carlo simulations, which are further used
to investigate the similarity of grain-size distributions of any two strains with a
Kolmogorov-Smirnov test (Supplementary Material S2). A. Magnetotactic cocci with
a single magnetite chain (for strains WHC-3, YQC-2, YQC-1, WYHC-1, and DMHC-
1). B. Magnetotactic cocci with double chains (for strains YQC-3, XJHC-1, MYC-5,
MYC-4, and LLTC-1). C. Magnetotactic cocci with two double chains (for strains
DMHC-2, SHHC-1, and DMHC-8). D. Magnetotactic cocci with non-chain structure
(for strains SHHC-2, DMHC-6, THC-1, MYC-7, WYHC-2, and MYC-3).

Figure 4. Phylogenetic distribution of MTB (black and red solid circles) and non-MTB
(white empty circles) in the Candidatus Etaproteobacteria, Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, and
Epsilonproteobacteria classes of the Proteobacteria phylum, the Nitrospirae phylum,
and the Candidatus Omnitrophica phylum. Magnetotactic cocci strains identified in this
study are marked by red solid circles.

Figure 5. Non-metric multidimensional scaling (nMDS) ordination plot of
magnetosomal magnetite features (chain configuration, particle number, crystal width,
and axial ratio) for magnetotactic cocci, using Euclidean distance and stress = 0.07.
Data for individual cells of the same MTB species cluster together, while data for MTB

species with the same chain configuration cluster in a small area.
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Table 1. Morphological features of magnetotactic bacteria and their magnetosomal

magnetite particles identified in this study.

Supplementary Figure S1. Chemical microanalysis of magnetosomes using STEM-
EDX mapping in the high-angle annular dark-field (HAADF) mode. A. HAADF-
STEM image of two MYC-4 cells and one unknown MTB cell, and corresponding
chemical maps for B. C (C Ka), C. S (S Ka), and D. Fe (Fe Ka). E. RGB map with Fe
(red), C (blue), and S (green). F. HAADF-STEM image of a DMHC-8 cell, and
corresponding chemical maps of G. P (P Ka), H. S (S Ka), and 1. Fe (Fe Ka). J. RGB
map with Fe (red), P (blue), and S (green). K. EDX spectra for the carbon film covering
the TEM grid (black), cell wall (indigo), magnetosomal magnetite particles (red), sulfur
particle (green), and polyphosphate inclusion (blue).

Supplementary Figure S2. Morphological features of magnetosomal magnetite
produced by six different magnetotactic cocci with a single chain configuration. TEM
images of magnetite in strains A. BHC-1, B. YQC-1, C. YQC-2, D. WYHC-1, E.
WYHC-3, and F. DMHC-1. Box-whisker plots of G. crystal length, H. width, and I.
axial ratio of magnetite crystals, which reveal morphological differences among the
strains.

Supplementary Figure S3. Morphological features of magnetosomal magnetite
produced by five different magnetotactic cocci with a double chain configuration. TEM

images of magnetite in strains A. MYC-4, B. MYC-5, C. YQC-3, D. LLTC-1, and E.
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XJHC-1. Box-whisker plots of F. crystal length, G. width, and H. axial ratio of
magnetite crystals, which reveal morphological differences among the strains.
Supplementary Figure S4. Morphological features of magnetosomal magnetite
produced by three different magnetotactic cocci with two double chain configurations.
TEM images of magnetite in strains A. DMHC-1, B. DMHC-8, and C. SHHC-1. Box-
whisker plots of D. crystal length, E. width, and F. axial ratio of magnetite crystals,
which reveal morphological differences among the strains. Strain SHHC-1 (indicated
by the * symbol) was discovered in our previous study (Zhang et al., 2017).
Supplementary Figure S5. Morphological features of magnetosomal magnetite
produced by six different magnetotactic cocci with non-chain configuration. TEM
images of magnetite in strains A. MYC-3, B. MYC-7, C. WYHC-2, D. THC-1, E.
DMHC-6, and F. SHHC-2. Box-whisker plots of G. crystal length, H. width, and 1.
axial ratio of magnetite crystals, which reveal morphological differences among the
strains.

Supplementary Figure S6. Grain size distribution of magnetite particles from
magnetotactic cocci identified in this study. Boundaries between the single domain
(SD), multi-domain (MD), and superparamagnetic (SP) regions are from Muxworthy
and Williams (Muxworthy and Williams, 2009).

Supplementary Figure S7. Variability of morphological feature vectors for magnetite
particles in magnetotactic cocci based on nMDS ordination results (9,999 permutations)
by Envfit. The function of Envfit is fitting feature vectors or factors onto an ordination.

The projections of points onto vectors have maximum correlation with corresponding
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environmental variables, and the factors show the averages of factor levels. Clearly, the
MDS1 axis principally represents crystal width, width/length ratio, and chain
configuration, while the MDS2 axis principally represents the number of magnetite

particles in the cell.

Supplementary Table S1. Sampling locations and environmental factors at the time
of sampling.

Supplementary Table S2. FISH probes used in this study.

Supplementary Table S3. Mismatched information of FISH probes used in this study.
Supplementary Table S4. 16S rRNA sequences retrieved from selected laboratory

microcosms.

Supplementary Materials
Supplementary Material S1. Phylogenetic and structural identification of

magnetotactic cocci using the coupled FISH-SEM approaches.

Supplementary Material S2. Two-samples Kolmogorov-Smirnov test of the length,
width, and axial ratio of biogenic magnetite particles within magnetotactic cocci.
Supplementary Material S3. PERMANOVA results of magnetosomal magnetite
biomineralization features (particle number, chain configuration, crystal width and

width/length ratio) of 20 magnetotactic cocci strains by pairwise comparison. Strains

marked in yellow represent MTB species with the same chain configuration. In contrast,
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the others represent MTB species with different chain configurations. Group 1 and
group 2 are the two comparison strains. Proportion of variance is the percentage of

variance of the four biomineralization features.
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Abstract. Magnetotactic bacteria (MTB) are diverse prokaryotes that produce magnetic
nanocrystals within intracellular membranes (magnetosomes). Here, we present a large-
scale analysis of diversity and magnetosome biomineralization in modern
magnetotactic cocci, which are the most abundant MTB morphotypes in nature.
Nineteen novel magnetotactic cocci species are identified phylogenetically and
structurally at the single-cell level. Phylogenetic analysis demonstrates that the cocci
cluster into an independent branch from other Alphaproteobacteria MTB, i.e., within
the Etaproteobacteria class in the Proteobacteria phylum. Statistical analysis reveals
species-specific biomineralization of magnetosomal magnetite morphologies. This
further confirms that magnetosome biomineralization is controlled strictly by the MTB
cell and differs among species or strains. The post-mortem remains of MTB are often
preserved as magnetofossils within sediments or sedimentary rocks, yet paleobiological
and geological interpretation of their fossil record remains challenging. Our results
indicate that magnetofossil morphology could be a promising proxy for retrieving

paleobiological information about ancient MTB.

Keywords. Magnetotactic cocci, Magnetosome, Coordinated FISH-SEM, Morphology,

Phylogeny

Summary. Magnetotactic bacteria (MTB) could be the earliest organisms with
geomagnetic field-sensing and biomineralizing capability on Earth. Understanding the
microbial diversity and biomineralization products of modern MTB is fundamental to
developing paleoecological, paleobiological, and paleoenvironmental proxies of their
fossil record. Identification of ancient magnetofossils is challenging because the link

between microbial phylogeny and biomineralization is not well documented. We
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present a large-scale analysis that combines microbial phylogenesis and nanoscale
mineral characterization to demonstrate a robust relationship between species and
morphology of biomineralized magnetite within magnetotactic bacteria. Experimental
results provide evidence that magnetosome biomineralization differs among different
species or strains. Therefore, magnetofossil morphology is likely to be a promising

proxy for retrieving paleobiological information from ancient MTB.

Introduction

Magnetotactic bacteria (MTB) have long been of interest to biologists and
geologists because they could represent the earliest geomagnetic field-sensing
organisms on Earth (Kopp and Kirschvink, 2008; Uebe and Schuler, 2016; Lin et al.,
2017). They are morphologically and phylogenetically diverse prokaryotes that produce
intracellularly size-tailored and morphologically-defined nanocrystals of magnetite
(Fe304) or/and greigite (FesSa4) each enveloped by a lipid bilayer membrane called a
magnetosome (Bazylinski and Frankel, 2004; Lefevre and Bazylinski, 2013). Fossil
remains of these biominerals (magnetofossils) have been reported widely from
Cenozoic sedimentary environments and have been used to retrieve paleomagnetic and
tentative paleoenvironmental information (Kirschvink and Chang, 1984; Chang and
Kirschvink, 1989; Kopp and Kirschvink, 2008; Roberts et al., 2011; Larrasoania et al.,
2014; Savian et al., 2014; Savian et al., 2016; Sakuramoto et al., 2017; Chang et al.,
2018). Studying the biodiversity and biomineralization of MTB is crucial to understand
the evolution of iron mineral-based magnetoreception within higher organisms (Lins et
al., 2006; Linetal., 2018; Lin et al., 2019; Monteil et al., 2019; Le&o et al., 2020). Such
studies also provide the principal information needed to develop magnetofossils as

novel biogeochemical proxies for simultaneous paleomagnetic, paleoenvironmental,
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and paleobiological reconstructions (Kopp and Kirschvink, 2008; Jovane et al., 2012;
Lietal., 2013a; Rodelli et al., 2018; Yamazaki et al., 2019; Li et al., 2020).
Coccoid-to-ovoid MTB, the so-called magnetotactic cocci, are the most commonly
observed morphotypes in natural environments. However, few have been identified and
studied, possibly due to the fact that they are fastidious with respect to growth and
difficult to distinguish based on their bacterial morphology. So far, only three
magnetotactic cocci from marine environments have been cultured axenically:
Magnetococcus marinus strain MC-1 (Bazylinski et al., 2013), strain MO-1 (Lefevre et
al., 2009), and Magnetofaba australis strain IT-1 (Morillo et al., 2014). In addition,
despite retrieval of a large number of 16S rRNA gene sequences potentially affiliated
with magnetotactic cocci from various environmental samples (Spring et al., 1995;
1998; Lin and Pan, 2009; Kozyaeva et al., 2017; Lin et al., 2018), only a few have been
linked unambiguously to a single MTB morphotype (Pan et al., 2008; Lin and Pan,
2009; Kolinko et al., 2013; Abreu et al., 2016; Koziaeva et al., 2019). The missing link
between bacterial phylogeny and magnetic nanoparticle structure and chain
arrangement at the single-cell level (Li et al., 2017; Zhang et al., 2017) hinders
understanding of bacterial taxonomy and biomineralization within magnetotactic cocci.
In this study, 19 novel magnetotactic cocci strains from varied freshwater, brackish,
and marine environments were identified phylogenetically and structurally using a
coupled fluorescence in situ hybridization (FISH) and scanning electron microscope
(SEM) method developed for single-cell analysis (Li et al., 2017). Together with strain
SHHC-1 identified by our group in a previous study (Zhang et al., 2017), the number,
size, and morphology of magnetite particles and their chain assembly within these 20
magnetotactic cocci were then determined from detailed transmission electron

microscope (TEM) observations. Finally, the relationship between biomineralization
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and bacterial phylogeny is analyzed statistically. Our large-scale identification of novel
magnetotactic cocci strains supports strongly the suggestion that magnetotactic cocci
should be reclassified into an independent class in the Proteobacteria phylum (Ji et al.,
2017; Lin et al., 2018). Our results also test and validate, with the largest assessment
available so far, the assumption of species-specific control of magnetosomal magnetite
biomineralization within MTB, which provides a foundation for using magnetofossil

morphology as a proxy for paleoecological and paleoenvironmental reconstructions.

Results
Bacterial identification and phylogenetic analysis

Fourteen laboratory microcosms dominated by magnetotactic cocci were selected
for magnetic enrichment of living MTB cells. According to molecular analyses of 16S
rRNA gene sequencing, most cells (79.8%) retrieved from the magnetic enrichments
were identified as magnetotactic cocci, along with other MTB and non-MTB types that
accounted for 13.3% and 6.9% of cells, respectively (Table S4). Specifically, magnetic
enrichments from two microcosms likely contain only one magnetotactic coccus type
based on 16S rRNA gene sequence analyses. They were collected from Shihe Estuary
(Microcosm-12) and Laolongtou Bay (Microscosm-14). Both are dominant by coastal
sandy sediments. In contrast, the other twelve microcosms are dominant by argillaceous
sediments due to that they were collected from one tidal flat environment (Microscosm-
13) and lake or river environments (Microcosms 1-11) (Table S1). They contain diverse
MTB (magnetotactic cocci and other MTB types) and non-MTB species (Table S4).
This result indicates a general coexistence of phylogenetically diverse MTB in nature.
It also indicates that the widely used method of magnetic separation of MTB from

sediments does not avoid contamination by non-MTB cells. Therefore, considering the
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generally complex composition of MTB in nature or laboratory microcosms, it is
necessary to link a targeted 16S rRNA gene to a specific MTB morphotype at single-
cell scale. With the help of the recently-developed coupled FISH-SEM approach (Li et
al., 2017), we then identified 19 types of magnetotactic cocci from these 14 enriched
samples.

As shown in Figure 1, targeted MTB were hybridized with both the EUB338
universal bacterial probe (green) and the corresponding species-specific MTB probe
(red), while others (including other types of MTB, non-MTB, and inner control cells of
E. coli or Magneospirillum magneticum AMB-1) were only hybridized with the
EUB338 probe. Subsequent coordinated SEM observations on the fluorescence-labeled
bacteria further reveal the detailed morphological and structural features of both cells
and their intracellular magnetosomes. With this strategy, we identified 16
magnetotactic cocci from freshwater environments (strains YQC-1, YQC-2, YQC-3,
THC-1, BHC-1, MYC-3, MYC-4, MYC-5, MYC-7, DMHC-1, DMHC-2, DMHC-6,
DMHC-8, WYHC-1, WYHC-2, and WYHC-3), two from marine environments (strains
XJHC-1 and LLTC-1), and one from a brackish environment (strain SHHC-2). Based
on FISH-SEM analyses, the cells identified here can be classified into four groups
according to their magnetosome chain configuration: single chain, double-separated
chains, double parallel chains, and particle aggregates (Figure 1). Careful observations
on more target cells demonstrated that for all the cells hybridized by one species-
specific oligonucleotide probe contain magnetosomes with identical chain arrangement
(Supplementary material S1).

Phylogenetic analysis from 16S rRNA gene sequences indicate that all 19
magnetotactic cocci have a common sequence identity lower than 97%, so they can be

assembled as different species in the phylogenetic tree (Fig. 2A). Further sequence
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alignment reveals that eight of the magnetotactic cocci (strains MYC-3, MYC-7,
DMHC-1, DMHC-8, YQC-1, YQC-3, THC-1, and LLTC-1) have high similarity (97-
99% for different strains) to previously known 16S rRNA sequences (Table 1) (Spring
et al., 1998; Flies et al., 2005b; Lin et al., 2009; Lin and Pan, 2010; Wang et al., 2013;
Chen et al., 2015). The other 11 magnetotactic cocci may represent novel species due
to sequence identities lower than 97% with respect to known sequences. TEM
observation was carried out following the coupled FISH-SEM analyses. Phylogenic tree

and representative TEM images of all 19 magnetotactic cocci are shown in Figure 2.

Chemical and morphological characterization

TEM observations reveal that most of the magnetotactic cocci have spherical
morphologies except for a few ovoid cocci (e.g., WYHC-2 (Fig. 2H) and DMHC-1 (Fig.
2J)), with average sizes ranging from ~1.0 to ~2.5 pum. Most magnetotactic cocci
contain more than 10 magnetite particles per cell. In contrast, strains DMHC-6 (Fig. 2S)

and WYHC-2 (Fig. 2H) produce relatively more magnetosomal particles, i.e., averages

of 70+13 and 103+16 particles per cell, respectively (Table 1). Energy dispersive X-

ray (EDX) spectroscopy coupled with scanning TEM (STEM) observations
demonstrate that these particles are rich in iron and oxygen, which indicates that the
studied magnetotactic cocci biomineralize magnetosomal magnetite crystals (Fig. S1).

The chain configuration and crystal morphology of magnetosomes within each
MTB species were investigated in detail by TEM observations (Fig. 2, Table 1).
Magnetite particles are arranged into a single chain in strains YQC-1, BHC-1, YQC-2,
DMHC-1, WYHC-1, and WYHC-3 (Fig. 2B-D, J, K, T), whereas double separated
chains occur in strains MYC-4, XJHC-1, LLTC-1, MYC-5, and YQC-3 (Fig. 2E-G, M,

0), and two double chains occur in strains DMHC-8 and DMHC-2 (Fig. 2N, P).
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Magnetite particles within the other six strains are not arranged into linear single or
multiple chains and consist of dispersed aggregates (strains WYHC-2, THC-1, MYC-
3, and MYC-7; Fig. 2H, L, Q, R), dispersed aggregates and partial chains (strain
DMHC-6; Fig. 2S), and particle clusters and partial chains (strain SHHC-2; Fig. 2U).
Despite having nearly identical chain configuration in all cells for each MTB species,
there is no obvious correlation between the phylogenetic relatedness and the chain
arrangement. This indicates that the chain configuration of magnetosomes is important
but not unique feature for distinguishing different MTB.

Most of the studied magnetotactic cocci strains produce elongated prismatic
projections with axial ratio (i.e., width/length) values lower than 0.8, except for strains
MYC-5 and WYHC-3, which produce octahedral and cubo-octahedral magnetite
morphologies, respectively (Figs. S2-S5). Strain DMHC-2 appears to form elongated
cubo-octahedral magnetite crystals (Figure S4). Our previous study has shown that
strain SHHC-1 forms elongated octahedral magnetite crystals (Zhang et al., 2017).
Nevertheless, crystal sizes and their axial ratios are different (Table 1). Statistically,
each strain appears to produce magnetite particles with their own crystal size and shape
distributions (Fig. 3). A two-dimensional Kolmogorov—-Smirnov test confirms that the
magnetite morphologies are statistically different among the magnetotactic cocci
(Supplementary material S2).

Despite their structural and morphological diversity, magnetite particles produced
by these magnetotactic cocci share common features, as observed in other cultured and
uncultured MTB that produce prismatic, octahedral, or cubo-octahedral magnetite
particles (Devouard et al., 1998; Li et al., 2013b; Posfai et al., 2013). For instance,
structural and morphological features of magnetite within the same magnetotactic

coccus strain are uniform, i.e., identical chain configuration and narrow particle number
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distribution (Fig. 3, Figs. S2-S5). Crystal length and width distributions are all skewed
negatively with skewness values ranging from -0.57 to -1.47 for length and from -0.44
to -1.34 for width. In addition, the magnetite crystals have relatively narrow size
distributions with average lengths ranging from ~60 to ~114 nm and an average width
from ~36 to 86 nm, which fall within the magnetically ideal size range for stable single
domain (SD) particles (Fig. S6) (Muxworthy and Williams, 2009). These observations
confirm that chain configurations and crystal morphologies are diverse in MTB, but
that they are homogeneous for a given MTB species or strain (Posfai et al., 2013).
Notably, magnetotactic cocci appear to organize their magnetosomal magnetite
particles in a relatively more complicated way compared to other MTB (e.g., Kobayashi
et al., 2006). The spatial arrangement of magnetite magnetosomes within magnetotactic
cocci, particularly with non-chain structure and corresponding molecular mechanisms,
deserve further study by electron tomography and comparative genomics (e.g., Zhang
etal., 2017; Lin et al., 2018). In addition, consistent with previous studies (Mann et al.,
1984; Meldrum et al., 1993a, Meldrum et al., 1993b; Li et al., 2013b; Li et al., 2017;
Zhang et al., 2017), small (immature) magnetite particles are often observed at the ends
of magnetosome chains within most magnetotactic cocci. However, tiny magnetite
particles can also be distributed outside magnetosome chains within strain LLTC-1,
resulting in a particularly long tail with smaller length and width distributions (Fig. 3B).

This may suggest that magnetic particles within strain LLTC-1 grow gradually.

Discussion and conclusions
Diversity and taxonomic position of magnetotactic cocci
The taxonomic position of magnetotactic cocci has long been debated, despite their

widespread detection in natural environments since the mid-1970s (Blakemore, 1975;
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Lefévre and Bazylinski, 2013). Early cultivation-independent studies based on
phylogenetic analysis of 16S rRNA genes proposed that magnetotactic cocci are
affiliated within the Alphaproteobacteria, but that they form a separate lineage (Spring
et al., 1992; Delong et al., 1993; Spring et al., 1995; Spring et al., 1998; Flies et al.,
2005a), or represent the earliest-diverging Alphaproteobacteria branch (Esser et al.,
2007; Bazylinski et al.,, 2013). Conversely, one early study suggested that
Magnetococcus marinus MC-1 should be assigned to a novel Proteobacteria
subdivision because it appears to be related more closely to the class Zetaproteobacteria
based on a phylogenetic tree of 16S rRNA genes (Singer et al., 2011). From
comparative genomic and metagenomic studies of both cultured and uncultured MTB,
two recent studies further proposed that magnetotactic cocci might represent a novel
monophyletic class of Proteobacteria (i.e., “Candidatus Etaproteobacteria”) (Ji et al.,
2017; Lin et al., 2018). However, most investigators insist that magnetotactic cocci
should be clustered into a new order Magnetococcales, which represents the basal-most
lineage within the Alphaproteobacteria, because the overall topologies of these
phylogenetic trees are based on a limited number of data that preclude definitive
determination of the taxonomic position of magnetotactic cocci (Bazylinski et al., 2013;
Lefévre and Bazylinski, 2013).

The three axenically cultured magnetotactic cocci strains all produce a few to a
dozen magnetite particles that are arranged into a single intracellular chain (Lefévre et
al., 2009; Bazylinski et al., 2013; Morillo et al., 2014). Magnetotactic cocci are
generally small and spherical or ovoid. They are not easy to identify unambiguously
using traditional molecular ecology techniques and fluorescence microscopy (Li et al.,
2017). Our FISH-SEM approach couples fluorescence and electron microscope

observations on the same bacteria targeted with fluorescently labelled oligonucleotide
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probes, and has proven to be practicable for single-cell phylogenetic and structural
identification of uncultivated MTB from complex and diverse microbial communities
in environmental samples (Li et al., 2017; Zhang et al., 2017; Li et al., 2019; Qian et
al., 2019; Qian et al., 2020). This study is the first to identify and analyze large numbers
of magnetotactic cocci from varied aquatic environments using the coupled FISH-SEM
method and TEM characterization. Our results provide substantial evidence to better
understand bacterial diversity and the taxonomic position of magnetotactic cocci, as
well as magnetite biomineralization within them. As shown in Figure 4, phylogenetic
analyses based on 16S rRNA gene sequences indicate that all 19 identified strains
cluster into an independent phylogenetic branch along with several previously reported
magnetotactic cocci, which are related distantly to the Alphaproteobacteria,
Gammaproteobacteria, Betaproteobacteria, Deltaproteobacteria, and
Epsilonproteobacteria in the Proteobacteria phylum.

Different from morphologically diverse MTB within other classes or phyla, all
bacteria affiliated with the Etaproteobacteria identified so far have spherical or ovoid
cell morphologies. Also different from the co-classification of non-MTB and MTB
within other classes or phyla, the bacteria discovered so far from the Etaproteobacteria
class are all MTB (Fig. 4). This suggests that the Etaproteobacteria might consist only
of magnetotactic cocci. One interpretation of this observation is that the magnetosome
gene cluster (MGC, i.e., the genes responsible for magnetosomal biomineralization)
within magnetotactic cocci is more stable than in other MTB due to a lack of
transposable elements around or within the MGC (Schiibbe et al., 2009; Morillo et al.,
2014; Jietal., 2017; Lin et al., 2018). Alternatively, it is possible that non-MTB species
affiliated with the Etaproteobacteria class exist in natural environments, which needs

more extensive survey. In addition, comparative genomic analysis reveals that the
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genomes of magnetotactic cocci strains MC-1 and MO-1 have a mosaic origin affiliated
with Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria, or Epsilonproteobacteria (Ji et al., 2017). This suggests that the
Etaproteobacteria class may represent a transition between the Deltaproteobacteria
and the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, or even an
ancestor of the Proteobacteria phylum. Further genomic analyses on the uncultured
magnetotactic cocci identified here will provide more clues to better understand the

origin and evolution of MTB and of magnetoreception within MTB.

Relationship between magnetite biomineralization and bacterial phylogeny

Our study demonstrates that magnetosomal magnetite biomineralization (e.g.,
chain configuration, particle number, crystal size, and morphology) within
magnetotactic cocci is diverse (Fig. 2, Table 1). To understand the relationship between
magnetite biomineralization and MTB species, non-metric multidimensional scaling
(nMDS) analysis was carried out on four main aspects, including chain configuration,
particle number, crystal width, and axial ratio (Fig. S7). As shown in Figure 5, nMDS
analysis indicates that data for all cells from the same MTB species tend to gather
together in the nMDS plot, and that data for different MTB species are relatively
dispersed from each other. Permutational multivariate analysis (PERMANOVA) based
on the nMDS results further reveals that the difference in magnetite biomineralization
between two random MTB species is significant (P<0.001, Supplementary material S3).

The nature of chain configurations contributes dominantly to the nMDS results for
all MTB species with proportion of variance up to ~84%, so that MTB species with the
same chain configuration cluster into a separate region from others (Fig. 5). For MTB

species with no chains, the number of magnetite particles per cell contributes
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dominantly with proportion of variance up to ~84%. For the three other chain
configurations, crystal width or axial ratio provide a primary contribution with
proportion of variance up to ~61% (Supplementary material S3). It has been
demonstrated that biomineralization within MTB is strictly controlled genetically, and
that features such as chain arrangement, particle number, crystal size, and morphology
are related directly or indirectly to certain genes within its MGC (Murat et al., 2010;
Komeili, 2012; Uebe and Schiiler, 2016). The mamK, mamJ, and mamY genes are
responsible for chain construction within magnetotactic spirilla (strains AMB-1 and
MSR-1) ( Scheffel et al., 2006; Katzmann et al., 2010; Toro-Nahuelpan et al., 2019).
The mamC, mamD, mamG, mamF, and mms6 genes are related to crystal size and
morphology (Scheffel et al., 2008; Staniland and Rawlings, 2016), while mamA, mamP,
mamT, and mamS are associated with the number of particles (Komeili et al., 2004;
Murat et al., 2010; Siponen et al., 2013; Uebe and Schiiler, 2016). In contrast to
Magnetospirilla, only several core genes (mamABFKMOPI) are observed on the
MGCs of three cultured magnetotactic cocci (strains MC-1, MO-1, and IT-1) and one
uncultured strain (Ca. Magnetaquicoccus inordinatus UR-1) (Schiibbe et al., 2009;
Morillo et al., 2014; Ji et al., 2017; Koziaeva et al., 2019). Therefore, the copy number
variation and divergence of these core genes or/and other unknown genes in the MGCs
of different MTB species may result in diverse biomineralization within magnetotactic
cocci, which also needs further genomic study.

Direct analysis of magnetofossil morphology in the ancient sedimentary record is
being used increasingly to reconstruct paleoenvironments (Yamazaki and Kawahata,
1998; Egli, 2004; Usui et al., 2017; Chang et al., 2018; Yamazaki et al., 2019; He and
Pan, 2020). Yamazaki and Kawahata (1998) found that magnetofossils in Pacific deep-

sea sediments are more isotropic in more oxidizing paleo-conditions and are more
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anisotropic in more reducing environments. Chang et al. (2018) reconstructed a deep-
sea ecological pattern of coupled MTB increases with an oxygenation decline during
the Paleocene—Eocene Thermal Maximum (PETM) through quantifying magnetofossil
abundance and morphology from the PETM onset to its peak at Walvis Ridge, South
Atlantic Ocean. Studies of modern MTB indicate that the distribution, presence, and
abundance of MTB are affected by environmental parameters such as salinity, oxygen,
temperature, or sulfur compounds (e.g., Lin et al., 2014). The crystal morphology of
biogenic magnetite is associated with MTB phylogenetic group (Posfai et al., 2013).
For example, MTB affiliated with Etaproteobacteria, Alphaproteobacteria, and
Gammaproteobacteria produce magnetosomal magnetite with octahedral, cubo-
octahedral, or elongated prismatic shapes (Mann et al., 1984; Meldrum et al., 19933,
Meldrum et al.,1993b; Li et al., 2013b; Li et al., 2017; Zhang et al., 2017), while MTB
in the class Deltaproteobacteria, Nitrospirae, and Omnitrophica produce highly
elongated anisotropic magnetite crystals (Posfai et al., 2006; Lefévre et al., 2011,
Kolinko et al., 2012; Li et al., 2015; Li et al., 2020). Our results further demonstrate
that a combination of physical features (i.e., chain configuration, particle number,
crystal morphology, and size) can distinguish MTB groups even at species or strain
level. This indicates that comprehensive analysis of chain assembly, particle number,
crystal morphology, and size should provide a robust basis for MTB classification and
magnetofossil identification. To do this, systematic study of the relationship between
bacterial phylogeny, magnetite biomineralization, and environmental factors (e.g.,
salinity, oxygen, temperature, and pH) in modern MTB is required urgently to develop
the use of magnetofossils as a biogeochemical proxy, i.e., to retrieve information about
the environments in which ancient MTB lived. In concert, larger scale studies of MTB

in various environments are needed to develop a much more extensive database of
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phylogenetic information coupled with nanoscale characterization of physical aspects
of the magnetite biomineralized by MTB.

In summary, we present a large-scale bacterial characterization of magnetosomal
magnetite from wild-type magnetotactic cocci. In total, 19 novel strains were identified
phylogenetically and structurally for the first time using a coupled FISH-SEM approach
at the single-cell level. Phylogenetic analysis demonstrates that these strains cluster into
an independent branch from other Alphaproteobacteria MTB, which supports strongly
the idea that the order Magnetococcales should become a new class, i.e., the
Etaproteobacteria class in the Proteobacteria phylum (Ji et al., 2017; Lin et al., 2018).
Systematic TEM observations demonstrate diverse magnetite biomineralization among
magnetotactic cocci strains in terms of particle number, crystal size, axial ratio, and
chain configuration, whereas these variables are generally homogeneous for a given
species. Statistical analysis between bacterial phylogeny and magnetite
biomineralization further reveals species-specific biomineralization, which indicates
that magnetite production is controlled strictly by the MTB cell with different
morphologies produced by different species or strains. Further extensive studies of the
diversity and ecology of modern MTB, coupled with detailed characterizations of the
size/shape/arrangement of their biomineralized magnetite, are needed to build on the
foundation provided here to develop biogeochemical paleoenvironmental proxies from

the magnetofossil record.

Materials and methods
Sediment sampling, MTB collection, and sample preparation
Surface sediments were collected from nine locations from freshwater, brackish, and

marine environments in China (Table S1). The collected sediments were transferred
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into 500-ml plastic bottles with a 2:1 sediment to water ratio. The bottles were shipped
to the laboratory and were stored at ~20°C in dim light to set up the laboratory
microcosms. MTB in the microcosms were checked routinely with the hanging-drop
technique (Schiler, 2002) using an Olympus BX51 microscope equipped with phase-
contrast, fluorescence, and a DP70 digital camera system (Olympus Corp., Tokyo,
Japan). Sufficient living MTB cells of interest were extracted magnetically from the
sediments, washed three times with Milli-Q water, and were then divided into three
parts for TEM, molecular, and FISH-SEM experiments, respectively, following the
protocol of Li et al. (2017).
Molecular experiments

PCR amplification of 16S rRNA genes of MTB cells was performed using the
universal bacterial primers 27F (5-AGAGTTTGATCCTGGCTCAG-3') and 1492R
(5"-GGTTACCTTGTTACGACTT-3’) (Lane, 1991), following the protocol of Li et al.
(2017). PCR products were purified using an EZNAR Gel Extraction Kit (Omega Bio-
tek, Inc., USA). They are ligated with the pMD19-T vector (TaKaRa, Japan), then
cloned in Escherichia coli (strain DH5a) competent cells (Tiangen, Beijing, China)
according to the manufacturer’s instructions. For each microcosm, 10-80 clones were
picked randomly and were sequenced using the vector primers M13-47 (5'-
CGCCAGGGTTTTCCCAGTCACGAC-3) and RV-M (5-
GAGCGGATAACAATTTCACACAGG-3') at the Huada Genome Center (Beijing,
China). After discarding sequences of insufficient length (<1,300 bp), remaining
sequences were aligned with close relatives using the ClustalW algorithm for manual
correction. A phylogenetic tree was constructed using the maximum likelihood (ML)
method (Tamura and Nei, 1993) in the MEGA software package (version 7.0) (Kumar

et al., 2016). Bootstrap values were calculated with 1,000 replicates.
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Coupled FISH-SEM experiments and MTB identification

Nineteen species-specific oligonucleotide probes were designed to target
specifically the corresponding 16S rRNA genes of magnetotactic cocci identified in this
study (Table S2). Their probe specificity is given in Table S3. The universal bacteria
probe EUB338 (5'-GCTGCCTCCCGTAGGAGT-3') was used as a positive control
probe of bacteria for FISH (Amann et al., 1990; Li et al., 2017). Probe EUB338 was
synthesized and fluorescently labeled with fluorescein phosphoramidite FAM at the 5’
end, while all MTB species-specific probes were synthesized and labeled fluorescently
with hydrophilic sulfoindocyanine dye Cy3 at the 5’ end. In some cases, E. coli or/and
Magnetospirillum magneticum AMB-1 cells were added in appropriate amounts to the
targeted magnetotactic cocci as inner control cells of non-magnetotactic
Gammaproteobacteria or/and magnetotactic Alphaproteobacteria, respectively (Li et
al., 2017). Coupled FISH-SEM analysis was performed using the protocol described by
Li et al. (2017). Fluorescence microscopy experiments were carried out using an
Olympus BX51 microscope. After fluorescence microscope observations, the same
sample was carbon-coated using a Leica ACE200 Low Vacuum Sputter Coater (Leica
Microsystems, Wetzlar, Germany), and was observed using a Zeiss Ultra-55 field-
emission gun SEM (Carl Zeiss, Germany) operating at 5 kV.
TEM Analysis

Conventional TEM observations were performed on a JEM2100 microscope
(JEOL Ltd., Tokyo, Japan) operating at 200 kV at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (Beijing, China). Cell diameter, particle
number, and crystal length (along the long axis) and width (perpendicular to the long
axis) of the magnetite particles were measured from the TEM images of individual

MTB cells. The axial ratio of particles is the width/length ratio. For each MTB strain,
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at least 30 individual cells were selected randomly for statistical analysis of cell
diameter and particle number, with at least 300 individual particles selected randomly
for statistical analysis of crystal length and width. Chemical microanalysis was carried
out with a JEM-2100F microscope (JEOL Ltd., Tokyo, Japan) operating at 200 kV at
the Institut de minéralogie, de physique des matériaux et de cosmochimie (Paris,
France). This microscope is equipped with a field emission gun, a JEOL detector with
an ultrathin window, and a scanning TEM device. EDX elemental mapping was carried
out in high-angle annular dark-field STEM mode.

Data processing and statistical analysis

Probability distribution analysis and 2D Kolmogorov-Smirnov tests were used to
analyze crystal lengths, widths, and axial ratios to estimate differences in particle
morphology among MTB species. To study quantitively the relationship between
bacterial phylogeny and magnetosome biomineralization, nMDS analysis was
performed using four physical features (particle number, chain configuration, crystal
width, and axial ratio) using vegan, a package of community analysis functions for the
statistical software R. NMDS is a rank-based method in which the original distance is
substituted with ranks. The ranks of particle number, crystal width, and axial ratio for
one certain MTB cell are obtained by normalized to the corresponding maximum values
within all the test cells. For the chain configuration, the rank for two double chains, two
chains, single chain, and non-chain were designed to 1.0, 0.5, 0.25, and 0, respectively.
Permutational analysis of variance (PERMANOVA) (Anderson, 2001) was used to test
for differences in magnetite biomineralization among MTB species. Envfit was further
used to fit biomineralization vector features onto the nMDS ordination to determine

average factor levels.
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Figure and Table Captions

Figure 1. Phylogenetic and structural identification of representative magnetotactic
cocci strains A-D. BHC-1, E-H. LLTC-1, I-L. DMHC-2, and M-P. MY C-3 using the
coupled FISH-SEM approach. First column: fluorescence microscope maps (false
colour) of bacteria hybridized by the 5'-FAM-labeled universal bacterial probe EUB338.
Second column: fluorescence microscope maps (false colour) of bacteria hybridized by
the 5’-Cy3-labeled species-specific probes. Third column: SEM images of the same
area as in the first column. Forth column: high-magnification SEM image of targeted
magnetotactic cocci marked by dashed boxes in the third column.

Figure 2. Phylogenetic position and morphology of magnetotactic cocci identified in
this study. Blue background represents strains affiliated with the Magnetococcales order.
A. Phylogenetic tree based on 16S rRNA gene sequences with the positions of
magnetotactic cocci identified in this study in the Magnetoccales order. Bootstrap
values at nodes are percentages of 1,000 replicates. The 16S rRNA gene sequence of
the magnetotactic bacteria Candidatus Omnitrophus magneticus SKK-01 was used to
root the tree. GenBank accession numbers are given in parentheses. B-U. TEM images
of strains B. YQC-1, C. BHC-1, D. YQC-2, E. MYC-4, F. XJHC-1, G. LLTC-1, H.
WYHC-2, I. SHHC-1, J. DMHC-1, K. WYHC-1, L. THC-1, M. MYC-5, N. DMHC-8§,
0. YQC-3, P. DMHC-2, Q. MYC-3, R. MYC-7, S. DMHC-6, T. WYCH-3, and U.
SHHC-2. Strain SHHC-1 (indicated by the * symbol) was discovered in our previous
study (Zhang et al., 2017) from the same location as strain SHHC-2 and was used in
this study for phylogenetic analysis and morphological comparison.

Figure 3. Cumulative probability distributions for magnetosomal magnetite length
(first column), width (second column), and width to length ratio (axial ratio) (third

column). The mean (colored solid line) and 95% confidence level (colored band) of
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each strain is estimated from 10,000 Monte Carlo simulations, which are further used
to investigate the similarity of grain-size distributions of any two strains with a
Kolmogorov-Smirnov test (Supplementary Material S2). A. Magnetotactic cocci with
a single magnetite chain (for strains WHC-3, YQC-2, YQC-1, WYHC-1, and DMHC-
1). B. Magnetotactic cocci with double chains (for strains YQC-3, XJHC-1, MYC-5,
MYC-4, and LLTC-1). C. Magnetotactic cocci with two double chains (for strains
DMHC-2, SHHC-1, and DMHC-8). D. Magnetotactic cocci with non-chain structure
(for strains SHHC-2, DMHC-6, THC-1, MYC-7, WYHC-2, and MYC-3).

Figure 4. Phylogenetic distribution of MTB (black and red solid circles) and non-MTB
(white empty circles) in the Candidatus Etaproteobacteria, Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, and
Epsilonproteobacteria classes of the Proteobacteria phylum, the Nitrospirae phylum,
and the Candidatus Omnitrophica phylum. Magnetotactic cocci strains identified in this
study are marked by red solid circles.

Figure 5. Non-metric multidimensional scaling (nMDS) ordination plot of
magnetosomal magnetite features (chain configuration, particle number, crystal width,
and axial ratio) for magnetotactic cocci, using Euclidean distance and stress = 0.07.
Data for individual cells of the same MTB species cluster together, while data for MTB

species with the same chain configuration cluster in a small area.

Table 1. Morphological features of magnetotactic bacteria and their magnetosomal

magnetite particles identified in this study.

Supplementary Figure S1. Chemical microanalysis of magnetosomes using STEM-

EDX mapping in the high-angle annular dark-field (HAADF) mode. A. HAADF-

31

This article is protected by copyright. All rights reserved.



STEM image of two MYC-4 cells and one unknown MTB cell, and corresponding
chemical maps for B. C (C Ka), C. S (S Ka), and D. Fe (Fe Ka). E. RGB map with Fe
(red), C (blue), and S (green). F. HAADF-STEM image of a DMHC-8 cell, and
corresponding chemical maps of G. P (P Ka), H. S (S Ka), and 1. Fe (Fe Ka). J. RGB
map with Fe (red), P (blue), and S (green). K. EDX spectra for the carbon film covering
the TEM grid (black), cell wall (indigo), magnetosomal magnetite particles (red), sulfur
particle (green), and polyphosphate inclusion (blue).

Supplementary Figure S2. Morphological features of magnetosomal magnetite
produced by six different magnetotactic cocci with a single chain configuration. TEM
images of magnetite in strains A. BHC-1, B. YQC-1, C. YQC-2, D. WYHC-1, E.
WYHC-3, and F. DMHC-1. Box-whisker plots of G. crystal length, H. width, and I.
axial ratio of magnetite crystals, which reveal morphological differences among the
strains.

Supplementary Figure S3. Morphological features of magnetosomal magnetite
produced by five different magnetotactic cocci with a double chain configuration. TEM
images of magnetite in strains A. MYC-4, B. MYC-5, C. YQC-3, D. LLTC-1, and E.
XJHC-1. Box-whisker plots of F. crystal length, G. width, and H. axial ratio of
magnetite crystals, which reveal morphological differences among the strains.
Supplementary Figure S4. Morphological features of magnetosomal magnetite
produced by three different magnetotactic cocci with two double chain configurations.
TEM images of magnetite in strains A. DMHC-1, B. DMHC-8, and C. SHHC-1. Box-
whisker plots of D. crystal length, E. width, and F. axial ratio of magnetite crystals,
which reveal morphological differences among the strains. Strain SHHC-1 (indicated
by the * symbol) was discovered in our previous study (Zhang et al., 2017).

Supplementary Figure S5. Morphological features of magnetosomal magnetite
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produced by six different magnetotactic cocci with non-chain configuration. TEM
images of magnetite in strains A. MYC-3, B. MYC-7, C. WYHC-2, D. THC-1, E.
DMHC-6, and F. SHHC-2. Box-whisker plots of G. crystal length, H. width, and 1.
axial ratio of magnetite crystals, which reveal morphological differences among the
strains.

Supplementary Figure S6. Grain size distribution of magnetite particles from
magnetotactic cocci identified in this study. Boundaries between the single domain
(SD), multi-domain (MD), and superparamagnetic (SP) regions are from Muxworthy
and Williams (Muxworthy and Williams, 2009).

Supplementary Figure S7. Variability of morphological feature vectors for magnetite
particles in magnetotactic cocci based on nMDS ordination results (9,999 permutations)
by Envfit. The function of Envfit is fitting feature vectors or factors onto an ordination.
The projections of points onto vectors have maximum correlation with corresponding
environmental variables, and the factors show the averages of factor levels. Clearly, the
MDS1 axis principally represents crystal width, width/length ratio, and chain
configuration, while the MDS2 axis principally represents the number of magnetite

particles in the cell.

Supplementary Table S1. Sampling locations and environmental factors at the time
of sampling.

Supplementary Table S2. FISH probes used in this study.

Supplementary Table S3. Mismatched information of FISH probes used in this study.
Supplementary Table S4. 16S rRNA sequences retrieved from selected laboratory

microcosms.

33

This article is protected by copyright. All rights reserved.



Supplementary Materials
Supplementary Material S1. Phylogenetic and structural identification of

magnetotactic cocci using the coupled FISH-SEM approaches.

Supplementary Material S2. Two-samples Kolmogorov-Smirnov test of the length,

width, and axial ratio of biogenic magnetite particles within magnetotactic cocci.

Supplementary Material S3. PERMANOVA results of magnetosomal magnetite
biomineralization features (particle number, chain configuration, crystal width and
width/length ratio) of 20 magnetotactic cocci strains by pairwise comparison. Strains
marked in yellow represent MTB species with the same chain configuration. In contrast,
the others represent MTB species with different chain configurations. Group 1 and
group 2 are the two comparison strains. Proportion of variance is the percentage of

variance of the four biomineralization features.
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Table 1. Morphological features of magnetotactic bacteria and their magnetosomal magnetite particles identified in this study.

MTB L Cell diameter Magnetite Chain Magnetite morphology - Similar Identity
strain Sampling site (um) pa”';;f number configuration 2D projection/Shape '-(en”rg;h width (m) A9 16SiRNA (%) Reference

MYC-3 1.440.2 19+4 Dispersed aggregates Elongated prismatic 74.6+10.5 50.3+7.2 0.68 HCH5049 99 (Wang et al., 2013)

MYC-4 Miyun Lake 1.4+0.2 1142 Double chains Elongated prismatic 103.24+21.9 66.7+14.5 0.65 -- -- This study

MYC-5 2.2+0.3 336 Double chains Octahedral 99.1+26.8 94.1+25.7 0.95 - -

MYC-7 1.240.2 10+2 Dispersed aggregates Elongated prismatic 72.4+11.1 36.5+5.7 0.51 OTU8 98 (Lin and Pan 2010)
DMHC-1 1.3+0.2 1042 Single chain Elongated prismatic 96.4+26.0 74.5+£22.5 0.77 OTU2 97 (Lin and Pan 2010)
DMHC-2 . 1.330.2 296 Two double chains Elongated Cubo- 740194  57.1#16.2 0.77 - -

Daming Lake : octahedral This study
DMHC-6 2.1%0.2 70+13 Dispersed aggregates ¢t prismatic 69.3t8.7  45.745.6 0.66 - -
and partial chains
DMHC-8 1.840.2 42+8 Two double chains Elongated prismatic 89.1+22.6 71.5+20.6 0.80 OTU17 99 (Lin and Pan 2010)
WYHC-1 . 1.840.2 1343 Single chain Elongated prismatic 87.1+21.6 63.4+16.6 0.71 -- --
WyHC2  VVeiyang Lake 25+0.2 103+16 Dispersed aggregates __ Elongated prismatic _ 73.9t10.1  41.2¢65 056 — — Thisstudy
WYHC-3 1.240.1 1243 Single chain Cubo-octahedral 60.0+13.4 56.9+13.4 0.95 -- --

YQC-1 Yugiao Lake 1.940.3 10+3 Single chain Elongated prismatic 72.6+21.4 36.1+10.1 0.50 clone 7 98 (Lin et al., 2009)

YQC-2 1.6+0.2 10+2 Single chain Elongated prismatic 74.5+15.9 52.9+11.8 0.71 -- -- This study

YQC-3 1.310.1 1042 Double chains Elongated prismatic 86.6+26.1 60.6+18.9 0.70 0OTU29 99 (Lin and Pan 2010)

BHC-1 Beihai Lake 1.340.2 8+2 Single chain Elongated prismatic 91.6+23.2 67.9+17.4 0.74 -- -- This study

THC-1 Tanghe River 2.5+0.2 35+15 Dispersed aggregates Hexagonal prim 70.6+8.6 42.345.2 0.60 CF22 99 (Flies et al., 2005)
SHHC-1* 2.1+0.4 38+17 Two double chains Elongated octahedron ~ 83.3+19.2 69.9+17.3 0.84 WHI-8 97 (Chen et al., 2015)
SHHC2 ~ Shihe Estuary 1.740.2 3047 gh';f;irs andpartial - gyongated prismatic  611+18.8  39.4+12.6 0.64 - ~  Thisstudy
LLTC-1 Laolongtou Bay 1.740.3 24+7 Double chains Elongated prismatic 113.6+38.9 85.6+30.6 0.75 rj12 98 (Spring et al., 1998)
XJHC-1 Xiajiahe Bay 1.0£0.1 1343 Double chains Elongated prismatic 98.8+20.9 73.9+17.1 0.75 -- -- This study

Notes: The Miyun (MY) and Beihai (BH) lakes are located in Beijing city, Yugiao (YQ) Lake is in Tianjing city, Tanghe (TH) River, Shihe (SHH) Estuary, and Laolongtou (LLT) Bay are located in Qinghuangdao

city (Hebei Province), Daminghu (DMH) Lake is in Jinan city (Shandong Province), Weiyanghu Lake (WYH) is in Xi’an city (Shannxi Province), and Xiajiahe (XJH) Bay is in Dalian city (Liaoning Province). The

MY, BH, DMH, and YQ lakes, and TH river localities are in freshwater environments. The SHH Estuary represents a brackish environment, while the LLT and XJH bays are marine environments. More detailed

information about sampling sites is given in Table S1. Values for cell diameter, magnetite particle number per cell, and magnetite particle size are given as the mean (before the £ symbol) and corresponding standard

deviation (after the + symbol). Among the 19 MTB strains identified in this study, ten are novel, while eight have been reported in previous studies based on their 16S rRNA gene sequences (sequence identify >97%).

However, all 19 strains have been identified phylogenetically and structurally for the first time in the present study. The SHHC-1 strain (indicated by the * symbol) was identified by our group in a previous study and

is also listed here for comparison (Zhang et al., 2017).
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